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MicroRNAs are a novel class of powerful endogenous
regulators of gene expression. MiR-378 and miR-378* are
localized in the first intron of the Ppargc1b gene that
codes the transcriptional co-activator PGC-1�. The latter
regulates energy expenditure as well as mitochondrial
biogenesis. The miR-378:miR-378* hairpin is highly ex-
pressed in cardiac cells. To better assess their role in
cardiomyocytes, we identified miR-378 and miR-378* tar-
gets via a proteomic screen. We established H9c2 cellular
models of overexpression of miR-378 and miR-378* and
identified a total of 86 down-regulated proteins in the
presence of either one of these miRs. Functional annota-
tion clustering showed that miR-378 and miR-378* regu-
late related pathways in cardiomyocytes, including energy
metabolism, notably glycolysis, cytoskeleton, notably ac-
tin filaments and muscle contraction. Using bioinformat-
ics algorithms we found that 20 proteins were predicted
as direct targets of the miRs. We validated eight of these
targets by quantitative RT-PCR and luciferase reporter
assay. We found that miR-378 targets lactate dehydro-
genase A and impacts on cell proliferation and survival
whereas miR-378* targets cytoskeleton proteins actin and
vimentin. Proteins involved in endoplasmic reticulum
stress response such as chaperone and/or calcium buff-
ering proteins GRP78, PPIA (cyclophilin A), calumenin,
and GMMPA involved in glycosylation are repressed by
these miRs. Our results show that the miR-378/378* hairpin
establishes a connection among energy metabolism, cyto-
skeleton remodeling, and endoplasmic reticulum function
through post-transcriptional regulation of key proteins in-
volved in theses pathways. Molecular & Cellular Pro-
teomics 13: 10.1074/mcp.M113.030569, 18–29, 2014.

MicroRNAs (miRs)1 are 18–25-nucleotide noncoding RNAs
that are known to regulate gene expression in a sequence-
specific manner. They bind to mRNAs causing their degrada-

tion or translational inhibition (1). MiRs are transcribed as
primary transcripts that fold to form miRNA:miRNA* stem loop
duplexes (2). In the main processing pathway, the primary
transcripts are cleaved in the nucleus by the Drosha/Dgcr8
microprocessor complex into 70 nucleotide precursor miRNA
hairpins and then transported into the cytoplasm for further
processing by Dicer before the strand of the stem-loop duplex
with the lower stability at the 5� end is incorporated into the
RISC complex. The other strand, called miRNA*, is often
rapidly degraded (2). However, alternative noncanonical path-
ways exists in the cell and the expression of one of the two
strands is sometimes tissue specific, i.e. the miRNA* can be
matured and expressed in some cell types (3). MiRNAs can
also derive from introns of coding genes in which case they
are called mirtrons that are spliced into pre-miRNA hairpin
mimics then cleaved by Dicer into functional miRs (4).

MiRs have been described as key players in signaling and
transcriptional pathways modulating cardiac development,
function and disease (5). MiR-378 and miR-378* are mirtrons
derived from a single hairpin located in the first intron of the
Peroxisome proliferator-activated receptor gamma coactiva-
tor 1-beta (Ppargc1b) gene that encodes the PGC-1� protein.
The latter is a powerful transcriptional coactivator of nuclear
respiratory factor-1 (NRF-1) and ERRs (estrogen receptor-
related receptors), which are key factors in the expression of
many mitochondrial genes and mitochondrial biogenesis (6,
7). PGC-1� is necessary for adaptive thermogenesis to cold
and exertional exercise (8). In conjunction with PGC-1�,
PGC-1� is important for perinatal cardiac development (8). In
the adult heart, PGC-1� maintains mitochondrial and con-
tractile function following pressure overload hypertrophy by
preserving glucose metabolism and preventing oxidative
stress (9).

MiR-378 and 378* are expressed in different cell types.
MiR-378 has been mostly described as an oncogene-like
microRNA in different cancer cell lines (10–12). MiR-378 stim-
ulates tumor growth and cell survival via its repressive effect
on tumor supressors Sufu and Fus-1 (13). In breast cancer
cells infected with an adenovirus overexpressing the miR-378:
378* hairpin, miR-378* was found to be more abundant than
miR-378 and responsible for a shift from oxidative phosphor-
ylation to a high-rate glycolytic metabolism associated with
increased lactate production, a phenomenon known as the
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Warburg effect (14). The expression of miR-378 and miR-378*
is associated with increased lipogenesis in adipocytes (15,
16). Knock-out of miR-378 and miR-378* in mice leads to a
resistance to high-fat diet-induced obesity, enhanced mito-
chondrial fatty acid metabolism, and elevated oxidative ca-
pacity of insulin-target tissues (17).

The miR-378:miR-378* hairpin is highly expressed in car-
diac cells. Deep sequencing data showed that miR-378 is
among the 20 most abundant microRNAs in the heart in
different species (18, 19). However, miR-378 and miR-378*
functions in the heart have not been described so far. Some-
what contradictory reports have been published concerning
the role of miR-378 in cardiac cell survival in vitro. In serum
deprived rat H9c2 cardioblast cells exposed to hypoxia, miR-
378 overexpression enhanced cell viability through the inhibi-
tion of caspase 3 expression (20) whereas in primary cultures
of neonatal rat cardiomyocytes it enhanced H2O2 induced cell
death by direct targeting of IGF1R (21). More recently, miR-
378 was shown to block cardiac hypertrophy by targeting
Grb2, an upstream component of Ras-signaling (22). To better
assess the role of miR-378 in cardiac cells, we decided to
identify miR-378 (miR-378-3p) and miR-378* (miR-378-5p)
targets via a proteomic screen. We included miR-378* in our
study because, on the contrary to most miRs, the two strands
of the miR-378:miR-378* duplex have been detected in sev-
eral studies. In a deep sequencing study performed in an HL-1
murine cardiac cell line, miR-378 and 378* were found to
represent 1.6% and 0.1% respectively of all miRs detected in
the heart, putting both of them in the top 10% of total miR
expression (23). In a study performed by Vacchi-Suzzi et al. in
rat adult heart, miR-378* represented in average 0.003% of
total miR expression in the myocardium still placing it in the
top 20% of all microRNAs expressed in the heart (19).

Here, we identified several new targets of miR-378 and 378*
in an H9c2 cell line derived from rat fetal atrial cardiomyo-
cytes. We show that these two microRNAs differentially reg-
ulate lactate dehydrogenase expression and play a role in
cytoskeleton remodeling and the expression of chaperones
and calcium buffering proteins in the endoplasmic reticulum
(ER). All targets were highly relevant for cardiac cell differen-
tiation and metabolism.

EXPERIMENTAL PROCEDURES

Cell Culture—We used the H9c2 cardiac cell line derive from rat
fetal atria (ATCC® Number: CRL-1446 ™). Cells were cultured in
Dulbecco’s modified Eagles medium (LONZA, 4.5g/l glucose, with
pyruvate) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Cells were passaged every 72 h. Twenty-four
hours before transfection experiments, cells were seeded at a density
of 75,000 cells/ml in antibiotics free medium.

MiR Precursor Transfection—H9c2 cells were cultured as de-
scribed above and transfected 24 h after plating with a range of 0.06
to 25 nM for microRNA Mimics (Ambion, Invitrogen) or 50 nM mi-
croRNA power-inhibitor (Exiqon) using lipofectamine RNAiMAX (Invit-
rogen, Carlsbad, CA) transfection agent (1:200 final concentration) as

suggested by the manufacturer. Cells were harvested 72 h after
transfection.

Two-dimensional Gel Electrophoresis, Gel Staining, Image Acqui-
sition—Transfected cells (6 cm Petri dishes) were washed twice with
PBS and proteins were extracted in UTC lysis buffer (8 M urea, 2 M

thiourea, 4% CHAPS, 50 mM dithiothreitol (DTT)). The crude extract
was homogenized using a syringe and needle (21 gauge) and centri-
fuged at 20,000 � g for 30 min at 4 °C. The supernatant was precip-
itated using a two-dimensional clean-up kit (GE Healthcare) following
the manufacturer’s recommendations. Protein pellets were dissolved
in lysis buffer without DTT. Protein concentration was determined
using Bradford assay (Bio-Rad, Hercules, CA). To screen for protein
amount differences and obtain quantitative protein ratios, Two-di-
mensional differential in gel electrophoresis (DIGE) was performed on
four samples for each group, that is, four nontransfected extracts
(RNAiMAX only), four transfected with miR-378, and four with miR-
378* (12 nM each). Control and transfected protein extracts (50 �g)
were labeled with the CyDye DIGE Fluor minimal labeling kit (GE
Healthcare) following the manufacturer’s recommendations. A dye
swap (Cy3 and Cy5) was used to normalize for potential differences in
labeling efficiencies. An internal standard was made by mixing equal
amounts of proteins from each sample and labeled with Cy2. For
analytical gels, 24-cm Immobiline DryStrip gels (pH 3–11NL (non-
linear)) were loaded with a total protein amount of 150 �g (50 �g of
two independent groups and 50 �g of internal standard). For prepar-
ative gels, we used 400 �g of pooled control unlabeled protein
extracts. Strips were rehydrated overnight in the presence of proteins
in a volume of 350 �l of rehydration solution (8 M urea, 2 M thiourea,
2% CHAPS, 1.2% DeStreak Reagent, 0.5% IPG buffer pH 3–11NL).
Isoelectric focusing was performed with an Ettan IPGphor2 apparatus
(GE Healthcare) at 150 V for 2 h, followed by stepwise application of
200, 1000, and 8000 V for a total of 40,000 V-h. After focusing and
equilibration, strips were applied to 12.5% gradient SDS-PAGE gels
and sealed with 0.6% agarose, containing bromphenol blue. Electro-
phoresis was performed at 15 °C in an Ettan DALT-six tank with
electrophoresis buffer (25 mM Tris, pH 8.3, 192 mM glycine, and 0.2%
SDS) for a total of 2000 V-h. Analytical gels were imaged using an
Ettan DIGE Imager (GE Healthcare) scanner. Data were analyzed with
DeCyder 7.0 software (GE Healthcare) using the batch process mode.
The fold change is the ratio of the mean spot value from a transfected
condition (n � 4) on the control nontransfected cells (n � 4). An
unpaired Student’s t test was used to determine the statistical differ-
ence of the mean ratio between control and transfected groups. We
chose 2 criteria for spot selection: a threshold fold change �-1.3 or �

1.3 and a p value �0.05. Unlabeled preparative gels were fixed and
stained with Coomassie Brilliant Blue G-250 for 5 days and scanned
with the Ettan DIGE imager using the Cy5 channel (Ex: 635/30 nm,
Em: 680/30 nm). Matching the protein spots of interest between
analytical and preparative gels was performed manually.

Protein Identification by Mass Spectrometry (MS) and Database
Searching—In-gel digestion was carried out with trypsin as described
by Shevchenko et al. (24) with minor modifications and using for all
steps a Freedom EVO 100 digester/spotter robot (Tecan, Switzer-
land). Spots were first destained two times with a mixture of 100 mM

ammonium bicarbonate (ABC) and 50% (v/v) acetonitrile (ACN) for 45
min at 22 °C and then dried using 100% ACN for 15 min. Protein
spots were then reduced with 25 mM ABC containing 10 mM DTT for
1 h at 60 °C and then alkylated with 55 mM iodoacetamide in 25 mM

ABC for 30 min in the dark at 22 °C. Gels pieces were washed twice
with 25 mM ABC and finally shrunk two times with 100% ACN for 15
min and dried using 100% ACN for 10 min. Bands were finally
completely dehydrated after 1 h at 60 °C. Gel pieces were incubated
with 13 �l of sequencing grade modified trypsin (Promega, USA; 12.5
�g/ml in 40 mM ABC with 10% ACN, pH 8.0) overnight at 40 °C. After
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digestion, peptides were washed with 30 �l of 25 mM ABC, shrunk
with 100% ACN and extracted twice with a mixture of 50% ACN-5%
formic acid (FA) and dried.

For MS and MS/MS MALDI analysis, peptides were redissolved in
4 �l of alpha-CHCA (2,5 mg/ml in 70% ACN-0.1% TFA). An aliquot of
1.5 �l of each sample was spotted directly onto a dry MALDI plate
(ABSciex, Foster City, CA). Peptides on MALDI plate were then de-
salted with a cold solution of ammonium phosphate 10 mM–0.1%
TFA. The analysis of samples was performed using a MALDI-TOF-
TOF 4800 mass spectrometer (ABSciex). Spectra acquisition and
processing was performed using the 4000 series explorer software
(ABSciex) version 3.5.28193 in positive reflectron mode at fixed laser
fluency with low mass gate and delayed extraction. External plate
calibration was performed using four calibration points spotted onto
the four corners of the plate using a mixture of five external standards
(PepMix 1, LaserBio Labs, Sophia Antipolis, France). Peptide masses
were acquired by steps of 50 spectra for the range of 900 to 4000Da.
MS spectra were summed from 500 laser shots from an Nd-YAG laser
operating at 355 nm and 200Hz. After filtering tryptic-, keratin- and
matrix-contaminant peaks up to 15 parent ions were selected for
subsequent MS/MS fragmentation according to mass range, signal
intensity, signal to noise ratio, and absence of neighboring masses in
the MS spectrum. MS/MS spectra were acquired in 1 kV positive
mode and 1000 shots were summed by increments of 50. Database
searching was carried out using Mascot version 2.2 (MatrixScience,
London, UK) via GPS explorer software (ABSciex) version 3.6 com-
bining MS and MS/MS interrogations on rattus from SwissProt data
bank (7620 sequences, May 2011, www.expasy.org). A second
search was performed on mus and homo sapiens SwissProt data-
banks that are better annotated than the rattus to provide alternative
identifications for some proteins with low score. The search param-
eters were as follows: carbamidomethylation as a variable modifica-
tion for cysteins and oxidation as a variable modification for methio-
nines. Up to 1 missed tryptic cleavage was permitted and mass
accuracy tolerance of 30 ppm for precursors and 0.3 Da for fragments
were used for all tryptic mass searches. Positive identification was
based on a Mascot score above the significance level (i.e. �5%). The
reported proteins were those with the highest number of peptide
matches.

MS and MS/MS ORBITRAP analyses were realized using an Ulti-
mate 3000 Rapid Separation Liquid Chromatographic (RSLC) system
(Thermo Fisher Scientific) online with a hybrid LTQ-Orbitrap-Velos
mass spectrometer (Thermo Fisher Scientific). Briefly, peptides were
loaded and washed on a C18 reverse phase precolumn (3 �m particle
size, 100 Å pore size, 150 �m i.d., 1 cm length). The loading buffer
contains 98% H2O, 2% ACN and 0.1% TFA. Peptides were then
separated on a C18 reverse phase resin (2 �m particle size, 100 Å pore
size, 75 �m i.d., 15 cm length) with a 4 min “effective gradient” from
100% A (0.1% FA and 99.9% H2O) to 50% B (80% ACN, 0.085% FA
and 19.915% H2O).

The Linear Trap Quadrupole Orbitrap mass spectrometer acquired
data throughout the elution process and operated in a data depen-
dent scheme with full MS scans acquired with the Orbitrap, followed
by up to 20 LTQ MS/MS CID spectra on the most abundant ions
detected in the MS scan. Mass spectrometer settings were: full MS
(AGC: 1*106, resolution: 6*104, m/z range 400–2000, maximum ion
injection time: 500 ms); MS/MS (AGC: 5*103, maximum injection time:
50 ms, minimum signal threshold: 500, isolation width: 2Da, dynamic
exclusion time setting: 15 s). The fragmentation was permitted of
precursor with a charge state of 2, 3, 4, and up. For the spectral
processing, the software used to generate .mgf files is Proteome
discoverer 1.2. The threshold of Signal to Noise for extraction values
is 3. Database searching parameters were the same as MALDI except

the precursor mass tolerance that was set to 5 ppm and the fragment
mass tolerance to 0.45 Da.

RNA Extraction and Quantification—Cells were scraped in RNA
NOW reagent (Biogentex, League City, TX) according to the manu-
facturer’s instructions. To analyze microRNA abundance, 400 ng of
RNA were reverse transcribed using miScript Reverse Transcription
Kit (Qiagen, Hilden, Germany). For mRNA abundance assessment, 1
�g of RNA was reverse transcribed using M-MuLV Reverse Transcrip-
tase (Fermentas/Thermo Fisher Scientific, Burlington, Canada). Quan-
titative PCR was performed with LightCycler® 480 SYBR Green I
Master (Roche, Basel, Switzerland) for mRNA and miScript SYBR
Green PCR Kit (Qiagen) for microRNA analysis. HPRT and miR-16
were used as a reference for mRNA and miRNA respectively. Primer
sequences are available in the supplementary data.

3�UTR Cloning into psiCheck2 Vector—The 3�UTRs of potential
miRNA target genes were PCR amplified with Phusion high fidelity
polymerase (Finnzymes, Espoo, Finland) during 30 amplification cy-
cles (denaturation 94 °C, annealing and elongation temperature
60 °C, 1min 30). The obtained double stranded DNA fragments were
introduced into the XhoI and NotI sites at the multiple cloning site of
the psiCHECKTM-2 Vector (Promega, Madison, WI) downstream of
the Renilla luciferase reporter gene. In addition, a Firefly luciferase
gene under the control of an independent HSV-TK promoter is pres-
ent in the vector and provides an internal normalization signal. The
sequence of the 3�UTR inserts in the psiCheck vector was verified by
sequencing (Beckmann Coulter Genomics, Brea, CA). Primer se-
quences are available in the supplementary data.

Cotransfection and Dual Luciferase Assay—Cells were cotrans-
fected with 200 ng 3�UTR containing plasmid and 12 nM miR mimic or
a negative control miR (AM17110, Ambion, Applied Biosystems).
Transfection was performed according to the manufacturer’s instruc-
tions using Lipofectamine 2000 reagent (Invitrogen) in sextuplicates
for each experimental condition. Experiments were repeated at least
twice. Forty-eight hours later, cells were harvested and luciferase
activities were measured with the Luciferase Dual-Reporter Kit (Pro-
mega) as suggested by the manufacturer. Renilla/Firefly ratio repre-
sents normalized, relative 3�UTR-reporter activity.

Western Blot Analysis—One-dimensional PAGE was carried out
using the NuPAGE® Novex® 4–12% Bis-Tris Gel from Invitrogen
according to the manufacturer’s instructions. Proteins were trans-
ferred onto nitrocellulose membranes (Hybond C, Amersham Biosci-
ences) and the blots were saturated in TBS-T buffer (20 mM Tris, pH
7.5, 136.8 mM NaCl, and 0.1% (v/v) Tween 20) containing 5% (w/v)
BSA. The following primary antibodies were used for Western blot:
rabbit monoclonal anti-Lactate Dehydrogenase (EP15666) ab52488
(1:100000, Abcam, Cambridge, MA), mouse monoclonal anti-Vimen-
tin V5255 (1:200, Sigma), rabbit polyclonal anti-Grp78 (BiP) #3183
(1:250, Cell Signaling, Danvers, MA), rabbit polyclonal anti-Cyclophilin
A 07–313 (1:1000, Merck Millipore), rabbit polyclonal anti-Grp94
#2104 (1:1000, Cell Signaling), and mouse monoclonal anti-�-Tubulin
T5168 (1:2000, Sigma). HRP-conjugated secondary anti-rabbit anti-
body BI2407 (1:1000, P.A.R.I.S Biotech) and anti-mouse IgM anti-
body sc-2973 (1:1000, SantaCruz, Santa Cruz, CA) were used to
detect the proteins by ECL. Alternitavely, IRDye® 800CW Goat (poly-
clonal) Anti-Rabbit IgG 926–32211 (1:2500, Li-Cor) and IRDye®
800CW Goat (polyclonal) Anti-Mouse IgG 926–32210 (1:2500, Li-Cor)
were used to detect the proteins by infrared imaging using the Li-Cor
Odyssey system. Proteins were extracted in RIPA buffer (50 mM Tris,
150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0,1%
SDS, 1 mM EDTA, pH 7.4, protease inhibitor mixture (Roche Applied
Science)) incubated for 30 min on ice, and then centrifuged for 30 min
at 20,000 � g. The supernatant was recovered and quantified using
the Bradford Assay (Bio-Rad).
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Phalloidin Staining and Image Quantification—Actin was stained
with TRITC-labeled phalloidin and 10 images were taken for each
condition on a ZEISS microscope at 10� . Quantification was done
with imageJ on 16-bit images by measuring the integrated density of
the whole photographed section.

LDH Activity Assay—Lactate dehydrogenase converts pyruvate to
lactate while transforming one NADH to NAD�. We measure NADH
extinction at 340 nm in a buffer containing 50 mM imidazole, 4 mM

magnesium acetate, 50 mM KCl and 0.712 mg/ml BSA, 0.5 mM

beta-NADH and 2 mM Na-Pyruvate. Two micrograms of proteins were
used for each sample. We performed the measurements on six sam-
ples per condition each in duplicate.

Live and Dead Assay—Living and dead cell number was assayed
using the Live and Dead Assay from Promokine (PK-CA707–30002)
as suggested by the manufacturer. A calibration curve was realized by
seeding incremental number of cells and counting viable cells after
96 h. For the dead cell calibration, 100% dead cells were obtained
after 30 min ethanol treatment. For the experiment, cells were seeded
at a density of 6000 cells/well in 96-well plates in quintuplicate. Cells
were transfected 24 h after plating and total live and dead cell number
was quantified 72 h after transfection (96h total) on a TECAN Infinite
F500 plate reader at 515 nm (green-fluorescent Calcein AM) for live
cells and 620 nm (red-fluorescent ethidium homodimer III) excited
respectively at 490 and 530 nm.

Functional Annotation Clustering—We performed functional anno-
tation clustering with the DAVID Bioinformatics Resources 6.7 (25,
26). We used Uniprot IDs to generate gene lists and selected the rat
genome as background. We selected Biological processes (BP_FAT)
and KEGG pathways to perform the functional annotation clustering
using the default parameters suggested by the DAVID algorithm.
Functional annotation clustering is a method that minimizes redundant
annotations in the report by grouping similar annotations together using
the Kappa statistics technique to measure the degree of the common
genes between two annotations. It is followed by fuzzy heuristic clus-
tering, to classify the groups of similar annotations according to kappa
values. We used medium stringency parameters for the clustering (i.e. a
value of 3 for the similarity term overlap, a minimal kappa value of 0.50
for the similarity threshold, a value of 3 for the initial and final group
membership and 0.50 for the multiple linkage threshold). The group
enrichment score is the geometric mean (in -log scale) of member’s
functional annotation p values (EASE-modified Fisher Exact test) in a
corresponding annotation cluster. Annotation clusters with enrichment
scores � 1.3 (i.e. p value �0.05) were considered significant.

Statistical Analysis—The data are expressed as mean � S.E. An
unpaired Student’s t test was used to determine the probability value
(p value). p values of p � 0.001(***), p � 0.01 (**), and p � 0.05 (*) were
considered statistically significant.

RESULTS

Proteomic Changes in miR-378 and 378* H9C2 Transfected
Cells—To identify differentially expressed proteins we pre-
pared whole protein extracts from H9c2 cells transfected with
miR-378, miR-378* and a control group (Fig. 1A). The 2D-
DIGE experiment was analyzed with DeCyder software and
revealed an average of 3000 unique protein spots per gel.
Principal component analysis using all matched spots sepa-
rated the control, the miR-378 transfected sample and miR-
378* transfected sample (supplemental Fig. S1). For quanti-
tative analysis we used as selection criteria a p value � 0.05
and a fold change (FC) � 1.3 or �-1.3. We identified 116
protein spots that were significantly altered by either miR-378
or miR-378* (supplemental Table S1). Strikingly, all were

down-regulated with miR overexpression in agreement with
the mainly repressive function of miRs. We identified 114
spots by MALDI-TOF and ORBITRAP (supplemental Table S2)
corresponding to 86 unique proteins, 73 of which were down-
regulated following miR-378 transfection and 50 following
miR-378* transfection. There was an overlap of 37 proteins
repressed in both conditions (Fig. 1B). We then performed
functional annotation clustering using the DAVID Bioinformat-
ics Resources 6.7 (25, 26). The algorithm recognized 68 pro-
teins or ‘DAVID IDs’ out of 73 for miR-378 and 46 out of 50 for
miR-378*, the majority of which were clustered. Interestingly,
the significantly enriched clusters (Enrichment score � 1.30)
were the same in both groups. These were cytoskeleton (in-
cluding several components of the actin thin filaments), mus-
cle contraction and energy metabolism (Figs. 1C and 1D). The
most significant cluster was glycolysis (Enrichment score:
4.08) in the miR-378 group and cytoskeleton (Enrichment
score: 2.98) in the miR-378* group. The complete list of clus-
ters is provided in supplemental Table S3. Among the KEGG
pathways, the dilated cardiomyopathy pathway and the reg-
ulation of actin cytoskeleton were significantly enriched in the
miR-378* group (Enrichment score: 3.3 and 1.75 respectively).
To identify the direct targets of each miR, we searched for the
Ensembl transcript IDs of the 86 repressed proteins using the
BioMart portal system. We looked for potential miR-378 or
miR-378* binding sites in their 3�UTR using three different miR
target prediction algorithms: Microrna.org (27), TargetScan (28)
and Microcosm (29). We grouped the data from these three
databases and found 11 potential targets for miR-378, six for
miR-378*, and three in common for the two miRs (Table I).

Target Validation—To validate the microRNA targets, we
selected genes of interest based on seed sequence binding
site conservation among rat, human, and mouse (supplemen-
tal Fig. S2). The list includes mannose-1-phosphate guanyl-
transferase � (GMPPA, FC � 	1.49, p � 0.0108), �-actinin 4
(ACTN4, FC � 	2.34, p � 0.00032), and Lactate Dehydro-
genase A (LDHA, FC � 	1.62, p � 0.002) as miR-378 targets,
skeletal alpha-actin (ACTS, FC � 	1.56, p � 0.0016), vimen-
tin (VIM, FC � 	1.7, p � 0.000056), and calumenin (CALU,
FC � 	2.33, p � 0.00031) as miR-378* targets and Glucose-
regulated protein 78 (GRP78, FC � 	1.67 p � 0.003 for
miR-378; FC � 	1.12 p � 0.17 for miR-378*) and Peptidyl-
prolyl cis-trans isomerase A (PPIA, FC � 	1.72, p � 0.006 for
miR-378; FC � 	1.23, p � 0.083 for miR-378*) as targets for
the two microRNAs.

We first validated the eight chosen targets by Q RT-PCR
and found that the mRNAs encoding these proteins were
down-regulated in agreement with our proteomic screen, ex-
cept for two miR-378 targets: Gmppa and Ppia (Fig. 2). To
further assess and confirm these targets we performed Lucif-
erase reporter assays where a portion of the 3�UTR of each
gene was cloned downstream from a Renilla Luciferase re-
porter gene in PSICHECK-2 vectors and transfected with and
without miR-378 or 378* (Fig. 3). All targets were significantly
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decreased except for Actn4. A negative control miR had no
effect on the validated targets. Our results suggest that miR-
378 and 378* intervene in different cellular functions.

MiR-378 and 378* Differentially Regulate LDHA—MiR-378
and 378* had opposite effects on LDHA. The protein level was
significantly down-regulated with miR-378 in our proteomic

FIG. 1. Two-dimensional DIGE analysis of H9c2 proteins from controls, miR-378 and miR-378* transfected cells. A, Scan of master gel
used for spot comparison and selection. Whole protein preparations were differentially labeled with Cydyes and separated by isoelectric
focusing (Immobiline DryStrip gels pH3–11NL) and apparent molecular weight (nominal range 15,000 to 100,000). Shown spots correspond to
proteins coded by mRNA predicted as targets of miR-378 and/or miR-378* (listed under Table I). B, Workflow for identification of miR-378/378*
targets and validation strategy. Numbers inside the circles represent proteins down-regulated with miR-378 (red) and miR-378* (blue) as well
as those predicted as targets by different algorithms. C–D, Graphical representation of DAVID functional annotation clustering of the identified
proteins down-regulated in the presence of miR-378 (C) and miR-378* (D). Enrichment scores higher than 1.3 (� -log10 0.05) are indicated in
red between brackets.
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screen (FC � 	1.62, p � 0.002) and was slightly up-regulated
with miR-378* (FC � 1.27, p � 0.130). To further evaluate this
differential regulation we performed Western blots. LDHA ex-
pression was 20% lower in miR-378 transfected cells than in
control cells and 60% higher after miR-378* transfection (Fig.
4). When we transfected the microRNA inhibitors, we found
LDHA to be 30% over expressed with anti miR-378 and 30%
under expressed with anti miR-378*. We also assayed LDH
activity and found it to be 30% decreased in the presence of
miR-378 when compared with control and 40% increased in
the presence of miR-378* (Fig. 4). Conversely, inhibiting miR-
378 caused an increase in LDH activity whereas inhibiting
miR-378* caused a decrease in LDH activity. Our results
confirm LDHA as a direct target of miR-378. Because lactate
production by LDHA is associated with higher glycolytic rates
and increased cell proliferation (30), we looked at the impact

of miR-378 and miR-378* on cell proliferation and survival in
H9c2 cells. Using the live and dead assay, we found that
miR-378 repressed cell growth and increased cell death in a
dose dependent manner whereas miR-378* did not affect
these parameters (Fig. 4).

MiR-378* Regulates Cytoskeleton—Among validated miR-
378* targets, we found skeletal alpha-actin and vimentin, a
type III intermediate filament. To further assess the effects of
miR-378* on these cytoskeleton proteins, we performed
Western blots and immunostaining that confirmed our results.
Vimentin expression was repressed by 50% in the presence
of miR-378* (Fig. 5A). F-actin staining with fluorescent phal-
loidin revealed a significant decrease in signal in the presence
of miR-378* when compared with controls or a negative con-
trol miR. The use of an anti miR-378* on the other hand,
caused an increase in the level of F-actin (Fig. 5B). Our results
clearly show an important role of miR-378* in repressing actin
and vimentin expression.

MiR-378 and miR-378* Regulate Proteins Linked to Endo-
plasmic Reticulum Functions—Our proteomic screen also re-
vealed calumenin as a miR-378 target and GRP78 and PPIA
as targets of the two miRs. Calumenin is found in the lumen of
the endoplasmic and sarcoplasmic reticulum, it has Ca2�

binding motifs and can bind to SERCAs (Sarco/Endoplasmic
Reticulum Ca2�-ATPase) (31). GRP78 also known as HSPA5
or BiP, is a multifunctional chaperone located in the ER where
it acts as a negative regulator of signaling mediators involved
in the unfolded protein response (UPR) but also regulates the
flow of ER Ca2� to preserve cytoplasmic calcium homeosta-
sis (32). PPIA, also known as cyclophilin A, a target of the
immunosuppressant drug cyclosporin A, is involved in the
maturation and folding of native proteins (33). To further ex-
plore the impact of the two miRs on these proteins, we
performed Western blots to validate our previous results.
GRP78 was significantly down-regulated especially in the
presence of miR-378, validating our proteomics screen find-
ings as well as our Q-PCR and luciferase validations (Fig. 6).
PPIA was significantly down-regulated in the presence of
miR-378* but not with miR-378 also validating our Q-PCR and
luciferase results where we found miR-378* to be a more
efficient inhibitor of PPIA expression. Although not a direct
target of either miRs, GRP94, also known as endoplasmin
(ENPL) is an important player of the UPR response along with
GRP78 (34). Interestingly, GRP94 expression was also down-
regulated in the presence of either microRNAs (supplemental
Table S1). Western blot analysis confirmed this result (Fig. 6).

DISCUSSION

In this study we sought to improve our understanding of the
repertoire of genes regulated by miR-378 and miR-378* in
cardiac cells. Identification of miRNA targets is central to
understanding the biological roles of miRNAs. We overex-
pressed miR-378 and miR-378* in H9c2 cells, a rat embryonic

FIG. 2. Analysis of mRNA expression by Q RT-PCR. A, miR-378
targets. B, miR-378* targets. C, Targets of both miRs. Whole RNA
was extracted from H9c2 cells transfected with miR-378 or miR-378*.
We performed mRNA reverse transcription followed by semi-quanti-
tative real time PCR using hprt as a reference gene. Ratios are
expressed as fold change over nontransfected (NT) cells. Data are
expressed as mean � S.E. *p � 0.05, **p � 0.01, ***p � 0.001 miR
versus control. n � 3 for each group.
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cardiac myoblast cell line to investigate proteome modulation
by these microRNAs.

We performed DIGE experiments in combination with mass
spectrometry identification, bioinformatics predictions and
functional assays to identify direct targets for miR-378 and
miR-378*.

With our proteomic approach, we identified a total of 73
proteins down-regulated with miR-378 overexpression and 50
down-regulated with miR-378* overexpression. Thirty-seven
proteins were down-regulated when either microRNA was
transfected. This result shows that these two miRs arising
from the same hairpin converge in part on similar pathways
despite different seed sequences. This was further exempli-
fied by the gene ontology clustering analysis showing several
identical enriched biological functions between the two sets
of repressed proteins. MiR-378 and miR-378* modulate a
common subset of biological pathways in cardiac cells: gly-
colysis, cytoskeleton, and ER Ca2� buffering and chaperone
proteins (Fig. 7). However, identification of a set of proteins
repressed by a miRNA is susceptible to detection of indirect
targets that are repressed through secondary effects, and
experimental validation of the targets is required. We cross

referenced our target list to online databases (microcosm,
microrna.org, targetscan) and found 11 potential targets for
miR-378, six for miR-378* and three potentially targeted by
the two miRs. We validated and confirmed eight mRNA tar-
gets by Q-PCR and luciferase assay.

Role of the miR-378/miR-378* Hairpin in the Balance Be-
tween Oxidative Phosphorylation and Glycolysis—We found
that miR-378 inhibits LDHA expression whereas miR-378*
indirectly activates its expression in H9c2 cells. The latter is in
agreement with a study by Eichner et al. where overexpres-
sion of miR-378* in breast cancer cells inhibited transcrip-
tional regulators ERR� and GABPA reducing oxidative phos-
phorylation (OXPHOS), which indirectly caused an increase in
the rate of glycolysis and LDHA activity. This metabolic shift,
known as the Warburg effect, is characteristic of cancer cells
(14). Our results, showing an antagonistic role for miR-378
and miR-378* on LDHA expression in H9c2 cells, further
confirm an important role of the miR-378 hairpin in the
balance between glycolysis and lactate production and
OXPHOS. In the heart, the expression of the miR-378/378*
hairpin increases progressively after birth and miR-378 is

FIG. 3. Validation of microRNA tar-
gets by Luciferase assay. A, miR-378
targets. B, miR-378* targets. C, Targets
of both miRs. H9c2 cells were cotrans-
fected with PsiCHECK-2 vectors con-
taining the 3�UTR of indicated mRNAs
downstream of Firefly luciferase alone (-)
or with premiR-378, premiR-378* or a
negative control premiR (Ct). Normalized
Firefly/Renilla (internal control) luciferase
values are presented as a fold change
over the mean value (set to 1) obtained
for the same construct without miRNA
transfection. Data are expressed as
mean � S.E. *p � 0.05, **p � 0.01,
***p � 0.001 miR versus control. The
data were collected from two indepen-
dent experiments, which were run with
sextuplicates.
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more abundant than miR-378* (21). Cardiac cells have a high
oxidative capacity and fulfill their energetic requirements
mainly via the OXPHOS pathway. PGC-1� is a prominent
activator of this pathway via co-activation of the transcription
factors NRF-1 and 2 that regulate genes required for mito-
chondrial oxidative phosphorylation (35). Our results suggest
that miR-378-mediated inhibition of LDHA could complement
PGC-1� function. Indeed, miR-378 inhibition of LDHA will limit
the conversion of pyruvate into lactate, thus favoring pyruvate

use in oxidative phosphorylation to produce higher quantities
of ATP per mole of glucose. Glycolysis produces much less
ATP but is thought to facilitate the incorporation of carbon into
biomass by allowing some glucose molecules to be diverted
into the pentose phosphate pathway and macromolecular
precursors required for lipids, amino acids and nucleotides
biosynthesis (36). LDHA inhibition by siRNA has been re-
ported to block cell proliferation (30). The LDH activity that
eliminates excess carbon may facilitate high glycolytic rate

FIG. 4. LDH regulation by miR-378 and miR-378*. A, Western blots: LDH expression following transfection of miRs and antimiRs.
Alpha-Tubulin is used as loading control. Graphs on the right: quantification of band intensities. Normalized LDH/tubulin values are presented
as fold change over nontransfected cells (NT), B, Total LDH activity following transfection of miRs and antimiRs. Data are expressed as fold
change over nontransfected cells (NT). C, Live/Dead assay measuring the total number of live (green) and dead (red) cells per well for each
condition. Cells were seeded at 6000 cells/well in 96-well plates in quintuplicate and analyzed 72 h after transfection. Data are expressed as
mean � S.E. **p � 0.01, ***p � 0.001 miR versus control for both live and dead values.

FIG. 5. Cytoskeleton modulation by miR-378*. A, Western blot showing repressed levels of vimentin in the presence of miR-378*.
Alpha-Tubulin is used as loading control. B, F-actin staining with TRITC-labeled phalloidin in H9c2 cells transfected with: miR-378*, anti
miR-378*, miR negative control (Ct) and nontransfected (NT). Graph on the right: Image J quantification of Phalloidin signal intensity measured
from the whole field. The total signal is decreased in the presence of miR-378* and increased in the presence of anti miR-378*. Data are
expressed as mean � S.E. **p � 0.01, ***p � 0.001 miR versus control. n � 6 for each group.
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and the diverse use of glucose required for proliferation. Our
findings showing that miR-378 overexpression represses
LDHA expression and blocks cell proliferation is in agreement
with this hypothesis.

Mir-378* Impact on Vimentin and Actin Cytoskeleton and
Their Link With Mitochondrial Activity—It has been shown that
a deficiency in OXPHOS causes alterations in protein expres-
sion in the distribution of cytoskeleton components and mi-
tochondria (37). Mitochondria support in the cell is under the
control of cytoskeletal proteins, including microtubules, actin
microfilaments and intermediate filaments such as vimentin
and desmin (37–39). We have previously shown that cytoskel-
eton disorganization correlates with energy metabolism de-
fects during heart failure (40). Tracking mitochondrial move-
ment in cells in which vimentin has been disrupted showed
that their motility is highly increased whereas at the basal
state the majority of mitochondria are anchored at sites in the
cytoplasm to supply local ATP (41). Conversely, inhibition of
mitochondria complex IV causes a collapse of the vimentin
network around the nucleus (37). Actin polymerization is also

important for mitochondrial fission (42). Hence, direct target-
ing of vimentin and actin by miR-378* could contribute to its
known impact on OXPHOS metabolism (14).

Regulation of Chaperones and Endoplasmic Reticulum Pro-
teins by miR-378 and miR-378*—We found several proteins
related to Ca2� buffering (calumenin, GRP78) and chaperone
activity (PPIA, GRP78) to be repressed by the two miRs. Low
glucose levels in the cell induces synthesis of GRP78 (43) a
chaperone protein, whose increase is a marker of ER stress
(32). GRP78 also preserves cytoplasmic calcium homeostasis
by regulating the Ca2� flow of the ER (32). This Ca2� flow
plays an important role in the regulation of mitochondria ac-
tivity. Drugs altering the homeostasis of calcium in ER such as
thapsigargin, an inhibitor of Serca2 pumps, are strong induc-
ers of ER stress. Cyclophilin A inhibition is associated with the
UPR and an induction of ER stress associated proteins Grp78
and CHOP (44). GMPPA is the alpha subunit of the GMPP
enzyme that catalyzes the reaction converting mannose-1-
phosphate or glucose-1-phosphate and GTP to GDP-man-
nose or GDP-glucose, respectively (45). GDP-mannose plays

FIG. 6. Repression of chaperone proteins by miR-378 and miR-378*. Western blot analysis showed that Grp78 was repressed in the
presence of miR-378 and to a lesser extent in the presence of miR-378*. PPIA was not repressed by miR-378 but only by miR-378*. Grp94
expression pattern was also repressed by the two miRs. Data are expressed as mean � S.E. **p � 0.01, ***p � 0.001 miR versus control. n �
3 for each group.

FIG. 7. Biological functions regulated by miR-378 and miR-378*. A, MiR-378* and miR-378 are produced from a mirtron located in the
first intron of the PGC-1� gene. B, MiR-378* targets are shown in blue and miR-378 targets in red. Targets of both miRs are shown in a shade
of blue and red. Mir-378* represses cytoskeleton proteins that are involved in a cross-talk with OXPHOS energetic pathway. MiR-378 represses
LDHA. This enzyme, involved in the last step of glycolysis, is required for cell proliferation. Both miRs repress ER proteins involved in
glycosylation, Ca2� buffering and chaperone activity. These pathways play a major role in the unfolded protein response (UPR). GRP78 is more
repressed by miR-378 than by miR-378* and vice versa for PPIA. Glucose deprivation is known to induce GRP78 and alter glycosylation.
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a key role in the biosynthetic pathway that produces the
N-linked oligosaccharides of many membrane and secretory
glycoproteins in the ER of eukaryotic cells. Interference with
the glycosylation process triggers the UPR (46).

Altogether, these data and our results suggest a tight en-
tanglement of these pathways through their regulation by
miR-378 and miR-378*. The first strongly repressed GRP78
whereas the second is a strong inhibitor of PPIA expression.
Moreover, GRP78 is involved in mitogenesis and cellular pro-
liferation (32), which suggests that its repression by miR-378
along with LDHA inhibition blocks cellular proliferation.

In the present study, we report the novel observation that
miR-378 and miR-378* regulate different but related pathways
in cardiomyocytes. An elegant study recently identified the
mRNAs that are differentially regulated following miR-378:
miR-378* hairpin overexpression in the mouse heart (47). In
agreement with our results, at least three putative targets in
their data set match our list of direct miR-378 or miR-378*
targets including alpha skeletal actin mRNA that is strongly
repressed in Matkovich’s data set (FC � 	8.24), Lactate
dehydrogenase A and Grp78. As highlighted in this study and
others (18, 19, 23, 47), both miR-378 and miR-378* are co-
expressed in cardiac cells. Interestingly, the ratio of each
strand of the hairpin may vary according to the stage of
cardiomyocyte differentiation. For instance, we found that the
Q-PCR miR-378/378* ratio is 2.3 under baseline conditions in
H9c2 cells but increases to 10.17 in neonatal rat cardiomyo-
cytes (data not shown). The latter are much less proliferative
than H9c2 cells and develop a higher oxidative metabolism in
agreement with an increased impact of miR-378. Our study
suggests that the balance in the ratio between the two strands
of the hairpin may have an impact on the metabolism and
differentiation state of cardiac cells.

In conclusion, our results show that miR-378 and miR-378*
establish a connection among energy metabolism, cytoskel-
eton remodeling, and ER function through post-transcrip-
tional regulation of key proteins involved in theses pathways.
It is important to note that, because the two-dimensional
DIGE approach mainly detects quantitative differences
among abundant cellular proteins, our observations provide
proof of concept rather than a thorough accounting of the
proteomic changes under the control of these miRs. Further
investigation and the use of high throughput deep proteomics
techniques will be required to fully understand the role of
these microRNAs in the regulation of cardiac functions.
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