Mol Cell Biochem (2017) 434:181-195
DOI 10.1007/s11010-017-3048-3

CrossMark

@

17B-Estradiol and/or estrogen receptor alpha blocks
isoproterenol-induced calcium accumulation and hypertrophy
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Abstract The present study was aimed to investigate the
protective effects of 17B-estradiol (E2) and estrogen
receptor o (ERa) on isoproterenol (ISO)-treated HO9c2
cardiomyoblast cells. In the present study, we treated H9c2
cells with ISO, a B-adrenergic receptor agonist, to induce
myocardiac hypertrophy. Pre-administration of E2 or ERa
(induced by doxycycline) and E2 plus ERa significantly
prevented ISO-induced increase of cell size and cytosolic
calcium accumulation, accompanied with increased mRNA
of atrial natriuretic peptide and brain natriuretic peptide.
However, ICI-ERs antagonist, and melatonin, a specific
inhibitor for ERa, reversed the cardioprotective effects,
suggesting that E2 action was mediated through ERo.
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Further evidences showed that E2 and ERa increased the
protein level of GSK3p and protein phosphatase 2a inhi-
bitor 2 (I2-PP2A), which subsequently enhanced the acti-
vation of I2-PP2A by disrupting PP2A activity and
maintains normal calcium outflow. Collectively, E2 and
ERo inhibited hypertrophy by preventing cytosol calcium
accumulation and by inhibiting the association between
PP2A with Na™—Ca®* exchanger via GSK3p and 12-PP2A
activation.

Keywords HOc2 cells - ISO - Estrogen receptor alpha -
GSK3p - PP2A - E2 - ANP

Introduction

Cardiovascular disease is one of the leading causes of death
in the world, with a 5-year survival rate of approximately
50%. Heart failure is the final stage of many human heart
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diseases; however, the molecular mechanisms behind this
progression remain incompletely understood [1]. More-
over, studies indicate that the prevalence of left ventricle
hypertrophy (LVH) is lower in women than in age-matched
men. The incidence of LVH increases progressively with
age and becomes more common in women after meno-
pause [2]. Left ventricular hypertrophy is intervened not
only by the mechanical stress of pressure overload, but also
by various neurohormonal substances such as angiotensin
II, aldosterone, norepinephrine, and insulin that indepen-
dently promote myocyte hypertrophy in the heart [3-5].

B-Adrenergic receptor plays an major role in cardiac
remodeling, which is considered to be an important patho-
logical process in various heart diseases [6]. B-Adrenergic
receptor is the major subtype (90%) of adrenoceptors in
heart [7]. Isoproterenol (ISO) is a synthetic catecholamine
and B-adrenergic agonist that induces apoptosis of cardiac
myocytes via the calcineurin pathway [8, 9]. Activation of
the B-adrenogenic receptor increases heart rate and con-
tractile force via coordinated post-translational modifica-
tions of the L-type Ca*" channel, Na*—Ca*" exchanger
(NCX), RyR2, phospholamban (PLB), and phosphatases
PP1 and PP2A [10-14]. Type 1 protein phosphatase PP1
and type 2 phosphatase PP2A were found to down-regulate
sarcoplasmic reticulum (SR) Ca”" release and contractile
performance [15-17]. In particular, protein phosphatase 2a
(PP2A) has been recognized as one of the major phos-
phatases in cardiac tissues associated with the protein
contraction machinery under B-adrenergic receptor stimu-
lation [18]. PP2A is a ubiquitous and heterotrimeric protein
phosphatase involved in the regulation of cell growth,
apoptosis, and numerous cell signaling pathways in cardiac
myocytes [19]. Similarly, the calcium-dependent phos-
phatase calcineurin (PP2B) dephosphorylates NFAT3 and
enables its translocation to the nucleus, where it participates
in the development of myocardial hypertrophy [20, 21].
Moreover, a number of studies have found that GSK3f3
plays a crucial role in cardiac hypertrophy through the
phosphorylation and inhibition of NFATs, GATAA4, etc.
[22]. In transgenic mice, calcineurin-induced NFAT nuclear
translocation was suppressed by GSK3[ activation [23].
Similarly, in another experiment, GSK38 was found to
regulate calcium flow in the heart by maintaining its dias-
tolic and systolic function [24].

17B-Estradiol (E2) is the most abundant and most active
estrogen in women [25], and it regulates various physio-
logical effects by binding to estrogen receptor o (ERa)
[26]. Due to estrogen (E2) levels, reduced incidence of
cardiovascular disease was found in females [27, 28]. E2
plays an important role in the pathogenesis of heart disease,
and it is able to modulate the progression of cardiovascular
disease [29]. Furthermore, E2 has been shown to reduce
pathological cardiac hypertrophy and heart failure by up-
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regulating the PI3K/Akt signaling pathway and by sup-
pressing the calcineurin/NFAT3 signaling pathway in
female rats [30]. E2 binds with ERo and stimulates cell
proliferation by up-regulating cell cycle and anti-apoptotic
proteins [31, 32]. In another study it was found that E2 and
ERp significantly inhibit Ang-II-induced cardiac hyper-
trophy by multiple novel mechanisms [33]. In hepatocel-
lular carcinoma, E2 binds to ERa and blocked its
metastatic function [34]. In this present study, we investi-
gated the cardioprotective effect of E2 and ERa, in ISO-
induced H9¢2 cardiomyoblast cells.

Materials and methods
Cells, antibodies, reagents, and enzymes

All the chemicals used were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA) unless stated otherwise.
Heart-derived H9c2 cardiomyoblast cells were obtained
from the American Tissue Culture Collection. Tet-on/ERo
HO9c2 cardiomyoblast cells were generated as previously
described [35] and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 100 pg/ml
penicillin, 100 pg/ml streptomycin, 2 mM glutamine,
1 mM HEPES buffer, and 10% Clontech fetal bovine
serum in humidified air (5% CO,) at 37 °C. Rhodamine—
phalloidin was purchased from Molecular Probes (Eugene,
Oregon, USA). The ER antagonist ICI 182780 (ICI) was
purchased from Tocris (Ellisville, Missouri, USA).

The Alexa Fluor 568 rabbit anti-goat IgG (H+L) sec-
ondary antibody was purchased from Invitrogen (Carlsbad,
California, USA). Antibodies against atrial natriuretic
peptide (ANP), brain natriuretic peptide (BNP), 12-PP2A,
PP2A, SERCA, NCX1, p-I-1(Thr**), (Thr’®), I-1, GSK3p,
and HDAC were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, California, USA). o-Tubulin was pur-
chased from Lab Vision Corporation (Fremont, California,
USA). GAPDH, p-Tnl (Ser23/24), protein phosphatase 1
(PP1), and NFAT3 were purchased from Cell Signaling
(Danvers, MA, USA). Phosphorylated PLB (p-PLB) and
PLB were purchased from Upstate (Lake Placid, NY,
USA). Goat anti-mouse IgG antibody conjugated to
horseradish peroxidase, goat anti-rabbit IgG antibody
conjugated to horseradish peroxidase, and goat anti-rabbit
IgG horseradish peroxidase conjugate were purchased from
Santa Cruz Biotechnology (Santa Cruz, California, USA).

Construction of the pEGFP-C1-PP2Ac expression
plasmid

The DNA sequence of PP2Ac was provided by Dr. Hsien-
Bin Huang. The full length cDNA of PP2Ac (930 bp) was
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obtained by polymerase chain reaction (PCR) amplification
with primers. The contents of the PCR reaction mixture
and the condition of the PCR reaction are listed in Table 1.
The PCR products were digested with the restriction
enzyme EcoR1 at the 5-end and Xbal at 3’-end. The
restricted fragment was extracted with the Gel/PCR DNA
fragments extraction kit and then ligated with the large
EcoR1-Xbal fragment of pEGFP-C1 by T4 DNA ligase
(16 °C for 4 h). Thus, the PP2Ac gene was inserted into the
pEGFP plasmid, which carried a C-terminal GFP, and was
named pEGFP-PP2Ac.

Transient transfection of the pEGFP-C1-PP2Ac
plasmid

pEGFP-C1 and pEGFP-PP2Ac were prepared using the
AxyPrep™ Plasmid Maxiprep kit (Axygen Biosciences,
CA, USA) and transfected into the cells using Lipofec-
tamine 2000 transfection reagent (Invitrogen, NY, USA)
according to the manufacturer’s guidelines. The culture
medium was replaced, and the cells were harvested at the
indicated experimental time points.

Actin staining

Tet-on/ERa  H9c2 cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100,
and blocked with 1% BSA in phosphate-buffered saline
(PBS) for 10 min. Actin filaments were stained using
rhodamine-labeled phalloidin (red) for 40 min and washed
with PBS. Cells were examined and photographed using a
fluorescence microscope, and the cell area was measured

using Carl Zeiss AxioVision LE software. More than 10
fields for each condition were quantified, and independent
experiments were performed in triplicate.

Immunoprecipitation

Cell extracts were prepared in modified radio-immuno-
precipitation (IP) assay buffer [SO mM Tris—HCI (pH 7.4),
150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1%
sodium dodecyl sulfate (SDS), 1:200-diluted protease
inhibitor cocktail (Sigma, MO, USA), 1| mM PMSF, and
10 mM NEM]. IP with anti-NCX1 antibody or anti-GSK3f
antibody was performed as described previously [36].

Western blot

Proteins were separated using 10-12% SDS-PAGE and
then transferred to PVDF membranes for 2 h at 100 V.
PVDF membrane was then incubated in blocking buffer
(5% milk in 1x TBS) for 1 h at room temperature. The
membranes were incubated with the primary antibodies at
the recommended concentrations at 4 °C overnight and
then incubated with the secondary antibodies for 1 h at
room temperature. The results were visualized with
chemiluminescent HRP substrate (Millipore, MA, USA).

Nuclear extraction

Cells were gently scraped by adding ice-cold BUFFER-I
[10 mM HEPES (pH 8.0), 1.5 mM MgCl,, 10 mM KCl,
1 mM dithiothreitol, and proteinase inhibitor cocktail (Roche
Molecular Biochemicals)] and incubated for 15 min on ice,

Table 1 Primer sequences

Genes Primer sequences bp Temperature (°C) Cycles

Rat PP2A 5'-ATGGACGACAAGGCGTTCACC-3’ 930 53 32
5'-TTATAGGAAGTAGTCTGGGGT-3'

Rat PP2A’ 5'-GACGACAAGGCGTTCACC-3' 930 53 32
5'-TAGGAAGTAGTCTGGGGT-3'

Rat PP1 5'-TTAGACGTATTATGCGGCCC-3' 549 57 35
5'-TACCCCTTGTGTCGCAATTC-3'

Rat ANP 5'"TGCCGGTAGAAGATGAGGTC-3' 403 56 32
5'-CGGTGACTCTCCACCACTTA-3’

Rat BNP 5'"-TTTTCCTTAATCTGTCGCCG-3' 498 59 32
5'-TCGTGTTTGAACGGTGTCAC-3’

Rat I2-PP2A 5'-CTGGCTTTATTCTGCGTTTG-3’ 434 54 29
5'-AGGCACTGCATTATTTGACC-3'

Rat GSK3p 5'-TTGGAAATGGGTCATTTGGT-3' 462 54 27
5'-GTCACCACACCTAGTCAACC-3'

Rat pHe7 5'-CTTCGAAAGGCAAGGAGGAA-3' 425 55 25
5'-TGGCTCTACAATCCTCAGCA-3'

Rat GAPDH 5'-GGGTGTGAACCACGAGAAAT-3' 167 58 27
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followed by the addition of 20 pl IGEPAL CA-630. After
vortexing for 10 s, cells were centrifuged at 12,000x g for
5 min at 4 °C, the supernatant (cytoplasmic fraction) was
carefully aspirated, and the pellet was suspended in ice-cold
BUFFER-II [20 mM HEPES (pH 8.0), 1.5 mM MgCl,, 25%
glycerol, 420 mM NaCl, 0.2 mM EDTA, 1 mM dithiothre-
itol, and proteinase inhibitor cocktail (Roche Molecular Bio-
chemicals)] and vortexed vigorously. After vortexing, the
suspension was placed on ice for 30 min before centrifuging at
15,000xg for 15 min at 4 °C. The supernatant (nuclear
extracts) was stored in aliquots at —80 °C.

Immunofluorescence staining

Cells grown in 24-well plates and subjected to various treat-
ments were subsequently washed five times with ice-cold PBS
and fixed with 4% paraformaldehyde at room temperature for
30 min. Cells were washed with ice-cold PBS and perme-
abilized with 0.5% Triton X-100 for 10 min at 4 °C. Non-
specific binding of the fixed cells was blocked with PBS
containing 2% bovine serum albumin at 37 °C for 30 min,
followed by incubation with the primary antibody overnight at
4 °C. After washing, cells were incubated with second anti-
body at 37 °C for 1 h. Fluorescence was visualized using a
fluorescence microscope coupled to an image analysis system.

Intracellular calcium staining

Ca”* was determined as previously described [37]. Tet-on/
ERo H9c2 cells were incubated with serum-free DMEM
containing 2 pM Fluo-4 and AM ester (Invitrogen) at
37 °C. Cells were incubated for 30 min and washed twice
with PBS before imaging.

Intracellular calcium concentration detection

A flow cytometric assay was used to detect intracellular cal-
cium accumulation in Tet-on/ERot H9¢c2 cells. Following
treatment, cells were trypsinized, washed, and loaded with
4 pg/ml Fluo-3 AM and 10 pg/ml Fura-2/AM u for 30 min at
37 °C. Cells were centrifuged at 180x g for 6 min, and pellets
were suspended in HBSS and analyzed using Cytomics TM
FC500 flow cytometry. Increases (Fluo-3) and decreases
(Fura Red) in fluorescence levels were then recorded for at
least 500 s, collecting approximately 100 events per sample.

Total RNA extraction

Total RNA was extracted using the Ultraspec RNA isola-
tion system (Biotecx Laboratories, Houston, Texas, USA)
according to directions supplied by the manufacturer.
Cardiomyocytes were thoroughly homogenized (1 ml
Ultraspec reagent) with a homogenizer in a polypropylene
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tube, and total RNA was isolated using a standard method.
The RNA precipitate was washed twice by gentle vortexing
with 70% ethanol, collected by centrifugation at 12,000x g,
dried under a vacuum for 5-10 min, dissolved in 50 pl of
diethyl pyrocarbonate-treated water, and incubated for
10-15 min at 55-60 °C. The RNA was quantified and
checked for purity and condition by spectrophotometry at a
wavelength of 260 nm. The extract integrity was assessed
by 1.5% agarose gel electrophoresis, and RNA was visu-
alized by ethidium bromide staining.

RT-PCR condition

We first used the NCBI database to search the CDS
sequences of our target genes. We then used the Primer3
program to design forward and reverse DNA primers. For
RT-PCR, 4 ng of total RNA were reverse transcribed using
gene specific primers and SuperScript III reverse transcrip-
tase (Invitrogen), a fraction of the RT reaction products were
used in subsequent PCR reactions. Finally, RT-PCR prod-
ucts were stored at —80 °C. Reactions were incubated at
42 °C for 5 min, followed by 42 °C for 1 h, and PCR
amplification was carried out after denaturing at 95 °C for
5 min. Finally, RT-PCR products were stored at —80 °C.

Statistical analysis

Data are reported as the mean £ SD. Differences were
analyzed with one-way or two-way analysis of variance
with repeated measures, followed by Tukey’s multiple
comparison test.

Results

ISO enhances the H9¢c2 cardiomyoblast cell
hypertrophy in a time-dependent manner

We investigated the ability of ISO to induce hypertrophy we
used Tet-on/ERa H9¢?2 cells. H9¢2 cells were starved for 12 h
and then treated cells with ISO (50 pM) for 2, 12,24, and 36 h.
Actin filaments were stained, and cell size was analyzed using
fluorescence microscopy. The results showed that [ISO-treated
cells became larger in a time-dependent manner (Fig. 1a, b).

To test whether E2 and its receptor (ERo) are important
in regulating cardiovascular system [38], we used Tet-on/
ERa HO9c2 cells. Cells were treated with E2 and/or Dox in
the presence or absence of ISO for 24 h and analyzed for
cell surface area. Pre-treatment with E2, Dox, or E2 plus
Dox effectively inhibited ISO-induced cell surface area in
cardiomyoblast cells (Supplemental Fig. 1a, b). To further
confirm whether E2 and/or ERa are involved in blocking
ISO-induced hypertrophic growth, we treated with ICI to
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inhibit ER expression. The effects of E2 and the ER on
ISO-treated H9c2 cells were effectively blocked by the ER
antagonist ICI (Supplemental Fig. 1a, b). Taken together,
these data indicate that ISO-induced increases in H9c2 cell
size were significantly blocked by E2 and/or ERa over-
expression in vitro.

ISO-induced hypertrophic gene expression is
regulated by E2 and ERa in H9¢2 cells

To confirm the above results we treated H9¢2 cells with E2
and ERa and then analyzed for hypertrophic maker BNP
mRNA expression. ISO treatment increased BNP mRNA

Fig. 1 ISO increases the cell
size of H9¢2 in a time-
dependent manner. a Tet-on/
ERo H9¢2 cardiomyoblast cells
were incubated with or without
ISO (50 uM) for the indicated
times (2, 12, 24, and 36 h) and
followed by fluorescent
microscope detection. The cells
were then fixed and stained with
rhodamine-conjugated
phalloidin to detect the actin
filaments. b Data were
quantified by densitometry and
are presented as mean £ SD.
Statistical significance

#p < 0.05, ¥p < 0.01,

###p < 0.005, significant
differences from control group

a

I1ISO 12hr

expression was significantly decreased by E2 and/or ERa
administrations. However, this decreased expression was
blocked by ERs inhibitor, ICI 182780 (ICI; Supplemental
Fig. 2).

PP2A expression has a co-relationship
with myocardial infarction

Previous studies have shown that treatment with B-adren-
ergic receptor agonists increased PP2A activity in ven-
tricular myocytes [39]. Therefore, we screened for PP2A
expression in human heart tissue using a tissue array. As
shown in Fig. 2a, PP2A expression was increased in three
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groups (acute infarction, granulation tissue, and myocardial
scar) compared with the control group. To confirm these
results, Tet-on/ERa H9c2 cells overexpressing PP2A and
treated with E2, Dox, or E2 plus Dox were analyzed with
immunofluorescence. Consistent with the tissue array data
obtained from H and E staining, E2, Dox, or E2 plus Dox
treatment decreased PP2A protein expression levels
(Fig. 2b).

PP2A participation in ISO-induced cardiac
hypertrophy was prevented with E2 and ERa
treatment

To understand the functional role of PP2A in the hyper-
trophic signaling pathway, H9c2 cells were transfected
with a vector control or with PP2Ac siRNA and then
treated with or without ISO for 24 h. As shown in Fig. 3a,
ISO treatment induced PP1 and PP2A expression levels
was reduced in siPP2Ac-transfected cells. Silencing PP2Ac
expression indeed reduced ANP and BNP mRNA expres-
sion in H9c2 cells (Fig. 3b).

To further understand the roles of PP1 and PP2A in
hypertrophy, H9c2 cells were blocked with tautomycin
(PP1 inhibitor), cyclosporine A (PP1 and PP2A inhibitor),
or okadaic acid (PP2A inhibitor), and BNP expression was
analyzed using western blotting. ISO-induced BNP
expression was greatly decreased in OA-treated H9c2 cells
(Fig. 3c). Thus, we concluded that activation of PP2A
contributed to increased hypertrophic protein expression in
ISO-stimulated H9¢2 cells.

ISO down-regulates calcium recycling in SR
through the PLB protein de-phosphorylation

Previous results showed that high dosage of ISO not only
increases intracellular calcium concentration but also
increases calcium accumulation in the cytosol. In order to
reveal the mechanism, we pre-treated Tet-on ERa H9c2
cells with estrogen and/or Dox and then incubated with
ISO for 24 h to check the changes of calcium channel
protein. In the Fig. 4a, we observed that even under PP2A
stimulation, SERCA and NCX1 calcium channel protein
expression has no change. Furthermore, we treated Tet-on
ERa H9c2 cells with different dosages of ISO and then
incubated for 12 h to detect whether the calcium transport-
related proteins were affected. Result showed that p-PLB
increases as the dosage of ISO increases from 5 to 15 uM.
The PLB protein is a regulatory protein that responds for
regulating sarco/endoplasmic reticulum Ca*"-ATPase
(SERCA). When PLB is phosphorylated, it has the most
activity to promote SERCA to recycle cytosolic calcium
back to SR. In contrast, the non-p-PLB closely binds and
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Fig. 2 E2 and/or ERa inhibit PP2A-induced myocardiac hypertrophy »
response. Detection of PP2A expression a human heart tissue
samples, normal (N), acute infarction (/), granulation tissue (G),
and myocardial scar (S) were analyzed for PP2A expression by
immunohistochemistry staining. b Tet-on ERo/H9¢2 cardiomyoblast
cells were transiently transfected with PP2A-GFP and then treated
with Dox (1 pg/ml) and/or E2 (1078 M) for 24 h. Cell were further
stained for actin and DAPI staining and then observed under confocal
microscope

inhibits SERCA activity, resulting in the calcium accu-
mulation in cytosol.

E2 and/or ERa suppress ISO-induced PP2A via 12-
PP2A induction

According to the co-IP experiment, we found that ERo
binds with GSK3p protein. This protein—protein interaction
effect is blocked by ISO, but restored by E2 and/or ERa
treatment. However, the binding ability of ERo and GSK3[3
is blocked by ERoa-specific inhibitor—melatonin treated
(Fig. 5a). ISO induces that PP2A bind with NCX1 to reg-
ulate intracellular calcium concentration. But pre-treatment
with E2, ERa, or E2 plus ERa totally reduces this protein—
protein interaction effect (Fig. 5a). On the other hand, ISO
treatment reduces both GSK3f and 12-PP2A protein levels
and this was further inhibited by E2 and/or ERa treatment.
However, this was blocked by ERs inhibitor—ICI
(Fig. 5b). Together, all these data indicate that ERo binds
with GSK3p and involves 12-PP2A activation.

E2 and/or ERa inhibit ISO-induced calcium
accumulation in the cytosol of H9c2 cells

In order to observe the distribution of intracellular calcium,
we use the specific calcium indicator: Fluo-4 AM. It is used
to perform calcium stain for observing the distribution of
intracellular calcium by confocal microscope and fluores-
cent microscope (Fig. 6a, b). The x400 visions of fluo-
rescent microscope demonstrate that ISO treatment for
12 h induces calcium accumulation in the cytosol of H9c2
cell. And pre-treatment of estrogen and/or ERa effectively
prevents ISO-induced calcium accumulation (Fig. 6b).
However, pre-treatment of ICI significantly blocks the
ability of estrogen and/or ERa in preventing calcium
accumulation.

In the observations of confocal microscope, we use two
different filters to get more detailed results, where the color
of fluorescence of intracellular calcium changes with the
intensity of Fluo-4 from black to yellow which means low
intensity to high intensity (Fig. 6a). ISO treatment signifi-
cantly increases the intensity of fluorescence that was
decreased by estrogen and/or ERo treatment. Furthermore
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Fig. 4 ISO induces PP2A via 12-PP2A inhibition was blocked by E2
and ERo, but E2 and ERo show no effects on the expression of
calcium channel proteins, SERCA and NCXI. Tet-on ERo/H9c2
cardiomyoblasts were pre-treated with E2 (107® M) and/or Dox
(2 pg/ml) and then treated with ISO (50 pM). Protein lysates were
prepared and analysed for I2-PP2A, PP2A, SERCA, and NCXI1
expression using western blotting. a-Tubulin was used as an internal
control

the preventive ability of E2 and ERa was blocked by ICI
treatment.

To confirm the calcium staining results obtained in a
previous experiment, we detected intracellular calcium
with flow cytometry. ISO-treated cells showed increased
calcium levels compared with the control group. Combined
E2 and Dox pre-treatment decreased the calcium levels in
ISO-treated H9c2 cells. The effects of E2 and ERo on
calcium accumulation were significantly reduced by ICI
treatment (Supplemental Fig. 3).

ISO-induced PP1 and PP2A are down-regulated
by E2 and/or ERa in H9c2 cells

Previous studies show that ISO is able to induce the PP1
overexpression and regulate downstream signal pathway
[40]. In the present study, we show that pre-treatment of
estrogen and/or ERo not only effectively reduced ISO-in-
duced PP1 expression but also reduced ISO-induced PP2A
expression. E2 and ERo effects on ISO-treated cells were
further blocked by ICI treatment (Supplemental Fig. 4a, b).

However, the expression of p-PLB significantly decreased
when cells were treated with greater than 15 pM ISO
(Supplemental Fig. 4b).

E2 and/or ERa inhibit ISO-induced PP1 to stabilize
PLB activity via enhanced p-Thr**-I-1 and reduced
p-Thr’5-1-1

Inhibition of both calcineurin and PP2A was associated
with increased Serl6 phosphorylation of PLB, which is
controlled by PPI, and thus represents an indirect
downstream target of activated I-1 [41]. I-1 becomes
active upon phosphorylation of Thr35 by cAMP-depen-
dent protein kinase (PKA), and this activation results in
the inhibition of PP1 expression. Therefore, to test this
hypothesis, we treated cells with ISO and then analyzed
PP1, p-PLB, and p-I-1 expression. The ISO-induced
increase in PP1 expression and decreases in p-PLB and
p-Thr**-I-1 expression were reversed by E2, Dox, and E2
plus Dox treatment. Notably, another novel phosphory-
lation site (Thr75) on I-1 has been identified, but phos-
phorylation at this site has contrary functions to p-Thr**-
I-1. The quantification of I-1, p-Thr**-I-1, and p-Thr’°-I-
1 expression demonstrated the following: (a) the
expression levels of p-Thr’*-I-1 and p-Thr’>-I-1 are
inversely related following ISO stimulation; (b) estrogen
and ERo inhibit PP1 expression through p-Thr**-I-1
activation and p-Thr’>-I-1 inhibition. The ISO-induced
increase in PP1 expression and suppression of p-PLB
activation was completely restored by E2 and/or ERa
treatment (Fig. 7a, b).

ERa modulates 12-PP2A through GSK3p

To further confirm the role of E2 and ERa in controlling
GSK3B-mediated calcium channel signaling, we inhibited
GSK3p expression by incubating the cells with LiCl plus
ISO and analyzed GSK3p, p-PLB, and NFAT3 expression.
Our results indicate that LiCl plus ISO treatment decreased
GSK3B and p-PLB expression and increased NFTA3
expression, and these changes in expression were reversed
in the E2, Dox, and E2 plus Dox-treated groups (Fig. 8a).

In our previous study, we demonstrated that LPS
induced myocardial hypertrophy through the calcineurin/
NFATS3 signaling pathway in H9c2 cells [42]. In the pre-
sent study, nuclear translocation of NFAT3 was found in
LiCl plus ISO-treated cardiomyoblast cells. In contrast,
pre-treatment with E2, Dox, or E2 plus Dox inhibited the
LiCl plus ISO-induced nuclear translocation of NFAT3.
These results suggest that the GSK33/PP2A/NFAT3 sig-
naling pathway is activated and further modulates the
hypertrophic responses induced by ISO treatment in car-
diomyoblast cells (Fig. 8b).
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Fig. 5 E2 and ERa enhance a 12 7

GSK3p via protein and protein

interaction to induce 12-PP2A 10 -

and in the inhibition of PP2A
and NCX1 protein interaction.
Tet-On ERa/H9¢c2
cardiomyoblasts were incubated
with E2 and/or Dox (1 pg/ml),
with or without ISO (50 uM)
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immunoprecipitated by GSK3f
antibody and then immunoblot
for ERo and GSK3p expression.
b Tet-On ERa/H9c2
cardiomyoblasts were incubated
with E2 and/or Dox (1 pg/ml),
with or without ISO (50 uM)
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Discussion

Previously it was reported that estradiol can protect car-
diomyocytes by altering various pathways [43]. Supple-
mentation of female ovariectomized mice with estrogen
reduced pressure overload-induced hypertrophy [44]. Pat-
ten et al. demonstrated that E2 blocked apoptosis by acti-
vating the PI3K/Akt pathway in an animal model of MI
[45]. Another study demonstrated that E2 protects car-
diomyocytes by inhibiting p380—p53 signaling in apoptosis
[46]. Additionally, it is well understood that up-regulation
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- | 57 kDa
+ + + + + + +
- + - + + - +
- + + - + +
ICI 2uM)

of the ERs by estrogen inhibits cardiotoxicity through
different mechanisms, such as calcineurin/NF-AT3 and the
JNK1/2-NFxB pathways [30, 35]. In this study, we
demonstrated the mechanism through which estrogen and
ERo protects cardiomyoblast cells against ISO-induced
injury.

ISO-induced myocardial infraction is commonly used to
induce hypertrophy in H9c2 cells as well as in animal
models. It is used as a standard model to study the bene-
ficial effect of many drugs and cardiac function [47-49].
ANP and BNP are highly up-regulated during myocardial
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Fig. 7 E2 and/or ERa inhibit ISO-induced PP1 to stabilize PLB
activity through enhanced p-Thr34-I-1 and reduced p-Thr75-I-l. Tet-
on/ERoa H9¢2 cardiomyoblasts were incubated with Dox (1 pg/ml),
E2 (10~® M), or Dox (1 pg/ml) plus E2 (10~ M) in presence or
absence of ISO (50 uM) for 24 h and then analyzed for PP1, p-PLB,
p-Thr**-1-1, p-Thr’>-I-1, I-1 (total) using western blotting. The
statistical results are shown from three independent experiments;
mean = SD. *p < 0.05, **p < 0.01, ***p < 0.005, significant dif-
ferences from ISO group. *p <0.05, "p <0.01, #p <0.005
significant differences from control group

ICI+ISO+E,

infraction and heart failure and in other human heart dis-
5 eases [50, 51]. Therefore, we first checked for the protec-
ot tive effect of E2 and ERa in ISO-treated H9c2 cells. In this
ICI+ISO+DOX present study ISO treatment significantly induced car-
diomyocyte hypertrophy which is associated with marked
increase in cell size and hypertrophy marker BNP expres-
sion. Administration of estrogen and/or ERa reduced the
phenomenon of ISO-induced cardiomyocyte hypertrophy
by decreasing the cell surface area and BNP expression.
ISO promotes the release of calcium ions from the SR,
thereby increasing the intracellular calcium level [52].

ISO+E,+DOX ICI+ISO+E,+DOX
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Fig. 8 E2 regulated phosphorylated PLB through GSK3p. a Tet-on
ERo/H9c2 cardiomyoblasts were pre-treated with LiCl (10 M), Dox
(2 pg/ml), E2 (10’8 M) or Dox (2 pg/ml) plus E2 (10*8 M) in
presence or absence of ISO (50 uM) for 24 h. GSK3p, 12-PP2A, and
o-tubulin were detected by immunoblot analysis using specific
antibodies. b Tet-on/ERo H9¢2 cardiomyoblasts were incubated with
Dox (1 pg/ml), E2 (1078 M) or Dox (1 pg/ml) plus E2 (1078 M) in
presence or absence of ISO (50 uM) for 24 h. To extract cytosolic and
nuclear proteins by nuclei extraction, NFAT3, HDAC1 and o-tubulin
were detected by immunoblot analysis. The statistical results were
shown from three independent experiments; mean + SD, n =3
(*p < 0.05 significant differences from ISO group, *p < 0.05,
#p < 0.01, significant differences from control group)
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Intracellular Ca”*"/CaM-dependent signaling promotes
cardiomyocyte hypertrophic gene expression through var-
ious effectors such as PP2B, Ca2+/CaM-dependent kinase
II, and NFATSs [53]. Thus, a decreased intracellular calcium
level may prevent the hypertrophic growth of cardiomy-
ocytes in response to pathological stimuli [48]. We then
verified the role of phosphatases in inducing a hypertrophic
response in ISO-stimulated cells. PP1 and PP2A antago-
nists effectively blocked BNP expression, and cells treated
with a PP2A inhibitor also effectively blocked BNP
expression. These findings clearly demonstrate that the
functions of PP1 and PP2A are linked to the modulation of
B-adrenergic signaling, which has been suggested to reg-
ulate calcium signaling in the failing heart.

Morisco et al. [54] showed that stimulation of [-
adrenergic receptors inhibited GSK3p expression [54].
This inhibition was found to play a crucial role during
hypertrophy, although the role of GSK3f in regulating
PP2A and PP1 is not clearly understood. In this study, we
found that inhibition of PP2A increased GSK3[3 expression
and decreased PP2A and ANP expression in ISO-stimu-
lated cells. Similar results were found in E2- and Dox-
treated cells. The NFAT3 transcription factor has been
shown to negatively regulate GSK3f expression and also
play an important role in cardiac hypertrophy [55]. We also
examined the effect of GSK3B on NFAT3 expression
in vitro. In our experiments, we found that E2 and ERa
inhibited LiCl and ISO-induced NFAT3 translocation by
increasing GSK3p and p-PLB expression. The direct effect
of LiCl on GSK3f, NFAT3, and PLB expression suggests
that E2 and ERa reversed the ISO-induced increase in
calcium concentration via the GSK3f pathway, which
further reduced hypertrophic signaling.

PLB plays a critical role in excitation—contraction cou-
pling by inhibiting Ca®>" uptake by SERCA [56]. Apart
from SERCA, the sarcolemma NCX is also important for
Ca”" transport and for maintaining the Ca®* balance in
myocytes [57]. Next, we examined whether PP2A was
involved in the regulation of SERCA and NCXI1 expres-
sion. Notably, ISO treatment decreased 12-PP2A and PP2A
expression without altering SERCA or NCX1 expression.
Surprisingly, the co-IP data indicate that ISO treatment
increased NCX1 binding to PP2A, which was decreased by
E2 plus ERo treatment. In addition, PP2A has been
reported to directly affect the calcium cycle through direct
binding of NCX, which increases NCX activity and
increases the ability to transport calcium into the cytosol
[58]. We also found that ISO-induced intracellular calcium
accumulation was further reduced by estrogen and/or ERa
treatment. From these data, it is evident that PP2A binds to
NCX1 and removes cytosolic Ca>™ accumulation in car-
diomyoblast cells.



Mol Cell Biochem (2017) 434:181-195

193

Next, we determined the role of PP1 in Ca®>" accumu-
lation and hypertrophy in ISO-stimulated cardiomyoblast
cells. I-1 becomes active upon phosphorylation of thre-
onine-35 by PKA, and this activation results in the inhi-
bition of PPl and reduced phosphorylation of PLB
[41, 59, 60]. Moreover, another novel phosphorylation site
(Thr75) has been discovered on I1PP1, but phosphorylation
at this site has the opposite effect on PP1. Phosphorylation
of I-1 at Thr75 converts I-1 into a positive regulator of PP1
activity, which is associated with a marked inhibition of the
SR Ca”**-transport function and depressed contractility
[61]. The results of the present study suggest that ISO
treatment increased PP1 expression by decreasing p-PLB
and Thr** 11PP1 expression [62]. Additionally, the increase
in Thr”> TIPP1 protein expression was consistent with the
increase in PP1 expression. Blocking PP1 with E2 and ERa
increased p-PLB and Thr’* TIIPP1 expression and
decreased Thr’ I1PP1 expression.

In conclusion, we found the following: (1) ERa closely
binds GSK3p and up-regulates 12-PP2A activation [63]; (2)
12-PP2A blocked PP2A expression by preventing PP2A
binding to NCX, which normalized the intracellular cal-
cium concentration; and (3) estrogen and/or ERa inhibited
NFAT3 nuclear translocation via the GSK33/PP2A path-
way, decreased cardiomyoblast cell size, and down-regu-
lated the expression of pathological hypertrophic markers.
However, there are a few points that need to be investi-
gated in future studies.
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