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Abstract

Purpose One of the hallmarks of cancer cells is the demand of supply for the synthesis of new membranes involved in cell
proliferation and lipids have an important role in cellular structure, signaling pathways and progression of cancer. In this
sense, lipid studies have become an essential tool allowing the establishment of signatures associated with breast cancer
(BC). In this regard, some metabolic processes including proteins, nucleic acids and lipid synthesis are enhanced as part of
cancer-associated metabolic reprogramming, as a requirement for cell growth and proliferation.

Methods Pairwise samples of breast active carcinoma (BAC) and breast cancer-free tissues were collected from n=28
patients and analyzed by MALDI-TOF MS.

Results Major lipid species are identified in the MALDI-TOF mass spectra, with certain phosphatidylinositols (PIs) detect-
able only in BAC. Statistical analysis revealed significant differences (p < 0.05) between ratios lysophosphatidylcholine
(LPC) 16:0/phosphatidylcholine (PC) 16:0_18:2 between AC and CF groups as well as for BC stages II and III. The ratio
PC 16:0_18:2/PC16:0_18:1 was statistically different between AC and CF groups. The one-way ANOVA revealed that there
are no statistical differences among BC stages (I, IT and IIT) within AC group. Comparing BC stages, the significance impact
increased (p < 0.05) with stage.

Conclusion The obtained data revealed MALDI-TOF MS as a powerful tool to explore lipid signatures and the enzyme
activity associated with BC and possibly establish novel disease markers.

Keywords Breast cancer - Tissue - Lipids - Glycerophosphocholine - MALDI-TOF MS

Introduction

Breast cancer (BC) is leading at the top of women’s dis-
eases accounting expected to reach around 3 million of
diagnosed cases by 2040, according to GLOBOCAN
series of the International Agency for Research on Can-
cer (IARC) [1]. Available diagnostic and screening tools
have supported the disease detection/progression result-
ing in the improved survival rates. Metabolomics emerged
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as a promising approach in disease profiling for the pur-
suit of new biomarkers in biological matrices, such as
cell extracts, tissues or biological fluids, which reflect
the altered metabolism and the physiological status [2].
Several techniques have been applied to biological sam-
ples (urine, exhaled breath, tissue) to explore the possible
mechanisms underlying cancer, covering many classes of
metabolites, namely intermediates of tricarboxylic acid
cycle (TCA), amino acids and lipids. The most common
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techniques include gas chromatography (GC), liquid
chromatography (LC), tandem mass spectrometry (MS),
nuclear magnetic resonance (NMR) spectroscopy and
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS). In this regard,
MALDI has gained popularity focusing on the global
composition of lipids and their derivatives in biological
systems becoming useful to search possible biomarkers
for detection and prognosis of diseases [3, 4]. Lipids have
an important role in cellular structure, signaling pathways
and progression of cancer, being one of the hallmarks of
cancer, the demand of energy and “constituents” supply for
the synthesis of new membranes involved in cell prolifera-
tion [5-7]. They are divided into several subclasses—fatty
acids, glycerophospholipids, sterols, sphingolipids, and
others [8]. The advances in the development of matrices
for MALDI analysis enabled to access the lipid compo-
sition [9, 10]. Changes in the lipid/glycerophospholipid
composition of certain tissues suggest changes also in the
activity of specific enzymes involved in the lipid metabo-
lism. Overexpression of these enzymes is documented in
various cancer types [11-15] and only for certain types,
the associated changes in the glycerophospholipid compo-
sition was demonstrated.

Several studies have been developed using MALDI in
diverse diseases, as well as in BC. Kang et al. [16] performed
a study where protein and lipid profiles allowed the distinc-
tion of BCs according to the intrinsic subtype. Namely, glyc-
erophosphocholines are overexpressed in BC compared to
luminal and HER2 subtypes. In addition, Cho et al. [5] have
found differences in the content of triacylglycerols (TGs) in
healthy and BC tissues, as well as certain changes in the PC
profile of the BC lipid extracts using MALDI MS. Kim et al.
[17] developed an analytical approach for the determination
of ketone-containing metabolites in human BC cell lines
(e.g., MCF-7 cell line) as they can reflect the clinical condi-
tion and pathogenic mechanisms. Another report by Phillips
et al. [18] demonstrated that MALDI MS imaging (MALDI
MSI) of peptides obtained from BC tissues of patients with
triple-negative BC (TNBC) were useful to discover proteins
with higher abundance in TNBC when compared with non-
cancerous tissue and use them in disease prognosis.

The current work describes the screening of lipid content
from tissues obtained from active carcinoma (AC) tissue
and comparison with cancer-free tissue (CF) samples to
identify signatures associated with BC. Data are processed
using one-way ANOVA and significant differences among
BC stages within AC group were found. The results pre-
sented herein provide more insights about BC progression
and strongly imply the impairment of the glycerophospho-
choline metabolism in cancer cell that can be potentially
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related to the activities of enzymes and help in the discovery
of BC biomarkers.

Materials and methods
Reagents and samples

Phosphate buffer solution (PBS) was from Sigma-Aldrich
(St. Louis, MO, USA), methanol (MeOH) and chloro-
form (CHCI;) from Thermo Fisher Scientific (Waltham,
Massachusetts, USA). Matrices, 9-aminoacridine (9-AA)
and 2,5-dihydroxybenzoic acid (DHB) and solvents for
MALDI-TOF MS were from Sigma-Aldrich (St. Louis,
MO, USA).

Tissue samples were obtained at the Pathologic Anat-
omy Unit of Hospital Dr. Nélio Mendonga (Funchal, Por-
tugal) according to Table 1. The research was approved
by the Ethics Committee of Funchal Central Hospital Dr.
Nélio Mendonga (Approval no. S.1708625/2017) and has
been performed in accordance with the ethical standards
as laid down in the 1964 Declaration of Helsinki and its
later amendments or comparable ethical standards. All the
participants were fully informed of the objectives of the
study and signed the informed consent.

Pairwise samples of active carcinoma (AC) and cancer-
free (CF) tissues were resected from 28 female patients
diagnosed with breast cancer (age range 44-84 years, aver-
age 65). The CF tissue is collected outside the tumor mar-
gin. The tissues were immediately frozen in liquid nitrogen
and stored at — 80 °C until extraction.

The resected BC tissues were classified using the tumor,
node, and metastasis staging (TNM) approach which
included five cases of stage IA, eight cases of stage IIA,
seven cases of stage IIB, one case of stage IIIA, five cases

Table1 List of collected tissue samples from BC female patients.
Histological grades are assigned as described in Materials and Meth-
ods section

Samples Active carcinoma tissue

Number (n) 28

(44-84, 65)
1A (5)

IIA (8)

1IB (7)
TIA (1)
1B (5)
IIIC (2)

Age (range, median)

Histological grade
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of stage IIIB and two of stage IIIC. Briefly, BC has four
stages, I, IT III and IV. Stage I and II have subcategories
A and B, while stage III can have A, B or C. The letters
describe the size of the tumor and if the tumor has spread
to the axillary lymph nodes or the lymph nodes near the
breastbone.

Methods
Lipid extraction

Portions of 100 mg of intact frozen samples were transferred
into glass vials and rinsed with 5 mL of a PBS solution to
remove any blood residues from the samples; 5 mL of cooled
MeOH and CHCl; were added and samples homogenized.
The vials were placed at — 20 °C and were vortexed three
times every 10 min, followed by centrifugation (4000x g for
15 min, 4 °C). The lower phase (CHCl;) containing the lipid
fraction was kept in — 20 °C until analysis by MALDI-TOF
MS.

MALDI-TOF MS

After the extraction procedure, 0.5 pL of tissue extracts
were applied on the polished stainless-steel target plate fol-
lowed by the same volume of matrix (10 mg/mL of DHB in
methanol, or 10 mg/mL of 9-AA in acetone). Each sample
was applied in duplicate for two consecutive days, to check
reproducibility of the method. Each spectrum represents a
sum of 2000 individual laser shots at 200 Hz frequency, with
laser intensity around 40% of the maximum (internal scale).
Tons were detected in both positive and negative mode, with
the reflector detector (detector voltage was kept at 1970 V),
to increase mass resolution, and with a delayed time of
120 ns, to increase mass precision [19]. MALDI-TOF MS
was done at an Autoflex maX device (Bruker, Bremen,
Germany) equipped with the Smartbeam-II™ laser emit-
ting at 355 nm. The instrument has an improved system for
detection of fragments (LIFT™ ion optics for single scan
TOF/TOF acceleration), enabling the fragmentation of ions,
which was used to confirm the signal identity.

LPC/PC and PC/PC ratios

Signal-to-noise (S/N) ratio of signals corresponding to the
proton adduct of LPC 16:0 (m/z 496.3) was divided by the
S/N ratio of signals arising from the proton adducts of PC
16:0_18:2 (m/z 758.6) or PC 16:0_18:1 (m/z 760.6) from the

same spectrum and the number was averaged for a duplicate.
S/N ratios of signals of the proton adducts of PC 16:0_18:2
and PC 16:0_18:1 from the same spectra are compared and
the numbers statistically analyzed. The S/N values were
extracted from the spectra acquired with 9-AA [20, 21].

Statistical analysis

Statistical analysis was performed using the Statistical
Package for Social Sciences (SPSS) software version 23.0
package for Windows (SPSS Inc., Chicago, IL, USA). A
paired samples ¢ test was performed to verify whether there
was statistical evidence that the mean difference between
AC and CF tissues is different from zero for the three ratios
LPC 16:0/PC 16:0_18:2, LPC 16:0/PC 16:0_18:1 and PC/
PC as described in the previous section. In addition, signifi-
cant differences between BC stages (I, II and III) within AC
group were assessed with a one-way analysis of variance
(ANOVA).

Results and discussion

Altered regulation of lipid metabolism in breast cancer is
documented and potential mechanisms that lead to changes
in the lipid composition discussed in numerous reports [22].
The upregulation of enzymes involved in the lipid metab-
olism, such as lysophosphatidylcholine acyltransferase,
LPCAT [11-13], as well as phospholipase A,, PLA, [14,
15] was found associated with the renal, gastric and breast
cancer progression. On the other hand, there are no studies
that correlate the upregulation of the enzyme with its activ-
ity, but such study is important, because these two enzymes
have the opposite activities: LPCAT synthesizes PC, and
PLA, catalyzes the hydrolysis of this glycerophospholipid
and the production of LPC. In the equilibrium state/healthy
cells, activities of these two enzymes require to be synchro-
nized, due to well-known detergent-like and signaling prop-
erties of LPC [23].

The number of cancers, if not all, are associated with
changes in the lipid metabolism, as discussed in several
reports [7, 24]. Apparently, changes in the regulation of lipid
metabolism play a role in BC carcinogenesis, as recently
shown by Sevinsky et al. [22], emphasizing the importance
of the lipid/glycerophospholipid profiling of AC tissues.
Methods for lipid analysis involve lipid extraction, followed
by fractionation into individual lipid classes and analysis of
the fatty acid composition [25], presenting several disadvan-
tages as time consuming and expensive. Nevertheless, the
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first information about potential changes in lipid metabo-
lism in AC tissues was revealed a decades ago by described
approach. Furthermore, more modern method that is much
easier and more specific provides the information about the
spatial distribution and the concentration of a potential bio-
markers is the mass spectrometric imaging (MSI) [26, 27].
MSI is mostly based on MALDI technology, and appears
to be more powerful, since combines the advantages of
MALDI profiling, histochemistry, and has the possibility of
fragmentation [27], but MALDI MSI instrumentation not
available in most laboratories. Therefore, analysis of tissue
lipid composition by MALDI-TOF MS can be applied as
an alternative to MSI, still keeping the advantages of the
performances in terms of the time for analysis, sensitivity,
precision and the extent of information that can be drawn
from a single spectrum [10].

The signal intensity and MALDI-TOF MS quality depend
on the homogeneity of the distribution of matrix/analyte co-
crystals [28], and on the presence and relative abundance
of the easy-detectable species, such as PC and/or sphingo-
myelin (SM) [29, 30]. These two species bear a pre-formed
positive charge on the choline headgroup, and their presence
might lead to a suppression of ion species with close m/z
ratios [29].

Another issue are the overlapping of signals in the region
between m/z around 700-900, and their misinterpretation
[29, 31], but this can be overcome. Because of the high
content of PC in tissue extracts and the possibility of over-
lapping with other PL species, for more detailed analysis
of the spectra of tissue extracts, previous separation of the
mixture in their individual class, by thin layer chromatogra-
phy [32] might be recommended. On the other hand, it has
been already demonstrated that this method can be applied
for profiling of the lipid extracts from the tissues and cells
[10, 31], which is the most time saving approach and is used
in our study.

One of the approaches to overcome the drawbacks is the
analysis of the complex spectra in the negative ion mode, the
application of different matrices [21], and the fragmentation
of specific ions. To assure signal identity in the lipid mix-
ture extracted from tissues, we have compared the MALDI
spectra acquired with DHB and 9-A A in the positive, as well
as in the negative ion mode, as well as the fragmentation of
ions with potentially overlapping position.

Organic extracts of AC tissues and CF are analyzed
by MALDI-TOF MS with two matrices, DHB and 9-AA.
These two matrices were selected because of their proper-
ties and complementarity for MALDI-TOF MS analyses of
phospholipids: 9-AA works better performance in the nega-
tive ion mode than DHB [21, 29], and the spectra of tissue
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Fig. 1 Positive ion MALDI-TOF MS of tissue from a BC patient in
stage IIA acquired with DHB (a) and 9-AA (b) matrix

extracts were different in terms of the detectable lipid spe-
cies (Fig. 1a, b).

Positive ion mode spectra of BC extract acquired with
DHB (Fig. 1b) contain a higher number of signals than the
spectra acquired with 9-AA (Fig. 1a), which does not neces-
sary indicate the higher number of detectable species. Both
proton and the sodium adducts are favored with DHB with
the intensity of adducts depending on the concentration of
cations [33], whereas 9-AA favor the formation of proton
adducts [21]. Moreover, under our conditions, triacylglyc-
erols (TGs) were detectable mostly in the spectra acquired
with DHB, and no changes in their fatty acid composition
between AC and CF samples were found. TGs are, however,
always detectable as the Na*-adducts, what might be the rea-
son of their favorable detection with DHB [34]. The position
of the detected signals in the positive ion mode with both
matrices and their identification is listed in Table 2.

The qualitative differences in the positive ion spectra of
AC and CF tissues acquired with DHB were not found, and
they will not be discussed further, and the corresponding
negative ion mode spectra contain minor analyte signals, as
described earlier [29, 31]. Therefore, for further analyses and
discussion, the spectra acquired with 9-AA will be consid-
ered. We focus on the qualitative analyses, since quantita-
tive analyses by MALDI are difficult, as detector response
depends on a number of factors, such as m/z of the analyzed
compounds [35].

Positive and negative MALDI-TOF MS of AC tissue
extracts, and the corresponding CF tissue extracts are pre-
sented in Fig. 2a—d.
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Table 2 Identification of

Signal position (/.
signals detected in the positive gnap (m/2)

ion assignment

ion mode MALDI-TOF mass
spectra of BC and CF tissues

742-746
496.3
703.6
732.6
734.6
758.6
760.6
766.6
768.6
770.6
782.6
784.6
786.6
788.6
808.6
810.6
828.8
852
881.8
885.5
907.8
911.6
913.6
925.6
928.8
939.6
941.6
951.7
953.6
955.5
979.7

Fragments of PCs (Fuchs et al. [21].)

[LPC 16:0+H]*

[SM 16:0_18:1+H]*/[SM 16:1_18:0+H]"

[PE 16:0_18:0+H]"

[PC 16:0_16:0+H]*

[PC 16:0_18:2+H]*

[PC 16:0_18:1+H]*

[PC O-16:1_20:4 +H]* (O-alkyl PC, plasmalogen)

[PC O-16:0_20:4 + H]* (O-alkyl PC, plasmalogen)

[PC 16:0_20:3+H]*/[PC 18:1_18:1+H]*

([PC 36:4)+H]*)/[PC 16:0_20:4+H]*/[PC 18:2_18:2+H]*"
([PC 36:3)+H]*)/[PC 18:1_18:2+H]*/[PC 16:0_20:3+H]*
([PC 36:2) +H]*)/[PC 18:0_18:2+H]"

([PC 36:1)+H]*)/[PC 18:0_18:1+H]"

([PC 38:5)+H]")/[PC 18:1_20:4+H]*/[PC 18:2_18:2+H]*
([PC 38:4)+H]*)/[PC 18:0_20:4+H]*

[PS 18:0_18:1+K~+H]*/PS 16:0_20:4-H+3Na] *

[PS 18:0_18:0+Na+K]*

[TG 52:2+Na] *

([PI 38:4)+H]")/[PI 18:1_20:3+H]*/[PC 16:0_22:4+H]"
[TG 54:3+Na] *

([PI 40:6)+H]*)/[PI 18:2_22:4+H]*

([PI 40:5)+H]")/[PI 18:1_22:4+H]*

([PI O-42:6)+H]*")/[PI 0-20:0_22:6 +H]*

[PI 18:1_20:4+2Na] *

([PI 42:6)+H]")/[P1 20:0_22:6 + H]*

([PI 42:5)+H]")/[P1 20:1_22:4+H]"

([PI 42:0)+H]*)/[PI 20:0_22:0+H]"*

([PI 43:6)+H]")/[P1 21:0_22:6 + H]*

([PI 43:5)+H]")/[PI 21:0_22:5+H]"

([PI 44:0)+H]*)/[PI 22:0_22:0+H]*

Spectra were acquired with 9-AA and DHB in the reflector mode and delayed extraction conditions

Numbers represent the total number of carbon atoms and double bonds

LPC lysophosphatidylcholine, PC glycerophosphocholine, PE glycerophosphoethanolamine, P Iglycer-
ophosphoinositol, SM phosphosphingolipid, TAG triacylglycerol

The representative spectra of one selected tissue extract is
presented in Fig. 2, whereas the selected spectra of patients
operated in different BC stages are given in Fig. S1. It should
be indicated that the detection of PIs, as negative ions that
require two cations for charge compensation and ionization,
in the positive ion mode spectra acquired with 9-AA was
rather difficult, and the detectability of those ions and their
composition is discussed later in the manuscript.

By the analysis of the PC region in the positive ion mode
spectra acquired with 9-AA, there are differences in the
intensities of the signal at m/z 758.6 related to the signal

at 760.6 in AC versus non-cancerous tissues, namely in the
extract of AC tissues, the signal at m/z 758.6 is lower when
compared to the signal at 760.6 (Fig. 3).

Both arise from the proton adducts of PC, but one con-
taining 18:2, and another 18:1 fatty acid residue at the sn-2
position (Table 2). To check for potential relation to the
type of AC tissue and the stage, we have taken the ratio
between the S/N of both signals. Since the S/N ratios dif-
fer significantly and MALDI is known for rather low shot-
to-shot reproducibility [35], two S/N ratios were compare,
as the measure of the ion concentration ratios between the
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Fig.2 Positive (a, b) and negative (¢, d) MALDI-TOF MS of an AC
tissue (stage IIA) (a, ¢) and the corresponding CF (b, d). Spectra
were acquired with 9-AA as matrix and in the reflector mode under
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Fig.3 Positive ion mode MALDI-TOF MS of the PC region from
AC tissue (a) and the corresponding CF (b) acquired with 9-AA as
matrix. Spectra were acquired in the reflector mode with delayed
extraction conditions

samples. This approach overcomes the drawback of the
MALDI methodology, as it has been shown for the organic
extracts from serum of rheumatoid arthritis and Parkin-
son’s disease patients [36, 37]. In addition to this, to check
potential changes in the activity of the PLA,, an enzyme
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delayed extraction conditions. Signals are indicated according to their
position (m/z ratio), whereas the signals arising from matrix are indi-
cated by an asterisk

that catalyzes the cleavage of the fatty acid from the sn-2
position of the lipid, the S/N ratio of the signal at m/z 496.3
(LPC 16:0) and both PCs at m/z 758.6 and m/z 760.6 were
compared. Statistical analysis was performed, and the results
of paired ¢ tests are summarized in Table 3.

Firstly, the Kolmogorov—Smirnov test was performed
to validate the normality assumption before performing a
t test. Afterward, a paired ¢ test was applied to the three
ratios LPC 16:0/PC 16:0_18:2, LPC 16:0/PC 16:0_18:1 and
PC 16:0_18:2/PC 16:0_18:1, considering all stages com-
bined, as well as in separately for each BC stage I, II and
III. Regarding to ratio LPC 16:0/PC 16:0_18:2 it could be
verified that for all stages together there are statistically sig-
nificant differences (p < 0.05) between AC and CF groups,
as well as for the stages II and III. In addition, it can be also
verified that within BC stages, the impact of significance
augmented among the stages (0.393, 0.049 and 0.002), thus
indicating that for advanced stages of the disease the lipid
metabolism might be increasingly compromised. For the
ratio LPC 16:0/PC 16:0_18:1, although there is no statistical
evidence that the AC and CF are different, the same pattern
observed in the previous ratio is viewed (0.833, 0.147 and
0.141). Concerning the ratio PC16:0_18:2/PC16:0_18:1 it
was verified that for all stages together there are statistically
significant differences between AC and CF groups, but the
referred pattern is not expressed in this case.
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Finally, for the AC group the one-way ANOVA was
applied to compare the mean of each ratio among of the
three independent BC stages I, II and III. For this purpose,
the assumptions for adequately perform this statistical analy-
sis was checked, namely each group sample is drawn from
a normally distributed population (as shown in Table 3)
and it can be assumed that there is a homogeneity of vari-
ances among populations (where for the ratios LPC 16:0/
PC 16:0_18:2, LPC 16:0/PC 16:0_18:1 and PC 16:0_18:2/
PC16:0_18:1 the p values of the Levene test were 0.821,
0.940 and 0.325, respectively). The one-way ANOVA
revealed that there are no significant differences among the
BC stages, regardless of the ratio considered (where for the
ratios LPC 16:0/PC 16:0_18:2, LPC 16:0/PC 16:0_18:1 and
PC16:0_18:2/PC16:0_18:1 the p values of the F test were
0.213, 0.173 and 0.750, respectively). This might indicate
that for the collected sample the mean of each ratio is not
affected by the disease stage.

Similar study that will connect the overexpression of
enzymes with their activity with the stage of AC has not
yet been performed. Our results indicate significant differ-
ences between AC and CF regarding the relative content of
PCs with different fatty acid composition, but the differences
are no significant among various stages of BC. Even if the
LPCAT is upregulated in breast cancer [12] and LPCAT
activity is enhanced in BC cells, its seems that it does not
correlate with the cancer stage, at least judging by the PC/
PC ratio (Table 3). On the other hand, certain specificity of

(a) 9516

() ssss

857.5 9255 951.6 9777

909.5 /

850 875 900 925 950 975

1000 1025 1050 ./,

Fig.4 Negative ion mode MALDI-TOF MS from AC tissue extract
(a) and the corresponding surrounding CF tissue (b). Spectra were
acquired with 9-AA as matrix, in the reflector mode with delayed
extraction conditions
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the LPCAT toward incorporation of less unsaturated fatty
acid into PC can be implied.

Additionally, the relative content of LPC, most likely the
product of PC hydrolyzes catalyzed by PLA, is higher in
AC compared to CF, and we found a correlation of LPC/PC
(16:0_ 18:2) ratio with the cancer stage. These results imply
that the activity of PLA, can be increasing with the stage of
breast cancer [38, 39], but since there are several types of
PLA, in the cells it remains to be clarified, which PLA, form
is more active and it can be associated with the BC stage.
It is, however, possible that factors other than BC stage can
affect the activities of enzymes, but further study with more
samples is required to better explore all involved factors.

Glycerophosphoinositols (PIs) are targeted as potential
biomarkers for prostate cancers [26], as revealed by MSI,
and their involvement in the signal transduction is demon-
strated as reviewed by Kim et al. [40]. This is not surprising
because, these negatively charged glycerophospholipids play
an important role in the signal transduction [41, 42], the
former one through the interaction and activation of some
protein kinases, whereas the phosphorylation of PIs controls
the membrane trafficking, which is the important process
for the activation of various kinases. Simultaneously with
the analysis of positive ions, the negative ion mode spectra
were performed, once these ions are not easily detectable in
positive ion mode; their signals are mostly suppressed by
the easily detectable signals of neutral glycerophospholipids.

The negative ion mode spectra of AC and CF tissues are
given in Fig. 4, and the corresponding signal assignment in
Table 4. The negative ion mode MALDI-TOF mass spectra
of other stages are given in Fig. S1.

The differences in the PI composition between the AC
and CFs are reflected in the appearance of new PI species in
the spectra of BC tissues, and the frequency of occurrence
is given in Table 5.

In most AC, PI 16:0_18:1 is detectable (m/z 835.5),
whereas this PI was not detectable in the CF. Besides this
PI, PI 18:0_18:1 and 18:0_18:2 (at m/z 861.5 and 863.5,
respectively) is detected in most AC tissues (Table 5). AC
in stage I according to the composition of PIs is not clearly
different compared to CF, whereas other PI species appear
more frequently in other BC stages.

There are also some negatively charged ions at higher
m/z ratios, which might correspond to phosphorylated glyc-
erophosphoinositols, but their identity remains to be con-
firmed and data analyzed with a higher number of samples.
These highly phosphorylated PIs are difficult for detection
by MALDI MS, as demonstrated earlier [43]. Even if PIs
were considered as potential markers for prostate and some
other cancers [26, 44], it cannot be confirmed in this case
for breast cancer and under applied experimental conditions.
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Table 4 Identification of signals

. o Signal position (m/z) Ion assignment

detected in the negative ion

mode MALDI-TOF MS of BC 808.6 ([PC 38:4)—H]")/[PC 18:0_20:4—H]"

and CF tissues 8275 ([P1 34:5)—H]")/[P1 16:1_18:4—H]~
829.5 ([PI 34:4)—H]")/[PI 16:0_18:4—H]~
835.5 ([PI34:1)—H]")/[PI 16:0_18:1-H]~
837.5 ([PI 34:0)—H]")/[PI 16:0_18:0-H]~
855.6 ([PS 41:3)-H]7)/[PS 20:3_21:0-H]~
857.5 ([PI 36:4)—H]")/[PI 16:0_20:4—H]~
859.5 ([P136:3)—H]")/[PI 18:1_18:2—H]~
861.5 ([PI36:2)—H]")/[PI 18:0_18:2—H]~
863.5 ([P136:1)—H]")/[PI 18:0_18:1-H]~
881.5 ([PI 38:6)—H]")/[PI 16:0_22:6—H]~
883.5 ([PI 38:4)—H]")/[PI 16:0_22:4—H]/[PI 18:2_20:3—H]~
885.5 ([PI38:3)—H]")/[PI 16:0_22:3—H]/[PI 18:1_20:3—H]~
887.5 ([PI 38:2)—H]")/[PI 16:0_22:2—H]/[PI 18:0_20:3—H]~
895.6 ([PI O—40:6)—H]")/[P1 0—-18:0_22:6—H]~
897.6 ([PI O—40:5)—H]")/[P1 0—-18:0,_22:5-H]~
899.6 ([PI O—40:4)—H]")/[P1 0—-18:0_22:4—-H]~
901.6 ([PI O—40:3)—H]")/[PI O-18:0_22:3—H]~
907.5 ([P140:7)—H]")/[PI 18:0_20:3—H]~
909.5 ([P140:6)—H+]7)/[PI 18:0_22:6—H]~
911.6 ([P140:5)—H]")/[PI 18:0_22:5—-H]~
925.6 ([P141:5)—H]")/[PI 19:1_22:4—H]~
927.6 ([P141:4)—H]")/[PI 19:0_22:4—H]~
935.6 ([P141:0)—H]™)/[P1 20:0_21:0-H]~/[PI 22:0_19:0-H]~
937.6 ([P142:6)—H]™)/[P1 20:0_22:6—H]~
939.6 ([P142:5)—H]™)/[P120:1_22:4—H]~
949.7 ([P142:0)—H]™)/[P1 20:0_22:0-H]~
951.6 ([P143:6)—H]")/[P1 21:0_22:6—H]~
953.6 ([P143:5)—H]")/[P1 21:0_22:5—-H]~
975.7 ([P144:1)—H]™)/[P1 22:0_22:1—-H]
971.7 ([P144:0)—H]™)/[P1 22:0_22:0-H]~
1000-1050 Signals in this region could arise from phosphatidylinositol

phosphates, but their identification could not be confirmed with
certainty

Spectra were acquired with 9-AA and in the reflector mode, and delayed extraction conditions
Numbers represent the total number of carbon atoms and double bonds

PC glycerophosphocholine, PI glycerophosphoinositol

@ Springer



18

Breast Cancer Research and Treatment (2020) 182:9-19

Table 5 Occurrence of the glycerophosphoinositol species (PI) that
appear in the AC tissue and not detectable in the surrounding CF tis-
sue

Stage of Glycerophosphoinositol (m/z) Frequency of
cancer occurrence
(%)
1 No clear differences between AC and CF in PI
region
I PI 16:0_18:1 (835.5) 71.7
PI 18:0_18:1 (863.5) 71.
PI 18:0_18:2 (861.5) 61.1
PI 18:0_20:3 (907.5) 66.6
m PI 16:0_18:1 (835.5) 30
PI 18:0_18:1 (863.5) 30
PI 18:0_20:3 (907.5) 60

Only the samples in which different Pls are detected are indicated

PI glycerophosphoinositol

Conclusions

In conclusion, in this study we have verified that LPC/PC
ratio, calculated from MALDI mass spectra can be used as a
marker for BC disease progression, and that the PC content
is most likely affected by the changes in the PLA, activity,
and that its activity increases with the AC stage. On the
other hand, it seems that the activity of LPCAT remains not
changed during the disease progression. The changes in the
activity of enzymes involved in the PI metabolism could
not be well documented, at least no by lipid profiling by
MALDI-TOF MS.

Results present in this study emphasize the importance of
the determination of the activity of enzymes involved in lipid
metabolism apart from their expression, once the concentra-
tion of the products from their enzymatic activity does not
correlate with their expression in BC tissue.
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