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The Two Paths of a Stem Cell
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Tissue Stem Cells
Types of Stem Cells

throughout body 
(e.g. bone marrow, 
lung, liver, intestine)
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are derived
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Embryonic 
stem cells (ESCs)
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Induced 
pluripotent stem 
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Can form all 
cell types in 
the body

(Adapted from C. Mummery)



Pluripotent Stem Cell Applications
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Clinical applications
- Not GMP-compliant – risk of viral, mycoplasma / prion contamination
- Incorporation of animal proteins that can provoke immune responses (non-human sialic 

acid (Neu5Gc))

Why the push for “serum-free” culturing of hPSCs?
Not just “serum-free” but “chemically-defined”

Reproducibility of results
- Animal-derived products – ill-defined
- Batch-to-batch variation affects on both cell growth pattern and differentiation
- Already line-to-line variability in terms of differentiation efficiency

For use of hPSCs to understand development
- Unknown factors can interfere with hormone and/or growth factor effects

Ethical & moral considerations



Different culture requirements for the maintenance and 
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important role for laminin in mediating cell-matrix interactions but required the use of 
conditioned media from heterologous sources (Xu et al. 2001). This obstacle was over-
come by the addition of transforming growth factor β1 (TGFB1) (Amit et al. 2004) as 
well as the inclusion of higher levels of FGF2 (Xu et al. 2005a) and suppression of 
BMP signaling using NOGGIN (Xu et al. 2005b). While these factors allowed for the 
feeder-free maintenance of hESCs in basal media, the use of KSR and Matrigel 
remained problematic, as both contain undefined components of animal origin. 
Nonetheless, the shift away from conditioned media spurred the identification of key 
factors necessary to maintain pluripotency, such as the cooperation of the Activin/
Nodal and FGF2 pathways. This allowed for the replacement of KSR and BMP inhibi-
tion with bovine serum albumin (BSA) and insulin (Vallier et al. 2005), as well as for 
the culture of hESCs in serum-free medium (X-VIVO 10) supplemented with high 
levels of human recombinant FGF2 (Li et al. 2005). The optimized development of 
defined medium containing DMEM/F12, human serum albumin (HSA), high FGF2, 
and TGFB1 (TeSR1) by Ludwig et al. marked the first time hESCs had been both 
derived and maintained in defined conditions free of nonhuman products (Ludwig 
et al. 2006), and its commercialization laid the groundwork for establishing standard-
ized methods of culturing hESCs. A focus on highly expressed receptor tyrosine 
kinases in hESCs led to the development of pluripotency media containing FGF2 and 
Activin A as well as the ERBB2/ERBB3 ligand heregulin 1β (commercialized as 
StemPro hESC) and established an important role for insulin signaling in maintaining 

Human Pluripotent Stem Cell Culture Medium Milestones
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Fig. 4.3 Milestones in human pluripotent stem cell culture. Important publications in the evolu-
tion of pluripotent stem cell media. Included are key media components, growth factors, and small 
molecules employed to sustain pluripotency. Red text indicates the name of the media formulation 
when commercialized. Blue boxes indicate media derived for primed hPSCs, with naïve hPSC 
media in green boxes. Boxes below the timeline depict important milestones. Abbreviations: AA 
2-P l-ascorbic acid 2-phosphate, BMP4 bone morphogenetic protein 4, BSA bovine serum albu-
min, FBS fetal bovine serum, FGF2 basic fibroblast growth factor, HSA human serum albumin, 
KO-DMEM, KnockOut DMEM, KSR KnockOut serum replacement (Xu et al. 2001, 2005a, b; 
Amit et al. 2004; Hanna et al. 2010; Ware et al. 2014; Carter et al. 2016)

A.J.T. Schuldt et al.

Human PSC Culture Medium Milestones

(Schuldt et al, Cardiac Regeneration, 2017)
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Although our previous work demonstrates that a gas atmosphere of 10% CO2 and 5% O2 is optimal, human 
embryonic stem cells can be very successfully maintained in mTeSR1 medium in a gas atmosphere of 5% CO2 
and air.

45| To passage human embryonic stem cells in mTeSR1 medium, first determine appropriate passage timing 
by careful observation of culture morphology.
Passaging cells cultured in mTeSR1 at the appropriate time is critical for success with this culture system. Cells 
will not attach properly if passaged too early and will differentiate if allowed to overgrow. There is roughly a 
24-h window to passage cells for optimal attachment and proliferation of undifferentiated cells. Cells should 
be split when colony centers begin to become dense, appearing brighter than the edges when viewed with a 
phase contrast microscope (see Fig. 3). Initially, it may be helpful to split sister wells of a single culture on 
successive days. Observation of these cultures in the days immediately after passage will help to identify the 
appropriate timing. As long as appropriate passage timing is adhered to, no adaptation time is required for 
cells transferred into mTeSR1 medium.

46| When cells are ready to passage, aspirate the medium and incubate cells with 1 ml/well of prewarmed 
2 mg/ml dispase (in DMEM/F12) for 7 min at 37 °C.

47| During incubation time, prepare plates by aspirating excess Matrigel and pipetting 2 ml/well warmed 
mTeSR1 medium into a Matrigel-coated plate (Steps 37–40).

48| When the incubation is complete, aspirate dispase solution and gently rinse cells on the plate 
(centrifugation is not necessary) a minimum of three times using 1 ml of warmed DMEM/F12 medium/well 
for each rinse. Adequate rinsing is critical, and reducing the number of rinses at this step will result in 
reduced or failed attachment.
▲CRITICAL STEP

49| After the third rinse, add 2 ml of mTeSR1 medium to the well and gently scrape cells from the plate 
while slowly expelling medium from a pipet. Plate cells directly into prepared Matrigel plates, distributing 
appropriately.
Cells should be passaged so that roughly 3 × 105 cells are seeded into each fresh well. Generally, this will 
translate into a 1:3 to 1:6 split every 4–5 d.
➨ TROUBLESHOOTING
▲CRITICAL STEP

Passaging timing 
and technique

 
 

 
 

 

a b

c
Figure 3 | Assessment of appropriate passage timing. (a–c) Human 
embryonic stem cells (H14 passage 35) cultured in TeSR1 medium ready 
to be passaged. Note that the center of the colonies is denser, appearing 
brighter when viewed using a 2× objective (a). Although cells at the center 
of the colony appear smaller, with single nucleoli when viewed at 4× (b) 
or 10× (c), they are actually columnar, and focusing through the center of 
these cells shows that the two nucleoli are stacked on top of each other. 
Note that the area between colonies should remain completely free of 
differentiated cells. Scale bar, 100 µm.
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Figure 1. 
Graph showing the trend of stem cell articles relating to the topics of “defined” or “free” 
cultures: For this analysis, searches were conducted on PubMed and the “results by year” 
was analyzed. The searches “stem cell”, “stem cell AND defined culture”, and “stem cell 
AND free” were conducted. The graph shows the percent of stem cell articles that contain 
the terms “defined culture” and “free” over the past 20 years [56].

Vecchi and Wakatsuki Page 8

Arch Stem Cell Res. Author manuscript; available in PMC 2018 January 12.
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Uptake of these media by the research community

(Vecchi & Wakatsuki, Arch Stem Cell Res, 2016)

TeSR1 E8

• Difficult to get a clear picture, but possibly 
uptake has been slow.

Possible reasons:
• Difficult to adapt downstream processes 

(e.g. genetic modification) to the new 
maintenance media

• COST

ØmTeSR1 – €300 per 500 ml

ØTeSR1 (homemade) – complex formulation

ØE8 – ~€225 per 500 ml

ØE8 (homemade) - ~€100 per 500 ml; 
however QC tradeoff



Different culture requirements for the maintenance and 
differentiation of hPSCs

Stem cell

Stem cell

Differentiated cell

Maintenance 
medium

Medium 
permissive for 

genome editing

Differentiation 
medium

Medium for 
Therapeutics

Defined substrates for cell adhesion
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Differentiation of hPSCs to Cardiomyocytes version 1 –
spontaneously or via END2 co-culture

Suspension culture (spontaneous)
(Kehat et al, 2001)

Partial 
dissociation

Manual 
dissociation

Undifferentiated 
PSCs

Embryoid bodies 
(EBs; variable size)

+20% FBS

Co-culture (inductive)
(Mummery et al, 2002)

+/- FBS

END2 cells

Cardiomyocytes

(Adapted from Mummery et al, Circ Res 2012)

Ø Efficiency quite variable
Ø Low % of CMs obtained

Passier, Ward-van Oostwaard, Snapper  et al.    775

(Figs. 1C, 1D). hESCs cultured on MEF feeders for an additional 
12 days in the presence or absence of serum resulted in fewer cells 
on day 5 (Fig. 1E) compared with hESCs on END-2 cells (Figs. 
1A, 1C), but not in the formation of three-dimensional structures. 
After 12 days, hESCs had spread out but remained predominantly 
as a two-dimensional sheet (Fig. 1F). 

Besides these morphological differences, a significant increase 
in the number of beating areas was observed at lower concentra-
tions of serum, with a 24-fold upregulation in its complete absence 
compared with cultures containing 20% FCS (Fig. 2A). On aver-
age, 1.35 ± 0.26 (n = 21) beating areas per plate were observed at 
day 12 in 20% FCS cocultures, whereas 32.7 ± 2.3 (n = 27) beat-
ing areas were observed in 0% FCS cocultures. Beating areas were 
normally observed from day 7 onward (occasionally as early as day 
5 or 6), with an increase in the number of beating areas until day 12 
under all culture conditions. From day 12 onward, additional beat-
ing areas appeared, but at a much lower rate (Fig. 2B).

To study whether the absence of serum was important 
throughout the 12-day coculture period, hESC-END-2 coculture 
was initiated in 0% FCS and then 20% FCS was added at day 6. 
Conversely, cocultures were also initiated in the presence of 20% 
FCS and changed to 0% FCS, at day 6. In cocultures starting in 
0% FCS and changed at day 6 for 20% FCS, the number of beating 
areas decreased to 57% compared with cocultures maintained in 
0% FCS continuously. However, in the cocultures in 20% FCS for 
the first 6 days, the number of beating areas decreased to only 2% 
compared with those in 0% FCS continuously (Fig. 2C). 

An alternative to serum-free culture is the use of KSR. Various 
concentrations of KSR were added to hESC-END-2 cocultures. As 
shown in Figure 2D, a significant inverse relationship was found 
between the concentration of KSR in culture medium and the num-
ber of beating areas, just as in the FCS-supplemented medium. The 
elimination of insulin or ITS from the serum-free medium during 
coculture did not further affect the number of beating areas com-
pared with serum-free medium alone (data not shown).

Expression of Cardiac Genes and Proteins in 20% and 
0% hESC-END-2 Cocultures 
To determine whether the increase in the number of beating areas 
resulted in a comparable increase in the expression of cardiac 
genes and proteins, reverse transcription (RT)–PCR and Western 
analysis were performed on hESC-END-2 cocultures in 0% and 
20% FCS. A clear increase in the expression for all cardiac genes 
was observed by RT-PCR in the 0% FCS cocultures compared 
with those in 20% FCS (Fig. 3A). Nkx2.5, a homeobox-domain 
transcription factor, which plays an important role in early car-
diac development, was slightly upregulated, whereas the cardiac 
zinc-finger transcription factor GATA-4 was not changed by 0% 
FCS compared with 20% FCS cocultures.

To confirm the results of the semiquantitative RT-PCR, 
mRNA levels for α-actinin in 0% and 20% FCS cocultures were 

Figure 2. Effect of serum or KSR on the number of beating areas in 
hESC-END-2 cocultures. (A): Cocultures were initiated in 12-well 
plates in different concentrations of FCS, and beating areas were 
counted 12 days later or were counted from (B) days 8–18. (C): hESC-
END-2 cocultures were performed in 0% FCS for the first 6 days and 
in 20% FCS for the next 6 days [0+20(d6)] and vice versa [20+0(d6)]. 
Beating areas were scored on day 12 and compared with 20% FCS 
and 0% FCS cocultures. The relative increase as fold-induction with 
respect to 20% FCS cocultures is shown. (D): Different concentration 
of KSR is added to hESC-END-2 cocultures, and beating areas are 
scored on day 12 and compared with 0% FCS cocultures. Each culture 
condition was tested in at least three independent experiments. *p < 
.05; **p < .01; ap < 10–12 compared with 20%; ###p < .001 compared 
with 20+0(d6). Abbreviations: FCS, fetal calf serum; hESC, human 
embryonic stem cell; KSR, knockout serum replacement. 

(Passier et al, 2005)



• Most efficient in vitro differentiation procedures of human 
PSCs mimics the sequential stages of embryonic cardiac 
development.

• Signalling pathways with key roles in embryonic cardiac 
development also responsible in differentiating PSCs.

hPSC differentiation mirrors embryonic development

(Mummery et al, Circ Res 2012)

A “neutral” differentiation medium is required to 
assess the role of various agonist and 

antagonist factors in directing differentiation



Development of APEL – a serum-free culture medium for 
differentiating hPSCs (Ng, Davis et al. Nat Prot, 2008)
• Based on a serum-free medium developed for mESC differentiation (Johansson & Wiles, 1995)

BPEL: Serum-free medium 
containing BSA

Deionised BSA
Inclusion of PVA (BSA: PVA 1:1)
Inclusion of Essential Lipids & 
synthetic cholesterol

HPEL: Human serum albumin 
substituted for BSA

HSA; PVA; lipids & cholesterol

APEL: Serum-free medium 
containing recombinant 
human proteins

Recombinant human albumin 
(Albucult), insulin, transferrin, 
essential lipids, cholesterol
+/- polyvinylalcohol (PVA)

Blood cell types

Pancreatic cells

Kidney cell types

Cardiac cells

Thymic cells

Lung cell types

Neural cell types



APEL allows the identification of optimal cytokine 
concentrations and ratios for differentiating hPSCs

 
 
Supplementary Figure 4. Improving cardiac differentiation from NKX2-5GFP/w 

hESCs using the spin EB platform. (a) Induction of mesendoderm during 
treatment with BVSAW from d0 to d3 of differentiation as shown by flow 
cytometric analysis of PDGFRα and CXCR4 expression. Generally, 60-90% of 
cells expressed surface PDGFRα at d3 of differentiation under these 
conditions. (b) FACS plots of d7 EBs showing the inhibitory effect on cardiac 
differentiation if growth factors were not removed after 3 days. (c) 
Representative EBs from BMP4 and ACTIVIN A titration analysis (Scalebar, 
100 µm). The visual score assigned to GFP intensity is indicated in top right 
corner (BF, Bright Field; GFP, green fluorescence). (d, e) Heat maps showing 
cardiac differentiation induced by a range of BMP4 and ACTIVIN A 
concentrations in (d) H3 NKX2-5GFP/w and (e) M1 NKX2-5GFP/w. Four plates 
were scored per experiment; data shown is the average of two experiments. 
For all experiments media was supplemented with SCF 40 ng/ml, VEGF 30 
ng/ml and WNT3a 50 ng/ml. The color scale shown correlates with the visual 
scoring system shown in (c), with dark green representing 0, and dark red 
representing 5. (f, g) Line graphs showing results of flow cytometric analysis 
of GFP expression in d12 EBs formed in LI-APEL supplemented with the 
indicated concentrations of (f) BMP4 and ACTIVIN A (ACT. A) and (g) 
WNT3A for the first 3 days of differentiation. For the experiment shown in (f), 
the medium also contained SCF 40 ng/ml, VEGF 30 ng/ml and WNT3A 
100ng/ml. For the experiment shown in (g), the medium contained BMP4 20 
ng/ml, ACTIVIN A 20 ng/ml, SCF 40 ng/ml and VEGF 30 ng/ml. (h-j) Spin EBs 

Cardiomyocyte differentiation

Optimal BMP4:Activin A 
concentration between 
20:20 – 40:40 ng/ml

(Elliott et al, Nat Meth 2011)

CHAPTER 5: General Discussion 
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signalling is in line with the notion that early anterior endoderm is specified when epiblast 

cells experience high concentrations of Nodal signalling as they migrate in close proximity to 

the node (Tam and Beddington 1992). By contrast, no NKX2.1+ respiratory progenitors were 

observed in conditions lacking BMP4. This is possibly due to the less anterior location of 

respiratory endoderm and would be consistent with the observation that, in the zebrafish 

embryo, posteriorly produced BMP4 is involved in the AP patterning of endoderm (Tiso et al. 

2002). 

A clear delineation was observed between conditions favouring endodermal and mesodermal 

tissues (Figure 5.1). Similar to the induction of endodermal tissues, differently fated 

mesoderm, such as cardiac or haematopoietic mesoderm, induced by increased BMP4 

concentrations, required separate sets of conditions. Cardiac mesoderm was only formed in 

the presence of activin A (Elliott et al. 2011), whereas studies in our laboratory and those 

published by other groups show that blood formation can be induced with BMP4 alone 

(Chadwick et al. 2003; Kennedy et al. 2007; Pick et al. 2007). 

 

 

 

Figure 5.1. Schematic summary showing the relationship between activin A and BMP4 concentrations and the 

specification of different organ progenitors. Thymus, lung and pancreatic progenitors require high Nodal/activin 

A and low BMP4 signalling, while cardiac mesoderm (heart) is favoured in a setting that includes similar amounts 

of both morphogens. Hematopoietic precursors on the other hand are induced in BMP4 without the need for 

Nodal/activin A. A distinction can be made between conditions that favour endoderm (yellow) over mesoderm 

(pink) with increasing BMP4 concentrations (>10ng/ml) (broken line). Red spots represent optimal condition for 

each organ progenitor. 

(R. Jenny, The generation of human lung 
progenitors from human embryonic stem cells)

Ø Differentiations in APEL can reveal 
variability in growth factor activity 
between different batches

(Ng, Davis et al, Nat Protoc 2008)



(van den Berg et al. Meth Mol Biol, 2015)
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12. Prepare 100 μL blocking solution per coverslip containing
both primary antibodies according to Table 3.

13. Remove the blocking solution from each coverslip and add
100 μL of the primary antibody solution to each coverslip.
Incubate overnight at 4 !C.

14. Wash the cells with 200 μL washing solution per coverslip for
10 min. Remove the washing solution. Repeat twice.

15. Prepare 100 μL blocking solution per coverslip containing
both secondary antibodies according to Table 3.

16. Add 100 μL of the diluted secondary antibody solution to each
coverslip. Incubate at room temperature for 1 h.

17. Wash the cells with 200 μL washing solution per coverslip for
20 min. Remove the washing solution. Repeat twice.

18. Incubate the cells for 5 min at room temperature with 100 μL
DAPI diluted 1:1,000 in blocking solution to stain the nuclei.

19. Rinse the cells briefly in H2O.

20. Seal coverslips to glass microscope slides using a small drop
(~10 μL) of Mowiol. Leave slides to dry overnight in the dark.

21. Examine the sarcomeric organization of hPSC-derived cardio-
myocytes using an epifluorescence or confocal microscope
(Fig. 4).

Fig. 4 Identification of hPSC-derived cardiomyocytes by immunohistochemistry. Confocal immunofluores-
cence images of Troponin I (TNNI3; green) and α-actinin (ACTN2; red) to visualize the sarcomeres in the
cardiomyocytes. All nuclei were stained with DAPI (blue). The images in the bottom panel are magnifications of
the area framed in the upper images. Scale bar: 25 μm

Cathelijne W. van den Berg et al.

12. Prepare 100 μL blocking solution per coverslip containing
both primary antibodies according to Table 3.

13. Remove the blocking solution from each coverslip and add
100 μL of the primary antibody solution to each coverslip.
Incubate overnight at 4 !C.

14. Wash the cells with 200 μL washing solution per coverslip for
10 min. Remove the washing solution. Repeat twice.

15. Prepare 100 μL blocking solution per coverslip containing
both secondary antibodies according to Table 3.

16. Add 100 μL of the diluted secondary antibody solution to each
coverslip. Incubate at room temperature for 1 h.

17. Wash the cells with 200 μL washing solution per coverslip for
20 min. Remove the washing solution. Repeat twice.

18. Incubate the cells for 5 min at room temperature with 100 μL
DAPI diluted 1:1,000 in blocking solution to stain the nuclei.

19. Rinse the cells briefly in H2O.

20. Seal coverslips to glass microscope slides using a small drop
(~10 μL) of Mowiol. Leave slides to dry overnight in the dark.

21. Examine the sarcomeric organization of hPSC-derived cardio-
myocytes using an epifluorescence or confocal microscope
(Fig. 4).

Fig. 4 Identification of hPSC-derived cardiomyocytes by immunohistochemistry. Confocal immunofluores-
cence images of Troponin I (TNNI3; green) and α-actinin (ACTN2; red) to visualize the sarcomeres in the
cardiomyocytes. All nuclei were stained with DAPI (blue). The images in the bottom panel are magnifications of
the area framed in the upper images. Scale bar: 25 μm

Cathelijne W. van den Berg et al.

TNNI3; ACTN2; DAPI



A minimal cardiac differentiation media consisting of just 3 
components – Burridge et al. Nat Meth, 2014

Ø Sequentially removed 21 components based on published differentiation media
Ø Identified 3 essential components: RPMI 1640 medium, ascorbic acid and BSA
Ø Can replace BSA with recombinant human albumin

©
20

14
 N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

2 | ADVANCE ONLINE PUBLICATION | NATURE METHODS

ARTICLES

cardiac differentiation was successful in a medium consisting of 
just three components: RPMI 1640 basal medium, l-ascorbic 
acid 2-phosphate (AA 2-P) and bovine serum albumin (BSA) 
(Supplementary Table 2g).

Optimization of a chemically defined medium
To render our formula chemically defined and free of animal-
derived products, we replaced BSA with recombinant human albu-
min (rHA; Supplementary Fig. 4a,b). We found that AA 2-P was 
essential to the formula and observed complete cell death when we 
omitted it (Supplementary Fig. 4c). Although it was possible to 
differentiate cells without rHA in an entirely protein-free medium 
and obtain ~65% TNNT2+ cells, the total cell yield was drastically 
reduced, even when we varied doses of AA 2-P (Supplementary 
Fig. 4d). Polyvinyl alcohol (PVA), which prevents shear stress in a 
similar manner to rHA, combined with varying doses of AA 2-P, 
also did not increase cardiomyocyte yield over that obtained in 
RPMI 1640 medium with AA 2-P alone. These data suggest that 
neither prevention of shear stress nor the antioxidant properties of 
rHA necessitate its inclusion in this formula. We termed our final 
medium formulation ‘CDM3’ for chemically defined medium, three 
components; we achieved efficient differentiation with this medium 
over a broader range (0.8 × 104 to 1.4 × 104 cells/cm2) of initial seed-
ing densities than those for RPMI + B27 − ins medium (1.2 × 104 
to 1.4 × 104 cells/cm2; Supplementary Figs. 3d and 4g).

We also assessed six small molecules with GSK3B inhibitory activ-
ity to identify whether any of them increased mesoderm induction 
in CDM3. We observed that only the small molecules BIO and 
CHIR99021 induced cardiac differentiation; some others were highly 
toxic (Supplementary Fig. 4h,i). We also assessed small-molecule Wnt 
inhibitors, many of which were equally effective despite differences  

in the inhibition mechanism (Supplementary Fig. 4j,k). Next we 
analyzed the importance of the timing of canonical Wnt signal-
ing activation with CHIR99021 and Wnt signaling inhibition with  
Wnt-C59: application of CHIR99021 for 2 d followed by Wnt-C59 
for 2 d was optimal in CDM3 but not in RPMI + B27 − ins medium 
(Supplementary Table 3). The final protocol (Fig. 1a) resulted in 
production of cardiomyocytes at equivalent yields (Fig. 1b) and 
efficiencies to those obtained using our optimized protocol with  
RPMI + B27 − ins medium (Fig. 1c,d). In CDM3, the yield at day 15  
was on average 5.5 × 105 TNNT2+ cells cm−2, but as high as  
1.25 × 106 TNNT2+ cells cm−2, a 100-fold increase in cell number 
over the 1.25 × 104 hiPSCs plated at day −4 (4 d before induction 
of differentiation). We confirmed the specificity of flow cytometry 
staining conditions for this assay and observed similar percentages 
of TNNT2+ cardiomyocytes using three anti-troponin antibodies 
(Supplementary Fig. 3g and Online Methods). We observed minimal  
cell death throughout differentiation (Supplementary Fig. 5), and 
contraction began at days 7–9 (Supplementary Videos 1–3).

Assessment of essential developmental pathways
We previously proposed that Wnt signaling initiates a paracrine 
feedback loop via signaling by FGF, BMP, Wnt and activin-Nodal, 
and may be responsible for mesoderm induction in hiPSCs4. To 
test this hypothesis and to determine whether more specific sig-
naling pathway control could improve robustness of differentia-
tion, we inhibited the six major pathways associated with in vivo 
cardiac differentiation: FGF, activin-Nodal, BMP, Wnt, TGFB and 
MAPK17 (Fig. 1e). We added inhibitors of each of these pathways 
(11 total; Online Methods) at differentiation day 0–2 or day 1–2. 
Our results demonstrated that FGF, activin-Nodal, BMP and Wnt 
signaling are essential for mesoderm induction, as inhibition of 
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Figure 1 | Chemically defined cardiac differentiation of hiPSCs.  
(a) Schematic of optimized chemically defined cardiac differentiation  
protocol. EDTA, EDTA for clump cell passaging, using a 1 to 12 ratio; TZV,  
thiazovivin; VTN, vitronectin. (b) Live-cell yield from differentiation in the  
indicated media, measured by flow cytometry for cardiac troponin T (TNNT2)  
on day 15 cells (hiPSC line 59FSDNC3). (c) Cardiac differentiation efficiency  
in the indicated media. (d) Typical TNNT2+ populations in cells produced  
from differentiations in RPMI + B27 − ins medium and CDM3. Left peaks  
represent the isotype control. Numbers in plots indicate percentage of  
TNNT2+ cells at day 15 of differentiation. (e) Effect of inhibition of signaling  
pathways during early mesoderm differentiation. Fraction of TNNT2+ cells  
under the indicated conditions after small molecules were added at indicated time points, at 5 MM for all except Wnt-C59, which was used at 2 MM. All conditions 
also included 6 MM CHIR99021 (day 0–2) and 2 MM Wnt-C59 (day 2–4) with medium change timings as in a. (f) Effect of inhibition of signaling pathways after 
mesoderm induction. Experiments were done as in e except that small molecules were added at later time points, as indicated. Error bars, s.e.m.; n = 4 (b,c) and 
n = 3 (e,f) independent biological replicates. *P < 0.05, ***P < 0.005 (two-sided t-test).
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2a. Description of the proposed research 
 
Scientific relevance and challenges: 
Sudden cardiac death accounts for ~20% of total mortality in the Netherlands1. In young patients, the 
majority have an underlying genetic cause, and in many cases the first clinical symptoms are 
potentially lethal ventricular tachycardia or fibrillation2. Indeed it is currently estimated that congenital 
cardiac channelopathies (inherited diseases that disturb the function of ion channels in the heart), 
affect between 1:2000–1:3000 individuals in the general population3, with the causal gene unknown in 
20-25% of cases4. Even more common are acquired arrhythmias, predominantly caused by an 
adverse response to medication, and are a major challenge to clinicians and pharmaceutical 
companies. This too has a significant heritable component; although the genetic substrates underlying 
these arrhythmias remain largely unknown5. Clinical management of sudden cardiac death could be 
improved by further integrating genetic information to identify individuals at risk. However, strategies 
to identify these causative genes and establish their contribution to arrhythmogenic diseases 
functionally have been ineffective to date. 

Advances in next-generation sequencing and molecular biology techniques have enhanced our ability 
to identify hundreds of genetic variants associated with both congenital and drug-induced (acquired) 
forms of long QT syndrome (LQTS)6. However, the causality of many of these variants is questionable 
as ~5% of the general population also host non-synonymous (amino acid-altering) genetic variants7. A 
further complication is that cardiac channelopathy diseases are clinically characterised by a broad 
spectrum of phenotypic expression, even within families2. This variability in severity is related not only 
to the mutation type and position of the mutation within the gene, but can also be influenced by 
variants in regulatory regions or in secondary modifier genes. Recent genome wide association 
studies (GWAS) investigating modifiers of electrocardiogram indices, such as altered heart rate and 
QT interval (Figure 1A), have identified common single nucleotide polymorphisms (SNPs) in more 
than 30 loci8,9. The electrocardiogram indices display marked heritability2, suggesting these GWAS-
identified variants are also plausible candidates for the variable disease severity observed in LQTS 
patients. However an inherent limitation of GWAS is that it illuminates regions in the genome 
associated with a trait, but does not identify the exact genetic variant and gene mediating that effect. 
For example, the loci identified in the above GWAS contain more than 150 genes9. Establishing a 
link between SNP associations and how the locus contributes to disease is the next major 
challenge for the field. 
 

 
Figure 1. Relationship between QT interval and cardiomyocyte action potential (A), and the effect of mutations 
on its shape (B). 
 

• Potential issue is the maturity of the CMs for 
downstream applications

• hPSC-CMs in all differentiation media are still 
less mature than adult CMs

Ø Differentiation just with small 
molecules

Burridge et al. Nat Meth, 2014



Functional assays using hPSC-derived cardiomyocytes

(Brandão et al, DMM, 2017)

hPSCs

Patient

Caveats:
• Maturity of cells
• Lack in vivo 

context

Ideally functionally 
equivalent



Maturation of hPSC-CMs can be required to reveal disease phenotypes

Hypertrophic cardiomyopathy

Ø Genetic-based disease
Ø Common cause of sudden cardiac 

death (SCD) in young people
Ø Thickening of the ventricle wall
Ø Reduced blood flow
Ø Lead to arrhythmias & SCD

Ø Enlarged
Ø Structurally disorganised
Ø Impaired contractility
Ø Impaired Ca2+ handling 
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Modified BPEL media improves the maturity of PSC-CMs 
revealing a contractility defect in the HCM patient lines 

(Birket et al, Cell Rep 2015)



Stem cell

Stem cell

Differentiated cell

Summary – where are we at?

Maintenance medium Differentiation medium
• Completely-defined, serum-

free media available
• Suitable for clinical use
• Understanding pluripotency 

has been a key driver in media 
development

• Ongoing development: media 
to improve efficiency of certain 
techniques (e.g. gene targeting)

However:
• Adoption rate of these media 

within stem cell community ???
• Cost – commercial

• Serum-free (completely-
defined) media available

• Enables differentiation 
methods to be more precisely 
tuned for specific cell types

• Still requires development
Challenges:
• Maturity of differentiated cells
• Reproducibility (intra- & 

interline variability)
• Costs (media; cytokines)
• Compatibility with completely-

defined maintenance media
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