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Baf250a orchestrates an epigenetic pathway to repress
the Nkx2.5-directed contractile cardiomyocyte program in
the sinoatrial node
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Yong Zhao"*
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The sinoatrial node (SAN) is essential for rhythmic beating of the heart; however, our understanding of what con-
trols proper functioning of the SAN remains primitive. To explore molecular control of SAN function, we specifically
deleted Baf250a, a key regulatory component of the ATP-dependent chromatin remodeling complex SWI/SNF, in the
SAN. Deletion of Baf250a in the SAN led to sinus bradycardia. Time series analysis of dysregulated genes after de-
letion of Baf250a reveals a transcriptional hierarchy maintaining pacemaker cell identity, i.e., Baf250a activates the
expression of 7hx3, and Baf250a, Tbhx3 and histone deacetylase 3 coordinately repress the expression of Nkx2.5. Dis-
ruption of this repressive pathway switches on expression of Nkx2.5, which stimulates expression of Gata4 and Thx5.
These three cardiac transcription factors further turn on a contractile cardiomyocyte program in the SAN, which
eventually leads to sick sinus disease (SSD). Our study suggests that disruption of key genetic pathways regulating

cardiac lineage segregation may cause SSD and cardiac arrhythmias in general.
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Introduction

Rhythmic contraction of cardiac chambers is essential
for efficient blood circulation in the body. Throughout
life, the heart contracts 2.5 billion times. This restless
activity originates from a tiny pool of specialized cardio-
myocytes within the sinoatrial node (SAN), a structure
in the right atrium at the junction with the superior vena
cava [1-3]. A variety of etiological factors can lead to
sick sinus disease (SSD), a collection of disorders de-
fined by abnormal electrical impulse formation and prop-
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agation from the SAN [4]. This disease can affect people
of all ages, but mostly occurs in the elderly. The older
population is projected to increase to 20% within next
two decades in Western countries, thus elucidating the
mechanisms underlying SSD is urgent [5].

The automaticity of the SAN and its molecular control
mechanism have been topics of intense interest. Decades
of cellular electrophysiological studies and Ca’* signal-
ing revealed critical roles of ion channels and Ca’" sig-
naling in setting the automaticity [6-8]. The critical roles
of ion channels in the SAN have been demonstrated by
human genetic studies in which mutations altering ion
channels and their trafficking can cause SSD in patients
[9-11]. Even though the ionic basis of automaticity is
relatively well understood, the molecular control of this
automaticity remains exclusively unknown. So far, only
a few transcription factors including Tbx3, Tbx18, and
Shox2 have been demonstrated to play important roles in
the SAN [12-16].

We are interested in the transcriptional regulatory cir-



@ Critical role of Baf250a in pacemaker cells

1202

cuits controlling function of the SAN. Transcription is
closely associated with accessibility of DNA. In eukary-
otic cells, DNA is hierarchically packaged into nucleo-
somes and higher-order chromatin, which create barriers,
as DNA must be accessible for critical nuclear events
such as transcription [17]. Chromatin remodeling factors,
histone acetylases, and histone deacetylases (HDACsS)
play key roles in regulating gene expression via regulat-
ing DNA accessibility [18-20]. The SWI/SNF (switch/
sucrose nonfermentable) is an evolutionarily conserved,
ATP-dependent chromatin remodeling complex. It acts
with transcription factors such as nuclear receptors and
myogenic transcription factors to regulate specific tran-
scriptional programs [21, 22]. The critical roles of SWI/
SNF chromatin remodeling complex have been exempli-
fied by Baf250a, a key component of SWI/SNF family.
Genetic deletions have demonstrated that Baf250a plays
key roles in maintaining embryonic stem cell pluripoten-
cy and in cardiac development and function [23, 24]. To
explore the role of Baf250a in the SAN, we specifically
deleted Baf250a using Hen4-CreERT2 BAC transgenic
mice [25]. Our data revealed that Baf250a orchestrates a
critical hierarchy involving Tbx3 and HDAC3 to specifi-
cally repress expression of Nkx2.5 in the SAN.

Results

SAN-specific deletion of Baf250a led to sinus bradycardia

Baf250a is highly expressed in the SAN as demon-
strated by double immunohistochemistry (IHC; Figure
1A). To ask whether Baf250a is required for the function
of the SAN, we deleted Baf250a in the SAN by using
our recently developed Hen4-CreERT2 BAC transgenic
mice. Adult Hen4-CreERT2;Baf2504” mice at the age of
3 weeks (henceforth referred to as Baf250a CKO) were
injected with tamoxifen and then, surface EKGs were
performed to examine the function of the SAN. EKG
examination revealed normal PR intervals and QRS
morphology in the Baf250a CKO mice; however, PP in-
tervals were irregular, suggesting that the SAN was not
discharging regularly (Figure 1B and 1C).

To further confirm whether Baf250a CKO mice suf-
fered irregular sinus rhythm, we performed ambulatory
EKG recording from conscious unstressed mice for 3
consecutive days (three control and three Baf250a CKO
mice). Similarly to what we observed using surface
EKG, the freely moving Baf250a CKO mice exhibited
irregular sinus rhythm as demonstrated by telemetry
EKG (Supplementary information, Figure S1). These
data confirmed that Baf250a is required for maintaining
proper function of the SAN.
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Figure 1 Specific deletion of Baf250a in the SAN caused sinus
bradycardia. (A) Expression of Baf250a in the SAN. Double-label
fluorescent immnohistochemistry at postnatal day 21 (P21) to
show expression of Hcn4 (red) and Baf250a (green). Scale bar,
100 pm. (B) Representative surface EKG tracing in lead Il. (C)
EKG parameters of littermate control and Baf250a CKO at P21.
Bpm, beats per minute; msec, milliseconds; QTc, corrected QT
interval.

Transcriptional regulatory cascades revealed by deletion
of Baf250a

To identify direct transcriptional targets of Baf250a,
we first examined protein level of Baf250a in the SAN
after tamoxifen induction. Tamoxifen concentration
peaks in blood at 6 h and tamoxifen-induced gene dele-
tion are completed within 12 h [26]. About 80% of Ba-
f250a protein remained in the SAN at 12 h after tamox-
ifen treatment. However, the protein was decreased by
more than 80% at 16 h post administration (Figure 2A).
Therefore, dysregulated genes at 16 h would reflect the
direct consequence of decreased Baf250a protein, where-
as those after 16 h may be regulated by direct transcrip-
tional targets of Baf250a.

Taking turnover of Baf250a protein into account, we
performed massively parallel sequencing (mMRNA-seq)
analysis using SAN samples collected at 0, 16, 20, 24,
48, and 144 h (6 days) time points. mRNA-seq revealed
that numerous genes were dysregulated in a sequential
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manner (Supplementary information, Tables S1-S5). Un-
supervised clustering analysis uncovered the sequential
transcriptional events [27]. Genes clustered in a same
profile are likely co-regulated, and thus are under the
control of the same transcription modules. Clustering
analysis across all six time points revealed 20 profiles
among which four profiles were significant (Figure 2B).
Gene ontology (GO) enrichment analysis revealed that
energy metabolism and contractile cardiomyocyte-re-
lated terms were most enriched in profiles 4 and 16, re-
spectively. The significantly enriched GO terms and their
profiles were listed in Supplementary information, Tables
S6-S8.

Genes including 7hx3 in the profile 4 were downregu-
lated at 16 h as confirmed by quantitative real-time PCR
(qPCR; Figure 2C), suggesting that they are direct tran-
scriptional targets of Baf250a. Different from profile 4,
genes in profile 16 did not show expression level changes
until 20 h and their expression continued to be upregulat-
ed at least until 6 days (Figure 2C and 2D and Supple-
mentary information, Tables S1-S5). Consistent with GO
term analysis, genes in this profile are associated with the
contractile cardiomyocyte program. For example, Nkx2.5,
Gata4, and Thx5 are well known to play important roles
in myocardium development [28]. Kcnj2, Cavli.2, Scna,
and Nppa are highly expressed in the atrial myocardium
but normally are not expressed or expressed at low lev-
els in the SAN [2]. The time course-dependent decrease
of Tbx3 and increase of Nkx2.5 were further validated
by IHC (Figure 2E and 2F). Tbx3 is believed to be a
transcriptional repressor [18]. The sequential expression
changes of these genes after deletion of Baf250a suggest-
ed a model in which Baf250a activates the expression
of Thx3 and, when Baf250a levels fall, the resulting de-
creased levels of Tbx3 fails to repress the expression of
Nkx2.5, and probably the expression of Gata4 and Thx5
as well.

To test this model, we first determined whether 7hx3 is
a direct transcriptional target of Baf250a using chroma-
tin immunoprecipitation coupled with qPCR (ChIP-qP-
CR). We found that the currently available commercial
Baf250a antibodies were not suitable for ChIP-qPCR
assay. In order to overcome this hurdle, we generated
Baf250a”" mice in which a DNA fragment encoding V5
tag was inserted in-frame with the endogenous coding
region of Baf250a (Supplementary information, Figure
S2A and S2B). Homozygous Baf250a"”"” mice were
viable and fertile, suggesting that Baf250a-V5 fusion
protein functions as normal Baf250a. The specificity of
V5 tag was validated by IHC using V5 antibodies and
Baf250a antibodies (Supplementary information, Figure
S2C). Baf250a contains an ARID domain, which binds
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to DNA without sequence preference [29]. The specifici-
ty of V5 antibodies was tested in wild-type mice (Figure
2G). As expected, ChIP-qPCR using V5 antibodies failed
to identify binding of Baf250a to the 7hx3 promoter in
wild-type mice due to lack of V5-tagged fusion protein.
However, significant binding of Baf250a to the 7hx3
promoter was seen in Baf250a"”"” mice. This binding
specificity was confirmed as no binding was seen in the
promoters of Gata4 and SoxI in the same mice (Figure
2G). Given that mRNA levels of 7hx3 were immediate-
ly decreased upon decreased protein levels of Baf250a,
these data established that 7bx3 was a direct transcrip-
tional target of Baf250a.

Next, we asked whether Nkx2.5, Gata4, and Thbx5
were direct transcriptional targets of Tbx3. ChIP-qPCR
confirmed that Tbx3 directly bound to the promoter of
Nkx2.5; however, ChIP-qPCR failed to detect binding of
Tbx3 to the proximal promoters of Gata4 and Thx5 (Fig-
ure 2H).

Baf250a orchestrated a genetic program that repressed
the expression of Nkx2.5 in the SAN through Tbx3 and
HDAC3

We next attempted to gain further insights into how
this genetic pathway operates in the SAN. ATP-utilizing
SWI/SNF family remodelers are believed to slide and
eject nucleosomes to expose DNA for transcription factor
binding [30]. Reciprocal co-immunoprecipitation (Co-IP)
revealed that Tbx3 directly interacted with Baf250a (Fig-
ure 3A), suggesting that Baf250a and Tbx3 coordinately
regulated gene expression. Double IHC using antibodies
against Baf250a and Tbx3 revealed their co-localization
in the pacemaker cells of SAN (Figure 3B). The specific-
ity of this direct interaction was further demonstrated in
293T cells. Tbx3 was primarily localized in the cytosol
when expressed alone; however, co-expression of Tbx3
and Baf250a in the same cell promoted nuclear localiza-
tion of Tbx3 in 293T cells (Figure 3C).

The association of Baf250a and Tbx3 in vivo raised a
scenario in which Baf250a-associated remodeling com-
plexes open chromatin structure and Tbx3 recognizes
specific sequences of target promoters. If this associ-
ation is important, decreased protein level of Baf250a
would affect binding of Tbx3 to the promoter of Nkx2.5.
ChIP-qPCR using SAN tissues showed that Tbx3 did not
bind to the promoter of Nkx2.5 after deletion of Baf250a
(Figure 3D). Since the expression of 7hx3 decreased by
about 2-fold in Baf250a CKO mice, to rule out the pos-
sibility that the decreased occupancy of Tbx3 was due
to a decrease of Tbx3 protein per se, we examined the
binding of Tbx3 to the promoter of Nkx2.5 in the 7bx3
heterozygous mice (7hx3 HET). Compared with wild-
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Figure 2 Transcriptional regulatory cascades revealed by deletion of Baf250a in SAN. (A) Protein level of Baf250a in the
SAN after tamoxifen induction in Baf250a”;Hcn4CreERT2 mice. Scale bar, 100 um (top panel), and 25 um (bottom panel).
(B) Unbiased clustering of time course expression data. (C, D) gPCR validated relative transcript levels of representative
genes in profiles 4 and 16 (n = 3 in each group). *P < 0.05. (E) Protein levels of Tbx3 after deletion of Baf250a in the SAN.
Scale bar, 50 um. (F) Enhanced expression of Nkx2.5 after deletion of Baf250a in SAN. Scale bar, 50 pm. (G) Direct binding
of Baf250a to the promoter of Tbx3 as examined by ChIP-gPCR (n = 3 in each group). *P < 0.05. (H) Binding of Tbx3 to the
promoters of Nkx2.5, Gata4, and Tbx5 as examined by ChIP-gPCR (n = 3 in each group).
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Figure 3 Baf250a, Tbx3, and HDAC3 coordinately repressed the expression of Nkx2.5 in the SAN. (A) Baf250a directly in-
teracts with Tbx3. Baf250a or Tbx3 was immunoprecipitated from nuclear extracts of HEK 293 cells expressing FLAG-tagged
Baf250a, V5-tagged Tbx3, or both proteins. Association with Tbx3 or with Baf250a was detected by western blotting with V5-
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promoter region of Nkx2.5 at 20 h after tamoxifen induction in the SAN of Baf250a CKO mice as determined by ChIP-gPCR (n
= 3 in each group). (H) ChIP-gPCR evaluated the distribution of H3K27ac in the proximal promoter of Nkx2.5 in Baf250 CKO
mice. (I) Baf250a, Tbx3, and HDAC3 coordinately repressed the promoter activity of Nkx2.5 in a luciferase reporter assay (n
= 3 in each group). *P < 0.05.
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type control, the binding of Tbx3 did not show signifi-
cant change in 7bx3 HET mice, indicating that decreased
binding of Tbx3 was attributed to a decrease of Baf250a
protein (Figure 3D).

ATP-dependent chromatin remodeling is generally
believed to remove nucleosome barriers, thus activat-
ing gene expression [30]. To elucidate how Tbx3 acts
with Baf250a to repress the expression of Nkx2.5, we
carried out an interaction screen using our expression
library and identified HDAC3 as an interaction partner
of Tbx3 (Figure 3E). HDAC removes the acetyl groups
from lysines of histone tails. As histone deacetylation is
correlated with gene silencing, HDACs generally act as
transcription repressors. The direct interaction between
Tbx3 and HDACS3 is noteworthy as HDAC3 is known to
play essential roles in cardiac development and energy
metabolism [31, 32]. HDAC3 is highly expressed in the
SAN based on mRNA-Seq analysis. These data raised
the possibility that Tbx3 acts through HDAC3 to repress
the expression of Nkx2.5.

The promoters of silent genes are generally associated
with repressive marks but are believed to be devoid of
active histone marks. To explore how histone modifica-
tions in the promoter of Nkx2.5 are associated with its
expression, we examined histone H3 Lys4 trimethylation
(H3K4me3), a prominent active histone mark associat-
ed with active genes [33]. The specificity of H3K4me3
signal was confirmed in the promoters of Sox/ and Hcn4
as Sox1 is not expressed in the SAN but Hen4 is (Fig-
ure 3F). To our surprise, H3K4me3 modifications were
highly enriched in the Nkx2.5 promoters in the SAN
(Figure 3F). The enrichment of an active histone mark,
H3K4me3, in the promoter of Nkx2.5 seems paradoxical
as Nkx2.5 is silent in the SAN. Histone acetyltransfer-
ases (HATs) and HDACs dynamically bind to the pro-
moters of inactive genes with active histone marks, and
these dynamic acetylation and deacetylation processes
prevent phosphorylated RNA Pol II from binding to the
promoters of inactive genes [34]. The sequence-specific
transcription factor Tbx3 interacts directly with HDAC3,
suggesting that Tbx3 recruits HDAC3 to the promoter of
Nkx2.5 where HDAC3 and an as-yet-unidentified HAT
dynamically removes and adds acetyl groups, respective-
ly. Through this dynamic cycle, Tbx3 and HDAC3 may
act together to repress the expression of Nkx2.5. To gain
support for this model, we examined the acetylation sta-
tus of the promoter of Nkx2.5. ChIP-qPCR using acetyl
H3 antibody revealed that acetylation of histone H3 was
significantly increased in the promoter of Nkx2.5 in Ba-
f250a CKO mice compared with littermate controls (Fig-
ure 3G). Consistent with this, H3K27ac was increased in
the promoter of Nkx2.5 in SAN of Baf250a CKO mice

(Figure 3H). These data supported that deacetylation
was involved in repression of Nkx2.5 expression.

To provide direct evidence of repression of the pro-
moter of Nkx2.5 by Baf250a, Tbx3, and HDAC3, we
adopted a previously established luciferase reporter
assay based on pREP4 episomal vector [35]. A 5.0-kb
sequence immediately upstream of Nkx2.5 transcription
start site was placed upstream of the luciferase reporter
in a way that the luciferase activity was dependent on the
histone modifications and binding of transcription factors
to this promoter. While Tbx3 and HDAC3 alone slightly
repressed luciferase activity, co-expression of Baf250a,
Tbx3, and HDACS3 significantly repressed the luciferase
activity, documenting a coordinated action of these tran-
scription regulators on the promoter of Nkx2.5 (Figure
3D).

To further confirm that this repressive epigenetic path-
way is mediated by Tbx3, we specifically deleted 7hx3
in the SAN using Hen4-CreERT2 BAC transgenic mice.
Comparable to turnover of Baf250a protein, Tbx3 pro-
tein began to decrease at 12 h after tamoxifen induction
(Figure 4A). The expression of Nkx2.5 was dramatically
increased at 20 h (Figure 4B and 4C). Expressions of
Gata4 and Thx5 were also increased as demonstrated by
gqPCR (Figure 4C). Surface EKG examination revealed
that the 7hx3 CKO mice exhibited sinus bradycardia,
phenocopying Baf250a CKO mice (Figure 5A and 5B).

Taken together, these data established a Baf250a-or-
chestrated epigenetic pathway in the SAN, i.e., Baf250a
directly activates the expression of 7hx3, and Baf250a,
Tbx3, and HDACS3 coordinately repressed the expression
of Nkx2.5.

Nkx2.5, Gata4, and Thx5 coordinately activated contrac-
tile cardiomyocyte program

Nkx2.5 is at the top of the cardiac transcription cas-
cade during contractile cardiomyocyte differentiation. It
acts with other cardiac transcription factors such as Srf,
Gata4, and Tbx5 to regulate myocardial development
[28, 36-42]. To further explore transcriptional regulatory
circuits among Tbx3, Nkx2.5, Gata4, and Tbx5, we ex-
amined how overexpression of these transcription factors
actively regulated expression of other transcription fac-
tors. Cultivation of pacemaker cells in vitro has not been
established and early embryonic cardiomyocytes resem-
ble pacemaker cells [43]. For these reasons, we decided
to use ex vivo culture of hearts from embryonic day (E)
10 to explore genetic interactions among these transcrip-
tion factors. Expression of 7bx3 in the embryonic heart
at E10 by lentiviral transduction specifically inhibited the
expression of Nkx2.5 but not Gata4 and Thx5 (Figure 6A
and Supplementary information, Figure S3). Overexpres-
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Figure 4 Deletion of Thx3 in the SAN led to increased expression of Nkx2.5. (A) Protein levels of Tbx3 in the SAN after
tamoxifen induction in Thx3":Hcn4CreERT2 mice. Scale bar, 50 um. (B) Enhanced expression of Nkx2.5 in the SAN after
tamoxifen induction in the Thx3 CKO mice. Scale bar, 50 um. (C) qPCR to show relative transcript levels of Nkx2.5, Tbx5,
and Gata4 at 20 h after tamoxifen induction in Tbx3 CKO mice (n = 3 in each group). *P < 0.05.
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Figure 5 Deletion of Thx3 in the SAN led to sinus bradycardia.
(A) Representative diagrams of EKG in lead II. (B) EKG param-
eters of littermate control and Thx3 CKO at 3 months.

sion of Nkx2.5 did significantly activate the expression
of Nkx2.5, Gata4, and Thx5 (Figure 6B). Overexpression
of Gata4 could also activate the expression of Gata4 and
Thx5, while Tbx5 overexpression alone did not have any
effect (Figure 6C and 6D). Similar activations of Gata4
and 7hx5 were observed upon overexpression of all three
transcription factors (Figure 6E).

Transcription factors Nkx2.5, Gata4, Tbx5 together

www.cell-research.com | Cell Research

with ion channel genes Kcnj2, Scnsa, and Cavli.2 were
clustered into the same profile 16, suggesting that these
genes are under the control of the same transcription-
al module and that these cardiac transcription factors
could directly activate the expression of these ion chan-
nel genes. Lentiviral vector-mediated transduction of
Nkx2.5, Thx5, and Gata4 did synergistically activate the
expression of Kcnj2, Cavl.2, ScnSa, and Serc2a (Figure
6F-6I). Collectively, these data suggested that enhanced
expression of Nkx2.5 and subsequent increased expres-
sion of Gata4 and Thx5 in the SAN are responsible for
activation of the contractile cardiomyocyte program in
the SAN of the Baf250a CKO mice.

Discussion

In this study, we combined conditional gene deletion
in vivo with time course gene expression analysis to dis-
sect the transcriptional hierarchies. For the first time, we
elucidate a repressive epigenetic pathway maintaining
proper function of the SAN (Figure 7). Our study pro-
vides a paradigm for studying transcriptional hierarchies
in vivo. The molecular mechanism that we revealed in
this study has important implications and points to new
directions.

Considering the notion that a common pool of cardiac
progenitors gives rise to pacemaker cells and contractile
cardiomyocytes [44-46], our work suggests a regulatory
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Figure 6 Nkx2.5, Gata4, and Tbx5 activated contractile cardiomyocyte program. (A) Overexpression of Tbx3 specifically re-
pressed the expression of Nkx2.5 (n = 3 in each group). *P < 0.05. (B) Overexpression of Nkx2.5 activated the expression of
Nkx2.5, Gata4, and Tbx5 (n = 3 in each group). *P < 0.05. (C) Overexpression of Thx5 did not significantly affect the expres-
sion of Nkx2.5, Gata4, and Tbx5 (n = 3 in each group). (D) Overexpression of Gata4 did not affect the expression of Nkx2.5,
but activated the expression of Gata4 and Tbx5 (n = 3 in each group). *P < 0.05. (E) Co-expression of Nkx2.5, Gata4, and
Thx5 significantly activated expression of Gata4 and Thx5 (n = 3 in each group). (F-1) Activation of ion channel genes by
overexpression of Nkx2.5 (F), Tbx5 (G), Gata4 (H), and Nkx2.5/Tbx5/Gata4 triplet (1) (n = 3 in each group). *P < 0.05.

framework for how cardiac progenitor cells differentiate.
Nkx2.5 is at the top of transcriptional hierarchy and acts
as a key node in regulating myocardial development.
Nkx2.5, Gata4, and Tbx5 as well as other cardiac tran-
scription factors synergistically regulate the expression
of numerous ion channels and connexins in contractile
cardiomyocytes. Segregation of cardiac conduction sys-
tem lineage from cardiac progenitor cells requires repres-
sion of the default genetic program that is directed by
Nkx2.5. Despite the critical role of Baf250a in repressing
the expression of Nkx2.5 in the SAN, the expression of
Hcn4 does not change significantly in the Baf250a CKO
mice. It appears that two separate mechanisms, the ac-
tivation of an SAN-specific program and the repression
of a contractile cardiomyocyte program, regulate the
development and functional organization of the SAN.
Identification of genetic pathways responsible for these
two mechanisms may provide novel insights into the de-

velopment of SAN and working myocardium.

It is conceivable that disruption of key transcriptional
circuits as we described can lead to dysregulation of ion
channels and connexins in the SAN. Compared with con-
tractile cardiomyocytes, the pacemaker cells in the SAN
express a unique set of ion channels. The specific ex-
pression and organization of those ion channels form the
basis for the membrane and Ca*" clocks, both of which
contribute to the spontaneous diastolic depolarization of
phase 4 [6, 14]. Pacemaker cells do not express Kcnj2,
which is highly expressed in all contractile cardiomy-
ocytes. The inward-rectifier potassium channel Kir2.1,
encoded by Kcnj2, plays an important role in repolariza-
tion of the action potential and stabilization of a negative
resting potential in contractile cardiomyocytes [47].
Therefore, I, current, conducted by Kir2.1, is believed to
be one of the major mechanisms for suppressing automa-
ticity. In fact, inhibition of this current in the ventricular
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contractile cardiomyocyte program including enhanced expression of Kcnj2 in the SAN, which negatively affects pacemaking

activity of the SAN.

cardiomyocytes of guinea pigs can induce pacemaker
activity in those cells [48]. SSD is primarily associated
with aging, indicating that dysregulation of ion channels
and connexins rather than mutations of these genes are
its major causes. Dysregulation of ion channels and con-
nexins, which creates electrical remodeling, is a critical
feature of SSD and cardiac arrhythmias [49]. It appears
that neither the fully differentiated cardiomyocyte state
nor pacemaker cell identity is robust. Ectopic expression
of T-box transcription factors, 7bx3 and 7hx[8, can turn
atrial and ventricular cardiomyocytes, respectively, into
pacemaker-like or pacemaker cells [50, 51]. A critical
role of Baf250a/Thx3 genetic pathway in maintaining

www.cell-research.com | Cell Research

proper function of pacemaking cells gains further sup-
ports from several genome-wide association studies [52-
54]. TBX3-TBX5 and NKX2-5 regions have been found
to be associated with heart rate and cardiac conduction,
highlighting critical interplay among these transcription
factors in the cardiac conduction system. In the future, it
will be interesting to directly evaluate the clinical rele-
vance of our findings using SAN samples from patients.
In summary, our study reveals that deletion of a single
chromatin remodeling factor, Baf250a, can activate the
contractile cardiomyocyte program in fully differentiated
pacemaker cells in the SAN. Thus, identification of key
genetic pathways responsible for regulating ion chan-
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nels and connexins may provide novel insights into the
pathogenesis of SSD and cardiac arrhythmias, laying the
foundation for the development of novel treatments.

Materials and Methods

Mouse genetics

BAC recombineering was used to generate V5-tagged Ba-
f250a mice. Targeted ES cells were identified by Southern blot.
Two properly targeted ES cells were injected into C57BL6
blastocysts in the Mouse Genetics Shared Resource Facility at
the Mount Sinai to generate high-percentage chimeras. Mice
with Baf250a-floxed allele were backcrossed six generations to
a Sv129 isogenic background. Mice with Baf250a-floxed allele
were crossed with Hen4-CreERT2 BAC transgenic mice. To spe-
cifically delete Baf250a in the SAN, tamoxifen was injected in-
traperitoneally at the amount of 1 mg tamoxifen/25 g body weight
for 3 consecutive days as previously described. The surface EKG
was performed 3 days after final injection. The 7bx3-floxed allele
was generated by inserting two LoxP sites flanking exons 2, 3,
and 4. The genotyping primers were provided in Supplementary
information, Table S9. 7hx3" and Hcn4-CreERT2;Thx3" were on
C57BL6 background.

Massively parallel sequencing, clustering analysis, qPCR,
and RT-PCR analysis

About 1 ng of total RNAs were extracted from three SAN
(control and Baf250a CKO) using TRIzol Reagent. mRNAs were
purified using a poly-A selection approach. Sequencing libraries
were prepared according to a standard protocol. Samples were
sequenced on the Illumina HiSeq 2000 platform in the Genomic
Core at the Icahn School of Medicine at Mount Sinai. The single
ends (100 bp) were aligned to the mouse reference genome (NCBI
Build 37/mm9) using TopHat (Bowtie algorithm). Transcript as-
sembles and identification of differentially expressed genes were
achieved using the Cufflinks package. To account for expression
bias due to transcript length, each sample transcript expression
was normalized by using Cufflinks algorithm with an FDR of 0.05.

The gene expression was measured at six time points, i.e., at
0, 16, 20, 24, 48, and 144 h after tamoxifen induction. These data
were processed as follows before clustering analysis. For genes
whose expression levels were measured as zero, their expression
was replaced by 0.5 times the lowest non-zero expression values
among all the genes at each time point. We then transformed the
data to obtain log, (sample/control) for each time point. There
were overall 13 803 genes tested at all six time points and they
were included for further analysis.

STEM was used to classify genes according to the log,-trans-
formed data at all six time points. Briefly, a set of distinct and
representative temporal expression profiles were selected as model
profiles, and the rest of the genes were assigned to each of those
model profiles based on matching the gene’s expression profiles as
determined by correlation coefficient. The statistical significance
of each module was calculated by comparing to random assign-
ment. The model profiles with P-values < 0.05 were considered
as significant and colored in the graph. Differential expression
was defined as > 1.5-fold (~log,(1.5)) in STEM. A total of 8 675
genes passed this criterion and were considered as differentially

expressed in at least one time point.

Total RNAs for qPCR were extracted from SAN tissues of Hcn4-
CreERT2; R26™“" mice (control) and Baf250a";Hcnd4-CreERT2;
R26™7°"* mice. qPCR was performed using StepOne plus (Applied
Biosystems) per the manufacturer’s protocol. At least three biologi-
cal samples in each group were used. Primer sequences are provided
in Supplementary information, Table S9. /8S rRNA was used as an
internal control.

Co-IP and western blot

For Co-IP, HEK293T cells were co-transfected with plasmids
expressing FLAG- or V5-tagged proteins. Cells were lysed with
NP-40 lysis buffer (50 mM HEPES, pH 7.6, 250 mM NaCl, 0.1%
NP-40, 0.2 mM EDTA, 1.4 mM B-mercaptaethanol, 0.2 mM
PMSF, and 1x protease inhibitor cocktail). Total lysates were incu-
bated with anti-M2 FLAG agarose or anti-V5 Agarose Affinity Gel
overnight. Unbound proteins were washed away. Protein complex-
es precipitated by agarose were eluted by boiling in SDS-Laemmli
buffer and subjected to western blot analyses. Western blot images
were acquired as uncompressed bitmapped digital data (TIFF
format). Images shown are representative of at least three indepen-
dent experiments. The sources of antibodies and their dilutions are
provided in Supplementary information, Table S10.

ChIP-qPCR

SAN tissues were dissected out under epifluorescent micro-
scope (Leica MZ16 FA) in Baf250d";Hcend-CreERT2;R26™ "
mice. The tissues were cut into small pieces and homogenized
using a DUALL tissue grinder in PBS. The homogenized lysates
were resuspended in 200 ul of cross-linking solution and incubated
at room temperature (RT) for precisely 30 s. Glycine (1 M; 25 ul)
was applied for 5 min at RT with gentle shaking to stop fixation.
Fetal bovine serum (FBS; 10%) was added and cell lysates were
collected by centrifuging at 1 600x g for 5 min at RT. The pellet
was washed by PBS with 10% FBS. The pellet was resuspended in
100 ul SDS lysis buffer (100 mM NaCl, 50 mM Tris-Cl, pH 8.1, 5
mM EDTA, and 1% SDS) with freshly added protease inhibitors
on ice for 10 min. Ice-cold ChIP dilution buffer (1 000 pl; 0.01%
SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH
8.1, and 167 mM NaCl) with protease inhibitors was added to the
lysates and sonication was carried out on a Covaris S220 sonicator
to achieve chromatin fragments of 150-300 bp. A ~25-ul aliquot
of sonicated chromatin solution was saved as an ‘input’ whole-cell
extract. Appropriate amount of antibody was added to the remain-
ing chromatin solution and incubated at 4 °C in a rotator over-
night. Chromatin fragments were pulled down by incubating pro-
tein A-sepharose beads for 1 h at 4 °C on a rotating platform. The
chromatin-antibody complex was washed twice in ice-cold low-
salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris-HCI, pH 8.1, and 150 mM NaCl), and was further puri-
fied using a filter column (Spin-X wash columns, CLS8160-96EA,
Sigma). Chromatin was eluted using 250 ul of prewarmed ChIP
elution buffer (0.1 M NaHCO, and 1% SDS) with freshly added
5 nM DTT. The samples were reverse cross-linked by incubating
at 65 °C for 5 h. RNAs in the samples were digested by RNase
and degradation of proteins was achieved by adding Proteinase K.
DNA fragments were extracted by phenol/chloroform extraction.
The DNA pellet was dissolved in TE buffer.
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Real-time PCR was performed using StepOne plus (Applied
Biosystems) as per the manufacturer’s protocol. Difference be-
tween samples and controls was calculated based on the 27T
method and normalized to 18S RNA. Measurements were per-
formed in triplicate. Primers sequences are provided in Supple-
mentary information, Table S1.

Fluorescence IHC

IHC was performed on cryosections. Hearts were infused in 0.5
M sucrose for 2-3 h, and then in OCT frozen in dry ice. Samples
were sectioned at a thickness of 10 pm. Immediately before IHC,
the sections were immersed in methanol at —20 °C for 5 min and
washed three times with PBS for 5 min. The sections were blocked
with 1x Animal-Free Blocker (SP-5030, Vector lab) for 1 h. Hen4
antibody and anti-Baf250a antibody were applied overnight at 4
°C. The slides were washed in PBS and then were incubated with
secondary antibodies for 1 h at RT. The slides were mounted in
VECTASHIELD Mounting Medium with DAPI. Fluorescence im-
ages were acquired as uncompressed bitmapped digital data (TIFF
format). Images shown are representative of at least three indepen-
dent experiments. The sources of antibodies and their dilutions are
provided in Supplementary information, Table S2.

Luciferase reporter assay

The pREP4-Luc vector was from Keji Zhao’s laboratory at the
National Heart, Lung, and Blood Institute. As the vector did not
provide basic promoter activity, which is not ideal for testing tran-
scriptional repressor activity, we replaced the original luciferase
cassette with a Thymidine kinase (TK)-Luciferase-pA cassette.
A 5.0-kb sequence immediately upstream of Nkx2.5 transcription
start site was placed upstream of basic TK promoter. Plasmids
were introduced into 293T cells by TurboFect (Thermo Scientific).
A renilla reporter was used to normalize transfection efficiency.
Luciferase activity was measured with a Dual Luciferase Reporter
kit (Promega) 48 h after transfection. All experiments were repeat-
ed at least three times.

Lentiviral transduction

Nkx2.5, Thx3, Gata4, and Thx5 were introduced into embryonic
heart by lentivirus vector-mediated gene transfer. Briefly, cDNAs
of these transcription factors were subcloned into a third-genera-
tion lentiviral vector construct. Lentivirus vectors were generated
in HEK293T cells. Embryonic hearts were maintained by the
addition of Dulbecco’s modified Eagle media with 10% FBS in
organ culture dishes (No. 3037 Falcon, Lincoln Park, NJ; USA) at
37 °C in 95% air/5% CO, in a water-saturated environment. The
embryonic hearts were infected with lentivirus vectors expressing
Nkx2.5, Thx3, Gata4, and Thx5 for 24 h with 5 x 10° transducing
units/ml. Total RNA was isolated 48 h after lentiviral transduction.

Surface EKG and telemetry EKG recording

Cardiac electrophysiological function was assessed using elec-
trocardiograms (lead II) as previously described. Data analysis
was performed using the Chart5Pro (v 5.4.2, AD Instruments).
For telemetry EKG, ETA-F10 transmitters (Data Sciences Interna-
tional) were implanted in the abdominal cavity with electrodes in
lead II configuration. Mice were allowed to recover completely for
10 days after surgery. EKG data were recorded for 3 consecutive
days, and EKG data were analyzed using Chart5Pro.
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Statistical analysis

Data were presented as mean + standard deviation. Results were
tested for statistical significance using two-tailed #-test. P-values <
0.05 were considered to be statistically significant. The number of
biological replicates (#) is indicated in the figure legends or in the
main text.

Accession number
Massively parallel sequencing data have been deposited to
GEO with accession number GSE55682.
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