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Abstract: Despite progress in genomic characterization, no single prognostic marker that can be evaluated using
an easy-to-perform and relatively inexpensive method is available for pancreatic ductal adenocarcinoma (PDAC).
MicroRNAs, which are stable, tumor- and tissue-specific molecules, are potentially ideal biomarkers, and we es-
tablished an inter-laboratory validated method to investigate miR-21 as a prognostic biomarker in PDAC. The study
samples of PDAC patients were recruited from a test cohort of Glasgow (n = 189) and three validation cohorts of
Pisa (n = 69), Sydney (n = 249), and International Cancer Genome Consortium (ICGC) (n = 249). Tissue microarrays
were used for miR-21 staining by chromogenic in situ hybridization (CISH). The patients were subdivided into no/low
and high miR-21 staining groups using a specific histoscore. Furthermore, miR-21 staining was evaluated against
clinicopathological variables and follow-up data by Fisher/log-rank test and Cox proportional models. The prognostic
variables found to be significant in univariate analysis (P value < 0.10) were included in multivariate analysis in a
backward-stepwise fashion. MiR-21 expression was cytoplasmic, with more consistent staining in the malignant
ductal epithelium than in the stroma. The expression of miR-21 was significantly associated with tumor size and
lymph node metastasis, whereas no association was observed with other clinicopathological variables. High miR-21
staining (histoscore > 45 [median score]) was an independent predictor of survival in the Glasgow test cohort (HR
2.37, 95% CI: 1.42-3.96, P < 0.0001) and three validation cohorts (Pisa, HR 2.03, 95% CI: 1.21-3.39, P = 0.007;
Sydney, HR 2.58, 95% Cl (1.21-3.39), P < 0.0001; and ICGC, HR 3.34, 95% Cl: 2.07-5.84, P = 0.002) when adjusted
for clinical variables in a multivariate model. In comparison to the patients with low miR-21, the patients with high
miR-21 expression had significant increase in OS as they benefit from gemcitabine-based adjuvant chemotherapy
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(Glasgow 16.5 months [with chemotherapy] vs 10.5 months [without chemotherapy]); Sydney 25.0 vs 10.6; ICGC
25.2 vs 11.9. These results indicated that miR-21 is a predictor of survival, prompting prospective trials. Evaluation
of miR-21 offers new opportunities for the stratification of patients with PDAC and might facilitate the implementa-
tion of clinical management and therapeutic interventions for this devastating disease.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is
one of the most prevalent and aggressive type
of GIT cancer with a poor survival outcomes
because of its rapid progression and late diag-
nosis [1]. One of the most recent studies based
on real-world data for PDAC has reported that
the actual 5-year survival rate from the time
of initial diagnosis is still less than 5% [2].
Approximately 80% of PDAC patients are not
amenable to radical surgery, whereas in the
remaining 15-20% of patients who undergo sur-
gical resection, the ESPAC-4 trial has suggest-
ed the use of gemcitabine-capecitabine combi-
nation and, most recently, the PRODIGE-24/
CCTG PA.6 study showed an increase in OS
of 19 months for adjuvant treatment with
5-Fluorouracil, leukovorin, irinotecan and oxali-
platin (i. e., FOLFIRINOX) [3, 4]. However, the
Whipple procedure is a complex operation, with
high rates of severe complications, and current
systemic therapies, when used in an all-comer
approach, are modestly effective, in a small
group of undefined patients.

In the last decade, micro-RNAs have been
reported as a strong regulators of oncogenic
processes in different types of cancers, includ-
ing PDAC [5]. These miRNAs are the evolution-
arily conserved non-coding endogenous RNAs,
with a length of 18-24 bases in a single-strand-
ed form, which is capable of negatively regulat-
ing gene expression in a sequence specific
fashion [6]. Recently, miRNAs have emerged as
an innovative therapeutic targets, while the
implementation of molecular morphology in-
situ hybridization methods, providing reliable
localization and quantification, has opened
new opportunities to evaluate whether they can
also be used as diagnostic biomarkers and/or
to predict clinical outcomes [7, 8]. Expression
profiling of the PDAC miRNome has revealed a
distinct signature playing an important role in
PDAC carcinogenesis [9, 10]. However, the piv-
otal regulatory role of each miRNA in controll-
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ing the expression of multiple gene transcripts
offers a unique opportunity to identify critical
miRNAs as informative biomarkers for the prog-
nosis of tumors that result from the deregula-
tion of multiple genes [6].

The main objective of the current study was
to assess the feasibility of using a candidate
mMiRNA as a prognostic biomarker by deter-
mining its association with OS in a test and
three validation cohorts, including 686 well-
characterized formalin-fixed paraffin-embed-
ded (FFPE) samples from radically resected
PDAC patients. This is the largest population
ever investigated for the analysis of a miRNAs
as a potential biomarker in PDAC specimens.
Based on our previous PCR and microarray
data, current literature, and meta-analyses, we
selected miR-21 as a candidate miRNA for test-
ing [8, 11, 12]. Most recent studies have found
that miR-21 is overexpressed in PDAC and is
responsible for increased drug resistance, par-
ticularly to gemcitabine [13-15]. Although the
gPCR technique has been widely regarded as
the gold standard in terms of sensitivity, the
FISH technique is thought to be more domin-
ant in terms of high specificity (99.32%) than
gPCR, and even more specific than IHC [16].
Furthermore, unlike gPCR, CISH can assist in
determining the localized expression of miR-
NAs, which is critical in understanding the pa-
thogenesis of aggressive cancers such as PD-
AC. Understanding the location of miR21 is
essential to understanding its function in dis-
ease because this information can be used to
characterize the molecular pathways that miR-
21 controls in pathological processes [17-19].
MiRNA in situ hybridization analysis is a highly
sensitive technique for studying miRNA local-
ization and expression [20]. Although several
studies using simple ISH techniques yielded
divergent results for miR21 cellular localiza-
tion, using it with high affinity LNA-modified
DNA probes along with a series of positive and
negative control probes yielded significant
proof of miR21 localization within tumor tissue
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[20]. Therefore, the most popular CISH tech-
nique is being used in this study. The majority
of current, significant, and cutting-edge re-
search studies examine miRNAs using miRNA-
ISH techniques, which are enabling the most
complex field of spatial transcriptomics [21].
Furthermore, the CISH-based approach is a
simple and low-cost method for detecting pre-
defined miRNA targets in any cancer sample,
including PDAC, as is the case in our current
study. To establish a reliable, consistent, and
robust CISH assay for miR-21, we performed a
validation study using repeated analyses of the
test cohort in two laboratories. Here, we pres-
ent a robust CISH method and guide for miR-21
quantification in PDAC specimens. By applying
the validated tissue microarray to well-annotat-
ed PDAC cohorts of patients, we showed that
the epithelial expression of miR-21 is an inde-
pendent robust prognostic biomarker in PDAC
and unravel its predictive potential for gem-
citabine adjuvant chemotherapy.

Material and methods

Patients samples, ethical approval and data
acquisition of study cohorts

The study samples that were recruited for test-
ing miR-21 expression levels were retrieved
from 189 consecutive patients who were diag-
nosed with PDAC and underwent pancreatico-
duodenectomy in the West Scotland Pancrea-
tic Unit, Glasgow Royal Infirmary, Glasgow, UK.
This cohort was designated as the test cohort.
In addition, three cohorts of PDAC patients
were prospectively recruited from the Depart-
ment of Translational Research and New Tech-
nologies in Medicine and Surgery, Hospital of
Pisa, Italy, University of Pisa (n = 69), the Au-
stralian Pancreatic Cancer Genome Initiative
(APGl)-associated six teaching hospitals in Syd-
ney, Australia (n = 249), and the International
Cancer Genome Consortium (ICGC) though the
help of APGI (n = 179) to validate the data
obtained from the test cohort (n = 189). These
three validation cohorts were designated as
the Pisa, Sydney, and ICGC cohorts. Ethical
approval for the acquisition of data and biolo-
gical material was obtained from the Human
Research Ethics Committee/Ethical Review
Board of each participating institution. Inform-
ed consent was obtained from each partici-
pant in the Pisa validation cohort but was not
required by the human research ethics com-
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mittee for retrospective patient cases in the
Sydney and ICGC cohorts. The demographic
and clinicopathological characteristics of the
test and validation cohorts were also recorded.
All samples that had technical issues with IHC
processing and/or lacked complete demogra-
phic and clinicopathological data were exclud-
ed from the study.

Immunohistochemical evaluation via tissue
microarrays and tumors staging

Tissue microarrays (TMAs) were constructed
from formalin-fixed paraffin-embedded (FFPE)
tissues. A 2.5 uym thick sections from the tissue
microarray blocks were freshly cut for staining
of all cohorts. TMAs were constructed using a
minimum of three 0.6 mm? cores from each
area to account for intra-tumor disease hetero-
geneity (Beecher Scientific, Silver Spring, MD).
Around 2.5 pm thick sections from each TMA
block were mounted on salinized positively
charged glass slides. The slides were then
heated to 45°C for 1 h, cooled to room tem-
perature, and stored at 4°C. H&E-stained sec-
tions were used to identify and mark the epi-
thelial area of PDAC in each block. The tumors
were staged according to the seventh edition of
the American Joint Committee on Cancer (AJCC)
Staging Manual [22].

Chromogenic in-situ hybridization (CISH) for
evaluation of miR-21 expression levels

MiR-21 expression levels were evaluated in
the constructed tissue microarrays (TMA), fol-
lowing the Reporting Recommendations for
Tumor Marker Prognostic Studies (REMARK)
guidelines, and optimized and established a
sensitive and stable one-day chromogenic in
situ hybridization (CISH) method utilizing locked
nucleic acid (LNA) miR-21 probes with small
nuclear RNA U6 (U6) as a positive control and
scrambled RNA as a negative control, as previ-
ously described [23]. Briefly, the TMA slides
were deparaffinized in xylene and rehydrated
with graded alcohol washes. Afterwards, the
slides were incubated in Proteinase K solution
(15 pg/ml) at 37°C for 8 min, washed with
PBS, and then dehydrated with graded alcohol
washes. Digoxigenin (DIG)-labeled mercury LNA
probes (Exiqon) for miR-21, U6, and scrambled
RNA were denatured for 4 min at 90°C, mixed
with ISH buffer, and hybridized to slides for 2 h
at 53°C. Stringency washes were then per-
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formed. The TMA slides were then incubated
with an alkaline phosphatase-conjugated anti-
DIG Fab fragment (Roche Diagnostics) for 2 h
at room temperature. After washing and drying,
slides were incubated with NBT/BCIP solution
(Roche Diagnostics) at room temperature for
16 h. Finally, the slides were counterstained
with nuclear fast red light and mounted using
glycerol gelatin. The patient samples were sub-
divided into no or low/weak staining and high
staining groups.

Image acquisition and quantification

In situ hybridization staining patterns (Figure 1)
were scored semi-quantitatively using a weight-
ed histoscore method (range 0-300) for each
cohort [24], (Supplementary File 1). The stain-
ing intensity of miR-21 in PDAC TMA cores was
categorized into the percentage of epithelial
cells with negative (0), weak (1), moderate (2),
and strong (3) staining. The final histoscore was
calculated using the following formula: (0% ne-
gative tumor cells) + (1% weak tumor cells) +
(2% moderate tumor cells) + (3% strong tumor
cells) (Supplementary Table 1). The agreement
between the two observers was monitored by
calculating intraclass correlation coefficients.
The results were reevaluated if the scores dif-
fered by > 50. The scorer was blinded to the
clinical outcomes.

Statistical analysis

The relationships between categorical variab-
les were analyzed using the Mantel-Haenszel
(x?) test. The primary outcome measures were
the length of disease-specific survival (Glas-
gow cohort) and OS (Pisa, Sydney, and ICGC
cohorts), as measured from the time of resec-
tion with curative intent. The length of survival
following surgery and cause of death were ob-
tained from prospectively maintained databas-
es. Kaplan-Meier survival analysis was used to
analyze median survival from the time of sur-
gery with a log-rank test performed to compare
curves using SPSS Version 21 (IBM Corp.,
Armonk, NY). The 5-year survival rate was esti-
mated using the life table method. Patients
who were alive at the time of the follow-up were
censored. A Cox proportional hazards model
was used for multivariate analysis to adjust for
competing risk factors, and the hazard ratio
(HR) with 95% confidence intervals (Cls) was
used to estimate the risk of disease-specific
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death. Only prognostic variables found to be
significant on univariate analysis (P value <
0.10) were included in the multivariate analysis
in a backward-stepwise fashion. Statistical sig-
nificance was set at P < 0.05. All statistical
analyses were performed using SPSS version
21.0 (IBM Corp., Armonk, NY, USA).

Results

Cohort description, demographic and clinico-
pathological parameters

The characteristics of all four cohorts are
shown in Table 1, including age distribution,
TNM staging, pathological grade, tumor size,
lymph node status, metastasis, vascular inva-
sion, lymphatic invasion, perineural invasion,
resection margin status, and prognostic factor
data. A total of 686 patients diagnosed with
PDAC from all four cohorts were studied, with
almost equal proportions of male (n = 345;
50.3%) and female patients (n = 341; 49.7%).
The mean age (years) for all the study cohorts
was in the range from 62-67, where the test
cohort mean age was 62.2 and three validation
Pisa, Sydney & ICGC cohorts were 65.1, 67.1
and 66.5 respectively. From the follow-up data
of all four cohorts, it was recorded that death
from PDAC was high (76.3%, 100%, 79.5%, and
47.4%, respectively). Most of the tumors were
at stage Il in the Glasgow (80.4%), Pisa
(85.5%), and Sydney (16.4%) cohorts, while
stage IV cases were only observed in the ICGC
cohort (4%). A similar pattern was observed in
the TNM staging system. The other clinico-path-
ological parameters are summarized in the sec-
tions below in association with miR-21 expres-
sions levels. In addition, the staining patterns
of miR-21 in comparison with the U6 control,
the histoscore for miR-21 expression, and
quantification agreement based on the Kappa
coefficient (k) are depicted in Figure 1.

The expression of miR-21 was significantly as-
sociated with tumor size and lymph node me-
tastasis, whereas no association was observed
with other clinicopathological variables

In the Glasgow test cohort, a statistically signifi-
cant association between the expression levels
of miR-21 and tumor size was observed. In the
miR-21 high group, 38/56 (68%) PDAC cases
had tumors larger than 2 cm, while only 1/7
(14%) cases had tumor size less than 2 cm
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Figure 1. Staining patterns, histoscoring for miR-21 expression and quantifications. A. Expression of miR-21 in pan-
creatic ductal adenocarcinoma and normal pancreatic tissue as detected by chromogenic in-situ hybridization. B.
Representation of miR-21 in the training cohorts with median range and histoscore level of 45. C. Depicted of Kappa
coefficient (k) to measure inter-observer agreement and developing an Altman scale of agreement.

(P < 0.01, Fisher'’s exact test). Similarly, lymph 21 expression compared to the no or low
node metastasis showed a trend towards sta- expression group (P < 0.07, Fisher’s exact test).
tistical significance in the group with high miR- However, no statistically significant association
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Table 1. Cohort description, demographic and clinicopathological parameters data from test and validation cohorts

Glasgow Cohort

ICGC Cohort

n=189 Median 0S

P value

n=179 MedianOS P value

Variables
Gender
Male
Female
Age (years)
Mean
Median
Range
Outcome
Follow-up (months)
Median follow-up
Death PDAC
Death other
Death unknown
Alive
Stage
|
Il
1]
\%
T Stage
T1/T2
13/T4
N Stage
NO
N1
Grade
Low
High
Tumour size
<30 mm
>30 mm
Margins
RO
R1

5673

No. (%)

101 (58.7)
88 (41.3)

62.2
63.4
37.4-86.1

0.8-79.0
22
61 (76.3)
7(8.7)
0(0)
12(6.3)

5(2.7)
32(16.9)
152 (80.4)

15 (7.9)

174 (92.1)

36 (19.0)
153 (81.0)

128 (67.7)
61 (32.3)

49 (25.9)
140 (74.1)

(months)

17.6
201

90.3
22.6
18.1

33.4

18.1

31
18.5

23.1
13.4

23.1
16.1

28.5
16.4

Log rank)

0.48

0.049

0.031

0.003

0.021

0.01

< 0.0001

(Log rank)

0.8

0.057

0.032

0.044

0.079

0.041

0.33

Pisa Cohort
n=69 Median OS P value
No. (%) (months)

31(44.9) 20.9
38 (55.1) 17
65.1
65
42.0-82.0
3.8-129.1
19.8
69 (100)
0 (0)
0(0)
0 (0)

1(1.4) -
9(13.1) 21.5
59 (85.5) 19

2(2.8) -

67 (97.2) 19.5
11 (15.9) 24
58 (84.1) 18
39 (56.5) 20.9
30 (43.5) 18
30 (43.7) 22.9
39 (46.3) 18
60 (86.9) 19.5

9(13.1) 21.5

(Log rank) No. (%)

88 (49.2)
0.296 91 (50.8)

66.5
67.0
36.2-88.1

3.0-79.0
19.6
85 (47.4)
6 (3.5)
0(0)
88 (49.1)

12 (6.7)
160 (89.3)
0.045
7(4.0)

21 (11.7)
0.002 158 (88.3)

50 (27.9)
0.05 129 (72.1)

140 (78.2)
0.572 39 (21.8)

84 (46.9)
<0.0001 95 (53.1)

127 (71.0)

Sydney Cohort

n =249 Median OS P value

No. (%) (months)
125 (50.2) 16.8
124 (49.8) 16

67.1
69
28.0-87.1
0.4-120
16.7
198 (79.5)
10 (4.1)
0(0)
41 (16.4)

19 (7.6) 70
75 (30.1) 17.5
155 (62.2) 16.4
39 (15.7) 31
210 (84.3) 16.4
94 (37.8) 20
155 (62.2) 16.7
189 (75.9) 16.7
60 (24.1) 18.3
50 (15.7) 36.5
199 (84.3) 16
148 (59.4) 22.4
101 (40.6) 13.2

<0.0001 52(29.0)

(month)

16.8
28.7

60.1
30.1

17.6

61.7
28.6

61.8
25.6

28.3
16.3

38.1
21.6

33.4
20.3

(Log rank)

0.082

0.013

0.312

0.041

0.008

< 0.0001

0.001
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Perineural Invasion

Negative 15 (7.9) 18.2 0(0) - 57 (22.9) 25.6 32(18.1) 41.9

Positive 174 (92.1) 20 0.33 69 (100.0) 19.9 - 184 (73.9) 16.7 0.275 144 (81.9) 25.6 0.047
Venous Invasion

Negative 97 (51.3) 24 50 (72.4) 19.9 123 (49.4) 20.7 73(42.1) 40.1

Positive 92 (48.7) 16.3 0.004 19 (27.6) 16.8 0.382 111 (44.6) 16.2 0.008 100 (57.9) 23.8 0.013
Chemotherapy

Adjuvant 83 (43.9) 231 69 (100) 19.5 52 (20.9) 25.2 41 (23.6) 31.4

No Adjuvant 106 (56.1) 16.3 0.04 0(0) - - 196 (79.1) 16.3 0.013 138 (76.4) 17.4 0.007
miR-21 Expression (median histoscore 45)

Low 94 (49.7) 26.5 37 (53.6) 23.7 126 (50.6 29.3 85 (47.4) 36.8

High 95 (50.3) 14.7 <0.0001 32(46.3) 15.5 0.002 123 (49.4) 12.8 <0.0001 94 (52.6) 20.3 < 0.0001
miR-21 & Lymph Node Status

Mir21 low/LN Neg 16 (8.5) 90.3 7(10.2) 25.7 62 (6.3) 26 26 (14.5) 61.8

Mir21 high/LN Neg 20 (10.6) 13.6 3(4.3) 21.5 32(10.0) 13 24 (13.5) 21.6

Mir21 low/LN Pos 77 (40.7) 24.7 30 (43.4) 23.1 64 (43.7) 29.6 59 (32.9) 34.9

Mir21 High/LN Pos 76 (40.2) 14.7 <0.0001 29(42.0) 15.2 0.002 91 (40.0) 12.6 <0.0001 70(39.1) 20.2 < 0.0001
miR-21 & Resection Margin Status

Mir21 low/RO 16 (8.5) 90.3 33 (47.8) 23.0 80 (32.1) 33.6 67 (37.4) 41.9

Mir21 high/RO 20 (10.6) 13.6 26 (37.6) 15.5 68 (27.3) 15.1 60 (33.5) 26.5

Mir21 low/R1 77 (40.7) 24.7 3(4.3) 23.7 46 (18.4) 19.5 18 10.0) 23.9

Mir21 High/R1 76 (40.2) 14.7 < 0.0001 6 (8.6) 13.2 0.002 55 (22.1) 10.1 <0.0001 34 (18.9) 15.8 0.001

5674 Am J Cancer Res 2022;12(12):5668-5683



Role of miR-21 in pancreatic cancer prognosis

Table 2. Multivariate cox regression analysis of test and validation cohorts

Cohort Variable Hazard Ratio (95% CI) P Value
A. Glasgow training cohort ~ Lymph Node Metastases (Positive) 1.92 (1.17-3.15) 0.01
Tumour size (> 30 mm) 1.48 (1.06-2.06) 0.021
Tumor Grade (High) 1.77 (1.25-2.52) 0.001
Resection Margin Involvement (< 1 mm) 1.79 (1.18-2.72) 0.006
Adjuvant chemotherapy (= 3 cycles) 0.54 (0.38-0.77) 0.001
miR-21 expression (High, HS > 45) 2.11 (1.51-2.96) < 0.0001
B. Pisa validation cohort Tumor Stage (T3/T4) 4.47 (1.06-18.9) 0.042
miR-21 expression (High, HS > 45) 2.03 (1.21-3.39) 0.007
C. Sydney validation cohort Tumour size (> 30 mm) 2.10(1.42-3.12) < 0.0001
Venous Invasion (Positive) 1.30 (0.98-1.75) 0.070
Resection Margin Status (Involved, < 1 mm) 1.65 (1.23-2.20) < 0.0001
Adjuvant chemotherapy (= 3 cycles) 0.59 (0.42-0.86) 0.006
miR-21 expression (High, HS > 45) 2.59 (1.89-3.53) < 0.0001
D. ICGC validation cohort Tumour size (> 30 mm) 2.01(1.22-3.31) 0.006
Gender 1.63 (1.04-2.56) 0.032
Tumour Grade (High) 2.40 (1.41-4.06) 0.001
Adjuvant chemotherapy (= 3 cycles) 0.41 (0.23-0.72) 0.002
miR-21 expression (High, HS > 45) 2.16 (1.32-3.51) 0.002

was observed between miR-21 expression and
other clinicopathological variables, including
age, T stage, grade, vascular invasion, perineu-
ral invasion, lymphatic invasion, and resection
margin status. Interestingly, only high miR-21
expression was prognostic, and none of the
clinicopathological variables were prognostic in
the investigated cohort of 67 patients. In the
validation cohort, a trend towards statistical
significance between the expression levels of
miR-21 and pathologic grade was observed (P
< 0.09, Fisher’s exact test). However, no sta-
tistically significant association was observed
between miR-21 expression and other clinico-
pathological variables, including age, sex, T
stage, and lymphatic invasion (Table 2).

Higher expression levels of miR-21 in PDAC
patients have a direct prognostic impact and
are associated with shorter OS

We investigated the expression levels of miR-
21 in relation to survival following curative
intent PDAC resection in the Glasgow test co-
hort. Greater than the median miR-21 tumoral
expression (histoscore > 45, high) was associ-
ated with shorter OS as compared to the low
expression group (Histoscore < 45) i. e., (14.7
(95% CI: 12.4-17.0) vs 26.5 (95% CI: 20.4-32.6)
months; P < 0.0001) (Figure 2A). High epitheli-
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al miR-21 expression was found to be indepen-
dently associated with poor prognosis in a mul-
tivariate analysis (HR 2.11, 95% Cl: 1.51-2.96,
P < 0.0001), along with the presence of lymph
node metastases, high tumor grade, tumor size
> 30 mm, R1 margin status, and no adjuvant
chemotherapy (Table 2).

A similar pattern was employed to analyze miR-
21 prognostic impact in the validation cohorts,
where miR-21 molecular phenotypes defined in
the Glasgow test cohort were co-segregated
with outcomes in the Pisa, Sydney, and ICGC
validation cohorts. Univariate survival analysis
demonstrated that when the same cut-off was
applied, patients with high tumoral miR-21 ex-
pression experienced shorter OS (in months)
than those in the low expression group in the
Pisa cohort (15.5 95% CI (13.8-20.1) vs 23.7
95% Cl (19.4-26.4); P = 0.002) (Figure 2B);
Sydney cohort (12.8 95% ClI (10.9-14.7) vs 29.3
95% Cl (23.2-35.8); P < 0.0001) (Figure 2C);
and ICGC cohort (20.3 95% CI (14.5-26.1) vs
36.8 95% Cl (31.5-42.1); P < 0.0001) (Figure
2D).

On multivariate analysis, high miR-21 was an
independent prognostic factor associated with
shorter OS in the Pisa cohort (HR 2.03, 95%
Cl: 1.21-3.39, P = 0.007) along with T stage;
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Figure 2. Kaplan-Meier curves of disease specific and OS in four cohorts: Kaplan-Meier curves for (A) disease spe-
cific survival and (B-D) OS of patients with low and high miR-21 expression assessed by chromogenic in-situ hybrid-
ization in tissue microarrays including (A) Glasgow training cohort (n = 189), (B) Pisa validation cohort (n = 69), (C)
Sydney validation cohort (n = 249) and (D) ICGC validation cohort (n = 179).

Sydney cohort (HR 2.59, 95% CI (1.89-3.53), P
< 0.0001) along with tumor size > 30 mm, R1
margin status, venous invasion, and no adju-
vant chemotherapy; and ICGC cohort (HR 2.16,
95% CI (1.32-3.51); P =0.002) along with tumor
size > 30 mm, sex, high tumor grade, and no
adjuvant chemotherapy (Table 2).

Patients with high miR-21 expression levels
showed an association between adjuvant che-
motherapy and a significant increase in OS

We subsequently analyzed miR-21 expression
along with adjuvant chemotherapy allocation in
the Glasgow test cohort as well as in the Syd-
ney and ICGC validation cohorts. Analysis was
not possible in the Pisa cohort, as all patients
received adjuvant chemotherapy. Of the pa-

5676

tients in the test cohort with low miR-21 expres-
sion, 45 received chemotherapy and 49 did
not, and administration was not associated
with improvement in survival; 24.7 (95% CI:
17.8-31.6) with chemotherapy vs 26.7 months
(95% Cl: 18.7-34.7; P = 0.827) without chemo-
therapy. In contrast, 40 patients with high miR-
21 expression received chemotherapy, and 57
did not. Adjuvant chemotherapy was associat-
ed with a significant increase in 0S, from 10.5
months (95% CI: 8.6-12.3) without chemother-
apy to 16.5 months (95% CI: 10.9-21.9; P =
0.006) with chemotherapy (Figure 3A).

A similar pattern was also observed in the vali-
dation cohorts. The patients with tumors ex-
pressing high miR-21 levels, the adjuvant che-
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Figure 3. Survival curves of disease specific and OS defined by chemotherapy: Kaplan-Meier curves for (A, B) dis-
ease specific survival and (C-F) OS of patients with PDAC. Survival curves are according to low miR-21 expression
(A, C, E) and high miR-21 expression (B, D, F) subgroups of patients defined by adjuvant chemotherapy (No, Yes).

motherapy resulted in prolonged OS for Sydney ICGC cohort (25.2 vs 11.9 months; P < 0.0001).
cohort (25.0 vs 10.6 months; P < 0.0001) and In contrast, for patients with tumors with low
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miR-21 expression, no survival advantage co-
uld be shown, with chemotherapy failing to
significantly prolong OS following resection in
Sydney cohort (25.2 vs 29.6 months; P =0.883)
and ICGC cohorts (40.0 vs 36.0 months; P =
0.945) (Figure 3B and 3C).

The predictive utility of miR-21 expression
revealed that patients with high miR-21 ex-
pressing tumors receive more benefit from
gemcitabine adjuvant chemotherapy

To assess miR-21 expression as a true predic-
tive biomarker of adjuvant chemotherapeutic
responsiveness, a test of interaction using a
Cox regression model was performed. After
adjusting for the prognostic effect of miR-21
expression and adjuvant chemotherapy, the
interaction variable (miR-21 x chemotherapy [>
3 cycles]) remained statistically significant in
the Glasgow test cohort (HR = 0.51, 95% Cl:
0.33-0.80, P = 0.004), the Sydney validation
cohorts (HR = 0.33, 95% Cl: 0.16-0.66, P =
0.002), and ICGC validation cohort (HR = 0.30,
95% CI: 0.10-0.87, P = 0.027) (Supplementary
File 1).

Therefore, we can conclude that the influence
of adjuvant chemotherapy on survival was cor-
related with miR-21 status (interaction variable:
miR-21 x chemotherapy) and that patients with
high miR-21 expressing tumors receive more
benefit from adjuvant chemotherapy.

Discussion

Pancreatic ductal adenocarcinoma (PDAC) still
remains the most aggressive cancer with dis-
missal prognostic outcomes, and the genomics
and proteomics studies have reported its un-
derlying molecular heterogeneity [25, 26]. We
believe that clinical progress in patients with
PDAC would depend on the development of
novel and effective therapies and the parallel
establishment of novel prognostic and predic-
tive biomarkers [27]. Accumulating evidence
has revealed that aberrant overexpression of
numerous micro-RNAs, including miR-21, is as-
sociated with different types of cancers, in-
cluding PDAC [28]. However, the potential asso-
ciation between miR-21 and PDAC in multiple
international cohorts is not well established. In
the current study, we demonstrated that miR-
21 is significantly overexpressed in epithelial
PDAC specimens from multinational cohorts of
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686 patients and has a prognostic impact, indi-
cating that miR-21 may function as an onco-
gene in the pathogenesis of PDAC.

It has been widely reported that miR-21 is an
important player in carcinogenesis and has
been correlated with survival and clinical out-
come in various cancers [27-31]. Previous st-
udies have demonstrated that miR-21 plays a
vital role not only in cancer proliferation, but
also in invasion and metastasis by regulating
multiple oncogenes and tumor suppressor ge-
nes. miR-21 acts as an oncomir that leads to
the inhibition of negative regulators of the RAS
pathway, pro-apoptotic genes, and other key
genes in PDAC tumorigenesis and aggressi-
ve behaviors, such as SPRY2, PDCD4, PTEN,
TPM1, Maspin, NFIB, RhoB, Apafl, Bcl2, and
TIMP3 [32-34]. Most of these key signaling mol-
ecules are well known for their role in pancre-
atic cancer cell proliferation, prevention of
apoptosis of cancerous cells, enhancement of
angiogenesis, and promotion of metastasis
[28, 35-38], as depicted in the Figure 4 below.

In the current study, we demonstrated that
the overexpression of miR-21 was significantly
associated with tumor size and lymph node
metastasis, as previous studies have reported
the similar outcomes in different types of can-
cers, including the PDAC [39-43]. Moreover,
the overexpression of miR-21 was an indepen-
dent poor prognostic factor in four cohorts of
patients with resected PDAC. Our findings sup-
port the evidence that miR-21 is a prognostic
biomarker, as previously described in a cohort
of 31 and 72 patients with resected PDAC [6].
The prognostic significance of miR-21 in PDAC
has also been reviewed and quantified in meta-
analyses [44-46].

In addition, we also demonstrated that patients
with high miR-21 expression levels showed an
association between adjuvant chemotherapy
and a significant increase in overall survival.
Epithelial overexpression of miR-21 is predic-
tive of gemcitabine-based adjuvant chemother-
apy. Patients with high miR-21 levels benefited
from gemcitabine-based adjuvant chemothera-
py with a survival advantage of 6.0 months,
14.4 months and 13.3 months in Glasgow,
Sydney and ICGC cohorts. In contrast, for pa-
tients with low tumor miR-21 expression, no
survival advantage was observed, and chemo-
therapy failed to significantly prolong survival
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Figure 4. Depiction of miR21 potential role in pancreatic cancer cell signaling: The miR21 plays a major role in the
k-Ras signaling that has been upregulated in majority of cancers including the PDAC. The upregulated AP1 induces
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makes it a mature functional miR21 following its translocation into the cytoplasm where the pancreatic cancer cells
overexpress the miR21 levels. The higher expression of miR21 negatively regulates key signaling molecules and
influences the mitochondrial apoptotic pathway genes, as well as the P53 network and TGF-3 network. This results
in the pancreatic cancer cells’ proliferation, preventing the PDAC cells from apoptosis, enhancing an angiogenesis,
and promoting metastasis. The pathway is produced based on the references from [28, 35-38].

following resection. This stratification based for gemcitabine-based therapies. Previous re-
on miR-21 expression level could significantly search studies have also reported that the
improve the current management algorithms overexpression miR-21 has association with
for PDAC, with the hope that miR-21 could gemcitabine resistance in PDAC [23, 47-49].
potentially be used as a predictive biomarker Nonetheless, these studies stratified patients
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who received gemcitabine into low miR-21 and
high miR-21 groups and showed a differential
survival pattern with a longer survival in pa-
tients with low miR-21. Our results are consis-
tent with these findings. We further stratified
patients with high miR-21 levels into those who
received adjuvant chemotherapy and those
who did not. Longer survival was observed in
patients who received chemotherapy, and this
finding was consistent across all the study
cohorts. The predictive effect in published st-
udies could potentially be due to the prognostic
effect of miR-21 or chemotherapy itself. We
adjusted for the prognostic effect of miR-21
and chemotherapy and found that the interac-
tive variable miR-21 x chemotherapy was still
a true predictive biomarker. Functional studies
have shown that gemcitabine exposure down-
regulates miR-21 expression and upregulates
FasL, which is a direct target of miR-21. Up-
regulated FasL subsequently induces apopto-
sis in cancer cell apoptosis [49]. This could
potentially be the mechanism by which patients
with high miR-21 expression benefit from gem-
citabine-based chemotherapy. Further mecha-
nistic studies are required to elucidate how
gemcitabine exposure leads to better survival
in the group with high miR-21 expression. There
is an ongoing effort to identify a suitable pre-
dictive biomarker for the current standard of
care drug, gemcitabine. Predictive biomarkers
investigated for gemcitabine response include
hENT1, ERCC1, RRM1, HuR and S100A2 [50,
51]. In contrast, the predictive ability of miR-21
is unique for these predictive biomarkers, as
discussed earlier.

Earlier research has either used miRNA micro-
array technology or quantitative polymerase
chain reaction (qPCR) to investigate the levels
of miR-21 expression in PDAC [6, 23, 47]. In
contrast, CISH confers the ability to localize
mMiRNAs in tissue and cellular compartments
and provides clues to the interaction between
the epithelium and stroma. It is important to
reiterate here that in our study, it was the epi-
thelial and not the stromal overexpression of
miR-21, which predicts adverse clinical out-
comes. Theoretically, this might have an impor-
tant clinical implication where samples obtain-
ed could contain stromal elements possibly
confounding accurate assessment of “prognos-
tic miR-21 expression” by PCR but not by CISH.
Of note, our CISH can be used for both histo-
logical and cytological samples and can pro-
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vide a clear clinical advantage in the preope-
rative setting. Furthermore, the preoperative
clinical advantage of these findings is the iden-
tification of poor or better prognostic groups in
cytology samples through knowledge of miR-21
expression levels, thereby potentially discuss-
ing the surgical outcomes of patients. Surgical
resection is currently the only curative option
that can increase long-term survival in pancre-
atic cancer; however, it carries significant mor-
tality and morbidity, and not all patients benefit
from surgery [52, 53]. Most clinically significant
variables, including resection margin status,
lymph node status, and tumor differentiation,
are unknown until surgical resection. Thus,
there is a need for better identification, ideally
preoperatively, of patients who will not benefit
from surgery and those who might require
aggressive therapeutic strategies. MiR-21 is
therefore worth investigating in pancreatic cy-
tological samples.

Several recent reports have demonstrated th-
at large-scale prognostic studies of pancreatic
cancer from multinational cohorts are limited
[54-57]. From a total of 89 articles reporting
103 potential prognostic biomarkers included
in one systematic review [54], the median sam-
ple size was 73 (range, 48-300). Only six out of
89 studies had a sample size of more than 200
cases. Our study was sufficiently powered, with
a total sample size of 686 patients from four
multinational cohorts. However, it is important
to mention that despite these results, the cur-
rent study is limited by the small sample size in
each cohort, and most importantly, the utility
as a predictive marker should be tested in an
adequately powered, randomized prospective
trial.

Conclusion

This study reported the independent prognos-
tic and predictive utility of miR-21 expression
in multinational cohorts. miR-21 expression is
predictive of gemcitabine-based adjuvant che-
motherapy, and patients with high miR-21 ex-
pression levels benefit from adjuvant chemo-
therapy. This stratification based on miR-21
expression level could significantly improve the
current management algorithms for PDAC, with
the hope that miR-21 could potentially be used
as a prognostic and predictive biomarker for
gemcitabine-based therapies.
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Supplementary File 1

Final miR-21 histoscore result for each patient

During the construction of tissue microarrays, patients with pancreatic ductal adenocarcinoma had at-
least four adenocarcinoma cores and two adjacent normal tissue cores. The final miR-21 histoscore
was calculated as median value from scored cores across. For example,

Patient 1

Core 1 Histoscore = 100
Core 2 Histoscore = 120
Core 3 Histoscore = 130
Core 4 Histoscore = 160

The Median Histoscore for patient 1 would be 120 + 130/2 = 125. Thus the final Histoscore for patient
1 was calculated as 125.

The cut-off of low and high expression (i.e. 45) for the training cohort was calculated after arranging the
final scores from all patients in training cohort and calculating the median value (which was 45). This
was then used and validated across validation cohorts.

Intra-tumour heterogeneity of miR-21 expression

The intra-tumour heterogeneity of expression of miR-21 was assessed from the distribution of expres-
sion of miR-21 across different tissue cores for each patient. Krushkal-Wallis test was used to assess
the difference between histoscore values across different cores for the same patient. A statistically
non-significant difference was noted between the scores of different cores for each patient (Pisa P val-
ues = 0.87, Sydney P value = 0.18 and ICGC P Value = 0.23; Krushkal-Wallis Test).

It could thus be argued that the expression of miR-21 across different cores for a patient across all
cohorts in this study is homogenous. This may be a good characteristic of a biomarker that the expres-
sion within the tumour is homogeneous i.e. either it is over-expressed or under-expressed homogenous-
ly in a given tumour.

Inter-tumour heterogeneity of miR-21 expression

The inter-tumour heterogeneity of expression of miR-21 was assessed from the final median histoscore
for each patient using histograms with normal curve. The histoscore data from all cohorts is skewed to
the right (positive skew). It can be clearly seen from the histograms that the expression of miR-21 is
heterogeneous. Inter-tumour heterogeneity of expression of a biomarker is a good attribute of a prog-
nostic biomarker as it helps in stratification of patients for prognosis. Thus miR-21 may be regarded as
a good prognostic biomarker.

Supplementary Table 1. The explanation of Histoscore with an example

Histoscore O x Percentage of no miR-21 staining + 1 x Percentage of weak miR-21 staining + 2 x Percentage
of moderate miR-21 staining + 3 x Percentage of strong miR-21 staining

Example 0 x10%+ 1 x20% + 2 x 60% + 3 x 10%
Histoscore = 170




