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Abstract

Background: Epithelial-to-mesenchymal transition (EMT), can-
cer stem cells (CSCs), and colorectal cancer (CRC) therapy resist-
ance are closely associated. Prior reports have demonstrated that 
sphingosine-1-phosphate (S1P) supports stem cells and maintains 
the CSC phenotype. We hypothesized that the EMT inducer SNAI1 
drives S1P signaling to amplify CSC self-renewal capacity and 
chemoresistance.

Methods: CRC cell lines with or without ectopic expression of 
SNAI1 were used to study the role of S1P signaling as mediators 
of cancer stemness and 5-fluorouracil (5FU) chemoresistance. The 
therapeutic ability of sphingosine kinase 2 (SPHK2) was assessed us-
ing siRNA and ABC294640, a SPHK2 inhibitor. CSCs were isolated 
from patient-derived xenografts (PDXs) and assessed for SPHK2 and 
SNAI1 expression.

Results: Ectopic SNAI1 expressing cell lines demonstrated elevated 
SPHK2 expression and increased SPHK2 promoter activity. SPHK2 
inhibition with siRNA or ABC294640 ablated in vitro self-renewal 
and sensitized cells to 5FU. CSCs isolated from CRC PDXs express 
increased SPHK2 relative to the non-CSC population. Combination 
ABC294640/5FU therapy significantly inhibited tumor growth in 
mice and enhanced 5FU response in therapy-resistant CRC patient-
derived tumor organoids (PDTOs).

Conclusions: SNAI1/SPHK2 signaling mediates cancer stemness 
and 5FU resistance, implicating S1P as a therapeutic target for CRC. 
The S1P inhibitor ABC294640 holds potential as a therapeutic agent 
to target CSCs in therapy refractory CRC.
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Introduction

Despite decades of research leading to advancements in the un-
derstanding of colorectal cancer (CRC) pathophysiology, CRC 
is still among the most lethal malignancies in the world [1] and 
remains the second leading cause of cancer-related deaths in 
the United States [2]. Although major advances have occurred 
in the number of effective chemotherapy options for CRC, 
5-fluorouracil (5FU) remains the backbone of most combina-
tions [3, 4]. Unfortunately, chemoresistance remains a central 
issue that shortens the survival of many patients. Therefore, 
strategies to overcome CRC chemoresistance are required to 
improve CRC outcomes.

A growing body of evidence across a variety of cancers 
including CRC supports the central role of cancer stem cells 
(CSCs) in tumor dissemination and therapy resistance [5-8]. 
Thus, CSCs represent an attractive therapy target. Epithelial-
to-mesenchymal transition (EMT) transcriptional factors such 
as SNAI1 (also known as SNAIL) are well-described drivers 
of the CSC phenotype [9-11]. In CRC, SNAI1 is highly ex-
pressed in tumor-initiating cells isolated from patient-derived 
xenografts (PDXs) as well as from CRC-derived colono-
spheres [12, 13]. Furthermore, ectopic SNAI1 expression 
conferred colon cancer cells with stem-like phenotypes and 
resistance to conventional therapy, including radiation [10, 
13]. Intriguingly, EMT and SNAI1 expression can induce the 
expression of the enzyme thymidylate synthase (TS), which is 
associated with resistance to 5FU in multiple cancers, includ-
ing CRC [14]. Conversely, silencing TS expression in CRC 
cells was found to reverse EMT and reduce the protein expres-
sion level of SNAI1 [15]. Unfortunately, therapeutic strategies 
disrupting EMT signaling and SNAI1 expression remain elu-
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sive, and clinically translatable strategies have not been well 
established.

The balance among bioactive sphingolipids, including 
pro-apoptotic ceramides and anti-apoptotic sphingosine-
1-phosphate (S1P), influences diverse programs related to an-
giogenesis, tumor cell survival, proliferation, and metastasis 
[16-19]. Sphingosine kinases 1 and 2 (SPHK1 and SPHK2) 
have different kinetic properties and differ in their develop-
mental and tissue expression [20]. For example, SPHK1 is pri-
marily active in the cytoplasm and is involved in active remod-
eling and maintenance of plasma membrane homeostasis [21]. 
Conversely, SPHK2 primarily functions as a regulator of gene 
expression in the nucleus, in addition to demonstrating the 
ability to stabilize telomerase via S1P [22, 23]. Considering 
the anti-apoptotic properties of S1P, numerous inhibitors have 
been developed targeting this pathway [24-28]. Of particular 
interest to CRC is ABC294640 (Opaganib, Red Hill Biophar-
ma), an orally available small molecule SPHK2 inhibitor that 
demonstrated antitumor activity in a phase 1 clinical trial for 
solid tumors, as well as in multiple pre-clinical cancer model 
systems [29-33]. ABC294640 has previously been shown to 
significantly reduce HT29 colon cancer cell line xenograft 
growth and suppress colitis-induced tumor formation [34, 35]. 
Multiple reports demonstrate that treatment with ABC294640 
inhibited the central stem cell transcriptional factor, c-MYC, 
suggesting it may effectively target CSCs and may serve as an 
agent to overcome CRC therapy resistance [32, 36-38]. Thus, 
we hypothesized that SNAI1 drives dysfunctional sphingolip-
id metabolism by activating S1P signaling pathways to am-
plify CSC self-renewal capacity and decrease chemotherapy 
sensitivity. Conversely, we hypothesize that SPHK2 inhibition 
will serve as a strategy to overcome SNAI1-mediated chem-
oresistance. Considering the safety of ABC294640 in a phase 
1 clinical trial for the treatment of patients with solid tumors, 
this line of investigation has immediate clinical relevance and 
potential to improve therapy options for advanced CRC.

Materials and Methods

Data mining

To determine the expression level of SNAI1 and SPHK2 in 
various cancers including human CRC and the normal adjacent 
tissues, RNA sequencing data from The Cancer Genome Atlas 
(TCGA) of colorectal adenocarcinoma was mined for SNAI1 
expression values using Gene Expression Profiling Expression 
Analysis (GEPIA2) [39]. To find the resulting dataset, the fol-
lowing filters were used: gene: SNAI1; analysis type: cancer 
versus normal; and cancer type: colorectal adenocarcinoma. 
The datasets were then normalized by the trimmed mean of 
M values (TMM) method and recalculated for a library size 
of 1 million. The derived transcripts per million (TPM) values 
were used to measure the mRNA level of a gene for further 
expression stability analysis. Gene expression values were 
transformed as X′ = log2(X + 1), where X represents the nor-
malized fragments per kilobase transcript per million mapped 
reads values. The datasets selected for analysis and visualiza-

tion were the largest available datasets with complete data. The 
“Pathological Stage Plot” module of GEPIA2 (Gene Expres-
sion Profiling Interactive Analysis, Version 2 [40]) was used to 
obtain SNAI1 and SPHK2 expression in different pathological 
stages of colorectal adenocarcinoma within TCGA datasets.

Cell lines and culture conditions

Human CRC cell lines (HCT116, DLD1, HT29, SW480, and 
SW620) were obtained from ATCC (Manassas, VA) and cul-
tured according to ATCC recommendations. The cell lines 
were routinely tested for mycoplasma using a polymerase 
chain reaction (PCR)-based detection method. HCT116 and 
DLD1 were transfected with empty vector pCMV-3Tag-1, 
pCMV-SNAI1, or empty vector pIRES-GFP and pIRES-
SPHK2-GFP construct using Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s protocol to cre-
ate overexpressing SNAI1 stable cell lines, i.e., HCT116-SN 
and DLD1-SN. Transfected cells were selected in a medium 
containing G418 (Invitrogen, Carlsbad, CA) at a final concen-
tration of 400 µg/mL. The expressions of SNAI1 and SPHK2 
were confirmed by western blot analysis.

Xenograft tumor processing and patient-derived tumor 
organoid (PDTO) culture

PDX creation and PDTO culture was performed as described 
previously [41]. Based on an Institutional Review Board (IRB) 
approved protocol (IRB protocol number 30678) at the Medical 
University of South Carolina, CRC endoscopic biopsy samples 
were obtained from consenting stages 2 and 3 patients before 
receiving neoadjuvant therapy. Briefly, a portion of the tumor 
tissue harvested from patients was minced with a syringe han-
dle and then cut into < 1 mm3 tumor fragments. After washing, 
samples were resuspended in ammonium-chloride-potassium 
(ACK) lysis buffer (Fisher Scientific, Waltham, MA) before 
being digested with Liberase DH (Sigma-Aldrich, St. Louis, 
MO) containing 10 µm Y-27632 (StemRD, Burlingame, CA). 
The cell suspension was filtered through a 250 µm sieve fol-
lowed by a 100 µm cell strainer (Fisher Scientific, Waltham, 
MA). Then, 5 × 105 tumor cells in 100 µL of Matrigel (Corn-
ing™) were implanted subcutaneously in the flanks of 6- to 
8-week-old female NOD-SCID gamma (NSG, Jackson Labo-
ratory, Bar Harbor, ME) mice. Tumor tissues were processed 
similarly to initial tumor samples. The cell suspension was col-
lected, spun down, and resuspended in basal culture medium 
comprised of advanced DMEM/F12 supplemented with 10 
mM HEPES, 1 × GlutaMAX, and 1 × penicillin/streptomycin 
(Invitrogen, Carlsbad, CA). After cell counting, tumor cells 
were collected for PTDO culture.

Complete organoid growth medium was made fresh us-
ing basal culture medium supplemented with 500 nM A83-01 
(Sigma-Aldrich, St. Louis, MO), 1 × B27 supplement (Inv-
itrogen, Carlsbad, CA), 50 ng/mL epidermal growth factor 
(Invitrogen, Carlsbad, CA), 10 nM gastrin, 1 mM N-acetyl-L-
cysteine, 10 mM nicotinamide, 10 nM prostaglandin E2, 6 µM 
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SB20219 (Sigma-Aldrich, St. Louis, MO), and 10 µM Y27632 
(StemRD, Burlingame, CA). Then, 1 × 106 tumor cells were 
mixed with 2 mL of reduced growth factor basement mem-
brane extract (BME) (R&D Systems, Minneapolis, MN). Cell 
suspensions in a complete organoid culture medium were 
seeded as 40 µL droplets into a prewarmed six-well plate with 
seven droplets per well.

Cell viability assay

Cell viability was evaluated by Cell Titer-Glo Assay (Prome-
ga, Madison, WI) according to the manufacturer’s protocol. 
For all monolayer cancer cells used in this study, 5,000 cells 
per well were plated in 96-well plates. After 24-h incubation, 
cells were treated with DMSO, 5FU (Sigma-Aldrich, St. Lou-
is, MO), ABC294640, and/or S1P (Caymanchem, Ann Arbor, 
MI) in eight to 10 wells for 96 h.

For PDTOs, 2.5 mL of Tryple EXPRESS (Invitrogen, 
Carlsbad, CA) containing 10 µM Y27632 (StemRD, Burl-
ingame, CA) was added into each well in a six-well plate. BME-
containing droplets were transferred to a 15 mL conical tube and 
incubated at 37 °C to release the organoids from BME. In a fresh 
96-well plate, 40 µL of dilute BME was placed and used as a 
base layer. Organoids were plated at a density of 3,000 - 4,000 
cells/well in 100 µL of 2% BME in a complete organoid culture 
medium on the BME. PDTOs were treated in triplicates with 1 
µM 5FU and 20 µM ABC294640 for 96 h. After 96-h treatment, 
100 µL Cell Titer-Glo reagent was added to each well for 10 
min of incubation at 37 °C. The luminescence of each well was 
collected, and cell viability was analyzed.

Limiting dilution spheroid assay

The ability to form spheres in a 96-well ultra-low-attachment 
plate was evaluated as described previously [10]. The culture 
medium consisted of DMEM/F12 supplemented with 1 × 
B27, 20 ng/mL epidermal growth factor, 20 ng/mL fibroblast 
growth factor basic, 0.5 mg/mL BSA, 4 mg/mL heparin, 55 
mM 2-mercaptoethanol, and 1 × penicillin/streptomycin (Inv-
itrogen, Carlsbad, CA). After 10 days of incubation, the total 
number of spheres greater than 50 µM in diameter was quanti-
fied under light microscopy.

siRNA transfection

SPHK2 and SNAI1 expression were downregulated by trans-
fection with sequence-specific siRNAs. siRNA against human 
SPHK2 (targeted sequence: CCCUGAAACUAAACAAGCU-
UGGUAC, 5′ to 3′), siRNA against human SNAI1 (targeted 
sequence: CAACUGCAAAUACUGCAACAAGGAA, 5′ to 
3′), and scrambled control siRNA (UACAGUUUAUUGAU-
AUUCAAUAAAG, 5′ to 3′) (IDT technologies, Coralville, 
IA, USA) were used. The siRNAs were diluted in 500 µL of 
OptiMem (Thermo Fisher Scientific, Waltham, MA, USA). 
Lipofectamine™ 2000 (Thermo Fisher Scientific, Waltham, 

MA, USA) was mixed gently before use, and the appropriate 
amount was subsequently diluted in 500 µL of OptiMem. The 
solution was incubated for 5 min at room temperature. Fol-
lowing 5 min of incubation, the diluted DNA was combined 
with diluted Lipofectamine™ 2000 (total volume 1 mL). The 
solution was mixed gently and incubated for 20 min at room 
temperature. The complexes (1 mL) were added to a 60 mm 
dish containing cells and medium. The cells were incubated at 
37 °C in a CO2 incubator for 18 to 48 h before further assays.

Luciferase promoter assay

The luciferase reporter plasmid containing the putative 1.5-kb 
SPHK2 promoter in the pEZX-PG04 basic vector (GeneCopoe-
ia, Rockville, MD, USA) was purchased from GeneCopoeia. 
The luciferase activity was measured using the Secrete-Pair Dual 
Luminescence Assay Kit (GeneCopoeia, LF031, Rockville, 
MD, USA) in a Clariostar microplate reader (BMG Labtech, 
NC, USA). Briefly, HCT-V and HCT-SN cells cultured in 24-
well plates were transfected with plasmids containing pCMV-
SNAI1 and/or with the pEZX-PG04-SPHK2 promoter Gaussia 
luciferase/secreted alkaline phosphatase plasmid (GeneCopoe-
ia,) using Lipofectamine 2000. The medium was collected after 
48 h, and the Gaussia luciferase activity was determined in the 
supernatant of HCT-V and HCT-SN cells by using the activity 
of secreted alkaline phosphatase as an internal control according 
to the manufacturer’s recommendations.

Nucleus/cytoplasm fractionation

All preparations were performed on ice. A sample of 1 × 106 
cells was washed twice and resuspended in 1 mL ice-cold 
HBSS (Thermo Fisher Scientific, Waltham, MA, USA). The 
suspension was centrifuged at 3,000 rpm for 5 min at 4 °C, 
resuspended in 900 µL HBSS containing 0.1% NP-40 (Sig-
ma-Aldrich, St. Louis, MO), and pipetted up and down five 
times. The suspension (300 µL) was separated, and 100 µL of 
4 × Laemmli buffer (BioRad Laboratories, Hercules, CA) was 
added (whole-cell fraction). The remaining suspension (600 
µL) was centrifuged at 3,000 rpm for 5 min at 4 °C, 300 µL 
of this suspension was separated, re-centrifuged at 13,000 rpm 
for 5 min at 4 °C, 100 µL of 4 × Laemmli buffer was added and 
boiled at 95 °C for 1 min (cytoplasmic fraction). The remain-
ing suspension (300 µL) was resuspended in 1 mL ice-cold 
HBSS containing 0.1% NP40, centrifuged at 3,000 rpm for 5 
min at 4 °C. The supernatant was discarded, and the pellet was 
resuspended in 180 µL of 1 × Laemmli buffer (nuclear frac-
tion). The whole cell and nuclear fractions were sonicated for 
5 s three times, and then 10 µL, 10 µL, and 5 µL of whole-cell, 
cytoplasmic, and nuclear fractions, respectively, were used for 
western blotting analysis.

Immunofluorescence staining

CRC cells grown on coverslips were fixed in 100% methanol 



Articles © The authors   |   Journal compilation © World J Oncol and Elmer Press Inc™   |   www.wjon.org 747

Janakiraman et al World J Oncol. 2024;15(5):744-757

for 10 min at room temperature and permeabilized with 0.1% 
Triton X-100 followed by incubation with blocking buffer 
(Cell Signaling Technology, Danvers, MA) for 1 h at room 
temperature. Next, the cells were incubated with mouse anti-
E-cadherin monoclonal antibody (1:100, Santa Cruz Biotech-
nology, Dallas, TX) diluted in immunofluorescence antibody 
dilution buffer (Cell Signaling Technology, Danvers, MA) 
overnight at 4 °C. The cells were then washed three times in 
1 × phosphate-buffered saline (PBS) for 5 min each and were 
incubated with Alexa 488-conjugated anti-mouse secondary 
antibody (Cell Signaling Technology, Danvers, MA) for 1 h at 
room temperature. The cells were then washed three times in 
1 × PBS for 5 min each and mounted on glass slides using a 
mounting medium containing DAPI (Abcam, Waltham, MA). 
Cells were then observed under a fluorescence microscope 
(EVOS M5000, Thermo Fisher Scientific, Waltham, MA, 
USA), and pictures were taken at 40 × magnification.

Western blot analysis

Cells were suspended in RIPA protein lysis buffer (Thermo 
Fisher Scientific, Waltham, MA) with a protease inhibitor 
cocktail (Sigma-Aldrich, St. Louis, MO). Protein concentra-
tion was quantified using bicinchoninic acid (BCA) protein as-
say (Thermo Fisher Scientific, Waltham, MA). Approximately 
40 - 65 µg total protein was resolved with sodium dodecyl sul-
fate polyacrylamide gel electrophoresis SDS-PAGE (10% po-
lyacrylamide gel) and transferred to a nitrocellulose membrane 
(GE Healthcare, Marlborough, MA). Blots were probed with 
primary antibodies SNAI1, actin (Cell Signaling Technology, 
Danvers, MA), sphingosine-1-phosphate receptor (S1PR)1, 
S1PR2, S1PR5, SPHK2, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), lamin B1, cMyc (Proteintech, Rose-
mont, IL), S1PR3 (Invitrogen, Carlsbad, CA), S1PR4 (Lifes-
pan Biosciences, Lynnwood, WA), SPHK1, beta-actin (Santa 
Cruz Biotechnology, Dallas, TX) and HRP-conjugated second-
ary antibodies (Cell Signaling Technology, Danvers, MA). Im-
munoblots were visualized with enhanced chemiluminescence 
(GE Healthcare, Marlborough, MA) by the BioRad Imaging 
System (BioRad Laboratories, Hercules, CA).

Lipidomics analysis

Sphingolipids in SNAI1 overexpressing stable cells (1 × 106) 
were measured using liquid chromatography-mass spectrom-
etry (LCMS) by the Lipidomics Shared Resource Facility at 
the Medical University of South Carolina, as described previ-
ously [42]. The lipid abundance was normalized to inorganic 
phosphate (Pi).

Isolation of CSCs

Identification of aldehyde dehydrogenase positive (ALDH+) 
cells was performed using the ALDEFLUOR kit (STEMCELL 
Technologies, Cambridge, MA) according to the manufac-

turer’s instructions. Dissociated cells from the PDXs were re-
suspended in ALDEFLUOR assay buffer (4 × 105 cells/mL) 
and incubated with 1.5 mM ALDH substrate BODIPY-amino 
acetaldehyde. One aliquot of this cell mixture was immedi-
ately transferred to the tube containing the ALDH inhibitor (N, 
N-diethylamino)benzaldehyde (DEAB) to serve as the nega-
tive control. These samples were incubated for 45 min at 37 
°C to allow the generation of fluorescent product. Cells were 
then incubated with anti-human EpCAM-PE (epithelial mark-
er, Miltenyi Biotec, Auburn, CA) for 30 min on ice to label 
EpCAM cells. ALDH+ and EpCAM+ cells were sorted using 
FACS (BD Aria II Cell Sorter) by comparing the fluorescence 
of test samples against that of control samples that were treated 
with the ALDH inhibitor DEAB.

In vivo CRC therapy model

A CRC xenograft experiment was performed with SCID/bg 
mice housed in individually ventilated cages with enrichment 
(four mice per cage) in temperature-controlled rooms with ac-
cess to water and food ad libitum, to evaluate the in vivo an-
titumor activity of ABC294640 combined with 5FU. SW620 
cells were counted and washed once in ice-cold PBS. SW620 
cells (1 × 106) in 50 µL PBS and 50 µL Matrigel basement 
membrane matrix (Corning, Glendale AZ) were implanted 
subcutaneously in the right flank of 6 - 8-week-old SCID/bg 
male mice (Jackson Laboratory, Sacramento, CA) under gen-
eral anesthesia (2% isoflurane), and the tumor volumes were 
calculated using the equation: (length (L) × width (W)2)/2. 
When the tumors reached 100 mm3, mice were randomly as-
signed to four groups and received intraperitoneal (IP) injec-
tions with either vehicle control n = 6 (DMSO) (Sigma-Al-
drich, St. Louis, MO), 5FU n = 6, (50 mg/kg of body weight 
dissolved in DMSO), ABC294640 n = 6, (75 mg/kg of body 
weight dissolved in DMSO), or the combination of 5FU and 
ABC294640 n = 6. All treatments were performed 3 days/
week. Mice body weight and tumor volume measurements 
were performed twice every week. At the end of the experi-
ment (at < 4 weeks after cell implantation or at 15-mm tumor 
diameter), mice were euthanized, and the tumors were excised 
for subsequent analyses.

Statistical analysis

Statistical analyses were performed using the Student’s t-test 
for paired data for in vitro experiments. For the in vivo experi-
ment, statistical analyses were performed using one-way anal-
ysis of variance (ANOVA) analysis for comparison of multiple 
groups. P < 0.05 was considered significant.

Institutional Review Board approval

The study protocol was approved by the Institutional Review 
Board (IRB) at Baylor College of Medicine. The animal stud-
ies were approved by the Institutional Animal Care and Use 
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Committee (IACUC) of Baylor College of Medicine following 
national guidelines.

Ethical compliance with human/animal study

This study was conducted in compliance with the ethical 
standards of the responsible institution on human subjects as 
well as with the Helsinki Declaration.

Results

The association between SNAI1 and sphingosine kinase 2 
expression in CRC

Data mined from TCGA demonstrated that RNA expression 
levels of SNAI1 and SPHK2 transcripts were significantly 
higher in tumor samples compared with normal adjacent tis-
sues, including CRCs, esophageal, and head and neck squa-
mous cell carcinoma (Fig. 1a). In addition, the expression of 
SNAI1 and SPHK2 appeared conserved across all stages of the 
disease (Supplementary Material 1, www.wjon.org), suggest-

ing that these molecular mediators may play a role in cancer 
progression at all stages. To further explore the relationship 
between SNAI1 and SPHK2, we determined the expression 
of SPHK1, SPHK2, S1PR1-5, and SNAI1 in five established 
CRC cell lines as well as in SNAI1 overexpressing stable cell 
lines (DLD-SN, HCT-SN), compared with control empty-
vector cell lines (HCT-V and DLD-V). The highly metastatic 
SW620 line with elevated endogenous SNAI1 showed activat-
ed sphingolipid signaling networks with upregulated SPHK2 
and S1PR4 expression compared to non-metastatic CRC lines 
(Fig. 1b, and Supplementary Material 2, www.wjon.org). Ec-
topic expressing SNAI1 CRC cell lines (DLD-SN and HCT-
SN) also demonstrated increased SPHK2 compared with con-
trol cells (Fig. 1b, and Supplementary Material 2, www.wjon.
org). Based on densitometry, HCT-SN cells, and DLD-SN 
cells demonstrated a 3.2-fold and 1.7-fold increase in SPHK2 
protein expression, respectively compared with control cells. 
SPHK2 was identified in both the cytoplasmic and nuclear cel-
lular fractionations (Fig. 1c). In contrast, no consistent change 
was detected in SPHK1 levels in DLD-SN and HCT-SN cells 
compared with control cells (Fig. 1b, and Supplementary Ma-
terial 2, www.wjon.org).

S1P regulates cellular processes such as cell proliferation, 
differentiation, and apoptosis by binding to five different G 

Figure 1. SNAI1 expression is associated with increased SPHK2 levels in CRC. (a) Comparisons of SNAI1 (left) and SPHK2 
(right) RNA levels between tumoral and normal adjacent tissues in colorectal adenocarcinoma (COAD), esophageal adenocar-
cinoma (ESCA), and head and neck squamous cell cancer (HNSC) from TCGA datasets. Bars represent transcripts per million 
(TPM). Calculated means ± SEM are represented by bars and whiskers. *P < 0.05. (b) Western blot analysis for key S1P media-
tors in parental CRC cell lines (left panel) and ectopic-expressing SNAI1 cell lines compared with empty control vector cells (right 
panel). (c) Western blot analysis for SPHK2 in the cytoplasmic and nuclear fractions of HCT-SN cell line, compared with empty 
control vector cells. (d) SPHK2 luciferase reporter activity of HCT-SN empty vector control cells transfected with SNAI1 siRNA, 
compared to control siRNA treated cells. CRC: colorectal cancer; SPHK2: sphingosine kinase 2; TCGA: The Cancer Genome 
Atlas; SEM: standard error of the mean; S1P: sphingosine-1-phosphate; S1PR: sphingosine-1-phosphate receptor.
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protein-coupled receptors named S1PR1-5 [43, 44]. Interest-
ingly, both ectopic SNAI1 cell lines demonstrated elevated 
S1PR2 levels. Prior reports have suggested that S1PR2 activa-
tion is associated with reduced invasion/migration, suggesting 
that the relationship with EMT factors requires further inves-
tigation [45]. HCT-SN and DLD-SN cells also demonstrated 
variable levels of S1PR1, 3, 4, 5 compared with control cells 
(Fig 1b, and Supplementary Material 2, www.wjon.org). Based 
on LCMS, ceramide levels in ectopic SNAI1 cells were com-
parable to control cell lines (Supplementary Material 2, www.
wjon.org). Ceramide 24, one of the most abundant ceramides, 
was highly expressed in all cell lines tested [46].

SNAI1 induces SPHK2 promoter activity in SNAI1 over-
expressing CRC cells

To determine if SNAI1 directly influences SPHK2 expression, 
we transfected the ectopic SNAI1-overexpressing CRC cell 
line HCT-SN with the luciferase reporter plasmid containing 
the putative SPHK2 promoter sequence. In the HCT-SN cell 
line, the SPHK2 promoter activity was enhanced 1.4-fold when 
compared with vector-transfected control (Fig. 1d). To further 
confirm the direct effect of SNAI1 on the promoter activity 
and expression of SPHK2 in CRC cells, we knocked down 
SNAI1 in the metastatic SW620 cell line and transfected the 
luciferase reporter plasmid with the putative SPHK2 promoter 
sequence. Compared with control siRNA-treated SW620 cells, 
SPHK2 promoter activity was significantly decreased by 13% 
in the SW620 cells transfected with SNAI1 siRNA (Supple-
mentary Material 2, www.wjon.org).

SNAI1-driven stemness is mediated by SPHK2/S1P sign-
aling

As SNAI1 is a well-established EMT marker, we character-
ized the morphologic cellular changes associated with SNAI1 
expression by evaluating E-cadherin membrane expression 
with immunofluorescence staining. Compared with control 
HCT-V cells, HCT-SN cells demonstrated reduced E-cad-
herin expression as well as loss of membrane-bound E-cad-
herin (Supplementary Material 3, www.wjon.org). Similarly, 
DLD-SN cells also revealed a reduction in membrane-bound 
E-cadherin expression associated with an increased level of 
cytoplasmic E-cadherin compared to DLD-V cells (Supple-
mentary Material 3, www.wjon.org). Both ectopic SNAI1 ex-
pression cell lines demonstrated loss of cell-cell contact and 
increased spindle shape. The morphologic changes observed 
in the ectopic SNAI1 expression cell lines were consistent 
with EMT changes when compared to the respective control 
cell lines.

Consistent with previous reports, ectopic SNAI1 expres-
sion resulted in enhanced cancer cell self-renewal in CRC cell 
lines, based on a limited dilution in vitro spheroid assay com-
pared with control cell lines (Fig. 2a, b). In HCT-SN and DLD-
SN cell lines, siRNA knockdown of SPHK2 significantly re-
duced spheroid generation compared with control cell lines 

(Fig. 2a, b, and Supplementary Material 3, www.wjon.org). 
Similarly, SPHK2 siRNA significantly decreased spheroid 
formation in parental SW620 cells (Fig. 2c, and Supplemen-
tary Material 3, www.wjon.org). SPHK2 can function through 
both S1P-dependent and S1P-independent downstream path-
ways [19]. To evaluate S1P-dependent signaling downstream 
of SPHK2, we assessed the ability of exogenous S1P to res-
cue SNAI1-mediated self-renewal following SPHK2 inhibi-
tion. Compared with vehicle and control siRNA-treated cells, 
exogenous S1P significantly increased spheroid formation in 
HCT-SN, DLD-SN, and SW620 cells transfected with SPHK2 
siRNA, indicating that SPHK2 self-renewal capacity is medi-
ated by S1P (Fig. 2a-c). Taken together, these data indicate that 
CRC cells with high SNAI1 acquire a CSC phenotype medi-
ated by SPHK2-S1P signaling.

To confirm the role of SPHK2 in CRC stemness, we 
ectopically expressed SPHK2 in both HCT116 and DLD-1 
cells (HCT-SPHK2 and DLD-SPHK2) (Supplementary Ma-
terial 3, www.wjon.org). Similar to ectopic SNAI1 expres-
sion, ectopic SPHK2 colon cancer cell lines (HCT-SPHK2 
and DLD-SPHK2) demonstrated increased spheroid formation 
compared with control cell lines (HCT-GFP and DLD-GFP) 
(Fig. 2d, and Supplementary Material 3, www.wjon.org). For 
instance, DLD-SPHK2 cells demonstrated a four-fold increase 
(P < 0.001) in spheroid formation compared with control 
DLD-GFP cells.

SNAI1-mediated stemness can be ablated by pharmaco-
logical inhibition of SPHK2 signaling

We next evaluated whether ABC294640, the small molecular 
inhibitor of SPHK2, can reduce SNAI-mediated self-renewal 
based on in vitro spheroid formation. In both SNAI1 overex-
pressing cell lines, ABC294640 was able to reduce in vitro 
spheroid formation compared with vehicle control (Fig. 3a, 
b). For example, HCT-SN and DLD-SN cells demonstrated 
a 31% and 40% decrease (P < 0.01) in spheroid formation, 
respectively, compared with HCT-V and DLD-V cells (Fig. 
3a, b). The addition of exogenous S1P rescued SNAI1-medi-
ated spheroid formation in the presence of ABC294640 (Fig. 
3a, b). In the SW620 cells, only partial rescue was achieved 
with S1P, suggesting other non-S1P dependent mechanisms 
downstream of SPHK2 may be involved (Fig. 3c). These data 
indicated that SNAI1-mediated self-renewal can be reduced 
by ABC294640 which was, at least in part, mediated by S1P 
inhibition.

Human colorectal CSCs show elevated expression of 
SPHK2

ALDH activity can identify CSCs in fresh human CRC sam-
ples [47]. Our previous investigation demonstrated that Ep-
CAM+/ALDH+ cells isolated from CRC PDXs possess in 
vitro and in vivo stem cell properties and high SNAI1 expres-
sion [13]. To investigate the role of SPHK2 in human CRC 
CSCs, we compared the expression of SPHK2 in EpCAM+/
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ALDH+ and EpCAM+/ALDH- cells by western blot analysis 
of CRC PDXs (MRC02 and MRC25), as we have previously 
reported [13]. EpCAM+/ALDH+ cells from both MRC02 and 
MRC25 PDX models expressed significantly higher SPHK2 
protein compared with EpCAM+/ALDH- cancer cells. For ex-
ample, MRC02 and MRC25 EpCAM+/ALDH+ cells demon-
strated a nine-fold and three-fold increase in SPHK2 protein 
expression, respectively, compared with EpCAM+/ALDH- 
cancer cells (Fig. 4a-c, Supplementary Material 4, www.wjon.
org). Thus, human CRC CSCs isolated by ALDH activity from 
PDXs demonstrate elevated expression of SPHK2 compared 
with expression in CRC non-CSC cells.

SNAI1-driven 5FU chemoresistance is mediated by sphin-
gosine kinase 2/sphingosine-1 phosphate signaling

Multiple prior studies have demonstrated that CSCs and EMT 
signaling mediate chemotherapy resistance [5-8], although 
strategies targeting these pathways have not been incorpo-

rated into clinical practice for CRC patients. Therefore, we 
explored SPHK2-S1P inhibition as a strategy to overcome 
SNAI1-mediated 5FU chemotherapy resistance. As shown in 
Figure 5a, b, both ectopic SNAI1 expressing CRC cell lines 
(HCT-SN and DLD-SN) showed reduced in vitro sensitiv-
ity to 5FU compared with control cell lines. Knockdown of 
SPHK2 with siRNA increased in vitro sensitivity of both HCT-
SN and DLD-SN to 5FU by 1.2- and 1.9-fold (P < 0.001 and 
P < 0.001) at 5 µM, and 1.1- and 1.4-fold (P < 0.01 and P 
< 0.001) at 10 µM, respectively (Fig. 5a, b, and Supplemen-
tary Material 5, www.wjon.org). Similarly, we also observed 
the ability of SPHK2 inhibition to enhance 5FU sensitivity in 
parental SW620 (Supplementary Material 5, www.wjon.org). 
Conversely, exogenous S1P rescued the 5FU chemotherapy 
resistance in HCT-SN, DLD-SN, and SW620 cells transfect-
ed with SPHK2 siRNA (Supplementary Material 5, www.
wjon.org). These results implicate S1P signaling in mediating 
SNAI1 chemoresistance and suggest that therapeutic targeting 
of S1P may enhance 5FU efficacy in CRC, especially in EMT-
transformed cells.

Figure 2. SPHK2 mediates stemness in ectopic SNAI1 expressing CRC cells. Limited dilution spheroid assay of (a) HCT-SN cells 
and (b) DLD-SN compared with empty vector control cells transfected with siSPHK2 or control for 10 days. (c) Limited dilution 
spheroid assay of SW620 cells transfected with siSPHK2 or control for 10 days. (d) Limited dilution spheroid assay comparing 
HCT-SPHK2 and DLD-SPHK2 cells with GFP vector (GFP) control cells. Limited dilution was performed with one cell or five 
cells or 10 cells per well. Data are shown as mean ± SD (*P < 0.05, **P < 0.01, ***P < 0.005). CRC: colorectal cancer; SPHK2: 
sphingosine kinase 2; S1P: sphingosine-1-phosphate; SD: standard deviation.
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ABC294640 enhances 5FU chemotherapy sensitivity in 
high SNAI1-expressing colon cancer models

Similar to SPHK2 siRNA knockdown, ABC294640 also sen-
sitized cells to 5FU. In the HCT-SN and DLD-SN cell lines, 
an additive effect was demonstrated with the combination of 
5FU and ABC294640. In HCT-SN cells, the combination re-
duced cell viability by 37% compared with 5FU alone (P < 
0.005) (Fig. 5c). The combination of 5FU and ABC294640 
had a similar additive therapy effect in the DLD-SN cells 
leading to a reduction in cell viability by 41% compared with 
5FU alone (P < 0.001) (Fig. 5d). In the parental SW620 cell 
line with high baseline levels of SNAI1, the combination of 
5FU and ABC294640 reduced cell viability by 33% com-
pared with 5FU alone (P < 0.005) (Supplementary Material 6, 
www.wjon.org). Exogenous S1P decreased the cytotoxicity of 
ABC294640 combined with 5FU in all cell lines tested (Fig. 
5c, d, and Supplementary Material 6, www.wjon.org), suggest-
ing that the additive therapeutic benefit of ABC294640 is at 
least in part mediated by inhibition of S1P.

Next, we investigated the synergistic in vivo antitumor ef-
fect of the combination of SPHK2 inhibition and 5FU in a sub-
cutaneous xenograft model with SW620 cells (Fig. 6a). Based 
on tumor volume, the combination of ABC294640 and 5FU 
demonstrated a 69% decrease in tumor size compared with 
control tumors after day 18 of treatment (P < 0.05) (Fig. 6b). 

After 10 days of treatment and tumor harvesting, we observed 
a statistically significant decrease in tumor weight in the treat-
ed tumors compared with the vehicle control group (Fig. 6c). 
ABC294640 alone demonstrated a 48% decrease, and 5FU 
alone demonstrated a 42% decrease in tumor weight compared 
with vehicle control tumors. The combination significantly in-
creased therapeutic efficacy compared to each therapy alone 
and led to a 73% decrease in tumor weight compared with ve-
hicle control. No significant weight change was noted in the 
treatment groups, suggesting that the therapy combination was 
well tolerated (Supplementary Material 7, www.wjon.org).

Pharmacological inhibition of SPHK2 in CRC PDTOs 
enhances 5FU response

To evaluate this interaction in a more translational model 
system, we tested the combination of ABC294640 and 5FU 
in therapy-resistant CRC PDTOs [41]. Two PDTO models 
(MRC02 and MRC30) were previously generated from CRC 
samples that were resistant to 5FU combined with radiation 
[41]. Based on cell viability assay, MRC02 and MRC30 PDTO 
models showed limited response to either 5FU or ABC294640 
alone. In contrast, when 5FU was combined with ABC294640, 
both PDTO models demonstrated a significantly improved re-
sponse when compared with either therapy alone or vehicle 
control (P < 0.001) (Fig. 6d, e). For example, the combination 

Figure 3. SNAI1-mediated stemness can be ablated by ABC294640. Limited dilution spheroid assay of (a) HCT-SN cells, and 
(b) DLD-SN cells, compared with empty vector control cells after ABC294640 treatment compared with vehicle control (DMSO). 
(c) Limited dilution spheroid assay of SW620 cells after ABC294640 treatment compared with vehicle control (DMSO). Rescue 
experiments were performed with S1P. Data are shown as mean ± SD; n = 12 (*P < 0.05, **P < 0.01). S1P: sphingosine-1-phos-
phate; SD: standard deviation.
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treatment demonstrated an 84% and 78% decrease in cell vi-
ability in MRC02 and MRC30 organoids, respectively, com-
pared with DMSO-treated organoids. Taken together, these 
data indicated that SPHK2-S1P signaling can be therapeuti-
cally targeted to overcome SNAI-mediated 5FU resistance 
in CRC cell models and represents a promising strategy for 
treatment-resistant CRCs.

Discussion

Although decades of research have resulted in a better under-
standing of CRC pathophysiology and increased therapeutic 
options, chemoresistance is a common occurrence in CRC re-
sulting in treatment failure and death. Accumulating evidence 

has demonstrated that a strong link exists between the devel-
opment of chemoresistance, EMT, and CSCs [6, 8, 10, 12]. In 
particular, SNAI1 is a potent driver of stemness in CRC [48], 
capable of inducing EMT [10] as well as chemoresistance [49]. 
Further, the downstream molecular mechanisms of SNAI1 in 
the context of CRC are not well defined, and the ability to tar-
get EMT pathways and/or CSC remains elusive, without clini-
cally relevant therapies. We hypothesized that SPHK2-S1P 
signaling may mediate SNAI1-driven therapy resistance and 
serve as a molecular target to improve chemotherapy response 
in CRC.

Growing evidence suggests that S1P supports CSCs in 
various cancers [50-54], including CRC [54]. The interaction 
between SPHK1, EMT, and metastasis in CRC has been previ-
ously studied [55-57]. For example, SPHK1 is associated with 

Figure 4. SPHK2 is overexpressed in colorectal cancer stem cells. (a) Representative flow cytometry analysis of aldehyde 
dehydrogenase (ALDH) activity with and without (N, N-diethylamino)benzaldehyde (DEAB), an inhibitor of ALDH in two patient-
derived xenograft tumors: MRC02 and MRC25. (b, c) Western blot analysis for expression of SPHK2 in MRC02 and MRC25. 
SPHK2: sphingosine kinase 2; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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worse clinical outcomes in CRC [55, 57] and promotes CRC 
metastasis by inducing EMT through the FAK/AKT/MMP 
axis [56]. However, the role of SPHK2 is less defined. In the 
present study, we demonstrated the role of SNAI1/SPHK2/
S1P signaling in mediating CRC chemotherapy resistance 
and stemness. SPHK2 expression was significantly increased 
and transcriptionally regulated by SNAI1 in the SNAI1-high, 
metastatic SW620 CRC cell line, as well as in ectopic express-
ing SNAI1 CRC cell lines. Notably, human CRC stem cells 
isolated from two colorectal patient-derived models also dem-
onstrated significantly high expression of SPHK2. We also 
observed that the SNAI1-driven self-renewal in CRC is medi-
ated by SPHK2 in an S1P-dependent fashion based on in vitro 
limited dilution spheroid formation. Taken together, these data 
suggest that SPHK2 mediates SNAI1-driven stemness through 
S1P signaling. Our evidence supports SPHK2/ S1P as a novel 
mediator of CRC stem cell phenotype, especially considering 
the high expression in the human CRC stem cells isolated from 
CRC PDXs. Importantly, the next steps would be to prospec-

tively analyze S1P signaling within fresh tumor samples from 
treatment-refractory CRC patients using techniques such as 
liquid chromatography-mass spectrometry [58].

Chemoresistance remains a central issue in CRC [59], and 
efforts to resensitize cancer cells to chemotherapy agents is an 
active area of investigation [60, 61]. The present study dem-
onstrated that the knockdown of SPHK2 by either siRNA or 
pharmacological inhibition increased 5FU sensitivity in the 
therapy-resistant SNAI1-high CRC cell lines. ABC294640 is 
an attractive drug for SPHK2 inhibition, as it is administered 
orally, well tolerated in patients, and demonstrated antitumor 
activity in a phase 1 clinical trial [29]. Encouragingly, the 
combination of ABC294640 and 5FU successfully overcame 
5FU drug resistance in both in vivo CRC xenografts and in two 
CRC patient-derived organoid models from therapy-resistant 
patients. Of note, previous studies have reported a positive 
correlation between SNAI1 and programmed death-ligand 1 
(PDL1) expression [62], and SNAI1 has also been shown to 
promote immunosuppression via the recruitment of myeloid-

Figure 5. SPHK2 inhibition increases 5FU sensitivity in ectopic SNAI1 expressing CRC cells. Cell viability was assessed 96 h 
after 5FU treatment compared with vehicle control (DMSO) in (a) HCT-SN cells and (b) DLD-SN cells compared with empty vec-
tor control cells transfected with SPHK2 siRNA or control siRNA. Similarly, cell viability was assessed 96 h after treatment with 
5FU, ABC294640, or the combination in (c) HCT-SN cells, or (d) DLD-SN cells and compared with empty vector control cells (left 
and right panel). Rescue experiments were performed with S1P. Data are shown as mean ± SD; n = 5 (**P < 0.01, ***P < 0.005, 
****P < 0.001). CRC: colorectal cancer; SPHK2: sphingosine kinase 2; 5FU: 5-fluorouracil; SD: standard deviation.
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derived suppressor cells and production of immunosuppres-
sive natural T-regulatory like CD4+CD25- cells in various 
cancers [63], indicating that PDL1-targeted immunotherapy 
in combination with SPHK2 blockade may be an attractive 
combination for therapy-resistant CRCs. Collectively, these 
observations support the concept that SPHK2-S1P signaling 
is a viable anti-neoplastic target in high SNAI1 CRCs and a 
viable therapeutic strategy to overcome CRC drug resistance.

Conclusions

Therapy-resistant EMT pathways and CSC remain promis-
ing yet elusive therapy targets for CRC to improve treatment 
response and overcome chemotherapy resistance. Improving 
our understanding of the molecular pathways supporting CRC 
CSC represents a strategy to identify novel therapy targets. 
Our current work implicates SPHK2-S1P signaling as a key 

mediator of CRC CSCs and EMT signaling through SNAI1. 
These new insights suggest that targeting SPHK2-S1P with 
ABC294640 can serve as a novel therapeutic strategy for the 
treatment refractory CRC.

Supplementary Material

Suppl 1. SNAI1 and SPHK2 expression in colorectal cancer.
Suppl 2. Ceramides and sphingosine-1-phosphate receptor 
levels in colorectal cancer cells.
Suppl 3. SPHK2 mediates stemness in colorectal cancer cells.
Suppl 4. SPHK2 expression is elevated in human colorectal 
cancer stem cells.
Suppl 5. SNAI1-SPHK2 axis promotes chemoresistance in 
colorectal cancer cells.
Suppl 6. SNAI1-SPHK2 axis promotes chemoresistance in 

Figure 6. ABC294640 increases 5FU sensitivity in SW620 in vivo xenografts and CRC PDTOs. Following treatment for 11 days, 
subcutaneous tumors were harvested and analyzed. (a) In vivo experimental schema. After subcutaneous injection of SW620 
cells, mice were randomized to four treatment groups of six mice each, starting 11 days postoperatively. 5FU (50 mg/kg) (red 
arrows) and 75 mg/kg of ABC294640 (blue arrows) were intraperitoneally injected three times per week. Tumors were harvested 
20 - 22 days after tumor implantation. (b) Average measured tumor volume of subcutaneous SW620 xenografts throughout 
treatment. (c) Average tumor weight of harvested SW620 xenografts. The error bars represent mean ± SD; n = 3 (*P < 0.05, **P 
< 0.01, ***P < 0.005). (d, e) Cell viability was assessed 96 h after 5FU or ABC294640 treatment compared with vehicle control 
(DMSO) in two PDTO models: MRC02 (c), and MRC30 (d). Data are shown as mean ± SD; n = 5 (****P < 0.001). CRC: colorectal 
cancer; 5FU: 5-fluorouracil; SD: standard deviation; PDTOs: patient-derived tumor organoids.
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colorectal cancer cells.
Suppl 7. Mouse body weight over the duration of SW620 in 
vivo experiment.
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