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ARTICLE INFO ABSTRACT

Articl? history: ) Hepatocyte growth factor (HGF) and its receptor, Met, are key determinants of distinct developmental processes. :
Received 27 April 2013 Although HGF exerts cardio-protective effects in a number of cardiac pathologies, it remains unknown whether
Received in revised form 2 August 2013

Accepted 20 August 2013

Available online xxxx therefore investigated the requirement of HGF/Met signaling in cardiomyocyte for embryonic and postnatal

heart development and function by conditional inactivation of the Met receptor in cardiomyocytes using the

Keywords: Cre-a;MHC mouse line (referred to as a:MHCMet—KO). Although a;MHCMet—KO mice showed normal heart
Hepatocyte growth factor development and were viable and fertile, by 6 months of age, males developed cardiomyocyte hypertrophy,
Met associated with interstitial fibrosis. A significant upregulation in markers of myocardial damage, such as
Cardiomyocytes 3-MHC and ANF, was also observed. By the age of 9 months, a-MHCMet-KO males displayed systolic cardiac dys-
Oxidative stress function. Mechaﬁistically, we provide evidence of a severe imbalance in the antioxidant defenses in c-MHCMet-
Peart KO hearts involving a reduced expression and activity of catalase and superoxide dismutase, with consEquent re-
P38MAPK active oxygen species accumulation. Similar anomalies were observed in females, although with a slower kinet-
ics. We also found that Met signaling down-regulation leads to an increase in TGF-3 production and a decrease in
p38MAPK activation, which may contribute to phenotypic alterations displayed in a-MHCMet-KO mice. Consis-
tently, we show that HGF acts through p38c to upregulate antioxidant enzymes in cardiomyocytes. Our results
highlight that HGF/Met signaling in cardiomyocytes plays a physiological cardio-protective role in adult mice by
acting as an endogenous regulator of heart function through oxidative stress control.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction several cellular functions, including proliferation, scattering, differentia-

tion and survival, either during development or under some pathologi-

The hepatocyte growth factor (HGF) receptor, Met, is a tyrosine ki- cal conditions [1-3]. Upon HGF binding, Met is autophosphorylated in
nase receptor expressed in a wide variety of cell types. It regulates different tyrosine residues, leading to the recruitment of several SH2-
domain containing proteins through the multifunctional docking site lo-

"+ Corresponding author. Tel: +34 91394 1627 fax: +34 91394 1779, cated in its carboxy-terminal tail [4]. Both HGF and Met are essential

E-mail address: maporras@ucm.es (A. Porras). during development as shown by defect.s in placenta, liver,.muscle.

! These authors equally contributed. and nerves [5-10]. The embryonic lethality of met mutants imposes

2 Present address: Department of Pharmacology, School of Medicine, University of the use of conditional inactivation strategies to explore the HGF/Met
Pennsylvania, Philadelphia, PA 19104-6160, USA. functional requirement during embryogenesis and adulthood.

3 Present address: Division of Hematology and Oncology, Department of Medicine and

Department of Otolaryngology, Tisch Cancer Institute, Black Family Stem Cell Institute, .Se\./eral studies have been performed to uncover the HGF/Met prop-
Mount Sinai, New York, NY 10029, USA. erties in the heart. It has been shown that HGF protects rats from myo-
4 This author is a co-senior investigator. cardial infarction [11] and/or ischemia/reperfusion injury [12]. Post-

0925-4439/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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HGF/Met signaling is essential for myocardial development and/or physiological function in adulthood. We :
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infarction treatment with HGF also improves left ventricular remodel-
ing and heart function in mice [13]. In addition, HGF improves heart
functionality and promotes proliferation of myocardial progenitor cells
in doxorubicin-induced cardiomyopathy [14]. It also prevents heart
fibrosis, remodeling and dysfunction in a hamster model of cardiomy-
opathy [15]. In other models of cardiac damage, HGF also inhibits
fibrosis and additionally stimulates angiogenesis [16]. Together, these
findings indicate that HGF/Met axis exerts a cardio-protective role
under pathological conditions. In vitro studies have shown that HGF in-
duces the expression of cardiac markers in mesenchymal stem cells [17]
and increases cardiac differentiation of embryonic stem cells [18]. In
addition, stem cells express HGF, which improves its survival and that
of cardiomyocytes and favors angiogenesis [16]. Both HGF and Met are
expressed in cardiac myocytes during early cardiogenesis [19,20]. In
a mouse model of HGF supra-physiological expression, it has been
shown that neonatal cardiomyocytes express Met and respond to HGF
by increasing proliferation [21]. However, it remains unknown whether
endogenous activity levels of HGF/Met are required for heart develop-
ment and/or physiology after birth.

In this study, we have genetically evaluated the role played by the
HGF/Met axis in developing and adult hearts using a conditional
knock-out mouse model lacking Met signaling in cardiomyocytes. In
particular, we conditionally deleted Met in cardiomyocytes by combin-
ing met floxed mice [22] with a transgenic line expressing the Cre
recombinase under the control of the at-myosin heavy chain (a-MHC)
promoter [23]. The o-MHC promoter is active in mouse embryos
throughout the myocardium starting from E8 [24]. Previous reports
have shown that by E12.5, a-MHC is highly expressed in atria and to a
lesser extent in the ventricles, whereas its expression increases in the
ventricles after birth [25]. Therefore, the a-MHC-Cre line allows c-met
inactivation in cardiomyocytes at early heart developmental stages.

Using the cardiomyocyte conditional Met knockout, we have found
that Met signaling in cardiomyocytes appears to be dispensable for
heart development. However, it is required to protect cardiomyocytes
from oxidative stress, thus preventing cardiomyocyte hypertrophy,
heart fibrosis, and heart dysfunction in adult mice. Together, these stud-
ies unveil that HGF/Met signaling in cardiomyocytes is a key regulator
for proper heart function.

2. Materials and methods
2.1. Generation of cardiomyocyte c-met knock-out mice and genotyping

The animals used in our research program were handled in compli-
ance with the institutional and European Union guidelines for animal
care and welfare. All mouse lines were maintained and bred at the
UCM facility, allowed food and water ad libitum and routinely screened
for pathogens in accordance with FELASA (Federation of European Lab-
oratory Animal Science Associations) procedures.

c-met flox/flox (wt) mouse line (in a CD1 genetic background),
which carries c-met alleles with exon 16 flanked by loxP sites, was
obtained from Dr. S. Thorgeirsson [22]. This mouse was crossed with
o-MHC-Cre transgenic mouse in CD1 background (obtained from
Dr. M. D. Schneider [23]) to generate a-MHC-Cre/+: c-met flox/+
mice, which were then crossed with c-met flox/flox mice. Cre-mediated
excision led to a null allele for c-met, which encodes an inactive Met re-
ceptor only in cardiomyocytes. Mice genotyping was performed by PCR
analysis (§upplementa1 methods).

2.2. RT-qPCR analysis

After the isolation of total RNA, DNA and proteins using AllPrep
DNA/RNA/Protein Mini Kit, RNA was reverse transcribed using Super-
Script Il RT kit (Quiagen, 18080) to generate cDNA. Then, real time
PCR was performed using specific primers (see Supplemental methods).
Quantification was performed calculating RQ (2~ 22%), so referring the

values to control mice (Supplemental methods). An Invitrogen custom
RNA profiling by RT-qPCR was performed for the analysis of anti- and
pro-fibrotic genes and those involved in reactive oxygen species (ROS)
metabolism (Supplemental methods).

2.3. Western-blot analysis

Western-blot analysis was carried out as previously described [26].
Proteins were separated by electrophoresis using Anderson or SDS-
PAGE gels, and transferred to nitrocellulose membranes that were
probed with the following antibodies: catalase (Sigma, C0979), super-
oxide dismutase-2 (SOD-2) (Upstate Biotech, 06-984), 3-actin (Sigma
A5441), c-Met (Santa Cruz Biotechnology sc-260), cytochrome ¢ (BD
556433), porin (Sigma V2139), phospho-p38MAPK (Cell Signaling,
9211), and p38« (Santa Cruz Biotechnology sc-535).

2.4. Histology

Hearts were processed for histology using conventional techniques
involving paraformaldehyde fixation and paraffin embedding. The
degree of interstitial fibrosis was assessed by image analysis on
Mallory's  trichrome stained tissue sections (see Supplemental
methods). Laminin immunostaining of heart sections was done to delin-
eate the cardiomyocyte profiles, measuring their areas with the Image]
analysis package. Apoptotic cardiomyocytes were detected by using
anti-desmin (Sigma, D1033) and anti-active caspase-3 antibodies
(Promega, G74819).

2.5. ROS detection and quantification

Reactive oxygen species (ROS) accumulation in hearts was detected
by staining of frozen sections with 1 uM 2-hydroethidine (in PBS).
The sections were then washed with PBS, mounted and analyzed by
fluorescence microscopy. The number of stained nuclei was counted
on digitalized images using Image] software. Alternatively, in hearts
from 9-month-old mice, lipid peroxidation was determined by
immunolocalization of 4-OH-Nonenal (Alpha Diagnostics, HNE11-S) in
paraffin sections. Stained areas were assessed on digitalized images
using Image] software.

Carbonylated proteins were quantified as an indirect measurement of
ROS [27]. Heart extracts were treated with 2,4-dinitrophenylhydrazine
or maintained untreated (blank). Then, proteins‘were precipitated with
TCA and absorbance at 360 nm was determined. The concentration of
carbonylated proteins was calculated upon correction with the blanks
and referred to protein content (§upplemental methods).

2.6. Measurement of catalase, SOD, and cytochrome c oxidase activities

Catalase activity was measured by quantification of peroxide de-
composition spectrophotometrically at 240 nm. Superoxide dismutase
(SOD) activity was quantified using a Kit (BioVision) (Supplemental
methods). Cytochrome c oxidase activity was determined by quantifica-
tion of cytochrome c oxidation spectrophotometrically at 550 nm.

2.7. Electrocardiographic measurements in conscious mice
using radiotelemetry

Telemetric electrocardiogram (ECG) recordings in conscious mice
were carried out using an implantable telemetry system with ECG
transmitters (ETA-F10) (Data Sciences International, St. Paul, MN,
USA). Recordings were taken every 3 h, 5 min/each, over a 24 h period
and analyzed using ECG-auto software supplied by Data Systems (see
extensive description in Supplemental methods).
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Fig. 1. Conditional deletion of c-met in cardiomyocytes allows normal development and function of the heart in mice. a: Left panel: Representative PCR analysis showing a deletion (del)
specific fragment (650 bp) from the Cre-recombined allele detected in E15.5 embryonic hearts from oi-MHCMet-KO mice after c-met exon 16 deletion and the floxed (flx) fragment
(380 bp) present in met flox/flox hearts without Cre recombination (named as Met™" or control) (n = 5). Right panel: Western blot analysis of Met protein levels in hearts from
E15.5 embryos. b and c: Heart sections from wt and a-MHCMet-KO E15.5 embryos (b) and P2 newborn mice (c) stained with hematoxylin/eosin (scale bars: 250 uM for b top panel

and ¢, and 50 pM for b low panel) (n = 10).

2.8. Echocardiographic assessment of cardiac function and structure

Transthoracic echocardiography was performed on lightly anesthe-
tized mice using a Vivid 7 (GE Medical Systems) cardiac ultrasound
machine equipped with a 10- to 14-MHz transducer il3L (GE Medical
Systems), as previously described [28]. Measurements of chamber
dimensions and cardiac function were made offline (EchoPac Software,
GE Medical Systems). Structural and functional heart parameters were

calculated as previously described [28] (see extensive descrlptlon in
Supplemental methods).

2.9. Assays in cardiomyocytes derived cell lines
Cardiomyocyte cell lines (wt and p380£ / ) were generated from

E9.5 immortomouse embryos expressing a temperature-sensitive large
T antigen (LTAg) [29]. Before the experiments, cells were transferred to

Biophys. Acta (2013), http://dx.doi.org/10.1016/j.bbadis.2013.08.008
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198 37 °C in the absence of IFN-y to abolish LTAg expression. Neonatal 2.10. Statistical analysis 205
199  cardiomyocyte cell lines were obtained by immortalization of neonatal
200 mice (P4) cardiomyocytes by transfection with LTAg. For the experi- Data are represented as means + SEM. The comparisons were made 206

201 ments, all the cell lines were maintained in a low serum medium between two experimental groups. An unpaired Student's t-test was 207
202 (2%) and treated with the Met inhibitor SU11274 (5 uM) or TGF-p used, and alternatively, ANOVA test was carried out for comparisons 208
203 (1 ng/mL) in the presence or absence of HGF (30 ng/mL, 16 h pretreat- of more than two experimental groups. Differences between groups 209
204 ment) or N-acetyl cysteine (2.5 mM) for 1-4 days as indicated. were considered significant when p < 0.05. 210
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3. Results

3.1. Conditional inactivation of Met in cardiomyocytes does not overtly
affect embryonic and postnatal heart development, but leads to cardiac
anomalies in adult mice

In order to study the role played in vivo by Met in cardiomyocytes
and to bypass embryonic lethality, we generated a mouse model with
a selective inactivation of Met signaling in cardiomyocytes. To do it,
we intercrossed the c-met floxed mouse, which carries c-met alleles
with exon 16 flanked by loxP sites (c-met™) [22] with a transgenic
mouse bearing the Cre recombinase under the o.-MHC promoter [23].
The resulting a;MHCCre:metfl/ﬂ conditional knockout will be herein
referred to as a-MHCMet-KO. Because some strains of transgenic
a-MHCCre mice expressing very high levels of Cre-recombinase in
cardiomyocytes have been described to present heart anomalies [30],
we checked the hearts from our a-MHCCre mice. They were similar to
c-met" (considered as controls) in all experiments performed ( Supple-
mentary Fig. 1). So, both were indistinctly used as controls.

Efficiency of the c-met deletion was determined by PCR and
Western-blot analysis. A deletion-specific fragment (650 bp) was am-
plified by PCR using DNA from E15.5 azMHCMet-KO embryonic hearts.
Consistently, a sharp decrease in c-Met protein levels was also found
(Fig. 1a), confirming the efficient deletion of the Met floxed exon 16,
as previously shown in other tissue-specific Cre lines [22,31,32]. The
Met deletion was further confirmed in adult hearts (data not shown).
Quantification revealed a Met deletion of around 70% and 90% in embry-
onic (E15.5) and adult c:MHCMet-KO hearts, respectively (data not
shown). The remaining Met expression corresponds most likely to
that present in non-cardiomyocyte cells. No significant morphological
differences were found between control and a-MHC-Met-KO mutant
hearts, either during embryonic development or after birth (Fig. 1b
and c). These data indicate that Met signaling in cardiomyocytes is dis-
pensable for heart development.

Conditional a-MHCMet-KO mutants were born following a Mende-
lian ratio. They aisplayed a normal lifespan and weight curve (not
shown), thus indicating that other tissues had been preserved from
Met inactivation. Therefore, the a-MHCMet-KO mutant mice represent
a unique genetic setting to invesfigate Met signaling requirement for
heart function. This issue was assessed by performing a series of mor-
phological, molecular, and functional studies on 3-, 6-, and 9-month-
old a-MHCMet-KO mice. It is well know that the géndér may influence
the molecular process underlying heart function, as shown by a number
of studies in mice [33-35]. We therefore first focused our analyses on
a-MHCMet-KO males. Whereas morphological analysis of the heart
did not reveal significant abnormalities in 3-month-old o-MHCMet-
KO males, we observed structural abnormalities in 6-month-old
a-MHCMet-KO mutant hearts (Fig. 2a, b, d). In particular, a significant
increase in the cross-sectional area of cardiomyocytes was observed in
a-MHCMet-KO mutant hearts from 6- to 9-month-old males compared
to controls (Fig. 2b, ¢ and Supplementary Fig. 2a). In addition,
myocardial fibrosis, diffused in some places and more prominent
in defined areas, with cardiomyocyte disorganization and strong
collagen deposition, was also found in the heart of 6: and 9:month:

old o:MHCMet-KO males as compared to controls (Fig. 2d, e and
Supplementary Fig. 2b and c). As fibrosis can be a physiological
response to cardiomyocyte death, we analyzed the presence of active
caspase-3 in heart sections. We found an increase in the percentage of
active caspase 3 positive cells, mainly on highly fibrotic areas of hearts
from azMHCMet-KO males as compared to controls (Fig. 2f).

We next asked whether these morphological defects observed in
a-MHCMet-KO males were parallel to heart dysfunction markers. In par-
ticular, we performed RT-qPCR analyses to assess the levels of 3-MHC
and atrial natriuretic factor (ANF) mRNAs, known to be induced during
hypertrophy [36,37]. No differences were observed in 3-month-old mu-
tants (Fig. 2g). In contrast, we found increased mRNAs expression levels
of ANF, and 3-MHC in hearts of 6-month-old azMHCMet-KO males as
compared to controls (Fig. 2g and Supplementary Fig. 1a). Moreover,
RT-qPCR expression analyses of pro-fibrotic genes such as TGF-32 and
TGF-p3, or fibrotic markers such as a-smooth muscle actin (Acta-2) re-
vealed significantly increased levels in a-MHCMet-KO males as com-
pared to controls (Fig. 2h).

We next assessed whether these morphological and molecular alter-
ations impacted the heart electrical function by performing electrocar-
diography (ECG) analyses. Typical non-sedated mice ECG shows a
J wave just after QRS complex, an almost isoelectric S-P interval and a
P wave [38]. This typical ECG was observed in control mice (Fig. 3a).
However, we found specific alterations in 6-month-old a-MHCMet-KO
males. Anomalies consisted in the reduction or disappearance of the
J wave [38] and a negative deflection of the S-P interval (—0.21 £
0.02 mV, versus —0.09 £ 0.02 mV in control mice, p < 0.01), in con-
trast with the isoelectric S-P interval observed in control animals [38]
(Fig. 3a). Although visual inspection suggested also an increased P
wave in the oz MHCMet-KO compared with control male mice, a detailed
measurement of the wave amplitude (0.14 4 0.02 mV in o-MHCMet-
KO and 0.12 + 0.02 mV in control mice (p > 0.1)) showed no statisti-
cally significant differences (Fig. 3a). However, data from echocardio-
graphic analyses demonstrated no significant differences in cardiac
output or left ventricular mass in a-MHCMet-KO males (not shown).
In contrast, echocardiographic analy§es of 9-month-old c-MHCMet-KO
males revealed signs of systolic dysfunction characterized by a signifi-
cantly higher left ventricular systolic diameter and volume compared
to controls. Shortening fraction and ejection fraction were also signifi-

cantly decreased (Fig. 3b and c). The LV posterior wall thickness/LV :

end systolic dimension ratio was slightly lower in 9-month-old
a-MHCMet-KO males (0.56 4+ 0.03) than in controls (0.66 + 0.03,
p’< 0.05), which suggests the existence of a left ventricular dilation.
Morphological, molecular, and functional studies were also
performed in females. Increased cardiomyocyte size and extensive
areas of fibrosis were detected in 9-month-old a-MHCMet-KO females
(Supplementary Fig. 3a—c). Echocardiographic analysis revealed no sig-
nificant differences between a-MHCMet-KO and controls, although a
similar tendency as that found in mutant males was observed (data

not shown). Together, these studies showed that HGF/Met signaling in :

cardiomyocytes is dispensable during development and in young
mice, whereas it is required for proper heart function in adult mice.
Moreover, they indicate that males are more susceptible to an altered
HGF/Met signaling than females.

Fig. 2. Met inactivation in cardiomyocytes leads to cardiomyocyte hypertrophy, fibrosis and apoptosis in adult mice. a: Heart sections from control and a-MHCMet-KO males (3 and
6 months old) stained with hematoxylin/eosin (scale bar: 100 um) (n = 5). b: Representative laminin immunostaining of heart sections from 6-month (mo) old males (control and
a-MHCMet-KO). c: Histogram showing the mean values & SEM of the transverse cardiomyocyte area in 6- and 9-month-old male hearts. Differences between control and
o-MHCMet-KO are significant (**p < 0.01, n = 5). d: Mallory's trichrome staining of collagen. Fibrotic areas (in blue) are present in 6-month-old a-MHCMet-KO male hearts (scale
bar: 200 um). e: Histogram showing the mean values 4+ SEM of the fibrotic cardiac surface in 6- and 9-month-old male hearts (control and a-MHCMet-KO). **p < 0.01, control as com-
pared with a-MHCMet-KO (n = 5). f: Immunolocalization of active caspase-3 in 6-month-old male hearts (left) and histogram showing the mean values 4+ SEM of the percentage of
active caspase 3 positive cells (right) (n = 4). Positive cells (arrows) can be observed in the fibrotic areas of c-MHCMet-KO hearts (scale bar: 25 pm). Some of them show remaining
desmin immunoreactivity (in green), suggesting they are apoptotic cardiomyocytes. Note the depletion of desmin in cardiomyocytes from the fibrotic areas. g: Quantification of ANF
and 3-MHC mRNAs expression by RT-qPCR in hearts from 3- and 6-month-old males, comparing a-MHCMet-KO with controls of the same age. RQ values + SEM are shown in the his-
togram (n = 5). A significant increase (***p < 0.001) is produced in 6-month-old MHCMet-KO males. h: Significant increased (*p < 0.05) expression of TGF-32, TGF-B3 and Acta2 mRNAs
in 6-month-old mutant males as compared with controls detected by RT-qPCR analysis (mean RQ values + SEM are shown, n = 3).

Biophys. Acta (2013), http://dx.doi.org/10.1016/j.bbadis.2013.08.008
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a Control 6 months a-MHCMet-KO 6 months
0.8 1
0.6
0.4
T 0.2
-0.0
-0.2
-0.4 X
-0.6 -+—+—1+—+—+—+1r+r—+—+—rrrrro— -0.6
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
Seconds Seconds
b
Echocardiog.raphic Control males o—~MHCMet-
Analysis KO males
n 4 4
Age (months) 9 9
Body weight (g) 53.73 £ 4.67 60.0 +6.11
Heart rate (bpm) 680 +29.23 644 +28.18
IVS (mm) 0.90 +0.05 1.0 +0.00
LVPW (mm) 1.03+0.06 1.03+0.07
LVDd (mm) 3.15+0.18 3.23+0.12
LVDs (mm) 1.55 = 0.07 1.77 £0.03*
LVEDV (ul) 39.89+5.76 | 42.19+3.72
LVESV (pl) 6.67 = 0.83 9.28 +0.44*
Stroke volumen (pl) 33.22 +5.08 32.91 £3.29
::Ir/c':?:)output 2250+364 | 21.38:2.95
;':;’ rtening fraction | 28+1.62 | 44.33 £1.76*
Ejection fraction (%) 92.65+0.94 | 81.90 +1.63*
LVM (mg) 84.01+9.83 | 94.17+6.08 9 months
LVM/BW (mg/g) 1.56 +0.09 1.75+0.08

Fig. 3. Conditional deletion of c-met in cardiomyocytes leads to heart dysfunction in 9-month-old mice. a: Representative electrocardiogram (ECG) of an a-MHCMet-KO compared with a
control male (6 months old). The figure shows a negative deflection in the S-P segment (a) and a lower ] wave (b). b: Echocardiography analysis in 9-month-old males. The following
parameters are shown: IVS, interventricular septum thickness; LVPW, left-ventricular posterior wall thickness; LVDd, left-ventricular diastolic dimension; LVDs, left-ventricular systolic
dimension; LVDEV, left-ventricular end-diastolic volume; LVESV, left-ventricular end-systolic volume; LVM, left ventricular mass. All data are expressed as mean + SEM. *p < 0.05, control
as compared with a-MHCMet-KO. c: Representative echocardiographic images of an c-MHCMet-KO compared with a control male.

3.2. Loss-of-function of Met signaling disrupts the antioxidant defenses in
cardiomyocytes, leading to an increase in ROS accumulation and altered
mitochondria in adult mice heart

The oxidative stress increases during aging, leading to cardiac alter-
ations, including hypertrophy and heart dysfunction [39]. As HGF/Met
signaling regulates the antioxidant defenses in different cells types by
preventing ROS accumulation [40-42], we investigated whether heart
defects observed in adult o-MHCMet-KO males were linked to an imbal-
ance between pro- and anti-oxidant mechanisms. We found that pro-
tein levels of the antioxidant enzymes, catalase and SOD-2, were
reduced in the heart of 6- and 9-month-old a-MHCMet-KO males as
compared to controls (Fig. 4a and Supplementary Fig. 1b).
Consistently, catalase and SOD-2 activities were also decreased in o~
MHCMet-KO males (Fig. 4b). We also found that reactive oxygen species
were accumulated in cardiomyocytes of a-MHCMet-KO males as shown
by 2-hydroethidine staining and 4-OH-nonenal immunolocalization in
tissue sections from 6- to 9-month-old mice, respectively (Fig. 4c and
d). In addition, carbonylated protein levels increased in 6-month-old
mutant males (Fig. 4e), as a readout of proteins oxidation by ROS. =

Because ROS accumulation can either be a consequence of an altered
mitochondrial function and/or lead to mitochondrial damage, we next in-
vestigated whether a-MHCMet-KO 6-month-old male hearts presented
alterations in mitochondria. We found that the mitochondrial proteins,

porin and cytochrome c¢ were significantly decreased in mutants as :
compared to controls (Fig. 4f). Consistently, cytochrome c oxidase :

activity was also reduced in a-MHCMet-KO hearts (Fig. 4g). In contrast,
we did not observe any alteration in anti-oxidant enzymes, ROS accumu-
lation, carbonylated proteins or mitochondrial proteins in 6-month-old
a-MHCMet-KO females, consistent with normal morphology and

finction, as previously assessed (Supplementary Fig. 3). However, in :
9-month-old mutant female hearts anti-oxidant enzymes levels signifi- :
cantly decreased and ROS accumulation was detected (Supplementary :

Fig. 4c), according to the presence of fibrosis and the increased

cardiomyocytes size (Supplementary Fig. 3). Altogether, these findings 3:

strongly indicate that HGF/Met signalling is required for normal mito-
chondrial function and redox homeostasis in adult cardiomyocytes.

3.3. Met acts on p38 MAPK to increase antioxidant enzymes levels and
counteracts TGF-3 effect in cardiomyocytes

We next aimed at uncovering the molecular mechanism by which
HGF/Met signaling in cardiomyocytes ensures proper levels of antioxidant
enzymes. As it has been shown that p38c. MAPK regulates the expression
of SOD-2 and catalase in mouse embryonic fibroblasts (MEFs) [43], we
determined P-p38MAPK levels, as a readout of p38 activity in control
and a-MHCMet-KO hearts. Notably, we found that P-p38MAPK levels
were Significantly decreased in 6- and 9-month-old mice a-MHCMet-KO

Biophys. Acta (2013), http://dx.doi.org/10.1016/j.bbadis.2013.08.008
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Fig. 4. Changes in anti-oxidant enzymes, ROS levels and mitochondrial proteins in adult o-MHCMet-KO male hearts. a: Representative Western-blot analysis of catalase and superoxide
dismutase-2 (SOD-2) protein levels in «-MHCMet-KO and control hearts from 6- to 9-month-old males normalized with 3-actin (left). The histogram shows the mean values + SEM of
the densitometry of the blots from different experiments (n = 4): catalase and SOD-2 versus 3-actin. *p < 0.05, control as compared with mutants (right). b: Catalase and SOD-2 activities
from 6-month-old males is shown as the percentage of the activities of control hearts (mean values £+ SEM), ***p < 0.001, control as compared with a-MHCMet-KO (n = 4). c: Repre-
sentative sections showing accumulation of ROS (detected by 2-hydroethidine staining) in cardiomyocytes from 6-month-old mutant males. d: Histograms show the mean values + SEM
(n = 3) of the number of 2-hydroethidine stained nuclei by microscopy field in cardiac tissue sections from 6-month-old males (left) and the percentage of 4-OH-nonenal immunoreac-
tive surface in hearts from 9-month-old males (right). “p < 0.05 and **p < 0.01, control as compared with «-MHCMet-KO. e: Histograms represent the fold increase of carbonylated pro-
tein levels (mean values + SEM, n = 4) present in heart extracts from a-MHCMet-KO males referred to controls (6 months old). ***p < 0.001, a-MHCMet-KO as compared with control
mice. f: Representative cytochrome ¢ (Cyt ¢) and porin Western-blots (left) and densitometry of blots (porin and cyt ¢ versus 3-actin) (right) from 6-month-old male hearts (n = 4).
*p < 0.05 and **p < 0.01, control as compared with a-MHCMet-KO. g: Cyt c oxidase activity is significantly decreased (***p < 0.001) in 6-month-old a-MHCMet-KO as compared with
control males. Histograms represent the percentage of the activities in the mutants as compared to controls (mean values + SEM, n = 4).

hearts (Fig. 5a and Supplementary Fig. 4g). We therefore studied whether (data not shown). Moreover, HGF stimulation increased the levels of cat-
p38a was required for HGF/Met-mediated regulation of antioxidant en- alase, SOD-2 and P-p38 MAPK proteins in wt, but not in p38a /"~
zymes in cardiomyocytes through the use of pharmacological approaches cardiomyocytes (Fig. 5b). These findings indicate that HGF/Met acts
in genetically modified embryonic cardiomyocyte cell lines generated through p38 MAPK to increase catalase and SOD-2 levels. According to
from wt or p38a deficient mice (p38a—/—). We found decreased this, an increase in the levels of carbonylated proteins was detected in
catalase and SOD-2 protein levels in p38a—/— as compared to wt wt cardiomyocytes treated with SU11274 (Fig. 5c¢). HGF treatment
cardiomyocytes (Fig. 5b). Met inhibition with SU11274, detected by the (alone) slightly decreased them. As expected, HGF had no effect when
decrease in Met phosphorylation (Fig. 5b), reduced the levels of catalase, used in combination with SU11274. Consistently, higher basal levels of
SOD-2 and P-p38 MAPK in wt cells, but not in p38c—/— cells (Fig. 5b). carbonylated proteins were found in p38a~/~ cardiomyocytes as com-
These findings were further confirmed using neonatal cardiomyocytes pared to those of wt cells, which were further increased upon SU11274
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Fig. 5. HGF/Met signaling increases antioxidant enzymes in cardiomyocytes acting through p38cc MAPK. Effect on TGF-3 mediated down-regulation and ROS accumulation. a: Represen-
tative Western-blot analysis of P-p38MAPK and total p38 in hearts from 6- to 9-month-old males (left) and densitometric analyses of the blots (referred to 3-actin,n = 4).b: Upper panel,
representative Western-blot analysis of catalase, SOD-2, P-Met, P-p38MAPK and total p38 protein levels in wt and p38a—/— cardiomyocytes maintained untreated or treated with the
Met inhibitor, SU11274 (SU) (3 days) and/or HGF (16 h pre-incubation), as indicated. Lower panel, histograms show the mean values + SEM (n = 3) of the densitometric analyses of
catalase and SOD-2 blots (referred to 3-actin). *p < 0.05, as compared with wt control cells; 4+ p < 0.05, as compared with HGF treated wt cells. c: Levels of carbonylated proteins in wt
and p38a—/— cardiomyocytes treated as indicated in b section. The histogram shows the fold increase referred to control values from wt cells (mean values + SEM (n = 3).
**p < 0.01 and ***p < 0.001, as compared with wt control. d: Upper panel, representative Western-blot analysis of catalase, superoxide dismutase-2, P-p38MAPK and total p38 protein
levels in wt and p38a —/— cardiomyocytes maintained in the absence or presence of TGF-p (3 days) and/or HGF (16 h pre-incubation), as indicated. Lower panel, histograms showing
the mean values + SEM (n = 3) of the densitometric analyses of catalase and SOD-2 blots (referred to 3-actin). *p < 0.05, as compared with wt control. e: Levels of carbonylated proteins
in wt and p38a —/— cardiomyocytes treated as indicated in d section. The histogram shows the fold increase referred to control values from wt cells (mean values 4+ SEM (n = 3)).
**p < 0.01 and ***p < 0.001, as compared with wt control.

treatment. No changes were observed upon treatment with HGF (either decrease in catalase and SOD-2 protein levels, mainly in wt
alone or in combination with SU11274). cardiomyocytes (Fig. 5d). Intriguingly, HGF counteracted the decrease

The increased levels of TGF-3 observed in a-MHCMet-KO hearts in catalase and SOD-2 protein levels mediated by TGF-3 in wt
(Fig. 2h) prompted us to investigate whether the Tevels of antioxidant cardiomyocytes (Fig. 5d). Accordingly, HGF activated p38c, both in the
enzymes were influenced by TGF-R. We found that TGF-p led to a absence and presence of TGF-3 (Fig. 5d). In agreement with all these
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changes in SOD-2 and catalase expression, TGF-3 increased the levels of
carbonylated proteins in wt cardiomyocytes (Fig. 5e). HGF slightly de-
creased them, but this effect was not statistically significant. In
p38a—/— cardiomyocytes, TGF-p did not further increase its intrinsic
high basal levels of carbonylated proteins and HGF had no effect on
them.

Taken together, these findings indicate that HGF/Met acts through
p38a MAPK to increase the levels of antioxidant enzymes in cardio-
myocytes and to avoid ROS accumulation, thus partially counteracting
the effects elicited by TGF-{.

3.4. Increased cardiomyocyte size, occurring in the absence of Met signaling,
is prevented by antioxidant treatment

As alteration of Met signaling in cardiomyocytes leads to decreased
antioxidant enzymes levels, it is tempting to speculate that accumula-
tion of ROS in azMHCMet-KO hearts could be responsible for the in-
creased size of cardiomyocytes. This would be coherent with previous
studies showing that ROS accumulation is responsible for cardio-
myocyte hypertrophy as it was observed in cardiomyocytes isolated
from Sirt3-deficient mice [44]. We therefore explored this hypothesis
using wild-type neonatal cardiomyocyte cell lines. Remarkably, we
found that Met inhibition led to an increase in cell size in a time-
dependent manner (Fig. 6a, b). Treatment of cardiomyocytes with the
antioxidant N-acetyl-cysteine partially prevented the increase in the
size of cells exposed to the Met inhibitor, SU11274 (Fig. 6a, b). These
findings support that ROS accumulation might account for the hypertro-
phy of cardiomyocytes occurring in the absence of HGF/Met signaling.
Additionally, the fact that Met inhibition itself leads to an increase in
cardiomyocyte cell size suggests the existence of an autocrine signaling
loop.

Control

35000 falalad

4. Discussion 421

Genetically modified mouse models have unveiled several genes in- 422
volved in heart development and in regulation of adult heart physiology. 423
However, key players for adult heart function and homeostasis remain to 424
be uncovered. Their identification would improve our understanding of 425
heart dysfunction, uncover new diagnostic markers and be instrumental 426
for therapy and/or regenerative interventions. HGF/Met is an attractive 427
signal as administration of exogenous HGF has a cardio-protective role 428
in models of heart damage [11-13]. By exploring in vivo the role played 429
by Met in heart during embryogenesis and in adulthood through selec- 430
tive inactivation of the met gene in cardiomyocytes, we demonstrated 431
that while it is not essential for heart development, Met is required for 432
heart homeostasis in adult mice. Intriguingly, Met becomes progressively 433
required during aging. Whereas 3-month-old a-MHCMet-KO mutant 434
hearts are normal, hearts from 6-month-old males show an increase 435
in cardiomyocyte size and myocardial fibrosis. Molecular markers of 436
cardiac damage, such as ANF or 3-MHC are up-regulated in azMHCMet- 437
KO males. This is accompanied by abnormal ECG, characterized by a 438
marked depression of the S-P segment, a feature reported in rats with 439
isoproterenol-induced cardiac hypertrophy [45]. As age increases, 440
lack of HGF/Met signaling impacts heart function, so 9-month-old 441
o-MHCMet-KO males suffer left ventricle systolic dysfunction. In addi- 442
tion, taking into account that, although the LV posterior wall thickness/ 443
LV end systolic dimension ratio is slightly lower in 9-month-old 444
o-MHCMet-KO than in wt males, the ventricular mass/body weight 445
ratio is similar, which suggests the existence of heart dilation rather 446
than hypertrophy. Heart dysfunction of o-MHCMet-KO mutants is 447
paralleled by a significant reduction in protein levels and enzymatic 448
activities of catalase and SOD-2 in the heart of a-MHCMet-KO mutants, 449
accompanied by ROS accumulation. These alterations were found in 450
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Fig. 6. Treatment with antioxidants partially prevents the increase in cardiomyocyte cell size induced by Met inhibition. Immortalized neonatal wt cardiomyocytes were maintained in the
absence or presence of the Met inhibitor SU11274 (SU) and/or N-acetyl cysteine (NAC) for 1 or 4 days as indicated. a: Representative phase-contrast microscopy images after 1 day of
treatment (scale bar: 25 um). b: Quantification of cardiomyocytes size after treatment, expressed as arbitrary units (***p < 0.001, n = 3).
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both male and females. The delayed dysfunction observed in c: MHCMet-
KO females is most likely due to the existence of estrogen-induced
cardio-protective mechanisms, which have been extensively studied
[33-35] and which might partially compensate HGF/Met requirement
for heart function in young females.

The cardio-protective role of Met during aging and in the absence of
experimentally induced damage is in agreement with the HGF/Met
properties reported in experimental models of human pathologies
such as myocardial infarction [11,13], ischemia/reperfusion injury [12],
or other models of cardiomyopathy, where fibrosis is produced [15].
However, in all these studies it was not possible to clarify in which cell
types HGF/Met signaling was required, as HGF can activate Met in
most of the cell types present in the heart. Thus, some of the HGF effects
previously described could be mediated by Met activation in non-
cardiomyocyte cell types, such as fibroblasts, coronary endothelium or
vascular smooth muscle. It is also important to highlight that HGF is a
potent pro-angiogenic factor and its effect promoting neovascularization
would be cardioprotective per se [16,46]. The inhibition of Met signaling
in myocardium, leaving intact the angiogenic roles of HGF on the coro-
nary endothelium, allows excluding that the observed phenotype can
be due to a vascular defect. Thus, our genetic mouse model determines
in vivo a cell autonomous requirement of HGF/Met signaling in
cardiomyocytes for their maintenance and function. Although our re-
sults clearly suggest a direct effect of HGF on mature cardiomyocytes,
we cannot formally exclude that HGF signaling may also influence the
expansion of cardiomyocyte progenitors as they express a-MHC [47].
In fact, the improved heart functionality induced by HGF treatment in
doxorubicin-induced cardiomyopathy [14] or the regeneration pro-
duced in an infarcted myocardium [48,49], could be explained by en-
hanced myocardial progenitor cells proliferation and/or migration. If
the effect on cardiomyocyte progenitors is confirmed, HGF/Met signal-
ing would be not only cardioprotective, but also involved in cardiac
homeostasis.

The herein described property of HGF/Met signaling to protect
cardiomyocytes from ROS-induced damage is in agreement with previ-
ous studies performed under non-physiological conditions. For example,
HGF protects cultured adult rat cardiomyocytes from apoptosis induced
by oxidative stress upon serum deprivation, treatment with daunorubi-
cin, or hydrogen peroxide [50]. A role for HGF preventing heart fibrosis
has been previously described in the cardiomyopathic Syrian hamster
[15]. In this pathological model, HGF down-regulation in endothelial
and interstitial cells triggers TGF-p1 up-regulation and interstitial
fibrosis, whereas HGF treatment decreases TGF-31 expression and
suppressed fibrosis. We show here that under physiological conditions,
HGF/Met signaling in cardiomyocytes is also essential to prevent fibrosis
in adult heart. Furthermore, we demonstrate a negative correlation be-
tween Met activity and levels of pro-fibrotic factors such as TGF-32
and TGF-33. We also provide evidence that TGF-3 treatment leads to
down-regulation of antioxidant enzymes in cultured cardiomyocytes,
thus linking fibrosis and oxidative stress.

The accumulation of ROS found in a-MHCMet-KO mutant hearts could
be responsible for their dysfunction, based on the well-known link be-
tween oxidative stress and heart failure [51]. Consistently, the oxidation
of several proteins might account for a reduced contractile heart capacity.
For example, proteins regulating the release and uptake of Ca by the en-
doplasmic reticulum, such as SERCA, or proteins involved in the regula-
tion of myofilaments can be inactivated through oxidation, which leads
to a reduced contractile force [51,52]. In addition to the impact on
contractile capacity, ROS accumulation can induce cardiomyocyte cell
death [51]. The ability of HGF/Met to counteract SOD dysfunction in a
neurodegenerative animal model of amyotrophic lateral sclerosis [53]
and to regulate antioxidant defenses [40-42] has been reported. For
example, in vivo hepatocyte-specific Met deletion unbalances ROS regu-
lation and sensitizes cells to Fas-mediated apoptosis [40]. HGF treatment
also leads to increased mitochondrial activity and mass in glioblastoma
cells [54]. The link between increased ROS levels and mitochondrial

dysfunction in defective hearts is supported by other studies
[51,52,55,56]. Therefore, it is tempting to speculate that mitochondrial
functional alterations occurring in Met deficient cardiomyocytes could
cause inappropriate antioxidant capability, leading to increased oxidative
stress. It is also possible that the reduced contractile function observed in
the a:MHCMet-KO mice could be a consequence of the decrease in the

number of mitochondria and/or their functionality [52] as they are criti- *

cal to provide ATP for contraction.

The effects of Met inactivation in cardiomyocytes partially resemble :

heart defects in Sirt3-deficient mice [44]. These mice present heart
fibrosis and ROS accumulation as a consequence of the decrease in
catalase and SOD-2 expression in cardiomyocytes, but they also show
cardiac hypertrophy [44]. The capability of Sirt3 and Met to prevent car-
diac damage by suppressing ROS accumulation is in agreement with the
lethality of SOD-2 deficient mice a few days after birth due to dilated
cardiomyopathy, despite normal heart development [57]. It is also im-
portant to highlight that the contractile defect observed in the inducible
HGF transgenic (tg) mice shares certain similarities to the one induced

in a-MHCMet-KO mice [21]. Because in these HGF tg mice, the endoge- 5:

nous Met receptor is downregulated, this might partially resemble our

mouse model lacking a functional Met receptor in cardiomyocytes. !

However, different from the HGF tg mouse, HGF would not be over-
expressed in our oz MHCMet-KO mouse model.

Mechanistically, we provide in vivo and in vitro evidences supporting
a role for p38 MAPK in the antioxidant effect of HGF/Met in
cardiomyocytes. HGF increases SOD-2 and catalase expression and
prevents their down-regulation by TGF-3 when p38a MAPK signaling
is intact. These findings are consistent with the previously reported
role of p38a MAPK as a mediator of SOD-2 and catalase expression in re-
sponse to oxidative stress in MEFs [43]. These findings, together with re-
cent studies on p38MAPK requirement for the survival effect of HGF in
embryonic and cancer cells [58,59], unveil unexpected requirements of
the p38MAPK pathway in cell regulation by receptor tyrosine kinases.

Our studies demonstrate a cell autonomous requirement of HGF/Met 5

signaling in cardiomyocytes to ensure heart function in adult mice by

preventing oxidative stress generation and ROS-induced damage. The 5¢

control of TGF- production and p38c MAPK activity by the HGF/Met
axis appears to be essential for the maintenance of heart homeostasis.
Indeed, p38cx MAPK appears to be an important mediator of HGF/Met
actions, as it is required for the up-regulation of antioxidant enzymes.

Notably, HGF not only regulates the production of TGF-{3 in the heart, 5

but also partially counteracts its effect on cardiomyocytes.

Our findings open a new perspective to further explore HGF/Met
as putative diagnostic markers of individuals subjective to heart
defects and therapeutic intervention to treat cases of idiopathic
cardiomyopathies.

Acknowledgements

We thank Dr. S. Thorgeirsson for providing us with conditional c-met
knock-out (Met flox/flox) mice, Dr. S. Ramos for her help in
carbonylated proteins determination, Dr. A. Silva for his contribution
to initial experiments, Rebeca Rodriguez and David Navas for technical
assistance and Dr. T. Crepaldi for reading of the manuscript and helpful
discussions. We also thank Ana Vazquez, Daniel Caballero and Neibla
Priego for their help in some experiments. This work was supported
by grants: (AFM)-13683 from Association Frangaise contre les myopa-
thies, France, FIS-PI070071 and SAF-2010-20198-C02-01 from Ministry
of Science and Innovation, Spain, and grants from Comunidad de
Madrid/Universidad Complutense de Madrid: CAM/UCM 920384 and
UCM-BSCH 920384, Spain to A.P.; BFU2011-25304 from Ministry of
Science and Innovation, Spain, RD06/0010/0015 (TerCel network,
ISCIII), P11-CTS-7564 (Junta de Andalucia) to R. M.-Ch.; FRM (Fondation
pour la recherche médicale), Fondation Beftencourt-Schueller, and

Association Francaise contre les myopathies to F.M.; SAF2010-15881

from Ministry of Science and Innovation, Spain, and RD012/0021

Biophys. Acta (2013), http://dx.doi.org/10.1016/j.bbadis.2013.08.008

Please cite this article as: M. Arechederra, et al., Met signaling in cardiomyocytes is required for normal cardiac function in adult mice, Biochim.



http://dx.doi.org/10.1016/j.bbadis.2013.08.008
Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"


M. Arechederra et al. / Biochimica et Biophysica Acta xxx (2013 ) XXX-xXX 11

(RedinRen network, ISCIII), and GR100 (Junta de Castilla y Leén) to
JM, L-N. The cardiovascular phenotyping unit of the University of

T

Salamanca, including the telemetry equipment, has been acquired with
the support of the European Regional Development Funds (FEDER).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2013.08.008.

References

[1] C. Birchmeier, E. Gherardi, Developmental roles of HGF/SF and its receptor, the

c-Met tyrosine kinase, Trends Cell Biol. 8 (1998) 404-410.

L. Trusolino, A. Bertotti, PM. Comoglio, MET signalling: principles and functions in

development, organ regeneration and cancer, Nat. Rev. Mol. Cell Biol. 11 (2010)

834-848.

P.C. Ma, G. Maulik, J. Christensen, R. Salgia, c-Met: structure, functions and potential

for therapeutic inhibition, Cancer Metastasis Rev. 22 (2003) 309-325.

C. Ponzetto, A. Bardelli, Z. Zhen, F. Maina, P. dalla Zonca, S. Giordano, A. Graziani, G.

Panayotou, P.M. Comoglio, A multifunctional docking site mediates signaling and

transformation by the hepatocyte growth factor/scatter factor receptor family, Cell

77 (1994) 261-271.

F. Bladt, D. Riethmacher, S. Isenmann, A. Aguzzi, C. Birchmeier, Essential role for the

c-met receptor in the migration of myogenic precursor cells into the limb bud,

Nature 376 (1995) 768-771.

F. Maina, F. Casagranda, E. Audero, A. Simeone, P.M. Comoglio, R. Klein, C. Ponzetto,

Uncoupling of Grb2 from the Met receptor in vivo reveals complex roles in muscle

development, Cell 87 (1996) 531-542.

F. Maina, M.C. Hilton, R. Andres, S. Wyatt, R. Klein, A.M. Davies, Multiple roles for hepa-

tocyte growth factor in sympathetic neuron development, Neuron 2 (1998) 835-846.

F. Maina, M.C. Hilton, C. Ponzetto, A.M. Davies, R. Klein, Met receptor signaling is

required for sensory nerve development and HGF promotes axonal growth and

survival of sensory neurons, Genes Dev. 11 (1997) 3341-3350.

F. Maina, G. Panté, F. Helmbacher, R. Andres, A. Porthin, A.M. Davies, C. Ponzetto, R.

Klein, Coupling Met to specific pathways results in distinct developmental out-

comes, Mol. Cell 7 (2001) 1293-1306.

[10] C. Schmidt, F. Bladt, S. Goedecke, V. Brinkmann, W. Zschiesche, M. Sharpe, E.
Gherardi, C. Birchmeier, Scatter factor/hepatocyte growth factor is essential for
liver development, Nature 373 (1995) 699-702.

[11] H.Ueda, T. Nakamura, K. Matsumoto, Y. Sawa, H. Matsuda, T. Nakamura, A potential
cardioprotective role of hepatocyte growth factor in myocardial infarction in rats,
Cardiovasc. Res. 51 (2001) 41-50.

[12] T. Nakamura, S. Mizuno, K. Matsumoto, Y. Sawa, H. Matsuda, T. Nakamura, Myocar-
dial protection from ischemia/reperfusion injury by endogenous and exogenous
HGEF, J. Clin. Invest. 106 (2000) 1511-1519.

[13] Y. Li, G. Takemura, K. Kosai, K. Yuge, S. Nagano, M. Esaki, K. Goto, T. Takahashi, K.
Hayakawa, M. Koda, Y. Kawase, R. Maruyama, H. Okada, S. Minatoguchi, H.
Mizuguchi, T. Fujiwara, H. Fujiwara, Postinfarction treatment with an adenoviral
vector expressing hepatocyte growth factor relieves chronic left ventricular remod-
eling and dysfunction in mice, Circulation 107 (2003) 2499-2506.

[14] M. Iwasaki, Y. Adachi, T. Nishiue, K. Minamino, Y. Suzuki, Y. Zhang, K. Nakano, Y.
Koike, J. Wang, H. Mukaide, S. Taketani, F. Yuasa, H. Tsubouchi, E. Gohda, T.
Iwasaka, S. Ikehara, Hepatocyte growth factor delivered by ultrasound-mediated de-
struction of microbubbles induces proliferation of cardiomyocytes and amelioration
of left ventricular contractile function in doxorubicin-induced cardiomyopathy,
Stem Cells 23 (2005) 1589-1597. B

[15] T.Nakamura, K. Matsumoto, S. Mizuno, Y. Sawa, H. Matsuda, T. Nakamura, Hepatocyte
growth factor prevents tissue fibrosis, remodeling, and dysfunction in cardiomyopathic
hamster hearts, Am. . Physiol. Heart Circ. Physiol. 288 (2005) H2131-H2139.

[16] V.Sala, T. Crepaldi, Novel therapy for myocardial infaction: can HGF/Met be beneficial?
Cell. Mol. Life Sci. 68 (2011) 1703-1717.

[17] G. Forte, M. Minieri, P. Cossa, D. Antenucci, M. Sala, V. Gnocchi, R. Fiaccavento, F.
Carotenuto, P. De Vito, P.M. Baldini, M. Prat, P. Di Nardo, Hepatocyte growth factor
effects on mesenchymal stem cells: proliferation, migration, and differentiation,
Stem Cells 24 (2006) 23-33.

[18] C. Roggia, C. Ukena, M. Bohm, H. Kilter, Hepatocyte growth factor (HGF) enhances
cardiac commitment of differentiating embryonic stem cells by activating PI3
kinase, Exp. Cell Res. 313 (2007) 921-930.

[19] D.A. Rappolee, A. lyer, Y. Patel, Hepatocyte growth factor and its receptor are
expressed in cardiac myocytes during early cardiogenesis, Circ. Res. 78 (1996)
1028-1036.

[20] W. Song, S.M. Majka, P.G. McGuire, Hepatocyte growth factor expression in the de-
veloping myocardium: evidence for a role in the regulation of the mesenchymal cell
phenotype and urokinase expression, Dev. Dyn. 214 (1999) 92-100.

[21] C.Leo, V. Sala, M. Morello, A. Chiribiri, I. Riess, D. Mancardi, S. Schiaffino, C. Ponzetto,
T. Crepaldi, Activated Met signalling in the developing mouse heart leads to cardiac
disease, PLoS One 6 (2011) e14675.

[22] C.G.Huh, V.M. Factor, A. Sanchez, K. Uchida, E.A. Conner, S.S. Thorgeirsson, Hepato-
cyte growth factor/c-met signaling pathway is required for efficient liver regenera-
tion and repair, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 4477-4482.

2

3

(4

5

[6

17

[8

[9

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

R. Agah, P.A. Frenkel, B.A. French, LH. Michael, P.A. Overbeek, M.D. Schneider, Gene
recombination in postmitotic cells. Targeted expression of Cre recombinase provokes
cardiac-restricted, site-specific rearrangement in adult ventricular muscle in vivo,
J. Clin. Invest. 100 (1997) 169-179.

G.E. Lyons, S. Schiaffino, D. Sassoon, P. Barton, M. Buckingham, Developmental reg-
ulation of myosin gene expression in mouse cardiac muscle, ]. Cell Biol. 111 (1990)
2427-2436.

P.S. Zammit, R.G. Kelly, D. Franco, N. Brown, AF. Moorman, M.E. Buckingham,
Suppression of atrial myosin gene expression occurs independently in the left and
right ventricles of the developing mouse heart, Dev. Dyn. 217 (2000) 75-85.

S. Zuluaga, A. Alvarez-Barrientos, A. Gutiérrez-Uzquiza, M. Benito, AR. Nebreda, A.
Porras, Negative regulation of Akt activity by p38alpha MAP kinase in cardiomyocytes
involves membrane localization of PP2A through interaction with caveolin-1, Cell.
Signal. 19 (2007) 62-74.

S. Richert, N. Wehr, E. Stadtman, R. Levine, Assessment of skin carbonyl content as
a noninvasive measure of biological age, Arch. Biochem. Biophys. 397 (2002)
430-432.

M.T. Grande, G. Pascual, A.S. Riolobos, M. Clemente-Lorenzo, B. Bardaji, L. Barreiro, O.
Tornavaca, A. Meseguer, ].M. Lopez-Novoa, Increased oxidative stress, the renin-
angiotensin system, and sympathetic overactivation induce hypertension in kidney
androgen-regulated protein transgenic mice, Free Radic. Biol. Med. 51 (2011)
1831-1841.

R.H. Adams, A. Porras, G. Alonso, M. Jones, K. Vintersten, S. Panelli, A. Valladares, L.
Pérez, R. Klein, A.R. Nebreda, Essential role of p38 o MAP Kinase in placental but
not embryonic cardiovascular development, Mol. Cell 6 (2000) 109-116.

A. Buerger, O. Rozhitskaya, M.C. Sherwood, A.L. Dorfman, E. Bisping, E.D. Abel, W.T.
Pu, S. Izumo, P.Y. Jay, Dilated cardiomyopathy resulting from high-level myocardial
expression of Cre-recombinase, J. Card. Fail. 12 (2006) 392-398.

E. Gascon, S. Gaillard, P. Malapert, Y. Liu, L. Rodat-Despoix, .M. Samokhvalov, P.
Delmas, F. Helmbacher, F. Maina, A. Moqrich, Hepatocyte growth factor-Met signal-
ing is required for Runx1 extinction and peptidergic differentiation in primary noci-
ceptive neurons, J. Neurosci. 30 (2010) 12414-12423.

F. Lamballe, M. Genestine, N. Caruso, V. Arce, S. Richelme, F. Helmbacher, F. Maina,
Pool-specific regulation of motor neuron survival by neurotrophic support, ]. Neurosci.
31(2011) 11144-11158.

AM. Deschamps, E. Murphy, J. Sun, Estrogen receptor activation and cardioprotection
in ischemia reperfusion injury, Trends Cardiovasc. Med. 20 (2010) 73-78.

G. Kararigas, D. Fliegner, J.A. Gustafsson, V. Regitz-Zagrosek, Role of the estrogen/
estrogen-receptor-beta axis in the genomic response to pressure overload-
induced hypertrophy, Physiol. Genomics 43 (2011) 438-446.

E. Murphy, C. Steenbergen, Gender-based differences in mechanisms of protection
in myocardial ischemia-reperfusion injury, Cardiovasc. Res. 75 (2007) 478-486.

A. Rohini, N. Agrawal, C.N. Koyani, R. Singh, Molecular targets and regulators of
cardiac hypertrophy, Pharmacol. Res. 61 (2010) 269-280.

S.P. Barry, S.M. Davidson, P.A. Townsend, Molecular regulation of cardiac hypertrophy,
Int. J. Biochem. Cell Biol. 40 (2008) 2023-2039.

G. Liu, ].B. Iden, K. Kovithavongs, R. Gulamhusein, H.J. Duff, KM. Kavanagh, In vivo
temporal and spatial distribution of depolarization and repolarization and the illu-
sive murine T wave, J. Physiol. 555 (2003) 267-279.

D.F. Dai, P.S. Rabinovitch, Cardiac aging in mice and humans: the role of mitochon-
drial oxidative stress, Trends Cardiovasc. Med. 19 (2009) 213-220.

L.E. Gémez-Quiroz, V.M. Factor, P. Kaposi-Novak, C. Coulouarn, E.A. Conner, S.S.
Thorgeirsson, Hepatocyte-specific c-Met deletion disrupts redox homeostasis and
sensitizes to Fas-mediated apoptosis, J. Biol. Chem. 283 (2008) 14581-14589.

T. Takami, P. Kaposi-Novak, K. Uchida, L.E. Gomez-Quiroz, E.A. Conner, V.M. Factor,
S.S. Thorgeirsson, Loss of hepatocyte growth factor/c-Met signaling pathway accel-
erates early stages of N-nitrosodiethylamine induced hepatocarcinogenesis, Cancer
Res. 67 (2007) 9844-9851.

A.Valdés-Arzate, A. Luna, L. Bucio, C. Licona, D.L. Clemens, V. Souza, E. Hernandez, D.
Kershenobich, M.C. Gutiérrez-Ruiz, L.E. Gimez-Quiroz, Hepatocyte growth factor
protects hepatocytes against oxidative injury induced by ethanol metabolism, Free
Radic. Biol. Med. 47 (2009) 424-430.

A. Gutiérrez-Uzquiza, M. Arechederra, P. Bragado, J.A. Aguirre-Ghiso, A. Porras,
p38alpha mediates cell survival in response to oxidative stress via induction of anti-
oxidant genes. Effect on the p70S6K pathway, J. Biol. Chem. 287 (2012) 2632-2642.
N.R. Sundaresan, M. Gupta, G. Kim, S.B. Rajamohan, A. Isbatan, M.P. Gupta, Sirt3
blocks the cardiac hypertrophic response by augmenting Foxo3a-dependent antiox-
idant defense mechanisms in mice, J. Clin. Invest. 119 (2009) 2758-2771.

P. Krenek, ]. Kmecova, D. Kucerova, Z. Bajuszova, P. Musil, A. Gazova, P. Ochodnicky,
J. Klimas, J. Kyselovic, Isoproterenol-induced heart failure in the rat is associated
with nitric oxide-dependent functional alterations of cardiac function, Eur. J. Heart
Fail. 11 (2009) 140-146.

1. Kondo, K. Ohmori, A. Oshita, H. Takeuchi, S. Fuke, K. Shinomiya, T. Noma, T. Namba,
M. Kohno, Treatment of acute myocardial infarction by hepatocyte growth factor
gene transfer: the first demonstration of myocardial transfer of a “functional” gene
using ultrasonic microbubble destruction, ]. Am. Coll. Cardiol. 44 (2004) 644-653.
B. Bailey, A. Izarra, R. Alvarez, K.M. Fischer, C.T. Cottage, P. Quijada, A. Diez-Juan, M.A.
Sussman, Cardiac stem cell genetic engineering using the alphaMHC promoter,
Regen. Med. 4 (2009) 823-833.

A. Linke, P. Miiller, D. Nurzynska, C. Casarsa, D. Torella, A. Nascimbene, C. Castaldo, S.
Cascapera, M. Bohm, F. Quaini, K. Urbanek, A. Leri, T.H. Hintze, J. Kajstura, P. Anversa,
Stem cells in the dog heart are self-renewing, clonogenic, and multipotent and re-
generate infarcted myocardium, improving cardiac function, Proc. Natl. Acad. Sci.
U. S. A. 102 (2005) 8966-8971.

K. Urbanek, M. Rota, S. Cascapera, C. Bearzi, A. Nascimbene, A. De Angelis, T. Hosoda,
S. Chimenti, M. Baker, F. Limana, D. Nurzynska, D. Torella, F. Rotatori, R. Rastaldo, E.

Biophys. Acta (2013), http://dx.doi.org/10.1016/j.bbadis.2013.08.008

Please cite this article as: M. Arechederra, et al., Met signaling in cardiomyocytes is required for normal cardiac function in adult mice, Biochim.

740
741
742
743


http://dx.doi.org/10.1016/j.bbadis.2013.08.008
http://dx.doi.org/10.1016/j.bbadis.2013.08.008
http://dx.doi.org/10.1016/j.bbadis.2013.08.008
Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
"P.M"

Original text:
Inserted Text
".m"

Original text:
Inserted Text
"D"

Original text:
Inserted Text
"""

Original text:
Inserted Text
"""


12

[50]

[51]
[52]

(53]

[54]

M. Arechederra et al. / Biochimica et Biophysica Acta xxx (2013) XXx-XXx

Musso, F. Quaini, A. Leri, J. Kajstura, P. Anversa, Cardiac stem cells possess growth
factor-receptor systems that after activation regenerate the infarcted myocardium,
improving ventricular function and long-term survival, Circ. Res. 97 (2005)
663-673.

K. Kitta, RM. Day, T. Ikeda, Y.J. Suzuki, Hepatocyte growth factor protects cardiac
myocytes against oxidative stress-induced apoptosis, Free Radic. Biol. Med. 31
(2001) 902-910.

CX.C. Santos, N. Anilkumar, M. Zhang, A.C. Brewer, A.M. Shah, Redox signaling in
cardiac myocytes, Free Radic. Biol. Med. 50 (2011) 777-793.

AB. Gustafsson, RA. Gottlieb, Heart mitochondria: gates of life and death,
Cardiovasc. Res. 77 (2008) 334-343.

M. Genestine, E. Caricati, A. Fico, S. Richelme, H. Hassani, C. Sunyach, F. Lamballe, G.C.
Panzica, B. Pettmann, F. Helmbacher, C. Raoul, F. Maina, R. Dono, Enhanced neuronal
Met signalling levels in ALS mice delay disease onset, Cell Death Differ. 2 (2011)
e130.

S.Xia, J. Laterra, Hepatocyte growth factor increases mitochondrial mass in glioblas-
toma cells, Biochem. Biophys. Res. Commun. 345 (2006) 1358-1364.

[55]

[56]

[57]

[58]

[59]

T. Ide, H. Tsutsui, S. Hayashidani, D. Kang, N. Suematsu, K. Nakamura, H. Utsumi, N.
Hamasaki, A. Takeshita, Mitochondrial DNA damage and dysfunction associated
with oxidative stress in failing hearts after myocardial infarction, Circ. Res. 88
(2001) 529-535.

H. Tsutsui, S. Kinugawa, S. Matsushima, Mitochondrial oxidative stress and dysfunc-
tion in myocardial remodeling, Cardiovasc. Res. 81 (2009) 449-456.

Y. Li, T.T. Huang, EJ. Carlson, S. Melov, P.C. Ursell, JL. Olson, L]. Noble, M.P.
Yoshimura, C. Berger, P.H. Chan, D.C. Wallace, CJ. Epstein, Dilated cardiomyopathy
and neonatal lethality in mutant mice lacking manganese superoxide dismutase,
Nat. Genet. 11 (1995) 376-381.

A. Furlan, V. Stagni, A. Hussain, S. Richelme, F. Conti, A. Prodosmo, A. Destro, M.
Roncalli, D. Barila, F. Maina, Abl interconnects oncogenic Met and p53 core path-
ways in cancer cells, Cell Death Differ. 18 (2011) 1608-1616.

A. Furlan, F. Lamballe, V. Stagni, A. Hussain, S. Richelme, A. Prodosmo, A. Moumen, C.
Brun, I del Barco Barrantes, |S.C. Arthur, AJ. koleske, AR. Nebreda, D. Barila, F.
Maina, Met acts through Abl to regulate p53 transcriptional outcomes and cell sur-
vival in the developing liver, J. Hepatol. 57 (2012) 1292-1298.

Please cite this article as: M. Arechederra, et al., Met signaling in cardiomyocytes is required for normal cardiac function in adult mice, Biochim.

Biophys. Acta (2013), http://dx.doi.org/10.1016/j.bbadis.2013.08.008

761


http://dx.doi.org/10.1016/j.bbadis.2013.08.008
Original text:
Inserted Text
"J. S. C."

Original text:
Inserted Text
"A. R."


	Met signaling in cardiomyocytes is required for normal cardiac function in adult mice
	1. Introduction
	2. Materials and methods
	2.1. Generation of cardiomyocyte c-met knock-out mice and genotyping
	2.2. RT-qPCR analysis
	2.3. Western-blot analysis
	2.4. Histology
	2.5. ROS detection and quantification
	2.6. Measurement of catalase, SOD, and cytochrome c oxidase activities
	2.7. Electrocardiographic measurements in conscious mice using radiotelemetry
	2.8. Echocardiographic assessment of cardiac function and structure
	2.9. Assays in cardiomyocytes derived cell lines
	2.10. Statistical analysis

	3. Results
	3.1. Conditional inactivation of Met in cardiomyocytes does not overtly affect embryonic and postnatal heart development, b...
	3.2. Loss-of-function of Met signaling disrupts the antioxidant defenses in cardiomyocytes, leading to an increase in ROS a...
	3.3. Met acts on p38 MAPK to increase antioxidant enzymes levels and counteracts TGF-β effect in cardiomyocytes
	3.4. Increased cardiomyocyte size, occurring in the absence of Met signaling, is prevented by antioxidant treatment

	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	References




