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Protocadherin-1 serves as a prognostic biomarker and 
promotes pancreatic cancer progression by suppressing 
CD8+ T cell infiltration through CCL5-CCR5 axis
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Abstract: Previous studies have shown that Protocadherins (PCDHs) enhance tumor proliferation, invasion, and me-
tastasis; yet their role in pancreatic cancer (PC) progression and the tumor immune microenvironment remains un-
clear. This study aims to elucidate the role of PCDH1 in different cancer types, with a particular focus on its impact 
on immune suppression in PC. Utilizing data from TCGA, GTEx, and Gent2 databases, we assessed the expression 
of PCDH1 across various cancer types. The prognostic value of PCDH1 was demonstrated through Cox regression, 
Kaplan-Meier analysis, and ROC curve, while its relationship with gene mutations, tumor mutational burden (TMB), 
immune cell infiltration, and other clinical factors was investigated using Spearman correlation. Furthermore, the 
effect of PCDH1 on PC malignancy was experimentally validated by a series of in vitro and in vivo assays. Our results 
show a significant upregulation of PCDH1 in various tumor types, which is associated with poor prognosis, suggest-
ing its potential application as an independent prognostic biomarker. Notably, in PC, PCDH1 exhibited significant 
associations with gene mutations, TMB, and immune cell infiltration. Clinical validations revealed a correlation be-
tween high PCDH1 expression and poor prognosis, coupled with a low level of CD8+ T cell infiltration. Furthermore, 
both in vitro and in vivo experiments confirmed the role of PCDH1 in promoting PC cell proliferation and migration 
while inhibiting CD8+ T cell recruitment through its modulation of CCL5-CCR5 axis. In conclusion, PCDH1 regulates 
the proliferation and migration of PC cells as well as CD8+ T cell infiltration in PC. PCDH1 may serve as a prognostic 
biomarker in multiple tumor types. 
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Introduction

Pancreatic cancer (PC) is a highly lethal diges-
tive tract tumor with a 5-year survival rate of 
only 11%. According to the data from the 
American Cancer Society, PC is estimated to 
affect over 62,210 individuals, resulting in 
more than 49,830 deaths [1]. By 2040, PC is 
projected to surpass colorectal cancer as the 
second leading cause of cancer-related deaths 
in the United States [2]. The primary factors 
contributing to its poor prognosis are the lack 

of early symptoms, as well as its susceptibility 
to metastasis, recurrence, and treatment resis-
tance [3-6].

Protocadherin 1 (PCDH1), a member of the δ1 
subgroup (δ1-protocadherins) of the non-clus-
tered PCDHs within the calmodulin family, has 
gained attention due to its involvement in vari-
ous diseases. It possesses seven extracellular 
cadherin (EC) repeats, a transmembrane struc-
tural domain, and three evolutionarily con-
served motifs in the intracellular tail [7, 8]. 

http://www.ajcr.us
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Recent studies have highlighted the crucial 
regulatory roles of PCDH1 in disease, including 
cancer. It regulates epithelial barrier function 
and activates TGF-β signaling through its inter-
action with SMAD3 [8-10]. Additionally, PCDH1 
has been implicated in promoting PC progres-
sion by modulating NF-κB signaling [11].

Immunotherapy, which aims to activate the 
patient’s immune system to eliminate tumor 
cells, has shown remarkable success in various 
cancers such as melanoma, lung cancer, and 
kidney cancer [12, 13]. However, its effective-
ness is limited in certain cancers, including PC, 
due to an immunosuppressed TME, low tumor 
mutational burden (TMB), as well as impaired 
antigen processing and presentation [14-16]. 
TMB, defined as the number of somatic muta-
tions per million base pairs of the genome, 
stands as a pivotal biomarker in tumors [17]. As 
a high TMB typically leads to the formation of 
more neoantigens, thereby activating anti-
tumor immunity. This phenomenon is generally 
associated with better overall survival (OS) and 
more successful outcomes in immunotherapy 
[18, 19]. However, TMB level in PC is relatively 
low, registering at just 6.1 mut/Mb, which might 
constrain the effectiveness of immunothera-
pies [17]. Additionally, the unique characteris-
tics of TME in PC, where tumor cells comprise 
only 20% of the overall tumor environment, 
while the dense extracellular matrix forms a 
physical barrier, contribute to the redistribution 
of immune cells and intricate crosstalk among 
TME cells [20, 21]. These factors collectively 
limit the efficacy of immunotherapy in PC.

Despite the investigation of PCDH1 in certain 
benign and malignant diseases, there is a lack 
of comprehensive studies encompassing the 
entire spectrum of cancer. Moreover, studies 
on the interaction between PCDH1 and TME 
are limited. In this study, we conducted differ-
ential expression analysis of PCDH1 across 
multiple cancer types and performed prognos-
tic analysis using publicly available databases. 
We further focused investigating on the role of 
PCDH1 in regulating PC cell phenotype and as a 
potential prognostic biomarker. We also 
explored the relationship of PCDH1 expression 
levels with gene mutations, TMB, and neoanti-
gen signatures as well as alterations in the 
methylation status of PCDH1 in PC. More 
importantly, we experimentally validated our 
findings obtained from bioinformatics analyses. 

Our data highlight the significance of PCDH1 as 
a prognostic marker in various cancers, includ-
ing PC. 

Materials and methods

Source of data

RNA sequencing data, clinicopathology data, 
and mutation data for PAAD were obtained 
from the TCGA database. Additionally, we uti-
lized several other databases for our analyses, 
including the Gene Expression Database for 
Normal and Tumor Tissues2 (Gent2) database 
(http://gent2.appex.kr/gent2/), the Tumor Im- 
mune Estimation Resource (TIMER) database, 
The University of Alabama at Birmingham 
Cancer data analysis Portal (UALCAN data-
base), the Gene Expression Profiling Interactive 
Analysis (GEPIA) database (http://gepia.cancer-
pku.cn/), the Comprehensive Analysis on Mul- 
ti-Omics of Immunotherapy in Pan-cancer 
(CAMOIP) database [22], the UALCAN database 
for DNA methylation changes in the PCDH1 pro-
moter, and the STRING database (https://
string-db.org/cgi/input?sessionId=bL2ZI4D08- 
8fF) for simulating protein-protein interaction 
(PPI) networks. The TISIDB database was used 
to predict the relationship of PCDH1 with che-
mokines, immune subtypes, and neoantigens 
[23]. The abbreviations and full names of the 
cancer types are provided in Table 1.

Differential expression analysis

The Gent2 database is a publicly accessible 
platform that compiles the gene expression 
profiles of normal and tumor tissues in various 
gene expression datasets [24]. In this study, we 
initially examined the expression of PCDH1 in 
GPL570 dataset across multiple cancer types. 
Subsequently, we utilized the TIMER database 
to analyze the differential expression of PCDH1 
in the TCGA dataset [25, 26]. Due to the limited 
availability of certain tumor-normal paired sam-
ples in the TCGA dataset, we employed the 
GEPIA database to analyze the differential 
expression of PCDH1 by combining data from 
TCGA and GTEx database [27] (Table S1). To 
assess the differential protein levels of PCDH1 
between PC and normal samples, we utilized 
the UALCAN database containing Clinical 
Proteomics Tumor Analysis Consortium (CPTAC) 
data for this analysis.
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Table 1. Abbreviations and full name 
Abbreviation Full title
ACC Adrenocortical carcinoma 
BLCA Bladder Urothelial Carcinoma 
BRCA Breast invasive carcinoma 
CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma 
CHOL Cholangiocarcinoma 
COAD Colon adenocarcinoma 
DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma 
ESCA Esophageal carcinoma 
GBM Glioblastoma multiforme 
HNSC Head and Neck squamous cell carcinoma 
KICH Kidney Chromophobe 
KIRC Kidney renal clear cell carcinoma 
KIRP Kidney renal papillary cell carcinoma 
LAML Acute Myeloid Leukemia 
LGG Brain Lower Grade Glioma 
LIHC Liver hepatocellular carcinoma
LUAD Lung adenocarcinoma 
LUSC Lung squamous cell carcinoma 
MESO Mesothelioma 
OV Ovarian serous cystadenocarcinoma 
PAAD Pancreatic adenocarcinoma 
PCPG Pheochromocytoma and Paraganglioma 
PRAD Prostate adenocarcinoma 
READ Rectum adenocarcinoma 
SARC Sarcoma 
SKCM Skin Cutaneous Melanoma 
STAD Stomach adenocarcinoma 
TGCT Testicular Germ Cell Tumors 
THCA Thyroid carcinoma 
THYM Thymoma 
UCEC Uterine Corpus Endometrial Carcinoma 
UCS Uterine Carcinosarcoma 
UVM Uveal Melanoma
NSCLC Non Small Cell Lung Cancer
TCGA The Cancer Genome Atlas
GTEx Genotype-Tissue Expression
PC Pancreatic cancer
TMB Tumor mutation burden
IHC Immunohistochemistry
CCL5 C-C motif chemokine ligand 5
CCR5 C-C motif chemokine receptor 5
EC Extracellular calmodulin
TGF-β Transforming growth factor-β
SMAD3 SMAD family member 3
NF-κB Nuclear factor kappa-B
TME Tumor microenvironment
DFS Disease-free survival
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Prognostic analysis

We utilized the GEPIA database to assess the 
relationship between PCDH1 expression and 
prognosis across various cancer types, includ-
ing overall survival (OS) and recurrence-free 
survival (RFS). Multifactorial and univariate 
COX regression analyses were conducted to 
determine the independent prognostic value of 
PCDH1. Additionally, we evaluated the prognos-
tic value of PCDH1 for PC using progression-
free survival (PFS) and AUC. To perform relevant 
prognostic analyses, we employed the “surviv-
al”, “survminer”, and “timeROC” packages.

Functional enrichment analysis and PPI net-
works

We divided patients into PCDH1 high and low 
expression groups based on the median value 
of PCDH1 expression. Differentially expressed 
genes (DEGs) were identified using the “limma” 
package with criteria of |log2FC| ≥ 1 and FDR 
< 0.01. Enrichment analysis of these DEGs was 

conducted using the “clusterProfiler” package 
for GO and KEGG. PPI analysis of the DEGs was 
performed using the STRING database. The top 
10 core genes were identified using the 
CytoHubba plug-in in Cytoscape software.

Relationship between PCDH1 expression and 
immune cell infiltration

To assess the degree of immune cell infiltration 
in each patient within TCGA-PAAD, we employed 
the “CIBERSORT” algorithm. The correlation 
between PCDH1 expression and the level of 
immune cell infiltration was determined using 
the “ggplot2” and “ggpubr” packages. Addi- 
tionally, ssGSEA was performed using the 
“limma”, “GSVA”, and “GSEABase” packages to 
analyze changes in immune pathways in the 
PCDH1 high and low expression groups [28]. 
The TISIDB database was utilized to predict the 
relationship of PCDH1 with chemokines and 
immune subtypes. The CAMOIP database was 
employed to analyze the relationship between 
PCDH1 and neoantigens.

PFS Progression-free survival
AUC Area under the curve
GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and Genomes
PPI Protein-protein interaction
ssGSEA Single-sample gene set enrichment analysis
ATCC The American Type Culture Collection
PCR Polymerase Chain Reaction
shRNA Short hairpin RNA
qRT-PCR Quantitative real-time PCR
WB Western blotting
OS Overall survival
DEGs Differentially expressed genes
CCL2 C-C motif chemokine ligand 2
CM Conditioned medium
IDO2 Indoleamine 2,3-dioxygenase 2
GM-CSF Granulocyte-macrophage colony-stimulating factor
MHC-I Major histocompatibility complex class I
APCs Antigen-presenting cells
CXCL9 C-X-C motif chemokine ligand 9
CXCL10 C-X-C motif chemokine ligand 10
CXCL11 C-X-C motif chemokine ligand 11
CXCL13 C-X-C motif chemokine ligand 13
CX3CL1 CX3C-chemokine ligand 1
CAFs Cancer-associated fibroblasts
ECM Extracellular matrix
HIF2 Hypoxia-inducible factors-2
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Relationship of PCDH1 with TMB and DNA 
methylation 

Somatic mutation data were obtained from the 
TCGA database and analyzed using the 
“maftools” R package. TMB was calculated for 
each patient, and patients were separated into 
high and low TMB groups using the median 
TMB value. Kaplan-Meier (K-M) survival analy-
sis was performed by integrating TMB with 
PCDH1 expression levels. The UALCAN data-
base was used to analyze the variation in 
PCDH1 promoter methylation in PC.

Cell culture, plasmids, and lentiviral infection

Human pancreatic ductal adenocarcinoma 
(PDAC) cell lines (AsPC-1, MiaPaCa-2, BxPC-3, 
SW1990, and PANC-1) and 293T cell line were 
obtained from ATCC. CD8+ T cells were kindly 
provided by Dr. Chenze Zhang (the Institute of 
Laboratory Animal Sciences, Chinese Academy 
of Medical Sciences). All cell lines were STR-
identified and confirmed to be free of mycoplas-
ma as determined by the MycoBlue Mycoplasma 
Detector (Vazyme). The cells were cultured as 
described previously [29-31].

PCR amplification was performed to obtain the 
full-length cDNA of PCDH1, and the resulting 
product was cloned into the pCMV-MCS-3Flag 
vector (Obio technology). The shRNA of PCDH1 
was cloned into the pSLenti-U6-shRNA-CMV-
EGFP-F2A-Puro-WPRE vector (Obio technology). 
Lentivirus was produced in 293T cells using a 
second-generation packaging system consist-
ing of psPAX2 (Addgene) and pMD2.G (Add- 
gene). Transfection was carried out using 
LipofectamineTM 3000 (Thermo Fisher Scien- 
tific). The shRNA sequences can be found in 
Table S2. Virus-containing medium was collect-
ed 48 hours after transfection, filtered through 
a 0.45 μm pore size Millex® PVDF syringe filter 
(Merck), and was used to infect PC cells in the 
presence of 8 mg/mL polybrene (Sigma-Aldrich) 
for 48 hours. The infected cells were further 
selected by 2 mg/mL puromycin (Sangon 
Biotech) or 400 mg/mL G418 (MCE) for seven 
days to establish stable cell lines. 

Tissue microarray and immunohistochemistry 
(IHC) staining

Tissue microarray slides were constructed 
using tumor tissues obtained from 86 PC 

patients who underwent surgery at the Zhejiang 
Provincial People’s Hospital between January 
1, 2016, and January 1, 2022. The study was 
conducted in accordance with the principles 
stated in the Declaration of Helsinki and 
approved by the Ethics Committee of Zhejiang 
Provincial People’s Hospital (approval number: 
QT2022268). Before surgery, all patients pro-
vided written informed consent and received 
no specific treatment.

IHC of the slides was performed using PCDH1 
antibody (SANTA CRUZ BIOTECHNOLOGY; work-
ing dilution 1:4000) and CD8 antibody 
(Proteintech; working dilution 1:1500). Two 
experienced pathologists independently scored 
the staining results.

RNA isolation and qRT-PCR

Total RNA was extracted using the PureLinkTM 
RNA Mini Kit (Thermo Fisher Scientific), and 
cDNA was synthesized using the HiScript® III RT 
SuperMix for qPCR (+gDNA wiper) (Vazyme). 
SYBRTM Green (Thermo Fisher Scientific) was 
used for qRT-PCR analysis. Changes in mRNA 
levels were analyzed using the 2-ΔΔCT method 
with GAPDH as the internal reference. Table S2 
provides the primer sequences used in this 
study.

CCK-8 assay, colony formation assay, and 
wound healing assay

For CCK-8 Assay, PC cells were seeded in a 
96-well plate (3000 cells/well) with 100 μl of 
complete medium. At 0, 24, 48, 72, and 96 
hours of culture, 10 μl of the reagent from 
CCK-8 Cell Counting Kit (Vazyme) was added to 
each well and incubated for 1 hour at 37°C, 
protected from light. The absorbance was mea-
sured at 450 nm using a Thermo Scientific 
Multiskan FC plate reader (Thermo Fisher 
Scientific).

For colony formation assay, PC cells were seed-
ed at a density of 500 cells per well in six-well 
plates with 2 ml of complete medium. The 
medium was changed every 3 days, and after 2 
weeks of culture, the cells were fixed with 4% 
formaldehyde (methanol-free, Biosharp) for 30 
minutes and stained with 1% crystal violet 
ammonium oxalate solution (Solarbio) for 30 
minutes.
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For wound healing assay, PC cells were seeded 
in a six-well plate and allowed to grow to 100% 
confluence. Scratches were made using a 200 
μl pipette tip, and the culture medium was 
changed to 1% FBS-containing medium. 
Photographs were taken at 0 and 24 hours 
using a 40× magnification, and the healing 
area was calculated using image analysis 
software.

Mouse xenograft tumor model

Six-week-old male BALB/c nude mice were 
obtained from Charles River Laboratory and 
randomly divided into experimental groups. PC 
cells (5 * 106 cells/100 ul) stably expressing 
plasmids for PCDH1 knockdown, PCDH1 over-
expression, or control vector were subcutane-
ously injected into the dorsal side of the mice. 
Tumor growth was monitored every 4 days for 
27 days. Tumor volume was calculated using 
the formula: 0.5 * length * width2. At the end of 
the study, the tumors were surgically removed 
and weighed. Two individuals (operator and 
recorder) performed the procedures as a group, 
with the operator unaware of the group 
assignment.

Western blot (WB) analysis

Standard WB protocol was used as reported 
previously [30]. The total cell extracts were pre-
pared, and WB was performed using indicated 
antibodies. The following antibodies were used: 
Beta Actin (Abcam; working dilution: 1:1000) 
and PCDH1 (SANTA CRUZ BIOTECHNOLOGY; 
working dilution: 1:400).

CD8+ T cell recruitment assay

After PC cells reached 80-90% confluence, the 
culture medium was replaced with fresh medi-
um, and cells were cultured for 48 hours before 
the medium was collected as conditioned 
medium (CM), which was then filtered using a 
0.45 μm pore size Millex® PVDF syringe filter 
(Merck) and added to the lower chamber of a 
Transwell system (Corning). CD8+ T cells (3 * 
105/200 μl) were added to the upper chamber 
and incubated at 37°C in 5% CO2 for 48 hours. 
The cells migrated to the lower side of the 
chamber were then fixed in 4% formaldehyde 
(methanol-free, Biosharp) for 30 minutes and 
stained with 1% crystal violet ammonium oxa-
late solution (Solarbio) for another 30 minutes.

The single-cell data analysis

The single-cell data used in this study were 
obtained from the datasets by Peng et al. [32], 
and we focused on treatment-naïve PDAC 
patients. To preprocess the single-cell data, we 
employed Seurat (v4.2.0) to filter, downscale, 
cluster, and annotate the data, following the 
methodology described in the original article 
[32]. Specifically, we stratify the CD8+ subpopu-
lation within the T cell population based on CD8 
expression greater than 0 and then analyzed 
the correlation between the overall expression 
of PCDH1 and the proportion of CD8+ T cells in 
the ductal epithelial cells of PC.

Statistical analysis

Statistical analysis was conducted using 
GraphPad Prism V.8 for Windows (GraphPad 
Software), R (V.4.2.3) and SPSS 22.0. The data 
were presented as mean ± SD. Independent 
Student’s t-test or one-way ANOVA was 
employed to analyze the data. Correlation anal-
ysis was performed using Spearman correlate 
analysis. Statistical significance was defined as 
P-values < 0.05, and all tests were two-sided.

Result

Examination of PCDH1 expression across vari-
ous cancer types

We first analyzed PCDH1 mRNA expression 
level in human tumor and matched normal 
samples using the HG-U133 microarray 
(GPL570 platform) obtained from the Gent2 
database (Figure 1A). PCDH1 expression was 
found to be upregulated in various cancer 
types, such as PC, ovarian cancer, thyroid can-
cer, bladder cancer, adrenal carcinoma, and 
bone cancer, compared to normal samples. 
However, the downregulated PCDH1 expres-
sion was observed in other cancer types such 
as brain cancer, colon cancer, head and neck 
cancer, kidney cancer, liver cancer, lung cancer, 
skin cancer, pharynx cancer, vulva cancer, 
tongue cancer, and endometrial cancer. 
Subsequently, we employed the TIMER2.0 
database to validate the differential expression 
of PCDH1 between tumor and normal samples. 
As depicted in Figure 1B, PCDH1 exhibited dif-
ferential expression in various cancer types. 
Specifically, it was upregulated in BLCA, BRCA, 
CHOL, KICH, LIHC, PAAD, PCPG, PRAD, STAD, 
and THCA, whereas it was downregulated in 
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COAD, GBM, HNSC, KIRC, KIRP, LUAD, and 
LUSC. Lastly, due to the limited availability of 
normal samples in TCGA datasets, we supple-
mented the study with normal tissue expres-
sion data obtained from the GTEx dataset, 
which served as a control group. Subsequently, 
we retrieved the mRNA expression profile of 

PCDH1 in human tumors using the GEPIA web-
site. Our analysis revealed that PCDH1 was 
upregulated in CHOL, COAD, OV, PAAD, PCPG, 
READ, STAD, and TGCT when compared to nor-
mal samples (Figure 1C), while it was downreg-
ulated in HNSC, KIRP, LAML, LUSC, and SKCM 
(Figure S1A).

Figure 1. PCDH1 expression across various cancer types. A: PCDH1 expression between tumor tissues and normal 
tissue from Gent2 database across various cancer types. B: PCDH1 expression between tumor tissues and normal 
tissue from TCGA database across various cancer types. C: PCDH1 expression between tumor tissues and normal 
tissue from TCGA and GTEx database across various cancer types (*: P < 0.05; **: P < 0.01; ***: P < 0.001). Ab-
breviations. TCGA: The Cancer Genome Atlas; GTEx: Genotype-Tissue Expression.
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Survival analysis of PCDH1 across various can-
cer types

We next employed K-M curves to examine the 
association of PCDH1 expression with OS and 
RFS across various cancer types (Figure 2A, 
2B). Among these cancer types, we observed a 

negative correlation between PCDH1 expres-
sion and OS in KIRC, KIRP, LUSC, MESO, and 
PAAD. Furthermore, KM survival analysis re- 
vealed a significant correlation between high 
PCDH1 expression levels and reduced RFS in 
KIRP, PAAD, and UVM. Additionally, we utilized 
univariate and multivariate COX regression 

Figure 2. Survival analysis of PCDH1 across various cancer types. A: Kaplan-Meier curves showing OS across vari-
ous cancer types. Only significant results were shown. B: Kaplan-Meier curves showing DFS across various cancer 
types. Only significant results were shown. C: Forest map shows the univariate cox regression results of PCDH1 for 
OS in TCGA. The red cancer is the significant result. D: Forest map shows the univariate cox regression results of 
PCDH1 for OS in TCGA. The red cancer is the significant result. Abbreviations. OS: Overall survival; DFS: Disease-free 
survival; TCGA: The Cancer Genome Atlas. 
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models to assess the potential of PCDH1 as an 
independent prognostic marker across various 
cancer types (Figure 2C, 2D). In the univariate 
COX regression model, the high expression of 
PCDH1 was associated with a poor prognosis 
of MESO, KIRP, KIRC, PAAD, LIHC, LUSC, and 
NSCLC, which was supported by multivariate 
Cox regression model, suggesting the progno-
sis-predictive value of PCDH1 for these cancer 
types.

Differential expression and prognostic analysis 
of PCDH1 in PC

Since the above analyses demonstrated the 
different expression pattern of PCDH1 among 
different cancer types, we focused our study on 
the function of PCDH1 in PC. We first confirmed 
a substantial upregulation of PCDH1 protein in 
PC compared to matched normal samples 
(Figure 3A). Additionally, we examined the dif-
ference in disease free survival (DFS) between 
the high and low PCDH1 expression groups and 
observed a correlation between high PCDH1 
expression and poor DFS (Figure 3B). Further- 
more, the ROC curves demonstrated that 
PCDH1 exhibited AUC greater than 0.6 in pre-
dicting the 1-, 3-, and 5-year OS in PAAD 
patients (Figure 3C). Taken together, we found 
that PCDH1 was significantly overexpressed in 
PC and was associated with an unfavorable 
prognosis. Moreover, we conducted microarray 
IHC to validate the effect of PCDH1 expression 
on prognosis. As shown in Table 2, although the 
baseline characteristics were similar between 
the high- and low-PCDH1 expression groups, 
the survival analysis demonstrated a signifi-
cantly decreased OS in patients with high 
PCDH1 expression (Figure 3D). A representa-
tive image of high and low PCDH1 expression 
was shown in Figure 3E and 3F, respectively.

Functional enrichment analysis 

To explore the biological functions of PCDH1, 
we carried out functional enrichment analysis. 
First, GO/KEGG analysis on the DEGs between 
the high and low PCDH1 expression groups 
revealed that the genes upregulated in the 
PCDH1 high expression group were primarily 
enriched in pathways associated with trans-
membrane transport and ligand regulation 
(Figure 4A-C), suggesting that PCDH1 may play 
a regulatory role in cell-cell communication and 
substance transport processes. Next, PPI anal-

ysis on these DEGs identified MUC1, ITGB4, 
SNAP25, PPL, ERBB2, MUC16, EVPL, GRIA2, 
ITGA6, and MET as the top ten core genes 
(Figures 4D and S1B).

Relationship of PCDH1 expression with gene 
mutation, TMB, and DNA methylation

We further conducted a comprehensive analy-
sis of gene mutations in the high and low 
PCDH1 expression groups in the TCGA-PAAD 
dataset and found a higher probability of gene 
mutations in the high PCDH1 expression group 
than in the low expression group (92.4% vs 
71.08%) (Figure 5A, 5B). Specifically, the four 
most mutated genes were KRAS (80% vs 43%), 
TP53 (68% vs 45%), SMAD4 (23% vs 20%), and 
CDKN2A (27% vs 10%). Moreover, we explored 
the relationship between PCDH1 expression 
and TMB and observed higher TMB levels in the 
high PCDH1 expression group (Figure 5C), indi-
cating a positive correlation between them 
(R=0.37, P=2.3E-06) (Figure 5D). To evaluate 
the impact of TMB combined with PCDH1 
expression on patient outcomes, we plotted a 
K-M curve using OS as the endpoint and found 
that the high TMB and high PCDH1 expression 
combination group had the worst OS (Figure 
5E). We also investigated the DNA methylation 
levels of PCDH1 in PC and adjacent normal tis-
sues and observed a significantly higher PCDH1 
promoter methylation in PC (Figure 5F).

PCDH1 promotes the progression of PC cells in 
vitro and in vivo

To validate the findings from our bioinformatics 
analyses, we conducted a series of biological 
experiments to determine the function of 
PCDH1 in PC progression. First, we assessed 
the mRNA levels of PCDH1 in five PC cell lines, 
Aspc-1, BXPC-3, MiaPaCa-2, SW1990, and 
PANC-1, and found a highest PCDH1 level in 
SW1990 while a lowest level in PANC-1, which 
was consistent with the protein expression  
levels as determined by WB (Figure 6A). 
Subsequently, we successfully generated 
SW1990 stable cell lines with PCDH1 knock-
down (SW1990-SH1, SW1990-SH2, and 
SW1990-SH3) as well as PANC-1 stable cell 
line with PCDH1 overexpression (PANC1-ORF). 
The efficiency of knockdown and overexpres-
sion was further determined at the mRNA and 
protein levels (Figure 6B). Next, we used PCDH1 
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knockdown strains (SW1990-SH1, SW1990-
SH2) and PCDH1 overexpression strains 
(PANC1-ORF) to evaluate the impact of altered 
PCDH1 expression on PC cell phenotype. CCK-8 
assays demonstrated that the downregulated 
PCDH1 expression significantly inhibited 

SW1990 cell growth, while the enhanced 
expression of PCDH1 promoted the prolifera-
tion of PANC-1 cells (Figure 6C). Colony forma-
tion assays further supported this conclusion 
(Figure 6D). Moreover, wound healing assay 
demonstrated that PCDH1 overexpression sig-

Figure 3. Differential expression and prognostic analysis of PCDH1 in PC. A: The PCDH1 protein level in PAAD was 
examined using the CPTAC dataset. B: Kaplan-Meier curves showing DFS in PAAD. C: The ROC of PCDH1 predict 1, 
3, and 5-year survival in PAAD patients. D: Kaplan-Meier curves showing OS in PC. E: Representative IHC staining for 
high PCDH1 expression. F: Representative IHC staining for low PCDH1 expression. Abbreviations. PAAD: Pancreatic 
adenocarcinoma; DFS: Disease-free survival; OS: Overall survival; IHC: Immunohistochemistry; PC: Pancreatic can-
cer; CPTAC: Clinical Proteomics Tumor Analysis Consortium.



PCDH1 suppressing CD8+ T cell infiltration through CCL5-CCR5 axis in PC

5207	 Am J Cancer Res 2023;13(11):5197-5217

nificantly enhanced while knockdown signifi-
cantly impaired the migration ability of PANC-1 
and SW1990 cells, respectively (Figure 6E, 6F). 

To further investigate the physiological function 
of PCDH1 in PC in vivo, we used xenograft 
tumor model in nude mice. Stable SW1990 
cells with PCDH1 knockdown (SW1990-SH1) 
and stable PANC-1 cell with PCDH1 overexpres-
sion (PANC1-ORF) as well as their respective 
controls were subcutaneously injected into the 
flank of mice, and the tumor growth was moni-
tored every 4 days for 27 days. The data showed 
that the tumor weight and volume were signifi-
cantly smaller in the PCDH1 knockdown group 
compared to the control group (Figure 6G-I), 
whereas the overexpression of PCDH1 resulted 
in a larger tumor in weight and volume (Figure 
6J-L), indicating the growth-promoting role of 
PCDH1 in PC.

Effect of PCDH1 on immune surveillance

To further understand the function of PCDH1 in 
tumor progression, we conducted a compre-
hensive analysis of the immunological profile 
associated with PCDH1. Utilizing the CIBER- 
SORT algorithm, we identified a negative corre-

lation between PCDH1 expression and CD8+ T 
cells (R=-0.32, P=0.006) (Figure 7A), suggest-
ing that patients with high PCDH1 expression 
might have a poor prognosis due to a reduced 
infiltration of CD8+ T cells. We further investi-
gated their relationship at both the single cell 
as well as tissue levels and observed a nega-
tive correlation between PCDH1 expression in 
ductal epithelial cells and the proportion of 
CD8+ T cells (Figure 7B). This finding was sub-
sequently validated at the tissue level, where 
PCDH1 expression exhibited a negative correla-
tion with CD8 expression (Figure 7C). Fur- 
thermore, CD8+ T cell recruitment assays con-
firmed the inhibitory effect of PCDH1 on CD8+ T 
cell recruitment (Figure 7D, 7E).

Chemokines play a pivotal role in regulating 
immune cell infiltration, and our analysis 
revealed a negative correlation between 
PCDH1 expression and CCL2 and CCL5 levels 
in PC cells (Figures 7F, S2A, S2B), suggesting 
that CCL2 and CCL5 might mediate the effect 
of PCDH1 on CD8+ T cell infiltration. Further 
experimental validation showed that the down-
regulation of PCDH1 expression resulted in a 
significant elevation of CCL5 expression (Figure 
7G). Subsequently, we examined the expres-

Table 2. Clinicopathological features and correlation with PCDH1 expression
PCDH1

Total (%) P value
Low, no. cases (%) High, no. cases (%)

Age (years) ≥ 65 31 (57.4) 17 (53.1) 48 (55.8) 0.699
< 65 23 (42.6) 15 (46.9) 38 (44.2)

Sex Male 32 (59.3) 17 (53.1) 49 (57) 0.579
Female 22 (40.7) 15 (46.9) 37 (43)

T classification I 2 (3.7) 2 (6.3) 4 (4.7) 0.221
II 43 (79.6) 20 (62.5) 63 (73.3)
III 9 (16.7) 10 (31.3) 19 (22.1)

Lymphatic metastasis Yes 21 (38.9) 14 (43.8) 35 (40.7) 0.657
No 33 (61.1) 18 (56.3) 51 (59.3)

Hypertension Yes 21 (38.9) 12 (17.5) 33 (38.4) 0.898
No 33 (61.1) 20 (62.5) 53 (61.6)

Diabetes Yes 9 (16.7) 8 (25) 17 (19.8) 0.348
No 45 (83.3) 24 (75) 69 (80.2)

Location Head 31 (57.4) 18 (56.3) 49 (57) 0.917
Body and tail 23 (42.6) 14 (43.8) 37 (43)

BMI < 18.5 7 (13) 9 (28.1) 16 (18.6) 0.179
18.5-24 29 (53.7) 16 (50) 45 (52.3)
≥ 24 18 (33.3) 7 (21.0) 25 (29.1)

BMI: Body Mass Index.
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sion of CCR5 in CD8+ T cells that were treated 
with CM from PCDH1 knockdown SW1990-SH 
cells and, intriguingly, observed a substantial 
upregulation of CCR5 expression (Figure 7H). 
Collectively, these data suggest that PCDH1 
may impede CD8+ T cell infiltration through 
modulating the CCL5-CCR5 axis.

We further conducted immune function analy-
sis and found that the PCDH1 high expression 
group displayed higher scores in MHC_class_I 
and Type_I_IFN_Response but lower scores  

in Type_II_IFN_Response, Cytoolytic_activity, 
and T_cell_co-stimulation (Figure 8A). Im- 
portantly, we investigated the correlation 
between PCDH1 and neoantigens as well as 
genes associated with immunotherapy. The 
PCDH1 high expression group displayed a high-
er proportion of neoantigens (Figure 8B), and 
PCDH1 expression was positively correlated 
with most genes associated with immune 
checkpoint inhibitor therapy (except IDO2) 
(Figure 8C), although TIDE scoring system 
showed no significant difference in predicting 

Figure 4. Functional enrichment analysis of PCDH1. A: Heat map of differentially expressed genes in high-low ex-
pression group of PCDH1. B: GO enrichment analysis of differentially expressed genes in high and low PCDH1 
groups. C: KEGG enrichment analysis of differentially expressed genes in high and low PCDH1 groups. D: PPI analy-
sis of differentially expressed genes in high and low expression group of PCDH1. Abbreviations. GO: Gene Ontology; 
KEGG: Kyoto Encyclopedia of Genes and Genomes; PPI: Protein-protein interaction.
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Figure 5. Relationship between PCDH1 expression and gene mutation, TMB, and DNA methylation. A: Gene mu-
tation in high PCDH1 expression group. B: Gene mutation in low PCDH1 expression group. C: TMB was higher in 
the group with high PCDH1 expression in PAAD. D: Correlations between PCDH1 expression and TMB in PAAD. E: 
Kaplan-Meier curves showing OS in PC. F: DNA methylation analysis of PCDH1 in PAAD. Abbreviations. TMB: Tumor 
mutation burden; OS: Overall survival; PAAD: Pancreatic adenocarcinoma.
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the effectiveness of immunotherapy (Figure 
8D).

Finally, we classified the immune subtypes of 
PAAD into C1 (wound healing), C2 (IFN-gamma-
dominant), C3 (inflammatory), C4 (lymphocyte-
depleted), C5 (immune-quiet), and C6 (TGF-b-
dominant). Interestingly, the PCDH1 high-
expression group was predominantly associat-
ed with the C1 subtype (Figure 8E).

Discussion

In this study, we conducted a comprehensive 
analysis of PCDH1 from differential expression 
analysis across various cancer types to its 
prognosis predicting value and identified 
PCDH1 as a potential independent prognostic 
marker in several tumors. We further focused 
our study on elucidating the impact of PCDH1 in 
PC progression. To validate PCDH1 as a prog-
nostic marker for PC, we performed clinical vali-
dation and demonstrated its association with 
patient outcomes. Additionally, we conducted 
functional enrichment analysis of DEGs in the 
high and low PCDH1 expression groups to eluci-
date the underlying molecular mechanisms. 
Furthermore, we explored the relationship of 
PCDH1 expression with gene mutations, TMB, 
and neoantigen signature in the PCDH1 high 
and low expression groups. We also investigat-
ed changes in PCDH1 methylation levels. These 
analyses provided valuable information on the 
genetic and epigenetic alterations associated 
with PCDH1 in PC. Based on these, we per-
formed in vitro and in vivo experiments to vali-
date the role of PCDH1 in promoting the pro-
gression of PC cells. Finally, we analyzed in 
detail the regulation of PCDH1 on the immune 
feature of PC and performed some experimen-
tal validation.

PCDH1 has been implicated as a potential 
asthma susceptibility gene in previous studies. 

It is believed to influence the function of the 
epithelial barrier by affecting intercellular tight 
junctions and adhesion junctions, suggesting a 
role in intercellular signaling and substance 
exchange. Our functional enrichment analysis 
of differentially expressed genes in PCDH1 high 
and low expression groups supports the regula-
tory role of PCDH1 in ion channel activity and 
other processes. These findings suggest that 
PCDH1 may impact the crosstalk between PC 
cells and TME cells.

PC is considered as a “cold tumor” with limited 
immune cell infiltration, particularly potent 
immune cells. Effective immune cells, such as 
CD8+ T cells and NK cells, play a crucial role in 
anti-tumor responses [33, 34]. Infiltration of 
CD8+ T cells has been associated with better 
prognosis in PC patients [35]. PC cells exert sig-
nificant control over the infiltration and function 
of immune cells by secreting various substanc-
es [15]. For instance, PC cells can produce 
indoleamine 2,3-dioxygenase to degrade tryp-
tophan, leading to T cell apoptosis and loss of 
function [36]. They can also secrete GM-CSF to 
promote the recruitment of immunosuppres-
sive bone marrow cells [37]. Additionally, PC 
cells can upregulate PD-L1 expression by 
increasing the stability of PD-L1 mRNA through 
activating the RAS pathway [38]. Furthermore, 
PC cells possess the ability to impact antigen 
presentation. For example, they can induce 
autophagy and downregulate the surface levels 
of MHC-I in tumor cells, thereby inhibiting anti-
gen presentation [39]. Moreover, PC cells 
exhibit a high expression of CD47, which acts 
as an inhibitory signal for APCs and further hin-
ders antigen presentation [40]. These influenc-
es of PC cells on immune cells highlight their 
pivotal role in modulating immune responses. 
In our study, we observed a correlation between 
high PCDH1 expression and CD8+ T cell infiltra-
tion suppression. Chemokines are a class of 

Figure 6. PCDH1 promotes the progression of PC cells in vivo and in vitro. A: WB, and qRT-PCR used to reflect PCDH1 
expression in different PC cell lines. B: WB, and qRT-PCR used to reflect changes in PCDH1 expression levels after 
following lentiviral transfection. C: CCK8 assay responding to SW1990, PANC1 proliferation. D: Colony formation as-
says response to SW1990, PANC1 proliferation. E, F: Wound-healing assay response to SW1990, PANC1 migration 
ability. G: Representative images depicting the tumors formed in the SW1990-NC/SW1990-SH groups. H: Following 
27 consecutive days of tumor volume measurement, mice in the SW1990-NC/SW1990-SH groups were euthanized, 
and their body weight was recorded. I: Tumor proliferation curves were plotted based on measurements taken over 
the course of 27 consecutive days in the SW1990-NC/SW1990-SH groups. J: Representative images depicting the 
tumors formed in the PANC1-NC/PANC1-ORF groups. K: Following 27 consecutive days of tumor volume measure-
ment, mice in the PANC1-NC/PANC1-ORF groups were euthanized, and their body weight was recorded. L: Tumor 
proliferation curves were plotted based on measurements taken over the course of 27 consecutive days in the 
PANC1-NC/PANC1-ORF groups. Abbreviations. WB: Western blotting; qRT-PCR: Quantitative real-time PCR.
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Figure 7. PCDH1 regulates CD8+ T cell infiltration via the CCL5-CCR5 axis. A: Analysis of the TCGA database revealed 
a negative correlation between PCDH1 expression and CD8+ T cell infiltration. B: At the single-cell level, PCDH1 ex-
pression in ductal epithelial cells exhibited a negative correlation with the proportion of CD8+ T cells. C: At the tissue 
level, PCDH1 expression is negatively correlated with CD8 expression. Case 1 represents a patient exhibiting high 



PCDH1 suppressing CD8+ T cell infiltration through CCL5-CCR5 axis in PC

5213	 Am J Cancer Res 2023;13(11):5197-5217

relatively small proteins with molecular weights 
ranging from 8 to 14 kDa [41]. Extensive 
research has identified their involvement in 
diverse biological processes such as angiogen-
esis, wound healing, inflammatory diseases, 
and cancer progression. Among all known che-
mokines, CXCL9, CXCL10, CXCL11, CXCL13, 
CX3CL1, CCL2, and CCL5 exhibit a specific 
affinity for T-cell infiltration [42-44]; hence, we 
focused on these chemokines, particularly on 
the correlation of PCDH1 expression with CCL2 
and CCL5 levels (R < -0.3). To validate this 
association, we conducted qRT-PCR analysis 
and observed that the suppressed PCDH1 
expression led to an increased CCL5 expres-
sion. Consistently, CD8+ T cells that were treat-
ed with CM from PCDH1-depleted PC cells 
exhibited an elevated CCR5 expression. These 
findings suggest that PCDH1 may affect CD8+  
T cell infiltration through regulating CCL5 
expression.

Our study also revealed significantly higher 
TMB and neoantigen levels in the PCDH1 high 
expression group compared to the PCDH1 low 
expression group, suggesting that patients with 
high PCDH1 expression may benefit from immu-
notherapy. The correlation between PCDH1 and 
immune checkpoint-related genes further sup-
ports this notion. However, our predicted immu-
notherapeutic effect did not show a significant 
difference between the PCDH1 high and low 
expression groups, which might be due to the 
unique TME of PC, characterized by the low infil-
tration of immune effector cells and the abun-
dance of other cell types. For instance, cancer-
associated fibroblasts (CAFs) in the extracellu-
lar matrix secrete CDH11, leading to an 
increased stromal activation, collagen, and 
fibronectin expression, as well as the inhibition 
of T and B cell infiltration [45]. Additionally, 
HIF2 in CAFs enhances the recruitment of 
immunosuppressive macrophages, further 
suppressing the response to immune check-
point blockade [46].

While this study has shed light on the function 
of PCDH1 in PC progression, it has some limita-
tions. First, some of the findings were derived 
from bioinformatics analysis using public data-
bases, which requires further validation using 
external samples or experimentally. Second, 
although this study identified an oncogenic 
effect of PCDH1 on PC and revealed the rela-
tionship between PCDH1 and CD8+ T cell infil-
tration, further studies are needed to elucidate 
the underlying mechanisms by which PCDH1 
regulates PC progression. Third, since the regu-
latory mechanism of PCDH1 expression on 
CD8+ T cells in PC was primarily explored 
through bioinformatics analysis and in vitro 
experiments, additional studies are required to 
further understand the regulatory role of 
PCDH1 on CD8+ T cells in PC.

Conclusion

Our study provides compelling evidence sug-
gesting that PCDH1 may predict the prognosis 
of patients with various tumor types, including 
PC. Notably, we observed elevated levels of 
PCDH1 methylation in PC. Additionally, the 
PCDH1 high expression group exhibited signifi-
cantly higher rates of gene mutations, TMB, 
and neoantigen presentation compared to the 
low expression group. hrough a series of in vivo 
and in vitro experiments, we successfully con-
firmed the tumor-promoting role of PCDH1 in 
PC. Importantly, our findings also indicate that 
PCDH1 may impact the prognosis of PC patients 
by modulating the expression of the chemokine 
CCL5, which could potentially influence the infil-
tration of CD8+ T cells.
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Table S1. The number of tumor and normal samples from TCGA and GTEx database
Types TCGA-Tumor TCGA-Normal GTEx-Type GTEx-Normal Total-Tumor Total-Normal
ACC 77 0 Adrenal Gland 128 77 128
BLCA 404 19 Bladder 9 404 28
BRCA 1085 112 Breast 179 1085 291
CESC 306 3 Cervix Uteri 10 306 13
CHOL 36 9 NA NA 36 9
COAD 275 41 Colon 308 275 349
DLBC 47 0 Blood 337 47 337
ESCA 182 13 Esophagus 273 182 286
GBM 163 0 Brain 207 163 207
HNSC 519 44 NA NA 519 44
KICH 66 25 Kidney 28 66 53
KIRC 523 72 Kidney 28 523 100
KIRP 286 32 Kidney 28 286 60
LAML 173 0 Bone Marrow 70 173 70
LGG 518 0 Brain 207 518 207
LIHC 369 50 Liver 110 369 160
LUAD 483 59 Lung 288 483 347
LUSC 486 50 Lung 288 486 338
MESO 87 0 NA NA 87 0
OV 426 0 Ovary 88 426 88
PAAD 179 4 Pancreas 167 179 171
PCPG 182 3 NA NA 182 3
PRAD 492 52 Prostate 100 492 152
READ 92 10 Colon 308 92 318
SARC 262 2 NA NA 262 264
SKCM 461 1 Skin 557 461 558
STAD 408 36 Stomach 175 408 211
TGCT 137 0 Testis 165 137 165
THCA 512 59 Thyroid 278 512 337
THYM 118 2 Blood 337 118 339
UCEC 174 13 Uterus 78 174 91
UCS 57 0 Uterus 78 57 78
UVM 79 0 NA NA 79 0
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Table S2. Sequences of the oligonucleotides for shRNA, and real-time PCR (5’-3’)
Quantitative PCR
    GAPDH(F) GGAGCGAGATCCCTCCAAAAT
    GAPDH(R) GGCTGTTGTCATACTTCTCATGG
    PCDH1(F) ACGCCACTCGGGTAGTGTA
    PCDH1(R) TCACGGTCGATGGAGGTCTC
    CCL5(F) CCAGCAGTCGTCTTTGTCAC
    CCL5(R) CTCTGGGTTGGCACACACTT
    CCR5(F) TTCTGGGCTCCCTACAACATT
    CCR5(R) TTGGTCCAACCTGTTAGAGCTA
Construction of shRNA vector
    PCDH1-SH1 GCTGAGCTGATCTACAGCATT
    PCDH1-SH2 GGGAGTGATGGAGCAGGTTTA
    PCDH1-SH3 GCTCTAATGCTGAGCTGGTTT
    PCDH1-SHNC CCTAAGGTTAAGTCGCCCTCG 
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Figure S1. A: PCDH1 expression across various cancer types. B: PPI analysis of differentially expressed genes in 
high and low expression group of PCDH1 (The red squares are up-regulated genes in the PCDH1 high expression 
group, and the green squares are down-regulated genes in the PCDH1 high expression group).
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Figure S2. A: In TCGA-PAAD, the PCDH1 expression was negatively correlated with the CCL2 expression (R=-0.321; 
P=1.28e-05). B: In TCGA-PAAD, the PCDH1 expression was negatively correlated with the CCL5 expression (R=-
0.327; P=8.98e-06). 


