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Stage-specific Effects of Bioactive 
Lipids on Human iPSC Cardiac 
Differentiation and Cardiomyocyte 
Proliferation
Arun Sharma1,2,6, Yuan Zhang1, Jan W. Buikema1,3, Vahid Serpooshan1, Orlando Chirikian1, 
Nina Kosaric1, Jared M. Churko1, Elda Dzilic1,4, Alice Shieh1, Paul W. Burridge1,7,  
Joseph C. Wu1,3,5 & Sean M. Wu  1,3,5

Bioactive lipids such as sphingosine-1-phosphate (S1P) and lysophosphatidic acid (LPA) regulate 
diverse processes including cell proliferation, differentiation, and migration. However, their roles 
in cardiac differentiation and cardiomyocyte proliferation have not been explored. Using a 96-well 
differentiation platform for generating human induced pluripotent stem cell-derived cardiomyocytes 
(hiPSC-CMs) we found that S1P and LPA can independently enhance cardiomyocyte generation when 
administered at an early stage of differentiation. We showed that the combined S1P and LPA treatment 
of undifferentiated hiPSCs resulted in increased nuclear accumulation of β-catenin, the canonical 
Wnt signaling pathway mediator, and synergized with CHIR99021, a glycogen synthase kinase 3 beta 
inhibitor, to enhance mesodermal induction and subsequent cardiac differentiation. At later stages 
of cardiac differentiation, the addition of S1P and LPA resulted in cell cycle initiation in hiPSC-CMs, 
an effect mediated through increased ERK signaling. Although the addition of S1P and LPA alone was 
insufficient to induce cell division, it was able to enhance β-catenin-mediated hiPSC-CM proliferation. 
In summary, we demonstrated a developmental stage-specific effect of bioactive lipids to enhance 
hiPSC-CM differentiation and proliferation via modulating the effect of canonical Wnt/β-catenin 
and ERK signaling. These findings may improve hiPSC-CM generation for cardiac disease modeling, 
precision medicine, and regenerative therapies.

Adult mammalian cardiomyocytes possess limited capacity for cell division1. Radiocarbon dating studies suggest 
that there is, at baseline, less than 0.5% yearly cell turnover in the adult human heart2. As such, mammalian adult 
heart regeneration is unable to compensate for the massive loss of cardiomyocytes following cardiac injury such 
as myocardial infarction, leading to adverse cardiac remodeling. This limited regenerative capability of the human 
heart has garnered significant interest in developing novel methodologies for both creating cardiomyocytes de 
novo and inducing proliferation in terminally differentiated cardiomyocytes. A major goal in human pluripotent 
stem cell research is to provide large quantities of cardiomyocytes suitable for cellular therapy in regenerative 
medicine3–6.

Protocols for human pluripotent stem cell cardiac differentiation are vastly improved compared to a decade 
ago. Current protocols can obtain upwards of 90% pure cardiomyocytes during differentiation followed by met-
abolic selection, which can be further augmented by using CRISPR/Cas9 gene editing to introduce selectable 
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markers into hiPSCs7–9. The most up-to-date strategies use biphasic Wnt/β-catenin modulation for direct cardiac 
differentiation from human induced pluripotent stem cells (hiPSCs)10,11. To mimic developmental Wnt signals 
required for in vivo mesoderm induction, hiPSCs are initially treated with CHIR99021 (CHIR), a non-selective 
glycogen kinase 3 beta (GSK3β) inhibitor, followed by a Wnt/β-catenin inhibitor to promote cardiac cell differ-
entiation. However, despite recent advances, there remains significant batch-to-batch variation in differentiation 
efficiency, as different hiPSCs lines, even those derived from the same individuals, can vary in their abilities to 
reproducibly generate cardiomyocytes. To address the challenge of in vitro hiPSC-CM generation with consist-
ently high efficiency, we sought novel molecules that can further optimize our current cardiac differentiation 
protocol.

In recent years, growing evidence support lysophospholipids, a collection of bioactive lipids harboring mul-
tiple functions, as important regulators of stem cell differentiation in vitro and cardiovascular development in 
vivo12. Among these bioactive lipids, sphingosine-1-phosphate (S1P) and lysophosphatidic acid (LPA) are car-
dinal members. In vivo studies have demonstrated a necessary role of S1P signaling via S1P receptor in cardio-
myocytes in normal heart development in mice13. In vitro studies have shown that these signaling molecules are 
capable of regulating pluripotency and cell cycle activity in human embryonic stem cells14–16. The bioactive lipids 
have also been reported to play a role in cell proliferation in epithelial cells, fibroblasts, and various cancer cell 
lines, via their ability to stimulate important cellular signaling pathways such as the MAPK/ERK pathway, the 
Hippo Pathway, and the Wnt/β-catenin signaling pathway17–20. These diverse roles for bioactive lipids prompted 
us to consider whether S1P and LPA may regulate cardiomyocyte differentiation from hiPSCs and cardiomyocyte 
function.

In this study, we explored S1P and LPA as inducers of cardiomyocyte differentiation in a chemically-defined 
culture setting using multiple hiPSC lines. Furthermore, we examined lysophospholipid regulation of cardiomy-
ocyte progeny from hiPSCs and their ability to stimulate cardiomyocyte proliferation. We found that S1P and 
LPA act synergistically with GSK3β inhibitor CHIR to regulate early hiPSC mesodermal differentiation through 
nuclear β-catenin accumulation. At later stages, the combined treatment of S1P and LPA resulted in cell-cycle 
activation in differentiated hiPSC-CMs, an effect mediated through ERK/MAPK signaling, and synergized with 
β-catenin signaling to increase cardiomyocyte proliferation. Taken together, our findings demonstrate unequivo-
cally that bioactive lipids exhibit stage-specific effects on cardiac differentiation from hiPSCs.

Results
Bioactive lipids augment cardiac differentiation from hiPSCs in a stage-specific manner. Five 
hiPSC lines were generated through reprogramming somatic tissues from five individuals by introducing viral 
vectors expressing the Yamanaka reprogramming factors (OCT4, SOX2, KLF4, and c-MYC). Subsequently, all 
hiPSC lines were differentiated using chemically-defined protocols to generate cardiomyocytes10,21. Since hiPSC 
lines 3, 4, and 5 differentiated well into beating cardiomyocytes without the addition of bioactive lipids, we 
investigated the effects of S1P/LPA on hiPSC lines 1 and 2 that exhibited impaired capacity to differentiate into 
cardiomyocytes.

We first examined whether S1P and LPA treatment could improve cardiomyocyte differentiation in these 
two hard-to-differentiate hiPSC lines. We established a 96-well differentiation platform to assess the efficiency of 
CM differentiation upon treatment with bioactive lipids (Fig. 1A). Using this platform, we determined that the 
addition of S1P and/or LPA concurrently with CHIR between days 0–2 in the chemically-defined differentiation 
protocol enhanced hiPSC-CM generation by 2–3 fold in comparison to control, as assessed by cardiac troponin 
T (TnT) expression at day 810,21 (Fig. 1B,C). We did not see significant enhancement of hiPSC-CM differentia-
tion when S1P/LPA were added between days 4–6 or 6–8 of differentiation (Fig. 1C). These results indicate that 
bioactive lipids have an early role in augmenting cardiac differentiation and cardiomyocyte generation in these 
otherwise poorly differentiating hiPSC lines.

Bioactive lipids synergize with Wnt/β-catenin in hiPSCs to induce mesodermal differentiation.  
To generalize our findings beyond these two poorly differentiating hiPSC lines, we focused the remainder of 
our studies on our three independent hiPSC lines that exhibited normal capacity of cardiac differentiation. The 
treatment of undifferentiated hiPSCs with inducers of Wnt/β-catenin signaling has previously been shown to 
effectively enhance mesodermal differentiation10. Since we found that hiPSC-CM differentiation is enhanced 
when bioactive lipids were administered early, we hypothesized that the observed augmentation of hiPSC-CM 
formation could be attributed to an increase in the level of nuclear β-catenin by S1P/LPA. Previous work in other 
cell lines showed that bioactive lipids enhance β-catenin dissociation from E-cadherin at adherens junctions, 
increasing the cytoplasmic β-catenin available for downstream signaling in the nucleus22. Given this, we exam-
ined whether S1P/LPA treatment of undifferentiated hiPSCs, either alone or in combination with CHIR, could 
increase the level of nuclear β-catenin. First, we noted that S1P/LPA treatment alone induced significant nuclear 
accumulation of β-catenin in hiPSCs (Fig. 2A,B). Additionally, serial immunostaining for β-catenin at different 
time points revealed that this effect could be observed as early as within 2 hours after treatment (Fig S1A). When 
combined with CHIR, S1P and LPA further promoted β-catenin nuclear accumulation, suggesting a synergy 
between these compounds (Fig. 2A,B). To examine whether the increase in nuclear β-catenin level results in 
an activation of Wnt signaling at the transcriptional level, we transfected hiPSCs with the previously described 
TOPFlash luciferase reporter plasmid23. This system provides a proportionate visualization of Wnt transcrip-
tional activity using bioluminescence. Subsequently, we treated the cells with dimethyl sulfoxide (DMSO), CHIR, 
S1P/LPA, or a combination of S1P/LPA and CHIR. Interestingly, when compared to the DMSO control group, 
treatment with S1P/LPA alone minimally increased TCF/LEF-luciferase activity (~1.25-fold) (Fig. 2C) whereas 
treatment with CHIR alone led to a highly significant ~40-fold increase in TCF/LEF-luciferase activity. When 
S1P/LPA was combined with CHIR, the TCF/LEF-luciferase activity was further increased to more than 60-fold 



www.nature.com/scientificreports/

3SCIeNtIfIC RepoRtS |  (2018) 8:6618  | DOI:10.1038/s41598-018-24954-3

compared with DMSO control (Fig. 2C). Hence, while S1P/LPA treatment alone minimally activated the LEF/
TCF reporter, the bioactive lipids synergized with CHIR to further increase β-catenin signaling (Fig. 2D)

To uncover the key changes in gene expression after S1P/LPA treatment, we performed a genome-wide 
microarray expression analysis on hiPSCs at day 2 of differentiation. Interestingly, we found a significant down-
regulation of DKK4 and DKK1 (Fig. 2E), Wnt inhibitors that are well known to regulate stem cell development 
and differentiation24. In addition, our microarray data also uncovered an increase in the expression of cytoskeletal 
and extracellular matrix genes such as COL12A1 and Vimentin (VIM), the latter of which is associated with an 
epithelial-to-mesenchymal transition during development.

Taken together, these results suggest that bioactive lipids S1P and LPA act synergistically with GSK3β inhib-
itor CHIR to increase Wnt signaling/β-catenin nuclear accumulation during hiPSC differentiation, potentially 
through enhancing β-catenin release from membrane-associated E-cadherin (Fig. 2D). S1P and LPA treatment 
also suppresses the expression of Wnt inhibitors such as DKK1/4 and increases the expression of cytoskeletal/
extracellular matrix genes.

Bioactive lipids induce changes in cell morphology and gene expression during hiPSC differ-
entiation. Our microarray data showed an upregulation of the cytoskeletal and extracellular matrix genes 
(e.g. COL12A1 and VIM) induced by S1P/LPA treatment, suggesting a change in their biological phenotype 
(Fig. 2E). Furthermore, we noticed a dramatic change in cell morphology and a two-fold increase in cell size 
within 24 hours of S1P/LPA treatment (Fig. 3A,B). Interestingly, this was accompanied by little to no increase in 
cell number (Fig. 3C). We validated the changes in gene expression after treatment with bioactive lipids or CHIR 
from the microarray studies with immunostaining and quantitative PCR analysis (Fig. 3D,E). Interestingly, we 
found that only CHIR treatment can increase both VIM and Brachyury T (Bry T) expression25 while S1P/LPA 
treatment increased only the expression of VIM without affecting the expression of Bry T (Fig. 3D,E). In con-
clusion, these results demonstrate a synergistic but mechanistically independent effect of bioactive lipids on Wnt 
signaling-mediated mesodermal differentiation of hiPSCs to enhance cardiac differentiation.

Synergistic effects of bioactive lipids and Wnt/β-catenin activation to induce cell cycle activity 
in terminally-differentiated hiPSC-CMs. Previous studies showed that β-catenin activation is required 
for ventricular cardiomyocyte proliferation in the mouse fetal heart and in human embryonic stem cell-derived 
cardiomyocytes, and that metabolic regulation of hiPSC-CM cell cycle arrest can be reversed with activation of 
β-catenin signaling26,27. Given the synergy between bioactive lipids and Wnt/β-catenin signaling to enhance mes-
odermal differentiation (Figs 2, 3), we examined whether bioactive lipids could also synergize with Wnt/β-catenin 
signaling to induce proliferation of hiPSC-CMs.

Figure 1. 96-well differentiation illustrates S1P/LPA-mediated enhancement of hiPSC-cardiomyocyte 
differentiation when added concurrently with Wnt activator CHIR99021. (A) Illustration of the ‘regular’ 
chemically-defined cardiac differentiation protocol utilized in this study. S1P/LPA was added at different time 
points during hiPSC-CM differentiation. (B) Representative 96-well immunofluorescence images for cardiac 
troponin T (TnT) in green and nuclear DNA in blue of 2D monolayer-based, chemically-defined differentiation 
of two poorly differentiating hiPSC lines into cardiomyocytes. Staining was performed in a 96-well plate format 
on day 8-post differentiation hiPSC-CMs. S1P, LPA, or both were added for days 0–2, 4–6 or 6–8 during the 
hiPSC-CM differentiation process. (C) Quantification of TnT positive cell numbers of total represented as 
percentages TnT positive cells for each time point when S1P, LPA or both were added. Error bars represent 
standard deviation. * indicates p < 0.05 versus control. Experiments were performed in 2 different hiPSC lines 
in 3–6 replicates.
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To address this, we generated well-differentiated hiPSC-CMs (e.g. day 30 or later) using chemically-defined 
protocols10,21,28 (Movie S1) and treated them with S1P/LPA or CHIR or both (Fig. 4A). We first validated the pres-
ence of S1P/LPA receptors in these cells (Fig. S2). We then performed immunofluorescence staining for ki67, a 
marker of cell cycle activity, and phospho Histone H3 (pHH3), a mitosis marker, in cardiac troponin T (TnT) pos-
itive cells. We found that treatment with S1P/LPA alone could induce ki67 expression in immature (~day 20–30) 
as well as well-differentiated (~day 50) hiPSC-CMs to a similar level as treatment with CHIR alone (Fig. 4B,C, S2),  
a well-known mitogen29. However, despite the increase in ki67 expression, S1P/LPA treatment did not lead to an 
increase in the number of hiPSC-CMs, suggesting that cell (Fig. 4D) and nuclear (Fig. 4E,F) division was incom-
plete. Nonetheless, treatment with CHIR alone resulted in an increase in cell number and the addition of S1P/
LPA to CHIR further enhanced the proliferation of hiPSC-CMs mediated by CHIR, as demonstrated by both the 
increase in cell number and pHH3 expression (Fig. 4D–F). Two-day treatment with S1P/LPA or CHIR or both 
did not increase the number of bi- or multinucleated cardiomyocytes (Fig. 4G). Additional functional analyses 
of day 30 hiPSC-CMs treated with S1P/LPA or CHIR show no significant difference in their beating frequency or 
contractile force generation when compared with control well-differentiated hiPSC-CMs (Fig. S3). These studies 
illustrate an additional role for S1P/LPA to regulate cell cycle activity in well-differentiated hiPSC-CMs and syn-
ergize with β-catenin signaling to increase hiPSC-CM proliferation.

Bioactive lipids activate ERK signaling in hiPSC-CMs. To determine the mechanism through which S1P/
LPA regulate cell cycle activity in hiPSC-CMs, we first evaluated whether S1P and LPA treatment can directly stim-
ulate Wnt/β-catenin signaling in day 30 cardiomyocytes using the TOPFlash (TCF/LEF – luciferase) reporter. We 
found that while the canonical Wnt signaling, as measured by the TOPFlash reporter, was activated in the presence 
of CHIR alone, the treatment with S1P/LPA was unable to increase TCF/LEF-luciferase activity (Fig. 5A), suggesting 
the effect of bioactive lipids is not mediated directly by Wnt signaling in hiPSC-CMs. Given the well-known role of 
Hippo/Yap signaling in regulating cardiomyocyte and non-myocyte proliferation and regeneration30-34, we assessed 
the ability of bioactive lipids to promote nuclear accumulation of Yap (Fig. S4). Surprisingly, we found a strong 

Figure 2. Bioactive lipids S1P and LPA enhance β-catenin nuclear accumulation and activate Wnt signaling 
during early cardiac differentiation from hiPSCs. (A) Immunofluorescence for β-catenin (green), pluripotency 
marker Nanog (red), and DAPI (DNA) (blue) following 2-hour treatment of hiPSCs with DMSO, small molecule 
GSK3β inhibitor/Wnt activator CHIR99021 (CHIR), bioactive lipids S1P + LPA, or CHIR + bioactive lipids. 
Arrows indicate cells exhibiting characteristic β-catenin nuclear accumulation. (B) Quantification of β-catenin 
staining represented as nuclear intensity over cytoplasmic intensity for the treatment groups normalized to DMSO 
control. (C) Luciferase luminescence intensity after transfection of hiPSCs with TOPFlash Wnt pathway activity 
reporter and 2-hour treatment with CHIR, S1P/LPA, or both, represented as fold increase over DMSO control. 
(D) Model illustrating the signaling cascade linking bioactive lipids and the Wnt/β-catenin signaling pathway 
in the context of hiPSCs. Treatment with S1P/LPA on hiPSCs dissociates β-catenin from adherens junctions 
and E-cadherin, thus increasing the overall β-catenin pool that can be utilized for downstream signaling and 
gene transcription. Treatment with GSK3β inhibitor CHIR frees β-catenin and increases the overall intracellular 
β-catenin pool for downstream signaling and gene transcription. (E) Microarray analysis illustrating key 
alterations in gene expression following 48-hour treatment of hiPSCs with small molecule GSK3β inhibitor/Wnt 
activator CHIR with or without bioactive lipids S1P/LPA. A list of up- (red) and down- (blue) regulated genes after 
treatment with bioactive lipid is shown. Experiments were performed in 3–4 biological replicates.
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nuclear YAP localization (>85–90% of all nuclei counted) at baseline in hiPSC-CMs and many other cell types 
including undifferentiated hiPSCs and hiPSC-derived non-myocytes (Fig. S4A). Consequently, we saw no increase 
in nuclear YAP accumulation following bioactive lipid treatment (Fig. S4B).

To further elucidate the mechanism through which S1P/LPA regulate cell cycle activity in hiPSC-CMs, we 
performed a broad kinase phosphorylation panel screening in day 30 hiPSC-CMs after treatment with S1P/LPA 
(Table S1). Notably, we observed a rapid upregulation in phosphorylation of ERK1/2, a known regulator of cell 
cycle activity, after S1P/LPA treatment (Fig. 5B)35. We also observed a down-regulation in phosphorylation of 
HSP27 within 5 minutes of treatment with S1P/LPA and subtle alterations in GSK3β and JNK phosphorylation 
(Fig. 5B). Consistent with the lack of a direct effect of S1P/LPA on canonical Wnt/β-catenin signaling, the level 
of β-catenin remained unchanged following treatment with S1P/LPA. Analysis of S1P/LPA treatment in hiPSCs 
undergoing cardiac differentiation revealed that ERK1/2 phosphorylation was not active in day 0 undifferentiated 
hiPSCs (Fig. S5) despite the effect of S1P/LPA on CHIR-induced mesodermal induction (Fig. 2).

To address whether S1P/LPA promotes ERK1/2 phosphorylation in hiPSC-CMs through stimulation of the 
MAPK/MEK/ERK signaling cascade, we treated hiPSC-CMs with S1P/LPA in the presence or absence of tra-
metinib, a small molecule inhibitor of MEK signaling upstream of ERK36. We found that the ability of S1P/LPA to 
activate ERK phosphorylation in hiPSC-CMs was abolished in the presence of trametinib, confirming that S1P/
LPA-induced ERK phosphorylation is mediated by MAPK/MEK/ERK signaling (Figs 5C, S6). Next, we examined 
the requirement of MAPK/MEK/ERK signaling on S1P/LPA-induced cell cycle activity by treating hiPSC-CMs 
with S1P/LPA in the presence and absence of trametinib and assessed the expression of ki67 in hiPSC-CMs 
(Fig. 5D,E). We found that trametinib treatment abolished the S1P/LPA-induced upregulation of ki67. This con-
firms the role of MAP/MEK/ERK signaling in S1P/LPA-mediated cell cycle activation in hiPSC-CMs.

To assess whether S1P receptor signaling is involved S1P-mediated hiPSC-CM cell cycle activation, we cul-
tured hiPSC-CMs with S1P alone or together with its receptor antagonist, VPC2301937 and found that the expres-
sion of ki67 in S1P-treated hiPSC-CMs was reduced in the presence of VPC23019 (Fig. 5F,G). This supports a 
role for the S1P receptor to mediate bioactive lipid-induced hiPSC-CM cell cycle activation (Fig. 5H). Finally, 
although we observed an increase in cell cycle activity in hiPSC-CMs in response to S1P/LPA treatment, we did 
not observe a shift in maturation status or subtype identity of hiPSC-CMs after S1P/LPA treatment (Fig. S7).

Figure 3. Bioactive lipids S1P/LPA rapidly alter hiPSC morphology and enhance vimentin expression during 
early cardiac differentiation. (A) Immunofluorescence and phase contrast images of hiPSCs treated with S1P 
and LPA for 24 hours. Calcein AM dye staining membranes the entirety of cell bodies. (B) Quantification 
of cell diameter displayed in μm for hiPSCs treated with DMSO or the combination of S1P and LPA. (C) 
Normalized cell count of 3 separate hiPSC lines following treatment with DMSO or S1P/LPA for 24 hours. 
N=3 biological replicate experiments. Error bars represent SEM. (D) Immunofluorescence staining following 
48-hour treatment of hiPSCs with DMSO, GSK3β inhibitor CHIR99021 (CHIR), bioactive lipids S1P + LPA or 
combination. Intermediate filament protein vimentin (green) marks epithelial-to-mesenchymal transition and 
Brachyury (red) marks early mesoderm. (E) Quantification of vimentin (VIM) and Brachyury T (BRY) positive 
cells represented as percentages of total cells for control, CHIR, S1P/LPA and combined treatments. Error bars 
represent standard deviations. Error bars represent standard deviation. Experiment performed in 3 biological 
replicates. * indicates P < 0.05. Cells quantified in N=9 images per condition.
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Discussion
Bioactive lipids have garnered significant attention for their ability to influence cell proliferation, differentiation, 
and migration in a variety of non-cardiomyocyte cell types38. In particular, they have shown an ability to mod-
ulate Wnt/β-catenin and Hippo signaling pathways, both of which are critical for influencing cardiomyocyte 
proliferation, development, and differentiation7,22,26,30–32. In this study, we employed an hiPSC model of cardio-
genesis to examine the effects of bioactive lipids on hiPSC cardiac differentiation and cardiomyocyte generation. 
Interestingly, we found highly stage-specific roles for S1P/LPA during hiPSC-CM differentiation. When adminis-
tered to undifferentiated hiPSCs, either alone or in combination with CHIR, S1P/LPA increased nuclear β-catenin 
level and enhanced mesodermal induction. After the completion of cardiomyocyte differentiation, the addition 
of S1P/LPA initiated cell cycle re-entry in hiPSC-CM by activating MAPK/MEK/ERK signaling and enhanced 
CHIR-induced cardiomyocyte proliferation. These findings illustrate the versatility of the hiPSC differentiation 
platform for studying the effects of signaling pathways on human cardiomyocyte development. In addition, the 
ability to mass-produce differentiated human cardiomyocytes by bioactive lipid treatment will facilitate the devel-
opment of high throughput assays for cardiac disease modeling and discovery of new molecules for future regen-
erative applications.

The ability of S1P and LPA to rapidly induce morphological and gene expression changes in undifferenti-
ated hiPSCs was quite striking and a somewhat unexpected finding in our study. We observed a rapid change 
in hiPSC morphology within 12–24 hours from the initiation of S1P/LPA treatment. These changes were also 
accompanied by an increase in the expression of the intermediate filament protein vimentin in hiPSCs, a finding 
that suggests the induction of epithelial-to-mesenchymal transition (EMT). However, S1P/LPA treatment did 
not lead to a decreased expression of Nanog at 24 hrs after treatment, suggesting a more mesodermal specific, 
rather than global, effect of S1P/LPA on hiPSC cardiac differentiation (Fig. S1B). A hallmark of EMT is the loss 
of cell-cell contact normally mediated by adherens junction complexes39. Lysophospholipids are well-established 
for their ability to dissociate these adherens junctions, dramatically loosen cell-cell contact, and release adherens 
junction-bound β-catenin into the cytoplasm22,40. Importantly, β-catenin also functions as a downstream nuclear 
transcriptional effector for activating Wnt signaling7. Indeed, we observed that treatment with S1P/LPA rapidly 
induces β-catenin cytoplasmic and nuclear accumulation in hiPSCs. Thus, S1P/LPA treatment synergizes with 
CHIR-mediated GSK3β inhibition to enhance the overall pool of cytoplasmic β-catenin and promotes its nuclear 
entry (Fig. 2D). Beyond promoting an increase in the cytoplasmic pool of β-catenin, S1P/LPA treatment appears 

Figure 4. LPA and S1P exhibit cell cycle-inducing effects on hiPSC-CMs. (A) Schematic overview of 
replating hiPSC-CMs at different time-points of differentiation into 96-well format for downstream assays. 
(B) Representative images showing cardiac troponin T (TnT) in green, cell cycle activity marker ki67 in red 
and nuclear dye (DNA) in blue after 48-hour culture of day 30 hiPSC-CMs with DMSO, S1P/LPA alone, CHIR 
alone, or CHIR with S1P/LPA. (C) Percentage of ki67 positive cardiomyocytes after 48 hours of each treatment.  
(D) Normalized cell count for total number of CMs after 48 hours of treatment for each group. (E) Immunofluorescence 
staining for cardiac troponin T (TnT) in green, mitosis marker phospho Histone H3 (pHH3) in red and 
nuclear dye (DNA) in blue after 48-hour culture of day 30 hiPSC-CMs with DMSO, S1P/LPA alone, CHIR 
alone, or CHIR plus S1P/LPA. (F) Percentages of mitotic (pHH3) CMs between various treatment groups. 
(G) Percentages of bi- and multinucleated CMs within the indicated treatment groups. *indicates P < 0.05 in 
comparison to control. N=3 biological replicates. Error bars represent standard deviation.
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to induce an increase in vimentin expression via a different mechanism, since the presence of Wnt inhibitor 
fails to abrogate the ability of S1P/LPA to simulate vimentin expression (data not shown). Further work will be 
necessary to identify additional downstream signaling events responsible for the biological effects of S1P/LPA on 
vimentin expression.

While the increase in β-catenin nuclear localization could be due to stabilization of β-catenin (i.e. preven-
tion of GSK3β-mediated degradation) or greater release of β–catenin from E-cadherin at the plasma membrane, 
addressing the relative contribution of these mechanisms of β-catenin increase in the nucleus is beyond the scope 
of the current study. However, the inability of S1P/LPA to directly induce early mesoderm markers such as Bry 
T (Fig. 3D,E) supports their independent effects on hiPSC differentiation besides facilitating β-catenin nuclear 
translocation. This was further supported by the absence of a strong effect of S1P/LPA on LEF/TCF reporter 
expression (Figs 2C, 5A) suggesting the involvement of Wnt/β-catenin independent mechanisms on hiPSCs car-
diomyocyte differentiation. Identification of additional signaling pathways involved in mesodermal induction by 
S1P/LPA may help to further improve hiPSC cardiac differentiation.

Our finding that S1P/LPA treatment induced a strong and rapid up-regulation of MAPK/MEK/ERK sign-
aling in well-differentiated hiPSC-CMs was quite intriguing. The ability of S1P/LPA to induce ERK signaling, 
a known regulator of cell proliferation, has been described in other cell types38. We confirmed that the MAPK/
MEK/ERK pathway is required for S1P/LPA-induced ERK phosphorylation and cell cycle reentry by showing 
that treatment with trametinib, a MEK inhibitor, effectively abolished these effects (Fig. 5D,E). The involvement 
of MEK signaling is further supported by the S1P/LPA-induced down-regulation of HSP27 phosphorylation, a 
previously reported target of MEK that opposes ERK phosphorylation41. Interestingly, the PI3-Akt pathway, a 
known pathway involved in cardiomyocyte proliferation42, was not activated at baseline or by S1P/LPA treatment. 
This may be because these hiPSC-CMs are phenotypically immature or lack an optimal culture condition for 
stimulating PI3K-Akt signaling. Our findings are also consistent with a recent study demonstrating involvement 
of ERK and YAP signaling in adult cardiomyocyte division43 and suggest that in vivo delivery of S1P/LPA may also 
enhance cardiomyocyte division. However, further studies will be necessary to validate this hypothesis. Given the 
relative immaturity of hiPSC-CMs, our results here may only apply to fetal or neonatal cardiomyocytes in vivo. 
Additionally, bioactive lipids other than S1P and LPA should also be tested at multiple concentrations to see what 
effect they would have on mesodermal expansion and/or cardiomyocyte proliferation.

Figure 5. Reactivation of cell cycle in hiPSC-CMs with S1P and LPA is dependent on ERK signaling.  
(A) Luciferase luminescence intensity after transfection of day 30 hiPSC-CMs with TOPFlash Wnt signaling 
pathway activity reporter and 2-hour treatment with CHIR, S1P/LPA or both. The data shown represents fold 
increase over DMSO control. (B) Quantification of kinase assays illustrating alterations in hiPSC-CM kinome 
phosphorylation in response to 0, 5, 10, and 30-minute S1P/LPA treatment. Data expressed as means ± SEM. 
*indicates P < 0.05. (C) Representative kinase assay conducted in day 30 hiPSC-CMs treated with and without 
small molecule MEK inhibitor trametinib, with and without S1P/LPA (10 μM each). Spots corresponding to 
ERK phosphorylation and antibody control are labeled. (D) Immunofluorescence for cardiac troponin T (TnT) 
(green), ki67 (red) and nuclear DNA (blue) in day 30 hiPSC-CMs treated with S1P and LPA in the presence or 
absence of MEK inhibitor trametinib. (E) Quantification of the percentages of ki67 positive cardiomyocytes 
(CMs) in (D). *indicates P < 0.001. (F) Immunofluorescence for cardiac troponin T (TnT) (green), ki67 (red) 
and nuclear DNA (blue) in day 30 hiPSC-CMs treated with bioactive lipid S1P in the presence or absence of 
5 μM S1P receptor antagonist VPC23019. (G) Quantification of the percentages of ki67 positive CMs after S1P 
treatments with or without 5 μM VPC23019. (H) Model illustrating the link between bioactive lipids and the 
canonical MAPK/MEK/ERK signaling pathway in differentiated hiPSC-CMs. N=4.
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Conclusion
Our study addressed, for the first time, the stage specific effects of bioactive lipids on hiPSC differentiation and 
hiPSC-CM proliferation and demonstrated a role for bioactive lipids to enhance human iPSC differentiation into 
cardiomyocytes. While the efficiency of hiPSC differentiation into CMs has increased remarkably in recent years, 
there remain significant variations among human iPSC lines and between different differentiation batches from 
the same line. Thus, identifying the ability of new signaling molecules to further augment CM differentiation of 
human iPSCs is of significant interest to the cardiovascular and stem cell biology community. In summary, our 
study provides a greater understanding of the role of bioactive lipids in cardiovascular biology and a novel means 
of enhancing the production of hiPSC-CMs that can be used for downstream applications in cardiovascular dis-
ease modeling, drug screening, and regenerative medicine.

Experimental Procedures
An expanded Experimental Procedures section is available in the Supplemental Materials.

Chemically-defined differentiation of hiPSC-CMs. To produce human cardiomyocytes from pluri-
potent stem cells, hiPSCs were differentiated into hiPSC-CMs with a chemically-defined cardiomyocyte differ-
entiation protocol. These hiPSC-CMs were maintained in RPMI 1640 media supplemented with recombinant 
human albumin and ascorbic acid (CDM3)10. Briefly, hiPSCs were first treated with a small molecule inhibitor of 
GSK3β signaling, CHIR99021, to activate the Wnt signaling pathway. Two days later, cells were treated with a Wnt 
signaling inhibitor, Wnt-C59, until day 4. Afterwards, CDM3 media without any small molecules was changed 
every two days. To purify cardiomyocytes, the cell population was glucose-starved and supplemented with 5 mM 
sodium DL-lactate for 2 to 4 days to metabolically select hiPSC-CMs44. When replating hiPSC-CMs, cells were 
dissociated with TrypLE Express (Life Technologies) and reseeded on Matrigel-coated plates.

96-well differentiation, imaging, and quantitative viability assays. For 96-well hiPSC-CM differ-
entiation assays, hiPSCs were plated in Matrigel-coated 96-well plates at 1000 cells per well and allowed to adhere 
for 4 days. The hiPSCs were subsequently treated with bioactive lipids at the indicated concentrations and dura-
tions and assessed following day 8 of the chemically-defined hiPSC-CM differentiation protocol. Immunostaining 
using previously-published protocols was conducted to qualitatively assess cell viability and cardiomyocyte dif-
ferentiation efficiency45. Fluorescence intensity and cell number was quantified using ImageJ software. For quan-
titative viability measurements, cells were treated with CellTiter-Glo 2.0 Viability Assay (Promega) or PrestoBlue 
reagent (Life Technologies) per manufacturer-recommended procedures. 96-well imaging and viability assays 
were conducted using a Cytation 5 plate reader/imager (BioTek Instruments). Prism (GraphPad) was utilized for 
graph generation and statistical analysis. Confocal imaging was performed using a Zeiss LSM 510Meta micro-
scope (Carl Zeiss) using Zen software.

Small molecules. S1P and LPA were obtained from Sigma Aldrich and dissolved in water at 1 mM and 
10 mM stock solutions. S1P and LPA were applied in 10 μM final concentrations unless otherwise specified. C59 
and CHIR99021 were obtained from Tocris Bioscience and dissolved in DMSO at 10 mM stock concentrations. 
S1P antagonist VPC 23019 was obtained from Tocris Bioscience and dissolved in acidified DMSO.

Kinase phosphorylation profiling. Phosphorylation of human kinases and other phosphopro-
teins (Table S1) was determined using a Human Phospho-Receptor Tyrosine Kinase (RTK) Array or Human 
Phospho-Kinase Antibody Array (R&D Systems). Cells were treated with bioactive lipids at indicated concentra-
tions and durations. An RTK or phospho-kinase panel was incubated overnight with 10 mg cell protein lysate and 
subsequently with an anti-phospho-tyrosine-horseradish peroxidase antibody to assess phosphorylation. Blots 
were developed using a Gel Doc XR (BioRad). Phosphorylation intensity was determined using ImageJ software.

Luciferase luminescence measurements. HiPSCs and day 30 hiPSC-CMs were replated in 96-well 
plates and cultured for 2–3 days before transfection with Lipofectamine (Invitrogen) and TOPFlash (TCF/LEF) 
luciferase Wnt signaling reporter plasmid (M50, Addgene) at 100 ng/well. After 48 hours, media was changed, 
and cells were subjected to different treatments for 2 hours before lysis and luciferase (Promega) luminescence 
was measured with a standard luminescence plate reader.

Gene expression. Quantitative real-time PCR was used to assess the gene expression level of specific gene of 
interest following bioactive lipids treatment. RNA was isolated using an RNeasy Plus kit (QIAGEN), and cDNA 
was produced using the High-Capacity RNA-to-cDNA kit (Applied Biosystems). Real-time PCR was performed 
with CFXTM Connect Real-Time System (BIO-RAD) using the USB® HotStart-IT® SYBR® Green qPCR Master 
Mix (2×) (Affymetrix). qPCR reactions were performed in duplicate, normalized to the reference gene GAPDH, 
and assessed using the comparative Ct method46. For more comprehensive transcriptome analysis of hiPSCs 
following bioactive lipids treatment, a GeneChip® Human Gene 1.0 ST DNA Microarray was used (Affymetrix).

Statistical Methods. Data presented as mean ± standard deviation unless otherwise specified. Comparisons 
were conducted via Student’s t-test with significant differences (*) defined by P < 0.05, unless otherwise specified. 
For microarray, multiple P-value comparisons were made using a one-way between-subject ANOVA (P < 0.05) 
using Affymetrix Transcriptome Analysis Console 2.0 software.

eTOC Blurb. Wu and colleagues demonstrate a stage-specific role of bioactive lipids to enhance human hiPSC 
cardiac differentiation (early) and cardiomyocyte cell cycle activation (late). These findings will help improve 
hiPSC-CM generation for cardiac disease modeling, precision medicine, and regenerative therapies.



www.nature.com/scientificreports/

9SCIeNtIfIC RepoRtS |  (2018) 8:6618  | DOI:10.1038/s41598-018-24954-3

References
 1. Sharma, A., Zhang, Y. & Wu, S. M. Harnessing the Induction of Cardiomyocyte Proliferation for Cardiac Regenerative Medicine. 

Current treatment options in cardiovascular medicine 17, 404, https://doi.org/10.1007/s11936-015-0404-z (2015).
 2. Bergmann, O. et al. Evidence for cardiomyocyte renewal in humans. Science 324, 98–102, https://doi.org/10.1126/science.1164680 

(2009).
 3. Chuang, W. et al. Partial Reprogramming of Pluripotent Stem Cell-Derived Cardiomyocytes into Neurons. Scientific reports 7, 

44840, https://doi.org/10.1038/srep44840 (2017).
 4. Laflamme, M. A. & Murry, C. E. Heart regeneration. Nature 473, 326–335, https://doi.org/10.1038/nature10147 (2011).
 5. Serpooshan, V. et al. Nkx2.5+Cardiomyoblasts Contribute to Cardiomyogenesis in the Neonatal Heart. Sci Rep 7, 12590, https://doi.

org/10.1038/s41598-017-12869-4 (2017).
 6. Li, G. et al. Transcriptomic Profiling Maps Anatomically Patterned Subpopulations among Single Embryonic Cardiac Cells. Dev Cell 

39, 491–507, https://doi.org/10.1016/j.devcel.2016.10.014 (2016).
 7. Lian, X. et al. Robust cardiomyocyte differentiation from human pluripotent stem cells via temporal modulation of canonical Wnt 

signaling. Proc Natl Acad Sci USA 109, E1848–1857, https://doi.org/10.1073/pnas.1200250109 (2012).
 8. Sharma, A. et al. CRISPR/Cas9-Mediated Fluorescent Tagging of Endogenous Proteins in Human Pluripotent Stem Cells. Current 

protocols in human genetics 96, 21 11 21–21 11 20, https://doi.org/10.1002/cphg.52 (2018).
 9. Sharma, A., Toepfer, C. N., Schmid, M., Garfinkel, A. C. & Seidman, C. E. Differentiation and Contractile Analysis of GFP-

Sarcomere Reporter hiPSC-Cardiomyocytes. Current protocols in human genetics 96, 21 12 21–21 12 12, https://doi.org/10.1002/
cphg.53 (2018).

 10. Burridge, P. W. et al. Chemically defined generation of human cardiomyocytes. Nature methods 11, 855–860, https://doi.org/10.1038/
nmeth.2999 (2014).

 11. Lian, X. et al. Directed cardiomyocyte differentiation from human pluripotent stem cells by modulating Wnt/beta-catenin signaling 
under fully defined conditions. Nat Protoc 8, 162–175, https://doi.org/10.1038/nprot.2012.150 (2013).

 12. Kleger, A., Liebau, S., Lin, Q., von Wichert, G. & Seufferlein, T. The impact of bioactive lipids on cardiovascular development. Stem 
cells international 2011, 916180, https://doi.org/10.4061/2011/916180 (2011).

 13. Clay, H. et al. Sphingosine 1-phosphate receptor-1 in cardiomyocytes is required for normal cardiac development. Dev Biol 418, 
157–165, https://doi.org/10.1016/j.ydbio.2016.06.024 (2016).

 14. Avery, K., Avery, S., Shepherd, J., Heath, P. R. & Moore, H. Sphingosine-1-phosphate mediates transcriptional regulation of key 
targets associated with survival, proliferation, and pluripotency in human embryonic stem cells. Stem cells and development 17, 
1195–1205, https://doi.org/10.1089/scd.2008.0063 (2008).

 15. Garcia-Gonzalo, F. R. & Izpisua Belmonte, J. C. Albumin-associated lipids regulate human embryonic stem cell self-renewal. PloS 
one 3, e1384, https://doi.org/10.1371/journal.pone.0001384 (2008).

 16. Pebay, A., Bonder, C. S. & Pitson, S. M. Stem cell regulation by lysophospholipids. Prostaglandins Other Lipid Mediat 84, 83–97, 
https://doi.org/10.1016/j.prostaglandins.2007.08.004 (2007).

 17. Harvey, K. F., Zhang, X. & Thomas, D. M. The Hippo pathway and human cancer. Nat Rev Cancer 13, 246–257, https://doi.
org/10.1038/nrc3458 (2013).

 18. Marinissen, M. J. & Gutkind, J. S. G-protein-coupled receptors and signaling networks: emerging paradigms. Trends Pharmacol Sci 
22, 368–376 (2001).

 19. Oskouian, B. & Saba, J. Sphingosine-1-phosphate metabolism and intestinal tumorigenesis: lipid signaling strikes again. Cell Cycle 
6, 522–527, https://doi.org/10.4161/cc.6.5.3903 (2007).

 20. Yang, M. et al. G protein-coupled lysophosphatidic acid receptors stimulate proliferation of colon cancer cells through the {beta}-
catenin pathway. Proceedings of the National Academy of Sciences of the United States of America 102, 6027–6032, https://doi.
org/10.1073/pnas.0501535102 (2005).

 21. Churko, J. M., Burridge, P. W. & Wu, J. C. Generation of human iPSCs from human peripheral blood mononuclear cells using non-
integrative Sendai virus in chemically defined conditions. Methods in molecular biology 1036, 81–88, https://doi.org/10.1007/978-1-
62703-511-8_7 (2013).

 22. Kam, Y. & Quaranta, V. Cadherin-bound beta-catenin feeds into the Wnt pathway upon adherens junctions dissociation: evidence 
for an intersection between beta-catenin pools. PloS one 4, e4580, https://doi.org/10.1371/journal.pone.0004580 (2009).

 23. Veeman, M. T., Slusarski, D. C., Kaykas, A., Louie, S. H. & Moon, R. T. Zebrafish prickle, a modulator of noncanonical Wnt/Fz 
signaling, regulates gastrulation movements. Curr Biol 13, 680–685 (2003).

 24. Paige, S. L. et al. Endogenous Wnt/beta-catenin signaling is required for cardiac differentiation in human embryonic stem cells. PloS 
one 5, e11134, https://doi.org/10.1371/journal.pone.0011134 (2010).

 25. Mendez, M. G., Kojima, S. & Goldman, R. D. Vimentin induces changes in cell shape, motility, and adhesion during the epithelial to 
mesenchymal transition. FASEB journal: official publication of the Federation of American Societies for Experimental Biology 24, 
1838–1851, https://doi.org/10.1096/fj.09-151639 (2010).

 26. Buikema, J. W. et al. Wnt/beta-catenin signaling directs the regional expansion of first and second heart field-derived ventricular 
cardiomyocytes. Development 140, 4165–4176, https://doi.org/10.1242/dev.099325 (2013).

 27. Mills, R. J. et al. Functional screening in human cardiac organoids reveals a metabolic mechanism for cardiomyocyte cell cycle 
arrest. Proceedings of the National Academy of Sciences of the United States of America, https://doi.org/10.1073/pnas.1707316114 
(2017).

 28. Sharma, A. et al. Derivation of highly purified cardiomyocytes from human induced pluripotent stem cells using small molecule-
modulated differentiation and subsequent glucose starvation. Journal of visualized experiments: JoVE, https://doi.org/10.3791/52628 
(2015).

 29. Titmarsh, D. M. et al. Induction of Human iPSC-Derived Cardiomyocyte Proliferation Revealed by Combinatorial Screening in 
High Density Microbioreactor Arrays. Scientific reports 6, 24637, https://doi.org/10.1038/srep24637 (2016).

 30. Yusuf, S. W., Sharma, J., Durand, J. B. & Banchs, J. Endocarditis and myocarditis: a brief review. Expert review of cardiovascular 
therapy 10, 1153–1164, https://doi.org/10.1586/erc.12.107 (2012).

 31. Heallen, T. et al. Hippo pathway inhibits Wnt signaling to restrain cardiomyocyte proliferation and heart size. Science 332, 458–461, 
https://doi.org/10.1126/science.1199010 (2011).

 32. Morikawa, Y., Heallen, T., Leach, J., Xiao, Y. & Martin, J. F. Dystrophin-glycoprotein complex sequesters Yap to inhibit cardiomyocyte 
proliferation. Nature 547, 227–231, https://doi.org/10.1038/nature22979 (2017).

 33. Leach, J. P. et al. Hippo pathway deficiency reverses systolic heart failure after infarction. Nature 550, 260–264, https://doi.
org/10.1038/nature24045 (2017).

 34. von Gise, A. et al. YAP1, the nuclear target of Hippo signaling, stimulates heart growth through cardiomyocyte proliferation but not 
hypertrophy. Proceedings of the National Academy of Sciences of the United States of America 109, 2394–2399, https://doi.org/10.1073/
pnas.1116136109 (2012).

 35. Zhang, W. & Liu, H. T. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell research 12, 9–18, 
https://doi.org/10.1038/sj.cr.7290105 (2002).

 36. Kim, K. B. et al. Phase II study of the MEK1/MEK2 inhibitor Trametinib in patients with metastatic BRAF-mutant cutaneous 
melanoma previously treated with or without a BRAF inhibitor. Journal of clinical oncology: official journal of the American Society 
of Clinical Oncology 31, 482–489, https://doi.org/10.1200/JCO.2012.43.5966 (2013).

http://dx.doi.org/10.1007/s11936-015-0404-z
http://dx.doi.org/10.1126/science.1164680
http://dx.doi.org/10.1038/srep44840
http://dx.doi.org/10.1038/nature10147
http://dx.doi.org/10.1038/s41598-017-12869-4
http://dx.doi.org/10.1038/s41598-017-12869-4
http://dx.doi.org/10.1016/j.devcel.2016.10.014
http://dx.doi.org/10.1073/pnas.1200250109
http://dx.doi.org/10.1002/cphg.52
http://dx.doi.org/10.1002/cphg.53
http://dx.doi.org/10.1002/cphg.53
http://dx.doi.org/10.1038/nmeth.2999
http://dx.doi.org/10.1038/nmeth.2999
http://dx.doi.org/10.1038/nprot.2012.150
http://dx.doi.org/10.4061/2011/916180
http://dx.doi.org/10.1016/j.ydbio.2016.06.024
http://dx.doi.org/10.1089/scd.2008.0063
http://dx.doi.org/10.1371/journal.pone.0001384
http://dx.doi.org/10.1016/j.prostaglandins.2007.08.004
http://dx.doi.org/10.1038/nrc3458
http://dx.doi.org/10.1038/nrc3458
http://dx.doi.org/10.4161/cc.6.5.3903
http://dx.doi.org/10.1073/pnas.0501535102
http://dx.doi.org/10.1073/pnas.0501535102
http://dx.doi.org/10.1007/978-1-62703-511-8_7
http://dx.doi.org/10.1007/978-1-62703-511-8_7
http://dx.doi.org/10.1371/journal.pone.0004580
http://dx.doi.org/10.1371/journal.pone.0011134
http://dx.doi.org/10.1096/fj.09-151639
http://dx.doi.org/10.1242/dev.099325
http://dx.doi.org/10.1073/pnas.1707316114
http://dx.doi.org/10.3791/52628
http://dx.doi.org/10.1038/srep24637
http://dx.doi.org/10.1586/erc.12.107
http://dx.doi.org/10.1126/science.1199010
http://dx.doi.org/10.1038/nature22979
http://dx.doi.org/10.1038/nature24045
http://dx.doi.org/10.1038/nature24045
http://dx.doi.org/10.1073/pnas.1116136109
http://dx.doi.org/10.1073/pnas.1116136109
http://dx.doi.org/10.1038/sj.cr.7290105
http://dx.doi.org/10.1200/JCO.2012.43.5966


www.nature.com/scientificreports/

1 0SCIeNtIfIC RepoRtS |  (2018) 8:6618  | DOI:10.1038/s41598-018-24954-3

 37. Davis, M. D., Clemens, J. J., Macdonald, T. L. & Lynch, K. R. Sphingosine 1-phosphate analogs as receptor antagonists. The Journal 
of biological chemistry 280, 9833–9841, https://doi.org/10.1074/jbc.M412356200 (2005).

 38. Hannun, Y. A. & Obeid, L. M. Principles of bioactive lipid signalling: lessons from sphingolipids. Nature reviews. Molecular cell 
biology 9, 139–150, https://doi.org/10.1038/nrm2329 (2008).

 39. Lamouille, S., Xu, J. & Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nature reviews. Molecular cell 
biology 15, 178–196, https://doi.org/10.1038/nrm3758 (2014).

 40. Burkhalter, R. J., Westfall, S. D., Liu, Y. & Stack, M. S. Lysophosphatidic Acid Initiates Epithelial to Mesenchymal Transition and 
Induces beta-Catenin-mediated Transcription in Epithelial Ovarian Carcinoma. The Journal of biological chemistry 290, 
22143–22154, https://doi.org/10.1074/jbc.M115.641092 (2015).

 41. McMullen, M. E., Bryant, P. W., Glembotski, C. C., Vincent, P. A. & Pumiglia, K. M. Activation of p38 has opposing effects on the 
proliferation and migration of endothelial cells. The Journal of biological chemistry 280, 20995–21003, https://doi.org/10.1074/jbc.
M407060200 (2005).

 42. Lin, Z. et al. Pi3kcb links Hippo-YAP and PI3K-AKT signaling pathways to promote cardiomyocyte proliferation and survival. 
Circulation research 116, 35–45, https://doi.org/10.1161/CIRCRESAHA.115.304457 (2015).

 43. Bassat, E. et al. The extracellular matrix protein agrin promotes heart regeneration in mice. Nature 547, 179–184, https://doi.
org/10.1038/nature22978 (2017).

 44. Tohyama, S. et al. Distinct metabolic flow enables large-scale purification of mouse and human pluripotent stem cell-derived 
cardiomyocytes. Cell stem cell 12, 127–137, https://doi.org/10.1016/j.stem.2012.09.013 (2013).

 45. Sharma, A. et al. Human induced pluripotent stem cell-derived cardiomyocytes as an in vitro model for coxsackievirus B3-induced 
myocarditis and antiviral drug screening platform. Circulation research 115, 556–566, https://doi.org/10.1161/CIRCRESAHA.115.303810 
(2014).

 46. Schmittgen, T. D. & Livak, K. J. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc 3, 1101–1108 (2008).

Acknowledgements
We gratefully acknowledge support from the American Heart Association (AHA) Predoctoral Fellowship 
13PRE15770000, National Science Foundation Graduate Research Fellowship Program DGE-114747 (AS). 
University Medical Center Utrecht Clinician Research Fellowship (JWB). NIH K99/R00 HL121177 and AHA 
Beginning Grant-in-Aid 14BGIA20480329 (PWB). NIH Director’s Pioneer Award (DP1 LM012179-02), the 
NHLBI Progenitor Cell Biology Consortium (U01 HL099776-7), AHA Grant-in-Aid (14GRNT18630016), 
and the Endowed Faculty Scholar Award of the Lucile Packard Foundation for Children and Child Health 
Research Institute at Stanford (SMW). Burroughs Wellcome Foundation Innovation in Regulatory Science, 
AHA Established Investigator Award, NIH R01 HL113006, and NIH U01 HL099776 (JCW). We thank Francisco 
Galdos for his assistance with qPCR assays.

Author Contributions
Arun Sharma: conception and design, manuscript writing, data collection, data analysis; Yuan Zhang: conception 
and design, manuscript writing, data collection, data analysis; Jan Buikema: conception and design, manuscript 
writing, data collection, data analysis; Jared Churko: data collection, data analysis; Vahid Serpooshan: data 
collection, data analysis; Orlando Chirikian: data collection; Paul Burridge: data collection, data analysis; Nina 
Kosaric: data collection; Elda Dzilic: data collection, data analysis; Alice Shieh: manuscript writing; Joseph Wu: 
conception and design, manuscript review, and editing; Sean Wu: conception and design, financial support, 
manuscript writing, and final approval of manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-24954-3.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1074/jbc.M412356200
http://dx.doi.org/10.1038/nrm2329
http://dx.doi.org/10.1038/nrm3758
http://dx.doi.org/10.1074/jbc.M115.641092
http://dx.doi.org/10.1074/jbc.M407060200
http://dx.doi.org/10.1074/jbc.M407060200
http://dx.doi.org/10.1161/CIRCRESAHA.115.304457
http://dx.doi.org/10.1038/nature22978
http://dx.doi.org/10.1038/nature22978
http://dx.doi.org/10.1016/j.stem.2012.09.013
http://dx.doi.org/10.1161/CIRCRESAHA.115.303810
http://dx.doi.org/10.1038/s41598-018-24954-3
http://creativecommons.org/licenses/by/4.0/

	Stage-specific Effects of Bioactive Lipids on Human iPSC Cardiac Differentiation and Cardiomyocyte Proliferation
	Results
	Bioactive lipids augment cardiac differentiation from hiPSCs in a stage-specific manner. 
	Bioactive lipids synergize with Wnt/β-catenin in hiPSCs to induce mesodermal differentiation. 
	Bioactive lipids induce changes in cell morphology and gene expression during hiPSC differentiation. 
	Synergistic effects of bioactive lipids and Wnt/β-catenin activation to induce cell cycle activity in terminally-differenti ...
	Bioactive lipids activate ERK signaling in hiPSC-CMs. 

	Discussion
	Conclusion
	Experimental Procedures
	Chemically-defined differentiation of hiPSC-CMs. 
	96-well differentiation, imaging, and quantitative viability assays. 
	Small molecules. 
	Kinase phosphorylation profiling. 
	Luciferase luminescence measurements. 
	Gene expression. 
	Statistical Methods. 
	eTOC Blurb. 

	Acknowledgements
	Figure 1 96-well differentiation illustrates S1P/LPA-mediated enhancement of hiPSC-cardiomyocyte differentiation when added concurrently with Wnt activator CHIR99021.
	Figure 2 Bioactive lipids S1P and LPA enhance β-catenin nuclear accumulation and activate Wnt signaling during early cardiac differentiation from hiPSCs.
	Figure 3 Bioactive lipids S1P/LPA rapidly alter hiPSC morphology and enhance vimentin expression during early cardiac differentiation.
	Figure 4 LPA and S1P exhibit cell cycle-inducing effects on hiPSC-CMs.
	Figure 5 Reactivation of cell cycle in hiPSC-CMs with S1P and LPA is dependent on ERK signaling.




