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SUMMARY

The methods for the culture and cardiomyocyte differentiation of human embry-
onic stem cells, and later human induced pluripotent stem cells (hiPSC), have
moved from a complex and uncontrolled systems to simplified and relatively
robust protocols, using the knowledge and cues gathered at each step. HiPSC-
derived cardiomyocytes have proven to be a useful tool in human disease model-
ling, drug discovery, developmental biology, and regenerative medicine. In this
protocol review, we will highlight the evolution of protocols associated with
hPSC culture, cardiomyocyte differentiation, sub-type specification, and cardio-
myocytematuration.We also discuss protocols for somatic cell direct reprogram-
ming to cardiomyocyte-like cells.
INTRODUCTION

Cardiovascular disease remains the leading cause of death in the United States and worldwide

(Virani et al., 2021). A major restriction in progressing our understanding of cardiovascular disease

and developing therapies is that human cardiomyocytes cannot be isolated easily or non-invasively

from patients, requiring alternative approaches to generate de novo cardiomyocytes. For the last 20

years, the culture and cardiomyocyte differentiation of human embryonic stem cells (hESC), and later

human induced pluripotent stem cells (hiPSC), have provided a valuable source of these cells. More

recently, direct reprogramming of human somatic cells to cardiomyocytes has presented a potential

secondary source of these cells. Since then, human pluripotent stem cell-derived cardiomyocytes

(hPSC-CMs) have proven to be a useful tool in human disease modelling, drug discovery, develop-

mental biology, and regenerative medicine. Furthermore, one of the most powerful applications of

hPSC-CMs has been demonstrated to be modeling an individual patient’s disease, validating its

genomic nature, and potentially designing genome-informed therapies.

For all the applications of hPSC-CMs, it is essential to have simple and reproducible tools that enable

both the appropriate pluripotent culture and differentiation of cardiomyocytes that accurately reca-

pitulate the infantile and adult cardiomyocyte phenotypes. Knowledge gleaned over more than 2

decades of work have provided us with an understanding of mechanisms associated with mainte-

nance of human pluripotency and pathways associated with differentiation. This knowledge is

now used to develop more robust, reproducible, and cost-effective protocols that enable the
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generation of cardiomyocytes and cardiac tissues in larger scales, with specific subtypes, and with a

more mature phenotype. However, further improvements can still be made, including increased

robustness and scalability, decreased time and costs, and improved direct reprogramming that

skips the pluripotency phase entirely.

In this protocol review, we will highlight the development of protocols associated with hPSC culture,

cardiomyocyte differentiation, sub-type specification, cardiomyocyte maturation (Figure 1), and

somatic cell direct reprogramming (Figure 2).
METHODS FOR hiPSC CULTURE

Since the first derivation of hESC in 1998, methods for the culture of hPSC have progressed rapidly,

with the ambition to develop conditions that are as simple to use and as defined as possible. Initially,

hESC were cultured in the basal media DMEMwith 20% fetal bovine serum (FBS) on a feeder layer of

mouse embryonic fibroblasts (MEF) (Thomson et al., 1998). FBS was quickly eliminated, settling on a

formula consisting of DMEM/F12 with 10%–20% knockout serum replacement (KSR) and low levels

of FGF2 (4 ng/mL) commonly called ‘‘hESC media’’ (Schulz et al., 2004). Modifications were then

made to allow the elimination of the MEF feeder layer, replacing it with Matrigel, and the use of

high levels of FGF2 (100 ng/mL) (Xu et al., 2005) and addition of TGFB1 (Amit et al., 2004) or activin

A (Beattie et al., 2005). KSR, a propriety FBS replacement (Garcia-Gonzalo and Izpisua Belmonte,

2008), was eventually replaced with bovine or human albumin in the defined formulae of TeSR1 (Lud-

wig et al., 2006), DC-HAIF (Wang et al., 2007), hESF9T (Furue et al., 2008; Yamasaki et al., 2014),

FTDA (Frank et al., 2012), CDM-BSA (Hannan et al., 2013; Vallier et al., 2005), and i-DEAL (Marinho

et al., 2015). The first chemically defined (except for bovine transferrin) hPSC culture media, E8, elim-

inated the need for albumin (Chen et al., 2011). We subsequently developed a further optimized,

fully chemically defined variant B8 which was specifically optimized for cost-efficiency (Kuo et al.,

2020).

Many commercial versions of the above media exist for the culture of hPSC, typically costing around

$500 per liter. These commercial media are made in a controlled manner, which reduces the need

for quality control to be performed in lab. Nevertheless, we would not recommend using any com-

mercial media that do not have a published formula as this will prevent any further development

and customization of protocols. Both E8 and B8 have been commercialized as ‘‘Essential-8’’ and

‘‘HiDef B8’’ respectively. We strongly recommend starting with the commercial versions of either

of these media. Once your usage increases enough to justify the additional effort, you can generate

and validate mediate in house.

Although albumin-containingmedia are thought to bemore robust when culturing hPSC as low-den-

sity colonies, these media also appear to be more prone to supporting partially reprogrammed cells

and allowing spontaneous differentiation. The highest growth rates have been demonstrated in

chemically defined media such as E8 or B8 with near-monolayer culture (Kuo et al., 2020) using

EDTA-passaging and a rigid 3- or 4-day passage schedule. A protocol for making your own B8 is

available (Lyra-Leite et al., 2021) allowing for production at around $10 per liter. Ideally, the future

of hiPSC culture will not use recombinant proteins like insulin, transferrin, FGF2, and TGFB1, as these

are the most expensive components. Potential replacements of these recombinant proteins include

peptides and small molecules. The AKIT formula (Yasuda et al., 2018) is a promising step in this

direction, although we did not find this successful for our cell lines.

hPSC were traditionally passaged with collagenase or dispase when cultured on MEF or with trypsin

or TrypLE when cultured on Matrigel. The use of these enzymes required the use of a centrifugation

step, which can become laborious with numerous cell lines in culture. This has subsequently been

replaced with an incubation in 0.5 mM EDTA (in DPBS�/�) for approximately 6 min (Beers et al.,

2012); the EDTA can then be aspirated, and the cells suspended in E8/B8, without centrifugation.
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Figure 1. hPSC culture, differentiation, and applications

(A) hiPSC are cultured on Matrigel or Synthemax using chemically defined media until differentiation, with continuous monitoring of morphology and

confluence levels. Before differentiation, hiPSC can also be replated or aggregated depending on the differentiation protocol.

(B) Examples of differentiation protocols to obtain ventricular (also Table 1), atrial, and nodal (Table 2) hiPSC-CM. (C) Further culture approaches and

applications of hiPSC-CM using protocols described in this paper.
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Figure 2. Direct reprogramming of CFs into induced cardiomyocytes

In vivo reprogramming is performed via injection of transcription factors into the injured area of the heart that will lead

to de novo cardiomyocyte formation. In vitro reprogramming is performed via treatment of (cardiac) fibroblasts with

different cocktails to generate iCMs. These cells can later be re-transplanted into the heart if needed to recover

injured areas.
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Alternatives such as the use of sodium citrate also exist (Nie et al., 2014). After passage, especially in

the case of 2D culture, a small molecule Rho kinase inhibitor is typically added for 24 h to enhance

cell survival (Chen et al., 2010). 10 mM Y27632 is most commonly used, but 2 mM thiazovivin is just as

effective (Kuo et al., 2020; Xu et al., 2010). Thiazovivin also provides the best combination of avail-

ability in bulk and potency. Alternatives to ROCK inhibitors include commercial products such as

RevitaCell and CloneR, and the recently published CEPT cocktail (Chen et al., 2021).

hiPSC are typically grown on growth-factor reducedMatrigel, and we have found that a high dilution

ratio (1:800) is just as effective for growth, and that alternatives such as Geltrex or Cultrex at 1:800

are just as suitable (Kuo et al., 2020). We have not found any advantage of using ‘‘hESC-qualified’’

versions of these matrices. Users may choose to batch test their Matrigel, although we do not

find it necessary if the concentrations specified in the certificates of analysis are within a range

(10–12 mg/mL). Additionally, numerous alternative chemically defined matrices have been found

to support the growth of hPSC (Burridge et al., 2014), yet only Synthmax II-SC, a tethered synthetic

vitronectin peptide (at 1:320), offers a suitable combination of cost and ease of use (although this

still costs around three times the cost of 1:800 Matrigel). All other recombinant proteins (e.g., vitro-

nectin or laminin-521) cost many times more on a per-well basis and are thus not suitable. Ideally, a

synthetic product at a similar cost to 1:800 Matrigel, could be developed and even made in house

(Lambshead et al., 2018), but this may require processes such as UV-ozone cleaning and/or UV cross-

linking not needed for Synthemax II-SC.

METHODS FOR CARDIAC DIFFERENTIATION

A similar process of evolution seen in hPSC culture also happened in the realm of cardiac differen-

tiation from hPSC, with an additional component: dimensionality (Table 1). In this case, architectures

ranging from monolayers to uncontrolled or controlled 3D aggregates have been historically used

and combined with other culture conditions to generate a wide range of cardiac cells. Initial differ-

entiation protocols relied on spontaneous differentiation of stem cells aggregated into embryoid
4 STAR Protocols 3, 101560, September 16, 2022



Table 1. Evolution of differentiation approaches to generate hPSC-CMs

Milestone Cellular 
model

Culture 
substrate

Pluripotency 
media

Dissociation 
reagent

Differentiation 
format Efficiency Reference

d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10 d11 d12

75% 
TNNT2+ Aguilar et al., 2015

95% 
TNNT2+ Burridge et al., 2014

Fonoudi et al., 201375% 
TNNT2+

Zhang et al., 2015

Lian et al., 201588-98% 
TNNT2+

Lin et al., 2017      
Lin and Zou, 2020

94% 
TNNT2+

80-95% 
TNNT2+KO-DMEM, ascorbic acid, transferrin, sodium selenite (insulin and Y27632 for first day)

RPMI, putrescine, progesterone, sodium selenite RPMI, insulin, ascorbic acid 2-phosphate

Use of heparin in lieu of albumin, E8-
based

Albumin-free, small molecule-based

Albumin-free hESC, 
hiPSC FTDA Accutase EB and 

monolayer

hESC, 
hiPSC E8 EDTA Monolayer

MonolayerAccutaseE8 or mTeSR1hESC, 
hiPSC

Matrigel

Synthemax

Matrigel

BMP inhibition-based differentiation hESC, 
hiPSC mTeSR1 ReLeSR Monolayer

RPMI+B27

Matrigel

First chemically-defined, small 
molecule-based differentiaiton in 

multiple lines and various matrices

hESC, 
hiPSC E8 EDTA Monolayer

DMEM/F12+B27

CDM3 (RPMI, recombinant HSA, ascorbic acid 2-phosphate)

Use of dual GSK3β inhibitors and a 
novel Wnt-inhibitor

Protein transduction-based 
differentiation hESC MEF-CM Trypsin EB

Accutase Monolayer

DMEM/F12, 
20% KSR

Definied pluripotent media, small 
molecule-based differentiation

hESC, 
hiPSC

Matrigel or 
Synthemax mTeSR1 TrypLE Monolayer

Gonzalez et al., 
2011

Minami et al., 201298% 
TNNT2+EB

CTK 
dissocation 

solution

hESC, 
hiPSC

RPMI+B27DMEM/F12+N2+B27

IMDM, NEAA, BME, HSA or BSA

KY02111, XAV939CHIR99021, BIO

TrypLE EB

EBCollagenase 
IV

DMEM/F12, 
20% KSR, 

FGF2

RPMI+PVA RPMI, ascorbic acid

70-80%    
NKX2-5+

ISL1

30% 
MYH6+

20% FBS, BMP4

Collagenase 
IV EB

EB and 
monolayer

FGF2, 
VEGFABMP4 BMP4, Activin A, FGF2

TrypLE

Willems et al., 2011

Elliott et al., 2011~25% 
GFP+

RPMI, insulin, lipids

2% FBSIWR-1

20% FBS 2.5% FBS20% FBS 20% FBS, IWR-1

94% of EBs Burridge et al., 2011

Ren et al., 201116% 
TNNT2+KO-DMEM, NEAA, BME

StemPro-34 DMEM

LI-APEL (IMDM/F12, PFHM-II, PVA, BSA, lipids, ITS, 1TG), ascorbic acid LI-AEL (IMDM/F12, PFHM-II, BSA, lipids, ITS, 1TG), ascorbic acid

Identification of developmentally-
relevant stage-specific signaling 

requirements

Optimization of chemically-defined 
media leads to higher efficiency

Wnt inhibition via small molecule

Serum-free, small molecule-based 
Wnt inhibition

Differentiation in both EB and 
monolayer formats

First protocol utilizing solely small 
molecules hESC MEF-CM

hiPSC MEF-CM

hESC

hiPSC

hESC
KO-DMEM, 
20% KSR, 

FGF2

DMEM/F12, 
20% KSR, 

FGF2

MonolayerCollagenase 
IV

MEF-CM, 
FGF2hESCStage specific effects of Wnt/ß-

catenin modulation

EBTrypsin
DMEM/F12, 
20% KSR, 

FGF2
hESCIncreased efficiency via Wnt 

inhibition

Concentration optimization leads to 
increased efficiency hESC DMEM, 20% 

KSR, FGF2

ReproCELL 
Dissociation 

Solution
EB

MEF

MEF

EBCollagenase 
IV

KO-DMEM, 
20% KSR, 

FGF2
hESCFirst application of a small molecule 

(SB203580)

First chemically-defined medium, 
insulin has negative effects early in 

differentiation
hESC

KO-DMEM, 
20% KSR, 

FGF2

Collagenase 
IV EB

HF

MEF

EBTrypsinMEF-CMhESCGrowth-factor Ebs

Growth factor monolayer hESC MEF-CM Collagenase 
IV or EDTA Monolayer

Matrigel

Matrigel

Spontaneous differentiation KO-DMEM, 
20% FBShESC Collagenase 

IV EB

Co-culture differentiation hESC DMEM, 20% 
FBS Dispase Colonies

MEF

MEF

8% OF EBs Kehat et al., 2001

N/S Mummery et al., 
2003

24% of EBs Burridge et al., 2007

30% 
MYH7+

Laflamme et al., 
2007

22% 
MYH6+ Graichen et al., 2008

DMEM

RPMI+B27

END-2 conditioned: DMEM, NEAA, insulin, transferrin, sodium selenite, 2ME 

DMEM, NEAA, transferrin, sodium selenite, 2ME

StemPro-34, ascorbic acid

DMEM, NEAA, 2ME

DKK1, VEGFABMP4 BMP4, Activin A, FGF2 DKK1, VEGFA, FGF2

SB203580

Activin A

Xu et al., 200811% 
MYH6+

50% 
TNNT2+ Yang et al., 2008

Takei et al., 200998% of EBs

49% 
MYH1+

Activin A, 
WNT3A

Paige et al., 2010
RPMI+B27

PGI2, SB203580

BMP4, 20% FBS 20% FBS

BMP4

BMP4, WNT3A, Activin A, VEGFA, SCF

CHIR99021 IWP-2

DMEM/F12, ascorbic acid, lipids, transferrin, sodium selenite, sodium bicarbonate (heparin from d1-d7)

IWP-2 or Wnt-C59

CHIR99021 IWP-2

BMP4, FGF2, 
CHIR

CHIR99021 IWR-1, SB431542, purmorphamine

Activin A ISL1, BMP4

CHIR99021 DMH1

CHIR99021 IWP-4

BMP4, Activin A, FGF2 DKK1, VEGFA VEGFA, FGF2

BMP4, FGF2 20% FBS or HSA

StemPro-34, ascorbic acid, L-glutamine, 1TG

20% FBS, END-2 cells

Activin A, FGF2 20% FBS

BMP4

Timeline, growth factors, small molecules, and basal media

20% FBS

KO-DMEM

DMEM

CDM-PVA (IMDM/F12, ascorbic 
acid, 1TG, insulin, transferrin, PVA)

Kattman et al., 201150-70% 
TNNT2+EBCollagenase 

B, trypsin

DMEM/F12, 
20% KSR, 

FGF2

hESC, 
hiPSC

DKK1

CHIR99012 Wnt-C59

Matrigel

MEF, then 
Matrigel

Geltrex

MEF

MEF

Low density 
MEF

Matrigel

Gelatin or 
laminin-211

Suspension

Synthemax 
or laminin-

521

IWR-1, FGF2, VEGFA

BMP4

85% 
TNNT2+

Lian et al., 2012     
Lian et al., 2013RPMI+B27 without insulin RPMI+B27

Pink cells indicate positive inducers (growth factors, sera, small molecules); yellow cells indicate inhibitors; green cells indicatemedia and additional supplements

used. Acronyms: 2ME, ß-mercaptoethanol; 1TG, monothioglycerol; BIO, 6-bromoindirubin-30-oxime; BMP4, bone morphogenetic protein 4; DKK1, Dickkopf-

related protein-1; EB, embryoid body; EDTA, Ethylenediaminetetraacetic acid; END-2, endoderm-like cell line; FBS, fetal bovine serum; FGF2, basic fibroblast

growth factor; HF, human fibroblasts; HSA, human serum albumin; ITS, insulin, transferrin, selenium supplement; IWR-1, inhibitor of Wnt response-1; IWP-2, in-

hibitor of Wnt production 2; IWP-4, inhibitor of Wnt production 4; KO-DMEM, KnockOut DMEM; KSR, KnockOut Serum Replacement; MEF, mouse embryonic

fibroblasts; MEF-CM, MEF conditioned medium; NEAA, nonessential amino acids; N/S, not stated; PFHM, Protein-Free Hybridoma mixture; PI3K, phosphoino-

sitide 3-kinases; PVA, polyvinyl alcohol; SCF, stem cell factor; VEGFA, vascular endothelial growth factor.

ll
OPEN ACCESSProtocol Review
bodies in KO-DMEM and 20% FBS (Kehat et al., 2001), followed by dissociation and selection the

desired cell types. In the Kehat protocol, 8% of embryoid bodies presented spontaneous contrac-

tion. This was followed by a co-culture system that also provided a platform for early generation

of cardiomyocytes from hESC without need for further control of parameters, but with low yield

and purity of tissues (Mummery et al., 2003). In the mid-2000s, new protocols arose, informed by
STAR Protocols 3, 101560, September 16, 2022 5
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developmental biology cues, utilizing growth factors such as activin A, FGF2, and BMP4. These pro-

tocols showed improved differentiation efficiency versus spontaneous conditions both in embryoid

body (Burridge et al., 2007) and monolayers (Laflamme et al., 2007), the latter being one of the

earliest applications of the RPMI/B27 combination that would become almost standard in the

following decade. This was followed by the first application of small molecules to improve differen-

tiation, in this case the p38MAPK inhibitor SB203580 (Graichen et al., 2008), and the first chemically-

defined medium for the differentiation of cardiomyocytes, indicating that insulin potentially

presents a negative effect on differentiation (Xu et al., 2008). Further developments led to increased

efficiency in the generation of beating embryoid bodies either via Wnt inhibition (Yang et al., 2008),

optimizing concentrations of growth factors mixed with FBS (Takei et al., 2009), identifying develop-

mental stage-specific signaling requirements (Kattman et al., 2011), or improving chemically-

defined conditions (Burridge et al., 2011).

The knowledge acquired with spontaneous differentiation and developmental biology cues enabled

complex, yet inefficient protocols. These protocols were further optimized, but they still relied on

the use of sera, proteins, and/or growth factors that are expensive and lead to more variability. After

the cross-talk between the BMP4/activin A and Wnt/b-catenin pathways was identified as the essen-

tial element for cardiac differentiation (Paige et al., 2010), further protocols were developed

exploring these elements. The next step was the simplification and replacement of expensive com-

ponents with others that are easier to use and more widely available, hence we saw the exploration

of small molecules to either enhance or replace growth factors. An initial modification was the

replacement of DKK1 with small molecule-based Wnt inhibition with the use of IWR-1 either com-

bined with sera (Ren et al., 2011) or in a serum-free system (Willems et al., 2011). Another develop-

ment was the adaptation of protocols for use on both monolayer and embryoid body cultures (Elliott

et al., 2011). Finally, in 2011, the first protocol using only small molecules for a stage-specific mod-

ulation of the Wnt/b-catenin was developed (Gonzalez et al., 2011).

In 2012, a similar approach was shown to work with cells grown in a defined pluripotent media; it

explored the RPMI/B27 combination first utilized in 2007, now modified to remove insulin during

the first 5 days of differentiation, and became known as the GiWi small molecule differentiation pro-

tocol (Lian et al., 2012, 2013). In addition to small molecules, the use of protein transduction was also

shown effective in inducing cardiomyocyte differentiation in embryonic stem cells (Fonoudi et al.,

2013). The time-dependent inhibition of BMP by a small molecule (DMH1) in a complex system using

DMEM/F12 supplemented with B27 was also shown to promote cardiomyocyte differentiation

(Aguilar et al., 2015). In 2014, we reported the first chemically defined, small molecule-based pro-

tocol for the differentiation of hiPSCs, called CDM3. We identified the components of the B27 sup-

plement that were essential for cardiac differentiation when utilizing RPMI, namely ascorbic acid and

albumin, while applying CHIR99021 andWnt-C59 tomodulate theWnt/b-catenin pathway (Burridge

et al., 2014). In addition, we showed that it was possible to remove albumin, but with a significant

reduction in cardiomyocyte yield. To overcome this limitation, Lian and colleagues suggested the

addition of other components from the B27 supplement in a stage-specific manner, namely putres-

cine, progesterone, and sodium selenite, combined with the reduction of the CHIR and IWP-2 con-

centrations (Lian et al., 2015). In a more complex system, utilizing KO-DMEM as basal medium,

Zhang and colleagues were also able to differentiate cardiomyocytes in an albumin-free condition

(Zhang et al., 2015). Another protocol proposed replacing albumin with heparin in a time-depen-

dent treatment, also combined with lipids, in an E8-based system (Lin et al., 2017). However,

even though the system was able to generate a significant number of TNNT2-positive cells, contrac-

tion was not as robust. Thus, supplementation with albumin was recommended in the STAR

Protocols version (Lin and Zou, 2020). Tan and colleagues suggested supplementing RPMI with

L-ascorbic acid and N-acetyl-L-cysteine, while using CHIR (during day 0 of differentiation) and

IWR-1 (between days 3 and 8) to create an albumin-free differentiation system (Tan et al., 2018).

This combination is also the basis of the S12 medium, which combines RPMI, ascorbic acid,

N-acetyl-L-cysteine, insulin, transferrin, sodium selenite, ethanolamine, carnitine, linoleic and
6 STAR Protocols 3, 101560, September 16, 2022
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linolenic acids, methyl-b-cyclodextrin, Trolox, and sodium pyruvate to generate cardiomyocytes (Pei

et al., 2017). Another albumin-free protocol uses DMEM/F12 as basal medium, supplemented with

sodium selenite, ascorbic acid, transferrin, and lipids. It was used to identify how the IGF pathway

regulates mesoderm differentiation and to show that PI3K inhibition, instead of Wnt inhibition,

might be enough to induce hESC differentiation into cardiomyocytes (Yang et al., 2019b).

However, the proposed albumin-free protocols have not been optimized or explored in depth, and

CDM3- and RPMI/B27-based protocols dominate the landscape of hiPSC-derived cardiomyocyte

(hiPSC-CM) differentiation due to their reliability, yield, and cost. The majority of recent develop-

ments have focused on small improvements to these protocols, such as with the addition of trans-

ferrin to the CDM3 basal medium (Zhang et al., 2021a), and on increased scalability via the use of

bioreactors either with CDM3 (Manstein et al., 2021a, 2021b) or RPMI/B27 (Laco et al., 2020) sys-

tems. Similarly, the re-modulation of the Wnt/b-catenin pathway at different time points has been

proposed to increase the yield of cardiomyocytes in an RPMI/B27-based differentiation (Buikema

et al., 2020; Maas et al., 2021; Sharma et al., 2018). Other developments based on CDM3 or the

GiWi differentiation protocol focused on:

(1) The development of controlled subtype specification differentiations (Cyganek et al., 2018;

Funakoshi et al., 2021; Kleinsorge and Cyganek, 2020; Lee et al., 2017)

(2) Strategies for hiPSC-CM maturation (Feyen et al., 2020; Giacomelli et al., 2020; Hu et al., 2018;

Ribeiro et al., 2015b)

(3) The application of hiPSC-CMs towards disease modeling either in simple 2D culture systems

(Hanses et al., 2020; Magdy et al., 2021a, 2021b; McKeithan et al., 2020) or tissue engineered

applications (Mills et al., 2017; Querdel et al., 2021) using functional measurements (Zhang

et al., 2021b)

Finally, the role of other small molecules as enhancers of differentiation has also been investi-

gated. For example, as an evolution of protocols proposed in the late 2000s and early 2010s (Katt-

man et al., 2011; Yang et al., 2008), the casein kinase 1 inhibitor CKI-7 has been combined with

VEGFA and FGF2 in a time dependent manner using an embryoid body system to improve the

recapitulation of drug-induced QT prolongation in vitro (Shinozawa et al., 2017). Rapamycin has

also been tested as a potential enhancer of early mesoderm induction, specifically its addition

in tandem with CHIR for 4 days was shown to increase the purity of hiPSC-CMs population

compared to CHIR alone, also increasing the percentage of beating embryoid bodies (Qiu

et al., 2017).

As a field, we have moved from a complex and uncontrolled system to simplified and relatively

robust protocols, using the knowledge and cues gathered at each step; then we moved from a

world with the use of complex sera and feeder layers to media that are chemically defined. We

now have a family of small molecules that have been shown to be effective at modulating the

Wnt/b-catenin pathways, especially CHIR99021, and the Wnt inhibitors: IWR-1, IWP-2 (Lin et al.,

2017; Santoro et al., 2021), IWP-4, XAV939 (Wang et al., 2011), KY02111 (Minami et al., 2012;

Qiu et al., 2017), TA01 (Laco et al., 2018), and Wnt-C59 (Table 1). We also understand better

the role of common media supplements such as insulin (Freund et al., 2008; McDevitt et al.,

2005; Tran et al., 2009) and ascorbic acid (Cao et al., 2012; Passier et al., 2005). However, even

though we developed a vast understanding of the genetic pathways associated with differentia-

tion, we still do not have a clear picture of the nutritional requirements, which is seen in a variety

of basal media being suitable for differentiation. Additionally, protocols still rely on the use of pro-

teins as differentiation enhancers (such as albumin and heparin) as a legacy feature, even though

these proteins are not necessarily mechanistically relevant for differentiation. Hence, identifying

minimum nutritional requirements and being able to fully remove proteins without an impact on

tissue functionally should be the focus for the next generation of hiPSC-CM differentiation

protocols.
STAR Protocols 3, 101560, September 16, 2022 7
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Directed differentiation into defined cardiomyocyte subtypes

The human heart is composed of a highly diversified set of CM subtypes. These ventricular, atrial,

and sinoatrial nodal CMs differ in their unique molecular, cellular, and physiological features, highly

adapted to their defined localization and function within the heart (Litvi�nuková et al., 2020). Hence,

the utilization of a highly homogeneous population of hPSC-CMs with a defined cardiac subtype is

relevant for investigation of potentially subtype-related disease mechanisms, for the development

of chamber-specific drugs, and for toxicity screening approaches. Although it is believed that the

cardiac differentiation procedure yields a heterogeneous mixture of various CM subtypes, the

most commonly applied differentiation protocols are exclusively based on Wnt signaling modula-

tion (Burridge et al., 2014; Lian et al., 2013) and predominantly promote the differentiation of

hPSC towards the ventricular lineage. Therefore, these protocols are typically used to obtain ventric-

ular hPSC-CMs with cultures composed of around 90% of ventricular-like cells, with atrial- and nodal-

like CMs being underrepresented. Significant efforts have been made to modify and optimize

differentiation protocols by modulation of additional signaling pathways to direct the differentiation

process towards enriched populations of atrial and nodal cells (Table 2). Once again, researchers

used hints from developmental biology to determine what signaling pathways to target.

Retinoic acid (RA), the biologically active derivative of vitamin A, plays a pivotal role in multiple

stages of heart development including defining the second heart field that further contributes to

the formation of the atria (Stefanovic and Zaffran, 2017). Here, the cardiac subtype fate is believed

to be determined early in development during mesodermal to cardiac progenitor stage. Conse-

quently, activation of RA during early stages of in vitro differentiation has been proposed to facilitate

cardiac subtype specification. Studies in murine and human ESC revealed that RA administration at

initial stages of differentiation indeed increased the ratio of the atrial subtype population in cultures

by suppressing the expression of ventricular genes (Gassanov et al., 2008; Zhang et al., 2011).

Devalla and colleagues determined that cardiac subtype specification occurs post-mesoderm for-

mation and prior to the onset of cardiac progenitor stage (Devalla et al., 2015). By applying a cyto-

kine cocktail in EB-based suspension culture of hESC to initiate CM differentiation, RA treatment
Table 2. Protocols to generate subtype-defined hPSC-CMs

Cardiomyocyte subtype differentiation

Subtype 
differentation

Cellular 
model

Pluripotency 
media

Differentiatio
n format Efficiency Reference

d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10 d11 d12

Liang et al., 2020
20-30% 
TNNT2+ 
/NKX2-5-

hESC, hiPSC

Nodal

E8
RPMI+B27 without insulin

RPMI+B27

RPMI+B27
Ren et al., 2019hESC, hiPSC E8

Protze et al., 2017

Monolayer

BMP4, PD173074, 
BMS189453CHIR99021

CHIR99021

Atrial

hESCs BPEL

hESC, hiPSC StemPro-34

iPSC

hESC, hiPSC

Differentiation protocol, growth factors, small molecules, and media by day of protocol

hESCs MEF-CM

E8 /Stem 
MACS iPS-

Brew XF /Stem 
Flex

StemPro-34

RPMI+B27
Monolayer

EB

EB

retinoic acid

Activin A, BMP4, FGF2 retinol, IWP-2, VEGFA VEGFA

50% 
TNNT2+

85% 
TNNT2+ Lee  et al., 2017

StemPro-34, L-glutamine, ascorbic acid, transferrin, 1TG, hypoxia

Zhang et al., 2011

BPEL

50% NKX2-
5+

Devalla  et al., 
2015

BMP4, FGF2 Activin A Noggin retinoic acid, DKK1 DKK1

Activin A, BMP4, stem cell factor, VEGFA, 
CHIR99021

87% 
TNNT2+

RPMI, ascorbic acid 2-phosphate, recombinant HSA RPMI+B27

StemPro-34, L-glutamine, ascorbic acid, transferrin, 1TG, hypoxia

50% 
TNNT2+ 
/SHOX2+

BMP4, SB-431542, retinoic acid, IWP-2, 
VEGFA, PD173074  VEGFA

CHIR99021 IWP-2 IWP-2, 
retinoic acid retinoic acid Kleinsorge et al., 

2020

hESC, hiPSC  hiPSC Medium 
BioCISO 

55 % 
TNNT2+ 
/NKX2-5-

50% 
TNNT2+ 
/NKX2-5-    

Liu et al., 2020
IWP-2 

Monolayer

EB

Monolayer

Monolayer
RPMI+B27 without insulin

BMP4 Activin A, BMP4, FGF2

RPMI+B27 without insulin

CHIR99021 Wnt-C59

CHIR99021IWP-2 

Pink cells indicate positive inducers (growth factors, sera, small molecules); yellow cells indicate inhibitors; green cells indicatemedia and additional supplements

used. Acronyms: 1TG monothioglycerol; BMP4, bone morphogenetic protein 4; BPEL, Bovine Serum Albumin (BSA) Polyvinylalchohol Essential Lipids medium

containing IMDM/F12, lipids, Protein-Free Hybridomamixture II, insulin, transferrin, sodium selenite, ascorbic acid, L-alanyl-l-glutamine, penicillin. streptomycin;

DKK1, Dickkopf-related protein-1; EB, embryoid body; FGF2, basic fibroblast growth factor; HSA, human serum albumin; IWP-2, inhibitor of Wnt production 2;

MEF-CM, MEF conditioned medium; VEGFA, vascular endothelial growth factor.
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(1 mM RA between day 4 and day 7) resulted in approximately 50% CMs predominantly of the atrial

lineage, as verified by transcriptomic and electrophysiological analyses. In an extensive study,

Lee and colleagues phenotyped the mesodermal population that is induced by cytokines during

EB-based differentiation of hESC and hiPSC (Lee et al., 2017). The authors identified distinct meso-

derm patterning based on the activin A and BMP4 concentrations applied: a CD235a+ population

at higher cytokine concentrations mainly giving rise to ventricular CMs and a RA-responsive

RALDH2+ population at lower cytokine concentrations predominantly inducing specification into

the atrial subtype (0.5 mM RA or 2 mM retinol was applied from day 3 to day 5). CMs obtained via

this differentiation process were validated at the molecular, electrophysiological, pharmacological,

as well as on cardiac tissue level (Goldfracht et al., 2020; Lee et al., 2017).

In contrast to the EB-based suspension culture protocols, we adapted the efficient monolayer-based

differentiation approach from Burridge and colleagues (Burridge et al., 2014), to establish a simple,

robust and easy-to-apply protocol for the directed differentiation into the atrial lineage. By opti-

mizing timing and concentration of RA application (1 mM RA between day 3 and day 6), a highly en-

riched population of atrial hiPSC-CMs could be obtained (Cyganek et al., 2018). The atrial fate of

hiPSC-CMs derived via this protocol was verified on molecular, electrophysiological and 3D cardiac

tissue level. By applying this protocol, efficiencies of approximately 90% of the intended atrial sub-

type within cultures could be achieved. The detailed protocol is available in STAR Protocols (Klein-

sorge and Cyganek, 2020).

Recent studies also improved our understanding in directing hPSC towards pacemaker CMs possess-

ing molecular profiles from the sinoatrial node. Protze and colleagues proposed that a stage-specific

modulation of several signaling pathways simultaneously promote the directed differentiation of

hPSC into nodal-like CMs (Protze et al., 2017). By using their established EB-based differentiation

based on cytokines, the combined activation of BMP4, VEGFA, and RA (0.25 mM) as well as signaling

inhibition of Wnt (by applying 0.5 mM IWP-2), TGF-b (by applying 5.4 mM SB431542), and FGF2 (by

applying 0.5–1 nM PD173074) between day 3 and day 6 resulted in enriched populations of nodal

CMs. Although the overall differentiation efficiency was reduced, cultures yielded more than 50%

of NKX2.5- SHOX2+ TNNT2+ nodal CMs and only low percentages of the atrial or ventricular subtype.

Molecular and electrophysiological analyses as well as transplantation experiments revealed that re-

sulting CMs display the expected pacemaker activity in vitro and in vivo. A further study applied a

slightly different cocktail of cytokines and inhibitors to hESC and hiPSC monolayer culture with the

combined administration of BMP4, PD173074, and RA antagonist BMS189453 from day 5 to day 7

displaying the best efficiency (around 50%) for pacemaker enriched cultures (Liu et al., 2020).

Ren and colleagues showed that the pacemaker cardiogenesis depends onWnt signaling at the car-

diac precursor stage (Ren et al., 2019). In their approach, Wnt activation by 3 mM CHIR99021 treat-

ment at day 5 for 48 h was sufficient to boost the hESC culture towards the nodal lineage. By

applying this protocol, around 50% of CMs displayed molecular and functional properties of cardiac

pacemaker CMs. Liang and colleagues hypothesized that lowering the Wnt signaling inhibition typi-

cally applied to initiate the mesoderm to cardiac mesoderm transition might suffice to favor pace-

maker differentiation (Liang et al., 2020). Indeed, low concentrations of Wnt inhibitor Wnt-C59

(0.01 mM instead of 2 mM) enriched the pacemaker population within hESC and hiPSCmonolayer cul-

tures, but to a lower extent (20%–30% TNNT2+ CMs) than other protocols.

In summary, current protocols allow us to efficiently generate nearly homogenous populations of

ventricular, atrial, or nodal CMs that highly resemble the major characteristics of the respective

subtypes.

Maturation and tissue engineering

Despite the enormous progress in the development of differentiation protocols, the immaturity of

hPSC-CMs with embryonic to fetal-like properties might remain a limiting factor to model genetic
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cardiac diseases, which generally appear in adulthood. In this section, we summarize the major dif-

ferences between immature and mature CMs, which have been broadly discussed in a number of

reviews (Ahmed et al., 2020; Guo and Pu, 2020; Karbassi et al., 2020). Subsequently, we highlight

the different strategies proposed for enhancing the maturity of hPSC-CMs.

The degree of CMmaturation can be determined by comparing the key features of morphology and

structure, electrophysiology, calcium handling, metabolism, and transcriptional signatures. Unlike

adult CM morphology, hPSC-CMs cultured in 2D monolayer are typically smaller in size and round

or polygonal (with a typical aspect ratio of 2–3:1); they display shorter and less organized sarcomeres

and a less developed sarcoplasmic reticulum, and they lack transverse tubules (T-tubules). Immature

hPSC-CMs show an electrophysiological phenotype characterized by spontaneous beating and an

action potential with decreased duration and a less negative resting membrane potential. In addi-

tion, hPSC-CMs show different calcium handling kinetics due to the reduced volume and calcium

stores of the sarcoplasmic reticulum, the lack of T-tubules and the lower expression of calcium

handling proteins (such as SERCA and RYR2), leading to an underdeveloped excitation-contraction

coupling. At the metabolic level, mature CMsmainly rely on fatty acid b-oxidation rather than glycol-

ysis as the major source of energy production. This switch to fatty acid consumption, which occurs

during postnatal development, is accompanied by an increase in the number, area, and cristae den-

sity of mitochondria. Maturation of hPSC-CMs can be also assessed by measuring sarcomeric iso-

forms due to the transition of these myofilament proteins during development. For example, adult

CMs express the b-MHC isoform (MYH7) instead of a-MHC (MYH6), the shorter titin isoform N2B

instead of N2BA, and the cardiac troponin isoform cTnI (TNNI3) instead of the slow skeletal muscle

isoform ssTnI (TNNI1) (Ahmed et al., 2020; Guo and Pu, 2020; Karbassi et al., 2020).

Recently, different approaches have been proposed to promote the maturation of hPSC-CM cul-

tures to at least some extent (Figure 3). As one of the first strategies, Lundy and colleagues showed

that long-term culture of hESC- and hiPSC-CMs for up to 120 days presented structural changes

such as increased cell size and increased myofibrillar density and alignment. They also showed an

improvement in contractile performance, calcium handling, and electrophysiological properties

(Lundy et al., 2013). Interestingly, long-term culture resulted in myofibrils more tightly packed

with the appearance of mature Z-, A-, H-, and I-bands in 180-day-old EBs and M-bands only after

1 year of EB culture (Kamakura et al., 2013). Although prolonged culture can promote maturation,

it is not beneficial in terms of time and costs and other methods are preferable.

Alternative efforts to mimic the cardiac environment and promote CM maturation have been tested

in vitro. Co-culture with cardiac fibroblasts (CFs) and/or endothelial cells could induce maturation

through cell-cell interaction and paracrine signals (Dunn et al., 2019; Ieda et al., 2009; Lee et al.,

2015). Recently, Giacomelli and collaborators showed enhanced maturation in micro-tissues gener-

ated by combining CMs, CFs, and cardiac endothelial cells, all derived from hiPSCs (Giacomelli

et al., 2020). They proved that maturation was induced at least in part by increasing cAMP levels

in CMs, which enhanced the assembly of connexin 43 gap junctions between CFs and CMs. In

other studies, the cardiac stiffness, much smaller in the myocardium than in culture dishes

(�10 kPa vs. �1 GPa), has been mimicked by the use of soft matrices such as polydimethylsiloxane,

hydrogels, or polyacrylamide, showing improved features of CM maturation (Feaster et al., 2015;

Herron et al., 2016). Ribeiro and colleagues showed that hiPSC-CMs cultured on polyacrylamide

with a physiological stiffness (10 kPa) generated more force than those on stiffer substrates (Ribeiro

et al., 2015a). Interestingly, they also proved that CMs cultured on rectangular micropatterns with

substrates with physiological stiffness and aspect ratio presenting higher alignment of sarcomeric

myofibrils, improved calcium flow, higher degree of mitochondrial organization, matured electro-

physiology, T-tubule formation, and higher contractile performance.

The use of biochemical cues like hormones can also promote maturation. Treatment of hiPSC-CM

cultures for 1 week with the thyroid hormone triiodothyronine (T3), essential for heart development,
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Figure 3. Different maturation approaches for hPSC-CMs

Mechanical, chemical, and cellular-based cues can be used to induced maturation of hPSC-CMs. Each method has the potential to change to different

degrees the morphology, metabolism, physiology, and gene expression of cardiomyocytes.
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enhanced the CM maturity state by increasing cell size and sarcomere length and by improving cal-

cium handling kinetics, mitochondrial activity, and contractile force (Yang et al., 2014). Interestingly,

the combination of T3 with glucocorticoid hormones (also important during fetal and postnatal heart

development) within the culture medium could initiate the development of T-tubules and enhance

the excitation-contraction coupling (Parikh et al., 2017). Additionally, the supplementation of fatty

acids to the culture medium is gaining relevance to induce a more ‘‘adult-like’’ CM phenotype.

Except during the short-term selection period, when lactate is the major energy source, most of

the cardiac differentiation protocols are based on glucose-containing medium (Burridge et al.,

2014; Lian et al., 2013). In contrast, most of the energy consumed by adult CMs is produced by

oxidative phosphorylation using lipid sources (Lopaschuk and Jaswal, 2010). Hence, shifting from

glucose-containing to fatty acid-containing medium can enhance maturation of hPSC-CMs by

increasing cell size and increasing myofibril density and alignment, as well as by improving contrac-

tile force, calcium and action potential kinetics, and mitochondrial oxidative capacity (Correia et al.,

2017; Yang et al., 2019a). Recently, Feyen and colleagues developed a defined metabolic matura-

tion medium supplemented with a mixture of fatty acids and containing lower concentrations of

glucose and calcium, compared to typically utilized culture media (Feyen et al., 2020). In addition

to improved structural, electrophysiological, and functional properties of hiPSC-CMs cultured in

maturation medium, the more mature cells also showed similarities to disease phenotypes of

Long QT syndrome and dilated cardiomyopathy that could not be reliably modelled in high glucose

medium. In parallel, the Song lab integrated the use of a maturation medium rich in fatty acids

together with the use of micropatterned surfaces (plastic coverslips patterned with grooves via

lapping) to produce structurally and functionally matured human iPSC-CMs (Knight et al., 2021b).

Interestingly, by using this combinatorial approach, they were able to suppress baseline hypertro-

phy, typically associated to prolonged glucose-based culture, and thereby to better model the hy-

pertrophic phenotype in Danon disease. Their detailed two-step protocol is available in STAR

Protocols (Knight et al., 2021a).
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Finally, bioengineering approaches are considered the gold standard for to structural and functional

maturation by more closely reflecting the native physiological environment of the human heart muscle

(Figure 4). These approaches rely on the generation of 3D cardiac tissues using hPSC-derived CMs (and

non-myocytes) embedded in scaffolds and extracellularmatrix components. TheHansen lab developed

engineered heart tissues by embedding hPSC-CMs into fibrin hydrogels with tissues attached to flex-

ible silicone posts allowing performing contraction analysis under auxotonic stretch conditions (Breck-

woldt et al., 2017; Mannhardt et al., 2016). Besides a structural and contractile maturation like native

human heart tissue, these CMs had a higher number of mitochondria and an increase in oxidative phos-

phorylation rather than anaerobic glycolysis (Ulmer et al., 2018). The Zimmermann group constructed

engineered heart muscles under defined serum-free conditions, consisting of a defined mixture of

hPSC-CMs and (cardiac) fibroblasts or stromal cells cast in collagen hydrogels. They verified advanced

morphological, molecular, and functional maturation (Tiburcy et al., 2017). Importantly, addition of

the non-myocytes facilitated extracellular matrix remodeling and compaction of the tissues and signif-

icantly improved contractile performance with an optimal force performance at an input ratio of 70%

CMs and 30% non-CMs. In their STAR Protocol (Tiburcy et al., 2020), the authors provide a step-by-

step tutorial to generate engineered heart muscle loops in a 48-well plate format which allows to easily

study contractile function under different physiological, pathological, or pharmacological conditions.

Naturally, these engineered tissues can be combined with further approaches that enhance matu-

rity of CMs in vitro, such as fatty acid supplementation (Mills et al., 2017), mechanical stress, and

electrical stimulation (Ruan et al., 2016). Electrical pacing has become in an attractive strategy

for biomimicking electrical signals and enhancing CM maturation in vitro. Increasing stimulation

constantly from 1 Hz to 6 Hz for one week in engineered cardiac micro-tissues (hPSC-CMs seeded

with fibroblasts, endothelial cells and smooth muscle cells on a silicone template), improved major

maturation features such as myofibril organization and electrophysiological parameters (Nunes

et al., 2013; Zhao et al., 2019). Based on these studies, the Vunjak-Novakovic lab established a pro-

tocol to produce cardiac tissues (engineered from hPSC-CMs and fibroblasts in a fibrin hydrogel)

with remarkable maturity features by early-stage conditioning with mechanical loading and

ramped electrical stimulation (2 weeks at a frequency increasing from 2 Hz to 6 Hz, followed by

1 week at 2 Hz) (Ronaldson-Bouchard et al., 2019). These tissues demonstrated sarcomeric re-

arrangement, T-tubule maturation, highly improved contractile performance, and enhanced meta-

bolic features, closely resembling an adult-like phenotype (Ronaldson-Bouchard et al., 2018).

Despite these advances in CM maturation, cost-effective protocols with improved standardization

and automation are still needed to facilitate cardiovascular disease modelling and drug screening.
Figure 4. Tissue engineered approaches for further culture of hPSC-CMs

Post-differentiation hPSC-CMs can be engineered into different types of constructs for disease modeling, pharmacological screenings, and

developmental studies. Furthermore, each engineered construct has the potential to promote phenotypical changes in the hPSC-CMs, as listed here.
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Protocols to generate cardiomyocytes via direct cardiac reprogramming of fibroblasts

Direct cardiac reprogramming, i.e., converting fibroblasts into cardiomyocytes bypassing progeni-

tor stages, is an established and valued strategy for the de novo generation of cardiomyocytes for

heart repair (Srivastava and DeWitt, 2016). In general, this is achieved via viral delivery or transient

transduction followed by an average 2- to 4-weeks of culture, whereby the forced expression of

protein and/or microRNA combinations can convert fibroblasts into induced cardiomyocytes

(iCMs) featured with aligned sarcomeres, spontaneous calcium flux, and contractility. In the past

decade, different approaches using various cocktails and culture systems have been reported

with diverse outcomes. Here, we reviewed the mainstream approaches and aimed to provide a clear

guidance for their future applications.

In Tables 3 and 4, we comprehensively list the components of each direct reprogramming approach

according to the original reports, which have been repeatedly used in published research. We have

divided the reprogramming strategies into five major categories:

1. MGT-core cocktail (Ieda et al., 2010; Mohamed et al., 2017; Muraoka et al., 2014, 2019; Wang

et al., 2015a; Yamakawa et al., 2015)

2. GHMT-based cocktail (Garry et al., 2021; Nam et al., 2014; Song et al., 2012; Zhang et al., 2019a,

2021c; Zhou et al., 2015)

3. microRNA combo (Hu et al., 2021; Jayawardena et al., 2012)

4. direct human cardiac reprogramming (Fu et al., 2013; Garbutt et al., 2020; Nam et al., 2013;

Wada et al., 2013)

5. chemical only approach (Cao et al., 2016; Fu et al., 2015)

In 2010, Ieda and colleagues reported that retroviral delivery of cardiac-enriched transcriptional fac-

tors (TFs) Gata4, Mef2c, and Tbx5 (GMT) is sufficient to convert �20% of mouse CFs into alpha

myosin heavy chain (Myh7)-GFP reporter positive iCMs (Ieda et al., 2010). After 3–4 weeks of culture

in iCMmedium, iCMs also exhibited calcium flux and spontaneous beating. Optimization of this pro-

tocol has been achieved by addition of microRNAs (miR-1 andmiR-133) into reprogramming cocktail

(Muraoka et al., 2014), treatment of chemicals (Mohamed et al., 2017; Muraoka et al., 2019; Yama-

kawa et al., 2015), and stoichiometry control of TFs (Wang et al., 2015a, 2015b). The early stage of

chemical treatment (SB431542 and XAV939) shortened the appearance of beating cells from 5weeks

to 10 days. Using FFV medium supplemented with FGF2, FGF10, and VEGFA starting from reprog-

ramming day 14 promoted iCM maturation and gave rise to �100-fold more beating cells

(Mohamed et al., 2017). Moreover, taking advantage of the polycistronic vector expressing factors

in the order of Mef2c, Gata4, and Tbx5 (MGT), Li Wang and colleagues generated 10-fold more

beating iCMs from CFs (Wang et al., 2015a). Puromycin selection was also performed 2 days after

infection to enrich MGT-transduced cells and reduce heterogeneity during reprogramming. The

GMT-based approaches have been widely used in the field to answer a variety of questions (Liu

et al., 2016, 2017; Stone et al., 2019; Wang et al., 2020; Zhou et al., 2016, 2017, 2018).

Alternatively, independent laboratories established a platform using GMT plus Hand2 (GHMT) as a

minimal cocktail to generate induced cardiomyocyte-like myocytes from different types of fibro-

blasts. Besides the change of cocktail, cardiac induction medium was also modified by including

horse serum, additional nutrients and 10% conditioned medium obtained from neonatal rat or

mouse cardiomyocytes (Song et al., 2012). Repeated viral infection was applied at the first 2 days.

Furthermore, the same group found that addition of auxiliary factors such as AKT serine/threonine

kinase 1 (Akt1) and histone reader PHD finger protein 7 (Phf7), led to more efficient generation of

beating cells from relatively reluctant MEF (MEFs) and tail-tip fibroblast (TTFs) and adult CFs (Garry

et al., 2021; Zhou et al., 2015). Of note, several studies determined the subtype cardiomyocytes

generated with GHMT via combinational marker expression. Nam and colleagues adopted multi-

immunostaining and assigned a unique identity for pacemaker CMs, ventricular, and atrial CMs

(Nam et al., 2014; Zhang et al., 2021c). They found 1% of GHMT-transduced cells with well aligned
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Table 3. Direct reprogramming approaches

Features

Cell types

Cocktails Efficiency ReferenceFrom To

GMT-based cocktail CF, TTF MYH6-GFP+ GMT �20% leda et al., 2010

microRNA CF, MEF Beating cells GMT, miR-133 7 -old more Muraoka et al. (2014)

HCF TNNT2+ GMT, MESP1, MYOCD,
miR-133

23–27%

Chemical compound CF MYH6-GFP+ GMT �30% Mohamed et al. (2017)

HCF TNNT2-GCaMP5+ GMT, MYOCD, ESRRG,
MESP1, ZFPM2

�12%

MEF, TTF Beating cells GMT or GHMT 100-fold Yamakawa et al. (2015)

TTF Beating cells GMT or GHMT 4-fold Muraoka et al. (2019)

Polycistronic puro
selection

CF Beating cells polycistronic MGT 10-fold Wang et al. (2015a)

Optimized GHMT-
based cocktail

CFs,TTFs MYH6-GFP+/TNNT2+ GHMT 5%–20% Song et al. (2012)

MEF Beating cells GHMT Akt1 50.0% Zhou et al. (2015)

CF, TTF �0.8%

MEF, CF, TTF MYH6-GFP+/TNNT2+ GHMT, Akt1, PHF7 > 20% Garry et al. (2021)

Beating cells �2-fold

HCF MYH6-GFP+/TNNT2+ GHMT, Myocd, PHF7 � 3% Garry et al. (2021)

Chamber-specific
subtype

MEF, TTF Sarcomere+/HCN4-GFP+ GHMT 1% 3 �32% Nam et al. (2014)

Sarcomere+/HCN4-
GFP�/MYL2+

1% 3 �22%

Sarcomere+/HCN4-
GFP�/NPPA+

1% 3 �35%

MEF MYL7+/TNNI3+ Polycistronic M-G-T-H �26% Zhang et al. (2019a)
(2021c)MYL2+/TNNI3+ �16%

Sarcomere+, beating cells �5–6-fold

Human Fibroblasts H9F MYH6-mCherry+/TNNT2+ GMT, ESRRG, MESP1,
MYOCD, ZFPM2 (7F)

13.0% G 9.3% Fu et al. (2013)

HCF, HDF ACTN2+/TNNT2+ 1–4%

HFF, AHCF,
AHDF

TNNT2+ GHT, Myocd, miR-1,
miR-133 (6F)

�10–35% Nam et al. (2013)

HCF, HDF ACTN2+ or TNNT2+ GMT, Mesp1, Myocd
(GMTMM)

� 5% Wada et al. (2013)

H9F, HCF TNNT2+ Polycistronic hMGT +
miR-133 (MGT133)

40–60% Garbutt et al. (2020)

MicroRNA combo MEF, CF MYH6-CFP+ miR-1, miR-133, miR-208,
miR-499 (miRcombo)

�13–27% Jayawardena et al. (2012)

Chemical only
approach

MEF, TTF ACTN2+ or MYH6+ small-molecule
combination CRFVPT

�10–15% Fu et al. (2015)

HFF TNNT2+ cells 9 chemical compounds (9C) 6.6 G 0.4% Cao et al. (2016)

HLF 5.5%

Acronyms: AHCF, adult human cardiac fibroblasts; AHDF, adult human dermal fibroblasts; CF, cardiac fibroblasts; H9F, H9-derived fibroblasts; HFF, neonatal

human foreskin fibroblasts; HLF, human fetal lung fibroblasts; MEF, mouse embryonic fibroblasts; TTF, tail tip fibroblasts.
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sarcomeres, among which �32% Hcn4-GFP+ cells were pacemaker like cells; � 22% were Hcn4-

GFP�/Myl2+ ventricular myocytes; �35% were Hcn4-GFP�/Nppa+ atrial like myocytes. Recently,

Hand2 was revealed as a key factor that regulates chromatin accessibility to induce pacemaker

lineage conversion (Fernandez-Perez et al., 2019), highlighting the application of GHMT-based

approach to study direct reprogramming of chamber or subtype specific cardiomyocytes.

Development of an efficient and reproducible platform for human direct cardiac reprogramming is

critical for moving to clinical applications. Many efforts have been made to generate human iCMs,

but current protocols are still limited. Due to an unknown molecular basis, adult human fibroblasts

are unable to be converted to iCMs by the mouse core TF combination GMT. Through screening

led by independent laboratories, human direct cardiac reprogramming could be induced with three

different combinations of TFs/miRs: 7F (GMT, ESRRG,MESP1,MYOCD, ZFPM2) (Fu et al., 2013), 6F
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Table 4. Direct reprogramming protocols

Cell 
source

Pre-
reprogramming 

media
d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10 d11 d12 d13 d14 3w 4w 5w 6w

iCM medium (high glucose DMEM/M199(4:1) ,10% FBS)

Infection Flow Ca2+ flux Beating

Ca2+ flux / BeatingInfection Flow Beating

FlowInfection one dose diclofenac  d0-d4 Beating

iCM medium FFV medium

iCM medium 

Infection SB431542 XAV939 Beating Flow Ca2+ flux

iCM medium, NEAA, sodium pyruvate, Glutamax

Flow Ca2+ flux 
/Beating

Infection 1 & 2

Cardiac induction medium

Flow

Flow Beating

Cardiac induction medium, 10% conditioned medium obtained from neonatal rat/mouse CM culture

Infection 1 & 2 Flow Flow Flow 
/Beating

Infection puromycin 1ug/ml Flow

Cardiac induction medium, 10% conditioned medium obtained from neonatal rat/mouse CM culture

Infection 1 & 2 Flow 
/Beating

Cardiac induction medium, SB431542, A83-01

Ca2+ flux AP (10w)FlowInfection

iCM medium, NEAA RPMI+B27

Reference

leda et al., 
2010

Muraoka et 
al., 2014

Mohamed et 
al., 2017

Yamakawa 
et al., 2015

Muraoka et 
al., 2019

Wang et al., 
2014

Song et al., 
2012

Zhou et al., 
2015

Garbutt et 
al., 2020

Jayawarden
a et al., 2012

Fu et al., 
2015

Cao et al., 
2016

DMEM, 10% FBS

DMEM, 10% FBS

IMDM, 20% FBS

IMDM, 20% FBS

IMDM, 20% FBS

IMDM,15% FBS

DMEM, 10% FBS

DMEM, 10% FBS

DMEM, 10% FBS

DMEM, 10% FBS

Garry et al., 
2021

Nam et al., 
2014

Zhang et al., 
2019, 2021

Fu et al., 
2013

Nam et al., 
2013

Wada et al., 
2013

DMEM, 15% FBS

CHIR99021 (C), RepSox (R), Forskolin (F), VPA (V), Parnate (P), TTNPB (T)

CRM (DMEM, 15% FBS, 5% KSR, N2, B27, Glutamax, NEAA, 2ME, ascorbic acid 2-phosphate)
CMM (DMEM, 15% FBS, 
CHIR, PD0325901, LIF, 

ascorbic acid, insulin) (d22-
24)

RPMI+B27 without insulin, Glutamax, 1TG hiCM medium

DMEM, 10% FBS

Infection

Infection puromycin puromycin Flow

iCM medium

Flow

Cardiac induction medium (DMEM/199 (4:1), 10% FBS, 5% horse serum, NEAA, EAAs, B-27, ITS, vitamin mixture, sodium pyruvate), 10% conditioned medium obtained from neonatal 
rat/mouse CM culture

DMEM, 10% FBS

IMDM, 20% FBS

DMEM, 20% FBS

DMEM, 15% FBS

DMEM, 15%FBS, 
Glutamax, NEAA

Cardiac induction medium, 10% conditioned medium obtained from neonatal rat CM culture

Infection 1 & 2 Flow Ca2+      

(8w)

Flow/Ca2+Infection

iCM medium

IMDM, 20% FBS

Infection

iCM medium FFV medium (StemPro-34, Glutamax, 
ascorbic acid, FGF2, FGF10, VEGFA)

Beating

iCM:RPMI+B27 (1:1) iCM:RPMI+B27 (3:1) iCM

Flow/Ca2+ flux

DMEM, 10% FBS

Infection SB431542 XAV939

iCM, NEAA, sodium pyruvate, Glutamax iCM:RPMI+B27 (3:1)

MEF, CF

CHIR99021, BIX01294, AS8351, SC1, Y27632, OAC2, SU16F, JNJ10198409, A83-
01

CHIR99021, BMP4, activin A, VEGFA

iCM, 15% FBS

DMEM, 15% FBS

Beating 
(d16)

Ca2+ flux

hiCM medium (RPMI1640, B27, 2% FBS, 0.05% BSA, ascorbic acid 2-
phosphate, Glutamax, NEAA)

iCM medium

JAK inhibitor I (5-8 days)Transfection Flow

Infection

Infection

iCM:RPMI+B27 (1:3) RPMI+B27+FFViCM:RPMI+B27 (1:1)iCM:RPMI+B27 (3:1)iCM, NEAA

Flow Flow Flow 
/Beating

DMEM, 10%FBS, 
Glutamax, NEAA DMEM, 5% FBS, 10% KSR, ITS, ascorbic acid 2-phosphate, 2ME, Glutamax, NEAA 

MEF, TTF

HLF

Reprogramming protocol, viral infection, small molecules and medium

HFF

CF, TTF

CF, MEF

HCF

CF

HCF

MEF, TTF

TTF

CF

CF, TTF

MEF

CF, TTF

MEF, CF,  
TTF

HCF

MEF, TTF

MEF

HCF, 
HDF

H9F

HFF, 
AHCF, 
AHDF

HCF, 
HDF

H9F, HCF

Pink cells indicate positive inducers (growth factors, sera, small molecules); yellow cells indicate inhibitors; green cells indicatemedia and additional supplements

used; gray cells indicate selection steps; orange cells indicate measurements. Acronyms: AHCF, adult human CFs; AHDF, adult human dermal fibroblasts;

CF, CFs; H9F, H9-derived fibroblasts; HFF, neonatal human foreskin fibroblasts; HLF, human fetal lung fibroblasts; MEF, mouse embryonic fibroblasts; TTF,

TTFs; 2ME, ß-mercaptoethanol; FBS, fetal bovine serum; FGF2, basic fibroblast growth factor; FGF10, fibroblast growth factor 10; Glutamax, l-alanyl-l-glutamine;

ITS, insulin, transferrin, selenium supplement; KSR, KnockOut Serum Replacement; LIF, leukemia inhibitory factor; NEAA, non-essential amino acids supplement;

VEGFA, vascular endothelial growth factor.
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(GHT, MYOCD, miR-1, miR-133) (Nam et al., 2013), and GMTMM (MGT, MESP1, MYOCD) (Wada

et al., 2013). Although additional factors were delivered via retroviruses, human fibroblasts were

delayed in reprogramming into CM-like cells with much lower efficiency in calcium flux and rare

spontaneous beating compared to mouse reprogramming. Similar stoichiometry control of MGT

and puro selection simplified the cocktail components and improved the human cardiac reprogram-

ming in terms of efficiency, yield, and reproducibility (Garbutt et al., 2020; Zhou et al., 2019).

The field still struggles to obtain spontaneously beating human iCMs. Most studies showing contrac-

tility of human iCMs are in a long-term co-culture system with functionally beating CMs derived

from rat/mouse or PSC differentiation. The success of reprogramming requires highly efficient viral

infection and robust transgene expression (Garbutt et al., 2020). In addition, the use of human fibro-

blasts primarily derived from adult tissue and well-maintained proliferating fibroblasts without

excessive passaging typically yields better outcomes.

Unlike viral delivery of TFs, a combination of microRNAs, including miR-1, miR-133, miR-208, and

miR-499, termed as miRcombo, was transiently transfected in fibroblasts and induced CMs with

treatment of JAK inhibitor I (Jayawardena et al., 2012). The miRcombo-induced CMs were charac-

terized by cardiac marker expression, sarcomeric structure and CM-like calcium flux. Furthermore,

the same miRcombo was transduced in adult human cardiac fibroblasts and led to �15% of cells ex-

pressing cardiac troponin T (TNNT2) (Paoletti et al., 2020). Although this approach seems conve-

nient and integration-free, miRcombo-induced CMs have not been fully characterized in terms of

electrophysiological function. Also, it remains unknown what are the similarities and differences be-

tween TF- and miRcombo-induced CMs. Additional transcriptomic or functional characterization of

miRcombo-induced CMs or side-by-side comparison using TF- and miR-based reprogramming ap-

proaches would help us to further evaluate these two approaches.

Direct conversion of fibroblasts into CMs via a chemical-only approach is attractive and valuable as it

has several advantages over genetic methods mentioned above. Delivery of small molecules is sim-

ple, efficient, and controllable. A protocol with two-stage chemical induction frommouse fibroblasts

has been reported to efficiently generate chemical-induced cardiomyocytes (ciCMs) (Fu et al., 2015).

Of note, through a lineage tracing assay, the authors found the generation of a mixed progenitor

population after CRFVPT induction (Fu et al., 2015). Similarly, a 9-chemical cocktail initiated the

two-stage cell fate conversion of human fibroblasts mimicking cardiogenetic program from cardiac

progenitor cells to differentiated beating CMs (Cao et al., 2016). Considering the appearance of

progenitor stage, the current chemical-induced approach is not the same as transgene-derived

direct cardiac reprogramming. Unlike the transgene approaches mentioned above, chemical ap-

proaches have not been widely investigated and questions remain: are chemical approaches appli-

cable for in vivo reprogramming?; how can chemical cocktails be specifically administrated into

fibroblasts in the heart?

The approaches used to evaluate reprogramming efficiency is different and inconsistent between

various studies. Flow cytometry is widely used to quantify the proportion of cells labeled by cardiac

sarcomere proteins (Table 3). Results from flow cytometry are straightforward and intuitive to compare

and analyze, but the expression of only one or two proteins is insufficient to indicate the quantity and

quality of iCMs. For instance, flow cytometry shows no significant difference in TNNT2 and MYH6,

while qRT-PCR and microarray show significant differences in global gene expression (Yamakawa

et al., 2015). To address these limitations, we evaluated reprogramming with additional assessments,

such as Ca2+ flux/ oscillations, beating clusters/cells, and epigenomic profiling. It should be noted that

it is not reasonable to compare the number of beating cells provided by independent laboratories.

Some groups showed beating iCM number in each high-power field (Miyamoto et al., 2018; Zhou

et al., 2015), some used number of beating clusters per field (Fu et al., 2015; Testa et al., 2020), others

counted the number of beating loci in each culture well (Wang et al., 2015a; Zhang et al., 2019b). A

panel of relatively standardized measurements might be helpful for the field, and those should include

the evaluation of morphological, genomic, epigenomic, and functional markers.
16 STAR Protocols 3, 101560, September 16, 2022
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Virus packaging protocols

Since most approaches used lenti- or retro-viral delivery method to overexpress reprogramming

cocktails, we also summarized the virus packaging protocols in Table 5. The differences in viral gen-

eration, including different constructs, host cell lines, and transfection reagents, are likely to be part

of the reasons for the variations reported by different laboratories. The high expression levels of re-

programming factors are key for successful cardiac reprogramming (Liu et al., 2017). For clinical ap-

plications, alternative integration-free and efficient delivery methods have been tested during direct

cardiac reprogramming. Adenoviral vectors (Ad) and chimeric adeno-associated viruses (AAV)

expressing GMT showed equivalent reprogramming efficacy in CFs according to the immune flores-

cence staining of sarcomere proteins (Mathison et al., 2017; Yoo et al., 2018). However, no detailed

functional or transcriptome-wide characterization of iCMs generated by Ad or AAV has been

reported. Additionally, Miyamoto and colleagues used sendai virus vectors expressing GMT to

generate iCMs in vitro and in vivo (Miyamoto et al., 2018). They showed high transgene expression

shortly after infection and more efficient generation of beating iCMs when compared to retroviral

delivery. As a safe and non-immunogenic gene delivery method, modified mRNA (modRNA) was

used to deliver a cocktail including GHMT, dominant-negative (DN)-TGF-b, DN-Wnt8a, and acid

ceramidase into mouse fibroblasts (Kaur et al., 2021). Cardiac marker expression showed 57% re-

programming efficiency in vitro after repeated transfection of modRNA mixture during the first
Table 5. Viral packaging for direct reprogramming

Cells Overexpressed genes Virus Backbone Transfection Polybrene
Positive
selection

Induction
system Reference

Platinum E cells GMT Retrovirus pMXs FuGene6 (Roche) leda et al., 2010

Platinum E cells Myc-tagged GHMT Retrovirus pBabeX FuGene6 (Roche) 6 mg/mL Song et al. (2012)

HEK293 FT GMT, ESRRG, MESP1,
MYOCD, ZFPM2 (7F)

Lentivirus pLVX-tetO-cDNA Lipofectamine 2000 4 mg/mL 1 mg/mL
Dox

Fu et al. (2013)

pLVX-Tight-Puro

Retrovirus pMXs FuGene6 (Promega)

Retro-X-Tet-ON 5 mg/mL puromycin &
neomycinpRetro-X-Tight-

cDNA
100 ng/mL
Dox

Platinum A cells GMT, Mesp1, Myocd Retrovirus pBabeX FuGene6 (Promega) 6 mg/mL Nam et al. (2013)

PLAT-GP cells GMT, MESP1,
MYOCD (GMTMM)

Retrovirus pMXs TremeGene 9
(Roche)

4 mg/mL Wada et al. (2013)

293FT cells Lentivirus pLVX-Tight-Puro Lipofectamine 2000 4 mg/mL 1 mg/mL
DoxpLVX-rtTA

pLVX-tetO-cDNA

Platinum A cells Myc-tagged GHMT Retrovirus pBabeX FuGene6 (Promega) 6 mg/mL Nam et al. (2014)

Platinum E cells GMT Retrovirus pMXs FuGene6 (Roche) Muraoka et al.
(2014)HEK293 human GMT, MESP1,

MYOCD
Lentivirus CSII-CMV-RfA Lipofectamine 2000

Platinum E cells Polycistronic M-G-T Retrovirus pMXs Lipofectamine 2000 4 mg/mL puromycin
2 mg/mL

Wang et al. (2015a)

Platinum A cells GHMT Retrovirus pBabeX FuGene6 (Promega) 6 mg/mL Zhou et al. (2015)

Akt1 pMxs-MyrAkt1

Platinum E cells GHMT, MESP1,
MYOCD

Retrovirus pMXs FuGene6 (Promega) Yamakawa et al.
(2015)

Platinum E cells GMT Retrovirus pMXs FuGene HD (Roche) 0.6 mg/mL Mohamed et al.
(2017)

Platinum E cells GMT or GHMT Retrovirus pMXs FuGene6 10 mM
diclofenac

Muraoka et al.
(2019)

Platinum E cells polycistronic
M-G-T-H

Retrovirus pBabeX FuGene6 (Promega) 6 mg/mL Zhang et al. (2019a)
(2021c)

293T cells Polycistronic human
M-G-T, miRNA-133

Retrovirus pMXs Nanofect 8 mg/mL puromycin
1 mg/mL

Garbutt et al.
(2020)pBabe

Platinum E cells GHMT, Myocd, PHF7 Retrovirus pMXs FuGene6 (Promega) 8 mg/mL Garry et al.
(2021)

Acronyms: Dox, doxycycline.
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two weeks of reprogramming. The potential limitation for modRNA might be the relatively short

transgene expression time and unknown cell type specificity for in vivo treatment. Nevertheless,

these studies provide additional alternatives for future therapeutic studies and applications.

CONCLUSION

In the past 20 years, we moved from using hESC to hiPSC providing significant gains in the ability to

study patient-relevant models, understand genetic diseases, and perform effective drug screenings.

The methods for culturing the cells also evolved, from the use of poorly defined sera to chemically

definedmedia supplementations such as E8 and B8. The same can be said about differentiation stra-

tegies that progressed from uncontrolled and non-specific spontaneous differentiation protocols

with embryoid bodies that relied on sera and expensive growth factors, to more chemically defined

approaches such as CDM3 that works for both monolayers and 3D constructs. These approaches

enabled the development of strategies to generate subtype-specific tissues, and to mature the car-

diomyocytes with extracellular cues, avoiding long-term cultures, speeding up research, and broad-

ening the knowledge about heart diseases and their causes. Additionally, we saw the evolution of

direct reprogramming, with initial studies identifying the GMT cocktail, but more recent approaches

focusing on the use of other TFs, in addition to replacing retroviruses with sendai or other reprog-

ramming techniques. However, at present cardiomyocytes generated by directed reprogramming

strategies are not comparable to those generated by hiPSC differentiation techniques and have

not been demonstrated to be suitable for disease modeling or drug testing.

Some legacy elements of the methods to culture and differentiate hiPSC and complete directed

reprogramming remain. The use of old basal media, like DMEM/F12, for the generation and

maintenance of stem cells, or the reliance on albumin for consistent differentiation and potential

maturation of cardiomyocytes should be addressed, as should the correct choice of TFs for reprog-

ramming and their use in a potential non-integrative way. HiPSC have become the tool of choice for

disease modelling, drug screening, personalized medicine, and potential regenerative medicine

applications. To ensure further improvements, subsequent developments should concentrate on

scalability, reproducibility, and lowering costs of both culture and differentiation. With an increased

availability of cells at lower costs, we can use the combined knowledge around the world to improve

the present applications and develop new systems that will make the next 20 years even more

exciting.
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