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Atrial fibrillation (AF) is progressive and is the most common clinical arrhythmia. It is associated with
inflammatory changes characterized by signal transducer and activator of transcription 3 (STAT3) signal-
ing. A zinc finger homeobox 3 (ZFHX3, also named AT-motif binding factor 1, ATBF1) gene variant has
been found in patients with AF. However, the mechanism by which the ATBF1 leads to inflammation

’<3¥W0Td5-'_ ) in AF remains unknown. The aim of this study was to investigate whether tachypacing induces a decrease
Q_tr‘;;l]ﬁb““at‘o“ in ATBF1 expression and then activates STAT3 signaling via protein inhibitor of activated STAT3 (PIAS3).

Atrial (HL-1 myocytes) cells were cultured in the presence of rapid electrical stimulations. In tachypaced
HL-1 cells, we found that ATBF1 and PIAS3 protein levels were decreased, while the level of phosphory-
lated STAT3 (p-STAT3) was highly up-regulated compared with that of total STAT3. Knockdown of ATBF1
enhanced this trend, while the overexpression of ATBF1 had the opposite effect. A binary complex of
ATBF1 and PIAS3 was formed and then the DNA-binding ability of activated STAT3 was enhanced in tac-
hypaced HL-1 cells. These data indicate that tachypacing decreased ATBF1, leading to enhanced STAT3

STAT3 signaling
Inflammation

DNA-binding activity due to the reduced formation of a binary complex of ATBF1 and PIAS3.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Atrial fibrillation (AF) is the most common sustained cardiac
arrhythmia encountered in clinical practice, and it is associated
with cardiovascular morbidity and mortality [1,2]. According to
the Framingham Heart Study, lifetime risks of developing AF are
approximately 1 in 4 for men and women at age 40 years or older
[3]. The age-standardized prevalence of AF in both genders in the
Chinese population (>30 years of age) is 0.65% (0.66% for males
and 0.63% for females) in the age composition data from all previ-
ous investigations. The age-specific prevalence increases substan-
tially with age, rising from 0.51% among adults younger than
55 years to 12.16% in persons aged 85 years or older in the Chinese
population of mainland China [4]. Important changes in AF include
electrical, contractile and structural remodeling [5], which pro-
mote the occurrence and maintenance of AF.

ATBF1, a 404-kDa homeotic transcription factor that contains 4
homeodomains and 23 zinc fingers, was identified as a transcrip-
tional repressor of the human alpha-fetoprotein (AFP) and
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protein—protein interactions [6,7]. Recently, genome-wide associa-
tion studies identified a single-nucleotide polymorphism (SNP),
rs2106261, in ZFHX3 as highly significantly associated with AF in
a large Chinese Gene ID population of Han ethnic descent [8].
However, the molecular mechanism by which ZFHX3 leads to AF
pathogenesis remains unknown. The activation of the local renin-
angiotensin system (angiotensin II/Rac1/STAT) in atrial tissue may
play important roles in atrial structural remodeling and inflamma-
tory changes [9]. STATs are the major downstream mediators of
inflammatory signaling, which increase the expression of chemo-
tactic factor IL-8 with the activation of the c-src/STAT3 pathway
in endothelial cells [10] and up-regulate monocyte chemoattractant
protein-1 in macrophages [11]. STATs likely mediate inflammatory
changes and play a crucial role in the progress of AF.

At present, there is no information concerning the expression of
ATBF1 protein, and the involvement of ATBF1 in AF pathogenesis
remains unknown. Thus, we hypothesized that the expression of
ZFHX3 protein may decrease in atrial tissues of AF patients. The
down-regulation of ATBF1 then attenuates the suppression of the
STAT3 pathway by interacting with PIAS3, and this effect induces
the activity of STAT3 and promotes inflammation in the AF atrium.
In other words, the down-regulation of ATBF1 activates STAT3
signaling via PIAS3, and this may contribute to AF generation.
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In the present study, we investigated the mechanisms by which
STAT3-mediated signaling is induced by a decrease in ATBF1. Our
in vitro data show that electrical stimulation decreases ATBF1
expression in HL-1 cardiomyocytes. This decrease in turn may
increase the STAT3 transcriptional activity responsible for inflam-
matory changes, by reducing the amount of ATBF1 available to
bind to the STAT3 inhibitor PIAS3.

2. Materials and methods
2.1. HL-1 cell culture and tachypacing

HL-1 cells, derived from the AT-1 mouse atrial cardiomyocyte
tumor lineage [12], were kindly provided by Dr. William Claycomb
(Louisiana State University Health Science Center, New Orleans, LA,
USA). The cells were cultured and maintained in supplemented
Claycomb Medium (Sigma-Aldrich, St. Louis, Mo) as previously
described [12]. The cells were serum-starved for 24 h on the third
day after passaging and then used for electrical stimulation. The
spontaneous rate of confluent HL-1 cells is 0.5-1 Hz. After serum
starvation for 24 h, the HL-1 atrial cells were subjected to field
stimulation or cultured in parallel in the absence of stimulation
(control group). Stimulated myocytes were paced as previously
described [6,7,13-15] with a C-Pace100TM-culture pacer and C-
Dish100TM culture dishes (IonOptix Corporation, Netherlands)
with a 5-ms duration and 25 Hz square-wave pulses (45+3V
pulse-voltage, 7 V/cm) for 24 h. Capture efficiency >90% was con-
firmed by microscopic examination and by shortening of action
potential duration as described previously (Supplementary mate-
rial online, Fig. S1) [16]. In some experiments, HL-1 cells were
treated with si-m-ATBF1 (100 nmol), si-m-PIAS3 (100 nmol) or
pKUXal-HA-ATBF1 (2 pg) 24 h prior to tachypacing to achieve
complete silencing or overexpression of the gene, respectively.

2.2. Small interfering (si) RNA and plasmid transfection

ATBF1 was silenced using a siRNA targeting mouse ATBF1
(ATBF1 siRNA) with the sequence 5'-GGACCUGUCCAAAUUCGAU-
3’. PIAS3 was silenced using a siRNA targeting mouse PIAS3 (PIAS3
siRNA) with the sequence 5-CCAACACCAUCGUAGUUAA-3'. These
two siRNAs and a negative-control siRNA (control siRNA that has
limited similarity to sequences in the mouse genome) were syn-
thesized and purified by the Reibo siRNA Company (Guangzhou,
China). ATBF1 siRNA (100 nM), PIAS3 siRNA (100 nM) and the
control siRNA (100 nM) were transferred into HL-1 cells using
Lipofectamine™ 2000 (Life Technologies, Carlsbad, CA) according
to the manufacturer’s instructions. The plasmid of pKXUal-HA-
ATBF1 (AddGene plasmid 40926) was obtained from the AddGene
Plasmid Repository, and the empty control vector pKXUa1-HA was
purchased from Invitrogen. Plasmid transfection assays were per-
formed with Lipofectamine™ 2000 following the manufacturer’s
protocol.

2.3. Western blotting and co-immunoprecipitation (co-IP)

Protein was extracted from lysed HL-1 cells as previously
described [17,18]. Total protein concentration was determined
with a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Equal
amounts of protein in SDS-polyacrylamide gel electrophoresis
(PAGE) sample buffer were subjected to electrophoresis in 4-10%
or 8% SDS-polyacrylamide (Life Technologies, Carlsbad, CA) and
then blotted onto nitrocellulose membranes. Afterwards, the
membranes were incubated with specific antibodies against ATBF1
(AT-6, MBL), PIAS3 (#4164, Cell Signaling Technology, Beverly,
MA), p-Stat3 (#9145, Cell Signaling Technology, Beverly, MA),

STAT3 (#4940, Cell Signaling Technology, Beverly, MA), Caspase 3
(ab115183, Abcam LNC, MA, USA) (Supplementary material online,
Fig. S2) and B-actin (#4970, Cell Signaling Technology, Beverly,
MA). After the addition of chemiluminescent reagents (Thermo
Scientific, Rockford, IL, USA), bands were detected using a Molecu-
lar imager ChemiDoc™ XRS + (Bio-Rad) and quantified by Image
Lab™ Software. Co-immunoprecipitation analysis was performed
using Dynabeads® Protein G (Life Technologies) following the man-
ufacturer’s instructions. Briefly, anti-ATBF1 antibody was pre-
absorbed with Dynabeads Protein G for 2 h at 4 °C. Antibody-bead
complexes were used to immunoprecipitate ATBF1 protein.
Western blots were revealed using anti-ATBF1, anti-PIAS3, anti-
p-SIAT3 and anti-STAT3 antibodies, followed by goat anti-rabbit
IgG antibody conjugated to horseradish peroxidase (1:2000,
#4412, Cell Signaling Technology, Beverly, MA).

2.4. Electrophoretic mobility shift assay (EMSA)

The DNA-binding activity of STAT3 was evaluated by EMSA
according to the manufacturer’s protocol (LightShift chemilumi-
nescent EMSA kit; Thermo Scientific, Rockford, IL, USA). HL-1 cellu-
lar nuclear extracts were prepared using the NE-PER extraction kit
(Thermo Scientific, Rockford, IL, USA). The protein concentration
was measured with BCA Protein Assay Kit (Thermo Scientific, Rock-
ford, IL, USA). A biotin-labeled double-stranded oligonucleotide
probe with Bax promoter (5-GAT CCT TCT GGG AAT TCC TAG
ATC-3’) (Beyotime, Nanjing, China) was used in this study. One
microgram of nuclear protein extracts and primary antibody or
normal rabbit IgG (control group) were incubated with biotin-
labeled DNA probes (10 fmol) for 20 min at room temperature.
To confirm the specificity of the primary antibody, normal rabbit
IgG was used as a control for binding the protein-DNA complex.
For the supershift assay, p-STAT3 antibody was added to the mix-
ture before the biotin-labeled probe. Protein-DNA complexes were
separated on nondenaturing polyacrylamide gels, and Image Lab™
software was used to analyze the band intensities.

2.5. Statistical analysis

All values are expressed as the means + SEM. Statistical analyses
between groups were performed using one-way ANOVA followed
by a two-tailed unpaired Student’s t-test. P < 0.05 was considered
statistically significant.

3. Results

3.1. Tachypacing decreases ATBF1 expression, and ATBF1 siRNA
augments the pacing-induced STAT3 signaling activation

We examined whether ATBF1 activates STAT3 signaling after
treatment with rapid electrical stimulation. For this purpose, we
first reduced the ATBF1 expression level in HL-1 cells by ATBF1 siR-
NA transfection and then tachypaced these cells at a constant
frequency for 24 h [18,19]. The cells were transfected with ATBF1
siRNA or control siRNA. After 72 h of transfection and 24 h of stim-
ulation, the ATBF1 protein expression was probed by Western blot
analysis using anti-ATBF1 antibody. Tachypacing significantly
reduced cellular ATBF1 expression (Fig. 1A and B). Additionally,
transfection of ATBF1 siRNA down-regulated ATBF1 protein by
approximately 70% in HL-1 cells compared with control siRNA
transfection. This finding suggests that endogenous ATBF1 can be
efficiently knocked down by the transfection of ATBF1 siRNA. Next,
we determined the effect of ATBF1 knockdown on HL-1 cells in the
presence of tachypacing. ATBF1 was more significantly down-
regulated by ATBF1 siRNA plus tachypacing than by either alone.
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Fig. 1. ATBF1 knockdown enhances the activation of STAT3 signaling upon treatment with electrical stimulation (E-stim). (A) HL-1 cells were transfected with ATBF1 siRNA
or control siRNA for 72 h. After transfection, the cells were subjected to field stimulation for 24 h; the expression of ATBF1, PIAS3, p-STAT3 and STAT3 protein was evaluated
by Western blot analysis as described in Section 2. The expression of p-actin was used as an internal control. Cells transfected with ATBF1 siRNA or control siRNA were treated
with (+) or without (—) E-stim for 24 h. The relative expression levels of ATBF1 (B), PIAS3 (C), p-STAT3 (D) and STAT3 (E) were quantified by densitometry and normalized to
the control level. Each value represents the mean + SEM of four independent experiments.

Classically, ATBF1 enhances the suppression of the STAT3 pathway
via PIAS3 [15]. The reduction of ATBF1 then attenuates the sup-
pression of STAT3 signaling through an interaction with PIAS3.
Tachypacing led to a significant decrease in PIAS3 (Fig. 1A and C)
and increase in p-STAT3 (Fig. 1A.and D) expression, whereas tach-
ypacing had no effect on the total STAT3 protein level (Fig. 1A and
E). Knockdown of ATBF1 in paced HL-1 cells made the trend of the
above changes in PIAS3, p-STAT3 and STAT3 more apparent. These
data indicate that tachypacing decreases the expression of ATBF1
and activates STAT3 signaling via PIAS3 in atrial myocytes. Knock-
down of ATBF1 promotes the activation of a pacing-induced STAT3
pathway.

3.2. Overexpression of ATBF1 in pacing-induced HL-1 cells reverses the
process of STAT3 signaling activation

Next, we examined whether overexpression of ATBF1 would
reverse the activation of STAT3 signaling in pacing-induced HL-1
cells. The cells were transfected with pKXUa1-HA-ATBF1 and then
subjected to electrical stimulation for 24 h. Seventy-two hours
after transfection, we performed Western blot analysis to evaluate
the expression of ATBF1, PIAS3, p-STAT3 and STAT3 (Fig. 2A and E),
with B-actin as an internal control for quantification and normali-
zation. Tachypacing led to similar changes in ATBF1, PIAS3, p-
STAT3 and STAT3 in HL-1 cells as above (Fig. 1). Subsequently,
the transfection of pKXUal-HA-ATBF1 significantly increased the
levels of ATBF1 (Fig. 2A and B) and PIAS3 (Fig. 2A and C) and
reduced the level of p-STAT3 (Fig. 2A and D), while it had no effect
on the level of total STAT3 protein (Fig. 2A and E). This finding indi-
cates that overexpression of ATBF1 can inhibit the activation of
STAT3 signaling and then reverse the process of STAT3 signaling
activation that is induced by rapid field stimulation in HL-1 cells.

3.3. Co-transfection of ATBF1 siRNA and PIAS3 siRNA affects the
activation of STAT3 signaling in HL-1 cells

To determine whether PIAS3 mediates the ATBF1-induced sup-
pression of the STAT3 pathway in HL-1 cells, co-transfection of
ATBF1 siRNA and PIAS3 siRNA was used. The transfection of ATBF1
siRNA or PIAS3 siRNA reduced ATBF1 or PIAS3 protein by approx-
imately 70% in HL-1 cells compared with control siRNA transfec-
tion (Fig. 3A-C). This finding demonstrates that endogenous
ATBF1 and PIAS3 can be efficiently knocked down by the transfec-
tion of ATBF1 siRNA and PIAS3 siRNA. Knockdown of ATBF1 led to a
decrease in PIAS3 (Fig. 3A and C) and an increase in p-STAT3
(Fig. 3A and D), whereas it had no effect on the total STAT3 protein
level (Fig. 3A and E). Knockdown of PIAS3 (instead of tachypacing)
made the changes in PIAS3, p-STAT3 and STAT3 more obvious in
HL-1 cells with the transfection of ATBF1 siRNA. Taken together,
these results confirm that knockdown of ATBF1 siRNA and PIAS3
siRNA can activate STAT3 signaling in HL-1 cardiomyocytes. Fur-
thermore, the interaction between ATBF1 and PIAS3 may play a
role in mediating the activation of the STAT3 pathway.

3.4. Tachypacing reduces the formation of a binary complex of ATBF1
and PIAS3, which enhances the DNA-binding ability of activated STAT3
in HL-1 cells

ATBF1 and PIAS3 synergistically enhance the suppression of
STAT3 signaling, and ATBF1 interacts with PIAS3 in vitro [15]. How-
ever, the exact manner in which ATBF1 promotes the activation of
STATS3 signaling via PIAS3 is not known. To investigate the possibil-
ity of direct binding of ATBF1, PIAS3, p-STAT3 and STAT3 in vivo, we
performed co-IP experiments. The cell lysates were immunoprecip-
itated with anti-ATBF1 antibody, and immunocomplexes were
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Fig. 2. Overexpression of ATBF1 in pacing-induced HL-1 cells reverses the process of STAT3 signaling activation. (A) After 24 h of electrical stimulation and 72 h of
transfection with pKXUa1-HA-ATBF1, the expression of ATBF1, PIAS3, p-STAT3, STAT3 and B-actin was measured with Western blot analysis. The relative protein levels of
ATBF1 (B), PIAS3 (C), p-STAT3 (D) and STAT3 (E) were quantified by densitometry and normalized to B-actin. Each value represents the mean + SEM of four independent

experiments.
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Fig. 3. Co-transfection of ATBF1 siRNA and PIAS3 siRNA activates the STAT3 signaling in HL-1 cardiomyocytes with a synergistic effect. (A) After 72 h of transfection with
ATBF1 siRNA, PIAS3 siRNA or control siRNA, the expression of ATBF1, PIAS3, p-STAT3, STAT3 and B-actin was evaluated by Western blot. The relative protein levels of ATBF1
(B), PIAS3 (C), p-STAT3 (D) and STAT3 (E) were quantified by densitometry and normalized to B-actin. Each value represents the mean + SEM of four independent

experiments.
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condition. (B) STAT3 DNA-binding activity in HL-1 cells was detected by EMSA in the control and E-stim (24 h) groups. (C) STAT3 DNA-binding activity significantly increased
after electrical stimulation. There was a significant difference between the control and E-stim groups. Each value represents the mean +SEM of four independent

experiments.

resolved by SDS-PAGE. Normal Rabbit IgG was used as a control.
Western blots were developed with anti-ATBF1, anti-PIAS3, anti-
p-STAT3 and anti-STAT3 antibodies. ATBF1 and PIAS3 were detected
in anti-ATBF1 immunoprecipitates from the lysates of HL-1 cells
with or without tachypacing (Fig. 4A), while p-STAT3 and STAT3
were not detected in anti-ATBF1 immunoprecipitates from lysates
without tachypacing. We found that a binary complex of ATBF1
and PIAS3 was formed in HL-1 atrial myocytes. To further examine
the DNA-binding ability of activated STAT3 in pacing-induced HL-1
cells, EMSA was performed. After electrical stimulation, STAT3
DNA-binding activity was enhanced compared with the control
group (Fig. 4B and C). These results reveal that down-regulation of
the formation of a binary complex of ATBF1 and PIAS3 enhances
STAT3 DNA-binding ability and activates STAT3 signaling in
pacing-induced HL-1 cells.

4. Discussion

In this study, we first confirmed that in HL-1 atrial myocytes,
tachypacing reduces the expression of ATBF1, which leads to the
activation of STAT3 signaling via a diminution of ATBF1-PIAS3
complexes. Tachypacing down-regulated cardiac ATBF1 protein
expression, and knockdown of ATBF1 promoted the activation of
pacing-induced STAT3 signaling. However, overexpression of
ATBF1 reversed the process of STAT3 signaling activation induced
by rapid electrical stimulation in HL-1 cells. Thus, we found that
ATBF1 promotes the activation of STAT3 signaling induced by tach-
ypacing of HL-1 atrial cells. We also confirmed that co-transfection
of ATBF1 siRNA and PIAS3 siRNA activated STAT3 signaling more
effectively in HL-1 cardiomyocytes. Furthermore, our study is the

first to experimentally demonstrate that tachypacing reduced the
formation of a binary complex of ATBF1 and PIAS3, enhancing
the ability of STAT3 to bind to DNA in HL-1 cells.

The notion that the inflammatory process has an important role
in AF has garnered attention in recent years. Inflammation causes
“atrial myocarditis” with subsequent electrical and structural
changes that lead to the initiation and maintenance of AF
[20,21]. Inflammation is considered an independent risk factor
for the initiation and maintenance of AF [22]. Systemic inflamma-
tion is one of the pathophysiological mechanisms of AF. STATs are
the major downstream mediators of many different inflammatory
signaling pathways and mediate the inflammatory process in a
pacing-induced AF porcine model [9]. Furthermore, activated Ang
II/Rac1/STAT3 signaling contributes to electrical and structural
remodeling in pacing-induced AF [9]. Therefore, we speculate that
ZFHX3 variants reduce ATBF1 protein expression and increase the
risk of AF by up-regulating STAT3 signaling.

ATBF1 is a negative regulatory factor for STAT3-mediated sig-
naling. ATBF1 can enhance the suppression of STAT3 activation
and its DNA-binding activity, by forming a complex with PIAS3
[15]. In other words, a decrease of ATBF1 would intensify the acti-
vation ability of STAT3 due to a decrease of active PIAS3. In our
study, we found that tachypacing reduced ATBF1 and then pro-
moted the activation of STAT3 signaling due to the decrease in
PIAS3-STAT3 binding. This finding is consistent with the above
finding and provides potential new insights into the molecular
mechanisms underlying ATBF1 down-regulation in AF. PIAS3
inhibits the DNA binding of STAT3 by combining with activated
(tyrosine-phosphorylated) STAT3 dimers [23].

Although the interplay between ATBF1, PIAS3 and STAT3
had been demonstrated in hepatocytes before [15], the exact
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mechanism by which ATBF1 and PIAS3 synergistically suppress the
STAT3-activated transcription was not established by the previous
study. In this study, we explored a possible explanation for this
observation. First, we confirmed the formation of either a binary
complex of ATBF1 and PIAS3 or a tertiary complex of ATBF1, PIAS3
and STAT3. The binary complex bound to activated STAT3 may
inhibit the DNA-binding activity of STAT3, resulting in the suppres-
sion of STAT3-activated transcription. The previous study stated
another hypothesis which the tertiary complex may interfere with
the recruitment of other co-activators without affecting the
activated STAT3 DNA-binding ability [15]. In the present work,
we discovered that a binary complex of ATBF1 and PIAS3 formed
in HL-1 cardiomyocytes in the presence or absence of tachypacing.
Second, we investigated the DNA-binding ability of activated
STAT3 in tachypaced HL-1 myocytes by EMSA. In agreement with
our hypothesis, STAT3 DNA-binding activity was enhanced in the
presence of pacing in HL-1 cells compared with the control group.
Taken together, our data reveal an important aspect of the mecha-
nism by which STAT3 signaling is affected by ATBF1 and PIAS3
synergistically in AF.

In summary, our studies suggest that down-regulation of ATBF1
could contribute for the inflammation process of AF by enhancing
the activation of STAT3 signaling and the DNA-binding activity of
STAT3 due to the reduced the formation of a binary complex of
ATBF1 and PIAS3.

5. Limitations

First, HL-1 atrial cells were stimulated for 24 h, which is a vali-
dated cellular model for atrial tachycardia remodeling [16-19,24].
However, the cell culture conditions do not completely replicate
the in vivo environment. Second, the mechanism by which ATBF1
promotes or prevents AF is complex and still unclear. Although a
decrease in ATBF1 protein contributed to the activation of STAT3
signaling via PIAS3 in the rapid pacing-induced AF cell model, a
role for other factors such as IL 6 and IL 8 remains to be identified
and shown in this study. Third, we made new observations in the
AF cell model only while these are not equivalent to the notion that
decreased ATBF1 expression or function promotes AF. So knockout
and overexpression of ATBF1 mouse models should be applied in
future study.

Conflict of interest

No disclosures are declared by the authors.

Acknowledgments

We are particularly grateful to Xue-Yuan Dong for her adept
technical assistance with Western blot analysis. We thank Jin-Tang
Dong for providing the plasmid pKXUa1-HA-ATBF1 (Addgene plas-
mid 40926). This work was supported by the National Natural and
Science Foundation of Nanjing, Jiangsu, China (project 81070156),
the Program for the Development of Innovative Research in the
First Affiliated Hospital of Nanjing Medical University, and the
Priority Academic Program Development of Jiangsu Higher
Education Institutions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.05.041.

References

[1] S.S. Chugh, J.L. Blackshear, W.K. Shen, S.C. Hammill, B.J. Gersh, Epidemiology
and natural history of atrial fibrillation: clinical implications, J. Am. Coll.
Cardiol. 37 (2001) 371-378.

[2] EJ. Benjamin, P.A. Wolf, R.B. D’Agostino, H. Silbershatz, W.B. Kannel, D. Levy,
Impact of atrial fibrillation on the risk of death: the Framingham Heart Study,
Circulation 98 (1998) 946-952.

[3] D.M. Lloyd-Jones, T.J. Wang, E.P. Leip, M.G. Larson, D. Levy, R.S. Vasan, R.B.
D’Agostino, J.M. Massaro, A. Beiser, P.A. Wolf, EJ. Benjamin, Lifetime risk for
development of atrial fibrillation: the Framingham Heart Study, Circulation
110 (2004) 1042-1046.

[4] Z. Zhou, D. Hu, An epidemiological study on the prevalence of atrial fibrillation
in the Chinese population of mainland China, J. Epidemiol. 18 (2008) 209-216.

[5] M. Allessie, J. Ausma, U. Schotten, Electrical, contractile and structural
remodeling during atrial fibrillation, Cardiovasc. Res. 54 (2002) 230-246.

[6] Y. Miura, T. Tam, A. Ido, T. Morinaga, T. Miki, T. Hashimoto, T. Tamaoki, Cloning
and characterization of an ATBF1 isoform that expresses in a neuronal
differentiation-dependent manner, J. Biol. Chem. 270 (1995) 26840-26848.

[7] T. Morinaga, H. Yasuda, T. Hashimoto, K. Higashio, T. Tamaoki, A human alpha-
fetoprotein enhancer-binding protein, ATBF1, contains four homeodomains
and seventeen zinc fingers, Mol. Cell. Biol. 11 (1991) 6041-6049.

[8] C.Li, F. Wang, Y. Yang, F. Fu, C. Xu, L. Shi, S. Li, Y. Xia, G. Wu, X. Cheng, H. Liu, C.

Wang, P. Wang, J. Hao, Y. Ke, Y. Zhao, M. Liu, R. Zhang, L. Gao, B. Yu, Q. Zeng, Y.

Liao, B. Yang, X. Tu, Q.K. Wang, Significant association of SNP rs2106261 in the

ZFHX3 gene with atrial fibrillation in a Chinese Han GenelD population, Hum.

Genet. 129 (2011) 239-246.

C.T. Tsai, J.L. Lin, L.P. Lai, C.S. Lin, S.K. Huang, Membrane translocation of small

GTPase Rac1 and activation of STAT1 and STAT3 in pacing-induced sustained

atrial fibrillation, Heart Rhythm 5 (2008) 1285-1293.

[10] M. Yeh, N.M. Gharavi, ]. Choi, X. Hsieh, E. Reed, K.P. Mouillesseaux, A.L. Cole,
S.T. Reddy, J.A. Berliner, Oxidized phospholipids increase interleukin 8 (IL-8)
synthesis by activation of the c-src/signal transducers and activators of
transcription (STAT)3 pathway, J. Biol. Chem. 279 (2004) 30175-30181.

[11] T. Ikeda, K. Sato, N. Kuwada, T. Matsumura, T. Yamashita, F. Kimura, K. Hatake,
K. Ikeda, K. Motoyoshi, Interleukin-10 differently regulates monocyte
chemoattractant protein-1 gene expression depending on the environment
in a human monoblastic cell line, UG3, ]J. Leukoc. Biol. 72 (2002) 1198-1205.

[12] W.C. Claycomb, N.A. Lanson ]r., B.S. Stallworth, D.B. Egeland, ].B. Delcarpio, A.
Bahinski, N.J. Izzo Jr., HL-1 cells: a cardiac muscle cell line that contracts and
retains phenotypic characteristics of the adult cardiomyocyte, Proc. Natl. Acad.
Sci. U.S.A. 95 (1998) 2979-2984.

[13] M. Mabuchi, H. Kataoka, Y. Miura, T.S. Kim, M. Kawaguchi, M. Ebi, M. Tanaka, Y.
Mori, E. Kubota, T. Mizushima, T. Shimura, T. Mizoshita, S. Tanida, T. Kamiya, K.
Asai, T. Joh, Tumor suppressor, AT motif binding factor 1 (ATBF1), translocates
to the nucleus with runt domain transcription factor 3 (RUNX3) in response to
TGF-beta signal transduction, Biochem. Biophys. Res. Commun. 398 (2010)
321-325.

[14] Y. Miura, H. Kataoka, T. Joh, T. Tada, K. Asai, M. Nakanishi, N. Okada, H. Okada,
Susceptibility to killer T cells of gastric cancer cells enhanced by Mitomycin-C
involves induction of ATBF1 and activation of p21 (Waf1/Cip1) promoter,
Microbiol. Immunol. 48 (2004) 137-145.

[15] S. Nojiri, T. Joh, Y. Miura, N. Sakata, T. Nomura, H. Nakao, S. Sobue, H. Ohara, K.
Asai, M. Ito, ATBF1 enhances the suppression of STAT3 signaling by interaction
with PIAS3, Biochem. Biophys. Res. Commun. 314 (2004) 97-103.

[16] Z. Yang, W. Shen, ].N. Rottman, J.P. Wikswo, K.T. Murray, Rapid stimulation
causes electrical remodeling in cultured atrial myocytes, J. Mol. Cell. Cardiol.
38 (2005) 299-308.

[17] BJ. Brundel, I.C. Van Gelder, R.H. Henning, R.G. Tieleman, A.E. Tuinenburg, M.
Wietses, J.G. Grandjean, W.H. Van Gilst, H.J. Crijns, lon channel remodeling is
related to intraoperative atrial effective refractory periods in patients with
paroxysmal and persistent atrial fibrillation, Circulation 103 (2001) 684-690.

[18] BJ. Brundel, R.H. Henning, L. Ke, I.C. van Gelder, HJ. Crijns, H.H. Kampinga,
Heat shock protein upregulation protects against pacing-induced myolysis in
HL-1 atrial myocytes and in human atrial fibrillation, J. Mol. Cell. Cardiol. 41
(2006) 555-562.

[19] B. Burstein, X.Y. Qi, Y.H. Yeh, A. Calderone, S. Nattel, Atrial cardiomyocyte
tachycardia alters cardiac fibroblast function: a novel consideration in atrial
remodeling, Cardiovasc. Res. 76 (2007) 442-452.

[20] P. Korantzopoulos, T. Kolettis, K. Siogas, J. Goudevenos, in: Atrial fibrillation
and electrical remodeling: the potential role of inflammation and oxidative
stress, Med. Sci. Monit. 9 (2003) RA225-RA229.

[21] RJ. Aviles, D.O. Martin, C. Apperson-Hansen, P.L. Houghtaling, P. Rautaharju,
R.A. Kronmal, R.P. Tracy, D.R. Van Wagoner, B.M. Psaty, M.S. Lauer, M.K. Chung,
Inflammation as a risk factor for atrial fibrillation, Circulation 108 (2003)
3006-3010.

[22] T.T. Issac, H. Dokainish, N.M. Lakkis, Role of inflammation in initiation and
perpetuation of atrial fibrillation: a systematic review of the published data, J.
Am. Coll. Cardiol. 50 (2007) 2021-2028.

[23] C.D. Chung, J. Liao, B. Liu, X. Rao, P. Jay, P. Berta, K. Shuai, Specific inhibition of
Stat3 signal transduction by PIAS3, Science 278 (1997) 1803-1805.

[24] C. Gabay, 1. Kushner, Acute-phase proteins and other systemic responses to
inflammation, N. Engl. J. Med. 340 (1999) 448-454.

[9


http://dx.doi.org/10.1016/j.bbrc.2014.05.041
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0005
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0005
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0005
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0010
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0010
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0010
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0015
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0015
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0015
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0015
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0020
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0020
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0025
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0025
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0030
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0030
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0030
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0035
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0035
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0035
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0040
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0040
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0040
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0040
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0040
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0045
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0045
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0045
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0050
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0050
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0050
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0050
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0055
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0055
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0055
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0055
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0060
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0060
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0060
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0060
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0065
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0065
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0065
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0065
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0065
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0065
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0070
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0070
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0070
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0070
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0075
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0075
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0075
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0080
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0080
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0080
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0085
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0085
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0085
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0085
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0090
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0090
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0090
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0090
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0095
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0095
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0095
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0100
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0100
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0100
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0105
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0105
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0105
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0105
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0110
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0110
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0110
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0115
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0115
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0120
http://refhub.elsevier.com/S0006-291X(14)00904-8/h0120

	Down-regulation of ATBF1 activates STAT3 signaling via PIAS3 in pacing-induced HL-1 atrial myocytes
	1 Introduction
	2 Materials and methods
	2.1 HL-1 cell culture and tachypacing
	2.2 Small interfering (si) RNA and plasmid transfection
	2.3 Western blotting and co-immunoprecipitation (co-IP)
	2.4 Electrophoretic mobility shift assay (EMSA)
	2.5 Statistical analysis

	3 Results
	3.1 Tachypacing decreases ATBF1 expression, and ATBF1 siRNA augments the pacing-induced STAT3 signaling activation
	3.2 Overexpression of ATBF1 in pacing-induced HL-1 cells reverses the process of STAT3 signaling activation
	3.3 Co-transfection of ATBF1 siRNA and PIAS3 siRNA affects the activation of STAT3 signaling in HL-1 cells
	3.4 Tachypacing reduces the formation of a binary complex of ATBF1 and PIAS3, which enhances the DNA-binding ability of activated STAT3 in HL-1 cells

	4 Discussion
	5 Limitations
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary data
	References


