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RATIONALE: The goal of this work is the comparison of differences in the lipidomic compositions of human cell lines
derived from normal and cancerous breast tissues, and tumor vs. normal tissues obtained after the surgery of breast cancer
patients.
METHODS: Hydrophilic interaction liquid chromatography/electrospray ionization mass spectrometry (HILIC/ESI-MS)
using the single internal standard approach and response factors is used for the determination of relative abundances of
individual lipid species from ﬁve lipid classes in total lipid extracts of cell lines and tissues. The supplementary information
on the fatty acyl composition is obtained by gas chromatography/mass spectrometry (GC/MS) of fatty acid methyl esters.
Multivariate data analysis (MDA) methods, such as nonsupervised principal component analysis (PCA), hierarchical
clustering analysis (HCA) and supervised orthogonal partial least-squares discriminant analysis (OPLS-DA), are used
for the visualization of differences between normal and tumor samples and the correlation of similarity between cell lines
and tissues either for tumor or normal samples.
RESULTS: MDA methods are used for differentiation of sample groups and also for identiﬁcation of the most up- and
downregulated lipids in tumor samples in comparison to normal samples. Observed changes are subsequently
generalized and correlated with data from tumor and normal tissues of breast cancer patients. In total, 123 lipid species
are identiﬁed based on their retention behavior in HILIC and observed ions in ESI mass spectra, and relative abundances
are determined.
CONCLUSIONS: MDA methods are applied for a clear differentiation between tumor and normal samples both for cell
lines and tissues. The most upregulated lipids are phospholipids (PL) with a low degree of unsaturation (e.g., 32:1 and
34:1) and also some highly polyunsaturated PL (e.g., 40:6), while the most downregulated lipids are PL containing
polyunsaturated fatty acyls (e.g., 20:4), plasmalogens and ether lipids. Copyright © 2016 John Wiley & Sons, Ltd.

Breast cancer represents the most commonly diagnosed cancer
and, after lung cancer, the second leading cause of cancer
death in women.[1,2] The stimulation by the female hormones
estrogen and progesterone plays an indispensable role in the
pathogenesis of breast cancer, since the incidence in men is
two orders of magnitude lower. Hormonal factors associated
with age, lifestyle, or diet represent the principal cause of
breast cancer, while exposure to radiation and other factors
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could also be responsible in individual cases. The germ-line
mutations of BRCA1 and BRCA2 genes involved in
maintenance of genome integrity represent additional factor
responsible for almost 10% of breast cancer cases. Based on
the tumor phenotype assessed by immunohistochemistry
and molecular proﬁling, breast cancer is currently divided into
several types with distinct biological features and therapeutic
approaches, including luminal (luminal A and luminal B),
HER-2-positive and basal (triple negative) breast carcinoma.
The introduction of screening with early diagnosis resulting
from the use of mammograms as well as the advances in
multidisciplinary management of early breast cancer
encompassing surgery, adjuvant (or neoadjuvant) systemic
therapy including hormonal therapy, cytotoxic chemotherapy
and targeted treatment, and adjuvant radiation have resulted
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in a substantial reduction in mortality.[3] However, the success
of multidisciplinary management is critically dependent on
early detection. Although mammography represents the
principal breast cancer screening method its sensitivity
depends on the size of the tumor and density of the breast
tissue. The necessary exposure to radiation limits the
frequency of examinations and, not infrequently, breast cancer
is detected within months of prior mammography (so-called
interval breast cancer). Thus, biomarkers for early detection
of breast cancer that could be determined in the biological
ﬂuids, and could be performed more frequently compared to
mammography, are urgently needed.
The determination of biomarkers currently represents an
indispensable
component
of
the
multidisciplinary
management of cancer patients.[4] Circulating biomarkers
currently used, e.g., carcinoembryonic antigen (CEA) or
carbohydrate antigen (CA) 15-3, are not routinely used in
cancer screening and the utilization in the follow-up of
patients with breast cancer is also limited. Therefore, the
search for new circulating biomarkers represents an unmet
medical need in breast cancer.
The relation between lipid metabolism and breast cancer
development has been investigated in various studies aimed
at early diagnosis, identiﬁcation of biomarkers and
characterization of biochemical pathways.[5–9] Increased de
novo production of fatty acids in tumor cells is associated with
proliferation, aggressiveness and other aspects of malignant
transformation,[7,8,10] because polyunsaturated fatty acids
(PUFA), in contrast to saturated fatty acids, are more
susceptible to oxidation and may subsequently induce cell
death. For this reason, the increased concentrations of
saturated fatty acids, such as palmitic (16:0) and stearic
(18:0) acids, has been documented in breast carcinoma.[11,12]
Furthermore, arachidonic (20:4; n-6 PUFA), docosahexaenoic
(22:6; n-3 PUFA) and eicosapentaenoic (20:5; n-3 PUFA)
acids are highlighted in many studies, because increased
abundances of n-3 PUFA have been observed in tumor
tissues.[8,13–18]
Comprehensive lipidomic analysis represents a challenging
task due to the different structures of individual lipid classes
and different physicochemical properties, such as polarity or
solubility. The coupling of liquid chromatography and mass
spectrometry (LC/MS) enables the separation of individual
lipids and their sensitive identiﬁcation and quantiﬁcation,
which has been frequently used in the breast cancer lipidomic
research.[10,11,19–24] Many studies have reported an increased
level of lipids containing saturated fatty acyls (14:0, 16:0 and
18:0) in breast tumor tissues, which is in agreement with
increased de novo fatty acid synthesis.[11,20,22,23] The fatty acyl
proﬁles can be measured by GC/MS after transesteriﬁcation
of intact lipids, which provides basic information on the fatty
acyl distribution in all lipids.[12,13,15]
At the present time, MDA is an important part of most
clinical studies due to the simpliﬁcation and better
visualization of large datasets.[25] PCA is an unsupervised
statistical method providing an important overview on the
sample clustering based on similarities and differences
among all molecules determined. The unsupervised HCA
method using the Ward linkage criterion clusters the objects
according to similarities of the distance criterion using the
smallest error of sum of squares. Results are visualized
using a dendrogram, which merges individual samples into
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clusters starting from the smallest cluster of two up to the
ﬁnal cluster including all samples. The supervised OPLSDA searches for similarities and differences between
predeﬁned two groups of samples, typically healthy
compared to pathological ones.
The goal of the present work is the characterization of the
lipid composition of various normal and tumor breast cell
lines using HILIC/ESI-MS and GC/MS methods and
identiﬁcation of the most signiﬁcant differences in the
lipidomic compositions using MDA methods. The lipidomic
composition of cell lines as the simplest model for
cancer research is compared with tumor and surrounding
normal tissues after breast tumor surgery to determine
whether the same dysregulated lipids can be observed for
both models.

EXPERIMENTAL
Chemicals and standards
Acetonitrile, 2-propanol, methanol (all LC/MS grade),
chloroform stabilized by 0.5–1% ethanol (LC grade), ammonium
acetate and sodium chloride were purchased from SigmaAldrich (St. Louis, MO, USA). Deionized water was prepared
with a Milli-Q Reference water puriﬁcation system (Millipore,
Molsheim, France). N-Dodecanoyl-heptadecasphing-4-enine-1phosphatidylethanolamine (d17:1/12:0) used as an internal
standard (IS) was purchased from Avanti Polar Lipids
(Alabaster, AL, USA). The lipid nomenclature follows the LIPID
MAPS system[26] and the shorthand notation for lipid
structures.[26] Breast cell lines were maintained at the Regional
Center for Applied Molecular Oncology, Masaryk Memorial
Cancer Institute in the Czech Republic (see Supplementary
Table S1, Supporting Information), while human breast tumor
and surrounding normal tissues of ten cancer patients were
obtained from the Department of Surgery, Atlas Hospital Zlín,
Czech Republic.

Sample preparation
Human cancer cell lines (Supplementary Table S1, Supporting
Information) were obtained from the American Type Culture
Collection (ATCC) and cultured in the recommended medium
containing 10% fetal bovine serum, 0.3 mg/mL L-glutamine
and 100 U/mL penicillin–streptomycin (all Invitrogen, Life
Technologies, Paisley, UK) at 37°C and 5% CO2. MCF10A cells
were maintained in DMEM/F12 growth media supplemented
with 5% horse serum, 100 U/mL penicillin–streptomycin
(all Invitrogen, Life Technologies, Paisley, UK), 20 ng/mL
EGF, 0.5 mg/mL hydrocortisone, 100 ng/mL cholera toxin
and 10 μg/mL insulin (all Sigma-Aldrich) at 37°C and 5% CO2.
All cell lines were grown in tissue culture plates (8–12 for
each cell line, 2 biological replicates) with 100 mm diameter.
During cultivation, the cells were periodically checked by
microscopy and tested for Mycoplasma contamination. To
form cell pellets, each plate was washed two times with icecold phosphate-buffered saline (PBS), then the cells were
detached with cell scraper into 1 mL ice-cold PBS and
subjected to centrifugation at 200 g for 10 min. Cell pellets were
immediately stored at –80°C.
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Cell lines were extracted using a chloroform/methanol/
water system according to a modiﬁed Folch extraction.[27,28]
Brieﬂy, 70–300 mg of cell pellets and 25 μL of 3.3 mg/mL IS
were homogenized for 3 min with 5 mL of
chloroform/methanol (2:1, v/v) mixture and the
homogenate was ﬁltered using a coarse ﬁlter paper.
Subsequently, 1 mL of 1 mol/L NaCl was added, and the
mixture was centrifuged at 3000 rpm for 5 min at ambient
temperature. The chloroform bottom layer (total lipid
extract) containing lipids was evaporated by a gentle stream
of nitrogen, redissolved in 500 μL of chloroform/2-propanol
(1:1, v/v) mixture and ﬁltered using a syringe ﬁlter with
regenerated cellulose with a pore size 0.45 μm (Teknokroma,
Barcelona, Spain).
Fatty acid methyl esters (FAME) were prepared from the
lipid extract using sodium methoxide.[29] Brieﬂy, 50 μL of lipid
extract and 0.8 mL of 0.25 mol/L sodium methoxide in

methanol were heated in a water bath for 10 min at 65°C. After
the reaction, 0.5 mL of saturated solution of NaCl in water was
added and, subsequently, FAME were extracted from the
mixture using 1 mL hexane.
LC/MS conditions
Total lipid extracts were analyzed by a LC/MS method, as
described previously.[28,30] A 1290 series liquid chromatograph
(Agilent Technologies, Waldbronn, Germany) was coupled
with an Esquire 3000 ion trap analyzer (Bruker Daltonics,
Bremen, Germany). Separation of total lipid extracts was
performed on a Spherisorb Si column (250 × 4.6 mm, 5 μm;
Waters, Milford, MA, USA) using a ﬂow rate of 1 mL/min,
an injection volume of 1 μL, a column temperature of 40°C
and a mobile phase gradient: 0 min – 94% A + 6% B, 60 min –
77% A + 23% B, where A was acetonitrile and B was
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Figure 1. (A) Positive-ion HILIC/ESI-MS chromatograms of normal breast cell line MCF10A (black
line) and nine tumor breast cell lines ZR-75-1, T-74D, MCF7, MDA-MB-231, MDA-MB-453, MDAMB-468, SK-BR-3, BT-474, BT-549. LC conditions: column Spherisorb Si (250 × 4.6 mm, 5 μm), flow
rate 1 mL/min, separation temperature 40°C, mobile phase gradient: 0 min – 94%A + 6%B, 60 min –
77%A + 23%B, where A is acetonitrile and B is 5 mM aqueous ammonium acetate. (B) Comparison
of relative abundances of individual lipid classes in analyzed normal and tumor breast cell lines.
Peak annotation: PI – phosphatidylinositols, PE – phosphatidylethanolamines, IS – internal
standard, PC – phosphatidylcholines, SM – sphingomyelins, LPC – lysophosphatidylcholines.
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Figure 2. Relative abundances of individual lipids in normal breast cell line
MCF10A (black columns) and average relative abundances from nine tumor
breast cell lines (red columns, including standard errors of average value): (A)
PE, (B) PI, (C) PC and (D) SM.
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5 mmol/L aqueous ammonium acetate. Lipids were detected
in positive- and negative-ion ESI-MS modes in the mass range
m/z 50–1000 with the nebulizing gas 60 psi, drying gas ﬂow rate
10 L/min and drying gas temperature of 365°C. Quantitation
of individual lipid classes was achieved by the single IS and
response factors[30] obtained from calibration curves.
Individual lipid species were identiﬁed using relative
abundances of deprotonated molecules [M–H]– for the PE
and PI classes and [M–CH3]– ions for the PC class in the
negative-ion mode. SM species were identiﬁed as protonated
molecules [M + H]+ in the positive-ion mode. LPC could not
be determined due to their low concentrations. Low-energy
collision-induced dissociation tandem mass spectrometry
(MS/MS) experiments were performed for the most abundant
lipid species with an isolation width of m/z 4, collision energy
of 1 V and helium as the collision gas.
GC/MS conditions
GC/MS experiments were performed on a model 7890 gas
chromatograph (Agilent Technologies) using a TR-FAME
column (60 m length, 0.25 mm ID, 0.25 μm ﬁlm thickness;
Thermo Scientiﬁc, Waltham, MA, USA) under the following
conditions: injection volume 5 μL, split ratio 1:4 and ﬂow rate
of helium (99.996%) as a carrier gas 1.2 mL/min. The
temperature gradient starting from the initial temperature
160°C, ramp to 235°C at 4°C/min and hold for 2 min, ramp
to 250°C at 50°C/min. Detection was performed using a
MSD 5977A quadrupole mass analyzer (Agilent Technologies)
with an electron ionization (EI) source in the range m/z 50–500
under the following conditions: ionization energy 70 eV, gain
factor 15, isolation width m/z 0.1, scanning frequency 10.9
scan/s, capillary temperature 235°C, EI source temperature
230°C and mass analyzer temperature 150°C. FAME were

identiﬁed based on retention times, mass spectra compared
with the Wiley Registry of Mass Spectral Data/NIST database
as well as manual interpretation.
Statistical data analysis
MDA was performed using unsupervised HCA and PCA
methods, and supervised OPLS-DA method using the SIMCA
software (version 13.0; Umetrics, Umeå, Sweden). Data were
preprocessed before statistical evaluation using Pareto scaling
and logarithm transformation. OPLS-DA is cross-validated
using leave group out method. The dendrogram was
processed using the Ward linkage criterion, which minimizes
the variation within the cluster. Box plots described the
distribution of results using median, minimum, maximum
and the variability of data sets in the ﬁrst and third quartiles.
Receiver operating characteristic (ROC) curves were
constructed using MedCalc statistical software (version 15.8;
MedCalc Software bvba, Ostend, Belgium).

RESULTS AND DISCUSSION
Lipidomic analysis of breast cell lines
A normal breast epithelium cell line (MCF10A) and nine breast
cancer cell lines (ZR-75-1, T-74D, MCF7, MDA-MB-231, MDAMB-453, MDA-MB-468, SK-BR-3, BT-474, BT-549, see
Supplementary Table S1 (Supporting Information) for more
details) were extracted according to a modiﬁed Folch
procedure with chloroform/methanol/water mixture.[28]
Total lipid extracts of cell lines obtained were analyzed using
the HILIC/ESI-MS method. Quantitative analysis for each
lipid class was performed using a combination of the single
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Figure 3. Ratios of sums of shorter acyls (14:0 + 16:0 + 16:1) to C18 acyls
(18:0 + 18:1 + 18:2) and PUFA (20:4 + 22:5 + 22:6) to C18 acyls
(18:0 + 18:1 + 18:2) in cell lines based on GC/MS data of FAME after the
transesterification of intact lipids in normal breast cell line MCF10A (black
columns) and average relative abundances from nine tumor breast cell lines (red
columns, including standard errors of average value).

E. Cífková et al.
internal standard (IS) and response factors for each lipid class,
which are normalized to the IS.[30] The HILIC/ESI-MS method
enables the characterization of phosphatidylinositols (PI),
phosphatidylethanolamines (PE), phosphatidylcholines (PC),
sphingomyelins (SM) and lysophosphatidylcholines (LPC) in

individual cell lines (Fig. 1), but concentrations of LPC are
below the quantitation threshold of the present method.
Figure 1(A) shows differences in peak shapes, which is caused
by partially separated lipid species inside individual lipid
classes according to the fatty acyl chain length and the number

258

Figure 4. Multivariate data analysis of relative abundances of all lipids in normal and
tumor breast cell lines: (A) the score plot of unsupervised PCA method, (B) the score
plot, and (C) the S-plot of supervised OPLS-DA method.
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of double bonds. Quantitative results of PI, PE, PC and SM are
reported using relative abundances in % (Fig. 1(B)), but normal
and tumor cell lines do not differ substantially in their
phospholipid content, therefore the detailed analysis of
individual lipid species inside classes is performed using

characteristic ions in ESI mass spectra obtained by the peak
integration of given lipid class in the HILIC chromatogram.
The analysis of lipid species allows the characterization of
relative abundances of 46 PE, 24 PI, 37 PC and 16 SM in normal
and tumor cell lines (Supplementary Table S2 and Figs. S1–S4,
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Figure 5. Multivariate data analysis of relative abundances of all lipids in normal and
tumor breast cell lines and tissues of breast cancer patients: (A) the score plot of
unsupervised PCA method, (B) the score plot, and (C) the S-plot of supervised
OPLS-DA method.

E. Cífková et al.
Supporting Information). Figure 2 shows the comparison of
relative abundances of individual lipid species inside lipid
classes in the normal breast epithelial cell line and mean values
for nine tumor breast cell lines. Individual lipid species are
characterized by attached fatty acyls annotated by their total
carbon number and double-bond number (CN:DB). Standard
errors of average values are presented in ﬁgures for nine tumor
samples, but they cannot be calculated for the normal sample,
because only MCF10A is available. In the case of PE and PC,
different types of fatty acyl linkages to the glycerol backbone
in the sn-1 position are observed, where the ether linkage of
fatty acyls in the sn-1 position (1-alkyl-2-acyl) is referred to
as ethers (e.g., PE O-36:4) and the vinyl ether linkage in the
sn-1 position (1-alkenyl-2-acyl) corresponds to plasmalogens
(e.g., PE P-36:4). Isobaric ethers and vinyl ethers cannot be
distinguished by common MS methods; therefore, we
annotate them as a sum, e.g., PE P-34:2 and PE O-34:3.
Figure 2 shows the signiﬁcant differences between normal
and tumor cell lines, which conﬁrms the fact that tumor cells
can be easily discriminated from normal cells for all studied
cell lines based on their lipidomic composition. The most
pronounced trend is a signiﬁcant downregulation of most
PE and PC ethers and plasmalogens (e.g., P-34:1/O-34:2,
P-34:2/O-34:3, P-36:1/O-36:2 and P-36:2/O-36:3), while lipid
species containing saturated and monounsaturated fatty acyls
are signiﬁcantly upregulated in tumor cell lines (e.g., species
containing 34:0, 34:1, 32:1). Furthermore, lipid species
containing some PUFA with more than three double bonds
(e.g., 36:4, 38:4, 38:5, 38:6, 40:4, 40:5 and 40:6) are signiﬁcantly
upregulated in tumor cell lines. These trends are closely
correlated with GC/MS results of the fatty acyl composition
(Supplementary Fig. S5, Supporting Information). Saturated
or monounsaturated fatty acyls with shorter acyl chains
(14:0, 16:0 and 16:1) and PUFA containing four and more
double bonds (20:4, 22:5, 22:6) are signiﬁcantly upregulated
in tumor cell lines. Plotted ratios of sums of shorter acyls to

C18 (14:0 + 16:0 + 16:1/18:0 + 18:1 + 18:2) or PUFA to C18
(20:4 + 22:5 + 22:6/18:0 + 18:1 + 18:2) show upregulation of
more than 3 times for shorter acyls and more than 5 times
for PUFA (Fig. 3).
Statistical evaluation of breast cell lines data
MDA of relative abundances of detected polar lipid species
was used as a tool for simpliﬁed visualization of the most
signiﬁcant differences between normal and tumor cell lines
(Fig. 4). Cell lines were cultured, extracted and lipid
composition measured using LC/MS in two batches within
the time interval of 6 months (preﬁx 1 is the ﬁrst batch, preﬁx
2 is the second batch, e.g., 1MCF10A and 2MCF10A) to verify
the integrity of data. PCA clusters samples according to the
similarities and differences between relative abundances of
lipid species. Figure 4(A) shows clear clustering of the normal
cell line and all tumor cell lines and signiﬁcant similarities
between samples in the ﬁrst and second batch, providing a
distinct proof of stability and reproducibility of all individual
steps in sample preparation and analysis. The next step of
MDA is application of the supervised OPLS-DA method
(Figs. 4(B) and 4(C)), which improves the group clustering by
the PCA method using predeﬁned groups of samples (normal
vs. tumor cell lines). The OPLS-DA score plot (Fig. 4(B)) shows
excellent separation of clusters, while the S-plot (Fig. 4(C))
visualizes the lipids inﬂuencing this clustering. Upregulated
lipids in tumor cell lines appear in the upper right corner and
downregulated lipids in the lower left corner. The most
upregulated species are PE 40:6 (PE 18:0/22:6), PE 40:5
(PE 18:0/22:5), PE 38:6 (PE 16:0/22:6), PI 40:6 (PI 18:0/22:6)
and PC 32:1 (PC 16:0/16:1), and downregulated PE P-34:2
(PE P-16:0/18:2 and PE O-16:1/18:2), PE P-36:1
(PE P-18:0/18:1 and PE O-18:1/18:1), PE P-36:2 (PE P-18:0/
18:2 and PE O-18:1/18:2), PC P-34:1 (PC P-18:0/16:1 and
PC O-18:1/16:1) and PE P-38:3 (PE P-18:0/20:3 and PE
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Figure 6. Dendrogram of normal and tumor breast cell lines and tissues calculated using the Ward linkage criterion.

wileyonlinelibrary.com/journal/rcm

Copyright © 2016 John Wiley & Sons, Ltd.

Rapid Commun. Mass Spectrom. 2017, 31, 253–263

HILIC/ESI-MS of lipids in breast cell lines and tumor tissues
O-18:1/20:3). The most abundant fatty acyl combinations on
the glycerol skeleton were identiﬁed by MS/MS spectra in
the negative-ion ESI mode.
Correlation of breast cell lines and breast tissues of cancer
patients
LC/MS
analysis
enables
the
identiﬁcation
and
characterization of differences in the lipidomic composition
(see Supplementary Table S2, Supporting Information) of the
breast normal cell line (MCF10A) and nine breast tumor cell
lines (ZR-75-1, T-74D, MCF7, MDA-MB-231, MDA-MB-453,
MDA-MB-468, SK-BR-3, BT-474 and BT-549). In our previous
work we described changes in the lipidome of breast tumor
tissue and surrounding normal tissue of breast cancer patients
using the same LC/MS method.[24] However, these changes in
breast tissues could also be caused by other factors in addition
to cancer, such as inﬂammation and immune response.
Moreover, the information is also diluted due to the presence
of other cell types, adipose tissue, ducts, etc. On the other
hand, the comparison of cell lines (tumor vs. normal) provides
undiluted information on the lipidomic changes occurring in

the tumor cell after the transformation from the normal cell.
The goal of the present work is to determine the degree of
similarity between tumor cell lines and tumor tissues
and mainly to identify the most dysregulated lipids observed
for both models.
Various MDA approaches are used for the statistical
evaluation of relative abundances of 123 lipids from four lipid
classes determined in this work: PCA, HCA, OPLS-DA, Splots, dendrogram and ROC curves. The gap between cell
lines (on the left) and tissues (on the right) in the PCA plot
shown in Fig. 5(A) conﬁrms the initial expectation that
differences between cell lines and tissues are not negligible,
but it is still possible to distinguish cancer samples from
normal samples even in this unsupervised PCA plot. The same
conclusion is obtained from the HCA plot as the second
unsupervised MDA method that the primary separation
criterion is the type of sample (cell line vs. tissue) and the
second is cancer vs. normal (Fig. 6). When we switch from
unsupervised methods to supervised OPLS-DA, then of
course the group resolution is signiﬁcantly improved and
cancer vs. normal samples are clearly distinguished in all cases
(Fig. 5(B)). The next step is the identiﬁcation of most
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Figure 7. Box plots describing the most important (A) upregulated and (B) downregulated lipids in normal and
tumor breast cell lines and tissues of breast cancer patients. *In the case of PI 38:4, y axes values are five times
more than shown numbers, i.e., 0–70% range.
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dysregulated lipids valid for both models using an S-plot
(Fig. 5(C)). The logical series of the 10 most upregulated (Fig. 7
(A)) and 10 most downregulated (Fig. 7(B)) lipids are
visualized by box plots with intervals of their relative
abundances for all sample types. The central line in the box
plot (Fig. 7) shows the value of the median, the lower part
represents the ﬁrst quartile and the upper part the third
quartile. Extreme lines show minimum and maximum values.
Some trends can be generalized and they are also in agreement
with the state-of-the-art knowledge of lipidomic changes
related to cancer. The signiﬁcant upregulation is evident (Fig. 5
(C)) for lipids containing saturated and monounsaturated
fatty acyls with shorter chains (32:0, 32:1, 34:0 and 34:1), which
is illustrated in Fig. 7(A) for logical series of PL 32:1 and 34:1,
but less pronounced upregulation could be observed for other
low unsaturated PL as well. This is in perfect agreement with
GC/MS data shown in Fig. 3 and Supplementary Fig. S5
(Supporting Information). Some PL with highly PUFA are
upregulated (PI 40:6, PE 40:6, PC 40:6 and PE 38:4), while other
polyunsaturated PL with general formulas 36:4 and 38:4
(combinations of 16:0/20:4 and 18:0/20:4) are downregulated
(see Fig. 7(B)). The exception is the behavior of PE 38:4. It is
clear that PL containing PUFA have important roles in cancer
and changes could be also expected in the area of oxylipins
formed by the oxidation of PUFA chains released from
corresponding PL. Another general effect is the signiﬁcant
downregulation of ether and plasmalogen PE and PC, as
shown in some examples in Fig. 7(B) and for the sum of all
PE ethers and plasmalogens in Supplementary Fig. S6
(Supporting Information). Another way of visualization of
the potential of most dysregulated lipids for distinguishing
cancer vs. normal groups is the use of ROC curves
(Supplementary Fig. S7, Supporting Information), which
provides information on false positive/false negative rates.
The area under the curve (AUC) in ROC graphs is a measure
of reliability of used parameter for the differentiation of tumor
vs. normal states. We plot sums of PE 32:1 + PI 32:1 + PC 32:1 in
Supplementary Figs. S7(A) and S7(B) (Supporting
Information) and of PE 36:4 + PI 36:4 + PC 36:4 in
Supplementary Figs. S7(C) and S7(D) for cell lines (Figs. 7(A)
and 7(C)) and tissues (Figs. 7(B) and 7(D)). The absolute
resolution is obtained for PL 32:1 in cell lines (AUC = 1.00),
but signiﬁcantly decreased for tissues (AUC = 0.70), while
results for PL 36:4 are comparable in both cases (AUC = 0.81
and 0.90, respectively).

CONCLUSIONS
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This work conﬁrms that changes observed in breast tumor
tissues are caused mainly by different lipidomic proﬁles of
tumor cells and these changes can be well correlated with
the lipidomic composition of the nine breast cancer cell lines
studied here. Although individual breast cancer cell lines
show some differences in their lipidomic proﬁles, these
differences do not cause problems in the differentiation
between tumor and normal cells. The current research will
continue with the analysis of human plasma of cancer patients
and healthy volunteers with the emphasis on dysregulated
lipids identiﬁed in tumor cell lines and tumor tissues and
comparison between different types of breast cancer.
Differences in lipid concentrations between normal and cancer

wileyonlinelibrary.com/journal/rcm

groups are rather small for human plasma; therefore, the
information on cancer-induced dysregulation of some PL with
low unsaturation level (mainly 32:1 and 34:1), PL containing
PUFA (36:4, 38:4, 38:5, 40:6, etc.) and plasmalogen and other
ether lipids observed in cell lines and tissues could be helpful
for the targeted lipidomic proﬁling of human plasma. These
changes are also in agreement with GC/MS data showing
the upregulation of shorter saturated (14:0 and 16:0) and
monounsaturated (16:1) fatty acyls and some PUFA (20:4,
22:5 and 22:6).
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