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Abstract

We recently reported that doxorubicin decreased the expression of calpain-1/2, while inhibition
of calpain activity promoted doxorubicin-induced cardiac injury in mice. In this study, we
investigated whether and how elevation of calpain-2 could affect doxorubicin-triggered cardiac
injury. Transgenic mice with inducible cardiomyocyte-specific expression of calpain-2 were
generated. An acute cardiotoxicity was induced in both transgenic mice and their relevant
wild-type littermates by injection of a single dose of doxorubicin (20 mg/kg) and cardiac
injury was analyzed 5 days after doxorubicin injection. Cardiomyocyte-specific up-regulation
of calpain-2 did not induce any adverse cardiac phenotypes under physiological conditions by
age 3 months, but significantly reduced myocardial injury and improved myocardial function
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in doxorubicin-treated mice. Cardiac protection of calpain-2 up-regulation was also observed in
a mouse model of chronic doxorubicin cardiotoxicity. Up-regulation of calpain-2 increased the
protein levels of mitogen activated protein kinase phosphatase-1 (MKP-1) in cultured mouse
cardiomyocytes and heart tissues. Over-expression of MKP-1 prevented, whereas knockdown

of MKP-1 augmented doxorubicin-induced apoptosis in cultured cardiomyocytes. Moreover,
knockdown of MKP-1 offset calpain-2-elicited protective effects against doxorubicin-induced
injury in cultured cardiomyocytes. Mechanistically, up-regulation of calpain-2 reduced the protein
levels of phosphatase and tensin homolog and consequently promoted Akt activation, leading

to increased MKP-1 protein steady state levels by inhibiting its degradation. Collectively, this
study reveals a new role of calpain-2 in promoting MKP-1 expression via phosphatase and tensin
homolog/Akt signalling. This study also suggests that calpain-2/MKP-1 signaling may represent
new therapeutic targets for doxorubicin-induced cardiac injury.
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Introduction

The anthracycline antibiotic doxorubicin is an effective first-line chemotherapeutic agent for
many malignancies (Weiss 1992). However, doxorubicin can cause cardiac injury, leading
to cardiomyopathy and heart failure, a fatal condition (Takemura and Fujiwara 2007).
Unfortunately, effective therapies and preventive approaches are limited for doxorubicin-
induced cardiac injury.

Calpains belong to a family of calcium-dependent cysteine proteases (Goll et al. 2003).
Among 15 members in the calpain family, calpain-1 and calpain-2 consist of a distinct large
catalytic subunit (CAPN1 and CAPNZ2) encoded by the genes capnl and capnZ, respectively
and a common small regulatory subunit encoded by capnsi. Both calpain-1 and calpain-2
are tightly controlled by their natural endogenous inhibitor calpastatin. Calpain activation
has been implicated in mediating myocardial injury under various pathological conditions
including ischemia/reperfusion (Kang et al. 2010; Zheng et al. 2015), diabetes (Li et al.
2011), and sepsis (Ni et al. 2015), etc. In contrast, a previous study reported that calpain
protected the heart against hemodynamic stress in a mouse model of pressure overload-
induced myocardial dysfunction (Taneike et al. 2011). We recently showed that inhibition
of calpain activity enhanced cardiac apoptosis, and exacerbated myocardial dysfunction
and mortality in doxorubicin-injected mice (Wang et al. 2013). Moreover, up-regulation

of calpain-2 reduced doxorubicin-induced apoptosis in cultured cardiomyocytes. These
findings raised an intriguing possibility that up-regulation of calpain-2 may protect against
doxorubicin-induced cardiac injury.

Our recent study revealed that the detrimental effects of calpain inhibition seemed to be
associated with disruption of protein kinase B (Akt) signaling in cardiomyocytes during
doxorubicin stimulation (Wang et al. 2013). It is well known that Akt signaling is positively
regulated by P1(3,4,5)P3 (Sugden 2003), produced by phosphoinositol-3-kinase (PI3K).
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A reduction in PI(3,4,5)P3 levels results in Akt inactivation. Phosphatase and tensin
homolog (PTEN) antagonizes PI3K by converting PI(3,4,5)P3 into PI(4,5)P,, leading to
Akt inactivation (Simpson and Parsons 2001). Calpain-2 has been reported to cleave PTEN
(Briz et al. 2013). These previous studies suggest that calpain-2 may induce Akt activation
by decreasing PTEN in doxorubicin-induced cardiac injury. However, this needs further
investigation for clarification.

Activation of Akt signaling has been shown to promote mitogen-activated protein kinase
(MAPK) phosphatase-1 (MKP-1) expression (Rastogi et al. 2013). MKP-1 is a protein
phosphatase that dephosphorylates both the phosphothreonine and phosphotyrosine residues
on activated MAPK including ERK1/2, p38 and JNK1/2 (Liu et al. 2007). Studies

have demonstrated that MAPK family members (e.g. p38 and JNK1/2) are activated in
cardiomyocytes in response to doxorubicin and contribute to doxorubicin cardiotoxicity
(Chang et al. 2011b; Lou et al. 2005; Thandavarayan et al. 2010; Yao et al. 2012; Zhang

et al. 2015b). However, it has never been reported whether calpain-2 regulates MKP-1
expression and whether MKP-1 plays a role in doxorubicin-induced cardiac injury.

In this study, we investigated whether and how up-regulation of calpain-2 promoted MKP-1
expression thereby preventing doxorubicin-induced cardiotoxicity.

Characterization of conditional cardiomyocyte-specific CAPN2 expression in Tg-Capn2/tTA
double-transgenic mice

Transgenic over-expression of CAPN2 was verified in heart tissues of Tg-Capn2/tTA

mice (aged 3 months, Supplementary Fig. 1al). Casein zymography assay confirmed
up-regulation of calpain-2 activity by about one fold in Tg-Capn2/tTA mouse hearts
(Supplementary Fig. 1b). In contrast, transgenic CAPN2 protein expression was not
detected in lung tissues from Tg-Capn2/tTA mice and their relevant wild-type littermates
(Supplementary Fig. 1c). To turn off the transgenic expression of CAPN2, we

gave doxycycline to Tg-Capn2/tTA mice. After 14 days of continuous doxycycline
administration, the transgenic CAPN2 protein expression was not detected in Tg-Capn2/tTA
mouse hearts (Supplementary Fig. 1a2). However, transgenic CAPN2 protein expression
was recovered by about 70% after 14 days of doxycycline withdrawal (Supplementary Fig.
1a3). In addition, transgenic over-expression of CAPN2 had no effects on CAPN1 and
calpain-1 activity in Tg-Capn2/tTA mouse hearts (Supplementary Fig. 1a and 1b).

Under normal conditions, there were no differences in heart weight, body weight,
myocardial histology and myocardial function among Tg-Capn2/tTA mice and their relevant
wild-type littermates by age 3 months (Fig. 1a, 1c, and 1d, Supplementary Table-1). These
results are consistent with a previous report that cardiomyocyte-specific up-regulation of
CAPN2 protein and calpain-2 activity is not deleterious to the heart (Galvez et al. 2007) and
thus, rule out potential adverse effects of calpain-2 up-regulation and tTA over-expression in
Tg-Capn2/tTA mice.
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Over-expression of calpain-2 attenuates doxorubicin-induced myocardial injury in Tg-
Capn2/tTA mice

To determine whether over-expression of calpain-2 provided cardiac protection, we utilized
a mouse model of doxorubicin-induced cardiac injury. Tg-Capn2/tTA mice (aged 3 months)
and their relevant wild-type littermates including wild-type, Tg-tTA and Tg-Capn2 mice
were injected with a single dose of doxorubicin (20 mg/kg, i.p.) or saline. Five days

later, doxorubicin induced comparable myocardial dysfunction in different wild-type control
mice (wild-type, Tg-tTA and Tg-Capn2) as evidenced by decreased FS% (Fig. 1a, and
Supplementary Table-1). However, myocardial function was improved in Tg-Capn2/tTA
mice after doxorubicin injection (Fig. 1a, and Supplementary Table-1). No death was
observed in both transgenic and wild-type control mice 5 days after doxorubicin injection.
Since myocardial function was similar among different wild-type mice (including wild-type,
Tg-tTA and Tg-Capn2) under both physiological condition and doxorubicin treatment, we
used Tg-Capn2 mice as wild-type control for the following studies.

Doxorubicin injection significantly induced cardiac injury including troponin | and LDH
release in sera, patho-histological changes, collagen deposition and cell death in wild-type
mouse hearts, all of which were much less in Tg-Capn2/tTA mouse hearts (Fig. 1b-1e,
Supplementary Figure-2). These results demonstrate that up-regulation of calpain-2 protects
the heart against doxorubicin-induced injury.

To provide direct evidence in support of the protective effects of calpain-2 up-regulation, we
isolated and cultured adult cardiomyocytes from adult Tg-Capn2/tTA and Tg-Capn2 mice.
Incubation with doxorubicin (1 umol/L) for 24 hours significantly induced cell death in
Tg-Capn2 mouse cardiomyocytes as determined by an increase in the percentage of annexin-
V-positive cardiomyocytes (Fig. 2a and 2b). In contrast, doxorubicin induced much less cell
death in cardiomyocytes from Tg-Capn2/tTA mice (Fig. 2a and 2b). These results indicate
that up-regulation of calpain-2 protects cardiomyocytes against doxorubicin-induced injury.

In a mouse model of chronic doxorubicin-induced cardiac injury, transgenic up-regulation
of calpain-2 significantly increased the survival rate in Tg-Capn2/tTA mice compared with
their wild-type littermates (76.67% vs57.45%, P < 0.05) (Fig. 2c). Similarly, myocardial
function was improved in Tg-Capn2/tTA compared with their wild-type littermates (Fig. 2d).
Histological analysis revealed pathological changes including loss of cardiomyocytes and
replacement of fibrosis in doxorubicin-injected Tg-Capn2 mouse hearts, which were much
less in doxorubicin-injected Tg-Capn2/tTA mouse hearts (Fig. 2¢).

Elevation of calpain-2 increases MKP-1 protein expression in cardiomyocytes

Studies have demonstrated that MAPK family members (e.g. p38 and JNK1/2) are activated
in cardiomyocytes in response to doxorubicin and contribute to doxorubicin cardiotoxicity
(Chang et al. 2011b; Lou et al. 2005; Thandavarayan et al. 2010; Yao et al. 2012; Zhang et
al. 2015b). It is well known that MKP-1 is a protein phosphatase that dephosphorylates both
the phosphothreonine and phosphotyrosine residues on activated MAPK including ERK1/2,
p38 and JNK1/2 (Liu et al. 2007). Thus, we determined whether elevation of calpain-2
promoted MKP-1 expression. To address this, we used neonatal mouse cardiomyocytes as
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about 30% of adult cardiomyocytes died 30 hours after isolation. Neonatal cardiomyocytes
were infected with Ad-Capn2 or Ad-gal. Infection of Ad-Capn2 significantly increased
calpain-2 activity and induced MKP-1 protein expression in cardiomyocytes (Fig. 3a and
3b). This effect of calpain-2 elevation was abrogated by incubation with calpain inhibitor-111
(Fig. 3c), suggesting that induction of MKP-1 protein is due to calpain-2 activity. In contrast,
infection with Ad-Capnl did not increase MKP-1 protein levels in cardiomyocytes (Fig. 3b).

Interestingly, elevation of calpain-2 only slightly increased the mRNA levels of MKP-1 in
cardiomyocytes without changing the half-life of MPK-1 mRNA (Supplementary Fig. 3a
and 3b). Given the significant increase of MKP-1 protein induced by calpain-2 elevation,
we hypothesized that calpain-2 might modulate MKP-1 protein degradation. To address this,
we infected cultured cardiomyocytes with Ad-Capn2 and determined the half-life of MKP-1
protein. As shown in Fig. 3d, the half-life of calpain-2-induced MKP-1 protein was around
10 hours in cardiomyocytes under normal condition and it was increased to 24 hours in Ad-
Capn2-infected cells; however, incubation with calpain inhibitor-111 significantly shortened
its half-life to about 4 hours (Fig. 3e), suggesting that elevation of calpain-2 increases
MKP-1 protein steady state levels in cardiomyocytes. Since it has been shown that MKP-1
protein is targeted for degradation via the ubiquitin-proteasome pathway in cardiomyocytes
(Xie et al. 2009), we examined whether inhibition of the proteasome could prevent MKP-1
degradation. Co-combination with MG132, a proteasome inhibitor, significantly increased
its half-life to 24 hours (Fig. 3d). Taken together, these results demonstrate that elevation of
calpain-2 inhibits proteasomal degradation of MKP-1 protein.

Over-expression of MKP-1 attenuates apoptosis and silencing of MKP-1 offsets
the inhibitory effect of calpain-2 elevation on apoptosis in doxorubicin-stimulated
cardiomyocytes

To investigate the role of MKP-1 in doxorubicin-induced apoptosis, we infected

neonatal cardiomyocytes with Ad-MKP1 or Ad-gal. Twenty-four hours after infection,
cardiomyocytes were incubated with doxorubicin or saline for an additional 24 hours.
Infection of Ad-MKP1 increased the protein levels of MKP-1 in cardiomyocytes
(Supplementary Fig. 4a). In response to doxorubicin, apoptosis was induced in
cardiomyocytes, which was inhibited by over-expression of MKP-1 in cardiomyocytes (Fig.
4a and 4b). Over-expression of MKP-1 also prevented doxorubicin-induced phosphorylation
of ERK1/2, p38 and JNK1/2 in cardiomyocytes (Supplementary Fig. 4b-4e). These results
demonstrate that over-expression of MKP-1 prevents MAPK activation and apoptosis in
doxorubicin-stimulated cardiomyocytes.

To determine whether the anti-apoptotic effect of calpain-2 elevation was mediated through
MKP-1 induction, we knocked down MKP-1 expression in neonatal cardiomyocytes

using MKP-1 siRNA. A scrambled siRNA served as a control. Transfection of MKP-1
SiRNA led to about 50% reduction in MKP-1 protein (Supplementary Fig. 5a). After
knockdown of MKP-1, cardiomyocytes were infected with Ad-Capn2 or Ad-gal, and

then exposed to doxorubicin for additional 24 hours. Treatment with MKP-1 siRNA
enhanced doxorubicin-induced apoptosis in cardiomyocytes. Importantly, knockdown of
MKP-1 abrogated the protective effects of calpain-2 elevation on apoptosis in doxorubicin-
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stimulated cardiomyocytes (Fig. 4c and 4d). Furthermore, infection with Ad-Capn2 inhibited
doxorubicin-induced phosphorylation of ERK1/2, p38 and JNK1/2, which was offset by
MKP-1 knockdown (Supplementary Fig. 5b-5e). These results suggest that the protective
effects of calpain-2 elevation may be mediated through MKP-1 signalling in doxorubicin-
stimulated cardiomyocytes.

Elevation of calpain-2 increases MKP-1 protein steady state levels in cardiomyocytes via
Akt signaling

Relevant to its potential cardiac protection, calpain-2 has been demonstrated to induce Akt
signaling in non-cardiomyocytes (Ho et al. 2012). Since elevated Akt signaling protects
against doxorubicin-induced injury (Taniyama and Walsh 2002) and our recent study
showed that inhibition of calpain led to inactivation of Akt signalling in doxorubicin-induced
cardiomyocytes (Wang et al. 2013), we determined whether elevation of calpain-2 promoted
Akt activation in cardiomyocytes. To examine this, we infected neonatal cardiomyocytes
with Ad-Capnl, Ad-Capn2 or Ad-gal. Elevation of calpain-2 activity increased the protein
levels of phosphorylated Akt at Thr308 and Ser473 in a time-dependent manner (Fig.

5a), indicative of Akt activation, which correlated well with a time-dependent increase

in MKP-1 protein levels (Fig. 3b). In contrast, infection with Ad-Capn1 did not change

Akt phosphorylation (Supplementary Fig. 6a-6d). These results demonstrate that calpain-2
induces Akt activation.

We then determined whether elevation of calpain-2 protects MKP-1 stability through Akt
signaling. To address this, we infected neonatal cardiomyocytes with Ad-Capn2 or Ad-gal in
the presence of LY294002 or vehicle. Blockade of Akt signalling with LY294002 prevented
calpain-2-induced MKP-1 protein expression in cardiomyocytes (Fig. 5b). Consistently,
blocking Akt signalling with LY294002 accelerated MKP-1 protein degradation in Ad-
Capn2-infected cardiomyocytes (Fig. 5¢). This result supports that elevation of calpain-2
inhibits MKP-1 degradation via Akt signalling.

Over-expression of calpain-2 induces Akt activation by decreasing phosphatase and
tensin homolog (PTEN)

Akt signaling is positively regulated by PI(3,4,5)P3 (Sugden 2003), produced by
phosphoinositol-3-kinase (P13K). A reduction in PI(3,4,5)P3 levels results in Akt
inactivation. PTEN antagonizes PI3K by converting PI(3,4,5)P3 into P1(4,5)P,, leading

to Akt inactivation (Simpson and Parsons 2001). Calpain-2 has been reported to cleave
PTEN (Briz et al. 2013). Thus, we hypothesized that calpain-2 promoted Akt activation
by reducing PTEN in cardiomyocytes. To examine this hypothesis, we infected neonatal
cardiomyocytes with Ad-Capnl, Ad-Capn2 or Ad-gal. Infection with Ad-Capn2 (Fig. 5d)
but not Ad-Capnl decreased the protein levels of PTEN (Supplementary Fig. 6b and

6e). The time-dependent reduction of PTEN protein correlated well with an increase in
Akt phosphorylation (Fig. 5a), suggesting that calpain-2 may promote Akt activation by
decreasing PTEN. To substantiate this, we infected neonatal cardiomyocytes with Ad-Pten
or Ad-gal in combination with Ad-Capn2 or Ad-gal. Forty-eight hours later, infection with
Ad-Capn2 induced Akt activation in cardiomyocytes, the effect of which was prevented by
over-expression of PTEN with Ad-Pten (Fig. 5e, Supplementary Figure 6f). These results
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provide direct evidence that calpain-2 promotes Akt activation by decreasing PTEN protein
in cardiomyocytes.

Inhibitory effects of calpain-2 elevation or MKP-1 over-expression on apoptosis are
prevented by increasing PTEN or blocking Akt signalling in doxorubicin-stimulated
cardiomyocytes

To determine whether calpain-2 protected cardiomyocytes against doxorubicin-induced
apoptosis through PTEN/Akt/MKP-1 signalling, we infected neonatal cardiomyocytes

with Ad-Capn2, Ad-MKP1 or Ad-gal in combination with Ad-Pten or Ad-gal, or in the
presence of LY294002 or vehicle, followed by incubation with doxorubicin or saline for

24 hours. Consistently, infection with Ad-Capn2 inhibited doxorubicin-induced apoptosis in
cardiomyocytes. However, infection with Ad-Pten or incubation with LY 294002 abolished
the inhibitory effects of calpain-2 (Fig. 6a-6d) or MKP-1 over-expression (Fig. 4a and

4b) on apoptosis in doxorubicin-stimulated cardiomyocytes. These results support that

the protective effects of calpain-2 are mediated through PTEN/Akt/MKP-1 signaling in
doxorubicin-stimulated cardiomyocytes.

Increased calpain-2 reduces the protein levels of PTEN, increases Akt activation and
induces MKP-1 protein in transgenic mouse hearts

In line with the results from cultured cardiomyocytes, transgenic up-regulation of calpain-2
reduced the protein levels of PTEN (Fig. 7a), increased phosphorylation of Akt (Fig. 7b)
and induced MKP-1 protein expression (fig. 7c) in mouse hearts under normal condition.
Upon doxorubicin injection, the protein levels of PTEN were elevated, and phosphorylation
of Akt and MKP-1 protein expression were decreased in wild-type mouse hearts. However,
these effects of doxorubicin were prevented in calpain-2 transgenic mouse hearts (Fig.
7a-7c). Thus, these results confirm the role of calpain-2 in regulation of PTEN/Akt/MKP-1
signaling in /n vivo hearts.

Discussion

The major finding of this study is that up-regulation of calpain-2 reduced doxorubicin-
induced cardiac injury and that the protective effect of calpain-2 up-regulation was mediated
through MKP-1 up-regulation. To the best of our knowledge, this is the first study that
demonstrates that up-regulation of calpain-2 increases MKP-1 protein steady state levels by
inhibiting its degradation, leading to cardiac protection in doxorubicin cardiotoxicity.

Calpain-2 has been suggested to induce death and survival signaling (Abeyrathna et al.
2016; Chang et al. 2011a; Ho et al. 2012; Wang et al. 2016; Yuasa et al. 2016). Our recent
study reported that over-expression of CAPN2 decreased doxorubicin-induced apoptosis in
cardiomyocytes (Wang et al. 2013). In this study, we extend those data in mouse models

of both acute and chronic doxorubicin-induced cardiac injury. Similar cardio-protection of
calpain-2 up-regulation was also observed in heat stress-induced injury (Liu et al. 2018)

but not in ischemia/reperfusion injury and septic mice (data not shown), suggesting that the
cardioprotective role of calpain-2 may be limited to distinct conditions. The protective effect
of calpain-2 in doxorubicin-induced cardiac injury may be clinically important because
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dexrazoxane, the only drug available to mitigate doxorubicin cardiotoxicity in clinical
settings, was reported to induce calpain-2 expression in doxorubicin-injected rat hearts
(Zhang et al. 2015a). In contrast to calpain-2, activation of calpain-1 is deleterious to

the heart and sufficiently induces cardiomyopathic features in transgenic mice (Galvez

et al. 2007). In response to doxorubicin, a recent study demonstrated that calpain-1 was
activated and promoted apoptosis in cardiac muscles (Min et al. 2015). Thus, calpain-2 may
counteract the detrimental role that calpain-1 plays in certain conditions.

It is important to mention although calpain-2 requires mili-molar concentration of Ca2* for
its activation, which may never be reached within cells, certain modifications of calpain-2
protein either lower Ca2* requirement for its activation or directly induce its activation
without increasing Ca?*. For example, phosphorylation of calpain-2 by ERK1/2 induces its
activation in the absence of Ca2+ (Glading et al. 2004). Indeed, our data shows that ERK1/2
is activated in doxorubicin-stimulated cardiomyocytes. This may provide important basis for
examining effects of calpain-2 over-expression in cardiac patho-physiology.

The present study reveals a novel role for calpain-2 in promoting MKP-1 protein expression
and further demonstrates that the inhibitory effect of calpain-2 on apoptosis is mediated
through MKP-1 induction in doxorubicin-induced cardiomyocytes. It is well known that
MKP-1 de-phosphorylates and inactivates MAPK members (e.g. ERK1/2, JINK1/2 and
p38) (Liu et al. 2007). Doxorubicin induces activation of ERK1/2, p38 and JNK1/2 in
cardiomyocytes and inhibition of them reduces doxorubicin-induced cardiac injury (Chang
etal. 2011b; Lou et al. 2005; Thandavarayan et al. 2010; Yao et al. 2012; Zhang et

al. 2015b). Similarly, the present study shows that up-regulation of calpain-2 or MKP-1
decreases phosphorylation of ERK1/2, p38 and JINK1/2. These data provide additional
evidence in support of the notion that elevation of calpain-2 protects against doxorubicin-
induced cardiac injury through MKP-1 signaling. MKP-1 has also been implicated in
cardioprotective effects of insulin and dexamethasone. These previous reports together with
our present finding suggest a cardioprotective role of MKP-1 under stress. In contrast,

a previous study showed that age-associated increase in MKP-1 might result in loss of
infarct size reduction with ischemic post-conditioning. We currently do not known whether
MKP-1 induction provides similar cardioprotection in old mouse hearts upon doxorubicin
injection. Future studies are needed to determine the implications of calpain-2-mediated
MKP-1 expression in cardiac patho-physiology using the transgenic Tg-Capn2/tTA mice.

It is worthwhile to mention that MKP-1 has been reported to mediate chemoresistance
in human breast cancer. Thus, any approaches to enhance MKP-1 expression to reduce
doxorubicin cardiotoxicity may potentially impede its cancer-killing efficacy.

The mechanisms underlying calpain-2 induction of MKP-1 expression have never been
reported. MKP-1 expression is tightly regulated transcriptionally, post-transcriptionally and
post-translationally (Kuwano and Gorospe 2008). In this study, elevation of calpain-2
slightly increased the mRNA levels of MKP-1, which may not explain a dramatic

elevation of MKP-1 protein levels, suggesting the involvement of translational and/or
post-translational mechanisms. In support of this, the present study provides evidence
demonstrating that elevation of calpain-2 increases MKP-1 protein steady state levels
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by inhibiting its degradation. Previous studies have demonstrated that MKP-1 protein is
degraded via the ubiquitin proteasome pathway (Kuwano and Gorospe 2008; Xie et al.
2009). Indeed, the present study further shows that inhibition of proteasome prevents
MKP-1 protein degradation, suggesting that calpain-2 increases MKP-1 protein levels
possibly by inhibiting the ubiquitin proteasome pathway.

In pursuit of the signaling mechanisms by which calpain-2 inhibits MKP-1 protein
degradation, our data demonstrate that calpain-2 induces a reduction of PTEN protein and
subsequently promotes Akt activation, supporting that PTEN is a target of calpain-2 (Briz
et al. 2013). This is also supported by our recent study which showed that inhibition of
calpain blocked Akt activation in cardiomyocytes (Wang et al. 2013). Activation of Akt
signaling has been suggested to promote MKP-1 expression (Rastogi et al. 2013). Similarly,
the present study shows that elevation of calpain-2 induces Akt activation by increasing
its phosphorylation (Ser473 and Thr308). Moreover, blocking Akt signaling abrogates the
effects of calpain-2 elevation in preventing MKP-1 protein degradation. Thus, we argue
that calpain-2 promotes MKP-1 protein stability by activating Akt signaling. In fact, Akt
activation was reported to inhibit artrogin-1 expression (Sandri et al. 2004; Yoshida et

al. 2010), a muscle-specific ubiquitin-ligase, which has been reported to promote MKP-1
ubiquitination and degradation (Xie et al. 2009).

In summary, this study provides direct evidence demonstrating that up-regulation of
calpain-2 protects the heart against doxorubicin-induced injury. The cardio-protective effect
of calpain-2 up-regulation may be mediated, at least partially by increasing MKP-1 via
decreased PTEN and consequent Akt activation. Thus, calpain-2/MKP-1 signaling may
represent new therapeutic targets for doxorubicin-induced cardiac injury.

Materials and Methods

Animals

This investigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication, 81" Edition, 2011). All
experimental procedures were approved by the Animal Use Subcommittee at the Western
University, Canada. Breeding pairs of C57BL/6 mice were purchased from the Jackson
Laboratory. Transgenic mice with cardiomyocyte-specific over-expression of tetracycline
transactivator (Tg-tTA) were generated as described previously (Sanbe et al. 2003). All
animals were housed in a temperature and humidity controlled facility at a 12-hour light and
dark cycles with water and food ad /ibitum.

A novel line of transgenic mice with human CAPN2 expression driven by tTA inducible
mouse a-myosin heavy chain (MHC) promoter (Tg-Capn2) was generated as described
(Sanbe et al. 2003). The Tg-Capn2 mice were crossed with Tg-tTA mice to produce wild-
type, Tg-tTA, Tg-Capn2 and Tg-Capn2/tTA mice, which were genotyped by polymerase
chain reaction (PCR) with both tTA and human capn2 primers.
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Experimental protocol

Acute cardiotoxicity was induced by injection of a single dose of doxorubicin (20 mg/kg,
i.p., Sigma) in male mice (aged 10-12 weeks) (Wang et al. 2013). Mice injected with
sterile saline were used as controls. After five days of injection, animals were subjected to
echocardiography or heart tissue collection for further analyses.

Chronic doxorubicin-induced cardiac injury was induced by multiple-injections of
doxorubicin (5 mg/kg/week for 4 consecutive weeks, total 20 mg/kg, i.p., Sigma) in male
mice (aged 2 months). Control mice were injected with sterile saline. After 4 weeks of
the last injection, myocardial function was assessed, and heart tissues were collected for
histological analyses.

Echocardiography

Animals were lightly anaesthetized with inhaled isoflurane (1%) and imaged on a warm
handling platform using a 40 MHz linear array transducer attached to a preclinical
ultrasound system (Vevo 2100, FUJIFILM Visual Sonics, Canada) with nominal in-plane
spatial resolution of 40 um (axial) x 80 pm (lateral) as we described recently (Li et al. 2016;
Ma et al. 2012; Ni et al. 2015; Wang et al. 2013). Left ventricular (LV) end-systolic inner
diameter (LVIDs), LV end-diastolic inner diameter (LVIDd), and fractional shortening (FS)
were analyzed. The pulsed wave Doppler measurements of maximal early (E) and late (A)
transmitral velocities in diastole were performed in the apical view with the cursor at mitral
valve inflow.

Cell membrane permeability to evans blue dye (EBD)

EBD was dissolved in saline and injected into mice (100 mg/kg body weight, i.p.). Twenty-
four hours later, the heart was harvested and embedded in optimal cutting temperature
(OCT) compound (Sakura), snap frozen in liquid nitrogen and cut into 5-um cryosections.
EBD uptakes (red) were visualized under fluorescent microscope.

Histological analyses

Heart tissues were routinely fixed, embedded, processed and sectioned. Tissue sections were
processed either for H&E staining or for assessments of total collagen content as described
in our recent report (Ma et al. 2012).

Lactate dehydrogenase (LDH) and troponin | release

The levels of LDH and troponin I in sera were measured using commercially available kits
from Sigma-Aldrich (Canada) and MyoBioSource.com (USA) following the manufacturer’s
instructions, respectively.

Mouse cardiomyocyte cultures

Neonatal mice (born in 48 h) were euthanized by decapitation. Neonatal cardiomyocytes
were prepared and cultured according to methods we described previously (Peng et al.
2003).
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Adult mice were anaesthetized with a mixture of ketamine (100 mg/kg, i.p.) and xylazine
(5 mg/kg, i.p.). Hearts were isolated and perfused after ensuring that mice did not respond
to needle-punch to the skin. Mouse ventricle cardiomyocytes were isolated according to
methods we described previously (Ni et al. 2015; Wang et al. 2013).

Adenoviral infection of cardiomyocytes

Cultured neonatal cardiomyocytes were infected with adenoviral vectors containing capnl,
capn2, pten and mkp-1 gene (Ad-Capn2, Ad-Capnl, Ad-Pten, Ad-MKP-1, SignaGen, USA)
or B-gal (Ad-gal, Vector Biolabs, USA) as a control at a multiplicity of infection of 100
plaque forming units/cell (Peng et al. 2003).

Caspase-3 activity

Caspase-3 activity in cell lysates was measured with a caspase-3 fluorescence assay kit
(Biomol Research Laboratories, USA).

Determination of cellular DNA fragmentation

Cultured neonatal cardiomyocytes were pre-labeled with BrdU (1 pg/ml). DNA
fragmentation was determined using a Cellular DNA Fragmentation ELISA kit (Roche
Applied Science, Germany) according to the manufacturer’s instructions.

Real-time reverse transcriptase-PCR

Total RNA was extracted from cultured neonatal cardiomyocytes and heart tissues using the
Trizol Reagent (Sigma-Aldrich, USA) following the manufacturer's instruction (Peng et al.
2003). Real-time reverse transcriptase-PCR was performed for analyzing mRNA levels of
MKP-1, 18S rRNA and GAPDH (Li et al. 2010).

Western blot analysis

The protein levels of CAPN1, CAPN2, PTEN, p38, phosphorylated p38, ERK1/2,
phosphorylated ERK1/2, INK1/2, phosphorylated INK1/2, Akt, phosphorylated Akt
(Thr308 and Ser473), MKP-1, ubiquitin and GAPDH were determined by western blot
analysis using their specific antibodies (Peng et al. 2003) (Cell Signaling Technology, USA,
1:1000 or Santa Cruz Biotechnology, USA, 1:500).

Treatment of siRNA

Cholesterol and OMe-conjugated siRNAs for MKP-1 were purchased from Guangzhou
Ribobio Co., Ltd. (China). A scrambled siRNA conjugated with cholesterol and OMe served
as a control. Cultured neonatal cardiomyocytes were incubated with siRNAs (50 nmol/L) in
normal culture medium. Our recent study showed that cholesterol-conjugated siRNAs enter
cardiomyocytes directly with an efficiency of more than 90% (Li et al. 2016).

Calpain activity

Calpain-1 and calpain-2 activities in cell lysates were measured by casein zymography as
described previously (Li et al. 2011).
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Determination of MKP-1 mRNA stability

At different time-points after addition of actinomycin D (2 ug/ml, Sigma), the mRNA levels
of MKP-1 and GAPDH were measured by RT-gPCR, normalized to 18S rRNA. The time
required for mMRNA to reach one-half of its initial abundance (or half-life) was determined
by plotting the results of RT-gPCR on a logarithmic scale.

Assessment of MKP-1 protein degradation

After addition of cycloheximide (5 pg/ml, Sigma), a protein translation inhibitor to block de
novo protein synthesis in combination with MG132 (0.5 pmol/L, Sigma), calpain inhibitor
I11 (10 pmol/L, Sigma), LY294002 (2 umol/L, Sigma) or vehicle, western blot analysis was
performed to quantify the protein levels of MKP-1 and GAPDH at different time points.

Statistical analysis

Data were given as Mean * SD. Student’s t test was employed for comparisons within
two groups. ANOVA followed by Newman-Keuls test was performed for multi-group
comparisons. Survival curves were created by the method of Kaplan and Meier, and
compared by log-rank test. A value of £< 0.05 was regarded as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Over-expression of calpain-2 reduces acute doxor ubicin cardiotoxicity in Tg-
Capn2/tTA mice.

Tg-Capn2/tTA and their relevant wild-type littermates (WT) including wild-type, Tg-tTA,
and Tg-Capn2 mice were injected with doxorubicin (20 mg/kg, i.p.) or saline. Five days
later, (a) fractional shortening (FS%) was determined by echocardiography. Data are mean *
SD, n = 5-12 mice in each group. *P< 0.05 versus Saline and TP< 0.05 versus Wild-type

+ Doxorubicin. (b) Troponin | in sera. Data are mean + SD, n = 5 mice in each group.
TP<0.05 versus Tg-Capn2 + Doxorubicin. (c) Representative cardiac micro-pictures for
H&E, Sirius red and Evans blue staining. (d) Quantitation of myocardial collagen deposition
determined by Sirius red staining. () Quantitation of necrotic cell death determined by
Evans blue staining. Data are mean + SD, n=5 mice in each group. *P< 0.05 versus
Tg-Capn2 + Saline and TP < 0.05 versus Tg-Capn2 + Doxorubicin.
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Figure 2. (aand b) Doxor ubicin-induced Cell death is decreased in adult cardiomyocytes from
Tg-Capn2/tTA mice.

Adult cardiomyocytes were isolated from Tg-Capn2 and Tg-Capn2/tTA mice, and then
incubated with doxorubicin (1 umol/L) for 24 hours. Cell death was determined by annexin
V staining (green color) and nucleus was stained by Hoechst (blue color). (a) Representative
pictures for annexin V positive cells. (b) Quantification of cell death (%). Data are mean

+ SD, n=10 (repeat 10 times using 10 independent cell cultures). *£< 0.05 versus
Tg-Capn2 + saline, T2< 0.05 versus Tg-Capn2 + Doxorubicin. (c, d and €) Chronic

doxor ubicin-induced cardiotoxicity and the mortality werereduced in Tg-Capn2/tTA
mice. Tg-Capn2/tTA mice and their relevant wild-type littermates Tg-Capn2 mice were
injected with doxorubicin (DOX, 5 mg/kg/week, i.p.) or saline for 4 consecutive weeks. (c)
Four weeks after the last dose of doxorubicin injection, the survival was monitored (*P<
0.05). (d) Fractional shortening (FS%) were analyzed. Data are mean = SD, n = 6-12. *P

< 0.05 vs Saline+ Tg-Capn2 and T~ < 0.05 vs Doxorubicin+Tg-Capn2. () A representative
H&E staining of heart sections from 6 different hearts in each group.
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Figure 3. Calpain-2 increases MK P-1 protein levels by inhibiting its proteasomal degradation in
car diomyocytes.

Cultured neonatal cardiomyocytes were infected with Ad-Capnl, Ad-Capn2 or Ad-gal

in the presence of calpain inhibitor-111 (CI-111, 10umol/L) or Vehicle for 12-48h. (a)

A representative zymography for calpain-1 and calpain-2 activities in duplication from

3 independent cell cultures. (b) Representative western blot for MKP-1 and GAPDH
induplication from 4 independent cell cultures. (c) Upper panel; A representative western
blot for MKP-1 and GAPDH from 4 independent cell cultures, lower panel; quantitation of
MKP-1/GAPDH ratio. Data are mean + SD, n=4 independent cell cultures. *£< 0.05 versus
Ad-gal + Vehicle and T2< 0.05 versus Ad-gal + CI-111. (d) Cardiomyocytes were infected
with Ad-MKPL1. Forty-eight hours later, the cells were incubated with cycloheximide (CHX,
5 pug/mL) in combination with protease inhibitor MG132 (0.5 pmol/L) or Vehicle for the
indicated times. Upper panel; A representative western blot for MKP-1 and GAPDH protein
from 3 independent cell cultures, lower panel; quantitation of MKP-1/GAPDH ratio. (e)
Forty hours after infection with Ad-Capn2, the cells were incubated with cycloheximide
(CHX, 5 ug/mL) in the presence or absence of calpain inhibitor-I11 (CI-I11, 10 umol/L) for
the indicated times. Upper panel; A representative western blots for MKP-1 and GAPDH
protein from 3 independent cell cultures, lower panel; quantitation of MKP-1/GAPDH ratio.
Data are mean + SD, n=3. *P< 0.05 versus Vehicle or Ad-Capn2+ CI-III.
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Figure 4. Calpain-2 elevation prevents doxor ubicin-induced apoptosis through MKP-1 induction.
(A and B) Cultured neonatal cardiomyocytes were infected with Ad-MKP1 or Ad-gal in

combination with Ad-Pten. After 24 hours of infection, cardiomyocytes were incubated
with doxorubicin (1 pmol/L) or saline for 24 hours. Caspase-3 activity (a) and DNA
fragmentation (b) were measured. (c and d) Cultured neonatal cardiomyocytes were
transfected with MKP-1 siRNA or a scrambled siRNA as a control (NC siRNA).
Cardiomyocytes were then infected with Ad-Capn2 or Ad-gal for 24 hours, followed by
incubation with doxorubicin (1 pmol/L) for an additional 24 hours. Caspase-3 activity (c)
and DNA fragmentation (d) were measured. Data are mean + SD, n=5-6 independent cell
cultures. *P< 0.05 versus Ad-gal or Ad-gal + NC siRNA, TP< 0.05 versus Doxorubicin
+ Ad-gal or Doxorubicin +Ad-gal + NC siRNA + Doxorubicin, and ¥£< 0.05 versus
Doxorubicin + Ad-Pten or Doxorubicin+Ad-Capn2 + NC siRNA.
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Figure 5. Calpain-2 elevation promotes MK P-1 protein expression through PTEN/AKkt signaling.
Cultured neonatal cardiomyocytes were infected with Ad-Capn2 or Ad-gal. (a) A

representative western blot for Akt and phosphorylated Akt (Ser308 and Thr473) from 3
different cell cultures. (b) Cultured neonatal cardiomyocytes were infected with Ad-Capn2
or Ad-gal in the presence of LY294002 (LY, 2umol/L) or Vehicle for the indicated times.
Upper panel; A representative western blot from 4 different cell cultures for MKP-1 and
GAPDH protein, lower panel; quantitation of MKP-1/GAPDH ratio. (c) Twenty-four hours
after Ad-Capn2 infection, the cells were incubated with cycloheximide (CHX, 5 pg/mL)

for the indicated times. Upper panel; A representative western blot from 4 independent cell
cultures for MKP-1 and GAPDH protein, lower panel; quantitation of MKP-1/GAPDH ratio.
Data are mean + SD, n=4 independent cell cultures. *£< 0.05 versus Ad-gal+Vehicle or Ad-
Capn2+LY and TP< 0.05 versus Ad-Capn2+Vehicle. (d) Cultured neonatal cardiomyocytes
were infected with Ad-Capn2 or Ad-gal. Upper panel; A representative western blot for
PTEN and GAPDH from 4 independent cell cultures, lower panel; quantitation of PTEN/
GAPDH ratio. (e) Cardiomyocytes were infected with Ad-Pten or Ad-gal, followed by
Ad-Capn2. Upper panel; A representative western blot for phosphorylated Akt and total
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Akt, lower panels; quantitation of phosphorylated Akt/Akt ratio. Data are mean + SD, n=4
independent cell cultures. *P< 0.05 versus Ad-gal and TP< 0.05 versus Ad-Capn2+Ad-gal.
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F_igu;;(_e 6. Calpain-2 elevation prevents doxor ubicin-induced apoptosisvia PTEN and Akt
signaling.

(agand b% Cultured neonatal cardiomyocytes were infected with Ad-Capn2 or Ad-gal in
combination with Ad-Pten. After 24 hours of infection, cardiomyocytes were incubated with
doxorubicin (1umol/L) or saline for 24 hours. Caspase-3 activity (a) and DNA fragmentation
(b) were measured. (c and d) Cultured neonatal cardiomyocytes were infected with Ad-
Capn2 or Ad-gal in combination with LY294002 (2 umol/L) or Vehicle for 24 hours, and
then incubated with doxorubicin (1 pmol/L) for additional 24 hours. Caspase-3 activity

(c) and DNA fragmentation (d) were measured. Data are mean + SD, n=4-6 independent
cell cultures. *P< 0.05 versus Ad-gal or Ad-gal + Vehicle, TP< 0.05 versus Ad-gal +
Doxorubicin and ¥ < 0.05 versus Ad-Capn2 + Doxorubicin.
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Figure 7. Over-expression of calpain-2 reduces PTEN protein levels and increases Akt activation
and MKP-1 protein expression in Tg-Capn2/tTA mouse hearts.

Tg-Capn2/tTA (TG) and Tg-Capn2 mice (WT) received doxorubicin or saline. Five days
later, heart tissues were analyzed for PTEN, Akt and MKP-1 protein expression. (a)

Upper panel; representative western blot for PTEN and GAPDH from 2 out of 5 different
hearts from WT and TG at 5 days, lower panel: quantitation of MKP-1/GAPDH ratio.

(b) Upper panel; representative western blot for Akt and phosphorylated Akt (Ser308 and
Thr473) from 2 out of 6 different hearts form WT and TG, lower panel; quantitation of
phosphorylated Akt/Akt ratio. (c) Upper panel; representative western blot for MKP-1 and
GAPDH from 2 out of 5 different hearts from WT and TG, lower panel: quantitation of
MKP-1/GAPDH ratio. Data are mean + SD, n=5-6 different hearts. *£< 0.05 versusWT +
saline and TP< 0.05 versus WT + Doxorubicin.
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