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Abstract

Drug resistance is responsible for the failure of many available anticancer drugs. Sev-
eral studies have demonstrated the association between the alteration in sphingolipids
(SPLs) and the development of drug resistance. To investigate the association between
SPLs metabolism and doxorubicin (dox)-resistance in MCF-7 cells, a comparative
sphingolipidomics analysis between dox-sensitive (parental) and -resistant MCF-7 cell
lines along with validation by gene expression analysis were conducted. A total of 31
SPLs representing 5 subcategories were identified. The data obtained revealed that
SPLs were clustered into two groups differentiating parental from dox-resistant cells.
Eight SPLs were significantly altered in response to dox-resistance including SM
(d18:1/16), SM (d18:1/24:2), SM (d18:1/24:0), SM (d18:1/20:0), SM (d18:1/23:1), Hex-
Cer (d18:1/24:0), SM (d18:1/15:0), DHSM (d18:0/20:0). The current study is the first to
conclusively ascertain the potential involvement of dysregulated SPLs in dox-resistance
in MCF-7 cells. SPLs metabolism in dox-resistant MCF-7 cells is oriented toward the
downregulation of ceramides (Cer) and the concomitant increase in sphingomyelin
(SM). Gene expression analysis has revealed that dox-resistant cells tend to escape
from the Cer-related apoptosis by the activation of SM-Cer and GluCer-LacCer-ganglio-
side pathways. The enzymes that were correlated to the alteration in SPLs metabolism
of dox-resistant MCF-7 cells and significantly altered in gene expression can represent
potential targets that can represent a winning strategy for the future development of
promising anticancer drugs.
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sphingomyelinase 3; So, Sphingosine; So1P,
Sphingosine-1-phosphate; SPLs, Sphingolipids;
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glucosyltransferase/glucosylceramide synthase;
UGT8/CGT, Ceramide galactosyltransferase;
UHPLC-TOF/MS, Ultra High performance liquid
chromatography coupled with quadrupole time-of-
flight mass spectrometry; VIP, Variable importance
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Introduction

Breast cancer is one of the most common leading causes of death in women across the world
[1]. Although it represents a major health problem worldwide, survival rates continue to rise,
and women are living longer. To keep this outcome, it is necessary to continue advancing our
research study about the disease. The research significantly helps in the prevention, and treat-
ment of breast cancer, and hence can improve the quality of a woman’s life. For that purpose,
cell lines particularly MCF-7 are usually employed as an in vitro model to accomplish a certain
level of experimental evidence. MCE-7 is the best representative for in vitro breast studies
mainly because of its mammary epithelium nature that can process estrogen hormone through
estrogen receptors, sensitivity to cytokeratin, and ability to form domes and monolayers [2]. It
is also the first hormone-responding breast cancer cell line [2]. Although MCEF-7 has been
used by many research laboratories for more than 45 years, data are still generated to better
understand breast cancer development and for the proper development of therapeutic strategy
[3]. Thus, it constitutes a ground base for comparative research studies and data analysis not
only to study the cancer pathology but also to suggest an appropriate therapy.

Drug resistance, on the other hand, is a major barrier in the efficient treatment of cancer. It
is responsible for the failure of many available drugs and hence may lead to their disappear-
ance from the market [4]. Doxorubicin (dox) is currently one of the most effective chemother-
apeutic drugs used in breast cancer therapy [5]. However, a recent report has shown that
approximately 50% of breast cancer patients have developed dox resistance [4]. Despite all the
studies on Dox-resistance mechanisms, it is still a major unresolved problem in cancer
therapy.

Recently, the role of cellular lipids in both effective therapy and resistance is drawing scien-
tists attention [4]. Sphingolipids (SPLs) are a class of cellular lipids that play an important role
in the structural integrity and fluidity of mammalian cell lipid bilayer [4]. SPLs including cer-
amide (Cer), sphingomyelin (SM), sphingosine-1-phophate (S1P), hexosylceramide (HexCer),
sphingosine (So), and glucosylceramide (GlcCer) act as signaling molecules that contribute in
the regulation of several biological processes of a cell [4]. These include cell proliferation, apo-
ptosis, cell differentiation, cell migration, angiogenesis, autophagy and inflammation [6]. Fur-
thermore, SPLs metabolic pathways influence cancer pathogenesis, drug resistance, and
chemotherapeutics efficacy [4, 7]. The biochemical role of SPLs has been previously studied in
cancer progression and development. Additionally, SPLs have been implicated in the mecha-
nism of action of many chemotherapeutic agents [8, 9].

The core of SPLs metabolism is Cer, which is formed of a sphingosine base containing 18
carbons (d18), and an amide-linked fatty acyl chain with different number of carbons
(C14-C26) [10]. Cer acts as a precursor for the synthesis of complex SPLs, such as SM, and
GlcCer, which contain hydrophilic head groups [11]. Several studies have demonstrated a
strong connection between the alteration in SPLs metabolism and drug resistance in human
cancer cells [12, 13]. Enzymes in SPLs metabolic pathway are also involved in the regulation of
many cancerous processes. Glucosylceramide synthase (GCS) is proved to be a key player in
dox-resistance in various cancer types, importantly by the enzymatic conversion of Cer to
GlcCer [14]. The generation of GlcCer acts as the precursor for the synthesis of other glyco-
sphingolipids and gangliosides [15]. Low Cer levels are correlated with a higher degree of
malignant progression and severity of prognosis in tumor cells [16]. Many studies proved that
drug-resistant cells had 8 to 10-fold higher capacity to convert the precursor [3H]-palmitic
acid to Cer and further to GluCer, than non-drug resistant counterparts [17]. This can be
explained by the ability of Cer to mediate anti-proliferative pathways or inhibits pro-survival
mechanisms [12]. In addition to that, Cer is shown to regulate gene expression, such as
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upregulates MMP-1 and hTERT [18, 19], activates COX-2 promoter [20], inhibits NF-xB acti-
vation [21], as well as induces GCS promoter by Sp1 [14]. However, the effect of Cer on multi-
drug resistance is still not well understood [22]. A strong association between low Cer levels
and the elevation in GCS has been reported in dox-resistant cancer cells [23, 24].

Uchida et al examined the effect of dox on drug-sensitive HL-60 cells and drug-resistant
HL-60/ADR (Adriamycin) cells [25]. Treatment with dox induced apoptosis and Cer produc-
tion in drug-sensitive HL-60 cells, but not in drug-resistant HL-60/ADR cells. In dox-treated
HL-60/ADR cells, the levels of mRNA, and protein of GCS were upregulated [25]. In a more
recent study on MCEF-7 cells, the effects of different doses of dox were tested [26]. They
reported dose-dependent changes in SPLs levels, which include an increased level of Cer, dihy-
droceramide, S1P, and So, while reduced the levels of HexCer [26]. Moreover, UGCG silenc-
ing in Dox-resistant MCEF-7 has restored cell sensitivity and increased endogenous ceramide
and caspase-3 [27]. In contrast, UGCG-overexpressing MCEF-7 cells have increased the cellular
proliferation and dox-resistance accompanied by stimulation of Akt and ERK1/2 signaling
pathways as well as upregulation of anti-apoptotic genes and multidrug resistance protein 1
(MDR1) [28]. Similarly, it has been shown by a sphingolpidomics analysis on ovarian cancer
cells that the levels of cell membrane SPLs have been significantly altered in resistant cells
when compared to sensitive cells, both treated with Taxol, although the target is B-tubulin
[29]. Collectively, growing evidence suggests that alteration in SPLs metabolism is critical in
the dox-resistance mechanism [27, 30, 31]. However, until now, there is no sphingolipidomics
analysis study that explore the other potential pathways (other than GCS) in SPLs metabolism
in dox-resistant MCF-7 cells. Therefore, a comprehensive sphingolipidomics study may help
to elucidate the role of SPLs in dox-resistance in MCF-7 cells.

Based on this, we hypothesize that multiple SPLs metabolic pathways may play a role in dox
resistance. Therefore, a comparative sphingolipidomics analysis between dox-resistant and
parental P-MCF-7 breast cancer cells was conducted to identify the changes in SPLs metabo-
lism that may be associated with dox-resistance mechanisms. Further, the critical genes and
enzymes involved in the alteration of SPLs metabolism were investigated by qRT-PCR. The
results of this study can be used for the effective development of cancer therapy.

Materials and methods
Chemicals

The internal standard (IS) was LIPID MAPS Mixture II dissolved in ethanol (LM-6005). IS is
consisting of 25uM uncommon SPLs including Sphinganine (d17:0), Sphingosine (d17:1),
Sphinganine-1-Phosphate (d17:0), Sphingosine-1-Phosphate (d17:1), Ceramide (d18:1/12:0),
Ceramide-1- Phosphate (d18:1/12:0), Hexosyl Ceramide (d18:1/12:0), Lactosyl Ceramide
(d18:1/12:0) and Sphingomyelin (d18:1/12:0). IS was purchased from Avanti Polar Lipids (Ala-
baster, AL). Doxorubicin was purchased from Sigma-Aldrich. Methanol (CH30OH), acetic acid
(CH3COOH) and formic acid (HCOOH) were purchased from Fisher Scientific (Loughbor-
ough, UK). Potassium hydroxide (KOH) was purchased from HiMedia Laboratories (Mumbai,
India). Isopropanol (IPA) was purchased from Merck (Darmstadt, Germany). Roswell Park
Memorial Institute (RPMI) 1640 medium, Fetal Bovine Serum (FBS), penicillin-streptomycin
(PS), LC-MS-grade chloroform (CHCI3) and phosphate buffered saline (PBS) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). MTT Assay Kit was purchased from (Abcam,
United States). Primers were designed and custom ordered from Microgen Medical Equip-
ment Est (UAE). For RNA extraction and cDNA synthesis, PureLink RNA Mini Kit (Thermo
Fisher Scientific, Waltham, Massachusetts, United States) and SensiFAST™ cDNA Synthesis
Kit (Bioline Reagents Ltd., London, United Kingdom) were used.
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Cell lines and culture

MCF-7 Human Breast Adenocarcinoma cell line was purchased from Cell Lines Service
GmbH, (Eppelheim, Germany). The dox-resistant MCF-7 was created as previously described
[32]. Parental MCEF-7 cells were cultured in T-75 flasks and incubated at 37°C overnight. The
cells were then treated with dox at their IC;q. To develop resistance, the survived population
was transferred to fresh clean flasks and treated gradually with increased concentrations of
dox for 4 months. To maintain the resistance, dox at its IC;, concertation was kept in the
growth media of breast cancer cells. The resistance was confirmed by MTT assay of each gen-
eration. The MCF-7 cell lines were maintained at 37°C and 5% CO, in RPMI media (Sigma-
Aldrich, USA) with 10% fetal bovine serum (Sigma-Aldrich, USA) and 1% penicillin/ strepto-
mycin (Sigma-Aldrich, USA) (6).

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) viability assay

MTT assay was performed to verify the dox resistance in dox-resistant MCF-7 cell line. Dox-
resistant MCF-7 cells were maintained at 37°C in a humidified incubator inclusive of 5% CO,
in RPMI media with 10% fetal bovine serum and 1% penicillin/ streptomycin. For the assess-
ment of cell viability, parental and dox-resistant MCF-7 cells were seeded in 96-well plate at
5x 10° cells/well and allowed to adhere for 24 h. 50 uL of MTT reagent with 50 uL serum-free
media was mixed and then added to each well and incubated at 37°C for 3 h. After the removal
of the solution, 150 pL DMSO was added and shaken for 15 min. The absorbance was then
measured at 590 nm using a microplate reader (Varioskan Flash, Thermo Scientific). The sen-
sitivity of parental and dox-resistant MCF-7 cell lines to dox was assayed. The ICs, for both
cell lines were 0.5 pM and 18 pM, respectively. Dox-resistant MCE-7 is 36-fold resistant to dox
when compared to parental MCF-7 cells.

Sphingolipids (SPLs) extraction

SPLs extraction was adapted from a previously published methodology [29, 33]. First, MCF-7
cells were seeded into T-75 flasks and grown to confluence (3 million cell/mL). Cells were
rinsed twice with ice-cold PBS, then scraped into a glass tube. Second, 0.5 mL MeOH, 0.25 mL
CHCl; and 10 pL internal standards cocktail (2.5 uM) were added consecutively. Afterward,
the mixture was sonicated at room temperature for 30s and then incubated at 48°C for 12 h to
extract SPLs. Third, 75 pL of KOH in MeOH (1M) was added and incubated in a shaking
water bath for 2 h at 37°C to cleave any glycerolipids. After cooling and neutralization with 5%
acetic acid, the solution was centrifuged, and the supernatant was dried and re-dissolved prior
to LC-MS analysis [29, 33].

LC-MS conditions

Sphingolipid analysis was performed by using a well-established LC-MS method [33], an Elute
Ultra high-performance liquid chromatography coupled with quadrupole time-of-flight mass
spectrometry (UHPLC-QTOF/MS) (Bruker Daltonik GmbH, Bremen, Germany) system was
employed for qualitative profiling and quantitative analysis. The injection volume was 10 uL
for Q-TOF. An Elute UHPLC Bruker quadrupole time-of-flight C18 column Intensity Solo
C18-2 (100x 2.1mm, 1.8um) (Bruker Daltonik GmbH, Bremen, Germany) was used to sepa-
rate the endogenous SPLs. The mobile phase consisted of MeOH/H,0/HCOOH (60:40:0.2,
v/v/v) containing 10mM NH,OAc. The flow rate was 0.4 mL/min, and the column tempera-
ture was maintained at 40°C for each run. A linear gradient was optimized as follows: 0-3min,
0% to 10% B; 3-5min, 10% to 40% B; 5-5.3min, 40% to 55% B; 5.3-8min, 55% to 60% B;
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8-8.5min, 60% to 80% B; 8.5-10.5min, 80% to 80% B; 10.5-16min, 80% to 90% B; 16—-19min,
90% to 90% B; 19-22min, 90% to 100% B, followed by washing with 100% B and equilibration
with 0% B. A typical data acquisition time was 20 min. The above UHPLC system was inter-
faced with an ESI source. The source parameters were drying gas (N,), temperature 150°C,
flow rate 25 pL/h, nebulizer pressure 25 psi, sheath gas (N,) temperature was set at 200°C with
a flow rate of 25 uL/h. The scan parameters were positive ion mode over m/z 110-1300, capil-
lary voltage 4500V, nozzle voltage 300V, fragmentor voltage 175V, skimmer voltage 65V, octo-
pole RF peak 500V, drying gas 10L/min at 220°C. A reference solution was nebulized for
continuous calibration in positive ion mode using the reference mass (m/z) 922.00979800. The
acquisition and data analysis were controlled using MetaboScape 4.0 from Bruker Daltonics
software (Bruker Daltonik GmbH, Bremen, Germany).

SPLs data analysis

The data obtained from LC-MS was imported into MetaboScape 4.0 software and library
(Bruker Daltonik GmbH, Bremen, Germany) for the identification of SPLs. Then, Micro-
soft Excel was used to collect and classify the data into tables. In order to investigate the
overall differences between the parental and dox-resistant MCF-7, two multivariate analy-
ses were carried out, namely, partial least squares—discriminant analysis (PLS-DA) and
hierarchical cluster analysis (HCA). The PLS-DA was used to efficiently differentiate
between the parental and dox-resistant MCF-7 cells to identify the significantly different
SPLs, while HCA is an unsupervised analysis technique that classified the data into clus-
ters. The most significantly different SPLs between the two cell lines were selected accord-
ing to Variable Importance in Projection (VIP) value using MetaboAnalyst 4.0 software.
VIP values higher than 1.00 were considered significant. Kyoto Encyclopedia of Genes
and Genomes (KEGG) LIPIDS PATHWAY database was used to study the SPLs metabolic
pathways.

Quantitative real-time polymerase chain reaction (QRT-PCR)

Dox-sensitive (parental) and -resistant MCF-7 cell pellets were placed on ice and treated
with 0.6 mL of lysis buffer and vortexed until dispersion. Total RNA was extracted using
PureLink RNA Mini Kit (Thermo Fisher Scientific, Waltham, Massachusetts, United States)
following the manufacturer protocol. The RNA samples were treated with DNase-I treat-
ment (On-column PureLink® DNase, ThermoFisher, USA) solution for 15 min at room
temperature to remove contaminated DNA. RNA was then eluted by adding 30 uL of
RNase-free water at room temperature for 1 min followed by centrifugation at 12,000 RPM.
The purity and yield of RNA were assessed by nanodrop2000 spectrophotometer (Thermo-
Scinetific, USA). The resulting RNA was stored at -80°C until used for cDNA synthesis.
cDNA was synthesized according to the protocol provided by SensiFAST™ cDNA Synthesis
Kit (Bioline Reagents Ltd., London, United Kingdom). RNA (1 ug) was mixed with 4 pL 5x
TransAmp Buffer, 1 uL Reverse Transcriptase and DNase/RNase-free water up to a final
volume 20 pL. The samples were placed in T100™ Thermal Cycler. Cycling conditions were
annealing at 25°C for15 min, reverse transcription at 42°C for 30 min, inactivation at 85°C
for 15 min. QRT-PCR was performed to quantify the expression level of 14 genes encoding
rate-liming enzymes known to be critical in SPLs metabolic pathways and were identified
following our SPLs analysis. GADPH transcript was used as a housekeeping gene. Primers
were designed and custom ordered from Microgen Medical Equipment Est (UAE). The
sequences of the designed primers are listed in Table 1. Ensemble Genome Browser
(https://asia.ensembl.org/index.html) was used for primer design. The quality parameters
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Table 1. List of primers used in qRT-PCR.

Gene Gene name Forward primer (5'~3') Reverse primer (5'~3') Amplicon length
Symbol (bp)
UGCG UDP-glucose ceramide glucosyltransferase GATGTGTTGGATCAAGCAGG TGAGTGGACATTGCAAACC 113
CERS2 Ceramide synthase 2 CTCTTCCTCATCGTTCGATAC | GTCAGGTAGAAATGTTCCAAGG | 128
CERS4 Ceramide synthase 4 CATCCCTGTACTGGTGGT CACGAAGTGGTGTATCAC 116
SGMS1 Sphingomyelin synthase 1 GGTCATGCTAACACTTACCTAC | GTCATGCGCTAAGAGAATACAG | 124
SGMS2 Sphingomyelin synthase 2 CTGGAATGCATTTCCAGTG CTGAAGAGGAAGTCTCCAC 136
SMPD2 Sphingomyelin phosphodiesterase\neutral CTGGTGCTCCATCTAAGTGG GGATGAACTGGGCCAATTC 130
sphingomyelinase 2
SMPD3 Sphingomyelin phosphodiesterase neutral CAACATGCACCCAGAAGAC CTGACGTAGCAGTTCTTGG 135
sphingomyelinase 3
DEGS1 Dihydroceramide desaturase 1 CTTCGAGTGGGTCTACAC ACCCAACTGGGTGAGAAC 142
DEGS2 Dihydroceramide desaturase 2 ATGGGCCTCTCAACTGGA AGGTGGTCGTAGTACTCG 124
CERS5 Ceramide synthase 5 CGAGGACAGTGGTCCTTATC CAATCCAGCTGCTTTGACAG 117
GBA Glucosylceramidase beta CTGCTCTCAACATCCTTG GTGCGGATGGAGAAGTCA 130
GALC beta-galactosylceramidase TCACCACTGGTCGCAAAG GCAAAGTTTGGAGCTTCAC 118
CERS6 Ceramide synthase 6 CCTCTATCTCGCTTTTCC GGAGCAATTTGTGGTCCA 123

UGT8/CGT | ceramide galactosyltransferase

GAGGAATCCTAACCAAACCAG | CTTCTGACAGATACTTGACACC | 125

GAPDH Glyceraldehyde 3-phosphate dehydrogenase TGACTCAACACGGGAAACC TCGCTCCACCAACTAAGAAC 100 [35, 36]

https://doi.org/10.1371/journal.pone.0258363.t001

of the designed pPrimers were checked using Primer-BLAST available at https://www.ncbi.
nlm.nih.gov/tools/primer-blast/index.cgi?ORGANISM=9606&INPUT_SEQUENCE=NM_
001618.3. Oligo software (version 9.1) was used for checking the primer dimer formation.
QRT- PCR was carried out on Quant Studio 3 (Thermo Fisher) using SensiFAST™ SYBR
Hi-ROX kit. PCR reaction mixture was prepared by mixing 6 pL of SensiFAST™ SYBR Hi-
ROX, 0.48 pL forward primer (400 nM), 0.48 pL reverse primers (400 nM), 3.04 uL water,
and 2 pL template. Initial steps of QqRT-PCR were 2 min at 50°C for polymerase activation,
followed by a 10-min hold at 95°C. Cycles (n = 40) consisted of 15 secs melt at 95°C, fol-
lowed by 1-min annealing at 60°C and 20 secs extension at 72°C. The final incubation step
was set at 60°C for 1 min. All samples were amplified in triplicates. Ultra-pure RNA-free
water was included in the run as a negative control. The average threshold cycle (Ct) values
were obtained from each reaction, and the relative expression was quantified using the
2(-AACM) method [34].

Statistical analysis

The reports were extracted from MetaboScape 4.0 software (Bruker Daltonik GmbH, Bremen,
Germany) to Microsoft Excel, where the compound concentration was calculated. SPLs identi-
fication was performed using MetaboScape 4.0 software and library (Bruker Daltonik GmbH,
Bremen, Germany). The resulting table, including SPLs names, sample names, and intensity
levels, was imported into MetaboAnalyst 4.0 software for multivariate statistical analysis. Par-
tial least-squares discriminant analysis (PLS-DA) and hierarchical cluster analysis (HCA) were
used to efficiently differentiate between the parental and dox-resistant MCF-7 cells. Variable
Importance in Projection (VIP) value was calculated using MetaboAnalyst 4.0 software. VIP
values higher than 1.00 were considered significant. A student’s ¢-test was applied to identify
SPLs with statistically significant differences in intensity level between the two cell lines assum-
ing that95% is the confidence level and 5% is false positive (false discovery rate FDR). P-values
less than 0.05 were considered significant.
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Results

Sphingolipids were significantly changed in dox-resistant MCF-7 compared
to parental MCF-7 cells

Comparative sphingolipids (SPLs) profiling was carried out between parental and dox-resistant
MCEF-7 breast cancer cells using UHPLC-QTOF/MS. Compared to reference standards, 34 differ-
ent SPLs were identified (Table 2). The identified compounds were classified into 5 subcategories,
including sphingomyelins, dihydrosphingomyelins, ceramides, dihydroceramides and hexosyl-
ceramides. Herein, we have identified significant changes in SPLs contents between both cell
lines, which provided an insight into a mechanism related to dox-resistance in MCF-7 cells.

SM constituted the highest percentage of SPLs in both cell lines, with 64% in parental and
85% in dox-resistant MCF-7 cells (Fig 1). Approximately 25 different SMs were identified,
including dihydrosphingomyelins (DHSMs) which contribute to 10% and 5% of all identified
SPLs in the parental and dox-resistant MCF-7 cells, respectively. SMs (d18:1) was the only identi-
fied sphingoid base in both cells. The length of N-acyl chain was varied from 14 to 24, and the
unsaturation degree ranged from 0 to 2. Of the 22 identified dehydrosphingomyelins, 6 SMs
showed significant variable levels between both cell lines (VIP >1, P-value < 0.05, q<0.05) (Fig
2 and Table 3). Markedly, SM (d18:1/16:1), SM (d18:1/24:0) and SM (d18:1/24:2) were only pres-
ent in dox-resistant MCF-7 (VIP >1, P-value < 0.05, q<0.05) (Fig 2 and Table 3). Further, SM
d18:1/20:0, d18:1/23:1, and d18:1/23:0 and two dihydrosphingomyelins (DHSMs) including
d18:1/20:0, and d18:0/22:0 were identified only in parental MCE-7. Furthermore, Cer were con-
tributed to 10% and 5% of the total SPLs in parental MCF-7 and dox-resistant MCEF-7 cells,
respectively. All identified Cer were d18:1 sphingoid backbone with N-acyl chain ranged from 16
to 24 carbons. Two Cer; d18:1/16:0, and d18:1/22:0 were exclusively found in the parental cell
line (Fig 2 and Table 3). Notably, four different hexose-linked Cer (HexCer), including galacto-
sylceramide and glucosylceramide, were identified only in the parental MCF-7 cells, and the
most dominant was HexCer (d18:1/24:0) (VIP >1, P-value < 0.05, <0.05) (Fig 2 and Table 3).
Out of 34 SPLs, 8 compounds were retained after FDR correction (q < 0.05) and showed signifi-
cant differences between both cell lines (student’s t-test, P-value < 0.05) (Table 3).

Multivariate analysis indicated a significant alteration in unique SPLs
associated with dox-resistance in MCF-7 cells

To investigate the overall differences between the parental and dox-resistant MCEF-7 cells, mul-
tivariate analyses were carried out including HCA, and PLS-DA. HCA is an unsupervised anal-
ysis technique that was used to identify the natural patterns in the samples; thus, avoiding
overfitting the sample data, while the PLS-DA was used to identify the key biomarkers that can
distinguish between the two cell lines. HCA was carried out to explore the overall differences,
similarities, and hidden patterns between the two cell lines. HCA classified the data into two
clusters corresponding to parental and resistant cells. SPLs were clustered in the dendrogram
according to their intensity levels to a hierarchical relationship that differentiated both cell
types (Fig 3). The dendrogram showed variation in SPLs, which is most likely associated with
a distinctive pattern related to each cell type and accordingly to a dox-resistance in MCF-7
cells (Fig 2). SM (d18:1/16:1) and SM (d18:1/24:0) showed higher abundance in dox-resistant
MCEF-7 compared to parental cells, indicating a significant association between alteration in
SPLs and resistance mechanism in MCF-7 cells due to dox (Fig 2).

PLS-DA was used to extract the features that can be used to efficiently differentiate between
the two cell lines. Pareto scaling and generalized log transformation function (glog) were
applied to the data sets. As shown in Fig 3A, the variables were well-separated between the two
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Table 2. Identification of SPLs in parental and dox-resistant MCF-7 cells using UHPLC-Q-TOF.

Class Name [M+H]+m/  RT Molecular Calculated Measured | Intensity Intensity MS/MS Fragments (m/
z [min] Formula mass Mass (parental) (resistant) z)

SM d18:1/14:0 675.5396 12.12 C37H75N206P 674.5363 674.53229 33728 26032.5 264.2676, 184.0732
d18:1/16:0 703.572 13.38 C39H79N206P 702.5676 702.5647 337289 316080.5 264.2694, 184.0731
d18:1/16:1 701.5569 12.32 C39H77N206P 700.5519 700.54958 0 45940 264.2645, 184.0732
d18:1/17:0 717.5873 14.19 C40H81N206P 716.5832 716.57999 8836 23683 264.2622, 184.0731
d18:1/18:0 731.6032 15.19 C41H83N206P 730.5989 730.5959333 54133.5 271639.75 264.2678, 184.0731
d18:1/22:0 787.6647 18.16 C45H91N206P 786.6615 786.65746 43480 24653 264.2655, 184.0733
d18:1/22:1 785.6512 16.83 C45H89N206P 784.6458 784.64391 12693 5106.5 264.2688, 184.0731
d18:1/24:0 815.6958 20.12 C47H95N206P 814.6928 814.68852 0 46835.5 264.2668, 184.0730
d18:1/24:2 811.6665 16.78 C47H91N206P 810.6615 810.65925 0 12368.66667 264.2702, 184.0734
d18:1/12:0 647.511 11.01 C35H71N206P 646.505 646.50369 31636 27597.5 264.2699, 184.0732

[1S-1]
d18:1/14:0 675.5396 12.12 C37H75N206P 674.5363 674.53229 33728 26032.5 264.2676, 184.0732
d18:1/15:0 689.5563 12.75 C38H77N206P 688.5519 688.549 19384 0 264.2750, 184.0732
d18:1/16:0 703.572 13.38 C39H79N206P 702.5676 702.5647 337289 316080.5 264.2694, 184.0731
d18:1/17:0 717.5873 14.19 C40H81N206P 716.5832 716.57999 8836 23683 264.2622, 184.0731
d18:1/18:0 731.6032 15.19 C41H83N206P 730.5989 730.5959333 54133.5 271639.75 264.2678, 184.0731
d18:1/20:0 759.6338 16.56 C43H87N206P 758.6302 758.62651 33426.5 0 264.2734, 184.0731
d18:1/22:0 787.6647 18.16 C45H91N206P 786.6615 786.65746 43480 24653 264.2655, 184.0733
d18:1/23:0 801.6848 19.12 C46H93N206P 800.6771 800.67752 7011.3 0 264.2674, 184.0731
d18:1/23:1 799.6669 17.23 C46HI91N206P 798.6615 798.65961 10210.5 0 282.2457, 264.2695,
184.0731
d18:1/24:1 813.6803 18 C47H93N206P 812.6771 812.67298 68022.5 57065.5 264.2697, 184.0735
DHSM | d18:0/16:0 705.5865 14.07 C39H81N206P 704.5832 704.57922 75576 125088.5 184.0735
d18:0/22:0 789.6799 19.03 C45H93N206P 788.6771 788.67262 8472 0 184.0734
d18:0/20:0 761.65 17.25 C43H89N206P 760.6458 760.64277 11162.5 0 184.0724

Cer d18:1/16:0 538.5198 13.63 C34H67NO3 537.5121 537.51026 83232 0 264.2684
d18:1/22:0 622.6098 17.92 C40H79NO3 621.6077 621.60398 23370 0 264.27
d18:1/24:0 650.641 19.87 C42H83NO3 649.6373 649.63383 44372.7 66850 632.6290, 614.6156,

264.2683
d18:1/12:0 482.4574 10.99 C30H59NO3 481.4501 481.4495 28250.75 12981 264.2678
[1S-2]
DHCer | d18:0/16:0 540.5304 14.12 C34H69NO3 539.5277 539.52313 15382 15030 266.2833
HexCer | d18:1/12:0 647.5082 10.98 C36H69NO8 643.5023 643.50089 13726.8 13440.5 264.2684
[1S-4]
d18:1/16:0 700.571 12.73 C40H77NO8 699.5649 699.56332 44430.7 0 264.2694
d18:1/18:0 728.6006 14.16 C42H81INOS8 728.0944 727.59332 6165.3 0
d18:1/24:0 812.695 18.5 C48H93NO8 811.6901 811.68775 47247.5 0 632.6302, 264.2684
d20:1/24:1 838.7109 18.38 C50H95NO8 838.2912 837.70361 18574.7 0
C1P d18:1/12:0 562.4223 10.006 C30H60NO6P 561.4149 561.4158 13691.3 13438 264.2688
[1S-3]
LacCer | d18:1/12:0 806.5624 10.189 C42H79NO13 805.5549 805.5551 13397 13731.5 464.4472, 264.2683
[IS-5]

Sa d17:0 [1S-6] 288.2901 6.632 C17H37NO2 287.2829 287.2824 13711.5 14786.8 270.2794

So d17:1 [1S-7] 286.3106 6.558 C18H39NO 285.3034 285.3032 24728.8 18328.8 268.2643

SalP d17:0 [1S-8] 368.2574 6.774 C17H38NO5P 367.2504 367.2488 14679.5 28366.8

https://doi.org/10.1371/journal.pone.0258363.t002

cell lines, suggesting that this model strongly discriminates the parental from the resistant
cells. Furthermore, 15 SPLs showed VIP score values greater than one; most of them were SMs
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Fig 1. Pie chart representing the abundance of sphingolipids in (A) Parental MCF-7 and (B) Dox-resistant MCF-7. Identified
sphingolipids included sphingomyelin (SM), dihydrosphingomyelin (DHSM), ceramide (Cer), dihydroceramide (DHCer),
hexosylceramide (HexCer). The data display the mean of four replica + Std.

https://doi.org/10.1371/journal.pone.0258363.9001

(Fig 3B). SM d18:0/16:1, and SM d18:1/24:2 were the highest, suggesting that these SPLs could
play an important role in the mechanism of dox-resistance in MCF-7 cells.
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Fig 2. Heatmap showing the levels of SPLs in parental and dox-resistant MCF?7 cells. The columns represent the
type of cell line (P1-4 represents parental MCF-7 independent samples) and (R1-4 represents dox-resistant MCF-7
independent samples), while the rows represent the SPLs species. The color scale from blue to maroon represented the
reduction and elevation in the levels of SPLs with respect to the median value of the intensity level. The red color
indicated parental MCEF-7 cells, while green indicated dox-resistant MCF-7 cells.

https://doi.org/10.1371/journal.pone.0258363.9002
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Table 3. VIP scores of SPLs (VIP>1) in parental MCF-7 and dox-resistant cell lines.

SPLs names VIP >1 Log, (fold change) Resistant/Parental” P-value
SM d18:1/16:1 1.6981 -4.5767 <0.05
SM d18:1/24:2 1.6322 -3.5322 <0.05
SM d18:1/24:0 1.6141 -3.8966 <0.05
SM d18:1/20:0 1.6069 3.4008 <0.05
SM d18:1/23:1 1.5795 3.3223 <0.05
HexCer d18:1/24:0 1.5643 3.2163 <0.05
SM d18:1/15:0 1.5135 2.9861 <0.05
DHSM d18:0/20:0 1.5041 2.8573 <0.05
Cer d18:1/16:0 1.229 3.0189 >0.05
DHSM d18:0/22:0 1.1949 2.7737 >0.05
HexCer d18:1/16:0 1.1845 2.7012 >0.05
SM d18:1/23:0 1.1774 2.7314 >0.05
Cer d18:1/22:0 1.1648 2.571 >0.05
HexCer d18:1/18:0 1.1586 2.5406 >0.05
HexCer d20:1/24:1 1.1315 2.4706 >0.05

*The log, fold change Resistant/Parental shows the fold change in the intensity level when dox-resistant MCF-7 was

compared to parental MCF-7 samples.

https://doi.org/10.1371/journal.pone.0258363.t003

PLS-DA model is prone to the problem of overfitting, where cross-validation is an impor-
tant step. The high Q2 value from the cross-validation of 0.85 coupled with the agreement
between HCA and PLS-DA results is a healthy indicator of a significant statistical model. The
8 compounds with the highest VIP scores (t-test, P-value <0.05, Table 3) illustrated the agree-
ment between the results obtained from the univariate analysis (student’s ¢-test) and the
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Fig 3. PLS-DA model for biomarker identification and selection. (A) 2D score plot for parental and dox-resistant MCF-7 cells. The red color indicated
parental MCF-7, and green indicated dox-resistant MCF-7. (B) VIP score plot for parental and dox-resistant MCF-7 cells.

https://doi.org/10.1371/journal.pone.0258363.g003
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multivariate analysis (VIP score) (Fig 3B). Collectively, this significant variation in SPLs
between parental and dox-resistant MCF-7 cells suggests that the alteration in SPLs metabolic
pathways was most likely involved in MCF-7 resistance to dox.

SPLs metabolism-related genes in dox-resistant MCF-7 cells were
dysregulated

To validate the alterations in the levels of SPLs and to explore the importance of SPLs meta-
bolic enzymes involved in the dox-resistance mechanism, a QRT-PCR was carried out on gene
transcripts encoding 14 rate-liming enzymes in both parental and dox-resistant MCF-7 cell
lines. The 14 genes were chosen based on our current results that showed differences in the
levels of 15 SPLs between the two cell lines as indicated in Tables 1 and 2 and Figs 1-3 in asso-
ciation with literature search as indicated in S1 Table.

As demonstrated in Fig 4, among the 14 enzymes-coding genes, 3 genes encoding dihydro-
ceramide desaturase 1 (DEGS1), sphingomyelin synthase 2 (SGMS2), and UDP-glucose cer-
amide glucosyltransferase (UGCG) were significantly upregulated in dox-resistant MCF-7
cells when compared to parental MCF-7 cells by 6.637, 4.15, and 1.8 folds, respectively (P-
value<0.001, q<0.05) (Fig 4A). In contrast, a significant downregulation was exhibited in the
mRNA expression level of three ceramide synthase genes (CERS 2, 4, 5) in dox-resistant MCF-
7 compared to parental MCF-7 (P- value<0.001, q<0.05) by 0.133, 0.63, and 0.41 folds,
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Fig 4. Relative mRNA expression levels of 14 genes in (P) Parental and (R) dox-resistant MCF-7 cells. (A) Transcripts showed a significant increase in
the gene expression level in dox-resistant MCEF-7. (B) Transcripts showed a significant increase in gene expression level in parental MCF-7. (C) Transcripts
that showed no significant difference in gene expression between parental and dox-resistant MCF-7. *** Indicates P-value<0.001, ** indicates P-
value<0.01, and * indicates P-value<0.05. UGCG; UDP-glucose ceramide glucosyltransferase, CERS 2; Ceramide synthase 2, CERS 4; Ceramide synthase
4, SGMS1; Sphingomyelin synthase 1, SGMS2; Sphingomyelin synthase 2, SMPD2; Sphingomyelin phosphodiesterase \neutral sphingomyelinase 2,
SMPD3; Sphingomyelin phosphodiesterase neutral sphingomyelinase 3, DEGS1; Dihydroceramide desaturase 1, DEGS2; Dihydroceramide desaturase 2,
CERS5; Ceramide synthase 5, GBA; Glucosylceramidase beta, GALC; beta-galactosylceramidase, CERS6; Ceramide synthase 6, UGT8/CGT; ceramide
galactosyltransferase.

https://doi.org/10.1371/journal.pone.0258363.g004
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respectively (Fig 4B). Further, a significant increase in the expression of neutral sphingomyeli-
nase 2 (SMPD2) (P-value<0.001), neutral sphingomyelinase 3 (SMPD3) (P-value<0.001),
dihydroceramide desaturase 2 (DEGS2) (P-value<0.001), and B-galactosylceramidase (GALC)
(P-value<0.05) expression levels were observed in parental MCF-7 (Fig 4B), while no signifi-
cant difference was observed in the mRNA expression level of glucosylceramidase beta (GBA),
sphingomyelin synthase 1 (SGMS1), ceramide synthase 6 (CERS 6) and ceramide galactosyl-
transferase (UGT8) between the two cell lines (P- value>0.05, <0.05) (Fig 4C).

Proposed model of SPLs dysregulation due to dox-resistance in MCF-7 cells

Kyoto Encyclopedia of Genes and Genomes (KEGG) LIPIDS PATHWAY database in associa-
tion with our current data were used to propose a model of variation in genes related to SPLs
metabolism due to dox-resistance (Fig 5). The synthesis of Cer via de novo pathway was
altered via the upregulation of dihydroceramide desaturase 1 generating Cer. The observed
downregulation of Cer in dox-resistant MCF-7 cells was oriented toward two different dysre-
gulated pathways. First, the SM-Cer pathway including the upregulation of sphingomyelin
synthesis (sphingomyelin synthase 2) and the downregulation of sphingomyelinase 2/3 occurs.
Second, the Cer-GluCer-ganglioside including the upregulation of glucosylceramide synthesis
(glucosylceramide synthase) and the downregulation of glucosylceramidase 1 occur. This is
followed by the production of ganglioside from glucosylceramide. The galactosylceramide
pathway showed no significant difference, although galactosylceramidase was decreased.

Discussion

SPLs are important building blocks that play a significant role in cell growth, proliferation, and
proper functioning [12, 16]. Primarily, the role of SPLs in dox resistance in MCF-7 cells was
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Fig 5. Proposed model for the alteration in SPLs metabolic pathways in parental versus dox-resistant MCF-7 cells.

https://doi.org/10.1371/journal.pone.0258363.g005
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initially investigated using comparative sphingolipidomic analysis in association with multi-
variate/ univariate analysis along with validation by molecular biology techniques. The data
obtained revealed that SPLs were clustered into two groups differentiating parental from dox-
resistant MCF-7 cells. Eight SPLs were significantly altered in response to dox resistance.
These include SM d18:1/16, SM d18:1/24:2, SM d18:1/24:0, SM d18:1/20:0, SM d18:1/23:1,
HexCer d18:1/24:0, SM d18:1/15:0, DHSM d18:0/20:0 with the highest VIP scores and P-
value < 0.05, in an agreement between the univariate analysis (student’s ¢-test) and multivari-
ate analysis (VIP score).

SM (d18:1/16:1), SM (d18:1/24:0), and SM (d18:1/24:2) were the most significantly identi-
fied SPLs in dox-resistant MCF-7, indicating their distinctive importance in the dysregulation
of SPLs metabolic pathways due to dox resistance (Fig 3 and Table 3). Similarly, a study com-
paring A2780 and Taxol-resistant A2780 (A2780T) cells has reported that SM (d18:1/16:1) and
SM (d18:1/24:0) were significantly higher in A2780T [29]. Consistent with Huang et al. [29],
our results showed that SM d18:1/20:0 was significantly abundant in MCF-7 compared to
resistant cells. However, our data showed also that parental MCF-7 cells were significantly
higher in other dihydrosphingomyelin, including SM d18:1/23:1, SM d18:1/15:0, and DHSM
d18:0/20:0 (Table 2 and Fig 3B). Additionally, Bhadawal et al. has suggested SM d18:1/24:2 as
a biomarker in breast cancer patients [35]. Generally, dihydrosphingolipids are usually found
in low amounts in human cells. This can also be seen in the present study where DHSM d18:0/
20:0 has exceptionally expressed in parental MCE-7 cells. Similarly, Wang et al. have suggested
that the mechanism of 4-HPR-induced cytotoxicity in MDR cancer cells involves an increase
in dihydrosphingolipids [36].

Importantly, this study identified rare odd carbon chains SPLs including SM d18:1/15:0,
SM d18:1/17:0, SM d18:1/23:0, and SM d18:1/23:1. Notably, they are exceptionally found in
low amounts in parental MCEF-7 samples, thus reflecting their importance as biomarkers to
indicate any changes due to altered cellular function [29]. Similarly, Huang et al. has advocated
that SM d18:1/23:0, and SM d18:1/23:1 have significantly decreased in A2780T compared to
A2780. Up to date, no study addresses the role of odd carbon fatty acid chains of SPLs in
cancer.

Besides SM, deregulated Cer levels have shown an association with different aspects of can-
cer signaling and progression [37, 38]. The biological activity of Cer appears to not only rely
on the fatty acid chain length, but also on the ratio of different SPLs metabolites [39]. Gener-
ally, low Cer levels have been reported as a feature of many drug-resistant cancers [40]. Here,
we have identified three different Cer compounds where two of them including Cer d18:1/
16:0, and Cer d18:1/22:0 were exclusively found in parental MCF-7 cells but with no statistical
significance. A similar observation by Mullen et al. has confirmed the accumulation of Cer and
DHCers of carbon chain length between C18-22 in MCF-7 cells [41]. Furthermore, Taxol
resistant A549T cells showed lower levels of Cer 16:0 when compared to A549 cells. Markedly,
upregulation of Cer 16:0 was associated with apoptosis in human colon cancer cells [42].
Other studies also showed that certain Cer compounds including Cer 16:0, accompanied with
deregulation in HexCer 24:1, and SM 24:1 levels seem to affect many cellular biological pro-
cesses in colon cancer, such as a cellular switch from differentiation to apoptosis [43, 44].

Dihydroceramide DHCer, on the other hand, is placed in an intermediate step in the de
novo Cer synthetic pathway, catalyzed by dihydroceramide desaturase to produce Cer (Fig 5).
Although DHCer is found in the tissues in lower concentrations, the added double bond in its
structure significantly affects the membrane composition [45], fluidity, and subsequent signal-
ing [37]. Recently, DHCer has been linked to cancer signaling and progression [46]. Many
studies have confirmed the significant role of DHCer in autophagy [47]. Treatment of cancer
cells with DHCer analogs or dihydrocermaide desaturase inhibitor has led to the accumulation
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of many endogenous DHCer compounds, mainly DHCer d18:0/16:0 and induced autophagy
in cancer cells [47]. We have been able to identify the same compound in both cell lines in
equal amounts. Another study has also highlighted the importance of DHCer C16:0 in glioma
cells treated with DES1 inhibitor [48]. Thus, leading to a significant increase in DHCer C16:0
that resulted in ER stress and subsequent autophagy [48]. Collectively, the role of DHCer in
autophagy is well-studied unlike in cancer resistance where there is sparse evidence.

Cer glycosylation is known as a crucial step in controlling Cer levels and has been highly
associated with cancer resistance [49]. Four HexCer; d18:1/16:0, d18:1/18:0, d18:1/24:0, and
d20:1/24:1 were identified in our study only in the parental MCF-7 cells. A study performed in
human breast cancer patients has agreed with our results by showing an increase in certain
compounds of HexCer (C14: 0, C16: 0, C18: 1, C18: 0, C20: 0, C22: 0, C24: 1, and C24: 0) [38].
In general, the balance between Cer and HexCers as well as the rate-limiting enzymes in Cer
glycosylation such as UGCG and UGTS, are actively contributing to many aspects of cancer
signaling, proliferation, and resistance [49]. Furthermore, we have reported that HexCer
d18:1/24:0 was the most abundant in parental MCF-7. This can be related to a study that
reported a significant decrease by 76% in HexCer d18:1/24:0 in Dox-treated MCF-7 cells and
an overall dose-dependent reduction in HexCers, despite of the length of the N-acyl chain
[26]. Accordingly, HexCer d18:1/24:0 seems to be targeted by Dox in MCF-7 and hence, dox-
resistant cells may develop a depletion mechanism of this metabolite as a unique strategy to
overcome the dox effect. Further studies are needed to confirm this hypothesis.

Collectively, dox-resistant MCF-7 cells showed significant variation in SPLs compared to
parental cells indicating the importance of SPLs in cancer cell resistance mechanisms. This is
considered the first report to indicate specific changes in SPLs of MCF-7 cells due to dox
resistance.

To validate our findings and explore the importance of SPLs in the dox resistance mecha-
nism, gene expression of 14 transcripts encoding rate-liming enzymes in SPLs biosynthesis, as
indicated in Fig 5 was studied. The expression of sphingomyelin synthases (SMS1, SMS2) was
variable, where SMS2 was significantly upregulated in dox-resistant MCF-7 cells, while SMS1
did not show a significant difference (Fig 4A). SMS2 has been reported to stimulate breast can-
cer cell proliferation by suppressing apoptosis through a Cer-associated pathway [50]. Accord-
ingly, SMS1 and SMS2 may hold a differential activity toward different SMs, and this can
explain the significant difference in the expression of both isozymes. On the other hand, a sig-
nificant downregulation was exhibited with neutral sphingomyelinase (SMPD2, and SMPD3)
in dox-resistant MCF-7 cells. A study reported that the upregulation of SMPD2 was differen-
tially induced the levels of very-long-chain (C24:1 and C24:0) Cer, which is correlated with a
decrease in C24:0- and C24:1-sphingomyelins in MCEF-7 cells [51]. Based on this, we suggest
that SMPD 2/3 play an important role in the metabolism of SM (d18:1/24:0, and d18:1/24:2) in
dox-resistant MCF-7 cells (Fig 3 and Table 3). Collectively, this may explain the distinctive
sphingomyelin synthesis and the consumption of Cer in dox-resistant cells, which is associated
with inhibiting the pro-apoptotic effect of Cer.

The expression of three Cer synthase genes (CERS 2, 4, 5) was significantly higher in paren-
tal MCEF-7 cells (Fig 4B). Previous studies have shown that CERS4 generates C18-C20 Cer,
CERS5 and CERS6 generate C14-C16 Cer, and CERS2 selectively generates C22-C24 Cer
[52]. Consistently, our results suggest that Cer d18:1/22:0, which were only found in parental
cells, are mainly synthesized by the highly expressed CERS2 in parental cells. Consequently,
the significant decrease of CERS in dox-resistant cells supports the dominant depletion of
CERS. Gene expression of both isoforms of dihydroceramide desaturase (DeS) transcripts was
analyzed because of their crucial role in controlling the balance between SPLs and dihydro-
sphingolipids [53]. Interestingly, our QRT-PCR results demonstrated that DeS1 was
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remarkably expressed in dox-resistant cells, while DeS2 was completely absent in this cell line.
Consistently, resveratrol-induced autophagy in HGC-27 cells was correlated with an increase
in the intracellular DHCer levels caused by the inhibition of Des1 activity [54]. Therefore, we
can propose that each isoform of DeS enzyme has a distinctive action that requires further
investigation to explore their roles in cancer resistance.

Several studies have demonstrated the correlation between multidrug resistance and cer
glycosylation [30, 55]. UGCG converts ceramide to glucosylceramide (GluCer), which dis-
played elevated levels in multidrug-resistant cancer cells [56]. Similarly, we can correlate the
depletion of HexCer in dox-resistant cells to the increase in UGCG gene expression, which
can be explained by the activation of the ganglioside pathway [57]. This in turn enables the
cancer cells to convert GluCer to gangliosides to bypass the Cer-induced apoptosis. GBA
opposes the action of UGCG (Fig 5). siRNA for GBA1 gene was shown to induce resistance to
Taxol in three different cancer cell lines [58]. In contrast, our results did not show any signifi-
cant difference in the GBA gene expression in both cell lines. GALC converts GalCer to Cer,
while until today, there is no report exploring the association between cancer and GALC in
tumor cells. We have observed a significant downregulation of GALC expression in dox-resis-
tant cells (Fig 4B), which suggests the potential correlation between GALC activity and dox
resistance.

As concluding remarks, the findings from this study have conclusively ascertained the
involvement of SPLs in dox resistance in MCF-7 cells. Collectively, SPLs metabolism in dox-
resistant MCF-7 cells is oriented toward the downregulation of Cer and HexCer with the con-
comitant increase in SM. We propose that dox-resistant cells tend to escape from the Cer-
related apoptosis by the activation of two different pathways: SM-Cer and GluCer-LacCer-gan-
glioside. The enzymes that were correlated to SPLs and significantly altered in gene expression
may represent potential targets that need further investigation. Further studies on adjusting
the SPLs metabolism purposively may represent a winning strategy for the future development
of anticancer drugs.
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