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SUMMARY

Genetically encoded calcium indicator (GCaMP) proteins have been reported for imaging cardiac cell ac-
tivity based on intracellular calcium transients. To bring human pluripotent stem cell (hPSC)-derived car-
diomyocytes (CMs) to the clinic, it is critical to evaluate the functionality of CMs. Here, we show that
GCaMPés-expressing hPSCs can be generated and used for CM characterization. By leveraging
CRISPR-Cas9 genome editing tools, we generated a knockin cell line that constitutively expresses
GCaMPés, an ultrasensitive calcium sensor protein. We further showed that this clone maintained plurip-
otency and cardiac differentiation potential. These knockin hPSC-derived CMs exhibited sensitive fluores-
cence fluctuation with spontaneous contraction. We then compared the fluorescence signal with mechan-
ical contraction signal. The knockin hPSC-derived CMs also showed sensitive response to isoprenaline
treatment in a concentration-dependent manner. Therefore, the GCaMP6s knockin hPSC line provides
a non-invasive, sensitive, and economic approach to characterize the functionality of hPSC-derived CMs.

INTRODUCTION

Human pluripotent stem cell (hPSC)-derived cardiomyocytes (CMs) hold tremendous promise for cell-
based regenerative therapies, drug screening, and heart disease modeling due to the advances in stem
cell differentiation research. Since hPSC-derived CMs phenotypically resemble fetal CMs in force produc-
tion, adrenergic responses, and sarcomere organization (Snir et al., 2003), the functionality of hPSC-derived
CMs has raised much concern for clinical applications, warranting a sensitive and accurate approach for CM
characterization. Current methods for CM characterization, such as microelectrode arrays, force trans-
ducers, or calcium-sensitive dyes, cause undesirable impacts on CM contraction and are expensive and
time consuming (Asakura et al., 2015; Bielawski et al., 2016; Grespan et al., 2016; Huebsch et al., 2015; Sir-
enko etal.,, 2013). Therefore, a non-invasive, cost-effective, easy-to-operate, and sensitive method for func-
tional characterization of hPSC-CMs is needed.

Over the past decade, novel non-invasive methodologies have been developed for imaging CM activities.
Among these, multi-electrode array has been used for CM research due to its scalability and reliable results
(Braam et al., 2010). However, the time and cost required to produce the multi-electrode array as well as the
lack of single-cell-level measurement sensitivity limit its applicability to CM research. Several force micro-
scopy (Hazeltine etal., 2012; Pesl et al., 2016) and video microscopy (Czirok et al., 2017; Radaszkiewicz et al.,
2016) methods have been developed to record and study the contractile behavior of CMs with increased
accuracy and without labeling; however, they demand either specialized equipment or advanced
computing software training. Similarly, acoustic and ultrasound imaging technologies (Kim and Wagner,
2016; Kunze et al., 2015) have the benefits of non-invasive and non-destructive analysis for in vivo or
in vitro application but are also dependent on expensive and specialized equipment. The most commonly
used non-invasive imaging modality is fluorescence microscopy, which usually requires sensitive dyes to
accurately capture intracellular calcium ion fluctuation or voltage changes. The biggest challenges with
this technique are the toxicity of the dyes and the resulting risk of cell malfunction caused by the chemicals,
negatively affecting the reliability of results obtained using this technique. As pointed out in the most
recent studies (Smith et al., 2018), chemical fluorescent Ca?* indicators such as Fluo-4 acetoxymethyl
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encoded Ca?* indicator GCaMP3 had minimal adverse effects, making it more suitable and reliable for
future studies and reassessing previous observations.

GCaMP6 belongs to a family of ultrasensitive fluorescent calcium sensors, consisting of circularly permuted
GFP (cpGFP), the calcium-binding protein calmodulin (CaM), and CaM-interacting M13 peptide (Chen
et al., 2013). Several GCaMP variants have been developed and applied in previous studies (Hansen
etal., 2017; Shinnawi et al., 2015; Zhu et al., 2014). For instance, Shinnawi et al. monitored human induced
pluripotent stem cell (hiPSC)-derived CMs with genetically encoded GCaMP5G indicators (Shinnawi et al.,
2015). However, the lentiviral transduction approach they used will lead to the random insertion of GCaMP
into the genome, which may cause unpredictable secondary effects. To avoid this, we utilized CRISPR-Cas9
technology to ensure that GCaMP is specifically targeted to a safe harbor site for insertion. In addition, they
integrated GCaMP into hiPSC-derived CMs, instead of directly into hiPSCs, limiting the further application
of the generated cell line to other studies. Compared with GCamMP5s or other previous GCaMP variants,
GCaMPé6 sensors (GCaMPés, 6m, and 6f; for slow, medium, and fast kinetics, respectively) exhibited higher
apparent affinity for calcium and stronger saturated fluorescence, with similar baseline fluorescence. More
than that, compared with the commonly used synthetic calcium dyes like OGB1-AM, GCaMPé sensors
show higher sensitivity and detect individual action potentials with high reliability at reasonable micro-
scopic magnifications (Chen et al., 2013). For example, Dana et al. tested the application of GCaMPés
and GCaMPéf for imaging the visual cortex of transgenic mice in vivo, and their results demonstrated
the stability and high sensitivity of the GCaMPé system in mouse models (Dana et al., 2014). In addition,
Ouzounov et al. successfully imaged the structural and functional populations of neurons in an intact mouse
brain using GCaMPés and high-resolution optical microscopy (Quzounov et al., 2017). Despite promising
results obtained with neuronal imaging, the GCaMPé6 system has seen little use outside of neural applica-
tions. Due to a pervasive reliance on calcium flux to perform basic cell functions, it stands to reason that the
study of other cell groups could be enhanced by the use of GCaMPé. Notably, calcium is a critical regulator
of CM contractile function (Corada et al., 2013; Louch et al., 2015) making cardiovascular research an ideal
field for GCaMP application. In fact, Mathur et al. recently used GCaMPé reporter CMs for drug screening
(Mathur et al., 2015). Nevertheless, the application of GCaMPé to quantify calcium-mediated CM
function remains unexplored and promises a visualized way to analyze the functional properties of
hPSC-derived CMs.

Here, we report the generation of a CRISPR-Cas9-mediated GCaMPés knockin stem cell line. These
GCaMPés knockin hPSCs can be differentiated to CMs that can be directly characterized by GFP intensity.
Since no modifications are introduced to the cell surface, diastolic or systolic disturbance caused by a de-
tective device can be avoided. The GFP intensity changes correlate with mechanical strain detected via
video microscope analysis and show appropriate responses to adrenergic stimulation with isoprenaline
in a concentration-dependent manner. These results highlight the ultrasensitivity and high applicability
of the GCaMPés system and establish an engineered hPSC tool for the simplified study of calcium-depen-
dent cell functionality.

RESULTS
CRISPR-Cas9-Mediated Generation of GCaMPés Knockin Cell Line

We previously utilized gene overexpression or knockdown approaches in hPSCs to study gene function
during stem cell differentiation (Lian et al., 2012). We have also used lentiviral or PiggyBac strategies to
integrate our designed DNA constructs into the genome of hPSCs to study the important role of the
Wnt signaling pathway for stem cell differentiation (Lian et al., 2012; Randolph et al., 2017). However,
the randomly inserted DNA constructs are susceptible to silencing during stem cell differentiation. To
achieve efficient and precise gene editing, we employed CRISPR-Cas? technology. We first cloned our pre-
viously described, all-in-one DNA elements (Randolph et al., 2017) into an AAVST safe harbor knockin
plasmid (Figure STA). To obtain stable gene expression, it is essential to precisely insert foreign DNA con-
structs to a safe harbor locus, such as AAVS1, which will not be silenced during stem cell proliferation and
differentiation (Qian et al., 2014). Upon doxycycline treatment and before fluorescence-activated cell sort-
ing (FACS) sorting, 27% of the cells showed GFP expression (Figure S1B), indicating that the CRISPR-Cas9
system can be employed to generate knockin expression cassettes at the AAVST safe harbor locus of the
human genome efficiently. Successfully modified cells (GFP+) were isolated via FACS. Consistent with our
previous report (Randolph et al., 2017), sorted hPSCs did not show any GFP expression without doxycycline
treatment, and all cells appeared to express GFP upon doxycycline exposure post-sorting (Figure S1C).
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Figure 1. Generation of GCaMPés Knockin hPSCs

(A) Schematic of GCaMPés knockin with CRISPR-Cas?. Under the guidance of designed single guide RNA (sgRNA), Cas9
cleaved the target site in the genome of H9 cells and GCaMPés sequence was recombined into the AAVST locus between
exon 1 and exon 2 of the PPPTR12C gene in chromosome 19. Primer 1 (pink) and primer 2 (orange) were designed to
confirm heterozygous knockin.

(B) Gel electrophoresis of PCR products with two pairs of primers. Bands of 479 bp with primer 1 and 1 kb with primer 2
indicated heterozygous knockin.

(C) Representative phase-contrast and GFP epifluorescence images (left) and flow cytometry analysis (right) of GCaMP6s
knockin H9 cells. Regular H9 was used as control. Scale bar, 100 pm.

See also Figure S1.

Fluorescent calcium sensors are widely used to image neural activity (Chen et al., 2013; Li et al., 2003;
Ohkura et al., 2012). Similarly, to visualize cardiac calcium activity, we decided to engineer a hPSC line
(H9) to constitutively express the ultrasensitive fluorescent protein GCaMPés (Chen et al., 2013) at the
AAVS1 safe harbor locus via Cas9-mediated homologous recombination (Figure 1A). After puromycin se-
lection, we picked GCaMPés-positive single-cell-derived hPSC clones and performed genotyping to
confirm the success of targeted knockin (Figure 1B). We designed two sets of primers to test whether
we had a successful knockin clone with the GCaMPés expression cassette at the AAVST locus. We also per-
formed live cell imaging and flow cytometry analysis of our engineered cells (Figure 1C).

To confirm the knockin (Figure 1A), the forward and reverse oligos of primer set 1 were located in the 5" and
3" arms of the donor plasmid, respectively. A wild-type allele would generate a 479-bp band, whereas suc-
cessful knockin of GCaMPés expression cassette would generate a 7-kb PCR product, which is too long to
be synthesized by DNA polymerase due to the limited elongation time specified in our PCR conditions. For
primer set 2, the forward oligo was designed upstream of the 5’ arm in the genome and the reverse oligo
was located within the donor construct (between the 5’ arm and the puromycin sequence). With this design,
a successful GCaMPés knockin clone would show a 1-kb band, otherwise there would be no band observed.
PCR results shown in Figure 1B demonstrated the existence of a wild-type allele as well as a GCaMPés
knockin allele, indicating the generation of a heterozygous knockin cell line.

Since calcium signaling is ubiquitously involved in intracellular signaling that controls numerous cellular
processes such as cell differentiation, proliferation, and apoptosis (Resende et al., 2010; Tonelli et al.,
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Figure 2. The GCaMPés Knockin Cell Line Remains Pluripotent

(A and B) Regular H9 cells were analyzed via immunofluorescence (A) and flow cytometry (B) for pluripotency marker
NANOG. Scale bar, 100 pm.

(C and D) GCaMPés knockin H9 cells were analyzed via immunofluorescence (C) and flow cytometry (D) for pluripotency
marker NANOG. Scale bar, 100 um. Over 95% of the knockin cells expressed pluripotency markers. Control: cells stained
with second antibody only.

(E) Expression of GCaMPés was analyzed via western blot in GCaMPés knockin H9 cells undergoing 5 passages. B-Actin
was used as loading control.

(F) GCaMPés knockin H9 cells were differentiated into endoderm cells by 100 ng/mL activin A treatment for 4 days.
Expression of Sox17 was analyzed via immunofluorescence. Scale bar, 100 pm.

(G) GCaMPés knockin H9 cells were differentiated into ectodermal cells by LaSR basal medium treatment for 6 days.
Expression of PAXé was analyzed via immunofluorescence. Scale bar, 100 um.

See also Figure S2.

2012), green fluorescence from constitutive expression of GCaMPés was observed in the generated
knockin cell line via fluorescent microscopy, and also by flow cytometry (Figure 1C), further confirming suc-
cessful knockin. To verify the pluripotency of the generated cell line, we chose markers of pluripotency
NANOG and SSEA4 for immunostaining and flow analysis. Our results showed that the GCaMPés knockin
H9 cells expressed pluripotent markers NANOG (Figures 2A-2D) and SSEA4 (Figures S2A-S2D), similar to
regular H? cells. To characterize the cell viability of our knockin cells and non-engineered cells, we per-
formed a trypan blue assay. Our results showed that cell viability reached 95% for both non-engineered
cells and our GCaMPés knockin cells. To quantify whether GCaMPés expression level changes over
time, we collected GCaMPés knockin cells over 5 passages and we did not observe strong up-regulation
of GCaMPés expression over time (Figure 2E). Furthermore, GCaMPés knockin cells were successfully
differentiated into SOX17+ endoderm cells (Figure 2F) and PAX6+ ectoderm cells (Figure 2G).

Analysis of GCaMP6s Knockin hPSC-Derived CMs

To investigate the efficacy of using the GCaMPés reporter system for CM functional characterization,
directed differentiation of GCaMPés knockin hPSCs to CMs was performed with our previously reported
GiWi protocol (Lian et al., 2012). Immunostaining against cardiac-specific marker cardiac troponin T
(cTNT) on day 30 verified the cardiac differentiation potential of the knockin cell line (Figure 3A). Overlap
of GCaMPés fluorescence with cTNT (Figure 3A) or myosin heavy chain (Figures S3A and S3B) indicated that
CMs derived from the knockin hPSC line retained GCaMPés activity. Immunostaining for cTNT shows sar-
comeric striations (Figure 3B) present in CMs. Furthermore, quantification of CM differentiation efficiency
demonstrated that the GCaMPés knockin cells did not show less differentiation efficiency than non-engi-
neered cells (Figure S3C).

Next, we quantified GCaMPés fluorescence intensity during CM contraction cycles. CMs presented distinct fluo-
rescence intensities in systolic and diastolic states, respectively (Figure 4A; Videos S1, S2, S3, S4, S5, and S6),
enabling the correlation of the spontaneous contraction via cyclic fluorescence intensity fluctuations.

To verify the fidelity of fluorescence-based cell characterization, we also analyzed the selected locations in
captured videos to determine the mechanical behaviors of the CMs (Figure 4B). The results showed that, in
each contraction cycle, there were several regions in contraction, as well as several areas in dilation, in the
CM clusters. We assumed there were cells with different functions in the cluster, some of which were more
able to contract. When these cells contracted, the other cells with lower contractile ability were pulled and
resulted in dilation in those regions. The beating motion (strain over time) of CMs was also obtained (Fig-
ure 4C) from digital image correlation. We found that the contractile motions presented similar frequency
to the frequency of fluorescence intensity fluctuation in the same CMs.

GCaMPés Knockin hPSC-Derived CMs Respond to Adrenergic Stimulus

To test the functional sensitivity of CMs derived from the generated cell line, we tested their response to a
commonly used pharmacological agent. Isoprenaline is a non-selective B-adrenoreceptor agonist and is
commonly used for the treatment of conditions in which increased heart function is required, such as brady-
cardia, heart block, and congestive heart failure. The effects of isoprenaline on the cells were observed as
increased contractile activity of the CMs, and the beating frequency was measured by taking videos of the
GFP expression of beating CMs with fluorescence microscopy. The fluctuations of fluorescent intensity in
the videos were analyzed in ImageJ.
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Figure 3. The GCaMPé6s Knockin hPSCs Generated Cardiomyocytes

(A) Cardiomyocytes were generated from GCaMPés knockin H9 cells using the GiWi protocol with CHIR99021 and Wnt-
C59 treatment. Immunofluorescence analysis with cardiac markers cTNT and GCaMPés expression. Scale bar, 100 um.
(B) Immunostaining for cTNT shows sarcomeric striations (yellow arrowheads).

See also Figure S3.

Upon treatment with isoprenaline, the fluorescent intensity fluctuation and contractile motion for CMs changed
in terms of amplitude and frequency (Figures 4C and S4). Calcium signals appeared 0.33 and 0.44 s ahead of me-
chanical signals, forO and 10 uM isoprenaline treatment, respectively, illustrating the causal relationship between
intracellular calcium activation and the beginning of systole. We observed that the amplitude for normalized fluo-
rescence intensity (Figure 4D) significantly increased from 1.104 before drug administration to 1.752 at 1 uM
isoprenaline addition. However, it did not significantly change from 1 to 10 uM isoprenaline (with 1.809 normal-
ized intensity). The amplitude of contractile motions (strain) (Figure 4F) also significantly increased from 1.07%
before drug administration to 2.65% at 1 UM isoprenaline addition. It did not significantly change from 1 to
10 uM isoprenaline (2.23%). In addition, mechanical analysis showed a statistically significant increase in contrac-
tile strain with isoprenaline administration, consistent with previously reported results regarding cardiac cell
strain change with adrenergic agonists (Hansen et al., 2017).

Furthermore, frequency analysis (Figure 4E) indicated that isoprenaline treatment caused accelerated
contraction with a statistically significant increase in beating frequency from 0.263 Hz before drug admin-
istration to 0.443 Hz at 1 pM. The contraction further accelerated significantly from 0.443 Hz at 1 uM to
0.504 Hz at 10 uM isoprenaline addition.

Following drug treatment, immediate isoprenaline removal, and overnight incubation, cells presented an
abnormal contractile phenotype and severe detachment, which usually occurs in long-time cultured CMs.
One possible reason for this reaction might be the limited capacity of hPSC-derived CMs to degrade
isoprenaline due to their immature phenotype (Hansen et al., 2017).

DISCUSSION

With the rapid advances in stem cell technology, hPSC-derived CMs hold great promise in a wide variety of
applications, including myocardial regeneration therapies, disease modeling, and drug screening. To
reach the potential of these applications, cost-effective and reliable approaches for CM characterization
are required. For this purpose, we generated a calcium reporter stem cell line by inserting GCaMPés
into the genome utilizing CRISPR/Cas? tools, enabling us to concurrently monitor physiological properties
such as contractile strain or transient calcium flux in hPSC-derived single CMs or CM clusters.

Compared with previous techniques for CM characterization, our generated reporter cell line presents tremen-

dous advantages by overcoming challenges to existing methods. First, approaches involving calcium dyes or
electrode patches inevitably lead to extrinsic chemical or physical perturbations, which can adversely affect
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Figure 4. The GCaMPé6s Knockin hPSC-Derived Cardiomyocytes Responded to Isoprenaline Treatment

(A and B) Difference in fluorescence intensity (A) and contractile strain (B) between systolic (left) and diastolic (right) status. Scale bar, 100 pm.

(C) Fluctuation of fluorescence intensity and strain of CMs treated with 0 and 10 uM isoprenaline.

(D-F) Fluorescence intensity (D), beating frequency (E), and strain (F) of CMs treated with varied isoprenaline concentrations from 0 to 10 pM (n = 5 for each
group; * 0.05 < p value < 0.1, **0.01 < p value < 0.05, ***p value < 0.01, mean + SD).

See also Figure S4.

the results of cellular characterization. In contrast, genomic insertion of the sequence of a calcium reporter pro-
tein into stem cells allows consistent functional evaluation from the starting line over all developmental stages
from pluripotent to differentiated somatic cells. Furthermore, our genetically engineered cell line theoretically
and experimentally avoids foreign disturbance or cell sacrifice, unlike in terminal analysis techniques, providing
a non-invasive and simple method for cell function characterization based on calcium indication.
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Our GCaMPés system is ultrasensitive on both protein and cellular scales. We chose to knockin GCaMPés
due to its higher sensitivity over commonly used synthetic calcium dyes, such as OGB1-AM, and its ability to
detect individual action potentials with increased reliability at reasonable microscope magnifications
(Chen et al., 2013). At the cellular level, the CMs derived from the GCaMPés knockin hPSCs show a statis-
tically significant change in beating frequency with isoprenaline treatment as low as 1 uM, exhibiting the
high functional sensitivity of this cell line. For analysis, fluorescence microscopy further increases the reso-
lution up to single-cell observation.

Operational convenience is another advantage of our reporter system. For construction of the knockin cell
line, CRISPR/Cas? technology has made it more efficient and reliable to perform targeted genome editing.
For stem cell differentiation, pivotal regulating pathways have been gradually uncovered in developmental
biology, generating more straightforward differentiation protocols and making in vitro stem cell differen-
tiation increasingly precise. For calcium indication, visualization of calcium signaling transforms chemical
and electrical signals inside cells to detectable fluorescent signals, enabling real-time data acquisition
and analysis. Last but not least, the differentiation potential of hPSCs makes it possible for this calcium-indi-
cating reporter system to be applied in the characterization of other cell lineages, such as neurons or mus-
cle cells, which can further contribute to disease modeling and drug screening in the extended range.

In summary, the GCaMPés knockin stem cell line provides an ultrasensitive, non-invasive, reliable, conve-
nient, and economic calcium indicator system, which can be utilized for, but is not limited to, functional
characterization of hPSC-derived CMs.

Limitations of the Study

Despite the convenience and sensitivity of our designed knockin stem cell line, this system can be further
modified in several aspects. First, constitutive expression of GCaMPés protein in the current design can be
replaced by inducible expression with the Tet-On system. In this case, GCaMPés will be expressed only
when cells accomplish the desired differentiation and are ready for characterization, which would avoid po-
tential cell toxicity caused by protein accumulation during the differentiation process. In addition, similar
knockin approach with genetically encoded membrane voltage indicator can also be investigated that
would minimize the interference of intracellular calcium ion equilibrium. Last, here we only applied our
knockin hPSC line for CM characterization. Performance of this reporter system for other cell lineages
can be further tested.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, four figures, and six videos and can be found
with this article online at https://doi.org/10.1016/].isci.2018.10.007.
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Figure S1. Generation of XLone-GFP knockin hPSCs, Related to Figure 1. (A)
Schematic of the knockin design to insert the donor plasmid containing XLone-GFP into

the AAVS1 locus. (B) Flow cytometry analysis showing 27% of the population becomes
GFP positive upon exposure to 2 ug/mL doxycycline for 24 hours. (C) Images showing

GFP expression of sorted cells not treated and treated with doxycycline at 2 ug/mL for

24 hours. Scale bars are 100 um.
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Figure S2. The GCaMP6s knockin cell line remains pluripotent, Related to Figure
2. (A and B) Regular H9 cells were analyzed via immunofluorescence (A) and flow
cytometry (B) for pluripotency marker SSEA4. Scale bar: 100 wum. (C and D) The
GCaMP6s knockin H9 cells were analyzed via immunofluorescence (C) and flow
cytometry (D) for pluripotency marker SSEA4. Scale bar: 100 um. Control: cells stained
with second antibody only. SSEA4: Stage-specific embryonic antigen 4.
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Figure S3. Characterization of cardiomyocytes derived from the GCaMP6s
knockin H9 cells, Related to Figure 3. (A and B) Cardiomyocytes were generated
from GCaMPG6s knockin H9 cells using the GiWi protocol with CHIR99021 and Wnt-C59
treatment. Immunofluorescence analysis with cardiac markers cTNT (A) and MHC (B)
expression. Scale bar: 100 um. cTNT: cardiac troponin T. MHC: myosin heavy chain.
(C) Quantitative analysis of the percentage of cTNT+ cells generated from regular H9
cells and the GCaMPG6s knockin cells.
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Figure S4. The GCaMP6s knockin hPSC derived cardiomyocytes responded to
isoprenaline treatment, Related to Figure 4. Representative strain data of
cardiomyocytes without isoprenaline treatment.



Movie S1. Bright field video of cardiomyocytes derived from GCaMP6s knockin
without drug treatment, Related to Figure 4.

Movie S2. Fluorescent video of cardiomyocytes derived from GCaMP6s knockin
without drug treatment, Related to Figure 4.

Movie S3. Bright field video of cardiomyocytes derived from GCaMP6s knockin
with 1 uM isoprenaline treatment, Related to Figure 4.

Movie S4. Fluorescent video of cardiomyocytes derived from GCaMP6s knockin
with 1 uM isoprenaline treatment, Related to Figure 4.

Movie S5. Bright field video of cardiomyocytes derived from GCaMP6s knockin
with 10 uM isoprenaline treatment, Related to Figure 4.

Movie S6. Fluorescent video of cardiomyocytes derived from GCaMP6s knockin

with 10 uM isoprenaline treatment, Related to Figure 4.

Antibody
Primary antibody Secondary antibody
Oct3/4 | Mouse IgG2b, Santa Cruz 1:100 | Anti-mouse 1gG2b, | 1:1000

Alexa Fluo 633

Nanog | Rabbit IgG, Thermo Fisher | 1:500 | Anti-rabbit lgG, | 1:1000
Scientific Alexa Fluo 647

SSEA4 | Mouse IgG3, DSHB 1:20 | Anti-mouse  IgG, | 1:1000
Alexa Fluo 647

cTNT | Mouse IgG1, Thermo Fisher | 1:200 | Anti-mouse IgG1, | 1:1000

Scientific Alexa Fluo 647
MF20 | Mouse IgG2b, DSHB 1:30 | Anti-mouse 1gG2b, | 1:1000
(MHC) Alexa Fluo 633
SOX17 | Human Sox17 APC-conjugated antibody, R&D systems 1:50
PAX6 | Mouse IgG1, DSHB 1:50 | Anti-mouse 1gG1, | 1:1000

Alexa Fluo 647
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cells
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cells
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Primer information (Related to Figure 1)
Primer_1_F: TGCTTTCTTTGCCTGGACAC
Primer_1_R: GGTTCTGGCAAGGAGAGAGA
Primer_2_F: CCATAGCTCAGGTCTGGTCTAT
Primer_2_R: AGGAAGAGAAGAGGTCAGAAGC



Transparent Methods

Maintenance of hPSCs

Human embryonic stem cells (H9 line) maintained on Matrigel (Corning) in mTeSR1
(STEMCELL Technologies) were dissociated into single cells with 0.5 mM EDTA at
37°C for 10 min and then were seeded onto a new Matrigel-coated cell culture dish at
10,000-20,000 cell/cm? in mTeSR1 supplemented with 5 yM ROCK inhibitor (Y-27632)
for 24 h. Cells then were cultured in mTeSR1, which was changed daily. Human
embryonic stem cell research was approved by the Pennsylvania State University

Embryonic Stem Cell Oversight Committee.

Generation of AAVS1 GCaMP6s knockin hPSC line

hPSCs were pre-treated with 10 yM Y27632 for 4 hours or overnight prior to
electroporation. Cells were digested by StemPro Accutase (Thermo Fisher) at 37°C for
8 min and 2.5-3 million single cells were electroporated with 4 ug pCas9_GFP
(Addgene plasmid # 44719), 2.5 yg gRNA T2 (Addgene plasmid # 41818) and 6 ug
AAVS1 CAG Flag-MAR-P2A GCaMP6s donor plasmid in 200 pyL cold PBS -/- using the
Gene Pulser Xcell System (Bio-Rad) at 320 V, 200 pF and 1000 Q (Time constant is
~15 ms) in a 0.4 cm cuvette. To generate the AAVS1-pur-CAG Flag-MAR P2A
GCaMP6s donor plasmid, we directly synthesized Flag-MAR (Integrated DNA
Technologies), amplified GCaMP6s by PCR from pGP-CMV-GCaMP6s (Addgene #
40753), and inserted both fragments into the AAVS1-puro-CAG-hrGFP plasmid
(Addgene plasmid #52344) replacing GFP. The resulting cells were subsequently plated
onto a Matrigel-coated 6-cm dish in 5 mL mTeSR1 with 10 yM Y27632. 24 hours later,
and every day afterwards, the medium was changed with fresh mTeSR1. Three days
after electroporation, 1 pg/ml puromycin was added into the mTeSR1 for selection for
about two weeks. Single cell GCaMP6s + clones were then picked into wells of a

Matrigel-coated 96-well plate and expanded for further applications.

Cardiac differentiation of hPSCs via the GiWi method (Lian et al., 2012)



Cardiac differentiation of hPSCs was performed when cells reach 80%-95% confluency.
On day 0, cells were treated with 5-12 yM CHIR99021 (Selleckchem) in RPMI media for
18 hours, followed by a change with RPMI + 2% B27-insulin medium on day 1 (Note:
Since B27-insulin supplement is not included in day 0 media as previously reported,
increased cell toxicity is expected from day 0-1 and the remaining cell coverage should
be 30-50% on day 1). Media was changed with RPMI + 2% B27-insulin again on day 2.
On days 3 and 4, media is changed using 50% old media from the well with 50% fresh
RPMI + 2% B27-insulin with the addition of 2 yM Wnt-C59 (Tocris) (Note: Migrating
cells were observed on days 3 and 4. By day 4, cells should cover the whole well).
Media was changed with RPMI + 2% B27 (Gibco) on day 5. Cells were then cultured in
RPMI + 2% B27 with a media change every three days. Beating cells were observed at
earliest on day 9. Once contractile function was observed, media was changed with
RPMI + 2% FBS every three days.

Endoderm differentiation of hPSCs

Endoderm differentiation of hPSCs was performed when cells reach 80%-95%
confluency. On day O, cells were treated with 100 ng/mL Activin A and 2 yM CHIR99021
(Selleckchem) in RPMI media for 24 hours, followed by a change with RPMI + 2% FBS
media containing 100 ng/mL Activin A and 5 ng/mL FGF2 on day 1 and day 2. On day 3,

cells were fixed and stained against SOX17.

Ectoderm differentiation of hPSCs

To initiate ectoderm differentiation, hPSCs were passaged with LaSR basal medium
(Lian et al., 2014), which consists of Advanced DMEM/F12, 2.5 mM GlutaMAX, and 60
pug/ml ascorbic acid (Sigma, A8960), on day 0. Then cells were maintained in LaSR
basal medium for 3-4 additional days before immunostaining against PAX6.

Flow cytometry

For the purpose of verifying the expression of GFP in knockin cell line, cells were
dissociated into single cells with EDTA and followed by fixation with 1 % (v/v)



formaldehyde in PBS for 30 min at room temperature. The cells were then added into
PBS containing 0.1 % (v/v) Triton X-100 and 0.5 % (v/v) BSA before flow cytometry
analysis. Data were collected on a BD LSR Fortessa flow cytometer and analyzed using

FlowdJo.

Immunostaining

Cells were fixed with 4 % (v/v) formaldehyde in PBS for 15 min at room temperature
and then immunostained with primary and secondary antibodies in PBS with 0.4 %
Triton X-100 and 5 % non-fat dry milk. Nuclei were stained with Hoechst 33342. A Nikon
Ti Eclipse epifluorescence microscope was used for imaging analysis.

Isoprenaline treatment

Brightfield and fluorescence videos of untreated cardiomyocytes were taken. Then,
isoprenaline was added directly into the culture medium, and cells were incubated at
37°C for 5 min. Post treatment videos were then taken at set intervals following
isoprenaline treatment. After video collection was complete, the media was changed
with fresh culture media. .

Analysis of fluorescence intensity fluctuation

Each video corresponding to a specific isoprenaline concentration was split to a series
of frames using Imaged. For frequency analysis, five regions of interest (ROI) were
selected in each video and the average intensity of each ROl was calculated in Time
Series V3_0, generating a plot of time-tracing intensity. Frequency is determined as the

reciprocal of average time between two adjacent peaks of intensity.

Analysis of contractile strain

The deformation and strain in CM clusters were calculated using a digital image
correlation (DIC) technique in VIC-2D software (Correlated Solutions, Inc., SC, USA).
The DIC technique calculates the motions of the cells by correlating the images of
deformed cells with a reference image. To avoid accumulative error, an image in the

diastolic period was used as reference. Each image was divided into blocks of pixels



(subsets) of 35x%35 pixels (22.75 ym x 22.75 ym). The spacing of subsets was chosen
to be 7 pixels (4.55um). The cell cluster deformations were calculated by finding the
maximum of the correlation value between image subsets in the deformed image and
the reference image. Strain was calculated based on the derivative of the deformation.
The maximum principal strain over time was extracted for 5 locations in each image

series, respectively.

Statistical analysis

Numerical data are reported as mean + standard deviation (SD) of the mean. The
statistical significance between two sets of data was calculated using a two-tail
Student’s t-test. A value of p<0.05 was considered to be statistically significant.
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