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1 | INTRODUCTION

Lipid metabolism plays an essential role in cell carcinogenesis by
affecting the proliferation, migration, differentiation, and mo-
tility of cells.’® Among lipid categories, phospholipids (PLs) and
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Abstract

The altered levels of phospholipids (PLs) and lysophospholipids (LPLs) in prostate
cancer (CaP) and benign tissues in our previous findings prompted us to explore PLs
and LPLs as potential biomarkers for CaP. Urinary lipidomics has attracted increasing
attention in clinical diagnostics and prognostics for CaP. In this study, 31 prostate
tissues obtained from radical prostatectomy were assessed using high-resolution
matrix-assisted laser desorption/ionization imaging mass spectrometry (HR-MALDI-
IMS). Urine samples were collected after digital rectal examination (DRE), and urinary
lipids were extracted using the acidified Bligh-Dyer method. The discovery set com-
prised 75 patients with CaP and 44 with benign prostatic hyperplasia (BPH) at Kyoto
University Hospital; the validation set comprised 74 patients with CaP and 59 with
BPH at Osaka University Hospital. Urinary lipidomic screening was performed using
MALDI time-of-flight MS (MALDI-TOF/MS). The levels of urinary lysophosphatidyl-
choline (LPC) and phosphatidylcholines (PCs) were compared between the CaP and
BPH groups. The (PC [34:2] + PC [34:1])/LPC (16:0) ratio was significantly higher
(P < .001) in CaP tissues than in benign epithelial tissues. The urinary PCs/LPC ratio
was significantly higher (P < .001) in the CaP group than in the BPH group in the
discovery and validation sets.

KEYWORDS
lysophosphatidylcholine, matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry, phosphatidylcholine, prostate cancer, urine

lysophospholipids (LPLs) are the most extensively studied.* The ex-
pression patterns of several PLs and LPLs reportedly differ in pros-
tate cancer (CaP) cells® and tissues.® Recently, reports have emerged
on trained canines being able to detect CaP by sniffing urine samples

from these patients.7 The odor of the urine perceived by the dogs
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is produced by urinary volatile organic compounds (VOCs), and the
differences in VOCs may reflect changes in lipids in the body and
their metabolites.®?

Among the PLs, phosphatidylcholine (PC), which is a class of
PLs that incorporate choline as a headgroup, is with highest level in
animal membranes as compared with other PLs.1° A previous study
analyzed the distribution of PLs in hepatocellular carcinoma (HCC)
tissues using matrix-assisted laser desorption/ionization (MALDI)
imaging mass spectrometry (IMS). The results showed that the lev-
els of some PCs, including PC (16:0/16:1), PC (16:0/18:1), and PC
(18:0/18:1) were significantly increased in cancerous tissues com-
pared with normal tissues.!! Patel et al'? analyzed the concentra-
tion of serum lipids in patients with CaP and healthy individuals; the
results showed that elevated levels of PC (38:5), PC (40:3), and PC
(42:4) can be used as serum markers to detect CaP.

Lysophosphatidylcholine (LPC), which is partially hydrolyzed
from PC (ie, removal of one fatty acid chain), is the most abundant
LPL in blood and a key lipid in various pathophysiological conditions
such as inflammation, endothelial activation, and atherogenesis.*® In
our previous study, we used the high-resolution MALDI-IMS (HR-
MALDI-IMS) technique to analyze the distribution of PLs and LPLs
in the prostate glands of patients who underwent radical prostatec-
tomy (n = 31); the results showed that LPC (16:0) was significantly
decreased in cancer tissues than in normal tissues.® The elevated
PC/LPC ratio has been introduced as an independent pathophysio-
logical factor in various disorders such as rheumatoid arthritis'* and
Parkinson's disease.!® Researchers have also reported an increased
PC (16:0/16:1)/LPC (16:0) ratio in HCC tissue compared with normal
tissue, which was caused by an overexpressed enzyme, lysophospha-
tidylcholine acyltransferase 1 (LPCAT1) that catalyzes the conver-
sion of LPC to PC.!! The PC/LPC ratio is also useful in MS analyses,
as it is easier to calculate than the lipid levels separately.*¢*’

The MALDI time-of-flight MS (MALDI-TOF/MS) is increasingly
used in lipid research because it is rapid, sensitive, tolerates sample
impurities well, and provides simple mass spectra without significant
analyte fragmentation.18 More importantly, combined with the im-
aging system, MALDI-IMS can provide “in-situ imaging” of the mol-
ecules in the tissues and offer spatial distribution for a wide variety
of molecules within a single tissue section.}”?° Among all the stud-
ies conducted on the PC/LPC ratio, almost all analytical techniques
were based on MALDI.

In this study, we tested the PCs/LPC ratio in urine samples
voided after digital rectal examination (DRE), which were revealed
to contain biomolecules secreted from prostatic microenvironments

that enable the detection of CaP-specific biomarkers.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

Ultrapure water, proteomics-grade hydrochloric acid (HCI), high-

performance liquid chromatography-grade chloroform (CHCI,),
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methanol (MeOH), acetonitrile (ACN), and isopropanol (IPA) were
purchased from Fujifilm Wako Pure Chemical Corp. 9-Aminoacridine
(9-AA) was purchased from Sigma-Aldrich. Lipid standards, includ-
ing LPC (17:1), LPC (16:0), PC (16:0/18:1), and PC (24:0/24:0), were

purchased from Avanti Polar Lipids, Inc.

2.2 | Ethics statement

This study was approved by the Ethics Committees of the Kyoto
University Graduate School of Medicine and Osaka University
Graduate School of Medicine (No. GO052 and No.13397-17, re-
spectively). Informed consent was obtained from all patients for the
examinations and experiments. Clinical materials were used after

obtaining written informed consent.

2.3 | Study design and patient selection

The study scheme is presented in Figure 1. Herein, we further ana-
lyzed the IMS data from our previous study in the prostate glands
of 31 patients with CaP who underwent radical prostatectomy at
Kyoto University Hospital (KUHP). From these data, we selected
two major PC peaks detected in the prostate tissues by IMS, PC
(34:2) and PC (34:1),%* along with one major LPC peak, LPC (16:0),
which was reported as a decreased biomarker for CaP,® to build a
diagnostic index based on the values of the PCs/LPC ratio. This PCs/
LPC ratio was compared between cancerous and normal tissues. The
details of patient information and IMS analyses have been described
in our previous publication.® Representative HR-MALDI-IMS images
were obtained by importing the IMS data (in Image format) into the
software MSiReader Ver. 1.02.222% After confirming significant dif-
ferences in the PCs/LPC ratio values between the cancerous and
normal tissues in the prostate gland, we designed and conducted a
retrospective study using urine samples other than the tissue cases
that were already obtained. This was done according to the stand-
ards for reporting of diagnostic accuracy guidelines24 and aimed to
explore the potential of the urinary PCs/LPC ratio for use as a non-
invasive biomarker to distinguish between benign prostatic hyper-
plasia (BPH) and CaP.

A total of 281 participants with serum prostate-specific anti-
gen (PSA) levels less than 20 ng/mL were enrolled in this study.25
Among them, 137 participants (90 CaP cases and 47 BPH cases)
were recruited from the KUHP as the discovery set. Another 144
participants (85 CaP cases and 59 BPH cases) from the Osaka
University Hospital (OUHP) served as the validation set. Eighteen
cases in the discovery set and 11 cases in the validation set were
excluded because of treatment history, diagnosis of castration re-
sistant prostate cancer or other cancer types (shown in Figure 1).
Clinical features including age, serum PSA level, pathological or
clinical tumor stage, and Gleason scores of the included patients
in the discovery and validation sets are shown in Tables 1 and 2,

respectively.
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TABLE 1 Clinical and pathological characteristics of the discovery set

Category Subcategory

Number of patients

Median age (y)

Mean + SD preoperative serum PSA (ng/mL)

Pathological GS 3+3
3+4
4+3
4+4
3+5
445

Pathological stages pT2a
pT2b
pT2c
pT3a

Total BPH CaP

119
70
7.09 +3.74

44
70.5
7.30 + 5.02

75
69
6.96 +2.77
12
30
17
10

= = 4
13
- - 1

47
14

Abbreviations: BPH, benign prostatic hyperplasia; CaP, prostate cancer; GS, Gleason scores; PSA, prostate-specific antigen; SD, standard deviation.

A confirmatory diagnosis of CaP was made by histological diag-
nosis of the prostate glands removed by surgery (in the discovery
set at KUHP) or of the prostate specimens obtained by needle bi-
opsy (in the validation set at OUHP). The diagnoses of noncancer
subjects (ie, BPH) were established by histological tests of pros-
tate tissues removed by holmium laser enucleation of the pros-
tate, transurethral resection of the prostate, or obtained by needle

biopsy.

2.4 | Urine sample collection methods

All urine samples were collected after DRE. DRE urine samples were
processed using two different protocols at KUHP and OUHP (de-
tails of the protocols are described in Appendix S1). Before proceed-
ing with our studies, we compared the effects of both protocols on
urinary PC and LPC concentrations, as well as the PCs/LPC values,

which were similar for the two protocols (Figure S1A-D).
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TABLE 2 Clinical and pathological characteristics of the validation set

Category Subcategory

Number of patients

Median age (y)

Mean + SD prebiopsy serum PSA (ng/mL)

Biopsy GS 3+3
3+4
4+3
4+4
3+5
445
5+4

Clinical stages cTlc
cT2a
cT2b
cT2c
cT3a

= 4295
Cancer Science Ry s

Total BPH CaP

133 59 74
69 69 70

8.51 £ 3.95 7.54 291 9.29 + 4.49
- - 12

- - 27

- = 17

- - 15

= = 1

= = 1

= = 1

- - 19

- - 31

- - 1

- - 14

- - 9

Abbreviations: BPH, benign prostatic hyperplasia; CaP, prostate cancer; GS, Gleason scores; PSA, prostate-specific antigen; SD, standard deviation.

2.5 | Extraction of urinary lipids

Digital rectal examination urinary lipids were extracted using the
acidified Bligh & Dyer method,?® which was previously described as
suitable for extraction of urinary PLs.?’ Briefly, 50 pL of a lipid in-
ternal standard (iSTD) mixture containing 20 pmol of LPC (17:1) and
200 pmol of PC (24:0/24:0) was spiked into 1 mL of thawed urine
and mixed well in a glass tube. Consequently, 3.75 mL of ice-cold
CHCI;:MeOH (1:2, v/v) was added and vortexed for 10 minutes. Ice-
cold CHCI, (1.25 mL) was added and mixed for another 5 minutes.
Water (1.25 mL) was then added, followed by mixing for 5 minutes.
The mixture was centrifuged for 10 minutes at 2000x g, and the
lower (organic) phase was transferred to a clean glass tube. Ice-cold
CHCI, (1.88 mL) and 30 pL of 6 mol/L HCl were added to the aque-
ous residue to extract the remaining lipids. The organic phases were
combined, washed with 2 mL water, and dried under a N, stream.
The dried powder was resuspended in 200 pL of CHCI;:MeOH:H,0
(60:30:4.5, v/v/v) and used for MALDI-TOF/MS analysis.

2.6 | ldentification of the urinary LPC and
PC targets

MALDI-TOF/MS? analyses were performed to identify the lipid
targets in the urinary lipid extract. Using 9-AA as the matrix, uri-
nary lipid extract was analyzed in the m/z range of 1-1000 in the
positive reflectron mode by AXIMA Performance MALDI-TOF/
MS (Shimadzu Kratos Analytical). Peaks with m/z values of 496.3,
758.6, and 760.6, which may have been LPC (16:0), PC (34:2), and
PC (34:1), respectively, were selected as the precursors and frag-

mented by the MS? analyses in collision-induced dissociation (CID)

mode. Fragmented peaks of the precursors were used for identifi-
cation by the SimLipid® version 6.0.5 software package (PREMIER
Biosoft International).

2.7 | Testing the reproducible and quantitative
abilities of qShot MALDI analysis

In our previous report, we have defined a quick, qualitative, and
quantitative analysis of urinary LPLs and PLs using MALDI-TOF/
MS, as the “qShot MALDI” analysis.* Briefly, 10 mmol/L of 9-AA dis-
solved in a mixture of IPA and ACN (60:40, v:v) was used as the ma-
trix; and a specially designed target plate, the pFocus MALDI plate
(Hudson Surface Technology, Inc), was used to form a precise and
concentrated distribution of the sample. Meanwhile, iSTDs contain-
ing LPC (17:1) and PC (24:0/24:0) were spiked into the sample before
extraction to improve the reproducibility between different wells
and on different days.

The reproducible and quantitative abilities of the gShot MALDI
analysis for detecting urinary PLs and LPLs have been confirmed in
our previous studies,?”?® and we further tested them on the LPC
and PC targets. Briefly, a series of gradient-diluted synthesized LPC
(16:0) and PC (34:1) was spiked into 1 mL of urine, followed by the
addition of iSTDs and extraction of lipids as described above. The
lipid extracts were analyzed using the gShot MALDI analysis on
three different days. The standard curves for each target were con-
structed by plotting the concentrations against the normalized peak
intensities (the schematic diagram of the normalization procedure
is presented in Figure S2). The coefficient of determination (R?) of
each curve provided an estimate of the linearity and reproducibility

of quantitative analysis by the gShot MALDI analysis.
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2.8 | The qShot MALDI analyses of the urinary lipids
in the discovery and validation sets

For each urine sample in the discovery or validation set, a duplicate
lipid extraction was performed, followed by a triplicate MS analysis.
The parameters of the batch analysis were set as follows: in the m/z
range of 460-1000 in the positive reflectron mode; the power of the
laser was fixed at 90, just above the ionization threshold of the lipid
species; 100 laser shots per profile and 199 profiles were obtained

for each well.

2.9 | Data processing and quality control of the
MS analyses

The PCs/LPC ratio in each profile was calculated using homemade
software (Section “PCs/LPC Ratio Value Calculation by Homemade
Software” in Appendix S1). Analytical quality was determined by cal-
culating the coefficient of variation (CV) of the PCs/LPC ratio values
among six different profiles (Microsoft Excel software). The CV val-
ues among the six analyses were less than 0.2 (Section “Data Quality

Control” in Appendix S1).

2.10 | Statistics

All statistical analyses in the present study were performed using
GraphPad Prism 8 (GraphPad Software Inc) or JMP® Pro 13.2.0
(SAS Institute) software, licensed to Kyoto University. The Wilcoxon
matched-pair signed-rank test was used to perform statistical analy-
sis of the PCs/LPC ratios in the prostate tissues. The Mann-Whitney
U test was employed to identify nonparametric, significant differ-
ences in the urinary PCs/LPC ratios and serum PSA values between

the CaP and BPH groups. Statistical significance was set at P < .05.

3 | RESULTS

3.1 | IMS revealed a higher (PC [34:2] + PC [34:1])/
LPC (16:0) ratio in cancer tissues than in normal
tissues

The HR-MALDI-IMS was performed on the boundary area of the
tissues that contained both cancerous and normal prostate tis-
sue obtained after radical prostatectomy. Representative visuali-
zations of the distributions of LPC (16:0), PC (34:2), and PC (34:1)
ions by HR-MALDI-IMS analysis are shown in Figure 2A. The level
of LPC (16:0) was lower in cancerous tissues than in benign tissues,
whereas PC (34:2) and PC (34:1) were relatively evenly distributed
(Figure 2A). These three lipid species combined to build a pathologi-
cal condition (eg, inflammation, cancer)-related index: the PCs/LPC
ratio value. We normalized the spectra acquired from 31 samples

using the total ion current and calculated the intensity ratio values of

[P(34:2)Na]

B

(B) 6

) p < 0.0001

g n = 31 tissues

8]

5

= 44

=

<

i

E_’ e

1 24

N

S | =

o L 1]

a,

0 T T

Benign Cancer
tissue tissue

FIGURE 2 Directin-tissue analysis of the lysophosphatidylcholine
(LPC) (16:0), phosphatidylcholine (PC) (34:1), and PC (34:2) lipid
species. 9-Aminoacridine (9-AA) matrix-coated tissue was assessed
in the positive ionization mode by high-resolution matrix-assisted
laser desorption/ionization imaging mass spectrometry (HR-MALDI-
IMS) in the mass range of m/z 490-1000. A, Representative H&E
staining and mass spectrometry images clearly show the difference in
the distribution of LPC (16:0), PC (34:1), and PC (34:2) between the
benign and prostate cancer (CaP) tissues. The scale bar on all images
is 200 pm. B, The PCs/LPC ratios were compared between the paired
benign and cancer tissues in 31 samples, and statistical analyses were
conducted using the Wilcoxon signed-rank test

(PC [34:2] + PC [34:1])/LPC (16:0). The PCs/LPC ratios in the cancer
tissues were significantly higher than those in the normal tissues.
(P <.0001, Figure 2B).

3.2 | lIdentification of urinary LPC (16:0), PC
(34:2), and PC (34:1)

Based on the tissue findings, we examined whether urinary LPC
and PC species could be detected in the urine. For identification of
LPC (16:0), PC (34:2), and PC (34:1), precursor peaks at m/z values
of 496.3, 758.6, and 760.6 were analyzed by MALDI-TOF/MS.2 The
mass spectra of MALDI-TOF/MS? analyses of these precursors are
shown in Figure 3A-C, respectively. The SimLipid® MS/MS search
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engine of the MS? spectra indicated that the peaks at 496.3, 758.6,
and 760.6 were (LPC [16:0] + H)* (Figure 3A), (PC [34:2] + H)*
(Figure 3B), and (PC [34:1] + H)* (Figure 3C), respectively. This result
suggested that the urinary LPC and PC species could be sensitively
detected by MALDI analysis. The representative chemical structures
of PC (34:2), PC (34:1), and LPC (16:0) are shown in Figure 3D.

3.3 | Reproducibility and quantitative abilities of the
qShot MALDI analysis

After identification of the urinary LPC and PC species, we evalu-
ated the quantitative ability of the gShot MALDI analysis for these
species. Because the chemical structure and properties of PC (34:2)
and PC (34:1) are similar, we only tested PC (34:1), which was rep-
resentative of PCs in the quantitative analysis. The standard curve
was assessed by plotting the peak area ratio of individual targets to
their iSTD concentrations on three consecutive days. The standard
curves for spiked LPC (16:0) and PC (34:1) are shown in Figure 4, re-
spectively. Using LPC (17:1) as the iSTD for intensity normalization, a
strong correlation was observed between the normalized intensities
of LPC (16:0) and the spiked concentrations, with a correlation coef-
ficient (R?) of .984 (Figure 4A). Similarly, using PC (48:0) as the iSTD,
a strong correlation was also observed between the normalized
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FIGURE 3

intensities and the concentrations of spiked PC (34:1), with the R?
of .990 (Figure 4B). The results also showed good reproducibility on
three different days. The results also proved the high accuracy of the
gShot MALDI analysis.

3.4 | Theurinary (PC [34:2] + PC [34:1])/LPC (16:0)
ratio values were higher in patients with CaP than in
patients with BPH in the discovery set

After confirmation of the qualification and quantification of the uri-
nary LPC and PC species by gShot MALDI analysis, the urinary PCs/
LPC ratio was evaluated in 119 participants (75 CaP cases and 44
BPH cases) who were recruited in the discovery set (Table 1). The
representative gShot MALDI spectra of urinary lipids in the discov-
ery set are shown in Figure 5A,B; the peaks corresponding to the
LPCiSTD and the LPC target, along with the PCiSTD, and PC targets
are indicated in the figures. The PCs/LPC ratios were significantly
higher in the CaP group (median = 2.30) than in the BPH group
(median = 1.52) in the discovery set (Figure 6A, P < .0001). Serum
PSA levels of all subjects were evaluated. As shown in Figure 6B,

no significant differences were observed between the CaP and BPH

groups.
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"/;'(;’g- 758.63
PC(34:2) Precursorion
30{ Charactegistic phosphocholine head
] il
60 HO=Pro .~
i 'H [
i 184.38
662. 60
20 ‘ |
0 Lokl sh&u.ris,»w;"..mj‘.-m»_u_'vsr:fiL_
150 300 450 600 750
m/z
(D)
i i
AAAANANANA P~
e LPC(16:0)
HO "y o 1

8
% T PC(34:1)

i i
N\/\/\/\/\/\/‘o’?{ﬂ‘o:{_‘o\/\q{ PC(34:2)

NN
1
)

Identification of the urinary lysophosphatidylcholine (LPC) and phosphatidylcholine (PC) target species. A, B, C, The matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS?) analyses of the precursors (m/z 496.3, 758.6, and
760.6) were performed in collision-induced dissociation (CID) mode. The peaks with an m/z value of 184.4 represent the characteristic
phosphocholine head of LPC and PC. The identifications were conducted by the SimLipid® software. D, The representative chemical

structures of LPC (16:0), PC (34:1), and PC (34:2) lipid species
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FIGURE 5 Representative qShot matrix-assisted laser desorption/ionization (MALDI) spectra of the lipids in the digital rectal examination
(DRE) urine sample. Urinary lipids were extracted using the acidified Bligh & Dyer method. The gShot MALDI spectra were acquired in
positive ionization mode in the m/z range of 460-1000, using 9-aminoacridine (9-AA) as the matrix. A, B, Representative mass spectrometry
(MS) spectra of prostate cancer (CaP) and benign prostatic hyperplasia (BPH) patients in the Kyoto University Hospital (KUHP)/discovery
set, respectively C, D, Representative MS spectra of the lipids in the DRE urine samples of CaP and BPH patients from the Osaka University

Hospital (OUHP)/discovery set, respectively

3.5 | The urinary (PC [34:2] + PC [34:1])/LPC (16:0)
ratio values were higher in patients with CaP than in
patients with BPH in the validation set

External validation of the findings from the discovery set was
performed using DRE urine samples collected at another clinical
center (OUHP). A total of 133 participants (74 CaP cases and 59

BPH cases) were included in the study. The representative qShot

MALDI spectra of urinary lipids in the validation set are shown in
Figure 5C,D. Comparisons of the urinary PCs/LPC ratio and serum
PSA levels were performed between the CaP and BPH groups.
Significantly higher PCs/LPC ratio values were observed in the CaP
group (median = 2.52) than in the BPH group (median = 1.45), with a
P-value of .0001 (Figure 6 C). No significant differences were found
in the serum PSA levels in the CaP and BPH groups in the validation
set (Figure 6D).
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FIGURE 6 Scatter plots of the urinary phosphatidylcholines/lysophosphatidylcholine (PCs/LPC) ratios and serum PSA levels in the
Kyoto University Hospital (KUHP)/discovery and Osaka University Hospital (OUHP)/validation sets. The PCs/LPC ratios in the digital

rectal examination (DRE) urine samples and serum PSA levels were compared between the benign prostatic hyperplasia (BPH) and prostate
cancer (CaP) groups in the KUHP/discovery and OUHP/validation sets. Results show that the PCs/LPC ratios were significantly higher

in the CaP group than in the BPH group in both KUHP/discovery (A) and OUHP/validation sets (C). However, PSA was not significantly
different between BPH and CaP in either the KUHP/discovery (B) or OUHP/validation set (D). Statistical analyses were conducted using the

nonparametric Mann-Whitney U-test

3.6 | The association between urinary (PC
[34:2] + PC [34:1])/LPC (16:0) ratio values and clinical
features of CaP

In this study, we also evaluated the relationship between the urinary
PCs/LPC ratio and the clinical features of CaP (ie, pathological or
clinical stages, Gleason scores, and serum PSA levels). However, no
significant association was observed between the urinary PCs/LPC
ratio and clinical features in terms of CaP stage, Gleason score, and
serum PSA level (Figure S3, S4, and S5).

4 | DISCUSSION

The rapid and reliable gShot MALDI analysis of the urinary PCs/
LPC ratio conducted in this study can be completed within a few
minutes, and the batch analysis of samples can be easily achieved.
We first evaluated urinary PC (34:2)/LPC (16:0) or PC (34:1)/LPC
(16:0) ratios; however, the differences between these ratios were
not significant; therefore, we focused on the (PC [34:2] + PC
[34:1])/LPC (16:0) ratio (data not shown). We found that the (PC
[34:2] + PC [34:1])/LPC (16:0) ratio values detected in urine sam-
ples were significantly higher in CaP patients than in the noncan-
cerous controls. The PCs/LPC ratio values between the discovery

and validation sets showed similar tendencies (ie, the median

values in the CaP groups were 2.30 and 2.52 in the discovery and
validation sets, respectively, and the median values in the BPH
groups were 1.52 and 1.45 in the discovery and validation sets
respectively). Meanwhile, decreased PCs/LPC ratio values were
observed in urine samples collected after prostatectomy (n = 6,
shown in Figure S7). Therefore, the PCs/LPC ratio is a reliable uri-
nary marker for CaP.

There are two possible origins of urinary PCs and LPCs: one pos-
sibility is that the PCs and LPCs are filtrated from the bloodstream;
the other possibility is that they are exfoliated from the urinary tract.
The human urine metabolome is thought to be a subset of the human
serum metabolome.??%° Thus, altered PCs and LPCs in the serum of
patients with CaP may cause changes in those of the urine. Previous
studies have used plasma or serum as sources of CaP lipid biomark-
ers. For example, using serum obtained from 57 patients with CaP
and 76 healthy individuals, the levels of two PC species, ie, PC (40:3)
and PC (42:4), were found to be significantly increased in the CaP
group.’? However, contradictory findings have been reported in dif-
ferent studies. For example, using plasma as the sample, the levels
of three sphingomyelin (SM, with a chemical structure similar to PC)
species, SM (34:1), SM (36:2), and SM (36:1), were found to be in-
creased in the CaP group?’l; however, the levels of the same three
SM species were found to be decreased in the CaP group in another
study.® These results indicate that analysis of plasma or serum for

CaP biomarker screening is more complicated than that of urine; any



LI ET AL

EERWATSYE Cancer Science

systemic or local disorders at other sites may influence the lipid lev-
els in the serum or plasma.

Biomaterials (eg, cells, fluids, and exosomes) exfoliated from
the urinary tract may also contribute to the altered levels of uri-
nary PCs and LPCs in patients with CaP. As the prostate gland is
anatomically connected to the lower part of the urinary tract, var-
ious types of cells and fluids can be shed from the gland into the
urinary tract, including tumor cells and prostate fluids, which can
be washed out during urination. A recent study collected exfoli-
ated CaP cells from the urine, which offers a specific and sensitive
detection of CaP.3® These prostate cells in the urine may offer a
cellular origin for lipids such as PCs and LPCs. Similar to the cells,
fluids containing lipids derived from the prostate gland can also be
secreted into the urine, especially after DRE. As shown in Figure
S6, the concentration of urinary LPC (16:0) was significantly in-
creased after DRE; however, this did not happen for urinary PC
(34:2) and PC (34:1). The reason for this may be that the levels of
urinary PC (34:2) and PC (34:1) in our samples were higher than
that of LPC (16:0), and the effect of DRE on the concentration of
urinary PC (32:2) and PC (34:1) was not as significant as that on LPC
(16:0). Urinary exosomes, first identified in 2004,%* were thought
to originate from the cells of organs involved in reproduction and
urine excretion. A previous study performed a lipidomic analysis of
urinary exosomes from 15 patients with CaP and 13 healthy indi-
viduals. The results showed that some exosomal lipid species were
significantly different between the two groups. Among them, the
levels of urinary PC (34:1) and PC (34:2) were higher in the CaP
group than in the control group.?!

As summarized in a review,%® LPC (16:0) was reported as the
third-most downregulated biomarker in cancer research. A total
of six types of cancers in breast, colon or the rectum, liver, kidney,
prostate, and thyroid showed significantly decreased levels of LPC
(16:0) compared with the noncancerous control samples. In the case
of PCs, PC (34:1) was reported as the most frequently upregulated
biomarker in cancer research. It was reported as increased in breast
cancer, colorectal cancer, gastric cancer, lung cancer, CaP cases, and
thyroid cancer cases. Meanwhile, PC (34:2), which has a similar bio-
function but a higher degree of unsaturation in the fatty acid chains
(ie, one more carbon double-bond) than PC (34:1), was reported as
increased biomarker in cases of esophageal cancer, gastric cancer,
lung cancer, CaP, and thyroid cancer.

In this study, the increased (PC [34:2] + PC [34:1])/LPC (16:0)
ratios in the tissue and DRE urine samples of CaP patients are in
agreement with the dysregulation of PL and LPL metabolism ob-
served in cancer cells. There are two possible reasons for the in-
creased PCs/LPC ratio in cancers such as CaP. First, it is partly
caused by a loss of LPC (16:0), which is triggered by the elevated
demand for lysophosphatidic acid (LPA) in cancer cells.% In cells,
the conversion of LPC (16:0) to LPA occurs via activation of lys-
ophospholipase D (lysoPLD), which hydrolyzes LPLs to produce
LPA.% Its expression has been reported to be much higher in CaP
tissue than in benign epithelium and significantly correlated with

the potential for PSA recurrence after surgery.’® Second, the

change in conversion between LPCs and PCs may also be affected
by a remodeling pathway (Lands’ pathway) in cancer cells.® In the
Lands' pathway, LPC is produced by the hydrolysis of PC by an en-
zyme called phospholipase A2 (PLA2), while PC can be produced
by the addition of a fatty acid to LPC using LPCATs.*° Although
some previous study indicated that PLA2 activity is increased in
CaP cells,** PLA2 was also reported to be highly active in BPH, and
no significant difference of PLA2 levels in serum was observed be-
tween patients with BPH or CaP.*?*® Considering that the conver-
sion of PC from LPC is catalyzed by LPCATSs, some previous studies
may offer a possible explanation for the elevated PCs/LPC ratio
in cancers. In HCC tissues and cells, the PC (16:0/16:1)/LPC (16:0)
ratio has been reported to be significantly higher because of the
elevated activation of LPCAT1, which is a key enzyme in the PC
and LPC remodeling pathway.*! Moreover, the increased expression
of LPCAT1 correlated with the progression of CaP,****¢ suggesting
that increased expression of LPCAT1 may also increase the PC/
LPC ratio in CaP tissue. Further mechanistic studies are required
to determine whether changes in PCs/LPC ratio expression and the
activities of lysoPLD, PLA2, and LPCAT are correlated.

In summary, the changed levels of PCs and LPCs were observed
in the tissues and body fluids of cancer patients, including in patients
with CaP. The major advantages of liquid biopsy using urine over
serum and tissue biopsy are that it is a truly noninvasive method
with no limitations in the sample volume, a relatively low back-
ground complexity. As shown in our research, a potential biomarker
found in the tissue can be detected and validated in the urine by
gShot MALDI analysis, which is a rapid and sensitive tool for lipid
detection. Unfortunately, the (PC [34:2] + PC [34:1])/LPC (16:0) ratio
might not be directly applicable as a clinical diagnostic tool for CaP
in the present form. However, our trials have shed light on a possible
route to biomarker exploration and validation in a rapid, noninvasive,

and easy way.
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