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Abstract

Background/Aims: MicroRNAs (miRNAs) are a group of non-coding RNAs that play diverse
roles in pancreatic carcinogenesis. In pancreatic ductal adenocarcinoma (PDAC), NF-kB is
constitutively activated in most patients and is linked to a mutation in KRAS via IxB kinase
complex 1 (IKK1, also known as IKKa). We investigated the link between PDAC aggressiveness
and miR-1290. Methods: We used miRCURY™ LNA Array and in situ hybridization to
investigate candidate miRNAs and validated the findings with PCR. The malignant behavior
of cell lines was assessed with Cell Counting Kit-8, colony formation, and Transwell assays. A
dual-luciferase reporter assay was used to evaluate the interaction between miR-1290 and
IKK1. Protein expression was observed by western blotting. Results: In this study, 36 miRNAs
were dysregulated in high-grade pancreatic intraepithelial neoplasia (PanIN) and PDAC
tissues compared with low-grade PanIN tissues. The area under the curve values of miR-
1290 and miR-31-5p were 0.829 and 0.848, respectively (95% confidence interval, 0.722-0.936
and 0.749-0.948, both P < 0.001). There was a significant correlation between miR-1290 and
histological differentiation (P = 0.029), pT stage (P = 0.006), and lymph node metastasis (P =
0.001). In addition, the in vitro work showed that miR-1290 promoted PDAC cell proliferation,
invasion, and migration. Western blotting and the dual-luciferase reporter assay showed that
miR-1290 promoted cancer aggressiveness by directly targeting IKK1. The synergist effect of
miR-1290 on the proliferation and metastasis of PDAC cells was attenuated and enhanced
by IKK1 overexpression and knockdown, respectively. Consistent with the in vitro results, a
subcutaneous tumor mouse model showed that miR-1290 functioned as a potent promoter
of PDAC in vivo. Conclusion: MiR-1290 may act as an oncogene by directly targeting the
3’-untranslated region of IKK1, and the miR-1290/IKK1 pathway may prove to be a novel

diagnostic and therapeutic target for PDAC. © 2018 The Author(s)
Published by S. Karger AG, Basel
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a relatively common malignant tumor of
the digestive system, with a 5-year survival rate of less than 5% in China [1]. Detection of
PDAC during the early stages is usually difficult because of its concealable location, early
confounding symptoms, and lack of specific biomarkers [2].

Pancreatic intraepithelial neoplasia (PanIN), considered a precursor or initial lesion
of PDAC, is classified as PanIN1, PanIN2, and PanIN3 (including carcinoma in situ)[3].
Genetic variations such as those of KRAS, TP53, and CDKN2A can also be found in the initial
stage of pancreatic carcinogenesis [4, 5], suggesting that the biological process involved
in pancreatic carcinogenesis occurs even at early stages. Recently, some biomarkers were
proven to be related to the progression of PDAC. Lo et al. [6] reported that the expression
of underglycosylated mucin 1 antigen varied from the PanIN stage to the late stages of the
disease. Kriippel-like factor 4 is upregulated in PanIN and is essential for acinar-to-ductal
metaplasia in the early stage of pancreatic carcinogenesis [7].

MicroRNAs (miRNAs) play important roles in various biological processes, including
cell growth, differentiation, proliferation, and metastasis [8-10]. Increasing evidence in
recent years suggests that non-coding RNAs, including long non-coding RNAs and miRNAs,
are closely related to the development and progression of cancers and that some miRNAs
have potential clinical applications [11, 12]. Teng and colleagues [13] demonstrated that
miR-193a interacts with major vault protein to promote cancer progression by regulating
cell cycle and proliferation. Lin et al. [14] found that six circulating miRNAs are correlated
with overall survival in castration-resistant prostate cancer. Other studies have reported the
molecular function and potential clinical utility of miRNAs in PDAC[15, 16]. However, the
molecular mechanism of miRNAs in pancreatic carcinogenesis remains largely unknown.
In this study, in an attempt to elucidate the underlying molecular mechanism, we used
miRCURY™ LNA Array (v.18.0), in situ hybridization, and qRT-PCR to identify miRNAs and
compared the selected miRNAs between PanIN and PDAC samples to determine if miR-1290
promotes pancreatic carcinogenesis by directly targeting IxB kinase complex 1 (IKK1, also
known as IKKa).

Materials and Methods

Patients and clinicopathological characteristics

This study was approved by the Ethics Committee of Changhai Hospital (Shanghai, China) and
conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all
patients concerned. Altogether, 496 formalin-fixed and paraffin-embedded (FFPE) specimens were obtained
from patients who underwent abdominal surgery at Changhai Hospital between 2007 and 2011, including
320 patients with PDAC, 100 patients with chronic pancreatitis, and 76 patients with non-pancreatic
diseases. None of the PDAC patients had received any preoperative chemotherapy or radiotherapy. To obtain
the PanlN lesion foci, microdissection was used to isolate PanIN lesions in the FFPE specimens. After the
microdissection, the specimens were collected in Eppendorf tubes.

RNA extraction and miRNA microarray

Total RNA was extracted from the FFPE samples by TRIzol (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol and purified with an RNeasy Mini Kit (Qiagen, Hilden, Germany). Plasma RNA
was extracted with a miRcute miRNA Isolation Kit (Tiangen, Beijing, China). The total RNA quality was
evaluated using the NanoDrop Lite spectrophotometer (Thermo Scientific, Waltham, MA). The miRNA was
hybridized on the miRCURY™ LNA Array (v.18.0) (Exiqon, Vedbaek, Denmark). Quantile normalization was
conducted with the GenePix 4000B microarray scanner (Axon, Sunnyvale, CA). Subsequent data analysis
was performed by GenePix Pro 6.0 (Molecular Devices, San Jose, CA). Differentially expressed miRNAs were
compared between PanIN-3 and normal, PDAC and normal, and PDAC and PanIN-3 tissues.
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In situ hybridization

According to the manufacturer’s instructions, Locked Nucleic Acid In Situ Hybridization analysis was
performed in 4-um-thick sections of FFPE tissues. After the glass slides with the FFPE tissues were de-
waxed and rehydrated, antigen retrieval was performed in 0.01 mol/L sodium citrate at 95°C for 15 min.
The specimens were rinsed for 5 min three times in phosphate-buffered saline (PBS), digested by proteinase
K (Exiqon, Vedbaek, Denmark) at room temperature for 10 min, pre-hybridized in pre-hybridization buffer
at 49.5°C for 2 h, and hybridized again using an miRNA probe with a glass coverslip in the hybridizer at
55°C overnight. The slides were then washed with 5x saline-sodium citrate (SSC) buffer, 1x SSC buffer, and
0.2x SSC buffer twice for 5 min each at 55°C, immersed in 0.3% H,0, and methanol for 10 min, and washed
three times with PBS. After being covered by blocking buffer for 1 h, the specimens were incubated with
anti-digoxigenin peroxidase Fab fragments for 1 h. The antibody signal was amplified with 4-nitro-blue
tetrazolium and 5-bromo-4-chloro-3’-indolyl phosphate substrate (Roche, Mannheim, Germany). DAB was
applied to visualize the reaction. A negative probe was used as negative control. The staining intensity was
recorded using a four-grade system to reflect staining intensity: 0, no staining; 1, weak staining; 2, moderate
staining; and 3, strong staining. A five-grade system was used to reflect the percentage of positive cells: 0,
<1%; 1, 1-25%; 2, 25-50%; 3, 50-75%; and 4, >75%. According to the total score of the staining intensity
plus the percentage of positive cells, PDAC patients were classified into three groups: a negative-expression
group (total score, 0), a low-expression group (total score, 1), and a high-expression group (total score, >2).

Quantification of miRNA by qRT-PCR

miRNA levels were quantified by qRT-PCR on a Step One Plus™ System (Life Technologies, Carlsbad,
CA). The reverse transcription reaction was conducted with miRcute cDNA (Tiangen) in a 20-pl solution
including 2 pl Poly(A) reaction agent, 2 pl 10 x RT Primer, 2 ul 10 x RT Buffer, 1 pl Super Pure dNTPs (2.5 mM
each), 1 pl RNasin (40 U/pl), 0.5 pl Quant RTase, and 11.5 pul RNase-free ddH, 0. The reaction was conducted
at 37°C for 60 min. After the reverse transcription reaction, the reverse products were mined with a solution
containing SYBR® Premix Ex Taq™ (Tli RNaseH Plus) (Takara, Dalian, China). The qRT-PCR reaction was
conducted with 45 cycles of 94°C for 20 s and 60°C for 34s.

Cell culture and transfection

Human PDAC cell lines AsPC-1, BxPC-3, and PANC-1 were purchased from the Institute of Biochemistry
and Cell Biology (Chinese Academy of Sciences, Shanghai, China). The culture medium was Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Gaithersburg, MD) with 10% fetal bovine serum (FBS) (Gibco,
Gaithersburg, MD) and penicillin and streptomycin. The culture environment was 37°C with 5% CO,.
Chemically synthesized miR-1290 agomir, miR-1290 antagomir, IKK1 siRNA, and their corresponding
negative controls were purchased from RiboBio Co., Ltd. (Guangzhou, China). The transfection was
performed with Lipofectamine® 2000 (Invitrogen) according to the manufacturer’s instructions.

Cell viability assays

For a colony formation assay, cell lines transfected with miR-1290 agomir, miR-1290 antagomir, and
their corresponding negative controls were re-suspended in DMEM with 10% FBS in 6-well plates (200
cells/well) and cultured at 37°C with 5% CO, for 2 weeks.

For the Cell Counting Kit-8 (CCK-8) assay, the cell proliferation of cell lines transfected with miR-1290
agomir, miR-1290 antagomir, and their corresponding negative controls was assessed with CCK-8 (Dojindo,
Kumamoto, Japan). After transfection, the transfected cell lines were seeded in 96-well plates and cell
proliferation was monitored every 24 h for 3 days. The number of viable cells was determined by Epoch
(BioTek, Winooski, VT) by the absorbance at 450 nm.

Wound-healing assay

Cell lines transfected with miR-1290 agomir, miR-1290 antagomir, and their corresponding negative
controls were seeded in 6-well plates. When the cell confluence reached 95%, the cells were wounded by a
scratch with a 200-pL pipette tip. The width of the wound was measured at 0, 12, and 24 h.
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Transwell invasion and migration assays

Transwell invasion and migration assays were evaluated by Transwell permeable supports (Corning
Costar, Corning, NY). In the invasion assay, the upper side of the membrane was covered with 40 pl Matrigel.
After transfection with miR-1290 agomir, miR-1290 antagomir, and their corresponding negative controls,
the cell lines were seeded in the upper chambers with serum-free DMEM medium; 500 ul DMEM with 20%
FBS was placed in the lower chambers. After 2 days, the cells remaining on the upper side of the membrane
were removed with cotton swabs, and the cells in the lower chambers were fixed by paraformaldehyde and
stained with crystal violet. The cell number was counted using a microscope.

Western blot

After transfection, cells were lysed with RIPA buffer (Beyotime, Haimen, China) and complete
protease inhibitor cocktail (Biotool, Houston, TX). After ultrasonic pyrolysis, the protein concentration was
determined with a BCA Protein Assay Kit (Beyotime). The protein samples were then subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis electrophoresis. The membrane was blocked in 5%
fat-free milk for 2 h, incubated in the primary antibody (anti-IKK, Abcam, Cambridge, MA; anti-GAPDH,
Proteintech, Chicago, IL), and washed three times for 5 min each with PBS. After washing, the secondary
goat anti-mouse IgG antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) was used at room
temperature for 2 h. The enhanced chemiluminescence system (GE Healthcare, Chicago, IL) was applied to
detect the results.

Dual-luciferase reporter assay

To detect whether miR-1290 directly regulated the expression of IKK1 by interacting with the
3’-untranslated region (UTR) of IKK (Biosune, Shanghai, China), we synthesized wild-type and mutant 3’-
UTR by chemosynthesis and amplified them by PCR. The PCR products were inserted into the psiCHECK-2
vector with Xhol and Notl restriction sites. HEK-293T cells were co-transfected with the recombinant
plasmids. Four kinds of plasmids were used in this assay: IKK-MUT (mutation), IKK-WT (wild-type), miR-
1290 agomir, and miR-1290 antagomir. Renilla luciferase activity was used as a reference. The results were
obtained with an illuminometer (Berthold, Bad Wildbad, Germany).

Xenograft models

To evaluate the effects of miR-1290 on cancer growth in vivo, we injected the transfected cell lines—
BxPC-3 cells with miR-1290 agomir, BxPC-3 cells with miR-1290 antagomir, and their corresponding
negative controls—into nude mice (n = 6 in each group). The subcutaneous tumor size was measured
every 5 days and the tumors were incised after 25 days. The tumor volume was measured according to the
following equation: (long axis x short axis?)/2.

Statistical analyses

All statistical analyses were performed using SPSS 13.0 statistical software (SPSS, Inc., Chicago, IL).
Differences in miRNAs between high-grade PanIN and low-grade PanIN were analyzed by the chi-square
test. Differences in the expression of circulating miRNAs between the PDAC specimens were analyzed by
a t-test. Results are expressed as the mean * standard deviation, and comparisons between groups were
evaluated by one-way analysis of variance or t-test. P values <0.05 were considered statistically significant
and all tests were two-tailed.

Results

miRNAs are dysregulated in PanIN and PDAC

Using the miRCURY™ LNA Array (v.18.0) (Exiqon), 3100 miRNAs were identified in the
PanIN and PDAC tissues of 48 patients; of these, 36 miRNAs were significantly dysregulated
in PanIN-3 tissues compared with those in normal ductal tissues (fold change > 5, P < 0.05)
(Table 1). To validate the expression of the miRNAs, in situ hybridization was performed
in PanIN-1, PanIN-3, and PDAC tissues for 19 selected miRNAs (miR-31-5p, miR-29a-5p,
miR-21-5p, miR-200b-3p, miR-192-5p, miR-146b-5p, miR-1290, miR-101-3p, let-7a-5p,
miR-196a-3p, miR-29a-3p, miR-34a-3p, miR-155, miR-105-3p, miR-216a-5p, miR-218-2-3p,
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miR-34a-5p, miR-513c-3p, and miR-887). The
clinical characteristics of the PDAC patients
are summarized in Table 2. The expression
levels of six miRNAs—miR-31-5p, miR-101-
3p, miR-1290, miR-34a-3p, miR-21-5p, and
miR-155—underwent significant changes
in PanIN-3 and PDAC tissues compared with
PanIN-1 tissues (P < 0.05). Representative
results are shown in Fig. 1. Furthermore,
differences in the expression levels of miRNAs
between low-grade and high-grade PanINs
were also examined. Chi-square test results
showed that the expression levels of these
six miRNAs were significantly higher in high-
grade PanIN than in low-grade PanIN (miR-
31-5p: P=0.034; miR-101-3p: P = 0.044; miR-
1290: P = 0.037; miR-34a-3p: P = 0.046; miR-
21-5p: P = 0.023; miR-155: P = 0.016). The
details are shown in Table 3.

miR-1290 is associated with the clinical

characteristics of PDAC patients

To identify the potential diagnostic value
of miRNAs, the circulating levels of the selected
miRNAs were determined in another 40 PDAC
patients and 32 patients without any
cancers. The clinical characteristics of
the patients and plasma levels of the
six miRNAs are summarized in Table

Table 1. The 36 significantly dysregulated miRNAs
in PanIN-3 tissues by miRCURY™ LNA Array (fold

change > 5, P < 0.05)

Upregulated miRNA

Downregulated miRNA

miR-31-5p
miR-142
miR-101-3p
miR-29b-3p
miR-17-5p
miR-200b-3p
miR-192-5p
miR-195-5p
let-7g-5p
miR-93-5p
miR-21
miR-155
miR-93-5p
miR-3175
miR-146b-5p
miR-15a-5p
let-7c
miR-1290
miR-126-3p
miR-142-5p
miR-16-5p
miR-342-3p
miR-15a-5p

miR-3122
miR-618
miR-23c
miR-218-3p
miR-154-5p
miR-216a-5p
miR-548a-5p
miR-27b-5p
miR-411-3p
let-7g-3p
miR-521
miR-197-3p
miR-144-3p
miR-27b-5p

Table 2. Characteristics of PDAC patients including in situ
hybridization variables

4. The circulating expression levels of

Variables

Number of cases  Percentage (or mean)

miR-31-5p, miR-101-3p, miR-1290, Total 17
miR-34a-3p, miR-21-5p, and miR-  Sex

155 were significantly upregulated — Male 9
in PDAC patients compared with  Female 8
non-cancerous patients (miR-31-5p: ?ﬁﬁ‘lg’fzg . 17
P = 0.001; miR-101-3p: P = 0.001; ;.o 8 16
miR-1290: P < 0.001; miR-34a-3p: P 1314 1

= 0.005; miR-21-5p: P = 0.001; miR-
155: P =0.020).

Histologic differentiation
Good and moderate 12

To identify the diagnostic value = Poor 5

of circulating miRNAs, receiver ;"Ci‘jﬂo“ 10
operating  characteristic ~ (ROC) ea .

lvsi formed b Body and tail 7

curve ana ys1S was per _y Lymph node metastasis

summarizing all of the relative  present 4

expressions of the cancer and non-  Absent 13
cancer samples. The results are  Metastasis

shown in Fig. 2. The area under  Present 0

Absent 17

100%

52.9
471
54.6 (38-73)

94.12
5.88

70.59
29.41

58.82
41.18

23.53
76.47

0
100

the curve (AUC) results suggested
that circulating miR-1290 and miR-
31-5p may be potential diagnostic
biomarkers of PDAC.

Additionally, the correlation between the expression of circulating miR-1290 and the
clinical characteristics of the patients was analyzed, with a significant correlation between
miR-1290 and histological differentiation (P = 0.029), pT stage (P = 0.006), and lymph node
metastasis (P = 0.001) (Table 5). The results suggest that miR-1290 may be a potential

biomarker of PDAC.
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Fig. 1. The result of

5p. (F) miR-155.

Table 3. Expression levels of selected miRNAs between low-grade and high-grade PanINs

in situ
hybridization of selected miRNAs. (A)
miR-31-5p. (B) miR-101-3p. (C) miR-
1290. (D) miR-34a-3p. (E) miR-21-
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www.karger.com/cpb

miRNAs PanIN grade Total lesions Weakly positive (%) Strongly positive (%) P value
miR-31-5p ;(1);1,1 ;;2 3 gfgg) gzzt E;};g% 0.034
miR-101-3p h‘l’;ﬁ ;és S %g:g ég Egg)s) 0.0%
miR-1290 h?;{l ;}0 i Eﬁjgﬂ E237(5('87;.1) 0.037
miR-34a-3p h‘l’;‘l'l ;ig ﬁfzf ) 28 Eégg 0.040
miR-21-5p ]1:1?;1,1 B 43;0(321)7 ) 2 Egig 0.023
miR-155 ;?;{1 ;5138 il(fi;) ) ig Eﬁgigg 0.016
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Upregulation Of miR-  Table 4. Clinical characteristics of patients and plasma levels of the six
1290 promotes cell miRNAs
proliferation in vitro and

X ! Variables Pancreatic cancer group  Non-cancerous group P value*
In vivo Sex
The results of the CCK- Male 25 13
Female 15 19 0.0961
8 assay suggested that cell Age, yoars
proliferation was increased ¢y 21 9
in the miR-1290 agomir- <60 19 23 0.0542

transfected  AsPC-1  cell Differentiation

i Good and moderate 7
line (P < 0.05), whereas ood and moderate
Poor 33

proliferation remained T stage
largely unchanged in miR-  TisT2 24
1290 antagomir-transfected ~ 3¢ 16
AsPC-1 cells (Fig. 3A and  Joont 11
B). Similarly, the colony  Absent 29
formation assay showed  Metastasis

/ . Present 5 )
that overexpression of miR Absent 35 -

1290 agomir increased Relative expression levels of miRNAs (mean * SD)
the proliferation of AsPC-1 miR-31-5 2.53+0.40 0.65+0.32 0.001
cells compared with normal miR-101-3 2352 +6.68 0.07 +0.05 0.001

. miR-1290 45.99 +11.29 0.74+0.29 <0.001
AsPC-1 cells (Fig. 3C). Thus, | ip 34,3, 2.01+0.62 0.13+0.12 0.005
the cell viability assays  mir21-5p 578+ 1.18 118+ 0.44 0.001
suggested that miR-1290 miR-155 46.35+ 18.52 1.24 +0.63 0.020

increased cell proliferation.
Consequently, the effect
of miR-1290 on pancreatic ROC Curve
carcinogenesis xenografts was
validated via the transfection
of nude mice with the PDAC 051
cell line BxPC-3 with miR-1290
agomir and antagomir and
their corresponding negative
controls. After 25 days, the
mice were sacrificed and the
tumor volumes were measured
(Fig. 3D). Compared with the
negative control, tumor growth
was significantly accelerated in
nude mice injected with miR- 0 . . . . .
1290 agomir-transfected BxPC- 0002 a0 0E a0
3 cells: the tumor volume was 1 - Specificity

227.17 + 70.93 mm? in mice
injected with miR-1290 agomir-  Fig. 2. Assessment of the diagnostic value of selected circulating
transfected BxPC-3 cells versus =~ miRNAs—miR-31-5p, miR-101-3p, miR-1290, miR-34a-3p, miR-
_11_6-25 e _37-60 mr_n3 in mice  21-5p, and miR-155—by ROC curve. The AUC values of miR-
injected with negative control- 1399 ang miR-21-5p were 0.829 and 0.742, respectively (95%
transfected BxPC-3 cells (P = rdence interval (CI), 0.722-0.936 and 0.622-0.862, both
&?I?Zr) gg;;%'thﬁl's Lri‘grfi‘;i‘g;;; P<0.001). The AUC values of miR-31-5p and miR-155 were 0.848
delayed in nude mice injected and 0.766, respectively (95% CI, 0.749-0.948 and 0.652-0.879,
with miR-1290 antagomir- both P<0.001). The AUC values of miR-101-3p and miR-34a-3p
transfected BxPC-3 cells: the were 0.708 and 0.608, respectively (95% CI, 0.589-0.827 and
tumor volume was 94.83 +24.37  0.478-0.738, both P = 0.118).

mm? in mice injected with miR-

1290 antagomir-transfected

BxPC-3 cells versus 158.25 + 54.23 mm? in mice injected with negative control-transfected
BxPC-3 cells (P = 0.026) (Fig. 3E).

— mir1290
mir21
mir31

—mir155
mir101
mir3d4a

(=]
@
I

Sensitivity

0.2

=]
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miR-1290 increases cell Table 5. Association between plasma miR-1290 levels and
invasion and migration in vitro  clinicopathological characteristics in PDAC patients
Knowing that the expression

Circulating miR-1290

level of circulating miR-1290 is  (paracteristics oY e dewlem) e
closely associated with lymph Total 20 17 23

node metastasis, we attempted Age, years

to clarify the effect of miR-1290 <60 19 8 1 0.962
on the invasion and migration of ;g? 21 2 12

pancreatic celllines by transfecting .. 25 8 17 0.083
the PANC-1 and AsPC-1 cell  Female 15 9 6

lines with miR-1290 agomir and Differentiation

antagomirandtheir corresponding  Good and moderate 33 11 22 0.029*
negative controls and observing Pf;"srta . 7 6 1

the effect on cell invasion and T}, %7¥ " . 18 0.006*
migration using wound-healing 1314 16 11 5

and Transwell assays. As shown  Lymph node metastasis

in Fig. S1 (For all supplemental  Present 30 8 22 0.001*
material see www.karger.  _Absent 10 9 1

com/10.1159/000495328),

the migration of AsPC-1 cells

transfected with miR-1290 agomir was significantly increased compared with that of AsPC-
1 cells transfected with the negative control. In contrast, the migration of PANC-1 cells
transfected with miR-1290 antagomir was significantly decreased compared with that of the
negative control (Fig. S1). As we previously predicted, the Transwell migration assay showed
higher numbers of AsPC-1 cells transfected with miR-1290 agomir but lower numbers of
PANC-1 cells transfected with miR-1290 antagomir (Fig. 4A): 336.00 = 76.64 AsPC-1 cells
transfected with miR-1290 agomir versus 63.75 + 6.24 AsPC-1 cells transfected with miR-
1290 negative control (P < 0.001) and 16.25 * 4.43 PANC-1 cells transfected with miR-1290
antagomir versus 33.25 * 8.26 PANC-1 cells transfected with miR-1290 negative control
(P = 0.002). In addition, the invasion assay suggested that miR-1290 agomir increased the
invasion ability of AsPC-1 cells and that the invasion ability was reduced in PANC-1 cells
transfected with miR-1290 antagomir: 12.50 + 1.73 AsPC-1 cells transfected with miR-1290
agomir versus 4.25 = 1.26 AsPC-1 cells transfected with miR-1290 negative control (P <
0.001) and 19.50 * 4.20 PANC-1 cells transfected with miR-1290 antagomir versus 42.75 *
14.29 PANC-1 cells transfected with miR-1290 negative control (P = 0.038). The cell numbers
of the Transwell assays are shown in Fig. S2.

miR-1290 directly targets the 3"-UTR of IKK1

The TargetScan, miRDB, and miRanda databases were used to explore the targets of
miR-1290 (Fig. 5A). Among the 70 genes identified, IKK1 was selected to measure its effect
on PDAC (Fig. 5B). The expression level of IKK1 was detected by western blot in AsPC-1
cells transfected with miR-1290 agomir and agomir negative control. As we predicted, the
expression of IKK1 was significantly decreased in AsPC-1 cells transfected with miR-1290
agomir compared with negative control (Fig. 5C). To reveal the interaction of miR-1290
and IKK1, a dual-luciferase reporter assay was used. The results showed that miR-1290
agomir decreased the relative luciferase activity in the 3’-UTR of IKK1 vector compared with
negative control (P < 0.05). In contrast, the luciferase activity was increased in the 3’-UTR
of IKK1 vector transfected with miR-1290 antagomir compared with negative control (P
< 0.05) (Fig. 5D). Thus, our results suggest that miR-1290 suppressed IKK1 expression by
directly targeting its 3’-UTR.

IKK1 silencing increases PDAC aggressiveness

To validate the effect of IKK1 on pancreatic carcinogenesis, IKK1 siRNA was transfected
into AsPC-1 and PANC-1 cells. IKK1 silencing significantly increased the proliferation,
migration, and invasion abilities of PDAC cells (Fig. 6A and B), which was consistent with the
result of the wound-healing assay (Fig. S3). These results suggest that IKK1 silencing has the
same effect on PDAC cells as miR-1290 overexpression.
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Expression of IKK1 restores the suppressive function of miR-1290

We next ectopically expressed miR-1290 agomir and recombinant IKK1 without the 3’-
UTR of IKK1 in AsPC-1 and PANC-1 cells. The CCK-8 assay showed that IKK1 significantly
decreased the proliferation of both cell lines with miR-1290 agomir (Fig. 7A). Transwell
invasion and migration assays showed that IKK1 expression decreased the invasion and
migration abilities of AsPC-1 and PANC-1 cells (Fig. 7B and C). These results indicate that
expression of IKK1 restored the suppressive function of miR-1290 in PDAC.
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Fig. 4. Transwell migration and invasion assays of cancer cells transfected with miR-1290 agomir. NC,
cancer cells transfected with miR-1290 agomir negative control; Blank, cancer cells without any treatment.
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Discussion

Non-invasive biomarkers are urgently required to detect early PDAC and thereby
decrease the morbidity and improve the survival of PDAC patients. MicroRNAs are a group
of novel molecules that have been identified as biomarkers of many kinds of cancers. Some
studies [17-21] reported that differences in the expression profiles of circulating miRNAs
could be used as biomarkers to differentiate PDAC patients from healthy individuals.
However, the number of circulating miRNAs that can be used to detect PDAC is relatively
small compared with miRNAs identified by microarray, which behooves researchers to
find more useful miRNAs as diagnostic biomarkers and uncover the molecular mechanism
underlying pancreatic carcinogenesis.

In this study, we used amiRCURY™ LNA Array to identify differentially expressed miRNAs
in normal, PanIN, and PDAC tissues and found that the expression of 36 miRNAs underwent
significant changes in PanIN tissues compared with normal tissues. To validate the microarray
results, in situ hybridization of 19 selected miRNAs was performed in PanIN-1, PanIN-3, and
PDAC tissues from 20 paraffin blocks. The overall expression levels of six miRNAs—miR-31-
5p, miR-101-3p, miR-1290, miR-34a-3p, miR-21-5p, and miR-155—underwent significant
changes in PanIN-3 and PDAC tissues compared with PanIN-1 tissues, suggesting that some
miRNAs were involved in the early stage of pancreatic carcinogenesis. These six circulating
miRNAs could be used to differentiate PDAC patients from non-cancerous individuals with
an AUC > 0.7. Consistent with previous studies [22, 23], we found that miR-21-5p and miR-
155 were abnormally expressed in PDAC tissues and precursor lesions. In addition, miR-
196b, miR-145, miR-217, and miR-148a also underwent remarkable changes in PanINs [24-
26], suggesting that these miRNAs may be novel biomarkers to detect PDAC at early stages.

We also conducted PCR to identify whether the circulating expression levels of the six
miRNAs could be used as diagnostic biomarkers of PDAC. The ROC curve indicated that
miR-1290 and miR-31-5p had potential diagnostic value for screening PDAC. However,
to improve the specificity and sensitivity for the diagnosis of pancreatic cancer, multiple
strategies and steps are necessary because a single biomarker may be dramatically altered
in many kinds of cancers. Indeed, the expression level of miR-1290 is also increased in the
blood samples of patients with other types of cancer. Imaoka et al [27], using miRNA array
analysis, found that a high serum level of miR-1290 was correlated with aggressiveness and
poor prognosis in colorectal cancer. Nagamitsu and colleagues [28] reported that circulating
miR-1290 was increased in cervical cancer patients compared with healthy controls. Given
the variable plasma expressions of miRNA, it would be sensible to combine several miRNAs
and other serum biomarkers to comprehensively screen PDAC. Consequently, we focused on
the association between plasma miR-1290 and the clinical characteristics of the patients and
found that a high expression of miR-1290 was correlated with histological differentiation,
pT stage, and lymph node metastasis, indicating that miR-1290 played a key role in the
progression of PDAC. In 2013, a similar study conducted by Li and colleagues [29] revealed
that miR-1290 expression was elevated in low-stage PDAC patients and that a high level of
miR-1290 was associated with poor PDAC prognosis. Conclusively, miR-1290 participates in
the initiation and progression of PDAC and precursor lesions. Thus, miR-1290 has a potential
diagnostic and prognostic value in PDAC.

The molecular mechanisms of PDAC have been investigated for several decades.
Pancreatic carcinogenesis is a complex pathophysiological process involving many signal
transduction pathways, such as KRAS, TGF-f3, hedgehog, and Wnt/catenin [30-33]. In recent
years, some miRNAs were found to interact with molecules related to these pathways during
PDAC development and progression. Keklikoglou et al [34] demonstrated that miR-206
suppressed NF-kB transcriptional activity by directly interacting with KRAS and annexin A2.
Kwon and colleagues [35] reported that upregulated miR-29 in TGF-1-activated pancreatic
stellate cells could reduce stromal deposition, cell viability, and cancer growth. These findings
suggest that miRNAs play important roles in the molecular mechanism of PDAC.
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In the current study, miR-1290 played a role in promoting the proliferation, migration,
and invasion of PDAC cell lines, whereas miR-1290 inhibitor suppressed these biological
effects. Our in vivo experiments in nude mice also confirmed the in vitro results, suggesting
that miR-1290 acts as an oncogene in the development of PDAC. Besides, the effect of miR-
1290 on promoting carcinogenesis in other cancers was previously observed?’. miR-1290
and miR-1246 promote tumor growth and metastasis by suppressing metallothioneins in
non-small cell lung cancer [36]. In gastric cancer, miR-1290 promotes cell proliferation and
metastasis by targeting FOXA1[37]. Furthermore, we identified that IKK1 was a direct target
of miR-1290 in PDAC cells, suggesting that miR-1290 promoted PDAC aggressiveness by
interacting with IKK1.

IKK1 is a serine kinase essential for IkB phosphorylation and NF-«B activation in the
NF-kB signaling pathway [38]. The NF-kB signaling pathway is associated with diverse
biological processes related to cell proliferation and differentiation, the immune response,
and carcinogenesis [39]. In PDAC, NF-«B is constitutively activated in most patients and
is linked to a KRAS mutation via the IKK1 complex [40, 41]. As a tumor-related gene, the
role of IKK1 in nasopharyngeal carcinoma differentiation is complex [42]. Its expression is
almost negative in keratinizing nasopharyngeal carcinoma but higher in non-keratinizing
nasopharyngeal carcinoma [42]. In epidermal squamous cell carcinomas, IKK1 enhances
human keratinocyte differentiation and regulates histological variants [43]. IKK1 is
upregulated to control metastasis by repressing maspin in PDAC[44]. In a more recent study,
Todoric et al [45] demonstrated that IKK1 deficiency induced p62 accumulation, leading
to PDAC progression. The p62 function relies on the NRF2-driven induction of MDM2 and
both the p53-dependent and -independent activity of MDM2, suggesting that IKK1 promotes
PDAC aggressiveness through a non-NF-kB pathway. Here, we showed that overexpression
of miR-1290 could suppress IKK1 in PDAC, suggesting that miR-1290 partially controls cell
proliferation, invasion, and migration by inhibiting the expression of IKK1 via the p62/
NRF2/MDM2 pathway.

Conclusion

In summary, our study found that six miRNAs—miR-31-5p, miR-101-3p, miR-1290,
miR-34a-3p, miR-21-5p, and miR-155—are significantly dysregulated in high-grade PanIN
and PDAC compared with low-grade PanIN. Among these miRNAs, circulating miR-31-
5p and miR-1290 have potential diagnostic value in PDAC screening. The effect of miR-
1290 on pancreatic carcinogenesis was validated, with miR-1290 partially promoting cell
proliferation, invasion, and migration by directly targeting the 3’ UTR of IKK1. These results
suggest that miR-1290 may act as an oncogene and that the miR-1290/IKK1/p62/NRF2
pathway may prove to be a potential target for the diagnosis and treatment of PDAC.
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