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Abstract
Lipids are a major component of extracellular vesicles; however, their significance in 
tumorigenesis and progression has not been well elucidated. As we previously found 
that lipid profiles drastically changed in breast tumors upon progression, we hypoth-
esized that lipid profiles of plasma- derived extracellular vesicles could be utilized as 
breast cancer biomarkers. Here, we adopted modified sucrose cushion ultracentrifu-
gation to isolate plasma- derived extracellular vesicles from breast cancer (n = 105), 
benign (n = 11), and healthy individuals (n = 43) in two independent cohorts (n = 126 
and n = 33) and conducted targeted lipidomic analysis. We established a breast cancer 
diagnostic model comprising three lipids that showed favorable performance with the 
area under the receiver operating characteristic curve of 0.759, 0.743, and 0.804 in 
the training, internal validation, and external test sets, respectively. Moreover, we 
identified several lipids that could effectively discriminate breast cancer progression 
and subtypes: phosphatidylethanolamines and phosphatidylserines were relatively 
higher in Stage III, whereas phosphatidylcholines and sphingomyelins were higher in 
Stage IV; phosphatidylcholines and ceramides were correspondingly concentrated in 
HER2- positive patients, while lysophosphatidylcholines and polyunsaturated triglyc-
erides were concentrated in the triple- negative breast cancer subtype. Lipid profiling 
of plasma- derived extracellular vesicles is a non- invasive and promising approach for 
diagnosing, staging, and subtyping breast cancer.
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1  |  INTRODUC TION

Over the past decades, early screening and precision medicine have 
improved the survival of patients with BC.1 Although mammography 
and ultrasonography are commonly used for the early detection of 
BC, their accessibility and accuracy vary with region, population, and 
age distribution; thus, there is a high demand for more accessible 
and cost- effective options.2– 4 Tumor biopsy is essential for precision 
treatment, but liquid biopsy based on biofluid samples, such as cir-
culating tumor cells, DNA, or EVs, is gaining popularity because of 
its good compliance, easy specimen acquisition, and dynamic moni-
toring capabilities.5

EVs, also referred to as “exosomes,” are 30– 150 nm vesicles 
formed by the inward budding of late endosomes and released into the 
extracellular environment upon fusion with the plasma membrane.6 
EVs can also be released into blood vessels, carrying many molecules 
that can regulate the biological activities of cells at distant sites.7 Sev-
eral studies have confirmed that proteins, miRNAs, and long RNAs in 
blood- derived EVs could be biomarkers for early diagnosis, therapeu-
tic efficacy prediction, and prognosis evaluation in BC patients.8– 10 
However, whether lipid profiles of blood- derived EVs can be used 
for these purposes remains unclear. Most importantly, standardized 
methods for analyzing lipids in EVs have not been well established.

We previously demonstrated that phospholipids in human breast 
tumors alter their fatty acid (FA) composition, probably due to the 
dysregulation of tumor lipid metabolism. This alteration was partic-
ularly evident in phosphatidylinositols (PIs), and we identified the 
enrichment of PI_C38:3 in tumor cells as a potential biomarker for 
BC immune status.11 Based on this observation, we hypothesized 
that lipid dysregulation in tumor cells could be transferred to those 
of tumor- derived EVs and that they could be used for diagnosing or 
differentiating BC.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

In total, 159 blood samples from two cohorts were used in this ex-
periment, comprising 126 cases in Cohort 1 and 33 cases in Cohort 
2. Samples for both cohorts were obtained from the same biobank 
in the Kyoto University Hospital. The samples were selected in a 
consecutive manner: Cohorts 1 and 2 comprised samples primarily 
collected during 2016 and 2017, respectively. The inclusion criteria 
in the study were as follows: (1) Histologically proven BC with surgi-
cally operable or recurrent/metastatic lesions; (2) Mammography or 
ultrasonography screening confirmed- BC- free individuals. Patients 
with a history of other tumors or dyslipidemia were excluded. The 
study was approved by the Ethics Committee of Kyoto University 
Hospital, and written informed consent was obtained from all par-
ticipants before sample collection. Blood samples were collected be-
fore cancer- related treatment with a definite pathological diagnosis 
at the Breast Cancer Unit, Kyoto University Hospital. Plasma was 

separated by centrifugation at 1800 × g for 10 min at room tempera-
ture (RT, 23°C) in EDTA vacutainer tubes, aliquoted, and stored at 
−80°C.

2.2  |  EV isolation

The plasma sample (500 μL) was thawed and centrifuged (4000 × g, 
15 min, RT). The supernatant was collected to isolate EVs using the 
following three methods with some adjustments.12– 14

2.2.1  |  Protocol 1: Ultracentrifugation

Plasma was diluted 1:2 in PBS and centrifuged (20,000 × g, 60 min, 
4°C). The supernatant was centrifuged (120,000 × g, 90 min, 4°C) 
using an ultracentrifuge (Optima XE- 100, Beckman Coulter) in 4 mL 
tubes (#344062, Beckman Coulter) with an SW60Ti rotor. The pel-
lets were washed with PBS and centrifuged again (120,000 × g, 
70 min, 4°C). The purified EVs were resuspended in 100 μL of PBS 
and stored at −80°C until use.

2.2.2  |  Protocol 2: Sucrose cushion 
ultracentrifugation

Plasma was diluted 1:2 in PBS and centrifuged (20,000 × g, 60 min, 
4°C). The supernatant was then centrifuged (120,000 × g, 90 min, 
4°C) on 375 μL of Tris/sucrose/D2O solution (30% sucrose cushion). 
Next, 300 μL of sucrose cushion was collected, diluted with PBS, and 
centrifuged again (120,000 × g, 70 min, 4°C). The EVs were stored as 
described in protocol 1.

2.2.3  |  Protocol 3: Size exclusion chromatography

Plasma was centrifuged (20,000 × g, 60 min, 4°C) without dilution. 
The qEV 70 nm column (iZON Science) was equilibrated with PBS 
before use. Then, 500 μL of plasma was loaded on the top of the 
column; the first 3.0 mL of the elute was discarded. EV- rich fractions 
(1.5 mL, 7– 9 fractions) were collected and concentrated (7500 × g, 
30 min, RT) using Amicon Ultra- 2 10 kDa centrifugal filters (Merck 
Millipore, Co. Cork). EVs were collected and stored as previously 
described.

2.3  |  Transmission electron microscopy

In total, 10 μL of EVs were placed on 200- mesh copper grids (#6511, 
Nisshin EM) and allowed to settle for 10 min. The EVs were blotted 
and negatively stained with three successive drops of 1.0% uranyl 
acetate for 10 s- 10 s- 60 s. The grids were air dried and imaged using 
a TEM (H- 7650, Hitachi) operating at 80 kV.
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2.4  |  Nanoparticle tracking analysis

For size and particle concentration analysis, EVs were diluted with 
PBS at a ratio of 1:100 and examined via NTA using a NanoSight 
NS300 system (Malvern Instruments) configured with a 488 nm 
laser as per the manufacturer's instructions. Data were analyzed 
using NTA 3.4 software.

2.5  |  Western blotting

EV quantification was performed using the Qubit™ Protein Assay Kit 
(#Q33211, Thermo Fisher Scientific) and a Qubit® 3.0 Fluorometer 
(Thermo Fisher Scientific). Equal amounts of EV proteins were sepa-
rated by SDS- PAGE and transferred onto PVDF membranes. The 
membranes were blocked with 5% nonfat dry milk for 1 h at RT and 
incubated with antibodies overnight at 4°C. The membranes were 
then incubated with secondary antibodies for 1 h at RT. The follow-
ing antibodies were used: CD9 (#AHS0902, Invitrogen), TSG101 
(#ab125011, Abcam), Hsp90α (#CA1023, Sigma- Aldrich), ApoB 
(#20578- 1- AP, Proteintech), ApoE (#66830- 1- lg, Proteintech), Mouse 
IgG (#31430, Invitrogen), and Rabbit IgG (#31460, Invitrogen).

2.6  |  Lipid extraction

Lipids were extracted from EVs (5 μg) using a modified Bligh- Dyer 
method as follows.15 EVs were incubated in an extraction solu-
tion of chloroform and methanol (1:2) for 10 min at RT. Chloro-
form and 1% acetic acid were then added sequentially at a 1:1 
ratio. The mixture was centrifuged (2000 × g, 10 min, RT), and an 
equal volume of the lower organic phase was vacuum- dried for 1 h 
using a SpeedVac system. The lipid extracts were re- dissolved in a 
methanol:chloroform:water (8:4:1) solution and injected for LC/MS 
analysis.

2.7  |  LC/MS analysis

LC analysis was performed on a Nextera (Shimadzu) ultra- high- 
performance liquid chromatography system with a TSKgel Amide- 80 
column (150 × 2.0 mm, 3 μm, Tosoh) in hydrophilic interaction liquid 
chromatography mode. The mobile phase comprised A = ultrapure 
water (Milli- Q; Millipore) solution and B = acetonitrile: water = 95:5 
(10 mM ammonium formate +0.12% formic acid, pH 3) solution. The 
gradient program was as follows: 96%B (0 min), 96%B (3 min), 70%B 
(15 min), 96%B (15.01 min), and stop (20 min). The flow rate was set 
at 0.2 mL/min, and the column temperature was maintained at 40°C. 
A triple– quadruple mass spectrometer (LCMS- 8060, Shimadzu) 
coupled with an LC system was operated in positive electron spray 
ionization in multiple reaction monitoring (MRM) mode for targeted 
lipidomics analysis. Lipid detection was performed using an in- house 
MRM library (Shimadzu). Table S1 summarizes the list of targeted 

lipids and MRM transitions. LabSolutions LCMS software (version 
5.53, Shimadzu) was used to acquire data and analyze the peaks 
automatically.

2.8  |  Data processing and statistical analyses

Equal volumes of lipid extracts from EVs were pooled as QC samples, 
which were measured intermittently to monitor the performance of 
the LC/MS system. Systematical error removal using random for-
est was applied to reduce the system error and correct the signal 
drift (Figure S1).16 Data were processed with MetaboAnalyst 5.0 
(https://www.metab oanal yst.ca/). Briefly, lipids were removed with 
>80% missing values in all samples; the missing values of residual 
lipids were replaced with 1/5 of the minimum positive value. Lipids 
with a relative standard deviation over 30% in QC samples were fil-
tered, and samples were normalized by sum. Finally, the average of 
repeated measurements of the same specimen was used for subse-
quent analyses.

Statistical analyses were performed using GraphPad version 
8.0.2, SPSS Statistics v26, and R version 4.2.0. Principal component 
analysis (PCA), partial least squares discriminant analysis (PLS- DA), 
and heatmaps were generated using MetaboAnalyst 5.0. Candi-
date biomarkers were screened by variable importance projec-
tion (VIP) > 1, |log2

fold change| > log2
1.2, and p- value < 0.05 (Wilcoxon 

Mann– Whitney U test). A volcano plot was constructed using Met-
ware Cloud (https://cloud.metwa re.cn). The least absolute shrinkage 
and selection operator (LASSO) regression was adopted to narrow 
down the lipid biomarkers (glmnet, R package) and create a predic-
tive model based on the training set. The ROC curve and AUC were 
used to evaluate the performance of the diagnostic panel (pROC, R 
package). The independent samples t test, Mann– Whitney U test, 
one- way ANOVA, or Kruskal– Wallis test was used for comparison 
between groups.

3  |  RESULTS

3.1  |  Comparison of the yield and purity of 
plasma- derived EVs isolated by UC, CUC, and SEC

Plasma samples contained various nanoparticles, including lipopro-
teins that are similar in size to the EVs. The lipid profiles of these 
lipoproteins may be influenced by dietary fat intake and interfere 
with the subsequent lipidomic analysis of plasma- derived EVs. Thus, 
minimizing lipoprotein contamination to ensure accurate results is 
mandatory. We compared three methods to isolate plasma- derived 
EVs: UC- based, CUC- based, and SEC- based methods. The detailed 
procedure for each method is shown in Figure 1A. In TEM images, 
EVs typically appeared as cup- shaped vesicles (Figure 1B, red ar-
rows). Although we could detect EVs using all three methods, the 
SEC method contained many small spherical particles in the back-
ground, which indicated lipoprotein contamination (Figure 1B, blue 

https://www.metaboanalyst.ca/
https://cloud.metware.cn
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arrows). Compatible with the observation in TEM, NTA analysis 
showed that the SEC method was greater in particle concentration 
(71.83 × 109/mL in SEC, 8.437 × 109/mL in CUC, and 3.683 × 109/
mL in UC) and smaller in particle size (83.07 nm in SEC, 115.9 nm 
in CUC and 117.9 nm in UC) (Figure 1C). The minimal information 
for studies of EVs 2018 guidelines was used for EV identification, 
where CD9, TSG101, and Hsp90α were recommended as specific EV 
markers. Additionally, the apolipoproteins ApoB and ApoE, which 
commonly occur in lipoprotein particles, were used as markers 

for lipoprotein contamination.17 While WB for CD9, TSG101, and 
Hsp90α confirmed the presence of EVs in all three methods, high 
ApoB and ApoE expression in the SEC method supported the mas-
sive contamination of lipoprotein (Figure 1D). The yield and purity of 
EVs tended to be higher in CUC than in UC, suggesting that the CUC 
method is the best way to isolate plasma- derived EVs for lipidomics 
with minimal lipoprotein contamination and excellent efficacy. Thus, 
we decided to employ the CUC method to purify the EVs in subse-
quent experiments.

F I G U R E  1  Comparison of the yield and purity of plasma- derived extracellular vesicles (EVs) isolated by ultracentrifugation (UC), cushion 
ultracentrifugation (CUC), and size exclusion chromatography (SEC). (A) Workflow for isolating plasma- derived EVs by UC, CUC, and SEC. (B) 
Representative transmission electron microscopy images of plasma- derived EVs isolated by UC, CUC, and SEC. Scale bar: 100 nm. The red 
and blue arrows indicate EVs and lipoproteins, respectively. (C) Distribution of particle concentration and size of plasma- derived EVs isolated 
by UC, CUC, and SEC. (D) Western blotting of EV- related proteins (CD9, TSG101, and Hsp90α) and lipoproteins (ApoB and ApoE). Numerical 
data are shown as means ± SD of three independent experiments. ns, not significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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3.2  |  Effects of different postprandial times on 
characteristics of plasma- derived EVs

Although research on the effects of dietary intake on EV concentra-
tion in humans is limited, plasma lipoprotein levels increase slightly 
upon the dietary fat intake.18,19 Therefore, to explore the effect of 
dietary intake on the stability of plasma- derived EVs, we compared 
the characteristics of plasma- derived EVs using blood collected at 
three different time points from a healthy volunteer, at fasting, 3 h, 
and 6 h after a meal. TEM showed that the shape of the EVs was 
intact without large variations across three different time points 
and that no lipoproteins appeared in the background (Figure 2A). 
The concentration and size of plasma- derived EVs showed no sig-
nificant differences across the three time points (fasting, 3 h, and 
6 h) (Figure 2B). Moreover, ApoB and ApoE were hardly detected in 
the WB, which confirmed that there was no fluctuation in contami-
nation due to changes in lipoproteins and postprandial times in the 
plasma- derived EVs (Figure 2C). The above results demonstrate that 

the effect of dietary fat intake on plasma- derived EVs was minimal 
as long as we used the CUC method for EV purification.

3.3  |  Lipid profiles of plasma- derived EVs can 
discriminate BC patients from benign and healthy 
individuals although the difference is unclear

To discover the different lipid profiles of plasma- derived EVs be-
tween BC patients and controls (benign and healthy individuals), 
we performed targeted lipidomics covering 380 lipids using plasma- 
derived EVs collected from 126 cases (33 healthy volunteers, 11 be-
nign tumor patients, and 82 BC patients) (Cohort 1). The BC patients 
included 15 cases of ductal carcinoma in situ (DCIS), 35 cases of 
Stage I/II, 17 cases of Stage III, and 15 cases of Stage IV. The detailed 
clinicopathological information is shown in Table S2. The study de-
sign and data processing procedures are illustrated in Figure 3A. As 
a result, 186 lipids were retained for subsequent analysis.

F I G U R E  2  Effects of different postprandial times on characteristics of plasma- derived extracellular vesicles (EVs). (A) Representative 
transmission electron microscopy images of plasma- derived EVs at different time points (fasting, 3 h, and 6 h after a meal). Scale bar: 100 nm. 
The red arrows indicate EVs. (B) Distribution of particle concentration and size of plasma- derived EVs at different time points. (C) Western 
blotting for assessment fluctuation of EV- related protein (CD9) and lipoproteins (ApoB and ApoE) at three different time points. Numerical 
data are shown as means ± SD of three independent experiments. ns, not significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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The QC samples were tightly clustered in the unsupervised 
PCA model, indicating the stability of the experimental system (Fig-
ure 3B). In the supervised PLS- DA model, patients with BC were 
somewhat separated from controls, indicating different lipid profiles 
between the two groups (Figure S2a). Cross- validation (10- fold) and 
permutation tests (100 times) were used to prevent overfitting and 
ensure prediction accuracy. The optimal number of principal com-
ponents was determined to be 1 (R2 = 0.190 and Q2 = 0.055) with 
p- value < 0.01 (Figure S2b,c). As the PLS- DA model showed subop-
timal performance, we incorporated additional univariate analysis 
techniques, including fold change and U test, to further screen can-
didate biomarkers. The volcano plot identified 11 lipids with differ-
ential concentrations between BC patients and controls (Figure 3C), 
which comprised six glycerophospholipids, three sphingolipids, and 
two glycerolipids. Of these, 10 lipids showed higher concentrations 
and only one lipid showed a lower concentration in BC patients than 
in controls (Table S3). Although the concentration and size of EVs re-
portedly differ between patients with BC and healthy participants,8 
we found no significant difference in either the concentration or size 
of EVs between the BC patients and controls among the 126 cases 
(Cohort 1) (Figure 3D).

3.4  |  Lipid profiles of plasma- derived 
EVs associated with clinicopathological 
characteristics of BC

We explored the association between lipid profiles of plasma- derived 
EVs and disease progression, including subtypes, in the 126 cases. 
Disease progression was defined as control, DCIS, Stage I/II, Stage 
III, and Stage IV, according to clinicopathological characteristics. The 
heatmap shows the distribution of 53 lipids with statistically sig-
nificant differences in concentration among the groups (Figure 4A). 
Most of these were higher in invasive diseases than in the control 
and DCIS, whereas Cer_d18:1/17:0, LysoPC_C20:0e, TG_C48:0, 
and TG_C50:0 had the highest concentrations in DCIS. Saturated or 
mono- unsaturated PCs, PEs, and PSs were most abundant at Stage 
III. In contrast, the levels of polyunsaturated PCs, polyunsaturated 
TGs, LysoPCs, and SMs are elevated upon further progression. Inter-
estingly, the polyunsaturated PIs, PI_C36:2, PI_C38:3, and PI_C38:4, 
showed similar trends to our previous observations in breast tumors, 
where they were lower in DCIS and higher in invasive diseases with 
metastasis (Figure S3a).

The lipid profiles of plasma- derived EVs vary according to their 
molecular subtype. Although a few lipids exhibited statistically sig-
nificant differences, we could see the distribution patterns as fol-
lows: PEs and saturated- TGs were relatively higher in the Luminal 
subtype, while PCs and Cers were higher in the HER2- positive sub-
type, and polyunsaturated TGs, LysoPCs, and SMs were higher in 
the triple- negative breast cancer (TNBC) subtype (Figure 4B). These 
findings imply that lipid metabolism is different between each mo-
lecular subtype of BC, which is reflected in the lipid profiles of EVs.

3.5  |  Discovery of lipid profiles in plasma- derived 
extracellular vesicles as biomarkers for breast 
cancer diagnosis

To establish a biomarker panel that could be utilized for BC screen-
ing, LASSO regression analysis was performed with 11 lipids in 126 
cases (Cohort 1). We applied 10- fold cross- validation to evaluate 
the model's optimal parameters (i.e. lambda) and optimized the 
lipid panel. This analysis was repeated 25 times to ensure robust-
ness and repeatability (Figure S4). Ultimately, three lipids were se-
lected to generate a potential biomarker panel for BC screening, 
with strong statistical validity (Tables S4 and S5). The three lipids 
were PS_C36:1, THC_16:0, and PC_C36:3. Next, we divided the 
126 cases into a training set (n = 83) and an internal validation set 
(n = 43) at a 2:1 ratio using a stratified random sampling method; 
another cohort (Cohort 2) of 33 cases (10 healthy volunteers and 
23 BC patients) was used as an external test set (Figure S5; Fig-
ure 3A). The details of Cohorts 1 and 2 are described in Table S2. 
The AUC values in the training, internal validation, and external 
test sets were 0.759 (sensitivity, 0.741; specificity, 0.724), 0.743 
(sensitivity, 0.679; specificity, 0.800), and 0.804 (sensitivity, 0.696; 
specificity, 1.000), respectively (Figure 5A– C). PS_C36:1 showed 
a significantly higher concentration in BC patients across the two 
cohorts (Figure 5D). As for the other two lipids, THC_16:0 and 
PC_C36:3, their differences in concentration within the test set did 
not reach statistical significance. However, the trends were simi-
lar between the two cohorts. Additionally, this diagnostic model 
exhibited promising discriminatory power between DCIS and con-
trols with the AUC values of 0.711 (sensitivity, 0.733; specificity, 
0.773), indicating its potential for early detection of BC (Table S6). 
Nevertheless, significant differences were not observed in the 
expression levels of PS_C36:1, THC_16:0, and PC_C36:3 across 
age groups and T1– 4 stages among the population with cancer 
in Cohort 1 (Figure S3b). Some lipids that were not used in the 
model (PS_C36:2, PS_C38:3, PS_C38:4, DHC_16:0, and SM_C44:1) 
showed higher concentrations in patients with BC in both cohorts 
(Table S3). Isolation and lipidomic analysis of plasma- derived EVs in 
Cohorts 1 and 2 were performed independently, which increased 
the reliability and validity of the results. Our findings suggest that 
the lipid profiles of plasma- derived EVs can provide supportive in-
formation for BC screening.

4  |  DISCUSSION

To date, most studies on EV- related biomarkers have focused on 
proteins and RNAs, and there is no standardized method for the li-
pidomic analysis of EVs. Here, we demonstrated that the modified 
CUC method, as described by Scott and Suchi, is appropriate for iso-
lating plasma- derived EVs for lipidomic analysis.13,20 Furthermore, 
we highlight the importance of lipid profiles in understanding BC 
diagnosis, progression, and subtyping.
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Although UC and SEC methods are currently used extensively 
for isolating plasma- derived EVs, the low UC yield and poor SEC pu-
rity have been widely concerned by scholars.21– 26 In line with this 
issue, we observed severe contamination of lipoprotein, especially in 
the SEC method, which probably affected downstream multi- omics 
analysis. Furthermore, to assess the stability of plasma- derived EVs 
and to exclude the effect of diet- induced changes in lipoproteins, 
such as the rise in chylomicrons and VLDLs 3– 6 h after meals,27,28 we 
examined the properties and purity of EVs in plasma samples drawn 
at various intervals. However, similar to the conclusion reached 
by Simin,18 we found no apparent changes in the morphology, 

concentration, or size of plasma- derived EVs over time when using 
the CUC method. Additionally, there was no increase in lipoprotein 
contamination over time.

As a result, we generated a BC diagnosis model with three lipids 
and achieved favorable results. Unlike previous BC biomarker studies 
that included only patients with invasive carcinoma,8,9 we enrolled 
patients with benign tumors and DCIS in Cohort 1 to develop the bio-
marker model, which made it possible to better detect BC at an earlier 
stage. However, including DCIS and benign tumors in Cohort 1 might 
have resulted in a lower diagnostic performance of the panel com-
pared with Cohort 2, which did not include DCIS or benign tumors.

F I G U R E  3  Lipid profiles of plasma- derived EVs can discriminate BC patients from benign and healthy individuals although the difference 
is unclear. (A) Diagram of study design and data processing procedures. Cohort 1 (controls = 44, BC = 82) and Cohort 2 (healthy = 10, BC = 23) 
were two experiments performed independently. The blue text box refers to data from Cohort 1, and the orange text box refers to data 
from Cohort 2. (B) Unsupervised principal component analysis plot of lipids in Cohort 1 with quality control samples. LC/MS measurements 
were duplicated per sample. Each plot represents one measurement. (C) Volcano plot of lipids with differential concentrations between 
BC and control samples in Cohort 1. Red and green dots represent the upregulated and downregulated lipids that meet the criteria of 
variable importance projection > 1, |log2

fold change| > log2
1.2, and p- value < 0.05, respectively. TG_C54:4* represents TG_C54:4 isomer- 1. (D) 

Distribution of particle concentration and size of plasma- derived EVs isolated from BC and control samples in Cohort 1. Numerical data are 
shown as means ± SD of each group. ns, not significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

(B)
Scores Plot

–200            –100 0               100             

  –
50

   
   

   
   

   
   

   
 0

50

PC 1 ( 54.2%)

PC
 2

 ( 
15

.8
%

)

Cancer
Control
QC

(C)

Statistics
Down: 1
Insignificant: 175
Up: 10

VIP
1
2

0

1

2

3

4

0 1Log 2FC

−
lo

g 1
0(
p-

va
lu

e)

PS_C36:1

TG_C54:4*

TG_C54:5

PS_C38:4

THC_16:0
PC_C36:3

LysoPC_C16:0 PS_C36:2

SM_C44:1

DHC_16:0

PS_C38:3

(A) Plasma-derived EVs
Cohort 1, n = 126

LC/MS
Targeted lipidomics

Lipid extraction

Data pre-processing

Signal extraction

Uni and multivariate analysis
VIP, fold change, p value

Three potential biomarkers

LASSO regression

Training
n = 83

Validation 
n = 43

Test
n = 33

Modeling

Plasma-derived EVs
Cohort 2, n = 33

External test
Cohort 2, n = 33

Particle concentration

Control Cancer
0

5

10

15

Pa
rti

cl
e 

co
nc

en
tra

tio
n 

(1
09

/m
l)

ns

Particle size

Control Cancer
0

30

60

90

120

150

Pa
rti

cl
e 

si
ze

 (n
m

)

ns

(D)



    |  4027LIU et al.

Among the three lipids in the panel, the elevation of PS_C36:1 
and THC_16:0 has been reported in the blood or tumors of various 
cancers, such as bladder, kidney, lung, and breast cancers.29– 33 The 
association between elevated plasma THC_16:0 levels and cancer 
progression has been observed in prostate cancer and oral squa-
mous cell carcinoma.32,33 The increase of PS_C36:1 and THC_16:0 
in cancers is reasonable as their structures contain saturated 
and mono- unsaturated FAs synthesized through the de novo FA 

synthesis pathway, which is frequently elevated in cancer cells.34 
Additionally, the exposure of PS on the surface of cancer cells or 
cancer cell- derived microvesicles suppresses immune reaction by 
inhibiting T- cell activation via G protein- coupled receptor 174 or 
diminishing T- cell receptor signaling cascade of CD4+ and CD8+ 
T- cells.35 The reduction in PC_C36:3 has also been reported in the 
plasma of patients with kidney, prostate, and breast cancers, as well 
as in BC tissue.36,37 The trends of these three lipids in our panel were 

F I G U R E  4  Lipid profiles of plasma- derived extracellular vesicles (EVs) associated with clinicopathological characteristics of breast 
cancer (BC). (A) Heatmap of lipid concentrations with statistical significance among control, DCIS, Stage I/II, Stage III, and Stage IV samples 
in Cohort 1. (B) Heatmap of lipid concentrations between Luminal, HER2- positive, and triple- negative breast cancer (TNBC) subtypes in 
Cohort 1. Lipids significantly different among the groups were labeled with “*”; the top 50 lipids with the lowest p- values and the lipids in the 
diagnostic model are used to generate the heatmap. PC_C36:3, PS_C36:1, and THC_16:0 are represented in bold. Each column represents 
the average concentration of specific lipids for a particular group.
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similar to the results of previous studies, showing an increase in PS_
C36:1 and THC_16:0 and a decrease in PC_36:3 in plasma- derived 
EVs from BC patients.

Changes in lipid metabolism are intensified upon BC progres-
sion in response to an altered tumor microenvironment. In our 
previous study, we found that the composition of PI remained 
strictly constant across mammalian cells and increased markedly 
in BC tissues. Here, we noticed that the composition of 53 lipids in 
plasma- derived EVs, including PIs, changed according to the tumor 

stage. Interestingly, the proportion of PI_C38:3 increased in the 
higher stages, which is consistent with our previous tissue- based 
lipidomics results. In the current study, PSs and PEs showed the 
highest proportions at Stage III. This may reflect the high tumor 
burden of the primary site since apoptotic signaling activation 
and nutrient deprivation can trigger abnormal PS exposure and 
increase PE production.38– 40 In addition, we observed a higher 
proportion of SMs and a lower proportion of Cers in Stage IV. This 
inverse relationship is intriguing and is likely to result from the 

F I G U R E  5  Discovery of lipid profiles in plasma- derived extracellular vesicles as biomarkers for breast cancer diagnosis. (A– C) Receiver 
operating characteristic (ROC) curve and area under the ROC curve (AUC) of the diagnostic panel using the three lipid combination in the 
training, internal validation, and external test sets. (D) Boxplots depicting the concentrations of the three lipids, PS_C36:1, THC_16:0, and 
PC_C36:3, in the training + validation and external test sets. The box range represents the interquartile range, and the median is indicated by 
a line across the box. ns, not significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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regulation of intracellular SMs and Cers by sphingomyelin synthase 
2 that is often overexpressed in metastatic BC tissues.41 Most lip-
ids showed non- linear trends with distinct increase or decrease 
in concentration at specific stages. When compared with that of 
the control group, the levels of PS_C36:1 significantly increased in 
Stage III (p = 0.004), THC_16:0 significantly increased in Stage I/
II and Stage IV (p = 0.039 and 0.014, respectively), and PC_C36:3 
significantly decreased in DCIS (p = 0.041). This unique non- linear 
trend and stage specificity in the expression of lipid biomarkers is 
another significant discovery of this study.

Concerning tumor subtypes, we found that the proportions of 
PCs, PEs, TGs, and LysoPCs were substantially different among Lu-
minal, HER2- positive and TNBC subtypes. There are differences in 
lipid metabolism across molecular subtypes. For instance, the Lu-
minal subtype generally relies on de novo lipogenesis, whereas the 
TNBC subtype relies on exogenous FAs.42,43 In line with our obser-
vations, lysophospholipase D (LysoPLD) activation is consistently 
detected in TNBC MDA- MB- 231 cells. LysoPLD can hydrolyze Ly-
soPCs to produce LPA, which promotes tumor cell proliferation and 
contributes to the tumorigenesis, invasion, and metastasis of BC.44,45 
Over half of the patients with TNBC have elevated blood TG levels, 
which are associated with shorter survival.46– 48 PC metabolism plays 
an essential role in HER2- positive BC, especially in tumor prolifer-
ation, making it a promising therapeutic target.49,50 Therefore, we 
speculated that changes in the lipid metabolism of tumors translate 
into the lipid composition of plasma- derived EVs, which warrants 
further investigation. Our study has some limitations:

(1) This was a single- center study with a limited number of cases, 
and only a small number of lipid biomarkers reached statistical sig-
nificance. Notably, all participants in this study were Japanese. Al-
though some studies examining the lipids in the tissue or plasma 
from different race groups reported the same lipids as biomarkers 
for BC, caution is required while applying this model to populations 
from different races.30,36,37 Therefore, to improve the performance 
of the diagnostic model, the sample size needs to be expanded to 
include multiple centers with different races and a broader range of 
lipids must be explored in future studies.

(2) EVs isolated using the CUC method were a mixture of EVs 
from cancerous and normal tissues. The limited distinguishing capa-
bility exhibited by PLS- DA in our study could possibly be attributed 
to the sharing of a majority of EV lipid components between cancer-
ous and non- cancerous cells to sustain their structure and essential 
functions. Additionally, the higher number of EVs derived from non- 
cancerous cells in the blood might also contribute to this limitation.51 
Nevertheless, although the PI distribution in the plasma- derived EVs 
was consistent with our previous tissue lipidomics results, the ab-
solute difference in this study was slightly smaller than that in the 
tissue lipidomics results. To effectively identify cancer- derived EVs, 
we suggest incorporating advanced or targeted methods to optimize 
the purification process, such as using a specific antibody that rec-
ognizes cancer- derived EVs.

Altogether, we successfully discovered lipid biomarkers in 
plasma- derived EVs using a modified EV isolation method, which 

could predict BC and its disease status. Importantly, these biomark-
ers exhibit different signatures across tumor stages and subtypes 
and reflect the known lipid profiles of tumors. Our findings show 
that lipid profiling of plasma- derived EVs can be utilized as a liquid 
biopsy for BC. Further investigations with larger cohorts, broader 
coverage of lipid species, and improved EV isolation methods are 
warranted to optimize the model's efficacy and to gain deeper in-
sights into tumor lipid metabolism.
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