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Abstract Dysfunction of the cardiac pacemaker tissues
due to genetic defects, acquired diseases, or aging results in
arrhythmias. When arrhythmias occur, artificial pacemaker
implants are used for treatment. However, the numerous
limitations of electronic implants have prompted studies of
biological pacemakers that can integrate into the myocar-
dium providing a permanent cure. Embryonic stem (ES)
cells cultured as three-dimensional (3D) spheroid aggre-
gates termed embryoid bodies possess the ability to gen-
erate all cardiac myocyte subtypes. Here, we report the use
of a SHOX2 promoter and a Cx30.2 enhancer to genetically
identify and isolate ES cell-derived sinoatrial node (SAN)
and atrioventricular node (AVN) cells, respectively. The
ES cell-derived Shox2 and Cx30.2 cardiac myocytes
exhibit a spider cell morphology and high intracellular
calcium loading characteristic of pacemaker-nodal myo-
cytes. These cells express abundant levels of pacemaker
genes such as endogenous HCN4, Cx45, Cx30.2, Tbx2, and
Tbx3. These cells were passaged, frozen, and thawed
multiple times while maintaining their pacemaker-nodal
phenotype. When cultured as 3D aggregates in an attempt
to create a critical mass that simulates in vivo architecture,
these cell lines exhibited an increase in the expression level
of key regulators of cardiovascular development, such as
GATA4 and GATAG transcription factors. In addition, the
aggregate culture system resulted in an increase in the
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expression level of several ion channels that play a major
role in the spontaneous diastolic depolarization character-
istic of pacemaker cells. We have isolated pure populations
of SAN and AVN cells that will be useful tools for gen-
erating biological pacemakers.
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Introduction

Cardiac arrhythmias and conduction abnormalities repre-
sent a major cause of world-wide morbidity and mortality
[1]. Electronic pacemaker implants are effective in con-
trolling arrhythmia, however they have numerous limita-
tions. These limitations range from failing to pace, or
irregular pacing to severe complications that can lead to
patient mortality [2, 3]. This has prompted researchers to
design biological pacemakers that could provide an alter-
native or adjunct to electronic pacemakers providing a
potential permanent cure for the millions of patients suf-
fering from arrhythmias [4].

Using the embryoid body (EB) differentiation system,
all subtypes of cardiac myocytes develop and could be
distinguished based on their morphological, molecular,
and functional properties [5]. These embryonic stem (ES)
cell-derived cardiac myocytes have been transplanted
in vivo and have demonstrated the ability to functionally
couple and pace host myocytes in animal models [6, 7].
However, no pure population of cardiac pacemaking
myocytes has been cultured or propagated so far. The
generation of pure pacemaker cell lines is critical for
creating a cell-based therapy and for developing biologi-
cal pacemakers.
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Based on the fact that cardiac myocytes developing
within EBs comprise all specialized cardiac cell subtypes
such as atrial, ventricular, pacemaker-nodal, and Purkinje-
fiber cells [5], we used ES cells to isolate pure populations
of cardiac pacemaker-nodal cells. The sinoatrial node
(SAN) is the primary pacemaker of the heart, and is
responsible for generating the electric impulse [8, 9].
Shox2, a member of the short stature paired-homeodomain
family of transcription factors, is a major genetic deter-
minant of the SAN genetic pathway and is restrictedly
expressed in the region of the SAN in vivo [10, 11]. We
used a SHOX2 promoter to isolate a population of SA
pacemaker-nodal cells from differentiating EBs. The
atrioventricular node (AVN) is the secondary pacemaker of
the heart in cases of SAN failure or block [12, 13]. A
minimal Cx30.2 enhancer that delineates the AVN in vivo
[14] was used to isolate AV pacemaker-nodal cells from
differentiating EBs. Using a modified version of the genetic
technique, first described by Klug et al. [15], we isolated
Shox2 (SAN) and Cx30.2 (AVN) cells from EBs.

Materials and methods
Culture of ES cells

The mouse ES cell lines CJ-7 and Shox2"“““* were cul-
tured as previously described [16]. The cells were cultured
in growth medium [DMEM supplemented with 15 % fetal
bovine serum (FBS) (Sigma), 0.1 mM nonessential amino
acids solution (NEAA), 100 U/ml penicillin, 100 pg/ml
streptomycin, 2 mM L-glutamine, and 50 pM B-Mercap-
toethanol (BME), containing 10> U/ml leukemia inhibitory
factor LIF (Millipore)]. The ES cells were passaged every
48 h. All cultures were grown in an atmosphere of 95 % air
5 % CO;, at 37 °C.

Generation of EBs

A hanging drop technique was used to generate EBs as
previously described [5]. Briefly, 20 pl drops of differen-
tiation medium (DMEM supplemented with 10 % FBS,
0.1 mM NEAA, 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 2 mM L-glutamine, and 50 pM BME) each con-
taining 500 ES cells were transferred onto non-treated Petri
dishes. On day 5 of differentiation, EBs were plated onto
culture dishes and were allowed to adhere and continue
their differentiation until the day of the experiments.

Generation of Cx30.2 enhancer-RFP construct

A 1.2 kb mouse Cx30.2 enhancer specific to the AVN [14]
was inserted into the Kpnl/BamHI site in the multiple
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cloning region of a promoter-less red fluorescent protein
(RFP) vector (Evrogen). The Cx30.2 enhancer-RFP seg-
ment was then excised and inserted into the Kpnl/EcorV
site of the pcDNA3.1 (4+) Hygro vector (Invitrogen). CJ-7
ES cells were transfected with the linearized Cx30.2
enhancer-RFP construct using Lipofectamine LF2000
(Invitrogen) following the manufacturer’s protocol. The
cells were selected using hygromycin (Sigma) at a con-
centration of 300 pg/ml for 8 days.

Fluorescent live imaging

EBs were incubated in medium containing 20 uM fluo-
rescein digalactoside (FDG-C12) (Molecular Probes) for
20 min at 37 °C. EBs were then washed with phosphate
buffered saline (PBS) and incubated for 1 h in differenti-
ation medium. For visualization, a Nikon (eclipse TE300)
microscope was used. LacZ reporter expression was
imaged using a FITC filter, and RFP reporter expression
using a Rhodamine filter. Images were captured using a
digital camera (Roper Scientific), and were analyzed using
MetaMorph software (version 5.0 v6, Molecular Devices,
Sunnyvale, CA).

Construction of selection vectors

A pcDNA3.1 (4) neo vector (Invitrogen) was previously
modified by digestion with Bcll and re-ligation. This
resulted in the re-positioning of the neomycin resistance
gene (neo) immediately downstream of the multiple clon-
ing site [17]. To construct a SHOX2-neo vector, a 3.8 kb
fragment of the SHOX?2 promoter [18] was inserted between
the Norl and Hindlll sites of the modified pcDNA3.1 (+)
neo vector. To construct a Cx30.2-neo vector, a 1.2 kb
fragment of a Cx30.2 enhancer [14] was inserted between
the Kpnl and AflI sites of the modified pcDNA3.1 (+) neo
vector using a linker.

Isolation of Shox2 cells and Cx30.2 cells

CJ-7 ES cells were transfected with the linearized SHOX2-
neo vector or linearized Cx30.2-neo vector. In order to
enrich the population of cells containing the vectors, the ES
cells were co-transfected with linear pcDNA3.1 (+) hy-
gromycin using LF2000 following the manufacturer’s
protocol. Transfected ES cells were cultured for 7 days in
growth medium containing hygromycin at a concentration
of 300 pg/ml. These genetically modified ES cells were
differentiated using a suspension protocol as previously
described [15]. On day 8 of differentiation, EBs were
dissociated using trypsin—EDTA for 5 min and the cell
suspensions were transferred onto 0.1 % gelatin-coated
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culture dishes. On the following day, neomycin “G418”
(Invitrogen) at a concentration of 200 pg/ml was added to
the two-dimensional (2D) cultures. Every other day, the
cells were washed with PBS and fresh medium containing
G418 at a concentration of 200 pg/ml was added for
7 days. The few remaining cells that survived selection
were allowed to grow and expand for 10 days in the
absence of G418. The cells were subjected to a second
round of selection in medium containing G418 at a con-
centration of 200 pg/ml for another 7 days. The cells were
then cultured in medium containing no G418 and were
passaged every 4 days.

Generation of three-dimensional (3D) aggregates
and co-culture

Shox2 cells or Cx30.2 cells were cultivated as hanging
drops to generate 3D aggregates. Each drop contained 400
cells in 30 pl differentiation medium. The Petri dishes were
inverted and incubated at 37 °C for 4 days. The aggregates
were plated onto 0.1 % gelatin-coated culture plates until
the day of the experiments. For co-culture experiments, the
3D aggregates were added to 2D HL-1 cell monolayer
cultures at 50-70 % confluence. The co-cultures were left
to grow for an additional 1-3 days. HL-1 cells were cul-
tured as previously described [19].

Calcium imaging

For calcium imaging, cells were incubated in PBS con-
taining 10 uM of Calcium Green (Invitrogen) for 20 min at
37 °C. The cells were then washed with PBS, and incu-
bated for 1 h in differentiation medium. Visualization and
image acquisition were performed using a Nikon Eclipse
TE300 microscope and a digital camera. Analysis of ima-
ges was performed using MetaMorph software.

Western blot analysis

Whole cell lysates were extracted from HL-1 cells, Shox2
cells, and Cx30.2 cells. Cell lysates were resolved by SDS—
PAGE, transferred to PVDF, and immunoblotted with
primary antibodies: Cx45 (1:1,000, Millipore), Cx30.2
(1:2,000, Invitrogen), HCN4 (1:500, Santa Cruz), o-sar-
comeric actinin (1:1,000, Sigma), titin (1:1,000, Santa
Cruz), MF20 (1:500, Santa Cruz), and anti-B-actin anti-
body (1:2,000, Abcam). Detection of signals was visual-
ized using Super Signal West Pico Chemiluminescent
Substrate (Pierce, Rockford, IL). ImageQuant LAS 4000
(GE Healthcare Life Sciences) was used for capturing the
images.

Quantitative reverse transcriptase polymerase chain
reaction (qQRT-PCR)

Total RNA isolation, reverse-transcription, and qRT-PCR
were performed as previously described [20]. The primers
used are listed in Supplemental Table 1. Cycle thresholds
(CT) were recorded and the 2724€T algorithm was used to
analyze the relative changes in gene expression as previ-
ously described [21]. GAPDH was used as an internal
control.

Statistical analysis

Student’s ¢ test and GraphPad Prism version 6 were used for
statistical analysis. Data are expressed as mean =+ standard
error of mean. P values smaller than 0.05 are considered
significant.

Results and discussion

Identification of differentiating SAN and AVN cells
in EBs

ES cells cultured as 3D EBs possess the ability to differ-
entiate into every cardiac cell subtype [5]. To delineate the
cells of the developing SAN in EBs, we used a live
B-galactosidase assay and fluorescent imaging to visualize
the reporter-positive cells in spontaneously contracting
Shox2'“““* EBs. We demonstrate that the reporter-positive
cells form an organized cluster that is reproducibly located
directly adjacent to the beating area in all contracting EBs
examined (n > 100) (Fig. 1a; Supplemental online video 1).
Using fluorescent imaging to visualize Cx30.2-RFP reporter
expression in EBs, we demonstrate that reporter-positive
cells organized in clusters that were always located within
the beating area in all contracting EBs examined (n > 20)
(Fig. 1b; Supplemental online video 2). Although, there is
some heterogeneity with regard to the size of these reporter-
positive cell clusters, the organization with respect to the
contracting regions is consistent. Altogether, this data
reveals that the Shox2 gene and a Cx30.2 enhancer identify
discrete subpopulations of cells within contracting EBs.
These reporter-positive cells are always associated with the
spontaneously contracting region in EBs.

Isolation of Shox2 cells and Cx30.2 cells

To isolate a pure population of SA nodal cells from dif-
ferentiating EBs, we generated ES cells stably transfected
with a vector in which the neomycin resistance gene is
under the control of a 3.8 kb region of the SHOX2 pro-
moter (Fig. 2a). This SHOX2 promoter region contains
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Shox2

Fig. 1 A Shox2 gene and a Cx30.2-enhancer identify discrete clusters
of nodal cells in contracting EBs. a A representative live image of a
Shox2'*#+ EB acquired using a fluorescence microscope following
live fluorescein digalactoside staining. The EB is at day 11 of
differentiation and shows visible contractions. The Shox2 cell cluster
(green) is located adjacent to the contracting region of the EB (area

three putative Tbx5 as well as three putative Nkx2.5
binding sites [18]. To isolate a pure population of AV nodal
cells from differentiating EBs, we generated ES cells stably
transfected with a vector in which the neomycin resistance
gene is under the control of a 1.2 kb region of a Cx30.2
enhancer (Fig. 2b). This minimal Cx30.2 enhancer contains
putative Tbx5 and GATA4 binding sites [14]. EBs were
generated using these genetically modified ES cells, and on
day 8 of differentiation these EBs were dissociated into
single cells and were subjected a day later to selection
using G418 for 7 days (Fig. 2c). The dissociation of EBs
prior to antibiotic selection insured adequate delivery of the
selection drug to all of the cells. In addition, due to the fact
that the population of cells we were selecting is very small,
the dissociation of the EBs prior to treatment helped pre-
vent excessive sloughing of layers of cells which can
sometimes be associated with loss of healthy cells. The
surviving G418-resistant Shox2 and Cx30.2 cells were
propagated and expanded. These Shox2 cells and Cx30.2
cells grew in clusters (Fig. 2d, f) and exhibited spider cell
morphologies (Fig. 2e, g). Cells isolated from the rabbit
SAN have been shown to exhibit a similar spider cell
morphology. These rabbit spider cells have a branched
cytoplasm, and are weak in contractile proteins [22-24].

Isolated Shox2 cells and Cx30.2 cells exhibit high basal
Ca®" levels

Ca*"-dependent depolarizations play a major role in the
generation of the cardiac pacemaker activity [25-28]. In
recent years, studies have shown that the pacemaker
rhythm is initiated, sustained, and regulated by oscillations
in the release of intracellular Ca>" from the sarcoplasmic
reticulum (Ca*" clock) [29, 30]. The sarcoplasmic
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surrounded by dashed circle) (Supplemental online video 1). b A
representative live image of a Cx30.2-RFP EB acquired using a
fluorescence microscope. The EB is at day 14 of differentiation and
shows visible contractions. The Cx30.2 cell cluster (red) is within the
contracting region of the EB (area surrounded by dashed circle)
(Supplemental online video 2) Bar 100 pm. (Color figure online)

reticulum is the major Ca®" store in cardiac pacemaker
cells. The intracellular Ca>" release regulates the normal
automaticity of cardiac pacemaker cells and ignites exci-
tation from within these cells [31, 32]. We used a fluo-
rescent Ca®" sensitive dye to assess spontaneous calcium
transients in Shox2 cells and Cx30.2 cells. Live fluorescent
imaging of the Shox2 cells and the Cx30.2 cells demon-
strated the presence of a high basal level of Ca®*" ions
characteristic of pacemaker cells (Fig. 3). Shox2 and
Cx30.2 cells showed higher Ca*" loading compared to
control ES cells (Fig. 3a—f) and to HL-1 cells that were co-
cultured with these cell lines (Fig. 3g, h). Taken together,
this data indicate that Shox2 and Cx30.2 cells demonstrate
the ability to concentrate Ca®" which is characteristic of
pacemaker cells [30, 31, 33, 34].

Characterization of gene expression profiles in Shox2
cells

Using qRT-PCR, we examined the expression of 33 genes
to characterize the molecular phenotype of the ES cell-
derived Shox2 cells. We examined expressions of these
genes in Shox2 cells at an early passage (p5), after multiple
passages (p48), and in Shox2 cells cultured as 3D aggre-
gates (p5). The Shox2 cells p5 expressed several cardiac-
specific markers such as a-cardiac actin, myosin light chain
MLC-2a, and MLC-2v, confirming their identity as cardiac
myocytes (Table 1). The Shox2 cells showed absent or
minimal expression of atrial natriuretic factor (ANF) which
is normally expressed at significantly high levels in atrial
cardiac myocytes but is absent in pacemaker cells [10, 35].
These cells expressed the pacemaker-specific transcription
factors, Tbx3 at a significantly high level. The expression
of Thx3 in Shox2 cells was >400-fold higher than Nkx2.5.
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Fig. 2 Isolation of the Shox2
cells and Cx30.2 cells from
EBs. a A schematic diagram of
the SHOX2 promoter-neo
construct used to isolate SA
nodal cells. b A schematic
diagram of the Cx30.2
enhancer-neo construct used to
isolate AV nodal cells. ¢ A
schematic presentation of the
method used to isolate
pacemaker cells from
genetically modified ES cells.
d A representative phase image
of Shox2 cells proliferating and
growing in clusters. e A

I A

representative Shox2 cell
exhibiting the “spider cell”
morphology characteristic of
pacemaker cells. f A
representative phase image of
Cx30.2 cells proliferating in a
cluster. g A representative
Cx30.2 cell exhibiting the
“spider cell” morphology

It is well-known that Shox2 inhibits Nkx2.5 expression,
and activates a pacemaker genetic pathway that results in
the upregulation of Tbx3 expression [10]. This could
explain the marked difference in the expression level of the
Tbx3 and Nkx2.5 transcripts in the ES cell-derived Shox2
cells. The transcription factors, GATA4, GATA6, and
myocyte-specific enhancer factor 2C (MEF2C) are
expressed early in development [36-38] and were found to
be highly expressed in the Shox2 cells. Msx2, a tran-
scription factor that is known for its spatiotemporal and
functional correlation with Tbx2 and Tbx3 [39], was
expressed 30-fold higher than Nkx2.5. Shox2 and its
downstream target BMP4 are abundantly expressed in
Shox2 cells (Table 1). The expression of BMP4 in Shox2
cells is 52-fold higher than BMP2. Studies have shown that
BMP4 is expressed in the region of the SAN in developing
mouse hearts [18], while BMP2 is essential for the devel-
opment of the AV canal [40]. The transcription factors,
Tbx3, Tbx2, and Msx2 maintain the Shox2 cells in a
primitive, undifferentiated state characteristic of pace-
maker-nodal cardiac myocytes [41]. We also examined the
expression of 15 genes encoding ion channel subunits and

Day 8 T Day 9 + 1 week

Start G418 Selection

connexins (Cxs). The Shox2 cells expressed the slow
conductance connexins Cx45 and Cx30.2 at a high level.
These connexins are determinants of the velocity of
impulse propagation through the pacemaker tissues, and
hence are important contributors to the electrophysiology
of the pacemaker cells [42]. The Shox2 cells also expressed
significant levels of genes that are required for generating
the rhythmic Ca”" clock and Ca®" dependent depolariza-
tions characteristic of pacemaker-nodal cells. This includes
genes encoding the T-type calcium channel subunit gene
Cav3.1, the L type calcium channel subunits Cav/.2 and
Cavl.3, the cardiac ryanodine receptor (Ryr2), and the
sodium—calcium exchanger (NCX1) [25-27, 32, 42-44].
The Shox2 cells expressed low levels of the cardiac volt-
age-gated sodium channel (Nav1.5) and the inward rectifier
potassium channel (Kir2.1), which are normally expressed
at high levels in working cardiac myocytes but not in
pacemaker cells [42, 45, 46]. In addition, we examined the
expression of the genes encoding the four hyperpolariza-
tion activated cyclic nucleotide gated channel (HCN) iso-
forms. The HCNs are Na*/K™ channels that open at the
end of the repolarization phase, when the membrane
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potential is very negative (about —60 mV). When these
channels open, they allow the slow influx of depolarizing
Na™ ions, resulting in the “funny” current (If) which ini-
tiates the spontaneous depolarization of the pacemaker cell
membrane [47-49]. The Shox2 cells expressed HCN2 at a
significant level (16-fold higher than HCN1), followed by
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<« Fig. 3 Calcium imaging of Shox2 cells and Cx30.2 cells. a Phase

contrast and b live fluorescent images of a representative Shox2 cell
following fluorescent Ca®" imaging. The Shox2 cell exhibits
abundant intracellular Ca®" concentration. ¢ Phase contrast and
d live fluorescent images of a representative Cx30.2 cell following
fluorescent Ca* imaging. The Cx30.2 cell exhibits abundant
intracellular Ca>" concentration. e Phase contrast and f live fluores-
cent images of a representative cluster of control ES cells following
fluorescent Ca®" imaging, showing minimal intracellular Ca®".
Histogram plots of the fluorescence intensity following fluorescent
Ca®" imaging in Shox2 cells g and Cx30.2 cells h, compared to HL-1
cells co-cultured with these cell lines (n = 4, P < 0.01)

HCN4 (4-fold higher than HCN1), and the HCN3 isoform
(3.7-fold higher than HCN1).

In vivo cell therapies are associated with concerns that
the cell lines may transdifferentiate giving rise to other cell
types, including other cardiac subtypes or even cancerous
cells [2, 3] and this can be a serious problem. Accordingly,
we have assessed whether the ES cell-derived Shox2 cells
and Cx30.2 cells maintained their molecular phenotype
after prolonged culture for multiple passages. When we
examined the expression of the same 33 genes in Shox2
cells and Cx30.2 cells that have been subjected to multiple
passages (p48), we noticed no significant changes in the
gene expression compared to early passages (Table 1).

The Shox2 cells were cultured as 3D aggregates in an
attempt to generate a critical mass of cells that simulates
the in vivo architecture. We compared the gene expression
in Shox2 cells p5 cultured as 3D aggregates and Shox2
cells p5 cultured as 2D monolayers. We noticed an increase
in the expression levels of the transcription factors,
GATA4 (18-fold higher), GATA6 (21.1-fold higher),
MEF2C (11-fold higher), Shox2 (3-fold higher), BMP4
(1.5-fold higher), and BMP2 (2-fold higher) in Shox2 cells
cultured as 3D aggregates. Moreover, we noticed an
increase in the expression levels of several of the important
pacemakers channels, including Cavl.3 (2-fold higher),
Cav3.1 (37-fold higher), Ryr2 (2-fold higher), NCX1 (64-
fold higher), HCN1 (2-fold higher), HCN2 (3-fold higher),
HCN3 (2-fold higher), and HCN4 (8-fold higher) in the
Shox2 cells cultured as 3D aggregates (Table 1; Supple-
mental Fig. 1a). These data clearly demonstrate that cul-
turing the ES cell-derived Shox2 cells as 3D aggregates
enhanced their pacemaker-nodal phenotype.

Characterization of gene expression profiles
in Cx30.2 cells

Using qRT-PCR, we examined the expression of 33 genes in
Cx30.2 cells at an early passage (p7), after multiple passages
(p48), and in Cx30.2 cells cultured as 3D aggregates (p7).
The Cx30.2 cells p7 expressed several cardiac specific
markers, such as o-cardiac actin, MLC-2a, and MLC-2v,
confirming their identity as cardiac myocytes (Table 1).
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Table 1 Gene expression in ES cell-derived Shox2 cells and Cx30.2 cells

Gene Shox2p5 (2D) Shox2 p48 (2D) Shox2 p5 (3D) Cx30.2 p7 (2D) Cx30.2 p48 (2D) Cx30.2 p7 (3D)
Transcription factors
1- GATA4 #% ok seofeskok ok ) stk
3- MEF2C * * * * * *
4- Msx2 ®% ok sk wokok sk %
5- MyoD * - _ % _ _
6- Nkx2.5 * * * * * ®%
7_ TbX2 sfkosk skskok sfkok sfkosk sk sfsieoskok
8- Tbx3 wkk% Hokok steofeskok ol Hkk skt
9- Tbx5 ok * * * * ®
10- Shox2 ek * ok sk * ok
11- BMP4 wokEE seskeskok sokok ok ok ok ok kok
12- BMP2 ok * #3% * E sk
Structural proteins
13- a-cardiac actin otk HkE ook ok EEE EEEE
14- a-skeletal actin Hokkk Hodkok ok ok skeskok sk
15- Mlc-2a wkx *ok ek ok ek *ok
16- Mlc-2v wokok Hk ok *® EEE *
17_ Desmin sekosksk seskkok sekoksk sekeoksk sksksk seokskok
18- ANF * * * _ _ *
Ion channels and connexins
19- Cx45 skkckok EETTS skkckok skokok PETTS EETTS
20- Cx30.2 ok ® * sk ] Hkkk
22- Cx40 - - _ _ * _
23- Cavl.2 * * * - — _
24- Cavl.3 * * #k * # ok
25- Cav3.1 * * otk * * o
26- Ryr2 * * ®3% % % %
27- Nex1 - * ok * ® o
28- Scn5a (Navl.5) * * * *® _ *
29- Kir2.1 - - * _ _ *
30- HCN1 * * * * * *
31- HCN2 ok ok ko ok * ok
32- HCN3 * * * * * *
33- HCN4 * ok ok * *kk o

Average (n = 2). Genes were grouped according to cycle thresholds into the following: **¥*¥ <2(; **¥* 20-24; *** 24-26; ** 26-28;

* > 28-32; and >32. See text for definitions of abbreviations

These cells did not express ANF, which is a characteristic of
AVN cells [35]. The Cx30.2 cells expressed the pacemaker-
specific transcription factors, Tbx3 and Tbx2, at a high level.
These transcriptional repressors are known for their major
role in suppressing the chamber myocardial phenotype in the
region of the AV canal [50, 51]. The expression levels of the
transcription factors, GATA4, GATA6, MEF2C, Msx2,
BMP4, and BMP2 was high in Cx30.2 cells (Table 1). The
transcription factors, Tbx2, Tbx3, and Msx2 help maintain
the Cx30.2 cells in a primitive, undifferentiated state

characteristic of pacemaker-nodal cells [41]. In addition, we
examined the expression of 15 genes encoding ion channel
subunits and connexins. The Cx30.2 cells expressed Cx30.2
atahigh level (15-fold higher than Nav1.5). The Cx30.2 cells
expressed HCN2 at a significant level (6-fold higher than
HCN1), followed by HCN3 (2-fold higher than HCN1). The
Cx30.2 cells p5 expressed HCN1 and HCN4 at equal levels
(Table 1). The expression of the same 33 genes was assessed
in Cx30.2 cells at passage 48 in order to assess whether these
cells can maintain their pacemaker-nodal phenotype
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following multiple freezing, thawing, and passaging. We
noticed no significant change in the gene expression levels
with the exception of BMP2, Ryr2, and HCN4 which showed
a 6-fold, 5-fold, and a 20-fold increase, respectively, when
compared to Cx30.2 cells p7 (Table 1).

We cultured Cx30.2 cells as 3D aggregates in an attempt
to generate a critical mass of cells that simulates the in vivo
architecture. We compared the gene expression in Cx30.2
cells p7 cultured as 3D aggregates and Cx30.2 cells p7 cul-
tured as 2D monolayers (Table 1; Supplemental Fig. 1b).
We noticed an increase in the expression levels of the tran-
scription factors, GATA4 (14-fold higher), GATA6 (3.5-
fold higher), MEF2C (14-fold higher), Msx2 (2-fold higher),
Tbx2 (5-fold higher), Tbx3 (2-fold higher), BMP4 (3.5-fold
higher), and BMP2 (17-fold higher) in Cx30.2 cells cultured
as 3D aggregates. Moreover, we noticed an increase in the
expression of several of the important pacemakers connexins
and ion channels, including Cx30.2 (12-fold higher), Cav1.3
(5-fold higher), Cav3.1 (12-fold higher), Ryr2 (5-fold
higher), NCX1 (5-fold higher), HCN1 (2.5-fold higher),
HCN2 (9-fold higher), and HCN4 (4-fold higher) in the
Cx30.2 cells cultured as 3D aggregates (Table 1; Supple-
mental Fig. 1b). These data strongly indicate that culturing
the ES cell-derived Cx30.2 cells as 3D aggregates enhanced
their pacemaker-nodal phenotype by increasing the expres-
sion levels of Cx30.2 and several ion channels, as well as key
cardiovascular regulators of AVN development such as
Tbx2, GATA4, and BMP2. The GATAA4 transcription factor
has been reported to directly activate the expression of the
Cx30.2 gene [14]. This could explain the increase in Cx30.2
expression level in Cx30.2 cell aggregates. Moreover,
GATA transcription factors are also known for activating the
expression of several calcium channels [52] including
channels that play a role in the intracellular Ca>" release
events such as NCX1 and Ryr2 [53]. The increase in GATA4
and GATAG levels in both the Shox2 and Cx30.2 cell lines
could be the cause of the enhanced expression of these cal-
cium channels. The expression of both Tbx2 and BMP2 was
upregulated in the Cx30.2 cell 3D aggregates. These two
factors have been reported to have interdependent and
important roles in the development of the AV canal and the
AVN [54]. This upregulation in Tbx2, BMP2, and Cx30.2
expression in Cx30.2 cells confirms their identity as AV
nodal cells, since these three factors are major determinants
of the development and function of the atrioventricular
region in the heart [50, 51, 54-57].

Western analysis of HCN4, connexins, and structural
proteins

It is well known that cardiac pacemaker cells rely on the

HCNs for the initiation of the spontaneous depolarization
wave [48]. HCN4 is the most abundant isoform in cardiac
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Fig. 4 Characterization of ES cell-derived Shox2 cells and Cx30.2
cells. Western blot analysis of structural and pacemaker-nodal
proteins in HL-1 cells, Shox2 cells, and Cx30.2 cells. The structural
proteins are o-sarcomeric actinin, titin, and MF20 (Myosin Heavy
Chain). The pacemaker-nodal proteins are Cx45, Cx30.2, and HCN4.
B-actin was used as loading control

pacemaker cells [58-61]. Using western blot analysis, we
demonstrate that Shox2 cells and Cx30.2 cells express
abundant levels of HCN4 (Fig. 4). The SA node is charac-
terized by the expression of abundant levels of Cx45 and
Cx30.2 proteins [62]. The AV node is characterized by the
abundant expression of Cx30.2, which is responsible for the
delay that the AV node incorporates between the atrial and
ventricular systoles [56, 57]. Our data demonstrate that the
Shox2 cells and Cx30.2 cells exhibit a pacemaker-like
molecular phenotype and gene expression profile of these
connexins (Fig. 4 and Table 1). The Shox2 and Cx30.2 cells
exhibited a weak expression of various cardiac structural
proteins, which is a molecular phenotype similar to that of
primitive cardiac myocytes, and is characteristic of cardiac
pacemaker cells [63]. The evaluation of the functionality of
these ES cell-derived pacemaker-nodal cell lines in animal
models of cardiac pacemaker tissue diseases, such as AV
block or sinus node dysfunction, will be required for proof of
concept that they would be useful for cell therapy.

Conclusion

Using a genetic selection method, we have identified, iso-
lated, and characterized pure populations of cardiac pace-
maker-nodal myocytes that will be useful for the design of
biological pacemakers as well as for studying the biology
and electrophysiology of these cells.
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