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Abstract

Directed cardiomyogenesis from human induced pluripotent stem cells (hiPSCs) has been greatly
improved in the last decade but directed differentiation to pacemaking cardiomyocytes (CMs)
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remains incompletely understood. In this study, we demonstrated that inhibition of NODAL
signaling by a specific NODAL inhibitor (SB431542) in the cardiac mesoderm differentiation
stage downregulated P/7X2c, a transcription factor that is known to inhibit the formation of the
sinoatrial node in the left atrium during cardiac development. The resulting hiPSC-CMs were
smaller in cell size, expressed higher pro-pacemaking transcription factors, 7BX3and 7BX18,
and exhibited pacemaking-like electrophysiological characteristics compared to control hiPSC-
CMs differentiated from established Wnt-based protocol. The pacemaker-like subtype increased
up to 2.4-fold in hiPSC-CMs differentiated with the addition of SB431542 relative to the control.
Hence, Nodal inhibition in the cardiac mesoderm stage promoted pacemaker-like CM
differentiation from hiPSCs. Improving the yield of human pacemaker-like CMs is a critical first
step in the development of functional human cell-based biopacemakers.

Keywords

Cardiogenesis; Sinoatrial node; Pacemaker; Human induced pluripotent stem cells; Differentiation

Introduction

Cardiac rhythm is initiated and dictated by a group of pacemaking cardiomyocytes (CMs)
forming the sinoatrial node (SAN). Since the 1960s, treatments of patients with bradycardia
or SAN dysfunction often include implantation of an electronic pacemaker to restore normal
heart rhythm (Cingolani et al., 2018). Although pacemakers have gone through iterations of
improvements over the years, limitations associated with electronic devices still exist,
including deficiency in sensitivity to autonomic regulation, interference from magnetic field,
and limited battery life. A biopacemaker may be an alternative that can circumvent
inadequacies intrinsic of electronics to improve quality of life for recipients.

The first step towards engineering biopacemakers is resolving the availability of a source of
human pacemaking CMs. One potential de novo source is through differentiation from
human pluripotent stem cells (hPSCs) such as human embryonic stem cells (hESCs) or
human induced pluripotent stem cells (hiPSCs). Directed differentiation of CMs from hPSCs
has greatly improved in recent years (Lian et al., 2012, 2013; Yang et al., 2008). Two well-
established protocols first induce mesoderm formation, either through 1) Wingless/
Integrase-1 (WNT) activation by a small molecule inhibiting glycogen synthase kinase
(GSK)3 or 2) by activation of the bone morphogenetic protein (BMP) plus ACTIVIN A
pathways in hPSCs, subsequently followed by inhibition of WNT pathways in cardiac
mesodermal cells to induce CMs. Although these protocols produce CMs at high efficiency,
the distribution of CM subtypes—pacemaking, atrial, and ventricular—is reminiscent of the
population distribution in the heart, with most CMs exhibiting ventricular-like properties and
only ~10% of which are the pacemaking-like subtype as assessed by action potential (AP)
profiles (Yechikov et al., 2016). A few recent studies improved the specification of
pacemaking CMs from hPSCs through inhibition of neuregulin or addition of retinoic acid in
hPSC-derived cardiac mesodermal cells, however, the yield for this particular subtype
remains low at no more than ~30% (Protze et al., 2017; Zhu et al., 2010). Therefore, the
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differentiation condition that promotes hiPSCs to pacemaking CMs remains incompletely
understood.

Since CM differentiation from hPSCs generally recapitulates the cardiogenesis stages in a
developing embryo, factors that affect the SAN development in embryogenesis may affect
the differentiation of pacemaking CMs from hPSCs. Transcription factor pituitary homeobox
(Pitx)2c has been shown to inhibit the development of the SAN during embryogenesis
(Ammirabile et al., 2012). During cardiac development, Pitx2c is expressed in the left atrium
but absent in the right atrium where the SAN is located. Interestingly, Pitx2c-knockout mice
have been shown to develop a SAN in both the left and right atria, suggesting that Pitx2c
may suppress the development of pacemaking CMs in vivo. Indeed, Pitx2c has been shown
to downregulate the expression of transcription factors short-stature homeobox (Shox)2 by
binding to the regulatory region of Shox2 (Wang et al., 2010). This has great ramification for
the fate of pacemaking CMs, as Shox2 is known to be a promoter of the pacemaking
phenotype by upregulating pro-pacemaking transcription factors, such as T-box (7b6x)3and
Islet (/s/)1, while inhibiting the phenotype of the working CMs (Clauss and Kaab, 2011,
Espinoza-Lewis et al., 2009; Hu et al., 2018; Ye et al., 2015). Pitx2c expression has been
shown to be regulated by Nodal, a cytokine of the transforming growth factor (Tgf)p
superfamily (Clauss and Kaab, 2011). Therefore, in this study, we directly tested the effects
of NODAL inhibition by small molecule SB431542 on the differentiation of pacemaking
CMs from hiPSCs in three differentiation stages—mesoderm induction, cardiac mesoderm
specification, and cardiac progenitor specification. Our data demonstrated that NODAL
inhibition in the cardiac mesoderm stage downregulated expression of P/7X2cin hiPSC-
CMs and promoted pacemaking-like CMs.

2. Experimental procedures

2.1. hiPSC culture and cardiac differentiation

Feeder-free hiPSCs (iPS-DF19-9-7T and iPS-DF6-9-9T, WiCell) were cultured on hESC-
qualified matrigel (Corning) with StemMACS iPSC-Brew XF media (Miltenyi Biotec).
Conditions to differentiate hiPSCs into CMs in this work were tested against an established
WNT-based cardiogenesis protocol (Lian et al., 2012, 2013). Briefly, confluent hiPSCs were
differentiated in RPMI 1640 media supplemented with B-27 supplement minus insulin
(ThermoFisher Scientific) from days 0-7. To promote cardiogenesis, RPMI media was
supplemented with 6 uM GSK3 inhibitor CHIR99021 (Tocris), and 5 uM WNT inhibitor
IWRL1 (Tocris) from differentiation days 0-2 and 3-5, respectively. Small molecule Nodal
inhibitor SB431542 (Tocris) was added either at days 0-2, 3-5 or 5-7 as specified in the
results section.

2.2. RT-PCR for transcript expression assessment

Total RNA of CMs differentiated from iPS-DF6-9-9T and iPS-DF19-9-7T lines was
extracted using TRIzol (ThermoFisher Scientific), chloroform (Sigma-Aldrich), and RNeasy
Mini Kit (Qiagen). cDNA was synthesized using QuantiTect Reverse Transcription Kit
(Qiagen) and quantified in triplicates for each sample by a ViiA 7 Real-Time PCR System
(Applied Biosystems) using PowerUp SYBR Green Master Mix (ThermoFisher). GAPDH
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was used for normalization in analysis using the AACt method. Primer sequences are listed
in Table S1.

2.3. Immunofluorescence staining for confocal microscopy

Paraformaldehyde-fixed hiPSC-derived CMs of day 14 post-differentiation were
permeabilized with 0.05% Triton and blocked with 10% goat serum and 1% BSA for one
hour. Cells were incubated overnight at 4 °C in primary antibodies—SHOX2 (Abcam, Cat#
ab55740), ISL1 (Developmental Studies Hybridoma Bank, Cat# 39.4D5), TBX3
(ThermoFisher Scientific, Cat# 702055), TBX18 (Millipore-Sigma, Cat# SAB1412362), or
TNT (ThermoFisher, Cat# PIMA512960). Then, cells were incubated with secondary
antibodies for one hour at room temperature. Nuclei were counterstained with DAPI
(ThermoFischer Scientific). Finally, cells were mounted in ProLong Gold Antifade
Mountant (ThermoFisher Scientific) and allowed to cure overnight before imaging. Confocal
fluorescent images were acquired using Zeiss LSM 700 laser scanning confocal microscope.

2.4. Flow cytometric analysis

To dissociate the hiPSC-CMs into single cells for flow cytometric analysis, hiPSC-CMs
from day 14 post-differentiation were washed in phosphate-buffered saline (PBS) without
Ca?* and Mg?*, followed by a wash in Versene (ThermoFisher Scientific). Next, the hiPSC-
CMs were incubated in 10X TrypLE (ThermoFisher Scientific) for 3 min at 37 °C in the
incubator. Then, hiPSC-CMs were collected in a conical tube and further digested for an
addition 7-10 min in a 37 °C water bath with a stir bar with constant stirring at 160 rpm.
The cells were washed with PBS with ethylenediaminetetraacetic acid (EDTA) and 10%
fetal bovine serum (FBS) two times and filtered with a 35-um cell strainer before fixation
with paraformaldehyde. Cells were permeabilized and stained as described for confocal
microscopy above. Data was acquired using a BD Fortessa cytometer with FACSDiva
acquisition software (Becton Dickinson) and analyzed using FlowJo (Becton Dickinson).

2.5. Electrophysiological assessment

Functional analyses were performed by two different experimenters who are blinded to the
treatment groups using two assessment methods. Day-40 hiPSC-CMs were dissociated
similarly as described for cells used for flow cytometry and plated on glass bottom dishes
(MatTek Corporation) as single cells and allowed to recover for three days prior to
assessment of APs on day 43-47 post-differentiation at 37 °C by either whole-cell patch-
clamp using Axopatch 200A amplifier (Molecular Devices) at sampling frequency of 2 kHz
or optically using voltage-sensitive fluorescent dye FluoVolt (ThermoFisher Scientific) at
~100 fps using Nipkow spinning disk microscope with a FITC filter set. For patch-clamp
recordings, hiPSC-CMs were measured in Tyrode’s solution consisted of (mM): NaCl 138,
KCI 4, MgCl, 1, CaCl, 2, NaH,PO4 0.33, glucose 10, and HEPES 10 at pH 7.4. The internal
pipette solution back-filled with 200 ug/ml amphotericin consisted of (mM): K-glutamate
120, KCI 25, MgCl, 1, CaCl, 1, and HEPES 10 with pH 7.4. For optical recordings, hiPSC-
CMs were incubated with FluoVolt for 20 min at 37 °C and then recorded in phenol-free
RPMI 1640 media at 37 °C with a 488-nm excitation laser at ~0.5 mW (ThermoFisher
Scientific). Both patch-clamp and optical recordings were acquired by experimenters from
two different laboratories blinded to the differentiation conditions. Cluster analysis of AP
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parameters averaged from at least five APs recorded optically was performed to classify
hiPSC-CMs into ventricular, atrial and pacemaking CM subtype as in our previous
publications (Chang et al., 2019; Yechikov et al., 2016). The AP parameters were analyzed
by cluster analysis using the Mclust package in R to determine the cutoff values for the
decision tree to classify the CM subtypes. First, AP duration at 80% repolarization (APDg)
values for all 941 CMs (from the two hiPSC lines and a total of four independently
differentiated batches) were clustered to determine the cutoff value of 320 ms for the
decision tree. Those that were < 320 ms were then clustered to determine the cutoff value for
frequency (83 bpm). Those APs that were > 83 bpm for frequency of automaticity and < 320
ms for APDgg were classified as pacemaking CMs. The remaining cells were then pooled
and clustered by a duration-slope-curvature (DSC) factor of the AP profile that is defined as
the multiple of the APDg, the curvature between APD1g and APD3g, and the slope between
APDsgq and APDgg. Those APs with DSC < 1244 were classified as the atrial subtype and
those that were =1244 were classified as the ventricular subtype.

2.6. Statistical analysis

gRT-PCR data with high expression differences were log transformed for better data
representation. All data are reported as mean £ SEM. Statistical significance was determined
using one-way ANOVA with Tukey post-hoc test for gPCR experiments with more than two
test conditions and optically recorded AP recording comparison between CM subtypes. All
other gPCR and flow cytometry experiments with only two test conditions were analyzed by
ttest.

3. Results

3.1. Simultaneous inhibition of NODAL and WNT pathways in the cardiac mesoderm
stage promotes cardiomyogenesis in hiPSCs

The cardiac mesoderm stage has been reported to be a key stage in determining the CM
subtype (Karakikes et al., 2014; Protze et al., 2017; Weng et al., 2014). To determine the
timing of cardiac mesoderm in hiPSC differentiation, we tracked the gene expression profile
in differentiating hiPSCs induced by the IWRL1 differentiation protocol (control protocol in
Fig. 1A) from differentiation day 0 to 60 by assessing the transcript expression of
pluripotency marker POU class 5 homeobox transcription factor (POU5FI) that encodes
OCT4, mesodermal marker Brachyury T (7), cardiac mesodermal kinase insert domain
receptor (KDR), first and second heart field progenitors NKX2-5and /SL1, general CM
marker troponin C (TNNC1), atrial CM myosin light chain (MY )7 encoding myosin light
chain (MLC)2a, and ventricular CM myosin light chain MYLZ2encoding MLC2v (Fig. S1).
This expression timeline follows the patterns reported in the literature (Burridge et al., 2014;
Zhang et al., 2012). The cardiac mesoderm stage is defined as the period after the transient
appearance of mesodermal marker 7, at the start of the upregulation of cardiac mesodermal
KDR and heart field progenitors NKX2-5and /SL 1, but prior to the expression of CM
markers 7ANCI. Based on our transcript data over time and reports in the literature, the
cardiac mesoderm was determined to be day 3-5 post-differentiation, which corresponded to
the time of IWR1 addition in the differentiation protocol.
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Once the cardiac mesoderm stage period was determined to be differentiation day 3-5, we
first tested the concentration dependency of cardiomyogenesis in hiPSCs on a specific small
molecule Nodal inhibitor, SB431542 (SB), in the cardiac mesoderm stage. A parallel culture
was differentiated by an established cardiomyogenesis control protocol, which entailed the
addition of 6 uM WNT activator or GSK3 inhibitor, CHIR99021, from differentiation days
0-2, followed by addition of 12 pM WNT inhibitor, IWRZ, from differentiation day 3-5
(Fig. 1A, top). To inhibit the NODAL pathway, SB was added over a concentration range (1,
2,5, 10, or 20 uM) either alone or in conjunction with IWR1 to differentiating hiPSC
cultures from differentiation days 3-5. This differentiation stage was chosen for the
concentration screen since WNT inhibition in the cardiac mesoderm stage has been shown to
be critical for generating hiPSC-CMs. Cardiomyogenesis was assessed by the transcript
level of cardiomyocyte marker troponin C (7AVNCJ) from differentiating hiPSCs of 14 days
from the onset of differentiation (Fig. 1A, bottorm). SB treatment alone at concentration of 5
UM or higher yielded comparable 7NMNCI expression as the control differentiation protocol.
Interestingly, IWR1 plus SB (IWR1+SB)-differentiated hiPSC-CM cultures expressed
significantly higher TNNVCZ, which plateaued around 1 pM SB. Based on the concentration
curve, 5 uM SB was selected as the concentration for optimal NODAL inhibition for
subsequent experiments.

Each step of differentiation, from hiPSCs to mesodermal cells (differentiation day 0-2), to
cardiac mesoderm (day 3-5), to cardiac progenitor cells (day 5-7), and finally to CMs (after
day 7) can affect the resulting CM fate. To understand the impact of NODAL signaling
during differentiation on the resulting CM yield, SB was tested in two hiPSC lines, iPS-
DF19-9-7T and iPS-DF6-9-9T, at each stage of the differentiation timeline (Fig. 1B, /ef?).
No addition of inhibitors in the cardiac mesoderm stage for each respective hiPSC line
served as the control condition. Cardiomyogenesis efficiency was assessed by the transcript
level of cardiomyocyte marker troponin T (7AVNT2) in day 14 hiPSC-CM cultures (Fig. 1B,
right). Our results showed that addition of SB together with IWR1 to cardiac mesoderm
from differentiation day 3-5 significantly increased 7AMNTZ2expression over the standard
IWR1 protocol in the same differentiation stage (iPS-DF19-9-7T: 44.4 + 20.8 vs. 2.8 £1.8,n
= 3; iPS-DF6-9-9T: 28.2 + 13.1 vs. 12.3 + 6.8, n = 3; p < 0.05), suggesting an additive effect
of SB in improving cardiogenic efficiency when compared to the standard protocol without
NODAL inhibitors. Interestingly, addition of SB to differentiating hiPSC cultures in any
time period before or after this differentiation stage, with or without IWR1, consistently
yielded lower TANNTZ expression levels for both hiPSC lines (Fig. 1B).

3.2. hiPSC-CMs differentiated from NODAL and WNT inhibited-cardiac mesoderm exhibit
higher expression of pacemaking CM genes

To determine whether WNT inactivation accompanied by NODAL inhibition in the cardiac
mesoderm stage from IWR1+SB treatment may affect the differentiation of pacemaking
CMs from hiPSCs, we examined gene expression using qRT-PCR analysis of CM subtype
specific markers in day 20 unsorted hiPSC-CMs from IWR1+SB differentiation compared to
the IWR1 standard treatment. Specifically, hiPSC-CMs were assessed for transcript
expression of ventricular specific myosin light chain (MLC)2v;, atrial specific voltage-gated
K* channel (K\,)1.5, pacemaker CM-specific #CNI and HCN4, and anti-sinoatrial node
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development transcription factor P/T.X2c¢ (Fig. 2). hiPSC-CMs differentiated by IWR1 alone
known to produce mostly ventricular CMs served as the control. MLC2vtranscript
expression in the IWR+SB-differentiated group was significantly lower by ~6-fold
compared to IWR1-differentiated hiPSC-CMs, suggesting the resulting CM subtype may not
be driven towards the ventricular subtype. Atrial voltage-gated Ky/1.5 channel (KCNA5%)
expression was upregulated in IWR1+SB-differentiated cultures compared to the control, but
the increase was not significant. Both pacemaker channels HCNI and HCN4 were also
upregulated in the IWR1+SB-differentiated cultures compared to the control with significant
upregulation of HCN4 expression by ~2-fold. Of note, PITX2c was significantly
downregulated by ~12-fold in the IWR1+SB-differentiated cultures relative to the IWR1
control. The gene expression profile suggests the presence of more pacemaker-like CMs
from the IWR1+SB differentiation protocol. Induction of more pacemaker-like CMs by the
addition of IWR1+SB was consistent with the observed faster but less forceful contractions
in the differentiation culture compared to the IWR1 control cells (Videos S1 and S2).

To assess the pro-pacemaking transcription factors in hiPSC-CMs, an earlier time point on
day 14 post-differentiation was chosen because the pro-pacemaking transcription factors,
such as 7BX18, have been reported to downregulate over time and that high expression may
only be needed during the development of the sinoatrial node (Wiese et al., 2009). In
addition, tracking of the 7BX3expression from day 0 to 60 post-differentiation in IWR1-
differentiated culture demonstrated that there was indeed a downregulation in its expression
from day 10 to day 20 (Fig. S1), indicating that an earlier time point may maximize the
differences in pro-pacemaking transcription factor expression in the hiPSC-CMs. To verify
the pacemaker-specific protein expression in IWR1+SB-differentiated hiPSC-CMs, hiPSC-
CMs on day 14 were replated and stained for pro-pacemaker transcription factors SHOX2
and ISL1 (Fig. 3A) or TBX3 and TBX18 (Fig. 3B) in conjunction with general
cardiomyocyte marker troponin T (TNT) to enable assessment of transcription factor
expression in TNT-positive CMs. ISL1 and SHOX2 staining exhibited slightly higher
fluorescence intensity in IWR1+SB-than IWR1-differentiated hiPSC-CMs.
Immunostainings of hiPSC-CMs for pro-pacemaking transcription factors TBX3 and
TBX18 both presented much higher nuclear fluorescence in those CMs differentiated by
IWR1+SB than the IWR1 control. Morphologically, IWR1+SB-differentiated hiPSC-CMs
were smaller with spindle-like morphology compared to those from IWR1 differentiation.
Both differentiated conditions resulted in hiPSC-CMs with myofilaments exhibiting
sarcomeric pattern (Fig. S3).

To further quantify the CM yield and the expression level of TBX3 and TBX18 per cell,
hiPSC-CMs from day 14 post-differentiation were analyzed by flow cytometry. hiPSC-CMs
were identified as TNT-positive cells (Fig. 4A). While there was a difference in
cardiomyogenic efficiency between the hiPSC lines, the average CM yield for both hiPSC
lines was statistically higher from IWR1+SB compared to IWR1 differentiation, at 68 + 7%
vs. 47 = 10% of control for iPS-DF19-9-7T line and 71 + 4% vs. 55 + 5% of control for iPS-
DF6-9-9 T line (Fig. 4B). The cell size of hiPSC-CMs, as indicated by forward scatter
(FSC), was also smaller for IWR1+SB-differentiated hiPSC-CMs, with an average of ~ 64%
and ~ 73% normalized FSC of IWR1-differentiated CMs for the iPS-DF19-9-7T and iPS-
DF6-9-9T lines, respectively (Fig. 4C). The protein expression of TBX3 and TBX18 were
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both higher in IWR1+SB-differentiated CMs than the IWR1 control (Fig. 4D). For TBX3,
the average median fluorescence change of independently differentiated batches was ~1.9
and ~2.1 times higher in hiPSC-CMs differentiated by IWR1+SB from iPS-DF19-9-7T (p =
0.03) and iPS-DF6-9-9T (p = 0.01) lines, respectively, compared to their respective IWR1
control (Fig. 4E). Similarly, the average median fluorescence for TBX18 was ~1.5 times
higher for IWR1+SB-differentiated hiPSC-CMs than the IWR1 control for iPS-DF19-9-7T
(p =0.02) and iPS-DF6-9-9T (p = 0.03) lines (Fig. 4E). Expression of SHOX2 and ISL1 in
hiPSC-CMs was also higher in the IWR1+SB-differentiated group than the IWR1 control as
assessed by flow cytometric analysis (Fig. S2A-B), which is consistent with immunostaining
of SHOX2 and ISL1 in hiPSC-CMs.

3.3. NODAL and WNT inhibition in the cardiac mesoderm stage generated hiPSC-CMs
with pacemaking-like action potentials

To assess functional differences, we had specifically chosen to assess the electrophysiology
on more mature hiPSC-CMs after day 40 from onset of differentiation rather than day 14
because it is well known that all hiPSC-CMs start out with the ability to generate
spontaneous APs, but this function is lost in the contractile CMs and only retained in the
pacemaking CMs over time. Indeed, we have observed slowing of contraction frequency in
the IWR1-differentiated culture by day 30 post-differentiation. Hence, assessing the
automaticity in hiPSC-CMs after day 40 would minimize false-positive identification of
pacemaking CMs. APs of day 43-47 hiPSC-CMs (re-plated as single cells for patch clamp
on day 40) differentiated from IWR1+SB and control condition with IWR1 alone were
recorded by perforated patch-clamp technique at 37 °C (Fig. 5A). Of note, the cell
capacitance, a quantitative measure of cell size, was statistically smaller in IWR1+SB-
differentiated hiPSC-CMs at 29 + 1 pF compared to control CMs at 43 + 2 pF (Fig. 5B). The
AP recordings from the IWR1+SB-differentiated hiPSC-CMs showed characteristics that
resembled more pacemaker-like CMs than the control (Fig. 5C). The maximum diastolic
potential (MDP) on average was significantly more depolarized for CMs differentiated by
IWR1+SB at =51 + 2 mV compared to the control at —60 + 2 mV. The AP amplitude (APA)
was significantly smaller for IWR1+SB-differentiated CMs at 84 £ 8 mV compared to
control CMs at 111 + 3 mV. The maximum rate of rise (dV/dtyay) for the IWR1+SB group
was 6 + 1 mV/s and significantly slower than control hiPSC-CMs at 10 £ 1 mV/s. Following
a similar pacemaker-like CM trend, the AP duration at 50% repolarization (APDsg) was
shorter, although not statistically significant, for the IWR1+SB-differentiated CMs at 160 +
23 ms compared to the IWR1-differentiated control CMs at 211 + 25 ms. The AP duration at
90% repolarization (APDgg) was shorter for IWR1+SB-dfferentiated CMs at 308 + 50 ms
compared to control CMs at 222 + 24 ms. APA, dV/dtyax, APDsgg, and APDgq were reported
only for those CMs with stable APs.

A non-biased approach of optical recordings was also performed to increase the AP
assessment throughput and sample size. hiPSC-CMs of ~ 60 days post-differentiation
generated from the IWR1+SB and IWR1 control differentiation protocols from two hiPSC
lines (iPS-DF19-9-7T and iPS-DF6-9-9T) were assessed optically using voltage-sensitive
dye, Fluo\olt, to acquire AP profiles (Fig. 6A). In general, optically recorded AP profiles
resembled those recorded by the whole-cell patch-clamp method. APs from optical
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recordings of hiPSC-CMs were quantified for AP parameters and classified into ventricular-,
atrial-, and pacemaker-like CM subtype by cluster analysis of APDgg, frequency of
automaticity, and DSC factor DSC (Fig. 6B). The ventricular population was 59% and 53%
for the two hiPSC lines differentiated by IWR1. The atrial population was 25% and 34% for
the IWR1-differentiated CMs for the hiPSC lines. The lowest subtype yield from both hiPSC
lines differentiated by IWR1 was the pacemaking population at 16% and 13%.
Differentiation by IWR1+SB resulted in an increase in the pacemaking subtype by 1.4 and
2.4-fold compared to the IWR1 control in the iPS-DF19-9-7T and iPS-DF6-9-9T lines,
respectively. The IWR1+SB-differentiated atrial fraction increased by 1.6-fold for the iPS-
DF19-9-7 T line relative to the control, but the atrial yield was comparable for IWR1+SB
and IWRL1 differentiation in the iPS-DF6-9-9T line. The IWR1+SB-differentiated ventricular
fraction decreased for both hiPSC lines by 0.6 to 0.7-fold.

CM subtypes were compared for AP parameters between the IWR1+SB differentiation
relative to the control (Fig. 6C). Frequency of automaticity was significantly faster for the
pacemaking subtype from the IWR1+SB differentiation in the iPS-DF6-9-9 T line compared
to the control, and the atrial subtype was slightly faster in the IWR1+SB differentiation for
the iPS-DF19-9-7T line. APDgg was shortened in the atrial and ventricular subtypes of
hiPSC-CMs differentiated by IWR1+SB compared to the control for the iPS-DF19-9-7T
line. For iPS-DF19-9-7T line, the APA was increased in the IWR1+SB-differentiated hiPSC-
CMs for all subtypes relative to the IWR1 counterpart. The maximum rate of rise (dF/dtyax)
was also slightly faster for the IWR1+SB-differentiated atrial and ventricular subtypes than
the IWR1 control for the iPS-DF19-9-7 T line. Therefore, although the distribution of the
CM subtypes changed for the IWR1+SB-differentiated hiPSC-CMs relative to the control,
there were only a few changes in the AP characteristics in each of the CM subtype between
the differentiation conditions.

4. Discussion

An established monolayer differentiation protocol involving WNT activation followed by
inactivation with small molecules CHIR99021 and IWR1, respectively, is a widely used
protocol to differentiate hiPSC to CMs (Lian et al., 2012, 2013). This protocol has been
shown to direct CMs toward the ventricular fate with minimal pacemaking fraction (Lian et
al., 2012; Yechikov et al., 2016). Based on previous findings that downregulation of Pitx2c
during cardiac development in embryogenesis enables the formation of the sinoatrial node in
the left atrium (Ammirabile et al., 2012), we hypothesized that inhibition of PITX2c may
promote the pacemaking CM fate. We took advantage of the fact that NODAL is a known
upstream regulator of Pitx2c expression to test the effect of a NODAL inhibitor, SB431542,
in a stage-specific manner on cardiomyogenesis. We demonstrated that the critical time to
introduce SB431542 without adversely affecting cardiomyogenesis is in the cardiac
mesoderm stage. This is in agreement with published reports that the addition of pro-
ventricular CM factor, IWRL, in this particular differentiation stage results in higher
ventricular CM vyield (Karakikes et al., 2014; Weng et al., 2014). Indeed, the fate of the
resulting CM subtype can be affected even prior to the cardiac progenitor stage.
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4.1. Downregulation of PITX2c by the addition of SB during cardiac mesoderm stage

At optimized concentration and timing of SB introduction, the resulting CM phenotype from
our modified IWR1+SB differentiation protocol was assessed. P/7.X2c was indeed
significantly downregulated in the resulting CMs differentiated by the addition of IWR1+SB
in the cardiac mesoderm stage compared to established IWR1 protocol. Pitx2c¢ has been
shown to downregulate pro-pacemaking transcription factor Shox2 (Ammirabile et al., 2012;
Clauss and Kaab, 2011; Kirchhof et al., 2011; Wang et al., 2010). Shox2 promotes
pacemaker-like CMs by upregulating other pro-pacemaking transcription factors, including
Thx3 and Thx18 (Espinoza-Lewis et al., 2009; Hu et al., 2018; lonta et al., 2015; Ye et al.,
2015). Prior studies have shown Thx3 to promote a pacemaking CM phenotype by inhibiting
the atrial gene program, while Thx18 is important for proper formation of the SAN head
during cardiac development (Hoogaars et al., 2007, 2004; Wiese et al., 2009). We
demonstrated in our study that the resulting IWR1+SB-differentiated hiPSC-CMs exhibited
higher transcript and protein expression of TBX3, TBX18, SHOXZ, and /SL1.
Morphologically, IWR1+SB-differentiated CMs resembled those of pacemaker CMs from
the sinoatrial node with spindle-like shape and smaller cell size, which was also confirmed
by smaller cell capacitance measured by patch-clamp experiments and lower forward scatter
assessed by flow cytometry. Most importantly, we demonstrated that the APs acquired by
whole-cell patch-clamp recordings in these CMs functionally displayed electrophysiological
characteristics that are more pacemaker-like than the control, with smaller APA, slower rate
of rise, and shorter APDg.

4.2. Addition of IWR1+SB in the cardiac mesoderm stage induced an increase in the
pacemaking fraction for both hiPSC lines

Previously, we had classified hiPSC-CMs into distinct ventricular-, atrial-, and pacemaker-
like CM subtypes based on cluster analysis of optically acquired AP profiles (Chang et al.,
2019; Yechikov et al., 2016). The optically recorded APs from IWR1 and IWR1+SB-
differentiated hiPSC-CMs were similarly classified into CM subtypes. In this study, the
IWRL1-differentiated hiPSC-CMs on day ~60 yielded similar distribution of CM subtypes as
our previous publication with majority of the CMs being the ventricular subtype and a small
fraction of the pacemaking subtype at ~12% (Yechikov et al., 2016). Addition of IWR1+SB
in the cardiac mesoderm stage indeed induced an increase in the pacemaking fraction for
both hiPSC lines ranging from 1.4 to 2.4-fold. Hence, the faster spontaneous contractile
frequency that we had observed in the IWR1+SB-differentiated monolayer cultures was
likely due to an increase in the number of pacemaking-like CMs and not an overall increase
in the frequency of automaticity in all CM subtypes. Although there were some differences
in IWR1+SB induced differentiation between the hiPSC lines, the increase in expression of
pro-pacemaking transcription factors TBX18 and TBX3 and an increase in the fraction of
the pacemaking subtype as classified by AP profiles were consistently observed for both
hiPSCs lines. Hence, an upregulation of pro-pacemaking 78X3and 7BX18induced by the
addition of IWR1+SB on differentiation days 3-5 is likely responsible for directing hiPSC-
CMs towards a more pacemaking-like phenotype in hiPSC-CMs at day 60. It is important to
note that the fraction of TBX3- and TBX18-positive cells does not directly correlate with the
fraction of pacemaking CMs determined by the AP profile. The expression level is likely to
be important for directing CM subtype, such that those CMs with a higher expression of
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TBX3 and TBX18 are likely to exhibit the pacemaking characteristics. This is support by the
report that pro-pacemaking transcription factor can directly compete with pro-contractile
transcription factor to determine the cell fate (Ye et al., 2015). A sufficiently high level of
pro-pacemaking transcription factor will then be necessary to be competitive against
transcription factors, such as NKX2.5, to drive the pacemaking fate.

From our classification of CM subtypes and qPCR data (downregulation of MLC2v
expression), the increase in the pacemaking subtype was at the expense of a decrease in the
ventricular fraction. The increase in the pacemaker-like fraction was not at the expense of a
decrease in the atrial-like fraction as originally anticipated. Therefore, other factors besides
relieving inhibition of the pacemaking gene program in hiPSC-derived atrial CMs by SB-
induced P/TX2C downregulation may be involved, by shifting the CM phenotype from
ventricular-like to atrial-like and pacemaking-like subtypes. Although the presence of a low
level of ACTIVIN (a ligand binding to the same receptors as NODAL) has been shown to
drive hiPSCs towards pro-atrial mesodermal fate (Lee et al., 2017), the role of NODAL/
ACTIVIN via SMAD signaling in directing CM subtype after cardiac mesoderm induction
in hiPSCs remains to be elucidated.

The addition of SB to hPSC-derived cardiac progenitor cells has been reported to induce the
downregulation of NK2 homeobox 5 (NKX2.5), a cardiac transcription factor that
antagonizes SHOXZ (Birket et al., 2015; Ye et al., 2015). The observed pacemaking-like
phenotype in our study may also be attributed to the SB-induced downregulation of
NKX2.5, which promotes the contractile cardiomyocyte phenotype. Additionally, NKX2.5
knockout in zebrafish has been shown to shift the contractile cardiomyocytes from
ventricular to the atrial fate (George et al., 2015). This may explain the observed SB-induced
reduction in the ventricular hiPSC-derived cardiomyocytes without affecting the atrial
fraction, such that there is a concurrent shift of the ventricular cardiomyocytes to the atrial
fate and the atrial cardiomyocytes to the pacemaking subtype.

4.3. Theroles of canonical and non-canonical WNT signaling during cardiac mesoderm

stage

Of note, the WNT inhibitor added in conjunction with SB in this study was IWR1, which
stabilizes Axin in the B-catenin destruction complex and consequently blocks only the
canonical WNT signaling. In a recently reported differentiation protocol, WNT inhibitor
IWP2 was added in the same differentiation stage (Protze et al., 2017). IWP2 acts by
inhibiting the secretion of WNT via Porcupine (PORCN) inactivation and hence blocks both
the canonical and non-canonical WNT signaling. We had specifically chosen IWR1 to block
only the canonical WNT pathway to intentionally leave the non-canonical WNT pathways
uninhibited as these pathways have been shown to be involved in cardiac development (Tian
et al., 2010). Furthermore, recent publications reported activation of WNT in similar
differentiation timing to promote pacemaker-like CMs in hPSCs. While one recent
publication reported that canonical WNT3a activation promotes pacemaker-like CMs from
hPSCs, another reported a typically non-canonical WNT5b activation that regulates the
planar cell polarity pathway is responsible for inducing pacemaker-like CMs from hiPSCs
(Liang et al., 2020; Ren et al., 2019). Based on the literature, the combination of NODAL
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inhibition by SB with canonical or non-canonical WNT activation in cardiac mesoderm on
further improving the induction of pacemaker-like CMs from hiPSCs warrants additional
studies.

4.4. Perspective and future studies

Although we have only tested the IWR1+SB differentiation protocol in hiPSCs, considering
that most general cardiomyogenesis protocols and protocols that specifically drive the
pacemaking, atrial, or ventricular CMs similarly work for both human embryonic stem cells
(hESCs) and hiPSCs (Karakikes et al., 2014; Lee et al., 2017; Lian et al., 2012, 2013; Protze
etal., 2017; Weng et al., 2014), we speculate that the IWR1+SB differentiation protocol
should similarly improve the pacemaking yield in hESCs as well. Of note, the pacemaking
CM yield was higher in the hiPSC line that had a higher CM yield. For the hESC lines that
tend to have a higher CM yield than hiPSCs, the pacemaking CM yield in the CM fraction
may also be higher. This notion is supported by Protze et al. that reported a higher
pacemaking yield in hESCs that had a higher CM yield than the hiPSC line tested (Protze et
al., 2017). Future studies are required to directly test the combination of WNT inhibition or
activation in conjunction with SB differentiation in hESCs and additional lines of hiPSCs.

5. Conclusion

Collectively, our data suggest that the NODAL signaling pathway plays crucial roles in
specifying pacemaker-like CMs from hiPSC-derived cardiac mesoderm. The directed
differentiation of functional hiPSC-CMs with preserved pacemaking-like electrophysiology
is a critical component and the first step towards the development of human cell-based
biopacemakers.
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expression.

A) Troponin C (7NNC) expression of day 14 hiPSC-CMs differentiated with the addition of
NODAL inhibitor SB431542 (SB) ranging from 0.2 to 20 pM with and without WNT
inhibitor, IWR1, on differentiation day 3-5 normalized to the IWR1 only control (n = 3). B)
Troponin T (TNNT2) transcript of day 20 hiPSC-CMs differentiated with the addition of
NODAL inhibitor SB during mesodermal (Meso), cardiac mesodermal (C. Meso), and
cardiac progenitor cell (CPCs) stages with and without IWR1. All experimental conditions
were normalized to the control with no small molecule. Two hiPSC lines, iPS-DF19-9-7T
and iPS-DF6-9-9T, were tested (n = 3). * denotes p < 0.05.
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Fig. 2. Gene expression of hiPSC-CMs differentiated in the presence of Nodal inhibitor,
SB431542.

Day-20 hiPSC-CMs post-differentiation that were differentiated in the presence of
SB431542 during differentiation days 3-5 were assessed for ventricular marker (b/ue)
myosin light chain (MLC)2v, atrial marker (purple) voltage-gated K, 1.5 channel (KCNA5),
pacemaking CM markers (red) HCN1 and HCN4, and anti-sinoatrial node development
pituitary homeobox (P/7.X)2c (orange). All expressions were normalized to control hiPSC-
CMs differentiated without the addition of SB431542 (dotted line). Data are shown as mean
+ SEM (n = 3). * indicates p < 0.05.
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Fig. 3. Morphology and protein expression of hiPSC-CMs differentiated by IWR1+SB.
A) SHOX2 and ISL1 staining in hiPSC-CMs of 14 days post-differentiation that were

differentiated by the addition of IWR1+SB from day 3-5 compared to the IWR1 control. B)
TBX3 and TBX18 staining in hiPSC-CMs from the IWR1+SB-differentiation relative to the
IWR1 control. DAPI counterstain and TNT staining were included in all stained samples to
allow identification of all cells and cardiomyocytes, respectively.
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Fig. 4. CM yield and phenotype from the IWR1+SB differentiation.
A) Representative flow cytometry plots of troponin T (TNT) vs. forward scatter (FSC) for

cells differentiated from the IWR1+SB vs. the IWR1 condition. B) Differentiation yield of
TnT+ cells from the IWR1+SB and the control IWR1 differentiation of hiPSC lines iPS-
DF19-9-7T (n = 9) and iPSF-DF6-9-9T (n = 17). C) FSC for hiPSC-CMs differentiated from
the IWR1+SB condition normalized to the IWR1 control (dotted line) for two hiPSC lines.
D) Representative histograms of TBX3 and TBX18 expression in the IWR1+SB- vs. IWR1-
differentiated hiPSC-CMs (identified as TNT + cells). E) Bar graphs of TBX3 and TBX18
expression from CMs of independently differentiated batches by IWR1+SB relative to the
IWR1 control (shown by dotted line) from two hiPSC lines (n = 4 for iPS-DF19-9-7T and n
=7 for iPS-DF6-9-9T). Data are shown as mean + SEM. * denotes p < 0.05.
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Fig. 5. Patch-clamp recordings of action potentialsfrom hiPSC-CMs differentiated by
IWR1+SB.
A) Representative APs recorded using perforated patch-clamp in day-40 hiPSC-CMs post-

differentiation for the IWR1+SB differentiation compared to the IWR1 control. B) Cell
capacitance reflecting cell size of hiPSC-CMs differentiated from the IWR1+SB condition
(n=17) compared to the IWRL1 control (n=15). C) AP parameters—maximum diastolic
potential (MDP; IWR1: n=13, IWR1+SB: n = 15), AP amplitude (APA), maximum rate of
rise (dV/dtmax), AP duration at 50% repolarization (APDsg), and API duration at 90%
repolarization (APDgg)—quantified from patch-clamp recordings of hiPSC-CMs from the
IWR1+SB-differentiated cultures relative to the control. Data are shown as mean £ SEM (n
=10, except for where indicated). * denotes p < 0.05.
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Fig. 6. Electrophysiological phenotype of the IWR1+SB-differentiated hiPSC-CM s from optical

recordings of action potentials.

A) Representative AP traces of ventricular-like, atrial-like, and pacemaker-like subtypes
recorded optically using FluoVolt in day ~60 hiPSC-CMs. B) CM subtype distribution of
IWR1+SB-differentiated cultures relative to the control for two hiPSC lines, iPS-DF19-9-7T
(IWR1: n =189, IWR1+SB: n = 338) and iPS-DF6-9-9T (IWR1: n = 206, IWR1+SB: n =
208), pooled from two independently differentiated batches for each line. C) Frequency of
automaticity, AP duration at 80% repolarization (APDgg), AP amplitude (APA), and
maximum rate of rise (dF/dtyax) quantified from optically recorded APs of hiPSC-CMs
differentiated by the addition of IWR1+SB compared to the IWR1 control from iPS-
DF19-9-7T and iPS-DF6-9-9T lines. Data are shown as mean = SEM. * denotes p < 0.05.
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