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Circular dumbbell miR-34a-3p and -Sp suppresses pancreatic
tumor cell-induced angiogenesis and activates macrophages
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Abstract. Angiogenesis is a tightly regulated biological
process by which new blood vessels are formed from
pre-existing blood vessels. This process is also critical in
diseases such as cancer. Therefore, angiogenesis has been
explored as a drug target for cancer therapy. The future
of effective anti-angiogenic therapy lies in the intelligent
combination of multiple targeting agents with novel modes of
delivery to maximize therapeutic effects. Therefore, a novel
approach is proposed that utilizes dumbbell RNA (dbRNA) to
target pathological angiogenesis by simultaneously targeting
multiple molecules and processes that contribute to angiogen-
esis. In the present study, a plasmid expressing miR-34a-3p
and -5p dbRNA (db34a) was constructed using the permuted
intron-exon method. A simple protocol to purify dbRNA
from bacterial culture with high purity was also developed
by modification of the RNASwift method. To test the efficacy
of db34a, pancreatic cancer cell lines PANC-1 and MIA
PaCa-2 were used. Functional validation of the effect of db34a
on angiogenesis was performed on human umbilical vein
endothelial cells using a tube formation assay, in which cells
transfected with db34a exhibited a significant reduction in tube
formation compared with cells transfected with scrambled
dbRNA. These results were further validated in vivo using a
zebrafish angiogenesis model. In conclusion, the present study
demonstrates an approach for blocking angiogenesis using
db34a. The data also show that this approach may be used to
targeting multiple molecules and pathways.
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Introduction

Metastatic tumors are usually highly vascularized, and this
increased vascularity aids the dissemination of tumor cells to
promote metastatic events. This high vascularity is induced
via the expression of pro-angiogenic cytokines, which
promote the development of abnormal tumor vasculature. The
abnormal vasculature is characterized by hyperpermeable
vessels, increased vessel diameter and abnormally thickened
basement membranes. All these factors contribute to tumor
growth (1-4). Several anti-angiogenic agents, such as bevaci-
zumab, sunitinib and vatalanib have been developed to target
increased tumor vascularity (5). The goal of anti-angiogenic
therapy is the obliteration of tumor-induced vasculature with
the aim of decreasing vascular permeability and the perfusion
of oxygen and nutrients to tumor cells. This approach has
often been termed as ‘tumor starvation’. A converse approach
to anti-angiogenic therapy is the use of agents to stabilize
abnormal tumor vasculature by reducing blood vessel diam-
eter and permeability, controlling vessel perfusion, reducing
tumor interstitial pressure and improving tumor oxygenation
with the aim of reducing tumor hypoxia and thereby
controlling metastasis (6-9). Researchers have even suggested
that anti-angiogenic therapy may transiently normalize tumor
vasculature and its microenvironment, thus enhancing the
efficacy of chemoradiotherapy (10). Unfortunately, both these
approaches have failed to achieve a clinically relevant standing
despite the vast amount of research being conducted. The main
drawback of these approaches is that they have been directed at
single targets and have not produced clinically consistent desir-
able outcomes. In the present study, the targeting of multiple
pro-angiogenic cytokines to achieve a complete anti-angio-
genic outcome is proposed. This multipronged approach aims
to exploit the microRNA (miRNA, miR) machinery to attain a
clinically desirable outcome. The present study may pave the
way for the development of a multi-targeted strategy, as well
as methodologies that could be applicable to numerous other
disease conditions.

The use of RNA molecules to target angiogenesis is not
new (11-14). Various approaches have been developed to target
angiogenesis, including the use of RNA aptamers, miRNAs,
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small interfering RNAs (siRNAs) and combinations thereof.
Although promising, the half-life of RNA molecules is very
short. In vitro, natural RNA exhibits a half-life of a few seconds
to a few minutes in various biological fluids, including human
serum, whereas RNAs partially modified at the 20th position
have extended half-lives of 5 sec to 15 h (15). An RNA-based
anti-angiogenesis drug called Macugen has these modifica-
tions; however, although somewhat successful, it is limited
in addressing the problem of angiogenesis (16). The approach
used in the present study is the development of a closed circular
RNA having multiple double-stranded regions coding for
miRNAs, which are interrupted by loops or dumbbells. Using
a circular RNA should eliminate exonuclease activity while
double-stranded RNA (dsRNA), being inherently more stable
than single-stranded RNA (ssRNA), should contribute to an
increased half-life. To the best of our knowledge, this is the
first attempt to use closed circular dumbbell RNAs (dbRNAs)
to code for miRNAs/siRNAs with a therapeutic intention. The
study uses miR-34a-3p and -5p in a circular form.

Materials and methods

Construction of dbRNAs. The permuted intron-exon (PIE)
method was used, which is an enzyme-free RNA circular-
ization method based on group I intron self-splicing (17).
Circularization is triggered by the presence of magne-
sium ions and guanine nucleotides, and the production of
circular RNA can be conducted using essentially any type
of cell (17-19). A previously described strategy was used,
in which recombinant RNA is disguised as a natural RNA
and thus appropriates the host machinery to evade cellular
RNases (20), but with an added RNA circularization step using
the rrnC terminator (21). Sequences coding for miR-34a-3p
and -5p (db34a) and its scrambled sequence (dbSCR) were
synthesized with the Ipp promoter and the rrnC terminator
sequences (Fig. 1A and B), and inserted in pUC57-Kan
plasmids (GenScript Biotech). The JM101Tr E. coli strain
[A(lac pro), supE, thi, recA56, srl-300..Tnl0, (F', traD36,
proAB, laclq, lacZ, AM15)] (20) was used for the isolation of
bacterial RNA. Modeling analysis using the on line mfold tool
(http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form)
was done to determine the secondary structure of db34a (22).

Isolation of small RNAs. Purification of small RNA was
performed using a modified RNASwift protocol (23) and
compared with purification performed using RNAzol reagent
(Sigma-Aldrich; Merck KGaA). In the modified RNASwift
method, bacteria expressing the db34a or dbSCR plasmid were
grown in Luria-Bertani (LB) medium (BD Biosciences) with
50 pug/ml of kanamycin (MilliporeSigma) for 24 h at 37°C.
The cultured cells (1.5x10" cells) were spun down (3,000 x g
for 20 min at 26°C), suspended in 10 ml of LBI1 lysis reagent
(4% sodium dodecyl sulfate, pH 7.5, 0.5 M NaCl), and lysed
by incubation at 90°C for 4 min. Then, 5 ml of 5 M NaCl was
added to the homogenate and the mixture was centrifuged at
16,000 x g for 25 min at 4°C. The supernatant was transferred to
a new tube, and 6 ml of isopropanol was added and the mixture
was centrifuged at 16,000 x g for 25 min at 4°C to precipitate out
the large RNA. To the remaining supernatant, 10.5 ml of isopro-
panol was added and the mixture was centrifuged 20,000 x g

for 25 min at 4°C to precipitate the small RNAs, which included
the dbRNA product. The small RNA was washed twice with
ice-cold 75% ethanol and then dissolved in sterile water. The
purity of the small RNA was verified in a 1% agarose gel.
The quality of RNA was determined using a NanoDrop™
spectrophotometer.

Purification of dbRNAs. The isolated small RNAs were
separated on a 15% urea-polyacrylamide gel (PAGE). The gel
was stained with ethidium bromide (0.5 mg/ml) for 15 min at
room temperature and then destained by washing with distilled
water twice. The gel portion containing the dbRNA was excised
with a sharp scalpel and the RNA was purified using the
ZR Small-RNA PAGE Recovery Kit (Zymo Research Corp.)
according to the manufacturer's instructions. RNA quality and
quantity were measured using a NanoDrop spectrophotometer.

Verification of dbRNA specificity. The isolated dbRNAs were
separated on a 15% urea-PAG (TBE is the running buffer) at
20 mA followed by blotting using the iBlot™ Gel Transfer
Device onto a Novex™ iBlot™ DNA Transfer Stack with a
nylon membrane (both Invitrogen; Thermo Fisher Scientific,
Inc.). Northern blot analysis was conducted using a miR-34a
specific biotinylated probe (sequence: /5Biosg/AGGGCAGTA
TACTTGCTGAT) after membrane was incubated with prehy-
bridization buffer (6X SSC buffer, 10X Denhardt's solution,
0.2% SDS; MilliporeSigma) for 1 h at 42°C on rotating shaker
following 3 day incubation with hybridization buffer (6X SSC
buffer, 5X Denhardt's solution, 0.2% SDS; MilliporeSigma)
with probe at the same conditions. The chemiluminescent signal
was detected using a Pierce™ Chemiluminescent Nucleic
Acid Detection Module kit (Thermo Fisher Scientific, Inc.)
according to the manufacturer's recommendations.

Determining the RNase A resistance of db34a RNA. To deter-
mine the resistance of db34a to RNase A, 1 ug total RNA
from bacteria transformed with db34a-expressing plasmid was
isolated and incubated with or without 0.7x10° U/ul RNase-A
for 24 h in four independent treatments at room temperature.
Since the bacterial lipoprotein (Ipp) promoter (18,24) is a
constitutive bacterial promoter that drives the expression of
bacterial Ipp, bacterial Ipp RNA was used as the linear control
for db34a. First, cDNA was synthesized using miScript II RT
kit (Qiagen GmbH) using conditions: 37°C for 60 min and 95°C
for 5 min from untreated and 24 h RNase A treated samples
followed by quantitative PCR (qPCR) with the following
primers: Ippl forward, CTGTCTTCTGACGTTCAGACTC
and Ipp reverse, ACGAGCTGCGTCATCTTTAG. Expression
of db34a was measured by qPCR with miR-34a specific primers
[S'UGGCAGUGUCUUAGCUGGUUGU, cat. no. 218300;
Hs_miR-34a_1 miScript Primer Assay (forward primer)
and miScript Universal Primer (reverse)] using the miScript
SYBR Green PCR Kit (Qiagen GmbH). The qPCR conditions
used were as follows: Initial heat activation 95°C for 15 min,
followed by denaturation at 94°C for 15 sec, annealing at 55°C
for 30 sec and extension at 70°C for 30 sec, for 40 cycles. Four
independent experiments with three replicates in each experi-
ment were performed. ACq was calculating by subtracting
the average Cq values of Ipp from db34a for both untreated
(control) and RNase A treated cells. AACq values were
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obtained by subtracting the average ACq of the control group
from both the control and treatment ACq data followed by the
calculation of 2244 (25). The difference between treated and
control groups with reference to db34a/lpp RNA was analyzed
using one-way ANOVA.

Cell culture conditions. The MIA PaCa-2 and PANC-1
pancreatic cancer cell lines were obtained from American
Type Culture Collection (ATCC) and maintained under the
conditions recommended by the supplier. Cells were grown
in tissue culture-treated Petri plates in RPMI-1640 medium
(Thermo Fisher Scientific, Inc.) with 10% FBS (VWR
Corporation) and 1% penicillin-streptomycin (Thermo Fisher
Scientific Inc.) in a humidified 5% CO, atmosphere at 37°C.
To evaluate immune activation, J774A.1 mouse macrophages
obtained from ATCC were used. The macrophages were grown
in tissue culture-treated Petri plates in DMEM (Thermo Fisher
Scientific Inc.) with 10% FBS and 1% penicillin-streptomycin.
Human umbilical vein endothelial cells (HUVECs) were
obtained from Thermo Fisher Scientific, Inc. and cultured
in Medium 200 with 1X low serum growth supplement
(Thermo Fisher Scientific Inc.). HUVECs with a low passage
number (3 passages) were used for the tube formation assay as
described in a previous study (26).

Angiogenesis antibody array. An angiogenic antibody array
analysis was performed using a RayBio® Human Angiogenesis
Array Cl1 kit (AAH-ANG-1; RayBiotech, Inc.) according to
the manufacturer's instructions. In brief, MIA PaCa-2 and
PANC-1 cells were seeded (1.2x10%/well, 6-well plate) in
tissue culture-treated Petri plates overnight in RPMI-1640
medium (Thermo Fisher Scientific Inc.) with 10% FBS (VWR
Corporation) and 1% penicillin-streptomycin (Thermo Fisher
Scientific Inc.) in a humidified 5% CO, atmosphere at 37°C.
The cells were transfected with 4 ug of db34a or dbSCR using
jetPRIME® transfection reagent (Polyplus-transfection SA
at 37°C) or remained untransfected (control). After a 24-h
incubation period, the medium was replaced with serum-free
RPMI-1640 medium (Thermo Fisher Scientific Inc.) and the
plates were incubated for another 24 h. Conditioned medium
was then collected, and the antibody-spotted membranes from
the array kit were incubated with the conditioned medium
according to the manufacturer's protocol. Following incubation,
the membranes were washed, 1 ml diluted biotin-conjugated
antibody mix was added and the membranes were incubated at
room temperature for 2 h, followed by washing and the addition
of diluted HRP-conjugated streptavidin at room temperature
for 2 h. Detection was performed using ECL protocols in
which the membranes were exposed to X-ray films to visualize
the binding of angiogenic factors. The intensities of the spots
were quantified using ImagelJ version 1.52a software (National
Institutes of Health), and angiogenic molecules showing a
significant difference in expression levels between the db34a
and dbSCR conditioned media were identified. Significant
differences between dbSCR and db34a conditioned media
were detected using one-way ANOVA.

Inflammation array. A mouse inflammation array analysis
was performed using a RayBio Mouse Inflammation Array C1
kit (cat. no. AAM-INF-1; RayBiotech, Inc.) according to the

manufacturer's instructions. In brief, MIA PaCa-2 and PANC-1
cells were seeded (1.2x10%well; 6-well plate) and cultured
overnight in RPMI-1640 medium (Thermo Fisher Scientific
Inc.) supplemented with 10% FBS (VWR Corporation) and
1% penicillin-streptomycin (Thermo Fisher Scientific Inc.) in
a humidified 5% CO, atmosphere at 37°C. The next day, cells
were transfected with 4 pg of db34a or dbSCR at 37°C using
jetPRIME transfection reagent or remained untransfected
(control). After 20 h, the medium was replaced with serum-free
medium RPMI-1640 (Thermo Fisher Scientific Inc.) and the
plates were incubated for another 16 h. Conditioned medium
was then collected after centrifugation at 16,000 x g at 4°C for
10 min and transferred to freshly grown macrophages. After
overnight incubation at 37°C, the macrophages were lysed
with lysis buffer provided with kit and equal samples from
each condition with regard to total protein quantity (100 ug
per sample; total protein concentration was determined by
Pierce 660 nm Protein Assay (Thermo Fisher Scientific Inc.)
were applied to the antibody-spotted membranes. Following
overnight incubation at 4°C, the membranes were washed and
1 ml diluted biotin-conjugated antibody mix was added to the
membranes, which were kept at room temperature for 2 h. After
several washes, the membranes were incubated with diluted
HRP-conjugated streptavidin for 2 h. Detection was performed
using ECL protocols in which the membranes were exposed
to X-ray films to detect the binding of inflammatory factors.
Spot intensities were quantified using ImagelJ version 1.52a
software. Significant differences between macrophages grown
in dbSCR and db34a conditioned media were identified using
one-way ANOVA.

In vitro angiogenic assay. To determine the anti-angiogenic
effect of the dbRNA molecules, an endothelial cell tube
formation assay was conducted using HUVECs as previously
described (26). Briefly, HUVECs were stained with 2 yg/ml
cell-permeant fluorescent dye (calcein-AM; Thermo Fisher
Scientific, Inc.) with incubation at 37°C in the dark for =30 min.
A Geltrex basement membrane matrix (Thermo Fisher
Scientific, Inc; 40 ul) was applied to 96-well plates and allowed
to solidify for 30 min at room temperature. The stained
HUVECs were trypsinized, re-suspended in serum-free
medium (Gibco Medium 200PR; Gibco; Thermo Fisher
Scientific Inc.) and plated at a density of 20,000 cells/well in
100 pl conditioned medium from the db34a and dbSCR trans-
fected cells. HUVECs in complete medium (Gibco Medium
200PRF supplemented with Gibco Low Serum Growth
Supplement; Gibco; Thermo Fisher Scientific Inc.) were used
as controls. The plates were incubated at 37°C in a humidified
incubator for 3 h. The formation of angiogenic network was
visualized at x10 magnification using an inverted fluorescence
microscope and quantified by ImageJ version 1.52a (n=17).
The significance of difference of each HUVEC treatment
group compared to control was determined using one-way
ANOVA.

Zebrafish aquaculture. Transgenic VEGFR2:green-reef
coral fluorescent protein (G-RCFP) zebrafish (Danio rerio)
that express G-RCFP under the control of a VEGFR2/KDR
promoter were obtained from ZFIN (y1Tg). The fish were main-
tained under standard aquaculture conditions in a circulating
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Figure 1. Designing and purification of db34a. (A) Sequences of miR-34a-3p and miR-34a-5p used in the study. (B) Linear sequence of db34a and its scrambled
version, dbSCR. (C) Modeling analysis using the mfold web server, showing the predicted structure of db34a. (D) Stability assay as performed by reverse
transcription-quantitative PCR showing increased stability of the circular db34a compared with linear Ipp RNA in the presence of RNase A. The signifi-
cance of the difference between the control and RNase A-treated groups was evaluated by one-way ANOVA (7P=1.41627x10"*). (E) TBE-urea acrylamide
gel electrophoresis of db34a in small RNA samples purified from db34a-expressing E. coli (lanes 1 and 2) and dbSCR-expressing control (lanes 3 and 4).
Samples 2 and 4 were purified using RNAzol reagent, and samples 1 and 3 were purified using a modified RNASwift protocol. Lane M, dsRNA ladder
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tank system constructed as previously described (27), and
according to protocols approved by the Institutional Animal
and Use Committee (IACUC) of University of Illinois
College of Medicine at Peoria. Water was purified by a
reverse osmosis system and supplemented with sea salts at
concentration of 60 mg/l in order to provide the trace minerals
that the fish required. The pH of the water was maintained
between 7.6 and 8.5 by the addition of sodium bicarbonate. All
experimental procedures using zebrafish were performed with
approval from the TACUC of University of Illinois College of
Medicine at Peoria.

In vivo zebrafish angiogenic assay. Adult male and female
zebrafish were placed in spawning baskets. Newly fertilized

eggs were collected soon after fertilization and rinsed at 28°C
in embryo water (Milli-Q water with 60 mg/I Instant Ocean-
Spectrum Brands) and immediately followed by incubation in
1% methylene blue in embryo water at 28°C for 24 h. After
which the embryos were dechorionated and allowed to develop
in embryo water alone for 24 h at 28°C (48 h post fertilization).
Following this the embryos were incubated in embryo water
alone or embryo water supplemented with 10 pmol db34a or
dbSCR RNA, 5 uM sunitinib or a 1:1,000 dilution of DMSO
as vehicle control at 28°C. After 24 h treatment, the 72 h old
embryos were fixed in 10% buffered formaldehyde at room
temperature for 10 min. The fixed embryos were mounted on
glass slides and the completeness of sub-intestinal vein (SIV)
vasculature was observed by the detection of G-RCFP using
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fluorescent inverted microscopy. The significance of differ-
ences of each treatment group compared to control was
determined using one-way ANOVA.

Statistical analysis. P<0.05 was considered to indicate a statis-
tically significant difference. The difference between treated
and control groups with reference to db34a/lpp RNA was
analyzed using one-way ANOVA. For the angiogenesis array,
significant differences between dbSCR and db34a conditioned
media were analyzed using one-way ANOVA. For the macro-
phage assay, significant differences between macrophages
grown in dbSCR and db34a conditioned media were analyzed
using one-way ANOVA. Data are presented as a mean + stan-
dard error and calculations done with OriginPro version 8.6
software (OriginLab Corporation)

Results

db34a RNA harboring miR-34a-3p and miR-34a-5p shows
increased stability compared with linear RNA. A circular
RNA-expressing plasmid was developed to express miR-34a.
This construct codes for miR-34a and a streptavidin-binding
aptamer (Fig. 1A-C). The JMI101Tr E. coli strain was used for
the isolation of bacterial RNA. Upon circularization of the
RNA, minimal degradation was observed, even after expo-
sure to RNAse-A for 24 h (Fig. 1D). Stability was quantified
using the 244% method. A statistically significant difference
between the control and RNase A-treated groups was detected
(P=1.41627x10"*) with reference to linear Ipp RNA vs. db34a
RNA. The isolated db34a and dbSCR were characterized using
urea-PAG electrophoresis. Using the modified RNASwift
protocol, isolation of the circular RNAs was successfully
achieved, as indicated by the low-molecular-weight bands
in the urea gel (Fig. 1E). To confirm that the circular forms
that were isolated were indeed db34a, northern blotting was
performed using a biotinylated probe specific for miR-34a.
The northern blotting results show the presence of a band
for each db34a group, confirming that the methodology was
specific (Fig. 1F).

db34a RNA harboring miR-34a-3p and miR-34a-5p induces
the expression of C-C motif chemokine ligand 5 (CCLS5)
in PANC-1 and MIA PaCa-2 pancreatic cancer cells.
To evaluate the expression of pro-angiogenic molecules,
the RayBio Human Angiogenesis Array C1 kit was used.
Conditioned media collected from untransfected and db34a-
or dbSCR-transfected MIA PaCa-2 and PANC-1 cells were
analyzed using the array kit. From the array data, it was
observed that CCL5 was significantly upregulated in PANC-1
(P=0.0028) and MIA PaCa-2 (P=0.0034) cells transfected
with db34a compared with the respective dbSCR-transfected
cells. Interestingly, basic fibroblast growth factor (bFGF) was
also upregulated in PANC-1 and MIA PaCa-2 cells transfected
with db34a, however, the upregulation was significant only in
the MIA PaCa-2 cells (P=0.012; Fig. 2).

db34a RNA harboring miR-34a-3p and miR-34a-5p suppresses
angiogenic induction in HUVECs. An angiogenic tube forma-
tion assay was performed using HUVECs according to a
previously described protocol (26). The assay was used to
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Figure 2. Angiogenesis array results. A significant increase of CCL5 expres-
sion was detected in (A) PANC-1 (P=0.0028) and (B) MIA PaCa-2 cell lines
(P=0.0034) for db34a-transfected cells vs. dbSCR-transfected control cells.
“P<0.05, “P<0.01. (C) RayBio Human Angiogenesis Array C1 map. CCL5,
C-C motif chemokine ligand 5; db34a, miR-34a-3p and -5p dumbbell RNA;
dbSCR, scrambled dumbbell RNA.

determine whether db34a has the ability to alter the angiogenic
potential of PANC-1 and MIA PaCa-2 cells. In this in vitro
angiogenic assay, it was observed that HUVECs treated with
conditioned media from db34a-transfected PANC-1 and MIA
PaCa-2 cells exhibited suppressed angiogenic potential when
compared with control (PANC-1, 17.35+2.66%; MIA PaCa-2,
37+2.41%; P=0.0001; Fig. 3A and B).

db34a RNA harboring miR-34a-3p and miR-34a-5p
suppresses angiogenic induction in zebrafish embryos.
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Figure 3. Inhibition of angiogenesis by db34a in in vitro and in vivo models. (A) and (B) Endothelial cell tube formation assay was performed using HUVECs as
a measure of angiogenesis. Phase contrast and calcein AM stained fluorescent microscope images showing reduced angiogenic tubule formation in HUVECs
incubated with conditioned media from MIA PaCa-2 and PANC-1 cell lines transfected with db34a when compared with dbSCR control for 3 h. Scale bar,
200 pm. (C) In vivo angiogenesis assay was performed in zebrafish embryos with analysis using a fluorescent microscope. Dechorionated embryos were
allowed to develop for 72 h then placed in embryo water alone (control), or supplemented with 10 pmol db34a or dbSCR RNA, 5 #M sunitinib or a 1:1,000 dilu-
tion of DMSO. The db34a-treated zebrafish embryos exhibited a reduction in the completeness of the SIV when compared with dbSCR and the controls.
(D) Measurement of SIV completeness by the quantification of fluorescent intensity values of identical SIV areas and presented as a percentage of the control
(control vs. db34a, P=0.043; control vs. sunitinib; P=0.025). HUVECs, human umbilical vein endothelial cells; db34a, miR-34a-3p and -5p dumbbell RNA;
dbSCR, scrambled dumbbell RNA; SIV, sub-intestinal vein.
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Table I. Cytokines significantly different between macrophages treated with conditioned media from PANC-1 and MIA PaCa-2

cell lines transfected with db34a compared with dbSCR.

PANC-1 MIA PaCa-2
Cytokine (fold change vs. control) P-value (fold changes vs. control) P-value
CD30 ligand (TNFSFS) 1.543449 4.61297x10° 1.808521 -
Fractalkine (CX3CL1) 1.591752 0.00309 0.798687 -
IFN-y 5.434441 0.02768 1.484371 -
IL-1a (IL-1 F1) 1.793997 0.02553 1.287388 -
IL-1p (IL-1 F2) 5.106111 0.0092 0.943795 -
IL-2 2.601422 0.04669 0.909556 -
IL-6 3973113 0.02473 1.081643 -
IL-10 7.051837 0.00978 0.605812 -
IL-12 p70 6.513021 0.02201 0.673057 -
IL-13 2.100802 0.00251 1.849357 0.00994
IL-17A 3.668945 0.00847 3.655409 0.03355
I-TAC (CXCL11) 1.996696 0.02114 2.297556 -
KC (CXCL1) 1.596054 0.0123 207834 -
Leptin 4.536913 0.0375 2.313414 -
LIX (CXCL5) 1.252327 - 1.334515 0.02446
M-CSF 1.339565 0.02349 1.40063 0.03974
RANTES (CCL5) 2.056593 0.00633 2.646111 0.00422
SDF-1a (CXCL12a) 2.493808 0.00911 1.820613 0.01686
1-309 (TCA-3/CCL1) 1.689148 0.00128 1.319467 0.00263
TECK (CCL25) 1.633533 0.02981 1.637408 0.02115
TIMP-2 1.091021 - 1.089587 0.04152
TNF-a 1.387676 4.64829x10* 2.003669 0.02406
TNF RI (TNFRSF1A) 1.355374 0.02447 1.223076 0.02037
TNF RII (TNFRSF1B) 1.114493 - 1.962633 0.00873

db34a, miR-34a-3p and -5p dumbbell RNA; dbSCR, scrambled dumbbell RNA; IL, interleukin; CCLS5, C-C motif chemokine ligand 5;

CXCL12a, C-X-C motif chemokine ligand 120..

Zebrafish strain ylrg that expresses a green fluorescent
protein in the vasculature was used as a model organism. SIV
vasculature was observed 24 h after treatment with 10 pmol
db34a or dbSCR RNA, 5 M sunitinib or a 1:1,000 dilution
of DMSO, and images were captured using a fluorescent
microscope (Fig. 3C). It was observed that the embryos treated
with db34a showed reduced SIV integrity compared with
the controls (58.9+7.59% of the untreated control; P=0.043),
which confirmed the functionality of db34a and indicated the
potential of dbRNA as a therapeutic agent. Positive control
embryos treated with sunitinib also exhibited decreased SIV
vasculature (47.4+3.63% of the untreated control; P=0.025).

db34a RNA harboring miR-34a-3p and miR-34a-5p induces
the PANC-1 and MIA PaCa-2 pancreatic cancer cell-mediated
activation of macrophage inflammatory markers.To determine
whether db34a induces immune activation, conditioned media
from PANC-1 and MIA PaCa-2 cells transfected with db34a
were collected and the ability of the conditioned media to acti-
vate an inflammatory response in a mouse macrophage cell
line was determined. It was observed that conditioned media
from PANC-1 and MIA PaCa-2 cells transfected with db34a

significantly induced the expression of interleukin (IL)-13,
CCLS5 and C-X-C motif chemokine ligand 12 o (CXCL12a)
among other inflammatory response genes (Table I and Fig. 4).

Discussion

Despite decades of research, the treatment of pancreatic ductal
adenocarcinoma continues to be a major challenge. According
to the American Cancer Society, for all stages of pancreatic
cancer combined, the l-year survival rate is ~20% and the
S-year survival rate is 9% (28). One of the major factors that
contributes to this poor prognosis is late detection, as early-stage
pancreatic cancer is usually asymptomatic (29). New surgical
techniques and evolving therapeutics have achieved only
modest outcomes (30). A clearer understanding of targetable
molecular pathways is required to design therapeutic agents
and achieve a desired clinical outcome. Non-coding RNAs
such as miRNAs play important roles in the regulation of
gene expression. Unlike siRNAs, miRNAs target multiple
genes and are usually process specific (31). Most biological
processes are in some way regulated by miRNAs, which are
small RNA molecules ~22 nucleotides in length that probably
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PANC-1

[Jdbscr

Ratio, AU

Figure 4. Inflammatory proteins secreted by macrophages in response to conditioned medium from pancreatic cancer cells expressing db34a as detected using
a mouse inflammation spl6 array. Array results for (A) PANC-1 and (B) MIA PaCa-2 cells. Expression levels were plotted as relative density ratios compared
with wild-type controls. The analysis shows significant alterations in the expression of several key inflammatory cytokines and proteins in macrophages treated
with db34a conditioned medium compared with dbSCR conditioned medium. "P<0.05, “P<0.01, “"P<0.001 vs. dbSCR. db34a, miR-34a-3p and -5p dumbbell
RNA; dbSCR, scrambled dumbbell RNA; IL, interleukin; CCLS5, C-C motif chemokine ligand 5; CXCL12a, C-X-C motif chemokine ligand 12a.

function as antisense regulators of other RNAs (32). The
mechanisms of miRNA action have been elucidated, although
not completely (33). Their capacity to regulate mRNAs and
other miRNAs is being reported with increasing frequency,
and they have become powerful tools for gene regulation.
The use of RNA molecules to target angiogenesis continues
to be explored (11-16). However, the approach described in
the present study, utilizing a circular RNA molecule with two
miRs is novel and, to the best of our knowledge, has not been
described previously. The approach was to develop a closed
circular RNA coding for miRNAs. A circular RNA is not
readily degraded by exonucleases and the inherent higher
stability of dsSRNAs compared with ssSRNAs may contribute
to an increased half-life (34). Increased stability of db34a
compared with linear RNA was observed in the present study.
To the best of our knowledge, the present study is the first to
use closed circular dbRNAs to code for both miR34-3p and -5p
simultaneously with a therapeutic intention.

The present study aimed to demonstrate that circular RNA
harboring miRs are functional and have significant therapeutic
potential using dbRNA encoding miR-34a-3p and -5p. To
construct the circular RNA expressing miR-34a-3p and -5p,
the PIE method was used, which is an enzyme-free RNA circu-
larization method based on group I intron self-splicing (17),
which can be conducted using essentially any type of cell.
Cells transcribe more RNA than they accumulate (35). This
indicates that RNA is constantly being degraded and that a
dynamic process occurs to balance RNA synthesis and degra-
dation. The use of siRNA therapeutically is not new but has

the limitations of low half-life and questionable in vivo effi-
cacy (36,37), which is mainly due to the effects of exonuclease
RNases. The present study circumvents the problem of a low
half-life by designing dbRNAs that should not be degraded
by the exonuclease activity of RNases. A previous study
demonstrated the stability of a 35mer FITC-labeled RNA in
the presence of circular dbRNA/DNA chimeric oligonucle-
otides to RNase H. This induced stability is most likely due
to the competition of RNA/DNA chimeric with the 35mer
FITC-labeled RNA (38). The stability experiments conducted
in the present study demonstrate that circular RNA exposed
to RNase A for 24 h was more stable than linear RNA
driven by the same lpp promoter (18,24). Gene silencing by
siRNA/miRNAs can be used as a therapeutic approach for
the treatment of un-druggable targets. Researchers have also
shown that dumbbell-shaped DNA minimal vectors can be
used for small hairpin RNA expression (39,40). These studies
also demonstrated the use of adumbbell DNA vector to produce
hairpin RNAs that can be used therapeutically. Another study
described the generation of dumbbell-shaped nano-circular
RNAs for RNA interference, using a chemical method of
synthesis involving the enzyme-based circularization of small
RNA molecules (41). By contrast, the present study reveals the
development of a larger dbRNA and is unique in that it uses a
bacterial system for large-scale dbRNA production.

Although not much is known about miR-34a-3p, miR-34a-5p
is well studied and has been shown to be involved in tumor
suppression, angiogenic suppression and cancer stem cell
suppression (42-49); hsa-miR-34a-3p was previously known
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as hsa-miR-34a" and hsa-miR-34a-5p was previously known
hsa-miR-34a. It was recently demonstrated that normal cells do
show detectable expression levels of miR34a (50). Normal cell
lines were not used in the present study and this is a limitation
of the study. Since normal cells do show detectable levels of
miR34a, the addition of db34a to normal cells should not, in
theory, induce a notable perturbance in the existing molecular
pathways of normal cells; this however requires further study.
To demonstrate the possibility of using circular RNA therapeu-
tically, in the present study circular miR-34a-3p and -5p were
transfected into pancreatic cancer cells and the expression of
pro-angiogenic molecules was determined. It was observed that
in the two pancreatic cancer cell lines transfected with db34a,
the expression levels of bFGF and CCL5 were significantly
increased. miR-34a-5p expression is known to be increased by
the activation of the PI3K signaling pathway (51) and, notably,
mir-34a-5p has been shown to suppress the PI3K signaling
pathway (52-56). These contradictory observations indicates the
possibility of the existence of a tight regulatory apparatus that is
not yet clearly understood. Interestingly, TNF is predicted as the
target of hsa-miR-34a-3p by the miRDB online database, and
TNF is a strong promoter of angiogenesis (57). This indicates
that hsa-miR-34a-3p may be more therapeutically relevant in
angiogenic suppression. It should be noted that both miR-34a-3p
and miR-34a-5p are processed from the same pre-miR.
This is consistent with the observation that angiogenesis was
suppressed significantly in the in vitro and in vivo angiogenic
assays of the present study. This observation appears contrary to
the expected outcome; however, miR-34a-5p is a known angio-
genic suppressor (43) and the quantification of other relevant
angiogenesis-associated molecules will provide a clearer mech-
anistic profile of this angiogenesis modulation. Every biological
process in an oncogenic system is tightly regulated; therefore,
targeting a process rather than a single molecule would not be
clinically relevant as compensatory pathways can be activated
to achieve the oncogenic phenotype. The overexpression of
bFGF may be one such compensatory response, which is seen
in both pancreatic cell lines.

The present study also demonstrated that CCL5 is
significantly upregulated in PANC-1 and MIA PaCa-2 cells
transfected with db34a. CCLS5, also known as regulated on
activation, normal T cell expressed and secreted (RANTES),
is a chemokine that is involved in T-cell activation. RANTES
has been identified as a major HIV-suppressive factor. Studies
have shown that recombinant human RANTES induces
a dose-dependent inhibition of different strains of HIV-1,
HIV-2 and simian immunodeficiency virus (SIV) (58,59).
The expression of CCL5 in MIA PaCa-2 and PANC-1 cells
transfected with db34a RNA indicates the involvement of
a conserved pathway. Additional research is necessary to
determine whether transfection with db34a can also induce
the overexpression of CCLS5 in other types of cells. In a recent
study, it was shown that CCL5 and CCRS5 expression levels
are increased in pancreatic cancer tissue sections, and the
overexpression of CCL5 and CCRS increases the invasiveness
and metastatic potential of pancreatic cancer cells (60). It has
also been reported that progranulin (PGRN) expression levels
correlate with a poor prognosis for melanoma patients, and
PGRN inhibits CCL5 gene expression at the transcriptional
level, showing that CCLS5 is responsible for the recruitment

of activated natural killer cells to the tumor microenviron-
ment (61). Another study highlighted the importance of CCLS5,
demonstrating that the blockade of 1,4-a-glucan-branching
enzyme in lung cancer cells promoted the secretion of
CCL5, which induced the recruitment of CD8* T lympho-
cytes to the tumor microenvironment (62). CCLS5 expression
has also been shown to restore the immune surveillance in
antigen-expressing MYC;CTNNBI hepatocellular carcinoma
tumors (63). This indicates that CCL5 is necessary for tumor
cells to be visible to the immune system; especially, CCL5
expression is necessary for immune recognition. However,
it is also important to note that CCL5 was recently identi-
fied as a signature of poor prognosis for oral squamous cell
carcinoma, indicating its multifaceted role (64). Interestingly,
another study observed that the expression of CCLS5 in breast
cancer cells was associated with lymph node status and tumor
node-metastasis stage (65). The conflicting roles of CCL5, and
whether its overexpression is a predisposing factor for poor
prognosis or a response to poor prognosis remain unclear. The
association of CCL5 with other immune-associated molecules
may provide clearer insight,and CCL5 expression alone should
not be used as a measure of prognosis.

Furthermore, the present study investigated whether the
transfection of pancreatic cancer cells with db34a induces
the activation of immune cells. It was observed that the
conditioned medium from db34a-transfected pancreatic
cancer cells significantly induced the expression of IL-13,
CCL5 and CXCLI12a among other inflammatory response
genes in mouse macrophage cell lysates. Tumor-associated
macrophages (TAMs) are present in high numbers in the
microenvironment of solid tumors and have been studied
for their potential as targets for cancer therapy (66). TAMs
suppress host immune responses and also promote tumor
cell proliferation, angiogenesis, invasion and metastasis (67).
The role of TAMs remains unclear; however, most evidence
suggests that TAMs promote tumor progression. From the
data in the present study, especially the overexpression of
IL-13, it appears that the J774A.1 macrophages exposed
to conditioned medium from db34a-transfected pancreatic
cancer cells appeared more closely associated with the M1
phenotype than the M2 phenotype (data not shown) (68).
Further investigation is required to decipher the influence of
db34a on macrophages.

In conclusion, the present data suggest that the supplemen-
tation of miR-34a-3p and -5p as a circular pre-miR form is a
viable method of miR replacement therapy.
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