EBioMedicine 40 (2019) 210-223

Contents lists available at ScienceDirect

EBioMedicine EBiOMediCine

Published by THE LANCET

journal homepage: www.ebiomedicine.com

S1P/S1PR3 axis promotes aerobic glycolysis by YAP/c-MYC/PGAM1 axis ")
in osteosarcoma

updates

Yifei Shen !, Shujie Zhao ™', Shenyu Wang !, Xiaohui Pan *!, Yunkun Zhang ?, Jingwen Xu ¢, Yuging Jiang ?,
Haibo Li ?, Qiang Zhang ?, Jianbo Gao ¢, Qin Yang ¢, Yang Zhou , Shuheng Jiang ¢, Huilin Yang ¢, Zhigang Zhang ¢,
Rong Zhang &*, Jun Li ®*, Dong Zhou **

@ Department of Orthopedics, The Affiliated Hospital of Nanjing Medical University, Changzhou No. 2 People's Hospital, Changzhou, Jiangsu 213003, China

b Department of Orthopedic, The First Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu 210000, China

€ Department of Orthopedics, The First Affiliated Hospital of Soochow University, Suzhou, Jiangsu 215006, China

d Department of Nutrition, The Affiliated Hospital of Nanjing Medical University, Changzhou No. 2 People's Hospital, Changzhou, Jiangsu 213003, China

¢ State Key Laboratory of Oncogenes and Related Genes, Shanghai Cancer Institute, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai 200240, China
f Department of General Surgery, the First Affiliated Hospital with Nanjing Medical University, Nanjing, Jiangsu 210029, China.

& Department of Obstetrics and Gynecology, Fengxian Hospital, Southern Medical University, Shanghai 201499, China.

ARTICLE INFO ABSTRACT

Atticle history: Background: Osteosarcoma (OS) is a malignant tumor mainly occurring in young people. Due to the limited
Received 7 November 2018 effective therapeutic strategies, OS patients cannot achieve further survival improvement. G-protein-coupled
Received in revised form 18 December 2018 receptors (GPCRs) constitute the largest family of cell membrane receptors and consequently hold the significant
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- : promise for tumor imaging and targeted therapy. We aimed to explore the biological functions of Sphingosine
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1-phosphate receptor 3 (S1PR3), one of the members of GPCRs family, in OS and the possibility of S1TPR3 as an
effective target for the treatment of osteosarcoma.

Iéi{g;ﬁioma Methods: The quantitative real time PCR (qRT-PCR) and western blotting were used to analyze the mRNA and
S1PR3 protein expressions. Cell counting kit-8 (CCK8), colony formation assay and cell apoptosis assay were performed
S1p to test the cellular proliferation in vitro. Subcutaneous xenograft mouse model was generated to evaluate the
YAP functions of S1PR3 in vivo. RNA sequencing was used to compare gene expression patterns between S1PR3-
Warburg effect knockdown and control MNNG-HOS cells. In addition, metabolic alternations in OS cells were monitored by
Cell proliferation XF96 metabolic flux analyzer. Co-immunoprecipitation (Co-IP) assay was used to explore the interaction

between Yes-associated protein (YAP) and c-MYC. Chromatin immunoprecipitation was used to investigate
the binding capability of PGAM1 and YAP or c-MYC. Moreover, the activities of promoter were determined by
the luciferase reporter assay.
Findings: STPR3 and its specific ligand Sphingosine 1-phosphate (S1P) were found elevated in OS, and the higher
expression of SIPR3 was correlated with the poor survival rate. Moreover, our study has proved that the S1P/
S1PR3 axis play roles in proliferation promotion, apoptosis inhibition, and aerobic glycolysis promotion of oste-
osarcoma cells. Mechanistically, the S1P/S1PR3 axis inhibited the phosphorylation of YAP and promoted the nu-
clear translocation of YAP, which contributed to the formation of the YAP-c-MYC complex and enhanced
transcription of the important glycolysis enzyme PGAM1. Moreover, the STPR3 antagonist TY52156 exhibited
in vitro and in vivo synergistic inhibitory effects with methotrexate on OS cell growth.
Interpretation: Our study unveiled a role of S1P, a bioactive phospholipid, in glucose metabolism reprogram
through interaction with its receptor S1PR3. Targeting S1P/S1PR3 axis might serve as a potential therapeutic
target for patients with OS.
Fund: This research was supported by National Natural Science Foundation of China (81472445 and 81672587).
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in the context
Evidence before this study

Growing evidence has suggested that G-protein-coupled recep-
tors (GPCRs) hold the significant promise for tumor imaging and
targeted therapy. The G-protein-coupled receptor sphingosine 1-
phosphate receptor 3 (S1PR3) has been found to play critical
roles in the development and progression of several tumors
through interaction with its ligand Sphingosine 1-phosphate
(S1P). However, the effects of S1P/S1PR3 axis on osteosarcoma
(OS) still remain elusive.

Added value of this study

This study investigated the expression level, biological function,
downstream regulation and clinical impact of STPR3 on 0OS. We
observed that increased S1PR3 expression predicted poor survival
rate in OS patients and promoted cell proliferation by inducing the
Warburg effect in OS. In addition, we also found that S1TPR3 an-
tagonist TY52156 exhibited the synergistic inhibitory effects
with methotrexate on OS cell growth. Mechanistically, we uncov-
ered that STP/S1PR3 axis promoted the aerobic glycolysis in OS
through inhibiting the phosphorylation of Yes-associated protein
(YAP) and promoting the nuclear translocation of YAP, which con-
tributed to the formation of the YAP—c-MYC complex and en-
hanced transcription of the important glycolysis enzyme PGAM1.

Implications of all the available evidence

Our findings delineated one of the instrumental molecular mecha-
nisms underlying the glucose metabolism reprogram in the OS and
indicated that S1P/S1PR3 axis was a potential therapeutic target
for patients with OS.

nearby musculoskeletal structures [3,4]. With the development and
advancements in surgery, as well as various chemotherapy regimens,
the 5-year overall survival rate has been significantly improved in OS.
However, the survival rate has plateaued and has not significantly in-
creased over the past three decades [5]. Thus, there is an urgent need
for an increased understanding of the mechanisms underlying the pro-
gression of OS to develop more effective therapies for OS treatment.

G protein-coupled receptors (GPCRs) have been identified as one
of the most popular drug target classes in pharmaceuticals, which was
effective in treating various indications, such as inflammation, pain
and metabolic dysfunctions [6]. Lots of previous studies have also dem-
onstrated that GPCRs play a significant part in cancer growth and devel-
opment [7,8]. Thus, we presume that there may be potential candidate
targets for preventing OS progression in GPCRs.

Sphingosine 1-phosphate (S1P) is a bioactive phospholipid and is
supposed to regulate many cellular physiology and pathology processes,
such as proliferation, motility, survival, and cytoskeletal rearrangement,
via binding to a family of five GPCRs, known as SIPR1-S1PR5 [9-12].
Several lines of evidence have suggested that the S1P/S1PR3 axis was
closely associated with proliferation, migration, and angiogenesis in
various human cancer cells, such as breast cancer, nasopharyngeal car-
cinoma, ependymomas and ovarian cancer cells [13-17]. However, to
our knowledge, the biological mechanism of this axis in OS still remains
unclear.

In this study, we demonstrated that the S1P/S1PR3 axis enhanced
the aerobic glycolysis and facilitated the OS growth. Further mechanistic

studies showed that S1PR3 was a novel regulator of YAP and S1PR3-
mediated YAP nuclear localization contributed to the aerobic glycolysis
in OS growth. Moreover, STPR3 antagonist TY52156 had shown a syner-
gistic effect with methotrexate on tumor cell growth impairment
in vitro and in vivo. Thus, targeting S1PR3 held promise as a novel anti-
cancer strategy.

2. Materials and methods
2.1. Cell lines and reagents

The human osteosarcoma cell lines MG63, MNNG-HOS and Saos-2
were purchased from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China). The human osteosarcoma cell line U-20S
was purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). These cell lines were cultured following the
ATCC protocols. Standardized culture conditions had been described
previously [18].

The antibodies used were S1PR3 (ab126622; Abcam, Cambridge,
UK), YAP (ab52771; Abcam, Cambridge, UK), p-YAP (ab76252; Abcam,
Cambridge, UK), c-Myc (ab32072; Abcam), Ki67 (GB13030; Servicebio,
Wuhan, China), p-actin (M1210-2; Hua'an Biology, Chuzhou, China),
GAPDH (bsm-33033M; Bioss, Beijing, China), anti-rabbit IgG light
chain (ab99697, Abcam), anti-rabbit IgG heavy chain (ab99702,
Abcam), and anti-mouse IgG light chain (A25012, Abbkine, CA, USA).

2.2. Drugs and chemotherapeutic reagents

S1P  (CAS26993-30-6; Cayman Chemical, Michigan, USA),
Verteporfin (S1786; Selleckchem, Houston, Texas, USA), TY52156
(HY-19736; MedChem Express, Monmouth, NJ, USA) and Methotrexate
(MTX) (S1210; Selleckchem, Houston, Texas, USA) were diluted and
stored in accordance with manufacturer recommendations. As for
in vitro experiments, drug stocks were diluted in the base media.
While stocks were diluted in saline immediately prior to use in vivo ex-
periments. 2 uM Verteporfin, 10 pM TY52156 and 1 pM MTX were used
in in vitro experiments.

2.3. RNA sequencing

Total RNA from cell samples was isolated by Trizol reagent following
the manufacturer's instructions. RNA quality was analyzed using an
Agilent 2100 Bioanalyzer (Agilent). We purified the library fragments
with the AMPure XP system (Beckman Coulter, Beverly, USA). The
clustering of the index-coded samples was analyzed on a cBot Cluster
Generation System by using the TruSeq PE Cluster Kit v3-cBot-HS
(Illumia). After cluster generation, we sequence the library preparations
on an Illumina Hiseq X Ten and generated 150 bp paired-end reads.
Read numbers mapped to each gene were counted by using HTSeq
v0.6.0. Then, the FPKM of each gene was calculated according to the
length of the gene and reads count mapped to this gene.

24. Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (GSEA) was performed using the GSEA
software which was supported by the Broad Institute (http://www.
broadinstitute.org/gsea/index.jsp). GSEA was analyzed for comparing
the différential gene expression between sh-Control group and sh-
S1PR3 group. In addition, the enrichment score was calculated.

2.5. Plasmid transfection

Plasmid transfection was done as previously described [19]. The
short hairpin (sh)RNAs targeting STPR3 sequences were as follows:
sh-1, 5'-GCATCGCTTACAAGGTCAACA-3’, sh-2, 5'-GGAACTGCCTGCAC
AATCTCC-3’ and sh-CON, 5'-TTCTCCGAACGTGTCACGT-3’. Western
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Fig. 1. S1P and S1PR3 expression level are both increased in osteosarcoma (0S). a. Quantitative analysis of the secretion of Sphingosine 1-phosphate (S1P) in normal osteoblast cell line
(hFOB1.19) and osteosarcoma (OS) cell lines (MNNG-HOS, U-20S, Saos-2 and MG63) by enzyme-linked immunosorbent assay (ELISA). Values are means + SD, *p < .05, **p <.01
(Student's t-test). b. The expression patterns of S1P receptor 3 (S1PR3) in hFOB1.19, a normal osteoblast cell line, and OS cell lines (MNNG-HOS, U-20S, Saos-2 and MG63) by western
blotting. c. The protein expression of SIPR3 in osteohondroma (OC), a commom type of benign bone tumor, and OS tissues by immunohistochemical (IHC) staining. Scale bars = 100
pm. d. Statistical analysis of IHC staining results based on the expression level of STPR3 in OS (n = 40) and OC (n = 20) tissues. **p < .01 (chi-square test). e. Statistical analysis of IHC
staining results based on the expression level of STPR3 in T1 stage (n = 9) and T2 stage (n = 20) OS tissues. *p < .05 (chi-square test). f. Kaplan-Meier analysis of the correlations between
S1PR3 expression and metastasisfree survival rate of 88 OS patients based on an online database (https://hgserverl.amc.nl/cgi-bin/r2/main.cgi).

blotting was used to verify the efficiency of the overexpression or
knockdown.

2.6. RNA isolation and quantitative RT-PCR (qRT-PCR)
Total RNA extraction and RNA reverse transcription were done as

described in our previously report [19]. Real-time PCR analyses were
performed using a 7500 Real-time PCR system (Applied biosystems)

as previously described [27]. B-actin was set as an internal control. All
primers were listed in Supplementary Table 1.

2.7. Western blotting

Western blotting analysis was done as described in our previous re-
port [20]. In brief, total cellular proteins were extracted from the target
cells by RIPA lysis buffer (Beyotime, Shanghai, China) according to the
manufacturer's instructions. Equal amounts of proteins were loaded
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Fig. 2. S1P/S1PR3 signaling facilitates proliferation and suppresses apoptosis of OS cells in vitro. a and b. Dose-dependent effects of S1P in the proliferation capability of MNNG-HOS and U-
208 cells using the cell counting kit (CCK)-8 assay. Values are means =+ SD, *p <.05, (50 nM, 100 nM and 200 nM vs 0 nM); *p <.05 (100 nM vs 200 nM); non sensual (ns), p>.05 (Student's
t-test). c and d. Knockdown of S1PR3 suppressed proliferation capability of MNNG-HOS and U-20S cells using the CCK-8 assay. Values are means + SD, **p < .01, ***p <.001 (Student's t-
test). e. Knockdown of STPR3 suppressed proliferation of OS cells (MNNG-HOS and U-20S) using colony formation assay. Representative photographs of the colony formation assay were
shown in the left panel. Scale bars = 5 mm. Values are means 4 SD, **p <.01, ***p <.001 (Student's t-test). f and g. Knockdown of S1PR3 significantly induces apoptosis of MNNG-HOS and
U-20S cells. Values are means + SD, ***p <.001 (Student's t-test).
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Fig. 3. S1PR3 facilitates OS proliferation in vivo and promotes the aerobic glycolysis in OS cells. a. Morphologic characteristics of xenograft tumors from MNNG-HOS/sh-Control group and
MNNG-HOS/sh-S1PR3 group (n = 5). Scale bars = 1 cm. b. The tumor volumes were measured with calipers every 5 days. Values are means =+ SD, *p < .05 (Student's t-test). c. Tumor
weights in 20 day were measured in each group. The median, upper and lower quartiles were plotted, and the whiskers that extend from each box indicate the range values that were

outside of the intra-quartile range. n =

5, **p <.01 (Student's t-test). d. Tumor volumes in 20 day were measured in each group. The median, upper and lower quartiles were plotted,

and the whiskers that extend from each box indicate the range values that were outside of the intra-quartile range. n = 5, *p <.05 (Student's t-test). e. Representative images of Ki67
and TUNEL staining in xenograft tumors from sh-S1PR3 and sh-Control mice. A TUNEL positive cell is indicated (arrow). f. Representative GO (GO: biological process) categories affected
by S1PR3 knock-down in MNNG-HOS cells. g. Gene set enrichment analysis (GSEA) using hallmark gene sets was performed to compare the MNNG-HOS sh-NC group and sh-S1PR3 group.
NES, normalized enrichment score. h and i. Extracellular acidification rate (ECAR) and O, consumption rate (OCR) of MNNG-HOS and U-20S cells in sh-Control and sh-S1PR3 group was
detected. O: Oligomycin, F: FCCP, A&R: antimycin A/rotenone, Glc: glucose, Oligo: oligomycin, 2-DG: 2-deoxy-D-glucose. Values are means = SD.
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Fig. 4. S1PR3 suppresses the Hippo pathway in OS cells. a. A heat map showing the expression of the YAP target genes across MNNG-HOS NC samples and S1PR3 knockdown with shRNA
samples. b and c. Relative mRNA levels of YAP target genes (CTGF and CYR61) in S1PR3-knockdown or sh-Control MNNG-HOS and U-20S cells. Values are means + SD, *p <.05, **p <.01,
*p <.001 (Student's t-test). d and e. Immunofluorescence of YAP in sh-Control and sh-S1PR3 MNNG-HOS and U-20S cells. YAP is shown by red fluorescence, and the cell nuclei were
stained with DAPI (blue fluorescence), Scale bars = 100 um. f. Analysis of the percentage of cells with predominantly nuclear YAP. n = 5 randomly chosen fields. Values are means +

SD, **p <.001 (Student's t-test). g. The level of phospho-YAP and total-YAP in sh-Control versus sh-S1PR3 MNNG-HOS and U-20S cells.
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Fig. 5. Overexpression of YAP partly reverses the effect of SIPR3 knockdown in OS. a. Overexpression efficacy of YAPS127A (constitutively active YAP that cannot be phosphorylated by
LATS kinases) in sh-S1PR3 OS cells (MNNG-HOS and U-20S) was detected by western blotting. b and c. Overexpression of YAP partly reversed the suppressed effects of S1PR3-knockdown
on the colony formation capability of MNNG-HOS and U-20S cells, values are means + SD, **p <.01, ***p <.001 (Student's t-test). d and e. Overexpression of YAP partly reversed the induce
effect of STPR3-knockdown on the apoptosis of OS cells (MNNG-HOS and U-20S). Values are means =+ SD, ***p <.001 (Student's t-test). f. Morphologic characteristics of xenograft tumors
from MNNG-HOS/sh-Control group, MNNG-HOS/sh-S1PR3 group and MNNG-HOS/sh-S1PR3 + YAPS127A group (n = 5). Scale bars = 1 cm. g. Overexpression of YAP partly rescued the
inhibitory effects of S1TPR3-knockdown on the growth rate of MNNG-HOS cells in vivo. The volumes of tumors were measured every 5 days, values are means =+ SD, **p <.01, ***p <.001
(Student's t-test). h. The ECAR in OS cells (MNNG-HOS and U-20S) in different groups (sh-Control, sh-S1PR3 and sh-S1PR3 + ov-YAP) were determined. Values are means =+ SD.i. The OCR
in OS cells (MNNG-HOS and U-20S) in different groups (sh-Control, sh-S1PR3 and sh-S1PR3 + ov-YAP) were determined. Values are means =+ SD.
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onto 10% Tris-glycine sodium dodecyl sulfate-polyacrylimide gel
electrophoresis gels (Bio-Rad Laboratories, CA, USA). Then the sepa-
rated proteins were transferred onto nitrocellulose membranes
(Millipore, MA, USA). After blocking with 5% non-fat milk, the mem-
branes were incubated with a primary antibody at 4 °C overnight. The
membranes were further incubated with secondary antibody and pro-
tein signals were detected under the ECL detection kit (Share-bio,
Shanghai, China).

2.8. Quantification of S1P

Enzyme-linked immunosorbent assay (ELISA) was performed to
quantify the expression of S1P from cell culture supernatants using a
Sphingosine 1-Phosphate ELISA Kit (K-1900; Echelon Biosciences, Salt
Lake City, USA) following the manufacturer's instructions. In brief, ap-
proximately 1 x 10° cells were seeded in six-well plates and cultured
with the medium and 10% FBS under standardized condition When
cells were found adherent, serum-free medium was substituted for
the culture medium. After 32 h seeding, cells and the culture medium
were centrifuged at 3000g for 10 min, and then the supernatants were
aliquoted for analysis.

2.9. Immunohistochemistry (IHC) staining

We examined the expression of S1TPR3 with immunohistochemis-
try (IHC) using a tissue microarray containing 40 OS samples from
Alena Biotechnology Co., Ltd. (Xi'an, China). The IHC assay protocol
was described previously [19]. Anti- STPR3 (1:100) antibodies were
used. The intensity of the nuclei or cytoplasm staining of each tumor
was assigned in line with the following criteria: 0-5%, 6-35%,
36-70% and >70% staining were scored of 0, 1, 2, 3 respectively. The
final immunoreactive score was determined by multiplying the inten-
sity scores, judged by two senior pathologists in a blinded manner.
Tumors with scores < 2 were defined as negative, while scores > 2
as negative.

2.10. Immunofluorescence (IF)

0S cells were planted in 12-well chambers (Ibidi, Germany) for IF.
We fixed cells with 4% polyformaldehyde (30 min), permeabilized
with 0.1% TritonX-100 (2 min) and blocked with 10% BSA (60 min) at
room temperature. Following instructions include deparaffinization, re-
hydration, heat-mediated antigen retrieval in citric acid (pH 6.0) and
blocking with 10% BSA. All cells and slides were incubated overnight
with YAP antibodies at 4 °C and then labeled with Alexa Fluor-594-
conjugated secondary antibody (1:200) at room temperature. DAPI
was used to stain the nucleus for 2 min (Sigma, USA). Confocal micros-
copy (LSM 510, METALaser scanning microscope, Zeiss) was used to ac-
quire the images.

2.11. Cell counting kit-8 (CCK-8) assay, Colony formation assay and cell
apoptosis assay

CCK-8 assay, colony formation assay and cell apoptosis assay was
performed as previously described [19].

2.12. Mouse xenograft model

6-weeks-old athymic male nu/nu mice were used in this study. Mice
were manipulated and housed according to the criteria of Laboratory
Animals. Animal studies were approved by the Research Ethics Commit-
tee of East China Normal University. 1.5 x 10° of the target cells in 100
PBS were injected subcutaneously into the mice to grow xenografts.
Tumor diameters were monitored every 5 days. After 20 days, mice
were scarificed, and the xenografts were stripped out and weighed for
further analysis. For chronic administration, when animals bore visible

tumors (50 mm?), they were randomly divided into four groups (Ctr
group, MTX group, TY52156 group, and MTX plus TY52156 group).
Each group was treated with different administration:100 pl of 0.9%
NaCl, MTX (5 mg/kg), TY52156 (3 mg/kg) and MTX (5 mg/kg) plus
TY52156 (3 mg/kg) every four days respectively. Tumor diameters
were monitored every 4 days. Tumor volumes were calculated by
volume = (Width? x Length)/2.

2.13. Terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling
(TUNEL) assay

A TUNEL kit (Roche, Basel, Switzerland) was used to quantify the
proportion of apoptotic cells in the xenograft tumors. We preformed
this assay as previously described [19].

2.14. Oxidative phosphorylation and glycolysis analysis

The real-time glycolytic rate (ECAR) and oxygen consumption rate
(OCR) of OS cells were analyzed by an XF96 metabolic flux analyzer
(Seahorse Biosciences, Billerica, MA, USA) as previously described [19].
Briefly, 3 x 10* target cells were seeded into each well of a Seahorse
XF 96 cell culture microplate. After the probes were calibrated, for
OCR, 1 mM oligomycin, 1 mM p-trifluoromethoxy carbonyl cyanide
phenylhydrazone (FCCP) and 2 mM antimycin A plus 2 mM rotenone
(Rote/AA) were sequentially injected; and for ECAR, 10 mM glucose,
1 mM oligomycin, and 80 mM 2-deoxyglucose (2-DG) were sequen-
tially injected. Data were assessed and analyzed by using Seahorse XF-
96 Wave software.

2.15. Co-immunoprecipitation (Co-IP) assay

MNNG-HOS and U-20S proteins were extracted through total pro-
tein extraction buffer (Beyotime, China). Protein A/G sepharose (Santa
Cruz Biotechnology) was pre-incubated with anti-c-MYC or anti-YAP
antibody for 30-60 min on a spinning wheel at 4 °C with two washes.
The bead-antibody complexes were then suspended with protein ly-
sate. All Co-IP was performed overnight on a spinning wheel at 4 °C.
The beads were washed 3 times with extraction buffer, and were
collected by centrifugation at 3000g. The immunoprecipitates were sub-
jected to western blotting.

2.16. Chromatin immunoprecipitation (CHIP) assay

MNNG-HOS and U-20S cells were fixed in 1% formaldehyde solution
at37 °Cfor 10 min. ChIP assay was performed using the Pierce™ agarose
ChIP kit (Thermo Fisher Scientific). Premix Taq (Cell Signaling)
was used to quantify the DNA-protein complexes formed by
immunoprecipitating DNA with control IgG (Cell Signaling), anti-YAP
and anti-c-MYC from the sonicated cell lysates. The specific primers
used in the process of CHIP were listed in Supplementary Table 1.

2.17. Luciferase reporter assay

Luciferase reporter assay was performed as described in our previ-
ous report [19,21]. In brief, wild-type or YAP or c-MYC overexpressed
MNNH-HOS and U-20S cells were co-transfected with pGL4.10-
Promotor vectors and pRL-TK Renilla plasmids. A Dual-Luciferase
Reporter Assay System (Promega) was used to analyze the luciferase ac-
tivity. The wild type and mutant PGAM1 promoters regions were list in
Supplementary Table 1.

2.18. Database analysis
Survival rate analyzed by a Kaplan-Meier analysis of 88 OS patients

were referenced from an online database (http://hgserver1l.amc.nl). The
data from GEO database (GSE 42352) were used to compare the gene
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expression levels of STPR3 between the OS and mesenchymal stem cell
(MSC).

2.19. Statistical analyses

All statistics were carried out using GraphPad Prism 7.0 and Excel for
Windows (La Jolla, CA, USA). The chi-square test was used for propor-
tion comparison. Comparisons between two groups were performed
by two-tailed Student's t-test. All error bars in this study was repre-
sented the mean + S.D. p values > .05 = ns, p values <05 = *, p
values <.01 = ** p values <.001 = ***,

2.20. Data availability

The data sets of MNNG-HOS cell line silenced of S1PR3, which
support the findings of this study are available in the Sequence Read
Archive (SRA) repository under accession NO.SRP165691. All other re-
maining data that support our findings are available from the authors
upon reasonable request.

3. Results

3.1. S1P and S1PR3 were both upregulated in OS and higher expression of
S1PR3 was closely related to the poor survival rate in OS

It has been reported that sphingosine kinase, resulting in the gener-
ation and secretion of S1P, was upregulated in OS cells and tissues [22].
Accordingly, we compared the S1P levels in the supernatants of
hFOB1.19, a common osteoblast cell line, with that in human OS cell
lines (MNNG-HOS, U-20S, Saos-2 and MG63) through enzyme-linked
immunosorbent assay (ELISA). As shown in Fig. 1a, OS cell lines secreted
more S1P than osteoblast cell lines. We next compared the mRNA levels
of all five S1PRs by quantitative RT-PCR in OS cell lines. Compared to the
other four S1PRs, STPR3 exhibited a higher expression in most OS cell
lines (Supplementary Fig. 1a-d). Then we compared the expression
level of STPR3 between hFOB1.19 and OS cell lines via western blotting.
0S cells displayed significantly higher S1PR3 levels compared to the os-
teoblast cell line, especially in MNNG-HOS and U-20S cell lines (Fig. 1b).
Furthermore, we detected the expression difference of SIPR3 between
0S (n = 40) and osteochondroma (OC) (n = 20) tissue samples
through immunohistochemistry (IHC) staining. SIPR3 exhibited higher
expression in OS tissues than in OC tissues (Fig. 1cand d). We also found
that the higher expression of SIPR3 was related to the advanced patho-
logical staging in OS (Fig. 1e). Moreover, we downloaded the mRNA ex-
pression data from GEO database (GSE 42352) and analyzed the
expression profiles of SIPR3 in 12 mesenchymal stem cell (MSC) and
84 OS tissues. The results also indicated that S1TPR3 was upregulated
in OS tissues (Supplementary Fig. 1e). We further analyzed the prognos-
tic value of S1PR3 in OS patients according to an online database. As
shown in Fig. 1f and Supplementary Fig. 1f, Kaplan-Meier analysis dem-
onstrated that OS patients with a higher expression of S1PR3 had a
lower overall survival rate (p = .045, Kaplan-meier analysis) and
metastasis-free survival rate (p = .017, Kaplan-meier analysis). Collec-
tively, we found that S1P and S1PR3 were both upregulated in OS.
Simultaneously, the higher expression of STPR3 was linked to a poor
survival rate and might promote the progression of OS.

3.2. S1P/S1PR3 axis promoted the proliferation and inhibited the apoptosis
of OS cells

In order to study the biological functions of SIP/S1PR3 axis in OS, we
first stimulated OS cells by adding S1P to the medium exogenously. Stim-
ulation with S1P promoted the proliferation of OS cells, with a maximal
response observed at 100 nM (Fig. 2a and b). Next, we blocked the S1P/
S1PR3 axis by shRNAs against S1PR3. While a non-targeting ShRNA was
taken as a control, and western blotting were performed to test the effi-
ciency of knockdown (Supplementary Fig. 2a). We first studied the influ-
ence of S1PR3 knockdown in OS growth in vitro. The silencing of STPR3
partly suppressed the proliferation of OS cells through using CCK-8
assay (Fig. 2c and d) and colony formation assay (Fig. 2e). We then
explored the effects of SIPR3 knockdown on cell apoptosis in OS. As
shown in Fig. 2f and g, knockdown of S1PR3 could significantly promote
the apoptosis of OS cells. Moreover, we analyzed whether S1PR3 could
enhance proliferation and inhibit apoptosis in vivo. The stable SIPR3
knockdown and control MNNG-HOS cells were injected into the nude
mice subcutaneously. An obvious delay in the growth speed of tumors
was seen in the stable STPR3-knockdown group, as well as a reduced
tumor weight and volume (Fig. 3a-d). The results of [HC staining and
TUNEL assay revealed declining expression of Ki67 and rising rate of apo-
ptosis in the xenografted tumors of S1PR3-knockdown group (Fig. 3e).
Furthermore, we performed RNA sequencing to compare gene expres-
sion patterns between S1PR3-knockdown and control MNNG-HOS cells.
In order to ensure the accurateness of data analysis, differentially
expressed genes were defined as an average fold-change > 2.0 and p-
value <.05. As displayed in Fig. 3f, the results of GO analysis (biological
process) were in consistent with our previous study that S1PR3 promoted
OS cell growth. These data pointed out that the S1P/S1PR3 axis was sup-
posed to promote the proliferation and inhibit the apoptosis of OS cells.

3.3. S1P/S1PR3 axis promotes the aerobic glycolysis in OS cells

To further explore the role of S1PR3 in OS, we set enrichment analy-
sis (GSEA) based on the results of RNA sequencing for gene. Our data
implied that genes involved in the glycolysis pathway were particularly
enriched in the control MNNG-HOS group, suggesting the potential reg-
ulatory roles of S1PR3 in glucose metabolism (Fig. 3g). The Warburg ef-
fect was the phenomenon in which cancer cells predominantly generate
energy through aerobic glycolysis rather than by oxidative phosphory-
lation (OXPHOS) [23]. It had been widely approbated that the Warburg
effect leads to the promotion of survival and apoptosis inhibition in tu-
mors [24]. We then explored if S1TP/S1PR3 axis regulated the aerobic
glycolysis in OS. As shown in Fig. 3h and i, we observed a reduction in
the glycolytic rate (ECAR) following the STPR3-shRNA treatment of
MNNG-HOS and U-20S cells. In contrast, the mitochondrial respiration
(OCR) increased when S1PR3 was depleted in OS cells (Fig. 3h and i).
Taken together, we suggested that the S1P/S1PR3 axis devoted to the
activation of the Warburg effect in OS cells.

3.4.S1P/S1PR3 inhibits the Hippo pathway by promoting nuclear transloca-
tion of YAP

In mammalian Hippo pathway, YAP is inactivated by Large Tumor
Suppressor (LATS) through retaining their cytoplasmic localization
and protein degradation. Otherwise, when the Hippo pathway is inac-
tive, the dephosphorylated YAP will enter the nucleus and interact
with some key transcription factors to promote the transcription of

Fig. 6. Interplay between S1PR3, YAP, c-MYC and PGAM1 contributes to Warburg effect in OS. a and b. Altered level of ECAR and OCR in OS cells (MNNG-HOS and U-20S) with treatment of
Verteporfin (2 pM) or DMSO. Values are means + SD. ¢ and d. Interactions between c-MYC and YAP demonstrated by CO-IP assay. The input was performed as control. e. Relative mRNA
levels of PGAM1 in OS cells (MNNG-HOS and U-20S) in different groups (sh-Control, sh-S1PR3 and sh-S1PR3 + ov-YAP). Values are means =+ SD, **p <.01, **p <.001 (Student's t-test). f
and g. A ChIP assay was used to verify the potential c-MYC and YAP co-binding site in the PGAM1 promoter region in MNNG-HOS and U-20S cell lines. Input fractions and IgG were used as
controls. h and i. Luciferase activities of YAP-overexpressing, c-MYC-overexpressing, YAP-overexpressing and c-MYC-knockdown or control OS cells (MNNG-HOS and U-20S) in luciferase
reporter plasmid containing wild-type and mutant 1(M1) or mutant 2 (M2) PGAM1 promoter. The data shown are mean + SD, **p <.01, ***p <.001 (Student's t-test).
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some genes that involved in cell proliferation, apoptosis and
reprogramming of glucose metabolism [25-28]. We next asked
whether S1PR3 could devote to the aerobic glycolysis in OS through
the regulation of YAP. Comparison analysis of results of RNA sequencing
exhibited that a large number of the YAP target genes, which were evo-
lutionarily conserved and had been summarized by Cordenonsi M et al.
[29], were downregulated in S1PR3-knockdown cells (Fig. 4a). The
mRNA expression level of YAP typical target genes, CTGF (Connective
Tissue Growth Factor) and CYR61 (Cysteine Rich Angiogenic Inducer
61), were significantly decreased in S1PR3-knockdown cells, which
was in line with the RNA sequencing results (Fig. 4b and c). Further-
more, the results of immunofluorescence (IF) staining revealed that
YAP localized mainly in the nucleus of sh-Control OS cells but in cyto-
plasm of sh-S1PR3 OS cells at middle cell density (Figs. 4d-f). Moreover,
in both MNNG-HOS and U-20S cells, S1PR3 suppressed the Hippo path-
way activation based on reduced p-YAP levels (Fig. 4g). Above results
indicated that the S1P/S1PR3 axis inhibits the Hippo pathway by sup-
pressing the phosphorylation of YAP and promoting nuclear transloca-
tion of YAP.

3.5. YAP is responsible for S1PR3-mediated cell growth and the Warburg
effect

We further assessed whether the overexpression of YAP could re-
versed the inhibition of SIPR3 knockdown on the pro-growth and the
Warburg effect of OS cells. We first overexpressed YAPS127A (constitu-
tively active YAP that cannot be phosphorylated by LATS kinases) in
wild-type and S1PR3 knockdown OS cell lines (MNNG-HOS and U-
20S). The western blot was used to confirm the efficiency of overex-
pression (Fig. 5a). As shown in Fig. 5b-e and Supplementary Fig. 3a,
overexpression of YAPS127A partly reversed the suppressed effects of
S1PR3 knockdown on the pro-growth properties of OS cells. In the
in vivo experiment, the anti-tumorigenic effect on S1TPR3-knockdown
group was partly reversed by YAPS127A overexpression (Fig. 5f and
g). Consistently, YAPS127A overexpression also partly restored the
Warburg effect in MNNG-HOS and U-20S (Fig. 5h and i). These results
validated that STPR3 promotes OS growth and the Warburg effect by
inhibiting the Hippo/YAP pathway.

3.6. S1PR3 regulates the expression of PGAM1 via the YAP/c-YMC complex
in OS cells

Due to the lack of a DNA-binding domain in YAP, it requires for the
interactions with other transcriptional factors for recruitment to chro-
matin, especially the TEAD family members [30]. We first tested
whether the combination of YAP and TEAD had an influence on the aer-
obic glycolysis in OS cells. However, administration of Verteporfin (2
uM), a specific inhibitor targeting YAP-TEAD association, exerted little
inhibitory impact on aerobic glycolysis of OS cells (Fig. 6a and b).
Many studies have illustrated that c-MYC was concerned with modulat-
ing key enzymes involved in aerobic glycolysis as well as important pro-
cesses demanding for the Warburg effect [31]. We then explored if
S1PR3/YAP axis regulated Warburg effect in OS through regulating the
expression or function of ¢c-MYC. As exhibited in Supplementary
Fig. 4a, compared with the control group, the expression of c-MYC
was not significantly altered by the depletion of SIPR3 or overexpres-
sion of YAP in OS cells. Notably, as shown in Fig. 6¢c and d, the interaction

between YAP and c-MYC were uncovered in both MNNG-HOS and
U-20S cells. According to the above results, we speculated that S1PR3-
mediated Warburg effect in OS cells might depend on YAP mediated
promotion of transcriptional activity on c-MYC.

To further explore the target genes that co-regulated by YAP and c-
MYC, we first compared the mRNA level of glycolytic genes between
control group and S1PR3-knockdown group in MNNG-HOS cell through
RNA sequencing. As revealed in Supplementary Fig. 4b, knockdown of
S1PR3 significantly suppressed mRNA expression of several key glyco-
lytic genes in MNNG-HOS cells, especially Phosphoglycerate mutase-1
(PGAM1) (Supplementary Fig. 4b). PGAM1, a glycolytic gene, catalyzing
the conversion of 3-phosphoglycerate to 2-phosphoglycerate, which
promotes a metabolic switch toward glycolysis to support cell prolifer-
ation and survival [32]. Accordingly, targeting PGAM1 appears to pre-
dict a promising strategy for some tumors [33-35]. Furthermore,
downregulation of PGAM1 in S1PR3 knockdown MNNG-HOS cells
could be restored by overexpression of YAPS127A, suggesting that
PGAM1 might be a potential target gene of YAP-c-MYC (Fig. 6e).
Hence, a ChIP-PCR assay was performed to verify our hypothesis. As
shown in Fig 4f and g, we displayed that the PGAM1 promoter was
co-occupied by YAP and c-MYC in several regions flanked by primers
3 and 6 in MNNG-HOS and U-20S cells (Fig. 6f and g). Furthermore,
the wild-type PGAM1 promoter but not mutant constructs could be ac-
tivated by YAP or c-MYC overexpression. (Fig. 6h, i and Supplementary
Fig. 4c). In addition, YAP-activated PGAM1 transcription was obviously
suppressed by c-MYC knockdown (Fig. 6h and i). These results indicated
that S1PR3 regulated the expression of PGAM1 via the YAP/c-YMC com-
plex in OS cells.

3.7. Specific antagonist of S1PR3 combined with methotrexate suppresses
the growth of OS cells in vitro and in vivo

Methotrexate (MTX), a deoxycytidine analog that inhibits DNA rep-
lication and thus prevents tumor growth, is a widely used chemother-
apy for OS. TY52156 is an antagonist of STPR3 and has a high degree
of selectivity for the S1PR3 receptor [36,37]. Next, we evaluated
whether the function of MTX on the anti-tumorigenic ability of OS
could be enhanced by TY52156. Treatment of MTX or TY52156 inhibited
the proliferation of OS cells and facilitated their apoptosis in vitro. Fur-
thermore, the combination of MTX and TY52156 could enhance these
functions (Fig. 7a-c). In an in vivo assay, both MTX (50 mg/kg) and
TY52156 (10 mg/kg) were treated every 4 days to implanted mice,
which resulted in smaller tumors compared to the MTX or TY52156
only treatment groups (Fig. 7d-g). Collectively, these data indicate
that the combination of MTX and TY52156 may provide an additional
treatment benefit.

4. Discussion

Recent reports have discovered the important roles of STPRs family
in the modulation of tumor growth, tumorigenesis and metastasis.
The elevation of STPR1 in T lymphoblastic lymphoma cells increased
the expression of intercellular adhesion molecule 1 (ICAM1) and aug-
mented cell-cell adhesion, which was concerned with the blockade of
intravasation and hematological dissemination [38]. In cancer cells,
S1PR2 induced acute myelogenous leukemia growth and was demon-
strated to activate ezrin-radixin-moesin (ERM) proteins to promote

Fig. 7. Targeting S1PR3 combined with methotrexate suppresses the growth of OS cells in vitro and in vivo. a. Colony formation assays using MNNG-HOS and U-20S cells treat with DMSO,
TY52156 (10 uM ), methotrexate (MTX) (1 uM) or combination of TY52156 and MTX. Representative photographs of the colony formation assay were shown in the left panel. Scale bars =
5 mm. Values are means =+ SD, **p <.01, ***p <.001 (Student's t-test). b and c. Cell apoptosis assay using MNNG-HOS and U-20S cells treat with DMSO, TY52156 (10 uM), methotrexate
(MTX) (1 M) or combination of TY52156 and MTX. Representative images of apoptosis assay were shown in the left panel. Values are means =+ SD, **p <.01, ***p <.001 (Student's t-test).
d. Subcutaneous xenografts transplanted with MNNG-HOS cells treat with 0.9% NaCl, TY52156 (3 mg/kg), methotrexate (MTX) (5 mg/kg) or combination of TY52156 and MTX every
4 days. e. Tumor volumes were measured with calipers every 4 days. n = 5, *p <.05, **p < .01, ***p < .001 (Student's t-test). f. Tumor weights in 20 day were measured in each group.
The median, upper and lower quartiles were plotted, and the whiskers that extend from each box indicate the range values that were outside of the intra-quartile range. n = 5, *p <
.05, **p < .01 (Student's t-test). g. Tumor volumes in 20 day were measured in each group. The median, upper and lower quartiles were plotted, and the whiskers that extend from
each box indicate the range values that were outside of the intra-quartile range. n = 5, *p < .05, **p <.01, ***p <.001 (Student's t-test).
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movement and invasion of HeLa cells in culture [39-41]. A clinical
study has reported that increased S1PR4 expression was linked with
lower disease-free survival rate in a sample of 140 patients with estro-
gen receptor (ER)-negative breast cancer [42]. A recent study revealed
that S1P/S1PR5 axis promoted mitotic progression in HeLa cells, gener-
ating chromosome segregation defects via STPR5-dependent activation
of the PI3K-AKT pathway [43]. S1PR3 also has been reported to have
cancer-promoting properties and correlated with poor prognosis in in-
testinal tumors [17,37,44-46]. The levels of S1PR3 were upregulated in
human lung adenocarcinomas and promotes the progression of human
lung adenocarcinomas [46].The S1P/S1PR3 axis regulates cancer
stemness by activating Notch signaling [37]. However, the expression
and function of the S1P/S1PR3 axis in OS has not been studied. Inter-
estingly, STPR3 was necessary to promote bone formation in response
to S1P, indicating that dysregulation of S1P or SIPR3 might bring about
development of OS [47].We demonstrate that S1P and S1PR3 were
both upregulated in OS; inhibiting S1P/S1PR3 axis by silencing of
S1PR3, which produced an anti-tumor effect. In addition, a Kaplan-
Meier analysis showed that poor overall survival and metastasis-free
survival rates were associated with higher expression of S1IPR3 in OS
patients.

Increased aerobic glycolysis (the Warburg effect) emerges as an en-
lightening hallmark for cancers. This metabolic shift promotes cancer
cell proliferation and survival, particularly by supplying more interme-
diates for some biosynthetic pathways and an adaptation to hypoxic
conditions [48-50]. Recently, our team also reported that the Warburg
effect existed in OS and promoted its proliferation [19]. However, the
implication of the Warburg effect in the progression of OS remains to
be investigated. In this study, we identified an S1TPR3-dependent regula-
tory network involving YAP, c-MYC, and modulation the Warburg effect
during the growth of OS.

The Hippo pathway participates in controlling organ size, and its
dysregulation contributes to the tumorigenesis. Previous studies indi-
cated that the Hippo-YAP pathway was a critical signaling branch
downstream of GPCR. Yu et al. showed that S1P acted through G12/
13-coupled receptors to inhibit the Hippo pathway by activating YAP
and TAZ transcription coactivators [51]. The Hippo pathway also played
an important role in regulating the energy metabolism of cancer cells
[52-54]. However, the signaling connection between them is still
largely unknown, especially in OS. In this study, we demonstrated that
S1P/S1PR3-mediated YAP nuclear translocation promoted the aerobic
glycolysis in OS cells. Knockdown of the S1PR3 gene in OS cells recapit-
ulates growth inhibition, resulting in deficits in aerobic glycolysis and
YAP cytoplasm translocation. Functionally, our study indicated that
YAP could combine with c-MYC in the OS cells. Furthermore, we identi-
fied PGAMI, a key regulator in glycolysis, as a direct target gene of S1P/
S1PR3 signaling.

In this study, we established a subcutaneous xenograft mouse model
to evaluate the functions of S1PR3 in vivo. Patient-derived tumor xeno-
graft (PDX) model and orthotopic xenograft model would be generated
in future studies to further explore the possibility of SIPR3 as an effec-
tive target for the treatment of osteosarcoma. Furthermore, considering
the low incidence of OS, it was difficult for us to make a more thorough
evaluation of clinical significance of the S1PR3 in a large cohort.

In summary, our studies gave a new enlightenment into the molec-
ular mechanisms for the glucose metabolism reprogram in the develop-
ment of OS. Our results highlighted a previously unknown role for S1P/
S1PR3 axis, which shed light on how S1P/S1PR3 axis initiated the War-
burg effect by activating the YAP/c-MYC/PGAM1 pathway. Furthermore,
our data demonstrated that S1PR3 specific antagonist TY52156 had syn-
ergistic inhibitory effects with methotrexate on OS cell growth, which
also provided new ideas for clinical treatment of osteosarcoma. Thus,
targeting STP/S1PR3 axis might constitute a new approach for OS
treatment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.12.038.
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