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Highlights
e S1PR2 is the potential upstream regulator of DPD expression in CRC cells
e JTE-013 effectively reversed 5-FU resistance of CRC both in vivo and in vitro

e JTE-013 levels off DPD-catalyzed degradation of intracellular 5-FU in CRC

Abstract
In this study, S1IPR2 was reckoned as a brand-new GPCR target for designing
inhibitors to reverse 5-FU resistance. Herein a series of pyrrolidine pyrazoles as the

S1PR2 inhibitors were designed, synthesized and evaluated for their activities of anti-



FU-resistance. Among them, the most promising compound JTE-013, exhibited
excellent inhibition on DPD expression and potent anti-FU-resistance activity in
various human cancer cell lines, along with the in vivo HCT116°FP cells xenograft
model, in which the inhibition rate of 5-FU was greatly increased from 13.01% to
75.87%. The underlying mechanism was uncovered that JTE-013 demonstrated an
anti-FU-resistance activity by blocking S1PR2 internalization to the endoplasmic
reticulum (ER), which inhibited the degradation of 5-FU into a-fluoro-f-alanine
(FBAL) by downregulating tumoral DPD expression. Overall, JTE-013 could serve as

the lead compound for the discovery of new anti-FU-resistance drugs.

Significance: This study provides novel insights that SIPR2 inhibitors could sensitize

5-FU therapy in colorectal cancer.

Key words: Colorectal cancer (CRC); S1P receptor 2 (S1PR2); Dihydropyrimidine

dehydrogenase (DPD); 5-FU resistance.

Introduction
5-Fluorouracil (5-FU) has long been the basic drug for colorectal cancers (CRCs),
however, drug resistance remains the great obstacle to its clinical use [1, 2]. In

mammalian cells, 5-FU is converted into fluorodeoxyuridine monophosphate



(FAUMP), which forms a stable complex with thymidylate synthase (TS or TYMS)
and causes cytotoxicity by inhibiting TS activity [3, 4]. Dihydropyrimidine
dehydrogenase (DPD or DPY D)-mediated conversion from 5-FU to
dihydrofluorouracil (DHFU) is a rate-limiting step of 5-FU catabolism [5, 6].
Therefore, high levels of TS and DPD are widely taken as two major causes of 5-FU
resistance [7]. Currently, many reports have been issued about the modulatory
mechanisms of TS expression, yet the knowledge of DPD is still limited to its single
nucleotide polymorphisms (SNPs). Nonetheless, known SNPs only account for
approximately 30% cases of severe resistance to 5-FU [8, 9] and the majority of
patients who developed 5-FU resistance do not carry known toxicity-associated SNPs
for DPYD [10]. Most importantly, 5-FU itself is the ideal inhibitor of TS and
leucovorin is used to stabilize FAUMP-TS complex [11, 12], whereas current DPD
inhibitors (i.e. CDHP in S-1 regimen) suppress catalytic activity of DPD only in liver
but not in cancer cells [13, 14]. Moreover, it was reported that these reversible
competitive enzyme inhibitors of DPD augmented the liver toxicity of 5-FU [15].
Therefore, it is of paramount importance to elucidate the regulatory target of tumoral
DPD for the sake of optimizing 5-FU regimens.

Even though it was reported that increased H3K27me3 at the DPYD promoter
could downregulate DPD expression [16], it was still difficult for an inhibitor to
directly enter into the nucleus and modify the methylation of H3K27 in cancer cells. If

a transmembrane receptor could be identified as the upstream regulator of



H3K27me3, the inhibitors of this transmembrane receptor would effectively
downregulate the expression of DPD in cancer cells. SIPR2, one of five G protein-
coupled receptors (GPCRSs) of sphingosine-1-phosphate (S1P), has been ignored in the
development of drug discovery [17]. The immunomodulatory drug fingolimod
(FTY720, Gilenya®) was approved for treatment of relapsing-remitting multiple
sclerosis, due to its impressive efficacy and good tolerability [18-20]. As fingolimod
resembles in chemical structure of sphingosine, it serves as the phosphorylated
substrate of sphingosine kinase 2 (SphK2) [21, 22]. The metabolite fingolimod-P
showed similar affinity as S1P by binding with S1IPR1, S1PR3, S1PR4 and S1PR5
[23, 24]. However, it was verified that Fingolimod-P is not a ligand for S1IPR2 [25].
Several inhibitors of S1PR1 3.5, such as Ponesimod and Etrasimod, have currently
entered into the stage 111 clinical trials [26, 27]. However, S1IPR2 is still left as the
vacant GPCR target for further investigation.

In this study, we found that SIPR2 inhibitors could downregulate DPD
expression to suppress the degradation of intracellular 5-FU into inactive a-fluoro-f3-
alanine (FBAL). A series of novel pyrrolidine pyrazole inhibitors referenced to JTE-
013 were synthesized and evaluated for their activity of overcoming 5-FU resistance
through downregulating tumoral DPD. We thus suggest that JTE-013, the most
superior S1IPR2 inhibitor, could be developed as a potential reversal agent of 5-FU

resistance for clinical applications.



Results

Identification of SIPR2 as a potential upstream regulator of DPYD expression in
TCGA database and cell lines. To investigate the potential role of SIPR2 in
regulating 5-FU resistance, we firstly screened the expression data from The Cancer
Genome Atlas (TCGA). Overall, SIPR2 expression was significantly increased in a
variety of tumoral samples as compared to the paracancerous tissues, including
colorectal cancer, skin cutaneous melanoma and brain lower grade Glioma (Fig. 1A
and 1B). Among these cancer types, CRC was the only cancer type given 5-FU-based
adjuvant chemotherapy as the first-line treatment. Since DPD (encoded by DPYD or
dpyd), TS (encoded by TYMS) and thymidine phosphorylase (encoded by TYMP) are
all considered to be involved in the development of 5-FU resistance, we further
screened TCGA database to identify which gene might be upregulated by S1PR2"9",
DPYD expression showed positive correlation with SIPR2 in CRCs (R = 0.75) but
not in paracancerous tissues (R = 0.31). Neither TYMS nor TYMP were significantly
correlated to S1IPR2 in CRCs or paracancerous tissues (Fig. 1C and D).

Further, we determined the expressions of SIPR2 and DPD in various naive cell
lines, including HCT116, HT-29, SW620, LOVO, NCM460, MCF-7, BT474, Hela,
Huh7 and cccHEL-1 cells. It showed a significant difference in the expressions of
S1PR2 and DPD among these cell lines but a satisfying consistence between high
S1PR2 and elevated DPD. HCT116, SW620, Huh7 and cccHEL-1 cells were found

with both higher S1PR2 and elevated DPD as compared with other cell lines (Fig.



1E). We further performed the RT-gPCR assay to analyze the mRNA levels of slpr2
and dpyd. Higher levels of s1pr2 and dpyd were also seen in HCT116, SW620, Huh7
and cccHEL-1 cells than other cell lines (Fig. 1F). Also, SIPR2 shRNA was
transfected into HCT116, SW620, Huh7 and cccHEL-1 cells to determine their DPD
levels. It showed that these four cell lines transfected with SIPR2 shRNA all
exhibited lower DPD expression as compared with their vector controls (Fig. 1G).
Finally, we treated the above shS1PR2 cells with dose gradient of 5-FU with the
concentrations from 6.25 to 100 uM. It showed that SIPR2 shRNA significantly
increased the sensitivity of 5-FU treatment in HCT116, SW620, Huh7 cells but not in
cccHEL-1 cells (Fig. 1H). Overall, these results suggest that SIPR2 might be a novel
GPCR target for designing reversal agents of 5-FU resistance by downregulating DPD

expression.

Synthetic chemistry of SIPR2 inhibitors. Since shS1PR2 could effectively enhance
the sensitivity of cancer cells to 5-FU treatment by downregulating DPD expression,
we sought to design, synthesize and evaluate a series of compounds referenced to
JTE-013. The syntheses of S1IPR2 inhibitors were performed as shown in Scheme 1.
All SIPR2 inhibitors were synthesized from hydrazine intermediates (6a-6¢, 13a-13k
or 22) by condensation with the corresponding acid azide. The reflux of 5-amino-1,3-
dimethylpyrazole in acetic acid with esters afforded the correspondent compounds 4a-

4c. The reaction yield was low and the separation of the product was difficult through



silica gel chromatography due to the acylated side product from the reaction of 5-
amino-1,3-dimethylpyrazole with solvent acetic acid with close polarity as the
product. Fortunately, ethyl acetate allowed the separation of the product from the
acylated side product. Compounds 5a-5c afforded from bromination of 4a-4c,
followed by reaction with 80% hydrazine hydrate in ethanol to produce the key
intermediates 6a-6¢. The 2,6-dichloropyridine moiety 8 was derived from the
commercially available 2,6-dichloroisonicotinic acid 7 in straightforward steps.
Reflux of compound 8 in toluene produced the isocyanate 9. Compounds 10a-10c
were obtained through subsequent adding of the solutions of hydrazine 6a-6¢ in
tetrahydrofuran (THF). lodination of compound 4a to produce compound 11, and the
replacements of iodine atom by different substitutions were carried out through
Suzuki coupling reaction to obtain 12a-12k. Subsequently, the same procedures were
performed to produce 14a-14k. The different substituted isonicotinic acid 15a-15d
were used to gain acid azide 16a-16d and subsequent combination with 6a to obtain
18a-18d. Starting from 2,4-dichloro-7H-pyrrolo[2,3-d] pyrimidine 19, compound 21
was obtained through substitution and methylation. Compound 23 was then prepared
following a similar two-step sequence as shown in Scheme 1 (for more details, please

see the Supplementary Methods).

SAR of S1PR2 inhibition. In vitro anti-5-FU resistance activities against human

colorectal cell lines, including HCT116, HT-29 and NCM460, were analyzed by 3-



(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The
inhibition rates of these compounds at the concentrations of 6.25, 12.5, 25, 50, 100,
200 uM and the ICsp values were listed in Table 1 (left panel). All these compounds
were then combined with 10 uM 5-FU for further analysis of the ECso values. The
results were listed in Table 1 (right panel). JTE-013, the reported S1PR2 inhibitor,
was resynthesized and identified as a hit compound with the ECsp 0f 18.28 uM in
HCT116 cells. The design of inhibitors could not be aided by crystallographic
methods because crystal structure of SIPR2 has still not been elucidated. Therefore,
the SAR of S1PR2 inhibition is mainly illuminated by introducing various
modifications to different regions of the hit molecule.

SAR exploration initiated with the investigation of various substitutions at the
pyrrolopyridine structure of S1IPR2 inhibitors (Table 1). Methyl and cyclopropyl
substitutions on the pyridine ring show no improvement (10a and 10b vs JTE-013),
whereas phenyl substitution exhibits better SIPR2 potencies (10c vs JTE-013). These
results indicate that the inhibitory effect of the compounds on S1PR2 is enhanced by
the increase of volume of the hydrophobic group. Replacements of hydrogen on
pyrrole ring of 10a with bulk group are also beneficial (14a-14k), in particular, as are
pyridine (14a) and fluorine benzene (14d). The effect of the chloric substitutions at
2,6-dichloropyridine structure on JTE-013 was subsequently investigated. The mono-
substituted pyridines showed no improvement (18a-18d vs JTE-013), whereas non-

substituted pyridine is a weaker inhibitor than the substituted pyridines. The above



results demonstrate that moderate bis-substitutions are more suitable. The impact of
pyrrolopyridine structure was subsequently examined and replacements of
pyrrolopyridine moiety on hit 1 with pyrrolopyrimidine are not beneficial (23 vs JTE-
013). In conclusion, the data of SAR illustrate that the attachment of alkyl or aryl
groups to the fused ring greatly improves S1PR2 potency and the inhibitory effect is
further enhanced by the addition of size of hydrophobic group.

According to the ECsg and 1Cso values, we subsequently selected 5 most potent
and selective S1IPR2 inhibitors to analyze their activity of inhibiting DPD expressions
by western blotting assay. It showed that compounds 10c and JTE-013 demonstrated
strong activity in preventing the expression of DPD (Fig. 2A). Moreover, we
previously ascertained that 5-FU could induce S1PR2 to internalize to the ER. Herein,
we found that compounds 10c and JTE-013 effectively restrained the 5-FU-induced
S1PR2 internalization (Fig. 2B). Enlightened from our previous study, we further
validated the ER stress signaling under the dose gradient of JTE-013 with the
concentrations from 1.3 to 100 uM. The reported IMID3-H3K27me3-DPD pathway
was also determined to be gradually suppressed when cancer cells were treated with
higher dose of JTE-013 (Fig. S1). These in vitro results suggest that compounds 10c
and JTE-013 could be developed as the potential 5-FU resistance inhibitors through

the mechanism of preventing tumoral DPD.
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Binding models for compounds 10c and JTE-013 in the SIPR2-binding pocket.
To explore the interaction between receptor residues and ligands, a homology model
of S1IPR2 was established and the binding site was deduced based on the known
crystal complex of S1IPR1 and ligand (Fig. 3A). Compounds 10c and JTE-013 (Fig.
3B) were well docked into the ligand-binding cavity. Comparing the binding modes of
compound 10c to JTE-013 (Fig. 3C and D), both 10c and JTE-013 adopt a similar
“U-shape” conformation. For JTE-013, however, five hydrogen bonds are formed:
semicarbazide to Tyr18, Arg108 and Val182 and nitrogen (pyridine) of the pyrazol-
pyridine ring to Glu109. In contrast, compound 10c formed one more hydrogen bond
between semicarbazide and Glu109, which might interpret why compound 10c has
stronger in vitro activity. These interactions, especially interaction with
semicarbazide, were identified as the crucial driving force for the SIPR2 binding.
Furthermore, the pyrazol-pyridine ring, the isopropyl in JTE-013 and the phenyl in
10c occupied the hydrophobic channel, formed by six residues Ala36, 11e40, Phe86,
Thr278, Phe274, and Ala275. Especially, one more hydrogen bond between 10c and
S1PR2 might be caused by the differences of hydrophobicity between isopropyl and
phenyl, which leads to slight differences in the conformations of both molecules. In
addition, the pyrrole-pyridine ring in JTE-013 and 10c could interact with the phenyl
groups of Phe274 through n—n stacking. The other parts of the structures,
dichloropyridine rings, also contributed to the interactions between S1PR2 and their

inhibitors through the hydrophobicity of chlorine atoms.
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JTE-013 and compound 10c reversed 5-FU resistance in HCT116PPP cell
xenograft model. To compare the anti-5-FU resistance properties of compounds 10c
and JTE-013 in vivo, HCT116 cells with high DPD (HCT116°"P) xenografted
athymic mice model was established. In this model, we treated the mice with 20
mg/kg 5-FU combined with 1 mg/kg compound 10c or 1 mg/kg JTE-013 by tail vein
injection for consecutive 24 days. As shown in Fig. 4A, body weights of 5-FU+JTE-
013-treated mice rose again after the fall, whereas body weights of control groups and
5-FU+10c group continuously leveled off. Tumor growth was strongly inhibited by
JTE-013 plus 5-FU. The inhibition rate was greatly increased from 13.01% by single
use of 5-FU to 75.87% by JTE-013 plus 5-FU. In contrast, anti-5-FU resistance
activity of compound 10c was not as potent as JTE-013 and the inhibition rate of
compound 10c plus 5-FU was 46.52% in HCT116P"° xenografted athymic mice (Fig.
4B-D). In addition, JTE-013 monotherapy hardly affected the tumor proliferation with
the inhibition rate of 3.41% in the HCT116°°° model (Fig. S2).

To determine the activity of compounds 10c and JTE-013 in preventing DPD
expression in vivo, we analyzed DPD levels in colons, tumors and livers of mice
bearing HCT116°FP xenograft. Western blotting assay showed that DPD was highly
expressed in the livers, moderately expressed in the tumors and weakly expressed in
normal colons (Fig. 5A). Compounds 10c and JTE-013 strongly inhibited DPD

expression in both colonic tumors and livers (Fig. 5B). Immunohistochemistry with

12



DPD was also examined in the paraffin embedded tumor sections. As compared to the
positive staining in a majority of tumoral, colonic and liver cells in control and 5-FU
group, compounds 10c and JTE-013 strongly prevented DPD expressions (Fig. 5C).
As for 5-FU-induced S1PR2 internalization, tumoral tissues were all stained with
S1PR2 by both immunohistochemical and immunofluorescent assays. As shown in
Fig. 5D, S1IPR2 merged with the ER marker Calnexin in cancer cells of 5-FU-treated
mice, while SIPR2 maintained membranous expression in naive mice. In contrast,
there was no significant 5-FU-induced S1PR2 internalization in tumoral tissues after
the treatment of compounds 10c and JTE-013. These results indicated that
compounds 10c and JTE-013 inhibited DPD expression through restraining the 5-FU-

induced S1PR2 internalization.

JTE-013 reversed 5-FU resistance by reducing DPD-catalyzed degradation of
intracellular 5-FU. Now that JTE-013 significantly reversed 5-FU resistance by
decreasing DPD expression in vivo, we sought to verify the role of JTE-013 among
various cell lines. As shown in Fig. 6A, DPD expression demonstrated the tendency
of dose-dependent JTE-013 treatment in HCT116, SW620 and cccHEL-1 cells but
not in NCM460, Huh7 and Hela cells. Then we determined the inhibition rates of dose
gradient of 5-FU combined with 5, 10 and 20 uM JTE-013 in HCT116 and cccHEL-1
cells. Higher concentrations of JTE-013 more effectively elevated the sensitivity of 5-

FU treatment in HCT116 and cccHEL-1 cells (Fig. 6B). Since CDHP was taken as the

13



inhibitor of liver DPD [28], we subsequently compared the intracellular 5-FU levels
between cccHEL-1 cells and HCT116 cells exposed to 5-FU (25 mg/L) which were
respectively combined with CDHP (9 mg/L) or JTE-013 (25 mg/L) for 6 h.
Impressively, on the one hand, HPLC-UV assay showed that the degradation of
intracellular 5-FU was inhibited by both CDHP and JTE-013 in cccHEL-1 cells. It
showed that the concentration of intracellular 5-FU was only 0.068 mg/L in cccHEL-1
cells, while CDHP and JTE-013 could increase the intracellular 5-FU to 14.003 mg/L
and 16.769 mg/L, respectively (Fig. 6C and Fig. S3A-S3C). On the other hand, the
degradation of intracellular 5-FU was only inhibited by JTE-013 but not CDHP in
HCT116 cells. It was determined that the intracellular 5-FU was 0.336 mg/L in
HCT116 cells. CDHP did not significantly elevate the intracellular 5-FU, but JTE-
013 could increase the intracellular 5-FU to 5.763 mg/L (Fig. 6C and Fig. S3D-S3F).
The tendency of corresponding FBAL levels was in accordance with the degradation
of intracellular 5-FU (Fig. 6C). In addition, even though it was reported that JTE-013
was designed as the inhibitor of S1IPR2 [29], we also treated HCT116°"1PR? and
CCCHEL-13"S1PRZ cells with 20 uM JTE-013 combined with dose gradient of 5-FU for
further analyzing their inhibition rates. It depicts that JTE-013 had no anti-5-FU
resistance activity in the above HCT116%"1PR? and cccHEL-15MS'PR? cells, as compared
to HCT116"¢" and cccHEL-1*" control cells (Fig. 6D). It thus further suggested the
anti-5-FU resistance activity of JTE-013 was due to targeting at SIPR2 but not

through other targets. Overall, these results manifested that JTE-013 reversed 5-FU

14



resistance by inhibiting DPD expression, which blocked the degradation of

intracellular 5-FU into inactive FBAL in both liver and tumoral cells.

Discussion

This study was designed to develop a novel therapeutic strategy for overcoming 5-FU
resistance. The major findings are as follows. First, our results demonstrate that
S1PR2 is closely associated with the expression of DPD in various cancer cells.
Second, by use of the SIPR2 inhibitor JTE-013 as molecular template, lead
optimization was carried out in an attempt to improve potency and drug-like
molecular properties by modifications of pyrropyrimidine structure of JTE-013. In
particular, successful conversion of the isopropyl and methyl moiety of JTE-013 into
a phenyl and hydrogen moiety without loss of agonist potency led to a highly potent
compound 10c, which acted as the lowest ECsxo in vitro. Compound 10c appears to be
a promising agent that merits further investigation. In addition, in silico homology-
docking suggested that Tyr18, Arg108 and Val182 and Glu109 may be critical
residues to interact with antagonists, which contribute to a better understanding of
pharmacological behaviors caused by the interaction with S1IPR2. Third, compound
10c exhibited weaker activity to reverse 5-FU resistance as compared with JTE-013 in
mouse xenograft model, limiting its further investigation. We speculate that it may
result from differences of metabolic stability. Para-hydrogen atom in the lipophilic

phenyl ring is easily oxidized into 4-hydroxyl product by P450 enzyme in the liver,
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which was rapidly metabolized. Overall, this study demonstrated that the promising
compound, JTE-013, exhibited excellent inhibition on 5-FU resistance through
suppressing DPD expression both in vitro and in vivo. Based on the above results,
JTE-013 has been selected as a lead candidate and is currently undergoing further
characterization of the preclinical profile in our follow-up studies. In order to find
better compounds to reverse 5-FU resistance, we will also further modify the leading
compound to improve pharmacodynamics and pharmacokinetic properties of
compound 10c.

In summary, the present study identified SIPR2 as a potential upstream regulator
of DPD expression, developed an approach to quickly obtain potent SIPR2 inhibitors
and envisioned that an aromatic ring replacement would be suitable. In addition, we
found a lead compound 10c with good activity in vitro and a promising drug

candidate JTE-013 with excellent in vivo activity for further optimization and study.

Materials and Methods

Human cells lines. Human colorectal cancer cell lines HCT116 (ATCC® CCL-
247™) SW620 (ATCC® CCL-227™), HT-29 (ATCC® HTB-38™) and LOVO
(ATCC®CCL-229). Human breast cancer cell line MCF-7 (MCF7 ATCC® HTB-
22T) human breast cancer cell line BT-474 (ATCC® HTB-20), cervical cancer cell
line HeLa (ATCC® CCL-2) and hepatocellular cancer cell line Huh7 (ATCC® PTA-

4583). Human liver healthy cell line cccHEL-1 and human colon healthy cell line

16



NCMA460 (Incell Corp, San Antonio) were purchased from Shanghai Cell Bank,
Chinese Academy of Science (Shanghai, China). Cells were maintained in RPMI-

1640 or DMEM (Gibco) supplemented with 10% FBS (Gibco) at 37°C with 5% CO..

Stable transfection of shS1PR2 in cell lines. HCT116, SW620, Huh7 and cccHEL-1
cells were seeded in the 6-well plates containing 2 mL medium with cell density of
40-60% in each well. Remove media from wells and then add 2 mL media containing
polybrene (final concentration 5 pg/ml) to each well. Gently swirl the plate to mix and
remove the media containing lentiviral particles from wells. Fresh culture was
substituted after 48 h and then 500 pg/ml of puromycin was added to the culture.
After 7 to 10 days, the growth of puromycin-resistant cells was observed and selected
clones were further grown in the medium containing 200 pg/ml of puromycin for 4
weeks. Puromycin-resistant clones named shS1PR2 cells were further propagated in
the medium containing 10% FBS in the absence of puromycin and determined for
S1PR2 expression by Western blotting assay. The transfection efficiency was
affirmed by fluorescence microscopy. The Scramble shRNA of the lentivirus is LV-
U6>Scramble-shRNA-PGK>EGFP/Puro. The control sequence is CCTAAGGTTA
AGTCGCCCTCG and the target sequence of SIPR2 is AGGAACAGCAA

GTTCTACTCA.

17



TCGA dataset. RNA-seq data for individual TCGA cancer types were processed
with a modified version of CrossHub, a tool for the multi-way analysis of TCGA
transcriptomic and genomic data. Then they were normalized by TMM (the trimmed
mean of M values) method and recalculated for 1 million library size. The derived
TPM (transcripts per million) values were used to measure mRNA level of a gene for
further analysis of expression stability. Gene expression values were transformed as
X'=1logz2(X + 1), where X represents the normalized fragments per kilobase transcript

per million mapped reads values.

Subcutaneous tumor implantation in nude mice. Nude mice were caged under
controlled temperature, humidity and light, fed with standard mouse chow. Under
standard sterile conditions in the operating room, the xenografts of HCT116°°° were
established by inoculating 5 x 108 cells subcutaneously in mice. When the tumor
reached a volume of 80-120 mm?, the mice were divided into four groups (n = 6) and
administered by tail vein injection for consecutive 24 days. 5-FU, compounds 10c and
JTE-013 were injected at doses of 20 mg/kg, 1 mg/kg and 1 mg/kg, respectively
(dissolved in 30% PEG300, 5%Tween 80, 2% DMSQO). Tumor volumes were
assessed by bilateral Vernier caliper measurement every 4 days and calculated
according to the following equation: [tumor volume = X x (Y?/2)], where X
represents the longer and Y represents the shorter of the two dimensions. Body weight

was also measured every 4 days, and clinical symptoms were observed daily. The
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animals were sacrificed on day 24, and the tumors were removed and frozen in liquid
nitrogen or fixed in 10% neutral-buffered formalin. The assays of western blotting,
immunohistochemical and immunofluorescent staining were performed to test the
proteins related to SIPR2 and DPD. All experiments in mice were approved by
Animal Welfare Committee of Capital Medical University (permit no. AEEI-2016-

043), in accordance with the animal care and use guidelines.

Quantitative RT-PCR. Total RNA was isolated by using Rneasy Mini Kit (74106,
Qiagen). For cDNA synthesis, total RNA was transcribed by using PrimeScript
(DRRO47A, Takara, China). The levels of specific RNAs were measured by using
ABI 7900 real-time PCR machine and Fast SybrGreen PCR mastermix according to
the manufacturer’s instructions. All samples, including the template controls, were
assayed in triplicate. The relative number of target transcripts was normalized to
GAPDH expression in the same sample. The relative quantification of target gene
expression was performed with the standard curve or comparative cycle threshold
(CT) method. Fold-induction was calculated by using the CT method as follows:
AACT = (CT target gene - CT housekeeping gene) treatment = (CT target gene = CT housekeeping gene)
nontreatment. FOrward (5'-3") primer of dpyd is CCATCGCCATCGAGAGACAAG, and
reward (5'-3") primer of dpyd is CACGTAGTGCTTAGCATAGAGAG. Forward (5'-
3") primer of Gapdh is ACTCCAAGGCCACTTATCACC, and reward (5'-3") primer

of Gapdh is ATTGTTACCAACTGGGACGAA.
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Immunohistochemistry. Following de-paraffinization in xylene and rehydration, the
slides were subject to high pH antigen retrieval (10 mmol/L citrate buffer; pH 9.0),
followed by 3% hydrogen peroxide, and blocking in 1.5% serum. Slides were then
incubated with the selected antibody at 4°C overnight. The information of primary
antibodies is presented in Table S1. The slides were developed with an EnVisionTM
method (DAKO, Capinteria, CA), visualized using diaminobenzidine solution, and
then lightly counterstained with hematoxylin (H9627, Sigma). The IHC imaging was
scanned by KF-PRO-OO5 slide viewer. Additionally, some slides were incubated

with 1gG1 isotype controls.

Western blotting analysis. Proteins were extracted by using RIPA Lysis Buffer
(P0013, Beyotime, China) and quantified by using a BCA kit (P0009, Beyotime,
China). Twenty micrograms of each protein sample were separated by 8, 10 or 15%
SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The membranes
were blocked with 5% BSA and incubated with primary antibodies for 10 h at 4°C.
The membranes were rinsed five times with PBS containing 0.1% Tween 20 and
incubated for 1 h with appropriate horseradish peroxidase-conjugated secondary
antibody at 37°C. Membranes were extensively washed with PBS containing 0.1%
Tween 20 for three times. The signals were stimulated with enhanced

chemiluminescence substrate (NEL105001 EA, PerkinElmer) for 1 min and detected
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with a Bio-Rad ChemiDoc MP System (170-8280). The information of primary
antibodies is presented in Table S1. The primary images (Fig. S4) were cropped for

presentation.

MTT assay. Cell viability was assessed employing in vitro Toxicology Assay Kit-
MTT Based, Stock No.TOX-1, Sigma. The key component is 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide (MTT). Cells paused at the logarithmic
growth phase were inoculated into the 96-well plates at a concentration of 3x10°
cells/ml. The cells of control group were incubated with 20 uM 5-FU and tested
compounds. The final concentrations of tested compounds were 0, 2.5, 5, 10, 20, 40,
and 80 uM, respectively. Each cell mass with final concentration were set into three
holes. Each hole was routinely cultured for 48 h, and then added into 5 g/Lx20 pL.
MTT solution to incubate for 4 h. The supernatant in each hole was abandoned, and
each hole was added with 150 uLL DMSO. After agitation for 5-10 min, the plates
were sent to enzyme-labelled meter, and the A490 was detected at the 490 nm wave.
The growth inhibition rate of each group was calculated as follows: Inhibition rate =
1- (ODprug - ODslank) / (ODcontrol - ODsank). The values of EC50 (tested compound
plus 20 uM 5-FU) and IC50 (tested compound only) were determined according to

their growth inhibition rates.
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Immunofluorescent assay. CRC cells (2.5x10%) were seeded onto the 12-mm glass
coverslips in 6-well plates. Cells were fixed in 4.5% paraformaldehyde for 15 min,
washed in PBS, permeabilized with 1xPerm/Wash Buffer (BD Biosciences) for 10
min, washed in PBS, blocked for nonspecific antibody reactions by incubating in the
solution containing 5% BSA for 30 min, and incubated with anti-Calnexin or anti-
S1PR2 antibodies. Secondary antibodies included donkey anti-rabbit IgG (Alexa
Fluor® 488, Invitrogen) and labeled goat anti-mouse 1gG (Alexa Fluor® 648, CST).
Coverslips were mounted with Vectashield® antifade mounting medium containing
DAPI (Sigma-Aldrich). Confocal laser microscopy was performed on a Leica TCS
SP5 AOBS apparatus, using excitation spectral laser lines at 488 nm. Image
acquisition and processing were conducted using Leica Confocal Software (Leica

Microsystems).

HPLC analysis of intracellular 5-FU and FBAL. 5-FU and FBAL ranged from 0.2
to 50 mg/L for preparation of the standard curves. Cells were inoculated in 6-well
plate and then treated with 5-FU (25 mg/L) for 6 h. After cell counting, cells were
resuspended in 150 pl PBS and lysed by sonication in ice-water bath for 30 min. The
procedure of solid-phase extraction was utilized with styrene-divinylbenzene resin
SPE columns as shown before [30]. Then the samples were centrifuged at 10,000 g

for 15 min. The fresh supernatants were filtered and injected into HPLC (Waters
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QDA) for analysis. The concentrations of 5-FU and FBAL were calculated from the

respective calibration curves.

Molecular Docking. The structures of compounds 10c and JTE-013 were built using
ChemDraw14.0, followed by MM2 energy minimization. The molecular docking
study was performed using LeDock Tools in combination with PyMOL software. The
homology model of S1IPR2 based on the high-resolution crystal structure of the
S1PR1 (PDB: 3V2Y) was used for the docking studies performed here. The
interaction of protein and ligands in the binding pocket was defined in LeDock. Each
docking experiment was performed 20 times, yielding 20 docked conformations. All
of other parameters used in the docking process were the default values of the system.

The best binding modes were picked based on the best stabilization energy.

Statistical analysis

Statistical analysis was conducted by GraphPad Prism 5. After checking data for
normal distribution and variance homogeneity, continuous data were compared using
the Mann-Whitney U test, multiple Student t tests or two-way ANOVA. All p values
are two-tailed, and p values < 0.05 were considered significant (*p < 0.05, **p < 0.01
and ***p < 0.001). The data are represented as mean + S.E.M. or the median with 10

and 90 percentiles. All statistical tests were two-sided.
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Figure legends

Figure 1. Identification of S1IPR2 as the potential upstream regulator of DPYD
expression in TCGA database and cell lines. (A) The profiles of SIPR2 expression in
a variety of tumor types and paracancerous tissues in TCGA datasets. The heights of
the bars represent the transcripts per million (TPM) of tumoral samples and
paracancerous tissues. The abbreviations of tumors in TCGA database are listed in
Table S2. (B) The comparison of SIPR2 expression levels between tumoral and
paracancerous tissues in colorectal adenocarcinoma (COAD), skin cutaneous
melanoma (SKCM) and rectum adenocarcinoma (READ). The differences in S1IPR2
levels between tumoral and paracancerous tissues in these cancer types were more
significant than other cancer types. Log2(TPM + 1) was used for log-scale. Calculated
means = SEM were represented by bars and whiskers. (C) The correlations of SIPR2
to DPYD (left), TYMS (middle) and TYMP (right) were presented in colorectal
cancer tissues. The correlation coefficient R values of S1PR2 to DPYD, TYMS and
TYMP were 0.75, -0.4, 0.35, respectively. (D) The correlations of SIPR2 to DPYD
(left), TYMS (middle) and TYMP (right) in paracancerous tissues. The correlation
coefficient R values of S1IPR2 to DPYD, TYMS and TYMP were 0.31, 0.46, 0.19,
respectively. (E) Western blotting analyzed the expression levels of SIPR2 and DPD
in various naive cell lines, including HCT116, HT-29, SW620, LOVO, NCM460,
MCF-7, BT474, Hela, Huh7 and cccHEL-1 cells. A satisfying consistence was seen

between the expressions of SIPR2 and DPD. (F) RT-gqPCR assay analyzed the
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expressions of SIPR2 and DPD in mRNA level among the above 10 cell lines, which
was consistent with the tendency of protein levels. (G) HCT116, SW620, Huh7 and
cccHEL-1 cells of transfecting with shS1PR2 demonstrated decreased DPD
expression as compared with vector control cells. (H) Inhibition rates of 5-FU were
detected by the MTT assay in HCT116, SW620, Huh7 and cccHEL-1 cells of
transfecting with shS1PR2. Dose gradient of 5-FU treatment ranged from 0 to 100
uM. Data information: In (E, F and H), data are presented as mean + SEM. *p < 0.05,

**p < 0.01 and ***p < 0.001 (Student's t-test).
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Figure 2. S1IPR2 inhibitors suppressed DPD expression in cancer cells. (A) Treated
with compounds 14a, 14e, 10c, 18b and JTE-013, the expressions of DPD, JMJD3
and H3K27me3 HCT116 cells were determined by western blotting assay. The ratios
of their corresponding grayscale values to f-actin were statistically illuminated in the
right panel. Data are presented as mean £ SEM. *p < 0.05, **p < 0.01 and ***p <
0.001 (Student's t-test). (B) Immunofluorescent assay determined S1PR2
internalization in HCT116 cells. SIPR2 (green) merged with the ER marker Calnexin
(red) in the 5-FU-treated (10 uM) HCT116 cells, while SIPR2 maintained
membranous localization in naive HCT116 cells. Compounds 10c and JTE-013

effectively prevented 5-FU-induced S1PR2 internalization (scale bar: 75 pm).
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Figure 3. Molecular docking studies. (A) X-ray structure of SIPR1 (PDB ID: 3V2Y)
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and the homology model of human S1PR2 with a schematic representation of the
putative binding site deduced from S1PR1 crystal structure. (B) The chemical
structure of JTE-013 and compound 10c. (C) Proposed binding mode of JTE-013
(green carbon sticks) in a homology model (off-white ribbons) of S1PR2. (D)
Proposed binding mode of compound 10c (carmine carbon sticks) in a homology
model (off-white ribbons) of SIPR2. Atom color code: red = oxygen, blue = nitrogen,
white = hydrogen, yellow = sulfur, cyan = fluorine. Hydrogen bonds between the

ligand and receptor are indicated by yellow dashed lines.

Figure 4. The inhibitory effects of compounds 10c and JTE-013 on 5-FU resistance
in the HCT116°PP xenografted athymic mice. Compounds 10c and JTE-013
dissolved in 30% PEG300, 5% Tween 80, 2% DMSO were daily administered by tail
vein injection for consecutive 24 days. (A) Body weights of single 5-FU group, 5-FU
combined with JTE-013 group, 5-FU combined with compound 10c group and
solvent control group were measured every four days, n = 6. (B) Tumor volumes were

recorded every four days and the inhibition rates were calculated based on the ratio of
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ultimate tumor volume of each treatment group to the solvent group, n = 6. (C)
Representative tumor-bearing nude mice of each group, n = 6. (D) Removed tumors
of each group, n = 6. Data information: In (A, B), data are presented as mean + SEM.

*p <0.05, **p <0.01 and ***p < 0.001 (Student's t-test).
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Figure 5. Compounds 10c and JTE-013 prevented 5-FU resistance in vivo by
downregulating DPD expression. (A) The comparison of DPD levels in liver, colon
and tumoral tissues of naive nude mice as assayed by western blotting analysis, n = 4.
(B) DPD expressions were analyzed in liver, colon and tumoral tissues of single 5-FU
group, 5-FU combined with JTE-013 group, 5-FU combined with compound 10c
group and solvent control group, n = 6. (C) Detected by immunohistochemistry, DPD
expressions were analyzed in liver, colon and tumoral tissues of each group, n = 6.
(D) Assayed by immunohistochemistry, SIPR2 internalization was determined in
cancer cells of 5-FU treated nude mice, while compounds 10c and JTE-013

suppressed 5-FU-induced internalization of SIPR2. Immunofluorescent analysis
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showed that SIPR2 (green) merged with ER marker Calnexin (red) in cancer cells of
5-FU-treated mice, while SIPR2 maintained membranous expression in naive nude
mice. Consistently, compounds 10c and JTE-013 inhibited S1PR2 internalization to

the ER, n = 6 (scale bar: 25 pm).
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Figure 6. JTE-013 reversed 5-FU resistance by reducing DPD-catalyzed degradation
of intracellular 5-FU. (A) Treated with 5, 10 and 20 uM JTE-013, DPD expressions
were determined in various cell lines, including SW620, HCT116, NCM460,
cccHEL-1, Huh7 and Hela cells. (B) Treated with 5, 10 and 20 uM JTE-013, the
inhibition rates of dose-gradient 5-FU were measured by the MTT assay in HCT116
and cccHEL-1 cells. (C) HPLC-UV/vis analyzed intracellular 5-FU and FBAL in
cccHEL-1 cells and HCT116 cells treated with 5-FU (25 mg/L) combined with CDHP
(9 mg/L) or JTE-013 (25 mg/L) for 6 h. Ten microliters of sample were subjected to
HPLC with a Spherisorb ODS-2 column which was eluted with methanol-water.
Based on the standard curves of 5-FU and FBAL, the concentration of 5-FU and
FBAL were statistically analyzed in the right histogram. (D) To exclude the effect of
other targets for JTE-013, dose gradient of 5-FU was combined with 20 uM JTE-013
to treat HCT116 and cccHEL-1 cells of transfecting with shS1PR2. Then the
inhibition rates of 5-FU were measured by the MTT assay. Data information: In (A-
D), data are presented as mean £ SEM. *p < 0.05, **p < 0.01 and ***p < 0.001

(Student's t-test).
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Table 1
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JTE-013 57.13+£0.25 59.66 £1.01 68.56 £ 0.78 18.28 +1.46 57.13+£0.25 68.56 £ 0.78
10a 73.16 £0.93 87.45+2.64 95.45+6.41 4725142 73.16 £0.93 95.45+6.41
10b 75.36 £2.12 83.14 £1.56 89.25+£1.72 25.45+0.23 75.36 £2.12 89.25+1.72
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2340+ 154

41.50+0.73

104.18 + 0.65

76.13+1.78

78.45+0.84

89.23 £ 0.56

63.12 £0.97

4516+1.21

9546 +2.14

67.66 £2.11

55.21 £ 3.66

38.14+2.23

34.33+1.23

34.26 +0.57

132.16 +1.76

70.01£0.59

75.46 £3.17

99.46 £ 0.57

77.67+2.13

59.27+7.12

98.13 +0.65

89.01+£0.91

60.13+2.14

146.34 +2.13

65.26 +0.89

77.53 +£0.55

154.41 +0.73

85.74 £0.61

89.12 +£3.45

81.12+3.15

93.43+2.12

13.24 +1.56

31.25+0.52

45.62 £7.82

33.25+8.74

6.14+1.72

55.24 £0.72

48.25 £ 1.57

63.21+1.81

38.15+1.37

39.28 £1.85

59.17+1.12

47.15+1.43

33.26 +0.87

85.13 +1.46

55.35+3.11

54.11 £5.46

521+0.34

2340+154

41.50+0.73

104.18 + 0.65

76.13+1.78

78.45+0.84

89.23 +£0.56

63.12 £0.97

59.27 +7.12

98.13 +0.65

89.01 +£0.91

60.13+2.14

116.34 +2.13

65.26 +0.89

77.53 £0.55

154.41 +0.73

85.74 £ 0.61

89.12 +£3.45

81.12+3.15

93.43+2.12

4Cs0 and ECso values were determined at least three separate experiments (n > 3). The

values are shown as mean with error in square brackets expressed as the 95%

confidence interval. The ECsp values were determined through combining with 20 uM

5-FU.
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Scheme 1. Synthetic Route to SIPR2 inhibitors 10a—10c, 14a-14k, 18a-18d, 232
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4Reagents and conditions: (a) acetic acid, 130 °C, 3-10 h, 15-60%; (b) POBr3, anisole,

reflux, 31-85%; (c) 80% hydrazine hydrate, EtOH, reflux, 90-95%; (d)
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diphenylphosphoryl azide, EtsN, 1,4-dioxane, 61-80%; (e) toluene, 80 °C; (f) THF,
6a-6¢, 13a-13k or 22, 50 °C, 35-59% over two steps. (g) NIS, 48% HBF4, CH3CN,
80 °C, 2 h, 76%; (h) boric acid or borate, PdCI (dppf), CsF, 1,4-dioxane/H»0, 80 °C,
30-55%; (i) morpholine, EtN3, DCM, rt, overnight, 89%; (j) CHsl, NaH, DMF, 0 °C,

90%.
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