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Abstract

Background: MicroRNAs (miRNAs) are reportedly involved in pancreatic ductal adenocarcinoma (PDAC) development.
Current methods do not allow us to reliably monitor miRNA function. Asensors are adeno-associated virus (AAV) vector
miRNA sensors for real-time consecutive functional monitoring of miRNA profiling in living cells.

Methods: miR-200a, -200b, -21, -96, -146a, -10a, -155, and -221 in three PDAC cell lines (BxPC-3, CFPAC-1, SW1990),
pancreatic epithelioid carcinoma cells (PANC-1), and human pancreatic nestin-expressing cells (hTERT-HPNE) were
monitored by Asensors. Subsequently, the real-time consecutive functional profile of all miRNAs was evaluated.

Results: Selected miRNAs were detectable in all cell lines with high sensitivity and reproducibility. In the three PDAC cell
lines, BXxPC-3, CFPAC-1, and SW1990, the calibrated signal unit of the eight miRNAs Asensors was significantly lower than
that of the Asensor control. However, in PANC-1 cells, miR-200a and -155 showed upregulation of target gene expression at
24 hours after infection with the sensors; at 48 hours, miR-200b and -155 displayed upregulation of reporter expression; and
at 72 hours, reporter gene expression was upregulated by miR-200a and -200b. The result that miRNA could upregulate
gene expression was further confirmed in miR-155 of hTERT-HPNE cells. Furthermore, miRNA activity varied among cell/
tissue types and time.

Conclusion: 1t is possible that miRNA participates in the pathophysiology of pancreatic cancer, but the current popular
methods do not accurately reveal the real-time miRNA function. Thus, this report provided a convenient, accurate, and
sensitive approach to miRNA research.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly malig-
nant cancer with increasing incidence and mortality worldwide. It
is one of the major leading causes of cancer-related mortality with
a five-year survival rate of 6-7% [1]. Because of its insidious onset,
only 7% of cases present in the early stages of disease, and the late
diagnosis leads to a low resection rate and poor prognosis [2].
Therefore, further research on the pathophysiology of PDAC is a
top priority for PDAC control and prevention.

MicroRNAs (miRNAs) are noncoding RNAs that are 18-25
nucleotides long. Recently, they have emerged as a critical class of
negative regulators of gene expression through the modulation of
post-transcriptional activity of multiple target mRNAs. They
regulate gene expression via complementarity with the 3'-
untranslated region (3’-UTR) of their target mRNAs. miRNAs
regulate gene expression either by target mRNA degradation,
repression of its translation, or sometimes by upregulation of the
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target gene. More than 50% of the known miRNAs have been
shown to participate in human tumorigenesis and/or metastasis by
directly targeting oncogenes or tumor suppressor genes [3,4].
Therefore, research focused on the role of miRNA in PDAC is
rapidly increasing.

A number of methods, including Northern blot [5], real-time
polymerase chain reaction (RT-PCR) [6], and microarrays [7]
have been developed to detect and quantify miRNA expression,
but they do not reflect the real-time and consecutive function of a
given miRNA in living cells. In addition, miRNA expression levels
do not always reflect the actual activity of each miRNA [8,9]. The
latter correlates with mature miRNA functions and is often
affected by multiple steps along the miRNA pathway, including
the miRNA-induced silencing complex (miRISC) forming effi-
ciency, the binding affinity of miRNA to the target sequences at
the 3’-UTR, and the inhibition efficiency through miRISC
binding [10]. Therefore, if achievable, functional miRNA
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profiling, which reflects the real miRNA activity, may display
many advantages over conventional miRNA profiling.

An “Asensor” is a recombinant adeno-associated virus (rAAV)
vector miRNA sensor for real-time consecutive functional
monitoring of miRNA profiling in living cells, constructed by
inserting a given miRNA target sequence into the 3'-UTR of
reporter genes and containing two independent expression
cassettes encoding Gaussia luciferase (Gluc) and firefly luciferase
(Fluc). Using the Asensors, miRNA activity can be inferred by
measuring the inhibition of reporter gene expression. In this study,
the real-time miRNA activity of miR-200a, -200b, -21, -96, -146a,
-10a, -155, and -221 in three PDAC cell lines (BxPC-3, CFPAC-1,
SW1990), one pancreatic epithelioid carcinoma (PANC-1), and
human pancreatic nestin-expressing cells without causing cancer-
associated changes (WTERT-HPNE) was monitored using their
corresponding Asensors. Most previous research is consistent with
the results reflected by the Asensors, yet Asensors provided new
msights for some miRNAs, which may be important for worldwide
miRNA research.

Materials and Methods

miRNA Asensor Construction

All Asensors were purchased from FivePlus Molecular Medicine
Institute (Beijing, China). The miRNA Asensor array was
established as previously reported [11]. The miRNA Asensor
plasmid was constructed based on the AAV vector plasmid
PAAV2neo and contained two independent expression cassettes
encoding Fluc and Gluc [12]. The former was used to calibrate the
transduction efficiency, while the latter, which included a miRNA
perfect complementary target sequence in the 3'-UTR of Gluc,
was used to monitor miRNA activity. A synthetic poly(A) signal/
transcriptional pause site was inserted between the two expression
cassettes and reduced the effects of spurious transcription on the
Fluc reporter gene expression. miR-200a, -200b, -21, -96, -146a, -
10a, -155, and -221 sensor plasmids were constructed by inserting
one copy of the corresponding miRNA target sequence, miR-200a
(UAACACUGUCUGGUAACGAUGU), miR-200b (UAAUA-
CUGCCUGGUAAUGAUGA), miR-21 (UAGCUUAUCAGA-
CUGAUGUUGA), miR-96 (ULUUGGCACUAGCACAUUUU-
UGCU), miR-146a (UGAGAACUGAAUUCCAUGGGUU),
miR-10a (UACCCUGUAGAUCCGAAUUUGUG), miR-155
(UUAAUGCUAAUCGUGAUAGGGGU), or miR-221 (AG-
CUACAUUGUCUGCUGGGUUUQ), into the 3'-UTR of Gluc.
They were then packaged into recombinant AAVs termed miRNA
Asensors. The Asensor lacking the miRNA target sequence was
used as a control. The Asensors were quantified by qPCR, and
when the amount matched that of the Asensor-infected target cells,
then the activity of miRNAs in cells paired with the target
sequences of the Asensor was revealed by Gluc expediently,
accurately, and sensitively.

Cell Culture

Three PDAC cell lines (BxPC-3, CFPAC-1, SW1990), pancre-
atic epithelioid carcinoma (PANC-1), and human pancreatic
nestin-expressing cells ('WTERT-HPNE) were obtained from the
American Type Culture Collection and grown under the
recommended conditions, supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA) and 100 uM each of penicillin
and streptomycin (Invitrogen, Carlsbad, CA) in a humidified
atmosphere of 5% COy at 37°C.
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Monitoring of miRNAs

Preliminary experiments showed that 10,000 cells infected by
10% copies of Asensors was the best ratio for monitoring miRNA
activity in target cells and was applied in the following
experiments. Cells were seeded in a 96-well cell culture plate
(200 pl of recommended culture medium for each cell line) one
day before infection. After infection with the Asensors, the target
cells were further incubated for 3 days, and on each day, 20 ul of
supernatant was sampled to detect Gluc, and 20 pl of culture
medium was refilled to keep 200 ul of total culture medium. On
day 3, cells were lysed to quantify the Fluc internal control.

Assays of Fluc and Gluc Activity

The Gluc and Fluc assay kits were purchased from New
England Biolabs (Ipswich, MA, USA) and Promega (Madison, WI,
USA), respectively. Cells in the 96-well plates were spun down,
and a 20 pl aliquot of the cell-free medium in each well was taken
for Gluc activity assays at 24, 48, and 72 hours. Substrate solution
(50 pl per well) of Gluc was added into the sample. For Fluc
activity, 20 ul of cell lysate per well was added to the substrate
solution (100 pl per well) of Fluc. Both Fluc and Gluc expression
was then tested using a luminometer (Modulus™, Tuner
BioSystems). The levels of Fluc and Gluc activity were quantified
using relative light units (RLU).

Calculation of Transduction Coefficients and Relative

Inhibiting Folds

Although equal amounts of each miRNA Asensor were loaded
into each well of the 96-well plate, the Fluc activity reflecting the
transduction efficiency remained variable among different Asen-
sors due to fluctuations in the titre for each Asensor. To solve this
problem, the transduction coefficient (T'C) was used to calibrate
the miRNA activity obtained by each Asensor. The TC
calculation for each Asensor was performed as follows. Without
consideration of the miRNA repression of Gluc activity, the
relationship between Fluc activity (F) and Gluc activity (G) could
be approximated by

G =30.938F!31%2 (1)

Then, the TC value, which is the ratio of G of Asensor,,rRna
(GmiRl\'A) to that of Asensor(i(mtr()l (G(:()ntr()l> when no miRNA
repression occurs, could be computed as follows:

T7C=

Gmirna _ (FmiRNA> 13192 2)

Gcontrol F control

where Geonpol and Gpirna represent the Gluc activity of the
Asensor control and Asensor miRNA, respectively, and F oniol
and F,,;rna represent the Fluc activity of the Asensor control and
Asensor miRNA, respectively.

The activity of miRNA in a cell line, represented by the relative
inhibiting fold (RIF), was calculated by the formula

CORIro. Fmi 13192 CONLro.
RIF=(G : ’>x( RNA) =(G ! ’)xTc 3)

GmiRNA F control GmiRNA
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RIF represents the level of report gene expression regulated by
miRNA compared with the control, which depends on the theory
that “miRINAs inhibit target gene expression” [13].

Statistical Analysis

Graphs were created with GraphPad Prism 6.0.1 software (San
Diego, CA, USA). Differences in the RIF between miRNA and the
control were tested for statistical significance by the independent-
samples t test (SPSS version 17.0, Chicago, IL, USA). The level of
significance was chosen as p<<0.05.

Results

Assessment of Asensor Control

The Asensor was constructed as described in the Materials and
Methods section. The Gluc expression Asensor without miRNA
binding sites was also constructed as a control. To ensure that all
rAAVs could act as an miRNA sensor, we first evaluated the
Asensor control, and Gluc secreted into the supernatant was
assayed at 24, 48, 72 hours after infection. As expected, we could
detect high Gluc and Fluc signals in all cells. In this report, the
infection efficiency of the Asensors, cell growth diversity, and other
system and accidental errors were calibrated by Fluc, and miRNA
activity was expressed as Gluc/Fluc. Although the Asensor control
did not reflect any miRINA activity, to maintain consistency, the y
axis in Figure 1 was also expressed as Gluc/Fluc. As shown in
Figure 1, the Gluc/Fluc of the supernatants of BxPC-3 cells was
consistently high, measuring 1130.51%350.93, 6633.16%2931.6,
and 11143.97£5601.09 at 24, 48, and 72 hours, respectively. At
24, 48, and 72 hours, the Gluc/Fluc of PANC-1 was 14.85%5.59,
178.98+102.26, and 309.71%+41.42, respectively; of hTERT-
HPNE was 31.85%9.72, 115.53%14.20, and 845.77%31.66,
respectively; of CFPAC-1 was 103.26%59.57, 333.36%£42.03,
and 827.29%157.11, respectively; and of SWI1990 was
245.99%43.97, 494.21+90.01, and 638.76%£156.05, respectively
(Figure 1). These preliminary experiments showed that the
Asensor could successfully infect pancreatic cells effectively.

Real-time miRNA Function Sorted by Cell Line

Eight miRNAs (miR-200a, -200b, -21, -96, -146a, -10a, -155, -
221), which were reported to be related to various pancreatic
diseases, were studied in three PDAC cell lines (BxPC-3, CFPAC-
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Figure 1. Assessment of Asensor control. Asensors without the
target miRNA gene were used as controls to calibrate any system error
or accidental error. The reporter luciferase was detected at 24, 48, and
72 hours after Asensor infection. miRNA activity was expressed as Gluc/
Fluc. Control in BxPC-3 showed high level in all cell lines.
doi:10.1371/journal.pone.0066315.g001
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1, SW1990), one pancreatic epithelioid carcinoma (PANC-1), and
human pancreatic nestin-expressing cells (W"TERT-HPNE). The
real-time miRNA activity was monitored at 24, 48, and 72 hours
after sensor infection.

Like the Asensor control, the Gluc/Fluc of all Asensors were
weak within the first 24 hours, but increased greatly within
48 hours (Figure 2). Because the original Gluc and Fluc indices
varied among the different cell lines, the ratios of Gluc/Fluc were
different; nevertheless, this issue does not hinder the observation of
miRNA function.

In each of the three PDAC cell lines, BxPC-3, CFPAC-1, and
SW1990, Gluc/Fluc of the eight miRNA Asensors were signifi-
cantly lower than that of the Asensor control, suggesting that all
eight miRNAs displayed a negative control tendency on target
protein expression at each time point, which is consistent with
current reports and opinion (Figure 2).

Notably, in the PANC-1 cells at 24 hours, the Gluc/Fluc of
miR-200a, -200b, -21, -96, -146a, -10a, -155, and -221 was
43.51+8.57, 23.2524.44, 0.62+0.38, 5.25%2.25, 1.56%0.40,
22.64%+2.03, 40.88%+5.13, and 9.07£1.47, respectively. Moreover,
the Gluc/Fluc of miRNA200a and -155 was significantly higher
than that of the control (14.86%5.59, p<<0.05), which suggests that
these miRNAs might upregulate the expression of the target
protein. At 48 hours, the Gluc/Fluc of miR-200a, -200b, -21, -96,
-146a, -10a, -155, and -221 was 251.81%58.32, 377.90%=51.11,
3.56*1.42, 71.65*1.17, 15.46+4.98, 189.34+31.41,
350.06%27.48, and 48.72%3.66, respectively. The Gluc/Fluc of
the control at 48 hours was 178.98%102.26 and was significantly
lower than that of miR-200b and -155 (p=0.039 and 0.049,
respectively). At 72 hours, the Gluc/Fluc of miR-200a, -200b, -21,
-96, -146a, -10a, -155, and -221 was 441.17%22.52,
702.38£76.97, 8.43*2.74, 260.46%=29.95, 36.82*13.61,
358.30+118.84, 403.13+49.49, and 79.98*12.87, respectively.
The Gluc/Fluc of the control at this time point was
309.71%x41.42, which was significantly lower than that of miR-
200a and -200b (p=0.008 and 0.001, respectively) (Figure 2). In
brief, in PANC-1 cells, some miRNAs displayed upregulation of
target protein expression, and miRNA function varied greatly
among the tissue types and time courses, suggesting that the
pancreatic epithelioid carcinoma cell line was different from
PDAC cell lines in miRNA relative pathophysiology.

In h'TERT-HPNE cells, the Gluc/Fluc of miR-200a, -200b, -
21, -96, -146a, -10a, -155, -221, and the controls at 24 hours was
2.02+0.78, 2.77+0.21, 0.19%0.04, 0.65%0.14, 2.69*0.66,
0.58%0.25, 6.81+0.94, 0.58%0.05, and 31.85%9.72, respectively;

at 48 hours, 55.95*12.37, 110.56*x12.14, 1.45%*0.10,
19.20£9.35, 61.73+3.93, 21.29%+5.47, 226.71+96.15,
12.26£4.30, 115.53%£14.20, respectively; and at 72 hours,
422.10£63.60, 846.77£257.91, 6.20%£0.68, 122.82+48.36,

312.92%+22.99, 168.25*=13.17, 1768.22%+458.70, 92.34*4.47,
and 845.77%31.66, respectively. The miRNA profile in
hTERT-HPNE cells was obviously different from the PANC-1
and PDAC cell lines. At 72 hours, the Gluc/Fluc of miR-155 was
significantly higher than that of the control (p=0.025), which
suggested again that some miRNAs could upregulate the target
protein expression (Figure 2).

Real-time miRNA Function Sorted by miRNAs

All eight miRNAs displayed different features in different cell
lines, as described above. When the data were classified by each
miRNA and represented by RIF, much new information came
out. Almost all miRNAs displayed the highest activity within the
first 24 hours, and their activity decreased with time, except for
miR-21. The miRNA activity of miR-21 was about three times
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Figure 2. Real-time miRNA function in different cell lines. miRNA activity profiles for PANC-1, BxPC-3, CFPAC-1, SW1990, and hTERT-HPNE
were established by using Asensors. miR-200a, -200b, -21, -96, -146a, -10a, -155, and -221 were evaluated at 24, 48, and 72 hours after Asensor
infection. To show the overexpression of the report gene (miR-200a, miR-200b, miR-155 in PANC-1 and miR-155 in hTERT-HPNE) compared with
control, miRNA activity was expressed as Gluc/Fluc. Data are shown as mean = SD of triplicate independent experiments. And miRNAs which might

upregulated target gene were marked P values.
doi:10.1371/journal.pone.0066315.9002

higher than that of the others in all cell lines and was almost stable
with time. In PANC-1 cells, miR-200a, 200b, -96, -10a, -155, and
-221 maintained the lowest activity at all time points (Figures 2 and
3). In SW1990 cells, miR-200a, -200b and -96 maintained the
highest activity within 72 hours (Figure 3). Taken together,
miRNA activity was related to cell/tissue types and time course,
and some miRNAs could upregulate gene expression.
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Discussion

With the identification of a vast number of miRNAs whereby
each one carries a long list of putative targets, the challenge is now
to understand their biological function, and Asensors provide a
method for the further understanding of miRNAs. Because target
gene expression and cell signaling are not independent among

4 June 2013 | Volume 8 | Issue 6 | e66315



miRNA Monitoring in Pancreatic Cells Using Asensor

N

miR-200a miR-200b
60+ 50
> 404 >
: S 301
g -
204
x = 10
£ £
0 + ; . 0+
0 24 48 72 0 24 48
Time Time
miR-21 miR-96

o
=3

250+

200+

miRNA activity (RIF)
. ¢ 8 8
miRNA activity (RIF)
N B
< < <

PANC-1

0 24 48 72 0 24 48
Time Time
miR-146a miR-10a
40 60

miRNA activity (RIF)
s 3
miRNA activity (RIF)
N B
< 2 ;

N

BxPC-3
CFPAC-1
SW1990
hTERT-HPNE

tetwd

0+ T T T 0 v 0 T
0 24 48 72 0 24 48 2
Time Time
miR-155 miR-221
40 100
[y L g
£ 30 z &
> >
; ’S’ 60
g g 404
= <
2 =
g 10 X 20
5 £
0 » — 0 — v
0 24 48 72 0 24 48 2
Time Time

Figure 3. Line chart of every miRNA in different cell lines at 24, 48, and 72 hours. CFPAC-1 and SW1990, metastatic carcinomas, showed
high RIF at 24 hours, which dropped rapidly from 24 to 48 hours. miRNAs of PANC-1 consistently showed low activities in almost all cell lines as well
as upregulation of the target protein. However, all RIFs in miR-21 were high and stable.

doi:10.1371/journal.pone.0066315.9g003

miRNAs, studying them in organisms is considered more objective
than using lysed cells.

To investigate real-time miRINA function in pancreatic cancer,
we selected four cell lines derived from pancreatic cancer: PANC-
1 (pancreatic epithelioid carcinoma), BxPC-3 (pancreatic adeno-
carcinoma), CFPAC-1 (liver metastasis of pancreatic ductal
adenocarcinoma; cystic fibrosis), and SW1990 (spleen metastasis
of a grade II pancreatic adenocarcinoma). hTERT-HPNE, a no-
cancer cell line, was selected as the normal pancreas control.
Although the miRNA profiles were diverse, based on our data,
these five cell lines could be divided into three groups. The
adenocarcinoma cells, BxPC-3, CFPAC-1, and SW1990, were
similar in eight miRNA profiles, all miRNAs negatively regulated
expression of the target mRNA, and they shared a similar
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tendency of miRNA activity. The epithelioid carcinoma PANC-1
cell line was significantly different from the other four cell lines,
with many of the miRNAs displaying upregulation of the target
mRNA expression, which deviates from the current opinion on
miRNA function. Our data indicated that miRNA profiles were
vastly different among all cell lines, and the miRNA profile showed
a possible co-relationship with the pathophysiology of pancreatic
cancer.

miRNA function is dynamic and varied throughout the time
course; thus, current methods such as Northern blot, RT-PCR,
and microarrays cannot accurately reveal the real-time dynamic
function of any miRNA. For example, using Northern blot
analysis, pri-miRNA, pre-miRNA, and mature miRNA can be
distinguished, but the sensitivity of the assay is relatively low.
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Stem-loop RT-PCR can detect the copy number of mature
miRNAs with high sensitivity, but specific primers are required,
and it is difficult to perform in a high-throughput manner. In our
study, we used a new method called “Asensor” to monitor the
functions of miRNA in live cells. Although RT-PCR was used
quantify miRNA, the cells had to be lysed, which prevented the
acquisition of real-time and dynamic results. Thus they were not
comparable. Microarrays are suitable for the high-throughput
detection of many miRNAs, but it cannot distinguish between pri-
miRNA, pre-miRNA, and mature miRNA, and the results are
often not reproducible due to variations in miRNA quality.
Importantly, the results from these methods only represent
quantitative results and cannot reflect miRNA activity that directly
mvolves a post-transcriptional regulation of gene expression.
Therefore, our study provided a new method to observe miRNA
activity in molecular biology research. In addition, Gluc possesses
a natural secretory signal and, upon expression, is secreted into the
cell medium. The Gluc-containing samples can be stored at
—20°C for long-term storage or at 4°C for several days without
loss of activity. Therefore, cell lysis is not necessary, and it is
convenient to monitor the real-time function of miRNA.

Moreover, through dynamic observation, the function of
miRNAs was different among these cell lines. There are different
subsets in the biological characteristics of PDAC, and miRNAs
play a different role in different subsets. For example, as previously
shown, the Gluc level was significantly higher in BxPC-3 cells,
since BxPC-3 is a poorly differentiated human pancreatic cancer
cell line with hypermetabolism, which suggests that the expression
of Gluc and Fluc may depend on the metabolism of the cells. In
addition, PANC-1 and hTERT-HPNE were similar in that
microscopic examination of PANC-1 showed it to be an
undifferentiated carcinoma, but ducts lined with markedly
dysplastic or frankly malignant-type cells were observed in certain
regions [14]. hTERT-HPNE was originally isolated from the
ductal structure of a human pancreas and immortalized by
expression of the catalytic subunit of telomerase (WTERT) [15].
hTERT can immortalize primary human cells without changing
their phenotypic properties or causing cancer-associated changes
[16-19]. Mounting evidence now suggests that acinar-to-ductal
metaplasia plays a vital role in the initiation of pancreatic cancer
development [20-23]. hTERT-HPNE cells have properties similar
to that of the intermediary cells produced during acinar-to-ductal
metaplasia. The properties shared by hTERT-HPNE and these
intermediary cells included their undifferentiated phenotype and
the ability to differentiate into pancreatic ductal cells [24]. It seems
that PANC-1 and hTERT-HPNE both possess the characteristic
of being intermediary or undifferentiated cells. Thus, some target
genes up-regulated by miRINA in the two cell lines may participate
in tumorigenesis.

It is often reported that miRNAs negatively regulate post-
transcriptional gene expression by inhibiting translation and
causing degradation of the target mRNA [13], primarily through
base-pairing interactions, which leads to either mRNA degrada-
tion or translational inhibition, depending upon the degree of
match between the “seed sequence” (positions 2—7 at the 5 side)
of the miRNA and 3’-UTR of the mRNA. When the seed
sequence perfectly or partially matches with target 3'-UTR of the
mRNA, then it may lead to degradation of the mRNA or inhibit
translation [25-28]. The expression profiles of miRNAs are
frequently altered in tumors, and in some cases, a reduction in the
expression of miRNA may cause increased expression of the
oncogenic target genes [29]. The biological functions of miRNAs
are highly dependent on cellular context, which may be due to the
differential expression of their target mRNAs. It has also been
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demonstrated that cellular proteins can also regulate RNAi.
Therefore, according to the results of our experiments using
dynamic monitoring of miRNA function, the classic theory that
miRNAs negatively regulate gene expression by inhibiting
translation and causing degradation of the target mRNA is not
completely correct. The characteristic of high heterogeneity
demonstrates that the abundance of miRNA is influenced by
various factors such as different cell origins, cellular metabolism,
antigen expression, cellular productions, and so on. When miRNA
abundance is relatively low, it may activate other signal
transduction pathways or induce some factors promoting target
gene upregulation, eventually leading to the overexpression of
target genes. On the other hand, AU-rich elements (AREs) and
miRNA target sites are conserved sequences in mRNA 3"UTRs
that control gene expression posttranscriptionally. In 2007,
Vasudevan et al found that the TNFoo ARE recruits miR369-3
to mediate translation up-regulation in serum-starved conditions
and to cause repression in synchronized proliferating cells [30].
miRNAs oscillate between repression and activation in coordina-
tion with the cell cycle: In proliferating cells they repress
translation, whereas in G1/GO0 arrest (which often precedes
differentiation), they mediate activation. This regulation occurs on
at least two levels. First, recruitment of the microRNP reflects both
its expression level and its ability to productively interact with
mRNA target sites. Second, the AGO2 complex must be subject to
modification because tethered AGO?2 differentially regulates
translation according to cell growth conditions. Thus, based on
our findings, miR-200a, miR-200b, and miR-155 induced the
overexpression of the reporter gene in PANC-1, and miR-155
induced overexpression of the gene in hTERT-HPNE. These two
cell lines are similar in that they are undifferentiated or had
mtermediary cells that included their undifferentiated phenotype.
Thus, we inferred that miRNA might up-regulate target gene
expression and may play an important role prior to differentiation.

As we know, PDAC is a heterogeneous disease. Comprehensive
genetic analysis has shown that pancreatic cancers contain an
average of 63 exomic alterations in 12 key cellular signaling
pathways, although not every pathway is altered in every
pancreatic tumor [31-33]. This suggests that different pancreatic
cell lines, even different PDAC patients, can have altered cellular
signaling pathways involved in tumorigenesis and development.
Our conclusion that miRNAs are regulatory factors of biological
processes that can be regulated themselves is apprehensible.

All of these miRNAs had their own target gene and mechanism
(Table 1). As previously shown, miR-21 obviously inhibited Gluc
expression in all cell lines. It was previously reported that miR-21
is amplified in many malignant diseases, which supports our
results. However, its specificity was unsatisfactory; miR-21 was
reportedly increased in many types of cancer as well as the no-
cancer cell line hTERT-HPNE in our study. Other miRNAs do
not have consistent results in every PDAC cell line, although they
might be aberrant in PDAC compared with no-cancer cell lines, as
reported previously. Distinguishing these different molecular
partings of the therapeutic targets will help improve individual
PDAC treatment and overall prognosis of the disease.

In conclusion, we present a pilot study demonstrating the
feasibility of miRINA analysis using Asensors as a high-throughput
real-time consecutive functional method as an alternative to
current popular methods, which do not accurately show real-time
miRNA function. It was confirmed that certain miRNAs could
upregulate gene expression in PANC-1 and hTERT-HPNE cells,
suggesting that miRNA might participate in the pathophysiology
of pancreatic cancer. Thus, this report provides a convenient,
accurate, and sensitive approach to miRNA research. Future tissue
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Table 1. The expression, biological function, and mechanism of analyzed candidate microRNAs.

microRNA Tumor Blood Pancreatic fluid Predicted biological function Gene targets or mechanism Refs
miR-200a,b 1 1 oncogene ZEB1, ZEB2, EMT [34-37]
miR-21 1 i T oncogene PTEN, RECK, PDCD4,TPM1 [38-41]
miR-96 l tumor suppression K-RAS [42]
miR-146a l tumor suppression EGFR, MTA-2, IRAK-1, NF-kB [43]
miR-10a 1 oncogene HOXB1, HOXB3, cadherin/catenin, E-cadherin [44]
miR-155 1 1 1 oncogene TP53INP1, ROS, HIF1a activity [40,45-46]
miR-221 1 oncogene CDKN1B [41,47]

doi:10.1371/journal.pone.0066315.t001

profiling studies will be continued to help optimize miRNA
functional studies in patients with malignant and benign pancre-
atic diseases, which are much different from i vitro studies.

References

1. Rebecca S, Deepa N, Ahmedin J (2012) Cancer statistics, 2012. CA Cancer J
Clin 62:10-29.

2. Koorstra JB, Hustinx SR, Offerhaus GJ, Maitra A (2008) Pancreatic
Carcinogenesis. Pancreatology 8: 110-125.

3. Garzon R, Calin GA, Croce CM (2009) MicroRNAs in cancer. Annu Rev Med
60:167-179.

4. Slack EJ, Weidhaas JB (2008) MicroRNA in cancer prognosis. N Engl J] Med
359:2720-2722.

5. Lee Y, Ahn C, Han J, Choi H, Kim ]J, et al. (2003) The nuclear RNase III
Drosha initiates microRNA processing. Nature 425: 415-419.

6. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, et al. (2005) Real-time
quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res
33:e179.

7. Liu CG, Calin GA, Meloon B, Gamliel N, Sevignani C, et al. (2004) An
oligonucleotide microchip for genome-wide microRNA profiling in human and
mouse tissues. Proc Natl Acad Sci U S A 101: 9740-9744.

8. Bhattacharyya SN, Habermacher R, Martine U, Closs EI, Filipowicz W (2006)
Relief of microRNA-mediated translational repression in human cells subjected
to stress. Cell 125: 1111-1124.

9. MaJ, Flemr M, Stein P, Berninger P, Malik R, et al. (2010) MicroRNA activity
is suppressed in mouse oocytes. Curr Biol 20:265-270.

10. Krol J, Loedige I, Filipowicz W (2010) The widespread regulation of microRNA
biogenesis, function and decay. Nat Rev Genet 11: 597-610.

11. Dong X, Tian W, Wang G, Dong Z, Shen W, et al. (2010) Establishment of an
AAV Reverse Infection-Based Array. PLoS One 5: ¢13479.

12. Tian W, Dong X, Liu X, Wang G, Dong Z, et al. (2012) High-throughput
functional microRNAs profiling by recombinant AAV-based microRNA sensor
arrays. PLoS One. 7:¢29551.

13. Kong YW, Ferland-McCollough D, Jackson TJ, Bushell M (2012) microRNAs
in cancer management. Lancet Oncol 13:¢249-258.

14. Lieber M, Mazzetta J, Nelson-Rees W, Kaplan M, Todaro G (1975)
Establishment of a continuous tumor-cell line (PANC-1) from a human
carcinoma of the exocrine pancreas. Int J Cancer. 1975 15:741-747.

15. Lee KM, Nguyen C, Ulrich AB, Pour PM, Ouellette MM (2003) Immortal-
ization with telomerase of the Nestin-positive cells of the human pancreas.
Biochem Biophys Res Commun 301:1038-1044.

16. Jiang XR, Jimenez G, Chang E, Frolkis M, Kusler B, et al. Telomerase
expression in human somatic cells does not inducechanges associated with a
transformed phenotype. Nat Genet 1999;21:111-114.

17. Morales CP, Holt SE, Ouellette M, Kaur KJ, Yan Y, et al. (1999) Absence of
cancer-associated changes in human fibroblasts immortalized with telomerase.
Nat Genet 21:115-118.

18. Yang J, Chang E, Cherry AM, Bangs CD, Oei Y, et al. (1999) Human
endothelial cell life extension by telomerase expression. J Biol Chem 274:26141—
26148.

19. Ouellette MM, McDaniel LD, Wright WE, Shay JW, Schultz RA (2000) The
establishment of telomerase-immortalized cell lines representing human
chromosome instability syndromes. Hum Mol Genet 9:403-411.

PLOS ONE | www.plosone.org

ZEB: zinc finger E-box binding homeobox. EMT: epithelial-mesenchymal transition. PTEN: phosphatase and tensin homolog. RECK: reversion-inducing-cysteine-rich
protein with kazal motifs. PDCD4: programmed cell death 4. TPM1: tropomyosin 1. EGFR: epidermal growth factor receptor. MTA-2: metastasis associated 1 family,
member 2. IRAK-1: interleukin-1 receptor-associated kinase 1. NF-kB: nuclear factor of kappa B. HOXB: homeobox B cluster. TP53INP1: tumor protein p53 inducible
nuclear protein 1. ROS: reactive oxygen species. HIF1o: hypoxia inducible factor 1, alpha subunit. CDKN1B: cyclin-dependent kinase inhibitor 1B.

Author Contributions

Conceived and designed the experiments: JZ. Performed the experiments:
JC XC ZG. Analyzed the data: XL. Contributed reagents/materials/
analysis tools: JL. JH. Wrote the paper: JC.

22.

26.

27.

28.

30.

31.

32.

33.

34.

36.

37.

Greten FR, Wagner M, Weber CK, Zechner U, Adler G, et al. (2001) TGF
alpha transgenic mice. A model of pancreatic cancer development. Pancreatol-
ogy 1:363-368.

. Wagner M, Lithrs H, Kloppel G, Adler G, Schmid RM (1998) Malignant

transformation of duct-like cells originating from acini in transforming growth
factor transgenic mice. Gastroenterology 15:1254-1262.

Parsa I, Longnecker DS, Scarpelli DG, Pour P, Reddy JK, et al. (1985) Ductal
metaplasia of human exocrine pancreas and its association with carcinoma.

Cancer Res 45:1285-1290.

. Miyamoto Y, Maitra A, Ghosh B, Zechner U, Argani P, et al. (2003) Notch

mediates TGF alpha-induced changes in epithelial differentiation during
pancreatic tumorigenesis. Cancer Cell 3:565-576.

. Lee KM, Yasuda H, Hollingsworth MA, Ouellette MM (2005) Notch2-positive

progenitors with the intrinsic ability to give rise to pancreatic ductal cells. Lab
Invest 85:1003-1012.

. Tang G (2005) siRNA and miRNA: an insight into RISCs. Trends Biochem Sci

30: 106-114.

Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets. Cell
120: 15-20.

Muckstein U, Tafer H, Hackermuller J, Bernhart SH, Stadler PF, et al. (2006)
Thermodynamics of RNA-RNA binding. Bioinformatics 22: 1177-1182.
Negrini M, Ferracin M, Sabbioni S, Croce CM (2007) MicroRNAs in human
cancer: from research to therapy. J Cell Sci 120: 1833-1840.

Chen CZ (2005) MicroRNAs as Oncogenes and Tumor Suppressors.
N Engl J Med 353:1768-1771.

Vasudevan S, Tong Y, Steitz JA (2007) Switching from Repression to Activation:
MicroRNAs Can Up-Regulate Translation. Science 318:1931-1934.

Jones S, Zhang X, Parsons DW, Lin JC, Leary R]J, et al. (2008) Core signaling
pathways in human pancreatic cancers revealed by global genomic analyses.
Science 321: 1801-1806.

Campbell PJ, Yachida S, Mudie L], Stephens PJ, Pleasance ED, et al. (2010)
The patterns and dynamics of genomic instability in metastatic pancreatic
cancer. Nature 467: 1109-1113.

Yachida S, Jones S, Bozic I, Antal T, Leary R et al. (2010) Distant metastasis
occurs late during the genetic evolution of pancreatic cancer. Nature 467:1114—
1117.

Li A, Omura N, Hong SM, Vincent A, Walter K, et al. (2010) Epigenetic
silencing of transcription factor SIP1 in pancreatic cancer cells is associated with
elevated expression and blood serum levels of microRNAs miR-200a,b. Cancer

Res 70: 5226-5237.

. Park SM, Gaur AB, Lengyel E, Peter ME (2008) The miR-200 family

determines the epithelial phenotype of cancer cells by targeting the E-cadherin
repressors ZEB1 and ZEB2. Genes Dev 22:894-907.
Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, et al. (2008) The miR-
200 family and miR-205 regulate epithelial to mesenchymal transition by
targeting ZEBI1 and SIP1. Nat Cell Biol 10:593-601.
Korpal M, Lee ES, Hu G, Kang Y (2008) The miR-200 family inhibits

epithelial-mesenchymal transition and cancer cell migration by direct targeting

June 2013 | Volume 8 | Issue 6 | €66315



38.

39.

40.

41.

42,

of E-cadherin transcriptional repressors ZEB1 and ZEB2. J Biol Chem
283:14910-14914.

Qian B, Katsaros D, Lu L, Preti M, Durando A, et al. (2009) High miR-21
expression in breast cancer associated with poor disease-free survival in early
stage disease and high TGF-betal. Breast Cancer Res Treat 117:131-140.

Qi L, Bart J, Tan LP, Platteel I, Sluis T, et al. (2009) Expression of miR-21 and
its targets (PTEN, PDCD4, TM1) in flat epithelial atypia of the breast in relation
to ductal carcinoma in situ and invasive carcinoma. BMC Cancer 9:163.
Caponi S, Funel N, Frampton AE, Mosca F, Santarpia L, et al. (2013) The good,
the bad and the ugly: a tale of miR-101, miR-21 and miR-155 in pancreatic
intraductal papillary mucinous neoplasms. Ann Oncol 24:734-741.

du Rieu MC, Torrisani J, Selves J, Al Saati T, Souque A, et al. (2010)
MicroRNA-21 is induced early in pancreatic ductal adenocarcinoma precursor
lesions. Clin Chem 56:603-612.

Yu S, Lu Z, Liu C, Meng Y, Ma Y, et al. miRNA-96 Suppresses KRAS and
Functions as a Tumor Suppressor Gene in Pancreatic Cancer. Cancer Res

70:6015-6025.

PLOS ONE | www.plosone.org

43.

44,

46.

47.

miRNA Monitoring in Pancreatic Cells Using Asensor

Li Y, Vandenboom TG 2nd, Wang Z, Kong D, Ali S, et al. (2010) miR-146a
Suppresses Invasion of Pancreatic Cancer Cells. Cancer Res 70:1486-1495.
Weiss FU, Marques IJ, Woltering JM, Vlecken DH, Aghdassi A, et al. (2009)
Retinoic acid receptor antagonists inhibit miR-10a expression and block
metastatic behavior of pancreatic cancer. Gastroenterology 137:2136-2145.
Gironella M, Seux M, Xie M]J, Cano C, Tomasini R, et al. (2007) Tumor
protein 53-induced nuclear protein 1 expression is repressed by miR-155, and its
restoration inhibits pancreatic tumor development. Proc Natl Acad Sci U S A
104: 16170-16175.

Habbe N, Koorstra JB, Mendell JT, Offerhaus GJ, Ryu JK, et al. (2009)
MicroRNA miR-155 is a biomarker of early pancreatic neoplasia. Cancer Biol
Ther 8:340-346.

Basu A, Alder H, Khiyami A, Leahy P, Croce CM, et al. (2011) microRNA-375
and microRNA-221: potential noncoding RNAs associated with antiproliferative
activity of benzyl isothiocyanate in pancreatic cancer. Genes Cancer. 2:108-119.

June 2013 | Volume 8 | Issue 6 | €66315



