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Cardiomyocyte apoptosis correlates with the pathogenesis of heart disease. Long noncoding RNA
(LncRNA) emerges as a class of noncoding RNAs that regulate gene expression and participate in various
cellular processes. However, the role of lncRNAs in cardiomyocyte apoptosis remains to be elucidated. In
our study, we found that lncRNA FTX is signiﬁcantly down-regulated upon ischemia/reperfusion injury
and hydrogen peroxide treatment. Enhanced expression of FTX inhibits cardiomyocyte apoptosis induced
by hydrogen peroxide. miR-29b-1-5p was found to interact with FTX and regulate the expression of
Bcl2l2. Inhibition of miR-29b-1-5p attenuated cardiomyocyte apoptosis upon hydrogen peroxide treatment. We then found that FTX functions as endogenous sponge for miR-29b-1-5p and regulates the
activity of miR-29b-1-5p. The results demonstrate that FTX regulates cardiomyocyte apoptosis through
modulating the expression of Bcl2l2 which is mediated by miR-29b-1-5p. Our ﬁndings reveal a novel
regulatory model which is composed of FTX, miR-29b-1-5p and Bcl2l2. Manipulating of their levels may
become a new approach to tackling cardiomyocyte apoptosis related heart diseases.
© 2017 Elsevier Inc. All rights reserved.
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1. Introduction
Cardiomyocyte apoptosis correlates with the development of
heart failure [1]. MicroRNAs (miRNAs) are small noncoding RNAs
that post-transcriptionally regulate gene expression [2]. Studies
have demonstrated that miRNAs participate in the regulation of
apoptosis and subsequently heart failure. They are important regulators of cardiomyocyte apoptosis [3].
The B cell lymphoma 2 (Bcl-2) gene family contains more than
twenty proteins than can be divided into three categories based on
their role in the regulation of apoptosis and the structure they
contain [4,5]. The balance between the pro-apoptotic and anti-
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apoptotic determines the fate of cells. Bcl2l2 is also known as Bclw which is an anti-apoptotic protein controlling the survival of
cells [5,6].
Long noncoding RNAs (LncRNAs) are a class of non-coding RNAs
that are more than 200 nucleotides in length and have no protein
coding potentials [7,8]. Emerging studies found that lncRNAs are
involved in various cellular processes, including cell proliferation,
apoptosis and differentiation [9e11]. Dysregulation of lncRNAs is
correlated with the development of many diseases [12]. Also,
studies have found that lncRNAs participate in the pathogenesis of
cardiovascular diseases [13e15]. Recent studies have demonstrated
that lncRNAs interact with miRNA and function as miRNA sponges
to regulate gene expression [16e18].
Five prime to Xist (FTX) is an evolutionarily conserved long
noncoding RNA that is located within the X-inactivation center [19].
A few studies have found that FTX is involved in the regulation of
cancer cell proliferation and metastasis by regulating the activity of
miRNAs [20,21]. However, whether lncRNA FTX participates in the
regulation of cardiomyocyte apoptosis remains unknown.
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In this study, we found that FTX participates in the regulation of
cardiomyocyte apoptosis. The results show that FTX functions as
miRNA sponge to regulate the activity of miR-29b-1-5p. Further, it
turned out that FTX regulates cardiomyocyte apoptosis through
Bcl2l2 which is the target of miR-29b-1-5p. Our study reveals a
novel signaling pathway that controls cardiomyocyte apoptosis and
may be developed to treat heart diseases.
2. Material and methods
Cell culture and treatment-Cardiomyocytes were isolated from
male mice (1e2 days) [22]. In brief, the dissected hearts were
washed and minced in HEPES-buffered saline solution containing
130 mM NaCl, 3 mM KCl, 1 mM NaH2PO4, 4 mM glucose and 20 mM
HEPES (PH adjusted to 7.35). Tissues were then dispersed in series
of incubations at 37  C in HEPES-buffered saline solution containing
1.2 mg/ml pancreatin and 0.14 mg/ml collagenase (Worthington).
After centrifugation, the cells were re-suspended in Dulbecco's
modiﬁed Eagle medium/F-12 (Invitrogen) containing 5% heatinactivated horse serum, 0.1 mM ascorbate, insulin-transferringsodium selenite media supplement, 100 U/ml penicillin, 100 mg/
ml streptomycin, and 0.1 mM bromodeoxyuridine. The dissociated
cells were pre-plated at 37  C for 1 h. After that, the cardiomyocytes
were diluted to 1  106 cells/ml and plated in 10 mg/ml laminincoated culture dishes according to speciﬁc experimental
requirement.
Transfection of miR-29b-1-5p mimic and antagomir-miR29b-1-5p mimic, the mimic negative control (mimic-NC), miR-29b1-5p antagomir and antagomir negative control (antagomir-NC)
were synthesized by GenePhama Co. Ltd. They were transfected at
50 nM. The transfection was performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer's guideline.
Reporter constructions and luciferase assay-The Bcl2l2 30 UTR
was ampliﬁed from mouse genomic DNA by PCR. The forward
primer was 50 -GACACCTACCTAAGGTAGCATTCCTG-30 . The reverse
primer was 50 -CATCCTCTCCAGCTACTTAGTATCTG-30 . The PCR
products were gel-puriﬁed and ligated into pGL3 reporter vector
(Promega) immediately downstream of the stop codon of the
luciferase gene. To generate mutated Bcl2l2 30 UTR construct, the
mutations were introduced by QuickChange II XL site-directed
mutagenesis kit (Stratagene).
The luciferase activity assay was performed as described [22]. In
brief, cells were cultured in 24 well plates. They were transfected
with miR-29b-1-5p mimic or its negative control, then transfected
with plasmid construct of pGL3-Bcl2l2-30 UTR or pGL3-Bcl2l230 UTR-mut at concentration of 200 ng/well using Lipofectamine
2000 (Invitrogen). The renilla luciferase plasmid was also cotransfected at 2.5 ng/well serving as the internal control. Two
days after transfection, cells were lysed and the luciferase activity
was detected with Dual Luciferase Reporter Assay kit (Promega).
Quantitative real-time PCR (qRT-PCR)-Stem loop qRT-PCR for
mature miR-29b-1-5p was performed as described [23]. Total RNA
was extracted by TRIzol reagent (Invitrogen). After Dnase I treatment (Takara, Japan), the RNA was reverse transcribed with reverse
transcriptase (ReverTra Ace, Toyobo). The samples were run in
triplicate in Applied Biosystems ABI 7000 sequence detector system
according to the manufacturer's instructions. The results of qRTPCR were normalized to that of U6. The primers for U6 were forward, 50 -GCTTCGGCAGCACATATACTAA-30 ; Reverse, 50 -AACGCTTCACGAATTTGCGT-30 . The speciﬁcity of the PCR ampliﬁcation was
conﬁrmed by agarose gel electrophoresis.
Immunoblot-Immunoblot was performed as described [24]. In
brief, the cells were lysed at 4  C in a lysis buffer (20 mM Tris, pH
7.5, 2 mM EDTA, 3 mM EGTA, 2 mM dithiothreitol, 250 mM sucrose,
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0.1 mM phenylmethylsulfonyl ﬂuoride, 1% Triton X-100, and a
protease inhibitor mixture). The samples were subjected to 12%
SDS-PAGE and transferred to nitrocellulose membranes. Equal
protein loading was controlled by Ponceau red staining of
membranes.
Pull-down assay with biotinylated miRNA-Cardiomyocytes
were transfected with biotinylated miRNA (50 nM), harvested 48 h
after transfection. The cells were washed with PBS followed by brief
vortex, and incubated in a lysis buffer [20 mM Tris, pH 7.5, 200 mM
NaCl, 2.5 mM MgCl2, 0.05% Igepal, 60 U/mL Superase-In (Ambion),
1 mM DTT, protease inhibitors (Roche)] on ice for 10 min. The lysates were precleared by centrifugation, and 50 ml of the samples
were aliquoted for input. The remaining lysates were incubated
with M-280 streptavidin magnetic beads (Invitrogen). To prevent
non-speciﬁc binding of RNA and protein complexes, the beads were
coated with RNase-free BSA and yeast tRNA (both from Sigma). The
beads were incubated at 4  C for 3 h, washed twice with ice-cold
lysis buffer, three times with the low salt buffer (0.1%SDS, 1%Trition X-100, 2 mM EDTA, 20 mM Tris-HCl pH8.0, 150 mM NaCl), and
once with the high salt buffer (0.1%SDS, 1%Trition X-100, 2 mM
EDTA, 20 mM Tris-HCl pH 8.0, 500 mM NaCl). The bound RNAs were
puriﬁed using Trizol for the analysis.
Apoptosis assays-Apoptosis was determined by TUNEL using a
kit from Roche Applied Science (Mannheim, Germany). The
detection procedures were in accordance with the kit instructions.
Caspase-3 was determined by analyzing its activity using an ApoONE Homogeneous Caspase-3/7 Assay Kit from Promega (Madison, WI, USA) according to the manufacturer's protocol.
Animal experiment-Adult male C57BL/6 mice (8 weeks old)
were purchased from Vital River Laboratory Animal Technology Co.
Ltd (Beijing, China). Experiments were performed according to the
protocol approved by the Animal Care Committee.
To perform ischemia/reperfusion surgery, the mice were anesthetized and the chest was opened. A 8-0 silk suture was passed
around the left anterior descending coronary artery (LAD) at the
inferior border of left auricle. The LAD was occluded by snaring
with a vinyl tube through which the ligature had been passed. The
coronary artery was occluded by pulling the snare tight and
securing it with a hemostat. The ligature was then released and the
heart was reperfused. The procedure was the same for the shamoperated group except that the snare was left untied.
Statistical analysis-Data are expressed as mean ± SEM of at
least three independent experiments. The statistical comparison
among different groups was performed by one-way ANOVA. Paired
data were evaluated by Student's t-test. P < 0.05 was considered
statistically signiﬁcant.

3. Results
3.1. LncRNA FTX regulates apoptosis in cardiomyocyte
To investigate the role of long noncoding RNA FTX in cardiomyocyte apoptosis, mice were subjected to I/R injury. The level
of FTX was signiﬁcantly down-regulated (Fig. 1A). Next, we treated
isolated cardiomyocytes with hydrogen peroxide, the expression of
FTX is also down-regulated which is consistent with the result
obtained in I/R injured hearts (Fig. 1B). To study the functional role
of FTX in cardiomyocyte apoptosis, a plasmid encoding FTX was
constructed (Fig. 1C). Enhanced expression of FTX attenuated
hydrogen peroxide induced apoptosis as revealed by TUNEL (Fig. 1D
and E) and caspase 3 activity assays (Fig. 1F). These results suggest
that FTX participates in the cascades of apoptosis in
cardiomyocytes.
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Fig. 1. LncRNA FTX inhibits cardiomyocyte apoptosis. (A) The expression levels of FTX upon myocardial ischemia/reperfusion injury. Mice were subjected to ischemia/reperfusion
injury for the indicated time and the expression of FTX was assayed by qRT-PCR. n ¼ 5 or 6 mice for each time point. *P < 0.05 versus sham or 0 min group. (B) FTX is downregulated upon hydrogen peroxide treatment. Cardiomyocytes were treated with 100 mM hydrogen peroxide at the indicated time and FTX levels were detected by qRT-PCR.
*P < 0.05 versus control (C, D and E) Overexpression of FTX attenuates hydrogen peroxide induced apoptosis in cultured cardiomyocytes. Cardiomyocytes were transfected with
a plasmid encoding FTX (FTX) or empty plasmid (Vector). Forty eight hours after transfection, the cardiomyocytes were treated with 100 mM hydrogen peroxide for 24 h. The
expression of FTX was detected by qRT-PCR (C). *P < 0.05 versus hydrogen peroxide alone. TUNEL was used to analyze apoptotic cardiomyocytes (D). Scale bar, 20 mm. The percentage of apoptotic cardiomyocytes was calculated (E). *P < 0.05 versus hydrogen peroxide alone. (F) FTX attenuates caspase-3 activity induced by hydrogen peroxide. Cardiomyocytes were treated as described in (E), the caspase-3 activity was analysed by using an Apo-ONE Homogeneous Caspase-3/7 assay kit. *P < 0.05 versus hydrogen peroxide
alone.

3.2. LncRNA FTX binds miR-29b-1-5p in vivo
In order to ﬁgure out the molecular mechanism FTX regulating
cardiomyocyte apoptosis, we searched which miRNA can bind FTX.
We employed RNAhybrid program and found that FTX harbors a
miR-29b-1-5p binding site (Fig. 2A). Luciferase constructs of FTX
(Luc-FTX-wt) and its mutated form (Luc-FTX-mut) were constructed. The luciferase activities were signiﬁcantly suppressed in
the presence of miR-29b-1-5p and were recovered when the
binding sites for miR-29b-1-5p was mutated (Fig. 2B and C). These
results suggested that FTX may interact with miR-29b-1-5p in the
putative binding site. To conﬁrm whether miR-29b-1-5p could bind
with FTX, biotinylated miR-29b-1-5p mimics were transfected into
cardiomyocytes. The cells were then lysed for biotin-based RNA
pull-down assay. There are more enrichment of FTX in miR-29b-1-

5p captured fraction compared with the biotinylated negative
control (Fig. 2E). Introduction of mutations that disrupt basepairing between FTX and miR-29b-1-5p (Fig. 2D) led to the failure of miR-29b-1-5p to pull down FTX (Fig. 2E). The results
demonstrate that FTX binds with miR-29b-1-5p in a sequence
dependent manner. These data indicate that miR-29b-1-5p can
bind FTX directly in cardiomyocyte.

3.3. miR-29b-1-5p regulates cardiomyocyte apoptosis through
Bcl2l2
We then elucidated the functional role of miR-29b-1-5p in
regulating apoptosis in cardiomyocytes. The expression of miR29b-1-5p was up-regulated in I/R injured hearts and in hydrogen
peroxide treated cardiomyocytes (Fig. 3A and B). We then explored
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Fig. 2. FTX binds miR-29b-1-5p in vivo. (A) FTX harbors binding site complementary to miR-29b-1-5p as analysed by the bioinformatics program RNAhybrid. (B) The binding site
for miR-29b-1-5p was mutated to disrupt the interaction between miR-29b-1-5p and FTX in the luciferase construct. (C) HEK293 cells were transfected with NC or miR-29b-1-5p
mimics and then transfected with luciferase constructs of Luc-FTX-wt or Luc-FTX-mut. Luciferase activity was analysed 48 h post transfection, *P < 0.05. (D and E) FTX is associated
with miR-29b-1-5p. Cardiomyocytes were transfected with biotinylated WT miR-29b-1-5p (Bio-29b-wt) or biotinylated mutant miR-29b-1-5p (Bio-29b-mut). A biotinylated miRNA
that is not complementary to FTX was used as a negative control (Bio-NC). Forty-eight hours after transfection, cardiomyocytes were harvested for biotin-based pull-down assay.
FTX expression levels were analysed by qRT-PCR. *P < 0.05 vs Bio-NC.

whether miR-29b-1-5p participates in the regulation of cardiomyocyte apoptosis. Inhibition of miR-29b-1-5p attenuated cardiomyocyte apoptosis induced by hydrogen peroxide (Fig. 3C).
Since a miRNA exerts its function by inhibiting target expression,
we analysed the potential target of miR-29b-1-5p by target scan
and RNA hybrid program. Bcl2l2 was found to harbor a potential
target site for miR-29b-1-5p (Fig. 3D). To understand whether miR29b-1-5p is responsible for the regulation of Bcl2l2, mimics were
then transfected into cultured cardiomyocytes and enforced miR29b-1-5p led to a reduction in Bcl2l2 levels (Fig. 3E). Also, inhibition of miR-29b-1-5p abolished the decrease in Bcl2l2 levels in
response to hydrogen peroxide treatment (Fig. 3F). In addition, we
performed luciferase assay to test whether miR-29b-1-5p could
inhibit the translation of Bcl2l2. The results showed that the wild
type 30 UTR of Bcl2l2 exhibited reduced translational level in the
presence of miR-29b-1-5p (Fig. 3H). Whereas, introduction of
mutations in the binding site of miR-29b-1-5p abolished the
inhibitory effect of miR-29b-1-5p on the translation of Bcl2l2
(Fig. 3G and H). These data demonstrate that miR-29b-1-5p regulates cardiomyocyte apoptosis by inhibiting the translation of
Bcl2l2.
3.4. LncRNA FTX inhibits cardiomyocyte apoptosis by targeting
miR-29b-1-5p and Bcl2l2
To study whether FTX regulates cardiomyocyte apoptosis
through miR-29b-1-5p and Bcl2l2, we transfected cultured

cardiomyocytes with a vector encoding FTX and found that FTX
attenuates the inhibitory effect of miR-29b-1-5p on Bcl2l2 levels
(Fig. 4A). In addition, enhanced expression of FTX recovered the
translational activities of Bcl2l2 inhibited by miR-29b-1-5p as
revealed by luciferase assay (Fig. 4B). These results demonstrated
that FTX functions as endogenous sponge to regulate the activity of
miR-29b-1-5p. To ﬁgure out whether FTX regulates cardiomyocyte
apoptosis through miR-29b-1-5p and Bcl2l2, the cardiomyocytes
were transfected with plasmid encoding FTX. The results showed
that enhanced expression of FTX attenuated the reduction of Bcl2l2
levels and cardiomyocyte apoptosis upon hydrogen peroxide
treatment. Enhanced expression of miR-29b-1-5p abolished the
effect of FTX on Bcl2l2 expression and apoptosis upon hydrogen
peroxide treatment (Fig. 4C and D). Taken together, these data
indicate that FTX regulates cardiomyocyte apoptosis through
modulating the activity of miR-29b-1-5p and the expression of
Bcl2l2.
4. Discussion
Heart failure is a tremendous threat to the health worldwide. It
is well established that dysregulation of cardiomyocyte apoptosis
leads to the development of myocardial infarction and heart failure
[25]. Elucidating the molecular mechanism controlling cardiomyocyte apoptosis is of great importance to tackling heart disease. Our ﬁndings demonstrate that enhanced expression of
lncRNA FTX attenuated cardiomyocyte apoptosis in cultured
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Fig. 3. miR-29b-1-5p regulates cardiomycoyte apoptosis. (A) The expression levels of miR-29b-1-5p upon myocardial ischemia/reperfusion. Mice were subjected to ischemia/
reperfusion at indicated period of time and the expression of miR-29b-1-5p was assayed by qRT-PCR. n ¼ 5 or 6 mice for each time point. *P < 0.05 versus sham or 0 min group. (B)
miR-29b-1-5p is up-regulated upon hydrogen peroxide treatment. Cardiomyocytes were treated with 100 mM hydrogen peroxide and miR-29b-1-5p levels were detected by qRTPCR. *P < 0.05 versus control. (C) Inhibition of miR-29b-1-5p attenuates hydrogen peroxide induced apoptosis in cultured cardiomyocytes. Cardiomyocytes were transfected with
50 nM of antagomir miR-29b-1-5p (anta-29b-1-5p) or antagomir control (anta-NC). Forty eight hours after transfection, the cardiomyocytes were treated with 100 mM hydrogen
peroxide for 24 h. TUNEL was used to analyze apoptotic cardiomyocytes. *P < 0.05 versus hydrogen peroxide alone. (D) Analysis of Bcl2l2 30 UTR potential binding site of miR-29b-15p. (E) miR-29b-1-5p suppresses the expression of Bcl2l2. miR-29b-1-5p mimic or negative control (NC) was used to transfect cardiomyocytes at concentration of 50 nM. Forty eight
hours later, the expression of Bcl2l2 was detected by immunoblot. (F) Inhibition of miR-29b-1-5p attenuates hydrogen peroxide induced Bcl2l2 down-regulation. Cardiomyocytes
were transfected with antagomir miR-29b-1-5p (anta-29b-1-5p) or antagomir control (anta-NC) at the concentration of 50 nM. Forty eight hours later, the cardiomyocyte were
treated with 100 mM hydrogen peroxide for 24 h. Bcl2l2 levels were detected by immunoblot. (G) miR-29b-1-5p binding site was mutated in Bcl2l2 30 UTR. (H) miR-29b-1-5p
suppresses the translation of Bcl2l2. HEK293 cells were transfected with 50 nM of miR-29b-1-5p mimic or negative control (mimic-NC) and with 200 ng per well of pGL3 vector harboring wild type 30 UTR or mutated 30 UTR of Bcl2l2. Forty eight hours later, the cells were harvested, and luciferase activity was measured. *P < 0.05.
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Fig. 4. FTX regulates cardiomyocyte apoptosis through miR-29b-1-5p and Bcl2l2. (A) FTX abolishes the inhibitory effect of miR-29b-1-5p on Bcl2l2 expression. Cardiomyocytes
are transfected with miR-29b-1-5p mimic, FTX, or empty vector (Vector) and Bcl2l2 levels were analysed by immunoblot. (B) FTX counteracts the inhibitory effect of miR-29b-1-5p
on Bcl2l2. Cardiomyocytes were transfected with miR-29b-1-5p mimic, FTX, or empty vector (Vector), then were transfected with Bcl2l2 30 UTR luciferase construct. Luciferase
activities were analysed 48 h post transfection. (C and D) Enhanced expression of miR-29b-1-5p attenuates the inhibitory effect of FTX overexpression on Bcl2l2 expression and
cardiomyocyte apoptosis. Cardiomyocytes were transfected with plasmid encoding FTX or empty vector (Vector), with miR-29b-1-5p mimic (mimic-29b-1-5p) or the negative
control (mimic-NC), and then exposed to 100 mM hydrogen peroxide. Bcl2l2 expression was analysed by immunoblot (C) and cardiomyocyte apoptosis were analysed by TUNEL (D).
*P < 0.05.

cardiomyocyte upon hydrogen peroxide treatment. miR-29b-1-5p
promotes cardiomyocyte apoptosis through inhibiting the expression of Bcl2l2 protein levels. FTX functions as miR-29b-1-5p sponge
and regulates the post-transcriptional activity of miR-29b-1-5p and
ﬁnally regulates the expression of Bcl2l2 expression. Our study
reveals a novel signaling pathway controlling cardiomyocyte
apoptosis that is composed of FTX, miR-29b-1-5p and Bcl2l2.
LncRNAs were found to be important regulators for a variety of
diseases [12,15,26,27]. Recent studies have shown that lncRNAs also
participate in the regulation of cardiovascular diseases. LncRNA
CARL was found to suppress mitochondrial ﬁssion and apoptosis by
targeting miR-539 and PHB2 in cardiomyocytes [28]. Another study
found that lncRNA Chast induced cardiomyocyte hypertrophy
in vitro and in vivo [29]. In this study, we found that lncRNA FTX is
signiﬁcantly down-regulated in ischemia/reperfusion injured
hearts and hydrogen peroxide treated cardiomyocytes. Enhanced
expression of FTX inhibits apoptosis in cultured cardiomyocytes.
However, an in vivo study needs to be conducted to test whether
FTX inhibits myocardial infarction in the animal model.
LncRNA FTX was found to be dysregulated in different cancers.
FTX is upregulated in colorectal cancer, renal cell carcinoma and
gliomas [20,30,31]. FTX promotes proliferation and invasion of
glioma cells by negatively regulating miR-342-3p [20]. Another
study demonstrated that FTX inhibits hepatocellular carcinoma
proliferation and metastasis by binding miR-374a [21]. In this study,
we found that FTX does not affect the expression of miR-29b-1-5p
in cardiomyocytes (data not shown). This demonstrates that FTX
regulates the activity rather than the expression of miR-29b-1-5p
in cardiomyocytes. Our study found that FTX inhibits

cardiomyocyte apoptosis by inhibiting the activity of miR-29b-15p.
In summary, our present study found that lncRNA FTX is
signiﬁcantly down-regulated in I/R injured hearts and hydrogen
peroxide treated cardiomyocytes. Enhanced expression of FTX
inhibited cardiomyocyte apoptosis by sponging miR-29b-1-5p and
ﬁnally regulating the expression of bcl2l2. Modulation of FTX levels
in cardiomyocytes may be a novel approach to treat cardiomyocyte
apoptosis related heart diseases.
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