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Abstract

Background Image-based screening improves the detection of early-stage lung adenocarcinoma (LUAD)but

also highlights the issue of high false-positive diagnoses, which puts patients at a risk of unnecessary over-treatment.
Therefore, more precise discrimination criteria are required to ensure that patients with early-stage LUAD receive
appropriate treatments.

Methods We integrated 158 early-stage LUAD cases from 2 independent cohorts, including 30 matched resected
specimens with complete radiological and pathological information, and 128 retrospective pathological pair-samples
with partial follow-up data. This integration allowed us to conduct a correlation analysis between clinical phenotype
and transcriptome landscape. Immunohistochemistry was performed using tissue microarrays to examine the expres-
sion of phospholipid phosphatase 2 (PLPP2) and lipid-raft markers. Lipidomics analysis was used to determine

the changes of lipid components in PLPP2-overexpressed cells. To assess the effects of PLPP2 on the malignant phe-
notypes of LUAD cells, we conducted mice tumor-bearing experiments and in vitro cellular experiments by knocking
down PLPP2 and inhibiting lipid raft synthesis with MBCD, respectively.

Results Bioinformatics analysis indicated that the co-occurrence of lipid raft formation and rapid cell proliferation
might exhibit synergistic effects in driving oncogenesis from lung preneoplasia to adenocarcinoma. The enhanced
activation of the cell cycle promoted the transition from non-invasive to invasive status in early-stage LUAD,

which was related to an increase in lipid rafts within LUAD cells. PLPP2 participated in lipid raft formation by alter-

ing the component contents of lipid rafts, such as esters, sphingomyelin, and sphingosine. Furthermore, elevated
PLPP2 levels were identified as an independent prognostic risk factor for LUAD patients. Further results from in vivo
and in vitro experiments confirmed that PLPP2 could induce excessive cell proliferation by enhancing lipid raft forma-
tion in LUAD cells.
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Conclusions Our study has revealed the characteristics of gene expression profiles in early-stage LUAD patients
with the different radiological and pathological subtypes, as well as deciphered transcriptomic evolution trajectory
from preneoplasia to invasive LUAD. Furthermore, it suggests that PLPP2-mediated lipid raft synthesis may be a sig-
nificant biological event in the initiation of early-stage LUAD, offering a potential target for more precise diagnosis

and therapy in clinical settings.
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Background
The widespread application of low-dose helical computed
tomography (CT) and high-resolution, thin-section CT
analysis has led to a substantial increase in the detec-
tion of pulmonary nodules, so that a higher percentage of
patients will be screened out at an early-stage lung ade-
nocarcinoma (LUAD) [1]. Large-scale clinical trial data
have revealed that patients with stage-I LUAD have a
favourable prognosis due to improved early-stage LUAD
detection. Specifically, patients presenting with pure
ground-glass opacity lesions may achieve postoperative
5-year survival rates of 95% or higher after surgical treat-
ment [2, 3]. However, the clinical classification of early
lung cancer based on imaging data also highlights the
significant rate of false-positive diagnoses, thereby pos-
ing a risk to patients in terms of potential over-treatment
or misdiagnosis. Moreover, certain patients might lose
out on surgical opportunities due to the presence of mul-
tiple pulmonary nodules or underlying diseases. Conse-
quently, it becomes imperative to establish more reliable
discrimination criteria that enable appropriate therapeu-
tic approaches for distinct subsets of patients with LUAD.
Recent studies have elucidated the genomic, immune,
and metabolic landscape of tumor lesions in order to
uncover the molecular mechanisms driving the initia-
tion and progression of LUAD, thereby providing novel
diagnostic and prognostic tools for patients [4—6]. Tran-
scriptome sequencing has also been widely employed to
identify pathogenic drivers, biomarkers, and therapeu-
tic targets for lung cancer [7]. However, much of this
research has focused on intermediate or advanced-stage
cancer patients, resulting in a lack of transcriptomic
information available for those with early-stage LUAD.
In the presented study, to comprehensively elucidate the
nature and dynamic evolution of early-stage LUAD at the
molecular level, we collected the paired-samples of early-
stage LUAD patients, and then performed an integrated
analysis of transcriptomic features of LUAD and their
association with clinical-imaging and pathological sub-
types. The formation of lipid raft in the cell membrane
was determined as an important biological progress
for the initiation and progression of early-stage LUAD,
which synergized with cell cycle to drive the development

of LUAD from pre-invasiveness to minimally invasive-
ness and invasiveness.

Lipid rafts are small, heterogeneous, and highly
dynamic lipid domains within the cell membrane that
assemble specific subsets of transmembrane or glyco-
sylphosphatidylinositol-anchored proteins and lipids
such as cholesterol and sphingolipids (e.g., sphingomy-
elin, cerebrosides, gangliosides) [8]. Sphingomyelin and
gangliosides are primarily found in lipid rafts among
these categories [9, 10]. Cholesterol plays a crucial role
in regulating membrane fluidity and permeability to form
lipid rafts while ensuring mechanical coherence with-
out membrane leakage [11]. Furthermore, there are two
classifications of lipid rafts: flat types with flotillin as the
main component; invaginated types with caveolin [12,
13]. Lipid rafts serve as a platform for recruiting signal-
ing proteins within microdomains of the cell membrane,
facilitating the initiation of signal transduction cascades
and contributing to various physiological and pathologi-
cal processes, including the cell cycle [14]. However, the
precise role of lipid rafts in early-stage LUAD remains
uncertain.

Phospholipid phosphatase family members (PLPPs)
possess the ability to hydrolyze a wide range of lipid
phosphates, including phosphatidate, lysophosphatidate
(LPA), sphingosine 1-phosphate (S1P), ceramide 1-phos-
phate, and diacylglycerol pyrophosphate [15, 16]. In
mammals, PLPPs are localized on various cellular mem-
branes such as the cell membrane, endoplasmic reticu-
lum membrane, and Golgi apparatus membrane [17].
Previous studies have indicated the presence of PLPP1
and PLPP3 in lipid rafts and caveolae within plasma
membranes [18], suggesting potential implications of
PLPPs in influencing the formation and function of lipid
rafts. We conducted a comprehensive analysis of the
lipidome and transcriptome, which revealed that phos-
pholipid phosphatase 2 (PLPP2) played a crucial role in
early-stage LUAD by promoting the formation of lipid
rafts. PLPP2 has been found to be upregulated in various
tumors, including colon, liver, and prostate cancer [19].
Previous studies have demonstrated that PLPP2 could
regulate tumor growth by modulating cell-cycle progres-
sion; knockdown of PLPP2 in breast cancer cells resulted
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in reduced c-myc expression and inhibition of G1 to
S phase transition [20]. However, it remains unclear
whether PLPP2 is involved in LUAD onset through its
impact on lipid raft formation or if it could serve as a pre-
dictor for this disease. Further investigation is needed to
address these questions.

In this study, we integrated 158 early-stage LUAD
cases from 2 independent cohorts, including 30 matched
resect specimens with complete radiological and patho-
logical information and 128 retrospective pathological
pair-samples with part follow-up data to conduct a corre-
lation analysis between clinical phenotype and transcrip-
tome landscape. This integration allowed us to conduct
a correlation analysis between clinical phenotype and
transcriptome landscape. Our findings provided valu-
able insights into the trajectory of transcriptomic evolu-
tion from preneoplasia to invasive LUAD. Moreover, we
had deciphered that PLPP2-mediated lipid raft synthe-
sis might play a crucial role in driving the progression of
early-stage LUAD. These results significantly contributed
to our understanding of both the biological and clinical
aspects of LUAD development.

Methods

Patients and samples

For the presented study, we included 30 patients with
stage I LUAD who accepted the surgical treatment at
Shengjing Hospital of China Medical University (CMU)
from 2018 to 2021. Tumour tissues and paired paracan-
cerous tissues at a distance of 5 cm from the tumour
were obtained. These 30 matching specimens named as
Cohort 1 were subjected to RNA sequencing. For the
validation study, tumour cores and normal tissue cores
(taken at least 5 cm away from the tumour) from 128
patients (named as Cohort 2) enrolled in Shengjing Hos-
pital of CMU were included. Of these, follow-up data of
5 years were available for 80 patients with TNM tumour
stages I (n=42), Il (n=10), lIl (r=19) and IV(n=9). The
80 paired-samples were collected from these patients to
construct a tissue microarray. The other paired-speci-
mens from 48 patients with no follow-up data were also
included as a validation cohort and present on the other
tissue microarray. Among them, 38 pairs of samples were
from patients with stage I LUAD.

Clinical information acquisition

The pathological diagnoses, CT images, and follow-up
information were obtained for each patient. The radio-
logical characteristics of patients in Cohort 1 were
reviewed by two radiologists according to the reported
methods [21].
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RNA quantification and qualification

RNA concentration and purity was measured using
NanoDrop 2000 (Thermo Scientific, US). RNA integrity
was assessed using the RNA Nano 6000 Assay Kit of the
Agilent Bioanalyzer 2100 system (Agilent Technologies,
uUs).

Library preparation for Transcriptome sequencing

A total amount of 1 ug RNA per sample was used as
input material for the RNA sample preparations.
Sequencing libraries were generated using NEBNext
UltraTM RNA Library Prep Kit for Illumina (NEB, US)
following manufacturer’s recommendations and index
codes were added to attribute sequences to each sam-
ple. RNA sequencing was performed by the Biomarker
Technologies (http://www.biomarker.com.cn/, Beijing,
China).

Clustering and sequencing

The clustering of the index-coded samples was per-
formed on a cBot Cluster Generation System using
TruSeq PE Cluster Kit v4-cBot-HS (Illumia) according
to the manufacturer’s instructions. After cluster gen-
eration, the library preparations were sequenced on an
INlumina platform and paired-end reads were generated.

Quantification of gene expression levels

Gene expression levels were estimated by fragments per
kilobase of transcript per million fragments (FPKM)
mapped. The formula is shown as follow:

cDNAfragments

FPKM =
mapped fragments (millions) x transcript length (kb)

Differential expression analysis

Differential expression analysis was performed using
the DESeq2. The resulting P values were adjusted using
the Benjamini and Hochberg’s approach for control-
ling the false discovery rate. Genes with an adjusted P
value <0.01 & fold change (FC) > 2 were assigned as dif-
ferentially expressed.

Weighted gene coexpression network analysis (WGCNA)

A coexpression network of all differentially expressed
genes (DEGs) was constructed by the WGCNA-R pack-
age [22] using BMK Cloud (www.biocloud.net). Briefly,
the WGCNA algorithm defined the gene co-expression
correlation matrix and the neighbour-joining func-
tion formed by the gene network, and then calculated
the dissimilarity coefficients of different nodes and
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constructed the hierarchical clustering tree accordingly.
The association between modules and specific pheno-
types was explored to finally identify gene networks.

Functional enrichment analysis

The annotation and visualization of the obtained biologi-
cal functions and signalling pathways were performed
by the Metascape database (www.metascape.org) [23].
Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway, hallmark gene sets, reac-
tome gene sets, wiki-pathways, canonical pathways and
PANTHER pathway were obtained according to specific
DEGs.

Lipid metabolomics detection

The detection of lipid composition was conducted by
Metware  Biotechnology  (http://www.metware.cn/,
Wuhan, China) based on the AB Sciex QTRAP 6500 LC—
MS/MS platform, and the metabolomics data analysis
were performed using the Metware Cloud (https://cloud.
metware.cn). Significantly regulated metabolites between
groups were determined by Variable Importance in Pro-
jection (VIP)>1 and absolute log2FC>1. VIP values
were extracted from OPLS-DA result, which also contain
score plots and permutation plots, was generated using
R package MetaboAnalystR. In order to avoid overfitting,
a permutation test (200 permutations) was performed.
Identified metabolites were annotated using KEGG Com-
pound database (http://www.kegg.jp/kegg/compound/),
annotated metabolites were then mapped to KEGG
Pathway database (http://www.kegg.jp/kegg/pathway.
html). Pathways with significantly regulated metabolites
mapped to were then fed into MSEA (metabolite sets
enrichment analysis), their significance was determined
by hypergeometric test’s P values.

Cell lines and regents

The mouse lewis lung cancer cell line (LLC) was obtained
from National Infrastructure of Cell Line Resource
(NICR) and cultured in DMEM (Hyclone, US) supple-
mented with 10% FBS (Thermo Scientific, US). Human
lung cancer cell lines (HCC827, NCI-H1975, NCI-H1299,
NCI-H460, NCI-H520, NCI-H446) were obtained from
American Type Culture Collection (ATCC) and cultured
in RPMI 1640 (Hyclone, US) supplemented with 10%
FBS. Human lung cancer cell line PC-9 was obtained from
National Collection of Authenticated Cell Cultures and
cultured in RPMI 1640 (Hyclone, US) supplemented with
10% FBS. Human lung cancer cell line A549 and mouse
alveolar epithelial cell line (MLE-12) were obtained from
ATCC and cultured in DME-F12 (Hyclone, US) supple-
mented with 10% FBS. Human bronchial epithelial cell
line (BEAS-2B) was obtained from National Collection of
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Authenticated Cell Cultures and cultured in BEGM Bul-
letKit (Lonza, Switzerland). All cells were cultured under
a humidified atmosphere of 5% CO2 at 37°C. Methyl-B-
cyclodextrin (MBCD) was obtained from MedChemEx-
press (MCE, US).

Cell treatments

NCI-H1299 and A549 cells were pretreated with small
interfering RNA (siRNA, GenePharma, China) and
RNAIMAX transfection reagent (Invitrogen, US) to
knock down the level of PLPP2. SiRNA-1: 5-GGAUGU
ACUGCAUGGUGUUTT-3 and siRNA-2: 5-GCUCGG
ACUUCAACAACUATT-3’ were used as human PLPP2
(NM_177543.3) target sequences. Non-silencing siRNA
(5-UUCUUCGAACGUGUCACGUTT-3’) was used
as the negative control. The human and mouse control
| PLPP2-overexpression lentiviruses were generated
by GeneChem. NCI-H1299, A549 and LLC cells were
infected with homologous lentivirus particles according
to the indicated procedures (GeneChem, China). NCI-
H1299 and A549 cells were treated with 1 mM MBCD for
4 h to impede lipid rafts formation.

Quantitative real-time polymerase chain reaction (Q-PCR)
TRIzol reagent (Invitrogen, US) was used to obtain total
RNA according to manufacturer’s instructions. The
c¢DNA was synthesized and amplified using a miRNA 1st
Strand cDNA Synthesis Kit and miRNA Universal SYBR
qPCR Master Mix kit (Vazyme, China) according to the
manufacturer’s protocols. The sequences of primers
were listed as follows: human PLPP2 forward: 5-GGA
AACCCTGCTGATGTCACC-3’; human PLPP2 reverse:
5-CACATACAGCGCCAAGAACAC-3’; human B-actin
forward: 5-GGGACCTGACTGACTACCTC-3’; human
B-actin reverse: 5-TCATACTCCTGCTTGCTGAT-3.
The relative levels of target genes were normalized to
GAPDH by 244 method.

Western blot analysis

Protein extraction and Western blot were performed
as we previously reported [24]. The primary antibody
was rabbit PLPP2 polyclonal antibody (1:1000, OriGene
TA368674, US) and rabbit -tubulin polyclonal antibody
(1: 1000, Proteintech 10068—1-AP, China). The second-
ary antibody was anti-rabbit IgG, HRP-linked antibody
(1:10000, Cell Signalling Technology #7074, US).

Immunofluorescence (IF)

Cells were processed for immunofluorescence staining
using specific antibodies as described earlier [24]. After
blocked with blocking solution for 1 h, cells were incu-
bated with rabbit caveolin-1 monoclonal antibody (1:200,
Cell Signalling Technology #3267, US) or rabbit flotillin-1
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monoclonal antibody (1:50, Cell Signalling Technol-
ogy #18634, US) overnight at 4°C. Secondary antibodies,
Alexa Fluor 488, goat anti-rabbit (Invitrogen A32731,
US) and Alexa Fluor 555, goat anti-rabbit (Invitrogen
A32732, US) were used for visualization by the scan-
ning laser confocal microscope. Nuclei were visualized
using 40,6-diamidino-2-phenylindole (DAPI, Thermo
Scientific, US). AOD values were calculated by image]
software.

Cell counting kit-8 (CCK-8) analysis and colony formation
assay

For CCK-8 analysis, 2x 103 cells were seeded into 96 well
plates and stained at the indicated time-point with 10 pl
CCK-8 dye (Sevenbiotech, China) for 1 h at 37°C, fol-
lowed by the absorbance measured at 450 nm. For colony
formation assay, 200 cells were plated into six well plates
and cultured for 10 days. Colonies were then fixed for
15 min with 4% polyformaldehyde and stained for 10 min
with Crystal Violet Staining Solution (Beyotime Biotech-
nology, China).

In vivo tumour growth assay

Female C57BL/6 mice (6—8 weeks old) were obtained
from SPF Biotechnology (Beijing) and were subcutane-
ously injected with LLC/Vector or LLC/PLPP2 OE cells
(2x10° cells/mouse) suspended in 100 pl PBS. 4 days
later, 100 ul PBS containing MPCD was intravenously
administered to LLC/Vector and LLC/PLPP2 OE every
two days for 3 weeks. The dose of MBCD used was 10 mg/
kg as previously reported [25]. The number of mice in
LLC/Vector, LLC/PLPP2 OE, LLC/Vector + MBCD and
LLC/PLPP2 OE+MPBCD was 6 respectively. Tumour
volumes were monitored every 4 days. On the 24th day,
mice from all groups were euthanized.

Statistical analysis

All the data were analysed with R software (version 3.6.3,
https://cran.r-project.org/), R bioconductor packages
(http://www.bioconductor.org/) and GrapPad Prism9.4
software (https://www.graphpad.com/). For the com-
parisons of two groups, unpaired student t test was used
for the unpaired variables of normal distribution. Paired
student t test was used to compare the gene expres-
sion between cancer and paracancerous normal tissue.
Mann—-Whitney U test was used to analyse the variables
of non-normal distribution. One way ANOVA were used
for the comparisons of three or more groups. The Cancer
Genome Atlas (TCGA) RNA-seq data and clinical infor-
mation were obtained as previously described [26]. Gene
Set Enrichment Analysis (GSEA) of PLPP2 was done by
GSEA software (version 4.0.3, https://www.gsea-msigdb.
org). The spearman correlation coefficient test was used
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to estimate the rank correlation among the different vari-
ables. The time-dependent receiver operating character-
istic (ROC) analysis was used to evaluate the diagnostic
accuracy of PLPP2 and calculate area under the curve
(AUC). P values, two-sided, of less than 0.05 were consid-
ered statistically significant.

Results

Transcriptome landscape of lung preneoplasia

and adenocarcinoma

In this study, we recruited a total of 158 patients who
had been diagnosed with LUAD and divided them into
two cohorts. The clinical data for both cohorts are pre-
sented in Table 1. Cohort 1 was designated as the testing
cohort and included 30 patients with early-stage LUAD
confirmed through pathological examination. Each
patient provided a lung cancer tissue sample along with
an adjacent non-cancerous tissue sample, resulting in a
collection of 60 resected specimens that underwent high-
throughput transcriptome sequencing. The obtained
sequencing data were comprehensively analyzed together
with the corresponding pathological and imaging infor-
mation of the patients. Cohort 2, known as the validation

Table 1 Clinical information of included patients

Cohort 1(n%) Cohort2(n%) t/x*> P

Patient Number 30 128
Sample Number 60 256
Age 64.13+£11.05 60.10+£9.58 2.01 0.05*
Gender 072 040
Female 21 (70.00) 79 (61.72)
Male 9 (30.00) 49 (38.28)
Smoking status 1.70 019
Non-smoker 21 (70.00) 73 (57.03)
Smoker 9 (30.00) 55 (42.97)
Lesion maximum 2.04+0.66 333£1.88 -6.26  <0.01**
diameter (cm)
Lesion site 1093 0.03*
Right upper lobe  14(48.28) 31(24.22)
Right middle lobe 2 (6.90) 15(11.72)
Right lower lobe 2 (6.90) 27 (21.09)
Left upper lobe 2 (6.90) 26 (20.31)
Left lower lobe 9(31.03) 29 (22.66)
TNM Stage 4586 <0.01**
Stage 0 8(26.67) 0(0.00)
Stage | 22 (73.33) 80 (62.50)
Stage Il 0 (0.00) 11(8.59)
Stage lll 0(0.00) 21(16417)
Stage IV 0 (0.00) 16 (12.50)
"P<0.05
“P<0.01
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cohort, consisted of 128 LUAD patients from whom
matched pathological tissue samples and partial follow-
up data were collected for laboratory testing and survival
analysis purposes.

The study design of our research was presented in Sup-
plementary Figure S1, which illustrates the experimental
framework. The analysis of differentially expressed genes
(DEGs) was conducted on the transcriptome sequenc-
ing data obtained from patients in Cohort 1. A total of
2161 DEGs were identified, consisting of 1827 known
genes and a subset of hypothetical genes (Fig. 1a and b).
These genes exhibited distinct expression patterns dur-
ing the transition from normal tissue to tumor tissue at
early stages of LUAD onset, thus referred to as oncogen-
esis-related DEGs (ORDEGs). To provide a comprehen-
sive understanding of the enriched functions represented
by these ORDEGs, we employed WGCNA to establish
a hierarchical clustering tree for them and utilized the
dynamic-cut method to merge them into ten gene-net-
work modules.In the co-expression network heatmap,
genes within each module showed a high level of expres-
sion similarity, whereas those belonging to different
modules demonstrated low similarity (Fig. 1c). Follow-
ing that, correlation analysis was performed to clarify the
relationships among various gene modules (Supplemen-
tary Fig. S2a and b). The results indicated a significant
positive correlation between the brown and green mod-
ules (r=0.73, P=0.01). Additionally, there was an evident
correlation observed for genes present in both brown and
green modules concerning the turquoise module. These
results indicated that WGCNA effectively clustered
genes with high similarity into the same gene module,
suggesting the establishment of a co-expression network
among genes. Furthermore, there was a strong correla-
tion between different gene modules. Subsequently, we
utilized the Metascape Database to conduct functional
enrichment analysis of DEGs and explored their func-
tional interplay across various modules. We performed
comprehensive functional enrichment analysis of all
DEGs and identified gene subsets with similar GO terms
(Fig. 1d). As expected, the significant enrichments were
observed in cell cycle regulation, cell proliferation, and
related pathways such as the mitogen-activated protein
kinase pathway. To gain a more comprehensive under-
standing of the functional correlations within each gene
module, we conducted functional enrichment analysis
across the various gene-network modules. Our findings
revealed significant enrichment for top-level GO biologi-
cal processes, such as metabolic process (Fig. le), in the
turquoise, blue, brown, and green gene modules. Subse-
quent correlation analysis between gene significance and
module membership values revealed a positive correla-
tion between the genes within each respective module
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and their corresponding functional characteristics (Sup-
plementary Fig. S2c-f), indicating that the enriched genes
in each module can effectively represent its specific func-
tions. Furthermore, we conducted functional enrich-
ment analysis of DEGs within their respective modules
using the Metascape Database (Fig. 1f-i). It was note-
worthy that specific DEGs were observed to be enriched
in plasma functions, such as the apical plasma mem-
brane within the turquoise module (Fig. 1f), anchored
components of the membrane within the brown mod-
ule (Fig. 1h), and apicolateral plasma membrane within
the green module (Fig. 1i). Considering these findings,
it could be inferred that the reorganization of cellular
membrane constituents an integral part of metabolic
processes and was synchronized with rapid cell prolifera-
tion to facilitate oncogenesis progression from lung pre-
neoplasia to adenocarcinoma.

Enhancement of cell cycle promoted the transition

of early-stage LUAD from non-invasiveness to invasiveness
It well known that pathological diagnosis and radio-
logical imaging signs are important clinical index for
early-stage LUAD diagnosis. To further understand the
relationships between the molecular characteristics of
early-stage LUAD and their different clinical pheno-
types, we collected postoperative pathological diagno-
ses and preoperative imaging data from the 30 patients
in Cohort 1 (Fig. 2a, Supplementary Table S1). Among
these patients, two were diagnosed with severe atypi-
cal adenomatous hyperplasia (AAH), three with adeno-
carcinoma in situ (AIS), three with minimally invasive
adenocarcinoma (MIA), while the remaining twenty-two
patients were diagnosed with invasive adenocarcinoma
(IAC). Given that AAH, AIS, and MIA lesions exhibit
non-invasiveness or low invasiveness, the eight patients
demonstrating these clinicopathologic characteristics
were classified as the non-invasive group. The remain-
ing 22 patients with IAC lesions were categorized as the
invasive group. Subsequently, a statistical analysis was
conducted to examine the correlations between imag-
ing features and pathological diagnosis in a cohort of
30 early-stage LUAD cases. Imaging characterization
of invasive nodules revealed larger tumor diameters,
higher consolidation tumor (C/T) ratios, and increased
indications of vascular convergence and pleural indenta-
tion when compared to their non-invasive counterparts
(Fig. 2b-f). These findings demonstrated a consistent
correlation between the pathological characteristics and
imaging features of invasive lesions. Initially, gene expres-
sion profiles were analyzed to compare the non-invasive
group with the invasive group, resulting in 548 differen-
tially expressed genes (DEGs) that were highlighted. By
intersecting these DEGs with ORDEGs, we identified
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Fig. 2 Cell-cycle activation was the primary feature of early-stage LUAD onset and progression. a Representative image showed the pathological
and radiological features of patients in cohort 1. b-e Statistic analyses of tumour diameters, C/T ratios, vascular convergence sign and pleural
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256 DEGs, out of which 169 were jointly up-regulated
and 87 were jointly down-regulated. These DEGs were
closely associated with the invasiveness of early-stage
LUAD (Fig. 2g-i). Functional analysis of these 256 DEGs
revealed a significant enrichment in mitosis and cell-
cycle processes (Fig. 2j). A pathway diagram illustrating
the cell cycle was constructed using the KEGG Database,
revealing that a majority of differentially expressed genes
(DEGs) were predominantly enriched in the S and G2/M
phases of the cell cycle. These DEGs included essential

components involved in replication forks during the S
phase, such as ORC1, ORC6, CDC6, MCM2, MCM4,
and MCM6. Furthermore, the components associated
with spindle assembly checkpoint regulation during the
M phase were also identified among these DEGs, includ-
ing BUB1B, BUBI, PLK1, and PKMYT (Fig. 2k). Addi-
tionally, the marker genes representing distinct phases
of G, S, Gy, and M were selected from the Molecular
Signatures Database for both experimental groups and
visualized on a heatmap (Fig. 2l). Next, single-sample
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gene set enrichment analysis (ssGSEA) was conducted on
the gene sets according to previously described methods
[27]. The results demonstrated a significant elevation in
ssGSEA score within the invasive group compared to the
non-invasive group (Fig. 2m). In conclusion, our find-
ings suggested that augmented cell cycle activity might
facilitate the transition from a non-invasive to an invasive
state in early-stage LUAD.

Lipid rafts-driven invasiveness of early-stage LUAD

was relative to the activation of cell-cycle

To gain novel insights into the underlying relationship
connecting different gene signatures related to the cell
cycle and alterations in the plasma membrane, a series
of transcriptomic profile-based analytical methods were
employed. As depicted in Fig. le, we observed an enrich-
ment of metabolic processes during the initiation and
progression of early-stage LUAD. Considering that met-
abolic processes were implicated in plasma membrane
synthesis and cellular proliferation, our initial analy-
sis focused on exploring the correlation between gene
expression profiles and metabolic phenotypes stratified
based on imaging characteristics in early-stage LUAD. To
begin with, assessing vascular coverage through imaging
served as an indicator for determining a tumor’s capac-
ity to obtain metabolites due to angiogenesis providing
enough nutrients that supported its growth [28]. Out of a
total of 22 IACs cases examined in this study, 6 displayed
negative indications of vascular convergence while 16
demonstrated positive indications (Fig. 3a and b). Addi-
tionally, considering that standard uptake value (SUV)
obtained from positron emission tomography-computed
tomography (PET-CT) was also regarded as a clinical
parameter used for evaluating tumor metabolism status;
we gathered PET-CT data from 7 IACs cases. By analyz-
ing both SUV values and indicators related to vascular
convergence patterns among these cases; they were cat-
egorized into two distinct metabolic groups: 3 individu-
als fell under the low-metabolic group characterized by
low SUV values along with negative indications of vas-
cular convergence; conversely 4 individuals belonged to
the high-metabolic group displaying elevated SUV values
alongside positive indications of vascular convergence
patterns (Fig. 3c and d). Then, a total of 475 differentially
expressed genes (DEGs) were identified from the gene
expression analysis (Fig. 3e). Subsequent GO enrichment
analysis revealed characteristics closely associated with
lipid rafts, such as membrane raft, membrane microdo-
main, signaling receptor regulator activity, and glycer-
ophospholipid biosynthesis (Fig. 3f). Notably, significant
alterations in mitosis were observed. These changes in
the cell plasma membrane related to lipid raft forma-
tion aligned with the aforementioned findings observed
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during the progression from pre-invasive to minimally
invasive and invasive LUAD. The available evidence sug-
gests that inhibition of lipid raft formation may serve as
a potential strategy to counteract tumor cell malignant
proliferation [29]. To validate the relevance of lipid rafts
and the cell cycle, we constructed a protein—protein
interaction network of 475 DEGs using the molecular
complex detection (MCODE) algorithm [30]. Ten densely
connected network components were annotated (Fig. 3g).
Among them, network component MCODE], which was
related to lipid raft-related signaling receptor regulator
activity, showed significant interactions with cell cycle-
related processes such as DNA glycosylase recognition
binding (network component MCODE2) and anaphase-
promoting complex (network component MCODE3).
Interestingly, these interconnected network components
align with the previously observed changes in the cell
cycle (Fig. 2k). Furthermore, there was a significant posi-
tive correlation between genes related to lipid rafts and
glycerophospholipid metabolism as well as genes associ-
ated with the cell cycle (Supplementary Fig. S3).

Next, in order to further validate the involvement of
lipid raft formation in LUAD, we collected tissue sam-
ples from 48 patients with LUAD and their correspond-
ing para-carcinoma tissues. Among these samples, 38
pairs were obtained from patients diagnosed with stage
I LUAD. The results obtained from the tissue microarray
analysis revealed significantly higher levels of caveolin-1
expression, a well-established marker for lipid rafts, in
early-stage LUAD tissues compared to para-carcinoma
tissues (Fig. 3h and i). Moreover, when categorizing
patients with stage I lung adenocarcinoma (#=38), we
observed that IB stage LUAD tissues (n=15) exhibited
the highest level of caveolin-1 expression as compared to
IA2 (n=9) and IA3 stage LUAD tissues (n=14) (Fig. 3j-1).
Additionally, our findings demonstrated a positive corre-
lation between Ki-67 expression, which serves as a hall-
mark for cell proliferation, and caveolin-1 expression in
early-stage LUAD tissues (r=0.5, P<0.01; Fig. 3m). These
observations strongly suggested that enhanced lipid raft
formation might drive the progression of early-stage
LUAD through activation of the cell cycle machinery.

Integrative analysis of transcriptomics and lipidomics
implicated the involvement of PLPP2 in lipid raft formation
during early-stage LUAD

To investigate the key determinant underlying the for-
mation of lipid rafts in early-stage LUAD, we initially
extracted 2408 DEGs from the TCGA dataset, compris-
ing 78 patients with stage I LUAD. By intersecting these
genes with 1827 ORDEGs from Cohort 1, an additional
set of 114 lipid raft-related genes, and 77 glycerophos-
pholipid metabolism-related genes from MSigDB, we
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successfully identified a singular common gene known as
PLPP2 (Fig. 4a). Correlation analysis conducted on sam-
ples from Cohort 1 revealed that the expression of PLPP2
exhibited a concurrent increase alongside lipid raft-asso-
ciated genes such as FLOT1, CLN3, SLC2A1, and HMOX
(Fig. 4b and Supplementary Fig. S4). Furthermore, gene
set enrichment analysis (GSEA) demonstrated significant
enrichment of PLPP2 in membrane-associated functional

subsets including organelle-inner membrane and pro-
tein insertion into the membrane (Fig. 4c and d). In order
to ascertain whether PLPP2 conferred to the formation
of lipid raft in LUAD cells, we conducted quantitative
lipidomics analysis after overexpressing PLPP2 in NCI-
H1299 cells. Our analysis identified a total of 1376 lipid
species, including 213 differential metabolites. Among
these, 86 metabolites were found to be up-regulated
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while 127 were down-regulated (Fig. 4e, Supplementary
Table S2). Furthermore, KEGG analysis revealed signifi-
cant enrichment of signaling pathways associated with
lipid raft formation, such as cholesterol metabolism and
glycerophospholipid metabolism (Fig. 4f). The classifica-
tion of lipid components showed that the overexpression
of PLPP2 in LUAD cells could significantly increase the
metabolites associated with lipid raft formation, includ-
ing cholesterol esters (CEs), sphingomyelin (SM), and
sphingosine (SPH) (Fig. 4g). Additionally, quantitative
analysis also revealed a significant increase in the con-
tents of CE (18:0), SM (d18:0/22:0), SM (d18:1/17:1), SPH
(d17:1), SPH (d18:1), and SPH (d18:2) in NCI-H1299 cells
overexpressing PLPP2 (Fig. 4h). Overall, these findings
suggested that PLPP2 might participate in altering the
classification and content of lipid raft components such
as CE, SM, and SPH to contribute to the formation of
lipid rafts in LUAD cells.

The elevated PLPP2 was an independent prognostic risk
factor for early-stage LUAD patients

To further confirm the aforementioned findings, we
employed qRT-PCR to confirm the upregulation of
PLPP2 in Cohort 1 samples. As shown in Fig. 5a, the
expression levels of PLPP2 mRNA were significantly
elevated in LUAD tissues compared to adjacent non-can-
cerous tissues. Subsequently, we assessed the expression
levels of PLPP2 in a panel of LUAD cells using both qRT-
PCR and western blotting. Compared to BEAS-2B cells,
a normal human bronchial epithelial cell line, the lev-
els of PLPP2 in LUAD cells were significantly increased
(Fig. 5b and c). To evaluate the prognostic value of the
PLPP2 for LUAD patients, we used the tissues microar-
ray to detect the levels of PLPP2 in 80 patients who was
available for follow-up information in Cohort 2 (Fig. 5d).
Initially, we examined the expression of PLPP2 in 42 out
of the total 80 cases with stage I LUAD and discovered
that it was significantly higher compared to adjacent
non-cancerous tissues (Fig. 5e and f). Additionally, con-
sistent levels of PLPP2 were observed across different
TNM stages in all LUAD patients, indicating its potential
as a marker for malignancy (Supplementary Fig. S5a-b).
To evaluate the predictive performance, we conducted
a ROC analysis and calculated the area under the ROC
curves. The results revealed that PLPP2 exhibited high
sensitivity and specificity in predicting LUAD, with an
area under the curve (AUC) value of 0.88 (P<0.0001)
(Fig. 5g). Additionally, Kaplan—Meier survival analysis
showed that the median survival time in the high PLPP2-
group was significantly lower than that of the low PLPP2-
group (hazard response [HR]=3.68, 95% confidence
interval [CI]=1.06-12.77, P=0.04; Fig. 5h). Meanwhile,
the multivariate Cox regression analysis showed that
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elevated PLPP2 was an independent prognostic risk fac-
tor for patients with LUAD (HR=814, 95% CI=1.51—
438,194.06, P=0.04; Fig. 5i). Furthermore, consistent
outcomes were observed when conducting the prog-
nostic analysis using the complete sample of 80 patients
with follow-up data in Cohort 2 (Supplementary Fig. S5).
Collectively, our findings unveiled that increased PLPP2
expression independently contributed to the prognostic
risk assessment of early-stage LUAD patients.

PLPP2-induced excessive proliferation of LUAD cells were
dependent on lipid rafts formation

To investigate the role of PLPP2 in LUAD cells, we
employed RNA-interference technology to downregu-
late PLPP2 expression in both A549 and NCI-H1299
cells. Immunofluorescence staining revealed a signifi-
cant decrease in the localization of caveolin-1 and flotil-
lin-1, which serve as lipid raft markers, on the cellular
membrane (Fig. 6a-c). Lipid rafts played a crucial role
in sensing extracellular signals that promote the malig-
nant proliferation of tumor cells [31]. Therefore, CCK-8
assays were conducted to assess the malignant prolif-
eration abilities of LUAD cells. Upon knockdown, both
LUAD cell lines exhibited weakened proliferation capa-
bilities (Fig. 6d-e). Similarly, the clonogenic growth assay
demonstrated a significant reduction in the number of
clonogenic colonies formed by LUAD cells following
PLPP2 knockdown (Fig. 6f-g). Furthermore, depletion
of PLPP2 also attenuated the resistance of LUAD cells
to stress-induced apoptosis (Supplementary Fig. S6a-c).
Additionally, transmission electron microscopy (TEM)
images revealed that depletion of PLPP2 led to disrup-
tion within the inner membrane system, including com-
promised membrane integrity of endoplasmic reticulum
and Golgi apparatus (Supplementary Fig. S6d). To further
illustrate the potential of PLPP2 as a tumor marker, we
employed a recombinant lentivirus to induce overexpres-
sion of PLPP2 in BEAS-2B and MLE-12 cells, which are
normal lung epithelial cells. The findings revealed an
elevation in caveolin-1 and flotillin-1 levels on the cell
membrane (Fig. 6i-j) and enhanced cellular proliferation
activity (Fig. 6k and 1) subsequent to PLPP2 overexpres-
sion in normal lung cells. Furthermore, quantitative lipi-
domics analysis was conducted on PLPP2-overexpressed
BEAS-2B cells utilizing the methodologies described in
Fig. 4. Similarly, the differential metabolites were also
enriched in signaling pathways associated with lipid rafts,
such as cholesterol and glycerophospholipid metabo-
lism. Furthermore, we observed a consistent pattern of
alterations in the composition of lipid rafts, including
SM (d18:0/22:0), SPH (d17:1), and SPH (d18:2) (Supple-
mentary Fig. S7). Overall, our findings suggested that
PLPP2 might enhance the survival of lung cancer cells by
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risk factor for LUAD. a PLPP2 mRNA levels in paired paracancerous

and tumour tissues of patients in cohort 1 were tested by Q-PCR, n=30. ****P <0.00071; the student’s t test. b PLPP2 mRNA levels in BEAS-2B cells
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were evaluated and showed by Kaplan-Meier curves, n=42.*P <0.05; Log-

characters including age, gender and PLPP2 levels, n=42

promoting proliferation and inhibiting cell death through
enhancing lipid raft formation.

To further investigate the role of PLPP2 in promot-
ing the malignant phenotype of LUAD cells through a

probabilities of stage | LUAD patients in high and low PLPP2 groups
rank test. i Multivariate Cox hazard regression analysis of different clinical

lipid raft-dependent mechanism, we utilized a recom-
binant lentivirus to overexpress PLPP2 in human A549
and NCI-H1299 cells, as well as mouse LLC cells. Sub-
sequently, we employed MPBCD, a lipid raft-synthesis
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inhibitor, in subsequent experiments to reduce the abun-
dance of lipid rafts on the membrane of LUAD cells [32].
We then assessed the impact of PLPP2 on the malignant
phenotype of LUAD cells and observed that MBCD effec-
tively inhibited excessive proliferation induced by PLPP2
overexpression (Fig. 7a and b). Similarly, application
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of a lipid raft inhibitor completely abrogated PLPP2-
induced clonal overgrowth in LUAD cells (Fig. 7c and
d). Immunofluorescence analysis revealed a signifi-
cant increase in lipid raft contents in mouse LLC cells
overexpressing PLPP2 (Fig. 7e and f). Next, the impact
of PLPP2 on tumorigenesis was further examined in
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mice harboring subcutaneous tumors. As illustrated
in Fig. 7g and h, overexpression of PLPP2 in LLC cells
significantly enhanced tumor formation in mice. The
group with PLPP2 overexpression exhibited notably
larger tumor volume and largest tumor area compared
to the vector-control group. However, treatment with
MBCD effectively inhibited tumor growth in vivo, lead-
ing to significant reductions in both tumor volume and
transverse largest area (Supplementary Fig. S8a and b).
Immunohistochemistry (IHC) analysis was employed to
evaluate lipid raft contents within the tumor tissue. Fol-
lowing PLPP2 overexpression, a marked increase was
observed in caveolin-1 and flotillin-1 expression levels
among mice bearing tumors; nevertheless, these effects
were completely abrogated by the inhibitor of lipid raft
(Supplementary Fig. S8c-e). Cell proliferation in tumor
tissues was assessed by analyzing the percentage of Ki-67
and proliferating cell nuclear antigen (PCNA) positiv-
ity. MBCD significantly mitigated the overexpression of
PLPP2-induced excessive proliferation, characterized by
high-positive staining of Ki-67 and PCNA in tumor tis-
sues (Supplementary Fig. S8f-h). Furthermore, there was
a positive correlation between the levels of lipid rafts
in tumor tissues and cell proliferation (Supplementary
Figure S8i). These results from inhibition experiments
further validated that PLPP2 might induce excessive pro-
liferation of LUAD cells through its potential promotion
of lipid raft formation.

Discussion

Recently, many research groups had employed next-gen-
eration sequencing (NGS) to analyse the genomic profiles
of early-stage LUAD samples. Such efforts made for the
understanding of early lung cancer initiation and progres-
sion had largely focused on profiling of cancer cells with
genetic aberrations [4]. The joint analysis of an whole-
exome sequencing and radiomics data revealed that the
somatic-mutation rate in patients with early-stage LUAD
was 1.12 mutations/Mb and the branched evolution and
significant genomic heterogeneity were exhibited in sub-
solid nodules (SSNs) [33]. In the other study, a compari-
son of the whole-exome and transcriptome profiles of
AIS and MIA tissues revealed that several genetic and
immune features have been identified to drive genomic
instability and clonal evolution within LUAD cancers
[34]. Here, we integrated 158 early-stage LUAD cases
from 2 independent cohorts, 128 pair-tissue samples
and 30 matched samples with complete radiological
and pathological information to conduct a correlation
analysis between clinical phenotype and transcriptome
landscape. We deciphered the transcription profiles of
evolution trajectories from pre-invasive to minimally
invasive and invasive LUAD, providing complementary
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insights beyond the current genomic understanding. In
the correlation analysis, molecular features were found
to offer important information beyond clinical features
in LUAD patient stratification. Intriguingly, we found
the malignant progression of early-stage LUAD from low
invasiveness to high invasiveness was accompanied by
the enhancement of lipid rafts-related functions. Moreo-
ver, the co-occurrence of plasma membrane changes and
rapid cell proliferation might exhibit a synergistic effect
to drive the development of LUAD. Our findings might
provide a comprehensive understanding of the nature
evolution pathways of LUAD, which contribute to precise
diagnosis and treatment in patients with LUAD.

The cell membrane plays a pivotal role in the regula-
tion of cellular functions, particularly in signal transduc-
tion [35]. Lipid rafts as selective and dynamic platforms
for recruiting or excluding signaling molecules to/from
the cell membrane, based on changes in size and com-
position. The presence of lipid rafts not only effectively
safeguards signal molecules from degradation but also
ensures efficient delivery of extracellular signals into the
cell [14, 36, 37]. Numerous studies had demonstrated
that lipid rafts govern cancer cell survival and prolifera-
tion by modulating signal transduction processes such
as the insulin-like growth factor system and phosphati-
dylinositol 3-kinase-AKT pathway [38]. Similarly, based
on the clues obtained from bio-informatics analysis, we
have discovered that the rearrangement of cellular mem-
brane components and cell proliferation were prevalent
occurrences in early-stage LUAD. Moreover, this rear-
rangement was characterized by the formation of lipid
rafts within the cell membrane. Subsequent experi-
mental data further supported a significant correlation
between elevated lipid content in LUAD cells’ rafts and
the progression of early-stage LUAD. Previous research
had demonstrated that lipid rafts indirectly regulate the
cell cycle by modifying the distribution of signaling mol-
ecules within membrane microdomains. In light of our
study, it became evident that there existed a functional
connection between lipid rafts and the cell cycle during
early-stage LUAD, shedding light on how these lipid rafts
might directly impact regulators involved in controlling
cellular division through alternative pathways such as
vesicle endocytosis and trafficking. Our study collectively
demonstrated that the presence of lipid rafts in early-
stage LUAD was an essential prerequisite for initiating
downstream pro-cancer signaling pathways. This occur-
rence played a pivotal role as an initial trigger for activat-
ing cell-cycle progression and promoting invasiveness.

PLPPs are a family of integral membrane glycopro-
teins that play crucial roles in diverse physiological and
pathological processes, encompassing angiogenesis, cell-
cycle regulation, cardiovascular diseases, and cancer
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progression. These proteins function as catalysts for the
dephosphorylation of lysophosphatidic acid (LPA) and
sphingosine 1-phosphate (S1P), thereby terminating
their signal transduction cascades. Emerging evidence
had shed light on the distinct effects exerted by different
members of the PLPPs family on various tumor types.
Specifically, the reduced expression levels of PLPP1 and
PLPP3 had been observed in colon cancer and breast
cancer. Overexpression of these two isoforms promoted
the hydrolysis of extracellular LPA, resulting in impaired
colony formation in ovarian cancer cells [39, 40]. These
studies indicated that PLPP1 and PLPP3 played tumor-
suppressive roles. Conversely, elevated levels of PLPP2
have been observed in many cancers, including liver and
prostate [41], breast [42] and renal cell cancer [43], which
was opposite to the expression pattern of PLPP1 and
PLPP3. Therefore, PLPP2 was also considered an indi-
cator of poor prognosis. In vitro experiments had also
shown that knockdown of PLPP2 weakened the growth
of anchor-dependent cancer cell lines and reduced cell
proliferation by delaying S-phase entry, unlike what was
seen with PLPP1 and PLPP3 [41, 44]. In the presented
study, we discovered that PLPP2 played a significant role
in the formation of lipid rafts, leading to enhanced sur-
vival of LUAD cells. Firstly, through an analysis of tran-
scriptomic data from matched samples of early-stage
LUAD patients combined with TCGA data, we identi-
fied PLPP2 as a potential crucial factor influencing lipid
raft formation in early-stage LUAD. Secondly, our lipid-
omics analysis further revealed substantial enrichment
of lipid raft components such as CEs, SM, and SP when
overexpressing PLPP2 in both LUAD cells and normal
lung cells. Additionally, the examination of TCGA data-
base also demonstrated that elevated levels of PLPP2
were an independent prognostic risk factor for patients
with LUAD. Therefore, we propose that the involvement
of PLPP2 in lipid raft formation contributes significantly
to the development of LUAD. Subsequent in vivo and
in vitro experiments provided further evidence support-
ing the role of PLPP2 in promoting cell proliferation and
tumor growth through its influence on lipid raft forma-
tion. However, the precise mechanisms by which PLPP2
regulates lipid raft formation remain elusive. We pos-
tulated that PLPP2 regulated the assembly of lipid rafts
through two distinct mechanisms: firstly, by virtue of its
ecto-activity, plasma membrane-bound PLPP2 induced
the dephosphorylation of S1P, leading to dynamic altera-
tions in membrane rafts and enhanced co-localization
with p-caveolin-1 [45]. Secondly, intracellular PLPP2
localized on organelles such as the ER and Golgi appa-
ratus, exerting its influence on diverse intracellular pools
of substrates to directly or indirectly modulate intracel-
lular signaling transduction and contributed to lipid raft

Page 17 of 19

formation. Consequently, it is imperative for us to further
investigate the precise underlying mechanism in future
studies.

As anticipated, our findings have also revealed that
the activation of the cell cycle is an initial event contrib-
uting to the transition of LUAD cells from dormancy to
an active state. Nevertheless, there are certain unique
aspects when compared to the previous study’s results
[46]. The majority of DEGs obtained from our transcrip-
tomic data primarily showed enrichment during the
S and G2/M phases of the cell cycle. These include key
components like ORC1, ORC6, CDC6, MCM2, MCM4
and MCM6 which are involved in replication forks;
along with BUB1B, BUBI1, PLK1, and PKMYT associ-
ated with spindle assembly checkpoints. This empha-
sizes that defects occurring during mitosis such as DNA
replication issues during S phase and abnormalities at
spindle assembly checkpoints during G2/M phase may
significantly contribute towards driving early-stage
LUAD development.

It should be pointed out that our study had two primary
limitations: (1) Due to the limited sample collection, our
focus was solely on examining genetic profile alterations
in early-stage LUAD. Therefore, future investigations will
necessitate multi-center clinical studies with much more
samples. (2) Further research will be required for explor-
ing the underlying molecular mechanism of how PLPP2
control lipid rafts synthesis in LUAD cells.

Conclusions

In summary, our study elucidated the characteristics of
gene expression profiles in early-stage LUAD patients
with different radiological and pathological subtypes
and deciphered the transcriptomic evolution trajectory
from preneoplasia to invasive LUAD. Our findings pro-
vide new implications regarding the application value of
molecular-radiology-pathology-omics fusion diagno-
sis in tumor occurrence and progression. Additionally,
for the first time, our data suggest that PLPP2-mediated
lipid raft synthesis may be a significant biological event
in early-stage LUAD, offering a potential target for more
precise diagnosis and therapy in clinical settings.
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