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SUMMARY

Ryanodine receptors (RyRs) are large, intracellular ion channels that control Ca2+

release from the sarco/endoplasmic reticulum. Dysregulation of RyRs in skeletal
muscle, heart, and brain has been implicated in various muscle pathologies,
arrhythmia, heart failure, and Alzheimer’s disease. Therefore, there is considerable
interest in therapeutically targeting RyRs to normalize Ca2+ homeostasis in sce-
narios involving RyR dysfunction. Here, a simple invertebrate screening platform
was used to discover new chemotypes targeting RyRs. The approach measured
Ca2+ signals evokedby cyclic adenosine 50-diphosphate ribose, a secondmessenger
that sensitizes RyRs. From a 1,534-compound screen, FLI-06 (currently described as
a Notch ‘‘inhibitor’’) was identified as a potent blocker of RyR activity. Two closely
related tyrosine kinase inhibitors that stimulate and inhibit Ca2+ release through
RyRs were also resolved. Therefore, this simple screen yielded RyR scaffolds
tractable for development and revealed an unexpected linkage between RyRs
and trafficking events in the early secretory pathway.

INTRODUCTION

Ryanodine receptors (RyRs) are intracellular Ca2+ release channels that play a critical role in excitation-

contraction coupling in muscle, as well as neuronal development and homeostasis (Abu-Omar et al.,

2018; Del Prete et al., 2014; Lanner, 2012). Three mammalian isoforms (RyR1–3) exist that function as large

homotetramers (>2,000 kDa) localized within the sarcoplasmic/endoplasmic reticulum (ER) of cells. Dysre-

gulation of the skeletal muscle RyR isoform (RyR1) is associated with a range of RyR1-related myopathies,

encompassing clinical presentations of central core disease, malignant hypothermia, myalgias, muscular

dystrophy, and sarcopenia. RyR2 dysfunction is associated with cardiac pathologies such as tachycardias

and heart failure, as well as chronic neurodegenerative conditions such as Alzheimer’s or Parkinson’s dis-

ease. Therefore, identifying therapeutics that target aberrant RyR activity has considerable clinical rele-

vance. This had led to efforts to optimize RyR-targeted assays for implementation in high-throughput

screening (HTS) platforms. Recent HTS approaches span fluorescence resonance energy transfer-based

assays between RyRs and their accessory proteins (Rebbeck et al., 2017, 2020) to whole organism-based

genetic screens feeding validation pipelines (Volpatti et al., 2020).

In this brief report, we have optimized a simple screening platform that reports RyR activation by resolving

the Ca2+-releasing ability of cyclic adenosine 50-diphosphate ribose (cADPR), a RyR modulator. cADPR is a

second messenger produced from nicotinamide adenine dinucleotide (NAD+) by the enzymatic action of

ADP-ribosyl cyclases (ARCs). The best studied human ARC is CD38, although cADPR can be generated by

other ARCs, such as CD157 and SARM1 (Essuman et al., 2017; Hirata et al., 1994; Howard et al., 1993).

cADPR acts rapidly to release Ca2+ from intracellular Ca2+ stores through activation of RyRs (Lee, 2001).

The precisemechanism of RyR activation by cADPR remains unclear (Venturi et al., 2012), with data suggest-

ing an indirect interaction via one or more accessory proteins (Lee et al., 1994; Noguchi et al., 1997; Zhang

et al., 2017). Dysfunction of the cADPR signaling pathway is also implicated in several diseases, including

obstructive pulmonary diseases (Guedes et al., 2020), kidney injury (Shu et al., 2018), as well as inflammatory

and neurodegenerative disorders (Partida-Sanchez et al., 2004; Sasaki et al., 2020; Wang et al., 2017).

To discover molecules that regulate cADPR-evoked Ca2+ signaling, we have carried out a screening

campaign using sea urchin egg homogenate, the preparation where the Ca2+-releasing activity of cADPR

was first discovered (Galione et al., 2014; Lee and Aarhus, 1995; Lee et al., 1993; Yuan et al., 2019). This
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simple broken-cell system is easy to prepare and provides a robust, high signal-to-noise, room tempera-

ture assay (Lee and Aarhus, 1995; Lee et al., 1993; Yuan et al., 2019) that is amenable to miniaturization

for HTS. Using this approach to screen for modulators of cADPR action, we identified new chemotypes

that regulate cADPR-evoked Ca2+ release, with three ligands subsequently validated to act as potent,

cell-permeable modulators of RyR activity in assays of mammalian and human RyRs. One of these ligands,

FLI-06, is a dihydropyridine-based structure that has been previously resolved as a blocker of Notch

signaling and trafficking events early in the secretory pathway in human cells (Kramer et al., 2013; Yonemura

et al., 2016). FLI-06, although widely employed as a Notch ‘‘inhibitor,’’ lacked any defined cellular target,

which we reveal here as the RyR. These outcomes evidence the utility of this simple screening platform,

based on monitoring cADPR-evoked Ca2+ release, for the identification of novel RyR modulators.
RESULTS

A screen targeting cADPR action in sea urchin egg homogenate identifies modulators of Ca2+

signaling

Two commercially available chemical libraries (described in experimental methods) were used to screen for

modulators of cADPR-evoked Ca2+ signaling in the sea urchin egg homogenate system (Galione et al.,

2014; Yuan et al., 2019). Homogenate was dispensed into 96-well plates and incubated with individual

test (library) compounds prior to the addition of cADPR. Fluo-3 fluorescence intensity was measured as

an index of [Ca2+] in the homogenate preparation and was recorded before and after addition of library

compound and then after addition of cADPR. In the absence of library compounds, cADPR dramatically in-

creases Fluo-3 fluorescence intensity (Figure 1A) as previously established (Gunaratne et al., 2018). These

control responses were used to calculate the Z‘ factor, an indicator of assay quality and readiness for HTS

campaigns (Zhang et al., 1999). Using the coefficient of variance (SD/mean) and the amplitude of signal

window, we determined Z‘ = 0.74 G 0.14 (mean G SD) for the miniaturized screening assay, well within

the range of values (1 > Z0R0.5) defining an assay that is ready to drive an HTS campaign.

Under these same conditions, the library compounds (1,534 total ligands) were interrogated and response

data ordered by magnitude of inhibition of the amplitude of cADPR-evoked Ca2+ signals (Figure 1B).

Although the majority of compounds fell within a G25% range of control values (gray, Figure 1B), several

compounds elicited strong inhibition. To examine the selectivity of the strongest ‘‘hits’’ against the cADPR

pathway, results from the cADPR screen were cross-correlated with data from the same ligands collated in a

recent screen against NAADP action, a distinct Ca2+-mobilizing secondmessenger (Gunaratne et al., 2018).

A scatter plot (Figure 1C) identified those compounds that displayed selective inhibition of cADPR- but not

NAADP-evoked Ca2+ release (Figure 1C, upper left), or selective inhibition of NAADP- but not cADPR-

evoked Ca2+ release (Figure 1C, bottom right). As controls for calibration, data with (1) the ionophore

A23187, which inhibited cADPR- and NAADP-evoked Ca2+ responses (upper right, Figure 1C), and (2)

thio-NADP, known to contain contaminating NAADP (Dickey et al., 1998), which selectively desensitized

responses to NAADP (lower right, Figure 1C), are highlighted. The top three selective inhibitors of

cADPR-evoked Ca2+ signals were identified as FLI-06 (Kramer et al., 2013), and two tyrosine kinase inhib-

itors (‘‘tyrphostins’’), AG538 and the closely related but chemically and physically distinct iodinated

derivative, I-O-Me-AG538 (Figure 1D and Blum et al., 2000). To the best of our knowledge, none of these

compounds has previously been shown to block cADPR action.

Secondary validation of these hits was performed after repurchasing each of these analogues and perform-

ing a full concentration-response curve analysis for blockade of cADPR-evoked Ca2+ release in the sea

urchin egg homogenate system. These results are shown for FLI-06 (Figures 2A and 2B), AG538 (Figures

2C and 2D), and I-O-Me-AG538 (Figures 2E and 2F). Increasing concentrations of each compound progres-

sively inhibited cADPR-evoked Ca2+ release but not Ca2+ release evoked by the distinct NAADP or IP3-

evoked Ca2+ release pathways (Figures 2A, 2C, and 2E). cADPR-evoked Ca2+ signals were completely in-

hibited at concentrations that did not impact these other Ca2+ release pathways (Figures 2B, 2D, and

2F). FLI-06 was the most potent inhibitor of cADPR action (IC50 = 260 G 23 nM, Figure 2B) compared

with AG538 (IC50 = 1.10 G 0.16mM, Figure 2D) and I-O-Me-AG538 (IC50 = 3.84 G 0.39mM, Figure 2F).

Although the inhibition of cADPR action seen with FLI-06 or AG538 (%100mM) did not result from any

intrinsic agonist activity associated with these two ligands, I-O-Me-AG538 elicited a concentration-depen-

dent Ca2+ elevation when added to the homogenate in the absence of cADPR (Figures 2E and 2F). I-O-Me-

AG538-evoked Ca2+ signals were sustained in profile (EC50 = 9.1 G 1.5mM) and selective for cADPR-sensi-

tive Ca2+ stores (Figure 2F).
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Figure 1. Primary screen to identify modulators of cADPR-evoked Ca2+ release

(A) Ca2+ release in sea urchin egg homogenate evoked by cADPR (300 nM, black) or vehicle (0.25% DMSO, gray). Changes

in ambient Ca2+ were resolved by monitoring changes in fluo-3 fluorescence. Profiles represent fluorescence over time

resolved from a single well of a 96-well plate.

(B) Plot depicting extent of inhibition of cADPR-evoked Ca2+ release by 1,534 compounds (single concentration, 25 mM,

6 min preincubation) ranked from greatest inhibition (rank #1, left) to potentiation (rank #1534, right). The majority of

compounds were in a range G25% of control response (shaded box).

(C) Scatterplot of the same dataset plotting the degree of inhibition of cADPR- (ordinate) and NAADP- (abscissa) evoked

Ca2+ signals for each compound. Three compounds (FLI-06, AG538, I-O-Me-AG538) that selectively inhibit cADPR-

evoked Ca2+ release (blue) are highlighted. The ionophore A23187 (magenta) and thio-NADP (red, inhibition of NAADP

responses) are shown as positive controls.

(D) Chemical structures of FLI-06 (top), AG538 (middle), and I-OMe-AG538 (bottom).
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The action of FLI-06 and AG538 was then compared with that of the known cADPR antagonists 8-amino-

cADPR and 7-deaza-8-bromo-cADPR that are derivatized from cADPR. Increasing concentrations of either

of these cADPR blockers increased the EC50 for cADPR-evoked Ca2+ release without changing the peak

response to cADPR, consistent with their action as competitive inhibitors at the cADPR-binding site (Fig-

ures 2G and 2H). In contrast, increasing concentrations of FLI-06 and AG538 decreased the peak amplitude
iScience 25, 103706, January 21, 2022 3
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Figure 2. Secondary validation of screening hits

Effects of different concentrations of (A and B) FLI-06, (C and D) AG538, and (E and F) I-O-Me-AG538 on Ca2+ signals evoked by second messengers cADPR

(300 nM), NAADP (200 nM), and IP3 (500 nM). Data shown as mean G SEM fluo-3 fluorescence traces from a representative experiment (A, C and E) and full

concentration-response curves (B, D and F) for each messenger (cADPR, NAADP, and IP3) in the presence of each of the different compounds.

(G and H) Effects of increasing concentrations of the competitive cADPR antagonists 8-NH2-cADPR (G) and 8Br-7-deaza-cADPR (H) on cADPR-induced Ca2+

release.

(I and J) Effects of increasing concentrations of FLI-06 (I) and AG538 (J) on cADPR-induced Ca2+ release. All concentration-response curves are calculated

from mean G SEM values from n = 3 independent experiments.
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and increased the EC50 for cADPR action, consistent with non-competitive inhibition of cADPR action

(Figures 2I and 2J).

FLI-06 inhibited cADPR signaling in human cells

Does FLI-06 also block cADPR action in human cells? To investigate this possibility, we used two indepen-

dent approaches. First, we assessed the effect of FLI-06 in U2OS cells (human bone osteosarcoma), where

cADPR-evoked Ca2+ signals are evoked by microinjection of cADPR into intact, individual cells. Single

U2OS cells, expressing the genetically encoded Ca2+ reporter GCaMP-6M, were microinjected with intra-

cellular buffer, or cADPR in presence of FLI-06 (5 mM), or a vehicle control (0.05% DMSO). Injection of buffer

alone (‘‘mock’’ injection) evoked only a small stimulus artifact, whereas injection of cADPR (30 mM pipette

concentration) triggered a large Ca2+ signal (Figures 3A and 3B). This cADPR-evoked Ca2+ transient was

reduced in cells preincubated with FLI-06 (5 mM, Figures 3A and 3B). Quantification of the peak amplitude

(Figure 3C) and the cumulative size of these Ca2+ transients (Figure 3D) revealed FLI-06 inhibited

endogenous cADPR-evoked Ca2+ signaling.

A second, orthogonal approach to study the effects of FLI-06 on cADPR action relates to the role of cADPR

in cardiomyocyte differentiation (Wei et al., 2012). In mouse embryonic stem (ES) cells, endogenous

cADPR-evoked Ca2+ signaling repressed cardiomyocyte differentiation, whereas application of the cADPR

inhibitor, 8-Br-cADPR (100 mM), or knockdown of CD38 promoted the generation of cardiomyocytes (Wei

et al., 2012). Here, we investigated the effects of FLI-06 on cardiomyocyte differentiation using human

induced pluripotent stem cells (iPSCs) as a model. Using an established cardiomyocyte differentiation pro-

tocol (Horikoshi et al., 2019; Kikuchi et al., 2015; Lian et al., 2012), cultures that were exposed to FLI-06 (1 mM

for 5 days) exhibited enhanced expression of cardiomyocyte-specific troponin T (Figure 4) and an earlier

contraction phenotype compared with control cultures. Therefore, consistent with FLI-06 inhibition of

cADPR action (Wei et al., 2012), low concentrations of FLI-06 accelerated human cardiomyocyte

differentiation.

Action of compounds on RyRs

cADPR causes Ca2+ release through activation of RyRs in the sarco/endoplasmic reticulum (Lee et al.,

1994; Thomas et al., 2002). To probe mechanistically how FLI-06 and AG538 inhibit cADPR action, we

examined the effect of both these ligands on responses to caffeine and ryanodine, two direct activators

of RyRs. cADPR structural mimetics (such as 8-NH2-cADPR and 8-Br-7-deaza-cADPR) inhibit cADPR action,

whereas they do not block caffeine- or ryanodine-evoked Ca2+ release (Walseth and Lee, 1993). As

expected, all three compounds (FLI-06, AG538, and 8-amino-cADPR) blocked cADPR-evoked Ca2+ signals

(Figures 5A and 5B). However, FLI-06 and AG538, but not 8-NH2-cADPR or 8-Br-7-deaza-cADPR), also

blocked caffeine- and ryanodine-evoked Ca2+ release (Figures 5A and 5B). These data, consistent with

the observed non-competitive inhibition of cADPR activity by FLI-06 and AG538 (Figures 2I and 2J),

demonstrate that FLI-06 and AG538 act as direct RyR blockers rather than competitive inhibitors of the

cADPR-binding site.

To provide further insight, [3H]-ryanodine binding assays were performed, an approach routinely used to

provide insight into RyR activity levels (Fruen et al., 2005). These assays were performed using preparations

of sarcoplasmic reticulum (SR) vesicles isolated from either porcine heart (RyR2) or skeletal muscle (RyR1). In

these assays, increasing concentrations of FLI-06 inhibited [3H]-ryanodine binding in both preparations at

either relaxed (100 nM) or contracting (30 mM) free Ca2+ concentrations (Figure 5C). In contrast, I-O-Me-

AG538 stimulated [3H]-ryanodine binding at both Ca2+ concentrations (Figure 5C). AG538 inhibited [3H]-

ryanodine binding at high medium Ca2+ with little effect at resting [Ca2+] (Figure 5C). The synthetically

tractable differences in compound structure (Figure 1D) that manifest as agonism (I-O-Me-AG538) or
iScience 25, 103706, January 21, 2022 5



Figure 3. Effect of FLI-06 on cADPR-evoked Ca2+ signals in a human cell line

(A) Pseudocolor image of individual U2OS cells expressing GCaMP6M, imaged in Ca2+-free HBSS. Images are captured at

different time points from cells injected with either intracellular buffer (‘‘mock injection’’) or cADPR (�300 nM intracellular

concentration) in the presence of DMSO (0.05%) or FLI-06 (5 mM). Scale bar represents 10 mm, arrows indicate injection

sites.

(B) Traces of meanG SD changes in GCaMP6M fluorescence from three independent microinjections for each condition.

(C and D) Bar graphs for peak F/F0 (C) and area under the curve (D) represent mean G SD values taken from n = 3

independent sets of injections. **p <0.01 versus mock injection, #p <0.05 and ##p <0.01 versus cADPR injection in the

presence of DMSO using the Student’s t test.
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antagonism at RyRs (AG538) are encouraging for structure-activity relationship (SAR) studies focused on

this chemical scaffold. Furthermore, these [3H]-ryanodine binding data for the three compounds are consis-

tent with the functional data from the sea urchin system (two inhibitors, one activator), although the

observed potencies in [3H]-ryanodine assays in membrane vesicles were lower than those seen with func-

tional assays in sea urchin egg homogenate (Figure 2) or human cell microinjection experiments (Figure 3).

cADPR did not elicit any effects on [3H]-ryanodine binding in these SR preparations (Figure 5C).
Screening of FLI-06 derivatives

FLI-06 was originally identified as an inhibitor of intracellular secretory traffic that caused accumulation of a

Notch trafficking reporter within ER membranes (Kramer et al., 2013; Yonemura et al., 2016). We therefore

compared the ability of FLI-06 to inhibit Notch reporter trafficking (Kramer et al., 2013; Yonemura et al.,

2016) with block of cADPR-evoked Ca2+ signaling. This was done via an SAR ‘‘by catalog’’ approach using

15 purchased analogues (Table S1). This catalog search yielded ligands that altered the sterics and/or elec-

tronics of the ester (at the 3-position of the DHP) as well as the aryl ring (at the 4-position of the DHP). Across

the series of 15 derivatives, inhibition of both phenotypes (secretory trafficking, cADPR-evoked Ca2+

release) was correlated: analogues that more potently blocked cADPR action caused a greater inhibition

of Notch trafficking (Figure 6). The observed blockade of cADPR-evoked Ca2+ release occurred at lower

concentrations than the effects of FLI-06 on secretory trafficking (EC50 = 153 G 26 nM for inhibition of

cADPR action versus EC50 = 2.3 mM for inhibition of notch trafficking [Gomez-Galeno et al., 2018; Kramer

et al., 2013]). Screened analogues clustered into groups of high (green), intermediate (orange), and low po-

tency (red, Figure 6). Several trends were identified from the SAR analysis.
6 iScience 25, 103706, January 21, 2022



Figure 4. Effects of FLI-06 on induced pluripotent stem cell differentiation into cardiomyocytes

(A) Characterization of iPSCs. Left, phase contrast image of iPSC growth as colonies. These iPSC colonies were shown to

express pluripotent stem cell-specific markers OCT4 (middle) and stage-specific embryonic antigen-4 (SSEA4, right) by

immunofluorescence. Cell nuclei are stained with Hoechst 33342.

(B) iPSC colonies were induced to differentiate into a cardiomyocyte fate using a protocol lasting�2 weeks (seemethods).

Expression of the cardiac-specific marker troponin T (green) is evident at day 8 after initiation of differentiation in control

cultures. All cultures displayed a contractile phenotype after 12 days of culture.

(C) Quantification of immunofluorescence staining (as performed in (B)) to resolve the effect of FLI-06 on cardiomyocyte

differentiation. The differentiation culture was treated with FLI-06 (1 mM) at day 0 for either 23 h or 5 days. Troponin

T-positive cardiomyocytes were counted after 8 or 15 days of differentiation. FLI-06-treated cultures displayedmore rapid

expression of troponin T and spontaneous contractions were also observed earlier (by day 10) than seen with control

cultures. Data are presented as mean G SD, n = 3, **p <0.01 by Student’s t test.

(D) Top, western blot of the effect of FLI-06 on troponin T expression. Bottom, densitometry analysis of results. Troponin T

expression was normalized to the endogenous control glyceraldehyde 3-phosphate dehydrogenase (GAPDH). n = 3,

**p <0.01. One-way ANOVA and Tukey test were used for comparison between multiple groups.
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First, these assays identified a compound #8 (FLI-28), an FLI-06 derivative with a cycloheptyl substitution

(Kramer et al., 2013), that was considerably more potent (IC50 = 61 G 14 nM) than FLI-06 at inhibiting

cADPR-evoked Ca2+ release (Figure 6). FLI-28 was also the most potent inhibitor of Notch reporter
iScience 25, 103706, January 21, 2022 7



Figure 5. Action of compounds as RyR modulators using sea urchin homogenate or porcine muscle SR membrane

(A) Effects of increasing concentrations of FLI-06 (blue), AG538 (green), 8-NH2-cADPR (purple), and 8Br-7-deaza-cADPR (yellow) on cADPR-evoked (300 nM,

top), caffeine-evoked (15 mM, middle), or ryanodine-evoked (100 mM, bottom) Ca2+ release in sea urchin egg homogenate. Responses to IP3 (500 nM) were

unaffected. Data shown as four individual fluo-3 fluorescence traces per condition from a representative experiment.

(B) Concentration-response curves showing effects of each of the four compounds on responses to cADPR (top), caffeine (middle), and ryanodine (lower).

Data are shown as mean G SEM from n = 3 independent biological experiments.
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Figure 5. Continued

(C) Effects of FLI-06, AG538, I-O-Me-AG538, and cADPR on [3H]-ryanodine binding to skeletal (top) and cardiac (bottom) SR vesicles measured at

relaxed (100 nM [Ca2+], open circles) and contracting (30 mM [Ca2+], solid circles). Data are shown as mean G SEM values from n R4

independent biological experiments. *p <0.05, 100 nM [Ca2+] versus DMSO controls; #p <0.05, 30 mM [Ca2+] versus DMSO controls using the Student’s

t test.
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trafficking (Figure 6, Kramer et al., 2013). However, in contrast to the favorable effects of steric bulk of the

ester (cycloheptyl versus cyclohexyl), linear expansion of the ester was not tolerated, as compounds #9 and

#11 displayed decreased potency.

Second, the most active compounds contain electron-deficient substituents at the 4-position of the aryl

substituent (Table S1, green grouping in Figure 6). This was evident in FLI-06 (4-NO2-Ph), as well as com-

pounds #8 (FLI-28, 4-NO2-Ph), #2 (4-Br-Ph), and #5 (4-Cl-Ph). As the electron density increased, a trend of

decreased potency emerged. Compounds #13 (4-OMe-Ph) and #1 (4-H-Ph) displayed intermediate

potency. Further increases in electron density of the ring (compounds #3 (4-OH-Ph), #6 (3-OH-Ph), and

#4 (4-Me2N-Ph) resulted in low-potency analogues. Although compound #15 (4-AcO-Ph) clustered within

the low-potency group of analogues despite containing an electron-withdrawing group at the aryl ring

4-position, this analogue is likely cleaved to the free phenol-yielding compound #3.

Finally, different substitutions around the aryl ring were less tolerated. Compounds #12 (3-F-Ph) and 14

(3-Br-Ph) despite containing an electron-withdrawing group exhibited decreased potency. Compounds

#7 (4-NO2-Ph) and #14 (3-Br-Ph) differ solely in their substitution pattern on the aromatic ring. Compound

#14 displayed low potency, whereas #7 had intermediate potency (with the loss of potency compared with

FLI-06 attributed to the linear expansion of the ester change as discussed above).
DISCUSSION

Here we have identified two novel RyR inhibitors (FLI-06 and AG-538) and one RyR activator (I-O-Me-

AG538) that represent novel chemotypes that modulate RyR activity. The most potent inhibitor identified

in the screen was FLI-06, which inhibited RyR activation by cADPR, caffeine, or ryanodine. Further SAR

afforded FLI-28, compound #8, as a more potent analogue. Structurally, these compounds are annulated

dihydropyridines, containing the 1,4-dihydropyridine (DHP) scaffold found in many bioactive molecules

(Figure 1D), but best known as the core of a class of voltage-operated calcium channel (Cav) blockers (Bos-

sert and Vater, 1971). However, FLI-06 is structurally distinct from DHPs that act as Cav blockers: FLI-06 con-

tains a para-substituted phenyl group at the 4-position of the DHP (Figure 1D) compared with an ortho-

substituted phenyl group (nifedipine, Table S1) or a meta-substituted phenyl group (nimodipine, Table

S1) that are both pore blockers of cell surface Cav channels. The 1,4-DHPs that act on cell surface Cav chan-

nels do not block RyRs (Yusufi et al., 2002): for example, both nimodipine and nifedipine were present in the

LOPAC library screened here and neither inhibited cADPR-evoked Ca2+ signals (inhibition was �5% and

�3% at 25 mM, respectively). This was unsurprising as both these DHPs demonstrate multiple ‘‘red flags’’

in regard to the SAR trends identified in the results section. Neither contain an electron-withdrawing (or

halogen) substitution at the 4-position of the aryl ring, which proved crucial for RyR engagement. Both

nimodipine and nifedipine also have unfavorable ester properties. Nimodipine contains a methoxyethyl

ester, which resembles the unfavorable long chains resolved from the SAR-by-catalog. In this regard, nifed-

ipine resembles compound #10, which contains a methyl ester. Finally, neither nimodipine nor nifedipine is

annulated. Overall, in terms of cellular action, the exclusion of a ‘‘Ca2+ hypothesis’’ for FLI-06 action based

on a lack of effect of DHPs that act on cell surface Cavs (Kramer et al., 2013) overlooked a possible action of

this (different) class of DHPs against intracellular Ca2+ channels, which exhibit different SAR requirements.

Here, we unmask RyRs as the likely intracellular target of FLI-06. As a potent, cell-permeable RyR blocker,

FLI-06 provides a new tool for manipulating RyR activity in cells, and the identification of amore potent RyR-

blocking derivative, FLI-28 (Figure 6), suggests iterations of this core structure may yet yield even more

potent ligands. Given the involvement of RyRs in a variety of disease states (Lanner, 2012; Liang and

Wei, 2015), further evaluation of these tools is merited. We note that FLI-06 was originally identified as a

blocker of secretory trafficking (by following the processing of a GFP-taggedNotch reporter) in mammalian

cells (Kramer et al., 2013; Yonemura et al., 2016). Chronic FLI-06 treatment disperses the Golgi apparatus by

disrupting transport through the secretory pathway (Kramer et al., 2013; Yonemura et al., 2016). Identifica-

tion of FLI-06 as a RyR blocker implicates RyRs as mediators of the phenotypic action of FLI-06, as
iScience 25, 103706, January 21, 2022 9



Figure 6. FLI-06 analogues modulate cADPR-evoked Ca2+ signaling and Notch reporter trafficking

Correlation between cADPR-evoked Ca2+ release (IC50 in the sea urchin egg homogenate system, mean G SEM) and

inhibition of Notch trafficking (% control luminescence values in HEK293 cells after incubation with 10 mM analogue for 24

h, mean G SEM) across a series of 15 FLI-06 derivatives. The structure of analogue ‘‘8’’ known as FLI-28 is highlighted as

the most potent inhibitor of both cADPR-evoked Ca2+ release and Notch trafficking. Identity of FLI-06 analogs is detailed

in Table S1. Data are clustered into groups of high- (green), intermediate- (orange), and low- (red) potency analogues to

facilitate discussion of SAR trends. Values are from n R4 independent biological experiments.
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supported by the correlation between effects on Notch reporter trafficking and cADPR-evoked Ca2+

signaling (Figure 6). FLI-06 has been shown to rapidly block cargo recruitment at ER exit sites (ERESs),

specialized ER regions that orchestrate transport of proteins from the ER to the Golgi apparatus (Yonemura

et al., 2016). However, the molecular target of FLI-06 at the level of the ER was previously unknown (Kramer

et al., 2013; Yonemura et al., 2016). Having now implicated the RyR, it is relevant to note that Ca2+ has long

been recognized as an essential regulator of trafficking from the ER to the Golgi (Beckers and Balch, 1989),

engaging a variety of Ca2+ sensors (annexin A11, ALG-2) that stabilize coat protein complex II (COPII) com-

ponents at ER exit sites (Bentley et al., 2010; Maki et al., 2016; Shibata et al., 2015). These Ca2+ changes

controlling secretory traffic may well be agonist dependent, coupling cell stimulation to changes in secre-

tory flux. Further investigation of the relationship between RyR activity and ERES function is warranted

based on this new insight.

The other chemotype discovered in our screen was represented by the tyrphostin ligands (AG538 and I-O-

Me-AG538). AG538 was originally identified as a potent inhibitor of the insulin growth factor-1 receptor

(IGF-1R) kinase domain by acting as a competitive substrate inhibitor (Blum et al., 2000). Both AG538

and I-O-Me-AG538 also inhibit other kinases over higher concentration ranges via different mechanisms

(Blum et al., 2000; Davis et al., 2013). Our data support an even broader polypharmacology underscoring

the need for caution when ascribing functional effects to a particular mechanism, especially if drugs are be-

ing used at concentrations exceeding their effective concentration range on individual targets. What is

particularly noteworthy with these two analogues is how the addition of an iodine atom (Figure 1D) inter-

converts between agonism (I-O-Me-AG538) and antagonism (AG538) of the RyR complex. The increased

hydrophobicity or size afforded by the iodine atom potentially endows I-O-Me-AG538 with enhanced
10 iScience 25, 103706, January 21, 2022
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interactions within the RyR complex favoring channel opening. Alternatively, the iodine atom may enable

halogen bonding to induce a receptor conformation favoring agonism. As the exact binding pocket and

poise of these molecules is unknown, it is unfruitful to speculate further. Further work to elucidate their

mode of action on the RyR complex is needed.

In conclusion, we report the discovery of two new chemotypes that act as potent, cell permeable, RyRmod-

ulators by screening for modulators of cADPR action. All three compounds were identified from a small

screening campaign in sea urchin egg homogenate, highlighting the potential of this simple invertebrate

model system for discovering new tools that manipulate intracellular Ca2+ signaling. A brief SAR-by-cata-

log was performed that highlights the potential for further optimization of these ligands to identify deriv-

atives suitable for manipulating RyR behavior in various scenarios of health and disease.

Limitations of study

This study reports a primary screen and secondary validation of ligands that act as agonists (I-O-Me-AG538)

or antagonists (FLI-06, AG538) of Ca2+ release through ryanodine receptors. Further work will be needed to

define the binding sites of each of these ligands on ryanodine receptors, or potentially RyR-associated

accessory proteins. Electrophysiological or radioligand binding assays utilizing purified or reconstituted

RyRs could yield this information. Second, although this small, foundational screen (1,534 compounds) un-

covered several unrecognized modulators of RyR-mediated Ca2+ release, these did not work through

modulating cADPR action. This was the intent of the original screen. Likely, a larger screening campaign

would be needed, coupled with additional counterscreening using caffeine to prioritize chemotypes

that regulate cADPR action.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Cardiac Troponin T Monoclonal Antibody (1C11) Thermo Fisher Scientific Cat# MA1-16687

OCT4 antibody AbCam Cat# ab18976; RRID:AB_444714

SSEA4 antibody AbCam Cat# ab16287; RRID:AB_778073

GAPDH antibody Cell Signaling Technology Cat# sc32233; RRID:AB_627679

Goat anti-mouse IgG, Alexa Fluor 488 conjugate Thermo Fisher Scientific Cat# A11001; RRID:AB_2534069

anti-mouse IgG, HRP conjugate Cell Signaling Technology Cat# 7076; RRID:AB_330924

anti-rabbit IgG, HRP conjugate Cell Signaling Technology Cat# 7074; RRID:AB_2099233

Biological samples

Strongylocentrotus purpuratus egg homogenates This work N/A

Sarcoplasmic reticulum vesicles This work N/A

Chemicals, peptides, and recombinant proteins

[3H]-ryanodine Perkin Elmer Cat# NET950250UC

Ryanodine Tocris Cat# 1329

Hoechst 33342 Thermo Fisher Scientific Cat# H21492

CHIR Selleck Chemicals Cat# 2924

Adenylyl-imidodiphosphate Sigma Aldrich Cat# 10102547001

Fluo-4-AM Thermo Fisher Scientific Cat# F14201

cADPR This work, (Walseth and Lee, 1993) N/A

NAADP This work, (Jain et al., 2010) N/A

D-myo-Inositol 1,4,5-tris-phosphate trisodium salt Sigma Aldrich Cat# I9766

Creatine kinase Sigma Aldrich Cat# C3755

Phosphocreatine Sigma Aldrich Cat# P1937

Fluo-3 Biotium Cat# 50011

Caffeine Sigma Aldrich Cat# C0750

FLI-06 Cayman Chemical Cat# 21272

Tyrphostin AG538 Sigma Aldrich Cat# 658403

I-O-Me-Tyrphostin AG538 Santa Cruz Biotechnology Cat# 300821

8NH2-cADPR This work, (Walseth and Lee, 1993) N/A

8Br-7CH-cADPR BioLog Cat# B 100-005

FLI-06 analog 1 (Table S1) Chembridge Cat# 5605456

FLI-06 analog 2 (Table S1) Chembridge Cat# 5469731

FLI-06 analog 3 (Table S1) Chembridge Cat# 5613161

FLI-06 analog 4 (Table S1) Chembridge Cat# 5607743

FLI-06 analog 5 (Table S1) Chembridge Cat# 5616720

FLI-06 analog 6 (Table S1) Chembridge Cat# 5467399

FLI-06 analog 7 (Table S1) Chembridge Cat# 5719662

FLI-06 analog 8 (FLI-28) (Table S1) Chembridge Cat# 6874430

FLI-06 analog 9 (Table S1) Chembridge Cat# 5857255

FLI-06 analog 10 (Table S1) Chembridge Cat# 5136132

FLI-06 analog 11 (Table S1) Chembridge Cat# 5607984

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FLI-06 analog 12 (Table S1) Chembridge Cat# 5478865

FLI-06 analog 13 (Table S1) Chembridge Cat# 5616033

FLI-06 analog 14 (Table S1) Chembridge Cat# 5707932

FLI-06 analog 15 (Table S1) Chembridge Cat# 5468595

LOPAC1280 Sigma Aldrich Cat# LO1280

GPCR Small Molecule Compound Library Selleck Cat# L2200-01

Critical commercial assays

Notch1 Pathway Reporter Kit BPS Bioscience Cat# 79503

Experimental models: Cell lines

iPSCs Melton laboratory (Dept. of Stem

Cell and Regenerative Biology,

Harvard)

N/A

U-2 OS ATCC Cat# HTB-96

Experimental models: Organisms/strains

Strongylocentrotus purpuratus Marinus Scientific N/A

Recombinant DNA

pGP-CMV-GCaMP-6M Chen et al. (2013) Addgene plasmid # 40754

Software and algorithms

Origin 2021b OriginLab https://www.originlab.com/

Metamorph v7.10 Molecular Devices https://www.moleculardevices.com/products/cellular-

imaging-systems/acquisition-and-analysis-software/

metamorph-microscopy#gref
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Jonathan Marchant (jmarchant@mcw.edu).
Materials availability

This study did not generate any new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

U2OS cell line (RRID: CVCL_0042). Origin: Human osteosarcoma epithelia.

Culture media and conditions: U2OS cells were obtained from ATCC (Cat# HTB-96) and were cultured in

Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum (Thermo Fisher Scientific, Cat#

26140079), penicillin (100 U/ml) and streptomycin (100mg/ml) (Thermo Fisher Scientific, Cat# 15140122) in

a humidified 5% CO2 incubator at 37
�C.
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Human induced pluripotent stem cells. Origin: iPSCs were generated from dermal fibroblasts from

healthy donors by theMelton laboratory (Dept. of StemCell and Regenerative Biology, Harvard University).

Culture media and conditions: iPSCs were cultured in Matrigel-coated petri dishes with mTeSR1 (STEM-

CELL Technologies, Vancouver, BC, Canada) supplemented with penicillin/streptomycin (Thermo Fisher

Scientific) in an incubator (5% CO2, 21% O2) at 37�C as previously described (32,51). Culture media was

changed daily. iPSCs were digested and passaged at a ratio of 1:6 using Versene (Thermo Fisher Scientific)

when they reached 70–80% confluence. MycoAlert� Mycoplasma Detection Kit (Lonza) was used for

monitor cultures for mycoplasma.
Cell-free systems

Sea urchin egg homogenates. Origin: Eggs were harvested from live female Strongylocentrotus

purpuratus specimens, which were collected from the ocean off the coast of Southern California byMarinus

Scientific. Gamete secretion was stimulated by injecting specimens with KCl. Eggs were collected, and

homogenates were prepared as detailed in the STAR methods section. Homogenates were aliquoted,

flash-frozen, and stored at �80�C.

Sarcoplasmic reticulum vesicles. Origin: Sarcoplasmic reticulum vesicles were isolated from tissues

harvested from female porcine which weighed approximately 50kg at time of harvest. Crude sarcoplasmic

reticulum (CSR) was isolated from porcine longissimus dorsi muscle and porcine cardiac left ventricle tissue

by differential centrifugation of homogenized tissue. Heavy SR (HSR) vesicles, which are enriched in RyR1,

were isolated by fractionation of crude skeletal SR vesicles using a discontinuous sucrose gradient. All

vesicles were flash-frozen and stored at �80�C.
METHOD DETAILS

Drugs and molecular reagents

Chemical reagents were sourced as follows: fluo-4 AM (Thermo Fisher); fluo-3 pentapotassium salt

(Biotium). HEPES, CHAPS, potassium gluconate, N-methylglucamine, ATP, and DTT (Sigma Aldrich);

cOmplete� EDTA-free protease inhibitor cocktail (Roche); ryanodine (Enzo Life Sciences); . FLI-06 (cyclo-

hexyl 2,7,7-trimethyl-4-(4-nitrophenyl)-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate, C25H30N2O5),

tyrphostin AG538 (AG538, a-Cyano-(3,4-dihydroxy)cinnamoyl-(3ʹ,4ʹ-dihydroxyphenyl)ketone, C16HN11O5)

and I-O-Me-Tyrphostin AG538 (I-O-Me-AG538, a-Cyano-(3-methoxy-4-hydroxy-5-iodocinnamoyl)-(30,40-
dihydroxyphenyl)ketone, C17H12INO5) were purchased from Cayman Chemical, Sigma Aldrich, and Santa

Cruz Biotechnology respectively. Caffeine and IP3 were purchased from Sigma Aldrich. cADPR, 8-NH2-

cADPR, and NAADP were synthesized in house using previously detailed STAR methods (Jain et al.,

2010; Walseth and Lee, 1993). Drug libraries used for the sea urchin screen were from Sigma (LOPAC�1280,

Library of Pharmacologically Active Compounds, 1280 compounds) and Selleck (GPCR compound library,

254 compounds). FLI-06 analogs were sourced from ChemBridge. A Human Notch1 reporter assay (BPS

Bioscience) was used per manufacturer’s instructions.
Chemical syntheses

cADPRwas synthesized by incubating NAD+ (Sigma Aldrich) withAplysiaADP-ribosyl cyclase. The resulting

cADPR was purified by HPLC on an AG MP-1 column. 8-NH2-cADPR was synthesized as follows: 8-azido-

AMP (Sigma Aldrich) was converted to 8-amino-AMP in the presence of 15mM dithiothreitol, and purified

on a MONO Q HR column. 8-amino-AMP (0.1mmol), b-NMN (0.1mmol, Sigma Aldrich) and MgCI2 (2mmol)

were combined in a microfuge tube and evaporated to dryness using a Speedvac concentrator. A coupling

reaction was initiated by adding 20 mL of 1.5 M Hepes-NaOH (pH 6.8) and 20mL of 1.5 M 1-ethyl-3(3-

dimethyl-aminopropyl)- carbodiimide-HCl (EDC) and incubated at 37�C for 12 to 18 h. The resulting

8-amino-NAD+ was purified by HPLC on an AG MP-1 column. 8-amino-NAD + was converted to

8-amino-cADPR using Aplysia ADP-ribosyl cyclase as previously described [35]. The 8-amino-NAD+ was

incubated for 2 to 4 h at room temperature with ADP-ribosyl cyclase. The resulting 8-amino-cADPR was pu-

rified by HPLC on an AGMP-1 column as described above. NAADP was synthesized by incubating nicotin-

amide adenine dinucleotide phosphate (NADP, Sigma-Aldrich) with nicotinic acid in the presence of re-

combinant Aplysia ADP-ribosyl cyclase (47) and purified by high-performance liquid chromatography

(HPLC). All purified compounds were evaporated to dryness on a SpeedVac concentrator and stored at

�20�C.
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Ca2+ flux assays in sea urchin egg homogenate

Strongylocentrotus purpuratus specimens were sourced from Marinus Scientific. S. purpuratus egg

homogenates (25%) were prepared as detailed previously (Clapper et al., 1987) and stored at�80�C.Briefly,
S. purpuratus specimens were injected with 1mL of 0.5M KCl into each coelomic cavity to stimulate gamete

shedding. Eggs were collected by inverting female specimens and placing them onto beakers containing

artificial sea water (ASW). Eggs were pooled, gently washed in artificial sea water, and dejellied via filtration

through a 100mm nylon mesh. Eggs were washed in once with Ca2+-free ASW supplemented with 1 mM

EGTA to remove extracellular Ca2+, and were washed two more times with Ca2+-free ASW to remove re-

sidual EGTA, centrifuging samples at 100 x RCF for 2 min at 4�C between washes. Eggs were finally washed

twice with potassium gluconate intracellular medium (K-GluIM) (250mM NMDG, 250mM K-gluconate,

20mM HEPES, 1mM MgCl2, pH 7.2). Eggs were centrifuged supernatant was aspirated, and packed

eggs were suspended in 3 volumes of K-GluIM supplemented with 2mMMgATP, 20mM phosphocreatine,

20 U/ml creatine phosphokinase, and cOmplete EDTA-free protease inhibitor cocktail (Roche). Suspended

eggs were homogenized in a tight fitting Dounce homogenizer. Homogenized samples were aliquoted,

flash-frozen, and stored at �80�C until use. For experiments, homogenates were loaded with Ca2+ and

fluo-3 by incubation at 17�C in intracellular-like medium (250mM potassium gluconate, 250mM

N-methyl-D-glucamine, 20mM HEPES, 1mMMgCl2, pH 7.2, supplemented with 0.3mg/mL creatine kinase,

0.5mMATP, 4mMphosphocreatine, and 3mMFluo-3 (Walseth et al., 2012)). The homogenate was diluted in

a step-wise fashion to a final concentration of 1.25% homogenate over a period of 3 h. Calcium dynamics

were monitored by following fluo-3 fluorescence using a Tecan Infinite M1000 Pro plate reader (lex =

485 G5nm, lem = 525 G 5 nm). Baseline fluorescence readings from samples in the presence of individual

drugs were resolved, followed by stimulation with cADPR. Drug screening was performed in 96-well assay

plates (Corning #3590 flat bottom, transparent) at a final concentration of 25mM. An epMotion� 96 liquid

handling workstation (Eppendorf) was used to dispense homogenate and ligands into assay plates. Fluo-3

fluorescence was monitored in the presence of compound for 35 cycles (6 min) prior to the addition of an

EC90 concentration of cADPR (300nM final concentration). For the LOPAC�1280 library, 0.25mL of vehicle

(DMSO) or compound (10mM) was dispensed into the assay plates using a LabCyte ECH0550 acoustic

nanoliter dispensing system. The assay was started by addition of 99.75mL of sea urchin egg homogenate.

For screening the Selleck GPCR compound library, baseline fluo-3 fluorescence of the homogenate

(97.5mL) was monitored for 90 s prior to the addition of 2.5mL vehicle (DMSO) or compound (1mM) using

the epMotion�96. For the LOPAC�1280 library, all drugs were screened in singlicate. For the GPCR library,

compounds were screened in duplicate. Z0 factor for both vehicle control and cADPR responses was calcu-

lated as follows: Z’ = 1 - (3(stdevmax + stdevmin)/(meanmax - meanmin).

Mammalian cell microinjection

Human U2OS cells (bone osteosarcoma) were transfected with a plasmid encoding the genetically-en-

coded Ca2+ indicator GCaMP-6M (Chen et al., 2013) two days prior to microinjection assays. Transfection

was performed using Lipofectamine 3000 (Thermo Fisher Scientific) in accordance with the vendor’s proto-

col. One day following transfection, 1x106 cells were seeded onto collagen coated MatTek dishes. For

microinjection experiments, dishes were mounted on an Olympus IX81 inverted microscope equipped

with a piezo nano-positioning stage (Prior Scientific). Cells were perfused with Ca2+-free Hank’s Balanced

Salt Solution (Thermo Scientific) at a rate of 0.5 mL/min. Isolated U2OS cells expressing GCaMP6M

identified by fluorescence were selected for injections. Cell morphology was assessed by acquiring z-stack

images and reconstructing three-dimensional models of each cell to be injected. Regions that were not

relatively close to the nucleus or cell periphery were targeted for injection sites. Femtotip (Eppendorf) in-

jection pipettes were backfilled with intracellular buffer (110mM KCl, 10mM NaCl, 20mM HEPES, pH 7.2)

containing either vehicle or cADPR (30mM) and positioned using an Injectman-4 (Eppendorf) micromanip-

ulation system. Cells were injected at a z-position approximately 70% of the cell thickness using a Femto-

jet4i (Eppendorf). Injection parameters were 85hPa injection pressure, 40hPa compensation pressure, 0.5s

injection duration, 45� injection angle, and 600um/s injection speed. Cells were imaged (lex = 488 nm,

lem = 514 G 15 nm band-pass) using a Plan-Apochromat 60x/1.42 objective, and fluorescence changes

were monitored using a Yokogawa spinning disk confocal (CSU-X- M1N) and an Andor iXon Ultra 888

EMCCD camera. Image acquisition and data analysis was performed using Metamorph (version 7.10).

[3H]-ryanodine binding to SR vesicles

[3H]-ryanodine binding assays were performed as outlined previously (Fruen et al., 2000). Briefly, in 96-well

plates, HSR vesicles (1 mg/mL) and cardiac CSR vesicles (3mg/mL) were incubated with 0.02% DMSO or
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compound (concentration indicated) for 3hr at 37�C in a solution containing 150mMKCl, 0.1mMcalmodulin,

5 mMGSH, 2mMdithiothreitol, 1 mg/mL Aprotinin and Leupeptin, 1 mM EGTA, 238mMor 1.62mMCaCl2 (as

determined by MaxChelator to yield 100 nM or 30 mM of free Ca2+, respectively), 0.1 mg/mL BSA, [3H]-rya-

nodine (7.5 and 10nM for cardiac and skeletal SR, respectively) and 20mM K-PIPES (pH 7.0). Non-specific

and maximal [3H]-ryanodine binding to SR were separately assessed by addition of 40mM non-radioactively

labeled ryanodine or 5mM Adenylyl-imidodiphosphate, respectively. Such control samples were each

distributed over 4 wells/plate. After incubation, unbound [3H]-ryanodine was removed by filtration through

grade GF/B Glass Microfiber filters (Brandel Inc., Gaithersburg, MD) using a 96-sample Brandel Harvester.

In 4mL of Ecolite Scintillation cocktail (MP biomedicals, Solon, OH, USA), Radioactivity on the filter was

counted using a Beckman LS6000 scintillation counter (Fullerton, CA). All experiments were run with 3

different batches of SR. Statistical analysis was performed using a two-way, unpaired Student’s T-test.

Human iPSC culture and cardiomyocyte differentiation. Prior to the initiation of CM differentiation,

iPSCs were digested with 3 mL Accutase (Innovative Cell Technologies) for 5 min to yield single cells.

Digested cells were counted by a Cellometer (Nexcelom Bioscience), and plated (1.76x106/well) on a

Matrigel-coated 6-well plate, and cultured with mTeSR1 medium. The following day, the medium was re-

placed with fresh mTeSR1. This time point was defined as day ‘-2’. Culture medium was changed daily. CM

differentiation from iPSCs was conducted by temporal modulation of Wnt signaling (Horikoshi et al., 2019;

Kikuchi et al., 2015; Lian et al., 2012). At day ‘0’, when iPSCs reached over 95% confluence, CM differenti-

ation was started. iPSCs were cultured with Roswell Park Memorial Institute (RPMI)/B-27 Supplement Minus

Insulin (Thermo Fisher Scientific) with 12mM CHIR (GSK-3 inhibitor, Selleck Chemicals) and 1% penicillin/

streptomycin (Thermo Fisher Scientific) in a normoxic incubator (20%O2, 5%CO2). Twenty-three hours after

administration of CHIR, the medium was replaced with RPMI/B27 Minus Insulin and changed daily. At day

‘3’, around 72 h after administration of CHIR, the medium was replaced by fresh RPMI/B27 Minus Insulin/

5mM IWP-4 (Wnt/beta-catenin inhibitor, Stemgent) and the cells were cultured for 48 h. At day 5, the me-

dium was replaced with RPMI/B27 Minus insulin, changed every two days. The RPMI medium supple-

mented with B27 Supplement (with insulin) was used continually for cell culture from day ‘6’. Cultures

were observed daily under the microscope. To determine the effect of FLI-06 (prepared as 10 mM stock

solution in DMSO) on the CM differentiation, iPSCs were treated at day ‘0’ with 1mM FLI-06 or an equal

volume of DMSO as a vehicle control for either 23 h or 5 days.

Immunofluorescence staining. CMs cultured onMatrigel-coated coverslips were fixed with 4% parafor-

maldehyde (ElectronMicroscopy Sciences) for 15min at room temperature, permeabilized with 0.5% Triton

X-100 (Sigma-Aldrich) for 15 min, and blocked with 10% donkey serum (Millipore) for 20 min at room

temperature as previously described (Kikuchi et al., 2015). Cells were then incubated in a moist chamber

(overnight, 4�C) with primary antibody to detect cardiac troponin T (1:200 dilution; MA1-16687 Thermo

Fisher Scientific). After washing with PBS twice, cells were incubated in the dark (1 h, 37�C) with a secondary

antibody (Alexa Fluor 488 goat anti-mouse IgG, 1:1000, Thermo Fisher Scientific). Hoechst 33342 (Thermo

Fisher Scientific) was used to stain nuclei. CM differentiation efficiency was quantified by counting the num-

ber of troponin T-positive CMs in the field versus total cell nuclei.

Western blotting. CMs were lysed on ice with RIPA lysis buffer (Cell Signaling Technology) in the pres-

ence of phenylmethylsulfonyl fluoride (Sigma-Aldrich) and phosphatase inhibitor tablets (Roche). Protein

samples were boiled (5 min) and 20 mg of total protein loaded for Western analysis. Blots were incubated

(overnight on rocker, 4�C) with mouse anti-cardiac troponin T (Thermo Fisher Scientific) or rabbit anti-

GAPDH (glyceraldehyde-3-phosphate dehydrogenase; Cell Signaling Technology). Primary antibodies

were washed out with Tris-buffered saline containing supplemented with 0.1% Tween-20. Membranes

were incubated with secondary antibodies conjugated to horseradish peroxidase (Cell Signaling, 1 h at

room temperature). Proteins were detected using ECL Prime Western Blotting Reagents (GE Healthcare)

and imaged using a ChemiDoc MP imaging system (Bio-Rad). Signal intensity was quantified by normali-

zation to GAPDH and presented as a percentage of vehicle control-treated CMs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fluorescence traces in Figure 1A are representative traces from 15 individual wells per condition while

screening chemical libraries. Traces in Figures 2A,2C and 2E represent mean G s.e.m. changes in fluo-3

fluorescence across three individual wells per condition from a single experiment. Curves in Figures

2B,2D,2F,2G,2H,2I and 2J represent meanG s.e.m. values from three independent biological experiments,
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with three technical replicates per condition in each experiment. IC50 values were calculated from curves

depicted in Figures 2B,2D and 2F, using OriginLab logistic fit. Traces in Figure 3B and bar graph values

in Figures 3C and 3D represent meanG stdev changes in GCaMP6M fluorescence from three independent

microinjection experiments per condition. Quantification of area under the curve in Figure 3D was accom-

plished using the OriginLab curve integration function. Traces in Figure 4A represent fluo-3 fluorescence

values from 4 individual wells per condition from a single representative experiment. Curves in Figure 4B

represent mean G s.e.m. fluo-3 fluorescence values from three independent biological experiments, with

four technical replicates per condition in each experiment. Data in Figure 4C represent meanG s.e.m. [3H]-

ryanodine binding relative to DMSO controls from three separate biological replicates, each run with three

technical replicates per experiment. Data in Figure 5C represents meanG stdev percent of troponin T-pos-

itive cells from three independent biological experiments. Data in Figure 5D represents mean G stdev

expression of troponin T, relative to GAPDH, from three independent biological experiments. Data in Fig-

ure 6 represent relative inhibition of Notch signaling, as well as IC50 values for inhibition of cADPR-evoked

Ca2+ release. Inhibition of Notch signaling is determined from three independent biological experiments.

IC50 values in Figure 6 were derived from three independent biological experiments, with two technical

replicates per condition, and were calculated using OriginLab logistic fit. Statistical analyses were conduct-

ed using the Student’s t-test. p values less than 0.05 was considered statistically significant and the levels

are indicated as: *p < 0.05, **p < 0.01.
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