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Abstract

Purpose Recently, we identified the microRNA-99 family as unfavorable prognostic factor in patients with pancreatic ductal
adenocarcinoma (PDAC). The aim of this study is to evaluate its value as circulating biomarker for PDAC.

Methods Tissue and corresponding preoperative blood samples of 181 patients with PDAC UICC Stages I-IV (n=90),
intraductal papillary mucinous neoplasm (IPMN, n=11), chronic pancreatitis (n=40), pancreatic cystadenoma (n=20),
and age-matched healthy blood serum controls (n=20) were collected between 2014 and 2017 prospectively. Expression
of microRNA-21 as confirmatory marker and the microRNA-99 family, consisting of microRNA-99a, -99b, and -100, was
analyzed by qRT-PCR. Target analysis of insulin-like growth factor 1 receptor (IGF1R) was performed using tissue array
immunohistochemistry and Western blotting.

Results Expression of microRNA-99 family members was significantly increased in macrodissected tumor tissue and cor-
responding blood serum samples (p < 0.05) of patients with PDAC of all stages. Correspondingly, its target protein IGF1R
was upregulated (p <0.001) in carcinoma tissue. Circulating and tissue-related microRNA-100 could well discriminate
PDAC from healthy samples with area under the receiver operating characteristic (ROC) curve (AUC) values of 0.81 and
0.85, respectively. Low expression of circulating microRNA-100 was associated with significantly improved overall survival
(»=0.004) and recurrence-free survival (p=0.03) in multivariate analyses. Circulating microRNA-21 was overexpressed in
PDAC with fair discrimination between PDAC and healthy controls (AUC =0.71) and decreased overall survival (p =0.046)
and recurrence-free survival (p =0.03) in PDAC patients.

Conclusions Multivariate survival and ROC analyses identified circulating microRNA-100 as potential diagnostic and prog-
nostic marker in PDAC patients.

Keywords Pancreatic ductal adenocarcinoma - Circulating microRNA-99 family - Liquid biopsy - Insulin-like growth
factor 1 receptor
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CI Confidence interval

Ct Cycle threshold

FFPE Formalin-fixed paraffin embedded

IGF1R Insulin-like growth factor 1 receptor

IHC Immunohistochemistry

IPMN Intraductal papillary mucinous neoplasm

miR microRNA

NET Neuroendocrine tumor

PDAC Pancreatic ductal adenocarcinoma

PTEN Phosphatase and tensin homolog

gRT-PCR Quantitative reverse transcriptase polymerase
chain reaction

ROC Receiver operating characteristic

SD Standard deviation

SEM Standard error of the mean

TMA Tissue microarray

UICC Union internationale contre le cancer.
Background

Pancreatic ductal adenocarcinoma (PDAC) moved from the
fourth leading cause of cancer-related death in the USA and
Europe to the third, surpassing breast cancer. While overall
cancer incidence and death rates are declining worldwide,
the incidence of more than 330.000 new cases with simi-
lar number of deaths from PDAC is estimated to increase
(Lucas et al. 2016; Siegel et al. 2017).

Curative surgery still offers the best chance for survival
if PDAC is diagnosed in early stage. This is the case in less
than 20% with tumor recurrence in approximately 80%
within 5 years postoperatively. Furthermore, only a small
improvement of survival could be achieved by adjuvant or
palliative chemotherapy with gemcitabine since 1997, erlo-
tinib since 2007, FOLFIRINOX combination therapy since
2011, paclitaxel since 2013, and irinotecan since 2015 (Bur-
ris et al. 1997; Conroy et al. 2011; Moore et al. 2007; Von
Hoff et al. 2013; Wang-Gillam et al. 2016). Rapid disease
progression, late diagnosis at advanced unresectable stages,
high resistance to current chemotherapy regimens, and lack
of prognostic markers are the sad realities in PDAC.

Recently, we could demonstrate in clinical tissue sam-
ples that members of the microRNA-99 family have poten-
tial as unfavorable prognostic markers for overall survival
and chemotherapy response in patients with PDAC Stage
IT according to the Union Internationale Contre le Cancer
(UICC) (Dhayat et al. 2015a). The value of circulating
microRNA-99 family as liquid biopsy marker for PDAC
remained undefined.
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Patients and methods
Patients and samples

A tissue and blood biobank and follow-up database are
maintained prospectively by the Department of General,
Visceral and Transplantation Surgery and the Comprehen-
sive Cancer Center Muenster, University Hospital Muen-
ster, Germany. From these, 78 consecutive tissue speci-
mens and 137 partly corresponding blood serum samples
of patients with PDAC UICC Stages I (n=5), Il (n=28),
III (n=29) and IV (n=28), intraductal papillary mucinous
neoplasm (IPMN, n=11), chronic pancreatitis (n=40),
cystadenoma of the pancreas (n=20), and age-matched
healthy blood serum controls (n=20) were collected
between 2014 and 2017. PDAC stages and progression
were categorized according to the current 8th edition of
the UICC Tumor Lymph Node Metastasis (TNM) classi-
fication of malignant tumors (Amin et al. 2017).

About 5 ml of venous blood was collected preopera-
tively from each participant by a study nurse under stand-
ardized conditions from 8 to 10 am as part of the routine
ambulatory blood sample collection. The whole blood
was separated into serum and cellular fractions by cen-
trifugation at 1200xg for 10 min after a recommended
clotting time of minimum 30 min. The supernatant serum
was stored at — 80 °C until analysis. Intraoperatively tissue
samples were immediately partly cryopreserved in liquid
nitrogen and partly fixed in 10% buffered formalin and
then processed into a paraffin-embedded block and stored
at room temperature. Sections from each of the 78 speci-
mens were examined by a pathologist and graded histolog-
ically. All cancerous specimens showed vital tumor tissue.

Ethical approval for postoperative tissue collection
was obtained (Ethics committee, University Muenster,
Az: 1I1XHai v. 11.8.2011 and Az: 2016-074-f-S) and all
patients provided informed written consent. All patients
with suspicion of resectable PDAC underwent radical
resection and were assigned to duodenopancreatectomy
or left pancreatic resection with standard lymphadenec-
tomy. Explorative laparotomy with excisional biopsy was
performed in patients with locally advanced unresectable
and/or metastatic unresectable tumor burden with the pres-
ence of arterial infiltration, unresectable liver metastasis,
and peritoneal carcinomatosis.

Patients that received immunosuppression, neoadjuvant
chemo- or radiotherapy were excluded to avoid potential
influences on microRNA expression. Perioperative clini-
cal data, histopathological information and follow-up data
were collected for all patients (Tables 1, 2, Supplementary
Table 1). The primary endpoints of this study were dis-
ease-specific overall survival and recurrence-free survival.
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Table 1 Clinicopathologic characteristics of the study groups

Total Healthy Chronic IPMN PDAC PDAC UICC PDAC UICC PDAC UICC p value (3%
(n=181) controls pancreatitis (n=11) UICC Stage Stage II Stage I1I Stage IV test)
(n=40) (n=40) I (n=5) (n=28) (n=29) (n=28)
Age (years)
Median 65 65 60.5 73 71 64.5 68 65.5
Range 26-87 42-87 34-80 36-79 66-75 41-79 43-82 26-82 0.190
<60 65 12 20 2 0 11 11 9
>60 116 28 20 9 5 17 18 19
Gender
Female 81 24 16 8 1 9 10 13 0.064
Male 100 16 24 3 4 19 19 15
Body mass
index
Median 24.7 26.3 232 224 26.7 24.95 24.4 24.6
Range 15.9-47.6 21.6-36.0 18.5-33.6 15.9-26.8 23.1-30.1 17.7-37.0 20.0-32.0 16.7-47.6 0.464
<25 97 16 23 8 2 16 17 15
>25 84 24 17 3 3 12 12 13
Smoker
Yes 60 12 16 2 0 7 15 8 0.115
No 121 28 24 9 5 21 14 20
Alcohol
abuse
Yes 19 1 7 0 0 2 7 2 0.041
No 162 39 33 11 5 26 22 26
Pre-surgical
diabetes
mellitus
Yes 46 6 10 3 2 9 6 10 0.487
No 135 34 30 8 3 19 23 18
Pre-surgical
pancreatitis
Yes 61 0 40 3 0 6 11 1 < 0.001
No 120 40 0 8 5 22 18 27
Pre-surgical
CA.19-9
(U/ml)
Median 67.9 8.1 23.0 17.7 151.4 106.5 175.2 277.5 <+ 0.001
Range 1.6-20640.0 1.6-42.9 7.8-357.2 13.0-23.9 39.5-350.0 16.5-3136.1 2.6-18517.4 4.00-
20640.0
<30 104 38 29 10 1 10 12 4
>30 77 2 11 1 4 18 17 24
Pre-surgical
CEA (ng/
ml)
Median 2.6 2.1 2.7 6.2 39 2.1 3.0 < 0.001
Range 0.4-14.2 1.2-3.1 1.9-4.53 3.8-7.4 0.4-6.8 0.4-10.5 0.6-14.2
<5 169 40 40 11 2 26 27 23
>5 12 0 0 0 3 2 2 5

P <0.05 indicates significance (bold)
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Table 2 Clinicopathologic characteristics of curatively treated PDAC patients

Disease-specific overall survival Recurrence-free survival

Number of patients Predicted median  p value (log rank) Number of patients Predicted median  p value (log rank)

[death/censored] survival (months) [recurrence/cen- survival (months)
[95% CI] sored] [95% CI]
Total 48 [23/25] 48 [29/19]
Age (years) [range] 66 [42-81] 66 [42-81]
<60 16 [9/7] 16.0 [9.2-22.8] 0.827 16 [13/3] 13.0 [8.0-18.0] 0.933
> 60 32 [14/18] 20.0 [15.5-24.5] 32 [16/16] 12.0 [9.1-14.9]
Gender
Male 32 [14/18] 21.0 [15.3-26.7] 0.111 32 [20/12] 12.0 [8.5-15.5] 0.777
Female 16 [9/7] 14.0[9.3-18.7] 16 [9/7] 12.0 [7.3-16.7]
Body mass index 24.7 [17.7-37.0] 24.7[17.7-37.0]
[range]
<25 29 [16/13] 16.0 [10.4-21.6] 0.023 29 [17/12] 10.0 [6.8-13.2] 0.575
>25 19 [7/12] 22.0 [11.0-33.0] 19 [12/7] 14.0 [8.1-19.9]
Pre-surgical diabe-
tes mellitus
Yes 14 [7/7] 28.0 [9.8-46.2] 0.579 14 [9/5] 11.0 [7.6-14.4] 0.703
No 34 [16/18] 17.0 [9.1-24.9] 34 [20/14] 13.0 [9.6-16.4]
Pre-surgical pan-
creatitis
Yes 15 [11/4] 17.0 [11.3-22.7] 0.234 15 [12/3] 12.0 [8.6-15.4] 0.402
No 33 [12/21] 28.0 [11.5-44.5] 33 [17/16] 13.0 [7.2-18.8]
Pre-surgical 172.15 [3.1- 172.15 [3.1-
CA.19-9 (U/ml) 18517.4] 18517.4]
[range]
<30 19 [12/7] 20.0 [14.2-25.8] 0.653 19 [14/5] 12.0 [10.1-13.9] 0.982
>30 29 [11/18] 20.0 [8.9-31.1] 29 [15/14] 13.0 [7.8-18.2]
Pre-surgical CEA 3.9 [0.4-10.5] 3.9 [0.4-10.5]
(ng/ml) [range]
<5 42 [23/19] 20.0 [13.8-26.2] 0.565 42 [28/14] 12.0 [8.7-15.3] 0.665
>5 6 [0/6] 6 [1/5] 11.0
UICC stage
1 5 [0/5] 5[1/4]
Ila 6 [3/3] 34.0 0.593 6 [5/1] 12.0 [3.7-20.3] 0.736
1Ib 22 [13/9] 16.0 [9.2-22.8] 22 [14/8] 10.0 [7.4-12.6]
1 15 [7/8] 17.0 [9.4-24.6] 15 [9/6] 13.0 [8.8-17.2]
Grading
G2 22 [9/13] 22.0[19.2-24.8] 0.037 22 [13/9] 16.0 [11.7-20.3] 0.039
G3 26 [14/12] 13.0 [7.3-18.7] 26 [16/10] 9.0 [5.9-12.1]
Nodal invasion
NO 11 [3/8] 34.0 0.346 11 [6/5] 16.0 [9.9-22.0] 0.981
N1 22 [13/9] 16.0 [9.2-22.8] 22 [14/8] 10.0 [7.4-12.6]
N2 15 [7/8] 17.0 [9.4-24.6] 15 [9/6] 13.0 [8.8-17.2]
Lymphatic invasion
LO 33 [13/20] 22.0 [14.6-29.4] 0.390 33 [17/16] 13.0 [10.1-15.9] 0.321
L1 15 [10/5] 14.0 [8.3-23.7] 15 [12/3] 10.0 [4.2-15.8]
Perineural invasion
Pn0 8 [4/4] 14.0 [5.9-22.1] 0.769 8 [6/2] 13.0 [11.0-15.0] 0.768
Pnl 35 [16/19] 20.0 [11.1-28.9] 35 [18/17] 12.0 [8.9-15.1]
Pnx 5[3/2] 21.0 [10.3-31.7] 5 [5/0] 7.0 [2.7-11.3]

Vein invasion
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Table 2 (continued)

Disease-specific overall survival

Recurrence-free survival

Number of patients Predicted median

p value (log rank) Number of patients Predicted median

p value (log rank)

[death/censored] survival (months) [recurrence/cen- survival (months)
[95% CI] sored] [95% CI]
VO 44 [20/24] 20.0 [14.6-25.4] 0.176 44 [26/18] 12.0 [9.3-14.7] 0.495
V1 4 [3/1] 14.0 [0.0-29.0] 4 [3/1] 7.0 [0.5-13.5]
Resection margin
RO 34 [16/18] 21.0 [13.8-28.2] 0.192 34 [19/15] 13.0 [9.5-16.5] 0.107
R1 14 [7/7] 13.0 [8.7-17.3] 14 [10/4] 10.0 [8.5-11.5]
Tumor size (cm) 2.5[0.84.7] 2.5[0.8-4.7]
[range]
<3 31 [15/16] 21.0 [15.1-26.9] 0.718 31 [19/12] 13.0 [9.6-16.4] 0.671
>3 10 [3/7] 20.0 [0.0-40.0] 10 [5/5] 11.0 [0.0-24.7]
Type of surgery
Pancreatic head 39 [18/21] 20.0 [13.1-26.9] 0.671 39 [22/17] 13.0 [9.2-16.8] 0.092
resection
Pancreatic left 7 [4/3] 20.0 [6.5-33.5] 7[5/2] 11.0 [5.0-17.0]
resection
Total pancreatec- 2 [1/1] 4.0 2 [2/0] 4.0
tomy
Location of pri-
mary tumor
Pancreatic head 37 [17/20] 21.0[12.7-27.3] 0.782 37 [21/16] 13.0[10.5-15.5] 0.050
Pancreatic tail 8 [4/4] 20.0 [6.5-33.5] 8 [5/3] 11.0 [5.0-17.0]
and corpus
Multifocal 3[2/1] 22.0 3 [3/0] 8.0 [1.6-14.4]
Post-op chemo-
therapy
Adjuvant 42 [20/22] 20.0 [14.6-25.4] 0.004 42 [26/16] 12.0 [9.9-14.1] 0.102
No 6 [3/3] 4.0 6 [3/3] 4.0
Post-op radio-
therapy
Yes 7 [4/3] 11.0 [9.0-13.0] 0.326 7 [6/1] 10.0 [6.6-13.4] 0.281
No 41 [19/22] 20.0 [14.8-25.2] 41 [23/18] 13.0[11.0-15.0]

Indication of median disease-specific overall survival and recurrence-free survival in months and 95% confidence interval (CI). P <0.05 indi-

cates significance (bold)

Selection of microRNAs and their target proteins

Previously we could show that high expression of micro-
RNA-21, microRNA-99a, and microRNA-100 in PDAC
tissue correlated significantly with chemoresistance and
poor overall survival (Dhayat et al. 2015a). Insulin-like
growth factor 1 receptor (IGF1R) is a known target protein
of the microRNA-99 family consisting of microRNA-99a,
-99b, and -100 (Fujino et al. 2017; Ge et al. 2014; Huang
et al. 2013; Lerman et al. 2011; Li et al. 2013; Sun et al.
2014). MicroRNA-21 and its target phosphatase and tensin
homolog (PTEN) were used as known deregulated mole-
cules in PDAC and served as confirmatory controls.
MicroRNA expression data of tissue specimens were
normalized to expression levels of the three housekeeping

genes RNU1A, SNORD68 and SNORD96A, selected from
a total of ten tested housekeeping genes in PDAC tissue.
Circulating microRNA expression data were normalized to
the synthetic microRNA-39 from Caenorhabditis elegans
(cel-microRNA-39) as spiked-in control.

RNA isolation and quantification of microRNA-99
family and microRNA-21

Tumor macrodissection by an experienced pathologist and
RNA purification from each formalin-fixed paraffin-embed-
ded (FFPE) tissue sample through robotic workstation (QIA-
cube, Qiagen, Hilden, Germany) were realized as described
previously (Dhayat et al. 2015a). Total RNA isolation
from cryopreserved blood serum samples was done using
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QIAzol Lysis Reagent (Qiagen) as a part of the miRNeasy
Serum/Plasma Kit (Qiagen) according to the manufacturer’s
instructions. 3.5 pl synthetic miRNA-39 from Caenorhab-
ditis elegans (cel-microRNA-39) was added as a spike-in
control (1.6 x 108 copies/ul working solution).

RNA concentration and purity were assessed by Agilent
2100 Bioanalyzer and RNA 6000 Nano/Pico LabChip (Agi-
lent Tech., Boeblingen, Germany). Samples with RIN > 7
were considered intact and used for analysis. RNA was
stored at — 80 °C. Quantitative real-time (QRT) PCR was
performed using the miScript PCR system (Qiagen) as
described previously (Dhayat et al. 2015a). Quantitative
microRNA analysis was performed using CFX Manager
Software v2.1 (Bio-Rad Laboratories, Munich, Germany).
Expression of microRNA-99a, microRNA-99b, micro-
RNA-100, and microRNA-21 was analyzed quantitatively
relative to the housekeeping genes by the AACt (cycle
threshold) method (Livak and Schmittgen 2001).

Tissue array immunohistochemistry

Tissue microarray (TMA) and immunostaining by the Dako
Autostainer Plus S3400 and the Dako Real Detection Sys-
tem (Alkaline Phosphatase/RED, Rabbit/Mouse, K5005)
were performed as described previously (Dhayat et al.
2015a). Sections from these arrays were stained with the
primary antibodies IGF1Rf (monoclonal antibody, 1:400,
clone D406W, Cell Signaling Technology, Danvers, MA,
USA) as known target protein of the microRNA-99 fam-
ily and PTEN (monoclonal antibody, 1:200, clone NCH-38,
Dako, Hamburg, Germany) as known target protein of the
microRNA-21. Immunohistochemical staining was evalu-
ated semi-quantitatively, according to the percentage of cells
showing specific immunoreactivity. Two independent inves-
tigators evaluated, in a blinded manner, antibody staining
using light microscopy (Eclipse EI000M and NIS-Elements
D3.1 imaging software, Nikon, Tokyo, Japan) and a scoring
system with a scale ranging from 0 to 4+ as defined previ-
ously (Dhayat et al. 2015a).

Western blotting

Cryopreserved tissue samples were dissociated in RIPA lysis
buffer with freshly added 1x Protease Inhibitor Cocktail
(Cell Signaling Technology) using a TissueLyserLT bead
mill (Qiagen, Hilden, Germany). The lysate was cleared
by centrifugation at 1000xg for 20 min at 4 °C followed
by centrifugation at 14000xg for 45 min at 4 °C. Protein
quantification was carried out using Pierce™ BCA Protein
Assay Kit (ThermoScientific™, Waltham, MA, USA). Pro-
teins were separated by sodium dodecyl sulfate (SDS)-6%
polyacrylamide gel electrophoresis and blotted to a PVDF
membrane (Merck, Darmstadt, Germany). The membrane
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was blocked in 5% (w/v) non-fat milk (Sigma-Aldrich,
St.Louis, MO, USA) in TBS buffer with 0.05% (v/v) Tween-
20 (Applichem, Darmstadt, Germany) for 45 min at room
temperature. The primary antibody anti-IGF1Rp (rabbit
monoclonal (D406W) at 1:1000) was diluted in blocking
buffer at target-specific concentrations and incubated over-
night at 4 °C. Rabbit anti-actin (A2066, Sigma-Aldrich, St.
Louis, MO, USA) was used as a loading control at 1:2000.
The membrane was washed three times with TBS—-Tween
and incubated with secondary antibody anti-rabbit IgG-HRP
(A6154, Sigma-Aldrich, St.Louis, MO, USA, 1:14,000) for
1 h at room temperature. After three washing, peroxidase
was detected using Immobilon™ ECL western blotting sub-
strate (Millipore, Schwalbach, Germany).

Statistical analysis

Statistical analysis was performed with the SPSS® Statistics
Version 22 (IBM Corp. Armonk, NY) for Windows®. Data
were expressed as medians of mean normalized expression
with standard deviation (SD) or standard error of the mean
(SEM). Bar charts demonstrating the median (middle quar-
tile) and SEM were used to show normalized microRNA
expression data (2724Y) in the different study groups. Com-
parison between gene expression and categorical variables
was conducted using the nonparametric Mann—Whitney U
test or the Kruskal-Wallis test to test more than two groups.
To test the correlation between the clinicopathological data
and the expression of the microRNAs, we used the Fish-
er’s two-tailed exact test and whenever appropriate the >
test. All of the variables were dichotomized. For analysis
of follow-up data, life table curves were calculated using
the Kaplan—Meier method. Log rank test was used for com-
parison of overall survival rates between the groups with
high and low microRNA. The primary end points were dis-
ease-specific survival or relapse-free survival, as measured
from the date of surgery to the time of the last follow-up or
cancer-related death or tumor relapse, respectively. Data of
patients who were still alive and without evidence of tumor
relapse at the end of the study were censored. A Cox propor-
tional hazards regression model was used to estimate hazard
ratios and 95% confidence intervals (CIs) and to perform
multivariate survival analysis using a forward stepwise vari-
able selection procedure based on the likelihood ratio. Vari-
ables with significant p values in the univariate analysis were
included in the multivariate analysis.

The predicted probability of being diagnosed with PDAC
Or non-cancerous pancreatic tissue was used as a surrogate
marker to construct the receiver operating characteristic
(ROC) curve. Area under the ROC curve (AUC) with its
corresponding 95% confidence interval (CI) was used as an
accuracy index for evaluating the diagnostic performance of
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the selected microRNA. Values for p <0.05 were considered
to be statistically significant.

Results
Clinicopathologic characteristics

A total of 181 patients with PDAC UICC Stage I (n=5), II
(n=28), Il (n=29) and IV (n=28), IPMN (n=11), chronic
pancreatitis (n=40), and healthy controls (n=40) were ana-
lyzed (Table 1). Patients with neuroendocrine carcinoma
were excluded. The male to female ratio was approximately
1.2:1. There was no significant correlation of PDAC with
age, gender, body mass index, smoking or pre-surgical dia-
betes mellitus. A correlation of PDAC diagnosis was evident
for alcohol consumption, pre-surgical pancreatitis, elevated
levels of CA19-9 and CEA.

Clinicopathologic characteristics of all 90 PDAC patients
(Supplementary Table 1) and 48 curatively treated PDAC
patients (Table 2) were summarized. The median age at
diagnosis of curatively treated PDAC patients UICC Stage
I (n=5), UICC Stage Ila (n=6), UICC Stage 1Ib (n=22),
and UICC Stage III (n=15) was 66 years. Tissue specimens
were obtained from patients with PDAC UICC Stages II
and III. These patients underwent curative pancreatic head
resection (81.2%), pancreatic left resection (14.6%) or total
pancreatectomy (4.2%). Tissue samples of 16 patients with
benign, non-inflammatory pathology of the pancreas were
analyzed. The majority of all 90 PDAC patients (51; 57%)
had died by the time of final analysis with a median follow-
up of 9 months. Five patients from other groups died (2
chronic pancreatitis, 2 benign, non-inflammatory disorder,
and 1 IPMN). The median follow-up of all patients was
16.5 months.

Univariate analyses of all PDAC patients (n=90) indi-
cated that gender (p =0.046), UICC stage (»p=0.001), tumor
grading (p =0.023), metastasis, nodal invasion, resection
margin, and type of surgery (each p <0.001) correlated with
overall survival. Patients who underwent adjuvant gemcit-
abine chemotherapy had significantly improved overall sur-
vival rates (p <0.001) (Supplementary Table 1).

Univariate analyses of curatively treated PDAC patients
(n=438) indicated that body mass index (p =0.023), tumor
grading (p=0.037), and adjuvant chemotherapy (p =0.004)
correlate with overall survival, while tumor grading
(p=0.039) and location of primary tumor (p =0.05) cor-
relate with recurrence-free survival (Table 2).

Expression of the microRNA-99 family

Macrodissected tissue and in part corresponding blood
serum samples of 40 healthy and benign, non-inflammatory

pancreas, 40 chronic pancreatitis, 11 IPMN, and 90 PDAC
were evaluated by qRT-PCR for the expression of micro-
RNA-99 family members and microRNA-21. In blood serum
a significant upregulation of expression in PDAC versus
healthy was found for microRNA-100 (FC=2.38, p <0.001,
r=3.37), microRNA-99a (FC=1.94, p=0.011, r=2.22),
and microRNA-99b (FC=1.75, p<0.001, r=3.66). Expres-
sion of microRNA-21 and microRNA-99a was significantly
upregulated in PDAC versus chronic pancreatitis (FC=1.65,
p=0.021, r=2.08 and FC=1.62, p=0.044, r=1.80) and
microRNA-99b expression was significantly upregulated in
chronic pancreatitis versus healthy (FC=1.55, p=0.011,
r=23.93). Differentiated according to the UICC stages I-1V,
all circulating microRNAs were significantly upregulated in
PDAC UICC Stage IV versus healthy (p <0.05). Circulating
microRNA-100 was significantly upregulated in UICC Stage
II (p=0.007) and together with microRNA-99b in UICC
Stage I1I (p <0.028 and p=0.002) (Table 3; Fig. 1a).
Tissue expression of microRNA-21 (FC=5.46, p <0.001,
r=>5.37), microRNA-100 (FC=2.95, p<0.001, r=3.50)
and microRNA-99b (FC=1.83, p=0.001, r=3.28) was
significantly upregulated in curatively resected PDAC
versus healthy. MicroRNA-21 expression could discrimi-
nate between chronic pancreatitis and PDAC (FC =2.50,
p<0.001, r=3.10) as well as IPMN and PDAC (FC=8.46,
p<0.001, r=5.93). MicroRNA-100, microRNA-99a, and
microRNA-99b expression were significantly upregulated
in chronic pancreatitis versus healthy (FC=2.72, p=0.018,
r=2.86; FC=2.10,p=0.042, r=2.46; FC=1.71, p=0.042,
r=2.45). Tissue-related microRNA-21 and microRNA-100
were significantly upregulated in UICC Stage II (p <0.001
and p=0.001) and UICC Stage III (p=0.002 and p=0.016).
All microRNAs were significantly upregulated in UICC
stages II and III versus IPMN (p <0.05) (Table 4; Fig. 1b).

Diagnostic potential of the microRNA-99 family

Diagnostic potential of microRNAs in blood serum and
tissue was analyzed by ROC curve analysis (Fig. 2). For
discrimination between PDAC and healthy controls a good
to fair discriminatory power was detected for circulating
microRNA-100 (AUC=0.81; p <0.001), microRNA-99b
(AUC=0.76; p<0.001), microRNA-99a (AUC=0.72;
p=0.002), and microRNA-21 (AUC=0.71; p=0.005).
Diagnostic potential between PDAC and chronic pancrea-
titis was fair for circulating microRNA-21 (AUC =0.70;
p=0.005) and poor for microRNA-100 (AUC =0.64;
p=0.061), microRNA-99a (AUC=0.68; p=0.011), and
microRNA-99b (AUC=0.55; p=0.482). Circulating micro-
RNA-100 and microRNA-99b showed a fair potential to dis-
tinguish between healthy control and chronic pancreatitis
(AUC=0.73; p=0.014 and AUC=0.72; p=0.009).
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TabI.e 3 D.iffereptial expres.sion CP IPMN PDAC IPMN PDAC PDAC
of circulating microRNAs in
PDAC and non-PDAC patients vs. healthy control vs. CP vs. IPMN
miR-21
n=121 FC 1.12 1.47 1.85 1.30 1.65 1.26
z=17.033 Izl 4.672 6.646 15.197 11.318 19.869 8.551
df=3 p 0.652 0.678 0.067 0.484 0.021 0.567
p=0.071 n 46 30 93 28 91 75
r 0.69 1.35 1.58 2.14 2.08 0.99
miR-100
n=119 FC 1.72 1.67 2.38 -1.03 1.38 1.43
z=14.752 Izl 19.429 19.167 32.300 0.262 12.872 13.134
df=3 p 0.068 0.230 <0.001 0.987 0.133 0.370
p=0.002 n 42 27 92 27 92 77
r 3.00 3.69 337 0.05 1.34 1.50
miR-99a
n=117 FC 1.19 1.00 1.94 -1.19 1.62 1.94
2=9.594 Izl 4.134 1.373 20.983 5.508 16.848 22.356
df=3 p 0.683 0.930 0.011 0.724 0.044 0.122
p=0.022 n 45 29 89 28 88 72
r 0.62 0.25 222 1.04 1.80 2.63
miR-99b
n=125 FC 1.55 1.09 1.75 —1.42 1.13 1.60
7=16.253 Izl 26.969 7.125 32.819 19.844 5.850 25.694
df=3 p 0.011 0.667 <0.001 0.232 0.500 0.095
p=10.001 n 47 30 96 29 95 78
r 3.93 1.30 3.66 3.68 0.60 291

P <0.05 indicates statistical significance as calculated by two-tailed Kruskal-Wallis test (bold)

FC fold change, z test statistic, df degrees of freedom, p p value, n number of patients, r Pearson correla-

tion coefficient

miR-99a
Dhealthy ®mCP gIPMN oUICC | mUICC || mUICC Il mUICC IV

Fig.1 Median 2-AACq expression and SEM of circulating (a) and
tissue (b) microRNAs in different study groups. Asterisk (*) indi-
cates a significant difference of p <0.05 between PDAC patients and

Tissue microRNA-100 (AUC =0.85; p<0.001) and
microRNA-99b (AUC =0.85; p <0.001) were good discrim-
inators between PDAC and healthy control, but poorly to
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healthy controls. Dollar sign ($) and section sign (#) indicate a signif-
icant difference of p <0.05 between PDAC patients and patients with
chronic pancreatitis or IPMN, respectively

fairly distinguished between chronic pancreatitis and PDAC
or healthy control. Tissue microRNA-99a was a poor to fair
discriminator in all comparisons. Tissue microRNA-21
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Tab!e 4 Differential e.><pression CP IPMN PDAC IPMN PDAC PDAC
of tissue microRNAs in PDAC
and non-PDAC patients vs. healthy control vs. CP vs. IPMN
miR-21
n=738 FC 2.19 —-1.55 5.46 -3.39 2.50 8.46
z=38.183 Izl 14.222 0.715 36.821 14.937 22.599 37.536
df=3 0.056 0.940 <0.001 0.096 <0.001 <0.001
p<0.001 n 38 25 47 31 53 40
2.31 0.14 5.37 2.68 3.10 5.93
miR-100
n="78 FC 2.72 —1.56 2.95 —4.24 1.08 4.59
z=20.961 Izl 17.625 7.708 24.012 25.333 6.387 31.720
df=3 0.018 0.414 0.001 0.005 0.312 <0.001
p<0.001 n 38 25 47 31 53 40
2.86 1.54 3.50 4.55 0.88 5.02
miR-99a
n="78 FC 2.10 —1.82 1.21 —-3.82 —-1.74 2.20
z=11.193 Izl 15.176 12.271 9.304 27.447 5.872 21.575
df=3 0.042 0.194 0.182 0.002 0.353 0.012
p=0.011 n 38 25 47 31 53 40
r 2.46 2.45 1.36 4.93 0.81 3.41
miR-99b
n=78 FC 1.71 —1.54 1.83 —2.63 1.07 2.81
z=23.191 Izl 15.125 13.764 22.512 28.889 7.387 36.276
df =3 p 0.042 0.145 0.001 0.001 0.242 <0.001
p<0.001 n 38 25 47 31 53 40
r 2.45 2.75 3.28 5.19 1.01 5.74

P <0.05 indicates statistical significance as calculated by two-railed Kruskal-Wallis test (bold)

FC fold change, z test statistic, df degrees of freedom, p p value, n number of patients, r Pearson correla-

tion coefficient

enabled an excellent discrimination between PDAC and
healthy control (AUC =0.95; p<0.001) and also a good to
fair discrimination between PDAC and chronic pancreatitis
(AUC=0.82; p<0.001) and between chronic pancreatitis
and healthy (AUC =0.73; 0.017).

Prognostic impact of the microRNA-99 family

Macrodissected carcinoma tissue and serum samples of
48 curatively treated patients with PDAC UICC I, II and
III were evaluated by qRT-PCR for the expression of the
microRNA-99 family and microRNA-21 with correlation
to survival data (Fig. 3). Patients were categorized into low
microRNA and high microRNA categories by cut-off dCt-
values approximated to the median. Subgroup analysis of the
study groups with low and high expression levels revealed
mostly homogeneous distribution of number of patients, age,
gender, body mass index, pre-surgical diabetes mellitus,
UICC stages, tumor grade, nodal invasion, resection mar-
gin, location of primary tumor and radiotherapy (p <0.05).
Inhomogeneous distribution was detected for low versus

high expression levels for number of patients for circulat-
ing microRNA-21, location of primary tumor for circulat-
ing microRNA-99a (p=0.050) and adjuvant chemotherapy
for circulating microRNA-21, -100 and -99a (p =0.004,
p=0.021, p=0.038).

Univariate Kaplan—Meier survival analysis revealed sig-
nificantly improved overall survival in PDAC patients with
low expression of circulating microRNA-21 (ACt cut-off
0.17; p=0.002) and circulating microRNA-100 (cut-off
5.2; p=0.001). Correspondingly, improved recurrence-
free survival correlated with low expression of circulating
microRNA-21 (p=0.003) and circulating microRNA-100
(p=0.006).

In curatively treated PDAC patients with UICC stages
I, IT or 111, resection status RO, carcinoma of the pancreatic
head and adjuvant chemotherapy with Gemcitabine, high
expression of microRNA-100 correlated with extended over-
all survival (p = 0.035) as well as recurrence-free survival
(0.040). In the same group of patients high expression of
microRNA-21 correlated with extended recurrence-free sur-
vival (p =0.020), but not overall survival (p =0.096).
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A ROC curve analysis of tissue microRNA-21

B ROC curve analysis of circulating microRNA-21
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Fig.2 Diagnostic potential of microRNA-21 (a, b), microRNA-100
(¢, d), microRNA-99a (e, f) and microRNA-99b (g, h) as tissue
(left column) or circulating (right column) markers of PDAC versus

After controlling for UICC stage, tumor grade, lym-
phatic invasion and resection status in Cox regression sur-
vival analysis, the hazard of high circulating microRNA-21
in curatively treated PDAC patients was 7.8 times that of
low circulating microRNA-21 for overall survival (95% CI
1.0-58.1, p=0.046) and 5.3 times higher for recurrence-
free survival (95% CI 1.8-24.3, p= 0.03) in multivariate
analysis. For high circulating microRNA-100 the hazard
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healthy controls, PDAC versus chronic pancreatitis or chronic pan-
creatitis versus healthy, respectively. P<0.05 indicates significance.
AUC area under the curve

in overall survival analysis was 15.4 that of low circulat-
ing microRNA-100 (95% CI 2.3-101.1, p= 0.004) and
in recurrence-free survival analysis 4.6 times that of low
circulating microRNA-100 (95% CI 1.2-17.9, p= 0.03).
High circulating microRNA-100 correlated with sight of
synchronous metastases (Spearman p = 0.022), but not
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Fig.3 Prognostic impact of Ao serum miR-21 B 0 serum miR-21
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with recurrences. High tissue microRNA-99a correlated
with metachronous metastases (Spearman p = 0.034) in
curatively operated PDAC patients.

post-op follow-up (months)

Expression of the microRNA-99 family target protein

IGF1R

Expression levels of IGF1Rf were evaluated in tissue micro-
array sections of healthy controls, chronic pancreatitis and
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Table 5 Immunohistochemical staining density of IGFIR and PTEN
in the different study groups

Antibody Healthy Chronic Pancreatic p value (i test)

staining  control  pancreatitis cancer

score [0)) n (11D

IGF1-R
Total 16 20 27
4+ 0 0 10 I versus II: 0.462
3+ 1 1 17 I versus I1I: <0.001
2+ 8 14 0 II versus III: <0.001
1+ 7 5 0

PTEN
Total 16 20 27
4+ 9 8 0 I versus II: 0.520
3+ 6 8 4 I versus III: <0.001
2+ 1 2 17 1I versus III: <0.001
1+ 0 2 6

P <0.05 indicates significance

PDAC (Table 5; Fig. 4a—c). A significant increase in cat-
egorical expression of IGF1Rf was detected in PDAC ver-
sus healthy control and in PDAC versus chronic pancreatitis
(each p<0.001). PTEN as a confirmatory target of micro-
RNA-21 showed significant downregulation in PDAC ver-
sus healthy control and in PDAC versus chronic pancreatitis
(each p<0.001). Exemplarily, the upregulation of IGF1Rf
in PDAC versus healthy and in chronic pancreatitis versus
healthy was shown by Western Blotting in Fig. 4d.

Tissue expression of IGFIR showed no correlation with
overall (p = 0.671) or recurrence-free (p =0.370) survival
in curatively treated PDAC patients. However, all PDAC
patients showed high levels of tissue staining of intensity
3+ or 4+, while healthy controls and chronic pancreatitis
were mainly scored as 14 or 2+ (Table 5). The expression
of IGF1R did neither correlate with dichotomized expression
levels of circulating or tissue-related microRNAs in cura-
tively treated PDAC patients, nor with sight of synchronous
or metachronous metastases.

__ Chronic Pancreatitis
A e, , 2 M i " S
AT e, 3’. -!.‘, o 'B By f’ ";xl’}‘s N

oy % e \": - BEEN ¢ .
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Discussion

Despite improved diagnostic techniques and treatment
strategies, the poor prognosis of PDAC patients has been
nearly unchanged over the last decades. There is still a lack
of reliable biomarkers to identify PDAC at early surgically
manageable tumor stages and to monitor disease recurrence.
Mounting evidence suggests that microRNAs are well-
preserved molecular targets even in FFPE tissue and liquid
biopsy samples with high impact as diagnostic and prognos-
tic markers in different carcinomas. The best known and fre-
quently investigated microRNA-21 is associated with poor
survival and chemoresistance in different malignant diseases
(Frampton et al. 2015; Giovannetti et al. 2010; Wang et al.
2014). This oncogenic role of microRNA-21 in PDAC with
its prognostic impact and repression of its target and tumor
suppressor PTEN could be confirmed in this study.
Aberrant expression of the microRNA-99 family with
either oncogenic or tumor suppressive function was reported
in various human carcinomas, too (Li et al. 2015; Wang et al.
2017). Thereby, microRNA-100 could be revealed as a post-
transcriptional regulator of numerous biological processes
such as cell cycle, proliferation, epithelial-to-mesenchymal
transition, dissemination, and apoptosis associated with
poor prognosis for different carcinoma entities. In accord-
ance with other preclinical studies, the microRNA-99 family,
especially microRNA-100 may serve as target to enhance
sensitivity to chemotherapy and reduce metastatic spread in
PDAC (Bera et al. 2014; Dhayat et al. 2015b; Huang et al.
2013; LaConti et al. 2011). In PDAC tissues microRNA-100
was described as an oncogenic microRNA with increased
expression in PDAC versus non-neoplastic tissues (Panarelli
et al. 2012). Recently, we could demonstrate that overexpres-
sion of microRNA-99a and -100 in PDAC tissue correlated
significantly with worse outcome and chemoresistance. Fur-
thermore, multivariate survival analyses identified micro-
RNA-100 as unfavorable prognostic factor in resected and
adjuvant-treated PDAC UICC Stage II patients (Dhayat et al.
2015a). Following this tissue-based study, we focused now
on the impact of the microRNA-99 family as diagnostic and

y B "y 4 D E %) %)
\ A R aby A =
‘f‘ " it { 2 o <D( <Q(
oy ' £ O o o
S W | |GF1-RB (95 kDa)

3
)
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Fig. 4 Immunohistochemical staining of target protein IGF1Rf in healthy control (a), chronic pancreatitis (b) and PDAC (c). Protein expression

of IGF1R} in tissue by Western blotting (d). CP chronic pancreatitis
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prognostic liquid biopsy marker in a new cohort of patients
with PDAC UICC Stages I-1V.

In fact, expression of the microRNA-99 family was
increased in macrodissected tumor tissues as well as in cor-
responding serum samples of PDAC patients. However,
chronic pancreatitis was also related to overexpression of
the microRNA-99 family without difference to PDAC tis-
sue. Correspondingly, its protein target IGF1R was overex-
pressed in tissue samples of PDAC or chronic pancreatitis.
Recent in vitro studies could reveal that microRNA-100
regulated IGFIR expression was significantly increased
in metastatic PDAC cell lines with potential in inflamma-
tion mediated carcinogenesis of PDAC (Huang et al. 2013;
Subramani et al. 2014). Interestingly, the expression of cir-
culating microRNA-100 was extraordinary high in patients
with metastatic Stage IV disease. Additionally, circulating
microRNA-100 was able to differentiate between PDAC
and healthy pancreas with a good accuracy, suggesting its
diagnostic value as non-invasive serum marker. Due to the
small number of study patients with PDAC UICC Stage II
treated by curative pancreatoduodenectomy and adjuvant
chemotherapy, we could not confirm our previous results of
tissue-related microRNA-21 and microRNA-100 as unfa-
vorable prognostic factors in this study group (Dhayat et al.
2015a). However, multivariate survival analyses revealed
that improved overall and recurrence-free survival corre-
lated significantly with low expression of circulating micro-
RNA-100 and circulating microRNA-21 in patients with
curatively resected PDAC of all UICC stages. The value
of microRNA-99 family members as independent prognos-
tic circulating biomarkers for each individual PDAC UICC
Stage remains undefined because of the limited statistical
power. Overall, circulating microRNA-99 family members,
especially microRNA-100, are significantly deregulated in
PDAC with high diagnostic and prognostic impact.

Conclusions

The circulating microRNA-100 seems to be a suitable
diagnostic and independent prognostic marker as well as
potential therapeutic target in PDAC patients. Our results
emphasize the need for further multi-center prognostic
studies on circulating microRNA-100 in the future.
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