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miR-361-regulated prohibitin inhibits mitochondrial
fission and apoptosis and protects heart from
ischemia injury
K Wang1,2,3, C-Y Liu1,3, X-J Zhang1,3, C Feng1,3, L-Y Zhou1,2, Y Zhao*,1 and P-F Li*,,1,2

Cardiovascular disease remains the leading cause of morbidity and mortality worldwide. Emerging evidences suggest that the
abnormal mitochondrial fission participates in pathogenesis of cardiac diseases, including myocardial infarction (MI) and heart
failure. However, the molecular components regulating mitochondrial network in the heart remain largely unidentified. Here we
report that miR-361 and prohibitin 1 (PHB1) constitute an axis that regulates mitochondrial fission and apoptosis. The results show
that PHB1 attenuates mitochondrial fission and apoptosis in response to hydrogen peroxide treatment in cardiomyocytes.
Cardiac-specific PHB1 transgenic mice show reduced mitochondrial fission and myocardial infarction sizes after myocardial
infarction surgery. MiR-361 is responsible for the dysfunction of PHB1 and suppresses the translation of PHB1. Knockdown of
miR-361 reduces mitochondrial fission and apoptosis in vivo and in vitro. MiR-361 cardiac-specific transgenic mice represent
elevated mitochondrial fission and myocardial infarction sizes upon myocardial ischemia injury. This study identifies a novel
signaling pathway composed of miR-361 and PHB1 that regulates mitochondrial fission program and apoptosis. This discovery
will shed new light on the therapy of myocardial infarction and heart failure.
Cell Death and Differentiation advance online publication, 12 December 2014; doi:10.1038/cdd.2014.200
The heart drives the blood flow in the body and it has a large
requirement of energy. Mitochondria meet the high energy
demand of the heart by consistently providing large amounts
of ATP through oxidative phosphorylation. Thus, mitochondrial
malfunction is tightly related to cardiac diseases and
contributes to cardiomyocyte injury, cardiomyopathy and heart
failure. Mitochondria morphology is also associated with the
function. Mitochondria constantly undergo fission and fusion.
Fission leads to the formation of small round mitochondria and
promotes cell apoptosis,1–7 whereas fusion results in
mitochondria elongation and have a protective role in
cardiomyocytes maintenance.8 The above findings strongly
suggest that mitochondrial fission and fusion machinery is
important for cardiac function. In addition, unveiling the
mechanism of mitochondrial network regulation will provide
a novel therapeutic strategy for heart failure.
The mitochondrial prohibitin complex is a macromolecular
structure at the inner mitochondrial membrane that is
composed of prohibitin 1 (PHB1) and prohibitin 2 subunits.9
These two proteins comprise an evolutionary conserved and
ubiquitously expressed family of membrane proteins and are
implicated in several important cellular processes such as
mitochondrial biogenesis and function, cell proliferation,
replicative senescence, and cell death.10,11 The first mammalian PHB1 was identified as a potential tumor suppressor with
anti-proliferative activity.12 Recent findings suggest that PHB1
has an important role in regulating mitochondrial morphology.

Loss of PHB1 results in accumulation of fragmented mitochondria in MEFs and HeLa cells.13,14 However, it is not yet
clear whether PHB1 participates in the regulation of mitochondrial dynamics in cardiomyocytes.
MicroRNAs (miRNAs) are a class of short single-stranded
non-coding endogenous RNAs and act as negative regulators
of gene expression by inhibiting mRNA translation or promoting mRNA degradation.15,16 Although the function of miRNAs
has been widely studied in apoptosis, development, differentiation and proliferation, few works have been focused on
miRNAs in the mitochondrial network regulation. It has been
reported that miR-30b targets to p53 and inhibits mitochondrial
fission.17 In addition, other miRNAs also affect the function of
mitochondria by targeting to mitochondrial calcium
uniporter.18 The study of miRNA function in mitochondria
may shed new light on the machinery that underlies
mitochondrial regulation.
This study unveils that PHB1 is involved in the regulation of
mitochondrial network in cardiomyocytes. PHB1 inhibits
mitochondrial fission and apoptosis in cardiomyocytes. In
addition, PHB1 transgenic mice exhibit a reduced myocardial
infarction sizes upon myocardial ischemia injury in vivo. In
searching for the mechanism by which PHB1 is downregulated under pathologic condition, we identify miR-361
participates in the suppression of PHB1 translation. MiR-361
initiates mitochondrial fission, apoptosis and myocardial
infarction through downregulating PHB1. Our results reveal a
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0.2 mM H2O2 treatment (Figure 1b). We then tested whether
PHB1 is involved in the occurrence of mitochondrial fission.
Enforced expression of PHB1 (Supplementary Figure 2A)
efficiently attenuated the reduction of PHB1 upon H2O2 insult
(Figure 1c). Enforced expression of PHB1 attenuated
mitochondrial fission induced by H2O2 as revealed by the
analysis of mitochondrial morphology (Figure 1d) and the
counting of the cells with fission (Figure 1e). Further, PHB1
also attenuated H2O2-induced apoptosis analyzed by terminal deoxynucleotidyl transferase-mediated dUTP nick-endlabeling (TUNEL) assay (Figure 1f) and caspase-3 activity
(Figure 1g). Cytochrome c (cyto c) release from mitochondria
into the cytosol is a critical event in apoptosis. Therefore, we
also detected the effect of PHB1 on cyto c release. Our
results showed that H2O2 treatment induced cyto c release
from mitochondria and PHB1 attenuated H2O2-induced cyto c
release (Supplementary Figure 2B). Taken together, these
results suggest that PHB1 participates in the regulation of
mitochondrial fission and apoptosis in cardiomyoctyes.

novel mitochondrial regulating model, which is composed of
miR-361 and PHB1. Modulation of their levels may represent a
novel approach for interventional treatment of myocardial
infarction and heart failure.
Results
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PHB1 is able to inhibit mitochondrial fission and
apoptosis in cardiomyocytes. PHB1 is mainly localized in
the mitochondrial inner membrane and has been implicated
in a wide variety of functions in many cell types. However, the
molecular mechanism of PHB1 function in the heart remains
unclear. To test whether PHB1 participates in the regulation
of mitochondrial fission in cardiomyocytes, we treated
cardiomyocytes with 0.2 mM hydrogen peroxide (H2O2) to
induce apoptosis (Supplementary Figures 1A and B). The
expression levels of PHB1 in mitochondria were downregulated in response to H2O2 treatment (Figure 1a).
Cardiomyocytes underwent mitochondrial fission upon
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Figure 1 PHB1 is able to inhibit mitochondrial fission and apoptosis in cardiomyocytes. (a) H2O2 induces a reduction of PHB1 levels in mitochondria. Cardiomyocytes were
treated with 200 μM H2O2 at indicated time. PHB1 levels were analyzed by immunoblot. (b) H2O2 induces mitochondrial fission. Cardiomyocytes were treated with 200 μM H2O2
at indicated times. Cells were stained with mitotracker-red. In addition, the cells with fragmented mitochondria were counted. *Po0.05 versus control. (c) Enforced expression of
PHB1 restores the reduction of PHB1 levels induced by H2O2. Cardiomyocytes were infected with adenoviral PHB1 and β-gal for 24 h, then treated with 200 μM H2O2 for another
24 h. PHB1 levels were analyzed by immunoblot. (d and e) Enforced expression of PHB1 prevents mitochondrial fission induced by H2O2. Cardiomyocytes were treated as
described in (c), cells were stained with mitotracker-red (d), bar = 20 μm. In addition, the cells with fragmented mitochondria were counted (e). (f and g) Enforced expression of
PHB1 reduces apoptosis induced by H2O2. Cardiomyocytes were treated as described in (c), TUNEL was used to analyze apoptotic cells (f, left panel). TUNEL-positive cells were
counted and calculated (f, right panel). The caspase-3 activity was analyzed by using an Apo-ONE Homogeneous Caspase-3/7 assay kit (g). *Po0.05 versus H2O2 alone
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PHB1 regulates mitochondrial fission and apoptosis
in vivo. To understand the pathophysiological role of
PHB1, we detected whether PHB1 was involved in the
pathogenesis of myocardial infarction in the animal model.

We used the myocardial ischemic model. Ischemia induced a
reduction in PHB1 levels (Figure 2a). To better understand
the function of PHB1 in the heart, we generated transgenic
mice with cardiac-specific overexpressed PHB1. Four lines of
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Figure 2 PHB1 regulates mitochondrial fission and apoptosis in vivo. (a) PHB1 is downregulated in response to myocardial ischemia injury. Mice were induced to undergo
cardiac ischemia as described in Materials and methods section. PHB1 levels were detected by immunoblot. (b) The expression of PHB1 was analyzed by qRT-PCR from wildtype and PHB1 transgenic mice of different lines. The results were normalized to COX IV. (c) PHB1 transgenic mice restore the levels of PHB1 upon MI surgery. WT and PHB1
transgenic mice were subjected to MI surgery as described in Materials and methods section. PHB1 levels were detected by immunoblot. (d and e) PHB1 transgenic mice
attenuate mitochondrial fission and apoptosis upon ischemia injury. WT and PHB1 transgenic mice were subjected to myocardial ischemia injury as described in Materials and
methods section. (d) Mitochondrial fission was analyzed. (e) TUNEL assay was performed to detect apoptotic cells. *Po0.05 versus MI+WT. (f) PHB1 transgenic mice attenuates
myocardial infarct sizes in response to ischemia injury. WT and PHB1 transgenic mice were subjected to MI surgery as described in Materials and methods section, and infarct
sizes were calculated. Left ventricle (LV), infarct area (INF). *Po0.05 versus MI+WT. (g) Echocardiographic analysis. Mice were treated as described in (f), and
echocardiography was employed to test cardiac function. Fractional shortening (FS) was calculated. *Po0.05 versus MI+WT
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PHB1 transgenic mice demonstrated a high level of PHB1 in
the heart (Figure 2b). These mice developed normally to
adulthood without significant alterations in terms of phenotype and cardiac function under physiological condition.
PHB1 transgenic mice exhibited elevated PHB1 levels,
compared with WT group after MI surgery (Figure 2c).
Furthermore, PHB1 transgenic mice showed a reduction in
mitochondrial fission (Figure 2d) and apoptosis (Figure 2e)
upon MI surgery. Myocardial infarction size in PHB1
transgenic mice also showed a remarkable decrease,
compared with WT group upon myocardial ischemia injury
(Figure 2f). The cardiac function was ameliorated in PHB1
transgenic mice group (Figure 2g). Thus, it appears that
PHB1 is able to inhibit mitochondrial fission, apoptosis and
myocardial infarction in the heart.
miR-361 participates in the regulation of PHB1 expression.
MiRNAs are a class of small non-coding RNAs and act
as negative regulators of gene expression. To explore the
underlying mechanism by which PHB1 is downregulated
upon H2O2 and ischemia injury, we tested whether PHB1 can
be regulated by miRNA. We first screened some cardiacassociated miRNAs, which had been reported in past several
years by quantitative reverse transcription-polymerase chain
reaction (qRT-PCR). Among several miRNAs, miR-361 levels
were significantly upregulated upon H2O2 (Figure 3a) and
other miRNAs remain unchanged (data not shown). We also
analyzed the 3′UTR of PHB1 using the RNAhybrid program
and observed that PHB1 is a potential target of miR-361
(Figure 3b), which promoted us to focus on the function of
miR-361. We use several approaches to explore whether
PHB1 expression can be regulated by miR-361. We first
tested whether overexpression or knockdown of miR-361 can
alter the expression of endogenous PHB1. Our results
showed that enforced expression of miR-361 resulted in a
reduction of endogenous PHB1 (Figure 3c). In contrast,
knockdown of endogenous miR-361 by antagomir induced an
increase in PHB1 expression upon H2O2 treatment
(Figure 3d). To understand whether the effect of miR-361
on PHB1 is specific, we then used the target protector (TP)
technology.19 The inhibitory effect of miR-361 on PHB1
expression was reduced in the presence of the TP
(Figure 3e). PHB1 downregulation was attenuated by the
TP in response to H2O2 (Figure 3f). These results indicate
that miR-361 can specifically regulate PHB1.
We used the luciferase assay system to test whether
miR-361 can influence the translation of PHB1. As shown in
Figure 3h, the luciferase reporter assay revealed that the wildtype 3’-UTR of PHB1 exhibited a low translation level in the
presence of miR-361, whereas the mutated 3′-UTR
(Figure 3g) did not show a significant response to miR-361.
Taken together, these data suggest that PHB1 is a specific
target of miR-361.
miR-361 can initiate mitochondrial fission and apoptotic
program. We explored the functional role of miR-361 in
mitochondrial fission and apoptosis. Knockdown of miR-361
by antagomir efficiently attenuated miR-361 levels in
response to H2O2 treatment (Figure 4a). Further, knockdown
of miR-361 also attenuated mitochondrial fission induced by
Cell Death and Differentiation

H2O2 (Figures 4b and c). Concomitantly, apoptosis was
reduced in the presence of miR-361 antagomir as revealed
by TUNEL assay (Figure 4d), caspase-3 activity (Figure 4e)
and cyto c release from mitochondria (Figure 4f). These data
indicate that miR-361 can initiate mitochondrial fission and
apoptosis in cardiomyocytes.
miR-361 provokes mitochondrial fission and myocardial
infarction in mice. Subsequently, we detected whether
miR-361 is involved in the pathogenesis of myocardial
infarction in the animal model. MiR-361 was elevated in
response to ischemia injury (Figure 5a). Knockdown of
miR-361 by antagomir delivery in vivo (Supplementary
Figures 3A and B) resulted in an increase in PHB1
expression (Figure 5b) and a reduction in mitochondrial
fission (Figure 5c) and apoptosis (Figure 5d). Furthermore,
we generated transgenic mice with cardiac-specific overexpression of miR-361 (Supplementary Figures 4A and B).
Analysis of adult mice generated from five stable independent
transgenic mice founder lines showed that their miR-361
expression was about three to six times as high as that of
wild-type hearts (Supplementary Figure 4C). The miR-361
transgenic mice generated from Line#1 were used for this
study (Figure 5e). All five transgenic mice founder lines
developed normally to adulthood without significant alterations in terms of phenotype (Supplementary Figure 4D) and
cardiac function (Supplementary Figure 4E) under physiological condition.
Next, we demonstrated that miR-361 transgenic mice
exhibited
an
increase
in
miR-361
expression
(Supplementary Figure 5A) and a decrease in PHB1 protein
level (Figure 5f). MiR-361 transgenic mice showed an
enhanced increase in miR-361 expression (Supplementary
Figure 5A) and a profound reduction in PHB1 protein level
compared with WT group after MI surgery (Figure 5g). In
addition, we also detected PHB1 mRNA level and found that
there is no difference of expression between wild-type mice
and miR-361 transgenic mice after MI injury (Supplementary
Figure 5B), suggesting that miR-361 exerts its inhibitory effect
on PHB1 translation level, instead of mRNA level. MiR-361
transgenic mice also potentiated mitochondrial fission and
apoptosis upon MI surgery (Figure 5h) and showed an
enlarged myocardial infarct sizes, compared with WT group
after MI surgery (Figure 5i). These data suggest that miR-361
participates in mediating the signal for mitochondrial fission
and apoptosis in the heart.
miR-361 regulates mitochondrial fission and apoptosis
through targeting PHB1. We explored how miR-361 exerts
its effect on mitochondrial fission and apoptotic program. As
miR-361 is able to suppress PHB1 expression, we thus
tested whether PHB1 is a downstream mediator of miR-361.
SiRNA-induced gene silencing significantly reduced PHB1
expression levels (Figure 6a). Knockdown of miR-361
inhibited the elevation of miR-361 levels, mitochondrial fission
and apoptosis induced by H2O2. However, the inhibitory
effect of miR-361 knockdown was attenuated by knockdown
of PHB1 (Figures 6b and c). Our results also further showed
that the TP of PHB1 inhibited mitochondrial fission
(Figure 6d) and apoptosis (Figure 6e) induced by H2O2.
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Figure 3 miR-361 participates in the regulation of PHB1 expression. (a) Cardiomyocytes were exposed to H2O2. MiR-361 levels were analyzed by qRT-PCR. *Po0.05
versus control. (b) Putative miR-361 binding site in the 3′UTR region of PHB1. (c) MiR-361 suppresses the expression of PHB1. Cardiomyocytes were infected with adenoviral
miR-361 or β-gal. The levels of PHB1 were analyzed by immunoblot. (d) Knockdown of miR-361 attenuates the decrease in PHB1 levels upon H2O2. Cardiomyocytes were
transfected with miR-361 antagomir (anta-361) or the antagomir negative control (anta-NC), then exposed to H2O2. The levels of PHB1 were analyzed by immunoblot. (e) PHB1
TP attenuates the reduction of PHB1 induced by miR-361. Cardiomyocytes were infected with adenoviral miR-361, then transfected with the TP (PHB1-TPmiR-361) or the control
(PHB1-TPcontrol). PHB1 levels were detected by immunoblot. (f) PHB1 TP inhibits H2O2-induced PHB1 downregulation. Cardiomyocytes were transfected with the PHB1TPmiR-361 or PHB1-TPcontrol, and then exposed to H2O2. The levels of PHB1 in mitochondria were analyzed by immunoblot. (g) PHB1 wild-type (WT) 3′UTR and the mutated 3′
UTR in the miR-361 binding site are shown. (h) MiR-361 suppresses PHB1 translation. HEK293 cells were infected with adenoviral miR-361 or β-gal, then transfected with the
luciferase constructs of the wild-type PHB1-3′UTR (PHB1-3′UTR-wt) or a mutated PHB1-3′UTR (PHB1-3′UTR-mut). The luciferase activity was analyzed. *Po0.05

These data suggest that miR-361 and PHB1 are functionally
linked and miR-361 targets PHB1 in the cascades of
mitochondrial fission and apoptosis.
Discussion
Mitochondria are enriched in cardiomyocyte and constantly
undergo fusion and fission. Mitochondria form a tubular
network and are essential for cardiomyocytes function.
Dysfunction in mitochondrial fusion and fission results in
cardiac disorders.20,21 Studying and unveiling the underlying

mechanism of miRNA and PHB1 in mitochondrial function
may have groundbreaking discoveries in the realm of cell
biology and in therapeutics of cardiac diseases as well. Here
we present evidence for a critical role of PHB1 in regulating
mitochondrial dynamics. PHB1 can inhibit mitochondrial
fission and apoptosis in cardiomyocytes and PHB1 transgenic
mice showed a reduced myocardial infarction sizes upon
ischemia injury in vivo. In addition, we demonstrated that
miR-361 is responsible for the downregulation of PHB1, and
modulation of miR-361 levels also affects mitochondrial
fission, apoptosis and myocardial infarction. MiR-361 exerts
Cell Death and Differentiation
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Figure 4 miR-361 provokes mitochondrial fission and apoptosis in cardiomyocytes. (a) MiR-361 antagomir inhibits the elevation of miR-361 levels upon H2O2.
Cardiomyocytes were transfected with anta-361 or anta-NC for 24 h, then exposed to H2O2 for another 24 h. Cells were harvested for qRT-PCR analysis of miR-361 levels.
*Po0.05 versus H2O2 alone. (b and c) Knockdown of miR-361 prevents mitochondrial fission induced by H2O2. Cardiomyocytes were treated as described in a, and the cells
were stained with MitoTracker Red (b), bar = 20 μm. Cells with fragmented mitochondria were counted (c). *Po0.05 versus H2O2 alone. (d–f) Knockdown of miR-361 prevents
apoptosis induced by H2O2. Cardiomyocytes were treated as described in a. Apoptosis was analyzed by TUNEL assay (d) and the caspase-3 activity was analyzed by using an
Apo-ONE Homogeneous Caspase-3/7 assay kit (e). *Po0.05 versus H2O2 alone. Cyto c distribution in mitochondria-enriched heavy membranes (HMs) or cytosol detected by
immunoblot (f)

Figure 5 miR-361 regulates mitochondrial fission and apoptosis in vivo. (a) MiR-361 is upregulated in response to ischemia injury. Mice were induced to undergo cardiac
ischemia as described in Materials and methods section. MiR-361 levels were detected by qRT-PCR. *Po0.05 versus Sham. (b) Knockdown of miR-361 increases PHB1
expression upon myocardial ischemia injury. Adult male C57BL/6 mice (8 weeks old) were delivered in 3 consecutive days intravenous injections of miR-361 antagomir (anta-361)
or antagomir control (anta-NC) at doses of 35 mg/kg body weight. Three days after injection, the mice were exposed to ischemia for 14 days. PHB1 expression was analyzed by
immunoblot. (c and d) Knockdown of miR-361 attenuates mitochondrial fission upon myocardial ischemia injury. Mice were treated as described in b. Counting of the fragmented
mitochondria was shown in c. Counting of the apoptotic cell was shown in d. TUNEL-positive myocyte nuclei (apoptotic cells) are shown in green. Nuclei stained by DAPI shown in
blue. Cardiomyocytes were labeled with α-actinin. n = 6, *Po0.05 versus MI alone. (e) qRT-PCR analysis of miR-361 expression levels in different organs or tissues isolated from
individual miR-361 transgenic mouse (miR-361 Tg) and wild-type mouse (WT). (f) MiR-361 transgenic mice show a decrease in PHB1 expression. Western blots showing PHB1
expression in mice heart samples from wild-type mice and miR-361 transgenic mice. (g) MiR-361 transgenic mice show a profound reduction in PHB1 protein level compared with
WT group after MI surgery. Wild-type mice and miR-361 transgenic mice (8 weeks old) were exposed to 2 weeks of ischemia. PHB1 protein level was analyzed by immunoblot.
(h and i) MiR-361 transgenic mice exhibit increased mitochondrial fission, apoptosis and myocardial infarction sizes in response to ischemia injury. Wild-type mice and miR-361
transgenic mice were exposed to 2 weeks of ischemia. Mitochondrial fission (h, upper panel), apoptosis (h, low panel) and myocardial infarction sizes (i) were analyzed. n = 8,
*Po0.05 versus WT+MI
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and apoptosis is largely dependent on the type of stimuli and
the cell. It is suggested that different lethal stimuli trigger
different cellular responses. Perfettini et al.22 also pointed out
that mitochondrial fission can either enhance or reduce the
probability of mitochondrial outer membrane permeabilization
and consequent cell death, depending on the apoptosis

its effect on mitochondrial fission and apoptosis through
targeting PHB1. Our results provide novel evidence demonstrating that miR-361 and PHB1 constitute an axis in the
regulated machinery of mitochondrial network.
Mitochondria undergo extensive fragmentation during
apoptosis. The relationship between mitochondrial fission
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Figure 6 miR-361 regulates mitochondrial fission and apoptosis through targeting PHB1. (a) Expression of PHB1 is knocked down by siRNA-mediated gene silencing.
Cardiomyocytes were infected with adenoviral PHB1-siRNA or its scramble form (PHB1-sc) at the indicated MOI. PHB1 levels in mitochondria were detected by immunoblot.
(b and c) Knockdown of PHB1 attenuates the inhibitory effect of miR-361 antagomir on mitochondrial fission and apoptosis upon H2O2. Cardiomyocytes were infected with
adenoviral PHB1-siRNA or its scramble form, transfected with anta-361 or anta-NC, and then exposed to H2O2. Cells were harvested for the analysis of PHB1 expression levels
(b), mitochondrial fission (c, upper panel) and apoptosis (c, low panel). *Po0.05. (d and e) PHB1 TP inhibits mitochondrial fission and apoptosis induced by H2O2.
Cardiomyocytes were transfected with the TP (PHB1-TPmiR-361) or the control (PHB1-TPcontrol), and then exposed to H2O2. Mitochondrial fission (d) and apoptosis (e) were
analyzed. *Po0.05 versus H2O2 alone

stimulus. For example, Drp1-dependent mitochondrial fragmentation lies upstream in several apoptotic pathways in HeLa
cells.23 In addition, inhibition of mitochondrial fission reduces
COS-7 and SW480 apoptosis.23 Translocation of Bax and Bak
to the fission sites enables the fission machinery to promote
apoptosis in HeLa cells.24 In oxidative stress-mediated
mitochondrial injured neurons, inhibition of the mitochondrial
fission machinery inhibits cell death, indicating that it is
important in apoptosis.25 Drp1 dysfunction reduces mitochondrial fission and cyto c release, which finally decreases cell
death in response to proapoptotic agents in cardiac cell
lines.26 At the same time, it is also suggested that mitochondrial fission may be a consequence rather than a cause of
apoptosis in several cell lines. For example, in the liver cell, the
trigger of mitochondrial fission by Hepatitis C virus attenuates
apoptosis.27 In addition, mitochondrial fission uncouples from
cyto c release in HeLa cells transfected with expression
plasmids encoding Bax.28 Our present work showed that H2O2
Cell Death and Differentiation

treatment led to mitochondrial fission and cyto c release from
mitochondria, and consequent cardiomyocyte death. However, PHB1 or miR-361 knockdown attenuated H2O2-induced
mitochondrial fission, cyto c release and cell death. Our results
indicate that mitochondrial fission promotes apoptosis in the
H2O2-induced cardiomyocyte apoptotic pathway.
It has been reported that PHB1 increased apoptosis in
gastric cancer cell BGC823 through activating the mitochondrial pathway.29 However, other report shows that prohibitin
inhibits apoptosis in rat granulosa cells through the extracellular signal-regulated kinases 1/2 and the Bcl family of
proteins.30 In addition, PHB1 inhibits staurosporine-induced
apoptosis and promotes survival in ovarian cancer cells.31
Consistent with previous findings, our study shows that PHB1
inhibits H2O2-induced apoptosis in cardiomyocytes. Thus,
whether PHB1 is proapoptotic or anti-apoptotic mainly
depends on the type of cell. It may be that same factor has
different roles in different cell types.
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PHB1 has also been suggested to be localized in the
nucleus in some mammalian cell lines.32,33 PHB1 has also
been shown to interact with the retinoblastoma protein,
resulting in the inhibition of the transcriptional activity of
E2F.34 PHB1 protects the cells from camptothecin-induced
apoptosis via downregulation of E2F activity in a B-cell
lymphoma line.35 These findings suggest the involvement of
PHB1 in the regulation of transcription in the nucleus. In this
study, we analyzed the mitochondrial PHB1 protein in
cardiomyocytes and identified miR-361 as a novel regulator
for PHB1. Further investigations into the function and
molecular regulation of PHB1 in mitochondria and nucleus
should constitute an important area for future research. Our
results may have important therapeutic implications for the
usage of PHB1 in the treatment of apoptosis-related cardiac
diseases.
Some miRNAs have been reported to regulate apoptosis in
cardiomyocytes.20,36,37 However, few works have been
focused on miRNAs in the mitochondrial network regulation.
It is critical to identify those miRNAs that can regulate
mitochondrial dynamics and apoptosis in the heart and to
characterize their signal transduction pathways in the apoptotic cascades. Our present work for the first time demonstrates
that miR-361 is able to regulate mitochondrial fission and
apoptosis both in vitro and in vivo through targeting PHB1.
Accordingly, it can be speculated that the identification of
miRNAs that regulate apoptotic proteins may fill in the gap
between unknown aspects of cell biology and the pathogenesis of diseases.
Previous studies have showed that miR-361 has important
role in various cancerous diseases, such as prostate cancer,38
cervical cancer39 and cutaneous squamous cell carcinoma.40
However, no report shows that miR-361 is involved in the
regulation of cardiac diseases. Our results identify that
miR-361 initiates mitochondrial fission and apoptotic
program by supressing PHB1 expression in cardiomyocytes.
In addition, miR-361 cardiac-specific transgenic mice
represent elevated myocardial infarction sizes after MI surgery.
Our study will shed new light on the miRNA-based therapy for
myocardial infarction and heart failure.
Materials and Methods
Generation of cardiac-specific miR-361 transgenic mice and
PHB1 transgenic mice. For creating miR-361 transgenic mice, a DNA
fragment containing murine miR-361 was cloned to the vector, pαMHC-clone26
(kindly provided by Dr. Zhong Zhou Yang), under the control of the α-myosin heavy
chain (α-MHC) promoter. The primers used to generate miR-361 transgenic mice
include, forward primer: 5′-GATTCTTTCTTGGGACTCGGAAGCT-3′; reverse
primer: 5′-GGGATAAGATGCTAATGAATGTGCT-3′. For generation of PHB1
transgenic mice, the mouse PHB1-coding sequence was synthesized by PCR
using mouse cDNA as the template and was cloned to the vector under the control
of the α-MHC promoter. The primers used to generate PHB1 transgenic mice
include, forward primer: 5′-ATGGCTGCCAAAGTGTTTGAG-3′; reverse primer:
5′-TCACTGGGGAAGCTGGAGAAG-3′. Microinjection was performed following
standard protocols.
Cardiomyocyte culture and treatment. Cardiomyocytes were isolated
from 1- to 2-day old mice as we described.41 Briefly, after dissection hearts were
washed, minced in HEPES-buffered saline solution. Tissues were then dispersed in
a series of incubations at 37 °C in HEPES-buffered saline solution containing
1.2 mg/ml pancreatin and 0.14 mg/ml collagenase (Worthington, Lakewood, NJ,
USA). After centrifugation, cells were re-suspended in Dulbecco’s modified Eagle

medium/F-12 (GIBCO, Grand Island, NY, USA) containing 5% heat-inactivated
horse serum, 0.1 mM ascorbate, insulin-transferring-sodium selenite media
supplement (Sigma, St. Louis, MO, USA), 100 U/ml penicillin, 100 μg/ml
streptomycin and 0.1 mM bromodeoxyuridine. The dissociated cells were preplated at 37 °C for 1 h. The cells were then diluted to 1 × 106 cells/ml and plated in
10 μg/ml laminin-coated different culture dishes according to the specific
experimental requirements. Cells were treated with 200 μM H2O2 for the indicated
periods of time.
TUNEL assays. Apoptosis was determined by the terminal deoxyribonucleotidyl transferase-mediated TUNEL using a kit from Roche (Hamburg, Germany).
The detection procedures were in accordance with the kit instructions. Caspase-3
was determined by analyzing its activity using an Apo-ONE Homogeneous
Caspase-3/7 assay kit from Promega (Madison, WI, USA) according to the
manufacturer’s protocol.
Preparations of subcellular fractions. Subcellular fractions were
prepared as we described.42 In brief, the cells were washed twice with PBS and
the pellets were suspended in 0.2 ml of buffer A (20 mmol/l HEPES pH 7.5,
10 mmol/l KCl, 1.5 mmol/l MgCl2, 1 mmol/l EGTA, 1 mmol/l EDTA, 1 mmol/l DTT,
0.1 mmol/l PMSF, 250 mmol/l sucrose) containing a protease inhibitor cocktail. The
cells were homogenized by 12 strokes in a Dounce homogenizer. The homogenates
were centrifuged twice at 750 g for 5 min at 4 °C to collect nuclei and debris. The
supernatants were centrifuged at 10 000 g for 15 min at 4 °C to collect mitochondriaenriched heavy membrane pellet. The resulting supernatants were centrifuged to
yield cytosolic fractions.
Preparations of miR-361 expression constructs. miR-361 was
synthesized by PCR using mouse genomic DNA as the template. The upstream
primer was 5′- CTGAGGGAAAACAAATCTTACC-3′; the downstream primer was
5′-CAGGTGTTACAGCATTAGAAAG-3′. The PCR fragment was finally cloned into
the Adeno-X Expression System (Clontech, Otsu, Japan) according to the
manufacturer's instructions.
Adenoviral constructions and infection. The mouse PHB1 was
synthesized by PCR using mouse cDNA as the template. The adenovirus
harboring the PHB1 was constructed using the Adeno-X expression system
(Clontech). The construction of adenovirus containing β-galactosidase (β-gal) is as
we described elsewhere.43 The mouse PHB1 RNA interference (siRNA) target
sequence is 5′-TCCTCTTCCGGCCGGTGGC-3′. A scramble form was used as a
control, 5′-CCGCTCTCGTCGCTCGTGG-3′. The adenoviruses harboring PHB1siRNA or its scramble form were constructed using the pSilencer adeno 1.0-CMV
System (Ambion, Grand Island, NY, USA) according to the kit’s instructions. All
constructs were amplified in HEK293 cells. Adenoviral infection of cardiomyocytes
was performed as we described previously.41
Transfection of the antagomir. The chemically modified antagomir
complementary to miR-361 was designed to inhibit endogenous miR-361
expression, the antagomir negative control (antagomir-NC) were obtained from
GenePharma Co. Ltd (Shanghai, China). The miR-361 antagomir sequence
was 5′-GUACCCCUGGAGAUUCUGAUAA-3′. The antagomir-NC sequence was
5′-CAGUACUUUUGUGUAGUACAA-3′. Cells were transfected with the antagomirs
or the antagomir-NC using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA)
according to the manufacturer's instruction.
TP preparation and transfection. TP was designed and named as others
and we described.43 In brief, PHB1-TPmiR-361 sequence is 5′- AGGCCAGTCT
GCAGAGGCACTTGG-3′. PHB1-TPcontrol sequence is 5′-TGACAAATGAGACTC
TCTCCTCTCC-3′. They were synthesized by Gene Tools, and were transfected into
the cells using the Endo-Porter kit (Gene Tools, Philomath, OR, USA) according to
the kit’s instructions.
Immunoblot. Immunoblot was carried out as we previously described.42 Briefly,
the cells were lysed for 1 h at 4 °C in a lysis buffer (20 mmol/l Tris pH 7.5, 2 mmol/l
EDTA, 3 mmol/l EGTA, 2 mmol/l dithiothreitol (DTT), 250 mmol/l sucrose, 0.1 mmol/l
phenylmethylsulfonyl fluoride, 1% Triton X-100) containing a protease inhibitor
cocktail. The samples were subjected to 12% SDS-PAGE and transferred to
nitrocellulose membranes. Equal protein loading was controlled by Ponceau
Red staining of membranes. Blots were probed using the primary antibodies.
Cell Death and Differentiation
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The anti-PHB1 antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The anti-COX IV antibody was from Abcam (Grand Island, NY, USA). The antibody to
cyto c was from BD Biosciences (San Jose, CA, USA). After four times washing with
PBS, the horseradish peroxidase-conjugated secondary antibodies were added.
Antigen–antibody complexes were visualized by enhanced chemiluminescence.
Quantitative reverse transcription-PCR. Stem-loop qRT-PCR for mature
miR-361 was performed as described on a CFX96 Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). Total RNA was extracted using Trizol
reagent. After DNAse I (Takara, Shiga, Japan) treatment, RNA was reverse
transcribed with reverse transcriptase (ReverTra Ace, Toyobo, Kita-ku, Osaka,
Japan). The levels of miR-361 analyzed by qRT-PCR were normalized to that
of U6. U6 primers were forward: 5′-GCTTCGGCAGCACATATACT-3′; reverse:
5′-AACGCTTCACGAATTTGCGT-3′.
Preparations of the luciferase construct of PHB1-3′UTR and
luciferase activity assay. PHB1-3′UTR was amplified by PCR. The forward
primer was 5′-CACCCCAGAAAATCACTGTGAA-3′; the reverse primer was
5′- TCTTCCATGGGACTCACATCTCA-3′. To produce mutated 3′UTR, the
mutations were generated using QuikChange II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA). The constructs were sequence verified. Wild-type
and mutated 3′UTRs were subcloned into the pGL3 vector (Promega) immediately
downstream of the stop codon of the luciferase gene.
Luciferase activity assay was performed using the Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instructions. Cells were cotransfected with the plasmid constructs of 150 ng per well of pGL3-PHB1-3′UTR or
pGL3-PHB1-3′UTR-mut using Lipofectamine 2000 (Invitrogen), then were infected
with adenovirus miR-361 or β-gal at a MOI of 80. At 48 h after infection, luciferase
activity was measured.
Mitochondrial staining. Mitochondrial staining was carried as we and others
described with modifications.4,44 Briefly, cells were plated onto the cover slips
coated with 0.01% poly-L-lysine. After treatment, they were stained for 20 min with
0.02 μM MitoTracker Red CMXRos (Molecular Probes, Eugene, OR, USA).
Mitochondria were imaged using a laser scanning confocal microscope (Zeiss
LSM510 META, Berkochen, Germany). The percentage of cells with fragmented
mitochondria relative to the total number of cells is presented as the mean ± S.E.M.
of at least three independent experiments, counted by an observer blinded to the
experimental conditions. Six distinct fields for each 50 cells were counted. At least
300 cells per group were counted.
Electron microscopy. Heart ultrastructural analyses were performed to
quantify mitochondrial fission. Sample preparations and conventional electron
microscopy (EM) were carried out as described before.20 Samples were examined
at a magnification of 15 000 with a JEOL JEM-1230 transmission electron
microscope (JEOL Co. Ltd, Akishima, Tokyo, Japan). For comparison of
mitochondrial fission, EM micrographs of thin sections were evaluated. The size
of individual mitochondrion was measured by using Image-Pro Plus software
(Silver Spring, MD, USA). Approximately 1200–1500 mitochondria were measured
to determine the percentages of mitochondria with various sizes. In MI-treated heart
tissues, mitochondria disintegrated into numerous small round fragments of varying
size, and the number of small mitochondrion was increased. Thus, we determined
the mitochondria with size o0.6 mm2 as fission mitochondria. Data represent
mean ± S.E.M. of at least three independent experiments.
Animal experiments. Male adult C57BL/6 mice (8 weeks old) were obtained
from Institute of Laboratory Animal Science of Chinese Academy of Medical
Sciences (Beijing, China). All experiments were performed according to the
protocols approved by the Institute Animal Care Committee. The mice received on 3
consecutive days intravenous injections of miR-361 antagomir, or its control at a
dose of 35 mg/kg body weight in a small volume (0.2 ml) per injection. PHB1
transgenic mice, miR-361 transgenic mice and WT mice were subjected to
myocardial ischemic model for 2 weeks. Myocardial ischemic model was
established by ligating left anterior descending of coronary artery to cause
myocardial ischemia as we previously described.20 Sham-operated group
experienced the same procedure except the snare was left untied. Cardiac function
of these groups of animals was evaluated by echocardiographic analysis 14 days
after the surgery. Evans blue dye was treated as described,20 The areas of
infarction (INF) and nonischemic left ventricle (LV) were assessed with computerCell Death and Differentiation

assisted planimetry (NIH Image 1.57, Bethesda, MD, USA) by an observer blinded
to the sample identity. The ratio of INF/LV was calculated as described.20
Statistical analysis. Data are expressed as the mean ± S.E.M. of at least
three independent experiments. We used a one-way analysis of variance for
multiple comparisons. A value of Po0.05 was considered significant.
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