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Shox2 Regulates the Pacemaker Gene Program
in Embryoid Bodies

Sherin I. Hashem,' May L. Lam," Shirley S. Mihardja? Steven M. White,"”
Randall J. Lee’? and William C. Claycomb'

The pacemaker tissues of the heart are a complex set of specialized cells that initiate the rhythmic heartbeat. The
sinoatrial node (SAN) serves as the primary pacemaker, whereas the atrioventricular node can serve as a subsidiary
pacemaker in cases of SAN failure or block. The elucidation of genetic networks regulating the development of these
tissues is crucial for understanding the mechanisms underlying arrhythmias and for the design of targeted therapies.
Here we report temporal and spatial self-organized formation of the pacemaker and contracting tissues in three-
dimensional aggregate cultures of mouse embryonic stem cells termed embryoid bodies (EBs). Using genetic marker
expression and electrophysiological analyses we demonstrate that in EBs the pacemaker potential originates from a
localized population of cells and propagates into the adjacent contracting region forming a functional syncytium.
When Shox2, a major determinant of the SAN genetic pathway, was ablated we observed substantial slowing of
spontaneous contraction rates and an altered gene expression pattern including downregulation of HCN4, Cx45,
Tbx2, Tbx3, and bone morphogenetic protein 4 (BMP4); and upregulation of Cx40, Cx43, Nkx2.5, and Tbx5. This
phenotype could be rescued by adding BMP4 to Shox2 knockout EBs in culture from days 6 to 16 of differentiation.
When wild-type EBs were treated with Noggin, a potent BMP4 inhibitor, we observed a phenotype consistent with
the Shox2 knockout EB. Altogether, we have generated a reproducible in vitro model that will be an invaluable tool

for studying the molecular pathways regulating the development of cardiac pacemaker tissues.

Introduction

HE CARDIAC PACEMAKER and conduction system is a

highly specialized system that initiates and coordinates
the rhythmic heartbeat. The sinoatrial node (SAN) is the pri-
mary pacemaker of the heart and is responsible for generating
the electrical impulse [1]. The atrioventricular node (AVN) is
responsible for delaying the electrical impulse to allow for
proper ventricular filling [2]. The AVN can also serve as a
subsidiary pacemaker in conditions of SAN failure or block
[3,4]. Although embryonic stem (ES) cells have been exten-
sively used for generating mouse models for studies of the
development of the cardiac conduction system (CCS) [5-11],
their application as in vitro models for studying the devel-
opment of this intricate system has been limited. Using the
three-dimensional (3D) embryo-like embryoid body (EB)
differentiation system, we and others were able to generate a
reproducible cardiomyocyte system with electrical excitabil-
ity and visible spontaneous contractions [12-15]. Cells iso-
lated from the spontaneously contracting region within an EB
display morphological, molecular, and functional properties

of cardiomyocytes [14-19]. These cardiomyocytes are orga-
nized within EBs forming a functional syncytium containing all
specialized cardiac cell types such as atrial-like, ventricular-
like, sinoatrial nodal-like, and Purkinje fiber-like cells
[12,17,20]. Moreover, cardiomyocytes that were enzymati-
cally isolated from EBs at different stages of development
demonstrated a transition from primitive pacemaker-like cells
to more terminally differentiated chamber myocardium-like
cells, simulating what occurs in vivo during heart develop-
ment [12,21,22]. Accordingly, cardiomyocyte differentiation
in EBs is not limited to the generation of isolated cardio-
myocytes but rather to the development of a functionally in-
tegrated system containing a putative SAN [13]. This system
can provide an invaluable opportunity to generate in vitro
models that can be used to identify, genetically modify, and
study the development of the specialized cells of the CCS.
Shox2, a member of the short stature paired-homeodomain
family of transcription factors, is expressed early in develop-
ment and is restricted to the sinus venosus myocardium in-
cluding the SAN and the venous valves of embryonic hearts
[6,23]. Shox2 activates the SAN gene program by inhibiting
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chamber myocardial cell differentiation through the inhibition
of the myocardial transcription factor Nkx2.5 [6,24]. This in
turn results in the expression of the T-box transcription factor
Tbx3, which is responsible for executing the pacemaker gene
program [25,26]. Tbx3 activation results in the upregulated
expression of the nodal genes HCN4 and Cx45, and the in-
hibition of the chamber myocardial genes ANF, Cx40, and
Cx43 [25,26]. Shox2 null mice die during mid-gestation due to
failure of the development of the SAN [6,23]. The SAN region
in Shox2™/~ hearts exhibits reduction in Tbx3 and HCN4
expression levels, and ectopic expression of Cx40, ANF and
Nkx2.5 [6]. In addition, Shox2 regulates the expression of bone
morphogenetic protein 4 (BMP4) in the SAN region [27];
however it has not been determined whether BMP4 is in-
volved in the SAN pacemaker genetic pathway. We hypoth-
esize that the CCS develops in a self-organized manner in 3D
ES cell cultures and that these EB cultures can be used to
study the pacemaker gene program that is activated by Shox2.

Materials and Methods
Culture of ES cells and generation of EBs

The mouse ES cell lines J1 cGATA6-RFP, and CJ-7 Shox2*/*,
Shox2"#/* , and Shox2"#"*% were cultured in growth me-
dium supplemented with 15% fetal bovine serum (FBS),
0.1mM B-mercaptoethanol (BME), 1% nonessential amino
acid stock, and 1% penicillin/streptomycin, containing 10°
U/mL leukemia inhibitory factor (LIF; Millipore). We used a
hanging drop technique to generate EBs as previously de-
scribed [12]. Each drop contained 500 cells in 20 pL of dif-
ferentiation medium (growth medium supplemented with
10% FBS and containing no LIF). The EBs were plated on day
5 of differentiation. Shox2"*"*“ and Shox2*/* EBs were
treated with BMP4 and Noggin (R&D Systems), respectively,
at a concentration of 25ng/mL from days 6 to 16 of differ-
entiation. All cultures were in a humidified atmosphere of
95% air 5% CO, at 37°C.

Fluorescent live imaging

EBs were incubated in medium containing 20 uM fluo-
rescein digalactoside (FDG-C12; Molecular Probes) for
20min at 37°C. The samples were washed with phosphate-
buffered saline (PBS) and incubated for 1h in differentiation
medium. LacZ reporter expression was imaged using a FITC
filter. For visualization, a Nikon (Eclipse TE300) microscope
was used. Images (fluorescent and phase contrast) were
captured using a digital camera (Roper Scientific) and were
analyzed using MetaMorph software (version 5.0 v6; Mole-
cular Devices).

Immunohistochemistry

Whole mount EBs were fixed in 4% paraformaldehyde for
15 min at room temperature. For B-galactosidase detection in
fixed EBs, an in situ X-gal assay was performed using a B-
galactosidase staining kit (Stratagene) following the manu-
facturer’s protocol. Samples were then permeablized for
10 min with 0.4% Triton X-100 and then incubated with the
primary antibody for 1h. Mouse monoclonal anti-titin
(Abcam; 1:50 dilution), rabbit polyclonal anti-Cx45 (Milli-
pore; 1:200 dilution), and goat monoclonal anti-HCN4 (Santa
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Cruz; 1:400 dilution) antibodies were used. After multiple
washes with PBS, samples were incubated in the appropriate
secondary antibodies for 45 min. Images were acquired with
a Leica DM IRE2 inverted epifluorescent confocal micro-
scope (Leica, Heerbrugg) or by a digital camera connected to
a Nikon Microphot-SA microscope.

Physical separation of Shox2 area
from contracting region

A scalpel blade was lowered between the lacZ-reporter
region and the contracting region of an EB, and quickly
pulled across the area to generate a clean cut completely
separating the two regions without tissue destruction. The
contractions were counted before and after the separation as
previously reported [13]. Controls were generated by in-
ducing a cut on the side opposite the contracting region.

Quantitative reverse transcriptase—polymerase
chain reaction

Total RNA isolation, reverse-transcription, and quantita-
tive reverse transcriptase—polymerase chain reaction (qRT-
PCR) were performed as previously described [28]. The
primers used are provided in Table 1. Cycle thresholds (CT)
were recorded and the 27 *AT algorithm was used to ana-
lyze the relative changes in gene expression as previously
described [29].

Culture and transfection of HL-1 cells

HL-1 cells were cultured as previously described [30]. For
transfection experiments, HL-1 cells at 50% confluence were
transfected with pShox2a-IRES-DsRed or pIRES-DsRed
(empty vector) (kindly provided by Dr. YiPing Chen, Tulane
University) using lipofectamine LF2000 (Invitrogen) accord-
ing to the manufacturer’s protocol. HL-1 cells transfected
with the pShox2a-IRES-DsRed were cultured in medium
with or without Noggin treatment at 25ng/mL concentra-
tion. Total RNA was collected 48h after transfections as
previously described [28].

Generation of GATA6 aggregates and coculture

GATAG6 nodal cells [13] were cultured in differentiation
medium and passaged every 4 days. We used a hanging
drop technique [12] to generate GATAG cell aggregates. Each
30pL drop contained 400 cells in differentiation medium.
After 4 days, the GATA6 nodal cell 3D aggregates were
added to 2D HL-1 cell monolayer cultures. The cocultures
were left to grow for an additional 1-3 days.

Multielectrode array analysis

Samples were plated onto a 50x50mm glass slide that
has an embedded 1.4 x 1.4 mm matrix of 60 titanium nitride-
gold contact electrodes with an interelectrode distance of
200 pum. Spontaneous electrical activity in coculture samples
and in EBs was recorded at 10 kHz. Temperature was kept
at 37°C. Analysis of the recordings was done using the
MC_Rack (Multi-Channel Systems) program and a cus-
tomized toolbox programmed for MATLAB. The following
parameters were investigated: interspike interval (ISI) and
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TABLE 1. PRIMER SEQUENCES USED FOR QUANTITATIVE REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION

Annealing

temperature Expected Obtained
Gene Forward primer Reverse primer (°C) size size
GAPDH ATCAAGAAGGTGGTGAAGCAG GAGTGGGAGTTGCTGTTGAAGT 57 104 104
Shox2 ACCAATTTTACCCTGGAACAAC TCGATTTTGAAACCAAACCTG 60 141 141
BMP4 ACAGCGGTCCAGGAAGAAGAAT TGAGGTGATCAGCCAGTGGAAA 60 155 155
Nkx2.5 TTAGGAGAAGGGCGATGACT AGGTCCGAGACACCAGGCTA 58 141 141
Tbx3 AGGAGCGTGTCTGTCAGGTT GCCATTACCTCCCCAATTIT 60 218 218
Tbx2 GGGTCATCTGCTAGCCTCGG TATGCTGGGAGAGGTGGAAC 62 152 152
Tbx5 ATGGTCCGTAACTGGCAAAG TTCGTCTGCTTTCACGATG 60 211 211
Cx40 CCTGAAACGTCCCTGTGTTIT TGAACAGGACAGTGAGCCAG 62 139 139
Cx43 GAACACGGCAAGGTGAAGAT GAGCGAGAGACACCAAGGAC 60 247 247
Cx45 AGGCTGTCCTTGGTCAGAGA TGTAACTCCAGTTCCAGGGG 60 274 274
HCN4 CTTCTGCTGTGTCACTGGGA ATACTGCTTCCCCCAGGAGT 60 120 120
B-Galactosidase TAGCGATAACGAGCTCCTGCA  CCTGACTGGCGGTTAAATTGC 60 329 329

BMP4, bone morphogenetic protein 4; Cx, connexin; HCN4, hyperpolarization-activated cyclic nucleotide-gated channel 4.

the decay of the extracellular potential (time from the onset
of the field potential (FP) to the largest negative peak = Tpn)
[31,32] at each electrode exhibiting electrical activity. ISI'is a
reliable measurement of the beating frequency. Ty, in re-
lation to electrode position was used to create an activation
map, which allowed assessment of the propagation of the
electrical signal. After recording the multielectrode array
(MEA) measurements the cells cultured on the MEAs
were imaged using both phase contrast and fluorescence
microscopy to correlate the EB position in relation to the
activation map.

Calcium imaging

Cocultures of GATAG cell aggregates and HL-1 cells were
incubated in PBS containing 10 uM of Calcium Green (Mo-
lecular Probes) for 30 min at 37 C. Samples were then washed
with PBS and incubated for 1h in differentiation medium.
Images were acquired using a Nikon (Eclipse TE300) mi-
croscope and a digital camera, and they were analyzed using
MetaMorph software.

Generation of Shox2 homozygous
knockout ES cells

We used a technique previously described by Mortensen
to generate Shox2""?""Z ES cells from Shox2""*/* ES cells
[33]. Briefly, Shox2"*/* ES cells were cultured in growth
medium supplemented with 8-10mg/mL of G418 (Invitro-
gen) for 10 days. The few surviving cells were allowed to
grow in growth medium without G418. Genotyping was
performed by genomic PCR. We used an Illustra™ tissue and

cells genomic prep MiniSpin Kit (GE Healthcare) to extract
total DNA, following the manufacturer’s protocol. PCR
using the primers in Table 2 was performed, and PCR
products were separated by agarose gel electrophoresis.

Statistical analysis

Student’s t-test and GraphPad Prism version 6 were used
for statistical analysis. Data are expressed as mean * standard
derivation or standard error of mean. P-values<0.05 were
considered significant.

Results

Cardiac pacemaker cells and working myocytes
form a functional syncytium in EBs

To assess whether the differentiating pacemaker cells and
working cardiomyocytes form a functional electrical syn-
cytium in EBs, we examined contracting EBs using an MEA
system. By using a 1.5 kb cGATA6 minimal enhancer to
genetically delineate differentiating pacemaker cells in EBs
[13], we observed that in all of the EBs examined (n>100)
the reporter-positive (GATA6-RFP) cells organized into a
distinct cluster as opposed to being diffusely scattered
within an EB. The reporter-positive cell cluster was always
located adjacent to the contracting region in 100% of the
spontaneously contracting EBs examined (Fig. 1B). The FP
waveforms recorded by an MEA system indicated that
spontaneous depolarizations originated from within the
fluorescent GATA6-RFP cell cluster and propagated into
the surrounding spontaneously contracting region of the EB

TABLE 2. PRIMER SEQUENCES USED FOR GENOMIC POLYMERASE CHAIN REACTION

Region amplified Forward primer

Expected  Obtained

Reverse primer size size

Mutant Shox2 allele AGAGGCTATTCGGCTATGA

Wild-type Shox2 allele  GGTCCGACTTCGCCTCTGCTTGAT CTTGCCGCGCCCTTTAACCGAGAC

300
520

300
520

AGCCATGATGGATACTTTCTCG
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FIG. 1. Cardiac pacemaker and contracting myocytes form a functional syncytium in EBs. (A-D) Spontaneous electrical

activity recorded from a GATA6-RFP EB that is centered on an MEA. Activity is recorded 2 days after the onset of visible
contractions. The electrode of the MEA that represents the initiation point of the electrical activity is marked by an asterisk.
(A, B) The solid arrow points to the contracting region, and the dashed arrow points to the GATA6-RFP fluorescent region
of the EB. (C) The head of each arrow points to an individual electrode where an active FP was recorded in (A). The direction
of the arrows depicts the direction of impulse propagation from the initiation point. (D) FPs recorded at electrodes sur-
rounding the fluorescent region and the nearby contracting area. (E-H) A GATAG6 nodal cell aggregate cocultured for 2 days
on a 2D monolayer of HL-1 cells. (E) Phase contrast image and (F-H) sequential frames of digital stream images acquired
using fluorescence microscopy following incubation of cocultures of nodal cell aggregates and HL-1 cells with a fluorescent,
calcium-sensitive dye. Free intracellular calcium is indicated as white in the images. (I) Phase contrast micrograph of a
GATAG6 nodal cell aggregate 18h after plating in the center of an MEA on top of a 2D monolayer of HL-1 cells. (J) FPs
recorded from this MEA 2 days after the nodal cell aggregate had grown larger. (K) Activation map demonstrating that the
impulse originates from the nodal cell aggregate in the coculture. EB, embryoid body; MEA, multielectrode array; FP, field
potential.

(Fig. 1A-D). To confirm that the cells forming the GATA®6-
RFP cluster possess pacemaker potential, we isolated
GATAG6 nodal cells from EBs using a technique originally
described by Field [13,34]. Based on the fact that cardiac
pacemaking is accomplished by the electrical coupling of
the specialized nodal cells with the atrial myocardium [35],
we assessed whether GATA6 nodal cells were capable of

coupling with and pacing atrial cardiomyocytes in culture.
To accomplish this we cultured the GATA6 nodal cells as
3D aggregates to generate a critical mass of cells, and then
added the aggregates to 2D monolayer cultures of HL-1
cells (Fig. 1E-K). HL-1 cells are an immortalized atrial car-
diomyocyte cell line that spontaneously contracts and
maintains a differentiated adult phenotype through
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multiple passages [30,36]. Using fluorescent calcium imaging
we demonstrated through sequential frames that the GATA6
nodal cell aggregates produce spontaneous calcium transients
that emit into the surrounding HL-1 cell monolayer (Fig. 1E-
H). By analyzing MEA recordings of the cocultures we found
that spontaneous depolarization waves were detected by
electrodes corresponding to the nodal cell aggregate (Fig. 11—
J). The activation map of these cocultures confirmed that the
pacemaker potential is generated by the GATAG6 cell aggre-
gate and propagates throughout the surrounding HL-1 cells
(Fig. 1K).

Spatial and temporal development of pacemaker
tissues in EBs

To delineate the cells of the developing SAN in EBs we
used a mouse Shox2"*/* ES cell line. The Shox2 regulatory
elements direct lacZ expression to the putative developing
SAN cells in EBs generated using the Shox2""?/* ES cell line
(Fig. 2A). By using a live pB-galactosidase assay and fluores-
cent imaging, we demonstrated that Shox2 cells appeared
prior to the contracting myocytes within all of the EBs ex-
amined (n>100). The lacZ reporter expression in EBs ap-
peared as early as day 6 of differentiation before the onset of
any visible spontaneous contractions (Fig. 2B). The first
contracting cells were detected in few EBs at day 8 of dif-
ferentiation, and by day 14 of differentiation almost all EBs
showed visible spontaneous contractions. We observed that
the Shox2 cells within EBs developed as discrete clusters of
cells as opposed to being diffusely scattered within the EBs
(Fig. 2B, C). The organization of the Shox2 cells in discrete
clusters was observed in all of the EBs examined (1>100).
The Shox2 cell “cluster” or “node” within an EB is non-
contracting. However, it is consistently detected adjacent to
the contractile cardiac myocyte region in all spontaneously
contracting EBs (Fig. 2C and Supplementary Video SI;
Supplementary Data are available online at www .liebertpub
.com/scd).

Characterization of Shox2 cells
within Shox2'%°?* EBs

Automaticity of pacemaker cells is dependent on the pres-
ence of the hyperpolarization-activated cyclic nucleotide-
gated channel HCN4 [10,37,38]. To determine whether
Shox2 cells possess this pacemaker molecular signature, we
stained Shox2"*#* EBs with an in situ X-gal stain to mark
the Shox2 cells and coimmunostained for the pacemaker
marker HCN4 and the cardiac contractile protein titin. We
demonstrate that Shox2 cells express HCN4 but not titin.
Shox2 /HCN4-copositive, titin-negative cells were observed
in a location directly adjacent to the titin-positive contracting
cardiomyocytes within EBs (Fig. 2D, E). Based on the fact
that nodal tissues express Cx45 to protect them from the
inhibitory hyperpolarization influence of the surrounding
atrial cardiomyocytes [39], we assessed the expression of
Cx45 in Shox2 cells. We demonstrate in Figure 2F and G that
Shox2 cells express Cx45. These data indicate that Shox2 cells
in EBs exhibit a SAN-like molecular phenotype, that is,
Shox2/HCN4/Cx45-copositive, titin-negative [40,41]. To
determine whether Shox2 cells are functionally coupled with
the adjacent contracting cardiomyocytes, we performed
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FIG. 2. Self-organized formation of cardiac pacemaker and
contracting myocytes in EBs. (A) A diagram of the construct
used to delineate developing SAN cells in EBs. A lacZ-neo
cassette is knocked-into one of the Shox2 alleles distal to the
TSS, in the region of exons 1 and 2. (B, C) Representative live
images of Shox2"“?/* EBs acquired using a fluorescence
microscope following live fluorescein digalactoside staining.
In (B), the EB is at day 7 of differentiation before the onset of
contractions. In (C), the EB is at day 14 of differentiation and
shows visible contractions. The Shox2 cell cluster (green) is
located adjacent to the contracting region (area surrounded
by dashed circle). (C) Corresponds to Supplementary Video
S1 demonstrating the location of the spontaneously con-
tracting region. (D-G) Differential interference contrast and
fluorescent confocal microscopic images of representative
Shox2"*?/* EBs following in situ B-galactosidase staining
and immunohistochemistry. (D, E) The white arrow heads
point to the region of Shox2 cells within a representative
Shox2"*#/* EB at day 14 of differentiation. The Shox2 cells
express HCN4 (green) and are located adjacent to titin-
positive (red) working cardiomyocytes. (F) A green box
surrounds the region of Shox2 cells within a representative
Shox2'"#/* EB at day 14 of differentiation. (G) A fluorescent
image at an 8-zoom enlargement of the region inside the green
box in (F), showing that Shox2 cells express Cx45. (H) A rep-
resentative image showing the position where a cut (dashed
line) was made in an EB. (I) Contraction rate in EBs before and
after physically separating the lacZ-reporter region from the
contracting region (****P<0.0001, n=11). Scale bar=100 pm.
SAN, sinoatrial node; TSS, transcription start site.
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experiments in which we physically separated the Shox2 cell
cluster from the adjacent spontaneously contracting region
(Fig. 2H) as previously described [13]. Physical separation of
the two regions resulted in a reduction in the rate of spon-
taneous contractions from 91.3+12.6 (before separation) to
8.8+5.5 contractions/min (after separation) (Fig. 2I). To ex-
clude the possibility that tissue destruction within the EBs
accounts for the reduction observed in contraction rates, we
made cuts on the opposite side of the spontaneously con-
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cluster. None of the control cuts caused a change in con-
traction rates. These results establish that Shox2 cells in EBs
exhibit molecular and functional pacemaker characteristics.

Shox2 knockout EBs exhibit hypoplasia
of the SAN cell cluster

To investigate the importance of Shox2 in the development
of the putative SAN cells in EBs, we generated a Shox2"#/**

tracting cardiomyocyte region away from the Shox2 cell ES cell line (Fig. 3A—C). We assessed whether Shox2 null EBs
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FIG. 3. Shox2 knockout EBs exhibit hypoplasia of the SAN cell cluster. (A) Diagram of Shox2"“*"*“ double knockin
reporter. (B) Genotyping of Shox2*/* (wild-type), Shox2'%?/* and Shox2'*#/aZ ES cells. Primers directed against the wild-
type allele amplify a 520 bp region within intron 1 and exon 2 of the Shox2 gene while primers directed against the mutated
allele amplify a 300 bp region within the Neo region of the targeting vector. Separation of a 100 bp ladder is shown in the
leftmost lane of the del. (C) gRT-PCR products separated by agarose gel electrophoresis show the presence of the Shox2
transcript in Shox2"*“/* EBs, and its complete absence in three separate samples of Shox2'™%/12cZ EBs. GAPDH was used as an
internal control. Phase contrast and fluorescent images of a representative Shox2“”* EB (D, E) and a representative
Shox2'*#/eZ EB (F, G) both at day 14 of differentiation. Images acquired following in situ B-galactosidase staining and
immunostaining for HCN4 (red) and cardiac contractile protein titin (green). The white boxes surround the lacZ region within
the EB. (H) gRT-PCR analysis shows a reduction in lacZ transcript level in Shox2"#/*Z EBs compared with
Shox2'"%/+ EBs at day 14 of differentiation. GAPDH was used as an internal control (*P <0.05, n=3). Scale bar=100 pm. ES,
embryonic stem; qRT-PCR, quantitative reverse transcriptase-polymerase chain reaction; EB, embryoid body.
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exhibited a reduction in the number of differentiating SAN
cells by performing in situ X-gal staining and immunohisto-
chemical analysis of Shox2"*/"Z EBs and comparing them to
Shox2"*/* EBs (Fig. 3D-G). We observed a marked reduction
in the size of the lacZ-stained region adjacent to the titin-
positive contracting cardiomyocyte region in Shox2'"*/** EBs
compared with Shox2"*/* EBs (Fig. 3D-G). The lacZ-stained
region in Shox2"““"*% EBs showed marked reduction in
HCN4 expression (Fig. 3G). When we compared mRNA levels
of the lacZ transcript between Shox2/aZ/acZ and Shox2'"#/*
EBs, we observed a significant reduction in lacZ mRNA levels
in the Shox2'"#/"Z EBs (Fig. 3H).

Shox2 knockout EBs exhibit slowed contraction
rates

The main function of the SAN is to initiate the heartbeat.
Accordingly, we assessed the rate of spontaneous contractions
in EBs as a determinant of SAN function [10,38]. The contrac-
tion rates were recorded in EBs from days 8 to 20 of differen-
tiation. When contraction rates were compared in Shox2™/*
EBs to Shox2'"#/*Z EBs, there was initially no significant dif-
ference detected between both groups from days 8 to 11 of EB
differentiation. Remarkably, starting from day 12 through day
20 (final time point at which contractions were counted),
Shox2'"#/Z EBs showed significantly lower spontaneous
contraction rates compared with Shox2*/* EBs (Fig. 4A). The
low spontaneous contraction rates detected in Shox2/##/<Z EBg
indicate a failure of SAN maturation in these EBs.

Pacemaker cell differentiation is altered in Shox2
knockout EBs

To evaluate pacemaker and cardiac tissue development in
Shox2'*?/acZ EBg, the mRNA levels of several molecular
markers and transcription factors were analyzed using qRT-
PCR (Fig. 4B). These molecular markers included the pace-
maker specific markers HCN4 and Cx45, which are essential
for pacemaker-nodal function [10,39,40]. A downregulation in
the levels of HCN4 and Cx45 was observed in Shox2'*#/cZ
EBs (Fig. 4B). The fast conductance gap junctions, Cx40 and
Cx43, which are abundantly expressed in the myocardium
and the conduction system but sparsely expressed in the SAN
and AVN [42] were found to be upregulated in Shox2"#/"*#
EBs. The expression level of transcription factors Tbx2 and
Tbx3, which have been reported to be involved in pacemaker
tissue development [25,26,43—45], and transcription factors
Tbx5 and Nkx2.5, which are known to activate the myocardial
gene program [9,46,47] were analyzed. We observed a
downregulation in Tbx2 and Tbx3 levels, and an upregulation
in Tbx5 and Nkx2.5 levels in Shox2'"?/*Z EBs (Fig. 4B). The
mRNA level of BMP4, a downstream target of Shox2 [27], was
downregulated in Shox2"“*"*“ EBs compared with Shox2*/*

EBs (Fig. 4B). These observations indicate that Shox2 is re-
quired for activating the pacemaker gene program [41], and
suppressing the working myocardial gene program in EBs.

BMP4 rescues pacemaker tissue development
in Shox2/4°#"a°Z EBg

Shox2 has previously been reported to directly activate the
transcription of BMP4 in SAN cells by binding to the BMP4
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FIG. 4. Pacemaker cell differentiation is altered in Shox2
knockout EBs. (A) Contraction rates per minute of Shox2"#/*#
EBs compared to Shox2*/* EBs at different stages of dif-
ferentiation, from days 8 to 20 of differentiation. (B) Bar graphs of
Tbx2, Tbx3, HCN4, Cx45, Cx43, Cx40, Tbx5, Nkx2.5, and
BMP4 mRNA transcript levels in Shox2"“"*“ EBs compared
to Shox2*/* EBs at day 14 of differentiation. GAPDH was used as
an internal control (*P<0.05 and **P<0.01, **P<0.001 and
#**P <0.0001, n=5).

promoter [27]. Further, Shox2~/~ hearts lack BMP4 expres-
sion in the region of the SAN [27]. To investigate whether
BMP4 plays a role in the pacemaker genetic pathway, we
examined whether the phenotype observed in Shox2" %/
EBs can be rescued by adding BMP4 to the culture medium
of EBs starting from day 6 of differentiation, which is the
time of onset of Shox2 expression (Fig. 2B). We observed that
BMP4-treated Shox2"*“/““ EBs exhibited higher spontaneous
contraction rates (74.5+23.4bpm) compared with nontreated
control EBs (49.8£9.9bpm) (Fig. 5A). We used qRT-PCR to
compare relative expression of several molecular markers in
Shox2"¢#/¢Z control and BMPA4-treated EBs. Our results re-
vealed an increase in HCN4, Cx45, Tbx2, and Tbx3 gene
expression levels following BMP4 treatment (Fig. 5B). These
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results show that when BMP4 was added to EBs in culture, it
rescued pacemaker tissue development in Shox2'"#*# EBs.
To validate the role of BMP4 signaling in pacemaker tissue
development we examined the effect of Noggin on Shox2*/*
EBs. Noggin is an extracellular inhibitor of BMP ligands with
high affinity for BMP4 [48]. We added Noggin to Shox2*/*
EBs in culture starting from day 6 of differentiation. We
observed that Noggin-treated EBs exhibited lower sponta-
neous contraction rates (52.5+23.5bpm) compared with
nontreated controls (86.6+21.4bpm) (Fig. 5C). When com-
paring qRT-PCR results of Shox2*/* control and Noggin-
treated EBs, we observed a reduction in HCN4, Cx45, Tbx2,
and Tbx3 gene expression levels to less than half their ex-
pression level in controls (Fig. 5D). This molecular pheno-
type is similar to that observed in the Shox2 knockout EBs
(Fig. 4B). Taken together, these data indicate that BMP4 plays
an important role in the SAN pacemaker genetic pathway.
To further validate the role of BMP4 in the pacemaker ge-
netic pathway, we overexpressed Shox2 in the HL-1 cell line.
We used the HL-1 cell line because these cells exhibit a
working cardiomyocyte phenotype [36]. HL-1 cells were
transfected with an empty vector (control) or a Shox2 over-

expression vector. To inhibit BMP4 activity in HL-1 cells
overexpressing Shox2, we added Noggin to the cultures. We
assessed mRNA levels of Tbx3, the pacemaker transcription
factor that executes the pacemaker gene program [26]. The
overexpression of Shox2 in HL-1 cells resulted in an upregu-
lation of Tbx3 expression levels compared with controls (Fig.
6). However, HL-1 cells overexpressing Shox2 and cultured in
the presence of Noggin treatment exhibited downregulation
of Tbx3 expression level compared with HL-1 cells over-
expressing Shox2 in the absence of Noggin treatment (Fig. 6).
These data suggest that BMP4 mediates the pacemaker ge-
netic pathway by activating Tbx3 expression.

Discussion

Despite marked progress in deciphering the transcrip-
tional regulation of cardiogenesis, our knowledge of the
molecular genetic pathways controlling the formation and
specification of the various components of the cardiac
pacemaker and conduction system remain very limited. This
is due in large part to the relative size and the technical
difficulty in the direct isolation and analysis of these tissues
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FIG. 6. BMP4 mediates the pacemaker gene pathway by
activating Tbx3. A histogram plot of qRT-PCR data com-
paring Tbx3 transcript levels in HL-1 cells transfected with
empty vector, HL-1 cells overexpressing Shox2, and HL-1
cells overexpressing Shox2 and cultured in medium con-
taining Noggin. GAPDH was used as an internal control.
Shox2 overexpression in HL-1 cells resulted in an upregu-
lation of Tbx3 mRNA level. HL-1 cells overexpressing Shox2
and treated with Noggin showed a downregulation of Tbx3
mRNA level (*P<0.05, n=5).

and cells for study. Therefore, an in vitro model system in
which differentiating CCS components could be identified
and studied as part of a functional tissue or as single cells
would be invaluable. Pluripotent mouse ES cells grown as
3D EBs possess the ability to recapitulate major morpho-
logical, molecular, and electrophysiological features of the
developing heart [13,14,16,17,21]. In this study, we investi-
gated whether 3D ES cell cultures could be used as an in
vitro model to study genetic regulation of the pacemaker
gene program.

Self-organization of the cardiac pacemaker
and working myocytes in EBs

Genetic markers have been utilized to delineate specific
components of the CCS in vivo [5,49-54]. We have taken the
approach of using genetic markers to delineate specific
components of the CCS in in vitro 3D ES cell cultures (EBs).
One of the genetic markers known to have an early pattern of
expression is a 1.5kb fragment of the GATA6 enhancer. This
early cardiogenic enhancer becomes sequentially restricted to
the posterior region of the heart field including the putative
SAN region, and then to the AVC region after E10 in the
mouse [49]. We used this minimal enhancer to direct RFP
reporter expression to developing nodal cells in EBs using a
GATAG6-RFP construct [13]. Our MEA data demonstrate that
a pacemaker electrical current originates from a localized
group of cells in the RFP reporter region of the EB, and
propagates into the contracting region (Fig. 1A-D). These
data are in concordance with a number of studies that
showed the formation of a functional syncytium of cardio-

myocytes in spontaneously contracting EBs [20,55,56].
Moreover, Banach et al. showed that electrical activity and
cardiomyocyte development in EBs closely follows the
development of the mouse embryonic heart [32]. Taken
together, these data suggest that EBs can be used as in vitro
models to study the differentiation of electrical activity in
embryonic cardiomyocytes. Based on the fact that calcium-
dependent depolarizations play a major role in the generation
of cardiac pacemaker activity [57], we used a fluorescent
calcium-sensitive dye to assess functional coupling and exci-
tation propagation ability of GATA6 cells. We confirm that
our nodal-like (GATAG6) cells isolated from EBs function as
pacemaker cells (Fig. 1E-K). We show this through coculture
experiments that demonstrate the emission of calcium sparks
from the 3D nodal cell aggregates into the surrounding
monolayer of HL-1 cells (Fig. 1E-H). We also show this
through our MEA data of cocultures that demonstrate that
ES cell-derived nodal-like GATAG6 cells exhibit spontaneous
diastolic depolarizations characteristic of pacemaker cells [31].

To assess the ability of the cardiac pacemaker and con-
tracting myocytes to self-organize in 3D ES cell cultures, we
selected a genetic marker that will specifically delineate the
main pacemaker component of the CCS, the SAN. We es-
tablished using a Shox2'**/* EB model that Shox2 cells
appeared first followed by the development of the working
cardiomyocytes (spontaneous contractions) (Fig. 2B, C). This
temporal order of development in EBs is similar to the
temporal organization of these components during in vivo
embryogenesis where in the developing heart tube the SAN
is the first functional component to form by E8.5 [58]. This is
followed by the formation of the four heart chambers and the
distal components of the CCS by E13 to E14 [59]. Ad-
ditionally, the Shox2 cells formed in clusters or “nodes” that
were spatially organized and functionally connected with
contracting cardiomyocytes within EBs (Fig. 2C-I). Our
findings indicate the self-organized formation of the cardiac
pacemaker and contracting myocytes in EBs. Recent studies
using mouse and human ES cells cultured as EB aggregates
demonstrated a high degree of self-organized formation of
specialized tissues and structures that recapitulate spatial
and temporal aspects of early developments [60-64]. ten
Berge et al. showed the establishment of anterior—posterior
axis polarity and a primitive streak-like region in EBs [64].
Using serum-free culture conditions, Eiraku et al. demon-
strated that EBs form highly reproducible complex structures
that resemble corticogenesis in embryos [62]. The same
group was able to optimize their culture conditions to induce
EBs to self-organize into an optic cup containing light-
sensitive cells and neurons [61]. In another study, EBs were
induced to reproducibly form Rathke’s pouch (anterior pi-
tuitary gland precursor)-like structures from which all five
hormone-secreting cells of the anterior pituitary were ob-
served to differentiate and secrete their respective hormones
[63]. All these studies provide strong evidence that in EBs
specialized tissues and structures do form, and that spatial
and temporal aspects of their development are recapitulated.

Shox2 is essential for the development
of pacemaker cells in EBs

In this study we have taken the novel approach of inves-
tigating whether ES cells in 3D cultures can be used to study
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the developmental regulation of the specialized pacemaker
tissues of the heart. Shox2 is known to activate the SAN gene
program by inhibiting the expression of the cardiac tran-
scription factor Nkx2.5, and upregulating the expression of
HCN4 and Cx45 [6,23,24]. In our Shox2"““”* EB model we
show that Shox2 cells express HCN4 and Cx45, but not the
cardiac contractile protein titin (Fig. 2D-G). This phenotype
is characteristic of SAN cells [6,40]. To investigate whether
Shox2 is essential for SAN development in EBs, we generated
a Shox2"*#/1¢Z EG cell line (Fig. 3A). We demonstrate that in
the Shox2""#"*“ EB model the SAN cell cluster is hypoplastic
compared with the Shox2"*/* EB (Fig. 3D-H). This pheno-
type resembles that of Shox2™/~ hearts. Researchers re-
ported that the reduction in the size of the SAN area in
Shox2~/~ hearts in vivo is due to decreased cell proliferation
in this region [6,23]. An alternative explanation for the re-
duction in SAN cells in Shox2*#/%Z EBs is that Shox2 could
be required for its own expression. The hypoplasia of the
SAN cell cluster in Shox2""““/"Z EBs was associated with a
significant reduction in the rate of contraction of the neigh-
boring cardiomyocytes (Fig. 4A). This is consistent with the
observation that the SAN hypoplasia in Shox2 ™/~ hearts is
associated with a reduced heartbeat [6]. The reduction in
contraction rates in Shox2'"?/*Z EBs was observed after
day 11 of differentiation (Fig. 4A), which is similar to what
has been previously reported in Shox2 ™/~ embryonic mouse
hearts that show a reduction in beat rate after E10.5 [6].
Shox2"*?/%<Z BEBg showed a reduction in Tbx2, Tbx3, HCN4,
and Cx45 transcript levels (Fig. 4B). These molecular markers
are known for their vital role in SAN maturation and func-
tion. HCN4 is essential for spontaneous diastolic depolar-
izations characteristic of pacemaker cells [10,37], and
HCN4~/~ hearts exhibit a reduced beat rate [10,38]. It is
interesting to note that a study using a selective pharmaco-
logical blocker of the HCN4 channel reported a reduction in
the spontaneous contraction rates in EBs consistent with the
reductions we observed in our Shox2"#"** EB model (Fig.
5A) [65]. Accordingly, the reduction in contraction rates in
Shox2'*#/¢% EBs is due to the markedly reduced HCN4
levels detected in our immunohistochemical and qRT-PCR
analyses (Figs. 3F, G and 4B). The fold change in gene ex-
pression for some of the genes examined was higher than
others (Fig. 4B). This could be due to some noncell autono-
mous effects caused by the loss of Shox2 expression. Overall,
our data indicate that Shox2'"*/"* EBs exhibit a phenotype
comparable to Shox2™’~ in vivo hearts, and that Shox2 is
essential for the development of pacemaker cells in EBs.

BMP4 plays an important role in the pacemaker
gene program

BMP4, a member of the transforming growth factor- fam-
ily, was downregulated in Shox2"“"** EBs compared with
controls (Fig. 4B). BMP4 is a direct downstream target of Shox2
as demonstrated in chromatin immunoprecipitation assays,
luciferase reporter assays, and gain-of-function and loss-
of-function experiments [27]. To investigate whether BMP4
plays a role in the SAN pacemaker genetic pathway, we added
BMP4 to Shox2"#/"“ EBs to observe whether it can rescue the
phenotype. The addition of BMP4 to Shox2**"*% EBs resulted
in an increase in the rate of spontaneous contractions and an
increase in pacemaker-specific molecular markers compared to
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nontreated controls (Fig. 5A, B). Further when we added
Noggin, a potent BMP4 inhibitor, to Shox2*/* EBs we ob-
served a phenotype consistent with Shox2'*"** in EBs. This
included reduction in spontaneous contraction rates and a re-
duction in pacemaker-specific molecular markers (Fig. 5C, D).
When we overexpressed Shox2 in HL-1 cells, we observed an
increase in Tbx3 expression (Fig. 6). This Shox2-induced in-
crease in Tbx3 expression was inhibited by the addition of
Noggin treatments to the culture media, indicating the im-
portance of BMP4 in the pacemaker gene pathway. The ex-
pression of T-box transcription factors has been reported to be
associated with BMP signaling during organogenesis [66-68].
Homeodomain transcription factors function differently based
on the cellular context and based on their associated cofactors.
It is very likely that other cofactors are involved in the Shox2-
activated SAN genetic pathway. The in vitro EB model that we
have described in this article will be an invaluable tool for
studying the molecular pathways regulating the development
of the cardiac pacemaker tissues.
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