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Abstract

Background: 24-dehydrocholesterol reductase (Dhcr24) catalyzes the last step of
cholesterol biosynthesis, which is required for normal development and anti-
apoptotic activities of tissues. We found that Dhcr24 expression decreased in the
cTnTRYW dilated cardiomyopathy (DCM) transgenic mice. Therefore, we tested
whether rescued expression of Dhcr24 could prevent the development of DCM and
its possible mechanism.

Methods: Heart tissue specific transgenic overexpression mice of Dhcr24 was gen-
erated, then was crossed to cTnTR*™W mouse to obtain the double transgenic
mouse (DTG). The phenotypes were demonstrated by the survival, cardiac geometry
and function analysis, as well as microstructural and ultrastructural observations
based on echocardiography and histology examination. The pathway and apoptosis
were analysed by western blotting and TUNEL assay in vivo and in vitro.

Results: We find that Dhcr24 decreased in hearts tissues of cTnTRMW and
LMNAE®2X DCM mice. The transgenic overexpression of Dhcr24 significantly
improves DCM phenotypes in cTnTR**™W mice, and activates PI3K/Akt/HKII path-
way, followed by a reduction of the translocation of Bax and release of cytochrome
¢, caspase-9 and caspase-3 activation and myocyte apoptosis. Knockdown the
expression of Dhcr24 reduces the activation of PI3K/Akt/HKIl pathway and inhibi-
tion of the mitochondrial-dependent apoptosis. The anti-apoptotic effect of Dhcr24
could be completely removed by the inhibition of PISK pathway and partly removed
by the HKII inhibitor in H9c2 cell line.

Conclusion: Compensatory expression of Dhcr24 protect against DCM through
activated PI3K/Akt/HKIl pathway and reduce Bax translocation. This is the first
investigation for the molecular mechanism of Dhcr24 participate in development of
DCM.
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1 | INTRODUCTION

Cholesterol is an indispensable lipid involved in numerous processes
that are required for the normal development and maintenance of
tissues. It is involved in signal transduction as a component of cave-
olae and lipid rafts and functions as a covalent modifier of the
hedgehog family of morphogenes.>® 24-Dehydrocholesterol reduc-
tase (Dhcr24, also called Seladin-1), is a member of the flavin ade-
nine dinucleotide (FAD)-dependent oxidoreductase family and
catalyzes the last step of cholesterol biosynthesis to convert
desmosterol to cholesterol.

Wechsler et al reported that DHCR24~/~ mice were viable up
to adulthood and displayed no gross abnormalities, and it was
found that cholesterol was not obligatory for viability.* In contrast,
Mirza et al indicated that DHCR24~/~ mice died within the early
postnatal days and that Dhcr24 expression was essential for normal
development.®> Mutations in the Dhcr24 gene result in an autoso-
mal recessive disease called desmosterolosis, which is indicated by
developmental and growth retardation.® The reduced expression of
the Dhcr24 gene is associated with increased apoptosis in adreno-
cortical cells as the result of caspase-3 inhibition, which is a media-
tor of the response to oxidative and oncogenic stress and a
reactive oxygen species scavenger.” Furthermore, a reduced expres-
sion of Dhcr24 is also found in the temporal cortex of Alzheimer’s
disease patients and is associated with severe anomalies in devel-
opment in which Dhcr24 is suggested to be involved in the anti-

apoptotic function in the brain,1°

and it may be a mediator of the
protective effects of estrogen in neuronal cells.!* Furthermore,
Dhcr24, as a key mediator of Ras-induced senescence following
oncogenic and oxidative stress, binds the p53 amino terminus and
displaces the E3 ubiquitin ligase Mdm2 from p53, thus resulting in
the accumulation of p53.22 The administration of triparanol, an
inhibitor of Dhcr24, into pregnant rats or mice caused the accumu-
lation of desmosterol, zymosterol and hypocholesterolemia, and
was highly teratogenic.'® Therefore, Dhcr24 is a multifunctional
protein possessing both cholesterol synthesizing and anti-apoptotic
activities.

Dilated cardiomyopathy (DCM) is a primary heart muscle disease
characterized by the dilation of the heart chambers with evidence of
impaired systolic function. Idiopathic dilated cardiomyopathy (IDC)
has a prevalence of 1:2500 and is a common cause of heart failure,
especially in the young, and the disease is believed to be caused by
mutations in up to 50% of the cases. Despite recent advances in
pharmacological and surgical therapies, the disability and morbidity
due to DCM is still high.***® The missense mutation R141W, in the
strong tropomyosin-binding region of cardiac troponin T (cTnT),
causes familial dilated cardiomyopathy (FDC).*”*® We reported that
cTnTR¥™W transgenic mice manifested progressive chamber dilation
and contractile dysfunction and had a pathological phenotype similar
to that of human DCM.*? Dhcr24 mRNA expression was down-regu-
lated in the cTnTR*W transgenic mice at 3 months of age, at which

time the mice developed a typical cardiomyopathy phenotype.

Therefore, we generated cardiac-specific overexpression of Dhcr24
transgenic mice to study whether compensated expression of
Dhcr24 in the heart tissues could ameliorate the DCM phenotypes

in the mice and uncover its possible mechanism.

2 | METHODS

2.1 | Animals

The a-MHC-cTnTR™W transgenic mice were generated in our labo-
ratory and exhibited DCM phenotype characteristics consistent with
previously reports.t’ Mouse Dhcr24 cDNA (Genbank accession no.
74754) was cloned into an expression plasmid under the a-MHC
promoter. The transgenic mice were generated by the microinjection
method. Genotyping of the transgenic mice was facilitated by PCR
using  the 5'GGGACATCCAGAAACAGGTCC3' and
5'GACGGTGTGCAGCGCACAAAG3I'. A 390-bp fragment was ampli-
fied, which represents the transgenic mouse Dhcr24 gene. The

primers

transgenic founders with high expression levels of the target gene
were selected by Western blot analysis using an antibody against
DHCR24 (Proteintech). The Dhcr24 and cTnTR*W double trans-
genic mice (DTG) were generated by crossing the Dhcr24 transgenic
mice with the cTnTR™™W transgenic mice. All of the mice were
maintained on a C57BL/6J genetic background and bred in an AAA-
LAC-accredited facility. The use of the animals was approved by the
Animal Care and Use Committees of the Institute of Laboratory
Animal Science of Peking Union Medical College (GC08-2001).

2.2 | Cell culture

The H9c2 cells line were grown in high glucose DMEM supple-
mented with 10% defined fetal bovine serum (HyClone), 100 U/mL
penicillin and 100 g/mL streptomycin (HyClone) in a humidified 5%
CO, incubator at 37°C. The expression construct was individually
generated by cloning the full-length Dhcr24 cDNA fragment into the
pcDNA3.1(+) vector (Invitrogen). The expression construct for the
Dhcr24 siRNA was a commercial product (OriGene), which corre-
sponded to the sequence of ATGTTCGATGGCTCCTTGTACCA-
CAAGCT in the 3'UTR of the Dhcr24 cDNA of mouse and rat. H9c2
cells were transfected with the constructs using Lipofectamine 2000
(Invitrogen). Stable cell lines were established by subsequent selec-
tion using 800 pg/mL G418 (Amresco). The cell lines were treated
with PI3K inhibitor (LY294002, 20 uM, 24 hours, MERCK) or Hexok-
inasell Inhibitor, 3-bromopyruvate (3-BrPA, 100 uM, 4 hours,
MERCK), and/or H,O, (1 mM, 2 hour), and then the cells were har-
vested for Western blot analysis or TUNEL assay.

2.3 | Determination of cholesterol in the heart
tissues

The heart tissue was homogenized, and the lipids were extracted

at once with chloroform-methanol (2:I, v/v). The cholesterol in the
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extraction was analyzed by HPLC according to a modified method,
as previously reported.?®?! Briefly, the HPLC system consisted of
a Varian ProStar 210 pump and a Varian ProStar 335 photodiode
array detector. The analytical column was an Arcus EP-C18
(250 x 4.6 mm, 5 mm particle size) column, and the oven tempera-
ture was set at 40°C. The mobile phase was acetonitrile-2-propanol
(75:25, v/v), and the flow rate was 1 mL/min. The absorbance
at 210 nm was recorded, and the level of cholesterol was

calculated.

2.4 | Echocardiography

M-mode echocardiography was performed on mice with the small
animal echocardiography analysis system (Vevo770, Canada). Briefly,
mice were lightly anesthetised by intraperitoneal injection of tribro-
moethanol at a dose of 180 mL/kg body weight. M-mode echocar-
diography of the left ventricle was recorded at the tip of the mitral

valve apparatus with a 30 MHz transducer.

2.5 | Survival analysis

The cumulative percent mortality was calculated every month. Upon
the death of each mouse, the body was autopsied by a pathologist,
and morphological and pathological changes in the heart were
recorded. Kaplan-Meier curves for survival analysis were compared
using the log-rank test (SPSS. 16.0 software).

2.6 | Histological analysis

For light microscopy, cardiac tissue from mice at 5 months of age
was fixed in 4% formaldehyde and mounted in paraffin blocks. The
sections were used for H&E and Masson trichrome staining or
immunochemical staining with an anti-DHCR24 antibody (Protein-
tech). For transmission electron microscopy (TEM), the cardiac tis-
sues were routinely fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4) and postfixed in buffered 1% osmium
tetroxide for 1 hour. The samples were then dehydrated using a
series of ethanol immersions and embedded in Epon 812. Thin
sections were stained with uranyl acetate and lead citrate and
examined under a JEM-1230 transmission electron microscope.
Myocytes were analysed by an observer blinded to the genotypes

of the mice.

2.7 | RNA extraction and PCR analysis

Total RNA was isolated from the heart tissue using TRIzol Reagent
(Invitrogen). First-strand cDNA was synthesised from 2 pug of total
RNA using random hexamer primers according to the Superscript Il
reverse transcriptase manufacturer's protocol (Invitrogen). Procolla-
gen type | al (Collal), Procollagen type Ill a1 (Col3a1) and Integrin
alpha-8 (Igta8) mRNA were analyzed by reverse transcriptional PCR
using GAPDH for normalisation under standard conditions (primers:
for Collal, forward, 5'CTTTGCTTCCCAGATGTCCT and reverse,

5'CGGTGTCCCTTCATTCCAG; for Col3al, forward, 5'CTCAAG
AGCGGAGAATACTGG and reverse, 5’CAATGTCATAGGGTGCGATA;
for Igta8, forward, 5'CAACCACCAGTCCCATTT and
5'CGCTCAATCCCAACATAA; for GAPDH, forward, 5'CAAGGTC
ATCCATGACAACTTTG and reverse 5 GTCCACCACCCTGTTGCT
GTAG).

reverse,

2.8 | Protein extraction and immunoblotting

Total protein lysates from the mouse heart tissue or the cultured
cells were prepared by homogenizing with lysis buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 1 mM EDTA, and protease inhibitor cocktail). The mito-
chondrial and the cytoplasmic fractions from the heart tissue and
cultured cells were isolated following the Fractionation Kit manufac-
turer's protocol (DBI Bioscience). The total lysate samples and the
fractions were separated by SDS-PAGE and transferred to nitrocellu-
lose (Millipore). The membranes were incubated overnight with an
antibody to DHCR24 (Proteintech), HKII (Abcam), PI3K, p-Akt, t-Akt,
Bax, caspase-9, caspase-3, or COX4 (Cell Signaling Technology). The
primary antibody binding was detected using an HRP-conjugated
immunoglobulin G (Santa Cruz) and by a chemiluminescence detection
system. GAPDH was used for normalization.

2.9 | TUNEL assay

The in situ terminal dUTP nick end-labeling (TUNEL) assay was per-
formed on sections of the heart tissue using the In Situ Cell Death
Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany), prin-
cipally according to the manufacturer’s instructions. Eight images per
heart (3 hearts per genotype group) and eight images per cell line
were acquired, and the positive cells were counted individually. The
results are expressed as the percentage of apoptotic cells among the

total cell population.

2.10 | Statistical analysis

The data were analysed with one-way ANOVA for multiple groups
followed by Tukey’s post hoc analysis. The data are expressed as
means + SEMs from the individual experiments. Differences were

considered significant at P < .05.

3 | RESULTS

3.1 | Dhcr24 expression down-regulated in the
heart tissue during aging and the development of
DCM

The expression of Dhcr24 in the heart tissue of wild type (WT) mice
at different ages was detected by Western blot with an anti-Dhcr24
antibody. The results indicated that Dhcr24 expression in the heart
down-regulated during aging, with its expression level reduced by
42% until 6 months of age (Figure 1A,B). The expression of Dhcr24
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FIGURE 1 Detection of Dhcr24 expression in heart tissue. (A), The expression of Dhcr24 in the heart tissues from WT mice at 1, 3 and

6 mo of age was detected by Western blot. (B), Quantitative analysis of Dhcr24 in the WT mice used GAPDH for normalization (n = 3 mice
per group). (C), Dhcr24 expression in heart tissues of the cTnTR™W transgenic mice at 3 mo of age was detected by Western blot. (D),
Quantitative analysis of Dhcr24 in the cTnTR¥™W mice used GAPDH for normalization (n = 3 mice per group, **P < .01). (E), Inmunodetection

of Dhcr24 in the heart from the cTnTR™W and the NTG mice at 5 mo of age. Scale bar = 20 pm. (F), The cholesterol level in the heart
tissues of the cTnTR**W and the NTG mice (n = 3 mice per group, **P < .01)

in the heart tissue of the cTnTR*W mice at 3 months of age down-
regulated by 52% compared with that of the non-transgenic (NTG)
littermates (Figure 1C,D, n = 3 mice per group, P < .01 versus NTG
littermates). The decreased expression was also observed by
immunohistochemical staining of the heart sections of the

CTnTR141W

mice during the development a typical cardiomyopathy
phenotype (Figure 1E). The cholesterol in the cTnTR¥W hearts
decreased by 42% compared to that of the NTG mice, which was a
result of the down-regulation of Dhcr24 (Figure 1F, n = 6 mice

group, P < .01 versus NTG littermates).

3.2 | The generation of heart-specific Dhcr24
transgenic mice

To produce the transgenic construct, the mouse Dhcr24 cDNA was
inserted downstream of the a-myosin heavy chain (MHC) cardiac-
specific promoter, and the transgenic mice were generated by the
microinjection method (Figure 2A). The transgenic founders were
selected by Western blot. The Dhcr24 levels in the heart tissue of
the founders were increased by 24% compared with that of the
NTG mice at 1 month of age (Figure 2B,C; n = 3 mice per group,
P < .01 versus NTG littermates). The high level of Dhcr24 in the
transgenic mice was also observed by immunohistochemical staining
(Figure 2D). In addition to the increased expression of Dhcr24,

cholesterol was also increased by 29% in the Dhcr24 hearts

compared to those of the NTG mice (Figure 2E, n = 6 mice per
group, P < .01 versus NTG littermates).

3.3 | The transgenic overexpression of Dhcr24
improves cardiac geometry and dysfunction and
decreases mortality in cTnTRYW mice

The ventricular size and function of the NTG, Dhcr24, cTnTR¥IW
and the Dhcr24 and cTnTR*W double transgenic mice (referred to
as DTG) mice were assessed using echocardiography at 1, 3, 5, and
7 months of age. The representative M-mode echocardiographic
images at 5 months of age were shown in Figure 3A. The left ven-
tricular (LV) posterior wall at end-systole (LVPWS) of the DTG mice
was cumulatively increased by 11% at 3 months of age and reached
up to 24% at 7 months of age compared with that of the cTnTR¥4W
transgenic mice, in which the LVPWS decreased slowly during the
development of DCM (Figure 3B). The LV fractional shortening
(LVFS) of the DTG mice was significantly increased by 19% to 22%
compared with that of the cTnTR**™W mice (Figure 3C) from 1 to
7 months of age. The DCM phenotypes were significantly improved
when the decreased expression of Dhcr24 was rescued in the DTG
mice. The typical M-mode echocardiography parameters at 5 months
of age are summarized in Table 1. The survival rate was 65% in the
cTnTR™IW mice, while the survival rate was increased to 98% in the

DTG mice until 7 months of age (Figure 3D, n = 16 mice per group).
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FIGURE 2 Generation of the transgenic mice. (A), The transgenic construct was generated by inserting the Dhcr24 gene under the control
of the a-MHC cardiac-specific promoter, and the transgenic mice were created following microinjection. (B), The mouse line with Dhcr24 over-
expression was identified by Western blot. (C), Quantitative analysis of Dhcr24 in the transgenic mouse line used GAPDH for normalization.
(D), Immunodetection of Dhcr24 in the heart tissue of the NTG and the Dhcr24 transgenic mice. Scale bar = 20 um. (E), The cholesterol level
in heart tissues of the NTG and the Dhcr24 transgenic mice (n = 6 mice per group, **P < .01)

3.4 | The transgenic overexpression of Dhcr24
ameliorates cardiac pathological phenotypes in the
cTnTRMIW mijce

The morphological changes of the ventricles and the myocytes were
further observed by histological examination (Figure 4A-C). Poorly
organized myofibrils with diffusion, damage and lysis were seen in
the myocardium of cTnTR™W transgenic mice. The transgenic over-
expression of Dhcr24 in the cTnTR*MW transgenic mice significantly
reduced the disorder and accumulation of collagen in the interstitial
space compared with the typical histological changes observed in
the heart tissues of the cTnTR*W transgenic mice. The expression
levels of Collal, Col3al and Itga8 increased by 26%, 24% and 22%,
respectively, in the cTnTR™™W transgenic mice (Figure 4D,E; n =3
mice per group, P < .05 versus NTG littermates), which were all
reduced to almost normal levels by the transgenic overexpression of
Dhcr24 in the DTG mice (Figure 4D,E; n =3 mice per group,

P < .05 versus cTnTR*W group).

3.5 | The transgenic overexpression of Dhcr24
activates the PI3K pathway and inhibits the
mitochondrial pathway of apoptosis in cTnTRI4W
transgenic mice

The PI3K pathway and the mitochondrial pathway of apoptosis

were analyzed in the heart tissues of the NTG, Dhcr24, cTnTRI4IW

and DTG mice at 5 months of age (Figure 5). The levels of PI3K,
HKIl and phosphorylated AKT increased due to the transgenic
overexpression of Dhcr24 in the Dhcr24 mice compared to that of
the NTG mice, while the levels of PI3K, HKIl and phosphorylated
AKT were obviously reduced in the cTnTR™W transgenic mice.
The reduction of those molecules was reversed by the overexpres-
sion of Dhcr24 in the DTG mice, which was indicated by the fact
that PI3K expression increased by 114%, AKT phosphorylation
increased by 78% and HKIl expression increased by 262% com-
pared to that of the cTnTR*™W mice (Figures 5A,B; n = 3 mice
per group, P<.05 or P<.01 versus cTnT™*™W group). The
translocation of Bax and the release of cytochrome c were signifi-
cantly inhibited in the Dhcr24 transgenic mice and were increased
significantly in the cTnTRW mice compared with that of the
NTG mice. The increased Bax translocation and cytochrome c
release in the cTnTR™W transgenic mice reduced by 51% and
46%, respectively, due to the overexpression of Dhcr24 in the
DTG mice (Figure 5C-E, n = 3 mice per group, P <.05 or P <.01
versus cTnTR¥™™W group). Activated caspase-9 and -3 increased by
322% and 261%, respectively, in the heart tissues of the
cTnTRYW transgenic mice compared with that of the NTG mice
(Figures 5F,G; n =3 mice per group, P <.01 versus NTG litter-
mates), and the activation of caspase-9 and -3 reduced by 71%
and 73%, respectively, due to the overexpression of Dhcr24 in the
DTG mice (Figures 5E,F; n=3 mice per group, P <.01 versus
cTnTRMW group).
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FIGURE 3 The effects of Dhcr24 on heart dimensions and survival rate. (A), The representative M-mode echocardiographic images of the
LV long-axis from the NTG, Dhcr24, cTnTR**W and DTG mice at 5 mo of age. (B), The left ventricle (LV) posterior wall at end-systole (LVPW
in the NTG, Dhcr24, cTnTR**™W and DTG mice at 1, 3, 5, and 7 mo of age. (C), The LV fractional shortening (LVFS) in the NTG, Dhcr24,
cTnTR¥™W and DTG mice at the 1, 3, 5, and 7 mo of age. (D), The cumulative survival data were recorded until 7 mo of age

TABLE 1 Echocardiographic characteristics of mice at 5 mo of age

Group NTG Dhcr24 cTnTRI4IW DTG

Number n=16 n=16 n=16 n=28
LVEDD, mm 3.85 + 0.17 3.58 + 0.12 425 + 0.23 412 + 0.19
LVESD, mm 2.58 + 0.14 221 + 017 332 + 0.25 297 + 0.20°
LVPWD, mm 0.79 + 0.09 0.78 + 0.11 0.70 + 0.07 0.78 + 0.09°
LVPWS, mm 1.19 =+ 0.09 1.21 + 0.11 0.93 + 0.10 1.10 + 0.15°
LVEF, % 61.85 + 2.41 68.32 + 4.78 4331 + 4.85 53.36 + 5.08°
LVFS,% 33.03 + 4.91 38.08 + 5.47 21.89 + 3.30 27.99 + 4.77°

LVEDD, left ventricle (LV) end-diastole diameter; LVESD, LV end-systole diameter; LVPWD, LV posterior wall at end-diastole; LVPWS, LV posterior wall
at end-systole; LVEF, LV ejection fraction; LVFS, LV fractional shortening.
2P < .01 DTG vs cTnTR141W mice.

that of the NTG mice (Figure 6B,C; n = 3 mice per group, P < .01
versus NTG littermates). Apoptosis was inhibited by 67.2% in the

DTG mice compared with that of the cTnTR¥™W transgenic mice

3.6 | The transgenic overexpression of Dhcr24
improves the integrity of the mitochondrial
morphology and reduces apoptosis in the myocytes

. . Figures 6B,C; n =3 mice per group, P <.05 versus cTnTRMW
of cTnTR¥W transgenic mice (Fig per grodp

group) due to Dhcr24 overexpression.
Disrupted ultrastructure, including swollen mitochondria with a loss

TR141W

of cristae and vacuolisation, was seen in the cTn mice. In con-

3.7 | Silencing the expression of Dhcr24 inhibits
the PI3K pathway and activated cytochrome c-
dependent apoptosis in H9c2 cells

trast, the prominence of swollen mitochondria was clearly lessened
by the transgenic overexpression of Dhcr24 in the DTG mice
(Figure 6A). Apoptotic myocytes were rare in the NTG and Dhcr24
transgenic mice, with apoptotic indices of 0.079, and 0.049,,, respec- H9c2 cells were transfected with the Dhcr24 overexpression construct
tively. Apoptotic myocytes increased 38.7-fold with an apoptotic and siRNA targeting Dhcr24. The stable cell lines with overexpressed
index of 2.71%, in the cTnTR™W transgenic mice compared with and silenced Dhcr24 (referred to as Dhcr24-ov and Dhcr24-kd,
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respectively) were established and used for analysis of the PI3K path-
way and apoptosis. The Dhcr24-ov cells showed a 72% increased
expression of Dhcr24, which resulted in increased PI3K, AKT phospho-
rylation and HKII by 127%, 222% and 150%, respectively, compared
with that of the parental H9c2 cells (Figure 7A,B; n = 3 independent
experiments, P < .01 versus control group). In contrast, the Dhcr24-kd
cells showed a 58% decreased expression of Dhcr24, which decreased
the expression of PI3K, AKT phosphorylation and HKII by 21%, 41%
and 60%, respectively, compared with that of the parental H9c2 cells
(Figure 7A,B; n = 3 independent experiments, P < .05 or P < .01 ver-
sus control group). The translocation of Bax and the release of cyto-
chrome ¢ were reduced by 59% and 48%, respectively, in the Dhcr24-
ov cells and increased by 33% and 51%, respectively, in the Dhcr24-kd
cells compared with that of the parental cells (Figure 7C-E, n = 3 inde-
pendent experiments, P < 0.01 versus control group). Myocyte apopto-
sis induced by H,O, treatment in the parental cells showed an
apoptotic index of 11.2% (Figure 7F,G; n = 3 independent experi-
ments, P < .05 versus control + PBS group), which reduced to 0.2% in
the Dhcr24-ov cells and increased to 33.2% in the Dhcr24-kd cells (Fig-
ures 7F,G; n =3 independent experiments, P < .05 versus con-
trol + H,O5 group).
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FIGURE 4 The histopathological profile
of the heart tissue from mice at 5 mo of
age. (A), H&E staining patterns of the
whole-heart longitudinal sections. (B),
* Magnification of the H&E-stained sections
I_‘ of the left ventricle. (C), Magnification of
the Masson trichrome stained sections of
left ventricle. Scale bar = 20 um. (D), The
expression of Collal, Col3al and Itga8
was detected by RT-PCR. (E), Quantitative
analysis of the expression of Collal,
- Col3a1 and Itga8 using GAPDH for
normalization

Itga8

3.8 | AKT and HKII are required for anti-apoptotic
effects in Dhcr24 overexpressed H9c2 cells

Dhcr24 cells were treated with a PI3K inhibitor (LY294002) or an HKII
inhibitor (3-BrPA), and these inhibitors resulted in a 60% and 74%
reduction of HKIl expression, respectively (Figure 8A,B; n = 3 inde-
pendent experiments, P < .05 or P <.01 versus PBS control). Bax
translocation and cytochrome c release increased by 152% and 205%
in the presence of LY294002, respectively, and by 66% and 81% in
the presence of 3-BrPA, respectively (Figure 8C-E, n = 3 independent
experiments, P < .01 versus PBS control). The apoptotic index of the
Dhcr24-ov cells significantly reduced to 0.2% compared with that of
the parental cells with H,O, treatment (Figure 7F,G; n = 3 indepen-
dent experiments, P < .05 versus PBS control). However, the apop-
totic index of the Dhcr24-ov cells significantly increased by 69-fold in
the presence of LY294002 (Figure 8F,G; n = 3 independent experi-
ments, P < .01 versus H,O, group) and by 22-fold in the presence of
3-BrPA (Figure 8F,G; n = 3 independent experiments, P < .05 versus
H,0, group). These results indicated that the anti-apoptotic effects of
Dhcr24 cloud be completely inhibited by PI3K inhibition and inhibited
by approximately one-half with the HKII inhibitor.
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FIGURE 5 The measurement of signalling proteins of the PI3K and the mitochondrial pathways of apoptosis. The heart tissues were
sampled from the NTG, Dhcr24, cTnTR*™W and DTG mice at 5 mo of age. (A), The levels of Dhcr24, PI3K, phosphorylated AKT and HKII
were detected by Western blot in the heart tissues. (B), Quantitatively analyzed using GAPDH for normalization. (C), The fraction of Bax and
cytochrome c in the cytoplasm and the mitochondria was detected in the heart tissues by Western blot. (D), (E), Quantitatively analysis using
COX4 and GAPDH for normalization, respectively. (F), The activation of caspase-9 and -3 was measured by Western blot. (G), Quantitatively

analyzed using GAPDH for normalization

4 | DISCUSSION

Cholesterol is an essential biological molecule in animals that is
involved in signal transduction as a component of caveolae and lipid
rafts and functions as a covalent modifier of the hedgehog family of
morphogenes.>® Dhcr24 catalyzes the last step of cholesterol
biosynthesis to convert desmosterol to cholesterol, and the expres-
sion of Dhcr24 has been detected in many different organs, includ-
ing the brain, adrenal thyroid gland, ovary, testis and prostate 822
We found that Dhcr24 expressed in heart tissue of mouse, and its
expression reduced by 42% at 6 months of age compared with 1

month of age (Figure 1A), which suggested that Dhcr24 expression
down-regulated during aging (Dhcr24 expression was also observed
in human heart tissues at different ages by immunohistological stain-
ing, Figure S1). Interestingly, the expression of Dhcr24 significantly
down-regulated in the DCM heart tissues from both of the
cTnTRMW (Figure 1C,D) and LMNAE®ZX transgenic mice (Figure $2),
which resulted in the decrease of cholesterol (Figure 1F). Dhcr24 is
involved in anti-apoptotic function in the brain, and its reduced
expression in the temporal cortex is involved in the pathological
development of Alzheimer's disease.®?1! Our results suggested that
reduced Dhcr24 expression was also associated with DCM in the
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FIGURE 6 Observation of the mitochondria and TUNEL assay. (A), The morphology of the mitochondria was observed by TEM from the
LV free wall in the NTG, Dhcr24, cTnTR*W and DTG mice at 5 mo of age. (B), Photomicrographs of the heart tissue used for the TUNEL
assay. The arrows indicate TUNEL-positive cells. Scale bar = 10 um. (C), Quantitative analysis of apoptotic cells in the hearts of mice (n = 3,

*P < 05, **P < .01)

mouse models. We generated a heart tissue-specific transgenic
mouse with increased Dhcr24 expression and cholesterol (Figure 2).
The transgenic overexpression of Dhcr24 significantly improved car-
diac geometry and dysfunction and decreased the mortality of the
cTnTR¥™W transgenic mice (Figure 3 and Table 1). Furthermore, the
transgenic overexpression of Dhcr24 ameliorated the obvious cardiac
pathological phenotype in the cTnTR**W transgenic mice (Figure 4).

Cardiomyocyte cell death is a major factor that contributes to
pathological heart disease. All three types of cell death (necrosis,
apoptosis, and autophagy) are present in heart failure.2*>?* Based on
clinical and animal studies, myocyte apoptosis plays an important
role in the pathogenesis of cardiovascular diseases, such as ischemic
heart disease, atherosclerosis, cardiomyopathy, and heart failure.25-%°
Both of the DCM mouse models, the cTnTR**W and the LMNAE82K
transgenic mice, were generated in our laboratory and show
apoptosis in the heart.3%3?

PI3K-dependent signaling is an ubiquitous pathway involved in
cell growth, proliferation, survival, migration, metabolism and several

other biological responses, including cardiomyocyte growth, survival,
and contractility, as well as cardiovascular inflammation.33-%°> Akt is
one of the primary downstream effectors in the PI3K pathway,
which is phosphorylated at Thr308 and Ser473 to generate its active
form and controls a variety of responses in the heart, such as inhibi-
tion of apoptosis, regulation of cell proliferation, metabolism and
hypertrophy.2428 HKIl is also one of the downstream effectors in
the PI3K pathway.3?*° HKII is phosphorylated by Akt and mediates
protection against Ca®* overload in isolated heart mitochondria and
against H,O,-induced injury in neonatal rat ventricular myocytes
(NRVMs), and inhibits the opening of mitochondrial permeability
transition pores (MPTP) in cardiomyocytes.** Constitutively activated
Akt increases mitochondrial HK activity in rat fibroblasts and medi-
ate cell HKII
impaired Akt-mediated protection even in the absence of Bax and

survival. Disruption of mitochondrial association
Bak, which are critical mediators of mitochondrial outer membrane
permeabilization (MOMP).#2 Akt also regulates the expression of

HKII at the transcriptional level in adipose, skeletal muscle and
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and HKIl were measured by Western blot. (B), Quantitative analysis using GAPDH for normalization (n = 3 independent experiments, *P < .05,
**P < 01). (C), The fraction of Bax and cytochrome c in the cytoplasm and the mitochondria was detected by Western blot in the heart
tissues. (D), (E), Quantitative analysis of the level of Bax and cytochrome c using COX4 and GAPDH for normalization, respectively, (n = 3
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assay. The arrows indicate TUNEL-positive cells. (G), Quantitative analysis of the apoptotic cells (magnification x 400, n = 3 independent

experiments, *P < .05)

myeloid cells.****> Thus, Akt and mitochondrial HKII have the ability
to prevent cell death induced by mechanisms beyond those that
regulate the Bcl-2 family of proteins and MOMP.4¢

Our results indicated that the expression of PI3K, HKII and phos-
phorylated AKT reduced and followed by the release of cytochrome
¢, caspase-9 and caspase-3 activation and increased apoptosis in the

TRIW mouse heart. The transgenic overexpression of Dhcr24

cTn
significantly activates the PI3K pathway and inhibits the mitochon-
drial pathway of apoptosis and improves the integrity of the mito-
chondria in the DTG mouse heart (Figures 5 and 6). Furthermore,
the PI3K pathway was inhibited and cytochrome c-dependent apop-

tosis was activated by knockdown of the expression of Dhcr24 with

siRNA. In contrast, the PI3K pathway increased and apoptosis was
inhibited in the Dhcr24-ov H9c2 cells. These results suggested that
Dhcr24 regulated the PI3K signaling pathway and was involved in
myocyte apoptosis in vivo and in vitro (Figure 7). Furthermore, the
anti-apoptotic effect of Dhcr24 was completely removed in the pres-
ence of a PI3K inhibitor and about half inhibited by an HKII inhibitor
(Figure 8).

One of the possible mechanisms to prevent cell death is
through the Akt/HKIl pathway. Another is through Akt inhibition
of Bax translocation from the cytosol to the mitochondria, which
Our results indicated that

Dhcr24 regulated the translocation of Bax from the cytosol to the

partly inhibits myocyte apoptosis.



DONG ET AL

/\ —“WILEY

ILAS
(A) Dhcr24-ov
PISK |t e (E) H Control
Dhcr24-ov
P-AKT |We—- s e s = Dhcr24-si
235
w
FAKT | a— g5
— g2
HKI (- — 28
O —
s 0
GAPDH | ae s s £3
S v~
® t@& Q)‘Q
o
-
€ Dhcr24-ov = ok ® I%| in Cyt
= k% mn Q
BaX | s S s 100% . ' in Mito
5 B o 100% l
Cytoc [ oo | [ Mito & 80% g 80%
' S 60% S 60%
COX4 | w o c " G
2 40% c 40%
C-Bax W s S| 8 20% 2 0%
L G E
C-Cyto ¢ |[Ww s s | | CYlO 0% i 0%
4 QQ’% g Q;\Qv“ %6 QQQ’ 8?‘
GAPDH |ww e | \,}rﬁ o < &
L
{Q?‘
(F) Dhcr24-ov (G) *
1
\&- s ¢ ® PR *k
e 4 ,- o 2 !
Neolo ¢ @2)- g
. ..' 3 - & o o] é_e’ .
S - ;_;‘-1_ :{’gi & _ﬂ‘g 1
" ¢ < N\ R ORR 28 o0s
. ] Y =
LY294002 3-BrPA PBS LY294002 3-B/PA
+ +
H,0, H,0, HO0,  H0,  HO;,

FIGURE 8 The measurement of apoptosis of the Dhcr24-ov cells in the presence of inhibitors of PI3K and HKII. The Dhcr24-ov cells were
treated with LY294002 (PI3K inhibitor) or 3-BrPA (HKII inhibitor), and the signalling proteins of the PI3K and the mitochondrial pathways of
apoptosis were detected by Western blot and TUNEL assay. (A), The levels of PI3K, phosphorylated AKT and HKIl were measured by Western
blot. (B), Quantitative analysis using GAPDH for normalization. (C), The fractions of Bax and cytochrome c in the cytoplasm and the
mitochondria were detected by Western blot in the heart tissues. (D), (E), Quantitative analysis using COX4 and GAPDH for normalization,
respectively (n = 3 independent experiments, **P < .01). (F), Photomicrographs of Dhcr24-ov cells treated with LY294002 (PI3K inhibitor) or
3-BrPA (HKII inhibitor) used for the TUNEL assay. The arrows indicate TUNEL-positive cells. (G), Quantitative analysis of apoptotic cells
(magnification x 400, n = 3 independent experiments, *P < .05, **P < .01)

mitochondria through the PI3K/Akt signaling pathway (Figures 6, 7
and 8). The Bcl-2 family member Bax translocates from the cytosol
to the mitochondria where it is oligomerized and permeabilizes into
the mitochondrial outer membrane to promote apoptosis. Bax
activity is counteracted by prosurvival Bcl-2 proteins, and Akt
has a direct effect on the Bcl-2 proteins and regulates cell
survival.*’*? Akt is indicated to improve myocyte survival by
reducing the ratio of Bcl-2/Bax in the cytosol during cardiac
ischemia/reperfusion.>®

Taken together, these results provide data supporting the idea
that Dhcr24 expression reduced and is involved in the pathological

development of DCM, at least in the mouse models of DCM. Com-
pensatory expression of Dhcr24 could protect against dilated car-
diomyopathy in the mouse model. Dhcr24 activated the PISK
signaling pathway and decreased myocyte apoptosis by up-regulating
the expression of HKIl and reducing the translocation of Bax from

the cytosol to the mitochondria.
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