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A B S T R A C T

Pressure overload-induced cardiac hypertrophy occurs in response to chronic blood pressure increase, and
dysfunction of CaV1.2 calcium channel involves in cardiac hypertrophic processes by perturbing intracellular
calcium concentration ([Ca2+]i) and calcium-dependent signaling. As a carbohydrate-binding protein, galectin-1
(Gal-1) is found to bind with CaV1.2 channel, which regulates vascular CaV1.2 channel functions and blood
pressure. However, the potential roles of Gal-1 in cardiac CaV1.2 channel (CaV1.2CM) and cardiomyocyte hy-
pertrophy remain elusive. By whole-cell patch clamp, we find Gal-1 decreases the ICa,L with or without iso-
proterenol (ISO) application by reducing the channel membrane expression in neonatal rat ventricular myocytes
(NRVMs). Moreover, Gal-1 could inhibit the current densities of CaV1.2CM by an alternative exon 9*-dependent
manner in heterologously expressed HEK293 cells. Of significance, overexpression of Gal-1 diminishes ISO or
KCl-induced [Ca2+]i elevation and attenuates ISO-induced hypertrophy in NRVMs. Mechanistically, Gal-1 de-
creases the ISO or Bay K8644-induced phosphorylation of intracellular calcium-dependent signaling proteins
δCaMKII and HDAC4, and inhibits ISO-triggered translocation of HDAC4 in NRVMs. Pathologically, we observe
that the expressions of Gal-1 and CaV1.2E9* channels are synchronously increased in rat hypertrophic cardio-
myocytes and hearts. Taken together, our study indicates that Gal-1 reduces the channel membrane expression to
inhibit the currents of CaV1.2CM in a splice-variant specific manner, which diminishes [Ca2+]i elevation, and
attenuates cardiomyocyte hypertrophy by inhibiting the phosphorylation of δCaMKII and HDAC4. Furthermore,
our work suggests that dysregulated Gal-1 and CaV1.2 alternative exon 9* might be attributed to the pathological
processes of cardiac hypertrophy, and provides a potential anti-hypertrophic target in the heart.

1. Introduction

Cardiac hypertrophy could be attributed to the increased afterload
pressure of left ventricles and upregulated sympathetic activity which
excites β-adrenergic receptors on heart [1]. As an excitation-contrac-
tion coupling factor, intracellular Ca2+ is closely associated with car-
diac hypertrophy, it mediates cellular functions by affecting the

intracellular Ca2+-dependent kinases to regulate hypertrophic genes
expression [2]. Specifically, Ca2+/calmodulin-dependent protein ki-
nase II (CaMKII), a serine/threonine kinase, is regulated by Ca2+/cal-
modulin complex. CaMKII can phosphorylate histone deacetylases 4
(HDAC4), resulting into upregulation of hypertrophic related fetal
genes' transcription, such as Nppa (ANP), Nppb (BNP) and Myh7 (β-
MHC) [3].
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In mammalian cardiomyocyte, Ca2+ influx from activated CaV1.2 L-
type calcium channel (LTCC) triggers the increase of intracellular Ca2+

concentration ([Ca2+]i). This increase of [Ca2+]i is mediated by cal-
cium-induced calcium release (CICR), that leads to contraction of
myofilaments and regulation of downstream genes expression by a
cascade of signaling pathways [4]. Dysfunctions of cardiac CaV1.2
calcium channel are found in cardiac hypertrophy, this abnormal
CaV1.2 channels perturb the homeostasis of intracellular calcium sig-
naling [5–8]. Though it remains intriguing [9], calcium channel
blockers are thought to have some beneficial effects on the ventricular
hypertrophy in murine models [10,11]. These imply that the in-
tracellular modulators of CaV1.2 channel might have some roles in
cardiac hypertrophy.

Pre-mRNA alternative splicing, as one of post-transcriptional mod-
ulation mechanisms, optimizes the functions of CaV1.2 calcium chan-
nels. Human and rat CaV1.2 α1C are identified to have many alter-
natively spliced exons [12,13]. Of which, the alternative exon 9*,
located at I-II loop of CaV1.2 α1C subunit, plays crucial role in the
electrophysiological functions of CaV1.2 calcium channels [14–18]. The
expression of CaV1.2 channels with alternative exon 9* (CaV1.2E9*) is
known to be deregulated under cardiovascular pathological conditions
[19–22]. However, the expression of CaV1.2E9* channel and its poten-
tial roles in cardiac hypertrophy are not fully understood.

Galectins are a family of carbohydrate-binding proteins which ex-
hibit strong affinity for β-galactosides [23], they are shown to play
diverse roles in different cardiac diseases [24]. As one member of ga-
lectin family, galectin-1 (Gal-1) was initially recognized to regulate
immune responses and cancer progression [25,26]. However, it could
regulate other cellular processes, like differentiation, proliferation and
migration of vascular smooth muscle cells (VSMCs) [27]. Indeed, Gal-1
could directly bind to I-II loop of CaV1.2 calcium channel, which leads
to the degradation of CaV1.2 channels [28]. This splice-variant specific
binding induced a decrease in CaV1.2 calcium channel currents, which
regulated vascular constriction and blood pressure [18,28]. Of sig-
nificance, Gal-1 was reported to play potential roles in ventricular re-
modeling [29], and the expression of Gal-1 was increased in mouse and
human acute myocardial infarction [30]. However, whether and how
Gal-1 affects the function of cardiac CaV1.2 calcium channel and car-
diomyocyte hypertrophy are largely unknown.

In this work, we uncovered that Gal-1 could attenuate cardiomyo-
cyte hypertrophy via LTCC-δCaMKII-HDAC4 signaling pathway in a
splice-variant specific manner, and the expressions of Gal-1 and CaV1.2
exon 9* are synchronously increased in cardiac hypertrophy. Therefore,
our findings elucidated the effects of the interaction between Gal-1 and
CaV1.2 channels on cardiomyocyte hypertrophy, which provided a
promising anti-hypertrophic target in the heart.

2. Materials and methods

2.1. Animals

All animals were treated ethically in according to the Guide for the
Care and Use of Laboratory Animals, and animal protocol was approved
by Institutional Animal Care and Use Committee of Nanjing Medical
University (Nanjing, China). Afterload-induced cardiac hypertrophy
was conducted by transverse aortic restriction (TAC) in adult male
Sprague-Dawley (SD) rats as previously described [31,32]. Shortly, the
rats (~200–250 g body weight) were anesthetized by 2% isoflurane in
O2 and placed in the supine position and midline cervical incision was
exposed to trachea. After endotracheal intubation, the cannula was
connected to a volume-cycled rodent ventilator (Harvard Apparatus,
Holliston, Massachusetts, USA). 27-gauge needle was ligated with
transverse aorta, which positioned between the right and left carotid
arteries and removed after placement of the ligature. The rats were
monitored for 10–14 days after surgery. Spontaneously hypertensive
rats (SHR) and non-hypertensive Wistar-Kyoto (WKY) rats were

purchased from Vital River (Beijing, China). All rats were maintained in
individually ventilated cages with an artificial 12-hour dark-light cycle,
with free access to standard chow and drinking water. Approximately,
60 rats were used in this study. Systolic blood pressure of rats was
measured by tail cuff plethysmography (PowerLab, ADInstruments,
Bella Vista, New South Wales, Australia).

2.2. Echocardiography

Transthoracic echocardiographic measurements were performed
using a Vevo 2100 ultrasound machine (VisualSonics, Canada) and a
14MHz transducer placed in a parasternal short-axis view position in
rats. Anesthetized rats (2% isoflurane in O2, 1 L/min) were maintained
at 37 °C with a heating pad. M-mode tracings were used to measure
interventricular septum dimension (IVS), left ventricular posterior wall
dimension (LVPW), and left ventricular internal dimension (LVID). The
teichholz formula was used to calculate fractional shortening (FS) and
left ventricular ejection fraction (LVEF), as described previously [33].
All measurements were averaged over six consecutive cardiac cycles
and performed by the investigator who was blinded with respect to the
identity of the tracings.

2.3. Primary neonatal rat ventricular cardiomyocytes isolation

Neonatal rat ventricular myocytes (NRVMs) were isolated from 1 to
2-day-old SD rats' heart by enzymatic digestion [34,35]. Briefly, beating
hearts were harvested from<48 h-old SD rats and immediately placed
into cooled Ca2+ and Mg2+ free Hanks balance salt solution (HBSS).
The hearts were gently washed with HBSS and non-heart tissue was
removed under a stereomicroscopy. Heart tissues were then cut into
small pieces with a curved scissors in a sterile centrifuge tube. After
that, cells were digested by an enzyme cocktail containing 0.06%
pancreatin (Sigma-Aldrich, USA) and 0.04% type II collagenase (Sigma-
Aldrich) dissolved in Ca2+/Mg2+ free HBSS at 37 °C. Fibroblasts were
removed from the cell suspension by 1 h differential plating and NRVMs
were cultured in DMEMmedium (Gibco, Thermo Fisher Scientific, USA)
containing 10% fetal bovine serum (FBS), penicillin (100 U/mL, Gibco),
streptomycin (100 μg/mL, Gibco), HEPES (25mmol/L) and glutamine
(2mmol/L) in the 5% CO2 incubator. Culture medium was changed to
DMEM with 2% FBS after the cells had attached to the culture plate and
beat rhythmically. NRVMs were incubated with 1 μmol/L isoproterenol
(ISO) (Sigma-Aldrich) for 48 h to induce stable hypertrophy [36].

2.4. DNA constructs

The human CaV1.2CM construct (CaV1.2CMΔE9*), as most abundant
isoform expressed in cardiac myocyte [15,18], excludes alternative
exon 9*, but contains alternative exon 1a, exon 8a, exon 32 and exon
33. The construct of CaV1.2CME9* was generated by replacing a PCR
fragment containing exon 9* using ClaI and SgrAI sites. The construct
was validated by DNA sequencing. Gal-1 expression plasmids were
generated by using pIRES2-DsRed or pcDNA3.1 expression vector as
described previously [18].

2.5. Cell culture and transfection

Human embryonic kidney-293 (HEK293) cells were cultured in
DMEM medium supplemented with 10% FBS and 1% penicillin and
streptomycin and maintained in 5% CO2 incubator at 37 °C. For trans-
fection, HEK293 cells were seeded in petri dish containing cover slips
and grown overnight, and then the plasmids expressing human CaV1.2
calcium channels were transfected into HEK293 cells by calcium
phosphate method. Briefly, in 35mm petri dish, 1.7 μg human CaV1.2
α1C plasmids together with 1.25 μg of human β2a, 1.25 μg of α2δ1, and
0.25 μg of TAG (T antigen) plasmids were transiently co-transfected
with 2 μg Gal-1 expression plasmids into HEK293 cells. For NRVMs
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transfection, the cells were cultured in 6-well plates or 35mm petri
dishes containing cover slips, 2 μg of Gal-1 expression plasmids or
empty vectors were transfected by Lipofectamine 3000 (Invitrogen,
Thermo Fisher Scientific, USA) according to the manufacturer's pro-
tocol. For knocking down Gal-1 expression, 2 μg pooled short hairpin
RNAs (shRNAs) targeting with different regions of rat Gal-1 mRNA
(NM_019904) (GeneChem, Shanghai, China) were transfected into
NRVMs by Lipofectamine 3000. The sequences of shRNAs were listed in
Table S1.

2.6. RNA extraction and RT-PCR analysis

Total RNA was extracted from rat left ventricular tissues or NRVMs
by using Trizol reagent (Invitrogen) following the manufacture's pro-
tocol. Total RNA (1 μg) was reversely transcribed to cDNA by using
Prime Script RT Master Mix kit (Takara, Japan). Semi-quantitative PCR
was carried out with DreamTaq Green PCR Master Mix (Invitrogen).
PCR products were separated on a 2% agarose gel. Quantitative real-
time PCR (qPCR) was performed using SYBR Green Master Mix (Takara,
Japan) on StepOne Plus real-time PCR system (Applied Biosystems,
Thermo Fisher Scientific, USA). Primers used in this study were listed in
Table S2.

2.7. Extraction of membrane protein

Membrane protein preparation steps were carried out on ice fol-
lowing previously described protocol [18,22]. Briefly, cells were col-
lected and lysated in ice-cold lysis buffer (20mM Tris-HCl, 150mM
NaCl2, pH 7.4, protease inhibitor added) after different treatment. First,
the lysate was centrifuged for 10min at 1000g, then the supernatant
containing membranes were collected and centrifuged at 90,000g for
40min. The supernatant was collected as cytosol protein, and the final
pellet was resuspended in lysis buffer as membrane protein for later
analysis.

2.8. Western blotting

Total proteins were extracted from cultured NRVMs or tissues by
RIPA lysis buffer with protease inhibitor cocktail or phosphatase in-
hibitor cocktail (Selleckchem, China). Protein concentrations were de-
termined by Bradford assay (Bio-Rad, USA), and equal amounts of total
proteins were separated on SDS-PAGE and transferred to PVDF mem-
brane. After blocking, PVDF membranes were incubated with primary
antibodies overnight at 4 °C or 1 h at room temperature, followed by
incubating with HRP-linked secondary antibody (Sigma-Aldrich,
1:10,000 dilution) for 1 h at room temperature. The protein bands were
visualized with Immubilon Western Chemiluminescent HRP Substrate
Kit (Merck Millipore, German).

2.9. Immunofluorescence

Freshly isolated rat ventricles were fixed in 4% paraformaldehyde in
PBS 2–4 h at 4 °C and then incubated in 20–30% sucrose in PBS over-
night. The tissues were cryo-sectioned to 20 μm in thickness, the sec-
tions were blocked with 0.3% BSA and 0.1% Triton X-100 in PBS for
40min at room temperature. NRVMs were fixed in 4% paraformalde-
hyde for 15min and permeabilized for 30min with PBS with 0.1%
Triton X-100 and 0.3% BSA at 4 °C. The permeabilized tissues or cells
were blocked with 0.3% BSA for another 30min, and then incubated
with different antibodies overnight at 4 °C. After that, the slides were
incubated in Alexa 488 or Alexa 562-conjugated secondary antibodies
(Molecular Probes, Thermo Fisher Scientific, USA) away from light for
1 h at room temperature. The images were collected on a Zeiss 710
Meta confocal microscope (Carl Zeiss, German), with a pinhole of 1.0
airy disc, using the Zeiss image acquisition software. All images were
exported to Photoshop (Adobe, USA) for cropping and linear

adjustment of contrast.

2.10. Whole-cell patch clamp recording

The external solution for recording HEK293 cells contained (in mM)
144 TEA-MeSO3 (or 140 TEA-MeSO3), 10 HEPES, 1.8 CaCl2 (or 5
BaCl2), pH was adjusted to 7.4 with CsOH and osmolarity to
300–310mOsm with glucose. The internal solution (pipette solution)
contained (in mM) 138 Cs-MeSO3, 5 CsCl, 0.5 EGTA, 10 HEPES, 1
MgCl2, 2 mg/mL Mg-ATP, pH 7.3 (adjusted with CsOH). Glucose was
used to adjust the osmolarities of solutions to between 290 and
300mOsm. The external solution for recording NRVMs contained (in
mM) 140 TEA-Cl, 10 HEPES, 1 MgCl2, 5 CaCl2, 10 glucose, pH 7.4,
osmolarities 300–310mOsm. The internal solution (pipette solution)
contained (in mM) 130 CsCl, 5 EGTA, 1 MgCl2, 10 HEPES, 2 Na2ATP,
0.5 GTP, 10 glucose, pH 7.2, osmolarities 290–300mOsm. Whole-cell
currents obtained under voltage-clamp with an Axopatch 200B ampli-
fier (Molecular Device, San Jose, California, USA), were filtered at
1–5 kHz and sampled at 5–50 kHz, and the series resistance was
typically< 5MΩ after> 70% compensation. The P/4 protocol was
used to subtract online the leak and capacitive transients. Whole-cell
recording of spontaneous action potentials of cardiomyocyte was car-
ried out in the current-clamp mode. The extracellular bath contained
(in mM): NaCl 137, KCl 5.4, MgCl2 1, NaH2PO4 0.33, HEPES 10, glucose
10, CaCl2 1.8, pH adjusted to 7.4 with NaOH. The pipette solution
contained (in mM): potassium gluconate 123, NaCl 9, MgCl2 1.8, EGTA
0.9, HEPES 9, phosphocreatine 14, MgATP 4, pH adjusted to 7.2 with
KOH.

CaV1.2 calcium channel currents were recorded using different
pulse protocols as previously described [18,37]. Briefly, calcium
channel currents were recorded by holding the cell at −90 or −70mV
(for HEK293 and NRVMs respectively) before stepping to various po-
tentials from −50 to 50mV over 900ms, then the I-V curve was fitted
with the equation: I=Gmax(V− Erev) / (1+ exp(V− V1/2)/k), where
Gmax is the maximum conductance, Erev is the reversal potential, V1/2 is
the half-activation potential, and k is the slope rate. ON-gating charge
(QON) was measured by holding the cells at −90mV before applying a
6ms long pulse at reversal potential (Vrev) where no ionic inward and
outward currents were observed. QON currents were quantified by
current integration over the first 2 ms of the test pulse to Vrev, and
normalized to cell capacitance [18].

2.11. Measurement of cytosolic Ca2+ concentration

Cytosolic calcium concentration was measured using 4 μmol/L Fluo-
4 AM (Molecular Probes) as previous description [38]. Briefly, NRVMs
were bathed in Tyrode solution, containing (in mmol/L) 140 NaCl, 5.4
KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES and 10 glucose, pH was adjusted to
7.4 with NaOH. Cells were transferred to laminin-coated culture dishes
on the stage of a confocal microscope (LSM 710, Carl Zeiss, German).
Images were obtained by time series scanning mode and sampled at 1
fps, and fluorescence intensity was analyzed offline. In order to cali-
brate the fluorescence signals of intracellular Ca2+ indicator, we di-
vided the changes in the fluorescent signal by the average resting
fluorescence according to the formula: Δ[Ca2+]i= ΔF/F0= (F− F0) /
F0, where F is the dye fluorescence at any given time and F0 is the
average fluorescence signal prior to an experimental manipulation
[39].

2.12. Statistical analysis

Data are reported as mean ± S.E.M. n number refers to biological
repeats. Statistical significance was analyzed using a Student's unpaired
t-test or one-way ANOVA followed by a Newman-Keuls method for post
hoc pair-wise multiple comparisons. A value of P < 0.05 was set as
significant statistic difference.
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3. Results

3.1. Gal-1 and CaV1.2 with or without alternative exon 9* are expressed in
rat heart

Gal-1 has been reported to be expressed abundantly at vascular
smooth muscle, whether Gal-1 is co-expressed with CaV1.2E9* or
CaV1.2ΔE9* channels in heart is unclear. To address this issue, we first
used RT-PCR approach to determine that Lgals1 (Gal-1) mRNA was
expressed in aorta, adult hearts and isolated NRVMs from rats. By using
specific primers, we detected the cardiac tissues expressed both
CaV1.2E9* and CaV1.2ΔE9* channels, but the NRVMs expressed more
CaV1.2E9* channels than adult cardiac tissues (Fig. 1A). We also found
that Gal-1 and CaV1.2 α1C proteins were expressed in rat aorta, adult
hearts and NRVMs by Western blotting (Fig. 1B). Interestingly, Gal-1's
expression in neonatal cardiomyocytes is found to be more than adult
cardiomyocytes (Fig. S1). Further, by using immunofluorescence
staining, we confirmed Gal-1 was expressed in isolated NRVMs (Fig. 1C
upper panel) and rat ventricular tissue (Fig. 1C lower panel), stained
with cardiac troponin T. These indicated that Gal-1 and CaV1.2 alter-
native exon 9* in heart might play some roles in cardiac myocytes.

3.2. Gal-1 decreases the currents of cardiac CaV1.2 channel

Though Gal-1 is known to regulate the calcium currents in the
VSMCs [18], its function on the cardiac CaV1.2 is unknown. To this end,
NRVMs were transfected with Gal-1 expression plasmids, and post 48 h
transfection, Western blotting revealed increased expression of Gal-1

(~2.5-folds) in comparison to vector-transfected NRVMs. Moreover, the
expression of Gal-1 was also found to be increased ~2-folds in Gal-1-
transfected cells when compared with vector-transfected cells upon
application with ISO (Fig. 2A–B). Herein, overexpression of Gal-1 could
inhibit the basal currents of CaV1.2 channel (Fig. 2C), and CaV1.2 cal-
cium currents were also diminished by Gal-1 upon application with
1 μmol/L ISO in NRVMs (Fig. 2D). Furthermore, we detected the
membrane expression of CaV1.2 channels in NRVMs (Fig. 2E), it is
found that overexpression of Gal-1 could significantly reduce the sur-
face expression level of CaV1.2 α1C protein in non-treated and ISO-
treated NRVMs, respectively (Fig. 2F). In contrast to overexpression of
Gal-1, knockdown of Gal-1 in NRVMs potentiated the ICa,L upon the
application with ISO (Fig. S2A, B and D), though the basal ICa,L re-
mained unchanged (Fig. S2A–C). Thus, our results indicated that Gal-1
could directly inhibit basal and ISO-induced CaV1.2 currents in cardi-
omyocyte by reducing the membrane expression of CaV1.2 channels. As
calcium ionic flow also involves in the formation of cardiac action
potentials (APs), inhibition of ICa,L by Gal-1 might affect the waveform
of APs. As expected, we observed that Gal-1 overexpression could de-
crease the action potential duration after 70% replorization (APD70) in
NRVMs (Fig. S3A and D). However, maximal diastolic potential (Fig.
S3B) and amplitude (Fig. S3C) of APs remained unchanged.

Gal-1 is known to regulate vascular CaV1.2 channel in an exon 9*-
dependent manner [18], whether Gal-1 affects the cardiac CaV1.2
channel in same manner remains unclear. Here, we used CaV1.2CMΔE9*,
the major isoform expressed in the cardiac muscles without alternative
exon 9* [15,18], to generate the CaV1.2 with inclusion of exon 9*
(CaV1.2CME9*). By whole-cell patch clamp, we found that Gal-1 did not

Fig. 1. Gal-1 and CaV1.2 channels with or without alternative exon 9* are expressed in rat heart. (A) PCR products were separated on 2% agarose gel. Rat aorta,
whole heart, ventricle, atrium and isolated NRVMs contained the product of Lgals1 (Gal-1) mRNA and CaV1.2 channels with (upper bands) or without exon 9* (lower
bands). Gapdh mRNA was detected as loading control. (B) Gal-1 protein and CaV1.2 α1C as detected by Western blotting were also observed in the rat aorta, heart
tissues and isolated NRVMs, GAPDH protein was detected as internal control. (C) Immunofluorescence staining to determine the localization of Gal-1 in cardio-
myocytes and cardiac muscle was carried out using anti-Gal-1 antibody (left panel, 1:100 dilution), and anti-cardiac troponin T (cTnT) antibody (middle panel, 1:100
dilution), the right panel shows the merged image.
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affect the IBa or ICa of CaV1.2CME9* in transfected HEK293 cells when
using 5mmol/L Ba2+ (Fig. S4A) or 1.8mmol/L Ca2+ (Fig. S4C) as
charge carrier, respectively. However, it significantly decreased the
currents of CaV1.2CMΔE9* channel in 5mmol/L Ba2+ (Fig. S4B) or
1.8 mmol/L Ca2+ (Fig. S4D) bath solution, indicating Gal-1 specifically
inhibits the currents of CaV1.2CMΔE9* channels in calcium-independent
manner. However, Gal-1 did not significantly change the CaV1.2CMΔE9*
channel gating properties, such as current-voltage relationship (Fig.
S5A–B), steady-state activation (Fig. S5C–D) and steady-state in-
activation (Fig. S5E–F).

To determine the mechanisms by which Gal-1 decreases
CaV1.2CMΔE9* currents, we measured the ON-gating currents (QON) re-
flecting the functional surface expression of CaV1.2 channels. It is found
that Gal-1 had no effects on the CaV1.2CME9* channels (Fig. S4E), but it
could significantly reduce the QON of CaV1.2CMΔE9* channels (Fig. S4F),
indicating Gal-1 inhibits the current of cardiac CaV1.2ΔE9* channels by
reducing the functional surface expression of CaV1.2 channels.

3.3. Overexpression of Gal-1 inhibits ISO or KCl-induced [Ca2+]i elevation
in NRVMs

We demonstrated that Gal-1 blunts the currents of CaV1.2 channels
in NRVMs and HEK293 cells. This prompted us to investigate whether
Gal-1 can modulate intracellular calcium homeostasis by restricting
Ca2+ influx. To test this hypothesis, we monitored the real-time [Ca2+]i
under living cell station in NRVMs by using 4 μmol/L Fluo-4 AM as
[Ca2+]i indicator (Fig. 3A and C). ISO could bind and excite β-adre-
nergic receptors on the cardiomyocyte, in turn facilitates CaV1.2
channels, and subsequently increasing [Ca2+]i [40]. Here, 10 μmol/L
ISO was applied to NRVMs to trigger the elevation of [Ca2+]i, and this
effect was almost blocked by co-incubating with 10 μmol/L CaV1.2
channel blocker diltiazem (DTZ) (Fig. 3B), indicating ISO-induced
[Ca2+]i elevation is actually mediated by CaV1.2 channels. However,
overexpression of Gal-1 decreased elevated [Ca2+]i induced by ISO as
against vector-transfected NRVMs (Fig. 3B).

Unlike ISO-induced [Ca2+]i elevation, the application of K+ in ex-
tracellular solution could directly depolarize CaV1.2 channels to induce
CICR. After ~5min application with 60mmol/L KCl, intracellular

Fig. 2. Gal-1 inhibits the native ICa,L and reduces the surface expression of CaV1.2 channels in NRVMs. (A) NRVMs were transfected with vector or Gal-1 expression
plasmids upon the application with or without 1 μmol/L ISO, post 48 h transfection, immunoblotting was used to determine the expression of Gal-1 in NRVMs.
GAPDH protein was detected as internal control. (B) The relative band densities were analyzed and normalized to GAPDH. The results were from three independent
experiments. (C) Native ICa,L was measured in the NRVMs transfected with vector (black) or Gal-1 (red) in 5mmol/L Ca2+ bath solution. (D) ICa,L of NRVMs
transfected with vector (black) or Gal-1 (red) was also analyzed upon application with 1 μmol/L ISO. *P < 0.05, **P < 0.01 versus control, unpaired t-test. (E)
NRVMs were transfected with vector or Gal-1 expression plasmids upon the application with or without 1 μmol/L ISO, post 48 h transfection, membrane proteins
were extracted and immunoblotting was used to determine the surface expression of CaV1.2 α1C in NRVMs. NaeK ATPase protein was detected as internal control. (F)
The relative band densities were analyzed and normalized to NaeK ATPase. The results were from three independent experiments. *P < 0.05, **P < 0.01 versus
control; #P < 0.05, ##P < 0.01 versus ISO-treated NRVMs, one-way ANOVA followed by a Newman-Keuls method for post hoc pair-wise multiple comparisons.
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calcium increased to its maximal concentration, and co-incubation with
DTZ also blocked this [Ca2+]i elevation (Fig. 3D). Again, over-
expression of Gal-1 decreased K+-induced [Ca2+]i elevation in NRVMs
(Fig. 3D). These data strongly imply that Gal-1 could decrease [Ca2+]i
in cardiomyocyte, which is consistent with the idea that Gal-1 binds to
the I-II loop of CaV1.2 calcium channel to inhibit its current [18].
However, neither ISO (Fig. S6A–B) nor KCl-induced [Ca2+]i elevation
(Fig. S6C–D) was potentiated after knockdown of Gal-1 in NRVMs, in-
dicating that the efficacy of CICR might have reached to its maximum,
which cannot further increase the [Ca2+]i of NRVMs. Collectively, our
data showed that Gal-1 could decrease ISO or KCl-induced [Ca2+]i
elevation in NRVMs, suggested to be mediated by the inhibition of
CaV1.2 channel membrane expression and current.

3.4. Overexpression of Gal-1 attenuates ISO-induced cardiomyocyte
hypertrophy

We next investigated whether Gal-1 can directly affect cardiomyo-
cyte hypertrophy. NRVMs were transfected with Gal-1 expression
plasmid or vector, after that ISO was applied to the cells. After 48 h ISO
treatment in vector-transfected NRVMs, fetal genes' transcription, in-
cluding Nppa (Fig. 4A), Nppb (Fig. 4B) and Myh7 (Fig. 4C), was dra-
matically increased, and the cell surface area (Fig. 4D–E) and cell ca-
pacitance was enlarged (Fig. 4F). However, overexpression of Gal-1
could downregulate ISO-induced fetal genes' transcription in NRVMs
(Fig. 4A–C). Moreover, it significantly reduced the cell surface area

(Fig. 4D–E) and cell capacitance (Fig. 4F) of NRVMs treated with ISO.
Knockdown of Gal-1 could potentiate ISO-induced Nppb (Fig. S7B) and
Myh7's (Fig. S7C) transcription, not Nppa (Fig. S7A), but it didn't sig-
nificantly increase ISO-induced cell surface area (Fig. S7D–E) and cell
capacitance (Fig. S7F) enlargement in NRVMs. Taken together, our data
indicated that Gal-1 attenuates ISO-induced cardiomyocyte hyper-
trophy, which is thought to be mediated by the inhibition of CaV1.2
channel currents and decreased [Ca2+]i in NRVMs.

3.5. Gal-1 inhibits ISO-induced phosphorylation of Ca2+-dependent
signaling proteins in NRVMs

We have investigated that Gal-1 could inhibit [Ca2+]i of cardio-
myocyte, and attenuate ISO-induced cardiomyocyte hypertrophy, but
its signaling mechanisms are still unclear. CaMKII is known to play
important roles in long-term stress-induced pathological cardiac hy-
pertrophy [41]. Next, we investigated whether Gal-1 regulates in-
tracellular calcium-dependent δCaMKII, the most abundant isoform
expressed in cardiac muscles. NRVMs were stimulated by 10 μmol/L
ISO treatment for 2 h, which gave a robust expression of phosphory-
lated δCaMKII (pδCaMKIIThr287), not the total protein (Fig. 5A–B), as
indicated by previous reports [42,43]. Increase of phosphorylated
δCaMKII expression induced by ISO could be abolished by pretreatment
with protein kinase A (PKA) inhibitor H89 or CaMKII inhibitor KN93,
respectively (Fig. 5B). That indicated ISO-induced δCaMKII phosphor-
ylation is mediated by cAMP-PKA signaling pathway. Furthermore, the

Fig. 3. Gal-1 inhibits ISO or KCl-induced [Ca2+]i elevation in NRVMs. (A) 10 μmol/L ISO was applied in the bath solution of NRVMs transfected with vector or Gal-1
plasmids, real-time [Ca2+]i was measured by Ca2+ fluorescence indicator Fluo-4 AM, and the fluorescent intensity was monitored by time series scanning mode
under a confocal microscope. Δ[Ca2+]i fluorescence intensities were measured by dividing the changes in the fluorescent signal by the average resting fluorescence.
(B) Plots of time course of fluorescent intensity after application with ISO in NRVMs transfected with vector (black) or Gal-1 plasmid (red), Δ[Ca2+]i was presented as
ΔF/F0. (C) 60mmol/L KCl was used to trigger [Ca2+]i elevation of NRVMs transfected with vector or Gal-1 plasmids. (D) Plots of time course of fluorescent intensity
after application with KCl in NRVMs transfected with vector (black) or Gal-1 plasmids (red). The [Ca2+]i of NRVMs was also measured when co-incubating with
10 μmol/L CaV1.2 channel blocker diltiazem (DTZ) (black, empty circle). Scale bar: 20 μm. *P < 0.05 versus control, unpaired t-test.
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phosphorylated HDAC4 (pHDAC4Ser632) was also upregulated after ISO
application (Fig. 5A and C). These observations suggested ISO upre-
gulates fetal genes' transcription by phosphorylating δCaMKII and
HDAC4. However, overexpression of Gal-1 reduced ISO-induced ex-
pression of phosphorylated δCaMKII (Fig. 5B) and HDAC4 (Fig. 5C) in
NRVMs, indicating Gal-1 attenuates ISO-induced cardiomyocyte hy-
pertrophy via δCaMKII-HDAC4 signaling pathway.

Further, we used LTCC agonist Bay K8644 to check the effect of Gal-
1 on δCaMKII-HDAC4 signaling in NRVMs. Application with Bay K8644
could increase the phosphorylated expression of δCaMKII and HDAC4
in NRVMs (Fig. 5D–F), indicating activation of CaV1.2 channels indeed
triggers these intracellular calcium-dependent signaling proteins.
However, overexpression of Gal-1 could diminish Bay K8644-induced
phosphorylation of δCaMKII (Fig. 5E) and HDAC4 (Fig. 5F) in NRVMs,
respectively, suggesting that Gal-1 inhibits LTCC-δCaMKII-HDAC4 sig-
naling, which represses the transcription of cardiac fetal genes and at-
tenuates cardiomyocyte hypertrophy.

3.6. Gal-1 inhibits the ISO-triggered translocation of HDAC4 in NRVMs

It is well known that HDAC4 gets restricted to the cytoplasm instead
of importing into the nucleus when phosphorylated upon activated
δCaMKII, which relieves the depression of fetal genes' transcription
[44,45]. Thus, we determined the translocation of HDAC4 in differen-
tially-treated NRVMs. In non-treated NRVMs, the HDAC4 was mainly
distributed at the surrounding of nucleus (Fig. 6), whereas HDAC4
staining was not restricted in nucleus instead of distributing in the
cytosol of ISO-treated NRVMs (Fig. 6), indicating ISO could trigger the

translocation of HDAC4 from nucleus to cytosol. However, HDAC4 re-
mained to stay at the surrounding of nucleus of Gal-1-transfected and
ISO-treated NRVMs (Fig. 6), suggesting Gal-1 could prevent the ISO-
induced translocation of HDAC4 from nucleus to cytosol, thereby de-
presses the fetal genes' transcription and cardiomyocyte hypertrophy.

3.7. Increased expressions of CaV1.2E9* channels and Gal-1 in hypertrophic
cardiomyocytes and hearts

In order to investigate the expression levels of Gal-1 and CaV1.2E9*
channels in cardiomyocyte hypertrophy, rat NRVMs were treated with
1 μmol/L ISO. By using the primers to amplify and identify alternative
exon 9* of CaV1.2 calcium channel, we found the proportion of
CaV1.2E9* channels was increased by ~10% after 48 h ISO treatment in
NRVMs (Fig. 7A–B). Unexpectedly, Gal-1 expression was also increased
~1.7-folds in ISO-treated NRVMs (Fig. 7A and C).

To address the pathological relevance, we used two different rat
cardiac hypertrophic models, SHR and TAC-operated rats, to investigate
the expressions of Gal-1 and CaV1.2E9* channels in hypertrophic hearts.
Baseline characteristics indicated that the heart weight-to-body weight
ratios were increased in SHR or TAC-operated rats as compared to age-
matched WKY or sham-operated rats, respectively (Table S3). The M-
mode echocardiography also indicated SHR (Table S4 and Fig. S8A–C)
or TAC-operated rats (Table S5 and Fig. S8D–F) had an obvious cardiac
hypertrophy, demonstrating IVS and LVPW thickness in diastole sig-
nificantly increased.

Here, we observed the proportion of CaV1.2E9* channels were sig-
nificantly increased in the ventricles of SHR (Fig. 7D–E) and TAC-

Fig. 4. Gal-1 inhibits fetal genes' transcription and reduces ISO-induced cell size enlargement in NRVMs. Rat Nppa (A), Nppb (B) and Myh7 (C) mRNAs were
determined by real-time RT-PCR in differentially-treated NRVMs, rat Gapdh mRNA was measured as internal control. The average data were from five or six separate
experiments. (D) Representative images of NRVMs transfected with vector or Gal-1 plasmid after treatment with or without 1 μmol/L ISO for 48 h, immuno-
fluorescence staining to determine cell surface area was carried out using anti-α-actinin antibody. Scale bar: 50 μm. (E) The analyzed cell surface areas were shown as
scatter plots in differentially-treated NRVMs, control cells (n=22), ISO-treated cells (n= 19), Gal-1 transfected cells (n= 22), and ISO-treated Gal-1 transfected
cells (n=19). (F) The cell capacitances were also analyzed as scatter plots in differentially-treated NRVMs. n= 20 cells each group. *P < 0.05, **P < 0.01 versus
ISO-treated NRVMs, one-way ANOVA followed by a Newman-Keuls method for post hoc pair-wise multiple comparisons. #P < 0.05 versus Gal-1 transfected NRVMs,
unpaired t-test.
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operated rats (Fig. 7H–I), which was in close agreement with previous
report [46]. Moreover, expression of Gal-1 was also markedly increased
in left ventricle from 20weeks-old SHR (Fig. 7D and G) or TAC-oper-
ated rats (Fig. 7H and K) in contrast to age-matched WKY or sham-
operated rats, which is similar with hypertrophic cardiomyocytes.
However, the expressions of CaV1.2 α1C subunits were dramatically
decreased in left ventricle from 20weeks-old SHR (Fig. 7D and F) or
TAC-operated rats (Fig. 7H and J), which is also consistent with pre-
vious report [7].

4. Discussion

In addition to regulate the cardiac contractility, Ca2+ influx through
CaV1.2 calcium channels modulates the intracellular signaling path-
ways and gene expression underlying cardiac hypertrophy and cardio-
myopathies. As a hub, CaV1.2 calcium channel can be modulated by a
series of mechanisms, including protein-protein interaction mediated
by Gal-1 as reported previously [18]. In this study, we identified Gal-1
as a modulator of cardiac CaV1.2 calcium channel and provided evi-
dence that Gal-1 attenuates ISO-induced cardiomyocyte hypertrophy
via LTCC-δCaMKII-HDAC4 signaling pathway (Fig. 8A). Moreover, the

aberrant expressions of Gal-1 and CaV1.2 with alternative exon 9* are
found in cardiac hypertrophy (Fig. 8B), suggesting their potential roles
in the development of cardiac hypertrophy.

CaVβ subunit is known to bind with α-interaction domain (AID) of I-
II loop of CaV1.2 α1C subunit to traffic it from endoplasmic reticulum
(ER) to cell membrane, which affects the channel cell surface expres-
sion and gating [47]. Previous observations indicated that Gal-1 can
bind to ER export motif of I-II loop of CaV1.2 channels, located behind
AID domain, and the inclusion of alternative exon 9* prevents the
binding between Gal-1 and CaV1.2 I-II loop. Functionally, Gal-1 inhibits
the ICa,L by decreasing the cell surface expression of CaV1.2 in VSMCs
[18]. Mechanistically, the interaction between Gal-1 and CaV1.2ΔE9*
channel masks the AID domain to prevent the CaVβ subunit binding and
trafficking of CaVα1C subunit, results in the decreased ICa,L [18,28]. In
this study, we found Gal-1 could selectively reduce the ICa,L of
CaV1.2CMΔE9* channels in HEK293 cells. Compared to native ICa,L in
NRVMs, ICa,L measured in HEK293 cells had a slower inactivation ki-
netics, which is attributed to the CaVβ2a subunit anchoring to the cell
membrane via its palmitoylation [48,49]. Noteworthy, in human ven-
tricles, there are two major CaVβ subunits in the order of
β2b > β3 > β2a [50,51], whether the inhibition of the cardiac CaV1.2

Fig. 5. Gal-1 inhibits the phosphorylation of δCaMKII and HDAC4 in NRVMs. (A) NRVMs were transfected with vector or Gal-1 plasmids, then cells were pretreated
with 10 μmol/L PKA inhibitor H89 or 1 μmol/L CaMKII inhibitor KN93 for ~15min before applying with 10 μmol/L ISO. The total protein from NRVMs was used to
detect the expression of phosphorylated (p) or total (t) δCaMKII or HDAC4 by Western blotting, GAPDH protein was detected as internal control. The relative band
densities were analyzed the expression of phosphorylated δCaMKII (B) or HDAC4 (C) in differentially-treated NRVMs. The results were from four independent
experiments. *P < 0.05, **P < 0.01 versus control, unpaired t-test; #P < 0.05, ##P < 0.01 versus ISO-treated vector-transfected NRVMs, &P < 0.05, &&P < 0.01
versus ISO-treated Gal-1-transfected NRVMs, one-way ANOVA followed by a Newman-Keuls method for post hoc pair-wise multiple comparisons. (D) NRVMs were
transfected with vector or Gal-1 plasmid, and treated with 5 μmol/L LTCC agonist Bay K8644, then cells were collected for detecting the expression of phosphorylated
(p) or total (t) δCaMKII and HDAC4 by Western blotting at different timing points. The relative band densities were analyzed the expression of phosphorylated
δCaMKII (E) or HDAC4 (F) in NRVMs. The results were from three independent experiments. *P < 0.05, **P < 0.01 versus control, unpaired t-test; #P < 0.05
versus DMSO-treated vector-transfected NRVMs, &P < 0.05 versus DMSO-treated Gal-1-transfected NRVMs, one-way ANOVA followed by a Newman-Keuls method
for post hoc pair-wise multiple comparisons.
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channels by Gal-1 is dependent on the different CaVβ subunits warrants
further investigation. Nevertheless, overexpression of Gal-1 decreased
basal and ISO-induced ICa,L of NRVMs, indicating that Gal-1 could di-
rectly inhibit the current of CaV1.2 channels in native cardiomyocyte by
reducing the channel membrane expression.

In cardiomyocyte, Ca2+ influx through CaV1.2 channels triggers the
activation of Ca2+ releasing channel ryanodine receptor 2 on the
membrane of sarcoplasmic reticulum, inducing transient increase of
[Ca2+]i [52]. For the first time, we found that Gal-1 reduces ISO or KCl-
induced elevation of [Ca2+]i in cardiomyocytes. It is supposedly
mediated by decreasing Ca2+ influx through CaV1.2 channels, owing to
inhibition of ICa,L by Gal-1. Overexpression of Gal-1 decreases only part
of [Ca2+]i could be explained by the part inhibition of ICa,L by Gal-1 in
NRVMs. Notably, overexpression of Gal-1 decreases the ISO-induced
fetal genes' transcription, and diminishes ISO-induced cell size en-
largement and cell capacitance increase, indicating Gal-1 attenuates
ISO-induced cardiomyocyte hypertrophy via the inhibition of [Ca2+]i.

As the most abundantly expressed isoform in heart [41,53],
δCaMKII is known to be regulated by [Ca2+]i of cardiomyocyte [4].
Thus, the decrease of [Ca2+]i by Gal-1 supposedly affects the phos-
phorylation of δCaMKII in cardiomyocyte. As expected, we found Gal-1
could inhibit the phosphorylation of δCaMKII in ISO or Bay K8644-
treated cardiomyocytes. Owing to that CaV1.2 channel is also one of

substrates of δCaMKII [54,55], reduced phosphorylation of δCaMKII
might further decrease the activities of cardiac CaV1.2 channels.
HDAC4, one of class II HDACs, is highly expressed in heart tissues [56],
and it is known to be bound and phosphorylated by δCaMKII [45].
Treatment with δCaMKII inhibitor KN93 almost abolished ISO-induced
HDAC4 phosphorylation as we demonstrated, suggesting that δCaMKII
can affect cardiomyocyte hypertrophy via regulating the phosphoryla-
tion of HDAC4. Notably, Gal-1 could decrease ISO-induced phosphor-
ylation and prevent translocation of HDAC4 in NRVMs, based on the
inhibition of δCaMKII phosphorylation by Gal-1. Therefore, our data
suggested that Gal-1 attenuates cardiomyocyte hypertrophy by in-
hibiting fetal genes' transcription, which is mediated by δCaMKII-
HDAC4 signaling pathway.

In acute myocardial infarction, the expression of Gal-1 was in-
creased in the infracted heart tissue [29]; moreover, the expression of
Gal-1 could be induced by cardiac surgery [30]. Here, we found that the
expression of Gal-1 was increased in the hypertrophic hearts induced by
afterload pressure, suggesting that the upregulation of Gal-1 might be
an important part of compensatory response in cardiac hypertrophy
because they blunt β-adrenergic Ca2+ influx preventing runaway car-
diomyocyte hypertrophy. CaV1.2E9* channels were rarely expressed in
normal hearts (Fig. 1A and Fig. 7D and H), as indicated by previous
reports [16,46]. However, we found the expression of CaV1.2E9*

Fig. 6. Gal-1 prevents the ISO-triggered translocation of HDAC4 in NRVMs. (A) Immunofluorescence staining to determine the localization of HDAC4 in cardio-
myocytes was carried out using anti-HDAC4 antibody (left panel, 1:100 dilution), cardiac troponin T (cTnT) staining (middle panel, 1:100 dilution) was used to label
the cardiac myocytes, DAPI was used to label the nucleus, the right panel shows the merged image. Scale bar: 20 μm. (B) Fluorescence intensity profiles for HDAC4
(red) and DAPI (blue) along the yellow line drawn in the pictures, expressed as Arbitrary Unit (AU), in control (Ctrl), ISO-treated (ISO), Gal-1-transfected (Gal-1), or
ISO-treated Gal-1-transfected (Gal-1+ ISO) NRVMs. Regions with high intensity of DAPI were considered as nucleus (N), the other regions were considered as
cytosol (C).
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channels are increased in the hypertrophic cardiomyocytes and hearts.
This observation was also found in myocardial infarction, which
showed the expression of CaV1.2ΔE9* channels were greatly reduced,
whereas CaV1.2E9* channels were generated in the scar region of heart
[20]. Though Gal-1 expression is upregulated in hypertrophic hearts,
CaV1.2E9* channels are also increased, which might partly prevent the
Gal-1’s effects on cardiac CaV1.2 channels (Fig. 8B). This may explain
why Gal-1 expression is increased, but the cardiac hypertrophy is still
occurred. Therefore, we think overexpression of Gal-1 and simulta-
neous downregulation of CaV1.2E9* channels might produce a syner-
getic anti-hypertrophic action in the hearts.

Though we have explored the detailed molecular basis of Gal-1-
CaV1.2 interaction in cardiomyocyte hypertrophy, this work still have
some limitations. First, Gal-1 expression in neonatal cardiomyocyte is
more than adult cardiomyocyte (Fig. S1). NRVM, used as a cell model,
might not fully demonstrate the real pathological processes of adult
cardiac hypertrophy. Second, Gal-1 expression plasmids are used and
transfected into cardiomyocyte to induce the Gal-1 overexpression in
the cells, which could be difficult to be applied in translational re-
search, whether application with Gal-1 recombinant protein has the
same effects on the cardiomyocyte hypertrophy is of value to be in-
vestigated. Third, the expressions of Gal-1 and CaV1.2E9* channels are

dysregulated in rat hypertrophic hearts, suggesting the possible roles of
Gal-1-CaV1.2 interaction in the development of cardiac hypertrophy.
However, the in-vivo experiments are required to prove the consequent
effects of Gal-1 on cardiac hypertrophy, which might be explored in
future work.

Taken together, our study demonstrated that Gal-1 inhibits the ICa,L
of cardiac CaV1.2ΔE9* channels by reducing the channel membrane
expression, which decreases [Ca2+]i of cardiomyocyte, downregulates
δCaMKII-HDAC4 signaling, and prevents the translocation of HDAC4,
with concomitant decrease in fetal genes' transcription and attenuation
of cardiomyocyte hypertrophy. Significantly, the increased expression
of Gal-1 in hypertrophic hearts suggests an important part of compen-
satory mechanism against cardiac hypertrophic remodeling.
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