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SUMMARY
The immature characteristics and metabolic phenotypes of human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) restrict

their applications for diseasemodeling, drug discovery, and cell-based therapy. Leveraging on themetabolic shifts from glycolysis to fatty

acid oxidation as CMsmature, a human hexokinase1-GFPmetabolic reporter cell line (H7 HK1-GFP) was generated to facilitate the isola-

tion of fetal or more matured hPSC-CMs. RNA sequencing of fetal versus more matured CMs uncovered a potential role of interferon-

signaling pathway in regulating CMmaturation. Indeed, IFN-g-treated CMs resulted in an upregulation of the JAK-STAT pathway, which

was found to be associated with increased expression of CMmaturation genes, shift fromMYH6 toMYH7 expression, and improved sar-

comeric structure. Functionally, IFN-g-treated CMs exhibited a more matured electrophysiological profile, such as increased calcium dy-

namics and action potential upstroke velocity, demonstrated through calcium imaging and MEA. Expectedly, the functional improve-

ments were nullified with a JAK-STAT inhibitor, ruxolitinib.
INTRODUCTION

The ability of human pluripotent stem cells (hPSCs) to

differentiate intomatured cardiomyocytes (CMs) is of para-

mount importance for drug screening, disease modeling,

and cell-based therapy for cardiac regeneration (Funakoshi

et al., 2016; Li et al., 2017; Takeda et al., 2018; Yang and Pa-

poian 2018). Although sequential addition of critical

growth factors and/or small molecules successfully recapit-

ulates various stages of cardiac specification to a certain

extent in vitro, the hPSC-CMs generated from these proto-

cols still display fetal-like ultra-structures, electrophysio-

logical properties, and preferential metabolism of glucose,

with low expression of key maturation markers (Machiraju

and Greenway 2019). Such immaturity not only results in

ineffective cardiac contractility but may also lead to

arrhythmia (Chen et al. 2009). Hence, enhancing matura-

tion of hPSC-CMs has become the subject of intense

research to maximize their potential applications.

In recent years, substantial progress in advancing hPSC-

CM maturation has been achieved by utilization of phys-

ical and electrical stimulations, biochemical stimulations,

microRNA overexpression, metabolic manipulations, as

well as 3D engineered tissues and organoid culture (Cao

et al., 2012; Kuppusamy et al., 2015; Lin et al., 2017; Ma-
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chiraju and Greenway 2019; Maddah et al., 2015; Parikh

et al., 2017; Ruan et al., 2016; Rysa et al. 2018; Trenerry

et al. 2011; Ulmer et al., 2018; Uosaki et al., 2015; Varzideh

et al., 2019; Yang et al. 2014; Yoshida et al., 2018). These

techniques have demonstrated the potential of generating

CMs that show more aligned sarcomere organization,

improved contractility, enhanced action potential up-

stroke velocity, and a switch from aerobic glycolysis to

oxidative phosphorylation. Although the aforementioned

strategies promote maturity of these cells structurally,

physiologically, andmetabolically, limitations such as scal-

ability, cellular damages, and technical challenges remain

to be resolved (Jiang et al., 2018).

To understand the underlying mechanisms governing

CM maturation, we utilized a metabolic reporter to facili-

tate the purification of stem cell-derived CMs at various

physiological states (fetal or matured). It is known that,

during early cardiac development, glycolysis is the major

source of energy for fetal CMs. As CMsmature, mitochon-

drial oxidative phosphorylation becomes the major

source of energy for the heart. Leveraging on the role of

hexokinase-1 (HK1), the first enzyme to phosphorylate

glucose in the glycolysis pathway, we generated a meta-

bolic reporter cell line (H7 HK1-GFP) to track on the meta-

bolic shifts from glycolysis to b-oxidation, which occurs
The Authors.
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Figure 1. Generation of CRISPR-Cas9-mediated knockin H7 HK1-EGFP reporter
(A) Schematic illustration of the generation of the knockin reporter into the HK1 locus. HK1 sgRNA mediated a double-strand break within
the HK1 locus replacing the stop codon with a donor cassette V5-2A-EGFP sequence in frame.
(B) Clonal expansion of H7 HK1-GFP knockin reporter cell. hESCs (H7) were electroporated with HK1 sgRNA and donor vector. The first
round of fluorescent-activated cell sorting for GFP-positive cells showed 3.26% efficiency. The second round of fluorescent-activated cell
sorting performed to enhance the clonal efficiency showed 65.8% efficiency.
(C) Representative images of H7 HK1-GFP clones. Green fluorescent colonies reflect the expression of HK1 gene in these clones. Scale bar,
100 mm.
(D) Western blot showing nine H7 HK1-GFP clones harboring the V5-2A-EGFP knockin sequence, which was absent in wild-type H7 ESCs.
Cell lysates were probed with antibody against the V5 tag.
(E) PCR genotyping results indicated that all nine clones possess the V5-2A-EGFP knockin sequence.
during CM maturation (Jiang et al., 2018). Thus, this re-

porter cell line could facilitate the isolation of fetal-like

CMs and relatively more matured CMs, based on their

GFP expression level. By performing RNA sequencing on

both fetal and matured CMs, we identified the upregula-

tion of the interferon-signaling pathway, which is medi-

ated by the JAK-STAT pathway, to be important for CM

maturation. The findings were further validated by IFN-g

treatment in the purified population of fetal-like CMs,

where increased pSTAT1 expression was observed. This

in turn resulted in an enhancement in structural matura-

tion of treated hPSC-CMs as both sarcomere length and

myofibril width increased significantly. Functionally,

IFN-g-treated hPSC-CMs also exhibited electrophysiolog-

ical properties corresponding to relatively more matured

CMs compared with the untreated population. Collec-

tively, this study highlights the feasibility of scaling up

the acceleration of the maturation process of hPSC-CMs

by IFN-g treatment.
RESULTS

Generation of CRISPR-Cas9-mediated knockin H7

HK1-GFP reporter cells

TheHK1-GFP reporter line was generated using the H7 hu-

man embryonic stem cell (hESC) line. In brief, the HK1

stop codon was replaced by a V5-2A-EGFP sequence, re-

sulting in an in-frame V5 tag and bicistronic 2A-EGFP

via CRISPR-Cas9 HK1-sgRNA-guided homologous repair

(Figure 1A). Fluorescence-activated cell sorting (FACS)

was performed twice to purify ESCs harboring the gene

insert based on their GFP expression levels. This was fol-

lowed by single-cell isolation and expansion to achieve

clonal HK1-GFP-positive clones (Figure 1B). We success-

fully expanded nine GFP-positive hESC clones; three of

which (C1, C2, and C3) were selected for this study (Fig-

ure 1C). The three H7-HK1-GFP clones were shown to be

karyotypically normal (Figure S1). We further performed

western blot to confirm that the knockin of V5-2A-EGFP
Stem Cell Reports j Vol. 16 j 2928–2941 j December 14, 2021 2929



Figure 2. Reporter cell line reflects metabolic shift observed in maturing CMs
(A) Schematic diagram illustrating the differentiation protocol adopted to generate CMs from human embryonic stem cells. The differ-
entiated CMs were analyzed at 3 days and 3 weeks post-initial contraction.
(B) Representative flow cytometry analysis of SIRPA+ CMs derived from H7 HK1-GFP reporter. Wild-type ESCs and HK1-GFP ESCs were
used as a negative control. Percentages of SIRPA+/low- and high-GFP-expressing cells were compared between wild-type ESCs, HK1-GFP

(legend continued on next page)
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sequence was successful in all nine ESC clones (Figure 1D).

Polymerase chain reaction (PCR) genotyping also vali-

dated that the clones have the correct knockin reporter se-

quences in their genomes (Figure 1E). These results

demonstrated the accuracy and purity of the knockin

sequence V5-2A-GFP in our H7 HK1-GFP metabolic

reporter cells.

Reporter cell line reflects metabolic shift observed in

maturing CMs

To validate the utility of the reporter cell line, H7 HK1-GFP

ESCs were differentiated into CMs using an established

differentiation protocol and the differentiated CMs were

analyzed at 3 days and 3 weeks post-initial contraction (Fig-

ure 2A) (Lian et al., 2013). Firstly,wedemonstrated thatwild-

typehESCs donot expressGFP (Figure 2B). As expected, flow

cytometric analysis revealed thatmost, if not all, of theHK1-

GFPhESCs expressedhigh levels ofGFP (Figure 2B).Notably,

the number of high-GFP-expressing cells decrease as hESCs

differentiate to early fetal CMs (SIRPA+). A further reduction

from 29.8% to 15.4% of high-GFP-expressing CMs was

observed as the CMs were allowed to mature for another

3weeks (late CMs) (Figure 2B).We further validated the shift

in glycolysis by performing western blot with anti-V5-tag

antibody, which showed decreasing V5 expression as hESCs

differentiate toearlyCMs (3days) and latermature into adult

CMs (3 weeks) (Figure 2C).
ESCs, 3-day post-initial contracting HK1-GFP CMs (early) and 3-w
histogram showing shifts in GFP expression as H7 HK1-GFP-derived ce
(C) Immunoblot showing decreasing V5 expression as H7 HK1-GFP rep
Graphical quantification of HK1-V5 protein expression as H7 HK1-
experiments were repeated three times.
(D) Quantitative PCR analysis illustrated increased mRNA transcript
homeostasis genes, with decreased expression of cardiogenesis and g
GFP) compared with 3-week post-initial contraction (expressing high G
samples, while expression of each gene was normalized to b-actin.
(E) Quantitative PCR analysis illustrated increased mRNA transcript ex
meostasis genes, with decreased expression of cardiogenesis and glyc
compared with 3-day post-initial contraction (expressing high GFP) CMs
while expression of each gene was normalized to b-actin. For (D) and (E)
groups. Data information: statistical analysis was performed using Stu
(F) Western blot and densitometric analysis shows higher HK1 protein
low-GFP-expressing CM. Data are presented as mean ± SD, n = 3 indepe
was performed using students two-tailed t test. ***p < 0.001.
(G) ECAR measurements using glycolysis stress assay was performed
basal glycolysis and glycolytic capacity of (1) those expressing SIRPA
Data represent mean ± SD, n = 3 independently differentiated groups
(H) Immunostaining of low-/high-GFP-expressing CMs with MitoTrack
Mitochondrial content was measured based on mean fluorescence in
differentiated groups. Scale bars, 50 mm.
(I) Immunostaining and graphical quantification of sarcomere length
0.1664) in low-/high-GFP-expressing CMs stained with a-actinin (red
n = 25 cells from three independently differentiated groups. Scale ba
tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001.
As CM differentiation is an asynchronous event, we sus-

pected 3-week low- and high-GFP-expressing CMs represent

two distinct populations of cells with varying maturation

status. Hence, we investigated whether purified sub-popula-

tions of CMs accurately reflects the physiological matura-

tion status (fetal, high GFP; matured, low GFP) by exam-

ining genes that are important during cardiac maturation,

suchas ion channels, sarcomere, andmetabolismgenes (Uo-

saki et al., 2015; Yang et al. 2014). Flow cytometric sorting

was performed on 3-day and 3-week post-initial contracting

CMs as illustrated in Figure S2. As expected, quantitative

gene expression revealed that the FACS-sorted 3-week low-

GFP sub-group displayed elevated expression of ion channel

(KCNQ1, HCN4, KCNJ2, SCN5A, and CACNA1G) and sarco-

mere genes (MYL2,MYH6,MYL7, andMYH11), while down-

regulation of early cardiogenesis genes (NKX2.5 andMEF2C)

were observed compared with the 3-week high-GFP CMs

(Figure 2D). Consistently, 3-week low-GFP CMs displayed

higher levels of b-oxidation genes (ACADVL, PPARA, PPARG,

EHHADH, and HADHB) and lower expression of glycolytic

genes (HK1, PGK1, and PGAM1) in comparison with

3-week high-GFP CMs (Figure 2D). These aforementioned

differences in gene expressions during CM maturation

were more pronounced between the 3-week low-GFP CMs

and 3-day high-GFP CMs (Figure 2E). Accordingly, higher

HK1 protein expression (�1.7-fold) was observed in

3-week high-GFP CMs compared with the 3-week low-GFP
eek post-initial contracting HK1-GFP CMs (late). Representative
lls differentiate to CMs. The experiments were repeated three times.
orter cells differentiate into early (3 days) and late (3 weeks) CMs.
GFP reporter cells differentiate into fetal and matured CMs. The

expression of CMs, ion channel, sarcomere, b-oxidation, and lipid
lycolysis genes in 3-week post-initial contraction (expressing low
FP) CMs. Data are represented as fold-change normalized to control

pression of CMs, ion channel, sarcomere, b-oxidation, and lipid ho-
olysis genes in 3-week post-initial contraction (expressing low GFP)
. Data are represented as fold-change normalized to control samples,
, data are presented as mean± SD, n = 3 independently differentiated
dent’s two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001.
expression in 3-week high-GFP-expressing CM compared to 3-week
ndently differentiated groups. Data information: Statistical analysis

on 3-day and 3-week post-initial contracting CMs. Measurement of
+/low GFP, (2) SIRPA+/high GFP, and (3) SIRPA+ population only.
.
er (red) that stains mitochondria in live cells with Hoescht (blue).
tensity per cell. Data represent mean ± SEM, n = 3 independently

(mm) (n = 40, p = 0.0002) and myofibril width (mm) (n = 40, p =
). Nuclei were stained in blue with DAPI. Data represent mean ± SD,
rs, 50 mm. Statistical analysis was performed using Student’s two-
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CMs, verifying that GFP expression is, indeed, indicative of

HK1 expression (Figure 2F). These results validate the poten-

tial of the H7 HK1-GFP reporter cell line as a useful tool to

track the physiological status of CMs.

To further illustrate that CMs derived from the H7 HK1-

GFP reporter line can be separated into fetal or matured

CMs based on their GFP expressions, we performed a glyco-

lytic stress test on three sub-populations of FACS-sorted

CMs: (1) those expressing SIRPA+/low GFP, (2) SIRPA+/

high GFP, and (3) SIRPA+ population only. Glycolysis,

measured by extracellular acidification rate (ECAR), re-

vealed that SIRPA+/high-GFP-expressing CMs, 3-day post-

initial contraction, exhibited the greatest ECAR for basal

respiration and glycolytic capacity compared with

SIRPA+/low GFP and SIRPA+ population only (Figure 2G).

Expectedly, the ECAR profile of CMs from 3-week post-

initial contraction is much lower than CMs that are

3 days post-initial contraction, indicating that the 3-week

post-initial contracting CMs are metabolically more

matured than the 3-day post-initial contracting CMs.

Importantly, within the same time point (either 3-day or

3-week post-initial contracting CMs), the metabolic re-

porter was capable of enabling isolation of a specific popu-

lation of CMs that represents it metabolic status.

Expectedly, due to the higher bioenergetic demands of

matured CMs, live staining of mitochondria in CMs using

MitoTracker also revealed significantly higher (20%) mito-

chondrial content in low-GFP-expressing CMs compared

with high-GFP-expressing CMs, as demonstrated by mean

fluorescence intensity (p < 0.001) (Figure 2H). In addition,

low-GFP-expressing CMs were also found to have longer

sarcomere length (R50%) (p < 0.001), although a wider

myofibril width was not observed (Figure 2I). Henceforth,

the results demonstrated that low HK1-GFP CMs possess

relatively more matured bioenergetics and sarcomeric

structure compared with high HK1-GFP CMs at the same

time point.

Upregulation of interferon-signaling pathways

promotes CM maturation

To identify molecular mechanisms governing the glyco-

lytic shift that is associated with CM maturation, RNA

sequencing was performed on 3-day (fetal-like CMs ex-

pressing high GFP) and 3-week (relatively more matured

CMs expressing low GFP) post-initial contracting CMs.

Gene set enrichment analysis showed downregulation of

genes involved in glycolysis and gluconeogenesis in the

3-week post-initial contracting CMs (low GFP expressing)

compared with 3-day post-initial contracting CMs (high

GFP expressing) (Figure S3). Gene ontology and KEGG

pathway enrichment analysis revealed upregulation of

gene clusters related to interferon signaling and neutrophil

degranulation in the matured CMs (p < 0.05, FDR < 0.1)
2932 Stem Cell Reports j Vol. 16 j 2928–2941 j December 14, 2021
(Figure 3A). Conversely, genes associated with cell-cycle

checkpoints and DNA replication were downregulated

(p < 0.05, FDR < 0.1) (Figure 3B). The top 24 up- and down-

regulated transcription factors (TFs) in the aforementioned

pathways are as shown in Figure 3C. A comprehensive list

of differentially expressed genes analyzed is provided in Ta-

bles S3, S4, and S5. Next, visualization of functional enrich-

ment was achieved via Cnetplot. The results validated the

interaction of genes involved in the interferon-signaling

pathway, as shown by upregulated expression of TFs,

such as STAT1, IRF1, IRF2, IRF5, and IRF6 (Figure 3D).

Given the implications of the JAK-STAT pathway in pro-

moting proliferation and preventing premature differenti-

ation of myoblasts (Trenerry et al. 2011), this prompted

us to investigate the potential role of STAT1 during CM

maturation. We utilized IFN-g, an important regulator of

immunity and inflammation to induce activation of the

JAK-STAT pathway in PSC-derived CMs. A schematic of

the treatment process is summarized in Figure 4A. Purified

fetal CMswere isolated and treatedwith 25 ng/mLof IFN-g.

The results demonstrated upregulatedmRNA expression of

STAT1 and its downstream targets, such as interferon

response factors (IRFs) and interferon-stimulated genes in

H7- and ES03-derived CMs (Figure 4B). Consistently, a sig-

nificant increase in pSTAT1 and STAT1 protein was

observed after 1, 4, and 8 h of IFN-g treatment (Figures

4C and 4D). To assess the prolonged effects of IFN-g on

CMmaturation, we investigated the relative mRNA expres-

sion levels of IFN-g-treated CMs after 3, 7, and 10 days.

Increased mRNA expression of sarcomere genes (TNNT2,

TNNT3, cACTIN, MYH6, MYL7, and MYH7) was observed

by day 7 in H7- and ES03-derived CMs (Figures 4E and

S4A). These aforementioned differences in gene expression

between IFN-g-treated CMs and control were more pro-

nounced after 10 days of IFN-g treatment. Quantitative

PCR also revealed increased mRNA expression of ion chan-

nel genes, mainly potassium and sodium channels, such as

KCNJ2, SCN3B, and SCN5A (Figures 4F and S4B). This corre-

sponded with increased expression of b-oxidation genes

(ACADVL and EHHADH) (Figures 4G and S4C). Consis-

tently, IFN-g-treated H7-HK1-derived CMs demonstrated

increased ratio of low:high GFP expression after 3 days

(1.13-fold), 7 days (1.67-fold), and 10 days (2.76-fold), illus-

trating the lowering dependence on glycolysis as the cells

mature (Figures 4L and S5A). Western blot showed

increased expression of pSTAT1 and STAT1 in IFN-g-treated

groups, this was accompanied by increased relative expres-

sion of the MYH7:MYH6 ratio in 10-day IFN-g-treated H7-

and ES03-derived CMs compared with control (Figures 4H

and 4I). Increased expression of MYH7 was further vali-

dated by flow cytometric analysis, which revealed an

increased percentage of MYH7-positive CMs from 51.6%

(control) to 60.6% (IFN-g treated), and 28.93% (control)



Figure 3. Bulk RNA sequencing analysis
of differential expressed genes and path-
ways during CM maturation
(A and B) Gene ontology pathway enrich-
ment analysis identified (A) upregulation
and (B) downregulation of key pathways
associated with matured CMs (low GFP)
compared with fetal CMs (high GFP).
(C) Correlated clustered heatmap of a list of
top 24 transcription factors in the top 8
up-/downregulated pathways and matured
(low GFP) CMs compared with fetal CMs
(high GFP). The color intensity represents
column Z score, with red indicating high
expression and green indicating low
expression. For (A)–(C), n = 3 independently
differentiated groups, p < 0.05, FDR < 0.1.
(D) CNet plot identified the interaction of
genes involved in the interferon-signaling
pathway. The color intensity represents
fold-change.
to 32.57% (IFN-g treated) in H7-derived CMs and ES0S3-

derived CMs, respectively (Figures 4J and 4K).

To functionally characterize the effects of IFN-g treat-

ment on the CMs, 10-day post IFN-g-treated CMs were

stained with a-actinin, and parameters such as sarcomere

length and myofibril width were quantified using ImageJ

(Spletter et al., 2018). The results showed significant in-

crease in both sarcomere length (2.209–2.388 mm, p =

0.0377) and myofibril width (4.788–5.287 mm, p = 0.042)

in IFN-g-treated H7-derived CMs (Figure 5A), as well as

increased sarcomere length (1.285–1.333 mm, p = 0.0451)

and increased sarcomere width (4.877–5.048 mm, p =

0.0153) in ES03-derived CMs (Figure 5B). In addition, the
sarcomeric architecture of CMs was assessed using a

computational tool, ZlineDetection, as described byMorris

et al. (2020). CMs treated with IFN-g for 10 days were

stained with phalloidin and a-actinin, and confocal micro-

scopic images were computationally assessed to compute

the fraction of a-actinin composed of well-formed Z-lines

and the skewness of the continuous Z-line (CZL). H7-

derived CMs treated with IFN-g demonstrated increased

Z-line fraction (0.3749–0.4292, p = 0.0391) with no signif-

icant difference in skewness of CZL (Figure 5C). Similarly,

we observed a significant increase in Z-line fraction

(0.4652–0.5003, p = 0.0413) in IFN-g-treated ES03-derived

CMs compared with control. This was accompanied with
Stem Cell Reports j Vol. 16 j 2928–2941 j December 14, 2021 2933
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decreased skewness of CZL (2.09–1.915, p = 0.0406) (Fig-

ure 5D), hence suggesting relatively more aligned sarco-

meres associated with a relatively more matured state.

IFN-g-treated hESC-derived CMs exhibit functionally

more matured electrophysiology

Functional assessment of CM electrophysiology was per-

formed by knocking in GCaMP6s, a genetically encoded

calcium indicator protein (GCaMP6s), in both H7- and

ES03-derived CMs (Maddah et al., 2015; Kaestner et al.,

2014; Huebsch et al., 2015). Fetal CMs that were isolated

on day 7 of differentiation were treated with IFN-g for 3,

7, and 10 days (Figure 4A). As illustrated in Figure 6A, the

GCaMP6s reporter cell line provides high-throughput anal-

ysis of the mean calcium transient duration, calcium tran-

sient peak intensity, depolarization speed (also known as

upstroke velocity), and repolarization duration of each

contraction. Consistent with other studies, our data

showed that IFN-g-treated H7- and ES03-derived CMs

demonstrated increased calcium peak intensity and cal-

cium transient duration (Figures 6B, 6C, S6A, and S6B).

This is in accordance with earlier work by Yang et al.

(2019) that demonstrated enhanced calcium transient

peak height (intensity), and increased action potential up-

stroke velocity, during maturation of hPSC-derived CMs

(Guo and Pu 2020; Yang et al., 2019). As increased upstroke

velocity is a critical distinguishing property of matured

CMs (Jiang et al., 2018), we investigated the effect of IFN-

g treatment on the depolarization speed of CMs. The re-

sults demonstrated a significant increase in depolarization
Figure 4. Upregulation of the JAK-STAT pathway is important for
(A) Schematic diagram illustrating the differentiation protocol utiliz
investigate the effects of IFN-g treatment at various time points (3,
(B) Quantitative PCR analysis illustrated increased mRNA transcript e
H7- and ES03-derived CMs compared with the control of the respective
Data are presented as mean ± SD, n = 3 independently differentiated
Student’s two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001, ***
(C and D) Western blot shows 1–8 h IFN-g-treated hESC-derived CMs (l
pSTAT1 and STAT1. Densitometric analysis showing relative protein ex
normalization to b-actin. Data are presented as mean ± SD, n = 3 ind
(E–G) Quantitative PCR analysis illustrated increased mRNA transcrip
genes, in IFN-g-treated H7-derived CMs (clones 1 and 2) compared wit
samples, while expression of each gene was normalized to b-actin. Da
groups. Data information: statistical analysis was performed using St
(H and I) Western blot shows 10-day post IFN-g-treated (H) H7-derive
were probed with STAT1, pSTAT1, MYH7, MYH6, and GAPDH. Graphical
normalized to GAPDH. Data are presented as mean ± SD, n = 3 indepen
was performed using Student’s two-tailed t test. ***p < 0.0001.
(J and K) Flow cytometry analysis shows increased percentage of MY
ES03-derived CMs compared with control. Data are presented as mean ±
statistical analysis was performed using Student’s two-tailed t test. *
(L) Bar graph showing increased ratio of low-/high-GFP-expressing
control. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as
speed, which was coupled with delayed repolarization

duration in IFN-g-treated H7- and ES03-derived CMs

compared with control (Figures 6D, 6E, S6C, and S6D).

Representative videos showed that calcium transients

demonstrated a faster depolarization speed in IFN-g-treated

H7-derived CMs, as shown by a steeper upstroke velocity

(Videos S1 and S2).

Mechanistically, we demonstrated that IFN-g exerts its ef-

fect through the JAK/STAT pathway by treating CMs with a

JAK-STAT inhibitor, ruxolitinib. As shown in Figures 6B–6E

and S6A–S6D, IFN-g + 0.1 mM ruxolitinib treatment did not

significantly attenuate the effects of IFN-g in improving

calcium transient duration, increasing peak calcium tran-

sient intensity, as well as increased depolarization speed

and delayed repolarization duration. However, a significant

reduction in these effects was observed in the IFN-g + 1 mM

ruxolitinib-treated group (Figures 6B–6E and S6A–S6D),

suggesting that the inhibitor was capable of attenuating

the effects of IFN-g in a dose-dependentmanner, as demon-

strated in both H7- and ES03-derived CMs (Figures 6B–6E

and S6A–S6D).

To further support our findings that IFN-g promotes func-

tional maturation of hESC-derived CMs, we employed a

multielectrode array (MEA) system to investigate the cellular

electrophysiologyof IFN-g-treatedCMs.The results fromFig-

ures 7 and S7 demonstrated that IFN-g-treated CMs ex-

hibited a relatively more matured phenotype compared

with control CMs. This was shown by increased peak-to-

peak amplitude, increased upstroke velocity, and longer

RR interval (beat period) in H7-, ES03-, and G608G
CM maturation
ed to generate CMs from hESCs. The contracting CMs were used to
7, and 10 days).
xpression of STAT1, IRF1, IRF2, and ISG20 in 1–24 h IFN-g-treated
cell line. Data are represented as fold-change normalized to b-actin.
groups. Data information: statistical analysis was performed using
p < 0.0001.
eft, H7 cell line; right, ES03 cell line). Cell lysates were probed with
pression of pSTAT1 and STAT1 normalized to control samples, after
ependently differentiated groups.
t expression of (E) sarcomere, (F) ion channel, and (G) metabolic
h control. Data are represented as fold-change normalized to control
ta are presented as mean ± SD, n = 3 independently differentiated
udent’s two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001.
d CMs and (I) ES03-derived CMs compared with control. Cell lysates
representation of the ratio of MYH6:MYH7 presented as fold-change
dently differentiated groups. Data information: statistical analysis

H7-positive cells, 10-day post IFN-g treatment in (J) H7- and (K)
SEM, n = 3 independently differentiated groups. Data information:
p < 0.05, **p < 0.01, ***p < 0.001.
CMs in 10-day post IFN-g-treated H7-derived CMs compared with
mean ± SEM, n = 3 independently differentiated groups.
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Figure 5. Improved sarcomeric structure in IFN-g-treated H7- and ES03-derived CMs
(A and B) Representative image and graphical quantification of sarcomere length (mm) and myofibril width (mm) of control and 10-day
post IFN-g-treated (A) H7- and (B) ES03-derived CMs compared with control group. CMs were stained with a-actinin (green). Nuclei were
stained in blue with DAPI. H7- and ES03-derived CMs, data represent mean ± SD, n = 50–80 cells from 30 microscopic fields, 3 inde-
pendently differentiated groups. Scale bars, 50 mm.
(C and D) Representative image and graphical quantification of Z-line fraction and skewness of CZL in 10-day post IFN-g-treated (C) H7-
and (D) ES03-derived CMs compared with control group. CMs were stained with a-actinin (green) or phalloidin (red). Nuclei were stained in
blue with DAPI. H7- and ES03-derived CMs, data represent mean ± SD, n = 50–80 cells from 30 microscopic fields, 3 independently
differentiated groups. Scale bars, 10 mm. *p < 0.05.
hiPSC-derived fetalCMs (Figures 7 and S7). These finding are

in accordance with earlier studies reporting increased

conductance velocity and beat period in prolonged culture

of hiPSC-CMs (Kumar et al., 2019). In addition, as CMs
2936 Stem Cell Reports j Vol. 16 j 2928–2941 j December 14, 2021
mature, their action potentials change dramatically,

including loss of automaticity, acquiring a more negative

resting membrane potential (approximately �90 mV) (Kar-

bassi et al., 2020).Hence, the greater peak-to-peak amplitude



Figure 6. Electrophysiological assessment of calcium transients in IFN-g and ruxolitinib-treated H7-GCaMP6s-derived CMs
(A) Representative electrophysiological image of H7-GCaMP6s expressing CMs recorded 3, 7, and 10 days post IFN-g treatment.
(B)–(E) Representative data of one of the two H7-GCaMP6s clone-derived CMs that were differentiated and analyzed. Dot plot showing
mean (B) calcium transient duration (s), (C) calcium transient peak intensity (Au), (D) depolarization speed (Au/s), and (E) repolarization
duration (30th, 60th, and 90th percentiles) per cell, measured across 30 s, n = 50 cells, three independently differentiated groups, two
clones per cell line (H7). Results obtained using the ES03 cell line are presented in Figure S6. Data information: statistical analysis was
performed using Student’s two-tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7. Electrophysiological assessment of IFN-g-treated fetal CMs using a high-throughput multielectrode array system
(A) Representative extracellular field potential recordings of H7-derived CMs; control, IFN-g-treated, IFN-g + 0.1 mM ruxolitinib, and IFN-
g + 1 mM ruxolitinib-treated groups, recorded 10 days after treatment.
(B–D) Dot plot showing mean peak-to-peak (B) amplitude (pV), (C) velocity (pV/ms), and (D) RR interval of H7-derived CMs (10 days post
IFN-g treatment) measured across 5 min, n = 3 independently differentiated groups, two clones were used. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
(E–G) Dot plot showing mean peak-to-peak (E) amplitude (pV), (F) velocity (pV/ms), and (G) RR interval of ES03-derived CMs (10 days post
IFN-g treatment) measured across 5 min, n = 3 independently differentiated groups, two clones were used. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
observed in the IFN-g-treated group suggests a more drastic

change in resting membrane potential (measuring ampli-

tude between the maximum and the minimum of a Na

peak).Consistently, theaforementioned inhibitory effect ex-
2938 Stem Cell Reports j Vol. 16 j 2928–2941 j December 14, 2021
erted by ruxolitinib treatment was observed inMEA (Figures

7B–7G and S7A–S7C). In the presence of ruxolitinib (0.1 and

1 mM), the effects of IFN-g treatment was nullified in a

dose-dependent manner in both H7-, ES03-, and G608G



hiPS-derived fetalCMs (Figures7B–7GandS7A–S7C).Hence,

this demonstrated the role of the JAK-STAT pathway in regu-

lating CM maturation and electrophysiological function

through IFN-g activation.
DISCUSSION

While hPSC-CMs hold great promise in cardiac disease

modeling and cell-based therapies, the CMs differentiated

in vitro often exhibit fetal-like characteristics. The immatu-

rity of hPSC-CMs would inevitably result in poor cell-based

therapy outcomes, inaccurate disease modeling and drug

screening, thus leading to unsuccessful clinical translations.

Herein, we demonstrated the capability of a HK1-GFP

metabolic reporter to isolate CMs at different physiological

states. While glycolysis and gluconeogenesis genes were

foundtobedownregulated in3-weekpost-initial contracting

CMs comparedwith 3-day post-initial contractingCMs (Fig-

ure S2), they were, however, not ranked as the top differen-

tially expressed pathways in the RNA sequencing data.

Hence, metabolic pathways were not included in Figures

3A and 3B. This study presents a relatively straightforward

method to enhance both functional and structural matura-

tionofhESC-derivedCMsbymodulating JAK-STATsignaling

through the use of IFN-g. While neutrophil degranulation

was presented as the top differentially expressed pathway,

we chose to investigate the interferon-signaling pathway

and its potential in promoting CMmaturation as upregula-

tion of STAT1 via the JAK-STAT pathway has been reported

in cellular maturation in other systems (Heim 1999; Putz

et al., 2016). For instance, earlier studies showed that the

JAK-STAT pathway plays a key role in promoting myoblast

proliferation and preventing premature differentiation via

upregulation of genes associated to muscle maturation

(Sun et al., 2007; Trenerry et al. 2011). Furthermore, IFN-

mediated activation of the JAK-STAT pathway has also

been shown to be an important regulator of natural killer

cell, monocyte, and dendritic cell maturation (Coccia et al.,

1999; Jackson et al., 2004; Putz et al., 2016). Similarly, with

inhibitor studies, we demonstrated the significance of the

JAK-STAT pathway in enhancing maturation of CMs, as ex-

hibited through modulation of CM electrophysiological

function. Interestingly, improved calcium dynamics and

electrophysiological function was observed in IFN-g-treated

H7- and ES03-derived CMs, and these effects were reversed

by co-administrationwith a JAK/STAT inhibitor, ruxolitinib,

inparticular after 7 and10days. The inhibitory effectsof rux-

olitinib on H7- and ES03-derived CMs was not observed

3 days after treatment as it functions to modulate cytokine-

stimulated intracellular signaling by inhibiting JAK1 and

JAK2. Thus, our data suggest that the inhibitory effects by

ruxolitinib on JAK-STAT signaling may require prolonged
exposure to elicit an intracellular effect on the transcription

of STAT1 as suggested by other studies (Ostojic et al. 2012).

In our study, hESC-derived CMs treated with IFN-g

demonstrated a shift fromMYH6 toMYH7 expression (Fig-

ures 4H and 4I), increased percentage of MYH7-expressing

CMs (Figures 4J and 4K), increased sarcomere length and

width (Figures 5A and 5B), and increased Z-line fraction

(Figures 5C and 5D). In addition, a shift from high to low

HK1-GFP expression (Figure 4L and S4A)was observed, sug-

gesting a shift toward a relatively more matured metabolic

profile. Furthermore, functional studies leveraging on cal-

cium imaging demonstrated increased calcium transient

duration (Figures 6B and S6A), increased calcium peak in-

tensity (Figures 6C and S6B), faster depolarization speed

(Figures 6D and S6C), and delayed repolarization duration

(Figures 6E and S6D)when fetal CMswere treatedwith IFN-

g. Consistent with calcium imaging data, functional

maturation of PSC-derived CMs exhibited improved elec-

trophysiological profile as shown with MEA (Figures 7

and S7). Taken together, upon treatment with IFN-g, both

calcium signaling and extracellular field potential revealed

improved calcium dynamics and enhanced contractile ve-

locity, which are characteristics of relatively more matured

CMs, as reported in earlier studies (Karbassi et al., 2020; Ku-

mar et al., 2019; Pioner et al., 2019; Yang et al., 2019).

In summary, we identified a novel role of JAK-STAT

signaling in hPSC-CM maturation. We showed that IFN-g

treatment activates the JAK-STAT pathway and upregulates

STAT1 expression in hPSC-derived fetal CMs, thereby pro-

moting their structural and functional maturation. This

biochemical approach provides a robust and viable option,

with the potential of upscaling for the generation of

functionally matured hPSC-derived CMs required for

downstream translational processes.
EXPERIMENTAL PROCEDURES

Cell culture and media
The human cell lines were cultured in feeder-free conditions on

culture plates coated with Matrigel matrix (Corning, USA) diluted

in DMEM/F12 (Gibco, USA). Cells were maintained in StemMACS

iPS-Brew XF basal medium supplemented with iPS-Brew XF, 503

supplement (Miltenyi Biotec, Germany) and were maintained in

37�C under humidified atmosphere of 5% CO2. Culture medium

was changed daily. After 80%–90% confluencywas reached, hESCs

were passaged using 1 mg/mL collagenase IV (Gibco). When

setting up the hPSCs for directed differentiation, the cells were

passaged using StemPro-Accutase (Gibco) as single cells with

5 mM of Y27632 (Miltenyi Biotec).
Data and code availability
RNA sequencing data generated in this study are made available at

the Gene Expression Omnibus (GEO). The accession number for
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the raw and processed data reported in this paper is GEO:

GSE142826.
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