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Abstract. Lung adenocarcinoma (LUAD) is a leading cause of 
cancer‑related death due to its aggressive nature and metastatic 
potential. The present study aimed to explore the expression 
of phospholipid phosphatase 2 (PPAP2C) in LUAD, and its 
effect on cell migration and invasion, with a particular focus 
on its association with the ERK/JNK signaling pathway and 
epithelial‑mesenchymal transition (EMT). The expression 
of PPAP2C in LUAD was analyzed using data from The 
Cancer Genome Atlas database. Pearson's correlation coef‑
ficient analysis was used to assess the correlation between 
PPAP2C and genes such as MAPK1, MAPK3, MAPK8, 
CDH1, CDH2 and SNAI1. Subsequently, the PPAP2C gene 
was silenced in A549 and H1299 LUAD cell lines using 
siRNA vectors, followed by assessments of gene expression, 
cell migration, invasion and protein interaction using reverse 
transcription‑quantitative PCR, western blotting, wound 
healing assay, Transwell invasion assay, molecular docking 
analysis, co‑immunoprecipitation and immunofluorescence 
staining. The results showed that PPAP2C was significantly 
upregulated in LUAD tissues compared with that in normal 
tissues. In addition, high levels of PPAP2C were significantly 
correlated with MAPK3, MAPK8, CDH1 and SNAI1. Notably, 
PPAP2C silencing significantly inhibited cell migration and 
invasion. Additionally, it reduced the phosphorylation levels 
of ERK and JNK proteins. PPAP2C showed specific binding 
sites with ERK1, and co‑precipitated with ERK1 in both A549 
and H1299 cells. Furthermore, PPAP2C silencing decreased 
the expression levels of N‑cadherin and Snail, while increasing 

E‑cadherin expression, thereby inhibiting EMT. In conclu‑
sion, PPAP2C may be highly expressed in LUAD tissues, 
and could promote cell migration and invasion by activating 
the ERK/JNK signaling pathway and inducing EMT. These 
findings provide a novel potential target for the diagnosis and 
treatment of LUAD.

Introduction

Lung adenocarcinoma (LUAD) is a major histological 
subtype of non‑small cell lung cancer, accounting for 35‑40% 
of all patients with lung cancer worldwide  (1,2). Despite 
advances in treatment, LUAD continues to pose significant 
health challenges due to its high rates of tumor invasion, 
metastasis and recurrence after treatment (3). The etiology 
of LUAD is multifactorial, involving genetic susceptibility, 
environmental factors (such as smoking and air pollution) 
and various gene mutations (4). Current treatment modalities 
for LUAD include surgical resection, radiotherapy, chemo‑
therapy and targeted therapy (5). Studies using single‑cell 
RNA‑sequencing technology have shown that RAC1 serves a 
critical role in promoting the brain metastasis of LUAD (6). 
Additionally, circulating tumor DNA methods can detect and 
analyze the early dissemination of metastasis in LUAD (7). 
However, despite significant progress, there remain chal‑
lenges in fully understanding the molecular mechanisms 
driving LUAD metastasis. Particularly, the role of specific 
genes and pathways in this process remains poorly under‑
stood, which hampers the development of more effective 
therapeutic strategies.

The phospholipid phosphatase 2 (PPAP2C) gene, also 
known as PLPP2, serves a critical role in phospholipid metabo‑
lism by catalyzing the conversion of phosphatidic acid (PA) to 
diacylglycerol, a key step in cellular signaling (8,9). Research 
has indicated that PPAP2C can promote the proliferation of 
LUAD cells by regulating the synthesis of lipid rafts  (10). 
Epithelial‑mesenchymal transition (EMT) is a process of 
cellular phenotypic transformation where epithelial cells 
lose cell‑cell adhesion and acquire mesenchymal character‑
istics, resulting in enhanced cell migration and invasion (11). 
Furthermore, overexpression of PPAP2C has been shown to 
promote the development of breast cancer by affecting the 
expression of CDC34, LSM7 and SGTA in EMT‑related 
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pathways  (8). Despite these insights, the specific role of 
PPAP2C in LUAD cell metastasis remains unclear.

The ERK and JNK pathways, which are MAPK signaling 
pathways, regulate gene expression and cellular behavior 
by activating specific protein kinases, leading to the phos‑
phorylation of downstream target proteins (12). The ERK 
pathway is typically activated by the Ras‑Raf‑MEK‑ERK 
signaling cascade, whereas the JNK pathway is activated 
by MAP3Ks, MKK4/7 and JNK  (13). The ERK/JNK 
pathways have critical roles in various cellular processes, 
such as proliferation, differentiation, apoptosis and stress 
responses  (14). Research has shown that overexpression 
of Notch4 may enhance the activities of ERK, JNK and 
p38, thereby promoting the proliferation, anti‑apoptosis 
and migratory abilities of LUAD cells (15). Currently, the 
association between PPAP2C and the ERK/JNK pathways 
in LUAD is unexplored, creating a significant gap in the 
understanding of LUAD metastasis.

Given these challenges, the present study aimed to system‑
atically investigate the function of PPAP2C in LUAD, focusing 
on its impact on the ERK/JNK signaling pathways and the 
EMT process, thereby identifying novel potential therapeutic 
targets for LUAD. By silencing the PPAP2C gene, its specific 
effects on LUAD cell migration, invasion and related signaling 
pathways were explored, providing new potential targets and 
a theoretical basis for the diagnosis and treatment of LUAD.

Materials and methods

Database analysis. Data analysis was performed using R soft‑
ware (version 4.2.1; https://www.r‑project.org) with packages 
including ggplot2 (version 3.3.6; https://ggplot2.tidyverse.org), 
stats (version 4.2.1) and car (version 3.1‑0; https://cran.r‑project.
org/web/packages/car/index.html). Statistical analysis was 
carried out using the stats and car packages specifically tailored 
to accommodate the structured and quantitative nature of the 
data type. RNA‑sequencing data from The Cancer Genome 
Atlas (TCGA)‑LUAD project were downloaded and processed 
from TCGA database (https://portal.gdc.cancer.gov), by 
extracting TPM‑formatted data following the STAR pipe‑
line (16). The data were log2 (value+1)‑transformed and the 
expression differences of PPAP2C (ENSG00000141934.10) 
between tumor and normal tissue samples were evaluated using 
the Wilcoxon rank‑sum test. Visualization was performed 
using the ggplot2 package. Additionally, patients were divided 
based on the median expression level of PPAP2C. Those with 
expression levels above the median were classified as ‘high 
expression,’ and those below as ‘low expression.’ This method 
ensures a balanced distribution of patients across both groups, 
facilitating more robust statistical comparisons. Co‑expression 
heatmaps were generated through Pearson's correlation coef‑
ficient analysis to assess the correlation of PPAP2C with other 
genes (MAPK1, MAPK3, MAPK8, CDH1, CDH2 and SNAI1).

Cell culture. A549 (cat.  no. CL ‑0016; Wuhan Pricella 
Biotechnology Co., Ltd.) and H1299 (cat.  no. CL ‑0165; 
Wuhan Pricella Biotechnology Co., Ltd.) cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
cat.  no.  11965‑092) containing 10% fetal bovine serum 
(FBS; cat. no. 10270‑106) and 1% penicillin‑streptomycin 

solution (cat. no. 15140‑122) (all from Gibco; Thermo Fisher 
Scientific, Inc.). Cells were maintained at 37˚C in a humidi‑
fied atmosphere containing 5% CO2 (Forma 3110; Thermo 
Fisher Scientific, Inc.). Upon reaching 80‑90% conflu‑
ence, the cells were trypsinized with 0.25% trypsin‑EDTA 
(cat. no. 25200‑072; Gibco; Thermo Fisher Scientific, Inc.) and 
subcultured at a 1:3 ratio. Cell counting was performed using 
a TC20 automated cell counter (Bio‑Rad Laboratories, Inc.). 
All experiments were conducted under sterile conditions in a 
biosafety cabinet (1300 Series A2; Thermo Fisher Scientific, 
Inc.).

siRNA synthesis and cell transfection. The siRNA 
targeting the PPAP2C gene (Gene ID: 8612) was synthe‑
sized by Guangzhou Anerno Biotechnology Co., Ltd. 
A scrambled negative control (NC) sequence was also 
synthesized (Guangzhou Anerno Biotechnology Co., 
Ltd.). Lipofectamine® 2000 (cat. no. 11668027; Invitrogen; 
Thermo Fisher Scientific, Inc.) was used as the transfection 
reagent. Briefly, A549 (cat. no. CL‑0016; Wuhan Pricella 
Biotechnology Co., Ltd.) and H1299 (cat.  no. CL ‑0165; 
Wuhan Pricella Biotechnology Co., Ltd.) cells were seeded 
into 6‑well plates at a density of 5x105 cells/well and were 
cultured for 24 h to reach 80‑90% confluence. For trans‑
fection, 4 µg of the constructed silencing vector DNA was 
incubated with 10 µl Lipofectamine 2000 in 250 µl serum‑free 
medium Opti‑MEM (cat.  no.  31985062; Gibco; Thermo 
Fisher Scientific, Inc.) at room temperature for 20 min and 
was then added to each well containing 2 ml serum‑free 
medium. After incubation at 37˚C 6 h of incubation, the 
medium was replaced with complete medium containing 10% 
FBS. PPAP2C gene expression levels were detected at 48 h 
post‑transfection by reverse transcription‑quantitative PCR 
(RT‑qPCR), and the relative expression levels were calculated 
using the 2‑ΔΔCq method (17). Each experiment was repeated 
three times, with three technical replicates per experiment, 
to ensure data reliability and accuracy. The siRNA sequences 
are presented in Table I.

RT‑qPCR. A549 and H1299 cells were ground thoroughly in 
liquid nitrogen, followed by the addition of 1 ml RNAiso Plus 
(cat. no. 9109; Takara Bio, Inc.), and were mixed thoroughly by 
vortexing, then placed on ice for 5 min. Subsequently, 0.2 ml 
chloroform (cat. no. C805077; Shanghai Macklin Biochemical 
Co., Ltd.) was added, shaken vigorously for 15  sec and 
incubated at 4˚C for 3 min. After centrifugation (D‑1524R; 
Zhuhai Hema Medical Instrument Co., Ltd.) at 1,969 x g for 
15 min at 4˚C, the aqueous phase was transferred to a new 
tube. An equal volume of isopropanol (cat.  no. H920368; 
Shanghai Macklin Biochemical Co., Ltd.) was then added, 
mixed well and incubated at ‑20˚C for 20 min, followed by 
centrifugation at 1,969 x g for 15 min at 4˚C. The superna‑
tant was discarded, and the pellet was washed with 1 ml 75% 
DEPC‑treated ethanol (cat. no. H855322 Shanghai Macklin 
Biochemical Co., Ltd.) and then centrifuged at 875 x g for 
5 min at 4˚C. The liquid was discarded, and the pellet was 
air‑dried at room temperature. RNA was dissolved in 30 µl 
DEPC‑treated ddH2O (cat. no. W915679 Shanghai Macklin 
Biochemical Co., Ltd.) and stored at ‑80˚C. RNA concentra‑
tion was measured using a Q6000UV UV spectrophotometer 
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(Quawell Technology). For cDNA synthesis, 2 µg total RNA 
was used as a template, according to the instructions of the 
Bestar™ qPCR RT Kit (cat. no. 2220; DBI), with a total reac‑
tion volume of 10 µl. qPCR was performed using Bestar™ 
SybrGreen qPCR MasterMix (cat. no. 2043; DBI) in a final 
reaction volume of 20 µl. Fluorescence qPCR experiments 
were conducted on an Agilent Stratagene fluorescence qPCR 
instrument (Mx3000P; Stratagene; Agilent Technologies, Inc.). 
Thermocycling conditions for qPCR included: 95˚C for 2 min 
for initial denaturation, followed by 40 cycles of 95˚C for 10 s 
for denaturation, and 60˚C for 30 s for annealing/extension. 
Results were processed using the 2‑ΔΔCq method, with the data 
presented as the mean ± standard deviation. Detailed primer 
sequences are provided in Table I.

Western blot analysis. After washing the cells three times 
with PBS (cat. no. 14190‑144; Thermo Fisher Scientific, Inc.), 
the samples were centrifuged at 22,000 x g for 10 min at 4˚C 
using a refrigerated high‑speed centrifuge (Zhuhai Hema 
Medical Instrument Co., Ltd.). The supernatant was collected 
and stored at ‑80˚C. Proteins were extracted from cells using 
RIPA lysis buffer (cat.  no. P0013B; Beyotime Institute of 
Biotechnology), containing 1% protease inhibitor cocktail 
(cat. no. P1005; Beyotime Institute of Biotechnology). Protein 
concentration was determined using the BCA Protein Assay Kit 
(cat. no. P0012S; Beyotime Institute of Biotechnology). Protein 
samples were separated by SDS‑PAGE, where the separating 
gel was prepared by mixing 30% acrylamide (cat. no. 1610156; 
Bio‑Rad Laboratories, Inc.), bis‑acrylamide (cat. no. A3574; 
Sigma‑Aldrich), 1.5 mol/l Tris‑HCl (pH 8.8; cat. no. MA0053; 
MeilunBio) and 10% SDS (cat. no. BL517A; Biosharp). A total 
of 20 µg of protein was loaded per lane. After polymeriza‑
tion, the stacking gel was added. Following sample loading, 
electrophoresis was performed using a constant voltage power 

supply (DYY‑6C; Beijing Liuyi Instrument Factory) at 100 V, 
and the voltage was increased to 120 V after the samples 
entered the separating gel, continuing until the bromophenol 
blue (cat. no. B0126; Sigma‑Aldrich) reached the bottom of the 
gel. After electrophoresis, the proteins were transferred onto 
a PVDF membrane (cat. no. I PVH00010; MilliporeSigma) 
using a constant current of 300 mA. The membrane was then 
washed with TBS buffer (cat. no. T5030; MilliporeSigma) and 
blocked with 5% non‑fat milk (cat. no. A600669; Shanghai 
Sangon Biotechnology Co., Ltd.) at room temperature for 
1 h. The membrane was then incubated with primary anti‑
bodies, including anti‑PPAP2C (cat. no. PA5‑98075; 1:1,200; 
33 kDa), anti‑phosphorylated (p)‑ERK (cat.  no.  44‑680G; 
1:1,000; 42/44 kDa), anti‑ERK (cat. no. MA5‑15134; 1:1,000; 
42/44 kDa), anti‑p‑JNK (cat. no. 44‑682G; 1:1,000; 46/55 kDa), 
anti‑JNK (cat. no. AHO1362; 1:1,000; 46/55 kDa) (all from 
Thermo Fisher Scientific, Inc.), anti‑GAPDH (cat. no. ab9485; 
1;2,500; 37 kDa), anti‑N‑cadherin (cat. no. ab76011; 1:10,000; 
125 kDa), anti‑E‑cadherin (cat. no. ab40772; 1:2,000; 130 kDa) 
and anti‑Snail (cat. no. ab31787; 1:1,000; 68 kDa) (all from 
Abcam) for 1 h at room temperature. Notably, the band inten‑
sity and clarity after 1 h of incubation were comparable to those 
after overnight incubation. Subsequently, the membranes were 
incubated with horseradish peroxidase (HRP)‑conjugated goat 
anti‑rabbit IgG secondary antibody (cat. no. ab6721; 1:10,000; 
Abcam) or HRP‑conjugated rabbit anti‑rat IgG secondary 
antibody (cat. no. ab6734; 1:2000; Abcam) for 40 min at room 
temperature. Detection was performed using a chemilumines‑
cence substrate (cat. no. WBKLS0500; MilliporeSigma), and 
the results were recorded on X‑ray film (Guangxi Superstar 
Medical Device Co., Ltd.) and were analyzed using ImageJ 
software (version 1.53; National Institutes of Health). The 
intensity of each band was normalized to the loading 
control and background intensity was subtracted to exclude 

Table I. Sequences of siRNAs and primers.

ID	 Sequence (5'‑3')

si‑PPAP2C #1	 Sense: CCCCGUACAAGCGAGGAUUUU
	A ntisense: AAAAUCCUCGCUUGUACGGGG
si‑PPAP2C #2	 Sense: CCCGUACAAGCGAGGAUUUUA
	A ntisense: UAAAAUCCUCGCUUGUACGGG
si‑PPAP2C #3	 Sense: CCCCAAAUAUCCCCUUCUUUU
	A ntisense: AAAAGAAGGGGAUAUUUGGGG
si‑NC	 Sense: UUCUCCGAACGAGUCACGUUU
	A ntisense: AAACGUGACUCGUUCGGAGAA
PPAP2C	 F: CTGCCCTTCGCTATCCTGAC
	R : CCGTGGGTGATGGTATCTGG
Fos	 F: CAAGCGGAGACAGACCAACT
	R : GTGAGCTGCCAGGATGAACT
Jun	 F: GAGACAAGTGGCAGAGTCCC
	R : TCTTCTCTTGCGTGGCTCTC
GAPDH	 F: GACCACAGTCCATGCCATCA
	R : CCGTTCAGCTCAGGGATGAC

F, forward; NC, negative control; PPAP2C, phospholipid phosphatase 2; R, reverse; si, small interfering.
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non‑specific signals; the final results were expressed in relative 
intensity units.

Wound healing assay. Complete medium was prepared 
using high‑glucose DMEM (cat.  no. E 600003; Sangon 
Biotech Co., Ltd.), supplemented with 10% premium FBS 
(cat. no. FBS‑P01; Shanghai Excell Biological Technology 
Co., Ltd.) and 1% penicillin‑streptomycin (cat. no. P1400; 
Beijing Solarbio Science & Technology Co., Ltd.) as per 
the instructions provided by Sangon Biotech Co., Ltd. 
Horizontal lines were evenly drawn on the back of a 6‑well 
plate (TCP010006; Guangzhou Jet Bio‑Filtration Co., Ltd.) 
using a fine‑tip marker pen, with at least five lines crossing 
each well to standardize the scratch position. Cells grown 
to 80% confluence were harvested, the old culture medium 
was aspirated, and the cells were washed 1‑2 times with PBS. 
Cells were treated with trypsin‑EDTA (cat. no. E607001; 
Shanghai Sangon Biotechnology Co., Ltd.) and gently 
washed, the trypsin solution was aspirated, and the cells were 
placed in a 37˚C incubator (311; Thermo Fisher Scientific, 
Inc.) for 2‑3 min until the cells became round. Fresh complete 
medium was added, and a single‑cell suspension was 
prepared using a pipette (cat. no. 7010101033; Dragonlab). 
The cells were counted, and the cell density was adjusted to 
5x105/ml. Subsequently, 1 ml cell suspension (5x105 cells/ml) 
was added to each well of the 6‑well plate, ensuring each 
well reached 80% confluence prior to wounding. Fresh 
complete medium containing specific siRNA treatments 
targeting PPAP2C gene (si‑PPAP2C #1 and si‑PPAP2C #2), 
along with a scrambled siRNA as a NC (si‑NC), was added 
to the respective treatment groups was added. The cells were 
cultured for 48 h at 37˚C and 5% CO2. A vertical scratch 
was made using a pipette tip (PPT221010; Guangzhou Jet 
Bio‑Filtration Co., Ltd.). The cells were washed three times 
with 2 ml PBS/well to remove the detached cells and were 
then incubated with 2 ml complete medium containing 10% 
serum (cat. no. A5256701; Thermo Fisher Scientific, Inc.) 
at 37˚C and 5% CO2 for 24 h. The cells were observed and 
images were captured using a light inverted microscope 
(CKX53; Olympus Corporation), and the wound area was 
analyzed using Image‑Pro Plus software (Ver. 6.0; Media 
Cybernetics, Inc.). The relative migration rate was calculated 
by measuring the initial wound size and the wound closure 
rate after 24 h of incubation, normalized to the control.

Transwell invasion assay. Matrigel (cat. no. 356234; Corning, 
Inc.) was thawed overnight at  4˚C and was mixed with 
pre‑cooled serum‑free medium at a 1:15 ratio to prepare the 
gel solution. Subsequently, 100 µl gel solution was added to the 
upper chamber of Transwell inserts (8 µm pore size; 24‑well 
format; CP012036; Guangzhou Jet Bio‑Filtration Co., Ltd.) and 
allowed to solidify at 37˚C for 2 h. Excess liquid was removed, 
and 50 µl sterile PBS was added to each well and incubated 
at 37˚C for 30 min to wash away the residual Matrigel. Cells 
were serum‑starved for 12 h before seeding. Cells were trypsin‑
ized with 0.25% trypsin‑EDTA for 2‑3 min until they detached, 
and the cell density was adjusted to 2x105/ml. Subsequently, 
100 µl cell suspension (2x104 cells/well) was added to the 
upper chamber, and 700 µl complete medium containing 10% 
FBS was added to the lower chamber. The Transwell inserts 

were incubated at 37˚C in an atmosphere containing 5% CO2 
and 100% humidity for 24 h. The inserts were then removed, 
the non‑invasive cells in the upper chamber were gently 
wiped away with a cotton swab and the residual Matrigel was 
removed. The inserts were washed three times with PBS, fixed 
with 4% paraformaldehyde at room temperature for 20 min, 
and washed three more times with PBS. The inserts were 
then stained with 0.1% crystal violet (cat. no. G1062; Beijing 
Solarbio Science & Technology Co., Ltd.) solution at room 
temperature for 10 min, washed with running water, and the 
membrane was removed from the inserts using a scalpel, 
air‑dried and mounted with neutral resin. Slides were scanned, 
and three random fields were selected for cell counting using 
a light microscope.

Molecular docking experiment. First, the X‑ray crystal 
structure of ERK1 was obtained from the Protein Data 
Bank (PDB) with the PDB ID: 3FHR (https://www.rcsb.
org/structure/3FHR.). The three‑dimensional structure of 
PPAP2C was constructed using AlphaFold (version 2.1.1; 
https://alphafold.ebi.ac.uk/) with default settings. To ensure 
the accuracy of the molecular docking results, the two protein 
structures were preprocessed using AutoDockTools‑1.5.7 
(https://autodock.scripps.edu/), including manual removal 
of water molecules and the addition of polar hydrogens. 
Subsequently, protein‑protein docking simulations were 
performed using the GRAMM docking server (https://gramm.
compbio.ku.edu/) with default parameters. The resulting 
protein complex was further manually optimized with 
AutoDockTools‑1.5.7, where water molecules were again 
removed, and polar hydrogens were added. Finally, 
protein‑protein interactions were visualized and analyzed 
using PyMOL (https://pymol.org/), generating the corre‑
sponding interaction diagrams.

Co‑immunoprecipitation experiment. Total proteins were 
extracted from H1299 and A549 cell lines. The cells were 
washed three times with PBS and lysed using RIPA lysis buffer 
containing protease inhibitors (cat. no. P0013B; Beyotime 
Institute of Biotechnology). The lysates were centrifuged 
at 22,000 x g for 10 min at 4˚C using a refrigerated high‑speed 
centrifuge (TGL‑16M; Zhuhai Hema Medical Instrument Co., 
Ltd.) and the supernatant was collected. PPAP2C antibody 
(cat. no. ab168371; 1:10,000; 36 kDa; Abcam) was added to the 
cell lysates and incubated overnight at 4˚C to ensure sufficient 
binding. As a control, IgG (cat. no. ab18443; 1:10,000; Abcam) 
was used in a parallel experiment under the same conditions. 
A total of 50 µl protein A/G magnetic beads (cat. no. 10002D; 
Thermo Fisher Scientific, Inc.) were then added, and the 
mixture was incubated for an additional 2 h at 4˚C to capture 
the antibody‑antigen complexes. After incubation, the immune 
complexes were collected by centrifugation at 22,000 x g 
for 10 min at 4˚C and washed three times with lysis buffer. 
The washed beads were suspended in SDS loading buffer 
(cat. no. P0015F; Beyotime Institute of Biotechnology) and 
heated to 95˚C to elute the proteins from the beads. The 
resulting protein samples underwent western blotting, as afore‑
mentioned, using a 12% SDS‑PAGE gel. The membrane was 
probed with an anti‑ERK1 antibody (cat. no. ab32537; 1:1,000; 
43 kDa; Abcam) followed by an HRP‑conjugated secondary 
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antibody (cat. no. ab6721; 1:10,000; Abcam) at room tempera‑
ture for 1 h each. Finally, detection was performed using a 
chemiluminescence substrate and the results were recorded 
using medical X‑ray film.

Immunofluorescence staining. Cells were fixed with 4% 
paraformaldehyde for 20 min at room temperature, washed 
three times with 1 ml PBS, and permeabilized with 0.1% 
Triton X‑100 for 10 min at room temperature, followed by 
three washes with 1 ml PBS. The cells were then incubated 
overnight at 4˚C with primary antibodies against E‑cadherin 
(cat.  no.  ab40772; 1:1,000; Abcam), followed by incuba‑
tion with Alexa Fluor 488‑conjugated secondary antibodies 
(cat. no. A‑21206; 1:1,000; Thermo Fisher Scientific, Inc.) 
for 1 h at room temperature. Nuclei were stained with DAPI 
(cat. no. D1306; 1:1,000; Thermo Fisher Scientific, Inc.) for 
5 min at room temperature, followed by three washes with 
1  ml PBS, and the cells were observed and images were 
captured using an inverted fluorescence microscope (CKX53; 
Olympus Corporation).

Statistical analysis. Statistical analysis and data visualiza‑
tion were performed using GraphPad Prism 9.0 software 
(Dotmatics). The normality of the data distribution was 
assessed using the Shapiro‑Wilk test. For data that followed 
a normal distribution, comparisons between two groups were 
performed using Student's t‑test. For comparisons between 
two groups not following a normal distribution, the Wilcoxon 
rank‑sum test was used. For comparisons involving multiple 
groups, one‑way ANOVA was used, followed by Tukey's post 
hoc test to account for multiple comparisons. Data following 
a normal distribution are presented as the mean ± standard 
deviation, while data not following a normal distribution are 

expressed as median and IQR. P<0.05 was considered to indi‑
cate a statistically significant difference.

Results

PPAP2C is highly expressed in LUAD and is correlated with 
the ERK/JNK pathway and EMT‑related genes. The expres‑
sion levels of PPAP2C were lower in normal lung tissues, 
from healthy individuals (n=59), and were markedly elevated 
in LUAD tissues (n=539; P<0.001; Fig. 1A). Further analysis 
demonstrated associations between the expression levels of 
PPAP2C and the genes MAPK1, MAPK3, MAPK8, CDH1, 
CDH2 and SNAI1. Specifically, high expression of PPAP2C 
was associated with MAPK3, MAPK8, CDH1 and SNAI1 
(P<0.05, P<0.001; Fig. 1B).

Successful construction of a PPAP2C gene silencing model in 
LUAD cells. In A549 cells, RT‑qPCR was used to detect the 
mRNA expression levels of the PPAP2C gene after silencing. 
The results showed that compared with the si‑NC group, all 
three silencing targets (small interfering RNA: si‑PPAP2C#1, 
si‑PPAP2C#2 and si‑PPAP2C#3) significantly reduced the 
mRNA expression levels of PPAP2C, with si‑PPAP2C#1 
showing the greatest reduction (P<0.001; Fig.  2A). The 
RT‑qPCR results in H1299 cells were similar to those in A549 
cells, showing significant downregulation of PPAP2C across 
all three silencing targets, with si‑PPAP2C#1 showing the most 
significant silencing effect (P<0.001; Fig. 2B). At the protein 
level, western blot analysis in A549 cells revealed that PPAP2C 
protein expression was significantly reduced after silencing, 
with both the si‑PPAP2C#2 and si‑PPAP2C#1 groups showing 
marked downregulation compared with that in the si‑NC 
group (P<0.01 and P<0.001; Fig. 2C). The results of western 

Figure 1. High expression of PPAP2C in LUAD, and its correlation with the ERK/JNK pathway and EMT‑related genes. (A) Expression levels of PPAP2C were 
compared between normal tissues (n=59) and LUAD tissues (n=539). (B) Correlation between PPAP2C expression levels and the expression of genes, including 
MAPK1, MAPK3, MAPK8, CDH1, CDH2 and SNAI1, in groups with high and low PPAP2C expression. The comparison of PPAP2C expression levels 
between normal and LUAD tissues was conducted using the Wilcoxon rank‑sum test. *P<0.05, ***P<0.001. LUAD, lung adenocarcinoma; ns, not significant; 
PPAP2C, phospholipid phosphatase 2.
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blotting in H1299 cells demonstrated a similar trend to that 
in A549 cells, with a significant reduction in PPAP2C protein 
expression after silencing, with si‑PPAP2C#2 showing the 
most pronounced downregulatory effect (P<0.001; Fig. 2D). 
As si‑PPAP2C #1 and si‑PPAP2C #2 showed the most effec‑
tive silencing, they were selected for subsequent experiments.

Silencing of the PPAP2C gene inhibits the migration and 
invasion of LUAD cells. After PPAP2C silencing, the 
migratory capability of A549 and H1299 cells significantly 
decreased within 24 h, and the relative migration rate was 
significantly lower than that of the si‑NC group (P<0.001; 
Fig.  3A). Additionally, the invasive ability of A549 and 
H1299 cells was markedly reduced after PPAP2C silencing, 
as evidenced by a significant decrease in the number of 

invasive cells per field compared with that in the si‑NC group 
(P<0.001; Fig. 3B).

Silencing of PPAP2C significantly inhibits the activity of the 
ERK/JNK signaling pathway. Western blot analysis detected 
the protein expression levels of ERK and JNK, as well as 
their phosphorylated forms (p‑ERK and p‑JNK), showing a 
significant reduction in phosphorylation levels of both ERK 
and JNK in the si‑PPAP2C#1 and si‑PPAP2C#2 groups 
compared with those in the si‑NC group (P<0.001; Fig. 4A). 
The RT‑qPCR results indicated that, compared with those in 
the si‑NC group, the mRNA expression levels of the ERK/JNK 
downstream genes Fos and Jun were significantly reduced in 
the si‑PPAP2C#1 and si‑PPAP2C#2 groups (P<0.001; Fig. 4B). 
Molecular docking results demonstrated that there were clear 

Figure 2. Construction of PPAP2C gene silencing model in lung adenocarcinoma cells. Reverse transcription‑quantitative PCR analysis of mRNA expression 
levels of PPAP2C in (A) A549 and (B) H1299 cells following silencing. Western blot analysis of PPAP2C protein levels in (C) A549 and (D) H1299 cells 
following silencing. The experiments were repeated three times. **P<0.01, ***P<0.001. NC, negative control; PPAP2C, phospholipid phosphatase 2; si, small 
interfering.
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binding sites between PPAP2C and ERK1, involving specific 
amino acid residues such as LYS‑332, ILE‑62, GLN‑322 
and HIS‑54 (Fig. 4C). Furthermore, co‑immunoprecipitation 
experiments confirmed the interaction between PPAP2C and 
ERK1 in both H1299 and A549 cell lines compared with the 
control IgG (P<0.001; Fig. 4D).

PPAP2C gene silencing inhibits EMT in LUAD cells. 
Western blot analysis of N‑cadherin, E‑cadherin and Snail 
revealed that the protein levels of N‑cadherin and Snail were 
significantly reduced, whereas E‑cadherin protein levels were 
significantly increased in the si‑PPAP2C#1 and si‑PPAP2C#2 
groups compared with those in the si‑NC group (P<0.001; 
Fig. 5A). Immunofluorescence staining further confirmed the 
elevated expression of E‑cadherin in the si‑PPAP2C#1 and 
si‑PPAP2C#2 groups, as evidenced by the markedly enhanced 
fluorescence signal (Fig. 5B).

Discussion

LUAD is the most common subtype of lung cancer that is 
characterized by high invasiveness and metastatic potential, 

which contributes to its high mortality rates despite advance‑
ments in diagnosis and treatment  (4,18). PPAP2C is a PA 
phosphatase that exhibits aberrant expression in various 
tumors, such as LUAD  (10) and endometrial cancer  (19), 
and is closely associated with tumor progression and prog‑
nosis (10,20). The ERK/JNK pathway serves a critical role 
in cell proliferation, differentiation, migration and apoptosis, 
and has been shown to be closely linked to tumorigenesis 
and development in various types of cancer, such as LUAD 
and breast cancer  (15,21). EMT is a crucial process by 
which tumor cells acquire invasive and migratory capabili‑
ties (22,23). The A549 cell line is derived from human LUAD 
and harbors a KRAS mutation, making it an ideal model for 
studying the RAS‑ERK pathway. This is because the KRAS 
mutation activates the ERK signaling pathway, affecting cell 
proliferation and migration. By contrast, the H1299 cell line 
is also derived from LUAD but lacks the p53 gene, an impor‑
tant tumor suppressor gene. The absence of p53 simulates 
common genetic defects found in LUAD (24,25). Therefore, 
A549 and H1299 cells were used for the present experiments. 
This study investigated the expression of PPAP2C in LUAD, 
and its association with the ERK/JNK signaling pathway and 

Figure 3: Silencing of PPAP2C significantly inhibits migration and invasion of lung adenocarcinoma cells. (A) Wound healing assay was performed to assess 
the effect of PPAP2C silencing on the migration of A549 and H1299 cells. (B) Transwell invasion assay was conducted to assess the effect of PPAP2C silencing 
on the invasion of A549 and H1299 cells. The experiments were repeated three times. ***P<0.001. NC, negative control; PPAP2C, phospholipid phosphatase 
2; si, small interfering.
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EMT‑related genes, aiming to elucidate the role of PPAP2C in 
the progression of LUAD.

Previous studies have demonstrated that PPAP2C is 
highly expressed in various tumors, and its elevated levels 
are closely associated with increased tumor invasiveness and 
poor prognosis  (8,19). For example, in breast cancer, high 
expression of PPAP2C can promote cancer cell proliferation 

and migration (8). In the present study, it was revealed that 
PPAP2C was significantly upregulated in LUAD tissues 
compared with that in normal lung tissues. This finding aligns 
with previous studies on other types of cancer (20,26), further 
suggesting that PPAP2C may serve a promotive role in LUAD 
progression (10), and providing a potential target for a more 
precise diagnosis and the treatment of LUAD.

Figure 4. Silencing of PPAP2C significantly inhibits the activity of the ERK/JNK signaling pathway. (A) Western blotting was used to detect the phosphoryla‑
tion status and total protein levels of ERK and JNK. (B) Reverse transcription‑quantitative PCR was used to detect the mRNA expression levels of Fos and 
Jun genes after PPAP2C silencing. (C) Molecular docking shows the binding sites between PPAP2C and ERK1, PPAP2C is represented as a dark blue model, 
while ERK1 is depicted as a cyan model. (D) Co‑immunoprecipitation was used to detect the interaction between PPAP2C and ERK1. Input refers to the total 
protein samples that have not undergone co‑immunoprecipitation treatment; IgG was used as a negative control. The experiments were repeated three times. 
***P<0.001. NC, negative control; p‑, phosphorylated; PPAP2C, phospholipid phosphatase 2; si, small interfering; IP, immunoprecipitation.
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The ERK/JNK signaling pathway, as a critical branch of 
the MAPK signaling pathway, has been reported to be aber‑
rantly activated in various types of cancer, such as intrahepatic 
cholangiocarcinoma (27) and colon cancer (28), promoting 
tumor cell proliferation and metastasis (14,29). The MAPK1, 
MAPK3 and MAPK8 genes encode the ERK2, ERK1 and 
JNK1 proteins, respectively (30,31). Research has shown that 
inhibiting EMT can significantly reduce the invasiveness of 
cancer cells (32,33). CDH1, CDH2 and SNAI1 are important 
genes closely related to EMT. CDH1 encodes E‑cadherin, 
which is primarily expressed in epithelial cells, maintaining 
cell‑cell adhesion and epithelial morphology, while CDH2 
encodes N‑cadherin, which is mainly expressed in mesen‑
chymal cells, promoting cell migration and invasion  (34). 
SNAI1 encodes the Snail transcription factor, which drives 
EMT by inhibiting E‑cadherin expression and promoting 
N‑cadherin expression (35). It has been demonstrated that 
PCSK9 promotes EMT and migration of tumor cells in 
colorectal cancer by upregulating Snail and downregulating 
E‑cadherin (36). The present study revealed that high PPAP2C 
expression was associated with genes such as MAPK3, 

MAPK8, CDH1 and SNAI1, suggesting that PPAP2C may 
interact with the ERK/JNK pathway and EMT‑related genes 
to promote LUAD progression.

It has been reported that inhibiting the ERK/JNK pathway 
can significantly reduce the invasiveness and migratory 
capabilities of tumor cells (37). The present results showed 
that silencing PPAP2C significantly reduced the migration 
and invasion of LUAD cells, indicating that PPAP2C may be 
critical in enhancing the migration and invasion of LUAD cells 
by modulating key signaling pathways. Although the current 
study identified the roles of PPAP2C in inhibiting LUAD cell 
metastasis by silencing the gene, the lack of a pharmacological 
inhibitor treatment group prevents a comprehensive evaluation 
of its potential application in clinical therapy. Future research 
should consider establishing a treatment group using known 
chemotherapeutic agents as a positive control to confirm the 
therapeutic efficacy and further clarify the clinical significance 
of PPAP2C as a potential therapeutic target. Additionally, 
the absence of a Transwell migration assay may lead to an 
incomplete understanding of the specific role of PPAP2C 
in cell migration; therefore, future studies should consider 

Figure 5. PPAP2C gene silencing inhibits the expression of epithelial‑mesenchymal transition markers. (A) Western blot analysis of N‑cadherin, E‑cadherin 
and Snail protein levels. (B) Immunofluorescence staining was performed to detect E‑cadherin expression and localization in cells; magnification, x400. The 
experiments were repeated three times. ***P<0.001. NC, negative control; PPAP2C, phospholipid phosphatase 2; si, small interfering.
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incorporating this assay to further validate and strengthen the 
conclusions of this research.

Fos and Jun are key downstream transcription factors of 
the ERK/JNK signaling pathway, regulated by the activation 
of ERK and JNK, respectively (38). ERK1/2 can promote 
cell proliferation by phosphorylating transcription factors, 
such as c‑Fos and Elk‑1. Furthermore, JNK1 can regulate 
gene expression by phosphorylating c‑Jun and ATF2, thereby 
participating in apoptosis and stress responses (39,40). The 
present study demonstrated that the phosphorylation levels 
of ERK and JNK were significantly decreased following 
PPAP2C silencing. PPAP2C silencing also led to a significant 
reduction in the mRNA expression levels of Fos and Jun 
genes, further demonstrating that PPAP2C may influence 
the expression of downstream transcription factors through 
regulation of the ERK/JNK signaling pathway. Additionally, 
a clear binding site was identified between PPAP2C and 
ERK1, and the co‑immunoprecipitation assay confirmed 
their physical interaction in both H1299 and A549 cell lines, 
further corroborating the interaction between PPAP2C and 
ERK1. Based on the aforementioned experimental data, 
it may reasonably be inferred that there is a direct interac‑
tion between PPAP2C and ERK1, and this interaction may 
promote the activation of ERK1. However, these findings are 
primarily based on in vitro cell experiments. Although the 
results indicated a significant interaction between PPAP2C 
and ERK1, further in vivo studies are needed to validate this 
mechanism. As there are currently no reports on the specific 
mechanism by which PPAP2C affects ERK1, to the best of 
our knowledge, there is no literature to support this finding 
at present.

The expression of Fra1 is associated with mesenchymal 
characteristics in epithelial tumors, and it has been shown 
that dephosphorylated JNK2 can increase Fra1 expression by 
promoting the expression of c‑Jun and Jun‑B (41). Additionally, 
it has been reported that haploinsufficiency of Gata3, a cell 
cycle inhibitor, in p18Ink4c‑deficient mice can upregulate 
Fra1 and downregulate c‑Fos, leading to EMT activation and 
promoting the initiation and metastasis of breast tumors (42). 
The present study suggested that PPAP2C may influence EMT 
through the ERK/JNK signaling pathway. While the current 
study provides strong evidence that PPAP2C influences EMT 
markers by modulating the ERK/JNK signaling pathway and 
its downstream transcription factors Jun and Fos, the exact 
molecular mechanisms remain unclear. Future research should 
focus on elucidating the direct target genes regulated by Jun 
and Fos during EMT, and how PPAP2C modulates these 
pathways. A deeper understanding of these mechanisms may 
provide novel therapeutic targets for diseases involving EMT, 
such as cancer metastasis.

EMT is a critical process by which tumor cells acquire 
migratory and invasive capabilities, characterized by a 
decrease in the epithelial marker E‑cadherin, and an increase 
in the mesenchymal markers N‑cadherin and Snail (32,43). 
Studies have shown that modulating the expression of 
E‑cadherin and N‑cadherin can significantly impact the 
invasiveness of tumor cells  (44,45). The current study 
demonstrated that silencing the PPAP2C gene in LUAD 
cells significantly reduced the protein levels of N‑cadherin 
and Snail, while significantly increasing the protein levels 

of E‑cadherin. This indicated that PPAP2C may enhance 
the invasiveness and migratory abilities of LUAD cells by 
promoting the EMT process. Immunofluorescence staining 
further confirmed this finding, showing that E‑cadherin 
expression and localization were notably enhanced after 
PPAP2C silencing. These findings suggested that silencing 
the PPAP2C gene may reverse the EMT process by restoring 
E‑cadherin expression, and reducing the levels of N‑cadherin 
and Snail, thereby decreasing the invasiveness and migratory 
capabilities of LUAD cells. Therefore, targeting PPAP2C 
could be a promising strategy to inhibit EMT and tumor 
metastasis in LUAD. However, the exact mechanism by 
which PPAP2C influences EMT has not been fully elucidated 
in the current study.

Despite the important insights provided by the present 
study into the critical role of PPAP2C in LUAD, several 
limitations should be acknowledged. Firstly, the study 
primarily validated the role of PPAP2C in LUAD through 
in vitro cell experiments, which limits the ability to fully 
understand the in vivo mechanisms of PPAP2C in LUAD 
progression. Secondly, immunohistochemistry and qPCR 
experiments were not performed on actual human LUAD 
tissue samples. Due to the lack of sufficient clinical samples, 
the expression levels of PPAP2C could not be verified in 
LUAD tissues and the consistency with the in vitro findings 
could not be assessed. In future studies, we aim to collect 
and analyze clinical data from patients with LUAD, using 
survival analysis, multivariate regression analysis and 
metastasis risk assessment methods to evaluate whether 
PPAP2C can serve as an independent prognostic marker 
and a predictor of metastatic risk. Additionally, we aim to 
explore its relationship with other clinical characteristics, 
such as tumor staging and treatment response. These studies 
will help clarify the role of PPAP2C in LUAD progres‑
sion and provide new insights for personalized treatment. 
Therefore, future research should consider using animal 
models and clinical data to more comprehensively validate 
the key role of PPAP2C in LUAD and to assess its potential 
as a therapeutic target.

In conclusion, the present study revealed that PPAP2C 
was highly expressed in LUAD, and could enhance the migra‑
tion and invasion of LUAD cells by activating the ERK/JNK 
signaling pathway and promoting the EMT process, thus 
highlighting its potential as a critical target for therapeutic 
intervention in LUAD.
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