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Abstract

Rationale: Reducing cardiomyocyte death and enhancing their proliferation after myocardial
infarction is perhaps the single largest challenge for cardiac tissue regeneration. Survivin (SVV) is
the smallest member of the inhibitor of apoptosis (IAP) family but plays two important roles;
inhibiting caspase-9 activation in the intrinsic apoptosis pathway, and regulating microtubule
dynamics and chromosome segregation during cell division. Genetic depletion of cardiac SVV leads
to incomplete cardiomyocyte division and abnormal heart development. However, the function of
SVV in adult hearts after myocardial infarction remains unclear.

Methods: A homozygous inducible cardiomyocyte-specific SVV knockout transgenic mouse
model was established through crossbreeding SVV'"* and aMHC-MCM transgenic mice. Adult
mice received consecutive intraperitoneal injection of tamoxifen to induce genetic removal of SWV
in cardiomyocytes. A SVV overexpressing model was established via local delivery of SVV in
wild-type mouse hearts.

Results: We found that 30.82% of cardiomyocytes in the peri-infarct region of SVV knockout mice
were apoptotic, significantly higher than the 22.18% in control mice. In addition, ejection fraction
was 29.00+0.40% in knockout mice compared to 38.0410.50% in control mice 21 days after
myocardial infarction. On the contrary, locally overexpressing SVV in the heart improved cardiac
functions. Unexpectedly, we found that altering the subcellular localization of SVV overexpression
produced different outcomes. Overexpression of SVV in the cytoplasm decreased cardiomyocyte
apoptosis, whereas overexpression of SVV in the nucleus enhanced cardiac regeneration. The
ejection fraction of mice overexpressing SVV was 36.58+0.91%, significantly higher than 28.18
1.70% in the GFP control group. Apoptotic cardiomyocytes were only 4.63% in mouse
overexpressing cytosolic SVV, compared to 9.31% in the GFP group, and activation of caspase-3
was also reduced. Moreover, mice overexpressing NLS-SVV exhibited a better ejection fraction
(36.19 £ 1.02%,) than GFP controls (26.69 = 0.75%). NLS-SVV enhanced H3P-positive
cardiomyocytes in the border zone to 0.28%, compared to only 0.08% in GFP group, through
interacting with Aurora B.

Conclusions: We demonstrate the importance of SVV subcellular localization in regulating
post-Ml cardiac repair and regeneration. We hope that this will open new translational approaches
through targeted delivery of SVV.
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Introduction

Acute myocardial infarction continues to be a
major cause of mortality in many countries. Rapid
re-establishment of blood flow following coronary
artery  occlusion is essential for reducing
cardiomyocyte death, which reduces the degree of
fibrosis and cardiac remodeling, and preserves
cardiac function. However, since the adult human
heart possesses only limited endogenous recovery
ability, many patients nevertheless go on to develop
heart failure. Therefore, there is great need for
therapeutic strategies that can further reduce
cardiomyocyte death and increase cardiomyocyte
proliferation following injury, thus improving patient
outcomes.

Several gene therapy trials have focused on
administration ~ of  angiogenic  factors  for
cardiovascular regeneration [1-4] or the targeted
overexpression of anti-apoptotic proteins to reduce
cell death and improve heart function [5], with
varying degrees of success. Survivin (SVV) is the
smallest member of the inhibitor of apoptosis family,
and has been shown to play roles in both cell survival
and cell proliferation. Therefore, manipulating SVV
expression may be an ideal target for therapy post
myocardial infarction (MI).

SVV performs its anti-apoptotic function by
interfering with apoptosome complex recruitment
and reducing apoptosis via inhibition of caspase-9
activation [6-9]. SVV also performs an essential role in
cell division where it regulates spindle dynamics and
stabilizes microtubule elongation [10]. SVV
recognizes phosphorylation on T3 of histone 3 and
recruits other members of the chromosomal passenger
complex, including Aurora B [11-13]. Correct
attachment of the microtubule-kinetochore enables
cells to pass through the check point and move on to
the next mitosis stage [14-16]. In cancer cells, SVV is
over-expressed in almost all human malignancies and
correlates to poor clinical outcome, therapeutic
resistance, and tumor recurrence [17-20].

During development, SVV is expressed in fetal
tissues and is essential for organ development [17].
Universal SVV knockout in mice is embryonically
lethal [21], and therefore several conditional SVV
depletion mice have been established. SVV deficiency
in endothelial cells causes early embryonic lethality
before E13.5, and heart development is impaired [22].
Cardiac-specific SVV knockout mice exhibit only a
50% survival rate 34 weeks after birth, and a large
number of SVV-deficient cardiomyocytes display
DNA polyploidy and reduced mitotic counts with
incomplete cell division [23]. These data indicate that

SVV plays an important role in heart development. In
the human heart, SVV expression remains very low
under normal conditions, but dramatically increases
in patients with terminal heart failure [23].

Given that SVV can both reduce apoptosis and
increase proliferation, we hypothesized that SVV may
be involved in the response to cardiac injury, and be a
viable target for future therapeutic applications. In
this study, cardiac-specific, inducible SVV knockout
mice were generated to investigate the role of SVV
after heart injury. In particular, we focus on the
differential functions of SVV in different subcellular
localizations of cardiomyocytes after ML

Materials and Methods

All  experiments involving animals were
completed following the Guide for the Use and Care
of Laboratory Animals, and all the animal protocols
have been proved by the Academia Sinica
Institutional Animal Care and Utilization Committee.

Animals

The alpha myosin heavy chain (aMHC)
promoter-driven MerCreMer (MCM), purchased from
the Jackson Laboratory, were crossed with floxed SVV
transgenic mice [24]. Wild-type C57BL/6 mice (WT)
were purchased from National Applied Research
Laboratories, National Laboratory Animal Center,
Taiwan. Male animals aged 8-10 weeks were regarded
as adult mice in all the experiments.

RT-PCR analysis

Heart tissues were harvested at different
development time points and washed with
phosphate-buffered saline (PBS) to remove excess
blood. Ventricles, without aortas and atriums, were
homogenized and total RNAs were extracted with
Trizol reagent (Thermo Fisher Scientific). Total RNAs
were reverse transcribed into c¢DNAs with
SuperScript IlI Reverse Transcriptase (Thermo Fisher
Scientific) and applied in the following PCR in GoTaq
Green Master Mix (Promega). GAPDH primer
sequences are ACCCAGAAGACTGTGGATGG and
CACATTGGGGGTAGGAACAC, and SVV primer
sequences are GCAAAGGAGACCAACAACAAGC
and TGACGGGTAGTCTTTGCAGTCT.

Western blotting

Heart tissue, containing infarcted ventricle
region only, was homogenized and proteins were
extracted with RIPA buffer (150mM NaCl, 50mM
Tris-base, 0.5% deoxycholate, 0.1% SDS, and 1%
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Triton X-100) for SDS-PAGE. Membranes were
blocked with 5% non-fat milk and hybridized with the
following primary antibodies: mouse anti-SVV (1:500,
Novus NB500-238), mouse anti-GAPDH (1:2000,
Millipore), mouse anti-phospho-SVV (Thr34) (1:100,
Novus), mouse anti-caspase-3 (1:100, GeneTex), and
mouse anti-caspase-9 (1:100, Cell Signaling).
Secondary antibody, conjugated with HRP, was
purchased from Invitrogen (1:2000).

Immunohistochemical staining

Heart tissues were harvested and then washed
or perfused with PBS to remove excess blood. Clean
tissues were fixed with 4% paraformaldehyde (PFA)
at 4°C overnight and embedded in paraffin.
Immunostaining was performed on 5-pm sections,
blocked with PBS containing serum (20% goat serum
and 20% FBS), and hybridized with the following
primary antibodies: rabbit anti-SVV (1:100, Cell
Signaling), mouse-anti cardiac troponin I (cTnl)
(1:100, Developmental Studies Hybridoma Bank),
mouse anti-phospho-histone 3 (Ser10) (H3P) (1:100,
Millipore), and wheat germ agglutinin (WGA)
conjugated  with  Alexa-488  (Invitrogen). In
immunofluorescence  staining, the following
secondary antibodies were applied: goat anti-rabbit
conjugated with Alexa-586 (1:200, Invitrogen), and
goat anti-mouse conjugated with Alexa-488 (1:200,
Invitrogen). Nuclei were counterstained with
4’ 6-di-amidino-2-phenyliodole (DAPI, 1 pg/mL;
Sigma-Aldrich). For DAB (3,3’-diaminobenzidine)
staining, secondary antibody was applied with goat
anti-rabbit conjugated with HRP (1:200, Invitrogen),
and ABC kit and peroxidase substrate kit (Vector
Laboratories) were used. Nuclei were counterstained
with hematoxylin (Invitrogen). Neonatal mouse
hearts were fixed with 4% PFA and incubated in PBS
containing 0.25% Triton X-100. Following staining, the
primary antibody, mouse anti-cTnl, and secondary
antibody, goat anti-mouse conjugated with Alexa-586
(Invitrogen), were used. Nuclei were counterstained
with DAPL

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining

TUNEL staining was applied on heart tissue
sections or fixed neonatal mouse hearts following the
kit protocol. For the DAB system, DeadEnd
Colorimetric TUNEL system (Promega) was used,
and nuclei were counterstained with hematoxylin. For
the fluorescence system, Apoptag Red In Situ
Apoptosis Detection Kit (Millipore) was used, and
nuclei were counterstained with DAPL

Adenovirus establishment
PCR products of the full length of SVV, mutant

SVV-T34A (T34A), SVV fused with nuclear
localization signal (NLS) in C-terminal, and green
fluorescence protein (GFP), as vehicle control, were
cloned and purified. Cytomegalovirus (CMYV)
promoter and PCR product were ligated into pENRT
vector (Invitrogen). Promoter and target gene on
PENRT were homologously recombinated into
pAd/PL-DEST vector following the protocol and
reagents of Gateway LR Clonase II Enzyme Mix
(Thermo Fisher). Plasmids were transfected into
HEK-293A cells, and the adenovirus was amplified
and purified followed the procedure reported
previously [25].

Trichrome staining

Scar tissue was stained on heart tissue sections
with Trichrome Stain (Masson) Kit (Sigma Aldrich),
following the manufacturer’s protocol. Ventricles
below the coronary artery ligation point were equally
divided into three parts, and three sections were
collected from each heart. Scar area, length, and left
ventricle wall thickness were evaluated and
quantified with Image]. Scar area percentage was
evaluated by the ratio of scar area to left ventricle
area. Scar length was quantified with the mid-line
length. Left ventricle wall thickness was measured in
three points, with two end points and one in the
middle, and reported as the mean.

Animal surgery and echocardiography

Adult transgenic mice were intraperitoneally
injected with tamoxifen (Sigma Aldrich) 100 mg/kg
for 14 consecutive days. After stopping the injections
for 28 days, mice were anesthetized with isoflurane
USP (Halocarbon) and received left anterior
descending artery ligation with 6-0 polypropylene
thread. Cardiac functions were recorded and
analyzed by echocardiography.

Statistics

All statistical data were analyzed using
Graphpad Prism and are shown as mean + standard
error of the mean (SEM). Unpaired Student’s t-test
and two-way ANOVA were applied for statistical
comparisons and a P-value of less than 0.05 was
considered significant.

Results

Cardiac SVV expression attenuates after birth
but re-activates after Mi

To determine the role that SVV plays in heart
healing, the expression pattern of SVV in normal heart
development and in post-MI was investigated.
Murine hearts were isolated at different time points
from embryonic to postnatal stages. SVV was found to
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be highly expressed throughout the embryonic stages
but declined after birth (Figure 1A and Figure S1A),
and the protein level was downregulated from
postnatal day 4 onwards (Figure 1B). Inmunostaining
of heart tissue sections revealed that SVV was
co-localized with the cardiomyocyte nucleus (Figure
1C). Additionally, the numbers of cells stained
positively for cInl and SVV also decreased from
embryonic to postnatal stages (Figure 1D), suggesting
that SVV played an important role during embryonic
development of the heart, but not after birth, and that
it mainly localized in the nucleus of cardiomyocytes.

Although its expression was not detected in
postnatal development, strong expression of SVV was
detected in the heart after MI (Figure 1E and Figures
S1B and S2). Within 7 days post-infarction, the
expression level of SVV gradually increased, and
started to decline after 14 days. Interestingly, unlike
its localization in the nucleus of embryonic hearts,
SVV was found to localize in the cytoplasm of the
cardiomyocytes at the peri-infarct region (Figure 1F
and Figure S3). Thus, the data suggest that SVV plays
a different role during heart development and after
injury, which may be attributed to the differences in
subcellular localization.
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Cardiac-specific, inducible SVV knockout mice
have lower cardiac recovery ability

A previous study has shown that cardiac-specific
SVV depletion mice exhibited unhealthy cardiac
function, and had only a 50% survival rate at 34 weeks
after birth [23]. Thus, to allow a better understanding
of the biological function of SVV in the heart,
cardiac-specific but inducible SVV knockout (KO)
mice were established (Figure 2A). The aMHC-MCM
transgenic mice, expressing Cre fusion protein driven
by aMHC, specifically in cardiomyocytes, were
crossbred with SVVflox/flox mice that contained 2 LoxP
sequences in the front and back of the exons 1 and 2 of
SVV. To study the loss function of SVV, the
homozygous aMHC-MCM*/SVVflox/flox  transgenic
mice and control MCM mice were all given daily
tamoxifen for 14 days, and received MI surgery 28
days after tamoxifen injections ceased. The expression
level of SVV at day 7 post-infarction was high in the
MCM mice. In contrast, the expression level of SVV
was not detected in the KO mice that received
surgically-induced MI (Figure 2B and Figure S4). The
data indicate that inducible knockout of
cardiac-specific SVV was achieved through tamoxifen
treatment.
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Figure 1. Expression pattern and localization of Survivin (SVV) in heart development and after myocardial infarction (MI). A, RT-PCR of SVV
mRNA expression level during heart development. B, Western blot of SVV protein expression level in different development stages. C, Inmunofluorescence staining
of SVV expression in cardiomyocytes during heart development. cTnl, cardiac troponin |; blue, nucleus; green, cardiomyocyte marker. White bar, 20 um; yellow bar,
5 um. D, Quantification of SVV positive cardiomyocytes during different heart development stages. E, Western blot showing SVV protein expression levels at
different time points after MI. F, Inmunofluorescence staining showing localization of SVV after injury. White bar, 20 um; yellow bar, 5 pm.
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Figure 2. Phenotype of SVV knockout (KO) mice after MI. A, Schematic diagram showing establishment of inducible, cardiac-specific SVV KO mouse. B,
Western blot showing SVV KO efficiency after MI. C, Survival curve of MCM and KO mice over 28 days following Ml surgery. D-G, Cardiac function of MCM and
KO mice 1 day and 21 days after MI. EDV, end diastolic volume; ESV, end systolic volume; FS, fraction shortening; EF, ejection fraction.*, P<0.05; **, P<0.01; *¥*
P<0.005. H, TUNEL staining indicating apoptotic cardiomyocytes, marked with yellow arrows. White bar, 20 um. I, Quantification of TUNEL positive cardiomyocyte
(CM) at the border zone. ¥¥*, P<0.005. J, Trichrome staining of hearts 30 days after receiving Ml surgery. K-M, Quantification of left ventricle (LV) scar area
percentage, LV wall thickness, and scar length percentage of heart after MI. *** P<0.005.

The KO mice were found to have a survival rate  There were no significant differences in the overall
of only 50% at 28 days post-infarction as opposed to  cardiac function between survival MCM and KO mice
100% survival rate for the MCM mice (Figure 2C). at 1 day post-infarction. However, at 21 days
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post-infarction the KO mice showed deterioration in
all of the measured echocardiographic parameters
(Figure 2D-G). These data indicate that SVV depletion
led to impaired cardiac recovery after myocardial
injury. In order to further investigate the role that SVV
plays in heart injury, apoptotic cardiomyocytes at the
peri-infarct region were labeled by TUNEL staining
(Figure 2H). More apoptotic cardiomyocytes were
identified at the border zone of the KO murine heart 2
days after MI compared to the MCM group (Figure
2I). This supports previous findings that SVV plays an
important role in anti-apoptotic function. However,
we found no statistical difference between the
percentage of proliferating cardiomyocyte in MCM
and KO mice (Figure S5). Scar area, length, and left
ventricle wall thickness were quantified based on
trichrome staining to evaluate the scale of scar
formation (Figure 2J). Compared to MCM mice, KO
mouse hearts exhibited a larger scar area, longer scar
length in circumference, and a thinner left ventricle
wall (Figure 2K-M). This implies that SVV can
attenuate cardiomyocyte apoptosis, thus leading to
milder scar formation. Both MCM and KO mice
exhibit enlarged cardiomyocytes, but there was no
statistically significant difference between these two
groups 30 days after MI (Figure S6).

Overexpressing SVV attenuates
cardiomyocyte apoptosis

To further characterize the anti-apoptotic
activity of cardiac SVV, adenovirus containing SVV
fused with GFP were prepared. Subsequently,
neonatal mouse cardiomyocytes were infected with
SVV overexpressing or GFP control (adGFP) virus
(Supplemental Figure S7). Cells were cultured in
serum-free medium for 24 h and then treated under
hypoxic conditions for 36 h to induce cell apoptosis.
The control cardiomyocytes that were in normoxia
did not show positive signals for TUNEL staining.
Approximately 12% of cardiomyocytes, either with or
without control virus infection, were TUNEL-positive
after hypoxia treatment, and the percentage of the
TUNEL-positive cardiomyocytes in the SVV
overexpressing group was significantly lower (Figure
3A-B). Similar reductions in apoptosis could also be
observed in doxorubicin-induced injury (Figure S8).
These results indicated that SVV overexpression in
cardiomyocytes could attenuate cell apoptosis.

It is known that loss of phosphorylation on T34
of SVV abrogates interactions with caspase-9 and
eliminates its function to inhibit caspase-9 activation
[26]. To investigate how SVV  attenuated
cardiomyocyte apoptosis, a virus carrying mutant
SVV T34A (adT34A) was generated, in which the

mutant could not inhibit caspase-9 activation (Figure
3C). Unlike the overexpression of wildtype SVV in
neonatal mouse cardiomyocytes, phosphorylation at
Thr34 could no longer be detected on the SVV in the
cardiomyocytes that were infected with mutant SVV
T34A (Figure 3D). Moreover, a pull-down assay
revealed that caspase-9 showed strong interactions
with the wildtype SVV in cardiomyocytes (Figure 3E)
but not with the mutant SVV T34A (Figure 3F).
Compared to the GFP control and the SVV T34A
mutant overexpressing  cardiomyocytes, the
expression level of active caspase-3 was lower in the
wildtype SVV overexpressing cardiomyocytes (Figure
3G). These data suggest that the loss of interaction
between SVV and caspase-9 eliminated the
anti-apoptosis function of SVV, and that SVV
attenuated cell apoptosis through the inhibition of
caspase-9 activation.

To explore the function of SVV overexpression in
vivo, 10° plaque-forming unit (pfu) of virus that
contained either wild type SVV or mutant SVV T34A,
both fused with GFP, were intramyocardially injected
into adult C57BL/6JNarl mouse hearts at 2 days
before the MI operation (Figure S9A). Mice that
received the wildtype SVV gene had a significantly
lower number of apoptotic cardiomyocytes at the
peri-infarct region compared to GFP control and
mutant SVV T34A groups (Figure 3H-I). Caspase-3
activation was also attenuated in the wildtype SVV
treated group but not in the control and mutant SVV
T34A treated groups (Figure 3J). These data
demonstrate that overexpressing SVV could reduce
cardiomyocyte apoptosis through interaction with
caspase-9.

Adenoviral overexpression of SVV improves
post-MI cardiac function

Since intramyocardial injection of adSVV was
shown to inhibit caspase-3 activation in infarcted
hearts, we decided to investigate the overall cardiac
function of the heart after the administration of viral
packaged SVV DNA. Compared to the adGFP control
group and adT34A treated group, the mice that
received adSVV treatments had better performance in
all the measured echocardiographic parameters at 21
days after MI (Figure 4A-D). Furthermore, the ability
of SVV to attenuate apoptosis in the peri-infarct
region was also reflected in terms of scar formation.
Mouse hearts overexpressing SVV showed smaller
scar area, shorter scar length in circumference, and
thicker LV wall at 30 days after MI (Figure 4E-H).
These results indicate that overexpressing SVV in the
border zone resulted in better cardiac recovery.
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Figure 3. Overexpression of SVV attenuates cardiomyocyte apoptosis. A, Effect of overexpressing SVV in hypoxia-induced cardiomyocyte apoptosis. B,
Quantification of TUNEL positive CM. **, P<0.01. C, Sequence of mutant SVV-T34A (T34A). D, Western blotting showing phosphorylation level of SVV-T34. ad,
adenovirus. E, Co-immunoprecipitation of CM overexpressing SVV with caspase-9. F, Co-immunoprecipitation of CM overexpressing T34A with caspase-9. G,
Western blotting showing that overexpressing SVV attenuates caspase-3 activation but not T34A. Dox, doxorubicin. H, TUNEL staining indicating apoptotic
cardiomyocytes in the hearts with overexpressing vehicle, SVV, T34A, or NLS-SVV after MI. NLS, nuclear localization signal. White bar, 50 um; yellow bar, 10 pm. I,
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. found in the cytoplasm after injury, the effect of

Nuc!ear SW enhances cardiomyocyte intracellular loca}IiZ:icion on the bio;cti};ity of SVV was
proliferation investigated. Adenovirus carrying SVV fused with
Since SVV was localized in the nucleus of  nuclear localization signals (NLS) (adNLS-SVV) and
cardiomyocytes during heart development but was  GFP were established, and were transfected into
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neonatal mouse cardiomyocytes (Figure 5A).
Overexpression of the SVV without NLS (adSVV) was
identified in cardiomyocytes, whereas NLS-SVV was
detected in both nucleus and cytoplasm (Figure 5A).
Similar results were also supported by cell
fractionation Western blot, as adSVV could only be
detected in the cytoplasm, whereas NLS-SVV could be
detected in both nuclear and cytoplasmic
compartments of cardiomyocytes (Figure 5B). Since
SVV was identified in the nucleus of cardiomyocytes
during embryonic development of the heart, we
suspected that the protein had a role in cell mitosis.
Aurora kinase B (Aurora B) has been previously
shown to complex with proteins such as SVV to
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facilitate chromosomal segregation during cell mitosis
[14-16]. The pull-down assay of adNLS-SVV treated
neonatal cardiomyocytes also showed strong
detection of the complex formed between NLS-SVV
and endogenous Aurora B (Figure 5C). Moreover,
there were more cells in the cardiomyocyte sample
that received adNLS-SVV treatment compared to
those that received adSVV or adNLS-SVV + AZD1152,
an Aurora B specific inhibitor (Figure 5D).
Collectively, these results suggest that viral delivery
of NLS-SVV could potentially initiate cardiomyocyte
proliferation during postnatal development through
interaction with Aurora B.
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Figure 4. Overexpression of SVV recuses cardiac function after infarction. A-D, Cardiac function of hearts overexpressing SVV | and 21 days after MI. %,
P<0.05; **, P<0.01. E, Trichrome staining indicating scar tissue in left ventricle (LV) 30 days after MI. F-H, Quantification of LV scar area, wall thickness, and scar

length. *, P<0.05; **, P<0.01.

http://lwww.thno.org



4585

Theranostics 2017, Vol. 7, Issue 18
A
adGFP
GFP
cTnl 4
DAPI o
SvV
cTnl
DAPI
C D s
Input  IP-IgG  IP-SWV ®
22
IB-SVV| e— o ] _;g
-1
(=]
IB-Aurora B — -— S
F adGFP

adNLS-SVV adNLS-SVV+AZD11

-4

cTnl, H3P, DAP

B

adNLS-SVV

adNLS-SVV
Cytosol Nucleus

adSVvV

Cytosol Nucleus

Sw

GAPDH R d

Histone 3

E o

S

3 QQ & ﬁi:\bm
«© NG N
& fbé’e 'bb\; 'bb\; £

H3P| - - %

GAPDH| “— s e ca aam ‘

madGFP
madsSvV
OadNLS-SVV
EadNLS-SVV
+AZD1152

ol
w
J

CM (%)
N

+
o

H3P

0.0-

52

H3P

GAPDH

Figure 5. Overexpression of NLS-SVV enhances cardiomyocyte proliferation. A, Inmunofluorescence staining revealing localization of SVV in neonatal
mouse CM overexpressing SVV or NLS-SVV. NLS, nuclear localization signal; adNLS-SVV, adenovirus carrying NLS-SVV. B, Western blotting showing SVV
expression in the cytoplasm or the nucleus fraction. C, Co-immunoprecipitation indicating the interaction of SVV and Aurora B in NLS-SVV-overexpressing CM. D,
Quantification of CM number after overexpressing NLS-SVV. AZD1152, 10nM. *, P<0.05. E, Western blotting showing histone 3 phosphorylation (H3P) level in CM
overexpressing NLS-SVV. F, Immunofluorescence staining indicating H3P positive cardiomyocytes at the border zone. Scale bar, 20 um. G, Quantification of
H3P-positive CM at the border zone. *, P<0.05. H, Western blotting showing H3P phosphorylation level after overexpressing NLS-SVV in vivo.

In addition to its interactions with Aurora B,
NLS-SVV was also studied for its effect on the
phosphorylation level of histone 3 (H3) (Figure 5E).
During cell mitosis, Aurora B phosphorylates H3 on
510 [27-30]. Thus, it was suspected that the presence
of Aurora B would increase the number of neonatal
cardiomyocytes with phosphorylated H3 (H3P). The

number of H3P* cardiomyocytes was low in samples
that were treated with either the GFP control or
adSVV. In contrast, adNLS-SVV treatment increased
the number of the H3P* cardiomyocytes, but the
addition of AZD1152 returned the expression to the
basal level. Similarly, intramyocardial delivery of
adNLS-SVV also increased the number of H3P*
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cardiomyocytes in the peri-infarct region (Figure
5F-G). However, administration of adSVV did not
increase cardiomyocyte proliferation in an EdU-pulse
labeling assay (Figure S10). The elevated level of H3P
in the infarcted hearts that received adNLS-SVV
administration was confirmed by Western blot
(Figure 5H). Accordingly, the delivery of adNLS-SVV
increased the localization of the overexpressed SVV in
the nucleus of neonatal cardiomyocytes, in which the
proteins displayed strong interactions with the
endogenous Aurora B.

Intramyocardial injection of adNLS-SVV
promoted cardiomyocyte regeneration

Given that the binding between NLS-SVV and

Aurora B increased the number of H3P*
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cardiomyocytes both in vitro and in vivo, and that the
H3P* level fell back to the basal level after the
addition of AZD1152, we hypothesized that
administration of adNLS-SVV to the infarcted hearts
could improve the overall cardiac function by
stimulating the mitotic activity of Aurora B.
Therefore, we performed intramyocardial injection of
adNLS-SVV following MI, and observed a significant
improvement of cardiac function in the adNLS-SVV
treated group compared to the adGFP treated group
at 21 days after MI (Figure 6A-D). Although there was
no significant difference in most of the measured
echocardiographic =~ parameters  between  the
adNLS-SVV and adNLS-SVV + AZD1152 treated
groups, the former group did show better overall
cardiac function compared to the latter group.
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Figure 6. Overexpression of NLS-SVV reduces loss of cardiac function. A-D, Cardiac function of hearts overexpressing NLS-SVV | and 21 days after MI.
*, P<0.05; **, P<0.01; *** P<0.005. E, Trichrome staining revealing scar tissue in LV 30 days after MI. F-H, Quantification of LV scar area, wall thickness, and scar

length. *, P<0.05.
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Trichrome staining also demonstrated that the
adNLS-SVV treatments minimized the size of the
damaged area, and that addition of AZD1152
abrogated the therapeutic effect (Figure 6E-H). All
four key metrics of cardiac function were better in
mice that received adNLS-SVV than those that
received adSVV after MI (Table S1).

Discussion

Cardiomyocyte loss following MI leads to
pathological remodeling and heart failure, a leading
cause of death in developed countries. Current
standard-of-care treatments do mnot completely
prevent cardiomyocyte death, nor do they induce new
cardiomyocyte formation in or around the infarct.
Hence, there is an urgent need for developing new
therapeutic strategies to prevent cardiomyocyte loss.
Here, we identify that SVV is a new therapeutic target
for MI with a dual function of preventing
cardiomyocyte apoptosis and increasing
cardiomyocyte proliferation. We also demonstrate
that this dual function is determined by the
subcellular localization of SVV.

Previous studies have shown that the expression
level of SVV in adult hearts was either low or
undetectable, and that the expression of SVV is
upregulated after MI in human patients [23, 31].
Similarly, the present study showed the protein
expressions of SVV were highly present in the murine
hearts during embryonic development but not after
birth. Although mice have three different isoforms of
SVV, both SVV-140 and SVV-121 were detected
throughout the mouse embryonic heart development
and after injury. SVV-40 was not detected in either
embryonic or neonatal hearts at any stage of
development or in the adult post-MI heart (Figure S1).
Seven isoforms have been identified in humans so far,
although only SVV-a (human analogue of murine
SVV-140) has been reported in the heart [32].
Interestingly, expression of other human SVV
isoforms such as SVV-2B and SVV-deltaEx3 were
mostly reported in cancer patients, in which the
expressions were upregulated at different stages of
tumor development [33-36]. Under normal
physiology, however, SVV-a is the main isoform
identified in humans, which is known to regulate cell
mitosis [32, 37]. This concurs with the finding of SVV
in the nucleus but not in the cytosol of
cardiomyocytes during embryonic heart
development, which indicates that the presence of
SVV in the nucleus was critical for cell mitosis to
happen in embryonic hearts. A study on normal adult
mice showed that the transcript of SVV-140 was
detected in the spleen, testes, and thymus only,
whereas SVV-121 mRNA was detected in the liver

and lungs, and SVV-40 was not detected in any of the
adult tissues [38]. Accordingly, SVV was not detected
in normal adult murine heart; however, the
expression was induced after MI.

The importance of SVV in overall cardiac output
was clearly demonstrated in the SVV KO mice, in
which cardiac SVV expression could only be
downregulated after receiving tamoxifen delivery.
The recombination efficiency of our aMHC-MCM
strain was about 80%, and this lead to a variation in
the SVV knockout efficiency between KO mice.
Different knockout efficiencies might explain why
40% of KO mice died within 7 days after MI, and we
speculate that the surviving mice were those with less
severe loss of ejection fraction, thus resulting in the
small difference between MCM and KO mice EF%.
The KO mice had worse survival than MCM mice
after MI, which clearly demonstrates the importance
of SVV in preserving normal cardiac output in an
adult murine model of MI. More importantly, the KO
mouse model demonstrated that the physiological
expression of SVV is required to minimize the extent
of cardiomyocyte death resulting from the ischemic
attack. It has also been found in human patients that
the expression level of SVV in the heart was
significantly upregulated after MI [23, 31]. The
increase in the number of apoptotic cells at the
peri-infarct region indicated that SVV alone could
exert strong anti-apoptotic activity in reducing cell
death after MI, as well as minimize the size of the
resulting infarct. Similar findings have been described
in cancer, where cancer cells reduce apoptosis by
upregulating SVV expression [17].

Notably, unlike during embryonic heart
development, the MI-induced cardiac SVV was found
to localize in the cytosol, not in the nucleus of
cardiomyocytes, and had high binding affinity for the
latent form of caspase-3. This binding was able to
inhibit the activation of caspase-3, which explains
how adSVV treatment was able to protect cell
apoptosis from the exposure to doxorubicin. Studies
have shown that HS-1 associated protein-1 (HAX-1)
can protect from hypoxia/reoxygenation-induced cell
death in adult rat cardiomyocytes, and HAX-1
directly bound to caspase-9 under cell-free conditions
[39]. Caspase-9 is known as an element of the
apoptosome, and that apoptosome formation
autoprocesses caspase-9, further activating
downstream caspase-3 [40, 41]. Although there was
no direct evidence that adSVV disrupts apoptosome
formation, we found that SVV bound to caspase-9 in
neonatal mouse cardiomyocytes and attenuated the
activation of caspase-3 after injury. Therefore, unlike
its localization in the nucleus of cardiomyocytes
during embryonic heart development, the MI-induced
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SVV was found to localize in the cytosol. Although
the induction of cardiac SVV after MI has been
reported before [23], we have demonstrated that the
proteins were shown to localize in the cytosol of
cardiomyocytes in adult mouse heart, and that its
presence in the cytosol inhibited caspase-3 activation.
Since the localization of SVV was able to depict
its bioactivity in cardiomyocytes after MI, we
expected that the presence of nuclear localization
signal on NLS-SVV would localize SVV exclusively in
the nucleus of cardiomyocytes. However, as
demonstrated in neonatal cardiomyocytes, only ~50%
of NLS-SVV were localized in the nucleus and the
other half were in the cytosol. Although the
mechanism of SVV transport between the nucleus and
the cytosol in cardiomyocytes remains to be
elucidated, previous studies in cancer cells have
shown that SVV may passively diffuse from the
cytosol into the nucleus, but is actively transported
from the nucleus to the cytosol under control of
CRM1/exportin [42]. Acetylated SVV forms a
homodimer in the nucleus, which is facilitated with
CREB-binding protein (CBP), and deacetylated SVV
forms a heterodimer with CRM1 to export from the
nucleus [43]. We found that the expression level of
CBP decreases in developing mouse heart and
remains low in the adult stage (Figure S11). Thus, we
suspect that the endogenous SVV is acetylated by CBP
to regulate SVV’s localization in the nucleus in the
early development stage. Overexpression of NLS-SVV
would also perform an anti-apoptotic function both in
vitro and in wvivo (Figure 3B,I). Nevertheless, we
demonstrated that only the adNLS-SVV treated
group, but not the adSVV treated group, exhibited cell
proliferation, in which the overexpressed NLS-SVV
was shown to bind to Aurora B to initiate cell mitosis.
More importantly, the cell proliferative effect of
NLS-SVV was also demonstrated in the murine model
of MI, indicating that there is a strong correlation
between the cellular location of SVV and its
bioactivity. Although it is not clear why the
Ml-induced SVV only localized in the cytosol but not
in the nucleus of cardiomyocytes, the human SVV
does contain a nuclear exportation signal (NES)
domain and mutant NES in SVV would facilitate its
accumulation in the nucleus [44]. Thus, it is likely that
there is another regulatory mechanism in the mature
cardiomyocytes that regulates the transportation of
SVV, in which the MI-induced SVV is restricted in the
cytosol, thus carrying out its anti-apoptotic activity.
In the assessment of the therapeutic outcome of
treating murine models of MI with either adSVV or
adNLS-SVV, it was clear that both treatments
displayed better outcomes than the adGFP control.
Surprisingly, although the therapeutic actions

between the two treatments are different, the overall
therapeutic outcome was similar. Although the
improvement seems minimal compared to the sham
group, both treatments exhibited better cardiac
output and were able to keep the size of infarct below
20% at 30 days post MI, as opposed to the >40% seen
in the adGFP control group. Reduced LV scar size
may be attributed to the inhibition of cardiomyocyte
apoptosis [45-47].

In conclusion, the expression profile of SVV in
heart development revealed that the proteins were
only expressed in the embryonic developmental
stages, and started to diminish after birth. More
importantly, SVV was detected in the nucleus of
cardiomyocytes during early heart development, and
its expression was induced in the heart of murine
models of MI. Although the precise mechanism that
induces the expression of SVV in the heart after MI
remains to be elucidated, it is clear that the
Ml-induced SVV was only found in the cytosol of
cardiomyocytes. The biological functions of SVV were
shown to depend on its localization, in which the SVV
in the nucleus enables cell mitosis through interaction
with Aurora B; whereas the SVV in the cytosol exerts
its anti-apoptotic activity by downregulating
caspase-3 activation. The improved therapeutic
outcome in the infarcted heart after administrating
either adSVV or adNLS-SVV, clearly shows the
potential of SVV as a therapeutic target.
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