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Abstract

Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) such as gefitinib are
one of gold standard treatment options for nonsmall-cell lung cancer (NSCLC) patients, which
eventually fail due to the acquired resistance and relapse because of the development of secondary
activating mutations such as T790M in EGFR. Predicting chemo-responsiveness of cancer patients
provides a major challenge in chemotherapy. The goal of the present study is to determine whether
phospholipid signatures of tumor extracellular vesicles (EV) are associated with gefitinib-
resistance of NSCLC. A sophisticated MS-based shotgun lipidomic assays were performed for in-
depth analysis of the lipidomes of gefitinib-resistant (PC9R) and responsive (PC9) NSCLC cells
and their shed EV from these cell lines (PCOEV or PCIREV). Lipid MALDI-MS analysis showed
that EV phospholipid composition was significantly distinct in PCIR, compared to PC9 cells.
Following statistical analyses has identified 35 (20 positive and 15 negative ion mode)
differentially regulated lipids, which are significantly over- or underexpressed in PCO9R EV,
compared to PC9 EV (pvalue < 0.01, fold change > 1.5). Our phospholipid signatures suggest that
EV associates with drug sensitivity, which is worthy of additional investigation to assess
chemoresistance in patients with NSCLC treated with anti-EGFR TKis.
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1 Introduction

Lung cancer is the leading cause of cancer-related mortality in United States, and nonsmall
cell lung cancer (NSCLC) represents over 85% of lung cancer, with less than 10% five-year
survival rate [1]. Most of NSCLC patients are diagnosed as stage 3b or stage 4. In patients
with over stage 3, cancers cannot be removed by surgery, thus most of NSCLC patients are
treated with combined chemotherapy and radiotherapy. More than 60% of NSCLC showed
overexpression of epidermal growth factor receptor (EGFR), a transmembrane protein with
tyrosine kinase activity required for signal transduction [2]. Thus, EGFR has become a
therapeutic target for NSCLC, and various EGFR tyrosine kinase inhibitors (TKIs) have
been developed and tested in preclinical and clinical settings [1, 3]. Approximately 15% of
NSCLC patients in United States have mutations to the EGFR [4], and they showed better
therapeutic effects, suggesting that EGFR mutations predict whether treatment including
TKIs may help patients [5].

Our laboratory has demonstrated that tumor cells shed extracellular vesicles (EV) into the
extracellular space in previous publications [6-10]. EV have been reported not only as a
biological cargo, but also as a potential biomarker, since they have found to contain various
bioactive biomolecules such as nucleic acids (DNA, mRNAs, miRNAs, and small non-
coding RNAs), oncoproteins, and metabolites [11-13]. Since these bioactive EV can be
isolated from various biological specimens including urine and serum, EV have been
considered as potential noninvasive biomarkers assessing tumor progression and drug
response [14, 15]. Recently, we could identify gefitinib (an ATP competitive inhibitor of
EGFR tyrosine kinase)-resistance associated proteome in EV [16]. These results suggested
that EV could be a therapeutic biomarker for predicting clinical response to EGFR targeting
drugs.

Phospholipid metabolism is regulated by extracellular stimuli such as various growth factors,
inflammation-associated cytokines, oncogenes, and hypoxia conditions, and plays a key role
in cell motility, invasion and metastasis of tumors [17-24]. Given the previous reports
showing that metabolic perturbation of phospholipids was associated with various cancer
types [25-27], the composition of phospholipids may be critical for deciding fate of tumor
cells. Alteration of levels of phospholipid metabolites such as phosphatidylcholine (PC), and
phosphatidylethanolamine has been often considered as biochemical indicators of tumor
progression or drug response [28-31].

Although composition and abundance of phospholipid species may be also important for
biological roles of EV, such as maintenance of cellular membrane structure and signal
transduction via EV, global lipidomics analysis of EV remain elusive. Recently, our
laboratory has developed and established the MALDI-TOF-based MS analysis method,
which is a feasible approach to identify specific lipid profile of various biological samples.
We have applied this method to profile phospholipids in ovarian cancer tissues and rat brain
tissues [17, 32]. Moreover, our phospholipid-based imaging MS could elucidate the spatial
localization of phospholipids throughout the entire brain or tumor tissues, and reveal their
membrane structures. More recently, MALDI-MS-based lipid profiling classified subsets of
cancer types including clear cell renal carcinoma, cholangiocarcinomas, pancreatic cancers,
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HER2-positive breast cancer, and ovarian cancer patients [18, 33—-35]. In our previously
reported lipid profile, phospholipids such as PC{34:1} [M+H]+ (m/z= 760.6), PC{34:1} [M
+K]+(m/z=798.6), and PC{32:0} [M+H]+ (m/z= 734.6) were identified as unique lipid
signature of breast cancer compared to normal tissues [18], suggesting that lipid profiles
correlate with clinicopathological features of breast cancers.

In this paper, we present the first EV phospholipid profile associated with NSCLC with
resistance to gefitinib. Our MALDI-TOF-MS/MS analysis detected total 67 significantly
differential phospholipids between PC9 and PC9R cells including phosphatidylcholines
(PC), lysophosphatidylcholines (LPC), sphingomyelines (SM), phosphatidylglycerols (PG),
and phosphatidylinositols (PI), lysophosphatidylinositols (LPI). EV phospholipid
composition was significantly distinct in gefitinib resistant NSCLC, compared to parent
cells. Our findings suggest that a transition to an acquired resistant phenotype may
accompany alteration of phospholipids reside in EV, and that these alterations of
phospholipid composition might be relevant to gefitinib resistance as a novel predictive
biomarker for response to gefitinib.

2 Materials and methods

2.1 Cell culture

The PCIR cell line was established as a gefitinib-resistant clone from parent PC9 cells.
Briefly, to establish a gefitinib-resistant subline, the PC9 parent cells were selected by
incubation in medium containing gefitinib in a stepwise manner, which was started from
0.01 to 2 uM of gefitinib for several months. PC9 and PCOR cells were cultured under a
humidified atmosphere of 5% CO5 at 37 °C in RPMI-1640 medium (Sigma, St Louis, MO,
USA) supplemented with 10% FBS, 100 ug streptomycin, and 100 units/mL penicillin
(Invitrogen, Carlsbad, CA). The cells were then harvested by trypsinization and subcultured
at a density of 6 x 103 cells/cm?2. The media were changed after one day of subculture during
culture, and cell cultures were passaged again at 70-80% confluence.

2.2 Isolation of EV from conditioned medium

To obtain purified EV, PC9, and PC9R cells were washed with PBS twice, and then
incubated in serum-free medium for additional 24 h. Conditioned media were harvested and
centrifuged at 500 x g for 15 min, followed by another centrifugation at 800 x g for 15 min
to remove cell debris. After Supernatant concentration using Stirred Ultrafiltration Cells
8400 (Millipore, USA), it was loaded onto 0.8 and 2.7 M sucrose cushions in 20 mM
HEPES/150 mM NacCl buffer (pH 7.2) and subsequently ultracentrifuged at 100 000 g for 2
h at 4 °C. To purify EV, sequential ultracentrifugation on a sucrose cushion and OptiPrep
(50% iodixanol, Axis-Shield PoC AS, Oslos, Norway) density gradient were performed
repeatedly [36]. Sequentially, fractions containing EV were added onto 0.8 and 2.7 M
sucrose cushions after dilution in sucrose dilution buffer [20 mM HEPES/150 mM NacCl, pH
7.2], before ultra-centrifugation at 200 000 g for 70 min at 4 °C. The interface between the
0.8 M and 2.7 M sucrose cushion was harvested to apply for step-density gradient
ultracentrifugation (2.5 mL of 5% OptiPrep, 3 mL of 20% OptiPrep and 4.8 mL of 30%
OptiPrep). Ten fractions of equal volume were collected from the top of the tube. The 3rd
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fraction (1.4 mL) containing EV was transferred to 9 mL PBS followed by ultra-
centrifugation at 100 000 gfor 1 h at 4 °C to collect EV pellet for further study. The EV
purified fractions were stored at —80 °C until start extraction of lipid [18, 19].

2.3 Transmission electron microscopy

For the direct visualization of EV in the transmission electron microscope, the purified EV
were placed on to glow-discharged carbon-coated copper grids. After 2 min incubation at
room temperature, EV were removed by blotting with a filter paper and negative-stained
with a drop of 1% aqueous uranyl acetate. The grid was washed and dried. Negatively
stained EV were visualized with a JEM 1400 (Jeol, Japan) at an acceleration voltage of 100
kV.

2.4 Immunoblot analysis

Isolated EV from PC9 or PC9R were lysed and 25 g of EV lysates were analyzed by
Western blotting using the following antibodies: rabbit polyclonal (Abcam, 1:1000 dilution),
rabbit polyclonal CD9 (Abcam, 1:1000 dilution); and rabbit monoclonal CD63 (Abcam,
1:1000 dilution).

2.5 Phospholipid extraction of EV

Total 20 pug EV were used for each lipid analysis. EV phospholipids were extracted by Bligh
& dyer method [37]. Briefly, EV were directly transferred into 3 mL of CHCl3:ethanol (1:2,
v/v) in 15 mL conical glass tube. Each sample was vortexed and sonicated for 10 min,
followed by cooling on ice for 10 min. The samples were centrifuged at 2500 g for 10 min
after vortex. The bottom organic phase containing the phospholipids was dried in a speed
vacuum. All experiments were run in triplicate [18, 19].

2.6 Lipid MALDI-MS analysis

For phospholipid MALDI-MS analysis, 10 uL of lipid samples diluted in methanol/
chloroform (70/30, v/v) were mixed with 10 pL of the binary matrix solution (7 mg each of
2, 5-dihydroxybenzoic acid (DHB) and a.-cyano-4-hydroxycinnamic acid (CHCA) in 1 mL
of 70% methanol plus 0.1% TFA) and 10 aL of 9-aminoacridine (10 mg/mL; dissolved in
isopropanol/acetonitrile (60/40, v/v)) for negative mode analysis [32, 38]. Each sample was
deposited on a 384 target plate (BrukerDaltonics, Bremen, Germany) in ten replicates
(positive mode), five replicates (negative mode) followed by evaporation in desiccator for
homogeneous crystallization in order to get iterative results. MALDI-MS analysis was
performed using an Ultraflex 111 TOF/TOF mass spectrometer (BrukerDaltonics, Bremen,
Germany) equipped with a 200-Hz smartbeam laser as an ionization source. All of the
spectra were acquired with delay: 180 ns; ion source 1: voltage, 25 kV, ion source 2: voltage,
21.65 kV; lens voltage: 9.2 kV and optimized for 500-1200 Da with an average of 1000
shots. Before each data acquisition, an external calibration was conducted using lipid-mixed
calibration standards with m/zranges of 674-834 Da (positive ion mode) and 564-906 Da
(negative ion mode). MALDI-LIFT (MS/MS) analysis was directly performed on the sample
spot after MALDI-MS to confirm lipids structure. We precede the lipid identification using
Lipidomics Gateway (http://www.lipidmaps.org) based on major fragment ions of ms/ms
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spectrum after performing manual mono isotope selection. <LIFT mode condition> CID
mode = false; PCIS mass limit = 2—4 Da; lon source voltage 1/2 = 8kV/7.1 kV; LENS
voltage = 3.6 kV; LIFT voltage 1/2 = 19 kV/4.3 kV in positive mode. CID mode = false; =
PCIS mass limit = 2—4 = Da; lon source voltage 1/2 = 8 kV/7.1 kV; LENS voltage = 3.6 kV;,
LIFT voltage 1/2 = 19 kV/4.2 kV in negative mode.

2.7 Preprocessing of MALDI MS data

All preprocessing steps were performed using MALDIquant package [39] in R. The
intensities of the features in each single spectrum were transformed to square root scale for
variance stabilization and smoothed with moving average algorithm. The spectrum
background was estimated with statistics-sensitive nonlinear iterative peak-clipping
algorithm and used for baseline correction. To enable a quantitative comparison across
multiple spectra, the peak intensities were normalized using probabilistic quotient
normalization method [40]. Each spectrum was normalized by a reference spectrum that is a
median spectrum of all samples. Briefly, the normalization procedure was as follows: (1)
normalization of all spectra to equal TIC, (2) calculation of the reference spectrum that is a
median spectrum of all samples, (3) for each spectrum, calculation of the quotients of the
intensities of the spectrum with those of the reference spectrum, (4) calculation of the
median of these quotients, and (5) division of all intensities of the spectrum by the median of
quotients calculated at step 4. The features with a S/N of higher than three were considered
as peaks. The peaks belonging to the same mass were aligned by the statistical regression-
based approach using the identification of landmark peaks and the estimation of a nonlinear
warping function.

2.8 Statistical analysis of MALDI MS data

For comparison of multiple spectra from different samples, all the following statistical
analyses were performed using MetaboAnalyst 2.0, a web-based software for quantitative
data analysis [41]. First, missing values in the data obtained from a preprocessing procedure
were replaced by half of the minimum positive value in the data. Then the data were
normalized to have the same total intensity for all spectra. The intensity values of each peak
across multiple spectra were mean-centered and divided by the standard deviation. Principal
component analysis (PCA) was performed to show the variance and differences among
samples from PC9 and PC9R. The differentially regulated phospholipids (DRL) between
PC9 and PC9R were identified using the following criteria: (1) pvalues from £test are less
than 0.01; (2) absolute fold changes are larger than 1.5. To show the relationship between
samples and features, hierarchical clustering of DRLs was performed using “Euclidean
distances” and “ward” linkage. The Pearson’s correlation coefficients between spectra were
calculated and clustered to identify peaks that are correlated.

2.9 Quantitative confirmation of target lipids using Triple Quadrupole LC-MS

To further validate differential expression of the lipids identified by MALDI-MS analysis,
we performed LC-MS analysis using triple quadrupole, which outperforms MALDI-TOF in
sensitivity, specificity, and dynamic range. The quantification of target lipids (protonated
form) in EV samples was performed by 6490 Accurate-Mass Triple Quadrupole (QqQ) LC-
MS coupled to a 1200 series HPLC system (Agilent Technologies, Wilmington, DE, USA)
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with a Hypersil GOLD column (2.1 x 100 mm id; 1.9 pm, Thermo science). This approach
provides high sensitivity by iFunnel technology consisting of three components: Agilent Jet
Stream technology, a hexabore capillary, and a dual ion funnel. We described detail
information in the Supplementary Materials and Methods.

3.1 MALDI-MS analysis identified lipidomes

Previous studies from our laboratory and others suggest the alteration of phospholipid
metabolism is associated with cancer progression or subpopulation [19, 20, 26-28, 42]. Here
we attempted to test whether alteration in phospholipid composition in EV shed from
NSCLC cells with acquired resistance to gefitinib (PC9R) from sensitive control cells (PC9).
Good signature predicting resistance will suggest that phospholipid profile of shed EV into
biofluids (e.g. urine or plasma) using MS-based analysis may be used for monitoring on
drug resistance after gefitinib-based chemotherapy in clinic.

In order to interrogate global alteration of phospholipids, EV shed from PC9 and PC9R cells
were isolated (Fig. 1A). Electron microscopic images of shed EV from PC9 or PC9R were
shown in Fig. 1B, and several EV-specific protein markers, CD81, CD9, and CD63, were
analyzed by Western blot analysis (Fig. 1C). MS-based lipidomic analysis was performed
(biological triplicates and ten technical replicates), generating a total of 67 lipidome profiles
for PC9_cell (whole cell lysates of PC9, n= 30 in positive, 7= 15 in negative), PCOR_cell
(whole cell lysates of PCOR, /7= 30 in positive, 7= 15 in negative), PC9_EV (EV isolated
from conditioned medium of PC9 culture, 7= 30 in positive, 7= 15 in negative) or
PCIOR_EV (EV isolated from conditioned medium of PCIR, 7= 30 in positive, 7= 15 in
negative). We have obtained mass spectra by MALDI-MS-based analysis exhibited profile of
positive- and negative-ion reflector modes. MALDI-TOF Spectrum process, data processing
and statistical analysis for this analysis were shown in workflow in Fig. 1A.

Representative average mass spectra for lipids obtained from EV of PC9 (PC9_EV, red) or
PC9R (PC9R_EV, green) were shown in positive- (Fig. 2A) and negative- (Fig. 2B) ion
modes. In positive mode, most of the phospholipid spectra appeared on /2 500-900;
however, only /m/z912.7 was detected above /7/z900 with low intensity and some of the
major peaks, such as 77/z969.8, 995.8, 997.8, 1013.9 were identified triglyceride (data not
shown). In negative mode, most phospholipid peaks were detected on the vicinity of m/z
700-900 (Fig. 2B). All 30 and 15 spectra obtained in positive and negative modes were
consistent and showed clear distinction between PC9 and PC9R (Fig. 2C and 2D).
Chromatograms of PC9_cell, PCOR_cell, PC9_EV, or PCOR_EV and the combined spectra
of all samples were shown in Supporting Information Fig. 1.

Figure 3 shows representative fragmentation spectra obtained from positive and negative
ionization modes by LIFT mode. In positive mode, /7/2782.6 has a particular head group
containing choline combined with phosphate (/7/z 184), sodium adducted phosphate (/m/z
147), and other specific fragment ion peaks of the phospholipids (Fig. 3A). The m/z782.6
can be identified simultaneously as sodium adducted form and protonated form because it
has two forms; (1) major m/z 147 peak and (2) small but detectable m/z184 peak. As
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described in previous literature [43-45], m/z 782.6 was annotated in two ways. Our group
also has used ms/ms spectra of PC {34:1} [M+Na]+ as a reference in a published paper [46].
So, when ms/ms spectra have /m/z 184 and my/z 147 at the same time, we annotated them as
sodium adducted form and protonated form, respectively. The fragmentation spectra of m/z
861.6 in negative mode were also shown (Fig. 3B). The fragmentation spectra contain /7/z
241 (head group of phosphatidylinositol) and fatty acid chains (/m/z283; C18:0, m/z279;
C18:2). All the other identified phospholipids were confirmed by fragment ions (LIFT
mode) in the same ways (data not shown).

An unsupervised multivariate data analysis technique, PCA analysis was performed on the
MS spectral data of the EV phospholipids in positive and negative mode (Figs. 4A and 5A).
Each sphere represented a single spectrum, and spheres were shown closer than others when
profile of lipids was similar. PCA analysis showed that composition of EV phospholipids
was more distinctive than those of whole cells, showing a remarkable discrimination of
certain phospholipids in EV (Supporting Information Fig. 2A). Phospholipids of two cell
lines, PCOR and PC9, were less clearly differentiated. PCOR_EV (light blue) exhibited a
clear differentiation from PC9_EV (green) with a good separation and dispersion both in
positive (Supporting Information Fig. 2A) and negative modes (data not shown), suggesting
that EV can be effective biomarker discriminating gefitinib sensitive versus resistant
NSCLC. Clustering using Euclidean distance measure and ward clustering algorithm linkage
demonstrated the greater correlations in DRL between PC9_cells and PC9R_cell, or

PC9 _EV and PC9R_EV (Supporting Information Fig. 2B), than those between cell and EV.

3.2 MS-based lipid profiling can classify gefitinib-resistant NSCLC from responsive tumor

cells

Total 48 peaks including /7/z884.7 (pvalue, 6.0448 10747), m/z832.7 (v value, 5.16 x
10747), or m/z728.5 (pvalue, 1.28 x 10747), were obtained in positive (p) ion mode MS.
Under the strict selection criteria (fold change > 1.5, pvalue < 0.01), our positive ion mode
lipidome quantification using MetaboAnalyst 2.0 could identify 20 DRL in total. Main lipid
and PL classes identified in a positive mode were indicated by their m/zratios in Table 1.
Phosphatidylcholines (PC), lysophosphatidylcholines (LPC), and sphingomyelines (SM)
were identified in positive ion mode. Seventeen phospholipids containing PC{42:6} [M+Na]
+, PC{40:7} [M+H]+, and PC{32:3} [M+H]+ were in PC9R_EV, while 31 phospholipids
containing SM{d40:2} [M+H]+, PC{38:5} [M+H]+, and PC{34:2} [M+H]+ were
significantly underexpressed in PC9R_EV, compared to PC9_EV (Table 1). Ratios of
PCI9R_EV/PC9 _EV and pvalues were also shown in Table 1 (positive mode). PC and SM,
which are major constituents of cell membranes, were prominent in positive mode. In
negative ion mode, we also found that 19 phospholipids which expressed differently in
PCO9R_EV or PC9_EV (Table 2). Pl and PG were identified mainly and ten phospholipids
containing PI, PG class were overexpressed in PCO9R_EV, while nine phospholipids
containing only PI class were underexpressed in PCOR_EV, compared to PC9_EV. Fifteen
phospholipids were shown significant difference between PC9_EV and PC9R_EV in
negative mode (fold change > 1.5, pvalue < 0.01). PI, an acidic phospholipid that plays a
key role in EGFR signaling pathway, was detected in negative ionization mode. PI has both
neutral and anionic structures, which indicate an arrangement of hydroxyl groups on the
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inisitol head group in order to maximize hydrogen-bonding interactions. Furthermore, both
structures demonstrate strong interaction between the two of the inisitol hydroxyls and the
phosphate moiety. These interactions are especially critical in the stabilization of [PI-H]-
with simultaneous hydrogen bonds to both charge bearing oxygens [47].

3.2 Identification of phospholipids enriched in EV derived from the gefitinib-resistant

NSCLC

Score plot shown in Fig. 4A clearly demonstrated that phospholipids of PCOR_EV are
significantly different from those of PC9_EV. We could identify the phospholipids, which
were differentially expressed in PCOR_EV (Fig. 4B). We next assessed how much EVs
isolated from PCOR are differentially expressed compared to EV from PC9 using volcano
plots. Volcano plots revealed that the DRL were largely classified into over- or
underexpressed clusters with differential expression patterns in PC9_EV, and PCO9R_EV
(Fig. 4B). Annotated DRL (pink dots) with a fold change > 1.5 and p value < 0.01 were
shown in the volcano plot. A heatmap shown in positive mode (Supporting Information Fig.
3A) indicated that up-(red) or downregulated DRL (green) in PCOR_EV in comparison to
PC9_EV, or PC9_EV compared to PCIR_EV, revealing a clear distinction between PC9_EV
versus PCOR_EV in both mode. We could identify the differentially expressed phospholipids
in negative mode (Fig. 5). A volcano plot suggested that PG{0-40:6} [M-H]-/PG{P-40:5}
[M-H]-, PI{32:2} [M-H]-, and PI{32:1} [M-H]- were significantly overexpressed in
PCIR_EV (Fig. 5B). A heatmap in Supporting Information Fig. 3B also suggest
phospholipids, which were differently expressed in PC9R_EV, compared to PC9_EV.

3.3 Quantitative confirmation of target lipids using Triple Quadrupole LC-MS

First, six lipid standards were used to optimize the MRM conditions of PC, PG, PI, LPC,
LPI, and SM. To construct the transition (precursor m/z (Q1) > product m/z (Q3)), the
adducted ions of each lipid were confirmed by MS scan. As a result, in the positive ion mode
of ESI, each lipid was detected with several adducted ions, such as a hydrogen ion (H*; m/z
1.01) and an ammonium ion (NH4*; m/z18.03). The Q3 of transition and MS/MS collision
energy were also optimized by the automatic tool. The optimized MRM conditions of six
lipids were listed in Supporting Information Table 1. Among differentially expressed lipids
(**p < 0.01) from MALDI-TOF, protonated lipids in positive mode and deprotonated lipids
in negative mode were analyzed using QqQ LC-MS. Consequently, nine lipids containing
PC, LPC, SM, PI have similar results of increase and decrease aspect. PC {40:7} (**p <
0.05), and LPC {20:1} (*p < 0.1) were increased in PCOR EV. PC {34:2}(**p < 0.05), PC
{38:5} (*p<0.1), SM {d40:2}(**p < 0.05), LPC {20:4}(**p < 0.05), LPC {22:4}(*p <
0.1), P1 {36:4} (**p < 0.05), and PI {36:5}(**p < 0.05) were decreased in PCI9R EV
(Supporting Information Fig. 4).

4 Discussion

Predicting of drug responses remains as a major challenge in NSCLC cancer patients. In our
previous study, we showed that EV isolated from gefitinib resistant NSCLC cell line, PCIR,
are bioactive by demonstrating that treatment of EV shed from PC9R (PC9R_EV)
suppressed sensitivity to cisplatin-induced apoptosis of recipient PC9 parental cells. We
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found mTOR signaling pathway as key molecules transferred through EV cargo leading to
an enhanced drug resistance [16]. Pharmaceutical inhibition of mTOR could resensitize the
gefitinib-resistance PCOR cells, resulting in increased cell apoptosis in response to gefitinib.
In present study we identified a “shotgun” lipidomics profile using MALDI-TOF MS on the
whole cell lysates and EV shed from in both positive- and negative-ion modes. This
represents the most comprehensive “global” lipidome analysis of shed EV, based on our
knowledge, performed to date assessing differences between resistant versus sensitive
NSCLC.

For the rapid and sensitive monitoring of the molecular compositions and abundances of
individual phospholipid species, we and other groups have developed a comprehensive
lipidome analysis method based on MS and/or MS/MS. Although there are several caveats
associated with the use of MS methods for lipidome analysis mainly due to structural
diversity and complexity of the lipid mixtures, monitoring of phospholipid composition in
EV shed from tumor cells has a benefit since it may suggest characteristics of cancer cells.
In order to enhance diagnostic accuracy, a histology-guided phospholipid profiling approach
may be attempted. Our MS analysis revealed that the PC content including PC{42:6} [M
+Na]+, PC{40:7} [M+H]+, PC{32:3} [M+H]+, PC{44:6} [M+Na]+, and PC{0-36:3} [M
+H]+/PC{P-36:2} [M+H]+, increased in PCOR_EV in comparison of PC9_EV. Negative ion
mode MS revealed that various Pl and PG were up- or downregulated in PCOR_EV.
P1{32:1} [M-H]-, PG{0-40:6} [M-H]-/PG{P-40:5} [M-H]-, and PG{32:2} [M-H]- were
significantly upregulated. SM, including SM{d30:0} [M+H]+ and SM{d40:2} [M+H]+,
were significantly decreased in PCOR_EV. It is notable that nine phospholipids such as PC
{40:7} [M+H]+ and SM {d40:2} were detected in QqQ LC-MS as well as MALDI-TOF
analyses, and showed a significantly consistent pattern of changes in both analyses.

Sphingomyelin (SM) is common source of several phospholipid metabolites, including
ceramide and sphingosine-1-phosophate (S-1-P) [48-50]. Ceramides, bioactive signaling
sphingolipids, regulate intracellular signaling cascades, and S-1-P is involved in
pathophysiological processes such as apoptosis, the stress response, and inflammatory
responses [51, 52], implicating that an altered SM content has been associated the changes
of metabolic and signaling pathways associated with oncogenesis [50]. Findings in this
study suggest a potential biological function of the perturbed phospholipid signature in EV
shed from the gefitinib resistant NSCLC, which could be developed into biomarkers
indicating drug resistance in clinical settings.

Known secondary messengers for cellular signal transduction, lipids and in particular
phospholipids, associate with lipid rafts, which are specialized membrane domains enriched
with cholesterol and glycosphingolipid [53]. Phospholipids may not only participate in lipid
raft formation but also enhance oncogenesis [54]. As major regulators of phospholipid
metabolism, several phospholipases such as phospholipdase A2, phospholipase C (PLC),
and phospholipase, at the expression and/or activity levels, are positively correlated with
clino-pathological features [55-57]. Phospholipid metabolism is altered in response to
various chemotherapeutic agents such as specific inhibitors of P13-Kinase-Akt, Ras-Erk/
MAPK, phosphoinositide-specific phospholipase Cy 1 (PI-PLCy 1)-PKC signaling
pathways, fatty acid synthase, and Heat Shock Protein 90 (Hsp90) signaling [58, 59].
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Activation of choline kinase, which involves in biosynthesis of PC, has also been implicated
in development of various cancers (e.g. breast cancer and ovarian cancer) [60-62].
Collectively, previous literature suggest that possibility that phospholipid metabolism in EV
may represent phenotype of tumors [17-19, 63].

In conclusion, we have shown here that bioactive EV secreted from gefitinib resistant lung
cancer cells contain lipid signature through the horizontal transfer from NSCLC. Here, we
found interesting phospholipid changes that were directly related to gefitinib resistance,
suggesting that EV components such as phospholipids may function as predictive
biomarkers of gefitinib resistance. We are aware that phospholipids are challenging to
pharmacological targeting, however, our understanding on the altered phosphorylation of
key lipids will provide therapeutic opportunities in drug development aid to NSCLC
treatment. Future studies evaluating the molecular evidence to identify patients at higher risk
of relapse due to drug resistance in clinical trials are clearly warranted.
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Figure 1.
Schematic diagram of lipidomic analysis and characteristics of the isolated EV. (A) Whole

cells and EV derived from PC9 and PC9R were prepared for lipidomics analysis. Lipids
were isolated from each sample and analyzed using MALDI-MS as described in Materials
and Methods. MALDI-TOF spectra were processed using MALDI Quant and R package.
Datasets were analyzed using MetaboAnalyst. (B) Electron microscopy showed that purified
EV varied in size from 40 to 500 nm. The EVs were not contaminated by cellular debris or
protein aggregates. Scale bar = 200 nm. (C) Western blot analysis showing the EV markers
in both EV samples.
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Figure2.

D corealaticn, Negaive mode

Lipidomic analysis of EV from PC9 (PC9_EV) and PC9R cells (PCO9R_EV). (A) Average
chromatogram of PC9_EV (in red) or PCOR_EV (in green) obtained with positive ion mode.
(B) Average chromatogram of PC9_EV (in red) or PCOR_EV (in green) obtained with
negative ion mode. (C) Heatmap of correlation between 30 spectra obtained from positive
ion mode. Yellow and blue denote positive and negative correlation between spectra,
respectively. (D) Heatmap of correlation between 15 spectra obtained from negative ion
mode. Yellow and blue denote positive and negative correlation between spectra,

respectively.
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Fragmentation spectra using the LIFT technique for representative phospholipid species. (A)
PC{34:1}[M+Na]+ in positive ion mode and (B) P1{18:0/18:2}[M-H]- in negative ion

mode.
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m\“

Differentially regulated phospholipids (DRL) identified in positive mode. (A) Principal

component analysis; A principal component analysis plot for phospholipids mass spectrum
of PC9_EV (shown in red), PC9R_EV (shown in green). (B) Volcano plot showing relative
intensities of DRL in PC9R_EV compared to PC9_EV, which were measured by MALDI-

TOF-MS in positive ion mode (fold change > 1.5, pvalue < 0.01)
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in PCO9R_EV compared to PC9_EV, which were determined in negative mode (fold change
> 1.5, pvalue < 0.01).
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Identification and quantification of MS peaks in EV from PC9 or PC9R cells in positive ion mode.

Table 1

miz pd Ratio?) Assignment

Overexpressed in extracellular vesicles of PCIR cell

754.5 2.00 x 1071 1.03 PC {34:4} [M+H]+

7206 5.23 x 1073 1.05 PC{0-32:0}[M+H]+

706.6 1.72x 10713 1.2 PC {30:0} [M+H]+

756.5 1.64 x 10710 1.22 PC {34:3} [M+H]+

742.5 1.24 x 10715 1.36 PC {0O-34:3} [M+H]+/PC {P-34:2} [M+H]+
750.6 3.40 x 10721 1.41 PC {34:6} [M+H]+

834.7 4.97 x 1020 1.45 PC {40:6} [M+H]+

692.6 2.14 x 1073 1.56 PC{0-30:0}[M+H]+

804.6 2.05 x 10719 1.61 PC {38:7} [M+H]+

722.5 1.50 x 10732 1.69 PC {30:3} [M+Na]+

550.5 1.84 x 10720 2.39 LPC {20:1} [M+H]+

806.7 1.16 x 10737 24 PC {36:3} [M+Na]+/PC {38:6} [M+H]+
770.6 6.76 x 10740 6.06 PC {0-36:3} [M+H]+/PC {P-36:2} [M+H]+
912.7 7.03 x 1073 6.96 PC {44:6} [M+Na]+

7285 1.28 x 1074 9.25 PC {32:3} [M+H]+

832.7 5.16 x 10747 11.76 PC {40:7} [M+H]+

884.7 6.0448 x 10747 13.75 PC {42:6} [M+Na]+

Underexpressed in extracellular vesicles of PCIR cell

7326 9.18 x 1071 0.99 PC {32:1} [M+H]+

746.5 6.04 x 1071 0.99 PC {0-34:1} [M+H]+/PC {P-34:0} [M+H]+
7826 258 x 1071 0.97 PC {34:1} [M+Na]+/PC {36:4} [M+H]+
718.7 3.15x 1073 0.93 PC {O-32:1} [M+H]+/PC {P-32:0} [M+H]+
704.6 4.04x 1074 0.93 PC {30:1} [M+H]+

820.6 9.04 x 1073 0.91 PC {40:5} [M+H]+

768.6 4.89 x 1079 0.88 PC {0-36:4} [M+H]+/PC {P-36:3} [M+H]+
780.6 3.33x 1077 0.88 PC {36:5} [M+H]+

760.6 1.08 x 1076 0.85 PC {34:1} [M+H]+

787.8 9.40 x 10718 0.82 SM{d40:1}[M+H]+

703.6 1.1716 x 10718 0.75 SM {d34:1} [M+H]+

7255 1.70 x 10719 0.75 SM {d34:1} [M+Na]+

522.3 8.13 x 1070 0.74 LPC {18:1} [M+H]+

810.6 2.10 x 1025 0.73 PC {36:1} [M+Na]+/PC {38:4} [M+H]+
675.6 1.42 x 10726 0.73 SM {d32:1} [M+H]+

7746 1.12 x 10727 0.71 PC {34:5} [M+Na]+

8126 1.14 x 10722 0.71 PC {38:3} [M+H]+

798.6 1.56 x 10719 0.71 PC {34:1} [M+K]+
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m/z pd RatioP)  Assignment
759.7 1.41 x 1072 0.7 PC {38:1} [M+H]+
794.6 1.42 x 10718 0.69 PC {0-38:5} [M+H]+/PC {P-38:4} [M+H]+
518.3 6.30 x 10715 0.68 LPC {18:3} [M+H]+
504.5 1.12 x 10716 0.62 LPC {14:1} [M+K]+
649.5 2.01 x 1070 0.55 SM {d30:0} [M+H]+
546.4 1.16 x 10724 0.55 LPC {20:3} [M+H]+
562.4 5.08 x 10723 0.54 LPC {18:0} [M+K]+
796.6 1.85 x 10730 0.53 PC {O-38:4} [M+H]+/PC {P-38:3} [M+H]+
572.6 5.08 x 1072t 0.51 LPC {22:4} [M+H]+
544.3 1.07 x 10749 0.28 LPC {20:4} [M+H]+
758.6 3.07 x 1047 0.19 PC {34:2} [M+H]+
808.6 413 %1075 0.15 PC {38:5} [M+H]+
785.7 3.58 x 10759 0.08 SM{d40:2}[M+H]+

Peak position was indicated by the m/z ratio. MS peaks were assigned using lipid databases, Lipid Search or LIPID Metabolites and Pathways

Strategy (LIPID MAPS) database (www.lipidmaps.org).

4
b

p-value <0.01, fold change>1.5.

atio, extracellular vesicles of PC9R cell/PC9 cell ratio.

P-, plasmenyl; O-, plasmanyl.

PC, phosphatidylcholines.

P-LPC, lysophosphatidylcholines.

P-SM, sphingomyelines.
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Identification and quantification of MS peaks in EV from PC9 or PC9R cells in negative ion mode.

Table 2

miz pd) Ratio?)  Assignment

Overexpressed in extracellular vesicles of PCIR cell

599.3 0.00030159 1.2213  LPI{18:0} [M-H]-

571.3 4.7026 x 107° 1.2858 LPI {16:0} [M-H]-

819.6 2.97 x 10712 1.6714  P1{0-34:2} [M-H]-/PI {P-34:1} [M-H]-
677.5 1.92 x 1078 1.8357 PG {0-30:1} [M-H]-/PG {P-30:0} [M-H]-
7475 7.70 x 10713 1.9846 PG {34:1} [M-H]-

833.6 3.02 x 1027 2.079 PI {34:2} [M-H]-

861.6 6.28 x 10°25 21993 PI{36:2} [M-H]-

805.5 3.39 x 10720 2.995 PI {32:2} [M-H]-

807.6 7.69 x 1027 40045 PG {0-40:6} [M-H]-/PG {P-40:5} [M-H]-
809.6 3.36 x 10718 44588  PI{32:1} [M-H]-

Underexpressed in extracellular vesicles of PCIR cell

859.5 0.67216 0.99218 Pl {36:3} [M-H]-

597.3 1.8187 x 1078 0.69517  LPI {18:1} [M-H]-

857.5 1.06 x 10718 05215  PI{36:4} [M-H]-

8835 2.89 x 107 0.45728  P1{38:5} [M-H]-

907.6 5.10 x 10722 0.42615  PI{40:7} [M-H]-

9116 3.45 x 10711 0.36459 Pl {40:5} [M-H]-

8815 4.92 x 10715 0.3427  PI{38:6} [M-H]-

909.6 3.62 x 10727 0.3302  PI{40:6} [M-H]-

855.5 3.06 x 10727 0.32854  PI{36:5} [M-H]-

Page 22

Peak position was indicated by the m/z ratio. MS peaks were assigned using lipid databases, Lipid Search or LIPID Metabolites and Pathways

Strategy (LIPID MAPS) database.

a)p-value<0.01, fold change>1.5.

b)Ratio, extracellular vesicles of PC9 cell/PC9R cell ratio.
P-, plasmenyl; O-, plasmanyl.

P1, phosphatidylinositols.

PG, phosphatidylglycerols.
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