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ABSTRACT: Lipids are important signaling molecules regulating biological processes under normal and diseased conditions.
Although p53 mutation is well-known for causing cancer, the relationship between p53-related tumorigenesis and altered lipid
profile is unclear. We profiled differences in lipid expressions in liver, lung, and kidney in p53 knockout (KO) mice by high-speed
quantitative analysis of 320 lipids (399 species identified) using nanoflow ultrahigh performance liquid chromatography−tandem
mass spectrometry (nUPLC-MS/MS). Lung tissues were most severely affected by the lack of p53 gene, as shown by significant
reduction (24−44%, P < 0.05) in total phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin (SM), dia-
cylglycerol (DG), and triacylglycerol (TG), and significant increases (30−50%) in phosphatidylserine (PS), phosphatidylinositol
(PI), and monohexosylceramide (MHC). MHC levels increased in all tissues. Dihexosylceramide (DHC) level decreased only in
kidney tissue. Most PI, PS, and phosphatidic acid (PA) species showing significant increases contained a saturated acyl chain
(18:0) in lung and liver tissues. Neutral glycerolipids (16:0/22:0-DG and most TGs with saturated and monounsaturated acyl
chains) decreased 2−4-fold in the liver tissue. Our results suggest that the lack of p53 and altered lipid profiles are closely related,
but as their changes vary from one tissue to another, the lipid alterations are tissue-specific.
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■ INTRODUCTION

Cancer is currently a major global health concern despite sig-
nificant developments made in the last few decades to improve
health conditions. Lung and bronchial cancers were the most
prevalent forms of cancer in both males and females, followed
by prostate cancer in males and breast cancer in females,
according to the United States National Center for Health
Statistics (NCHS) in 2011.1 p53 mutation is the most com-
monly reported mutation in various types of cancer.2 The
tumor suppressor gene encoding p53 protein has been exten-
sively investigated by researchers around the world since it
is known to prevent development of tumors by regulating
cell-cycle, DNA recombination, gene amplification, and, most
notably, apoptosis.3 In response to various stress signals such as
DNA damage along with hypoxia, telomere erosion, and

microtubule inhibition, the amount of p53 protein increases
significantly and inhibits cancer development.4 Although
p53-related studies have been extensively performed at the
gene and protein levels, based on missense mutation, manip-
ulation of mRNA by aromatase, or structural identification of
p53-interacting protein called MDM2,5−8 the influence of p53
mutation on lipids and lipid profiles has not been investigated.
Studies have shown that p53 mutation alters lipid metabolism,
resulting in lipid accumulation in mouse embryonic fibro-
blast and liver.5 p53 mutation also causes lipid metabolism to
shift to shorter fatty acyl chains of phosphatidylinositol (PI) in
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mouse-derived pancreatic cancer cell lines, determined using
mass spectrometry (MS).9 The increase in phosphatidylcholine
(PC) and total choline levels in human colon carcinoma cell
lines witha disrupted p53 gene was determined using nuclear
magneticmagnetic resonance (NMR) spectroscopy.10

Lipids play key roles in multiple cellular functions, including
energy storage, cell signaling, and structural support.11,12 Lipids
are classified into various types such as phospholipids (PLs),
glycerolipids (GLs), sphingolipids (SLs), sterol lipids, etc. Dif-
ferences in head groups, length of fatty acyl chains, and degree
of unsaturation give rise to a variety of lipid types. Each lipid
class is further categorized into different subclasses based on
their head groups, and their metabolism is significantly altered
during development and progression of diseases. Rapid
technical advances in MS have facilitated the determination
of lipid molecular structures along with quantitative evalua-
tion of diverse lipids at the molecular level. Combining the
techniques of liquid chromatography (LC) with MS via electro-
spray ionization (ESI) has expanded the range of analytical
performance in identifying as many lipids as possible, owing
to the decrease in ionization suppression from the highly
abundant species.13−15 Recently, lipidomic analysis with LC-MS
has been attempted to investigate lipid profiles in patient
plasma or urine samples in various diseases, such as colorectal
cancer,16 breast cancer,17,18 diabetes,19 prostate cancer,20,21 and
Gaucher’s disease.22 Specifically, the use of nanoflow LC using
capillary columns, prior to MS, is effective in acquiring an
enhanced resolution of separation and also improves the sen-
sitivity of detection at low levels (up to femtomolar levels) of
lipid species,23,24 owing to the reduced consumption of LC
solvents. Lipids have been recognized as important signaling
molecules that regulate biological processes not only in normal
but also in diseased conditions.25 Distinctly altered lipid profiles
have been reported in cancer tissues of prostate, breast, and
lymphomas.26,27 However, relatively few studies have inves-
tigated global lipid changes under p53 deficiency.
In this study, the quantitative changes in lipid profiles of lung,

kidney, and liver tissues of mice under the deficiency of p53
gene (hereafter referred to p53 knockout or p53 KO) were
investigated using nanoflow LC-tandem mass spectrometry
(nLC-ESI-MS/MS) to evaluate the effects of p53 deficiency on
various PLs, GLs, and SLs. We compared the lipid profiles of
the lung, kidney, and liver tissues between wild type (WT) and
p53 KO mice. For the nontargeted lipid identification of each
tissue type, a pooled tissue sample of each organ was analyzed
using nLC-ESI-MS/MS. Based on the lipid species identified
from each pooled sample, high-speed targeted-quantitation
was accomplished for each individual sample using nanoflow
ultrahigh performance LC-MS/MS (nUPLC-ESI-MS/MS)
with the selected reaction monitoring (SRM) method. To
the best of our knowledge, this is the first study to assess the
similarities and differences in lipid profiles, among three
different tissue types in p53 KO mice, using statistical anal-
yses.

■ EXPERIMENTAL PROCEDURES

Materials and Reagents

For optimization of nLC-ESI-MS/MS run conditions, 37 lipid
standards were used in this study. They are 12:0-lysophospha-
tidylcholine (LPC), 18:1-LPC, 14:0-lysophosphatidylethanol-
amine (LPE), 12:0/12:0-phosphatidylcholine (PC), 13:0/13:0-PC,
14:0/16:0-PC, 16:0/14:0-PC, 16:0/16:0-PC, 18:1/18:0-PC,

20:0/20:0-PC, 12:0/12:0-phosphatidylethanolamine (PE),
14:0/14:0-PE, 18:0/22:6-PE, 12:0-lysophosphatidic acid (LPA),
18:0-LPA, 12:0-lysophosphatidylglycerol (LPG), 14:0-LPG,
14:0/14:0-phosphatidic acid (PA), 12:0/12:0-phosphatidylgly-
cerol (PG), 15:0/15:0-PG, 16:0/16:0-PG, 16:0/18:2-phospha-
tidylinositol (PI), 16:0/16:0-phosphatidylserine (PS), (18:1)4-
cardiolipin (CL), d18:0/12:0-sphingomyelin (SM), d18:1/
16:0-SM, d18:1/18:0-SM, d18:1/24:0-SM, d18:1/12:0-gluco-
sylceramide (GluCer), d18:1/18:0-GluCer, d18:1/16:0-lacto-
sylceramide (LacCer), d18:1/16:0-galactosylceramide (GalCer),
d18:1/14:0-Cer, d18:1/22:0-Cer, 16:0/18:1-diacylglycerol
(DG), 18:1/18:1-DG, and 44:1(14:0/16:1/14:0)-triacylglycerol
(TG). The lipid standards were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL) and Matreya, LLC. (Pleasant Gap, PA).
Absolute quantitation of lipids cannot be carried out as lipids
with different head groups and acyl chains have different
responses in MS. For the purpose of relative quantitation, 13:0/
13:0-PC and 15:0/15:0-PG were used as internal standards (IS)
in positive and negative ion mode, respectively, to compensate
the fluctuation in MS responses throughout the run. HPLC
grade methanol, acetonitrile, and isopropanol used for HPLC
mobile phases were purchased from Avantor Performance
Materials, Inc. (Center Valley, PA, USA). Methyl-tert-butyl
ether (MTBE), NH4HCO2, NH4OH, hematoxylin, and eosin
were purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO).
Paraformaldehyde was purchased from Biosesang (Seongnam,
Korea). Fused silica capillary tubes of 75 and 100 μm I.D.
(360 μm O.D.) were purchased from Polymicro Technology,
LLC (Phoenix, AZ). Watchers ODS-P C-18 particles (3 μm
and 100 Å) were purchased from Isu Industry Corp. (Seoul,
Korea) and 1.7 μm ethylene bridged hybrid (BEH) particles
unpacked from XBridge BEH C18 column (1.7 μm, 2.1 mm ×
100 mm), obtained from Waters (Milford, MA), were utilized
for packing capillary LC columns.

Animals

Five-month-old male p53 KO mice and C57BL6/N mice
(as control) were used. p53 KO mice were purchased from the
Jackson Laboratory (Bar Harbor, ME) and were maintained in
the animal facility at Seoul National University. The animals
were housed at 24 ± 2 °C with a 12-h light/dark cycle and fed
with a normal diet, NIH-31 from Zeigler Bros, Inc. (Gardners,
PA) ad libitum with tap water. Animals were sacrificed by CO2
exposure. This experimental protocol was carried out according
to the “Guide for Animal Experiments” edited by Korean
Academy of Medical Sciences and was approved by the
Institutional Animal Care and Use Committee (IACUC) of
Seoul National University.

Histological Analysis

Each organ was removed after euthanasia and fixed with 4%
paraformaldehyde overnight at room temperature. The fixed
tissue samples were dehydrated, cleared, and embedded in
paraffin. A 4-μm section was taken from each of the embedded
tissue pieces and stained with hematoxylin and eosin. The
tissue sections were examined using a microscope equipped
with a DP71 digital camera from Olympus Co. (Tokyo, Japan).
Four to five images were captured from multiple stained pieces
of adipose tissue from each mouse.

Lipid Extraction from Tissue Samples

A total of 36 tissue samples (lung, kidney, and liver from
p53 KO mice (n = 6) and WT mice (n = 6) were provided in
dried condition from the Korea Mouse Phenotyping Center.
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Each tissue sample was crushed into a powder to make homo-
geneous mixtures, and small aliquots of each powder sample
were taken for extraction. For nontargeted search of lipids from
each organ, 1 mg of each individual animal sample was taken
to make 6 mg of pooled sample. For lipid extraction, Folch
method modified with MTBE/CH3OH

28 was utilized. The
pooled tissue powder (6 mg) was dissolved in 300 μL of
CH3OH and cooled in an ice bath for 10 min. Then 1000 μL of
MTBE was added to the sample mixture and vortexed for an
hour. For the phase separation, 250 μL of MS-grade H2O was
added and vortexed for 10 min at room temperature and
centrifuged at 1000 × g for 10 min. The upper organic layer was
transferred to a new tube. Then 300 μL of CH3OH was added
to the remaining lower aqueous layer, followed by sonication
for 2 min and centrifugation for 10 min at 1000 × g. The upper
organic layer was pipetted and added to the previously collected
organic layer. This tube was wrapped with 0.45 μm MillWrap
PTFE membrane from Millipore (Bedford, MA) during half
day of lyophilization. This procedure keeps lipids from evap-
orating during freeze-drying process. Dried lipids were
weighed and then reconstituted in CHCl3:CH3OH (3:7, v/v)
to be stored at −30 °C. Prior to nLC-ESI-MS/MS analysis,
this mixture was diluted with CH3OH:H2O (9:1, v/v) at a con-
centration of 5 μg/μL. For the targeted quantitation, 10 mg of
each powdered tissue sample from each animal was taken for
lipid extraction following the same procedures as described
above.

Lipid Analysis Using nLC-ESI-MS/MS

Nontargeted qualitative analysis of lipids was accomplished
with pooled tissue samples by using nLC-ESI-MS/MS, a model
1200 capillary LC pump system including an autosampler from
Agilent Technologies (Santa Clara, CA) coupled with a model
LTQ Velos ion trap mass spectrometer from Thermo Scientific
(San Jose, CA). The analytical column was prepared in labo-
ratory by packing Watchers ODS-P C18 resins (3 μm-100 Å) in
a pulled tip silica capillary tube (75 μm I.D. and 360 μm O.D.)
and the column length was adjusted to 7 cm. The capillary
column was connected with a capillary tube from LC pump via
a PEEK microcross from IDEX (Oak Harbor, WA) in which
the other two ports were connected with a Pt wire for electric
source and a pressure tube (20 μm I.D. capillary) to split the
flow. The pressure tube was connected with an on/off valve so
that flow from the pump can be blocked or split. The mobile

Table 1. Identified/Quantified Numbers of Lipids in Each
Category from Three Tissue Samples (lung, kidney, and
liver) from p53 KO Mice Analyzed by nLC-ESI-MS/MS and
Types of Precursor Ion and SRM Quantifier Ion for Each
Lipid Class

Identified/
quantified Precursor → quantifier ion

PC 61/43 [M + H]+ → [PCho + H]+
PE 33/24 [M + H]+ → [M + H − 141]+

DG 25 [M + H]+ → [M + NH4]
+ → [M − RCOO] +

TG 100/48 [M + H]+ → [M + NH4]
+ → [M − RCOO] +

SM 12 [M + H]+ → [PCho + H]+

Cer 7 [M + H]+ → [d18:1]+

MHC 3 [M + H]+ → [d18:1]+

DHC 3 [M + H]+ → [d18:1]+

PI 47 [M − H]− → [RCOO]−

PG 38 [M − H]− → [RCOO]−

PA 25 [M − H]− → [RCOO]−

PS 45 [M − H]− → [RCOO]−

total 399/320

Figure 1. PCA plot of lung, kidney, and liver tissues showing the
differences between WT (marked with open symbols) and p53 KO
(marked with filled symbols) mice based on 320 quantified lipids.

Figure 2. Relative abundance of each lipid category based on total peak area from (A) lung, (B) kidney, and (C) liver tissues of WT and p53 KO
mice. Numbers in parentheses next to WT and KO represent the normalized value compared to WT.
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phases were H2O:ACN (9:1, v/v) for A and IPA:CH3OH:ACN
(6:2:2, v/v/v)) for B, and both were added with a mixed
modifier (5 mM HCO2NH4 and 0.05% NH4OH) which was
used in both positive and negative ion modes. During sample
loading, 100% mobile phase A was used to deliver lipid sample
to the analytical column at a flow rate of 600 nL/min for
10 min, with the valve off. Then, the mobile phase B was
ramped to 40% over 1 min with the pump flow rate of
10 μL/min and the split flow valve on the so that the flow
rate of the effluent from analytical column can be adjusted at
300 nL/min. The use of high pump flow with flow splitting was
used to reduce dwell time. The mobile phase B was
continuously ramped to 80% over 10 min, then to 100% over
20 min, and maintained at 100% for 29 min. After washing
column, the mobile phase B was resumed at 0% over 1 min and
then re-equilibrated for 18 min. The same gradient run
condition was applied for both positive and negative ion mode
of MS detection. The MS range for precursor scan was 250 to
1000 amu and 40% of normalized collision energy was applied
for MS2 analysis. The ESI voltage was 3 kV at both positive and
negative ion modes. Determination of molecular structure
of lipids was done by Li Pilot, a computer-based algorithm
designed to determine lipid structure from the collision-
induced dissociation (CID) spectra.29

For targeted quantitative analysis of identified lipids, nUPLC-
ESI-MS/MS, a model nanoACQUITY UPLC from Waters
coupled with a TSQ Vantage triple stage quadrupole MS
from Thermo Scientific, was utilized with a similarly packed
analytical column (100 μm I.D. and 360 μm O.D.) as used in
the nontargeted profiling: the first 5 mm of the sharp needle tip
was packed with 3 μm C-18 particles from Isu Industry Corp.
while the remaining 6.5 cm of the column was packed with
1.7 μm BEH-particles from Waters. The flow rate for nUPLC-
ESI-MS/MS was adjusted at 300 nL/min with the same mobile
phase solutions. Sample loading (10 μg of lipid extracts con-
taining two internal standards: 13:0/13:0-PC and 15:0/15:0-PG)
was made at 1 μL/min for 10 min. Quantitation was done with
selected reaction monitoring (SRM) method under a gradi-
ent condition modified to achieve a high speed separation:
Mobile phase B ramped from 0% to 50% for 0.1 min, linearly
increased to 80% for 2 min, and then to 100% for 6 min. It was
maintained at 100% B for 14 min for compete elution and
column washing. Then it was resumed to 0% B for 1 min and
re-equilibrated for 4 min before the next run. For quantitation,
ion detection was made in positive and negative ion modes
alternatively with the scan width at m/z 2, scan time at 0.01 s,
and ESI voltage at 3 kV. Lipid categories detected in positive
ion mode were PCs, PEs, DGs, TGs, SMs, and Cers. PIs, PGs,
PAs, and PSs were detected in negative ion mode. Collision
energies were varied depending on the lipid types: 40 V for

PCs, SMs, DGs, and TGs, 20 V for PEs, 30 V for Cer, mono-
hexosylceramide (MHC), and DHC, and 35 V for PIs, and
PGs. The linearity and robustness of the method has been
validated in the previous papers, including the detection limit
of low fmol using various classes of lipid standards.30,31 Sta-
tistical analyses of data were performed with Mann−Whitney
U-test using SPSS software (version 20.0, IBM Corp., Armonk,
NY, USA), false discovery rate (FDR) using R (http://www.r-
project.org), and principal component analysis (PCA) using
Minitab 17 statistical software (http://www.minitab.co.kr).

■ RESULTS AND DISCUSSION

Nontargeted Analysis of Lipids Using nLC-ESI-MS/MS

For the nontargeted lipid profiling of mouse tissue sample
(lung, kidney, and liver), pooled samples from each type
of tissue were analyzed by nLC-ESI-MS/MS and molecular
structures of individual lipid species were determined by data-
dependent CID experiments. A total of 399 lipid species with
molecular structures were identified61 PCs, 33 PEs, 25 DGs,
100 TGs, 12 SMs, 7 Cers, 3 MHCs, 3 DHCs, 47 PIs, 38 PGs,
25 PAs, and 45 PSswhich were grouped under each tissue
type based on slight variations: 387 for lung, 387 for kidney,
and 362 for liver listed in Table S1 of the Supporting Information.
While most species were identified by MS/MS (or MS2)
experiments, a few lipid classes, such as SMs, Cers, MHCs, and
DHCs, were characterized by MS3 in the negative ion mode.

Targeted Analysis of Lipids Using nUPLC-ESI-MS/MS

For the quantitative analysis of identified lipid molecules,
samples from individual animals were analyzed by nUPLC with
triple quadrupole MS using the SRM method. For high-
throughput quantitation, an SRM time-table was applied for the
rapid detection of 320 lipids in 20 min of separation time
interval, programmed such that each individual lipid molecule
was scanned during 2 min time intervals (±1 min of retention
time). Since the average bottom width of a lipid peak during
nUPLC separation was less than 1 min, it was enough to
accommodate all species for quantitation. While PC and PE
were identified based on their acyl chain compositions as well
as regioisomers using qualitative analysis, they were quantified
based on the total numbers of carbon atoms and double bonds
in the acyl chain, since the dominant product ions of PCs and
PEs in SRM quantitation were [PCho + H]+ (m/z 184) and
[M + H − 141]+, respectively. TGs were also quantified with-
out differentiating structural isomers. Therefore, the quantified
numbers of PC, PE, and TG were reduced to 43, 24, and 48,
respectively; lipids from all other classes were quantified based
on their acyl chain structures. These quantified values are listed
in Table 1 along with the type of precursor and quantifier ions
for SRM quantitation. Results for the quantitative analysis of

Figure 3. Relative amount (vs IS) of PI, PS, DG, and MHC in liver, kidney, and lung tissues between WT and p53 KO mice. Lipid category marked
with asterisk (*) shows a significant change (>30%, P < 0.05) between WT and KO.
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320 lipid species in each tissue sample of WT and KO mice
are listed in Table S1, represented with the relative peak
area (vs IS) value of each lipid species and the relative change
(KO/WT), along with P-values. Confirmed isomeric structures
of PCs and PEs as well as possible isomeric TGs (without
specifying the exact chain locations) are listed in Table S2.

Relative Changes in Total Lipids between WT and KO

Prior to a comprehensive comparison of individual lipid
molecules in the different tissues of WT and KO mice, PCA
was performed with the average peak area values of all 320
quantified species obtained from individual animals given in
Table S1. The PCA plot in Figure 1 shows the overall dif-
ferences in the global lipid profiles between WT and KO mice
in lung, kidney, and liver tissues. The results show that lipids in
the lung and liver exhibited clear differences in WT and p53
KO mice, whereas lipids in kidney showed similarity in WT and
p53 KO mice. This can be visualized more clearly in the levels
of different lipid classes by plotting the relative abundance
of each lipid class of WT and p53 KO (Figure 2). Figure 2
compares each lipid category in lung, kidney, and liver tissues
separately plotted as two parts (species detected in positive and
negative ion modes of MS); the numbers in parentheses
represent the normalized value in comparison with WT, which
is set at 1.00, and the numbers belonging to each lipid class are
the percentage values. While lipid classes detected in positive
ion mode represented a 27% decrease in total amount (based
on total relative peak area compared to that of IS) for KO lung
tissue, the relative abundance of each individual lipid class
(PC, TG, SM, PE, DG, Cer, and MHC) was almost unaf-
fected (for instance, from 64.9% to 65% for PC). However, PA,
PG, PI, and PS of lung tissue detected in negative ion mode
(Figure 2A) exhibited no change in total amounts, but
noticeable differences in the relative abundance of each lipid
class were observed (for instance, from 24.5% to 33.9% for PS).
In kidney tissue, the relative abundance of most lipid classes
(PC, TG, SM, PS, PI, PA, and PG) was not changed but the
total amounts of the PLs in both positive and negative ion
mode increased by about 17−23%. Liver tissue exhibited some
changes in relative abundances in most lipid classes (Figure 2C).

Lipid Classes with Significant Changes between WT and KO

While Figure 2 represents the change in overall amounts of
each lipid class in WT and p53 KO mice organs, a direct com-
parison of the total amounts of each lipid class among different
tissues is shown in Figure 3, providing a deeper understanding
of the significance of variation in the specific lipid classes.
Figure 3 shows a comparison of the relative amounts (summed
values of relative peak area vs IS) of PI, PS, MHC, and TG
from the three tissues, and bar graphs marked with asterisk (*)
show a significant change (>30%, P < 0.05) in p53 KO tissue.
Plots of the other eight lipid classes are given in Figure S1
of the Supporting Information, and data for all lipid classes
are listed in Table 2. Data underlined in Table 2 represents a
significant difference between KO and WT with P-value < 0.05,
while underlined data in bold show greater than 30% change in
amounts. In the case of lung tissue of p53 KO mice, the total
levels of PC, PE, DG, and TG were significantly lowered by
more than 30% but those of PI, PS, DG, and MHC were
increased by about 30−50%. A recent study onthe lipid profiles
of lung tissues from patients with nonsmall cell lung cancer
(NSCLC)32 reported similar results in which the overall
amounts of PC and SM were decreased by about 20% and 48%,
respectively, with cancer but showed an opposite trend for PST
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(with 38% decrease). It is noteworthy that MHC was sig-
nificantly increased by ∼50% in all tissue types of p53 KO mice
(Figure 3, although it had relatively low levels compared to
other PLs. Similarly, DHC, which is present in relatively low
levels, showed a 44% increase in kidney tissue only in p53 KO
mice (Table 2). Table 2 also shows that there were distinct
changes in levels in most lipid classes in the lung tissue, but
significant changes were observed only in the MHC of all
tissues and in DHC in the kidney tissue. Microscopic exam-
ination of stained tissues of the three organs showed that no
significant changes under p53 deficiency were found in the
kidney and liver. However, interstitial hyperplasia in alveolar
was extensively observed in the lung tissue of a 5-month-old
p53 KO mouse (Figure 4). Since interstitial hyperplasia in
alveolar is a known preneoplastic change, histological changes
in lung tissue can be affected, owing to the lack of p53 gene as
compared to the other two organs.

Individual Lipid Molecules with Significant Changes
between WT and KO

The influence of p53 knockout on the lipid profile of mice
organs was further examined at the molecular levels, and a few
lipid species showing significant changes (>30% and P < 0.05)
in one of the three tissue types were selected for comparison
(Table 3). The species shown in bold are the relatively abun-
dant ones in each class (Table 3). p53 KO appears to influence
some of the highly abundant lipid species in lung and liver
tissues, whereas significant changes were observed in most of
the relatively low levels of lipids. Highly abundant species in
this study is defined as the species in which the percentage of
abundance in each class is greater than 100/n (n: total number
of lipid molecules in each class). Figure 5 shows the com-
parison of the relative ratio (KO/WT) of selected PC, PI, and
PS species among the three tissue types, and Figure 6 shows the
plots for DG and TG species. Lipid molecules marked in bold
in Figure 5 are relatively abundant in each lipid class. A total of
43 PC molecules were quantified, and the results showed a
significant decrease (P < 0.05) in PC levels (Table 2). How-
ever, a t-test of individual PC molecules showed that none
of the PC species met the criteria (>30% change with P < 0.05).
This discrepancy is possibly due to the fact that all 43 quan-
tified PC species were decreased in our results and 13 highly
abundant PC species, out of 43 quantified, exhibited about
20−50% decreases, but the results were not statistically sig-
nificant (Table S1). For instance, highly abundant PC species
such as 16:0-LPC (lysophosphatidylcholine), 18:0-LPC, 34:2-PC,
and 36:2-PC showed about 20−30% decreases with KO; these
species were reported to decrease in human plasma from
patients with adenocarcinoma of the lung.33 In addition, LPC
(16:0, 18:0, 18:1, and 18:2) levels in plasma from patients with
lung cancer were reported to decrease,34 similar to the results in

our study (Table S1). Although none of the lung PC species
exhibited a change larger than 30% with P < 0.05, it is evident
that the overall PC levels of lung tissue were significantly
decreased with p53 KO. PC levels in kidney and liver tissues
increased negligibly, but the increase was not significant.
Instead, only 36:2-PC (18:0/18:2 and 18:1/18:1 in Table S-2a),
highly abundant in the liver tissue of p53 deficient mice,
was found to significantly increase by about 35%, as shown in
Figure 5 and Table 3.
PI species with acyl chain structure of 16:0/22:6 showed a

35% increase in liver tissue, but most PI species shown in
Figure 5 were increased in lung tissue after p53 KO. Among
these, 18:0/20:4-PI was the most abundant (comprising about
53% of the relative amounts in PIs of WT lung tissue). This is
similar to lipid profiles of lung tissues from patients with
nonsmall cell lung cancer (NSCLC),32 in which PI species
(38:3, 40:3, and 38:2) were significantly increased although
their chain structures were slightly different from our results.
In kidney tissues of KO mice, 18:0/18:0-PI decreased by
about 40% but 18:1/22:4-PI increased by 64% (Table 3). The
decrease in 18:0/18:0-PI is in agreement with an earlier
lipidomic study on human kidney tumor tissues.35 In PS, six
species showed significant changes in lung tissue and four
of them (18:0/18:1, 18:0/22:5, 18:0/22:6, and 18:1/18:1)
were found to be highly abundant, owing to increases of
more than 40%. In addition, 16:0/18:0-PS (highly abundant in
liver) was increased by about 50% in liver tissue. A report on
lipid profiles from the plasma of patients with adenocarci-
noma lung cancer showed that 36:1-PS (presumably 18:0/
18:1) increased with the progression of cancer.33 PIs and
PSs containing a saturated acyl chain 18:0 were significantly
increased in lung tissues (five out of six PIs and three PSs listed
in Table 3) and in liver tissues (16:0/18:0-PS), except for 18:0/
18:0-PI, which decreased in kidney tissues (Table 3). Similar
results were also observed in PA species (Table 3): 18:1/18:0-
PA and 18:0/20:0-PA in lung tissues and 18:0-LPA in kidney
tissues.
Quantitative analysis of neutral GLs exhibits distinct dif-

ferences in DG and TG levels, in which most individual
species of DG and TG in both lung and liver tissues decreased
(Table S1). The relative ratios of DG and TG species showing
significant changes were plotted (Figure 6), and they revealed
that (16:0,22:0)-DG decreased by 4-fold in liver and most TGs
decreased by 50−70% in liver except 52:4-TG (which showed a
1.89-fold increase; Table 3). Only two TGs (56:0 and 56:6)
were significantly decreased about 50% in liver. By examining
the available molecular structures (Table S2c) in these 14
significantly decreased liver TG species, we found that they
consisted of saturated acyl chains or monounsaturated acyl
chain. A similar result was reported with the downregulation of
10 TGs in patients with cirrhosis and hepatocellular carcinoma

Figure 4.Micrographs of lung tissue in (A) WT mouse and (B) p53 KO mouse. Interstitial hyperplasia in alveolar lesion is distinct in p53 KO mouse
(indicated by arrow).
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(HCC) compared to healthy controls; however, the patterns of
acyl chain structures in human TGs with significant decreases
were different36 from those observed in this study. Similar to

the significant decrease in total TG levels of blood observed in
patients with cirrhosis and HCC,37,38 an abnormal decrease of
TG level was seen in mice with p53 KO.

Table 3. Peak Area Ratio of Lipids Selected from Table S1 of the Supporting Information with Significant Changes
(P-value < 0.05) in p53 KO Mice in Comparison with WT, for Lung, Kidney, and Liver Tissue Samplesa

Peak area

Tissue Class Molecular species m/z WT KO KO/WT Abun % (WT) FDR corrected P-value

Lung PI 18:0/18:1 863.6 1.95 ± 0.58 3.55 ± 0.44 1.82 ± 0.59 0.7 0.53
18:0/18:2 861.6 4.58 ± 1.13 7.04 ± 0.79 1.54 ± 0.42 1.5 0.53
18:0/20:4 885.6 157.97 ± 41.68 215.98 ± 31.86 1.37 ± 0.41 53.2 0.53
18:0/20:5 883.6 1.23 ± 0.23 1.71 ± 0.20 1.39 ± 0.31 0.4 0.53
18:0/22:4 913.6 1.67 ± 0.44 2.94 ± 0.40 1.77 ± 0.52 0.6 0.53
20:0/20:4 913.6 0.08 ± 0.02 0.16 ± 0.03 1.89 ± 0.62 0.0 0.53

PS *16:1 494.3 0.16 ± 0.05 0.24 ± 0.04 1.54 ± 0.52 0.0 0.53
18:0/18:1 788.6 18.15 ± 3.23 30.37 ± 3.21 1.67 ± 0.35 3.6 0.53
18:0/22:5 836.6 44.97 ± 12.43 69.12 ± 9.06 1.54 ± 0.47 8.9 0.53
18:0/22:6 834.5 117.28 ± 23.29 175.47 ± 22.93 1.50 ± 0.36 23.2 0.53
18:1/18:1 786.6 44.94 ± 11.41 63.67 ± 7.60 1.42 ± 0.40 8.9 0.53
22:6/20:4 854.6 0.34 ± 0.07 0.09 ± 0.01 0.27 ± 0.07 0.1 0.53

PA 16:0 409.2 2.69 ± 0.86 3.60 ± 0.72 1.34 ± 0.50 0.5 0.53
18:0/20:0 731.6 0.06 ± 0.02 0.15 ± 0.02 2.47 ± 1.01 0.0 0.53
18:1/18:0 701.6 2.98 ± 0.60 5.57 ± 0.95 1.87 ± 0.49 0.6 0.53

TG 56:0 936.8 0.04 ± 0.02 0.02 ± 0.00 0.43 ± 0.21 0.0 0.53
56:6 924.9 0.32 ± 0.05 0.16 ± 0.03 0.51 ± 0.12 0.1 0.53

Kidney PG 16:1 481.4 1.19 ± 0.15 1.66 ± 0.10 1.40 ± 0.19 1.0 0.78
18:0 511.4 0.82 ± 0.11 1.15 ± 0.23 1.40 ± 0.33 0.7 0.46
20:5/16:0 767.6 0.08 ± 0.02 0.12 ± 0.01 1.45 ± 0.30 0.1 0.44

PI 18:0/18:0 865.6 1.26 ± 0.15 0.75 ± 0.08 0.59 ± 0.09 0.3 0.46
18:1/22:4 911.6 0.09 ± 0.02 0.15 ± 0.02 1.64 ± 0.35 0.0 0.46

PS *16:1 494.3 0.09 ± 0.01 0.25 ± 0.06 2.68 ± 0.74 0.0 0.33
18:0 524.3 6.65 ± 0.76 9.74 ± 2.22 1.47 ± 0.37 1.2 0.66
20:5 542.3 0.03 ± 0.01 0.09 ± 0.02 2.87 ± 0.85 0.0 0.33
18:0/20:1 816.6 0.14 ± 0.03 0.18 ± 0.03 1.34 ± 0.34 0.0 0.78
18:0/20:5 808.6 4.83 ± 0.70 6.97 ± 0.72 1.44 ± 0.26 0.9 0.46
18:0/22:2 842.7 0.37 ± 0.09 0.27 ± 0.03 0.72 ± 0.18 0.1 0.78
18:0/22:3 840.6 0.24 ± 0.05 0.43 ± 0.06 1.78 ± 0.47 0.0 0.46
18:0/22:4 838.6 0.99 ± 0.14 1.46 ± 0.16 1.48 ± 0.26 0.2 0.46

PA 14:0 381.2 0.01 ± 0.00 0.01 ± 0.00 1.97 ± 0.64 0.0 0.66
*18:0 437.2 1.42 ± 0.18 1.90 ± 0.28 1.33 ± 0.26 1.1 0.78

Liver PC 36:2 786.6 498.31 ± 43.58 673.13 ± 126.43 1.35 ± 0.28 17.0 0.55
PI 16:0/22:6 881.7 2.37 ± 0.59 3.21 ± 0.68 1.35 ± 0.44 0.4 0.55
PS 16:0/18:0 762.6 21.59 ± 4.84 32.39 ± 5.16 1.50 ± 0.41 8.7 0.55
PA *18:0 437.2 1.31 ± 0.24 1.40 ± 0.23 1.07 ± 0.26 1.9 0.40
DG 16:0,22:0 670.7 0.02 ± 0.00 0.00 ± 0.00 0.20 ± 0.06 0.1 0.24
TG 42:0 740.7 0.08 ± 0.02 0.02 ± 0.00 0.25 ± 0.08 0.0 0.13

42:1 738.7 0.02 ± 0.01 0.01 ± 0.00 0.50 ± 0.27 0.0 0.26
44:0 768.8 0.58 ± 0.15 0.16 ± 0.04 0.28 ± 0.10 0.1 0.09
44:1 766.8 0.49 ± 0.12 0.13 ± 0.04 0.27 ± 0.10 0.1 0.09
44:2 764.8 0.21 ± 0.06 0.08 ± 0.02 0.38 ± 0.14 0.0 0.26
46:0 796.8 1.06 ± 0.26 0.34 ± 0.09 0.32 ± 0.12 0.1 0.09
46:1 794.8 3.31 ± 0.78 1.24 ± 0.28 0.37 ± 0.12 0.4 0.09
46:2 792.8 1.53 ± 0.34 0.59 ± 0.13 0.39 ± 0.12 0.2 0.26
48:1 822.8 19.86 ± 4.41 8.70 ± 2.19 0.44 ± 0.15 2.4 0.09
48:2 820.8 9.60 ± 1.95 4.36 ± 0.84 0.45 ± 0.13 1.2 0.13
48:3 818.8 4.11 ± 0.84 1.99 ± 0.39 0.48 ± 0.14 0.5 0.26
50:0 852.8 9.41 ± 2.41 4.81 ± 1.28 0.51 ± 0.19 1.1 0.26
52:4 872.8 23.49 ± 5.15 44.48 ± 8.86 1.89 ± 0.56 2.8 0.55
54:0 908.8 1.54 ± 0.40 0.67 ± 0.14 0.44 ± 0.15 0.2 0.09
54:1 906.8 9.39 ± 2.77 5.28 ± 1.66 0.56 ± 0.24 1.1 0.26

aRelative abundance is expressed with the peak area percentage (%) of each species within the corresponding lipid class. Species in bold are relatively
abundant in each lipid group. (* species with significant changes found in other tissue types.)
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In order to enhance the declared significant data, the FDR
corrected P-values were calculated and the threshold was set
at 0.15 in this study. A total of 8 TGs out of 20 lipids from the
liver tissue in Table 3 showed FDR corrected P-values less
than 0.15, which strongly validates these species as statistically
different between WT and KO. However, as the FDR corrected
P-values were 0.53 for lipids from lung tissue and 0.33−0.78 for
lipids from kidney tissue in Table 3, their alternations are not as
significant as the aforementioned 8 hepatic TGs.
PCA was carried out with lipid species showing significant

differences (>30%, P < 0.05) in WT and KO mice (Figure S2).
Individual data points in the score plots represent individual
animals (Figure S2), indicating that variations in lipid patterns
among KO mice were greater than those in WT mice for all
tissue types. This was further confirmed by the heat map of
lipids among the three tissue types (Figure 7), showing the
significant differences (P < 0.05) between the WT and p53 KO
mice.

■ CONCLUSIONS

The influence of p53 KO on lipid profiles in mouse lung,
kidney, and liver tissues was investigated by quantifying 320
lipid species (out of 399 identified species). Among the three
tissues, lung tissue was the most significantly affected, owing
to the lack of the p53 gene. Due to p53 KO, the total levels of
PC, PE, DG, and TG decreased by about 30%, but those of PI,
PS, DG, and MHC increased by 30−50%. It was found that

MHC levels increased in all tissues; however, the DHC level
decreased only in kidney tissue. Variations in individual lipid

Figure 5. Relative changes (vs WT) of selected PC, PI, and PS species in p53 KO mice compared among three different tissue types. Types of tissue
showing a significant change (>30%, P < 0.05) are marked with an asterisk (*). Species in bold represent a relatively abundant molecular type in each
lipid category.

Figure 6. Relative changes (vs WT) of selected DG and TG species in p53 KO mice compared among three different tissue types. Types of tissue
showing a significant change (>30%, P < 0.05) are marked with an asterisk (*). Species in bold represent a relatively abundant molecular type in each
lipid category.

Figure 7. Heat map of lipids showing the differences among tissues
between WT and p53 KO mice.
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levels exhibited ubiquitous results in which most species of
PIs, PSs, and PAs containing a saturated acyl chain (18:0) were
significantly increased in both lung and liver tissue of p53 KO
mice. Specifically, these changes were observed in relatively
abundant species in each lipid class: 18:0/20:4-PI and 4 PSs
(18:1/18:1, 18:0/22:6, 18:0/18:1, and 18:0/22:5) in lung
tissue and 36:2-PC and 16:0/18:0-PS in liver tissue. Neutral
GLs (16:0/22:0-DG and most TGs with saturated and mono-
unsaturated acyl chains) decreased by 2−4-fold in liver tissue.
Although the mechanistic aspects relating p53 gene and can-

cer cells are not completely understood, it has been reported
that mutated p53 gene is implicated in about 50% of cancers,
such as stomach cancer and lung cancer.39 We found that the
molecular patterns of lipids, significantly altered by the lack
of p53 in mouse, are slightly different from the molecular
patterns of lipids in plasma or tissue samples of human carci-
nomas. However, the altered lipid profiles are tissue-specific.
In humans, mutations or genetic alterations among patients
with the same cancers can differ based on the tissue type and
also based on primary or metastasized tumors. However, the
present study has shown global lipidomic alterations among
different tissues under the same genetic alterationlack of p53
gene. This study provides a significant basis to understand the
relationship between lipidomic changes and cancer develop-
ment by systematically examining lipid profiles in the blood
and urine from mice with a distinctive type of cancer.
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ACN, acetonitrile; Cer, ceramide; CID, collision-induced
dissociation; CL, cardiolipin; DG, diacylglycerol; DHC,
dihexosylceramide; ESI, electrospray ionization; FDR, false
discovery rate; GalCer, galacrosylceramide; GluCer, glucosyl-
ceramide; IPA, isopropyl alcohol; KO, knockout; LacCer,
lactosylceramide; LC, liquid chromatography; LPA, lysophos-
phatidic acid; LPC, lysophosphatidylcholine; LPE, lysophos-
phatidylethanolamine; LPG, lysophosphatidylglycerol; LPI,
lysophosphatidylinositol; LPS, lysophosphatidylserine; MHC,
monohexosylceramide; MS, mass spectrometry; MS/MS (or
MS2), tandem mass spectrometry; MTBE, methyl tert-butyl
ether; m/z, mass-to-charge; PA, phosphatidic acid; PC,
phosphatidylcholine; PCA, principal component analysis; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phos-
phatidylinositol; PS, phosphatidylserine; SM, sphingomyelin;
SRM, selected reaction monitoring; TG, triacylglycerol; UPLC,
ultrahigh-performance liquid chromatography; WT, wild type
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