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SUMMARY
Metabolic activities are altered in cancer cells compared with those in normal cells, and the cancer-specific
pathway becomes a potential therapeutic target. Higher cellular glucose consumption, which leads to lower
glucose levels, is a hallmark of cancer cells. In an objective screening for chemicals that induce cell death
under low-glucose conditions, we discovered a compound, denoted as ALESIA (Anticancer Ligand
Enhancing Starvation-induced Apoptosis). By our shedding assay of transforming growth factor a in
HEK293A cells, ALESIA was determined to act as a sphingosine-1-phosphate receptor 3–G12-biased agonist
that promotes nitric oxide production and oxidative stress. The oxidative stress triggered by ALESIA resulted
in the exhaustion of glucose, cellular NADPH deficiency, and then cancer cell death. Intraperitoneal admin-
istration of ALESIA improved the survival of mice with peritoneally disseminated rhabdomyosarcoma, indi-
cating its potential as a new type of anticancer drug for glucose starvation therapy.
INTRODUCTION

Malignant tumors reprogram metabolic pathways to support the

acquisition and maintenance of their malignant properties (De-

Berardinis and Chandel, 2016). The classic example is the War-

burg effect or aerobic glycolysis (Warburg, 1956). Glycolysis is a

physiological response to hypoxia in normal tissues, but cancer

cells constitutively take up glucose and produce lactate regard-

less of oxygen availability (Koppenol et al., 2011). Thus, addic-

tion to glucose is a hallmark of tumor tissues, which allows

distinguishing between cancer cells and normal tissues (Hana-

han and Weinberg, 2011). Actually, excessive consumption of

glucose in cancers is the basis for 18fluoro-2-DG-positron emis-

sion tomography (FDG-PET) imaging (Hay, 2016; Heiden

et al., 2009).

Increased aerobic glycolysis in cancer cells provides sufficient

energy, as well as promoting their proliferation by providing the
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required building blocks (Hay, 2016; Heiden et al., 2009; Pavlova

and Thompson, 2016). Thus, targeting the glycolytic pathway is a

reasonable approach as a cancer treatment strategy. In the

glycolysis pathway, hexokinase, phosphofructokinase, glucose

transporters, pyruvate dehydrogenase kinase, lactate dehydro-

genase, pyruvate kinase, and fatty acid synthesis/fatty acid

oxidation are potential targets of anticancer therapeutics (Gill

et al., 2016). However, anticancer drugs focusing on the

enzymes of the glycolytic pathway have been clinically unsuc-

cessful (Vander Heiden and DeBerardinis, 2017). Clinical trials

for 2-deoxy-D-glucose (2DG) as a glycolytic inhibitor for cancer

were suspended owing to damage to non-cancerous cells (Gill

et al., 2016; Vander Heiden and DeBerardinis, 2017; Raez

et al., 2013), whereas those for lonidamine, a hexokinase II inhib-

itor, were suspended because of the lack of therapeutic efficacy

or severe complications in patients (Berruti et al., 2002; Pacini

et al., 2000).
Published by Elsevier Ltd.
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Considering the lack of clinical response to the inhibitors of

glycolytic enzymes, we attempted to screen anticancer agents

targeting cancer-specific metabolic pathways with a different

strategy and discovered an interesting molecule, ALESIA (Anti-

cancer Ligand Enhancing Starvation-induced Apoptosis).

RESULTS

Discovery of a compound targeting glucose-addicted
cancer cells
Glucose levels in malignant tumor tissues of patients are lower

than those in the surrounding normal tissues because of theWar-

burg effect (Hirayama et al., 2009). To identify chemicals with

potent cytotoxicity under only low-glucose conditions, we estab-

lished a cell-based screening system using MIA PaCa-2 cells, a

pancreatic carcinoma cell line, because pancreatic cancer is one

of the most malignant neoplasms. Although the average blood

glucose level is approximately 1 g/L, the glucose concentrations

in cancer tissues are only 2%–8% of that volume (Hirayama

et al., 2009). Thus, we defined low-glucose condition as that hav-

ing 0.05 g/L, whereas normal glucose level was 1.0 g/L in our ex-

periments. We focused on a hit compound 414 (c414; Figures

S1A and S1B), which suppressed cell proliferation more effec-

tively at low-glucose conditions than normal-glucose conditions.

For its further characterization, wemainly used HeLa cells, a cer-

vical carcinoma cell line, because they were more susceptible to

c414 than MIA PaCa-2 cells (Figures S1C and S1D). Treatment

with c414 suppressed the growth of HeLa cells in low-glucose

medium on day 1 but not those in the normal-glucose medium

(Figures S1E and S1F). When the medium was not replaced for

4 days, c414 suppressed HeLa cell growth even in normal-

glucose conditions (Figure S1F). Next, we compared the effects

of c414 on healthy and cancerous cells under normal-glucose

condition. The viability of normal human dermal fibroblasts

(NHDFs) was unaffected by c414 (Figure 1A), whereas that of

HeLa cells was significantly suppressed in a dose-dependent

manner on day 3 (Figure 1B). The treated HeLa cells underwent

apoptosis, as indicated by TUNEL assay (Figures 1C and 1D).

Next, we evaluated the anti-tumor potency of c414 using a

panel of 66 human tumor cell lines (Table S1). The cancer panel

analysis was conducted only under normal-glucose conditions.

MIA PaCa-2 survived with the maximum dose of c414 and the

half maximal inhibitory concentration (IC50) was more than

10 mM. BxPC-3 cells were more sensitive to c414 than MIA

PaCa-2 among pancreatic cancer cells. AU-565 (breast cancer)

and SR (lymphoma) cells were as sensitive to c414 as BxPC-3,

whereas A-204 (rhabdomyosarcoma) cells were the most sus-

ceptible (Table S1). This indicates that c414 induces apoptosis

in a cell-type-dependent manner. Subsequently, we searched

for genes that had segregated values of expression level be-

tween the c414-response and non-response groups from the

RNA sequencing (RNA-seq) database (Ghandi et al., 2019) by

nonparametric analysis, exploring the cellular factors that affect

the vulnerability to c414. Specifically, we extracted 53 cancer

cells included in both the RNA-seq data (CCLE_RNAseq_rsem_-

genes_tpm_20180929.txt.gz) published by the Cancer Cell Line

Encyclopedia (CCLE) and our cancer panel analysis, and

selected genes that were expressed in any of the 53 cells

(selected 44,123 genes from 57,820 genes). We performed a
Mann-Whitney U test (Wilcoxon rank-sum test) on four types of

c414-sensitive cells (A-204, AU-565, BxPC-3, and SR) and 49

types of c414-insensitive cells. After p- to q-value conversion

by the Benjamini and Hochberg (BH) method, genes were

checked in order of the lowest q value. Consequently, the top

four genes with large differences in expression levels were all

non-coding RNA, but their expression values were insignificant.

Next, we listed up genes that are downregulated in at least one of

the c414-sensitive cancer cells, searched for a pathway that

these genes are commonly involved in by Metascape (Zhou

et al., 2019), and found that at least one of the related genes to

fatty acid metabolism was downregulated in all c414-sensitive

cancer cells (Figures S1G and S1H).

To identify the anticancer mechanism of c414, we analyzed

the transcriptomes of HeLa and MCF-7, a breast cancer cell

line, and compared the differential gene expressions with or

without c414 treatment. We found that the expression of thiore-

doxin-interacting protein (TXNIP), an oxidative stress-responsive

gene (Zhou et al., 2010), was specifically suppressed by c414

treatment in both cell lines (Figures 1E and S2A–S2C). The

decrease in TXNIP expression was confirmed both at the

mRNA and protein levels in HeLa cells treated with c414 (Figures

S2D, S2E, and 1F). TXNIP is ubiquitously expressed in various

cells and is involved in cellular redox homeostasis by inhibiting

the reducing activity of thioredoxin (Benhar et al., 2009). The

decrease in TXNIP levels indicated that c414 contributed to the

generation of oxidative stress, thereby causing apoptosis (Fig-

ures 1C and 1D). Thus, we examined the production of reactive

oxygen species (ROS) using aminophenyl fluorescein (APF) fluo-

rescent dye and 5-(and-6)-chloromethyl-20,70-dichlorodihydro-
fluorescein diacetate, acetyl ester (CM-H2DCFDA; Figures 1G

and S2F) and nitric oxide (NO) with 4-amino-5-methylamino-

20,70-difluorofluorescein (DAF-FM) diacetate probe (Figure 1H).

Treatment with c414 increased NO levels in HeLa cells but did

not affect ROS (Figures 1G and 1H).

ALESIA results in NO production and glucose starvation
As the compound c414 from the employed chemical library was

racemic, we prepared both isomers and examined their effects

on HeLa cells. After a 3-day treatment, D-c414 and L-c414

increased to 186% and 500%, respectively, in mean fluores-

cence intensity of DAF-FM compared with the solvent (dime-

thylsulfoxide: DMSO) treatment (Figure 2A). The caspase-3 (an

apoptosis marker) activation rates by DMSO, D-c414, and L-

c414 treatment were 4.7%, 9.1%, and 18.0%, respectively (Fig-

ure 2B). Comparing the number of viable cells on days 3 and 4,

L-c414 significantly reduced the number of cells (Figure 2C).

The differences in the ability of the two c414 enantiomers to

promote NO production and induce apoptosis suggested that

L-c414 is specifically bound to a target molecule involved in

these processes. Carboxy-2-phenyl-4,4,5,5-tetramethylimida-

zoline-1-oxyl-3-oxide (cPTIO), an NO scavenger, and NG-

nitro-L-arginine methyl ester (L-NAME), an NO synthase (NOS)

inhibitor, both suppressed L-c414–induced caspase-3 activa-

tion (Figure 2D). Additionally, to examine the effect of L-c414

on proliferating cancer cells, we conducted clonogenic cell sur-

vival assays (Franken et al., 2006). The NOS inhibitor L-NAME

also canceled the effect of L-c414 in the clonogenic cell survival

assay (Figures 2E and 2F). NADPH is utilized by NOS for NO
Cell Chemical Biology 28, 1132–1144, August 19, 2021 1133



Figure 1. Discovery of a compound targeting cancer cell metabolism

(A–D) NHDFs (A) and HeLa cells (B–D) were treated with c414 for 3 days and analyzed using calcein staining (A and B) and TUNEL assay (C and D).

(E) RNA-seq transcriptome analysis of HeLa and MCF-7 cells treated with DMSO or 10 mM c414 for 6 h. Venn diagram showing downregulated genes by c414

treatment. Fold change (FC) % 1/3.

(F) Immunoblot analysis of thioredoxin-interacting protein (TNXIP) and b-tubulin in HeLa cells.

(G and H) ROS (G) and NO (H) production in HeLa cells treated with 20 mM c414 for 3 days or with the ROS-generating agent tert-butyl hydroperoxide (TBHP;

100 mM) for 2 h. In (A)–(D), scale bars correspond to 100 mm. Error bars are expressed as SEM (n = 3). **p < 0.01, ***p < 0.001 (Tukey’s test, compared with DMSO

control).
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synthesis (Alderton et al., 2001) and by NADPH-thioredoxin

oxidoreductase (TrxR) in cellular defense against oxidative

stress (Benhar et al., 2009). Thus, we assessed the amount of

NADPH in HeLa cells treated with L-c414. As expected, the

cellular NADPH levels were remarkably decreased after a

2-day treatment (Figure 2G). Subsequently, we explored

whether an irreversible TrxR inhibitor myricetin promotes the

cell-killing potency of L-c414 in clonogenic cell survival assay

(Figures 2H and 2I) and expectedly observed the inhibition of

TrxR-enhanced responses to L-c414. Cells consume glucose

for NADPH production via the pentose-phosphate pathway (De-

Berardinis and Chandel, 2016; Hay, 2016; Pavlova and Thomp-

son, 2016). We also measured the glucose levels in the culture

medium of HeLa cells. The glucose levels were markedly

decreased in the presence of L-c414 (Figure 2J), whereas that

in the culture medium of non-cancerous cells was considerably

less pronounced (Figure 2K). In the experiments comparing

NHDFs and HeLa cells, we started the culture with the same

cell number (4,000 cells/well), counted the number of cells,

and measured the residual glucose amount in the culture me-
1134 Cell Chemical Biology 28, 1132–1144, August 19, 2021
dium a day after L-c414 treatment. The glucose consumption

rate per cell of HeLa cells was more than double that of NHDF

(Figure S2G). L-c414 treatment promoted glucose consumption

in both cell lines, of which the glucose consumption rate in HeLa

cell line amounted to three timesmore that of NHDF treated with

DMSO. These observations indicated that L-c414 induced

glucose starvation and killed cancer cells. Therefore, we named

L-c414 ALESIA (Figure 2L).

Starvation of nutrients promotes autophagy in mammalian

cells (Mizushima et al., 2010). As ALESIA causes glucose deple-

tion, we next tested whether it induces autophagy using

immunoblot and immunofluorescence of microtubule-associ-

ated protein 1A/1B-light chain 3 (LC3; Figures 3A–3D). Notably,

ALESIA increased LC3-phosphatidylethanolamine conjugate

(LC3-II), a molecular marker of autophagy, in HeLa cells. Addi-

tionally, to examine the cellular response toward ALESIA, we

conducted clonogenic cell survival assays in both normal- and

low-glucose conditions. As expected, ALESIAmarkedly reduced

the survival of HeLa cells in the low-glucose state compared with

that in normal glucose (Figures 3E–3H).



Figure 2. ALESIA causes both glucose starvation and cell death in cancer cells by inducing NO production

(A and B) NO production (A) and apoptosis (B) in HeLa cells treated with 20 mM D-c414 or L-c414 for 3 days. The cells were stained with an active caspase-3

indicator NucView488 and the dead cell indicator RedDot-2.

(C) HeLa cells were treated with D-c414 or L-c414 for 3 or 4 days, respectively. Cells were analyzed using calcein staining. Error bars, SEM (n = 3).

(D) Apoptosis of HeLa cells treated with 10 mM L-c414 for 15 h in a glucose-free medium. The cells were stained with NucView488 and the dead cell indicator

DRAQ7. HeLa cells were incubated with the vehicle, cPTIO (0.2 mM), or NG-nitro-L-arginine methyl ester (L-NAME; 4 mM) for 1 h before L-c414 was added.

(E and F) Representative images (E) and quantification of colony numbers (F) of clonogenic cell survival assay for HeLa cells. The cells were fixed with methanol

and stained with crystal violet. HeLa cells were treated with L-c414 (10 mM) and L-NAME (1 mM) for 14 days. Error bars, SEM (n = 3).

(G) NADPH concentration in HeLa cells after L-c414 treatment. Error bars, SEM (n = 4).

(H and I) Representative images (H) and quantification of colony numbers (I) of clonogenic cell survival assay for HeLa cells. HeLa cells were treated with L-c414

(10 mM) and myricetin (6 mM) for 14 days. Error bars, SEM (n = 4).

(J and K) Residual glucose levels in the culture medium of HeLa cells (J) or NHDFs (K) after L-c414 treatment. Error bars, SEM (n = 6).

(L) Chemical structure of ALESIA. In (C), (F), and (I), *p < 0.05, **p < 0.01, ****p < 0.0001 (Tukey’s test).

In (G), (J), and (K), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Tukey’s test, compared with DMSO control); ns, not significant.
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We have confirmed that ALESIA increases glucose consump-

tion and leads to glucose depletion in cancer cells (Figure 2J),

and that low-glucose conditions induce NADPH deficiency (Fig-

ure 2G) and enhance its anticancer effects (Figures 3E–3H). Simi-

larly, to confirm that the suppression of NADPH production
enhanced the effects of ALESIA, we also examined cell prolifer-

ation after hexokinase inhibition. Here, we examined using cervi-

cal cancer C33A cells suitable for xenograft experiments. As

expected, the combined use of the hexokinase inhibitor 2DG

and ALESIA markedly suppressed C33A cell proliferation
Cell Chemical Biology 28, 1132–1144, August 19, 2021 1135



Figure 3. Suppression of NADPH production enhances the effects of ALESIA

(A and B) Immunoblot analysis of microtubule-associated protein 1A/1B-light chain 3 (LC3) and g1-actin in HeLa cells. Immunoblot images (A) and densitometric

analysis of LC3-II/LC3-I ratio (B). HeLa cells were treated with 20 mM ALESIA for 2 days. Error bars, SEM (n = 3). ***p < 0.001 (Student’s t test). The images are

representative of two experiments.

(C and D) Immunofluorescent analysis of LC3 in HeLa cells. Confocal microscopic images (C) and the numbers of LC3 puncta per cell (D). HeLa cells were treated

with 10 mM ALESIA for 2 days and visualized by using Opera after LC3, b-tubulin, and Hoechst 33342 staining. The numbers of LC3 puncta per cell were

calculated by using Opera. Scale bars correspond to 20 mm. Error bars, SEM (n = 3). **p < 0.01 (Student’s t test).

(E–H) Clonogenic cell survival assay for ALESIA in HeLa cells. The cells were fixed with methanol and stained with crystal violet. HeLa cells were treated with

ALESIA for 14 days under normal-glucose (E and F) and low-glucose (G and H) conditions. Error bars, SEM (n = 4). ***p < 0.001, ****p < 0.0001 (Tukey’s test,

compared with DMSO control).

(I) C33A cells were treated with 22DG (2 mM), ALESIA (10 mM), or 2DG with ALESIA for 1 day and analyzed using calcein staining. Error bars, SEM (n = 4).

****p < 0.0001 (Tukey’s test).

(J) Schematic of the xenografted mouse experiments.

(K) Subcutaneous growth of C33A cells producing GLuc in mice. Mice (BALB/c-nu/nu) were inoculated with C33A cells and treated with the 2DG or 2DG with

ALESIA orally. Error bars, SEM (n = 9). **p < 0.01 (two-way ANOVA).

(L) GLuc activity in the serum 28 days after treatment. Error bars, SEM (n = 9). *p < 0.05 (Student’s t test).

(M) End-stage tumor sections from 2DG- or 2DG with ALESIA-treated mice, stained with hematoxylin and eosin (H&E), or Hoechst 33342, and subjected to

TUNEL assay. Scale bars, 100 mm.
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in vitro (Figure 3I) and in vivo (Figures 3J–3M), whereas the treat-

ment had no adverse effect on the weight of xenograft mice

(Figure S3).

ALESIA binds to sphingosine-1-phosphate receptor 3
In the regulation of TXNIP expression by glucose, AMP-activated

protein kinase (AMPK) plays a crucial role (Wu et al., 2013). The

decrease in TXNIP abundance induced by ALESIA treatment
1136 Cell Chemical Biology 28, 1132–1144, August 19, 2021
suggests that ALESIA contributes to AMPK activation. In addi-

tion, we sought to identify the putative targets of ALESIA by

searching the SciFinder database for structural similarities be-

tween ALESIA and other compounds with known targets/

signaling pathways. The search results also suggested that ALE-

SIA could be an AMPK activator. We administered ALESIA to

murine bone marrow-derived macrophages (BMMs) to examine

whether ALESIA activated the AMPK pathway since BMMs



Figure 4. ALESIA is an S1PR3 agonist

(A) Immunoblot analysis of phosphorylated AMPK, ACC, and AKT in murine BMMs treated with ALESIA after an 8-h starvation with M-CSF.

(B) Immunoblot analysis of phosphorylated signal transducer and activator of transcription (STAT) 1, STAT3, AKT, and ACC. BMMs were treated with DMSO,

ALESIA (50 mM), or M-CSF (50 ng/mL) after an 8-h M-CSF starvation.

(C) GPCR screening using TGFa shedding assay.

(D) Activation of S1PR3 by ALESIA, a selective agonist, or a natural ligand using TGFa shedding assays. Error bars, SEM (n = 4).

(E) Docked structure for ALESIA (model 1), viewed from themembrane plane. S1PR3 and ALESIA are shown as green cylinders and yellow Corey-Pauling-Koltun

(CPK) model, respectively. Right panel, zoomed in the ALESIA-binding site. ALESIA and contact residues are shown as sticks colored in yellow and green,

respectively.
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express the macrophage colony-stimulating factor (M-CSF) re-

ceptor and are sensitive toM-CSF. The result shows that ALESIA

treatment enhanced the phosphorylation of AMPK and acetyl

coenzyme A (CoA) carboxylase (ACC, an AMPK substrate) in

both HeLa cells and BMMs (Figure S4A and 4A), although an

in vitro kinase assay revealed that ALESIA indirectly activated

AMPK (Figure S4B). Moreover, ALESIA induced the phosphory-

lation of AKT within 5 min (Figure 4A). Hence, we hypothesized

that the cellular target of ALESIA is a cell-surface receptor. Re-

ceptors capable of simultaneously phosphorylating both AMPK

and AKT were considered to be either G protein-coupled recep-

tors (GPCRs) or receptor tyrosine kinases (Lappano andMaggio-

lini, 2011). If ALESIA activates the receptor tyrosine kinase

pathway, tyrosine phosphorylation of the signal transducer and

activator of transcription (STAT) 1 or STAT3 would be induced

(Lappano and Maggiolini, 2011). However, ALESIA failed to

enhance tyrosine phosphorylation in BMMs, whereas M-CSF,

a positive control, induced the phosphorylation of both (Fig-

ure 4B). Thus, we reasoned that the target molecule of ALESIA

must be a GPCR and assessed the activation of 226 types of

mainly class A GPCRs (Hauser et al., 2017) induced by ALESIA
using the transforming growth factor a (TGFa) shedding assay

in HEK293A cells (Inoue et al., 2012). In this assay, GPCR activa-

tion is determined based on the ectodomain shedding of alkaline

phosphatase-tagged TGFa (AP-TGFa) (Inoue et al., 2012). ALE-

SIA induced the shedding of AP-TGFa only in sphingosine-1-

phosphate receptor 3 (S1PR3)-expressing cells (Figure 4C) in a

concentration-dependent manner with the negative logarithm

of the half maximal effective concentration (pEC50) = 5.34 ±

0.15 (Figures 4D and S5A). Docking simulations with S1PR3 ag-

onists (Figure S5B) indicated that ALESIA binds to the putative

orthosteric binding site of S1PR3 (Figure 4E). Furthermore, the

inhibitory effect of ALESIA on HeLa cell proliferation was signifi-

cantly diminished by the S1PR3 antagonist CAY10444 (Fig-

ure S6A). The selective agonist of S1PR3, CYM-5541 (Jo et al.,

2012), and the endogenous ligand sphingosine-1-phosphate

(S1P) also stimulated the release of AP-TGFa in a concentra-

tion-dependent manner, with pEC50 values of 6.49 ± 0.11 and

8.22 ± 0.06, respectively (Figures 4D and S5A). S1P inhibits the

Hippo pathway kinases, large tumor suppressor kinase 1/2

(LATS 1/2) through G12/13-coupled receptors. Inhibition of

LATS 1/2 activates Yes-associated protein (YAP) transcription
Cell Chemical Biology 28, 1132–1144, August 19, 2021 1137
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coactivator by dephosphorylation of YAP (Yu et al., 2012). There-

fore, we analyzed the effect of ALESIA on YAP phosphorylation

state in HeLa cells using immunoblot and found that ALESIA

enhanced dephosphorylation of YAP, although the effect is

much weaker than that of S1P (Figures S6B and S6C).

ALESIA is a biased agonist of S1PR3 and specifically
transmits the signal to G12

Rhabdomyosarcoma A-204 cells express high levels of S1PR3

(Ghandi et al., 2019) and were most sensitive to ALESIA in the

cancer panel under normal-glucose conditions (Table S1).

Therefore, we tested the NO production ability of each S1PR3

agonist in A-204 cells. ALESIA induced NO synthesis more

significantly than CYM-5541 (Figure S6D), although the pEC50

value of ALESIA was lower than that of CYM-5541. Unlike the tu-

mor growth-inhibiting effect of ALESIA (Figures S6E and S6F), it

is reported that both S1P and CYM-5541 have tumor growth-

promoting effects provably through prostaglandin E2 production

(Filipenko et al., 2016; Kunkel et al., 2013; Visentin et al., 2006;

Wang and Dubois, 2010; Yu et al., 2018). Based on these find-

ings, we hypothesized that ALESIA is of a different type of

S1PR3 agonist from CYM-5541.

S1PR3 transmits the S1P-induced signals via Gi, Gq/11, and

G12/13 (Inoue et al., 2019; Windh et al., 1999). Among these,

G12 is reported to enhance the total endothelial NOS (eNOS) ac-

tivity (Andreeva et al., 2006). To analyze the ALESIA-induced

signal transduction downstream of S1PR3, we evaluated the

activation of TGFa shedding in cells where either the Gq or G12

genewas deleted. As expected, ALESIA did not induce shedding

activity in G12-deficient HEK293A cells, whereas CYM-5541 and

S1P did (Figure 5A and S6G). In addition, in G12-deficient

HEK293A cells, ALESIA failed to induce NO production via

S1PR3 (Figure 5B).

Next, we evaluated the recruitment of b-arrestin to S1PR3 by

the agonists. The involvement of b-arrestin in GPCR desensitiza-

tion is controlled by S-nitrosylation attributed to NO (Whalen

et al., 2007). The cellular trafficking of b-arrestin was evaluated

using the NanoLuc Binary Technology (NanoBiT). In this assay,

the recruitment of b-arrestin to the plasma membrane after

agonist stimulation of S1PR3 in HEK293A cells was monitored

based on the luminescence signal between SmBiT–S1PR3

fusion and LgBiT–b-arrestin fusion proteins. S1P and CYM-

5541 caused a significant increase in luminescence, whereas

ALESIA did not, having neither b-arrestin1 nor b-arrestin2 (Fig-

ures 5C and S6H). These experiments collectively support a

model in which ALESIA stimulates S1PR3–G12 biasedly, as

shown in Figure 6.

ALESIA improves survival against rhabdomyosarcoma
expressing high levels of S1PR3
To evaluate its applicability to cancer starvation therapy, we

tested its effect on A-204 cells both in vitro and in vivo. As ex-

pected, ALESIA dramatically reduced the clonogenic survival

of A-204 cells in a dose-dependent manner (Figures 7A and

7B). Before the in vivo experiment, we confirmed the safety of

ALESIA administration. BALB/c mice were intraperitoneally

administered with a 50-mg/kg/dose of ALESIA 10 times for

2 weeks. As the administration showed no adverse effects in

mice (Figure S7A), we proceeded to its in vivo testing. Severe
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combined immunodeficient (SCID) mice were intraperitoneally

implanted with A-204 cells (53 106 cells per mouse), which sta-

bly express Gaussia luciferase (GLuc) as a marker (Figure 7C).

Seven weeks after the implantation, we divided them into two

groups after normalizing the average GLuc activity in the blood

(Figure S7B). Subsequently, we intraperitoneally administered

a 50-mg/kg/dose of ALESIA to these mice 40 times for 8 weeks.

ALESIA administration significantly improved the survival in mice

with the A-204 xenograft (p < 0.05; Figure 7D).

DISCUSSION

In this study, we identified a unique S1PR3–G12-biased agonist

from a phenotypic screening and named it ALESIA. ALESIA pro-

moted NO production and oxidative stress in the treated cells. In

order to reduce this oxidative stress, cancer cells need to pro-

duce more NADPH. Generation of NADPH leads to further

glucose depletion in cancer cells, while normal cells are able to

cope. Eventual glucose exhaustion impaired cancer cell defense

against oxidative stress, yielding apoptosis selectively in cancer

cells. Consequently, ALESIA selectively induced cell death in the

tumor, without any adverse effects on healthy tissues even

in vivo.

It had been generally believed that AKT is involved in control-

ling energy metabolism, which is coupled to its ability to inhibit

apoptosis induced by a variety of apoptotic stimuli and to pro-

mote cell-cycle progression in mammalian cells (Plas and

Thompson, 2005). However, Nogueira et al. (2008) reported

that cancer cells expressing activated AKT are selectively killed

by oxidative stress. Our observation that the administration of

ALESIA induced AKT phosphorylation and enhanced apoptosis

in HeLa cells is consistent with that of Nogueira et al. (2008). ALE-

SIA induces oxidative stress via the S1PR3–G12-mediated NO

production and selectively promotes apoptosis in cancer cells,

which cannot produce sufficient NADPH through the pentose-

phosphate pathway because of glucose exhaustion. In fact,

the normal cells treated with ALESIA in vitro were not adversely

affected, and the mice intraperitoneally administrated with ALE-

SIA gainedweight normally without showing any toxic symptoms

after observation for 2 weeks. ALESIA did not give any toxic ef-

fect in normal proliferating cells, such as intestinal epithelial cells

and bone marrow cells, which are susceptible to chemotherapy

and radiotherapy, because they can still regulate mitochondrial

oxidative phosphorylation (Zheng, 2012). However, we cannot

deny the possibility that ALESIA gives an adverse effect in other

immune cells and stem cells that reprogram their metabolism in a

manner similar to cancer (Ito and Suda, 2014; Pearce et al.,

2013). S1PR3 is known to be expressed in many types of normal

cells. In the case of human immune cells, S1PR3 expression is

confirmed in B lymphocytes, monocytes, macrophages, neutro-

phils, eosinophils, mast cells, and dendritic cells (Blaho and Hla,

2014), and is reported to be required for normal B cell develop-

ment (Donovan et al., 2010). Rodent heart has abundant expres-

sion of S1PR3 on myocytes and perivascular smooth muscle

cells (Forrest et al., 2004; Sanna et al., 2004). Although the effect

of ALESIA on normal cells was limited (for example, 20% inhibi-

tory concentration of ALESIA on splenocyte proliferation was

over 10 mM in 3-day culture), the development of ALESIA and

its derivatives for their practical uses as anticancer agents with



Figure 5. ALESIA exhibits an original G12-biased agonism

(A) Activation of S1PR3 by ALESIA, a selective agonist, or by a natural ligand induces TGFa shedding via both Gq and G12. DGq, cells lacking Gq; DG12, cells

lacking G12; DGq/DG12, cells lacking both Gq and G12. Error bars, SEM (n = 3–4).

(B) NO production induced by ALESIA. HEK293A cells were transfected with the control vector or the S1PR3 expression vector. After 2 days, they were treated

with 10 mM ALESIA for 18 h in DMEM containing 0.2 g/L glucose and 1% FBS and stained with DAF-FM. Error bars, SEM (n = 3). *p < 0.05 (Tukey’s test).

(C) Dose-response curves for NanoBiT–b-arrestin recruitment to S1PR3 by agonists. HEK293A parental cells were transiently transfected with S1PR3 and

assayed the following day. Error bars, SEM (n = 4–6).
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caution for the potency of adverse effects on these cells is

crucial.

The assessment of the activation of 226 GPCRs through the

TGFa shedding assay suggested that ALESIA was a specific

agonist of S1PR3, although ALESIA weakly activated bradykinin

receptor B1, adenosine A1 receptor, G Protein-Coupled Recep-

tor 17, and lysophosphatidic acid receptor 5 at the low-mM

range. Rhabdomyosarcoma is a typical childhood tumor, but

adult-onset rhabdomyosarcoma often has a worse outcome

(Sultan et al., 2009). The rhabdomyosarcoma cell line A-204

highly expresses S1PR3 mRNA (Ghandi et al., 2019) and was

the most vulnerable to ALESIA in our cancer panel analysis.
Therefore, we used A-204 xenograft mice for the in vivo test,

and ALESIA significantly improved their survival, as expected.

However, our analysis of RNA-seq data for cancer cells indicated

that the expression levels of S1PR3 do not simply determine

the sensitivity of cancer cells to ALESIA and suggested the pos-

sibility that fatty acidmetabolismmay affect it. In order to find out

the best target of ALESIA for clinical application, we need to

further analyze the cellular factors that cause the anticancer

effect.

Several studies have addressed that the binding of S1P

to S1PR3 suppresses the activation of autophagy (Ghosal

et al., 2016; Taniguchi et al., 2012), whereas ALESIA induced
Cell Chemical Biology 28, 1132–1144, August 19, 2021 1139



Figure 6. Schematic overview of the pro-

posed action mechanism of ALESIA

ALESIA strongly promotes NO production via the

S1PR3–G12-biased action without b-arrestin

recruitment. The cells then consume cellular

NADPH to reduce the oxidative stress caused by

increased levels of NO. Because cancer cells store

considerably less glucose compared with normal

cells, NADPH generation from NADP+ leads to the

depletion of cellular glucose in cancer cells, but

normal cells are tolerant because they stock

enough. Glucose exhaustion in cancer cells results

in the lack of cellular defenses owing to NADPH

deficiency, and excess oxidative stress eventually

induces their cell death, whereas normal cells

survive.

ll
Article
autophagy. This discrepancy could be explained by the

distinctive feature of ALESIA, which functions as an S1PR3–

G12-biased agonist because G12 overexpression induces the

activation of autophagy (Kim et al., 2018). Chemotherapy

drugs, such as doxorubicin, paclitaxel, and docetaxel, are

also autophagy inducers (Ramakrishnan et al., 2012) and pro-

voke oxidative stress (Pieniazek et al., 2013). Thus, the

combining existing anticancer drugs with ALESIA may posi-

tively enhance their therapeutic effects on cancer. In addition,

ALESIA may improve the efficacy of chemo-radiotherapy as

the glycolytic inhibitor 2DG improved chemo-radio-sensitiza-

tion in a clonogenic survival assay (Coleman et al., 2008; Lin

et al., 2003). Although the MAPK14/p38a-dependent modula-

tion of glucose metabolism affects ROS levels and autophagy

during starvation (Desideri et al., 2014), we could not detect

significant ROS production using ALESIA treatment, suggest-

ing that the S1PR3–G12-biased agonistic pathway is indepen-

dent of the MAPK14/p38a signal. It has been reported that

activation of AKT and AMPK phosphorylates and activates

eNOS enzyme, thereby leading to NO production (Fulton

et al., 1999; Gupta et al., 2017). However, further studies are

needed regarding the involvement of AKT and AMPK in NO

production via S1PR3–G12.

S1P has been implicated in cancer progression by regulating

tumor proliferation and invasion through inhibition of the Hippo

pathway with YAP dephosphorylation (Yu et al., 2018). ALESIA

also induced YAP dephosphorylation, but the effect was much

weaker than that of S1P, suggesting the possibility that we can

develop more potent anticancer derivatives of ALESIA if the

inhibitory effect on LATS 1/2 is minimized. ALESIA selectively

transmits the G12-protein signal without the recruitment of

b-arrestin to the plasma membrane upon S1PR3 action and

induces the excessive production of NO. Thus, ALESIA is a

unique biased agonist of S1PR3 (Violin et al., 2014), the struc-

ture of which remains unknown. Drug discovery based on the
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concept of biased agonism yields new

therapeutics, the usage of which is devoid

of the adverse effects of existing drugs

(Bologna et al., 2017; Galvani et al.,

2015; Kenakin and Christopoulos, 2013;

Manglik et al., 2016). For example,

an opioid agonist, which has G protein-
biased modulation, can eliminate adverse effects such as

the respiratory depression mediated by b-arrestin signaling

(DeWire et al., 2013; Manglik et al., 2016). Therefore, we

intend to elucidate the crystal structure of the S1PR3/ALESIA

complex to reveal its G12-biased signaling mechanism. This in-

formation would allow the development of a new type of biased

agonists of GPCRs and remarkably expand the field of drug

discovery.

SIGNIFICANCE

Our results indicated that ALESIA is a unique biased agonist

of S1PR3, which supported the finding that ALESIA strongly

induced NO production and selectively killed cancer cells.

Its elucidated mode of action is as follows: (1) ALESIA pro-

motes NO production by stimulating S1PR3–G12 coupling

without b-arrestin recruitment; (2) cancer cells consume

NADPH to reduce the oxidative stress associated with

induced NO production, thereby requiring more glucose

than usual for NADPH supplementation; (3) the eventual

depletion of glucose leads to NADPH deficiency and impairs

cellular defenses against oxidative stress; and (4) the oxida-

tive stress eventually kills cancer cells, whereas normal cells

can survive because of greater glucose storage. In tumor

model experiments, ALESIA administration improves sur-

vival in xenograft mice of rhabdomyosarcoma expressing

high levels of S1PR3. These findings support the hypothesis

that ALESIA is a new type of biased agonist targeting S1PR3

and could be used for an anticancer drug that enhances the

effects of glucose starvation therapy. Additionally, the dis-

covery of ALESIA provides the tool to elucidate the physio-

logical role of the S1PR3-biased signaling, giving us insights

into the presence of an endogenous biased ligand that mod-

ulates signaling in four major families of heterotrimeric G

protein.



Figure 7. ALESIA attenuates death in a xenograft model with perito-

neal dissemination of rhabdomyosarcoma

(A and B) Representative images (A) and quantification of colony numbers (B)

of clonogenic cell survival assay for A-204 cells. A-204 cells were treated with

ALESIA for 4 weeks. The cells were fixed with methanol and stained with

crystal violet. Error bars, SEM (n = 4). *p < 0.05, ****p < 0.0001 (Tukey’s test,

compared with DMSO control).

(C) Schematic of the xenografted mouse experiments.

(D) The survival rate in xenograftedmice treatedwith a vehicle (salinewith 0.05%

Tween 80) or ALESIA (50mg/kg; n = 11mice per group). *p < 0.05 (Log rank test).
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Inoue, A., and Hébert, T.E. (2017). Conformational profiling of the AT1 angio-

tensin II receptor reflects biased agonism, G protein coupling, and cellular

context. J. Biol. Chem. 292, 5443–5456.

DeWire, S.M., Yamashita, D.S., Rominger, D.H., Liu, G., Cowan, C.L., Graczyk,

T.M., Chen, X.-T., Pitis, P.M., Gotchev, D., Yuan, C., et al. (2013). A G protein-

biased ligand at the m-opioid receptor is potently analgesic with reduced

gastrointestinal and respiratory dysfunction compared with morphine.

J. Pharmacol. Exp. Ther. 344, 708–717.

Dixon, A.S., Schwinn, M.K., Hall, M.P., Zimmerman, K., Otto, P., Lubben, T.H.,

Butler, B.L., Binkowski, B.F., MacHleidt, T., Kirkland, T.A., et al. (2016).

NanoLuc complementation reporter optimized for accurate measurement of

protein interactions in cells. ACS Chem. Biol. 11, 400–408.

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut,

P., Chaisson,M., andGingeras, T.R. (2013). STAR: ultrafast universal RNA-seq

aligner. Bioinformatics 29, 15–21.

Donovan, E.E., Pelanda, R., and Torres, R.M. (2010). S1P3 confers differential

S1P-inducedmigration by autoreactive and non-autoreactive immature B cells

and is required for normal B-cell development. Eur. J. Immunol. 40, 688–698.

Filipenko, I., Schwalm, S., Reali, L., Pfeilschifter, J., Fabbro, D., Huwiler, A.,

and Zangemeister-Wittke, U. (2016). Upregulation of the S1P3 receptor inmet-

astatic breast cancer cells increases migration and invasion by induction of

PGE2 and EP2/EP4 activation. Biochim. Biophys. Acta 1861, 1840–1851.

Forrest, M., Sun, S.Y., Hajdu, R., Bergstrom, J., Card, D., Doherty, G., Hale, J.,

Keohane, C., Meyers, C., Milligan, J., et al. (2004). Immune cell regulation and

Cardiovascular effects of sphingosine 1-phosphate receptor agonists in ro-

dents are mediated via distinct receptor subtypes. J. Pharmacol. Exp. Ther.

309, 758–768.

Franken, N.A.P., Rodermond, H.M., Stap, J., Haveman, J., and van Bree, C.

(2006). Clonogenic assay of cells in vitro. Nat. Protoc. 1, 2315–2319.

Fulton, D., Gratton, J.P., McCabe, T.J., Fontana, J., Fujio, Y., Walsh, K.,

Franke, T.F., Papapetropoulos, A., and Sessa, W.C. (1999). Regulation of

endothelium-derived nitric oxide production by the protein kinase Akt.

Nature 399, 597–601.

Galvani, S., Sanson, M., Blaho, V.A., Swendeman, S.L., Obinata, H., Conger,

H., Dahlb€ack, B., Kono, M., Proia, R.L., Smith, J.D., et al. (2015). HDL-bound

sphingosine 1-phosphate acts as a biased agonist for the endothelial cell re-

ceptor S1P1 to limit vascular inflammation. Sci. Signal. 8, ra79.
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D.E. (2017). Trends in GPCR drug discovery: new agents, targets and indica-

tions. Nat. Rev. Drug Discov. 16, 829–842.

http://refhub.elsevier.com/S2451-9456(21)00004-0/sref1
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref1
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref1
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref1
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref2
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref2
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref3
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref3
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref3
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref3
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref4
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref4
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref5
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref5
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref5
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref6
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref6
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref6
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref6
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref6
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref7
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref7
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref7
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref8
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref8
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref8
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref9
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref9
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref9
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref9
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref10
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref10
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref10
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref10
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref11
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref11
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref12
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref12
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref12
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref13
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref13
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref13
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref13
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref14
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref14
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref14
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref14
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref14
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref15
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref15
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref15
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref15
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref16
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref16
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref16
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref17
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref17
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref17
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref18
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref18
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref18
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref18
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref19
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref19
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref19
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref19
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref19
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref20
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref20
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref21
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref21
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref21
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref21
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref22
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref22
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref22
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref22
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref22
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref23
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref23
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref23
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref23
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref24
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref24
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref24
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref24
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref25
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref25
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref25
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref25
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref26
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref26
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref26
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref26
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref27
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref27
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref28
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref28
http://refhub.elsevier.com/S2451-9456(21)00004-0/sref28


ll
Article
Hay, N. (2016). Reprogramming glucose metabolism in cancer: can it be ex-

ploited for cancer therapy? Nat. Rev. Cancer 16, 635–649.

Heiden, M.G.V., Cantley, L.C., and Thompson, C.B. (2009). Understanding the

Warburg effect: the metabolic requirements of cell proliferation. Science 324,

1029–1033.

Hirayama, A., Kami, K., Sugimoto, M., Sugawara, M., Toki, N., Onozuka, H.,

Kinoshita, T., Saito, N., Ochiai, A., Tomita,M., et al. (2009). Quantitativemetab-

olome profiling of colon and stomach cancer microenvironment by capillary

electrophoresis time-of-flight mass spectrometry. Cancer Res. 69,

4918–4925.

Inoue, A., Ishiguro, J., Kitamura, H., Arima, N., Okutani, M., Shuto, A.,

Higashiyama, S., Ohwada, T., Arai, H., Makide, K., et al. (2012). TGFa shedding

assay: an accurate and versatile method for detecting GPCR activation. Nat.

Methods 9, 1021–1029.

Inoue, A., Raimondi, F., Kadji, F.M.N., Singh, G., Kishi, T., Uwamizu, A., Ono,

Y., Shinjo, Y., Ishida, S., Arang, N., et al. (2019). Illuminating G-protein-

coupling selectivity of GPCRs. Cell 177, 1933–1947.e25.

Ito, K., and Suda, T. (2014). Metabolic requirements for the maintenance of

self-renewing stem cells. Nat. Rev. Mol. Cell Biol. 15, 243–256.

Jo, E., Bhhatarai, B., Repetto, E., Guerrero, M., Riley, S., Brown, S.J., Kohno,

Y., Roberts, E., Sch€urer, S.C., and Rosen, H. (2012). Novel selective allosteric

and bitopic ligands for the S1P3receptor. ACS Chem. Biol. 7, 1975–1983.

Kenakin, T., and Christopoulos, A. (2013). Signalling bias in new drug discov-

ery: detection, quantification and therapeutic impact. Nat. Rev. Drug Discov.

12, 205–216.

Kii, I., Sumida, Y., Goto, T., Sonamoto, R., Okuno, Y., Yoshida, S., Kato-

Sumida, T., Koike, Y., Abe, M., Nonaka, Y., et al. (2016). Selective inhibition

of the kinase DYRK1A by targeting its folding process. Nat. Commun.

7, 11391.

Kim, K.M., Han, C.Y., Kim, J.Y., Cho, S.S., Kim, Y.S., Koo, J.H., Lee, J.M., Lim,

S.C., Kang, K.W., Kim, J.-S., et al. (2018). Ga12 overexpression induced by

miR-16 dysregulation contributes to liver fibrosis by promoting autophagy in

hepatic stellate cells. J. Hepatol. 68, 493–504.

Koppenol, W.H., Bounds, P.L., and Dang, C.V. (2011). Otto Warburg’s contri-

butions to current concepts of cancer metabolism. Nat. Rev. Cancer 11,

325–337.

Kunkel, G.T., MacEyka, M., Milstien, S., and Spiegel, S. (2013). Targeting the

sphingosine-1-phosphate axis in cancer, inflammation and beyond. Nat.

Rev. Drug Discov. 12, 688–702.

Lappano, R., and Maggiolini, M. (2011). G protein-coupled receptors: novel

targets for drug discovery in cancer. Nat. Rev. Drug Discov. 10, 47–60.

Li, B., and Dewey, C.N. (2011). RSEM: accurate transcript quantification from

RNA-Seq data with or without a reference genome. BMC Bioinformatics

12, 323.

Lin, X., Zhang, F., Bradbury, C.M., Kaushal, A., Li, L., Spitz, D.R., Aft, R.L., and

Gius, D. (2003). 2-Deoxy-D-glucose-induced cytotoxicity and radiosensitiza-

tion in tumor cells is mediated via disruptions in thiol metabolism. Cancer

Res. 63, 3413–3417.

Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold

change and dispersion for RNA-seq data with DESeq2. Genome Biol.

15, 1–21.

Madhavi Sastry, G., Adzhigirey, M., Day, T., Annabhimoju, R., and Sherman,

W. (2013). Protein and ligand preparation: parameters, protocols, and influ-

ence on virtual screening enrichments. J. Comput. Aided Mol. Des. 27,

221–234.

Manglik, A., Lin, H., Aryal, D.K., McCorvy, J.D., Dengler, D., Corder, G., Levit,

A., Kling, R.C., Bernat, V., H€ubner, H., et al. (2016). Structure-based discovery

of opioid analgesics with reduced side effects. Nature 537, 185–190.

Mizushima, N., Yoshimori, T., and Levine, B. (2010). Methods in mammalian

autophagy research. Cell 140, 313–326.

Nakano-Kobayashi, A., Awaya, T., Kii, I., Sumida, Y., Okuno, Y., Yoshida, S.,

Sumida, T., Inoue, H., Hosoya, T., and Hagiwara, M. (2017). Prenatal neuro-

genesis induction therapy normalizes brain structure and function in Down

syndrome mice. Proc. Natl. Acad. Sci. U S A 114, 10268–10273.
Nogueira, V., Park, Y., Chen, C.C., Xu, P.Z., Chen,M.L., Tonic, I., Unterman, T.,

and Hay, N. (2008). Akt determines replicative senescence and oxidative or

oncogenic premature senescence and sensitizes cells to oxidative apoptosis.

Cancer Cell 14, 458–470.

Oslowski, C.M., Hara, T., O’Sullivan-Murphy, B., Kanekura, K., Lu, S., Hara,

M., Ishigaki, S., Zhu, L.J., Hayashi, E., Hui, S.T., et al. (2012). Thioredoxin-in-

teracting protein mediates ER stress-induced b cell death through initiation

of the inflammasome. Cell Metab. 16, 265–273.

O’Leary, N.A., Wright, M.W., Brister, J.R., Ciufo, S., Haddad, D., McVeigh, R.,

Rajput, B., Robbertse, B., Smith-White, B., Ako-Adjei, D., et al. (2016).

Reference sequence (RefSeq) database at NCBI: current status, taxonomic

expansion, and functional annotation. Nucleic Acids Res. 44, D733–D745.

Pacini, P., Rinaldini, M., Algeri, R., Guarneri, A., Tucci, E., Barsanti, G., Neri, B.,

Bastiani, P., Marzano, S., and Fallai, C. (2000). FEC (5-fluorouracil, epidoxor-

ubicin and cyclophosphamide) versus EM (epidoxorubicin and mitomycin-C)

with or without lonidamine as first-line treatment for advanced breast cancer.

A multicentric randomised study. Final results. Eur. J. Cancer 36, 966–975.

Pavlova, N.N., and Thompson, C.B. (2016). The Emerging hallmarks of cancer

metabolism. Cell Metab. 23, 27–47.

Pearce, E.L., Poffenberger, M.C., Chang, C.-H., and Jones, R.G. (2013).

Fueling immunity: insights into metabolism and lymphocyte function.

Science 342, 1242454.

Pieniazek, A., Czepas, J., Piasecka-Zelga, J., Gwoådzi�nski, K., and Koceva-
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TrypLE express Thermo Fisher Scientific Cat# 12604-013
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NADP/NADPH Extraction Buffer BioVision Cat# K347-100-1

NADP/NADPH-Glo Assay Promega Cat# G9081

Pierce 660nm Protein Assay Reagent Thermo Fisher Scientific Cat# 22660

Glucose Colorimetric Assay Kit Cayman Chemical Cat# 10009582

Deposited data

RNA-seq RAW and analyzed data This paper GEO: GSE143670

Refseq GRCh37.p5 O’Leary et al., 2016 PMID: 26553804

Cancer Cell Line Encyclopedia Ghandi et al., 2019 PMID: 31068700

Experimental models: cell lines

Human: MIA PaCa-2 cells JCRB JCRB0070

Human: HeLa cells JCRB JCRB9004

Human: MCF-7 cells JCRB JCRB0134

Human: Normal Human Dermal Fibroblasts

(NHDF), juvenile foreskin

PromoCell C-12300

Human: C33A cells ATCC HTB-31

Human: GLuc-stable C33A cells Ajiro et al., 2018 PMID: 29712686

Human: A-204 cells ATCC HTB-82
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Human: GLuc-stable A-204 cells This paper N/A

Mouse: CMG14-12 cells Takeshita et al., 2000 PMID: 10934646

Human: HEK293 cells (parental

HEK293) cells

Inoue et al., 2012 PMID: 22983457

Human: DGq HEK293 cells Schrage et al., 2015 CL1; PMID: 26658454

Human: DG12 HEK293 cells Devost et al., 2017 CL3; PMID: 28213525

Human: DGq/DG12 HEK293 cells Devost et al., 2017 CL4-1; PMID: 28213525

Experimental models: organisms/strains

Mouse: C57BL/6JmsSlc Japan SLC N/A

Mouse: BALB/cCrSlc Japan SLC N/A

Mouse: BALB/c Slc-nu/nu Japan SLC N/A

Mouse: C.B-17/IcrHsd-Prkdcscid Japan SLC N/A

Oligonucleotides

TXNIP, forward, 50-
CAGCCAACAGGTGAGAATGA-30

Oslowski et al., 2012 PMID: 22883234

TXNIP, reverse, 50-
TTGAAGGATGTTCCCAGAGG-30

Oslowski et al., 2012 PMID: 22883234

ACTB, forward, 50-
TTGGCAATGAGCGGTTCC-30

Cao et al., 2012 PMID: 22995308

ACTB, reverse, 50-
GTTGAAGGTAGTTTCGTGGATG-30

Cao et al., 2012 PMID: 22995308

Recombinant DNA

Plasmid: pJTI Fast DEST Thermo Fisher Scientific Cat# A10894

Plasmid: pJTI PhiC31 Int Thermo Fisher Scientific Cat# A10894

cDNA GLuc NanoLight Technology Cat# 202 pCMV-Gluc

Human GPCR-encoding plasmids library Inoue et al., 2012 PMID: 22983457

AP-TGF-a (codon-optimized) Inoue et al., 2012 PMID: 22983457

Chimeric Ga subunits Inoue et al., 2012 PMID: 22983457

NanoBiT-G-proteins Inoue et al., 2019 PMID: 31160049

Software and algorithms

Harmony 4.9 PerkinElmer https://www.perkinelmer.com

STAR aligner ver. 2.4.1d Dobin et al., 2013 PMID: 23104886

RSEM ver. 1.3.0 Li & Dewey, 2011 PMID: 21816040

DESeq2 package ver. 1.8.2 Love et al., 2014 PMID: 25516281

FlowLogic 6.0 Inivai Technologies https://www.inivai.com

Image Lab software Bio-Rad Laboratories https://www.bio-rad.com

GraphPad Prism 6, 7, or 8 GraphPad Software https://www.graphpad.com

Cell3iMager software version 2.4 SCREEN Holdings https://www.screen-cell3imager.com

I-TASSER server Yang et al., 2015 PMID: 25549265

Schrödinger suite 2017-01 Madhavi Sastry et al., 2013 PMID: 23579614

LigPrep tool Schrödinger https://www.schrodinger.com

Glide Schrödinger https://www.schrodinger.com

R software ver. 4.0 R Development Core Team https://www.r-project.org

Metascape Zhou et al., 2019 PMID: 30944313
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Materials availability
Correspondence and requests for materials should be addressed to the Lead Contact. ALESIA is available from M.H. for research

purposes under a material transfer agreement with Kyoto University.

Data and code availability
All data are available in the main text or as Supplemental information. RNA-seq data generated in this study have been deposited in

the Gene Expression Omnibus (accession no. GSE143670).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Mice were co-housed at 3–5 mice per cage and maintained under pathogen-free conditions on a 12-h light/dark cycle facility with

access to food and water ad libitum. For all in vivo experiments, animals were allowed to acclimate for a minimum of 7 days prior

tomanipulation. All animal protocols were reviewed and approved by the Animal Research Committee, Graduate School ofMedicine,

Kyoto University, and the studies were conducted in accordance with the Regulation on Animal Experimentation of Kyoto University.

Cell lines
MIA PaCa-2 (male), HeLa (female), and MCF-7 (female) cells were obtained from JCRB (Osaka, Japan). Normal human dermal fibro-

blasts (NHDFs; male) were obtained from PromoCell (Heidelberg, Germany). HEK293A (female) cells were purchased from Thermo

Fisher (Waltham,MA, USA). C33A (female) and A-204 (female) cells were obtained from the American Type Culture Collection (ATCC,

Manassas, VA, USA). MIA PaCa-2, HeLa, NHDFs, and A-204 were cultured in MEM (Nacalai Tesque, Kyoto, Japan) containing 5 %

(v/v) heat-inactivated FBS (Thermo Fisher), 100 U/ml penicillin, and 100 mg/ml streptomycin (Nacalai Tesque). MCF-7, C33A,

HEK293A, and G protein-deficient HEK293A cells (DGq, DG12, and DGq/DG12) (Devost et al., 2017; Schrage et al., 2015) were

cultured in DMEM (1 g/l glucose; Nacalai Tesque) containing 10 % (v/v) FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin (com-

plete DMEM). All cells were incubated under standard conditions (37 �C, 5 % CO2).

Primary cultures
Murine bonemarrow cells were isolated from 8-week-old male C57BL/6Jmice (Japan SLC, Shizuoka, Japan) and cultured for 8 days

in DMEM (4.5 g/l glucose; Nacalai Tesque) supplemented with 10% (v/v) FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10%

(v/v) culture supernatant of macrophage colony-stimulating factor–producing and secreting CMG14-12 (male) cells (Takeshita et al.,

2000) to generate murine bone marrow-derived macrophages. All cells were incubated under standard conditions (37 �C, 5% CO2).

Preparation of Gaussia luciferase (GLuc)-stable C33A cells for xenograft tumor formation
A modified pJTI Fast DEST expression vector (Thermo Fisher; containing GLuc cDNA under the control of the CAGGS promoter,

pseudo attB site, and hygromycin B resistance gene) was used with a fC31 integrase expression vector (pJTI PhiC31 Int; Thermo

Fisher) to co-transfect C33A cells using Lipofectamine 2000 reagent (Thermo Fisher). The transfected cells were cultured in the pres-

ence of 600 mg/ml hygromycin B for 2 weeks, and the resulting single colonies were isolated.

Xenograft model
Five-week-old female nude mice (BALB/c Slc-nu/nu, 15–20 g) were purchased from the Japan SLC (Shizuoka, Japan). Cultured

GLuc-stable C33A cells (Ajiro et al., 2018) were suspended in HBSS at a density of 2 3 107 cells/ml. Next, 100 ml (1 3 106) of

GLuc-stable C33A cells in a 1:1 mixture with Matrigel (BD Bioscience) were transplanted subcutaneously on both flanks of isoflur-

ane-anesthetized mice. Tumor volumes were calculated every 3 or 4 d using calliper measurements and the following formula: V =

(LW2)/2; where V is the volume (mm3); L is the largest diameter (mm); andW is the smallest diameter (mm). ALESIA was formulated in

the vehicle [saline with 20% (w/w) PEG400, 20% (w/w) olive oil, 3% (w/w) Tween 80, and 100mg/ml 2DG] and themice received oral

doses of the 2DG alone or 2DG with ALESIA (200 mg/kg), daily, by gavage.

Preparation of GLuc-stable A-204 cells for intraperitoneal dissemination xenograft model
A modified pJTI Fast DEST expression vector (Thermo Fisher; containing the GLuc cDNA under the control of the CAGGS promoter,

pseudo attB site, and hygromycin B resistance gene) was used with a fC31 integrase expression vector (pJTI PhiC31 Int; Thermo

Fisher) to co-transfect A-204 cells by using FuGENE HD reagent. The transfected cells were cultured in the presence of 300 mg/ml

hygromycin B (Nacalai Tesque) for 2 weeks, and the resulting single colonies were isolated.

Xenograft model with intraperitoneal dissemination
Five-week-old female SCID mice (C.B-17/IcrHsd-Prkdcscid) were purchased from the Japan SLC (Shizuoka, Japan). Cultured GLuc-

stable A-204 cells were suspended in HBSS at a density of 5 3 106 cells/ml. Next, 1 ml (5 3 106) of GLuc-stable A-204 cells were

transplanted intraperitoneally in mice. ALESIA was suspended in a vehicle [saline containing 0.05 % (w/w) Tween 80] using 3-mm

stainless beads and mT-12 bead crusher (TAITEC, Saitama, Japan) at 1800 rpm for 5 min. The mice received intraperitoneal admin-

istration of the vehicle alone or ALESIA (50 mg/kg, 10 ml/kg) 5 times a week.
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METHOD DETAILS

Plasmid construction
For the NanoBiT–b-arrestin recruitment assay (Dixon et al., 2016), a receptor construct was designed to fuse the small fragment

(SmBiT) of the NanoBiT complementation luciferase sequence to the C-terminus of human S1PR3with a 15-amino acid flexible linker

(GGSGGGGSGGSSSGG), whose sequence was recommended by the manufacturer (Promega, Madison, WI, USA). The construct

(HA-S1PR3-SmBiT) was assembled and inserted into a pCAGGSmammalian expression plasmid (a kind gift from Dr. Jun-ichi Miya-

zaki, Osaka University). b-arrestin construct was generated by fusing the large fragment (LgBiT), whose nucleotide sequence was

synthesized after mammalian codon optimization (Genscript, Piscataway, NJ, USA), with the N-terminus of the human b-arrestin1

or b-arrestin2 using the 15-amino acid linker. To enhance the b-arrestin recruitment signal, amino acid substitutions to create protein

variants unable to bind AP-2 were introduced in b-arrestin1 (R393E and R395E) and b-arrestin2 (R393E and R395E) (Vrecl

et al., 2004).

In vitro phenotypic screening
The screening was performed against our chemical library of 696 in-house compounds (Kii et al., 2016; Nakano-Kobayashi et al.,

2017; Sako et al., 2017; Shibata et al., 2020; Yamamoto et al., 2014). MIA PaCa-2 cells were seeded into CellCarrier-96 ultra (Perki-

nElmer, Waltham, MA, USA). For the primary screen, 10,000 cells were seeded per well in low-glucose medium (0.05 g/l glucose) or

normal-glucose medium (1.0 g/l glucose) and then allowed to attach overnight. The next day, test compounds from an original library

were placed in assay plates, which resulted in a final drug screening concentration of 10 mM. DMSO vehicle controls and cell-free

blank controls were included in each assay plate. The cells were incubated for 1 day, after which they were fixed with 1.5 % (w/v)

PFA. Fixed cells were imaged using the Opera Phenix high-content screening system (Opera; PerkinElmer). A set of 25 fields

(646 mm3 646 mm per field) was visualized in each well by digital phase contrast with a 203water-immersion objective. The number

of adherent cells was calculated by using Harmony 4.6 software (PerkinElmer) and normalized to 100, for DMSO-treated wells, and 0,

for cell-free blank wells, on a per plate basis.

Cell proliferation and cytotoxicity assay
Cell viability was determined using the cell count reagent SF (Nacalai Tesque) according to the manufacturer’s instructions.

Cell viability assays
Cells were seeded in the PureCoat Amine 96-well plate (Corning Inc., Corning, NY, USA). Cell viability was determined using the

viability/cytotoxicity assay kit for animal live and dead cells (Biotium, Fremont, CA, USA), according to the manufacturer’s instruc-

tions. The nuclei were visualized by Hoechst 33342 staining (Dojindo, Kumamoto, Japan; 5 mg/ml). Stained cells were imaged using

the Opera with a 203water-immersion objective in confocal mode and collected with a set of 25 fields from each well. Hoechst-pos-

itive, calcein-positive, and ethidium homodimer III (EthDIII)–negative cells were counted as viable cells by using Harmony 4.6

software.

Apoptotic cell analysis
HeLa cells were stained using the CF640R TUNEL assay apoptosis detection kit (Biotium) and Hoechst 33342, according to theman-

ufacturers’ instructions. Stained cells were imaged using the Opera, with a set of 25 fields collected from each well. Hoechst-positive

and TUNEL-positive cells were counted as TUNEL-positive cells by using Harmony 4.6 software.

RNA-sequencing (RNA-seq) experiment and data analysis
Cells were treated with the test compound for 6 h. RNA was purified using the RNeasy mini kit (QIAGEN, Hilden, Germany) with

RNase-free DNase set (QIAGEN). RNA quality for sequencing was determined using the 2100 Bioanalyzer (Agilent, Santa Clara,

CA, USA); in all samples, the RNA integrity number (RIN) was > 9.

For transcriptome analysis of HeLa cells, RNA-Seq libraries were prepared using the TruSeq Stranded mRNA (Illumina, San

Diego, CA) from the purified RNA. The libraries were then used for paired-end sequencing with the Illumina NovaSeq 6000

platform.

For transcriptome analysis of MCF-7 cells, 10 mg of total RNA mixed with 2 ml of a diluted ERCC RNA spike-in mix (1:10 diluted;

Thermo Fisher) was poly-A purified using Dynabeads mRNA DIRECT micro kit (Thermo Fisher). The poly-A–purified RNA was

used for RNA-seq library preparation using the Ion Total RNA-seq kit for the AB Library Builder System (Thermo Fisher). The prepared

libraries were purified using Agencourt AMPure XP (Beckman Coulter, Brea, CA, USA). Single-end sequencing was performed using

the Ion Proton System. Sequenced reads were discarded if they were shorter than 50 nt, their average quality scores were below 17,

or they were derived from RNA elements (rRNA, tRNA, snRNA, or snoRNA) or repetitive regions (Bao et al., 2015).

The remaining mRNA-seq reads were mapped to the human genome sequence (hg19) using the STAR aligner ver. 2.4.1d using

ENCODE standard options (Dobin et al., 2013). For the gene annotation, Refseq GRCh37.p5 was used (O’Leary et al., 2016). Tran-

scripts per million (TPM) values and raw read counts were calculated using RSEM ver. 1.3.0 (Li and Dewey, 2011). Differentially ex-

pressed genes were identified using the DESeq2 package ver. 1.8.2 in Bioconductor (Love et al., 2014). When TPM R 1 and raw

read counts R 31, the genes were treated as expressed. Differentially expressed genes were then defined using the threshold for
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fold-changes R 1.3 and the adjusted p-value < 0.05. In figures and tables, only protein-coding genes are shown. Genes from the

cytochrome P450 gene superfamily were excluded from the differentially expressed gene set.

The Venn diagrams were generated by using the website "Bioinformatics & Evolutionary Genomics" (http://bioinformatics.psb.

ugent.be/webtools/Venn/).

QuantitativeRT-PCR (RT-qPCR)
RNA was isolated using the RNeasy mini kit (QIAGEN) with RNase-free DNase set (QIAGEN). Then, cDNA was synthesized from 1 mg

of total RNA using the iScript reverse transcription supermix for RT-qPCR (Bio-Rad). The obtained cDNA was mixed with the

specified primers and SYBR premix Ex Taq (Tli RNaseH Plus; Takara Bio). RT-qPCR was then performed using the StepOne Plus

Real-Time PCR system (Thermo Fisher). Relative quantification was performed with data normalized to b-actin (ACTB) mRNA

expression. The following primers were used in the current study: TXNIP, forward, 50-CAGCCAACAGGTGAGAATGA-30, and reverse,

50-TTGAAGGATGTTCCCAGAGG-30 (Oslowski et al., 2012); and ACTB, forward, 50-TTGGCAATGAGCGGTTCC-30, and reverse, 50-
GTTGAAGGTAGTTTCGTGGATG-30 (Cao et al., 2012).

Immunoblotting
Cells were lysed using CelLytic M (Sigma, St. Louis, MO, USA) containing protease inhibitor cocktail (Nacalai Tesque) and phospha-

tase inhibitor cocktail (Nacalai Tesque). Cell lysates were mixed with sample buffer solution (Nacalai Tesque), denatured at 95 �C for

10 min, separated by SDS-PAGE, and transferred onto Immobilon-P membranes (Merck, Burlington, MA, USA). Membranes were

blocked overnight in 50 % (v/v) Blocking One solution (Nacalai Tesque) in TBS-T buffer (Takara Bio). Antibody reactions were per-

formed using the Can Get Signal immunoreaction enhancer solution (Toyobo, Osaka, Japan). Peroxidase activity was visualized us-

ing ImmunoStar LD (Wako, Osaka, Japan) and ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA). The following primary

antibodies were used [unless specified otherwise, all were from Cell Signaling Technology (Danvers, MA, USA) and used at a dilution

of 1:5000]: rabbit anti-TXNIP (clone D5F3E), rabbit anti-LC3A/B (clone D3U4C, 1:2000), HRP-conjugated rabbit anti-b-tubulin (clone

9F3), rabbit anti-phospho-AMPKa (clone 40H9), rabbit anti-AMPKa (clone 23A3), rabbit anti-phospho-ACC (Ser79; clone D7D11),

rabbit anti-ACC (clone C83B10), rabbit anti-phospho-AKT (Ser473; clone D9E), mouse anti-AKT (clone 40D4), rabbit anti-phos-

pho-STAT1 (Tyr701; clone 58D6), mouse anti-STAT1 (clone C-136, 1:1000; Santa Cruz Biotechnology), rabbit anti-phospho-

STAT3 (Tyr705; clone EP2147Y; GeneTex, Irvine, CA, USA), rabbit anti-phospho-YAP (Ser127; clone D9W2I), rabbit anti-YAP (clone

D8H1X, 1:2500), rabbit anti-LATS1 (clone C66B5), HRP-conjugated mouse anti-g1-actin (clone 2F3, 1:20000; Wako), and HRP-con-

jugated rabbit anti-vinculin (clone E1E9V).

Determination of intracellular nitric oxide
Intracellular NO production was determined using DAF-FM diacetate (GORYO Chemical, Hokkaido, Japan) fluorescent dye. After

treatment with the test compound, the cells were loaded with 1 mM DAF-FM diacetate in HBSS (Nacalai Tesque) for 30 min at 37
�C. The cells were detached using TrypLE express (Thermo Fisher), and analysed using the Accuri C6 flow cytometer (BD Biosci-

ences) and FlowLogic 6.0 software (Inivai Technologies, Victoria, Australia).

Determination of intracellular reactive oxygen species
Intracellular ROS production was determined using APF fluorescent dye (GORYO Chemical) or CM-H2DCFDA dye (Thermo Fisher),

with the analysis conducted by using the Accuri C6.

Determination of caspase-3 activity
Caspase-3 activity was determined using the NucView488 and RedDot2 apoptosis and necrosis kit (Biotium), according to the man-

ufacturer’s instructions. Dead cells were stained with RedDot2 or DRAQ7 (BioStatus, Shepshed, UK). HeLa cells were incubated with

the vehicle, 0.2 mM cPTIO (Dojindo), or 4 mM L-NAME (Nacalai Tesque) for 1 h before L-c414 was added. The data were analyzed by

using the Accuri C6.

In vitro kinase assay
For the assay, 0.5 ng/ml full-length recombinant human AMPKa1b1g1 (SignalChem, Richmond, BC, Canada) was incubated for

60 min with 0.2 mg/ml of SAMS peptide (Abcam, Cambridge, UK) and 150 mM ATP in the kinase assay buffer [2.5 mM MOPS (pH

7.2), 1.25 mM b-glycerol-phosphate, 2.5 mM MgCl2, 0.5 mM EGTA, 0.2 mM EDTA, 0.25 mM DTT, 0.01 % (w/v) Brij-35, 0.25 %

(w/v) bovine serum albumin (BSA), and 0.125 % (w/v) Tween 80] at 25 �C. ATP hydrolysis resulting from the kinase reactions was

detected using the ADP-Glo kinase assay kit (Promega).

TGFa shedding assay
TGFa shedding assay for the determination of ectodomain shedding of alkaline phosphatase (AP)-tagged TGFa (AP-TGFa)

induced by Gq and G12 signals was performed as described previously (Inoue et al., 2012), with minor modifications. Briefly,

parent HEK293A cells and G protein-deficient (Gq-deficient, G12-deficient, and Gq/G12-deficient) HEK293A cells (Devost

et al., 2017; Schrage et al., 2015) were seeded in a 10-cm culture dish at 2 3 106 cells (all cell lines) or 2.5 3 106 cells (Gq/

G12-deficient cells) in 10 ml of complete DMEM, and cultured for 1 day in a CO2 incubator. A mixture of AP-TGFa reporter
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plasmid (2.5 mg) and plasmid encoding human untagged S1P3 (1 mg) were used for transfection by diluting in 500 ml of Opti-

MEM I reduced serum medium (Thermo Fisher), and combining with 25 ml of 1 mg/ml PEI reagent (polyethylenimine "Max",

mol wt 40,000; Polysciences, Warrington, PA, USA) diluted in 500 ml of the Opti-MEM medium. The transfected cells were de-

tached with PBS containing 0.05 % (w/v) trypsin and 0.52 mM EDTA, and collected in a 50-ml tube, and harvested by centri-

fugation at 190 3 g for 5 min. The cell pellet was resuspended in Dulbecco’s PBS (D-PBS), followed by incubation for 15 min at

26 �C. After a second centrifugation at 190 3 g for 5 min, the pelleted cells were resuspended in 30 ml of HBSS containing

5 mM HEPES (pH 7.4). The cell suspensions were plated at 90 ml per well in a 96-well plate and incubated at 37 �C with 5

% CO2 for 30 min. When the experiments were performed using S1PR3 agonists, the cells were seeded in a 10-cm dish in

10 ml of medium, and 5-fold volume of reagents was used in the subsequent procedures until cell seeding into the 96-well plate.

After the equilibration period, 10 ml per well of 103 concentrated solutions of test compounds diluted in HBSS containing 0.01

% (w/v) BSA (fatty acid-free grade; SERVA Electrophoresis, Heidelberg, Germany) were added, and incubated for 1 h at 37 �C
with 5 % CO2. Plates were centrifuged at 190 3 g for 2 min; the cells were retained and 80 ml of the supernatant was transferred

to another 96-well plate. A solution containing p-nitrophenyl phosphate (p-NPP) [10 mM p-NPP, 40 mM Tris-HCl (pH 9.5),

40 mM NaCl, and 10 mM MgCl2] was added (80 ml per well) to the supernatant and cell plates. Absorbance at 405 nm of

both plates was read before and after 1-h incubation at 26 �C, using a microplate reader (VersaMax, Molecular Devices,

San Jose, CA, USA). G protein signal activation was expressed as a relative amount of AP-TGFa reporter released into the

conditioned media from baseline release signal (Inoue et al., 2012). AP-TGFa release was calculated by subtracting the spon-

taneous AP-TGFa accumulation under the vehicle-treated conditions from that under the compound-stimulated conditions. At

each S1PR3 agonist concentration, the receptor-specific signal was determined by subtracting AP-TGFa release in mock-

transfected cells from that in S1PR3-transfected cells.

The ligand-induced signals determined in the TGFa shedding assay with various concentrations of S1PR3 agonists were fitted to a

four-parameter sigmoidal concentration-response curve, using the GraphPad Prism 7 software (GraphPad Software, La Jolla, CA,

USA). The fitted concentration-response curve was used to obtain the pEC50 (equal to -log10 EC50) and Emax values.

NanoBiT–b-arrestin recruitment assay
HEK293A cells were seeded in a 10-cm dish (2 3 106 cells in 10 ml of complete DMEM) and cultured for 1 day. The cells

were transfected with a mixture of S1PR3–SmBiT plasmid (1 mg) and LgBiT–b-arr plasmid (LgBiT–b-arr1 or LgBiT–b-arr2;

500 ng) by diluting in 500 ml of Opti-MEM (Thermo Fisher), and combining with 25 ml of 1 mg/ml PEI MAX (Polysciences) re-

agent diluted in 500 ml of the Opti-MEM. As a negative control, the pCAGGS plasmid was used instead of the S1PR3-SmBiT

plasmid. After the addition of the transfection solution (after 24 h), the cells were harvested in 5 ml of D-PBS containing

0.53 mM EDTA, which was followed by rinsing with 5 ml of HBSS containing 5 mM HEPES (pH 7.4). The cells were centri-

fuged at 190 3 g for 5 min and suspended in 10 ml of HBSS containing 0.01 % (w/v) BSA (BSA-HBSS). The cell suspension

was seeded in a 96-well white plate (80 ml per well) and 20 ml of 50 mM coelenterazine (Carbosynth, Compton, UK) in BSA-

HBSS was added per well. After incubation at 26 �C for 2 h, the background luminescent signals were measured using a

luminescent microplate reader (SpectraMax L equipped with two detectors, Molecular Devices). Then, 20 ml of 6 3 concen-

trated test compounds were added; 5 min after the addition of ligands, luminescent signals were measured for 5 min at 20-s

intervals. For each well, the luminescent signal was normalized to the initial count, and fold-change values over 5–10 min

after ligand stimulation were averaged. For fitting analysis, fold-change luminescent signals were fitted to a four-parameter

sigmoidal curve using the Prism 7, and EC50 and Emax values were obtained from the curves according to the manufacturer’s

instructions.

NADPH measurements
Cells were lysed in NADP/NADPH extraction buffer (BioVision, Milpitas, CA, USA) for 10 min on ice. Protein concentrations were

determined using the 660-nm protein assay reagent (Thermo Fisher). To detect the reduced form (NADPH) only, the lysates were

incubated at 60 �C for 30 min. Thereafter, NADP/NADPH-Glo assay (Promega) was used for NADPH determination. Sample absor-

bance or luminescence was recorded using the ARVO X5 multimode plate reader (PerkinElmer).

Glucose assay
Glucose concentrations in the culture supernatants were determined using the glucose colorimetric assay kit (Cayman, Ann Arbor,

MI, USA). Data were normalized to glucose concentration in the culture medium before culturing.

Clonogenic cell survival assay
HeLa or A-204 cells were plated 200 cells/well in a 6-well plate and then allowed to attach overnight. The next day, compounds were

placed in the plates at various concentrations. In the case of multi-compound treatment, 1mM L-NAME or 6 mMmyricetin (Wako) was

added into the plate, and then ALESIA was. The HeLa or A-204 cells were incubated for 14 days or 28 days respectively, after which

they were fixed and stained with 0.25 % crystal violet (Nacalai Tesque) and 25 % methanol in PBS at RT (20–26 �C) for 30 min. The

wells were washed with water once and dried at RT. The wells were imaged using the Cell3iMager CC-5000 (SCREEN Holdings,

Kyoto, Japan). All images were scanned with a resolution of 2400 dpi. The colonies over 400 mm in diameter were defined as survival

and the number of them was calculated by using Cell3iMager software version 2.4 (SCREEN Holdings).
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Immunofluorescent analysis
HeLa cells in a PureCoat Amine 96-well plate were fixedwith 4%PFA for 20min at RT andwashedwith PBS once, and then they were

fixed with ice-cold methanol for 20 min at -30 �C and washed with PBS twice. The cells were then permeabilized using 0.1 % (w/w)

Triton X-100 (Sigma) for 5 min and washed with PBS twice. A solution containing 1 % (w/v) BSA and 2.5 % (v/v) normal goat serum

was next added onto the wells, as a blocking solution, and kept for 30 min at RT. The blocking solution was removed from the wells

and the rabbit anti-LC3B antibodies (clone D11; Cell Signaling Technology) at 500-fold dilutions in Can Get Signal immunostain So-

lution A were added in the wells. The wells with primary antibodies were incubated at 4 �C for 16–24 h and then washed three times

with PBS containing 0.1% Triton X-100. Subsequently, the wells were incubated at RT for 1 hour with a PBS containing 1%BSA, 0.1

% Triton X-100, 5 mg/ml Hoechst 33342, 1,000-fold diluted CoraLite488-conjugated mouse anti-b tubulin antibody (Proteintech,

Rosemont, IL, USA), and 200-fold diluted Alexa Fluor 647-conjugated goat anti-rabbit IgG secondary antibodies (Thermo Fisher).

Finally, wells were washed 3 times with PBS containing 0.1 % Triton X-100. The stained cells were imaged using the Opera in

confocal mode with 633 water-immersion objective and a set of 81 fields (205 mm 3 205 mm per field) was captured in each well.

LC3-positive dots per Hoechst-positive cells were counted as LC3 puncta per cell by using Harmony 4.9 software.

Histology and TUNEL staining
Formalin-fixed paraffin-embedded tumor tissues were sectioned at 3-mm, thickness and stained with H&E. The CF640R TUNEL

assay apoptosis detection kit (Biotium) and Hoechst 33342 were used for TUNEL staining according to the manufacturer’s

instructions.

GLuc serum assay
Murine blood samples were collected bymaking a small incision using a lancet in the submandibular vein of awakemice. After collec-

tion, the blood samples were allowed to clot by leaving undisturbed at RT for 30 min, and then incubating at 4 �C overnight. The sam-

ples were then centrifuged to remove the clot. The resulting supernatant was the serum sample. For the GLuc assay, typically, 5 ml of

the serum was added to 45 ml of D-PBS containing 0.02 % (w/w) Tween 20 and 20 mM EDTA. GLuc activity was measured using

Centro LB 960microplate luminometer (Berthold Technologies, BadWildbad, Germany) set to inject 50 ml of 20 mg/ml coelenterazine

h (Wako) in the above buffer and to acquire photon counts for 12 s.

GLuc assay
Murine blood samples were collected in capillary blood collection tubes with EDTA by making a small incision using a scalpel in the

tail vein of awake mice. After collection, the blood samples were centrifuged to remove the clot. The resulting supernatant was the

plasma sample. For the GLuc assay, typically, 5 ml of the plasma was added to 45 ml of D-PBS containing 0.02% (w/w) Tween 20 and

20 mM EDTA. GLuc activity was measured using the ARVO X5 multimode plate reader (PerkinElmer) after injecting 50 ml of 20 mg/ml

coelenterazine h (Wako) in the above buffer.

Cancer panel
Cell preparation: All cell lines have been licensed from the American Type Culture Collection (ATCC,Manassas, VA, USA). Master and

working cell banks (MCB and WCB, respectively) were prepared by sub-culturing in the ATCC-recommended media and freezing,

according to the protocols recommended by the ATCC. Cell line stocks for the assayswere prepared from theWCB. TheMCB,WCB,

and assay stocks were prepared within 3, 6, and 9 passages, respectively, from the ATCC vials.

Compound preparation: A compound was weighed using a calibrated balance and dissolved in 100 % DMSO. The samples in

DMSO were then stored at RT. On the day of the experiment, the compound stock was diluted in 3.16-fold steps in 100 %

DMSO to obtain a 9-point dilution series. The series was further diluted 31.6-times in 20 mM sterile HEPES buffer, pH 7.4. Then,

5 ml of the dilution was added to the cells, to generate a test concentration range from 3.16 3 10-5 M to 3.16 3 10-9 M, in duplicate.

The final DMSO concentration during incubation was 0.4 % (v/v) in all wells.

Cell proliferation assay: An assay stock was thawed, diluted in the ATCC-recommended medium, and dispensed into a 384-well

plate, at a concentration of 400–1600 cells per well in 45 ml of themedium. Cell density optimal for each cell line was used. Thewells in

plate margins were filled with PBS. The plated cells were incubated in a humidified atmosphere of 5%CO2 at 37
�C. After 24 h, 5 ml of

the compound dilution was added, and the plates were incubated for additional 72 h. After 72 h, 25 ml of ATPlite 1step (PerkinElmer)

solution was added to each well, and the plates were shaken for 2 min. After 10 min of incubation in the dark, the luminescence was

recorded using an Envision multimode reader (PerkinElmer).

Controls: Signal at time 0: In parallel, 45 ml of cells were dispensed and incubated in a humidified atmosphere of 5%CO2 at 37
�C.

After 24 h, 5 ml of DMSO-containing HEPES buffer and 25 ml of ATPlite 1step solution were mixed, and the luminescence measured

after 10-min incubation with the cells (= luminescencet = 0).

Reference compound: The IC50 value of the reference compound doxorubicin was determined using a separate plate. If the IC50

was out of specification (deviation 0.32–3.16 times from the historic average), the assay was invalidated.

Cell growth control: The cellular doubling times of all cell lines were calculated based on the growth of untreated cells at times 0 and

72 h. If the doubling time was out of specification (deviation of 0.5–2.0 times from the historic average), the assay was invalidated.

Maximum signals: For each cell line, themaximum luminescence was recorded after incubation for 72 hwithout the test compound

in the presence of 0.4 % DMSO (= luminescenceuntreated, t = 72 h).
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Data analysis of the cancer panel
IC50 values were calculated by non-linear regression using IDBS XLfit5 (IDBS, Guildford, UK). The percentage growth after 72 h

(%growth) was calculated as follows: 100 %3 (luminescencet = 72 h / luminescenceuntreated, t = 72 h). This was fitted to the log10 com-

pound concentration (conc) by a four-parameter logistics curve: %growth = bottom + (top - bottom) / [1 + 10(logIC50-conc)*hill)], where

hill is the Hill-coefficient, and bottom and top the asymptotic minimum and maximum cell growth, respectively, that the compound

allows in the assay.

Model prediction and docking simulation
The model structure of human S1PR3 was obtained by using the I-TASSER server (Yang et al., 2015). The server generated two

S1PR3models with high scores using the structures of dopamine D3 receptor (PDB ID: 3PBL) or b2-adrenergic receptor-Gs complex

(PDB ID: 3SN6) as templates. Both S1PR3 models were processed using the protein preparation wizard implemented in the Schrö-

dinger suite 2017-01 (Madhavi Sastry et al., 2013). The LigPrep tool (Schrödinger, New York, NY, USA) was used to convert docking

compounds into protonated 3D structures. To define the binding grid, the receptor grid generation tool was applied based on the

predicted orthosteric binding pocket of the model structures. Each compound was docked using the standard precision in Glide

(Schrödinger). The structures with the highest score for each compound were selected. Docked structures for ALESIA model 1,

CYM-5541, and S1P were obtained using the S1PR3model calculated based on the structure of the b2-adrenergic receptor. Docked

structure for ALESIA model 2 was obtained using the S1PR3 model calculated based on the structure of the dopamine D3 receptor.

Pathway analysis
RNA-Seq data was downloaded from CCLE (Ghandi et al., 2019). Mann–Whitney U test (Wilcoxon rank-sum test) was conducted

using R software (ver. 4.0, R Development Core Team). Pathway analysis was performed using Metascape (Zhou et al., 2019).

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise specified, all data plotting and statistical analyses were performed using Prism 6 or 7 (GraphPad Software, La Jolla,

CA, USA), and the error bars represent the SEM. Statistical significance was evaluated by one-way ANOVA with independent post-

hoc Tukey’s multiple comparison test and was defined as a p-value of less than 0.05. To compare two groups, Student’s t-test and

two-way ANOVA were used. In Kaplan-Meier analysis, the log-rank test was used to evaluate the differences in survival among

groups. Statistical details of each experiment can be found in the figure legends.
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