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Addendum

This monograph was planned to be published within 2012, but was delayed to Sep. 2013. During the
interval, both case number and gene analyses proceeded and the authors add recent up-to-date SNP in March
2014 and displayed below. HF-related GWAS was reported in European American and African American
(Smith et al., Circulation, 'cardiovascular genet.,3: 256-66, 2010) and some SNPs were coincided with our
results in part (* ref. column in the table). Also, note that recent paper whole-exome sequencing (Yang et al.,
N Engl J Med, 369:1502-11; 2013) indicated 25% confirmation with in consecutive families with neurological
diseases mainly.

E-mail address to TT was changed to toyo3terry@gmail.com.

Heart failure (HF)-related nuclear and mitochonsrial genome-wide
association study (GWAS) in each chromosome and mitochondrion

chr. gene approx. sequenced HF- HF/length missense nonsyn/ in/del, total  total total
Number number o7& length  "e21ted oy aa ORF  °%POr ionp  gyn.  onv "ef
(Mbp) allele # ncRNA
1 >3000 240 ~90% 45865 - 153% 483 18213 =
2 >2500 240 ~95% 56452 8.7% 372 16969. =*
3 1900 200 ~95% 12579 1.6% 59 3209 *
4 1600 190 ~95% 26712 4.7% 119 14375
5 1700 180 > 95% 56291 11.4% 304 4013
6 1900 170 > 95% 48149 10.7% 326 18213
7 1800 : 150 > 95% 20389 5.4% 181 11673 =*
8 1400 140 > 95% 48527 2.0% o 13431 =*
9 >1400 130 > 85% 41451 6.7% 208 10653 *
10 >1400 130 > 95% 25083 5.0% 65 6899 *
11 2000 130 > 95% 1480 0.6% 20 379 %
12 1600 130 > 95% 42750 12.9% 4185 10170 =
13 800 110 > 80% 34063 9.5% 138 9042
14 1200 100 > 80% 27849 10.6% 206 8341
15 1200 100 > 80% 26121 10.2% 261 6396 *
16 1300 90 > 85% 23237 3.5% 251 7259
17 1600 80 > 95% 9513 9.1% 174 2295
18 600 70 > 95% 11191 10.8% 67 2636
19 >1700 60 > 85% 7624 11.5% 227 3391 %
20 900 60 > 90% 22807 19.9% 217 6041
21 400 40 > 70% 12537 14.3% 88 3277
22 800 40 ~70% 11411 17.8% 161 2925
X >1400 150 ~95% 42323 15.7% 313 9301
Y >366 50 ~50% 366 0.0% 1 ?
mt 37 0016569 complete 119 150602.0% 63 5
Umbiguous 116
Jo assembly 44
Sum ~35000 2.93 Bbp 50~100% ~663800 3084 >2796 385031 >4718:1881086
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Aims

Ageing is an important risk factor of cardiovascular diseases including heart failure. Senescence marker protein 30
(SMP30), which was originally identified as an impartant ageing marker protein, is assumed to act as a novel anti-
ageing factor in various organs. However, the role of SMP30 in the heart has not been previcusly explored. In this
study, our aim was to elucidate the functional role of SMP30 on cardiac remodelling,

Methods
and results

SMP30 knockout (KC) mice and wild-type {(WT) mice were subjected to continuous angiotensin: || (Ang ) infusion. After
14 days, the extent of cardiac hypertrophy and myocardial fibrosis was significantly higher in SMP30-KO mice thanin WT
mice. Echocardiography revealed that SMP30-KO mice had more severely depressed systolic and diastolic function with
left ventricular dilatation compared with WWT mice, Generation of reactive oxygen species related with activation of nico-
tinamide adenine dinuclectide phosphate-oxidase was greater in SMP30-KO mice than in WT mice. The number of deox-
ynucleotidyl transferase~-mediated dUTP nick end-labelling positive nuclei was markedly increased in SMP30-KO mice
with activation of caspase-3, increases in the Bax to Bel-2 ratio and phosphorytation of ¢-fun N-terminal kinase comparsd
with WT mice. Furthermore, the number of senescence-associated B-galactosidase-positive cells was significantly
increased via up-regulation of p21 gene expression in SMP30-KO mice compared with WT mice.

Conclusion
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ieywords

This study demonstrated the first evidence that deficiency of SMP30 exacerbates Ang ll-induced cardiac hypertrophy,
dysfunction, and remodeliing, suggesting that SMP30 has a cardio-protective role in cardiac remodelling with anti-oxida-
tive and anti-apoptotic effects in response to Ang Il
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Sensscence marker protein 30 (SMP30) = Ageing » Remodelling » Oxidative stress » Apopiosis
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1. Introduction

The prevalence and mortality rate of heart failure dramatically increase
in older people, and ageing is one of thie risk factors for cardiovascular
events, With ageing, the heart shows changes in cardiac structure and
function. Age-associated cardiac remodelling includes an enfargament
of cardiomyocyte size, loss of myocytes due to apoptosis or necrosis,
and increase of matrix connective tissue. These age-asscdiated cardiac
changes seem to be relevant to the steep increases in left ventricular
hypertrophy, diastolic dysfunction, and subsequent heart failure.?
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Oxidative stress is considered to be ap important factor in control-
ling heart ageing.® It is well known that the renin—angiotensin system
(RAS) is a central component of the physiological and pathological
responses of the cardiovascular system. Activation of RAS is a
significant driver of oxidative stress and is involved in age-related
cardiac remodslling. Angiotenzin Il {Ang I}, the primary effector
molacule of RAS, contributes not only to vasoconstriction and hyper-
tension, but also 1o cardiac hypertrophy, ramodelling, and heart
failure. Therefore, Ang Il signalling appears to play a critical role in
heart ageing.
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Senescence marier protain 30 (SMP30), a 34-kDa protein, was origin-
atly identified as a novelagaing marker protein in ra fwcr whose expres-
sion decreases androgen-indepandently with age.” SMP30 transcripts
are detectadinalmastall organs, and the SMP30 gene is highly conserved
among numerous animal species including hurmans.” Intracellular local-
jzation of SMP30 is in the cytoplasm and perinuclear regions, and
SMP30 exists in multiple forms under physiclogical conditions.” It has
heen demanstrated that SMP3Q plays multifunctional roles as Ca®!
regutator (named as regucalein),” anti- <3><ic‘Jzufﬂ:"j and enzymatic ability
ta hydrolyze di-isopropyl phosphorofluor idate” Recently, SMP30 has
gluconolactonase, which is involved in ascorbic

acid (vitamin C) Dlosymhe51s in marmmails, whereas human beings are

been determined as s

unable to synthesize vitamin C in vivo because of mutations in
L-gulonolactone axidase, ™

SMP30-knockout (KO) mice have been generated’ ai
shorter life span than that of the wild-type (WT) mice on a vitamin C-
deficient diet.'* Using SMP30-KQ mice, recent reports have demon-
st::«rlx,d that SMP30 functions to protect cells from apoptosis in the
and that SMP30 has protPct ive eﬂ‘ecLs against age-associated oxi-
dative stress in the brain'® and lungs." Furthermore, SMP30-KO mice
have shawn accelerated senescence in the kidney' and the worsening
of gucose tolerance.'® Talken together, SMP30 is assumed to behave
as an anti-ageing factor, However, the role of SMP30 in the heart has
not been previously explored.

We hypothasized that SMP30 has cardio-protective functions from
harmful stimuli with anti-oxidative and anti-apoptotic effects. To test
the hypothesis, we used SMP30-KO mice to examine the effects of
SMP30 on Ang il-induced cardiac hypertrophy and remaodelling in vivo.

nd showead a

liver'!

2. Methods

For additional detailed methods, olease see Supplementary material online..

2.1 Animal protocol

SMP30-KO (C57BL/6 bacikground) mice were established as previously
veported.”” Drinking water containing vitamin C (1.5 g/l) was provided
for the SMP30-KO mice to "’VGId vitamin C deficiency due to their inability
ra sypthesize vitamin Cin vivo."® After anaesthetizing the mice by L.p. injection
of pentobarbital {50 mg/lg body weight), an osmetic minioumg (ALZET
micro-osmaotic pump MODEL 1002, DURECT Co., Cupertino, CA, USA)
was subcutaneously implanted, and Ang 1l (800 ng/kg/min) was continuously
infused for 14 days.'”'® Controls were administered saling, The investiga-
tions conformed to the Guide for the Care and Use of Laboratory Animals pub-
lisnec by the US MNational Institutes of Health {MIH publication, 8th Edition,
2011} Cur research protocol was approved by the institutional review
board, and all animal experiments were conducted in accordance with the
guidelinas of Fulwshima Medical University Animal Research Committee,

2.2 Measurement of vitamin C

Totalvitamin Clevelsinthe heart were measured by the dinitrophenylhydra-
zine method according to the manufacturer’s protocol (SHIMA Laboratories
Co. Led,, Takyo, Japan)."*

2.3 Measurements of blood pressure and heart
rate

Mice were imolanted with a radiotelemetry probe (TAT1PA-C22, Data
Sciences Intarnational, StPaul, MM, USA) underip. anagsthesia by pentebar-
biral (50 mgfkg body weight) as descrined prexdousty.w After a recovery
phase of 10 days, basal arterial pressure and heart rate (HR) were started
o recorded. After the measurement of control. Ang il was subcutaneously
infused via an asmotic minipump, and the data were racorded.

2.4 Echocardiography

Transthoracic echecardiograpiy was performed using Vevo 2100 High-
Resolution In Viva Imaging System (Visual Sonics, Inc., Torente, Canada)
with a high-resolution 40-MHz imaging transducer as previous reports
described.?™* Mice were lightly anaesthetized by titrating isoflurane (0.5—
1.5%) to achieve an HR of ~400 b.p.arr. and all the measurements were
obtained from three cardiac cycles.

2.5 Cardiac catheterization

he cardiac catheterization was performed as cribed previously.
Briefly, mice were anaesthetized by .o, injecticon of 2 2-tribromo-ethanol
(250 mgfkg body weight), the right carctid artery was cannulated with
the micropressure transducer (samba preclin 420 LP, Sambe Senscrs AB,
Gothenburg, Sweden) into the loft ventricle, Adequacy of anaesthesia wa
monitored by HR, aortic blood pressures, and respiratory rate as well as
the absence of reactions of painful stimuli. The data were measured using
the Labsaribe 2 software (IWorsx Systerns, Inc., Dover, NH, USA),

23

2.6 Histopathological analysis
After continuous infusion of Ang Il ar saline for 14 days, mice were sacrificed
by cervical dislocation and hearts were rapidly excised. The pareffin-
embedded heart sections were stained with haematoxylin and eosin or
Elastica-Masson. The cross-sectional area of cardiomyocyte and fibrosis
fraction was measured using the NIH Image] software (Mational Institutes
of Health, Bethesda, MD, USA} and Adobe Photoshep CS2 (Adobe,
San jose, CA, USA) ™

In immunochistochemical analysis, the paraffin-embedded sections were
incubated with anti-5MP30 antibody (SHIMA Laboratories Co. Ltd,
Tokyo, Japan) with a dilution of 1:200 or nagative control (normal serum).
The sections were stained with horseradish peroxidase-conjugated second-
ary antiody (Histofine Simple Stain Mouse MAX PO (R). Michirei Bios-
ciences, Inc., Toicyo, Japan) and diaminobenzidine etrahydrochloride, and
counterstainad with haematoxylin.

2.7 Assessment of reactive oxygen species
generation

The fresh-frozen neart sections were incubated with 10 pwmol/L dihy-
droethidium {DHE, Sigma-Aldrich Co., St Louis, MO, USAYL*?¢ The flucres-
cent images were acquired using fluorescence microscope (Olympus X71,
OLYMPUS Optical Co., Tokyo, Japan) and the mean DHE fluorescence in-
tensity of cardiomyocytes was quantitated with the NIH image) sofeware™®
In addition, 10 mmol/L apocynin, a nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase inhibitor, was provided in drinking water with Angll
continuaus infusion, and reactive oxygen spacies (ROS) generation was eval-
uatec by DHE staining.™

2.8 Western blotting

Total protain was extracted from the snap-frozen left ventricle using Cell
Lysis Buffer (Cell Signaling Technology, Inc., Baverly. MA, USA) with Prote-
ase Inhibitor Cocktail (BD Biosciences, San jose, CA, USA) as previous
reports described.*! The primary antibodies were as foltews: anti-SMP30,
anti-67%", anti-Bax, anti-Bel-2, anti-phospho-stress-activated protein
kinasefc-Jun M-terminal kinase (SAPKAMEK. Thl83/Tyr185), anti-SAPK/
INK (Cell Signaling Technelogy. Inc), anti-activated-caspase-3 {Bioworld
Technology, Inc., Minneapolis, MM, LSA), and mouse anti-B-actdn {Santa

Cruz Biot r:n:hmlmgy Irnc.). The signals from immunoreactive bands were
visualize 'v an Amersham ECL system {Amearsham Pharmacia Biotech
UK Ltd.. Buckinghamshire, UK) and quantified using densitometric analysis.
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Figure | SMP30 expression in heart tissue, (4) SMP30 is expressed in cardiomyocytes, fibroblasts, and vascular endothelial cells (left, magnification
% 200; middle, %400}, Right panel indicates negative control { x400), (B) Cardiac SMP30 expression was significantly decreased by 40% at 12-month-old
YT mice (old) compared with 3-month-old WT mice {young). {C) Cardiac SMP30 expression was significantly decreased by 50% after Ang I infusion for 14
days in WT mice. Results are mean + 5D from 3 mice in each group. *P << 0.05 vs. young mice or control.

2.9 In vivo terminal deoxynucleotidyl
transferase-mediated dUTP nick

end- labellingassay

Apoprosis was detected by the terminal deoxynucleotidyl transferase-
mediared dUTP nick end-labelling (TUNEL} method {(Cardic TACS In Situ
Apoptosis Detection i, Trevigen, Inc., Gaithersburg, MD, USA) according
to the manufacturer’s instructions. TUNEL-positive nuclei were counted,
and then expressad as a per cent of the total nuclei. ®

2.10 Senescence-associated f-galactosidase
activity

Senescence-associated B-galactosidase (SA-B-gal) swining was performed
according to the manufacturar’s protocol (BioVision, Inc, Mountain View,
CA, USALY $A-B-gal-positive cardiomyocytes were visualized as blue
colour under light microscopy, and positive cells for SA-B-gal activity were
counted.

2.11 Reverse transcription polymerase chain
reaction

Toual RNA was extractec from the snep-frozen left ventricle using TRIzol
reagent {Invitrogen, Carlsbad, CA, USA)*® Reverse transcription poly-
merase chain resclion (RT -PCR) was performed using the PrimeScript
RT—PCRKit {Takara Bio, inc., Ozsu, Japan) according to the manufacturer's
instructions. Primers were designed on the basis of GanBank sequences
{pil, NM_00111109% and f-actin, MM_007393). The optical density of
tre bands was quantified using the MNIH image] software,

2.12 Statistical analysis

All data were expressed as mean = SD. Comparisons of vitamin C levels at
basalconditions betwesn WT mice and SMP30-KO mice were performed by
an unpaired t-test. All other parameters were evaluated by two-way analysis
of variance foliowed by multiple comparisons with the Bonferroni test
using SPS5 Statistics 17.0 (SPSS japan, Inc, Tokyo, Japan). A orobability
value << Q.05 was considersd statistically significant.

3. Results

3.1 Vitamin € levels of the heart tissue
in WT mice and SMP30-KO mice

First, we measured vitamin C levals of the heart tissue in basal conditions.
To avold vitamin C deficiency, drinking water containing sufficient
vitamin C was supplied for SMP30-KG mice because SMPI0-KO mice
were unable o synthesize vitamin C due w0 the lack of gluconolacto-
nase.® The tissue concentrations of the vitamin C level were not signifi-
cantly different between WT mice and SMP30-KO mice (45.7 + 7.0 vs.
44.5 £ 10.2 puglg tissue).

3.2 SMP30 expression in the heart tissue

Irmmunostaining revealed that SMP30was expressed in cardiomyocytes,
fibroblasts, and vascular endothelial cells in WT mice on the basis of cel-
lutar morphological characteristics (Figure 1A)°% We confirmed the de-
crease in SMP30 expression with ageing in the WT mouse heart as
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Table | Gravimetric and hemodynamic data of WT and SMP30-KO mice

Control Angll
R SMP}D-KO WT ........................... SM?S&K{)
Gravimesric data
BW. ¢ 267+ 11 278+ 18 256 +15
FWITL, mgfmm 81405 65405 7.5 4067
DAVITL mgimm 421+05 16 =03 57405
Telemetry blocd pressure
HR bpan. 612 1 48 627 = 50 593 + 24 607 4- 65
SBR, remibHg 1155 4+ 124 114.8 £ 108 140.8 + B.6%F 1441 £ 13.7%
DEF, mmbg 851494 899+ 9.5 129.4 4 7.0%% 128.6 4 10.6%
MAR, mmi-lg 978+ 1.6 99.9 + 10.4 119.0 4 6.2%* 115.2 4 9.7%
Echocardiograshy
LYEDD, mm 377 4 037 377 =038 368 + 0.31 426 + 021t
LVE“SD, mm 2.52 +£0.32 242 - 042 252+ 035 i
FS.% 3324 44 337 = 4.1 318 + 47
Catheterization
LYEDP, mmHg 52+158 50+ 17 9.8 + 1.0% 11.7 4 3.0%
max dP/di, mmiHg/s 11586 + 850 10977 + 240 11675 £ 999 7303 + 11074
rain dPide, mmHgls 3140 + 668 8247 + 384 7582 + 1408 4804 + 1897
Tau, ms 48420 43403 6.3 4 1.9k 8.3 + 1.9%%

Dara are presanted as mean £ 3D from 10 to 15 mice in each group.

BW, body weight; HW, heart weight; LYW, lefz vertricular weight TL, tibial length; HE, heart rate: SBP, systolic blood prassure; DBP, diastalic blood pressure: MAP, mean arterial pressure;
wricular end-diastolic dimension; LYESD. left ventricular end-systolic dirmension; FS, fractional shortening; LYEDP, left ventricuiar end-diastolic pressure; max and min dP/d,

maximal and minimal rates of teft ventricular pressure development, respectively; Tau, time constans of feft ventricular isovolumic relaxation.
P < 005 and FP <2 007 vs. control in the same strain mice; P < 0.05 and TP < 0.01 vs. Ang ll-infused YWT mice.

described previously in other organs.” Cardiac SMP3C was significantly
dacreased by 40% at 12-month-old WT mice compared with 3-month-
old WT mice (P = 0.05, Figure 18). Additionally, cardiac expression
of SMP30 was significantly decreased by 50% after Ang If infusion for
14 days in 3-month-old WT mice, suggesting that the expression of
SMP30 may alter in cardicvascular diseases (P << 0.05, Figure 1C).

3.3 Effect of SMP30 deficiency on Ang
ll-induced cardiac hypertrophy and fibrosis
As shown in Table 1, heart weight (HW) and left ventricular weight
(LYW corracted by the tibial length {TL) were similar between
contral WT mice and SMP30-KO mice. After Ang Il infusion, the
ratios of MW to TL and LYW to TL were significantly higher in
SMP30-KO mice than in WT mice (P < 0.05and P << 0.01, respectively),
although the blood pressure was similarly elevated in both Ang ll-infused
WT mice and SMP30-KO mice by telemetry bleod pressure monitoring
{Table 1),

Histological examination showed that Ang ll-infused SMP30-KO mice
had substantial laft ventricutar hypertrophy with left ventricular dilata-
tion cornpared with Ang l-infused WT mice, which suggestad ecceniric
hypertrophy in Ang ll-infused SMP30-KO mice compared with concen-
tric hypertrophy in Ang ll-infused WT mice {Figure 24, top). The cardio-
myocyte cross-sectional area was significantly larger in Ang ll-infused
SMP30-KO mice than in Ang Hl-infused WT mice (399 = 17 vs. 372 &
11 wm?, P < 0.01, Figure 24, middle and B). Additionally, ex vivo analysis
demonstrated that cell width, length, and surface area of isolated
cardiomyacytas were significantly greater in SMP30-KO mice than in
WT mice after Ang Il stimulation (Supplementary material enline,

Figure $1). The degree of cardiac fibrosis was significantly higher in Ang
ll-infused SMP30-KO mice than in Ang ll-infused WT mice (64 £+ 0.8
vs. 7.5 + 0.7%, P < 0.01, Figure 2A, bottom and C). These data revealed
that the deficiency of SMP30 exacerbates Ang ll-induced cardiac
hypertrophy and fibrosis, independently of blood pressure.

3.4 Effect of SMP30 deficiency on Ang
ll-induced cardiac dysfunction
As shown in Table 1, there were no differences in cardiac function
between WT mice and SMP30-KO mice under basal conditions. Echo-
cardiography showed that left ventricular end-diastolic and end-systolic
dimensions were enlarged and fractional shortening was reduced in
SMP30-KO mice compared with WT mice at 14 days after Angllinfusion
(P <2 0.01, Table T and Supplementary material online, Table 57 and Figure
SZ, top). The left ventricular mass was greater in Ang ll-infused
SMP30-KO mice than in Ang l-infused WT mice, which was concordant
with the histological findings (P < 0.01). Ang ll-infused SMP30-KO mice
had significantly higher peak E velocity, £/A, and E/E” compared with Ang
I-infused WT mice {Supplementary material online, Table 51 and Figure
52, middle and bottom). The mitralinflow showed the restrictive pattern
in Ang l-infused SMP30-KO micein contrast to the relaxation abnormal-
ity pattern or the pseudo-normalization pattzrn in Ang l-infused WT
mice. These echocardiographic data revealed thatleft ventricular systol-
ic and diastolic functions were remarkably depressed in SMP30-KO mice
compared with WT mice after Ang [linfusion.

Haemodynamic assessment by cardiac catheterization showed that
max dPdt and min dP/dt were significantly loweer in SMP30-KO mice
than in WT mice after Ang Il infusion (P<C0.01 and P << Q.05

—222—



465

400 [~ *
B

-

Cross-sectional area
of cardiomyocytes (um?)

200

WT KO WT KO

Conirol Ang il

10 pe

Fibrosis fraction (%)

1

WT KO
Control

WT KO
Ang ll

Figure 2 Cardiac hypertrophy and fibrosis in WT and SMP30-KO mice after Ang ll infusion. (A) Representative images of tight micrographs of neartsfrem

WT and SMP30-KO mi

ze with and without Ang Il infusion (top). Haematoxylin and eosin staining of ryccardial cross-sections {imiddle). Elastica-Masson

staining of myocardial sections (bottom). (B) Quantitative analysis of the cross-sectional area of cardiomyocytes fron: the left veniricle. (C) The per cent
area of myocardiatincerstitial fibrosis in the left ventricle. Dataare presented as mean £ SD from 6to 8 micein each group. #P < 0.01 vs. controlin the same

strain mice: TP < 0.01 vs. Ang Iinfused WT mice.

respectively] Jpport‘mc that cardiac systalic and diastolic functions

were more severely depressed in SMP30-KO mice (Table 1),

3.5 Effect of SMP30 deficiency on Ang
H-induced myocardial oxidative stress

We examined myocardial oxidative stress by DHE staining which indi-
cates the Oglevels of living cells bacause oxidative stress is considered
to be one of the important mechanisms of heart failure and cardiac re-
maodalling. Although Ang il infusion dramatically increased the ROS gen-
eraticn in both WT mice and SMP30-KO niice, the ROS generation in
Ang {l-infused SMP30-KO mice was significantly greater than in Ang
ft-infused WT mice (P <2 001, Figure 3A). In addition, we founc rhat
the level of superoxids generation was signific
il-infused WT mice with apocynin treatment, compared with that of
Ang ll-infused WT mice without apocynin trearment (P << 0.07,

antly decreased in Ang

Figure 3A). As well as YWT mice, SMP30-KO mice revealed that Ang
fl-induced superoxide generation was sxgmﬂcaﬂt{y down-regula'ted by
apocynin treatmeant (P <X 0.01, Figure 3A).
stigate the involverment of NADPH oxidase in 4
ROS generation, we axamined the expression of pé7™" subunit of
MADPH oxidase by western blotting. The expression levels of
pE7RY ere significantly elevated in Ang ll-infused SMP3I0-KO mice
compared with Ang ll-infused WT mice (P <2 0.01, Figure 3B). These
data suggested that the deficiency of SMP30 increased Ang l-induced
myccardial oxidative stress via up-regulation of NADPH oxidzase.

Toinve Ang ll-induced

3.6 Effect of SMP30 deficiency on Ang

ll-induced apoptosis

As previously demonstrated, SMP30 has anti-apogtotic effects in other
using TUMEL

cxgans.“ We, thersfore, chacked apoptosis staining
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Figure 3 Myocardial oxidative stress in WT and SMP30-KO mice after Ang Il infusion. (A) Upper panels show representative DHE staining of frozen left
ventricular tissues. Lower bar graphs show quartification of superoxide generation. (B) Expression of p6 77 of NADPH oxidase subunits was analysed by
western blotting. Expression levels were expressed relazive to those of B-acrtin. Results are mean = SD frem 6 to 10 mice in 2ach group. *P < 0.01 vs.
control in the same strain mice; IP < 0.01 vs, Ang l-infused WT mice. #P << 0105 vs. Ang ll-infused mice in the same strain; 5P < 0.05 vs. Ang ll-infused

WT mice with apocynin treatment.

{Figure 4A). After Ang llinfusion, the numbers of TUNEL-positive nucle
including cardiomyocytes and non-cardyomyacytes were increased in
both WT and SMP30-KO mice. The numbers of TUNEL-positive
nuclei in Ang ll-infused SMP30-KO mice were remarlkably greater than
in Ang ll-infusad WT mice, as shown in Figure 4A (P <2 0.01).

Then, we examined signalling pathways of Ang ll-induced apoptosis in
the heart. Caspase-3 is a key mediator of apoptosis, and activation of
caspase-3 leads to DMNA injury and subsequently apoptotdc cell
death®' The activation of caspase-3 was induced by Ang Il infusion in
both WT and SMP30-KO mice, and the activation of caspase-3 in Ang
Hl-infused SMP30-KO mice was significantly greater thanin Ang ll-infused
WT mice (P < 0.01, Figure 4B), After Ang Il infusion, Bax expression
which functions as pro-apoptotic pratein was increased, whereas the
expression of anti-apoptotic protein Bcl-2 was decreased in both geno-
types of mice. The ratio of Bax Lo Bcl-2 was significantly higher in Ang
I-infused SMP30-KO mice than in Ang Il-infused WT mice (P <2 0.01,
Figure 4C). Furthermore, we examined the involvement of SAPK/MNK
which has a crucial role in cell apoptosis as one main subgroup of the
mitogen-activated protein kinase family.”™ Phosphorylation activity of
SAPKANK in Ang l-infused SMP30-KO mice was significantly increased
comparsd with Ang ll-infused WT mice (P < 001, Figure 4D). These
findings demonstrated that SMP30 deficiency exacerbates Ang
l-induced apoptosis through these signalling pathways.

3.7 Expression of senescence markers
in SMP30-KO mice after Ang Il infusion

Senescent cells can be identified by the expression of enzymatic
SA-B-gal activity in left ventricular tissues (Figure SA). SA B-gal activity
was induced by Ang lf stimulation. The numbers of SA B-gal-positive
cells were significantly greater in Ang Hl-infused SMP30-KO mice than
in Ang Il-infused WT mice {1.7 + 0.8 vs. 0.6 & 0.5/mm?, P < 0.01) as
demonstrated in Fgure 5A.

To evaluate the gene expression of cell cycle inhibitor to confirm sen-
escence of cardiomyocytes, we analysed mRNA expression of p21 gene
by RT—PCR {Figure 58). Following Ang Il infusion, the expression levels
of p21 mRNA were increased in both WT mice and SMP30-KO mice.
Compared with Ang ll-infused WT mice, Ang ll-infused SMP30-KO
mice showed a significant increase in p21 expression (P << 0.01).
These results indicate that deficiency of SMP30 induced cellular senes-
cence after Ang Il infusion by the p21-dependent pathway.

4, Discussion

Previous studies have shown that SMP30 acts as an anti-ageing factor,
and SMP30 prevents oxidative stress and apoptosis in the liver, lungs,

and brain. "5 However, the role of SMP30 in the heart has not
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been investigated. In this study, we demonstrated the first evidence that
deficiency of SMP30 exacerbates Ang ll-induced cardiac hypertraphy,
dysfunction, and adverse remodelling. Qur results revealed that
SMP30 has a cardio-protective role with anti-oxidative and anti-
apoptotic effects inresponse te Angll.

It has been well known that Ang ll plays an important role in the de-
velopmeant of pathological cardiac hypertrophy, remodelling, and subse-
quent heart failure.® Subcutansous chronic infusion of Ang Il induces
cardiac hypertrophy and fibrosis with hypertension. & Ang Il also sti-
mulates MADPH oxidase to produce ROS,* and consequent myocar-
cial oxidative stress is associated with the development of left
ventricular remodelling and heart failure.®® Furthermore, it has bean
considered that apoptaosis plays an adverse role in cardiac remodelling
and conrributes to progressive myocardial dysfunction® and that Ang
Il exaggerates apoptotc responses in cardiomyocytes.™ Interestingly,
we observed that deficiency of SMP30 exacerbates Ang ll-induced
cardiac hypertrophy and fibrosis in SMP30-KO mice (Table 1, Figure 2,
and Supplementary material online, Figure §7). Moreover, we found
that Ang ll-infused SMP30-KO mice showed left ventricular dilatation
and depressed systolic function in addition to more severely impaired
dizstolic function comparad with Ang ll-infused WT mice, suggesting
that the absence of SMP30 caused more progressive cardiac dysfunction
and remodelling {Table T and Supplementary material online, Table ST and
Figure 52). These remarkable changes were independent of Ang l-induced
hypertension because increased systemic blood prassure of SMP30-KO
roice was similar to that of WT mice (Table 7). SMP30-KO mice had
much more elevated NADPH oxidase-genarated ROS by Ang  stimula-
tion {Figure 3). In addition, SMP30-KO mice were more susceptible to Ang
l-induced apoptosis associated with activation of caspase-3, increase in
Bax, decrease in Bcl-2, and phosphoerylation of SAPK/JNI (Figure 4). Al-
though we were unable to show the direct observation of TUMEL-
positive cardiomyocyte nuclei, apoptosis of non-cardiomyocytes plays
an important role in Ang ll-induced cardiac remodelling and dysfunction
as previously reported.* These data indicate that SMP30 has a protective
role against Ang ll-associated cardiac hypertrophy, dysfunction, and re-
madelling by inhibiting oxidative stress and apoptosis.

SMP30 has been proposed as an important ageing marker, and the lack
of SMP30 causes various dysfunctions of organs during ageing
process. "~ Concerning the vitamin C biosynthesis pathway, similar
to humans, SMP30-KO mice cannot synthesize vitamin C and
SMPI0-KO mice may mimic the human physiclogy closer than other
" The potent anti-ageing and anti-oxidative actions of a low-

rodants
calorie diet effectively suppressed the age-refated down-regulation of
SMP30, indicating that SMP30 expression was influenced by oxidative
stress.”” These previous reports suggest that SMP30 axpression accounts

for the age-associated deterioration of cellular function and the enhanced
susceptibility to harmful stimuli in aged tissues. On the other hand, very
few reports demonstrated callular senescence of cardiomyocytes in
wive 7 We demonstrated that Ang Il could incraase sensscent cells
detected by SA B-gal activity in viva. Importantly. Ang ll-induced cellular
senescence was accornpanied with markedly elevated p21 gene expres-
sion. SMP30-KO mice showed significantly increased SA B-gal-positive
cells with elevated expression of p21 gene by Ang l stirmulation, indicating
that SMP30 inhibits premature cellular senescence through the signalling
pathway of p21 in response to Ang Il (Figure 5).
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Figure 5 Senescence markersin hearts of WT and SMP30-KO mice
after Ang Il infusion. (A} Senescent cells were detected by SA B-gal
staining of left ventricular tissue sections, and the numbers of SA
{3-gal-positive cells were counted. (B) The mRNA expression levels
of p21 gene were analysed by RT—PCR. Expression levels of p21
gene were normalized by P-actin. Resules are mean & SD from 4 to
8 mice in each group. *P < 0.01 vs. control in the same surain mice;
TP <2 0.01 vs. Ang ll-infused WT mice.
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Thers were no differencas between WT mice and SHMP30-KO mice
under basal conditions at 12- to 1é6-week-old, but we observed that

12-month-oid SMP30-KO mice showad exagearated left ventricular

hypertraphy., diastalic dysfunction, and myocardial fibrosis compared
with  1i-month-old WT mice {Supplementary material online,
Table 52). One central role of SMP30 in the heart is considered to be

the svppre sive effect of ROS generation by inhibiting NADPH
oxidase activation, as demonstrated in the present study (Figure 3).
in oxidative strass contributes to the
reduction of senescent marler expressions, qz, sting that SMP30
prevents myocardial dysfunction from various stresses such as Ang [l
stimulation and ageing (Supplementary materfal online, Figure 53).
Since detailed mechanisms have not been fully clarified, we should
of SMP30 in the

The supprassive role of SMP30

avaluate the cellular compartment specific effects
future study.

5. Conclusions

In summary, deficiency of SMP30 adversely modifies Ang ll-inducad
cardiac hypertrophy and remodelling through increase in oxidative
These data provide that SMP30
has a protective role in cardiac remodelling and up-regulation of
SMP30 could be a therapeutic targat for treatment of heart faillure.

stress and progression of apoptosis,

Supplementary material

Supplernertary material is available at Cardiovasculor Research online.
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Aims

Methods
and results

Dilated cardiomyopathy (DCM) is characterized by ventricular dilation associated with systolic dysfunction, which could
be caused by mutations in lamina/C gene (LMNA). LMNA-linked DCM is severe in males in both human patients and a
knock-in mouse model carrying a homozygous p.H222P mutation (Lmna™#*2"/H222P) The aim of this study was to inves-
tigate the molecular mechanisms underlying the gender difference of LMNA-linked DCM.

Awhole-exome analysis of a multiplex family with DCM exhibiting the gender difference revealed a DCM-linked LMNA
mutation, p.R225X. Immunohistochemical analyses of neonatal rat cardiomyocytes expressing mutant LMNA constructs
and heart samples frorm the LMNA-linked DCM patients and Lmna"2*""222® mice demonstrated a nuclear accumulation
of androgen receptor (AR) and its co-activators, serum response factor, and four-and-a-half LIM protein-2. Role of sex
hormones in the gender difference was investigated in vivo using the Lmng™#2PM222P hice, where male and female mice
were castrated and ovariectomized, respectively, ortreated with testosterone oran antagonist of AR. Examination of the
mice by echocardiography, followed by the analyses of histological changes and gene/protein expression profiles in the

hearts, confirmed the involvement of testicular hormone in the disease progression and enhanced cardiac remodellingin
the LmngH222PIH222P .

Conclusion These observations indicated that nuclear accumulation of AR was associated with the gender difference in LMNA-linked
DCM.
Keywords Dilated cardiomyopathy e Gender difference e Androgen receptor e Testosterone e Lamin A/C
1. Introduction ¢ isthe major cause of chronic heart failure (CHF) and the most common
- indication for cardiac transplantation.* Underlying aetiologies include
Dilated cardiomyopathy (DCM), a primary cardiac muscle disorder |  genetic, viral, toxic agents like alcohol, mitochondrial;and metabolic dis-
characterized by ventricular chamber dilation and systolic d\/sﬁ_mcticn'\,1  orders? It is known that familial occurrence is seen in ~30-40% of

* Corresponding author. Tel: +81 3 5803 4905; fax: +81 3 5803 4907, Email: akitis@mritmd.acjp
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2013. For permissions please email: journals.permissions@oup.com.
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DCM patients.® To date, mutations in more than 30 genes encoding
components of sarcomere, sarcolemma, cytoskeletons, or nuclear en-
velope have been discovered in patients with DCM,* and 8% of familial
and sporadic DCM may be caused by mutations in LMNA encoding
lamin A/C.®

DCM occurs more frequently in men than in women (male to female
ratio: 2.5),° and a recent study revealed significant gender differences in
cardiac phenotypes such as a higher mortality and severer cardiac dys-
function in male DCM patients carrying LMNAmutation.” It has been sug-
gested that gonadal hormones, such as testosterone and oestrogens,
may explain the gender difference in cardiac phenotypes. Results from
in vitro and in vivo studies suggest that oestrogen may play a pivotal
role,®” in part due to protective actions of female hormones, which
was evidenced by increased cardiovascular risk in women after meno-
pause and by cardiovascular benefits of oestrogen replacement
therapy.” However, mechanisms for the gender difference in DCM
remain unknown.

We have established a ‘knock-in’ mouse carryinga p.H222P mutation
of Lmna.'® Homozygous knock-in mice (Lmng"#2¥M222Py developed
DCM phenotypes, including progressive left ventricular (LV) dilation
and contractile dysfunction from 2 and 4 months of age in males and
females, respectively.'® Lmng™*#2F/H222P
prominent abnormalities in cardiac function than females, and they
died of CHF between 4 and 10 months of age, while female mice died
at 6 and 13 months of age,'® indicating that the Lmna"#2#/H222P
are a good model for studying the gender difference in the LMNA-linked
DCM. On the other hand, no gender difference was observedinanother
knock-in mouse model with a LMNA mutation, p.delK32,"" suggesting
that not all of LMNA mutations were associated with the gender differ-
ence. ,

In this study, we first identified a LMNA mutation, p.R225X,ina DCM
family in which apparent gender difference in clinical course of DCM was
observed. Transfection experiments of neonatal rat cardiomyocytes
(NRCs) with the normal or mutant LMNA construct revealed that the
p.R225X and p.H222P mutations induced nuclear accumulation of en-
dogenous androgen receptors (AR), while such phenomena were not
found with normal or p.delK32 mutation. The nuclear accumulation of
AR was accompanied by testosterone-induced nuclear translocation
of four-and-a-half LIM protein-2 (FHL2) and serum response factor
(SRF), which were involved in the cardiac remodelling process. In vivo
studies revealed the adverse effect of testosterone in the cardiac func-
tion and pathological changes in the heart of Lmna"?22H222% mice,
We report here the involvement of AR and testosterone as a molecular
basis for the gender differencein the progression of DCM caused by spe-
cific LMNA mutations.

male mice displayed more

mice

2. Methods

Experimental details including methods of anaesthesia are described in Sup-
plementary Information.

2.1 Mutational analysis

All human subjects and tissues were collected in accordance with the prin-
ciples outlined in the Declaration of Helsinki. Whole-exome and sequencing
analyses were performed with genomic DNA samples obtained from the
subjects after given informed consent. The protocol for research was
approved by the Ethics Reviewing Committees of Medical Research Institute,
Tokyo Medical and Dental University, and Nara Medical University.

2.2 Heart tissues

Paraffin-embedded LV myocardial tissues obtained at autopsy from three
male patients with DCM carrying the p.R225X mutation, from two male
patients with DCM carrying no LMNA mutation, and from two control sub-
jects without DCM were analysed. Informed consent was given from rela-
tives of each subject. Heart samples from the Lmng"™#22PH222P 10 (4 o 4y,
guanylyl cyclase A knock out (GC-A KO)™ (n = 3), and transverse aortic
constriction (TAC)"™ (n = 2) mice were prepared, as described previously.'°

2.3 Immunofluorescence microscopy

Alltissue sections and cells were prepared for immunofluorescence micros-

copy and analysed as described previously.m'15

2.4 Animals

Establishment of Lmna mouse line was reported previously.10
Mice were fed with a chow diet and housed in a barrier facility. All care
and experimental procedures of animals were in accordance with the guide-
lines for the Care and Use of Laboratory Animals published by the National
Institute of Health (NIH Publication, eighth edition, 2011) and subjected to
prior approval by the local animal protection authority in Tokyo Medical and
Dental University.

H222P/H222P

2.5 Castration and ovariectomy

Six-week-old male and female wild-type (WT, Lmna™'*) and Lmna"1%*"
222 mice before puberty underwent bilateral castration and ovariectomy,
respectively, under anaesthesia.

2.6 Treatment with testosterone or flutamide

Castrated male mice (n = 16 and 20 of WT and Lmna ™2 ice, re-
spectively) and non-operated female mice (n = 16 and 21 of WT and
Lmng™ 2P H22P ice, respectively) were subcutaneously implanted with a
25 mm long silascon tube (inner diameter, 2.0 mm; outer diameter,
3.0 mm; Kaneka medix) containing crystalline testosterone under anaesthe-
sia."® Non-operated male mice (n = 16 and 20 of WT and Lmng"#22F/H222F
mice, respectively) were also implanted subcutaneously with the tube con-
taining crystalline flutamide, an AR antagonist (Sigma-Aldrich). Empty tubes
were implanted in sham-operated animals (males:n = 16 and 19 of WT and
Lmng"?22PH22P ice: females: n = 16 and 21 of WT and Lmng"™222PH222P
mice, respectively). Testosterone- or flutamide-containing tubes were incu-
bated in the saline at 37° for 24 h before implantation to avoid a surge-like
release after implantation. The implanted tubes were not removed through-
out the experiments.

2.7 Echocardiography, electrocardiography
(ECG), and blood pressure measurement
Transthoracic echocardiography, electrocardiography (ECG) analysis, and
measurement of systolic blood pressure and heart rate were performed,
as described previously.""®

2.8 Histopathological examinations

Histopathological examination using haematoxylin—eosin or Masson’s tri-
chrome staining was done by the standard methods (n = 4, each group).
Measurement of interstitial fibrosis area and quantitative analysis of collagen
inthe heart were performed (n = 6, each group), as described previously.'®

2.9 Ribonucleic acid (RNA) isolation

and quantitative expression analysis

Total RNA extraction, complementary deoxyribonucleic acid (cDNA)
synthesis, and real-time reverse transcription (RT)—polymerase chain reac-
tion (PCR) analysis were performed (n = 6 in each group) as described
previously.”® Relative steady-state levels of messenger RNA (MRNA)
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were calculated using a comparative Ct (A3CT) method." Individual ex-
pression values were normalized against the level of Gapdh mRNA.

2.10 Protein extraction and immunoblotting
Total cellular protein was extracted (n = 4, each group) as described previ-
ously.' Nuclear protein fraction was prepared (n = 8, each group) using
NE-PER Nuclear and Cytoplasmic Extraction Regents (Pierce). Western
blotting analysis was performed using primary antibodies against 3-myosin
heavy chain (BMHC), atrial natriuretic peptide (ANP), AR, SRF, FHL2,
emerin, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Santa
Cruz). The signal obtained for GAPDH was used as an internal control to
normalize the amounts of protein on the immunoblots.

2.11 Measurement of serum testosterone level
Blood samples were obtained by heart puncture at time of necropsy and
serum testosterone level was measured by radioimmunoassay using a
DPC total testosterone kit (Mitsubishi chemical Medicine).

2.12 Statistical analysis

Phenotypic data were acquired by observers who were blinded to the geno-
type of mice. Numerical datawere expressedas means + SEM. Statistical dif-
ferences were analysed using two-way analysis of variance (ANOVA) and
then evaluated using a Tukey adjustment for the post hoc test. Survival
curves were drawn for each group with the Kaplan—Meier method and
the differences were compared by a log-rank test. A P-value <0.05 was con-
sidered to be statistically significant.

3. Results

3.1 Mutational analysis

We found a DCM family in which affected males had severer symptoms
and phenotypes than females at the time of onset (Figure 1 and see Sup-
plementary material online, Table $1); all affected males had abnormal-
ities both in cardiac conduction system and cardiac function at around
the age of 30s to early 40s, whereas affected females had abnormalities
in the cardiac conduction system at around the age of 40s and developed
mild cardiac dysfunction lateridentified several sequence variations (see
Supplementary material online, Table $2) including a LMNA mutation

(c.673C>T, p.R225X) in the tested members, and a subsequent
direct sequencinganalysis revealed that all affectedindividualsand no un-
affected members carried the p.R225X mutation, demonstrating a
linkage of LMNA mutation to DCM with a LOD score of 3.01. This
finding was consistent with that the LMNA mutations were associated

with cardiac conduction disorder and gender difference in humans’
and in LmngH222PMH222p 10

3.2 Accumulation of AR in nuclei

of cardiomyocytes expressing LMNA

with specific mutations

Because sexual hormones mediate their functions via specific receptor,
we investigated whether the cellular localization of AR and estrogenic
receptor (ER) o and B would be affected by specific LMNA mutations.
We analysed NRCs transfected with Flag-tagged WT or mutant LMNA
constructs carrying p.R225X, p.H222P, or p.delK32. Endogenous AR
was found in both cytoplasm and nucleus in the cells expressing
normal LMNA or LMNA with p.deliK32, whereas increased nuclear accu-
mulation of AR in the absence of androgen was observed in the most
(~90%) of cells expressing LMNA with p.H222P or p.R225X
(Figure 2A). In contrast, no apparent differences in the localization of
ERa and ERB were observed among the transfected NRCs (see Supple-
mentary material online, Figure S7). On the other hand, nuclear accumu-
lation of AR was not evident in Hela cells transfected with the
Flag-tagged WT or mutant LMNA constructs (see Supplementary ma-
terial online, Figure S2). These observations implied that the
cardiomyocyte-specific nuclear accumulation of AR was associated
with specific LMNA mutations exhibiting the gender difference.

3.3 Nuclear accumulation of AR in the heart
muscle

Because the findings in the transfection experiments might be due to the
overexpression of LMNA with mutations, we next investigated whether
the nuclear accumulation of AR could be found in the heart muscle carry-
ing the LMNA mutations. AR was found mainly in the cytoplasm in heart
samples from a controland a DCM patient without any LMNA mutations,

#oA

5 #

e

5 0B

e e

-7
+H-

-5 -6 u-7 -8
-~ —t- ~/~

Figure | Pedigreetree of a DCM family Squares represent males; circles represent females. The presence (+/—) or absence (—/—) of the c.673C>T,
p.R225X mutation in LMNA is indicated for the analysed subjects. Filled symbols indicate those with clinical symptoms and slashed indicate the deceased

subjects.
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Figure 2 Localization of AR in cardiomyocytes. (A) NRCs transfected with Flag-tagged LMNA-WT, -p.delK32, -p.H222P, or -p.R225X construct were
stained with DAPI, anti-Flag ,or anti-AR antibody. Merged images are also shown. Arrows indicate the accumulation of AR in nuclei; scale bars=10 wm.
(B) Immunohistochemical analysis of AR in the hearts from a control subject, a DCM patient without LMNA mutation, and a DCM patient with
p.R225X mutation. Immunostaining with anti-AR and -desmin antibodies shows localization of AR in the desmin-positive cardiomyocytes. Arrows indicate
the representative nuclear accumulation of AR; scale bars=40 m. Similar nuclear accumulation was found in two other DCM patients with the p.R225X.
(O Immunohistochemical analysis of AR in the hearts from Lmna™* and Lmna"#22PH222® male mice at 6 months of age. Representative nuclear accumu-
lation of AR was indicated as a high-magnification image. Nuclei in each tissue section were stained with DAP}; scale bars=40 pm. (D and E) Untransfected
NRCs or NRCs transfected with GFP-tagged AR construct were treated with vehicle (0.01% ethanol), testosterone (1 wM), ortestosterone (1 wM) plus
flutamide (10 M) 48 h after the transfection, fixed, and stained with DAPI and anti-SRF (D) or anti-FHL2 (E) antibody. Merged images are also shown.
Arrowsand arrowheads indicate the absence and presence, respectively, of GFP-AR in nuclei; scale bars=10 pwm. Test +Flut; testosterone plus flutamide
treated.
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whereas the nuclear localization of AR was obviously increased in the
heart samples from patients with p.R225X mutation (Figure 3B) and
Lmna"#2PM22P ice (Figure 3C and see Supplementary material
online, Figure $3a). We also investigated whether or not the nuclear accu-
mulation of AR was observed in the hearts from GC-A KO mice'? and
TAC-operated mice,'® because they were mouse models for cardiac
hypertrophy, of which male mice showed more prominent cardiac phe-
notypes. However, no apparent change in the localization of AR was
observed in both mouse models (see Supplementary material online,
Figure $4), indicating that the nuclear AR accumulation in the cardiomyo-
cytes was associated with specific LMNA mutations. In addition, accumu-
lation of AR co-factors, SRF and FHL2, which are known to be involved in
the cardiac remodelling*>*" was observed in the nuclei of hearts from the
male patients with p.R225X (see Supplementary material online, Figure
$5). Furthermore, the nuclear accumulation of SRF and FHL2 was
observed in the hearts from male Lmna™**""22% bt not from female
mice (see Supplementary material online, Figures S3 and S6). It was there-
fore confirmed in vivo that the nuclearaccumulation of AR was accompan-
ied by the nuclear translocation of SRF and FHL2 in male hearts with
specific LMNA mutations.

3.4 Nuclear translocation of FHL2 and SRF
in NRCs

Therole of AR in nuclear accumulation of FHL2 and SRF was investigated
in NRCs transfected with GFP-tagged AR in the presence or absence of
testosterone or an AR antagonist, flutamide. GFP-AR and SRF were
observed in both cytoplasm and nucleus (Figure 2D), while FHL2 was
found specifically in the cytoplasm in the most {~90%) of transfected
NRCs (Figure 2E). Upon treatment with testosterone, both GFP-AR
and SRF translocated to nuclei, whereas FHL2 displayed partial
nuclear localization in ~80% of the transfected NRCs. On the other
hand, the testosterone-induced nuclear accumulation of AR, SRF, and
FHL2 was suppressed by flutamide. In addition, silencing of FHL2 by
siRNA in NRCs expressing GFP-AR revealed that the preferential
nuclear localization of SRF in testosterone-treated cells was mediated
by FHL2 (Figure 3).

3.5 Survival prognosis of Lmna"?22P/H222P

mice with removal of gonadal organs

The role of sex hormones in the mortality and severity of LMNA-linked
DCMwasinvestigated in vivo, where male and female WT (Lmna*/*) and

H222P/H222P

Lmna mice were castrated and ovariectomized, respectively

(seeSupplementary material online, Figure §7). We found that the castra-
tion significantly improved survival prognosis of male Lmng"?22F/H222F
mice, as evidenced by the prolonged 50% survival time (8.09 + 0.27
vs. 10.25 + 0.38 months, P < 0.001) and reduced overall mortality
(P <0.001, log-rank test) (Figure 4A). Improvement in mortality
observed with ovariectomized Lmna"?**"M222" female mice was not
statistically significant (P = 0.10), but the 50% survival time was signifi-
cantly prolonged by the ovariectomy (10.10 £ 0.28 vs. 11.07 4+ 0.32
months, P < 0.05) (Figure 4A). These data demonstrated the beneficial
effect of removing gonadal organs on the survival prognosis of
Lmna #2222 mice especially in male mice and to only a little
extent in female mice.

3.6 Evaluation of cardiac function in
Lmnat'222PH222P aice with removal
of gonadal organs

Cardiac function was evaluated by using transthoracic echocardiog-
raphy for sham-operated and operated mice at 3—4, 6—7, and 910
months of age (see Supplementary material online, Figure S7). The
sham-operated Lmna" M2 mice, in both male and female,
showed progressive LV dilation and contractile dysfunction, as indicated
by the decreased LV fractional shortening (LVFS) and LV ejection frac-
tion (LVEF). The castration preserved LVFS and LVEF in males, whereas
the ovariectomy showed no significant impact in females (Table 1, see
Supplementary material online, Figure S8). When we measured
blood pressure of sham-operated and castrated Lmna™ 22222 zle
mice at 4 months of age by the indirect tail-cuff method, the systolic
blood pressure was not significantly changed by the castration;
sham-operated 121.0 & 3.7 vs. castrated 126.2 + 4.0 mmHg (n =6 in
each group). These data demonstrated that the castration improved
LV contractile dysfunction without affecting systolic blood pressure
in the Lmng"?22PM2227 ice  As for data of ECG, QRS complex
duration and PR interval were prolonged, albeit not significant, in
the Lmna™#2*M22® mice in both male and female, as reported
previously,’® but there were no changes by the castration or ovariec-
tomy (see Supplementary material online, Table $3).

To directly demonstrate the role ofandrogen in disease progression,
we treated mice with testosterone or flutamide. By the testosterone
treatment, cardiac dysfunction was accelerated in the castrated male
Lmna"?2PH222P mice In contrast, progression of cardiac dysfunction
was slowed in the flutamide-treated male Lmna™**7"222% mice
(Table 2).

3.7 Histopathological study of hearts from

P .
LmnaHZZZP/HZZZ mice

Histopathological analyses of the hearts demonstrated the ventricular

dilation with enlarged atrial cavity often accompanied by atrial thrombus

H222PH222P ice. These abnormalities were also

H222P/H222P

in the sham-Lmna

mice as
H222P/H222P

observed in the testosterone-treated female Lmna
well as in the castrated and testosterone-treated male Lmna
mice (Figure 4B). Either castration or flutamide treatment prevented the
development of CHF with congestive lung in the male LmngH12227/H222P
mice. Prominent interstitial fibrosis, degeneration, and necrosis of single
and/or a small cluster of cardiomyocytes were found in the ventricles of
sham-operated male Lmna"**"M222° testosterone-treated castrated
male Lmna™ 222 anp, and testosterone-treated female Lmng™2227/H222P
mice, but these abnormalities were suppressed in the castrated or
flutamide-treated mice (Figure 4B). In addition, quantitative analyses of
myocardial interstitial fibrosis demonstrated that the collagen
deposits were significantly increased in the hearts from sham-operated
H22PH222P mice, which was significantly suppressed by the
castration or flutamide treatment (Figure 4C and D). These
observations indicated that deprivation or blockage of testosterone-
related signals inhibited the interstitial fibrosis in the LmnqM222F/H2227

hearts.

male Lmna
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Figure 3 Effect of FHL2 silencing on localization of SRF in NRCs transiently expressed GFP-tagged AR and treated with testosterone. NRCs
co-transfected with GFP-tagged AR construct and non-silencing (a—d and i—[), or pre-designed (e—h and m—p) siRNA were treated without (a—d and
e—h) or with (i—{ and m—p) testosterone (1 wM) 48 h after the transfection. The cells were fixed and stained with DAPI (g, e, i, and m) and anti-FHL2
(c.g k,and o in A) oranti-SRF (¢, g, k,and oin B) antibody. Merged images are shownind, h, [, and p. Arrow and arrowhead indicate the absence and presence,
respectively, of FHL2 in nuclei; scale bars=10 pum.
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Figure 4 Disease expression of sham-operated and operated Lmna"?2"M222F mice, (A) Cumulative survival curves are indicated for sham-operated
(Sham) male (closed triangles, n = 29) and female (closed squares, n = 28) mice, and castrated (Cast) male (open triangles, n = 20) and ovariectomized
(OVX) female (open squares,n = 21) mice. (B) Pathological analyses of heart and lung; (1) longitudinal sections through the atriaand ventricles of male and
fernale mice at 6 months of age; scale bar=2 mm. Histopathological analysis of the LV with H&E staining (2), Masson’s trichrome staining (3), or picrosirius
red staining (4) and the lung with H&E staining (5); scale bars=50 wm except thatin (4) =100 pm. (C) Quantitative measurement of myocardial collagen
areafraction from five pictures per cross-section expressedas percentage of collagen staining to total area. Dataare represented as means + SEMforn = 4
to 6 per group. (D) Quantitative analysis of collagen content in the ventricles. Data are represented as means + SEM forn = 4 to 6 per group. *P < 0.05,
*kp < 0.01, and *¥¥P < 0.001. Sham: sham-operated, Cast: castrated, Cast+ Test: castrated and testosterone-treated, Flut: flutamide-treated.
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