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miR-185 inhibits endoplasmic reticulum stress-induced
apoptosis by targeting Na“/H" exchanger-1 in the heart

Jin Ock Kim, Eun Jeong Kwon, Dong Woo Song, Jong Sub Lee & Do Han Kim™
School of Life Sciences and Systems Biology Research Center, Gwangju Institute of Science and Technology (GIST), Gwangju 61005, Korea

Prolonged ER stress (ERS) can be associated with the induction
of apoptotic cell death in various heart diseases. In this study,
we searched for microRNAs affecting ERS in the heart using in
silico and in vitro methods. We found that miR-185 directly tar-
gets the 3"-untranslated region of Na*/H* exchanger-1 (NHE-1),
a protein involved in ERS. Cardiomyocyte ERS-triggered apop-
tosis induced by 100 ng/ml tunicamycin (TM) or 1 pM thapsi-
gargin (TG), ERS inducers, was significantly reduced by miR-185
overexpression. Protein expression of pro-apoptotic markers
such as CCAAT/enhancer-binding protein homologous protein
(CHOP) and cleaved-caspase-3 was also markedly reduced by
miR-185 in a dose-dependent manner. Cariporide (20 pM), a
pharmacological inhibitor of NHE-1, also attenuated ERS-in-
duced apoptosis in cardiomyocytes and CHOP protein ex-
pression, suggesting that NHE-1 plays an important role in
ERS-associated apoptosis in cardiomyocytes. Collectively, the
present results demonstrate that miR-185 is involved in car-
dio-protection against ERS-mediated apoptotic cell death.
[BMB Reports 2016; 49(4): 208-213]

INTRODUCTION

The endoplasmic reticulum (ER) is a cellular organelle that
plays an essential role in multiple processes such as protein
folding, calcium homeostasis, and lipid biosynthesis (1). Various
stimuli such as cardiac pressure-overload, ischemia, oxidative
stress, gene mutation, and elevated protein synthesis can po-
tentially lead to the accumulation of unfolded proteins, a con-
dition referred to as ER stress (ERS) (2). When ERS occurs, the
ER chaperone Bip/GRP78 dissociates from the three ER
trans-membrane sensors such as protein kinase RNA-like ER
kinase (PERK), inositol-requiring enzyme 1 (IRET), and activat-
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ing transcription factor 6 (ATF6), leading to unfolded protein
response (UPR) to maintain ER homeostasis by reducing the
accumulation of unfolded proteins (3, 4). In the heart, acute
activation of the ERS response is cytoprotective, but if the
stress is severe and/or remains unmitigated, it can lead to
apoptotic cell death, ultimately resulting in heart failure (5).

MicroRNAs (miRNAs) are a novel class of endogenous small
non-coding RNAs which bind to the 3’-untranslated region
(3'-UTR) of the target gene, resulting in mRNA degrada-
tion/translational inhibition (6). During the last decade, it has
become apparent that miRNAs are associated with many car-
diac diseases such as myocardial ischemia, cardiac hyper-
trophy, and heart failure (7, 8). Recently, their roles in cardiac
protection have been increasingly evaluated. For example,
miR-214 protects the mouse heart from ischemia/reperfusion
(I/R) injury through multiple targets, including sodium/calcium
exchanger 1 (NCXT1), calcium/calmodulin-dependent protein kin-
ase Il delta (CaMKIIg), and cyclophilin D (CypD). miR-139-5p,
miR-125b*, and let-7b have cardioprotective effects against I/R
injury (8). miR-138, which is up-regulated by hypoxia, attenu-
ates hypoxia-induced apoptosis through the MLK3/JINK/c-jun
pathway (9).

The Na™/H™ exchanger isoform-1 (NHE-1) is a plasma mem-
brane glycoprotein responsible for the major Na* influx path-
way in cardiac cells. Among the ten known isoforms of
Na“/H* exchangers (NHE-1 to NHE-10), NHE-1 is the only
isoform present in myocardium and is particularly important as
it is implicated in many aspects of cardiac pathology (11-13).
Increasing evidence suggests that NHE-1 inhibitors such as car-
iporide (Hoe 642) (11), eniporide (12), and zoniporide (13)
could significantly protect against cardiac hypertrophy, I/R in-
jury, and myocardial infarction. NHE-1 activity is regulated by
multiple mechanisms such as intracellular acidosis, hormones,
mechanical stimuli, and protein kinases (14). However, the
miRNA that directly regulates NHE-1 expression remains to be
identified.

In the present study, we determined that miR-185 inhibits
the expression of NHE-1 by direct binding to two recognition
sites within the 3"-UTR and the inhibition could lead to allevia-
tion of ERS-induced myocardial apoptosis. We also found that
pharmacological inhibition of NHE-1 by cariporide could mim-
ic the inhibitory effect on ERS-induced apoptosis, further sug-
gesting that regulation of NHE-1 by miR-185 is car-
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dio-protective against ERS. Our results provide a novel mecha-
nistic explanation for myocardial apoptosis, through miR-185
regulation.
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Fig. 1. miR-185 directly targets two recognition sites within
the 3-UTR of NHE-1. (A) Sequence alignment of the predicted
miR-185 binding sites in the 3"-UTR of NHE-1 for several species,
including Homo sapiens (Hsa), Mus musculus (Mmu), Rattus norve-
gicus (Rno), and Pan troglodytes (Ptr). The mutated nucleotides are
highlighted in green. (B) Schematic diagram of the pmirGLO chi-
meric vector showing where the wild type (WT) or mutant comple-
ment target sequences for miR-185 were cloned into the 3-UTR
of the luciferase gene. (C) Luciferase assay was performed with
reporter containing WT or mutated NHE-1 3"-UTRs in HEK-293
cells transfected with either miR-185 mimic or a negative control
(NC) mimic. Note that NHE-1 (mouse) contained 2 putative binding
sites for miR-185 and that the effect of site 1 was similar to that of
site 2. All data are presented as mean + SEM; N = 3; Statistical
significance is shown as *P < 0.05, **P < 0.001, or NS (not
significant). Data were statistically analyzed by student’s t-test.
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RESULTS

miR-185 directly targets the 3"-UTR of NHE-1 in two distinct
sites

A bioinformatic target prediction using TargetScan showed that
two putative binding sites for miR-185 are present in the
3"-UTR of NHE-1 and well-conserved between human, mouse,
rat, and chimpanzee (Fig. 1A). To determine whether NHE-1 is
a direct target of miR-185, WT or mutated sequences of each
predicted miR-185 sites in the 3'-UTR of NHE-1 were inserted
in the pmirGLO Dual-Luciferase miRNA target expression vec-
tor (Fig. 1B). miR-185 decreased the luciferase activity of the
3'-UTR of WT NHE-1 at both sites significantly, but it did not
affect that of the mutant NHE-1 (Fig. 1C).

We next examined whether miR-185 overexpression could
suppress NHE-T mRNA and protein expression by qRT-PCR
and western blotting, respectively. Both NHE-1 mRNA and
protein expression were markedly reduced by miR-185 over-
expression in neonatal rat ventricular myocytes (NRVMs) (Fig.
2A, B). Taken together, these data suggest that miR-185 neg-
atively regulates NHE-1 expression both at the mRNA and pro-
tein levels and that the negative effect is mediated by direct
binding of miR-185 to the 3'-UTR of NHE-T mRNA.

miR-185 prevents ERS-induced cardiomyocyte apoptosis
A recent study using NHE-1 transgenic mice presented a sig-
nificant increase in ERS responsive proteins such as GRP78,
GRP94, p-elF2a, and CCAAT/enhancer-binding protein ho-
mologous protein (CHOP) in the heart and spontaneously de-
veloped heart failure (16), suggesting that NHE-1 is a critical
protein involved in ERS-mediated myocardial apoptosis. To in-
vestigate whether miR-185 has an inhibitory effect on my-
ocardial apoptosis through targeting NHE-1, NRVMs were
treated with miR-185 mimic or negative control (NC) mimic in
conjunction with 100 ng/ml TM, a well-known ERS inducer for
48 h treatment. The results showed that TM induced apoptosis
in NRVMs as evidenced by the TUNEL assay results, but this
response was significantly attenuated by miR-185 over-
expression (Fig. 3A, B).

The most significant ERS-induced apoptotic pathway is
mediated through CHOP, which is regulated by the ATF4 and

Fig. 2. miR-185 inhibits both mRNA
and protein expression of NHE-1 in
NRVMs. (A) gRT-PCR analysis of
NHE-1 mRNA expression in NRVMs
after transfection with miR-185 mimic
or NC mimic for 72 h. (B) Western
blotting was performed as in (A), us-
ing an antibody against NHE-1 or
a-tubulin  (left). Quantified western
blot results are presented (right). All
data are presented as mean + SEM;
N 3; Statistical significance s
shown as **P < 0.001. Data were
statistically analyzed by student’s t-test.
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ATF6 pathways. A recent study suggested that CHOP plays a
key role in the transition from cardiac hypertrophy to heart fail-
ure, where occurrence of myocardial apoptosis prevails (17).
Therefore, to determine whether miR-185 overexpression could
inhibit CHOP production, CHOP expression level was meas-
ured in TM-treated NRVMs in the presence or absence of
miR-185. As shown in Fig. 3C, the transfection with increasing
concentration of miR-185 caused a progressive reduction of
CHOP expression. A dose-dependent reduction of the proteo-
Iytic cleavage of caspase-3 was also observed when miR-185
was overexpressed in NRVMs as shown in Fig. 3D. Similar re-

210 BMB Reports

merged images) were counted. Nuclei
* were identified by staining with Hoechst
* 33342 (blue). (B) Quantification of the

centrations of miR-185 mimic, cardio-
myocytes were treated with 100 ng/ml
TM for 24 h. Western blotting was per-
formed using antibodies against CHOP
and cleaved-caspase 3. o-tubulin is
shown as a loading control. Results

are presented as mean + SEM; N
3; Statistical significance is shown as
*P < 0.05 or **P < 0.001. Data
were statistically analyzed by one-way
ANOVA followed by a Bonferroni’s
multiple-comparison of multiple means.
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sults were obtained when NRVMs were treated with T uM TG,
an ERS inducer by irreversible inhibition of sarco/endoplasmic
reticulum calcium ATPase (SERCA), in miR-185 overexpressing
cells (Fig. STA-D).

Taken together, these data demonstrate that miR-185 over-
expression protects NRVMs from ERS-induced apoptosis.

Pharmacological inhibition of NHE-1 inhibits ERS-induced
apoptosis

To confirm whether NHE-1, a target of miR-185, is functionally
associated with ERS-induced myocardial apoptosis, we treated
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Fig. 4. Inhibition of NHE-1 prevents
ERS-induced apoptosis. (A) Effect of pre-
treatment with NHE-1 specific inhibitor,
EI cariporide, on cardiomyocyte apoptosis.
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NRVMs with 20 uM cariporide, a specific blocker of NHE-1
isoform, followed by 100 ng/ml TM treatment for 48 h.
Subsequently, the extent of apoptosis was measured by using
the TUNEL assay. NRVMs exposed to TM showed approx-
imately 50% of TUNEL positivity and this was significantly re-
duced in 20 pM cariporide pretreated samples (Fig. 4A, B).
The elevated level of CHOP expression by TM was also sig-
nificantly reduced in cariporide pretreated cells (Fig. 4Q).
Similarly, cardiomyocyte apoptosis by 1T uM TG treatment was
significantly inhibited by 20 pM cariporide pretreatment (Fig.
S2A-D), suggesting that NHE-1 inhibition protects cardiomyo-
cytes from apoptotic cell death through suppression of ERS.

Collectively, our data indicate that miR-185 has a cardio-
protective effect against ERS-induced apoptosis mediated
through direct repression of NHE-1.

DISCUSSION

The ER is the primary site for biosynthesis and maturation of
secretory proteins and Ca”* storage. For proper protein folding
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Control Cariporide

in the ER, a balance between the levels of Ca®*, molecular
chaperones, and redox status in the ER lumen must be
maintained. The importance of the ER homeostasis is reflected
by its critical roles in the pathogenesis of many diseases such
as tumor growth, inflammation, and neurodegenerative dis-
orders, including Parkinson and Alzheimer diseases (18, 19).
Especially, ERS has been implicated in a number of cardiac
symptoms and diseases such as cardiac hypertrophy, heart fail-
ure, cardiomyopathy, and I/R injury (5).

Recently, miRNAs have emerged as central regulators of ER
homeostasis and key modulators of UPR signaling. For exam-
ple, overexpression of the miR-23a~27a~ 24-2 cluster up-reg-
ulates ERS-related proteins such as CHOP, PERK, and IRE1q,
inducing apoptosis (20). miR-122 overexpression represses
UPR signaling via the CDK4-PSMD10 pathway, thereby alter-
ing tumorigenic properties of hepatocellular carcinoma cells
(21).

In the present study, we attempted to identify microRNAs
regulating UPR- and ERS-induced apoptosis in the heart. The
major findings of this study are as follows: 1) miR-185 over-
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expression prevents ERS-induced apoptosis as shown by
TUNEL assay. 2) miR-185 overexpression significantly inhibits
CHOP expression and the cleavage of caspase-3, indicative of
apoptosis. 3) miR-185 directly targets two distinct sites in the
3-UTR of NHE-1, thereby inhibiting NHE-1 expression. 4)
Pharmacological inhibition of NHE-1 by cariporide signifi-
cantly inhibited ERS-induced apoptosis. Taken together, the
present data suggest that inhibition of NHE-1 activity by either
overexpression of miR-185 or treatment with cariporide can
protect cardiomyocytes from apoptotic cell death.

The involvement of NHE-1 in the pathogenesis of cardio-
vascular diseases such as cardiac hypertrophy (22), I/R injury
(23), cardiac fibrosis, and heart failure (24) has been reported.
Evidence also suggests a cardio-protective effect of NHE-1 in-
hibition against those cardiac diseases. The possible car-
dio-protective mechanisms through NHE-1 inhibition involve
1) the blockade of NHE-1-dependent Na* influx and sub-
sequent attenuation of Ca’*-overload, preventing mitochon-
drial Ca®* accumulation and mitochondrial permeability tran-
sition (MPT) pore opening (25, 26) and 2) the inhibition of re-
active oxygen species (ROS) production, a crucial factor in-
volved in cardiomyocyte apoptosis (27), through direct mi-
tochondrial action (28). However, the effect of NHE-1 in-
hibition in the ERS-induced cardiomyocyte apoptosis has been
largely unknown. In the present study, we identified a novel
molecular mechanism linking the inhibition of NHE-1 to the
attenuation of ERS and subsequent prevention of cardiomy-
ocyte apoptosis.

Several studies indicated the correlation between ERS and
cardiac hypertrophy. For example, hypertrophic hearts present
elevated protein synthesis and morphological expansion of the
ER (29). ER chaperones were substantially induced in mice
with hypertrophic and failing hearts induced by transverse
aortic constriction (17). The oral administration of the chemical
chaperone PBA (4-phenylbutyric acid) could alleviate ERS and
prevented cardiac hypertrophy and ERS-induced apoptosis
(30), suggesting that ERS is a part of the hypertrophic response
and may contribute, at least in part, to cardiac apoptosis ob-
served during the transition from cardiac hypertrophy to failure.

Since miR-185 was previously shown to simultaneously tar-
get several pro-hypertrophic genes such as CaMKII5, NCXT1,
and Nuclear Factor of Activated T-cell (NFAT) C3 (15), we fur-
ther investigated their roles in ERS-induced cardiomyocyte
apoptosis. However, pretreatment of NRVMs with specific in-
hibitors such as KN-62 (CaMKII3 inhibitor (31)), cyclosporin A
(calcineurin-NFATc signaling inhibitor (32)), and SEA0400
(NCX1 inhibitor (33)) did not significantly affect ERS-induced
cardiomyocyte apoptosis, as assessed by CHOP protein ex-
pression (Fig. S3), suggesting that the primary effect of miR-185
on the inhibition of ERS-mediated apoptotic cell death was as-
sociated with NHE-1 inhibition.

In conclusion, the present study suggests that NHE-1 is an
important therapeutic target for the prevention of ERS-medi-
ated apoptotic cell death and miR-185 represents a potential
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therapeutic strategy for heart diseases associated with apop-
totic cell death.

MATERIALS AND METHODS

Materials and methods are available in the Supplemental
information.
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