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ARTICLE INFO ABSTRACT

Keywords: Aims: To investigate the potential functions and mechanisms of tumourigenesis in carboxypep-
CPE tidase E (CPE) and its prognostic value in gastric cancer, and to develop a predictive model for
Tumourigenesis

prognosis based on CPE.

gasmc cancer Results: Transcriptome level variation and the prognostic value of CPE in different types of cancers
omogram . . . . s . P P

& P were investigated using bioinformatics analyses. The association between CPE and clinicopath-
Immune cell infiltration i o . A N A
Erk/Wnt pathways ological characteristics was specifically explored in gastric cancer. Elevated CPE expression was
Epithelial-mesenchymal transition associated with poor survival and recurrence prognosis and was found in cases with a later

clinical stage of gastric cancer. The CPE was considered an independent prognostic factor, as
assessed using Cox regression analysis. The prognostic value of CPE was further verified through
immunohistochemistry and haematoxylin staining. Enrichment analysis provided a preliminary
confirmation of the potential functions and mechanisms of CPE. Immune cell infiltration analysis
revealed a significant correlation between CPE and macrophage infiltration. Eventually, a prog-
nosis prediction nomogram model based on CPE was developed.

Conclusion: CPE was identified as an independent biomarker associated with poor prognosis in
gastric cancer. This suggests that CPE overexpression promoted epithelial-mesenchymal transi-
tion via the activation of the Erk/Wnt pathways, leading to proliferation, invasion, and metas-
tasis. Targeted therapeutic strategies for gastric cancer may benefit from these findings.

1. Introduction

Gastric cancer (GC) is the sixth most prevalent type of cancer worldwide. In 2020, GC accounted for 7.7 % of all cancer-related
fatalities and 5.6 % of all cancer-related diagnoses [1]. After understanding the underlying mechanisms, molecular biomarkers can
be used for prognosis prediction and evaluation of therapeutic responses in clinical practice, providing valuable therapeutic strategies
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to inhibit tumour cell formation and progression [2].

Carboxypeptidase E (CPE), a member of the metallocarboxypeptidase gene family, is located on human chromosome 4q32.3 [3,4].
CPE was initially identified as a prohormone-processing enzyme with an exopeptidase function that can produce peptide hormones
and neuropeptides in the central nervous and endocrine systems by cleaving amino acid residues at the C-terminal domains [5,6]. CPE
is also associated with many metabolic disorders in the human body, including infertility, diabetes mellitus, obesity, glucose ho-
meostasis, and bone remodelling. It also plays a crucial role in psychiatric and mental processes, including emotional responses,
memory, and Alzheimer’s disease [3,7-10].

CPE can modulate tumour cell proliferation and apoptosis, especially in hypoxic environments, presenting prognostic value in
various kinds of cancers [11]. It can stimulate tumourigenesis and pelvic lymph node metastasis, particularly in early-stage cervical
cancer and colorectal cancer (CRC) [12-14]. Overexpression of CPE can significantly shorten the interval of tumour relapse and is
correlated with poor survival of patients at all stages of lung adenocarcinoma [15,16]. CPE is a substantial prognostic marker in CRC
cell lines and primary cancer tissues, which can upregulate the quantity and velocity of cell proliferation and tumourigenic activity
[17]. CPE is associated with longer survival of tumour cells under hypoxic and nutrient-starved conditions in hepatocarcinoma and
pheochromocytoma. In addition, downregulation of CPE expression inhibits cell migration and invasion in fibrosarcoma and
pancreatic cancer, which can also increase resistance to cisplatin in pancreatic cancer [18-20]. Furthermore, downregulation of CPE
expression inhibits tumour cell proliferation and migratory capabilities, with a notable decrease in the expression levels of cyclin D-1,
leading to cell cycle arrest at the G(0)/G(1) phase in osteosarcoma [21]. However, CPE overexpression can inhibit tumour migration
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Fig. 1. Pan-cancer analysis revealed transcriptome level variation of CPE in human cancers. (A) Comparison of CPE expression between tumor and
normal tissues analysed by SangerBox 3.0. The red—highlighted cancer names indicate that CPE expression was significantly (p < 0.05) higher
compared to normal tissues. The green—highlighted cancer names indicate that CPE expression was significantly (p < 0.05) lower compared to
normal tissues. (B) Comparison of CPE expression between tumor and normal tissues analysed by TIMER 2.0. When P < 0.05, significant differences
were labeled (***P < 0.001, **P < 0.01, *P < 0.05). (TPM: Transcripts Per Million). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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and improve the prognosis of gliomas [22-24]. Moreover, the functions and mechanisms of CPE in GC are still unclear and require
further research.

In the present study, we first explored variations in the transcriptome level and prognostic value of CPE in different types of cancers,
and the results indicated that CPE could serve as a prognostic marker for poor survival in GC. Subsequently, we analysed the corre-
lations between clinicopathological characteristics and CPE expression and their potential functions and mechanisms in GC through
enrichment analysis using The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. In addition, tumour-
infiltrating immune cells of CPE were investigated using various methods, and macrophage correlation analysis was conducted.
Moreover, this study developed a prognosis prediction nomogram based on CPE, which combined genomic features with clinico-
pathological characteristics that could improve the accuracy of prognosis prediction at different time points and provide additional
evidence for therapeutic treatment planning in GC.

2. Methods and materials
2.1. Public data sources

We verified the transcriptome level variation of CPE in different types of cancers through pan-cancer analysis. Pan-cancer analysis
was investigated by SangerBox 3.0 (http://sangerbox.com/) [25] in Fig. 1A and TIMER 2.0 (http://timer.comp-genomics.org/timer/)
[26] in Fig. 1B, the data sources of which primarily came from the TCGA database (http://cancergenome.nih.gov) [27]. The signif-
icance of differences was assessed using the Wilcoxon test. RNA-sequencing data and associated clinical details were acquired from the
TCGA and GEO (https://www.ncbi.nlm.nih.gov/geo/) databases, including GSE84433 (n = 357) and GSE26253 (n = 432). The
corresponding abbreviations for the different types of cancers are summarized in Table S1.

2.2. Prognostic analysis of CPE

All patients from the GSE84433(n = 357) and GSE26253(n = 432) databases were categorised into high- and low-expression
groups. The cut-off for the high- and low-expression groups was the median value of CPE expression for prognostic analysis. The
high-expression group consisted of those who expressed higher than the median value, whereas the low-expression group consisted of
those who expressed lower than the median value. To identify independent prognostic factors, Kaplan-Meier and univariate and
multivariate Cox regression analyses were performed. Significance was assessed using the log-rank test and hazard ratios (HR) with 95
% confidence intervals (CIs). We further verified the prognostic value of CPE in GC using the Gene Expression Profiling Interactive
Analysis (GEPIA) database (http://gepia.cancer-pku.cn/) [28], whose data were acquired from the TCGA database.

2.3. Association between CPE and clinicopathological characteristics in GC

The expression profiles of CPE were retrieved from the TCGA (n = 372) and GSE84433 (n = 357) databases, and the association
between CPE and the clinicopathological characteristics of GC patients was visualised in a landscape using R software. The significance
of the differences was determined using the Wilcoxon rank-sum test.

2.4. Enrichment analysis

Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses, and gene set variation
analysis (GSVA) were performed to investigate the biological functions and pathways related to CPE. We selected the top 400 genes
significantly correlated (all P-values <0.05) with CPE in descending order based on Pearson’s correlation coefficients through analysis
in the TCGA and GSE84433 databases. After updating the gene sets to the Database for Annotation, Visualisation, and Integrated
Discovery (DAVID) (https://david.nciferf.gov/), GO and KEGG analyses were performed. The top six items are displayed in ascending
order of P-values.

2.5. Gene set variation analysis

The hallmark gene sets were obtained from the molecular signature database of the Gene Set Enrichment Analysis (https://www.
gsea-msigdb.org/gsea/index.jsp). The functional enrichment score of each patient in the TCGA and GSE84433 databases was calcu-
lated using the GSVA package (R environment). A heatmap of the enrichment scores was drawn using the heatmap package (R
environment). Pearson’s correlation analysis was used to determine the correlation between CPE and hallmark gene sets. Items with P-
values less than 0.05 are displayed.

2.6. Protein-protein interactions analysis

The network of protein-protein interactions and the probable roles of CPE were predicted and summarized using GeneMANIA
(https://www.genemania.org) [29].
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2.7. Immune cell infiltration analysis

The ESTIMATE package [30] (R environment) was used to calculate the Immune Score (ratio of immune components), Stromal
Score (ratio of stromal components), and estimated score (total of the above two scores). This study extracted the gene expression
profiles of GC patients from the TCGA database and carried out a log2 (x+0.001) transformation. Higher scores indicates a larger
quantity of the corresponding component in the tumour environment. In addition, the IOBR package [31] (R environment) was used to
estimate the abundance of multiple immune cell infiltrations in tumour samples using the EIPC [32], TIMER [26], and Quantiseq [33]
algorithms. The relationships between CPE expression and genetic biomarkers of M1 and M2 macrophages, as well as
tumour-associated macrophages (TAMs) in GC, were further analysed using TIMER. To assess the significance, the Corr. test was used
to calculate Pearson’s correlation coefficients between gene expression and immune cell infiltration using the psyche package (R
environment).

2.8. Immunohistochemistry and haematoxylin staining

The tissue microarray (including 101 GC tissues and 79 adjacent non-tumour tissues) was obtained from OUTDO Biotech
(Shanghai, China). Primary antibody against CPE (human; diluted 1:50) was purchased from Proteintech Group, Inc. (13710-1-AP,
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Fig. 2. Kaplan-Meier analysis for CPE. (A) The impact of CPE on overall survival (OS) in GC was investigated using the GSE84433(n = 357)
database. (B) The impact of CPE on disease-free survival (DFS) in GC was investigated using the GSE26253(n = 432) database. The log-rank test was
used to assess the significance of prognostic value.



J. Lin et al.

Site of stomach

>

3000
2000
1000

Qverall Survival
(Days)

0

Heliyon 10 (2024) 29901

TCGA Database

.xin.'....

Gender

Age
Subtype
T stage

N stage
M stage

r;. M

Censor Gender Age Subtype Site of stomach T stage N stage M stage Stage Exp
e Death B Male 90 tubular not specified T4 N3 .M1 97805
i Female signet ring cell pylorus T3 N2 |I|
® Live i} papillary lesser curvature ET2 N1
35 mucinous antrum T NO
| diffuse fundus
' not specified cardia
intestinal body
mixed ' 69
B P=0.001** C P=0.322
15.0 15.0:
o 125 T o 125
9 ol Kl P SO [ Sar gl o
I . -1, T T RY, [
g 100 2l % Y g 10.0
- e | —_— EY CI% sel'y ¢ e oly -
ol b - u-—_'# . & B 2% 98 ',‘\.' .
7.5 O - 75
T T2 T3 T4 NO N1 N2 N3
T stage N stage
D P=0.330 E P=0.003**
15.0 15.0
i 125 o 125 te
o o B
‘> 10.0 S 00—
~ B] i
75 7.5
MO M1 Stage| Stagell Stagelll Stage |V
M stage Stage

Fig. 3. (A) The correlation between CPE expression and clinicopathological characteristics of GC in the TCGA database was displayed by landscape.
CPE expression was substantially increased in higher T stage (B) and GC stage (E) of GC. (C) There was no statistical significance identified between
CPE expression and N stage. One-way ANOVA was used to assess the significance of differences mentioned above. (D) There was no statistical
significance identified between CPE expression and M stage. The unpaired t-test was used to assess the significance of differences.
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Wuhan, China). After deparaffinization with xylene, paraffin sections were rehydrated. Tissue sections were filled with EDTA (pH 9.0)
for antigen retrieval. After hydrogen peroxide treatment, the sections were incubated at room temperature in the dark for 25 min. The
tissues were sealed for 30 min in 3 % BSA at room temperature and incubated for the entire night at 4 °C with the primary antibody
against CPE (1:50, 13710-1-AP, Proteintech Group Inc., Wuhan, China). After cleaning, the tissues were incubated with a goat anti-
rabbit secondary antibody (1:200, GB23303, Servicebio, China) (HRP-labeled) at room temperature for 50 min. The tissues were
initially stained with a diaminobenzidine (DAB) colour developing solution, followed by counterstaining with haematoxylin stain
solution, dehydration, and coverslip sealing. The haematoxylin-stained nucleus was blue, whereas the DAB-positive reaction was
brownish yellow.

The immunohistochemistry (IHC) scores of CPE proteins were separately assessed by two proficient pathologists according to the
IHC staining results. The staining intensity scores were evaluated as 0 (negative staining), 1 (slight staining), 2 (moderate staining),
and 3 (strong staining). The percentage of positive cells was scored as 0 (<10 %), 1 (10-25 %), 2 (25-50 %), and 3 (>50 %). The final
IHC score was determined by combining the two scores. IHC scores ranging from 3 to 6 indicated high CPE expression, whereas scores
between 0 and 2 suggested low CPE expression.

2.9. Establishment and verification of a prognosis predicting model in GC

A nomogram model for prognosis prediction based on CPE was established using the rms package (R environment), with 30 % of GC
patients in TCGA as the validation group and 70 % as the training group. The evaluation system is located in the upper region of the
nomogram model, whereas the prediction system is located in the lower region. The sum of the individual factor values precisely
estimated the 1-, 2-, and 3-year survival probabilities of TCGA group patients. Patients in the validation group were used to examine
the prediction precision. Subsequently, calibration curves and C-index values were used to illustrate the accuracy of the prognosis
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Fig. 4. (A) The correlation between CPE expression and clinicopathological characteristics of GC in the GSE84433 database was displayed by the
landscape. CPE expression was substantially increased in higher T (B) and N (C) stages. One-way ANOVA was used to assess the significance of
differences mentioned above.
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prediction model.

2.10. Statistical analysis

Statistical analyses were performed using R version 4.2.2 and SPSS 20.0. Kaplan—-Meier analysis with the log-rank test was per-
formed to evaluate the prognostic value. Univariate and multivariate Cox regression analyses were performed to identify independent
prognostic factors.
3. Results

3.1. Transcriptome level variation of CPE in human cancers

CPE expression in different types of cancer and normal control samples was analysed using Sangerbox 3.0 (Fig. 1A) and TIMER 2.0
(Fig. 1B). Compared to that in normal tissues, both methods revealed significantly higher CPE expression in three types of cancers,

A BP(TCGA Count B BP(GSE84433) o
Synapse organization: e B Cell-cell adhesiont o 1
O s O 15
Synaptic vesicle maturation; . o7
ynap Os Angiogenesis- 8 ::
Adenylate cyclase-mcdul:‘:i,ng‘ 2 O
-protein coupled receptor signaling pathway s . ; .
< [ORl Positive regulation of angiogenesis: @ | log10(p-value)
Positive regulation of synapse assembly % O 45
Nervous system development; @ 49
Potassium ion transmembrane transport{ -log10(p-value) ’
35
. 17 i
Regulation of ion transmembrane transport{ Cell adhesion] @ B 30
16
15 Hematopoietic stem cell hon
14 15 16 17 -l 30 35 40 45
CC(TCGA) CC(GSEB4433)
Perikaryon- . I iond
C ot D Focal adhesion e
Neuron projection ° O s Ext il . ° QO 50
O 1o xtracellular region O 10
Plasma membrane- & Q 150
Z disc ® -log10(p-value)
Glutamatergic synapse ° -log10(p-value) 10
8 Stress fiber i
Synaptic vesicle membrane- . 8
7 7
Neuronal cell body . . Plasma membrane ¢
Extracellular space-
5 6 7 8 567 8 8§10
E MF(TCGA) F MF(GSE84433)
Voltage-gated potassium channel activity g oot Heparin binding Count
o5 o 10
- O 10 < s g O 15
Hormone activity £ O 1 Actin binding @ O
O O 2
Calcium ion binding! @ QO = Calcium ion binding{ @ QO 30
Syntaxin-1 binding{ ~ * -log10(p-value) Integrin binding] ® »logm(:‘;value)
i 15 . _ 45
PDZ domain binding; @ Extracellular matrix structural constituent{®
4.0
B 1.0 35
Glutamate receptor activity - Structural constituent of muscleq+ ’
10 15 20 30 35 40 45 50

Fig. 5. Functional Enrichment Analysis of CPE. In the TCGA database, the biological processes (A), cellular components (C), and molecular
functions (E) most closely related to CPE are shown. In the GSE84433 database, the biological processes (B), cellular components (D), and molecular
functions (F) most closely related to CPE are shown.
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including kidney renal clear cell carcinoma, liver hepatocellular carcinoma, and pheochromocytoma and paraganglioma. Addition-
ally, both methods revealed that CPE expression was significantly downregulated in eight types of cancers, including bladder uro-
thelial carcinoma, breast invasive carcinoma, cervical squamous cell carcinoma and endocervical adenocarcinoma, colon
adenocarcinoma, kidney chromophobe, kidney renal papillary cell carcinoma, rectum adenocarcinoma, and stomach adenocarcinoma.

3.2. Prognostic value of CPE

The impact of CPE on disease-free survival (DFS) and overall survival (OS) in GC was investigated using the GSE84433(n = 357)
and GSE26253(n = 432) databases and GEPIA. Patients in the GSE84433 and GSE26253 databases were categorised into high- and
low-expression groups based on the median value of CPE expression. Analysis of the prognostic value revealed that poorer OS (Fig. 2A
and Fig. S1A) and DFS (Fig. 2B and Fig. S1B) were associated with increased CPE expression in gastric tumour tissue. Elevated CPE
expression was associated with poor OS in GC patients in GEPIA (HR = 1.40, P = 0.049) and GSE84433 (HR = 1.49, P = 0.009), as well
as unfavourable DFS in GEPIA (HR = 1.50, P = 0.033) and GSE26253 (HR = 1.44, P = 0.017).

Additionally, in patients with different types of cancer, the effect of CPE on (OS was analysed via Sangerbox 3.0 (Fig. S2). Patients
with higher CPE expression had poor OS in seven types of cancers, including TCGA-CESC (N = 273, P = 6.5e-3, HR = 1.17), TCGA-
STES (N = 547, P = 0.01, HR = 1.10), TCGA-KIPAN (N = 855, P = 4.7e-3, HR = 1.10), TCGA-PRAD (N = 492, P = 0.02, HR = 2.17),
TCGA-STAD (N =372,P =5.1e-4, HR = 1.18), TCGA-BLCA (N = 398, P = 1.3e-3, HR = 1.16), and TARGET-ALL (N = 53, P = 0.04, HR
= 1.29). Patients with lower CPE expression had poor OS in four types of cancers, including TCGA-GBMLGG (N = 619, P = 1.8e-20, HR
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=0.62), TCGA-LGG (N = 474, P = 5.4e-6, HR = 0.67), TARGET-NB (N = 151, P = 5.1e-5, HR = 0.54), and TCGA-PAAD (N = 172, P =
0.02, HR = 0.87).

3.3. CPE and clinicopathological characteristics in GC patients

Various clinicopathological characteristics were observed in patients with different CPE expression levels. Landscapes representing
the vital status of all patients in the TCGA (Fig. 3A) and GSE84433 (Fig. 4A) databases at various time points were created, and the
corresponding clinicopathological information is presented in bar charts in different colours. CPE expression was substantially
increased at higher T stage (P = 0.001) (Fig. 3B) and GC stage (P = 0.003) (Fig. 3E). In the GSE84433 database, CPE expression
followed the same pattern. CPE expression was significantly correlated with T (P = 0.003) and N stages (P = 0.013) (Fig. 4B and C). No
statistically significant association was observed between CPE expression and other clinicopathological characteristics, including N
(Fig. 3C) and M stages (Fig. 3D). In summary, evidence indicates that CPE expression increased in GC at later stages of the disease.

3.4. GSVA and Functional Enrichment Analysis of CPE

In the TCGA database, the biological processes that correlated the most with CPE consisted of synapse organization and synaptic
vesicle maturation (Fig. 5A). Furthermore, perikaryon and plasma membrane were two of the most closely related cellular components of

TCGA Database
3000 8000
3000
2000 [0)
o o 5 4000
<] Q 3]
S ood (B 2000 @
n @ 2000
b2 [} e
© o 1000 ©
£ =] £
o E = 0
= -1000 £ 7}
] £ o RSB 3
= e . [tho=03 -2000
Lol tho=0.70) 2 0=0.32
P=1.5E-58, [ -1000 P=56E-11
0 2 3 [3 8 0 2 4 6 8 0 2 4 6 8
CPE Expression CPE Expression CPE Expression
0.13 042 017 0.11 0.57 y 0.23 corl:cla!ion coefficient
5 TCGA-STAD(N=388) | 4
- Ll Ll - y L L] L L] LLL L) 0.5 0.0 0.5
N R PG B &&\ & & & pValue
o (@ <& A& R ‘\»b* *5, £
Q9 ¢ & & v &
9 C < K\ 0.0 0.5 1.0
Quantiseq
0.19 010 0B85 7 0.19 0.11 028 016 020 0.4 034 ‘
correlation coefficient
TCGA-STAD(N=388) i
L] * LR *% * EEEE =% el % LRt
0.5 00 05
G NS W & A2 X P & N & falue
<:__'\ : N ’;‘.\\\ & S ,§°\ C.} CQ> (’Q «@a Q\.} 0{& pValue
Q7 S"‘.‘ & < \)\g\ v\* ; o7 N7 &
N S KL af & & & ]
& & 87 A & 00 05 1.0
N ,_:\'3'
D Timer
0.38 020 0.26 0.31 correlation coefficient
TCGA-STAD(N=388)
S *EEE *hES *xhE *EEH 70>5 0'0 (]5
= pValue
S > S N & ¢
& & o $§ S &
R :.\\L bL o‘@Q «‘é&
< <9 O @,b:. 0.0 0.5 1.0

Fig. 8. The correlation between CPE expression and immune cell infiltration in GC. (A) Stromal, Immune, and Estimate Scores were calculated and
presented by scatter plots. The EIPC (B), Quantiseq (C), and Timer (D) algorithms were used to analyse GC samples from the TCGA database to assess
the level of immune cell infiltration. Pearson’s correlation coefficients between CPE expression and immune cell infiltration scores in GC were
calculated. When P < 0.05, significant differences were labeled (***P < 0.001, **P < 0.01, *P < 0.05).
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CPE (Fig. 5C). Hormone activity and voltage-gated potassium channel activity were examples of molecular functions of CPE (Fig. 5E). The
two signalling pathways most closely related to CPE were neuroactive ligand-receptor interaction and cAMP signalling pathway (Fig. 6A).
The biological processes, cellular components, molecular functions, and signalling pathways correlated with CPE in the TCGA database
were subsequently verified using the GSE84433 database (Fig. 5B, D, F and 6B).

In the GSE84433 database, Cell-cell adhesion and angiogenesis were biological processes that exhibited a strong correlation with CPE.
(Fig. 5B). Moreover, focal adhesion and extracellular region were two of the most closely related cellular components of the CPE
(Fig. 5D). Integrin binding and extracellular matrix structural constituent were examples of the molecular functions of CPE (Fig. 5F). Wnt
signalling pathway and cGMP-PKG signalling pathway were the most closely related to CPE (Fig. 6B).

GSVA between the enrichment score of the hallmark gene sets and CPE expression revealed a positive correlation with Hedgehog
signalling, angiogenesis, epithelial-mesenchymal transition, and Wnt f-catenin signalling and a negative correlation with mTORC1 signalling
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Fig. 10. Overexpression of CPE indicated poor clinical prognosis in GC. (A) Representative CPE Immunohistochemistry staining of tissue micro-
array. (B) Tumor tissues had significantly lower levels of CPE protein expression than non-tumor tissues (NTTs). (C) There was no statistical sig-
nificance identified between CPE protein expression and Stage. (D) Relationship Between CPE and Poor Prognosis Revealed by
meunohistochemistry Analysis of tissue microarray.

in the TCGA database (Fig. 7A). These findings were further confirmed using the GSE84433 database (Fig. 7B). CPE appears to play an
important role in GC tumourigenesis by mediating tumour cell proliferation and metastasis.

Using the GeneMANIA tool, we generated a protein-protein interaction network to investigate the potential functions of the CPE in
more detail. Twenty genes were found to interact with CPE (Fig. 7C). This suggests that CPE was associated with learning or memory,
protein maturation, neuron projection organization, carboxypeptidase activity, regulation of synapse structure or activity, cognition and
behaviour.

3.5. Estimation for stromal, immune, and Estimate Scores

Higher percentages of immunological or stromal elements were reflected in higher immunological or stromal scores. The estimated
score represented tumour purity and was determined by the sum of the immune and stromal scores.

The findings suggest that the three scores were positively correlated with CPE expression and increased significantly as CPE
expression progressed (all P-values <0.05) (Fig. 8A). CPE expression significantly impacted the immune response in GC environment.

Table 1
In the TCGA database, overall survival of GC was analysed using univariate and multivariate Cox regression analyses to identify independent
prognostic factors. P-value <0.05 was considered statistically significant.

Univariate and multivariate analysis of prognostic parameters in TCGA database overall survival (0OS)

Characteristics Univariate analysis Multivariate analysis
Hazard ratio (95 % CI) P value Hazard ratio (95 % CI) P value

CPE expression 1.154(1.044-1.276) <0.01 1.190(1.058-1.339) <0.01
Age 1.025(1.008-1.042) <0.01 1.039(1.018-1.060) <0.001
Gender

Female Reference

Male 1.279(0.899-1.819) 0.171
Subtype

Tubular Reference

Signet ring cell 2.217(0.999-4.919) 0.050 2.164(0.845-5.546) 0.108

Papillary 1.765(0.533-5.852) 0.353 3.663(1.038-12.926) <0.05

Mucinous 0.299(0.090-0.991) <0.05 0.366(0.107-1.251) 0.109

Diffuse 1.037(0.590-1.823) 0.899 1.397(0.740-2.637) 0.302

Intestinal 1.290(0.768-2.165) 0.336 1.644(0.944-2.862) 0.079

Mixed 0(0-1.067E+170) 0.961 0(0-6.749E+195) 0.964
Site of stomach

Body Reference

Cardia 1.164(0.737-1.839) 0.514

Fundus 0.982(0.528-1.825) 0.954

Antrum 1.076(0.701-1.651) 0.738

Lesser curvature 0(0-9.466E+124) 0.948

Pylorus 1.108(0.463-2.650) 0.818
T stage

T1 Reference

T2 6.013(0.816-44.281) 0.078 3.197(0.399-25.589 0.274

T3 8.667(1.204-62.408) <0.05 4.597(0.517-40.884) 0.171

T4 8.582(1.178-62.509) <0.05 3.948(0.432-36.050) 0.224
N stage

NO Reference

N1 1.586(0.980-2.566) 0.060 1.317(0.646-2.684) 0.449

N2 1.582(0.941-2.661) 0.084 1.259(0.520-3.051) 0.610

N3 2.588(1.603-4.179) <0.001 1.831(0.756-4.434) 0.180
M stage

MO Reference

M1 2.218(1.275-3.861) <0.01 0.997(0.411-2.415) 0.994
Stage

Stage I Reference

Stage II 1.531(0.774-3.031) 0.221 0.954(0.336-2.705) 0.929

Stage III 2.285(1.205-4.332) <0.05 1.139(0.284-4.559) 0.854

Stage IV 3.830(1.866-7.863) <0.001 2.468(0.579-10.514) 0.222
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3.6. Correlation between CPE expression and immune cell infiltration

EPIC algorithm revealed CPE’s strong correlation with immune cell infiltration in GC, including B cells (R = 0.13), cancer-
associated fibroblasts (R = 0.42), CD4+T cells (R = 0.17), CD8+T cells (R = 0.11), the endothelium (R = 0.57), and macrophages
(R = 0.23) (Fig. 8B). As shown in Fig. 8C, Quantiseq algorithm was used to find whether CPE was significantly correlated with the
infiltration levels of B cells (R = 0.19), M1 macrophages (R = —0.10), M2 macrophages (R = 0.55), monocytes (R = 0.19), NK cells (R
= 0.11), CD4+T cells (R = 0.28), CD8+T cells (R = 0.16), Tregs (R = 0.20), and dendritic cells (R = 0.14). By applying the TIMER
algorithm, we found that CPE was strongly correlated with the infiltration levels of neutrophils (R = 0.26), dendritic cells (R = 0.31),
CD4+T cells (R = 0.38), CD8+T cells (R = 0.20), macrophages (R = 0.57), and neutrophils (R = 0.26) (Fig. 8D). Summarily, CPE
significantly correlated with immune cell infiltration in GC.

3.7. Relationship between CPE expression and macrophages

Quantiseq analysis revealed that the number of M1 macrophages dramatically downregulated in the group with high CPE
expression, whereas that of M2 macrophages was significantly upregulated (Fig. 8C), suggesting that CPE had an impact on M2
macrophage polarisation. We further investigated the relationship between CPE expression and genetic biomarkers of different
macrophage subtypes, including M1 and M2 macrophages, as well as TAMs in GC using TIMER. The correlation between CPE
expression and genetic biomarkers of M1 macrophages, such as PTGS2 (R = 0.12) and NOS2 (R = —0.12), was weak (Fig. 9A). In
contrast, the results indicate that the genetic biomarkers of M2 macrophages, such as CD163 (R = 0.33), MRC1 (R = 0.32), and
MS4A4A (R = 0.43), were strongly correlated (Fig. 9B). Genetic biomarkers of TAMs such as CD86 (R = 0.32), CCL2 (R = 0.49), and
IL10 (R = 0.33) were also strongly correlated (Fig. 9C). Overall, our findings suggest that elevated CPE levels played a regulatory role
in the polarisation of M2 macrophages and their differentiation into TAMs.

3.8. Relationship between CPE and Poor Prognosis Revealed by Immunohistochemistry Analysis of tissue microarray

A tissue microarray comprising 101 GC tissues and 79 adjacent non-tumour tissues (NTT) was acquired from OUTDO Biotech
(Shanghai, China) and used in our investigation (Fig. 10A). In our investigation, NTT cells showed substantially higher levels of CPE
protein expression than those of tumour tissues (Fig. 10B). However, there was no discernible correlation between Stage and CPE
protein expression (Fig. 10C). Additionally, overexpression of CPE indicated poor OS in GC (HR = 1.97, 95 % CI = 1.14-3.42, p =
0.013), as shown in Fig. 10D, where patients with higher CPE expression had significantly shorter OS (median survival: 23 months)
compared to those with lower CPE expression (median survival: 48 months).

3.9. CPE as an independent prognostic factor in GC

Univariate and multivariate Cox regression analyses demonstrated that CPE expression was an independent predictor, regardless of
other clinicopathologic factors, such as age, sex, subtype, stomach site, T stage, M stage, N stage, and Stage in the TCGA database
(Table 1) and age, sex, T stage, and N stage in the GSE84433 database (Table 2). These results indicate that CPE acted as an inde-
pendent prognostic factor in GC.

Table 2
In the GSE84433 database, overall survival of GC was analysed using univariate and multivariate Cox regression analyses to identify independent
prognostic factors. P-value <0.05 was considered statistically significant.

Univariate and multivariate analysis of prognostic parameters in GSE84433 database overall survival (OS)

Characteristics Univariate analysis Multivariate analysis
Hazard ratio (95 % CI) P value Hazard ratio (95 % CI) P value

CPE expression 1.196(1.066-1.343) <0.01 1.174(1.041-1.324) <0.01
Age 1.019(1.005-1.033) <0.01 1.021(1.007-1.035) <0.01
Gender

Female Reference

Male 1.266(0.910-1.762) 0.161
T stage

T1 Reference

T2 1.023(0.212-4.926) 0.977

T3 2.489(0.593-10.452) 0.213

T4 3.942(0.976-15.928) 0.054
N stage

NO Reference

N1 1.606(0.991-2.603) 0.054 1.556(0.958-2.528) 0.074

N2 3.245(1.996-5.276) <0.001 2.960(1.806-4.851) <0.001

N3 4.132(2.279-7.492) <0.001 3.957(2.180-7.181) <0.001
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Fig. 11. The nomogram model for prognosis prediction of OS in GC. (A) The nomogram model could precisely predict the 1-, 2-, and 3-year survival
probabilities of patients with GC. (B) Calibration curves showed the comparison between predicted and actual OS for 1-, 2-, and 3-year survival
probabilities in training and validation groups. (C) The predictive effect on survival probability of individualised prediction model, prediction model
without CPE expression, CPE expression, and other clinical prognostic characteristics of GC was assessed by C-Index.

3.10. Construction of clinical individualised prognosis prediction model

Using the rms package (R environment), predictive parameters with the best predictive effects were selected to construct a cus-
tomised prediction model for OS prediction. CPE expression, age, sex, N stage, and chemotherapy status were included among the
variables. As shown in Fig. 11A, the individualised prediction nomogram model estimated the 1-, 2-, and 3-year OS probabilities in GC.
The nomogram and actual observations in the calibration curves showed sufficient overlap in the training and validation groups,
indicating a desirable prediction accuracy (Fig. 11B). This nomogram model had a C-index of 0.711, which was higher than that of the
other prediction models (Fig. 11C).

4. Discussion

Certain biomarkers may be associated with tumourigenesis, cancer development, and survival in patients diagnosed with cancer
[34,35]. According to previous research, although CPE could influence the proliferation and metastasis of tumour cells in various types
of cancers and is associated with tumourigenesis [11,17,19,21,36-38], its prognostic value and molecular mechanism in GC remain
unclear. Based on our findings, CPE may act as an oncogene and promote GC development.

CPE expression in different types of cancer and normal control samples was analysed using Sangerbox 3.0 (Fig. 1A) and TIMER 2.0
(Fig. 1B), which suggested that CPE expression is downregulated in GC compared to normal tissue. The results of Kaplan-Meier analysis
of the TCGA and GSE84433 databases suggested that poorer OS (Fig. 2A) and DFS (Fig. 2B) were associated with increased CPE
expression in gastric tumour tissue. Furthermore, CPE was considered to be an independent prognostic factor in GC verified by uni-
variate and multivariate Cox regression analyses. Using these bioinformatics analyses, we found that CPE overexpression may
contribute to a poor prognosis in GC. We verified the prognostic value of CPE via immunohistochemistry and haematoxylin staining of
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tissue microarray, and found that, overexpression of CPE indicated poor OS in GC (HR = 1.97, 95 % CI = 1.14-3.42, p = 0.013)
(Fig. 10D). To investigate the potential functions and mechanisms of CPE in GC, we conducted enrichment analysis on publicly
accessible databases. In the GSE84433 database, focal adhesion was the most closely related cellular components of the CPE (Fig. 5D).
Moreover, cell-cell adhesion and angiogenesis were biological processes that exhibited a strong correlation with CPE. (Fig. 5B). As shown
in Fig. 6B, Wnt signalling pathway and focal adhesion were the most closely related to CPE according to KEGG analysis. GSVA between
the enrichment score of the hallmark gene sets and CPE expression revealed a positive correlation with angiogenesis, epithelial-
mesenchymal transition, and Wnt f-catenin signalling in the TCGA database (Fig. 7A). These findings were further confirmed using the
GSE84433 database (Fig. 7B).

CPE is present in the extracellular space, bound to a receptor called HTR1E, and activates oncogenic signalling pathways including
NF-kB, Wnt3a, and ERK1/2 to control tumour development and metastasis by triggering the expression of target genes involved in anti-
apoptotic and cell cycle regulation [39]. Furthermore, CPE increases the production of the anti-apoptotic protein BCL-2 by activating
ERK1/2 pathway, which in turn upregulates the expression of the Wnt pathway gene active f-catenin, mediating the survival of he-
patocellular carcinoma cells during metabolic stress consequently [18]. Bioinformatics analysis revealed that the p53 signalling
pathway, ECM-receptor interaction, focal adhesion, and Wnt signalling pathway were CPE-regulated mechanisms for proliferation in
pancreatic tumour cells and are associated with the initiation or development of cancer [40]. In addition, EMT facilitates GC prolif-
eration and migration [41-43] and is crucial for tumour invasion and metastasis [44]. Combining findings of previous studies and the
results of our analysis, we hypothesise that CPE overexpression induces EMT through the Erk/Wnt pathway, which promotes pro-
liferation, invasion, and metastasis in GC.

By analyzing the tumour immune microenvironment, we found that CPE expression might impact the immune response and
correlate with macrophage infiltration in GC environment. To verify the relationship between CPE expression and macrophages, the
TIMER algorithm was further utilized to analyse the association between CPE expression and genetic biomarkers of different
macrophage subtypes, including M1 and M2 macrophages, as well as TAMs in GC. The results suggested that there was a weak cor-
relation between CPE expression and genetic biomarkers of M1 macrophages, but a strong correlation was observed between the
genetic biomarkers of M2 macrophages and TAM. Elevated CPE levels may play a regulatory role in the polarisation of M2 macro-
phages and their differentiation into TAMs.

In previous research, tumour-infiltrating immune cells can interfere with tumour progression and are correlated with GC [45].
Macrophages play crucial roles in the digestion and elimination of tumour cells. They differentiate into two main subsets: M1 (clas-
sically activated macrophages) and M2 (alternatively activated macrophages). TAMs consist of M2 and some M1 cells, which not only
lack the ability to digest tumour cells but also facilitate their migration and metastasis [46]. EMT activated by the Erk/Wnt pathway
could be influenced by the high infiltration of TAMs, which is linked to poor prognosis in GC [47]. The effects of TAMs on tumour cell
proliferation [48], angiogenesis [49], invasion [50], and metastasis [51] have been documented. Combining findings of previous
studies and the results of our analysis, we hypothesise that CPE may promote macrophage polarisation to M2 macrophages and their
differentiation into TAMs, which may accelerate EMT, leading to the migration and metastasis of tumour cells; this could ultimately
result in a poor prognosis.

However, our study had certain limitations. To validate the role of CPE in GC, the human tissue microarray (including 101 GC
tissues and 79 adjacent non-tumour tissues) was evaluated for CPE protein expression via IHC analysis (Fig. 10). However, the limited
sample size is a limitation for our current research. More clinical samples should be included to draw a solid conclusion. A larger cohort
with multicenter GC patients should be enrolled in the future to further validate the results. Although pre-clinical results suggest CPE as
a potential prognostic indicator for GC patients, CPE is not a frequently detected biomarker in clinical practice for cancer, and
translational research is warranted. As the results of our bioinformatics analyses were insufficient, additional validation through
clinical sample analysis and in vitro and in vivo studies is required. Although CPE expression has been recently reported to play an
important role in tumourigenesis and tumour progression, its underlying molecular regulation and detailed biological mechanism
should be further validated in the future. We will present more experiments to support the hypothesis and further study the underlying
molecular mechanisms of CPE in our future work.

Furthermore, we developed a prognostic nomogram model based on CPE with considerable predictive accuracy for GC. Our
nomogram is simple to use and has the potential to be a rapid and effective tool for the individualised prediction of prognosis in GC
patients. However, this model had several limitations. Owing to the limited sample size and factors, more clinical samples and
characteristics should be included to build a more precise model. As customised prediction models are used more frequently, it is
necessary to adjust the model’s parameters and predictive elements to increase prediction accuracy.

5. conclusion

Our study revealed the prognostic value and potential mechanisms of CPE in GC. CPE may accelerate GC development through
various mechanisms, including the activation of EMT via Erk/Wnt pathways and polarisation of M2 macrophages and their differ-
entiation into TAMs. These insights suggest that CPE could serve as a promising therapeutic target in GC treatment. Moreover, we
developed a prognostic nomogram model with considerable prediction accuracy based on CPE.
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