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Abstract

Differentiating between pancreatic ductal adenocarcinoma (PDAC) and cholangiocarcinoma (CCA) is crucial

for the appropriate course of treatment, especially with advancements in the role of neoadjuvant chemothera-

pies for PDAC, compared to CCA. Furthermore, benign pancreaticobiliary diseases can mimic malignant disease,

and indeterminate lesions may require repeated investigations to achieve a diagnosis. As bile flows in close proximity
to these lesions, we aimed to establish a bile-based microRNA (miRNA) signature to discriminate between malig-

nant and benign pancreaticobiliary diseases. We performed miRNA discovery by global profiling of 800 miRNAs

using the NanoString nCounter platform in prospectively collected bile samples from malignant (n=43) and benign
(n=14) pancreaticobiliary disease. Differentially expressed miRNAs were validated by RT-gPCR and further assessed

in an independent validation cohort of bile from malignant (n=37) and benign (n=38) pancreaticobiliary disease.
MiR-148a-3p was identified as a discriminatory marker that effectively distinguished malignant from benign pancrea-
ticobiliary disease in the discovery cohort (AUC=0.797 [95% Cl 0.68-0.92]), the validation cohort (AUC=0.772 [95% Cl
0.66-0.88]), and in the combined cohorts (AUC=0.752 [95% ClI 0.67-0.84]). We also established a two-miRNA signa-
ture (miR-125b-5p and miR-194-5p) that distinguished PDAC from CCA (validation: AUC=0.815 [95% Cl 0.67-0.96];
and combined cohorts: AUC=0.814 [95% Cl 0.70-0.93]). Our research stands as the largest, multicentric, global profil-
ing study of miRNAs in the bile from patients with pancreaticobiliary disease. We demonstrated their potential as clini-
cally useful diagnostic tools for the detection and differentiation of malignant pancreaticobiliary disease. These bile
miRNA biomarkers could be developed to complement current approaches for diagnosing pancreaticobiliary cancers.
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Expanding neoadjuvant chemotherapeutic strategies
now offer patients distinct treatment options prior to
surgery [1, 2]. This major shift in pre-operative care for
pancreatic ductal adenocarcinoma (PDAC) has brought
to light the longstanding and intricate problem con-
cerning the accurate diagnosis of lesions in the pan-
creatic head. Patients with malignant (MPD) or benign
(BPD) pancreaticobiliary disease often present a diag-
nostic challenge due to their presentation with similar
symptoms, such as obstructive jaundice, as a result of
a stricture in the common bile duct (CBD). Moreover,
pre-operative diagnostics, including cross-sectional
imaging and endoscopic ultrasound-guided fine nee-
dle biopsy, can establish a diagnosis in most patients,
but some lesions can remain indeterminate [3]. Novel
biomarkers are required to improve the diagnostic
accuracy, ultimately leading to a decrease in unneces-
sary major surgeries for benign conditions. The devel-
opment of reliable biomarkers that can act as adjuncts
to standard clinical tests and help diagnose, and
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distinguish pancreaticobiliary diseases could acceler-
ate treatment decisions and, more importantly, improve
survival rates.

Currently, the only biomarker that is used to study
recurrence and can support the diagnosis of PDAC is
serum CA19-9 [4]. However, benign biliary obstruction
with subsequent hyperbilirubinemia can also result in
elevated levels of CA19-9. In recent years, microRNAs
(miRNAs) have emerged as important players in tumori-
genesis in different cancers, including pancreaticobiliary
tumors [5]. They are a class of short RNAs that consist of
approximately 18-25 non-coding nucleotides. miRNAs
regulate gene expression at a post-transcriptional level,
affecting protein levels and, as such, form an integral
part of many biological processes. One notable feature
of miRNAs is their exceptional stability across different
bodily fluids like blood and bile, making them well-suited
for rapid analysis [5]. Additionally, they show specific
expression between tumor types, which is key in cancer
biomarker discovery. To date, few studies have demon-
strated the presence of miRNAs in bile [6].
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Bile is in close proximity, and often in direct contact
with pancreaticobiliary tumors and their microenvi-
ronment. Interestingly, bile composition is known to be
involved in the development of pancreaticobiliary can-
cers, for example, by reducing susceptibility to apoptosis
and promoting cell cycle progression [7]. It can be eas-
ily collected preoperatively during endoscopic retrograde
cholangiopancreatography (ERCP) or at percutaneous
transhepatic biliary drainage (PTBD) procedures for
biomarker assessment. Thus, bile-based miRNAs could
potentially complement the standard analysis of cytologi-
cal brushings taken at ERCP or PTBD.

In this study, we aimed to identify bile-based miRNA
signatures to discriminate malignant from benign pan-
creaticobiliary disease by global miRNA profiling of
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a large, prospective and multicentric cohort of bile
samples.

Prospective biobanking of bile samples

from benign and malignant pancreaticobiliary
disease

The study design is shown in Fig. 1A. The miRNA sig-
natures were established in 3 phases: biomarker dis-
covery, validation of differentially expressed miRNAs,
and then further assessment of candidate miRNAs
in a second independent cohort. Methods are further
described in Additional file 1. Bile samples were col-
lected during laparoscopic cholecystectomy or open
pancreatoduodenectomy (PD), and we obtained a dis-
covery (n=57), and validation cohort (n="75) (Fig. 1B).
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Fig. 1 AThe study design describes 3 phases of our study: discovery, validation and further validation. B Bile samples within the patient cohorts
specified by disease type (CCA, cholangiocarcinoma; AC, ampullary carcinoma; PDAC, pancreatic ductal adenocarcinoma; IPMC, PDAC originating
from intraductal papillary mucinous neoplasm; CP, chronic pancreatitis). C Bile samples were collected from laparoscopic cholecystectomy

and open pancreatoduodenectomy (PD) for microRNA profiling. D Venn diagrams describing differentially expressed microRNAs (miRNAs)

in the discovery cohort, when comparing BPD to MPD
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These cohorts were clinically well-annotated (Addi-
tional file 2: Table S1). The discovery cohort included:
cholelithiasis (n=14), chronic pancreatitis (CP; n=3),
PDAC (stage I/II, n=22, stage III/IV, n=5), cholan-
giocarcinoma (CCA; n=6), ampullary carcinoma (AC;
n=3) and intraductal papillary mucinous carcinoma
(IPMC; n=7). Most PDAC samples were from stage II
disease (n=22). Mean age was higher in patients with
MPD, which corresponds with the late presentation of
disease. The validation cohort included: cholelithiasis
(n=34), CP (n=4), PDAC (n=27), CCA (n=7) and AC
(n=3). The number of included samples of PDAC stage
I/II (n=15), was similar to PDAC stage III/IV (n=12).

Bile miR-148a-3p is able to discriminate benign
from malignant pancreaticobiliary disease

Using DEseq2 for the discovery cohort miRNA pro-
filing in BPD (n=14) and MPD (n=43), differential
miRNA expression analysis revealed several deregu-
lated bile miRNAs (FDR < 0.05) (Fig. 1D). MiR-181c was
identified as stable reference gene to normalize future
RT-qPCR data. When comparing BPD to MPD, one
miRNA (miR-148a-3p) was significantly upregulated
in malignant conditions (Fig. 1D). Using RT-qPCR, bile
miR-148a-3p was validated (Fig. 2A). Analysis of the
ROC curve demonstrated an AUC value of 0.753 (95%
CI 0.63-0.88) for miR-148a-3p for differentiating MPD
from BPD (Fig. 2B). Notably, miR-148a-3p expression
in IPMC resembled BPD more than MPD. Therefore,
a second ROC curve with AUC computation was per-
formed excluding IPMC, which led to an AUC of 0.797
(95% CI 0.68-0.92; Fig. 2B) for differentiating MPD
from BPD.

Bile miR-125b-5p and mir-194-5p were
significantly upregulated in PDAC compared

to CCA

Comparing bile miRNA expression levels between
PDAC and CCA (Additional file 3: Fig. S1), we identi-
fied 6 downregulated miRNAs (miR-15a5p, miR-15b-5p,
miR-16-5p, miR-25-3p, miR-93-5p and miR-451), and
4 upregulated miRNAs (miR-21-5p, miR-29b-5p, miR-
125b-5p and miR-194-5p; FDR <0.05). Even though miR-
21-5p did not meet our inclusion criteria, we selected it
for RT-qPCR, as it is a well-known oncomiR in PDAC
[8]. Bile miR-451a was validated as significantly down-
regulated (P=0.0353; Additional file 3: Fig. S2) in PDAC
compared to CCA. MiR-125b-5p and miR-194-5p were
confirmed significantly upregulated in PDAC compared
to CCA (Additional file 3: Fig. S3A, B). Bile miR-125b-5p
and miR-194-5p demonstrated AUC values of 0.702 (95%
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CI 0.62-0.96) and 0.786 (95% CI 0.62—0.96) for differen-
tiating PDAC from CCA, respectively (Additional file 3:
Fig. S3E, F).

A validated diagnostic signature for malignant
pancreaticobiliary disease

A total of 75 bile samples were obtained for analysis in a
second independent cohort (Additional file 2: Table S1).
Bile miRNAs that were upregulated (miR-148a-3p, miR-
125b-5p and miR-194-5p) in the discovery cohort were
selected as candidates for further validation. When com-
paring MPD (n=37) with BPD (n=38), miR-148a-3p
demonstrated a statistically significant difference
(Fig. 2C), with a diagnostic performance AUC of 0.772
(95% CI 0.67-0.88; Fig. 2D). Also, after combining the
discovery and validation cohorts, while excluding IPMC,
bile miR-148a-3p showed a robust performance with an
AUC value of 0.752 (95% CI 0.67—-0.84; Fig. 2D). Next, bile
miR-125b-5p and miR-194-5p were validated in PDAC
(n=27) and CCA (n=7) by RT-qPCR (Fig. 2E, F). When
using the combination of miR-125b-5p and miR-194-5p,
this revealed AUC values of 0.815 (95% CI 0.67—0.96) and
0.814: (95% CI 0.70-0.93) in the validation cohort and the
combined cohort, respectively (Fig. 2G), indicating good
discriminatory power for separating PDAC from CCA.
For the miRNA signature miR-125b-5p and miR-194-5p,
a number of cut-offs with corresponding sensitivity and
specificity have been displayed in Additional file 2: Tables
S2, S3.

Discussion

Differential diagnosis of pancreaticobiliary disease can be
challenging, and also key to subsequent treatment deci-
sions. With our study, we aimed to help clinical man-
agement of pancreaticobiliary diseases by identifying
miRNAs that can guide differential diagnosis. MiRNAs
are promising clinically-useful biomarkers due to their
molecular stability and abundance in different bodily
fluids [5]. They can be easily evaluated by means of inex-
pensive, rapid and widely available RT-qPCR. We found
that miR-148a-3p discriminated MPD and BPD with
AUC=0.752, and that miR-125b-5p plus miR-194-5p
showed an AUC of 0.814 for distinguishing PDAC from
CCA. Interestingly, these miRNAs have been previously
associated with PDAC. MiR-148a may play a tumor sup-
pressive role in tumorigenesis, as Liffers et al. discovered
that miR-148a directly influences CDC25 expression by
binding CDC25B-3'UTR [9]. CDC25 proteins regulate
CDK/cyclin complex activation and increased expres-
sion can lead to G2/M checkpoint exit and loss of DNA
damage repair mechanisms [9]. Furthermore, significant
miR-125b upregulation was observed in gemcitabine-
resistant cells and associated with a more mesenchymal
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Fig.2 A RT-gPCR assessment of miR-148a-3p expression in the discovery cohort when comparing MPD and BPD. B A ROC curve was used

to demonstrate the diagnostic power of miR-148a-3p in discriminating BPD from MPD including IPCM (AUC=0.753) and excluding IPMC
(AUC=0.797). C Relative expression of miR-148a-3p in the validation cohort showed a significant difference in expression levels, when comparing
BPD with MPD. D A ROC curve of miR-148a-3p in the validation cohort (AUC=0.722), as well as when combining the validation cohort

with the discovery cohort (AUC=0.752). E Relative expression of miR-194-5p in PDAC vs. CCA in the combined cohort (P=0.002). F Relative
expression of miR-125b-5p in PDAC vs. CCA (P=0.091) in the combined cohort. G Combining miR-125b-5p and miR-194-5p resulted in improved
diagnostic power within the validation cohort (AUC=0.815) and the combined cohort (AUC=0.814).
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phenotype [10]. Interestingly, serum miR-194-5p has pre-
viously been described as predictive biomarker and was
associated with early PDAC progression during FOL-
FIRINOX treatment [11].

Previous studies suggested that diagnostic performance
could be improved by combination with blood-based
miRNAs, proteins or serum CA19-9 [12]. The absence of
data on CA19-9 might be a potential shortcoming of our
study, and we acknowledge that this would be interesting
for a subgroup analysis and evaluation of the diagnostic
performance compared to bile miRNAs. Moreover, not
all candidate miRNAs could be validated using RT-qPCR.
Therefore, multi-miRNA classifier analysis was limited to
the number of validated miRNAs. However, we feel that
our current study overcomes the methodological limita-
tions of many previous studies, by (1) selecting candidate
miRNAs after profiling 800 well-annotated miRNAs, (2)
performing comprehensive validation of selected miR-
NAs in a discovery and validation cohort, (3) using pro-
filing data and evidence-based strategies to determine
the most robust endogenous normalizer across disease
groups. Furthermore, this is the first study to make com-
parisons between MPD (i.e. PDAC vs. CCA), and to also
compare these diseases with BPD.

Conclusions

One of the major bottlenecks in biomarker discovery is
a lack of candidates that are successfully validated. Only
through rigorous and standardized testing in diverse
representative cohorts can clinically valuable biomark-
ers be discovered. Our study presents the largest global
profiling of miRNAs in the bile from patients with BPD
and MPD. We successfully demonstrated the diagnostic
potential of bile-based miR-148a-3p, and the two-miRNA
panel miR-125b-5p and miR-194-5p as diagnostic tools in
MPD (see Additional file 4). Our results support the use
of these biomarkers in bile aspirated at ERCP or PTBD
procedures to help diagnose patients in combination with
standard tests. Ultimately, this approach has the poten-
tial to enable clinicians to initiate effective treatment in
a timely fashion, and prevent unnecessary interventions,
and ultimately leading to improved survival outcomes.

Abbreviations
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AUC Area under the ROC curve

BPD Benign pancreaticobiliary disease
BTC Biliary-tract cancer
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TCGA  The Cancer Genome Atlas

@] Confidence interval

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540164-023-00458-3.

Additional file 1. Additional methods.

Additional file 2: Table S1. Clinicopathological patient characteristics.
Table S2. Estimated sensitivity and specificity based on ROC cut-off
values of microRNA panel miR-125b-5p and miR-1294-5p in the validation
cohort. Table S3. Estimated sensitivity and specificity based on ROC
cut-off values of microRNA panel miR-125b-5p and miR-1294-5p in the
combined cohort.

Additional file 3: Figure S1. Differentially expressed miRNAs in chol-
angiocarcinoma, when comparing pancreaticobiliary diseases in the
discovery cohort. Figure S2. RT-qPCR validation of miRNAs that were
identified as significantly downregulated in PDAC compared to CCA by
NanoString nCounter profiling. Figure $3. RT-qPCR validation of miRNAs
that were identified as significantly upregulated in PDAC compared to
CCA by NanoString nCounter profiling.

Additional file 4. Summarizing figure/graphical abstract: a summary of
our study on bile miRNA biomarker discovery and validation.

Acknowledgements

We would like to thank our Imperial College Healthcare NHS Trust Tissue Bank
and Amsterdam UMC HPB Biobank for providing bile samples. Furthermore,
we would like to thank Mahsoem Ali for providing statistical assistance.

Author contributions

Concept and design: AEF, JK, EG, MMP, JRP. Sample provision: AEF, JK, EG, JS,
LRJ, AF, BMZ, GK, SPP, SS, NF, ER, TYSLL, LLM, DSKL, ELJ, LC, JB, MMP. Clinical data
collection: MMP, JRP, TYSLL, LLM. Statistical analysis: AEF, MMP, JRP. Original
draft preparation: MMP, JRP, AEF, EG. Visualization: MMP, JRP. Critical revision
and editing of the manuscript: AEF, EG, JK, JS, LRJ, AF, RJS, JIE, BMZ, GK, SPP, SS,
NF, ER, TYSLL, LLM, DSKL, ELJ, LC. Supervision: AEF, EG, JK. Project administra-
tion: AEF, EG, MMP, JRP. Funding acquisition: AEF, EG, GK, JK, JRP. The author(s)
read and approved the final manuscript.

Funding

This research was funded by Action Against Cancer, UK (AEF, JK, MMP, EL-J, LC,
DSKL, ER, JS); the Royal College of Surgeons of Edinburgh, UK (AEF); the Mason
Medical Research Foundation, UK (AEF); the S.A.L. Charitable Fund, UK (AEF);
the Bennink Foundation, the Netherlands (EG, GK, LLM, TYSLL, JRP); Italian
Association for Cancer Research AIRC, ltaly (EG), Fondazione Pisana Per La
Scienza, Italy (EG); and the Dutch Cancer Society KWF (EG, GK).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The study design, study-related procedures and the protocol for analysis of
the samples were approved in accordance with the ethical guidelines of the
Declaration of Helsinki by local institutional review boards: Imperial College
Healthcare Tissue Bank; the National Research Ethics Committee (ICHTB HTA
license 12275; REC Wales approval 17/WA/0161; sub-project “Molecular Detec-
tion and Stratification of HPB Cancers’, SUR_AF_17_044); Local Ethical Com-
mittee of the University of Pisa (approval 3909), Medical Ethical Board of the


https://doi.org/10.1186/s40164-023-00458-3
https://doi.org/10.1186/s40164-023-00458-3

Mato Prado et al. Experimental Hematology & Oncology (2023) 12:101

Amsterdam UMC location YUmc (Biobank HPB, BUP2012.59). Written informed
consent was obtained from all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests

Justin Stebbing is the Editor-in-Chief of Oncogene and sat on SABs for Vac-
citech, Heat Biologics, Eli Lilly, Alveo Technologies,Pear Bio, Agenus, Equilibre
Biopharmaceuticals, Graviton Bioscience Corporation, Celltrion, Volvox,

Certis, Greenmantle, vIv Therapeutics, APIM Therapeutics, Oncono, IO Labs,
Bryologyx and Benevolent Al. Justin Stebbing has consulted with Lansdowne
Partners and Vitruvian. Justing Stebbing chairs the Board of Directors for
Xerion and previously BB Biotech Healthcare Trust PLC. None are relevant here.
The other authors have no disclosures of relevance for this work.

Author details

'Division of Cancer, Department of Surgery & Cancer, Imperial College
London, London, UK. UK Dementia Research Institute, Institute of Neurology,
University College London, London, UK. 3Department of Surgery, Amsterdam
UMC Location Vrije Universiteit Amsterdam, De Boelelaan 1117, Amsterdam,
The Netherlands. *Cancer Center Amsterdam, Imaging and Biomarkers,
Amsterdam, The Netherlands. *School of Life Sciences, University of Sussex,
John Maynard Smith Building, Falmer, Brighton BN1 9QG, UK. ®Department
of Translational Research and New Technologies in Medicine and Surgery,
University of Pisa, Pisa, Italy. ’Oncology Department and Institute of Immunol-
ogy and Immunotherapy, Birmingham Medical School, University of Birming-
ham, Birmingham B15 2TT, UK. 8Institute for Liver & Digestive Health, Royal
Free Hospital Campus, University College London, London, UK. °HPB Surgical
Unit, Department of Surgery & Cancer, Imperial College London, London, UK.
1%Department of Biomedical Sciences, Anglia Ruskin University, Cambridge,
UK. ""Cancer Pharmacology Lab, Fondazione Pisana per la Scienza, Pisa, Italy.
1HPB Surgical Unit, Royal Surrey NHS Foundation Trust, Guildford, Surrey,

UK. '*Section of Oncology, Dept. of Clinical & Experimental Medicine, FHMS,
University of Surrey, Guildford, UK.

Received: 13 September 2023 Accepted: 12 November 2023
Published: 1 December 2023

References

1. Halbrook CJ, Lyssiotis CA, Pasca di Magliano M, Maitra A. Pancreatic
cancer: advances and challenges. Cell. 2023;186(8):1729-54.

2. Versteijne EA-O, van Dam JA-O, Suker MA-O, Janssen QP, Groothuis K,
Akkermans-Vogelaar JA-O, et al. Neoadjuvant chemoradiotherapy versus
upfront surgery for resectable and borderline resectable pancreatic
cancer: long-term results of the Dutch Randomized PREOPANC Trial. J
Clin Oncol. 2022;40(11):1220-30.

3. Zhang L, Sanagapalli S, Stoita A. Challenges in diagnosis of pancreatic
cancer. World J Gastroenterol. 2018;24(19):2047-60.

4. Boyd LA-O, Ali M, Kam L, Puik JA-O, Rodrigues SMF, Zwart EA-O, et al. The
diagnostic value of the CA19-9 and bilirubin ratio in patients with pancre-
atic cancer, distal bile duct cancer and benign periampullary diseases, a
novel approach. Cancers. 2022;14(2): 344.

5. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell
Mol Life Sci. 2009;136(2):215-33.

6. Arrichiello GA-O, Nacca V, Paragliola FA-O, Giunta EA-O. Liquid biopsy in
biliary tract cancer from blood and bile samples: current knowledge and
future perspectives. Explor Target Antitumor Ther. 2022;3(3):362-74.

7. RezenT, Rozman D, Kovacs T, Kovacs P, Sipos A, Bai P, Miké EAOX. The role
of bile acids in carcinogenesis. Cell Mol Life Sci. 2022;79(5):243.

8. Giovannetti E, Funel N, Peters GJ, Del Chiaro M, Erozenci LA, Vasile E, Leon
LG, Pollina LE, Groen A, Falcone A, Danesi R. MicroRNA-21 in pancreatic
cancer: correlation with clinical outcome and pharmacologic aspects
underlying its role in the modulation of gemcitabine activity. Cancer Res.
2010;70:4528-38.

9. Liffers S-T, Munding JB, Vogt M, Kuhlmann JD, Verdoodt B, Nambiar S,
et al. MicroRNA-148a is down-regulated in human pancreatic ductal
adenocarcinomas and regulates cell survival by targeting CDC258. Lab
Invest. 2011;,91(10):1472-9.

Page 7 of 7

10. Bera A, VenkataSubbaRao K, Manoharan MS, Hill P, Freeman JW. A miRNA
signature of chemoresistant mesenchymal phenotype identifies novel
molecular targets associated with advanced pancreatic cancer. PLoS
ONE. 2014,9(9): 106343.

11. Van der Sijde F, Homs MYV, van Bekkum ML, van den Bosch TA-O, Bosscha
K, Besselink MG, et al. Serum mir-373-3p and mir-194-5p are associ-
ated with early tumor progression during FOLFIRINOX treatment in
pancreatic cancer patients: a prospective multicenter study. Int J Mol Sci.
2021;22(20): 10902.

12. LiuJ, Gao J, Fau-Du Y, Du'Y, Fau-Li Z, Li Z, Fau-Ren Y, Ren Y, Fau-Gu J, Gu J,
Fau-Wang X, et al. Combination of plasma microRNAs with serum CA19-9
for early detection of pancreatic cancer. Int J Cancer. 2012;131(3):683-91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A bile-based microRNA signature for differentiating malignant from benign pancreaticobiliary disease
	Abstract 
	To the editor
	Prospective biobanking of bile samples from benign and malignant pancreaticobiliary disease
	Bile miR-148a-3p is able to discriminate benign from malignant pancreaticobiliary disease
	Bile miR-125b-5p and mir-194-5p were significantly upregulated in PDAC compared to CCA​
	A validated diagnostic signature for malignant pancreaticobiliary disease
	Discussion
	Conclusions
	Anchor 10
	Acknowledgements
	References


