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Abstract

Breast cancer (BC) is the most prevalent type of cancer in women in western countries. BC
mortality has not declined despite early detection by screening, indicating the need for better
informed treatment decisions. Therefore, a novel noninvasive diagnostic tool for BC would
give the opportunity of subtype-specific treatment and improved prospects for the patients.
Heterogeneity of BC tumor subtypes is reflected in the expression levels of enzymes in lipid
metabolism. The aim of the study was to investigate whether the subtype defined by the
transcriptome is reflected in the lipidome of BC cell lines. A liquid chromatography mass
spectrometry (LC-MS) platform was applied to analyze the lipidome of six cell lines derived
from human BC cell lines representing different BC subtypes. We identified an increased
abundance of triacylglycerols (TG) > C-48 with moderate or multiple unsaturation in fatty
acyl chains and down-regulated ether-phosphatidylethanolamines (PE) (C-34 to C-38) in
cell lines representing estrogen receptor and progesterone receptor positive tumor sub-
types. In a cell line representing HER2-overexpressing tumor subtype an elevated expres-
sion of TG (< C-46), phosphatidylcholines (PC) and PE containing short-chained (< C-16)
saturated or monounsaturated fatty acids were observed. Increased abundance of PC > C-
40 was found in cell lines of triple negative BC subtype. In addition, differences were
detected in lipidomes within these previously defined subtypes. We conclude that subtypes
defined by the transcriptome are indeed reflected in differences in the lipidome and, further-
more, potentially biologically relevant differences may exist within these defined subtypes.

Introduction

Breast cancer (BC) is mainly diagnosed using routine mammography and self-examination.
Recent large scale retrospective studies of Norwegian, European and North American women
indicated that these routine examinations had little or no impact on BC mortality [1, 2]. The
treatment and subsequent outcome for the patient is dependent on the underlying BC subtype.
Therefore, there is a need for novel noninvasive tools for identification of BC subtype at an
early stage to enable informed treatment decisions.
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BC represents a group of diverse subtypes with genetic, clinical and molecular differences
resulting in different proliferation and metastatic potential. Based on transcriptomic analysis
BC is divided into five main subtypes. In clinical practice this information is used to identify
subtypes by determining hormone receptor status of the estrogen receptors (ER) and the pro-
gesterone receptors (PgR) and whether human epidermal growth factor receptor 2 (HER2/
neu) is amplified. The subtypes are: I) luminal A (ER+, PgR+, HER2-), II) luminal B (ER+,
PgR+, HER2-/+), III) HER2-overexpressing (ER-, PgR-,HER2+), IV) triple negative breast
cancer (TNBC; ER-, PgR-, HER2-) and, V) normal-like subtype [3-5]. Even though the BC
tumors are classified according to these subtypes, several studies categorize BC cell lines differ-
ently and there seems to be a lack of consistency in classification of the BC subtypes [6]. Fur-
thermore, it has been reported that high heterogeneity also exists within individual BC
subtypes [5, 7].

Lipids are essential in many cellular functions related to carcinogenic pathways [8-10]. Gly-
cerophospholipids (GPL) are important signaling molecules and have been shown to be
involved in regulation of migration, apoptosis and neurotransmission [8, 9, 11, 12], and diacyl-
glycerols (DG) are second messengers involved in apoptosis and mediate signal transduction
in cancer cells [10, 13]. Multiple lipid metabolism enzymes have been investigated as potential
targets for cancer therapy [14]. Altered expression of enzymes involved in lipid synthesis, stor-
age, activation and degradation has been identified in breast tumors [11, 12, 15-17]. Mutations
in the tumor suppressor TP53 gene play a major role in carcinogenesis and cancer progression
[13, 18] by several mechanisms, including effects on metabolism. Thus TP53 has been shown
to regulate glucose metabolism and modulate the expression of fatty acid synthase (FASN)
involved in lipid synthesis [13, 18] and TP53 mutation leads to changes in phosphatidylinositol
acyl chain composition [19]. Dysfunctional TP53 indicates poor outcomes for BC patients,
irrespective of BC subtype, especially in PgR-negative tumors [13, 18]. Heterogeneity between
the BC tumor subtypes is also reflected in the alterations of mRNA and/or protein expression
levels of enzymes involved in lipid metabolism [16, 17, 20] and subtype-specific lipid profiles
have been reported [21]. Collectively, these studies indicate that TNBC rely more on uptake
and storage of exogeneous fatty acids (FA), whereas the luminal subtypes upregulate de novo
FA synthesis and oxidation [17]. HER2 subtypes rely on de novo FA synthesis as well as
increased storage and oxidation of FA [16, 17, 20]. These lipid metabolism pathways are linked
to other metabolic pathways by energy consumption and supply of building blocks to drive
lipid synthesis. Glutamine and glucose metabolism provides acetyl-CoA which is a precursor
for FA and lipid derivatives [10] demonstrating the complexity of predicting lipid metabolism.
A few studies have focused on comparing lipid content of different BC cell lines to a non-
malignant reference cell line [22-25]. These studies mainly found changes between BC cells
and reference cells in GPL, not related to the underlying BC subtype [22-25]. Interestingly,
Cifkova et al. described several specific lipids with a different abundance in BC cells compared
to normal cells as well as between human BC tissues and surrounding normal tissues. They
demonstrated that changes observed in BC tissues are mainly caused by different lipidomic
profiles of tumor cells and that these changes correlated with the lipidomics composition of
the individual BC cell lines [23].

Collectively, these studies indicate that the diversity in lipid metabolism on the mRNA and
protein level is indeed reflected in the lipidome. Therefore, we hypothesize that the lipidome
can be used to identify BC subtypes. We test this using human BC cell lines and investigate
whether the subtypes defined by the transcriptome are reflected in the lipidome of BC cells
and whether further subgroups can be detected within previously known BC subtypes. This
knowledge would in turn provide the opportunity for non-invasive diagnostic tools (on e.g.
plasma samples) and improved accurate diagnosis of BC patients for personalized subtype-
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specific treatment. We used a UPLC-QTOF-MS platform to analyze the lipidome of six cell
lines derived from human BC carcinomas representing different BC subtypes.

Methods and materials
Materials

All cell lines were obtained from American type culture collection (ATCC, Manassas, VA,
USA). SPLASH® Lipidomix® Mass Spec Standard was purchased from Avanti Polar Lipids
(Alabaster, AL, USA). All chemicals were from Sigma Aldrich (St. Louis, MO, USA), unless
otherwise stated. Culture flasks and plasticware were from Becton Dickinson (BD, Franklin
Lakes, NJ, USA). Culture media, except H14 media, were from Gibco Life Technologies (by
Fisher Scientific Company, Toronto, ON). Ultra-high purity water was prepared using a Milli-
Q waters purification system (Millipore corp., Billerica, MA, USA).

Cell lines

The cell lines used in this study were selected based on their similarities with different BC
tumour subtypes (Table 1). Two BC cell lines are ER- and PgR-positive and HER2 negative
(MCF7 and T-47D) and CAMA-1 is ER-positive, PgR-positive/negative and HER2-negative,
these are all considered luminal subtypes [6, 26-28]. Two cell lines (MDA-MB-231 and
MBA-MB-436) belong to the TNBC subtypes, in addition MDA-MB-436 has a BRCAI muta-
tion [6, 29]. The HER2-overexpressing subtype is represented by SK-BR-3 cell line [6, 26-28].
The cell lines also differ in TP53 mutation status with T-47D and MDA-MB-231 expressing
the mutated protein (Table 1). MCF10A was derived from fibrocystic disease [26] and repre-
sents a non-cancer reference cell line. Since there is a lack of consistency in classification of the
luminal BC subtypes into A and B, we collectively regard these cell lines as luminal subtype.
Cultures were tested for mycoplasma every two months.

Cell culture

Culture media for MCF7, CAMA-1, MDA-MB-231, MDA-MB-436, and T-47D was RPMI-
1640 (Gibco Life Technologies). SK-BR-3 cells were grown in McCoy’s 5 (Gibco Life Technol-
ogies) and MCF10A cell were cultured in H14 media [35]. All media were supplemented with
10% FBS. In addition, the medium used for T-47D was supplemented with 5 pL/mL insulin.

Table 1. Overview of breast cancer cell line characteristics.

Cell line

MCEF 10A

MCF7
T-47D
CAMA-1

MDA-MB-
436

MDA-MB-
231

SK-BR-3

ATCC® No.

CRL-
10317™

HTB-22™
HTB-133™
HTB-21™
HTB-130™

HTB-26™

HTB-30™

Type of tumour
[30]

NT

AC

AC

Original tissue Cell type (301 | ER status PgR status | HER2 TP53%" Subtype |Ref.

301 status

Fibrocystic Epithelial - - - NT [26, 27, 31]

disease

MS, PLE Epithelial + + - Luminal | [6, 31-33]

MS, PLE Epithelial + + - M Luminal | [26, 27, 32, 34]

MS, PLE WLELP + +/- - Luminal | [6, 26, 27]

MS, PLE PMMCC - - - TNBC | [6,26,27]

MS, PLE Epithelial - - - M TNBC | [16, 26,27, 31, 33,
like 34]

MS, PLE Epithelial - - + HER2 [6,31-33]

AC: adenocarcinoma, DC: ductal carcinoma, MS: metastatic site, PLE: pleural effusion, NT: Non-tumorigenic, PMMCC: Pleomorphic with multinucleated component

cells, WLELP: weakly luminal epithelial-like phenotype. TP53 mutational status: ™ mutant protein.

https://doi.org/10.1371/journal.pone.0231289.t1001
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During cultivation, the medium was replaced every 2-3 days. The incubator was kept at 37°C
and 5% CQO,. Cells were harvested when the culture had reached 70% confluence, i.e. towards
the end of the proliferative phase. Cells were detached by trypsin/EDTA solution (0.25% w/v).
Soybean trypsin inhibitor (10 mg/mL) was added to inactivate the trypsin. The cells were
washed with phosphate buffered saline (PBS) followed by centrifugation for 3 min at 2000 rpm
and PBS removed. The cell pellet was resuspended in 2 mL of PBS at a cell count of 1 million
cells. Biological replicates of each cell line were harvested from three individual culture flasks
(3 biological replicates).

Sample preparation

SPLASH®) Lipidomix® Mass Spec Standard (Avanti Polar Lipids) was used as a reference
standard for verification of lipids retention time. The standard contains one deuterated lipid
(7-9 deuterium for each lipid) from the subclasses phosphatidylcholines (PC), phosphatidyleth-
anolamines (PE), phosphatidylglycerols (PG), phosphatidylserines (PS), phosphatidylinositols
(PI), Phosphatidic acids (PA), lysophosphatidylcholines (LPC), lysophosphatidylethanolamines
(LPE), cholesterol ester, monoacylglycerols (MG), sphingomyelins (SM), diacylglycerols (DG),
triacylglycerols (TG), and cholesterol. The cell pellets were extracted using a modified Folch
method [36]. Briefly, cell samples were thawed and transferred to a glass tube. Samples were
centrifuged and PBS aspirated. The cells were extracted twice into cold chloroform/methanol/
water (1:1:1, v/v/v). Before the extraction of the organic phase, 10 pL of the reference standard
was added to each sample. Both chloroform bottom layers were combined, and the solvent was
evaporated under a stream of N, gas. The dried lipids were reconstituted into 10 uL chloro-
form/methanol (1:1, v/v) and diluted 10x with isopropanol/acetonitrile/water (2:1:1, v/v/v) for
ultra-performance liquid chromatography quadrupole time of flight mass spectrometry
(UPLC-QTOF-MS) analysis. A sample from each biological replicate (three) for each cell line
was prepared to be analyzed in triplicate (9 analyses for each cell line). Quality controls (QC)
were prepared by pooling all the samples. 11 QC samples were included within the sample
sequence.

UPLC-QTOE-MS settings

The setup of UPLC-QTOF-MS method was based on previously published method by Castro-
Perez and colleagues [37]. The lipid samples were analyzed using Acquity UPLC (Waters
corp., Milford, USA), coupled to a Synapt G1 mass spectrometer (Waters corp., Manchester,
UK) equipped with electrospray ionization (ESI) probe in MS* acquisition mode. The analyti-
cal column ACQUITY UPLC HSS T3 1.8 um (2.1 mm x 100 mm) (Waters corp., Milford,
USA) was used for separation. Mobile phase A was acetonitrile:water (40:60 v/v) and mobile
phase B was isopropanol:acetonitrile (90:10 v/v), both supplemented with 10 mM ammonium
acetate (pH 5.0). The flow rate was maintained at 0.4 mL/min. A linear gradient was used from
40 to 100% B during the first 10 min, followed by a column clean up at 100% B for 2 min and
reconditioning at the initial conditions for 2.5 min. The total chromatographic run time was
14.5 min. The sample manager temperature was maintained at 4.0°C. The capillary voltage
was set to 3.0 kV, the cone voltage to 35 V and extraction cone to 4.0 V. The scan time was 0.1
seconds in the mass range of 100-1000 Dalton. Source temperature 120°C; desolvation tem-
perature 400°C at a flow rate of 800 L h™ (N) and cone gas flow rate 50 L h''. The data was
captured as centroid data with a resolution of 9000 (full width at half maximum). Leucine
enkephalin was used as reference lock mass calibrant. The acquisition was run in positive
mode and data acquisition was carried out using MassLynx 4.1 software (Waters corp., Man-
chester, UK). The samples were randomized prior to analysis.
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Data pre-processing

Acquired data was processed using Progenesis QI software version 2.3 (Nonlinear Dynamics,
Newcastle, UK). Raw data files (centroid data, dead time correction deselected) were uploaded
to the software running automatic alignment using the QC samples (pooled samples) to select
an alignment reference. The retention time window for peak picking was set to 1.0-11.0 min
in positive mode, minimum peak width was fixed to 0.05 min and sensitivity of the peak pick-
ing algorithm was set to two. Other parameters were set to default. With these settings Progen-
esis QI returned 1318 ion features distinguished by retention time and m/z. Ion features with
coefficient of variance (CV%) < 30% in the QC samples and m/z > 350 Da were selected and
resulted in 439 ion features, which were further analyzed using multivariate data analysis
(MVDA). For normalization, the default setting in Progenesis QI “normalise to all compounds”
was applied. This normalizes all the peak abundances in a sample by the same normalization
factor. The normalization factor is calculated on the basis of peaks present in both a reference
QC sample and the sample in question. Only peaks that fall within a calculated distance from a
median value are included in calculation of the factor. This means that outliers are not
included e.g. ions with an abundance of zero for either the normalized or QC sample are not
included in the calculation.

Multivariate data analysis

Principal component analysis (PCA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) were applied for MVDA using SIMCA software (version 15, Sartorius Stedim Bio-
tech, Sweden). In the analysis 439 ion features were included. The data was pareto scaled prior
to modelling. OPLS-DA was performed to determine the most discriminative feature between
the reference cell line MCF10A and the individual BC cell line. S-plot visualizes the covariance
and the correlation structure between the variables and the predictive score of the predictive
component. MCF10A was assigned to the -1 class and each cancer cell line was assigned in
class 1. Ion features that were most up- or down-regulated in the specific BC cell line were
selected at the cut-off value p(corr) > 0.9 for up-regulated and < -0.9 for the down-regulated
ion features, furthermore, ion features with a value of p > 0.14 or < - 0.14 were included (p
(corr) > 0.5 or < -0.5).

Identification of markers

The analytical method allowed detection of lipid species from the classes PC, ether-PC, LPC,
PE, ether-PE, LPE, SM, DG and TG in positive mode. The individual lipids were identified
according to their mass to charge ratio (m/z), relevant adducts and retention time. The inter-
nal standards served as markers for the retention time of lipid subclasses. Possible adducts
were assigned to each ion feature in Progenesis QI. GPL and sphingolipids (SL) were identified
mainly by identification of the ion adducts [M+H]" and [M+Na]", furthermore, neutral loss of
headgroup choline or ethanolamine were used to confirm the identity of PC, SM, and PE,
respectively. Glycerolipids (GL) were identified mainly by [H+NH,]*, [M+H-H,0]", and [M
+Na]*. A combination of an in-house database containing lipid identifier (ID), estimated
retention time and neutral mass, online databases e.g. LipidMaps [38, 39] and possible adducts
were used in assigning possible lipid ID to each ion feature [40]. A possible ID was assigned

to 106 of the included 439 ion features (S1 Table). Mass error up to 5 ppm for neutral species
was accepted. Data acquisition software Masslynx 4.1 and Targetlynx XS (Waters Corp., Mil-
ford, MA, USA) were applied in the estimation of retention times to build up the in-house
database.
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Annotation

Lipids from the classes GPL, GL, SL were investigated in this study. The lipids are annotated
according to their lipid subclass; PC, LPC, PE, LPE, PG, PI, SM, DG and TG. Individual lipids
are characterized by length and composition of the fatty acyls and are annotated as “lipid sub-
class total carbon number in fatty acyl chains: total number of double bonds” e.g. PC 30:0.
Ether-PC and -PE are subdivided into plasmenyl (containing a vinyl group next to the ether
bond, also known as plasmalogen) or plasmanyl and will be denoted with the prefix P- or O-
respectively [41] e.g. PC P-34:1 or O-34:2. In this paper we do not distinguish between e.g. PC
P-34:1 and PC O-34:2. The analytical platform does not allow identification of length of acyl
chains and placement of the double bonds, therefore, this is not annotated in this paper.

Graphical presentation and statistical analysis

RStudio (version 1.1.463, RStudio, Boston, MA, USA) was applied for data analysis, generation
of heatmap with hierarchical dendrogram (Euclidean distance and Ward’s linkage method)
and statistics. GraphPad Prism 5.03 (GraphPad Software, La Jolla, CA, USA) was used for
graphical presentation and statistical analysis. Student t-test and two-way ANOVA followed
by Bonferroni correction were applied to test statistical difference between mean abundance in
BC cell lines and reference cell line for individual lipids.

Results
Identification of lipid species by UPLC-QTOF-MS

In order to evaluate the lipidome of BC cell lines, a fit-for-purpose analytical method is needed
for detection and identification of lipids. Here we report a UPLC-QTOF-MS method for anal-
ysis of extracted lipids from cultured cell lines. The estimated retention times of individual
lipid subclass were 1.5-3.0 min for LPC and LPE, 4.5-8.5 min for PC, PE and SM, 7.0-8.5 min
for DG, and 8.5-10 min for TG (Fig 1).

Differences in lipidome between breast cancer cell lines as identified by
multivariate data analysis

PCA modelling of 439 ion features detected in Progenesis QI shows that each cell line clustered
separate from other cell lines including the reference cell line MCF10A (Fig 2). Principal com-
ponent (PC) 1 on the x-axis explained 29.9% of the variance while PC 2 (y-axis) explained
20.5%. When the QC samples were included, they cluster in the center of the PCA score scatter
plot indicating high analytical precision and accuracy (S1 Fig). The biological replicates from
each individual cell line clustered together indicating low variance within the cell lines. Nota-
bly, BC cell lines MCF7, SK-BR-3 and MDA-MB-231 cluster furthest from each other and
from the reference cell line, showing the largest difference between components in these cells.
The cell lines CAMA-1 and T-47D cluster separate from these BC cell lines and closer to the
reference cell line and the MDA-MB-436 cell line. The least difference based on the compo-
nential analysis seems to be between MDA-MB-436 and MCF10A.

An OPLS-DA model for MCF7 cell line compared to the reference cell line (MCF10A) was
utilized to uncover the most reliable class discriminating variables (Fig 3, OPLS-DA plots for
remaining cell lines can be found in S2 and S3 Figs). Scores scatter plot (Fig 3A) highlights the
between-cell-lines variance. The explained variance in the predictive component was 74.5%
and 8.99% in the orthogonal component, indicating that the variance between the cell lines
was larger than between biological and technical replicates of MCF10A or MCEF?7 cell lines.
The selection from the S-plot returned 76 up-regulated (red) and 98 down-regulated (blue)
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Fig 1. Base peak intensity UPLC-QTOF-MS chromatogram of a QC sample. Retention time windows (min) for investigated lipid subclasses. Positive

ionization mode. Time (min) is shown on x-axis and % of the highest peak on y-axis. Peak annotation: LPC-lysophosphatidylcholines, LPE-
lysophosphatidylethanolamines, PC-phosphatidylcholines, PE-phosphatidylethanolamines, SM-sphingomyelins, DG-diacylglycerols, TG-triacylglycerols.

https://doi.org/10.1371/journal.pone.0231289.g001

ion features in MCF7 cells compare with MCF10A (Fig 3B). The ion features selected across
the BC cell lines based on OPLS-DA models included 242 ion features in total and there was
substantial overlap between the cell lines.

A possible lipid ID was assigned to 67 of the 242 ion features belonging to the lipid classes
PC, PE, SM, DG and TG. The normalized abundance (log transformed) of these 67 lipid fea-
tures was included in a heatmap with hierarchical dendrogram (Fig 4). The dendrogram
showed closest similarity between the biological replicates within each cell line. The cell lines
MDA-MB-231 and MDA-MB-436 representing TNBC subtype cluster together and so do cell
lines T-47D and MCEF?7 representing luminal BC subtype. However, high similarity was found
between the reference cell line (MCF 10A) and the cell line CAMA-1. These cell lines share
similarities with MDA-MB-231 and MDA-MB-436 cell lines. SK-BR-3 cell line was distin-
guished clearly from the remaining cell lines in the dendrogram.

In the middle of the heatmap, a group of highly abundant lipids of the subclasses SM and
PC across all cell lines is seen (lipids with high abundance in all BC cell lines including the ref-
erence cell line, see S2 Table). These are mainly C-32 to C-36 lipids, except for two C-42 SM.
A group of ether-PE and -PC (C-34 to C-38) had a very low abundance (green color, Fig 4) in
MCF7 and T-47D compared to the other cell lines. Some of the TG grouped together and
showed a high abundance in either MCF7 or SK-BR-3. Otherwise, the heatmap shows that dif-
ferences between BC cell lines were related to individual lipids belonging to subclasses PC, PE,
SM and DG, which will be elaborated below.

Specific lipids are up- or down-regulated in individual breast cancer cell
lines

In two BC cell lines, SK-BR-3 and MCF7, TG were found to be especially abundant (Fig 5). In

SK-BR-3 cells, TG < C-46 with saturated or monounsaturated FA (MUFA) in side chains (TG
40:0, TG 40:1, TG 42:0, TG 42:1, TG 44:0, TG 44:1, TG 46:1 and TG 46:2) were found to be up-
regulated compared with all other cell lines (Fig 5A). MCF7 cells showed a significantly higher
abundance of TG 46:1 and 46:2, and C-48 to C-56 TG (Fig 5B). The abundance was
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Fig 2. PCA score scatter plot of ion features in breast cancer cell lines and reference cell line. Abundance of 439 ion features normalized to all compounds (CV% <
30%, m/z > 350Da). Pareto scaling and normalization applied to data prior to modelling. Score scatter plot of principal component (PC) 1 and PC 2 after PCA
modelling visualizes the differences and similarities in the ion feature profile between the individual cell lines. The white sphere in the model plot represents the
Hotelling T2 with 95% confidence. Three biological replicates were analyzed three times with each dot representing one analytical sample.
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remarkably high in TG with di- or tri-unsaturated FAs (TG 48:2, TG 50:2, TG 50:3, TG 52:2,
TG 52:3, TG 54:2 and TG 54:3) when compared with the other cell lines (Fig 5B). TG >C-50
were generally down-regulated in SK-BR-3 and in one or both of the MDA-MB-436 or
MDA-MB-231 TNBC cell lines (Fig 5B).

The heatmap (Fig 4) showed that the trends for the lipid subclasses PC, PE, SM and DG,
were not as clear as for the TG. However, even though many of the identified lipids were pres-
ent in multiple BC cell lines, a differences were found in up- or down-regulation of specific lip-
ids between the cell lines (Fig 6). PC with a low number of total carbons and saturated FA or
MUFA in side chains PC 28:0, PC 28:1, or PC 30:1 were up-regulated in MCF7, CAMA-1 and/
or SK-BR-3, but not in MDA-MB-231 or MDA-MB-436 (Fig 6A-6D). A shared tendency
between MCEF7 and T-47D was a significant down-regulation in ether-PE (Fig 6A and 6B),
whereas in CAMA-1 PE P-34:1/0-34:2, PE P-34:2/0-34:3 and PE P-32:1 were significantly up-
regulated (Fig 6C). In SK-BR-3 PE P-32:1 and PE P-34:2/0-34:3 were also up-regulated, how-
ever, PE P-36:4 or O-36:5 and PE P-38:4 or O-38:5 were down-regulated (Fig 6D). The luminal
cell lines and SK-BR-3 cells shared features in significant up-regulation of specific PE (PE 32:2
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https://doi.org/10.1371/journal.pone.0231289.9003

and PE 36:5 were up-regulated in MCF7, T-47D, SK-BR3 and PE 36:3 in CAMA-1). In
CAMA-1 and T-47D PE 38:0 was significantly up-regulated. SM 44:1 and SM 44:2 were highly
up-regulated in CAMA-1 cells, which was not the case for SM of shorter chain lengths, thus
SM 32:1 was significantly down-regulated (Fig 6C). SM 44:2 was also up-regulated in MCF7
(Fig 6A and 6B). Some shared features between MDA-MB-231 and MDA-MB-436 cell lines
were a significant up-regulation of PC 34:0 and PC O-34:0 for both cell lines and PE P-34:1/0O-
34:2 down-regulation (Fig 6E and 6F). In these cell lines, there was a tendency for up-regula-
tion of PC >C-40 compared to the reference. Some of these PC were also upregulated in
MCEF7 (PC 40:2) and T-47D (PC 42:1 and 44:1). SM 32:1 was significantly down-regulated in
MDA-MB-231, whereas SM 34:2 was significantly up-regulated in MDA-MB-436. In both
MDA-MB-231 and MDA-MB-436 cell lines, DG 32:0 and DG 34:0 were significantly up-regu-
lated (Fig 6E and 6F) which was similarly observed for CAMA-1 and T-47D cell lines (Fig 6B
and 6C). Six LPC were identified (LPC 14:0, LPC 16:0 LPC 16:1, LPC 18:0, LPC 18:1 and LPC
18:2) with the abundance being largely similar to the reference cell line (5S4 Fig). MCF7 showed
the most significant differences in LPC, with up-regulation in all LPC except for LPC 18:0.
LPC 16:0 and LPC 18:0 was up-regulated in T-47D and MDA-MB-436, but for MDA-MB-231
only LPC 18:0 was upregulated. Among LPE only LPE 20:1 was identified in the dataset with
similar abundance across all cell lines.

Discussion

The PCA scatter plot clearly defined clustering of each BC cell line indicating that the ion fea-
tures detected are sufficient to distinguish between the cell lines analyzed. Clustering of the cell
lines in a hierarchical dendrogram based on lipids from the subclasses PC, PE, SM, DG and
TG, showed the relative similarities between the cell lines. The closest similarities were
observed between cell lines MDA-MB-231 and MDA-MB-436 which are both TNBC tumor
subtype. Furthermore, the luminal cell lines MCF7 and T-47D were similarly clustered in the
dendrogram. These similarities found in the dendrogram are reflected in the PCA by
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Fig 4. Heatmap including dendrogram of the abundance of selected lipids. Log normalized abundance of selected ion features assigned a
possible lipid ID (abundance of lipids ranged from 0 (green) - 10° (red)). The dendrogram shows a hierarchical clustering of the cell lines.
Each cell line is represented by three biological replicates (1-3).

https://doi.org/10.1371/journal.pone.0231289.g004

clustering in the same quadrant (MDA-MB-231 and MDA-MB-436 in 4™ quadrant and
MCF7 and T-47D in 3" quadrant). CAMA-1 was, however, more related to the reference cell
line than the other luminal cell lines based on the dendrogram and in the PCA plot it was in
quadrant 1 close to the reference cell line, suggesting similarities in the lipidome of these cells.
Conflicting results exist in the literature regarding the PgR status of CAMA-1 which is
reported to be positive or negative in different studies. Furthermore, the TP53 status is differ-
ent for the three luminal cell lines with T-47D expressing mutated protein [6, 27] and TP53 is
known to regulate lipid metabolism in cancer [42]. This indicates within-group differences in
the lipidome of cells representing the luminal subtype and suggests that CAMA-1 should not
necessarily be classified as the same luminal subtype as MCF7 and T-47D. The cell line that
was most dissimilar from the other cell lines based on both PCA and dendrogram was SK-BR-
3 cell line. SK-BR-3 is a representative of HER2 overexpressing tumor subtype that is known
to have increased FASN activity resulting in increased lipid synthesis and changes in the lipi-
dome [43, 44]. The clustering verified that BC subtypes could be distinguished based on the
lipidome and suggests that there is within-subclass variation in the lipidome.

The potential of triacylglycerols to distinguish between BC cell lines

TG stored in the cell as lipid droplets represent a reservoir of FAs ready to undergo B-oxida-
tion. We detected significant changes in TG particularly in SK-BR-3 and MCF7 cells. The peri-
lipins (PLIN 1-5) are generally involved in regulation of TG storage. PLIN1 suppresses the
hydrolysis of TG from lipid droplets and is generally down-regulated in BC with the lowest
expression in TNBC [11, 17]. In contrast, HER2 tumors have a higher expression of PLIN1
[11], which could explain our finding of increased abundance of TG < C-46 in SK-BR-3. In
breast tumor tissue, where lipids were investigated using evaporating ionization MS, TG > C-
50 were significantly decreased [45]. The investigated tissues were mainly ER-positive and
HER2-negative [45], similar to luminal subtypes. These results are not in line with our find-
ings, indicating a significant increase in TG > C-48 in MCF?7. In another study TG were
mainly unaltered or down-regulated in BC tissue when compared with normal, with no signifi-
cant difference based on ER or HER?2 status. However, there was a tendency for up-regulation
of TG in the PgR-negative compared with PgR-positive tumor tissues [46]. Recently Paul et al.
showed that in malignant BC tissue the total amount of TG measured by NMR was decreased
compared with benign BC tissue [47], subtype not specified. Interestingly, in several studies
the plasma levels of TG were elevated in BC patients [48-50]; however, the BC subtypes were
not reported in these studies. Mammary glands are known to produce TG containing shorter
chain FA [51] and in peroxisomes, B-oxidation in peroxisomes can produce chain-shortened
acyl-CoAs that can be incorporated into lipids [52]. B-oxidation is mediated by acyl-CoA oxi-
dases (ACOX 1-2) and the protein level of ACOX-1 was shown to be increased in HER2-cell
line and tumor tissue compared with other BC subtypes [11, 17]. Therefore, increased B-oxida-
tion in HER2-overexpressing cells could explain the difference in TG between SK-BR-3 and
other cell lines. The trend of up-regulation of TG < C-50 and down-regulation of TG > C-50
in SK-BR-3 is also true for other lipid subclasses: PC and PE (< C-32) were up-regulated in
SK-BR-3 and PC > C-34 with longer chain lengths were significantly down-regulated. Fur-
thermore, ether-PC (C-30) and two ether-PE (C-32 and C-34) were up-regulated while three
ether-PE (C-36 and C-38) with multiple double bonds were down-regulated. Hilvo et al. and
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https://doi.org/10.1371/journal.pone.0231289.9006

Kang et al. reported a significantly increased levels of PC 30:0 in ER- and PgR-negative and
HER?2 tumor subtypes compared with the corresponding ER- and PgR-positive and HER2-ne-
gative subtypes [21, 46] in line with the findings for SK-BR-3 in our study. Overall, our results
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suggest that mainly short-chain moderately unsaturated FAs are incorporated in GPL and TG
in SK-BR-3 cells.

Highly abundant lipids contain C-16 and C-18 fatty acyl chains

In our study, the most abundant PC and PE had a composition of C-32 to C-36 saturated or
moderately unsaturated (S2 Table), indicating that the side chains were C-16:0, C-16:1, C-
18:0, or C-18:0 FA which are predominantly synthesized via FASN [16, 20] and are the most
prevalent constituents of lipids in mammalian cell membranes [10, 53]. Other studies of
human BC cell lines (T-47D and MDA-MB-231 and non-cancerous MCF10A) similarly
reported the highest abundance of PC and PE of similar compositions in all cell lines and can-
cer tissue [21, 24, 25, 46]. In these studies there were variations in these abundant lipids
between BC and reference cell lines, however, different lipids were found to be upregulated
[24, 25, 54]. In our study, the abundance of these lipids varied up to 2.9 fold between individual
BC cell lines, whereas we generally found the highest fold differences in abundance compared
to reference for PC < C-32 or > C-36 (Fig 6). Therefore, these abundant lipids will not be con-
sidered further for distinguishing BC subtypes in this paper.

Increased phosphatidylcholine synthesis in triple negative breast cancer
cells

In our study particularly DG 32:0 and DG 34:0 were significantly more abundant in BC cell
lines than the reference cell line, especially, in the TNBC cell lines and CAMA-1. Increased
plasma levels of DG (C-32 to C-38) have also been reported in BC patients [49, 50]. DG are
precursors to GPL which are synthesized de novo, and to TG stored in droplets [15, 55]. Lipin-
1 (LPIN1) catalyzes the conversion of phosphatic acid to DG and is involved in the accumula-
tion of lipids in droplets [17, 55]. LPIN1 has been shown to be overexpressed in TNBC, be
lower in HER2 and lowest in luminal subtypes [17]. In combination with elevated DG levels
and decreased level of TG in TNBC this may indicate an increased production of GPL in the
TNBC cell lines. In the TNBC cell lines the PC that showed the most significant difference
from the reference cell line were PC > C-40. In plasma and tissue from BC patients the levels
of PC C-30 to C-38 were increased [46, 49, 56, 57]. However, above PC 40:0 the literature offers
conflicting information. In accordance with our study, PC 40:4 and PC 40:6 were significantly
increased in BC tumor tissue with a higher abundance in ER-negative than ER-positive tumor
subtype [46]. PC 40:6 was increased in plasma whereas PC 40:2 and PC 40:4 were decreased
(subtype of tumors not reported) [57]. Elongation of saturated FAs is mediated by ELOVL 1-7
[58]. ELOVL 1 and 6 mRNA levels were up-regulated in TNBC when compared with the lumi-
nal A subtype and up-regulated in both compared with normal tissue [59]. This suggests that
the increase in PC > C-40 in TNBC cell lines may be explained by an increased production of
long-chain FAs. Some PC (< C-30) with saturated FAs or MUFAs in acyl chains were up-reg-
ulated in MCF7, CAMA-1 and/or SK-BR-3, but not TNBC cell lines, which also correlates
with the expression data for ELOVL. Collectively, it seems that an increased level of PC > C-
40 may be related to the TNBC subtype.

Ether-glycerophospholipids are down-regulated in ER- and PgR-positive
cancer cells
Ether-GPL are abundant in biological membranes, they play a role as second messengers, in

differentiation and storage of long-chain PUFAs, they are abundant in lipid raft microdomains
and they are suggested to protect cells from reactive oxygen species [60]. The biosynthesis of
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these lipid species is, however, not fully understood [61]. To our knowledge, the enzymes
involved have not been investigated in relation to BC. The most abundantly produced ether-
GPL are esterified with PUFA (i.e. C-22:6 or C-20:4) at the sn-2 position of the glycerol back-
bone, whereas sn-1 position is saturated or moderately unsaturated with a length of C-16 or C-
18 [60]. These combinations result in C-36 to C-40 with 4 to 6 double bonds, which corre-
sponds to the most reported ether-PE in the literature, in combination with ether-PE contain-
ing a total of 34 carbons [24, 25]. In our study, the abundances of ether-PE were generally
lower in the luminal cell lines MCF7 and T-47D. A similar trend was reported in MCF7 and
T-47D by Katz-Brull et al. [23] and by Sterin et al. in MCF7 and two other luminal cell lines
[22]. The general trend reported by Cifkova et al. was that P-PC and P-PE were similar or
down-regulated in BC cell lines when compared with the reference [25]. Interestingly, we
show here a higher abundance of three PE in SK-BR-3 and CAMA-1 when compared with the
reference cell line, which may indicate that the ether-PE down-regulation is related to the ER-
and PgR-positive status subtypes (contradicting reports of CAMA-1 PgR status [27]). Doria

et al. showed highest relative abundance of PC O-34:1 and PC O-36:1 in MDA-MB-231 when
compared with reference and T-47D [24]. In our study the same trend was seen for PC O-34:0
which was significantly up-regulated only in the TNBC cell lines. Tissue samples from benign
hyperplastic-dysplastic and malignant BC showed an increase in ether-PE and ether-PC when
compared with normal tissue [62]. BC subtype was not reported. In support of our findings,
Hilvo et al. reported significantly lower levels of ether-PE in ER-positive than ER-negative can-
cer subtypes [46]. Based on our results ether-PE may be down-regulated in ER- and PgR-posi-
tive compared to ER- and PgR-negative BC subtype.

Limitations of the study design

This study is based only on cell lines. This has the advantage of using well-defined material
that has also been used in other lipidomic studies, thus offering the opportunity for compari-
son. A major drawback is that each cell line can only reflect the individual tissue of origin and
caution is needed in generalizing findings. Furthermore, these cell lines have been in culture
for a long time and have adapted to in-vitro conditions. The cell lines represent different
defined subtypes of breast cancer, but only one cell line was derived from a HER2-positive can-
cer. The comprehensive comparison of Jiang et al. of 68 breast cancer cell lines and primary
breast cancer tissue revealed strong correlations particularly for mRNA expression but weaker
for genomic profiles and protein expression. In a combined correlation score the T47-D,
CAMA-1 and SK-BR-3 cell lines scored high, but MCF-7 and MDA-MB-231 and MDA-MB-
436 had a lower score [63]. The conventional 2D cultures are a further limitation. Cell shape
and microenvironment influence cellular lipid content and composition [64] and 2D cultures
do not bring out site-specific transcriptomic profiles of metastases [65]. The added serum is
the main source of lipids on the culture medium, and this was the same for all cell lines.

Conclusion

In this work, we describe the most significant differences in the lipidome between individual
BC cell lines and a reference cell line. Firstly, we established the overall similarities in the lipi-
dome of the cell lines based on PCA and hierarchical dendrogram. The most similar cell lines
belonged to the same subtypes; the TNBC cell lines (MDA-MB-231 and MDA-MB-436) and
the two luminal cell lines (T-47D and MCF7). The luminal cell line CAMA-1 did not share
strong similarity with the other luminal cell lines revealing within-subtype variations in the
lipidome. The cell line that differed most based on the lipidome from the other cell lines was
the HER2-overexpressing, SK-BR-3 cell line. Some general trends in the lipidome may be
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useful for distinguishing between BC tumor subtypes in clinical samples, particularly if applied
to plasma samples. Most interestingly, we suggest that ER- and PgR-positive tumor subtypes
can be identified by a significantly increased abundance of TG > C-48 with moderate or multi-
ple unsaturated FA chains, which in contrast are significantly down-regulated in ER- and PgR-
negative subtypes (HER2 and TNBC). Furthermore, ether-PE, especially those containing the
most abundant fatty acyls C-16, C-18 and C-22:6 or C-20:4 may be down-regulated in ER- and
PgR-positive subtypes and to a lesser degree in ER- and PgR-negative subtypes. Therefore,
these PE could be of particular interest for distinguishing between ER- and PgR-positive and
-negative subtypes. Furthermore, we suggest that the HER2-overexpressing tumor subtype is
characterized by elevated levels of TG, PC and PE containing saturated FA or MUFA < C-16
in the side-chains. Significantly increased abundance of PC > C-40 may be useful for identifi-
cation of the TNBC subtype. In addition, differences were detected in lipidomes within these
previously defined subtypes. We conclude that subtypes defined by the transcriptome are
indeed reflected in the lipidome which may be used to define further subdivision within the
BC subtypes.

Closing remarks

The cells analyzed in this study are grown under controlled conditions. They represent good
and reasonably stable models of clinical phenotypes and reflect to some extent molecular char-
acteristics of primary tumors [33, 63]. The biological variation and complexity of lipid metabo-
lism in clinical samples is expected to be greater. Therefore, the trends and specific up- or
down-regulations presented here cannot be directly extrapolated to clinical plasma or tissue
samples. Clinical investigations of the lipidome in healthy individuals show that the plasma
levels of lipids exhibit large inter- and intra-individual variation which follow a circadian
rhythm and fluctuate over time [66]. Even comparison with other studies investigating the
same or similar BC cell lines sometimes offered dissimilar results which could have various
reasons, including changes acquired with time and differences in culture conditions and sam-
ple preparation methods. Performing and interpreting lipidomic analysis, including sample
preparation, analytical setup, lipid identification and data interpretation is complex and chal-
lenging [67]. Furthermore, the availability of essential lipids as building blocks for e.g. GPLs is
likely to be quite different in vitro and in vivo. The potential of lipidomics as a diagnostic tool
needs to be investigated further, and the recently published study of Santoro et al. implies that
this is a promising approach [68]. The results presented here need, firstly, to be confirmed by a
targeted MS approach. Secondly, the similarity of the lipidome of the in vitro cultured BC cell
lines and actual BC tumor subtypes needs to be confirmed in clinical samples.

Supporting information

§1 Table. Normalized abundance of 106 identified lipids from the 439 ion features
included in the PCA.
(XLSX)

S2 Table. High abundant lipids expressed in all cell lines.
(DOCX)

S1 Fig. PCA score scatter plot of ion features in breast cancer cell lines, reference cell line
and QC samples. Abundance of 439 ion features normalized to all compounds (CV% < 30%,
m/z > 350Da). Pareto scaling and normalization applied to data prior to modelling. Score scat-
ter plot of principal component (PC) 1 and PC 2 after PCA modelling visualizes the differences
and similarities in the ion feature profile between the individual cell lines. The white sphere in
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the model plot represents the Hotelling T2 with 95% confidence. Three biological replicates
were analyzed three times with each dot representing one analytical sample and QC samples
consisted of 11 injections throughout the analytical batch.

(TIF)

S2 Fig. Comparison of T-47D, CAMA-1, and SK-BR-3 cell lines to reference cell line
MCF10A. a) OPLS-DA score scatter plot of T-47D cell line compared to reference cell line the
reference cell line MCF10A. b) Corresponding S-plot comparing T-47D to the reference cell
line MCF10A. ¢) OPLS-DA score scatter plot of CAMA-1 cell line compared to reference cell
line MCF10A. The black spheres represent MCF10A and green represents CAMA-1. d) Corre-
sponding S-plot comparing CAMA-1 to the reference cell line MCF10A. e) OPLS-DA score
scatter plot of SK-BR-3 cell line compared to reference cell line MCF10A. The black spheres
represent MCF10A and green represents SK-BR-3. f) Corresponding S-plot comparing
SK-BR-3 to the reference cell line MCF10A. Scores scatter plots highlight the between class
variance in the predictive component on the x-axis (R2Xo [1]) and the within class variation
in the orthogonal component on the y-axis (to[1]). In OPLS-DA each green sphere represents
an ion feature. The confidence of the ion feature as a discriminant of variance increases with
increasing numerical values on the y-axis (-1 or 1) and the size of the contribution increases
with increasing numerical values on the x-axis. Ion features selected from S-plots for further
identification and processing (cut-off values shown with red dashed lines) are highlighted in
red for ion features up-regulated in BC cell line and blue for down-regulated in BC cell line
compared to reference. Abundance of 439 ion features normalised to all compounds (CV% <
30%, m/z > 350Da).

(TIF)

$3 Fig. Comparison of MDA-MB-231 and MDA-MB-436 cell lines to reference cell line
MCF10A. a) OPLS-DA score scatter plot of MDA-MB-231 cell line compared to reference
cell line MCF10A. The black spheres represent MCF10A and green represents MDA-MB-231.
b) Corresponding S-plot comparing MDA-MB-231 to the reference cell line MCF10A. ¢)
OPLS-DA score scatter plot of MDA-MB-436 cell line compared to reference cell line
MCF10A. The black spheres represent MCF10A and green represents MDA-MB-436. d) Cor-
responding S-plot comparing MDA-MB-436 to the reference cell line MCF10A. Scores scatter
plots highlight the between class variance in the predictive component on the x-axis (R2Xo
[1]) and the within class variation in the orthogonal component on the y-axis (to[1]). In
OPLS-DA each green sphere represents an ion feature. The confidence of the ion feature as a
discriminant of variance increases with increasing numerical values on the y-axis (-1 or 1) and
the size of the contribution increases with increasing numerical values on the x-axis. Ion fea-
tures selected from S-plots for further identification and processing (cut-off values shown with
red dashed lines) are highlighted in red for ion features up-regulated in BC cell line and blue
for down-regulated in BC cell line compared to reference. Abundance of 439 ion features nor-
malised to all compounds (CV% < 30%, m/z > 350Da).

(TIF)

$4 Fig. Normalised abundance of identified LPCs. Bars represent mean abundance of three
biological replicates, error bars represent SD. Normalised abundance is shown on the y-axis.
Statistically significant up- or down-regulation in normalised abundance compared to
MCFI10A is indicated by * (p< 0.05), ** (p<0.01), *** (p<0.001), insignificant changes are
unmarked.

(TIF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0231289  April 14, 2020 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231289.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231289.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231289.s006
https://doi.org/10.1371/journal.pone.0231289

PLOS ONE

Lipidomic study of cell lines reveals differences between breast cancer subtypes

Acknowledgments

The authors would like to thank Jenny Bjork Thorsteinsdottir for cell culture work and Dr.
Sigrun Helga Lund for assistance with the statistical analysis of the data.

Author Contributions

Conceptualization: Finnur Freyr Eiriksson, Helga Margret Ogmundsdottir, Margret
Thorsteinsdottir.

Data curation: Finnur Freyr Eiriksson, Martha Kampp Nehr, Margarida Costa.
Formal analysis: Finnur Freyr Eiriksson.

Funding acquisition: Helga Margret Ogmundsdottir, Margret Thorsteinsdottir.
Investigation: Martha Kampp Nohr.

Project administration: Margret Thorsteinsdottir.

Supervision: Helga Margret Ogmundsdottir, Margret Thorsteinsdottir.
Visualization: Martha Kampp Nehr.

Writing - original draft: Finnur Freyr Eiriksson, Martha Kampp Nehr.

Writing - review & editing: Sigridur Klara Bodvarsdottir, Helga Margret Ogmundsdottir,
Margret Thorsteinsdottir.

References

1. Moller MH, Lousdal ML, Kristiansen IS, Stovring H. Effect of organized mammography screening on
breast cancer mortality: A population-based cohort study in Norway. International journal of cancer.
2018. Epub 2018/08/26. https://doi.org/10.1002/ijc.31832 PMID: 30144028.

2. Bleyer A, Baines C, Miller AB. Impact of screening mammography on breast cancer mortality. Interna-
tional journal of cancer. 2016; 138(8):2003—12. Epub 2015/11/13. https://doi.org/10.1002/ijc.29925
PMID: 26562826.

3. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene expression patterns of breast
carcinomas distinguish tumor subclasses with clinical implications. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2001; 98(19):10869—74. Epub 2001/09/13. https://doi.
org/10.1073/pnas.191367098 PMID: 11553815; PubMed Central PMCID: PMC58566.

4. Vallejos CS, Gomez HL, Cruz WR, Pinto JA, Dyer RR, Velarde R, et al. Breast cancer classification
according to immunohistochemistry markers: subtypes and association with clinicopathologic variables
in a peruvian hospital database. Clinical breast cancer. 2010; 10(4):294—-300. Epub 2010/08/14. https://
doi.org/10.3816/CBC.2010.n.038 PMID: 20705562.

5. Joseph C, Papadaki A, Althobiti M, Alsaleem M, Aleskandarany MA, Rakha EA. Breast cancer intra-
tumour heterogeneity: Current status and clinical implications. Histopathology. 2018. Epub 2018/05/04.
https://doi.org/10.1111/his.13642 PMID: 29722058.

6. DaiX, ChengH, Bai Z, Li J. Breast Cancer Cell Line Classification and Its Relevance with Breast Tumor
Subtyping. J Cancer. 2017; 8(16):3131—41. Epub 2017/11/22. https://doi.org/10.7150/ica. 18457 PMID:
29158785; PubMed Central PMCID: PMC5665029.

7. Sorlie T. The Impact of Gene Expression Patterns in Breast Cancer. Clinical chemistry. 2016; 62
(8):1150-1. Epub 2016/03/30. https://doi.org/10.1373/clinchem.2015.253229 PMID: 27022070.

8. Wenk MR. The emerging field of lipidomics. Nature reviews Drug discovery. 2005; 4(7):594—610. Epub
2005/07/30. https://doi.org/10.1038/nrd1776 PMID: 16052242.

9. Perrotti F, Rosa C, Cicalini |, Sacchetta P, Del Boccio P, Genovesi D, et al. Advances in Lipidomics for
Cancer Biomarkers Discovery. Int J Mol Sci. 2016; 17(12). Epub 2016/12/06. https://doi.org/10.3390/
ijms17121992 PMID: 27916803; PubMed Central PMCID: PMC5187792.

10. van Meer G, de Kroon Al. Lipid map of the mammalian cell. Journal of cell science. 2011; 124(Pt 1):5-8.
Epub 2010/12/22. https://doi.org/10.1242/jcs.071233 PMID: 21172818.

PLOS ONE | https://doi.org/10.1371/journal.pone.0231289  April 14, 2020 18/22


https://doi.org/10.1002/ijc.31832
http://www.ncbi.nlm.nih.gov/pubmed/30144028
https://doi.org/10.1002/ijc.29925
http://www.ncbi.nlm.nih.gov/pubmed/26562826
https://doi.org/10.1073/pnas.191367098
https://doi.org/10.1073/pnas.191367098
http://www.ncbi.nlm.nih.gov/pubmed/11553815
https://doi.org/10.3816/CBC.2010.n.038
https://doi.org/10.3816/CBC.2010.n.038
http://www.ncbi.nlm.nih.gov/pubmed/20705562
https://doi.org/10.1111/his.13642
http://www.ncbi.nlm.nih.gov/pubmed/29722058
https://doi.org/10.7150/jca.18457
http://www.ncbi.nlm.nih.gov/pubmed/29158785
https://doi.org/10.1373/clinchem.2015.253229
http://www.ncbi.nlm.nih.gov/pubmed/27022070
https://doi.org/10.1038/nrd1776
http://www.ncbi.nlm.nih.gov/pubmed/16052242
https://doi.org/10.3390/ijms17121992
https://doi.org/10.3390/ijms17121992
http://www.ncbi.nlm.nih.gov/pubmed/27916803
https://doi.org/10.1242/jcs.071233
http://www.ncbi.nlm.nih.gov/pubmed/21172818
https://doi.org/10.1371/journal.pone.0231289

PLOS ONE

Lipidomic study of cell lines reveals differences between breast cancer subtypes

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Kim S, Lee Y, Koo JS. Differential expression of lipid metabolism-related proteins in different breast can-
cer subtypes. Plos One. 2015; 10(3):e0119473. Epub 2015/03/10. https://doi.org/10.1371/journal.pone.
0119473 PMID: 25751270; PubMed Central PMCID: PMC4353724.

He J, Zhang F, Tay LWR, Boroda S, Nian W, Levental KR, et al. Lipin-1 regulation of phospholipid syn-
thesis maintains endoplasmic reticulum homeostasis and is critical for triple-negative breast cancer cell
survival. FASEB journal: official publication of the Federation of American Societies for Experimental
Biology. 2017; 31(7):2893—-904. Epub 2017/03/30. https://doi.org/10.1096/f}.201601353R PMID:
28347999.

Zhang F, Du G. Dysregulated lipid metabolism in cancer. World journal of biological chemistry. 2012; 3
(8):167—74. Epub 2012/09/01. https://doi.org/10.4331/wjbc.v3.i8.167 PMID: 22937213; PubMed Cen-
tral PMCID: PMC3430731.

Rohrig F, Schulze A. The multifaceted roles of fatty acid synthesis in cancer. Nature reviews Cancer.
2016; 16(11):732—49. Epub 2016/10/25. https://doi.org/10.1038/nrc.2016.89 PMID: 27658529.

Currie E, Schulze A, Zechner R, Walther TC, Farese RV Jr. Cellular fatty acid metabolism and cancer
Cell metabolism. 2013; 18(2):153-61. Epub 2013/06/25. https://doi.org/10.1016/j.cmet.2013.05.017
PMID: 23791484; PubMed Central PMCID: PMC3742569.

Cappelletti V, lorio E, Miodini P, Silvestri M, Dugo M, Daidone MG. Metabolic Footprints and Molecular
Subtypes in Breast Cancer. Disease markers. 2017; 2017:7687851. Epub 2018/02/13. https://doi.org/
10.1155/2017/7687851 PMID: 29434411; PubMed Central PMCID: PMC5757146.

Monaco ME. Fatty acid metabolism in breast cancer subtypes. Oncotarget. 2017; 8(17):29487-500.
Epub 2017/04/17. https://doi.org/10.18632/oncotarget. 15494 PMID: 28412757; PubMed Central
PMCID: PMC5438746.

Coller HA. Is cancer a metabolic disease? The American journal of pathology. 2014; 184(1):4—17. Epub
2013/10/22. https://doi.org/10.1016/j.ajpath.2013.07.035 PMID: 24139946; PubMed Central PMCID:
PMC3873478.

Naguib A, Bencze G, Engle DD, Chio Il, Herzka T, Watrud K, et al. p53 mutations change phosphatidyli-
nositol acyl chain composition. Cell Rep. 2015; 10(1):8—19. Epub 2014/12/30. https://doi.org/10.1016/j.
celrep.2014.12.010 PMID: 25543136; PubMed Central PMCID: PMC4287966.

Luo X, Cheng C, Tan Z, Li N, Tang M, Yang L, et al. Emerging roles of lipid metabolism in cancer metas-
tasis. Mol Cancer. 2017; 16(1):76. Epub 2017/04/13. https://doi.org/10.1186/s12943-017-0646-3
PMID: 28399876; PubMed Central PMCID: PMC5387196.

Kang HS, Lee SC, Park YS, Jeon YE, Lee JH, Jung SY, et al. Protein and lipid MALDI profiles classify
breast cancers according to the intrinsic subtype. BMC Cancer. 2011; 11:465. Epub 2011/10/28.
https://doi.org/10.1186/1471-2407-11-465 PMID: 22029885; PubMed Central PMCID: PMC3218066.

Sterin M, Cohen JS, Ringel I. Hormone sensitivity is reflected in the phospholipid profiles of breast can-
cer cell lines. Breast cancer research and treatment. 2004; 87(1):1-11. Epub 2004/09/21. https://doi.
org/10.1023/B:BREA.0000041572.07837.ec PMID: 15377845.

Katz-Brull R, Seger D, Rivenson-Segal D, Rushkin E, Degani H. Metabolic markers of breast cancer:
enhanced choline metabolism and reduced choline-ether-phospholipid synthesis. Cancer Res. 2002;
62(7):1966-70. Epub 2002/04/04. PMID: 11929812.

Doria ML, Cotrim CZ, Simoes C, Macedo B, Domingues P, Domingues MR, et al. Lipidomic analysis of
phospholipids from human mammary epithelial and breast cancer cell lines. J Cell Physiol. 2013; 228
(2):457—-68. Epub 2012/07/07. https://doi.org/10.1002/jcp.24152 PMID: 22767159.

Cifkova E, Lisa M, Hrstka R, Vrana D, Gatek J, Melichar B, et al. Correlation of lipidomic composition of
cell lines and tissues of breast cancer patients using hydrophilic interaction liquid chromatography/elec-
trospray ionization mass spectrometry and multivariate data analysis. Rapid Commun Mass Spectrom.
2017; 31(3):253-63. Epub 2016/11/20. https://doi.org/10.1002/rcm.7791 PMID: 27862481.

Lacroix M, Leclercq G. Relevance of breast cancer cell lines as models for breast tumours: an update.
Breast cancer research and treatment. 2004; 83(3):249-89. Epub 2004/02/06. https://doi.org/10.1023/
B:BREA.0000014042.54925.cc PMID: 14758095.

Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, Fevr T, et al. A collection of breast cancer cell lines
for the study of functionally distinct cancer subtypes. Cancer Cell. 2006; 10(6):515-27. https://doi.org/
10.1016/j.ccr.2006.10.008 PMID: 17157791

Dai X, Xiang L, Li T, Bai Z. Cancer Hallmarks, Biomarkers and Breast Cancer Molecular Subtypes.
Journal of Cancer. 2016; 7(10):1281-94. Epub 2016/07/09. https://doi.org/10.7150/jca.13141 PMID:
27390604; PubMed Central PMCID: PMC4934037.

Elstrodt F, Hollestelle A, Nagel JH, Gorin M, Wasielewski M, van den Ouweland A, et al. BRCA1 muta-
tion analysis of 41 human breast cancer cell lines reveals three new deleterious mutants. Cancer
research. 2006; 66(1):41-5. Epub 2006/01/07. https://doi.org/10.1158/0008-5472.CAN-05-2853 PMID:
16397213.

PLOS ONE | https://doi.org/10.1371/journal.pone.0231289  April 14, 2020 19/22


https://doi.org/10.1371/journal.pone.0119473
https://doi.org/10.1371/journal.pone.0119473
http://www.ncbi.nlm.nih.gov/pubmed/25751270
https://doi.org/10.1096/fj.201601353R
http://www.ncbi.nlm.nih.gov/pubmed/28347999
https://doi.org/10.4331/wjbc.v3.i8.167
http://www.ncbi.nlm.nih.gov/pubmed/22937213
https://doi.org/10.1038/nrc.2016.89
http://www.ncbi.nlm.nih.gov/pubmed/27658529
https://doi.org/10.1016/j.cmet.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23791484
https://doi.org/10.1155/2017/7687851
https://doi.org/10.1155/2017/7687851
http://www.ncbi.nlm.nih.gov/pubmed/29434411
https://doi.org/10.18632/oncotarget.15494
http://www.ncbi.nlm.nih.gov/pubmed/28412757
https://doi.org/10.1016/j.ajpath.2013.07.035
http://www.ncbi.nlm.nih.gov/pubmed/24139946
https://doi.org/10.1016/j.celrep.2014.12.010
https://doi.org/10.1016/j.celrep.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25543136
https://doi.org/10.1186/s12943-017-0646-3
http://www.ncbi.nlm.nih.gov/pubmed/28399876
https://doi.org/10.1186/1471-2407-11-465
http://www.ncbi.nlm.nih.gov/pubmed/22029885
https://doi.org/10.1023/B:BREA.0000041572.07837.ec
https://doi.org/10.1023/B:BREA.0000041572.07837.ec
http://www.ncbi.nlm.nih.gov/pubmed/15377845
http://www.ncbi.nlm.nih.gov/pubmed/11929812
https://doi.org/10.1002/jcp.24152
http://www.ncbi.nlm.nih.gov/pubmed/22767159
https://doi.org/10.1002/rcm.7791
http://www.ncbi.nlm.nih.gov/pubmed/27862481
https://doi.org/10.1023/B:BREA.0000014042.54925.cc
https://doi.org/10.1023/B:BREA.0000014042.54925.cc
http://www.ncbi.nlm.nih.gov/pubmed/14758095
https://doi.org/10.1016/j.ccr.2006.10.008
https://doi.org/10.1016/j.ccr.2006.10.008
http://www.ncbi.nlm.nih.gov/pubmed/17157791
https://doi.org/10.7150/jca.13141
http://www.ncbi.nlm.nih.gov/pubmed/27390604
https://doi.org/10.1158/0008-5472.CAN-05-2853
http://www.ncbi.nlm.nih.gov/pubmed/16397213
https://doi.org/10.1371/journal.pone.0231289

PLOS ONE

Lipidomic study of cell lines reveals differences between breast cancer subtypes

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42,

43.

44.

45.

46.

47.

ATCC. ATCC Human Cell Lines. https://wwwatccorg/. 2020.

Subik K, Lee JF, Baxter L, Strzepek T, Costello D, Crowley P, et al. The Expression Patterns of ER, PR,
HER2, CK5/6, EGFR, Ki-67 and AR by Immunohistochemical Analysis in Breast Cancer Cell Lines.
Breast cancer: basic and clinical research. 2010; 4:35—41. Epub 2010/08/11. PMID: 20697531;
PubMed Central PMCID: PMC2914277.

Holliday DL, Speirs V. Choosing the right cell line for breast cancer research. Breast cancer research:
BCR. 2011; 13(4):215. Epub 2011/09/03. https://doi.org/10.1186/bcr2889 PMID: 21884641; PubMed
Central PMCID: PMC3236329.

Smith SE, Mellor P, Ward AK, Kendall S, McDonald M, Vizeacoumar FS, et al. Molecular characteriza-
tion of breast cancer cell lines through multiple omic approaches. Breast cancer research: BCR. 2017;
19(1):65. Epub 2017/06/07. https://doi.org/10.1186/s13058-017-0855-0 PMID: 28583138; PubMed
Central PMCID: PMC5460504.

Kenny PA, Lee GY, Myers CA, Neve RM, Semeiks JR, Spellman PT, et al. The morphologies of breast
cancer cell lines in three-dimensional assays correlate with their profiles of gene expression. Molecular
oncology. 2007; 1(1):84—96. Epub 2008/06/03. https://doi.org/10.1016/j.molonc.2007.02.004 PMID:
18516279; PubMed Central PMCID: PMC2391005.

Briand P, Petersen OW, Van Deurs B. A new diploid nontumorigenic human breast epithelial cell line
isolated and propagated in chemically defined medium. In vitro cellular & developmental biology: journal
of the Tissue Culture Association. 1987; 23(3):181-8. Epub 1987/03/01. https://doi.org/10.1007/
bf02623578 PMID: 3558253.

Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification of total lipides
from animal tissues. The Journal of biological chemistry. 1957; 226(1):497-509. Epub 1957/05/01.
PMID: 13428781.

Castro-Perez JM, Kamphorst J, DeGroot J, Lafeber F, Goshawk J, Yu K, et al. Comprehensive LC-MS
E lipidomic analysis using a shotgun approach and its application to biomarker detection and identifica-
tion in osteoarthritis patients. J Proteome Res. 2010; 9(5):2377-89. Epub 2010/04/02. https://doi.org/
10.1021/pr901094j PMID: 20355720.

Fahy E, Subramaniam S, Brown HA, Glass CK, Merrill AH Jr., Murphy RC, et al. A comprehensive clas-
sification system for lipids. J Lipid Res. 2005; 46(5):839—61. Epub 2005/02/22. https://doi.org/10.1194/
jlir.E400004-JLR200 PMID: 15722563.

Fahy E, Subramaniam S, Murphy RC, Nishijima M, Raetz CR, Shimizu T, et al. Update of the LIPID
MAPS comprehensive classification system for lipids. J Lipid Res. 2009; 50 Suppl:S9-14. Epub 2008/
12/23. hitps://doi.org/10.1194/jlr.R800095-JLR200 PMID: 19098281; PubMed Central PMCID:
PMC2674711.

(LSI) L-S-I. Lipidomics-Standards-Initiative (LSI) 20182018 [cited 2018 16th Dec. 2018].

Koelmel JP, Ulmer CZ, Jones CM, Yost RA, Bowden JA. Common cases of improper lipid annotation
using high-resolution tandem mass spectrometry data and corresponding limitations in biological inter-
pretation. Biochimica et biophysica acta Molecular and cell biology of lipids. 2017; 1862(8):766—70.
Epub 2017/03/07. https://doi.org/10.1016/j.bbalip.2017.02.016 PMID: 28263877; PubMed Central
PMCID: PMC5584053.

Parrales A, lwakuma T. p53 as a Regulator of Lipid Metabolism in Cancer. International journal of
molecular sciences. 2016; 17(12). Epub 2016/12/16. https://doi.org/10.3390/ijms 17122074 PMID:
27973397; PubMed Central PMCID: PMC5187874.

Ravacci GR, Brentani MM, Tortelli TC, Torrinhas RS, Santos JR, Logullo AF, et al. Docosahexaenoic
Acid Modulates a HER2-Associated Lipogenic Phenotype, Induces Apoptosis, and Increases Trastuzu-
mab Action in HER2-Overexpressing Breast Carcinoma Cells. Biomed Res Int. 2015; 2015:838652.
Epub 2015/12/08. https://doi.org/10.1155/2015/838652 PMID: 26640797; PubMed Central PMCID:
PMC4659962.

Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype in cancer pathogenesis. Nat
Rev Cancer. 2007; 7(10):763—77. Epub 2007/09/21. https://doi.org/10.1038/nrc2222 PMID: 17882277.

St John ER, Balog J, McKenzie JS, Rossi M, Covington A, Muirhead L, et al. Rapid evaporative ionisa-
tion mass spectrometry of electrosurgical vapours for the identification of breast pathology: towards an
intelligent knife for breast cancer surgery. Breast Cancer Res. 2017; 19(1):59. Epub 2017/05/26.

https://doi.org/10.1186/s13058-017-0845-2 PMID: 28535818; PubMed Central PMCID: PMC5442854.

Hilvo M, Denkert C, Lehtinen L, Muller B, Brockmoller S, Seppanen-Laakso T, et al. Novel theranostic
opportunities offered by characterization of altered membrane lipid metabolism in breast cancer pro-
gression. Cancer Res. 2011; 71(9):3236—45. Epub 2011/03/19. https://doi.org/10.1158/0008-5472.
CAN-10-3894 PMID: 21415164.

Paul A, Kumar S, Raj A, Sonkar AA, Jain S, Singhai A, et al. Alteration in lipid composition differentiates
breast cancer tissues: a (1)H HRMAS NMR metabolomic study. Metabolomics: Official journal of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0231289  April 14, 2020 20/22


https://wwwatccorg/
http://www.ncbi.nlm.nih.gov/pubmed/20697531
https://doi.org/10.1186/bcr2889
http://www.ncbi.nlm.nih.gov/pubmed/21884641
https://doi.org/10.1186/s13058-017-0855-0
http://www.ncbi.nlm.nih.gov/pubmed/28583138
https://doi.org/10.1016/j.molonc.2007.02.004
http://www.ncbi.nlm.nih.gov/pubmed/18516279
https://doi.org/10.1007/bf02623578
https://doi.org/10.1007/bf02623578
http://www.ncbi.nlm.nih.gov/pubmed/3558253
http://www.ncbi.nlm.nih.gov/pubmed/13428781
https://doi.org/10.1021/pr901094j
https://doi.org/10.1021/pr901094j
http://www.ncbi.nlm.nih.gov/pubmed/20355720
https://doi.org/10.1194/jlr.E400004-JLR200
https://doi.org/10.1194/jlr.E400004-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/15722563
https://doi.org/10.1194/jlr.R800095-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19098281
https://doi.org/10.1016/j.bbalip.2017.02.016
http://www.ncbi.nlm.nih.gov/pubmed/28263877
https://doi.org/10.3390/ijms17122074
http://www.ncbi.nlm.nih.gov/pubmed/27973397
https://doi.org/10.1155/2015/838652
http://www.ncbi.nlm.nih.gov/pubmed/26640797
https://doi.org/10.1038/nrc2222
http://www.ncbi.nlm.nih.gov/pubmed/17882277
https://doi.org/10.1186/s13058-017-0845-2
http://www.ncbi.nlm.nih.gov/pubmed/28535818
https://doi.org/10.1158/0008-5472.CAN-10-3894
https://doi.org/10.1158/0008-5472.CAN-10-3894
http://www.ncbi.nlm.nih.gov/pubmed/21415164
https://doi.org/10.1371/journal.pone.0231289

PLOS ONE

Lipidomic study of cell lines reveals differences between breast cancer subtypes

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Metabolomic Society. 2018; 14(9):119. Epub 2019/03/05. https://doi.org/10.1007/s11306-018-1411-3
PMID: 30830375.

Long J, Zhang CJ, Zhu N, Du K, Yin YF, Tan X, et al. Lipid metabolism and carcinogenesis, cancer
development. American journal of cancer research. 2018; 8(5):778-91. Epub 2018/06/12. PMID:
29888102; PubMed Central PMCID: PMC5992506.

Jiang N, Zhang G, Pan L, Yan C, Zhang L, Weng Y, et al. Potential plasma lipid biomarkers in early-
stage breast cancer. Biotechnology letters. 2017. Epub 2017/08/23. https://doi.org/10.1007/s10529-
017-2417-z PMID: 28828718.

Yang L, Cui X, Zhang N, Li M, Bai Y, Han X, et al. Comprehensive lipid profiling of plasma in patients
with benign breast tumor and breast cancer reveals novel biomarkers. Anal Bioanal Chem. 2015; 407
(17):5065-77. Epub 2015/02/06. https://doi.org/10.1007/s00216-015-8484-x PMID: 25651902.

Rangan VS, Smith S. Fatty acid synthesis in eukaryotes. In: Vance D. E. VJE, editor. Biochemistry of
Lipids, Lipoproteins and Membranes. 36. 4 ed. New Comprehensive Biochemistry, ScienceDirect:
Elsevier B.V; 2002. p. 151-79.

Schonfeld P, Wojtczak L. Short- and medium-chain fatty acids in energy metabolism: the cellular per-
spective. J Lipid Res. 2016; 57(6):943-54. Epub 2016/04/16. https://doi.org/10.1194/jir. RO67629
PMID: 27080715; PubMed Central PMCID: PMC4878196.

Stillwell W. Membrane Lipids: Fatty Acids. In: Stillwell W, editor. An Introduction to Biological Mem-
branes Composition, Structure and Function. 2 ed. ScienceDirect: Elsevier B.V.; 2016. p. 49-62.

Kim HY, Lee KM, Kim SH, Kwon YJ, Chun YJ, Choi HK. Comparative metabolic and lipidomic profiling
of human breast cancer cells with different metastatic potentials. Oncotarget. 2016; 7(41):67111-28.
Epub 2016/08/27. https://doi.org/10.18632/oncotarget. 11560 PMID: 27564096; PubMed Central
PMCID: PMC5341861.

Lagace TA, Ridgway ND. The role of phospholipids in the biological activity and structure of the endo-
plasmic reticulum. Biochim Biophys Acta. 2013; 1833(11):2499-510. Epub 2013/05/29. https://doi.org/
10.1016/j.bbamcr.2013.05.018 PMID: 23711956.

Chen X, Chen H, Dai M, Ai J, Li Y, Mahon B, et al. Plasma lipidomics profiling identified lipid biomarkers
in distinguishing early-stage breast cancer from benign lesions. Oncotarget. 2016; 7(24):36622-31.
Epub 2016/05/07. https://doi.org/10.18632/oncotarget.9124 PMID: 27153558; PubMed Central
PMCID: PMC5095026.

QiuY, Zhou B, Su M, Baxter S, Zheng X, Zhao X, et al. Mass spectrometry-based quantitative metabo-
lomics revealed a distinct lipid profile in breast cancer patients. International journal of molecular sci-
ences. 2013; 14(4):8047-61. Epub 2013/04/16. https://doi.org/10.3390/ijms 14048047 PMID:
23584023; PubMed Central PMCID: PMC3645730.

Maan M, Peters JM, Dutta M, Patterson AD. Lipid metabolism and lipophagy in cancer. Biochemical
and biophysical research communications. 2018; 504(3):582-9. Epub 2018/02/14. https://doi.org/10.
1016/j.bbrc.2018.02.097 PMID: 29438712; PubMed Central PMCID: PMC6086774.

Yamashita Y, Nishiumi S, Kono S, Takao S, Azuma T, Yoshida M. Differences in elongation of very long
chain fatty acids and fatty acid metabolism between triple-negative and hormone receptor-positive
breast cancer. BMC cancer. 2017; 17(1):589. Epub 2017/08/31. https://doi.org/10.1186/s12885-017-
3554-4 PMID: 28851309; PubMed Central PMCID: PMC5576271.

Lessig J, Fuchs B. Plasmalogens in biological systems: their role in oxidative processes in biological
membranes, their contribution to pathological processes and aging and plasmalogen analysis. Curr
Med Chem. 2009; 16(16):2021—41. Epub 2009/06/13. https://doi.org/10.2174/092986709788682164
PMID: 19519379.

Snyder F, Lee T, Wykle RL. Ether-linked lipids and their bioactive species. In: Vance D. E. VJE, editor.
Biochemistry of Lipids, Lipoproteins and Membranes. 36. 4 ed. New Comprehensive Biochemistry,
ScienceDirect: Elsevier B.V; 2002. p. 233-62.

Smith RE, Lespi P, Di Luca M, Bustos C, Marra FA, de Alaniz MJ, et al. A reliable biomarker derived
from plasmalogens to evaluate malignancy and metastatic capacity of human cancers. Lipids. 2008; 43
(1):79-89. Epub 2007/11/30. https://doi.org/10.1007/s11745-007-3133-6 PMID: 18046593.

Jiang G, Zhang S, Yazdanparast A, Li M, Pawar AV, Liu Y, et al. Comprehensive comparison of molecu-
lar portraits between cell lines and tumors in breast cancer. BMC genomics. 2016; 17 Suppl 7:525.
Epub 2016/08/25. https://doi.org/10.1186/s12864-016-2911-z PMID: 27556158; PubMed Central
PMCID: PMC5001206.

Vidavsky N, Kunitake J, Diaz-Rubio ME, Chiou AE, Loh HC, Zhang S, et al. Mapping and Profiling Lipid
Distribution in a 3D Model of Breast Cancer Progression. ACS Cent Sci. 2019; 5(5):768-80. Epub
2019/05/30. https://doi.org/10.1021/acscentsci.8b00932 PMID: 31139713; PubMed Central PMCID:
PMC6535773.

PLOS ONE | https://doi.org/10.1371/journal.pone.0231289  April 14, 2020 21/22


https://doi.org/10.1007/s11306-018-1411-3
http://www.ncbi.nlm.nih.gov/pubmed/30830375
http://www.ncbi.nlm.nih.gov/pubmed/29888102
https://doi.org/10.1007/s10529-017-2417-z
https://doi.org/10.1007/s10529-017-2417-z
http://www.ncbi.nlm.nih.gov/pubmed/28828718
https://doi.org/10.1007/s00216-015-8484-x
http://www.ncbi.nlm.nih.gov/pubmed/25651902
https://doi.org/10.1194/jlr.R067629
http://www.ncbi.nlm.nih.gov/pubmed/27080715
https://doi.org/10.18632/oncotarget.11560
http://www.ncbi.nlm.nih.gov/pubmed/27564096
https://doi.org/10.1016/j.bbamcr.2013.05.018
https://doi.org/10.1016/j.bbamcr.2013.05.018
http://www.ncbi.nlm.nih.gov/pubmed/23711956
https://doi.org/10.18632/oncotarget.9124
http://www.ncbi.nlm.nih.gov/pubmed/27153558
https://doi.org/10.3390/ijms14048047
http://www.ncbi.nlm.nih.gov/pubmed/23584023
https://doi.org/10.1016/j.bbrc.2018.02.097
https://doi.org/10.1016/j.bbrc.2018.02.097
http://www.ncbi.nlm.nih.gov/pubmed/29438712
https://doi.org/10.1186/s12885-017-3554-4
https://doi.org/10.1186/s12885-017-3554-4
http://www.ncbi.nlm.nih.gov/pubmed/28851309
https://doi.org/10.2174/092986709788682164
http://www.ncbi.nlm.nih.gov/pubmed/19519379
https://doi.org/10.1007/s11745-007-3133-6
http://www.ncbi.nlm.nih.gov/pubmed/18046593
https://doi.org/10.1186/s12864-016-2911-z
http://www.ncbi.nlm.nih.gov/pubmed/27556158
https://doi.org/10.1021/acscentsci.8b00932
http://www.ncbi.nlm.nih.gov/pubmed/31139713
https://doi.org/10.1371/journal.pone.0231289

PLOS ONE Lipidomic study of cell lines reveals differences between breast cancer subtypes

65. LiuK, Newbury PA, Glicksberg BS, Zeng WZD, Paithankar S, Andrechek ER, et al. Evaluating cell lines
as models for metastatic breast cancer through integrative analysis of genomic data. Nat Commun.
2019; 10. https://doi.org/10.1038/s41467-019-10148-6 WOS:000468023000001.

66. Begum H, Torta F, Narayanaswamy P, Mundra PA, Jib S, Bendt AK, et al. Lipidomic profiling of plasma
in a healthy Singaporean population to identify ethnic specific differences in lipid levels and associations
with disease risk factors. Clinical Mass Spectrometry. 6:25-31. Epub 2017/11/14. https://doi.org/10.
1016/j.clinms.2017.11.002

67. Bowden JA, Heckert A, Ulmer CZ, Jones CM, Koelmel JP, Abdullah L, et al. Harmonizing lipidomics:
NIST interlaboratory comparison exercise for lipidomics using SRM 1950-Metabolites in Frozen Human
Plasma. Journal of lipid research. 2017; 58(12):2275-88. Epub 2017/10/08. https://doi.org/10.1194/jlr.
MO079012 PMID: 28986437; PubMed Central PMCID: PMC5711491.

68. Santoro AL, Drummond RD, da Silva IT, Ferreira SS, Juliano L, Vendramini PH, et al. In situ DESI—
MSiI lipidomic profiles of breast cancer molecular subtypes and precursor lesions. Cancer Res. 2020.
Epub 2020/01/09. https://doi.org/10.1158/0008-5472.CAN-18-3574 PMID: 31911556.

PLOS ONE | https://doi.org/10.1371/journal.pone.0231289  April 14, 2020 22/22


https://doi.org/10.1038/s41467-019-10148-6
https://doi.org/10.1016/j.clinms.2017.11.002
https://doi.org/10.1016/j.clinms.2017.11.002
https://doi.org/10.1194/jlr.M079012
https://doi.org/10.1194/jlr.M079012
http://www.ncbi.nlm.nih.gov/pubmed/28986437
https://doi.org/10.1158/0008-5472.CAN-18-3574
http://www.ncbi.nlm.nih.gov/pubmed/31911556
https://doi.org/10.1371/journal.pone.0231289

