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Abstract

Triple-negative breast cancer (TNBC) is one of the breast cancer subtype that displays a
high risk of early recurrence and short overall survival. Improvement of the prognosis of
patients with TNBC requires identifying a predictive factor of recurrence, which would make
it possible to provide beneficial personalized treatment. However, no clinically reliable
predictive factor is currently known. In this study, we investigated the predictive factor of
recurrence in TNBC using matrix-assisted laser desorption/ionization-imaging mass spec-
trometry for lipid profiling of breast cancer specimens obtained from three and six patients
with recurrent and non-recurrent TNBC, respectively. The signal for phosphatidylcholine
(PC) (32:1) at m/z732.5 was significantly higher in the recurrence group compared to the
non-recurrence group (P = 0.024). PC (32:1) was more abundant in the cancer epithelial
area than it was in the surrounding stroma, suggesting that abnormal lipid metabolism was
associated with malignant transformation. Our results indicate PC (32:1) as a candidate pre-
dictive factor of TNBC recurrence. A future prospective study investigating whether person-
alized therapy based on PC (32:1) intensity improves the prognosis of patients with TNBC is
recommended.

Introduction

Breast cancer is one of the leading causes of cancer-related deaths in women worldwide [1]. In
particular, triple-negative breast cancer (TNBC) is an aggressive type associated with early
recurrence after diagnosis and a short overall survival[2]. TNBC is defined by its lack of
expression of oestrogen and progesterone receptors and overexpression of human epidermal
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growth factor receptor 2 (HER2)[2]. Owing to the absence of a targeted therapy for TNBC
such as endocrine or anti-HER?2 therapy, treatment is limited to chemotherapy after recur-
rence [2]. TNBC is known to be a heterogeneous group of cancer subtypes with variable
prognosis [3]. Identifying the predictive factor of recurrence is required for improving the
prognosis of patients with TNBC by providing an appropriate personalized therapy. Genomic
and proteomic approaches have been generally utilized for investigating possible prognostic
factors and therapeutic targets, such as BRCAI, TP53, Ki67, epidermal growth factor receptor,
vascular endothelial growth factor, and vascular endothelial growth factor receptor, whereas
few lipidomic approaches have been applied [4].

Lipid metabolism plays an important role in cancer progression [5]. Alterations in lipid
metabolism have been reported in numerous types of cancer including breast cancer [5]. Phos-
phatidylcholine (PC) is the major lipid component of most eukaryotic membranes [6]. PC is
also a substrate for generating second messengers that play an important role in cell signaling
in cell proliferation, motility, invasion, and differentiation [7]. The fatty acid (FA) composi-
tions of PC in breast cancer and human mammary epithelial cells vary and several enzymes
involved in lipid metabolism are overexpressed in breast cancer cells [8]. The difference in the
FA composition of PC in breast cancer cells has been associated with their metastatic potential
[8]. The FA composition of PC in human breast cancer tissue differs from that of non-malig-
nant breast tissue and ductal carcinoma in situ [9]. However, the relationship between the FA
composition of PC in the primary lesions of breast cancer and recurrence is still unknown.

Matrix-assisted laser desorption/ionization (MALDI)-imaging mass spectrometry (IMS) is
an efficient tool for profiling lipid composition and visualizing the distribution of lipids in tis-
sue sections while preserving their positional information [10]. MALDI-IMS is a recently
developed technique for simultaneously performing imaging-based morphological observa-
tions and mass spectrometry [10]. In the current study, we investigated a potential predictive
factor of TNBC recurrence using MALDI-IMS to profile lipids by focusing on the FA compo-
sition of PC in the primary lesion of TNBC.

Results
Clinicopathological features

Table 1 shows the clinicopathological features of analysed tissue samples. All samples analyzed
in this study were obtained from female patients (n = 9) with an average age of 63.7 years
(range, 34-88 years). There were six invasive ductal carcinomas, two invasive lobular carcino-
mas, and one medullary carcinoma. No distant metastasis was found preoperatively in any
patients. A recurrent case (No.8) received preoperative chemotherapy. The median follow-up
period was 24 months (range, 2-49 months). Of the nine patients, three had distant metastasis
that resulted in death owing to recurrent breast cancer.

Comparison of averaged signal intensities between non-recurrence and
recurrence groups

Fig 1A and 1B show the representative mass spectra obtained from a sample of a non-recur-
rence case (No. 1) and a recurrence case (No. 9). Fig 1C compares the averaged signal intensi-
ties at m/z 732.5, 706.5, 806.5, and 734.5 between the recurrence group (n = 3) and the non-
recurrence group (n = 6). Averaged signal intensity is obtained by averaging signal intensity
inside a single region of interest (ROI). Compared to the non-recurrence group, the averaged
signal intensities at m/z 732.5 and 706.5 of the recurrence group were significantly higher (Fig
1C, P = 0.024 and 0.048, respectively). In contrast, compared to the non-recurrence group, the
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Table 1. Clinicopathological features.

No Age Histological Stage Recurrence DFS 0os
(years) Classification (TNM) (month) (month)
1 43 ductal StagellA(T2NOMO) - 49 49
2 56 lobular StagelllC - 48 48
(T3N3MO)
3 68 lobular Stage | - 41 41
(T1NOMO)
4 48 ductal Stage | - 39 39
(T1NOMO)
5 74 medullary Stage | - 24 24
(T1NOMO)
6 88 ductal StagellA - 21 21
(T2NOMO)
7 75 ductal StagellB + 11 29?2
(T2N1MO)
8 88 ductal StagellB + 24 252
(T2N1MO)
9 34 ductal StagelllC + 2 72
(T3N3MO)

TNM: Tumor-node-metastasis classification according to the seventh edition of cancer staging by the Union for International Cancer Control.

DFS: disease free survival; OS: overall survival

@Death by recurrent breast cancer

https://doi.org/10.1371/journal.pone.0183724.t001

averaged signal intensity at m/z 806.5 of the recurrence group was significantly lower (Fig 1C,
P =0.048). Conversely, the averaged signal intensity at m/z 734.5 showed no significant differ-
ences between the two groups (Fig 1C, P > 0.05). Comparison of the averaged signal intensi-
ties at m/z 703.5, 756.5, 758.5, 760.5, 762.5, 780.5, 782.5, 784.5, 786.5, 788.5, 808.5, 810.5, 812.5,
814.5, and 816.5 between the recurrence and non-recurrence groups are also presented in S1
Fig. There were no significant differences between the two groups (S1 Fig). Compared with
the non-recurrence group, the ratio of the signal intensity of m/z 732.5 to that of m/z 806.5 was
significantly higher in the recurrence group (P = 0.024, Fig 1D). The mean value of the aver-
aged signal intensity at #/z 732.5 in the recurrence group was two times higher than that in
the non-recurrence group (Fig 1C). The lowest averaged signal intensity at m/z 732.5 in the
recurrence group (No. 8) was 1.5 times higher than the highest in the non-recurrence group
(No. 5). The mean value of the ratio of the signal intensity at m/z 732.5 to that at m/z 806.5 in
the recurrence group was 2.7 times higher than that in the non-recurrence group (Fig 1D).
The highest ratio of the signal intensity at m/z 732.5 to that at #/z 806.5 in the recurrence
group (No. 7) was 1.8 times higher than the lowest in the non-recurrence group (No. 6)

(Fig 1D).

Distribution analysis of the detected ions in non-recurrence and
recurrence groups

The images of the interested ions at m/z 732.5, 706.5, 806.5, and 734.5 in the non-recurrence
cases (above) and the recurrence cases (below) are presented in Fig 2. The images of the ions at
m/z 703.5, 756.5, 758.5, 760.5, 762.5, 780.5, 782.5, 784.5, 786.5, 788.5, 808.5, 810.5, 812.5, 814.5,
and 816.5 of all samples are presented in S2 Fig. Fig 2 shows the different distribution of the
ions between the cancer epithelial area and the surrounding stroma, as revealed by the hema-
toxylin and eosin (H&E) staining. Ions at m/z 706.5 and m/z 732.5 were similarly distributed
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Fig 1. Comparison of averaged signal intensities between non-recurrence and recurrence groups. (A)
Averaged mass spectrum obtained from the cancer epithelial area of the non-recurrence case (No. 1). (B)
Averaged mass spectrum from the cancer epithelial area of the recurrence case (No. 9). Regions of interest
set in cancer epithelial areas are presented as black squares in the hematoxylin and eosin -stained images,
Scale bar = 1000 um. (C) Averaged signal intensities of m/z732.5 and 706.5 in the recurrence group (n= 3)
were significantly higher than those in the non-recurrence group (n= 6, P = 0.024* and 0.048*, respectively).
Averaged signal intensity of m/z806.5 in the recurrence group (n= 3) was significantly lower than that in the
non- recurrence group (n =6, P = 0.048*) No significant differences occurred between the two groups related
to the signal intensity at m/z734.5 (P >0.5). The mean value of the averaged signal intensity at m/z732.5in
the recurrence group was two times higher than that in the non-recurrence group. The lowest averaged signal
intensity at m/z732.5 in the recurrence group (No. 8) was 1.5 times higher than the highest in the non-
recurrence group (No. 5). (D) Compared with the non-recurrence group, the ratio of the signal intensity of m/z
732.5 to that of m/z806.5 was significantly higher in the recurrence group (P = 0.024*).* The mean value of
the ratio of the signal intensity at m/z732.5 to that at m/z806.5 in the recurrence group was 2.7 times higher
than that in the non-recurrence group. The highest ratio of the signal intensity at m/z732.5 to that at m/z806.5
in the recurrence group (No. 7) was 1.8 times higher than the lowest in the non-recurrence group (No. 6).

P < 0.05. NS: not statistically significant.

https://doi.org/10.1371/journal.pone.0183724.9001

in the cancer epithelial area in recurrence cases whereas ions at m/z 734.5 were abundant in
the surrounding stroma of all samples (Fig 2). There were no differences between the cancer
epithelial area and the surrounding stroma in ions at m/z 806.5 (Fig 2).

Identification of the ions of interest using tandem MS (MS/MS) analysis

The results of the tandem MS (MS/MS) analysis for the ions at m/z 732.5 706.5, 806.5, and
734.5 are shown in Fig 3. An ion at m/z 184.1, corresponding to phosphocholine, was found as
the common product ion in all the result sets [11]. This product ion and the m/z values of the
precursor ions strongly suggest that the ions of interest were the protonated PC ions. This is
consistent with the insight that the ammonium sulfate that is used in this study has the effect
of reducing the generation of alkali metal ion adduct forms but enhances production of pro-
tonated ion forms for PCs. Moreover, the pattern of the protonated PCs, which is known to
contain highly abundant product ions at m/z 184.1, is also consistent with our result [12].
According to the MS/MS results and a previous report [13], we identified the ions at m/z
732.5,706.5, 806.5, and 734.5 as protonated PC (32:1), PC (30:0), PC (38:6), and PC (32:0),
respectively. The other ions were identified corresponding to the previous reports and the
Human Metabolome Database reference (S1 Table).
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Fig 2. lon distributions of non-recurrence and recurrence groups. Characteristic distributions of ions are shown in samples of non-recurrence
(upper) and recurrence (lower) groups. Regions circled by black and yellow dashed lines represent the cancer epithelial area and surrounding stroma,
respectively. Signal intensities at m/z706.5 and m/z732.5 in the cancer epithelial area of the recurrence group were higher than those of the non-
recurrence group. Both groups showed higher signal intensities at m/z734.5 in surrounding stroma. Scale bar = 1000 um. MALDI-IMS: matrix-assisted
laser desorption/ionization-imaging mass spectrometry; H&E: hematoxylin and eosin.

https://doi.org/10.1371/journal.pone.0183724.9002

Discussion

In this study, we examined whether any specific lipid species had a differential abundance
between clinical specimens from the recurrence and the non-recurrence groups of patients
with TNBC using MALDI-IMS to identify the predictive factor of recurrence in TNBC. The
amounts of PC (32:1) and PC (30:0) of the recurrence group were significantly higher than
those of the non-recurrence group (Fig 1C). Principal component analysis also shows that PC
(32:1) and PC (30:0) were selected as the peak combination to distinguish the recurrence
group from the non-recurrence group (S3 Fig). PC (32:1) separated the recurrence and non-
recurrence groups clearly whereas PC (30:0) did not. (Fig 1A and 1D). Statistical power of sig-
nificance in the difference of signal intensity at m/z 732.5 was calculated as 99.9% based on
power analysis for 3 recurrent cases and 6 non-recurrent cases. Moreover, the threshold value
of the ratio of PC (32:1) to PC (38:6) for predicting recurrence could be set between 3.1 and
5.8. Therefore we propose PC (32:1) as the most powerful candidate for the predictive factor of
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Fig 3. Tandem mass spectrometry for m/z732.5, m/z706.5, m/z806.5, and m/z734.5. Precursor ions for each
spectrum were (A) m/z732.5, (B) m/z706.5, (C) m/z806.5, and (D) m/z734.5. The product ion spectra show a
common peak corresponding to phosphocholine.

https://doi.org/10.1371/journal.pone.0183724.9003
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TNBC recurrence. PC (32:1) and PC (30:0) have been reported to be associated with poor
prognosis in breast cancer without classification according to intrinsic subtype [14]. As TNBC
contains higher amounts of PC (32:1) and PC (30:0) compared with estrogen receptor positive
and HER? type breast cancers [13], this may indicate a poor prognosis for all TNBC types
compared to other subtypes. The difference in the FA composition of PC between several
breast cancer cells and the association with a metastatic potential have also been previously
reported [15]. However, phospholipids and lipid metabolism of cultured cancer cells were
reported to be different from those of solid tumors [16]. In the present study, we used human
breast cancer tissues obtained from primary lesions only of patients with TNBC. Hence, we
propose a powerful candidate for the predictive factor of recurrence in patients with TNBC.
The prediction of recurrence in patients with TNBC would make it possible to provide benefi-
cial personalized therapy. A future prospective study investigating whether the personalized
therapy based on PC (32:1) intensity improves the prognosis of patients with TNBC would be
necessary for factor validation. Moreover, the prediction of recurrence in patients with TNBC
would make it possible to rapidly initiate treatment for recurrence, followed by an intensive
postsurgical follow-up. A prospective study investigating whether intensive follow-up im-
proves the prognosis of patients with TNBC with a high intensity of PC (32:1) would also be
required.

PC (32:1) and PC (30:0) were more abundant in the cancer epithelial area compared to the
stroma surrounding cancer in the recurrence group (Fig 2). Therefore, PC (32:1) and PC
(30:0) were considered as abnormal lipid metabolism-generated metabolites that promote can-
cer metastasis. Compared to the PC content in non-malignant tissue, PC (32:1) and PC (30:0)
were reported to accumulate in breast cancer tissues [9]. The abundance of PC (32:1) in the
recurrence group is consistent with the results of a previous study on the malignant transfor-
mation of breast cancer. Furthermore, the accumulation of PC (32:1) and PC (30:0) was
reported in invasive breast cancer, compared with non-invasive carcinoma [9]. This previous
report also indicated that PC (32:1) and PC (30:0) were associated with the malignant transfor-
mation of breast cancer and is in agreement with our results. Ki67 is considered as a cellular
marker for proliferation and a prognostic factor for breast cancer [4]. Correlation analysis
revealed negative correlation between the mean value of averaged signal intensity of PC (38:6)
at m/z 806.5 and Ki67 (54 Fig).

PC (32:1), PC (30:0), and PC (38:6) can be assigned as PC (16:0/16:1), PC (16:0/14:0), and
PC (16:0/22:6) according to a previous study, respectively [17]. The ratio of PC (16:0/16:1) to
PC (16:0/22:6) was significantly higher in the recurrence group than it was in the non-recur-
rence group (Fig 1D), which can be explained by an increased level of FA (16:1) in the cancer
epithelial area of the recurrence group. One possible reason why PC (16:0/16:1) containing
FA (16:1) is increased in the recurrence group might be the up-regulation of stearoyl-CoA
desaturase-1 (SCD1). SCD1, which converts saturated FA (SFA) to mono-unsaturated FA
(MUFA), has been reported to be up-regulated in breast cancer with abundant PC (16:0/16:1)
[18]. High SCD1 expression is associated with poor prognosis in patients with breast cancer
[19]. As the inhibition of SCD 1 has been reported to reduce the proliferation and survival of
cancer cells and, therefore, SCD 1may represent a suitable therapeutic target [20]. In the pres-
ent study, there were no differences between the two groups regarding PC (34:1), which was
considered to contain FA (16:1) (S1 and S2 Figs). In vivo phospholipids contain substantially
more FA (16:0), FA (18:0), and FA (18:1) than FA (16:1) [21]. PC (34:1) might exist as PC
(16:0/18:1) rather than as PC (16:1/18:0). Therefore, PC (34:1) might not increase in the recur-
rence group even if there were abundant FA (16:1). Immunohistochemical staining of SCD1
was performed using a modified protocol as previously reported [18]; the detailed method of
SCD1 staining is shown in S1 Methods. Correlation between high PC (32:1) and stearoyl-CoA
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desaturase expression was not found (S5 Fig). Although there was no difference between the
amount of SCD1 protein of the recurrence group and that of the non-recurrence group, SCD1
might have been activated more strongly in the recurrence group. As a lipidomic approach
was applied in this study, we were able to identify a potential factor to predict recurrence in
TNBC. The other possible explanation for the increased PC (16:0/16:1) in the recurrence
group might be the up-regulation of lyso-phosphatidylcholine acyltransferase 1 (LPCAT1). PC
can be synthesized by de novo and remodelling pathways [22]. In the remodelling pathway,
LPCAT 1 is a key enzyme for the production of PC from lyso-phosphatidylcholine (LPC) by
re-acylation, and its expression has been reported to increase in breast cancer with shorter sur-
vival rates [23]. Moreover, LPCAT]1 is reported to be selective for LPC (16:1) and up-regulated
LPCAT I increased PC (16:0/16:1) [24]. High expression levels of SCD1 and LPCAT1 might
increase PC (16:0/16:1) levels and might be associated with poor prognosis. In the future, PC
(32:1) may serve as a predictive factor of the therapeutic effect of inhibitors of SCD 1 and
LPCAT 1 for treatment of patients with TNBC; further studies on PC profiles and related
enzymes will be required to verify this possibility.

The current study contains two limitations, a low number of sample and a short follow-up
period. TNBC includes heterogeneous groups of cancer subtypes. Taking the parent popula-
tion into account, increasing the sample number is an important requirement to determine
whether PC (32:1) is common to the recurrence of all case of TNBC. The median follow-up
period of the patients was two years in the present study; therefore, relapses later than two
years might not have been included in the present analysis. It is thus necessary to increase the
number of samples and follow-up over a longer term in order to validate PC (32:1) as a predic-
tive factor of recurrence in patients with TNBC.

In this study, we identified a candidate predictive factor of TNBC recurrence. Specifically,
we showed that recurrent TNBC contains s significantly higher amount of PC (32:1) that is
associated with the remodeling pathway in PC metabolism.

Methods
Ethics statement

The experiments in this study were approved by the Ethics Committee of the Hamamatsu Uni-
versity School of Medicine. Written informed consent was obtained from all patients before
surgery. All experiments were performed in accordance with the approved guidelines. The
patients consented to cooperate after they were informed that they would not incur any disad-
vantage, that they could resign from the study, that the researchers were obliged to protect
their privileged information, and that their identities would not be revealed.

Human tissue samples and clinicopathological data

All patients undergoing breast cancer surgery at the Hamamatsu University Hospital were
recruited between January, 2011 and July, 2013. Tissue samples of primary lesions were col-
lected at the time of surgery at Hamamatsu University Hospital. The primary lesions were his-
tologically diagnosed as breast cancer by experienced pathologists. The size of the primary
lesion ranged from 9-120 mm in the greatest dimension (S2 Table). The surface area of the
sample sections was measured using the NanoZoomer Digital Pathology Virtual Slide Viewer
(Hamamatsu photonics, Shizuoka, Japan) and ranged from 4.6-37.2 mm? (S2 Table). Of 125
patients, 9 were all negative for immunohistochemical staining of estrogen receptor, progester-
one receptor, and HER2. The collected samples were rapidly frozen in cooled n-hexane at
—80°C. Patients’ clinical records were reviewed to ensure there were no distant metastases
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before surgery and check the recurrence. We defined recurrence as a new imaging-based find-
ing of a distant metastasis.

Chemicals

2, 5-dihydroxyacetophenone (DHAP) was purchased from Bruker Daltonics (Billerica, MA,
USA). Ammonium sulfate was obtained from Kanto Chemicals (Tokyo, Japan). Liquid chro-
matography (LC)/MS-grade ultrapure water and high performance liquid chromatography-
grade ethanol were obtained from Wako Pure Chemical Industries (Osaka, Japan).

Sample preparation

The samples were prepared with reference to the methods used in a previous study [18]. Frozen
tissues were cut t010- pm -thick using a cryostat (CM1950, Leica Biosystems, Wetzlar, Ger-
many), and thaw-mounted on an electro-conductive glass slide coated with indium-tin-oxide
(Bruker Daltonics) for the MALDI-IMS and MS/MS analyses at —20°C. The samples were stored
at —80°C until analysis. Serial sections of the samples were mounted onto a Matsunami adhesive
silane (MAS) coated glass (Matsunami Glass Industry, Osaka, Japan) and stained with H&E.
The serial sections were fixed with 4% paraformaldehyde solution for 30 min, washed with dis-
tilled water, treated with Mayer’s hematoxylin for 5 min, and then washed twice with distilled
water. The sections were treated with eosin for 1 min, washed twice with distilled water, and
then the fixed and stained sections were dehydrated by immersion in 100% ethyl alcohol and
xylene in order five times each for 10 s each time. The DHAP solution (5 mg/ml in 50% ethanol/
125 mM ammonijum sulfate, v/v) was used as the matrix solution as previously reported[25].
Then, 4ml of the matrix solution was uniformly sprayed on the surface of the tissue section
using a 0.2-mm nozzle caliber airbrush (Procon Boy FWA Platinum; Mr. Hobby, Tokyo,
Japan). The distance between the nozzle tip and the tissue surface was maintained at 20 cm.

MALDI-IMS and MALDI-MS/MS analyses

The MALDI-IMS was performed using a high-resolution microscopic imaging mass spec-
trometer (Mass Microscope, a prototype of the iMScope, Shimadzu, Kyoto, Japan) with an
atmospheric pressure-MALDI and quadrupole ion trap time-of flight analyser, equipped with
a355-nm Nd:YAG laser at 1000 Hz repetition rate, and controlled using the Imaging MS Solu-
tion™ program (Shimadzu, Kyoto, Japan) [17]. The mass spectra were acquired at m/z 700-900
in the positive ion mode with the scan pitch of 50 um and a laser diameter of 5 um. Images for
each peak were obtained using the Imaging MS Solution™ based on signal intensity displayed
in the mass spectra. All MS/MS experiments on the breast cancer tissue were performed using
the recurrent case No. 7 samples using the same instrument used for the MALDI-IMS with ref-
erence to a previous study [26]. The isolation window was set to + #/z 1.0 for each precursor
ion, and the scan pitch was set to 5 um, and the repeating number was 1. The other setting sta-
tus was the same as that used in the MALDI-IMS analysis.

Data analysis

The spectra and averaged signal intensities of the ROIs were analyzed using the Imaging MS
Solution™ program. Averaged signal intensity is obtained by averaging signal intensity inside a
single ROI. All the spectra were normalized to their own total ion currents according to a pre-
vious study to eliminate uncontrolled experimental factors [17]. The ROIs were set to the areas
of approximately 1000 x 1000 pum in the cancer epithelial area yielding total 400 data points, as
identified by referring to the H&E stained sections. The histological diagnosis was performed
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by examining the H&E-stained serial tissue sections. Peaks were selected with a signal-to-noise
ratio threshold of 5, and the mean value of the averaged signal intensity of three ROIs yielding
total 1200 points in total was compared between the recurrence and the non-recurrence
groups. Sample No.6 was too small to be set to three areas of 1000 x 1000 um in the cancer epi-
thelial area and, therefore the mean value of the averaged signal intensity of two ROIs yielding
total 800 points in total was compared. The statistical analysis was performed using the Mann-
Whitney U test using the statistical package for the social science (SPSS) program-version21.0
(IBM, Armonk, NY, USA). P < 0.05 was considered statistically significant. The experiment
was designed as follows; assuming significant difference with P < 0.05 and 99% for statistical
power, we aimed to find signal with effect size larger than 4.0. Power analysis was carried out
using the statistical analysis tool R version 3.2.4: A Language and Environment for Statistical
computing (R Foundation for Statistical Computing, Vienna, Austria) and package ‘pwr’ ver-
sionl.2-1. Unsupervised multivariate analysis, principal component analysis was also per-
formed using ClinProTools 2.2. (Bruker Daltonics) [17]. Variance in high-dimensional
molecular composition was contracted as three-dimensional scatter plots of principal compo-
nents. Clustering of sample groups in the scatter plot shows that the sample groups are distin-
guishable by the combination of principal components. A couple of signals in a mass spectrum
were automatically chosen taking the loading score into account by the software. The molecu-
lar identification of the observed peaks of interest was performed using the Human Metabo-
lome Database (http://www.hmdb.ca/spectra/ms/search) and MS/MS analysis.

Supporting information

S1 Table. Observed peaks and lipid species.
(DOCX)

S2 Table. Primary lesion and sample sizes.
(DOCX)

S1 Fig. Comparison of averaged signal intensities of 15 peaks between non-recurrence and
recurrence groups. Scatter plots of averaged signal intensities at m/z 703.5, 756.5, 758.5, 760.5,
762.5,780.5, 782.5, 784.5, 786.5, 788.5, 808.5, 810.5, 812.5, 814.5, and 816.5 of recurrence and
non-recurrence groups are presented. No significant differences occurred in any peaks
between both groups in any peaks using the Mann-Whitney U test. NS, not statistically signifi-
cant.

(TIF)

S2 Fig. Ion distributions of 15 peaks for all 9 samples. MALDI-IMS analysis shows the ion
distributions at m/z 703.5, 756.5, 758.5, 760.5, 762.5, 780.5, 782.5, 784.5, 786.5, 788.5, 808.5,
810.5, 812.5, 814.5, and 816.5. Both groups show high signal intensities at #/z 760.5 in the can-
cer epithelial area. Scale bar = 1000 um. MALDI-IMS: matrix-assisted laser desorption/ioniza-
tion-imaging mass spectrometry, H&E: hematoxylin and eosin.

(TIF)

S3 Fig. PCA analysis of the non-recurrence and recurrence groups. (A) Scatter plots of prin-
cipal component. (B) 3-D scatter plots of principal component. (C) Scatter plots of m/z 706.5
vs 732.5. PCA revealed that the non-recurrence and recurrence groups were most distinguish-
able with the combination of m/z 706.5 vs 732.5. Axes in the scatter plots are shown as arbi-
trary units. Green: non-recurrence group, red: recurrence group. PCA: principal component
analysis.

(TTF)
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S4 Fig. Correlation analysis between PC (30:0), PC (32:1), PC (32:0), and PC (38:6). Corre-
lation analysis revealed negative correlation between the mean value of averaged signal inten-
sity of PC (38:6) at m/z 806.5 and Ki67.

(TIF)

S5 Fig. Comparison of the signal intensity of PC (32:1) and the intensity of SCD1 staining.
(A) Immunohistochemical staining of stearoyl-CoA desaturase-1. Scale Bar: 500 um. (B) Com-
parison of the signal intensity of PC (32:1) and the intensity of SCD1 staining. Correlation
between the signal intensity of PC (32:1) and the intensity of SCD1 staining was not found.
(TIF)

S1 Data. Data on each averaged signal intensity of ROIs for each m/z.
(XLSX)

S1 Methods. Immunohistochemical staining of SCD1.
(DOCX)

Acknowledgments
We would like to thank Editage (www.editage.jp) for English language editing.

Author Contributions

Conceptualization: Yuko Hosokawa, Noritaka Masaki, Mitsutoshi Setou.
Data curation: Yuko Hosokawa, Mitsutoshi Setou.

Formal analysis: Yuko Hosokawa, Noritaka Masaki, Makoto Horikawa.
Funding acquisition: Mitsutoshi Setou.

Investigation: Yuko Hosokawa, Shiro Takei, Makoto Horikawa, Shoko Matsushita, Eiji
Sugiyama.

Methodology: Yuko Hosokawa, Mitsutoshi Setou.
Project administration: Yuko Hosokawa, Mitsutoshi Setou.

Resources: Yuko Hosokawa, Noritaka Masaki, Hiroyuki Ogura, Norihiko Shiiya, Mitsutoshi
Setou.

Supervision: Yuko Hosokawa, Mitsutoshi Setou.
Validation: Yuko Hosokawa.
Visualization: Yuko Hosokawa, Noritaka Masaki, Shiro Takei, Shoko Matsushita, Eiji

Sugiyama.
Writing - original draft: Yuko Hosokawa.
Writing - review & editing: Yuko Hosokawa, Noritaka Masaki, Shiro Takei, Makoto Hori-

kawa, Shoko Matsushita, Eiji Sugiyama, Hiroyuki Ogura, Norihiko Shiiya, Mitsutoshi
Setou.

References

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer statistics, 2012. CA
Cancer J Clin. 2015; 65(2):87—-108. https://doi.org/10.3322/caac.21262 PMID: 25651787.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183724  August 23, 2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183724.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183724.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183724.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183724.s009
http://www.editage.jp/
https://doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
https://doi.org/10.1371/journal.pone.0183724

@° PLOS | ONE

Recurrent TNBC tissues contain a higher amount of PC (32:1)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Wahba HA, El-Hadaad HA. Current approaches in treatment of triple-negative breast cancer. Cancer
Biol Med. 2015; 12(2):106—16. https://doi.org/10.7497/j.issn.2095-3941.2015.0030 PMID: 26175926;
PubMed Central PMCID: PMCPMC4493381.

Abramson VG, Mayer |A. Molecular Heterogeneity of Triple Negative Breast Cancer. Curr Breast Can-
cer Rep. 2014; 6(3):154-8. https://doi.org/10.1007/s12609-014-0152-1 PMID: 25419441; PubMed
Central PMCID: PMCPMC4235783.

Fleisher B, Clarke C, Ait-Oudhia S. Current advances in biomarkers for targeted therapy in triple-nega-
tive breast cancer. Breast Cancer (Dove Med Press). 2016; 8:183-97. https://doi.org/10.2147/BCTT.
S$114659 PMID: 27785100; PubMed Central PMCID: PMCPMC5063595.

Baumann J, Sevinsky C, Conklin DS. Lipid biology of breast cancer. Biochim Biophys Acta. 2013; 1831
(10):1509-17. https://doi.org/10.1016/j.bbalip.2013.03.011 PMID: 23562840; PubMed Central PMCID:
PMCPMC3926128.

Ridgway ND. The role of phosphatidylcholine and choline metabolites to cell proliferation and survival.
Crit Rev Biochem Mol Biol. 2013; 48(1):20-38. https://doi.org/10.3109/10409238.2012.735643 PMID:
23350810.

Abalsamo L, Spadaro F, Bozzuto G, Paris L, Cecchetti S, Lugini L, et al. Inhibition of phosphatidylcho-
line-specific phospholipase C results in loss of mesenchymal traits in metastatic breast cancer cells.
Breast Cancer Res. 2012; 14(2):R50. https://doi.org/10.1186/bcr3151 PMID: 22429397; PubMed Cen-
tral PMCID: PMCPMC3446384.

He M, Guo S, Li Z. In situ characterizing membrane lipid phenotype of breast cancer cells using mass
spectrometry profiling. Sci Rep. 2015; 5:11298. https://doi.org/10.1038/srep11298 PMID: 26061164;
PubMed Central PMCID: PMCPMC4462148.

Mao X, He J, Li T, Lu Z, Sun J, Meng Y, et al. Application of imaging mass spectrometry for the molecu-
lar diagnosis of human breast tumors. Sci Rep. 2016; 6:21043. https://doi.org/10.1038/srep21043
PMID: 26868906; PubMed Central PMCID: PMCPMC4751527.

Goto-Inoue N, Hayasaka T, Zaima N, Setou M. Imaging mass spectrometry for lipidomics. Biochim Bio-
phys Acta. 2011; 1811(11):961-9. https://doi.org/10.1016/j.bbalip.2011.03.004 PMID: 21440085.

Berry KA, Hankin JA, Barkley RM, Spraggins JM, Caprioli RM, Murphy RC. MALDI imaging of lipid bio-
chemistry in tissues by mass spectrometry. Chem Rev. 2011; 111(10):6491-512. https://doi.org/10.
1021/cr200280p PMID: 21942646; PubMed Central PMCID: PMCPMC3199966.

Hsu F-F, Turk J. Electrospray ionization/tandem quadrupole mass spectrometric studies on phosphati-
dylcholines: The fragmentation processes. Journal of the American Society for Mass Spectrometry.
2003; 14(4):352—63. https://doi.org/10.1016/S1044-0305(03)00064-3 PMID: 12686482

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. https://doi.org/10.1186/
1471-2407-11-465 PMID: 22029885; PubMed Central PMCID: PMCPMC3218066.

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. https://doi.org/10.1158/0008-5472.CAN-10-3894 PMID:
21415164.

lorio E, Caramujo MJ, Cecchetti S, Spadaro F, Carpinelli G, Canese R, et al. Key Players in Choline
Metabolic Reprograming in Triple-Negative Breast Cancer. Front Oncol. 2016; 6:205. https://doi.org/10.
3389/fonc.2016.00205 PMID: 27747192.

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. Epub 2016/08/27.
https://doi.org/10.18632/oncotarget. 11560 PMID: 27564096.

Kurabe N, Hayasaka T, Ogawa M, Masaki N, Ide Y, Waki M, et al. Accumulated phosphatidylcholine
(16:0/16:1) in human colorectal cancer; possible involvement of LPCAT4. Cancer Sci. 2013; 104
(10):1295-302. https://doi.org/10.1111/cas.12221 PMID: 23815430.

Ide Y, Waki M, Hayasaka T, Nishio T, Morita Y, Tanaka H, et al. Human breast cancer tissues contain
abundant phosphatidylcholine(36ratio1) with high stearoyl-CoA desaturase-1 expression. PLoS One.
2013; 8(4):e61204. https://doi.org/10.1371/journal.pone.0061204 PMID: 23613812; PubMed Central
PMCID: PMCPMC3629004.

Holder AM, Gonzalez-Angulo AM, Chen H, Akcakanat A, Do KA, Fraser Symmans W, et al. High stear-
oyl-CoA desaturase 1 expression is associated with shorter survival in breast cancer patients. Breast
Cancer Res Treat. 2013; 137(1):319-27. https://doi.org/10.1007/s10549-012-2354-4 PMID: 23208590;
PubMed Central PMCID: PMCPMC3556743.

Peck B, Schug ZT, Zhang Q, Dankworth B, Jones DT, Smethurst E, et al. Inhibition of fatty acid desa-
turation is detrimental to cancer cell survival in metabolically compromised environments. Cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0183724  August 23, 2017 12/13


https://doi.org/10.7497/j.issn.2095-3941.2015.0030
http://www.ncbi.nlm.nih.gov/pubmed/26175926
https://doi.org/10.1007/s12609-014-0152-1
http://www.ncbi.nlm.nih.gov/pubmed/25419441
https://doi.org/10.2147/BCTT.S114659
https://doi.org/10.2147/BCTT.S114659
http://www.ncbi.nlm.nih.gov/pubmed/27785100
https://doi.org/10.1016/j.bbalip.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23562840
https://doi.org/10.3109/10409238.2012.735643
http://www.ncbi.nlm.nih.gov/pubmed/23350810
https://doi.org/10.1186/bcr3151
http://www.ncbi.nlm.nih.gov/pubmed/22429397
https://doi.org/10.1038/srep11298
http://www.ncbi.nlm.nih.gov/pubmed/26061164
https://doi.org/10.1038/srep21043
http://www.ncbi.nlm.nih.gov/pubmed/26868906
https://doi.org/10.1016/j.bbalip.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21440085
https://doi.org/10.1021/cr200280p
https://doi.org/10.1021/cr200280p
http://www.ncbi.nlm.nih.gov/pubmed/21942646
https://doi.org/10.1016/S1044-0305(03)00064-3
http://www.ncbi.nlm.nih.gov/pubmed/12686482
https://doi.org/10.1186/1471-2407-11-465
https://doi.org/10.1186/1471-2407-11-465
http://www.ncbi.nlm.nih.gov/pubmed/22029885
https://doi.org/10.1158/0008-5472.CAN-10-3894
http://www.ncbi.nlm.nih.gov/pubmed/21415164
https://doi.org/10.3389/fonc.2016.00205
https://doi.org/10.3389/fonc.2016.00205
http://www.ncbi.nlm.nih.gov/pubmed/27747192
https://doi.org/10.18632/oncotarget.11560
http://www.ncbi.nlm.nih.gov/pubmed/27564096
https://doi.org/10.1111/cas.12221
http://www.ncbi.nlm.nih.gov/pubmed/23815430
https://doi.org/10.1371/journal.pone.0061204
http://www.ncbi.nlm.nih.gov/pubmed/23613812
https://doi.org/10.1007/s10549-012-2354-4
http://www.ncbi.nlm.nih.gov/pubmed/23208590
https://doi.org/10.1371/journal.pone.0183724

@° PLOS | ONE

Recurrent TNBC tissues contain a higher amount of PC (32:1)

21.

22,

23.

24,

25.

26.

Metab. 2016; 4:6. https://doi.org/10.1186/s40170-016-0146-8 PMID: 27042297; PubMed Central
PMCID: PMCPMC4818530.

Peltier S, Portois L, Malaisse WJ, Carpentier YA. Fatty acid profile of plasma and liver lipids in mice
depleted in long-chain polyunsaturated (n-3) fatty acids. Int J Mol Med. 2008; 22(4):559-63. Epub 2008/
09/25. PMID: 18813865.

Moessinger C, Klizaite K, Steinhagen A, Philippou-Massier J, Shevchenko A, Hoch M, et al. Two differ-
ent pathways of phosphatidylcholine synthesis, the Kennedy Pathway and the Lands Cycle, differen-
tially regulate cellular triacylglycerol storage. BMC cell biology. 2014; 15:43. Epub 2014/12/11. https://
doi.org/10.1186/512860-014-0043-3 PMID: 25491198; PubMed Central PMCID: PMCPmc4293825.

Abdelzaher E, Mostafa MF. Lysophosphatidylcholine acyltransferase 1 (LPCAT1) upregulation in
breast carcinoma contributes to tumor progression and predicts early tumor recurrence. Tumour biol-
ogy: the journal of the International Society for Oncodevelopmental Biology and Medicine. 2015; 36
(7):5473-83. Epub 2015/02/17. https://doi.org/10.1007/s13277-015-3214-8 PMID: 25683484.

Morita Y, Sakaguchi T, lkegami K, Goto-Inoue N, Hayasaka T, Hang VT, et al. Lysophosphatidylcholine
acyltransferase 1 altered phospholipid composition and regulated hepatoma progression. J Hepatol.
2013; 59(2):292-9. https://doi.org/10.1016/j.jhep.2013.02.030 PMID: 23567080.

Delvolve AM, Colsch B, Woods AS. Highlighting anatomical sub-structures in rat brain tissue using lipid
imaging. Anal Methods. 2011; 3(8):1729-36. https://doi.org/10.1039/C1AY05107E PMID: 21961026;
PubMed Central PMCID: PMCPMC3181089.

Waki ML, Onoue K, Takahashi T, Goto K, Saito Y, Inami K, et al. Investigation by imaging mass spec-
trometry of biomarker candidates for aging in the hair cortex. PLoS One. 2011; 6(10):e26721. https:/
doi.org/10.1371/journal.pone.0026721 PMID: 2203954 1; PubMed Central PMCID: PMCPMC3200353.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183724  August 23, 2017 13/13


https://doi.org/10.1186/s40170-016-0146-8
http://www.ncbi.nlm.nih.gov/pubmed/27042297
http://www.ncbi.nlm.nih.gov/pubmed/18813865
https://doi.org/10.1186/s12860-014-0043-3
https://doi.org/10.1186/s12860-014-0043-3
http://www.ncbi.nlm.nih.gov/pubmed/25491198
https://doi.org/10.1007/s13277-015-3214-8
http://www.ncbi.nlm.nih.gov/pubmed/25683484
https://doi.org/10.1016/j.jhep.2013.02.030
http://www.ncbi.nlm.nih.gov/pubmed/23567080
https://doi.org/10.1039/C1AY05107E
http://www.ncbi.nlm.nih.gov/pubmed/21961026
https://doi.org/10.1371/journal.pone.0026721
https://doi.org/10.1371/journal.pone.0026721
http://www.ncbi.nlm.nih.gov/pubmed/22039541
https://doi.org/10.1371/journal.pone.0183724

