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Annexin A7 (Anxa7) is a cytoskeletal protein interacting with Ca2+ signaling which in turn is a crucial
factor for cardiac remodeling following cardiac injury. The present study explored whether Anxa7 partic-
ipates in the regulation of cardiac stress signaling. To this end, mice lacking functional Anxa7 (anxa7�/�)
and wild-type mice (anxa7+/+) were investigated following pressure overload by transverse aortic con-
striction (TAC). In addition, HL-1 cardiomyocytes were silenced with Anxa7 siRNA and treated with iso-
proterenol. Transcript levels were determined by quantitative RT-PCR, transcriptional activity by
luciferase reporter assay and protein abundance by Western blotting and confocal microscopy. As a
result, TAC treatment increased the mRNA and protein levels of Anxa7 in wild-type mice. Moreover,
TAC increased heart weight to body weight ratio and the cardiac mRNA levels of aSka, Nppb, Col1a1,
Col3a1 and Rcan1, effects more pronounced in anxa7�/� mice than in anxa7+/+ mice. Silencing of Anxa7
in HL-1 cardiomyocytes significantly increased nuclear localization of Nfatc1. Furthermore, Anxa7 silenc-
ing increased NFAT-dependent transcriptional activity as well as aSka, Nppb, and Rcan1 mRNA levels
both, under control conditions and following b-adrenergic stimulation by isoproterenol. These observa-
tions point to an important role of annexin A7 in the regulation of cardiac NFAT activity and hypertrophic
response following cardiac stress conditions.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Annexins, Ca2+- and phospholipid-binding intracellular proteins
[1–5], contribute to the regulation of diverse functions, such as
inhibition of phospholipase A2 [6,7], aggregation of chromaffin
granules [8], crosslinking of proteins within the cell cortex [9], reg-
ulation of ion channels [10] as well as endo- and exocytosis
[11,12]. Annexin A7 (or Anxa7, annexin VII, synexin) binds to
secretory vesicles and participates in the regulation of secretion
[13–15]. Anxa7 further participates in cellular Ca2+ signaling
[16–18]. Anxa7 has been implicated in spherocytosis [19], inflam-
matory myopathies [20], cardiac remodeling [21], as well as
regulation of cell survival and tumor growth [22–25].

The initially generated Anxa7 knockout mice were not viable
but lethal on embryonic day 10 [26]. A second attempt yielded via-
ble Anxa7 knockout mice [27], which suffer from impaired platelet
function [28], enhanced glial cell proliferation [16] and enhanced
suicidal erythrocyte death [29]. In Anxa7-deficient mice cardiomy-
ocyte shortening-frequency relationship and cardiac excitation are
altered [27,30].

In view of the role of Anxa7 in the regulation of Ca2+-dependent
processes [1], Anxa7 may be involved in the cardiac stress response
following pressure overload, which has previously been shown to
be modified by cytosolic Ca2+ activity. Hypertension or heart mus-
cle injury may result in pathological cardiac hypertrophy, a key
event in heart failure [31]. The present study thus explored the role
of annexin A7 in cardiac hypertrophic signaling.
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http://dx.doi.org/10.1016/j.bbrc.2014.01.186
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2. Materials and methods

2.1. Animals

Experiments were performed in Anxa7 knockout mice
(anxa7�/�) [27]. 129SV mice were used as control (anxa7+/+). All
animal experiments were conducted according to the German
law for the care and use of laboratory animals and were approved
by the local authorities. The mice were fed standard rodent diet
and had access to drinking water ad libitum. Cardiac pressure over-
load was induced by transverse aortic constriction (TAC) as
described previously [32,33]. Briefly, male mice aged 10–13 weeks
were anaesthetized by a mixture of midazolame (5 mg/kg b.w.),
medetomidine (0.5 mg/kg b.w.) and fentanyl (0.05 mg/kg b.w.)
and placed on a heating pad. After intubation and ventilation
(Harvard minivent, Harvard apparatus), an intercostal space was
opened by a small incision. The transverse aorta was exposed
and constricted by the width of a 27-G canula using a 7-0 nylon su-
ture. After closing of the access site, anesthesia was antagonized
and animals were treated with buprenorphine (0.05 mg/kg b.w.)
after procedure. High frequency 2D Echocardiography was
performed 3 weeks after the TAC procedure (Vevo-2100 Imaging
System, VisualSonics). Mice were sedated by 1.5% isoflurane via a
breathing mask after induction with 5% isoflurane and placed
supine on a temperature controlled heating platform with simulta-
neous ECG acquisition. The chest hair was removed and multiple
long axis view images of the left ventricle were acquired, analyzed
and results calculated by the internal software.
2.2. Cell culture of HL-1 cardiomyocytes

HL-1 cardiomyocytes (kindly provided by Dr. W.C. Claycomb,
Department of Biochemistry and Molecular Biology, Louisiana
State University) were maintained in Claycomb medium (Sigma Al-
drich) supplemented with 10% FBS (Sigma Aldrich), 0.1 mM nor-
epinephrine (Sigma Aldrich), 2 mM L-glutamine (Sigma Aldrich),
100 units/ml penicillin and 100 lg/ml streptomycin (Invitrogen).
The medium was changed approximately every 24 h. HL-1 cardio-
myocytes were seeded onto 0.02% gelatin/0.00125% fibronectin-
coated dishes and cultured in normal growing medium. After
24 h, the cells were subsequently transfected with 10 nM Anxa7
siRNA (ID No. S62363, Ambion, Life Technologies) or with 10 nM
negative control siRNA (ID No. 4390843, Ambion, Life Technolo-
gies) using siPORT amine transfection agent (Ambion, Life Technol-
ogies) according to the manufacturer’s protocol. The cells were
used 72 h after silencing. Silencing efficiency was verified by quan-
titative RT-PCR. The medium was changed to Claycomb medium
supplemented with 2 mM L-glutamine, 100 units/ml penicillin
and 100 lg/ml streptomycin 4 h prior to treatment with 10 lM
isoproterenol bitartrate salt (Sigma Aldrich) for 24 h.
2.3. Quantitative RT-PCR

Total RNA was isolated from murine heart and from HL-1
cardiomyocytes using Trifast Reagent (Peqlab) according to the
manufacturer’s instructions. Reverse transcription of 2 lg RNA
was performed using oligo(dT)12–18 primers (Invitrogen) and
SuperScript III Reverse Transcriptase (Invitrogen). cDNA samples
were treated with RNase H (Invitrogen). Quantitative real-time
PCR was performed with the iCycler iQ™ Real-Time PCR Detection
System (Bio-Rad Laboratories) and iQ Sybr Green Supermix (Bio-
Rad Laboratories) according to the manufacturer’s instructions.
The following primers were used (50 ? 30 orientation): Anxa7 fw:
AAGCTCCCTACCCTAGCCAG; Anxa7 rev: CCTTTCATTGCTTTGCGGA-
GA; aSka fw: CCCAAAGCTAACCGGGAGAAG; aSka rev: GAC-
AGCACCGCCTGGATAG; Col1a1 fw: ACCCGAGGTATGCTTGATCTG;
Col1a1 rev: CATTGCACGTCATCGCACAC; Col3a1 fw: CCATTTGGA-
GAATGTTGTGCAAT; Col3a1 rev: GGACATGATTCACAGATTCCAGG;
Gapdh fw: AGGTCGGTGTGAACGGATTTG; Gapdh rev: TGTAGAC-
CATGTAGTTGAGGTCA; Rcan1 fw: AGCTCCCTGATTGCCTGTGT;
Rcan1 rev: TTTGGCCCTGGTCTCACTTT. The specificity of the PCR
products was confirmed by analysis of the melting curves and in
addition by agarose gel electrophoresis.

To determine Bnp (Nppb) transcript levels, quantitative real-
time PCR was performed using Universal TaqMan Master Mix (Ap-
plied Biosystems) as recommended by the manufacturer. TaqMan
primers and probes for Nppb and Gapdh were purchased from Ap-
plied Biosystems (Applied Biosystems). All PCRs were performed in
duplicate and relative mRNA fold changes were calculated by the
2�DDCt method using Gapdh as internal reference.

2.4. Immunocytochemistry and confocal microscopy

For immunocytochemistry, HL-1 cardiomyocytes cultured onto
0.02% gelatin/0.00125% fibronectin-coated two-well chamber
slides (BD Biostatus) were washed with PBS, fixed with 4% parafor-
maldehyde/PBS for 15 min at RT and permeabilized with PBS/ 0.1%
Triton-X for 10 min at RT. After blocking with 5% normal goat ser-
um in PBS/0.1% Triton-X for 1 h at RT, the slides were incubated
overnight at 4 �C with rabbit polyclonal anti-Nfatc1 antibody (di-
luted 1:50, Santa Cruz Biotechnology). Binding of primary antibody
was visualized using goat anti-rabbit Alexa Fluor488-conjugated
antibody (diluted 1:1000, Invitrogen) incubated for 1 h at RT. Nu-
clei were stained using DRAQ-5 dye (diluted 1:1000, Biostatus)
and actin using Rhodamine Phalloidin (diluted 1:100, Invitrogen).
The slides were mounted with Prolong Gold antifade reagent
(Invitrogen). Images were collected with a confocal laser-scanning
microscope (LSM 510, Carl Zeiss MicroImaging GmbH) using a
water immersion A-Plan �63/1.2W. Confocal images are represen-
tative for 4 independent experiments. Negative controls were car-
ried out simultaneously by omitting incubation with primary
antibody.

2.5. Extraction of nuclear and cytoplasmic proteins

HL-1 cardiomyocytes cultured onto 0.02% gelatin/0.00125%
fibronectin-coated culture dishes were washed with PBS, scraped
off the dishes in ice-cold PBS, and centrifuged at 2000 rpm for
5 min. The preparation of cytoplasmic and nuclear extracts was
performed using the NE-PER nuclear and cytoplasmic extraction
reagents (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Protein concentration was determined by
Bradford assay (Biorad Laboratories) and 30 lg of proteins were
boiled in Roti-Load1 Buffer (Carl Roth) at 100 �C for 10 min. Nfatc1
nuclear translocation was further determined by Western blot
analysis.

2.6. Western blot analysis

Murine heart tissues were lysed with ice-cold lysis buffer (Ther-
mo Fisher Scientific) supplemented with complete protease and
phosphatase inhibitor cocktail (Thermo Fisher Scientific). After
centrifugation at 10,000 rpm for 5 min, 30 lg of proteins were
boiled in Roti-Load1 Buffer (Carl Roth) at 100 �C for 10 min. Pro-
teins were separated on SDS–polyacrylamide gels and transferred
to PVDF membranes. The membranes were incubated overnight
at 4 �C with primary goat anti-Anxa7 antibody (diluted 1:1000,
R&D Systems), rabbit monoclonal anti-Nfat2 antibody (diluted
1:1000, Cell Signaling), rabbit anti-Hdac2 antibody (diluted
1:1000, Cell Signaling), rabbit anti-a-tubulin antibody (diluted
1:1000, Cell Signaling) or rabbit anti-GAPDH antibody (diluted
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1:1000, Cell Signaling) and then with secondary anti-goat HRP-
conjugated antibody (diluted 1:2000, Santa Cruz Biotechnology)
or secondary anti-rabbit HRP-conjugated antibody (diluted
1:1000, Cell Signaling) for 1 h at RT. For loading controls, the mem-
branes were stripped in stripping buffer (Thermo Fisher Scientific)
for 10 min at RT. Antibody binding was detected with the ECL
detection reagent (Amersham) and bands were quantified using
Quantity One Software (Bio-Rad). Results are shown as the ratio
of Anxa7 to Gapdh protein normalized to the sham treated wild-
type mice. For Nfac1 nuclear translocation, results are shown as
the ratio of nuclear to cytoplasmic Nfatc1 protein normalized to
Hdac2 or a-tubulin for the nuclear fraction or the cytoplasmic frac-
tion, respectively.

2.7. Luciferase assay

HL-1 cardiomyocytes were co-transfected for 48 h with 1 lg
DNA mixture of Nfat-responsive luciferase construct and a consti-
tutively-expressing Renilla construct (40:1 ratio, Qiagen) using X-
tremeGENE HP DNA transfection reagent (Roche) according to
Fig. 1. Cardiac annexin A7 expression in wild-type mice following TAC. Arithmetic me
expression in cardiac tissue from wild-type mice (anxa7+/+) following sham (sham, lef
original Western blots (B) showing Anxa7 and Gapdh protein abundance in cardiac tissue
transverse aortic constriction (TAC) procedure. Arithmetic means ± SEM ((C), n = 10 mi
anxa7+/+ mice following sham (sham, left bar) or transverse aortic constriction (TAC, ri
anxa7+/+ mice.

Fig. 2. Hypertrophic changes in cardiac tissue from anxa7�/� mice following TAC. Arithm
mg/g), and aSka ((B); arbitrary units, a.u), Nppb ((C); a.u.), Col1a1 ((D); a.u.), Col3a1 ((E);
mice (anxa7+/+, white bars) and Anxa7 knockout mice (anxa7�/�, black bars) following
procedure. ⁄(p < 0.05), ⁄⁄(p < 0.01) statistically significant vs. respective anxa7+/+ mice.
the manufacturer’s protocol. Renilla-luciferase served as an inter-
nal control for the transfection efficiency. Cells were washed with
ice-cold PBS, lysed with Passive Lysis Buffer (Promega), kept on ice
for 15 min, centrifuged at 10,000 rpm at 4 �C and the supernatant
stored at �80 �C. Samples were added in duplicate in a luminome-
try plate (20 ll/well) and read using the Dual-Luciferase Reporter
Assay (Promega) in a luminometer (Walter Wallac 2 plate reader,
Perkin Elmer). Relative light units (RLU) were obtained for both
Nfat firefly-luciferase and Renilla-luciferase and all results are ex-
pressed as the ratio of Nfat firefly-luciferase to Renilla-luciferase
normalized to the HL-1 cardiomyocytes silenced with negative
control siRNA.

2.8. Statistics

Data are provided as means ± SEM, n represents the number of
independent experiments. All data were tested for significance
using t-test or Mann–Whitney test according to Shapiro–Wilk test
and only results with p < 0.05 were considered statistically
significant.
ans ± SEM ((A), n = 9–10 mice/group; arbitrary units, a.u.) of Anxa7 relative mRNA
t bar) or transverse aortic constriction (TAC, right bar) procedure. Representative
from anxa7+/+ mice and Anxa7 knockout mice (anxa7�/�) following sham (sham) or

ce/group; a.u.) of normalized Anxa7 to Gapdh protein ratio in cardiac tissue from
ght bar) procedure. ⁄(p < 0.05), ⁄⁄(p < 0.01) statistically significant vs. sham treated

etic means ± SEM (n = 9–13 mice/group) of heart weight to body weight ratio ((A);
a.u.) and Rcan1 ((F); a.u.) relative mRNA expression in cardiac tissue from wild-type

sham (sham, left columns) or transverse aortic constriction (TAC, right columns)
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3. Results

To explore the impact of Anxa7 on cardiac remodeling, exper-
iments were performed in mice lacking functional Anxa7
(anxa7�/�) and in corresponding wild-type mice (anxa7+/+). In
order to impose pressure overload, the mice were subjected to
transverse aortic constriction (TAC) for 3 weeks. As apparent in
cardiac tissue from anxa7+/+ mice, TAC was followed by a
significant increase of Anxa7 mRNA expression (Fig. 1A), an effect
paralleled by a similar increase of Anxa7 protein abundance
Fig. 3. Effect of annexin A7 silencing on HL-1 cardiomyocytes hypertrophy following b-
group; arbitrary units, a.u.) of Anxa7 (A), aSka (B) and Nppb (C) relative mRNA expression
white bars) or Anxa7 siRNA (Anxa7 siRNA, black bars) without (Control, left columns) or
⁄⁄(p < 0.01), ⁄⁄⁄(p < 0.001) statistically significant vs respective Neg. siRNA silenced HL-1

Fig. 4. Effect of annexin A7 silencing on NFAT activity in HL-1 cardiomyocytes. Confocal
cardiomyocytes silenced for 72 h with negative control siRNA (Neg. siRNA) or Anxa7 si
labeled in blue, and actin staining is labeled in red. Images are representative for four i
means ± SEM ((C), n = 6 independent experiments/group; arbitrary units, a.u.) of normali
protein in the nuclear fraction (Nuc) and cytoplasmic fraction (Cyt) respectively, of HL-1 c
or Anxa7 siRNA (Anxa7 siRNA, black bar). Arithmetic means ± SEM ((D), n = 6 independen
luciferase reporter assay in HL-1 cardiomyocytes silenced for 72 h with negative control
(Control, left columns) or with treatment for 24 h with 10 lM isoproterenol (ISO, rig
Luciferase constructs. Arithmetic means ± SEM ((E), n = 12 independent experiments/grou
with negative control siRNA (Neg. siRNA, white bars) or Anxa7 siRNA (Anxa7 siRNA, b
isoproterenol (ISO, right columns). ⁄(p < 0.05), ⁄⁄(p < 0.01), ⁄⁄⁄(p < 0.001) statistically signi
the references to color in this figure legend, the reader is referred to the web version of
(Fig. 1B and C). No Anxa7 expression was detected in cardiac
tissue from anxa7�/� mice.

As illustrated in Fig. 2A, the heart weight to body weight ratio
increased following TAC treatment. This increase was significantly
more pronounced in anxa7�/� mice as compared to anxa7+/+ mice.
TAC treatment tended to decrease the cardiac fractional shortening
stronger in anxa7�/� mice, a difference, however, not reaching sta-
tistical significance (anxa7+/+ sham: 28.3 ± 0.8%; anxa7�/� sham:
27.0 ± 2.5%; anxa7+/+ TAC: 24.1 ± 1.5%; anxa7�/� TAC: 21.3 ± 1.2%;
n = 11–13). The increase of the heart weight to body weight ratio
adrenergic stimulation. Arithmetic means ± SEM (n = 12 independent experiments/
in HL-1 cardiomyocytes silenced for 72 h with negative control siRNA (Neg. siRNA,
with treatment for 24 h with 10 lM isoproterenol (ISO, right columns). ⁄(p < 0.05),
cardiomyocytes.

microscopy images (A) showing Nfatc1 protein expression and localization in HL-1
RNA (Anxa7 siRNA). Nfatc1 expression is represented by green labeling, nuclei are
ndependent experiments. Representative original Western blots (B) and arithmetic
zed nuclear to cytoplasmic Nfatc1 protein ratio normalized to Hdac2 and a-tubulin
ardiomyocytes silenced for 72 h with negative control siRNA (Neg. siRNA, white bar)
t experiments/group; a.u.) of NFAT-dependent transcriptional activity measured by
siRNA (Neg. siRNA, white bars) or Anxa7 siRNA (Anxa7 siRNA, black bars) without

ht columns) and co-transfected for 48 h with NFAT-responsive Luciferase/Renilla-
p; a.u.) of Rcan1 relative mRNA expression in HL-1 cardiomyocytes silenced for 72 h
lack bars) without (Control, left columns) or with treatment for 24 h with 10 lM
ficant vs. respective Neg. siRNA silenced HL-1 cardiomyocytes. (For interpretation of
this article.)
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was paralleled by an increase of the cardiac a-skeletal actin (aSka)
and natriuretic peptide type B (Nppb) mRNA expression (Fig. 2B
and C). The effects were significantly higher in anxa7�/� mice than
in anxa7+/+ mice. Furthermore, TAC increased the mRNA levels of
Col1a1 and Col3a1 to significantly higher levels in anxa7�/� mice
as compared to anxa7+/+ mice (Fig. 2D and E). The cardiac mRNA
levels of calcineurin/NFAT target gene Rcan1 (regulator of calcineu-
rin 1) were higher in anxa7�/�mice than in anxa7+/+ mice, an effect
reaching significance in sham treated, but not in TAC treated ani-
mals (Fig. 2F).

Additional experiments were performed to investigate the role
of Anxa7 in HL-1 cardiomyocytes hypertrophy. To this end, RNA
interference was used to suppress endogenous Anxa7 mRNA levels
in HL-1 cardiomyocytes. Silencing efficiency was verified by quan-
titative RT-PCR (Fig. 3A). As illustrated in Fig. 3A, b-adrenergic
stimulation by isoproterenol treatment had little effect on Anxa7
mRNA levels. Nonetheless, silencing of Anxa7 significantly en-
hanced aSka mRNA expression, both in control conditions and fol-
lowing isoproterenol treatment (Fig. 3B). Similarly, the Nppb mRNA
expression was significantly increased by silencing of Anxa7 in
control and isoproterenol treated HL-1 cardiomyocytes (Fig. 3C).

Due to the effects of Anxa7 deficiency on cardiac hypertrophy
markers, further experiments explored nuclear factor of activated
T-cells (NFAT) as possible downstream mediator of Anxa7 defi-
ciency. As illustrated in Fig. 4A, silencing of Anxa7 in HL-1 cardio-
myocytes induced the nuclear localization of Nfatc1 as compared
to negative control silenced HL-1 cardiomyocytes. This finding
was parallelled by a significantly increased Nfatc1 protein abun-
dance in the nuclear fraction of Anxa7 silenced HL-1 cardiomyo-
cytes (Fig. 4B and C). A luciferase reporter assay was employed
to further explore the transcriptional activation of NFAT. Anxa7
silencing significantly augmented NFAT-dependent transcriptional
activity in HL-1 cardiomyocytes (Fig. 4D). Accordingly, Anxa7
silencing significantly increased transcript levels of Rcan1, a target
gene of nuclear factor of activated T-cells (NFAT) (Fig. 4E). The
effects were observed in both, control treated and isoproterenol
treated HL-1 cardiomyocytes.
4. Discussion

The present observations reveal a role of annexin A7 in the reg-
ulation of cardiac NFAT activity and in the hypertrophic response
following pressure overload. Anxa7 is apparently an inhibitor of
cardiac Ca2+ signaling, thus blunting the activation of the Ca2+-
sensitive transcription factor NFAT following isoproterenol
treatment and pressure overload. Even in control treated HL-1
cardiomyocytes, partial lack of Anxa7 is followed by enhanced
NFAT activity and increased expression of NFAT target gene Rcan1.
The effect of in vivo pressure overload by transverse aortic constric-
tion (TAC) and the in vitro effect of isoproterenol on several genes
reflecting the cardiac hypertrophic response were augmented in
animals lacking functional Anxa7 and in HL-1 cardiomyocytes
following silencing of Anxa7.

The transcription factor NFAT is crucially important in cardiac
disease [34] and promotes myocardial hypertrophy [34]. Disrup-
tion of NFAT signaling reduces the cardiac hypertrophic response
and pathological cardiac remodeling [35]. The activation of NFAT
involves Ca2+-dependent signaling [36]. As reported previously
[30], Ca2+ homeostasis is dysregulated in Anxa7-deficient cardio-
myocytes at high stimulation frequencies. Furthermore, Anxa7
interacts with the cardiac ryanodine receptor [17]. In view of the
function of Anxa7 in other cell types as Ca2+- and phospholipid-
binding intracellular protein [1–5] and in view of the Anxa7 sensi-
tivity of the Ca2+-regulated transcription factor NFAT, the present
observations are suggestive that Anxa7 is at least in part effective
by blunting Ca2+-dependent signaling. Nonetheless, the present
observations do not rule out further, Ca2+-independent Anxa7 sen-
sitive mechanisms.

In conclusion, annexin A7 deficiency augments cardiac NFAT
activity and promotes hypertrophic signaling in cardiomyocytes.
The present observations thus reveal a novel player in the signaling
of pathological cardiac remodeling.
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