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Antoine Muchir1,2,{, Jian Shan3,4, Gisèle Bonne5,6,7, Stephan E. Lehnart3,4,{

and Howard J. Worman1,2,�

1Department of Medicine, 2Department of Pathology and Cell Biology, 3Department of Physiology and Cellular

Biophysics and 4Clyde and Helen Wu Center for Molecular Cardiology, College of Physicians and Surgeons, Columbia

University, New York, NY, USA, 5Institut National de la Santé et de la Recherche Médicale, U582, Institut de Myologie,
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Autosomal Emery–Dreifuss muscular dystrophy and related disorders with dilated cardiomyopathy and vari-
able skeletal muscle involvement are caused by mutations in LMNA, which encodes A-type nuclear lamins.
How alterations in A-type lamins, intermediate filament proteins of the nuclear envelope expressed in most
differentiated somatic cells, cause cardiomyopathy is only poorly understood. We demonstrated previously
abnormal activation of the extracellular signal-regulated kinase (ERK) branch of the mitogen-activated
protein kinase (MAPK) signaling cascade in hearts of Lmna H222P ‘knock in’ mice, a model of autosomal
Emery–Dreifuss muscular dystrophy. We therefore treated LmnaH222P/H222P mice that develop cardiomyopa-
thy with PD98059, an inhibitor of ERK activation. Systemic treatment of LmnaH222P/H222P mice with PD98059
inhibited ERK phosphorylation and blocked the activation of downstream genes in heart. It also blocked
increased expression of RNAs encoding natriuretic peptide precursors and proteins involved in sarcomere
organization that occurred in placebo-treated mice. Histological analysis and echocardiography demon-
strated that treatment with PD98059 delayed the development of left ventricular dilatation. PD98059-treated
LmnaH222P/H222P mice had normal cardiac ejection fractions assessed by echocardiography when placebo-
treated mice had a 30% decrease. These results emphasize the role of ERK activation in the development
of cardiomyopathy caused by LMNA mutations. They further provide proof of principle for ERK inhibition
as a therapeutic option to prevent or delay heart failure in humans with Emery–Dreifuss muscular dystrophy
and related disorders caused by mutations in LMNA.

INTRODUCTION

Mutations in LMNA encoding A-type nuclear lamins cause
several diverse diseases often referred to as laminopathies (1).
Autosomal-dominant and recessive Emery–Dreifuss muscular
dystrophy, dilated cardiomyopathy type 1A and limb-girdle
muscular dystrophy type 1B are a subset of the laminopathies
that affect striated muscle (2–5). A common feature of these

disorders is cardiomyopathy, and 8% of familial and sporadic
cardiomyopathies may be caused by mutations in LMNA (6).
Although implantable pacemakers and defibrillators can
prevent complications of cardiac dysrhythmias that occur early
in these disorders, affected individuals eventually develop
heart failure for which there is no curative treatment and
cardiac transplantation is ultimately necessary (6–8). How
alterations in A-type lamins cause cardiomyopathy is only
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poorly understood and the few hypotheses that have been raised
have not been tested in physiologically relevant vertebrate
animal models.

We have demonstrated previously abnormal activation of
the extracellular signal-regulated kinase (ERK) branch of
the mitogen-activated protein kinase (MAPK) signaling
cascade in hearts of Lmna H222P ‘knock in’ mice, a model
of autosomal Emery–Dreifuss muscular dystrophy (9). Male

LmnaH222P/H222P mice develop left ventricular (LV) dilatation
and depressed contractile function starting at �8–10 weeks of
age and invariably develop LV dilatation and decreased
cardiac contractility at 16 weeks of age, typically dying
between 16 and 36 weeks (10). On the basis of our obser-
vations that ERK is activated in these mice prior to the
onset of clinically detectable cardiomyopathy as well as our
demonstration that lamin A variants that cause striated
muscle disease activate ERK when expressed in cultured
cells, we hypothesized that the activation of ERK plays a
primary pathogenic role in the development of cardiomyopa-
thy (9). We further hypothesized that pharmacological inhi-
bition of ERK would prevent or delay the development of
dilated cardiomyopathy in LmnaH222P/H222P mice. To test
this hypothesis, we treated LmnaH222P/H222P with PD98059, a
compound that inhibits MAPK/ERK kinase (MEK), thereby
preventing phosphorylation (activation) of ERK (11).

RESULTS

Systemic treatment of LmnaH222P/H222P mice with PD98050
inhibits ERK activity in the heart

We administered PD98059, at a dose of 3 mg/kg/day, or placebo
(dimethylsulfoxide—DMSO) by intraperitoneal injection 5 days
a week to male LmnaH222P/H222P mice. A comparable dose of
PD98059 administered systematically has been shown to
inhibit ERK activity in rat hearts (12). Treatment was initiated
at 8 weeks of age and continued until the mice were 16 weeks
of age. At 16 weeks of age, the mice were analyzed by echocar-
diography and then sacrificed for histological and biochemical
studies. Untreated male Lmnaþ/þ and LmnaH222P/H222P mice
were similarly analyzed for comparisons.

Systemic administration of PD98059 to mice inhibited phos-
phorylation of ERK1 and ERK2 in hearts, as shown by immuno-
blotting of proteins in tissue homogenates with antibodies
against phosphorylated ERK1/2 and total ERK1/2 (Fig. 1A).
The inhibition was specific of ERK1/2 relative to Jun N-terminal
kinase (JNK), as at a dose of 3 mg/kg/day we did not observe the
inhibition of JNK signaling in the heart (data not shown). To
confirm the inhibition of ERK1/2 signaling, we monitored the

Figure 1. Treatment of LmnaH222P/H222P mice with MEK inhibitor PD98059
inhibits phosphorylation of ERK1/2 and activation of downstream target
genes. (A) Representative immunoblots using antibodies against phosphory-
lated ERK1/2 (pERK1/2) and antibodies against total ERK1/2 using proteins
extracted from hearts from LmnaH222P/H222P mice treated with PD98059 or
placebo (DMSO). Results of hearts from Lmnaþ/þ mice and untreated
LmnaH222P/H222P mice are shown for comparison. Data in bar graphs are the
quantification of phosphorylated ERK1/2 compared with total ERK1/2
measured by scanning the immunoblots and using Scion Image software
(Scion Corporation). Values are means+ standard deviations for n ¼ 3
samples from different animals per group. Results were compared using a two-
tailed t-test (�P , 0.05). (B) Quantitative real-time RT–PCR showing the
expression of RNAs of selected downstream target genes (Elk1, Elk4, Atf2,
Atf4) of ERK-signaling cascade in hearts from LmnaH222P/H222P mice treated
with PD98059 or placebo (DMSO). Results from hearts from Lmnaþ/þ

mice and untreated LmnaH222P/H222P mice are shown for comparison. Bars
indicate the fold overexpression of the indicated mRNA in hearts. Values
are means+ standard deviations for n ¼ 4 samples from different animals
per group. Reactions were performed in triplicate for each different RNA
sample. Results were compared using a two-tailed t-test (�P , 0.05, ��P ,

0.005).
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expression of selected downstream genes activated by the
kinases using real-time RT–PCR. As expected, the inhibition
of phosphorylation of ERK1/2 led to decreased expression of
Elk1, Elk4, Atf2 and Atf4 (Fig. 1B).

PD98050 treatment prevents the development
of cardiomyopathy in LmnaH222P/H222P mice

A feature of dilated cardiomyopathy is the upregulation of
cardiac hormones such as natriuretic peptides (13–15). The
upregulation of genes involved in sarcomere organization
also occurs in dilated cardiomyopathies (15–17). In hearts
from untreated LmnaH222P/H222P mice and those treated with
placebo, the expression of natriuretic peptide precursor A was
significantly increased (Fig. 2A). In contrast, PD98059-treated
LmnaH222P/H222P mice had a cardiac expression of this peptide
similar to Lmnaþ/þ mice (Fig. 2A). In hearts from untreated
LmnaH222P/H222P mice and LmnaH222P/H222P mice treated with
placebo, the expression of Nppa and Nppb mRNAs encoding
natriuretic peptide precursors as well as Myl4 and Myl7 mRNAs
encoding myosin light chains was significantly increased
(Fig. 2B). In contrast, PD98059-treated LmnaH222P/H222P mice
had a cardiac expression of Nppa, Nppb, Myl4 and Myl7 similar
to Lmnaþ/þ mice (Fig. 2B).

LV dilatation in male LmnaH222P/H222P mice at 16 weeks of age
was demonstrated by histopathological analysis (Fig. 3A). At this
age, there was no significant cardiomyocyte disarray or cardiac
fibrosis on light microscopic examination (data not shown).
M-mode transthoracic echocardiography showed increased LV
end-systolic and end-diastolic diameters in LmnaH222P/H222P

mice compared with Lmnaþ/þ mice (Fig. 3B). Treatment with
PD98059 prevented the development of LV dilatation as
measured by histopathology and echocardiography (Fig. 3).

Cardiac structure and function were further assessed by echo-
cardiography at 16 weeks of age in a total of 30 living mice in the
four different groups studied (Table 1). Compared with Lmnaþ/þ

mice, LmnaH222P/H222P mice had significantly increased LV end-
diastolic and end-systolic diameters. They also had decreased
cardiac contractility indicated by reduced ejection fraction and
LV fractional shortening. Ejection fraction in LmnaH222P/H222P

mice was decreased by �30% compared with Lmnaþ/þ mice
at 16 weeks of age (73.12+ 6.69 versus 50.78+ 9.12%;
P , 0.005). LmnaH222P/H222P mice treated with DMSO had
ventricular chamber diameters, ejection fraction and LV frac-
tional shortening similar to untreated LmnaH222P/H222P mice.
LmnaH222P/H222P mice treated with PD98059 had normal
cardiac contractility with ejection fraction and LV fractional
shortening virtually identical to Lmnaþ/þ mice. With 100%
accuracy in real-time, a ‘blinded’ echocardiographer unaware
of the genotype or treatment received classified all Lmnaþ/þ

mice and LmnaH222P/H222P mice receiving PD98059 as having
normal cardiac function and all LmnaH222P/H222P mice that
were untreated or treated with placebo as having abnormal
cardiac function. Hence, treatment with PD98059 for 8 weeks
prevented the development of LV dilatation and cardiac con-
tractile dysfunction in LmnaH222P/H222P mice.

Alterations in nuclear morphology, including abnormal
elongation of nuclei, have been described in hearts of
mice deficient in A-type lamins that develop dilated cardio-
myopathy (18). We observed similar elongation of nuclei in

cardiomyocytes of 16-week-old LmnaH222P/H222P mice. Treat-
ment with PD98059 prevented this alteration. Nuclei in cardi-
omyocytes of Lmnaþ/þ mice had a well-rounded oval shape,

Figure 2. Effect of MEK inhibitor PD98059 on cardiac expression of natriure-
tic peptides and myosins in LmnaH222P/H222P mice. (A) Immunoblot showing
the expression of natriuretic peptide precursor A (Nppa) in hearts from
LmnaH222P/H222P mice treated with PD98059 or placebo (DMSO). Results
using hearts from Lmnaþ/þ mice and untreated LmnaH222P/H222P mice are
shown for comparison. Labeling with antibody against Gapdh is shown as a
loading control. (B) Quantitative real-time RT–PCR showing the expression
of RNAs from NppA and NppB genes, respectively, encoding natriuretic
peptide precursors A and B, and Myl4 and Myl7 genes, encoding myosin
light chains, in hearts from LmnaH222P/H222P mice treated with PD98059 or
placebo (DMSO). Results from hearts from Lmnaþ/þ mice and untreated
LmnaH222P/H222P mice are shown for comparison. Bars indicate the fold over-
expression of the indicated mRNA in hearts as calculated by the CT method.
Values are means+ standard deviations for n ¼ 4 samples from different
animals per group. Reactions were performed in triplicate for each different
RNA sample. Results were compared using a two-tailed t-test (�P , 0.05).
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whereas nuclei in cardiomyocytes of LmnaH222P/H222P mice
had an abnormally elongated shape (Fig. 4A). Cardiomyocyte
nuclei in LmnaH222P/H222P mice treated with PD98059 but not
placebo had an overall shape that was similar to those in
Lmnaþ/þ mice (Fig. 4A). Mean lengths of cardiomyocyte
nuclei in untreated and placebo-treated LmnaH222P/H222P

mice were significantly longer than in Lmnaþ/þ mice and
LmnaH222P/H222P mice treated with PD98059 (Fig. 4B).

Overall, LV diameters, cardiomyocyte nuclear morphology
and cardiac ejection fraction were normal in LmnaH222P/H222P

mice treated with PD98059 at an age when untreated and
placebo-treated mice had significant abnormalities in these
parameters. Enhanced synthesis of natriuretic peptides and
sarcomeric proteins was also prevented. Treatment with an
inhibitor of ERK activation therefore delayed the development

of significant cardiomyopathy in mice with an Lmna mutation
that causes Emery–Dreifuss muscular dystrophy in humans.

DISCUSSION

Our results support the hypothesis that ERK activation induced
by abnormalities in A-type lamins is a pathogenic mechanism
in the generation of cardiomyopathy. We demonstrated the inhi-
bition of ERK phosphorylation and attenuated activation of
downstream genes when PD98059 was administered systemi-
cally to LmnaH222P/H222P mice. Concurrent with this inactivation
of ERK signaling in the heart, we documented normal LV diam-
eters, normal cardiomyocyte nuclear morphology and normal
cardiac ejection fraction in LmnaH222P/H222P mice treated with
PD98059 at an age when untreated and placebo-treated mice
had significant abnormalities in these parameters. These results
are consistent with our previous findings that ERK is abnormally
activated in cardiomyocytes of LmnaH222P/H222P mice and cells
expressing lamin A variants found in human subjects with cardi-
omyopathy (9). Results from Favreau et al. (19) using cultured
myoblasts also suggest that the nuclear lamina may serve as scaf-
fold for substrates of the MEK-ERK pathway and that this may
be impeded by A-type lamin alterations resulting from LMNA
mutations that cause Emery–Dreifuss muscular dystrophy.

PD98059 shows high specificity for MEK over other serine/
threonine kinases (11,20). However, it also has activity against
cyclooxygenase-1 and cyclooxygenase-2 (21). It is therefore
possible that the beneficial effects of PD98059 in
LmnaH222P/H222P mice could in part be due to cyclooxygenase
inhibition. We do not however consider cyclooxygenase inhi-
bition to be a major mechanism of action given the widespread
use of non-steroidal anti-inflammatory drugs in clinical prac-
tice and the absence of data showing any utility in preventing
heart failure. In fact, retrospective populations cohort studies
suggest that the use of both cyclooxygenase-2 inhibitors and
non-selective cyclooxygenase inhibitors is associated with
the exacerbation of heart failure in humans (22,23). Nonethe-
less, future controlled experimental testing of cyclooxygenase
inhibition in LmnaH222P/H222P mice would be useful in deter-
mining whether it has any beneficial effect in delaying or pre-
venting cardiomyopathy.

Similar to LmnaH222P/H222P mice, we have shown previously
abnormal activation of ERK signaling in hearts of Emd2/y

mice lacking the integral inner nuclear membrane protein
emerin that binds to A-type lamins (24). In humans, EMD
mutations resulting in the lack of or reduced emerin in the
nuclear envelope cause X-linked Emery–Dreifuss muscular
dystrophy (25–27). Like the autosomally inherited form of
the disease caused by LMNA mutations, dilated cardiomyopa-
thy is a major feature of X-linked Emery–Dreifuss muscular
dystrophy. Therefore, the present results in LmnaH222P/H222P

mice may also be relevant to cardiomyopathy caused by
emerin deficiency. However, because the clinical phenotype
of first-degree heart block in Emd2/y mice .40 weeks of
age is very subtle and not readily measurable without intensive
electrophysiologically monitoring (28,29), we have deferred a
trail of an ERK inhibitor in this animal model.

Our results provide initial proof of principle for ERK inhi-
bition as a therapeutic option to prevent or delay the onset of

Figure 3. Treatment with the MEK inhibitor PD98059 prevents dilation and
deterioration of dynamics of the left ventricle in LmnaH222P/H222P mice. (A)
Histological analysis of heart sections stained with hematoxylin and eosin
from LmnaH222P/H222P mice treated with PD98059 or placebo (DMSO).
Hearts from Lmnaþ/þ mice and untreated LmnaH222P/H222P mice are shown
for comparison. The left ventricle is dilated in LmnaH222P/H222P mice that
were untreated or that received DMSO placebo, whereas hearts from
LmnaH222P/H222P mice treated with PD98059 had an LV chamber diameter
similar to Lmnaþ/þ mice. Scale bar: 1 mm. (B) Transthoracic M-mode
echocardiographic tracings in LmnaH222P/H222P mice treated with PD98059
or placebo (DMSO). Tracings from Lmnaþ/þ mice and untreated
LmnaH222P/H222P mice are shown for comparison. LV end-systolic diameter
(LVESD) and LV end-diastolic diameter (LVEDD) are indicated. Note
LVESD and LVEDD are similar in LmnaH222P/H222P mice treated with
PD98059 and decreased in LmnaH222P/H222P mice that were untreated or that
received DMSO placebo.
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heart failure in cardiomyopathy caused by LMNA mutation.
The only other way of improving an abnormal phenotype
caused by mutations in the gene encoding A-type lamins in
mammals is the use of a protein farnesyltransferase inhibitor
to block the prenylation of truncated prelamin A in mice car-
rying a mutation that causes Hutchinson–Gilford progeria
syndrome (30,31). In the present study, treatment with an
MEK inhibitor at an age when LmnaH222P/H222P mice first
begin to develop cardiac abnormalities maintained LV func-
tion at normal levels, whereas untreated mice had an �30%
reduction in ejection fraction over a time period of 8 weeks.
In humans, the progression of cardiomyopathy caused by
LMNA mutations is often rapid compared with other primary
cardiomyopathies (6). Therefore, pharmacological interven-
tions to slow progression could be clinically beneficial.
Although further preclinical investigation, including, for
example, an analysis of effects on different tissues, skeletal
myopathy and overall activity, is necessary to determine the
safety and efficacy of ERK inhibition as a therapeutic inter-
vention for dilated cardiomyopathy caused by LMNA
mutations, it is worth noting that oral MEK inhibitors have
already been safely administered to humans (32,33).

MATERIALS AND METHODS

Mice

LmnaH222P mice were generated and genotyped as described
(10). Genotyping was performed by PCR using oligonucleo-
tides 50-CAGCCATCACCTCTCCTTTG-30 and 50-AGCACC
AGGGAGAGGACAGG-30. Mice were fed a chow diet and
housed in a barrier facility. The Institutional Animal Care
and Use Committee at the Columbia University Medical
Center approved the use of animals and the study protocol.

MEK inhibitor

PD98059 (Calbiochem) was dissolved in DMSO (Sigma) at a
concentration of 0.5 mg/ml and was delivered to a dose of
3 mg/kg/day for 5 days a week. The inhibitory activity of
PD98059 is specific for MEK and does not inhibit JNK (11;
data not shown). The placebo control consisted of DMSO
alone and was delivered in the same volume. Placebo and
PD98059 were administered by intraperitoneal injection

Figure 4. Treatment with PD98059 prevents abnormal elongation of cardio-
myocyte nuclei in LmnaH222P/H222P mice. (A) Histological analysis of cross-
sections of hearts from LmnaH222P/H222P mice treated with PD98059 or
placebo (DMSO). Hearts from Lmnaþ/þ mice and untreated LmnaH222P/H222P

mice were used for comparisons. Sections are stained with hematoxylin and
eosin. Inserts with yellow lines with arrowheads demonstrate the measurement
of nuclear length. Scale bar: 50 mm. (B) Quantification of nuclear elongation
in cardiomyocytes from mice. Cardiomyocyte nuclei are measured along the
yellow lines with arrowheads as shown as examples in (A). Bars indicate
the length of cardiomyocyte nuclei in the indicated hearts. Values are
means+ standard deviations for n ¼ 400 cardiomyocytes (�P , 0.0005).

Table 1. Echocardiographic data at 16 weeks of age for Lmnaþ/þ mice and LmnaH222P/H222P mice untreated, treated with DMSO placebo or treated with PD98059

Genotype n LVEDD (mm) LVESD (mm) IVSD (mm) EF (%) FS (%)

Lmnaþ/þ 12 3.45+0.42 2.00+0.36 0.70+0.13 73.12+6.69 41.72+5.76
LmnaH222P/H222P 6 4.14+0.27�� 3.25+0.45�� 0.70+0.05 50.78+9.12�� 25.82+5.70��

LmnaH222P/H222P (DMSO) 5 3.89+0.14� 3.04+0.32�� 0.69+0.02 52.70+9.03�� 26.96+5.68��

LmnaH222P/H222P (PD98059) 7 3.12+0.20 1.82+0.16 0.69+0.06 73.52+4.68 41.55+4.29

LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; IVSD, interventricular septum diameter; EF, ejection
fraction; FS, fractional shortening. Values are means+ standard deviations. Comparison between groups was performed using one-way ANOVA and
Tukey adjustment for post hoc multiple comparison (5% type I error). Conditions of homogeneity of variances were validated and non-parametric tests
were performed to validate results.
�P , 0.05 versus Lmnaþ/þ.
��P , 0.005 versus Lmnaþ/þ.
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using a 275/8-gauge syringe. Treatment was started when
mice were 8 weeks of age and continued until 16 weeks of age.

Protein extraction and immunoblotting

Hearts were excised from mice at 16 weeks of age and were
homogenized in RIPA extraction buffer (Cell Signaling) con-
taining protease inhibitors (25 mg/ml aprotinin and 10 mg/ml
leupeptin). Protein samples were subjected to SDS–PAGE,
transferred to nitrocellulose membranes and blotted with
primary antibodies against ERK1/2 (Santa Cruz), phosphory-
lated ERK1/2 (Cell Signaling), natriuretic peptide precursor
A (Santa Cruz) and Gapdh (Ambion). Secondary antibodies
were horseradish peroxidate-conjugated (Amersham). Recog-
nized proteins were visualized by enhanced chemilumines-
cence (ECL, Amersham). The signal generated using
antibody against Gapdh was used as internal control to nor-
malize the amounts of protein between immunoblots.

RNA isolation and quantitative real-time
RT–PCR analysis

Total RNA was extracted using the RNeasy isolation kit
(Qiagen) as described previously (9). cDNA was synthesized
as described previously (9) using Omniscript Reverse Tran-
scriptase (Qiagen) on total cellular RNA. For each replicate
in each experiment, RNA from tissue samples of different
animals was used. Primers were designed that correspond to
mouse RNA sequences using Primer3 (http://frodo.wi.mit.
edu/cgi-bin/primer3/primer3_www.cgi). The real-time RT–
PCR reaction contained iQ SYBR green super mix
(Bio-Rad), 200 nM of each primer and 0.2 ml of template in
a 25 ml reaction volume. Amplification was carried out using
appropriate primers and the MyiQ Single-Color Real-Time
PCR Detection System (Bio-Rad) with an initial denaturation
at 958C for 2 min, followed by 50 cycles at 958C for 30 s and
628C for 30 s. Relative levels of mRNA expression were cal-
culated using the CT method (34). Individual expression
values were normalized by comparison with Gapdh mRNA.

Pathological analysis of hearts

Mice were sacrificed at 16 weeks of age and freshly removed
hearts were fixed in 4% formaldehyde for 48 h, embedded in
paraffin, sectioned at 5 mm and stained with hematoxylin
and eosin and Masson’s trichrome. Representative stained sec-
tions were photographed using a Microphot SA (Nikon) light
microscope attached to a Spot RT Slide camera (Diagnostic
Instruments). Images were processed using Adobe Photoshop
6.0 (Adobe Systems). The length of cardiomyocytes was
measured using Scion Image software (Scion Corporation).
Data were reported as means+ standard deviations and are
compared with respective controls using a two-tailed t-test.

Transthoracic echocardiography

At 16 weeks of age, mice were anesthetized with 1.5% isoflur-
ane in O2 and placed on a heating pad (378C). Cardiac
function was assessed by echocardiography with a Visualso-
nics Vevo 770 ultrasound with a 30 MHz transducer applied

to the chest wall. Cardiac ventricular dimensions and ejection
fraction were measured in 2D mode and M-mode three times
for the number of animals indicated. A ‘blinded’ echocardio-
grapher (J.S.), unaware of the genotype or treatment, per-
formed the examinations.

Statistical analysis

To determine significant differences between groups of
animals analyzed by echocardiography, we used one-way
analysis of variance (ANOVA). For each parameter, there
was a global effect between different groups (P , 0.001).
This indicated that at least one group had significantly differ-
ent results than another. We then used a Tukey adjustment for
post hoc multiple comparisons (5% type I error) to determine
which groups were significantly different. Homogeneity of
variances between groups was validated using Levene test
(alpha ¼ 0.05). The normality of residuals was validated
using Shapiro–Wilk test. To validate all results, non-
parametric tests (Kruskal–Wallis and Mann–Whitney) were
performed and concordance checked. Other statistical
methods used are described in the figure legends.
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