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a b s t r a c t

Introduction: Dysfunction of the sinoatrial node (SAN) cells causes arrhythmias, and many patients
require artificial cardiac pacemaker implantation. However, the mechanism of impaired SAN automa-
ticity remains unknown, and the generation of human SAN cells in vitro may provide a platform for
understanding the pathogenesis of SAN dysfunction. The short stature homeobox 2 (SHOX2) and
hyperpolarization-activated cyclic nucleotide-gated cation channel 4 (HCN4) genes are specifically
expressed in SAN cells and are important for SAN development and automaticity. In this study, we aimed
to purify and characterize human SAN-like cells in vitro, using HCN4 and SHOX2 as SAN markers.
Methods: We developed an HCN4-EGFP/SHOX2-mCherry dual reporter cell line derived from human
induced pluripotent stem cells (hiPSCs), and HCN4 and SHOX2 gene expressions were visualized using
the fluorescent proteins EGFP and mCherry, respectively. The dual reporter cell line was established using
an HCN4-EGFP bacterial artificial chromosome-based semi-knock-in system and a CRISPR-Cas9-
dependent knock-in system with a SHOX2-mCherry targeting vector. Flow cytometry, RT-PCR, and
whole-cell patch-clamp analyses were performed to identify SAN-like cells.
Results: Flow cytometry analysis and cell sorting isolated HCN4-EGFP single-positive (HCN4þ/SHOX2-)
and HCN4-EGFP/SHOX2-mCherry double-positive (HCN4þ/SHOX2þ) cells. RT-PCR analyses showed that
SAN-related genes were enriched within the HCN4þ/SHOX2þ cells. Further, electrophysiological analyses
showed that approximately 70% of the HCN4þ/SHOX2þ cells exhibited SAN-like electrophysiological
characteristics, as defined by the action potential parameters of the maximum upstroke velocity and
action potential duration.
Conclusions: The HCN4-EGFP/SHOX2-mCherry dual reporter hiPSC system developed in this study
enabled the enrichment of SAN-like cells within a mixed HCN4þ/SHOX2þ population of differentiating
cardiac cells. This novel cell line is useful for the further enrichment of human SAN-like cells. It may
contribute to regenerative medicine, for example, biological pacemakers, as well as testing for cardiotoxic
and chronotropic actions of novel drug candidates.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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List of abbreviations

ACT-B actin beta
AP action potential
APA AP amplitude
APD AP duration
BAC bacterial artificial chromosome
BMP4 bone morphogenetic protein 4
BPM beats per minute
CCS cardiac conduction system
CL cycle length
CM cardiomyocyte
DMEM Dulbecco's modified Eagle's medium
dV/dt_max maximal rate of depolarization
FBS fetal bovine serum
FHF first heart field
FACS fluorescent-activated cell sorting
Gi GSK3 inhibitor
HA homology arm

HCN4 hyperpolarization-activated cation channels 4
hESC human embryonic stem cell
hPSC human pluripotent stem cell
hiPSC human induced pluripotent stem cell
KSR knock-out serum replacement
MDP maximum diastolic potential
MEF-CM MEF-conditioned medium
MEF mouse embryonic fibroblast
MYL2 myosin light chain 2
NEAA nonessential amino acid
NR2F2 nuclear receptor subfamily 2 group F member 2
SAN sinoatrial node
SHF second heart field
SHOX2 short stature homeobox 2
TBX T-box transcription factor
TNNT2 troponin T2
Wi WNT inhibitor
2-ME 2-mercaptoethanol

T. Wakimizu, K. Morikawa, K. Fukumura et al. Regenerative Therapy 21 (2022) 239e249
- þ þ
1. Introduction

Sinoatrial node (SAN) cells function as pacemakers in the heart
via their inherited electrical automaticity. Dysfunction of SAN cells
causes sick sinus syndrome (SSS), in which the patient suffers from
bradycardias and requires the implantation of pacemaker devices
[1]. However, studies on the physiology of human SAN cells and the
pathophysiology of SSS have been hampered by the difficulty of
obtaining human SAN cells.

Human induced pluripotent stem cells (iPSCs) give rise to car-
diomyocytes (CMs) in vitro, which has made it possible to study the
physiology and pathology of human CMs [2e4]. Human iPSC-
derived CMs are heterogeneous cell populations comprising myo-
cytes of the cardiac conduction system as well as those of cardiac
chambers, atrium, and ventriculus [5]. To identify specific cell
populations in iPSC-derived CMs, specific differentiation systems,
cell surface markers, or reporter genes have been employed. To
identify SAN-like cells based on the expression of pacemaker genes
and observation of spontaneous electrical automaticity, CD166-
positive cell populations, TBX3-positive cell populations, NKX2.5-
negative, CD90-negative, and SIRPA-positive cell populations, and
hyperpolarization-activated cyclic nucleotide-gated cation channel
4 (HCN4)-positive cell populations have been identified as SAN-like
cell populations [6e10]. However, in recent years, in vitro iPSC-
derived CMs have expressed pacemaker genes such as the HCN
family at an early stage, with spontaneous electrical automaticity
showing a heterogeneous population [11]. Previous evaluation of
gene labeling and automaticity alone may have been inadequate in
electrophysiologically labeling iPSC-derived SAN-like cells with the
characteristics of native SAN cells. Moreover, SAN-like cells have
shown distinct characteristics of spontaneous action potentials
from those of atrial and ventricular-like cells, although it is still
unclear how to identify SAN-like cell populations with SAN-like
spontaneous action potentials.

We hypothesized that the use of short stature homeobox 2
(SHOX2), a SAN-specific transcription factor gene [12], together
with HCN4 may improve the identification of SAN-like cells with
spontaneous action potentials close to those of native cardiac
pacemaker cells. To test this hypothesis, we created human iPSCs
using dual reporters of SHOX2 and HCN4. We found an HCN4þ/
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SHOX2 and HCN4 /SHOX2 cell population but not in the
SHOX2þ/HCN4- cell population. Molecular, electrophysiological,
and pharmacological tests revealed that the HCN4þ/SHOX2þ cell
population comprised more SAN-like cells than the HCN4þ/SHOX2-

cell population. We conclude that SHOX2 refines the identification
of human SAN-like cell populations during in vitro cardiac
differentiation.
2. Materials and methods

2.1. Cell culture and establishment of the HCN4/SHOX2 dual
reporter hiPSC line

hiPSCs were maintained on mitomycin-C-treated mouse em-
bryonic fibroblasts (MEFs) in hiPSC medium comprising the
following: Dulbecco's modified Eagle's medium (DMEM)/F12 (Sig-
maeAldrich, St. Louis, MO, USA); 20% knock-out serum replace-
ment (KSR, Thermo Fisher Scientific, Waltham, MA, USA); 1x
GlutaMAX (Gibco; Thermo Fisher Scientific); 1x nonessential
amino acids (NEAAs, Sigma); 0.1 mM 2-mercaptoethanol (2-ME,
Sigma); 5 ng/ml recombinant human FGF2 (Wako, Osaka, Japan).
The cells were passaged every four days by enzymatic dissociation
using a CTK solution comprising 1 mg/ml collagenase type IV
(Gibco), 0.25% trypsin without phenol red (Gibco), 20% KSR, and
1 mM CaCl2 (Wako) in D-PBS (Wako).

The HCN4-EGFP/SHOX2-mCherry dual reporter hiPSC line was
established by transgenesis of an HCN4-EGFP BAC-based semi-
knock-in vector, followed by CRISPR/cas9-mediated genome
editing with a SHOX2-mCherry targeting vector in the wild-type
409B2 hiPSC line [13]. First, we constructed an HCN4-EGFP tar-
geting vector, which had HCN4 homology arms (HAs) cloned
from 409B2 cells, EGFP, and FRT-PGK-neo-FRT selection cassettes
(Supplementary Fig. 1A). The left and right HCN4 HAs were
designed to be upstream and downstream of the HCN4 ATG start
codon in exon I. Using the HCN4-EGFP targeting vector, the
HCN4-EGFP-BAC transgene was generated by homologous
recombination at the HCN4 locus in an RP11-1105A6 BAC vector
using a Red-ET system (Gene Bridge, USA). After the transfection
of the HCN4-EGFP-BAC transgene into 409B2 cells and drug se-
lection, the hiPSC line harboring the intact HCN4-EGFP-BAC
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transgene was confirmed by PCR. HCN4-EGFP single reporter
hiPSCs were finally established through treatment with pCAG-
Flpo (Gene Bridge, USA), which removed the PGK-neo selection
cassette.

Next, HCN4-EGFP/SHOX2-mCherry dual reporter hiPSCs were
established by transfection of a SHOX2 targeting vector with
mCherry into HCN4-EGFP hiPSCs. The SHOX2-mCherry targeting
vector carried the SHOX2 HAs, mCherry, and VloxP-PGK-neo-VloxP
sequences (Supplementary Fig. 1B). SHOX2 HAs were cloned from
HCN4-EGFP hiPSCs, and the left and right HAs were designed up-
stream and downstream of the SHOX2 ATG start codon. Following
transfection of the SHOX2 vector and drug selection, we confirmed
the SHOX2-mCherry locus by performing genomic PCR and
generated the HCN4-EGFP BAC transgenic/SHOX2-mCherry knock-
in dual reporter hiPSC line (HCN4-EGFP/SHOX2-mCherry hiPSC
line).

For plasmid DNA transfection by electroporation, 1 � 106

HCN4-EGFP single reporter hiPSCs isolated by TrypLE Select
(Thermo Fisher Scientific) were suspended at a density of
1 � 107 cells/ml in resuspension buffer R (Thermo Fisher Scien-
tific) containing 25 mg of a linearized targeting vector and 5 mg of a
CRISPR-Cas9 vector with guide RNA. Electroporation was per-
formed using a Neon transfection system (Thermo Fisher Scien-
tific) with the following parameters: 1100 V, 30 ms (pulse width),
and 1 pulse. The cells were seeded with neomycin-resistant MEFs
and 10 mM Y-27632, a Rho-associated coiled-coil-containing pro-
tein kinase inhibitor. Antibiotic selection was initiated with 50 mg/
ml G418 (Thermo Fisher Scientific) three days after transfection.
To confirm that the targeting vector was knocked into the target
gene locus, half of the selected colonies were subjected to direct
PCR screening. The other half of the colony was expanded for
further analysis following PCR confirmation of a successful target
locus knock-in.

2.2. Cardiac cell differentiation

For cardiac differentiation of hiPSCs, we used two protocols
named “Gi protocol” (Supplementary Fig. 2A) and “GiWi protocol”
(Fig. 1A) [14,15].

To establish a feeder-free culture, small clumps of cells were
transferred into Corning® Matrigel® matrix (with a reduced
concentration of growth factor; Corning, NY, USA)-coated dishes
and cultured with MEF-conditioned medium (MEF-CM) for 24 h.
The next day, referred to as day 0 of culture, cells were cultured in
N2B27 medium comprising the following: DMEM/F12 supple-
mented with 1% N2 (Gibco); 2% B27 (Gibco); glycogen synthase
kinase 3 (GSK3) inhibitor CHIR99021 at 3.3 mM (Axon Medchem
BV, Groningen, Netherlands); 200 ng/ml recombinant human
Noggin/Fc chimera (R&D Systems, Minneapolis, MN, USA) for 72 h.
On day 3, the cells were cultured in the N2B27 medium supple-
mented with the Wnt inhibitor IWP-2 at 5 mM (Cayman Chemical,
Ann Arbor, MI, USA) and 200 ng/ml recombinant human Noggin/
Fc chimera for 24 h (“GiWi protocol”). On day 3 (on day 4 at “GiWi
protocol”) of the culture, the cells were trypsinized, seeded at a
density of 1 � 106 cells per well in 6-well ultralow attachment
plates (Corning). Subsequently, they were cultured in RPMI 1640
medium (Thermo Fisher Scientific) supplemented with the
following: 0.5% fetal bovine serum (FBS); 2 mM L-ascorbic acid;
10 mM nicotinamide; 0.2 mM dexamethasone; 1% insulin-
transferrin-selenium (Thermo Fisher Scientific); 1% sodium py-
ruvate solution (WAKO); 10 ng/ml recombinant human bone
morphogenetic protein 4 (BMP4) (R&D Systems). After culturing
in BMP4-containing medium for 14 days, BMP4was removed from
the medium, and BMP4-free medium was refreshed every 4e7
days.
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2.3. Flow cytometry analysis and cell sorting

Aggregates cultured were dissociated by incubating for 20 min
with activated papain (Worthington, Columbus, OH, USA) at 37 �C.
Cells from the small clumps that remained after papain dissociation
were incubated for 10 min with 40 mg/ml collagenase type II
(Worthington) at 37 �C. Single-dissociated cells were washed with
PBS containing 2% FBS. Flow cytometry was performed using a BD
LSRFortessa flow cytometer (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). Further, cell sorting was performed using a
MoFlo XDP (Beckman Coulter, Brea, CA, USA). Moreover, 40,6-
Diamidino-2-phenylindole (DAPI, Wako) was used to eliminate
dead cells, and 409B2 cells were used as control hiPSCs [13] to set
the control gates for FACS.

2.4. RNA extraction, cDNA synthesis, and time PCR analysis

Total RNAwas isolated using an RNeasyMicro Kit (Qiagen). cDNA
was synthesized using a PrimeScript® RT reagent kit with gDNA
Eraser (Perfect Real Time; TaKaRa Bio, Kusatsu, Japan). RT-PCR was
performed using EmeraldAmp®MAXPCR Master Mix (TaKaRa Bio).
Primer sequences are listed in Supplementary Table 1.

2.5. Electrophysiology

For measurements of the action potential (AP) and membrane
currents by the whole-cell patch-clamp method, sorted HCN4-
EGFP/SHOX2-mCherry dual reporter hiPSC-derived CMs (3 x
103 cells/30 ml drop) were cultured on Matrigel-coated glass cover-
slips for 3 days at 37 �C. APs andHCN4-mediated hyperpolarization-
activated cation channel currents (If) in CMs were measured by the
perforated patch-clamp technique using 250 mg/ml amphotericin B
(Sigma) with an Axopatch-200 B amplifier (Molecular Devices, San
Jose, CA, USA). If currents were evoked by 1.5-s test pulses ranging
from�60 to�150mV in 10mVdecrementswith a holding potential
of �60 mV in the voltage-clamp mode. Generation of the voltage
pulses, data acquisition, and data analyses were performed using
pCLAMP 9 software (Molecular Devices). Cells were perfused with
normal Tyrode's solution with the following composition: 140 mM
NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 0.33 mM NaHPO4,
5 mM HEPES, and 5 mM glucose (pH 7.4 adjusted with NaOH). The
internal pipette solution contained 130 mM K-glutamate, 1 mM
MgCl2,15mMKCl, 5mMNaOH,5mMHEPES, and5mMMg-ATP (pH
7.3, adjustedwith potassiumhydroxide). Each recording pipette had
a tip resistance of approximately 7e8 MU when filled with the in-
ternal solution containing amphotericin B. All measurements were
performed at 37 ± 2 �C. Cell membrane capacitances were
21.8 ± 1.7 pF.

2.6. Statistical analysis

All data are presented as mean ± SD or SEM. Statistical signifi-
cance was determined in R (v4.1.1) using the Fisher's test and the
ManneWhitney U test for two-group comparisons.

2.7. Internal staining of TNNT2

Aggregates cultured for 60 days were dissociated by incubating
for 12 h with 40 mg/ml collagenase type II (Worthington, Colum-
bus, OH, USA) at 25 �C. Cells were passed through a 70 mm filter and
fixed with 4% PFA (Nacalai tesque, Tokyo, Japan) for 10 min at 25 �C.
After permeabilization of cells with permeabilization buffer (Bio-
Legend Japan, Tokyo, Japan), cells were stained with Alexa
Fluor®647 (Alexa 647) mouse anti-cardiac troponin T antibody
(Becton, Dickinson and Company). Flow cytometry was performed



Fig. 1. . Differentiation of the HCN4-EGFP BAC transgenic and SHOX2-mCherry knock-in human induced pluripotent stem cell (hiPSC) into cardiomyocytes (CMs) in vitro using the
GSK3 inhibitor (Gi) CHIR99021 and WNT inhibitor (Wi) IWP2 (GiWi protocol). (A) A scheme of the GiWi protocol. (B) Representative images of cardiac aggregates expressing EGFP
and mCherry recorded on culture days 12, 19, 26, 34, and 41. Scale bars indicate 500 mm. (C) Flow cytometry analysis of cardiac differentiation of dual reporter hiPSCs on days 14e49.
(D) Percentages of HCN4-EGFP-positive cells during cardiac differentiation as analyzed by flow cytometry shown in Panel C (n¼4). (E) Percentages of the HCN4-EGFP/SHOX2-
mCherry double-positive cells in the HCN4-EGFP-positive cell population during differentiation as shown in Panel C (n¼4).
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using a BD LSRFortessa flow cytometer (Becton, Dickinson and
Company).

2.8. Computer simulation of spontaneous action potentials

To show the effect of If block on spontaneous action potentials of
human SAN cells, we performed computer simulations using a
mathematical model describing electrical behaviors of human SAN
cells developed by Fabbri et al. [39]. Dynamic behaviors of the
model cell were determined by solving a system of non-linear or-
dinary differential equations numerically. Numerical computations
were performed with MATLAB 7.5 (The MathWorks, Natick, MA,
USA) on Workstation HP Z800 (HewlettePackard, Tokyo, Japan).
We used a variable time-step numerical differentiation approach
selected for its suitability for stiff systems, which is available as an
ordinary differential equation solver, ode15s, in MATLAB. Detailed
model structures (a complete list of the equations and standard
parameter values for the model cell) and simulation procedures are
described in the previous articles [39e41].

3. Results

3.1. HCN4/SHOX2 dual reporter system identifies subpopulations in
HCN4 cell populations

We differentiated HCN4-EGFP/SHOX2-mCherry hiPSCs into CMs
using two CM induction protocols: the Gi protocol using GSK3 in-
hibitor CHIR99021 (also called “Yamauchi protocol”) and the GiWi
protocol using CHIR99021 and the Wnt inhibitor IWP-2. These
methods comprise two steps. For the Gi protocol, the mesodermal
populationwas inducedby inhibitingGSK3signaling for 3 days (Stage
1). Subsequently, hiPSCs were differentiated into CMs in suspension
culture with BMP4 (Stage 2) (Supplementary Fig. 2A). For the GiWi
protocol, themesodermal populationwas generated by inhibiting the
GSK3 signal for the first 3 days, followed by inhibiting theWnt signal
for 1 day (Stage 1), and differentiation into CMs in suspension culture
with BMP4 (Stage 2) (Fig. 1A). Microscopic analysis performed after
both protocols indicated that HCN4-EGFP- and SHOX2-mCherry-
expressing cells were detected after 12 and 34 days of culture,
respectively (Fig. 1B). All HCN4-EGFP-expressing cells began beating
on day 12. In addition, we checked the consistency of endogenous
mRNA expression and the reporter protein expressionwith the GiWi
protocol. RT-PCR results showed that HCN4 and GFP, SHOX2, and
mCherry mRNA expression, were correlated with each other. HCN4
andGFPwere expressed fromday 14 to day 42 constantly; SHOX2 and
mCherry were a little expressed on day 14 and the expression was
increased gradually until day 42 (Supplementary Fig. 3). In HCN4-
GFP/SHOX2-mCherry hiPSC line, each reporter protein expression
was reflecting the endogenous mRNA expression (Fig. 1).

Flow cytometric analysis revealed both HCN4-EGFP single-
positive cells (HCN4þ/SHOX2-) and HCN4-EGFP/SHOX2-mCherry
double-positive cells (HCN4þ/SHOX2þ), although the SHOX2þ/
HCN4- cell population was not observed (Fig. 1C, Supplementary
Fig. 2B). Using the Gi protocol, the percentage of HCN4 expressing
cells increased to 58% of the total cell population on day 14 and
gradually decreased to 10% (Supplementary Fig. 2C). Conversely, with
the GiWi protocol, HCN4 expressing cells increased to 85% of the total
cell population on day 14 and then decreased to approximately 70%
(Fig. 1D). With both protocols, HCN4þ/SHOX2þ appeared in the
HCN4þ/SHOX2- population on day 16 of culture, andHCN4þ/SHOX2þ

in the HCN4 expressing cell population increased to 34% (GiWi pro-
tocol)and44%(Giprotocol)byday49 (Fig.1E, SupplementaryFig. 2D).
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3.2. HCN4þ/SHOX2þ cell population represent biochemical
properties of SAN-like cells

To check if the HCN4þ cell population contained cardiomyocytes,
we analyze the TNNT2 protein expression. Intracellular imm-
unostaining-based FACS showed that 69.6% of HCN4þ/SHOX2- cells
expressed TNNT2 and 88.8% of HCN4þ/SHOX2þ cells expressed
TNNT2 (Supplementary Fig. 4A). To characterize each population,
we isolatedHCN4þ/SHOX2- andHCN4þ/SHOX2þ cells by cell sorting
on day 60 and examined their mRNA expression (Fig. 2). RT-PCR
analyses revealed that cells in both populations expressed the
myocardial marker TNNT2. HCN4þ/SHOX2þ cells expressed higher
levels of genes associatedwith the SAN pacemaker, includingHCN4,
SHOX2, ISL1, and TBX18 [6,16,17], than HCN4þ/SHOX2- cells (Fig. 2B).
These results suggest that SAN pacemaker-like cells were enriched
in the HCN4þ/SHOX2þ cell population.

3.3. Spontaneously beating cells with SAN-like electrophysiological
character are contained in HCN4þ/SHOX2þ cell population than
HCN4þ/SHOX2- cell population

To evaluate the electrophysiological properties of HCN4þ/
SHOX2þ and HCN4þ/SHOX2-, we measured their APs using the
perforated patch-clamp technique, 60 days after CM induction. APs
were recorded from spontaneously beating single cells and
analyzed for the following: AP interval or beats per minute (BPM);
maximum diastolic potential (MDP); peak overshoot potential; AP
amplitude (APA); maximal rate of depolarization (dV/dt_max); AP
duration (APD) at different levels of repolarization (Supplementary
Fig. 5). The APDs were measured at 30%, 40%, 50%, 70%, 80%, and
90% repolarization (denoted as APD30, APD40, APD50, APD70,
APD80, and APD90, respectively), as described previously [18]
(Supplementary Fig. 5). The “APD30-40/70-80 ratio” was defined as
the difference between APD40 and APD30 (APD40eAPD30) divided
by the difference between APD70 and APD80 (APD80�APD70).

Both HCN4þ/SHOX2þ and HCN4þ/SHOX2- cells showed auto-
maticity of the SAN-like, atrial-like, and ventricular-like APs
(Fig. 3A). We categorized CMs in each cell population into SAN-like,
atrial-like, or ventricular-like CMs according to their APD30-40/70-80
ratio and dV/dt_max value, as previously reported [5,19]. We first
classified HCN4þ/SHOX2þ and HCN4þ/SHOX2- into ventricular-like
CMs (APD30-40/APD70-80 ratio �1.5) and non-ventricular-like CMs
(APD30-40/70-80 ratio <1.5). Further, we classified non-ventricular-
like CMs into SAN-like CMs (dV/dt_max <10 mV/ms) and atrial-
like CMs (dV/dt_max �10 mV/ms) (Fig. 3B, left). Using these
criteria, we found that of 37 HCN4þ/SHOX2þ, the number (per-
centage) of SAN-like, atrial-like, and ventricular-like CMs was 26
(70.2%), 3 (8.1%), and 8 (21.6%), respectively. Conversely, of 16
HCN4þ/SHOX2-, 3 HCN4þ/SHOX2- were SAN-like CMs (18.7%), 4
HCN4þ/SHOX2- were atrial-like CMs (25.0%), and 9 HCN4þ/SHOX2-

were ventricular-like CMs (56.2%) (Fig. 3B, right). In the HCN4þ/
SHOX2þ, the APD30-40/70-80 ratios of the SAN-like cells (0.79 ± 0.05)
and atrial-like cells (0.79±0.28)were significantly smaller than that
of the ventricular-like cells (2.05 ± 0.21). Moreover, the dV/dt_max
of the SAN-like cells (4.8±0.4mV/ms)was significantly smaller than
those of the atrial-like cells (14.1 ± 3.6 mV/ms) and ventricular-like
cells (9.9 ± 1.1 mV/ms) (Fig. 3C). The APA of the SAN-like cells
(69.9± 2.4mV)was significantly smaller than those of the atrial-like
cells (93.0 ± 6.6 mV) and ventricular-like cells (87.1 ± 2.8 mV). The
BPM of the SAN-like cells (88.7 ± 6.2 b.p.m.) was higher than that of
the atrial-like cells (57.9 ± 11.0 b.p.m.) and significantly higher than
that of the ventricular-like cells (56.1 ± 13.3 b.p.m.) (Fig. 3D).



Fig. 2. Isolation and biochemical characterization of HCN4þ/SHOX2þ cells and HCN4þ/SHOX2-cells. (A) Flow cytometry analysis of cells differentiated from HCN4-EGFP single
reporter hiPSCs (blue) and HCN4-EGFP/SHOX2-mCherry dual reporter hiPSCs (red) on day 60. The HCN4þ/SHOX2-and HCN4þ/SHOX2þ fractions are shown in the upper left and
upper right, respectively. HCN4þ/SHOX2-and HCN4þ/SHOX2þ were isolated by cell sorting (B) mRNA expression levels of SAN marker genes on day 60 of the differentiation in
HCN4þ/SHOX2-and HCN4þ/SHOX2þ as determined by RT-PCR. TNNT2, troponin T2; ACT-B, actin beta.
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If, a key contributor to spontaneous phase 4 depolarization [20]
was detected in the HCN4þ/SHOX2þ that were classified as SAN-
like CMs (n ¼ 3), atrial-like CMs (n ¼ 3), and ventricular-like CMs
(n ¼ 6) (Fig. 4A) but not in the HCN4þ/SHOX2-. The density of If in
SAN-like CMs was significantly higher than that in ventricular-like
CMs (Fig. 4B). Treatment of the HCN4þ/SHOX2þ SAN-like CMs with
the If blocker CsCl (2 mM) increased the cycle length of APs by
32.5 ± 4.1% (from 830.1 ± 71.1 ms to 1101.9 ± 125.5 ms, n ¼ 3)
(Supplementary Fig. 6A). In addition, we have simulated the effect
of If block on pacemaker activity of the human SAN cell simulation
model [39] and compared thr simulation result with experimental
data. The complete block of If human SAN cell model prolonged the
cycle length of APs by 28.2% (from 813.4 ms to 1042.6 ms)
(Supplementary Fig. 6B), which was very close to the experimen-
tally observed effect of the If blocker CsCl at 2 mM on human iPSC-
derived SAN-type cardiomyocytes.

Carbachol treatment (10 mM) of the SAN-like CMs among the
HCN4þ/SHOX2þ slowed their automaticity and decreased their
BPM by 18.7 ± 5.88% (60.5 ± 7.9 to 49.6 ± 8.3 b.p.m., n¼ 3) (Fig. 5A).
Subsequent administration of isoproterenol (10 mM) in the pres-
ence of carbachol accelerated their automaticity and increased their
BPM by 28.4 ± 6.04% (49.6 ± 8.3 to 63.1 ± 9.4 b.p.m., n¼ 3) (Fig. 5B).
Thus, SAN-like CMs in the HCN4þ/SHOX2þ cell population showed
autonomic modulation of their automaticity, which is typical of
SAN CMs.

4. Discussion

We reported earlier that SHOX2 refined the identification of
human SAN-like cells during in vitro cardiac differentiation. HCN4-
EGFP/SHOX2-mCherry dual reporter human iPSCs identified sub-
populations in HCN4 cell populations and found the presence of
HCN4þ/SHOX2- and HCN4þ/SHOX2þ cells during cardiac differen-
tiation. HCN4þ/SHOX2þ cells appeared to develop from the HCN4þ/
SHOX2- cell population on day 16 and increased their population
gradually daily. Comparing HCN4þ/SHOX2- cells and HCN4þ/
SHOX2þ cells, HCN4þ/SHOX2þ cells displayed molecular and elec-
trophysiological properties of human SAN cells than HCN4þ/
SHOX2- cells. Further, 70% of spontaneously beating cells in HCN4þ/
SHOX2þ cell populations showed SAN-like electrophysiological
characteristics and pharmacological properties.
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Previous approaches for the identification of SAN-like cells have
used one SAN reporter gene and other markers to detect other cells.
An antibody against CD166 expressed in the developing heart tube
and sinus venosus has been used as a prospective SAN cell surface
marker. However, CD166 expressionwas transient andmight not be
useful for the identification of SAN-like cell populations in in vitro
cardiac differentiation [7]. In mice, some SAN-specific expression
genes were identified from Tbx3þ isolated cell population RNA-Seq
data. Nevertheless, each gene was not a SAN-specific expression
gene that was classified as neuronal, fibroblast, epicardial, and
endocardial genes [21,22]. We used two SAN-specific genesdHCN4
and SHOX2dwhich are involved in the function and differentiation
of SAN, respectively, to collect hiPSC-derived SAN-like cells with
spontaneous APs close to those of native cardiac pacemaker cells
in vitro.

We classified hiPSC-derived CMs in each cell population as SAN-
like, atrial-like, or ventricular-like CMs according to their APD30-40/

70-80 ratio and dV/dt_max value [5,19]. HCN4þ/SHOX2þ SAN-like APs
were similar tomammalian andhumanSANAPs and characterizedby
slower phase 0 upstroke, earlier phase 3 repolarization (shorter APD),
and faster phase 4 depolarization thanatrial- and ventricular-likeAPs
[23e27]. Additionally, the SAN-like APs of the HCN4þ/SHOX2þ cells
were characterized by depolarized MDP (�53.4 ± 2.4 mV), lower AP
peak (16.4 ± 2.5 mV), and smaller APA (66.9 ± 2.4 mV). These results
are consistentwith previous reports showing hiPSC-derived SAN-like
cellswithanMDPofapproximately�60mV,apeakbelow30mV, and
an APA lower than 80 mV [5,6,19,28,29], whereas AP intervals and
APDs differed (Supplementary Table 2). The differences in the AP in-
terval and APD could be caused by differences in themethod of hiPSC
differentiation and/or in the maturity of SAN-like cells. In the early
stages of differentiation, SAN-like cells derived from hiPSCs show
slow AP rates and low APAs, reflecting the immaturity of these cells
[29]. However, the beating of immature SAN-like cells is faster than
that of the human heart at rest with a lack of parasympathetic
innervation [6]. In this study, we added SHOX2 as a marker under the
hypothesis that it would clarify the boundary with immature cells
expressing HCN4 in the early stages. The proportion of SHOX2-
mCherry positive cells increased until day 49, and later showed no
change up to day 60. This result with our differentiation induction
protocol is interpreted as indicating that the differentiation into a
pacemaker was completed around day 49. However, the maturation



Fig. 3. Electrophysiological characterization of HCN4þ/SHOX2þ cells and HCN4þ/SHOX2-cells. (A) Representative waveforms of sinoatrial node (SAN)-like, atrial-like, and
ventricular-like action potentials (APs) recorded at 37 �C in the HCN4þ/SHOX2þ cells (B) Criteria used for the subtype classification of hiPSC-derived CMs by two AP parameters of
the APD30-40/70e80 ratio and dV/dt_max (mV/ms). Pie charts show the distribution of SAN-like, atrial-like, and ventricular-like APs of the HCN4þ/SHOX2þ double-positive cells
(n ¼ 37) and HCN4þ/SHOX2-single positive cells (n ¼ 16). Fisher's test: p-value ¼ 0.0001788 (C) Comparisons by boxplots of the APD30-40/70e80 ratio and dV/dt_max (mV/ms)
between SAN-like (green), atrial-like (red), and ventricular-like (blue) CMs in the HCN4þ/SHOX2þ cell population. ManneWhitney U test: *p < 0.05, ***p < 0.001 (D) Comparisons
by boxplots of the AP amplitude (APA) in mV and beats per minute (BPM) among the three types of CMs in the HCN4þ/SHOX2þ population. ManneWhitney U test: *p < 0.05;
***p < 0.001; NS., not significant.
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status of SAN-like cells in the HCN4þ/SHOX2þ cell population in our
culture system was unclear. Moreover, in other SAN classifications
(dV/dt_max <30 mV/ms), every HCN4þ/SHOX2þ cell population is
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categorized as a SAN-like cell AP [6]. Indeed, dV/dt_max values were
smaller than those of native atrial and ventricular cells in HCN4þ/
SHOX2þ atrial-like and ventricular-like cells. On the other hand, since



Fig. 4. Characterization of HCN4-mediated hyperpolarization-activated cation channel currents (If) recorded from HCN4þ/SHOX2þcells. (A) Representative recordings of If in
HCN4þ/SHOX2þ cells with SAN-type, atrial-type and ventricular-type APs (inset: voltage protocol). The currents were elicited by 1.5-s hyperpolarizing test pulses with an
interpulse interval of 0.5 s (B) Currentevoltage relationships determined for If density at the end of test pulses in SAN-like, atrial-like, and ventricular-like HCN4þ/SHOX2þ cells.
The boxplot on the right panel shows the maximum If densities as determined at the end of a test pulse of �140 mV: SAN-like (green, n ¼ 3), atrial-like (red, n ¼ 3), and ventricular-
like (blue, n ¼ 6) HCN4þ/SHOX2þcells. ManneWhitney U test: p < 0.05 *.
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we have detected atrial (NR2F2) and ventricular (MYL2) marker gene
mRNA expression in HCN4þ/SHOX2- and HCN4þ/SHOX2þ cell pop-
ulations on day 60 (Supplementary Fig. 4B), it is possible that both
populations contain immature atrial-like and ventricular-like CMs
with small dV/dt_max of less than 10 (V/s).

The If current mediated by HCN4 channels was detected in the
HCN4þ/SHOX2þ population but not in the HCN4þ/SHOX2-
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population. This is a limitation of measuring systems. The success
rate of measuring If current is low in the case of examining HCN4þ/
SHOX2þ cells using our protocol; of 37 HCN4þ/SHOX2þ cells, only
12 cells showed detectable If (the success rate ¼ 32%). With the
same protocol, we did not identify any measurable If currents in
HCN4þ/SHOX2- cells examined (n ¼ 16). Although a small number
of HCN4þ/SHOX2- cells were examined, at least 5 of 16 cells in the



Fig. 5. Effects of carbachol and isoproterenol on SAN-type spontaneous APs of a HCN4þ/SHOX2þcells. (A) Spontaneous APs recorded before (black) and after 5 min (red) perfusion
with 10 mM carbachol (B) Spontaneous APs recorded after 5 min perfusion with 10 mM carbachol alone (red) and 5 min perfusion with 10 mM isoproterenol in the presence of 10 m
carbachol (blue).
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calculation would provide If current in the case that they have
functional If channels. Therefore, it seems that functional If chan-
nels are not expressed in SHOX2-negative (HCN4 single positive)
cells; HCN4þ/SHOX2- cells could not express functional If channels
on the sarcolemmal membrane while expressing HCN4 proteins in
the cytoplasm. We consider that the expression of genes (proteins)
transcriptionally regulated by SHOX2 may be required directly or
indirectly for the expression of functional If channels on the
sarcolemmal membrane. The mechanisms of regulation of ion
channel expression by transcription factors are not well understood
and are a subject for future research.

HCN4 is also expressed in the mouse CCS, including the atrio-
ventricular node, His bundles, and Purkinje fibers, but not in atrial
or ventricular-type CMs [22]. Although APs of human CCS cells
other than Purkinje fiber cells have not yet been recorded [30], CCS
cells in other mammals have been shown to be involved in several
AP types, including those similar to atrial and ventricular APs
[31,32]. Recently, human Purkinje fiber APs have been reported to
have a faster depolarization phase, a more negative plateau, and
longer APD than ventricular APs [33]. HCN4þ/SHOX2þ cells with
atrial-like and ventricular-like APs may be categorized as CCS cells
rather than SAN cells.

Our results showed that approximately 70% of the HCN4þ/
SHOX2þ cell population exhibited electrophysiological character-
istics of SAN-like CMs. However, the remaining 30% of cells were
not SAN-like. This is a limitation in identifying human SAN-like
cells using reporter systems. To improve the identification of hu-
man SAN-like cells, it is necessary to have a detailed understanding
of human SAN cells and optimize the method for inducing differ-
entiation into human SAN cells. In recent years, various cardiac cell
differentiation methods have been reported for each CM subtype
[34]. In addition to the regulation of WNT signaling, either the
combined modulation of BMP, fibroblast growth factor (FGF), and
retinoic acid (RA) signaling pathways or the inhibition of NODAL
signaling promotes the differentiation of hiPSCs into SAN-like cells
[35e37]. Here, the GiWimethoddamodified version of Yamauchi's
cardiac cell differentiation induction method (the Gi method)dled
to a higher prevalence of HCN4-EGFP-positive cells, which
comprised more than seven times of the Gi method [14,15] (Fig. 1C,
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Supplementary Fig. 2B). The difference between the GiWi and Gi
method is that the Wnt inhibitor IWP2 is administered on day 4 in
the GiWi method but not in the Gi method, our results suggesting
that inhibition ofWNT signaling causes a change in the induction of
cell fate. In the Gi method, HCN4-positive cells, more than 50% in
the early stage or on day 14, decreased at a relatively rapid rate
during cardiac differentiation, suggesting that HCN4-negative cells
in the late stage are FHF-derived cells such as mature left ventric-
ular and atrial CMs that do not express HCN4 in the late stage [42].
Although the details are unclear from this study, it is shown that the
GiWimethod is more suitable than the Gi method for inducing cells
expressing HCN4 in the later stages. Further analysis is required to
determine the optimal culture conditions for SAN-like cell
induction.

In a previous study of hiPSC-derived SAN-like cells, two SAN
types showed different electrophysiological characteristics: central
SAN and peripheral SAN [29]. In this study, each SAN type was
observed and classified into the same SAN-like APs. Various AP
shapes and gene expressions have not been matched to SAN at the
single-cell level, and it is unclear which genes correspond to AP
configurations. If the AP shapes and gene expression can be verified
in single cells, identifying and analyzing the characteristics of
native SAN cells will become a possibility.

In summary, we enriched SAN-like cells by developing HCN4-
EGFP/SHOX2-mCherry dual reporter hiPSCs, which was confirmed
by visualizing HCN4 and SHOX2 gene expression with fluorescent
proteins. The enrichment of human SAN-like cells derived from
hiPSCs will help test the cardiotoxic and chronotropic effects of
novel drug candidates. To date, the cardiotoxic effects of novel drug
candidates have been tested in mammalian cells expressing hERG
channels [38]. However, human CMs express several types of ion
channels, including hERG channels. Using human CMs derived from
hiPSCs is an appropriate method to characterize human cardiac ion
channels in detail. Many companies have recently sold hiPSC-
derived CMs. However, these populations include various CM
subtypes, although they mostly comprise ventricular-like CMs
[5,28]. Thus, the HCN4-EGFP/SHOX2-mCherry dual reporter hiPSCs
developed in this study provide a useful system for purifying SAN-
like CMs as in vitro models of human SAN cells.
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5. Conclusions

We established a HCN4-EGFP/SHOX2-mCherry dual reporter
hiPSC system. Notably, 70% of HCN4/SHOX2 double-positive cells
isolated from differentiated hiPSC-derived CM populations showed
biochemical and electrophysiological properties of SAN cells. This
hiPSC system enabled the enrichment of SAN-like cells derived
from a mixed population of differentiating cardiac cells. Enrich-
ment of human SAN-like cells is useful for testing the cardiotoxic
and chronotropic effects of novel drug candidates, as well as for
regenerative medicine, such as the development of hiPSC-derived
biological pacemakers.
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