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Abstract

Aims—Five sphingosine-1-phosphate receptors (S1PR): S1PR1, S1PR2, S1PR3, S1PR4 and

S1PR5 (S1PR1-5) have been shown to be involved in the proliferation and progression of various

cancers. However, none of the S1PRs have been systemically investigated. In this study, we

performed immunohistochemistry (IHC) for S1PR1-S1PR5 on different tissues, in order to

simultaneously determine the systemic distribution, subcellular localization and expression level

of all five S1PRs.

Methods—We constructed tissue microarrays (TMAs) from 384 formalin-fixed paraffin-

embedded (FFPE) blocks containing 183 benign and 201 malignant tissues from 34 human organs/

systems. Then we performed IHC for all five S1PRs simultaneously on these TMA slides. The

distribution, subcellular localization and expression of each S1PR were determined for each tissue.

The data were then compared in benign and malignant tissues from the same organ/tissue using

the student t-test. In order to reconfirm the subcellular localization of each S1PR as determined by

IHC, immunocytochemistry (ICC) was performed on several malignant cell lines.

Results—We found that all five S1PRs are widely distributed in multiple human organs/systems.

All S1PRs are expressed in both the cytoplasm and nucleus, except S1PR3, whose IHC signals are

only seen in the nucleus. Interestingly, the S1PRs are rarely expressed on cellular membranes.

Each S1PR is unique in its organ distribution, subcellular localization and expression level in
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benign and malignant tissues. Among the five S1PRs, S1PR5 has the highest expression level

(either in nucleus or cytoplasm), with S1PR1, 3, 2 and 4 following in descending order. Strong

nuclear expression was seen for S1PR1, S1PR3 and S1PR5, whereas S1PR2 and S1PR4 show

only weak staining. Four organs/tissues (adrenal gland, liver, brain and colon) show significant

differences in IHC scores for the multiple S1PRs (nuclear and/or cytoplasmic), nine (stomach,

lymphoid tissues, lung, ovary, cervix, pancreas, skin, soft tissues and uterus) show differences for

only one S1PR (cytoplasmic or nuclear), and twenty three organs/tissues show no significant

difference in IHC score of any S1PR (cytoplasmic or nuclear) between benign and malignant

changes.

Conclusion—This is the first study to evaluate the expression level of all S1PRs in benign and

malignant tissues from multiple human organs. This study provides data regarding the systemic

distribution, subcellular localization and differences in expression of all five S1PRs in benign and

malignant changes for each organ/tissue.
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Introduction

Sphingosine-1-phosphate (S1P) is formed by the phosphorylation of sphingosine by two

sphingosine kinases (SphK1 and SphK2) and degraded by S1P lyase and several

phosphatases (Spiegel et al, 2003). S1P, an active lipid metabolite, was previously thought

to influence intracellular functions directly (Zhang et al, 1991; Spiegel, 1999; Olivera et al,

1993). It is now recognized that S1P is a common ligand for several G protein-coupled

receptors (GPCRs). These S1P-specific receptors are now named S1P receptors (S1PRs). A

total of five subtypes of S1PRs (S1PR1-5) have been identified since the first S1PR was

discovered by Hla T et al (1990). During the past two decades, S1P and its specific receptors

were found to be involved in a wide range of pathophysiological processes (Maceyka et al,

2012) in multiple organ systems that include: the central nervous system, immune system

(Soliven et al, 2011; Garris et al, 2014), cardiovascular system (Schmouder et al, 2012), and

in embryonic development (Kondo et al, 2014; Hiraga et al, 2006). Further, emerging

evidence indicates that S1P/S1PRs play significant roles in the proliferation, progression,

survival and therapeutic response to treatment in cancer (Pyne et al, 2010; Kunkel et al,

2013; Pyne et al, 2013).

All S1PRs have been correlated with pathogenesis and progression in cancers. In one study

of 304 patients with estrogen receptor-positive (ER+) breast cancer, concurrently high

expression of nuclear SphK1 with membrane S1PR1 and cytoplasmic S1PR3 expression

were associated with shorter disease-specific survival. In the same study population,

elevated expression of nuclear S1PR2 was associated with improved patient prognoses,

which was linked to a reduction in the nuclear localization of SphK1 (Okhotsk et al, 2012).

In another study of 140 patients with ER− breast cancer, high expression of S1PR4 and
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SphK1 was associated with shorter disease-free and disease-specific survival (Okhotsk et al,

2012). S1PR3 was markedly up-regulated in a subset of lung adenocarcinoma cells. Binding

of S1P with S1PR3 on the surface of these cancer cells increases the expression of epidermal

growth factor receptor (EGFR) via Rho kinase (ROCK) pathway, which enhances the

proliferation and anchorage-independent growth of these cancer cells (Zhang et al, 2013). In

colon cancer, S1PR1 is up-regulated by persistent activation of NF-KB and STAT3

transcription factors, resulting in colitis-associated colon cancer (Liang et al, 2013). In

addition, S1PR2-induced ERK phosphorylation up-regulates CD44, a cancer stem cell

marker in HCT116 human colon carcinoma cells (Kawahara et al, 2013). In prostate cancer,

activity of S1PR5 induces autophagy through generating endoplasmic reticulum stress in

human prostate cancer PC-3 cells (Huang et al, 2014). Additionally, binding of S1P to

S1PR2 may sequentially activate phosphatidylinositol 3-kinase (PI3K) and oncogenic kinase

Akt pathways in Du-145 prostate cancer cells (Beckham et al, 2013).

S1P is a common ligand for all five S1PRs, but each S1PR subtype is coupled with a unique

set of G proteins, Gi/o, Gq, or G12/13 (Windh et al, 1999). Thus, binding of S1P with

different S1PR subtypes may result in activation of various classical pathways downstream

of different G proteins. In a given tissue/cell type, the impact on the fate of cancer cells of

S1P via activation of S1PRs may reflect a summation of the various counteracting signal

inputs by multiple activated S1PR subtypes. For example, S1PR1 mediates stimulation of

cell proliferation through the Gi/o-mediated signaling pathways including PI3K/Akt and

ERK, whereas S1PR2 mediates inhibition of cell proliferation through mechanisms

involving G12/13 /Rho/Rho kinase/PTEN-dependent Akt inhibition. Whether or not cancer

cells migrate and proliferate depends on the net effect of downstream signaling pathways of

S1PR1 and S1PR2 (Van et al, 2002; Takuwa et al, 2012). This fact implies that while the

effects of one activated S1PR on cancer is being investigated, the synergistic/ antagonistic

effects from the other S1PRs that are simultaneously activated by binding S1P should also

be considered.

Distinctive patterns of distribution in various tissues for each S1PR have been previously

mapped principally by semi-quantitative PCR techniques, Northern blots, in situ

hybridization, and Western blots (Goetzl et al, 2002). S1PR1, 2 and 3 are found in multiple

organs/tissues, whereas the expression of S1PR4 and S1PR5 may be limited to

hematopoietic and lymphatic tissues, and central nervous system tissues, respectively. In

addition, the data on S1PR tissue distribution patterns were mostly obtained from rodents

(mouse and rat) or in human cell lines (Liu et al, 1997; Zhang et al, 1999; Chae et al, 2004;

Gräler et al, 1998; Im et al, 2000). The systemic distribution and subcellular localization of

each S1PR protein molecule in benign and malignant human tissues has been understudied.

The expression level of the five different S1PRs has not been compared simultaneously for a

given tissue pair of benign and malignant changes.

This study performed immunohistochemistry (IHC) on approximately 400 human benign

and malignant tissues and immunocytochemistry (ICC) on different cell lines, to

simultaneously determine the systemic distribution and subcellular localization of each

S1PR in major human organs/tissues, to compare the expression levels of each S1PR

between benign and malignant changes in each individual organ/tissue, and to provide
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information for future studies on the interacting effects of different S1PRs on cancer

biology.

Material and methods

Tissue Collection and Tissue Microarray (TMA) Construction

This study was approved by the University of Mississippi Medical Center (UMMC)

Institutional Review Board. All participants are patients enrolled into UMMC. Three

hundred and eighty-four formalin-fixed and paraffin-embedded (FFPE) benign and

malignant specimens from 36 different human organs/tissues were obtained from archives in

the Department of Pathology at UMMC. Histological features and pathological diagnosis

were confirmed by pathologists on the original hematoxylin and eosin (H&E) stained slides.

Areas of interest were selected on the original H&E stained slides and topographically

correlated with the corresponding FFPE blocks. One, 1-mm cylindrical core from each area

of interest on the primary FFPE block was punched and transferred to composite paraffin

blocks to construct TMAs using a Beecher MTA1 manual tissue arrayer. The resulting TMA

blocks were heated at 40°C for 4 h in order to fuse transferred cores with composite paraffin

block. Each composite TMA block was sectioned at 5 μm in thickness. One slide from each

TMA block was stained with H&E, in order to re-confirm the histological findings and

pathological diagnosis. The remaining slides were used for immunohistochemistry (IHC)

study.

Immunohistochemistry (IHC) and scoring system

The protocol for immunohistochemical staining and scoring system were used as described

previously (Zhou et al, 2012). Briefly, the TMA slides were deparaffinized in a 56°C oven

overnight the day before performing immunohistochemistry staining. The TMA slides were

further deparaffinized in xylene and rehydrated through graded ethanol. Antigens were

retrieved with antigen retrieval solution (Citric-plus, BioGenex, Fremont CA), and

endogenous peroxidase was quenched with 3% hydrogen peroxide for 30 min. Blocking

serum corresponding to each primary antibody in ABC kits (Vector Laboratories,

Burlingame, CA) was incubated at room temperature for 1 h to block nonspecific binding

sites. Then, the slides were incubated with primary antibodies (anti- S1PR1-5, respectively,

Table 1) for 2 h at room temperature for polyclonal antibodies, or, overnight at 4°C for

monoclonal antibodies. The slides for negative controls were incubated with the blocking

serum, rather than primary antibodies. Following extensive washing in phosphate-buffered

saline (PBS), antigen-antibody complexes were detected using the ABC Elite kits and

NovaRed peroxidase substrate kits (Vector Laboratories, Burlingame, CA). Then, the slides

were counterstained and mounted.

Subcellular localizations for each S1PR were observed under microscope. The expression

level of each S1PR was scaled with final IHC score for each of subcellular localization as

described previously (Zhou et al, 2012). Briefly, the score for the extent of the IHC-stained

areas was set as 0 for no IHC signal at all, 1 for <10%, 2 for 10% to 50%, and 3 for >50% of

interested cells stained. The score for IHC intensity was also scaled as 0 for no IHC signal, 1

for weak, 2 for moderate, and 3 for strong IHC signals. The final IHC score used in the
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analysis was calculated by multiplying the extent score and intensity score, with a maximum

score of 9.

Cell culture and Immunocytochemistry (ICC)

The cell lines used in this study include HCC cell line Hep G2, prostate cancer cell lines

22RV1, LNCaP and LNcap-95, and colon cancer cell line DLD-1. All cell lines were

obtained from ATCC and maintained according to the corresponding manufactory

instructions. The cell suspension of each cell line was gently placed on Poly-L-Lysing

coated (PLLC) coverslips (Neuvitro Corporation) in the bottom of each well of 6-well

culture plates. The cells were then incubated at 37°C in 5% CO2. When cells on the

coverslips reached 50–80% confluence, the media in the wells were removed, and cells on

the coverslips were washed with PBS 3 times, fixed with 4% formalin/PBS for 20min and

washed with PBS 3 times again (if ICC was to be performed later, the cells on coverslips

were kept in the 6-wells plates, soaked in 75% ethanol and sealed with paraffin film). To

perform ICC, the cells on the coverslips were incubated with permealizing solution (2%BSA

and 0.25% Tritonx-100 in PBS) for 30 min, blocking serum for 1 h, and primary antibodies

(anti S1PR1-S1PR5) for 2 h at room temperature (or overnight at 4°C for monoclonal

antibodies). Then, the antigen-antibody complexes were detected using the ABC Elite kits

and NovaRed peroxidase substrate kits (Vector Laboratories, Burlingame, CA). Finally, the

cells on each PLLC coverslip were counterstained with hematoxylin and face-down

mounted on a glass slide. Under light microscope, the extent and subcellular localization of

each S1PR was observed.

Statistical analysis

A 2-sample t test in SPSS22 software was performed to compare the mean IHC scores for

each S1PR between benign versus malignant tissues overall and in a given organ/system.

The Fisher Exact Test was used to compare mean IHC scores in vascular smooth muscle of

fetal umbilical vein and adult artery. The difference in expression and subcellular

localization of each S1PR for the paired groups was considered significant if the 2-sided P

value was less than 0.05. The extent and subcellular localization of each S1PR determined

by ICC in each cell line were recorded. These data were not statistically analyzed, but used

to confirm the extent and subcellular localization of each S1PR determined by IHC in

corresponding tissues.

Results

Subcellular localizations and differences in the expression levels of S1PRs between
overall benign and malignant changes

IHC for S1PR1-5 was performed on 384 specimens: 183 benign and 201 malignant. The

extent and subcellular localizations of the IHC signals were determined for each S1PR. The

IHC signals for all S1PRs were found in both nuclei and cytoplasm, except of S1PR3, whose

IHC signal is not present in cytoplasm. Among the five S1PRs, S1PR5 has the highest

expression level (either in nuclei, or in cytoplasm), with S1PR1, 3, 2 and 4 following in

descending order. S1PR1, 3 and 5 are predominantly expressed in nuclei, conversely, S1PR2

and 4 are mainly presented in cytoplasm. IHC signals are rarely seen on cell membranes for
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all S1PRs. All S1PRs have higher nuclear IHC scores in the malignant specimens (201) as

compared with those in benign specimens (183). The IHC score for nuclear S1PR3 was

significantly higher in malignant tissues than in benign tissues (p=0.000019, Figure 1).

Systemic distribution of S1PRs and their differential expression between benign and
malignant changes in different organs/tissues

Each S1PR is distributed in a different spectrum of organs/tissues, and differentially

expressed in the cytoplasm and nucleus when comparing benign to malignant changes in the

same organ/tissue. For S1PR1, both nuclear S1PR1 (S1PR1N) and cytoplasmic S1PR1

(S1PR1C) are seen in all 36 detected organs/tissues. S1PR1N has a very high expression

pattern (IHC score ≥ 3) in 33 of 36 (33/36) organs/tissues, and has a low expression pattern

(IHC score <3) in 3/36 organs/tissues: spleen, bone and myocardium. S1PR1C has a high

expression pattern in 9/36, and a low expression pattern in 27/36 organs/tissues. For S1PR2,

both nuclear S1PR2 (S1PR2N) and cytoplasmic S1PR2 (S1PR2C) have low expression

patterns. S1PR2N was seen in 26/36 and S1PR2C found in 32/36 organs/tissues. For S1PR3,

nuclear S1PR3 (S1PR3N) had a high expression pattern in 32/36 organs/tissues, and no

expression (no IHC signal) is seen in bone, adult arterial smooth muscle, skeletal muscle and

myocardium. S1PR3C is not expressed in any organ/tissue. Nuclear S1PR4 (S1PR4N) has a

low expression pattern, and it is present in only 10/36 organs/systems. Cytoplasmic S1PR4

(S1PR4C) varies in its expression levels, from no expression in 7/36 organs/tissues, low

expression pattern in 26/36 organs/tissues, and high expression pattern in 3/36 organs/

tissues. The expression pattern of S1PR5 is similar to that of S1PR1: nuclear S1PR5

(S1PR5N) is highly expressed in 34/36 organs/tissues, low expression pattern in bone, and

no expression in myocardium. Cytoplasmic S1PR5 (S1PR5C) has low expression pattern in

32/36 organs/tissues, and high expression patterns in 4/36 organs/tissues (Figure 2).

Shown in Figure 3 depicts representative IHC staining in paired benign and malignant

changes in same organ/system, except for Figure 3A-1 and 3A-2, which shows the

difference between IHC staining on vascular smooth muscle of fetal umbilical vein (3A-1,

n=2) and adult artery (3A-2, n=4). It is interesting that S1PR3N is highly expressed in

vascular smooth muscle of fetal umbilical vein with a mean IHC score of 6, however, it is

not expressed in vascular smooth muscle of adult artery (arterial media) at all (mean IHC

score 0, p=0.067). This development-related expression pattern of S1PR3N in vascular

smooth muscle cells is not observed in other S1PRs.

Each organ/tissue differentially expresses S1PRs: in subcellular localization for each S1PR,

and in the expression level of each S1PR between benign and malignant changes. Liver and

colon are 2 out of 4 organs/tissues that show significant differences in the expression levels

of multiple nuclear and cytoplasmic S1PRs between benign and malignant changes.

In liver, the IHC scores for all nuclear S1PRs (except S1PR4N, which is not expressed in

either benign or malignant liver), are exclusively higher in hepatocellular carcinoma (HCC,

n=13) than in benign liver (n=7). In benign vs malignant liver, the IHC scores are 2.5±1.1

vs. 6.38±1.6, p=0.000051 for S1PR1N; 0 vs. 0.23±0.83, p=0.48 for S1PR2N; 0.71±1.68

(Figure 3B-1) vs. 4.65±2.76 (Figure 3B-2), p=0.0031 for S1PR3N; and 2.0±1.82 vs.

6.81±1.32, p=0.0000047 for S1PR5N. In contrast, the IHC scores for all cytoplasmic S1PRs
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(except S1PR3C, which is not detected in any organ/tissue, including benign and malignant

liver) are lower in HCC (n=13) than in benign liver (n=7). In benign vs malignant liver, the

IHC scores are 3.25±1.13 vs. 2.08±0.76, p=0.016 for S1PR1C; 2.79±057 (Figure 3B-3) vs.

1.38±1.14 (Figure 3B-4), p=0.0072 for S1PR2C; 2.71±0.98 vs. 0.38±0.68, p=0.00025 for

S1PR4C; and for 4.75±1.47 vs.2.08±0.98, p=0.00019 S1PR5C. Thus, cytoplasmic and

nuclear expressions of all S1PRs are decreased in HCC as compared to benign liver. This

concordance may imply an importance of nuclear translocation of S1PRs in the pathogenesis

of HCC.

In colon, significantly higher IHC scores for multiple S1PRs are exclusively seen in colon

cancer (n=16) as compared with benign colon ((n=8), regardless of expression site. For

example, the IHC score of nuclear expressed S1PR3 (S1PR3N) is 5.19±1.83 in benign colon

(Figure 3C-1), and 7.03±0.9 in colon cancer (Figure 3C-2), p=0.003; further, the IHC score

of cytoplasmic expressed S1PR2 (S1PR2C) is 0 in benign colon (Figure 3C-3), and

2.09±1.02 in colon cancer (Figure 3C-4), p=0.000003. The difference in subcellular

expression of S1PRs between colon and liver may suggest different mechanisms in

carcinogenesis.

Nine organs/tissues show significant difference in IHC score of only one S1PR (cytoplasmic

or nuclear) between benign and malignant changes. Taking stomach as an example:

cytoplasmic expressed S1PR4 (S1PR4C) is the only S1PR that shows significant difference

in IHC score between benign gastric changes (3.5±2.26, Figure 3D-1) and gastric

adenocarcinoma (0, Figure 3D-2), p=0.00002. Significant change in single S1PR (nuclear or

cytoplasmic) could be essential for the pathogenesis of a given tumor. No statistically

significant difference of IHC scores of any S1PR (cytoplasmic or nuclear) is observed

between benign and malignant changes in 23/36 organs/tissues, including breast (Figure

3E1–2) and prostate (Figure 3F1–2). However, these results need to be reconfirmed with an

increasing in sample size in these organs/tissues. Listed in Table 2 are all nuclear or

cytoplasmic S1PRs that have significant differences in their expression levels between

benign and malignant changes in different organs/tissues.

Subcellular localizations of S1PRs in cell lines

Immunocytochemistry (ICC) for S1PR1-5 was performed on several malignant cell lines to

confirm subcellular localizations of each S1PR determined by IHC. Shown in Figure 4 is

representative ICC for a few S1PRs in several cell lines. The subcellular localizations and

expression level of all S1PRs determined by ICC in these malignant cell lines are same as

those determined by IHC in corresponding malignant tissues.

Similar to IHC, apparent ICC signal for all S1PRs has not been observed on cellular

membrane of all detected cell lines.

Discussion

One of the distinctive features for S1PRs is that they share a common ligand, S1P. While

endogenous S1P molecules are transported to the surface of cellular membrane, multiple

S1PRs could be activated simultaneously. Thus, the impact of the S1P/S1PR axis on the
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behaviors of cancer cells could be a net outcome of interaction among all activated S1PRs.

To investigate the roles of the S1P/S1PRs axis in the oncogenesis and progression of, and

explore preventive and therapeutic interventions for cancers, it is critical to understand not

only systemic distribution, subcellular localization and difference in the expression level

between benign and malignant changes for a given S1PR, but also relative expression level

of all S1PRs that are possibly activated by S1P simultaneously in a given tissue type with

benign or malignant change. In this study, we performed IHC for S1PR1-5 on TMAs

containing 384 human benign and malignant tissues from various organs/tissues. The results

indicated that all 5 S1PRs (cytoplasmic, and/or nuclear) are widely distributed in benign

and/or malignant tissues of multiple systems/organs. However, each S1PR is different from

others in its systemic distribution, subcellular localization, and difference in the expression

level between benign and malignant tissues. In both overall benign (183) and malignant

(201) specimens, S1PR1N, S1PR3N, and S1PR5N belong to high expression pattern (IHC

score ≥3); the rest have a low expression pattern (IHC score<3) in most organs/tissues. All 5

S1PRs, especially for S1PR1, 3 and 5 have a higher nuclear expression in overall malignant

tissues than in overall benign tissues. These results imply that nuclear translocation of

S1PRs could be a common step critical in oncogenesis and progression of cancers.

S1PR5 is the latest identified S1PR (Im et al, 2000; Im et al, 2001). S1PR5 was initially

thought to be mainly distributed in the nervous system. Later studies have suggested that

S1PR5 is associated with proliferation and migration of cancer cells in gastric and

esophageal malignant cell lines (Yamashita et al, 2006; Hu et al, 2010). As compared with

other S1PRs, S1PR5 has been even less studied in its systemic distribution, subcellular

localization and correlation with cancers. This study revealed that S1PR5 is expressed in all

detected organs/tissues. Especially, nuclear S1PR5 (S1PR5N) which has the highest

expression of all the S1PRs in both benign and malignant tissues, as compared with other

S1PRs (either cytoplasmic, or nuclear). The expression level S1PR5N is significantly higher

in malignancies in lymphoid, hepatic, cervical and cutaneous systems/organs, whereas

S1PR5C expression is statistically higher in benign liver and lung tissues, as compared with

their malignant counterparts. The increased expression of S1PR5N over S1PR5C in

malignancies of multiple organs/tissues further supports the notion that nuclear translocation

of S1PRs is critical in the pathogenesis or progression of cancers. Further in-depth

investigation of S1PR5 in malignancy may be warranted with these new discoveries.

One S1PR may have different biological effects on different cancers; as well, biological

behaviors of one cancer may be influenced by multiple activated S1PRs. For example,

activated S1PR2 inhibits motility of GNS-334 glioblastoma cells (Malchinkhuu et al, 2008);

in contrast, activated S1PR1 stimulates migration of fibrosarcoma cells (Fisher et al, 2006).

Functional studies demonstrating the interaction among S1PRs is outside of the scope of this

study, however, we found wide variation in the combinations of different expression levels

of nuclear and cytoplasmic S1PRs in different malignancies. For example, the expression

levels of cytoplasmic S1PR2 and S1PR5 are lower in in hepatocellular carcinoma, but they

are higher in colon cancer, as compared with their benign counterparts, respectively. The

average IHC score for S1PR4C was very low in overall benign (0.87) and malignant (0.66)

tissues. However, it is significantly higher in benign adrenal gland (3.90), stomach (3.5) and

liver (2.17), as compared with pheochromocytoma (0.83), gastric adenocarcinoma (0) and
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HCC (0.38), respectively. Whether loss of cytoplasmic expression of S1PR4 relates to

pathogenesis in these tumors warrants further investigation.

Qu et al (2012) reported that strong S1PR3 expression (western blot and IHC) was detected

in smooth muscle of abdominal aortic aneurysms, but not in that of normal aortas. In

agreement with this report, our study showed that S1PR3 (nuclear and cytoplasmic) is not

detected in smooth muscle of adult human aorta. However, nuclear S1PR3 is highly

expressed in smooth muscle of fetal umbilical veins. These results together suggest that

S1PR3 plays important roles in the development of vascular smooth muscle cells, in terms

of proliferation and migration. It remains to be further investigated whether S1PR3 plays

similar roles in pathological angiogenesis in cancer.

Previous studies suggest that S1PRs play a role in breast cancer (Sukocheva et al, 2013) and

prostate cancer (Sekine et al, 2011). Our results revealed that the expression levels of all

S1PRs (both nuclear and cytoplasmic) are very similar in both benign and malignant breast

and prostate cancers. These results need to be further confirmed in a larger series.

S1PRs belong to G-protein-coupled receptors, which are integral membrane proteins that

possess seven membrane-spanning domains or transmembrane helices. However,

membranous localization of all S1PRs is barely seen either by IHC in FFPE human tissues

or by ICC in malignant cell lines. This could be because S1PRs are rapidly internalized into

cytoplasmic vesicles upon activation by S1P (Licht et al, 2003).

Conclusion

Sole immunostaining in methods, small sample size in each organ/tissue, and lack of

functional study for each S1PR are the limitations of this study. Nevertheless, it is first to

perform IHC for all S1PRs simultaneously on benign and malignant tissues from the entire

spectrum of human organs/tissues. This study has determined the systemic distribution,

subcellular localization and expression differences among various tissues, and, further,

between benign and malignant changes of the same human tissue/organ for each S1PR. This

data can serve as a basis for future studies examining the role of S1P/S1PR axis both in

development and in neoplasia.
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Figure 1.
Comparison of expression levels of sphingosine-1-phosphate (SIP) receptors (S1PRs)

between benign and malignant tissues overall. The letter “C” represent cytoplasmic

subcellular localization of S1PRs, and the letter of “N” represent nuclear subcellular

localization of S1PRs.
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Figure 2.
Systemic distribution of sphingosine-1-phosphate (SIP) receptors (S1PRs) in human organs/

tissues. The letter “C” represent cytoplasmic subcellular localization of S1PRs, and the letter

of “N” represent nuclear subcellular localization of S1PRs.
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Figure 3.
Immunohistochemical staining for various sphingosine-1-phosphate (SIP) receptors (SIPRs)

in different organs/tissues. A: Comparison of nuclear expressed S1PR3 (S1PR3N) between

human vascular smooth muscle cells in fetal umbilical vein (A-1, IHC score: 6.0) and in

adult aorta (A-2, IHC score: 0), p=0.067; B: Comparison of nuclear expressed S1PR3

(S1PR3N) in hepatocytes of human benign liver (B-1, IHC score: 0.71) and hepatocellular

carcinoma (HCC, B-2, IHC score: 4.65), p=0.03, and comparison of cytoplasmic expressed

S1PR2 (S1PR2C) between benign liver (B-3, IHC score: 2.79), and HCC (B-4, IHC score

1.38), p=0.0072; C: S1PR3N in human benign colon (C-1, IHC score: 5.19) and colorectal

adenocarcinoma (C-2, IHC score:7.03), p=0.03, and S1PR2C in human benign colon (C-3,

IHC score: 0) and colorectal adenocarcinoma (C-4, IHC score: 2.09), p=0.0000032; D:
Comparison of cytoplasmic expressed S1PR4 (S1PR4C) in human benign stomach tissues

(D-1, IHC score: 3.5) and gastric adenocarcinoma (D-2, IHC score: 0), p=0.00002; E:
Comparison of nuclear expressed S1PR1 (S1PR1N) in human benign breast (E-1, IHC

score: 5.83) and breast ductal adenocarcinoma (E-2, IHC score: 5.77), p=0.93; and F:
comparison of S1PR1N in human benign prostate (F-1, IHC score: 7.88) and prostatic

adenocarcinoma (F-2, IHC score: 8.0), p=0.85.
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Figure 4.
Representative immunocytochemistry (ICC) for different sphingosine-1-phosphate (SIP)

receptors (SIPRs) in different organs/tissues. A: Hep G2 cells (human hepatocellular

carcinoma), negative control for ICC, 40×, no membranous, cytoplasmic and nuclear ICC

signal is seen; B: Hep G2 cells, 40×, ICC signals for S1PR1 are seen in nuclei (strong) and

cytoplasm (moderate); C: DLD-1 cells (Human colorectal adenocarcinoma), 40×, ICC

signals for S1PR2 are seen in cytoplasm (weak); D: 22RV1 cells (human prostatic

adenocarcinoma), 40×, ICC signals for S1PR3 are seen in nuclei (strong); E: LNCaP cells

(androgen-sensitive human prostatic adenocarcinoma), 40×, ICC signals for S1PR3 are seen

in nuclei (moderate to strong) and in cytoplasm (weak); F: LNCaP 95 (androgen-

independent human prostatic adenocarcinoma), 40×, ICC signals for S1PR2 are seen in

cytoplasm (weak).
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Table 1

S1PRs antibodies used for IHC and ICC stains

Antibody Catalog# Location of Immunogen Manufacturer Dilution

EDG1(S1P1) AB11424 C-terminal Abcam, Inc, MA 1:200

EDG5(S1P2) MABC95 C-terminal EMD Millipore, MA 1:100

EDG3(S1P3) AB150573 N-terminal Abcam, Inc, MA 1:1600

EDG6(S1P4) MABC97 C-terminal EMD Millipore, MA 1:300

EDG8(S1P5) G089 C-terminal Assay Biotech, CA 1:800

Exp Mol Pathol. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Wang et al. Page 17

T
ab

le
 2

S1
P 

re
ce

pt
or

 (
S1

PR
) 

ex
pr

es
si

on
 le

ve
ls

 (
IH

C
 S

co
re

) 
th

at
 a

re
 s

ta
tis

tic
al

ly
 b

et
w

ee
n 

be
ni

gn
 a

nd
 m

al
ig

na
nt

 c
ha

ng
es

 in
 d

if
fe

re
nt

 o
rg

an
s/

tis
su

es

O
rg

an
/T

is
su

e
S1

P
 R

ec
ep

to
r

B
en

ig
n 

C
ha

ng
es

M
al

ig
na

nt
 C

ha
ng

es
p 

V
al

ue

n
M

ea
n

SD
n

M
ea

n
SD

A
dr

en
al

 G
la

nd
S1

PR
1N

*
5

4.
20

1.
96

3
7.

50
1.

50
.0

47

S1
PR

4C
**

5
3.

90
1.

34
3

.8
3

.7
6

.0
12

C
er

vi
x

S1
PR

5N
5

5.
60

1.
39

4
7.

88
.7

5
.0

22

C
ol

on
S1

PR
1N

9
5.

11
1.

73
16

6.
75

1.
73

.0
33

S1
PR

2C
9

.0
0

.0
0

16
2.

09
1.

02
.0

00
00

32

S1
PR

3N
8

5.
19

1.
83

16
7.

03
.9

0
.0

03

S1
PR

4C
8

.0
0

.0
0

16
.3

8
.4

3
.0

23

S1
PR

5C
9

1.
50

.0
0

16
2.

25
.9

5
.0

28

L
iv

er
S1

PR
1C

6
3.

25
1.

13
13

2.
08

.7
6

.0
16

S1
PR

1N
6

2.
50

1.
10

13
6.

38
1.

60
.0

00
05

1

S1
PR

2C
7

2.
79

.5
7

13
1.

38
1.

14
.0

07
2

S1
PR

3N
7

.7
1

1.
68

13
4.

65
2.

76
.0

03
1

S1
PR

4C
6

2.
17

.9
8

13
.3

8
.6

8
.0

00
25

S1
PR

5C
6

4.
75

1.
47

13
2.

08
.9

8
.0

00
19

S1
PR

5N
6

2.
00

1.
82

13
6.

81
1.

32
.0

00
00

47

L
ym

ph
 T

is
su

e
S1

PR
5N

2
5.

25
1.

06
2

9.
00

.0
0

.0
4

L
un

g
S1

PR
5C

4
3.

75
1.

50
8

1.
69

.5
3

.0
05

N
eu

ra
l S

ys
te

m
S1

PR
3N

9
2.

06
2.

30
3

7.
00

.8
7

.0
05

S1
PR

4C
9

.1
1

.3
3

3
1.

83
2.

36
.0

4

O
va

ry
S1

PR
3N

4
3.

38
2.

56
4

7.
50

1.
22

.0
3

Pa
nc

re
as

S1
PR

3N
9

5.
17

1.
77

9
6.

83
1.

52
.0

48

Sk
in

S1
PR

5N
4

5.
63

1.
89

7
8.

57
1.

13
.0

09

So
ft

 T
is

su
e

S1
PR

2N
2

2.
50

.7
1

8
.1

9
.5

3
.0

01

St
om

ac
h

S1
PR

4C
6

3.
50

2.
26

13
.0

0
.0

0
.0

00
02

U
te

ru
s

S1
PR

1N
4

5.
25

.8
7

3
7.

50
.0

0
.0

07

* L
et

te
r 

N
 r

ep
re

se
nt

s 
nu

cl
ea

r;

Exp Mol Pathol. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Wang et al. Page 18
**

le
tte

r 
C

 r
ep

re
se

nt
s 

cy
to

pl
as

m
ic

.

Exp Mol Pathol. Author manuscript; available in PMC 2015 October 01.


