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Mouse model carrying H222P-Lmna mutation
develops muscular dystrophy and dilated
cardiomyopathy similar to human striated
muscle laminopathies
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Laminopathies are a group of disorders caused by mutations in the LMNA gene encoding A-type lamins,
components of the nuclear lamina. Three of these disorders affect specifically the skeletal and/or cardiac
muscles, and their pathogenic mechanisms are still unknown. We chose the LMNA H222P missense mutation
identified in a family with autosomal dominant Emery-Dreifuss muscular dystrophy, one of the striated
muscle-specific laminopathies, to create a faithful mouse model of this type of laminopathy. The mutant
mice exhibit overtly normal embryonic development and sexual maturity. At adulthood, male homozygous
mice display reduced locomotion activity with abnormal stiff walking posture and all of them die by
9 months of age. As for cardiac phenotype, they develop chamber dilation and hypokinesia with conduction
defects. These abnormal skeletal and cardiac features were also observed in the female homozygous mice
but with a later-onset than in males. Histopathological analysis of the mice revealed muscle degeneration
with fibrosis associated with dislocation of heterochromatin and activation of Smad signalling in heart and
skeletal muscles. These results demonstrate that Lmna'?22PH222P mjce represent a good model for studying
laminopathies affecting striated muscles as they develop a dystrophic condition of both skeletal and cardiac
muscles similar to the human diseases.

INTRODUCTION

The nuclear lamina is a fibrous meshwork of type V inter-
mediate filaments, the lamins, localized at the internal face of
the inner nuclear membrane. This structure is fundamental in
sustaining the structural integrity and mechanical stability of
the nuclear envelope. Lamins are also localized within the
nuclear matrix (1). In mammals, up to seven different lamins

exist: A-type lamins (A, AA10, C and C2 encoded by LMNA
gene through alternative splicing) and B-type lamins (B1 and
B2/B3, which are transcribed from the LMNBI and LMNB2
genes, respectively). Whereas B-type lamins are present in
both embryonic and differentiated cells, A-type lamins are
expressed only in later stages of development and in differen-
tiated cells. Lamins have binding affinity with chromatin and
integral proteins of the inner nuclear membrane, such as
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emerin. In addition to their involvement in nuclear stability,
it has been suggested that lamins play important roles in
DNA replication, chromatin organization, regulation of gene
expression, spatial organization of the nuclear pore and the
correct anchorage of the nuclear envelope proteins (2).

We identified the first LMNA mutations in the autosomal
dominant form of Emery—Dreifuss muscular dystrophy (AD-
EDMD) highlighting the unpredicted role of these proteins in
the pathophysiology of neuromuscular disorders (3). Since
then, within 5 years, mutations in this gene have been identified
to be responsible for up to nine disorders, i.e. dilated
cardiomyopathy with conduction-system disease (DCM-CD)
(4), limb girdle muscular dystrophy with atrioventricular con-
duction disturbance (LGMD1B) (5), Dunnigan-type of familial
partial lipodystrophy (6), autosomal recessive Charcot—
Marie—Tooth disease type 2 (7), mandibuloacral dysplasia
(8), Hutchinson—Gilford progeria syndrome (HGPS) (9,10),
atypical Werner’s syndrome (11) and restrictive dermopathy
(12). This group of human hereditary diseases are now recog-
nized as laminopathies and are characterized by the extreme
variability of the phenotypes associated with the wide spectrum
of LMNA gene mutations. Some phenotypic overlaps between
the various types of laminopathies were also demonstrated
(13,14). The mechanisms by which mutations in the LMNA
gene encoding ubiquitously expressed proteins cause these
various tissue-specific disorders remain to be elucidated.

Among laminopathies three disorders, EDMD, LGMD1B
and DCM-CD, affect specifically the skeletal and/or cardiac
muscles (3—5). The diagnosis of this type of laminopathy is
particularly important because of the severity of the cardiac
symptoms, characterized by conduction defect, arrhythmias,
left ventricular (LV) dysfunction and dilation with heart
failure. As >40% of these patients die suddenly, implantation
of a cardioverter-defibrillator is necessary to prevent sudden
cardiac death (15,16). The identification of the precise molecu-
lar mechanisms of LMNA mutations leading to laminopathies
affecting striated muscles is critical for developing new thera-
peutic strategies to prevent cardiac dysfunction and sudden death.

At the present time, two genetically engineered mouse
strains with modified Lmna gene have been reported. Lamin
A/C null mice (Lmna~'") were created to analyse the func-
tional importance of lamin A/C in the end stages of embryonic
development and regulation of the terminal differentiation (17).
The replacement of exon 8—11 of Lmna gene by Pgkneo
cassette leads to the loss of lamin A/C expression that is not
embryonic lethal but leads to the development of muscular dys-
trophy, DCM and death by 8 weeks of age (17,18). The other
genetically engineered mice were created with the aim of pro-
ducing an EDMD model with the introduction of the LMNA
L530P mutation that causes AD-EDMD in human. Very
surprisingly, Lmna™3%"L33% mice presented clinical defects
consistent with human HGPS, including a reduction in
growth rate, pathologies of bone, muscle and skin and death
by 4 weeks of age (19). These two genetically engineered
mouse strains developed some features of the human disorders
but failed to reproduce faithfully any type of human lamino-
pathy from the gene mutation to the clinical features.

In the present paper, we chose a missense mutation (H222P)
identified in a family with a typical AD-EDMD (20) to create
a Lmna knock-in mouse, with the aim of producing a faithful

animal model of striated muscle laminopathies. We introduced
the c.665A > C, p.H222P mutation in the Lmna murine gene
by homologous recombination. Although mice carrying this
point mutation do not show any phenotypes in neonatal and
sexual maturity stages, at adulthood homozygous mutant
(Lmna'"??P1222P) mice develop muscular dystrophy and
DCM-CD similar to the clinical features of human laminopa-
thies affecting the striated muscles, with all Lmna®???7/1222P
mice dying by 13 months of age.

RESULTS

mRNA and protein expression of lamins A/C and emerin

Lmna'??" mice were created by homologous recombination

using standard techniques and the targeting constructs
described in Materials and Methods section and Figure 1A.
After heterozygous intercrossing, we obtained Lmna'™2?2711222F,
Lmna™??""* and wild-type (WT) mice. We first checked the
mRNA expression levels of lamins A/C and emerin in the
LV and skeletal muscles (gastrocnemius and quadriceps) by
quantitative RT—PCR techniques. We observed neither differ-
ences for lamin A/C and emerin mRNA expression levels nor
splicing abnormality of lamin A and C mRNAs between WT,
Lmna™?"* and Lmna"????"222F mice (data not shown). We
then checked the amount of lamins A/C and emerin proteins
and detected similar amounts of lamins A/C and emerin in
both LV and gastrocnemius muscle of Lmna™???”* and
Lmna'??P1222P pjce as compared to WT mice (Fig. 1D).

Lmna™???PH222P 1mice have a reduced life expectancy

and die during adulthood, whereas Lmna™??*"’* mice
have a life expectancy comparable to WT mice

Analysis of 133 newborn mice from 15 independent hetero-
zygous crosses indicated that the numbers of mice with the
three genotypes WT, H222P/+ and H222P/H222P were 39/
56/38, approximating the expected ratio of 1:2: 1 of Mendelian
inheritance of the genotype. Both the mutated Lmna™227/11222F
and Lmna"??"" mice were indistinguishable from their WT
siblings at birth and seemed healthy during the sexual maturity
stage, indicating that the H222P mutation is not lethal during
embryonic and perinatal stages and has no impact on the
general health condition at young-age.

At adulthood, Lmna™??"#222F male mice weighed less
than WT and LmnaHZzzP * male mice and their growth rate
was reduced after 3 months of age, despite normal feeding
habits (Fig. 2B). At this time, Lmna™??PH222P male mice
began to show progressively abnormal phenotypes characteri-
zed by a hunched position, stiff walking posture and rapid
shallow breathing, and all Lmna???"222 male mice died
between 4 and 9 months of age (Fig. 2D). As for female
mice, Lmna'???"H222F mice were slightly lighter than WT
and Lmna™2?P* mice (Fig. 2C), and also exhibited abnormal
phenotypes similar to Lmna™??7"???F male mice but only
after 6 months of age. The first Lmna???""???F female
mouse died at 7 months of age, and all Lmna'????P/1222F
female mice were dead by 13 months of age (Fig. 2D)
Lmna"™?*""* mice were indistinguishable from WT mice
with regard to phenotype and life expectancy.
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Figure 1. Gene targeting of the Lmna gene. (A) Schematic structure of the
wild-type Lmna gene (WT), targeting vector, homologous recombinant
containing the Cre/Neo-loxP cassette (HR) and targeted allele (KI). The
arrows indicate the orientation of Phage Pl (Cre), neomycin resistance
(Neo) and herpes simplex virus-thymidine kinase (HSV-Tk) genes. Positions
of restriction enzyme sites and probes used for Southern blot analysis are
shown. H, Hindlll; B, BsrGl; X, Xhol. (B) Detection of WT and HR cells
by Southern blot analysis. DNAs from electroporated ES cells were digested
with HindIIl or BsrGI and analysed by Southern blot analyses with 5" or 3’
probes, respectively, as shown in (A). The fragments of 5.8 and 8.5 kb for
5" probe as well as 6.4 and 10.1 kb for 3’ probe represent WT and HR
alleles, respectively. (C) Genotyping by PCR. DNAs prepared from tail
were analysed by 3F and 4R primers as shown in (A). The 580 and 653 bp
bands represent WT and KI alleles, respectively. (D) Western blot detection
of lamins A/C and emerin in WT, Lmna'??”* and Lmna"???""??? mice
heart (left ventricular, LV) and skeletal muscle (gastrocnemius) showing no
difference in lamin A/C and emerin expression levels between different geno-
types. Internal controls, calsequestrin and B-tubulin for heart and skeletal
muscle, respectively, confirmed equal loading of samples.
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Figure 2. Overall phenotype of the Lmna mutant animals. (A) Picture
of WT (up) and Lmna™?*?*"?2?" (down) males at 5 months of age.
(B) Growth curves of male mice: WT (closed squares, n = 20), Lmna"2?"+
(open diamonds, n = 20) and Lmna"???""1?22P (closed triangles, n =9, still
alive at 7 months of age). Male Lmna'"???""22?F mice show reduction of BW
gain after 3 months of age. (C) Growth curves of female mice: WT (closed
squares, n = 20), Lmna"???**’* (closed diamonds, n =20) and Lmna'?**"
H222P (crosses, n = 9, still alive at 9 months of age). Female Lmna'’??2/H222F
mice have slight reduction of BW gain. (D) Cumulative survival curve of
mice: WT (closed squares, n =40 for males and females), Lmna"?*?"*
(open diamonds, n =40 for males and females), male Lmna'???/H222F
(closed triangles, n=127) and female Lmna'???""?2?F (crosses, n=23).
Lmna'???PH222F mice have significantly reduced life spans when compared
with WT mice.

Lmna™????H222P e develop DCM with atrio-ventricular

conduction abnormality

For the assessment of cardiac abnormality, we performed echo-
cardiography in the mice at 2, 4 and 6 (male/female) and 8
months (female) of age (Tables 1 and 2) and systolic blood
pressure measurement by indirect tail-cuff sphygmomanometer
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Table 1. Echocardiographic data for male WT and Lmna???/#222P

mice aged 2, 4 and 6 months

2 months of age

H222P/H222P

4 months of age

H222P/H222P

6 months of age

H222P/H222P

WT Lmna WT Lmna WT Lmna

(n=Y5) n=17 n=17) (n=12) (n=17) (n=28)
BW (g) 272 + 1.07 23.9 + 0.83* 30.8 + 1.30 27.0 + 0.82* 347 + 143 28.3 + 1.63*
IVSd (mm) 0.500 + 0.010 0.514 +0.014 0.514 + 0.014 0.483 + 0.011 0.543 + 0.030 0.500 + 0.010
PWd (mm) 0.580 + 0.037 0.557 + 0.020 0.543 + 0.020 0.500 + 0.021 0.529 £+ 0.018 0.471 £+ 0.029
LVM (mg) 543 + 6.14 60.8 + 3.11 66.1 + 4.70 71.0 + 4.45 77.0 + 7.24 825+ 5.14
LVM/BW (mg/g) 2.02 +0.27 2.56 + 0.13 2.15 + 0.13 2.63 + 0.15* 2.23 +£0.21 2.69 + 0.54
LVEDD (mm) 3.40 + 0.17 3.69 + 0.13 3.89 + 0.08 4.26 + 0.14* 4.19 + 0.14 473 + 0.17*
LVESD (mm) 1.94 + 0.14 243 +0.17 2.43 + 0.10 3.16 + 0.20** 2.41 + 0.12 4.04 + 0.24***
LVEDD/BW (mm/g) 0.126 + 0.009 0.155 + 0.006* 0.127 £+ 0.004 0.159 + 0.006** 0.122 £+ 0.007 0.174 + 0.017**
LVESD/BW (mm/g) 0.072 + 0.007 0.102 £+ 0.007* 0.080 + 0.006 0.117 £+ 0.007** 0.070 £+ 0.004 0.150 £+ 0.018**
LVES (%) 43,1 £2.2 34.6 +2.7* 374 +£2.7 26.5 + 2.5%* 424+ 19 15.1 + 2.2%**
Heart rate (bpm) 520 + 14 490 + 14 468 + 31 526 + 19 549 + 22 556 + 22

Cardiac function was evaluated by transthoracic echocardiographic analyses of the left ventricle: LVM/BW, LV mass-to-body weight ratio;, LVEDD/
BW, LV end-diastolic diameter-to-body weight ratio, LVESD/BW, LV end-systolic diameter-to-body weight ratio; LVFS, LV fractional shortening.

*P < 0.05 versus WT.
**P < 0.01 versus WT.
%P < 0.001 versus WT.

method in male mice at 2 months of age. Although systolic
blood pressure was not modified in Lmna??P"222F male
mice (120.9 + 1.4 versus 127.5 + 8.6 mmHg in WT mice;
n=2>5 for each groups, P = 0.45), Lmna"???""?22F male
mice developed a progressive LV dilation associated with
a progressive decrease of contractile function, evidenced by
decreased LV fractional shortening (LVFS), which was signifi-
cant at 2 months of age (Fig. 3B and Table 1). The development
of LV dysfunction was not accompanied with cardiac LV
hypertrophy (Table 12) Similar features were observed in
female Lmna??""?2?F mice but with a later-onset
(Table 2). Indeed, the LV dysfunction in female homozygous
mutant mice appeared at 4 months of age and seemed to
progress less rapidly than in males (Tables 1 and 2). Both
male and female Lmna'???"*mice had no cardiac dysfunction
by 1 year of age (data not shown).

Telemetric ambulatory electrocardiogram (ECG) measure-
ments were performed in homozygous mutant and WT male
mice at 3, 4 and 5 months of age (Table 3). Abnormalities of
the conduction system were observed: Lmna™??F1?22F male
mice at 3 months of age showed a significant increase of the
PR interval when compared with WT male mice, indicating
atrio-ventricular conduction defects. This increase of PR inter-
val remained stable at 4 and 5 months of age. The QRS complex
duration, as a parameter for intraventricular conduction, was
significantly increased between Lmna™???P"?22F and WT
male mice at 5 months of age. In addition, frequent sinuatrial
blocks and ventricular extra-systoles were observed in male
Lmna???P1222P mice at 5 months of age during recording.
Such abnormalities were never observed in the age-matched
WT mice (data not shown).

Gross examination and histopathological analysis of the
hearts were performed at the end stage of the disease on
several Lmna'™??PH222F mice at 4, 5, 6 and 7 months of age
for males and at 7 and 10 months of age for females. In each
case, the same abnormalities were observed in these mice and
typical abnormalities are presented in Figure 3. Macroscopi-
cally, the mice had dramatically enlarged hearts with dilation
of the atria (Fig. 3D). Microscopically, ventricular chamber

dilation was obvious (Fig. 3F). Histopathologlically, a Eromi-
nent alteration observed in the heart of Lmna’???""?2?F mice
was a marked increase of fibrosis. In addition, single or small
clusters of cardiac muscle cells with degeneration and necrosis
were extensivelly present in the left and right ventricles in
Lmna'??2P1222F mice (Fig. 3H). There was no evidence of
cellular hypertrophy, disarray or inflammatory cells.
Histopathological analysis of the heart of 1 year Lmna
mice revealed no abnormalities (data not shown).

H222P/+

Lmna™?2P/H222P 06 have abnormal

locomotion activities

The influence of the H222P mutation also became apparent in
the locomotion activity of the mice, as evidenced in the open
field test and rotarod assay. The spontaneous locomotion
activity at 6 months of age, tested in open field, was
significantly impaired in male Lmna™??""2?2F mice com-
pared to WT but was normal in females (Fig. 4A). The
Lmna""???PH222P fomale mice exhibited reduced spontaneous
locomotion activity at 8 months of age, moving only
6.4 + 2.0% of the time when compared with 54.8 + 3.4%
of the time spent in motion for WT female mice
(P <0.001, n=3). In a rotarod assay at 6 months of age,
both male and female Lmna™??""?22F mice fell earlier
from the rotarod, whereas WT mice managed to stay on the
rotarod up to 2 min (Fig. 4B). Similar results were also
observed for females at 8 months of age (4.4 + 1.3% in
Lmna'?2PH222P Gerqus 100% in WT, P < 0.001, n=5).
The Lmna™?*”* mice had normal locomotion activities
compared to WT by 1 year of age (data not shown).

H222P/H222P
Lmna /]

skeletal muscles

mice exhibit dystrophic pattern of

Histological and histochemical analyses were performed on
skeletal muscles at the end stage of the disease on several
Lmna'??PH222P mice at 4, 5, 6 and 7 months of age for
males and at 7 and 10 months of age for females. We analyzed



LrnnaHZQZP/H222P
0.456 + 0.018

(n=9)
257+ 0.55

8 months of age
WT

24.7 + 1.21
0.482 + 0.012

(=11

Lmna1222P/H222P
24.8 £ 0.58
0.492 + 0.015

(n=12)

6 months of age
22.5 +0.55
0.500 + 0.013

WT

(n=11)

L’nnaHZZZP/HZZZP
0.492 + 0.008

(n=12)
23.9 + 0.58

4 months of age
WT
(n=12)

21.4 £ 0.65
0.496 + 0.010

LmnaH222P/H222P
22.0 £ 0.82
0.525 + 0.025

(n=4)

2 months of age
20.4 £ 0.68
0.500 + 0.032

WT

(n=15)

Table 2. Echocardiographic data for female WT and Lmna???""2?2F mice aged 2, 4, 6 and 8 months

BW (g)
IVSd (mm)

0.489 + 0.020*
68.2 + 6.2*
2.68 + 0.27
4.26 + 0.18**
3.40 £+ 0.26™**

0.545 + 0.016
53.7 +2.30
2.19 + 0.09
3.53 + 0.06
2.07 + 0.06

0.500 + 0.010**
62.3 + 2.87
2.52 +0.10
394 +0.11*
2.93 + 0.17***

0.545 + 0.016
57.8 + 1.74
2.58 + 0.06
3.64 + 0.08
2.15 + 0.05

0.467 + 0.019
61.8 + 2.86**
2.60 + 0.12
4.03 + 0.12%**
2.84 £+ 0.12%**

0.492 + 0.015
48.7 + 1.81
2.28 + 0.08
3.44 4+ 0.08
2.17 + 0.09

0.475 + 0.025
533+ 142
243 + 0.05
3.60 + 0.14
2.18 £ 0.18

0.520 + 0.020
46.3 +3.53
227 +0.14
3.26 + 0.16
1.72 + 0.07

LVM/BW (mg/g)
LVEDD (mm)

PWd (mm)
LVM (mg)

0.167 + 0.009
0.134 + 0.012**
21.0 4+ 2.7

523 + 17

0.085 + 0.004
412+ 16

0.146 + 0.006
527 +6

0.160 + 0.005

0.118 + 0.006*
26.3 + 2.4
479 + 24

0.097 + 0.003

409 + 1.2

0.164 + 0.004
526 + 11

0.169 + 0.005
0.120 + 0.007*
29.3 +2.3*

509 + 19

0.162 + 0.005
0.101 + 0.003
372 + 1.6
511 +27

0.164 + 0.004
0.099 + 0.006
399 + 26
541 + 24

0.160 + 0.004
0.084 + 0.003
469 + 2.6
574 + 21

LVESD/BW (mm/g)

LVEDD/BW (mm/g)
LVFS (%)

LVESD (mm)

Cardiac function was evaluated by transthoracic echocardiographic analyses of the left ventricle: LVM/BW, LV mass-to-body weight ratio; LVEDD/BW, LV end-diastolic diameter-to-body
weight ratio, LVESD/BW, LV end-systolic diameter-to-body weight ratio; LVFS, LV fractional shortening.

*P < 0.05 versus WT.

**P < 0.01 versus WT.
**xP < 0.001 versus WT.

Heart rate (bpm)
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muscles of fore and hind legs to search for proximal and/or
distal defects as in AD-EDMD patients (20) and diaphragm
muscle as the mice exhibited rapid shallow breathing.
Severe cytoarchitectural abnormalities of muscle associated
with an increase of connective tissue were observed in the
diaphragm and soleus muscles of the Lmna’™???"H?22F mice
(Fig. 5B, D and F). Moderate abnormalities were also
observed in other skeletal muscles including gastrocnemius,
quadriceps, triceps and tibialis anterior (data not shown).
These abnormalities were observed in both male and female
Lmna??27H222P mice. Compared to WT, muscle tissue carry-
ing the homozygous mutation exhibited a wide variation in
fibre size with an increased number of atrophic fibres, hyper-
trophic fibres and lobulated fibres as well as some regenerative
muscle fibres. Some fibres also showed increased numbers
of nuclei with internal localization. Reaction for myofibrillar
ATPase localization demonstrated that atrophic/degenerated
fibres were of both type 1 and type 2 fibres and exhibited
loss of ATPase staining (Fig. SH). We also observed that
almost all the hypertrophic muscle fibres were type 2. Mito-
chondrial cytochrome ¢ oxidase and succinate dehydrogenase
staining demonstrated focal loss of enzyme activity promi-
nently in atrophic/degenerated fibres (Fig. 5J and L). Haema-
toxylin and eosin (H&E) staining of skeletal muscles of
Lmna™?*"”"* mice revealed a normal histological pattern
compared to WT by 1 year of age (data not shown).

Lmna™?2PH222P ice do not exhibit biochemical

features of lipodystrophy

To evaluate metabolic characteristics of the Lmna!™2??F/H222F

mice, serum glucose, total cholesterol, high density lipoprotein
cholesterol, low density lipoprotein, triglycerides, uric acids,
aspartate aminotransferase and alanine aminotransferase were
measured at 6-8 months of age. In male Lmna'???7/1222F
mice, glucose and insulin levels tended to be lower when com-
pared with male WT mice, although a significant difference
was observed only for glucose (Table 4). In female
Lmna""???PH222P mice, only triglycerides levels were signifi-
cantly higher than in female WT mice. Decreased glucose
levels in males (and to a lesser extent in females) and increased
triglyceride levels in females might be a consequence of
muscle loss and/or impaired growth, although it is rather diffi-
cult to evaluate to what extent this may contribute to the global
phenotype. We did not observe any significant differences of
low density lipoprotein, uric acids, aspartate aminotransferase
and alanine aminotransferase in both male and female
Lmna'??PH222F mice compared to sex-matched WT (data
not shown). Thus, neither male nor female Lmna'???F/1222P
mice developed biochemical features of lipodystrophy at
adulthood.

Lmna™???"M222P mice do not exhibit any lipid

metabolism abnormalities in affected tissues

In Lmna'???P1222P mice, the prominent alteration in affected

muscles is an increase of fibrosis with degeneration and necro-
sis of muscle cells. Because abnormalities of lipid metabolism
lead to lipoapoptosis of myocytes and development of cardio-
myopathy (21), and a few EDMD patients presented some
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Lmna”?ﬂ'zpfﬁzzzp

200 ms

H222P/H222P

Figure 3. Cardiac phenotype in the male Lmna
(A) and male Lmng"??27H222F
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Table 3. ECG data for WT and Lmna™???"#222F male mice aged 3, 4 and 5 months

3 months of age
H222P/H222P

4 months of age

S months of age

H222P/H222P H222P/H222P

WT Lmna WT Lmna WT Lmna
(n=23) (n=23) (n=23) (n=14) (n=75) (n=3)
PR interval (ms) 3534+ 094 424 + 2.22% 36.2 + 1.13 41.1 + 0.96* 36.5 4+ 0.72 41.1 + 1.92*
QRS duration (ms) 11.9 £ 0.72 12.1 £ 0.1 11.8 + 0.32 12.8 + 0.94 11.1 + 0.34 18.7 £+ 0.35%**
*P < 0.05 versus WT.
P < 0.001 versus WT.
H222P/H222P

features of lipodystrophy (13), we hypothesized that fatty acid
accumulation may contribute to the development of these phe-
notypes in Lmna'???F/H222F mjce. Oil Red O staining to deter-
mine lipid accumulation was ngrformed at the early stage of
the disease on several Lmna'???P"222F mijce, i.e. at 2 and 3
months of age for males and females and at the end stage of
the disease, i.e. at 4, 5, 6 and 7 months of age for males and
at 7 and 10 months of age for females. However, no lipid
accumulation was observed in any Lmna'???""???Pmice
(data not shown). Also, there was no difference in LV and
skeletal muscle SREBP1 and PPARy mRNA levels between
WT, a2 and Lmna™??PH22?P male mice. Thus,
Lmna'??P1222P pice did not develop any abnormal features
of lipid metabolism in affected tissues.

Normal localizations of lamins A/C and emerin proteins

is observed in the Lmna™???H222P pice

Localization of lamin A/C and emerin proteins in striated
muscle sections was evaluated at 6 months of age. Immuno-
histochemical analyses of lamins A/C and emerin localizations
in the heart (Fig. 6D—F) and gastrocnemius muscle (Fig. 6J—L)

of Lmna mice showed similar localization of these
proteins compared to heart and muscle of WT mice
(Fig. 6A—C and G-I, respectively). Normal localization of
these proteins was also observed in other skeletal muscles
(diaphragm, soleus, quadriceps, triceps) (data not shown).

Lmna™??PH222P nice exhibit alteration of

heterochromatin distribution in cardiac
and skeletal muscles

We analyzed the ultrastructure in cardiac and quadriceps
muscles by electron microscopy. The general architecture of
the myocytes was normal, the myofibrils were not disrupted
and the distribution of mitochondria was normal. Approxi-
mately 10% of the nuclei showed pathologic changes in
both heart and quadriceps (Fig. 7A and B). The heterochroma-
tin appeared to be very dark, highly condensed and with an
irregular distribution. We did not observe caryoplasm extru-
sion. Sometimes the nuclear membrane showed deep convolu-
tions, with the appearance of intranuclear tubules. These
abnormalities were also observed in satellite cells, fibroblasts
and endothelial cells of capillaries (Fig. 7C and D).
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Figure 4. Locomotion activities of the mice at 6 months of age. (A)
Exploratory locomotion activity of WT and Lmna™??"#?22F mice in open
field test for 5 min (r =3 for each group). (B) Rotarod assays performed
in WT and Lmna™??"1222F mice for 2 min (n =5 for each group). Black
bars and white bars represent the results in males and females, respectively.
*P < 0.01 versus sex-matched WT; **P < 0.001 versus sex-matched WT.

Lmna™???P/H222P nice exhibit increased nuclear

translocation of Smad proteins in cardiac and
skeletal muscles

A significant body of literature indicates that TGF-f3; is a power-
ful initiator for fibrosis, extracellular matrix deposition and
alteration of gene expression in heart (22). The intracellular
effectors of TGF-B signalling, the Smad proteins, when
activated via TGF-$ receptors, translocate into the nucleus
where they regulate gene transcription. Briefly, receptor-
activated Smad proteins, such as Smad2 and Smad3, are phos-
phorylated and form a heteromeric complex with Smad4.
These phosphorylated Smad2/3—Smad4 dimers then trans-
locate to the nucleus, mediating the target gene responses (22).
Previous studies demonstrated elevated levels of Smad proteins
and increased nuclear accumulation of phospholylated Smad2
(P-Smad?2) in failing heart, strongly suggesting that activation
of the Smad proteins is associated with fibrosis in failing
heart (23,24).

We hypothesized that pathologic alterations of the nuclear
envelope promoted by the Lmna mutation in Lmna'???"
H222P mice might alter the intranuclear import of Smad pro-
teins and hence might contribute to the striated muscle pheno-
type, especially the extensive fibrosis observed in both skeletal
and cardiac muscles. Immunofluorescence staining of heart
and diaphragm muscles from 5, 6 and 7 months of age
males and 10 months of age female mice revealed that
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Figure 5. Histological and histochemical analysis of skeletal muscles from
male WT (A, C, E, G, I and K) and Lmna'??*""??>(B, D, F, H, J and L)
mice at 6 months of age. Fresh frozen dia hrebgm (A and B) and soleus
muscles (C—L) from WT and Lmna"???""?22F mice were stained with
H&E (A-D), modified Gomori trichrome (E and F) or myofibrillar ATPase,
pH 9.3 (G and H), cytochrome ¢ oxidase (I and J) and succinate dehydrogen-
ase (K and L) activity. (A—F) Variability in fibre size with hypertrophic
muscle cells and numerous degenerative fibres (black arrowheads) were
observed in both diaphragm (b) and soleus (d) muscles in Lmna'™2?2/1222F
mice when compared with WT. In addition, the presence of interstitial fibrosis
(asterisk), splitting muscle fibres (white arrowheads) and internal nuclei (black
arrows) are indicated. (G—L) White arrows in Lmna’???" /H222P muscle indi-
cate abnormal reaction for myofibrillar ATPase at pH 9.4 (H). This abnormal-
ity is associated with focal loss of mitochondrial cytochrome c oxidase activity
(J) and succinate dehydrogenase activity (L); scale bar = 50 pm.
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Table 4. Blood chemistry data of WT and Lmna'"???""22?" mice aged 6—8 months

Sex Genotype n Glucose (mmol/1) TC (mmol/l) HDL-C (mmol/1) Triglycerides (mmol/l) Insulin (pg/l)
M WT 6 3.92 + 036 3.03 + 0.32 2.19 + 0.27 0.62 + 0.05 1.04 + 0.3
M Lmnq'1?22P/H2220 6 2.00 + 0.31** 320 + 0.36 2.10 + 0.18 0.98 + 0.18 0.50 + 0.1

F 6 3.02 + 0.50 341 + 030 2.40 + 0.22 0.77 + 0.06 0.48 + 0.13
F Lmna'1?22F/H2220 6 2.16 + 0.43 261 +0.24 1.79 + 0.21 1.34 + 0.16** 0.71 + 0.13

Blood biochemistry was measured after 6 months of age. The mice were matched for body weight; TC, total cholesterol; HDL-C, high density

lipoprotein cholesterol.
**P < 0.01 versus sex-matched WT.

Figure 6. Immunodetection of lamins A/C and emerin in heart and skeletal
muscles from male mice at 6 months of age. Immunostaining with lamin
A/C Ab (A, D, G and J), emerin Ab (B, E, H and K) and overlay (C, F, I
and L) show the localization of nuclear envelope proteins in heart and gastro-
cnemius muscle of WT (A, B, C, G, H and I) and Lmna'™???P/H222P pice (D, E,
F, J, K and L). In WT mice, lamin A/C (A and G) and emerin (B and H) pro-
teins were co-localized at nuclear periphery in heart (C) and gastrocnemius

. 222 .
muscle (I). In heart and gastrocnemius muscle of Lmna™?2P1222F mjce,

similar lamin A/C (D and J) and emerin (E and K) co-localization (F and L)
compared to WT were observed, respectively; scale bar = 20 pm.

phosphorylated Smad2/3 proteins (P-Smad2/3) were equally
distributed in both cytoplasm and nucleus in heart and skeletal
muscle of WT (Fig. 8A-D and I-L, respectively) and
Lmna™??"* mice (data not shown). In contrast, P-Smad2/3
detection in Lmna™???""?22F mouse tissues revealed an
accumulation of P-Smad2/3 in nuclei, with brightly stained

Figure 7. Nuclear morphology analysis of heart and quadriceps muscle from
male Lmna"???"#222F mice at 6 months of age. (A) Central deposit of densely
stained heterochromatin in the myocyte of quadriceps muscle. (B) Deep inden-
tations of the nuclear membrane in cardiomyocyte. (C and D) Condensation of
heterochromatin close to the membrane in fibroblast of the heart (C) and in
endothelial cell of a capillary (D) of the heart; scale bar = 1 pum.

regions co-localizing with nuclei of both myofibres and fibro-
sis areas (Fig. 8E—H and M—P, respectively). These staining
patterns of P-Smad2/3 were not observed on phosphatase-
treated tissue sections (data not shown). This increase of trans-
location of Smad proteins in the nuclei was confirmed by
western blot analysis. The protein amounts of total Smad2
(phosphorylated and non-phosphorylated) and Smad4 from
LV tissues of female mice of 9—12 months of age were deter-
mined after cell fractionation. In Lmna"???F/H222F 1y tissues,
the amounts of Smad2 and Smad4 proteins were increased in
the nuclear fraction when compared with WT and Lmna’???"/+
mouse hearts (Fig. 9).

DISCUSSION

In the present study, we developed Lmmna knock-in mice
carrying the H222P mutation that was identified in the
human LMNA gene in a family with typical AD-EDMD
(20). We show that at adulthood homozygous mutant mice,
Lmna'?22PH222F - develop muscular dystrophy and DCM
associated with conduction defects, reminiscent of EDMD in
human. Cardiac and skeletal muscle dysfunctions have a
later-onset in female than in male Lmna™???""2?2F mijce.
This is the first Lmna mouse model mimicking human lamino-
pathy from the gene mutation to the clinical features.

As we wanted to reproduce human pathologic conditions, we
precisely reproduced a human LMNA gene mutation in the
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Figure 8. Immunohistochemical analysis of P-Smad2/3 in heart and skeletal muscles from male mice at 6 months of age. Immunohistostainings with P-Smad2/3
Ab (B, F, J and N), desmin Ab (C, G, K and O) and overlay (D, H, L and P) show the localization of P-Smad2/3 proteins in heart (A—H) and diaphragm (I-P) of
WT (A-D and I-L) and Lmna"??*"""222F (E_H and M—P) mice. Nuclei in each tissue section were stained with DAPI (A, E, I and M). In WT mice, P-Smad2/3

proteins were localized at both cytosol and nuclei in heart (B) and diaphragm (J). In Lmna

H222P/H222P 1hice, P-Smad2/3 proteins showed predominant intranuclear

distribution in heart and diaphragm (F and N, respectively). This staining pattern was observed in both myocytes (white arrowheads in desmin positive area) and
non-myocyte cells (white arrows in desmin negative area); scale bar = 20 pm. Identical results were obtained in heart and diaphragm tissue sections from male
mice at 5 and 7 months of age and female mice at 10 months of age (data not shown).

mouse genome: the same single nucleotide base change
(CAT>CCT) in exon 4 of the murine Lmna gene and of the
human LMNA gene directs the same amino acid replacement
from histidine to proline at codon 222 in the murine lamins
A/C as in the human proteins (c.665A>C, p.H222P) (20).
The previous mouse model developed with the same aim,
ie. Lmna*" knock-in mice as an AD-EDMD mouse
model, led surprisingly to the development of clinical features
highly reminiscent of another type of human laminopathy, the
HGPS (19). HGPS is a premature ageing syndrome with a
median age at death of 13.4 years, clinically characterized
by postnatal growth retardation, midface hypoplasia, micro-
gnathia, cardiovascular disease, absence of subcutaneous fat,
alopecia and generalized osteodysplasia (9,10). The majority
of HGPS cases are caused by the single LMNA point mutation

G608G leading to the aberrant activation of a cryptic donor
splice site in exon 11 (9,10,25). Unexpectedly, the intro-
duction of the AD-EDMD L530P mutation in the mouse
genome produced a reduction in growth rate and pathologies
of bone, muscle and skin, and Lmna™3?"F3% mice died
by 4 weeks of age (19). Actually, similar to human HGPS,
these progeria-like features were associated with greatly
diminished levels of mutant lamin A/C mRNA and proteins
due to aberrant splicing 15192. The phenotype differences
observed between Lmna™???""222F “and  Lmna™>3"330F
mice are most probably due to the difference in the expression
of mutated protein. Indeed, Lmna™???"?2?F mice demon-
strated a normal expression level of both mutated lamin A/C
mRNA and proteins. The observation for the first time of
normal expression level of mutated lamin A/C in a Lmna
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Figure 9. Smad proteins localization in LV of female mice at 9—12 months
of age. Representative data for two WT, Lmna™*?"'* and Lmna'???7/112220
mice are shown. Experiments were repeated at least three times with three
mice from each group. Cytoplasmic and nuclear fractions of LV tissue were
solved on SDS—-PAGE and hybridized with Ab against total Smad2
(phosphrylated + non-phosphorylated forms) and Smad4 proteins. When
compared with WT and Lmna??"* mice, Lmna"??*""???F mice show
increased amounts of Smad2 and Smad4 proteins in the nuclear fractions
and decreased amount of total Smad2 proteins in the cytoplasmic fraction.
Detection of a-tubulin (cytoplasmic protein) and emerin (nuclear protein)
confirms that the cytoplasmic and nuclear fractions were correctly separated.

mouse model carrying an AD-EDMD mutation suggests that
stability of the mutated lamins A/C may be important for
developing a laminopathy specifically affecting striated
muscles in mice.

The other genetically engineered mice, i.e. Lmna null mice
(Lmna~'"), although not reproducing a human LMNA
mutation, develop some features of human laminopathies
(7,17,18,26). Regarding striated muscle laminopathy, Lmna '~
mice present rapid onset of muscular dystrophy associated
with progressive DCM and death by 8 weeks of age (17,18).
There are several points of similarity between Lmna ™'~ and
Lmna""???PH222P mice such as abnormal growth curve, abnor-
mal gait, muscle weakness, dystrophic muscles, DCM-CD
and abnormal chromatin organization. However, there are
also critical differences between the two strains as detailed in
Table 5. The main difference is the later-onset and the less
rapid progression of both muscular dystrophy and DCM-CD
in Lmna™??P"222P " mimicking the human pathology more
closely. Thus, the progression of the disease can be studied in
more detail, particularly in the heart. Indeed, PR interval is
increased in Lmna'??"H?22P male mice in the early stage
of DCM at 3 months of age, indicating atrio-ventricular
conduction defects, whereas QRS duration increases at 5
months of age, indicating intraventricular conduction disturb-
ance, probably due to the marked increase of fibrosis and
cardiac chamber dilation at this stage of the disease. In con-
trast, the Lmna~'~ mice had normal cardiac ECG and echo-
cardiography parameters at 2 weeks, exhibited DCM with
prolongations of both PR interval and QRS duration at 4—6
weeks of age and died at 8 weeks (18). Thus, the disease
of the Lmna™??P"222P mice quite closely mimics human
cardiac disease, in which atrio-ventricular conduction defects
are most frequently the first cardiac symptoms in patients,
DCM arising usually later during progression of the cardiac

Table 5. Comparison of striated muscles phenotype in Lmna™??"#222F  Limna ™'~ mice and human

Striated muscle laminopathy in human

Lmna~'~ mice?

H222P/H222P mice

Lmna

Deletion of Lmna exon 8—11 80% of missense LMNA mutation (15)

Missense Lmna mutation

Gene defect

Only homozygous mice are affected

Highly decreased

Absent

Only homozygous mice are affected

Normal
Normal

Disease expression mode
mRNA expression level

Normal for missense mutation (56), haploinsufficiency for

Lamin A/C expression and

nonsense mutation (27)
Normal in muscle biopsies (3,56,57)

localization
Emerin expression and localization

Ultrastructure analysis

Present but with abnormal localization
Changes in nuclear morphology and

Normal

Chromatin reorganization in skeletal muscle (56,58),

Abnormal heterochromatin organization

nucleoplam extrusion in cardiomyocyte (29)
Abnormal gait with early contractures in EDMD and late

heterochromatin organization
Abnormal gait with a stiff walking

Abnormal gait with a stiff walking

Contractures and abnormal gait

minimal contractures in LGMDI1B (30)
Patients could lose ambulation in severe cases (15)

posture

posture
Greatly impaired

7?

Locomotion activity

Humero-peroneal muscles weakness in EDMD; limb-girdle

Perivertebral, rectus femoris and

Diaphragm, soleus, gastrocnemius,

Muscular weakness and dystrophic

muscles weakness in LGMDI1B (30), dystrophic features in muscle

biopsies from deltoid or quadriceps (30,59)

After 2nd decade (15)
After 2nd decade (15)

semimembranous muscles

quadriceps, triceps and tibialis anterior

features

At 1 month
At 1 month

At 2 months in males, at 4 months in females

At 3 months in male

Progressive dilated cardiomyopathy

Conduction defects
Myocard histology

Death

High frequency of cardiac death after 2nd decade (16)

Myocyte damage, intertistitial fibrosis (29)

No necrosis, no fibrosis

At 2 months

At 4—-9 months for male, at 7—13 months

Degenerated myocytes, important fibrosis
for female

Some patients may exhibit some features of partial lipodystrophy (13)

Not reported

No insulin resistance

No insulin resistance
Yes No

Feature of partial lipodystrophy

Gender difference

“From Sullivan et al. (17), Nikolova et al. (18) and Cutler et al. (26).



disease (16,27—31). These cardiac dysfunctions are associated
with cardiomyocyte degeneration and a marked increase of
interstitial fibrosis in the Lmna™??"?2?" mouse hearts.
These features were not observed in Lmna '~ mouse hearts
(18) but were reported in patients in whom cardiac histo-
pathological analysis was performed (4,29,32). Significant
dystrophic features and fibrosis were also present in the dia-
phragm of Lmna™??"H?2?F mice associated with rapid
shallow breathing; this muscle being largely unaffected in
the Lmna~'~ mice (18). Histological analysis of diaphragm
in patients has never been reported. Diaphragm biopsies are
not performed in patients, and respiratory investigations are
not routinely carried out most probably due to the fact that
respiratory insufficiency is not a hallmark of striated muscle
laminopathy. In order to evaluate further such impairment in
patients, we retrospectively analyzed clinical details of
patients who had systematic respiratory investigations.
Among 57 cases, seven were identified with severe impair-
ment of respiratory function (33,34). This result suggests
that involvement of the diaphragm or accessory respiratory
muscles may be underestimated in human striated muscle
laminopathy, further investigations are needed to confirm
these first results.

A striking feature is the death between 4 and 13 months of
age of the Lmna'???""222P mice. Death was most probably
due to a combination of arrhythmia, end-stage heart failure due
to DCM with decreased LVFS and respiratory failure as a
consequence of weak performance of dystrophic diaphragm.
All the Lmna™'~ mice died even earlier at 2 months of age
(17) probably due to the more rapidly progressive cardiac
disease, although arrhythmia and diaphragm defects were
not reported in the Lmna '~ mice (17,18).

Interestingly, the weaker performance of heart and skeletal
muscles and early death in Lmna??"""???F mice had a later-
onset in females than in males Lmna’????"?2?F mice. This
gender difference was not reported in Lmna '~ mice, although
the early death by 2 months of age may prevent the detection
of discrepancies between males and females. Several gene-
targeted mouse strains demonstrated that male mice displayed
more pronounced abnormalities in cardiac function than
females (35-39). It was suggested that steroid-hormones,
such as testosterone and estrogens, may explain these gender
differences in cardiac dysfunction (40,41). On the other
hand, gender differences in mouse strains with skeletal
muscle disorders seem to be unknown. We provide here the
first evidence of sex-related survival benefits in an animal
model of cardiac and skeletal myopathy. Although the mecha-
nism by which this may occur is still unknown, one could
hypothesize that ovarian hormones may play a protective
role in the onset of disease in females or testicular hormones
may accelerate the development of phenotypes in males in
this mouse model. Future studies using ovariectomy or cas-
tration of the Lmna™??P"?22F mice may further elucidate
these mechanisms. Additional studies are also needed to
determine whether such gender difference may exist in
human affected by striated muscle laminopathies, as it has
not been reported yet for EDMD, LGMDIB or DCM-CD.

Surprisingly, Lmna???”’* mice showed no abnormalities
up to 1 year of age despite the fact that the majority of patients
reported so far with striated muscle-specific laminopathy carry
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heterozygous LMNA mutation. There are numerous precedents
for mouse models of human disease for which the mice
presenting clinical phenotypes carry homozygous mutated
alleles, whereas the patients are heterozygous for the
mutated allele (42), just as we observed in the present study,

with only Lmna'????#222F mice developing a dystrophic con-
dition in skeletal muscles and heart. Similarly the other two
genetically engineered mice for the Lmna gene, Lmna '~

and Lmna™3°" knock-in mice, exhibit clinical features only
when they carry homozygous Lmna mutations (17,19). This
may reflect different downstream pathways of the gene
mutation between human and mouse. However, homozygous
H222Y LMNA mutation in human leads to AR-EDMD (43).
Although the substituted amino acids are different (proline
or tyrosine), the modification of arginine 222 in lamins A/C
seems to be particularly sensitive to the development of dis-
eases in both human and mouse. Also, we cannot completely

exclude the possibility that Lmna"™???”* mice may develop
abnormal phenotypes with advanced age. Further studies
will be required to characterize any clinical features of
human laminopathies in Lmna""???”* mice.

All  differences observed between Lmna and
Lmna'?2P1222F mice are probably due to the distinction
between complete loss of lamins A/C function (Lmna ")
and alteration of the function by the existence of particular

mutant alleles (Lmna'?????22F) " Development of other
knock-in Lmna mouse models with introduction of an
EDMD mutation localized in the N-terminal domain of
lamins A/C is in progress. Further comparison between pheno-
types of each gene-engineered mouse model and human
striated muscle-specific laminopathies may throw light on
the pathogenesis of this type of laminopathy.

One of the specific and important features of Lmna
mice is the extensive fibrosis observed in both cardiac and
skeletal muscles, a feature that was also present in patients
with striated muscle laminopathies. Interestingly, the obser-
vation of abnormal intranuclear accumulation of P-Smad2/3
proteins in myocycte and non-myocyte cells in cardiac and

skeletal muscles of Lmna'™???P222F mice may partly
explain this extensive fibrosis. Indeed, similar to what has
been observed in hearts of other animal models of heart
failure, activation of Smad proteins in cardiac fibroblasts and
myofibroblasts was reported to play important roles in
cardiac fibrosis (22—24). This intranuclear accumulation of
Smad proteins most probably occurs secondary to an increase
of circulating TGF-3 generated by the failing heart and dys-
trophic muscles, even if we cannot completely exclude the
hypothesis of abnormal nuclear shuttling of Smad proteins
through nuclear pore complexes due to mutated lamins A/C.
Thus, the puzzle of pathophysiological mechanisms is far
from solved. The precise downstream effects of Smad
protein activation in striated muscles of Lmna'???7H222F
mice need to be explored further. Global gene expression
profiling such as gene chip analysis would be a useful tool
for investigating the consequence of P-Smad2/3 and Smad4
import into myocyte nuclei.

Thus, the two main pathophysiological hypotheses proposed
for laminopathies, i.e. mechanical stress and gene expression
alteration (2,44) are both most probably involved in

/—

H222P/H222P
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Lmna'?27H222F mice, as was recently suggested in analyses

of Lmna™'~ mice in which impaired nuclear mechanics in
absence of lamins A/C lead to alterations in gene expression
(18,45). But this may be accomplished through a different
intracellular pathway. Further investigations are needed to
elucidate the pathogenic mechanisms of the Lmna H222P
mutation.

In summary, the homozygous knock-in mice carrying the
Lmna H222P mutation that we have generated faithfully repro-
duce the most frequent types of human laminopathies, those
affecting striated muscles: a missense mutation identified in
human, development of the dystrophic condition in both ske-
letal and cardiac muscles at adulthood, normal expression
and localization of lamins A/C and emerin and abnormal het-
erochromatin organization. An intriguing difference between
men and mice is that the clinical phenotype develops in
heterozygous and homozygous, respectively. In addition,
although we have not solved all the molecular basis under-
lying the pathology, demonstration of abnormal behaviour of
intracellular TGF-B effectors, the Smad proteins, within the
affected tissues, i.e. the striated muscles, shed further light
on the pathomechanisms of striated muscle laminopathies.

These knock-in LMNA™???" mice represent an important
animal model for studies of the pathogenesis of laminopathies
specifically affecting striated muscles and provide important
tools for the development of new treatment strategies, in
particular for DCM.

MATERIALS AND METHODS
Production of targeted Lmna H222P mice

Lmna H222P KI mice were generated by homologous
recombination in CK35 ES cells (46). Lmna genomic clones
were isolated from a 129/sv] mouse BAC genomic library
(Genomesystem®) that contains genomic fragments encom-
passing the whole murine Lmna gene. The targeting vector
for the H222P missense mutation was constructed using a
6 kb Xhol fragment encompassing exons 2—11 of the Lmna
gene (Fig. 1A). A BsrGI-Clal PCR fragment containing the
H222P mutation in exon 4 (CAT > CCT) and a new Sall
restriction site in intron 3 was subcloned in this 6 kb Xhol frag-
ment. A Cre/Neo-loxP auto-deleting selection cassette was
introduced in intron 3 via the new Sall site (47). Addition of
a thymidine kinase selection cassette after exon 11 allowed
negative selection (Fig. 1A). G418®—GANCR® resistant ES
clones were selected and screened for homologous recombina-
tion by Southern blotting as indicated in Figure 1B. For the
H222P mutant allele, the Cre/Neo-loxP cassette introduced a
new HindllI site, resulting in HindlIlIl restriction fragments of
5.8 kb, whereas the WT allele produced a 8.5 kb fragment
(Fig. 1A and B). In addition to new fragments by HindIIl
restriction, longer BsrGI fragments (10.1 kb) when compared
with WT (6.4 kb) were also produced in the mutant allele.
Recombinant ES cells were injected in Balb/c blastocysts
and implanted into pseudopregnant females. Founders were
bred to WT C57BL/6 females to check for germline trans-
mission. Germline transmission of H222P mutation and self-
excision of the Cre/Neo cassette in the germ line of chimeric
mice were confirmed by PCR analyses on genomic DNA

from heterozygous animals (data not shown) (47). Subsequent
breeding produced animals containing the H222P mutation but
lacking the Cre/Neo cassette and the genotypes were detected
by PCR analyses and sequencing on tail genomic DNA with
the following oligonucleotides: 3F, 5’-cagccatcacctetectttg-3’
and 4R, 5’-agcaccagggagaggacagga-3’ (Fig. 1C). The single
loxP site remaining in the Lmna H222P allele after deletion
of the Cre/Neo resulted in an amplified PCR product 73 bp
longer than the 580 bp fragment amplified from the WT
Lmna allele. These mice and their litter matched WT were
used in all subsequent studies. All experiments were per-
formed in accordance with the guide for the care and use of
laboratory animals published by the NIH (publication
No. 85-23, revised 1985).

mRNA and protein expression

After macroscopic examination of the tissues, mouse heart
and skeletal muscles were dissected and rapidly frozen in
liquid-nitrogen. Total RNA was extracted from LV or skeletal
muscles using RNA plus reagent (Qbiogene, Illkirch, France) as
described by the manufacturer. RNA concentrations and purity
were determined spectrophotometrically and RNA quality
further assessed by electrophoretic separation in agarose gels.
mRNA expression levels for Lmna and Emd encoding emerin
protein were measured by quantitative RT—PCR using the
LightCycler Real Time PCR System with the LightCycler
FastStart DNA Master SYBR Green I kit (Roche Diagnostic
GmbH, Mannheim, Germany). mRNA expression levels for
SREBPI and PPARG encoding SREBP1 and PPAR proteins
were also determined. Expression level of mouse B-actin was
used as an internal control.

For western blot analyses, frozen tissues were homogenized
in a total protein extraction buffer (2% SDS, 250 mM sucrose,
75 mM urea, 1 mm dithiothreitol and 50 mM Tris—HCI, pH 7.5)
with protease inhibitor (25 pg/ml aprotinin and 10 pg/ml
leupeptin) by FastPrep System (Qbiogene). After determi-
nation of protein concentration using the BC assay kit (Uptima,
Montlucon, France), total protein was separated on SDS—
PAGE gels and hybridized with primary rabbit anti-lamins
A/C polyclonal antibody (Ab) (1:200, Santa Cruz Biotechno-
logy Inc., CA, USA), primary rabbit anti-emerin polyclonal Ab
(1:400, kindly provided by G.E. Morris, NEWI, UK), primary
rabbit anti-calsequestrin polyclonal Ab (1:2500, Affinity
BioReagent™™, CO, USA) or primary mouse anti-a-tubulin
monoclonal Ab (Sigma-Aldrich Chemie GmBH, Steinheim,
Germany) and with secondary rabbit anti-mouse (for mono-
clonal Ab) or goat anti-rabbit (for polyclonal Ab) IgG HRP-
conjugated Ab (1:2000, Dako A/S, Grostrup, Denmark).
Nuclear and cytoplasmic protein fractions were extracted
from frozen LV tissues using NE-PER kits (Pierce Biotechnol-
ogy Inc., IL, USA). After determination of protein concen-
tration using the BC assay kit (Uptima), proteins were
separated on SDS—PAGE gels and hybridized with primary
rabbit anti-Smad2 polyclonal Ab (1:100, Zymed Laboratories
Inc., CA, USA), primary rabbit anti-Smad4 polyclonal Ab
(1:100, Santa Cruz Biotechnology Inc.), primary rabbit anti-
emerin polyclonal Ab or primary mouse anti-a-tubulin mono-
clonal Ab and with secondary rabbit anti-mouse or goat



anti-rabbit IgG HRP-conjugated Ab. Recognized proteins
were visualized by enhanced chemiluminescence (Pierce).

Echocardiography

Transthoracic echocardiography was performed in the mice
using an Acuson 128XP/10 cardiac ultrasound machine with
Acuson 10 MHz linear probe (Mountain View, CA, USA) at
room temperature. Mice were slightly anesthetized with
0.5—1% isoflurane (Abbott Inc., Rungis, France) in O,. LV
parameters were obtained from M-mode recordings in a modi-
fied short axis view. Interventricular septal wall thickness in
diastole (IVSd), posterior wall thickness in diastole (PWd),
LV end-diastolic (LVEDD) and LV end-systolic (LVESD)
diameters were calculated from the mean of at least three
separate cardiac cycles. On the basis of the results of each
diameters, the LV mass (LVM) and the percentage of LVFS
were calculated as follows: [(IVSd+PWd + EDD)* —
EDD?] x 1.055 (48) and (LVEDD — LVESD)/LVEDD x 100
(49), respectively.

Blood pressure measurement

Systolic blood pressure measurements were performed by
the indirect tail-cuff sphygmomanometer method. Non-
anaesthetized mice, kept at 30°C, were trained for restrainers
and tail-cuff inflation. Systolic blood pressure was recorded
by using a PowerLab/S system connected to CHART software
(A.D. Instruments, Milford, MA, USA) (50).

Electrocardiogram

Long-term telemetric ambulatory ECG were recorded in
mice with implantable transmitters (ETA-F20, Data Sciences
International, MN, USA). Transmitters were inserted sub-
cutaneously in the abdominal region under anesthesia with
ketamine [75 mg per kg body weight (BW) intraperitoneally],
xylazine (15 mg per kg BW intraperitoneally) and midazolam
(0.75 mg per kg BW intraperitoneally). The mice were placed
in cages on top of a receiver for transmission of ECG signals
connected to a computer for display and analysis by
Dataquest'™ A.R.T™ software (Data Sciences International).
Telemeteric ECG tracings were obtained in conscious mice
during quiet awake time at daytime and the PR interval and
QRS duration were measured.

Locomotion tests

We examined exploratory locomotion of mice in an open field
test. In each experiment, a mouse was placed on a new wide
area and the time the mouse spent moving around over
5 min was measured. For the rotating rod task, mice were
tested with 16 r.p.m. to test forced locomotion activity. Each
mouse was tested three times for 2 min with 30 min recovery
between each test (51).

Histopathological and histochemical analyses

Fresh specimens from individual skeletal and cardiac muscles
were snap frozen in liquid-nitrogen-cooled isopentane (VWR
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International, Fontenay-sous-Bois, France), and stored at
—80°C until further processing. Frozen sections (8 pm) of
transversal cardiac and skeletal muscles were stained with
H&E, modified Gomori trichrome and Oil Red O stains, and
labelled for localization of myofibrillar ATPase, cytochrome ¢
oxidase and succinate dehydrogenase activity by standard
methods (52). Sections were analyzed by light microscopy.
For immunohistochemical analysis, tissue sections were
fixed for 10 min in 100% ethanol and incubated for 1 h with
blocking solution (10% goat serum, 0.03% Triton-X in PBS)
at room temperature. For detection of lamins A/C and
emerin, primary rabbit anti-emerin polyclonal Ab (1:200,
kindly provided by G.E. Morris) were diluted in an incubation
buffer (1% goat serum, 0.03% Triton-X in PBS) and sections
were incubated overnight at room temperature. Sections were
washed three times with 0.03% Triton-X in PBS and incubated
with a secondary sheep anti-rabbit IgG FITC-conjugated Ab
(1:500, Amrad Biotech, Victoria, Australia) for 1 h at room
temperature. After washing with 0.03% Triton-X in PBS,
immunoreaction against lamin A/C proteins was then per-
formed on the sections using Vector® M.O.M.™ Immuno-
detection Kit (Vector Laboratories Inc., CA, USA) according
to the manufacturer’s instruction. The primary and secondary
antibodies used were mouse anti-lamins A/C monoclonal Ab
4A7 (1:200, kindly provided by G.E. Morris) and Alexa
fluor 568 goat anti-mouse IgG; (1:500, Molecular Probes,
Leiden, The Netherlands), respectively. For immunohisto-
chemical analysis of P-Smad2/3 and desmin, the primary
antibodies used were goat anti-P-Smad2/3 polyclonal Ab
(1:100, Santa Cruz Biotechnology Inc.) and mouse anti-
desmin monoclonal Ab (1:200, Dako A/S) and the secondary
antibodies used were rabbit anti-goat IgG FITC-conjugated Ab
(1:500, Dako A/S) and Alexa fluor 568 goat anti-mouse 1gG,
respectively. Dephosphorylation of cryostat tissue sections
with alkaline phosphatase (10 U per ml at 37°C for 1h,
Promega Biosciences Inc., CA, USA) was performed to
obtain a negative control of P-Smad2/3 labelling. All tissue
sections were counter-stained with 4',6-diamidino-2-phenylin-
dole dihydrochloride (DAPI), and images were collected and
analyzed with confocal Leica TCS4D DMRB microscope or
Carl Zeiss Axiophot2 microscope and appropriate software.

Electron microscopy

The muscle specimens (LV and quadriceps) were immediately
fixed for 2 h in 2.5% cold glutaraldehyde with 0.1 M cacody-
late buffer, pH 7.3. After washing in cacodylate buffer, the
specimens were post-fixed in 1% osmium tetroxyde in the
same buffer, dehydrated with graded series of ethanol and
embedded in Epon. Then 0.7 wm thick sections were stained
with toludine blue alkaline. The ultrathin sections were
stained with uranyl acetate, citrated and observed with a
Philips CM 120 electron microscope at 80 kV (53).

Serum biochemical analyses

Blood samples were obtained after 18 h fasting from male
and female WT and Lmna"???""#???F mice between 6 and 8
months of age. The following biochemical parameters were
measured as previously described (54,55): glucose, total
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cholesterol, high density lipoprotein cholesterol, low density
lipoprotein, triglycerides, uric acids, aspartate aminotransferase
and alanine aminotransferase. All tests were performed at the
Institut Clinique de la Souris (Strasbourg, France).

Statistical analysis

All data were acquired and analyzed by observers who were
blinded to the animals’ genotypes. Continuous variables
were analyzed using ANOVA and Student’s #-test for paired
values. Statistical comparisons for cardiac dimension data
were made before and after normalization for BW differences.
The measured values were expressed as mean + SEM.
P-values of less than 0.05 were considered to be statistically
significant.
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