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Abstract: During hypoxia, gene expression is altered by various transcription factors. Insulin-like
growth factor-II (IGF2) is known to be induced by hypoxia, which binds to IGF2 receptor IGF2R that
acts like a G protein-coupled receptor, might cause pathological hypertrophy or activation of the
mitochondria-mediated apoptosis pathway. Cyclic adenosine monophosphate (cAMP) responsive
element-binding protein (CREB) is central to second messenger-regulated transcription and plays
a critical role in the cardiomyocyte survival pathway. In this study, we found that IGF2R level
was enhanced in H9c2 cardiomyoblasts exposed to hypoxia in a time-dependent manner but was
down-regulated by CREB expression. The over-expression of CREB in H9¢2 cardiomyoblasts
suppressed the induction of hypoxia-induced IGF2R expression levels and reduced cell apoptosis.
Gel shift assay results further indicated that CREB binds to the promoter sequence of IGF2R. With
a luciferase assay method, we further observed that CREB represses IGF2R promoter activity. These
results suggest that CREB plays an important role in the inhibition of IGF2R expression by binding
to the IGF2R promoter and further suppresses H9c2 cardiomyoblast cell apoptosis induced by IGF2R
signaling under hypoxic conditions.
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1. Introduction

The transcription factor cAMP responsive element-binding protein (CREB) is a 43 kDa
transcription factor that specifically binds DNA at the cyclic adenosine monophosphate (cAMP)
responsive element-binding protein (CREB) within the regulatory regions of CREB target
genes [1]. CREB acts as a downstream effector in many signaling pathways and is capable of
being activated by numerous pathways including cAMP/protein kinase A-mediated signaling,
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinases(ERK), or the
Ca®* /calmodulin-dependent protein kinase II/IV (Ca?"/CaMKII/IV) pathway. These pathways
are mainly regulated in response to growth factors, stress signals, intracellular Ca?*, and specific
peptides [2—4]. CREB can be phosphorylated at Ser-133 by variety of kinases, including protein kinase
A (PKA), Akt, and ribosome S6 kinase (p90R°K?) to increase CREB-dependent gene transcription [5-7].
Phosphorylation of CREB is essential for binding to the DNA CRE site via a leucine zipper domain,
which then leads to the recruitment of several co-activator proteins to assist with transcription [3,8,9].

CREB is a downstream component of the insulin/insulin-like growth factor (IGF) cascade, which
plays crucial roles in maintaining cell viability and embryo survival [2] and has also been reported
to be required for cell survival in neurons and pancreatic cells and the control of glucose and lipid
metabolism in hepatic cells [10-13]. CREB is known to be involved in the maintenance of normal
ventricular structure and function of the heart [14]. The anti-apoptotic effects of IGF-I require both
PI3K- and MEK1-involved signaling mechanisms, in order to activate CREB in cardiomyocytes, which
further induces the anti-apoptotic bcl-2 expression [15].

Apoptosis has been identified to play a role in many cardiovascular diseases, including
myocardial infarction and heart failure, due to cardiomyocyte loss and dysfunction [16,17]. New
evidence has shown that cells under stress such as hypoxia secrete Insulin-like growth factor-1I (IGF2)
and promote IGF2 receptor (IGF2R) expression [18,19]. IGF2R has been identified as a death receptor
gene involved in apoptosis [20]. In cardiomyoblast cells, IGF2R plays a critical role in the regulation
of cell apoptosis, which might contribute to heart failure [21]. IGF2 binds to IGEF2R, that acts like
a G protein-coupled receptor, and involves in promoting pathological hypertrophy via Gq protein
(Gaq) and its downstream effectors such as protein kinase C (PKC)-«, CaMKII, and calcineurin to
induce the expression of fetal gene atrial natriuretic peptide (ANP) and brain natriuretic peptide
(BNP) [19,21]. Gaq, via phosphorylation of phospholipase C-53 (PLC-53) on Ser-537, contributes to
the triggering of calcium influx and pathways involving PKC-«, calcineurin, and CaMKII [21,22].

Previous studies have shown that gene expression during hypoxia is regulated by specific
transcription factors, such as CREB and NF-«B [15,23]. In cardiomyocytes, hypoxia is associated
with phosphorylation of CREB, which is mediated by IGF-I and involve PI3K- and MEK1-activation,
which then induces bcl-2 [15].

However, the molecular mechanisms underlying the role of exogenous or endogenous CREB
in the regulation of hypoxia-induced IGF2R and cell apoptosis in the heart remain poorly
understood. We proposed that hypoxic conditions would stimulate IGF2R activation, thereby
triggering downstream signaling cascades, promoting cardiomyocyte apoptosis and, finally, resulting
in heart failure. CREB potentially plays a crucial role in providing protection from hypoxia-induced
IGF2R signaling and apoptosis in H9¢2 cardiomyoblast cells, thereby it inhibits heart failure. In
this study, we report that CREB plays a critical role in negatively regulating IGF2R gene expression
in hypoxia. CREB, as a transcriptional repressor, binds to the IGF2R promoter region and further
protects against hypoxia-induced heart disease.
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2. Results

2.1. cAMP Responsive Element-Binding Protein (CREB) Was Involved in Cell Survival in H9c2
Cardiomyoblast Cells

Previous studies have shown that the anti-apoptotic effect of IGF-I require activation of
the transcription factor CREB and subsequent expression of bcl-2 [15]. Therefore, we further
characterized the IGF1R and IGF2R pathway-related protein expression in H9¢2 cardiomyoblast
cells after 24 h of CREB transfection (Figure 1A,B). The levels of IGF2R pathway-related IGF2R,
Gaq, p-PLCP3, calcineurin, caspase-3, and cytochrome-C protein expression were significantly
decreased in H9c2 cardiomyoblast cells after transfection with CREB in a dose-dependent manner
(Figure 1A). The expression of IGF1R pathway-related proteins IGF1R, p-AKT, and Bcl-2 increased
with the transfection of increasing doses of CREB (Figure 1B). These findings suggest that CREB
overexpression not only repressed the IGF2R-induced apoptosis pathway but also improved cell
survival by activating the anti-apoptotic factor Bcl-2 in H9c2 cardiomyoblast cells.
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Figure 1. Cyclic adenosine monophosphate (cAMP) responsive element-binding protein (CREB) is
involved in the regulatory IGFIR and IGF2R cell signaling pathways in H9c2 cells. To assess the role
of CREB in IGFIR and IGF2R signaling pathways, protein levels under normoxia were measured by
Western blotting (A,B). H9¢2 cardiomyoblast cells were transiently transfected with 1-5 ug of CREB
plasmid for 24 h.

2.2. Hypoxia-Induced Apoptosis Was Suppressed by CREB Transfection in H9c2 Cardiomyoblasts

To investigate the molecular mechanisms that regulate the hypoxia-induced anti-apoptotic effect
of CREB, we first confirmed that cell damage was induced by hypoxia. After 24 h of hypoxia
exposure, the expression levels of hypoxia-induced factors, cell apoptosis proteins, and cell survival
proteins in H9¢2 cardiomyoblast cell were detected by Western blotting. The protein levels of HIF1«,
IGF2R, p-IGF2R, and caspase-3 were elevated in a time-dependent manner, but the levels of CREB,
p-AKT, and bcl-2 were reduced when the cells were exposed to hypoxia (Figure 2A). These data imply
that CREB expression is repressed by hypoxia and that hypoxia induces mitochondrial-dependent
cell apoptosis. Further transfection with CREB plasmids resulted in a dose-depended reversion in the
hypoxia-induced reduction of p-AKT signaling in H9c2 cardiomyoblasts. In addition, the increased
expression of the apoptosis proteins HIF1a, IGF2R, and caspase-3 proteins induced by hypoxia was
attenuated following transfection with different doses of CREB (Figure 2B).
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Figure 2. Hypoxia-induced apoptosis was blocked by transfection with CREB in H9c2 cells. (A) The
effects of hypoxia on the protein levels of CREB, HIF1«, IGF2R, caspase-3, p-AKT and Bcl-2, as
detected by Western blot; and (B) CREB over-expression further reduced HIF1w, IGF2R, and caspase-3
protein expression levels to inhibit hypoxia-induced apoptosis in H9c2 cells. After being transfected
with CREB plasmid for 24 h, H9¢c2 cells were treated with hypoxia for 24 h. Hypoxia-induced
apoptosis-related proteins were measured by Western blot.

2.3. CREB Translocated to the Nuclei of HIc2 Cells to Directly Target the Promoter Region of the IGF2R

To confirm that nuclear translocation of CREB occurs in H9¢c2 cells, nuclear, and cytoplasmic
extractions were performed after transfecting H9¢2 cells with the CREB plasmid for 24 h. The results
indicated that CREB translocates to the nucleus in H9¢2 cells (Figure 3A). To identify whether CREB
directly binds to the EBPRE sequence, an electrophoretic mobility-shift assay (EMSA) was carried
out with biotin-labeled double-stranded DNA (Figure 3B). CREB, when over expressed in H9c2
cardiomyoblasts, bound to the probe with the three repeats of the EBPRE sequence. The band
shift was attenuated on addition of either biotin-free double-stranded EBPRE DNA sequence or
an anti-CREB antibody (Figure 3C).
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Figure 3. Cont.
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Figure 3. CREB translocated to the nucleus of H9c2 cells and directly targeted the promoter region
of IGF2R. (A) Nuclear protein extracts were prepared from H9c2 cells transfected with or without
CREB; (B) the sequences of oligonucleotides used for the gel-shift, the EBPRE consensus sequences
are marked by underlines.; and (C) the EMSA pattern showing appropriate band shift in the presence
(+) of probe and in the absence (—) of either the competitor or anti-CREB. EMSA was performed
in triplicate.

2.4. CREB Suppresses IGF2R Expression by Negatively Regulating the IGF2R Promoter Activity

A construct containing —890 to —899 EBPRE-containing region of the IGF2R promoter with
luciferase reporter was used to monitor IGF2R gene transcription. The results showed that CREB
caused a significant reduction in IGF2R promoter activity when compared with control (a vehicle
containing empty plasmid) in a dose-dependent fashion (Figure 4). Taken together, these data
suggest that CREB directly binds to the EBPRE sequence of IGF2R promoter and repress IGF2R gene
transcription in H9¢2 cardiomyoblasts.
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Figure 4. CREB suppressed IGF2R gene expression by directly targeting the promoter region of
IGF2R. Schematic diagrams of the IGF2R gene indicating predicted EBPRE sites. H9c2 cells were
transiently co-transfected with empty or CREB over-expression vectors and with luciferase-reporter
constructs (P1) containing ~1.2 kb of the IGF2R promoter, either containing or not containing the
predicted EBPRE site. Luciferase activity is compared with the control. * p <0.05, ** p < 0.001 represent
significance when compared to control.
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3. Discussion

Various mechanisms govern cardioprotection against various stresses. Mild hypoxia in vitro is
known to be cytoprotective in H9c2 cells [24]. It has also been reported that different degrees of
hypoxia exert cardioprotection via activating different signaling pathways involving either ERK1/2
or Akt or ATP [25-27]. However the mechanism of cardioprotection established against the effects
of hypoxia is not well established. Our previous study indicates that while short term intermittent
hypoxia induced protective effects on hearts, long-term intermittent hypobaric hypoxia caused
deleterious effects. Therefore deleterious or advantageous effect of cardiac adaptation against
intermittent hypobaric hypoxia is highly dependent on the time—course of exposure [28-30].

In this study, we investigated the role of CREB in the regulatory mechanisms behind
hypoxia-induced, IGF2R-dependent cell apoptosis in H9¢2 cells. CREB is a ubiquitously expressed
transcription factor that plays an important role in regulating cellular differentiation and proliferation
and participates in the development of cancer and atherosclerosis [31,32]. CREB has been shown to
bind to specific DNA sequences, TGACGTAA, termed cAMP-response elements (CREs) involved
in controlling protein expressions associated with cellular proliferation and apoptosis [33], and
the transcriptional activity of these genes is regulated by numerous kinases such as PKA and
GSK-3 [34,35].

Recent studies have reported that CREB is a potent inhibitor of the ER stress-signaling
cascade [36], and attenuation of CREB activation promotes apoptosis [37], CREB has been also known
to suppress okadaic acid-induced apoptosis in PC12 cells [38]. Our findings demonstrated that the
over-expression of CREB decreased IGF2R protein levels in a dose-dependent manner, suggesting
that CREB may be involved in H9c2 cell survival (Figure 1).

IGF2R, a ~300 kDa cation-independent mannose 6-phosphate (M6P) receptor, is
a multifunctional protein that interacts with diverse intracellular and extracellular ligands and
drives cells toward apoptosis [39,40]. Previous studies have demonstrated that IGF2R activates the
mitochondria-mediated apoptotic pathway via Gaq, a GTP-binding protein, and further activates
the calcium (Ca?*)-calcineurin-mediated dephosphorylation of Bad [21,41,42]. Our findings also
demonstrate that hypoxia enhances IGF2R level in H9¢2 cells (Figure 2A). However, the IGF2R
expression and the cellular apoptosis induced by hypoxia were attenuated by CREB (Figure 2B). Our
data further reveal that CREB translocates to the nucleus and directly binds to the CRE site of the
IGF2R promoter (Figure 3C). Additionally, the luciferase assay showed that the binding of CREB to
the IGF2R promoter suppresses IGF2R gene expression (Figure 4).

CREB is a member of the mammalian basic leucine zipper (bZIP) transcription factor
superfamily [7,43]. Other members of this superfamily of transcription factors include the nuclear
factor IL-3 (NFIL3), activator protein 1, CCAAT enhancer binding protein (C/EBP), nuclear factor
(erythroid-derived 2), and proline and acidic residue rich (PAR) families. Previous studies have
shown that the NFIL3 consensus sequence EBPRE is similar to the cAMP response element.
In addition, NFIL3 and CREB compete for the same binding sites and control gene transcription
together [44,45]. Our previous study reveals that NFIL3 suppresses hypoxia-induced apoptosis by
binding to the promoter of IGF2R [46]. Recognition of the same cis-binding element by NFIL3, CREB,
and C/EBPf has been known to spur interesting interactions of these transcription factors to regulate
identical target gene expression. In addition, NFIL3 is known to heterodimerize with CREB and
inhibit DNA binding [47].

Our results revealed that IGF2R protein expression was induced under hypoxic conditions and
that H9¢2 cell apoptosis was negatively regulated by CREB acting on the CRE site. This finding
provides new insight into the actions of CREB against hypoxia-induced heart diseases via the
suppression of IGF2R gene transcription and further inhibition of cardiomyoblast apoptosis.

27926



Int. ]. Mol. Sci. 2015, 16, 27921-27930

4. Materials and Methods

4.1. Cell Culture and Transfection

HO9c2 cells were obtained from American Type Culture Collection (ATCC) and were cultured in
Dulbecco’s modified essential medium supplemented with 10% fetal bovine serum, 2 mM glutamine,
100 U/mL penicillin, 100 mg/mL streptomycin, and 1 mM pyruvate in humidified air (5% CO,) at
37 °C. For hypoxia experiments, the cells were pre-incubated in minimal essential medium for 24 h
and subsequently the H9¢2 cells were cultured with 5% CO,, 94% N, and 1% O, at 37 °C. Cell-based
assays were carried out with cell density of up to 70%. CREB plasmids were procured from OriGene
(Level Biotechnology Inc., Taipei, Taiwan), and H9c2 cells were transfected for using PureFection
reagents (System Biosciences, Mountain View, CA, USA) for 24 h.

4.2. Western Blot

For Western blot analysis, H9c2 cells were washed with PBS and lysed in lysis buffer (50 mM
Tris, pH 7.5; 0.5 M NaCl; 1.0 mM EDTA, pH 7.5; 10% glycerol; 1 mM basal medium Eagle;
1% Igepal-630; proteinase inhibitor cocktail tablet (Roche, Mannheim, Germany)) and the debris
were pelleted by centrifuging at 12,000x g for 30 min. The supernatants were electrophoresed
by sodium dodecyl sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
Immobilon™ PVDF membranes (Millipore, Bedford, MA, USA). The membranes were blocked
using 5% low-fat milk and 1% Tween 20 in PBS and the blotted proteins were probed with one
of the following antibodies: anti-NFIL3, anti-Bax, anti-Bak, anti-Cyt C, anti-cleaved caspase-3,
anti-a-tubulin, anti-B-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-IGF2, anti-IGF2R
(Abcam, Cambridge, MA, USA), anti-IGF1R, anti-phospho-IGF1R, anti-PI3K, anti-phospho-Akt, and
anti-phospho-PLCf3 (Cell Signaling Technology, Beverly, MA, USA). Protein expression was detected
with the ECL detection system (Millipore).

4.3. Nuclear Extracts and the Electrophoretic Mobility Shift Assay (EMSA)

HO9c2 cell nuclear extract was prepared using Nuclear and Cytoplasmic Extraction Reagents
(Thermo, Grand Island, NY, USA) following the manufacturers instruction as reported earlier [46].
Briefly, nuclear extracts, binding mixtures, the competitor and the anti-NFIL3 antibody (Santa Cruz)
were incubated on ice for 5 min. The labeled probe was then added and incubated for an
additional 25 min. The reaction products were run by electrophoresis in a 6% non-denaturing
polyacrylamide gel and were then transferred to Nylon Membrane (Thermo). The products were
viewed using chemiluminescence (Thermo). The sequence of the probes used was: 5-TTTTT
CTTACATAATATGGCTTACATAATATGGCTTACATAATTTTTT-3' and that of the competitor was:
5'-CACCGCCTTACATAATATGGGT-3'.

4.4. Luciferase Assay

The luciferase assay was done as mentioned in our previous reports [46]. IH9c2 cells
plated in 6-well plates at 50%—70% confluence were transfected with either pCMV-CREB construct
or an equal amount of empty pCMV vector and either the pGL4-IGF2R_P1 construct utilizing
PureFection™ reagents (System Biosciences). The cells were incubated in 10% DMEM for
24 h and the luciferase assay was performed using the Dual-Luciferase Reporter Assay System
(Promega, Tokyo, Japan). The assay was performed in triplicates. GF2R-luciferase constructs
were created by inserting ~1.3 and ~0.7 kb fragments of the predicted EBPRE sequence into the
pGL4-BASIC-luciferase plasmid (Promega). The primers used to amplify the DNA fragments were
as follows: IGF2R_P1 (forward: 5-TCTCATCTCGAGCAATGACTAGTCTTCATGTAACAGC-3/
and reverse: 5'-GCCGC-AAAGCTTGAGTCGAAGCTGCAACGG-3') and A commercial plasmid
containing a CMV-driven Renilla reporter system was used as an internal control (Promega).
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