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Abstract: Gastric cancer (GC) is one of the most common malignancies which has high incidence and mortality
worldwide. Peritoneal dissemination is the main route of metastasis in advanced GC. However, few reliable diag-
nostic or prognostic biomarkers are available for peritoneal metastasis of GC. This study aimed to investigate the
effect of lipid phosphate phosphatase-related protein type 4 (LPPR4) on the prognosis of peritoneal metastasis in
GC, so as to explore the underlying molecular mechanisms and clinical significance of the process. Differentially
expressed genes (DEGs) between tumor tissues and adjacent normal tissues were identified. The prognostic values
of the DEGs were tested in two independent cohorts (TCGA-STAD cohort and GSE62254 cohort). Eight DEGs includ-
ing LPPR4 with prognostic value in GC peritoneal metastasis were identified. The expression of LPPR4 increased
in peritoneal metastasis of GC tissues, and high LPPR4 expression was associated with poor overall survival in GC.
Loss- and gain-of functional experiments were performed to reveal that LPPR4 could promote the migration, inva-
sion and adhesion abilities of GC cells in vitro. Tumor peritoneal dissemination was investigated in a mouse model
to reveal that LPPR4 could promote peritoneal metastasis of GC cells in vivo. According to the Kyoto Encyclopedia
of Genes and Genomics (KEGG) and gene set enrichment analysis (GSEA), LPPR4 was found to be related to focal
adhesion, cell adhesion molecules (CAMs) and ECM-receptor interaction pathways. LPPR4 knockdown significantly
inhibited the expression of integrin al, integrin a2, integrin a5, integrin a6, integrin o7, p-FAK, p-Akt, p-Src and
MMP2. Moreover, this process was regulated by the Specificity Protein 1 (Sp1) transcription factor. Taken together,
LPPR4 plays an essential role in promoting peritoneal metastasis of GC through Sp1/integrin o/ FAK signaling, and
acts as a novel biomarker of prognosis of GC peritoneal metastasis. The results suggest that LPPR4 may serve as a
new therapeutic target for patients with GC peritoneal metastasis.
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Introduction

Gastric cancer (GC) has become the 3" leading
cause of cancer-related death [1-3]. There are
obvious regional differences in the incidence of
GC with more than 50% of cases occurring in
East Asia, especially China [4]. Although thera-
peutic strategies including surgery, chemother-
apy, radiotherapy, immunotherapy and targeted
therapy have been applied in GC, the 5-year
survival rate of GC remains poor, partly due to
failure to detect the early gastrointestinal symp-
toms of GC.

The peritoneum is the most common metastat-
ic organ in advanced GC and peritoneal dis-

semination often causes large amounts of asci-
tes or intestinal obstruction. The prognosis of
patients with GC peritoneal metastasis is poor
with a median survival of 7 months due to the
rapid evolvement of disease, and resistance to
a variety of therapies [5]. However, potent ther-
apies for GC peritoneal metastasis have not yet
been defined. There is an urgent need to better
understand the underlying molecular mecha-
nisms that drive tumorigenesis and progression
in peritoneal metastasis of GC, so sensitive bio-
markers for early diagnosis and more efficient
therapies are required to be developed.

Lipid phosphate phosphatase-related protein
type 4 (LPPR4), also known as plasticity-related
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gene-1 (PRG-1), was the first identified member
of a family of six transmembrane proteins that
are enriched in the brain. The other four mem-
bers, namely LPPR1/PRG-3, LPPR2/PRG-4,
LPPR3/PRG-2, LPPR5/PRG-5, have a high de-
gree of homology to LPPR4/PRG1 and were
predicted by in silico analysis [6-8]. LPPRs are
highly homologous to the lipid phosphate phos-
phatase (LPP) family proteins, owing to their
similar structural and functional characteris-
tics. LPPRs can be classified as a novel part of
LPP superfamily. LPPs are a family of integral
membrane glycoproteins which dephosphory-
late a variety of bioactive lipid phosphates in-
cluding lysophosphatidic acid (LPA) and sphin-
gosine 1-phosphate (S1P) [9]. Bioactive lipid
phosphates play a key role in initiating signaling
cascades in diverse cellular activation process-
es. Extracellular LPA and S1P are associated
with stimulated wound repair, tumor progres-
sion and metastasis [10]. The concentrations
of bioactive LPA and S1P are high in ascites
from patients with ovarian cancer, indicating an
important role in the peritoneal metastasis of
ovarian cancer [11-13]. However, the exact
roles and underlying mechanisms of LPPRs/
PRGs in tumorigenesis and progression remain
unclear.

LPPR4 is a transmembrane protein which has
763 amino acid residues and a molecular mass
of 82,983 Da. Notably, LPPRs including LPPR4,
lack critical amino acids in the conserved posi-
tion important for ecto-enzymatic phosphatase
activity for LPPs. Furthermore, LPPR4 has an
additional long hydrophilic C-terminal tails of
about 400 amino acids [10]. Therefore, we
speculated that LPPR4 may be more likely to
display a distinguishable function and mecha-
nism from LPPs. A previous study has shown
that postsynaptic LPPR4 controls hippocampal
excitability at glutamatergic synapses via pre-
synaptic LPA receptors [14]. Moreover, LPPR4
can act as a novel calmodulin-binding protein
involved in the postsynaptic compartment reg-
ulated by Ca?"-dependent signaling [15].
Previous studies suggest that LPPR4 inhibits
vascular smooth muscle cell migration and pro-
liferation induced by LPA [16]. Although the role
of LPPR4 has been widely investigated in the
CNS, the involvement of LPPR4 in cancer is
much less well known. It has been reported
that LPPR4 downregulation occurs in leukemia
[17]. However, the specific functions of LPPR4
in GC peritoneal metastasis have not yet been
investigated.
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In the present study, we selected hub genes
involved in GC peritoneal metastasis using bio-
informatic methods with data from the TCGA-
STAD and GSE62254 cohorts. Intriguingly, we
found that the expression of LPPR4 was up-
regulated in peritoneal metastasis of GC tis-
sues and high expression of LPPR4 was related
to poor overall survival. Moreover, our study
shows that LPPR4 could promote the migration,
invasion and adhesion of GC cells to foster peri-
toneal metastasis via the Spl/integrin o/ FAK
pathway. Taken together, our findings provide
an evidence that LPPR4 promotes peritoneal
metastasis of GC and can be acted as a poten-
tial prognostic biomarker for patients with GC
peritoneal metastasis.

Materials and methods
Data collection and preprocessing

The mRNA expression profiles and correspond-
ing patient clinicopathological information of
GSE62254 cohort were downloaded from the
GEO database (http://www.ncbi.nim.nih.gov/
geo/) and preprocessed for background correc-
tion using the RMA (Robust Multichip Average)
package. Transcriptome HTSeq-counts data of
TCGA-STAD and corresponding patient clinico-
pathological information was obtained from the
Genomic Data Commons (https://portal.gdc.
cancr.gov/) using the R package “TCGAbiolinks”.
The Ensembl ID of the gene (the mRNA encod-
ing the protein) is annotated in GENCODE27 to
generate the gene symbolic name. Select the
protein-encoded gene type for the mRNA for
subsequent analysis.

Identification of DEGs

DEGs between tumor and adjacent normal tis-
sues of GC in TCGA-STAD cohort were identified
using R package “edgeR” under the criteria of P
< 0.05, FDR < 0.05 and FC>1.5. DEGs between
peritoneal relapse and non-peritoneal relapse
of GC in GSE62254 cohort were identified using
R package “limma” under the criteria of P <
0.05, FDR < 0.05 and FC>1.5.

Cell lines and cell culture

Human gastric cell lines MGC803, BGC823,
MKN45, HGC27, AGS and the normal human
gastric epithelial cell line GES-1 were pur-
chased from the Chinese Academy of Scien-
ces (Shanghai, China). MKN7 and MKN74 were
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obtained from the Japanese Collection of Re-
search Bioresources (JCRB Cell Bank, Osaka,
Japan). SNU216 was obtained from the Korea
Cell Line Bank (KCLB, Seoul, Korea). The human
peritoneal mesothelial cell line HMrSV5 was
kindly provided by Professor Youming Peng of
the Second Hospital, Zhongnan University,
Changsha, China and Professor Pierre Ronco,
Hospital Tenon (Paris, France). HMrSV5 cell line
was originally established by using retrovirus to
transfect primary human peritoneal mesotheli-
al cells (PMCs) with SV40 large-T antigen [18].
HMrSV5 cell line has been applied to a range of
researches on peritoneum [19-21]. AGS cells
were cultured in F12 medium (Gibco, MA,USA)
with 10% fetal bovine serum (Thermo Scientific,
MA, USA). The other cell lines were cultured in
RPMI-1640 medium (Gibco, MA,USA) supple-
mented with 10% FBS, 100 ug/mL streptomy-
cin, and 100 U/mL penicillin. All cell lines were
cultured in a humidified atmosphere of 95% air
and 5% CO, at 37°C.

SiRNA transfection

LPPR4 siRNAs, Spl siRNAs and negative con-
trol siRNA (NC) were purchased from ViewSolid
Biotech (Beijing, China).

The sequences of siRNA were as follows: siLP-
PR4-1: 5-GCGAGCAUUCAUGCCUCUATT-3’; siL-
PPR4-2: 5-GCAUCACCACCACGGAAUUTT-3’; si-
Spl: 5-GGCAGACCUUUACAACUCALt-3’; NC si-
RNA: 5-AATTCTCCGAACGTGTCACGT-3".

All above siRNAs were transfected into cells
using jetPRIME reagent (Polyplus) according to
the manufacturer’s protocol.

Antibodies and reagents

Rabbit anti-Akt (#9272S), anti-phospho-Akt
(Serd73) (#9271L), anti-Src (#2110S), anti-
phospho-Src (#6943S), anti-FAK (#3285S), an-
ti-phospho-FAK (Y397) (#3281S), anti-integrin
Bl (#9699S), anti-integrin B2 (#73663S), anti-
integrin B3 (#13166S), anti-integrin a5 (98-
204S), anti-Sp1 (#9389S) and mouse anti-B-
actin (#3700S) were purchased from Cell
Signaling Technology (Danvers, MA, USA). Ra-
bbit anti-integrin o7 (@ab182941), anti-integrin
a2 (ab133557), anti-integrin a6 (ab97760) we-
re purchased from Abcam (Cambridge, MA,
USA). Mouse anti-integrin B4 (NBP2-37392)
was from Novus Biologicals (Shanghai, China).
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Mouse anti-integrin a1l (MAB5676) was from
R&D systems (Minneapolis, MN, USA). Mouse
anti-integrin 5 (HO0003693-M01) was from
Abnova (Taiwan, China). Mouse anti-MMP2
(13595), anti-LPPR4 (515779), secondary goat
anti-rabbit and goat anti-mouse antibodies
were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Matrigel was purchased from
Corning (Corning Life Science, Tewksbury, MA,
USA). DID dye was purchased from Invitrogen
(Carlsbad, CA, USA).

RNA isolation and quantitative real-time PCR
(QRT-PCR)

Total RNA was extracted with Trizol reagent
(Invitrogen, Carlsbad, CA, USA). The extracted
RNA was quantified by measuring the absor-
bance at 260 nm and the purity of total RNA
was evaluated by the absorbance ratio at
260/280 nm with a NanoDrop ND-100 spectro-
photometer (NanoDrop Technologies, Rock-
land, DE, USA). The PrimeScript RT Reagent Kit
(Takara Bio, Kusatsu, Japan) was used for
MRNA reverse transcription (RT). Quantitative
Real-Time PCR was carried out using SYBR
Premix Ex Taq Il (TaKaRa) and run on Applied
Biosystems® 7500 Real-Time PCR Systems
(Thermo Fisher Scientific, Waltham, MA, USA).
The PCR conditions were at 50°C for 2 min,
95°C for 10 min, followed by 45 cycles at 95°C
for 15 s, and 60°C for 1 min and one cycle of
95°C for 15 s, 60°C for 1 min, 95°C for 30 s,
60°C for 15 s. The 2-AACt method was used for
calculating the fold change of the target RNA
expression of one sample compared to the cali-
bration sample. Transcripts of 18 s was used
as the internal control. The PCR primers used
were as follows: LPPR4 forward: 5-GTATGTTT-
CGGGCTTGTATGC-3"; LPPR4 reverse: 5-TCCAT-
CACTGCTGCTACCAT-3’; Sp1 forward: 5-CCCT-
TGAGCTTGTCCCTCAG-3’; Sp1 reverse: 5-TGAA-
AAGGCACCACCACCAT-3’; 18S forward: 5-CCC-
GGGGAGGTAGTGACGAAAAAT-3’; 18S reverse:
5-CGCCCGCCCGCTCCCAAGAT-3..

Construction of stable LPPR4 knocked-down
cell line

Negative control and LPPR4-shRNA lentiviral
particles were purchased from the Genechem
(Shanghai, China). HGC27 cells were transfect-
ed with NC or LPPR4-shRNA lentiviral particles
following the manufacturer’s instructions. The
HGC27 cells were seeded in a six-well plate
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with the cell density of 5.0x10* cells/well on
day 1. On day 2, medium containing lentivirus
and HitransG P (25x%; Genechem) was added at
MOI of 20 into the culture. HitransG P is used to
increase the transfection efficiency. After 12 h
of incubation, the medium was refreshed with
RPMI-1640 containing FBS and cultured for 5
days. Puromycin (2 pg/mL, cat. no. P7130;
Sigma-Aldrich; Merck Millipore) was used for
selection of stablely transfected cells. Knock-
down efficiency of LPPR4 was evaluated by
gRT-PCR and Western blotting analysis.

Overexpression plasmid transfection

LPPR4 and Spl overexpression plasmid and
the empty vector control were designed and
provided by Obio Technology Corp., Ltd. (Shang-
hai, China). In brief, MGC803 and MKN74 cells
with a cell density of 1.0x10° cells/well were
cultured in a six-well plate on the day before
transfection. The cells were transfected with
1.5 yg LPPR4 or 2.0 yg Spl overexpression
plasmid or the empty vector control respective-
ly according to the manufacturer’s instructions
on the following day. Overexpression efficiency
of LPPR4 was evaluated by qRT-PCR and
Western blotting, and overexpression efficiency
of Sp1 was evaluated by Western blotting.

Cell viability assays

HGC27 and MKN74 cells transfected with the
LPPR4 siRNA or NC siRNA and MGC803 cells
transfected with LPPR4 overexpression plas-
mid or the empty vector control were incubated
in 96-well plates with a cell density of 4,000
cells/well for 24 hours. Then, 20 uL of MTT
reagent (5 mg/mL; Sigma Chemical Co., St
Louis, MO, USA) was added to each well and
incubated at 37°C and 5% CO, for 4 h. Then the
supernatant in each well was discarded and
200 pL of dimethyl sulfoxide (DMSO) was
added. The 96-well plate was shaken for 5 min
on a horizontal shaker. The absorbance was
measured at 570 nm using a microplate reader
(model 550; Bio-Rad Laboratories, Inc., He-
rcules, CA, USA).

Migration and invasion assays

Transwell assays were performed 48 hours
after transfection using 8 um transwell cham-
bers (Corning Life Science, MA, USA). For migra-
tion assays, transfected HGC27, MKN74 and
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MGC803 cells were placed into the upper
chamber at a density of 3x10* cells/200 uL,
2x10°% cells/200 pL and 5x%10% cells/200 L
with RPMI-1640 medium without FBS, respec-
tively. RPMI-1640 supplemented with 10% FBS
(500 pl) was added to the lower chamber and
incubated at 37°C and 5% CO,. For invasion
assays, matrigel was melted at 4°C overnight
and diluted with serum-free RPMI-1640 in a
1:30 ratio in advance. The transwell migration
chambers were precoated with 50 uL matrigel
onice and incubated at 37°C for 1 hour to allow
the matrigel to solidify. Transfected HGC27,
MKN74 and MGC803 cells were placed into the
upper chamber at a density of 4x10% cells/200
uL, 3x10° cells/200 pL and 1x10° cells/200 uL
with RPMI-1640 medium without FBS, respec-
tively. After 24 hours of incubation, cells remain-
ing on the upper membrane were removed with
cotton-tipped swabs while cells on the lower
surface of the filter were fixed with ethanol,
stained with Reiter dying for 1 min, followed by
mixed Giemsa redyeing for 1 hour. The stained
cells were counted and photographed by a
microscope (Olympus, Tokyo, Japan) at x200
maghnification. At least five randomly selected
fields were counted and analyzed statistically.

Wound healing assays

Scratch wound healing assays were operated
48 hours after transfection. HGC27, MKN74
and MGC803 cells were seeded in six-well
plates until confluence and wounded by scr-
atching a straight line with a 200 pl pipette tip.
Then the supernatant in each well was aspirat-
ed and replaced with fresh medium without
FBS. Migration images were captured at 0, 24 h
after scratching. All experiments were per-
formed for repeated three times. The area in
the blank was analyzed and quantified with the
Imagel) software and percentage was calculat-
ed according to the formula (S0-St)/SO.

Tumor cell adhesion assays

Adhesion assays were carried out 48 hours
after transfection. HMrSV5 cells were seeded
in six-well plates overnight to prepare a conflu-
ent monolayer. Transfected HGC27, MKN74
and MGC803 cells stained with DID dye which
was diluted with serum-free RPMI-1640 medi-
um in a 1:200 ratio for 20 minutes at 37°C
were placed onto the HMrSV5 monolayer at
a density of 5x10%, 1x10° and 5x10* cells,
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Figure 1. |dentification of LPPR4 as peritoneal metastasis-related genes in GC. A, B. The heatmap and volcano map
of the DEGs between cancer tissues and adjacent tissues of TCGA-STAD cohort respectively. C. Venn diagram of
the selection of the 52 DEGs with stable prognostic value. D. The univariate analysis results of the 52 genes with
prognostic value in TCGA-STAD cohort. E. The univariate analysis results of the 52 genes with prognostic value in
GSE62254 cohort. F. The heatmap of the eight peritoneal metastasis related genes in GSE62254 cohort.

respectively. After 6 hours of incubation at by PBS, and adherent tumor cells were counted
37°C, non-adherent tumor cells were washed and photographed by a fluorescence micro-
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Table 1. Eight prognostic and peritoneal metastasis-related genes in GC

Gene symbol Gene name logFC P-value
ASPN asporin 1.225852996 1.71E-06
LPPR4 lipid phosphate phosphatase-related protein type 4 0.874027316 2.09E-08
FNDC1 fibronectin type Ill domain-containing protein 1 0.7142821 0.02562204
OLFML2B olfactomedin-like protein 2B 0.705273769 1.21E-05
CDH11 cadherin-11 0.662220922 1.27E-05
LRRC32 leucine-rich repeat-containing protein 32 0.644397024 2.30E-08
VCAN versican core protein 0.643088221 0.000100684
SPARC secreted protein acidic and rich in cysteine 0.639320219 2.75E-06

scope (Olympus, Tokyo, Japan) at x100 magni-
fication. All images were captured in at least
five randomly selected fields.

Immunoprecipitation and Western blotting
analysis

Cells were extracted in 1% Triton lysis buffer
(1% Triton X-100, 50 mM Tris-Cl pH 7.4, 150
mM NaCl, 10 mM EDTA, 100 mM NaF, 1 mM
Na,VO,, 1 mM PMSF, 2 ug/mL aprotinin) and
quantified using the Coomassie brilliant blue
method. For immunoprecipitation, cell lysates
were mixed with LPPR4 antibody at 4°C for 6
hours at least. Then the mixture was added in-
to 40 ul of protein G-sepharose beads (Cell
Signaling Technology) and slowly shaken for
another 2 hours at 4°C. The immunoprecipitat-
ed proteins were eluted with lysis buffer for four
times and boiled by heat treatment at 95°C for
5 min with 2X sampling buffer. For Western
blotting analysis, the cell lysates were separat-
ed by 8% SDS-PAGE and electrophoretically
transferred to a polyvinylidene fluoride (PVDF)
membrane (Millipore, Bedford, MA, USA). The
membranes were blocked with 5% skim milk in
tris-buffered saline Tween-20 (TBST) buffer (10
mM Tris-Cl pH 7.4, 150 mM NaCl, 0.1% Tween-
20) at room temperature for 1 hour and incu-
bated with the indicated primary antibodies
overnight at 4°C. After incubating with the
appropriate secondary antibodies at room tem-
perature for 40 minutes, the protein bands
were detected with enhanced chemilumines-
cence reagent (SuperSignal Western Pico Che-
miluminescent Substrate; Pierce, USA) and
visualized with the Electrophoresis Gel Imaging
Analysis System (DNR Bio-Imaging Systems,
Israel).

In vivo tumor peritoneal dissemination model

Ten BALB/c 4-6-week-old female nude mice
were purchased from Beijing Vital River La-
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boratory Animal Technology Co, Ltd. and ran-
domly allocated to two groups. All animal exper-
iments were approved by the Institutional Re-
view Board of China Medical University. HGC27-
shNC and HGC27-shLPPR4 cells (5x10° in 300
puL PBS) were inoculated peritoneally. All mice
were sacrificed after 8 weeks according to the
criterion by the Committee on Animal Care in
China Medical University and metastatic perito-
neal nodules were counted and weighed.

Statistical analysis

All statistical analyses were performed using
GraphPad Prism software, Social Sciences
(SPSS) software version 20.0, and R software.
R package survival was used to perform uni-
variate cox analysis. False discovery rate (FDR)
was calculated with R package p.adjust. GSEA
was conducted by using GSEA v2.2.2 (http://
www.broadinstitute.org/gsea). KEGG analysis
was performed by R package clusterProfiler. R
package GOplot was used to demonstrate the
results of KEGG analyses. Wilcoxon test was
used to analyze the association between
LPPR4 expression and peritoneal recurrence.
The data of cell culture experiment was dis-
played as means + standard deviation (SD) of
three independent experiments. Differences
between two groups were assessed using the
Student’s t-tests. Spearman correlation analy-
sis was used to analyze the correlations.
Kaplan-Meier method and log-rank test were
used to analyze the survival curves. P < 0.05
was considered to be statistically significant
(*P < 0.05, **P < 0.01, ***P < 0.001).

Results

Identification of prognostic and peritoneal
metastasis-related genes in GC

To obtain genes that play a vital role in the pro-
cess of GC peritoneal metastasis, we first sc-
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Figure 2. High expression of LPPR4 predicts poor prognosis for GC patients. A. Kaplan-Meier curve of LPPR4 expres-
sion in OS of TCGA-STAD cohort. B. Kaplan-Meier curve of LPPR4 expression in OS of GSE62254 cohort. C. LPPR4
expression in peritoneal relapse group and non-peritoneal relapse group. D. ROC curve analysis of LPPR4. P value

was determined using Wilcoxon test. ***P < 0.001.

reened differential expression genes in TCGA-
STAD cohort using R package “edgeR” with the
criteria of P < 0.05, FDR < 0.05 and FC>1.5.
4,225 genes were up-regulated in tumor tis-
sues (Figure 1A, 1B). Moreover, the prognostic
values of these 4,225 genes in the TCGA-STAD
and GSE62254 cohorts were tested, with the
criteria of P < 0.05 and HR>1, 52 genes passed
the audit (Figure 1C-E). Finally, to confirm the
role of these 52 prognostic genes in the biologi-
cal behavior of peritoneal metastasis, we con-
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ducted differential expression genes screening
using the R package “limma” in GSE62254 for
54 patients with peritoneal recurrence, and
246 patients without peritoneal recurrence. A
total of 502 peritoneal metastasis-associated
genes were obtained under the criteria of P <
0.05, FDR < 0.05 and FC>1.5 (Eigure S1A,
S1B). In summary, eight genes were identified
as both prognostic and peritoneal metastasis-
related genes (Figure 1F; Table 1). Notably,
LPPR4 ranked the second highest according to
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Figure 3. Knockdown of LPPR4 inhibits migration, invasion and adhesion in GC cells in vitro. A. LPPR4 mRNA ex-
pression in eight GC cell lines and GES-1 cells by gRT-PCR. B. Protein expression of LPPR4 in eight GC cell lines and
GES-1 cells by Western blotting. C, D. HGC27 and MKN74 cells were transfected with NC-siRNA, LPPR4-siRNA-1
(sil) and LPPR4-siRNA-2 (si2). LPPR4 expression levels were detected by qRT-PCR and Western blotting analyses.
E, F. Transwell migration and invasion assays of HGC27 and MKN74 cells with transient LPPR4 knockdown. Original
maghnification, 200x%. Scale bar = 100 ym. G, H. Wound healing assays for the evaluation of LPPR4 knockdown on
HGC27 and MKN74 cells migration ability. Original magnification, 50x. Scale bar = 200 um. |, J. Adhesion assays to
show HGC27 and MKN74 cells with transient LPPR4 knockdown adherent to HMrSV5 cells. Original magnification,
100x. Scale bar = 200 ym. B-actin was used as an internal reference for Western blotting. Each experiment was
repeated at least three times. All the data were expressed as mean + SD, **P < 0.01, ***P < 0.001, based on

Student’s t-test.

fold change and might be related to tumorigen-
esis and progression of GC peritoneal metasta-
sis. Therefore, LPPR4 was selected for further
experimental analysis.

High expression of LPPR4 predicts poor prog-
nosis for GC patients

The relationship between the expression level
of LPPR4 and the prognosis of GC was fur-
ther evaluated. Kaplan-Meier analysis was per-
formed on the TCGA-STAD and GSE62254
cohort patients. Patients with high expression
of LPPR4 in both databases were found to have
significantly lower overall survival compared to
patients with low expression of LPPR4 (Figure
2A, 2B). Then, samples were divided into a
peritoneal relapse group and non-peritoneal re-
lapse group based on the peritoneal recur-
rence. A significant positive association bet-
ween LPPR4 expression and peritoneal recur-
rence was observed in the GSE62254 cohort
(Figure 2C). Receiver operating characteristic
(ROC) curve analysis was performed to evalu-
ate the sensitivity and specificity of LPPR4 for
the diagnosis of GC peritoneal metastasis. The
area under ROC curve (AUC) of LPPR4 was
0.687, demonstrating that LPPR4 has a high
sensitivity and specificity for GC peritoneal
metastasis diagnosis (Figure 2D). These resu-
Its suggested that high expression of LPPR4
was related to poor prognosis for GC patients,
and LPPR4 can be used as a candidate bio-
marker for the diagnosis and prognosis of GC
peritoneal metastasis.

LPPR4 promotes migration, invasion and
adhesion of GC cells to foster GC peritoneal
metastasis in vitro

To investigate whether LPPR4 could promote
GC peritoneal metastasis, the effect of LPPR4
on migration, invasion of GC cells and adhesion
of GC cells to HMrSV5 cells was investigated
using GC cell lines. To understand the biologi-
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cal functions of LPPR4 in GC cells, LPPR4
mMRNA and protein expression were measured
in eight GC cell lines, and the normal gastric
epithelial cell line GES-1. LPPR4 was found to
be significantly up-regulated in the GC cell lines
compared to GES-1 cells (Figure 3A, 3B).
HGC27 and MKN74 cells were chosen for the
loss of function experiments and MGC803 cells
were selected for the gain of function experi-
ments due to the highest and lowest expres-
sion levels of LPPR4 in these GC cell lines,
respectively. qRT-PCR and Western blotting
were used to determine the transfection effi-
ciencies of LPPR4 siRNAs in HGC27 and MKN74
cells (Figure 3C, 3D). In HGC27 and MKN74
cells, transwell migration and matrigel invasion
assays showed that the migration and invasion
abilities were significantly decreased in LPPR4-
knockdown cells compared to the NC cells (P <
0.01, Figure 3E, 3F), while MTT assays indicat-
ed no significant difference in proliferation
effect between NC and LPPR4 siRNA cells
(Figure S2A, S2B). Wound healing assays
showed that knockdown of LPPR4 significantly
decreased the wound healing capability com-
pared to NC cells (P < 0.001, Figure 3G, 3H).
For adhesion assays, HMrSV5 cells were used
to test the attachment of GC cells to PMCs.
Interestingly, less LPPR4-knockdown GC cells
were adhered to a dense layer of HMrSV5 cells
compared to the control group (P < 0.001,
Figure 3I, 3)).

To further validate the biological functions of
LPPR4, LPPR4 was overexpressed in MGC803
cells lines using LPPR4 overexpression plasmid
and overexpression efficiency was tested by
gRT-PCR and Western blotting assays (Figure
4A, 4B). The migration and invasion potential
of MGC803 cells was significantly enhanced
in the LPPR4-overexpression group (P < 0.05,
Figure 4C, 4D), whilst no significant difference
was observed in cell proliferation based on
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cells with LPPR4 overexpression. Original magnification, 200x. Scale bar = 100 ym. E, F. The migratory abilities of
MGC803 cells transfected with LPPR4 overexpression plasmid were detected by wound healing assays. Original
maghnification, 50x%. Scale bar = 200 pm. G, H. Adhesion assays to assess MGC803 cells with LPPR4 overexpression
adherent to HMrSV5 cells. Original magnification, 100x. Scale bar = 200 pym. B-actin was used as a loading control
in Western blotting. Each experiment was repeated at least three times. All the data were expressed as mean + SD,
*P < 0.05, **P < 0.01, ***P < 0.001, based on Student’s t-test.

MTT assays (Eigure S2C). Similarly, the migra-
tion and motility of MGC803 cells were signifi-
cantly increased in the LPPR4 overexpression
group by wound healing assays (P < 0.01,
Figure 4E, 4F). Furthermore, more LPPR4-ov-
erexpression GC cells were attached to HMrSV5
cells by adhesion assays (P < 0.001, Figure 4G,
4H). Therefore, these results suggested that
LPPR4 could promote migration and invasion of
GC cells, and adhesion of GC cells to HMrSV5
cells in vitro.

KEGG and GSEA enrichment analysis of
LPPR4

To elucidate the mechanisms of LPPR4 in peri-
toneal metastasis of GC, we selected 1,000
genes which were most related to LPPR4 based
on Spearman’s rank correlation in the TCGA-
STAD data set, and conducted a KEGG en-
richment analysis on these 1,000 genes. The
results of KEGG enrichment analysis showed
that these 1,000 genes were significantly
enriched in PI3K-Akt, focal adhesion, ECM-re-
ceptor interaction, and CAMs pathways (Figure
5A-C). In addition, GSEA analysis was also car-
ried out to identify the abnormally regulated
pathways in GC patients. As shown in Figure 5D
and 5E, CAMs, ECM-receptor interaction and
focal adhesion pathways were the most com-
monly enriched signaling pathways. Therefore,
we hypothesized that LPPR4 played an impor-
tant role in the adhesion process of GC cells.

LPPR4 activates transcription of integrin o
through Sp1

It is well known that integrins (ITGs) play a key
role in the adhesion of cancer cells to induce
metastasis [22]. According to our predicted
pathways, we verified several relevant mem-
bers of integrin family proteins including ITGA1,
ITGA2, ITGA5, ITGAG, ITGA7, ITGB1, ITGB2,
ITGB3, ITGB4 and ITGB5 by Western blotting.
Interestingly, the expression of ITGAL, ITGA2,
ITGAS, ITGAG and ITGA7, but not ITGB1, ITGB2,
ITGB3, ITGB4 and ITGB5, were significantly
down-regulated by knockdown of LPPR4. Fur-
thermore, levels of p-FAK, p-Akt, p-Src, as well
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as MMP2 were dramatically decreased. Con-
versely, overexpression of LPPR4 exhibited the
opposite regulation (Figures 6A, S3A). The cor-
relation analysis in the TCGA-STAD cohort
showed a positive correlation between LPPR4
and ITGAL, ITGA2, ITGAD, ITGAB, ITGA7 (Eigure
S3B). Then, we explored the relationship be-
tween LPPR4 and ITGA1, ITGA2, ITGA5, ITGAG,
ITGA7. However, immunoprecipitation assays
failed to demonstrate a direct interaction be-
tween LPPR4 and ITGAL, ITGA2, ITGA5, ITGAG,
ITGA7 (Figure 6B). Therefore, to further investi-
gate the mechanism by which LPPR4 up-regu-
lated ITGAL, ITGA2, ITGAD, ITGA6 and ITGA7
expression, we analyzed ITGA1, ITGA2, ITGAS,
ITGAG6 and ITGA7 promoter using the UCSC
genome website and JASPAR database [23],
showing that Spl is a potential transcription
factor regulator.

It was previously reported that Spl acted as a
known transcription factor for gene expression
of integrin a2 in breast cancer [24], and integ-
rin a5 during EMT in cancer [25]. Hence, we
speculated that LPPR4 might regulate the
expression of ITGA1, ITGA2, ITGA5, ITGA6 and
ITGA7 by modulating their transcription factor
Spl. Then, the correlations between LPPR4
and Spi, as well as Spl and ITGA1, ITGA2,
ITGAD, ITGAG, ITGA7 were verified in the TCGA-
STAD cohort. From the correlation analysis,
LPPR4 was positively related to Sp1 (R = 0.276;
P < 0.001), and the expression of Spl was
shown to be positively associated with the
expression of ITG genes: ITGAL (R =0.386, P <
0.001), ITGA2 (R = 0.541, P < 0.001), ITGA5S (R
= 0.202, P < 0.001), ITGA6 (R = 0.615, P <
0.001), ITGA7 (R = 0.255, P < 0.001; Figure
6C). qRT-PCR (Figure 6D) and Western blotting
(Figure 6E) showed that Sp1 mRNA and protein
expression were down-regulated after knock-
down of LPPR4 in HGC27 and MKN74 cells. Our
results were consistent with the correlation
between LPPR4 and SP1 as shown previously
using TCGA-STAD databases. Then, we knocked
down Spl to examine protein levels of ITGA1,
ITGA2, ITGA5, ITGAG6 and ITGA7. gRT-PCR and
Western blotting were adopted to verify the
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Figure 5. KEGG and GSEA enrichment analysis of LPPR4. A. 1000 genes which were most relevant to LPPR4 were
enriched in KEGG pathways. Fold enrichment of each KEGG term is indicated by the x-axis and bar color. B. Hierar-
chical clustering of gene expression profiles of each KEGG pathway. C. Chord plots show the relationship between
genes and the KEGG pathway. D. GSEA terms that are significantly enriched in TCGA-STAD cohort. E. GSEA terms

that are significantly enriched in GSE62254 cohort.

transfection efficiency of Sp1 siRNA in HGC27
and MKN74 cells (Figure 6F, 6G). As shown in
Figure 6G, it was found that ITGA1, ITGA2,
ITGAD, ITGAG and ITGA7 were down-regulated
after Sp1 knockdown in HGC27 and MKN74
cells by Western blotting. These results indicat-
ed that Sp1 can significantly regulate the tran-
scription of ITGAL, ITGA2, ITGA5, ITGA6 and
ITGA7 by LPPRA4.

LPPR4 promotes migration, invasion and
adhesion of GC cells by regulating the activity
of Sp1

To determine whether LPPR4 could promote
migration, invasion of GC cells and adhesion of
GC cells to HMrSV5 cells through Spi, we per-
formed rescue experiments. Spl was overex-
pressed in both HGC27 and MKN74 cells, and
overexpression efficiency was detected by
Western blotting assays (Figure 7A). Transwell
migration and matrigel invasion assays showed
that Spl overexpression enhanced the migra-
tion and invasion abilities of GC cells. Sp1 over-
expression could restore the migration and
invasion ability of HGC27 and MKN74 cells
caused by LPPR4 gene knockdown (Figure 7B,
7C). In addition, in the case of LPPR4 gene
knockdown, overexpression of Spl was found
to eliminate the reduction of GC cells adhering
to HMrSV5 cells (Figure 7D, 7E). These results
revealed that knockdown of LPPR4 could sup-
press migration, invasion and adhesion of GC
cells by regulating the expression of Sp1. Taken
together, our study demonstrated that LPPR4
could promote peritoneal metastasis via Spl/
integrin o/FAK signaling in GC.

LPPR4 promotes peritoneal metastasis of GC
cells in vivo

To investigate whether LPPR4 could promote
the peritoneal metastasis of GC cells in vivo, a
stable LPPR4 knocked-down cell line was
established in HGC27 cells. The transfection
efficiency of LPPR4 silencing was measured by
gRT-PCR and Western blotting (Figure 8A, 8B).
HGC27-shNC and HGC27-shLPPR4 cells were
injected into the peritoneal cavity of the nude
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mice to evaluate the effect of LPPR4 on perito-
neal implantation in vivo. Representative imag-
es of GC peritoneal metastasis were selected
to present tumor progression in the peritoneum
(Figure 8C). As shown in Figure 8D, HGC27-
shLPPR4 cells developed less peritoneal meta-
static nodules (2.8+0.4899, N = 5) compared
with peritoneal metastatic nodules developed
by HGC27-shNC cells (8.6+0.4, N = 5) (P <
0.001). Furthermore, the weight of the perito-
neal metastatic nodules was significantly
heavier for the HGC27-shNC tumors (200.4+
9.182 mg, N = 5) compared with the HGC27-
shLPPR4 tumors (59.144+10.94 mg, N =5) (P <
0.001) (Figure 8E). Therefore, our findings indi-
cated that LPPR4 fostered peritoneal metasta-
sis of GC cells in vivo.

Discussion

Peritoneal dissemination is the most common
route of metastasis observed in late-stage GC
patients and is considered as the leading cause
of death [26]. A distinct feature of peritoneal
metastasis in GC is its rapid progression and
poor prognosis [27]. Therefore, there is an
urgent need to develop novel diagnostic bio-
markers and potential treatment targets in GC
patients with peritoneal metastases.

In this study, we demonstrated that LPPR4
expression increased in peritoneal metastasis
of GC tissues, and predicted a poor clinical out-
come in GC patients. In addition, our study pro-
vided the first evidence that LPPR4 promoted
the migration, invasion and adhesion of GC
cells in peritoneal metastasis via Spl/integrin
o/FAK pathway both in vitro and in vivo. Spl
was an important determinant of peritoneal
metastasis of GC mediated by LPPR4.

Previous studies on LPPR4 focused on the
LPPR protein family members. It was revealed
that LPPRs could cooperate with each other to
form a complex to play an important role in
membrane localization and cellular function
[28]. However, the functions and mechanisms
of LPPRs in tumorigenicity remain unclear.
LPPR1 was under-expressed in human adrenal
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Figure 6. LPPR4 activates transcription of integrin o through Sp1. A. Classical members of integrin family proteins
and corresponding downstream genes were assessed by Western blotting in HGC27 and MKN74 cells transfected
with siLPPR4 and in MGC803 cells infected with LPPR4 overexpression plasmid. B. Immunoprecipitation using a
LPPR4 antibody showed LPPR4 and ITGAL, ITGA2, ITGA5, ITGAG, ITGA7 association. C. Correlation between LPPR4
and Spl, as well as Sp1 and ITGAL, ITGA2, ITGAS, ITGAG, ITGA7 was performed in human GC tissues based on TCGA-
STAD dataset. D. Sp1 mRNA expression levels were tested by gRT-PCR in HGC-27 and MKN74 cells after transfected
with siLPPR4. E. Sp1 protein expression levels were detected by Western blotting analysis in HGC27 and MKN74
cells after transfected with siLPPR4. F, G. HGC27 and MKN74 cells were transfected with NC-siRNA and Sp1-siRNA.
Spl expression levels were detected by gRT-PCR and Western blotting. ITGAL, ITGA2, ITGAS, ITGAG and ITGA7 pro-
tein expression levels were detected by Western blotting analysis in HGC27 and MKN74 cells after transfected with
siSpl. B-actin was used as a loading control in Western blotting. Each experiment was repeated at least three times.

All the data were expressed as mean + SD, ***P < 0.001, based on Student’s t-test.

cell carcinoma [29]. LPPR4 downregulation has
been reported in leukemia [17]. In contrast, up-
regulated LPPR2 was associated with drug
resistance in human melanoma cell lines [30].
In our study, LPPR4 expression was up-regulat-
ed in peritoneal metastasis of GC tissues and
elevated LPPR4 expression was correlated with
poor prognosis in GC patients.

Most of the previous studies for LPPR4 have
reported high levels of expression in neurons,
and biological functions in the central nervous
system [14, 15]. It was postulated that LPPR4,
as a new phospholipid phosphatase, was invo-
Ived in axonal growth and regenerative sprout-
ing [6]. In addition, LPPR4 regulated spinal den-
sity and synaptic plasticity by activating the
intracellular protein phosphatase 2A (PP2A)/
integrin B1 pathway. Overexpression of LPPR4
promoted the binding of fibronectin (FN) and
laminin (LN), and mediated the pathway of
CAMs [31]. Consistent with this study, we found
that LPPR4 could promote the adhesion of GC
cells to HMrSV5 cells in vitro. It is well known
that the peritoneum mainly consists of a single
layer of PMCs. Furthermore, adhesion of can-
cer cells to PMCs is the crucial step in perito-
neal metastasis of GC [32]. Moreover, our
results indicated that LPPR4 could promote the
migration and invasion of GC cells. Taken
together, the results showed that LPPR4 could
promote peritoneal metastasis of GC.
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Integrins and integrin-related processes have
been reported in almost every step of cancer
progression, particularly in the metastasis of
many cancer types [33]. Integrins play an
essential role in modulating cell-extracellular
matrix as well as cell-cell interactions in tumor
models. Our KEGG and GSEA results indicated
that high expression of LPPR4 was correlated
with CAMs, focal adhesion and ECM-receptor
interaction pathways. Interestingly, we found
that the expression of ITGA1, ITGA2, ITGAS,
ITGAG and ITGA7, but not ITGB1, ITGB2, ITGB3,
ITGB4 and ITGB5, was significantly decreased
by LPPR4 knockdown, indicating that LPPR4
facilitated the activation of integrin o in GC
cells. The integrin-correlated adhesion proteins
are composed of talin, Src kinase and focal
adhesion kinase (FAK). FAK is a non-receptor
protein tyrosine kinase which facilitates cancer
cell adhesion and metastasis [34]. However,
the relationship between LPPR4 and FAK has
not previously been elucidated. In our study,
LPPR4 gene knockdown was found to down-
regulate the expression of p-FAK, p-Src, p-Akt,
and the downstream gene MMP2. These
results indicated that LPPR4 promoted perito-
neal metastasis of GC via the integrin o/FAK
pathway.

Another significant finding was that Sp1 acted
as a crucial determinant for transcriptional reg-
ulation of integrins o by LPPR4. Sp1 is consid-
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Figure 7. LPPR4 promotes migration, invasion and adhesion of GC cells by regulating the activity of Sp1. A. HGC27
and MKN74 cells were infected with Sp1 overexpression plasmid or the empty vector control. Sp1 expression levels
were detected by Western blotting analyses. B, C. Transwell migration and invasion assays of HGC27 and MKN74
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were expressed as mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, based on Student’s t-test.

growth regulation, cell death, and cancer pro-

ered as a classical transcription factor and
gression [35]. Overexpressed Spl is involved in

plays an important role in metabolism, cell
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revealed that LPPR4 promot-
ed GC peritoneal metastasis
via the Spl/integrin o/FAK
pathway.

Our present study has several
limitations in explaining the
molecular mechanisms of LP-
PR4. The bioinformatics func-
tional analysis of LPPR4 could
not comprehensively reveal
the biological function of
LPPR4. It would be worthwhile
to use LPPR4 overexpression
or knockout microarrays in GC
cells. Additionally, a further
study of the mechanisms by
which LPPR4 regulates Sp1l is
needed.

In summary, the present study
suggests, for the first time,
that the expression of LPPR4
is significantly overexpressed
in peritoneal metastasis of
GC. The increased expression
of LPPR4 correlates with
shorter overall survival in GC
patients. Moreover, LPPR4
promotes migration, invasion
and adhesion of GC cells
through the Spl/integrin o/
FAK signaling pathway. LPPR4

Ij?%‘
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Figure 8. LPPR4 promotes peritoneal metastasis of GC cells in vivo. A, B.
HGC27 cells were infected with NC or LPPR4-shRNA lentiviral particles.
LPPR4 expression levels were detected by gRT-PCR and Western blotting
analyses. C. Representative images of the macroscopic appearance of
peritoneal metastatic nodules (red arrows) in hude mice treated with intra-
peritoneal injection of HGC27 cells stably infected with NC or LPPR4-shR-
NA lentiviral particles (N = 5 per group). D. The total number of peritoneal
metastatic nodules in respective group. E. The total weight of peritoneal
metastatic nodules in respective group. Each experiment was repeated at
least three times. All the data were presented as mean + SD, ***P < 0.001,

based on Student’s t-test.

many cancers including breast, gastric, liver,
thyroid and pancreatic cancers [36-40]. Several
previous studies have demonstrated the impor-
tance of Spl in the regulation of integrins [24,
25, 36]. Our results showed that Spl acted as
an important transcription factor for the expres-
sion of integrin o by LPPR4. LPPR4 promoted
GC cell migration, invasion and adhesion to
HMrSV5 cells through Spl. Overall, our data
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NC shLPPR4 NC

may serve as a potential bio-
marker for the diagnosis and
prediction of prognosis of GC
peritoneal metastasis. Tar-
geting LPPR4 may be a prom-
ising strategy for the treat-
ment of peritoneal metastasis
of GC patients.
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Figure S1. A, B. The heatmap and volcano map of the DEGs between peritoneal relapse tissues and non-peritoneal

relapse tissues of GSE62254 cohort respectively.
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Figure S2. A-C. The cell viability of GC cell lines during migration and invasion was carried out by MTT assays. Each
experiment was repeated at least three times. All the data were presented as mean + SD, n.s, no significance.
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Figure S3. A. Classical members
of integrin family proteins were as-
sessed by Western blotting in HGC27
cells transfected with siLPPR4 and in
MGC803 cells infected with LPPR4
overexpression plasmid. B. Corre-
lation between LPPR4 and ITGA1,
ITGA2, ITGAS, ITGAG, ITGA7 was per-
formed in human GC tissues based
on TCGA-STAD dataset. B-actin was
used as a loading control in Western
blotting. Each experiment was repeat-
ed at least three times.



