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A B S T R A C T

NF-κB contributes to the aggressiveness of pancreatic ductal adenocarcinoma (PDA), which is counteracted by
the bioactive agent sulforaphane. We investigated sulforaphane-induced microRNA signaling and its influence
on progression features. Using established cell lines, microRNA and gene arrays, we predicted miR-365a as the
top candidate for the sulforaphane-induced inhibition of the NF-κB subunit c-Rel. The lipofection of miR-365a-3p
mimics inhibited the luciferase activity of a c-Rel 3′-UTR construct, as well as c-Rel expression, NF-κB activity,
and tumor viability, migration, and clonogenicity, whereas apoptosis was induced. In vivo, miR-365a-3p reduced
the volume of tumor xenografts and the expression of progression markers. In a tissue array, the expression of
miR-365a-3p was absent in almost all 91 malignant tissues but not in 5 normal tissues, thus confirming the
previous results. Our observations suggest that sulforaphane-induced miR-365a-3p expression inhibits NF-κB
activity by downregulating c-Rel, which prevents the progression of PDA.

1. Introduction

Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal
malignancies with poor therapeutic options [1]. Complete surgical re-
section is the only way of curing this cancer, but late diagnosis limits
surgical treatment. PDA is notoriously resistant to treatment, and only a
few patients benefit from chemotherapy [2].

A major reason for chemotherapy resistance is the almost constantly
activated NF-κB signaling pathway [3]. NF-κB complexes consist of
proteins present in the cytoplasm, namely, p50, p52, RelA/p65, RelB
and cRel [4,5]. We demonstrated that broccoli-derived isothiocyanate
sulforaphane inhibits NF-κB signaling in PDA by inhibiting the trans-
activation activity of the potent NF-κB subunit c-Rel [6]. Patients with
high c-Rel levels exhibit shorter progression-free survival than patients
with lower c-Rel levels, according to the Human Protein Atlas Databank
(https://www.proteinatlas.org/ENSG00000162924REL/pathology/
tissue/pancreatic+cancer#ihc).

MicroRNAs (miRNAs) are small, approximately 22-nucleotide (nt)-
long RNAs [7]. More than one-third of all human genes might be
regulated by miRNAs [8]. The dysregulation of miRNA often leads to
tumorigenesis and tumor progression, followed by migration and in-
vasion. Depending on the type of miRNA and the cellular context, both
anti-oncogenic and pro-oncogenic effects were observed [9].

This study investigated whether sulforaphane-induced miRNAs may
be involved in the regulation of NF-κB activity and consequently the
progression of PDA. We treated PDA cells with sulforaphane and per-
formed a miRNA gene array, followed by bioinformatics analysis. miR-
365a-3p was identified as the top candidate for c-Rel regulation. This
assumption was verified by in vitro, in vivo and patient tissue studies,
and the results demonstrated that the loss of miR-365a-3p expression
was correlated with the progression features of PDA, whereas sulfor-
aphane activated miR-365a-3p expression and reversed malignancy.
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2. Methods

2.1. Tumor cell lines

The established human PDA cell lines AsPC-1, BxPC-3, PANC-1, and
MIA-PaCa2 were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured as described [10].

2.2. Patient tissue

A paraffin-embedded pancreatic cancer tissue array was obtained
from BioCat GmbH (Heidelberg, Germany/US Biomax, Inc., Rockville,
Maryland, USA).

2.3. Reagents

Sulforaphane (≥95%) (Sigma-Aldrich, St. Louis, MO, USA) was
prepared in DMSO as a 100mM stock solution and stored in aliquots at
−20 °C. Each aliquot was used only once immediately after thawing.
The final concentrations of the solvents in media were 0.1% or less.

2.4. Xenotransplantation of pancreatic cancer cells to fertilized chicken eggs

Briefly, fertilized eggs from genetically identical hybrid Lohman
Brown (LB) chickens were obtained from a local ecological hatchery
(Geflügelzucht Hockenberger, Eppingen, Germany). The treated cells
were seeded onto chorioallantoic membranes (CAMs) on day 9 of chick
embryo development. On day 18, the tumors were resected, followed by
tumor xenotransplantation, and the treatment evaluation of tumor take,
tumor growth and metastasis was performed as described previously
[11].

2.5. Cell viability

PDA cells were resuspended at a final concentration of 4×104 ∼
105/ml and plated onto 96-well microplates at 100 μl per well. After
treatment, the cell viability was examined by MTT assay as described
[12].

2.6. Colony-forming assay

Twenty-four hours after lipofection, the cells were seeded and
analyzed as described.

2.7. Wound healing assay

Twenty-four hours after lipofection, the cells were treated and
analyzed as described [10].

2.8. Western blot analyses

Western blot analyses were performed as described [6]. Rabbit
polyclonal Abs against Bcl-2 (#2876, 1:1000) and c-Rel (#4727,
1:1000) were both purchased from Cell Signaling (Danvers, USA), and a
mouse monoclonal Ab against β-actin (A1978, 1:5000) was purchased
from Sigma-Aldrich (St. Louis, USA). All primary antibodies were in-
cubated at 4 °C overnight.

2.9. Immunohistochemical and immunofluorescence staining

Staining was performed on frozen tissue sections or in established
cell lines as previously described [13]. Rabbit polyclonal Abs against c-
Rel (#4727, 1:100; Cell Signaling, Danvers, USA) or CXCR4 (ab124824,
1:200; Abcam, Cambridge, UK) and the rabbit monoclonal Ab anti-c-
Met (ab74217, 1:100; Abcam) were used and incubated at 4 °C over-
night.

2.10. mRNA and miRNA profiling

The GeneChip™ Human Gene 2.0 ST Array (Thermo Fisher Scientific
Inc., Carlsbad, USA) and the GeneChip™ miRNA 4.0 Array (Thermo
Fisher) was used for mRNA and miRNA profiling, respectively.

2.11. In silico analysis

Putative miRNAs predicted to target the 3′-UTR of cRel (Gene ID:
ENSG00000162924) were validated by the miRWalk database (http://
zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) using a minimum
interaction seed length of 6 base pairs (P < 0.05). From this analysis, a
list of miRNAs targeting c-Rel was made and compared to known sul-
foraphane-induced miRNAs whose -log10 P was higher than 1.5, re-
sulting in a joint list of miRNAs of sulforaphane-induced miRNAs tar-
geting c-Rel. The primary target sequences between the seed sequence
of miR-365a-3p and its counterpart within the REL 3′-untranslated re-
gion (3′-UTR) were then identified with the TargetScan database
(http://www.targetscan.org/vert_72/).

2.12. MicroRNA transfection

MirVana™ mimics and nonsense miRNAs (mock) (Thermo Fisher
Scientific Inc., Dreieich, Germany) at 50 nM each were transfected into
the cells using Lipofectamine 2000 (Thermo Fisher Scientific Inc.) with
a reverse transfection method as described in the manufacturer's in-
structions. The following sequences were used: hsa-let-7c: ugaggua-
guagguuguaugguu, hsa-miR-550a-5p: agugccugagggaguaagagccc, hsa-
miR-125a-5p: ucccugagacccuuuaaccuguga, and hsa-miR-365a-3p:
uaaugccccuaaaaauccuuau.

2.13. Dual-Luciferase® reporter assay

The following vectors were used: the pMirTarget luciferase vector
carrying the full-length human REL 3′-UTR (pMirTarget_REL_3′-
UTR_firefly, 543 bp), the pMirTarget empty vector (both from OriGene,
Rockville, USA) and pGL4.73_hRluc/SV40 as an endogenous control
(Promega, Mannheim, Germany). The transfection and detection pro-
cedures were performed as previously described [14].

2.14. miRNA and mRNA extraction and RT-qPCR

The RNeasy® Mini Kit and miRNeasy® Mini Kit (Qiagen, Qiagen,
Hilden, Germany) were used for the isolation of cell line-derived mRNA
and miRNA. TaqMan® Small RNA Assays and TaqMan® Gene Expression
Assays (Thermo Fisher, Darmstadt, Germany) were used for RT-qPCR
according to the manufacturer's instructions.

2.15. Electrophoretic mobility shift assay (EMSA)

The NucBuster™ Protein Extraction Kit (Merck, Darmstadt,
Germany) was used for the isolation of nuclear extracts, from which
5 μg was incubated with a master mix (2 μL 10× binding buffer, 1 μL
Poly (dI•dC), 2 μL 25mM DTT, and 1 μL IRDye 700-conjugated to NF-κB
oligonucleotide, adjusted to 20 μL with water) (LI-COR® Biosciences,
Lincoln, USA) for 30min at room temperature in the dark. The NF-κB
double-strand oligonucleotide sequences were 5′-AGA GAT TGC CTG
ACG TCA GAG AGC TAG C-3′ and 3′-TCA ACT CCC CTG AAA GGG TCC
G-5'. After incubation, 1 μL of 10×Orange Loading Dye (LI-COR®

Biosciences, Lincoln, USA) was added, and the DNA–protein complexes
were separated on a native 4% polyacrylamide gel. The gel was run at
100 V for approximately 45min in 1×TBE buffer. Finally, the gel was
exposed by the Odyssey® CLx Infrared Imaging System (LI-COR®

Biosciences, Lincoln, USA).
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2.16. Detection of apoptosis and necrosis by FACS analysis

Briefly, 5×105 cells were collected at 24 h after lipofection by
trypsinization and stained with phycoerythrin (PE)-conjugated Annexin
V and 7AAD (BD Biosciences, Heidelberg, Germany) according to the
manufacturer's instructions. The number of apoptotic cells was de-
termined using a flow cytometer (BD Biosciences, New Jersey, USA).

2.17. Detection of miR-365a-3p expression by in situ hybridization

The miRCURY LNA™ microRNA Detection Kit (Qiagen, Hilden,
Germany) was used according to the manufacturer's instructions [15] to
stain paraffin-embedded pancreatic cancer tissue. The hybridization
was performed for 2 h at 53 °C using digoxigenin-labeled LNA probes
for miR-365a-3p: 5′ATAAGGATTTTTAGGGGCATTA3′, or a scrambled
miRNA as a negative control (Qiagen). After stringent washes, the
bound LNA probes were detected with an alkaline phosphatase-con-
jugated digoxigenin antibody and NBT/BCIP as a substrate. The sec-
tions were mounted using Roti-Mount FluorCare (Roth, Karlsruhe,
Germany).

2.18. Statistical analyses

The data obtained with established cell lines are presented as the
means ± SD from at least three separate experiments, which were
performed at least in triplicate. The significance of the data was ana-
lyzed using Student's t-test for parametric data and the Mann–Whitney
test for nonparametric data. The Pearson product-moment correlation
was performed to measure the linear correlation between two variables
X and Y. For the immunohistochemistry or immunofluorescence ex-
periments, the expression intensity and percentage of positive cells
were determined by counting the number of differentiated cells in 10
fields of view for each group. P < 0.05 was considered statistically
significant. *P < 0.05, **P < 0.01.

3. Results

3.1. Sulforaphane enhances the expression of miR-365a-3p

To detect the sulforaphane-induced differential regulation of
miRNAs, we harvested RNA from untreated or sulforaphane-treated
AsPC-1 cells and performed miRNA microarray expression profiling.
Based on the bioinformatics evaluation, we identified several sig-
nificantly (P < 0.05) differentially regulated miRNAs, which are pre-
sented as a volcano plot (Fig. 1A), by which changes in large data sets
can be quickly identified. The x-axis shows the fold change of down- or
upregulated miRNAs, and the y-axis shows the level of significance. The
top downregulated miRNA was miR-27b-5p, and the top upregulated
miRNA was miR-4497. To identify the most NF-κB-relevant miRNAs,
we analyzed the results in silico with the miRWalk database. We iden-
tified 666 miRNA candidates predicted to target the NF-κB transacti-
vation competent subunit c-Rel and 162 miRNA candidates related to
sulforaphane (Fig. 1B, Table S1). The two groups of candidates were
matched, resulting in 50 miRNA candidates predicted to target c-Rel
and be induced by sulforaphane. These 50 miR candidates were further
limited by the selection criteria to be (1) upregulated by sulforaphane
and (2) relevant for tumorigenesis and cancer progression. The results
are shown in a heat map (Fig. 1C). Finally, let-7c-5p, miR-550a-5p,
miR125a-5p and miR-365a-3p were selected as the most relevant, and
the regulation of these miRNAs by sulforaphane was analyzed by RT-
qPCR in AsPC-1 cells. However, unlike the microarray results, miR-
550a-5p was downregulated, and the expression of miR125a-5p and let-
7c-5p was not significant (Fig. 1D). The only miRNA expression pattern
we could confirm was that of miR-365a-3p, which was strongly and
significantly upregulated at 24 h after sulforaphane treatment. The
upregulation of miR-365a-3p was confirmed in PANC-1, MIA-PaCa-2

and BxPC-3 cells and a strong and significant upregulation was found in
the BxPC-3 cell line (Fig. 1E). Therefore, miR-365a-3p was selected as
the most relevant miRNA candidate. To further highlight the im-
portance of miR-365a-3p signaling in c-Rel regulation, we performed a
mRNA profiling array with the RNA of untreated and sulforaphane-
treated AsPC-1 cells and analyzed the results by a gene family clustering
analysis using the KEGG (Kyoto Encyclopedia of Genes and Genomes)
search tool [16]. We identified NF-κB as one of the 12 most significantly
regulated pathways (P < 0.01) (Fig. 1F), and a heat map of the KEGG
results demonstrates that sulforaphane treatment indeed induced the
significant downregulation of c-Rel expression. In addition to c-Rel, 93
other NF-κB-related genes and NF-κB subunits were differentially
regulated upon sulforaphane treatment (Table S2).

3.2. miR-365a-3p inhibits c-rel expression by binding to its 3′-UTR

Because sulforaphane inhibits c-Rel binding activity [6] and PDA
patients with enhanced c-Rel levels exhibited shorter progression-free
survival (https://www.proteinatlas.org/ENSG00000162924REL/
pathology/tissue/pancreatic+cancer#ihc), we investigated the corre-
lation between miR-365a-3p and c-Rel expression. BxPC-3 and AsPC-
1 cells were lipofected with miR-365a-3p mimics or a mock control
mimic, and the levels of miR-365a-3p were examined by qRT-PCR.
Compared to the control, the expression of miR-365a-3p was strongly
and significantly increased (Fig. 2A), suggesting successful over-
expression by lipofection. Next, we predicted the biological targets of
miR-365a-3p and its seed regions in target mRNAs by using the Tar-
getScan online database [17]. This analysis resulted in the identifica-
tion of three putative miR-365a-3p binding sites in the 3′-UTR region of
c-Rel (Fig. 2B). To evaluate the regulation of c-Rel by miR-365a-3p, we
lipofected a commercially available luciferase reporter construct ex-
pressing the c-Rel 3′-UTR (Fig. S1) into BxPC-3 cells and cotransfected a
firefly reporter construct or a Renilla control plasmid together with
either the miR-365a-3p mimic or a mock mimic control. Twenty-four
hours after transfection, the luciferase activity was quantified in a lu-
minescence microplate reader. We observed the significantly reduced
luciferase activity of the c-Rel reporter upon cotransfection of miR-
365a-3p, which was not observed with the controls (Fig. 2C). Next, we
determined whether the overexpression of miR-365a-3p might be able
to regulate the expression of c-Rel. Therefore, we analyzed the ex-
pression of c-Rel mRNA and protein in BxPC-3 and AsPC-1 cells after
lipofection with miR-365a-3p mimics or mock mimics. In miR-365a-3p-
transfected cells, the expression of c-Rel was more than 30% lower than
that in control cells, as evaluated by qPCR (Fig. 2D). Similarly, the c-Rel
protein expression level was lower in miR-365a-3p-transfected cells
than in control cells, as assessed by western blot analysis, followed by
an evaluation of the pixel identities of the bands by ImageJ (Fig. 2E).
Immunofluorescence analysis confirmed that the expression of c-Rel
was downregulated in miR-365a-3p-overexpressing BxPc-3 and AsPC-
1 cells (Fig. 2F).

3.3. miR-365a-3p induces apoptosis and inhibits progression features

Our previous results suggested that NF-κB mediates apoptosis re-
sistance and tumor progression in PDA cells mainly by its c-Rel subunit
[6]. Therefore, we wanted to examine whether the overexpression of
miR-365a-3p, and thus the inhibition of c-Rel expression, would affect
NF-κB DNA binding activity with subsequent reversion of apoptosis
resistance and tumor progression features. Using miR-365a-3p-over-
expressing BxPC-3 and AsPC-1 cells and the respective controls, we
evaluated the DNA binding activity by electrophoretic mobility shift
assay (EMSA). Nuclear extracts of the cells were harvested at 24 h after
lipofection with miR-365a-3p and a mock mimic control and incubated
with IRDye700 infrared-conjugated oligonucleotides carrying the con-
sensus NF-κB binding site. In control reactions, the nuclear extracts
were incubated without oligonucleotide or with a 100-fold excess of
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nonlabeled NF-κB oligonucleotide. The expected DNA/protein binding
complexes were separated by gel electrophoresis from the unbound,
free oligonucleotides, and the bands were visualized with a LI-COR®

imaging system. Three strong NF-κB complexes were visible in the
mock control bands, which were weaker in miR-365a-3p-over-
expressing cells and absent in the negative and competitive controls, as
expected (Fig. 3A). Next, we examined the expression of the anti-
apoptotic c-Rel/p50 target protein Bcl-2 [18] by western blot analysis,
which demonstrated the downregulation of Bcl-2 in miR-365a-3p-
overexpressing BxPC-3 and AsPC-1 cells (Fig. 3B). In addition, apoptosis
was evaluated by staining the cells with Annexin V/7AAD. As expected,
the lipofection of miR-365a-3p led to a minor increase in the percentage
of apoptotic cells in both cell lines because the inhibition of NF-κB
activity alone without additional stimulus does not induce strong
apoptosis (Fig. S2). Next, we accessed whether the activation of miR-

365a-3p would affect cancer progression features and examined the
viability of miR-365a-3p-overexpressing BxPC-3 and AsPC-1 cells.
Compared to the mock controls, miR-365a-3p overexpression reduced
the viability significantly in both cell lines (Fig. 3D). Similarly, the
clonogenicity (Fig. 3E) and the wound healing capacity were sig-
nificantly reduced (Fig. 3F).

3.4. miR-365a-3p inhibits tumor growth in an in vivo xenograft egg model

After establishing the functional effects of miR-365a-5p in vitro, we
performed xenograft studies. The chicken egg is a naturally im-
munodeficient system that does not reject foreign tissue and supports
the growth of xenograft tumors by host blood vessels and stroma [19],
similar to immunodeficient mice. Lipofected BxPC-3 cells were trans-
planted to the chorioallantoic membrane (CAM) on day 9 of chick

Fig. 1. Sulforaphane upregulates miR-365a-3p. AsPC-
1 cells were left untreated (CO) or were treated with 10 nM
sulforaphane (SF) for 24 h, followed by RNA isolation.
miRNA array analysis and bioinformatics evaluation were
performed to select the most significantly dysregulated
miRNAs related to the following key words: sulforaphane
and c-Rel. (A) The volcano plot shows the miRNA distribu-
tion. On the y-axis, the P-values and significance were
plotted. On the x-axis, the fold change is represented. (B)
Venn diagram showing differentially expressed miRNAs. The
666 putative miRNAs targeting c-Rel are indicated in green,
while the top 162 sulforaphane-induced miRNAs
(-log10 P > 1.5) are indicated in red. The overlapping re-
gion indicated that sulforaphane induced 50 miRNAs tar-
geting c-Rel. (C) The heat map presented 50 differentially
expressed microRNAs targeting c-Rel. The red colors indicate
high expression, and the green colors indicate low expression
within a scale from 0.4 to −0.4. (D) The miRNA microarray
data were validated by RT-qPCR to confirm the 4 most re-
levant miRNA candidates, let-7c-5p, miR-550a-5p, miR125a-
5p, and miR-365a-3p. AsPC-1 cells were treated as men-
tioned in A, followed by RT-qPCR analysis. The dotted, red
line marks the expression levels of controls. (E) Pancreatic
cancer cells were treated as described above, and the relative
expression of miR-365a-3p was also detected in the pan-
creatic cancer cell lines PANC-1, MIA-PaCa2, and BxPC-3.
The fold change was normalized to the mock control. (F) The
mRNA was harvested from AsPC-1 cells and treated as de-
scribed in A, followed by gene expression profiling in tripli-
cate. The mRNA expression profiling is listed in the top 12
regulated pathways (**P < 0.01). (G) A heat map of mRNA
candidates was created, which showed changes in the ex-
pression of NF-κB-related genes in the untreated group (CO)
and sulforaphane-treated group (SF), where red indicates
fold changes of increased transcript expression and blue in-
dicates the downregulation of genes within a scale from −1
to 1. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this
article.)
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development. At that time point, the blood vessel system of the embryo
was dense enough to support tumor growth. The tumors were resected
on day 18. Genomic DNA was harvested from some of the tumors in
each group, and the levels of miR-365a-3p were measured by qPCR. The
findings revealed that the levels of miR-365a-3p were still 6-fold higher
at 9 days after xenotransplantation than those in control cells trans-
fected with a mock control only (Fig. 5A). Accordingly, the mean tumor
sizes of xenografts with high miR-365a-3p expression were significantly
decreased, as measured by calipers (Fig. 4B). To obtain knowledge on c-
Rel expression in xenograft tissues, we examined the expression of c-Rel
by immunofluorescence staining, which resulted in a specific, red signal
in mock control cells that was lower in miR-365a-3p-lipofected xeno-
grafts (Fig. 4C upper panel). For quantification, we measured the in-
tensity of the c-Rel-specific red fluorescence by ImageJ in 10 different
tumor sections per group and calculated the mean fluorescence in-
tensities. This analysis confirmed lower c-Rel expression levels in miR-
365a-3p-overexpressing tumors (Fig. 4C lower panel). The high levels
of miR-365a-3p were correlated with a higher percentage of apoptosis,
as concluded from the staining of the active fragment of the apoptosis

marker caspase-3 by immunohistochemistry and quantitative analysis
(Fig. 4D). Similarly, the expression of progression markers, such as the
cancer stem cell marker c-Met or the metastasis and invasion marker
CXCR4, was significantly decreased (Fig. 4E).

3.5. Loss of miR-365a-3p expression correlates with the malignancy of PDA
patient tissue

To further highlight the importance of our results for patients, we
used a pancreas cancer tissue array with 91 human pancreatic cancer
tissues and 5 normal pancreatic tissues, including information on TNM,
clinical stage and pathology grade (Fig. S3). We evaluated the levels of
miR-365a-3p by in situ hybridization (Fig. 5A and B), followed by
quantification of the signals by scoring the staining intensity in 10 vi-
sion fields. The malignant tissues on average expressed less miR-365a-
3p than did normal tissues. We confirmed a negative correlation be-
tween pathological grading and miR-365a- 3p expression (P < 0.0001,
Pearson's correlation coefficient=−0.4309) (Fig. 5D).

Fig. 2. miR-365a-3p directly targets the REL
3′-UTR. (A) BxPC-3 and AsPC-1 cells were
transfected with miR-365a-3p mimic (miR-
365a-3p) or nonsense miRNAs (mock). Twenty-
four hours later, miR-365a-3p expression was
analyzed by qPCR. (B) The three putative sites
for the binding of miR-365a-3p to the REL 3′-
UTR were identified using the TargetScan data-
base. The seed-binding regions are marked in
red. (C) BxPC-3 cells were cotransfected with a
firefly reporter construct of the REL 3′-UTR
plasmid in the presence or absence of either
50 nM miR-365a-3p mimic or mock. The co-
transfection of a Renilla luciferase (0.25 ng/μl)
served as a control for equal conditions. Twenty-
four hours after transfection, the expression of
Renilla and firefly luciferase was detected.
Firefly luciferase activities were normalized to
Renilla luciferase activities. (D) The cells were
treated as described in point A, and quantitative
RT-qPCR analysis was performed to detect c-Rel
mRNA expression in BxPC-3 and AsPC-1 cells.
(E) Representative western blot showing c-Rel
protein expression. β-actin served as an internal
reference for equal conditions. The pixel in-
tensities of bands of three independent experi-
ments were determined with ImageJ. We nor-
malized in each of 3 individual experiments the
different values on the respective MOCK control
value, which means that the dominator is dif-
ferent for each experiment. The relative pixel
changes are shown below. (F) Subsequently,
immunofluorescence staining was performed for
c-Rel detection. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the Web version of this article.)
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4. Discussion

In the present study, we analyzed whether the bioactive agent sul-
foraphane may normalize enhanced NF-κB activity in PDA cells by in-
ducing miRNA signaling. Using miRNA and gene microarray analysis,
followed by bioinformatics and in vivo and in silico evaluation, we
identified miR-365a-3p as the most relevant sulforaphane-regulated
miRNA candidate for the inhibition of c-Rel expression.

Our findings are in agreement with the epigenetic regulation of
tumor growth by diverse miRNAs in many different tumor entities,
where the dysregulation of miRNA signaling was related to various
human cancers [20]. The upregulation of our top candidate miR-365a-
3p was observed in human lung adenocarcinoma tissue compared to the
adjacent matched normal cancerous tissue [21] and in the serum of
patients suffering from cystic fibrosis-associated liver disease [22].
Previous results in lung cancer are in contrast with our results in PDA.
In our model, higher levels of miR-365a-3p correlated with cancer

progression. We do not know the reason for the obviously conflicting
data, but these findings emphasize the known complexity and often
tissue-specific signaling of miRNAs, as an individual miRNA can target
multiple genes, and each gene can be regulated by several miRNAs
[23].

The bioinformatics analysis of our miRNA and RNA microarray re-
sults and the use of several online databases identified miR-365a-3p as
the most important candidate for the regulation of the NF-κB subunit c-
Rel. Indeed, we were able to confirm by luciferase assays that miR-
365a-3p diminishes c-Rel expression by binding to its 3′-UTR region,
suggesting that the observed reduced levels of miR-365a-3p are in-
volved in the c-Rel-driven progression of PDA. Accordingly, the well-
known contribution of c-Rel to the malignant progression of solid tu-
mors [24–30] supports our conclusion. In this regard, our search in THE
HUMAN PROTEIN ATLAS (https://www.proteinatlas.org/
ENSG00000162924-REL/pathology/tissue/pancreatic+cancer) re-
vealed that PDA patients with low cRel expression (n= 114) survive

Fig. 3. miR-365a-3p inhibits NF-κB binding activity and
progression features (A) Nuclear proteins were extracted
from pancreatic cancer cell lines at 24 h after the lipofection
of miR365a-3p or mock control mimics and incubated with
an IRDye700-conjugated oligonucleotide of the NF-κB con-
sensus binding site, followed by electrophoretic mobility
shift assay (EMSA). For the negative control, the IRDye700-
conjugated NF-κB oligonucleotide was incubated without
nuclear extract (NegCO). For the competition control, a 100-
fold excess (100×) of a nonconjugated NF-κB consensus se-
quence was added to the bandshift reaction. After electro-
phoresis, the shifts were evaluated on a LI-COR® infrared
imaging system. (B) The expression of Bcl-2 was determined
by western blot analysis in BxPC-3 and AsPC-3 cells (upper
panel), and the pixel intensity of the bands was quantified
and is shown in the diagram (lower panel). (C) Similarly, the
cellular viability was measured by MTT assay. (D)
Transfected cells were plated at low density (500 BxPC-3 or
1000 AsPC-1 cells/well) onto 6-well plates. After two weeks,
colonies containing more than 50 cells were evaluated under
a microscope. The plating efficiency as a percent was calcu-
lated as (number of colonies/number of seeded cells)× 100.
(E) Twenty-4 h after transfection, the cells were trypsinized
and seeded at high density onto 12-well plates. After an ad-
ditional 24 h, when the cells reached approximately 90%
confluence, a scratch was made in the middle of the cell layer
by using a yellow pipette tip. Photographs of the wounded
region were obtained immediately at 0 h and at 24 h after
scratching by microscopy at 100×magnification. The size of
the gap area was analyzed with ImageJ software. . (For in-
terpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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much longer than those with high expression (n= 62).
Here, we also show that high levels of miR-365a-3p significantly

inhibited cell viability, clonogenicity, migratory capacity and progres-
sion marker expression, as well as apoptosis induction. Our results are
consistent with previous reports demonstrating that the overexpression
of miR-365a-3p suppresses the binding activity of NF-κB and the per-
centage of induced apoptosis in PDA cells [6]. c-Rel is an anti-apoptotic
player that regulates cellular signaling and function [31]. In line with
our results, another study demonstrated that the siRNA-mediated
knockdown of c-Rel markedly reduced the viability of PDA cells and
induced apoptosis [27].

The chief challenge of miRNA delivery is to effectively deliver
miRNA mimics to the target tumor tissue with competent dissemination
of cargos into the tumor. For experimental studies, mice are the most
common animal models used for miRNA delivery, but these models
have high costs and administrative and ethical barriers. We used the
fertilized chicken egg model as an excellent alternative, which has been
evaluated in several of our recent studies [11,32–34], and we have
improved the methodology for evaluating miRNA in vivo efficiency
[19]. A major advantage of the chicken egg model is its natural im-
munodeficiency because immunocompetence in birds develops only
after hatching. Xenografts are transplanted to the chorioallantoic
membrane (CAM), usually between days 8–9 of development, when the

blood vessel network is dense enough to support the growth of a tumor
xenograft. Therefore, cells from different tissues and species can be
transplanted as in immune-compromised mice. In addition, the CAM is
noninnervated and allows painless tumor inoculation, growth and CAM
injections. This feature is in contrast to the mouse system, where pain is
induced by subcutaneous or orthotopic transplantation, subsequent
tumor growth and injections. Additional advantages of CAM xeno-
transplantation compared to mice are faster tumor growth, which starts
between 2 and 5 days after transplantation, and a well-developed his-
topathological morphology with tumor microenvironment, which re-
sembles the microenvironment of primary patient tissue and the mouse
xenograft. Additionally, the CAM model can be easily performed in any
laboratory, as the method is inexpensive, and an animal application is
not required until day 18 of embryonic chick development, when the
xenografts have to be resected because the chick hatches on day 21.
Thus, the chicken egg xenotransplantation model is well suited for
short-term in vivo xenograft growth for up to 10 days.

Finally, we validated our concept of the miR-365a-3p-driven re-
pression of c-Rel expression in a patient tissue array. Whereas the ex-
pression of miR-365a-3p was lower in malignant tissue, as expected, we
had difficulties detecting c-Rel expression by immunohistochemistry
because its expression was detectable in only 7 out of 91 malignant
tissues. We do not know the potential reason for the almost absent

Fig. 4. miR-365a-3p reduces the volume of xenograft tumors. BxPC-3 cells were treated as indicated in Fig. 3A, and then cells (5×105) were seeded onto a CAM
on day 9. Xenografts were collected and analyzed on day 18. (A) We used one mock xenograft and one miR-365a-3p-transfected xenograft for analysis. Total RNA was
extracted from the xenografts, and the expression of miR-365a-3p was quantified by qPCR. (B) The tumor volumes are presented as black dots. The bar indicates the
median tumor volume in each experimental group. Immunohistochemistry staining of the frozen tissue section was performed with (C) c-Rel, and the intensity of the
immunofluorescence signal was quantified in ten vision fields with ImageJ. The means ± SD are shown. (D) Similarly, the expression of the apoptotic marker
“cleaved fragment of activated caspase-3″ was detected, and positive, red to dark red signals are indicated by arrows. The numbers of positive cells were evaluated as
described above. (E) Immunofluorescence staining of the pancreatic cancer stem cell marker c-Met and the metastasis and invasion marker CXCR4 were measured
and evaluated as described above. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Low miR-365a-3p expression corre-
lates with malignancy. A paraffin-embedded
tissue microarray slide containing 91 cases of
pancreatic cancer and 5 normal pancreatic tis-
sues was used. (A) A score of miR-365a-3p ex-
pression was evaluated by analyzing the ex-
pression patterns under 400 × magnification.
The number of positive cells was quantified in
10 visual fields of each tissue. High (+++),
medium (++), low (+), and absent (−) were
used for scoring. (B) The expression of miR-
365a-3p was detected by in situ hybridization,
and positive cells appeared dark purple. A
macroscopic photograph of the stained array is
shown. Four tissues of the microarray were ne-
crotic or damaged and thus were excluded from
evaluation (thick black dot). (C) Scatter plot of
miR365a-3p ISH scores in the pancreatic tissues,
and the correlation with pathological grading is
shown. r = −0.4309, **P < 0.001. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version
of this article.)
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expression of c-Rel in patient tissue. However, there is complex cross-
talk between different NF-κB subunits, and the loss of one NF-κB sub-
unit usually leads to compensation by other NF-κB subunits [35–37].
Additionally, our surprising finding of almost absent c-Rel expression in
malignant patient tissue matches the conflicting results regarding the
function of NF-κB activity in the induction [38,39] and, in contrast, the
inhibition [40,41] of apoptosis, as reported in a majority of publica-
tions. In agreement with a study on colitis-associated adenoma, animals
lacking the c-Rel subunit were more susceptible to colitis-associated
cancer than were wild-type mice, developing 3.5 times more colonic
polyps per animal than in wild-type mice [24]. In contrast, a study of
helicobacter-induced gastric carcinogenesis indicated that the loss of c-
Rel alone did not drive gastric atrophy in wild-type mice [25]. Fur-
thermore, a study with a melanoma mouse model found that tumor
growth was drastically reduced in mice lacking c-Rel, and this effect
was mediated via inhibiting regulatory T cells [42]. Consequently, the
mechanisms through which c-Rel, as part of the NF-κB complex, or-
chestrates tumor progression or inhibition may vary between different
cancer types, as different NF-κB subunits may compensate for each
other [35–37].

In conclusion, we found an interesting function for miR-365a-3p in
the inhibition of PDA progression, which was mediated by the inhibi-
tion of c-Rel in our experimental PDA models. Future studies are ne-
cessary to address whether the systemic application of miR-365a-3p in
patients may inhibit NF-κB activity and thus improve the worse prog-
nosis of patients suffering from PDA.
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