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Abstract: Evidence on equilibrative nucleoside transporter 1 (ENT1) and microRNA-21 (miR-21) is
not yet sufficiently convincing to consider them as prognostic biomarkers for patients with pancreatic
ductal adenocarcinoma (PDAC). Here, we investigated the prognostic value of ENT1/ENT1, miR-21,
and neurogenic locus homolog protein 3 gene (NOTCH3) in a well-defined cohort of resected patients
treated with adjuvant gemcitabine chemotherapy (n = 69). Using a combination of gene expression
quantification in microdissected tissue, immunohistochemistry, and univariate/multivariate statistical
analyses we did not confirm association of ENT1/ENT1 and NOTCH3 with improved disease-specific
survival (DSS). Low miR-21 was associated with longer DSS in patients with negative regional lymph
nodes or primary tumor at stage 1 and 2. In addition, downregulation of ENT1 was observed in
PDAC of patients with high ENT1 expression in normal pancreas, whereas NOTCH3 was upregulated
in PDAC of patients with low NOTCH3 levels in normal pancreas. Tumor miR-21 was upregulated
irrespective of its expression in normal pancreas. Our data confirmed that patient stratification based
on expression of ENT1/ENT1 or miR-21 is not ready to be implemented into clinical decision-making
processes. We also conclude that occurrence of ENT1 and NOTCH3 deregulation in PDAC is
dependent on their expression in normal pancreas.

Keywords: adjuvant gemcitabine monotherapy; equilibrative nucleoside transporter 1; neurogenic
locus homolog protein 3; miR-21; resected pancreatic ductal adenocarcinoma; prognostic biomarker

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive solid malignancies,
representing the fourth leading cause of cancer-related mortality in the modern world [1]. Nearly
as many people die of the disease as are diagnosed each year [2], and by 2030, PDAC is expected to
be the second leading cause of cancer-related death [3]. The main treatment for potentially curative
therapy is still surgical removal of the tumor with tumor-free resection margins (R0). Resection is
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achievable in less than 20% of patients [4] and is associated with 10% and 7.7% five- and ten-year
survival, respectively [5–7].

Adjuvant gemcitabine monotherapy (GEM) doubles the five-year overall survival to up to 21% in
patients with R0 resection [5–8]. Recently, Neoptolemos et al. (2017) published results of a multicenter,
open-label, randomized phase clinical trial (ESPAC-4) which demonstrated superiority of GEM plus
capecitabine combination over monotherapy with GEM: the overall survival was 28 months in the GEM
with capecitabine group vs. 25.5 months in the GEM monotherapy group. However, a higher frequency
of grade 3–4 adverse events has been reported for GEM plus capecitabine combination [9]. Another
multicenter, open-label, randomized phase III clinical trial (PRODIGE 24/CCTG PA.6 (NCT01526135)
showed that modified-dose FOLFIRINOX (mFOLFIRINOX), consisting of oxaliplatin at 85 mg/m2,
leucovorin at 400 mg/m2, irinotecan at 150 mg/m2, and 5-fluoroucil at 2.4 g/m2 increases three-year
survival compared with GEM monotherapy (63.4% vs. 48.6%). Nevertheless, the safety profile
of the mFOLFIRINOX regimen was suggested as less favorable than that based on gemcitabine
monotherapy [10].

Besides showing more acceptable toxicity, it has been documented that GEM monotherapy is
a cost-effective option when compared with GEM plus capecitabine in an adjuvant regimen [11].
However, to improve the cost-effectiveness of adjuvant GEM monotherapy, it is important to identify
patients that could significantly profit from the treatment [12–15].

Over the last decade, there has been a hunt for valuable prognostic/predictive biomarkers
and reliable methods for their analysis that could be helpful in the estimation of PDAC patients’
responsiveness to GEM. Of the biomarkers investigated so far, human equilibrative nucleoside
transporter 1 (ENT1), microRNA-21 (miR-21), and neurogenic locus homolog protein 3 (NOTCH3) are
considered promising.

ENT1 is the most important transporter for GEM influx into pancreatic cells [16,17], and hence
has been extensively investigated. Currently, some evidence from immunohistochemistry and mRNA
analyses performed in formalin-fixed paraffin-embedded (FFPE) samples supports a hypothesis that low
expression of ENT1 might be an indicator of chemoresistance to GEM in resected patients [12,13,18,19],
but contradictory findings have also been published [20,21].

miR-21 is a short (22 nt), very stable, noncoding RNA targeting Bcl-2 [22] that likely plays an
important role in preventing apoptosis, thus functioning as a proto-oncogene [23]. High miR-21
expression has been associated with significantly shorter overall survival in resected patients [24,25].

To date, most studies investigating the prognostic value of ENT1 and miR-21 have been conducted
in a small cohort [19], on patients treated with a combination of adjuvant GEM and radiation [12,19,26],
a cohort mixing patients with adjuvant and palliative settings [25] and/or for which chemotherapy is not
reported [27]. Only a limited number of studies have been performed in a well-defined homogenous
cohort of resected patients with adjuvant GEM monotherapy [13,28]. The overall evidence on
ENT1/ENT1 and miR-21 is thus encouraging, but not yet sufficiently convincing to implement this
procedure in the clinical environment.

NOTCH3 is linked to the GEM-resistant PDAC phenotype. NOTCH3 confers cell extracellular
interactions, such as invasion, migration, motility, and modification of survival of pancreatic cells [29].
NOTCH3 is related to GEM-induced caspase-mediated apoptosis [30]. Using multivariate analysis,
high NOTCH3 mRNA levels have been associated with shorter survival of GEM-treated patients with
advanced PDAC [31]. However, to date, this biomarker has not been evaluated in resected patients
with GEM monotherapy.

Several studies have indicated that low miR-21, low NOTCH3, and high ENT1 may be used as
GEM-independent favorable prognostic factors of the effect of GEM therapy [26,32–34]. Considerable
inter-individual expression of NOTCH3 and miR-21 in tumor tissue, ranging from negative to strongly
positive, has been reported [32,35], and increased expression of these molecules in PDAC has been
suggested [25,27,32,33,35–37]. However, upregulation does not appear in all patients and it remains to
be elucidated whether elevated levels of these molecules correspond with either low or high expression
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in normal pancreas or are independent. Moreover, data about expression of ENT1 in PDAC compared
with normal pancreas are completely lacking.

In this study, we aimed to use quantitative real-time polymerase chain reaction (qRT-PCR) analysis
of ENT1, miR-21, and NOTCH3 expression in FFPE samples collected from a homogenous group of
patients with resected PDAC, treated with adjuvant GEM therapy (n = 69) to evaluate the prognostic
value of the associated transcripts for the estimation of disease-specific survival (DSS). Moreover,
we analyzed expression profiles of ENT1, miR-21, and NOTCH3 in PDAC tissue of different patient
subgroups, defined by the median of expression in normal pancreas.

2. Results

2.1. Clinical–Pathological Characteristics of Patients

Clinical characteristics, including age, gender, surgery type, resection margin status, stage
of primary tumor, regional lymph nodes, distant metastasis, DSS, and American Society of
Anesthesiologists (ASA) score, of the patients (n = 69) are summarized in Table 1. Thirty five
(50.7%) patients finished all the cycles of chemotherapy, whereas 34 patients (49.3%) prematurely
terminated treatment because of disease progression (14; 20.2%), toxicity (17; 24.6%), heart failure (1;
1.5%), respiratory failure (1; 1.5%), or sudden death (1; 1.5%). In the monitored cohort, one patient had
small metastases in the peritoneum in close proximity to the pancreas; the metastases were surgically
removed. Fourteen patients were alive at the end of follow-up (31st December 2018).

Table 1. Clinical–pathological characteristics of patients.

Number of Patients 69

Gender (females/males) 31/38

Age (years)

Median 65
Range 39–80

Surgery (type of resection)

PD 55
DP 14

Resection margin status

R0 46
R1 23

T: stage of primary tumor

T1 3
T2 12
T3 53
T4 1

N: regional lymph nodes

N0 19
N1 50

M: distant metastasis

M0 68
M1 1

DSS from surgery (months)

Median 21
Range 5–152

ASA (I-III)

I 1
II 42
III 26

ASA, American Society of Anesthesiologists score; DSS, disease-specific survival; GEM, gemcitabine; DP, distal
pancreatectomy; PD, pancreaticoduodenectomy.
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2.2. Clinical–Pathological Factors and Chemotherapy Response as Survival Markers

To evaluate the effects of tumor and patients’ characteristics and type of resection on DSS, we
performed a statistical analysis using Kaplan–Meier curves and the log rank test. We dichotomized the
tested cohort based on resection margin status (R0/R1), presence of metastatic involvement of regional
lymph nodes (N0/N1), primary tumor stage T(1,2)–T(3,4), ASA score ASA(1,2)/ASA(3,4), patients’
age (>65 age/<65 age), gender, and type of resection (PD/DP). R0 was found to be associated with
significantly longer DSS over R1 (21 months vs. 14 months, p = 0.0314, hazard ratio = 0.5663, and 95%
confidence interval = 0.3062–1.047) (Figure 1A), whereas other analyzed parameters did not show any
association with DSS (Figure 1).
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Figure 1. Analysis of patients’ DSS association with resection margin status, regional lymph node
involvement, primary tumor stage, ASA score, age, gender, and type of resection using Kaplan–Meier
curves. Patients (n = 69) were dichotomized based on (A) tumor border (R0/R1), (B) negative/positive
regional lymph nodes (N0/N1), (C) primary tumor stage T(1,2)/T(3,4), (D) ASA score ASA(1,2)/ASA(3,4),
(E) patients’ age (> 65 age/< 65 age), (F) gender, and (G) type of resection (PD/DP). The data were
analyzed using the log rank test. Statistical significance is denoted by *, p < 0.05.

2.3. Analysis of ENT1, NOTCH3 mRNA, and miR-21 Levels in PDAC Tissue and Their Association with DSS

To investigate possible association of ENT1, NOTCH3, and miR-21 levels with patients’ DSS, we
quantified gene expression of the transcripts in tumor tissue microdissected from FFPE samples (n = 69).
For the purpose of Kaplan–Meier survival analysis, patients were dichotomized by the median of
expression of the respective molecules into two groups (low <50 and high >50%). However, we did not
observe any association between ENT1, NOTCH3, or miR-21 expression and patients’ DSS (Figure 2).
Only patients with low miR-21 showed a trend for longer DSS (22 vs. 16 months, p value 0.4649,
Figure 2C). Subsequently, patients were divided based on the expression of individual markers into
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quartile subgroups. We selected only subgroups of patients with the lowest (<25%, first quartile) and
highest (>75%, fourth quartile) expression of each marker for subsequent analyses. However, despite
using these more polarized subsets of patients, no significant differences were observed (Figure 2D–F).
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Figure 2. Analysis of patients’ DSS association with ENT1, NOTCH3 mRNA, and miR-21 levels in
PDAC tissue using Kaplan–Meier curves. Patients (n = 69) were divided into two groups according to
the median (low <50%, high >50%) (A–C) or, alternatively, only subgroups of patients belonging to the
first and fourth quartiles (low <25%, high >75%) (D–F) of expression of ENT1 (A,D), NOTCH3 (B,E), or
miR-21 (C,F) were selected. No significant differences between the tested subgroups of patients were
observed. Statistical significance was evaluated by applying log-rank test analysis.

In multivariate DSS analysis adjusted to resection margin status (R0/R1), gender (female/male),
ASA score (I–III), primary tumor stage (T1–T4), regional lymph node (N0/N1), and type of resection
(PD/DP), we did not observe any significant association between patients’ DSS and mRNA expression
of ENT1 (Table 2), NOTCH3 (Table 3), and miR-21 (Table 4). As shown in Table 4, only high levels
of miR-21 tended to statistical significance (p = 0.089, hazard ratio = 0.475), and T3 was shown as a
favorable factor (p = 0.036, hazard ratio = 0.085).
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Table 2. Results of multivariate analysis (Cox’s proportional hazards model) of the effects of clinical
and pathological characteristics and ENT1 mRNA expression on patients’ DSS.

Patient Stratification p Value Hazard Ratio 95.0% CI

Gender (male) 0.918 0.970 0.543 1.731
ENT1 (above median) 0.821 0.934 0.514 1.695

Resection margin status (R1) 0.135 0.624 0.336 1.159
ASA score

ASA III (reference value) 0.601
ASA I 0.421 2.395 0.286 20.063
ASA II 0.639 0.869 0.484 1.561

Primary tumor stage
T4 (reference value) 0.272

T1 0.434 0.354 0.026 4.786
T2 0.182 0.212 0.022 2.068
T3 0.106 0.169 0.019 1.463

Regional lymph nodes (N1) 0.149 0.591 0.289 1.207
Resection type (DP) 0.675 1.159 0.582 2.309

ASA, American Society of Anesthesiologists score; CI, confidence interval; DP, distal pancreatectomy. Reference
levels are displayed between brackets.

Table 3. Results of multivariate analysis (Cox’s proportional hazards model) of the effects of clinical
and pathological characteristics and NOTCH3 mRNA expression on patients’ DSS.

Patient Stratification p Value Hazard Ratio 95.0% CI

Gender (male) 0.956 0.984 0.553 1.751
NOTCH3 (above median) 0.383 1.286 0.731 2.263

Resection margin status (R1) 0.126 0.614 0.328 1.147
ASA score

ASA III (reference value) 0.725
ASA I 0.484 2.120 0.259 17.379
ASA II 0.773 0.915 0.501 1.671

Primary tumor stage
T4 (reference value) 0.299

T1 0.507 0.424 0.034 5.358
T2 0.267 0.275 0.028 2.686
T3 0.144 0.200 0.023 1.728

Regional lymph nodes (N1) 0.152 0.598 0.296 1.209
Resection type (DP) 0.661 1.163 0.593 2.283

ASA, American Society of Anesthesiologists score; CI, confidence interval; DP, distal pancreatectomy. Reference
levels are displayed between brackets.
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Table 4. Results of multivariate analysis (Cox’s proportional hazards model) of the effects of clinical
and pathological characteristics and miR-21 expression on patients’ DSS.

Patient Stratification p Value Hazard Ratio 95.0% CI

Gender (male) 0.817 0.935 0.530 1.649
miR-21 (above median) 0.089 0.475 0.201 1.120

Resection margin status (R1) 0.113 0.604 0.324 1.126
ASA score

ASA III (reference value) 0.587
ASA I 0.477 2.138 0.263 17.375
ASA II 0.530 0.828 0.460 1.491

Primary tumor stage
T4 (reference value) 0.091

T1 0.280 0.237 0.017 3.234
T2 0.088 0.131 0.013 1.355
T3 0.036 0.085 0.009 0.846

Regional lymph nodes (N1) 0.175 0.619 0.310 1.238
Resection type (DP) 0.658 1.169 0.586 2.335

ASA, American Society of Anesthesiologists score; CI, confidence interval; DP, distal pancreatectomy. Reference
levels are displayed between brackets.

2.4. Immunostaining of ENT1 in FFPE Samples of PDAC

Immunohistochemical evaluation is the most frequently used procedure for evaluating ENT1 as a
prognostic/predictive biomarker for patients with PDAC. Therefore, it is considered as a “standard”
method. ENT1 staining showed predominantly membranous positivity in the cells of Langerhans
islets and lymphocytes. Thus, the presence of this type of staining in normal Langerhans islets served
as an internal positive control of the method (Figure 3). Quantitative scoring using light microscopy
was conducted by a single experienced pathologist (AR). Of the 63 tissue samples, 54 had detectable
ENT1 immunostaining (intensity score from 1 to 3), some of which revealed heterogeneous expression
with regions lacking ENT1. Nine samples of PDAC were without any detectable ENT1 expression
(intensity score 0). The percentage of adenocarcinoma cell staining at each intensity level was recorded
for each specimen. Patients with a high histoscore (values 6–9) for ENT1 (n = 24) revealed a median
DSS of 23 months, whereas patients with a low (values 1–5) histoscore (n = 30) and negative (n = 9)
ENT1 showed a median DSS of 18 months (Figure 4).
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neoplastic cells of PDAC could be observed (long arrows). Note that the non-neoplastic ducts are 
negative (short arrows). Membranous positivity in the cells of normal Langerhans islets served as an 
internal positive control (asterisk). (C) PDAC cells with strong membranous and cytoplasmic staining 
for ENT1 (long arrows). Lymphoid elements show the same level of positivity (asterisk), whereas 
non-neoplastic exocrine pancreas is virtually negative (short arrows). (D) Strong cytoplasmic staining 
in both the acini of normal pancreas (asterisk) and neoplastic cells lining the dilated duct (long 
arrows), whereas non-neoplastic ductal cells show only weak membranous, predominantly basal, 
positivity (short arrows). Original magnification was 200× (A,C) and 100× (B,D). 

Figure 4. Kaplan–Meier curves showing differences in DSS based on immunohistochemical 
expression of ENT1. Patients (n = 63) were divided according to histoscore (see Methods section) into 
three groups with negative (n = 9), low (n = 30), and high (n = 24) protein expression of ENT1. Statistical 
significance was evaluated by applying log-rank test analysis between subgroups with (A) high and 

Figure 3. Variability of expression of ENT1 transporter in normal pancreas and pancreatic ductal
adenocarcinoma (PDAC). (A) Membranous expression is seen in cells of normal Langerhans islets,
whereas pancreatic acini are completely negative. (B) In some cases, heterogeneous positivity of
neoplastic cells of PDAC could be observed (long arrows). Note that the non-neoplastic ducts are
negative (short arrows). Membranous positivity in the cells of normal Langerhans islets served as an
internal positive control (asterisk). (C) PDAC cells with strong membranous and cytoplasmic staining
for ENT1 (long arrows). Lymphoid elements show the same level of positivity (asterisk), whereas
non-neoplastic exocrine pancreas is virtually negative (short arrows). (D) Strong cytoplasmic staining
in both the acini of normal pancreas (asterisk) and neoplastic cells lining the dilated duct (long arrows),
whereas non-neoplastic ductal cells show only weak membranous, predominantly basal, positivity
(short arrows). Original magnification was 200× (A,C) and 100× (B,D).
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Figure 4. Kaplan–Meier curves showing differences in DSS based on immunohistochemical expression of
ENT1. Patients (n = 63) were divided according to histoscore (see Methods section) into three groups with
negative (n = 9), low (n = 30), and high (n = 24) protein expression of ENT1. Statistical significance was
evaluated by applying log-rank test analysis between subgroups with (A) high and negative/low ENT1
expression, (B) subgroups with high and low ENT1 expression, and (C) subgroups with high and negative
ENT1 expression. No significant association of ENT1 expression with patients’ DSS was observed.
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In the multivariate model adjusted to resection margin status (R0/R1), gender (female/male), ASA
score (I–III), primary tumor stage (T1–T4), regional lymph node (N1/N0, i.e., positivity/negativity),
type of resection (PD/DP), and ENT1 protein expression analyzed by immunohistochemistry, we
observed significant positive association between patients’ DSS and N0 (p = 0.049, hazard ratio = 0.424;
Table 5). The R0 resection margin status also revealed a trend for positive association with patients’
DSS (p = 0.051, hazard ratio = 0.505; Table 5).

Table 5. Results of multivariate analysis (Cox’s proportional hazards model) of the effect of clinical
and pathological characteristics and ENT1 protein levels analyzed by immunohistochemistry in FFPE
samples on patients’ DSS.

Patient Stratification p Value Hazard Ratio 95.0% CI

Gender (male) 0.836 0.936 0.500 1.752
ENT1

High (reference value) 0.277
Negative 0.471 1.469 0.517 4.174

Low 0.109 1.800 0.877 3.695
Resection margin status (R1) 0.051 0.505 0.254 1.003

ASA score
ASA III (reference value) 0.592

ASA I 0.768 1.385 0.159 12.091
ASA II 0.367 0.747 0.396 1.408

Primary tumor stage
T4 (reference value) 0.179

T1 0.637 0.513 0.032 8.162
T2 0.175 0.211 0.022 2.001
T3 0.075 0.138 0.016 1.222

Regional lymph nodes (N1) 0.049 0.424 0.180 0.996
Resection type (DP) 0.865 1.070 0.492 2.325

ASA, American Society of Anesthesiologists score; DP, CI, confidence interval; distal pancreatectomy. Reference
levels are displayed between brackets.

2.5. Analysis of ENT1 Transcripts in Subgroups with Negative, Low, and High ENT1 Protein Expression
Analyzed by Immunohistochemistry

Using absolute qRT-PCR analysis, we compared the number of transcripts in samples of PDAC,
stratified as tumors with no, low, or high protein expression. Despite an increasing trend from negative
to high subpopulations, we did not observe any significant differences in mRNA expression among
these groups of samples (Figure 5).Cancers 2019, 11, x 10 of 21 
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Figure 5. Analysis of ENT1 transcripts in subgroups with negative, low, and high ENT1 protein
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low (n = 30) or high (n = 24)); see Methods section. Data are presented as median with interquartile
range. Differences in the number of transcripts among subpopulations were analyzed using the
nonparametric Kruskal–Wallis test, followed by Dunn’s multiple comparison; n.s., not significant.
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2.6. Analysis of Patients’ DSS Association with ENT1, NOTCH3 mRNA, and miR-21 Levels in Patients’
Subgroups, Defined by Clinical–Pathological Characteristics

As we hypothesized that our data might be affected by a high proportion of patients with positive
resection margin status (R1), shown to be associated with a significantly shorter DSS (Figure 1A), N1,
and/or more advanced primary tumor (T3,4), we analyzed the effect of expression of selected molecules
separately in subgroups categorized as R0, N0, or T(1,2) and subsequently, subgroups R1, N1, or
T(3,4). In the N0 subgroup, we observed a significantly improved DSS in patients expressing low
levels of miR-21 (<50%) over those expressing high levels (>50%) of miR-21 (48 months vs. 15 months;
p = 0.0308; hazard ratio = 0.3706; 95% confidence interval = 0.1139 to 1.205) (Figure 6A). Comparable
to the T(1,2) subgroup, patients with low miR-21 expression (<50%) demonstrated longer DSS than
those with high miR-21 expression (>50%) (29 months vs. 10 months; p = 0.0438; hazard ratio = 0.3341;
95% confidence interval = 0.09289 to 1.255) (Figure 6B). In other cases, we did not find any correlation
between the expression of any tested molecule and patients’ DSS.
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Figure 6. Analysis of patients’ DSS association with miR-21 levels in subgroups with N0 and T(1,2)
tumors using Kaplan–Meier curves. Patients in the N0 (A) and T(1,2) (B) subgroups were divided
according to the median (low <50%, high >50%) of expression of miR-21. Low expression of miR-21
was significantly associated with improved DSS in both tested cohorts. Statistical significance was
evaluated by applying log-rank test analysis, reaching p = 0.0308 for N0 patients and p = 0.0438 for
patients with T(1,2) tumors.

2.7. Quantitative RT-PCR Analysis of ENT1, NOTCH3 mRNA, and miR-21 Expression in FFPE Samples
of PDAC

Gene expression of selected markers ENT1, NOTCH3, and miR-21 was determined in both tumor
and normal tissue. This experiment was performed in samples collected from 65 patients, for whom
we had FFPE blocks containing sufficient amounts of both tumor and normal tissue. Considerable
expression variability was observed for all the analyzed transcripts in both tumor and normal pancreas:
ENT1 (2.4 and 2.6 logs for tumor and normal pancreas, respectively), NOTCH3 (2.8 logs for both
types of tissues) and miR-21 (1.7 and 2.1 logs for tumor and normal pancreas, respectively). Using
nonparametric unpaired Mann–Whitney test we found significantly reduced overall ENT1 mRNA
expression in tumor tissue compared with normal pancreas (Figure 7A): decreased ENT1 expression
was detected in tumor tissue of 67.7% (44/65) patients. When analyzing medians of NOTCH3 and
miR-21 expression, both were significantly increased in tumor tissue: upregulation was observed in
72.3% (47/65) and 95.4% (62/65) of patients, respectively (Figure 7B,C). Because we hypothesized that
the extent of ENT1, NOTCH3, and miR-21 deregulation in PDAC might be dependent on their levels
in corresponding normal pancreas, we divided patients based on the median of expression of each
marker in healthy pancreas (high >50%; low <50%) and compared the expression of each marker in
tumor and normal pancreas in these subgroups in paired fashion. Wilcoxon matched-pair signed-rank
test showed significantly decreased ENT1 in PDAC of the high (>50%) subgroup. NOTCH3 showed
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significant upregulation in tumor tissue of the low (<50%) subgroup specimens only, and the amount of
miR-21 was increased in both tested subgroups. Subsequently, Mann–Whitney test demonstrated that
overall ENT1 expression in PDAC was still significantly higher than that found in normal pancreas of
the low (<50%) subgroup (Figure 7D). NOTCH3 expression in tumor tissue of the low (<50%) subgroup
was lower compared with normal pancreas in the high (>50%) subgroup (Figure 7E). Levels of miR-21
in PDAC of the low (<50%) subgroup were comparable with those in normal pancreas in the high
(>50%) subgroup (Figure 7F).
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Figure 7. Comparison of mRNA expression of ENT1, NOTCH3 mRNA, and miR-21 in PDAC and
normal pancreas. We compared overall expression between normal pancreas and tumor tissues in
the whole sample cohort (A–C) and subsequently, in subpopulations (high >50% and low <50%)
sorted according to the median of the respective molecule expression in healthy tissue (D–F). The
data are presented as median of copy number/50 ng of total RNA with the interquartile range. The
nonparametric unpaired Mann–Whitney test was used to evaluate differences in overall expression
between the PDAC and normal pancreas (A–C), n = 65, and to compare overall expression in respective
subgroups (D–F); significance was denoted * p < 0.05 and *** p < 0.001. Statistical significance between
expression in PDAC and normal pancreas in subgroups defined by medians (D–F) was evaluated using
the Wilcoxon matched-pair signed-rank test: n = 37 (high >50%) and n = 27 (low <50%) for ENT1 (D);
n = 40 (high >50%) and n = 34 (low <50%) for NOTCH3 (E), and n = 31 (high >50%) and n = 33 (low
<50%) for miR-21 (F); ## p < 0.01 and ### p < 0.001.

3. Discussion

When considering the economic aspects of healthcare interventions [38], adjuvant GEM
monotherapy of PDAC represents a cost-effective option [11]. However, the cost-effectiveness
of this regimen can potentially be further improved by identification of biomarkers for personalized
GEM administration [39]. Considerable attention has been devoted to ENT1 [12–15,18], whereas, to
the best of our knowledge, there have only been two studies on miR-21 [24,25] and none on NOTCH3.
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Immunohistochemistry analysis is an essential tool in everyday clinical practice. However,
the performance of this method depends on the availability of a high-quality antibody [40,41] and
experienced pathologist [42–45]. Further, the heterogeneity of outcomes obtained with different types of
anti-ENT1 antibody [15,21,46] and lack of established standardized scoring procedure for evaluation of
ENT1 expression [47] represent critical obstacles preventing full adoption of ENT1 analysis into clinical
practice [20]. When staining with antibody 10D7G2, a correlation between high ENT1 expression and
improved survival of PDAC patients with adjuvant GEM treatment was shown [18,19,46,48], whereas
staining with SP120 antibody failed to reveal any such correlation [20,21]. Recently, Kalloger et al. (2017)
attempted to explain the differences between these antibodies. Using a unique statistical approach, they
concluded that both antibodies are suitable for stratification of patients but, surprisingly, SP120 is the
more useful [28], making the issue of ENT1 evaluation in PDAC even more complicated. In contrast,
qRT-PCR analysis might offer a more straightforward method for decision-making. Moreover, qRT-PCR
allows quantification of multiple molecules in parallel. However, the applicability qRT-PCR analysis
outcomes may be hampered as levels of transcripts may not be proportionally reflected by protein
amounts and/or tumor and normal tissue differ only in the subcellular distribution of protein but not
the total amount. Moreover, consensus about how to stratify patients based on ENT1 gene expression
and miR-21 levels has not been established: groupings based on (i) tertile of expression [19], median
of expression [25], or (iii) results of recursive descent partition analysis have been suggested [12,26].
Despite these methodological drawbacks, high levels of ENT1 mRNA detected by qRT-PCR in FFPE
samples have been demonstrated to be a favorable prognostic marker in PDAC patients with adjuvant
GEM therapy [12,19].

Contrary to published data [12,19,24,25], we did not demonstrate in our cohort, strictly defined
by administration of the recommended adjuvant GEM regimen, that high ENT1 and low miR-21
were favorable prognostic factors. We also did not observe an association of low NOTCH3 with
improved DSS (Figure 2). However, this latter finding corresponds with results obtained using
univariate analysis performed in patients with advanced disease [31]. Subsequent multivariate
analyses confirmed our observation that ENT1, NOTCH3, and miR-21 are not prognostic biomarkers
of patients’ responsiveness to GEM (Tables 2–4). However, when we divided the patients into two
subgroups based on clinical–pathological characteristics, univariate analysis revealed that low miR-21
is a favorable prognostic factor in N0 patients, as previously demonstrated in another cohort with
unspecified post-surgery treatment [32] and also in T(1,2) patients (Figure 6).

As our data on ENT1 mRNA are in conflict with previous reports [12,19], we also performed an
immunohistochemical analysis. DSS in patients with a high histoscore was 23 months, compared with
18 months in patients with low/negative staining, which is comparable to reported data [13]. However,
in accordance with the analysis of ENT1 mRNA, high levels of ENT1 protein were not shown to be
a favorable prognostic factor (Figure 3, Table 5). This is in contrast with previous studies obtained
using 10D7G2 antibody [13,14,18,28]. Only N0 was shown as an independent factor (p = 0.049), and R0
almost reached statistical significance (p = 0.051) in multivariate analysis of ENT1 protein expression,
analyzed by immunohistochemistry and covariates (Table 5).

Clinical–pathological factors (especially N0/N1, R0/R1) have been widely discussed in terms
of patients’ prognosis [49–51]. Similarly to Fujita et al. [12], we observed an association of R0 with
improved DSS (Figure 1). However, other factors, including primary tumor stage, ASA score, age,
gender, and type of resection, did not exhibit an association with DSS (Figure 1).

Like in [12], all patients included in our study received more than three cycles of full-dose
chemotherapy. However, the number of patients who refused to continue with or were advised to
terminate chemotherapy by an oncologist was 49.3%, which is a higher proportion when compared
with data reported from clinical trials [9,10,52]. Clinical–pathologic characteristics of our cohort,
patients’ chemotherapy intolerability (24.6%), and/or disease progression (20.2%) might explain the
observed overall short DSS median (21 months), whereas overall survival longer than 23 months has
been reported for patients on GEM therapy, irrespective of ENT1 expression [9,12,24]. Moreover, in
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our study, patients with expression of ENT1 above the median or above 75% demonstrated DSS of 18
and 17 months, respectively, whereas in other studies, 23 [12] and 25.7 [19] months were reported.

Regarding expression of analyzed molecules in PDAC, there is no strictly defined cut-off value to
distinguish patients with high and low expression [26]. Only relative values are available, but they
differ in the procedure of calculation [12,19]. In Fujita et al. (2010), mRNA levels of a target gene were
normalized by expression of the B2M housekeeping gene [12], whereas in the study by Giovannetti et al.
(2006), values of gene expression were calculated by the GAPDH housekeeping/target gene ratio [19].
Importantly, in both studies, information about the stability of these housekeeping genes across the
sample cohort was lacking, which complicates interpretation of the data [53]. In our experimental
setting, we used the absolute PCR quantification with linear vector with cloned DNA sequence, which
is adopted in preferred procedures [54–56]. Therefore, it was not possible to compare our values of
expression with previously published ones.

Considering our rigorous approach of analysis, the number of observed subjects in the cohort,
and the fact that surgery was performed in the high-volume center by specialist surgeons [57–59],
we hypothesize that the prognostic value of ENT1/ENT1 and miR-21 was not confirmed because the
cohort contained (i) a relatively high proportion of R1, N1, and T(3,4) patients, (ii) a high number
of patients who prematurely terminated GEM therapy, (iii) a high proportion of patients expressing
markers or bearing a gene expression signature linked to pancreatic cancer disease progression [60–63],
factors ignored in all previous studies, and/or (iv) a high proportion of patients with low ENT1 and
high miR-21.

Regarding the last point, we did not demonstrate a significant difference in medians of ENT1
gene expression among patients with negative, low, and high protein expression, as stratified using
the histoscore (Figure 5). A median higher than 100 transcripts of ENT1/50 ng RNA in samples
collected from negative ENT1 PDAC and approximately 300 transcripts of ENT1/50 ng RNA in high
ENT1 PDAC indicated that ENT1 gene expression was not fully proportional to levels of cytoplasmic
membrane-embedded ENT1 protein. Posttranscriptional and/or posttranslational regulation [64]
and/or altered subcellular localization may play a role in this phenomenon [65–67].

Miyamoto et al. (2003) reported upregulated expression of NOTCH3 in resected PDAC samples [68].
This finding was subsequently confirmed by Vo et al. (2011) and very recently by Song et al. (2018) [35,69].
Several studies have described upregulation of miR-21 in PDAC [25,27,32,36,37]. However, to date, it
has not been demonstrated whether ENT1/ENT1 is generally downregulated in PDAC. Our results
confirmed an overall increase in expression of NOTCH3 and miR-21 in tumor tissue when compared
with normal pancreas (Figure 7B,C). Deregulation of miRNAs has been associated with cell growth,
promotion of metastatic phenotype, and/or chemoresistance in PDAC. Upregulation of miR-21 is
particularly linked to promotion of cell proliferation, invasion, chemoresistance, and escape from
apoptosis [22,70]. Although evidence acquired using hepatocytes and placental cells has suggested
constitutive expression of ENT1 [71–73], we found decreased ENT1 expression in PDAC (Figure 7A).
When dividing the cohort based on medians of expression in normal pancreas we observed upregulation
of NOTCH3 only in the subgroup, with low expression of NOTCH3 below median (<50%) in normal
pancreas (Figure 7E), while ENT1 was downregulated in PDAC of patients with ENT1 expression
above the median (>50%) in normal pancreas (Figure 7D). Upregulation of miR-21 was independent
of levels in normal pancreas (Figure 7F). Considering both outcomes of previous reports on ENT1
expression in PDAC [12,19] and our data (Figure 7D), we hypothesize that length of survival depends
on an individual patient’s physiological expression of ENT1 that seems to determine its expression in
tumor. Further investigation is, however, needed, because there is the possibility that the expression of
ENT1 and/or NOTCH3 in normal pancreas was influenced by factors produced by the tumor.

Considerable expression variability was observed for all the analyzed transcripts in both tumor and
normal pancreas. Inter-individual differences in expression of analyzed molecules and, in case of ENT1,
use of the expression assay recognizing almost all the transcript variants of ENT1 (Hs01085704_g1)
may explain this phenomenon [70,74].
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4. Materials and Methods

4.1. Patients and Pancreatic Cancer Staging

Analysis of ENT1, NOTCH3, and miR-21 was performed in FFPE samples collected from 69
patients with PDAC who underwent surgical resection between 2006 and 2016 at the Department
of Surgery, University Hospital, Hradec Kralove [57–59] and showed no substantial postoperative
complications. Pancreatic cancer primary tumor/regional lymph nodes/distant metastasis (TNM)
staging was performed using the American Joint Committee on Cancer (AJCC) 7th edition system [75].
The resection margins were classified as R0 (tumor-free resection) or R1 (microscopic margin
involvement) [76]. Patients were given three or more cycles of adjuvant GEM monotherapy at
a dose of 1000 mg/m2 on days 1, 8, and 15 in six 28 day cycles and were monitored until 31st December
2018. This research was approved by the Ethics Committee of University Hospital Hradec Kralove
(reference number 201607 SO2P).

4.2. Preparation of Formalin-Fixed Paraffin-Embedded Samples of Pancreas

All resection specimens were routinely histologically processed, that is, fixed in 10% neutral
buffered formalin for 24–72 h, grossly described, cut-up, and sampled in a standardized fashion to
evaluate relationship of the tumor to individual resection margins [76,77]. Multiple tissue samples were
taken from both PDAC and non-neoplastic surrounding tissue for standard histological examination.
The material was first embedded in paraffin, then 3 µm tissue sections were cut and stained with
hematoxylin and eosin. For immunohistochemical analysis, in each case, one FFPE block from the
tumor periphery containing both normal pancreatic parenchyma and neoplastic tissue was selected.
In cases where there was available tissue block with normal pancreatic tissue without any tumor
structures (usually tissue samples from resection margin), these blocks were selected and used to
validate the method. For qRT-PCR analyses, two individual FFPE blocks (one with tumor tissue and
the other containing solely normal pancreatic tissue) were selected for each patient. In the case of
tumor tissue blocks, a microdissection method was used to remove parts of the tissue containing only
stroma without neoplastic cells. Microdissection was performed by the principal pathologist prior
to mRNA extraction, as a low percentage of neoplastic cells in the sample could have affected the
outcomes of the analysis [19].

4.3. Extraction of mRNA from FFPE Samples and Reverse Transcription

For mRNA isolation from FFPE samples, a well-established method for extraction of total nucleic
acids from FFPE tissues was used based on the Recover AllTM total nucleic acid isolation kit (ThermoFisher
Scientific, Waltman, MA, USA) [78]. The purity of the isolated RNA was checked by the A260/280 ratio.
RNA (1 µg) was converted into cDNA in 20 µL reaction using the gb reverse transcription kit from Generi
Biotech s.r.o. (Hradec Kralove, Czech Republic) for ENT1 and NOTCH3 and a special assay for miR-21
(ThermoFisher Scientific, Waltman, MA, USA) in a Bio-Rad T100TM thermal cycler (Hercules, CA, USA),
according to the manufacturer’s protocol.

4.4. Quantitative Analysis of ENT1, NOTCH3, and miR-21 Expression

qRT-PCR analysis of ENT1, NOTCH3, and miR-21 expression in FFPE samples of normal and cancer
tissues was performed using QuantStudioTM 6 Flex (Thermo Fisher Scientific, Waltham, MA, USA).
cDNA (25 ng) was amplified in 5 µL reaction volumes in a 384-well plate using a TaqMan® Universal
Master Mix II, no UNG (Thermo Fisher Scientific, Waltham, MA, USA) and predesigned TaqMan®

real-time expression assays for SLC29A1 (ENT1, Hs01085704_g1) [71], NOTCH3 (Hs01128537_m1),
and miR-21 (Hs04231424_s1) [25]. The PCR product sizes of each primer pair were 52, 67, and
64, respectively, enabling accurate and sensitive PCR analysis of gene expression in FFPE [79–81].
The amplification of each sample was performed in triplicate, applying the following PCR cycling
profile: 95 ◦C for 3 min, followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for 60 s. We used absolute
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quantification for genes NOTCH3 and ENT1. To determine the number of SLC29A1 and NOTCH3
transcripts, calibration was undertaken with a linear vector containing recombinant cDNA [54–56]
prepared with primers Hs01085704_g1 and Hs01128537_m1 by company Generi Biotech (Hradec
Kralove, Czech Republic). For miR-21, we used arbitrary units calculated as ∆ CT, that is, expression
of miR-21 normalized by expression of the reference RNU43 (assay ID 000397 and 001095, respectively,
Thermo Fisher Scientific, Waltham, USA) [25,82].

4.5. Immunohistochemical Analysis of ENT1 Expression

Levels of ENT1 protein expression were studied using immunohistochemistry in 63 patients with
sufficient remaining material for analysis after microdissection for qRT-PCR quantification. Anti-ENT1
antibody 10D7G2 was obtained from Prof. John Mackey (Cross Cancer Institute, University of
Alberta, Canada), and detection was performed as recommended in the original protocol [13,18,20,46].
FFPE sections (2 µm thick) were deparaffinized, followed by pretreatment in DAKO pH 9 buffer
(Glostrup, Denmark) for 10 min in a microwave (900 W). The antibody was diluted 1:10 and incubated
overnight at 4 ◦C. A DAKO Envision+ kit (Glostrup, Denmark) was used for detection according to
the manufacturer’s instructions. Slides were counterstained with hematoxylin.

Immunohistochemical staining was evaluated semiquantitatively by a histoscore, which included
evaluation of the proportion of cells/tissue expressing ENT1 and the intensity of staining, similarly
to described previously for endometrial cancer [83]. The percentage of the cancer area stained in
high-power fields was examined. The staining intensity was graded as 0 (negative), 1 (weak), 2
(moderate), or 3 (strong), whereas the percentage of positive cells examined was scored as 0 (negative),
1 (<10%), 2 (11–50%), or 3 (>50%). The two values were multiplied, and the histoscore (values from 0
to 9) was determined: 0 (negative), values 1–5 (low), values 6–9 (high) [13]. The person evaluating the
immunohistochemical slides was blinded of the results of other tests as well as of patients’ outcomes.

4.6. Statistical Analyses

Disease-specific survival (DSS) from the date of surgery was assessed by employing the
Kaplan–Meier method, and respective subgroups were compared by the log-rank test [84]. A
Cox’s proportional hazards multivariate model was used to corroborate any association of clinical
and pathological factors and expression of ENT1/ENT1, NOTCH3, and/or miR-21 with patients’
DSS [19,25,48,84,85]. Differences in the number of transcripts in subpopulations defined by the
calculated histoscore were analyzed by the nonparametric Kruskal–Wallis test. Differences in medians
of ENT1, NOTCH3, and/or miR-21 of expressions in normal pancreas and PDAC were determined
by the nonparametric unpaired Mann–Whitney test, and the nonparametric Wilcoxon matched-pair
signed-rank test was used to evaluate differences in expression of ENT1, NOTCH3, and miR-21 among
subgroups given by the median of expression in normal pancreas (Figure 7D–F). The data were
analyzed using SPSS 18.0 and GraphPad Prism 8.0.2. Statistical significance was set at p < 0.05.

5. Conclusions

In this retrospective study performed on a well-defined cohort of patients with resected PDAC
treated with adjuvant GEM monotherapy, we did not confirm high ENT1/ENT1 and low miR-21
as prognostic biomarkers of improved DSS. Low miR-21 demonstrated prognostic value in N0 and
T(1,2) patients only. For the first time, we attempted to assess the prognostic value of NOTCH3 in
such a cohort of patients. However, low NOTCH3 did not show any association with improved DSS.
Additionally, we confirmed that N0 patients had longer DSS. Our data do not preclude the potential
application of ENT1/ENT1 and miR-21 as prognostic biomarkers for resected patients to improve
the cost-effectiveness of chemotherapy in the future. However, they indicate that this procedure is
not yet ready to be implemented into clinical decision-making processes. Standard procedures of
immunohistochemistry staining scoring and qRT-PCR analyses must be established, and patients’
characteristics other than ENT1/ENT1 and miR-21 expression that likely affect patients’ survival should
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be considered. Additionally, the data of this study suggested that there is a limited proportional
dependence between ENT1 gene expression evaluated by qRT-PCR in FFPE samples and protein levels
assessed by immunohistochemistry and that there is likely an increased risk of ENT1 downregulation
in PDAC of patients with higher ENT1 expression in normal pancreas, NOTCH3 tends to be increased
in PDAC of patients with low expression in normal pancreas, whereas the increase in miR-21 is
independent of levels in normal pancreas. Even when ENT1 and NOTCH3 are deregulated in tumors
of patients with high and low expression, respectively, they do not reach levels in the normal pancreas
of patients with low expression of ENT1 and high expression of NOTCH3. These findings may serve as
a cornerstone of future experimental efforts focusing on inter-individual differences in regulation of
ENT1, NOTCH3 and miR-21 in PDAC as well as normal pancreas.

Author Contributions: Writing original draft, L.C., L.J., A.R., E.J.D.T., F.S.; investigation, L.C., L.J., A.R., H.H.;
funding acquisition, F.S., A.R., L.C., L.J.; formal analysis, L.C., E.J.D.T., L.J.; resources, A.J., F.C.; conceptualization
and supervision, L.C. All authors have read and approved the final version of the manuscript.

Funding: This work was supported by the Grant Agency of Charles University (GAUK 812216/C/2016), European
Regional Development Funds BBMRICZ EF16 013/0001674, EFSA-CDN (No. CZ.02.1.01/0.0/0.0/16_019/0000841)
co-funded by ERDF, Charles University (SVV 2017/260-414, program PROGRES Q40/11) and project of Czech
Ministry of Education, Youth and Sports (BBMRI-CZ LM2015089).

Acknowledgments: We would like to thank John Mackey (Cross Cancer Institute, University of Alberta, Canada)
for providing anti-ENT1 antibody 10D7G2.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Garrido-Laguna, I.; Hidalgo, M. Pancreatic cancer: From state-of-the-art treatments to promising novel
therapies. Nat. Rev. Clin. Oncol. 2015, 12, 319–334. [CrossRef]

2. Kleeff, J.; Korc, M.; Apte, M.; la Vecchia, C.; Johnson, C.D.; Biankin, A.V.; Neale, R.E.; Tempero, M.;
Tuveson, D.A.; Hruban, R.H.; et al. Pancreatic cancer. Nat. Rev. Dis. Primers 2016, 2, 16022. [CrossRef]

3. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting cancer
incidence and deaths to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the United
States. Cancer Res. 2014, 74, 2913–2921. [CrossRef]

4. Kommalapati, A.; Tella, S.H.; Goyal, G.; Ma, W.W.; Mahipal, A. Contemporary management of localized
resectable pancreatic cancer. Cancers 2018, 10, 24. [CrossRef]

5. Neoptolemos, J.P.; Dunn, J.A.; Stocken, D.D.; Almond, J.; Link, K.; Beger, H.; Bassi, C.; Falconi, M.;
Pederzoli, P.; Dervenis, C.; et al. Adjuvant chemoradiotherapy and chemotherapy in resectable pancreatic
cancer: A randomised controlled trial. Lancet 2001, 358, 1576–1585. [CrossRef]

6. Neoptolemos, J.P.; Stocken, D.D.; Friess, H.; Bassi, C.; Dunn, J.A.; Hickey, H.; Beger, H.; Fernandez-Cruz, L.;
Dervenis, C.; Lacaine, F.; et al. A randomized trial of chemoradiotherapy and chemotherapy after resection
of pancreatic cancer. N. Engl. J. Med. 2004, 350, 1200–1210. [CrossRef]

7. Oettle, H.; Neuhaus, P.; Hochhaus, A.; Hartmann, J.T.; Gellert, K.; Ridwelski, K.; Niedergethmann, M.;
Zulke, C.; Fahlke, J.; Arning, M.B.; et al. Adjuvant chemotherapy with gemcitabine and long-term outcomes
among patients with resected pancreatic cancer: The CONKO-001 randomized trial. JAMA 2013, 310,
1473–1481. [CrossRef]

8. Neoptolemos, J.P.; Stocken, D.D.; Smith, C.T.; Bassi, C.; Ghaneh, P.; Owen, E.; Moore, M.; Padbury, R.; Doi, R.;
Smith, D.; et al. Adjuvant 5-fluorouracil and folinic acid vs observation for pancreatic cancer: Composite
data from the ESPAC-1 and-3(v1) trials. Br. J. Cancer 2009, 100, 246–250. [CrossRef]

9. Neoptolemos, J.P.; Palmer, D.H.; Ghaneh, P.; Psarelli, E.E.; Valle, J.W.; Halloran, C.M.; Faluyi, O.; O’Reilly, D.A.;
Cunningham, D.; Wadsley, J.; et al. Comparison of adjuvant gemcitabine and capecitabine with gemcitabine
monotherapy in patients with resected pancreatic cancer (ESPAC-4): A multicentre, open-label, randomised,
phase 3 trial. Lancet 2017, 389, 1011–1024. [CrossRef]

10. Conroy, T.; Hammel, P.; Hebbar, M.; Abdelghani, M.B.; Wei, A.C.; Raoul, J.L.; Chone, L.; Francois, E.; Artru, P.;
Biagi, J.J.; et al. FOLFIRINOX or gemcitabine as adjuvant therapy for pancreatic cancer. N. Engl. J. Med.
2018, 379, 2395–2406. [CrossRef]

http://dx.doi.org/10.1038/nrclinonc.2015.53
http://dx.doi.org/10.1038/nrdp.2016.22
http://dx.doi.org/10.1158/0008-5472.CAN-14-0155
http://dx.doi.org/10.3390/cancers10010024
http://dx.doi.org/10.1016/S0140-6736(01)06651-X
http://dx.doi.org/10.1056/NEJMoa032295
http://dx.doi.org/10.1001/jama.2013.279201
http://dx.doi.org/10.1038/sj.bjc.6604838
http://dx.doi.org/10.1016/S0140-6736(16)32409-6
http://dx.doi.org/10.1056/NEJMoa1809775


Cancers 2019, 11, 1621 17 of 21

11. Huang, J.; Liao, W.; Zhou, J.; Zhang, P.; Wen, F.; Wang, X.; Zhang, M.; Zhou, K.; Wu, Q.; Li, Q. Cost-effectiveness
analysis of adjuvant treatment for resected pancreatic cancer in China based on the ESPAC-4 trial. Cancer
Manag. Res. 2018, 10, 4065–4072. [CrossRef]

12. Fujita, H.; Ohuchida, K.; Mizumoto, K.; Itaba, S.; Ito, T.; Nakata, K.; Yu, J.; Kayashima, T.; Souzaki, R.; Tajiri, T.;
et al. Gene expression levels as predictive markers of outcome in pancreatic cancer after gemcitabine-based
adjuvant chemotherapy. Neoplasia 2010, 12, 807–817. [CrossRef]

13. Greenhalf, W.; Ghaneh, P.; Neoptolemos, J.P.; Palmer, D.H.; Cox, T.F.; Lamb, R.F.; Garner, E.; Campbell, F.;
Mackey, J.R.; Costello, E.; et al. Pancreatic cancer hENT1 expression and survival from gemcitabine in
patients from the ESPAC-3 trial. J. Natl. Cancer Inst. 2014, 106, djt347. [CrossRef]

14. Marechal, R.; Bachet, J.B.; Mackey, J.R.; Dalban, C.; Demetter, P.; Graham, K.; Couvelard, A.; Svrcek, M.;
Bardier-Dupas, A.; Hammel, P.; et al. Levels of gemcitabine transport and metabolism proteins predict
survival times of patients treated with gemcitabine for pancreatic adenocarcinoma. Gastroenterology 2012,
143, 664–674. [CrossRef]

15. Morinaga, S.; Nakamura, Y.; Watanabe, T.; Mikayama, H.; Tamagawa, H.; Yamamoto, N.; Shiozawa, M.;
Akaike, M.; Ohkawa, S.; Kameda, Y.; et al. Immunohistochemical analysis of human equilibrative nucleoside
transporter-1 (hENT1) predicts survival in resected pancreatic cancer patients treated with adjuvant
gemcitabine monotherapy. Ann. Surg. Oncol. 2012, 19 (Suppl. 3), S558–S564. [CrossRef]

16. Andersson, R.; Aho, U.; Nilsson, B.I.; Peters, G.J.; Pastor-Anglada, M.; Rasch, W.; Sandvold, M.L. Gemcitabine
chemoresistance in pancreatic cancer: Molecular mechanisms and potential solutions. Scand. J. Gastroenterol.
2009, 44, 782–786. [CrossRef]

17. Garcia-Manteiga, J.; Molina-Arcas, M.; Casado, F.J.; Mazo, A.; Pastor-Anglada, M. Nucleoside transporter
profiles in human pancreatic cancer cells: Role of hCNT1 in 2′,2′-difluorodeoxycytidine-induced cytotoxicity.
Clin. Cancer Res. 2003, 9, 5000–5008.

18. Farrell, J.J.; Elsaleh, H.; Garcia, M.; Lai, R.; Ammar, A.; Regine, W.F.; Abrams, R.; Benson, A.B.; Macdonald, J.;
Cass, C.E.; et al. Human equilibrative nucleoside transporter 1 levels predict response to gemcitabine in
patients with pancreatic cancer. Gastroenterology 2009, 136, 187–195. [CrossRef]

19. Giovannetti, E.; del Tacca, M.; Mey, V.; Funel, N.; Nannizzi, S.; Ricci, S.; Orlandini, C.; Boggi, U.; Campani, D.;
del Chiaro, M.; et al. Transcription analysis of human equilibrative nucleoside transporter-1 predicts survival
in pancreas cancer patients treated with gemcitabine. Cancer Res. 2006, 66, 3928–3935. [CrossRef]

20. Svrcek, M.; Cros, J.; Marechal, R.; Bachet, J.B.; Flejou, J.F.; Demetter, P. Human equilibrative nucleoside
transporter 1 testing in pancreatic ductal adenocarcinoma: A comparison between murine and rabbit
antibodies. Histopathology 2015, 66, 457–462. [CrossRef]

21. Sinn, M.; Riess, H.; Sinn, B.V.; Stieler, J.M.; Pelzer, U.; Striefler, J.K.; Oettle, H.; Bahra, M.; Denkert, C.;
Blaker, H.; et al. Human equilibrative nucleoside transporter 1 expression analysed by the clone SP 120 rabbit
antibody is not predictive in patients with pancreatic cancer treated with adjuvant gemcitabine—Results
from the CONKO-001 trial. Eur. J. Cancer 2015, 51, 1546–1554. [CrossRef]

22. Brunetti, O.; Russo, A.; Scarpa, A.; Santini, D.; Reni, M.; Bittoni, A.; Azzariti, A.; Aprile, G.; Delcuratolo, S.;
Signorile, M.; et al. MicroRNA in pancreatic adenocarcinoma: Predictive/prognostic biomarkers or therapeutic
targets? Oncotarget 2015, 6, 23323–23341. [CrossRef]

23. Chan, J.A.; Krichevsky, A.M.; Kosik, K.S. MicroRNA-21 is an antiapoptotic factor in human glioblastoma
cells. Cancer Res. 2005, 65, 6029–6033. [CrossRef]

24. Dhayat, S.A.; Abdeen, B.; Kohler, G.; Senninger, N.; Haier, J.; Mardin, W.A. MicroRNA-100 and microRNA-21
as markers of survival and chemotherapy response in pancreatic ductal adenocarcinoma UICC stage II. Clin.
Epigenet. 2015, 7, 132. [CrossRef]

25. Giovannetti, E.; Funel, N.; Peters, G.J.; del Chiaro, M.; Erozenci, L.A.; Vasile, E.; Leon, L.G.; Pollina, L.E.;
Groen, A.; Falcone, A.; et al. MicroRNA-21 in pancreatic cancer: Correlation with clinical outcome and
pharmacologic aspects underlying its role in the modulation of gemcitabine activity. Cancer Res. 2010, 70,
4528–4538. [CrossRef]

26. Kim, R.; Tan, A.; Lai, K.K.; Jiang, J.; Wang, Y.; Rybicki, L.A.; Liu, X. Prognostic roles of human equilibrative
transporter 1 (hENT-1) and ribonucleoside reductase subunit M1 (RRM1) in resected pancreatic cancer.
Cancer 2011, 117, 3126–3134. [CrossRef]

http://dx.doi.org/10.2147/CMAR.S172704
http://dx.doi.org/10.1593/neo.10458
http://dx.doi.org/10.1093/jnci/djt347
http://dx.doi.org/10.1053/j.gastro.2012.06.006
http://dx.doi.org/10.1245/s10434-011-2054-z
http://dx.doi.org/10.1080/00365520902745039
http://dx.doi.org/10.1053/j.gastro.2008.09.067
http://dx.doi.org/10.1158/0008-5472.CAN-05-4203
http://dx.doi.org/10.1111/his.12577
http://dx.doi.org/10.1016/j.ejca.2015.05.005
http://dx.doi.org/10.18632/oncotarget.4492
http://dx.doi.org/10.1158/0008-5472.CAN-05-0137
http://dx.doi.org/10.1186/s13148-015-0166-1
http://dx.doi.org/10.1158/0008-5472.CAN-09-4467
http://dx.doi.org/10.1002/cncr.25883


Cancers 2019, 11, 1621 18 of 21

27. Vychytilova-Faltejskova, P.; Kiss, I.; Klusova, S.; Hlavsa, J.; Prochazka, V.; Kala, Z.; Mazanec, J.; Hausnerova, J.;
Kren, L.; Hermanova, M.; et al. MiR-21, miR-34a, miR-198 and miR-217 as diagnostic and prognostic
biomarkers for chronic pancreatitis and pancreatic ductal adenocarcinoma. Diagn. Pathol. 2015, 10, 38.
[CrossRef]

28. Kalloger, S.E.; Riazy, M.; Tessier-Cloutier, B.; Karasinska, J.M.; Gao, D.; Peixoto, R.D.; Samimi, S.; Chow, C.;
Wong, H.L.; Mackey, J.R.; et al. A predictive analysis of the SP120 and 10D7G2 antibodies for human
equilibrative nucleoside transporter 1 (hENT1) in pancreatic ductal adenocarcinoma treated with adjuvant
gemcitabine. J. Pathol. Clin. Res. 2017, 3, 179–190. [CrossRef]

29. Dang, L.; Fan, X.; Chaudhry, A.; Wang, M.; Gaiano, N.; Eberhart, C.G. Notch3 signaling initiates choroid
plexus tumor formation. Oncogene 2006, 25, 487–491. [CrossRef]

30. Ashida, R.; Nakata, B.; Shigekawa, M.; Mizuno, N.; Sawaki, A.; Hirakawa, K.; Arakawa, T.; Yamao, K.
Gemcitabine sensitivity-related mRNA expression in endoscopic ultrasound-guided fine-needle aspiration
biopsy of unresectable pancreatic cancer. J. Exp. Clin. Cancer Res. 2009, 28, 83. [CrossRef]

31. Eto, K.; Kawakami, H.; Kuwatani, M.; Kudo, T.; Abe, Y.; Kawahata, S.; Takasawa, A.; Fukuoka, M.; Matsuno, Y.;
Asaka, M.; et al. Human equilibrative nucleoside transporter 1 and Notch3 can predict gemcitabine effects in
patients with unresectable pancreatic cancer. Br. J. Cancer 2013, 108, 1488–1494. [CrossRef] [PubMed]

32. Dillhoff, M.; Liu, J.; Frankel, W.; Croce, C.; Bloomston, M. MicroRNA-21 is overexpressed in pancreatic cancer
and a potential predictor of survival. J. Gastrointest. Surg. 2008, 12, 2171–2176. [CrossRef] [PubMed]

33. Mann, C.D.; Bastianpillai, C.; Neal, C.P.; Masood, M.M.; Jones, D.J.; Teichert, F.; Singh, R.; Karpova, E.;
Berry, D.P.; Manson, M.M. Notch3 and HEY-1 as prognostic biomarkers in pancreatic adenocarcinoma. PLoS
ONE 2012, 7, e51119. [CrossRef] [PubMed]

34. Zhou, J.X.; Zhou, L.; Li, Q.J.; Feng, W.; Wang, P.M.; Li, E.F.; Gong, W.J.; Kou, M.W.; Gou, W.T.; Yang, Y.L.
Association between high levels of Notch3 expression and high invasion and poor overall survival rates in
pancreatic ductal adenocarcinoma. Oncol. Rep. 2016, 36, 2893–2901. [CrossRef] [PubMed]

35. Song, H.Y.; Wang, Y.; Lan, H.; Zhang, Y.X. Expression of Notch receptors and their ligands in pancreatic
ductal adenocarcinoma. Exp. Ther. Med. 2018, 16, 53–60. [CrossRef] [PubMed]

36. Volinia, S.; Calin, G.A.; Liu, C.G.; Ambs, S.; Cimmino, A.; Petrocca, F.; Visone, R.; Iorio, M.; Roldo, C.;
Ferracin, M.; et al. A microRNA expression signature of human solid tumors defines cancer gene targets.
Proc. Natl. Acad. Sci. USA 2006, 103, 2257–2261. [CrossRef] [PubMed]

37. Bloomston, M.; Frankel, W.L.; Petrocca, F.; Volinia, S.; Alder, H.; Hagan, J.P.; Liu, C.G.; Bhatt, D.; Taccioli, C.;
Croce, C.M. MicroRNA expression patterns to differentiate pancreatic adenocarcinoma from normal pancreas
and chronic pancreatitis. JAMA 2007, 297, 1901–1908. [CrossRef]

38. Gerard, C.; Fagnoni, P.; Vienot, A.; Borg, C.; Limat, S.; Daval, F.; Calais, F.; Vardanega, J.; Jary, M.; Nerich, V.
A systematic review of economic evaluation in pancreatic ductal adenocarcinoma. Eur. J. Cancer 2017, 86,
207–216. [CrossRef]

39. Ansari, D.; Tingstedt, B.; Andersson, R. Pancreatic cancer—Cost for overtreatment with gemcitabine. Acta
Oncol. 2013, 52, 1146–1151. [CrossRef]

40. Bordeaux, J.; Welsh, A.; Agarwal, S.; Killiam, E.; Baquero, M.; Hanna, J.; Anagnostou, V.; Rimm, D. Antibody
validation. Biotechniques 2010, 48, 197–209. [CrossRef]

41. Voskuil, J.L. The challenges with the validation of research antibodies. F1000Research 2017, 6, 161. [CrossRef]
[PubMed]

42. Uson, P.L.S.J.; Macarenco, R.; Oliveira, F.N.; Smaletz, O. Impact of pathology review for decision therapy in
localized prostate cancer. Clin. Med. Insights Pathol. 2017, 10. [CrossRef] [PubMed]

43. Middleton, L.P.; Feeley, T.W.; Albright, H.W.; Walters, R.; Hamilton, S.H. Second-opinion pathologic review
is a patient safety mechanism that helps reduce error and decrease waste. J. Oncol. Pract. 2014, 10, 275–280.
[CrossRef]

44. Hidalgo, M.; Cascinu, S.; Kleeff, J.; Labianca, R.; Lohr, J.M.; Neoptolemos, J.; Real, F.X.; van Laethem, J.L.;
Heinemann, V. Addressing the challenges of pancreatic cancer: Future directions for improving outcomes.
Pancreatology 2015, 15, 8–18. [CrossRef] [PubMed]

45. Ansari, D.; Tingstedt, B.; Andersson, B.; Holmquist, F.; Sturesson, C.; Williamsson, C.; Sasor, A.; Borg, D.;
Bauden, M.; Andersson, R. Pancreatic cancer: Yesterday, today and tomorrow. Future Oncol. 2016, 12,
1929–1946. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13000-015-0272-6
http://dx.doi.org/10.1002/cjp2.75
http://dx.doi.org/10.1038/sj.onc.1209074
http://dx.doi.org/10.1186/1756-9966-28-83
http://dx.doi.org/10.1038/bjc.2013.108
http://www.ncbi.nlm.nih.gov/pubmed/23492684
http://dx.doi.org/10.1007/s11605-008-0584-x
http://www.ncbi.nlm.nih.gov/pubmed/18642050
http://dx.doi.org/10.1371/journal.pone.0051119
http://www.ncbi.nlm.nih.gov/pubmed/23226563
http://dx.doi.org/10.3892/or.2016.5079
http://www.ncbi.nlm.nih.gov/pubmed/27633819
http://dx.doi.org/10.3892/etm.2018.6172
http://www.ncbi.nlm.nih.gov/pubmed/29896227
http://dx.doi.org/10.1073/pnas.0510565103
http://www.ncbi.nlm.nih.gov/pubmed/16461460
http://dx.doi.org/10.1001/jama.297.17.1901
http://dx.doi.org/10.1016/j.ejca.2017.08.035
http://dx.doi.org/10.3109/0284186X.2012.744140
http://dx.doi.org/10.2144/000113382
http://dx.doi.org/10.12688/f1000research.10851.1
http://www.ncbi.nlm.nih.gov/pubmed/28357047
http://dx.doi.org/10.1177/1179555717740130
http://www.ncbi.nlm.nih.gov/pubmed/29147082
http://dx.doi.org/10.1200/JOP.2013.001204
http://dx.doi.org/10.1016/j.pan.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25547205
http://dx.doi.org/10.2217/fon-2016-0010
http://www.ncbi.nlm.nih.gov/pubmed/27246628


Cancers 2019, 11, 1621 19 of 21

46. Spratlin, J.; Sangha, R.; Glubrecht, D.; Dabbagh, L.; Young, J.D.; Dumontet, C.; Cass, C.; Lai, R.; Mackey, J.R.
The absence of human equilibrative nucleoside transporter 1 is associated with reduced survival in patients
with gemcitabine-treated pancreas adenocarcinoma. Clin. Cancer Res. 2004, 10, 6956–6961. [CrossRef]

47. Nordh, S.; Ansari, D.; Andersson, R. hENT1 expression is predictive of gemcitabine outcome in pancreatic
cancer: A systematic review. World J. Gastroenterol. 2014, 20, 8482–8490. [CrossRef]

48. Marechal, R.; Mackey, J.R.; Lai, R.; Demetter, P.; Peeters, M.; Polus, M.; Cass, C.E.; Young, J.; Salmon, I.;
Deviere, J.; et al. Human equilibrative nucleoside transporter 1 and human concentrative nucleoside
transporter 3 predict survival after adjuvant gemcitabine therapy in resected pancreatic adenocarcinoma.
Clin. Cancer Res. 2009, 15, 2913–2919. [CrossRef]

49. Baldwin, S.; Kukar, M.; Gabriel, E.; Attwood, K.; Wilkinson, N.; Hochwald, S.N.; Kuvshinoff, B. Pancreatic
cancer metastatic to a limited number of lymph nodes has no impact on outcome. Hpb 2016, 18, 523–528.
[CrossRef]

50. Demir, I.E.; Jager, C.; Schlitter, A.M.; Konukiewitz, B.; Stecher, L.; Schorn, S.; Tieftrunk, E.; Scheufele, F.;
Calavrezos, L.; Schirren, R.; et al. R0 versus R1 resection matters after pancreaticoduodenectomy, and less
after distal or total pancreatectomy for pancreatic cancer. Ann. Surg. 2018, 268, 1058–1068. [CrossRef]

51. Valsangkar, N.P.; Bush, D.M.; Michaelson, J.S.; Ferrone, C.R.; Wargo, J.A.; Lillemoe, K.D.; Fernandez-del
Castillo, C.; Warshaw, A.L.; Thayer, S.P. N0/N1, PNL, or LNR? The effect of lymph node number on accurate
survival prediction in pancreatic ductal adenocarcinoma. J. Gastrointest. Surg. 2013, 17, 257–266. [CrossRef]
[PubMed]

52. Lim, J.Y.; Cho, J.H.; Lee, S.J.; Lee, D.K.; Yoon, D.S.; Cho, J.Y. Gemcitabine combined with capecitabine
compared to gemcitabine with or without erlotinib as first-line chemotherapy in patients with advanced
pancreatic cancer. Cancer Res. Treat. 2015, 47, 266–273. [CrossRef] [PubMed]

53. Vandesompele, J.; de Preter, K.; Pattyn, F.; Poppe, B.; van Roy, N.; de Paepe, A.; Speleman, F. Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control
genes. Genome Biol. 2002, 3, research0034-1. [CrossRef] [PubMed]

54. Hou, Y.; Zhang, H.; Miranda, L.; Lin, S. Serious overestimation in quantitative PCR by circular (supercoiled)
plasmid standard: Microalgal pcna as the model gene. PLoS ONE 2010, 5, e9545. [CrossRef]

55. Pfaffl, M.W.; Hageleit, M. Validities of mRNA quantification using recombinant RNA and recombinant DNA
external calibration curves in real-time RT-PCR. Biotechnol. Lett. 2001, 23, 275–282. [CrossRef]

56. Lin, C.H.; Chen, Y.C.; Pan, T.M. Quantification bias caused by plasmid DNA conformation in quantitative
real-time PCR assay. PLoS ONE 2011, 6, e29101. [CrossRef]

57. Cecka, F.; Jon, B.; Subrt, Z.; Ferko, A. Solid pseudopapillary tumour of the pancreas: Diagnosis, treatment,
and prognosis. Acta Chir. Belg. 2014, 114, 58–62. [CrossRef]

58. Hlavsa, J.; Cecka, F.; Zaruba, P.; Zajak, J.; Gurlich, R.; Strnad, R.; Pavlik, T.; Kala, Z.; Lovecek, M. Tumor grade
as significant prognostic factor in pancreatic cancer: Validation of a novel TNMG staging system. Neoplasma
2018, 65, 637–643. [CrossRef]

59. Lidsky, M.E.; Sun, Z.; Nussbaum, D.P.; Adam, M.A.; Speicher, P.J.; Blazer, D.G., 3rd. Going the extra mile:
Improved survival for pancreatic cancer patients traveling to high-volume centers. Ann. Surg. 2017, 266,
333–338. [CrossRef]

60. Blackford, A.; Serrano, O.K.; Wolfgang, C.L.; Parmigiani, G.; Jones, S.; Zhang, X.; Parsons, D.W.; Lin, J.C.;
Leary, R.J.; Eshleman, J.R.; et al. SMAD4 gene mutations are associated with poor prognosis in pancreatic
cancer. Clin. Cancer Res. 2009, 15, 4674–4679. [CrossRef]

61. Donahue, T.R.; Tran, L.M.; Hill, R.; Li, Y.; Kovochich, A.; Calvopina, J.H.; Patel, S.G.; Wu, N.; Hindoyan, A.;
Farrell, J.J.; et al. Integrative survival-based molecular profiling of human pancreatic cancer. Clin. Cancer Res.
2012, 18, 1352–1363. [CrossRef] [PubMed]

62. Newhook, T.E.; Blais, E.M.; Lindberg, J.M.; Adair, S.J.; Xin, W.; Lee, J.K.; Papin, J.A.; Parsons, J.T.; Bauer, T.W.
A thirteen-gene expression signature predicts survival of patients with pancreatic cancer and identifies new
genes of interest. PLoS ONE 2014, 9, e105631. [CrossRef] [PubMed]

63. Stratford, J.K.; Bentrem, D.J.; Anderson, J.M.; Fan, C.; Volmar, K.A.; Marron, J.S.; Routh, E.D.; Caskey, L.S.;
Samuel, J.C.; Der, C.J.; et al. A six-gene signature predicts survival of patients with localized pancreatic
ductal adenocarcinoma. PLoS Med. 2010, 7, e1000307. [CrossRef] [PubMed]

64. Liu, Y.; Beyer, A.; Aebersold, R. On the dependency of cellular protein levels on mRNA abundance. Cell
2016, 165, 535–550. [CrossRef]

http://dx.doi.org/10.1158/1078-0432.CCR-04-0224
http://dx.doi.org/10.3748/wjg.v20.i26.8482
http://dx.doi.org/10.1158/1078-0432.CCR-08-2080
http://dx.doi.org/10.1016/j.hpb.2016.02.004
http://dx.doi.org/10.1097/SLA.0000000000002345
http://dx.doi.org/10.1007/s11605-012-1974-7
http://www.ncbi.nlm.nih.gov/pubmed/23229885
http://dx.doi.org/10.4143/crt.2013.158
http://www.ncbi.nlm.nih.gov/pubmed/25327494
http://dx.doi.org/10.1186/gb-2002-3-7-research0034
http://www.ncbi.nlm.nih.gov/pubmed/12184808
http://dx.doi.org/10.1371/journal.pone.0009545
http://dx.doi.org/10.1023/A:1005658330108
http://dx.doi.org/10.1371/journal.pone.0029101
http://dx.doi.org/10.1080/00015458.2014.11680978
http://dx.doi.org/10.4149/neo_2018_171012N650
http://dx.doi.org/10.1097/SLA.0000000000001924
http://dx.doi.org/10.1158/1078-0432.CCR-09-0227
http://dx.doi.org/10.1158/1078-0432.CCR-11-1539
http://www.ncbi.nlm.nih.gov/pubmed/22261810
http://dx.doi.org/10.1371/journal.pone.0105631
http://www.ncbi.nlm.nih.gov/pubmed/25180633
http://dx.doi.org/10.1371/journal.pmed.1000307
http://www.ncbi.nlm.nih.gov/pubmed/20644708
http://dx.doi.org/10.1016/j.cell.2016.03.014


Cancers 2019, 11, 1621 20 of 21

65. Aust, D.E.; Terdiman, J.P.; Willenbucher, R.F.; Chew, K.; Ferrell, L.; Florendo, C.; Molinaro-Clark, A.;
Baretton, G.B.; Lohrs, U.; Waldman, F.M. Altered distribution of β-catenin, and its binding proteins
E-cadherin and APC, in ulcerative colitis-related colorectal cancers. Mod. Pathol. 2001, 14, 29–39. [CrossRef]

66. Sajic, T.; Ciuffa, R.; Lemos, V.; Xu, P.; Leone, V.; Li, C.; Williams, E.G.; Makris, G.; Banaei-Esfahani, A.;
Heikenwalder, M.; et al. A new class of protein biomarkers based on subcellular distribution: Application to
a mouse liver cancer model. Sci. Rep. 2019, 9, 6913. [CrossRef] [PubMed]

67. Emanuelli, A.; Ayyathan, D.M.; Koganti, P.; Shah, P.A.; Apel-Sarid, L.; Paolini, B.; Detroja, R.;
Frenkel-Morgenstern, M.; Blank, M. Altered expression and localization of tumor suppressive E3 ubiquitin
ligase SMURF2 in human prostate and breast cancer. Cancers 2019, 11, 556. [CrossRef]

68. Miyamoto, Y.; Maitra, A.; Ghosh, B.; Zechner, U.; Argani, P.; Iacobuzio-Donahue, C.A.; Sriuranpong, V.;
Iso, T.; Meszoely, I.M.; Wolfe, M.S.; et al. Notch mediates TGFα-induced changes in epithelial differentiation
during pancreatic tumorigenesis. Cancer Cell 2003, 3, 565–576. [CrossRef]

69. Vo, K.; Amarasinghe, B.; Washington, K.; Gonzalez, A.; Berlin, J.; Dang, T.P. Targeting notch pathway
enhances rapamycin antitumor activity in pancreas cancers through PTEN phosphorylation. Mol. Cancer
2011, 10, 138. [CrossRef]

70. Gnoni, A.; Licchetta, A.; Scarpa, A.; Azzariti, A.; Brunetti, A.E.; Simone, G.; Nardulli, P.; Santini, D.; Aieta, M.;
Delcuratolo, S.; et al. Carcinogenesis of pancreatic adenocarcinoma: Precursor lesions. Int. J. Mol. Sci. 2013,
14, 19731–19762. [CrossRef]

71. Cerveny, L.; Ptackova, Z.; Ceckova, M.; Karahoda, R.; Karbanova, S.; Jiraskova, L.; Greenwood, S.L.;
Glazier, J.D.; Staud, F. Equilibrative nucleoside transporter 1 (ENT1, SLC29A1) facilitates transfer of the
antiretroviral drug abacavir across the placenta. Drug Metab. Dispos. 2018, 46, 1817–1826. [CrossRef]
[PubMed]

72. del Santo, B.; Valdes, R.; Mata, J.; Felipe, A.; Casado, F.J.; Pastor-Anglada, M. Differential expression and
regulation of nucleoside transport systems in rat liver parenchymal and hepatoma cells. Hepatology 1998, 28,
1504–1511. [CrossRef] [PubMed]

73. Jiraskova, L.; Cerveny, L.; Karbanova, S.; Ptackova, Z.; Staud, F. Expression of concentrative nucleoside
transporters (SLC28A) in the human placenta: effects of gestation age and prototype differentiation-affecting
agents. Mol. Pharm. 2018, 15, 2732–2741. [CrossRef]

74. Hulse, A.M.; Cai, J.J. Genetic variants contribute to gene expression variability in humans. Genetics 2013, 193,
95–108. [CrossRef]

75. Edge, S.B.; Compton, C.C. The American Joint Committee on Cancer: The 7th edition of the AJCC cancer
staging manual and the future of TNM. Ann. Surg. Oncol. 2010, 17, 1471–1474. [CrossRef] [PubMed]

76. Verbeke, C.S. Resection margins and R1 rates in pancreatic cancer—Are we there yet? Histopathology 2008,
52, 787–796. [CrossRef] [PubMed]

77. Menon, K.V.; Gomez, D.; Smith, A.M.; Anthoney, A.; Verbeke, C.S. Impact of margin status on survival
following pancreatoduodenectomy for cancer: The Leeds Pathology Protocol (LEEPP). Hpb 2009, 11, 18–24.
[CrossRef] [PubMed]

78. Kotorashvili, A.; Ramnauth, A.; Liu, C.; Lin, J.; Ye, K.; Kim, R.; Hazan, R.; Rohan, T.; Fineberg, S.; Loudig, O.
Effective DNA/RNA co-extraction for analysis of microRNAs, mRNAs, and genomic DNA from formalin-fixed
paraffin-embedded specimens. PLoS ONE 2012, 7, e34683. [CrossRef]

79. Abrahamsen, H.N.; Steiniche, T.; Nexo, E.; Hamilton-Dutoit, S.J.; Sorensen, B.S. Towards quantitative mRNA
analysis in paraffin-embedded tissues using real-time reverse transcriptase-polymerase chain reaction: A
methodological study on lymph nodes from melanoma patients. J. Mol. Diagn. 2003, 5, 34–41. [CrossRef]

80. Antonov, J.; Goldstein, D.R.; Oberli, A.; Baltzer, A.; Pirotta, M.; Fleischmann, A.; Altermatt, H.J.; Jaggi, R.
Reliable gene expression measurements from degraded RNA by quantitative real-time PCR depend on short
amplicons and a proper normalization. Lab. Investig. 2005, 85, 1040–1050. [CrossRef]

81. Szafranska, A.E.; Davison, T.S.; Shingara, J.; Doleshal, M.; Riggenbach, J.A.; Morrison, C.D.; Jewell, S.;
Labourier, E. Accurate molecular characterization of formalin-fixed, paraffin-embedded tissues by microRNA
expression profiling. J. Mol. Diagn. 2008, 10, 415–423. [CrossRef] [PubMed]

82. Hashimoto, K.; Ueno, H.; Ikeda, M.; Kojima, Y.; Hagihara, A.; Kondo, S.; Morizane, C.; Okusaka, T. Do
recurrent and metastatic pancreatic cancer patients have the same outcomes with gemcitabine treatment?
Oncology 2009, 77, 217–223. [CrossRef]

http://dx.doi.org/10.1038/modpathol.3880253
http://dx.doi.org/10.1038/s41598-019-43091-z
http://www.ncbi.nlm.nih.gov/pubmed/31061415
http://dx.doi.org/10.3390/cancers11040556
http://dx.doi.org/10.1016/S1535-6108(03)00140-5
http://dx.doi.org/10.1186/1476-4598-10-138
http://dx.doi.org/10.3390/ijms141019731
http://dx.doi.org/10.1124/dmd.118.083329
http://www.ncbi.nlm.nih.gov/pubmed/30097436
http://dx.doi.org/10.1002/hep.510280609
http://www.ncbi.nlm.nih.gov/pubmed/9828213
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00238
http://dx.doi.org/10.1534/genetics.112.146779
http://dx.doi.org/10.1245/s10434-010-0985-4
http://www.ncbi.nlm.nih.gov/pubmed/20180029
http://dx.doi.org/10.1111/j.1365-2559.2007.02935.x
http://www.ncbi.nlm.nih.gov/pubmed/18081813
http://dx.doi.org/10.1111/j.1477-2574.2008.00013.x
http://www.ncbi.nlm.nih.gov/pubmed/19590619
http://dx.doi.org/10.1371/journal.pone.0034683
http://dx.doi.org/10.1016/S1525-1578(10)60449-7
http://dx.doi.org/10.1038/labinvest.3700303
http://dx.doi.org/10.2353/jmoldx.2008.080018
http://www.ncbi.nlm.nih.gov/pubmed/18687792
http://dx.doi.org/10.1159/000236022


Cancers 2019, 11, 1621 21 of 21

83. Metindir, J.; Dilek, G.B.; Pak, I. Staining characterization by immunohistochemistry of tumor cancer antigen
in patients with endometrial cancer. Eur. J. Gynaecol. Oncol. 2008, 29, 489–492.

84. Clark, T.G.; Bradburn, M.J.; Love, S.B.; Altman, D.G. Survival analysis part I: Basic concepts and first analyses.
Br. J. Cancer 2003, 89, 232–238. [CrossRef] [PubMed]

85. Bradburn, M.J.; Clark, T.G.; Love, S.B.; Altman, D.G. Survival analysis part II: Multivariate data analysis—An
introduction to concepts and methods. Br. J. Cancer 2003, 89, 431–436. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.bjc.6601118
http://www.ncbi.nlm.nih.gov/pubmed/12865907
http://dx.doi.org/10.1038/sj.bjc.6601119
http://www.ncbi.nlm.nih.gov/pubmed/12888808
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Clinical–Pathological Characteristics of Patients 
	Clinical–Pathological Factors and Chemotherapy Response as Survival Markers 
	Analysis of ENT1, NOTCH3 mRNA, and miR-21 Levels in PDAC Tissue and Their Association with DSS 
	Immunostaining of ENT1 in FFPE Samples of PDAC 
	Analysis of ENT1 Transcripts in Subgroups with Negative, Low, and High ENT1 Protein Expression Analyzed by Immunohistochemistry 
	Analysis of Patients’ DSS Association with ENT1, NOTCH3 mRNA, and miR-21 Levels in Patients’ Subgroups, Defined by Clinical–Pathological Characteristics 
	Quantitative RT-PCR Analysis of ENT1, NOTCH3 mRNA, and miR-21 Expression in FFPE Samples of PDAC 

	Discussion 
	Materials and Methods 
	Patients and Pancreatic Cancer Staging 
	Preparation of Formalin-Fixed Paraffin-Embedded Samples of Pancreas 
	Extraction of mRNA from FFPE Samples and Reverse Transcription 
	Quantitative Analysis of ENT1, NOTCH3, and miR-21 Expression 
	Immunohistochemical Analysis of ENT1 Expression 
	Statistical Analyses 

	Conclusions 
	References

