3 frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Julie Decock,

Qatar Biomedical Research Institute,
Qatar

REVIEWED BY
Dominic C. Voon,

Kanazawa University, Japan
Runwei Yan,

The First Affiliated Hospital of
Nanchang University, China

*CORRESPONDENCE
Shanshan Qin
ginss77@163.com
Dandan Li
lidandan_cup@163.com

SPECIALTY SECTION

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

RECEIVED 29 May 2022
ACCEPTED 16 August 2022
PUBLISHED 15 September 2022

CITATION

Qin S, Wang Z, Huang C, Huang P and
Li D (2022) Serine protease PRSS23
drives gastric cancer by enhancing
tumor associated macrophage
infiltration via FGF2.

Front. Immunol. 13:955841.

doi: 10.3389/fimmu.2022.955841

COPYRIGHT

© 2022 Qin, Wang, Huang, Huang and
Li. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Immunology

TyPE Original Research
PUBLISHED 15 September 2022
p0110.3389/fimmu.2022.955841

Serine protease PRSS23 drives
gastric cancer by enhancing
tumor associated macrophage
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Serine proteases has been considered to be closely associated with the
inflammatory response and tumor progression. As a novel serine protease,
the biological function of PRSS23 is rarely studied in cancers. In this study, the
prognostic significance of PRSS23 was analyzed in two-independent gastric
cancer (GC) cohorts. PRSS23 overexpression was clinically correlated with
poor prognosis and macrophage infiltration of GC patients. Loss-of-function
study verified that PRSS23 plays oncogenic role in GC. RNA-seq, gRT-PCR,
western blotting and ELISA assay confirmed that serine protease PRSS23
positively regulated FGF2 expression and secretion. Single-cell analysis and
gene expression correlation analysis showed that PRSS23 and FGF2 were high
expressed in fibroblasts, and highly co-expressed with the biomarkers of tumor
associated macrophages (TAMs), cancer-associated fibroblasts (CAFs) and
mesenchymal cells. Functional analysis confirmed PRSS23/FGF2 was required
for TAM infiltration. Rescue assay further verified that PRSS23 promotes GC
progression and TAM infiltration through FGF2. Survival analysis showed that
high infiltration of M1-macrophage predicted favorable prognosis, while high
infiltration level of M2-macrophage predicted poor prognosis in GC. Our
finding highlights that PRSS23 promotes TAM infiltration through regulating
FGF2 expression and secretion, thereby resulting in a poor prognosis.
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Introduction

Gastric cancer (GC) is a heterogeneous tumor with the third
highest mortality rate worldwide (1). There are about 1.089 million
new cases of gastric cancer worldwide in 2020, of which about
478,508 cases occurred in China (2, 3). Though current treatments
for patients have been greatly improved, the prognosis remains
unoptimistic to date due to the inconvenience of early diagnosis of
GC (4). Besides, the molecular mechanisms underlying GC
progression remain unclear (5-8). Hence, it is urgent and
necessary to explore novel potential biomarkers and their
molecular mechanisms to better understand the pathophysiology
of gastric malignancies.

Serine proteases play critical roles in the digestion, blood
coagulation fertilization, fibrinolysis, cell apoptosis and
differentiation, angiogenesis (9). Recently, emerging evidence have
showed that serine proteases play essential roles in tumor
progression. For examples, Serine protease PRSS8 suppresses
colorectal carcinogenesis and metastasis by inhibiting epithelial
mesenchymal transition (EMT) signaling (10, 11). Serine protease
PRSS3 was found to function as an oncogene in stomach cancer, lung
cancer and colon cancer (12-14). However, as a conserved member
of the trypsin family of serine proteases (15), the biological function of
serine protease PRSS23 remains largely unknown in cancers.

Tumor-associated macrophages (TAMs) have been reported to
be independent prognostic biomarker in cancers, including GC (16-
18). Increasing studies have reported that TAMs exert pro-tumor
effects by inhibiting antitumor immune responses (19). TAMs closely
resemble the M2-macrophages, both of which highly express classic
biomarkers of M2 macrophage, such as CD163, MSR1, and MRC1
(20-22). Fibroblast growth factor 2 (FGF2), secreted by cancer-
associated fibroblast (CAFs), was reported to be required for tumor
cell growth in lung cancer (23). Recently, multiple independent
studies have reported a critical role of FGF2 in TAM infiltration,
which implied a pro-tumor role of FGF2 in tumor progression
(24-26).

In this study, a novel role of serine protease PRSS23 in immune
infiltration was disclosed in GC. PRSS23 overexpression was
positively associated with poor prognosis and macrophage
infiltration in GC. PRSS23 functions as an oncogene in GC by
enhancing tumor associated macrophage infiltration via FGF2.
Our data highlights that the upregulation of PRSS23/FGF2 may be
critical for macrophage infiltration in pan-cancer.

Materials and methods

Prognostic analysis and
single-cell analysis

The gene expression profile of GSE62254 used in this study
was downloaded from the Gene Expression Omnibus (GEO) in
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the NCBI web server. The clinical information of GC patients
from GSE62254 cohort was download as descripted previously
(27). The gene expression data and the clinical information of
GC patients were obtained from the Cancer Genome Atlas
(TCGA) database. Expression level of per gene was calculated
from log2 of FPKM-UQ value. Single-cell analysis used in this
study was obtained from the Human Protein Atlas (HPA)
dataset (https://www.proteinatlas.org/).

Immune infiltration analysis

The TIMER database can used to estimate the immune
infiltration levels of B cells, CD4+ T cells, CD8+ T cells,
Neutrophils, Macrophages and Dendritic cells. The
CIBERSORT method can used to estimate the immune
infiltration of 24 immune cell types. The quanTIseq method
can used to estimate the immune infiltration of 10 immune cell
types, including M1 and M2 macrophages. These algorithms
provide powerful correlation analysis and survival analysis
regarding different types of immune cells. The gene module
allows users to select any gene of interest and visualize the
correlation of its expression with immune infiltration level in
diverse cancer types. The survival module allows users to explore
the clinical relevance of one or more tumor immune subsets,
with the flexibility to correct for multiple covariates in a
multivariable Cox proportional hazard model. The gene
expression level in different immune cell types between
stomach cancer and normal stomach tissues was analyzed
using GEPIA 2021 web tool.

Cell culture and cell transfection

For cell culture, all cell lines used in this study were cultured
in DMEM medium containing 10% fetal bovine serum (FBS) at
37 °Cin 5% CO,. The siRNAs targeting PRSS23 were purchased
from Genepharma (Shanghai, China). The sequence of 2 siRNAs
targeting PRSS23 were listed as follows. siRNA#1: 5°-
GCGGCAGAUUUAUGGCUAUTT-3’, siRNA#2: 5’-
CCAGAUUUGCUAUUGGAUUTT-3". For cell transfection,
the GC cells were plated into a six-well plate. After the cell
density reaches 30-50% the next day, siRNAs were transfected
into GC cells using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions.

THP-1-derived TAMs

THP-1 cells were used to induce TAMs in vitro as described
previously (28-30). Briefly, macrophages were induced from THP-1
cells by treatment with PMA (Sigma, 100 ng/mL) for 24 hours. Then,
these THP-1 derived macrophages were re-placed into a six-well
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transwell plate. At the same time, HGC-27 cells were cultured as
usually on the 0.4-um porous membrane of upper chamber. After
24 hours, we co-cultured HGC-27 cells with THP-1-derived
macrophages. Then 48 hours later, macrophages were collected for
RNA extraction and other experiments.

Quantitative RT-PCR assay

At 48 hours post-transfection, GC cells were directly harvested
using Trizol reagent (Invitrogen, USA) and the total RNA was
extracted according to the manufacturer’s instructions. The
contaminated gDNA in total RNA was removed using RNase-free
DNase I (Roche) for 20 minutes (31). cDNA was obtained using the
PrimeScriptTM RT reagent Kit (Perfect Real Time, Takara). The
gPCR analysis was performed on Bio-Rad CFX Manager 3.1 real-
time PCR system. The specific primers used in this study were
synthesized by Wcgene Biotech (Shanghai, China). FGF2-F:
5-GAAAAGGCAAGATGCAGGAG-3’, FGF2-R: 5-ACGTG
AGAGCAGAGCATGTG-3’; PRSS23-F: 5°-GGGGGAT
TTTCTGCTTGTCT-3’, PRSS23-R: 5- TGGAGACCTCCC
TTCTTCCT-3’; ACTIN-F: 5-ATCGTCCACCGCAAATGC
TTCTA-3’, ACTIN-R: 5~-AGCCATGCCAATCTCATCTTGTT-3’
2 "A%C" method was used to determine gene
expression quantification.

Western blotting assay

The western blotting assay was performed as previously
described (1). In brief, after 72h transfected with siRNAs, GC cells
were lysed in RIPA buffer added 1 mM PMSEF. Approximately 100 g
of total protein was electrophoresed through 10% SDS
polyacrylamide gels and were then transferred to a PVDF
membrane (Millipone). The FGF2 antibody (A11488) and PRSS23
(A17092) antibody was purchased from Abclonal company
(Wuhan, China).

RNA sequencing

After transfection of 2 siRNAs targeting PRSS23 in AGS cells,
total RNA was extracted and send to Lifegenes company (Shanghai,
China) to perform RNA sequencing. A total amount of 1.5 ug RNA
per sample was used as input material for the RNA sample
preparations. The RNA-seq data used in this study was uploaded
in the GEO dataset (GSE204725).

Statistical analysis

The P values for PRSS23 expression analysis of different
subtypes of GC were estimated using Mann-Whitney
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nonparametric test. The P values of survival curves were
analyzed using the log-rank test. Pearson correlation analysis
was used for the correlation test of the two groups of data. For
quantitative RT-PCR, the P values were analyzed using ANOVA.
P < 0.05 considered statistically significant.

Results

Serine protease PRSS23 overexpression
predicts poor prognosis in GC

To reveal the biological function of PRSS23 in GC, we firstly
analyzed its expression pattern in GC and normal stomach
tissues. The Human Protein Atlas (HPA) contains large
quantity of immunohistochemistry (IHC) images of different
proteins in normal human tissues and cancer tissues (32).
Therefore, we first evaluated the protein expression of PRSS23
in normal and cancer tissue of stomach using the HPA web tool
(Figure 1A). The results showed that PRSS23 protein was mainly
located in cytoplasmic and was relatively highly expressed in GC
tissue compared to the normal stomach tissue. In addition, two
independent GC cohort (GSE54129 and TCGA_STAD)
containing normal tissues and cancer tissues were included
into our study. The results showed that PRSS23 expression
was also significantly upregulated in the GSE54129 cohort
(Figures 1B, C).

To understand the significance of PRSS23 overexpression in
GC, we analyzed the prognostic value of PRSS23 in two
independent GC cohort (TCGA_STAD and GSE62254). In the
TCGA_STAD cohort, PRSS23 expression in diffuse GC tissues
was higher than that in intestinal GC tissues (Figure 1D). Poorly
differentiated GC tissues tended to have relatively high
expression of PRSS23 (Figure 1E). Furthermore, PRSS23
expression level was positively correlated to T stages of GC
patients (Figure 1F). However, there was no significant
difference in the expression of PRSS23 in GC tissues with or
without lymph node metastasis or distant metastasis
(Figures 1G, H). In addition, we also noted that PRSS23
expression was significantly decreased in the GC patients with
radiation therapy, compared to the GC patients without
radiation therapy (Figure 1I). Survival analysis showed that
PRSS23 overexpression predicted poor prognosis (Figures 1], K).

Similarly, in GSE62254 cohort, PRSS23 was also relatively
high expressed in the diffuse or MLH1+ GC tissues (Figures 2A,
B). Furthermore, PRSS23 was positively correlated with the
degree of malignancy in GC (Figures 2C, D), but has no
significant changes in GC patients with different N/M stages
(Figures 2E, F). Survival analysis in GSE62254 cohort also
showed that PRSS23 predicted poor prognosis in GC
(Figures 2G, H). Taken together, PRSS23 functions as an
oncogene and can be served as a prognostic biomarker in GC.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.955841
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

10.3389/fimmu.2022.955841

Qin et al.
A HPA_dataset B c
g GSE54129
s
15' Q
c 3
] Eo 6
] oy
2 o2
< SE
= IS
S 2%
X 02
@10' g9
"0 =
7]
& of |
Norlmal Turlnor
5 (GTEx) (TCGA_STAD)
n=210 n=414
D E F G
22 =
5
g . ’tl;
g @ S W
=% 2 .
3 218
5 : 16
o«
2 3
& L 14
o
P73 S— ; .
N O &>
H | J K
5] < 16 PRSS23_OVS PRSS23_DFS
% 2 1004 00
» 204 % 14 5 =
o @ c
a s Qs 075
G.18 S 3 g
X g g
) 3 g
&' & 101 T ¥ i - Low
@ @ £ 2 - High
(2] 7)) =
2" P=0.17 2 & g 25) — Low g
= — High P<0.01
& 12 T r o ¢L__Radiation therapy n o— .g . IUJ R PI<0-0I1 .
> » 3 4 7 1 2 3 4 5 6
s s '\ég ® Time (year) Time (year)
FIGURE 1

The clinical significance of PRSS23 overexpression was analyzed in the GC cohort from TCGA. (A) Differences in the immunostaining of PRSS23
between normal tissues and cancerous tissues in GC. (B, C) PRSS23 was overexpressed in cancerous tissues in the GSE54129 and TCGA_STAD cohort.
(D) Differences in PRSS23 expression between intestinal and diffuse tissues of GC. (E) PRSS23 expression in GC tissues with different differentiation
stages. (F—=H) PRSS23 expression level in different TNM-stages of GC tissues. (I) PRSS23 was lowly expressed in GC patients with radiation therapy. (3, K):
PRSS23 overexpression predicted shorter overall survival time and disease-free survival time in GC. **, P < 0.01, ***, P < 0.001.

PRSS23 knockdown inhibits GC cell
proliferation and invasion

Since clinical analysis implied an oncogenic role of PRSS23
in GC, we further validated the biological function of PRSS23 in
vitro. Given PRSS23 was overexpressed in GC tissues, we hence
considered performing loss-of-function study to verify the
biological function of PRSS23 in GC. Firstly, we verified the
RNA interference efficiency of PRSS23 depletion in GC cell lines
by qPCR assay (Figure 3A). Next, the cell proliferation assay
showed that PRSS23 depletion caused a strong inhibition of cell
growth (Figure 3B). After knocking down PRSS23 expression for
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72 hours in GC cell lines, we checked the cell morphology with
an optical microscope. The results showed that PRSS23
knockdown significantly decreased the proliferation of GC
cells (Figure 3C). At the same time, we also determined the
effect of PRSS23 knockdown on the metastasis of GC cells. In the
scratch wound healing assays, the migration of GC cells that
silenced PRSS23 was significantly slower than that of control GC
cells (Figures 3D-F). In transwell invasion assays, the numbers
of GC cells that invaded through the Matrigel were decreased in
the PRSS23 silencing group than the control group (Figures 3G,
H). These data demonstrated a tumor-promoting role of PRSS23
in GC.
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FIGURE 2

The prognostic significance of PRSS23 overexpression was analyzed in the GC cohort from GSE62254. (A) Differences in PRSS23 expression
between intestinal and diffuse tissues of GC. (B) PRSS23 was highly expressed in GC patients with positive MLH1 expression. (C—F) PRSS23
expression level in different TNM-stages and Pathologic stages of GC tissues. (G, H) PRSS23 overexpression predicted shorter overall survival

time and disease-free survival time in GC. **, P < 0.01.

PRSS23 is positively associated with
macrophage infiltration

Increasing studies have reported that immunity infiltration
level is an independent predictor of survival and sentinel lymph
node status in cancers (33). In order to clarify the biological role
PRSS23 in immune infiltration, two different algorithms,
including TIMER (34) and CIBERSORT (35), were performed
to analyze the RNA-seq data of GC samples from TCGA
(Figure 4A). The TIMER method contains 6 immune cell
types and the CIBERSORT method contains 24 immune cell
types. The infiltration level of each immune cells was evaluated
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by the enrichment score calculated by TIMER and CIBERSORT.
Then, the correlation between PRSS23 expression level and
infiltration level of each immune cell was analyzed in GC.
According to immune infiltration analysis by TIMER, PRSS23
was most associated with macrophage infiltration (Figure 4B).
Likewise, immune infiltration analysis by CIBERSORT showed
that PRSS23 was most associated with macrophage and NK cell
infiltration (Figure 4C). Scatter plots for the correlation between
PRSS23 and macrophage infiltration based on two algorithms
are shown in Figures 4D, E respectively.

Interestingly, after adjusting the clinical factors, both of the
two algorithms indicated that GC patients with higher level of
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Macrophage infiltration tends to possess a shorter overall
survival time (Figures 4F, G). These results suggested that
PRSS23 may promote GC by affecting macrophage infiltration.

PRSS23 knockdown decreased the
expression level of FGF2 in GC

To figure out the molecular mechanism of PRSS23 in
macrophage infiltration and GC progression, we conducted
transcriptome sequencing studies (GSE204725) in GC cells
between PRSS23-depleted group and control group. After
analysis of the RNA-seq data, genes with the most significant
fold change in expression (log2FC>0.8) after PRSS23
knockdown are listed in the heatmap (Figure 5A). A total of
67 genes were downregulated and 38 genes were upregulated
after knockdown of PRSS23 in GC. RNA-seq analysis revealed
that FGF2, which is involved in regulating macrophage
polarization, was greatly decreased after PRSS23 knockdown.
In addition, fibroblast growth factor-binding protein (FGFBP1),
which was reported to play essential roles in regulating FGF2
secretion (36-38), was also greatly decreased after knockdown of
PRSS23. Thus, we speculated that PRSS23 might regulate TAMs
infiltration by regulate FGF2 secretion.

Multiple independent experiments were performed to
validate the regulation of FGF2 by PRSS23 in GC. First, RNA-
seq data showed that the expression of PRSS23 and FGF2 were
both decreased in PRSS23-depleted GC cells (Figures 5B, C).
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Consistently, the QRT-PCR assay further confirmed that PRSS23
knockdown decreased the FGF2 expression in two GC cell lines
(Figures 5D, E). Besides, gene expression correlation analysis
also showed that PRSS23 and FGF2 were highly co-expressed in
GC tissues from TCGA (Figure 5F). Furthermore, PRSS23
knockdown greatly reduced the protein level of FGF2 (Figure
5G). Given FGF2 was a secreted protein, we also examined the
effect of PRSS23 knockdown on FGF2 secretion by ELISA. The
ELISA assay showed that PRSS23 knockdown significantly
hindered secreted FGF2 level (Figures 5H, I).

PRSS23/FGF2 axis positively regulates
tumor associated macrophage infiltration

To further validate the role of FGF2 in macrophage
infiltration, immune infiltration analysis by two different
algorithms was conducted. The results confirmed that FGF2
was positively associated with macrophage infiltration in GC
(Figures 6A, B). Besides, survival analysis showed that
overexpression of FGF2 predicted poor prognosis in GC
(Figures 6C-E). Single-cell RNA-seq analysis revealed that
FGF2 and PRSS23 were predominantly expressed in gastric
fibroblasts and highly co-expressed in normal gastric tissue
(Figures 6F, G). Consistently, both FGF2 and PRSS23 were
closely related to EMT signaling and highly co-expressed with
biomarkers of CAFs and mesenchymal cells (Figures S1A-D).
Thus, we speculated that PRSS23 may regulate macrophage
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between PRSS23 expression and macrophage infiltration was analyzed using TIMER and CIBERSORT methods. (F, G) Survival analysis using
CIBERSORT or TIMER indicated that higher level of macrophage infiltration predicted poorer prognosis in GC.

infiltration via regulating FGF2 secretion in fibroblasts or
mesenchymal cells.

As described above, FGF2 has been shown to play a critical
role in TAMs infiltration (39-41). Multiple surface molecules
(such as CD163, MSR1 (CD204), MRC1 (CD206), CSFIR,
CD40 and CD81) and secreted factors (such as IL10, PDGFB
and CCL2) have been reported to be well-known biomarkers of
TAM/M2 (20, 42). Hence, we conducted the gene expression
correlation analysis between PRSS23/FGF2 and these M2/
TAM biomarkers. The results showed that both PRSS23 and
FGF2 were highly co-expressed with M2/TAM biomarker
genes (Figures 7A, B). Besides, we further analyzed the
expression level of PRSS23/FGF2 in monocytes and different
stages of macrophages. The results showed that both PRSS23
and FGF2 were significantly overexpressed in M2 macrophage,
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which is highly similar to tumor associated macrophage
(Figures 7C, D).

Considering high level of secreted FGF2 would have a more
pronounced effect in regulating macrophage polarization, we
herein selected a GC cell line HGC-27 with relatively high
expression of FGF2 for co-culture with THP-1 cells
(Figure 7E). Then, we examined the expression of popular
M2/TAM biomarkers in TAM-like cells by qRT-PCR assay.
Both MSR1 (CD206) and IL10 were greatly upregulated in the
TAM-like cells, suggested that we successfully induced TAM
cells (Figure 7F). Consistent with previous immune infiltration
analysis, both FGF2 and PRSS23 were significantly upregulated
in TAM-like cells (Figure 7G). More importantly, knockdown of
either PRSS23 or FGF2 significantly reduced the survival rate of
TAM-like cells, indicating that both PRSS23 and FGF2 were
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PRSS23 knockdown decreased FGF2 expression and secretion in GC. (A) RNA-seq studies were conducted in GC cells transfected with siRNAs
targeting PRSS23. The most significantly altered genes upon PRSS23 knockdown were shown in the heatmap. (B, C) The transcripts abundance
of PRSS23 and FGF2 in PRSS23-depleted GC cells was detected by RNA-seq. The normalized expression (FPKM value) of PRSS23 and FGF2 were
shown in the plot. (D) The knockdown efficiency of PRSS23 in GC cell lines was examined by qRT-PCR assay. (E) The effect of PRSS23
knockdown on FGF2 expression in GC cell lines were examined by qRT-PCR assay. (F) PRSS23 and FGF2 were highly co-expressed in GC.

(G) The effect of PRSS23 knockdown on FGF2 protein level in GC cell lines were examined by western blotting assay. (H, 1) ELISA assay showed
that PRSS23 knockdown significantly decreased secreted FGF2 level in GC cell lines. **, P < 0.01.
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FIGURE 6

FGF2 showed a positive association with macrophage infiltration and PRSS23 expression. (A, B) The correlation between FGF2 expression and
immune infiltration was analyzed using TIMER and CIBERSORT methods. (C—E) FGF2 overexpression predicted poor overall survival, disease-
specific survival and progress-free survival in GC from TCGA dataset. (F) Single-cell analysis showed that PRSS23 and FGF2 were both highly

expressed in mesenchymal GC cells. (G) FGF2 and PRSS23 were highly co-expressed in normal stomach tissues

required for TAM macrophage infiltration (Figure 7H). downregulating 18kDa FGF2 expression (Figures 8A, B).
Furthermore, rescue assay confirmed FGF2 overexpression can However, there is no new FGF2 band generated, even under
recovery the inhibitory effect of PRSS23 depletion on cell conditions where Brefeldin A blocked FGF2 secretion
survival rate of TAM-like cells or cell proliferation of GC cells (Figures 8A, B).

(Figures 7H, I). FGF2 has been reported to bind all 4 FGF receptors (FGFR1-

As a serine protease, PRSS23 may play a role in FGF2 4) (43). Gene expression correlation analysis showed that FGF2
processing and secretion by directly cleaving FGF2 proteins. expression was positively associated with FGFR1/2, but
Immunoblotting assay showed that PRSS23 knockdown mainly negatively associated with FGFR3/4 expression (Figure 8C).
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PRSS23 enhances TAM infiltration by regulating FGF2 expression and secretion. (A) The gene expression correlation between FGF2 and the well-
known biomarker genes of TAM/M2 macrophage was analyzed. (B) The gene expression correlation between PRSS23 and the well-known
biomarker genes of TAM/M2 macrophage was analyzed. (C, D) PRSS23 and FGF2 was upregulated in M2 macrophages. (E) The TAM-like cells
were induced by co-culturing with HGC-27 cells and THP-1 derived macrophages. (F) The well-known biomarkers of TAM/M2 macrophages
were greatly upregulated. (G) Both FGF2 and PRSS23 were significantly upregulated in TAM-like cells. (H) Overexpression of FGF2 rescued the
inhibitory effect of survival of TAM-like cells by PRSS23 depletion. (I) Overexpression of FGF2 rescued the inhibitory effect of GC cell
proliferation by PRSS23 depletion. **p < 0.01, ****p < 0.0001, ns means no significant..

Besides, clinical analysis showed that FGF2 and FGFR1 were
highly expressed in diffuse GC, FGFR3 and FGFR4 were lowly
expressed in diffuse GC (Figures 8D, E). Although there were
several studies have reported that FGFR2 was amplified in
diftuse GC, our data herein showed that FGFR2 expression has
no significant change between diffuse GC and intestinal GC.
That may be due to the low frequency (approximately 4-10%) of
FGFR2 amplification events in difftuse GC (44-46). Survival
analysis showed that FGFR1 overexpression predicted poor
prognosis, FGFR3 overexpression predicted favorable
prognosis. These results implied that there may be a FGF2/
FGFRI autorinal loop in GC (Figure 8F).

Several studies have reported that FGF2 can act in autocrine
modes by binding to FGFR1 (47-49). Since FGF2 mRNA and
protein level were both downregulated after PRSS23 knockdown,

Frontiers in Immunology

10

we thus further identified if PRSS23 knockdown downregulated
FGF2 mRNA level by affecting FGF2 in an autocrinal manner. In
other words, it’s possible that the reduced secreted FGF2 by
PRSS23 knockdown may in turn regulate FGF2 transcription via
an autocrinal loop. Thus, we performed exogenous recombinant
FGF2 protein treatment in HGC-27 cells. The results showed
that recombinant FGF2 significantly upregulated FGFRI
expression but has no significant effects on FGF2 and FGFR2/
3/4 expression in GC (Figure 8G).

Macrophage infiltration can be divided into M1 macrophage
infiltration and M2 macrophage infiltration. To this end, we
used the quanTIseq algorithm to distinguish M1 macrophages
from M2 macrophages (50), and further analyzed the correlation
between M1 or M2 macrophage infiltration and the prognosis of
GC patients (Figures 9A, B). The results showed that GC
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patients with higher M1 macrophage infiltration tends to possess
a longer overall survival time (p=0.04), while GC patients with
higher M2 macrophage infiltration tends to possess a shorter
overall survival time (p<0.01). Given FGF2 suppressed M1
macrophage polarization but promoted M2 macrophage
polarization, we mapped the working model of PRSS23 in
promoting GC progression (Figure 9C).

In GC, serine protease PRSS23 was overexpressed, thereby
promoting the expression and secretion of FGF2. Increased level of
FGF2 in turn promotes TAMs polarization and infiltration, leading
to poor prognosis in GC. This study reveals for the first time the
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biological function of PRSS23 in macrophage infiltration, which may
have implications for immunotherapy of GC.

Discussion

Gastric cancer is a common malignancy characterized by
significant clinical heterogeneity and remains the fourth most
common cause of death resulting from cancer worldwide (51).
The intratumor heterogeneity determines the differences in drug
resistance, treatment methods and prognosis of different
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FIGURE 9

Working model of PRSS23/FGF2 axis in regulating macrophage infiltration. (A) High level of M1 macrophage infiltration predicted favorable
prognosis in GC. (B) High level of M2 macrophage infiltration predicted poor prognosis in GC. (C) Working model of PRSS23/FGF2 axis in
macrophage infiltration. PRSS23 was overexpressed in GC, which enhanced the expression and secretion of FGF2. Meanwhile, FGF2
upregulation drives macrophage polarized towards M2/TAM phenotype, thereby resulting poor prognosis in GC. Taken together, PRSS23
promotes TAM/M2 macrophage infiltration through positively regulating FGF2 expression and secretion.

patients. Biomarkers are one of the important ways to
distinguish tumor heterogeneity. Therefore, the development
of novel biomarker genes is of great significance to the diagnosis,
treatment and prognosis of tumors.

In this study, the clinical value of PRSS23 was analyzed in
two independent cohorts. PRSS23 overexpression showed a
significant correlation with malignant progression and poor
prognosis of GC, suggested PRSS23 can be served as an ideal
prognostic biomarker for GC. Loss-of-function study had
confirmed that PRSS23 functioned oncogenic roles in GC
progression, which fits well with another reported evidence
that PRSS23 knockdown inhibits gastric tumorigenesis (52).

Previous study had reported Fgf2 was secreted by CAFs in
mice (23). Likewise, single-cell analysis also showed that FGF2
was specifically expressed in fibroblasts of human stomach. So,
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what is the role of FGF2 secreted by fibroblasts? Several studies
have reported the critical role of FGF2 in macrophage
infiltration and polarization. Knockout of Fgf2 in mice
significantly decreased macrophage infiltration (40). Likewise,
Im et al. have found that TAMs were polarized towards an
inflammatory (M1) phenotype in the Fgf2 knockout mice (24).
Similarly, Takase et al. also reported that FGF2/FGFRI axis was
required for TAM infiltration in esophageal cancer (25). These
data proved that FGF2 promotes macrophage polarization
towards an M2/TAM phenotype. FGFBP1 was reported to be
a secreted heparin proteins that reversibly bind FGF1 and FGF2,
releasing them from the extracellular matrix and increasing the
local levels of free ligand available for receptor binding (53). In
other words, FGFBP1 contributes to FGF2 secretion, enhancing
its binding to the receptors (FGFR1/2/3/4) (43).
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In the present work, a novel role of the serine protease
PRSS23 in macrophage infiltration was uncovered in GC.
Through high-throughput RNA sequencing, we noted that
serine protease PRSS23 was involved into positively regulating
FGF2/FGFBP1 expression. Consistently, our subsequent qRT-
PCR, western blotting and ELISA assay showed that PRSS23
depletion significantly decreased FGF2 expression and secretion.
More importantly, HGC-27 cells and THP-1-derived
macrophages co-culture assay further confirmed that PRSS23
promoted TAM infiltration in GC through regulating FGF2
expression and secretion.

Although our findings demonstrate the positive regulation of
FGF2 expression and secretion by PRSS23, a non-negligible
limitation of our work lies in how exactly PRSS23 regulates FGF2/
FGFBP1 expression. Previous studies have reported that although
most of FGFs are secreted proteins with cleavable amino terminal
portions, FGF1 and FGF2 have no secretion sequences, although they
are found in the extracellular compartment (18). In addition,
considering that FGF2 mRNA was also decreased by PRSS23
knockdown, this strongly implies that FGF2 was not a direct
substrate protein of PRSS23.

Previous publications had reported that ED-71 and its analogues
(1, 25-dihydroxyvitamin D3) suppressed expression of FGFBP1/
FGF2 by upregulating IxBo. (NFKBIA), a critical regulator of NF-xB
pathway (54-56). However, according to our RNA-seq data,
NEFKBIA expression was slightly downregulated in PRSS23-
depleted GC cells. The molecular mechanism of how PRSS23
regulates FGF2 expression remains to be further investigated.

TAM:s have very similar phenotypes with M2 macrophages,
which functioned oncogenic roles in tumor progression (57-59).
While M1 macrophages with pro-inflammation functions
played tumor-suppressive roles in tumor progression (60).
Herein, after differentiation of M1 and M2 macrophages by
the quanTIseq algorithm (50), we analyzed the relationship
between M1 or M2 macrophage infiltration and the survival of
GC patients from TCGA. The results showed that M1
macrophage infiltration predicted favorable prognosis, while
M2 macrophage infiltration predicted poor prognosis in GC,
suggested M1 and M2 macrophage play opposite roles in GC
progression (Figures 9A, B). Therefore, we thought PRSS23 plays
critical roles in GC progression by enhancing TAM:s infiltration
via FGF2.

Conclusion

In summary, PRSS23 was overexpressed and showed a
significant correlation with poor prognosis, macrophage
infiltration. Mechanismly, PRSS23 promotes tumor associated
macrophage infiltration by regulating FGF2 expression and
secretion. Our finding highlights that PRSS23/FGF2 was a
novel signaling axis involved into regulating TAMs infiltration
and GC progression.
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Both of PRSS23 and FGF2 were highly co-expressed with biomarkers of
mesenchymal cells and cancer-associated fibroblasts in GC. (A, B) PRSS23 or
FGF2 expression was positively correlated with the expression of
mesenchymal biomarkers, but negatively correlated with the expression of
epithelial biomarkers in GC. (C, D) PRSS23 or FGF2 was highly co-expressed
with classic biomarkers of cancer-associated fibroblasts (CAFs) in GC.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.955841/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.955841/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.955841
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qin et al.

References

1. Li D, Xu M, Wang Z, Huang P, Huang C, Chen Z, et al. The EMT-induced
IncRNA NR2F1-AS1 positively modulates NR2F1 expression and drives gastric
cancer via miR-29a-3p/VAMP?7 axis. Cell Death Dis (2022) 13(1):1-10:84. doi:
10.1038/s41419-022-04540-2

2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. Ca-Cancer |
Clin (2021) 71(1):7-33. doi: 10.3322/caac.21654

3. Zheng R, Zhang S, Zeng H, Wang S, Sun K, Chen R, et al. Cancer incidence
and mortality in China, 2016. J Natl Cancer Cent (2022) 2(1):1-9. doi: 10.1016/
jjnce.2022.02.002

4. Wang JJ, Zhang MX, Hu XH, She JJ, Sun RN, Qin SS, et al. miRNA-194 predicts
favorable prognosis in gastric cancer and inhibits gastric cancer cell growth by targeting
CCNDL1. FEBS Open Bio (2021) 11(7):1814-26. doi: 10.1002/2211-5463.13125

5. Shah BK, Khanal A, Hewett Y. Second primary malignancies in adults with
gastric cancer - a US population-based study. Front Oncol (2016) 6. doi: 10.3389/
fonc.2016.00082

6. Li DD, Wang J], Zhang MX, Hu XH, She JJ, Qiu XM, et al. LncRNA MAGI2-
AS3 is regulated by BRD4 and promotes gastric cancer progression via maintaining
ZEB1 overexpression by sponging miR-141/200a. Mol Ther-Nucl Acids (2020)
19:109-23. doi: 10.1016/j.0mtn.2019.11.003

7. Li DD, She JJ, Hu XH, Zhang MX, Sun RN, Qin SS. The ELF3-regulated
IncRNA UBE2CP3 is over-stabilized by RNA-RNA interactions and drives gastric
cancer metastasis via miR-138-5p/ITGA2 axis. Oncogene (2021). doi: 10.1038/
$41388-021-01948-6

8. Li D, Cheng P, Wang J, Qiu X, Zhang X, Xu L, et al. IRF6 is directly regulated
by ZEBI and ELF3, and predicts a favorable prognosis in gastric cancer. Front
Oncol (2019) 9:220. doi: 10.3389/fonc.2019.00220

9. Barzkar N, Khan Z, Jahromi ST, Pourmozaffar S, Gozari M, Nahavandi R. A
critical review on marine serine protease and its inhibitors: A new wave of drugs?
Int J Biol Macromol (2021) 170:674-87. doi: 10.1016/j.ijbiomac.2020.12.134

10. Bao YH, Guo YC, Yang YQ, Wei XN, Zhang SS, Zhang YM, et al. PRSS8
suppresses colorectal carcinogenesis and metastasis. Oncogene 40(10):1922-4. doi:
10.1038/s41388-018-0453-3

11. Bao YH, Li K, Wang Q, Guo YC, Han RF, Chen ZG, et al. Characterization
of a novel tumor suppressor PRSS8 in colorectal cancer. Cancer Res (2015) 75
(15_Supplement). doi: 10.1158/1538-7445.AM2015-2044

12. Ma H, Hockla A, Mehner C, Coban M, Papo N, Radisky DC, et al. PRSS3/
Mesotrypsin and kallikrein-related peptidase 5 are associated with poor prognosis
and contribute to tumor cell invasion and growth in lung adenocarcinoma. Sci Rep-
Uk (2019) 9(1844). doi: 10.1038/s41598-018-38362-0

13. Wang F, Hu YL, Feng Y, Guo YB, Liu YF, Mao QS, et al. High-level
expression of PRSS3 correlates with metastasis and poor prognosis in patients with
gastric cancer. ] Surg Oncol (2019) 119(8):1108-21. doi: 10.1002/js0.25448

14. Zhang QY, Wang JH, Huang D, Liu G. High expression of PRSS3 indicates
unfavorable clinical outcomes in colon adenocarcinoma. Appl Immunohisto M M
(2021) 29(8):564-9. doi: 10.1097/PAIL.0000000000000921

15. Chen H-W, Tzeng C-RJF. The novel serine proteases, prtn3 and prss23, in
murine blastocyst development and hatching. Fertility and Sterility (2007) 88:S312.
doi: 10.1016/j.fertnstert.2007.07.1049

16. Raihda MR, PAJCd P. Tumor-associated macrophages (TAMs) as
biomarkers for gastric cancer: a review. Chronic Dis Transl Med (2018) 4
(3):156-63. doi: 10.1016/j.cdtm.2018.07.001

17. Tang X. Tumor-associated macrophages as potential diagnostic and
prognostic biomarkers in breast cancer. Cancer letters (2013) 332(1):3-10. doi:
10.1016/j.canlet.2013.01.024

18. Feng Q, Chang W, Mao Y, He G, Zheng P, Tang W, et al. Tumor-associated
macrophages as prognostic and predictive biomarkers for postoperative adjuvant
chemotherapy in patients with stage II colon cancer. Clinical Cancer Research
(2019) 25(13):3896-907. doi: 10.1158/1078-0432.CCR-18-2076

19. Yang L, YJJoh Z. Tumor-associated macrophages: from basic research to
clinical application. Journal of hematology & oncology (2017) 10(1):1-12. doi:
10.1186/s13045-017-0430-2

20. Pan Y, Yu Y, Wang X, Zhang T. Tumor-associated macrophages in tumor
immunity. Frontiers in immunology (2020) 11:. doi: 10.3389/fimmu.2020.583084

21. Zhou J, Tang Z, Gao S, Li C, Feng Y, Zhou X. Tumor-associated
macrophages: recent insights and therapies. Frontiers in Oncology (2020) 10:188.
doi: 10.3389/fonc.2020.00188

22. Wu K, Lin K, Li X, Yuan X, Xu P, Ni P, et al. Redefining tumor-associated
macrophage subpopulations and functions in the tumor microenvironment.
Frontiers in immunology (2020) 11:. doi: 10.3389/immu.2020.01731

Frontiers in Immunology

10.3389/fimmu.2022.955841

23. Hegab AE, Ozaki M, Kameyama N, Gao J, Kagawa S, Yasuda H, et al.
Effect of FGF/FGFR pathway blocking on lung adenocarcinoma and its cancer-
associated fibroblasts. the Journal of Pathology (2019) 249(2):193-205. doi:
10.1002/path.5290

24. Im JH, Buzzelli JN, Jones K, Franchini F, Gordon-Weeks A, Markelc B, et al.
FGF2 alters macrophage polarization, tumour immunity and growth and can be
targeted during radiotherapy. Nat Commun (2020) 11(1):1-14. doi: 10.1038/
541467-020-17914-x

25. Takase N, Koma Y, Urakawa N, Nishio M, Arai N, Akiyama H, et al.
NCAM- and FGF-2-mediated FGFR1 signaling in the tumor microenvironment of
esophageal cancer regulates the survival and migration of tumor-associated
macrophages and cancer cells. Cancer Lett (2016) 380(1):47-58. doi: 10.1016/
j.canlet.2016.06.009

26. Wang Y, Sun Q, Ye Y, Sun X, Xie S, Zhan Y, et al. FGF-2 signaling in
nasopharyngeal carcinoma modulates pericyte-macrophage crosstalk and
metastasis. JCI Insight (2022) 7(10):e157874. doi: 10.1172/jci.insight.157874

27. Cristescu R, Lee J, Nebozhyn M, Kim KM, Ting JC, Wong SS, et al.
Molecular analysis of gastric cancer identifies subtypes associated with distinct
clinical outcomes. Nat Med (2015) 21(5):449-56. doi: 10.1038/nm.3850

28. Zhang X, Zhu M, Hong Z, Chen C. Co-Culturing polarized M2 thp-1-
derived macrophages enhance stemness of lung adenocarcinoma A549 cells. Ann
Transl Med (2021) 9(8):709. doi: 10.21037/atm-21-1256

29. Dehai C, Bo P, Qiang T, Lihua S, Fang L, Shi J, et al. Enhanced invasion of
lung adenocarcinoma cells after co-culture with THP-1-derived macrophages via
the induction of EMT by IL-6. Immunol Lett (2014) 160(1):1-10. doi: 10.1016/
j.imlet.2014.03.004

30. Wei R, Zhu WW, Yu GY, Wang X, Gao C, Zhou X, et al. S100 calcium-
binding protein A9 from tumor-associated macrophage enhances cancer stem cell-
like properties of hepatocellular carcinoma. Int ] Cancer (2021) 148(5):1233-44.
doi: 10.1002/ijc.33371

31. Qin SS, Tang YH, Chen YP, Wu PZ, Li MR, Wu GJ, et al. Overexpression of
the starch phosphorylase-like gene (PHO3) in lotus japonicus has a profound effect
on the growth of plants and reduction of transitory starch accumulation. Front
Plant Sci (2016) 7. doi: 10.3389/fpls.2016.01315

32. Issac Niwas S, Andreas KRS, Virginie U, Palanisamy P, Caroline K, Martin
S, et al. Automated classification of immunostaining patterns in breast tissue from
the human protein atlas. J Pathol Inform (2013) 4(Suppl):S14. doi: 10.4103/2153-
3539.109881

33. Dai D, Liu L, Huang H, Chen S, Chen B, Cao J, et al. Nomograms to predict
the density of tumor-infiltrating lymphocytes in patients with high-grade serous
ovarian cancer. Front Oncol (2021) 11:148. doi: 10.3389/fonc.2021.590414

34. Li TW, Fan JY, Wang BB, Traugh N, Chen QM, LiuJS, et al. TIMER: A web
server for comprehensive analysis of tumor-infiltrating immune cells. Cancer Res
(2017) 77(21):E108-10. doi: 10.1158/0008-5472.CAN-17-0307

35. Newman AM, Liu CL, Green MR, Gentles AJ, Feng WG, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12
(5):453. doi: 10.1038/nmeth.3337

36. Czubayko F, Liaudet-Coopman ED, Aigner A, Tuveson AT, Berchem GJ,
Wellstein A. A secreted FGF-binding protein can serve as the angiogenic switch in
human cancer. Nature medicine (1997) 3(10):1137-40. doi: 10.1038/nm1097-1137

37. Tassi E, Al-Attar A, Aigner A, Swift MR, McDonnell K, Karavanov A, et al.
Enhancement of fibroblast growth factor (FGF) activity by an FGF-binding protein.
Journal of Biological Chemistry (2001) 276(43):40247-53. doi: 10.1074/
jbc.M104933200

38. Shintani T, Higaki M, Okamoto TJC. Heparin-binding protein 17/
Fibroblast growth factor-binding protein-1 knockout inhibits proliferation and
induces differentiation of squamous cell carcinoma cells. Cancers (2021) 13(11).
doi: 10.3390/cancers13112684

39. Wang P, Xu LJ, Qin JJ, Zhang L, Zhuang GH. MicroRNA-155 inversely
correlates with esophageal cancer progression through regulating tumor-associated
macrophage FGF2 expression. Biochem Bioph Res Co (2018) 503(2):452-8. doi:
10.1016/j.bbrc.2018.04.094

40. Liang W], Wang Q, Ma H, Yan W], Yang JJ. Knockout of low molecular
weight FGF2 attenuates atherosclerosis by reducing macrophage infiltration and
oxidative stress in mice. Cell Physiol Biochem (2018) 45(4):1434-43. doi: 10.1159/
000487569

41. Huang JK, Ma L, Song WH, Lu BY, Huang YB, Dong HM, et al. LncRNA-
MALATI promotes angiogenesis of thyroid cancer by modulating tumor-
associated macrophage FGF2 protein secretion. J Cell Biochem (2017) 118
(12):4821-30. doi: 10.1002/jcb.26153

frontiersin.org


https://doi.org/10.1038/s41419-022-04540-2
https://doi.org/10.3322/caac.21654
https://doi.org/10.1016/j.jncc.2022.02.002
https://doi.org/10.1016/j.jncc.2022.02.002
https://doi.org/10.1002/2211-5463.13125
https://doi.org/10.3389/fonc.2016.00082
https://doi.org/10.3389/fonc.2016.00082
https://doi.org/10.1016/j.omtn.2019.11.003
https://doi.org/10.1038/s41388-021-01948-6
https://doi.org/10.1038/s41388-021-01948-6
https://doi.org/10.3389/fonc.2019.00220
https://doi.org/10.1016/j.ijbiomac.2020.12.134
https://doi.org/10.1038/s41388-018-0453-3
https://doi.org/10.1158/1538-7445.AM2015-2044
https://doi.org/10.1038/s41598-018-38362-0
https://doi.org/10.1002/jso.25448
https://doi.org/10.1097/PAI.0000000000000921
https://doi.org/10.1016/j.fertnstert.2007.07.1049
https://doi.org/10.1016/j.cdtm.2018.07.001
https://doi.org/10.1016/j.canlet.2013.01.024
https://doi.org/10.1158/1078-0432.CCR-18-2076
https://doi.org/10.1186/s13045-017-0430-2
https://doi.org/10.3389/fimmu.2020.583084
https://doi.org/10.3389/fonc.2020.00188
https://doi.org/10.3389/fimmu.2020.01731
https://doi.org/10.1002/path.5290
https://doi.org/10.1038/s41467-020-17914-x
https://doi.org/10.1038/s41467-020-17914-x
https://doi.org/10.1016/j.canlet.2016.06.009
https://doi.org/10.1016/j.canlet.2016.06.009
https://doi.org/10.1172/jci.insight.157874
https://doi.org/10.1038/nm.3850
https://doi.org/10.21037/atm-21-1256
https://doi.org/10.1016/j.imlet.2014.03.004
https://doi.org/10.1016/j.imlet.2014.03.004
https://doi.org/10.1002/ijc.33371
https://doi.org/10.3389/fpls.2016.01315
https://doi.org/10.4103/2153-3539.109881
https://doi.org/10.4103/2153-3539.109881
https://doi.org/10.3389/fonc.2021.590414
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nm1097-1137
https://doi.org/10.1074/jbc.M104933200
https://doi.org/10.1074/jbc.M104933200
https://doi.org/10.3390/cancers13112684
https://doi.org/10.1016/j.bbrc.2018.04.094
https://doi.org/10.1159/000487569
https://doi.org/10.1159/000487569
https://doi.org/10.1002/jcb.26153
https://doi.org/10.3389/fimmu.2022.955841
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qin et al.

42. Chavez-Galan L, Olleros ML, Vesin D, Garcia I. Much more than M1 and
M2 macrophages, there are also CD169+ and TCR+ macrophages. (2015) 6:. doi:
10.3389/fimmu.2015.00263

43. Helsten T, Schwaederle M, Kurzrock RJC, Reviews M. Fibroblast growth
factor receptor signaling in hereditary and neoplastic disease: biologic and clinical
implications. (2015) 34(3):479-96. doi: 10.1007/s10555-015-9579-8

44. Wang H, Lu ], TangJ, Chen S, He K, Jiang X, et al. Establishment of patient-
derived gastric cancer xenografts: a useful tool for preclinical evaluation of targeted
therapies involving alterations in HER-2, MET and FGFR2 signaling pathways.
(2017) 17(1):1-11. doi: 10.1186/s12885-017-3177-9

45. Lau WM, Teng E, Huang KK, Tan JW, Das K, Zang Z, et al. Acquired
resistance to FGFR inhibitor in diffuse-type gastric cancer through an AKT-
independent PKC-mediated phosphorylation of GSK3B. (2018) 17(1):232-42.
doi: 10.1158/1535-7163.MCT-17-0367

46. Sase H, Nakanishi Y, Aida S, Horiguchi-Takei K, Akiyama N, Fujii T, et al.
Acquired JHDM1D-BRAF fusion confers resistance to FGFR inhibition in FGFR2-
amplified gastric CancerResistant mechanism to FGFR inhibition in gastric cancer.
(2018) 17(10):2217-25. doi: 10.1158/1535-7163.MCT-17-1022

47. Terai H, Soejima K, Yasuda H, Nakayama S, Hamamoto J, Arai D, et al.
Activation of the FGF2-FGFRI1 autocrine pathway: A novel mechanism of acquired
resistance to gefitinib in NSCLCAcquired resistance to gefitinib by FGF2-FGFR1
autocrine loop. (2013) 11(7):759-67. doi: 10.1158/1541-7786.MCR-12-0652

48. Lefevre G, Babchia N, Calipel A, Mouriaux F, Faussat A-M, Mrzyk S, et al.
Activation of the FGF2/FGFR1 autocrine loop for cell proliferation and survival in
uveal melanoma cells. (2009) 50(3):1047-57. doi: 10.1167/i0vs.08-2378

49. Cen M, Yao Y, Cui L, Yang G, Lu G, Fang L, et al. Honokiol induces
apoptosis of lung squamous cell carcinoma by targeting FGF2-FGFR1 autocrine
loop. (2018) 7(12):6205-18. doi: 10.1002/cam4.1846

50. Plattner C, Finotello F, Rieder D. Deconvoluting tumor—inﬁltrating immune
cells from RNA-seq data using quanTIseq. Method Enzymol (2020) 636:261-85.
doi: 10.1016/bs.mie.2019.05.056

51. Zhang L, Liu Q K-w L, Z-y Q, G-x Z, L-t S, et al. SHARPIN stabilizes B-catenin
through a linear ubiquitination-independent manner to support gastric tumorigenesis.
Gastric Cancer (2021) 24(2):402-16. doi: 10.1007/s10120-020-01138-5

Frontiers in Immunology

15

10.3389/fimmu.2022.955841

52. Han B, Yang Y, Chen J, He XX, Lv NH, Yan RW. PRSS23 knockdown
inhibits gastric tumorigenesis through EIF2 signaling. Pharmacol Res (2019)
142:50-7. doi: 10.1016/j.phrs.2019.02.008

53. Wu D, Kan M, Sato GH, Okamoto T, Sato JD. Characterization and
molecular cloning of a putative binding protein for heparin-binding growth
factors. Journal of Biological Chemistry (1991) 266(25):16778-85. doi: 10.1016/
S0021-9258(18)55368-0

54. Rosli S, Shintani T, Hayashido Y, Toratani S, Usui E, TJTJoSB O, et al. 1a, 25
(OH) 2D3 down-regulates HBp17/FGFBP-1 expression via NF-kB pathway. The
Journal of Steroid Biochemistry and Molecular Biology (2013) 136:98-101.
doi: 10.1016/j,jsbmb.2012.10.011

55. Rosli S, Shintani T, Toratani S, Usui E, Okamoto TJIVC, Biology-Animal D.
1o, 25 (OH) 2D3 inhibits FGF-2 release from oral squamous cell carcinoma cells
through down-regulation of HBp17/FGFBP-1. In Vitro Cellular & Developmental
Biology - Animal (2014) 50(9):802-6. doi: 10.1007/s11626-014-9787-5

56. Shintani T, Takatsu F, Rosli S, Usui E, Hamada A, Sumi K, et al. Eldecalcitol
(ED-71), an analog of 1o, 25 (OH) 2D3, inhibits the growth of squamous cell
carcinoma (SCC) cells in vitro and in vivo by down-regulating expression of
heparin-binding protein 17/fibroblast growth factor-binding protein-1 (HBp17/
FGFBP-1) and FGF-2. Cancers (2017) 53(9):810-7. doi: 10.3390/cancers13112684

57. Jayasingam SD, Citartan M, Thang TH, Zin AAM, Ang KC, Ch’'ng ES.
Evaluating the polarization of tumor-associated macrophages into M1 and M2
phenotypes in human cancer tissue: Technicalities and challenges in routine
clinical practice. Front Oncol (2020) 9. doi: 10.3389/fonc.2019.01512

58. LiuJY, Geng XF, Hou JX, Wu GS. New insights into M1/M2 macrophages:

key modulators in cancer progression. Cancer Cell Int (2021) 21(1):389. doi:
10.1186/512935-021-02089-2

59. Yuan A, Hsiao YJ, Chen HY, Chen HW, Ho CC, Chen YY, et al. Opposite
effects of M1 and M2 macrophage subtypes on lung cancer progression. Sci Rep-Uk
(2015) 5:14273. doi: 10.1038/srep14273

60. Utomo L, Bastiaansen-Jenniskens YM, Verhaar JA, van Osch GJ. Cartilage
degeneration is exacerbated by pro-inflammatory (M1) macrophages but not
inhibited by anti-inflammatory (M2) macrophages in vitro. Osteoarthr Cartil
(2016) 24:534-S5. doi: 10.1016/j.joca.2016.01.087

frontiersin.org


https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.1007/s10555-015-9579-8
https://doi.org/10.1186/s12885-017-3177-9
https://doi.org/10.1158/1535-7163.MCT-17-0367
https://doi.org/10.1158/1535-7163.MCT-17-1022
https://doi.org/10.1158/1541-7786.MCR-12-0652
https://doi.org/10.1167/iovs.08-2378
https://doi.org/10.1002/cam4.1846
https://doi.org/10.1016/bs.mie.2019.05.056
https://doi.org/10.1007/s10120-020-01138-5
https://doi.org/10.1016/j.phrs.2019.02.008
https://doi.org/10.1016/S0021-9258(18)55368-0
https://doi.org/10.1016/S0021-9258(18)55368-0
https://doi.org/10.1016/j.jsbmb.2012.10.011
https://doi.org/10.1007/s11626-014-9787-5
https://doi.org/10.3390/cancers13112684
https://doi.org/10.3389/fonc.2019.01512
https://doi.org/10.1186/s12935-021-02089-2
https://doi.org/10.1038/srep14273
https://doi.org/10.1016/j.joca.2016.01.087
https://doi.org/10.3389/fimmu.2022.955841
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Serine protease PRSS23 drives gastric cancer by enhancing tumor associated macrophage infiltration via FGF2
	Introduction
	Materials and methods
	Prognostic analysis and single-cell analysis
	Immune infiltration analysis
	Cell culture and cell transfection
	THP-1-derived TAMs
	Quantitative RT-PCR assay
	Western blotting assay
	RNA sequencing
	Statistical analysis

	Results
	Serine protease PRSS23 overexpression predicts poor prognosis in GC
	PRSS23 knockdown inhibits GC cell proliferation and invasion
	PRSS23 is positively associated with macrophage infiltration
	PRSS23 knockdown decreased the expression level of FGF2 in GC
	PRSS23/FGF2 axis positively regulates tumor associated macrophage infiltration

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


