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ABSTRACT
The activation of hypoxia-inducible factor (HIF) is an important event for mediating the adaptive response to
myocardial ischemia/reperfusion (MI/R) injury. The ubiquitin-conjugating enzyme E2S (Ube2s) catalyzes
ubiquitin conjugation to target proteins. Here, we report the positive regulation of HIF-1α signaling by Ube2s
via stabilizing β-catenin, by which Ube2s acts to protect against MI/R injury. We show that Ube2s expression
is upregulated in the hearts of mice subjected to MI/R injury. Functionally, Ube2s depletion exacerbates and
its overexpression ameliorates MI/R injury. In addition, Ube2s augments the activation of HIF-1α and reduces
myocardial apoptosis. Moreover, Ube2s induces the accumulation of β-Catenin through increasing its
stabilization. Importantly, β-Catenin knockdown abrogates Ube2s-augmented HIF-1α activation, and
meanwhile, diminishes the protective effect of Ube2s on MI/R injury, thus establishing a causal link between
Ube2s-stabilized β-catenin and HIF-1α-mediated myocardial protection. Altogether, this study identifies the
Ube2s/β-catenin/HIF-1α axis as a novel protective regulator involved in MI/R injury, and also implies that it
might represent a potential therapeutic target for ameliorating MI/R injury.

INTRODUCTION

strategies for reducing myocardial apoptosis, whereby
preventing or minimizing MI/R injury.

Myocardial infarction (MI) is a common cause of death
and disability across the world, for which the most
effective therapeutic intervention is timely myocardial
reperfusion [1]. However, reperfusion itself causes
further death of vulnerable cardiomyocytes, known as
myocardial ischemia/reperfusion (MI/R) injury [2].
Currently, there is still no effective treatment for
reducing MI/R injury, which compromises the
therapeutic effectiveness in patients with MI [1, 3].
Although it has long been recognized that the
pathogenesis of MI/R injury is multifactorial and the
myocardial apoptosis is a major pathogenic factor [4–6],
the regulatory mechanisms leading to myocardial
apoptosis are still not fully understood. Further studies
are needed to pursue novel therapeutic targets and
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On the other hand, accumulating evidence has suggested
that myocardial cell survival during MI/R injury could be
improved by modulating the expression of genes
participating in promoting glycolysis, reducing ROS
production and proapoptotic protein expression and
limiting mitochondrial metabolism [7]. The hypoxiainducible factor (HIF) belongs to a class of transcription
factors that function to regulate the expression of nearly
200 downstream target genes, which coordinates a
cellular adaptive response to hypoxia and/or ischemia
[7, 8], and therefore the activation of HIF plays a
protective role against the consequences of oxygen
deprivation [9]. Moreover, several studies have reported
that HIF-1α is activated in ischemic myocardium, and

AGING

that the HIF-dependent program of gene expression
enhances cell survival during MI/R injury, indicating that
HIF activation confers protection against MI/R injury
[10–12]. For instance, HIF-1α protects the heart against
MI/R injury by promoting aerobic glycolysis and
decreasing oxidative stress via upregulating its target
genes, including HO-1, PDK-1, VEGF and HK-2 [12].
The ubiquitin-conjugating enzyme E2S (Ube2s) is a K11
linkage-specific E2, which catalyzes the elongation of
K11-linked polyubiquitin chain on substrates to promote
proteasome-mediated degradation [13]. However,
recently, Ube2s has been associated with the stabilization
of β-Catenin via ubiquitination modification [14].
Additionally, β-Catenin was found to interact with HIF-1
to promote cellular adaptation to hypoxia [15].
Furthermore, β-catenin protects against hepatic I/R injury
in mice through augmenting HIF-1 signaling [16]. Given
these clues, we hypothesized that Ube2s may play a role
in MI/R injury. In this study, we report the protection of
Ube2s against MI/R injury in a mouse model, during
which the excessive activation of HIF-1α signaling
induced by Ube2s-stabilized β-catenin constitutes a
critical mechanism.

RESULTS
Ube2s expression is upregulated in the heart after
MI/R injury
Although the well-established role of Ube2s is cell cycle
regulation [13, 17, 18], it was recently reported that
Ube2s contains hypoxia-response elements in promoter
region and its expression can be induced under hypoxia
conditions [19]. Yet, as far as we know, what change
Ube2s expression would display after MI/R injury is not
investigated. To address it, we compared its expression in
the heart tissues collected from mice subjected to sham or
MI/R injury. The results obtained from the quantitative
reverse transcription PCR (qRT-PCR) analysis showed
that compared with sham operation, the transcript level of
Ube2s in the heart tissues was increased and peaked at 24
h after MI/R injury (Figure 1A, Supplementary Figure
1A). In addition, similar results could be obtained
when comparing Ube2s protein level between sham and
MI/R groups through Western blotting analysis (Figure
1B, Supplementary Figure 1B). Moreover, the immunohistochemical staining analysis of the heart sections
showed that Ube2s expression was enhanced after

Figure 1. Ube2s expression is upregulated after MI/R injury. (A) qRT-PCR analysis of the mRNA level of Ube2s in the heart from
C57BL/6 mice following 12 h, 24 h and 48 h of MI/R injury. Samples from mice receiving sham surgery were used as controls. Each group
includes 8 mice. The results were normalized to β-Actin and expressed as relative to sham group. Data are mean ± SD. Data were compared
with sham group using one-way ANOVA analysis. **, P < 0.01. (B) Western blotting analysis of the protein level of Ube2s in the heart as
described in (A). β-Actin was used as a loading control. The representative band images are presented (left). The analysis of the relative band
intensity is also presented (right). Data are mean ± SD. Data were compared with sham group using one-way ANOVA analysis. **, P < 0.01. (C)
Immunohistochemistry analysis of Ube2s expression in the heart from mice subjected to sham or MI/R injury for 24 h as descried in (A). The
representative images are shown (left). The analysis of percentage of positive stained cells is also depicted (right). Scale bar, 50 µm. Data are
mean ± SD. Data were compared with sham group using Student’s t-test. **, P < 0.01.

www.aging-us.com

5717

AGING

MI/R injury (Figure 1C). Taken together, these results
indicate that Ube2s expression is upregulated in the
heart at both transcript and protein levels after MI/R
injury in this mouse model.
Ube2s protects against MI/R injury
The upregulation of Ube2s expression after MI/R injury
implies that it may play a functional role in this

pathological condition. To test this possibility, we
performed Ube2s expression knockdown in the mouse
heart using the technique of siRNA transfection in vivo
[20]. Western blotting analysis revealed that the
upregulated Ube2s expression in the heart after MI/R
injury was completely abrogated by the transfection of
siRNA targeting the mouse Ube2s (Figure 2A–2B),
indicating a high efficacy of siRNA-mediated knockdown in vivo. Next, to reflect the effect of Ube2s

Figure 2. Ube2s acts to protect against MI/R injury. (A–B) C57BL/6 mice were intra-myocardially transfected with control siRNA (siCtrl)
or Ube2s siRNA (siUbe2s) 48 h prior to MI/R surgery. Following 24 h of reperfusion, the protein level of Ube2s in the heart was analyzed by
Western blotting. Samples from sham group were used as controls. Each group includes 8 mice. β-Actin was used as a loading control. The
representative band images (A) and relative band intensity analysis (B) are presented. Data are mean ± SD. Data were compared with sham
group using Student’s t-test. **, P < 0.01; NS, not significant. (C) Heart samples were harvested as described in (A), and the mid-myocardial
cross sections were prepared. The infarct size in the heart sections was quantified, and the results of percentage of size are shown. AAR/LVA,
ratio of area at risk (AAR) to left ventricular area (LVA); IA/AAR, ratio of infarct area (IA) to AAR. Data are mean ± SD. Data were compared
using Student’s t-test. **, P < 0.01; NS, not significant. (D) C57BL/6 mice were treated as in (A). The samples of serum were collected and the
level of creatine phosphokinase (CPK) was quantified. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01. (E, F)
C57BL/6 mice were intra-myocardially infected with lentivirus expressing vector control or Ube2s 48 h prior to MI/R surgery. Following 24 h
of reperfusion, the protein level of Ube2s in the heart was analyzed by Western blotting. Samples from sham group were used as controls.
Each group includes 8 mice. β-Actin was used as a loading control. The representative band images (E) and relative band intensity analysis (F)
are presented. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01. (G) Heart samples were harvested as described
in (E), and the mid-myocardial cross sections were prepared. The infarct size in the heart sections was quantified, and the results of
percentage of size are shown. AAR/LVA, ratio of area at risk (AAR) to left ventricular area (LVA); IA/AAR, ratio of infarct area (IA) to AAR. Data
are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01; NS, not significant. (H) C57BL/6 mice were treated as in (E). The
samples of serum were collected and the level of creatine phosphokinase (CPK) was quantified. Data are mean ± SD. Data were compared
using Student’s t-test. **, P < 0.01.
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knockdown on MI/R injury, the mouse heart slices were
stained with Evans blue and 2,3,5-triphenyltetrazolium
chloride (TTC) to delineate the area at risk (AAR) and
infarct area (IA), respectively [21]. The quantification
analysis showed that although the ratio of AAR to left
ventricular area (LVA) in siUbe2s group had no
statistical significance when comparing with that of
siCtrl, the ratio of IA to AAR was significantly higher
in siUbe2s group (Figure 2C), suggesting that Ube2s
expression knockdown increases myocardial infarct size
after MI/R injury. Consistently, the detrimental effect of
Ube2s knockdown after MI/R injury was reinforced by
the observation that the released level of serum creatine
phosphokinase (CPK) was prominently higher in mice
transfected with siUbe2s (Figure 2D), which indicates
an enlarged myocyte injury in the absence of Ube2s
after MI/R injury. These data demonstrate that Ube2s
depletion in the heart exacerbates MI/R injury.
The effects of Ube2s expression knockdown shown
above conversely imply that Ube2s per se may play a
protective role against MI/R injury. To verify this, we
overexpressed Ube2s via lentivirus infection in the heart
after MI/R injury [22]. The overexpression of Ube2s in
the heart from mice with MI/R injury was confirmed by
Western blotting analysis (Figure 2E–2F). Importantly,
in agreement with the results from Ube2s knockdown
(Figure 2C–2D), Ube2s overexpression instead resulted
in a lower ratio of IA to AAR (Figure 2G) as well as a
reduced level of released serum CPK (Figure 2H) after
MI/R injury, as compared with empty vector control.
Thus, these lines of evidence together show that Ube2s
in the heart functions to protect against MI/R injury.
Ube2s augments HIF-1α activation and decreases
apoptosis after MI/R injury
Among the protective mechanisms against MI/R injury,
the adaptive response in the heart initiated by the
activation of transcriptional complex hypoxia-inducible
factor 1α (HIF-1α) has emerged as a key cardioprotective factor for mediating the survival of
cardiomyocytes [10, 11, 23]. Lately, Ube2s was found
to have a positive correlation with HIF-1α signaling in
renal and cervical cancer cells [19, 24]. Therefore, to
elucidate the mechanism by which Ube2s protects
against MI/R injury, we tended to investigate whether
HIF-1α is involved in Ube2s-mediated effects. To this
end, we first compared the expression of HIF-1α in the
heart when Ube2s was overexpressed or not.
Expectedly, the results showed that HIF-1α expression
was upregulated after MI/R injury compared with sham
operation (Figure 3A–3B). Remarkably, the upregulation of HIF-1α expression was further enhanced
when Ube2s was overexpressed in the heart (Figure
3A–3B), suggesting that Ube2s augments HIF-1α
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activation after MI/R injury. Functionally, coinciding
with the cardioprotection exhibited by HIF-1α
activation after MI/R injury [25, 26], Ube2s-augmented
HIF-1α activation was accompanied by the reduced
apoptosis of cardiomyocytes, as evidenced by reduced
expression of Bax and increased expression of Bcl-2
(Figure 3A, Figure 3C). Furthermore, analyses of
TUNEL staining of heart slices (Figure 3D) and caspase
3 activity measurement using the heart lysates (Figure
3E) showed that the apoptosis of cardiomyocytes was
indeed suppressed by Ube2s overexpression.
Conversely, Ube2s knockdown diminished the
activation of HIF-1α, and meanwhile, promoted the
apoptosis of cardiomyocytes (Figure 3F). Collectively,
it could be concluded that reducing apoptosis of
cardiomyocytes at least in part accounts for the
protective role of Ube2s against MI/R injury, which
may be associated with the augmented HIF-1α
activation.
HIF-1α activation contributes to Ube2s protective
effect against cardiomyocyte apoptosis and MI/R
injury
We asked whether HIF-1α activation mediates Ube2s
function in MI/R injury. As shown, HIF-1α knockdown
via siRNA transfection significantly reversed the
Ube2s-induced reduction of both Bax/Bcl-2 (Figure
4A–4B) and caspase 3 activity (Figure 4C) in the heart
after MI/R injury, although not totally recovered to that
of vector control. These data describe that the antiapoptotic effect of Ube2s on cardiomyocytes after MI/R
injury at least partly relies on HIF-1α activation. To
relate this finding to MI/R injury more closely, we
checked the myocardial infarct size and serum CPK
release. Indeed, in line with the results of
cardiomyocyte apoptosis, HIF-1α knockdown markedly
diminished the Ube2s-induced decline of IA/AAR
(Figure 4D) and serum CPK release (Figure 4E). Hence,
HIF-1α plays an important role in mediating Ube2s role
for attenuating cardiomyocyte apoptosis and MI/R
injury.
Ube2s stabilizes β-Catenin after MI/R injury
Ube2s overexpression was found to increase HIF-1α
stability [24, 27]. However, at present, the underlying
mechanism is elusive. In a recent study, Ube2s has been
demonstrated to induce the stabilization of β-Catenin
via a mechanism of K11-linked polyubiquitination in
mES cells [14]. Besides, previous studies have also
shown that β-Catenin interacts with HIF-1α under
hypoxic condition [15] and that β-catenin protects
against hepatic I/R injury through augmented HIF-1α
signaling [16]. These clues hint that β-Catenin may
contribute to Ube2s-augmented HIF-1α. First, we tested
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whether Ube2s affects β-Catenin expression after MI/R
injury. As shown in Figure 5A, compared with vector
control, Ube2s overexpression in the heart after MI/R
injury magnified the upregulation of β-Catenin.
Conversely, Ube2s knockdown attenuated β-Catenin
upregulation after MI/R injury (Figure 5B), suggesting
that Ube2s expression has a positive correlation with βCatenin level. Further, in cardiomyocyte cell line H9c2
cultured in vitro, cycloheximide (CHX) chasing
experiment revealed that the half-life of β-Catenin was
prolonged in cells overexpressed with Ube2s (Figure
5C). Moreover, similar results were obtained in primary
cardiomyocytes (Supplementary Figure 2A). These
observations suggest that Ube2s regulates β-Catenin
level via promoting its stability. This notion is
supported by the evidence that Ube2s overexpression
increased the ubiquitination of β-Catenin in H9c2 cells
(Figure 5D), which has been previously demonstrated
that Ube2s-mediated ubiquitination of β-Catenin

enhances its stability [14]. In concert, Ube2s-induced βCatenin ubiquitination was also found when analyzing
the heart tissues from mice (Figure 5E).
Of note, the stabilization of β-Catenin by Ube2s seems
irrelevant to GSK-3β, an important upstream regulator
[28], since we noticed that either Ube2s overexpression
(Supplementary
Figure
2B)
or
knockdown
(Supplementary Figure 2C) did not obviously affect the
phosphorylation level of GSK-3β. Furthermore, we
found that in contrast to the wild-type Ube2s, the
overexpression of C95S mutant of Ube2s, wherein the
enzymatic activity is lost [13], could not promote the
induced level of β-Catenin (Supplementary Figure 2D)
or further increased the ubiquitination of β-Catenin
(Supplementary Figure 2E) in the heart tissues after
MI/R injury. Therefore, in addition to mES cells [14],
Ube2s also serves to stabilize β-Catenin via ubiquitination modification in the heart after MI/R injury.

Figure 3. Ube2s augments HIF-1α activation and decreases apoptosis after MI/R injury. (A–C) C57BL/6 mice were intramyocardially infected with lentivirus expressing vector control or Ube2s 48 h prior to MI/R surgery. Following 24 h of reperfusion, the protein
level of HIF-1α, Bax and Bcl-2 in the heart was analyzed by Western blotting. Samples from sham group were used as controls. Each group
includes 8 mice. β-Actin was used as a loading control. The representative band images (A) and relative band intensity analysis of HIF-1α (B)
and ratio of Bax/Bcl-2 (C) are presented. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01. (D) Heart samples
were harvested as described in (A), and heart sections were prepared. The apoptosis was detected using TUNEL staining. The statistical
analysis of percentage of TUNEL positive cells is shown. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01. (E)
Heart samples were harvested as described in (A). The supernatants of the homogenized heart samples were collected, and the caspase-3
activity was determined. The results are expressed as the nmol AFC/h/mg protein. Data are mean ± SD. Data were compared using Student’s
t-test. **, P < 0.01. (F) C57BL/6 mice were intra-myocardially transfected with control siRNA (siCtrl) or Ube2s siRNA (siUbe2s) 48 h prior to
MI/R surgery. Following 24 h of reperfusion, the protein level of HIF-1α, Bax and Bcl-2 in the heart was analyzed by Western blotting. Samples
from sham group were used as controls. Each group includes 8 mice. β-Actin was used as a loading control. The representative band images
are presented.
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β-Catenin knockdown abrogates Ube2s-augmented
HIF-1α activation and diminishes protective effect
on MI/R injury
Lastly, we asked whether Ube2s-stabilized β-Catenin
contributes to augmented HIF-1α activation and
protective role of Ube2s against MI/R injury. For this
purpose, we depleted β-Catenin in the heart using
siRNA transfection. Western blotting analysis showed
that Ube2s overexpression in the heart consistently
resulted in enhanced expression of HIF-1α and β-

Catenin after MI/R injury compared with vector control
(Figure 6A–6B). However, when β-Catenin was
depleted by siRNA transfection, the enhanced
expression of HIF-1α by Ube2s overexpression was
totally recovered to the level of vector control (Figure
6A–6B), illustrating that Ube2s-augmented HIF-1α
activation strictly depends on the presence of β-Catenin.
Functionally, along with the abrogated activation of
HIF-1α, the decreased apoptosis of cardiomyocytes by
Ube2s overexpression was substantially minimized, as
shown by markedly recovered expression of Bax and

Figure 4. HIF-1α activation mediates Ube2s role in cardiomyocyte apoptosis and MI/R injury. (A–C) C57BL/6 mice were intramyocardially infected with lentivirus expressing vector control or Ube2s in the presence or absence of transfection of control siRNA (siCtrl) or
HIF-1α siRNA (siHIF-1α) 48 h prior to MI/R surgery. Following 24 h of reperfusion, the protein level of Ube2s, HIF-1α, Bax and Bcl-2 in the
heart was analyzed by Western blotting. Samples from sham group were used as controls. Each group includes 8 mice. β-Actin was used as a
loading control. The representative band images (A) and relative band intensity analysis of HIF-1α and ratio of Bax/Bcl-2 (B) are presented. (C)
The supernatants of the homogenized heart samples were collected, and the caspase-3 activity was determined. The results are expressed as
the nmol AFC/h/mg protein. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01; NS, not significant. (D) Heart
samples were harvested as described in (A), and the mid-myocardial cross sections were prepared. The infarct size in the heart sections was
quantified, and the results of percentage of size are shown. AAR/LVA, ratio of area at risk (AAR) to left ventricular area (LVA); IA/AAR, ratio of
infarct area (IA) to AAR. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01; *, P < 0.05; NS, not significant. (E)
C57BL/6 mice were treated as in (A). The samples of serum were collected and the level of creatine phosphokinase (CPK) was quantified.
Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01.
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Bcl-2 (Figure 6A–6B) and caspase 3 activity (Figure
6C). More importantly, consistent with the above
attenuated cardioprotective effect, β-Catenin knockdown also diminished the alleviating effects of Ube2s
overexpression on MI/R injury, as evidenced by the

recovered ratio of IA to AAR (Figure 6D) as well as
released level of serum CPK (Figure 6E). On the other
hand, the C95S mutant of Ube2s, which is unable to
promote β-Catenin stabilization via ubiquitination
(Supplementary Figure 2C–2D), failed to upregulate

Figure 5. Ube2s stabilizes β-Catenin after MI/R injury. (A) C57BL/6 mice were intra-myocardially infected with lentivirus expressing
vector control or Ube2s 48 h prior to MI/R surgery. Following 24 h of reperfusion, the protein level of β-Catenin in the heart was analyzed by
Western blotting. Samples from sham group were used as controls. Each group includes 8 mice. β-Actin was used as a loading control. The
representative band images (left) and relative band intensity analysis (right) are presented. Data are mean ± SD. Data were compared using
Student’s t-test. **, P < 0.01. (B) C57BL/6 mice were intra-myocardially transfected with control siRNA (siCtrl) or Ube2s siRNA (siUbe2s) 48 h
prior to MI/R surgery. Following 24 h of reperfusion, the protein level of β-Catenin in the heart was analyzed by Western blotting. Samples
from sham group were used as controls. Each group includes 8 mice. β-Actin was used as a loading control. The representative band images
(left) and relative band intensity analysis (right) are presented. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01.
(C) The cardiomyocytes overexpressing empty vector or Ube2s were treated with cycloheximide (CHX) for increasing time periods as
indicated. The protein expression of β-Catenin and Ube2s was determined by Western blotting analysis. β-Actin was used as a loading
control. The representative band images (left) and relative band intensity analysis of β-Catenin (right) are presented. The half-life is depicted
by dot line. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01. (D) The lysates of cardiomyocytes stably
overexpressing empty vector or Ube2s were immunoprecipitated (IP) with β-Catenin antibody. The IP products were further analyzed by
Western blotting to detect ubiquitin expression. The expression of β-Catenin and Ube2s in the input fraction is presented below. (E) The
lysates of heart tissues from mice, intra-myocardially infected with lentivirus expressing vector control or Ube2s 48 h prior to MI/R surgery,
were immunoprecipitated (IP) with β-Catenin antibody. The IP products were further analyzed by Western blotting to detect ubiquitin
expression. The expression of β-Catenin and Ube2s in the input fraction is presented below.
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β-Catenin level or induce the activation of HIF-1α
(Supplementary Figure 3A–3B) after MI/R injury.
Accordingly, the C95S mutant of Ube2s had no
apparent effects on cardiomyocyte apoptosis
(Supplementary Figure 3A–3C) or MI/R injury
(Supplementary Figure 3D–3E), regardless of β-Catenin
status. In conclusion, these data strongly indicate that
Ube2s augments HIF-1α activation in the heart through
stabilizing β-Catenin, which is a critical mechanism that
underlies the protective role of Ube2s against MI/R
injury (Figure 7).

DISCUSSION
In addition to the upstream activated Wnt signaling
that leads to the accumulation and nuclear translocation
of β-Catenin, whereby it further activates the
transcription complex T-cell factor/lymphoid enhancer
factor (TCF/LEF) [29], several posttranslational
modifications, such as phosphorylation, acetylation and
ubiquitination of β-Catenin have also been described to
profoundly influence its transcriptional activity [30].
However, different from its conventional role as a

Figure 6. β-Catenin knockdown abrogates Ube2s-augmented HIF-1α activation and diminishes Ube2s protective effect on
MI/R injury. (A–B) C57BL/6 mice were intra-myocardially infected with lentivirus expressing vector control or Ube2s in combination with
the transfection with control siRNA (siCtrl) or β-Catenin siRNA (siβ-Catenin) 48 h prior to MI/R surgery. Following 24 h of reperfusion, the
protein expression of targets as indicated in the heart was analyzed by Western blotting. Each group includes 8 mice. β-Actin was used as a
loading control. The representative band images (A) and relative band intensity analysis (B) are presented. Data are mean ± SD. Data were
compared using Student’s t-test. **, P < 0.01; NS, not significant. (C) Heart samples were harvested as described in (A). The supernatants of
the homogenized heart samples were collected, and the caspase-3 activity was determined. The results are expressed as nmol AFC/h/mg
protein. Data are mean ± SD. Data were compared using Student’s t-test. **, P < 0.01. (D) Heart samples were harvested as described in (A),
and the mid-myocardial cross sections were prepared. The infarct size in the heart sections was quantified, and the results of percentage of
size are shown. AAR/LVA, ratio of area at risk (AAR) to left ventricular area (LVA); IA/AAR, ratio of infarct area (IA) to AAR. Data are mean ±
SD. Data were compared using Student’s t-test. **, P < 0.01; *, P < 0.01; NS, not significant. (E) C57BL/6 mice were treated as in (A). The
samples of serum were collected and the level of creatine phosphokinase (CPK) was quantified. Data are mean ± SD. Data were compared
using Student’s t-test. **, P < 0.01.
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transcriptional activator for TCF/LEF, some studies have
shown that β-Catenin can be diverted to adaptive
signaling pathways including hypoxia inducible factor
(HIF)-1 to corporately regulate the cellular response to
hypoxia-induced oxidative stress [15, 31]. HIF-1 is
composed of HIF-1α and HIF-1β. Under hypoxia, HIF1α will be stabilized and then translocate to the nucleus
and dimerize with HIF-1β, thus eventually binding to
hypoxia response elements (HRE) for activating the
transcription of target genes which are involved in
modulating cellular metabolic changes [32]. Furthermore,
it was recently reported that β-Catenin protects against
hepatic I/R injury in mice through augmenting the HIF-1
signaling [16], offering an in vivo evidence
demonstrating that β-Catenin could serve as a regulator
involved in an effective tissue-specific response to I/R.
Given the above clues, our study was designed to
investigate whether Ube2s, a K11 linkage-specific
Ub-conjugating enzyme previously shown to regulate
β-Catenin stabilization in embryonic stem (ES) cells [14],
has a functional role in MI/R injury and further explore
the underlying mechanism. We provide evidence
showing that Ube2s is upregulated after MI/R injury,
therefore firstly associating Ube2s with MI/R injury in a

mouse model. Following functional studies show that
Ube2s depletion exacerbates, and conversely, its
overexpression ameliorates MI/R injury, as evidenced by
infarct size and released level of serum CPK. In
searching the mechanism that underlies Ube2s function
in MI/R injury, we reveal that Ube2s augments the
activation of HIF-1α and decreases myocardial apoptosis
after MI/R injury, furthermore, Ube2s also functions to
stabilize β-Catenin after MI/R injury, as it does in ES
cells [14]. Lastly, the stabilized β-Catenin was
demonstrated to be an important regulator that mediates
the functional role of Ube2s after MI/R injury, as shown
by the reverse proof that β-Catenin knockdown abrogates
Ube2s-augmented HIF-1α activation and diminishes the
protective effect on MI/R injury, and also evidenced by
the failure of C95S mutant Ube2s in protecting against
MI/R injury when the activation of β-Catenin/HIF-1α
axis is not achieved. Thus, these results establish a causal
link between Ube2s-stabilized β-Catenin and Ube2saugmented HIF-1α activation as well as its protective
effect on MI/R injury (Figure 7). In sum, our study
identifies Ube2s as a novel regulator in the pathogenesis
of MI/R injury, in which the cardioprotective function of
the Ube2s/β-Catenin/HIF-1α axis may be related to the
reduced cardiomyocyte apoptosis.

Figure 7. Ube2s/β-catenin/HIF-1α axis protects against MI/R injury. Graphic description of this study. Ube2s promotes HIF-1α
activation through stabilizing β-catenin via a mechanism of ubiquitination modification, whereby acting to protect against MI/R injury,
including reducing myocardial apoptosis, infarction and CPK release.
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Ube2s expression is induced following MI/R injury at
both transcript level and protein level, suggesting that
the condition of MI/R injury may activate Ube2s
transcription. Of note, the upregulated expression of
Ube2s peaks at 24 h and then declines thereafter
following MI/R injury, implying that there may exist a
feed-back mechanism that controls Ube2s induction
under this condition. Further studies are needed to
discover how Ube2s expression is regulated at an
extended period of time following MI/R injury. On the
other hand, we speculate that the induced expression
of Ube2s may be derived from the stimulation of
hypoxia during the procedure of ischemia/reperfusion.
This is very possible, because Ube2s gene promoter
includes hypoxia-response elements, which have been
demonstrated to be induced by hypoxia through HIF1α
[19]. If this is the case, based on the regulation of
HIF1α by Ube2s-stabilized β-Catenin, it could
probably be further deduced that the crosstalk between
Ube2s and HIF1α may engender a positive feedback
loop, in which the level of HIF1α following MI/R
injury is further increased (Figure 7). Given the
protective role of HIF1α as revealed by our present
study and others [33, 34], maintaining or even
augmenting the Ube2s/HIF1α pathway may reduce the
apoptosis of myocardiocytes through increasing
their adaptive response to hypoxic pathogenic
condition following MI/R injury, therefore holding
potential therapeutic benefit in reducing infarct
size and improving clinical outcome of patients with
acute MI.
It’s well-established that the stabilization of β-Catenin
by Ube2s is through modification of K11-linked
polyubiquitination [14]. Consistently, we found that
Ube2s overexpression increased the ubiquitination
level of β-Catenin and elongated its half-life in
cultured cardiomyocyte cell line H9c2. In addition, we
also noticed that Ube2s overexpression increased and
its depletion reduced β-Catenin expression in the heart
tissue following MI/R injury, suggesting a positive
correlation between Ube2s and β-Catenin, which we
suppose is connected to the modification of polyubiquitination of β-Catenin, as we have proven that in
the heart tissues following MI/R injury, Ube2s also
promotes
β-Catenin
polyubiquitination.
More
importantly, we found that β-Catenin depletion
abolished the enhanced expression of HIF-1α by
Ube2s overexpression, however only partially
recovered the protective effect of Ube2s following
MI/R injury. These results clearly indicate that except
for HIF-1α, other effectors downstream of Ube2s are
responsible for mediating its function following MI/R
injury. Elucidating this issue in the future may shed
new light on how Ube2s participates in the
pathogenesis of MI/R injury.
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MATERIALS AND METHODS
Animals and MI/R model
All animal experiments were performed according to the
protocols approved by The Second Affiliated Hospital of
Air Force Medical University. Eight- to 10-week-old
wild-type C57BL/6J male mice were purchased from the
Jackson Laboratory and maintained in pathogen-free
facilities and utilized for developing the MI/R model as
reported in previous studies [21, 35]. Eight mice were
allocated into each group prior to experiments based on
body weight. Briefly, mice were initially anesthetized
with sodium pentobarbital, and then the heart was
exposed via an incision at the left chest. The myocardial
infarction was developed through using a 6.0 silk suture
slipknot ligated around the left anterior descending
(LAD) of the coronary artery. The ischemic status was
maintained for 30 min, followed by the reperfusion for 12
to 96 h according to experimental purposes. Meanwhile,
the sham-operated mice underwent only the left
thoracotomy were used as negative controls.
Western blotting analysis
For extracting the total protein, the whole mouse heart
tissues were minced and then lysed completely using the
RIPA Lysis and Extraction Buffer (ThermoFisher
Scientific, 89900) supplemented with the protease
inhibitor cocktail (Roche, 04693132001). The
supernatants of whole lysates were collected, and the
protein concentration was quantified via the BCA Protein
Assay Kit (Thermo Fisher Scientific, Inc., 23227).
Protein samples were denatured for 5 min in SDS loading
buffer at 100 °C. The Western blotting was conducted as
described previously [36]. Briefly, protein samples were
loaded and separated by SDS-PAGE and transferred to
nitrocellulose filter (NC) membranes. After the block
with 5% BSA, membranes were incubated overnight at
4 °C with primary antibodies against the following
targets: Ube2s (Novus Biologicals, 1:500), HIF-1α
(Invitrogen, 1:2000), Bax (Abcam, 1:1000), Bcl-2
(Abcam, 1:1000), β-Catenin (Cell Signaling, 1:500) and
β-Actin (Santa Cruz, 1:5000). After the wash with TBST,
membranes were incubated for 1 h at room temperature
with corresponding secondary antibodies conjugated with
HRP (Santa Cruz, 1:5000). The wash step was repeated,
the protein bands were developed using the ECL Western
Blotting Substrate (Pierce, 32106). The band intensity of
target proteins was analyzed by ImageJ software.
Quantitative reverse transcription PCR analysis
The total mRNA in the whole mouse heart tissues were
isolated using the TRIzol reagent (ThermoFisher
Scientific, 15596026), and the synthesis of cDNA was
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performed using the First Strand cDNA Synthesis Kit
(OriGene, 11801-025) according to the manufacturers’
instructions. The quantitative reverse transcription PCR
(qRT-PCR) was conducted with cDNA template,
QuantiTect SYBR Green PCR Kit (QIAGEN, 204141)
and Real-Time PCR Detection System (Bio-Rad,
CFX96 Touch). β-Actin was used as a reference control.
The sequence of primers is accessible upon request.
siRNA transfection and lentivirus infection in vivo
The knockdown of Ube2s and β-Catenin in mouse heart
was performed using siRNA transfection in vivo. The
specific siRNA targeting mouse Ube2s (siUbe2s) or βCatenin (siβ-Catenin) (Invitrogen) or non-specific
scrambled siRNA (siCtrl) (Invitrogen) were mixed with
the in vivo-jetPEI reagent (Polyplus Transfection) and
then delivered through intra-myocardial injections using
the 32.5-gauge needle 48 h prior to MI/R surgery as
performed previously [37]. The sequences of siRNAs
targeting mouse genes are listed as follows: siCtrl
GAACUGAUGACAGGGAGGCTT; siUbe2s CUGUC
UCUAAGUUAUUUAAAU; siβ-Catenin UAGUCGUG
GAAUAGCACCCUG. For Ube2s overexpression in the
heart, a volume of 30 μl green fluorescent protein
(GFP)-conjugated Ube2s lentivirus (wild-type or C95S
mutant) or empty vector control lentivirus were injected
into the left ventricle of mice 48 h prior to MI/R surgery
as adapted to a previous study [38]. The knockdown and
overexpression efficiency was confirmed by Western
blot.
Infarct size measurement
Following 24 h of reperfusion, 1% Evans blue (SigmaAldrich) was injected through the jugular vein into the
aorta. The heart was then removed, washed with PBS and
horizontally sectioned into 5-6 slices, which were stained
for 15 min with 1 ml 1% 2, 3, 5-triphenyl tetrazolium
chloride (TTC) (Sigma-Aldrich) at 37 °C. The slices
were photographed with a photomicroscope. The size of
left ventricular (LV), area at risk (AAR), and infarct area
(IA) was quantified using ImageJ software.
Myocyte injury evaluation
The myocyte injury was evaluated by the release level
of serum creatine phosphokinase (CPK) as described
before [21]. The blood of mice was obtained from the
tail veins following 6 h of sham or MI/R surgery. After
centrifugation, the serum was collected and the CPK
activity was assessed using the Creatine Kinase (CK)
Activity Colorimetric Assay Kit (BioVision, K777) at
450 nm absorbance monitored by the Spectra Max-Plus
microplate spectrophotometer (Molecular Devices)
according to the manufacturer’s instructions.
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TUNEL staining
The apoptosis was measured by TUNEL positive cells
stained using the In Situ Cell Death Detection Kit
(Roche, 11684817910) following the manufacturer’s
instructions. In brief, the hearts of sham or MI/R mice
were perfused with ice-cold PBS and fixed with 4%
paraformaldehyde (PFA). The hearts were embedded in
paraffin and cut into 5 μm thick sections. Each section
was stained with TUNEL reaction reagents in the dark
and finally counterstained with DAPI. The images were
captured under the A1 laser scanning confocal
microscopy (Nikon). TUNEL positive cells were counted
at 5 random fields of 3 different sections. The results are
expressed as the percentage of TUNEL positive cells
among total cells in the field, which were stained blue
with DAPI staining.
Caspase-3 activity measurement
The apoptosis was reflected by the caspase-3 activity
measured using the Ac-DEVD-AFC Caspase-3
Fluorogenic Substrate (BD Pharminge, 556574)
according to the manufacturer’s instructions. Briefly,
heart tissues from sham or MI/R mice were lysed on
ice. After centrifugation, the supernatants were
collected and the protein concentration was quantified
using BCA method. A total of 50 µg proteins were
pipetted and mixed with assay buffer supplemented
with 10 mM dithiothreitol (DTT). The fluorescence
emission of the AFC (400 nm) was measured via the
Spectra Max-Plus Microplate Spectrophotometer
(Molecular Devices). The caspase-3 activity is
expressed as nmol AFC/h/mg protein.
Culture and treatment of cardiomyocytes
The cardiomyocyte cell line H9c2 was purchased from
the American Type Culture Collection (Manassas, VA).
H9c2 cells were cultured in complete Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen) and 50 U/mL
penicillin/streptomycin (Invitrogen) at 37 °C in a
humidified atmosphere with 5% CO2. For Ube2s
overexpression, H9c2 cells were transfected with
plasmids using the Lipofectamine 2000 (Invitrogen)
based on the manufacturer's protocol. After 2 days,
cycloheximide (CHX) chasing assay was then
performed with H9c2 cells treated with or without 50
μM CHX for increasing time periods.
Statistics
Data are expressed as the mean ± SD. The data between
two groups were analyzed by unpaired Student’s t-test.
The data among more than two groups were compared
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reperfusion. Cell Death Differ. 2008; 15:686–90.
https://doi.org/10.1038/cdd.2008.13
PMID:18259200

by one-way analysis of variance (ANOVA). The values
with P < 0.05 were defined as statistically significant.

CONFLICTS OF INTEREST

8.

Semenza GL. Hypoxia-inducible factor 1 and
cardiovascular disease. Annu Rev Physiol. 2014;
76:39–56.
https://doi.org/10.1146/annurev-physiol-021113170322 PMID:23988176

9.

Semenza GL. Oxygen sensing, hypoxia-inducible
factors, and disease pathophysiology. Annu Rev Pathol.
2014; 9:47–71.
https://doi.org/10.1146/annurev-pathol-012513104720 PMID:23937437

The authors have no conflicts of interest to declare.

FUNDING
This research was supported by the fund of Cardiac
rehabilitation and metabolic therapy research fund
(CCA-CRMT-1809).

REFERENCES
1.

Hausenloy DJ, Yellon DM. Myocardial ischemiareperfusion injury: a neglected therapeutic target. J
Clin Invest. 2013; 123:92–100.
https://doi.org/10.1172/JCI62874
PMID:23281415

2.

Yellon DM, Hausenloy DJ. Myocardial reperfusion
injury. N Engl J Med. 2007; 357:1121–35.
https://doi.org/10.1056/NEJMra071667
PMID:17855673

3.

4.

5.

Zhu L, Xu C, Huo X, Hao H, Wan Q, Chen H, Zhang X,
Breyer RM, Huang Y, Cao X, Liu DP, FitzGerald GA,
Wang M. The cyclooxygenase-1/mPGES-1/endothelial
prostaglandin EP4 receptor pathway constrains
myocardial ischemia-reperfusion injury. Nat Commun.
2019; 10:1888.
https://doi.org/10.1038/s41467-019-09492-4
PMID:31015404
Yin B, Hou XW, Lu ML. Astragaloside IV attenuates
myocardial ischemia/reperfusion injury in rats via
inhibition of calcium-sensing receptor-mediated
apoptotic signaling pathways. Acta Pharmacol Sin.
2019; 40:599–607.
https://doi.org/10.1038/s41401-018-0082-y
PMID:30030530
Yao L, Chen H, Wu Q, Xie K. Hydrogen-rich saline
alleviates inflammation and apoptosis in myocardial
I/R injury via PINK-mediated autophagy. Int J Mol Med.
2019; 44:1048–62.
https://doi.org/10.3892/ijmm.2019.4264
PMID:31524220

6.

Liu H, Li S, Jiang W, Li Y. MiR-484 Protects Rat
Myocardial Cells from Ischemia-Reperfusion Injury by
Inhibiting Caspase-3 and Caspase-9 during Apoptosis.
Korean Circ J. 2020; 50:250–63.
https://doi.org/10.4070/kcj.2019.0107
PMID:31845557

7.

Loor G, Schumacker PT. Role of hypoxia-inducible
factor in cell survival during myocardial ischemia-

www.aging-us.com

5727

10. Date T, Mochizuki S, Belanger AJ, Yamakawa M, Luo Z,
Vincent KA, Cheng SH, Gregory RJ, Jiang C. Expression
of constitutively stable hybrid hypoxia-inducible factor1alpha protects cultured rat cardiomyocytes against
simulated ischemia-reperfusion injury. Am J Physiol
Cell Physiol. 2005; 288:C314–20.
https://doi.org/10.1152/ajpcell.00374.2004
PMID:15496478
11. Kido M, Du L, Sullivan CC, Li X, Deutsch R, Jamieson
SW, Thistlethwaite PA. Hypoxia-inducible factor 1alpha reduces infarction and attenuates progression of
cardiac dysfunction after myocardial infarction in the
mouse. J Am Coll Cardiol. 2005; 46:2116–24.
https://doi.org/10.1016/j.jacc.2005.08.045
PMID:16325051
12. Ong SG, Lee WH, Theodorou L, Kodo K, Lim SY, Shukla
DH, Briston T, Kiriakidis S, Ashcroft M, Davidson SM,
Maxwell PH, Yellon DM, Hausenloy DJ. HIF-1 reduces
ischaemia-reperfusion injury in the heart by targeting
the mitochondrial permeability transition pore.
Cardiovasc Res. 2014; 104:24–36.
https://doi.org/10.1093/cvr/cvu172
PMID:25063991
13. Wu T, Merbl Y, Huo Y, Gallop JL, Tzur A, Kirschner MW.
UBE2S drives elongation of K11-linked ubiquitin chains
by the anaphase-promoting complex. Proc Natl Acad
Sci USA. 2010; 107:1355–60.
https://doi.org/10.1073/pnas.0912802107
PMID:20080579
14. Li Z, Wang Y, Li Y, Yin W, Mo L, Qian X, Zhang Y, Wang G,
Bu F, Zhang Z, Ren X, Zhu B, Niu C, et al. Ube2s stabilizes
β-Catenin through K11-linked polyubiquitination to
promote mesendoderm specification and colorectal
cancer development. Cell Death Dis. 2018; 9:456.
https://doi.org/10.1038/s41419-018-0451-y
PMID:29674637
15. Kaidi A, Williams AC, Paraskeva C. Interaction between
beta-catenin and HIF-1 promotes cellular adaptation to
hypoxia. Nat Cell Biol. 2007; 9:210–17.

AGING

https://doi.org/10.1038/ncb1534
PMID:17220880
16. Lehwald N, Tao GZ, Jang KY, Sorkin M, Knoefel WT,
Sylvester KG. Wnt-β-catenin signaling protects against
hepatic ischemia and reperfusion injury in mice.
Gastroenterology. 2011; 141:707–18, 718.e1–5.
https://doi.org/10.1053/j.gastro.2011.04.051
PMID:21679710
17. Matsumoto ML, Wickliffe KE, Dong KC, Yu C, Bosanac I,
Bustos D, Phu L, Kirkpatrick DS, Hymowitz SG, Rape M,
Kelley RF, Dixit VM. K11-linked polyubiquitination in
cell cycle control revealed by a K11 linkage-specific
antibody. Mol Cell. 2010; 39:477–84.
https://doi.org/10.1016/j.molcel.2010.07.001
PMID:20655260
18. Garnett MJ, Mansfeld J, Godwin C, Matsusaka T, Wu J,
Russell P, Pines J, Venkitaraman AR. UBE2S elongates
ubiquitin chains on APC/C substrates to promote
mitotic exit. Nat Cell Biol. 2009; 11:1363–69.
https://doi.org/10.1038/ncb1983
PMID:19820702
19. Roos FC, Evans AJ, Brenner W, Wondergem B, Klomp J,
Heir P, Roche O, Thomas C, Schimmel H, Furge KA, Teh
BT, Thüroff JW, Hampel C, Ohh M. Deregulation of E2EPF ubiquitin carrier protein in papillary renal cell
carcinoma. Am J Pathol. 2011; 178:853–60.
https://doi.org/10.1016/j.ajpath.2010.10.033
PMID:21281817
20. Zhao D, Feng P, Sun Y, Qin Z, Zhang Z, Tan Y, Gao E, Lau
WB, Ma X, Yang J, Yu S, Xu X, Yi D, Yi W. Cardiacderived CTRP9 protects against myocardial
ischemia/reperfusion injury via calreticulin-dependent
inhibition of apoptosis. Cell Death Dis. 2018; 9:723.
https://doi.org/10.1038/s41419-018-0726-3
PMID:29925877
21. Shibata R, Sato K, Pimentel DR, Takemura Y, Kihara S,
Ohashi K, Funahashi T, Ouchi N, Walsh K. Adiponectin
protects against myocardial ischemia-reperfusion
injury through AMPK- and COX-2-dependent
mechanisms. Nat Med. 2005; 11:1096–103.
https://doi.org/10.1038/nm1295
PMID:16155579
22. Niwano K, Arai M, Koitabashi N, Watanabe A, Ikeda Y,
Miyoshi H, Kurabayashi M. Lentiviral vector-mediated
SERCA2 gene transfer protects against heart failure
and left ventricular remodeling after myocardial
infarction in rats. Mol Ther. 2008; 16:1026–32.
https://doi.org/10.1038/mt.2008.61
PMID:18388909
23. Endoh H, Kaneko T, Nakamura H, Doi K, Takahashi E.
Improved cardiac contractile functions in hypoxiareoxygenation in rats treated with low concentration

www.aging-us.com

5728

Co(2+). Am J Physiol Heart Circ Physiol. 2000;
279:H2713–19.
https://doi.org/10.1152/ajpheart.2000.279.6.H2713
PMID:11087225
24. Jung CR, Hwang KS, Yoo J, Cho WK, Kim JM, Kim WH,
Im DS. E2-EPF UCP targets pVHL for degradation and
associates with tumor growth and metastasis. Nat
Med. 2006; 12:809–16.
https://doi.org/10.1038/nm1440 PMID:16819549
25. Tekin D, Dursun AD, Xi L. Hypoxia inducible factor 1
(HIF-1) and cardioprotection. Acta Pharmacol Sin.
2010; 31:1085–94.
https://doi.org/10.1038/aps.2010.132
PMID:20711226
26. Nanayakkara G, Alasmari A, Mouli S, Eldoumani H,
Quindry J, McGinnis G, Fu X, Berlin A, Peters B, Zhong J,
Amin R. Cardioprotective HIF-1α-frataxin signaling
against ischemia-reperfusion injury. Am J Physiol Heart
Circ Physiol. 2015; 309:H867–79.
https://doi.org/10.1152/ajpheart.00875.2014
PMID:26071548
27. Lin TH, Hsu WH, Tsai PH, Huang YT, Lin CW, Chen KC,
Tsai IH, Kandaswami CC, Huang CJ, Chang GD, Lee MT,
Cheng CH. Dietary flavonoids, luteolin and quercetin,
inhibit invasion of cervical cancer by reduction of
UBE2S through epithelial-mesenchymal transition
signaling. Food Funct. 2017; 8:1558–68.
https://doi.org/10.1039/C6FO00551A
PMID:28277581
28. Stamos JL, Weis WI. The β-catenin destruction
complex. Cold Spring Harb Perspect Biol. 2013;
5:a007898.
https://doi.org/10.1101/cshperspect.a007898
PMID:23169527
29. Ng LF, Kaur P, Bunnag N, Suresh J, Sung IC, Tan QH,
Gruber J, Tolwinski NS. WNT Signaling in Disease. Cells.
2019; 8:E826.
https://doi.org/10.3390/cells8080826
PMID:31382613
30. Gao C, Xiao G, Hu J. Regulation of Wnt/β-catenin
signaling by posttranslational modifications. Cell Biosci.
2014; 4:13.
https://doi.org/10.1186/2045-3701-4-13
PMID:24594309
31. Lim JH, Chun YS, Park JW. Hypoxia-inducible factor1alpha obstructs a Wnt signaling pathway by inhibiting
the hARD1-mediated activation of beta-catenin.
Cancer Res. 2008; 68:5177–84.
https://doi.org/10.1158/0008-5472.CAN-07-6234
PMID:18593917
32. Cimmino F, Avitabile M, Lasorsa VA, Montella A,
Pezone L, Cantalupo S, Visconte F, Corrias MV, Iolascon

AGING

A, Capasso M. HIF-1 transcription activity: HIF1A driven
response in normoxia and in hypoxia. BMC Med Genet.
2019; 20:37.
https://doi.org/10.1186/s12881-019-0767-1
PMID:30808328
33. Pachori AS, Melo LG, Hart ML, Noiseux N, Zhang L,
Morello F, Solomon SD, Stahl GL, Pratt RE, Dzau VJ.
Hypoxia-regulated therapeutic gene as a preemptive
treatment strategy against ischemia/reperfusion tissue
injury. Proc Natl Acad Sci USA. 2004; 101:12282–87.
https://doi.org/10.1073/pnas.0404616101
PMID:15302924
34. Semenza GL. Hypoxia-inducible factor 1: regulator of
mitochondrial metabolism and mediator of ischemic
preconditioning. Biochim Biophys Acta. 2011;
1813:1263–68.
https://doi.org/10.1016/j.bbamcr.2010.08.006
PMID:20732359
35. Li T, Zhang Z, Kolwicz SC Jr, Abell L, Roe ND, Kim M,
Zhou B, Cao Y, Ritterhoff J, Gu H, Raftery D, Sun H, Tian
R. Defective Branched-Chain Amino Acid Catabolism
Disrupts Glucose Metabolism and Sensitizes the Heart
to Ischemia-Reperfusion Injury. Cell Metab. 2017;
25:374–85.

www.aging-us.com

5729

https://doi.org/10.1016/j.cmet.2016.11.005
PMID:28178567
36. Vicencio JM, Yellon DM, Sivaraman V, Das D, Boi-Doku
C, Arjun S, Zheng Y, Riquelme JA, Kearney J, Sharma V,
Multhoff G, Hall AR, Davidson SM. Plasma exosomes
protect the myocardium from ischemia-reperfusion
injury. J Am Coll Cardiol. 2015; 65:1525–36.
https://doi.org/10.1016/j.jacc.2015.02.026
PMID:25881934
37. Wang Y, Lau WB, Gao E, Tao L, Yuan Y, Li R, Wang X,
Koch WJ, Ma XL. Cardiomyocyte-derived adiponectin is
biologically active in protecting against myocardial
ischemia-reperfusion injury. Am J Physiol Endocrinol
Metab. 2010; 298:E663–70.
https://doi.org/10.1152/ajpendo.00663.2009
PMID:20028965
38. Xue Q, Pei H, Liu Q, Zhao M, Sun J, Gao E, Ma X, Tao L.
MICU1 protects against myocardial ischemia/
reperfusion injury and its control by the importer
receptor Tom70. Cell Death Dis. 2017; 8:e2923.
https://doi.org/10.1038/cddis.2017.280
PMID:28703803

AGING

SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. Ube2s expression is upregulated after MI/R injury. (A) qRT-PCR analysis of the mRNA level of Ube2s in the
heart from C57BL/6 mice following 24 h, 48 h, 72 h and 96 h of MI/R injury. Samples from mice receiving sham surgery were used as controls.
Each group includes 8 mice. The results were normalized to β-Actin and expressed as relative to sham group. Data are mean ± SD. Data were
compared with sham group using one-way ANOVA analysis. **, P < 0.01; *, P < 0.05. (B) Western blotting analysis of the protein level of
Ube2s in the heart as described in (A). β-Actin was used as a loading control. The representative band images are presented (left). The
analysis of the relative band intensity is also presented (right). Data are mean ± SD. Data were compared with sham group using one-way
ANOVA analysis. **, P < 0.01.
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Supplementary Figure 2. Ube2s stabilizes β-Catenin. (A) The primary cardiomyocytes overexpressing empty vector or Ube2s were
treated with CHX for 2 h. The protein expression of β-Catenin and Ube2s was determined by Western blotting analysis. β-Actin was used as a
loading control. The representative band images are presented. (B) C57BL/6 mice were intra-myocardially infected with lentivirus expressing
vector control or Ube2s 48 h prior to MI/R surgery. Following 24 h of reperfusion, the protein level of GSK-3β and p-GSK-3β in the heart was
analyzed by Western blotting. Samples from sham group were used as controls. Each group includes 8 mice. The representative band images
are presented. (C) C57BL/6 mice were intra-myocardially transfected with control siRNA (siCtrl) or Ube2s siRNA (siUbe2s) 48 h prior to MI/R
surgery. Following 24 h of reperfusion, the protein level of GSK-3β and p-GSK-3β in the heart was analyzed by Western blotting. Samples
from sham group were used as controls. Each group includes 8 mice. The representative band images are presented. (D) C57BL/6 mice were
intra-myocardially infected with lentivirus expressing vector control or wild-type Ube2s (Ube2s-wt) or C95S mutant form of Ube2s (C95S-mut)
48 h prior to MI/R surgery. Following 24 h of reperfusion, the protein level of β-Catenin and Ube2s in the heart was analyzed by Western
blotting. Samples from sham group were used as controls. Each group includes 8 mice. The representative band images are presented. (E)
The lysates of heart tissues from mice as described in (D) were immunoprecipitated (IP) with β-Catenin antibody. The IP products were
further analyzed by Western blotting to detect ubiquitin expression. The expression of β-Catenin and Ube2s in the input fraction is presented
below.
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Supplementary Figure 3. C95S mutant Ube2s fails to activate β-Catenin/HIF-1α axis and influence MI/R injury. (A–B) C57BL/6
mice were intra-myocardially infected with lentivirus expressing vector control or C95S mutant Ube2s (mut) in combination with the
transfection with control siRNA (siCtrl) or β-Catenin siRNA (siβ-Catenin) 48 h prior to MI/R surgery. Following 24 h of reperfusion, the protein
expression of targets as indicated in the heart was analyzed by Western blotting. Each group includes 8 mice. β-Actin was used as a loading
control. The representative band images (A) and relative band intensity analysis (B) are presented. Data are mean ± SD. Data were compared
using Student’s t-test. NS, not significant. (C) Heart samples were harvested as described in (A). The supernatants of the homogenized heart
samples were collected, and the caspase-3 activity was determined. The results are expressed as nmol AFC/h/mg protein. Data are mean ±
SD. Data were compared using Student’s t-test. NS, not significant. (D) Heart samples were harvested as described in (A), and the midmyocardial cross sections were prepared. The infarct size in the heart sections was quantified, and the results of percentage of size are
shown. AAR/LVA, ratio of area at risk (AAR) to left ventricular area (LVA); IA/AAR, ratio of infarct area (IA) to AAR. Data are mean ± SD. Data
were compared using Student’s t-test. NS, not significant. (E) C57BL/6 mice were treated as in (A). The samples of serum were collected and
the level of creatine phosphokinase (CPK) was quantified. Data are mean ± SD. Data were compared using Student’s t-test. NS, not significant.
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