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ABSTRACT
Accurate diagnosis of pancreatic head lesions remains challenging as no minimally-

invasive biomarkers are available to discriminate distal cholangiocarcinoma (CCA) 

from pancreatic ductal adenocarcinoma (PDAC). The aim of this study is to identify 

specific circulating microRNAs (miRNAs) to diagnose distal CCA. 

In the discovery phase, PCR profiling of 752 miRNAs was performed on fourteen 

patients with distal CCA and age- and sex-matched healthy controls. Candidate 

miRNAs were selected for evaluation and validation by RT-qPCR in an independent 

cohort of distal CCA (n = 24), healthy controls (n = 32), benign diseases (n = 20), and 

PDAC (n = 24). The optimal diagnostic combination of miRNAs was determined by 

multivariate logistic regression analysis and evaluated by ROC curves with AUC values. 

The discovery phase revealed 19 significantly dysregulated miRNAs, of which six were 

validated in the evaluation phase. The validation phase confirmed downregulated 

miR-16 in patients with distal CCA compared to benign disease or PDAC (P = 0.048 

and P = 0.012), while miR-877 was significantly upregulated (P = 0.003 and P = 0.006). 

This two-miRNA panel was validated as a CCA-specific profile, discriminating distal 

CCA from benign disease (AUC = 0.90) and from PDAC (AUC = 0.88). 

In conclusion, the present study identified a two-miRNA panel of downregulated miR-

16 and upregulated miR-877 with promising capability to diagnose patients with distal 

CCA.  



78 79

GRAPHICAL ABSTRACT



Unravelling the diagnostic dilemma: a miRNA panel of circulating miR-16 and miR-877 as a diagnostic classifier for distal 
bile duct tumors

80 81

INTRODUCTION
Adenocarcinomas located in the pancreatic head can be classified as either distal 

cholangiocarcinoma (CCA) or pancreatic ductal adenocarcinoma (PDAC).1 These 

malignancies show considerable overlap in diagnostic features as patients present 

with similar symptoms and an indistinguishable mass on imaging modalities.2 However, 

distal CCA and PDAC have different outcomes and current treatment regimens differ 

between these distinct tumor entities.3-5 Distal CCA is classified as CCA based on 

its anatomic location and treated in analogy with intrahepatic and perihilar CCA.2,6 

Nevertheless, these subtypes have distinct biologic behavior and should thus be 

considered as individual tumor types.7,8 Distal CCA is treated with cisplatin combined 

with gemcitabine, while for PDAC either FOLFIRINOX or gemcitabine plus nanoparticle 

albumin-bound paclitaxel is used in clinical care.5,9,10 Diagnostic certainty is needed to 

optimize correct therapy administration. Although resection of the primary tumor is 

still the only curative treatment option, neo-adjuvant treatment strategies are gaining 

momentum and this also urges the need for accurate minimally invasive diagnostic 

tools. 

Currently, the principal diagnostic modalities to diagnose distal CCA preoperatively 

are imaging and brush cytology or fine needle aspiration (FNA) with cytology of the 

suspected lesion. Cytological techniques have become routine diagnostics despite 

the modest sensitivity and the inability to determine tumor origin.11 In addition, FNA 

is an invasive procedure which often requires multiple attempts to obtain evaluable 

specimens.12,13 Diagnostic certainty is often achieved only after histopathological 

examination of the resection specimen, although even then distinguishing distal CCA 

from PDAC can be challenging.14-16 Clinically employed tumor markers in blood, such 

as carbohydrate antigen 19-9 (CA19-9), show elevated expression levels in patients 

with distal CCA and PDAC as well as in patients with benign disease (BD), such as 

choledocholithiasis and pancreatitis.13,17 Moreover, obstructive jaundice is a common 

symptom in patients with pancreatic head lesions, resulting in elevated CA19-9 levels.18 

Consequently, the current diagnostic tools are frequently unable to reliably diagnose 

and differentiate distal CCA from healthy controls, BD, and PDAC.

In recent years, microRNAs (miRNAs) have shown promising results as minimally 

invasive diagnostic biomarkers. MiRNAs are small non-coding RNAs that play a 

central role in post-transcriptional regulation of gene expression and are involved 

in tumorigenesis.19,20 Notably, unique miRNA expression profiles are associated 
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with various tumor types, including CCA and PDAC.21,22 Since miRNAs are highly 

stable and easily detectable in serum, plasma and other bodily fluids, miRNAs can 

potentially serve as a novel class of diagnostic biomarkers using easily accessible 

samples.23,24 Previous studies evaluated circulating miRNA profiling in patients with 

PDAC or biliary tract tumors.25-28 Nevertheless, no studies investigated the potential of 

circulating miRNAs to diagnose distal CCA. In this study, we identified plasma miRNAs 

as minimally invasive diagnostic biomarkers to differentiate distal CCA from healthy 

individuals, BD, and PDAC.

METHODS
STUDY DESIGN AND PATIENTS 
The study design and protocol were approved by the local Medical Ethics of the 

Amsterdam UMC, VU University Amsterdam (VUMC #14438) in accordance with the 

ethical guidelines of the Declaration of Helsinki. This study was reported in accordance 

with the Standards for Reporting Diagnostic Accuracy studies (STARD).29 Before study 

participation, written informed consent was obtained from participants.

Blood samples were collected prospectively from all consecutive patients presenting 

with distal CCA, perihilar CCA, intrahepatic CCA, PDAC, and BD from October 2014 

till January 2018. Healthy individuals were enrolled as controls at Amsterdam University 

Medical Center (UMC), VU University, between 2015 and 2017. Clinicopathological 

characteristics, including age, sex, tumor stage (AJCC)30, and tumor marker levels were 

collected in a prospectively maintained database.  

To identify a diagnostic biomarker profile, this study was designed in three phases 

(Figure 1). During the discovery phase, PCR panel profiling was performed on seven 

consecutive patients with distal CCA and seven healthy controls, both age- and sex-

matched, enrolled at Amsterdam UMC, VU University. Based on selection criteria 

candidate miRNAs were selected for further validation by reverse transcription, real-

time quantitative PCR (RT-qPCR). In the evaluation phase, selected miRNAs from the 

discovery phase were validated in independent cohorts of distal CCA (n = 24) and 

healthy controls (n = 32); collected from patients enrolled consecutively at Amsterdam 

UMC, VU University and Academic Medical Center (AMC), between 2014 and 2018. 

Dysregulated miRNAs with a P <0.1 were selected for validation in the validation 

phase to compare the expression profiles of patients with distal CCA to BD (n = 20) 
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and age-, sex- and stage-matched PDAC (n = 24), collected at Amsterdam UMC, VU 

University and AMC, and to create a diagnostic panel. Finally, the expression levels of 

the validated miRNAs were assessed in an additional cohort of patients with perihilar 

CCA (n = 35) and intrahepatic CCA (n = 9) compared to distal CCA (n = 24) to explore 

the resemblance between subtypes of CCA.  

SAMPLE COLLECTION AND MIRNA EXPRESSION
Plasma samples were collected at diagnosis and total RNA was extracted using the 

miRCURY RNA Isolation Kit (Exiqon) according to the manufacturer’s protocol. For the 

discovery phase, miRNA profiling was performed by PCR panel analysis of 752 miRNAs 

on the miRNA Human panel I+II (V4, Exiqon) by RT-qPCR. Raw data were normalized 

to the global mean by subtracting the average of assays detected in all samples from 

the sample assay Cq (∆Cq).31 Following normalization, differential miRNA expression 

between distal CCA and healthy controls was calculated using the ∆∆Cq method.32 

The PCR panel data have been uploaded to the GEO database (GSE117687). 

For the evaluation and validation phase, RNA samples were reverse-transcribed to 

cDNA and RT-qPCR was performed. A set of four candidate normalizing reference 

genes was selected for normalization of raw output data in the validation phase, 

including miR-93, miR-101, miR-39 and miR-1228.25, 33-36 NormFinder was used to 

assess the most stable (combination of) reference gene(s).37 MiRNA expression was 

normalized by the ∆∆Cq method and fold change was expressed as 2∆∆Cq and -2-∆∆Cq 

for positive and negative ∆Cq, respectively. Detailed methods can be found in the 

Supplementary Appendix.

DETECTION OF CA19-9 AND BILIRUBIN LEVELS
Corresponding serum and plasma samples were collected to detect CA19-9 and 

bilirubin levels for diagnostic purposes at the Clinical Chemistry Laboratory, VUMC 

(Amsterdam, The Netherlands). The CA19-9 expression levels were determined by the 

Immunometric assay, Luminescence (Advia Centaur XP, Siemens, USA) and bilirubin 

levels by the colorimetric diazomethod (Bilirubin Total Gen.3, Roche Diagnostics 

International, Switzerland). The CA19-9 upper limit of normal (ULN) was set at 37 U/mL 

and levels were classified as normal, intermediate or high, based on 59×ULN,38 which 

resulted in a cut-off of 2183 U/mL. A bilirubin level of ≥20 µmol/L was considered an 

elevated level of bilirubin.
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STATISTICAL ANALYSIS
In the discovery phase, significantly different miRNA expression levels between distal 

CCA and healthy controls were identified using the unpaired Student’s t-test. Post-

hoc analysis was performed with the Benjamini-Hochberg correction method. One-

way hierarchical clustering of the miRNAs with a P-value of <0.05 was performed to 

visualize the relative expression level of the miRNAs across distal CCA and healthy 

controls.  

Candidate miRNAs for the evaluation and validation phases were selected based on 

(i.) P <0.05, (ii.) a log fold change of >1.3, (iii.) expression in ≥5 samples per group, 

and (iv.) known functions as reported in literature. In the evaluation phase, differential 

miRNA expression was first analyzed in an independent cohort of distal CCA and 

healthy controls using the unpaired Student’s t-test. Expression levels of each 

miRNA were shown as mean ± standard deviation (SD). Following initial evaluation, 

miRNAs with P <0.1 were selected and further validated in distal CCA compared to 

BD and PDAC. In the validation phase, the miRNA expression levels were compared 

with the unpaired Student’s t-test, followed by post-hoc Bonferroni correction. 

Univariate analysis was used to select miRNAs, CA19-9, and bilirubin with P <0.05 for 

subsequent multivariate regression analysis. For construction of the optimal marker 

panel, multivariate logistic regression analysis followed by backward elimination 

was performed on the individual miRNAs expression profiles, CA19-9, and bilirubin 

to select the most optimal combination. Predicted probabilities were calculated for 

all analyzed samples using the logistic regression model and were used to generate 

the receiver-operated characteristic (ROC) curve of individual markers as well as the 

combined panel. The area under the curve (AUC) with accompanying 95% confidence 

interval (CI) was calculated to determine its discriminative power. The optimal cut-off 

point was determined using the Youden Index (J) at high specificity (≥90%) and used to 

estimate marker sensitivity with 95% CI. In addition, patient groups were stratified to 

high and normal bilirubin to analyze the diagnostic performance of miRNA panels in 

patients with high bilirubin levels.

Demographic patient characteristics were compared using the Pearson chi-squared 

test for nominal variables and Mann-Whitney’s U test or Kruskal-Wallis test for ordinal 

variables. Depending on the data distribution, the statistical significance of continuous 

variables was tested with the unpaired Student’s t-test or Mann-Whitney’s U test for 

comparing two groups, and one-way ANOVA or Kruskal-Wallis analysis for comparing 

multiple groups. Statistical analysis was performed in SPSS Statistical Software version 

24.0 (SPSS, IBM, NY). A P-value of ≤0.05 was considered statistically significant.
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PREDICTION OF TARGET GENES OF EMERGING MIRNAS
Target genes of emerging miRNAs were predicted using the miRWalk version 3.0 

(http://mirwalk.umm.uni-heidelberg.de/), which stores predicted data obtained from 

TargetScan, miRDB and miRTarBase and uses a machine learning algorithm approach, 

including experimentally verified miRNA-target interactions. Predicted genes that 

fitted all these databases were considered as target genes.  

RESULTS
PATIENT CHARACTERISTICS
The clinical characteristics of study participants in the discovery, evaluation and 

validation phase are summarized in Table 1. Patients with distal CCA and healthy 

individuals included in the discovery phase were age- and sex-matched. In the 

evaluation and validation phase, age of patients with BD was lower compared to distal 

CCA and PDAC. Patients with PDAC were age-, sex-, and stage-matched with patients 

with distal CCA to ensure clinical comparability. Interestingly, normal CA19-9 levels 

were more often found in patients with distal CCA compared to patients with PDAC, 

although these results were not significant (P = 0.056), and median expression levels 

were comparable between the two groups (P = 0.119).   

PCR PANEL PROFILING OF MIRNAS IN THE DISCOVERY PHASE
The plasma miRNA PCR panel profiling results of distal CCA compared to healthy 

individuals are summarized in a heatmap presented in Figure S1A. The initial discovery 

phase revealed 19 miRNAs to be significantly dysregulated between distal CCA and 

healthy individuals (Figure S1B). Based on pre-defined selection criteria, 12 miRNAs 

were selected for further analysis in the evaluation phase (Table S1). 

EVALUATION OF MIRNA EXPRESSION IN AN INDEPENDENT 
COHORT OF DISTAL CCA AND HEALTHY INDIVIDUALS REVEALS 
SIX DYSREGULATED MIRNAS 
First, stability of candidate reference genes was evaluated in the evaluation and 

validation phase for normalization of RT-qPCR results.33 Based on previous studies, four 

candidate reference miRNAs were included: miR-93, miR-101, miR-39 and miR-1228.25, 

34-36 The combination of miR-93 and miR-101 showed the most stable expression across 

all samples, while miR-1228 expression was undetectable. Thus, the combination of 

miR-93 and miR-101 was used as reference expression value (Figure S2).  
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Table 1. Clinicopathological characteristics of the included patients.

Discovery phase Evaluation and Validation phase

Healthy 
control
(n = 7)

Distal CCA
(n = 7)

Healthy 
control
(n = 32)

Benign 
disease
(n = 20)

Distal 
CCA

(n = 24)

PDAC
(n = 24)

P-value*

Age –  yrs 0.989

Mean (± SD) 68 (± 9) 68 (± 14) 63 (± 9) 60 (± 12) 68 (± 11) 68 (± 10)

Sex – No. (%) 1.000

Male 4 (57) 4 (57) 19 (59) 10 (50) 15 (63) 15 (63)

Female 3 (43) 3 (43) 13 (41) 10 (50) 9 (37) 9 (37)

Stage+ –  No. (%) 1.000

I - 0 (0) - - 2 (8) 2 (8)

II - 6 (86) - - 17 (71) 17 (71)

III - 1 (14) - - 2 (8) 2 (8)

IV - 0 (0) - - 3 (13) 3 (13)

CA19-9 – No. (%) 0.056

Normal § - 3 (42) - 15 (75) 6 (25) 1 (4)

ULN to <59 × ULN - 2 (29) - 4 (20) 15 (63) 19 (79)

High ≥59 × ULN - 0 (0) - 0 (0) 1 (4) 4 (17)

Missing 2 (29) - 1 (5) 2 (8) 0 (0)

CA19-9 (U/mL) 0.119

Median 
(± SD)

- 31 
(± 337)

- 15 
(± 123)

86 
(± 844)

461 
(± 3114)

Bilirubin – No. (%) 0.267

High - 6 (86) 0 (0) 6 (30) 21 (87) 18 (75)

Low - 1 (14) 31 (97) 13 (65) 3 (13) 6 (25)

Missing 0 (0) 1 (3) 1 (5) 0 (0) 0 (0)

Bilirubin (µmol/L) 0.908

Median 
(± SD)

- 52 
(± 196)

4 
(± 3)

7 
(± 26)

104 
(± 166)

105 
(± 190)

*Distal CCA compared to PDAC in the evaluation and validation phase +AJCC Cancer Staging Manual, 7th Edition 
Distal CCA = distal cholangiocarcinoma, PDAC = pancreatic ductal adenocarcinoma, CA19-9 = carbohydrate antigen 
19-9, ULN = Upper Limit of Normal, §The normal range was 0 - 37 U per milliliter, No. = number of patients.

Table 1. Clinicopathological characteristics of the included patients.
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In the initial discovery phase, PCR panel profiling was performed on seven consecutive patients 
with distal CCA and seven age- and sex-matched healthy controls. Based on predefined 
selection criteria, twelve miRNAs were selected for evaluation by RT-qPCR. Of these, six miRNAs 
were validated to be differentially expressed between distal CCA and healthy controls. These 
six miRNAs were further validated in the validation phase in patients with distal CCA, benign 
disease, and PDAC. 
Distal CCA = distal cholangiocarcinoma, PDAC = pancreatic ductal adenocarcinoma, miRNA = 
microRNA, Log FC = Log fold change.

Figure 1. Study design and selection of candidate miRNAs. 
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An independent evaluation cohort of patients with distal CCA (n = 24) and healthy 

controls (n = 32) was investigated by RT-qPCR (Figure 1). In this evaluation phase, six 

miRNAs were confirmed to be dysregulated between distal CCA and healthy controls, 

while no differences in expression levels were found for the other six miRNAs (Figure 

2 and Table S1). In particular, miR-16 was significantly downregulated (P = 0.021), while 

miR-34a (P = 0.004), miR-877 (P <0.001), miR-22 (P = 0.068), miR-122 (P = 0.048), and 

miR-197 (P = 0.001) were upregulated in patients with distal CCA. The ROC-curves 

with AUC of these individual miRNAs ranged from 0.638 – 0.820 (Figure S3). These six 

miRNAs were selected for further validation. 

DIAGNOSTIC PERFORMANCE OF THE OPTIMAL MIRNA PANEL IN 
THE VALIDATION PHASE OF DISTAL CCA AND BD
The expression levels of candidate miRNAs from plasma samples of patients with distal 

CCA (n = 24) were subsequently compared to patients with BD (n = 20). Of the six 

selected miRNAs for validation, downregulated miR-16 and upregulated miR-877 were 

differentially expressed in distal CCA versus BD (P = 0.048 and P = 0.003, respectively, 

Figure 3). No significantly different expression profiles were found for miR-34a, miR-

22, miR-122, and miR-197 when comparing distal CCA and BD (Figure S4). Expression 

levels of miR-16 were significantly lower in patients with stage III/IV distal CCA (n = 

5) compared to stage I/II (n = 19, P = 0.033), while no significant difference was for 

expression levels of miR-877 (Figure S5), although this analysis was limited by the small 

sample size.  

In addition, CA19-9 and bilirubin levels were significantly elevated in patients with 

distal CCA compared to patients with BD (P = 0.034 and P <0.001, respectively; Figure 

3 and Figure S6). The most optimal biomarker combination was computed by applying 

backward logistic regression analyses. Using this strategy, the two-miRNA combination 

of miR-16 and miR-877 was identified as the most promising combination with an AUC 

of 0.90 (95%CI: 0.80–1.00, P <0.001, Figure 3). With the threshold for specificity set 

at 90%, sensitivity was 79% (95% CI: 57.85–92.87). Combining this panel with CA19-9 

deteriorated the performance of the panel (AUC = 0.74, 95% CI: 0.59–0.90). 
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Figure 2. Evaluation of candidate miRNAs in patients with distal CCA compared to 
healthy individuals. 
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Upregulated miR-877, downregulated miR-16 and CA19-9 were significantly differentially 
expressed in distal CCA compared to benign disease. The two-miRNA panel comprising 
miR-877 and miR-16 was the most optimal combination (AUC of 0.90) to diagnose distal CCA 
compared to benign disease.  
Box plots are displayed for the average ∆Cq values, with the horizontal lines representing the 
mean ± SD.  
∆Cq = Normalized Cq value, distal CCA = distal cholangiocarcinoma, miRNA = microRNA 
§Bonferroni-adjusted P-values are shown. 

Figure 3. Validation of the selected miRNAs in the validation phase comparing distal  
CCA and benign disease. 
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Expression profiles of miR-877 and miR-16 were significantly different between distal CCA and 
PDAC (P = 0.006 and P = 0.012). This two-miRNA panel could accurately distinguish patients with 
distal CCA from PDAC, with an AUC of 0.88. 
Box plots are displayed for the average ∆Cq values, with the horizontal lines representing
the mean ± SD. 
∆Cq = Normalized Cq value, distal CCA = distal cholangiocarcinoma, miRNA = microRNA 
§Bonferroni-adjusted P-values are shown.
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Figure 4. Performance of miRNA-based diagnostics to distinguish distal CCA and PDAC. 
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VALIDATION OF MIRNA-BASED DIFFERENTIATION BETWEEN 
DISTAL CCA AND PDAC
To further confirm the diagnostic potential and clinical utility of the two-miRNA panel, 

miRNA expression profiles of distal CCA (n = 24) were compared to age-, sex-, and 

stage-matched patients with PDAC (n = 24). Again, downregulated miR-16 and 

upregulated miR-877 were significantly different in distal CCA (P = 0.012 and P = 

0.006, respectively, Figure 4). No significant differences in expression profiles were 

found for miR-34a, miR-22, miR-122, and miR-197 (Figure S4). In addition, there was no 

significant differential expression of CA19-9 and bilirubin (Table 1). 

By applying the same model, the most optimal combination was computed to 

discriminate distal CCA from PDAC. The combination of miR-16 and miR-877 detected 

distal CCA with an AUC of 0.88 (95% CI: 0.78–0.98, P <0.001, Figure 4). With a specificity 

of 90%, our panel resulted in a sensitivity of 71% (95%CI: 48.91–87.38). As expected, 

combining the two-miRNA panel with CA19-9 did no increase the diagnostic accuracy 

of this panel (AUC = 0.74, 95% CI: 0.59–0.89). 

PREDICTION OF TARGET GENES OF MIR-16 AND MIR-877
By using miRWalk online software, with the most stringent criteria (i.e., 0.95), 22 

target genes were predicted for miR-16, while only 2 target genes were predicted for 

miR-877, as reported in Table S2. The main targets of miR-16 have been described 

in several previous studies, showing that they have multiple roles in modulating 

proliferation of cancer cells.39,40 Of note, among these targets, FBXW7 has been found 

to suppress epithelial-mesenchymal transition, stemness and metastatic potential of 

cholangiocarcinoma cells.41 

Conversely only a few data are available for miR-877, including a study showing that 

the expression of miR-877 was down-regulated in hepatocellular carcinoma tissues or 

cell lines, while ectopic expression of the target CDK14 reversed the inhibitory effects 

of miR-877 on proliferation, migration, and invasion of hepatocellular carcinoma 

cells in vitro.42 Interestingly, the two targets of miR-877 reported in Table S2 included 

K-RAS, which plays a major role in both CCA and PDAC carcinogenesis (though K-RAS 

mutations are present in 90% of early stage PDACs, 61% of the ampullary cancers, 

but only in 15.2% of bile duct cancers43). However, SORBS3 recently emerged as a 

tumor suppressor gene cooperating to inhibit interleukin-6 signaling in hepatocellular 

carcinoma,44 and associated with HCC progression.45
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INFLUENCE OF BILIRUBIN ON THE DIAGNOSTIC ACCURACY OF 
THE TWO-MIRNA PANEL
Since bilirubin levels could influence miRNA expression profiles and CA19-9 levels,17,46 

diagnostic power of the two-miRNA panel was also evaluated in patients with high 

bilirubin levels. High bilirubin levels did not impede the high diagnostic accuracy when 

comparing distal CCA (n = 21) to BD (n = 6; AUC = 0.90, 95% CI: 0.72–1.00, P = 0.004) 

and to PDAC (n = 18; AUC = 0.91, 95% CI: 0.88–1.00, P <0.001, Figure 5).  

The two-miRNA panel showed an AUC of 0.90 in patients with elevated bilirubin levels for 
discriminating patients with distal CCA from benign disease (left) and 0.91 for distal CCA from 
PDAC (right). 

AUC = 0.90
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Figure 5. Stratification of patients with high bilirubin levels did not affect the 
performance of the two-miRNA panel. 
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EXPRESSION OF MIR-877 AND MIR-16 IN PLASMA SAMPLES OF 
PATIENTS WITH DISTAL CCA COMPARED TO PERIHILAR CCA AND 
INTRAHEPATIC CCA
To examine resemblance of the two-miRNA panel in subtypes of CCA, expression of 

miR-877 and miR-16 was assessed in plasma samples of patients with perihilar CCA (n 

= 35) and intrahepatic CCA (n = 9) compared to distal CCA (n = 24, Table S3). Patients 

with perihilar CCA were more often female (P = 0.028) and more patients with stage I/

II distal CCA were included (P = 0.002). Low levels of bilirubin were more often found 

in patients with intrahepatic CCA (P = 0.005). Expression levels of miR-877 and miR-16 

were comparable between subtypes of CCA (Figure S7). 

DISCUSSION
Our research addressed the need for minimally invasive tools to identify distal CCA 

in current clinical practice. This pioneering study identified a two-miRNA panel of 

downregulated miR-16 and upregulated miR-877 to accurately diagnose distal CCA. 

This two-miRNA panel could be particularly useful in patients with suspected distal 

bile duct tumors to distinguish patients with distal CCA from BD as well as PDAC 

with high sensitivity and specificity. Moreover, high levels of bilirubin did not impede 

to performance of the two-miRNA panel. To facilitate translation towards clinical 

application, cohorts of patients with clinically relevant diagnostic certainty were 

included. 

Novel diagnostic biomarkers are required to ensure appropriate clinical management 

by distinguishing distal CCA from other lesions in the pancreatic head. Previously, 

most studies reported molecular profiles of CCA in combined cohorts of extrahepatic 

and intrahepatic CCA, disregarding the heterogeneity of intrahepatic, perihilar and 

distal CCA.47,48 However, appropriate patient stratification is a key determinant in 

their management and these tumor types should be considered separate entities. 

Although –omics studies identified common molecular profiles within tumors of the 

biliary tract, intra- and extra-hepatic CCA show distinct clinical features, etiology, 

molecular subtypes, and mutational profiles.2, 48-50 The comparable expression levels 

of plasma miR-16 and miR-877 of distal CCA vs perihilar and intrahepatic CCA in the 

current study underscores this presumed spectrum of CCA, but specific analyses to 

fully compare plasma miRNA profiles of subtypes of CCA remain to be conducted. 

Importantly, this similarity in miRNA expression between subtypes of CCA emphasizes 

the capacity of the two-miRNA panel to distinguish distal CCA from PDAC. 
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The overrepresentation of intrahepatic CCA in most studies might also explain the 

discrepancies in miRNAs we found in this study, as we focused specifically on distal 

CCA. Circulating miR-21 and miR-221 have been described as diagnostic markers for 

intrahepatic CCA, but the role of these miRNAs was not confirmed as distal CCA-

specific marker in this study.26 Remarkably, downregulation of miR-16 in CCA was 

already reported as a diagnostic biomarker, while miR-877 has not been investigated 

in CCA.51,52 MiR-16 is characterized as tumor-suppressive miRNA, exerting its function 

by targeting the Bcl-2 regulated apoptotic pathway.53  As downregulation of miR-16 has 

been described in several tumor types, miR-16 could be considered a tumor-associated 

miRNA.54,55 Contrary, circulating miR-16 has been reported as normalizing reference 

gene due to its stable expression in various tumor types, such as gastric cancer and 

breast cancer.36,56 Circulating miRNAs might also originate from blood cells and miR-16 

has been correlated to hemolysis.57 Other miRNAs investigated in this study, including 

miR-877, miR-34a, and miR-122, did not correlate to blood cells in previous studies. 

These paradoxical characteristics of miR-16 underscore the importance of standardized 

sample processing and adequate normalization to minimize the analytical variation, 

including hemolysis. Together, the combination of miR-16 with miR-877 provides a 

robust combination, which results in a specific distal CCA diagnostic panel.  

Routinely used serum CA19-9 exhibits a wide variation in sensitivity (50-90%) and 

specificity (54-98%) to diagnose CCA, which precludes CA19-9 as a specific marker 

to diagnose distal CCA.58 Strikingly, no research has been performed to investigate 

the diagnostic accuracy of CA19-9 in patients with distal CCA. In this study, serum 

CA19-9 expression levels were comparable between patients with distal CCA and 

PDAC, although more patients with distal CCA displayed normal CA19-9 expression 

levels. To facilitate the diagnostic process of patients with a suspected malignancy, this 

two-miRNA panel is superior to CA19-9 with a clinically instrumental AUC (0.88-0.91) 

for discriminating early stage distal CCA from BD as well as from early stage PDAC. 

Combining CA19-9 with the two-miRNA panel did not improve the diagnostic power, 

presumably since expression of CA19-9 was less discriminative between distal CCA 

and BD, resulting in no additive effect on the diagnostic capacity of the two-miRNA 

panel.  Additionally, the excellent AUC in the validation phase was established with a 

clinically relevant benign control group, highlighting the strong discriminative power 

and clinical utility of the novel two miRNA-based panel. Recent studies investigating 

the use of a diagnostic blood test, demonstrated comparable sensitivity in diagnosing 

PDAC.59,60 However, most studies have focused solely on discrimination of malignant 

lesions from healthy individuals, neglecting the clinical translation with realistic and 
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relevant control groups, including chronic pancreatitis and choledocholithiasis. This 

two-miRNA panel is particularly useful in clinical cases which present a diagnostic 

dilemma, such as comparable clinical symptoms and inconclusive imaging. When 

clinical suspicion for distal bile duct tumors is present, this panel could help to confirm 

the specific diagnosis, while its role for diagnostic screening purposes remains to be 

explored. 

This study is limited by the small sample size of our discovery phase. These results were 

confirmed by including an independent evaluation and matched validation cohort. 

Nevertheless, large-scale validation is needed to further verify the diagnostic potential. 

Additionally, the selected miRNAs included in the discovery phase were deliberately 

restricted to miRNAs already validated in human plasma samples. This study is the first 

to apply a broad miRNA discovery approach combined with a confined validation in 

distal CCA and clinically relevant pancreaticobiliary disease. This focused approach 

with established protocols ensured accurate detection of the selected miRNAs in 

liquid biopsies, thereby enhancing practical application. 

To conclude, using a multi-step, statistically robust approach in clinically relevant 

samples, we discovered a novel two-miRNA panel consisting of miR-16 and miR-877 

to detect distal CCA in plasma. This panel is able to discriminate distal CCA from 

BD and PDAC in patients with clinical suspicion. Our findings are particularly timely 

since they open up new opportunities to aid in future clinical trials for neo-adjuvant 

therapies in patients with early stage tumors, by providing accurate diagnosis at 

clinical presentation.61 

CONCLUSIONS
This study demonstrates the potential of a two-miRNA panel consisting of miR-16 and 

miR-877 to detect distal CCA in plasma samples. This two-miRNA panel was identified 

as promising diagnostic biomarker combination to discriminate distal CCA from BD 

and PDAC in patients with clinical suspicion of pancreatic head lesions.
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SUPPLEMENTAL METHODS
SAMPLE COLLECTION
Between 2014-2018, blood was collected prospectively at the Cancer Center 

Amsterdam of the Amsterdam UMC, VU University Amsterdam (NL) and University of 

Amsterdam (NL) from all consecutive patients presenting with suspected pancreatic 

and hepatobiliary lesions. After radiological imaging and careful histopathological 

confirmation of malignant lesions, patients with distal CCA, perihilar CCA, intrahepatic 

CCA, PDAC, and BD were included for further analysis. Tumor tissues of all included 

patients with distal CCA and PDAC were available for histopathological confirmation 

and before study inclusion all samples were revised by blinded pathologists (NF / 

NG). In unresectable cases, tissue samples of either the primary tumor were obtained 

by staging laparoscopy (open-close procedures in locally advanced or metastatic 

cases) or tissue biopsies of the metastatic lesion (for example liver metastases). Also, 

if histopathology was inconclusive, an additional staining of Cytokeratin-17 (KRT17), 

Annexin A10 (ANXA10) and parathymosin (PTMS), would be considered, using the 

KRT17+/ANXA10+/PTMS- staining pattern as a biomarker panel for the correct 

diagnosis of PDAC and KRT17−/ANXA10−/PTMS+ for the diagnosis of CCA, as 

described recently.1

BD included patients with chronic pancreatitis (n = 9), choledocholithiasis (n = 6), and 

cholangitis (n = 5). Of the patients with chronic pancreatitis, 8 out of 9 patients underwent 

surgical resection and histopathological confirmation. For choledocholithiasis 

and cholangitis, a biliary stricture was present on imaging and these patients were 

suspected for malignancy, but were confirmed benign lesions by cytology and follow-up 

or resection of the suspected lesion. All patients with cholangitis underwent resection 

of the biliary lesion due to suspicion of malignancy. Of the patients with cholangitis, 

two patients demonstrated IgG4-mediated cholangitis and three patients sclerosing 

cholangitis. Patients with premalignant lesions or any other existent malignancies were 

omitted from final inclusion. Healthy individuals were enrolled as controls, provided 

that they showed no clinical evidence of hepatopancreaticobiliary disease and had no 

known history of any type of malignancy.

SAMPLE COLLECTION, PLASMA RNA EXTRACTION
Patient blood was drawn at diagnosis into sterile 6 mL EDTA-coated tubes (BD 

Vacutainer CPT). Whole blood was first centrifuged for 20 min at 120 × g. Next, 

platelet-depleted plasma was centrifuged for 10 min at 5000 × g. Aliquots were stored 
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at -80 ºC in a prospectively maintained biobank for long-term storage. Plasma samples 

with visual signs of hemolysis or higher absorbance at 414 nm measured by spectral 

analyses were excluded from further investigation. Total RNA was extracted from 

300 µL of plasma using the miRCURY RNA Isolation Kit - Biofluids (Exiqon, Vedbaek, 

Denmark) according to the manufacturer’s protocol, which included DNase treatment. 

For RNA isolation of samples included in the evaluation and validation phases, 1 µg of 

MS2 bacteriophage carrier RNA (Roche, Castle Hill, NSW, Australia) and 20 fmol cel-

miR-39-3p synthetic RNA Spike-in template (Exiqon, Vedbaek, Denmark) were added 

to the lysis solution (final volume 60µL). Cel-miR-39 was added as an internal control to 

assess RNA isolation efficiency with respect to technical variation. Using a NanoDrop 

1000 spectrophotometer, RNA yield was quantified and the purity evaluated at the 

260/280 nm ratio. RNA was stored at -80 ºC until further processing.

MIRNA PROFILE SCREENING IN THE DISCOVERY PHASE BY PCR 
PANEL ANALYSIS 
MiRNA profiling and RNA quality controls of the discovery phase samples were 

conducted by Exiqon Services, Denmark. From each sample, RNA was reverse-

transcribed to complementary DNA (cDNA). cDNA was diluted 50 times and 

assayed in 10 µL PCR reactions using the miRCURY LNA Universal RT microRNA PCR, 

Polyadenylation and cDNA synthesis kit (Exiqon, Vedbaek, Denmark) according the 

manufacturer’s protocol. Using the ExiLENT SYBR Green master mix (Exiqon, Vedbaek, 

Denmark), 752 miRNAs were assayed on the miRNA Ready-to Use PCR, Human panel 

I+II, V4 (Exiqon, Vedbaek, Denmark) by RT-qPCR. RT-qPCR was run in a LightCycler 480 

Real-Time PCR System (Roche). Data quality control included assessment of hemolysis 

by the ratio of two miRNAs: miR-451 (expressed by red blood cells) and miR-23a (stable 

in samples not influenced by hemolysis). Samples with high ratios (>7) were excluded. 

The amplification curves were analyzed using the Roche LC software for determination 

of the Cq value and for melting curve analysis. The amplification efficiency was 

calculated using algorithms similar to LinReg software. Assays with quantification cycles 

(Cqs) higher than 37 or with a difference of less than 5 Cqs with negative controls were 

excluded from further analysis. To reduce technical bias, raw data were normalized to 

the global mean by subtracting the average of assays detected in all samples from the 

sample assay Cq (∆Cq) [58]. Following normalization, differential miRNA expression 

between distal CCA and healthy controls was calculated using the ∆∆Cq method.2 

The PCR panel data have been uploaded to the GEO database (accession number 

GSE117687).
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VALIDATION OF MIRNAS IN THE EVALUATION AND VALIDATION 
PHASE BY RT-QPCR
To validate candidate miRNAs identified by PCR panel profiling, an independent 

cohort of patients was used. RNA samples were reverse-transcribed to cDNA using 

the Universal cDNA Synthesis Kit II (Exiqon, Vedbaek, Denmark) in accordance with the 

manufacturer’s protocol. Next, RT-qPCR was performed using ExiLENT SYBR Green 

master mix (Exiqon, Vedbaek, Denmark) and LNA-enhanced primers (Exiqon, Vedbaek, 

Denmark) on the CFX Manager CFX96 (Bio-Rad), in line with the accompanying 

protocol (Supplementary Product Information). Cqs were automatically calculated with 

CFS Manager Software (Bio-Rad). Technical duplicates were performed for all miRNAs. 

Based on previous reports regarding identification of suitable reference genes, a set 

of four candidate normalizing reference genes was selected for normalization of raw 

output data in the validation phase, including miR-93, miR-101, miR-39 and miR-1228.3-

6 In order to find the most stable (combination of) reference gene(s), NormFinder 

was used to assess the expression stability of potential reference miRNAs.7 MiRNA 

expression was normalized by subtracting the average Cq value of the miRNA of 

interest from the average Cq value of the emerging reference genes, to obtain the 

∆Cq. Fold change was expressed as 2∆∆Cq and -2-∆∆Cq for positive and negative ∆Cq, 

respectively. 
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SUPPLEMENTARY 
PRODUCT INFORMATION

Supplementary Product Information

Company Country Product 
number

Product name

Exiqon Denmark 203301 Universal cDNA Synthesis Kit II, 8-64 rxns

Exiqon Denmark 203421 ExiLENT SYBR® Green master mix, 20ml

Exiqon Denmark 203952
cel-miR-39-3p, LNA™ control primer set, 
UniRT

Exiqon Denmark 204230 hsa-miR-21-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 204255 hsa-miR-22-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 204380 hsa-miR-197-3p LNA™ PCR primer set, UniRT

Exiqon Denmark 204435 hsa-miR-15a-3p LNA™ PCR primer set, UniRT

Exiqon Denmark 204486 hsa-miR-34a-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 204660 hsa-miR-150-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 204715 hsa-miR-93-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 204786 hsa-miR-101-3p LNA™ PCR primer set, UniRT

Exiqon Denmark 204792 hsa-miR-32-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 205626 hsa-miR-877-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 205664 hsa-miR-122-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 205702 hsa-miR-16-5p LNA™ PCR primer set, UniRT

Exiqon Denmark 205867
hsa-miR-148a-3p LNA™ PCR primer set, 
UniRT

Exiqon Denmark 206046 hsa-miR-331-3p LNA™ PCR primer set, UniRT

Exiqon Denmark 300112 miRCURY RNA Isolation Kit - Biofl uids (50)

Exiqon Denmark 2111995
hsa-miR-1228-3p LNA™ PCR primer set, 
UniRT

Bio-Rad USA HSP9645
Hard-shell 96-well PCR plates, white well, 
green shell GHX

Bio-Rad USA MSB1001
Microseal® ‘B’ PCR Plate Sealing Film, 
adhesive
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Distal CCA compared to healthy controls   

No. MiRNA ID Fold-change p-value 
Benjamini-Hochberg 
adjusted p-value  

1 hsa-miR-34a-5p 5.741588  0.003  0.46  

2 hsa-miR-425-5p -1.6725  0.004  0.46  

3 hsa-miR-148a -3p 3.537761  0.02  0.52 

4 hsa-let-7b-5p 2.252761  0.02 0.52 

5 hsa-miR-15a-3p -2.31413  0.02  0.52 

6 hsa-miR-331-3p -2.2657  0.02  0.52 

7 hsa-miR-877-5p -4.06513  0.02  0.52 

8 hsa-miR-1249  4.578466  0.03 0.52 

9 hsa-miR-22-5p 1.764497  0.03 0.52 

10 hsa-miR-193b-3p 7.663508  0.03 0.52 

11 hsa-miR-122-5p 6.964614  0.03 0.52 

12 hsa-miR-197-3p -1.81584  0.03  0.52 

13 hsa-miR-32-5p -1.38275  0.03 0.52 

14 hsa-miR-107 -1.36973  0.03 0.52 

15 hsa-miR-550a -3p 2.7936  0.03 0.52 

16 hsa-miR-193a -5p 2.660758  0.03 0.52 

17 hsa-miR-365a -3p 3.840744  0.04 0.53 

18 hsa-miR-16-5p -1.4808  0.04 0.53 

19 hsa-miR-663b -4.09061  0.04 0.53 
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A.  Heat map diagram showing one-way hierarchical clustering of the differently expressed 
miRNAs (P < 0.05) emerging from the PCR panel analysis. The heat map reports relative 
levels of miRNA expression in a green (lower expression) to red (higher expression) scale 
across all samples. 

B.  Overview of the significantly differently expressed miRNAs in plasma samples of patients with 
distal CCA compared to healthy controls. 
Distal CCA = distal cholangicarcinoma, miRNA = microRNA, hsa-miR = human microRNA 

Figure S1. 
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Distal CCA vs. healthy controls   

Rank MiRNA Stability value   

1 miR-93 and 
miR-101 0.008   

2 miR-93 0.009   

3 miR-101 0.015   

4 miR-39 0.015   

 

Combined expression of average miR-93 and miR-101 
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MiRNA expression of the reference gene combination miR-93 and miR-101 (A) and cel-miR-39 
(B) in the evaluation phase and validation phase. Box plots are displayed for the average raw 
Cq-values, with the horizontal lines representing the mean ± SD. The table (C) displays the 
stability values of the potential reference miRNAs, as calculated by NormFinder.  

Figure S2. 
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Figure S3. 
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Figure S4. Individual miRNA expression profiles of the miRNAs investigated in the 
validation phase. 
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Figure S5. Expression of miR-16 (A) and miR-877 (B) in early stage (I/II) and late stage 
(III/IV) distal cholangiocarcinoma. Expressions of miR-16 was significantly lower in late 
stage distal cholangiocarcinoma.

Figure S6. Expression of bilirubin levels in patients with benign disease versus distal 
CCA and distal CCA versus PDAC. 
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Figure S7. Expression levels of miR-877 (A) and miR-16 (B) in plasma samples of 
patients with distal CCA compared to perihilar and intrahepatic CCA. No significant 
differences were found between the expression levels of the groups. 
Normalized Cq (ΔCq) are shown, box plots are displayed for the average Cq-values, 
with the horizontal lines representing the mean ± SD. CCA = cholangiocarcinoma.

miR-16 expression

N = 24

-2.0

-4.0

-6.0

-8.0

6.0

4.0

2.0

Distal 
CCA

Distal 
CCA

Perihilar IntrahepaticPerihilar Intrahepatic

N = 35 N = 9N = 24 N = 35 N = 9
CCA CCACCA CCA

BA miR-877 expression

∆
C

q
 V

al
ue

∆
C

q
 V

al
ue

P = 0.089P = 0.817

Table S1. Overview of the 12 miRNAs selected
for evaluation and the P-value comparing distal 
CCA to healthy controls in the evaluation phase.

miRNA P-value

miR-16-5p 0.021

miR-15a-3p NS

miR-21-5p NS

miR-22-5p 0.068

miR-32-5p NS

miR-34a-5p 0.004

miR-122-5p 0.048

miR-148-5p NS

miR-150-5p NS

miR-197-3p 0.001

miR-331-3p NS

miR-877-5p <0.001
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Table S2. Predicted gene targets of miR-16-5p and miR-877-5p.   

MiRNA_ID Refseq_id Gene_symbol start end n_pairings position Validated

hsa-miR-16-5p NM_001667 ARL2 764 779 14 3UTR MIRT001478

hsa-miR-16-5p NM_004056 CA8 1389 1402 12 3UTR MIRT559009

hsa-miR-16-5p NM_001759 CCND2 5831 5854 19 3UTR MIRT003431

hsa-miR-16-5p NM_020240 CDC42SE2 1372 1397 16 3UTR MIRT256306

hsa-miR-16-5p NM_001177381 CPEB2 3607 3629 18 3UTR MIRT164261

hsa-miR-16-5p NM_001278542 DIXDC1 1248 1285 20 3UTR MIRT051092

hsa-miR-16-5p NM_001968 EIF4E 10588 10610 15 3UTR MIRT001469

hsa-miR-16-5p NM_001349798 FBXW7 4078 4101 19 3UTR MIRT032006

hsa-miR-16-5p NM_017423 GALNT7 2666 2720 13 3UTR MIRT001466

hsa-miR-16-5p NM_004798 KIF3B 5487 5502 13 3UTR MIRT152737

hsa-miR-16-5p NM_203403 LURAP1L 1756 1772 15 3UTR MIRT556382

hsa-miR-16-5p NM_001270384 MIGA1 2206 2249 17 3UTR MIRT727699

hsa-miR-16-5p NM_001184748 PAFAH1B2 1706 1722 12 3UTR MIRT001434

hsa-miR-16-5p XM_005262769 PAQR3 1818 1842 16 3UTR MIRT032065

hsa-miR-16-5p NM_014338 PISD 1567 1585 12 3UTR MIRT001431

hsa-miR-16-5p NM_001330167 RAB11FIP2 5794 5807 11 3UTR MIRT726823

hsa-miR-16-5p NM_016370 RAB9B 1141 1171 19 3UTR MIRT000803

hsa-miR-16-5p NM_003194 TBP 1525 1536 10 3UTR MIRT051286

hsa-miR-16-5p NM_001136554 TLK1 4219 4263 17 3UTR MIRT031590

hsa-miR-16-5p XM_017005934 TMCC1 3401 3425 20 3UTR MIRT031658

hsa-miR-16-5p NM_019116 UBFD1 1782 1793 10 3UTR MIRT032064

hsa-miR-16-5p NM_001319238 ZC3H11A 5194 5215 18 3UTR MIRT031561

hsa-miR-877-5p NM_004985 KRAS 3505 3534 19 3UTR MIRT502087

hsa-miR-877-5p NM_005775 SORBS3 2669 2692 18 3UTR MIRT037354

Table S3. Clinicopathological characteristics of the included patients with distal CCA, perihilar 
CCA, and intrahepatic CCA.

Distal 
CCA
(n = 24)

Perihilar
CCA
(n = 35)

Intrahepatic 
CCA
(n  = 9)

P-value*

Age –  yrs 0.298

Mean (± SD) 68 (± 11) 66 (± 9) 62 (± 7)

Sex – No. (%) 0.028*

Male 15 (63) 11 (31) 6 (67)

Female 9 (37) 24 (69) 3 (33)

Stage+ –  No. (%) 0.002*

I 2 (8) 1 (3) 0 (0)

II 17 (71) 10 (29) 2 (22)

III 2 (8) 19 (54) 1 (11)

IV 3 (13) 5 (14) 3 (33)

Missing 0 (0) 0 (0) 3 (33)

CA19-9 – No. (%) 0.318

Normal § 6 (25) 7 (20) 1 (11)

ULN to <59 × ULN 15 (63) 20 (57) 5 (56)

High ≥59 × ULN 1 (4) 5 (14) 3 (33)

Missing 2 (8) 3 (9) 0 (0)

CA19-9 (U/mL) 0.456

Median 
(± SD)

86 
(± 844)

237
(± 3,900)

217
(± 35,498)

Bilirubin – No. (%) 0.005*

High 21 (87) 27 (77) 3 (33)

Low 3 (13) 8 (23) 6 (67)

Missing 0 (0) 0 (0) 0 (0)

Bilirubin (µmol/L) 0.746

Median 
(± SD)

104 
(± 166)

103  
(± 134)

12
(± 153)

*Indicates signifi cant P-value
+AJCC Cancer Staging Manual, 7th Edition 
CCA = cholangiocarcinoma, CA19-9 = carbohydrate antigen 19-9,
ULN = Upper Limit of Normal, §The normal range was 0 - 37 U per milliliter, 
No. = number of patients.

Table S2. Predicted gene targets of miR-16-5p and miR-877-5p.   
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CA19-9 (U/mL) 0.456

Median 
(± SD)

86 
(± 844)

237
(± 3,900)

217
(± 35,498)

Bilirubin – No. (%) 0.005*

High 21 (87) 27 (77) 3 (33)

Low 3 (13) 8 (23) 6 (67)

Missing 0 (0) 0 (0) 0 (0)

Bilirubin (µmol/L) 0.746

Median 
(± SD)

104 
(± 166)

103  
(± 134)

12
(± 153)

*Indicates signifi cant P-value
+AJCC Cancer Staging Manual, 7th Edition 
CCA = cholangiocarcinoma, CA19-9 = carbohydrate antigen 19-9,
ULN = Upper Limit of Normal, §The normal range was 0 - 37 U per milliliter, 
No. = number of patients.


	Definitieve versie volledige proefschrift Meijer_Deel77
	Definitieve versie volledige proefschrift Meijer_Deel78
	Definitieve versie volledige proefschrift Meijer_Deel79
	Definitieve versie volledige proefschrift Meijer_Deel80
	Definitieve versie volledige proefschrift Meijer_Deel81
	Definitieve versie volledige proefschrift Meijer_Deel82
	Definitieve versie volledige proefschrift Meijer_Deel83
	Definitieve versie volledige proefschrift Meijer_Deel84
	Definitieve versie volledige proefschrift Meijer_Deel85
	Definitieve versie volledige proefschrift Meijer_Deel86
	Definitieve versie volledige proefschrift Meijer_Deel87
	Definitieve versie volledige proefschrift Meijer_Deel88
	Definitieve versie volledige proefschrift Meijer_Deel89
	Definitieve versie volledige proefschrift Meijer_Deel90
	Definitieve versie volledige proefschrift Meijer_Deel91
	Definitieve versie volledige proefschrift Meijer_Deel92
	Definitieve versie volledige proefschrift Meijer_Deel93
	Definitieve versie volledige proefschrift Meijer_Deel94
	Definitieve versie volledige proefschrift Meijer_Deel95
	Definitieve versie volledige proefschrift Meijer_Deel96
	Definitieve versie volledige proefschrift Meijer_Deel97
	Definitieve versie volledige proefschrift Meijer_Deel98
	Definitieve versie volledige proefschrift Meijer_Deel99
	Definitieve versie volledige proefschrift Meijer_Deel100
	Definitieve versie volledige proefschrift Meijer_Deel101
	Definitieve versie volledige proefschrift Meijer_Deel102
	Definitieve versie volledige proefschrift Meijer_Deel103
	Definitieve versie volledige proefschrift Meijer_Deel104
	Definitieve versie volledige proefschrift Meijer_Deel105
	Definitieve versie volledige proefschrift Meijer_Deel106
	Definitieve versie volledige proefschrift Meijer_Deel107
	Definitieve versie volledige proefschrift Meijer_Deel108
	Definitieve versie volledige proefschrift Meijer_Deel109
	Definitieve versie volledige proefschrift Meijer_Deel110
	Definitieve versie volledige proefschrift Meijer_Deel111
	Definitieve versie volledige proefschrift Meijer_Deel112
	Definitieve versie volledige proefschrift Meijer_Deel113
	Definitieve versie volledige proefschrift Meijer_Deel114
	Definitieve versie volledige proefschrift Meijer_Deel115
	Definitieve versie volledige proefschrift Meijer_Deel116



