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Abstract: Sphingosine-1-Phosphate (S1P) is produced by Sphingosine Kinase 1 (SphK1) in the cell and is transport-
ed out of the cells by ABCC1 transporter. S1P induces inflammation, angiogenesis and modulates tumor immune
microenvironment (TIME) in autocrine and paracrine manner. We hypothesized that high S1P export is associated
with hepatocellular carcinoma (HCC) progression and worse survival. Transcriptome linked with clinical data were
obtained from a total of 533 patients from TCGA (The Cancer Genome Atlas)-HCC (n = 350), GSE6764 (n = 75), and
GSE89377 (n = 108) cohorts. Both SphK1 and ABCC1 were expressed higher in aggressive HCC than normal liver
or cirrhosis and correlated with MKi67 expression. High S1P export by high expression of both SphK1 and ABCC1
enriched gene sets related with cell proliferation (E2F targets, G2M checkpoint, MYC targets), inflammation (Inflam-
matory response, TNFq, IL6), angiogenesis, metastasis (TGF-B, epithelial-mesenchymal transition), and immune
response (allograft rejection, complement, interferon-gamma) in gene set enrichment analysis. High S1P export
was associated with elevation of HGF, HSP90AA1, TRAF2, and AKR1B10. It was also associated with high intratumor
heterogeneity, leucocyte fraction, macrophage regulation and lymphocyte infiltration, as well as T helper type2 cells,
macrophages, dendritic cells, CD4* T memory activated cells, B-cells and cytolytic activity score in TIME. High S1P
export was associated with significantly worse disease specific survival (P = 0.034) and overall survival (P = 0.004)
compared to low S1P export group. In conclusion, simultaneous high expression of SphK1 and ABCC1 that reflect
S1P export is associated with enhancement of both HCC progression and immune response. Given that S1P export
was also associated with worse survival, we cannot help but speculate that pro-cancer pathways activated by S1P
may overwhelm the anti-cancer immune response mediated by S1P.
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Introduction liver disease (NAFLD), alcohol abuse and viral
hepatitis (Hepatitis B and C). NAFLD related

Hepatocellular carcinoma (HCC) accounts for > HCC has increasing incidence in Western

90% of all primary liver cancers, making it the
most common liver malignancy and is second
only to pancreatic cancer in terms of lethality
with only 18% 5-year survival [1]. Globally, HCC
is fourth most lethal cancer and sixth most
common. Majority of patients with HCC have
underlying cirrhosis from non-alcoholic fatty

countries [2], with underlying pathophysiology
of insulin resistance, oxidative stress and
inflammation playing an important role in can-
cer initiation and progression [3].

Sphingolipids, consisting of various head
groups attached to ceramide are found in cell
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membranes of mammals as an essential com-
ponent [4]. Sphingosine, which has been asso-
ciated with cell signaling is derived from deacy-
lation of Ceramide [5]. Sphingosine kinase 1
(SphK1) and Sphingosine kinase 2 (SphK2)
phosphorylate Sphingosine to form Sphingo-
sine-1-Phosphate (S1P) [6, 7]. Various physiolo-
gical and pathological proceeses involved in
cancer progression are regulated by the power-
ful pleotropic molecule involved in cell signal-
ling-S1P [8-10]. Various hormones, cytokines
and growth factors increase S1P production in
cytosol, which is exported out of the cell by a
subset of ATP-binding cassette (ABC) transpor-
ters, including ABCC1 and ABCG2 [11, 12].
Thus, higher levels of SphK1 and ABCC1 would
imply higher levels of exported S1P [13]. There
are five G protein coupled S1P receptors, to
which the extracellular S1P (mainly a product of
SphK1) binds to S1PR1-5. This then in an auto-
crine or paracrine manner mediate multiple
known actions of S1P, called ‘inside-out signal-
ling’ [14]. Extracellular S1P signaling is associa-
ted with activation of TNF receptor-associated
factor 2 (TRAF2), heat shock proteins, NF-kf3,
increased telomerase activity, increase in can-
cer cell growth, regulation of immune cell traffi-
cking implicated in tumor immunology and
metastasis [15].

SphK1 and S1P are overexpressed in several
HCC cell lines, and tumor samples [16, 17].
Immunohistochemistry (IHC) has shown increa-
sed levels of both SphK1 and S1P in HCC [18].
There was a positive correlation between tumor
stage, size and histological differentiation and
SphK1 expression [19] and negative correla-
tion with overall survival [17]. All the above stu-
dies were performed on HCC cell lines or IHC of
the tumor tissues. This is one of first studies
which utilized comprehensive gene expression
data from the publicly available cohorts to
study the role of S1P in HCC progression, to the
best of our knowledge. We hypothesize that
high levels of S1P export determined by high
expressions of both SphK1 and ABCC1, is rela-
ted to HCC progression and worse clinical
outcomes.

Materials and methods
Clinical data acquisition

We retrieved gene expression levels, clinical
and pathological data of patients with HCC
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from The Cancer Genome Atlas (TCGA) [20] via
cBioPortal as described previously [20-29]. A
total of 350 patients with HCC and 50 control
patients were included in the analysis. Gene
Expression Omnibus (GEO) data sets GSE6764
[30] and GSE89377 were used to analyze gene
expression profiles at various stages of liver
fibrosis, cirrhosis and cancer. GSE6764 con-
tained 75 patient samples with 13 samples
from cirrhotic tissue, 17 dysplastic nodules,
and 35 HCCs. GSE89377 dataset (https:/
www.ncbi.nim.nih.gov/geo/geo2r/?acc = GSES8-
9377) was downloaded from the GEO website,
and the cohort contains 108 cases in total,
including 13 healthy people, 9 patients with
low-grade chronic hepatitis, 12 with high-grade
chronic hepatitis, 12 with cirrhosis, 11 with
low-graded dysplastic nodules, 11 with high-
grade dysplastic nodules, 5 with early HCC, 9
with Stage | HCC, 12 with Stage Il HCC and 14
with Stage Ill HCC. The institutional review
board was waived as TCGA and GEO datasets
are publicly available and de-identified.

Gene set enrichment analysis (GSEA)

Broad Institute provided the software for Gene
set enrichment analysis (GSEA) (http://soft-
ware.broadinstitute.org/gsea/index.j False dis-
covery rate (FDR) of 0.25 was deemed to be
statistically significant, based on the recom-
mendation of Broad institute.

Immune activity related scores and immune
cell composition

As we previously reported [39-43], xCell com-
putational algorithm was used to calculate
immune cell composition in a tumor per guide-
lines stipulated in the journal, Genome Biology
in 2017 by Aran D et al. [44]. Thorsson et al.
previously reported data on TGF- Response,
Leukocyte Fraction, IFN-y Response, Lymph-
ocyte Infiltration Signature Score and regula-
tion of TIL. [45]. We calculated Cytolytic activity
(CYT) using the geometric mean of granzyme A
and Perforin 1 expression values as described
by Rooney et al. [46-54].

Statistical analysis

All the statistical analyses were performed
using R software (http:///www.r-project.org/).
Kaplan-Meier survival analysis was performed
in R for the survival analysis. A p value < 0.05
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Figure 1. SphK1 and ABCC1 expressions in the tumor tissue is higher than normal liver in TCGA cohort. A. Histogram
of gene expression of SphK1 and ABCC1 in TCGA cohort. B. Gene expressions of SphK1 and ABCC1 in tumor tissue
versus normal liver samples. C. Scatter plot showing gene expressions of SphK1 and ABCC1 in tumor tissue (red

open circle) and normal liver tissue (closed black circle).

was considered statistically significant. One-
way ANOVA was used to determine the signifi-
cance of difference in various groups. We used
Mann Whitney U test (two group comparison)
and Kruskal Test for multiple group com-
parison.

Results

Gene expression levels of SphK1 and ABCC1
were higher in tumor tissue than in normal
liver

Increased gene expression levels of SphK1 and
ABCC1 would indicate the higher production
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and extracellular export of S1P [11, 13]. We
found that SphK1 and ABCC1 expression in the
TCGA cohort had normal distributions (Figure
1A) with higher expression in tumor tissue ver-
sus normal liver (both p < 0.001, Figure 1B).
The scatterplot shows median of each gene
expression in normal and HCC tumor tissues
(Figure 1C), with normal liver clustered around
SphK1-low expression and ABCC1-low expres-
sion quadrant. This is the first report to the
best of our knowledge that there are increases
in gene expression levels of SphK1/ABCC1
that suggest export of S1P in large cohort of
HCC human samples, which agrees with the
mechanisms reported in the previous studies.
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Figure 2. Gene expressions of SphK1 and ABCC1 with respect to grade and stage of HCC in TCGA cohort. A. SphK1
gene expression with respect to grade and stage of HCC in TCGA. B. ABCC1 gene expression with regards to grade

and stage of HCC in TCGA.

Higher S1P export was seen in advanced
grade and stage of HCC

Prior study has shown increased SphK1 expres-
sion, which indicates increased production of
S1P, in larger tumor size and advanced stage
and grade by immunohistochemistry in HCC
[17]. In agreement, there was a significant in-
crease in SphK1 gene expression by advanced
grade, but not statistically significant by stage,
although there was a trend in TCGA (P < 0.001
and P = 0.091, respectively. Figure 2A). ABCC1
gene expressions were significantly higher in
advanced grade and stage, particularly in the
T-category, which is the size of a tumor in TCGA
(P =0.019, P < 0.001, and P < 0.001, respec-
tively. Figure 2B). Our results are in agreement
with the notion that not only the production of
S1P, which is reflected by SphK1 expression
but also S1P export that is reflected by both
SphK1 and ABCC1 expressions are elevated in
advanced grade and stage in HCC.

SphK1 and ABCC1 gene expressions that re-
flect S1P export correlate with carcinogenesis
and progression of HCC

Given that gene expressions of both SphK1
and ABCC1, which implicate S1P export, were
elevated in advanced grade and stage of HCC,
we hypothesized that the level of S1P export
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increased by the stepwise carcinogenic pro-
cess of HCC. To test this hypothesis, we investi-
gated the gene expression levels of MKI67, the
most commonly used cell proliferation marker,
SphK1 and ABCC1 in various stages of cancer
progression, which are normal liver tissue, dys-
plasia (DL), cirrhosis, very-early to very-adv-
anced HCC, in GSE6764 cohort. As expected,
MKIB7 expression increased as carcinogenesis
progressed (P < 0.001, Figure 3A). There was
a significant increase in the gene expression
levels of SphK1 with progression of carcino-
genesis (P = 0.026), with level of ABCC1 trend-
ed up (P = 0.032). The gene expression levels
of MKI67, SphK1, demonstrated significant
increase in validation cohort, GSE89377 (both
P < 0.001, Figure 3B) with expression of ABCC1
not significantly altered (P = 0.061, Figure 3B).
The set includes dysplasia, cirrhosis, low grade
and high-grade chronic hepatitis, early HCC,
and low to high-grade HCC defined by the
GSE98377. These results show that S1P ex-
port is elevated as carcinogenic progression
advances in multiple cohorts of HCC.

High levels of S1P export is associated with
HCC aggravating factors

HGF (Hepatocyte Growth factor) promotes pro-

duction of SphK1 and motility and invasion of
several HCC cell lines, promoting HCC metasta-

Am J Cancer Res 2021;11(9):4394-4407
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Figure 3. Correlation of MKI67, SphK1 and ABCC1 gene expression with carcinogenic progression of HCC in two
cohorts, (A) GSE6764 (n = 75) that include normal liver tissue (n = 8), dysplasia (n = 17), cirrhosis (n = 13), very

early hepatocellular carcinoma (VE-HCC) (n =

8), early HCC (E-HCC) (n = 10), advanced HCC (H-HCC) (n =

7), very

advanced HCC (VH-HCC) (n = 10). (B) GSE89377 (n = 107) that include dysplastic nodule (DN) (n = 35), cirrhosis (n

= 12), low grade cirrhosis (L-C) (n
(TG) 1-3 (n =9, 12, 14, respectively) of HCC.

ses [55]. S1P increases TRAF2 (TNF receptor-
associated factor 2), NF-k(3 activation [56] and
with Heat shock protein association (HSP9-
0A1), preventing apoptosis [57]. We have found
that tumors with higher expressions of both
SphK1 and ABCC1 had significantly increased
levels of HGF (P < 0.001), HSP9OA1 (P < 0.001),
TRAF2 (P < 0.001) and AKR1B10 (P < 0.001)
expressions when compared to tumors with low
expression of both SphK1 and ABCC1 (Figure
4). These results are in agreement with the
higher grade and stage of HCC associated in
tumors with higher exported S1P.

High levels of exported S1P promotes cell pro-
liferation, inflammation, cancer metastases,
and immune response

Based on our previous basic research findings

that cancer with high S1P export had increased
cell proliferation [13, 58], evoke inflammation
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= 8) and high grade cirrhosis (H-C) (n = 12), early HCC (n = 5), and tumor grades

[59, 60], promote metastasis [61, 62], and
enhance immune response [7, 35, 63], we
hypothesized that HCC with high S1P export
has similar features. To test this hypothesis, we
conducted GSEA comparing both SphK1 and
ABCC1 expression high group to both low
expression group in TCGA cohort. There was
significant enrichment of five cell proliferation-
related gene sets; E2F targets, G2M check-
point, MYC targets V1, MYC targets V2, Mitotic
Spindle and MTORC1 signaling in HCC with high
S1P export (Figure 5A). S1P export high HCC
also enriched inflammation-related gene sets
like Inflammatory response, TNF-a signaling via
NF-kB, and IL6/JAK/STAT3 signaling (Figure
5B). Further, Angiogenesis, Epithelial-mesen-
chymal transition and TGF-f signaling, which
are related to metastases, were also found to
be significantly enriched to S1P export high
HCC (Figure 5C). Finally, statistically signifi-

Am J Cancer Res 2021;11(9):4394-4407
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Figure 4. High levels of S1P export leads to factors promoting HCC progression. HGF: hepatocyte growth factor;
HSP90AAL: Heat Shock protein90AA1; TRAF2: TNF receptor associated factor 2; AKR1B10-Aldo-keto reductase

familyl member B10 gene.

cant enrichment of immune response-related
gene sets; Allograft rejection, Complement,
and Interferon (IFN)-y response was found in
HCC with high levels of exported S1P (Figure
5D). These results demonstrate that the high
levels of S1P export were significantly associ-
ated with many pathways of HCC progression
like cell proliferation, inflammation, and metas-
tases, but these tumors also promoted im-
mune activity in the TCGA cohort, implying the
complex relationship of high S1P to HCC
progression.

Tumors with high levels of S1P export were
linked to favorable and unfavorable tumor im-
mune microenvironment (TIME)

We further explored the TIME to help explain
the aggressiveness of HCCs with high levels
of S1P export in TCGA cohort. Immune cell
activity and function scores as previously
described by Thorrson et al. were analyzed.
Tumors with high S1P export had significantly
increased intratumor heterogeneity, MKI67
expression (P < 0.001 for both) indicating agg-
ressive tumors with higher proliferation (Figure
6A). We also found that the silent and non-
silent mutation rate was not significantly higher
(P=0.149 and 0.046, respectively), in contrary
to what is often found in highly proliferating
tumors. The Leucocyte fraction, macrophage
regulation and lymphocyte infiltration scores
were found to be significantly lower (P < 0.001
or all) in tumors with high exported S1P, which
could explain the aggressive nature of these
tumors (Figure 6B). We used xCell, the compu-
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tational algorithm to analyze the immune cell
composition. There was significantly higher lev-
els of Th2 Cells (P < 0.001), but M2 macro-
phage levels were not significantly increased
(P = 0.964) (Figure 6C) indicating an unfavor-
able TIME, at the same time, there was
increased M1 macrophages, dendritic cells,
CD4* memory cells and B cells (P < 0.001, P <
0.001, P = 0.063, P < 0.001, respectively)
which indicate higher anti-tumor activity (favor-
able TIME), in TCGA cohort (Figure 6D). The CYT
(Cytolytic activity) score was significantly higher
in high S1P export tumors indicating a favor-
able TIME (Figure 6E).

Low levels of S1P export is associated with
significantly better progression-free and overall
survival

Given the role of SphK1 and ABCC1 in cancer,
we investigated whether their expressions
relate with disease specific (DSS) and/or over-
all (OS) survival in TCGA cohort. Although high
expression of either of these genes had a trend
to have worse survival, there was no statistical
difference in the survival curves except for
ABCC1 expression in OS (P = 0.002). On the
other hand, we found that the DSS of patients
with low S1P export (SphK1 low and ABCC1
low) was significantly better than any other
combination of SphK1 and ABCC1 expressions
(P =0.034). The 0S was also better in low S1P
export group with p = 0.004 (Figure 7). Toge-
ther with the fact that ABCC1 is not the only
transporter to export S1P, this result further
supports the notion that S1P export promotes

Am J Cancer Res 2021;11(9):4394-4407
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Figure 5. Comparison of tumors with High expression of both SphK1 and ABCC1 versus Low expression of SphK1
and ABCC1 with Gene Set Enrichment Analysis (A) Cell Proliferation gene sets (B) Inflammation related gene sets
(C) metastasis related gene sets (D) Immune response related gene sets. NES: normalized enrichment score; FDR:
false discovery rate.
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Figure 6. Comparison of tumors with High versus low export of S1P with respect to Tumor Immune Microenviron-
ment in TCGA. (A) Mutation rates and intratumor heterogeneity and proliferation. (B) Leucocyte fraction, macro-
phage regulation and lymphocyte immune signature score. Immune cell composition in TCGA cohort using Xcell (C)
Cells with unfavorable TIME (D) cells with favorable TIME (E) Cytolytic activity score (CYT).

HCC progression and contributes to patient
survival.

Discussion

We hypothesized that higher levels of S1P
export is associated with worse prognosis and
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cancer biology which is aggressive in HCC
patients. S1P export was reflected as simulta-
neous high expression of SphK1 and ABCC1,
where both follow a normal distribution curve in
TCGA cohort. The expressions of SphK1 and
ABCC1 were consistently higher in higher
grades, higher MKI67 expression, and in later
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Figure 7. Tumors with high expression of SphK1 and ABCC1 (high S1P export) have worse prognosis. (A) Kaplan-
Meier analysis of disease specific survival (B) Kaplan-Meier analysis of overall survival.

stages of HCC compared from normal liver and
cirrhosis, supporting the hypothesis of higher
S1P export is associated with more aggressive
HCCs. There were significantly higher levels of
HGF, TRAF2, NF-kB activation with heat shock
protein association and AKR1B10 production,
with higher levels of S1P export, all of which
could explain the higher grade and stage of
HCC in TCGA cohort. High S1P export HCC
enriched cell proliferation, inflammation, and
metastasis related gene sets in GSEA. Inter-
estingly it also enriched anti-cancer immune
response gene sets (Complement, Interferon
Gamma, Allograft rejection). With xCell, higher
exported S1P showed increased levels of Th2
cells (unfavorable TIME) but also found higher
levels of dendritic cells, CD4* memory cells, M1
macrophages (favorable TIME), and B cells.
Cytolytic activity (CYT), was significantly elevat-
ed in high S1P export group, indicating higher
immune cell activity as a whole. We found that
there was a significantly better overall survival
as well as disease-specific survival in HCCs
with low levels of S1P export.

Several studies have shown that SphK1/S1P
axis is activated in HCC cell lines [16, 18]; how-
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ever, this is the first study to our knowledge to
report the clinical relevance of increased S1P
export in HCC patients in a large cohort. Our
study agrees with other studies [17] showing
higher levels of S1P export in higher grade and
later stage tumors, linking higher S1P export
levels to aggressive HCCs. We found no signifi-
cant correlation between lymph node metasta-
ses and exported S1P levels in HCC, as oppo-
sed to prior reports in breast cancer [13, 64].
This could probably be explained by different
pathways for metastases in these two types of
cancetr.

Based on this, we hypothesized that more
aggressive the HCC, higher the expression of
genes that contribute to S1P export, SphK1,
and ABCC1. We demonstrated in two indepen-
dent GEO datasets GSE6764 and GSE89377,
that there were significantly increased levels of
S1P export as the HCC grade increases when
compared to normal tissue. We then investigat-
ed the mechanisms by which exported S1P
could promote HCC progression. We found sig-
nificantly higher HGF levels, known to promote
motility and invasion of HCC cell lines, and
promote metastases [55]. Higher TRAF2 lev-
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els, NF-kB activation and with association of
HSP9OA1, prevent apoptosis [57]. AKR1B1O is
increased in HCC, this is a protein associated
with lipid metabolism and is related to negative
outcomes [65]. High S1P export was signifi-
cantly associated with increased levels of HGF,
TRAF2, NF-kB, HSP9OA1 as well as AKR1B10
expressions, all of which will promote HCC
progression.

Inflammation has a significant role in progres-
sion of cirrhosis to HCC, as well as promote
cancer progression and metastasis [66]. We
previously reported that higher levels of S1P
export promotes inflammation in tumors like
breast cancer, aiding cancer progression [60].
In current study we have demonstrated that
exported S1P evokes inflammation, influences
tumor microenvironment, promotes cell cycle
progression as well as metastasis in HCC
patients. GSEA demonstrates an increased ex-
pression of genes related to cell proliferation
such as E2F targets, G2M checkpoint, MYC tar-
gets V1 and V2, and mitotic spindle. Genes
related to inflammation Inflammatory response,
TNFa signaling via NF-kB, IL6/JAK/STAT3 sig-
naling, genes promoting HCC metastases like
Angiogenesis, Epithelial mesenchymal transi-
tion, TGF-B signaling, in high S1P tumors, which
could make these tumors more aggressive.

The tumor immune microenvironment showed
significantly higher levels of Th2 cells and mac-
rophages indicating an unfavorable TIME as
well as increased leucocyte fraction, macro-
phage regulation, intratumor heterogeneity,
and MKIG7 expression in high S1P tumors, all
of which promote HCC progression, aggressive-
ness and metastasis.

We also found a significantly higher level of
anti-cancer cells like dendritic cells, CD4* T
cells, B cells, which prevent cancer progres-
sion. GSEA also showed significant increase in
anti-tumor activity genes like Complement,
Interferon gamma, Allograft rejection and
interferon gamma response. CYT-high HCCs
lead to enhanced immunity and better survival
[48], in our study we have a significantly higher
CYT score in high S1P tumors. This would sug-
gest a higher immune activity in the S1P high
HCCs. We can see the complex relationship
with high S1P export and HCC. We see that
high S1P promotes inflammation which brings
in both pro and anti-tumor cells, increased
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immune cell activity as evidenced by high CYT
score.

Given all these results, we cannot help but
speculate high S1P export promotes HCC pro-
gression and HCC metastasis. S1P also pro-
motes anti-tumor activity in several ways, but
we feel that the protumor activity probably
overwhelms the anti-tumor activity in HCC,
which ultimately promotes HCC growth and
progression.

The current study has limitations. First, this is a
retrospective study conducted using databas-
es, TCGA which are assessable to public.
Second, the clinical information of all subjects
in the database is not complete. Lastly, we do
need prospective studies, in-vitro and in vivo
experiments, to confirm and validate the under-
lying mechanism of our clinical findings.

In conclusion, simultaneous high expression of
SphK1 and ABCC1 that reflect S1P export is
associated with enhancement of both HCC
progression and immune response. Given that
S1P export was also associated with worse sur-
vival, we cannot help but speculate that pro-
cancer pathways activated by S1P may over-
whelm the anti-cancer immune response
mediated by S1P.
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