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A B S T R A C T

Mammalian cardiomyocytes become terminally-differentiated during the perinatal period. In rodents, cytoki-
nesis ceases after a final division cycle immediately after birth. Nuclear division continues and most car-
diomyocytes become binucleated by ~11 days. Subsequent growth results from an increase in cardiomyocyte 
size. The mechanisms involved remain under investigation. Mitogen-activated protein kinases (MAPKs) regulate 
cell growth/death: extracellular signal-regulated kinases 1/2 (ERK1/2) promote proliferation, whilst c-Jun N- 
terminal kinases (JNKs) and p38-MAPKs respond to cellular stresses. We assessed their regulation in rat hearts 
during postnatal development (2, 7, 14, and 28 days, 12 weeks) during which time there was rapid, substantial 
downregulation of mitosis/cytokinesis genes (Cenpa/e/f, Aurkb, Anln, Cdca8, Orc6) with lesser downregulation of 
DNA replication genes (Orcs1–5, Mcms2–7). MAPK activation was assessed by immunoblotting for total and 
phosphorylated (activated) kinases. Total ERK1/2 was downregulated, but not JNKs or p38-MAPKs, whilst 
phosphorylation of all MAPKs increased relative to total protein albeit transiently for JNKs. These profiles 
differed from activation of Akt (also involved in cardiomyocyte growth). Dual-specificity phosphatases, upstream 
MAPK kinase kinases (MAP3Ks), and MAP3K kinases (MAP4Ks) identified in neonatal rat cardiomyocytes by 
RNASeq were differentially regulated during postnatal cardiac development. The MAP3Ks that we could assess 
by immunoblotting (RAF kinases and Map3k3) showed greater downregulation of the protein than mRNA. 
MAP3K2/MAP3K3/MAP4K5 were upregulated in human failing heart samples and may be part of the “foetal 
gene programme” of re-expressed genes in disease. Thus, MAPKs, along with kinases and phosphatases that 
regulate them, potentially play a significant role in postnatal remodelling of the heart.

1. Introduction

Mammalian cardiomyocytes become terminally-differentiated soon 
after birth [1–3]. The current consensus is that cardiomyocyte prolif-
eration in the adult mammalian heart is <1 % per annum and, whilst this 
may suffice for general maintenance, it is not physiologically mean-
ingful for cardiac repair in disease. Induction of cardiomyocyte cell cycle 
re-entry is an attractive therapeutic concept for cardiac regeneration, 
but greater understanding of the molecular basis of cell cycle with-
drawal and prevention of re-entry is required.

Cardiomyocyte terminal differentiation occurs in stages, and nuclear 
division (endomitosis) can continue after cessation of cytokinesis, pro-
ducing binucleated cells [2]. In rats and mice, cardiomyocyte cell divi-
sion ceases by ~4 days postnatally, nuclear division is completed by 
~11–14 days and 90–95 % of adult cardiomyocytes are binucleated. The 
principle holds for other species and, for example, binucleation occurs in 
40–60 % of human cardiomyocytes [2,4]. After birth, maturational 
growth of the heart results from an increase in size of individual myo-
cytes (i.e. hypertrophy or eutrophy) [5]. Adult cardiomyocytes hyper-
trophy to accommodate increases in workload as occurs during 
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pregnancy or exercise (physiological hypertrophy), or with pathophys-
iological stresses (e.g. hypertension, myocardial infarction) [5,6]. This is 
associated with increases in cardiomyocyte size and myofibrillar con-
tent. In addition, there are changes in gene expression in pathological 
hypertrophy including re-expression of genes normally expressed early 
in development (the “foetal gene programme”) [1,5].

In proliferating cells, cell cycle entry is promoted by the extracellular 
signal-regulated kinases 1/2 (ERK1/2), the prototypic mitogen- 
activated protein kinases (MAPKs), and ERK1/2 play an important 
role throughout the cell cycle [7,8]. Progression through the cell cycle 
and mitosis is regulated by cyclin-dependent kinases (CDKs) activated 
by cyclins [9,10]. Checkpoints ensure that each stage of the process is 
properly completed: cell growth and DNA replication are completed 
before mitosis commences, and completion of mitosis is generally linked 
to nuclear division and cytokinesis. Mechanisms operate to prevent re- 
replication of DNA without mitosis, and further nuclear division 
without cytokinesis. Thus, DNA replication is “licensed” with origin 
recognition proteins (ORCs) acting at initiation start sites for DNA 
replication [11], and DNA replication is controlled by systems including 
the minichromosome maintenance (MCM) replicative DNA helicase 
complex [12]. Mitosis requires, for example, expression of centromere 
proteins to attach chromosomes to the spindle (e.g. Cenpa, Cenpe, Cenpf 
[13–15]), whilst cytokinesis requires induction of aurora kinases (e.g. 
Aurkb), borealin (Cdca8) and anilin (Anln) [16–18]. Thus, the process of 
cell division is generally well understood, but how this relates to ter-
minal differentiation remains to be established.

Initial studies demonstrated that cyclins/CDKs are downregulated 
and CDK inhibitors (CDKIs) are upregulated in cardiomyocytes in the 
early postnatal period [19,20]. Many studies have since focused on 
specific transcription factors and signalling pathways [21], and recent 
“omics” approaches report global changes in cardiomyocyte gene 
expression during postnatal development (e.g. [22–27]). However, 
phenotypic changes are influenced by post-translational modifications 
(e.g. protein phosphorylation/dephosphorylation) regulated by intra-
cellular signalling networks. The relatively little emphasis on MAPKs in 
cardiomyocyte terminal-differentiation is, therefore, surprising. Studies 
of ERK1/2 in the heart focus on their role in promoting cardiomyocyte 
hypertrophy and cardioprotection [28–31], but the degree/duration of 
ERK1/2 signalling influences proliferation vs differentiation in other 
cells [8] and they may play a role in cardiomyocyte terminal differen-
tiation. Other MAPKs, c-Jun N-terminal kinases (JNKs) and p38-MAPKs, 
respond to cellular stresses and their role(s) in cardiac hypertrophy and 
cell death are being established [28,32,33]. With the stresses on the 
cardiovascular system following birth, these kinases may also be ex-
pected to be activated and affect cardiomyocyte differentiation.

MAPKs are activated by dual-specificity MAPK kinases (MKKs) that 
phosphorylate Thr and Tyr residues in a T-X-Y motif (where X is any 
amino acid) [7]. These MKKs are well-established: ERK1/2 are activated 
by MKK1/2, JNKs are activated by MKK4/7, and p38-MAPKs are acti-
vated by MKK3/6 [28]. MKKs are phosphorylated and activated by MKK 
kinases (MAP3Ks). RAF family kinases are MAP3Ks for the ERK1/2 
cascade [34], but various MAP3Ks operate for JNKs and p38-MAPKs, 
potentially being activated by different types of stress [35]. MAP3Ks 
may be regulated by MAP3K kinases (MAP4Ks) but their regulation and 
activities are not well-understood, and activation of MAPK signalling by 
MAP4Ks may result from increased cellular stress [36]. MAPK inacti-
vation is equally as important for regulatory signalling, and the dual- 
specificity phosphatase family (DUSPs) includes MAPK phosphatases 
that dephosphorylate both phospho-Thr and phospho-Tyr residues 
required for activity [37,38].

Here, we investigated the regulation and activation of ERK1/2, JNKs 
and p38-MAPKs in postnatal development of rat hearts, placing their 
activation in the context of changes in expression of genes required for 
DNA replication and cytokinesis. We compared MAPK profiles with 
activation of Akt (also known as protein kinase B), a key protein kinase 
implicated in cardiac growth and cytoprotection [39]. These kinases 

were all activated during postnatal development but with different 
temporal profiles. We determined the expression profiles of DUSPs and 
MAP3Ks/MAP4Ks that may influence MAPK activation during rat 
postnatal cardiac development, also assessing which MAP3Ks/MAP4Ks 
are regulated in human heart failure. We conclude that MAPKs and the 
kinases/phosphatases that regulate them, are likely play a significant 
role in postnatal remodelling of the heart.

2. Materials and methods

2.1. Ethics statement and tissue samples

2.1.1. Human heart samples
Human heart samples were obtained from the University of Pitts-

burgh, U.S.A. and were previously reported in [40]. Left ventricular 
samples from failing human hearts were from patients who consented to 
a protocol approved by the University of Pittsburgh Institutional Review 
Board and collected under IRB 0404033. Non-failing heart samples were 
collected under University of Pittsburgh CORID #451 (Committee for 
Oversight of Research and Clinical Training Involving Decedents), with 
consent being obtained by the local Organ Procurement Organization 
(OPO), CORE (Center for Organ Recovery and Education). Samples were 
transferred to University of Reading via a Biological Material Transfer 
Agreement (University of Pittsburgh MTA00009000) for the study of 
MAP3Ks and MAP4Ks and the proteins with which they interact. Sam-
ples were stored at University of Reading as frozen, de-identified acel-
lular non-viable samples for which further approvals are not required. 
Patient information is provided in Supplementary Table S1.

2.1.2. Postnatal rat heart development
Rats were brought into the BioResource Unit at University of Reading 

(UK registered with a Home Office certificate of designation; establish-
ment licence no. XF75DBBCB). Procedures were performed in accor-
dance with UK regulations and the European Parliament Directive 
2010/63/EU for animal experiments. All work was undertaken in 
accordance with local institutional animal care committee procedures at 
the University of Reading and the U.K. Animals (Scientific Procedures) 
Act 1986. Rats were culled by a schedule 1 procedure (cervical dislo-
cation followed by removal of the heart) for which additional Home 
Office approvals are not required.

Sprague-Dawley CD® IGS rats were purchased from Charles River 
(Crl:CD(SD)). Female rats were purchased for delivery with 2 d neonates 
(n = 6 litters; 10 pups per litter). Male and female pups were used 
equally for the 2, 7 and 14 d samples and each sample used for analysis 
of a specific time point was from a different litter. For the 2 d samples, 
pups were sacrificed immediately (4 hearts per sample). Remaining pups 
were housed with the females and sacrificed at 7 and 14 d (3 hearts per 
sample). Male rats were used for the 28 d and 12 week time points and 
these were sacrificed immediately on delivery. Females with litters were 
housed in open top NKP cages (total area 1632 cm2) supplied with aspen 
sawdust bedding, sizzle nesting, cardboard tunnels and housing plus 
additional enrichment (e.g. chew sticks and millet). Animals were pro-
vided with water and food (SDS RM3 expanded pelleted food) ad libi-
tum, with a 12:12 light/dark cycle and room temperature of 21 ◦C. For 
tissue harvest, the hearts were cut open, briefly rinsed with ice-cold PBS, 
blotted dry and snap frozen in liquid N2. Hearts were ground to powder 
under liquid nitrogen and samples taken for preparation of RNA and 
proteins.

2.2. Rat neonatal ventricular cardiomyocytes

Female Sprague-Dawley CD® IGS rats with 2–3 day litters were 
delivered and housed overnight in the BioResource Unit as described in 
Section 2.1. Neonates (males and females from at least 2 different litters 
per preparation) were culled at 3–4 days. Rat neonatal ventricular car-
diomyocytes were prepared as described in [41]. In brief, hearts were 
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harvested, the atria were removed and ventricles were washed in ice- 
cold buffer. Heart tissue was subjected to sequential digestion with 
collagenase and pancreatin, and the cells were collected into plating 
medium [Dulbecco’s Modified Eagles Medium (DMEM) and M199 at a 
ratio of 4:1] containing 15 % (v/v) foetal calf serum with penicillin and 
streptomycin. To remove cardiac non-myocytes, cells were preplated 
onto Primaria tissue culture dishes (30 min, 37 ◦C) at a density equiv-
alent to 10 hearts per 60 mm dish. Non-adherent cardiomyocytes were 
plated in plating medium onto 60 mm Primaria tissue culture plates 
precoated with 1 % (w/v) gelatin (Sigma-Aldrich). Cells were seeded at a 
density of 4 × 106 cells per dish to ensure that the final cultures were 
confluent and beating. Serum was withdrawn after 16 h, and the cells 
were cultured for a further 20 h prior to harvest. This approach mini-
mises the growth of cardiac non-myocytes (estimated at ~5 % of the 
total cell population [41]). We routinely use cardiomyocytes from 3 to 4 
day neonates because they are the most mature cardiomyocytes we can 
culture routinely for intracellular signalling studies. They are suffi-
ciently robust with enough plasticity for quiescence to be imposed with 
complete removal of serum and growth factors, whilst maintaining 
survival. Cardiomyocytes from older animals require addition of growth 
factors (e.g. insulin) that affect protein kinase activation and gene 
expression.

2.3. RNA preparation from heart tissue and qPCR

Rat heart powders or human left ventricular samples (10–20 mg) 
were weighed into Eppendorf Safe-Lock tubes on dry ice. RNA Bee (1 ml; 
AMS Biotechnology Ltd) was added as the tube was brought to 4 ◦C and 
powders were homogenised in the tubes on ice using a plastic pestle. The 
RNA was prepared according to the manufacturer’s instructions and as 
described in [41]. RNA was dissolved in nuclease-free water and the 
purity assessed from the A260/A280 measured using an Implen Nano-
Photometer (values were 1.8–2.0). Concentrations were determined 
from the A260 and RNA was stored at − 80 ◦C. Total RNA was reverse 
transcribed to cDNA using High Capacity cDNA Reverse Transcription 
Kits with random primers (Applied Biosystems) in a final volume of 20 μl 
according to the manufacturer’s instructions. cDNAs were diluted 1:1 
with nuclease-free water and stored at − 20 ◦C. qPCR was performed 
with a StepOnePlus Real-Time PCR system (ThermoFisher Scientific) 
using 1 μl of the cDNA. Optical 96-well reaction plates were used with 
iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories Inc.) ac-
cording to the manufacturer’s instructions (see Supplementary Table S2 
for primer sequences). Results were normalised to Gapdh, and relative 
quantification was obtained using the ΔCt (threshold cycle) method; 
relative expression was calculated as 2− ΔΔCt [42] and normalised to the 
mean of the 2 d values (rat hearts) or the mean of the control hearts 
(patients).

2.4. RNA preparation from cardiomyocytes and RNASeq

Cardiomyocytes were prepared from 3 to 4 d neonates as described in 
Section 2.2. RNA was prepared using 1 ml RNA Bee per dish according to 
the manufacturer’s instructions. RNA was provided to Novogene for 
RNA sequencing using their Illumina platform. Processed data for all 
samples (n = 4) are provided in Supplementary Spreadsheet S1 as 
original counts and fpkm (Fragments Per Kilobase per Million mapped 
fragments). Fpkm are defined as the number of fragments of a gene 
divided by the total sequencing depth, and the ratio is then divided by 
the gene length (i.e. the total length of exons from one gene).

2.5. Western blotting

Rat heart powders (15–20 mg) were homogenised in 6 vol extraction 
buffer [20 mM Tris pH 7.5, 1 mM ethylene diamine tetra-acetic acid, 10 
% (v/v) glycerol, 1 % (v/v) Triton X-100, 100 mM KCl, 5 mM NaF, 0.2 
mM Na3VO4, 5 mM MgCl2, 0.05 % (v/v) 2-mercaptoethanol, 10 mM 

benzamidine, 0.2 mM leupeptin, 0.01 mM trans-epoxy succinyl-L-leu-
cylamido-(4-guanidino)butane, 0.3 mM phenylmethylsulphonyl fluo-
ride, 4 μM microcystin]. Samples were vortexed intermittently whilst 
being incubated on ice for 10 min. Samples were centrifuged (10,000g, 
10 min, 4 ◦C), the supernatants were collected, a sample was taken for 
protein assay and the remainder was boiled with 1/3 vol sample buffer 
[300 mM Tris-HCl pH 6.8, 10 % (w/v) sodium dodecyl sulphate (SDS), 
13 % (v/v) glycerol, 130 mM dithiothreitol, 0.2 % (w/v) bromophenol 
blue]. Protein concentrations were determined by BioRad Bradford 
assay using a 1/5 dilution (v/v) in H2O of the dye reagent concentrate 
and bovine serum albumin (BSA) standards (1–10 μg). Patient samples 
were those prepared in [40] with homogenisation in RIPA buffer sup-
plemented with protease and phosphatase inhibitors (Roche, Cat. Nos. 
11,836,170,001 and 04906837001). Following centrifugation (3000g, 
15 min, 4 ◦C), the supernatants were collected. Protein quantification 
used a Pierce BCA Protein Assay kit and samples were boiled with 1/3 
vol sample buffer.

Proteins were separated by SDS-polyacrylamide gel electrophoresis 
using 8 % (for RAF kinases in rat hearts), 12 % (for Gapdh in rat hearts) 
or 10 % (all other proteins) (v/v) polyacrylamide resolving gels with 6 % 
(v/v) stacking gels until the dye front reached the bottom of the gel (200 
V; ~50 min). Prestained BioRad Dual Color molecular weight markers 
were loaded in the left lane (3 μl; Cat. No. 1610374). Proteins were 
transferred to nitrocellulose (0.45 μm, Cytiva) using a BioRad semi-dry 
transfer cell (10 V, 60 min). Non-specific binding sites were blocked (15 
min) with 5 % (w/v) non-fat milk powder in Tris-buffered saline (20 mM 
Tris-HCl pH 7.5, 137 mM NaCl) containing 0.1 % (v/v) Tween 20 
(TBST). Blots were incubated with primary antibodies in TBST con-
taining 5 % (w/v) BSA (overnight, 4 ◦C). Details of antibodies are pro-
vided in Supplementary Table S3. Antibodies for Braf and Raf1 (total or 
phosphorylated proteins), phospho-Akt(T308) and phospho-ERK1/2, 
total Akt and total ERK1/2 were used on the same blots simulta-
neously. Blots were washed with TBST (3 × 5 min, room temperature), 
incubated with horseradish peroxidase-conjugated secondary antibodies 
in TBST containing 1 % (w/v) non-fat milk powder (60 min, room 
temperature) and then washed again in TBST (3 × 5 min, room tem-
perature). Primary antibodies were used at 1/1000 dilutions. 
Horseradish-peroxidase-conjugated goat anti-rabbit immunoglobulins 
(catalogue no. P0448) and anti-mouse immunoglobulins (catalogue no. 
P0477) were from Dako (supplied by Agilent) and used at 1/5000 
dilution.

Bands were detected using ECL Prime enhanced chemiluminescence 
reagents and visualised with an ImageQuant LAS4000 system (reagents 
and equipment from GE Healthcare, now Cytiva). Image capture was by 
accumulating increments and all images were documented as .gel 
(proprietary) or .tif files. A white light image was captured to detect the 
molecular weight markers. Specific bands were identified on the basis of 
relative molecular mass. Densitometric analysis was performed with 
ImageQuant TL 8.1 software (GE Healthcare, now Cytiva) using short 
incremental exposures to avoid saturation of any bands. Raw values 
were normalised to Gapdh; values for phosphorylated kinases were also 
normalised to those of the total kinase as indicated. Values were nor-
malised to the mean of 2 d samples (rat hearts) or the non-failing control 
heart samples (patients). Blots were cropped for presentation in the 
Figures. Full original blots are in Supplementary Figs. S1–3.

3. Results

3.1. DNA replication, mitosis and cytokinesis markers during postnatal 
cardiac development in rats

Cytokinesis in rodent cardiomyocytes ceases shortly after birth, but 
most nuclei divide again at approximately 4–7 days [2,4]. To assess how 
genes/proteins are regulated during postnatal development, rat hearts 
were harvested at the approximate time of the final cell division (2 
days), when cells become binucleated (7 days), when binucleation is 
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complete and rapid growth commences (14 days), as the growth rate 
starts to reduce post-weaning (28 d), and in the young, mature adult (12 
weeks). To confirm that events associated with cell cycle withdrawal 
could be detected, we selected genes associated with DNA replication 
and cytokinesis and confirmed expression in an RNASeq dataset for 3–4 

day rat ventricular myocytes (Supplementary Spreadsheet S1). mRNAs 
for centromere proteins required for spindle attachment (Cenpa, Cenpe, 
Cenpf [13–15]), proteins required for cytokinesis (Aurkb, Anln and 
Cdca8) [16–18], and proteins required for DNA licensing (origin of 
recognition proteins, Orc1-6 [11]) or unwinding (the MCM DNA helicase 

Orc6Orc1

Mcm2 Mcm7

p=0.039
p=0.056

p=0.016
p=0.016/0.014
p=0.015/0.039

p<0.001

p=0.030

p=0.214 p<0.001

p=0.019

p=0.08

0

1

2

3

4

5

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5 Orc2
Orc3
Orc4
Orc5

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5
Mcm3
Mcm4
Mcm5
Mcm6

m
R

N
A 

(re
la

tiv
e 

to
 G
ap
dh

an
d 

2 
d 

he
ar

ts
)

A

B

m
R

N
A 

(re
la

tiv
e 

to
 G
ap
dh

an
d 

2 
d 

he
ar

ts
)

C

m
R

N
A 

(re
la

tiv
e 

to
 G
ap
dh

an
d 

2 
d 

he
ar

ts
)

p=0.001

p=0.021

p=0.041

p=0.038/0.013

p=0.005/0.036/0.018

p<0.001

p=0.024/0.037

0.0

0.5

1.0

1.5 Aurkb
Cdca8
Anln

Age (wks)
0 2 4 12

Age (wks)
0 2 4 12

Age (wks)
0 2 4 12

Age (wks)
0 2 4 12

Age (wks)
0 2 4 12

Age (wks)
0 2 4 12

Age (wks)
0 2 4 12

p<0.001

p=0.001/0.006

Age (wks)
0 2 4 12

0.0

0.5

1.0

1.5 Cenpe
Cenpf
Cenpa

p=0.012

p=0.014

m
R

N
A 

(re
la

tiv
e 

to
 G
ap
dh

an
d 

2 
d 

he
ar

ts
)

0.0

0.5

1.0

1.5

2.0

Age (wks)
0 2 4 12

0.0

0.5

1.0

1.5

2.0

Age (wks)
0 2 4 12

Age (wks)
0 2 4 12

Myh6 Tagln
Ddr2

Tie2/Tek

p=0.041

p=0.074

p=0.212

p=0.113

p=0.106

0.0

0.5

1.0

1.5

2.0
D

p=0.014/<0.001
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complex, Mcms 2-7 [12]) were all expressed in these cells at readily 
detectable levels (Supplementary Table S4).

Expression of the selected genes was assessed in rat hearts by qPCR. 
Ct values for Gapdh remained approximately constant across the 

developmental stages studied (Supplementary Fig. S1A) and this was 
used as the housekeeping gene. Cenpa, Cenpe, Cenpf, Aurkb, Anln, and 
Cdca8 mRNAs were rapidly and substantially downregulated between 2 
and 7 days, with a further decrease such that by 12 weeks, these genes 
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were < 5 % of the 2 d expression levels (Fig. 1A). The data are consistent 
with termination of cytokinesis in cardiomyocytes soon after birth. 
mRNAs for core ORC proteins (Orcs 2–5) were downregulated from 2 
d to 28 d, after which expression was stable at ~38–49 % of the original 
level (Fig. 1B). In contrast, expression of Orc1 mRNA (associated with 
regulation of the complex [11]) initially increased before subsiding to 
the original levels. Orc6 is linked to cytokinesis [11] and Orc6 mRNA 
declined substantially between 2 and 7 d with a further decline to 28 d, a 
profile similar to the cytokinesis and spindle markers (Fig. 1A). Mcms 3-6 
were substantially downregulated between 2 and 7 days with a further 
decline through to 12 weeks, but downregulation of Mcm7 was more 
limited and Mcm2 expression was largely sustained (Fig. 1C). Thus, 
there is downregulation of genes for DNA replication, but the potential 
for DNA replication is retained. Myh6 mRNA expression increased to 
some degree over the first 2 weeks after birth but declined to the 2 
d level by 4 weeks (Fig. 1D). mRNA markers for other proliferative 
cardiac cell types (Tie2/Tek for endothelial cells [43], Tagln (Sm22a) for 
smooth muscle cells [44], Ddr2 for fibroblasts [45]) were not signifi-
cantly changed during postnatal cardiac development (Fig. 1D). The 
data indicate that relative proportions of different cardiac cell types do 
not change significantly during maturational growth of the heart 
whether or not they retain proliferative potential.

3.2. MAPK and Akt signalling during postnatal cardiac development in 
rats

We next assessed expression and activation of ERK1/2, JNKs, p38- 
MAPKs, and Akt in rat hearts by immunoblotting for total and phos-
phorylated (i.e. activated) proteins. We did not detect any significant 
change in Gapdh protein expression in rat hearts during postnatal car-
diac development and this was used for normalisation (Supplementary 
Fig. S1B). Expression of total Akt decreased ~30 % between 14 and 28 
d and, by 12 weeks, expression was 52.6 ± 0.05 % that at 2 d (mean ±
SEM; n = 6) (Fig. 2, A-B). Samples were immunoblotted for phosphor-
ylation of the two sites required for full activity of Akt (Thr308 and 
Ser473). Both significantly increased between 2 and 7 d (Fig. 2, A and C) 
indicating that Akt signalling is activated during maturational growth of 
the heart. Akt(Ser473) phosphorylation relative to total Akt was sus-
tained through to adulthood, although Akt(Thr308) declined to some 
degree.

Total ERK1/2 protein expression in rat hearts was substantially 
downregulated between 14 and 28 d, with a further decline to 12 weeks 
(24.0 ± 0.02 % relative to 2 days; Fig. 2D, lower blot; 2E, upper panel). 
Relative to Gapdh, phosphorylated (i.e. activated) ERK1/2 also 
declined, but the ratio of phosphorylated/total ERK1/2 significantly 
increased between 14 and 28 d (Fig. 2D, upper blot; Fig. 2E, lower 
panel). JNKs are expressed as multiple isoforms of ~46 and 54 KDa but 
the lower band detected by the antibody we used appeared too small for 
the 46 kDa isoforms, so we focused only on the upper band of ~54 kDa 
(Supplementary Fig. S2, centre blots). Total levels of expression of p54- 
JNKs and p38-MAPKs declined between 14 and 28 d, but to a lesser 
degree than ERK1/2, expression at 12 weeks relative to 2 d being 51.6 ±
0.05 % and 58.1 ± 0.06 %, respectively (Fig. 2F-G). Phosphorylation of 
JNKs increased significantly between 2 and 7 d, but this was transient 
and phosphorylation declined to basal levels by 28 d (Fig. 2H, left 
panel). Phosphorylation of p38-MAPKs also increased between 2 and 14 
d, and remained above the 2 d level at 12 weeks (Fig. 2H, right panel). 
Thus, whilst cardiac ERK1/2 expression declined substantially during 
postnatal development, with some decrease in JNKs and p38-MAPKs, 
there was increased phosphorylation and activation of all the MAPKs 
relative to total protein during this period.

MAPKs are dephosphorylated and inactivated by DUSPs [37,38], of 
which some are upregulated in response to growth stimuli or cellular 
stresses (Dusp1, Dusp2, Dusp4, Dusp5 and Dusp10). Some have greater 
selectivity for ERK1/2 (Dusp4, Dusp5, Dusp6, Dusp7, Dusp9) whilst 
others favour JNKs or p38-MAPKs (Dusp1, Dusp2, Dusp8, Dusp10, 

Dusp16). These were all were readily detected at the mRNA level in 3–4 
d rat neonatal ventricular cardiomyocytes by RNASeq except for Dusp9 
(Supplementary Table S5). Of the DUSPs favouring ERK1/2 (Fig. 3A), 
Dusp5 mRNA was significantly upregulated between 2 and 7 d and 
declined thereafter, and Dusp4 mRNA showed a similar profile although 
the change was not statistically significant. Dusp7 was largely un-
changed and Dusp6 expression declined. Surprisingly, Dusp9 was 
induced at 7–14 d, returning to the basal minimal level by 28 d. Of the 
DUSPs favouring JNKs and p38-MAPKs (Fig. 3B), Dusp1 mRNA was 
significantly upregulated between 2 and 14 d. Dusp2 and Dusp8 mRNAs 
had a trend towards upregulation, but the increase was not statistically 
significant. Dusp10 expression was significantly downregulated with an 
indication that Dusp16 mRNA may also be downregulated. The data 
highlight the potential for DUSPs to regulate MAPK signalling in post-
natal rat heart development.

3.3. MAP3Ks and MAP4Ks in rat heart development

MAP3Ks form a signalling node, feeding signals into the MAPK cas-
cades, whilst MAP4Ks may regulate the MAP3Ks [35,36]. We mined 
RNASeq data from rat neonatal ventricular cardiomyocytes prepared 
from 3 to 4 d hearts for expression of MAP3Ks and MAP4Ks (Supple-
mentary Table S5), and used qPCR for mRNA profiling of kinases with 
fpkm values >1 (Supplementary Table S6). Of the MAP3Ks for the 
ERK1/2 cascade, Araf and Braf did not show any significant change in 
mRNA expression during postnatal development, whilst there was a 
significant, though relatively small decrease in Raf1 (Fig. 4A). Of the 
potential MAP3Ks for the JNK and p38-MAPK cascades, Map3k1, 
Map3k10, Map3k11 and Taok3 were not significantly changed (Sup-
plementary Table S6). Most of the rest were modestly downregulated to 
~50 % including Map3k2, Map3k3 and Map3k4 (Fig. 4B; Supplementary 
Fig. S4). Map3k8 and Map3k12 were significantly increased, albeit at 
different times (Supplementary Table S6). Of the potential MAP4Ks, 
Map4k4 and Map4k5 were significantly downregulated (Supplementary 
Table S6; Supplementary Fig. S4).

To compare mRNA expression with protein levels, we focused first on 
Raf kinases for which antibodies are available for immunoblotting. 
Despite the limited change in mRNA expression, all three RAF kinases 
were significantly downregulated in rat hearts during postnatal devel-
opment between 2 and 4 weeks, although Araf was downregulated to a 
lesser degree than Braf or Raf1 [42.8 ± 0.06 % (Araf) vs 23.5 ± 0.02 % 
(Braf) and 23.9 ± 0.03 % (Raf1) at 12 weeks relative to 2 d] (Fig. 4, 
C–D). Antibodies are available for the activating Ser phosphorylation 
site for Braf (Ser445) and Raf1 (Ser338) [40]. Because of the decline in 
total protein, these phosphorylations declined relative to Gapdh, but 
phosphorylation of Braf in particular was preserved relative to total Braf 
protein (Fig. 4, C and E). Antibodies for most other MAP3Ks were 
insufficiently sensitive to compare expression in neonatal and adult rat 
hearts. However, Map3k3 protein declined significantly between 2 and 
14 d, then further between 14 and 28 d (Fig. 4F). Thus, during postnatal 
heart development, expression of MAP3Ks relative to total protein does 
not necessarily match expression at the mRNA level, with a more pro-
nounced decline in protein.

3.4. MAP3Ks and MAP4Ks in human failing hearts

Various genes expressed in early heart development may be re- 
expressed in cardiomyocytes and the heart as a response to pathophys-
iological stresses (e.g. Myh7, Nppa [1,5]). Since several MAP3Ks/ 
MAP4Ks were downregulated during postnatal development, we 
assessed mRNA expression in left ventricular samples from heart failure 
patients compared with control samples (Supplementary Table S7). We 
have previously reported that RAF kinases are upregulated in human 
heart failure [40]. Of the remaining MAP3Ks, MAP3K2 and MAP3K3 
mRNAs were significantly upregulated in failing hearts (1.44 ± 0.11 and 
1.69 ± 0.21 fold change, respectively) (Fig. 5A, upper panels). 
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Immunoblotting confirmed the increase in expression of MAP3K3 
(Fig. 5B). Of the MAP4Ks, MAP4K5 was significantly upregulated but to 
a limited degree (1.21 ± 0.06 fold change) whilst MAP4K1 was perhaps 
downregulated (0.66 ± 0.06 relative to non-failing hearts), but this was 
not statistically significant (Fig. 5A, lower panels).

4. Discussion

The mechanism of mammalian cardiomyocyte terminal- 
differentiation is an important biological conundrum with major im-
plications for human health. Without meaningful cardiomyocyte cell 
division, the heart has virtually no potential for regeneration and relies 
on cardioprotective systems to survive pathological insults such as 
myocardial infarction. Eventually, the heart becomes unable to deliver 
blood to the body and fails. Heart failure already affects millions of 
people worldwide [46], and investigators continue to explore various 
ways of supporting a failing heart, from pharmacotherapy, through 
mechanical support to implantation of stem cells. Arguably, the most 
effective solution currently is still a heart transplant, and the question 
remains of whether the heart could repair itself. For this to be possible, 
understanding how and why cardiomyocytes become terminally- 
differentiated becomes vitally important to develop new ways of 
reversing the process. Here, we focused on the MAPKs, well-known and 
well-established signalling pathways that regulate cell fate and which 
respond to growth stimuli or pathophysiological stresses. We recorded 
how these pathways are regulated in the heart as cardiomyocytes 
withdraw from the cell cycle and become binucleated, switching from 
hyperplastic to hypertrophic growth. The data demonstrate differential 
regulation of the MAPKs, their upstream MAP3K/MAP4K activators and 
the inhibitory DUSPs, highlighting the potential importance of the 
pathways in cardiomyocyte terminal-differentiation. There remain 

many questions, each of which could merit lengthy debate, so we have 
focused on some key points for consideration.

The triggers of cardiomyocyte differentiation potentially relate to 
adaptive responses of cardiomyocytes and the heart to the profound 
stresses associated with newborn life. With a sudden need for indepen-
dent oxygenation and thermogenesis, the circulatory system is remod-
elled, and systemic vascular resistance and arterial blood pressure 
increase [47]. This is a huge workload, and the immature car-
diomyocytes respond with an increase in myofibrillar and mitochondrial 
content and organisation, along with a switch in energy production from 
anaerobic glycolysis to oxidative phosphorylation [48,49]. There are 
additional increases in adrenergic drive, insulin-like growth factors and 
other systemic hormones (e.g. cortisol, thyroid hormones) [50,51]. 
These events potentially activate the intracellular signalling pathways 
highlighted in this study, but the pathways themselves may also drive 
the changes. Dissecting cause from consequence is difficult and obser-
vational correlations offer a way to eliminate some options whilst sup-
porting others. Akt was activated between 2 and 7 d (Fig. 2A–C), a time 
of rapid cardiomyocyte growth and metabolic switching to oxidative 
phosphorylation, and the established role of Akt in physiological growth 
and metabolism [39] suggests it is a driver of these changes. JNKs and 
p38-MAPKs were also activated at 2–7 d (Fig. 2G–H). The transient 
activation of JNKs suggests this may be a response to pathophysiological 
stresses, such as the increase in oxidative stress as mitochondrial flux 
increases or mechanical strain resulting from the elevated workload. 
The sustained response of p38-MAPK suggests it may be involved in 
maintaining differentiation. Previous studies indicate that the α isoform 
is activated selectively in the right ventricle leading to apoptosis and a 
smaller size than the left ventricle [33]. We did not determine if there 
was selective activation in either ventricle, nor did we consider isoform 
specificity with respect to p38-MAPK activation, but sustained 
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activation would not be compatible with continued apoptosis in either 
ventricle so it seems likely that p38-MAPK has additional roles in the 
heart through the postnatal period.

The ERK1/2 cascade has great potential as a driving force for ter-
minal differentiation but has not been fully investigated in this context. 
ERK1/2 signalling clearly promotes cell proliferation and the pathway 

plays a key role in cancer but, depending on the stimulus, it can instead 
promote differentiation [8]. For example, in the PC12 neuronal cell line, 
epidermal growth factor (EGF) induces cell division whereas nerve 
growth factor (NGF) promotes differentiation potentially due to differ-
ences in the intensity and duration of the ERK1/2 signal (EGF induces 
transient activation; NGF promotes sustained activation) [52–54]. 
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Consistent with this, overexpression of EGF receptors or repetitive 
activation of ERK1/2 by re-application of EGF to induce a sustained 
response promotes differentiation rather than proliferation [55,56]. In 
rat hearts, activation of ERK1/2 was sustained to 28 d, despite a decline 
in total protein after 14 d (Fig. 2D–E), consistent with a role for ERK1/2 
in driving differentiation. However, it is still not known how sustained 
ERK1/2 activation leads to differentiation in PC12 cells, so further work 
is needed to understand the mechanisms involved. In proliferating cells, 
ERK1/2 translocate to the nucleus where they phosphorylate tran-
scription factors and modulate gene expression to elicit phenotypic 
changes [57]. Activated ERK1/2 is increased in the nucleus of neonatal 
cardiomyocytes on stimulation with endothelin-1 or the α1-adrenergic 
agonist phenylephrine, although there is limited evidence of any net 
accumulation of total ERK1/2 [58]. ERK1/2 clearly play a significant 
role in regulating changes in cardiomyocyte gene expression [41,58,59], 
so it is probable that effects to promote differentiation are similarly 
elicited via effects in the nucleus.

For all regulatory systems, it is essential to consider methods of 
inactivation in addition to activation, which is why we assessed 
expression of the MAPK-directed DUSPs and MAP3Ks/MAP4Ks in rela-
tion to MAPK activation. DUSPs appear to be regulated largely at the 
level of expression and at least some are induced by the MAPKs them-
selves [37,38]. Dusps 1, 2, 4, 5, 8 and 9 mRNAs were generally upre-
gulated at 7–14 days, a time at which the MAPKs were activated, whilst 
Dusps 6, 10 and 16 were downregulated (Fig. 3). Dusps 1, 2, 4 and 5 are 
nuclear-localised [37,38], suggesting particular control of MAPK activ-
ities in the nucleus, presumably to control gene expression. Dusp6 
potentially influences the basal level of phosphorylation of cytoplasmic 
ERK1/2 [60], so the decline in expression may account for the increase 
in relative phosphorylation of ERK1/2 overall. The transient expression 
of Dusp9 (Fig. 3A, right panel) is intriguing since this coincides with a 
likely increase in oxidative stress in the heart. Moreover, Dusp9 also 
dephosphorylates ASK1, an oxidative-stress responsive MAP3K, and 
inhibits pathological hypertrophy associated with hypertension [61].

In contrast to the DUSPs, more of the MAP3Ks/MAP4Ks were 
downregulated in the heart, with the greatest changes occurring after 14 
d (Fig. 4; Supplementary Table S6). It was challenging to identify 

antibodies suitable for immunoblotting, but for those we could study 
(RAF kinases and Map3k3), there was a far greater decrease in protein 
expression than in the mRNA. This highlights the importance of 
assessing protein expression to allow for rates of translation and protein 
turnover, but another consideration is the cellular environment. The 
increase in cardiomyocyte size between the neonate and adult is esti-
mated as ~12-fold according to membrane capacitance [62,63], with a 
large increase in proteins required for contractile function and energy 
production. Consequently, expression of signalling proteins such as 
those involved in MAPK signalling is largely sustained relative to cell 
number. The increase in contractile apparatus and mitochondria with 
improved intracellular organisation in an adult cardiomyocyte [48,49] 
establishes additional physical barriers to signal transduction, and 
questions of how signals are transmitted across the cell (e.g. trans-
mission of the ERK1/2 signal to the nucleus) become more perplexing. 
Signal compartmentalisation has been studied in adult cardiomyocytes 
in relation to the cAMP pathway. Here, there are clear constraints that 
dictate regional production of cAMP from β-adrenergic receptors 
expressed in specific subdomains of the membrane, in addition to the 
phosphodiesterases that contain the signal [64]. Similar studies for the 
MAPKs have yet to be done. Thus, although MAP3K/MAP4K mRNAs 
may be relatively unchanged or downregulated, with (potentially) 
greater downregulation at the protein level, subcellular compartmen-
talisation of individual MAP3Ks/MAP4Ks that respond to specific 
stimuli may result in high signal potential in specific sites within the cell.

The physical barriers imposed by the contractile apparatus and the 
organisation within an adult cardiomyocyte could not only impede 
intracellular signal transmission, but could also constitute a physical 
block for cytokinesis. However, the contractile apparatus in adult car-
diomyocytes in primary culture can be disassembled as they “de- 
differentiate” [65], and this presumably occurs in the <1 % of car-
diomyocytes that divide. Moreover, cessation of cytokinesis occurs early 
in postnatal development of the mammalian heart when cardiomyocytes 
still have an immature phenotype [48]. The block in cytokinesis, 
therefore, seems unlikely to be simply due to the physical barriers 
imposed by contractile machinery and (since nuclei continue to divide to 
produce bi- or multi-nucleated cardiomyocytes) seems more likely to be 
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a first stage of commitment to the terminal differentiation process. 
Consistent with this, there was very rapid downregulation of genes 
required for cytokinesis (Fig. 1A). Genes required for mitosis (Cenpe, 
Cenpf) were downregulated with a similar profile but, since the final 
nuclear division occurs at 4–7 days and we only studied 2 and 7 days, a 
more detailed time course is necessary to distinguish between cessation 
of cytokinesis and the final round of mitosis. Our study assessed 
expression in whole hearts, rather than individual cells. At 2 days, 
potentially 30 % of the cells are cardiomyocytes with a single nucleus, 
but by 14 days, most cardiomyocytes are binucleated, so ~46 % of 
nuclei derive from cardiomyocytes. The profound downregulation of 
cytokinesis genes suggests that almost all of the cells in a mature heart 
are not undergoing significant replication. Consistent with this, the 
proportions of different cardiac cell types appeared similar during the 
postnatal developmental period (Fig. 1D). This might be expected for a 
stable, mature heart, but it remains to be established if the mechanisms 
are the same in cardiomyocytes and proliferating cells and if there is a 
more permanent block in cardiomyocytes.

In an era of “omics” technologies, global approaches have been used 
to identify changes in gene/protein expression during postnatal devel-
opment of rodent hearts. These include genetic/epigenetic assessment of 
hypermethylated genes and regions of heterochromatin, RNASeq 
profiling of mRNA expression, proteomics and metabolomics (e.g. 
[22–27]). The nucleic acid technologies are particularly powerful, 
allowing assessment of the full genome/transcriptome and, with single- 
cell transcriptomics, subpopulations of cardiomyocytes have been 
identified according to the transcriptome of individual nuclei. These 
studies generate vast amounts of data, but are difficult to interpret. 
“Omics” approaches favour abundance whereas, for cell regulation, the 
genes/proteins that matter are not necessarily expressed at the same 
high level as the genes/proteins required for cell “operations” (e.g. for 
the contractile machinery in a cardiomyocyte) and the total amount of 
protein may be less important than functional activity regulated by post- 
translational modifications (e.g. phosphorylation). To understand the 
signalling mechanisms associated with cardiomyocyte terminal differ-
entiation, we argue that greater insight can be gained with more focused 
approaches, particularly when informed by “omics” data. For our study, 
we used RNASeq data from rat neonatal cardiomyocytes to identify the 
MAP3Ks/MAP4Ks and DUSPs expressed in these cells and tracked these 
genes specifically in the postnatal developmental period (Supplemen-
tary Tables S4-S5; Supplementary Spreadsheet S1). mRNAs for MAP3Ks, 
MAP4Ks and DUSPs were not highly expressed at the mRNA level with 
values <100 fpkm (mRNAs for mitochondrial, contractile or ribosomal 
proteins were > 1000 fpkm). Expression of mRNAs for ERK1/2 and Akt 
were of the same order (93 and 55 fpkm for ERK1/2; 146, 74, and 12 
fpkm for the 3 Akt isoforms) and these clearly play an important role in 
regulating cardiomyocyte responses, so it is not unreasonable to expect 
that the levels of expression of MAP3Ks/MAP4Ks/DUSPs are meaningful 
with respect to cardiomyocyte signalling. Our data are comparable to 
other studies. For example, Talman et al. [66] used RNASeq tran-
scriptomics for rat hearts at 2, 4, 9 and 23 days. The relative expression 
of the genes we studied in 3–4 d cardiomyocytes was comparable with 
the 4 d hearts and our qPCR profiles between 2 and 14 d were similar to 
the changes seen between 2 and 9 days (other differences between ages 
are difficult to correlate) (Supplementary Tables S5, S6 and S8).

Many of the MAP3Ks that we report were identified many years ago 
as upstream kinases for one of more of the stress-regulated MAPK cas-
cades and generally showed little specificity for either JNKs or p38- 
MAPKs that were activated in tandem in most conditions. The best ev-
idence for distinct regulation of the pathways is with ischaemia/reper-
fusion: p38-MAPKs are activated by ischaemia whilst JNKs are activated 
on reperfusion [67]. In ischaemia, the upstream MAP3K is most likely to 
be ASK1 (MAP3K5) which is selective for p38-MAPK activation in car-
diomyocytes [68,69]. It is not clear if other MAP3Ks are selective for 
JNKs or p38-MAPKs or how they are activated by different cellular 
stresses, and many MAP3Ks have yet to be properly investigated in 

cardiomyocytes. For example, Map3k8 (Tpl2/Cot) has potential to 
activate ERK1/2 or p38-MAPK [70] and was upregulated during post-
natal rat heart development (Supplementary Table S6). Moreover, 
Map3k12 (DLK, [71]) was also transiently upregulated and is amongst 
the more highly expressed mRNAs in cardiomyocytes, but there are few 
studies of this kinase.

With 20 MAP3Ks potentially signalling to JNKs and p38-MAPKs, 
there is much to discuss but we will focus on Map3k3 (also known as 
Mekk3 or MAPK/ERK kinase kinase 3) since it was the only MAP3K for 
JNKs and p38-MAPKs we could assess at the protein level in our 
development study. Map3k3 was downregulated during postnatal 
development of rat hearts, but MAP3K3 expression was increased in left 
ventricular samples from failing hearts compared with non-failing hearts 
(Figs. 4B, F and 5). This suggests it could be amongst the genes expressed 
early in cardiac development that are re-expressed in disease (the “foetal 
gene programme”) [1,5]. However, although Map3k3 is required for 
embryonic development and embryos from Map3k3 knockout mice die 
at E11, this is due to a failure in angiogenesis [72] and subsequent 
studies focused on its role in endothelial cells and cerebral cavernous 
malformations [73]. Map3k3 is closely related to Map3k2 (also known 
as Mekk2) [74]. Strikingly, Map3k2 mRNA expression was almost 
identical to that of Map3k3 in rat hearts and patient samples (Figs. 4B 
and 5). In non-cardiomyocytes, there is evidence that the Map3k3/ 
Map3k2 dimer signals to p38-MAPK or an alternative member of the 
ERK family, ERK5, but can also activate other signalling pathways 
including NFκB and the Hippo signalling pathway [74,75]. Hippo sig-
nalling is particularly implicated in determination of organ size 
(including the heart) and may play a substantial role in balancing car-
diomyocyte proliferation and differentiation [76,77]. Thus, Map3k3/ 
Map3k2 are in a pivotal position to orchestrate several signalling 
pathways simultaneously to influence cardiomyocyte growth during the 
important postnatal period of development.

5. Conclusion

Many investigators over many years have considered how and why 
cardiomyocytes become terminally-differentiated: it is interesting bio-
logically and important for the increasing population with impaired 
quality of life as a result of cardiac diseases. Such is the barrier to cell 
cycle progression that studies of cardiomyocyte signalling are impeded 
by the inability of cardiomyocytes to divide, with no satisfactory cell 
lines available and limited potential for experimental use of primary 
cells. As large scale “omics” technologies have developed, more data are 
available to inform future investigations, but these alone cannot provide 
the answers. Studies of individual proteins via gene knockout or over-
expression also have their place, but again cannot address how intra-
cellular signalling networks operate to elicit and maintain a fully 
differentiated state in cardiomyocytes. A systems biology approach is 
needed for which fundamental observational data such as those pre-
sented here are essential. We demonstrated how signalling through the 
MAPKs changes in the postnatal heart and illustrated how expression of 
potential pathway components may modulate the response. But we have 
yet to address expression and activation in different cardiac cell types or 
cells in different regions of the heart, and further studies are needed to 
consider signal compartmentalisation. Integration of the MAPK signals 
with other signalling networks that operate is another facet for future 
exploration. This interplay between various signalling pathways is likely 
to be an important feature in determining when and how car-
diomyocytes switch from hyperplastic to hypertrophic growth.
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