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Despite the recent advancement in diagnosis and therapy,
pancreatic ductal adenocarcinoma (PDAC), the most common
type of pancreatic cancer, is still the most lethal cancer with a
low five-year survival rate. There is an urgent need to develop
new therapies to address this issue. In this study, we developed
a treatment strategy by modifying tumor suppressor miRNAs,
miR-15a and miR-194, with the chemotherapeutic gemcitabine
(Gem) to create Gem-modified mimics, Gem-miR-15a and
Gem-miR-194, respectively. In a panel of PDAC cell lines, we
found that Gem-miR-15a and Gem-miR-194 induce cell-cycle
arrest and apoptosis, and these mimics are potent inhibitors
with IC50 values up to several hundred fold less than their
native counterparts or Gem alone. Furthermore, we found
that Gem-miR-15a and Gem-miR-194 retained miRNA func-
tion by downregulating the expression of several key targets
including WEE1, CHK1, BMI1, and YAP1 for Gem-miR-15a,
and FOXA1 for Gem-miR-194. We also found that our
Gem-modified miRNA mimics exhibit an enhanced efficacy
compared to Gem in patient-derived PDAC organoids.
Furthermore, we observed that Gem-miR-15a significantly in-
hibits PDAC tumor growth in vivo without observing any
noticeable signs of toxicity. Overall, our results demonstrate
the therapeutic potential of Gem-modified miRNAs as a treat-
ment strategy for PDAC.
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INTRODUCTION
Pancreatic cancer, including the most common subtype pancreatic
ductal adenocarcinoma (PDAC), is the 4th leading cause of cancer-
related death in the United States and has the lowest five-year relative
survival rate, at 12%, despite being the 8th and 10th most common
type of cancer in women and men, respectively.1,2 Due to its difficulty
in early detection, most patients present with advanced disease with
an intrinsic resistance to chemotherapy.3,4 Resistance to chemo-
therapy is common due to the complex biology of PDAC, largely
mediated by the tumor microenvironment (TME) of pancreatic
cancer.5 Therefore, combination chemotherapy regimens like gemci-
Molecu
This is an open access article under the CC BY-N
tabine (Gem) with albumin-bound paclitaxel or FOLFIRINOX
(5-fluorouracil, irinotecan, leucovorin, and oxaliplatin), are the stan-
dard therapy to overcome this intrinsic resistance.2,6–8 However,
these regimens are still largely ineffective, as the median overall sur-
vival is only marginally improved relative to monotherapy, and the
overall survival has not dramatically improved in the past 30 years.9

Despite advancements in pancreatic cancer research in both early
detection and treatment, its limited impact on patient outcomes re-
veals an urgent need for novel therapies.

MicroRNAs (miRNAs) are a family of small, �22 nucleotide long,
non-coding RNAs that are involved in RNA interference (RNAi)
through the degradation of mRNA and/or translational repression
by binding to the 30 UTR of their targets.10 This interaction is mediated
by a 6-8-mer seed sequence located at the 50 end of the miRNA, result-
ing in the regulation of multiple mRNA targets per miRNA. Dysregu-
lation of miRNA expression results in various diseases, including
cancer.11,12 The therapeutic efficacy of miRNAs has been explored
by restoring the expression of downregulated tumor suppressor
miRNAs and by inhibiting overexpressed oncogenic miRNAs.12–15

However, despite the therapeutic potential of miRNA-based cancer
therapeutics, clinically approved miRNA-based cancer therapeutics
are in development, with none currently approved.16,17

Hsa-miR-15a (miR-15a) and hsa-miR-194-1 (miR-194) are dysregu-
lated in PDAC, and our lab has shown that low miR-15a expression
correlates with poor prognoses patients in The Cancer Genome Atlas
(TCGA) Pan Cancer Atlas, suggesting an important role for miR-15a
in PDAC.18–20 Meanwhile, downregulated expression of miR-194
has been previously reported in PDAC samples.20 Specifically, a
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correlation between low expression of miR-194 and the basal-
like subtype, an aggressive subtype of PDAC, was observed.20–23

We discovered that miR-15a suppresses several key elevated
oncogenic targets in PDAC including, polycomb complex protein
BMI-1 (BMI1), checkpoint kinase 1 (CHK1), WEE1 G2 checkpoint
kinase (WEE1), and Yes1 associated transcriptional regulator
(YAP1).18,24–26 BMI1 is a commonly overexpressed cancer stem cell
marker, associated with poor prognosis and plays many roles in
PDAC, including regulating proliferation, self-renewal, epithelial-
to-mesenchymal transition (EMT), and metastasis.27,28 YAP1 is a
transcriptional co-activator, activating oncogene expression down-
stream of the Hippo signaling pathway and promotes the bypass of
oncogenic KRAS addiction, directly contributing to oncogenesis in
PDAC.24,28,29 Both WEE1 and CHK1 are key G2 checkpoint kinases
that have been recently evaluated as targets in clinical trials for treat-
ing PDAC.25,26,30,31 Meanwhile, miR-194 has also been reported to
target expression of BMI1 in endometrial cancer and targets forkhead
box protein A1 (FOXA1) in lung cancer.32,33 Dysregulation of
FOXA1 expression has been shown to affect apoptosis and invasion
in several cancer types, including lung cancer, liver cancer, and
PDAC.33–35 Although these targets are important in its biology, the
survival benefit of singularly targeting some of these proteins, such
as WEE1, in patients with PDAC is minimal.25,26 Combined with
the overall poor response to traditional chemotherapeutics, the com-
plex nature of resistance and the limitations of a single-target
approach has been a major obstacle in the development of cancer
therapeutics for patients with PDAC.4,36 Therefore, the pleiotropic
nature of tumor suppressor miRNAs such as miR-15a and miR-194
may hold therapeutic potential in overcoming this obstacle.

We have begun to address this gap in knowledge, demonstrating that
certain tumor suppressor miRNAs—miR-15a and miR-129—are
downregulated in colon cancer and regulates key oncogenes,
including Bcl-2, BMI1, YAP1, and DCLK1.37,38 We further show
that miRNA mimics—created by replacing the uracils (U) on the
guide strand of the miRNA with 5-fluorouracil (5-FU), a nucleoside
analog antimetabolite chemotherapeutic—are highly effective at in-
hibiting colon, lung, and pancreatic cancer cells both in vitro and in
vivo.18,37–39 Notably, these miRNA mimics retain specificity to their
mRNA targets, exert chemotherapeutic effects through its modifica-
tion, and gain the ability to be delivered to cancer cells without the
aid of a delivery vehicle, a major bottleneck for nucleic acid-based
drug development. In this study, we developed a different miRNA
modification strategy by using Gem to create a more potent miRNA
mimic for the treatment of PDAC. Using this strategy, we have devel-
oped Gem-modifiedmiRNAmimics of miR-15a (Gem-miR-15a) and
miR-194 (Gem-miR-194). Our study demonstrates the viability of
our Gem modification strategy, as seen by the efficacy of Gem-
miR-15a and Gem-miR-194 at inhibiting cell proliferation and
inducing cell-cycle arrest and apoptosis in vitro with and without
the use of a delivery vehicle. Our Gem-modified miRNA mimics
also retain function as miRNAs, and notably, our results demonstrate
the potential for Gem-miR-15a as a potent cancer therapeutic for
PDAC in vivo. This study establishes a platform strategy for modi-
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fying miRNAs as multi-targeted cancer therapeutics to potentially
improve current anti-cancer therapies.

RESULTS
Development of gemcitabine-modified miRNA mimics

To evaluate the therapeutic potential of combining bothmiRNA-based
therapeutics and gemcitabine (Gem), we designed anddeveloped gem-
citabine-modified miRNA mimics. By substituting the endogenous
cytidine (C) bases of miR-15a and miR-194 with Gem, we developed
the gemcitabine-modified mimics, Gem-miR-15a and Gem-miR-194
(Figure 1A). Notably, we only modified the guide strands of these
mimics, and the passenger strands were left unmodified to avoid po-
tential off-target effects and to preserve miRNA function.

Gem-miR-15a and Gem-miR-194 display enhanced efficacy at

inhibiting PDAC proliferation In vitro without use of a delivery

vehicle

To demonstrate that Gem-miR-15a and Gem-miR-194 display an
enhanced efficacy at inhibiting cancer proliferation in vitro, using a
WST-1 dye proliferation assay, we performed a dose response assay
to determine the IC50 values of these mimics in three different
PDAC cell lines, Hs766T, AsPC-1 and PANC-1 (Figure 1B; Table 1).
Compared to their native counterparts, miR-15a and miR-194, we
observed a 3.1 to 12.1-fold change difference in the IC50 value for
Gem-miR-15a and a 7.1 to 74.6-fold change difference in the IC50

value for Gem-miR-194. With these three cell lines, we also per-
formed a dose response assay for Gem, and we observed a 534.0 to
1,048.3-fold change difference in the IC50 value between Gem and
Gem-miR-15a and a 2,027.5 to 2,437.5-fold change difference be-
tween Gem and Gem-miR-194 (Table 1). It is important to note
that for Gem-miR-15a and Gem-miR-194, these assays were per-
formed without the use of a delivery vehicle to also demonstrate
cellular uptake of these Gem-modifiedmiRNAmimics in PDAC cells.
However, a delivery vehicle was used with miR-15a and miR-194 as
unmodified miRNAs cannot typically cross the lipid bilayer of the
cellular membrane of cells due to their negative charges.

In addition to the previously mentioned PDAC cell lines, we also
examined the efficacy of Gem-miR-15a in PDAC cell lines, MIA
PaCA-2 and Capan-1, and we observed IC50 values similar to the
other PDAC cell lines (IC50 = 9.86 ± 0.96 nM and 8.34 ± 1.21 nM,
respectively) (Table 1).We also examined and compared the efficacies
of miR-15a and Gem-miR-15a in the immortalized pancreatic epithe-
lial cell line, hTERT-HPNE. We observed that hTERT-HPNE was
generally insensitive to miR-15a (IC50 = >200 nM) while being sensi-
tive to Gem-miR-15a (IC50 = 6.23 ± 3.35 nM). Overall, our results
suggest that our Gem-modified miRNAs effectively inhibit cell prolif-
eration and can be delivered without the use of a delivery vehicle.

Gem-miR-15a and Gem-miR-194 induces cell-cycle arrest and

apoptosis in PDAC

To explore the potential mechanisms by which cancer cell prolifera-
tion is inhibited, we assessed the effects of our Gem-modified miRNA
mimics on cell cycle. In the PDAC cell line Hs766T, we observed a



Figure 1. Gem-modified miRNAmimics exhibit enhanced inhibition of cell proliferation compared to their unmodified counterparts in PDAC in vitrowithout

the use of a transfection vehicle

(A) Gem-modified miRNA mimics of miRNAs miR-15a (Gem-miR-15a) and miR-194 (Gem-miR-194) were developed by substituting cytidine within their respective guide

strands with the cytidine nucleoside analog, gemcitabine (red). (B) Compared to their unmodified counterparts, Gem-miR-15a and Gem-miR-194 were found to be more

effective at inhibiting cell proliferation in PDAC cell lines Hs766T, AsPC-1, and PANC-1 (n = 3). MiR-15a and miR-194 were administered to PDAC cells with the transfection

vehicle, Oligofectamine. Gem-modified mimics were administered to PDAC cells through vehicle-free delivery. IC50 values of these treatment conditions are listed in Table 1.

Data are represented as mean ± SD.
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significant increase of cells in G1 phase after treatment with Gem-
miR-15a and Gem-miR-194 compared to cells treated with a non-
specific miRNA mimic (negative control) (Figures 2A and 2B). In
addition, we observed a significant decrease of cells in S phase after
treatment with Gem-miR-15a and a significant decrease of cells in
G2 phase after treatment with Gem-miR-194. Our results also show
a 5.3-fold and 1.9-fold change in G1/S ratio (p = 0.0002 and p =
0.0315) and a 0.4-fold and 0.8-fold change in G2/G1 ratio (p =
0.0463 and p < 0.0001) after treatment with Gem-miR-15a and
Gem-miR-194, respectively. In addition to the cell line Hs766T, we
also assessed the effects of Gem-miR-15a and Gem-miR-194 in the
PDAC cell lines, AsPC-1 and PANC-1 (Figure S1). In AsPC-1 cells,
our results show a significant increase in G1/S ratio (2.6-fold change,
p < 0.0001 and 2.6-fold change, p < 0.0001) and a significant decrease
in G2/G1 ratio (<0.1-fold change, p < 0.0001 and <0.1-fold change,
p < 0.0001) after treatment with Gem-miR-15a and Gem-miR-194,
respectively. In PANC-1 cells, we only observed a significant increase
in G1/S ratio after treatment with Gem-miR-194 (1.9-fold change, p =
0.0030). However, we also observed a significant decrease in G2/G1
ratio after treatment with Gem-miR-15a (0.9-fold change, p =
0.0001) and a significant increase in G2/G1 ratio after treatment
with Gem-miR-194 (1.5-fold change, p = 0.0090). Overall, our results
suggest that our Gem-modified miRNAs induce cell-cycle arrest, but
depending on the cell line and miRNA mimic, it can be either at the
G1 phase (Hs766T and AsPC-1 cells) or at the G2 phase (PANC-1
cells with Gem-miR-194).

In addition to cell cycle, we also assessed the effects of our Gem-modi-
fied miRNA mimics on apoptosis. We observed that Gem-miR-15a
induces apoptosis in Hs766T cells (7.5-fold increase, p = 0.0003)
and PANC-1 cells (4.9-fold increase, p = 0.0025) (Figure 2C).
Comparatively, miR-15a does not significantly induce apoptosis,
but treatment with Gem alone causes an 8.0 and 4.9-fold change in-
crease in apoptosis in Hs766T and PANC-1 cells, respectively (p =
0.0002 and p = 0.0024). Likewise, we observed that Gem-miR-194
also induces apoptosis in Hs766T cells (5.3-fold increase,
p < 0.0001) and PANC-1 cells (2.0-fold increase, p = 0.0143). There-
fore, our results demonstrate that our Gem-modified miRNAmimics
also induce apoptosis in PDAC cells.

Gem-miR-15a and Gem-miR-194 retain target specificity in

PDAC

To demonstrate that Gem-miR-15a acts as a miRNA mimic–
retaining its ability to induce RNAi–we investigated its ability to
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Table 1. IC50 values of Gem-miR-15a, Gem-miR-194 and Gem in various 2D PDAC cell lines and hTERT-HPNE cells

miR-15a Gem-miR-15a miR-194 Gem-miR-194 Gemcitabine

Hs766T 51.46 ± 10.83 nM 16.23 ± 8.30 nM 25.33 ± 11.69 nM 3.56 ± 1.52 nM 8,677.60 ± 2,679.29 nM

AsPC-1 47.96 ± 11.94 nM 15.26 ± 9.59 nM >200 nM 4.11 ± 2.24 nM >10,000 nM

PANC-1 70.63 ± 11.68 nM 5.86 ± 1.64 nM >200 nM 3.03 ± 1.23 nM 6,143.23 ± 1,575.14 nM

MIA PaCa-2 9.86 ± 0.96 nM

Capan-1 8.34 ± 1.21 nM

HPNE >200 nM 6.23 ± 3.35 nM

All concentrations are listed in nanomolar (nM). Data are represented as mean ± SD.
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downregulate previously reported targets of miR-15a, BMI1, CHK1,
WEE1, and YAP1. In PANC-1, AsPC-1, and Hs766T cells, Gem-
miR-15a was found to decrease BMI1, CHK1, and WEE1 expression
(Figure 3A). Similarly, Gem-miR-15a decreased YAP1 expression in
PANC-1 and AsPC-1 cells. Notably, because these targets have
been previously reported to be downregulated by miR-15a and a
miR-15a miRNA mimic modified with the nucleoside analog 5-FU
in PDAC, we treated these cells with Gem-miR-15a without the use
of a transfection vehicle to also demonstrate that Gem-miR-15a can
downregulate these targets without the use of a transfection vehicle.18

Because miR-194 has been reported to downregulate different targets
from miR-15a, we investigated Gem-miR-194’s ability to downregu-
late targets FOXA1 and BMI1 (Figures 3B and S2). Gem-miR-194 was
found to decrease FOXA1 and BMI1 expression in PANC-1 and
Hs766T cells. Gem-miR-194 was also found to decrease FOXA1
expression in AsPC-1 cells (Figure 3B). However, miR-194 was found
to decrease only FOXA1 in these PDAC cell lines, and miR-194 was
not found to downregulate BMI1 expression (Figure S2).

We also examined whether our results were due to off-targeting ef-
fects acquired by incorporating Gem into our miRNA mimics. We
developed a Gem-modified non-specific control miRNA mimic by
modifying a non-specific control miRNA sequence, cel-miR-67
(cel-67) with Gem (Gem-cel-67). Using CHK1 as a target, we inves-
tigated Gem-cel-67’s ability to downregulate CHK1 expression in
PANC-1, and we did not observe a significant change in CHK1
expression (Figure S3A). In addition, compared to treatment with
Gem alone, we observed downregulated expression of CHK1 and
WEE1 (Gem has been previously reported to not affect WEE1 expres-
sion40) after treatment with Gem-miR-15a in AsPC-1 cells (Fig-
ure S3B). Altogether, our results suggest that our Gem-modified
miRNAs retain their function as miRNA mimics.

Gem-miR-15a is loaded into the RISC in PDAC under vehicle-

free conditions

To further show that our Gem-modified miRNA mimics retain
miRNA behavior and interact directly with RNAi machinery, we per-
formed AGO-crosslinking and immunoprecipitation (AGO-CLIP).41

Using Gem-miR-15a, we used AGO-CLIP to see whether Gem-miR-
15a is loaded into AGO and can recruit its target mRNAs in PANC-1
4 Molecular Therapy: Oncology Vol. 32 March 2024
cells, specifically CHK1 and WEE1 (Figure 4). Through RT-PCR of
samples treated Gem-miR-15a, miR-15a was found to be enriched
by 15386.8-fold, CHK1 mRNA enriched 24.2-fold, and WEE1
mRNA enriched 26.0-fold relative to treatment with negative control.
This enrichment demonstrates that both the GEM-miR-15a and its
targets,CHK1 andWEE1, are loaded into AGO and the RNA-induced
silencing complex (RISC). Notably, like in our dose response assays,
transfection with Gem-miR-15a was performed without the use of a
delivery vehicle.

Gem-miR-15a and Gem-miR-194 inhibit the growth of PDAC

organoids and gemcitabine resistant organoids

To demonstrate the efficacy of our Gem-modified miRNA mimics
beyond two-dimensional PDAC cell lines, we examined the efficacy
of Gem-miR-15a and Gem-miR-194 ex vivo using patient derived or-
ganoid models of PDAC.42 Three patient-derived organoid lines were
selected to represent the basal-like (hF3) and classical (hF44, hT89)
molecular subtype. Using these three organoid lines, we first deter-
mined the IC50 values of these lines to Gem with IC50 values of
416.52 ± 287.06 nM, 442.98 ± 43.16 nM, and 508.89 ± 93.70 nM
(hT89, hF3, and hF44, respectively) (Table 2). We then calculated
the IC50 values of Gem-miR-15a on these three lines, and we observed
that these organoids were more sensitive to Gem-miR-15a with a 145,
170, and 43-fold difference in IC50 values (hF44, hF3, and hT89,
respectively) (Figure 5; Table 2). In addition to Gem-miR-15a, we
also examined the efficacy of Gem-miR-194 in the organoid lines
hF44 and hF3 (Figure 5; Table 2). Compared to Gem, we observed
a 150 and 164-fold difference in IC50 values for Gem-miR-194 in
hF44 and hF3, respectively. Overall, our results suggest that Gem-
miR-15a and Gem-miR-194 are also effective at inhibiting PDAC
organoid growth.

Gem-miR-15a inhibits PDAC tumor growth In vivo

To demonstrate the therapeutic potential of Gem-miR-15a in PDAC
in vivo, we investigated its effects on a metastatic PDAC mouse
model. Tumor xenografts of luciferase-expressing Hs766T cells
(Hs766T (+Luc)) in NOD-SCID mice were treated with either a
vehicle control (vehicle), Gem, Gem-miR-194, or Gem-miR-15a,
and a decrease in tumor growth was observed inmouse groups treated
with either Gem or Gem-miR-15a via luciferase expression (Figure 6).
Compared to the vehicle control group, a 5.5-fold decrease was
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observed in the Gem-miR-15a (4 mg/kg) treated group (p = 0.0412),
and a 13.0-fold decrease was observed in the Gem (50 mg/kg) treated
group (p = 0.0083). In addition, body mass was measured and a rapid
change in mass was calculated as an indicator of acute toxicity, which
stayed within normal limits (<15% decrease in mass). However, a sig-
nificant change in tumor growth was not observed in mice treated
with Gem-mir-194 despite its potency in treating PDAC cell lines
and patient-derived PDAC organoids.

Using the same metastatic PDAC mouse model, the effects of Gem-
miR-15a in vivo was repeated to confirm the therapeutic potential
of Gem-miR-15a (Figure S4). In agreement with our previous results,
a significant decrease in tumor growth was observed in mouse groups
treated with either Gem-miR-15a (4 mg/kg) or Gem (12 mg/kg) (5.0-
fold change decrease, p = 0.0028 and 3.4-fold change decrease, p =
0.0376, respectively). Body mass was also measured in these groups,
and rapid changes in body mass were not observed.

DISCUSSION
The poor response of patients with PDAC to therapies has been
attributed to several mechanisms, including, intrinsic resistance
from cancer stem cells, dysregulation of the cell cycle, and acquired
resistance to anticancer treatment.3–5 In this study, we aimed to
design an improved miRNA-based therapy to treat pancreatic can-
cer by modifying tumor suppressor miRNAs, miR-15a and miR-
194, with Gem. In previous studies, dysregulation of miR-15a and
miR-194 have been observed in pancreatic cancer, with their expres-
sions associated with patient survival.18–20,43 Furthermore, previous
studies have also demonstrated the therapeutic potential of modi-
fying tumor suppressor miRNAs with the nucleoside analog chemo-
therapeutic, 5-FU, in several cancers.18,37–39,44,45 As seen by its
ability to inhibit proliferation, induce cell-cycle arrest and apoptosis
in several different PDAC cell lines, our results demonstrate the
therapeutic potential of Gem-miR-15a in PDAC and modifying
miRNAs with Gem as a method of anticancer treatment. Compared
to the IC50 values of their unmodified miRNA counterparts, Gem-
miR-15 and Gem-miR-194 exhibit IC50 values that are several folds
lower. Furthermore, Gem-miR-15a and Gem-miR-194 deliver Gem
at doses hundreds of folds less than (�760-fold and �2500-fold less,
respectively) the IC50 value of Gem in PDAC cells, thus suggesting
that these modified Gem-modified miRNAs sensitize PDAC cells to
Gem. Therefore, our results demonstrate that modifying miRNAs
with Gem is an effective strategy at sensitizing PDAC to cancer
therapeutics.

In addition to 2D cell cultures, the advantages of testing the effi-
cacy of cancer therapeutics in patient-derived 3D organoid cultures
Figure 2. Gem-miR-15a and Gem-miR-194 induce cell-cycle arrest and apopto

(A) Gem-miR-15a was found to induce G1 cell-cycle arrest in the PDAC cell line Hs76

(p < 0.0001) (n = 3). G1/S (p = 0.0002) and G2/G1 (p = 0.0463) ratios were also calculat

arrest, as seen by an increase of cells in G1 (p = 0.0004) and a decrease of cells in G

calculated, suggesting G1 arrest. (C) Gem-miR-15a and (D) Gem-miR-194 were also fo

n = 4) and PANC-1 (p = 0.0025, n = 3 & p = 0.0134, n = 4). Data are represented as m
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has been well-studied.42,46,47 These advantages include the high-
throughput drug screening power that organoids provide
compared to an in vivo model. With the development of patient-
derived PDAC organoids, these organoids have been successfully
utilized as an ex vivo platform to design a more personalized treat-
ment regimen for PDAC.42 Due to these advantages, we also exam-
ined the efficacy of Gem-miR-15a and Gem-miR-194 in multiple
patient-derived organoid lines of PDAC. Our results demonstrate
the efficacy of both Gem-miR-15a and Gem-miR-194 in patient-
derived organoid models of PDAC. In addition, compared to the
IC50 values of Gem in these lines, it is worth noting that the
IC50 values for both Gem-modified miRNAs in these organoid
models were all <10 nM and ranged from �40 to 170-fold more
sensitive than the IC50 value of Gem. Consistent with previous
studies, our data suggests that chemotherapy-modified miRNA-
based therapies can improve therapeutic sensitivities by combining
the power of chemotherapeutics and tumor suppressor miRNAs.

Dysregulation of miR-15a has been reported in PDAC, and our lab
has previously reported a correlation between low expression of
miR-15a and poor patient prognosis, thus suggesting an important
role for miR-15a in PDAC.18,19 The data also shows that despite being
co-transcribed with miR-15, miR-15a is differentially processed dur-
ing the maturation of pre-miR-15a to the mature miR-15a, as the
mature miR-16 expression remains unchanged in PDAC.18 We also
show that miR-15a suppresses several elevated oncogenic targets in
PDAC including, BMI1, CHK1, WEE1, and YAP1. BMI1 is a marker
that has been observed to be overexpressed in cancer stem cells, asso-
ciated with poor prognosis, and plays many roles in PDAC, including
regulating proliferation, self-renewal, and invasion.27,28 The overex-
pression of BMI1 was observed in PanIN lesions, and PDAC cell lines
and patient samples, and has been correlated with lymph node metas-
tasis and poor survival.27,28,48 YAP1 is a transcriptional co-activator
that is normally phosphorylated by active tumor suppressive Hippo
signaling and sequestered into the cytoplasm.49 When Hippo
signaling is inactive, YAP1 can drive the expression of genes associ-
ated with tissue healing, remodeling, and homeostasis. YAP1 has
been found to be overexpressed in many types of cancer and is, there-
fore, considered an oncogene.50,51 In PDAC, it was also found that
YAP1 can substitute for oncogenic KRAS, signaling potentially
contributing to resistance to therapy.24,28 WEE1 and CHK1 are key
G2/M checkpoint kinases that can affect CDK2 activation.52,53 Both
WEE1 and CHK1 have been recently evaluated in clinical trials for
treating PDAC, and although they are important in its biology, the
survival benefit of targeting WEE1 or CHK1 alone in patients with
PDAC is minimal.25,26,31 However, our results demonstrate a correla-
tion between the knockdown of these oncogenic targets and the
sis in PDAC in vitro

6T, as seen by an increase of cells in G1 (p < 0.0001) and a decrease in S phase

ed, suggesting G1 arrest. (B) Gem-miR-194 was also found to induce G1 cell-cycle

2 (p < 0.0001) (n = 5). G1/S (p = 0.0073) and G2/G1 (p < 0.0001) ratios were also

und to induce apoptosis in PDAC cell lines Hs766T (p = 0.0003, n = 3 & p < 0.0001,

ean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Figure 3. Gem-miR-15a and Gem-miR-194 retain miRNA function by downregulating expression of respective targets with and without the use of a delivery

vehicle

(A) Gem-miR-15a was found to retain miRNA function by downregulating miR-15a targets WEE1, CHK1, and BMI1 in PDAC cell lines PANC-1, AsPC-1 and Hs766T (n = 3).

Gem-miR-15a was also found to downregulate expression of miR-15a target YAP1 in PDAC cell lines PANC-1 and AsPC-1 (n = 3). PDAC cell lines were transfected with

Gem-miR-15a through vehicle-free delivery. (B) Gem-miR-194 and miR-194 were found to downregulate expression of miR-194 targets FOXA1 in PDAC cell lines Hs766T,

AsPC-1, and PANC-1 (n = 3). PDAC cell lines were transfected with Gem-miR-194 with the use of a delivery vehicle. Data are represented as mean ± SD. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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induction of cell-cycle arrest and apoptosis in PDAC cells (Figures 2
and S1). Therefore, our results also demonstrate the advantages of uti-
lizing a multi-targeted approach conferred by the inherent nature of
miRNAs to better overcome resistance.

Dysregulation of miR-194 in several cancers, including PDAC, has
also been reported in previous studies.20,33,54,55 Specifically, miR-
194 has been found to be downregulated in several cancers, including,
a TCGA analysis demonstrating the correlation between the knock-
down of miR-194 expression and the basal-like subtype of PDAC,
aggressive subtype of PDAC known to be resistant to chemo-
therapy.20–23 This suggests that miR-194 is a tumor suppressor,
thus making miR-194 a promising miRNA sequence to modify
with Gem. In addition, targets of miR-194 include BMI1 and
FOXA1.32,33 FOXA1 is a pioneer factor that binds to chromatin
and facilitates the binding of additional transcription factors.56 Upre-
gulation of FOXA1 has been found to inhibit apoptosis and promote
metastasis in several cancers, including lung cancer, liver cancer,
prostate cancer, and PDAC.33–35,56,57 Consistent with previous re-
ports, our data shows that PDAC cells treated with Gem-miR-194
together with the downregulated expression of FOXA1 and BMI1, ex-
hibited cell-cycle arrest and apoptosis.32–34 However, despite having
been previously reported as a target of miR-194 in endometrial can-
cer, miR-194 was not found have a significant impact on BMI1
expression in PDAC cells.32 This is highly consistent with previous
studies that differential targets with the same miRNA may be largely
due to different mRNA target abundance and while also being depen-
dent on cellular context.39,58 The suppression of Gem-miR-194 on
Molecular Therapy: Oncology Vol. 32 March 2024 7
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Table 2. IC50 values of Gem-miR-15a, Gem-miR-194 and Gem in various

lines of PDAC organoids

Gem-miR-15a Gem-miR-194 Gemcitabine

hF44 3.50 ± 1.42 nM 3.38 ± 3.00 nM 508.89 ± 93.70 nM

hF3 2.60 ± 0.70 nM 2.70 ± 1.45 nM 442.98 ± 43.16 nM

hT89 9.54 ± 3.04 nM 416.52 ± 287.06 nM

All concentrations are listed in nanomolar (nM). Data are represented as mean ± SD.

Figure 4. Gem-miR-15a and its targets are loaded into Argonaute

(A) PANC-1 cells were treated with either negative control or Gem-miR-15a, and

cells were UV irradiated prior to immunoprecipitation of Argonaute (AGO-CLIP). (B)

RNA was extracted from the same samples and RT-PCR was performed on miR-

15a and two of its targets, CHEK1 andWEE1. In Gem-miR-15a-treated AGO-CLIP

samples, miR-15a was enriched by 15386.8-fold, CHEK1 mRNA was enriched

24.2-fold, and WEE1 mRNA was enriched 26.0-fold relative to treatment with

negative control miRNA. This enrichment demonstrates that both the GEM-miR-

15a and its targets, CHK1 and WEE1, are loaded into Argonaute.
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BMI1 expression in PDAC may be due to the enhanced affinity bind-
ing to its mRNA target transcript compared to miR-194. Therefore,
future studies utilizing RNA-seq to measure changes in mRNA
expression after treatment with Gem-miR-194 may provide further
insight into associated pathways, mechanisms, and changes in target
affinity. However, overall, our results demonstrate, like Gem-miR-
15a, Gem-miR-194 retains function as a miRNA by downregulating
expression of targets of miR-194.

We have previously demonstrated in several cancer types, including
colon, pancreatic, and breast cancer, that 5-FU modification of
miRNAs not only allows for the preservation of miRNA function,
but also confers its ability to enter the cell without the use of a delivery
vehicle.18,37,45 Our results demonstrate that, like 5-FU modifications,
Gem modification of miRNAs also grants the same cellular uptake
property. Key oncogenic targets of miR-15a in PDAC, such as
BMI1, CHK1, WEE1, and YAP1, can be downregulated without the
use of a delivery vehicle. Furthermore, using AGO-CLIP, we also pro-
vide clear experimental evidence that Gem-miR-15a and its mRNA
targets can be loaded onto AGO and can, therefore, participate in
RNAi downstream. Combined with our previous observations of
miR-15a regulating the expression of these targets in PDAC, this
may provide additional evidence that the enhanced efficacy and deliv-
erability of these modified miRNAmimics can be due to the increased
lipophilicity that is conferred due to the addition of fluorine groups
on the ribose ring of Gem to drug candidates, a strategy that has
long been used for improving the lipophilicity of small molecule
compounds.18,59

In addition to our in vitro data, our results demonstrate the promising
potential of Gem-modified miRNAs as a cancer therapeutic within an
8 Molecular Therapy: Oncology Vol. 32 March 2024
in vivo context. Gem-miR-15a was found to significantly reduce
PDAC tumor growth without having a significant impact on body
weight, a metric used to monitor mouse health. It is important to
note that our in vivo studies were performed in the immunodeficient
NOD/SCID mouse model. Therefore, future studies within an immu-
nocompetent mouse model can be used to assess Gem-miR-15a0s
impact on a functional immune system.

Surprisingly, although Gem-miR-15a was found to significantly
reduce tumor growth, Gem-miR-194 did not have a significant
impact on PDAC tumor growth in vivo (Figure S4). Although,
initially, Gem-miR-194 seems to exert an inhibitory effect, however,
a significant difference in PDAC tumor growth was not observed
by the end. This is in contrast with our in vitro results that demon-
strate Gem-miR-194’s potency as an inhibitor in both 2D cells and
3D organoid models (Figures 1 and 4). This may reflect the complex
cellular functions of one of Gem-miR-194’s targets, FOXA1, in cancer
progression.35,56,60 Although a large body of evidence demonstrated
that suppression of FOXA1 may be a good therapeutic strategy, how-
ever, the role of FOXA1 is rather complex.56,61,62 It has been also re-
ported that FOXA1 mediated enhancer reprogramming increases
metastatic potential.35 However, another study reported that direct
inhibition of FOXA1 alone could induce EMT in PDAC to promote
tumor progression.60 In breast cancer, downregulation of FOXA1
leads to cancer stem-like properties in tamoxifen-resistant breast can-
cer cells through induction of IL-6.63 Meanwhile, expression of
mutant FOXA1 has been found to promote prostate cancer invasion,
and high expression of FOXA1 has been found to correlate with lower
patient survival.57,64 However, a separate study observed that loss of
FOXA1 expression has also been to induce the TGF-b signaling
pathway to induce EMT in prostate cancer, thus demonstrating the
complex role of FOXA1 in cancer progression.65 Our results are
also consistent with previous reports which observed that miR-194
initially inhibits PDAC tumor growth in vivo, followed by an acceler-
ated growth of PDAC tumors resistant to radiation therapy.66 There-
fore, our results also suggest the importance of including in vivo
tumor model studies when developing cancer therapeutics. Our re-
sults also suggest that the impact of modifying tumor suppressor
miRNAs with Gem is still dependent on the impact of each respective
tumor suppressor miRNAs and their corresponding mRNA targets,
thus emphasizing the importance of investigating the impact of a
miRNA on a specific cancer type. For example, consistent, downregu-
lated expression of miR-194 has been observed in colorectal cancer
(CRC) and liver cancer.55 Therefore, future studies examining the



Figure 5. Gem-modified miRNA mimics exhibit

enhanced inhibition of organoid growth in PDAC

organoids without the use of a transfection vehicle

(A) Compared to the untreated group, growth of patient-

derived PDAC organoids, hF44, was found to be inhibited

by treatment with either Gem-miR-15a (12.5 nM) or Gem-

miR-194 (8 nM). (B) Gem-miR-15a and Gem-miR-194

were found to be more effective at inhibiting organoid

growth, as seen by dose-response curves of Gem-miR-

15a, Gem-miR-194 and Gem were plotted for PDAC

organoids, hF44 and hF3 (n = 3). Compared to Gem,

Gem-miR-15a was also found to be more effective at in-

hibiting organoid growth in PDAC organoid, hT89 (n = 3).

IC50 values of Gem-miR-15a, Gem-miR-194 and Gem are

listed in Table 2. Data are represented as mean ± SD.
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therapeutic potential of Gem-miR-194 in these cancers may result in
more promising results.

In summary, our results demonstrate the promising potential of
modifying miRNAs with Gem as a strategy for developing miRNA-
based therapeutics. Our results also demonstrate the potential for
Gem-miR-15a as an anticancer treatment for patients with PDAC.
Given the important regulatory function of miR-15a in immune
response, other cancer types, and diseases, the therapeutic potential
of Gem-miR-15a may extend beyond being an anticancer treatment
for PDAC.11,37,67–69 As a general platform strategy, when utilizing
this Gemmodification on tumor suppressor miRNAs, the tumor sup-
pressor miRNA candidate must be carefully selected based on their
targets to reflect the complex nature of resistance in PDAC. However,
modified miRNA-based therapies with purine and pyrimidine-based
chemotherapeutic analogs can be conceptualized as a new class of
multi-targeted biomimicry therapy with enhanced potency and min-
Molec
imal toxicity for future cancer care that can
improve the quality of life for cancer patients.

MATERIALS AND METHODS
Cell lines and tissue culture

Human pancreatic cancer cell lines, AsPC-1,
Hs766T, MIA PaCa-2, PANC-1, and Capan-1,
were purchased from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA).
The human immortalized pancreas epithelial
cell line, hTERT-HPNE, was also purchased
from the ATCC. Luciferase expressing Hs766T
cells (Hs766T (+Luc)) were generated as previ-
ously described. AsPC-1 pancreatic cancer
cells were cultured in RPMI-1640 Medium
(Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine
serum (FBS) (MilliporeSigma, St. Louis, MO,
USA). Hs766T, Hs766T (+Luc), MIA PaCA-2,
and PANC-1 pancreatic cancer cells were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Thermo Fisher Scientific, Waltham, MA) supplemented
with 10% FBS. Capan-1 cells were cultured in Iscove’s Modified Dul-
becco’s medium (IMDM) (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% FBS. hTERT-HPNE cells were
cultured in 75% DMEM without glucose (Thermo Fisher Scientific,
Waltham, MA, USA) and 25%MediumM3 Base (Incell Corporation,
San Antonio, TX, USA) supplemented with 5% FBS, human recom-
binant EGF (10 ng/mL) (Thermo Fisher Scientific, Waltham, MA,
USA), D-glucose (5.5 mM) (MilliporeSigma, St. Louis, MO, USA),
and puromycin (750 ng/mL) (MilliporeSigma, St. Louis, MO, USA).

Design and synthesis of gemcitabine-modified miRNA mimics

Gem-modified miRNA mimics, Gem-miR-15a and Gem-miR-194,
were designed and synthesized by substituting cytidine bases on
the guide strands of hsa-miR-15a and hsa-miR-194-1 with Gem,
respectively. The passenger strand was left unmodified to avoid
any potential off-target effects and to preserve miRNA function.
ular Therapy: Oncology Vol. 32 March 2024 9
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Figure 6. Gem-miR-15a, but not Gem-miR-194 is

able to inhibit PDAC tumor growth in vivo

(A) Representative images of mice treated with vehicle

control (Vehicle), Gem at 50 mg/kg (Gemcitabine), Gem-

miR-194 at 4.0 mg/kg (Gem-miR-194), and Gem-miR-

15a at 4.0 mg/kg (Gem-miR-15a) at day 57 (n = 4–6).

Prior to treatment, xenografts of a luciferase-expressing

PDAC cell line (Hs766T (+Luc)) were established in mice

via intravenous (IV) tail vein injection. (B) By day 57, a

significant reduction in PDAC tumor growth was only

observed in mice treated with either Gem (p = 0.0083)

or Gem-miR-15a (p = 0.0412), but not Gem-miR-194.

(C) A timeline of PDAC tumor growth was made

suggesting that Gem-miR-194 may initially reduce tumor

growth before growing back to levels similar to the

vehicle control group (Vehicle). (D) Body weight change

was measured as an indicator of acute toxicity and no

toxicity was observed (<15% weight loss). Data are

represented as mean ± SD. *p < 0.05 and **p < 0.01.
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Oligonucleotides with these modifications as well as their corre-
sponding passenger strand were purchased from Horizon Discovery
(Horizon Discovery, Cambridge, UK). Both strands of oligonucleo-
tides were HPLC purified. The guide strands and passenger strands
were then annealed prior to use.

miRNA transfection

A non-specific scramble miRNA, Pre-miR Negative Control #2
(negative control) (Thermo Fisher Scientific, Waltham, MA, USA)
was used to represent the negative control. Pre-miR hsa-miR-15a-
5p and Pre-miR hsa-miR-194-5p, miRNA mimics identical to the
miR-15a-5p (miR-15a) and miR-194-5p (miR-194) strands, respec-
tively, were purchased from Thermo Fisher Scientific (Thermo Fisher
Scientific, Waltham, MA, USA). Cells were transfected with oligonu-
cleotides at a concentration of 50 nM (negative control, miR-15a,
10 Molecular Therapy: Oncology Vol. 32 March 2024
Gem-miR-15a, and Gem-miR-194). Due to the
reduced potency observed with miR-194 on
AsPC-1 and PANC-1 cells (Table 1) cells were
transfected with miR-194 at a concentration of
200 nM.

For vehicle-mediated transfections, cell lines
were treated with Oligofectamine (Thermo
Fisher Scientific, Waltham, MA, USA) as previ-
ously described.18,39 In brief, cell lines were
seeded onto 6-well plates at a density of 100,00
cells/well. 24 h later, cells were transfected
with Oligofectamine and their respective oligo-
nucleotides according to the manufacturer’s
protocol. 5 h post-transfection, media was
changed to fresh media supplemented with
10% dialyzed fetal bovine serum (DFBS)
(Thermo Fisher Scientific, Waltham, MA,
USA). For vehicle-free transfections, cell lines
were seeded and treated as previously described. In brief, cell lines
were seeded onto 96-well plates at a density of 1,000 cells/well. 24 h
after seeding, cells were transfected by changing media in the wells
with fresh media mixed with their respective oligonucleotides. 24 h
after transfection, media was changed with fresh media supplemented
with 10% DFBS.

Cytotoxicity analysis

For cytotoxicity analysis of oligonucleotides, cells were seeded and
transfected as described above. For vehicle-mediated transfections,
24 h post-transfection, cells were trypsinized and re-seeded onto
a 96-well plate at a density of 1,000 cells/well. For vehicle-free trans-
fections, cells were seeded onto 96-well plates at a density of 1,000
cells/well. Cells were transfected at varying concentrations of oligo-
nucleotides for cytotoxicity. Cell viability was measured 6 days
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post-transfection using WST-1 Cell Proliferation Reagent
(MilliporeSigma, St. Louis, MO, USA) according to the manufac-
turer’s protocol. In brief, cells were incubated with 10 mL of
WST-1 per 100 mL of media for 1 h at 37�C. After incubation,
absorbance was measured at 450 and 630 nm using a SpectraMax
i3 (Molecular Devices, San Jose, CA, USA) plate reader. The O.D.
was calculated by subtracting the absorbance at 630 nm from that
at 450 nm, and the relative proliferation was calculated for by
normalizing the O.D. to cells only transfected with vehicle. Absolute
IC50 values were calculated using GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA) using the following equation, where
“Y” = 50.

Y = Bottom+ ðTop � BottomÞ
, 

1 +

�
IC50
X

�HillSlope
!

Cytoxicity analysis of Gem (MilliporeSigma, St. Louis, MO, USA) was
measured by seeding cells onto a 96-well plate at 1,000 cells/well. 24 h
post-seeding, media was changed to fresh media supplemented with
10% DFBS and varying concentrations of Gem. 48 h post-treatment,
absorbance was measured at 450 and 630 nm using a SpectraMax i3
plate reader, and the absolute IC50 values were calculated as described
above.
Organoid culture and treatment

hF3, hF44, and hT89 organoid cells were provided by the Stony Brook
Medicine Biobank (Stony Brook Medicine Biobank, Renaissance
School of Medicine, Stony Brook, USA). Organoid cells were cultured
and treated as previously described.42 In brief, organoid cells were
cultured with Corning Matrigel GFR Membrane Matrix (Corning
Incorporated, Corning, NY, USA) and incubated at 37�C in Human
Complete Feeding Medium (hCPLT) consisting of the following:
Advanced DMEM/F12 (Thermo Fisher Scientific, Waltham, MA,
USA), HEPES (final concentration, 10 mmol/L) (Thermo Fisher Sci-
entific, Waltham, MA, USA), GlutaMAX (final concentration, 1x)
(Thermo Fisher Scientific, Waltham, MA, USA), A 83-01 (final con-
centration, 500 nmol/L) (Tocris Bioscience, Bristol, UK), hEGF (final
concentration, 50 ng/mL) (Thermo Fisher Scientific, Waltham, MA,
USA), mNoggin (final concentration, 100 ng/mL) (Thermo Fisher
Scientific, Waltham, MA, USA), hFGF10 (final concentration,
100 ng/mL) (Thermo Fisher Scientific, Waltham, MA, USA),
hGastrin I (final concentration, 0.01 mmol/L) (Tocris Bioscience,
Bristol, UK), N-acetylcysteine (final concentration, 1.25 mmol/L)
(MilliporeSigma, St. Louis, MO, USA), nicotinamide (final concentra-
tion, 10 mmol/L) (MilliporeSigma, St. Louis, MO, USA), prosta-
glandin E2 (final concentration, 1 mmol/L) (Tocris Bioscience, Bristol,
UK) B27 supplement (final concentration, 1X) (Thermo Fisher Scien-
tific, Waltham, MA, USA), R-spondin1-Conditioned Media (final
concentration, 10%) (Thermo Fisher Scientific, Waltham, MA,
USA), and afamin/Wnt3A conditionedmedia (Stony BrookMedicine
Biobank, Renaissance School of Medicine, Stony Brook, USA). For
treatment with oligonucleotides and Gem, the organoids were first
dissociated into single cells. Viable cells were plated at 1,000 cells/
well in 50 mL 10%Matrigel/hCPLT. 24 h after plating and visual veri-
fication of organoid reformation, therapeutic compounds were added
according to their respective conditions. Cell viability was assessed us-
ing CellTiter-Glo as per the manufacturer’s instruction (Promega,
Madison, WI, USA) on a SpectraMax i3 plate reader either at 48 h
post treatment (Gem) or at 6 days post treatment (oligonucleotides).
Cytotoxicities of different treatment conditions were then calculated
as described above with a systemic set of concentrations selected to
demonstrate cytotoxicity above and below the observed IC50 values.

Western immunoblot analysis

PDAC cells were seeded and transfected with or without a transfection
vehicle as described above. Cells were transfected with their respective
oligonucleotides and concentrations as described above. 72 h post-
transfection, cells were lysed with a mixture of RIPA buffer
(MilliporeSigma, St. Louis, MO, USA) and protease inhibitor cocktail
(MilliporeSigma, St. Louis, MO, USA), and the protein samples were
the collected and used for western immunoblot analysis. Proteins
were probed with rabbit anti-BMI1 antibody (Cell Signaling, 6964,
1:1000), mouse anti-CHK1 antibody (Cell Signaling, 2360,1:1000),
rabbit anti-FOXA1 antibody (Abcam, ab23738, 1:1000), rabbit anti-
WEE1 antibody (Cell Signaling, 13084, 1:1000), rabbit anti-YAP1
antibody (Cell Signaling, 4912, 1:1000), or mouse anti-GAPDH anti-
body (Santa Cruz, sc47724, 1:100,000). Primary antibodies were
diluted in 5%milk (Bio-Rad,Hercules, CA,USA) inTBST.After stain-
ing with primary antibodies, proteins were probed with either second-
ary antibodies goat anti-mouse-HRP (Bio-Rad, 1706516, 1:5000) or
goat anti-rabbit-HRP (Bio-Rad, 1721019, 1:5000) depending on the
used primary antibody. Protein bands were visualized using an
LI-COR Biosciences Odyssey FC imaging system after the addition
of SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific). Proteins were then quantified with Image
Studio Version 5.2.4 (LI-COR Biosciences, Lincoln, NE, USA).

AGO-CLIP

10 cm plates of PANC-1 cells were transfected with Oligofectamine as
described above. Cells were transfected with either negative control
(50 nM) or Gem-miR-15a (50 nM). 24 h later, the cells were irradiated
with UV light and the immunoprecipitation of the crosslinked pro-
tein:RNA complexes were performed as previously described.41

Protein:RNA complexes were probed with mouse anti-pan Ago anti-
body (Millipore, MABE56, 1:1000) diluted in 5% milk in TBST. The
protein:RNA complex was then stained with goat anti-mouse-HRP
and visualized/quantified as described above.

Cell cycle analysis

PDAC cells were seeded onto 6-well plates at a density of 100,000
cells/well. 24 h after seeding plates, cells were washed with DPBS
(Thermo Fisher Scientific, Waltham, MA, USA) and media was
changed to fresh, serum-free media according to their respective lines
to synchronize cells. PDAC cells were then transfected with their
respective oligonucleotides and concentrations as described above
or treated with 150 nM Gem (the concentration equivalent to Gem
in Gem-miR-15a). 24 h post-transfection, cells were resuspended in
Molecular Therapy: Oncology Vol. 32 March 2024 11
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Krishan modified buffer supplemented with 0.02 mg/mL RNase H
(Thermo Fisher Scientific,Waltham,MA, USA) and 0.05mg/mL pro-
pidium iodide (MilliporeSigma, St. Louis, MO, USA). Cells were then
analyzed by flow cytometry via CytoFLEX Flow Cytometer (Beckman
Coulter, Brea, CA, USA) and results were analyzed byModfit LT Soft-
ware (BD Biosciences, Sparks, MD, USA).

Apoptosis assay

PDAC cells were plated and transfected with their respective treat-
ment conditions via vehicle-mediated transfection as described
above. The cells were then collected and processed for apoptosis anal-
ysis as described previously.18,39 In brief, 72 h post-transfection, the
cells were stained with Annexin V (Thermo Fisher Scientific, Wal-
tham, MA, USA) and propidium iodide (MilliporeSigma, St. Louis,
MO, USA). Apoptotic cells were quantified by flow cytometric anal-
ysis on a CytoFLEX Flow Cytometer (Beckman Coulter, Brea, CA,
USA) with Annexin V-positive cells categorized as “apoptotic”.
From the Annexin V-negative cells, propidium iodide was used to
discriminate between “live” and “necrotic” cells. Fold change in
apoptotic cells was calculated for in relation to the number of
apoptotic cells observed in the negative control.

Metastatic pancreatic cancer mouse model

All animal procedures were approved by the Stony Brook University
Institutional Animal Care and Use Committee (IACUC) before the
start of in vivo experiments. Non-obese diabetic (NOD)/severe com-
bined immunodeficiency (SCID) mice (JAX: 001303) were purchased
from The Jackson Laboratory (The Jackson Laboratory, Bar Harbor,
ME, USA). 8-week-old NOD/SCID mice (2–3 males per group and
2–3 females per group) were inoculated with 2 x 106 Hs766T (+Luc)
cells suspended in 0.1mLof PBS via intravenous (IV) tail vein injection.
Mice were then divided into four groups (vehicle control, Gem-miR-
15a, Gem-miR-194, andGem). After confirming successful inoculation
of Hs766T (+Luc) cells in vivo, two days post-inoculation, mice were
treated with either 80 mg of PEI-MAX (Polysciences, Warrington,
PA,USA) in 5%D-glucose (vehicle control group) (Thermo Fisher Sci-
entific, Waltham, MA, USA), 80 mg (4.0 mg/kg) of Gem-miR-15a
miRNA with 80 mg of PEI-MAX in 5% D-glucose (Gem-miR-15a
group), 80 mg (4.0 mg/kg) of Gem-miR-194 miRNA with 80 mg of
PEI-MAX in 5% D-glucose (Gem-miR-194 group), or 50 mg/kg of
Gem in 1X DPBS (Gem group). Vehicle control, Gem-miR-15a, and
Gem-miR-194 groups were treated on alternating days for 2 weeks
for a total of 8 doses by IV tail vein injections. The Gem group was
treated every 3 days for 2 weeks for a total of 4 doses by intraperitoneal
(IP) injections. Using the same methods and conditions described
above, in vivo experiments were repeated with the vehicle control
group, Gem-miR-15a group, and the Gem group, with the concentra-
tion of Gem decreased to 12 mg/kg. Vehicle concentrations were
selected in a non-toxic range as per manufacturer recommendations.

Luciferase expression was used to measure tumor growth via the IVIS
Spectrum In Vivo Imaging System (IVIS) (PerkinElmer, Waltham,
MA, USA) as previously described.18,37,39 In brief, mice were injected
with IVISBrite D-Luciferin, RediJect (PerkinElmer, Waltham, MA,
12 Molecular Therapy: Oncology Vol. 32 March 2024
USA). 10 min post-injection, in vivo luciferase expression was
measured via IVIS. Tumor growth was calculated as a function of
(total flux at time of measurement [p/s])/(total flux at initial measure-
ment [p/s]).

Statistical analysis

The quantitative data were presented as mean value ±standard
deviation of at least 3 independent experiments in all studies unless
otherwise specified. Statistical significance between two groups was
determined using Student’s t-test. For comparisons with more than
two groups, one-way ANOVA followed by a Tukey’s multiple com-
parisons test for pairwise comparisons were performed. For compar-
isons with non-parametric data with more than two groups, a
Kruskal-Wallis followed by an uncorrected Dunn’s test was used.
For comparisons with multiple variables, a two-way ANOVA fol-
lowed by a Tukey’s multiple comparisons test were performed. A
p value of less than 0.05 was considered statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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