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Background: The incidence and mortality of pancreatic cancer are almost the same, and the 5-year survival 
rate is less than 10%. The high mortality of pancreatic cancer is related to chemo-radiotherapy. The present 
study aimed to establish a prognostic signature of pancreatic cancer based on chemo-radiotherapy resistant-
related genes (CRRGs).
Methods: In this study, we explored the radiation-resistant and chemotherapy-resistant pancreatic cancer 
cell lines by colony formation and a subcutaneous tumor model in nude mice. Next, we obtained CRRGs 
from radiation- and gemcitabine-resistant pancreatic cancer cell lines in the Gene Expression Omnibus 
(GEO) database. Based on univariate Cox and least absolute shrinkage and selection operator (LASSO) Cox 
regression analyses, a prognostic model of the pancreatic adenocarcinoma (PAAD) cohort in The Cancer 
Genome Atlas (TCGA) database (N=177) was established and verified using the GEO cohort data set (N=112). 
Finally, the functions of candidate target genes were verified by a methyl thiazolyl tetrazolium (MTT) assay, 
a colony formation assay, and a subcutaneous tumor model in nude mice.
Results: Through the in vitro and in vivo experiments, we found that radiotherapy- and chemotherapy-
resistant pancreatic cancer cells were cross-resistant to chemotherapy and radiotherapy. We constructed 
a risk model consisting of nine CRRGs (SNAP25, GPR87, DLL1, LAD1, WASF3, ARHGAP29, ZBED2, 
GAD1, and JAG1) by using public databases. According to the Kaplan-Meier curve analysis, the survival 
of the high-risk group was worse than that of the low-risk group. We then used nomograms to predict the 
1/3/5-year overall survival (OS) in pancreatic cancer patients. We chose JAG1 as a candidate target since it 
has been proven to be involved in the stemness maintenance of cancer cells, and found that JAG1 silencing 
inhibited the proliferation and chemo-radiotherapy tolerance of pancreatic cancer cells.
Conclusions: This study established and validated a prognostic signature of pancreatic cancer using 
nine CRRGs. The in vitro and in vivo experiments showed that JAG1 could promote the proliferation and 
chemoradiotherapy tolerance of pancreatic cancer cell lines. These findings may offer new insights into the 
role of CRRGs in pancreatic cancer and provide novel prognostic biomarkers for the treatment of pancreatic 
cancer.
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Introduction

Pancreatic cancer is one of the deadliest solid organ tumors (1).  
Studies have shown that the incidence and mortality of 
pancreatic cancer are almost the same, with a 5-year survival 
rate of less than 10% (2). Given the specific anatomic 
location of the pancreas, patients with early-stage pancreatic 
cancer have mild or asymptomatic clinical symptoms, and 
most patients with pancreatic cancer are diagnosed at the 
advanced stages, after the onset of overt symptoms or at the 
time of physical examination, with little radical resection 
with little opportunity for radical resection (3). Even in 
operable patients, the 5-year survival rate improves to only 
about 20% (4). Due to the microenvironment around the 
tumor cells, the effects of chemotherapy and radiotherapy 
in patients with advanced pancreatic cancer are limited (5). 
The cancer microenvironment includes various factors 
such as hypoxia, immune cell infiltration, fibrosis, cytokine, 
oxidative stress, and acidosis. It has been shown that 
hypoxia-inducible factor 1α (HIF-1α) induced upregulation 
of retention in endoplasmic reticulum 1 (RER1) induces 
stemness and decreases chemosensitivity/radiosensitivity (6). 
Commonly used tumor markers related to the diagnosis of 
pancreatic cancer are carbohydrate antigen 19-9 (CA19-9),  
carcinoembryonic antigen (CEA), carbohydrate antigen 
242 (CA242) and so on. However, CA19-9 may appear 
false positive in cases of biliary tract infection (cholangitis), 

inflammation or biliary obstruction, and it cannot indicate 
tumor or advanced lesions. CEA and CA242 also increased 
in other digestive system tumors, and were not specific 
(7,8). Therefore, there is an urgent need to explore new 
prognostic indicators to accurately predict the prognosis 
of pancreatic cancer patients and develop appropriate 
strategies to overcome chemoradiotherapy tolerance. 

Effective chemotherapy drugs against pancreatic cancer 
include gemcitabine (GEM), paclitaxel, irinotecan, and 
5-fluorouracil (5-FU). GEM is a nucleoside analogue and has 
been the most commonly used chemotherapeutic agent (9). 
The human albumin-associated paclitaxel (nab-paclitaxel) is 
also used for pancreatic cancer (10). Clinical trials have shown 
that nab-paclitaxel combined with GEM improves survival 
by 2 months in patients with advanced pancreatic cancer, 
without a significant increase in toxicity (11). Irinotecan, 
an inhibitor of topoisomerase I, has shown efficacy against 
cancer in several clinical trials (12), and its liposome 
encapsulation improves the treatment of refractory pancreatic 
cancer (13). 5-FU and its derivants, including capecitabine 
and S-1 (Tegafur Gimeracil Oteracil Potassium Capsule), 
are widely used for the treatment of gastrointestinal 
tumors owing to their ability to insert DNA and inhibit 
cell proliferation (14-16). In addition, radiotherapy is based 
on high-energy radiation that kills cancer cells and shrinks 
tumors, causing a series of physical and chemical reactions 
in which cells may lose their ability to divide and die (17). 
Currently, GEM-based monotherapy or in combination 
with chemo-radiotherapy remains the standard treatment 
option for pancreatic cancer (18). However, the poor 
prognosis of pancreatic cancer is mainly due to the fact that 
most patients receiving GEM chemotherapy eventually 
show resistance (19). Indeed, the fact that a small subset 
of cancer cells may be able to metabolize anti-cancer 
drugs during treatment, thereby developing resistance and 
allowing them to grow and become a dominant population, 
remains a major challenge for the treatment of pancreatic 
cancer (20). In addition, the failure of conventional chemo-
radiotherapy to kill tumor-initiating cells or cancer stem 
cells (CSCs) is one of the major causes of tumor recurrence 
and drug resistance (21,22). During radiotherapy and 
chemotherapy, as long as tumor stem cells exist, they will 
continue to differentiate into tumor cells, even if the tumor 
cells are killed (23). Therefore, understanding the genes 
that influence resistance to therapy may help in the search 
for agents that reverse resistance to chemotherapy and 
radiotherapy.

With the rapid development of gene expression 
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profiling technology represented by second-generation 
sequencing, the prognosis of patients can be predicted by 
gene expression profiling analysis and further screening 
of molecular markers with different characteristics. In this 
study, we established and validated a prognostic model based 
on chemo-radiotherapy resistant-related genes (CRRGs) 
to predict the prognosis of pancreatic cancer patients. We 
systematically investigated the prognostic value of CRRGs 
and their correlation with clinical features, revealing the 
potential role of CRRGs as potential prognostic biomarkers 
and novel therapeutic targets in pancreatic cancer patients. 
Furthermore, we confirmed the role of JAG1 in the 
maintenance of stemness in pancreatic cancer cells, which 
may be a promising target for the treatment of pancreatic 
cancer. We present this article in accordance with the 
TRIPOD reporting checklist (available at https://jgo.
amegroups.com/article/view/10.21037/jgo-23-308/rc).

Methods

Data collection and preprocessing

By searching the Gene Expression Omnibus (GEO) database 
of the National Center for Biotechnology Information 
(NCBI) (http://www.ncbi.nlm.nih.gov/geo/), we obtained 
human microarray datasets of radiation-resistant pancreatic 
cancer cell lines (GSE193616) and gemcitabine-resistant 
pancreatic cancer cell lines (GSE80617). The gene 
expression data and clinical information of 177 pancreatic 
cancer patients were downloaded from The Cancer 
Genome Atlas (TCGA) database (https://portal.gdc.cancer.
gov/). The GSE57495 and GSE78229 datasets were found 
in the Gene Expression Omnibus (GEO) database (http://
www.ncbi.nlm.nih.gov/geo/) and were used for validation. 
Table 1 shows the clinical characteristics of patients from 
the three cohorts. To keep the gene expression levels of the 
training and testing sets at the same level, the GSE57495 
and GSE78229 datasets from the TCGA and GEO cohorts 
were log2 (x+1) transformed and batch-normalized using the 
combat function in the “SVA” software package in R (version 
4.1.2) (R Foundation for Statistical Computing, Vienna, 
Austria) to construct and validate a prognostic signature 
(24). All immunohistochemical (IHC) staining images were 
obtained from the Human Protein Atlas (HPA) database 
(http://www.proteinatlas.org/). The study was conducted 
in accordance with the Declaration of Helsinki (as revised  
in 2013).

Construction of a prognostic model

To investigate the relationship between the expression levels 
of CRRGs and overall survival (OS) in pancreatic cancer 
patients, we performed univariate Cox regression analysis 
using the survival R package with a significant screening 
criterion of P<0.05. The eligible CRRGs were applied to 
the next step of prognostic model construction. The least 
absolute shrinkage and selection operator (LASSO) Cox 
regression method was then used, run in the “GLMNET” 
software package, to avoid overfitting the prognostic 
features (25,26). Finally, a prognostic signature of nine 
CRRGs was constructed. We then calculated the risk 
scores based on the normalized messenger RNA (mRNA) 
expression data from the training set. For each patient, the 
risk score is the product of the prognostic marker gene 

Table 1 Summary of the clinical characteristics of pancreatic cancer 
patients

Characteristics
Training set 

(TCGA, N=177)
Validation set 
(GEO, N=112)

Age (years)

<65/≥65/NA 81/96/0 NA

Gender

Male/Female/NA 97/80/0 NA

Status

Alive/Dead/NA 89/88/0 35/77/0

Grade

G1/G2/G3/G4/NA 31/94/48/2/2 2/24/21/1/64

Tumor stage

I/II/III/IV/NA 21/146/3/4/3 17/94/0/0/1

T stage

T1/T2/T3/T4/NA 7/24/141/3/2 NA

M stage

M0/M1/MX 79/4/94 NA

N stage

N0/N1/NA 49/123/5 NA

NA, clinical data are unknown; GEO, Gene Expression Omnibus; 
TCGA, The Cancer Genome Atlas.

https://jgo.amegroups.com/article/view/10.21037/jgo-23-308/rc
https://jgo.amegroups.com/article/view/10.21037/jgo-23-308/rc
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
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expression level and the corresponding coefficient, i.e., the 
risk score = ∑ (coefficient × marker gene expression). The 
coefficient represented the weight of the corresponding 
CRRGs. 

In addition, we classified patients with pancreatic cancer 
into high- and low-risk groups based on the median risk 
values. We performed log-rank to test Kaplan-Meier survival 
analyses to compare prognostic differences between the low- 
and high-risk groups. The receiver operating characteristic 
(ROC) curves were produced using the timeROC software 
package to evaluate the prediction efficiency of the 
model. The gene expression profiling interactive analysis 
(GEPIA) (http://GEPIA.cancer-pku.cn) method was used 
to analyze the relationship between the expression level of 
each gene and OS in the prognostic model of pancreatic 
cancer patients, using pancreatic cancer tumor data from 
TCGA and normal tissue matching data from TCGA and 
genotype-tissue expression (GTEX) (27).

Relationship between the risk score and clinicopathological 
features

To evaluate whether the risk score could be independently 
used to predict the prognosis of patients with pancreatic 
cancer,  we performed univariate and multivariate 
Cox regression analyses of the risk score and other 
clinicopathological factors. Factors with hazard ratio (HR) 
>1 or <1 and P<0.05 in both analyses could be used as 
independent prognostic factors for predicting the prognosis 
of patients. Forest plots were plotted using the forestploter 
R package, showing the P value, HR, and 95% confidence 
interval (CI) for each variable. To further improve the 
accuracy of the risk score model in predicting the prognosis 
of patients and facilitate clinical application, we used the 
RMSR package to build a nomogram. Decision curve 
analysis (DCA) was used to compare the advantages of the 
different models.

Drug sensitivity analysis

Using the Genomics of Drug Sensitivity in Cancer (GDSC) 
(http://www.cancerrxgene.org/) database of the half-
maximal inhibitory concentration (IC50) drug profile to 
analyze the relationship between gene expression and drug 
sensitivity (28), the Pearson correlation coefficient was 
applied to evaluate the correlation between gene expression 
and drug sensitivity. A positive correlation signified that the 
high gene expression is resistant to the drug, while the low 

gene expression is sensitive to the drug. 

Gene set enrichment analysis (GSEA)

GSEA provided by MSIGDB was used to identify the 
genetic biological processes and signaling pathways (29). 
The GSEA software is available for download from the 
official website (https://www.broadinstitute.org/gsea/). 
The c2.cp.kegg.v7.5.1symbols.gmtgene set was selected 
as the reference gene set. The significance threshold was 
determined by a 1,000-permutations analysis, and False 
discovery rate (FDR) <25% and P<0.05 were considered 
statistically significant.

Cell culture

Human pancreatic cancer cell lines, PANC-1, SW1990, 
and MIA PaCa-2, were purchased from the American Type 
Culture Collection (ATCC, VA, USA). The cells were 
cultured in Dulbeccos minimum essential medium (DMEM, 
Cat: SH30243, HyClone, UT, USA). 10% fetal bovine 
serum (FBS, Cat: 10100147, Gibco, Carlsbad, CA, USA) 
and 1% penicillin-streptomycin solution (Cat: C0222, 
Beyotime, Jiangsu, China) were added to the medium. The 
cells were cultured in a humidified incubator with 5% CO2 
at 37 ℃ and were propagated every 2–3 days to maintain 
growth.

Cell line construction

Radiation-resistant (RR) cancer cell lines have been 
established from nasopharyngeal, esophageal, breast, and 
lung cancers (30-34). In this study, we established an RR 
pancreatic cancer cell line according to these methods. 
PANC-1 was inoculated and cultured in a 10-cm culture 
dish. When the cells reached 50% confluency, they were 
irradiated with 2 Gy of radiation, incubated to 90% 
confluency, and then passaged. The irradiation process was 
repeated for each passage until a total radiation dose of at least 
60 Gy was achieved. We generated GEM-resistant PANC-1 
cells in the PANC-1 cell line by exposing them to increasing 
concentrations of GEM for about 3 months (35-38).  
Parental cell lines were first treated with 0.1 to 10 μM GEM 
for 48 hours, and cell viability was determined using methyl 
thiazolyl tetrazolium (MTT) colorimetry. The IC50 was 
then calculated. Then, PANC-1 cells were treated with 
GEM at a concentration less than the IC50. When the 
cells were acclimated to this concentration, the GEM 
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concentration was increased to 1.5 μM. This procedure 
resulted in the establishment of a GEM-resistant (GR) cell 
line.

siRNA sequence

GENEWIZ/AZENTA (Suzhou,  J i angsu ,  China ) 
synthesized the specific small-interfering RNAs (siRNAs) 
against JAG1 and its control. Cells were transfected using 
Lipofectamine 3000 reagent (Cat: 100022052, Invitrogen, 
Carlsbad, CA, USA) and siRNA according to the 
manufacturer’s instructions. The siRNA sequences were as 
follows:

si-NC: Sense: 5 '- UUCUCCGAACGUGUCACG 
UdTdT-3'. 

Antisense: 5'- ACGUGACACGUUCGGAGAAdTdT-3'.
Si-JAG1-1: Sense: 5'- CCAGUUAGAUGCAAAU 

GAATT-3'. 
Antisense: 5'- UUCAUUUGCAUCUAACUGGTT-3'.
Si-JAG1-2: Sense: 5'- GGUCAGAAUUGUGACA 

UAATT-3'. 
Antisense: 5'- UUAUGUCACAAUUCUGACCTT-3'.
Si-JAG1-3: Sense: 5'- GGACAAACAAACAGGA 

CAATT-3'. 
Antisense: 5'- UUGUCCUGUUUGUUUGUCCTT-3'

Quantitative real-time polymerase chain reaction  
(qRT-PCR)

Total RNA was isolated using Trizol reagent (Cat: 
15596026, Thermo Fisher Scientific, Waltham, MA, 
USA) according to the manufacturer’s protocol. After 
spectrophotometric quantification, reverse transcription was 
performed using the Primescript RT kit (Perfect Real Time) 
Cat: RR037B, TaKaRa, Tokyo, Japan) with a final volume of 
20 μL to obtain 1 μg of total RNA. A real-time PCR system 
(Roche, Indianapolis, IN, USA) based on Light Cycler 96 
was used to detect the complementary DNA (cDNA) of 
the same amount of RNA. The reaction system (13 μL) 
contained reverse and forward primers, corresponding 
cDNA, and the SYBR Green PCR master mix (Roche, 
Cat: 04913914001). The data were analyzed using the 2-ΔΔCt 
method, with β-Actin gene expression serving as the internal 
standard. The following gene primers were used: 
β-Actin, forward, 5'-TCATGAAGTGTGACGTGGAC 

AT-3', reverse, 5'-CTCAGGAGGAGCAATGATCT 
TG-3'; JAG1, forward, 5'-ATTACCAGGATAACTGTGC 
GAA-3', reverse, 5'- CAAATGTGCTCCGTAGTAAG 

AC-3'; cluster of differentiation 24 (CD24), forward, 
5'- CAGGGCAATGATGAATGAGAAT-3', reverse, 
5 ' -  C C T G G G C G A C A A A G T G A G A - 3 ’ ;  C D 4 4 , 
forward,  5 '-GTGATGGCACCCGCTATGTC-3' , 
reverse, 5'-AACCTCCTGAAGTGCTGCTCC-3'; 
Epithelial cell adhesion molecule (EPCAM), forward, 
5'-TAATCGTCAATGCCAGTGTACTTC-3', reverse, 
5'-GCCATTCATTTCTGCCTTCAT-3'.

Colony formation assay

Cells were seeded in 12-well plates at a density of 500 cells 
per well and treated after 12 hours. The cell culture medium 
was replaced with fresh medium every 2–3 days. 12–14 days 
later, they were fixed with 4% paraformaldehyde (Beyotime, 
Cat: P0099) for 30 minutes at room temperature and 
stained with crystal violet solution (Beyotime Biotechnology 
Institute, Cat: C0121). The number of visible colonies was 
counted. Colony-forming efficiency = (average number of 
colonies/500) ×100%.

MTT assay

Cell growth was evaluated using the MTT [3-(4,5-dimethyl-
2-yl)-2,5-diphenyl tetrazolium bromide] assay. The cells 
were seeded in 96-well plates at a rate of 3,000 cells per 
well and treated with GEM after 24 hours. MTT (methyl 
thiazolyl diphenyl tetrazolium bromide; Sigma # M5655) 
(Sigma-Aldrich, St. Louis, MO, USA) (5 mg/mL) was added 
to the medium at 0, 24, 48, and 72 h. After incubation at 
37 ℃ for 4 hours, the medium was removed, and 200 mL 
of dimethyl sulfoxide (DMSO, Sigma, Cat: No D2650) was 
added to each well to dissolve. The absorbance of DMSO 
was measured at 490 nm using a microplate reader (Thermo 
Fisher Scientific, Waltham, MA, USA). The relative cell 
viability was calculated as follows: relative cell viability (%) 
= (absorbance of the experimental group/absorbance of the 
control group) × 100%.

Xenograft tumor model

Four-week-old female BALB/c thymic nude mice Hangzhou 
Ziyuan Experimental Animal Technology Co., Ltd. 
(Zhejiang, China) were nurtured in the animal laboratory 
under a specific pathogen-free environment. GR, RR, 5×106 
PANC-1 cells transfected with siRNA-targeting JAG1 or 
a negative control were injected into the left axilla of the 
nude mice. Tumor-bearing nude mice were treated with 
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chemotherapy or radiotherapy by intraperitoneal injection 
of GEM at a dose of 50 mg/kg, or were placed in a confined 
container and irradiated with tumors to receive a dose of 
10 Gy once every 3 days. At the end of the experiment, the 
mice were anesthetized and the tumors were excised. The 
length (L) and width (W) of each subcutaneous tumor were 
measured using calipers. Tumor volume (TV) was calculated 
as TC = (L × W2)/2.

Statistical analysis

We used R software (V4.1.2) and GraphPad Prism9 
(GraphPad Software Inc., San Diego, CA, USA) to analyze 
our data. Survival analysis was performed using Kaplan-
Meier and Log-rank tests. The experimental data were 
analyzed by the Student’s t-test, one-way analysis of variance 
(ANONA), and two-way ANOVA. Each experiment was 
performed at least three times, and P<0.05 was considered 
statistically significant (*P<0.05, **P<0.01, ***P<0.001, 
#P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001.).

Research procedures

We constructed the PANC-1RR and PANC-1GR cell lines 
and tested the tolerance of the two cells to chemotherapy 
and radiation by performing a clonal formation experiment 
and a nude mouse xenograft experiment. Subsequently, 
we performed difference analysis on the two datasets 
of GSE193616 and GSE80617, and performed Wayne 
analysis on the results to obtain CRRGs. A CRRGs-related 
prognostic model was constructed in the TCGA pancreatic 
cancer (TCGA-PAAD) cohort and we assessed the accuracy 
of the model using Kaplan-Meier survival analysis and ROC 
curve, which was validated in the GEO cohort. We then 
used univariate and multivariate independent prognostic 
analyses to explore whether risk scoring could become an 
independent factor in predicting the overall survival of 
patients with pancreatic cancer. The relationship between 
risk scores and clinical features was studied by correlation 
analysis. The performance of prognostic risk models was 
comprehensively evaluated by drawing clinical decision 
curves and nomograms. We analyzed the relationship 
between CRRGs expression and drug sensitivity using the 
GDSC database to identify genes for further study. Finally, 
the expression of JAG1 was inhibited by transfecting 
specific small interfering RNA into pancreatic cancer cell 
lines, and the biological function of JAG1 in pancreatic 

cancer was explored using qPCR, clone formation assay, 
MTT assay, and nude mice xenografts assay.

Results

GR and RR PANC-1 cell lines were cross-resistant to 
radiotherapy and chemotherapy

We treated GR, RR, and PANC-1 cells with GEM and 
X-ray, respectively. Both GR and RR PANC-1 cells were 
resistant to GEM and X-ray, suggesting a cross-resistance 
to chemotherapy and radiotherapy in GR and RR cells  
(Figure  1A,1B ) .  In  addit ion,  in  v ivo  experiments 
demonstrated cross-resistance of GR and RR cells to 
chemotherapy and radiotherapy (Figure 1C,1D). As shown 
in Figure 1E, we performed a differential analysis of 
the GSE193616 dataset [log2 fold-change (FC) >1] and 
obtained 1,779 genes that were highly expressed in RR 
pancreatic cancer cell lines. Similarly, a differential analysis 
of the GSE80617 dataset using the limma package (P<0.05, 
log2FC >1) yielded 864 genes that were highly expressed in 
GR pancreatic cancer cell lines (Figure 1F). We performed 
a Venn analysis on the genes that differed between the two 
datasets, which revealed 25 CRRGs (Figure 1G). 

Screening of critical CRRGs to establish and validate a 
prognostic model for pancreatic cancer

Figure 2A,2B display the expressions of the 25 CRRGs 
in the GSE193616 and GSE80617 datasets, respectively. 
To better understand the prognostic role of CRRGs in 
pancreatic cancer, we performed univariate Cox regression 
analysis on the gene expression levels in TCGA-PAAD  
dataset and obtained 12 genes associated with the prognosis 
of pancreatic cancer patients (Figure 2C). CRRGs that 
may be highly correlated with other CRRGs were then 
removed by LASSO Cox regression analysis to avoid 
overfitting, which could confound the predictions. Finally, 
prognostic characteristics were determined for nine CRRGs 
(SNAP25, GPR87, DLL1, LAD1, WASF3, ARHGAP29, 
ZBED2, GAD1, and JAG1) based on the optimal value of λ  
(Figure 2D).

The nine gene-based prognostic features were used to 
calculate the risk score for each sample according to the 
following formula: Risk Score = (0.2188 × expression of 
JAG1) + (−0.0946 × expression of SNAP25) + (0.1991 × 
expression of GPR87) + (−0.3228 × expression of DLL1) + 
(0.0525 × expression of LAD1) + (−0.3787 × expression of 
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Figure 2 Screening of key CRRGs to construct and validate a prognostic model for pancreatic cancer. Heatmap of 25 CRRGs in the (A) 
GSE193616 dataset and (B) GSE80617 dataset. (C) Univariate Cox regression analysis of 12 CRRGs in pancreatic cancer was associated with 
OS. (D) LASSO regression analysis was performed to select the best genes for the final prediction model, adjusting the parameters for 10-fold 
cross-validation. (E) Heatmaps showing the expression profiles of the nine CRRGs in the high-and low-risk groups of the TCGA training 
set. (F) Patients were classified according to risk score in TCGA training set. (G) Association between survival time and risk score in TCGA 
training set. (H) Kaplan-Meier curves of patients in the high- and low-risk groups of TCGA training set. (I) Heatmaps showing the expression 
profiles of the nine CRRGs in the high- and low-risk groups of the GEO validation set. (J) Patients were classified according to risk score in 
the GEO validation set. (K) Association between survival time and risk score in the GEO validation set. (L) Kaplan-Meier curves of patients in 
the high- and low-risk groups of the GEO validation set. CRRGs, chemo-radiotherapy resistant-related genes; OS, overall survival; LASSO, 
least absolute shrinkage and selection operator; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus.
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WASF3) + (0.3205 × expression of ARHGAP29) + (0.0620 × 
expression of ZBED2) + (−0.4118 × expression of GAD1).

The difference in CRRGs expressions between the 
low- and high-risk groups in the TCGA-PAAD dataset 
is shown in the heatmap (Figure 2E). To further explore 
the significance of the risk scores, patients were divided 
into high-risk (n=89) and low-risk (n=89) groups based on 
the median cut-offs. The distribution of risk scores and 
survival status were then investigated (Figure 2F,2G), and 
the results showed that the higher the risk score, the denser 
the distribution of death status, indicating that the nine-
CRRGs score is accurate and reliable for predicting the 
prognosis and survival of pancreatic cancer patients. In 
addition, Kaplan-Meier survival curves consistently showed 
that OS was significantly lower in the high-risk group than 
in the low-risk group (Figure 2H, P<0.001).

To further validate the predictive value of the predictive 
models, we used a cohort from the GEO database 
(GSE57495 and GSE78229) for external validation. The 
difference in CRRGs expressions between the low- and 
high-risk groups in the validation set is shown in the 
heatmap (Figure 2I). The prognostic risk scores were 
calculated for patients in the validation cohort based on 
the expression values of the nine predictive CRRGs. Each 
patient in the validation cohort was flagged as a high- or 
low-risk case by comparing the patient’s risk score with the 
cutoff from the training cohort (Figure 2J,2K). Consistent 
with the results generated by the training cohort, the 
Kaplan-Meier survival curves showed that individuals from 
the high-risk group had worse outcomes than those in the 
low-risk group (Figure 2L, P=0.018).

Suitability of the nine-CRRGs signature as an independent 
prognostic indicator

To explore whether the prognostic model is independent 
of traditional clinical factors, we used univariate Cox 
regression to analyze pancreatic cancer patients from 
TCGA cohort. The results showed that age (P=0.015), 
histological grade (P=0.028), and risk score (P<0.001), all 
of which were factors of high-risk pancreatic cancer, were 
significantly related to the patient’s OS (Figure 3A). We 
further conducted multivariate Cox regression analysis, and 
the results verified that risk score (P<0.001) was a significant 
independent factor (Figure 3B). 

We also analyzed the predictive power of prognostic 
models associated with CRRGs using multivariate ROC 
curves (Figure 3C) and time-dependent ROC curves  

(Figure 3D), and the results showed that nine-CRRGs score 
was more accurate and reliable in predicting the prognosis 
of patients with pancreatic cancer than traditional clinical 
factors. Next, we conducted a stratified analysis to explore 
the relationship between risk score and clinicopathological 
characteristics according to age (≤65, >65 years), gender 
(male and female), grade (G1, G2, G3, G4), and stage 
(I, II, III, IV). The results showed that the risk scores of 
different grades and stages were significantly different  
(Figure 3E-3H). 

We then built a predictive nomograph (Figure 3I) based 
on risk score and gender, age, grade, and stage in TCGA 
cohort to further improve the predictive ability of CRRGs 
prognostic characteristics. At the same time, we performed 
a DCA to evaluate the predictive value of the nomogram in 
the clinical decision of TCGA cohort (Figure 3J). The DCA 
curve showed that the risk-scoring model is superior to 
other clinical features in predicting the benefits of clinical 
maps.

Identification of candidate target genes among the nine-
CRRGs

We used the GEPIA online site to map whether the 
expression of each gene in the prognostic model differed 
between the pancreatic cancer tumor tissues and normal 
tissues. As shown in Figure 4A-4I, JAG1, GPR87, LAD1, 
ZBED2, and GAD1 genes were highly expressed in tumor 
tissues (P<0.05). Furthermore, we used Kaplan-Meier 
plots to test whether the expression of each gene in the 
prognostic model was associated with the prognosis of 
pancreatic cancer (Figure 4J-4R). The results showed that 
patients with higher SNAP25 or WASF3 expressions had a 
better prognosis, whereas those with higher JAG1, GPR87, 
or ZBED2 expressions had a worse prognosis.

According to the IC50 drug data in GDSC, we found 
that the expressions of JAG1, GPR87, LAD1, ARHGAP29, 
ZBED2, and GAD1, were positively correlated with the 
IC50 of 5-FU, GEM, Irinotecan, Oxaliplatin, and/or 
Paclitaxel, showing resistance to these drugs. Meanwhile, 
the expression of SNAP25 was negatively correlated 
with the IC50 of Irinotecan, and the expression of DLL1 
was negatively correlated with the IC50 of irinotecan, 
oxaliplatin, and paclitaxel (Figure 5A-5E). 

Among the nine CRRGs, JAG1 and ZBED2 were 
highly expressed in tumor tissues, and negatively correlated 
with prognosis. Moreover, a higher expression of JAG1 
or ZBED2 indicated resistance against all effective 
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Figure 3 Suitability of the nine-CRRGs signature as an independent prognostic indicator. (A,B) Univariate and multivariate Cox analyses 
were performed to evaluate the independent prognostic value of the CRRG-related prognostic model. (C) Multi-index ROC curves and (D) 
time-dependent ROC curves showed the predictive efficiency of the CRRG-related prognostic model. Correlation between the risk score 
and clinical characteristics [age (E), gender (F), grade (G), and Stage (H)]. (I) A nomogram predicting the OS rates of pancreatic cancer 
patients based on TCGA cohort. (J) Decision curve analysis (DCA) of the risk score and clinical indexes. *P<0.05, ***P<0.001. CRRGs, 
chemo-radiotherapy resistant-related genes; ROC, Receiver Operating Characteristic; OS, overall survival; TCGA, The Cancer Genome 
Atlas; AUC, area under curve.
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chemotherapeutics in pancreatic cancer. 

JAG1 enhanced stemness and promoted the growth of 
pancreatic cancer cells

In the training set, we ran GSEA on the high and low JAG1 
expression groups. The enrichment pathways of the high 

JAG1 expression group included apoptosis, axonal guidance, 
extracellular matrix (ECM)receptor interaction, the 
wingless/integrated (WNT) signaling pathway, the Notch 
signaling pathway, the Hedgehog signaling pathway, the 
P53 signaling pathway, tight junctions, and the transforming 
growth factor-β (TGF-β) signaling pathway (Figure 6A). 
Among these pathways, the WNT, Notch, Hedgehog, and 
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Figure 4 Differential and Kaplan-Meier analyses of the prognostic genes. (A-I) Comparison of the expression levels of JAG1, SNAP25, 
GPR87, DLL1, LAD1, WASF3, ARHGAP29, ZBED2, and GAD1 between pancreatic cancer tissue and normal pancreatic tissue in the 
training set. (J-R) Kaplan-Meier survival curves for of JAG1, SNAP25, GPR87, DLL1, LAD1, WASF3, ARHGAP29, ZBED2, and GAD1 in 
the training set. *P<0.05, num, number; T, tumor; N, normal; HR, hazard ratio.
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TGF-β pathways were involved in stemness maintenance (39).  
In our previous study, we proved that the existence of 
pancreatic CSCs induced resistance to chemotherapy (40). 
Considering that a previous study demonstrated that JAG1 
affects tumor stem cell-like properties in breast cancer (41),  
we speculated that JAG1 could trigger tolerance to 
chemoradiotherapy by maintaining the stemness of 
pancreatic cancer cells. 

We further analyzed the relationship between JAG1 
and the surface markers (CD24, CD44, and EPCAM) 
of pancreatic CSCs in the TCGA-PAAD cohort. JAG1 
expression was positively correlated with these three 

markers, according to the Pearson correlation coefficient 
(Figure 6B). Next, we detected the expression of JAG1 in 
three human pancreatic cancer cells, MIA Paca-2, SW1990, 
and Panc-1, and identified that PANC-1 expressed the 
highest level of JAG1 in these three cell lines (Figure 6C). 
By using siRNAs, JAG1 could be successfully knocked 
down in PANC-1 cells (Figure 6D). After JAG1 silencing in 
PANC-1 cells, the expressions of CD24, CD44, and EPCAM 
in the pancreatic cells were also down-regulated (Figure 6E).

To determine the protein expression level of JAG1, IHC 
staining images of pancreatic cancer tissues and normal 
pancreatic tissues were obtained from the HPA database 
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Figure 5 Drug sensitivity analysis. Association between the nine CRRGs and the efficacy of (A) 5-FU, (B) Gemcitabine, (C) Irinotecan, (D) 
Oxaliplatin, and (E) Paclitaxel in the treatment of pancreatic cancer. 5-FU, 5-fluorouracil; CRRGs, chemo-radiotherapy resistant-related 
genes; IC50, half-maximal inhibitory concentration; Cor, correlation.

(http://www.proteinatlas.org/). The results showed that 
JAG1 protein expression in pancreatic cancer was higher 
than that in normal tissues (Figure 6F). In vitro assays proved 
that the knock-down of JAG1 repressed the colony-forming 
ability and viability of PANC-1 cells (Figure 6G,6H). The 
in vivo studies further confirmed that the knock-down of 
JAG1 inhibited the growth of xenografts (Figure 6I). 

Knockdown of JAG1 overcame the chemo-radiotherapy 
resistance of GR and RR pancreatic cancer cells

The in vitro assays confirmed that the knock-down of JAG1 
sensitized PANC-1 cells to GEM treatment (Figure 7A), and 
the in vivo studies further confirmed that the knock-down 
of JAG1 increased GEM sensitivity (Figure 7B). We then 
detected the expression of JAG1 in GR and RR PANC-1 
cells. As shown in Figure 7C, JAG1 was highly expressed in 
GR and RR cells compared with the control group. Knock-
down of JAG1 not only repressed the colony formation 
ability of GR and RR cells (Figure 7D) but also recovered 
the sensitivity to GEM in GR cells (Figure 7E) and the 
sensitivity to X-ray both in RR cells (Figure 7F). Moreover, 
the cross-resistance to radiotherapy in GR cells and the 
cross-resistance to chemotherapy in RR cells could also be 
attenuated by silencing JAG1 (Figure 7G,7H), suggesting 
that cross-resistance was mediated by JAG1.

Discussion

Pancreatic cancer has high rates of morbidity and mortality 
as well as a considerable socio-economic burden (42). 

Moreover, the tumors have a high degree of heterogeneity, 
which presents significant challenges for prognostic 
prediction and individualized treatment. The accurate 
prediction of OS in pancreatic cancer will contribute to 
the development of individualized treatment regimens. 
Therefore, there is an urgent need to find novel markers 
to provide new ideas for the classification and treatment of 
pancreatic cancer and improve the prognosis of patients.

A high correlation between response to cisplatin and 
subsequent radiation response has been reported in patients 
who received radiotherapy after receiving a cisplatin-based 
regimen (43,44). In addition, a high correlation between 
resistance to cisplatin and radiation therapy was also 
observed in these studies. In the present study, we found 
that the GR cells showed resistance to radiotherapy, and 
RR cells were also tolerant to chemotherapy, suggesting 
that some universal mechanisms could be shared by 
chemotherapy resistance and radiation resistance. 
Bioinformatics and statistical tools were applied to 
systematically analyze the predictive accuracy of CRRGs in 
pancreatic cancer. We first performed univariate Cox and 
LASSO Cox regression analyses of CRRGs in a sample of 
178 pancreatic cancer patients obtained from the TCGA 
database, and nine CRRGs that were significantly associated 
with OS were identified (SNAP25, GPR87, DLL1, LAD1, 
WASF3, ARHGAP29, ZBED2, GAD1, and JAG1). 

SNAP25 is a presynaptic membrane-binding protein 
that is anchored to the cell membrane surface by palmitoyl 
side chains located in the central region of the molecule. 
It is associated with maturation and synaptogenesis during 
neuronal development (45) and also affects the expression 
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of receptors such as N-methyl-D-aspartic acid receptors 
(NMDARs) in the plasma membrane (46,47). Previous 
studies have shown that SNAP25 regulates proliferation 

and chemotherapy resistance in gastric neuroendocrine 
carcinoma cells by controlling the stability of the protein 
kinase B (PKB) (48). The expression of G protein-coupled 

Figure 6 JAG1 enhanced stemness and promoted growth in pancreatic cancer cells. (A) Gene Set Enrichment Analyses of JAG1. (B) 
Correlation between JAG1 and tumor stem cell markers CD24, CD44, and EPCAM in pancreatic cancer. (C) The expression levels of 
JAG1 in MIA PaCa-2, SW1990, and PANC-1 cell lines were determined by qRT-PCR. (D) The protein expression level of JAG1 in 
pancreatic tumor tissue and normal pancreatic tissue (from HPA database: www.proteinatlas.org/ENSG00000101384-JAG1/pathology/
pancreatic+cancer#ihc). (E) JAG1 expression in PANC-1 cells was inhibited by using siJAG1 to knock-down JAG1. (F) The expression 
levels of CD24, CD44, and EPCAM in PANC-1 cells transfected with siJAG1 were assessed with qRT-PCR experiments. Cell growth was 
observed by (G) a colony formation assay, (H) an MTT assay, and (I) subcutaneous transplantation in nude mice. Cells were stained with 0.1% 
crystal violet in colony formation assay. All data are presented as the means ± SD of three independent experiments. **P<0.01, ***P<0.001, 
****P<0.0001. qRT-PCR, quantitative real-time polymerase chain reaction; siRNA, small interfering RNA; MTT, Methyl thiazolyl 
tetrazolium; SD, standard deviation; siNC, negative control-targeting siRNA; siJAG1, JAG1-targeting siRNA.
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Figure 7 Knockdown of JAG1 overcame the chemo-radiotherapy resistance of GR and RR pancreatic cancer cells. (A) MTT assay and (B) 
subcutaneous transplantation in nude mice demonstrated that JAG1 knockdown made PANC-1 cells sensitive to Gemcitabine treatment. 
(C) The expression levels of JAG1 in GR and RR PANC-1 cell lines were determined by qRT-PCR. (D) Effect of JAG1 knockdown on the 
colony-forming ability of GR and RR cells. Colony formation experiments in GR and RR cells with JAG1 knockout after (E,G) Gemcitabine 
treatment and (F,H) X-ray treatment. Cells were stained with 0.1% crystal violet in colony formation assay. All data are presented as the 
means ± SD of three independent experiments. **P<0.01, ***P<0.001, ****P<0.0001. #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001. GR, 
Gemcitabine-resistant cells; RR, radiation-resistant cells; MTT, Methyl thiazolyl tetrazolium; qRT-PCR, quantitative real-time polymerase 
chain reaction; SD, standard deviation; GEM, Gemcitabine; siJAG1, JAG1-targeting siRNA; siNC, negative control-targeting siRNA; NC, 
negative control cells; +, indicates that there is such a treatment; -, indicates that there is no such treatment.
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receptor 87 (GPR87) is up-regulated in pancreatic cancer 
and clinical tissues, and its overexpression promotes the 
proliferation, metastasis, angiogenesis, and resistance to 
chemotherapy-induced apoptosis in pancreatic cancer (49).  
DLL1 is a canonical receptor in the Notch signaling 
pathway (50), and elevated DLL1 levels in the tumor 
microenvironment decrease tumor vessel density, increase 
vascular perfusion, and reduce hypoxia in tumor tissue. 
Furthermore, it is suggested that DLL1 induces tumor 
vessel normalization (51). Study has also revealed that DLL1 
passes nuclear factor kappa-B (NF-κB) pathway increases 
the resistance to DNA damage and cell death, and plays 
a key role in promoting the progression, metastasis, and 
chemoresistance of invasive breast intraluminal tumors (52). 

LAD1 is a collagen-anchored filament protein in the 
basement membrane of mammalian epidermal cells (53,54). 
A physical interaction between LAD1 and Stratifin (14-3-3σ)  
has been reported to promote breast tumor invasion by 
regulating actin filament turnover (55). LAD1 is highly 
expressed in docetaxel-resistant prostate cancer cells 
but its expression is significantly suppressed in tumor 
samples after docetaxel treatment, suggesting that the 
upregulation of LAD1 may contribute to the development 
of docetaxel resistance in prostate cancer (56). WASF3 is a 
member of the Wiskott-Aldrich syndrome protein family 
and plays an important role in the regulation of actin 
cytoskeletal dynamics as well as in cancer cell invasion and  
metastasis (57). The inhibition of WASF3 expression 
enhances the sensitivity of MGC-803 cells to Oxaliplatin 
by reducing ATG12 (autophagy related 12)-mediated 
autophagy, promoting apoptosis, and inhibiting cell 
proliferation (58). ARHGAP29 is a RhoGTPase-activating 
protein that is involved in RhoA (Ras homolog gene family, 
member A) regulation. It is expressed in several tissues, 
including the heart, skeletal muscle, and placenta (59). The 
levels of ARHGAP29 in circulating tumor cells and renal 
carcinoma cells are positively correlated with metastatic 
potential and may play a role in cancer by modulating actin 
kinetics (60,61). 

The ZBED gene family encodes nine zinc finger-
containing transcription factors (TFs) in humans and is 
derived from a domesticated DNA transposase gene from the 
histone acetyltransferases (hAT) transposable element (62).  
A genome-wide association study identified ZBED2 as 
a candidate locus affecting the risk of smoking-induced 
pancreatic cancer (63). The expression of ZBED2 is most 
correlated with the expression of immune-related signaling 
pathways, including interferon alpha (IFNα), IFNγ, and 

tumor necrosis factor alpha (TNFα) in breast cancer 
cells, and exerts tumor inhibitory effects by enhancing 
IFN signaling (64). Glutamate decarboxylase 1 (GAD1) is 
involved in the regulation of glutamate (65), and its altered 
expression has been associated with psychiatric diagnoses, 
including schizophrenia, bipolar disorder, and autism (66). 
Study has shown that GAD1 expression is associated with 
pleural invasion, vascular invasion, and advanced stages of 
non-small cell lung cancer (NSCLC) (67). 

JAG1 is also one of the most important model genes in 
our research. Similar to DLL1, JAG1 is also a receptor in 
the Notch signaling pathway (50) and plays an important 
role in numerous human diseases. It has been reported that 
JAG1 is targeted by microRNA (miR-26b-5p) to regulate 
cell proliferation and apoptosis in multiple myeloma (68). 
The miR-30d/JAG1 axis regulates pulmonary fibrosis 
through Notch signaling (69). In HER2 (human epidermal 
growth factor receptor-2)-positive gastric carcinoma 
(GC) cells, the autocrine effect of the interleukin-6/signal 
transducer and activator of transcription 3 (IL-6/STAT3) 
signaling pathway can activate JAG1/Notch signaling and 
induce trastuzumab resistance (70). EGFRVIII is a variant 
of the epidermal growth factor receptor (EGFR), which can 
drive abnormal mitogen-activated protein kinase (MAPK) 
signal transduction, such as MEK/ERK (mitogen-activated 
extracellular signal-regulated kinase/extracellular regulated 
protein kinases) signal transduction. Its expression level is 
positively correlated with the expression level of JAG1 in 
glioblastoma patients. JAG1/Notch signaling stimulated 
by the EGFRVIII/MEK/ERK axis maintains the stem-
like properties of glioma-initiating cells and induces their 
resistance to radiation therapy (71). 

Considering that tumor evolution is a complex process, 
the multi-gene-based prognostic risk model applied in the 
present study can predict the prognosis of cancer patients 
more accurately than single-gene prediction. Since there 
is still the possibility of overtraining or false positives, we 
used the GSE57495 and GSE78229 datasets from the 
GEO database to further validate the prognostic value of 
the CRRGs signature. The findings showed that CRRG 
signaling is reproducible and robust in the prognosis 
of pancreatic cancer patients. To play a complementary 
role between molecular characteristics and clinical 
characteristics, the CRRGs prognostic model and clinical 
characteristics were combined to construct a nomogram, 
and the prognostic estimation level of pancreatic was 
improved. In conclusion, CRRGs’ prognostic markers 
can accurately predict the survival outcomes of pancreatic 
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cancer patients, demonstrating great clinical application 
potential for individualized prognostic evaluation and 
treatment.

In recent years, a small subset within tumors, also 
known as tumor stem cells, has received research attention 
for its ability to self-renew and generate heterogeneous 
tumor cell lineages (72). CSCs recognize other cancer 
cells by expressing stem cell surface markers such as CD24, 
CD44, and EPCAM. These cells are characterized by high 
therapeutic resistance and proliferative capacity (73). Local 
recurrence of tumors after surgical resection, chemotherapy, 
and/or radiotherapy is associated with drug resistance 
and the presence of CSCs, which are characterized by 
high treatment resistance and proliferation capacity (73). 
Targeting molecules and signaling pathways associated with 
CSCs is a potential strategy to overcome these problems. 
In addition to its involvement in angiogenesis through 
the Notch1 signaling pathway, JAG1 is also involved 
in a variety of tumor-related functions, including CSC 
development, tumor cell growth, epithelial-mesenchymal 
transition (EMT), drug resistance, and migration (74-76).  
In this study, we observed increased expression of JAG1 
in pancreatic cancer tissue compared with normal 
pancreatic tissue. In addition, the expression of JAG1 was 
positively correlated with the expressions of pancreatic 
cancer tumor stem cell surface markers, CD24, CD44, 
and EPCAM. We also found that JAG1 silencing induces 
anti-pancreatic cancer effects in vitro. JAG1 silencing 
significantly inhibited the proliferation, viability, as well 
as chemotherapy and radiotherapy resistance of human 
pancreatic cancer cells. Therefore, we suggest that JAG1 
may be a promising therapeutic target for pancreatic cancer. 
Chemotherapy is still the main treatment for pancreatic 
cancer. Although a large number of studies on targeted 
drugs or immunotherapy have failed to prove that it is 
superior to the standard chemotherapy regimen, some 
drugs, whether used alone or in combination with other 
drugs, have achieved promising results. Approval of olaparib 
maintenance treatment for BRCA-mutant PC represents 
an encouraging achievement in individualized treatment 
of this intractable disease, and opens the door for studying 
various drugs with potential synergistic effects with PARPi, 
including immunotherapy and tyrosine kinase inhibitors (77). 
There are new drugs, such as NTRK inhibitor for NTRK 
fusion positive tumor or Pamuzumab for MSI-H tumor, 
which makes it reasonable for people to find new treatment 
schemes in different subgroups of PC patients through 
genetic testing (78). 

However, this study has various limitations and needs 
further optimization. First, although we confirmed our 
prediction model with retrospective data from a public 
database, more prospective real-world data are required to 
confirm its clinical applicability. Secondly, our prognostic 
model is based on the mRNA expression level to predict 
the prognosis of patients; however, the gene protein 
level may be more consistent with the actual clinical 
situation of patients. Due to the lack of clinical samples 
and corresponding survival information, it is impossible 
to verify the relationship between the protein expression 
level of characteristic genes and the prognosis of patients. 
Therefore, this very critical component will need to 
be refined in future clinical work. Third, the specific 
mechanism of JAG1-mediated chemoradiotherapy tolerance 
of pancreatic cancer needs to be further studied, and the 
biological functions of several other CRRGs in pancreatic 
cancer also need to be further verified through a series of 
experiments.

Conclusions

In conclusion, this study established a pancreatic cancer 
prognostic model based on the SNAP25, GPR87, DLL1, 
LAD1, WASF3, ARHGAP29, ZBED2, GAD1, and JAG1 
genes, which can effectively predict the prognosis of 
pancreatic cancer patients. Based on our results, it seems 
likely that these genes could be used as biomarkers to 
generally predict the survival of individuals with pancreatic 
cancer. In vitro and in vivo experiments showed that 
silencing JAG1 inhibits the chemoradiotherapy tolerance 
of pancreatic cancer cells, thereby playing a role in anti-
pancreatic cancer therapy. 
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