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Background—Doxorubicin is one of the most commonly used chemotherapeutic drugs for 

breast cancer; however, its use is limited by drug resistance and side-effects. We hypothesized that 

adding FTY720, a sphingosine-1- phosphate (S1P) receptor functional antagonist, to doxorubicin 

would potentiate its effects by suppression of drug-induced inflammation.

Materials and Methods—The Cancer Genome Atlas (TCGA), GEO datasets, and NCI-60 

panel were used for gene expressions and gene set enrichment analysis (GSEA). E0771 syngeneic 

mammary tumor cells were used. OB/OB mice fed with western high fat diet were used as an 

obesity model.

Results—STAT3 expression was significantly increased after doxorubicin treatment in human 

breast cancer that implicates that doxorubicin evokes inflammation. Expression of sphingosine 

kinase 1 (SphK1), the enzyme that produces S1P and links inflammation and cancer, tended to be 

higher in doxorubicin resistant human cancer and cell lines. In a murine breast cancer model, 

SphK1, S1P receptor 1 (S1PR1), IL6 and STAT3 were over-expressed in the doxorubicin treated 

group, whereas all of them were significantly suppressed with addition of FTY720. Combination 

therapy synergistically suppressed cancer growth both in vitro and in vivo. Furthermore, 

combination therapy showed higher efficacy in an obesity breast cancer model, where high body 

mass index (BMI) demonstrated trends toward worse disease free and overall survival, and high 

serum S1P levels in human patients and volunteers.

Conclusions—We found that FTY720 enhanced the efficacy of doxorubicin by suppression of 

drug-induced inflammation, and combination therapy showed stronger effect in obesity-related 

breast cancer.

Keywords

Breast cancer; Doxorubicin; FTY720; Obesity; Sphingosine-1-phosphate; Mouse model

1. Introduction

Doxorubicin, an anthracycline antibiotic, is one of the most commonly used 

chemotherapeutic agents for breast cancer. It is regarded as one of the most potent 

chemotherapeutic drugs (1, 2) and its response rate for metastatic lesions is approximately 

25–40% (3). Despite its therapeutic effects, there are limitations to its use; one of them is 

drug resistance, and another is cardiotoxicity, which is a crucial anthracycline specific side-

effect (4). Cumulative anthracycline dose results in doxorubicin-induced cardiotoxicity (5). 

Therefore, doxorubicin dose reduction in combination with another compound is expected to 

be an important strategy to overcome these limitations.

Sphinigosine-1-phosphate (S1P) is a bioactive lipid mediator generated by sphingosine 

kinases, SphK1, and SphK2 (6). Activated SphK1 increases intracellular S1P, which is 

secreted out of the cell (7) and acts extracellularly by binding to and signaling through S1P 

receptors (S1PRs) in autocrine and/or paracrine manners as “inside-out” signaling (8). This 

regulates cell proliferation, invasion, and angiogenesis in cancer cells (6, 8, 9) as well as in 

patients (10). We have established methods to measure the levels of S1P in tumor interstitial 

fluid (11) and lymphatic fluid (12), and demonstrated that S1P is associated with 

lymphangiogenesis and lymph node metastasis both in an animal model (13, 14) and in 
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patients (15), which suggests that S1P in the tumor microenvironment worsens cancer 

progression (9, 13, 16–18). Furthermore, we recently found that S1P signaling plays an even 

more important role in metastatic triple-negative breast cancers (19). Given that S1P 

signaling is related to cancer malignant potential and progression, we hypothesized that S1P 

may contribute to doxorubicin resistance. FTY720, a functional antagonist of S1P receptors, 

is clinically used for the treatment of multiple sclerosis, thus its phase 1 trials are completed 

(8). FTY720 also demonstrates proven efficacy in multiple in vitro and in vivo cancer 

models, suggesting a potential therapeutic role in cancer patients (20).

A feature of obesity-related cancer is low-grade inflammation which increases cancer 

malignant potential (21, 22). S1P is known to play significant roles in inflammation (23–26) 

and we recently reported that S1P links inflammation and cancer progression, stimulates 

tumor-associated inflammation and increases cytokine levels (20, 27). We hypothesized that 

the addition of FTY720, which blocks S1P signaling and thus suppresses the effect of 

obesity-mediated inflammation, should enhance the anticancer effects of doxorubicin in this 

setting. Therefore, we investigated the efficacy of this combination therapy in obesity-related 

breast cancer.

2. Materials and Methods

2.1. Gene expression before and after doxorubicin treatment

DNA microarray gene expression data of humans before and after doxorubicin treatment 

were obtained through the GEO database (GSE28844) (28). Out of 33 participants, 17 cases 

that were not treated with doxorubicin were excluded from our analysis. Of the remaining 16 

cases, 12 cases had both pre and post treatment gene expression data. 2 cases were classified 

as good response, 5 cases were mid response and 5 cases were bad response utilizing Miller 

and Payne grades (28).

2.2. Human samples

86 cases of The Cancer Genome Atlas (TCGA) contributor from Roswell Park Cancer 

Institute (RPCI) had body mass index (BMI) data that allowed survival analysis.

For serum S1P level analysis, blood was taken from 11 healthy volunteers at Virginia 

Commonwealth University Medical Center under the approval from its Institutional Review 

Board. The power analysis was based on our previous observation that obese patients have a 

higher serum S1P, with an estimated effect size of about 1.5. Based on this assumption, a 

total of 12 patients (6 in each of high and low BMI groups) will provide a power of 78% at 

0.05 significant levels using one side test. 1, 7 and 4 individuals were found to be in the BMI 

<20, 20–24.9, and 25–29.9 groups, respectively. Serum was separated by centrifugation, and 

preserved at −80°C. Lipids were extracted from blood and sphingolipids quantified by liquid 

chromatography, electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS, 4000 

QTRAP, AB Sciex) as previously described (13).
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2.3. Gene set enrichment analysis (GSEA) of TCGA database

GSEA was performed on TCGA database using software provided by the Broad Institute 

(http://software.broadinstitute.org/gsea/index.jsp). We classified the patients into two groups 

according to BMI; high (BMI > 27) and low (BMI < 27). The enrichment of doxorubicin 

drug resistance related gene sets were identified within the Molecular Signature Database 

(MSigDB) curated collection (c2). The genes were preranked based on differentiation gene 

expression analysis of BMI groups using Bioconductor DESeq2 package.

2.4. Gene expression of doxorubicin sensitive and resistant cell line

Drug sensitivity and gene expression of cell line data were downloaded from NCI-60 panel 

using Bioconductor package rcellminer version 1.6.0. (29, 30). Based on the NCI-60 drug 

activity Z-scores derived from the 50% growth-inhibitory levels (GI50) determined by the 

DTP, we defined the cell line with a Z-score greater than 1.0 as sensitive, less than −1.0 as 

resistant. The thresholds of Z>1.0 and <−1.0 represent the top/bottom 16% of the cohort. 

Thus, we consider this cutoff to be more clinically relevant. Out of 60 cell lines, 4 and 6 cell 

lines were classified as sensitive and resistant, respectively. Expression value of each 

interested gene was quantified based on downloaded NCI-60 expression z-scores.

2.5. Cell culture and drug sensitive assay

E0771 cells, a mouse mammary adenocarcinoma cell line expressing the estrogen receptor 

(ER), were purchased from CH3 BioSystem, and were cultured in RPMI 1640 with 10% 

fetal bovine serum. E0771 cells were treated with either 0.03 μM doxorubicin (Selleck) 

and/or 2 μM FTY720 (Cayman). 48 hours after drug administration, the number of living 

cells was measured with Cell Counting Kit-8 (Dojindo), according to the manufacturer’s 

instructions. Combination index was calculated as (EDox+EFTY)/EDox+FTY (31).

2.6. Animal Models

Approval from the Roswell Park Cancer Institution Animal Care and Use Committee was 

obtained for all experiments based on our extensive experience in animal models (32–36). 

Female C57BL/6 mice and B6.cg-Lepob (OB/OB) mice were obtained from Jackson 

Laboratory. OB/OB mice were fed a high fat diet (Envigo, TD.88137) from 10 days prior to 

implantation of cancer cells in the obesity model. 1×106 of E0771 breast cancer cells were 

inoculated into the #2 mammary fat pad under direct vision as described (13, 37–41). Mice 

were treated with doxorubicin and/or FTY720. Doxorubicin was administrated by i.p. at a 

dose of 5 mg/kg on Day 0 and 3. FTY720 was administered everyday by gavage at a dose of 

1 mg/kg. Anti-SphK1 antibody (Abcam) was used at 1:100 dilutions for 

immunohistochemistry.

2.7. Statistical Analysis

For continuous variables, statistical analyses were performed using Student t-tests. 

Categorical variables were compared using chi-square tests or Fisher’s exact tests when 

appropriate. Survival was estimated using the Kaplan–Meier method with log-rank tests. 

Differences with P values of less than 0.05 were considered significant. Experiments were 

repeated at least three times with consistent results. Data analyses were performed using R 
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software version 3.1.2 (The R Foundation) and Bioconductor. All GSEA analyses presented 

here were performed using the Java GSEA implementation version 2.2.3 and MSigDB 

version 5.2.

3. Results

3.1. STAT3 was up-regulated after doxorubicin treatment in patient samples

S1P and inflammation related gene expression of doxorubicin treated patients was analyzed 

using GEO database cohort. First, gene expression was compared between before and after 

treatments. STAT3 expression was significantly up-regulated after treatment compared to 

before treatment (p = 0.019). S1P signaling related genes, SphK1, S1PR1, and inflammation 

related genes, IL6 and NF-κB, all demonstrated the up-regulation trend in patient cancers 

after doxorubicin treatment (Figure 1A). There was no significant difference between before 

and after treatment in the expression of these genes; however, this may be due to the 

limitation of cohort sample size. On the other hand, TNFα expression was significantly 

reduced post-treatment (p = 0.024), consistent with a previous report (Figure 1A) (42). 

These patients were subdivided into “good” and “bad” response groups by Miller and Payne 

grades to doxorubicin by the authors who collected the samples (28). The bad response 

group expressed higher SphK1 in both pre- and post- treatment compared to the good 

response group; however, it was statistically not significant which was most likely due to 

small sample size (Figure 1B). Furthermore, pre-treatment NF-κB expression in the bad 

response group was significantly higher than in good response group (p = 0.002) (Figure 

1B). Both results implicate that SphK1 and inflammation are associated with a bad response 

to doxorubicin.

3.2. Trend towards high expression of SphK1 in doxorubicin resistant cell lines

To evaluate for a difference in gene expression between doxorubicin sensitive and resistant 

cell lines, we compared gene expression using NCI-60 data. Interestingly, SphK1 expression 

in resistant cell lines demonstrated a tendency to be higher than sensitive cell lines, although 

there was no statistical significance (p = 0.096). There were no significant differences in 

TNFα, S1PR1, NF-κB, IL6 and STAT3 expression (Figure 1C).

3.3. Doxorubicin in combination with S1P receptor functional antagonist FTY720 inhibited 
breast cancer growth

Our results that doxorubicin treatment up-regulate S1P signaling related genes such as 

SphK1 implies that activation of the SphK1/S1P/S1PR1 axis may play a role in doxorubicin 

resistance. This led us to hypothesize that antagonizing S1P signaling may enhance anti-

cancer activity of doxorubicin. FTY720, a functional antagonist of S1PRs, suppressed 

E0771 cell proliferation in a dose dependent manner (Figure 2A). We then examined the 

effect of FTY720 in combination with doxorubicin. Doxorubicin in combination with 

FTY720 synergistically suppressed E0771 growth in vitro with a combination index of 0.80 

(Figure 2A). Doxorubicin treatment induced a dose-dependent increase in SphK1, S1PR1, 

STAT3 and IL6 expression, whereas these were suppressed by FTY720 in agreement with 

our notion that FTY720 suppresses inflammation induced by doxorubicin (Figure2B).

Katsuta et al. Page 5

J Surg Res. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Doxorubicin in combination with FTY720 was then evaluated in a murine model in vivo. 

Combination therapy significantly reduced tumor burden compared to single drug treatment 

with either doxorubicin or FTY720 alone evaluated by tumor size measurements (Dox: p = 

0.004, FTY720: p = 0.004, respectively) with a combination index of 0.78 (Figure 3A). In 

agreement with in vitro experiment results, doxorubicin treatment significantly up-regulated 

mRNA expression levels of S1P signaling related genes, SphK1 and S1PR1, and 

inflammation related genes, IL6 and STAT3, whereas combination therapy significantly 

suppressed their expressions (Figure 3B). This result was reproduced in protein level by 

immunohistochemistry that showed that SphK1 was over-expressed in the doxorubicin 

treated group, whereas it was decreased in the FTY720 and combination therapy groups 

(Figure 3C).

3.4. Patients with high BMI have worse overall and disease-free survival

Obesity is an established independent prognostic factor for breast cancer patients (21, 22); 

however, several reports disagree with this notion (43, 44). In order to clarify whether this is 

the case in cohort at a national level, we evaluated overall survival (OS) and disease free 

survival (DFS) in high and low BMI patients in TCGA. We were able to identify only 88 and 

86 patients with BMI and survival data for OS and DFS, respectively, in TCGA. We found 

that high BMI patients trended toward worse OS and DFS; however, statistical significance 

was not achieved, most likely due to small sample size (p = 0.075 and p = 0.087, 

respectively) (Figure 4A, B).

3.5. High serum S1P levels in high BMI individuals

In order to explore the relationship between serum S1P level and BMI, serum S1P levels in 

healthy volunteers were compared based on BMI. Interestingly, serum S1P levels were 

higher in the higher BMI individuals (Figure 4C). These findings indicated that higher serum 

S1P level is associated with higher BMI, which is in agreement with previous reports (45).

3.6. Doxorubicin in combination with FTY720 dramatically suppressed tumor growth in an 
obese syngeneic breast cancer model

Since S1P links inflammation and cancer progression by stimulating tumor-associated 

inflammation and increasing cytokine levels, we hypothesized that the combination of 

doxorubicin with an S1P signaling antagonist has more benefit in obesity-related breast 

cancer, which is associated with low grade inflammation. Together with the results that S1P 

level is higher in obesity (Figure 4C) and that doxorubicin treatment induces inflammation 

by activating S1P signaling (Figure 1, 3), we hypothesized that the addition of FTY720 in 

combination with doxorubicin in obesity-related breast cancer would show more efficacy 

than in non-obesity related cancer. We treated genetically obese (OB/OB) mice bearing the 

E0771 tumor with doxorubicin and/or FTY720. As hypothesized, tumors in vehicle treated 

obesity mice grew approximately 1.3 times larger compared to normal weight mice (p = 

0.024). FTY720 significantly suppressed tumor growth in obesity-related mice compared to 

vehicle treatment (p < 0.001) (Figure 5A), and the weight of FTY720 treated tumors showed 

87% less than vehicle treated tumors, whereas the reduction rate was 48% in the non-obesity 

model (p = 0.004) (Figure 5B). Doxorubicin also significantly suppressed tumor growth in 

obesity-related mice (p < 0.001) (Figure 5A). Tumors in the combination therapy group 
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showed smallest tumor size; however, there was no significant difference compared to single 

drug treatment.

3.7. Higher BMI negatively correlated with the doxorubicin resistant gene set and 
positively correlated with the S1P signaling pathway gene sets in ER positive breast 
cancer

To validate the higher efficacy of FTY720 and doxorubicin in obesity related breast cancer, 

GSEA was performed. GSEA revealed that there was no correlation between BMI and the 

doxorubicin resistant gene set in the whole cohort; however, higher BMI was significantly 

negatively correlated with the doxorubicin resistant gene set in the ER positive patient 

cohort (ES = −0.359, p < 0.001) (Figure 5C). Similar to the doxorubicin resistant gene set, 

higher BMI was significantly correlated with the S1P signaling pathway in the ER positive 

cohort (ES = 0.415, p = 0.021), whereas there was no correlation between BMI and the S1P 

signaling pathway in the whole cohort (Figure 5D). These results are in agreement with our 

previous findings that estradiol activates SphK1 via ER in breast cancer cells, which 

generates S1P that will be secreted out of the cell (6, 7). These results implicate that 

treatment with doxorubicin in combination with FTY720 may be particularly useful for ER 

positive obese patients.

4. Discussion

In the current study, we found that doxorubicin treatment increased expression of S1P 

signaling related genes as well as inflammation related genes in human breast cancer (Figure 

1A). In our previous study, we showed higher SphK1 is related to higher S1P levels (15) and 

we showed that S1P links inflammation and cancer progression, and administration of 

FTY720 suppressed the SphK1/S1P/S1PR1 axis and up-regulation of NF-κB and STAT3 

along with decreasing the inflammatory cytokines of IL-6 suppressed the inflammation-

associated colon cancer progression (27). In fact, chemotherapy-related increases in 

inflammatory cytokines have been observed in preclinical models and in human cancer 

patients during treatment (46, 47). It was also reported that doxorubicin treatment enhances 

SphK1 expression in leukemia cells (48). Our current study is in agreement with the notion 

that S1P signaling links inflammation and cancer.

The effectiveness of the pro-drug FTY720, approved for the treatment of multiple sclerosis, 

has been extensively used in preclinical studies to demonstrate the therapeutic value of 

modulating SphK1 and S1P receptor functions in inflammation and cancer. We have 

demonstrated recently that FTY720 administration interferes with the SphK1/S1P/S1PR1 

axis and suppresses the NF-κB/IL-6/STAT3 malicious amplification loop and inflammatory 

colitis associated colon cancer in mice (20).

We demonstrated that the addition of FTY720, which is an S1P signaling functional 

antagonist, enhanced doxorubicin efficacy in breast cancer progression in vitro and in a 

murine syngeneic orthotopic breast cancer model. FTY720 significantly suppressed SphK1 

and S1PR1 expression as well as inflammatory cytokine expression, including IL6 and 

STAT3. We have previously shown that FTY720 suppresses breast cancer progression in a 

murine model (11, 49). Indeed, it has been shown to induce dose-dependent cell death in 
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human tumor cell lines, including hepatocellular carcinoma and bladder cancer (50, 51), and 

FTY720 has been shown to reduce tumor growth and metastasis in prostate cancer and 

melanoma (52, 53). Furthermore, FTY720 enhances the efficacy of cytotoxic anti-cancer 

therapies (54, 55) as well as agents associated with the S1P signaling for cancer therapy (56, 

57). The combination of doxorubicin and SphK1-antisense oligonucleotides has also been 

shown to be effective against gastric cancer (58).

Initial systemic chemotherapies for breast cancer have been reported to be effective 90% and 

50% of the time, in primary and metastatic lesions, respectively (3). However, after a 

variable period, progression occurs and the rates of response to subsequent agents are lower 

(3). This drug resistance is one of the major reasons for breast cancer mortality. Recent 

studies showed that inflammatory cytokines, including IL6, and transcription factors STAT3 

and NF-κB, play critical roles in cancer drug resistance (46, 59). S1P is also known to play a 

role in drug resistance in various types of cancer (60–65). We found that NF-κB levels are 

predictive of doxorubicin response utilizing doxorubicin treated patients sample data. We 

provide the first report that showed the difference in NF-κB expression by chemotherapy 

response in breast cancer patients (Figure 1B). Furthermore, SphK1 expression levels were 

higher in doxorubicin resistant than sensitive cells (Figure 1C), which is consistent with 

previous reports (48).

Obesity is one of the most prevalent health issues in the US (66). It has been shown that 

obesity-related breast cancer is more aggressive with a poor prognosis, which is partly 

explained by the low-grade inflammation caused by obesity (67–71). Among the molecules 

involved in obesity-related inflammation, the transcription factors NF-κB and STAT3, and 

the major inflammatory cytokine IL6, are known key mediators of this process (68, 72, 73). 

Because we demonstrated that these mediators were suppressed by FTY720 in a normal 

weight murine model, we hypothesized that doxorubicin in combination with FTY720 

would provide more benefit in obesity-related breast cancer. As hypothesized, combination 

therapy dramatically suppressed tumor growth in a murine obesity breast cancer model. 

Even single drug treatment with FTY720 demonstrated significantly higher efficacy than in 

a normal weight murine model (Figure 5B). The GSEA results demonstrated significant 

enrichment of the doxorubicin resistance gene set and the S1P signaling pathway gene set in 

ER positive obesity patients, which implied that ER positive obesity related breast cancer is 

associated with these good responses to doxorubicin as well as FTY720.

There are, however, some limitations in the present study. First, only a single ER positive 

cell line was used throughout the study. This was because of the limited availability of any 

other cell lines that are compatible with C57BL/6. Second, the publicly available human 

data have limitations. It is difficult to obtain drug treated patient sample data, especially pre 

and post treatment gene expression data, and similarly gene expression data with BMI are 

also difficult to obtain. Most likely due to small sample size, some of the differences did not 

reach statistical significance. It would have been ideal to measure serum S1P levels in breast 

cancer patients before and after doxorubicin treatment and in relationship with BMI; 

however, such samples were not available to evaluate that question in this study. The third 

limitation of this study was the inability to preserve tissue for multiple analyses because the 
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mice tumors were so small, and thus SphK1 protein level quantification could not be 

performed.

In this study, we demonstrated that FTY720 significantly enhanced the doxorubicin effects 

due to suppression of not only S1P signaling, which was shown by decreased mRNA and 

protein expression of SphK1 and S1PR1, but also inflammatory factors, including IL6 and 

STAT3. These results provide the first report that SphK1 expression was increased by 

doxorubicin treatment in breast cancer. Although doxorubicin is one of the most commonly 

used drugs in breast cancer, its use is limited by drug resistance and cumulative dose 

associated cardiotoxicity. The findings of our current study propose combination therapy 

with the addition of FTY720 as a strategy to dose reduction doxorubicin to mitigate toxicity 

without sacrificing its therapeutic oncologic benefits.

5. Conclusions

In conclusion, our results support further investigation into S1P signaling inhibition with 

S1PR1 functional antagonist FTY720 as a combination therapy strategy to improve the 

efficacy and reduce the toxicity of doxorubicin treatment for breast cancer.
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Figure 1. 
Differences in S1P signaling and inflammation related gene expression with doxorubicin 

treatment: (A) gene expression in patient tumors pre- and post- doxorubicin treatment, (B) 

gene expression in good and bad responders pre- and post- doxorubicin treatment, (C) gene 

expression in doxorubicin sensitive and resistant cell lines. **: p<0.05. *: p<0.1
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Figure 2. 
FTY720 enhanced doxorubicin efficacy in vitro. (A) Drug sensitivity assay of FTY720 for 

E0771. (B) Gene expression of E0771 after doxorubicin with and without FTY720 

treatment. *: p<0.05.
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Figure 3. 
Doxorubicin induced S1P and inflammation related gene overexpression in E0771 syngeneic 

breast cancer model. (A) Tumor growth with doxorubicin, FTY720 and combination 

therapy. Tumor weight in the combination therapy group was significantly less than the 

single drug treatment groups. (B) mRNA expression of SphK1, S1PR1, IL6 and STAT3 in 

the tumor were determined by qPCR and normalized to levels of GAPDH. (C) 

Immunohistochemistry of SphK1. SphK1 expression was upregulated in doxorubicin treated 

tumors. Data are expressed as means ± SEM. *, p < 0.05.
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Figure 4. 
Breast cancer prognosis and serum S1P levels according to BMI. (A, B) Higher BMI trended 

toward significantly worse OS and DFS. (C) Higher BMI individuals showed significantly 

higher plasma S1P levels in healthy individuals. Data are expressed as means ± SEM.
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Figure 5. 
Doxorubicin and FTY720 suppressed tumor growth in an obesity syngeneic breast cancer 

model. (A) Tumor growth in doxorubicin, FTY720 and combination therapy groups in 

OB/OB mice. Tumor weight in each single drug treatment and combination therapy group 

was significantly less than the vehicle treated group. (B) FTY720 significantly suppressed 

tumor growth in an obesity model compared to a normal weight model. (C, D) GSEA of 

TCGA contributor from RPCI whole cohort and ER positive only. Lower BMI was 

significantly correlated with doxorubicin resistant genes, and higher BMI was significantly 

correlated with the S1P signaling pathway in the ER positive cohort. Data are expressed as 

means ± SEM. *, p < 0.05.
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