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SUMMARY
Phospholamban (PLN) is a key regulator that controls the function of the sarcoplasmic reticulum (SR) and is required for the regulation

of cardiac contractile function. Although PLN-deficient mice demonstrated improved cardiac function, PLN loss in humans can result

in dilated cardiomyopathy (DCM) or heart failure (HF). The CRISPR-Cas9 technology was used to create a PLN knockout human

induced pluripotent stem cell (hiPSC) line in this study. PLN deletion hiPSCs-CMs had enhanced contractility at day 30, but proceeded

to a cardiac failure phenotype at day 60, with decreased contractility, mitochondrial damage, increased ROS production, cellular en-

ergy metabolism imbalance, and poor Ca2+ handling. Furthermore, adding ranolazine to PLN knockout hiPSCs-CMs at day 60 can

partially restore Ca2+ handling disorders and cellular energy metabolism, alleviating the PLN knockout phenotype of HF, implying

that the disorder of intracellular Ca2+ transport and the imbalance of cellular energy metabolism are the primary mechanisms for

PLN deficiency pathogenesis.
INTRODUCTION

Heart failure (HF) is a clinical symptom thatmanifests itself

in the late stages of different cardiovascular illnesses and is

now themain cause of mortality from cardiovascular disor-

ders (Joseph et al., 2017;Metra and Teerlink, 2017;Murphy

et al., 2020). HF is characterized by abnormal Ca2+

handling. One of the major causes of improper calcium

therapy is faulty sarcoplasmic reticulum (SR) function

(Peana and Domeier, 2017). The cardiac sarcoplasmic/

endoplasmic reticulum (ER) Ca2+-dependent ATPase 2a

(SERCA2a) mediates calcium absorption by the SR and ini-

tiates relaxation, whereas phospholamban (PLN) is a regu-

latory phosphoprotein of SERCA2a activity (Kranias and

Hajjar, 2012).

PLN is a 52-amino acid protein that alternates between

monomeric and pentameric forms (MacLennan et al.,

1998). The binding of a PLNmonomer suppresses the activ-

ity of SERCA2a, whereas the pentamer functions as an inac-

tive reservoir that is unable to interact with SERCA2a.

Because of the essential regulatory function of SERCA2a,

PLN is amajor regulator of SR function and cardiac contrac-

tility and may be an important target for therapy in heart

disease (Asahi et al., 2003). The overexpression of PLN de-

creases myocardial SR Ca2+ uptake and lowers Ca2+ load
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and contractile characteristics (Pallikkuth et al., 2013).

PLN ablation, however, resulted in considerably improved

Ca2+ cycling and myocardial contractility (Law et al.,

2018). Furthermore, mutations in human PLN (e.g., R9C,

Arg14del) that cause SR function deficits are linked to

dilated cardiomyopathy (Cuello et al., 2021; Haghighi

et al., 2003; Medeiros et al., 2011; Schmitt et al., 2003),

and it has been reported that a naturally occurring loss-

of-function human PLN mutation (PLN null) leads to se-

vere cardiac dilation and HF (Haghighi et al., 2003).The

PLN-deficient animals, however, showed no obvious devel-

opmental or anatomical defects, but they did have

improved adulthood myocardial performance without al-

terations in heart rate and hyperdynamic cardiac function

(Lorenz and Kranias, 1997).

Human and mouse PLN-null cardiac phenotypes differ

dramatically, which may be related to intrinsic variations

in heart physiology and Ca2+-cycling processes between

mice and humans. This indicates that more precise human

cardiac models are required to investigate the pathogenic

mechanism of PLN deficiency in humans. As a result, we

used CRISPR-Cas9 gene editing technology to knock out

the PLN gene in human induced pluripotent stem cells

(hiPSCs), then generated these PLN�/� hiPSCs into cardio-

myocytes (hiPSCs-CMs) and assessed the morphological
hors.
ns.org/licenses/by/4.0/).
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and functional alterations. The researchers discovered that

PLN deletion hiPSCs-CMs had enhanced myocardial

contractility at day 30, but they proceeded to a cardiac fail-

ure phenotype at day 60. Further research indicated that

the processes causing HF include amalfunction in intracel-

lular calcium ion transport and an imbalance in cellular

energy consumption. Furthermore, adding the anti-

arrhythmia medication ranolazine to PLN knockout

hiPSCs-CMs at day 60 can partially repair cell energy meta-

bolism and calcium transport abnormalities, relieving the

PLN knockout (KO) phenotype of HF. These findings sug-

gested that ranolazine might be a promising candidate

medication for treating diseases caused by PLN dysfunc-

tion, which leads to SR function deficits.

RESULTS

Generation of homozygous PLN KO hiPSCs

An episomal vector-based CRISPR-Cas9method was used to

produce the PLN-KOhiPSC line (epiCRISPR). The guide RNA

(gRNA) was engineered to target exon two of PLN, and the

epiCRISPR containing the gRNA was electroporated into

urine-derived hiPSCs (Xie et al., 2017). Following drug

testing, the DNA of seven surviving clones was taken and

enlarged for PCR screening verification. Among these clones

was a PLN gene KO cell line with a seven-nucleotide

(CTCACTC) deletion in one allele and a four-nucleotide

(GAGG) insertion in another allele (Figure 1A), resulting in

two frameshift coding sequences and PLN gene deletion.

We also obtained the cell line of PLN heterozygote KO(+/�)

(one allele 7-bp deletion in one allele, ACTTGCT) (Fig-

ure S1F). These PLN�/� hiPSCs had a normal morphology

and karyotypes (Figure S1A). This cell line has the human

pluripotency markers TRA-1-81 and OCT4 (Figure 1B).

Furthermore, teratoma assays revealed that PLN-KO hiPSC

preserved the ability to differentiate into three germ layers

(Figure S1B).

PLN-deficient hiPSCs can differentiate into CMs

Because PLN primarily functions in the heart, PLN-KO

hiPSCs were differentiated into CMs using small-molecule-

based procedures (S1c). Immunocytochemistry revealed

typical PLN localization in wild-type (WT) hiPSC-CMs, but
Figure 1. Phospholamban (PLN) knockout (KO) does not affect t
(A) Sequence chromatograms demonstrate a homozygous PLN gene KO
allele deleted 7 nucleotides (CTCACTC) and inserted 4 nucleotides (GA
(B) Immunofluorescence staining of PLN-KO colonies for the pluripot
(C) Representative immunofluorescence images showing the intracellu
and PLN-KO hiPSC-CMs at day 30. Nuclei were counterstained with DA
(D) Western blot analysis of PLN in WT and PLN-KO hiPSC-CMs at day
(E and F) Flow cytometry analysis for TNNT2 from representative WT and
results are presented as means ± SEMs of 3 independent experiments
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not in PLN-KO hiPSC-CMs at day 30 (Figure 1C). On day

30, comparedwith theWT,westernblot (WB)data indicated

that PLN protein was not expressed in PLN-KO hiPSC-CMs

(Figure 1D). The expression of PLN protein in heterozygous

cells was 50.5% (Figure S1G). Flow cytometry was used to

assess the effectiveness of CM differentiation, and the PLN-

KO hiPSC-CMs displayed strong expression of the myocar-

dial-specific marker cardiac troponin T (cTnT) (nearly 85%)

at day 30 (Figures 1E and 1F), with no statistical difference

when compared to the WT (p = 0.79).

PLN-KO causes a decrease in myocardial contractility

CM contraction is the most critical fundamental require-

ment for maintaining heart function (Penefsky, 1994).

To assess the impact of PLN-KO on cardiac contractility,

we evaluated the contractile force of hiPSC-CMs. The

contractility amplitude of PLN-KO hiPSC-CM initially

increased compared to WT at day 30, but it decreased

with the extended cardiac cycle at day 60. The

contractility amplitude of PLN heterozygous hiPSC-CMs

increased slightly compared to WT at day 45 and started

decreasing indistinctly at day 60 (Figures 2A–2D). After

adding 500 nM isoprenaline (ISO), the contractility ampli-

tude of PLN-KO hiPSC-CMs increased significantly at day

30, but the contractility amplitude increase in PLN-KO

hiPSC-CMs with ISO began to decrease at day 45. The

contraction amplitude of PLN-KO hiPSC-CMs did not in-

crease with ISO at day 60 (Figures S2A–S2D).These find-

ings showed that PLN deficit will eventually result in an

HF phenotype in hiPSC-CMs, which was consistent with

earlier findings of severe HF caused by PLN expression dis-

orders in people.

PLN-deficient hiPSC-CMs recapitulate HF phenotypes

in vitro

HF is a process of cardiac systolic function decompensation

(Maack et al., 2019). We observe the morphological and

functional alterations of PLN-KO hiPSC-CMs at various

time points based on this. In human CMs, increased CM

size is a key characteristic of HF (Harvey and Leinwand,

2011). Using flow cytometry, we discovered that on

the 60th day, the size of PLN-KO hiPSC-CMs rose by

43.3% to WT (Figures 2E and 2F). On days 30, 45, and
he pluripotency of hiPSCs and differentiation into hiPSC-CMs
line in which 1 allele deleted 7 nucleotides (CTCACTC) and another
GG).
ency markers TRA-1-81 and OCT4. Scale bar, 25 mm.
lar protein distribution of PLN and cardiac troponin T (cTnT) in WT
PI. Scale bars, 25 mm.
15.
PLN-KO differentiation protocols before purification at day 15. The

. ns, not significant, unpaired 2-sided Student’s t test.
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Figure 2. PLN-deficient hiPSC-CMs reca-
pitulate a decrease in myocardial contrac-
tility and HF phenotypes in vitro
(A) Representative line scan images in WT,
PLN heterozygotes, and PLN-KO hiPSC-CMs
myocardial contractility at days 30, 45, and
60.
(B–D) Quantification of amplitude, time to
peak, and relaxation time in WT and PLN-KO
hiPSC-CMs (n = 12 cells per group).
(E and F) Calibration of forward scatter (FSC;
10,000 cells per sample, n = 3) showing an
increased cellular size beginning 45 days
post-cardiac differentiation in PLN-KO
hiPSC-CMs.
(G–L) Quantitative real-time-PCR analysis of
HF-related genes in WT, PLN heterozygotes,
and PLN-KO hiPSC-CMs at days 30, 45, and
60. The results are presented as means ±
SEMs of 3 independent experiments.
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not
significant, unpaired 2-sided Student’s
t test.
60, we examined key cardiac functional markers

(Gaggin and Januzzi, 2013; Magrı̀ et al., 2020; Waldmüller

et al., 2011) (ANP/BNP/MYH7/TNNT/RYR2/MYH6) in PLN-

KO hiPSC-CMs. On day 60, the expression of ANP/BNP/
MYH7 PLN-KO hiPSC-CMs increased compared toWT (Fig-

ures 2G–2I), whereas the expression ofTNNT2/RYR2/MYH6

PLN-KO hiPSC-CMs decreased (Figures 2J–2L). At day 60,

PLN-KO hiPSC-CMs displayed typical HF phenotypes,
Stem Cell Reports j Vol. 17 j 804–819 j April 12, 2022 807
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Figure 3. PLN deficiency leads to abnormal cardiac calcium transients and promotes the activation of apoptotic pathway in PLN-KO
hiPSC-CMs
(A) Representative line scan images in WT-GCaMP and PLN-KO-GCaMP hiPSC-CMs at days 30, 45, and 60.
(B–D) Quantification of peak, time to peak, and calcium decay time in WT-GCaMP and PLN-KO-GCaMP hiPSC-CMs (n = 12 cells per group).

(legend continued on next page)
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according to our findings. Consistently, major cardiac

functional assays revealed that PLN heterozygous hiPSC-

CMs showed mild phenotypical changes with a trend

similar to that of PLN-KO hiPSC-CMs, but remarkably de-

layed (Figures 2G–2L). Combined with the insignificant

change in the difference in myocardial contractility of

PLN heterozygotes compared to WT, to better discover

the role of PLN, we used the CMs of PLN-KO hiPSC-CMs

for further investigation.

PLN deficiency leads to abnormal cardiac calcium

transients in PLN-KO hiPSC-CMs

Calcium transport in CMs is one of the most essential pro-

cesses for controlling CM contraction and relaxation

(Cartwright et al., 2005). Calcium transport dysfunction

can result in serious HF. The calcium sensor green fluores-

cent calcium-modulated protein 6 fast type (GCaMP6f)

was inserted into the adeno-associated virus integration

site 1 (AAVS1) locus of PLN-KO cell lines to detect alter-

ations in calcium transients (Li et al., 2019) (Figure S1E).

On day 30, the PLN-KO hiPSC-CMs showed a substantial

increase in Ca2+ reuptake rate and Ca2+ release amplitude

when compared to WT. The Ca2+ reuptake rate and release

rate of PLN-KO hiPSC-CMs increased at day 45, whereas

the Ca2+ release amplitude began to decrease. The Ca2+

absorption rate and release amplitude of PLN-KO hiPSC-

CMs were considerably lower than those of WT, and the

calcium transport cycle was much longer at day 60 (Fig-

ures 3A–3C).Consistently, after adding 500 nM ISO, the

Ca2+ release amplitude of PLN-KO hiPSC-CMs increased

significantly at day 30, Ca2+ release amplitude of PLN-

KO hiPSC-CMs with ISO did not increase significantly at

day 60 (Figures S2E–S2H). These results suggested that

PLN-KO hiPSC-CMs showed evident calcium transport

problems.

PLN-KO activates oxidative stress and promotes the

activation of the apoptotic pathway

Because PLN is a critical regulatory factor of Ca2+ recovery

by SERCA2a in SR (Kranias and Hajjar, 2012), we found

that the control of Ca2+ in CMs is disrupted after PLN dele-

tion, leading to the HF phenotype. We also looked at

whether PLN-KO affected other key pathways in hiPSC-

CM. We performed a global transcriptome analysis

comparing PLN-KO andWT human CMs to establish these

pathways at day 60. As PLNwas deleted, 821 genes were up-

regulated and 2,172 genes were downregulated when
(E) Gene clustering by Z score using Euclidean distance metric in WT a
calculated by PLN-KO over control. p < 0.05, q < 0.25, FC R 1.
(F) Immunoblot analysis of AKT apoptotic pathway signaling (cl-RAPR
PLN-KO hiPSC-CMs at day 60. Results are presented as means ± SEMs
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant, unpaired 2-
compared to controls (Figure 3E). The results of gene set

enrichment analysis (GSEA) revealed that pathways regu-

lating mitochondrial function, cellular proliferation, and

cardiac muscle contraction, among others, were signifi-

cantly enriched and downregulatedwith PLNdeletion (Fig-

ure S3C), whereas oxidative stress and apoptosis were

significantly increased in DCM.

Reactive oxygen species (ROS)-induced myocardial

apoptosis is an important physiological mechanism that

leads to HF (Zhang et al., 2012). The expression of ROS, B

cell lymphoma-2 (BCL-2)-associated X protein (BAX), and

BCL-2 in myocardial cells was examined next to determine

the amount of myocardial cell damage following PLN-KO

hiPSC-CMs. Flow cytometry was used to initially assess

changes in cellular ROS levels. On day 30 and day 45, there

was no significant change in PLN-KO hiPSC-CMs ROS,

whereas PLN-KO hiPSC-CMs ROS increased considerably

on day 60. (Figures 4A and 4B). Phosphatidylinositol 3-ki-

nase (PI3K) activation increases AKT phosphorylation (p-

AKT) and activates downstream signaling. It is essential

for the circulatory system,myocardial apoptosis, andmeta-

bolism (Cantoni et al., 2012; Siman et al., 2015; Yang et al.,

2019). The expression levels of p-AKT/BAX/cl-caspase3/cl-

PARP (poly(ADP-ribose) polymerase) were enhanced in

the PLN-KO hiPSC-CMs group (p < 0.05) as measured by

AKT/p-AKT/caspase3 pathway WB analysis on day 60 (Fig-

ures 3F and S3). The PLN-KO hiPSC-CMs group had sub-

stantially reduced BCL-2 expression (p < 0.05). These find-

ings clearly suggested that PLN, in addition to being

necessary for appropriate calcium handling via the control

of SERCA2a expression and activity, has a larger role in CM

function. PLN-KOmay produce oxidative stress in cells, re-

sulting in myocardial apoptosis.
PLN-deficient CMs develop mitochondrial

dysfunction

Mitochondria are the most essential organelles for sus-

taining CM energy metabolism, and Ca2+ excess damage

can cause mitochondrial malfunction, which will trigger

numerous, particularly oxidative, stress damages (Kumar

et al., 2019; Santulli et al., 2015). Previous findings from

this work show that Ca2+ transport disruption and oxida-

tive stress damage emerge after PLN deletion; therefore,

alterations in mitochondria after PLN-KO must be inves-

tigated. As a result, the number of ND1, ND2, and house-

keeping ACTB in PLN-KO hiPSC-CMs was measured by

comparing the number of ND1, ND2, and housekeeping
nd PLN-KO samples at day 60. Gene expression fold change (FC) was

, AKT, phosphorylated AKT,BCL-2,cl-caspase3, and BAX) in WT and
of 3 independent experiments.
sided Student’s t test.
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ACTB at 30, 45, and 60 days. The expression of mito-

chondrial ND1/ND2 increased in PLN-KO hiPSC-

CMs on day 30 but decreased on day 60 (Figures 4G

and 4H).

To further understand the impact of PLN loss on meta-

bolism, flow cytometry was used tomeasuremitochondrial

content, total cellular ROS, andmitochondrial-specific ROS

on days 30, 45, and 60 (Figures 4C–4F). On day 30, mito-

chondrial content increased compared to WT, while mito-

chondrial SOX remained the same. MitoTracker levels

began to fall after day 45, whereas mitochondrial SOX

levels continued to rise. MitoTracker dropped substantially

at day 60, but mitochondrial SOX rose dramatically. These

findings revealed that following PLN-knockdown, early

mitochondrial function was hyperactive, and Ca2+ trans-

port began to develop abnormalities over time, leading to

increased mitochondrial damage and reduced mitochon-

drial content.

PLN-KO induced energy metabolism disorders

CM contraction and relaxation is an active, energy-

consuming activity (Fink et al., 2017). Previous Gene

Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-

nomes pathway (KEGG) enrichment analyses have shown

a reduction in mitochondrial functioning and number,

but the characteristics of energy metabolism remain un-

clear. PPARA, PPARGC1A, and PPARGC1B (Figures 5D–

5F), which are involved in the fatty acid oxidation of

PLN-KO hiPSC-CMs, began to decline at day 30, while

genes involved in glucose utilization, such as GNPNAT1,

PGM3, and GFPT1, were upregulated (Figures 5A–5C),

indicating that energy metabolism disorders began to

occur. The glucose metabolism and levels of indicators

related to the fatty acid metabolism of PLN-KO hiPSC-

CMs had considerably reduced by day 60. Basal oxygen

consumption rates (OCRs), capacity for maximum cellular

respiration, and ATP level (Figures 5G–5J, S5A, and S5B)

rose fast in the PLN-KO hiPSC-CMs at day 30 but declined

at day 60 in the WT. All of these findings indicate that the

energy metabolism of PLN-KO hiPSC-CMs is extremely

low and that the energy metabolism is clearly

dysfunctional.
Figure 4. PLN-deficient hiPSC-CMs develop mitochondrial dysfun
(A and B) Quantification of Cell ROS Red intensity obtained by flow cyt
in PLN-KO hiPSC-CMs at days 30, 45, and 60 as compared with WT hiP
(C and D) Quantification of MitoTracker Red intensity obtained by
intensity in PLN-KO hiPSC-CMs at days 30, 45, and 60 as compared w
(E and F) Quantification of MitoSOX Red intensity obtained by flow cyt
in PLN-KO hiPSC-CMs at days 30, 45, and 60 as compared with WT hiP
(G and H) qPCR analysis of mitochondrial DNA (ND1 and ND2) to nu
entiation (n = 3, 10,000 cells per sample). The results are presented
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant, unpaired 2-
Improvement in energy metabolism and calcium

transport disorders by ranolazine can rescue the HF

phenotype of PLN-KO hiPSC-CMs

Ranolazine is a well-tolerated medication that selectively

inhibits the late sodium current (Cattaneo et al., 2015),

which acts as an enhancer of the outward mode of the so-

dium-calcium exchanger (NCX) by blocking late sodium

currents; thus, it indirectly promotes Ca2+ efflux, while be-

ing a type of fatty acid oxidation inhibition. It has benefi-

cial metabolic properties and has no effect on heart rate

or blood pressure (Coppini et al., 2013). In PLN-KO

hiPSC-CMs, energy metabolism and calcium transport ab-

normalities are identified, which are one of the pathways

leading to mitochondrial damage, cellular ROS, and death.

Based on this, we treated PLN-KO hiPSC-CMs with ranola-

zine to determine whether it improved the HF phenotype.

We discovered that after continuously treating PLN-KO

hiPSC-CMs with a therapeutic dose of ranolazine (1 mm)

for 5 days, the Ca2+ transient abnormality was considerably

decreased, and the maximal Ca2+ amplitude was increased

from day 30 (Figures 6A–6D and S4). After ranolazine ther-

apy, the contractility amplitude of PLN-KO hiPSC-CMs

recovered to approximately 75% of the WT level (Figures

6E–6H). We also accessed the effects of ranolazine on PLN

heterozygous hiPSC-CMs. The chronic administration of

b-adrenergic agonists, such as isoproterenol (Wang et al.,

2014), has been shown to aggravate hypertrophic cardio-

myopathy (HCM) and induceHF inHCMmodels of disease

(Frey et al., 2004). When treated with 1 mM ISO for 1 week,

the calcium release amplitudes increased inWThiPSC-CMs

and significantly decreased in PLN heterozygous hiPSC-

CMs(+/�) at day 60 (Figures S6A–S6D). After a therapeutic

dose of ranolazine (1 mm) for 5 days, the maximal Ca2+

amplitude of PLN heterozygous hiPSC-CM added with

ISO was partially recovered (Figures S6E–S6J).

At the same time, energy metabolism is significantly

restored, glucose metabolism and fatty acid metabolism

are significantly improved at day 60 (Figures S5E–S5J), the

basal and maximum respiration of PLN-KO hiPSC-CMs

are significantly improved from day 30 (Figures 7J and

S5A––S5D), and the ATP level of PLN-KO hiPSC-CMs is

significantly restored (Figure 7G). Flow cytometry findings
ction and cells activate oxidative stress
ometry demonstrates a significantly reduced fluorescence intensity
SC-CMs (n = 12, 10,000 cells per sample).
flow cytometry demonstrates a significantly reduced fluorescence
ith WT hiPSC-CMs (n = 12).
ometry demonstrates a significantly reduced fluorescence intensity
SC-CMs (n = 12).
clear DNA (b-actin) ratio at days 30, 45, and 60 of cardiac differ-
as means ± SEMs of 3 independent experiments.
sided Student’s t test.
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showed that mitochondrial MitoTracker recovered consid-

erably to WT levels (Figures 7A and 7D), whereas

mitochondrial SOX (Figures 7B and 7E) and cellular ROS

(Figures 7C and 7F) were dramatically decreased. The

qPCR findings showed that the ANP/BNP/RYR2/TNNT2

levels of the ranolazine treatment group fell substantially

(Figure 7I). The findings suggest that ranolazine therapy

can ameliorate the HF phenotype of PLN-KO hiPSC-CMs.

The WB and qPCR results following ranolazine therapy

(Figures 7H and S3B) demonstrated that ranolazine admin-

istration increased AKT phosphorylation, as shown by a

substantial increase in the p-AKT level. We also discovered

that BAX expression reduced in PLN-KO hiPSC-CMs and

BCL-2 expression rose. AKT is a downstream kinase that

is controlled by PI3K, and an elevated p-AKT:AKT ratio in-

dicates that the PI3K-AKT pathway is active, perhaps boost-

ing the recruitment of myocardial protective factors. These

findings demonstrated that ranolazine can ameliorate the

HF phenotype of the PLN-KO hiPSC-CMs.
DISCUSSION

A PLN-KO hiPSC-CMs model was created in this study,

which has the potential to be exploited in the research of

PLN-related illnesses. Previous research on the PLN gene

has primarily focused on animal models; however, the con-

clusions based on animal models contradict the findings of

PLN-related research in humans. In fact, an article in 2003

reported that two patients with homozygous mutation of

the PLN 39th amino acid mutation as stop codon under-

went heart transplantation at the ages of 16 and 27, respec-

tively, due to severe cardiac dilation andHF (Haghighi et al.,

2003). The authors found that the expression of PLNmRNA

decreased by 50% in one of the recipient hearts, and the

expression of PLN protein was not detected. These two pa-

tients may be considered to be PLN null cases, which is

similar to the PLN-KO hiPSCmodel of our study. Our study

looked at the functional changes and processes that

occurred following PLN deletion in hiPSC-CMs. Early in

the PLN-KOmicemodel, SRCa2+ uptake increased consider-
Figure 6. Ranolazine recovered calcium transport disorders and m
(A) Representative line scan images in WT-GCaMP, PLN KO-GCaMP, WT
day 60.
(B–D) Quantification of peak, time to peak, and calcium decay time in
ranolazine hiPSC-CMs at day 60 (n = 12 cells per group).
(E) Representative line scan images in WT-GCaMP, PLN-KO-GCaMP, WT
contractility at day 60.
(F–H) Quantification of amplitude, time to peak, and relaxation time in
day 60 (n = 12 cells per group). The results are presented as means ±
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant, unpaired 2-sid
(LSD) test were used to compare the parameters between groups.
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ably, accompanied by enhanced contractility ofCMs,which

is consistent with the rise in contractility of the PLN-KO an-

imal model. The contractility of PLN-KO hiPSC-CM, how-

ever, diminished with time and finally acquired HF traits.

On day 45, PLN-KO hiPSC-CMs showed a decrease in Ca2+

transport capacity, which was earlier than the start of the

HF phenotype, suggesting that Ca2+ transport impairment

is one of the causes of HF following PLN-KO. Interestingly,

we observed that ISO reduced decay time for the PLN-KO

CM fromday 30. This is not expected since PLN is themajor

contributor to the ISO-mediated increase in SR Ca2+ reup-

take. It has been well documented that the iPSC-CMs are

immature. In addition to the PLN-SERCA2a pathway, extra-

cellular calcium can be transient through the T-type calcium

channel on cell membranes (Karakikes et al., 2015). ISO can

enhance the activity of the T-type calcium channel and

reduce the disorder of calcium transient (Li et al., 2018).

Numerous investigations have revealed that energy meta-

bolismdisorders are one of the key causes ofHF (Taegtmeyer

and Dietze, 1999). The normal state of cardiac cells is domi-

nated by fatty acidmetabolism,whereas energymetabolism

problems result from mitochondrial dysfunction (Leung,

2004). The number ofmitochondria increased andATP syn-

thesis increased but fatty acid metabolism decreased at the

early stage of PLN-KO hiPSC-CMs (day 30), indicating that

the enhancement of ATP synthesis consumed to maintain

myocardial contractile and calcium transport was based

on enhanced glycolysis of anaerobicmetabolism inmyocar-

dial cells. Meanwhile, the energy metabolism function of

the PLN-KO myocardial cells was defective. With the

continued increase in metabolic diseases, the supply of

ATP cannot keep up with the rising demand for calcium

transport. On day 45, glycolysis, ATP generation, and cal-

cium transport performance all began to deteriorate, result-

ing in mitochondrial damage and an increase in cellular

ROS. Mitochondrial damage and cellular ROS generation

exacerbated cell energymetabolism problems and improper

calcium transport. Ca2+ transport levels fell considerably at

day 60, as shown in the present study, as did the number

ofmitochondria and ATP levels, resulting in a negative feed-

back cycle of calcium transport failure and mitochondrial
yocardial contractility in PLN-KO hiPSC-CMs at day 60
-GCaMP + ranolazine, and PLN-KO-GCaMP + ranolazine hiPSC-CMs at

WT-GCaMP, PLN KO-GCaMP, WT + ranolazine, and PLN-KO-GCaMP +

+ ranolazine, and PLN-KO-GCaMP + ranolazine hiPSC-CM myocardial

WT, PLN-KO,WT + ranolazine, and PLN-KO + ranolazine hiPSC-CMs at
SEMs of 3 independent experiments.
ed Student’s t test. One-way ANOVA and least significant difference
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Figure 7. Ranolazine recovered mito-
chondrial dysfunction and cells activate
oxidative stress in PLN-KO hiPSC-CMs at
day 60
(A and D) Quantification of MitoTracker Red
intensity obtained by flow cytometry fluo-
rescence intensity in WT, PLN-KO, WT + ra-
nolazine, and PLN-KO + ranolazine hiPSC-
CMs at day 60 (n = 12).
(B and E) Quantification of MitoSOX Red
intensity obtained by flow cytometry fluo-
rescence intensity in WT, PLN-KO, WT + ra-
nolazine, and PLN-KO + ranolazine hiPSC-
CMs at day 60 (n = 12).
(C and F) Quantification of Cell ROS Red in-
tensity obtained by flow cytometry fluores-
cence intensity in WT, PLN-KO, WT + rano-
lazine, and PLN-KO + ranolazine hiPSC-CMs
at day 60 (n = 12) .
(G) The ATP level in WT, PLN-KO and PLN-
KO + ranolazine hiPSC-CMs at day 60 (n = 9).
(H) Immunoblot analysis of AKT apoptotic
pathway signaling (cl-RAPR, AKT, phos-
phorylated AKT, BCL-2, cl-caspase3, and
BAX) in WT, PLN-KO, and PLN-KO + ranola-
zine hiPSC-CMs at day 60.
(I) Quantitative real-time-PCR analysis of
HF-related genes in WT, PLN-KO, and PLN-
KO + ranolazine hiPSC-CMs at day 60.
(J) Assessment of OCR in WT, PLN-KO, WT +
ranolazine, and PLN-KO + ranolazine hiPSC-
CMs at day 60 (n = 9). The results are pre-
sented as means ± SEMs of 3 independent
experiments.
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not
significant, unpaired 2-sided Student’s t
test. One-way ANOVA and LSD test were used
to compare the parameters between groups.
damage. WB data reveal that at day 60, the total quantity of

AKT in PLN-KOhiPSC-CMs did not differ substantially from

the WT, but the phosphorylation level of ATK in PLN-KO

hiPSC-CMs dropped, inhibiting the level of downstream

BCL-2. Simultaneously, the expression of BAX was substan-
tially elevated, triggering caspase3/PARP pathway-depen-

dent apoptosis. These modifications account for the devel-

opment of HF phenotypes in PLN-KO hiPSC-CMs.

Ranolazine has recently been found to be effective in

enhancing myocardial diastolic function and treating
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Name Forward sequence (50–30) Reverse sequence (50–30)

PLN CTGAGGATAGGTTACATAGATG AGGTTGTAGCAGAACTTCA
diastolic HF (Wang et al., 2019). The fundamental mecha-

nisms of action, however, remain unknown. In this study,

it was discovered that by adding ranolazine to PLN-KO

hiPSC-CMswith anHF phenotype, the glucosemetabolism

level was restored, Ca2+ transport was restored, mitochon-

drial damage and the number of mitochondria were

restored, the level of ROS was decreased, and the pheno-

type of HF was recovered.

As a late sodium current inhibitor, ranolazine can

discharge calcium in the cytoplasm outside the cell via

NCX channels on the cell membrane, decreasing mito-

chondrial and cellular ROS damage caused by Ca2+ excess

in the cytoplasm, and resulting in a partially corrected cal-

cium metabolism imbalance (Rayner-Hartley and Sedlak,

2016). Cardiovascular metabolism, however, uses oxygen

to oxidize fatty acids or glucose to create energy. Under

normal physiological circumstances, CMs increase oxida-

tion capacity mostly through the utilization of fatty acids

rather than glucose (Fosslien, 2003). Ranolazine, as a

pFOX (partial fatty acid oxidase) inhibitor, can reduce fatty

acid oxidation, enhance glucose oxidation efficiency, and

boost ATP synthesis efficiency in CMs (Sabbah et al.,

2002) under anoxic conditions, providing a certain energy

foundation for repairing SR Ca2+ transport barriers. In this

study, PLN-KO hiPSC-CMs showed a decrease in both fatty

acid and glucose metabolism, a significant decrease in the

production of ATP, and obvious defects in calcium transient

at day 60. After adding ranolazine, glycolysis oxidation of

PNL-KO hiPSC-CMs increased at day 60; we also found

that ranolazine can reduce the calcium overload (Mos-

queira et al., 2018) and then reduce themitochondrial dam-

age. Due to the sufficient supply of oxygen content in this

experiment, our results suggest that after using ranolazine,

the oxygen consumption rate of WT cells did not change

significantly, while the basic OCR and maximum OCR of

PLN-KO CMs recovered at day 60. At the same time, the

marker of fatty acid metabolism rebounded, indicating

that it did not significantly inhibit fatty acid oxidation.

These results show that both fatty acid andglycolysis oxida-

tion of PLN-KO hiPSC-CMs can recover to normal levels by

ranolazine treatment, which partially rescues the pheno-

type of PLN-KO hiPSC-CMs. This study also found that in

the HF phenotypes produced by PLN-KO, AKT phosphory-

lation reduced, leading to the activation of the apoptotic

protein caspase3/RAPR pathway and, as a result, apparent

apoptosis. It can suppress the production of the apoptotic

protein caspase3/PARP after ranolazine therapy by

increasing the phosphorylation of AKT, therefore

decreasing cell death. We speculated that ranolazine may

rescue the phenotype by alleviating the calcium overload.

By reducing thedamage tomitochondria causedby calcium

overload, the function of mitochondria was restored

partially, the fatty acid oxidation of PLN-KO hiPSC-CMs
816 Stem Cell Reports j Vol. 17 j 804–819 j April 12, 2022
was improved, and the level of PLN-KO hiPSC-CMs cells

metabolism was restored to the level of WT.

In conclusion, our work found that PLN deficiency can

result in HF phenotypes in PLN-KO hiPSC-CMs. One prob-

able explanation is that calcium transport dysfunction in

PLN-KO hiPSC-CMs causes energy metabolism dysfunc-

tion, mitochondrial damage, and cell death. Simulta-

neously, this study used a pharmacological approach to

repair theHF phenotypes induced by PLNdeficiency. Rano-

lazine can enhance calcium transport and energy meta-

bolism, giving researchers a new target and scientific

foundation for treating HF caused by PLN insufficiency.
EXPERIMENTAL PROCEDURES

Cell culture
This study was approved by the Ethics Committee of Anzhen Hos-

pital, Capital Medical University. Human induced pluripotent

stem cell (hiPSC) lines were cultured on feeder-freeMatrigel (Corn-

ing, USA) in E8 medium (Cellapy, China) under a humidified 5%

CO2 atmosphere at 37�C. To the medium, 0.5 mM of EDTA (Hy-

Clone, USA) was added for cell passage when the cell confluency

reached 70%–80%.
In vitro CM differentiation and purification
A chemically defined molecular-based method was used for CM

differentiation (Burridge et al., 2014). Spontaneous contracting

could be observed 7–8 days after differentiation. Then, the CMs

were purified by using a metabolic-selection method using the pu-

rification medium composed of RPMI 1640 without glucose,

213 mg/mL of L-ascorbic acid 2-phosphate, 500 mg/mL of Oryza

sativa-derived recombinant human albumin, and 5mM of sodium

DL-lactate (Sigma, USA).
Genome editing
The sgRNA targeting for exon 2 of PLN (TTCTTATAGCTGAGC-

GAGTG) was designed by the CRISPR design tool (http://crispr.

mit.edu/). The gRNA was cloned into an epiCRISPR-Cas9 vector.

We dissociated 1 3 105 hiPSC 0.5 mmol/L EDTA, to which 5 mg

of the plasmid was electrotransferred into cells using the 4D nu-

cleus effector system (Lonza, Germany). The cells were then seeded

onto 6-well plates coated with Matrigel and cultured in the E8 me-

dium. After drug screening, the remaining colonies were trans-

ferred into a 48-well plate and investigated by DNA sequencing

primer sequences of PLN listed in table below.
The generation of hiPSC-GCaMP and PLN�/�-GCaMP is as follows:

2.5 mg AAVS1_sgRNA plasmid (Addgene, #100554, USA) and 2.5 mg

http://crispr.mit.edu/
http://crispr.mit.edu/


pAAVS1-PC-GCaMP6f plasmid (Addgene, #73503) were electropo-

rated together into hiPSC and PLN�/� hiPSCs. Themethods for pu-

romycin screening (S1D), selection, and identificationof clones are

as described above (Li et al., 2019).

Immunostaining and imaging analyses
The cells were fixed in 4% paraformaldehyde (PFA), permeabilized

in 0.5% Triton X-100 (Sigma, USA) for 15 min, and blocked with

3% BSA (Sigma) at room temperature for 30 min. Later, the cells

were incubated with the primary antibody overnight at 4�C and

incubatedwith a secondary antibody at 37�C for 1 h. After washing

3 times with PBS for 5min each, the cells were counterstainedwith

300 nM DAPI (Invitrogen, USA) for 5 min (antibodies listed in Ta-

ble S2). The samples were then imaged using the Leica DMI 4000B

confocal microscope (Leica, Germany).

Flow cytometry
The cells were digested with 0.5 mM EDTA. The single-cell suspen-

sion was blocked with 3% BSA and incubated with the primary

antibody for 30 min. After washing 3 times with PBS, the cells

were incubated with the secondary antibody for 30 min.

For the quantification of mitochondria and ROS, dissociated

hiPSC-CMs were stained with 50 nM of MitoTracker Red (C1049B;

Beyotime, China), 10 mM Cell ROS Red (C10491; Invitrogen), and

2.5 mMofMitoSOX Red (M36008; Invitrogen). Live cells were incu-

bated with these dyes (made in RPMI 1640; Corning) for 20 min at

37�C and under a 5% CO2 atmosphere. The samples were analyzed

by fluorescence-activated cell sorting (FACS) analysis (BD Biosci-

ences, USA). The results were analyzed by using FlowJo X software.

Ca2+ imaging
PLN-KO-GCaMP hiPSC-CMs were seeded onto confocal dishes.

Intracellular calcium flow was imaged at 403 by confocal micro-

scopy (tcs5 SP5; Leica). Spontaneous Ca2+ transients were collected

at a sampling rate of 1 ms/line using a line scan mode at 37�C and

under a 5% CO2 atmosphere. The results were analyzed by using

ImageJ and Igor.

The transcript expression experiment (RNA

sequencing [RNA-seq])
The qualified library was sequenced using bgiseq platform (project

no. f20ftsccwlj6851_howkse). Gene differential expression anal-

ysis was performed using deseq2. The screening of differential

genes is based mainly on the differential multiple (fold change

value) and q value (p adjusted value, corrected p value). The

screening criteria of significantly different genes were |log2 fold

change|R1 and q < 0.05. All of the differential genes were analyzed

by hierarchical cluster analysis using R-package, and the heatmap

was drawn. The differential genes were counted by GO, and the

significantly enriched GO items were found according to the stan-

dard of q < 0.05.

RNA extraction and quantitative real-time PCR
The cells (2 3 105) were extracted with TRIzol (Life Technologies,

USA) and DNase I (Life Technologies) to eliminate DNA contami-

nation. Then, 1 mg RNA was reverse transcribed into cDNAs using
the PrimeScript Reverse Transcription System (Takara, Japan). The

program of quantitative real-time-PCR was performed on Icycler

iQ5 (Bio-Rad, USA) using the 23 SYBR Master Mix (Takara, Japan).

The primers sequences used are listed in Table S1.
WB
The cells were digested and centrifuged, and then the cells were re-

suspended using a protein extraction reagent (Thermo Fisher,

#78501, USA) added with a phosphatase inhibitor mixture

(Thermo Fisher, #1862495). The samples were incubated on ice

for 30 min, shaken every 10 min, and then centrifuged at

12,000 rpm for 15 min. The BCA method was used to measure

the protein concentration. The same amount of protein was

resolved by gel electrophoresis and then transferred onto the poly-

vinylidene fluoride (PVDF) membrane. The membrane was

blocked with 5% skim milk powder at 37�C for 1 h and then incu-

batedwith the primary and secondary antibodies listed in Table S2.
Detection of myocardial contractility
CMswere seeded into a 6-well culture plate pre-coated withmatrix

glue. Videos were captured under the Leica DMI 4000B. The video

of the beating of myocardial cells was filmed for 3–5 s, saved in the

original .czi format, and then converted to an uncompressed .avi

format (70 frames per second [fps]). A special plug-in (MUSCLE-

MOTION) for video analysis was installed in ImageJ, and the re-

sults were analyzed and stored (Fosslien, 2003; Grune et al., 2019).
Detection of ATP content in cells
Lysate (200 mL) was added into each well of the 6-well plate to lyse

the cells. After lysis, the cells were centrifuged at 12,0003 g/4�C for

5 min, and the supernatant was collected. Next, 100 mL of the ATP

working solution was added into the 96-well culture plate at room

temperature for 3–5 min. Two seconds after adding 20 mL of the

sample or prototype, the relative light unit (RLU) value was

measured by a luminometer or liquid scintillation meter to detect

the ATP content in cells. The concentration of ATP in the sample

was calculated according to the standard curve.
Data analysis and statistics
Data represent the mean ± standard error of the mean (SEM). Sta-

tistical significance was evaluated by a Student’s t test and

ANOVA was used for the comparison of multiple effects. p < 0.05

was considered to be statistically significant.
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