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Abstract
Background A grim prognosis of pancreatic cancer (PCa) was attributed to the difficulty in early diagnosis of the disease.
Aims Identifying novel biomarkers for early detection of PCa is thus urgent to improve the overall survival rates of patients.
Methods The study was performed firstly by identification of candidate microRNAs (miRNAs) in formalin-fixed, paraffin-
embedded tissues using microarray profiles, and followed by validation in a serum-based cohort study to assess clinical 
utility of the candidates. In the cohorts, a total of 1273 participants from four centers were retrospectively recruited as two 
cohorts including training and validation cohort. The collected serum specimens were analyzed by real-time polymerase 
chain reaction.
Results We identified 27 miRNAs expressed differentially in PCa tissues as compared to the benign. Of which, the top-four 
was selected as a panel whose diagnostic efficacy was fully assessed in the serum specimens. The panel exhibited superior 
to CA19-9, CA125, CEA and CA242 in discriminating patients with early stage PCa from healthy controls or non-PCa 
including chronic pancreatitis as well as pancreatic cystic neoplasms, with the area under the curves (AUC) of 0.971 (95% 
CI 0.956–0.987) and 0.924 (95% CI 0.899–0.949), respectively. Moreover, the panel eliminated interference from other 
digestive tumors with a specificity of 90.2%.
Conclusions A panel of four serum miRNAs was developed showing remarkably discriminative ability of early stage PCa 
from either healthy controls or other pancreatic diseases, suggesting it may be developed as a novel, noninvasive approach 
for early screening of PCa in clinic.
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Introduction

Pancreatic adenocarcinoma is the fourth leading cause of 
cancer-related mortality, and it is projected to become the 
second leading cause of cancer death by 2030 [1]. Pan-
creatic cancer (PCa) is characterized by extremely poor 
outcomes, with the 5-year relative survival rate of approxi-
mately 10% [2]. This low cancer survival rate is attribut-
able to the difficulty in early diagnosis. Because of the lack 
of typical symptoms, more than two-thirds of patients with 
PCa are diagnosed with either regional or distant metasta-
sis [3]. Early detection is a critical strategy for improving 
the overall survival of patients with PCa.

Unfortunately, current clinical diagnostic approaches 
for PCa are ineffective owing to their low sensitivity and/
or specificity. Clinical diagnostic methods include imag-
ing techniques and blood-based biomarkers. Imaging 
modalities, such as multidetector computed tomography, 
magnetic resonance imaging, and endoscopic ultrasonog-
raphy with fine-needle aspiration, were limited by their 
disadvantages [4]. Carbohydrate antigen 19-9 (CA19-9), 
carbohydrate antigen 242 (CA242), carbohydrate antigen 
125 (CA125), and carcinoembryonic antigen (CEA) are 
the common blood-based biomarkers for the clinical diag-
nosis of PCa [5]. However, the accuracy of these biomark-
ers is not strong because of their non-specific aberration 
in cancers other than PCa [6]. Though CA19-9 is the best-
validated biomarker with a sensitivity of approximately 
80%, it is limited by false-positive results in patients with 
inflammation and non-PCa lesions and false-negative 
results in Lewis-negative individuals.

In recent years, liquid biopsy based on biomarkers includ-
ing circulating tumor cells, circulating tumor DNA, micro-
RNAs (miRNAs), and exosomes in blood has proven to be 
a invasive and effective approach for the detection of cancer 
in its early stages [7]. Notably, prior research found that 
miRNAs-based biomarkers have been used for the diagnosis 
of patients with PCa. MiRNAs are small non-coding RNAs 
composed of 17–25 nucleotides, which are relative stable in 
blood and play important roles in various cancer-associated 
biological processes. For example, miR-132 was reported 
to function as a oncogene in pancreatic ductal adenocarci-
noma (PDAC), a main subtype accounting for 90% of all 
subjects with PCa and promote the proliferation, invasion 
and migration of human pancreatic carcinoma cells [8, 9]. 
High expression of miR-30 family promoted migration and 
invasion of PCa stem cells [10, 11]. MiR-24 was shown to 
promote tumor growth and angiogenesis by suppressing Bim 
expression in vivo [12]. These miRNAs were included in the 
panel by identification in our work.

In this study, we identified a panel of four elevated 
serum miRNAs and assessed the clinical utility of the 
panel as noninvasive biomarker for the detection of early 
stage PCa in subjects from multiple centers.

Materials and Methods

Study Design and Participants

This study included a biomarker discovery stage in formalin-
fixed, paraffin-embedded (FFPE) tissues, as well as clinical 
training and validation cohorts in retrospectively collected 
serum specimens. The cohort study was conducted accord-
ing to the Technical Guidelines for Clinical Trials of In Vitro 
Diagnostic Reagents and the Administrative Measures for 
Registration and Filing of In Vitro Diagnostic Reagents.

For the biomarker discovery stage, miRNA arrays was per-
formed to identify miRNA candidates, which were approved 
by the institutional review board (IRB) of both institutions 
(IRB#08-15183; IRB#10-15627). 300 FFPE tissues from the 
University of Nebraska Medical Center and Creighton Uni-
versity Medical Center, were grouped into normal (benign), 
early stage [pancreatic intraepithelial neoplasia (PanIN) I/II/
III to TNM stage IIA], and advanced-stage (> IIA) groups. 
Each group contained 100 tissue cores with ≥ 95% statistical 
power. Then, RT-PCR assays were performed to verify the 
levels of candidate miRNAs in FFPE tissues.

In the training and validation cohorts, dual-channel RT-
PCR was performed in 1273 specimens enrolled from four 
medical centers, including Peking Medical Union College 
Hospital affiliated to the Chinese Medical Academy of 
Sciences, Liaoning Cancer Hospital & Institute, Shanghai 
Renji Hospital affiliated to Shanghai Jiaotong University, 
and Xiangya Hospital affiliated to Central South Univer-
sity between 2011 and 2021 who met the inclusion criteria 
(Supplementary Material 1). Subjects in both cohorts were 
classified into four groups: healthy control (HC), PDAC, 
chronic pancreatitis (CP), and pancreatic cystic neoplasms 
(PCN). In the PDAC group, all the tumors were histologi-
cally proven adenocarcinomas. All the cysts included in 
the PCN group were surgically confirmed not cancerous. 
Subjects were randomly allocated into two cohorts (train-
ing cohort, n = 635; validation cohort, n = 638). The cohort 
study was approved by the local ethics committees of Dalian 
University of Technology.

Externally, the discriminative model was further validated 
using a set of 51 non-PCa digestive tumors, including 29 
colorectal, 7 hepatic, 6 esophageal, and 9 gastric carcinomas, 
respectively, to assess the tumor specification of the panel.
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Microarray Expression Profiling of MiRNAs in FFPE 
Tissues

miRNAs were extracted from selected FFPE tissues using 
the mirVana™ miRNA isolation kit (Ambion, USA) accord-
ing to the manufacturer’s protocol. miRNA microarray pro-
filing was performed using Affymetrix GeneChip miRNA 
arrays (Affymetrix, Santa Clara, CA, USA) according to 
the manufacturer’s protocol. RNA was labeled by the addi-
tion of polyA polymerase using the Genisphere FlashTag 
HSR kit (Genisphere, Hatfield, PA, USA) following the 
manufacturer’s instructions. Labeled RNA was hybridized 
to the Affymetrix miRNA array 1.0. Chips were washed and 
stained in Fluidic Station 450 (Affymetrix, USA). Each chip 
was scanned using the GeneChip Scanner 300 7G system 
(Affymetrix, USA) to control the image scanning.

Serum RNA Isolation

Serum samples were assayed in a blinded manner. Total 
RNA was extracted from 0.25-mL serum samples using 
RNAiso Blood (Takara, Japan) according to the manufac-
turer’s instruction. Briefly, RNAiso Blood reagent (threefold 
more than the sample volume) was added to each serum 
sample, which was then lysed thoroughly via violent vor-
texes. Next, chloroform and isopropyl alcohol were used to 
precipitate RNA. The obtained RNA precipitate was then 
washed with 75% ethanol. Finally, RNA was quantified 
using a NanoDrop spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA).

Dual‑Channel RT‑PCR

The serum levels of miRNAs and endogenous U6 as an 
internal control were detected by dual-channel RT-PCR. 
RNA was transcribed into cDNA using miRNA-specific 
stem-loop primers and a PrimeScript™ RT reagent kit 
with gDNA Eraser (Perfect Real Time) (Takara, Japan) in 
a scaled-down (10 μL) reverse transcription reaction. Each 
reaction contained primers for both the internal control and 
one miRNA. RT-PCR was performed using Probe qPCR 
Mix (Takara, Japan) and pre-designed miRNA-specific 
probes and primers. To collect the signals of both the target 
miRNA and U6 simultaneously, miRNAs and U6 probes 
were labeled with different fluorophores. Each reaction 
was prepared in triplicates and performed on the LightCy-
cler 480 II System (Roche, Switzerland) through 45-cycle 
amplification.

Statistical Analysis

To screen the miRNA candidates from the discovery cohort, 
differential miRNA expression analysis was performed using 

the limma package in R software, version 4.1.1. The miRNA 
levels detected by microarray were first  log2-transformed. 
MiRNA levels detected by RT-PCR were represented as the 
delta cycle threshold (Ct) value, which was the relative Ct 
value of each miRNA normalized to that of U6. Lower delta 
Ct values indicate higher miRNA expression. For continuous 
variables, data were expressed as the mean ± standard devia-
tion (SD) and compared using Student’s t-test or one-way or 
two-way ANOVA performed in GraphPad Prism software, 
version 9.0. For categorical variables, the Chi-squared test 
was used to compare differences between two groups. Mul-
tiple linear regression was used to construct disease discrim-
ination models using R software, version 4.1.1. Receiver 
operating characteristic (ROC) curves were used to evaluate 
the performance of these models. In addition, both univari-
ate and multivariate logistic regression analyses were used 
to evaluate the relevant risk factors for PCa. Unless stated 
otherwise, p < 0.05 was considered statistically significant.

Results

Demographic Characteristics of Participants

In total, 1273 subjects from multiple centers were recruited 
into the serum cohort study, including 571, 90, 217, and 
395 subjects in the PDAC, CP, PCN (45 patients with solid 
pseudopapillary neoplasm, SPN; 10 patients with serous 
cystic neoplasm, SCN; 62 patients with intraductal papillary 
mucinous neoplasm mucinous cystic neoplasm, IPMN; 50 
patients with mucinous cystic neoplasm, MCN; 37 patients 
with pancreatic neuroendocrine tumor and 13 patients with 
pancreatic mass lesions), and HC groups, respectively. No 
significant differences in age, sex, body mass index (BMI), 
smoking history, drinking history, family history of cancer, 
and history of diabetes were found between the two cohorts. 
The demographic and clinicopathological characteristics of 
all subjects are presented in Table 1.

Identification of the Candidate miRNAs

In the discovery stage, we employed a microarray expression 
profiling approach to identify a clinically relevant miRNA 
panel for the early detection of patients with PCa. Using the 
criteria of absolute  log2(fold change) > 1 and FDR (Benja-
mini–Hochberg-adjusted p) < 0.05, we identified 53 and 43 
miRNAs with significantly different levels in patients with 
early stage (PanIN to TNM stage IIA) and advanced-stage 
PCa (TNM stage > IIA), respectively, compared with those 
in benign controls (Fig. 1a, b). Of these, 27 miRNAs were 
consistently up-regulated or down-regulated in both com-
parisons (Fig. 1c, Supplementary Figure S1). The follow-
ing criteria were used for prioritizing candidate miRNAs: 



1266 Digestive Diseases and Sciences (2024) 69:1263–1273

absolute  log2(fold change) > 4 and FDR < 0.05. By this cri-
teria, four miRNAs (hsa-miR-132-3p, hsa-miR-30c-5p, hsa-
miR-24-3p, and hsa-miR-23a-3p) were selected as candidate 
biomarkers to be further verified.

Validation of the Candidate miRNAs

These candidates were subsequently verified by RT-PCR 
analysis in FFPE tissues, and they were consistently up-
regulated in patients with PCa (p < 0.0001; Fig. 2a). Further, 
to confirm whether these four miRNAs can serve as nonin-
vasive markers, we detected their endogenous serum levels 
by dual-channel RT-PCR in 1273 subjects and observed 
significantly higher (p < 0.0001) levels in patients with CP 
and other pancreatic diseases including PDAC than in HC 
(Fig. 2b). However, hsa-miR-23a-3p levels did not differ 
between patients with CP and HC (p = 0.22). Subjects with 
PCa were staged according to TNM staging via histopathol-
ogy. Especially, the four miRNA exhibited the significant 
over-expression in patients with PDAC at both early stage 
(TNM stage <  = IIA) and advanced stage (TNM stage > IIA) 
compared to non-PDAC subjects (including HC as well as 

subjects with CP and PCN), which indicated the potential 
of these four miRNAs as noninvasive biomarkers for early 
detection of PCa (p < 0.0001; Fig. 2c).

Diagnostic Ability of the MiRNA Panel 
in the Detection of Early‑Stage PCa

The detection of early-stage PCa is challenging in clinical 
practice. To best evaluate the performance of the miRNAs 
as panel in detecting subjects with early-stage PCa, a multi-
ple linear regression model was constructed in the training 
cohort and validated in the validation cohort. Firstly, the 
miRNA panel in distinguishing patients with PDAC at dif-
ferent stage was evaluated. Compared with HC, the miRNA 
panel demonstrated an excellent diagnostic performance in 
patients with PCa with the area under the curves (AUC) val-
ues of 0.978, 0.968, 0.968 and 0.974 in the training cohort 
and 0.929, 0.925, 0.908 and 0.876 in the validation cohort 
for stage I, II, III, and IV, respectively (Supplementary Fig-
ure S2, Supplementary Table S1).

Notably, subjects with early-stage PCa were also inves-
tigated. Compared with HC, the sensitivity, specificity, and 

Table 1  Baseline characteristics of the participants by subgroup

Data are presented as the mean (SD) or n (%), unless otherwise stated. Data on race or ethnicity were not collected
a Current and former smoking history was considered as ever
b  Drinking at least once a month or for more than half a year was considered as ever. The total proportion of some items is not 100% because of 
missing data.
BMI was calculated by dividing a person’s weight by the square of their height, HC healthy controls, CP chronic pancreatitis, PDAC pancreatic 
ductal adenocarcinoma, PCN pancreatic cystic neoplasms.

Variables Training cohort (n = 635) Validation cohort (n = 638) p value

PDAC 
(n = 285)

CP (n = 45) HC (n = 197) PCN 
(n = 108)

PDAC 
(n = 286)

CP (n = 45) HC (n = 198) PCN 
(n = 109)

Sex
 Men 158 (55.4%) 20 (44.4%) 112 (56.9%) 44 (40.7%) 162 (56.6%) 28 (62.2%) 108 (54.5%) 35 (32.1%) 0.48
 Women 127 (44.6%) 25 (55.6%) 85 (43.1%) 64 (59.3%) 124 (43.4%) 17 (37.8%) 90 (45.5%) 74 (67.9%) 0.51
 Age (years) 62 (11.2) 55 (11.1) 46 (14.1) 53 (16.8) 60 (11.6) 55 (11.6) 45 (13.7) 53 (16.3) 0.84
 BMI (kg/

m2)
23.3 (3.7) 21.7 (3.2) 22.8 (3.3) 23.0 (4.2) 23.3 (3.2) 22.8 (4.1) 22.7 (3.6) 22.9 (3.4) 0.55

Smoking  historya

 Never 203 (71.2%) 28 (62.2%) 126 (64.0%) 74 (68.5%) 184 (64.3%) 20 (44.4%) 115 (58.1%) 79 (72.4%) 0.65
 Ever 82 (28.8%) 15 (33.3%) 55 (27.9%) 19 (17.6%) 102 (35.7%) 24 (53.4%) 60 (30.3%) 15 (13.8%) 0.47

Drinking  historyb

 Never 210 (73.7%) 27 (60.0%) 114 (57.9%) 81 (75.0%) 187 (65.4%) 23 (51.1%) 105 (53.0%) 81 (74.3%) 0.93
 Ever 75 (26.3%) 16 (35.5%) 41 (20.8%) 12 (11.1%) 99 (34.6%) 21 (46.7%) 42 (21.2%) 13 (11.9%) 0.79

Family history of cancer
 Never 238 (83.5%) 33 (73.3%) 183 (92.9%) 86 (79.6%) 217 (75.9%) 31 (68.9%) 178 (89.9%) 82(75.2%) 0.97
 Ever 47 (16.5%) 10 (22.2%) 14 (7.1%) 6 (5.6%) 69 (24.1%) 11 (24.4%) 20 (10.1%) 10 (9.2%) 0.93

History of diabetes
 Never 221 (77.5%) 37 (82.2%) 197 (100.0%) 81 (75.0%) 226 (79.0%) 35 (77.8%) 198 (100.0%) 81 (74.3%) 0.99
 Ever 64 (22.5%) 6 (13.3%) 0 (0%) 12 (11.1%) 60 (21.0%) 9 (20.0%) 0 (0%) 13 (11.9%) 0.68
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accuracy of the miRNA panel in the detection of early-
stage PCa were 92.9% (95% CI 88.2%–97.6%), 92.9% (95% 
CI 89.3%–96.5%), and 92.9% (95% CI 92.9%–92.9%), 
respectively, in the training cohort and 94.2% (95% CI 
89.7%–98.7%), 92.4% (95% CI 88.7%–96.1%), and 93.0% 
(95% CI 93.0%–93.1%), respectively, in the validation 
cohort (Fig. 3a, Table 2).

The discriminative ability of the miRNA panel for 
subjects with early stage PCa versus non-PDAC subjects 
was also evaluated. The sensitivity, specificity, and accu-
racy were 93.8% (95% CI 89.4%–98.2%), 75.7% (95% 
CI 71.2%–80.2%), and 80.1% (95% CI 80.1%–80.2%), 
respectively, in the training cohort and 95.1% (95% CI 
91.0%–99.3%), 77.0% (95% CI 72.6%–81.4%), and 81.1% 
(95% CI 81.0%–81.2%), respectively, in the validation 
cohort (Fig. 3b, Table 2).

The sensitivity, specificity, and accuracy of the miRNA 
panel in discriminating subjects with early-stage PCa from 
subjects with CP were 81.4% (95% CI 74.2%–88.6%), 86.7% 
(95% CI 76.7%–96.6%), and 82.9% (95% CI 82.7%–83.1%), 
respectively, in the training cohort and 80.6% (95% CI 
72.9%–88.2%), 82.2% (95% CI 71.1%–93.4%), and 81.1% 
(95% CI 80.9%–81.3%), respectively, in the validation 
cohort (Fig. 3c, Table 2).

To further demonstrate the performance of the miRNA 
panel in the detection of early-stage PDAC, the panel was 
compared with four biomarkers used routinely in clinical 
practice, namely CA125, CA19-9, CA242, and CEA, using 
the same serum specimens. The results demonstrated that 
the performance of the four-miRNA panel was substantially 
better overall than that of the biomarkers routinely used in 
discriminating subjects with early-stage PDAC from non-
PDAC subjects, subjects with CP, or HC (Fig. 3, Supple-
mentary Table S2 and S3).

Performance of the MiRNA Panel in Discriminating 
Early‑Stage PCa from PCN Subtypes

Patients harboring a cystic lesion are more likely to develop 
cancer [13]. PCN is generally classified into SPT, SCN, 
MCN, and IPMN subtypes [14]. Patients with these subtypes 
were enrolled in this study. The discriminative ability of the 
miRNA panel for subjects with early stage PCa versus those 
with PCN subtypes was assessed.

The sensitivity, specificity, and accuracy of the panel in 
distinguishing patients with early stage PDAC from patients 
with PCN were 85.8% (95% CI 79.4%–92.3%), 67.7% (95% 
CI 58.5%–76.9%) and 77.4% (95% CI 77.2%–77.5%), 

Fig. 1  Identification of the miRNA panel for PCa diagnosis. The two-
dimensional plot of miRNAs identified by microarray profiling in 
PCa tissues at early (PanIN to TNM stage IIA), a or advanced stages 
(> IIA), (b) compared with benign controls. miRNAs were selected 
using the criteria of absolute log2(fold change) > 1 (vertical dashed 

line) and FDR (Benjamini–Hochberg-adjusted p value) < 0.05 (hori-
zontal dashed line). c Heat map of differentially expressed miRNAs 
in PCa tissues in both early (PanIN to TNM stage IIA) and advanced 
stages (> IIA) compared with benign controls
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respectively, in the training cohort and 90.3% (95% CI 
84.6%–96.0%), 69.0% (95% CI 59.9%–78.1%), and 79.8% 
(95% CI 79.6%–80.0%), respectively, in the validation 
cohort (Fig. 4a, Supplementary Table S4). Collectively, 
these findings supported the potential of the miRNA panel 
to discriminate patients with early stage PDAC from those 
with high-risk PCa.

The ability of the miRNA panel to discriminate patients 
with PCN from patients with CP or HC was also explored 
(Fig. 4b and c). Interestingly, the panel had AUCs of 0.841 
(95% CI 0.792–0.889) and 0.771 (95% CI 0.702–0.841) in dis-
criminating individuals with PCN from HC in the training and 
validation cohorts, respectively (Fig. 4b). However, it failed to 
classify subjects with PCN from those with CP (AUC, 0.681 
and 0.587) by the miRNA panel (Fig. 4c).

Fig. 2  Validation of the candidate miRNAs in tissues and serum 
specimens. a RT-PCR analysis of candidate miRNAs in benign, 
early-stage, and advanced-stage tissues. Each group was duplicated 
with nine samples. The column and bar represent the mean ± SD. 
Statistical significance was analyzed by one-way ANOVA. 
****p < 0.001. b Comparison of the serum levels of four miRNAs 
between subjects with chronic pancreatitis (CP, n = 90), pancreatic 
cystic neoplasms (PCN, n = 217), pancreatic ductal adenocarcinoma 
(PDAC, n = 571) and healthy controls (HC, n = 395). c Comparison 

of the serum levels of four miRNAs between non-PDAC subjects 
(including HC, individuals with CP and PCN), patients with early 
stage PDAC (TNM stage ≤ IIA), and patients with advanced PDAC 
(TNM stage > IIA). The median is the line in the middle of the box, 
and the 25th and 75th percentiles are the lower and upper parts, 
respectively, of the box. The bars above and below the box represents 
the maximum and minimum values, respectively. The points above 
and below the bar are outliers. Statistical significance was analyzed 
using an unpaired t-test. ****p < 0.0001
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Fig. 3  ROC of the miRNA panel in the detection of early stage PCa. 
Receiver operating characteristic (ROC) curves of the miRNA panel 
and common biomarkers in distinguishing patients with early-stage 
pancreatic ductal adenocarcinoma (PDAC, TNM stage ≤ IIA) from 

healthy controls (HC) (a), non-PDAC subjects (healthy controls and 
individuals with chronic pancreatitis and pancreatic cystic neoplasms) 
(b), and patients with chronic pancreatitis (CP) (c) in the training and 
validation cohorts

Table 2  Performance of the miRNA panel in discriminating patients with early stage PDAC from non-PDAC subjects (CP/HC)

Cohorts Scenario Sensitivity 
(95% CI)

Specificity 
(95% CI)

Accuracy 
(95% CI)

AUC (95% 
CI)

True posi-
tive

True nega-
tive

False posi-
tive

False 
negative

Training 
cohort

Early-stage 
PDAC vs 
non-PDAC

93.8% 
(89.4%–
98.2%)

75.7% 
(71.2%–
80.2%)

80.1% 
(80.1%–
80.2%)

0.924 (0.899–
0.949)

81 310 40 32

Early-stage 
PDAC vs 
CP

81.4% 
(74.2%–
88.6%)

86.7% 
(76.7%–
96.6%)

82.9% 
(82.7%–
83.1%)

0.905 (0.853–
0.956)

92 39 6 21

Early-stage 
PDAC vs 
HC

92.9% 
(88.2%–
97.6%)

92.9% 
(89.3%–
96.5%)

92.9% 
(92.9%–
92.9%)

0.971 (0.956–
0.987)

105 183 14 8

Validation 
cohort

Early-stage 
PDAC vs 
non-PDAC

95.1% 
(91.0%–
99.3%)

77.0% 
(72.6%–
81.4%)

81.1% 
(81.0%–
81.2%)

0.861 (0.818–
0.903)

98 271 81 5

Early-stage 
PDAC vs 
CP

80.6% 
(72.9%–
88.2%)

82.2% 
(71.1%–
93.4%)

81.1% 
(80.9%–
81.3%)

0.814 (0.720–
0.908)

83 37 8 20

Early-stage 
PDAC vs 
HC

94.2% 
(89.7%–
98.7%)

92.4% 
(88.7%–
96.1%)

93.0% 
(93.0%–
93.1%)

0.933 (0.892–
0.974)

97 183 15 6
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Specificity of the MiRNA Panel in Discriminating PCa 
from Other Digestive Tumors

Biomarkers commonly used in clinic usually fail to dis-
tinguish different types of malignant tumors, especially 
digestive tumors, such as liver, gastric, esophageal, and 
colorectal cancers. To evaluate the ability of the miRNA 
panel to discriminate PCa from other digestive tumors, 
we recruited 29, 7, 6, and 9 patients with colorectal car-
cinoma, hepatic carcinoma, esophageal carcinoma, and 
gastric carcinoma, respectively. Of these, 46 tumors 
were predicted to be non-PCa using the discrimination 
model of PDAC versus non-PDAC, and the specificity 
was 90.2% (Table 3). These data highlight the ability of 
the miRNA panel to eliminate the interference of other 
digestive tract tumors.

Fig. 4  ROC of the miRNA panel in the detection of PCN. Receiver 
operating characteristic (ROC) curves of the miRNA panel in distin-
guishing patients with pancreatic cystic neoplasms (PCN) from those 

with early stage pancreatic ductal adenocarcinoma (PDAC, TNM 
stages ≤ IIA) (a), healthy controls (HC) (b), and patients with chronic 
pancreatitis (CP) (c) in the training and validation cohorts

Table 3  The specificity of the miRNA panel-based discrimination 
model for detecting other digestive tract tumors

NA not applicable

Diseases Subjects 
recruited

Subjects 
tested posi-
tive

Subjects 
tested nega-
tive

Specificity

Colorectal carci-
noma

29 4 25 NA

Hepatic carcinoma 7 1 6 NA
Esophageal carci-

noma
6 0 6 NA

Gastric carcinoma 9 0 9 NA
Total 51 5 46 90.2%
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Discussion

In this study, a panel of four serum miRNAs was identified 
and validated to distinguish PCa, especially at its early 
stages, from HC and individuals with CP or other pancre-
atic diseases with high sensitivity and specificity. These 
findings highlight the potential of circulating miRNAs as 
noninvasive biomarkers for the early detection of PCa.

Several studies identified circulating miRNAs as bio-
markers for distinguishing patients with PDAC from 
healthy subjects [15–18]. However, they failed to vali-
date the detection ability of biomarkers in distinguish 
early stage PCa from interfering diseases and high-risk 
groups, which is an important benchmark to assess the 
diagnostic ability of biomarkers. Moreover, these single-
center studies did not account for regional variations. For 
example, elevated serum miR-1290 was reported early to 
distinguish patients with low-stage PCa from healthy and 
disease controls [18]. However, its clinical utility was lim-
ited as the sample size in the study was small (n = 133), 
and the single-target biomarker was not tumor-specific in 
PCa. It was also reported that miR-1290 may be a potential 
biomarker of high-grade serous ovarian carcinoma [19]. 
Therefore, a biomarker study should be with a large sam-
ple size, high-throughput screening, and validation with 
diverse groups including other pancreatic diseases and 
other cancers besides PCa.

Similar to previous reports, this study also demon-
strated that a panel of multiple markers is usually superior 
to a single marker. We compared the performance of the 
four miRNAs individually and in combination (Supple-
mentary Figure S3). Individually, hsa-miR-30c-5p had the 
best performance in all three comparison sets. The combi-
nation of hsa-miR-30c-5p and hsa-miR-23a-3p displayed 
superior ability in distinguishing patients with early stage 
PDAC from those with CP. These findings highlight the 
advantages of using multiple miRNAs in combination.

This study had several strengths. First, this biomarker 
study began with a high-throughput screening for differ-
ential miRNAs in early stage PCa tissues compared with 
benign controls. Second, we enrolled a large number of 
participants from multiple centers in different regions of 
the country to obtain results that were as representative as 
possible. In addition, to fully demonstrate the performance 
of the miRNA panel, we included both healthy individu-
als and patients with multiple high-risk diseases, including 
CP and PCN, as controls. We also attempted to distinguish 
pancreatic mucinous tumors from serous tumors given that 
mucinous tumors including IPMN and MCN are usually 
more malignant than the other subtypes of PCN. How-
ever, the performance of the miRNA panel was not ideal 
(AUC = 0.68, 95% CI 0.60–0.75; Supplementary Figure 

S4). Furthermore, we validated the discrimination model 
in a group of subjects with other digestive tumors, thereby 
highlighting the tumor-specific miRNA panel as biomarker.

Our findings also suggest the promise of the miRNA 
panel in the postoperative treatment of PCa. We tested an 
independent set including 10 pre-treated patients and 20 
patients who underwent surgery, radiotherapy, or chemo-
therapy for PCa. Of these, 19 patients after receiving treat-
ment were predicted to be PCa-negative, and the levels of 
all four miRNAs were significantly decreased after treatment 
(Supplementary Figure S5).

This study had a few limitations. This study analyzed 
associations of several risk factors, such as gender, age, 
smoking, drinking, obesity, a history of cancers, and diabe-
tes, with PCa by univariate and multivariate logistic regres-
sion analysis (Supplementary Table S5). Similar to previous 
reports [20], our results revealed that gender, age, drinking, 
BMI, a family history of cancer, and diabetes were signifi-
cantly associated with the risk of PCa (all p < 0.05). How-
ever, multivariate analysis illustrated that only age, a family 
history of cancer, and diabetes were independent risk factors 
for PCa while smoking, drinking, and BMI were not inde-
pendent risk factors for PCa. As a potential reason, smoking 
and drinking might be biased by sex. Via excluded variable 
analysis, we found that BMI was the intermediary variable 
of a history of cancers and diabetes, which resulted in the 
loss of significance of BMI in multivariate analysis. Fur-
thermore, this cohort study was retrospectively rather than 
prospectively designed. The diagnostic ability of the miRNA 
panel was needed to be further accessed in a prospective 
trial, which is underway by us.

In summary, our findings indicated that the four-miRNA 
panel could be a superior classifier for discriminating PCa 
from healthy individuals or those in other at-risk groups. The 
panel is likely to be an adjunctive method in clinical practice 
of early diagnosis of PCa.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10620- 024- 08338-4.
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