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LncRNA RP3-525N10.2-NFKB1-PROST X

triplet-mediated low PROST expression

is an onco-immunological biomarker

in low-grade gliomas: a pan-cancer analysis
with experimental verification
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Abstract

Background: Glioma is the most common cancer in the central nervous system, and low grade gliomas are notori-
ous for many types of tumors and heterogeneity. PROST not only plays an important role in the blood coagulation
system, and recent studies have found that it was correlated with the development of tumors, especially related to
tumor immune infiltration. However, the study of underlying role and mechanism of PROS1 in gliomas, especially in
low-grade gliomas, is almost absent.

Methods: We integrated the information of patients with LGG in The Cancer Genome Atlas (TCGA) cohort and
Chinese Glioma Genome Atlas (CGGA) cohort. Then, we systematically demonstrated the differences and prognostic
prognosis value of PROST based on multi-omics analyses. In addition, Cell counting kit-8 (CCK-8) assay, colony forma-
tion assay, 5-Ethynyl-2"-deoxyuridine (EdU) incorporation assay, and Transwell assays were performed to evaluate cell
proliferation and invasion. gRT-PCR and immunohistochemistry were used to evaluate the expression of PROST in
LGG.

Results: Various bioinformatics approaches revealed that PROST was a valuable prognostic marker and may influence
tumour development via distinct mechanisms, including expression of DNA methyltransferase, RNA modification, and
DNA mismatch repair system genes, copy number variation, single nucleotide variation frequency, genomic het-
erogeneity, cancer stemness, DNA methylation, and alternative PROS1 splicing. Our analyses indicated that the long
non-coding RNA RP3-525N10.2 may “decoy” or “guide” the transcription factor NFKB1 and prevent its association with
PROS1, thereby reducing PROS1 expression and improving poor LGG prognosis. PROST expression was also closely
associated with tumour infiltration by immune cells, especially tumour-associated macrophages, as well as the expres-
sion of various immune checkpoint inhibitors, immunomodulators, and immune cell markers.

Conclusion: long non-coding RNA RP3-525N10.2-NFKB1-PROST triplet-mediated PROST expression could serve as a
biomarker for cancer diagnosis, prognosis, therapy selection, and follow-up in LGG patients.
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Introduction

Glioma is the most common malignancy in the brain.
Low-grade gliomas (LGGs, grade II and III), originat-
ing from neuroepithelial tissue [1], have high mortal-
ity in patients and are difficult to diagnose due to high
intratumoural heterogeneity leading to distinct biologi-
cal behaviour. To date, the standard treatment for LGG
is maximal safe resection with adjuvant radiochemo-
therapy. Despite improvements in LGG treatment, more
than half of the LGGs progress to therapy-resistant high-
grade aggressive gliomas [2]. Several studies examined
O-6-methylguanine-DNA methyltransferase (MGMT)
methylation, codeletion of chromosome arms 1p and
19q, and isocitrate dehydrogenase (IDH) mutations to
provide insight into LGG pathogenesis and advance can-
cer therapies for patients with LGGs [3, 4]. However,
these most widely utilised molecular biomarkers cannot
adequately reflect individual heterogeneity and provide
clinical stratification of LGG risk. Therefore, there is an
urgent need to elucidate potential mechanisms of LGG
progression, establish new drug targets, and identify
effective biomarkers for patients at high risk of develop-
ing LGGs. Protein S1 (PROS1) is a well-known ligand
of the TYRO3, AXL, and MERTK family of receptor
tyrosine kinases. The duplication events that gave rise
to these kinases may have occurred in the early meta-
zoan evolution, about 6 million years ago [5]. PROS1 is
a secreted water-soluble vitamin K-dependent protein
that is y-carboxylated within the N-terminal of the Gla
domain. The Gla domain confers the ability of PROS1 to
bind phosphatidylserine on the surface of apoptotic cells,
and the C-terminal sex hormone-binding globulin-like
module can bind and activate TYRO3 and MERTK [6].
PROS1 is a key plasma protein and plays critical roles in
anticoagulation and the phagocytosis of apoptotic cells
[7]. Tumour-secreted PROS1 can decrease the expres-
sion of macrophage M1 cytokines in vitro and in vivo
[8]. PROS1 plays an important role in inflammatory dis-
eases, including periodontitis and glomerular injury [9,
10]. Moreover, PROSI has been identified as a potential
target gene in several types of human cancers, including
papillary thyroid carcinoma, oral squamous cell carci-
noma, malignant thyroid cancer, intrahepatic cholangio-
cellular carcinoma, and glioblastoma [11-16]. However,
a comprehensive study on PROSI expression, its prog-
nostic value, and the underlying mechanisms in glio-
mas, especially in LGGs, is still missing. Additionally, the
correlations of PROSI expression with multi-omic data

and tumour infiltration by immune cells in LGG remain
undetermined.

Materials and methods

Data download, process, and analysis

PROS]1 gene expression data were downloaded from the
GTEx portal (https://gtexport.org/home/), the Cancer
Cell Line Encyclopedia database (https://portals.broad
institute.org/ccle/about), the TCGA database (https://
genome-cancer.ucsc.edu/), and the CGGA database
(http://www.cgga.org.cn/). These data were normalized,
and differential expression analyses were performed for
PROS1 using the R package “limma” [28].

Sangerbox tools

The free data analysis platform Sangerbox (http://www.
sangerbox.com/tool) was used to validate the pan-
cancer expression of PROSI and explore the correla-
tion of PROSI expression with the expression of DNA
methyltransferases, RNA modification genes, and DNA
mismatch repair system genes, as well as copy number
variation, single nucleotide variation frequency, genomic
heterogeneity, and cancer stemness using Spearman’s or
Pearson’s method.

Gene expression profiling interactive analysis (GEPIA)
GEPIA (http://gepia.cancer-pku.cn/index.html) is a free
web tool based on TCGA and GTEx data. In the current
study, PROSI expression, survival analysis, and possible
involvements of IncRNAs and TFs were evaluated using
the GEPIA modules “Expression DIY” and “Survival” In
addition, the relationships between PROS1 and Gene
markers were determined using Spearman’s correlation
coefficient in the module “Correlation analysis”.

Tumor immune estimation resource (TIMER)

TIMER (https://cistrome.shinyapps.io/timer/) is a web
server for the comprehensive analysis of tumour-infil-
trating immune cells. In our study, PROSI expression and
survival were evaluated using the “Gene” and “Survival”
modules. TIMER was also applied to investigate the rela-
tionships between PROSI expression and different gene
marker sets of immune cells using the “Correlation” mod-
ule [29].

Tissue sampling from glioma patients
Fresh glioma tissues from histologically confirmed cases
were obtained from the Union Hospital, Tongji Medical
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College, Huazhong University of Science and Technol-
ogy. The study was approved by the Ethics Committee of
the Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology.

Cell culture, real-time PCR, and immunohistochemistry
Since there are no specific LGG cell lines, common gli-
oma cell lines (U87, U251, and T98G) and the human
astrocyte cell line NHA were used. Cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco) containing
10% heat-inactivated foetal bovine serum and 1% penicil-
lin/streptomycin. Real-time PCR was conducted to com-
pare gene expression in 30 tumour samples with that in
adjacent normal tissue. Real-time PCR was performed in
triplicate using samples derived from three independent
experiments. Primers for PROSI (forward, 5-GTGCCT
TCCCTTGAACCRRG-3, reverse, 5-CCACGCTGA
GTGATCGATAGA-3) and GAPDH (forward, 5-AAA
AGCATCACCCGGAGGAGAA-3] reverse, 5-AAGGAA
ATGAATGGGCAGCCG-3’) were used for qPCRs. Ten
formalin-fixed, paraffin-embedded LGG tissues and nor-
mal brain tissues were used for immunohistochemistry
stainings.

lentivirus infection assay

Short hairpin RNA (shRNA) against PROS1 (shPROS1)
and a negative control shRNA (sh NC) were designed
and synthesised by genomeditech (Shanghai, China). In
addition, the pcDNA3.1 vector (Vigene Biology) con-
taining the full-length ¢cDNA sequence of PROS1 was
used to overexpress PROS1. The empty pcDNA3.1
vector was used as a negative control. The lentivirus
pLent-shPROS1-GFP-Puro or its negative control (NC)
pLent-GFP-Puro (genomeditech) was used to infect
GBM cells with enhanced infection solution (genomed-
itech) according to the manufacturer’s protocol. Simi-
larly, pLent-PROS1-GFP-Puro lentivirus or empty vector
(vector) pLent-GFP-Puro lentivirus (genomeditech) was
used to overexpress genes. Seventy two hours after the
cells were infected with lentivirus, 2 pug/ml puromycin
was added to kill the cells that had not been transfected.

Cell counting Kit-8 assay

U87 and U251 cells was assessed with the Cell Counting
Kit-8 (Dojindo Molecular Technologies, Kyushu, Japan)
reagent according to the manufacturer’s instructions.
Cells were inoculated on 96- well plates at a density of
1000 cells per well with 100 ul of medium. Every 24 h for
a total of 96 h, CCKS8 solution (10 ul) was added to each
well, and the cells were further incubated at 37 °C for 3 h.
The absorbance of each well was measured at 450 nm
with a spectrophotometer.
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Colony formation assay

U87 and U251 Cells were prepared into a single-cell
suspension, respectively, and seeded into a six-well
plate (200 cells/well) for two-week incubation to
form colonies. After staining with 0.01% crystal violet
(Sigma), the colonies were subjected to microscopic
examination. The rate of colony formation and survival
fraction were calculated.

Cell invasion assays

2 x 10* cells were added into Matrigel-coated upper
Transwell chambers for the invasion assay. The lower
chambers were filled with DMEM containing 10% FBS.
After incubation at 37 °C for 24 h, cells on the lower
surface of the membrane were fixed in 100% metha-
nol and stained with 0.1% crystal violet dye for 20 min
at room temperature. Finally, after washing with PBS,
cells were imaged in five randomly selected fields under
a light microscope (Olympus Corporation) atx 100
magnification.

5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay
According to the manufacturer’s instructions, EAU Kit
(Roche, Mannheim, Germany) was utilized to monitor
the proliferation of transfected cells. Zeiss Axiophot
Photomicroscope (Carl Zeiss, Oberkochen, Germany)
was used to capture representative images.

Genomic heterogeneity and cancer stemness

Genomic heterogeneity includes the parameters TMB,
MATH, tumour ploidy, HRD, LOH, MSI, NEO, and
tumour purity [21, 30]. Cancer stemness, including
DNAss, EREG-METHss, DMPss, ENHss, RNAss, and
EREG.EXPss [31], was calculated using one-class logis-
tic regression algorithms with mRNA expression and
methylation signature.

DNA methylation and alternative splicing

MethSurv (https://biit.cs.ut.ee/methsurv/) was used to
evaluate the effects of methylation levels and PROSI
expression on prognosis in LGG [32], and we used the
OncoSplicing website (http://www.oncosplicing.com/)
to explore differential alternative splicing events of
PROSI in LGG [33].

Survival analysis

The PrognoScan database (http://www.prognoscan.
org/) is a large collection of publicly available can-
cer microarray datasets [34]. The OncoLnc database
(www.oncolnc.org), a tool for interactive explorations
of survival correlations, contains survival data of 8,647
patients from 21 cancer studies supported by the
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TCGA. The relationships between PROSI expression
and patient prognosis (overall survival, disease-specific
survival, disease-free interval, and progression-free
interval) were visualised with forest plots and Kaplan—
Meier curves.

Analysis of PROS1-interacting genes and proteins

The GeneMANIA database (http://www.genemania.org)
was used to construct the PROSI interaction network
[35]. The STRING database (https://string-db.org/) was
used to construct the protein—protein interaction net-
work of PROS1 [36].

Single-cell analysis

CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/home.
jsp), a database that aims to comprehensively decode func-
tional states of cancer cells at single-cell resolution, was used
to explore PROS1 functions [37].

GO, KEGG pathways, and GSEA of PROS1

GO and KEGG analyses were applied to explore the bio-
logical functions of PROSI in LGG. GSEA was used to
investigate potential PROSI mechanisms. GO, KEGG,
and GSEA analyses were analysed using the R package
“ClusterProfiler”

Tumor immune dysfunction and exclusion (TIDE)

TIDE (http://tide.dfci.harvard.edu/), based on tumour
pretreatment expression profiles, can estimate multiple
published transcriptomic biomarkers to predict patient
responses. It was used to investigate the association
between PROSI expression and therapy outcomes in
clinical studies of immune checkpoint blockade [38].

Statistical analysis

Most analyses were conducted using R software, and the
rest were GraphPad Prism 8.0. Logistic regression, uni-
variate, and multivariate analyses were used to assess the
influence of clinical variables on patient survival. Two-
tailed P-values less than 0.05 were considered statistically
significant.

Results

Analysis of PROS1 expression in patients with LGG

To explore possible anti- and pro-carcinogenic roles
of PROS1, its mRNA expression was first analysed in
human cancer and validated using the Sangerbox tools.
As shown in Fig. 1A, PROSI expression was markedly
increased in 11 tumour types (DLBC, GBM, KIRC, KIRP,
LGG, PAAD, PRAD, STAD, THCA, THYM, and UCEC)
and significantly decreased in 17 tumour types (ACC,
BLCA, BRCA, CESC, CHOL, COAD, ESCA, HNSC,
KICH, LAML, LIHC, LUAD, LUSC, OV, TGCT, UCEC,
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and UCS) compared to that in normal samples. However,
PROSI expression was not significantly different among
MESO, PCPG, READ, SKCM, and UVM. Moreover,
Sangerbox tools were used to validate mRNA expression
results. As shown in Fig. 1B, PROSI expression in COAD,
GBM, KIRC, KIRP, LGG, PAAD, PRAD, SKCM, STAD,
TGCT, and THCA was significantly increased when
compared to that in control samples of the genotype-tis-
sue expression (GTEx) project, whereas in BLCA, BRCA,
CESC, CHOL, HNSC, KICH, LAML, LUAD, LUSC, OV,
READ, UCEC, and USC, PROSI expression was sub-
stantially decreased. Taken together, PROS1 was upregu-
lated in GBM, LGG, KIRC, KIRP, PAAD, PRAD, STAD,
and THCA, and downregulated in BLCA, BRCA, CESC,
CHOL, HNSC, KICH, LAML, LUAD, LUSC, OV, UCEC,
and USC, demonstrating that PROSI may function as a
vital regulator of carcinogenesis in 20 different types of
cancer. We additionally analysed PROSI expression in 31
types of tissues using the GTEx dataset (Additional file 1:
Fig. S1), determined its expression in 21 tumour cell
lines using the Cancer Cell Line Encyclopedia database
(Additional file 1: Fig. S2), and compared the expression
between tumour and normal tissues using The Cancer
Genome Atlas (TCGA) database (Additional file 1: Fig.
S3). A separate analysis of PROSI mRNA levels showed
a significant difference between LGG and normal GTEx
samples (Fig. 1C). Likewise, in the Gene Expression
Profiling Interactive Analysis (GEPIA) database, higher
PROSI mRNA expression was found in LGG tissues
than in normal brain tissues (Fig. 1D). Receiver operat-
ing characteristic curves were used to analyse the efficacy
of PROSI levels to distinguish between LGG samples
and normal brain samples. The area under the curve
(AUC) of 0.934 (0.922-0.946) suggests that the PROSI
gene may have the potential to identify LGG tissues. At
the protein level, immunohistochemistry stainings were
used to investigate the PROSI1 expression in 15 paired
tumour samples compared with adjacent normal tissues.
The analysis demonstrated that PROSI levels were sub-
stantially increased in LGG tissues (Fig. 2A). Moreover,
30 paired samples and 4 cell lines were investigated by
qRT-PCR. PROSI mRNA expression was significantly
upregulated in all 30 tumour samples compared to that in
adjacent normal samples (Fig. 2B), as well as in 3 glioma
cell lines (T98G, U87, and U251) compared to that in the
non-malignant human astrocyte cell line NHA (Fig. 2C).

Identification of DEGs in LGG

PROS1-high samples and PROSI-low samples from
HTSeq-Counts of TCGA-LGG were explored using the R
package “DESeq2” In total, 2,050 DEGs showed statisti-
cally significant group differences, including 1,023 upreg-
ulated genes and 1,027 downregulated genes (Fig. 1F).
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The relative expression values of the top five upregu-
lated and downregulated DEGs in these two groups are
depicted as a heatmap in Fig. 1G.

PROS1 expression in LGG is associated with DNA
methyltransferase expression, RNA modification genes,
DNA mismatch repair system genes, copy number
variations, and the frequency of single nucleotide
variations

At the epigenomic level, various epigenetic modifica-
tions have the possibility of functional gene modification.
DNA methylations such as N1-methyladenosine (m1A),
cytosine-5-methylation (m5C), and N6-methyladeno-
sine (m6A) are common epigenetic modifications, so we
explored their correlations with PROS1 expression levels.
As shown in Fig. 3A, B PROSI expression has a close rela-
tionship with the expression of 4 DNA methyltransferase
genes (DNMT1, DNMT2, DNMT3A, and DNMT3B) and
44 RNA modifications (m1A [n=10], m5C [n=13], and
m6A [n=21]) across most human cancers, but especially
in patients with LGG, which indicates that PROSI may
mediate tumorigenesis by epigenetic modification. DNA
mismatches are potentially mutagenic and, thus, must
be corrected by the mismatch repair system to maintain
the integrity of the genetic information. As shown in
Fig. 3C, we evaluated the correlation between the muta-
tion levels of five mismatch repair system genes (MLH1I,
MSH2, MSH6, PMS2, and EPCAM) and PROS1, which

suggested that the mismatch repair system may play a
critical role in regulating tumorigenesis of PROSI. We
analysed SNP data to detect variants and their frequen-
cies in LGG. As shown in Fig. 3D, F missense mutations
(0.2%) were the main type of SNPs. A frequency analy-
sis of single nucleotide variations comparing groups with
high and low PROSI expression levels revealed IDHI,
TP53, ATRX, CIC, TTN, FUBP1, MUCIl6, NOTCHI,
PIK3CA, and EGFR as the top 10 mutated genes, with
mutation percentages of 76%, 45%, 33%, 20%, 12%, 9%,
7%, 7%, 6%, and 6%, respectively (Fig. 3F).Moreover, our
analysis results showed that /IDHI and TP53 were the
top2 mutation gene, and mutation frequency of IDHI
and TP53 in low PROSI1 expression group was more
than high PROS1 expression group, which also identi-
fied PROS1 may promote tumour progression and lead to
poor prognosis in LGG patients. To identify alterations in
copy number variation, data of PROSI copy number vari-
ation extracted from the TCGA were explored using the
R package “copynumber’, and significant sample differ-
ences among the three types (491 neutral, 14 loss, and 3
gain) were detected by the Kruskal-Wallis test (Fig. 3E).

Correlation of PROST expression with DNA methylation
and alternative splicing

As shown above, PROS]I expression was significantly corre-
lated with the expression of four DNA methyltransferases. To
explore the potential mechanism between PROSI expression
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and DNA methylation, MethSurv was utilised to investi-
gate the impact of different methylation levels and PROSI
expression on the prognosis in LGG. As shown in a heat-
map (Fig. 4A), we found high levels of methylation in some

of the probe regions (cg03680898, cg10993409, cg10959048,
¢g03451959, and cg14753809) and low methylation levels in
other probe regions (cg05897638, ¢g24305970, cg01408194,
cg03168026, and ¢g09400966). The survival analysis
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Fig. 4 The DNA methylation and Alternative Splicing (AS) of PROST in LGG. A The visualization between the DNA methylation level and PROS1
expression. B-D The Kaplan-Meier survival of the 3 promote (cg14753809, cg05897638, and cg24305970) methylation of PROS1. E-J Two Alternate
promoters (PROS1_AP_65674 and PROS1_AP_65675) were found in TCGA SpliceSeq database that related with poor prognosis
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indicated that cgl14753809, cg05897638, and cg24305970
were associated with poor prognosis (Fig. 4B—D). Alternative
splicing has been identified as a vital mechanism regulating
phenotypic diversity, gene expression, and proteomics; it can
be used in biomarker and drug resistance research, as well as
a therapeutic target. We used the OncoSplicing website to
explore differential alternative splicing events of the PROSI
gene in LGG. Two alternative promoters (PROS1_AP_65674
and PROS1_AP_65675; Fig. 4E, F) found in the TCGA
SpliceSeq database were associated with poor prognosis
(Fig. 4G-J).

PROS1 expression is associated with genomic
heterogeneity and cancer stemness

Genomic heterogeneity and cancer stemness were
closely correlated with tumour treatment selection
and overall survival. We analysed the association of
PROS1 expression with genomic heterogeneity and can-
cer stemness in patients with LGG. The results indi-
cated that tumour mutational burden (TMB; R=0.131,
P=0.00094), mutant-allele tumour heterogene-
ity (MATH; R=—0.117, P=0.0082), tumour ploidy
(R=—-0.100, P=0.024), homologous recombination
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deficiency (HRD; R=0.140, P=0.0021), loss of heterozy-
gosity (LOH; R=0.227, P=3.31e —7), DNA methylation-
based stemness (DNAss; R=0.092, P=0.037), enhancer
elements/DNA methylation-based stemness (ENHss;
R=0.097, P=0.0288), epigenetically regulated DNA
methylation-based stemness (EREG-METHss; R=0.109,
P=0.0138), and RNA expression-based stemness
(RNAss; R= —0.341, P=2.933e — 15) were significantly
different from those of PROS1 (Additional file 1: Fig. S4).
However, there was no significant difference in micro-
satellite instability (MSI), neoantigen (NEO), tumour
purity, differentially methylated probes-based stemness
(DMPss), and epigenetically regulated RNA expression-
based stemness (EREG.EXPss; Additional file 1: Fig. S5).
These data indicate that PROSI expression may influence
cancer treatment and prognosis by affecting genomic
heterogeneity and cancer stemness.

Correlation between PROS1 expression and clinical
parameters of patients with LGG

To evaluate PROS1 expression among groups of patients
with different clinicopathological characteristics, we ana-
lysed 510 LGG samples from the TCGA database with
their clinical data. As shown in Additional file 1: Fig. S6
and Table S1, PROSI expression was significantly corre-
lated with the WHO grade, IDH status, primary therapy
outcome, histological type, and outcome measures (over-
all survival, disease-specific survival, and progression-
free interval). All other examined clinical parameters
were not significantly correlated with PROSI expres-
sion (Additional file 1: Fig. S6). The results of the logistic
regression analysis indicated that the categorical depend-
ent variable PROS1 expression was correlated with poor
prognostic clinical parameters, including WHO grade,
IDH status, age, and histological type (Additional file 1:
Table S2). Taken together, LGG with high PROS1 expres-
sion may be more likely to progress to a more advanced
grade and less susceptible to IDHI mutations than LGG
with low PROS1 levels.

Correlation between PROS1 expression and the prognosis
of patients with LGG

Since PROSI expression levels were closely correlated
with LGG tumour progression, we subsequently explored
their prognostic significance. As shown in the forest
plot (Fig. 5A), we first analysed the correlation between
PROS1 expression and overall survival in 33 tumours
from the TCGA database. The results indicated that
high PROS1 expression was related to poor survival in
several cancers (LGG, BCLA, STES, STAD, and UVM),
and the pan-cancer analysis demonstrated similar results
for disease-specific survival, disease-free interval, and

Page 9 of 25

progression-free interval (Additional file 1: Figs. S7-S9).
Next, we analysed the correlations of PROSI expres-
sion with overall survival and disease-specific survival
(Fig. 5B, C respectively). These results were validated by
data from various databases and websites, including the
Chinese Glioma Genome Atlas (CGGA; Fig. 5D), GEPIA
database (Fig. 5E), OncoLnc database (Fig. 5F), and Pro-
gnoScan database (Fig. 5G, H). Based on receiver oper-
ating characteristic curves of TCGA (Fig. 5I) and CGGA
(Fig. 5G) data, the associations of PROSI expression with
1-, 2-, and 3 year were explored. The results suggested
that PROSI expression had a moderate prognostic value.
Next, we conducted subgroup analyses of overall survival
based on clinicopathological characteristics. The progno-
sis of LGG patients with high PROSI levels was poor in
women, age >40 years, 1p/19q non-codeletion, SD&PD,
and astrocytoma subgroups (Fig. 6A-E). Univariate
(Fig. 6F and Additional file 1: Table S3) and multivari-
ate (Fig. 6G and Additional file 1: Table S3) Cox regres-
sion analyses showed that PROSI expression, WHO
grade, and age were independent prognostic factors for
overall survival of patients with LGG. Risk factor asso-
ciation (Fig. 6H) and Sankey (Fig. 6I) diagrams were used
to visualise the overall prognostic trends of the groups
with high and low PROSI expression, as well as the rela-
tionships among the three independent factors in living
status. Finally, a nomogram was constructed based on
PROS1 expression, age, and WHO grade as a quantitative
tool for predicting the prognosis of patients with LGG
(Fig. 6]). The prediction efficiency of the nomogram was
evaluated using the C-index (0.754, confidence interval:
0.727-0.782), which implied that this model had mod-
erate prediction accuracy. Consistent with the former
results, the agreement between predictions and observa-
tions was good (Fig. 6K).

Identification of PROS1-interacting genes and proteins

The GeneMANIA database was used to analyse the
gene—gene interaction network of PROSI and identify
altered neighbouring genes. The results showed that
20 genes were most closely related to PROSI, includ-
ing MERTK, C4BPB, F5, and F8 (Fig. 7A). Similarly, the
STRING database was used to assess the PROS1 pro-
tein—protein interaction network which contained 29
edges and 11 nodes, including TYRO3, PROC, and
GGCX (Fig. 7B). Taking the above results into account,
the relationships between coagulation-related genes and
PROS1 was explored in LGG data from the TCGA. The
significant results of this analysis demonstrated that in
LGG, PROSI1 was positively correlated with F2R, FGG,
and PROC but negatively correlated with F5 (Fig. 7C).



Zhou et al. Journal of Translational Medicine

(2022) 20:335

Page 10 of 25

B C
1.0 4 1.04 PROS1
+ Low
£ 084 2084 ~ High
3 3
2 06 2 064
: 5 i
T 04+ T 041 ; H
H 5 ;L‘T ]
@ 0.2 overall Survival @ 0.2 Disease Specific Survival 7 .
HR = 1.87 (1.30-2.70) HR = 1.66 (1.13-2.43) +
0.0 P=0001 0.0 P=0009
0 5 10 15 0 5 10 15
Time (years) Time (years)
Low 254 . . )
High 255 35 8 1 0
D PROST lovel =& high S low E Overall Survival F
e —_ 100
100 - RO o Low
Logrank p=0.013 N=255
Zors 3 PN RRA T 804
% = n(high)=256 2 High
5050 2 o | n(low)=255 e N=255
5 s a %01
2 2]
302 p<0.001 < k=
834 @ 404
0.00 & 8
0TS S ey RN o & 20~ Overall Survival
3 P=0.0367
+ high{ 381249149113 88 62 46 3520 9 8 4 3 1 0 O o
8 low{ 382307264221189162134104 83 62 49 33 10 2 0 O c 7 T 0 1 1 1
g. 01 2 3 4 5 ?,m;(y:a,;; 10 11 12 13 14 15 0 50 100 150 200 o 2000 4000 sooo
Months Days
gli GSE4271 OS
G MGH-gliomaOS _ . ¢ H - High n=68
= = Low n=42 ——Low n=9
R g £l p-Value=0.04505 - g -
S P, S e :
;- I I 2 |
S o e o
o T .
SR 2 e s R4 | p-Value=0.04973
o © _| HR=1.33(1.00-1.78) T
=] T T T =3 Ty T T T T
500 1000 1500 0 100 200 300 400
Days Weeks
I J
1.0 1 o |
0.8 Q|
o
~~
1'd Q
& g o
= 0.6 o S
& =
= o
= >«
7] - .
% 04 ¢ o
—
1) —
PROS1 N
0.2 4 S Tl
— 1-Year (AUC = 0.760)
— 207z e aucsoron
0.0 J — 3-Year (AUC=0743)| o | —— one year (AUC=0.654)
' ! ! ! ' ° g T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 04 06 08 10
1-Specificity (FPR) ' ' ' ' ' '
False positive rate
Fig. 5 The prognostic value of PROST in LGG. A Forest plots showing the HRs related to PROST expression in pan-cancer. B-H Kaplan—-Meier curves
for patients stratified by different expression levels of PROS1 in TCGA (B, C), CGGA, GEPIA database (E), OncolLnc (F), PrognoScan database (G, H). 1-J
1-, 2-and 3 year overall survival ROC curves based on risk score in TCGA (lJand CGGA cohorts (J)




Zhou et al. Journal of Translational Medicine

(2022) 20:335

Page 11 of 25

A Gender: Female B Age: >40 C 1p/19q codeletion: non-codel D Primary therapy outcome: SD&PD E Histological type: Astrocytoma
1.0 PROS1 1.0 1.0 PROS1 1.0 PROS1 1.0 PROS1
Z0s T Zos ) e Zos e Zos g
| | ] ] kS
5 06 @ 0.6 'g 0.6 'g 06 ‘g 06
g g g g g
T 04 T 04 T 04 T 04 T 04
2 2 2 2 2
2 02 overat sunv 2 024 overat suna 2 024 overat suniar 2 024 overat sunivar 2 0.2 Overati Sunivan
@ HR =183 (1.05-3.20) @ HR =159 (1.01-2.50) @ HR = 1.55 (1.04-2.30) a HR = 1.65 (1.10-2.49) @ HR = 1.90 (1.12-3.24)
0.0 P=0033 0.0 P=004s 004 P=003 0.0 P=0016 0.0 P=0018
6 5’0 160 1‘50 260 6 4’0 8’0 1&0 1é0 ll) 5;0 160 1%0 260 ll) 5‘0 160 1\")0 260 6 5‘0 160 1%0 260
Time (months) Time (months) Time (months) Time (months) Time (months)
Low 13 1 7 3 0 Low 128 26 4 3 0 La 20 8 1 0 Lo 122 24 9 4 0 Loy 96 6 0
High 114 21 5 1 1 High 129 25 6 0 0 High 171 32 9 2 1 High 122 29 7 1 1 High 96 12 2 1 1
H .
[
S 24 Risk group
o
2] * Low
< 14 « High
F
Characteristics N HR(95% CI) P value Univariate analysis g 6000
PROS1 509 1.548 (1.260-1.903) 1m <0.001 = 4000 4 Status
'WHO grade(G2 vs G3) 452 3.059 (2.046-4.573) : —— <0.001 g ©0
Age(<=40 vs >40) 509 2.889 (2.009-4.155) 1 e <0.001 S 2000
Gender(Female vs Male) 509 1.124 (0.800-1.580) 4 0499 a2,
IDH status(Mut vs WT) 506 5385 (3.777-7.679) |  +—e— <0.001 PROS1 [
1p/19q codeletion(non-codel vs codel ) 509 2.493 (1.500-3.910) | +e— <0.001
Primary therapy outcome(PR&CR vs PD&SD) 439 4.963 (2782-8.851) | F—e—i <0.001
Race(Black or African American&Asian vs White) 498 1.178 (0.549-2.529) +—< 0.675
gical typ vs Oli i 509 0.606 (0.430-0.853) @ 0.004 I
Laterality(Left&Right vs Midline) 504 1.203 (0.372-3.886) »-Ib—c 0.758
0'0 2‘5 5'0 7'5
G Characteristics Total(N) HR(95% Cl) P value Multivariate analysis
7
PROS1 509 1.297 (1.028-1.636) -~ 0.028
i
i
WHO grade(G2 vs G3) 452 2.231 (1.385-3.595) i —— <0.001
i
i
Age(<=40 vs >40) 509 2.755 (1.834-4.139) | —e— <0.001
i
i
Gender(Female vs Male) 509 1.013 (0.736-1.350) ’-+—| 0.579
T2 5 4
J Age Status
0 20 40 60 80 100
POIntS L 1 1 1 1 1 1 1 1 1 1 K
G3 1.0
WHO grade r g >
G2 H
>40 o]
Age r N ‘8 0.94
<=40 &
PROS1 — 77— T 77— £ 0sd
1 2 3 4 5 6 g
. 2]
Total Points T T T T T T T T T T c
0 40 80 120 160 200 £ 7
2 0.
Linear Predictor r : : v . : ; . , £
-2 -1 0 1 2 b
1-year Survival Probability 5 061 — 1-Year
1723
0.95 0.9 0.85 0.80.75 g — 2-Year
_ . . —— 3-Year
2-year Survival Probability o5 T o7 0% s 054 \deal line
T T T T T T
3-year Survival Probability r T T — 0.5 0.6 0.7 0.8 0.9 1.0
0.9 0.8 07 06 050403 Nomogram prediced survival probability
Fig. 6 Subgroups prognostic, univariate, multivariate Cox regression,and nomogram analysis of PROS1 in LGG. A-E Kaplan—Meier curves of high
and low PROST expression in subgroups, including female (A), Age >40 years (B), 1p/19g non-codeletion (C), SD&PD (D), and astrocytoma (E). F-G
The univariate F and multivariate Cox regression G analysis of PRSO1 in LGG patients. H-I Risk factor associations diagram H and Sankey diagram |
were used to depicted the overall prognostic trend and living status of the inner relationship. J The nomogram for predicting the probability of 1-,
3-,and 5- year OS for LGG patients. K Calibration plots of the nomogram for predicting the probability of OS at 1, 3, and 5 years




Zhou et al. Journal of Translational Medicine (2022) 20:335

Page 12 of 25

8 e
@
° @
@
&
(-]
@ g @
Functions

N/A

LGG

MERTK

*k

F2 =* . * £ * b <005
e - # oo
FS ** . R I Correlation
FGA * - % ok * I 10
0.5
FGB 5k ok - *k
0.0
FGG *h ok - Kk *
-0.5
PROC #** ok Hok . Kk kK
e -1.0
PROS1 *k *k *k *k -
SERPINC1 #% %% wk * * wk .
O (v & & F & L & o
N
& @ CEE @O FE
T &K
<
2

Fig. 7 Identification of PROS1-Interacting Genes and Proteins. A The gene—gene interaction network of PROS1 was constructed using GeneMania.
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Analysis of long noncoding RNA (IncRNA)- transcription
factor (TF)-PROST triplets

To better understand the potential regulatory mecha-
nisms of PROSI in LGG, we examined the regulation
of PROS1 expression by IncRNA-TF-gene triplets. We
used the LncMAP database to explore possible PROSI-
containing triplet formations in LGG. The results showed
that seven TFs may modulate PROSI expression in LGG
(Fig. 8A). To identify the TFs most likely regulating the
PROSI1 gene, we conducted an expression, prognosis,
and correlation analysis of these seven TFs (Fig. 8B).

Among the four TFs (STATI, SPI1, NFKB1, and CEBPA)
with high expression and prognostic significance in LGG
(Fig. 8C-I), the correlation coefficient was the highest
(R=0.514) between NFKBI and PROSI. Subsequently,
we explored IncRNAs possibly acting on NFKBI and
identified 31 IncRNAs that can interact with NFKBI
(Fig. 8)). Differential expression and prognostic analyses
were used to determine the target IncRNAs. Ultimately,
the two IncRNAs RP3-525N10.2 and MIR497HG were
significantly differentially expressed in LGG (Fig. 8K-L),
but only RP3-525N10.2 was significantly downregulated,
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suggesting a good prognosis. In summary, we identified
the triplet RP3-525N10.2-NFKB1-PROS1 and, consider-
ing the downregulated expression of RP3-525N10.2 in
LGG, suggest its possible role as a tumour suppressor
gene affecting the prognosis in LGG. We propose that the
IncRNA RP3-525N10.2 may act as a “decoy” that binds
to the TF NFKBI or guide the TF, and prevents its asso-
ciation with the target PROSI, which can reduce PROSI
expression, thereby improving the prognosis in patients
with LGG.

Gene ontology (GO), kyoto encyclopedia of genes

and genomes (KEGG) pathways, and gene set enrichment
analysis (GSEA) of PROS1 in patients with LGG

GO and KEGG enrichment analyses were used to
investigate PROSI-related biological pathways and
functions. Circular plots depict the top 10 significant
terms of BP, MF, CC, and KEGG enrichment analyses
(Fig. 9A-D). Notably, in all analysis results, PROSI
was enriched in immune response-related processes or
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pathways, such as complement activation, B cell-medi-
ated immunity, immunoglobulin-mediated immune
response, and lymphocyte-mediated immunity in BP
term, immunoglobulin complex, T-cell receptor com-
plex, and MHC class II protein complex in CC term,
and immunoglobulin receptor binding in MF term. In

the KEGG pathway analysis, several immune-related
pathways were highly correlated with PROSI expres-
sion, including Th17 cell differentiation, Th1l and Th2
cell differentiation, primary immunodeficiency, T-cell
receptor signalling pathway, and natural killer (NK)
cell-mediated cytotoxicity. Consistent with the results

(See figure on next page.)

Fig. 10 PROS1 increased the proliferation, invasion of GBM cells in vitro. A gRT-PCR assays were applied to analyse the expression level of PROS1
after transfection by sh PROS1 or PROS1 overexpression vector for 24 h in U87 or U251 cells. B Cell viability of U87 or U251 cells after knocking down
or overexpressing PROST was determined using CCK8 assays. C Colony formation assay were performed in transfected U87 or U251 cells to evaluate
cell proliferation ability. D Transwell assays were performed in transfected U87 or U251 cells to evaluate cell invasion ability (Magnification: x 100).
*P <0.05, **P <0.01, ***P <0.001, ****P < 0.0001. Error bars indicate mean £ SD
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Fig. 11 5-Ethynyl-2-deoxyuridine (EdU) staining to detect cell proliferation. A U87 cells were treated with EdU for 6 h prior to click reaction. B U251
cells were treated with EdU for 6 h prior to click reaction. Data analysis was performed to calculate the signal intensity in EdU-positive cells based on
individual DAPI signal and displayed in the right graph. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001 .Error bars indicate mean £ SD
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Table 1 Correlation analysis between PROST and gene markers
of immune cells in TIMER and GEPIA

Immune cell Biomarker  TIMER GEPIA
Rvalue p value Rvalue p value
B cell cD19 0.20***  711E—06 0.24***  42F—08
CD79A 0.11* 1.46E—02 0.16***  23E—04
Tcell CD3D 0.38***  1.01E—18 0.34**  1E—15
CD3E 0.39***  259E—20 041***  64F—22
CcbD2 044***  193E—26 047***  26E—30
CD8+T cell CD8A 0.19***  938E—06 0.22***  29E—07
CD8B 0.18***  295E—05 021***  19E—06
CD4+T cell D4 041***  68E—12 041***  68F—22
Monocyte CD86 0.33***  838E—15 036***  31E—17
CSF1R 0.21***  155E—06 023** 12E—-07
TAM (general) CCL2 0.35***  6.00E—16 0.35***  45E—16
CD68 042%**  35E—25 043** 35E—25
IL10 0.34***  417E—15 037** 1.1E—-18
M1 IRF5 0.30***  512E—12 031**  37E—13
PTGS2 0.04* 3.87E—-02 0.091**  39E—02
NOS2 —0.13*  23E-03 -0 14E-02
M2 cDb1e3 045***  43E—24 042%**  43E—24
VSIG4 0.30***  8.18E—12 031***  25E—13
MS4A4A 044***  28E—29 047**  28E—29
Neutrophils CEACAM8 —0.01 82E—-01 00019 97E-01
ITGAM 0.28***  897E—11 0.29***  86E—12
CCR7 0.33***  368E—14 0.34***  68E—16
Natural killer cell  KIR2DL1 0.12** 51E-03 0.16***  27E—04
KIR2DL3 0.22***  379E—07 0.25%* 12E—08
KIR2DL4 0.23***  855E—08 0.28***  18E—10
KIR3DL1 0.11* 13E—-02 0.16***  3E—04
KIR3DL2 0.10* 19E—-02 0.17%* 13E—-04
KIR3DL3 0.01 9.7E—01 0.019 6.6E—01
KIR2DS4 0.18***  352E—05 0.19***  1.1E—-05
Dendritic cell HLA-DPB1 049*** 16E—33 0.5%%% 1.6E—33
HLA-DQB1 042" 65E—15 033**  65E—15
HLA-DRA 0.52***  46E—38 0.53***  46E—38
HLA-DPA1 0.52***  77E—38 0.52***  77E—38
cDi1C 0.36***  8.18E—17 0.34**  82E—16
NRP1 049***  343E—33 0.5%** 1.5E—34
ITGAX 0.23***  151E—07 0.23***  12E—07
Microglia CX3CR1 0.216*** 7.78E—07 023" 16E—07
P2RY12 0.075 8,75E—02 0.1 0.02
ITGAX 0.229*** 151E—07 0.23**  12E—-07
FCGR1A 0.29***  234FE—11 0.26***  39E—09
TMEM119 0.205*** 2.6E—06 023**  63E—08
CD33 0.331*** 125E—14 032%* 1E—13
Monocyte- MRC1 —0.099 24E—-02 —0.061 0.16
derived Mac- py63 045%*  P<0,001 042  43E—24
rophages
D14 0.362*** 123E—17 0.38***  72E—19
TEK —0.033 4.49E—-01 0.0087 084
THBD 0.249*** 1.14E—08 029***  37E—-11
ICAM1 0429*** 1.69E—24 044***  22E—26
ITGA4 047***  P<0.001 049%**  14E—32
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Table 1 (continued)
*p<0.05, *p<0.01, **p <0.001

of the GO and KEGG analyses, GSEA, including KEGG
(Fig. 9E) and Reactome (Fig. 9F) pathways, showed that
the top eight signalling pathways affected by PROSI
were enriched mainly in immune-related activities,
including NK cell-mediated cytotoxicity, T-cell recep-
tor signalling pathways, immunoregulatory interac-
tions between lymphoid and non-lymphoid cells,
signalling by the B-cell receptor BCR, and programmed
death 1 (PD1) signalling. These results strongly imply
that PROSI participates in the regulation of immune
responses in LGG.

Single-cell analysis of PROS1 functions in patients

and experimental verification in GBM cell lines

To explore the functions of PROSI in LGG tissues at the
single-cell level, CancerSEA was used to explore pheno-
types possibly regulated by PROSI. As shown in t-SNE and
box plots (Additional file 1: Fig. S10), PROSI was upregu-
lated at the single-cell level in EXP0059 glioma cell groups.
The results of the functional analyses (Additional file 1:
Fig. S10) demonstrated that PROSI positively influenced
cell invasion in two glioma single-cell sequencing data-
sets (BCH1126 and BCH836). As shown in Fig. 10, CCK8
assays depicted that knocking down PROSI expression sig-
nificantly reduced the proliferation ability of U87 cells and
U251 cells; conversely, overexpressing PROSI1 increased
cell proliferation (Fig. 10B). Transwell assays were used
to assess the invasion ability of cells. PROS1 knockdown
resulted in a lower U87 cell and U251 cell invasion rate,
while PROS1 over-expression showed the opposite results
(Fig. 2D). In addition, colony formation assay (Fig. 10C)
and 5-Ethynyl-2’-deoxyuridine (EdU) incorporation
assay (Fig. 11) also suggested that knockdown of PROS1
inhibited cell proliferation. In contrast, over-expression
of PROS1 increased cell proliferation rate. In summary,
PROSI increased the proliferation and invasion of GBM
cells.

PROS1 is correlated with immune cell infiltration

and tumour microenvironment in LGG

The functional enrichment results indicated that PROSI
may play a critical role in the immune system. Therefore,
we investigated the relationships between PROSI expres-
sion and immune cell infiltration. According to analyses
of the Tumor Immune Estimation Resource (TIMER)
database, six types of immune cells (B cells, CD8+T
cells, CD4+T cells, macrophages, neutrophils, and den-
dritic cells) were associated with PROSI expression and
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prognosis in patients with LGG (Fig. 12A, B). Further anal-
yses using the ssGSEA (Fig. 12C, D) showed that PROSI
expression levels were significantly positively associated
with the infiltration of B cells, Tem, DC, Tgd, CD8+T
cells, NK cells, Th2 cells, NK CD56dim cells, eosinophils,
T cells, Th17 cells, neutrophils, cytotoxic cells, iDC, aDC, T
helper cells, and macrophages, but significantly negatively
correlated with infiltration of CD56bright cells, pDC, and
TReg. Moreover, various copy numbers of PROSI were
not significantly correlated with immune cell infiltration
levels in LGG (Fig. 12E). To analyse the possible influence
of PROSI expression on the tumour microenvironment
during tumour development, we analysed immune and
stromal scores of LGG samples using the R package “Esti-
mate” As shown in Fig. 10F, H PROSI was positively cor-
related with immune score (R=0.440, P <0.001), stromal
score (R=0.430, P<0.001), and estimated immune score
(R=0.440, P<0.001).

Correlation of PROS1 expression with the expression

of immune cell markers, immune checkpoint inhibitors,
and immunomodulators

To better understand the interaction between PROSI
expression and immune responses, the TIMER and
GEPIA databases were utilised to validate the associa-
tion between PROSI expression and immune cell mark-
ers in LGG. The genes listed in Table 1 represent various
immune cells, including B cells, T cells, CD8+T cells,
monocytes, tumour-associated macrophages (TAMs), M1
macrophages, M2 macrophages, neutrophils, NK cells,
and dendritic cells. In LGG, expression of PROSI was sig-
nificantly correlated with that of most immune cell mark-
ers (Table 1). Some studies have shown that PROSI can
influence the activation of TAMs [8, 17—-20]; therefore, we
explored the relationships between PROS1 expression and
TAMs, including microglia and monocyte-derived mac-
rophages (Table 1). According to the analyses of the TIMER
and GEPIA databases, PROSI expression levels had a sig-
nificant positive correlation with 10 of the 13 immune cell
markers in LGG (Additional file 1: Fig. S11).

The correlation analysis between immunomodulators
and PROSI expression may reveal the types of cancers
that benefit from immunotherapy targeting PROSI. In
LGG, PROSI was positively correlated with most of the
150 analysed immunomodulators (Fig. 13A). Based on the
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improved understanding of the functions of novel human
immune checkpoint inhibitors [21], 60 immune checkpoint
genes (24 inhibitory, 36 stimulatory) were explored regard-
ing their correlations with PROSI in different cancer types
(Fig. 13B). Notably, more than 50 immune checkpoint
markers were significantly associated with PROSI expres-
sion in LGG. The scatter plots of five selected common
immune checkpoint genes (CD274, CTLA4, HAVCR2,
IDO1, and PDCDI) in the TIMER and GEPIA data-
bases are shown in Fig. 11C-G. Collectively, these results
strongly imply that PROSI may play a critical role in LGG
immunity and may be a potential immunotherapy target.

Association between PROS1 expression and therapy
outcomes in clinical studies of immune checkpoint
blockade (ICB)

Based on the predictive power of response outcomes
and overall survival among ICB subcohorts, we evalu-
ated the relevance of PROSI as a biomarker by com-
paring its performance with those of standardised
biomarkers. We found that PROSI alone had an AUC
value>0.5 in 8 of the 20 examined ICB subcohorts
(Fig. 14A). PROSI exhibited a higher predictive value
than B.Clonality, which gave AUC values>0.5 in 6
ICB subcohorts. However, as a predictive biomarker,
PROSI was comparable to the combination of TMB
score and B.Clonality (AUC>0.5 in 8 ICB subcohorts)
but inferior to MSI, CD27A, TIDE, IFNG, Merckls§,
and CD8. Our results also indicated that high PROSI
expression was correlated with worse PD1 outcomes
in kidney renal clear cell carcinoma (Braun2020_PD1
Clear), melanoma (Liu2019_PD1 Ipi_Naive, Gide2019_
PD1, and Riaz2017_PD1 Ipi_Naive), PD-ligand 1
(LI) (BladderMariathasan2018_PDL1 mUC), ACT
melanoma (Lauss2017_ACT), and CTLA4 (Nathan-
son2017_CTLA4 Post) but achieved good CTLA4
therapeutic outcomes in melanoma (Nathanson2017_
CTLA4 Pre), and kidney renal clear cell carcinoma
(Mia02018_ICB Clear) cancer cohorts (Fig. 14B).
Screening results of knockout phenotypes also implied
that PROSI knockout may positively impact lympho-
cyte-mediated tumour killing in MC38 colon cancer
(Kearney2018_T_PD1) models (Fig. 14C). Moreover,
the MXD3 expression levels were correlated with over-
all survival (Fig. 14D-H) in 3/4 of the glioma cohorts

(See figure on next page.)

Fig. 13 Correlation Between PROS1 expression and Immune checkpoint inhibitors and immunomodulators. A Correlation between PROS1T and
150 immunomodulators ((chemokine (41), receptor (18), MHC (21), Immunoinhibitor (24) and Immunostimulator (46)). B Correlation analysis
between PROS1 expression in Pan-cancer and immune checkpoint gene expression. C-G Correlation of SEMA3F expression with CD274 (C), CTLA4
(D), HAVCR (E), IDO1 (F), and PDCD1 G expression in LGG. *Significant correlation P <0.05, **Significant correlation P <0.01, **Significant correlation

P <0.001




Zhou et al. Journal of Translational Medicine (2022) 20:335 Page 20 of 25

comelton coeficient

S

DNRB  correlation coefficient
DORA2A

AGE  -10-0500 05 10
wopLy PVl

10-05 00 05 10
Pl

o o0s 10

P
St
S

DOI 00 05 10

" Type:
D! @iiory
EGFB @ Simulaotry

® immunoinhibitor
© Inmunostimulstor

aEFated

Al )

iRt

3
100
i e

et Sana s e

e

e

SRELEEE

SR

e
gm
2

<]
2
£

=

Py dddddd dan i

g YTy ey -
R K yy| %
b A d-Aiddd FRSFo
ik A dd- ram

v dd

BN SE I R
3 S
&

C D ==
p-value = 2.7e-14 p-value = 1.1e-09
"7 rR=033 . "7 .R=026
owld g e H §
s H
Eo == Sox -
3 ]
H £ 1 LI o moron| &
5 . & H Ptyoars o-1zete| &
: . g 1 { 2
H g .
§ ~
18
! v. T T T T T T T T T T
. 0 ' 2 3 4 . . 00 s 10 15 20 25
log2(CD274 TPM) T Cpresson Lol (o2 log2(CTLA4 TPM)
E - F = e
. - = - - 100 P or=
o %fgus% 2.1e-17 . " o TR T | pvaue=13e-25
- ] .R=044
ors . Lo ors ] .
o = oo =
£ z s g z
£ i £ =
Som 5 o c
g ] g 3
< o .|
H [ H= g
g g ; T e
H S o= 1200 o=2700-
i 2.1 . g
H H
2; T T T T T T : T T T T
S 1 2 s 4 s s . 3 2 4 6
R e log2(HAVCR2 TPM) T epressontowl (g2 e 0g2(IDO1 TPM)
oo
| pvalue=18e-18 *
1 rR=037
ors ..
REH §
s
Eo -
3. r
< cor=-0.161 ‘partal.cor = 036 S
H p=394e-04 peasie-ts| N
3 D
| <
T T T T T T
o 00 05 10 15 20 25
T epressontovl (g2 TEM) 10g2(PDCD1 TPM)

Fig. 13 (See legend on previous page.)




Zhou et al. Journal of Translational Medicine (2022) 20:335

(Nutt_Glioma@PRECOG, TCGA, and GSE16011@
PRECOG) and likewise with CTL levels (Fig. 14D—H) in
3/4 of the glioma cohorts (ca00037@PRECOG, TCGA,
and GSE16011@PRECOG). CTL expression levels in
the GSE16011@PRECOG cohort were also correlated
with overall survival in PROSI mRNA expression and
copy number alteration data (Fig. 14I, J). Finally, the
Enrichr platform was used to identify drug molecules,
collected from the DSigDB database, targeting PROSI1.
The results showed that spiperone PC3, thapsigargin
PC3, quercetin CTD 00006679, and pentabromodiphe-
nyl ether CTD 00003077 are the four drug molecules
with which most DEGs interact (Fig. 14K).

Discussion

In patients with LGG, the correlations of PROSI
expression with prognosis and multi-omics data have
not been described yet. This is the first comprehen-
sive evaluation of PROSI-related mechanisms possibly
underlying carcinogenesis in patients with LGG. In this
study, we first analysed PROS1 gene expression across
various human cancers with a focus on LGG using
in vitro techniques (QRT-PCRs with 30 pairs of tumour
and adjacent tissues, as well as with conventional cell
lines, and PROS1 immunohistochemistry with 15
paired tumour and adjacent tissues). Immune cell
infiltration and tumour microenvironment, immune
checkpoint inhibitors, immunomodulators, immune
cell markers, and therapeutic outcomes in clinical
studies of immune checkpoint blockade were subse-
quently explored, and we identified significant corre-
lations with PROSI expression. Notably, a connection
between PROSI expression and TAMs was revealed.
Moreover, PROSI functions at the single-cell level, as
well as the involvement of IncRNA-TF-gene triplets,
were explored in LGG. Finally, PROSI expression was
comprehensively analysed in combination with clini-
cal diagnosis, treatment, and multi-omics data, includ-
ing DNA methyltransferase expression and functional
DNA methylation, expression of RNA modification and
DNA mismatch repair system genes, copy number vari-
ation and single nucleotide variation frequency, PROSI
alternative splicing, tumour genomic heterogeneity,
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and cancer stemness. These results suggest the involve-
ment of PROSI in glioma carcinogenesis. This conclu-
sion is supported by a study indicating that PROS1 may
play a vital role in the development of GBM by influ-
encing cellular proliferation, migration, invasion, and
apoptosis [11].

Because IncRNAs and TFs have been widely found to
play indispensable roles in the occurrence and progression
of tumours, the LncMAP database was used to explore TFs
and IncRNAs that may regulate PROSI expression in LGG.
Among seven TFs that may interact with PROS1, NFKBI
was identified based on expression, survival, and correla-
tion analyses. A previous study has shown that the IncRNA
SLC26A4-AS1 promotes NPT X1 transcriptional activity by
recruiting NFKBI, thereby exerting antiangiogenic effects
in glioma cells [22]. In the present study, we considered
IncRNAs that were positively correlated with PROSI and
NFKBI, but only IncRNA RP3-525N10.2 met all screen-
ing conditions, was significantly upregulated in LGG, and
had the potential to improve the prognosis of patients
with LGG. Taken together, our study findings suggest
that IncRNA RP3-525N10.2 may decoy or guide NFKBI,
thereby reducing PROSI expression and improving the
poor prognosis in patients with LGG.

In view of the finite studies on PROSI functions, we
annotated its functions using GO, KEGG pathways, and
GESA. The results demonstrated that PROSI-related genes
were focused on well-known processes, including T-cell
receptor signalling, KEGG cancer pathways, transforming
growth factor- signalling, JAK-STAT signalling, and vari-
ous other immune-related pathways. Functional analyses
at the single-cell level showed that PROSI was upregulated
in glioma cells, promoting cell invasion. Based on these
results, we explored the relationships between PROSI-
related genes and the prognosis of patients with LGG.

Immune cell infiltration in the tumour microenviron-
ment and sufficient expression of immune checkpoint
genes can alter the efficacy of chemotherapy, radiotherapy,
or immunotherapy, thereby influencing the prognosis of
patients with cancer. Our results demonstrated that PROS1
expression was significantly positively correlated with the
presence of most immune cells in LGG tissue, the expres-
sion of biomarkers by tumour-infiltrating immune cells,
and the expression of immune checkpoint genes. Among

(See figure on next page.)

Fig. 14 Correlation between PROS1 expression and therapy outcome in clinical studies of immune checkpoint blockade. A Bar plot showing the
biomarker relevance of PROS1 compared to standardized cancer immune evasion biomarkers in immune checkpoint blockade (ICB) sub-cohorts.
The area under the receiver operating characteristic curve (AUC) was applied to evaluate the predictive performances of the test biomarkers on

the ICB response status. B, C Heatmap of PROS1 associations with lymphocyte-mediated tumor killing in CRISPR screens C and outcomes in ICB
sub-cohorts (B). D-H 4 glioma cohorts (ca00037@PRECOG, Nutt_Glioma@PRECOG, TCGA, and GSE16011@PRECOG) expression levels of MXD3 were
correlated with OS and the level of CTL. I-J CTL expression levels of GSE16011@PRECOG cohort was related with overall survival in PROST mRNA
expression | and copy number alteration data (J). K 4 drugs were the peak drug candidates based on DSigDB database drug molecules
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RP3-525N10.2

Fig. 15 Graphical abstract of the model of RP3-525N10.2-NFKB1-PROS1 axis in carcinogenesis of LGG

these immune cells, TAMs are a rich cellular component
of the brain TME that possess both tumour-promoting and
immunosuppressive capacities [23]. Ubil et al. reported
that PROS1 decreases M1 macrophage cytokine expres-
sion in vitro and in vivo [8]. Maimon et al. found that
PROS1-deficient bone marrow-derived macrophages led
to elevated TNF-q, IL-6, NOS2, and IL-10 levels via mod-
ulation of the SOCS3/NF-«kB pathway [17]. Sadahiro et al.
showed that PROSI is secreted by TAMs/microglia and
subsequently physically associates with and activates AXL
in mesenchymal glioma sphere cultures [20]. The TAM
population can genetically be divided into at least two
main groups: tissue-resident microglia/macrophages of
embryonic origin and tissue-invading monocyte-derived
macrophages [24, 25]. Their biomarkers extracted from
CellMarker websites and the literature [26] are listed in
Table 5, which shows that PROSI expression is significantly
correlated with TAMs and might partially account for
PROSI-mediated oncogenic mechanisms in LGG. Taken
together, TAMs play a unique role in tumours, and LGG
is no exception. Additionally, the significant association

between immune checkpoint genes and PROSI indi-
cated that targeting PROSI might increase the efficacy of
immunotherapy in LGG, which was consistent with the
Tumor Immune Dysfunction and Exclusion (TIDE) results.
According to the DSigDB database, spiperone PC3, thapsi-
gargin PC3, quercetin CTD 00006679, and pentabromodi-
phenyl ether CTD 00003077 were the best drug candidates.

This study has some limitations. First, the TCGA and
CGGA databases inevitably neglect the inner tumour
heterogeneity in different databases. Second, the possible
mechanisms of DNMTs, MMRs, DNA methylation, alter-
native splicing, the identified IncRNA-TF-gene triplet
and the roles of PROS1 in tumour migration, immune
cell infiltration, and tumour escape should be explored
in more detail in future studies. Third, although target-
ing PROS1 in patients with LGG is promising, a concern
may be that PROS1 inhibits BBB breakdown, as it exerts
a protective effect at the BBB [27].

In conclusion, this study elucidated that PROSI is
upregulated in LGG and various other types of human
cancers and may serve as a novel prognostic biomarker in
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LGG. PROS]1 plays a vital pathogenic role in the immuno-
oncological context of the TME, affects the infiltration of
tumour tissue by immune cells, and influences patient
prognosis. Poor prognosis is associated with epigenetic
modifications, genomic heterogeneity, cancer stemness,
and alternative splicing of PROSI. Moreover, we identi-
fied a possible regulatory mechanism of PROS1 in LGG,
namely the IncRNA RP3-525N10.2-NFKB1-PROSI tri-
plet (Fig. 15). Collectively, our study suggests that PROS1
could serve as a biomarker for cancer diagnosis, progno-
sis, therapy selection, and follow-up.
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