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SUMMARY
Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are a powerful platform for biomedical research. However,

they are immature, which is a barrier to modeling adult-onset cardiovascular disease. Here, we sought to develop a simple method

that could drive cultured hiPSC-CMs toward maturity across a number of phenotypes, with the aim of utilizing mature hiPSC-CMs to

model human cardiovascular disease. hiPSC-CMswere cultured in fatty acid-basedmedium and plated onmicropatterned surfaces. These

cells display many characteristics of adult human cardiomyocytes, including elongated cell morphology, sarcomeric maturity, and

increased myofibril contractile force. In addition, mature hiPSC-CMs develop pathological hypertrophy, with associatedmyofibril relax-

ation defects, in response to either a pro-hypertrophic agent or genetic mutations. The more mature hiPSC-CMs produced by these

methods could serve as a useful in vitro platform for characterizing cardiovascular disease.
INTRODUCTION

Human induced pluripotent stem cell-derived cardiomyo-

cytes (hiPSC-CMs) represent a powerful tool to study cardio-

vascular physiology and disease, offering several unique

benefits. Significant differences exist between the hearts of

humans and those of the small animals most often used

for modeling cardiovascular disease, including heart rate,

cell size, multinucleation frequency, and myosin heavy

chain expression (Mills and Hudson, 2019). Therefore, the

capability to study cardiovascular disease in a human cell

system is critical. hiPSC-CMs offer several additional bene-

fits, including scalability, generation of patient-specific

cells, and rapid creation of knockout or transgenic lines

via gene editing. However, hiPSC-CMs also have a signifi-

cant drawback: they are functionally immature, typically

resembling fetal or neonatal cardiomyocytes in terms of

cell size and morphology, gene expression, myofibril

contractility, and metabolic activity (Mills and Hudson,

2019; Pioner et al., 2016; Tan and Ye, 2018). Although

certain forms of cardiovascular disease do affect infants, it

ismost commonlyanadult disease. The functional immatu-

rity of hiPSC-CMs is thus a barrier tomodeling and studying
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most forms of cardiovascular disease. Improving hiPSC-CM

maturity is a topic of acute interest, with numerous studies

reporting a plethora of methods to achieve this aim,

including, for example, prolonged culture (Kamakura

et al., 2013), utilization of fatty acid medium (Correia

et al., 2017), culturing on nanopatterned surfaces (Carson

et al., 2016), engineered heart tissue (EHT) (Weinberger

et al., 2017), electromechanical EHT stimulation (Ronald-

son-Bouchard et al., 2018), and 3D microtissues composed

of multiple types of cells (Giacomelli et al., 2020).

Here, we sought to develop a method to produce struc-

turally and functionally mature hiPSC-CMs that requires

little specialized equipment and can be scaled up easily.

To this end, we combined and optimized existing ap-

proaches to induce hiPSC-CM maturation. First, we at-

tempted to facilitate metabolic maturation by culturing

cells in medium where fatty acids represent the

primary energy source. In addition, cells were plated onmi-

cropatterned surfaces designed to promote elongation and

anisotropy. hiPSC-CMs were maintained in standard

glucose-based medium (RPMI 1640, GLUC), with matura-

tion medium (MM), on patterned surfaces in standard me-

dium, (GLPAT), or with maturation medium and
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patterning (MPAT). Compared with GLUC, both MM and,

especially, MPAT hiPSC-CMs displayed a number

of structural and functional improvements indicative of

maturation, including increased expression of fatty acid-

oxidizing genes, sarcomeric organization, and increased

myofibril force generation. GLPAT cells displayed only

modest improvements. In addition, MPAT cells displayed

a robust, reversible response to the hypertrophic agonist

phenylephrine (PE), which was not observed in GLUC

cells. hiPSC-CMs derived from patients with Danon disease

cultured in MPAT also displayed a robust, spontaneous hy-

pertrophic response. Finally, expression of hypoxia-induc-

ible factor 1a (HIF1A) was suppressed in MPAT-cultured

cells, and restoration of its expression induced significant

cellular hypertrophy. Our results indicate that the combi-

natorial approach employed in MPAT culture produces

hiPSC-CMs that demonstrate both adult-like myofibril me-

chanics and an adult-like hypertrophic response, which

will facilitate further study of adult cardiovascular disease

with hiPSC-CMs.
RESULTS

MPAT Improves Both hiPSC-CM Morphology and

Sarcomeric Organization

To investigate whether hiPSC-CMs could be shifted toward

more adult-likemorphology and behavior, a combinatorial

approachwas employed (Figure S1A). First, instead of using

medium where glucose is the main energy source (GLUC),

our cells were cultured in medium where glucose was

substituted with a combination of galactose, oleic acid,

and palmitic acid (MM), which improved cellular

morphology, contractility, ATP content, and metabolic

behavior in previous studies (Correia et al., 2017; Hu

et al., 2018). Although both GLUC and MM each contain

the B-27 supplement, which contains fatty acids, the total

fatty acid content in MM is �150 mM versus �144 nM in

GLUC (Brewer and Cotman, 1989). As an additional step

to improve hiPSC-CM maturity, MM-cultured hiPSC-CMs

were plated onto plastic coverslips that had beenmicropat-

terned with grooves via 20-mm lapping paper, to induce cell

elongation and anisotropic alignment (MPAT). As an addi-

tional control, we also plated cells onto patterned surfaces

but continued to culture them in GLUC medium (GLPAT).

When plated onto patterned surfaces, hiPSC-CMs dis-

played coordinated uniaxial contraction along the direc-

tion of patterning, which was not observed under other

conditions (Videos S1, S2, S3, and S4).

We then assessed whether either patterning or MM

induced changes in cellularmorphology or sarcomere orga-

nization by immunofluorescence microscopy. Cells

cultured under each condition expressed the sarcomeric
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proteins cardiac troponin I, a-actinin, ventricular myosin

light chain 2 (MLC-2V), and myosin-binding protein C3

(Figure 1A). In MM and MPAT cells, sarcomeres showed

greater levels of organization, with Z lines oriented perpen-

dicular to the long axis of the cells, whereas in GLUC, sar-

comeres wrapped around the cells in a circular fashion or

were oriented chaotically throughout the cytosol. GLPAT-

cultured cells showed some degree of alignment, but with

a relatively round morphology. To assess differences in

cell morphology quantitatively, we measured cell area

and circularity. Cells cultured with MM or MPAT were

approximately 30% smaller than cells cultured in GLUC,

consistent with previous reports (Correia et al., 2017) (Fig-

ures 1B, 1C, S1B, and S1C). MM cells showed significantly

lower circularity than GLUC cells, which was further

reduced in MPAT cells, indicating that MPAT cells were

more elongated thanMM cells, given their similar size (Fig-

ures 1C and S1C–S1E). GLPATcells were both less elongated

and larger thanMMorMPATcells (Figures 1B, 1C, and S1B–

S1D).Whereas the average cell area of GLUC cells was com-

parable to that of adult mouse ventricular cardiomyocytes

(AMVCMs), MM and MPAT cells were both significantly

smaller, and all hiPSC-CM groups demonstrated greater

variability of cell area compared with AMVCMs (Fig-

ure S1B). All hiPSC-CM groups were smaller than

adult human cardiomyocytes (10,000–14,000 mm2) (Tan

and Ye, 2018). As the heart develops, average sarcomere

length increases from approximately 1.6 to 2.2 mm (Tan

andYe, 2018). Sarcomere lengthwas significantly increased

inMPAT hiPSC-CMs relative to the other culture groups as-

sessed (Figure S1F), potentially indicating the greatest de-

gree of sarcomeric maturity in this group. More than 75%

of hiPSC-CMs stained positive for MLC-2V (Figure S1G).

To further investigate sarcomeric morphology we used

electron microscopy. When cultured in standard glucose

medium, hiPSC-CMs displayed chaotically aligned, disor-

ganized sarcomeres with Z lines of varying thickness,

which often did not pass through the entirety of sarco-

meres, consistent with developing cardiomyocytes in the

fetal heart (Zhang and Pasumarthi, 2007). By contrast,

MM cells displayed more diverse sarcomere morphology:

some sarcomeres were disordered, as seen in GLUC cells,

whereas others were highly regular and organized, with I

bands, but lacking H zones. MPAT cells consistently dis-

played organized sarcomeres in which both I bands and

H zones could be observed (Figures 2A and 2B), as

is typically seen in more developed cardiomyocytes in vivo,

or in more mature hiPSC-CMs (Lundy et al., 2013; Zhang

and Pasumarthi, 2007). To confirm these findings quantita-

tively, we measured sarcomere length in our electron mi-

croscopy images and developed a scoring metric for sarco-

mere organization. MPAT hiPSC-CMs demonstrated the

longest average sarcomere length and the greatest



Figure 1. Morphological Improvements
with Maturation Methods in CUSO-2
hiPSC-CMs
(A) Representative images of staining for
various sarcomeric proteins in hiPSC-CMs
cultured under each condition. cTNI, cardiac
troponin I; MLC-2V, myosin light chain,
ventricular isoform; MYBPC3, myosin-binding
protein C3.
(B) Average cell areas in hiPSC-CMs cultured
under each condition.
(C) Cellular circularity, defined by circu-
larity = 4 3 p 3 area/perimeter2 in hiPSC-
CMs cultured under each condition. A lower
circularity is indicative of more elongated
objects. Data were pooled from three repli-
cates from two inductions (GLPAT) or three or
more (all other conditions) inductions,
shown as mean ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; Kruskal-Wallis
test followed by Dunn’s post test (B) or one-
way ANOVA with Tukey’s post test (C).
See also Figure S1.
proportion of highly organized sarcomeres of any culture

condition assessed, while GLUC hiPSC-CMs had the short-

est sarcomeres and the greatest proportion of disorganized

sarcomeres (Figures 2C and 2D). Our results indicate that

the MPAT maturation method produced hiPSC-CMs with

the greatest maturity as evidenced by sarcomeric

morphology and structure relative to other conditions.

MPAT Improves Myofibril Force Generation

As MPAT improved hiPSC-CM sarcomeric morphology,

we investigated whether sarcomeric function was corre-

spondingly improved. To compare sarcomeric function

of hiPSC-CMs to adult cardiac tissue, we isolated myofi-

brils from hiPSC-CMs cultured under each condition as

well as from left ventricular tissue from a 35-year-old

male donor heart for mechanics analysis (Figures 3A

and 3B). Remarkably, relative to GLUC, myofibrils from
CUSO-2 MPAT hiPSC-CMs demonstrated a nearly 150%

increase in maximum tension generation, approaching

the level of force generation measured in myofibrils

from the donor heart. In the CUSO-1 line, MPAT myofi-

bril maximum tension generation was increased approx-

imately 85% relative to GLUC (Figures 3C–3E and Table

S1). GLPAT and MM myofibrils displayed an intermediate

level of tension generation for both cell lines. Activation

and relaxation kinetics were similar between all CUSO-2

hiPSC-CM-derived and donor heart-derived myofibrils.

We also conducted clustering analysis on myofibril me-

chanical parameters in CUSO-2 hiPSC-CMs and human

myofibrils and found that MPAT myofibrils clustered

most closely with human adult myofibrils, potentially

indicating increased maturity (Figure 3F). To explore po-

tential mechanisms causing increased MPAT force gener-

ation, we examined sarcomeric protein expression. We
Stem Cell Reports j Vol. 16 j 519–533 j March 9, 2021 521



Figure 2. Sarcomere Morphology Is Improved in CUSO-2 hiPSC-CMs with Maturity Methods
(A and B) (A) Low-magnification and (B) high-magnification election microscopy images of hiPSC-CMs cultured under each condition.
(C) Sarcomere length (SL) in hiPSC-CMs cultured under each condition. SLs were measured between Z lines.
(D) Representative images and criteria for sarcomere organization, and distribution of sarcomere organization of hiPSC-CMs cultured under
each indicated culture condition, as well as average organization score for each group. 1 is least organized, 4 is most organized. SLs and
organization were assessed on electron microscopy images from two inductions.
Each dot represents an individual SL measurement, data shown as mean ± SEM. ****p < 0.0001, one-way ANOVA with Tukey’s post test.
found that our cells expressed mostly MYH7 (Figure S2A),

and that the expression of most sarcomeric proteins was

quite similar across various culture conditions. However,

while MM and GLUC cells expressed both ventricular

and atrial forms of myosin light chain (MLC-2V and

MLC-2A), MPAT cells expressed primarily MLC-2V (Fig-

ures S2B and S2C). Low expression of slow skeletal

troponin I and significant expression of myosin IIB, typi-
522 Stem Cell Reports j Vol. 16 j 519–533 j March 9, 2021
cally expressed in the fetal heart (Ma and Adelstein, 2012;

Saggin et al., 1989), were detected in our samples. From

our results at this stage, it became apparent that MPAT

produced hiPSC-CMs to the greatest degree of maturity

in terms of force generation, cell morphology, or sarco-

meric organization. For the remainder of the experi-

ments, we focused on comparing GLUC, MM, and

MPAT, or GLUC and MPAT.



Figure 3. Myofibril Mechanics in hiPSC-CMs and Human Heart Tissue
(A) Representative images of CUSO-2 myofibrils isolated from each group of cells and from a human donor heart, mounted between
stretcher (left) and force probes (right).
(B) Representative myofibril activation/relaxation trace from CUSO-2 MPAT myofibril.
(C) Myofibril activation traces from each indicated CUSO-2 culture group and from a human donor heart. Greater trace height indicates
greater force generation.

(legend continued on next page)
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MPAT and MM Induce a Gene Expression Program

Controlling Fatty Acid Oxidation

To determine the mechanisms by which our methods

induced cardiomyocyte maturation, RNA sequencing

(RNA-seq) was performed on hiPSC-CMs cultured under

each condition. Numerous genes displayed differential

expression between the GLUC and either the MM or the

MPAT condition, with a total of approximately 1,000 genes

showing either a 1.5-fold increase or a decrease in expression

(Figures S3A and S3B).Most genes (733 upregulated and 529

downregulated) differentially regulated between either

GLUC and MM or GLUC and MPAT were in common be-

tween these comparisons, with a smaller number differen-

tially expressed betweenMM andMPAT.We also performed

gene ontology (GO) analysis using PANTHER and KEGG

pathway analysis on differentially expressed genes. GO

terms enriched in genes upregulated inMMorMPATrelative

to GLUC hiPSC-CMs were frequently related to cardiac

development or differentiation or fatty acidmetabolism (Ta-

ble S2, MM versus GLUC and MPAT versus GLUC). We also

observed a general upregulation of expression of numerous

genes involved in fatty acid metabolism in MPAT hiPSC-

CMs (Figure S3C). GO and KEGG terms enriched in downre-

gulated genes in MM versus GLUC corresponded to DNA

synthesis and cell division, many of which were further

downregulated in MPAT cells compared with MM (Table

S2). This could indicate that culture in fatty acidmedium ar-

rests hiPSC-CM cell division, which is consistent with a pre-

vious study in EHT (Mills et al., 2017). KEGG terms enriched

in upregulated genes in MM or MPAT versus GLUC

frequently involved fatty acid metabolism (Table S2). Inter-

estingly, one KEGG term enriched in upregulated genes in

MPAT versusMM, the PPAR signaling pathway, is important

to mitochondrial function and cardiac energy metabolism

(Table S2). We also examined expression of several genes

involved in fatty acid transport/oxidation using qPCR, and

found several that were significantly upregulated in MPAT

versusGLUC(FigureS4A),witha trendtowardhigher expres-

sion in MPAT than in MM.

We then analyzedmetabolic changes inmaturing hiPSC-

CMs using metabolite screening. We measured 136 polar

metabolites in high-throughput profiling, of which 51

were significantly altered across our three conditions (Fig-

ure S3D). Metabolites were examined on a candidate basis,
(D and E) Average maximum tension generation of myofibrils isolate
donor heart (D) or from CUSO-1 hiPSC-CMs (E).
(F) Heatmap of CUSO-2 hiPSC-CM myofibril mechanics properties. Un
centroid linkage, indicating that MPAT cells cluster most closely with
****p < 0.0001, one-way ANOVA with Tukey’s post test on log2-tra
inductions (CUSO-2 GLUC, MM, MPAT; CUSO-1 GLUC, MM), two inducti
while 13 myofibrils were isolated from the donor heart.
Data shown as mean ± SEM. See also Figures S2 and S4 and Table S1.
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focusing on glucose and long-chain fatty acid metabolism.

Surprisingly, glucose levels in hiPSC-CMs cultured under

each condition were similar. However, many metabolites

of the glycolytic pathway were significantly reduced in

MPAT hiPSC-CMs relative to GLUC, while intracellular

levels of several fatty acids, including oleic, myristoleic,

and several medium- or long-chain acylated fatty acids,

were much higher in MM and MPAT cells (Figures S3D,

S4B, and S4C). We also observed significant suppression

of the glycolytic enzyme GAPDH in MM and especially

MPAT cells, further supporting the notion of suppressed

glycolysis in these cells (Figures S2B and S2C). Together

with our RNA-seq data, these results indicate that MPAT in-

duces a shift from glycolysis to fatty acid oxidation as a

source of energy production, as is seen in the developing

heart. Developmentally, this shift to fatty acid oxidation

is accompanied by an increase in activity of the carnitine

palmitoyltransferase (CPT) system, which imports fatty

acids into the mitochondria. As we observed increased

CPT gene expression, we tested CPT activity in hiPSC-

CMs and undifferentiated hiPSCs. CPT1 activity was

increased in all hiPSC-CM groups relative to hiPSCs and

was further increased in MM/MPAT groups (Figure S4D).

CPT2 activity was similar between all hiPSC-CM groups

but was significantly increased only in MPAT hiPSC-CMs

relative to hiPSCs. As CPT1 activity is considered to be

rate limiting in long-chain fatty acid oxidation (Noland,

2015), enhanced CPT1 activity is consistent with increased

long-chain fatty acid use.

Cardiolipin (CL) is the critical phospholipid component

of mitochondrial membranes and is essential for mito-

chondrial function (Shen et al., 2015). Each CL molecule

has four fatty acid side chains, which vary in a tissue-spe-

cific manner. In the developing heart, CL content changes,

resulting in increasedCLwith side chains of 72 total carbon

length (72C-CL; MW 1,448–1,456), such that tetralineolyl

CL (MW 1,448) represents the dominant species in the

adult heart (Schlame et al., 2005). Considering the meta-

bolic improvements we observed in our MPAT cells, we

investigated whether CL remodeling was occurring in our

more mature cells, using adult human heart as control. In-

duction of hiPSCs into hiPSC-CMs caused significant CL re-

modeling, in particular a decrease in 68C- and 70C-CL and

an increase in 72C- and 74C-CL. With maturation
d from CUSO-2 hiPSC-CMs cultured as indicated and from a human

supervised hierarchical clustering was performed on columns, by
human adult donor myofibrils. *p < 0.05, **p < 0.01, ***p < 0.001,
nsformed data. Myofibrils were isolated from hiPSC-CMs from four
ons (CUSO-1 GLPAT, MPAT), or a single induction (CUSO-2 GLPAT),



methods, a further loss in 70C-CL and an increase in 72C-

CL were observed (Figures S4E and S4F), shifting the CL

profile toward that of adult human hearts.

MPAT and MM Methods Allow an Adult-like

Hypertrophic Response in hiPSC-CMs

We next investigated the efficacy of maturation methods

for studying hypertrophic remodeling. Significant differ-

ences in the magnitude of in vitro hypertrophic response

have been observed in neonatal versus adult cardiac myo-

cytes. In neonatal cardiomyocytes, agents such as the

a-adrenergic receptor agonist PE induce a 50%–100% in-

crease in cell area (Anand et al., 2013; Miller et al., 2009),

whereas the response in adult cardiomyocytes is typically

only 10%–30% (Bupha-Intr et al., 2012; Miller et al.,

2009). Therefore, we investigated the response of hiPSC-

CMs to PE. The BET-bromodomain inhibitor JQ1 is known

to inhibit cardiomyocyte hypertrophy both in vivo and

in vitro (Anand et al., 2013; Duan et al., 2017; Spiltoir

et al., 2013); thus we also tested whether JQ1 could block

the effects of PE in our system. Surprisingly, PE treatment

had no effect on cell area of GLUC hiPSC-CMs, yet JQ1

treatment nonetheless profoundly reduced cell area. How-

ever, inMM andMPAT hiPSC-CMs, PE treatment induced a

strong hypertrophic response, causing a 29% or 20% in-

crease in cell area in MM orMPAT cells, respectively, which

could be blocked by JQ1 (Figures 4A and 4B). To compare

hiPSC-CMs directly to adult cells, we also treated isolated

AMVCMS with PE and JQ1. In these cells, PE induced a

16% increase in cell area, which JQ1 reversed (Figures S5A

and S5B), comparable to the response of MPAT hiPSC-

CMs. To validate these findings, we also investigated the

expression of NPPB (B-type natriuretic peptide, BNP), a

robust marker of hiPSC-CM hypertrophy (Carlson et al.,

2013), by qPCR and immunofluorescence. By qPCR, MM

and MPAT cells displayed a 5- to 6-fold reduction in BNP

expression relative to GLUC cells at baseline (Figure S5C).

Moreover, more than 20% of GLUC cells stained positive

for BNP, which was not increased by PE treatment, while

BNP staining in MM and MPAT cells was much lower at

baseline and was increased approximately 2-fold by PE

treatment (Figures 4C and 4D). Taken together, these re-

sults suggest that prolonged glucose culture may be suffi-

cient to induce hiPSC-CM hypertrophy.

PE Treatment of MPAT hiPSC-CMs Induces Myofibril

Relaxation Changes as Observed in Hypertrophic

Cardiomyopathy

Previous reports have indicated that myofibrils isolated

fromhearts of humans with hypertrophic cardiomyopathy

(HCM) display profound differences in mechanical

behavior (Belus et al., 2008). We examined whether myofi-

brils isolated from hypertrophic hiPSC-CMsmight demon-
strate similar myofibril mechanical perturbations. We first

assessed myofibril mechanics from human donor and

HCM hearts in our tissue bank. Myofibrils were isolated

from four donor hearts and four hearts from patients who

underwent heart transplant due to HCMwith a left ventric-

ular posterior wall thickness of >12mmas assessed by echo-

cardiography. All myofibril mechanical parameters from

donor and HCM hearts are listed in Table S3. Relaxation

of myofibrils is biphasic, with a slow, linear phase and a

fast, exponential phase (Stehle et al., 2002). Compared

with donor hearts, HCM heart-derived myofibrils showed

a shortened linear-phase relaxation time and faster activa-

tion kinetics (Figure 5A), similar to previous findings in a

human MYH7 mutant HCM heart (Belus et al., 2008).

To compare with hypertrophic human hearts, we iso-

lated myofibrils fromMPAT hiPSC-CMs, as these displayed

the most adult-like myofibril behavior. Hypertrophy was

again induced via treatment with PE. As an additional com-

parison, we also isolated myofibrils from vehicle- or PE-

treated AMVCMs. Remarkably, we found that myofibril

relaxation in PE-treated hiPSC-CMs and in HCM hearts

was similarly altered: the exponential-phase relaxation

constant was increased, while the duration of linear-phase

relaxationwas shortened (indicating faster relaxation) (Fig-

ures 5B and S6A). As JQ1 treatment blocks the induction of

PE-induced hypertrophy, we tested whether it could also

reverse the PE-induced changes in myofibril relaxation in

hiPSC-CMs but found that it had no significant effects (Fig-

ure S6B). In AMVCMs, PE induced relaxation changes

similar to those in hiPSC-CMs, but no changes in activa-

tion kinetics could be detected (Figure S6C). Together, these

results indicate that theMPAT hiPSC-CM platform is a suit-

able in vitromodel for HCM, allowing parallel assessment of

changes in cell area, hypertrophic gene expression, and

myofibril mechanical behavior.

Modeling Danon Cardiomyopathy Using MPAT

hiPSC-CMs

We next investigated whether we could characterize car-

diac hypertrophy in patient-specific cells. In a previous

study (Chi et al., 2019), we generated multiple lines of

hiPSC-CMs from Danon disease patients carrying muta-

tions in the LAMP2 gene that lead to pathological cardiac

remodeling. We focused on hiPSC-CMs from two patients,

MD-186 and MD-111, who at time of transplant had mod-

erate and severe cardiac hypertrophy, respectively. The

MD-186C line, in which the LAMP2 disease-causing muta-

tion in patient MD-186 was corrected, was used as an

isogenic control, in addition to the non-isogenic control

CUSO-2 line. For these experiments, we assessed both cell

area and expression of BNP to assess cardiac hypertrophy.

We found that when cultured in GLUC medium, both

sets of Danon hiPSC-CMs displayed quite large cell areas.
Stem Cell Reports j Vol. 16 j 519–533 j March 9, 2021 525



Figure 4. Culture in Maturation Medium Is Necessary to Induce a Hypertrophic Response in CUSO-2 hiPSC-CMs
(A) Representative images of hiPSC-CMs cultured under each indicated condition, fixed, and stained for a-actinin (green) and Hoechst
33342 (blue).
(B) Quantification of cell area in cardiomyocytes treated with vehicle, 10 mM PE, or 10 mM PE and 1 mM JQ1 for 48 h and then fixed and
stained; there were 600 or more hiPSC-CMs from four inductions per group.
(C and D) (C) Representative images and (D) quantification of BNP/pro-NT-BNP-positive CUSO-2 hiPSC-CMs treated with or without PE,
from three hiPSC-CM inductions. BNP/pro-NT-BNP signal is green, Hoechst 33342 is blue.
Data shown as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001, Kruskal-Wallis test followed by Dunn’s post test (B), or one-way ANOVA
with Tukey’s post test (D). See also Figure S5.
In GLUC, the control CUSO-2 line was smaller than either

Danon line, while the corrected MD-186C line was even

larger. However, when cultured in MPAT, the Danon cell

lines were significantly larger than CUSO-2, while MD-

186C was significantly smaller than MD-186 (Figures 6A
526 Stem Cell Reports j Vol. 16 j 519–533 j March 9, 2021
and 6B). Similarly, each Danon line demonstrated signifi-

cantly more BNP staining than did MD-186C when

cultured in MPAT, but not GLUC (Figures 6C and 6D).

Similar to our findings with PE treatment, we observed sig-

nificant induction of hypertrophy in Danon lines only



Figure 5. Phenylephrine Treatment Induces Changes in Myofibril Relaxation that Are Similar to Those Observed in Hypertrophic
Cardiomyopathy
(A) Myofibril mechanics data from human donor and idiopathic hypertrophic cardiomyopathy (HCM) hearts. Myofibrils were isolated from
four donor and four HCM hearts, with at least eight myofibrils isolated per heart.
(B) Myofibril mechanics data from CUSO-2 MPAT hiPSC-CMs treated with either vehicle or 10 mM PE for 48 h. There were 39–44 myofibrils
isolated per condition, pooled from three inductions, and presented as the mean ± SEM. *p < 0.05, ****p < 0.0001, t test on log2-
transformed data.
See also Figure S6, Table S3.
when cultured in MM or MPAT and not GLUC. Our previ-

ous work indicates that myofibrils isolated from the hearts

of Danon patients display reduced maximum tension rela-

tive to control donor heart myofibrils (Chi et al., 2019). To

examine whether this phenomenon occurred in a cell-

based model of Danon disease, we isolated myofibrils

from MD-186, MD-111, and MD-186C hiPSC-CMs

cultured under MPAT. Interestingly, Danon hiPSC-CM

myofibrils demonstrated reduced tension generation rela-

tive to either wild-type or mutation-corrected myofibrils

(Figure 6E and Table S3), similar to patient hearts.

Sensitivity of MPAT-Cultured hiPSC-CMs to

Hypertrophic Signaling Is Dependent on Suppression

of Hypoxia-Inducible Factor 1a

We next sought to investigate the mechanisms by which

culture under the MM or MPAT conditions suppresses hy-
pertrophic signaling. A previous report indicated that

hiPSC-CM culture in glucose medium can induce expres-

sion of HIF1A, while culture in fatty acids suppresses this

(Hu et al., 2018). It is also known that hypoxia can induce

expression of the hypertrophic marker BNP in a HIF-

1a-dependentmechanism (Casals et al., 2009) and, further-

more, that activation or increased expression of HIF1A can

induce hypertrophy in cultured cardiomyocytes (Chu

et al., 2012), while HIF-1a can block this process (Kumar

et al., 2018). Therefore, we speculated that modulation of

HIF1A expression might be responsible for the basal cardi-

omyocyte hypertrophy we observed in GLUC-cultured

cells and the suppression of this phenomenon in MM/

MPAT culture. We examined HIF1A expression under

each culture condition and found that HIF-1a levels were

significantly lower in MPAT cells compared with GLUC

(Figures 7A and 7B). We then investigated the effects of
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Figure 6. Culture in Maturation Medium
Allows Characterization of Hypertrophy
in Danon hiPSC-CMs
(A and B) (A) Representative images of and
(B) quantification of cell area in hiPSC-CMs
derived from control (CUSO-2), Danon (MD-
111, MD-D186), or Danon-corrected (MD-
186C) lines, cultured under the indicated
conditions, fixed, and stained with CellMask
orange (red) and Hoechst 33342 (blue).
(C and D) (C) Representative images of and
(D) quantification of BNP/pro-NT-BNP-pos-
itive hiPSC-CMs of Danon and D186C cell
lines, cultured under indicated conditions,
fixed, and stained.
(E) Maximum myofibril tension generation
from myofibrils from Danon, D186C, and
control lines. Here, ‘‘control’’ indicates the
maximum tension generation of pooled
CUSO-1/CUSO-2 MPAT myofibrils. There were
6–22 myofibrils per Danon group and 56
myofibrils in the ‘‘control’’ group. *p < 0.05,
**p < 0.01, ****p < 0.0001, Kruskal-Wallis
test followed by Dunn’s post test (B), one-
way ANOVA with Tukey’s post test (D and E),
or t test for two-group comparisons (E).
Log2-transformed data were used for tests in
(E). Data were collected from three or more
biological replicates from two or more in-
ductions per experiment, shown as mean ±
SEM. Cell areas were measured on 200 or
more cells per group.
See also Table S3.
restoring HIF-1a levels in MM/MPAT cells by treating with

desferrioxamine (DFO), an iron chelator that can induce

HIF1A expression in hiPSC-CMs (Hoes et al., 2018). Treat-

ment of cells with 30 mM DFO for 96 h significantly

increased HIF1A expression (Figures 7C and 7D). Remark-

ably, inmultiple hiPSC lines, we found that DFO treatment

significantly increased both BNP levels and cell area in

MM/MPAT cells, to an extent relatively comparable to

that of GLUC culture (Figures 7E–7H and S7). Taken

together, these results support the notion that suppression

of HIF1A expression by culture under MM or MPAT condi-

tions is at least partially responsible of the responsiveness

of these cells to hypertrophic signaling and the lack thereof

of GLUC-cultured cells.
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DISCUSSION

Here, we present a relatively simple method to produce

moremature hiPSC-CMs by culturing cells inmedium con-

taining fatty acids as a significant energy source and plating

these cells onmicropatterned growth surfaces. Under these

conditions, cells demonstrate elongation (Figure 1),

enhanced sarcomeric maturity (Figure 2), and metabolic

and CL maturation (Figures S3 and S4). Force generation

of myofibrils isolated from these cells is also comparable

to that from adult human ventricular tissue (Figure 3).

Notably, MPAT hiPSC-CMs also respond well to hypertro-

phic stimulation, producing an adult-like hypertrophic

response, and demonstrate alterations in myofibril



(legend on next page)
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relaxation similar to those of humanHCM tissue (Figures 4,

5, 6, and 7).

Compared with many maturation approaches, our

approach may have potential applications due to its

simplicity. Fatty acid medium can be prepared at low

cost, while patterned surfaces require only a few tools to

produce. This culturing setup can therefore be introduced

into a new research environment quite quickly. The combi-

nation of these methods induces a more mature cardiac

phenotype across a variety of parameters, from cell

morphology to contractility and hypertrophic response.

For example, most of the improvements in myofibril me-

chanics occurred in MPAT compared with other groups,

whereas metabolic changes were driven primarily by the

switch from GLUC to MM, while other phenotypes, such

as sarcomeric morphology, were sequentially improved

by each maturation step. This indicates that combinatorial

approaches may be optimal for producing mature hiPSC-

CMs. We believe that these methods have a number of po-

tential applications, from drug screening to interrogating

the effects of genetic or pharmacological perturbations in

a human cell system. The approaches used here could

also be combinedwithmethods such as cell pacing, growth

hormone treatment, or use of altered extracellular matrix

composition or stiffness to promote further maturation.

The maturity-inducing effects of micro- and nanopat-

terned substrates on hiPSC-CMs are well reported (Pioner

et al., 2016), but themechanisms driving this remain unde-

fined. A previous report indicated that a 700- to 1,000-nm

nanopatterned groove size is optimal to induce hiPSC-CM

maturity (Carson et al., 2016). Although the micropat-

terned grooves described here are much larger, they clearly

exert positive effects on maturity as well. Our results indi-

cate that patterned surfaces improved cellularmorphology,

sarcomere organization, and myofibril force generation,

but we also observed a trend toward improved CL remodel-

ing and increased fatty acid gene expression in MPAT

versus MM cells. Immature hiPSC-CMs and fetal cardio-
Figure 7. Regulation of Hypertrophic Signaling by HIF-1a in CUS
(A) Representative western blot of hiPSC-CMs cultured under indicate
(B) Quantification of HIF-1a levels in hiPSC-CMs cultured under ind
a-tubulin. N = 5 lysates.
(C) Representative western blot of hiPSC-CMs cultured under MPAT co
(DFO) for 96 h.
(D) Quantification of HIF-1a levels in hiPSC-CMs cultured under ind
a-tubulin. N = 10–11 lysates.
(E–H) hiPSC-CMs were cultured as indicated and treated with either ve
BNP (green, E) or using CellMask green for cell area (green, G), and fo
cells; (H) quantification of cell area. *p < 0.05, **p < 0.01, ****p < 0.0
shown as mean ± SEM. Cell areas were measured on 450 or more cells pe
(H) Kruskal-Wallis test followed by Dunn’s post test.
See also Figure S7.
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myocytes typically have an atrial cell-like identity, with

dominant expression of the atrial isoforms of myosin light

and heavy chains, MYL7 encoding MLC-2A and MYH6,

respectively (Bedada et al., 2016; Tan and Ye, 2018). We

observed dominant expression of MYH7 in all hiPSC-CM

cultures but increased relative expression of MYL2 encod-

ingMLC-2V toMYL7 only inMPAT hiPSC-CMs (Figure S2).

The activation constants (KACT) we measured in hiPSC-CM

myofibrils under most conditions (0.95–1.32, 1.9 for

CUSO-1 GLPAT) are lower than previously reported values

in human atrial tissue myofibrils (3.73) (Piroddi et al.,

2007) or in embryonic stem cell derived-CMmyofibrils ex-

pressing either mostly MYH7 or mixed MYH6/7 (1.70 or

2.44, respectively) (Weber et al., 2016). Together, these

findings are indicative of sarcomeric maturity and poten-

tially a more ventricular-like identity in our MPAT cells.

As forced expression of MYL2 results in increased contrac-

tility in isolated cardiomyocytes (Pawloski-Dahm et al.,

1998), this could be amechanism underlying the increased

myofibril force generation observed in MPAT cells.

Previous reports have indicated that prolonged

(>100 days) culture of hiPSC-CMs induces a more adult-like

phenotype, as indicated by improvements in sarcomeric ul-

trastructure, cell morphology, and contractility (Kamakura

et al., 2013; Lundy et al., 2013). Yet in our hands, hiPSC-

CMs cultured in glucose-containing medium had no hyper-

trophic response to PE and there was little to modest induc-

tion of hypertrophy in Danon hiPSC-CMs (Figures 4, 6, and

7). The antihypertrophic agent JQ1 also reduced cell area

significantly beyond baseline in GLUC hiPSC-CMs, which

did not occur in MM or MPAT cells (Figures 4A and 4B). A

recent report indicated that 14 days of culture in 22 mM

glucose was sufficient to induce cardiac hypertrophy and

dysfunction in hiPSC-CMs (Ng et al., 2018). Although our

GLUC medium contains only 10.9 mM glucose, prolonged

culture under these conditions may be sufficient to induce

a hypertrophic phenotype. hiPSC-CMs are increasingly

used tomodel various types of cardiomyopathies, and these
O-1 hiPSC-CMs
d conditions and blotted for HIF-1a and a-tubulin.
icated conditions, as assessed by western blot, and normalized to

nditions and treated with DMSO vehicle or 30 mM desferrioxamine

icated conditions, as assessed by western blot, and normalized to

hicle or DFO for 96 h. Cells were fixed and stained for BNP/pro-NT-
r nuclei (Hoechst 33342, blue). (F) Quantification of BNP-positive
001. Three hiPSC-CM inductions were used per experiment, data are
r group. (B and F) One-way ANOVA with Tukey’s post test; (D) t test,



studies, along with our findings, indicate that a careful

choice of conditions for long-termculture is essential.Mech-

anistically, a previous study indicated that repression of

HIF1A expression improves metabolic maturity of hiPSC-

CMs (Hu et al., 2018). We found that HIF-1a suppression

also regulates the capability ofhiPSC-CMs to initiate ahyper-

trophic response. However, it is possible that modulation of

additional signaling pathways may play a role in regulating

this response as well.

Although we observed similar changes in relaxation in

PE-treated hiPSC-CMs and human HCM hearts, PE treat-

ment did not dramatically increase myofibril activation ki-

netics. This could be due to differences between myofibrils

from human heart and those from hiPSC-CMs, as hiPSC-

CMs show higher baseline activation kinetics (Tables S1

and S3). However, 48 h of PE treatment is also unlikely to

fully recapitulate the remodeling that occurs in HCM,

which is mutation driven and occurs over years. A recent

report demonstrated that 48 h of PE treatment on adult

rat cardiacmyofibrils did not affect the kinetics ofmyofibril

activation or relaxation (Woulfe et al., 2019). Here, we

demonstrated that 72 h of PE treatment on AMVCMs re-

sulted in a slight (�10 ms) reduction in linear-phase relax-

ation time as opposed to an 80-ms reduction in hiPSC-CMs

(Figures 5 and S6, Table S3). It is possible that these diver-

gent effects are due to differences between the PE responses

ofmouse, rat, and human, or variations in treatment times.

However, the kinetics of human and rodent myofibrils are

also dissimilar: in rodent, activation and relaxation con-

stants are much larger, and linear-phase relaxation time is

much shorter (�50ms in rodents versus 150–200ms in hu-

mans). The capability of PE to further speed up this already

short linear phase may therefore be abrogated, leading to

modest effects in rodents.

In totality, our findings suggest that matured hiPSC-

CMs are an appropriate in vitro model for conducting

translational research of human myofibril mechanics in

response to pathological stresses. The platform we

describe here could also be of particular use when com-

bined with CRISPR-based editing strategies to create car-

diomyopathy patient-specific cells, allowing simultaneous

assessment of cellular morphology, myofibril mechanics,

metabolic behavior, and hypertrophic remodeling. A lim-

itation of the hiPSC-CM-based platform is the potential

presence of phenotypic variability between inductions

and lines. For example, when we compared induction-

matched or all-GLUC with GLPAT CUSO-1 hiPSC-CMs,

we observed similar but not exactly the same changes in

cell circularity and area and myofibril maximum tension

(Table S1). To avoid results being affected by interinduc-

tion and interline variability, it may be appropriate to

conduct paired experiments from multiple inductions of

various hiPSC lines.
EXPERIMENTAL PROCEDURES

Human and Animal Subject Information
The portion of this study related to human subjects was reviewed

and approved by the Colorado Multiple Institutions Review Board

(COMIRB 06-0452 and 01-568). All research involving animals

complied with protocols approved by the Institutional Animal

Care and Use Committee of the University of Colorado.

hiPSC-CM Differentiation and Culture
hiPSCs were induced into cardiomyocytes via the Wnt signaling

modulation method (Lian et al., 2012). Twenty to twenty-five days

post induction, cardiomyocyteswere enrichedusing lactatemedium

(Tohyama et al., 2013). At approximately day 40 post induction,

hiPSC-CMs were replated (onto fibronectin-coated patterned sur-

faces, flat cell culture dishes, or flat plastic coverslips) (Figure S1A).

The four experimental conditions were GLUC, cultured on flat sur-

faces in RPMI-1640/B-27; GLPAT, cultured on patterned surfaces in

RPMI-1640/B-27; MM, cultured on flat surfaces in maturation me-

dium consisting of glucose-free RPMI, 50 mMpalmitic/100 mM oleic

acid, 10 mM galactose, and B-27 diluted 1:50, based on a previous

report (Correia et al., 2017); and MPAT, cultured on patterned sur-

faces inmaturationmedium. Experimentswere generally performed

65–75 days post induction, while certain CUSO-1 myofibril experi-

ments were performed 90–100 days post differentiation.

Cell Lines Used
All hiPSC lines were reprogrammed from skin fibroblasts. The five

hiPSC lines used in this study were CUSO-1 and CUSO-2, which

werederived fromhealthymaledonors;MD-186andMD-111,which

were derived from male Danon disease patients; and MD-186C, in

whichCRISPR-Cas9wasused to correct theDanon-causingmutation

in the LAMP2 gene inMD-186 hiPSCs, described in Chi et al. (2019).

Patterned Surface Preparation
Patterned surfaceswere prepared from clear plastic coverslips using

20-mm lapping paper, incubated in 100% ethanol followed by UV

sterilization.

Myofibril Mechanics
hiPSC-CMswere lysed, andmyofibrils weremounted between two

glass instruments. Contraction was induced via introduction of

calcium, followed by rapid calcium withdrawal via a pipette

switching technique (Woulfe et al., 2019).

Immunostaining
Cells were fixed with either 4% paraformaldehyde or 50% meth-

anol/50% acetone, permeabilized, blocked, and stained. Imaging

was conducted on the EVOS FL Cell Imaging System (Thermo

Fisher Scientific, Waltham, MA.).

Immunoblotting
Cells were lysed in ice-cold cell lysis buffer, loaded onto Tris-HCl

gels, and transferred overnight onto polyvinylidene fluoridemem-

branes. Membranes were then blocked, incubated with antibodies,

and developed.
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RNA Extraction and RNA-seq
Cells were lysed using Trizol followed by RNA extraction and pre-

cipitation from the aqueous phase and removal of genomic

DNA. RNA-seq was performed by the BGI Group (Shenzhen,

China).

Detailed methods are described in the Supplemental experi-

mental procedures.

Data and Code Availability
The accession number for the RNA-seq is GEO: GSE143608.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.01.018.
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