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Abstract: Complex diseases such as cancer are usually governed by dynamic and simultaneous
modifications of multiple genes. Since sphingolipids are potent bioactive molecules and regulate
many important pathophysiological processes such as carcinogenesis, we studied the gene pair
correlations of 36 genes (31 genes in the sphingolipid metabolic pathway and 5 genes encoding
the sphingosine-1-phosphate receptors) between breast cancer patients and healthy controls. It is
remarkable to observe that the gene expressions were widely and strongly correlated in healthy
controls but in general lost in breast cancer patients. This study suggests that gene pair correlation
coefficients could be applied as a systematic and novel method for the diagnosis and prognosis of
breast cancer.
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1. Introduction
Breast cancer is the most prevalent type of cancer in women with almost 2.1 million new cases
and 627 thousand deaths worldwide in 2018 [1]. Increased mammography screening has played a
critical role in the significant decrease in the age-standardized mortality rate (ASMR), alongside the
use of more efficient therapies such as targeted therapy [2–4]. Although ASMR has dropped from
42.7 deaths per 100,000 in 1986 to a projected 22.4 deaths per 100,000 in 2019 in Canada [2], developing
more effective early diagnosis technologies is crucial for breast cancer patients’ survival.
Sphingolipids act as potent bioactive molecules and play critical roles in a broad spectrum of
physiological and pathophysiological processes, specifically cancer [5–8]. For example, ceramide
inhibits growth and induces apoptosis of cancer cells, whereas sphingosine-1-phosphate (S1P) promotes
proliferation and survival of cancer cells [9,10]. Interestingly, the sphingolipid metabolic pathway,
shown in Figure 1, contains a very limited number of members and is highly conserved among
eukaryotes. The metabolism and functions of sphingolipids in cancer are far from completely
understood despite a vast amount of research during the past twenty years. Several studies have
investigated bioactive sphingolipids as biomarkers of tumorigenesis [11,12], however, most of these
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biomarker investigations reported only changes in gene expression using microarray or RNASeq
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from 1102 breast cancer patients and 113 healthy controls. Only 6 genes were up- or down-regulated
by more than 2-fold (p < 0.05) out of the 36 genes, shown in Table 1. The up-regulated genes were
CERS1 (ceramide synthase 1, log2 = 1.16), CERS2 (ceramide synthase 2, log2 = 1.30), CERS6 (ceramide
synthase 6, log2 = 1.06), SMPD5 (sphingomyelin phosphodiesterase 5, pseudogene, log2 = 1.66) and
UGCG (UDP-glucose ceramide glucosyltransferase, log2 = 1.22), whereas the down-regulated gene was
S1PR1 (sphingosine-1-phosphate receptor 1, log2 = −1.93). Alternations of expression of CERS2, CERS6,
S1PR1, SMPD5 and UGCG are consistent with previous studies [15–18], however, the expression of
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CERS1 was determined to be very low in breast cancer [17]. To further investigate the effects of these
genes (except pseudogene SMPD5) on breast cancer patient survival, we calculated the Kaplan–Meier
plot for each of the genes using OncoLnc [19]. As shown in Figure 2, none of these genes were
identified to be a prognostic factor for human breast invasive carcinoma although they might be
potential diagnostic factors.
Table 1. Expression changes (normalized log2 FC) of 36 sphingolipid-related genes between healthy
controls (n = 113) and breast cancer patients (n = 1102). Genes up- and down-regulated by more than
2-fold (i.e., |log2 FC| ≥ 1) were highlighted in red and blue, respectively. The selected 36 genes contain
31 genes in the sphingolipid metabolic pathway and 5 genes encoding the sphingosine-1-phosphate
receptors (S1PRs).
Gene Name

Log2 FC

p Value

Gene Name

Log2 FC

p Value

ACER1
ACER2
ACER3
ASAH1
ASAH2
CERK
CERS1
CERS2
CERS3
CERS4
CERS5
CERS6
CERT1
DEGS1
KDSR
S1PR1
S1PR2
S1PR3

−0.05
−0.68
−0.27
0.13
0.25
−0.13
1.16
1.30
−0.04
0.87
0.23
1.06
−0.85
0.45
−0.44
−1.93
−0.32
0.49

0.75
<0.01
<0.01
<0.01
0.69
<0.01
<0.01
<0.01
0.83
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

S1PR4
S1PR5
SGMS1
SGMS2
SGPL1
SGPP1
SGPP2
SMPD1
SMPD2
SMPD3
SMPD4
SMPD5
SPHK1
SPHK2
SPTLC1
SPTLC2
SPTLC3
UGCG

0.69
0.51
−0.14
−0.35
0.72
−0.31
0.23
0.14
0.79
0.90
0.62
1.66
0.67
0.51
−0.03
0.28
−0.28
1.22

<0.01
<0.01
0.02
<0.01
<0.01
<0.01
0.02
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.44
<0.01
<0.01
<0.01

Human physiological and pathophysiological processes commonly employ a coordination of
multiple genes. It is reasonable to assume that genes would decouple (loss of correlation) or couple (gain
of correlation) prior to changing their expression levels during an alternation of a biological process
such as carcinogenesis. Although previous studies reported that certain genes became pair-correlated
during cancer progression [13,14,20,21], gene pair correlation coefficient or pattern change in gene
pair correlations of a group of genes has never been proposed as a diagnostic or prognostic factor for
any type of cancer. In the current study, we evaluated the significance of gene expression correlation
coefficients and pattern change in gene pair correlations for the 36 sphingolipid-related genes in breast
invasive carcinoma. Pairwise correlation coefficients were calculated for both healthy control and
breast cancer patient data. As illustrated in Figure 3, the genes were widely and strongly correlated in
healthy controls. Surprisingly, these correlations were in general lost in breast cancer patients with only
five pairs of genes (CERS3-CERT1, CERS4-S1PR1, CERS6-S1PR4, CERS6-SMPD3, and S1PR4-SMPD3)
remaining in medium/strong positive-correlations. Interestingly, genes CERS3 and CERT1 were not
correlated in healthy controls but became positively correlated in breast cancer patients. We further
analyzed the pairwise gene correlations in the different stages of breast cancer, as seen in Figure 4, to
gain insight into the stage of disease progression at which these gene pair correlations disappear in
comparison to healthy controls. It is remarkable to observe that gene pair correlation coefficients for the
36 sphingolipid-related genes were gradually reduced up to stage III of the cancer and then increased
in values and “regain and revive” in stage IV. These data imply that the sphingolipid metabolic
pathway reclines its member coordination in order to alleviate its potent biological functions and
allow faster growth of breast cancer cells. Upon local or distal metastasis, the pathway recuperates
its member coordination and critical functions to ensure settlement of breast cancer cells in a new
tissue/organ environment. The current observation of losing gene pair correlations for the sphingolipid
metabolic pathway and S1PRs in breast cancer suggests two potential applications. First, follow-up
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of the gene pair correlation coefficients for the sphingolipid metabolic pathway and S1PRs could
be a potentially valid approach for early detection of breast cancer. Secondly, population genomic
screening of these sphingolipid-related genes could provide a glimpse of breast cancer distribution
and even stage information within a community. Because of the very limited number of patients with
disease stage information (stage I: 170, stage II: 585, stage III: 234, and stage IV: 18), especially for stage
IV, further studies are required to confirm the trend of gene pair correlations during breast cancer
progression. Nonetheless, this study clearly supports the important role of the sphingolipid pathway in
breast cancer and offers a systematic and novel method to use gene pair correlation coefficients and/or
pattern change in gene pair correlation coefficients for diagnosis and prognosis of breast cancer. We are
currently developing a mathematical algorithm to quantitatively compare the pattern changes of gene
pair
correlation
of8
Cancers
2020, 12, x coefficients and will validate this algorithm as a potential diagnosis and prognosis4 of
breast cancer using patients’ tissue samples.

Figure 2. Kaplan–Meier plots of the patient survival probability versus the mRNA expression level of
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< 0.05).
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very limited number of patients with disease stage information (stage I: 170, stage II: 585, stage III:
234, and stage IV: 18), especially for stage IV, further studies are required to confirm the trend of gene
pair correlations during breast cancer progression. Nonetheless, this study clearly supports the
important role of the sphingolipid pathway in breast cancer and offers a systematic and novel method
to use gene pair correlation coefficients and/or pattern change in gene pair correlation coefficients for
Cancers 2020,diagnosis
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quantitatively compare the pattern changes of gene pair correlation coefficients and will validate this
algorithm as a potential diagnosis and prognosis of breast cancer using patients’ tissue samples.

Figure 3. Gene pair correlations of 36 sphingolipid-related genes in healthy controls (n = 113)
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Figure 4. Gene pair correlations of 36 sphingolipid-related genes in stage I breast cancer patients
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3. Materials and Methods
3.1. Data Acquisition
RNAseq data set (TCGA-BRCA) was extracted from The Cancer Genome Atlas (TCGA) via the
Genomic Data Commons (GDC) data portal [22]. Using GDC Data Transfer Tool, we downloaded
1092 breast cancer cases. A total of 1215 samples (1102 tumor and 113 normal) were obtained from
the cases. Sample sheet file was also downloaded to extract the clinical information for the samples.
We obtained 170 stage I, 585 stage II, 234 stage III, and 18 stage IV samples. For every subject, we
analyzed the expression of 60,483 RNA transcripts in terms of FPKM values.
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3. Materials and Methods
3.1. Data Acquisition
RNAseq data set (TCGA-BRCA) was extracted from The Cancer Genome Atlas (TCGA) via the
Genomic Data Commons (GDC) data portal [22]. Using GDC Data Transfer Tool, we downloaded 1092
breast cancer cases. A total of 1215 samples (1102 tumor and 113 normal) were obtained from the cases.
Sample sheet file was also downloaded to extract the clinical information for the samples. We obtained
170 stage I, 585 stage II, 234 stage III, and 18 stage IV samples. For every subject, we analyzed the
expression of 60,483 RNA transcripts in terms of FPKM values.
3.2. Identification and Visualization of Differentially Expressed Genes
Differentially expressed genes (DEGs) in tumor against normal and among the stages of tumor
were identified using the DEGseq package from R [23]. Likelihood Ratio Test (LRT) was applied,
and the sample expression profiles were screened using p-value < 0.001. The output was expressed in
normalized log2 fold-change (Log2 FC). We then manually extracted the information on expression
changes of 36 sphingolipid-related genes (31 sphingolipid metabolic pathway and 5 S1P receptors) out
of 1102 tumor patient samples using normal healthy individual samples (n = 113) as controls.
3.3. Computation of Correlation Matrix
Correlation matrix was computed for each of the subgroups using the cor function in R.
Visualization of the matrix was done using the corrplot function in R. Positive and negative correlations
are represented by blue and red dots, respectively, and the sizes of the dots are proportional to the
correlation values.
4. Conclusions
Breast cancer is the most common type of cancer in women. Despite recent advances in
diagnosis and treatment, prognosis for late-stage and recurrent breast cancer patients remains poor.
Early diagnosis is still essential for patient’s survival. In this study, the functional role of the sphingolipid
metabolic pathway, which is highly conserved in eukaryotes, was investigated in human breast cancer.
Using the TCGA-BRCA dataset, we showed that five genes (CERS1, CERS2, CERS6, UGCG and
pseudogene SPMD5) were upregulated more than two-fold and one gene (S1PR1) was downregulated
more than two-fold. However, none of these genes were identified as being a prognostic factor
for human breast invasive carcinoma. We also calculated gene pair correlation coefficients for the
36 sphingolipid-related genes. These genes were widely and strongly correlated in healthy controls
but lost their correlations in breast cancer patients. Specifically, gene pair correlation coefficients were
gradually reduced up to stage III and then increased in values and “regain and revive” in stage IV.
This suggests that gene pair correlation coefficient and/or pattern change in gene pair correlation
coefficients for a group of genes could be applied as potential diagnostic and/or prognostic biomarkers
for human breast cancer.
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