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Differentiation of human pluripotent stem cells as embryoid bodies (EBs) has been achieved previously with
p38alfa MAPK inhibitors such as SB203580 with moderate efficiency of 10–15%. We synthesized and screened
42 compounds that are 2,4,5-trisubstituted azole analogues of SB203580 for efficient cardiomyocyte differentiation.
Our screen identified novel compounds that have similar cardiac differentiation activity as SB203580. However, the
cardiac differentiation did not correlate with p38alfa MAPK inhibition, indicating an alternative mechanism in
cardiac differentiation. Upon profiling several 2,4,5-trisubstituted azole compounds against a panel of 97 kinases
we identified several off targets, among them casein kinases 1 (CK1). The cardiomyogenic activities of SB203580
and its analogues showed a correlation with post mesodermWnt/beta-catenin pathway inhibition of CK1 epsilon
and delta. These findings united the mechanism of 2,4,5-trisubstituted azole with the current theory of
Wnt/beta-catenin regulated pathway of cardiac differentiation. Consequently an efficient cardiomyocyte
protocol was developed with Wnt activator CHIR99021 and 2,4,5-trisubstituted azoles to give high yields
of 50–70% cardiomyocytes and a 2-fold increase in growth.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

One of the promising applications of stem cell research is the gener-
ation of cardiomyocytes for tissue replacement therapy in patients with
ischemic heart disease. Since a large number of cardiomyocytes are lost
duringmyocardial infarction, highly efficient differentiation approaches
to derive cardiomyocytes from human embryonic stem cells (hESC) are
required for therapeutic intervention [1]. Although hESCs have the abil-
ity to spontaneously differentiate into cardiomyocytes in suspension
culture, this process is inefficient and generates numerous cell types of
other lineages. Consequently researchers have investigated the use of
novel directed differentiation protocols involving the timed application
of biomolecules and small molecule inhibitors as a strategy to increase
the yield and purity of cardiomyocytes from hESCs [2].
).
ipt.
A widely accepted mechanism to differentiate hESCs into
cardiomyocytes is through perturbation of the canonical Wnt/β-
catenin pathway. Initial Wnt activation is required to form the meso-
derm [3]. Thereafter, it is believed that inhibition of the canonical
Wnt/β-catenin pathway is pivotal for cardiomyocyte differentiation
[4]. These experimental observations led to the development of highly
efficient cardiomyocyte differentiation protocols with canonical
Wnt/β-catenin regulating growth factors and small molecules [5–7].

The smallmolecule SB203580, an inhibitor of p38αmitogen activated
protein kinase (MAPK) [8], has also been reported to increase cardiomyo-
cyte yield by over 2-folds [9]. Thus, the p38α MAPK pathway has been
proposed as a second signaling cascade that can be manipulated to
improve cardiac differentiation protocols.

Recently we investigated the cardiomyogenic activities of a series
of 2,4,5-trisubstituted imidazole analogues of SB203580 [10]. In that
study, we demonstrated that the cardiomyogenic activities of 2,4,5-
trisubstituted imidazoles are sensitive to changes in the substituent
at the C2 carbon position on imidazole. However, in our report we
were unable to establish a correlation between p38α MAPK inhibition
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and cardiomyogenesis. Thismay be due to the fact thatmajor off targets
of SB203580 are the JNKs pathway kinases [11]. A clear relationship be-
tween p38/MAPK, JNK and cardiomyogenesis could not be established
either [12]. More importantly, the SB203580molecule has been demon-
strated to inhibit the kinase activity of casein kinase 1 (CK1) [13], a
known participant in the WNT signaling cascade [14].

To identify more cardio-specific SB203580 derivatives we ex-
panded our previous series of 2,4,5-trisubstituted imidazoles to in-
clude more substituents at the C2 carbon position on imidazole, as
well as replacing the imidazole core with oxazole. In this study, we
demonstrated that p38α MAPK inhibition by 2,4,5-trisubstituted
azoles (TA) do not correlate with their cardiomyogenic activity. In-
stead we were able to show strong correlation between the affinity
of 2,4,5-trisubstituted azoles to CK1δ and CK1ε and their cardiac dif-
ferentiation potential during the post mesoderm stage. Furthermore
we showed that inhibition of CK1ε/δwith 2,4,5-trisubstituted azoles
reduced Wnt/β-catenin pathway signaling during cardiomyocyte
differentiation. These data suggest that the cardiogenic mechanism
of SB203580, and its analogues, is p38α MAPK independent and
instead is due to inhibition of the Wnt/β-catenin pathway. Moreover
the utilization of 2,4,5-trisubstituted azoles as Wnt/β-catenin path-
way inhibitors in combinationwith current cardiac differentiationproto-
cols showed improved differentiation output of 50–70% cardiomyocytes
and increased cellular growth.
2. Material and methods

2.1. Synthesis of 2,4,5-trisubstituted azoles

Compound structures, details of synthesis and characterization data
are described in the Supplementary Experimental Procedures. The
novel compounds in this study will be made available through Tocris®,
UK.
2.2. Kinase assays to determine IC50 values against p38 alpha mitogen-
activated protein kinase (p38α MAPK), casein kinase 1 epsilon (CK1ε)
and 1 delta (CK1δ)

The p38αMAPK IC50 values of compounds of all compounds were
determined using either HitHunter™ p38 MAP kinase binding assay
(DiscoveRx Corporation) or LanthaScreen™ Eu kinase binding
assay (Life Technologies). The CK1 IC50 values of selected com-
pounds were determined using LanthaScreen™ Eu kinase binding
assay (Life Technologies). The assays were performed following the
manufacturers' protocols in white 384-well plates (Corning).
SB203580 was used as the control in all assays. For the HitHunter™
p38 MAP kinase binding assay the compounds were dissolved in
DMSO (Sigma-Aldrich, 5 mM stocks) and diluted to a final concen-
tration of 2% (vol/vol) DMSO for all assays. Recombinant GST-
tagged active p38α MAP kinase enzyme (Millipore) was used for
the HitHunter™ p38 MAP kinase binding assay. For the LanthaScreen™
Eu p38α MAPK, CK1δ, and CK1ε kinase binding assay the compounds
were dissolved in DMSO (5mMstocks) and diluted to a final concentra-
tion of 1% (vol/vol) DMSO for all assays. Each data point was done in
triplicate. The assay was run using JANUS Automated Workstation ac-
cording to the protocol developed using WinPREP software (Perkin
Elmer). Tecan Infinite® M1000 microplate reader was used for lumi-
nescence measurements (HitHunter™ p38 MAP kinase binding
assay) and fluorescence measurements (LanthaScreen™ Eu kinase
binding assay; excitation λ = 340 nm, emission λ = 665, 615 nm).
All data analysis was performed using GraphPad Prism 5 software.
Inhibition curves and IC50 values were generated by nonlinear
regression analysis and data represent mean ± SEM. Results are
included in Tables S1 & S2.
2.3. Kinase assay to determine percentage inhibition of casein kinase 1
epsilon (CK1ε) and 1 delta (CK1δ) at 1 μM

The percentage inhibition of CK1ε and CK1δ of all compounds were
determined using LanthaScreen™ Eu kinase binding assay (Life Tech-
nologies). All components of the assay were purchased from Invitrogen
according to the recommendations listed in the respective protocols for
CK1ε and CK1δ. The assay was performed in white 384-well plates
(Corning). The compounds were dissolved in DMSO (Sigma-Aldrich,
5–10mMstocks) and diluted to a concentration of 3 μM inKinase Buffer
A [containing 3% (vol/vol) DMSO]. 5 μL of this diluted solution was
transferred to a well in the 384-well plate. To the same well was
added 5 μL of kinase/antibody solution and 5 μL of tracer solution dilut-
ed according to the manufacturer's protocols. This was done using
JANUS Automated Workstation according to the protocol developed
using WinPREP software (Perkin Elmer). Following incubation at room
temperature for 1 h, fluorescence measurements (excitation λ =
340 nm, emission λ = 665, 615 nm) were carried out using Tecan
Infinite® M1000 microplate reader. Data analysis was carried out ac-
cording to the manufacturer's protocols and each compound was done
in triplicate. The percentage inhibition was calculated using the values
obtained from the wells with no compound control (0% inhibition)
and no kinase control (100% inhibition). Results are included in Supple-
mentary Tables S1 & S2.

2.4. Kinase profiling

Compoundswere dissolved in DMSO and tested at 10 μMconcentra-
tions against a panel of 97 kinases, which were related to stem cell dif-
ferentiation and cell signaling pathways (Supplemental Table S3).
Kinome profiling was carried out by DiscoverRx Corporation using
their KINOMEscan® kinase profiling service.

2.5. Culture of human pluripotent stem cells

HES-3 NKX2-5eGFP/w (reporter cell line for cardiac differentiation
was kindly provided by David Elliot Monash University Australia [15]),
H7 (WiCell Research Institute, US) and human induced pluripotent
stem cell line (IPS) 00208 (derived in University of Tampere, kindly pro-
vided by Dr. Katriina Aalto-Setälä) were cultured on irradiated mouse
embryonic fibroblasts derived from the progeny of 129X1/SvJ mice.
HES-3 NKX2-5eGFP/w was cultured in DMEM/F12 medium. H7 and
IPS 00208 were cultured in Knockout DMEM. Both media were sup-
plemented with 20% Knockout serum replacement (KSR), 1% nones-
sential amino acid solution, 50 U/ml penicillin, 50 μg/ml streptomycin,
2 mM L-glutamine and 0.1 mmol/L β-mercaptoethanol. HES-3 NKX2-
5eGFP/wwas supplementedwith 10 ng/ml basic fibroblast growth factor;
H-7 and IPS 00208 were supplemented with 100 ng/ml basic fibroblast
growth factor. All products were procured from Life Technologies if not
indicated differently. All media was refreshed daily and cultures were
passaged every 3–4 days. Cultures were incubated at 37 °C in a humid-
ified atmosphere with 5% CO2.

2.6. Cardiomyocyte differentiation

HES-3, H7 and IPS were harvested as described previously [16] and
seeded at 1.1 × 106 cells/ml as EBs in ultra-low attachment 12-well
plates (Nunc) in bSFSmedium: DMEM supplemented with 2mM L-glu-
tamine, 0.182 mM sodium pyruvate, 1% non-essential amino acids,
0.1 mM β-mercaptoethanol, 5.6 mg/l transferrin (all from Life Technol-
ogies), 20 μg/L sodium selenite (Sigma), 0.25% (w/vol) Bovine SerumAl-
bumin (MP) and 0.25% (w/vol) Hysoy (Sheffield Bioscience). Cells were
incubated at 37 °C and 5% CO2 to allow EB formation. The medium was
refreshed after 1 day and then every 2–3 days. Cells were stimulated
with the respective compounds (Supplemental Tables S1, S2 & S5A)
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dissolved in DMSO (1 μl DMSO/ml of media) (Sigma-Aldrich) starting
from day 1 or day 4, until day 8. CHIR99021 was applied for the first
24 h only.

2.7. Toxicity and embryoid body metabolism

Human pluripotent stem cells were dissociated and seeded at
1.5 × 105 cell/well into 96-V-Bottom Wells (Greiner). EBs were formed
by forced aggregation when centrifuged at 400 rpm in centrifuge for
5 min and cultured in phenol free BFSF medium overnight. The next
day culturemedia was changed and supplementedwith test compound
on day 1 or day 3 for post mesoderm induction. EBs were cultured at
37°C in a humidified atmosphere of 5% CO2. MTT (5 mg/ml) solution
(Sigma-Aldrich) was added to all wells and incubated at 37 °C in a
humidified atmosphere of 5% CO2 for 3 h, after which the MTT desorb
solution (acidified isopropanol) was added to each well. The plate was
shaken on a micrometer plate for 15 min to dissolve the formazan.
The absorbance was measured at 550–570 nm in a microtiter plate
reader using 630 nm as a reference wavelength.

2.8. Flow cytometry

EBs were harvested after 11–16 days of differentiation, and dissoci-
ated into single cells using TrypLE™ Express (Life Technologies) for
7–10 min in a heating block (Thermomixer comfort, Eppendorf) at
37°C, 1200 rpm. Dissociated samples were pipetted through a 20 μM
nylon mesh (Multi Screen®, Millipore) and fixed in Fix and Perm
solution® medium A (Life Technologies) for 15 min at room tempera-
ture (RT). Cells were incubated with primary antibodies (Supplemental
Table S5B) in 1% bovine serum albumin (BSA)with 0.2% Triton X-100 in
PBS for 30min. After that cellswerewashedwith blocking buffer 1%BSA
in PBS, and incubatedwith a 1:500 dilution of Alexa Fluor 647 conjugat-
ed goat anti-mouse secondary antibody (Life Technologies), Alexa Fluor
488 conjugated goat anti-rabbit secondary antibody (Life Technologies)
for 20 min in blocking buffer. Cells were washed with blocking buffer
and analyzed on a flow cytometer (GUAVA easy Cyte 8HT, Millipore)
using standard filter sets for the used secondary antibodies and green
fluorescence protein of the HES-3 NKX2-5eGFP/w cell line.

2.9. Immunocytochemistry

Differentiating EBs were dissociated with TrypLE® (life technolo-
gies, US) for 8 min on day 15. Single cells were cultured on Matrigel®
coated tissue culture plates for 6 days in bSFS medium. Cells were
fixed with 4% paraformaldehyde and blocked for 1 h in 3% BSA/PBS. Pri-
mary antibodies (Table S5B) were incubated overnight at 4 °C in 0.2%
Triton X-100, 3% BSA/PBS. Thereafter, Alexa Fluor 594 and 647 conjugat-
ed goat anti-mouse/rabbit secondary antibodies (life technologies, US)
were incubated for 2 h at 1:400 dilution in 3% BSA/PBS. Cell imaging
was performedwith an Olympus IX71 fluorescencemicroscope. Pseudo
colors were added for a better visualization of the cyto-antibody stains
with Image J®.

2.10. Western blots

Total proteinwas extractedwith lysis buffer (Cell Signaling Technol-
ogy) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma),
1× protease inhibitor cocktail (Nacalai Tesque) and 1× phosphatase
inhibitor cocktail (Roche). Cytosol and nuclear protein fractions were
collected with NE-PER Nuclear and Cytoplasmic Protein Extraction Re-
agents (Thermo Scientific)with addition of Halt Protease & Phosphatase
Inhibitor cocktail (Thermo Scientific) and 1 mM PMSF according to the
manufacturer's protocol. Protein quantification was done with Bio-rad
DC Protein Assay. 12 μg proteins were separated on 4–12% gradient
Bis–Tris NuPage gels (Life Technologies) and transferred electrophoret-
ically onto methanol-activated PVDF membrane (Bio-rad). Membranes
were blocked in 0.1% Tween-20 (Bio-rad) in Tris-buffered saline (1st
BASE) containing 5% blocking grade non-fat milk (Bio-rad), for 1 h at
room temperature. Thereafter, membraneswere incubatedwith prima-
ry antibodies overnight at 4 °C in the same blocking buffer. All primary
antibodies usedwere procured fromCell Signaling Technology andused
according to the manufacturer recommendations (Supplemental
Table S5C). Membranes were washed with 0.1% Tween-20 (Bio-rad) in
Tris-buffered saline (1st BASE), and incubated with anti-mouse-HRP
conjugate (1:10,000; Dako) or anti-rabbit-HRP conjugate (1:10,000;
Dako) for 90 min at room temperature. Immunocomplexes were visual-
ized on a Lumi-Film Chemiluminescent Detection Film (Roche) and
Immobilon Western Chemiluminescent HRP Substrate (Millipore) with
a Kodak Medical X-ray Processor 2000.
2.11. Quantitative RT-PCR

Total RNAwas isolated using the RNeasyMini Kit (Qiagen) from EBs
following the supplier's protocol. Reverse transcription was carried out
with 1 μg total RNA using SuperScript III (Invitrogen). Real-time PCR
was performed applying a standard two-step amplification protocol
on an ABI 7500 system (Applied Biosystem) to detectmRNA expression
(primer sequences are shown in Supplemental Table S5D). Relative ex-
pression values were obtained by normalizing Cτ values of the tested
genes to the Cτ values of the house keeping gene GAPDH using the
ΔΔCτ method [17].
2.12. TCF/LEF reporter assay

Leading Light Wnt Reporter cell line (Enzo Life Sciences) was cul-
tured in T-75 culture flasks to 90% confluence before passaging. Growth
media (Enzo Life Sciences) was used for the cell culture maintenance.
Cells were cultured at 4 × 105 cells/ml in a white walled 96-well plate
(Corning, US). Tested compounds were added at 5 uM, DKK-1 and
Wnt3a proteins at 200 ng/ml (Enzo Life Sciences). For conditions with
combinations of inhibitors and Wnt3a activators, the cells were first
exposed to the inhibitors for 30 mins before Wnt3a was added directly
to the wells. Cells were incubated for 6 h prior to the luciferase assay,
and performed according to the manufacturer's protocol (Enzo Life
Sciences). Luciferase readout was performed with a luminescence
microplate reader (Tecan Infinite M200).
2.13. Cell count

Cell concentration was determined by the nuclei count method with
DAPI andAcridine Orange usingNucleoCounter NC-3000 (Chemometec)
according to themanufacturer's handbook. Expansion folds of the grow-
ing and differentiation cardiomyocytes populations were calculated by
dividing NKX2-5+ or cTNT+ cell number on day 11 with the initial
seeding number of 2 × 106 hESCs.
2.14. Time resolved video analysis (TRVA) for beating cardiomyocyte
embryoid bodies

The image platform and process is described in a previous publica-
tion [18]. Briefly, microscopic videos from the culture wells on day 11
after EB differentiation with cardiogenic compounds were captured
with a camera mounted on a Nikon Eclipse Ti microscope platform.
Ten second videos of 48 fields of viewper culturewere captured and an-
alyzed to objectively identify and quantify beating EBs, in terms of beat-
ing frequency, amplitude, size and overall beating percentage. EBs in
culture were kept at 37 °C with 5% CO2 during the analyses with an
on-stage incubator.
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2.15. Electrophysiological analyses

Spontaneous action potentials (APs) were recorded in single cells
enzymatically dissociated from EBs and plated onto Matrigel-coated
3.5 cm petri dishes. Whole cell patch clamp recording was performed
Fig. 1. Screen of 44 p38αMAPK imidazole-based compounds shows novel compounds for post
compounds at 5 μM concentration shows TA-02, SB203580 and SB202190 as cardiogenic compo
inhibitor. (B) Titration of 2,4,5-trisubstituted azoles identified TA-01 as the strongest inducer of
trisubstituted azoles (Skepinone-L, VX-745 and BiRB-796) show no cardiogenic potential over
and MEF2C phosphorylation with TA-02 and DMSO control in differentiating embryoid bodies
development markers MESP1, ILS-1 and T-Brachyury over 5 days differentiation of EBs with 2,4
to DMSO and displayed as fold increase/decrease over DMSO control, where 1 is equal to the D
days 0–8, 0–3, and 4–8 time course. NKX2-5 GFP positive cells measured with flow cytometer
significance in all figures is indicated by * = (p b 0.1), ** = (p b 0.05), and N.S. = not significa
with an Axon 200B patch clamp amplifier (Axon instrument, Union
City, USA) and a Digidata 1440A digitizer [19]. Data was low-pass fil-
tered at 2 kHz and sampled at 1 kHz. Under current-clamp mode, APs
were recorded at 37 °C (Temperaturewasmaintained by a TC-324B sin-
gle channel heater controller (Warner Instruments, Hamden, USA)).
mesoderm cardiac differentiation independent of p38αMAPK inhibition. (A) Screen of 44
undswith an over 2-fold increase in NKX2-5 GFP positive cells and TA-01 as a cardiogenic
NKX2-5 positive cells at 1 μM, followed by TA-02 and SB203580, both at 5 μM. Non-2,4,5-
2 folds. (C)Western blot with statistical analyses of p38 MAPK, MAPKAPK2, HSP27, ATF-2
over 8 days. (D) qPCR analyses of stemness marker NANOG and mesoderm, pre-cardiac
,5-trisubstituted azoles (5 μM) and CHIR99021 (3 μM, 24 h). Measurements are compared
MSO control. (E) Differentiation of HES-3 when treated with 2,4,5-trisubstituted azoles at
and shown as fold over DMSO control, where 1 is equivalent to DMSO control. Statistical
nt.
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Borosilicate glass tubeswere pulledwith aModel P-97 puller (Sutter In-
strument, Novato, USA) and polished to a resistance of 1.5–3MWwhen
filled with internal solution containing (in mM): KCl 120, MgCl2 1,
HEPES 10, EGTA 10, and Mg-ATP 3 (pH 7.2 with KOH at 25 °C). Tyrode
solution was used as the external solution containing (in mM): NaCl
140, KCl 5.4, MgCl2 1, CaCl2 1.8, glucose 10, and HEPES10 (with pH 7.4
with NaOH at 25 °C).

2.16. Statistical analyses

All experiments were performed at least 3 times. All data are
expressed as the mean ± SEM using the statistical software GraphPad
Prism®, version 4.1. Treatments were compared with their respective
controls, and significant differences among the groups were determined
using one way ANOVA followed by Tukey test. In addition, comparisons
of twodata setswere statistically analyzedwith Student's t-test. Statistical
significance was indicated by * = (p b 0.1), ** = (p b 0.05), and *** =
(p b 0.001). A p value above 0.1 is indicated as non-significant (N.S.).

3. Results

3.1. Design, synthesis, and in vitro p38αMAPK inhibitory activities of 2,4,5-
tri-substituted azole compounds in this study

The compounds synthesized for this study are analogues of the p38
MAPK inhibitor SB203580 with structural variation of the 2,4,5-
trisubstitute azoles (Supplementary Fig. S1). A total of 42 compounds
were synthesized, amongst which 34 are novel compounds that have
not been reported. Compound classification, structural details and inhib-
itory activity data can be found in Supplementary Figs. S1 and Table S1.

3.2. Differentiation of cardiomyocytes with 2,4,5-trisubstituted azole com-
pounds indicate p38αMAPK independence and a common post mesoderm
mechanism

Initial studies with the 2,4,5-trisubstituted azole (TA) compounds
were done at a fixed concentration of 5 μM. The 42 small molecules
(Supplemental Table S1) were applied to HES-3 NKX2-5eGFP/w cells
[15] after embryoid body (EB) formation until day 8 of differentia-
tion. On day 16 of differentiation, EBs were dissociated and analyzed
by flow cytometry for NKX2-5 driven green florescence protein
(GFP) expression as a marker for early cardiogenic differentiation.
The reliability of NKX2-5 GFP expression as a cardiac progenitor
marker was confirmed by flow cytometric quantification of cardiac-
specific Troponin T (cTnT) expression in GFP+ cells (Supplemental
Fig. S2A). Cardiomyocyte development was further confirmed by flow
cytometric quantification of cardiac and mesoderm marker expression
and with cyto-immunofluorescence staining (Supplemental Figs. S2B
& S2C). When the cardiogenic activities (fold increase of GFP over
DMSO) of the compounds were tested and plotted against their p38α
MAPK IC50 values only 3 compounds exceeded a 2-fold increase
(Fig. 1A; compounds SB203580, SB202190, and TA-02). Although we
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found no correlation between the cardiogenic capability of the various
compounds and their p38α MAPK IC50 values, our screen identified
one novel compound (TA-02) with similar cardiogenic properties as
SB203580 and SB202190 (Fig. 1A, Supplemental Table S6A). Interest-
ingly a highly similar compound, TA-01 showed an almost complete in-
hibition of cardiogenesis when applied at 5 μM. MTT cytotoxicity tests
showed that most compounds were not cytotoxic including TA-01
(Supplemental Fig. S3). Selected 2,4,5-trisubstituted azoles were fur-
ther tested for their ability to induce cardiogenesis at a concentration
range between 0.5 and 20 μM (Fig. 1B, Supplemental Table S6C). Signif-
icantly, the “inhibitory” compound TA-01 induced cardiogenesis, but
only when applied at a lower dose: the cardiogenic activity of TA-01
at 1 μM was equivalent to TA-02 and SB203580 at 5 μM (Fig. 1B). We
also tested the cardiomyocyte differentiation activities of a selection of
commercially available p38α MAPK inhibitors that are structurally
unrelated to SB203580, ranging from those that are highly selective
(VX-745, Skepinone-L) to one that is less selective (BIRB-796). These
commercial p38α MAPK inhibitors showed no cardiogenic potential
over 2 folds, and were inhibitory at higher concentrations (Fig. 1B).

One expected consequence of inhibiting p38α MAPK is that down-
stream signaling pathways should also be inhibited. We confirmed
with a cell-based assay and during cardiomyocyte differentiation that
the 2,4,5-trisubstituted azoles (exemplified by TA-02 at 5 μM) inhibited
the phosphorylation of proteins downstream of p38α MAPK such as
MAPKAPK2 and HSP27 during cardiogenesis (Fig. 1C, Supplemental
Fig. S4). Moreover, the protein expression of other transcription factors
downstream of p38α MAPK such as ATF-2 and MEF2C were unexpect-
edly increased during cardiac differentiation after day 4 (Fig. 1C), indi-
cating that p38α MAPK is not completely inhibited under conditions
permissive to cardiogenesis.

Transcription profiles of EBs treated with 5 μM SB203580, TA-02, and
TA-01were analyzed by qPCR for a range of earlymesodermmarkers. The
Wnt/β-catenin smallmolecule activator, CHIR99021was included as pos-
itive control for mesoderm development [20]. 2,4,5-trisubstituted azoles
inhibited the mesodermal transcription factors MESP1 and T/Brachyury
between days 2–5 (Fig. 1D). TA-01 showed reduced expression of all
tested mesoderm markers and the pre-cardiac marker Isl-1. TA-02 in-
duced T/Brachyury whereas SB203580 addition increased MESP1 and
T/Brachyury transcripts (Fig. 1D). None of the tested compounds was
able to induce expression of these mesodermal and pre-cardiac tran-
scription factors comparable to the positive control CHIR99021.

The transcription results showed that 2,4,5-trisubstituted azoles
have limited potential to induce mesoderm development. Therefore,
the p38αMAPK inhibitors were tested for their pre and post mesoderm
cardiogenic potentials. First, the inhibitorswere classified as very strong
(TA-01), strong (SB203580, TA-04, TA-02, TAK-715), weak (TA-24), and
non-inhibitory (D4476) according to their p38α MAPK IC50 values
(Supplemental Tables S1 & S2). The 2,4,5-trisubstituted azoles included
compounds with imidazole as well as thiazole core structures (TAK-
715). These compounds were applied at a concentration of 5 μM and
at different time periods during cardiac differentiation of EBs (Fig. 1E,
Supplemental Table S6B). SB203580, TA-04 and TA-02 significantly
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induced high NKX2-5 expression when applied between days 0–8; in
contrast, TA-01, D4476 and TAK-715 suppressed NKX2-5 expression
when applied during the same timeperiod. Among the inhibitors tested,
only SB203580was able to induce significant (N2-fold) NKX2-5 expres-
sion over DMSO when applied between days 0–3. Applying the com-
pounds at a later time course during days 4–8 increased NKX2-5
expression for all compounds tested except TA-24, which appeared to
have a very limited cardiogenic potential.

The time course study revealed that these compoundsmay have car-
diogenic potential when applied after the mesoderm induction. The ef-
fect of 2,4,5-trisubstituted azoles on cardiogenesis from days 4–8 might
therefore indicate an alternate mechanism which influences the post
mesoderm development of cardiomyocytes. Comparison of the p38α
MAPK IC50 values of 2,4,5-trisubstituted azoles (n=25) vs. their cardio-
genic potential when applied for days 4–8 did not show any correlation
(Supplemental Fig. S4, Supplemental Table S6D), reinforcing the notion
that p38α MAPK inhibition does not play a role in post mesoderm
cardiac differentiation either.

3.3. Inhibition of Casein Kinase 1 epsilon and delta with 2,4,5-tri-substituted
azoles correlate with cardiogenesis via the Wnt/β-catenin pathway

In order to identify potential targets of 2,4,5-trisubstituted azole
compounds that are involved in cardiogenesis, we profiled six selected
compounds that are structurally similar but with variable cardiogenic
potential (compounds selected from Supplemental Table S1, S6D) in a
Kinome screen against a panel of 97 kinases (Table 1, DiscoveRx,
Supplemental Table S3). TA-01 and TA-02 had the highest cardiogenic
potential with N2.2-fold increase in NKX2-5 expression (similar to
SB203580 and SB202190). TA-04 showed a 1.7-fold increase in NKX2-
5 expression; TA-06 and TA-30 showed b1.5-fold increase in NKX2-5
expression; and TA-24 showed no difference relative to DMSO control
(Supplementary Table S6D).We also included the previously published
results of the kinase profiling for SB203580 and SB202190 [21]. The
kinome analyses revealed that all tested compounds target similar
kinases, but with different potencies. TA-01 and TA-02 were found to
inhibit multiple targets with similar potency to p38α MAPK, whereas
TA-30 and TA-24 were only inhibitors of p38α/β (Table 1).

The kinome analyses identified several off targets of 2,4,5-trisubsti-
tuted azoles that could potentially be involved in cardiomyogenesis.
The top 12 kinase targets (Table 1) included stress signaling pathway
related p38α MAPK and JNK1, 2 and 3, which have been previously
discussed [12], cytoskeletal signaling associated kinases (DMPK2,
DRR-1, and CIT), and Wnt signaling pathway regulating CK1δ and
CK1ε [14]. Asmentioned in the introduction, inhibition ofWnt signaling
is essential for cardiomyocyte differentiation [22]. Further, the 2,4,5-
trisubstituted azole D4476 is known to be a selective CK1 inhibitor
[23] and showed cardiogenic potential (Fig. 1E & Supplemental
Table S6D) in our studies. Therefore, we hypothesized a connection
between CK1 and cardiac differentiation.

Wefirst tested all compounds at a concentration of 1 μMagainst CK1ε
and CK1δ using the respective in vitro kinase assays (Supplemental
Tables S1 & S2). Based on the results obtained we proceeded tomeasure
the CK1ε and CK1δ IC50 values of a selected subset of compounds using
the same in vitro kinase assays. The CK1ε and CK1δ IC50 values of the
2,4,5-trisubstituted azoles (Supplemental Tables S1 & S2) were plotted
against their cardiomyogenic activities (i.e. NKX2-5 fold expression
over DMSO) in Fig. 2A. It was found that the CK1ε and CK1δ IC50 values
of the 2,4,5-trisubstituted azoles (n = 18) correlated with their
cardiomyogenic activities (CK1ε: R2 = 0.74; CK1δ: R2 = 0.83, Fig. 4A),
except for TA-08 and TA-03. MDCK (Madin–Darby canine kidney) cell
permeability studies (Pharmaron) revealed a very low cell permeability
for TA-08 (Papp(A–B) = 0.51 × 10−6 cm/s, Supplemental Table S5)
which would affect its intracellular concentration and cardiomyogenic
activity. Consequently TA-08 and structurally similar TA-03 were
excluded from the correlation.
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The CK1 family is a complex part of the Wnt/β-catenin signaling
pathway. Wnt/β-catenin signaling regulates among others, the essential
phosphorylation of Dishevelled2 by the protein membrane complex of
Wnt-Frizzled-LRP5/6 [24]. In order to verify the function of CK1δ/ε in
Wnt/β-catenin signaling pathway during cardiac differentiation, EBs
(day 4) were treated with 2,4,5-trisubstituted azoles TA-01, SB203580,
D4476, positive control for CK1 inhibition [25], and compared to canon-
ical Wnt/β-catenin activator Wnt3a and inhibitor Dickkopf-1 (DKK-1).
Protein phosphorylation changes in EBs were analyzed using western
blot withWnt/β-catenin pathway-associated markers. Wnt3a increased
the phosphorylation of LRP6 while DKK-1 had the opposite effect
(Fig. 2B). No significant reduction of LRP6 phosphorylationwas observed
with the 2,4,5-trisubstituted azoles tested, indicating that these com-
pounds do not affect the targets involved in LRP6 phosphorylation. We
next examined the phosphorylation of Dishevelled2, a downstream
component of LRP6. Phosphorylation of Dishevelled2 results in a mobil-
ity shift towards the upper protein bandwhile dephosphorylation results
inmobility shift to the lower band. DKK-1 and 2,4,5-trisubstituted azoles
inhibited the phosphorylation of Dishevelled2, showing only a lower
protein band in thewestern blot (Fig. 2B). InducingWnt3a and TA-01 si-
multaneously shows increased LRP6 phosphorylation but reduced phos-
phorylation of Dishevelled2 when compared to Wnt3a alone (Fig. 2B).
Downstream of Dishevelled2, DKK-1 and 2,4,5-trisubstituted azoles
showed similar low protein band expression profiles of the phosphory-
lated forms of β-catenin, opposite to Wnt3a (Fig. 2B). However,
β-catenin and TCF-1 protein expression in the nucleus did not show
any significant changes on our western blot regardless of whether
Wnt3a, DKK-1, or 2,4,5-trisubstituted azoles were used.
Fig. 2. 2,4,5-trisubstituted azoles inducing cardiac differentiation via Wnt pathway inhibition in
stituted azoles (time course: days 4–8, concentration: 5 μM). NKX2-5 GFP+ cells measured at
change over DMSO control was plotted against CK1δ/ε IC50 values indicating a correlation betwe
pathway signaling with statistical analyses of EBs on day 4 after treatment with 2,4,5-trisubstit
trisubstituted azoles against Wnt3a and DKK-1. (D) qPCR analyses of catenin induced TCF/LEF t
5 days. (E) Cardiac differentiation of HES-3 withWnt and CK1δ/ε inhibitors (time course: days
flow cytometry and shown in fold change over DMSO control. Statistical significance in all figu
Since western blot analysis was unable to provide clear evidence of
nuclear Wnt/β-catenin activation/inhibition by Wnt3a, DKK-1, and the
2,4,5-trisubstituted azoles, we decided to measure the Wnt/β-catenin
signaling output using a nuclear TCF/LEF-1 driven luciferase reporter
cell line. This luciferase activity-based assay shows that only TA-01,
TA-02 and SB203580 reduced the nuclear TCF/LEF-1 driven transcrip-
tion of luciferase similar to DKK-1 (Fig. 2C); whereas the others (TA-
04, TA-06, TA-24 and TA-30) did not. Also, we showed that the highly
specific p38αMAPK inhibitor Skepinone-L did not inhibit luciferase ac-
tivity in the assay. Therefore,we determined that p38αMAPK inhibition
is independent from the Wnt/β-catenin pathway. These results further
confirmed that the Wnt pathway was inhibited by TA-01, TA-02 and
SB203580, which were previously shown to induce cardiac differentia-
tion (Supplemental Tables S6A–D). Furthermore the TCF/LEF-1 tran-
scription targets (TCF-1/7, LEF-1, Axin2 and DKK-1) downstream of
the Wnt/β-catenin signaling pathway were analyzed with qPCR in
differentiating EBs treated with TA-01, TA-02 and SB203580 and
compared to DMSO control. All transcription targets were found to be
significantly reduced when compared to DMSO control at days 4 and 5
in differentiating EBs (Fig. 2D). This further supports the hypothesis
that the Wnt/β-catenin pathway is diminished by 2,4,5-trisubstituted
azoles via CK1δ/ε inhibition during cardiogenesis.

In order to verify that the 2,4,5-trisubstituted azoles have similar
effects on cardiogenesis as other reported Wnt pathway inhibitors,
we treated HES-3 EBs with Wnt pathway inhibitors IWP-2 and
IWR-1-endo. IWR-1-endo inhibits theWnt pathway through the sta-
bilization of Axin proteins downstream of LRP6 and Dishevelled2while
IWP-2 exerts its inhibitory effect upstream of LRP6 [26]. Application of
correlation to their CK1δ/ε affinity. (A) Cardiac differentiation of HES-3 with 2,4,5-trisub-
day 11 with flow cytometry and shown in fold change over DMSO control. NKX2-5 fold
en cardiac differentiation and CK1δ/ε inhibition. (B)Western blot results ofWnt/β-catenin
uted azoles, DMSO, Wnt3a and DKK-1. (C) TCF/LEF-1 reporter luciferase assay with 2,4,5-
ranscription targets in EBs treated with DMSO and 2,4,5-trisubstituted azoles (5 μM) over
4–8, concentration: 5 μM, 2.5 μM for IWR-1). NKX2-5 GFP+ cells measured at day 11 with
res was indicated by * = (p b 0.1), ** = (p b 0.05), and *** = (p b 0.01).
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these compounds during cardiogenesis gave results similar to the 2,4,5-
trisubstituted azoles (Fig. 4E), suggesting that the latter induce cardio-
myocyte differentiation via inhibition of Wnt/β-catenin signaling. The
importance of inhibiting CK1δ/ε along the Wnt/β-catenin pathway was
investigated with a series of CK1δ/ε inhibitors (PF670462, LH846,
IC261, CR-8, CK1 VIII and DRF053) (Fig. 2E). Of these, CK1 VIII and
DRF053 showed cardiogenic activities similar to IWP-2 and IWR-1.
IC261 and CR-8 were strongly cytotoxic in the CK1 IC50 comparable
concentration range (Supplemental Fig. S6). In addition, analysis of the
compound structures revealed that small structural changes of similarly
potent CK1 inhibitors from a 2,4,5-trisubstituted imidazole (TA-01) to a
1,4,5-trisubstituted imidazole (PF670462) significantly reduced the car-
diogenic activity. This highlights the importance of the 2,4,5-trisubstitut-
ed azole structure for cardiomyogenesis via Wnt/β-catenin pathway
CK1δ/ε inhibition.

3.4. Application and efficiency of CK1 δ/ε inhibiting 2,4,5-trisubstituted
azoles during cardiomyocyte differentiation

Highly efficient cardiac differentiation protocols using small
molecule Wnt/β-catenin pathway activators and inhibitors have been
reported [27,28]. As our 2,4,5-trisubstituted azoles are Wnt/β-catenin
inhibitors, we investigated if they could be applied in tandem with the
Wnt activator CHIR99021 to enhance cardiogenesis. Human pluripotent
stem cell lines HES-3 andH7were seeded at 2.5 × 106 cells/12-ULAwell
in BSFS medium with cell line optimized concentrations of CHIR99021
for 24 h (Supplemental Fig. S7). Thereafter the 2,4,5-trisubstituted
azoles or IWP-2 or IWR-1 were added at a concentration of 5 μM
(2.5 μM for IWR-1) either from 1–8 days or from 4–8 days. Dissociated
EBs showed an average of 50–60%NKX2-5+ cells on day 11when either
2,4,5-trisubstituted azoles, IWP-2 and IWR-1 were applied from
4–8 days i.e. at the post mesoderm stage. In comparison to pre-
mesoderm treatment onlyHES-3 showedhigh cardiomyocyte expansion
fold with SB203580 (days 1–8) (Fig. 3A). To confirm that 2,4,5-trisubsti-
tuted azoles had no negative impact on cell viability, we analyzed the
cell growth kinetics. EBs treated with IWP-2 and IWR-1 generated sig-
nificantly fewer cells compared to 2,4,5-trisubstituted azoles in both
cell lines (Fig. 3A).Metabolism rates of EBsmeasuredwithMTT showed
an increase with TA-01 but not with IWR-1 and IWP-2 during the com-
pound induction period (Fig. 3B). Our data shows that 2,4,5-trisubsti-
tuted azoles are potent growth inducers for embryonic stem cells
derived cardiomyocytes in basal DMEM media, and may represent an
alternative to Wnt pathway inhibitor IWP-2 and IWR-1 in cardiomyo-
cyte differentiation protocols. Further characterization of the generated
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cardiomyocytes showed expression of cardiac markers such as Troponin
T, MLC2a and muscle marker α-Actinin in co-stain with cardiac progeni-
tor marker Nkx2-5 and muscle progenitor marker MEF2c (Fig. 3C).
Vascular marker MLC2v was not detected. Quantification of the co-
stained populations showed a reduced expression of MLC2a in
comparison with Troponin T (Fig. 3D), indicating immaturity of the
cardiac cells. Similar results were observed with other Wnt inhibi-
tors (data not shown). Cardiomyocyte contractions in differentiating
HES-3 EBs were assessed using time-resolved video analysis (Figs.
3D & E, [18]). The data shows spatially organized cardiac beating pat-
terns of the 2,4,5-trisubstituted azoles treated EBs. Electrophysiolog-
ical assessment after EB dissociation confirmed cardiac subtypes
with nodal, atrial and ventricular profiles of various quantities
(Figs. 3D, F & Supplemental Table 7), indicating a mixed population
of cardiomyocyte subtypes and maturity levels at days 18–22 after
differentiation.

4. Discussion and conclusion

SB203580 is a 2,4,5-trisubstituted azole and a potent stress pathway
inhibitor. Its cardiogenic potential in hESC differentiation suggested that
timed inhibition of the p38αMAPK stress pathway is important for car-
diomyocyte differentiation [29]. However our studies on the differenti-
ation of several hESC lines with a series of 2,4,5-trisubstituted azoles
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showed that cardiogenesis did not correlate with their p38α MAPK in-
hibitory activities. Furthermore, non-2,4,5-trisubstituted azole-based
p38α MAPK inhibitors failed to induce cardiogenesis, casting further
doubt on the importance of p38α MAPK inhibition in cardiogenesis.
Other studies have shown that p38α MAPK directly phosphorylates
substrates such as MAPKAPK2, ATF-2 and MEF2C [30–32]. We showed
that the 2,4,5-trisubstituted azole TA-02 at 5 μM concentration induced
cardiogenesis, but also increased ATF-2 phosphorylation and MEF2C
õexpression in contrast to what would be expected with a mechanism
dependent on p38αMAPK inhibition. Hence, we postulated that anoth-
er mechanism other than p38α MAPK inhibition was the driving force
behind cardiogenesis. Consistent with this hypothesis, other studies
have shown that p38α MAPK activity is necessary to generate
cardiomyocytes during differentiation [33]. A study with p38α MAPK
mouse knock-out models showed inhibition of cardiogenesis and direc-
tion towards neural differentiation [34]. p38α MAPK activity is also re-
quired for mesoderm development [35], and the development of the
cardiac phenotype is further channeled via ATF-2 signaling [36] and
MEF2C expression [37].

In fact, it is likely that cardiogenic p38α MAPK inhibitors such as
SB203580 do not completely inhibit p38α MAPK at the lower concen-
trations found to promote cardiogenesis. It has been shown that p38α
MAPK inhibition by SB203580 is dose-dependent and incomplete
when applied at 5 μM in fibroblast and stem cell cultures [12,38]. In
our previous study [12], we showed that higher concentrations of
SB203580 (N15 μM) inhibit cardiac development, suggesting that a con-
centration of SB203580 sufficient to completely inhibit p38αMAPK also
blocks cardiogenesis. In support of this idea, our current study showed
that more potent p38αMAPK inhibitors (e.g. TA-01) inhibit cardiac de-
velopment when applied at 5 μM from days 1–8. Further, we were able
to demonstrate thatmesoderm developmentwas impairedwhen 2,4,5-
trisubstituted azoles were applied during early EB development. Thus, it
is likely that complete p38αMAPK inhibition restricts cardiac differen-
tiation, especially when applied during the early mesoderm stage.

To investigate the mechanism of action of 2,4,5-trisubstituted
azoles, we profiled selected 2,4,5-trisubstituted azoles against a panel
of 97 kinases to identify potential targets that could be involved in
cardiogenesis. We narrowed down the identified targets to the casein
kinase 1 (CK1) family due to its involvement in the Wnt/β-catenin
signaling pathway, which is known to be important for cardiogenesis.
Cardiac differentiation is regulated by Wnt induced mesoderm forma-
tion [39] and correlates with post mesoderm Wnt inhibition [5]. Wnt
signaling is regulated by the CK1 family [40], and we were particularly
interested in the CK1δ/ε isoforms because the inhibition of CK1δ/ε
with 2,4,5-trisubstituted azoles such as SB203580, SB202190 [13,41]
and TAK-715 [42] has been shown to inhibit Wnt signaling. Further-
more, SB203580 induced cardiac differentiation has been shown to be
most efficient when applied after mesoderm development [29], consis-
tentwith amechanismbased onWnt inhibition. Thus, we hypothesized
that CK1ε/δ inhibition by 2,4,5-trisubstituted azoles induce post meso-
derm cardiac differentiation via Wnt/β-catenin signaling pathway
(Fig. 4). In addition, 2,4,5-trisubstituted azoles show a biphasic biologic
activity on cardiac differentiation. At low concentrations they are able to
induce cardiac differentiation but restrict cardiac development at high
concentration when applied before mesoderm development. The
β-catenin/Wnt signaling can induce Endo-Mesoderm development
[43]. However, the limited kinase profile data lacks appropriate data
to support Wnt induced mesoderm differentiation. Therefore, we
cannot rule out that other kinases and other enzyme classes such as
Phosphorylases and Phosphatasesmight influence initialmesodermde-
velopment. Further researchwould be necessary to uncover the biphas-
ic behavior of certain 2,4,5-trisubstituted azoles.

The full details of the Wnt/β-catenin signaling pathway have been
elucidated and reviewed extensively elsewhere [24,44]. In our experi-
ments we were able to show that the affinities of 2,4,5-trisubstituted
azoles to CK1δ/ε correlated with their post mesoderm cardiac differenti-
ation profile. 2,4,5-trisubstituted azoles also caused de-phosphorylation
of Dishevelled2, but not LRP6 within the Wnt/β-catenin signaling path-
way, indicating the involvement of CK1δ/ε [45]. Several Wnt pathway-
associated phosphorylated β-catenin proteins were also strongly
decreased in the signaling downstream, indicating β-catenin proteolysis.
Further we showed that TCF/LEF and Wnt transcription targets were
strongly decreased with 2,4,5-trisubstituted azoles treatment. Although
we acknowledge that the role of CK1 family proteins in Wnt/β-catenin
signaling is complex [24] and not fully elucidated in differentiating
stem cells, our evidence strongly suggests that 2,4,5-trisubstituted azoles
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may act as negative regulators of theWnt/β-catenin signaling via CK1δ/ε
inhibition in the Wnt associated membrane protein complex (Fig. 4).

Cardiogenesis via CK1ε/δ inhibition was not limited to 2,4,5-trisub-
stituted azole alone. Structurally unrelated molecules such as CK1 VIII
Fig. 3. Robustness, efficiency and functionality of hESCs derived cardiomyocyteswith 2,4,5-trisubs
of 3 μM (HES-3) and 4 μM (H7) CHIR99021, followed by incubation with 5 μM of SB203580, TA-
conducted on day 11. HES-3 NKX2-5 GFP+ and H7 cTnT+ cells expression was measured with fl

fold expansion was calculated from the viable number of cells and their cardiac population. (B) C
by *= (p b 0.1), **= (p b 0.05), ***= (p b 0.01). N.S. indicates no significant difference between th
embryoid body cells on day 22 (bar= 20 μm). (D) Table summary of TA-01 induced cardiac diffe
tometry. The percentages of beating EBs aswell as the beating areaswere calculatedwith the analy
of 16 EBs. Ventricular-like, atrial-like and nodal-like action potentials from cell counts of EB derive
time resolved video analyses for cardiomyocyte contraction was used to calculate EB beating and
sentative images of a 10 s time frame of contractile movement from the video analyses are shown
derived cardiomyocytes. (For interpretation of the references to color in this figure legend, the re
and DRF053 enhanced cardiogenesis. However, other tested CK1
inhibitors were either cytotoxic or less cardiogenic, highlighting the
sensitivity of cardiogenesis to changes in compound structure. We
speculate that the lack of cardiogenic activity for LH846 could be due
tituted azoles. (A) Cardiogenic differentiation of HES-3 and H7 cell lineswith 24 h incubation
02, TA-01, IWP-2 and 2.5 μM IWR-1 from days 1–8 or from days 4–8. Measurements were
ow cytometry and displayed as a percentage of the whole population. The cardiomyocyte
ellular metabolism of EBs measured with MTT (n= 4.) Statistical significance was indicated
e treated conditions. (C) Immunocytochemistry staining of cardiacmarkers fromdissociated
rentiation: Co-staining of NKX2-5+ population with cTnT andMLC2a as assessed by flow cy-
tical software. The beating areas (mm2) and frequencies (s−1)were analyzed from a sample
d cardiomyocytes on day 22 (n= 30). (E) A Nikon Eclipse Ti microscope with an automated
frequency. Images show beating (green) and non-beating EBs (red) in 12-well pates. Repre-
. (F)Whole cell patch clamp recordings of multiple types of action potentials fromHES-3 EB
ader is referred to the web version of this article.)
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to its distinct off-target profile as a result of its widely differing molecu-
lar geometry. In support of this idea, the kinase profiles of structurally
unrelated p38α MAPK inhibitors SB203580, BIRB-796, and VX745
have shown that they have very different off-target profiles [21]. How-
ever the kinase profile of LH846 [46] is limited, making it difficult for us
to draw a firm conclusion in this case. The CK1 inhibitor PF670462 has a
similar CK1δ/ε affinity as TA-01 (Supplemental Tables S1 & S2) but
showed a reduced cardiogenic potential. Although there are structural
differences between PF670462 and the 2,4,5-trisubstituted azoles in
this study, their kinome profiles are similar [47]. However, TAs such as
SB203580, SB202190, and SB431542 are known to inhibit TGF-β recep-
tors [48]. TA-01 and TA-02 especially inhibit TGFBR-2 (Supplemental
Table S3) while PF670462 shows a very low affinity towards TGFBR-2
[49] when compared to high cardiogenic TAs (e.g. SB203580, TA-
01…). Inhibition of TGFBR-2 had been reported to enhance the differen-
tiation of uncommitted mesoderm to cardiomyocytes [50]. This could
point to an additional mechanism of cardiogenesis by 2,4,5-trisubstitut-
ed azoles. Our results showed that SB431542, a commercial inhibitor
of TGF-β signaling weakly induced cardiomyogenesis. However, its
cardiogenic potential correlated with its CK1δ/ε IC50 values. Hence,
TGF-β is less likely the driving mechanism of cardiac differentiation,
but an additive effect cannot be ruled out. It is possible that cross reac-
tions with multiple kinases such as CK1δ/ε and TGF-β might induce
cardiogenesis efficiently, whichwould explain the structural advantage
of 2,4,5-trisubstituted azoles over other forms of trisubstituted azoles.
Further research would be required to understand the relationship
between CK1δ/ε, Wnt and TGF-β regulated cardiogenesis.

Cardiogenesis is enhanced with timely application of Wnt path-
way activators and inhibitors. A combination of Wnt/β-catenin sig-
naling pathway activators such as CHIR99021 and inhibitors such
as IWP-2 and IWR-1 have been found to be highly efficient cardio-
myocyte differentiation protocols [27,28]. With the identification of
2,4,5-trisubstituted azoles as potent CK1δ/ε inhibitors, we have
demonstrated an alternative method to inhibit the Wnt/β-catenin
signaling pathway that could be used to induce cardiogenesis. Our
cardiac differentiation protocol promotes cell growth during the dif-
ferentiation process. CK1 inhibition does not lead to cell arrest or cy-
totoxicity [51], whereas other Wnt/β-catenin signaling pathway
inhibitors such as IWP-2 and IWR-1 have been effectively used to in-
hibit cell growth [52,53]. Although the growth inducing mechanism
of TAs remains elusive our cardiac differentiation protocol is expect-
ed to yield cells of higher quality. However, growth kinetics analyses
with structurally different CK1 inhibitors during cardiac differentia-
tion were not significantly improved (Supplemental Fig. 8). Hence it
is likely that other off-targets that are unique to 2,4,5-trisubstituted
azoles induced growth.

Inhibition of Wnt/β-catenin signaling pathway by CK1 inhibition
using 2,4,5-trisubstituted azoles is not just an alternative to current
Wnt pathway inhibitors to drive post mesoderm differentiation to-
wards cardiomyocytes, but it generated significant differences in cell



Fig. 4. Canonical Wnt signaling pathway inhibition with TAs. Canonical Wnt pathway:
TheWnt/β-catenin signaling pathway is activated byWnt3a interaction with Frizzled
membrane proteins and LRP5/6. LRP5/6 induces a phosphorylation (ph) cascade to
Dishevelled2 via CK1δ/ε forming a protein complex that can inhibit the action of
the β-catenin destruction complex. Inactivation of the destruction complex allows
stabilization and accumulation of β-catenin in the cytosol followed by translocation
into the nucleus. Interaction of β-catenin with The LTCF/LEF-1 in the nucleus initiates
the transcription ofWnt associated proteins (Axin2, DKK-1,…) and stemness protein such
as Nanog. Inhibition of the Wnt/β-catenin signaling pathway is regulated competitively by
DKK-1. Small molecules such as IWP-2 can inhibit Wnt proteins during palmitation,
whereas 2,4,5-trisubstituted azoles interact with CK1δ/ε and interrupt the phosphorylation
(ph) cascade between LRP5/6 and Dishevelled2. Inhibition of the Wnt/β-catenin signaling
pathway leads to proteolysis of β-catenin and a decrease in TCF/LEF-1 transcription as
well as the downstream nuclear targets.
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growth that will be useful alternative strategies for future cardiomyo-
cyte cell therapies, drug testing and cell-tissue models.
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