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Treatment of pancreatic ductal adenocarcinoma (PDAC) re-
mains a clinical challenge. There is an urgent need to develop
novel strategies to enhance survival and improve patient prog-
nosis. MicroRNAs (miRNAs) play critical roles as oncogenes
or tumor suppressors in the regulation of cancer development
and progression. In this study, we demonstrate that low
expression of miR-15a is associated with poor prognosis of
PDAC patients. miR-15a expression is reduced in PDAC while
closely related miR-16 expression remains relatively un-
changed. miR-15a suppresses several important targets such
as Wee1, Chk1, Yap-1, and BMI-1, causing cell cycle arrest
and inhibiting cell proliferation. Ectopic expression of miR-
15a sensitizes PDAC cells to gemcitabine reducing the half
maximal inhibitory concentration (IC50) more than 6.5-fold.
To investigate the therapeutic potential of miR-15a, we used
a modified miR-15a (5-FU-miR-15a) with uracil (U) residues
in the guide strand replaced with 5-fluorouracil (5-FU). We
demonstrated enhanced inhibition of PDAC cell proliferation
by 5-FU-miR-15a compared to native miR-15a. In vivo we
showed the therapeutic power of 5-FU-miR-15a alone or in
combination with gemcitabine with near complete elimination
of PDAC lung metastatic tumor growth. These results support
the future development of 5-FU-miR-15a as a novel therapeu-
tic agent as well as a prognostic biomarker in the clinical man-
agement of PDAC.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most fatal
malignancies leading to an estimated 45,000 deaths each year, with
an overall 5-year survival rate of less than 10%.1 Late clinical presen-
tation, early metastasis, and recurrence are mainly responsible for
poor prognosis.2 Currently, the primary therapeutic approaches are
curative resection, adjuvant chemotherapy, and radiotherapy.3–6

Despite extensive research and development efforts aimed at
enhancing the clinical management of PDAC, the outcomes remain
unsatisfactory. For patients with metastatic disease 5-year survival re-
mains below 5%, clearly demonstrating that current therapeutic stra-
tegies are not effective for improving patient outcomes.1 Hence, there
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is an urgent need to discover and develop novel diagnostic and ther-
apeutic strategies for PDAC.

Evidence demonstrates that epigenetic regulation (methylation, non-
coding RNAs) is a major mechanism contributing to cancer resis-
tance. MicroRNAs (miRNAs) are a class of small non-coding RNAs
(18–22 nt) that play an important role in post-transcriptional regula-
tion by binding to the 30 UTR of target mRNA, leading to mRNA
degradation or suppression of translation.7–9 The dysregulation of
miRNAs is tightly correlated with proliferation, apoptosis, invasion,
metastasis, and resistance.10,11 Recently, many studies have reported
that miRNAs function as tumor suppressors or oncogenes in the
pathogenesis and progression of PDAC.12–14

miR-15a has been shown to be a major contributor in PDAC.13,15

It was first reported that deletion of miR-15a/miR-16 is important
in the development of chronic lymphocytic leukemia (CLL).16

Recent studies have demonstrated that miR-15a acts as tumor
suppressor by regulating a number of key targets (e.g., BMI-1,
BCL2, Yap-1, DCLK1) in gastric cancer, colorectal cancer, and
PDAC.12,13,17,18

In this study, we demonstrated the clinical significance of miR-15a
in PDAC as a prognostic biomarker based on our own patient
cohort as well as validation based on The Cancer Genome Atlas
(TCGA) database of PDAC. We identified and validated several
important targets of miR-15a in PDAC. Ectopic expression of
miR-15a causes cell cycle arrest and inhibits PDAC cell
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. miR-15a Expression Is Reduced in PDAC while miR-16 Expression Remains Unchanged

(A) miR-15a expression is significantly decreased in PDAC compared to normal pancreas (p = 0.0014), while there is no considerable difference in miR-16 expression

between PDAC tissue and normal pancreas (p = 0.4118). (B) Low expression of miR-15a is associated with worse prognosis for PDAC patients. ***p < 0.001 (hazard ratio

[HR], 2.345). (C) miR-15a and miR-16 are both located on Chr13q14.2 They are transcribed as one primary transcript that is then processed into pre-miR-15a and pre-miR-

16. These precursors are then further processed into mature miR-15a and miR-16. (D) In PANC-1 cells, expression of pre-miR-15a and pre-miR-16 is similar in both the

nucleus and the cytoplasm. Expression of mature miR-16 is significantly higher than miR-15a in both the nucleus and the cytoplasm. n = 3. (E) Mature miR-15a expression is

significantly reduced compared to miR-16 (p < 0.0001), while there are no difference between primary and precursor miR-15a/miR-16 in PDAC tissues.
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proliferation. miR-15a sensitizes PDAC cells to gemcitabine. We
further demonstrated that a modified version of miR-15a (5-FU-
miR-15a) has an enhanced impact on PDAC cell growth in vitro
compared to native miR-15a. The 5-FU-miR-15a mimic was de-
signed by replacing the uracil (U) residues of the guide stand of
miR-15a with 5-fluorouracil (5-FU).17 The rationale of such design
is that we want to combine the therapeutic power of 5-FU and the
tumor-suppressive function of miR-15a into one entity.17,19 5-FU
is a cornerstone chemotherapeutic agent for treating PDAC and
many other solid tumors. This is a novel concept for design and
development of miRNA-based cancer therapeutics, and we have
demonstrated the therapeutic potential in colorectal cancer.17,19 In
this study, we show that 5-FU-miR-15a mimic is very potent, inhib-
iting PDACmetastatic tumor growth and sensitizing PDAC to gem-
citabine in vivo. As a result, 5-FU-miR-15a has great potential to be
further developed as a novel therapeutic drug for PDAC.

RESULTS
The Expression of miR-15a Is Significantly Associated with

PDAC Patient Survival

To determine the expression level of miR-15a in PDAC patients and
its relationship with patient survival, levels of miR-15a and miR-16
were quantified by qRT-PCR analysis using normal (n = 10) and
PDAC (n = 30) tissue samples. Our results showed that miR-15a
expression was significantly (p = 0.0014) decreased in PDAC tissue
compared to normal pancreas, while there was no considerable alter-
ation of miR-16 expression between PDAC tissue and normal
pancreas (p = 0.4118) (Figure 1A). In addition, Kaplan-Meier survival
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 229

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
analysis of miR-15a expression and PDAC patient survival based on
TCGA PDAC RNA sequencing (RNA-seq) expression database
shows that the overall survival time of patients with low expression
of miR-15a was significantly shorter (p < 0.0001) compared to pa-
tients with high expression of miR-15a (Figure 1B). The median
survival time is 511 and 1,502 days, respectively. It has been demon-
strated that miR-15a and miR-16 are clustered on Chr13q14
(Figure 1C).16 To determine the potential mechanism of reduction
of miR-15a expression in PDAC, we used primers to distinguish
primary (pri)-miR-15a/16, precursor (pre)-miR-15a versus (pre)-
miR-16, and mature miR-15a versus mature miR-16 and measured
their expression in both the nucleus and the cytoplasm (Figure S1A).
Our results show that there is no difference between pre-miR-15a and
pre-miR-16. However, expression of mature miR-15a in PDAC was
significantly lower than expression of miR-16 (Figure 1D). In addi-
tion, we tested the expression levels of primary, precursor, andmature
miR-15a and miR-16 in clinical specimens (16 PDAC tissues and 8
normal pancreas tissues) using real-time PCR. The results showed
that mature miR-15a was significantly reduced in expression
compared to miR-16, while there were no differences between precur-
sor miR-15a and precursor miR-16 in clinical samples (Figure 1E).
The results are consistent with those of three PDAC cell lines (Figures
1D; Figure S1B). These results suggest that the reduction of miR-15a
in PDAC occurs during the processing of pre-miR-15a to mature
miR-15a.

Inhibition of PDAC Cell Proliferation, Cell Cycle Arrest, and

Chemosensitization to Gemcitabine by Ectopic Expression of

miR-15a

To investigate the impact of miR-15a on pancreatic cancer cell pro-
liferation, we transfected native miR-15a, 5-FU-miR-15a, or control
miRNA at 50 nM into three pancreatic cancer cell lines (AsPC-1,
PANC-1, and Hs 766T), and a WST-1 proliferation assay was per-
formed to measure cell viability. Our results show that miR-15a
inhibits the proliferation of pancreatic cancer cells (Figure 2A).
The inhibitory effect of miR-15a was enhanced by modified
5-FU-miR-15a mimic in AsPC-1 (half maximal inhibitory concen-
tration [IC50] = 14.7255 nM), PANC-1 (IC50 = 23.4587 nM), and
Hs 766T (IC50 = 18.713 nM). We further demonstrated that 5-
FU-miR-15a has the therapeutic power of both miR-15a and 5-
FU using 5-FU-modified Caenorhabditis elegans (cel)-miR-67 as
control (Figure 2B). 5-FU-cel-miR-67-treated cells only exhibit the
effect of 5-FU alone, while the therapeutic effect of miR-15a is
missing.

We analyzed the impact of both miR-15a and 5-FU-miR-15a on cell
cycle by flow cytometry. Our results show that miR-15a triggered cell
cycle arrest at the G1 phase with a significant reduction in the G2
phase (Figure 2C). The 5-FU alone-treated PDAC cells exhibited an
increased S phase as a result of DNA damage response. We also
observed increased S phase in 5-FU-miR-15a mimic-treated cells, in
addition to G2 checkpoint reduction (Figure 2D). Western immuno-
blotting showed that there is a reduction of cyclin A expression along
with increased levels of p27 in cells treated with miR-15a (Figure S2).
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We also found that 5-FU-miR-15a sensitizes PDAC cells to gemcita-
bine. 5-FU-miR-15a has a synergistic effect when combined with
gemcitabine to enhance the therapeutic effect in pancreatic cancer
cells (Figure 3A). The synergistic effect was analyzed using
CompuSyn software to reveal that there was a synergistic effect
of 5-FU-miR-15a combined with gemcitabine at lower concentra-
tions (combination index [CI] value of <0.4). In combination, the
IC50 of 5-FU-miR-15a was reduced by more than 3-fold from
18.713 to 5.886 nM, and the IC50 of gemcitabine was decreased by
more than 6-fold from 3.876 to 0.588 mM (Figure 3B). Overall,
5-FU-miR-15a enhanced the therapeutic effect of gemcitabine on
pancreatic cancer cells.

miR-15a Suppressed the Expression of Several Key Targets,

Wee1, Chk1, BMI-1, and Yap-1, in PDAC

To understand the molecular mechanism and functional impact of
miR-15a in PDAC, we investigated mRNA targets of miR-15a. Using
TargetScan and miRDB, we discovered several potential targets of
miR-15a, includingWee1 and Chk1, with both genes being important
in regulating G2 cell cycle control.20 Wee1 and Chk1 both have two
potential miR-15a binding sites in their 30 UTRs (Figure 4A).

Western immunoblotting was used to quantify the expression of
Wee1 and Chk1 after ectopic expression of miR-15a in PDAC cell
lines. Our results show that there is a significant reduction of Wee1
and Chk1 expression with restoration of miR-15a and 5-FU-miR-
15a. The quantification of Wee1 and Chk1 expression demonstrated
that the reduction was significant and ranged from 70% to 95%
(Wee1, miR-15a), 60% to 90% (Wee1, 5-FU-miR-15a), 65% to 75%
(Chk1, miR-15a), and 55% to 60% (Chk1, 5-FU-miR-15a), respec-
tively (Figure 4B). We used Wee1 and Chk1 specific small interfering
RNAs (siRNAs) as positive controls for reduction of Wee1 and Chk1
expression (Figure S3A). These results also confirmed that 5-FU-
miR-15a mimic retained target specificity for Wee1 and Chk1. Trans-
fection with 5-FU-cel-miR-67 had no effect on expression of Wee1 or
Chk1 (Figure S3B). In addition, we also quantified themRNA levels of
Wee1 and Chk1 after transfection of miR-15a into PDAC cell lines by
real-time PCR. The results showed that the mRNA levels of these two
targets were both decreased in pancreatic cancer cells transfected with
miR-15a and 5-FU-miR-15a (Figure 4C). In addition, to further vali-
date miR-15a directly binding to the 30 UTRs of Wee1 and Chk1
mRNA, we performed a luciferase reporter assay. As shown in Fig-
ure 4D, miR-15a and 5-FU-miR-15a can both significantly reduce
luciferase activity compared to control.

We also confirmed that two previously identified targets of miR-15a
in colon cancer, BMI-1 and Yap-1,17 were reduced by miR-15a in
PDAC. The 5-FU modification of 5-FU-miR-15a did not alter target
specificity for both BMI-1 and Yap-1 (Figure 4E).

Cdc2 Is a Downstream Target of Wee1 and Is Correlated with

PDAC Patient Survival

Cdc2 is an important downstream target of the Wee1 signaling
pathway in PDAC.21 Therefore, we used the clinical data from



Figure 2. miR-15a and 5-FU-miR-15a Inhibit PDAC Cell Proliferation

(A) 5-FU-miR-15a is more effective at suppressing pancreatic cancer cell proliferation compared with native miR-15a in three pancreatic cancer cell lines. *p < 0.05, **p <

0.01, ***p < 0.001 (n = 3). (B) Cell number 6 days after transfection was decreased 10% by 5-FU-modified control miRNA, C. elegans (cel)-miR-67 (5-FU-Cel-miR-67), while

5-FU-miR-15a reduced cell number by 80%. ***p < 0.001 (n = 3). (C) 5-FU-miR-15a induces the alteration of cell cycle progression (increasing S phase and G2 disap-

pearance). (D) Unmodified miR-15a induces G1 arrest, while 5-FU miR-15a and 5-FU alone induce S phase arrest. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3).
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TCGA database to analyze the relationship between Cdc2 expression
and patient prognosis. We downloaded clinical data for 176 PDAC
patients and performed survival analysis. The results show that the
overall survival time of patients with high Cdc2 expression was
shorter than that of patients with low Cdc2 expression (Figure 5A).
The median survival time was 702 days and 498 days, respectively.
In addition, we extracted 101 PDAC patients’ formalin-fixed,
paraffin-embedded (FFPE) tissues and 10 normal pancreas FFPE tis-
sues from our clinical sample center, and performed immunohisto-
chemistry (IHC) to detect Cdc2 expression. IHC analysis showed
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Figure 3. 5-FU-miR-15a Increases PDACSensitivity to

Gemcitabine

(A) Gemcitabine and 5-FU-miR-15a inhibit PDAC cell

viability and the effects are enhanced when gemcitabine is

combined with 5-FU-miR-15a. ***p < 0.001. (B) CI values

calculated for 5-FU-miR-15a and gemcitabine demonstrate

that there is a significant synergistic effect at low concen-

trations. In combination, the IC50 of 5-FU-miR-15a is

reduced from 18.713 to 5.886 nM, and the IC50 of gemci-

tabine is reduced from 3.876 to 0.588 mM.
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that Cdc2 was overexpressed in PDAC tissue compared to normal
pancreas (Figure 5B).

5-FU-miR-15a Suppresses Metastatic Tumor Formation and

Overcomes Chemoresistance

Patients with PDAC succumb to the disease due to tumor metastasis.
To investigate the impact of 5-FU-miR-15a on pancreatic cancer
metastasis in vivo, we established a pancreatic cancer mouse metas-
tasis model via tail vein injection of metastatic pancreatic cancer cells
(Hs 766T). Three days after establishing metastatic tumors, we
divided mice into four groups and started treatment. The results
showed that 5-FU-miR-15a (3.2 mg/kg) significantly inhibited
metastatic tumor growth at a dose that was 15-fold less than that of
gemcitabine (50 mg/kg), and the inhibitory effect was enhanced in
combination with gemcitabine (Figures 6A and 6B). The treatment
was stopped on day 17 and resumed on day 32 to determine whether
mice treated with 5-FU-miR-15a develop resistance. While mice
treated with gemcitabine developed resistance, we did not observe
any significant resistance in mice after we resumed treatment with
5-FU-miR-15a for four additional injections (p = 0.0179) (Figure 6C).
All mice treated with 5-FU-miR-15a or gemcitabine displayed no
signs of toxicity. Furthermore, we tracked survival time of all mice
and performed survival analysis. We found that survival time of
232 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
mice treated with 5-FU-miR-15a was signifi-
cantly (p = 0.0257) longer than that of control
mice (76 days versus 52 days). In combination
with gemcitabine, the effect was more pro-
nounced (92 days versus 52 days) (p = 0.0021)
(Figure 6D).

DISCUSSION
In this study, we discovered that reduced expres-
sion of miR-15a in PDACwas significantly associ-
ated with poor patient survival based on TCGA
database. The results suggest that miR-15a has po-
tential as a prognostic biomarker in PDAC. This is
highly consistent with our previous studies that
miR-15a was a prognostic biomarker in
PDAC.13 One novel aspect of the study is the
experimental evidence that reduction of mature
miR-15a in PDAC occurs during processing of
pre-miR-15a to mature miR-15a, as closely related
miR-16 expression level is not altered in PDAC. We also discovered a
similar expression pattern of reducedmiR-15a in gastric and colorectal
cancer, while miR-16 can be used as a housekeeping miRNA.18,22 This
is a unique mechanism for loss of miR-15a expression compared to
miR-15a deletion in CLL.23 Based on the miRNA biogenesis pathway,
pre-miRNA is cleaved to generate a mature duplex miRNA by Dicer
after pre-miRNA is exported into the cytoplasm by Exportin-5.11,24

Dicer cooperates with other proteins to influence miRNA maturation,
and its dysregulation leads to the alteration of mature miRNA expres-
sion.25 While mature miRNAs are in general quite stable, individual
miRNAs have different stabilities and some are more stable than
others.26 miRNA decay is an important mechanism to regulate
miRNA function. It has been reported that miR-29b, but not its pa-
ralog miR-29a, undergoes rapid turnover in cycling cells.27 Another
example is that retina-enriched miRNAs such as miR-183/96/182,
miR-204, and miR-211 are degraded quickly, while miR-16 remains
constant in dark adaptation.28 This is strikingly similar to what we
have observed, that is, miR-15a reduction in PDAC while miR-16 re-
mains relatively unchanged. One potential mechanism for the regula-
tion of miRNA stability is miRNA modifications. Uridine addition to
the miRNA 30 end could be a potential mechanism to mark a miRNA
for degradation.29–31 There is also evidence for differential processing
of pre-miRNAs to mature miRNAs based on the pre-miRNA



Figure 4. miR-15a and 5-FU-miR-15a Inhibit the Expression of Several Important Targets in PDAC

(A) There are two potential binding sites for miR-15a in the 30 UTRs of both Wee1 and Chk1. (B) Western blot analysis demonstrates that miR-15a and 5-FU-miR-15a

significantly inhibit expression of target genesWee1 and Chk1. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3). (C) qRT-PCR analysis shows that miR-15 and 5-FU-miR-15a inhibit

Wee1 and Chk1 expression at the mRNA level. ***p < 0.001 (n = 3). (D) The luciferase assay confirms that 5-FU-miR-15a and miR-15a directly bind to the 30 UTRs of Wee1

and Chk1. ***p < 0.001 (n = 3). (E) miR-15a and 5-FU miR-15a inhibit expression of previously identified targets Yap-1 and BMI-1 (n = 3).
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Figure 5. Wee1 Target Cdc2 Is a Negative Prognostic

Marker for PDAC

(A) High expression of Cdc2 is associated with worse

prognosis for PDAC patients. p = 0.0024 (HR, 0.5257). (B)

Cdc2 is not expressed in normal pancreas tissue, and

Cdc2 is overexpressed in pancreatic cancer tissues.
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secondary structure.32,33 This type of differential processing fits with
our data showing that while pre-miR-15a and pre-miR-16 have similar
expression levels, the expression of mature miR-15a is significantly
lower than that of miR-16. However, the exact nature of such differen-
tial processing of miR-15a and miR-16 in PDAC needs to be further
investigated in future studies.

miR-15a was initially discovered in CLL as a tumor suppressor.16 miR-
15a has also been extensively investigated in various tumor types as a
tumor suppressor, targeting a number of important genes.13,17,34,35 In
this study we demonstrated that miR-15a functions as a tumor sup-
pressor in PDAC in vitro by inhibiting cell proliferation and impacts
cell cycle control. We discovered and validated several important tar-
gets of miR-15a in PDAC, such as Wee1, Chk1, BMI-1, and Yap-1. It
has been well documented that the expression of all of these targets is
elevated in PDAC, and many are good target candidates for therapeu-
tic development in PDAC. BMI-1 is an oncogene and overexpression
is associated with poor prognosis.18,36 BMI-1 promotes PDAC inva-
sion and metastasis, and inhibition of BMI-1 enhances gemcitabine
sensitivity.37,38 Yap-1 is crucial in promoting pancreatic tumorigen-
esis.39 Yap-1 is activated in p53-deficient tumors and p53 is mutated
in about 75% of PDAC patients.40 Yap-1 expression promotes cell cy-
cle proliferation as well as invasion andmigration. Yap-1 expression is
234 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
also associated with chemoresistance and poor
prognosis,41,42 Wee1 and Chk1 are two key
G2/M checkpoint regulators, which can affect
Cdc2 activity.43,44 These targets have been recog-
nized as candidates for therapeutic development
by the pharmaceutical industry.20 However, the
results have been disappointing, as single targeted
approaches such as LY2603618, which suppresses
the expression of Chk1, failed to yield any synergy
with gemcitabine in a phase II clinical trial for
PDAC.45 However, it has been demonstrated
that the combination of gemcitabine with Wee1
inhibitor, MK-1775, results in enhanced tumor
regression compared to gemcitabine alone in
p53-deficient tumors.46 MK-1775 itself failed to
trigger any tumor regression in PDAC. It has
been shown recently by Chung et al.43 that there
is potential for targeting cell cycle checkpoint
functions such Wee1 and Chk1 in PDAC. The
drug screening effort in this study clearly showed
that the combination of gemcitabine with Chk1
andWee1 inhibition provided strong disease con-
trol in all tumor xenograft models.43 These find-
ings, along with the other targets we validated, demonstrate the unique
potential of developingmiR-15amimic as a therapeutic agent, as it can
suppress a number of important targets to impact multiple pathways
(Figure 7). In addition to the targets we have assessed in this study,
previously identified targets of miR-15a such as BCL2 and DCLK1
have important functions in PDAC.17,23 BCL2 expression is associated
with resistance to apoptosis and metastatic potential of PDAC and
may be a potential therapeutic target.47,48 DCLK1 is a marker for
stem-like pancreatic cancer cells and promotes epithelial-mesen-
chymal transition (EMT).49,50 DCLK1 expression is also associated
with tumor progression and worse patient survival, and DCLK1
inhibition increases the effectiveness of gemcitabine.51–53 The multi-
targeted function of miR-15a is a major advantage for cancer drug
development, as it offers a unique mechanism to overcome resistance
associated with many of the previously developed targeted therapies.
This strategy creates a new drug that is better than the simple combi-
nation of 5-FU with miR-15a. The combination approach will be
hampered by the toxic side effects of 5-FU. Through incorporation
of 5-FU into miR-15a we achieve potency at a much lower concentra-
tion, thereby avoiding toxicity. We initially implemented this strategy
using miR-129 and miR-15a in colorectal cancer.17,19 In this study, we
found that 5-FU-miR-15a maintains target specificity and is more
effective than unmodified miR-15a.



Figure 6. 5-FU-miR-15a Inhibits PDAC Metastatic Tumor Growth In Vivo

(A) Representative images show that 5-FU-miR-15a (3.2 mg/kg) inhibits metastatic tumor growth at a dose that is 15-fold less than that of gemcitabine (50 mg/kg), and the

inhibitory effect is enhanced in combination with gemcitabine. (B) Quantification of the measured radiance from the end of the experiment (day 52) versus the start (day 3)

shows effective inhibition of tumor growth by gemcitabine (p = 0.0480), 5-FU-miR-15a (p = 0.0179), and 5-FU-miR-15a + gemcitabine (p = 0.0029) compared to control.

There was no significant difference between gemcitabine alone and 5-FUmiR-15a alone (p = 0.4677) or 5-FU-miR-15a and 5-FU-miR-15a + gemcitabine (p = 0.1816). There

was a significant difference between gemcitabine alone and 5-FU-miR-15a + gemcitabine (p = 0.0201). *p < 0.05 (N = 6). (C) Quantified IVIS measurements through the

course of the experiment show the inhibitory effects of 5-FU-miR-15a. 5-FU-miR-15a significantly inhibits metastatic PDAC tumor growth compared to control (p = 0.0115).

Gemcitabine alone (p = 0.0458) as well as 5-FU-miR-15a + gemcitabine (p = 0.0025) also inhibit metastatic tumor growth compared to control. There is a significant dif-

ference between gemcitabine alone and 5-FU-miR-15a + gemcitabine (p = 0.0198). No significant difference was seen between gemcitabine alone and 5-FU-miR-15a alone

(p = 0.3436) or 5-FU-miR-15a alone and 5-FU-miR-15a + gemcitabine (p = 0.3675). There is no resistance in mice treated with 5-FU-miR-15a, while mice treated with

gemcitabine developed resistance. *p < 0.05, **p < 0.01 (n = 6). (D) 5-FU-miR-15a extends survival time compared tomice treated with control miRNA (76-day versus 52-day

median survival) (p = 0.0257) (HR, 2.851). 5-FU-miR-15a + gemcitabine increased median survival to 92 days (p = 0.0021) (HR, 4.071) (n = 6).
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Finally, we determined the therapeutic impact of 5-FU-miR-15a
mimic in vivo using a tail vein injection PDAC metastasis model.
As PDAC metastasis in lung and liver is the major cause of patient
death, this mouse model is a simple and effective way to evaluate
the therapeutic impact of drugs for PDAC.54,55 To demonstrate the
proof of concept, in a pancreatic cancer mouse metastasis model,
we showed that 5-FU-miR-15a (at 3.2 mg/kg) markedly inhibited
metastatic tumor growth at a dose that is 15-fold less than that
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 235
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Figure 7. Schematic of Important miR-15a Targets

in PDAC and the Pathways They Regulate

miR-15a inhibits several important targets in PDAC,

including Wee1, Chk1, BM1-1 and Yap-1. Through its

inhibition of these targets, miR-15a is able to induce cell

cycle arrest, enhance chemosensitivity, and inhibit inva-

sion and migration.
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of gemcitabine (50 mg/kg), and the inhibitory effect of lung tumor
growth was further enhanced in combination with gemcitabine,
consistent with the synergistic effect we observed in vitro. While
mice treated with gemcitabine alone develop resistance, we did
not observe any resistance in mice treated with 5-FU-miR-15a.
Importantly, all mice treated with 5-FU-miR-15a displayed no
signs of systemic toxicity. The lack of toxicity will be a major
advantage for developing effective anticancer therapy to improve
the quality of life of PDAC patients, as current chemotherapy reg-
imens all have major toxicities. Furthermore, we demonstrated that
the survival time of mice treated with 5-FU-miR-15a alone or in
combination with gemcitabine was significantly longer than that
of the control. While gemcitabine alone was more effective for ex-
tending survival than 5-FU-miR-15a alone, the dose of gemcita-
bine was 15-fold higher than for 5-FU-miR-15a. The effects of
5-FU-miR-15a on survival demonstrate its therapeutic potential.
Future studies are needed to optimize the therapeutic dose and
treatment frequency to improve the impact on survival. These
findings are consistent with our in vitro data and demonstrate
the advantage of a multi-targeted therapeutic that inhibits the
expression of several important oncogenes. As delivery is a major
challenge for miRNA therapeutics, for this experiment we used
in vivo-JetPEI as the delivery vehicle. In vivo-JetPEI has been
demonstrated to be a highly effective and nontoxic agent for
siRNA and miRNA drug development.56 Taken together, our re-
sults show potential for 5-FU-miR-15a mimic as a novel therapeu-
tic agent alone or in combination with the current treatment
regimen in treating PDAC. This is the first study to demonstrate
the effectiveness of a 5-FU-modified miRNA as a potential novel
therapy for treating metastatic PDAC via systemic delivery. While
the 5-year survival for all pancreatic cancer patients is very low, for
patients with metastatic disease it is only 3%, demonstrating the
important need for novel therapeutics that are effective for treating
metastatic disease.1

In summary, our study clearly defines the molecular and functional
significance of miR-15a as a tumor suppressor in PDAC by suppress-
ing the expression of several key targets (Wee1, Chk1, BMI-1, and
Yap-1). miR-15a abrogates G2 cell cycle checkpoint control by sup-
pressing the expression of Wee1 and Chk1. miR-15a also has poten-
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tial to be a prognostic biomarker in future clin-
ical management of PDAC. We demonstrated
that 5-FU-integrated miR-15a mimic has
potent therapeutic power for inhibiting PDAC
lung metastatic tumor growth without any
observed toxic side effects. The strategy of incorporating 5-FU into
miR-15a to create a new more effective therapeutic entity will be a
platform technology for creating miRNA-based therapeutics for
treating PDAC as well as other tumor types.

MATERIALS AND METHODS
Cell Culture

The human pancreatic cancer cell lines (AsPC-1, PANC-1, and Hs
766T) were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and maintained in RPMI (AsPC-1)
or DMEM (PANC-1 and Hs 766T) (Thermo Fisher Scientific, Wal-
tham, MA, USA) medium supplemented with 10% fetal bovine serum
(FBS) (Thermo Fisher Scientific).

Tissue Samples

Thirty fresh-frozen pancreatic cancer specimens and 10 fresh-frozen
normal pancreas tissues were obtained from the Institute of Hepato-
pancreatobiliary Surgery, Southwest Hospital, Third Military Medical
University (Army Medical University). Ten normal pancreatic sam-
ples were obtained from organ donors. One hundred eleven FFPE tis-
sues (including 101 pancreatic cancer tissues and 10 normal pancreas
tissues) were acquired from the archival collections of Southwest
Hospital, Third Military Medical University and the First Affiliated
Hospital of Soochow University. None of these patients had received
preoperative adjuvant chemotherapy or radiotherapy. The use of hu-
man tissues was approved by the Ethics Committee of Southwest
Hospital, Third Military Medical University (Army Medical Univer-
sity), Chongqing, China.

TCGA Survival Analysis

We obtained the clinical and miRNA expression data for TCGA
pancreatic ductal adenocarcinoma from the UCSC cancer genome
browser.57 There are 176 available cases with both survival and
miR-15a/Cdc2 expression data in TCGA database. Based on dichot-
omizing the miR-15a expression profile, we divided cases into high
and low expression groups. The cut-off is 50%, that is, expression
greater than the 50th percentile of expression of the patients was de-
noted as “high”; otherwise, it was denoted as “low.” Subsequently, we
performed log-rank tests between two groups and obtained corre-
sponding Kaplan-Meier curves.
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Transfection

Twenty-four hours before transfection, 2 � 105 cells per well were
plated in a six-well plate and transfected with 50 nM of either miR-
15a, non-specific control miRNA (Thermo Fisher Scientific), or
modified 5-FU-miR-15a (Dharmacon, Lafayette, CO, USA) using
Oligofectamine (Thermo Fisher Scientific) following the manufac-
turer’s protocols.

Cell Proliferation

Twenty-four hours after transfection, 2,000 cells per well were
replated in a 96-well plate. Cell viability was assessed on days 1, 3,
and 6 after transfection using WST-1 dye (Roche, Basel, Switzerland)
as previously described.17

Cell Cycle Analysis

Twenty-four hours after transfection, cells were collected and resus-
pended in modified Krishan buffer containing 0.02 mg/mL RNase
H (Thermo Fisher Scientific) and 0.05 mg/mL propidium iodide
(Sigma-Aldrich, St. Louis, MO, USA). Stained cells were detected
by flow cytometry. The data were analyzed using ModFit software
(BD Biosciences, Sparks, MD, USA).

Western Blotting Analysis

Equal amounts of protein (15 mg) were separated on 10%–12% SDS
polyacrylamide gels by the method of Laemmli.58 Proteins were
probed with anti-Yap-1 monoclonal antibody (1:10,000) (Cell
Signaling Technology, Danvers, MA, USA), anti-BMI-1
(1:10,000) (Cell Signaling Technology), anti-Wee1 (1:500) (Cell
Signaling Technology), anti-Chk1 (1:500) (Cell Signaling Technol-
ogy), anti-Cdc2 (1:500) (Cell Signaling Technology), anti-p27
(1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
Cyclin A (1:500) (Santa Cruz Biotechnology), and anti-GAPDH
(1:200,000) (Santa Cruz Biotechnology). Horseradish peroxidase-
conjugated antibodies against mouse or rabbit (1:5,000, Santa
Cruz Biotechnology) were used as the secondary antibodies. Pro-
tein bands were visualized using a LI-COR Biosciences Odyssey
FC imaging system and SuperSignal West Pico chemiluminescent
substrate (Thermo Fisher Scientific). Western blots were quantified
using Image Studio software. All western blots were repeated three
times for quantification.

Luciferase Reporter Assay

Luciferase reporter plasmids containing the Wee1 mRNA 30 UTR
(HmiT054534-MT06) or the Chk1 mRNA 30 UTR (HmiT061994-
MT06) were purchased from GeneCopoeia. Twenty-four hours
before transfection, 1.0 � 104 cells were plated in 96-well plates.
10 nM miR-15a/5-FU-miR-15a or control miRNA was transfected
into these cells together with 100 ng of pEZX-MT06-Report-Wee1
or pEZX-MT06-Report-Chk1 by DharmaFect Duo (Dharmacon)
following the manufacturer’s protocol. The luciferase assay was per-
formed 24 h after transfection using a Dual-Luciferase reporter assay
system (Promega, Madison, WI, USA). For each sample, firefly lucif-
erase activity was normalized to Renilla luciferase activity and to con-
trol miRNA-transfected cells.
RNA Isolation and Real-Time qRT-PCR

Total RNA from the transfected pancreatic cancer cell lines as well as
pancreatic cancer specimens was extracted using TRIzol reagent. For
miR-15a and miR-16 detection in clinical samples, cDNA synthesis
was performed using a PrimeScript RT reagent kit (Takara, Kusatsu,
Shiga Prefecture, Japan), and qRT-PCR was performed with SYBR
Premix Ex TaqII (Takara). The expression levels were normalized
to the endogenous small nuclear RNA U6 control. For primary, pre-
cursor, and mature miR-15a and miR-16 detection in pancreatic can-
cer cell lines and pancreatic cancer tissues, primary, precursor, and
mature miR-15a/miR-16-specific primers were purchased from
Thermo Fisher Scientific. cDNA synthesis was performed by the
High Capacity cDNA Synthesis Kit (Thermo Fisher Scientific) with
miRNA-specific primers. Real-time qRT-PCR was carried out using
miRNA-specific primers by TaqMan gene expression assay (Thermo
Fisher Scientific). Expression of precursor and mature miR-15a/
miR-16 was normalized to that of the primary miRNA transcript
for analysis. The separation of nuclear and cytoplasmic fractions
was performed using a PARIS kit (Thermo Fisher Scientific).

Gemcitabine and Cytotoxicity Assay

Twenty-four hours after transfection, Hs 766T cells were replated in a
96-well plate at 2,000 cells per well in triplicate, in 100 mL of medium
supplemented with 10% dialyzed FBS (Thermo Fisher Scientific). Af-
ter 24 h, fresh media containing gemcitabine alone (ranging from 0 to
20 mM), 5-FU-miR-15a alone (ranging from 0 to 200 nM), or 5-FU-
miR-15a and gemcitabine in combination (at a constant 1:100 ratio,
with increasing concentrations of both compounds) was added, and
cells were cultured for 72 h. Cell viability was measured using the
WST-1 assay, and concentration-dependent curves were generated
based on the cell viability. The CI as well as IC50 for each alone or
in combination was calculated using CompuSyn software (htpp://
www.combosyn.com).

IHC

IHC analysis was performed using a standard streptavidin-biotin-
peroxidase complex method. Briefly, the slides were incubated with
Cdc2 primary antibodies (Cell Signaling Technology) overnight, fol-
lowed by incubation with secondary antibodies and further incuba-
tion with the streptavidin-biotin complex (Maixin, Fuzhou, China).
Cdc2-positive cells were defined as those with brown staining in the
nucleus and cytoplasm, and the expression was assessed based on
the percentage of positive tumor cells out of 1,000 tumor cells. The
quantification was performed by using a composite score obtained
by multiplying the values of staining intensities (0, no staining; 1,
weak staining; 2, moderate staining; 3, strong staining) and the per-
centage of positive cells (0, 0%; 1, <10%; 2, 10%–50%; 3, >50%). For
statistical analysis, the tumor sample cohort was grouped into those
with low expression (%4) and those with high expression (R6).

Mouse Pancreatic Cancer Metastasis Model

All animal procedures were approved by the Stony Brook University
Institutional Animal Care and Use Committee (IACUC). Non-obese
diabetic (NOD)/severe combined immunodeficiency (SCID) mice
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were purchased from Jackson Laboratory. For evaluating the impact
of 5-FU-miR-15a in a pancreatic cancer metastasis model, mouse
tumors were established via tail vein injection of 2 � 106 Hs 766T
luciferase-expressing cells into 8-week-old NOD/SCID mice
(n = 24). Mice were divided into four groups (control, gemcitabine
alone, 5-FU-miR-15a alone, and 5-FU-miR-15a plus gemcitabine)
with six mice per group. Three days after injection, mice were treated
via tail vein injection with 80 mg of control miRNA or 5-FU-miR-15a
packaged using in vivo-jetPEI (Polyplus Transfection, Illkirch,
France) or with 50 mg/kg gemcitabine (Sigma-Aldrich) via intraper-
itoneal injection (i.p. injection). In the first stage, mice were treated
with 5-FU-miR-15a every other day for 2 weeks (eight times) and
gemcitabine every 3 days for 2 weeks (four times). Following
treatment, mice were screened using IVIS Spectrum in vivo imaging
system (IVIS) (PerkinElmer, Waltham, MA, USA) for 2 weeks.
Subsequently, treatment was restarted for 1 week including 5-FU-
miR-15a (four times) and gemcitabine (two times), and then screened
using IVIS again. Mice were monitored daily to determine the sur-
vival time.

Statistical Analysis

All experiments were repeated at least three times. All statistical ana-
lyses were performed with GraphPad Prism Software. The statistical
significance between two groups was determined using Student’s t
test. For comparison of more than two groups, one-way ANOVA fol-
lowed by a Bonferroni-Dunn test was used. Data are expressed as
mean ± SEM. The statistical significance is either described in figure
legends or indicated with asterisks (*p < 0.05; **p < 0.01; ***p <
0.001).
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