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Abstract. Circular RNAs (circRNAs) are associated with 
various biological features of cancer, including chemo‑
sensitivity and the structural characteristics of circRNAs 
indicate their potential as liquid biomarkers. Gemcitabine is 
a cornerstone treatment for pancreatic cancer (PC). A deeper 
understanding of gemcitabine sensitivity and the exploration 
of clinically valuable liquid biomarkers that are predictive of 
gemcitabine sensitivity may contribute to the development of 
improved‑tailored treatment strategies for PC. The aim of the 
present study was to identify a candidate circRNA associ‑
ated with gemcitabine sensitivity, investigate its biological 
functions and evaluate its potential as a liquid biomarker 
in predicting gemcitabine sensitivity. circRNA sequencing 
analysis was conducted to identify candidate circRNAs 
and the function of a candidate circRNA in modulating 
gemcitabine sensitivity was investigated in vitro. Further, the 
potential of this circRNA in predicting gemcitabine sensi‑
tivity in patients with PC who received gemcitabine‑based 
neoadjuvant chemotherapy was evaluated using pre‑treatment 
serum samples. circ72309 was identified as the candidate 
circRNA and its overexpression in gemcitabine‑resistant PC 
cell lines increased gemcitabine‑induced apoptosis and mark‑
edly increased gemcitabine sensitivity in vitro. Furthermore, 
circ72309 decreased cytidine deaminase by increasing 
reactive oxygen species activity and increasing human equili‑
brative nucleoside transporter 1 expression via regulation 

of target miRNAs. Patients with high serum circ72309 had 
markedly improved progression‑free survival (PFS) and high 
serum circ72309 was an independent prognostic predictor of a 
favorable PFS in patients with PC. circ72309 affected multiple 
steps in the gemcitabine metabolic pathway and its overexpres‑
sion resulted in markedly increased gemcitabine sensitivity. 
Therefore, circ72309 expression in the pre‑treatment serum 
samples may serve as a predictor of gemcitabine sensitivity in 
patients with PC.

Introduction

Circular RNAs (circRNAs) are single‑stranded, covalently 
closed RNA molecules that are produced from pre‑mRNAs 
through a process termed backsplicing and were initially 
proposed to be splicing‑associated noise (1). However, it has 
since been shown that circRNAs possess a range of biological 
functions (2). Previous reports on malignant diseases have 
demonstrated that circRNAs are differentially expressed in 
different histologic types and stage‑specific variations in their 
expression have also been observed (3,4). circRNAs modulate 
a range of cellular functions, including invasive potential, 
stemness, chemosensitivity and proliferative capacity (5‑7). A 
unique biological function of circRNAs is their sponge‑like 
adsorption of miRNAs to regulate translation, transmit 
intercellular information and regulate protein‑bound func‑
tions (8,9), highlighting them as a unique class of functional 
RNAs that possess significant potential as gene regulators 
in humans (10). In this context, several reports indicate the 
potential roles of circRNAs in altering the chemosensitivity 
of various malignancies by modulating miRNAs  (7,11). 
Peng et al  (7) reported that circCUL2 regulated cisplatin 
sensitivity through miR‑142‑3p/ROCK2‑mediated autophagy 
activation in gastric cancer. Yu  et  al  (12) revealed that 
circ_0092367 inhibited epithelial‑mesenchymal transition 
and improved gemcitabine sensitivity in pancreatic cancer 
(PC) by regulating the miR‑1206/ESRP1 axis. Additionally, 
a single circRNA can harbor multiple miRNA binding 
sites (13,14). Yamada et al (13) reported an analysis of the 
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regulatory network of circ_0004365, which bound to 33 
miRNAs to regulate the expression of 187 mRNAs. Another 
characteristic biological feature of circRNAs is their enrich‑
ment and stability in serum exosomes owing to their circular 
structure (15). Given this unique feature, circRNAs have been 
reported as potential liquid biomarkers for early diagnosis and 
prognostic and chemosensitivity prediction in various malig‑
nant diseases (16‑18).

Gemcitabine is a key drug widely used in PC in various 
clinical situations, including as palliative systemic therapy 
for unresectable disease and as perioperative chemotherapy 
for resectable/borderline resectable disease (19,20). Although 
gemcitabine can markedly improve outcomes in patients 
with PC, its efficacy is modest, with a response rate of only 
24% (21). To overcome these obstacles to the clinical applica‑
tion of gemcitabine, improving gemcitabine sensitivity and 
establishing an efficient method for predicting sensitivity prior 
to use are crucial for developing improved‑tailored treatment 
strategies for patients with PC to improve treatment outcomes. 
Given the biological characteristics of circRNAs (including 
regulation of a range of cellular functions and their stability in 
serum), they are promising targets for investigation to address 
the aforementioned clinical issues in PC treatment. Indeed, 
several circRNAs have been reported to be associated with 
gemcitabine sensitivity in patients with PC (12,22,23). However, 
only limited information is available regarding the biological 
mechanisms underlying their roles in PC, particularly in rela‑
tion to gemcitabine sensitivity and no reports have investigated 
their potential as a liquid biomarker in the treatment of PC. 
Therefore, the aim of the present study was to identify the 
circRNAs associated with gemcitabine sensitivity in PC, 
elucidate their mechanisms and further investigate whether 
candidate circRNAs may be useful as a liquid biomarker in 
predicting gemcitabine sensitivity. Specifically, beyond eluci‑
dating the molecular mechanisms of circRNAs in gemcitabine 
sensitivity in vitro, these findings were translated into a clinical 
context. The potential of these in vitro‑identified circRNAs 
was evaluated as liquid biomarkers to predict the therapeutic 
response to gemcitabine‑based neoadjuvant therapy using 
a cohort of patients who had undergone gemcitabine‑based 
treatment.

Materials and methods

Cell culture. In the present study, three human PC cell 
lines: MIAPaCa‑2 (RRID: CVCL_0428) purchased from 
the Japan Cancer Research Resources Bank, Panc‑1 (RRID: 
CVCL_0480) purchased from the American Type Culture 
Collection and PSN‑1 (RRID: CVCL_1644) obtained from 
the European Collection of Authenticated Cell Culture. All 
cell lines were authenticated using STR profiling within the 
last 3 years and routinely tested for mycoplasma contamina‑
tion. The cells were cultured at 37˚C in 5% CO2 atmosphere 
with at least 95% humidity in DMEM supplemented with 10% 
FBS and 100 U/ml penicillin and streptomycin each (Thermo 
Fisher Scientific, Inc.). 

Establishment of gemcitabine‑resistant cell lines. 
Gemcitabine‑resistant (GR) cell lines were generated by expo‑
sure to gradually increasing concentrations of the drug for 

2 months as previously described (24). Parental MIAPaCa‑2 
cells were exposed to gemcitabine at an initial concentration of 
1 ng/ml. When the cells adapted to the drug, the gemcitabine 
concentration was increased incrementally, with a final 
concentration of 20  ng/ml for MIAPaCa‑2. Through this 
process, GR cells were established (25). A total of three stable 
GR cell lines were established from MIAPaCa‑2, termed 
GR3, GR8 and GR10. The GR cell lines showed ~100% cell 
viability even at gemcitabine concentrations of 200 ng/ml 
(Fig. S1). Gemcitabine was purchased from Eli Lilly (Eli Lilly 
and Company).

Reverse transcription‑quantitative (RT‑q) PCR. RT‑qPCR 
was performed as previously described  (26). Briefly, total 
RNA from cultured cells was extracted using QIAzol® reagent 
and a miRNeasy mini kit (Qiagen GmbH), while total RNA 
from serum was extracted using a miRNeasy Serum/Plasma 
Advanced kit (Qiagen GmbH) and reverse transcribed into 
cDNA using a Reverse Transcription System kit, according to 
the manufacturer's protocol (Promega Corporation). qPCR was 
performed using THUNDERBIRD SYBR qPCR Mix (Toyobo 
Co., Ltd.) on a QuantiStudio7 amplifier (Thermo Fisher 
Scientific, Inc.). PCR cycling conditions were as follows: An 
initial holding stage at 94˚C for 60 sec, followed by 40 cycles 
of denaturation at 95˚C for 15 sec and annealing/extension 
at 62˚C for 60 sec. The 2‑ΔΔCq method was used to analyze 
the relative levels of target genes (27). All primer sequences 
are listed in Table SI. All experiments were performed in 
triplicate.

circ72309 overexpression. For circ72309 overexpression, the 
identified 580‑bp sequence was synthesized as an artificial 
oligonucleotide and subcloned into pRP[Exp]‑EGFP Laccase2 
MCS Exon Vector (VectorBuilder Inc.), flanked by a GT‑AG 
splice‑site. Constructs were transfected into cells using 
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. Confirmation 
of circ72309 transfection was assessed using RT‑qPCR 48 h 
after transfection. The GR cell lines overexpressing circ72309 
were termed GR_circ72309 overexpressing (OE). Cells trans‑
fected with pRP[Exp]‑EGFP/Neo‑CMV>ORF_Stuffer (vector 
ID: VB900145‑9829wty) served as the negative control and 
were termed GR_NC.

RNase R digestion. For RNase R digestion assay, total RNA 
was treated with or without 5 U/µg RNase R (AR Brown Co., 
Ltd.) and incubated at 37˚C for 2 h. After purifying RNA using 
an RNA Clean‑up XS kit (Takara Bio, Inc.), RT‑qPCR was 
performed.

circRNA sequencing and bioinformatics analysis. circRNA 
sequencing was performed as previously described  (13). 
Briefly, raw sequencing reads underwent quality assessment 
using FastQC (version 0.11.9; https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/, RRID:SCR_014583), 
followed by adaptor trimming and removal of low‑quality 
reads using fastp (version  0.19.5; ht tps://github.
com/OpenGene/fastp). Cleaned reads were aligned to the 
human reference genome (GRCh38; https://www.gencode‑
genes.org/human/) with STAR (version 2.7.10a; https://github.
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com/alexdobin/STAR, RRID:SCR_004463), and circRNAs 
were identified using CIRCexplorer2 (version  2.4.0; 
https://circexplorer2.readthedocs.io/) and circRNA_finder 
(https://github.com/orzechoj/circRNA_finder). Expression 
quantification and normalization were performed using edgeR 
(version  3.42.4; https://bioconductor.org/packages/edgeR/, 
RRID:SCR_012802) prior to differential expression analysis. 
To compare differences in the circRNA expression profiles 
between MIAPaCa‑2 and GR3 cells, the fold change was 
calculated between the groups for each circRNA. Student's 
t‑test was used to determine statistical significance and a 
significant difference in circRNA levels was defined as a false 
discovery rate (FDR)<0.05.

mRNA sequencing and bioinformatics analysis. To compare 
differences in the mRNA expression profiles between GR3_
NC and GR3_circ72309 OE cells, mRNA sequencing was 
performed 48 h after transfection. All sequencing libraries 
were then sequenced at single‑end 100 bp on an Illumina 
NovaSeq 6000 (Illumina, Inc.) at the Research Institute 
for Microbial Diseases of the University of Osaka (Osaka, 
Japan). Raw gene expression was quantified across all gene 
exons using the top‑expressed isoform as a proxy for gene 
expression and differential gene expression analyses were 
performed using edgeR (version 3.42.4; http://bioconductor.
org/packages/edgeR/, RRID: SCR_012802) using replicates 
to compute within‑group dispersion. Undetectable mRNAs 
were excluded from the analysis. Differentially expressed 
genes (DEGs) were defined as having an FDR<0.05 and a 
log2 fold change >1.0. Gene Set Enrichment Analysis (GSEA) 
(RRID: SCR_003199) was performed using clusterProfiler 
(version 4.8.3; https://bioconductor.org/packages/clusterPro‑
filer/, RRID: SCR_016884). The sequencing coverage and 
quality statistics for each sample are summarized in Table SII.

MTT assay. To assess the drug response of PC cell lines, 
3,000 treated cells were seeded per well in 96‑well plates. 
The following day, fresh medium containing gemcitabine 
at concentrations of 0, 1.5625, 3.125, 6.25, 12.5, 25, 50, 
100 or 200 ng/ml was added to the cells and incubated for 
72 h. The 12 mM MTT (~10 µl) solution was added to each 
well and incubated at  37˚C for 4  h. Subsequently, 100  µl 
SDS‑HCl solution was added to each well and agitated for 1 h 
at room temperature on a shaker; subsequently, the absorbance 
at 570 nm was measured using a Model 680 Microplate Reader 
(Bio‑Rad Laboratories, Inc.) and the IC50 was calculated. 
Dose‑response curves were analyzed using non‑linear regres‑
sion using a four‑parameter logistic (4PL) sigmoidal model 
[log(concentration) vs. normalized cell viability]. IC50 values 
were derived from the fitted curves and goodness of fit was 
assessed by the coefficient of determination (R²) (28). The 
fitted curves are presented as solid lines. For resistant clones 
that did not display a typical sigmoidal decline, median values 
are shown using dashed lines.

Apoptosis assay. The Annexin V‑FITC Apoptosis Detection 
Kit (BioVision, Inc.; Abcam) was used to assess apoptosis 
according to the manufacturer's protocol. The cells were 
digested with trypsin and washed with PBS twice. The cell 
count was adjusted to 1x105; subsequently, the cells were stained 

with propidium iodide and Annexin V‑FITC according to the 
manufacturer's protocol. Analysis was performed using a flow 
cytometer (BD Biosciences) and the data were measured using 
FlowJo version 10 (RRID: SCR_008520; BD Biosciences). For 
each sample, at least 10,000 events were acquired within the 
live cell gate. All experiments were independently repeated 
three times (29).

Western blotting. Total protein was extracted from short 
interfering (si)RNA knockdown and overexpression cells 
using RIPA lysis buffer containing protease inhibitors 
(MilliporeSigma). Total protein concentration was determined 
using a Bradford protein assay kit (Bio‑Rad Laboratories, 
Inc.). The samples were heated at 95˚C for 5 min in loading 
buffer, loaded into wells of 15% acrylamide gels (Bio‑Rad 
Laboratories, Inc.) along with a protein ladder and resolved 
by SDS‑PAGE at 200V. Resolved proteins were subsequently 
transferred onto PVDF membranes (Bio‑Rad Laboratories, 
Inc.) for 1 h and blocked using Blocking One (Nacalai Tesque, 
Inc.) at room temperature for 30 min. The blots were treated 
with an anti‑equilibrative nucleoside transporter‑1 (ENT1) 
polyclonal rabbit antibody (ProteinTech Group, Inc.; 1:600; 
cat. no. 29862‑1‑AP; RRID: AB_2935484) and an anti‑cyti‑
dine deaminase (CDA) polyclonal rabbit antibody (Invitrogen; 
Thermo Fisher Scientific, Inc.; 1:5,000; cat. no. PA5‑84630; 
RRID: AB_2791781) in Can Get Signal® solution 1 (Toyobo 
Co., Ltd.) overnight at 4˚C on a shaker, while an anti‑βactin 
polyclonal rabbit antibody (Abcam; 1:1,000; cat. no. 1784‑1; 
RRID: AB_598136) was used as the loading control. After 
washing three times, horseradish peroxidase‑conjugated 
anti‑rabbit IgG antibody (Cytiva; cat.  no.  NA934, RRID: 
AB_772206) and HRP‑conjugated anti‑human sheep IgG 
whole antibody (Cytiva cat. no. NA933; RRID: AB_772208) 
were used as secondary antibodies. Signals were visualized 
using an ECL Prime Western Blotting Detection kit (Cytiva) 
and membranes were scanned using a ChemiDoc™ Touch MP 
(Bio‑Rad Laboratories, Inc.) (30). Band intensities were quan‑
tified using ImageJ (version 1.54g; https://imagej.nih.gov/ij/, 
National Institutes of Health) using a lane‑based densitometric 
method (31). The values were normalized to the corresponding 
β‑actin loading control. Quantitative results were presented as 
the mean ± SE from at least three independent experiments.

Reactive oxygen species (ROS) quantification. A ROS Assay 
Kit‑Highly Sensitive (2',7'‑Dichlorodihydrofluorescein diace‑
tate) containing DCFH‑DA (Dojindo Molecular Technologies, 
Inc.) was used to calculate the ROS activity according to the 
manufacturer's protocol. Briefly, ~1x105 cells were treated with 
DCFH‑DA as indicated, incubated for 30 min in PBS, tryp‑
sinized and analyzed by flow cytometry. For each sample, at 
least 15,000 events were acquired within the live cell gate and 
the mean fluorescence intensity (MFI) of DCF was calculated 
using FlowJo (version 10; BD Biosciences). Each experiment 
was performed in triplicate (n=3 independent biological repli‑
cates). N‑acetylcysteine (NAC; 5 mmol/l) was used as an ROS 
scavenger. To inhibit ROS, PC cell lines were treated for 36 h 
with NAC. PBS‑treated cells served as the control.

Knockdown of circ72309. circ72309 siRNA targeting the 
sequence of the backsplicing junction of circ72309 was 
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synthesized. Silencer™; Select Negative Control #1 siRNA 
(Invitrogen; Thermo Fisher Scientific, Inc.; cat. no. 4390843) 
was used as the negative control. This reagent is propri‑
etary and the manufacturer does not disclose its nucleotide 
sequence; only product identification and catalog information 
are publicly available. MIAPaCa‑2, PANC1 and PSN‑1 were 
transfected with circ72309 siRNAs using Lipofectamine® 
RNAiMAX transfection reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. A 
total of 2x105 cells/well were seeded in a 6‑well plate and 
50 nM siRNA was added to each well with the transfection 
reagent and cultured for 24 h at 37˚C in 5% CO2. The sequence 
of the circ72309 siRNA is listed in Table SI. Successful knock‑
down of circ72309 by siRNA transfection was confirmed 
(Fig. S2).

Identification of target miRNAs for circ72309. Circular RNA 
Interactome (RRID: SCR_016304) (32) was used to identify 
target miRNAs for circ72309 (Table SIII) and among these 
miRNAs, TargetScan (RRID: SCR_010845, targetscan.
org/vert_80/) was used to explore the candidate mRNAs regu‑
lating gemcitabine metabolism targeted by relevant miRNAs 
(Table SIV). Expression of these target miRNAs was compared 
using RT‑qPCR between GR_NC cells and GR_circ72309 
OE cells in all three GR cell lines to confirm the effect of 
circ72309 on the expression of these miRNAs.

Clinical effect of circ72309 expression in patients with PC. 
Data were retrospectively collected from patients with PC 
aged ≥20, excluding those with intrapapillary mucinous carci‑
noma, between January 2016 and December 2023. A total of 
31 patients with resectable status according to the definition 
of the National Comprehensive Cancer Network Guidelines 
(Pancreatic Adenocarcinoma, version 1.2023)  (33), who 
received gemcitabine plus S‑1 for neoadjuvant chemotherapy 
(excluding chemoradiotherapy), were recruited. The median 
age was 73 (50‑84) years, and the sex ratio was 16 males (53%) 
and 14 females (47%). Borderline resectable and unresectable 
cases were excluded as they frequently received heterogeneous 
treatment regimens, including multiple lines of chemotherapy 
and/or radiotherapy, which could confound the accurate 
assessment of chemosensitivity to gemcitabine. By contrast, 
patients with resectable status were treated under a standard‑
ized protocol with gemcitabine plus S‑1. This homogeneity 
provided a consistent clinical background to appropriately 
evaluate the predictive value of serum circ72309. The levels 
of circ72309 in the pre‑treatment serum were measured 
using RT‑qPCR. Serum samples were stored at ‑80˚C without 
repeated freeze‑thaw cycles. The cases were divided into 
two groups according to the median circ72309 levels and the 
relationship between the levels of circ72309 and the thera‑
peutic effect of neoadjuvant chemotherapy was examined. 
The Response Evaluation Criteria in Solid Tumors (RECIST) 
classification (34) and progression‑free survival (PFS) were 
used to assess the therapeutic effect. Briefly, in the RECIST 
classification, target lesions were defined as primary tumors 
and lymph nodes (with short axes of ≥15 mm) and the response 
criteria was defined as follows: i) Complete response (CR), 
the disappearance of all target lesions; ii) partial response 
(PR), ≥30% decrease in the sum of diameters of target 

lesions compared to the respective baseline; and iii) progres‑
sive disease (PD), ≥20% increase in the sum of diameters of 
target lesions compared to the respective baseline (including 
the baseline sum if that was the smallest on study); in addi‑
tion to the relative increase of 20%, the sum should also 
have demonstrated an absolute increase of ≥5 mm; and the 
appearance of one or more new lesions was also considered 
progression; and iv)  stable disease (SD), neither sufficient 
shrinkage to qualify for PR nor sufficient increase to qualify 
for PD, taking the smallest sum diameters while on study as 
the baseline. PFS was calculated from the day of neoadjuvant 
chemotherapy initiation to the day of mortality from any cause 
or to the day of tumor progression and was censored on the 
last day that the patient was documented to be alive without 
tumor progression. Post‑operative recurrence was monitored 
using regular imaging tests, including enhanced abdominal 
computed tomography (CT) and tracking changes in the levels 
of tumor markers. Post‑operative adjuvant treatment was 
routinely performed unless clinical contraindications, such as 
gemcitabine or S‑1, were present for 6 months (35,36). Local 
recurrence was defined as a recurrence near the resection site, 
including the lymph node dissection site and the area where 
the tumor was dissected. Distant recurrence was defined as 
metastasis to other organs.

Statistical analysis. Categorical characteristics are presented 
as frequencies and percentages. Numerical values are 
presented as the median and range. Normality was tested using 
a Shapiro‑Wilk test and equality of variances was assessed 
using a Levene's test. Specifically, a Student's t‑test was used 
for RT‑qPCR and western blotting data after confirming 
normality and homogeneity of variance. Wilcoxon tests were 
used for non‑normally distributed continuous variables in 
clinical datasets. Categorical variables were analyzed using 
a χ2 or Fisher's exact test, as appropriate. Kaplan‑Meier 
analysis with a log‑rank test was used for survival compari‑
sons and Cox proportional hazards models were applied for 
univariate and multivariate survival analyses. For all analyses 
involving multiple comparisons, appropriate post hoc tests 
with Bonferroni corrections were applied if differences were 
considered significant by ANOVA. JMP® Pro version  14 
(SAS Institute Inc.; RRID: SCR_022199) and R Project for 
Statistical Computing (version 4.3.2; https://www.r‑project.
org/, RRID: SCR_001905) were used for statistical analyses. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

circ72309 expression is upregulated in parent PC cell 
lines and culture supernatant. circRNA sequencing was 
performed on parent PC cell lines (MIAPaCa‑2, gemcitabine 
IC50=12.5  ng/ml; n=3) and a gemcitabine‑resistant cell 
line (GR3; gemcitabine IC50 not reached; n=3) to extract 
candidate circRNAs associated with gemcitabine sensitivity 
(GSE297252, https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE297252). A total of 29 differentially expressed 
circRNAs (20 upregulated and 9 downregulated) were identi‑
fied by circRNA sequencing (Fig. 1A). Based on a literature 
search, circ72309 was identified as potentially relevant; it has 
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a full length of 7,248 bp, a spliced length of 580 bp and is 
located on human chromosome 5 (chr5:38523520‑38530768). 
To confirm the levels of circ72309 by RT‑qPCR, the primers 

specific for circ72309 were designed to amplify the back‑
splicing junction sequence (Fig. 1B and Table SV) and the 
primers were subjected to RNase R treatment to ascertain 

Figure 1. Selection of candidate circRNAs associated with gemcitabine resistance. (A) Heatmap of the differentially expressed circRNAs for the gemcitabine‑sensi‑
tive and gemcitabine‑resistant PC cells. (B) Schematic diagram showing the circ72309 back‑splicing junction and the primer‑target overlap. (C) Changes in the 
Cq values of GAPDH and circ72309 following RNase R treatment based on RT‑qPCR. (D) Differential expression of circ72309 in gemcitabine‑resistant cell lines 
(GR3/GR8/GR10) compared to MIAPaCa‑2 via RT‑qPCR, (E) Differential expression of circ72309 in the cell culture supernatant between MIAPaCa‑2 and GR3 
cells using RT‑qPCR. *P<0.05. circRNA, circular RNA; PC, pancreatic cancer; RT‑qPCR, reverse transcription‑quantitative PCR.
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whether they were capable of recognizing circular RNA. The 
Cq value of GAPDH, a linear RNA, was increased by RNase R 
treatment; however, the Cq value of circ72309 was unchanged 
by RNase R treatment, confirming that the primers recognized 
the backsplicing junction of circ72309 (Fig. 1C). Subsequently, 
the levels of circ72309 in three gemcitabine‑resistant cell 
lines (GR3, GR8 and GR10) were confirmed by RT‑qPCR; 
circ72309 was markedly lower in GR cell lines than in 
MIAPaCa‑2 (Fig. 1D). Furthermore, the culture supernatant 
levels of circ72309 in GR3 was observed to be markedly 
lower than that in MIAPaCa‑2 cells, as well as in cells when 
compared between MIPaCa‑2 and GR3 (Fig. 1E).

circ72309 induces cell apoptosis and improves gemcitabine 
sensitivity in gemcitabine‑resistant PC cell lines. The 
identified 580‑bp sequence was synthesized as an artificial 
oligonucleotide, subcloned into the pRP[Exp]‑EGFP Laccase2 
MCS Exon Vector (vector ID: VB230525‑1184qve), flanked 
by a GT‑AG splice site (Fig. 2A) and transfected into GR3, 
GR8 and GR10 cells. The circ72309 levels in the transfected 
cell lines were markedly increased following transfection 
(Fig. S2). Each overexpressed gemcitabine‑resistant cell line 
(GR3_circ72309 OE, GR8_circ72309 OE and GR10_circ72309 
OE) was assessed using MTT and apoptosis assays. The 
pRP[Exp]‑EGFP/Neo‑CMV>ORF_Stuffer (vector ID: 
VB900145‑9829wty) was used as a control (GR_NC) for 
comparison. In the MTT assay, a concentration‑dependent 
decrease in cell viability was evident in GR_circ72309 OE, 
indicating enhanced sensitivity to gemcitabine. The fitted 
curves followed a typical sigmoidal profile, with IC50 values 
of 13.3 ng/ml (R²=0.974) for GR3_circ72309 OE, 130 ng/ml 
(R²=0.951) for GR8_circ72309 OE and 16.9 ng/ml (R²=0.984) 
for GR10_circ72309 OE (Fig. 2B). In resistant clones, cell 
viability remained relatively high even at the maximal drug 
concentrations tested and the curves did not follow a typical 
sigmoidal profile, consistent with a resistant phenotype. The 
effect of si_circ72309 on gemcitabine sensitivity was evaluated 
using MIAPaCa‑2 (IC50, 23.3 ng/ml), Panc‑1 (IC50, 24.7 ng/ml) 
and PSN‑1 (IC50, 6.0 ng/ml) cells. Next, untreated parent cells, 
scramble control (Scr) transfected cells and GR3, GR8 and GR10 
si_circ72309 transfected cells were assessed. In MIAPaCa‑2, 
no difference in gemcitabine sensitivity was observed between 
MIAPaCa‑2_Parent and MIAPaCa‑2_Scr (IC50, MIAPaCa‑2_
Parent vs. MIAPaCa‑2_Scr, 23.3 ng/ml vs. 23 ng/ml). However, 
MIAPaCa‑2_si_circ72309 demonstrated increased resistance to 
gemcitabine, with an IC50 of 180 ng/ml. Similarly, gemcitabine 
resistance was markedly augmented in Panc‑1_si_circ72309 
(IC50, not reached) relative to Panc‑1_Parent (IC50, 24.7 ng/ml) 
and Panc‑1_Scr (IC50, 21.3 ng/ml). No effect on gemcitabine 
sensitivity was observed in PSN‑1 (Fig. 2C). The apoptosis rate 
after 20 ng/ml gemcitabine treatment was examined using the 
annexin V assay, which showed a significant increase in early 
and late apoptotic cells (Q3 and Q2) in GR_circ72309 OE [rate 
of apoptosis cells (Q2+Q3): GR3_NC vs. GR3_circ72309 OE, 
18.0 vs. 38.3%, P=0.002; GR8_NC vs. GR8_circ72309 OE, 
18.7% vs. 43.9%, P=0.009; GR10_NC vs. GR10_circ72309 OE, 
12.4% vs. 32.6%, P=0.045, Fig. 2D]. This showed that overex‑
pression of circ72309 in gemcitabine‑resistant cell lines induced 
apoptosis in the presence of gemcitabine, thereby enhancing 
gemcitabine sensitivity.

Overexpression of circ72309 increases gemcitabine sensitivity 
by increasing ROS activity and expression of the gemcitabine 
transporter. To investigate the mechanism by which overexpres‑
sion of circ72309 improved gemcitabine sensitivity, GR3_NC 
(n=3) and GR3_circ72309 OE (n=3) were submitted for mRNA 
sequencing (Fig. 3A). The differentially expressed mRNAs (545 
in total; 103 upregulated and 442 downregulated) were identi‑
fied (GSE297082, https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE297082). GSEA showed that the oxidative phos‑
phorylation and ATP production pathway in mitochondria were 
enhanced in GR3_circ72309 OE (Fig. 3B), suggesting that 
ROS activity may be involved in the increase in gemcitabine 
sensitivity. The ROS activity in GR_circ72309 OE showed an 
increase compared to GR_NC (Fig. 3C and D). A previous report 
revealed that the effect of ROS reduces CDA, which metabolizes 
gemcitabine to the inactive form 2',2'‑Difluoro‑2'‑deoxyuridine 
(dFdU) (37). Subsequently, GR_circ72309 OE were treated with 
a ROS scavenger, NAC, to suppress ROS activity and the effect 
on gemcitabine sensitivity was then assessed. As a control, the 
same volume of PBS was added to GR_circ72309 OE_NAC‑. 
In the MTT assay, GR_circ72309 OE_NAC+ promoted 
gemcitabine resistance, indicating that NAC counteracted the 
gemcitabine sensitivity observed following overexpression of 
circ72309 (IC50: GR3_circ72309 OE_NAC‑vs. GR3_circ72309 
OE_NAC+, 12.0  ng/ml vs. not reached; GR8_circ72309 
OE_NAC‑vs. GR8_circ72309 OE_NAC+, 69.6 ng/ml vs. not 
reached; GR10_circ72309 OE_NAC‑vs. GR10_circ72309 
OE_NAC+, 20.8 ng/ml vs. not reached; Fig. 3E). When CDA 
expression was confirmed by RT‑qPCR and western blotting, 
its expression was markedly reduced in GR_circ72309 OE 
(Fig. 4A, C and D). mRNA sequencing results confirmed the 
changes in genes related to gemcitabine metabolism and showed 
a significant increase in SLC29A1 expression (log fold change, 
1.16; P<0.001). The gene encodes human equilibrative nucleo‑
side transporter 1 (hENT1), a transmembrane glycoprotein 
that localizes to the plasma and mitochondrial membranes and 
mediates the cellular uptake of nucleosides from the surrounding 
medium. When the expression of SLC29A1 was confirmed by 
RT‑qPCR and western blotting, the expression was markedly 
increased in GR_circ72309 OE cells (Fig. 4B, C and E). 

Target miRNAs for circ72309 regulating the expression of 
SLC29A1. Based on the CircInteractome database, circ72309 
has adsorption sites for 26 miRNAs (Table SIII). Among 
these miRNAs, miR‑1225‑3p and miR‑1234 were identified by 
TargetScan as having binding sites with SLC29A1 (Table SIV). 
Further, it was confirmed that the expression of miR‑1225‑3p 
and miR‑1234 in GR cell lines was markedly decreased by 
circ72309 overexpression (Fig. S3).

High circ72309 levels in the pre‑treatment serum of patients 
with PC are associated with improved gemcitabine‑based 
neoadjuvant treatment efficacy and recurrence‑free survival. 
A total of 31 patients with PC who received gemcitabine 
plus S‑1 for neoadjuvant chemotherapy were included. The 
levels of circ72309 are shown in Fig. 5A; one case showing 
an outlier value was excluded (shown as Δ in Fig. 5A). The 
patients' pre‑treatment characteristics (n=30) are shown in 
Table I. A total of 3 patients could not undergo surgery owing 
to tumor progression during neoadjuvant chemotherapy and 
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surgery was performed on 27 patients (90%). In 13 patients 
who underwent resection and for whom post‑operative serum 
samples were available, serum circ72309 levels were measured 
after tumor resection and were found to be markedly reduced 
(Fig. S4). The median pre‑treatment tumor size was 20 (0‑50) 
mm and the median pre‑treatment CA19‑9 levels were 53.3 

(0.3‑2,729) U/ml. The 30 cases were stratified into high and 
low groups based on the median circ72309 level; Table  I 
shows the pre‑treatment characteristics of the two groups. The 
pre‑treatment CA19‑9 levels were markedly lower in the high 
circ72309 group. The pre‑treatment tumor size did not differ 
markedly between the two groups. Fig. 5B shows a waterfall 

Figure 2. Effects of circ72309 overexpression on cellular function in gemcitabine‑resistant cell lines. (A) Vector schema for overexpression of circ72309. 
(B) Dose‑response curves of gemcitabine in GR_NC and GR_circ72309OE clones. GR_circ72309OE clones showed a concentration‑dependent decrease in 
viability with a typical sigmoidal fitting (IC50 values: GR3, 13.3 ng/ml, R²=0.974; GR8, 130 ng/ml, R²=0.951; GR10, 16.9 ng/ml, R²=0.984), whereas GR_NC 
cells retained high viability even at maximal gemcitabine concentrations, consistent with the resistant phenotype. Fitted curves are shown as solid lines, while 
resistant clone values without a typical sigmoidal decline are represented as dashed lines. (C) MTT assays were used to assess the effects of si‑circ72309 in PC 
cell lines (MIAPaCa‑2, PSN‑1 and Panc‑1). Dose‑response curves were analyzed using non‑linear regression with a four‑parameter logistic model; all fitted 
curves showed excellent agreement with the experimental data (R²>0.95). Fitted curves are shown as solid lines. (D) Apoptosis assays following treatment with 
20 ng/ml gemcitabine. *P<0.05. circRNA, circular RNA; PC, pancreatic cancer; GR, gemcitabine resistant; NC, negative control; siRNA, small interfering 
RNA.

https://www.spandidos-publications.com/10.3892/ijo.2026.5849
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plot of the rate of change in tumor size. ~18 patients (60%) had 
some degree of tumor shrinkage on CT imaging. The RECIST 
classification demonstrated a markedly improved response in 
the high circ72309 group, whereas PD cases were observed 
only in the low circ72309 group (Table I; PD/SD/PR, high vs. 

low, 5/10/0 vs. 2/8/5, P=0.016). PFS was significantly higher 
in the high circ72309 group (Fig. 5C; median PFS rates, high 
vs. low, not reached vs. 9.5 months, P=0.035). The results of 
univariate and multivariate analyses of prognostic factors for 
PFS are shown in Table II. Multivariate analysis revealed that 

Figure 3. Mechanism by which circ72309 overexpression increases gemcitabine resistance. (A) Heatmap of the differentially expressed mRNAs for the three 
pairs of GR3_NC and GR3_circ72309OE cells. (B) Gene Set Enrichment Analysis of mRNA sequencing. (C) ROS activity assay comparing GR_NC and 
GR_circ72309OE. (D) Relative MFI of DCF normalized to the control group. (E) Effect of N‑acetylcysteine, an ROS scavenger, on gemcitabine chemosensi‑
tivity in GR_circ72309OE cells. Fitted dose‑response curves are shown as solid lines, and non‑sigmoidal resistant responses are represented as dashed lines. 
*P<0.05. circRNA, circular RNA; ROS, reactive oxygen species; MFI, mean fluorescence intensity; DCF, 2',7'‑Dichlorofluorescein.
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pre‑treatment serum circ72309 levels were an independent 
prognostic factor for PFS (P=0.042).

Discussion

The roles of noncoding RNAs, including miRNAs, 
circRNAs and other molecules, in epigenetic modifications 
of biological functions have attracted attention for improving 

chemosensitivity in patients with PC (38,39). However, research 
findings on the effect of miRNAs on improving gemcitabine 
sensitivity have been generally modest and unsatisfac‑
tory (40‑42). Iwagami et al (43) reported that miR320c inhibits 
the tumor suppressor gene, SMARCC1 and Hasegawa et al (44) 
reported that miR‑1246 induces cancer stem cell‑like proper‑
ties in PC cells. Silencing this miRNA improved gemcitabine 
sensitivity; however, the effect was limited to a <20% reduction 

Figure 4. Changes in the expression of genes involved in the gemcitabine metabolic pathway following circ72309 overexpression. (A) Difference in CDA expres‑
sion between GR_NC and GR_circ72309OE cells. (B) Differences in SLC29A1 expression between GR_NC and GR_circ72309OE cells. (C) Representative 
western blot images of CDA and hENT1. (D and E) Quantification of western blot band intensity; data are presented as the mean ± SE from at least three 
independent experiments (n=3). Protein expression levels of CDA and hENT1. *P<0.05. circRNA, circular RNA; hENT1, human equilibrative nucleoside 
transporter 1; CDA, cytidine deaminase.

https://www.spandidos-publications.com/10.3892/ijo.2026.5849
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in cell viability (43,44). A potential reason why the influence 
of miRNAs in improving gemcitabine sensitivity is limited is 
that a single miRNA affects only a limited number of mRNAs, 
although the mechanism by which gemcitabine exerts its anti‑
tumor effect is multifactorial. Indeed, intracellular translocation 
of gemcitabine is primarily mediated by the hENT1‑mediated 
mechanism and multiple steps of phosphorylation are required 
for intracellular conversion of gemcitabine to its active form, 
gemcitabine triphosphate (45). Additionally, there is an intra‑
cellular gemcitabine inactivation mechanism mediated by 
CDA  (45). The present study demonstrated that circ72309 
regulated multiple RNAs involved in different points of the 
gemcitabine metabolic pathway (including CDA and SLC29A1) 
and that the overexpression of circ72309 resulted in a significant 
increase in gemcitabine sensitivity in gemcitabine‑resistant PC 
cell lines, resulting in a concentration‑dependent reduction in 
cell viability by >50%.

In the present study, CDA was identified as involved in 
the intracellular gemcitabine metabolic pathway regulated by 
circ72309 and overexpression of circ72309 markedly decreased 
intracellular CDA expression in gemcitabine‑resistant PC cell 
lines. CDA is a nucleoside enzyme that metabolizes gemcitabine 
to its inactive form, dFdU (37). The results of the present study 
indicated that overexpression of circ72309 increased aerobic 
respiration, ATP production and electron transport pathways in the 
mitochondria and subsequently increased ROS activity. Previous 
studies have shown that increases in intracellular ROS levels 
render PC cells susceptible to gemcitabine chemotherapy (46). 
Additionally, increased intracellular ROS levels were shown to 
enhance gemcitabine sensitivity by downregulating CDA expres‑
sion (37). In the present study, NAC (a ROS scavenger) suppressed 
the decrease in CDA levels induced by circ72309 overexpression 
(Fig. S5). Therefore, it is hypothesized that the overexpression of 
circ72309 decreases CDA expression by increasing ROS activity.

Figure 5. Clinical results. (A) circ72309 levels in pre‑treatment serum in patients with PC. Δ, outlier. (B) Waterfall plot of the tumor change rate. Red, high 
circ72309 group (n=15); blue, low circ72309 group (n=15). (C) Kaplan‑Meier curve of progression‑free survival between circ72309‑high (n=15) and ‑low 
(n=15) groups. circRNA, circular RNA; PC, pancreatic cancer.



INTERNATIONAL JOURNAL OF ONCOLOGY  68:  36,  2026 11

Another mRNA involved in the gemcitabine metabolic 
pathway regulated by circ72309, as revealed in the present 
study, was SLC29A1, which encodes the gemcitabine intracel‑
lular transporter, hENT1 (47). Gemcitabine is hydrophilic 
and, therefore, unable to pass through the cell membrane 
via passive diffusion. It is imported via a nucleoside trans‑
porter, hENT1 (47). Previous reports demonstrate that high 
hENT1 expression is associated with a favorable response 
to gemcitabine in patients with PC  (48) and indeed, an 
improved prognosis has been reported in patients with PC 
with high hENT1 expression who have been treated with 
gemcitabine (49,50). The results of the present study indicated 
that circ72309 increased SLC29A1/hENT1 expression, which 
may partly explain the increased gemcitabine sensitivity 
in gemcitabine‑resistant PC cell lines following circ72309 
overexpression. It was also shown that circ72309 decreased 
the expression of miR‑1225‑3p and miR‑1234, which possess 
binding sites for SLC29A1, thereby potentially increasing 
SLC29A1/hENT1 expression. These preliminary results 
suggested that one of the possible biological mechanisms 
regarding the improved gemcitabine sensitivity induced by 
circ72309 is that the overexpression of circ72309 decreased 
miR‑1225‑3p and miR‑1234 by adsorption to circ72309 and 
consequently increased the expression of SLC29A1/hENT1 by 
suppressing the translational regulation of these miRNAs.

As aforementioned, two possible mechanisms of 
how circ72309 improves gemcitabine sensitivity in 
gemcitabine‑resistant PC cell lines have been indicated in 
the present study. NAC markedly reversed the improvement 
in gemcitabine sensitivity induced by the overexpression of 
circ72309. These observations indicated that the increase in 

gemcitabine sensitivity via circ72309 overexpression may be 
primarily mediated by its function of regulating the intracel‑
lular ROS levels and the subsequent decrease in CDA levels. 
Previous reports indicated that high hENT1 expression in 
resected PC specimens was associated with a favorable 
response to gemcitabine‑based adjuvant therapy and improved 
survival only in patients with low mRNA levels of CDA, 
indicating that the effect of hENT1 may be at least partly 
dependent on the level of CDA (51).

As aforementioned, circRNAs in serum are stable due to 
their circular structure (15) and this has resulted in increased 
attention for their potential as liquid biomarkers  (16‑18). 
Wang et al (17) reported that higher levels of serum circSETDB1 
had a shorter PFS in patients with serous ovarian cancer who 
were treated with platinum‑taxane‑combined chemotherapy. 
When assessing the potential of serum circRNAs as liquid 
biomarkers, the origin of relevant circRNAs should be taken 
into consideration as the expression of circRNAs in normal 
tissues has not yet been fully examined. As circ72309 expres‑
sion in the cell culture supernatant of gemcitabine‑resistant 
cell lines (such as cells with low circ72309 expression) was 
lower than that of parental cells and a significant decrease in 
circ72309 levels was observed after resection of the primary 
tumor from patients with PC in the present study, it could 
be speculated that the primary tumor was the predominant 
source of serum circ72309. Therefore, serum circ72309 levels 
may serve as a liquid biomarker representing a phenotype of 
primary tumor regarding gemcitabine sensitivity modulated by 
circ72309 levels in patients with PC. The present study revealed 
that among patients with PC treated with a gemcitabine‑based 
neoadjuvant chemotherapy, those with high serum circ72309 

Table I. Patient characteristics.

	 All cases,	 High circ72309	 Low circ72309
Parameter	 n=30	 group, n=15	 group, n=15	 P‑value

Age, yearsc	 73 (50‑84)	 73 (50‑82)	 72 (55‑84)	 0.781
Sex, n (%)				    0.026a

  Male	 16 (53%)	 5 (33%)	 11 (73%)	
  Female	 14 (47%)	 10 (67%)	 4 (27%)	
Tumor location, n (%)				    0.063
  Ph	 13 (43%)	 4 (27%)	 9 (60%)	
  Pb‑t	 17 (57%)	 11 (73%)	 6 (40%)	
Pre‑treatment CA19‑9 level, U/mlc	 53.3 (0.3‑2,729)	 19.3 (0.3‑693)	 204 (15.6‑2,729)	 0.007b

Elevated CA19‑9 before treatment, n (%)	 18 (60%)	 6 (40%)	 12 (80%)	 0.023a

Preoperative CA19‑9 level, U/mlc	 21.6 (0.3‑767)	 11.5 (0.3‑357)	 63.5 (9.3‑767)	 0.002b

Pre‑treatment DUPAN2, U/mlc	 31 (25‑680)	 26 (25‑680)	 61 (25‑670)	 0.534
Preoperative DUPAN2, U/mlc	 56 (25‑430)	 55 (25‑270)	 61 (25‑430)	 0.715
Pre‑treatment tumor size, mmc	 20 (0‑51)	 16 (0‑30)	 20 (10‑51)	 0.084
Preoperative tumor size, mmc	 15 (0‑50)	 11 (0‑26)	 20 (10‑50)	 0.006b

Resected cases, %	 27 (90%)	 15 (100%)	 12 (80%)	 0.039a

RECIST classification, PD/SD/PR, n	 5/18/7	 0/10/5	 5/8/2	 0.016a

aP<0.05, bP<0.01. cMedian (min‑max). CA19‑9, carbohydrate antigen 19‑9; DUPAN2, duke pancreatic monoclonal antigen type 2; PD, 
progressive disease; SD, stable disease; PR, partial response; Ph, pancreatic head; Pb‑t, pancreatic body to tail; RECIST, Response Evaluation 
Criteria in Solid Tumors.

https://www.spandidos-publications.com/10.3892/ijo.2026.5849
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levels experienced improved therapeutic efficacy than those 
with low circ72309 levels and that high serum circ72309 
levels were an independent predictor of a favorable PFS. These 
observations indicated that serum circ72309 levels may be 
used to predict the therapeutic efficacy of gemcitabine‑based 
neoadjuvant chemotherapy in PC and may be useful for 
therapeutic selection strategies. The results of the in vitro 
experiments further supported this concept, revealing the 
detailed molecular mechanisms of circ72309 in modulating 
gemcitabine sensitivity in PC cell lines. Beyond the mecha‑
nistic insights, the therapeutic translation of circ72309 may 
benefit from emerging delivery technologies. Recent work has 
emphasized the role of virus‑like particles (VLPs) as protec‑
tive and programmable scaffolds for circRNA delivery, which 
enhance stability, cellular entry and tissue‑targeting poten‑
tial (52). Considering that circ72309 overexpression improved 
gemcitabine sensitivity by modulating both CDA and hENT1 
in resistant cell lines, it is conceivable that VLP‑mediated 
administration of circ72309 may serve as a novel approach 
for overcoming gemcitabine resistance in PC. As chemore‑
sistance represents a major clinical challenge across multiple 
tumor types, the findings of the present study may also 
have broader implications. A recent review highlighted that 
several molecular determinants of chemoresistance are shared 
across different cancer types (53). While the present study 

focused only on PC, it would be of interest to explore whether 
circ72309 similarly contributes to chemoresistance in other 
types of cancer. Given that the mechanisms identified here 
involve key regulators of gemcitabine metabolism, including 
CDA and hENT1, which are also implicated in the response to 
nucleoside analogs across various types of cancer, circ72309 
may also play a role in overcoming gemcitabine resistance in 
other tumor types treated with gemcitabine. Such investiga‑
tions may further expand the translational relevance of the 
findings of the present study and inform the development of 
novel therapeutic strategies.

The present study had several limitations. First, the in vitro 
analyses were performed only in gemcitabine‑resistant cell 
lines derived from MIAPaCa‑2 cells and validation in other 
PC models is required. Second, the clinical analysis included a 
relatively small number of patients, which may limit the gener‑
alizability of the results. Third, although serum circ72309 
levels were associated with therapeutic response and prog‑
nosis, a clinically applicable cut‑off value in this cohort was 
not determined. Further investigation is required to ascertain 
the feasibility of using serum circ72309 levels as a liquid 
biomarker for the selection of a potentially effective treatment 
plan based on the pre‑treatment serum levels.

In conclusion, circ72309 inf luences multiple steps 
in the intracellular gemcitabine metabolic pathway and 

Table II. Prognostic factors associated with progression‑free survival.

	 Univariate analysis	 Multivariate analysis
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Factor	 n	 HR (95% CI)	 P‑value	 HR (95% CI)	 P‑value

Age, years 					   
  >65	 23	 1.83 (0.40‑8.3)	 0.403	 3.96 (0.44‑35.8)	 0.220
  ≤65	 7	 Reference			 
Sex					   
  Male	 16	 2.1 (0.64‑6.8)	 0.203	 0.24 (0.03-2.15)	 0.202
  Female	 14	 Reference			 
Tumor location					   
  Ph	 13	 1.97 (0.66‑5.9)	 0.225	 1.27 (0.29‑5.5)	 0.753
  Pb‑t	 17	 Reference			 
Pre‑treatment CA19‑9 level, U/ml					   
  >37 	 12	 2.27 (0.76‑10.1)	 0.098	 4.23 (0.26‑68)	 0.308
  ≤37 	 18	 Reference			 
Pre‑treatment DUPAN2, U/ml					   
  >25	 15	 1.55 (0.40‑6.0)	 0.519	 0.80 (0.12‑5.2)	 0.810
  ≤25	 15	 Reference			 
Pre‑treatment tumor size, mm					   
  >20	 11	 1.30 (0.43‑3.9)	 0.638	 1.27 (0.29‑5.5)	 0.753
  ≤20	 19	 Reference			 
Pre‑treatment circ72309 level					   
  Low	 15	 3.64 (1.0‑13)	 0.0340	 5.50 (1.2‑31)	 0.042a

  High	 15	 Reference			 

aP<0.05. CA19‑9, carbohydrate antigen 19‑9; DUPAN2, duke pancreatic monoclonal antigen type 2; HR, hazard ratio; CI, confidence interval; 
Ph, pancreatic head; Pb‑t, pancreatic body to tail.
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induces significant increases in gemcitabine sensitivity in 
gemcitabine‑resistant PC cell lines, indicating that circRNAs 
are a promising epigenetic target in modulating cellular biology 
(Fig. S6). Furthermore, serum circ72309 levels may poten‑
tially serve as a liquid biomarker for predicting gemcitabine 
sensitivity in PC and may serve as a valuable tool for selecting 
optimal therapeutic agents and facilitating personalized 
strategy in neoadjuvant treatment for patients with PC.
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