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Background: Insulin-like growth factor 1 (IGF1)/IGF1R signaling promotes cardiomyocyte survival and undergoes down-

regulation after birth.

Results: Cardiac expression of miR-378 is induced after birth. IGF1R is a direct target of miR-378.

Conclusion: miR-378 promotes cardiac apoptosis.

Significance: Inhibition of miR-378 would be beneficial in promoting cardiac cell survival in an ailing heart.

Postnatal cardiac remodeling is characterized by a marked
decrease in the insulin-like growth factor 1 (IGF1) and IGF1
receptor (IGF1R) expression. The underlying mechanism
remains unexplored. This study examined the role of micro-
RNAs in postnatal cardiac remodeling. By expression profiling,
we observed a 10-fold increase in miR-378 expression in
1-week-old neonatal mouse hearts compared with 16-day-old
fetal hearts. There was also a 4 — 6-fold induction in expression
of miR-378 in older (10 months) compared with younger (1
month) hearts. Interestingly, tissue distribution analysis identi-
fied miR-378 to be highly abundant in heart and skeletal mus-
cles. In the heart, specific expression was observed in cardiac
myocytes, which was inducible by a variety of stressors. Over-
expression of miR-378 enhanced apoptosis of cardiomyo-
cytes by direct targeting of IGFIR and reduced signaling in
Akt cascade. The inhibition of miR-378 by its anti-miR pro-
tected cardiomyocytes against H,O, and hypoxia reoxygen-
ation-induced cell death by promoting IGF1R expression and
downstream Akt signaling cascade. Additionally, our data
show that miR-378 expression is inhibited by IGF1 in car-
diomyocytes. In tissues such as fibroblasts and fetal hearts,
where IGF1 levels are high, we found either absent or signif-
icantly low miR-378 levels, suggesting an inverse relationship
between these two factors. Our study identifies miR-378 as a
new cardioabundant microRNA that targets IGF1R. We also
demonstrate the existence of a negative feedback loop
between miR-378, IGF1R, and IGF1 that is associated with
postnatal cardiac remodeling and with the regulation of car-
diomyocyte survival during stress.
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MicroRNAs (miRNAs)> are endogenous, small noncoding
RNAs that have emerged as powerful negative regulators of
gene expression. By targeting specific mRNAs mostly in the 3’
untranslated regions, miRNAs either destabilize target mRNAs
and/or inhibit their translation. Bioinformatics predicts that
almost 30% of all human mRNAs are regulated by miRNAs (1,
2). Recently these regulatory molecules have been suggested to
be involved in several biological processes ranging from devel-
opment and metabolism to apoptosis and signaling pathways.
Among the almost 1000 human miRNAs described so far, only
a handful are found to be abundant in the heart, such as miR-1,
miR-133, miR-208a, miR-208b, and miR-499. These cardio-
abundant miRNAs have been shown to play fundamental roles
in regulating development as well as disease processes (3).

Recent emerging data indicate that miRNAs also play a role
in the cardiac remodeling that occurs during the postnatal
period. Global inhibition of miRNA processing by cardiac-spe-
cific deletion of Dicer was shown to cause postnatal lethality
from progressive heart failure (4). Cardiac-specific conditional
deletion of Dicer in the myocardium after birth was also shown
to produce spontaneous cardiac remodeling, and cardiac dys-
function resulting in premature death within 1 week (5). More
recently, an elegant study from Olson’s group (6) demonstrated
that the loss of the proliferative potential of cardiomyocytes
after birth is related to the up-regulation of miR-15 family
members. Knockdown of a single member of this family, miR-
195, was sufficient to increase the number of mitotic car-
diomyocytes and de-repress Checkl (6).

Another important aspect of cardiac remodeling during the
postnatal period is the regulatory role played by insulin-like
growth factor 1 (IGF1), a key survival factor in the heart. It is
released into the bloodstream by the liver, or synthesized locally
by muscles and neural cells. Acting in an autocrine or paracrine
fashion, IGF1 via the IGFIR triggers a signaling cascade that
plays many essential regulatory roles in multiple aspects of car-

2The abbreviations used are: miRNA, microRNA; IGF, insulin-like growth
factor.
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diac biology. During the postnatal period, the switch in cardiac
metabolism and withdrawal of the cardiomyocyte from the cell
cycle is characterized by a marked decrease in the expression of
IGF1 and IGFIR (7, 8). The down-regulation of IGF/IGF1R is
also observed in other organ systems, such as the brain (9). The
mechanism of IGFIR down-regulation has not yet been
described.

In this study we demonstrate that postnatal repression of
cardiac IGF1R is associated with the up-regulation of miR-378.
Our data illustrate the high abundance of miR-378 in the heart
and its stress-inducible and specific expression in cardiomyo-
cytes. We found that miR-378 promotes cardiomyocyte apo-
ptosis by directly targeting IGF1R and consequently inhibiting
IGF1-mediated activation of Akt. In addition, ligand IGF1 was
found to act as an inhibitor of miR-378 expression. Indeed IGF1
abundance correlated with the depression of miR-378 in car-
diac fibroblasts in culture, and iz vivo in the fetal heart and vice
versa after birth. Together, our findings define a functional role
of miR-378 in the heart and unravel a unique reciprocal molec-
ular circuit between miR-378, IGFIR, and IGF-1, which
appears to play a significant regulatory role during postnatal
cardiac remodeling.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Reagents used in the study were
purchased as follows: Dulbecco’s modified Eagle’s medium
(DMEM), Lipofectamine 2000, TRIzol, T4 DNA ligase, restric-
tion enzymes, SuperScript III reverse transcriptase kit, DH5«
cells, RNA oligos (378-mimic, 378-anti-miR, scramble, and
mimic control), Opti-MEM transfection media, and Lipo-
fectamine were purchased from Invitrogen; fetal bovine serum
(FBS) from Gemini Inc.; collagenase type 3, trypsin, and soy-
bean inhibitor from Worthington Biochemicals; DNA probes
for miR1, miR-378, miR-378% miR-133a, U6, and miR-208a
were synthesized from IDT; the gel extraction kit and DNA
Maxi prep kit from Qiagen; Fast SYBR Green Master Mix was
from Applied Biosystems; ECL Western blot detection kit,
chemiluminescence films, and HyBond N nylon membrane
were purchased from Amersham Biosciences; nitrocellulose
transfer membrane, RC/DC assay, and Precision Plus Dual pro-
tein ladder from Bio-Rad; Restore Western blot stripping buffer
was from Thermo Science; PQ401, horseradish peroxidase-
conjugated anti-rabbit antibody, laminin, and other general
chemicals were purchased from Sigma; hybridization buffer
and Nuc Away columns from Ambion; the In Situ Cell Death
(TUNEL) detection kit was from Roche Diagnostics; pmiRGLO
vector, Caspase Glow assay, ApoTox Glo Triplex Assay kit, and
Dual Luciferase assay kit were purchased from Promega; and
[y->?P]ATP from PerkinElmer Life Sciences. Specific antibod-
ies were obtained from following sources: Akt, anti-pAkt
(Thr**® and Ser*”®), pERK, FoxO3, pFoxO3a, and p-IGFIRB
were purchased from Cell Signaling; FasL, TRAIL, Bim,
GAPDH, ERK?2, B-actin, and HRP-conjugated anti-mouse or
anti-goat antibodies were from Santa Cruz; anti-human insu-
lin-like growth factor 1 and anti-rabbit HRP antibody were
from Sigma; IGF1R (3 subunit) antibody from Millipore; a-ac-
tinin and phospho-ERK1/2 were from Abcam Inc.; fluorescent
labeled Alexa Fluor 488 (green) and 594 (red) antibodies, ToPro
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nuclei labeling reagent, and ProLong Gold antifade reagent
were purchased from Molecular Probes.

Animals—All animal experiments were performed in
accordance with currently prescribed guidelines and under a
protocol approved by the Institutional Animal Care and Use
Committee at University of Illinois at Chicago.

Cell Culture—Primary cardiomyocyte cultures were isolated
from 1-day-old neonatal rats (Harlan Sprague-Dawley) as per
our published procedures (10). For experiments requiring non-
muscle cells, cells were obtained during the pre-plating step and
cultured for appropriate density. H9C2 cells were grown in
DMEM supplemented with 10% FBS. Seventy-two h prior to
transfection, cells were switched to differentiation medium
(DMEM + 2% FBS) and maintained in this medium throughout
the experimental period.

Northern Analysis—Total RNA was isolated using TRIzol
reagent and 10-20 ug of total RNA resolved in 12% urea-
PAGE, transferred onto HyBond N nylon membrane by elec-
troblotting in 0.5 X TBE buffer (89 mm Tris base, 89 mm boric
acid, 2 mm EDTA). Pre-hybridization for 2 h at 42°C and
hybridization in the presence of the [y-**P]ATP-labeled spe-
cific oligo probe overnight was carried out in hybridization
buffer. The membranes were washed in 2X SSC buffer (150 mm
NaCl, 15 mm Naj, citrate). Images were captured by exposing to
the phosphorimaging screen followed by scanning on a Storm
860 scanner. Signals were quantified using the Image ] program.
The U6-labeled radioactive probe was used as control for all
samples after membranes were stripped in 1X SSC, 0.1% SDS
buffer at 72 °C.

Western Analysis—Cell lysates were prepared in urea/thiou-
rea sample buffer (8 M urea, 2 M thiourea, 0.05 M Tris, pH 6.8, 75
mM DTT, 3% SDS, 0.05% bromphenol blue) by brief sonication,
protein concentrations were determined using the RC/DC pro-
tein assay kit and equalized proteins were resolved by SDS-
PAGE gel (30 pg/lane unless otherwise indicated). Western
blotting was performed using standard protocols. Each mem-
brane was stripped and re-probed with either GAPDH or 3-ac-
tin primary antibody for loading control. Signal intensities were
quantified using Image] version 1.37 software (NIH).

Caspase 3/7 Activity Assay—Caspase activity was measured
by luminescent assay for caspase 3/7 detection as per the man-
ufacturer’s instructions in a 96-well plate format. Signal was
measured at 491 nm using a Promega luminometer microplate
reader. Values are expressed as relative light units (blank
subtracted).

DNA Fragmentation by TdT-mediated dUTP Nick End
Labeling (TUNEL) Staining and Viability Assay—Cardiomyo-
cytes were grown on glass coverslips. After 72 h of transfection,
cells were permeabilized and the TUNEL reaction was per-
formed as per the manufacturer’s instructions. With each assay
run, a negative control (by omitting dUTP or TdT) was
included. TUNEL positive cells were identified by fluorescence
microscopy using an excitation wavelength of 488 nm. Cells
were defined as apoptotic when the TUNEL (green) labeled
nuclei were detected with a sharply demarcated and condensed
morphology. ToPro reagent was used for nuclei visualization,
according to the manufacturer’s protocol. For quantitative data
expression, TUNEL positive nuclei were counted from 10 ran-

VOLUME 287+-NUMBER 16+APRIL 13,2012



MicroRNA-378 Targets IGF1R and Regulates Cardiac Cell Survival

dom fields with 30 —50 nuclei per field and average values were
calculated from 20 different images in each group. Cell viability
was measured using a MultiT ox-Glo Assay kit (Promega) as per
the manufacturer’s instructions.

Simulated Ischemia/Reperfusion Treatment—To simulate in
vivo I/R conditions, 48 h after transfections, cardiomyocytes
were exposed to hypoxia and oxygenation as described previ-
ously (11). Briefly, cells plated in DMEM complete medium
were placed in a Plexiglas chamber, and exposed to a constant
stream of water-saturated 2% O,, 93% N,, and 5% CO,, for the
indicated times. Maintenance of the desired O, concentration
was constantly monitored during incubation using a micropro-
cessor-based oxygen sensor. Following exposure to hypoxia,
the cells were re-oxygenated in a humidified tissue culture
incubator with 5% CO,, 95% air. For the inhibitor experiments,
the IGF-1R inhibitor PQ401 was added 30 min prior to the
exposure of hypoxia.

Immunofluorescent Staining and Confocal Microscopy—Car-
diomyocytes were grown on glass coverslips and processed for
confocal microscopy according to our published procedures
(12) using FoxO3 primary antibody and additionally with a-ac-
tinin antibody for myocyte visualization. Cells were then
washed and incubated with fluorescently labeled Alexa Fluor
488- and Alexa Fluor 568-conjugated antibodies. Nuclei were
visualized by ToPro reagent as per the manufacturer’s protocol.
Cells were washed and mounted on glass slides using ProLong
Gold antifade reagent. Imaging was performed on a Bio-Rad
Laser Sharp 2000 system (Bio-Rad) using a X40 objective
(Zeiss). For each experimental group, there was a minimum of
three experiments with at least three replicates of each sample.

Dual Luciferase Reporter Assay—Firefly and Renilla lucifer-
ase activities were measured sequentially using a Dual Lucifer-
ase Reporter Assay System as per the manufacturer’s instruc-
tions. The firefly luciferase signal was measured first at 480 nm
and followed by Renilla luciferase at 560 nm in the same sample
using a EG&G Berthold LUMAT LB9507 reader. Firefly lucif-
erase activity was normalized using the Renilla luciferase signal
and values were expressed as arbitrary relative light units.

DNA Constructs and Cell Transfection—A three-repeat
sequence of the miR-378 predicted target region was synthe-
sized from the 3" UTR of human IGFIR and cloned into an
Xho-Xba site in a dual luciferase reporter vector pmiRGLO.
The control construct with mutations incorporated in the miR-
378 seed region was generated similarly. These constructs were
sequence verified. Cells were transfected with various DNA
constructs and RNA oligos using Opti-MEM and Lipo-
fectamine 2000 as per the manufacturer’s protocol. All trans-
fections were performed in triplicate in 3 independent
experiments.

Real-time Polymerase Chain Reaction—Total RNA was iso-
lated and treated with DNase I to eliminate residual genomic
DNA. MicroRNA expression profiling was performed accord-
ing to the methods described in Ref. 13. Briefly, a multiplex
c¢DNA reaction was carried out where 1 ug of total RNA was
primed by a pool of 24 oligo nucleotides and reverse transcribed
using SuperScript III reverse transcription reagent. Real-time
amplification of individual microRNAs was then performed in a
SYBR Green-based assay reaction using a Fast ABI cycler and
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microRNA-specific F and R primers. U6 was used as a normal-
izing control. Real-time PCR primers for mouse IgfIR and
PgclB were designed using Real-time PCR Primer Design, the
sequence is available upon request. 2.5 ug of DNase-digested
total RNA was reverse transcribed using the SuperScript III kit
and random hexamers. In a 20-ul PCR, 5 ng of cDNA template
was mixed with primers to a final concentration of 200 nm and
10 ul of Fast SYBR Green master mix. Amplification was car-
ried out in a 7500 Fast Real-time PCR system by first incubating
the reaction mixture at 95 °C for 20 s, followed by 40 cycles of
95 °C for 20 s and 60 °C for 30 s. For quality control purposes, at
the end of each run, dissociation curves were generated by incu-
bating the reactions at 95 °C for 15 s, 60 °C for 1 min, 95 °C for
15s,and 60 °C for 15 s. Primer pairs used in the study were free
of primer dimer artifacts. Expression ratios were calculated by
the AAC, method, where C is the cycle threshold, using B-ac-
tin as a reference gene.

Statistical Analysis—Data are expressed as the mean * S.D.
of at least 3 independent experiments. Control and treatment
groups were matched in sets containing cells isolated and cul-
tured on the same day to eliminate variability due to a cell batch.
The two-tailed Student’s ¢ test was used for performing analysis
of variance in Excel software. A p value of 0.05 or less was con-
sidered statistically significant.

RESULTS

Several MicroRNAs Are Induced in Heart after Birth—Real-
time quantitative PCR of 23 randomly selected microRNAs
showed increased expression of 8 microRNAs by 4-fold or more
in the mouse neonatal heart (7 days after birth) when compared
with fetal hearts at 16 days gestation. Among these, expression
of miR-1, miR-133, miR-208a, and miR-378 was found to be
increased by more than 10-fold (Fig. 1A). The findings were
verified by Northern analysis (Fig. 1B8), which also showed dif-
ferent kinetics of induction after birth (supplemental Fig.
S1A), suggesting their differential roles in postnatal cardiac
remodeling.

High Abundance and Cardiomyocyte-specific Expression of
miR-378 in Heart—Several previous studies have suggested
that miR-1, miR-133a, and miR-208a are abundantly expressed
in the heart and play regulatory roles in various aspects of car-
diac pathophysiology, but the role of miR-378 in the heart has
never been investigated. We became interested in miR-378
because it is not only induced during the postnatal period, but is
also derived from the Pgc1 3 gene, which has been shown to play
critical roles in regulating cardiac cell metabolism (14). The
first intron of the Pgc1B gene contains a stem-loop structure
that gets processed into two microRNAs: miR-378 and miR-
378* (Fig. 1C). We first performed a tissue distribution analysis
and found that miR-378 is highly expressed in heart and skeletal
muscles, low levels were found in kidney, liver, and small intes-
tine, minimal in spleen and uterus, and none in the lung (Fig. 1D
and supplemental Fig. S1B). We next examined the relative
expression of miR-378* by stripping and re-probing the same
membrane and found very weak cardiac expression of miR-
378*. We also examined miR-378* in fetal and neonatal hearts
and found that it is not inducible after birth (Fig. 1D). Therefore
this study focused on miR-378 for further characterization in
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FIGURE 1. Differential expression of microRNAs in postnatal heart. A, expression of randomly selected microRNAs in fetal (16-day gestation) and neonatal
(7-day postnatal) mouse hearts by quantitative RT-PCR, asterisks mark p < 0.05 when compared with the fetal heart. B, validation of real-time PCR data by
Northern analysis. C, schematic presentation and location of miR-378 in the first intron of the Pgc1B gene, stem-loop structure of pre-miR-378 and its
processing into miR-378 and miR-378*. D, tissue distribution and development analysis of miR-378 and miR-378* by Northern blot analysis. £, expression of
miR-378 in primary cultures of cardiomyocyte and fibroblasts obtained from the same culture (20 g of RNA/lane). Each experiment was repeated a minimum

of 3 times. U6 was used as the loading control.

the heart. Intriguingly, miR-378 was found expressed only in
the cardiac myocytes and not in non-muscle cells obtained dur-
ing the pre-plating step of the same culture (Fig. 1E). We even
used 3 times more RNA than used for cardiac myocytes and still
did not find miR-378 in non-muscle cells, treatment of these
cells with angiotensin II, a well known stimulator of fibroblast
cell proliferation, also did not induce miR-378 (data not
shown). Additionally, we observed that cardiac expression of
miR-378 increased continuously as animals aged from 4 weeks
to 6 months and further onto 10 months (Fig. 2A4). Next, we
examined if the age-related increase in miR-378 originates from
its induction in aging fibroblasts, by culturing fibroblasts from
the aged hearts and again found no expression (not shown),
suggesting that the age-related increase of miR-378 occurs in
the cardiomyocytes.
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Up-regulation of miR-378 by Stress—One of the characteris-
tic features of the aged myocardium is its greater susceptibility
to stress-related injuries. Because miR-378 showed an age-re-
lated increase in expression, we asked whether it responds to
stress-inducing agents. Cardiomyocytes were treated with
camptothecin, which induces cell stress by inhibiting DNA
topoisomerase (15), or with H,O,, a well known inducer of
oxidative stress. Camptothecin and higher doses of H,O, sig-
nificantly enhanced miR-378 expression (Fig. 2, B and C). In
contrast, growth promoting stimuli such as serum and the
a-adrenergic receptor agonist phenylephrine (not shown)
had no effect on miR-378 expression. We also examined the
influence of nutrient stress on miR-378 and found that car-
diomyocytes grown in low glucose (2 or 5 mmM) medium had
an almost 3-fold higher expression as compared with control
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FIGURE 2. miR378 is a stress inducible microRNA in rat neonatal cardiomyocytes. A, developmental and age-related expression of miR-378 by Northern
blotting. B, expression of miR-378 following treatment of neonatal cardiomyocytes with various stressors for the indicated times and durations. Lower panel
shows the expression of a non-related microRNA, miR-208, in the same membrane after stripping and hybridization with radiolabeled miR-208. C, quantifica-
tion of miR-378 normalized to miR-208a, each bar is the mean =+ S.D. of a minimum of 3 independent experiments. D, real-time PCR analysis of Pgc73 mRNA in
the same samples as in B. Relative expression was calculated by the AAC; method using B-actin as a reference gene. Asterisks mark the statistical significance

(p < 0.05). NS, non-significant.

media (25 mm glucose). The expression of the miR-378 pre-
cursor or the unrelated microRNA, miR-208a, was not influ-
enced by any of the tested stressors. To probe into the mech-
anism of this stress-related induction of miR-378 expression,
we examined the mRNA levels of its parent gene Pgcl B in the
same RNA preparations and found a similar pattern of
induction (Fig. 2D). Taken together, our results indicate that
miR-378 is a stress-responsive miRNA in cardiac myocytes
whose expression is co-induced with its parent gene by
stressors.

IGFIR Is an Endogenous Target of miR-378-mediated
Repression—Using a bioinformatics approach, we searched for
candidate miR-378 targets among genes that are known to be
down-regulated during postnatal cardiac remodeling. We used
prediction tools, TargetScan and Microcosm Targets, and both
identified a match of a miR-378 “seed” sequence along with the
flanking nucleotides within the 3" UTR of IGF1R. This region
was found highly conserved across several vertebrate species
(Fig. 3A).

The IGF1R is comprised of two a-subunits and two 3-sub-
units. Both a- and B-subunits are synthesized from a single
mRNA precursor. The a-chains are located extracellularly,
whereas the B-subunits span the membrane and are responsi-
ble for intracellular signal transduction upon ligand stimula-
tion. Using an antibody against the B-subunit of IGF1R, we first
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examined the relationship between the expression levels of
IGF1R and miR-378 (Figs. 2A and 3B) in 16-day-old fetal hearts
versus 1 week, 2 weeks, 4 weeks, and 10 months after birth and
observed an inverse relationship between miR-378 expression
and IGF1R protein levels at all time points (Fig. 3C). This was
also evident in fibroblasts where IGFIR is highly expressed,
consistent with previous reports (16), whereas expression of
miR-378 is not detected in cardiac fibroblasts (Fig. 1E). The
inverse expression pattern suggested that IGF1R could serve as
atarget gene for miR-378. For experimental validation, gain-in-
function studies of miR-378 for endogenous IGF1R were per-
formed in cardiomyocytes. For overexpression, a synthetic,
commercially available double-stranded miR-378 mimic (378-
mimic) was used. For controls, a double-stranded mimic con-
trol designed with no homology to any of the miRNA sequences
available in the mouse, rat, or human miRNA data base was
used. Transfection of primary cultures of cardiomyocytes with
25 and 50 nM 378-mimic resulted in 10- and 15-fold higher
expression of mature miR-378 with no effect on its precursor
level (Fig. 4A). Western analysis showed a dose-dependent
decline in IGFIR expression by 30 and 52% with 25 and 50 nm
378-mimics (Fig. 4B). A comparable decline in IGF1R expres-
sion in 378-mimic-transfected cells was also observed when we
compared it against an additional control group where cells
were transfected with a custom RNA oligo with the mutated
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miR-378 48 h following transfection of the 378-mimic in cardiac myocytes, U6 was used as a loading control. B, IGF1R expression by Western blot in triplicate
(50 ug of protein/lane) in the presence of mimic control or increasing amounts of 378-mimic, GAPDH used as a loading control. Right graph is derived from 3
additional experiments. G, real-time PCR analysis of IGF1R mRNA levels in mimic control and 378-mimic transfected cells (n = 2). D, functional assay of the IGF1R
3" UTRin H9C2 cells using a dual luciferase reporter system following transfection of various DNA constructs in the presence of 378-mimic or mimic control. The
sequence shown is the predicted target sequence of IGF1R 3" UTR, three repeats of this sequence (Wt/GF1R3X-luc) or mutated sequence (underlined nucleotide
mutiGF1R3X-luc) were cloned downstream of the luciferase reporter, Renilla luciferase activity was used for normalizing data. Data are derived from triplicate
transfectants of 3 independent experiments. ¥, p < 0.05.

seed region of miR-378 (not shown). We also evaluated IGFIR
mRNA by real-time PCR and found no change with 378-mimic
(Fig. 4C). Taken together our data suggest that miR-378 pro-
duces translation inhibition and not the mRNA stability of
IGFIR.
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We next evaluated whether the predicted 3" UTR sequence
of IGFIR could be targeted by miR-378 in a luciferase-3" UTR
functional assay. To eliminate the influence of endogenous
miR-378 targeting luciferase reporter, we first utilized cardiac
fibroblasts, which do not express miR-378, but these cells could
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FIGURE 5. Inhibition of IGF1 but not PE-induced signaling and augmentation of PQ-401 effect on pAkt by miR-378. A, Western analysis showing pAkt
(Thr*°8) and total Akt in neonatal rat cardiomyocytes following transfection with mimic control or 378-mimic for 48 h, cells were then serum starved overnight
and treated with IGF1 (10 nm) for 15 min. B, same cell lysates as in A analyzed for pERK and total ERK2. C, cells were prepared as in A, but treated with
phenylephrine (50 um) for 5 min and analyzed for pERK and total ERK. D, cells were prepared as in A, but treated with PQ-401 (10 wm) 90 min prior to stimulation
with IGF1. All results are representative of at least three independent experiments. p < 0.05, Significant when compared with the non-treated group (*) or when

compared with the corresponding treated mimic control group (#).

not survive with 378-mimic transfection. Subsequently, we
analyzed miR-378 expression in HOC2 cells, a cell line derived
from the embryonic rat heart. Consistent with low expression
levels of miR-378 in the fetal heart, the H9C2 cells were found
to express very low levels of miR-378, we had to use 3 times
more RNA than from fetal heart to detect a minimal miR-378
signal (not shown). Co-transfection of wtIGFIR-luc with 378-
mimic resulted in a dose-dependent reduction in luciferase
activity, whereas mimic control had no effect. There was no
effect on luciferase reporter, when 378-mimic was co-trans-
fected with empty vector or with mutIGFIR3X-luc (with
mutated /GFIR 3" UTR sequence) (Fig. 4D). The incorporated
mutation significantly disrupted the miR-378 seed region to
form a hybrid as shown (supplemental Fig. S2) with increased
minimum free energy from —27.5 kcal/mol (WT IGFIR/
miR378 hybrid) to —10.7 kcal/mol (mutant /GFIR/miR-378
hybrid). Taken together, these results suggest IGFIR 3' UTR as
a bona fide miR-378 target.

It has been demonstrated that IGF1/IGFIR signaling
involves activation of PI 3-kinase, the serine-threonine kinase
Akt, and ERK1/2 (17). To examine the influence of miR-378 on
IGF1-induced cardiac response, cardiomyocytes were either
mock transfected or transfected with mimic control or 378-
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mimic (25 and 50 nm) in duplicates. After 48 h, cells were serum
starved overnight, one set of plates was treated with IGF1 (10
nM) the other received vehicle for 15 min. IGF1 caused Akt
activation (Thr3°®), which was comparable in mimic control
and mock-transfected cells (not shown). Transfection of 378-
mimic on the other hand produced a dose-dependent decline in
Akt and ERK activation by IGF1 (Fig. 5, A and B). In contrast,
when cells were treated with phenylephrine there was no inhi-
bition in pERK but rather an increase was observed with 378-
mimic compared with the mimic control group (Fig. 5C). It is
therefore apparent from these findings that miR-378 specifi-
cally targets IGF1R-mediated signaling. To further establish a
link between miR-378 and IGF1R-mediated signaling we used a
specific inhibitor of IGFIR, N-(5-chloro-2-methoxyphenyl)-
N'-(2-methylquinolin-4-yl) urea, also known as PQ-401, which
is shown to suppress IGF1-stimulated autophosphorylation of
IGF1R with an IC,, value of 12 um (18). Cardiomyocytes were
transfected and serum starved as above in duplicates, after 48 h,
one set of plates was treated with PQ-401 and the other with
vehicle for 90 min followed by IGF for 15 min. As shown in Fig.
5D, the inhibition of pAkt by PQ401 was augmented by miR-
378. PQ401 produced about 48% reduction in pAkt in the
mimic control group, whereas it produced 62 and 75% reduc-
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a minimum of 3 independent experiments.

tion when combined with 10 and 25 nm 378-mimic as com-
pared with non-treated 378-mimic-transfected cells. The com-
pounded effect of PQ-401 with miR-378 overexpression further
suggests that this microRNA acts as a repressor of IGF1R.
Expression of miR-378 Sensitizes Cardiomyocytes to Cell
Death Stimuli—Activated Akt is a well known survival signal in
cardiomyocytes particularly during stress. Data presented in
Fig. 2 show that miR-378 is a stress responsive microRNA and
those in Fig. 5 demonstrate that overexpression of miR-378
reduces pAkt. With this in mind, we examined the influence of
378-mimic on cardiomyocyte apoptosis induced by H,O,. Pri-
mary cultures of cardiomyocytes were either mock transfected
with mimic control or 378-mimic. Evaluation of DNA fragmen-
tation showed that a 4-h treatment with H,O, produced a
2-2.5-fold more increase in TUNEL-positive nuclei with 378-
mimic as compared with mimic control or mock-transfected
cells (Fig. 6, A and B). Caspase 3/7 activity following different
durations and doses of H,O, treatment in cardiomyocytes was
also found to be significantly higher with 378-mimic at all data
points (Fig. 6C). More importantly, at suboptimal doses of
H,O, (200 uM, 18 h) when there was no caspase activation in
control groups, overexpression of miR-378 resulted in twice as
much caspase activation as observed in mock or mimic control-
transfected cells. We next evaluated apoptosis inducing signal-
ing cascade by examining the expression of FoxO3 and its tran-
scriptional targets such as Bim, Trail, and FasL in the presence
of 378-mimic or mimic control. As shown in Fig. 6, D and E,
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along with the reduced expression of p-IGF1R, IGF1R, and
pAkt, 378-mimic also produced significantly lower levels of
pFoxO3 accompanied by increased expression of Bim, Trail,
and FasL (Fig. 6, D and E). These findings collectively suggest
that enhanced expression of miR-378 makes cardiomyocytes
more susceptible to caspase activation and DNA fragmentation
in response to stress inducing agents, consistent with increased
cell death. This may have an in vivo implication in imparting
greater susceptibility of the aged myocardium (where miR-378
is found increased) to stress-related injuries.

Inhibition of Endogenous miR-378 Induces IGFIR and pAkt
Levels—We also took a complementary approach where we
knocked down miR-378 in cultured cardiomyocytes and evalu-
ated Akt activation by IGF1. The knockdown of miR-378 was
achieved by a commercially available 378-anti-miR and verified
by Northern analysis (Fig. 7A). For controls, we used a single-
stranded scramble oligo, which was designed not to target any
known miR sequences. Evaluation of IGFIR expression by
Western blots showed about 2-2.5-fold induction with 378-
anti-miR in relationship to the scramble control group (Fig.
7B). The pAkt levels by IGF1 activation were also found signif-
icantly higher (9-10-fold) in the 378-anti-miR group than the
scramble control group (only 5-fold-induction) in relationship
to the corresponding non-treated cells (Fig. 7C). To analyze the
role of IGFIR in 378-anti-miR-mediated enhancement of Akt
activation, we performed the same experiment but in the pres-
ence of a IGF1R inhibitor, PQ-401. As shown in Fig. 7D, 378-
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FIGURE 7. miR-378 knockdown enhances IGF 1R expression and IGF1-induced AKT activation. A, Northern blot showing knockdown of miR-378 in cardiac
myocytes 48 h after transfection with either scramble control or 378-anti-miR, U6 represents the loading control on the same membrane. B, Western analysis
of IGF1R 72 h after transfection of cardiomyocytes with scramble or increasing amounts of 378-anti-miR. C, expression of pAkt and total Akt in cardiomyocytes
transfected with scramble control or 378-anti-miR. After a 48-h transfection, cells were incubated in serum-free media overnight and then treated with IGF1 for
15 min. D, cells were prepared as in C and treated with the IGF1R inhibitor PQ-401 (10 um) 90 min prior to IGF1 treatment. p < 0.05, ¥, compared with non-PQ
treated scramble control; #, compared with the PQ-401-treated scramble control (n = 2).

anti-miR antagonized the inhibition of pAkt caused by PQ-401.
The role of IGFIR signaling in 378-anti-miR-mediated Akt
activation was also evident when we used a combined inhibition
of IGF1R and downstream PI3K, the 378-anti-miR again mini-
mized the effect of these inhibitors on Akt activation (supple-
mental Fig. S3). Taken together our results support that knock-
down of miR-378 enhances IGF1R and its mediated signaling.
Inhibition of miR-378 Prevents H,O,-induced Activation of
Apoptosis Signaling Cascade and Hypoxia/Reoxygenation-in-
duced DNA Damage in IGFIR-dependent Manner—Several
groups have shown that one of the mechanisms by which pAkt
promotes cell survival under conditions of stress is by phosphor-
ylating the FoxOs, promoting their nuclear exportation, and
thereby inhibiting their ability to induce the apoptosis gene
program (19). We examined 378-anti-miR in the context of
pFoxO and its downstream apoptosis-inducing signaling cas-
cade, such as Bim, Trail, and FasL in cardiomyocytes following
H,O, treatment (500 um, 4 h). As shown in Fig. 8, A and B,
378-anti-miR not only induced the expression levels of pIGF1R,
IGF1R, and pFoxO3, but significantly reduced the expression of
Bim, Trail, and FasL. We also tested 378-anti-miR in another
oxidative injury model of hypoxia/reoxygenation. As shown in
Fig. 8C and supplemental Fig. S4, sequential exposure of car-
diomyocytes to hypoxia and reoxygenation for increasing dura-
tions (2, 3, and 4 h) increased the number of TUNEL-positive
nuclei in mock-transfected cells, which was similar to the
scramble control group. Transfection of 378-anti-miR drasti-
cally reduced cell death at each time point such that at 4 h of
hypoxia and 4 h of reoxygenation, there was almost 75% reduc-
tion in the number of TUNEL-positive nuclei in the 378-anti-
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miR group compared with scramble control. To examine the
involvement of IGF1R in 378-anti-miR-mediated cardioprotec-
tion, cells were transfected as above with scramble or 378-anti-
miR for 48 h and then exposed to varying amounts of PQ-401
for 90 min followed by 2 h hypoxia and 2 h reoxygenation. As
shown in Fig. 8, D and E and supplemental Fig. S5, the presence
of PQ-401 antagonized the 378-anti-miR-mediated cardiopro-
tection on both viability as well as the number of TUNEL-pos-
itive cells. These results suggest that IGF1R plays a critical role
in 378-anti-miR-mediated inhibition of cell death.

We also examined whether 378-anti-miR would influence the
subcellular distribution of FoxO3 under oxidative stress condi-
tions induced by H,O, (500 uM, 4 h). Confocal microscopy was
used to visualize FoxO3 distribution in co-cultures of cardiac
myocytes and cardiac fibroblasts. Our reason for using co-cul-
ture for this particular experiment was related to the myocyte-
specific expression of miR-378 (Fig. 1E). Therefore, following
oxidative stress one would expect to see interference of the
nuclear presence of FoxO3 in myocytes and not in non-muscle
cells. Myocytes were identified by counterstaining with a-ac-
tinin. As shown in Fig. 94, under basal non-treated conditions,
transfection of cells with scramble or 378-anti-mR did not
change the distribution in muscle or non-muscle cells in
FoxO3. But when these cells were treated with H,O,, in the
scramble control group nuclear translocation of FoxO3 was
observed in both muscle as well as non-muscle cells, in contrast,
with the 378-anti-miR transfection, FoxO3 immunofluores-
cence was not detected in nuclei of a-actinin positive (muscle)
cells, whereas non-muscle cells showed nuclear FoxO3.
Together these results indicate that in the presence of oxidative
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stress, 378-anti-miR interferes with FoxO3-mediated induc- dependent reduction in miR-378 expression (Fig. 9D). These

tion of the apoptosis signaling cascade preferentially in
cardiomyocytes.

IGF1 Acts as a Negative Regulator of miR-378—We also
examined if miR-378 plays a role in the down-regulation of
IGF1 seen during the postnatal period (Fig. 9B). For this car-
diomyocytes were either mock transfected or with mimic con-
trol or 378-mimics, and the cell lysates were analyzed for IGF1
expression by Western. As shown in Fig. 9C and supplemental
Fig. S6, although lower expression of IGF1 was noted when the
378-mimic group was compared with the mimic control group
the difference did not reach statistical significance. The IGF1
expression was significantly different between two controls
(mock and mimic control cells). We next asked whether IGF1,
which is a ligand for IGF1R would regulate the miR-378 expres-
sion. For this, cardiac myocytes were treated with increasing
doses of IGF1 (10 and 50 nm) for 48 h and miR-378 expression
was evaluated by Northern blot analysis. IGF1 caused a dose-
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results together indicate that miR-378 does not influence the
expression of IGF1 significantly but IGF1 acts as an inhibitor of
miR-378 suggesting that the high levels of IGF1 before birth
could be contributing to the reduced level of miR-378 observed
in the fetal heart.

DISCUSSION

It has been long appreciated that the IGF1/IGFIR system is
down-regulated during maturation of the heart after birth,
which appears to be coupled to the attenuation of cardiomyo-
cyte proliferation and the reduced uptake and metabolism of
glucose by cardiomyocytes. The underlying mechanism of
IGF1/IGF1R down-regulation remains unknown. In this study
we provide the first evidence of down-regulation of IGFIR in
cardiac myocytes by miR-378. The data supporting this conclu-
sion are as follows. First, cardiac expression of miR-378 is sig-
nificantly lower in the fetal heart and induction of miR-378

RS
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FIGURE 9. miR-378 inhibition interferes with FoxO3 translocation in the cardiomyocyte nuclei. IGF1 is a negative regulator of miR378. A, confocal imaging
showing FoxO3 subcellular distribution in co-cultures of neonatal cardiomyocyte and non-muscle cells 72 h after transfection with scramble control or
378-anti-miR with and without H,0, treatment for 4 h. FoxO3 can be visualized as green immunofluorescence, nuclei as blue, myocytes as red immunofluo-
rescence a-actinin positive cells, and non-muscle cells as absence of red fluorescence. Note, with 378-anti-miR transfection and H,O, treatment FoxO3 was
excluded only from the nuclei (seen as purple-stained nuclei in the merged image) of red-stained muscle cells, whereas its presence was detected in the nuclei
of the scramble control transfected muscle cells (seen as intense yellow staining in the merged image). B, IGF1 expression and time course by Western blot
analysis in fetal and postnatal heart tissues and in cultured neonatal cardiac fibroblasts. C, miR-378 overexpression does not significantly affect IGF1 expression
in cardiomyocytes. D, IGF1 acts as a negative regulator of miR-378. Primary cultures of cardiomyocytes were treated with increasing doses of IGF1 for 72 h.

miR-378 expression was analyzed by Northern. A modest but significant reduction was noted with a higher dose of IGF1 (n = 2).

after birth was parallel with the diminution of IGF1R expres-
sion starting 1 week after birth and continuing thereafter. Sec-
ond, a highly conserved target sequence of miR-378 is present
in the 3" UTR of IGFIR. When cloned downstream of the lucif-
erase reporter, this sequence led to reduced luciferase activity
in the presence of miR-378. Third, when overexpressed, miR-
378 reduced the expression level of endogenous IGF1R without
influencing IGF1R mRNA stability, whereas inhibition of miR-
378 by 378-anti-miR resulted in the increased endogenous level
of IGFIR beyond normal. From these data it is apparent that
IGFIR is a direct target of miR-378, and that up-regulation of
miR-378 after birth could contribute to postnatal repression of
IGF1R.

It is known that miR-378 is the product of the guide strand of
a miRNA hairpin located in the first intron of PgcIf3, the com-
plementary strand also has the potential of processing into
miR-378* We found that in the heart, miR-378 is the predom-
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inant species, whereas the expression level of miR-378* is min-
imal. This is in contrast to a breast cancer cell line, BT-474,
where both miR-378 and miR-378* mature forms were equally
detected following transfection with 378-pre-miR (20) suggest-
ing cell-type specificity in the processing of 378-pre-miR. Cell
type-specific processing of miR-378 is also suggested by our
data where the mature form of miR-378 is only in cardiomyo-
cytes and not detected in non-muscle cells, whereas pre-miR
expression was equally detected in both types of cells. In addi-
tion, our tissue distribution analysis of miR-378 also showed
comparable or in some tissues even higher levels of 378-pre-
miR expression, yet, the mature form of miR-378 was predom-
inantly observed only in striated muscles, further supporting
the role of tissue-specific factors in 378-pre-miR processing. A
recent study also suggested cell type-specific factors in eliciting
transactivation of miR-378 by c-Myc, and its oncogenic poten-
tial in c-Myc-driven cell transformation (21). Our findings of
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induced miR-378 expression during the postnatal period sug-
gests that processing of 378-pre-miR in the heart is also subject
to regulation by developmental factors. Previously, in carci-
noma cell lines U87 and MT-1, as well as in pooled cells, trans-
fection of the 378-pre-miR hairpin was reported to promote
tumor growth and angiogenesis. This study showed the miR-
378* seed sequence (addressed in this report as miR-378) tar-
gets transcription factors SuFu and Fus-1 (22) and promotes
cell survival, whereas in our study we observed an apoptosis-
inducing role of miR-378 in cardiomyocytes. Additionally,
miR-378* has been shown to promote a metabolic switch from
OXPHOS to glycolysis in the BT-474 breast cancer cell line
(20). The role of miR-378 was not investigated in this study. The
findings of our study demonstrate that miR-378 directly targets
IGF1R (which is known to promote glucose uptake and metab-
olism) and suggests that miR-378 may also have a role in the
metabolic switch that occurs in the postnatal heart. If so, miR-
378 must work in collaboration with its parent gene, which is
known to stimulate the expression of genes involved in
OXPHOS metabolism rather than in a contradictory manner as
seen for miR-378* in the BT-474 breast cancer cell line. This
speculation needs to be examined in future experiments.

Previous studies have shown that cardiac myocytes possess
IGF1R and are also capable of synthesizing and secreting IGF1.
The local IGF1/IGF1R system plays a regulatory role in car-
diomyocyte growth and survival. In transgenic mice, cardiac-
specific overexpression of IGRIR triggered myocyte hypertro-
phy and enhanced systolic function (23). IGF1R signaling is also
found to be essential in inducing physiological growth associ-
ated with exercise-induced cardiac hypertrophy (24). Exoge-
nous administration of IGF1 in vivo reduces cardiomyocyte
apoptosis in response to stress injury (25-28). Intriguingly,
genetic studies conducted in murine models indicate that an
excess of IGF1 signaling may also trigger cardiac dysfunction
(29). This emphasizes the importance of gaining a better under-
standing of the mechanisms controlling IGF1/IGFIR regula-
tion and gene transcription.

We show that miR-378 targets IGF1R, and the ligand IGF1
acts as a negative regulator of miR-378. This is evident in vitro
as treatment of cardiomyocytes with IGF1 reduced the expres-
sion of endogenous miR-378. In vivo, we observed a negative
correlation between high levels of IGF1 with reduced levels of
miR-378 in fetal heart and no expression in fibroblasts. Thus,
our study provides evidence of the existence of a feedback loop
where miR-378 is reducing the expression of IGFIR and the
ligand IGF1 is inhibiting miR-378. Our findings show that miR-
378 does not significantly affect IGF1 expression in cardiomyo-
cytes. Previous studies have shown miR-1 as a repressor of IGF1
and IGF1R in skeletal muscle during differentiation as well as in
the heart (30) and down-regulation of miR-1 is linked to IGF1
induction in myocardial infarction (31). We found that miR-1
expression is induced in the heart after birth; therefore it is
likely that the repression of IGF1/IGF1R signaling during the
postnatal period must be the result of concerted activity of
more than one microRNA in the heart.

The regulation of programmed cell death is crucial to normal
physiology of almost all multicellular organisms. Increasing evi-
dence demonstrates that apoptosis contributes to tissue injury
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in several cardiac disorders including myocardial infarction,
atherosclerosis, myocarditis, cardiac failure, and during cardiac
transplantation. In rodent and humans it is shown that about 5
to 30% of cardiac myocytes undergo apoptosis within hours of
reperfusion injury (32-36), and higher apoptosis can be
observed even after several months of ischemic insult (37, 38).
Genetic approaches using rodents have determined that inhi-
bition of apoptosis in cardiac myocytes reduces infarct size by
more than 50% (39, 40). In line with these reports, short-term
treatment with IGF-1, and cardiomyocyte-specific transgene
expression of IGF1 has been reported to improve cardiac func-
tion and counteract the occurrence of apoptosis in experimen-
tal myocardial infarction and in heart failure of a murine model
(41, 42). Because IGF1 is a well accepted survival factor, our
data suggest that one of the mechanisms by which IGF1 pro-
tects cardiomyocytes may involve its ability to inhibit miR-378,
thereby enhancing the expression of its receptor to trigger cell
survival signals. This is evident from our data, which showed
that during oxidative stress induced by H,O, and by simulated
ischemia/reperfusion injury, elimination of miR-378 by 378-
anti-miR led to enhanced cell survival by promoting IGF1R and
pAkt expression and reducing levels of apoptosis inducing fac-
tors, Bim, Trail, and FasL. Interestingly, in line with our obser-
vation of cardiomyocyte-specific expression of miR-378, we
observed that following H,O, challenge, inhibition of miR-378
resulted in cytoplasmic retention of FoxO3 only in cardiomyo-
cytes, whereas the nuclear presence of FoxO3 was detected in
non-muscle cells in the same culture. Therefore it would be
possible to promote cardiomyocyte survival with 378-anti-miR
implicating its therapeutic potential in conditions of ischemic
injury where cardiomyocyte apoptosis contributes significantly
to the disease process.

During the embryonic period, IGF1/IGF1R signaling is asso-
ciated with the proliferation of cardiac myocytes. In cultures,
stimulation of the IGF1/IGFIR system is known to activate
DNA synthesis in neonatal cardiomyocytes (43) and promote
cell cycle progression and cell proliferation in fibroblasts (16).
The antisense inhibition of IGFIR markedly attenuates cell
proliferation (8). Although we have not examined the influence
of miR-378 on cell proliferation or cell cycle progression, our
finding of induction of miR-378 during the postnatal period
suggests that similar to miR-195, which is also induced in the
postnatal heart and suppresses cardiac cell proliferation (6),
miR-378 may exert similar effects by inhibiting IGF1R signal-
ing. Another interesting aspect of our finding is the increased
miR-378 expression in aged hearts. This would be important
because cardiomyocytes isolated from IGF1 transgenic mice
show attenuated response of age-related increases in markers
of growth arrest and senescence, such as p27°#7, p16"~%**, p53,
and p19*%F (44), suggesting that 378-anti-miR may also block
such senescence markers by enhancing IGF1R signaling specif-
ically in cardiac myocytes.

Our data presented in this study provide the first evidence of
a role of miR-378 in the heart and indicates that 378-anti-miR
could provide resistance to cardiac myocytes against stress-me-
diated cell death. Future studies directed toward examining the
beneficial effect of miR-378 inhibition in conditions of patho-
logical stresses at the whole organ level will provide further
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support to the therapeutic potential of 378-anti-miR. In addi-
tion, such interventions in young versus old animals are likely to
shed more light on its role in age-related susceptibility of car-
diomyocyte to stress-related injury.
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