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Abstract

:

Although numerous experiments revealed an essential role of a lipid mediator, sphingosine-1-phosphate (S1P), in breast cancer (BC) progression, the clinical significance of S1P remains unclear due to the difficulty of measuring lipids in patients. The aim of this study was to determine the plasma concentration of S1P in estrogen receptor (ER)-positive BC patients, as well as to investigate its clinical significance. We further explored the possibility of a treatment strategy targeting S1P in ER-positive BC patients by examining the effect of FTY720, a functional antagonist of S1P receptors, on hormone therapy-resistant cells. Plasma S1P levels were significantly higher in patients negative for progesterone receptor (PgR) expression than in those positive for expression (p = 0.003). Plasma S1P levels were also significantly higher in patients with larger tumor size (p = 0.012), lymph node metastasis (p = 0.014), and advanced cancer stage (p = 0.003), suggesting that higher levels of plasma S1P are associated with cancer progression. FTY720 suppressed the viability of not only wildtype MCF-7 cells, but also hormone therapy-resistant MCF-7 cells. Targeting S1P signaling in ER-positive BC appears to be a possible new treatment strategy, even for hormone therapy-resistant patients.
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1. Introduction


Worldwide, breast cancer (BC) is one of the most prevalent malignant neoplasms in women according to epidemiological data [1]. Despite advances in multidisciplinary treatment strategies, which include surgery; radiation therapy; hormonal therapy; chemotherapy; and, most recently, immunotherapy, metastatic BC remains incurable [2,3]. Elucidating mechanisms underlying BC progression and metastasis, and finding therapeutic targets, are the keys to developing new strategies for cure [4].



Recently, increasing evidence has revealed lipid mediators are important players in progression and metastasis of various cancers including BC [5,6,7,8,9,10,11,12]. Among them all, sphingosine-1-phosphate (S1P) is one of the most important bioactive lipid mediators, which promotes cancer proliferation, invasion, and metastasis by affecting the cancer itself and its microenvironment [13,14,15,16,17,18,19,20,21,22,23,24,25,26]. S1P is produced from sphingosine (Sph) intracellularly by two different sphingosine kinases, SphK1 and SphK2. Intracellular S1P is transported by several transporters, including two ATP-binding cassette (ABC) transporters, ABCC1 and ABCG2, to the outside of cells [27,28,29,30]. There, S1P binds to five S1P-specific G protein-coupled receptors, S1PR1–5, on the cell membrane in an autocrine and paracrine manner and regulates many cellular functions [6,31,32,33]. Although experimental data, including ours, revealed essential roles of S1P in BC progression, there has been a paucity of data on the clinical significance of S1P due to the difficulty of measuring lipids in patients. Utilizing mass spectrometry, we recently demonstrated that the S1P concentration in tumor tissue is higher than in normal breast tissue, and higher S1P production in the tumor is related to a high frequency of lymph node metastasis in BC patients [34,35]. However, systemic plasma levels of S1P in BC progression in patients have not been investigated to date.



On the basis of previous basic research showing that S1P plays a pivotal role in estrogen-mediated signaling pathways in BC [28,36,37,38,39,40], we hypothesized that plasma S1P levels increase as the cancer progresses in estrogen receptor (ER)-positive BC patients. The aim of the current study was to determine the concentration of bioactive sphingolipids, including S1P, in plasma of patients with ER-positive BC using high-sensitivity mass spectrometry, as well as to investigate associations between plasma S1P concentrations and pathological findings related to cancer progression. We further suppressed S1P signaling in vitro to explore the possibility of a treatment strategy that targets S1P signaling in ER-positive BC patients.




2. Results


2.1. Plasma S1P Levels Were Higher in Advanced BC Patients


The levels of sphingolipids, including S1P, dihydro-S1P (DHS1P), Sph, and dihydro-Sph (DHSph), were determined in plasma samples from 126 ER-positive BC patients. DHS1P is an analogue of S1P and another lipid mediator, which is produced from DHSph by sphingosine kinases. Clinicopathologic characteristics of the 126 BC patients are summarized in Table 1.



First of all, plasma S1P levels in ER-positive BC patients were analyzed on the basis of each clinicopathological factor (Figure 1). We found that plasma S1P levels were significantly higher in patients negative for progesterone receptor (PgR) expression than those positive for PgR expression (p = 0.003, Figure 1D). Plasma S1P levels were also significantly higher in patients with larger tumor size (higher pT; p = 0.012, Figure 1J), lymph node metastasis (higher pN; p = 0.014, Figure 1K), and advanced cancer stage (higher pStage; p = 0.003, Figure 1L). The plasma S1P levels tended to be higher in patients with higher nuclear grade (p = 0.097). Taken together, it appears that the plasma S1P levels were associated with tumor progression, in addition to the PgR status (Figure 1).



Second of all, plasma levels of DHS1P, which is an analogue of S1P and is produced from DHSph by sphingosine kinases, were analyzed on the basis of the same clinicopathological factors as those shown in Figure 1. The plasma levels of DHS1P showed a similar tendency as the plasma S1P levels (Table 2, Figure S1). In particular, plasma DHS1P levels were significantly higher in patients with higher nuclear grade (Table 2, Figure S1). Plasma DHS1P levels were also significantly higher in patients with higher pStage. Plasma DHS1P levels in patients negative for PgR expression and with higher pT tended to be higher compared to those positive for PgR expression and with lower pT (p = 0.069 and p = 0.066, respectively).



S1P and DHS1P have been reported to function as cancer-promoting lipid mediators. On the other hand, Sph and DHSph act as mediators that promote apoptosis. Therefore, it is of interest to investigate the plasma levels of Sph (Table 2, Figure S2) and DHSph (Table 2, Figure S3) in BC patients. We found that plasma Sph levels were significantly higher in patients with higher pN (p = 0.024) and with higher pStage (p = 0.037; Table 2, Figure S2). Interestingly, postmenopausal patients tended to have lower plasma Sph levels than premenopausal patients (p = 0.051, Table 2, Figure S2). DHSph levels only differed significantly between patients with positive for PgR expression and those negative for PgR expression (p = 0.026).




2.2. Possibility of Suppression of S1P Signaling in ER-Positive BC


Our data revealed that plasma S1P levels are associated with progression of ER-positive BC in patients. This finding is consistent with previous experimental data that revealed S1P plays an important role in the nongenomic signaling pathway of ER-positive BC [28,40,42]. In previous studies, it was demonstrated that SphK1, but not SphK2, is involved in S1P export from BC cells through the action of ABCC1 and ABCG2, which plays a part of signal transduction for the non-genomic action of estradiol and tamoxifen resistance in BC (Figure 2A–C) [27,28,29]. Recently, it has been reported that SphK1 activation by estrogen receptor α36 contributes to tamoxifen resistance in breast cancer [43]. It was suggested that S1P is critical not only in the progression of ER-positive breast cancer, but also in the development of tamoxifen resistance in those patients [43]. On the basis of these previous findings, we hypothesized that S1P contributes to resistance to hormone therapy and that blocking S1P signaling would improve the susceptibility of hormone therapy-resistant BC (Figure 2D). Therefore, we explored the clinical significance of suppression of S1P signaling in ER-positive BC patients.



To test our hypothesis, we next examined the expression levels of S1P-related genes in addition to the ESR1, PGR, and ERBB2 on both wildtype MCF-7 cells (MCF-7/S0.5) and tamoxifen-resistant MCF-7 cells (MCF-7/TAMR-1; Figure 3). ESR1 and ERBB2 have been known to contribute to tamoxifen resistance [44,45,46]. Indeed, we confirmed a significant increase of mRNA of ESR1 and ERBB2 in tamoxifen-resistant MCF-7 cells compared to the wild type (Figure 3). Interestingly, expression of SphK1 as well as S1PR3 were significantly higher in MCF-7/TAMR-1 cells than in MCF-7/S0.5 cells. We next examined the effect of FTY720, a functional antagonist of S1P receptors except S1PR2, which also blocks SphK1 on both cell lines. FTY720 suppressed the viability, of not only MCF-7/S0.5 cells, but also tamoxifen-resistant MCF-7 cells (Figure 4A). Tamoxifen decreased the viability of wildtype MCF-7 cells, but not MCF-7/TAMR-1 cells, as expected (Figure 4B). In contrast, FTY720 successfully decreased not only the viability of MCF-7/S0.5 cells, but also of MCF-7/TAMR-1 cells (Figure 4B). We further examined the involvement of S1PR3 in the viability of MCF-7/S0.5 and MCF-7/TAMR1 cells, using CAY10444, a selective antagonist for S1PR3. CAY10444 slightly decreased the viability of MCF-7/S0.5 cells, and the effect of tamoxifen on MCF-7/S0.5 cell viability was not changed by adding CAY10444 (Figure 4C). Single-agent treatment with tamoxifen or CAY10444 did not significantly suppress MCF-7/TAMR-1 cell viability. However, the combination of tamoxifen and CAY10444 significantly decreased the viability of MCF-7/TAMR-1 cells (Figure 4C). These findings suggest that S1P signaling contributes to cell proliferation and survival in ER-positive BC, and FTY720 appears to be effective in increasing effectiveness of treatment for ER-positive BC, including hormone therapy-resistant types, by blocking the downstream signaling pathway of non-genomic action of estradiol (Figure 5).





3. Discussion


Numerous in vitro studies and scarce clinical data have revealed an essential role of the lipid mediator S1P in cancer progression and metastasis, suggesting that targeting S1P signaling may be a promising new strategy for the treatment of cancer [7,47,48,49]. Since S1P is a lipid that is technically difficult to be quantified, the clinical significance of S1P is yet to be established by determining its levels in cancer patients. By applying mass spectrometry, we accurately quantified fine lipid mediators, and measured lipid mediators, not only in basic experiments, but also in clinical specimens, such as tissues and body fluids [15,28,50]. We have previously reported plasma S1P levels in all subtypes of BC, but not the other sphingolipids [51], and comprehensive analyses of systemic plasma levels of sphingolipids in ER-positive BC patients have not been investigated to date. The current study focused on the ER-positive BC, in which S1P plays more important role compared to the other subtypes [28]. Indeed, plasma S1P concentration was found to be associated with breast cancer progression in ER-positive BC patients in the current study, whereas higher histological grade was associated with lower S1P level, most likely reflecting triple-negative BC that has lower levels in our previous study [51]. Moreover, ethnic background of the patients studied were very different between the current and the previous report [51]. The current study investigated Japanese patients, who were 100% Asian, as opposed to the other investigated patients in United States, which was a mixed-ethnicity study [51]. It is known that the Japanese patient population contained more premenopausal patients, who have much more estrogen in the blood compared with the U.S. patients [52]. Since premenopausal patients showed higher levels of S1P, S1P may play a stronger role in this population.



In this study, we demonstrated that plasma S1P levels are higher in patients with larger tumor size, lymph node metastasis, and advanced cancer stage in ER-positive breast cancer patients. Utilizing mass spectrometry, our research group has previously revealed that S1P in cancer tissue from surgical specimens showed significantly higher concentrations compared to S1P in normal breast tissue in BC patients [34]. We further found that higher levels of S1P in cancer tissue are significantly associated with lymph node metastasis in BC patients [35]. Interestingly, we also showed that serum S1P levels gradually increased as tumors grew in mice [15]. Although many findings about S1P and cancer progression have already been reported, as described above, this is the first study to demonstrate that plasma S1P levels are associated with breast cancer progression and its characteristics in patients in ER-positive breast cancer. In the current study, we found a small but significant increase of S1P concentration in the circulation associated with cancer progression, which is in agreement with previous animal experiments [15,19]. We believe that our findings are highly relevant in clinical settings. For instance, higher plasma S1P levels were significantly associated with advanced cancer, such as larger tumor size, lymph node metastasis, and advanced cancer stage. Furthermore, plasma S1P levels are significantly higher in patients with PgR-negative BC than in patients with PgR-positive BC. Given that absence of PgR expression is also related to cancer progression [53], it is suggested that plasma S1P is closely associated with progression of cancer. Moreover, plasma DHS1P levels were significantly higher in patients with higher nuclear grade and pStage. Considering that our previous study showed that not only S1P but also DHS1P is increased in the cancer tissue and associated with cancer progression, it is reasonable to see the higher levels of DHS1P in plasma in patients with more aggressive disease. Taken together, S1P and DHS1P levels not only in the tumor but also in plasma are associated with cancer progression in BC patients. When we measured sphingolipid levels in tumor tissue, we found that not only S1P and DHS1P, but also Sph and DHSph levels were increased in the tumor [34]. To this end, we speculate that aggressive cancer produces S1P by generating its substrates, Sph, and DHSph, which are reflected in plasma.



Our study revealed the clinically meaningful difference of the circulating S1P levels in breast cancer patients by measuring S1P directly, rather than measuring expression levels of SphK1, an S1P-producing enzyme. Few studies have reported the clinical significance of S1P by direct measurement with mass spectrometry, although previous studies indicated a clinical significance of SphK1 measured by RNA or protein expression [20,24,25,35,54]. We believe that the reason why we were able to obtain a clinically meaningful, albeit small, difference of the circulating S1P levels was due to its accurate measurement, which is owed not only to mass spectrometry technology but also appropriate sample handling such as cold storage immediately after blood sample collection. The technology itself may not be new, but it is very difficult to obtain clinically meaningful results, as in this study, even if S1P was measured by methods other than mass spectrometry. We have made various efforts and reported on the experience of S1P measurements in cells, animals, and clinical specimens [15,16,18,26,28,30,50,55]. The accuracy, repeatability, and reproducibility of our mass spectrometry have been repeatedly shown in our previous publications [15,16,28,30,50]. It can be said that S1P measurement by mass spectrometry has already been widespread, but we believe that it is still difficult to obtain absolute values of S1P with consistent and high accuracy from clinical samples partially due to the sample preparation issue in the clinical side.



In the current study, we showed the clinical importance of S1P in progression of ER-positive BC in patients. This finding is consistent with previous experimental data that S1P plays a pivotal role in non-genomic signaling stimulated by estradiol in ER-positive BC [28,40,42]. Recently, it has been reported that SphK1 activation by estrogen receptor α36 contributes to tamoxifen resistance in breast cancer [43]. It was suggested that S1P is critical not only in the progression of ER-positive BC, but also in the development of tamoxifen resistance in those patients [43]. On the basis of these previous findings, we hypothesized that S1P contributes to resistance to hormone therapy and that blocking S1P signaling would improve the susceptibility of hormone therapy-resistant BC (Figure 2D). We tested the hypothesis by in vitro experiments using FTY720 and CAY10444. FTY720 inhibits S1P signaling by blocking S1P receptors, except S1PR2, and suppresses SphK1 [56,57,58,59,60,61]. Moreover, we have previously reported that FTY720 reduces the S1P concentration in the breast cancer cells by the action of phosphorylated FTY720 [62]. Although accumulated data showed the importance of S1P in cancer progression and tamoxifen resistance in ER-positive breast cancer and in mechanisms of how FTY720 works on breast cancer cells, the effect of FTY720 on tamoxifen resistance in breast cancer was never investigated. Therefore, we suppressed S1P signaling by FTY720 in vitro to explore the possibility of a treatment strategy that targets S1P signaling in ER-positive BC patients. In the current study, our findings showed that FTY720 decreased the viability of not only wildtype BC cells, but also of tamoxifen-resistant BC cells. We further examined the involvement of S1PR3 in resistance of BC cells to hormone therapy using CAY10444, a selective antagonist for S1PR3. Although single-agent usage of tamoxifen or CAY10444 did not have a significant suppressive effect on MCF-7/TAMR-1 cells, the combination of tamoxifen and CAY10444 did significantly decrease the viability of MCF-7/TAMR-1 cells. Since FTY720 inhibits both SphK1 and S1PRs, including S1PR3, it appears that the significant effect of FTY720 on tamoxifen-resistant BC cells is partially due to the blocking of S1PR3. Considering these findings, targeting S1P may be a possible new strategy for ER-positive BC patients, including hormone therapy-resistant patients.



One of the major limitations of this study was the retrospective nature of the analysis with a limited number of patients. To our knowledge, however, this is the first study to reveal the association of S1P levels and cancer progression including lymph node metastasis in ER-positive BC patients. We consider this of great interest for the field in that both tissue and plasma S1P levels were associated with cancer progression, as it demonstrates the importance of S1P in actual BC patients. Further clinical studies are warranted to reveal the clinical application of S1P and its related signaling.



In summary, we have determined the concentration of sphingolipids, including S1P, in plasma of patients with ER-positive BC using mass spectrometry. Plasma S1P levels were associated with cancer progression, including lymph node metastasis. Experiments using FTY720 suggested that targeting S1P signaling in ER-positive BC appears to be a possible new strategy, even for hormone therapy-resistant patients.




4. Materials and Methods


4.1. Plasma Samples from BC Patients


From March 2016 to October 2017, 206 Japanese patients with BC underwent surgical resection in Niigata University Medical and Dental Hospital. During this period, plasma samples were collected from 134 ER-positive BC patients after obtaining informed consent. We analyzed plasma samples from 126 out of the 134 patients, excluding a total of eight patients, including one patient with stage IV, one patient with local recurrence, and six patients with bilateral BC. All plasma samples were collected in tubes after centrifugation, snap-frozen, and stored at −80 °C. This study was approved by the Institutional Review Board of Niigata University.




4.2. Quantification of Sphingolipids by Mass Spectrometry


After extraction of lipids from the plasma samples, sphingolipids including S1P were quantified by liquid chromatography, electrospray ionization–tandem mass spectrometry (LC–ESI–MS/MS, 4000 QTRAP, ABI) at the Virginia Commonwealth University Lipidomics Core as described previously [15,28,50]. Internal standards were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and added to samples in 20 μL ethanol/methanol/water (7:2:1) in a cocktail of 500 pmol each. HPLC-grade solvents were obtained from VWR (West Chester, PA, USA).




4.3. Comparison of Sphingolipid Levels in Plasma According to Clinicopathologic Characteristics of BC Patients


Histopathological findings were described according to the American Joint Committee on Cancer (AJCC) Staging Manual Eighth Edition [41]. Levels of S1P and other sphingolipids in ER-positive BC patients were analyzed on the basis of clinicopathological factors, including age, menopausal status, body mass index, ER expression, PgR expression, HER2 overexpression/amplification, NSAS nuclear grade, lymphatic invasion, vascular invasion, Ki-67 labeling index, pT category, pN category, and pStage.




4.4. Cell Lines and Standard Culture Conditions


The human BC cell lines MCF-7/TAMR-1 and MCF-7/S0.5 were purchased from EMD Millipore. The tamoxifen-resistant cell line MCF-7/TAMR-1 was derived from the MCF-7/S0.5 cell line adapted to grow at low serum concentrations and was established under long-term culture conditions with 1 μM tamoxifen. Cells were cultured in DMEM/F12 medium without phenol red (Sigma Cat. No. D6434), containing 1% FBS (EMD Millipore Cat. No. ES- 009-B), 2.5 mM L-glutamine (EMD Millipore Cat. No. TMS-002-C), and 6 ng/mL insulin (Sigma Cat. No. I-9278) with/without 1 μM tamoxifen (Sigma Cat. No. T5648).




4.5. RNA Sequencing


The human BC cell lines MCF-7/TAMR-1 and MCF-7/S0.5 were analyzed by RNA sequencing. Complementary DNAs were prepared from the cell lines with the use of TruSeq Stranded mRNA Library Prep (illumina, Hercules, CA, USA) and sequenced by NovaSeq 6000 (illumina, Hercules, CA, USA). Sequence reads were mapped to the reference genome. The expression level of each transcript was measured as fragments per kilobase of exon per million mapped fragments (FPKM).




4.6. Cell Viability Assay


A total of 2000 cells per well were seeded in a 96-well plate. Then, 48 h after pre-culture, the culture media was replaced with drug-containing media at a range of concentrations of FTY720 (0–41.25 μM), 1.5 μM of tamoxifen, or 10 μM of CAY10444 (Cayman Chemical Cat. No. 10005033), or a combination of these drugs. Cells were further incubated for 72 h. Then, cell viability was assessed using the Cell Counting Kit-8 (water-soluble tetrazolium salt; WST-8) assay (Dojindo Cat. No. CK04) following the manufacturer’s instructions. Experiments were set up in sextuplet and repeated three times.




4.7. Statistical Analysis


The SPSS 26.0J software package (SPSS Japan, Tokyo, Japan) was used for all statistical evaluations in the study. Categorical variables were compared by Fisher’s exact test or the Pearson χ2 test, and continuous variables between two groups were compared by the Mann–Whitney U test. All tests were performed as two-tailed tests, and p-values < 0.05 were considered statistically significant.
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Figure 1. Sphingosine-1-phosphate (S1P) levels in plasma of estrogen receptor-positive breast cancer patients. S1P levels were determined by mass spectrometry and compared between patients of <60 years and ≥60 years (A); premenopause (Pre) and postmenopause (Post) (B); body mass index (BMI) <25 or ≥25 (C); negative (Neg) and positive (Pos) for progesterone receptor (PgR) (D); negative and positive for HER2 expression/amplification (E); NSAS nuclear grade (NG) 1, 2, or 3 (F); negative and positive for lymphatic invasion (ly) (G); negative and positive for vascular invasion (v) (H); Ki-67 labeling index <20 and ≥20 (I); pathological primary tumor (pT) 1 and 2–4 (J); pathological regional lymph node (pN) 0 and 1–3 (K); pathological stage (pStage) 0, I, II, and III (L). Horizontal lines indicate median values. The Mann–Whitney U test was performed for statistical analysis, in which all tests were two-sided, and p-values < 0.05 were considered statistically significant (shown in red color). 
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Figure 2. Scheme highlighting the importance of sphingosine-1-phosphate (S1P) signaling in breast cancer (BC) with estrogen receptor (ER)-positive status, even with hormone therapy resistance. Binding of estradiol to ERα stimulates production and release of S1P via ABC transporters (ABCTs) ABCC1 and ABCG2. Outside of the cells, S1P binds to S1P receptors to stimulate ERK and AKT, leading to activation of further downstream signaling pathways important for BC cell proliferation and survival (A). Tamoxifen (TAM), an ERα antagonist, blocks production and release of S1P, so that BC progression may be suppressed (B). In contrast, production and release of S1P by constitutive activation of SphK1 may result in an enhancement of cell proliferation and survival without estradiol (C). Hormone therapies such as TAM are unlikely to be effective in a situation of high S1P with constitutive activation of SphK1 in ER-positive BC (D). 
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Figure 3. Expression levels of S1P-related genes, ESR1, PGR, and HER2, on wildtype MCF-7 cells (MCF-7/S0.5) and tamoxifen-resistant MCF-7 cells (MCF-7/TAMR-1). Expression levels of S1P-related genes, ESR1, PGR, and HER2, were assessed by RNA-seq. Data are shown as means ± SE. 
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Figure 4. Effect of FTY720 on the estrogen receptor (ER)-positive breast cancer cell line, MCF-7, with or without hormone therapy resistance. Effects of different concentrations of FTY720 on the viability of wildtype MCF-7 cells (MCF-7/S0.5) and tamoxifen-resistant MCF-7 cells (MCF-7/TAMR-1) were assessed using WST-8 assay (A). The effect of tamoxifen (TAM), FTY720, and both TAM and FTY720 on MCF-7/S0.5 and MCF-7/TAMR-1 were assessed (B). The effects of tamoxifen (TAM), and a selective antagonist for S1PR3, CAY10444 (CAY), on MCF-7/S0.5 and MCF-7/TAMR-1 growth were assessed individually and in combination (* p = 0.0017 vs. TAM, p = 0.012 vs. CAY for MCF-7/TAMR-1) (C). FPKM, fragments per kilobase of transcript per million mapped reads; TAM, tamoxifen; FTY, FTY720; CAY, CAY10444. 
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Figure 5. Scheme of blockade of S1P signaling in estrogen receptor (ER)-positive breast cancer (BC) with hormone therapy resistance. In the situation of hormone therapy resistance with higher production and release of S1P by constitutive activation of SphK1, FTY720 can effectively inhibit S1P signaling by blocking both SphK1 and S1PR1. 
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Table 1. Clinicopathologic characteristics of 126 BC patients.
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	Characteristics
	Number of Patients (%)





	Age (year)
	



	 <60
	68 (54%)



	 ≥60
	58 (46%)



	Menopausal status
	



	 Premenopause
	50 (40%)



	 Postmenopause
	75 (59%)



	 N.D.
	1 (1%)



	Body mass index
	



	 <25
	85 (67%)



	 ≥25
	41 (33%)



	Estrogen receptor expression
	



	 Negative
	0 (0%)



	 Positive
	126 (100%)



	Progesterone receptor expression
	



	 Negative
	16 (13%)



	 Positive
	110 (87%)



	HER2 overexpression/amplification
	



	 Negative
	107 (85%)



	 Positive
	12 (10%)



	 N.D.
	7 (6%)



	NSAS nuclear grade
	



	 1
	73 (58%)



	 2
	24 (19%)



	 3
	27 (21%)



	 N.D.
	2 (2%)



	Lymphatic invasion (ly)
	



	 Absent
	116 (92%)



	 Present
	10 (8%)



	Venous invasion (v)
	



	 Absent
	121 (96%)



	 Present
	5 (4%)



	Ki-67 labeling index
	



	 <20
	77 (61%)



	 ≥20
	49 (39%)



	Pathological primary tumor (pT) category *
	



	 pTis
	19 (15%)



	 pT1
	65 (52%)



	 pT2
	32 (25%)



	 pT3
	9 (7%)



	 pT4
	1 (1%)



	Pathological regional lymph node (pN) category *
	



	 pN0
	90 (72%)



	 pN1
	23 (18%)



	 pN2
	8 (6%)



	 pN3
	4 (3%)



	 pNX
	1 (1%)



	Pathological stage (pStage) *
	



	 pStage 0
	19 (15%)



	 pStage I
	50 (39%)



	 pStage II
	41 (33%)



	 pStage III
	15 (12%)



	 N.D.
	1 (1%)







* According to the American Joint Committee on Cancer (AJCC) Cancer Staging Manual Eighth Edition [41]. N.D., not described.
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Table 2. Levels of DHS1P, Sph, and DHSph in plasma of estrogen receptor-positive breast cancer patients.
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DHS1P (pmol/mL)

	
Sph (pmol/mL)

	
DHSph (pmol/mL)




	

	
No.

	
Median

	
(IQR)

	
p

	
Median

	
(IQR)

	
p

	
Median

	
(IQR)

	
p






	
Age (year)

	

	

	

	
0.573

	

	

	
0.200

	

	

	
0.795




	
 60

	
68

	
181.5

	
(52.4)

	

	
20.30

	
(10.0)

	

	
14.53

	
(7.31)

	




	
 ≥60

	
58

	
169.3

	
(68.3)

	

	
18.65

	
(8.02)

	

	
13.74

	
(6.54)

	




	
Menopause

	

	

	

	
0.823

	

	

	
0.051

	

	

	
0.774




	
 Premenopause

	
50

	
179.7

	
(57.3)

	

	
21.65

	
(10.59)

	

	
14.48

	
(6.88)

	




	
 Postmenopause

	
75

	
172.4

	
(60.5)

	

	
18.65

	
(8.22)

	

	
14.00

	
(6.70)

	




	
Body mass index

	

	

	

	
0.630

	

	

	
0.409

	

	

	
0.452




	
 25

	
85

	
184.6

	
(62.6)

	

	
19.77

	
(9.47)

	

	
13.32

	
(7.41)

	




	
 ≥25

	
41

	
168.8

	
(55.4)

	

	
18.65

	
(8.31)

	

	
14.83

	
(6.39)

	




	
PgR expression

	

	

	

	
0.069

	

	

	
0.369

	

	

	
0.026




	
 Negative

	
16

	
201.6

	
(56.2)

	

	
21.83

	
(9.79)

	

	
16.54

	
(6.92)

	




	
 Positive

	
110

	
175.5

	
(59.1)

	

	
19.02

	
(8.74)

	

	
13.42

	
(6.97)

	




	
HER2 expression

	

	

	

	
0.934

	

	

	
0.196

	

	

	
0.873




	
 Negative

	
107

	
182.2

	
(60.0)

	

	
19.07

	
(8.91)

	

	
14.11

	
(6.70)

	




	
 Positive

	
12

	
168.5

	
(69.3)

	

	
18.11

	
(6.93)

	

	
12.43

	
(8.31)

	




	
NSAS nuclear grade

	

	

	

	
0.029

	

	

	
0.104

	

	

	
0.085




	
 1, 2

	
97

	
169.7

	
(61.4)

	

	
18.92

	
(7.98)

	

	
13.36

	
(7.04)

	




	
 3

	
27

	
195.5

	
(49.9)

	

	
23.50

	
(13.1)

	

	
15.78

	
(8.92)

	




	
Lympatic invasion

	

	

	

	
0.518

	

	

	
0.468

	

	

	
0.281




	
 Negative

	
116

	
179.3

	
(62.8)

	

	
19.49

	
(8.89)

	

	
13.74

	
(7.08)

	




	
 Positive

	
10

	
189.3

	
(61.3)

	

	
16.66

	
(8.98)

	

	
15.88

	
(5.06)

	




	
Vascular invasion

	

	

	

	
0.151

	

	

	
0.942

	

	

	
0.372




	
 Negative

	
121

	
182.2

	
(62.6)

	

	
19.23

	
(8.98)

	

	
14.00

	
(6.78)

	




	
 Positive

	
5

	
161.6

	
(28.4)

	

	
18.65

	
(9.44)

	

	
15.83

	
(8.68)

	




	
Ki-67 labeling index

	

	

	

	
0.568

	

	

	
0.667

	

	

	
0.897




	
 20

	
77

	
181.9

	
(58.4)

	

	
19.23

	
(8.45)

	

	
14.46

	
(6.32)

	




	
 ≥20

	
49

	
176.7

	
(64.9)

	

	
18.86

	
(12.44)

	

	
14.11

	
(7.46)

	




	
pT

	

	

	

	
0.066

	

	

	
0.332

	

	

	
0.261




	
 is, 1

	
85

	
177.3

	
(58.4)

	

	
18.75

	
(9.26)

	

	
13.48

	
(7.28)

	




	
 2–4

	
41

	
193.1

	
(69.8)

	

	
20.19

	
(7.17)

	

	
15.31

	
(6.83)

	




	
pN

	

	

	

	
0.347

	

	

	
0.024

	

	

	
0.319




	
 0

	
90

	
176.7

	
(62.0)

	

	
18.83

	
(8.63)

	

	
13.34

	
(8.42)

	




	
 1–3

	
35

	
184.4

	
(60.3)

	

	
20.83

	
(10.25)

	

	
15.54

	
(6.64)

	




	
pStage

	

	

	

	
0.036

	

	

	
0.037

	

	

	
0.241




	
 0, I

	
69

	
168.8

	
(61.5)

	

	
18.54

	
(9.45)

	

	
12.84

	
(7.29)

	




	
 II, III

	
56

	
186.1

	
(60.3)

	

	
20.45

	
(7.57)

	

	
15.28

	
(7.25)

	








DHS1P, dihydro-sphingosine-1-phosphate; Sph, sphingosine; DHSph, dihydro-sphingosine; IQR, intequartile range; PgR, progesterone receptor; pT, pathological primary tumor; pN, pathological regional lymph node; pStage, pathologiccal stage.
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