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Purpose: Lung cancer is one of the most commonly diagnosed cancer as well as the leading
cause of cancer-related mortality worldwide, among which lung adenocarcinoma (LUAD) is
the most frequent form of lung cancer. Previous studies have shown that 15-
hydroxyprostaglandin dehydrogenase (15-PGDH) catalyzes the oxidation of prostaglandins
to reduce their biological activities and behaves as a tumor suppressor in various cancers.
Thus, we aimed to systematically examine the effects of 15-PGDH overexpression on
cellular processes in lung adenocarcinoma cells.

Methods: The stable 15-PGDH-overexpressing A549 cell line was constructed using lentivirus
particles. CCK-8 assay was used to determine the cell proliferation rate and sensitivity to
cisplatin. Tandem mass tag (TMT)-based quantitative proteomic analysis was used to identify
differentially expressed proteins between control and 15-PGDH-overexpression cells. The cell
cycle was determined by a flow cytometer. The expression levels of mesenchymal and epithelial
markers were measured using Western blotting. Wound healing and transwell assays were used
to detect the cell migration and cell invasion ability, respectively.

Results: Analysis of datasets in The Cancer Genome Atlas revealed that the PGDH gene
expression level in the lung adenocarcinoma tissues was significantly lower than that in the
pericarcinous tissues. 15-PGDH overexpression in A549 cells reduced cell proliferation rate.
Quantitative proteomics revealed that 15-PGDH overexpression inhibited PI3K/AKT/mTOR
signaling pathway, which is a signaling pathway driving tumor cell growth and epithelial-
mesenchymal transition (EMT) process. In addition, both cell cycle and DNA repair-related
proteins were down-regulated in 15-PGDH overexpressed cells. 15-PGDH overexpression
induced G1/S cell cycle arrest and increased susceptibility to DNA damaging reagent
cisplatin. Importantly, overexpression of 15-PGDH inhibited EMT process with the down-
regulation of B-catenin and Snail-1 as well as upregulation of E-cadherin and ZO-1.
Conclusion: 15-PGDH is a tumor suppressor in lung cancer and may serve as a potential
therapeutic target to prevent lung adenocarcinoma.

Keywords: 15-PGDH, proteomics, lung adenocarcinoma, cell proliferation, cell cycle arrest,
epithelial-mesenchymal transition

Introduction

Lung cancer is one of the most commonly diagnosed cancers over the world.' In
2020, new cases of lung cancer account for 11.4% of total cancer cases.' Lung
adenocarcinoma (LUAD) is the most common subtype of lung cancer and the only
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form of lung cancer, which non-smokers develop.”® The
5-year survival rate of lung cancer is still low, varying
from 4% to 17% depending on the stage and regional
differences.* Nearly 70% of lung cancer patients are diag-
nosed with locally advanced or metastatic diseases, which
emphasizes the necessity of early diagnosis for lung
cancer.” What is worse, many patients died of recurrent
lung cancer even with early diagnosis and optimal
treatment.® ® Thus, further investigation of therapeutic tar-
gets that are associated with the tumorigenesis and pro-
gression of lung cancer is urgently required.

shown  that  15-
(15-PGDH) s
a NAD"-dependent dehydrogenase that catalyzes the oxi-

Previous studies have

hydroxyprostaglandin ~ dehydrogenase

dation of prostaglandins and lipoxins, generating 15-keto
derivatives with much reduced biological activities.”'°
Recently, accumulating attentions have been drawn to the
vital role of 15-PGDH in tumorigenesis and progression.
Emerging evidence has indicated that 15-PGDH was
down-regulated in various cancers, including lung cancer,
breast cancer, colorectal cancer, etc.''™'* Moreover, in
non-small cell lung cancer and pancreatic ductal adenocar-
cinoma, a low expression level of 15-PGDH is associated
with poor prognoses.'*'> The low expression of 15-PGDH
correlated with high microvessel density, a standard quan-
tification of angiogenesis, which indicated that 15-PGDH
may improve the prognosis of non-small cell lung cancer
through an anti-angiogenic mechanism.'* For breast can-
cer and gastric cancer patients, the low expression of 15-
PGDH is associated with reduced overall survival.'®!” In
addition, the expression level of 15-PGDH is associated
with drug resistance.'® The down-regulated expression
level of 15-PGDH is related to tamoxifen resistance and
decreases overall survival in ERa-positive breast cancer
patients.'® 15-PGDH knockout markedly increased colon
tumorigenesis and sensitized C57BL/6J mice to carcino-
gen azoxymethane.'? Accordingly, mice injected with lung
adenocarcinoma AS549 cells expressing wild-type 15-
PGDH prevented lung cancer through down-regulating
the expression of CD44 and Bcl-2."" Similar researches
were conducted in colon carcinomas and breast cancer,
which showed inhibition of tumor growth by 15-PGDH
overexpression.'>'® These findings indicate the important
role of 15-PGDH in tumor progression and treatment.
However, few studies have systematically examined the
effects of 15-PGDH overexpression on cellular processes,
including cell cycle and epithelial-mesenchymal transition
(EMT), especially in lung adenocarcinoma.

In the present study, we established a stable cell line, in
which 15-PGDH was overexpressed for comprehensively
determining the effects of 15-PGDH on protein expression
and biological processes. Our data showed that 15-PGDH
was a key regulator in lung adenocarcinoma and may
serve as a potential therapeutic target in lung cancer
prevention.

Materials and Methods
Cell Culture

The human lung adenocarcinoma cell line, A549, and
human embryonic kidney cell line, 293T, were obtained
from the cell bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were grown in RPMI-1640 med-
ium or Dulbecco’s Modified Eagle Medium (Wisent,
Montreal, QC, Canada) and incubated at 37°C with 5%
CO..
(Wisent) and 1% penicillin/streptomycin (Wisent).

The medium was supplemented with 10% FBS

Establishment of Stable |5-PGDH

Overexpression Cell Line

Human PGDH cDNA was obtained from the A549 cell
line. A Flag-tag was added at the C-terminus and the
recombinant human PGDH DNA was cloned into PLVX-
IRES-ZsGreenl lentiviral vector. 293T cells were trans-
fected with PLVX-IRES-ZsGreenl or PLVX-PGDH-IRES
-ZsGreenl, respectively. The supernatants were concen-
trated using polyethylene glycol (PEG) 6000 and precipi-
tated lentiviral particles were resuspended in PBS. A549
cells were then infected by lentiviral particles along with 5
pg/mL polybrene (Sigma, St Louis, MO, USA) and sorted
by a flow cytometer. A single green fluorescent protein
(GFP)-positive cell was seeded into a 96-well plate.
A clone with intense and uniform GFP expression was
chosen for further experiments.

Western Blotting Analysis

Empty vector (EV) and 15-PGDH overexpression (PGDH
(1)) cells were harvested and lysed for 30 min on ice with
RIPA lysis buffer (Solarbio, Beijing, China), supplemented
with 1% Protease Inhibitor Cocktail (Thermo Fisher
Scientific, Rockford, IL). Supernatants were collected after
centrifugation at 12,000 rpm for 20 min at 4°C. After con-
centration determined with BCA protein assay kit
(Solarbio), proteins were separated by 12% SDS-PAGE
gels and transferred onto PVDF membranes. Western blot-
ting analysis followed a standard procedure. PB-Actin
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antibody was purchased from Cell Signaling Technology
(Danvers, MA, USA) and used as an internal control. Flag
antibody was purchased from Sigma. Primary antibodies
against P-catenin, E-cadherin, and Snaill were purchased
from Cell Signaling Technology. ZO-1 antibody was
obtained from Proteintech (Chicago, IL, USA). DTL anti-
body was purchased from Bioss (Beijing, China).
KIAAO0101 antibody was purchased from Solarbio. EXOL1
antibody was purchased from cloud-clone (Wuhan, China).

Quantitative Real-Time PCR (qPCR)

Total RNA was extracted from EV and PGDH(+) cells using
the RNAprep Pure Cell Kit (Tiangen, Beijing, China). cDNA
was then synthesized by the TIANScript RT kit (Tiangen).
qPCR was performed using the Roche LightCycler®™ 48011
Detection System with SYBR green (Tiangen), and f-ACTIN
was used as an internal control. All primers were acquired
from Primer Bank (http://pga.mgh.harvard.edu/primerbank/)

and listed in Supplementary Table 1.

Cell Proliferation Rates Determined by

CCK-8

Cells were seeded in 96-well plates with 2000 cells/well.
Cell proliferation rates were determined using Cell
Counting Kit-8 (CCK-8) (Dojindo
Kumamoto, Japan). CCK-8 reagent was added to each
well and incubated at 37°C for 2 h. Optical density (OD)
was measured at 450 nm with a microplate reader (Bio-
Rad, Hercules, USA).

Laboratories,

Tandem Mass Tag (TMT)-Based

Quantitative Proteomic Analysis

Equal amounts of protein (200 pg) were extracted from
EV and PGDH(+) cells and reduced by dithiothreitol
(Merck, Whitehouse Station, NJ) at 5 mM for 60 min at
room temperature and alkylated with 12.5 mM iodoaceta-
mide (Sigma, St Louis, MO) for 45 min in the dark at
room temperature. In-solution digestion was then carried
out with trypsin (Promega, Fitchburg, WI) for 14 h at 37
°C and peptides were desalted using Sep-Pak C18 car-
tridges, and labeled by TMT 6-plex reagents (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. The TMT labeled peptides were mixed and desalted
with Sep-Pak C18 cartridges (Waters, Milford, MA) fol-
lowed by HPLC separation. The collected eluents were
concatenated in 12 fractions and all the fractions were
dried down using SpeedVac and dissolved in 0.1% formic

acid for liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis.

For LC-MS/MS analysis, TMT-labeled peptides were
separated at a flow rate of 0.3 pL/min with a Thermo-
Dionex Ultimate 3000 HPLC system that was directly
interfaced with a Thermo Orbitrap Fusion Lumos mass
spectrometer. The analytical column was a homemade
fused silica capillary column (75 pm inner-diameter,
150 mm length; Upchurch, Oak Harbor, WA, USA) and
packed with C-18 resin (300 A, 5 pum; Varian, Lexington,
MA, USA). Mobile phase A consisted of 0.1% formic
acid, and mobile phase B consisted of 100% acetonitrile
and 0.1% formic acid. The Thermo Orbitrap Fusion
Lumos mass spectrometer was operated in the data-
dependent acquisition mode using Xcalibur 4.0.27.10
software.

Peak lists from LC-MS/MS analysis were generated
with the SEQUEST searching algorithm using Proteome
1.4;
Scientific). Spectra were searched against the UniProt

Discoverer software (version Thermo Fisher
human reference proteome (released on March 17,
2017, containing 21,042 entries) using an in-house
Proteome Discoverer Searching Algorithm (version 1.4;
Thermo Fisher Scientific). The search criteria were as
follows: full tryptic specificity was required; two missed
cleavage sites were allowed; oxidation of methionine,
deamidation at asparagine and glutamine were set as
variable  modifications;  carbamidomethylation  of
cysteine, TMT 6-plex at lysine or protein N-terminus
were set as the fixed modifications; precursor ion mass
tolerance was 20 ppm and fragment ion mass tolerance
was 20 mmu. Peptide false discovery rate (FDR) was
estimated using Proteome Discoverer, with a cutoff score
of 1%. Relative protein quantification was performed
with Proteome Discoverer 1.4 software based on the
reporter ion intensities per peptide. Protein ratios were
calculated as the median of all peptide hits belonging to
a protein. Proteins with fold-change >1.5 or <0.67 were

considered differentially expressed.

Immunoprecipitation Followed by LC-MS/
MS Analysis

Equal amounts of proteins from EV and PGDH(+) cells were
incubated with Anti-FLAG M2 Affinity Gel (Sigma, St
Louis, MO) at 4
h incubation, the beads were washed and boiled with 4x
loading buffer (Solarbio) followed by 1D SDS-PAGE

°C in a rotary wheel. After 6
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separation. In-gel digestion was then carried out following
a standard procedure. Briefly, the gel was excised, reduced
with 25 mM dithiothreitol and alkylated with 55 mM iodoa-
cetamide followed by trypsin digestion for 14 h at 37 °C.
The peptides were extracted twice with 0.1% formic acid in
50% acetonitrile aqueous solution and the volume was
reduced using speedvac. LC-MS/MS was used for analysis.
Protein identification was carried out using Proteome
Discoverer Searching Algorithm (Version 1.4). The label-
free quantitation method was used to determine 15-PGDH-
interacting proteins. When a protein was only identified in
PGDH(+) cells with spectra counts >5 or the ratio of the
spectra counts for a protein in immunoprecipitated samples
from PGDH(+) and EV cells was higher than 5, the protein
was considered as 15-PGDH-interacting proteins.

Cell Cycle Analysis for EV and PGDH(+)

Cells

EV and PGDH(+) cells were seeded into 6-well plates.
After 36 h incubation, cells were trypsinized, washed
twice with PBS, and fixed with 70% ethanol at 4°C over-
night. The cells were centrifuged and resuspended in PBS,
treated with RNase and stained with Propidium Iodide
(Solarbio). Cell cycle was measured with a BD
FACSAria 11 Flow Cytometer (BD Biosciences, San
Jose, CA, USA). The percentage of cells in each cell
cycle phase was assessed using Modfit software.

Susceptibility of EV and PGDH(+) Cells to
Cisplatin

EV and PGDH(+) cells were seeded into 96-well plates with
4000 cells/well. After 36 h incubation, cells were treated
with cisplatin (Selleck, Houston, TX) in triplicate for 30
h. CCK-8 reagent was added to each well and incubated at
37 °C for 2 h. OD was measured at 450 nm with a microplate
reader (Bio-Rad). Cell viability was represented as the per-
centage of viable cells compared to untreated cells.

Wound Healing Assay

EV and PGDH(+) cells were seeded into 6-well plates.
When the cell confluence reached 95%, a sterile 200 pL
pipette tip was used to scratch the cells to generate
a wound. Cells were then cultured in RPMI-1640 supple-
mented with 2% FBS. Closures of these wounds were
imaged at 0 and 48 h with a Nikon microscope
(Olympus Corporation, Tokyo, Japan). The wound area

was evaluated by Image] software version 1.52k

(National Institutes of Health, Bethesda, MD, USA).

Transwell Invasion Assay

Transwell invasion assay was performed using 8-pm-pore
transwell chambers (Corning, New York, NY). Briefly, EV
and PGDH(+) cells were starved for 12 h. Then, cells were
trypsinized, washed twice with serum-free medium, and
resuspended in serum-free medium. Cells were counted
and seeded into the upper insert of the transwell chamber
while RPMI-1640 medium containing 10% FBS were
added to the lower chamber. Cells were then incubated at
37°C with 5% CO,. Cells that invaded through the
Matrigel (Solarbio, Beijing, China)-coated membrane
were trypsinized and CCK-8 reagent was added to treated
cells and incubated at 37°C for 2 h. Optical density (OD)
was measured at 450 nm with a microplate reader.

Statistical Method

GraphPad Prism 7.0 software (La Jolla, CA, USA) was
used for statistical analysis. Significant differences were
determined using Student’s ¢-test. p-value <0.05 was con-
sidered significant.

Results

PGDH is Downregulated in Multiple
Tumors Compared with Normal Tissues
Analyzing datasets from The Cancer Genome Atlas (TCGA)

with GEPIA website (http://gepia.cancer-pku.cn),’” we
found that PGDH was significantly lower in the majority

of tumor tissues compared with paired normal tissues
(Supplementary Figure 1A). We next analyzed PGDH gene
expression in LUAD using TCGA datasets and found that
the gene expression level of PGDH was decreased approxi-

mately 2-fold in the LUAD tissues compared with normal
tissues (Figure 1A). Considering that the number of normal
samples in the TCGA database is rather small, the Genotype-
Tissue Expression (GTEx) normal sample database was
added to the analysis, and a similar result was obtained
(Figure 1B), suggesting that 15-PGDH is a tumor suppressor
in lung adenocarcinoma initiation and progression.

I5-PGDH Overexpression Inhibits Cell
Growth of A549 Cells

To study the effects of 15-PGDH overexpression on cellular
processes, we established a stable cell line in which 15-
PGDH was overexpressed in A549 cells. Lentiviral particles
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containing 15-PGDH vector were transfected into A549
cells and sorted by a flow cytometer to produce stable 15-
PGDH-overexpressing cell line (named PGDH(+) cells)
(Figure 2A and B). The control cells were transfected with
pLVX-IRES-ZsGreenl empty vector (named EV cells).
CCK-8 assay showed that there was nearly no difference
in cell growth between wild-type and EV A549 cells
(Supplementary Figure 2A). 15-PGDH overexpression in
A549 cells was confirmed by Western blotting and gPCR
(Figure 2C and D), showing an approximately 10-fold

increase of PGDH mRNA expression level. Proliferation
rates of EV and PGDH(+) cells were determined by CCK-
8 assay, showing that PGDH(+) cells grew slower than EV
cells observably from 36 h. At 96 h, the number of PGDH
(+) cells was approximately 45% less than that of EV cells
(Figure 2E). In addition, SW033291,° an inhibitor of 15-
PGDH enzyme activity, was used to treat PGDH(+) cells
and found an increased cell proliferation rate compared with
the untreated PGDH(+) cells (Supplementary Figure 2B).

TMT-Based Quantitative Proteomic
Analysis of EV and PGDH(+) A549 Cells

We next carried out the TMT-based quantitative proteomic
analysis to identify differentially expressed proteins
between EV and PGDH(+) A549 cells. Equal amounts of
protein from EV and PGDH(+) cells were digested in
solution, labeled with TMT reagents and subsequently
fractionated by HPLC. Twelve fractions were analyzed
by nano-LC-MS/MS to identify differentially expressed
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proteins (Figure 3A). We identified approximately 6000
proteins and the quantitation values were determined
based on TMT ratios. The false-positive rate threshold
was set to be 1%. Based on TMT ratios (>1.5 or <0.67),
404 proteins were differentially expressed between EV and
PGDH(+) A549 cells, with 97 proteins down-regulated
and 307 up-regulated (Supplementary Tables 2 and 3).

Gene list annotations were summarized in a pie chart
using the PANTHER bioinformatics platform (http://
www.pantherdb.org/), showing that more than a quarter

of down-regulated proteins were associated with cellular
metabolism, including nucleotide-containing compound
metabolic process, lipid metabolic process, and amino
acid metabolic process (Figure 3B). These results suggest
that 15-PGDH overexpression decreased cellular metabo-
lism, pointing out the important role of 15-PGDH in the
regulation of cellular metabolic homeostasis.

Among differentially expressed proteins, seven pro-
teins involved in cell growth and proliferation regulation
were downregulated in PGDH(+) cells, including rapamy-
cin-insensitive companion of mTOR (RICTOR), riboso-
mal protein S6 kinase beta-1 (RPS6KBI1), protein NDRG1
(NDRG1), serine/threonine-protein kinase 26 (STK26),
progranulin (GRN), proliferation-associated nucleolar pro-
tein pl20 (NOP2), and protein S100-P (S100P)
(Figure 4A). Also, the expression level of three DNA
repair-related proteins including exonuclease 1 (EXO1),
PCNA-associated factor (KIAA0101), and denticleless
protein homolog (DTL) and seven cell cycle regulation-
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Figure | Gene expression level of PGDH was lower in Lung adenocarcinoma (LUAD) tissues compared with normal tissues. (A) PGDH gene expression level analysis
between TCGA tumor samples and TCGA normal samples. (B) PGDH gene expression level analysis between TCGA tumor samples and TCGA normal + GTEx normal
samples. TPM, Transcripts Per Million. The expression data were log;(TPM+1) transformed for differential analysis. *p<0.05.
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Figure 2 15-PGDH overexpression in A549 cells suppressed cell proliferation. (A) PLVX-PGDH-IRES-ZsGreen| plasmid map visualization was performed with SnapGene
software. (B) A 15-PGDH overexpression single clone cell line with intense and uniform GFP expression (400x). (C) Western blotting analysis confirmed that |5-PGDH is
overexpressed successfully in A549 cells. (D) gPCR analysis confirmed overexpressed PGDH mRNA levels in A549 cells. (E) Growth curves of EV and PGDH(+) A549 cells
determined by CCK-8 assay. Cell proliferation rates were represented as the ratio between OD450 at a particular time point and 0 hour. All values represent mean from
three biological replicates + SEM. Data were analyzed using Student’s t-test. ***p< 0.001.

related proteins including 3'-5" RNA helicase YTHDC2
(YTHDC2), cell division cycle protein 20 homolog
(CDC20), protein PIMREG (FAM64A), borealin
(CDCAZS), zinc finger protein 318 (ZNF318), NOP2, and
RPS6KBI1 were lower in PGDH(+) cells compared with
EV cells (Figure 4B). The downregulation of these DNA
repair-related proteins (EXO1, KIAAO0101, and DTL) in
PGDH(+) cells was verified using Western blotting
(Supplementary Figure 3A).

Further, Ingenuity Pathway Analysis (IPA) software was
used to identify significantly changed canonical pathways
associated with differentially expressed proteins between
EVand 15-PGDH(+) cells. The significantly repressed cano-
nical pathways included mTOR signaling, PI3K/AKT signal-
ing, and regulation of elF4 and p70S6K signaling
(Figure 4C), which indicated that 15-PGDH overexpression
may suppress tumor cell proliferation via inhibiting PI3K/
AKT/mTOR signaling pathway. Down-regulated proteins in
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Figure 3 Quantitative proteomic study of EV and PGDH(+) A549 cells. (A) The schematic diagram of TMT-based quantitative proteomic analysis of EV and PGDH(+) A549
cells. (B) Functional classification of down-regulated proteins between EV and PGDH(+) A549 cells by PANTHER bioinformatics platform (http://www.pantherdb.org).

PGDH(+) cells were further analyzed by STRING database
to create protein interaction network.”’ We found that these
interacting proteins can be divided into three categories,
including cell growth (RICTOR, RPS6KBI1, and NDRG1),
cell cycle (CDC20, FAM64A, and CDCAS), and DNA repair
(EXOI, KIAAO0101, and DTL) (Figure 4D), indicating the
vital roles of these proteins in 15-PGDH-mediated cellular
processes and suggesting 15-PGDH overexpression affects

cell cycle regulation and sensitivity to DNA damaging che-
motherapy drugs. Further, we immunoprecipitated 15-PGDH
complexes from EV and PGDH(+) cells to identify binding
partners of 15-PGDH. 15-PGDH interacting proteins can be
divided into eight categories, including cell cycle, DNA
repair, cytoskeleton, RNA binding, tRNA ligase, chaperon,
and protein, amino acid, ion, electron transport (Figure 5).
The immunoprecipitation results suggest that 15-PGDH
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Figure 4 Proteomic analysis of EV and PGDH(+) A549 cells using IPA software and String database. (A) TMT ratios of down-regulated proteins related to cell growth and
proliferation. (B) TMT ratios of down-regulated proteins related to cell cycle and DNA repair. (C) The enriched canonical pathways of differentially expressed proteins by
IPA analysis. (D) Interaction network of down-regulated proteins between PGDH(+) and EV cells was analyzed by String software.

regulates EMT process, cell cycle, and cell susceptibility to
DNA damaging drugs by interacting with cytoskeleton, cell
cycle- and DNA repair-related proteins.

Overexpression of 15-PGDH Induces
GI/S Arrest, Increases Cell Sensitivity to

Cisplatin, and Inhibits EMT Process
Down-regulation of cell cycle-related proteins (YTHDC2,

NOP2, CDC20, FAM64A, RPS6KB1, CDCAS, and

ZNF318) suggests that 15-PGDH overexpression affects cell
cycle. To explore the effects of 15-PGDH overexpression on
cell cycle, we performed cell cycle detection for EVand PGDH
(+) cells. The result showed a significant increase in the per-
centage of PGDH(+) cells at G1 phase compared to EV cells,
with a concurrent decrease in the proportion of cells at S and
G2/M phases (Figure 6A and B). The aforementioned experi-
ment indicated that 15-PGDH overexpression induced G1/S
arrest, which contributes to the suppressed cell growth in A549
cells.
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Down-regulation of DNA repair-related proteins
(EXO1, KIAAO0101, and DTL) suggests that 15-PGDH
overexpression may render cancer cell more sensitive to
DNA damaging drugs. Cisplatin, a DNA damaging che-
motherapy drug, is an effective anti-cancer agent that is
widely used in the treatment of multiple solid tumors
including LUAD.?"? The way cells respond to DNA
damage plays a key role in cisplatin sensitivity. To exam-
ine the susceptibility of EV and PGDH(+) cells to cispla-
tin, both cells were treated with different concentrations of
cisplatin.

Dose-dependent effects of cisplatin  were

Cytoskeleton
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measured by CCK-8 assay and represented as the percen-
tage of viable cells after cisplatin treatment. The percen-
tage of viable cells was 53.70 £ 1.45% and 47.26 + 0.75%
for EV and PGDH(+) cells, respectively, after treatment
with 25 pM cisplatin for 30 h. The percentage of viable
cells decreased to 29.26% when PGDH(+) cells were
treated with 50 uM cisplatin for 30 h (Figure 6C), much
lower than the percentage of viable EV cells (46.37%) and
it demonstrated that PGDH(+) cells are extremely sensi-
tive to cisplatin treatment compared with EV cells. Taken
15-PGDH sensitize A549 cells to
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Figure 5 Identification of |5-PGDH-interacting proteins. Analysis of 15-PGDH-interacting proteins using String database.
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chemotherapy drug cisplatin, which may be caused by the
downregulated proteins associated with DNA repair.

As aforementioned, the enriched downregulated signal-
ing pathways in 15-PGDH overexpression cells included
PI3BK/AKT/mTOR, which was reported to play essential
roles in EMT.?**** Thus, we further tested whether over-
expression of 15-PGDH inhibited the EMT process.

Western blotting analysis showed that PGDH(+) cells
exhibited significantly lower expression of the mesenchy-
mal markers (Snaill and B-catenin) and higher expression
of the epithelial (ZO-1 and E-cadherin)
(Figure 6D). Wound healing and transwell assay showed

markers

that 15-PGDH overexpression significantly decreased the
cell migration and cell invasion ability (Figure 6E and F).
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Figure 6 |5-PGDH overexpression leads to GI/S arrest, increases cell susceptibility to cisplatin, and inhibits EMT process. (A) A representative cell cycle analysis
determined by flow cytometry of EV and PGDH(+) cells. (B) Cell cycle analysis of EV and PGDH(+) cells. (C) Percentage of viable cells between EV and PGDH(+) cells
treated with different concentrations of cisplatin for 30 h. (D) Western blotting of expression levels of ZO-1, B-catenin, E-cadherin, Snaill, and B-actin in EV and PGDH(+)
cells. (E) Cell migration capacity of EV and PGDH(+) cells were determined by wound healing assay. Scale bar, 200 um. (F) Cell invasion capacity of EV and PGDH(+) cells
were determined using transwell assay. All values represent mean from three biological replicates + SEM. Data were analyzed using Student’s t-test. *p < 0.05, **p < 0.01,

#kp < 0.001.
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These results suggest that 15-PGDH overexpression can
significantly inhibit the EMT process, which contributed to
the suppressed cell growth in A549 cells.

Discussion
Previous studies have shown that 15-PGDH is downregu-
lated and behaves as a tumor suppressor in various can-
cers, such as lung cancer, breast cancer, and colon
cancer.'' ' In the present study, we found that the gene
expression level of PGDH was significantly lower in lung
adenocarcinoma when compared with paired normal tis-
sues based on TCGA data analysis, pointing out the key
role of 15-PGDH in lung cancer initiation and develop-
ment. To characterize the effects of 15-PGDH overexpres-
sion on cellular processes, we established a 15-PGDH-
expressing cell line, PGDH(+) cells. 15-PGDH overex-
pression in A549 cells was confirmed by Western blotting
and qPCR. By measuring the proliferation rates of EV and
15-PGDH(+) cells, we found that PGDH(+) cells grew
much slower, demonstrating that 15-PGDH overexpres-
sion inhibited lung cancer cell growth and proliferation.
Chemotherapy is commonly used for lung adenocarci-
noma treatment. Among chemotherapeutic drugs, plati-
num-based antineoplastic agents, a class of DNA damage
drugs, are the primary therapeutics in lung adenocarci-
noma treatment.>> However, the overall survival rate of
patient remains low due to drug resistance. The increased
DNA repair pathway activity may be the reason for drug
resistance in cancers.”® In our study, we found that PGDH
(+) cells were more sensitive to cisplatin, and the expres-
sion levels of DNA repair-related proteins, EXOI,
KIAAO0101, and DTL, were down-regulated in PGDH(+)
cells. Researches have shown that EXO1 interacts with
Ku70 and affects DNA damage repair. EXO1 knockdown
sensitizes ovarian cancer cells to cisplatin and
doxorubicin.?’** KIAA0101 is overexpressed in various
human malignancies, such as lung cancer, esophageal can-

2933 and the increased

cer, and hepatocellular carcinoma,
KIAAO0101 expression level is associated with poor survi-
val and drug resistance.’'*?> KIAA0101 induced cisplatin
resistance of esophageal cancer cells by decreasing
apoptosis.’> KIAA0101 knockdown increased the sensitiv-
ity of ovarian cancer cells to cisplatin treatment through
inhibiting Wnt/B-catenin signaling pathway.’' These
results indicate that 15-PGDH activation may be a potent
strategy when facing drug resistance, mainly due to its

ability in regulating DNA damage repair pathway.

EMT is a process known as the transition of epithelial
cells to motile mesenchymal cells, which plays a vital role
in cancer progression.** In our study, we found that 15-
PGDH overexpression inhibited EMT and PI3K/AKT/
mTOR signaling pathway in PGDH(+) cells. The PI3K/
AKT/mTOR pathway is activated in the majority of can-
cers and plays an essential role in numerous biological
processes including EMT.>*%-¢ AKT is activated by
3,4,5-triphosphate  (PIP3), a -
lipid second messenger generated by PI3K, and leads to

phosphatidylinositol

the phosphorylation of mTOR that participates in the
initiation of translation of proteins essential for cell meta-
bolism, cell growth, cell cycle, and EMT through its
downstream targets, 4EBP1 and p70S6K.*>*” These
results demonstrate that 15-PGDH plays a vital role in
the prevention of lung cancer progression by inhibiting
PI3K/AKT/mTOR signaling pathway.

There are many factors that can affect cell prolifera-
tion, among which cell cycle arrest is an important factor.
In our present study, 15-PGDH overexpression is asso-
ciated with the decreased expression levels of several
DNA repair-related proteins (EXO1, KIAAO101, and
DTL), and 15-PGDH overexpression induces G1/S cell
cycle arrest. Researches have shown that EXO1 knock-
down inhibits DNA repair, induces cell cycle arrest, and
inhibits cell proliferation in astrocytoma.’® EXO1 interacts
with cell cycle regulation protein PCNA and 14-3-3 iso-
forms, which may therefore affect cell cycle.**** EXO1
knockdown decreases cell proliferation and tumorigenicity
of hepatocellular carcinoma cells while EXO1 overexpres-
sion increases cell proliferation.*! KIAA0101 knockdown
inhibits cell growth and causes G1/S cell cycle arrest in
breast cancer by promoting the interaction between p53
and Spl, which results in a decreased level of free Sp1.*
Spl can bind to the promoter and positively regulate the
expression levels of CCNE2, CDK6, and CDKN1A, which
are important regulators in cell proliferation and cell cycle
progression.** Overexpression of KIAA0101 increases cell
proliferation and reduces the proportion of cells in Gl
phase in esophageal cancer cells by upregulating the
expression levels of cyclin A and cyclin B1.>* DTL knock-
down reduces cell proliferation through inducing G2
arrest.* DTL inactivation can prevent the ubiquitination
of p53, which increases the levels of p53 and its down-
stream target p21, leading to G2 arrest.*’ These results
indicate that 15-PGDH overexpression inhibits cell prolif-
eration by inducing cell cycle arrest via decreasing the
expression levels of DNA repair-related proteins.
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In addition, EMT plays a vital role in the regulation of
cell proliferation. In our present study, we found that over-
expression of 15-PGDH downregulated the expression of
the mesenchymal marker Snaill and upregulated the
expression of the epithelial marker E-cadherin. Snaill,
a vital positive regulator in EMT and cell proliferation,
induces EMT by repressing the expression of E-cadherin
and upregulating the expression of mesenchymal genes.**
Researches have shown that in lung adenocarcinoma cells,
Snaill overexpression promotes cell proliferation by upre-
gulating the expression levels of Cyclin D1 and PCNA,
and vice versa.*> B-Catenin is also a positive regulator in
EMT and cell proliferation. B-Catenin knockdown inhibits
tumor growth of kidney cancer in nude mice by inhibiting
PCNA and Ki-67.*° In colon cancer cells, p-catenin is
abnormally activated and promotes cell proliferation
through its downstream targets, such as c-Myc, CCNDI,
and survivin.*’”* These results indicate that 15-PGDH
overexpression inhibits EMT, decreases the expression
levels of EMT regulator Snaill and B-catenin, which sub-
sequently inhibits cell proliferation.

Conclusions

Taken together, our findings provide a comprehensive view of
the effects of 15-PGDH overexpression on cellular processes,
demonstrating that 15-PGDH overexpression suppresses cell
growth, induces G1/S arrest, increases tumor cell sensitivity
to chemotherapy drug cisplatin, and inhibits EMT process in
lung adenocarcinoma A549 cells. Our data suggest that 15-
PGDH plays an essential role in lung cancer development and

indicate that chemicals like hyaluronidase,"'

which upregu-
late 15-PGDH expression level would be a potential strategy

for cancer treatment and cancer prevention.
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