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A B S T R A C T

Our recent studies have revealed that microRNA-1291 (miR-1291) is downregulated in pancreatic cancer (PC)
specimens and restoration of miR-1291 inhibits tumorigenesis of PC cells. This study is to assess the efficacy and
underlying mechanism of our bioengineered miR-1291 prodrug monotherapy and combined treatment with
chemotherapy. AT-rich interacting domain protein 3B (ARID3B) was verified as a new target for miR-1291, and
miR-1291 prodrug was processed to mature miR-1291 in PC cells which surprisingly upregulated ARID3B mRNA
and protein levels. Co-administration of miR-1291 with gemcitabine plus nab-paclitaxel (Gem-nP) largely in-
creased the levels of apoptosis, DNA damage and mitotic arrest in PC cells, compared to mono-drug treatment.
Consequently, miR-1291 prodrug improved cell sensitivity to Gem-nP. Furthermore, systemic administration of
in vivo-jetPEI-formulated miR-1291 prodrug suppressed tumor growth in both PANC-1 xenograft and PC patients
derived xenograft (PDX) mouse models to comparable degrees as Gem-nP alone, while combination treatment
reduced tumor growth more ubiquitously and to the greatest degrees (70–90%), compared to monotherapy. All
treatments were well tolerated in mice. In conclusion, biologic miR-1291 prodrug has therapeutic potential as a
monotherapy for PC, and a sensitizing agent to chemotherapy.

1. Introduction

Pancreatic cancer (PC) is one of the most lethal malignancies with a
5-year survival of less than 8% [1,2]. Less than 20% of PC patients are
diagnosed with surgically resectable disease and are potentially cur-
able. The remaining large majority of PC patients are diagnosed with
advanced disease that is either unresectable or metastatic [3]. Gemci-
tabine has been a standard chemotherapeutic treatment for advanced
PC since the late 1990s [4]. After more than a decade of active in-
vestigation, the first clinical improvement to gemcitabine-based treat-
ment was seen with the addition of paclitaxel albumin-stabilized na-
noparticle (nab-paclitaxel) formulation (Gem-nP) which increased

overall median survival (8.5 months) compared to gemcitabine mono-
therapy (6.7 months) [5]. Compared to most other solid tumors, ad-
vance in the treatment of PC has been slow, thus more effective treat-
ment strategies with minimal toxicity are urgently needed for PC [6–9].

MicroRNAs (miRNAs) have been revealed as a family of noncoding
RNAs (ncRNA) in the control of tumor initiation and progression
[10,11]. Furthermore, multiple miRNAs display tissue -specific aberrant
expression in cancer development, suggesting the potential of devel-
oping miRNA based anticancer therapies besides serving as diagnostic
or prognostic markers [12,13] including those for PC [14–16]. Re-
cently, we have identified that miR-1291 is significantly downregulated
in PC tissues compared with normal pancreatic tissues [17]. Our studies
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have also demonstrated that restoration of miR-1291 expression/func-
tion suppresses the proliferation, migration, invasion, and tumorigen-
esis of PC cells through the induction of apoptosis and cell cycle arrest,
as well as alteration of PC cell metabolome [17,18]. In addition, miR-
1291 sensitizes PC cells to chemotherapy via direct targeting of mul-
tidrug resistance-associated protein 1 (MRP1) overexpressed in the cells
[19]. Other investigators have also demonstrated that miR-1291 sup-
presses renal cell carcinoma and esophageal squamous cell carcinoma
growth by downregulation of glucose transporter protein type 1
(GLUT1) and mucin 1 (MUC1) [20,21]. The above reports suggest the
potential of miR-1291 as a novel therapy for PC.

To explore miR-1291 based therapeutic strategies for the treatment
of PC, we have successfully established a novel approach to producing
large quantities of pre-miR-1291 agents in bacteria by using a sephadex
aptamer tagged methionyl-tRNA (MSA) scaffold [22]. Further studies
demonstrated that chimeric MSA/mir-1291 or “miR-1291 prodrug” was
precisely processed into mature miR-1291 in human cells, and subse-
quently regulated target protein expression and suppressed the growth
of PC cells [22]. It is noteworthy that bioengineered miRNA agents
produced in living cells are distinguished from conventional miRNA

agents made in test tubes by chemical synthesis or enzymatic reactions.
Therefore, our biologic miRNA agents may better capture the natural
characteristics of cellular RNA molecules [23].

The objective of the current study was to investigate the utility of
bioengineered miR-1291 prodrug for the control of PC and its under-
lying molecular mechanisms. Following the identification of a new
target AT-rich interacting domain protein 3B (ARID3B) for miR-1291,
which was rather surprisingly upregulated by miR-1291, we delineated
the independent actions of miR-1291, gemcitabine and nab-paclitaxel
on the apoptosis, DNA damage and mitosis arrest of PC cells, respec-
tively, as well as optimal effects when the drugs were combined to-
gether. Therapy studies in PANC-1 xenograft and three different PC
patient-derived xenograft (PDX) tumor mouse models revealed that
miR-1291 prodrug alone showed comparable levels of efficacy as Gem-
nP in the suppression of PC tumor growth, and combination treatment
with miR-1291 and Gem-nP inhibited PC tumor growth to the greatest
degrees.

Fig. 1. MiR-1291 targets ARID3B and upregulates its expression in human pancreatic cancer cells. (A) Computational analysis identified four putative MRE sites for
miR-1291 within the 3’UTR of ARID3B mRNA. Underlined is the seed sequence of miR-1291. (B) Dual luciferase reporter assay indicated that ARID3B 3’UTR
luciferase activities were increased about 50% in AsPC-1 cells treated with MSA/mir-1291, as compared to controls. (C) qPCR analyses revealed that MSA/mir-1291
was selectively processed to mature miR-1291 in PANC-1 and AsPC-1 cells, and subsequently upregulated ARID3B mRNA levels (D). Values are mean ± SD (N=3).
***P < 0.001, compared to corresponding control (1- or 2-way ANOVA). (E) Immunoblot analyses showed that ARID3B protein levels were elevated in PANC-1 and
AsPC-1 cells after transfection with bioengineered miR-1291. Both the full-length ARID3B (ARID3B-Fl, ∼61 kD) and the short-form ARID3B (ARID3B-sh, ∼28 kD)
were upregulated in PANC-1 and AsPC-1 cells (72 h post-transfection), as compared to vehicle and MSA controls. β-actin was used as a loading control, and then the
protein levels were normalized to vehicle group for comparison. Values are mean ± SD; ***P < 0.001, compared to vehicle; ###P < 0.001, compared to MSA (1-
way ANOVA with Bonferroni posttests).
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2. Material and methods

2.1. Animals

All animal experiments were performed according to our protocol
approved by the Institutional Animal Care and Use Committee at UC
Davis. 5- to 6-week-old female athymic nude mice (NU/J) and
NOD.CB17-Prkdcscid/J mice (The Jackson Laboratory, Bar Harbor, ME)
were used to establish PANC-1 xenograft mouse models and PDX mouse
models, respectively. The mice were maintained in sterile cages at
constant temperature and humidity, with free access to food and water.

Materials and procedures of production of biologic miR-1291 pro-
drug (MSA/mir-1291) and control RNA MSA, cell culture and treat-
ment, luciferase reporter gene assay, reverse transcription quantitative
real-time PCR, immunoblot analysis, immunofluorescence, animal
model establishment, therapy study, and statistical analysis were de-
scribed in detail in Supplementary Materials.

3. Results

3.1. ARID3B is a direct target of miR-1291

Our recent studies have demonstrated that miR-1291 suppresses

proliferation and tumorigenesis of PC cells [17]. To further delineate
the molecular mechanisms through which miR-1291 controls PC cell
growth, computational analysis was conducted to predict potential
targets of miR-1291. Among a set of putative targets, ARID3B was a top
candidate consisting of four miRNA response elements (MREs) for miR-
1291 within its 3’UTR (Fig. 1A). An ARID3B 3’UTR luciferase reporter
plasmid was thus constructed to evaluate the interactions between miR-
1291 and ARID3B 3’UTR. Surprisingly, treatment with bioengineered
miR-1291 significantly increased ARID3B-3’UTR-luciferase reporter
activities in AsPC-1 (Fig. 1B) and HEK293 (data not shown) cells, as
compared to controls. Introduction of miR-1291 into cells with miR-
1291-expressing plasmid showed the same results (Supplementary Fig.
S1A), whereas ARID3B-3’UTR-luciferase reporter activities were de-
creased in cells treated with miR-1291 antagomir (Supplementary Fig.
S1B). These results suggest that miR-1291 targets ARID3B 3’UTR and
may positively regulate the expression of ARID3B.

3.2. MiR-1291 upregulates the mRNA and protein levels of ARID3B in PC
cells

To define the effects of miR-1291 on the expression of ARID3B, we
first verified the production of high levels of mature miR-1291 from
bioengineered MSA/mir-1291 in PANC-1 and AsPC-1 cells (Fig. 1C). We

Fig. 2. Independent and combined actions of miR-1291 and gemcitabine plus nab-paclitaxel (Gem-nP) in human pancreatic cancer cells. (A) Gemcitabine, miR-1291
and paclitaxel may act on specific targets and thus interfere with particular cellular processes. Immunoblot (B and C) and immunofluorescence (D-F; scale bar, 20 μm)
studies showed that combination (combo) treatment with miR-1291 prodrug (10 nM in PANC-1 cells, 3 nM in AsPC-1 cells) and Gem-nP exhibited the greatest
degrees of DNA damage, mitosis and apoptosis in PANC-1 and AsPC-1 cells, which were indicated by γH2A.X, H3PS10, and cleaved caspase-3/7 (c-caspase-3/7),
respectively. β-actin was used as a loading control. C-caspase-7 images in PANC-1 cells are provided in Supplementary Fig. S3, and individual biomarkers in AsPC-
1 cells are shown in Supplementary Fig. S4.
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then compared ARID3B mRNA levels in PC cells treated with MSA/mir-
1291 and MSA or vehicle control. Compared to vehicle control, MSA
did not alter ARID3B mRNA levels. Treatment with MSA/mir-1291
(20 nM) led to a 1.0- and 1.2-fold increase in ARID3B mRNA levels in
PANC-1 cells, as compared to vehicle control, at 48 h and 72 h post-
treatment, respectively (Fig. 1D). Similarly, MSA/mir-1291 (5 nM)
caused a 3.7-fold and 4.6-fold upregulation of ARID3B mRNA levels in
AsPC-1 cells (Fig. 1D), at 48 h and 72 h post-treatment, respectively.

We further conducted Western blots to examine the impact of miR-
1291 on ARID3B protein levels in PC cells. As found in other types of
cells by other investigators [24], we observed two different ARID3B
bands in both PANC-1 and AsPC-1 cells which are designated as full-
length ARID3B (ARID3B-Fl, ∼61 kD) and short-form ARID3B (ARID3B-
Sh, ∼28 kD), respectively (Fig. 1E). Our data showed that ARID3B-Fl
protein levels significantly increased in PANC-1 cells at 72 h post-
transfection with 20 nM miR-1291 prodrug. A higher degree of increase
of ARID3B-Fl protein levels was found in AsPC-1 cells at both 48 h and
72 h post-treatment with 5 nM miR-1291. Interestingly, impact of miR-
1291 on ARID3B-Sh protein levels appeared to follow the same pattern
as ARID3B-Fl in both cell lines (Fig. 1E, Supplementary Fig. S2). These
results indicate that miR-1291 upregulates ARID3B expression in PC
cells.

3.3. Individual and combined actions of miR-1291 prodrug and Gem-nP on
DNA damage, mitosis arrest, and apoptosis

Historically, single drug exerted very limited efficacy for the treat-
ment of PC. Therefore, we aimed at examining combination effects
(Fig. 2A) while assessing miR-1291 monotherapy and comparing it to
Gem-nP, the first-line chemotherapy for PC. Individual and combined
actions of miR-1291 prodrug and Gem-nP on their corresponding target
or marker proteins were first investigated in PANC-1 and AsPC-1 cells
by Western blots (Fig. 2B and C). Our data showed that co-adminis-
tration of Gem-nP did not alter miR-1291-controlled upregulation of
ARID3B in PANC-1 cells but enhanced the effects in AsPC-1 cells, again
suggesting distinct sensitivities of the two cell lines. Immunoblot
(Fig. 2B and C) and immunofluorescence studies were further con-
ducted to determine single and combined drug effects on DNA damage
(phosphorylated histone H2A.X , γH2A.X foci), apoptosis (cleaved
caspase-3/7, c-caspase-3/7) and mitotic arrest (phosphorylated
Ser10–histone H3, H3PS10) (Fig. 2D–F; Supplementary Figs. S3–4). The
results showed that, in addition to the induction of apoptosis (c-cas-
pase-3/7) in both PANC-1 and AsPC-1 cell lines, miR-1291 alone sur-
prisingly elicited obvious DNA damage (formation of γH2A.X foci) in
AsPC-1 cells. On the other hand, Gem-nP largely provoked DNA damage
and mitotic arrest in both PC cell lines, as manifested by an upregula-
tion of γH2A.X and H3PS10, respectively. Most importantly, combina-
tion treatment with miR-1291 prodrug and Gem-nP caused the greatest
extents of DNA damage, mitosis, and apoptosis in both cell lines, which
were indicated by γH2A.X, H3PS10, and c-caspase-3/7, respectively.
These results demonstrate that miR-1291 induces apoptosis and pos-
sibly DNA damage, and suggest that combination therapy with miR-
1291 and Gem-nP may produce optimal outcomes.

3.4. Bioengineered miR-1291 prodrug enhances the sensitivity of PC cells to
chemotherapeutic drugs

To assess whether miR-1291 prodrug could increase the sensitivity
of pancreatic cancer cells to Gem-nP, the anti-proliferative activity of
Gem-nP in the presence of miR-1291 prodrug or control MSA was
evaluated in PANC-1 and AsPC-1 cells by CellTiter-Glo assay. The re-
sults showed that miR-1291 treated PANC-1 and AsPC-1 cells were
much more sensitive to Gem-nP, as compared to MSA treated cells
(Fig. 3). The enhanced sensitivity was also manifested by the lower
EC50 value in miR-1291 treated PANC-1 cells (52.3 ± 20.3 nM) than
that in MSA treated cells (155 ± 33 nM, *P < 0.05). In addition, miR-

1291 transfected AsPC-1 cells also showed a significantly lower EC50
value (14.6 ± 5.5 nM) than MSA treated cells (40.4 ± 1.8 nM,
**P < 0.01) (Fig. 3E). These results show that co-administration of
miR-1291 is able to sensitize PC cells to chemotherapies.

3.5. Bioengineered miR-1291 prodrug monotherapy and combination
therapy with Gem-nP are effective to control tumor growth in PANC-1
xenograft mouse models, while they are well tolerated in mice

To determine the antitumor efficacy of miR-1291 prodrug mono-
therapy and combination therapy with Gem-nP in vivo, we first estab-
lished PANC-1 xenograft mouse models (Fig. 4A). Systematic adminis-
tration of a single dose of in vivo-jetPEI formulated miR-1291 prodrug
was distributable to PANC-1 xenograft tumor tissues, as indicated by
high levels of tumoral miR-1291 at 24 h after drug administration
(Supplementary Fig. S5A). Compared to buffer or MSA treatment, miR-
1291 prodrug alone significantly suppressed PANC-1 tumor growth to a
similar degree as Gem-nP, while combination treatment with miR-1291
and Gem-nP inhibited tumor growth to the greatest extent (Fig. 4B).
Visual inspection and weights of the dissected tumors (Fig. 4C and D)
further demonstrated the remarkably optimal tumor suppressive effects
for combination therapy. These results demonstrate the effectiveness of
miR-1291 prodrug monotherapy in the control of PANC-1 xenograft
tumor progression as well as an optimal outcome for combination
therapy with miR-1291 and Gem-nP.

All treatments were well tolerated in mice as animal body weights
showed no significant differences among different groups (Fig. 4E). To
further examine the safety of drug treatments, blood biochemistry
profiles were determined (Fig. 4F). All markers of liver and kidney
functions including alanine aminotransferase (ALT), aspartate amino-
transferase (AST), total bilirubin, blood urea nitrogen (BUN) and
creatinine were within the normal ranges, except ALT levels in two
mice (one from miR-1291 monotherapy and one from Gem-nP mono-
treatment) slightly exceeded the normal range. However, there was no
significant difference in each blood biomarker between any treatment
groups, suggesting that therapies did not cause any hepatic or renal
toxicity. Together, the results indicate that systemic administration of
therapeutic doses of miR-1291 prodrug or Gem-nP alone, or in com-
bination are well tolerated in PANC-1 xenograft mouse models.

3.6. Efficacy of miR-1291 prodrug treatment alone and in combination with
Gem-nP chemotherapy in three different PDX mouse models

Compared to xenograft models derived from cancer cell lines, PDX
tumor models may better preserve the heterogeneity and histological
characteristics of the original tumors [25–27]. Therefore, we estab-
lished three PDX models from clinical PC samples and employed them
to further assess miR-1291 prodrug therapies. The first PDX model (PA-
0387, Fig. 5) was subjected to the same dose regimens as those used in
PANC-1 xenograft mouse models. Similarly, RT-qPCR analyses con-
firmed high levels of miR-1291 in PDX tissues at 24 h after systemic
administration of a single dose of miR-1291 prodrug (Supplementary
Fig. S5B). Therapy data showed that treatment with miR-1291 prodrug
or Gem-nP alone significantly reduced PDX PA-0387 tumor growth, as
compared to buffer or MSA control; and combination treatment showed
the highest degree of inhibition (Fig. 5A). Likewise, visual inspection of
dissected tumors (Fig. 5B) and examination of final tumor weights
(Fig. 5C) supported the effectiveness of miR-1291 prodrug alone, Gem-
nP alone, and their combination in the control of PDX PA-0387, while
there was no statistical difference between mono- and combination
therapy. H&E staining demonstrated that PDXs indeed showed the
histologic phenotypic characteristics close to clinical pancreatic ade-
nocarcinomas (Supplementary Fig. S6). Furthermore, im-
munohistochemistry studies showed that there was no difference in cell
proliferation (Ki-67 staining) between different treatment groups, while
tumors from combination group showed the highest levels of apoptosis
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(c-caspase-3) (Fig. 5D), supporting the induction of apoptosis as a major
mechanism behind their antitumor activities. In addition, none of the
animals showed any signs of stress, and there was no significant dif-
ference in body weights (Fig. 5E) and blood biochemistry profiles
(Fig. 5F) among different treatments, suggesting that all drug treat-
ments were safe to PDX-bearing mice.

Another PDX model, PA-0375, was utilized to critically assess the
efficacy of miR-1291 prodrug monotherapy and combination therapy
with Gem-nP, by following the same dosing regimens for PANC-1 xe-
nograft models (Fig. 4A). Our data showed that treatment with either
miR-1291 prodrug or Gem-nP, alone or in combination, was able to
significantly suppress PA-0375 PDX tumor growth in mice (Fig. 6A–C).
While it was not statistically different between mono- and combination
therapy, combination therapy obviously produced the greatest extent of
inhibition.

Because the third PDX model, PA-0327, was more aggressive than
the other two PDX models, we refined the dosing regimens by in-
creasing miR-1291 prodrug dose to 20 μg/mouse for both mono- and
combination therapy, while using the same dose of Gem-nP. Optimal
outcomes were surprisingly observed (Fig. 6D–F). Compared to buffer
and MSA treatment, monotherapy with miR-1291 prodrug or Gem-nP
significantly reduced PA-0327 PDX to a similar level (∼50%), which
was indicated by tumor growth over time (Fig. 6D), visual inspection of
dissected tumors (Fig. 6E) and quantitative measurement of tumor
weights (Fig. 6F) at the end of the study. Most importantly, co-ad-
ministration of miR-1291 prodrug and Gem-nP chemotherapeutics
could suppress PDX progression to the greatest degree (> 80%) that
was also significantly different from monotherapy (Fig. 6D). The
strongest antitumor effects of combination therapy were also demon-
strated by visual inspection (Fig. 6E) and weighting (Fig. 6F) of the
dissected tumors. In addition, body weight of PDX-bearing animals did
not show any significant difference among different treatment groups
(Supplementary Fig. S7), indicating that all treatments were well tol-
erated in mice.

4. Discussion

Despite several decades of investigation into biology and treatment
of PC, there is still a lack of deep understanding of the causes and pa-
thogenesis of PC and more effective therapeutics, making PC one of the
most lethal malignancies. Recent findings on the association of dysre-
gulation of miRNAs with pathogenesis and progression of PC offer clue
to developing miRNA-based therapies [12–16,28]. After revealing a
significant downregulation of miR-1291 in human PC tissues and a
tumor suppressive action of miR-1291 [17], we demonstrated in the
present study that miR-1291 prodrug monotherapy (10–20 μg/mouse
or 0.5–1mg/kg, i.v.) was as effective as Gem-nP (300-40 μg/mouse;
7.5/1 ratio; i.v.) for the control of PC growth in PANC-1 xenograft and
PDX mouse models, while combination therapy offered the greatest
degrees of suppression. The optimal outcome of combination treatment
with miR-1291 and Gem-nP was associated with an increased level of
apoptosis.

Research and development of new miRNA therapeutics are limited
to the use of miRNA mimics made in test tubes by chemical synthesis, as
well as the access to large quantities of miRNA agents required for
animal and human studies [23]. Distinguished from the conventional
synthetic miRNA agents, the present study investigated the efficacy of a
bioengineered miR-1291 prodrug that was produced in living cells, and
purified by a fast protein liquid chromatography (FPLC) method to high
degree of homogeneity on large scale [22,29]. Biologic miR-1291 pro-
drug was selectively processed to mature miR-1291 in human PC cells
and xenograft tumor tissues, which consequently modulated target gene
expression and improved the efficacy of Gem-nP.

PANC-1 cell line is well known for its resistance to chemotherapy
which is at least partly due to the overexpression of efflux transporter
ABCC1/MRP1, and our previous studies have demonstrated the sup-
pression of ABCC1 by miR-1291 in PANC-1 cells [19]. Most im-
portantly, PANC-1 is a cell line directly derived from human pancreas/
ducts with epithelioid carcinoma [30], whereas the AsPC-1 cell line is
derived from mouse xenografts established with ascites cells of a patient
with pancreatic cancer [31]. Therefore, the PANC-1 cell line should be
closer and more relevant to human PC and was chosen to establish

Fig. 3. Bioengineered miR-1291 prodrug sensitizes human pancreatic cancer cells to Gem-nP. Compared to the MSA control, a low dose of MSA/miR-1291 had
minimal effects on AsPC-1 (A) and PANC-1 (C) cell proliferation, whereas it significantly (P < 0.001; 2-way ANOVA with Bonferroni posttests) improved the
sensitivity of AsPC-1 (B) and PANC-1 (D) cells to Gem-nP, which was also indicated by the estimated pharmacodynamic parameters (E). AsPC-1 and PANC-1 cells
were treated with MSA/mir-1291 or MSA control alone (A, C) or in combination with various concentrations of Gem-nP (B, D; shown are total concentrations of Gem-
nP at a fixed ratio of 8: 1) for 48 h, and cell viability was determined by CellTiter-Glo assay. Values are mean ± SD (N=3). *P < 0.05; **P < 0.01, compared to
corresponding MSA control treatment (Student's t-test).
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xenograft mouse models for therapy studies. While both miR-1291 and
Gem-nP monotherapy showed an overall effectiveness in controlling
PANC-1 xenograft tumor growth, intra-individual variation was ob-
vious. Even with a small sample size of six mice per group, three sub-
jects were sensitive to miR-1291 and Gem-nP monotherapy, whereas
the other three showed relatively poor responses. In contrast, combi-
nation therapy with miR-1291 and Gem-nP, while well tolerated in
mice, was able to ubiquitously suppress tumor growth and to a greater
extent than either Gem-nP or miR-1291 alone, demonstrating the ad-
vantage of combination treatment than monotherapy.

To better recapitulate the properties of original patient tumors and
reflect the efficiency of new therapies in patients, an increasing number
of PDX models have been used for studying cancer biology and asses-
sing new drugs [25,32–35]. In current study, PDX models from three
different PC patients were established and utilized to evaluate miR-
1291 monotherapy and combination treatment with Gem-nP. Con-
sistent with findings from PANC-1 xenograft mouse models, miR-1291
prodrug was effective to reduce PDX tumor growth and improve the
efficacy of Gem-nP, while histopathology analysis indicated that PDX
tumor indeed better preserved the histological features of clinical PC
than PANC-1 xenograft tumors (data no shown). As manifested by the
increased c-caspase-3 levels, reduction of PDX progression by combi-
nation therapy was attributable to the induction of apoptosis, which is
also in accordance with in vitro data. Moreover, different PDX tumor

models unsurprisingly showed variable sensitivities to miR-1291 and
Gem-nP treatment alone. The third PDX, PA-0327, seemed to be the
most invasive, showed lower sensitivity to both Gem-nP and miR-1291
monotherapy. Generally, combination treatment with miR-1291 and
Gem-nP reduced the final tumor sizes of PA-0327 by>80%, supporting
combination treatment including dose tailoring as an optimal strategy
to combat PC. Nevertheless, subcutaneous PDX mouse models used in
current study might not be as comprehensive and persuasive as ortho-
topic tumor models when considering pharmacokinetics properties of a
drug, although subcutaneous PDX animal models are able to re-
capitulate the histologic and genotypic characteristics of human tumor
and indicative of tumor responses to therapeutic drugs. To better de-
monstrate the pharmacokinetics and pharmacodynamics as well as
therapeutic potential of miR-1291 mono- and combination treatment,
further studies are highly warranted by using orthotopic PDX animal
models before clinical investigation.

Optimal outcomes of miR-1291 plus Gem-nP combination treatment
are inevitably due to multi-targeting in PC cells. Consistent with our
previous findings [17], current study showed that miR-1291 alone en-
hanced apoptosis, as manifested by higher c-caspase-3/7 levels, which
increased to even greater degrees when Gem-nP was co-administered.
Gemcitabine is a nucleoside analogue that is converted to gemcitabine
triphosphate, and subsequently inhibits DNA synthesis by incorporating
into DNA, leading to G1/S cell cycle arrest and apoptosis [36,37].

Fig. 4. Combination therapy with miR-1291 prodrug and Gem-nP is the most effective in suppressing PANC-1 xenograft tumor growth in mice and all therapies are
well tolerated. (A) Timeline of the establishment of PANC-1 xenograft mouse model and drug treatment. (B) PANC-1 xenograft tumor growth was reduced to the
greatest degree by combination treatment with miR-1291 prodrug and Gem-nP. *P < 0.05, ***P < 0.001 (2-way ANOVA with Bonferroni post-tests). (C) Visual
comparison of dissected tumors from mice with different treatments. (D) Weights of the dissected xenograft tumors. *P < 0.05 (1-way ANOVA). (E) Body weights
were not altered by drug treatment. (F) Blood biochemistry profiles including alanine transaminase (ALT), aspartate transaminase (AST), creatinine, blood urea
nitrogen (BUN), and total bilirubin showed no significant difference by different treatments. Values are mean ± SD (N=6 per group, except N=3 for blood
chemistry profiles). The ranges of individual markers (derived from BALB/c mice; Comparative Pathology Laboratory at UC-Davis) were marked as references.
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Paclitaxel reduces cell mitosis through stabilization of microtubes [38].
As indicated by the increase in γH2A.X and H3PS10 levels, actions of
Gem-nP on DNA damage and mitotic arrest were obvious in PC cell
lines. Likewise, co-administration of miR-1291 enhanced the levels of
DNA damage and mitotic arrest, providing a good explanation of the
sensitization of PC cells to Gem-nP by miR-1291. It is also notable that
AsPC-1 cells were more sensitive to miR-1291 and chemotherapies than
PANC-1 cells, in agreement with the finding on more striking increases
in the expression of marker proteins at earlier time points (48 h post-
treatment) in AsPC-1 cells.

The present study also validated a new target for miR-1291,
ARID3B, an addition to those reported previously [17,19–22]. While a
miRNA generally reduces target gene expression, ARID3B was rather
upregulated in PC cells by miR-1291. Although the precise mechanisms
are unknown, there is growing evidence that miRNAs are also able to
stimulate the expression of target genes through direct or indirect ac-
tions [39]. In addition, the role of ARID3B in cancer remains con-
troversial although there are only a limited number of reports. Some
studies showed that ARID3B promoted cancer cell proliferation or tu-
morigenesis [40–43], whereas other studies demonstrated that ARID3B
played an important role in the induction of apoptosis [24,44]. These

studies differ much in the types of cancer cells investigated and reagents
used, as well as study designs. The upregulation of ARID3B by miR-
1291 not only agrees with the function of ARID3B in the induction of
apoptosis showed by others [24,44] but also the role of miR-1291 in the
enhancement of apoptosis in PC cells reported by us very recently [17].
Therefore, the upregulation of pro-apoptotic ARID3B is likely one of
many possible mechanisms behind the antitumor function of miR-1291,
and further studies are warranted to improve our understanding of
ARID3B functions in PC.

In summary, the present study demonstrated that a first-of-a-kind
biologic miR-1291 prodrug was effective as Gem-nP in the control of PC
tumor growth in PANC-1 xenograft and different PDX mouse models,
while combination therapy with miR-1291 and Gem-nP suppressed
xenograft tumor growth to the greatest degrees. Furthermore, all
treatments were well tolerated in mice without any signs of hepatic and
renal toxicity. Optimal efficacy of combination treatment was attribu-
table to the enhanced induction of apoptosis, DNA damage, and mitotic
arrest. In addition, the induction of apoptosis by miR-1291 was asso-
ciated with upregulation of ARID3B. These results suggest that biologic
miR-1291 prodrug may be developed as a new antitumor agent for the
treatment of PC, and co-administration of miR-1291 may augment the

Fig. 5. Bioengineered miR-1291 prodrug monotherapy and combination therapy with Gem-nP in PDX mouse model derived from clinical PC tissues (PA-0387). (A)
PDX tumor growth was significantly suppressed by miR-1291 monotherapy or combination therapy, as compared to MSA or buffer control. *P < 0.05, **P < 0.01,
and ***P < 0.001 (2-way ANOVA with Bonferroni post-tests). (B) Comparison of dissected tumor from mice with different treatments. (C) Weights of the dissected
xenograft tumors. **P < 0.01, ***P < 0.001 (1-way ANOVA). (D) Representative IHC of PDX tumors stained with Ki-67 or cleaved caspase-3 antibodies.
Combination treatment induced the highest degree of apoptosis (Red arrow: caspase-3 staining) while cell proliferation did not differ much among different
treatment groups. Scale bar indicates 100 μm. (E) Body weights were not different from each treatment. (F) Blood biochemistry profiles were not altered by any drug
treatment. Values are mean ± SD (N=5 per group, except N=3 for blood chemistry profiles). The ranges of individual markers were marked as references. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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efficacy of current standard chemotherapy Gem-nP.
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