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. Dysregulation of intracellular trafficking system plays a fundamental role in the progression of

. cardiovascular disease. Up-regulation of miR-1 contributes to arrhythmia, we sought to elucidate

. whether intracellular trafficking contributes to miR-1-driven arrhythmia. By performing microarray

. analyses of the transcriptome in the cardiomyocytes-specific over-expression of microRNA-1 (miR-1Tg)
mice and the WT mice, we found that these differentially expressed genes in miR-1Tg mice were
significantly enrichment with the trafficking-related biological processes, such as regulation of calcium

. iontransport. Also, the RT-PCR and western blot results validated that Stx6, Braf, Ube3a, Mapk8ip3,

. Aplsl, Cczl and Gjal, which are the trafficking-related genes, were significantly down-regulated in

: the miR-1Tg mice. Moreover, we found that Stx6 was decreased in the heart of mice after myocardial

- infarction and in the hypoxic cardiomyocytes, and further confirmed that Stx6 is a target of miR-1.

Meanwhile, knockdown of Stx6 in cardiomyocytes resulted in the impairments of PLM and L-type

calcium channel, which leads to the increased resting ([Ca2*];). On the contrary, overexpression of Stx6

attenuated the impairments of miR-1 or hypoxia on PLM and L-type calcium channel. Thus, our studies

reveals that trafficking-related gene Stx6 may regulate intracellular calcium and is involved in the

occurrence of cardiac arrhythmia, which provides new insights in that miR-1 participates in arrhythmia

by regulating the trafficking-related genes and pathway.

. Approximately 80% clinical cases of ischemic arrhythmia follow with sudden death'. The initiation and progres-
. sion of arrhythmia depend upon electrical disorders in the heart?, but the mechanisms for electrical disorder
© remain unclear. Ion channels, including potassium, sodium and calcium, play essential roles in arrhythmia®*.
: When suffering with ischemic stress, the cardiomyocytes (CMs) undergo lots of changes, especially the remod-
. eling of ion channels of sarcolemma®®. The mechanisms of ion channels organizing and targeting under patho-
. physiological conditions have been elucidated®. However, there is little information available about the role of
intracellular trafficking in arrhythmia.
: The intracellular trafficking was divided into three main types, which are forward (antegrade) trafficking to
. the membrane, channel behavior on the membrane, and reverse (retrograde) trafficking from the membrane’.
© In general, ion channels are synthesized, folded, and core-glycosylated in the endoplasmic reticulum (ER) and
. then subjected to quality control mechanisms®. When correctly folded, channels are transported to Golgi for
- the following processing, such as complex glycosylation’. Then channels are docked onto molecular motors and
. delivered to the plasma membrane by microtubule'. From the cell surface, channels become internalized and
© can either be recycled or degraded in proteasomes or lysosomes'!. However, proteins themselves cannot trans-
© port or penetrate into cell membrane due to their structure and large size. The delivery of proteins depends on
. vesicles that can coat cargos and help them to transport. In addition, the vesicle transport is guided by specific
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Figure 1. Heatmap of hierarchical clustering of differentially expressed targets of miR-1 in miR-1 Tg mice
(TG) and wild type mice (WT). Red denotes high expression levels, whereas green depicts low expression
levels.

recognition between vesicle membrane and its targets. Once there are some errors in the vesicle transport system
or vesicle trafficking molecules, the intracellular homeostasis will be broken, even endanger the organ or body. It
has reported that Tom70 (translocase of mitochondrial outer membrane 70) was down-regulated in pathological
hypertrophic hearts, and acted as a molecular switch that orchestrates hypertrophic stress and mitochondrial
responses to determine pathological cardiac hypertrophy'2. Connexin 43 content and distribution were altered
during experimental diabetes and likely contributed to alterations in cardiac function through oxidative modifi-
cation of tyrosine mediated signaling"®.

In recent years, microRNAs (miRNAs) has been reported to play a key role in physiology of muscles including
heart'. miR-1 is considered to be muscle specific and is known to be involved in heart diseases such as hyper-
trophy, myocardial infarction, and arrhythmias'>'¢. In the previous study, our group found that miR-1 caused
arrhythmia by post-transcriptional repressing ion channel-related gene and then disturbing the intracellular ion
homeostasis for the first time'”. In addition, we found that over-expression of miR-1 results in atrioventricular
block in mice by causing intracellular Ca*" imbalance'®. However, its underlying mechanism is still unknown.
This study was designed to examine whether intracellular trafficking contributes to the regulation of miR-1 on
arrhythmia via regulating the transport of intracellular Ca?*.

Results

Distinct gene expression level emerges between miR-1Tg mice and WT mice. Under the control
of FDR < 0.05, 3417 genes were differentially expressed in the miR-1Tg mice when compared with the WT group.
Among the DEGs, 1438 genes were up-regulated and 1979 genes were down-regulated. In the gene expression
profile, totally 787 genes were predicted to be targeted by the miR-1 in the TargetScan database. We found that
132 and 38 targets of miR-1 were significantly differentially expressed in the miR-1Tg mice under the control
of FDR < 0.05 and FDR < 0.01, respectively. Two distinctive expression clusters of those differentially expressed
target genes were obtained by hierarchical clustering analysis. For clarity, we presented the heatmap derived by
the 38 differentially expressed genes with FDR < 0.01 (Fig. 1).

The targets of miR-1 are functionally enriched with ion-related process. To investigate the func-
tion of the differentially expressed targets of miR-1 in the miR-1Tg mice, we performed the biological process
enrichment analysis using hygeometric model. Because the biological process terms from the Gene Ontology
(GO) database with many annotated genes are too general to conduct specific biological meaning, we focused
on analyzing the terms annotated with no more than 200 genes. Under the control of FDR < 0.05, we found the
differentially expressed targets of miR-1 were significantly enriched in the 21 terms (Fig. 2). Using the GO analysis
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Figure 2. GO biological process terms with significant enrichment of differentially expressed miR-1
targets.
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Figure 3. Network of miR-1 regulated trafficking-related genes. Round rectangle depicts miR-1 and
octagon depicts targets of miR-1. The targets which were significantly down-regulated in the mice with over-
expression of miR-1 (FDR < 0.05) were marked with green color and the targets with FDR < 0.01 were marked
with dark green.

tool AmiGO (amigo.geneon-tology.org/cgi-bin/amigo/browse.cgi), the 21 BP terms were categorized into the fol-
lowing groups: ion homeostasis, cell communication, receptor signaling, protein kinase activation, vasculogenesis
and fibroblast migration. As we known, ion channel is a main way of intracellular trafficking, and the process of
ion channels synthesization, folding and transport to membrane are strictly controlled by intracellular traffick-
ing system'. Scrutinizing the Fig. 2, the differentially expressed targets of miR-1 were mainly involved in the
ion-related BP, including GO:0055076 (transition metal ion homeostasis, P=1.86 x 107%), GO:2000021 (regula-
tion of ion homeostasis, p=2.18 x 107*), GO:0051279 (regulation of release of sequestered calcium ion into cyto-
sol, p=2.62 x 107*), GO:0051924 (regulation of calcium ion transport, p = 3.60 x 10~%), GO:0055072 (iron ion
homeostasis, p=4.38 x 10~*) and GO:0010522 (regulation of calcium ion transport into cytosol, p=4.38 x 107%).
Thus, we inferred that the differentially expressed targets of miR-1 in the miR-1 Tg mice behaved certain relation-
ship with ion homeostasis in the trafficking system.

The miR-1 requlates trafficking-related network. Then, vesicle-mediated transport (GO:0016192),
a key pathway during the trafficking process, was significantly enriched with the differentially expressed genes
in the miR-1Tg mice (p=4.48 x 10~*). Thus, we focused on analyzing the roles of miR-1 in regulating the path-
way of vesicle-mediated transport. miR-1 regulated 58 genes in vesicle-mediated transport pathway (Fig. 3), and
the result showed that targets of miR-1 were significantly enrichment with the vesicle-mediated transport path-
way genes (p=4.23 x 1073). In Fig. 3, 11 of 58 the vesicle-mediated transport pathway genes were significantly
down-regulated in miR-1Tg mice (FDR < 0.05). The microarray results showed that Braf, Ube3a, Mapk8ip3, Stx6
and Aplsl were most significantly down-regulated in the miR-1Tg mice (FDR < 0.01). Above results indicate
that over-expression of miR-1 could inhibit the trafficking-related genes which participate in the vesicle-mediated
transport pathway.
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Figure 4. The dysregulation of trafficking-related genes in miR-1 Tg mice. (A) The expression of miR-1 in
miR-1 Tg mice. qRT-PCR detection (B) and Western blot analysis (C) for trafficking-related genes in WT and
miR-1Tg mice.n=6,*p <0.01 vs WT.

Validation of differentially expressed target genes of miR-1 by quantitative RT-PCR and western
blot. To further validate results derived from microarray, we performed qRT-PCR expression analysis for the
most differentially expressed genes that were targeted by miR-1 in the vesicle-mediated transport pathway. We
found that miR-1 was significantly up-regulated in miR-1 Tg mice (Fig. 4A). As shown in Fig. 4B, compared with
the WT group, the mRNA levels of Aplsl, Stx6, Braf, Cczl, Mapk8i3p, Ube3a, Gjal and Ralgapb were signifi-
cantly decreased in miR-1Tg mice, which indicated that miR-1 could blocked the trafficking-related genes. More
importantly, the protein levels of these differentially expressed trafficking-related genes were dramatically lower
in miR-1Tg mice too (Fig. 4C). These data confirmed that miR-1 could regulate the trafficking-related genes.

Acute ischemic or hypoxic insults reduced the expression of endogenous Stx6 in CMs. Asa
member of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) family, Stx6 has
been found to be involved in the process of intracellular compartments?. We then investigated the role of Stx6
in ischemic cardiac arrhythmia model. As shown in Fig. 5A, the protein level of Stx6 was significantly decreased
in the heart of mice subjected to MI compared with Sham group. Furthermore, the mRNA level of Stx6 was also
markedly decreased in MI group (Fig. 5B). In accordance with the data from in vivo, the protein and mRNA levels
of Stx6 were dramatically decreased in CMs which subjected to hypoxia for 12 hours (Fig. 5C & D). These results
suggested that Stx6 played a role in ischemic cardiac arrhythmia, and which was sensitive to and down-regulated
under ischemic stress.

Stx6 is one of the targets of miR-1. From the TargetScan database, we predicted the sequence position
73-79 in the 3’UTR of Stx6 as a putative miR-1 binding site (Fig. 6A). This sequence is broadly conserved in
human, mouse and rat species. To identify whether Stx6 is a direct target of miR-1 through this specific binding
site, we constructed a wild type luciferase reporter gene vector containing the 3'UTR of Stx6 or mutant vector
with several mutations in the binding site. We then co-transfected the reporter with miR-1 mimics or miR-1
inhibitor (AMO-1) into HEK293 cells. Our data revealed that miR-1 could suppress the luciferase activity of
wild-type Stx6, and this suppressive effect was reversed by the miR-1 inhibitor. However, the mutated form of Stx6
3’UTR demonstrated lesser response to miR-1 (Fig. 6B).

In addition, western blot and qRT-PCR analysis were applied to investigate the effects of miR-1 on Stx6 both
at mRNA and protein level. Moreover, enforced expression of miR-1 led to a reduction of Stx6, and knockdown
of endogenous miR-1 induced an increase in Stx6 expression both at protein and mRNA levels (Fig. 6C & D),
indicating that miR-1 negatively regulated the Stx6 expression by transcriptional inhibition.

Defect of Stx6 disturbs the intracellular Ca?*.  The imbalance of intracellular Ca?* has been considered
as an underlying mechanism of cardiac injury. And, increasing evidences showed that SNARE could interfere
the homeostasis of intracellular Ca?* 2, Then, we assumed that the defect of Stx6 contributes to ischemic heart
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Figure 5. Stx6 was down-regulated in CMs subjected to ischemic or hypoxia stress. (A) Western blot
detected Stx6 protein level in the hearts of mice under ischemic infarction for 12 hours. MI: myocardial
infarction. (B) The mRNA expression level of Stx6 was down-regulated in the heart of mice under ischemic
stress. Western blot (C) and qRT-PCR (D) were applied to detect the expression of Stx6 in the neonatal mice
CMs which subjected to 12 hours of hypoxia with 1% O,. n=6, *p < 0.05, **p < 0.01 vs. Sham or Control.

disease by disturbing the intracellular Ca?*. To address this hypothesis, we firstly explored whether the expres-
sion of phospholemman (PLM), which directly interacts and suppress Na*/Ca?" exchanger to regulate Cav1.2
and Ca*" influx?*%, and Cav1.2 changed under cardiac injury. As shown in Fig. 7A, the PLM protein level was
significantly increased under ischemic stress, whereas the expression of Cav1l.2 was dramatically decreased in
ischemic heart tissues. The CMs were subjected to oxygen deficit, which resulted in PLM increasing and Cav1.2
decreasing (Fig. 7B ). These data confirmed that ischemia and hypoxia could break the balance of intracellular
Ca?", and induce cardiac injury.

To examine the potential regulatory effect of Stx6 on intracellular Ca®>* homeostasis, we generated a siRNA
construct for Stx6 that was able to inhibit expression of Stx6 both at protein and mRNA expression levels in CMs
(Fig. 7C & D). Then, we tested the PLM and Cavl.2 protein levels when the Stx6 was inhibited. As shown in
Fig. 7E, compared with si-scramble group, knockdown of Stx6 markedly increased the protein level of PLM in
CMs. On the contrary, inhibition of Stx6 resulted in decreased expression of Cav1.2 (Fig. 7E). Furthermore, we
performed confocal analysis to evaluate the intracellular Ca*" change. Compared with si-scramble group, silence
of Stx6 significantly increased the resting ([Ca?*];) in CMs ( Fig. 7F). More importantly, the sensitivity to KCI
stimulation was lower in the group with knockdown of Stx6 than that in si-scramble group (Fig. 7G). However,
the time to peak of F/F0 between two groups showed no significant differences. Taken together, these data sug-
gested that knockdown of Stx6 would damage intracellular calcium system of CMs.

We then transfected Stx6 into CMs to further explore the role of Stx6 in cardiac calcium. As shown in
Fig. 8A and B, overexpression of miR-1 or response to hypoxia in CMs resulted in the up-regulation of PLM and
down-regulation of Cav1.2, whereas forced expression of Stx6 alleviated these effects of miR-1 or hypoxia. These
results indicated that Stx6 improve intracellular calcium system of CMs, and which may be a novel strategy for
the treatment of arrhythmia.

Finally, our data showed that there is a co-localization between Stx6 and PLM in the cultured CMs, indicating
that Stx6 regulates Ca>" homeostasis by interacting with PLM (Fig. 8C). Meanwhile, we investigated the effect
of miR-1 on expression of PLM and Cavl.2. As expected, miR-1Tg mice exhibited an increase of PLM protein

SCIENTIFIC REPORTS | 7:46259 | DOI: 10.1038/srep46259 5



www.nature.com/scientificreports/

A D Stx6 mRNA
Human Stx6 3'UTR 5-  CAUUGCCGUCUACUCACAUUCCU -3 g 4
Rat  Stx6 3'UTR S AGCACUCGGCCACUU——ACAUUCCU 3 3 —4 *
Mouse  Stx6 3'UTR 5'- AGCACUCCGCCACUU-——ACAUUCCU 3 = 9
(LI T 24?2
Mouse  microRNA-1 3 UAUGUAUGAAGAAAUGUAAGGA -5 & 2
Mouse  Stx6 mutant 5'- AGCACUCCGCCACUU-——GUGCCUUU 3 @ ,_l ;

NC miR-1 AMO-1

Cc

g
0

-‘? NC miR-1  AMO-1
= o .
§10 * # SEX6 W W WS e S s 35 kDa
§ ﬁ 'aCﬁn "—' — —V — » 43 kDa
& 05
] 5 20
= >
= 0.0 S515 &

S6WT +  + o+ o+ - - g% 10 %

Stx6 mut  — - - - + + g 2 0.5
miR-1 - + o+ - - % s

AMOL - - + - - - ol — . :
e = = = % = = NC  miR-1  AMO-1

Figure 6. Stx6 is one of the direct targets of miR-1. (A) Conservation of the Stx6 3’UTR binding site for miR-1
among different species and the mutated binding sites of the Stx6 3'UTR. (B) Luciferase activity assay was used
to measured the directly regulation of miR-1 on Stx6. Western blot (C) and qRT-PCR (D) were adopted to
examine the effect of miR-1 on the protein and mRNA levels of Stx6. n=6, *p < 0.05 vs.NC; #p < 0.05 vs.miR-1.

expression level and decrease of Cavl1.2 protein level (Fig. 8D). These data indicated that over-expression of miR-1
resulted in the imbalance of intracellular Ca?>" by modulating PLM through direct regulation of Stx6, and then
contributed to arrhythmia in mice.

Discussion

In this study, we investigated the role of trafficking-related molecules in miR-1-driven cardiac arrhythmia in
mice model. Firstly, we found that the differentially expressed genes in miR-1Tg mice were significantly enrich-
ment with the trafficking-related biological processes, and up-regulation of miR-1 significantly inhibited
trafficking-related genes. Second, our study suggested that the logistics molecules Stx6 is a direct target of miR-1
and participated in the process of miR-1-induced arrhythmia. Finally, our results revealed that the broken down
of Stx6 under ischemic stress improved the expression of PLM while decreased Cavl.2 expression, and then led
to the overload of intracellular Ca®", and finally triggered arrhythmia (Fig. 8E).

More and more efforts are performed to reveal the underlying molecular mechanism of arrhythmia and
develop novel therapeutic strategy for arrhythmia. It has reported that intracellular trafficking plays key roles
in lots of physiological and pathological processes including cardiac fatty acid utilization?*, inflammatory bowel
diseases” and prion diseases®. Increasing evidences have showed that vesicle trafficking molecules make a contri-
bution to cardiovascular diseases?”-*. SNX13 reduction can activate pro-apoptotic caspase and promote apoptosis
repressor degradation, which results in heart failure?”. Dynamin-2 deficiency caused CMs apoptosis through
promoting SR calcium overload®. Thus, we suspected whether the changes of trafficking systems contributed to
the pathogenesis of arrhythmia.

MiR-1 is an important regulator of heart adaption after ischemic stress and is up-regulated in patients with
myocardial infarction'”?. In the previous study, we found that miR-1 is a pro-arrhythmia factor by regulating
GJAL1 (gap junction alpha-1 protein), KCNJ2 and intracellular calcium!”!%3°, However, the exact role of miR-1
in regulating the trafficking process is still unclear. Thus, we considered whether miR-1 participates in the intra-
cellular trafficking process by regulating trafficking-related genes. We performed bioinformatic and molec-
ular biological methods to explore the role of miR-1 in intracellular trafficking process. We found that some
trafficking-related genes were deregulated in miR-1Tg mice, indicating that vesicle-mediated transport pathway
may contribute to the process of miR-1-induced arrhythmia in mice. In addition, the critical role of IncRNAs
in the process of trafficking has been reported. Thus, investigation of IncRNAs in regulating trafficking-related
pathways deserves our future detailed study.

SNARE proteins on the vesicle membranes plays key roles in intracellular materials transport. And, Stx6 is a
member of SNARE protein family, which was found to participate in lots of intracellular compartments. So far,
Stx6 has been found to interact with VAMP2, VAMP4, VAMP7 and VAMPS, and contributes to exocytosis’!. Stx6
is mainly reported to mediate a trans-Golgi network (TGN) trafficking towards endosome®. However, there is a
low but significant level of Stx6 on 3T3L-1 cell membrane??. Thus, we inferred that Stx6, as a member of traffick-
ing molecules, takes part in multiple fusion events. In this study, we found that Stx6 was decreased in MI tissues
and hypoxic CMs and negatively regulated by miR-1. These studies indicated that Stx6 might serve as a potential
target for ischemic arrhythmia.
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Figure 7. Stx6 participated in the regulation of intracellular Ca*" in cultured CMs. (A) Western blot
analysis for the protein levels of PLM and Cav1.2 in myocardial infarcted mice heart tissues. (B) The neonatal
mice CMs were subjected to 12 hours of hypoxia with 1% O,, and western blot analyzed the protein level of PLM
and Cav1.2. (C) Western blot analysis for Stx6 protein level at 48 hours after transfection with siRNA. (D) qRT-
PCR detection for Stx6 mRNA level at 36 hours after transfection with siRNA. (E) Western blot analysis of the
protein levels of Cav1.2 and PLM in Stx6-deficient neonatal mice CMs. (F) Resting [Ca®']; in empty plasmid
and Stx6 knockdown neonatal mice CMs. (G) The linear graph showed confocal analysis for SR Ca?* content
changes induced by KCI (10 pM ) in scramble and Stx6 knockdown neonatal mice CMs, F/F0 values represent
Ca?" transient. n=6-9. *p < 0.05, **p < 0.01vs. MI or Control or si-Scr.
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Figure 8. Over-expression of miR-1 broke the balance of Ca®*, and induced cardiac arrhythmia. Neonatal
mice CMs were transfected with Stx6 during overexpression of miR-1 (A) or hypoxia (B), and western blot

was applied to analyze the protein levels of PLM and Cav1.2. (C) Immunofluorescent localization of Stx6 and
PLM in neonatal mice CMs. Green represent staining of Stx6, red represent staining of PLM, blue represent
staining of nuclei. (D) Western blot analysis for the protein levels of PLM and Cavl.2 in WT and miR-1Tg mice.
(E) Schematic depiction of the results and proposed hypothesis. n=4—6. **p < 0.01 vs.Control, WT or NC;

#p < 0.05 vs.miR-1 or Hypoxia.

Increasing evidences support that SNARE proteins together with L-type calcium channel participate in exocy-
tosis and endocytosis through regulation of Ca?" fluxes in intramembrane system>***. Then, the question raised
here is whether the intracellular Ca*" contributes to the effect of Stx6 in arrhythmia.
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PLM, a member of FXYD family, is a regulator of the Cav1.2 and Ca?" influx®. In rat myocytes, PLM
over-expression alters contractility and cytoslic [Ca?*]; transients*”. PLM mimics depresses the activity of NCX1,
which causes Ca** overload and CMs death?. In this study, we found that knockdown of Stx6 could activate the
expression of PLM and depress Cav1.2 expression. Furthermore, Stx6 deficiency increased the resting [Ca*'];,
and sensitivity to KCI stimulation was lower in Stx6 knockdown group, which showed Stx6 defect resulted in
Ca?* overload and CMs damage. Furthermore, we performed MI and CMs hypoxia model to verify the PLM
and Cavl.2 changes during cardiac injury. We demonstrated that cardiac injury indeed could increase PLM
level and decrease Cav1.2 level, indicating the effect of Stx6 on ischemic arrhythmias. In addition, we found that
over-expression miR-1 could increase the PLM level and decrease the Cav1.2 level both in vivo and in vitro. These
results indicated that miR-1 caused the imbalance of Ca?" homeostasis in CMs at least partly via down-regulation
of Stx6. It has reported that the stimulation of 3-adrenergic receptor (3-AR) could activate protein kinase A
(PKA) to enhance cardiac inotropy and lusitropy®®. PLM, as a substrate of PKA, can be activated and regulated
by PKA?. And, our results present the co-localization between Stx6 and PLM. Thus, there are two hypotheses
for how Stx6 regulates PLM expression: (1) Stx6 directly decreases the expression of PLM; (2) Stx6 changes the
activity of PKA and indirectly regulates the expression of PLM. More studies should be done to verify these
hypotheses.

Materials and Methods

Ethics statement. The study was approved by the Institutional Animal Care and Use Committee of Harbin
Medical University, PR. China (No. HMUIRB-2008-06). All experimental procedures were performed in accord-
ance with the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Microarray analysis. The generation of cardiomyocytes-specific over-expression of microRNA-1 (miR-1Tg)
mice was described in previous study'®. Total RNA was extracted from three miR-1Tg mice and three wild type
(WT) mice, respectively. Microarray detection was performed using Affymetrix GeneChip Mouse Gene 1.0 ST
array. The probe-level data in CEL files were converted into gene level expression. We performed background
correction and quartile data normalization by the robust multiarray average (RMA) algorithm with defaulted
parameters in R affy package. When multiple probes were mapped to the same gene ID, the mean value was used
to represent the expression value of the single gene. We used empirical Bayes method, which is ComBat function
from Bioconductor, to remove the batch effect that may have occurred during processing of the arrays®.

Differentially expressed genes (DEGs) analysis. The two-tailed T-test was used to identify genes that
were significantly differentially expressed between miR-1Tg mice and WT mice. The P values were adjusted by
the Benjamini and Hochberg (BH) correction procedure to account for multiple tests. And, the genes with the
false discovery rate (FDR) < 1% were defined as differentially expressed genes (DEGs).

Identification of predicted miRNA targets and Gene Ontology (GO) enrichment analysis. The
predicted target mRNAs of miR-1 were downloaded from the TargetScan database with release version 6.2 (http://
www.targetscan.org/cgi-bin/targetscan/data_download.cgi?db=mmu_61). Hierarchical clustering of expression
values of differentially expressed miR-1 targets was performed with R software using the metric of Euclidean dis-
tance and average linkage. The GO database contains three categories: biological process, molecular function and
cellular component. We used the hypogeometric distribution model to test whether the differentially expressed
targets of miR-1 were significantly enrichment with the biological processes (BP). The BH procedure was used to
adjust the P values. FDR < 0.05 were used as a threshold to select significant GO terms. The trafficking-related
network was drawn by cytoscape (http://www.cytoscape.org/).

Quantitative real-time PCR (QRT-PCR). Total RNA was isolated from cultured cardiomyocytes using a
trizol standard protocol (Invitrogen, Carlsbad, USA). The integrity, quantity, and purity of RNA were examined
using Nano-Drop 8000 Spectrophotometer (Thermo Scientific, Wilmington, USA). For each sample, 500 ng of
total RNA was converted to cDNA using High Capacity cDNA Reverse Transcripition Kit (Applied Biosystems,
Foster City, USA). The relative expression levels of mRNAs and miRNAs were quantified by qRT-PCR with SYBR
Green I (Applied Biosystems). After circle reaction, the threshold cycle (Ct) was determined and relative mRNA
and miRNA levels were calculated based on the Ct values and normalized to GAPDH or U6 level in each sample.

Western Blot.  For western blot analysis, total protein samples were extracted from tissues or cells with the
procedure as previously described?!. Briefly, tissues or cells were lysed with RIPA lysis buffer with complete pro-
tease inhibitor cocktail (Roche Molecular Biochemicals, Basel, Switzerland). 100 ug proteins were fractionated on
a 8% or 15% SDS-PAGE. After electrophoretically transferring to a Pure Nitrocellulose Blotting membrane (Pall
Life Science), the blots were probed with primary antibodies, with 3-actin (Proteintech, Rosemont, IL, USA) as an
internal control. Primary antibodies against PLM, Stx6 and Cav1.2 were purchased from Proteintech (Rosemont,
IL, USA). The immunoreactivity was detected using Odyssey Infrared Imaging System (Gene Company Limited,
Hongkong, China). The bands were quantified by measuring the band intensity for each group.

Myocardial Infarction model. Male C57BL/6 mice, 20-30 g, were randomly divided into sham and
myocardial infarction (MI) groups. MI was established as described*?. The mice were anesthetized with
2,2,2-tribromoethanol and placed in the supine position with the upper limbs taped to the table. A 1~1.5-cm
incision was made along the left side of the sternum. The muscle layers of the chest wall were bluntly dissected to
avoid bleeding. The thorax was cut open at the point of the most pronounced cardiac pulsation and the right side
of the chest was pressed to push the heart out of the thoracic cavity. The left anterior descending coronary artery
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was occluded and then the chest was closed. All surgical procedures were performed under sterile conditions.
Twelve hours after occlusion, the cardiac tissues within the ischemic zone, border zone and non-ischemic zone
distal to the ischemic zone were dissected for the following experiments. Sham mice underwent open chest pro-
cedures without coronary artery occlusion.

Cell culture. Neonatal mice CMs were prepared as previously described*>. CMs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (FBS;
Hyclone). CMs were purified by differential plating and added 0.1 mmol/L BrdU (5-bromo-2-deoxyuridine) was
to eliminate the cardiac fibroblasts. Cells were cultured in a 5% CO, and 37 °C humidified atmosphere, and CMs
were seeded in six-well plates and cultured for forty-eight hours. CMs were transfected with 100 nmol/L miR-1,
with X-treme GENE siRNA transfection reagent. Forty-eight hours after transfection, cells were used for RNA
or protein purification. Induction of hypoxia, CMs were placed in a hypoxic chamber which was kept at 37 °C for
twelve hours, and a constant stream of water-saturated 94% N,, 5% CO,, and 1% O, were maintained.

Luciferase assay. HEK293 cells (American Type Culture Collection, ATCC, Manassas, VA) were cultured
with DMEM containing 10% FBS and 1% penicillin/streptomycin. HEK293 cells were co-transfected in 24-well
plates with the Stx6 WT or mutant constructs and miR-1, using the Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, USA). After 48h of transfection, the cells were harvested and lysed and the luciferase activity was
assayaed using the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer’s instruc-
tions. The firefly luciferase values were normalized to renilla, and the relative ratios of firefly to renilla activity
were reported.

Confocal imaging. CMs were stained by 2pM Fluo-3/AM at 37 °C for 1 h. And then, the cells were washed
with standard external solution containing calcium for three times. Fluorescent images were captured by laser
scanning confocal microscope (Olympus America Inc., Center Valley, USA) with 488 nm for excitation and
530 nm for emission. Free intracellular Ca?* level was presented as F,, and sarcoplasmic reticulum (SR) Ca?* load
was measured by applying KCI (10 uM).

Immunofluorescent cell staining. CMs in 24-well plates were washed briefly with cold PBS for 3 times
and fixed with 4% paraformaldehyde for 15 min. Then, the cell membrane was penetrated by Triton X-100 for 1 h
and blocked by normal goat serum for 1 h at 37 °C. The cells were incubated with anti-Stx6 antibody (Abcam) and
anti-PLM (Proteintech, Rosemont, IL, USA) overnight at 4 °C. Next day, the cells subsequently incubated with
FITC-conjugated goat anti-mouse or goat anti-rabbit antibody for 1.5h. The cells were washed with PBS, stained
nuclei with DAPI (Roche Molecular Biochemicals) for 5min at room temperature. Immunofluorescence was
analyzed under a fluorescence microscope.

Statistical analysis. Bioinformatic analyses were performed using R software, version 3.0.0 (http://
www.R-project.org). All the data are expressed as the mean £ SEM. GraphPad Prism 5.0 was used for the statisti-
cal analysis. For two treatment groups, the Student ¢ test was used. For three or more treatment groups, one-way
ANOVA was used with Bonferroni post-test for the comparison of selected two treatment groups as well as
Dunnett post-test for comparing all other treatment groups to the corresponding control. A value p < 0.05 was
considered statistically significant.

References
1. Patil, K. D., Halperin, H. R. & Becker, L. B. Cardiac arrest: resuscitation and reperfusion. Circulation research 116, 2041-2049, doi:
10.1161/CIRCRESAHA.116.304495 (2015).
2. Priest, B. T. & McDermott, J. S. Cardiac ion channels. Channels (Austin) 9, 352-359, doi: 10.1080/19336950.2015.1076597 (2015).
3. Thireau, J. et al. ACE Inhibitor Delapril Prevents Ca(2+-)-Dependent Blunting of IK1 and Ventricular Arrhythmia in Ischemic Heart
Disease. Current molecular medicine 15, 642-651 (2015).
4. Jones, D. K. & Ruben, P. C. Proton modulation of cardiac I Na: a potential arrhythmogenic trigger. Handbook of experimental
pharmacology 221, 169-181, doi: 10.1007/978-3-642-41588-3_8 (2014).
5. Schuler, C., Fischer, E., Shaltiel, L., Steuer Costa, W. & Gottschalk, A. Arrhythmogenic effects of mutated L-type Ca 2+ -channels on
an optogenetically paced muscular pump in Caenorhabditis elegans. Scientific reports 5, 14427, doi: 10.1038/srep14427 (2015).
6. Zhang, S. S. & Shaw, R. M. Multilayered regulation of cardiac ion channels. Biochimica et biophysica acta 1833, 876-885, doi:
10.1016/j.bbamcr.2012.10.020 (2013).
7. Xiao, S. & Shaw, R. M. Cardiomyocyte protein trafficking: Relevance to heart disease and opportunities for therapeutic intervention.
Trends in cardiovascular medicine 25, 379-389, doi: 10.1016/j.tcm.2014.12.012 (2015).
8. Ficker, E., Dennis, A. T., Wang, L. & Brown, A. M. Role of the cytosolic chaperones Hsp70 and Hsp90 in maturation of the cardiac
potassium channel HERG. Circulation research 92, e87-100, doi: 10.1161/01.RES.0000079028.31393.15 (2003).
9. Nalos, L. et al. Inhibition of lysosomal degradation rescues pentamidine-mediated decreases of K(IR)2.1 ion channel expression but
not that of K(v)11.1. European journal of pharmacology 652, 96-103, doi: 10.1016/j.ejphar.2010.10.093 (2011).
10. Schumacher, S. M. et al. Antiarrhythmic drug-induced internalization of the atrial-specific k+ channel kv1.5. Circulation research
104, 1390-1398, doi: 10.1161/CIRCRESAHA.108.192773 (2009).
11. Harkcom, W. T. & Abbott, G. W. Emerging concepts in the pharmacogenomics of arrhythmias: ion channel trafficking. Expert review
of cardiovascular therapy 8, 1161-1173, doi: 10.1586/erc.10.89 (2010).
12. Li, J. et al. Tom70 serves as a molecular switch to determine pathological cardiac hypertrophy. Cell research 24, 977-993, doi:
10.1038/cr.2014.94 (2014).
13. Joshi, M. S., Mihm, M. J., Cook, A. C., Schanbacher, B. L. & Bauer, J. A. Alterations in connexin 43 during diabetic cardiomyopathy:
competition of tyrosine nitration versus phosphorylation. Journal of diabetes 7, 250-259, doi: 10.1111/1753-0407.12164 (2015).
14. Liao, C., Gui, Y., Guo, Y. & Xu, D. The regulatory function of microRNA-1 in arrhythmias. Molecular bioSystems 12, 328-333, doi:
10.1039/c5mb00806a (2016).
15. Karakikes, I. et al. Therapeutic cardiac-targeted delivery of miR-1 reverses pressure overload-induced cardiac hypertrophy and
attenuates pathological remodeling. Journal of the American Heart Association 2, 000078, doi: 10.1161/JAHA.113.000078 (2013).

SCIENTIFICREPORTS | 7:46259 | DOI: 10.1038/srep46259 10


http://www.R-project.org
http://www.R-project.org

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

2

—

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Xu, H. E et al. MicroRNA- 1 represses Cx43 expression in viral myocarditis. Molecular and cellular biochemistry 362, 141-148, doi:
10.1007/s11010-011-1136-3 (2012).

Yang, B. et al. The muscle-specific microRNA miR-1 regulates cardiac arrhythmogenic potential by targeting GJA1 and KCNJ2.
Nature medicine 13, 486-491, doi: 10.1038/nm1569 (2007).

Zhang, Y. et al. Overexpression of microRNA-1 causes atrioventricular block in rodents. International journal of biological sciences
9, 455-462, doi: 10.7150/ijbs.4630 (2013).

Cuajungco, M. P, Silva, J., Habibi, A. & Valadez, J. A. The mucolipin-2 (TRPML2) ion channel: a tissue-specific protein crucial to
normal cell function. Pflugers Archiv: European journal of physiology 468, 177-192, doi: 10.1007/s00424-015-1732-2 (2016).
Reverter, M. et al. Cholesterol regulates Syntaxin 6 trafficking at trans-Golgi network endosomal boundaries. Cell reports 7, 883-897,
doi: 10.1016/j.celrep.2014.03.043 (2014).

. Codding, S.J., Marty, N., Abdullah, N. & Johnson, C. P. Dysferlin Binds SNAREs (Soluble N-Ethylmaleimide-sensitive Factor (NSF)

Attachment Protein Receptors) and Stimulates Membrane Fusion in a Calcium-sensitive Manner. The Journal of biological chemistry
291, 14575-14584, doi: 10.1074/jbc.M116.727016 (2016).

Yang, J. H. & Saucerman, J. J. Phospholemman is a negative feed-forward regulator of Ca2+ in beta-adrenergic signaling,
accelerating beta-adrenergic inotropy. Journal of molecular and cellular cardiology 52, 1048-1055, doi: 10.1016/j.yjmcc.2011.12.015
(2012).

Despa, S., Tucker, A. L. & Bers, D. M. Phospholemman-mediated activation of Na/K-ATPase limits [Na]i and inotropic state during
beta-adrenergic stimulation in mouse ventricular myocytes. Circulation 117, 1849-1855, doi: 10.1161/
CIRCULATIONAHA.107.754051 (2008).

Glatz, J. F, Nabben, M., Heather, L. C., Bonen, A. & Luiken, J. J. Regulation of the subcellular trafficking of CD36, a major
determinant of cardiac fatty acid utilization. Biochimica et biophysica acta 1860, 1461-1471, doi: 10.1016/j.bbalip.2016.04.008
(2016).

Sivanesan, D. et al. IL23R (Interleukin 23 Receptor) Variants Protective against Inflammatory Bowel Diseases (IBD) Display Loss of
Function due to Impaired Protein Stability and Intracellular Trafficking. The Journal of biological chemistry 291, 8673-8685, doi:
10.1074/jbc.M116.715870 (2016).

Jeftrey, M. et al. Altered trafficking of abnormal prion protein in atypical scrapie: Prion protein accumulation in oligodendroglial
inner mesaxons. Neuropathology and applied neurobiology, doi: 10.1111/nan.12302 (2016).

Li, J. et al. SNX13 reduction mediates heart failure through degradative sorting of apoptosis repressor with caspase recruitment
domain. Nature communications 5, 5177, doi: 10.1038/ncomms6177 (2014).

Li, J. et al. Dynamin-2 mediates heart failure by modulating Ca2+ -dependent cardiomyocyte apoptosis. International journal of
cardiology 168, 2109-2119, doi: 10.1016/j.ijcard.2013.01.006 (2013).

Ai, J. et al. Circulating microRNA-1 as a potential novel biomarker for acute myocardial infarction. Biochemical and biophysical
research communications 391, 73-77, doi: 10.1016/j.bbrc.2009.11.005 (2010).

Shan, H. et al. Upregulation of microRNA-1 and microRNA-133 contributes to arsenic-induced cardiac electrical remodeling.
International journal of cardiology 167, 2798-2805, doi: 10.1016/j.ijcard.2012.07.009 (2013).

Wade, N. et al. Syntaxin 7 complexes with mouse Vps10p tail interactor 1b, syntaxin 6, vesicle-associated membrane protein
(VAMP)8, and VAMP?7 in b16 melanoma cells. The Journal of biological chemistry 276, 19820-19827, doi: 10.1074/jbc.M010838200
(2001).

Wendler, E, Page, L., Urbe, S. & Tooze, S. A. Homotypic fusion of immature secretory granules during maturation requires syntaxin
6. Molecular biology of the cell 12, 1699-1709 (2001).

Watson, R. T. & Pessin, J. E. Functional cooperation of two independent targeting domains in syntaxin 6 is required for its efficient
localization in the trans-golgi network of 3T3L1 adipocytes. The Journal of biological chemistry 275, 1261-1268 (2000).
Ramakrishnan, N. A., Drescher, M. J. & Drescher, D. G. Direct interaction of otoferlin with syntaxin 1A, SNAP-25, and the L-type
voltage-gated calcium channel Cav1.3. The Journal of biological chemistry 284, 1364-1372, doi: 10.1074/jbc.M803605200 (2009).
Choudhury, A., Marks, D. L., Proctor, K. M., Gould, G. W. & Pagano, R. E. Regulation of caveolar endocytosis by syntaxin
6-dependent delivery of membrane components to the cell surface. Nature cell biology 8, 317-328, doi: 10.1038/ncb1380 (2006).
Benziane, B. et al. Effect of exercise and training on phospholemman phosphorylation in human skeletal muscle. American journal
of physiology. Endocrinology and metabolism 301, E456-466, doi: 10.1152/ajpendo.00533.2010 (2011).

Song, J. et al. Overexpression of phospholemman alters contractility and [Ca(2+)](i) transients in adult rat myocytes. American
journal of physiology. Heart and circulatory physiology 283, H576-583, doi: 10.1152/ajpheart.00197.2002 (2002).

Tadros, G. M. et al. Effects of Na(+)/Ca(2+) exchanger downregulation on contractility and [Ca(2+)](i) transients in adult rat
myocytes. American journal of physiology. Heart and circulatory physiology 283, H1616-1626, doi: 10.1152/ajpheart.00186.2002
(2002).

Saucerman, J. J. & McCulloch, A. D. Cardiac beta-adrenergic signaling: from subcellular microdomains to heart failure. Annals of
the New York Academy of Sciences 1080, 348-361, doi: 10.1196/annals.1380.026 (2006).

Johnson, W. E., Li, C. & Rabinovic, A. Adjusting batch effects in microarray expression data using empirical Bayes methods.
Biostatistics 8, 118-127, doi: 10.1093/biostatistics/kxj037 (2007).

Liang, H. et al. miR-26a suppresses EMT by disrupting the Lin28B/let-7d axis: potential cross-talks among miRNAs in IPF. ] Mol
Med (Berl) 94, 655-665, doi: 10.1007/s00109-016-1381-8 (2016).

Zhang, Y. et al. Downregulation of miR-151-5p contributes to increased susceptibility to arrhythmogenesis during myocardial
infarction with estrogen deprivation. PloS one 8, €72985, doi: 10.1371/journal.pone.0072985 (2013).

He, H. et al. Calcineurin suppresses AMPK-dependent cytoprotective autophagy in cardiomyocytes under oxidative stress. Cell
death & disease 5, €997, doi: 10.1038/cddis.2013.533 (2014).

Acknowledgements

This study was supported by National Basic Research Program of China (973 program, 2013CB531104); the
National Natural Science Foundation of China (31300943), the Funds for Creative Research Groups of the
National Natural Science Foundation of China (81421063); and the China Postdoctoral Science Foundation
(2016T90317).

Author Contributions

H.L.S. and B.EY. conceived and designed the experiments; X.M.S., H.H.L., HW.,, G.Z.C., H.]., Q.X.W. and
T.Y. performed the experiments; T.Y.L. and Q.S.L. analyzed the experimental data; Y.Y.G. and H.L.S. read and
approved the final manuscript.

SCIENTIFICREPORTS | 7:46259 | DOI: 10.1038/srep46259 11



www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing financial interests.

How to cite this article: Su, X. et al. Over-expression of microRNA-1 causes arrhythmia by disturbing
intracellular trafficking system. Sci. Rep. 7, 46259; doi: 10.1038/srep46259 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:46259 | DOI: 10.1038/srep46259 12


http://creativecommons.org/licenses/by/4.0/

	Over-expression of microRNA-1 causes arrhythmia by disturbing intracellular trafficking system

	Results

	Distinct gene expression level emerges between miR-1 Tg mice and WT mice. 
	The targets of miR-1 are functionally enriched with ion-related process. 
	The miR-1 regulates trafficking-related network. 
	Validation of differentially expressed target genes of miR-1 by quantitative RT-PCR and western blot. 
	Acute ischemic or hypoxic insults reduced the expression of endogenous Stx6 in CMs. 
	Stx6 is one of the targets of miR-1. 
	Defect of Stx6 disturbs the intracellular Ca2+. 

	Discussion

	Materials and Methods

	Ethics statement. 
	Microarray analysis. 
	Differentially expressed genes (DEGs) analysis. 
	Identification of predicted miRNA targets and Gene Ontology (GO) enrichment analysis. 
	Quantitative real-time PCR (qRT-PCR). 
	Western Blot. 
	Myocardial Infarction model. 
	Cell culture. 
	Luciferase assay. 
	Confocal imaging. 
	Immunofluorescent cell staining. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Heatmap of hierarchical clustering of differentially expressed targets of miR-1 in miR-1 Tg mice (TG) and wild type mice (WT).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ GO biological process terms with significant enrichment of differentially expressed miR-1 targets.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Network of miR-1 regulated trafficking-related genes.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The dysregulation of trafficking-related genes in miR-1 Tg mice.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Stx6 was down-regulated in CMs subjected to ischemic or hypoxia stress.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Stx6 is one of the direct targets of miR-1.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Stx6 participated in the regulation of intracellular Ca2+ in cultured CMs.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Over-expression of miR-1 broke the balance of Ca2+, and induced cardiac arrhythmia.



 
    
       
          application/pdf
          
             
                Over-expression of microRNA-1 causes arrhythmia by disturbing intracellular trafficking system
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46259
            
         
          
             
                Xiaomin Su
                Haihai Liang
                He Wang
                Guizhi Chen
                Hua Jiang
                Qiuxia Wu
                Tianyi Liu
                Qiushuang Liu
                Tong Yu
                Yunyan Gu
                Baofeng Yang
                Hongli Shan
            
         
          doi:10.1038/srep46259
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46259
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46259
            
         
      
       
          
          
          
             
                doi:10.1038/srep46259
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46259
            
         
          
          
      
       
       
          True
      
   




