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Metabolic rewiring has been recognized as an important feature to the progression

of cancer. However, the essential components and functions of lipid metabolic

networks in breast cancer progression are not fully understood. In this study,

we investigated the roles of altered lipid metabolism in the malignant phenotype

of breast cancer. Using a spheroid-induced epithelial-mesenchymal transition

(EMT) model, we conducted multi-layered lipidomic and transcriptomic analysis to

comprehensively describe the rewiring of the breast cancer lipidome during the

malignant transformation. A tremendous homeostatic disturbance of various complex

lipid species including ceramide, sphingomyelin, ether-linked phosphatidylcholines,

and ether-linked phosphatidylethanolamine was found in the mesenchymal state of

cancer cells. Noticeably, polyunsaturated fatty acids composition in spheroid cells was

significantly decreased, accordingly with the gene expression patterns observed in

the transcriptomic analysis of associated regulators. For instance, the up-regulation of

SCD, ACOX3, and FADS1 and the down-regulation of PTPLB, PECR, and ELOVL2

were found among other lipid metabolic regulators. Significantly, the ratio of C22:6n3

(docosahexaenoic acid, DHA) to C22:5n3 was dramatically reduced in spheroid cells

analogously to the down-regulation of ELOVL2. Following mechanistic study confirmed

the up-regulation of SCD and down-regulation of PTPLB, PECR, ELOVL2, and ELOVL3

in the spheroid cells. Furthermore, the depletion of ELOVL2 induced metastatic

characteristics in breast cancer cells via the SREBPs axis. A subsequent large-scale

analysis using 51 breast cancer cell lines demonstrated the reduced expression of

ELOVL2 in basal-like phenotypes. Breast cancer patients with low ELOVL2 expression
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exhibited poor prognoses (HR = 0.76, CI = 0.67–0.86). Collectively, ELOVL2 expression

is associated with the malignant phenotypes and appear to be a novel prognostic

biomarker in breast cancer. In conclusion, the present study demonstrates that there is a

global alteration of the lipid composition during EMT and suggests the down-regulation

of ELOVL2 induces lipid metabolism reprogramming in breast cancer and contributes

to their malignant phenotypes.

Keywords: breast cancer, epithelial-mesenchymal transition, lipidomics, transcriptomics, fatty acid metabolism,

ELOVL2

INTRODUCTION

Since the discovery of the Warburg effect, in which cancer cells
preferentially utilize glycolysis and lactate fermentation even
in the presence of oxygen, many other metabolic alterations,
such as glutaminolysis and serine/glycine biosynthesis, have
been established (1–3). These altered metabolic pathways
exhibit significantly important functions in cancer initiation,
progression, and drug resistance. Thus, they are considered
to be attractive targets for cancer diagnostic and therapeutic
development (4–6). Recently, aberrant lipid metabolism has
been identified in different types of cancer and associated
microenvironments, and awareness of the multifaceted role of
lipid metabolism in cancer has rapidly increased (7–10). Of note,
a universal feature of cancer is the enhanced lipid biosynthesis,
which is reflected in the activation of several key lipogenic
factors, including ACLY, ACACA, FASN, and SCD, as well as
the increased activity of the SREBP family of transcription
factors (9, 11, 12). SREBPs are key regulators of fatty acid
and cholesterol biosynthesis (9). Importantly, SREBP-mediated
lipogenesis supports the processes of proliferation, survival,
maintenance, and metastasis during cancer progression. Thus,
lipogenic molecules are widely considered attractive targets for
the development of anti-cancer therapies (9, 11, 12).

Despite the fact that altered lipid metabolism has long been
recognized to play an important role in both the aggressiveness
and progression of cancer, precise characterizations of the
essential components in lipid metabolic networks, such as
the compositional changes of lipids, are lacking (7–9). Recent
evidence suggests that the rewiring in lipid metabolism, such
as in the acyl-CoA synthetase/stearoyl-CoA desaturase network,
promotes the migration and invasion of cancer cells through the
epithelial-mesenchymal transition (EMT) (13). EMT is a complex

Abbreviations: ACACA, acetyl-CoA carboxylase; ACLY, ATP-citrate lyase;
Cer, ceramide; CGH, comparative genomic hybridization; ELOVL2, elongation
of very long-chain fatty acid 2; ELOVL3, elongation of very long-chain
fatty acid 3; EMT, epithelial-mesenchymal transition; PC O-, ether-linked
phosphatidylcholine; PE O-, ether-linked phosphatidylethanolamine; FASH, fatty
acid synthase; FAME, fatty acid methyl ester; FDR, false discovery rate; GC-
MS, gas chromatography-mass spectrometry; LPC, lysophosphatidylcholine;
LC-MS, liquid chromatography-mass spectrometry; MS/MS, tandem mass
spectrometry; MUFA, mono-unsaturated fatty acid; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PECR, peroxisomal trans-2-enoyl-CoA reductase;
PTPLB, protein tyrosine phosphatase-like member B; PUFA, polyunsaturated fatty
acid; SCD, stearoyl-CoA desaturase; SFA, saturated fatty acid; SM, sphingomyelin;
SREBP, sterol regulatory element-binding protein; TG, triglyceride.

biological process that is regulated in a multiplex manner, from
gene expression to post-translational modifications along with
the contributions of various microenvironemental factors (14,
15). Several fatty acid regulators are associated with poor survival
rates in an EMT context (16). As EMT is associated with cancer
progression and metastasis, examining EMT-related alterations
in lipid metabolism may provide additional insights into the
mechanisms underlying the metastasis and drug resistance of
cancer (17). Moreover, the roles of these pathways in the
aggressiveness and progression of cancer have not been clearly
identified. This may be due, in part, to the lack of high-
throughput and comprehensive approaches to characterize the
complex mammalian lipidomes, which consists of thousands of
unique structures and derives from a wide range of different
lipid classes and fatty acyl chain variants (18). Furthermore,
complex lipid networks that are regulated by hundreds of
enzymes and lipid species are usually difficult to be appropriately
investigated. To overcome these limitations, lipidomics, driven
by the rapid development of mass spectrometry, has been
developed and used to achieve outstanding results in recent years
(19–23). In addition, lipidomic analysis can be complemented
by the integration of other functional -omics data, such as
transcriptomics, or stable isotope-assisted metabolic labeling
to generate a sophisticated framework to get deeper insights
into biological processes (24, 25). This combined approach can
facilitate mechanistic understanding of the crucial components
of the atypical lipid metabolism present in various disease
states (22). Furthermore, multi-layered omics analysis is certainly
essential for the discovery phase of a mechanistic study due
to the ability to provide a big picture into the phenotypes of
interest (26, 27).

Herein, we aimed to characterize the alterations in the breast
cancer lipidome during the EMT malignant transformation
of breast cancer. Thus, a mammosphere-based EMT model,
which has been found to increase tumor-initiation, progression,
and drug resistance of cancer cells, was utilized for the
investigation (28). In the discovery phase, we applied a
comprehensive lipidomics approach guided by transcriptomics
data to investigate the alterations of lipid metabolism of the
spheroid cancer cells. The spheroid-culture system exhibiting
EMT properties was established and well validated from our
previous work (29). As a result, we observed a unique aberrant
pattern regarding the lipidome of EMT-induced breast cancer
cells. The findings were then extended by an independent
experiment specifically targeted on fatty acid compositions of the
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cells. Further mechanistic study discovered a novel process that
the depletion of ELOVL2 increased the malignant phenotypes
of breast cancer. Finally, ELOVL2 was later found to be down-
regulated in the more aggressive phenotypes of breast cancer
among 51 cell lines and associated with the clinically worse
outcome of breast cancer patients.

MATERIALS AND METHODS

Adherent Cell Culture
The MCF-7 breast cancer cell line was purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
The cells were maintained using DMEM with 10% fetal bovine
serum (Life Technologies, Carlsbad, CA, USA) supplemented
with 100µg/mL streptomycin, and 100 µg/mL penicillin.

Mammosphere Cell Culture
Single-cell suspensions of MCF-7 cells were seeded into an
ultralow adherence dishes (Corning, Corning, NY, USA) at a
density of 5 × 105 cells/mL in DMEM/F12 containing 1× B27
supplement (Life Technologies) supplemented with 20 ng/mL
basic fibroblast growth factor (R&D Systems), 20 ng/mL
recombinant epidermal growth factor (Life Technologies), 100
U/mL penicillin, and 100µg/mL streptomycin. Each culture was
fed twice a week and subjected to a biweekly trypsinization
and dissociation using a 23-gauge needle. Individual cells were
pelleted and suspended in mammosphere medium in ultralow
adherence dishes at 5× 105 cells/mL.

Transcriptomic Analysis
The normalized gene expression data of the mammosphere cell
culture and adherent cell culture was gathered from our previous
investigation via ArrayExpress (E-MTAB-3860) (30). Log2 fold-
changes of targeted genes between Sphere and Adherent were
extracted and visualized.

Western Blot Analysis
For the preparation, cells were lysed in 0.5% NP-40/Tris
M2 buffer (31). A standard protocol for Western blot
experiment of cell extracts were used with 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
visualized by enhanced chemiluminescence (ECL; Amersham
International, Amersham, UK). The ELOVL2 antibody was from
Abcam (Cambridge, UK), the β-actin antibody was from Sigma-
Aldrich (St. Louis, MO, USA).

Lentiviral shRNA Experiments
MISSION shRNA plasmids targeting the coding region or
3′ UTR of ELOVL2 mRNA (NM_017770) and non-targeted
control sequences (NM_027088) were purchased from Sigma-
Aldrich. Lentiviral plasmids were transfected into 293TN
cells (LV900A-1, System Biosciences, Mountain View, CA,
USA) using Lipofectamine 2000 (11668019, Invitrogen,
Carlsbad, CA, USA). Pseudoviral particles were collected 2
days after the transfection of lentiviral plasmids and used to
infect MCF-7 cells in the presence of polybrene (8µg/mL).

Infected cells were selected with puromycin beginning 2 days
after infection, and ELOVL2 knockdown was confirmed
by immunoblotting.

Reverse Transcription Polymerase Chain
Reaction (RT-PCR)
Primer sequences used for PCR amplification were β-actin
(sense 5′-GTGGGGCGCCCCAGGCA-3′, anti-sense 5′-CTC
CTTAATGTCACGCACGAT-3′), ELOVL2 (sense 5′-CTCTC
CACTTGGGAAGGAGG-3′, anti-sense 5′-AGATGAGACAAC
CGAAGGGG-3′), ELOVL3 (sense 5′-GGTCCTTCTGCCTTG
CAATCTTCAG-3′, anti-sense 5′-TTCACTGGCTCTTGGTCT
TGGCTTTGAC-3′), PECR (sense 5′-ATGGAGGAGGCCAG
TTTCTT-3′, anti-sense 5′-AGGAAGCAGACCACAGAGGA-
3′), PTPLB (sense 5′-GTCCGAGCATACCTGGCTAA-3′, anti-
sense 5′-ACTCCCATTGGGTACAGCAC-3′), SCD (sense 5′-
TTGGAGAAGCGGTGGATAAC-3′, anti-sense 5′-AAAAATCC
CACCCAATCACA-3′), SREBP1 (sense 5′-CTTCTGACAGCCA
TGAAGACAG-3′, anti-sense 5′-GTGTTGCAGAAAGCGAAT
GTGG-3′), and SREBP2 (sense 5′-AACAGCTGTGTAGCTCCT
TTCC-3′, 5′-ATATCAAAGGCTGCTGGATGAT-3′). RNA was
extracted using RNeasy (Qiagen, Valencia, CA, USA). A total of
200 ng of RNA from each sample was used for cDNA synthesis
with a reverse transcriptase kit (Invitrogen). Equal amounts of
cDNA product were used for PCR, which was performed with
Taq DNA polymerase (Takara, Kyoto, Japan). The final PCR
products were resolved with a 1.5% agarose gel and stained with
ethidium bromide.

Wound Healing Assay
Scratched cells were cultured for 72 h in total, and representative
images were taken by a phase-contrast microscope at 0, 24, 48,
and 72 h. Under the microscope, the distance of the wound was
measured at 5 different points to quantify the recovery rate.
Recovery rates are expressed as the mean ± SEM from duplicate
determinations of three independent experiments for each case.

Colony Formation Assay
Cancer cells were plated with 500, 2,000, and 5,000 cells per well
and maintained for 2 weeks. The medium was later discarded.
Then, each well was washed carefully twice with PBS, and formed
colonies were fixed in methanol for 10min and stained with
crystal violet solution for visualization.

LC-MS-based Cellular Lipid Profiling
Two-hundred microliter of 0.9% NaCl solution was added to
the cell pellet, which was immediately homogenized for 30 s on
ice (sonication for 3 s and intermission for 3 s) using the Vibra-
Cell ultrasonic homogenizer (Sonics, Newtown, CT, USA). Lipid
class-specific internal standards consisting of 400 ng of LPC
(17:0), PC (17:0/17:0), PE (17:0/17:0), and Cer (18:1/17:0), and
2,000 ng of TG (17:0/17:0/17:0) were spiked into the remaining
homogenate, and cellular lipids were extracted using 600 µL
of a chloroform-methanol mixture (2:1, v/v). After vortexing
the mixture for 2min, allowing it to stand for 30min at
20◦C, and centrifuging the sample for 5min at 16,000 × g,

Frontiers in Oncology | www.frontiersin.org 3 March 2019 | Volume 9 | Article 145

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Kang et al. EMT Provokes Cancer Lipidome Alterations

the lower organic phase was collected into a glass vial and
injected for LC-MS analysis using an Agilent 1260 HPLC and
6530 QTOF-MS system (Agilent Technologies) equipped with an
electrospray ion source with Agilent Jet Stream Technology. In
detail, lipids were separated on a reverse-phase C18 SPP column
(Brownlee SPP C18, 2.7µm, 2.1mm × 75mm; PerkinElmer,
Branchburg, NJ, USA) at 50◦C with a gradient elution of mobile
phase A (water, 1% 1M ammonium acetate, and 0.1% formic
acid) and mobile phase B (1:1 acetonitrile/2-propanol (v/v),
1% 1M ammonium acetate, and 0.1% formic acid). Mobile
phase A was used at a concentration of 65%, which was
increased to 20% for 8min, decreased to 0% for 14min, and
then maintained for 14min with a flow rate of 0.4 mL/min.
The QTOF-MS was operated in both positive and negative ESI
modes. The MS and MS/MS (operated at 30 eV of fragmentation
energy) spectra were used for structure identification and the
quantification of lipids. The data processing for peak extraction
and alignment was conducted as described previously (32). The
lipid structure was identified based on an initial high-throughput
lipid matching procedure using SimLipid (PremierBiosoft
International, Palo Alto, CA, USA), followed by successive
manual confirmations. The identified peaks were normalized by
their class-specific internal standards and protein quantity for
composition analysis.

GC-MS-based Cellular Esterified Fatty
Acid Profiling
Two-hundred µL of 0.9% NaCl solution was added to the cell
pellet, which was immediately homogenized for 30 s on ice
(sonication for 3 s and intermission for 3 s) using a Vibra-Cell
ultrasonic homogenizer (Sonics). As an internal standard of
conjugated fatty acids, 2.5 µg PC (17:0/17:0) or 5 µg C23:0
fatty acid methyl ester (FAME) was spiked into the sample.
The methylation of conjugated fatty acid was performed as
previously described (33). Two milliliters of 0.4M KOH in
MeOH was added to the homogenate, vortexed for 30 s, and
incubated at 20◦C for 10min. Then, the FAMEs were extracted
twice by liquid-liquid extraction using 2mL of hexane. FAMEs
containing a hexane layer were evaporated using a nitrogen
purge and re-dissolved in 100 µL of hexane for GC/MS analysis
using a Shimadzu QP2010A gas chromatography coupled to
a GC MS-QP2010 mass spectrometer (Kyoto, Japan). In the
chromatographic system, a DB-5 capillary column (30m ×

0.25mm i.d., film thickness 0.25µm) was used. The temperature
gradient initially increased from 150 to 240◦C at a rate of 3◦C
per min, and from 240 to 300◦C at a rate of 5◦C per min, and
then was maintained at 300◦C for 5min. Sample injection was
performed in splitless mode with 1.0 µL of sample injected.
For MS analysis, the ion source and interface temperature were
set to 200 and 300◦C, respectively. The data was acquired in
the full scan mode (30–600 m/z) under 70 eV of ionization
voltage. FAMEs were identified by retention time and EI-MS
spectrum matching with authentic FAME standards. Relative
FAME compositions were calculated using the relative response
factors of internal standard peaks (C17:0 FAME or C23:0 FAME)
(Supplementary Table 1).

Principal Component Analysis and Partial
Least Squares-Discriminant Analysis
Principal component analysis (PCA) and partial least squares-
discriminant analysis (PLS-DA) of all identified lipids was
conducted and visualized using MetaboAnalyst 4.0 (34). Before
the analysis, the data was quantile-normalized, log-transformed
and scaled using pareto scaling method. Variable importance on
projection (VIP) score of the first component from optimal PLS-
DAmodel was extracted. Any features with a VIP score of one or
higher are considered important features of the PLS-DA model.

Pathway Enrichment Analysis
Gene Set Enrichment Analysis (GSEA) was utilized to conduct
pathway analysis for our pre-defined set of genes with regard to
the differences of two phenotypes of interest (35).

Bioinformatics Based Survival Analysis
To evaluate the association between ELOVL2 gene expression
and any corresponding event-free (AE) or metastatic relapse-
free (MR) survival rates, we conducted several meta-analyses
using Breast Cancer Gene-Expression Miner version 4.0 (bc-
GenExMiner v4.0, http://bcgenex.centregauducheau.fr/) (36, 37)
with the patients divided into two groups expressing high or
low level of ELOVL2. GEPIA was used to secondarily analyze
the overall survival of all-type cancer patients in The Cancer
Genome Atlas (TCGA) cohort with respect to the expression of
ELOVL2 (38). We were waived from a full ethical application
for bioinformatics analysis by the Seoul National University
Institutional Review Board.

Statistical Analysis
Continuous data is expressed as the mean and standard error
of the mean (SEM) and was analyzed using Student’s two-tailed
t-test unless otherwise stated. A value of 0.05 was considered
to be the cut-off for the significance in statistical tests except
otherwise mentioned. For high-dimensional data analysis, an
adjusted P-value (false discovery rate) of 0.1 was applied for
all multiple hypothesis tests. Gene expression with different
grade comparison of breast cancer patients was conducted using
Dunnett-Tukey-Kramer’s test.

RESULTS

EMT-induced Breast Cancer Cells Showed
Distinctive Alterations in Lipid Composition
We investigated the alterations in lipid metabolism of EMT-
induced breast cancer cells by comparing them with the
controls. To induce EMT, we adopted our previously established
mammosphere culture system (29). As shown in Figure 1A,
cancer cells exhibited tightly aggregated spheroids within 7–
8 days of culture. After that, spheroids were dissociated, and
then individual cells were re-suspended in sphere medium for
2 months. To identify differentially expressed genes between
adherent cells (Adherent) and spheroid cells (Sphere), we
performed a transcriptome analysis with the processed data (30).
The highly different expressed genes between two conditions
were used for gene set enrichment analysis (GSEA). As a result,
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FIGURE 1 | Epithelial-mesenchymal transition (EMT) phenotypic lipidomic changes of mammosphere-cultured MCF-7 cells. (A) Mammosphere cultures of cancer

cells (Sphere). Representative images of day 0, 4, and 8 of the cultured cells, which were cultured in mammosphere-culture media, were taken daily with a

phase-contrast microscope. (B) EMT core gene enrichment analysis. Expression of the EMT-related gene signature that was significantly enriched in Sphere.

(C) Principal component analysis shows a clear tendency of difference in the lipid compositions between Sphere and Adherent. (D) Liquid chromatography-mass

spectrometry (LC-MS)-based lipid class composition differences between Adherent and Sphere. Data is presented as the mean ± standard error of mean (SEM)

(Continued)
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FIGURE 1 | (n = 5); **P < 0.01; ***P < 0.001; and ****P < 0.0001, determined by Student’s two-tailed t-test. (E) Altered individual lipid species compositions of

phosphatidylcholine (PC), phosphatidylethanolamine (PE), and triglyceride (TG). The significantly altered individual lipid species compositions of PC, PE, and TG

between Adherent and Sphere acquired by LC-MS-based lipid profile. Lipids containing C16:1, a kind of monounsaturated fatty acid (one C=C bond, red circle), and

lipids containing polyunsaturated fatty acids (≥3 C=C bonds, green circle) are denoted. Data is presented as the mean ± SEM (n = 5). (F) Alteration of the fatty acid

compositions. C16:1, a kind of monounsaturated fatty acid (one C=C bond, red circle), and polyunsaturated fatty acids (≥3 C=C bonds, green circle) are denoted.

Data is presented as the mean ± SEM (n = 5). (G) Altered individual lipid species compositions of PE-O, PC-O, Cer, and SM. The significantly altered individual lipid

species compositions of PE-O, PC-O, Cer, and SM between Adherent and Sphere acquired by LC-MS based lipid profile; **P < 0.01 and ****P < 0.0001, determined

by Student’s two-tailed t-test.

the expression of EMT-related gene signature (EMT_CORE_UP,
n = 91) was significantly enriched in sphere-cultured cells
(enrichment Score = 0.588, Figure 1B). Under these conditions,
we also performed comparative genomic hybridization (CGH)
analysis between Adherent and Sphere cells to assess genome
copy number abnormalities. It turned out that cells from the
two groups exhibited no significant differences in copy number
variation (Supplementary Figure 1). Collectively, the spheroid
phenotype exhibited EMT properties and it might come from the
post-translational modification processes.

Next, to investigate the association between global
lipid changes and EMT-induced cancer cells, we acquired
the lipidomes of Sphere and Adherent cells using liquid
chromatography-mass spectrometry (LC-MS). Using an internal
spectral library, which consisted of MS and tandem mass
spectrometry (MS/MS) spectra of class-specific lipid standards
(Supplementary Figure 2A), an initial high-throughput lipid
matching procedure was followed by successive manual
confirmations to identify lipid structures and remove
false positives from the automatic identification system
(Supplementary Figure 2B). In total, 123 lipid species were
identified with high confident, belonging to eight classes of lipids:
lysophosphatidylcholine (LPC), phosphatidylcholine (PC), ether-
linked phosphatidylcholine (PC O-), phosphatidylethanolamine
(PE) and ether-linked phosphatidylethanolamine (PE O-),
triglyceride (TG), sphingomyelin (SM), and ceramide (Cer). A
comprehensive MS and MS/MS spectrum based identification
approach is given in Supplementary Figure 3. Interestingly,
there was a huge difference of the lipid composition (73 of
123) between Sphere and Adherent (P < 0.05 and FDR < 0.10)
(Supplementary Table 2). The principal component analysis
(PCA) shows a clear tendency of overall difference in the lipid
composition between two groups (Figure 1C). Following PLS-
DA once again confirmed distinct lipidomes between two groups
with 39 lipid species had VIP score of 1 or higher (R2 = 1.00, Q2

= 0.98, Supplementary Figure 4 and Supplementary Table 3).
Specifically, Cer was increased in Sphere cells, whereas the ether-
linked glycerophospholipids PC O- and PE O- were decreased
(Figure 1D). Our observations were extended by investigating
the fatty acid compositions of lipids according to the follow-up
GC/MS analysis results. Indeed, the lipids containing C16:1 was
increased while lipids with PUFA moieties (≥3 C=C bonds)
were dramatically decreased in Sphere cells. A deeper look of
the alteration patterns of PC O-, PE O-, Cer, and SM are given
in Figure 1E. For instance, within the SM class, SM (d34:1) was
decreased in Sphere cells, while SM (d40:1), SM (d42:1), and SM
(d44:1), which consist of longer chain fatty acids, were increased.

In addition, we observed global changes with specific patterns
dependent on the type of fatty acid residues of individual
lipids contained within PC, PE, and TG although the total
compositions were not changed (Figure 1F). PE, PC, and TG
species containing C16:1, which is a type of mono-unsaturated
fatty acid (MUFA, one C=C bond) moiety, were elevated in
Sphere cells. In contrast, lipids containing a highly unsaturated
polyunsaturated fatty acid (PUFA) moiety (≥3 C=C bonds) were
dramatically reduced in Sphere cells (Figure 1G). Inclusively,
the results indicated a distinctive difference in the lipidome
and especially fatty acid compositions between adherent and
sphere culture-based transformed cancer cells that underwent
the EMT process.

Fatty Acid Metabolic Gene Expression Is
Altered During Sphere Culture of Cancer
Cells
To gain insight into alterations in the fatty acid compositions of
spheroid cells, we analyzed the altered gene expression patterns
of associatedmetabolic enzymes involved in the unsaturated fatty
acid biosynthesis pathway (Supplementary Table 4). Coinciding
with the altered compositions of lipids and fatty acids, the gene
expression results revealed an enhanced MUFA biosynthesis and
depleted PUFA biosynthesis in Sphere cells (Figure 2A). SCD,
which has a central role in the production of MUFA from
saturated fatty acid (SFA), was up-regulated in Sphere cells.
Conversely, the gene expression level of PTPLB, PECR, ELOVL2,
and ELOVL3, which are all involved in fatty acid elongation
and PUFA biosynthesis, were down-regulated in Sphere cells.
The mRNA expression level of fatty acid regulatory genes
were further confirmed by reverse transcription-polymerase
chain reaction (RT-PCR) (Figures 2B,C). Moreover, consistent
with these regulatory gene expression patterns, the product
to substrate ratios of fatty acids confirmed increases in the
MUFA to SFA ratios and decreases in the fatty acid (FA) (+2
carbons) to FA ratios in Sphere cells. Last but not least, the
ratio of C22:6n3 (docosahexaenoic acid, DHA) to C22:5n3 was
dramatically reduced in Sphere cells (Figures 2D,E).

ELOVL2 Silencing Alters Fatty Acid
Metabolism in Breast Cancer Cells And
Promotes Malignant Phenotypes
Although the biological significance of active fatty acid
biosynthesis in cancer has been widely studied (9, 11, 12),
a systematic investigation with regard to the roles of altered
PUFA biosynthesis pathways in breast cancer is lacking. Several
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FIGURE 2 | Integrative unsaturated fatty acid biosynthesis pathway. (A) Gene expression pattern for unsaturated fatty acid biosynthesis pathway. Altered expression

of genes involved in unsaturated fatty acid biosynthesis is denoted (increased, red; decreased, green). (B) Up-regulation of SCD in sphere cells. Reverse

transcription-polymerase chain reaction (RT-PCR) shows the up-regulation of SCD in sphere-cultured MCF-7 cells. (C) Downregulation of PECR, ELOVL2, ELOVL3,

and PTPLB. Sphere-cultured MCF-7 cells showed down-regulated PECR, ELOVL2, ELOVL3, and PTPLB mRNA. (D) Up-regulation of mono-unsaturated fatty acid

(MUFA) to saturated fatty acid (SFA) ratios in sphere cells. Sphere-cultured MCF-7 cells showed up-regulated C16:1/C16:0 and C18:1/C18:0 (E) Downregulation of

elongation associated product to substrate fatty acid ratios in sphere cells. Sphere-cultured cells showed down-regulated C18:0/C16:0, C20:0/C18:0, C22:0/C20:0,

and C22:6n3/C22:5n3. (D,E). Data is presented as the mean ± SEM (n = 5). ****P < 0.0001, determined by Student’s two-tailed t-test.

lines of evidence have suggested that ELOVL2 is related to the
regulation of lipid metabolism via the production of DHA (39).
DHA contributes to lipid homeostasis by inhibiting SREBPs
(39–41), key transcription factors that enhance cancerous fatty
acid biosynthesis by activating several lipogenic enzymes (42).
Additionally, ELOVL2 has not been known to be involved
in any hallmarks of cancer with respect to our text mining
result using Cancer Hallmark Analytics Tool (43). Hence,
to further examine the roles of ELOVL2 in breast cancer
cells, we introduced short hairpin RNAs (shRNAs) to silence
ELOVL2 in breast cancer cells (Figure 3A). Interestingly, the
downregulation of ELOVL2 resulted in the increased expression
of SREBP1 and SREBP2 (Figure 3B). ELOVL2-depleted cancer
cells exhibited a more malignant phenotype than that of the
control group. Specifically, ELOVL2 knockdown cells showed a
higher migration rate in wound healing assay (Figure 3C) and
higher colony formation (Figure 3D). Furthermore, ELOVL2
knockdown led to significant changes in the lipid compositions
of fatty acids, not only decreasing DHA but also increasing
SFA and MUFA (Figures 3E,F). These results suggest that the

downregulation of ELOVL2 may induce lipogenesis by reducing
DHA and enhancing the SREBP pathway.

Associations Between ELOVL2
Down-Regulation and Malignant
Phenotype in Breast Cancer
Our findings regarding the contribution of ELOVL2 to the
malignant phenotypes of breast cancer were further explored
by two large-scale analyses. First, the analysis of a previous
microarray dataset consisting of 51 breast cancer cell lines
(44) showed a significant attenuation of ELOVL2 expression
in basal-like breast cancer cell lines associated with EMT
(Basal A and Basal B) (45) compared to luminal breast
cancer cell lines (Figure 4A). Moreover, ELOVL2 expression
was consistently reduced in breast cancer patients with basal-
like status (N = 1,144) compared to that in patients with non-
basal-like status (N = 4,205) (Figure 4B). Lower levels of
ELOVL2 expression were associated with a higher grade of
breast cancer and lower metastatic relapse-free survival over
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FIGURE 3 | ELOVL2 silencing alters fatty acid metabolism in breast cancer cells and promotes malignant phenotypes. (A) Knockdown of ELOVL2. MCF-7 cells with

stable short-hairpin RNA (shRNA) ELOVL2 integration were analyzed by RT-PCR. (B) Inhibition of ELOVL2 expression increased SREBP1 and SREBP2 mRNA levels.

MCF-7 cells with stable shRNA ELOVL2 integration were analyzed by RT-PCR to examine SREBP1 and SREBP2 mRNA level. (C) Reduced ELOVL2 gene expression

increased wound healing activity. MCF-7 cells with stable shRNA ELOVL2 integration were evaluated to determine the effects on motility using a wound-healing assay.

All data shown are representative of three independent experiments. (D) Reduced ELOVL2 gene expression increased colony forming activity. *P < 0.05; **P < 0.01;

***P < 0.001; and ****P < 0.0001, determined by Student’s two-tailed t-test. (E) Distinct alteration of individual fatty acid compositions in lipids. Data is presented as

the mean ± SEM (n = 5); *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001, determined by Student’s two-tailed t-test. (F) Alteration of SFA, MUFA, and

poly-unsaturated fatty acid (PUFA) (≥3 C=C bonds) compositions in lipids. Data is presented as the mean ± SEM (n = 5); *P < 0.05; **P < 0.01; ***P < 0.001,

determined by Student’s two-tailed t-test.

a 10-year period (Figures 4C,D). By way of addition, the
overall survival of the patients with lower level of ELOVL2 (by
median) in a pan-cancer analysis was worse than that of the
counterpart group (Figure 4E). Collectively, we demonstrated
a strong evidence that the down-regulation of ELOVL2
expression could be associated with the aggressiveness and
progression of breast cancer and it was inferred that the tumor

suppression mechanism of ELOVL2 was associated with lipid
metabolism (46).

DISCUSSION

The advancement of high-throughput technologies, especially
omics has gained its popularity and become an important
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FIGURE 4 | Reduced ELOVL2 gene expression is associated with a more malignant phenotype in breast cancer. (A) ELOVL2 gene expression in different types of

breast cancer cell lines. The analysis was performed using the previous microarray datasets, which consisted of 51 breast cancer cell lines (44). *P < 0.05,

determined by Wilcoxon rank-sum test. (B) ELOVL2 gene expression in patients with basal and non-basal like breast cancer types. The P-value was determined by

Welch’s test. (C) ELOVL2 gene expression in patients with different grades of breast cancer from the Scarff-Bloom-Richardson grading system. The P-value was

determined by Dunnett-Tukey-Kramer’s test. ELOVL2 gene expression-dependent Kaplan-Meier survival estimate of (D) metastasis-relapse (MR) free survival in breast

cancer patients. (E) Worse overall survival of the patients with lower level of ELOVL2 in pan-cancer analysis.

approach in biomedical sciences (6, 47, 48). Among them,
lipidomics aims to explore the underlyingmechanisms associated
with metabolically related diseases, including cancer (49). Global
lipidomics in combination with other omics technologies give
us an unprecedented opportunity to explore the alterations of
lipid metabolism at the systematic scale (50). Various classes
and subclasses of lipids could be monitored at the same time
and eventually being deeply investigated. Moreover, abnormal
lipid metabolism is closely associated with a malignant cancer
phenotype, and the activation of lipid biogenesis pathways
contributes to cell transformation and cancer development
(51, 52). As a proof of concept, a recent study utilized
a multi-layered omics approach to investigate the metabolic
programming of breast cancer cells with respect to EMT.
The work demonstrated that β-catenin has an essential role
in regulating metabolic network of mesenchymal cancer cells
(27). In this study, by using a well-established spheroid-
induced epithelial-mesenchymal transition (EMT) model and a
comprehensive multi-omics approach, we were able to explore
the aberrant of the lipidome of the breast cancer cells during
the malignant transformation. It is of importance to mention
that we provide a rule-based comprehensive MS and MS/MS
spectrum identification protocol (Supplementary Figure 3). As

a result, a large number of lipids were found to be altered.
Indeed, Cer and longer chain fatty acid SM species were
significantly increased in the spheroid cells. The aberrant
sphingolipid metabolism has been found to be associated with
the drug resistance. In addition, Cer and SM related regulatory
processes are encompassed in the differentiation, proliferation,
and apoptosis via various intrinsic and extrinsic pathways
(53). By discovering the association between EMT and altered
lipidome in breast cancer, we provide novel targets for new
therapeutic development. Furthermore, the fatty acid moieties
in the lipidome were significantly altered although there were
no global change of PC, PE, and TG. Of note, enhanced
fatty acid synthesis has been acknowledged as an important
characteristics of cancer cells (52). However, the precise
underlying regulatory mechanisms have yet to be determined.
When extending the study on the fatty acid alterations, we
indicated the simultaneous alteration of MUFA biosynthesis
(activated) and PUFA biosynthesis (deactivated) pathways during
the transformation of breast cancer cells. Activation of theMUFA
pathway has been observed in several cancers and is suggested
to represent a predictive marker (54, 55). Up-regulation of the
MUFA synthesis enzyme, SCD, has been observed in several
types of human cancers, and its gene expression is correlated
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with the malignant transformation of cancer and poor survival
rates (56).

Notably, our findings implicate ELOVL2 depletion in
breast cancer progression. ELOVL2 is a critical enzyme in the
biosynthesis of DHA (39), a functional PUFA inhibiting SREBPs
by reducing their expression level or blocking the proteolytic
process in biological systems (39, 57, 58). SREBPs induce
various de novo lipogenic enzymes, which are essential in cancer
progression (59, 60). ELOVL2 has recently found to be a critical
pro-survival enzyme that help prevent the death and dysfunction
of beta cell by glucolipotoxicity (61). Its silencing is associated
with the decreased insulin secretion in rodent and human. This
finding suggests that ELOVL2 may be involved in not only fatty
acid metabolism but also in the regulation of glucose via insulin
secretion (62). Here, we demonstrated that the downregulation
of ELOVL2 increases SREBP1 expression in breast cancer cells
and activates lipogenesis, which is associated with malignant
phenotypes of breast cancer. Our findings also suggest that
the therapeutic potential of DHA, a non-toxic natural essential
fatty acid, and the underlying mechanism of SREBP regulation
by DHA need to be evaluated by targeting lipogenesis of
breast cancer. Finally, ELOVL2 seems to be a novel prognostic
biomarker of which its attenuation is significantly associated with
a worse outcome of the cancer patients, including breast cancer.
The use of ELOVL2, combining with current clinical biomarkers
as well as cutting-edge statistical learning implementations,
may improve the prognostic prediction for cancer
patients (63).

Our study has several limitations need to be acknowledged.
Although the main findings were supported by various
experiments and clinical data from large cohorts, there was a
lack of supportive evidence from a xenograft mouse model. The
association between ELOVL2 and EMT markers were also not
revealed in the current work. Further studies are warranted to
address the remaining limitations and extend our understanding
on the role of ELOVL2 in cancer.

In conclusion, we explored a global change on the lipidome of
breast cancer during EMT as well as discovered the novel effects
of ELOVL2 attenuated gene expression in fatty acid biosynthesis,
which may enhance the malignant phenotypes of breast cancer.
The findings provide deeper insights into the roles of aberrant
lipid metabolism during malignant transformation processes
of breast cancer, especially the fatty acid and sphingolipid
biosynthesis. Additionally, the down-regulated ELOVL2 can be
utilized as a prognostic biomarker for breast cancer patients.

However, the ultimate mechanisms that are responsible for
cancer-associated decreased expression of ELOVL2 remain to
be understood.
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