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Abstract Stress-activated p38 kinases control a plethora of functions, and their dysregulation has
been linked to the development of steatosis, obesity, immune disorders, and cancer. Therefore, they
have been identified as potential targets for novel therapeutic strategies. There are four p38 family
members (p38a, p38p, p38y, and p388) that are activated by MKK3 and MKK6. Here, we demon-
strate that lack of MKKé reduces the lifespan in mice. Longitudinal study of cardiac function in MKKé
KO mice showed that young mice develop cardiac hypertrophy which progresses to cardiac dilata-
tion and fibrosis with age. Mechanistically, lack of MKKé blunts p38a activation while causing MKK3-
p38y/6 hyperphosphorylation and increased mammalian target of rapamycin (mTOR) signaling,
resulting in cardiac hypertrophy. Cardiac hypertrophy in MKK6 KO mice is reverted by knocking

out either p38y or p386 or by inhibiting the mTOR pathway with rapamycin. In conclusion, we have
identified a key role for the MKK3/6-p38y/6 pathway in the development of cardiac hypertrophy,
which has important implications for the clinical use of p38a inhibitors in the long-term treatment
since they might result in cardiotoxicity.

Editor's evaluation

The paper for the first time shows that MKK6 reduces life span in mice, and that young mice with
MKK deficiency display cardiac hypertrophy and that it progresses to cardiac dilatation and fibrosis
as they age. The paper also provides a mechanism for this phenomenon and demonstrate that
MKK®6 deletion leads to reduced p38a activation but at the same time causes MKK3-p38g/d hyper-
phosphorylation and increased mTOR signaling. These studies are novel and will advance our under-
standing of the role of this pathway in aging.

Introduction

Cardiac hypertrophy is an adaptive response of the heart to hemodynamic stress that can be phys-
iological (e.g. pregnancy or exercise) or pathological (e.g. hypertension or valvular disease). Physi-
ological cardiac hypertrophy is accompanied by a normal or even enhanced cardiac function, while
pathological forms of hypertrophy are accompanied by myocardial dysfunction and fibrosis and
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elLife digest The human heart can increase its size to supply more blood to the body's organs.
This process, called hypertrophy, can happen during exercise or be caused by medical conditions,
such as high blood pressure or inherited genetic diseases. If hypertrophy is continually driven by
illness, this can cause the heart to fail and no longer be able to properly pump blood around the body.

For hypertrophy to happen, several molecular changes occur in the cells responsible for contracting
the heart, including activation of the p38 pathway. Within this pathway is a p38 enzyme as well as a
series of other proteins which are sequentially turned on in response to stress, such as inflammatory
molecules or mechanical forces that alter the cell’s shape.

There are different types of p38 enzyme which have been linked to other diseases, making them
a promising target for drug development. However, clinical trials blocking individual members of the
p38 family have had disappointing results. An alternative approach is to target other proteins involved
in the p38 pathway, such as MKK®, but it is not known what effect this might have.

To investigate, Romero-Becerra et al. genetically modified mice to not have any MKKé protein.
As a result, these mice had a shorter lifespan, with hypertrophy developing at a young age that
led to heart problems. Romero-Becerra et al. used different mice models to understand why this
happened, showing that a lack of MKKé6 reduces the activity of a specific member of the p38 family
called p38a. However, this blockage boosted a different branch of the pathway which involved two
other p38 proteins, p38y and p384&. This, in turn, triggered another key pathway called mTOR which
also promotes hypertrophy of the heart.

These results suggest that drugs blocking MKKé and p38a could lead to side effects that cause
further harm to the heart. A more promising approach for treating hypertrophic heart conditions
could be to inhibit p38y and/or p386. However, before this can be fully explored, further work is
needed to generate compounds that specifically target these proteins.

represent a risk factor for ventricular arrhythmias and sudden cardiac death (Maillet et al., 2013;
Nakamura and Sadoshima, 2018; Oldfield et al., 2020).

Initially, cardiac hypertrophy is induced as a compensatory response to preserve cardiac function
under stressful conditions, a process known as adaptive cardiac hypertrophy. However, if the patholog-
ical stimulus is maintained, this adaptive cardiac hypertrophy will eventually lead to the development
of pathological cardiac hypertrophy and heart failure (Nakamura and Sadoshima, 2018; Oldfield
et al., 2020). The form of cardiac hypertrophy developed will depend on the type of the hyper-
trophic stimuli, the duration of the stimuli, and the downstream signaling involved (Nakamura and
Sadoshima, 2018; Oldfield et al., 2020; Shimizu and Minamino, 2016). Several signaling pathways
known to promote physiological cardiac hypertrophic growth have been found to drive pathological
hypertrophy and cardiac dysfunction when persistently activated (Heineke and Molkentin, 2006;
Maillet et al., 2013; Nakamura and Sadoshima, 2018; Porrello et al., 2008). For instance, IGF1 or
Akt transgenic mice develop proportionately enlarged hearts with initially normal cardiac function,
which over time progress to pathological hypertrophy with impaired cardiac function (Delaughter
et al.,, 1999; Shiojima et al., 2005). An essential feature of both physiological and pathological
hypertrophy is increased protein synthesis, critically regulated by the mammalian target of rapamycin
(mTOR) pathway mainly through the phosphorylation of its downstream substrates. Activation of
mTOR signaling is increased during postnatal cardiac development (Gonzéalez-Teran et al., 2016)
as well as in the hearts of transgenic mouse models suffering from physiological cardiac hypertrophy
(McMullen et al., 2004a; McMullen et al., 2004b; Shioi et al., 2000; Shioi et al., 2003). Moreover,
the specific mTOR inhibitor rapamycin attenuates and reverses cardiac-overload-induced pathological
hypertrophy (Shioi et al., 2003).

Stress-inducing stimuli in the heart activate several mitogen-activated protein kinases (MAPKs)
including the p38 family. p38 kinases control a wide range of processes, and their dysregulation has
been linked to numerous diseases, making them a promising pharmacological target for therapeutic
use (Canovas and Nebreda, 2021). The main p38 upstream activators are the MAPK MKK3 and
MKK®6, which are highly selective for p38 MAPKs and do not activate c-Jun N-terminal kinases (JNKs)
or ERK1/2 (Cuenda et al., 1996; Cuenda et al., 1997; Dérijard et al., 1995). Mice lacking both MKK3
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and MKKé are non-viable and die in mid-gestation, associated with defects in the placenta and the
embryonic vasculature (Brancho et al., 2003). In contrast, mice individually lacking MKK3 or MKKé are
healthy, indicating partial functional overlap (Lu et al., 1999; Tanaka et al., 2002; Wysk et al., 1999).
Both MKKs are expressed in cardiac tissue and have been implicated in cardiac hypertrophy. But, this
evidence is based on overexpressing dominant negative or constitutively active MKK3 and MKKé
mutants, and these non-physiological models could produce artifactual phenotypes (Braz et al., 2003,
Muslin, 2008). Moreover, it is not known which MKK is the main isoform required for activation of the
different p38s family members (p38a, p38B, p38y, and p386) during postnatal growth and in response
to other hypertrophic stimuli. The heart expresses all four p38s, but protein levels are higher for p38a
and p38y (Dumont et al., 2019). During embryonic development, p38a and p38p play redundant
roles in the regulation of cardiac proliferation; mice lacking both kinases develop septal defects.
However, mice lacking cardiac p38a or p38p alone have a normal cardiac structure and function under
baseline conditions (del Barco Barrantes et al., 2011). In response to cardiac overload, p38a contrib-
utes to myocyte apoptosis (Nishida et al., 2004), whereas p38B might affect hypertrophic response
(Baines and Molkentin, 2005; Braz et al., 2003; Liao et al., 2001; Petrich and Wang, 2004; Wang,
2007). We have previously shown that p38y and p386 have a predominant role in the regulation of the
cardiac hypertrophy mediating physiological early postnatal and pathological angiotensin ll-induced
cardiac hypertrophy through mTOR activation (Gonzalez-Teran et al., 2016). Additionally, p38y and
p38& control the postnatal metabolic switch in the heart blocking glycogen storage by the inhibition
of GYS1 (Santamans et al., 2021).

Here, we demonstrate a not previously described specificity of MKK3 for the activation of p38y/6
and MKK® for the activation of p38a in the heart. Furthermore, we find that MKK3/p38y/& hyperacti-
vation in MKKé KO mice promotes cardiac hypertrophy through mTOR activation, which progresses
to a pathological cardiac hypertrophy phenotype with age and development of cardiac dysfunction.
In addition, using mice lacking muscle p38a, we found that this kinase inhibits MKK3 expression and
activation in the heart. Our results have important implications for the clinical use of p38a inhibitors
in long-term treatment since they might result in hyperactivation of MKK3/p38y/§ axis triggering
cardiotoxicity.

Results
MKKé-deficient mice die prematurely

Several studies have addressed the role of p38 signaling in homeostasis and disease (Nikolic
et al., 2020; Romero-Becerra et al., 2020). While mice lacking both MKK3 and MKKé die in mid-
gestation with mutant embryos demonstrating abnormalities of the placenta and embryonic vascu-
lature (Brancho et al., 2003), mice individually lacking MKK3 or MKKé are viable and fertile with
no reported developmental abnormalities, suggesting partial functional redundancy of these kinases
(Lu et al., 1999; Tanaka et al., 2002; Wysk et al., 1999). However, the role of the p38 pathway in
aging remains incompletely understood. Therefore, we examined mice harboring germline deletion of
MKK6 (MKK6 KO) (Tanaka et al., 2002) at an advanced age. Mice lacking MKKé have reduced body
weight compared to age-matched wild type (WT) animals (Figure 1A and B), which can be partially
explained by a dramatic reduction in white adipose tissue (Figure 1C). This agrees with previous
studies demonstrating that MKKé KO mice are protected against diet-induced obesity with increased
browning of the epididymal white adipose tissue (Matesanz et al., 2017).

Additionally, these mice exhibit an abnormal posture characterized by a hunched position and
the development of thoracic kyphosis and severe ataxia (Figure 1D, Figure 1—video 1). As a conse-
quence of all these phenotypic alterations, MKK6 KO mice suffer premature death, the first mice dying
at 51 weeks of age with a median lifespan of 76 weeks (Figure 1E).

MKKé6-deficient mice develop increased age-related cardiac dysfunction
The downstream kinases of MKK6 have been implicated in major cardiovascular abnormalities during
development. Combined deletion of p38a and p38p results in cardiac defects during embryonic
development (del Barco Barrantes et al., 2011), whereas p38y/& deficient mice exhibit reduced
cardiomyocyte hypertrophic growth and smaller hearts (Gonzalez-Teran et al., 2016), and cardio-
vascular disease is a common characteristic in premature aging syndromes (Carrero et al., 2016).
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Figure 1. MKK6 KO mice show a reduced survival age. (A) Representative picture of 19-month-old wild type (WT) and MKK6 KO male mice. Scale

bar: 2 cm. (B) Body weight of WT (n=10-15) and MKK6é KO (n=4-16) mice over the indicated age period. Two-way ANOVA followed by Sidak’s post-
test. (C) Tibia length and body weight, subcutaneous white adipose tissue (SWAT) and epidydimal white adipose tissue (eWAT) to tibia length ratio
from 20-month-old WT (n=10-11) and MKKé KO (n=8-10) mice. Unpaired t-test or Mann-Whitney U test. (D) Representative CT scan images and
quantification of the column kyphosis angle of 19-month-old WT (n=5) and MKK6 KO (n=5) mice. Unpaired t-test. Scale bar: 10 mm. (E) Kaplan-Meier
survival plot of age-related mortality in WT (n=30) and MKKé KO (n=33) mice. An endpoint of 105 weeks was chosen to avoid a severe worsening of the
mice’s health. Gehan-Breslow-Wilcoxon test. Data in B-D are mean + SEM. **p<0.01; ***p<0.001.

The online version of this article includes the following video and source data for figure 1:

Source data 1. Raw data, statistical tests and significance, and n for Figure 1B, C and D & E.

Figure 1—video 1. Ataxia and hunched posture in MKK6 KO mice.
https://elifesciences.org/articles/75250/figurest#fig1video'
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Figure 2. MKK6 deficiency promotes cardiac dysfunction at advanced ages. (A and B) Echocardiography parameters related to left ventricle (LV)
dimensions (A) and contractility (B) in 12-14-month-old wild type (WT) (n=8) and MKK6 KO (n=13). Each dot corresponds to an individual animal. LV wall
thickness;d (LV wall thickness in diastole), LVID;d (left ventricular internal diameter in diastole), LVID;s (left ventricular internal diameter in systole), LV
volume;d (left ventricular volume in diastole), and LV volume;s (left ventricular volume in systole). Unpaired t-test. (C) Heart rate in conscious 18-month-
old WT (n=9) and MKKé KO (n=7) mice. bpm (beats per minute). Unpaired t-test. (D) Picrosirius red staining and quantification of cardiac fibrosis in
23-24-month-old WT (n=8) and MKK6 KO (n=6) mice. Mann-Whitney U test. Scale bars: 250 pm. (E) Systolic and diastolic blood pressure measured in
conscious 18-month-old WT (n=9) and MKKé KO (n=7) mice. Unpaired t-test. Data in A-E are mean + SEM. *p<0.05; **p<0.01.

The online version of this article includes the following source data for figure 2:

Source data 1. Raw data, statistical tests and significance, and n for Figure 2.

This prompted us to speculate that cardiac abnormalities could be one of the underlying causes of
premature death of MKK6é KO mice. Echocardiographic analyses of 12-14-month-old mice demon-
strated eccentric hypertrophy in MKKé KO mice compared to control mice, as detected by thinning
of the left ventricle (LV) wall, as well as increased left ventricular internal diameter and left ventricular
volume, especially during the systole (Figure 2A). Cardiac enlargement compromised systolic func-
tion, evidenced by a decrease in the ejection fraction and fractional shortening. However, the diastolic
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function appeared to be maintained, with a normal E/A wave velocities ratio and isovolumetric relax-
ation time (Figure 2B). Moreover, MKK6 KO mice exhibit bradycardia (Figure 2C). We performed
picrosirius red staining for collagen and quantified positive areas in serial histologic sections from
MKK6 KO and WT hearts and found cardiac fibrotic lesions in MKK6 KO old mice (Figure 2D). To
discard hypertension as a possible contributor to the cardiac dysfunction, we evaluated blood pres-
sure in these animals. MKK6 KO mice did not present differences in blood pressure compared to age-
matched controls (Figure 2E).

Young MKKé6-deficient mice present cardiac hypertrophy

Cardiac dysfunction may result from an initial compensated cardiac hypertrophy that with time
becomes pathological (Nakamura and Sadoshima, 2018). Echocardiographic analysis at 9 weeks
of age demonstrated cardiac hypertrophy in MKK6-deficient animals when compared with controls,
as detected by measures of left ventricular mass, interventricular septal thickness, left ventricular
posterior wall thickness, and left ventricular internal diameter (Figure 3A). However, cardiac enlarge-
ment did not compromise systolic or diastolic function (given by the ejection fraction and the E/A
wave velocity ratio, respectively) but was accompanied by an increase in stroke volume and cardiac
output (Figure 3B). Gross anatomic and histologic analyses confirmed that these non-invasive find-
ings as MKKé6-deficient hearts were larger than WT controls when normalized to tibia length (TL)
(Figure 3C&D), a difference that was not apparent at 4 weeks of age. Serial analysis of heart weight
(HW)/TL over 15 weeks demonstrated enhanced cardiac growth in MKKé6 KO mice (Figure 3D).
The progressive increase in the size of MKKé KO hearts correlated with increased cardiomyocyte
cross-sectional area, consistent with enhanced hypertrophic growth (Figure 3E). Hypertension was
excluded as a possible contributor to this increased growth as MKKé KO mice demonstrate reduced
systolic blood pressures when compared to age-matched controls (Figure 3—figure supplement
1A). Fibrosis and reactivation of a ‘fetal gene program’ (e.g. Nppa, Nppb, Acta2, and Myh7) are
hallmark features of pathological hypertrophy (Bernardo et al., 2010). Histological cardiac examina-
tion revealed no evidence of fibrosis in MKK6 KO heart sections (Figure 3—figure supplement 1B).
We also found no difference in the expression of fibrotic genes including Col1a1, Col3al, and Fn or
markers of the fetal gene program (Figure 3—figure supplement 1C,D). No meaningful changes
were visible for Nppa or Nppb (Figure 3—figure supplement 1D). These observations suggest that
at 9 weeks of age, MKK6 KO hearts show a non-pathological cardiac hypertrophy.

To confirm the MKKé autonomous effect in cardiomyocytes, we employed a murine conditional
MKKé6 allele (Map2kéF)? and two cardiomyocyte Cre-expressing lines Mck-Cre (Briining et al.,
1998) and Myh6-Cre (aMHC-Cre) (McFadden et al., 2005) to assess the consequences of MKKé6
genetic ablation in postnatal cardiomyocytes. MCK-Cre is active in striated muscle, and the Mck-
Cre; Map2ké-LoxP (MKK6ME ) mice demonstrated specific and efficient deletion of MKKé6 in the
heart and skeletal muscle tissues, but not in spleen or liver (Figure 4—figure supplement 1A,B).
Importantly, the cardiac phenotype of 9-weeks-old MKK&6M™™° mice resembled that of MKK6 KO
animals (Figure 4A-C). Similar results were obtained with Myh6-Cre; Map2ké¥F (MKK6*MHC-K0)
mice (Figure 4D-F). These data collectively confirm that cardiomyocyte MKK6 controls heart growth.
Finally, to corroborate that cardiac hypertrophy caused by MKK6 deficiency in cardiomyocytes induce
premature death and associated cardiac dysfunction, we evaluated the lifespan and cardiac function
at advanced ages in MKK&™H O Similar to the whole-body MKK6 KO animals, MKK&6™H<C mice
showed a reduced survival, with a median lifespan of 51 weeks (Figure 4—figure supplement 2A).
This increased mortality was accompanied by cardiac dilatation and cardiac dysfunction, as revealed
by echocardiographic analysis (Figure 4—figure supplement 2B and C).

MKKé-deficient hearts have increased MKK3-p38y/5 activation

MKKé6 is a critical upstream activator of p38 MAPKSs, but its specificity for individual p38 family
members is not well established. We assessed the relative levels of phosphorylated p38 isoforms by
immunoprecipitation in MKK6 KO hearts, which demonstrated hyperphosphorylation of p38y and
p385& (Figure 5A) with a simultaneous reduction in phosphorylation of p38a (Figure 5B). Immunoblot
analysis also revealed increased levels of phosphorylated MKK3, the other main p38 upstream acti-
vator, in MKK6 KO hearts (Figure 5C). This observation suggested that increased phosphorylation of
p38y and p386 in the MKK6 KO hearts resulted from MKK3 activation. Accordingly, phosphorylation of
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Figure 3. Young MKKé-deficient hearts are hypertrophic with preserved cardiac function. (A and B) Echocardiography parameters related to left
ventricle (LV) dimensions (A) and contractility (B) in 9-week-old wild type (WT) (n=37-54) and MKK6 KO (n=29-46) mice. Each dot corresponds to an
individual mouse. Mean = SEM are shown as well. LV mass (left ventricular mass), LVID;d (left ventricular internal diameter in diastole), LVPW:d (left
ventricular posterior wall in diastole), and IVS;d (inter-ventricular septum in diastole). Unpaired t-test or Mann-Whitney U test. (C) Representative whole

Figure 3 continued on next page
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hearts and cardiac longitudinal sections stained with hematoxylin and eosin (H&E) from 9-week-old WT and MKK6 KO mice. Scale bars: 1 mm. (D) Heart
weight to tibia length ratio (HW/TL) of WT (n=4-15) and MKK6 KO (n=5-14) over the indicated age period. Two-way ANOVA followed by Sidak’s post-
test. (E) Top: representative Fluorescein isothiocyanate (FITC) wheat germ agglutinin (FITC-WGA)-stained heart sections from 9-week-old WT and MKK6
KO mice and quantification of cardiomyocyte cross-sectional area over time (right graph, WT n=4-5; MKK6é KO n=4-6, and two-way ANOVA followed
by Sidak’s post-test). Scale bars: 25 pm. Bottom: representative H&E-stained heart sections. Scale bars: 50 ym. Data in A, B, D, and E are mean + SEM.

*5<0.05; **p<0.01; ***p<0.001.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Raw data, statistical tests and significance, and n for Figure 3A, B and D&E and Figure 3—figure supplement 1.

Figure supplement 1. Evaluation of hallmarks of pathological cardiac hypertrophy in young MKKé KO mice.

p38y and p386 was strongly reduced in MKK3-deficient mice, whereas p38a phosphorylation was not
changed appreciably (Figure 5D and Figure 5—figure supplement 1A). In addition, hearts of MKK3
KO mice were smaller at 9 weeks of age when compared with age-matched WT controls (Figure 5E),
a finding consistent with the previously described roles of p38y and p386& in promoting postnatal
cardiac hypertrophic growth (Gonzélez-Teran et al., 2016). To evaluate if p38a decreased activity
was involved in the MKK3 increased phosphorylation observed in MKK6 KO mice, we generated mice
lacking p38a specifically in muscle (Mck-Cre; Mapk 14->F/-xF [5380M ™ 9]). p38oM“ O mice presented
an increased expression and phosphorylation of MKK3 and MKKé (Figure 5—figure supplement
2A). This agreed with previous evidence indicating that p38a regulates p38 upstream kinases at the
transcriptional level (Ambrosino et al., 2003). We then evaluated MKK3 expression in hearts from
MKK6 KO mice and found that lack of p38a activation also promoted an increase in MKK3 mRNA
and protein levels in these animals (Figure 5—figure supplement 2B and C), indicating a negative
feedback regulation of MKK3 expression and activity by p38a activation. Taken together, these obser-
vations suggest that in the heart, MKKé primarily targets p38a and MKK3 targets p38y and p386. In
addition, they suggest that MKKé deficiency leads to cardiac hypertrophy via activation of MKK3 and
p38y and p386.

Hypertrophy in MKKé-deficient hearts is mediated by p38y/6

To confirm that enhanced hypertrophic growth in MKKé-deficient mice is mediated by modulation of
p38y/6 activation, we introduced a deletion of Mapk12 (p38y) in the context of MKKé deficiency. The
double mutant combination (MKKé6/p38y DKO) rescued normal cardiac growth, as the heart sizes and
cardiomyocyte cross-sectional areas of the double mutants were equivalent to those of WT controls
(Figure 6A—-C). We further demonstrated the requirement for p386 to be cell-autonomous in stri-
ated muscle using a p386& conditional allele (Mapk13-f). MKKé-deficient hearts lacking p386 in their
myocytes (MKKé KO; Mck-Cre; Mapk13tPtoxP [IMKKé KO/p388M ) were similar in size to those
of mice lacking p386 in their myocytes (Mck-Cre; Mapk13-FLoxP [5388MCKKO)) with no appreciable
increase in cardiomyocyte cross-sectional area (Figure 6D-F). Collectively, these data demonstrate
that enhanced cardiac hypertrophic growth in MKKé-deficient mice is mediated by hyperactivation of
p38y/6 signaling in striated muscle.

mTOR pathway hyperactivation mediated hypertrophy in MKKé-
deficient hearts

The p38y and p386 isoforms have previously been demonstrated to promote cardiac hypertrophic
growth through activation of mTOR signaling by targeting the mTOR-inhibitory protein DEPTOR for
degradation (Gonzalez-Teran et al., 2016). As expected from that finding, immunoblot analysis of
MKK6 KO mouse hearts showed an increase in mTOR pathway activation (Figure 7A), together with
reduced levels of DEPTOR protein (Figure 7—figure supplement 1A). As protein synthesis represents
a key target of the mTOR signaling pathway and is critical for cardiomyocyte hypertrophic growth,
we assessed eukaryotic initiation/elongation factors by immunoblot analyses. We found an overall
increase in translational activation in MKK6 KO hearts relative to WT (Figure 7B). We corroborated
these findings by analyzing puromycin incorporation into newly synthesized peptides in WT and MKKé
KO hearts, which demonstrated greater puromycin labeling (Figure 7C) and overall protein content
(Figure 7D) in mutant hearts.
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Figure 4. Cardiac MKKé controls postnatal heart growth. (A) Heart weight to tibia length ratio (HW/TL) in 9-week-old MCK-Cre (n=5) and MKK&M©

(n=8) mice. Unpaired t-test. (B) Hematoxylin and eosin (H&E)-stained transverse cardiac sections from control (MCK-Cre) and MKK

OMCKKO myjce. Scale

bars: 1 mm. (C) Representative FITC wheat germ agglutinin (FITC-WGA) staining and corresponding quantification of cardiomyocyte cross-sectional
area in MCK-Cre (n=4) and MKK&Y“*® (n=5) mice. Unpaired t-test. Scale bars: 25 ym. (D) HW/TL in 9-week-old aMHC-Cre (n=5) and MKK&*MHEKO (n=7)

Figure 4 continued on next page
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Figure 4 continued

mice. Unpaired t-test. (E) H&E-stained transverse heart sections from aMHC-Cre and MKK6*MH<KO mice. Scale bars: 1 mm. (F) Representative FITC-WGA
staining and corresponding quantification of cardiomyocyte cross-sectional area in @MHC-Cre (n=6) and MKK6*MH“ O (n=6) mice. Unpaired t-test. Scale
bars: 25 ym. Data in A, C, D, and F are mean + SEM. *p<0.05; **p<0.01.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Raw data, statistical test and significance, and n for Figure 4A, C, D and F and Figure 4—figure supplement 2.
Figure supplement 1. Tissue-specific MKKé deletion in MKK6M*C and MKK&*HKO mice.

Figure supplement 1—source data 1. Raw blots for Figure 4—figure supplement 1.

Figure supplement 2. MKK6"MH“*® mice show a reduced lifespan and associated cardiac dysfunction.

Examination of MKK6-deficient mouse embryonic fibroblasts (MEFs) yielded similar results to those
observed in cardiac lysates. Namely, MKKé-deficient MEFs showed mTOR pathway activation and
increased cell size (Figure 7—figure supplement 2A and B). Furthermore, lentiviral infection of MEFs
with an active form of p38a (D176A/F327S) was able to reduce mTOR pathway activity as well as cell
size (Figure 7—figure supplement 2A and B).

Given these results, we next examined the extent to which cardiac hypertrophy in MKKé KO mice
is mediated by increased mTOR signaling. We blocked mTOR activation by daily intraperitoneal injec-
tion of rapamycin, a potent and specific small molecule mTOR inhibitor, from 3 to 9 weeks of age.
This treatment was sufficient to bring the heart size (HW/TL) of MKK6é KO animals close to that of WT
age-matched controls, which corresponded with a robust reduction in cardiomyocyte cross-sectional
area in MKK6 KO mice (Figure 7E-G), altogether suggesting that the cardiac hypertrophy in MKKé KO
mice results from hyperactivation of mTOR signaling.

To test whether MKK3 inhibition was able to attenuate mTOR activation and cardiac growth in
MKKé6 KO mice, we generated mice lacking both, MKK3 and MKKS, in striated muscle (Mck-Cre;
Map2k3-XFtoF /Map 2k 6P, MKK3/6ME“KC, Figure 7—figure supplement 2), since whole-body
MKK3 and MKKé double KO mice are non-viable (Brancho et al., 2003). We found that MKK3 dele-
tion in the context of MKKé deficiency promoted a reduction in the phosphorylation of p38y as well
as in mTOR pathway activity (Figure 7—figure supplement 3A and B). This was accompanied by an
attenuation in the heart growth of MKK3/6M“° animals (Figure 7—figure supplement 3C), although
it was not sufficient to revert it to the level of MCK-Cre control animals.

Discussion

The present study provides several independent lines of evidence supporting a critical role for the
MKK3/6-p38y/& signaling pathway in the development of cardiac hypertrophy. The cardiac hyper-
trophy developed in mice lacking MKK6 seems to be physiological in young animals, with normal
or even increased cardiac function at baseline. However, aging induced the development of cardiac
dysfunction and premature death. Extensive analysis with different knockout mouse models shows
that in the absence of MKK6, the MKK3-stimulated p38y/& kinases become hyperactivated and
induce enhanced postnatal hypertrophic growth through the mTOR pathway (Figure 8). Our results
also reveal that the two main upstream p38 activators are strongly biased toward the activation of
specific p38 MAPK isoforms in the heart, with p38y/& mainly regulated by MKK3 and p38a by MKKS,
at least in homeostatic conditions.

Previous work has implicated multiple p38 family members in disease models of pathological hyper-
trophy, with different outcomes of p38 activation in hypertrophy and apoptosis upon different stimuli
(Nikolic et al., 2020, Romero-Becerra et al., 2020), whereas p38y and p386 isoforms appeared to
be involved primarily in regulating postnatal physiological cardiac growth and the metabolic switch
during cardiac early postnatal development (Gonzalez-Teran et al., 2016; Santamans et al., 2021).
Such reports, however, have not addressed how different p38 MAPK isoforms are regulated, and the
relative contributions of MKK3 and MKKé to cardiac hypertrophic phenotypes have so far remained
unclear. For instance, either overexpression of constitutively active or dominant negative forms of
MKK3/6 in vitro result in cardiac hypertrophy (Braz et al., 2003; Streicher et al., 2010; Zechner
et al., 1997), while in vivo transgenic overexpression of MKKé in mouse heart did not affect cardiac
hypertrophy but resulted in protection against myocardial infarction and reduced levels of markers of
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Figure 5. MKK&6 is necessary for p38a phosphorylation and MKK3 for p38y and p388 phosphorylation in the heart. (A) Western blot analysis of

the phosphorylation and amount of p38y and & immunoprecipitated from heart lysates from 9-week-old wild type WT (n=3-4) and MKK6 KO

(n=3-4) mice. Unpaired t-test. (B) Immunoblot analysis of p38a phosphorylation and protein amount in WT (n=4) and MKK6 KO (n=4) mice.

Unpaired t-test. (C) Phosphorylation and protein levels of MKK3 and MKKé in heart lysates from WT (n=4) and MKKé KO (n=4) mice. Unpaired t-test.

(D) Immunoprecipitation and western blot analysis of the phosphorylation and protein amounts of p38a, p38y, and p386 isoforms in heart lysates from
9-week-old WT and MKK3 KO mice. (E) Heart weight to tibia length ratio in WT (n=13) and MKK3 KO (n=7) mice at 9 weeks of age. Data in E are mean *
SEM. (n=3-13). **p<0.01; ***p<0.001.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Raw blots for Figure 5A-D.

Source data 2. Raw data, statistical test and significance, and n for Figure 5, Figure 5—figure supplement 1 and Figure 5—figure supplement 2.

Figure supplement 1. MKK3 deficiency promotes a reduced phosphorylation of p38y/6 in the heart.

Figure supplement 1—source data 1. Raw blots for Figure 5—figure supplement 1.

Figure supplement 2. p38o. negatively regulates MKK3 expression and phosphorylation in the heart.

Figure supplement 2—source data 1. Raw blots for Figure 5—figure supplement 2.

apoptosis (Martindale et al., 2005). Our results establish for the first time a complete in vivo descrip-
tion of the specific role of each p38 family member and their upstream kinases MKK3 and MKKé
in cardiac hypertrophy in young animals and their deleterious effects with aging. Our in vivo data
support a model wherein MKK3 activity promotes hypertrophic growth. We show that MKK3 hyper-
activation resulting from MKK6 deletion leads to cardiac hypertrophy, while MKK3 genetic ablation
results in reduced postnatal cardiac growth. We also demonstrate that deficiency of MKK6 in cardio-
myocytes is sufficient to result in cardiac hypertrophy, attributable to both, MKKé direct function in
inducing hypertrophy via p38-mediated signaling as well as its role as a negative regulator of MKK3
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Figure 6. Loss of p38y/& in cardiomyocytes rescues the cardiac hypertrophy induced by MKK6 deficiency. All phenotypes shown come from 9-week-old
mice. (A) Heart weight to tibia length ratio in wild type (WT) (n=5), MKKé KO (n=10), p38y KO (n=7), and MKKé/p38y DKO (n=7) mice. One-way ANOVA
followed by Tukey’s post-test. (B) Representative hematoxylin and eosin (H&E)-stained transverse heart sections from WT, p38y KO, and MKKé/p38y
DKO mice. Scale bars: 1 mm. (C) Representative FITC wheat germ agglutinin (FITC-WGA) staining and corresponding quantification of cardiomyocyte

Figure 6 continued on next page
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Figure 6 continued

cross-sectional area in WT (n=5), p38y KO (n=4), and MKK6/p38y DKO (n=5) mice. Scale bars: 25 ym. One-way ANOVA followed by Tukey's post-test.
(D) Heart weight to tibia length ratio in MCK-Cre (n=8), MKKé KO (n=10), p38&M**© (n=8), and MKK6 KO/p388EMH O (n=8) mice. Kruskal-Wallis test with
Dunn’s post-test (##p<0.01 Mann-Whitney U test). (E) Representative H&E-stained transverse heart sections from MCK-Cre, p388"°“*°, and MKKé KO/
p388MKO mice. Scale bars: 1 mm. (F) Representative FITC-WGA staining and corresponding quantification of cardiomyocyte cross-sectional area in
MCK-Cre (n=5), p38&M*K0 (n=5), and MKKé KO/p388M**C (n=5) mice. One-way ANOVA followed by Tukey's post-test. Scale bars: 25 um. The same
data from MKK6 KO mice were used in (A) and (D). Means + SEM is shown. *p<0.05; **p<0.01; ***p<0.001; ##p<0.01.

The online version of this article includes the following source data for figure 6:

Source data 1. Raw data, statistical test and significance, and n for Figure 6A, C and D & F.

activity. Our results indicate that this negative regulation is mediated by p38a, both at the expression
and the phosphorylation level of MKK3. This is in agreement with previous studies describing that
p38a regulates the transcription of these kinases (Ambrosino et al., 2003). Additionally, there is
evidence indicating that p38a might negatively regulate the MKK3/6 upstream kinase MAP3K TAK1
(Singhirunnusorn et al., 2005). Indeed, we have found that in other tissues, the lack of p38a induces
p38y and p386 activation (Matesanz et al., 2018). The negative feedback activity of p38a is consis-
tent with MKK3 hyperphosphorylation identified in MKKé KO mice and in p38a™**° mice. Our results
provide the first demonstration that MKK3 preferentially regulates p38y and p386 activation, whereas
MKK®é is responsible for p38a regulation.

MKKé6-deficient mice show p38y/& hyperactivation and impaired p38a activation, possibly impli-
cating any of these isoforms in the observed phenotypes. Through the use of multiple in vivo models,
we show that hyperphosphorylated MKK3 promotes cardiac hypertrophic growth through activation
of p38y/8-DEPTOR-mediated mTOR signaling in the heart. This is consistent with our earlier work
showing an essential role for these p38 isoforms in mMTOR-dependent physiological and pathological
cardiac hypertrophy (Gonzéalez-Teran et al., 2016), as well as with previous reports indicating that
p38a does not mediate hypertrophic responses in animal models of pressure-overload cardiac hyper-
trophy (Nishida et al., 2004). This conclusion is corroborated by the reversion of cardiac hypertrophy
in MKK6-deficient mice also deficient for cardiac p38y or p388, and further corroboration comes from
the ability of the mTOR inhibitor rapamycin to prevent cardiac hypertrophy during early postnatal
cardiac development in MKK6-deficient mice. These findings correlate with impaired p38y and p38&
activation and reduced postnatal hypertrophic growth in MKK3-deficient mice. Nevertheless, MKK3
deficiency in the context of MKKé deletion in striated muscle produced a reduction in mTOR activa-
tion and attenuation of cardiac growth but was not able to completely rescue the normal heart size.
This result suggests that, apart from mTOR activation, MKKé deficiency might affect other signaling
pathways affecting cardiac hypertrophy. For example, p38y/6 have been implicated in the regulation
of the postnatal cardiac metabolism (Santamans et al., 2021), which is another known direct cause of
cardiac hypertrophy (Nakamura and Sadoshima, 2018).

The p38y- and p3856-mediated control of cardiac hypertrophy during postnatal cardiac develop-
ment resides in cardiomyocytes (Gonzalez-Teran et al., 2016). Accordingly, lack of MKK6 in skeletal
muscle or cardiomyocytes yields the same phenotype as global MKKé deficiency. Furthermore, the
blockade of cardiac hypertrophy in MKK6-deficient mice upon deletion of p386 specifically in striated
muscle indicates that cardiac p38& lies downstream of MKKé in the signaling pathway controlling
hypertrophic growth. Interestingly, reversion of the MKKé6-deficient phenotype upon p386 deletion
was greater than that achieved upon deletion of p38y (Figure 6), consistent with the reported domi-
nance of p386 in regulating cardiac hypertrophic growth (Gonzélez-Teran et al., 2016).

Young MKK6-deficient mice develop a cardiac hypertrophy that could be classified as physiological,
characterized by a proportionate increase in heart size with the maintenance of a normal cardiac struc-
ture. Moreover, cardiac function was normal, with increased cardiac output and stroke volume, and
there was no evidence of fibrosis or re-expression of the cardiac stress fetal gene program. Physiolog-
ical cardiac hypertrophy is an adaptive response that increases ventricular mass while maintaining or
enhancing cardiac function (Kang, 2006, Nakamura and Sadoshima, 2018). However, it has increas-
ingly become appreciated that sustained activation of the pathways that drive this beneficial response
can ultimately result in pathological remodeling and associated sudden cardiac death (Condorelli
et al., 2002; Lauschke and Maisch, 2009; Matsui et al., 2002; McMullen et al., 2004a; Oldfield
et al., 2020; Shioi et al., 2002). In agreement with this, the cardiac hypertrophy observed in MKKé6
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Figure 7. Hyperactivation of mammalian target of rapamycin (mTOR) signaling drives cardiac hypertrophy in MKKé
KO mice. (A and B) Immunoblot analysis of mTOR signaling pathway activity (A) and activation status of translation
factors (B) in heart lysates from 9-week-old wild type (WT) (n=4) and MKK6 KO (n=4) mice. Unpaired t-test or Mann-
Whitney U test. (C) In vivo measurement of protein synthesis in 9-week-old WT (n=) and MKK6 KO (n=4) mice.

Figure 7 continued on next page
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Figure 7 continued

Mice were injected intraperitoneally with 0.040 pmol g™ puromycin dissolved in 100 pl PBS. Exactly 30 min after
injection, tissues were extracted and frozen in liquid N, for immunoblot analysis with an anti-puromycin antibody.
Mann-Whitney U test. (D) Protein content of WT (n=8) and MKKé KO (n=>5) hearts measured as the protein-DNA
ratio. Mann-Whitney U test. (E) Heart weight to tibia length ratio in WT (n=5-7) and MKK6 KO (n=6-7) mice
after rapamycin treatment. Mice received daily intraperitoneal injections with rapamycin (2 mg kg™ per day) or
vehicle from weeks 4 to 9 after birth. Two-way ANOVA followed by Tukey's post-test (## p<0.01 unpaired t-test).
(F) Representative hematoxylin and eosin (H&E)-stained transverse heart sections after treatment. Scale bars:

1 mm. (G) Representative FITC wheat germ agglutinin (FITC-WGA) staining and corresponding quantification of
cardiomyocyte cross-sectional area from WT (n=4) and MKK6 KO (n=4) mice hearts after rapamycin treatment.
Two-way ANOVA followed by Tukey's post-test. Scale bars: 25 ym. Data are mean + SEM. *p<0.05; **p<0.01;
***5<0.001.

The online version of this article includes the following source data and figure supplement(s) for figure 7:
Source data 1. Raw blots for Figure 7A-C.

Source data 2. Raw data, statistical test and significance, and n for Figure 7 and Figure 7—figure supplement 1,
Figure 7—figure supplements 3 and 4.

Figure supplement 1. Mammalian target of rapamycin (mTOR)-inhibitory protein DEPTOR levels are reduced in
MKK6-deficient hearts.

Figure supplement 1—source data 1. Raw blots for Figure 7—figure supplement 1.

Figure supplement 2. Mutant active p38a. expression reverts mammalian target of rapamycin (mTOR)
hyperactivation and mTOR-induced cell growth in MKKé KO mouse embryonic fibroblasts (MEFs).

Figure supplement 2—source data 1. Raw blots for Figure 7—figure supplement 2.
Figure supplement 3. Tissue-specific MKK3 and MKKé deletion in MKK3/6M%C mice.
Figure supplement 3—source data 1. Raw blots for Figure 7—figure supplement 3.

Figure supplement 4. MKK3 deletion suppresses p38y and mammalian target of rapamycin (mTOR)
hyperactivation in MKKé-deficient hearts.

Figure supplement 4—source data 1. Raw blots for Figure 7—figure supplement 4.
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Figure 8. Model for p38y/$ activation mediated cardiac hypertrophic growth. In a physiological context, MKK3-
p38y/6 pathway promotes normal cardiac growth through the activation of mammalian target of rapamycin
(mTOR) signaling pathway. MKK6 deficiency stimulates the hyperactivation of MKK3-p38y/6 and the consequent
increase in mTOR activity, which drives increased cardiac hypertrophy.
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KO mice becomes deleterious with age, compromising the cardiac function, and likely contributing
to the reduced survival observed in these mice. We corroborated that cardiac dysfunction due to the
deficiency of MKK® restricted to cardiomyocytes in conditional KO mice also resulted in a reduced
lifespan. Nevertheless, it cannot be discarded that dysfunction of other organs may also contribute
to the premature death of MKK6é KO mice. Respiratory weakness related to kyphosis or ataxia could
also contribute to the reduced survival of these mice at advanced ages. This would be in line with
the phenotypic alterations observed in other disease mouse models with reduced lifespan, such as
Duchenne muscular dystrophy or Huntington’s disease, in which cardiomyopathy and heart dysfunc-
tion play an important role in disease progression, and it is the leading cause of death in patients
(Burns et al., 2015; Caravia et al., 2018).

The activation of the p38a pathway has been linked to several diseases, suggesting that this
pathway could represent a target for their treatment. However, the results from the clinical trials
have been disappointing so far (Canovas and Nebreda, 2021). p38a inhibitors have been the most
profoundly studied. However, these studies usually do not consider the possible undesired effect of
p38a inhibition upon the other p38 pathway kinases, which could be among the reasons for failure in
the outcomes. Our results show an example of how p38a inhibition leads to an unexpected activation
of MKK3-p38y/6 axis, having deleterious effects on the heart in the long term. Our finding suggests
that treatment strategies using longstanding p38a inhibition should consider the potential cardio-
vascular risk among the possible secondary effects of the treatment. Additionally, our results indicate
that inhibition of p38y/8 could be a therapeutic strategy to treat pathologies such as hypertrophic
cardiomyopathy that still remains unexplored due to the lack of specific inhibitors for these p38 family
members.

Materials and methods

Animal preparation

MKK3 KO mice (B6.129-Map2k3™'™) (Lu et al., 1999; Wysk et al., 1999) and MKK6 KO mice
(B6.129-Map2k6'™'™) (Brancho et al., 2003) were as previously described. Mice with a germ-line
mutation in the Map2ké or Mapk14 gene and LoxP elements inserted into two introns (Map2ké‘>*
or Mapk14*) were generated as previously described (Hui et al., 2007; Matesanz et al., 2017).
To generate mice lacking MKK6, p38a, p388, or MKK3/6 in striated muscle (MKK6MC, p38aMkKo,
p388MHKCand MKK3/6MKO, respectively), Map2k6'>* or Mapk14F or Mapk13->* (B6.129-
Mapk13tm1) or Map2k3->F/Map2k6- mice were crossed with the FVB-Tg (Ckmm-cre) 5Khn/J line
(Briining et al., 1998) on the C57BL/6J background (Jackson Laboratory, Strain #006405). Mice
lacking MKKé in cardiomyocytes (MKK6*H°) were generated by crossing Map2ké-> mice with
the Tg(Myhé-cre)2182Mds line on the C57BL/6J background (Jackson Laboratory). The p38y-nega-
tive line (B6.129-Mapk12tm1) was crossed with the MKK6 KO line (B6.129-Map2ké'™'™) to generate
double knockout mice (MKKé6/p38y DKO). Likewise, mice lacking p388& in striated muscle were
crossed with the MKK6 KO (B6.129-Map2ké™'™) line to generate MKK6 KO/p388MKHKC mice.
Genotype was confirmed by PCR analysis of genomic DNA. For signaling studies, animals were
killed by cervical dislocation. For rapamycin treatment, mice received daily intraperitoneal injec-
tions with rapamycin (LC Laboratories, R-5000) (2mgkg™" per day) or vehicle (0.25% polyethylene
glycol [Sigma], 0.25% Tween-20 [Sigma] in PBS); injections started at 4 weeks of age and continued
until 9 weeks of age, when heart size was analyzed by echocardiography. All animal procedures
conformed to EU Directive 86/609/EEC and Recommendation 2007/526/EC regarding the protec-
tion of animals used for experimental and other scientific purposes, enacted under Spanish law
1201/2005.

Computed tomography scan

CT studies were performed with a small-animal PET/CT scanner (nanoScan, Mediso, Hungary). For the
acquisition, mice were anesthetized using isoflurane 2% and 1.8 I/min oxygen flow. Ophthalmic gel
was placed in the eyes to prevent drying. CT was acquired using an X-ray beam current of 178 pA and
a tube voltage of 55 kVp with 360 projections of 500 ms in a helical scan with pitch 1 and binning 1:4.
CT image was reconstructed using a Ramlack algorithm with a final resolution of 0.078 mm?.
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Histology

Tissue samples were fixed in 10% formalin for 48 hr, dehydrated, and embedded in paraffin. Sections
(8 pm) were cut and stained with hematoxylin and eosin (American Master Tech Scientific). Fibrosis
was assessed by picrosirius red staining (Sigma), and the positive area for fibrosis was quantified with
Image J software (Schneider et al., 2012). For wheat germ agglutinin (WGA) immunofluorescence,
8pum heart sections were prepared, washed in PBS, incubated for 2 hr in WGA-Alexa 488 lectin (Invi-
trogen, Carlsbad, CA, USA), and washed and mounted in anti-fade reagent. Four images (x20) were
taken from each heart, and the areas of 100-200 cross-sectionally oriented cardiomyocytes were
measured and analyzed with Image J software (Schneider et al., 2012).

Echocardiography

Mice were anesthetized by inhalation of isoflurane and oxygen (1.25 and 98.75%, respectively), and
echocardiography was performed with a 30-MHz transthoracic echocardiography probe. Images
were obtained with the Vevo 2100 micro-ultrasound imaging system (VisualSonics, Toronto, Canada).
Short-axis, long-axis, B-mode, and two-dimensional M-mode views were obtained. Scans were
conducted by two experienced researchers blinded to the mouse genotype. Measurements of left
parasternal long and short axes and M-mode images (left parasternal short-axis) were obtained at
a heart rate of 500-550beats per minute. LV end-diastolic diameter (LVEDD), LV end-systolic diam-
eter (LVESD), and wall thickness were measured from M-mode tracings, and the average of three
consecutive cardiac cycles is reported. The LV fractional shortening percentage was calculated as
((LVEDD-LVESD)/LVEDD)x100. MRI of lung was performed with a 7T Agilent scanner (Agilent, Santa
Clara, CA, USA) equipped with a DD2 console and an actively shielded gradient set (205/120 insert
of maximum 130mTm™" gradient strength). To enhance the signal-to-noise ratio during image acqui-
sition, we used a combination of a 72 mm inner diameter quadrature birdcage TX volume coil (Rapid
Biomedical GmBH, Germany) and an actively detuning 30 mm flexible customized surface RX coil
(Neos Biotec, Pamplona, Spain). After acquisition of a tripilot gradient-echo image, a gradient-echo
sequence without gating was used to acquire oblique coronal slices (1-2 slices) and axial slices (7-10
slices covering the entire lung, 72 s acquisition time per slice) using the following parameters: TR/TE
= 6.7/2.2ms, flip angle = 10°, bandwidth = 100kHz, field of view = 3 x 3cm, matrix = 256 x 128, and
slice thickness = 1 mm (ref. 40). These images were used to determine interventricular septum and LV
posterior wall thicknesses and LV corrected mass; the short-axis M-mode quantification was chosen as
the most representative. The cardiac function was estimated from the ejection fraction and fractional
shortening obtained from M-mode views by a blinded echocardiography expert. For ejection fraction
measurements, a long- or short-axis view of the heart was selected to obtain an M-mode registra-
tion in a line perpendicular to the left ventricular septum and posterior wall at the level of the mitral
chordae tendineae.

Immunoblot analysis

Tissue extracts were prepared in Triton lysis buffer (20mM Tris [pH 7.4], 1% Triton X-100, 10% glyc-
erol, 137 mM NaCl, 2 mM EDTA, 25mM B-glycerophosphate, 1mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, and 10 ugml~" aprotinin and leupeptin). Extracts (20-50 pg protein) and
immunoprecipitates (prepared from 0.5 to 3 mg) were examined by immunoblot. For immunoprecip-
itation assays, heart extracts were incubated with 1-5ug of a specific antibody coupled to protein-G-
Sepharose. After incubation overnight at 4°C with agitation, the captured proteins were centrifuged
at 10,000 g, the supernatants collected, and the beads washed four times in PBS1X. Beads were
boiled for 5 min at 95°C in 10 pl sample buffer. Extracts and immunoprecipitates were examined by
SDS-PAGE and blotted with antibodies to the following targets: p38y and p38& (Sabio et al., 2005;
Sabio et al., 2004) at 1 pgml™; vinculin (Sigma); puromycin (Millipore clone 12D10); phospho-MKK3
(Ser189)/MKK6 (Ser207) (#9231S), MKK3 (#9232S), MKKé6 (#9264S), phospho-p38 MAPK (Thr180/
Tyr182) (#9211S), phospho-mTOR (Ser2481) (#2974S), mTOR (#2972), phospho-p70S6 kinase (Thr
389) (108D2) (#9234S), p70S6 kinase (#9202S), phospho-Sé (Ser 235/236) (D57.2.2E) (#4858S), phos-
pho-S6 (Ser 240/244) (61H9) (#4838S), S6 ribosomal protein (5G10) (#2217S), phospho-FoxO1 (Thr24)/
FoxO3a (Thr32) (#9464S), Fox01 (C29H4) (#2880S), phospho-eEF2 (Thr56) (#2331S), phosphor-elF4G
(Ser1108) (#2441S), phospho-elF4B (Ser422) (#6591S), elF4B (#3592S), phospho-4EBP1 (Thr37/46)
(#9459S), 4EBP1 (#9452), and DEPTOR (D9F5) (#11,816) (Cell Signaling Technology); phospho-p38
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MAPK gamma/delta (Tyr185, Tyr182) (#PA5-105907, ThermoFisher Scientific); p38a (C-20) (#sc535-G,
Santa Cruz Biotechnology), all at a 1:1000 dilution. In some cases, the membranes were stripped, or
if the primary antibodies are raised in different species, they were treated with sodium azide. Immu-
nocomplexes were detected by enhanced chemiluminescence (GE Healthcare Lifesciences). Immuno-
blots were quantified using Image J software (Schneider et al., 2012).

Cell lines and cell culture

Immortalized MEFs from WT and MKKé KO mice were cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, #1027-106), glutamine
2mM (Hyclone, #SH30034.01), and penicillin/streptomycin 100pgml™" (Sigma, #P4333). Cells were
grown at 37°C in a 5% CO, humid atmosphere. Cells were tested to confirm absence of Mycoplasma
contamination (MycoAlert PLUS Mycoplasma Detection Kit, Lonza). Cells were infected with 3.83E06
to 4.67E06 transducing units of blank control (abm, #LV590) or p38a active (D176A/F327S) (Vector-
Builder, VB170531-1024adk) lentivirus (second generation, VSV-G pseudotype). Cell area was quanti-
fied using Image J software (Schneider et al., 2012) and Cellpose algorithm (Stringer et al., 2021).

In vivo protein synthesis assay

For all in vivo measurements of protein synthesis, mice were injected intraperitoneally with
0.040 pmol g™" puromycin dissolved in 100 pl PBS. Exactly 30 min after injection, tissues were extracted
and frozen in liquid N, for subsequent immunoblot analysis of protein-incorporated puromycin.

Blood pressure and heart rate measurements

Blood pressure and heart rate in mice were measured using the non-invasive tail-cuff method (Kubota
et al., 2006). The measures were performed in conscious mice placed in a BP-2000 Blood Pressure
Analysis System (Visitech Systems). 10 preliminary measurements and 10 actual measurements were
recorded, and the average of the 10 actual measurements was used for analysis. The animals were
trained for four consecutive days prior to the actual measurements were registered. All the measure-
ments were taken at the same time of the day.

Reverse transcription quantitative real-time polymerase chain reaction
RNA 500 ng - extracted with RNAeasy Plus Mini kit (Qiagen) following manufacturer instructions — was
transcribed to cDNA, and RT-qPCR was performed using Fast Sybr Green probe (Applied Biosystems)
and the appropriate primers in the 7900 Fast Real Time thermocycler (Applied Biosystems). Relative
mRNA expression was normalized to Gapdh mRNA measured in each sample. The following primer
sequences were used: Fn1 Fw: ATGTGGACCCCTCCTGATAGT,Rev: GCCCAGTGATTTCAGCAAAG
G; Col1al Fw: GCTCCTCTTAGGGGCCACT,Rev: CCACGTCTCACCATTGGGG; Col3al Fw: CTGT
AACATGGAAACTGGGGAAA Rev: CCATAGCTGAACTGAAAACCACC; Nppa Fw: GCTTCCAGGCCA
TATTGGAG,Rev: GGGGGCATGACCTCATCTT, Nppb Fw: GAGGTCACTCCTATCCTCTGG,Rev: GCCA
TTTCCTCCGACTTTTCTC; Acta-2 Fw: CCCAAAGCTAACCGGGAGAAG, Rev: CCAGAATCCAAC
ACGATGCC; Myh7 Fw: ACTGTCAACACTAAGAGGGTCA Rev: TTGGATGATTTGATCTTCCAGGG;
Gapdh Fw: TGAAGCAGGCATCTGAGGG,,Rev: CGAAGGTGGAAGAGTGGGA.

Statistical analysis

Results are expressed as mean + SEM. A difference of p<0.05 was considered significant. Gaussian
(normal) distribution was determined using the Shapiro-Wilks normality test. For normally distrib-
uted populations, differences between groups were examined for statistical significance by two-tailed
Student t-test (two groups) and one-way ANOVA followed by Tukey post-test (three or more groups).
To test the respective roles of treatment or age and genotype, a two-way ANOVA was performed.
Tukey or Sidak post-test was subsequently employed when appropriate. For data that failed normality
testing, Mann-Whitney U test (two groups) or Kruskal-Wallis with Dunn post-test (three or more
groups) was performed. Gehan-Breslow-Wilcoxon test was used to assess significance in the Kaplan—
Meier survival analysis.
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