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Dipeptidase-2 is a prognostic marker in lung adenocarcinoma
that is correlated with its sensitivity to cisplatin
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Abstract. Lung cancer accounts for the highest percentage of
cancer morbidity and mortality worldwide, and lung adeno-
carcinoma (LUAD) is the most prevalent subtype. Although
numerous therapies have been developed for lung cancer,
patient prognosis is limited by tumor metastasis and more
effective treatment targets are urgently required. In the present
study, gene expression profiles were extracted from the Gene
Expression Omnibus database and mRNA expression data
were downloaded from The Cancer Genome Atlas database.
In addition, TIMER 2.0 database was used to analyze the
expression of genes in normal and multiple tumor tissues.
Protein expression was confirmed using the Human Protein
Atlas database and LUAD cell lines, sphere formation assay,
western blotting, and a xenograft mouse model were used to
confirm the bioinformatics analysis. Dipeptidase-2 (DPEP2)
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expression was significantly decreased in LUAD and was
negatively associated with prognosis. DPEP2 overexpression
substantially inhibited epithelial-mesenchymal transition
(EMT) as well as LUAD cell metastasis, and limited the
expression of the cancer stem cell transformation markers,
CD44 and CD133. In addition, DPEP2 improved LUAD sensi-
tivity to cisplatin by inhibiting EMT; this was verified in vitro
and in vivo. These data indicated that DPEP2 upregulates
E-cadherin, thereby regulating cell migration, cancer stem cell
transformation, and cisplatin resistance, ultimately affecting
the survival of patients with LUAD. Overall, the findings of
the present suggest that DPEP2 is important in the develop-
ment of LUAD and can be used both as a prognostic marker
and a target for future therapeutic research.

Introduction

Lung cancer remains one of the malignancies with the highest
incidence worldwide and a major cause of cancer-related
deaths (1). Lung adenocarcinoma (LUAD) is the most
prevalent histological subtype of non-small cell lung cancer
(NSCLC), accounting for 40-55% of the cases (2,3). Although
great progress has been made in the diagnosis and treatment
of lung cancer, ~90% of lung cancer-related deaths are caused
by metastasis (4). Currently, platinum compounds including
cisplatin are first-line chemotherapy drugs for the majority
of metastatic LUAD cases (5). However, LUAD can become
resistant to treatment with additional cisplatin treatment cycles.
Therefore, it is imperative to identify targets that improve
LUAD sensitivity to chemotherapy.

One mechanism by which tumors metastasize is epithe-
lial-mesenchymal transition (EMT). During this process,
epithelial cells gain characteristics of mesenchymal cells;
this process is associated with primary tumor formation,
metastasis, and drug resistance (6). When cells undergo EMT,
they lose cell polarity and the need for cell-cell adhesion
for continued survival. In addition, mesenchymal markers,
including N-cadherin, vimentin and a-smooth muscle actin,
are upregulated, whereas epithelial markers, including
E-cadherin, are downregulated; these post-EMT cells acquire
migratory and invasive capabilities typical of mesenchymal
cells (7,8). Because these changes enable tumor metastasis,
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EMT regulators should be monitored in LUAD. For example,
CD73, ELK1, and VPS33BD have been shown to promote
LUAD progression by regulating EMT (9-11). Cancer cells that
undergo EMT invade, metastasize, and exhibit cancer stem
cell-like properties, conferring resistance to conventional and
targeted therapies (12). In addition, mesenchymal-epithelial
transition, the reverse process of EMT, plays a vital role in
stem cell differentiation and dedifferentiation (13). Although
numerous EMT regulators have been identified, other proteins
or enzymes may contribute to this transformation.

Dipeptidase-2 (DPEP2), a member of the membrane-
binding dipeptidase family (DPEP), is an extracellular enzyme
fixed on the plasma membrane by glycosyl phosphatidylino-
sitol and highly expressed in the lung, heart, and testis (14).
The DPEP family is responsible for hydrolyzing dipeptides.
For example, DPEP1 and DPEP2 can convert leukotriene D4
(LTD4) as a substrate to leukotriene E4 (LTE4), reducing
or eliminating leukotriene activity (14-16). A previous study
demonstrated that the expression of E-cadherin is increased
by DPEPI by inhibiting the LTD4 signaling pathway through
the conversion of LTD4 to LTE4 (17). In addition, DPEP1
and DPEP3 have the ability to cleave cystinyl-bis-glycine
to cysteine and glycine (14,15,18). Another related study
suggested that DPEP1 is upregulated by dexamethasone in
a glucocorticoid receptor-dependent manner to hydrolyze
glutathione, thereby increasing dexamethasone sensitivity to
ferroptosis (19). Notably, DPEPI is the only enzyme known, to
date, that is capable of hydrolyzing f-lactam substrates (14,18).
However, the effects of members of the DPEP family, which
hydrolyze substrates, remain to be fully elucidated and require
further investigation.

A previous study indicated that macrophage DPEP2 can
alleviate coxsackievirus B3-induced myocarditis by acting as
aregulator of the NF-kB inflammatory signaling pathway (20).
Recent studies have revealed that DPEP2 can be used as one
of the risk-scoring factors of fatty acid metabolism genes in
LUAD (21) and DPEP2 may constitute an immune indicator of
LUAD (22). In addition, other DPEP family members have also
been identified to be highly expressed in cancers. For instance,
DPEP3 is associated with tumor-initiating cells in epithelial
ovarian carcinoma (23). In addition, studies have shown that
DPEP3 co-locates and forms a physical complex with TEX101
on the surface of murine testicular germ cells, which may be
related to male infertility (24,25). Notably, DPEP1 exhibited
the greatest degree of overexpression in colorectal cancer and
knockdown of DPEPI significantly increased cell apoptosis
and attenuated cell proliferation as well as invasion (26,27).
Similar studies have shown that DPEP1 is a biologically-related
gene in pancreatic ductal adenocarcinoma with prognostic
and therapeutic significance and overexpression of DPEP1
suppressed tumor cell invasiveness and increased sensitivity
to chemotherapeutic agent gemcitabine (28). Furthermore,
DPEPI1 has been revealed to be highly expressed in hepato-
blastoma and promoted the progression of hepatoblastoma via
activating the phosphatidylinositol-3-kinase/Akt/mammalian
target of rapamycin signaling (29). However, the expression,
functions and mechanisms of DPEP2 in cancer, particularly in
LUAD, remain poorly understood.

Therefore, in the present study the role of DPEP2 in
LUAD was explored. DPEP2 expression in LUAD samples

was analyzed with the use of public databases. The analysis
included the gene, nRNA, and protein levels, and assessed the
prognostic capabilities of DPEP2. Furthermore, the effects of
DPEP2 in LUAD were investigated, both in vitro and in vivo,
for the identification of targets which are able to disrupt EMT
and metastasis. The present study highlighted the key role of
DPEP2 in LUAD metastasis, and supports the clinical moni-
toring of this marker for assessment of prognosis.

Materials and methods

Patient datasets. As previously described (30), the gene
expression profile GSE31210 (including 226 LUAD samples
and 20 adjacent non-tumor samples) was downloaded from the
Gene Expression Omnibus (GEO) database (https:/www.ncbi.
nlm.nih.gov/) for analysis (31,32). The inclusion criteria were
as follows: i) The dataset only included LUAD tissue; ii) only
included patients with LUAD; iii) was derived from human
samples; iv) included a large number of patients between the
ages of 30 and 70, as required by the study design; v) inclu-
sion of stage I and II patients with LUAD, with =50 patient
samples per stage; and vi) used high-throughput gene chips or
sequencing technology. The exclusion criteria were as follows:
i) The dataset contained a large number of missing or abnormal
values; ii) the number of samples in each pathological stage of
LUAD was limited in the dataset.

Furthermore, mRNA expression data, matched genome
and clinical information (including 535 LUAD samples and
59 adjacent non-tumor samples) were downloaded from The
Cancer Genome Atlas (TCGA) database (http://cancergenome.
nih.gov/) for further analytical verification. The inclusion
criteria were as follows: i) The data of the samples were sourced
from TCGA database; ii) consisted of LUAD samples; iii) the
inclusion of mRNA expression data, matched genome data,
and clinical information; iv) complete clinical information
including pathological stage, differentiation degree, survival
time, sex, age, etc.; v) the mRNA expression data was assessed
using RNA-seq technology and included high-quality expres-
sion data (such as RPKM, FPKM, etc.); and vi) the genomic
data were matched and the gene annotation information was
the latest. The exclusion criteria were as follows: i) The data of
samples were limited; ii) the quality of the expression data was
poor, including lowly-expressed genes, missing values, etc.;
and iii) the genomic data did not match, or gene annotation
information was incomplete.

The gene amplification and mutation status of DPEP2 was
obtained using cBioPortal for Cancer Genomics (http:/www.
cbioportal.org/). Briefly, the module of ‘Query-Lung-Lung
Adenocarcinoma (TCGA, Nature 2014)’ was selected on the
homepage, ‘Query By Gene’ was clicked, ‘DPEP2’ was entered,
and ‘Submit Query’ was then clicked to submit the analysis.
The Human Protein Atlas (HPA) database (http:/www.
proteinatlas.org/) was used to verify the expression of DPEP2
in LUAD. Briefly, ‘DPEP2’ was entered in the homepage for
query, ‘TISSUE’ and then ‘LUNG’ was selected to obtain the
normal group images; in addition, ‘PATHOLOGY’ and then
‘CANCER-LUNG CANCER’ were selected to obtain images.

Establishment and evaluation of LUAD survival prediction.
Cox regression analysis was used to screen independent
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clinicopathological prognostic factors and construct a contin-
gency table to assess the 1-, 3-, and 5-year overall survival (OS)
probability in patients with LUAD. Its accuracy was verified
by comparing its predicted probability with the actual prob-
ability observed in the correction curve. Receiver operating
characteristic (ROC) curve analysis was used to compare the
predicted accuracy of the combined model line chart and the
clinicopathological prognostic factor line chart.

TIMER2.0 database analysis. TIMER2.0 database
(http://timer.cistrome.org/) was used to analyze the expression
levels of genes in normal and multiple tumor tissues extracted
from TCGA. Briefly, the module of ‘Cancer Exploration’ on
the homepage was selected, and then ‘DPEP2’ and ‘Submit’
were selected in order to perform the analysis.

Cell culture. A549 (cat. no. CRL-7909; NSCLC cell line;
was initiated by explant culture of lung carcinomatous tissue
from a 58-year-old Caucasian male; a hypotriploid human cell
line with the modal chromosome number of 66, occurring in
24% of cells; mutations: KRAS, STK11, TP53) and H1650
(cat. no. CRL-5883; human NSCLC cell line; this was a cell
line exhibiting epithelial morphology that was isolated in
1987 from the lung tissue of a 27-year-old, male smoker with
stage 3B, bronchoalveolar carcinoma; mutations: EGFR, TP53)
cell lines were obtained from the American Type Culture
Collection. BEAS-2B (cat. no. F26092; Chengdu Feiouer
Biotechnology Co., Ltd.; a human lung bronchial epithelial cell
line; this was isolated from pathological sections of normal
bronchial epithelium from a non-cancerous individual) and
H1299 (cat. no. F26035; Chengdu Feiouer Biotechnology Co.,
Ltd.; human NSCLC cell line; this was isolated from the lung
of a Caucasian, 43-year-old, male patient with carcinoma; gene
deletion: TP53; mutation: NRAS) cell lines were obtained
from Feiouer Biological Technology Co. The tissue origins of
A549, H1650 and H1299 were from patients with lung cancer,
and the tissue origin of BEAS-2B was from a non-lung cancer
patient. All cells were authenticated using short tandem repeat
(STR) DNA profiling analysis. The STR appraisal reports
were issued by Procell Life Science & Technology Co., Ltd.
and Chengdu Feiouer Biotechnology Co., Ltd. The cells were
cultured in RPMI-1640 medium (Invitrogen; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(FBS; Procell Life Science & Technology Co., Ltd.) and
5 mg/ml penicillin/streptomycin (Invitrogen; Thermo Fisher
Scientific, Inc.) and were maintained in a humidified incubator
with 5% CO, at 37°C.

Cell transfection. DPEP2-overexpressing lenti-
virus (PGMLV-CMV-H_DPEP2-3xFlag-PGK-Puro;
transcript no. NM_022355.4; https://www.ncbi.nlm.
nih.gov/nuccore/NM_022355.4/) and empty lentivirus
(GM-18844: PGMLV-CMV-MCS-3xFlag-PGK-Puro) were
constructed and packaged by Genomeditech (Shanghai) Co.,
Ltd. (https://www.genomeditech.com/). For this experiment,
the 2nd generation system, and the interim cell line, 293T
cells (Genomeditech (Shanghai) Co., Ltd.), were used. A549
and H1650 cell lines, were divided into an empty vector group
(Vector) and a pPGMLV-CMV-DPEP2-overexpression group
(DPEP2). Firstly, 2x10° cells/well were seeded in six-well

plates, and when the cell density reached ~70%, fresh medium
was replaced. Subsequently, 10 ul of lentivirus liquid (virus
titer, 1x10® TU/ml; multiplicity of infection: 10) was added,
and polybrene [Genomeditech (Shanghai) Co., Ltd.] was added
at the same time to increase infection efficiency so that the
final concentration reached 8 pg/ml. After 24 h of transfection
at 37°C, the medium was changed, and the cells successfully
transfected with the virus were screened and maintained with
a final concentration of 1 xg/ml of puromycin dihydrochloride
(cat. no. ST551-10 mg; Beyotime Institute of Biotechnology).
The survival state of the cells was observed every 24 h. After
two days, the cells of the Vector and DPEP2 groups began
to proliferate. After one week, transfection efficiencies were
evaluated using reverse transcription-quantitative PCR
(RT-gPCR) and western blotting.

Total RNA extraction and RT-gPCR. Total RNA was extracted
from the cells on ice according to the instructions of the Total
RNA Extraction Kit (Beijing Solarbio Science & Technology
Co., Ltd.). RNA samples were reverse transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.)
according to the manufacturer's instructions. The cDNAs were
then added to the reaction with the indicated primers using
SYBR Green Supermix (Bio-Rad Laboratories, Inc.) on ice
according to the manufacturer's instructions and amplified
using RT-qPCR, performed at 95°C for 2 min, followed by
40 cycles of amplification at 95°C for 10 sec, 62°C for 30 sec
and 72°C for 30 sec using a CFX96 Real-Time PCR Detection
System (Bio-Rad Laboratories, Inc.). f-actin was used as an
endogenous control. Relative gene expression levels were calcu-
lated by normalizing the transcript levels to the housekeeping
gene using the comparative threshold cycle 2244 method (33).
The primers used were as follows: DPEP2 forward, 5'-ATC
ATGCCCAGGCGGTTCATTTC-3' and reverse, 5-GGCGTC
CACTCCTTCTACAACAAC-3'; pB-actin forward, 5'-GGG
CCGGACTCGTCATAC-3' and reverse, 5'-CCTGGCACC
CAGCACAAT-3"

Western blotting. Cells were lysed with radioimmu-
noprecipitation assay buffer containing the protease
inhibitor phenylmethylsulfonyl fluoride (Beyotime Institute
of Biotechnology). The protein concentration was deter-
mined using a BCA Protein Determination Kit (Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. Protein samples (30 ug) were separated on
10% gels using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to 0.2-ym polyvinylidene
fluoride membranes (Immobilon-P PVDF; EMD Millipore).
The membranes were blocked using Tris-buffered saline
containing 0.1% Tween-20 and 5% skim milk for 1 h at 25°C.
The membranes were incubated with the primary anti-
bodies, including anti-DPEP2 (1:1,000; cat. no. 16466-1-AP),
anti-E-cadherin (1:2,000; cat. no. 60335-1-Ig), anti-N-cadherin
(1:2,000; cat. no. 66219-1-1g), anti-vimentin (1:20,000;
cat.no.60330-1-Ig), anti-a-SMA (1:1,000; cat. no. 14395-1-AP),
anti-CD44 (1:2,000; cat. no. 15675-1-AP), anti-CD133
(1:2,000; cat. no. 18470-1-AP), anti-GADPH (1:50,000;
cat. no. 60004-1-Ig; all from Proteintech Group, Inc.), over-
night at 4°C. After washing three times with Tris-buffered
saline with 0.1% Tween-20, the membranes were incubated
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with corresponding horseradish peroxidase-conjugated
secondary antibodies [cat. no. SAO0001-1 (mouse); SA00001-2
(rabbit); 1:4,000; both from Proteintech Group, Inc] for 1.5 h
at 25°C. The bands were visualized in conjunction with ECL
Detection Reagents (EMD Millipore) using the Quantity One
5.2 Software System (Bio-Rad Laboratories, Inc.).

Wound-healing assays. A549 and H1650 cells (5x10°; treatment
with or without DPEP2 overexpression) cultured in serum-free
medium for 24 h were seeded on a six-well plate and allowed
to reach nearly 100% confluence. The cell monolayer was
scratched with a 200-xl sterile pipette tip to create an artificial
wound, and the cell debris was removed by repeated washes
with PBS. Subsequently, the cells were cultured in fresh
serum-free medium and kept in a humidified incubator with
5% CO, at 37°C. At 0 and 12 h, the wound-healing process
was captured at a magnification of x10 under a fluorescence
microscope (Eclipse Ti Series; Nikon Corporation).

Cell migration and invasion assay. As previously
described (34), 1x10° A549 and H1650 cells (treatment with
or without DPEP2 overexpression) cultured in serum-free
medium for 24 h were seeded into the upper lumen of an 8-ym
pore size Transwell insert (Corning, Inc.) for the migration
assay, and another set of 1x10° cells were seeded into the
upper lumen of pre-coated Matrigel (at 37°C for 1 h) (BD
Biosciences) for the invasion assay. Medium containing 10%
FBS was added to the lower lumen as an attractant. For both
experiments, cells were incubated for 24 h at 37°C and 5%
CO,. For the migration experiment, the Transwell container
was removed and washed with sterile PBS. For both experi-
ments the cells were then fixed with methanol for 20 min and
stained with 0.1% crystal violet for 20 min at 25°C. The cells
that had not migrated were removed with cotton swabs and
images were captured at a magnification of x20 under a fluo-
rescence microscope, and were subsequently counted (XI71;
Olympus Corporation).

Sphere formation assay. A549 and H1650 cells (treatment
with or without DPEP2 overexpression) were digested with
0.25% Trypsin-EDTA (Invitrogen; Thermo Fisher Scientific,
Inc.), centrifuged with a low centrifugation speed (141 x g for
3 min at 25°C; model no. JW-1016; Anhui Jiawen Instrument
Equipment Co., Ltd.), and washed thrice with PBS. The
cells were resuspended in Dulbecco's modified Eagle's
medium/F12 medium (Invitrogen; Thermo Fisher Scientific,
Inc.) supplemented with 20 ng/ml Epidermal Growth Factor
(MedChemExpress), 20 ng/ml Basic Fibroblast Growth Factor
(MedChemExpress), and 1X B-27 supplement (Invitrogen;
Thermo Fisher Scientific, Inc.). Cells were incubated at a
density of 5x10° cells/well in a six-well ultra-low adhesion
plate for 7-10 days at 37°C with 5% CO,. Representative tumor
spheres were captured at a magnification of x20 and quantified
under a fluorescence microscope (Eclipse Ti Series; Nikon
Corporation).

Immunofluorescence (IF). The prepared cell slides were
carefully washed with PBS, fixed with 4% paraformalde-
hyde for 15 min at 25°C, washed repeatedly with PBS, and
blocked with PBS containing 10% normal goat serum

(cat. no. C0265; Beyotime Institute of Biotechnology) for 1 h
at 25°C. The slides were incubated with primary antibodies,
including anti-E-cadherin (1:200; cat. no. 60335-1-Ig),
anti-N-cadherin (1:50; cat. no. 66219-1-Ig), anti-vimentin (1:50;
cat. no. 60330-1-Ig), anti-a-SMA (1:800; cat. no. 14395-1-AP),
anti-CD44 (1:50; cat. no. 15675-1-AP), and anti-CD133
(1:50; cat. no. 18470-1-AP; all from Proteintech Group,
Inc.), overnight at 4°C. After multiple rinses with PBS, the
slides were incubated with Cy3 (red)-conjugated secondary
antibodies [1:300; cat. no. A0516 (goat anti-rabbit); A0521
(goat anti-mouse); Beyotime Institute of Biotechnology]
at room temperature for 2 h in the dark. The samples were
washed three times with PBS and stained with DAPI (1:4,000;
cat. no. C1002; Beyotime Biotechnology) for 5 min at 25°C
before imaging. Random images were captured at a magnifica-
tion of x40 with an inverted fluorescence microscope (IX71;
Olympus Corporation).

Cell viability assays. Cell viability was determined using a
Cell Counting Kit-8 (CCK-8) and colony formation assays.
Briefly, for the colony formation assay, the cells were cultured
in a six-well plate at a ratio of 600 cells/well with varying
concentrations of cisplatin (0, 2, 4, or 8 yg/ml; Jiangsu Hansoh
Pharmaceutical Group Co., Ltd.). The medium containing
varying concentrations of cisplatin was changed every 3 days,
and cells were cultured for 14 days at 37°C. After the colonies
were washed with PBS, they were fixed with methanol for
15 min at 25°C and stained with 0.1% crystal violet for 20 min
at 25°C. Colonies were defined as >50 ells and were counted
manually. The CCK-8 assay was performed according to the
instructions of the Enhanced Cell Counting Kit-8 (Beyotime
Institute of Biotechnology). A549 and H1650 cells (5x107%
treatment with or without DPEP2 overexpression) were seeded
into 96-well cell culture plates followed by treatment with
cisplatin (0, 2, 4 or 8 ug/ml) at 37°C for 24 h. The medium in
each well was then replaced with 100 gl fresh medium with
10% CCK-8 and the cells were incubated at 37°C for an addi-
tional 1 h. The absorbance was measured at 450 nm.

Flow cytometry. A549 and H1650 cells (treatment with or
without DPEP2 overexpression) with a density of 70%, treated
with or without 2 pg/ml cisplatin for 24 h at 37°C, were digested
with 0.25% Trypsin (Invitrogen; Thermo Fisher Scientific,
Inc.), washed twice with PBS and collected. Cells were stained
for 15 min in the dark at 25°C using the Annexin V-PE/7-AAD
Apoptosis Detection Kit (Nanjing KeyGen Biotech Co.,
Ltd.), according to the manufacturer's instructions. Cells
were analyzed using flow cytometry (FACSCalibur; Becton,
Dickinson and Company).

Immunohistochemistry (IHC). IHC was performed using
a Universal two-step detection kit (mouse/rabbit enhanced
polymer detection system; cat. no. PV9000; ZSGB-BIO;
OriGene Technologies, Inc.). The prepared 5-um paraffin
sections were dewaxed, dehydrated in a liquid gradient,
and washed several times with PBS. Sections were then
boiled in a pH 6.0 citric acid buffer for target antigen
retrieval. Subsequently, endogenous peroxidase was blocked
according to the manufacturer's instructions. The sections
were incubated with the primary antibodies, including
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anti-DPEP2 (1:200; cat. no. 16466-1-AP), anti-E-cadherin
(1:1,000; cat. no. 60335-1-Ig), anti-N-cadherin (1:8,000;
cat.no.66219-1-Ig), anti-vimentin (1:4,000; cat. no. 60330-1-Ig),
anti-a-SMA (1:2,000; cat. no. 14395-1-AP), anti-CD44 (1:500;
cat.no. 15675-1-AP), anti-CD133 (1:4,000; cat. no. 18470-1-AP),
anti-Ki67 (1:2,000; cat. no. 27309-1-AP; all from Proteintech
Group, Inc.), at 4°C overnight. After multiple rinses using
PBS, the sections and reaction enhancement solution were
incubated at 25°C for 20 min. After multiple rinses using PBS,
the immune complexes were incubated with the corresponding
enzyme-conjugated secondary antibodies (cat. no. PV9000;
ZSGB-BIO; OriGene Technologies, Inc.) for 30 min at 37°C.

Finally, the sections were dyed with a 3,3'-diaminoben-
zene (DAB) Chromogenic kit (cat. no. ZLI-9019; ZSGB-BIO;
OriGene Technologies, Inc.). Briefly, DAB was used as the
chromogen to stain the reaction products for 3 min at room
temperature for visualization. The sections were then counter-
stained with hematoxylin (Beyotime Institute of Biotechnology)
at room temperature for 1 min. Random images were obatined
at a magnification of x20 using a fluorescence microscope
(IX71; Olympus Corporation).

Nude mouse subcutaneous tumor model. A total of 16,
five-week-old nude female BALB/c mice with a weight of
18-20 g (GemPharmatech Co. Ltd.) were used for in vivo
experiments. All nude mice were kept at an auto-controlled
room (24+2°C; 50+£10%, relative humidity) with 12-h
light/dark cycle. Nude mice were acclimatized for least
7 days before experiments, and allowed free access to food
and water. All nude mice were randomly divided into 4
groups with 4 mice per group (vector; DPEP2; vector + cispl-
atin; DPEP2 + cisplatin). Vector or DPEP2-overexpressing
A549 cells (2x10°%) were resuspended in 100 pl of serum-free
RPMI-1640 medium, and subcutaneously injected into the
left armpit of each nude mouse in each group. Subsequently,
seven days after A549 cell implantation, each group was
intraperitoneally injected with either 100 pl PBS or cisplatin
(20 mg/m?*/mouse/week). The tumor growth in each group
(n=4/group) was measured with Vernier calipers every
seven days. The formula, V=(a x b?/2 was used to calculate
the tumor volume, where a and b are the maximum and
minimum diameters, respectively, in millimeters. On day 28
after the cell injection, all tumors images were captured,
and the nude mice were then euthanized by intraperitoneal
injection of 100 mg/kg sodium pentobarbital until cardiac
arrest and spontaneous respiratory arrest. The tumors were
weighed and their images were captured immediately after
dissection.

Statistical analysis. The R software package ‘limma’
(version 3.40.6; R Foundation for Statistical Computing) was
used to perform gene expression differential analysis. DPEP2
expression data were divided using the median method, and
duplicate samples were excluded. The Wilcoxon signed-rank
test and logistic regression was used to assess the correlation
between the clinicopathological characteristics of LUAD
and DPEP2 expression. Univariate and multivariate Cox
analyses were used to identify potential prognostic factors.
Kaplan-Meier plotter and log-rank testing were used to
evaluate the OS. Each in vitro experiment was independently

performed at least three times. Data were analyzed using
GraphPad Prism 8.0 statistical program (GraphPad Software,
Inc.). Results are presented as the mean + standard deviation
unless otherwise stated. The Shapiro-Wilk normality test was
used to determine if the data followed normal distribution.
If the data followed normal distribution, the results were
presented as the mean + standard, and the two-tailed Student's
independent samples t-test or one-way ANOVA was used
to analyze the significance of the differences between two
groups or multiple groups. The post hoc tests used following
ANOVA were Dunnett's t-test to compare one group with
the other groups, or Newman-Keuls to determined which
specific pairs of means were different. When the normality
assumption was violated, Kruskal-Wallis test was used to
determine statistically significant differences between three
or more independent groups, and Bonferroni correction was
applied for the post hoc multiple comparisons. For all hypoth-
eses tests, a P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression of DPEP2 is low in LUAD. Differential expres-
sion analysis of RNA sequencing data of LUAD samples
was performed in GSE31210 to identify genes that exhibited
consistent expression changes with LUAD progression.
DPEP2 was among the genes that were notably negatively
associated with LUAD progression (Fig. 1A). DPEP2 mRNA
levels in different tumors and corresponding normal tissues
were confirmed using the TIMER2.0 database. DPEP2
expression was significantly lower in LUAD than in normal
tissues (Fig. 1B). To assess the mutation level of DPEP2, a
cBioPortal map was used to analyze the OncoPrint map of
DPEP?2 in patients with LUAD in TCGA dataset (Fig. 1C),
which revealed that DPEP2 had less than 2.2% missense
mutations and gene amplifications.

DPEP2 mRNA expression levels were then assessed in
patients with LUAD and adjacent tissues. As a result, DPEP2
expression was identified to be significantly lower in patients
with LUAD than in precancerous tissue (P<0.01; Fig. 1D).
Similar results were obtained by comparing DPEP2 expres-
sion levels in LUAD and paired precancerous tissues (Fig. 1E).
In addition, DPEP2 transcription and protein expression levels
were analyzed in vitro, and it was demonstrated that the levels
in LUAD cells were significantly lower than that in a normal
lung cell line (P<0.001; Fig. 1F and H). Based on the HPA
database results, it was revealed that DPEP2 levels were
lower in the tumors than in precancerous tissues (Fig. 1G).
Therefore, these data indicated that DPEP2 was considerably
downregulated in LUAD.

DPEP?2 is an independent prognostic factor for the OS of
patients with LUAD. The role of DPEP2 was investigated in
patients with LUAD. The results revealed that low DPEP2
expression was associated with sex (P<0.05), age (P<0.05),
smoking status (P<0.01), tumor (T) stage (P<0.05), node (N)
stage (P<0.05), and clinical stage (P<0.01; Fig. 2A-F and
Table I). These results indicated that patients with LUAD with
low DPEP2 expression progress to advanced disease faster
than those with high DPEP2 expression.
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Table I. Association between DPEP2 expression and the clinicopathological features of lung adenocarcinoma cases in The

Cancer Genome Atlas.

Characteristics Low expression of DPEP2 (n=256) High expression of DPEP2 (n=257) P-value
T stage, n (%) 0.015
Tl 70 (13.7%) 98 (19.2%)
T2 144 (28.2%) 132 (25.9%)
T3 27 (5.3%) 20 (3.9%)
T4 14 (2.7%) 5(1%)
N stage, n (%) 0.023
NO 152 (30.3%) 178 (35.5%)
NI 52 (10.4%) 43 (8.6%)
N2 47 (9.4%) 27 (5.4%)
N3 1 (0.2%) 1 (0.2%)
M stage, n (%) 0.500
MO 175 (47 .4%) 169 (45.8%)
MI 15 (4.1%) 10 (2.7%)
Pathologic stage, n (%) 0.009
Stage | 119 (23.6%) 155 (30.7%)
Stage 11 64 (12.7%) 57 (11.3%)
Stage I1I 53 (10.5%) 31 (6.1%)
Stage IV 15 3%) 11 2.2%)
Primary therapy outcome, n (%) 0.031
PD 43 (10.1%) 25 (5.9%)
SD 19 (4.5%) 18 (4.2%)
PR 4 (0.9%) 2 (0.5%)
CR 141 (33.1%) 174 (40.8%)
Residual tumor, n (%) 0.609
RO 178 (49.3%) 166 (46%)
R1 7 (1.9%) 6 (1.7%)
R2 1 (0.3%) 3(0.8%)
Age, n (%) 0.004
<65 135 (27.3%) 103 (20.9%)
>65 111 (22.5%) 145 (29.4%)
Sex, n (%) 0.030
Female 125 (24.4%) 151 (29.4%)
Male 131 (25.5%) 106 (20.7%)
Number pack years smoked, n (%) 0.492
<40 87 (24.8%) 87 (24.8%)
>40 96 (27.4%) 81 (23.1%)
Smoker, n (%) 0014
No 27 (5.4%) 47 (9.4%)
Yes 224 (44.9%) 201 (40.3%)
OS event, n (%) 0.016
Alive 149 (29%) 177 (34.5%)
Dead 107 (20.9%) 80 (15.6%)
Age, median (IQR) 64 (58,71) 68 (59,73.25) 0.007

DPEP2, dipeptidase-2; PD, progressive disease; SD, stable disease; PR, partial response; CR, complete response; OS, overall survival; IQR,
interquartile range.

In addition, treatment outcomes (P<0.01) and OS (P<0.001)  To further explore the association between the survival rate
were associated to low DPEP2 expression (Fig. 2G and H).  and clinicopathological features, univariate Cox regression



Table II. Univariate and multivariate Cox regression analysis of clinical features associated with overall survival of lung adenocarcinoma in The Cancer Genome Atlas.

Multivariate analysis

Univariate analysis

P-value Hazard ratio (95% CI) P-value

Hazard ratio (95% CI)

Total (N)

Characteristics

1.228 (0.915-1.649) 0.171

494
504
501
492
360
496

Age (<65 vs. >65)

0.694
<0.001
<0.001

1.060 (0.792-1.418)

Sex (female vs. male)

0.093

1.882 (0.900-3.939)
1.593 (0.966-2.627)
1.502 (0.558-4.044)
1.471 (0.725-2.983)
3.129 (1.883-5.200)
3.373 (1.287-8.839)

2.364 (1.621-3.448)
2.606 (1.939-3.503)
2.111 (1.232-3.616)
2.624 (1.926-3.576)
2.786 (1.978-3.924)
3.973 (2.217-7.120)

T stage (T1/T2 vs. T3/T4)

0.068

N stage (NO vs. N1 and N2 and N3)

M stage (MO vs. M1)
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0.420

0.007
<0.001
<0.001
<0.001

0.285
<0.001

Pathologic stage (stage I/stage II vs. stage I1I/stage IV)

419

Primary therapy outcome (PR and CR vs. PD and SD)

Residual tumor (RO vs. R1 and R2)

0.013

352
345

0.840
0.003

1.038 (0.723-1.490)
0.643 (0.479-0.862)

Number pack years smoked (<40 vs. =40)

DPEP2 (low vs. high)

0.843

0.955 (0.603-1.512)

504

TCGA, The Cancer Genome Atlas; CI, confidence interval; DPEP2, dipeptidase-2; PR, partial response; CR, complete response; PD, progressive disease; SD, stable disease.

analysis was conducted, and it was revealed that DPEP2
was significantly associated with OS (hazard ratio, 0.643;
95% confidence interval, 0.479-0.862; P=0.003) (Table II).
Multivariate Cox regression analysis demonstrated that the
primary therapeutic outcome and residual tumors were
independent prognostic factors (Table II). Additionally,
low DPEP?2 expression was associated with poor patient
prognosis (hazard ratio, 0.63; 95% confidence interval,
0.47-0.84; P=0.002) (Fig. 2I). These results indicated that
DPEP?2 was a prognostic factor for LUAD. To analyze the
diagnostic value of DPEP2 expression, a ROC curve was
constructed and nomogram analysis of DPEP2 expression
data was performed. The area under the ROC curve was
0.976 (Fig. 21). DPEP2 expression levels were combined
with clinical variables to construct a nomogram to predict
patient survival at 1, 3, and 5 years. The predictive power of
DPEP?2 expression was comparable to that of the T stage,
which is the most common tumor staging system worldwide
(Fig. 2K). These findings indicated that DPEP2 may serve
as a prognostic biomarker in LUAD.

DPEP?2 inhibits cell migration, invasion and EMT in
LUAD. To determine the role of DPEP2 in the malignant
progression of LUAD, stable A549 and H1650 cell lines
overexpressing DPEP2 were constructed. Both RT-qPCR
and western blotting revealed that DPEP2 mRNA and
protein expression were considerably upregulated (Fig. 3A).
The wound-healing assay revealed that DPEP2 overexpres-
sion inhibited the migratory abilities of cells (Fig. 3B). In
Transwell assays, DPEP2 overexpression inhibited cell
migration and invasion (Fig. 3C and D). Furthermore,
western blotting and IF results revealed that DPEP2
overexpression increased E-cadherin levels and decreased
N-cadherin, vimentin, and a-SMA levels (Fig. 3E and F).
These data indicated that DPEP2 inhibited LUAD cell
migration, invasion, and EMT.

DPEP?2 enhances cell sensitivity to cisplatin by regulating
stem cell transformation. Research has revealed that tumor
cell EMT can lead to the same chemotherapy resistance
as cancer stem cells (35). Therefore, it was hypothesized
that DPEP2 may affect the chemotherapy response by regu-
lating EMT. Consequently, the levels of DPEP2 and the
lung cancer stem cell biomarkers, CD44 and CD133, were
assessed using western blot and IF analyses. It was deter-
mined that DPEP2 overexpression significantly decreased
CD44 and CDI133 in two LUAD cell lines (P<0.001;
Fig. 4A and B). In addition, DPEP2 overexpression
significantly decreased sphere formation in A549 (P<0.01;
Fig. 4C) and H1650 cells (P<0.001; Fig. 4C). These results
indicated that DPEP2 overexpression inhibited cancer stem
cell-like traits in LUAD.

The functional significance of DPEP2 expression in
cisplatin resistance was further explored. Notably, colony
formation and CCK-8 assays demonstrated that DPEP2
promoted cisplatin-induced A549 and H1650 cell death
(Fig. 4D-F). Apoptosis assays revealed similar findings,
wherein DPEP2-overexpressing A549 and H1650 cells had
higher apoptosis rates and higher sensitivity to cisplatin
(Fig. 4G).
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Figure 2. Association between DPEP2 expression and clinicopathological features and its prognostic and diagnostic value in LUAD. (A-H) The tumor tissues
from patients with different clinical characteristics in TCGA. (A) Sex, (B) age, (C) smoking status, (D) T stage, (E) N stage, (F) pathologic stage, (G) primary
treatment outcome and (H) OS; A-C and H: "P<0.05, “P<0.01 and ““P<0.001, two-tailed Student's #-test; and D-G: "P<0.05, "P<0.01 and ““P<0.001, one-way
ANOVA with Bonferroni correction. (I) Kaplan-Meier analysis of the OS probability of patients with LUAD in TCGA. (J) Receiver operating characteristic
curve analysis for DPEP2 expression in LUAD and adjacent tissues. (K) Nomogram survival prediction chart for predicting the 1-, 3-, and 5-year OS rates.
DPEP2, dipeptidase-2; LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas; OS, overall survival.



10 WANG et al: DPEP2 IS CORRELATED WITH CISPLATIN SENSITIVITY
A B H1650
o) Hokk W Vector
S 4007 ——  m DPEP2 ,
= 350 — =
s &
S« 300 ke (2
@0 250 [ s
o w S
£a 200 8
x 0 o
T o 1.5 =
2° 101 g - =
g 05 3
€& 00
A5G H1650 DPEP2 Vector  DPEP2 doa HiER
DPEP2 | s e | -
)
GAPDH W b e = E S 4-m Vector
©
s s A549 H1650 5
g 4 3 W 3
> o > a E-cadherin| s s | = - - =3
. s :77 — ” E
C A549 H1650 N-cadherin | s e
PR CRA o el « ~ T o
g 200, ™ ‘6?%;’2 Vimentin | s e s e S
=2 a = A549  H1650
Vector £ 150 o = 0-SMA | s s || S s
©
{=)] —
‘€ 100 GAPDH | S« | S S g) 1.5--\5%%%2
; i © S o S o < koK koK
- : 5 50 3 o 3 L Sidla &
DPEP2 : g ] & S e g
: 3 > a = a °
- . z A549  H1650 £ 051 -
o = -
kS
o © 0.0-
D A549 H1650 e — Vector P A549  H1650
AR 2 200 g
P g -E 1.0 < 1.5- M Vector
Vector " . 20 < 150 S o) DPEP2
¥ kel =, % 4k sk
3 g £ 05 £ 104 — —
: £ 100 S ¢ 1
3 e}
= 5 £ S
4 - = > g
DPEP2 2 50 A549  H1650 < 09 . =
e — 3 OO-
A549 H1650 AB49 H1650
F A549 H1650
~<
@
Vector
- - - - - - . - :
>
3
S
w
DPEP2
- . . - - - - - :
>
3
E-cadherin  N-cadherin Vimentin a-SMA E-cadherin ~ N-cadherin  Vimentin a-SMA
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DPEP?2 enhances the sensitivity of LUAD to cisplatin in vivo.
To further investigate the effect of DPEP2 on cisplatin treat-
ment, a nude mouse subcutaneous tumor model was established
using A549 cells (Fig. 5A). It was demonstrated that DPEP2

overexpression significantly increased cisplatin efficacy
compared with the control group, as revealed in the tumor
chart (Fig. 5B and C). Similar results were obtained by dissec-
tion and weight comparisons (Fig. 5D and E). In subsequent
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experiments, IHC evaluation showed that DPEP2 overexpres-
sion markedly decreased EMT marker genes (N-cadherin,
vimentin, and a-SMA), stem cell biomarkers (CD44 and
CD133), and the proliferation marker Ki67, and increased
E-cadherin expression in tumor tissues (Fig. 5SF and G).

Discussion

Lung cancer is the leading cause of cancer-related deaths
worldwide, and LUAD is the most prevalent subtype (1).
Advances in LUAD treatment have identified the histone chap-
erone ASF1A (36), methyltransferase-like 7B (37), and the
long non-coding RNA HIF1A-AS2 (38) as targets to disrupt
drug resistance. Despite these advances, both metastasis and
drug resistance remain key characteristics of LUAD, resulting
in high rates of recurrence and mortality (39,40).

In the present study, differential expression analysis of
RNA sequencing data was performed and it was revealed
that DPEP2 was included in the genes that were substantially
downregulated during LUAD progression. Previous studies
have revealed that DPEP2 plays a role in immune cells,
regulating inflammation caused by macrophages (20) and can
be used as an immune indicator to identify lung adenocarci-
noma (22). In addition, similar studies have identified DPEP1
as a therapeutic target for neutrophil-driven pulmonary inflam-
matory diseases (41) and DPEP3 may be associated with rat
rheumatoid arthritis (42). Although DPEP2 has been studied
in the metabolic and immune indexes of LUAD, the specific
mechanism of its effect on the progression of LUAD remains
unclear. Therefore, the expression and clinical significance of
DPEP2 in LUAD was investigated to determine its functions
and regulatory pathways.

In recent years, an increasing number of cancer researchers
have used data to reveal disease-related genes and their poten-
tial functions via bioinformatics analysis (43,44). Based on
information from several major databases such as GEO,TCGA
and TIMER2.0 databases, both DPEP2 expression and the
mutation rate were low in LUAD, with similar results in vitro.
In addition to indicators such as age and sex, cancer grade and
stage play a significant role in influencing patient prognosis.
The higher the tumor grade and stage, the higher the likeli-
hood of metastasis and the worse the prognosis (45). In the
present study, it was demonstrated that low DPEP2 expres-
sion was associated with poor clinicopathological features
and poor OS in patients with LUAD and that DPEP2 is an
independent prognostic factor, which was consistent with a
previous study (21). In addition, the area under the ROC curve
of DPEP2 expression data was 0.976, which is close to the
maximum value of 1, suggesting good diagnostic value. These
findings indicated that DPEP2 may serve as a prognostic
biomarker in LUAD. However, the mechanism of action of
DPEP2 on LUAD remains unclear.

To better understand the role of DPEP2 in LUAD, func-
tional and mechanistic experiments were conducted. It was
revealed that DPEP2 overexpression inhibited cell migration
and invasion. Previous similar studies have also demonstrated
that the expression of DPEPI in colon cancer and pancreatic
ductal adenocarcinoma cells influences the aggressiveness of
cancer cells (27,46,47). Studies have shown that cell migration
and invasion are a feature of EMT. EMT is a reversible cellular

program that transforms epithelial cells into mesenchymal
cell states (8) and is a key event in metastasis, invasion, and
diffusion to distant organs (48). In addition, EMT is highly
associated with tumor prognosis. For example, TFAP2A
increased LUAD metastasis by positively regulating the EMT
process (49). FAM83A may play a key role in promoting
LUAD progression by influencing EMT (50). Similarly, the
results of the present study indicated that DPEP2 can affect
the progression of LUAD by inhibiting EMT, thus inhibiting
the migration and invasion of LUAD cells in vitro.

Previous studies have revealed a strong correlation between
EMT and cancer stem cell properties (51). EMT can enable
cancer stem cells to migrate to other organs and permit site
colonization (52). In addition, cancer stem cells have sufficient
multidirectional differentiation ability to undergo EMT (53).
In lung cancer, a variety of markers including CD44, CD133,
CD24, ALCAM, OCT4, NANOG, and LGRS are known
to be related to cell stemness, with CD44 and CDI133 being
more important (54-57). Previous studies have demonstrated
that EMT can affect the process of tumor formation through
cell stemness (8,35,58), thus the effect of DPEP2 on the stem
cell marker CD44/CD133 was detected through western blot-
ting and IF experiments, as a superficial verification, without
in-depth investigation of its mechanism. Therefore, the expres-
sion of CD44/CD133 was not detected by FACS analysis. The
lack of FACS analysis of the stemness markers is a limitation of
this study. In the present study, it was determined that DPEP2
overexpression decreased CD44 and CD133 protein levels.
Moreover, sphere formation indicated that DPEP2 overexpres-
sion inhibited cell stemness. These results indicated that DPEP2
may inhibit EMT in LUAD cells by regulating tumor stemness.

Furthermore, the role of DPEP2 in chemotherapy resistance
was investigated in vitro and in vivo. Cisplatin is a first-line
chemotherapy drug for lung cancer (59). Colony formation and
flow cytometry revealed that DPEP2 overexpression increased
the sensitivity of A549 and H1650 cells to cisplatin. Similar
studies on cisplatin resistance also revealed, for example, DPEP1
inhibited invasiveness and enhanced the chemical sensitivity of
pancreatic ductal adenocarcinoma cells (28), CCT3 promoted
cisplatin resistance in LUAD cells (60), and TRIM44 overex-
pression conferred cisplatin resistance in LUAD (61). Therefore,
a nude mouse subcutaneous tumor model was successfully
constructed and it was demonstrated that tumor nodules formed
by DPEP2-overexpressing cells decreased in size and weight,
indicating increased sensitivity to cisplatin. Moreover, IHC
demonstrated that DPEP2 overexpression could inhibit the
expression of EMT- and stem cell transformation-related markers.
These results indicated that DPEP2 enhanced the efficacy of
cisplatin and reduced tumor progression by inhibiting EMT.

However, despite the analytical exploration of DPEP2
and cross-validation using databases and in vitro and in vivo
experiments, there are some limitations to this study. First, the
number of cell lines and animal models used were limited,
which may in turn limit the clinical applicability of the
results. Thus, the results need to be validated in larger studies.
Second, the mechanism by which DPEP2 affects the stemness
to regulate the progression of LUAD has not been thoroughly
discussed, and will be further investigated through the search
and identification of functional targets in the future. These
issues are worthy of further investigation.
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In conclusion, the present study revealed a novel association
between DPEP2 and LUAD progression, as low DPEP2 expres-
sion was positively associated with poor prognosis and poor OS
in patients with LUAD. DPEP2 inhibited migration, metastasis,
and EMT by regulating the transformation of cancer stem cells,
thereby increasing the sensitivity of LUAD to cisplatin. These
results indicated that DPEP2 may affect patient survival and
serve as a prognostic biomarker in LUAD. The findings of the
present study suggest that DPEP2 is a potential therapeutic
target for future therapeutic research in LUAD.
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