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Use of tumor-suppressive microRNAs (miRNAs) as anti-cancer
agents is hindered by the lack of effective delivery vehicles,
entrapment of the miRNA within endocytic compartments,
and rapid degradation of miRNA by nucleases. To address
these issues, we developed a miRNA delivery strategy that in-
cludes (1) a targeting ligand, (2) an endosomal escape agent, ni-
gericin and (3) a chemically modified miRNA. The delivery
ligand, DUPA (2-[3-(1,3-dicarboxy propyl) ureido] pentane-
dioic acid), was selected based on its specificity for prostate-spe-
cific membrane antigen (PSMA), a receptor routinely upregu-
lated in prostate cancer—one of the leading causes of cancer
death among men. DUPA was conjugated to the tumor sup-
pressive miRNA, miR-34a (DUPA-miR-34a) based on the
ability of miR-34a to inhibit prostate cancer cell proliferation.
To mediate endosomal escape, nigericin was incorporated
into the complex, resulting in DUPA-nigericin-miR-34a.
Both DUPA-miR-34a and DUPA-nigericin-miR-34a specif-
ically bound to, and were taken up by, PSMA-expressing
cells in vitro and in vivo. And while both DUPA-miR-34a
and DUPA-nigericin-miR-34a downregulated miR-34a target
genes, only DUPA-nigericin-miR-34a decreased cell prolifera-
tion in vitro and delayed tumor growth in vivo. Tumor growth
was further reduced using a fully modified version of miR-34a
that has significantly increased stability.
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INTRODUCTION
miRNAs are small non-coding RNAs that regulate gene expression
through binding to sites in the 30UTR of target mRNAs. Through
this binding, coupled with recruitment of various proteins including
Argonaute, miRNAs affect target gene expression through mRNA
destabilization or by causing translation repression.1–5 Because
miRNAs bind with imperfect complementarity, a single miRNA
has the capacity to regulate hundreds of target mRNAs. This pleo-
tropic role has resulted in miRNAs being referred to as “master reg-
ulators of the genome.” Indeed, if the expression of even one of
these “master regulators” is altered, various phenotypic conse-
quences can ensue.
Molecula
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While microRNAs (miRNAs) are dysregulated in nearly every disease,
in cancer, miRNAs are generally depleted. The depleted miRNAs are
typically classified as tumor suppressive miRNAs. Restoring some of
these tumor-suppressive miRNAs, including miR-34a or let-7, leads
to the inhibition of tumor growth in vivo and abrogates other essential
processes, such as invasion, migration, and metastasis.6–9 Based on
these anti-cancer attributes, miR-34a was the first tumor-suppressive
miRNA to be investigated as an anti-cancer agent in clinical trials; how-
ever, the study was terminated due to severe immune-related effects.8,10

These immune-related events were predicted to be due to excess, mini-
mally modified miRNA along with the liposomal delivery vehicle used
to encapsulate the RNA. To overcome the toxicity associated with the
vehicle, we previously generated a vehicle-free, ligand-mediated deliv-
ery approach. In this approach, miR-34a is directly conjugated to a
folate, a high-affinity ligand of the folate receptor.11 The folate receptor
is overexpressed in many cancers that originate in the lung, breast,
ovary, kidney, colon, and brain.12 Nonetheless, folate receptor expres-
sion is sparse in prostate cancer, limiting the utility of folate-miRNA
conjugates (FolamiRs) for treating prostate cancer.

In the presence of the correct ligand-receptor pair, ligand-mediated
delivery can lead to the robust accumulation of conjugated cargo to
the intended cells; however, one of the challenges associated with
ligand-mediated delivery is endosomal entrapment of the miRNA
conjugates, which limits the bioactivity of the delivered miRNA.13,14

Previously, we generated an intramolecular FolamiR conjugate con-
taining the endosomal escape agent nigericin, which significantly
enhanced the cytosolic localization and subsequent activity of the
conjugated miRNA.13 Nonetheless, FolamiRs are ineffective in can-
cers with no or low folate receptor expression, such as prostate cancer.
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Here we describe the synthesis and advancement of a specific ligand
conjugate in combination with nigericin for delivery of miRNAs to
prostate cancer.

Prostate cancer is one of the leading causes of death among men.15

Most of the current treatments for prostate cancer, such as androgen
deprivation therapy, are associated with resistance.16 Thus, finding
new therapeutic approaches is essential for successful prostate cancer
treatment. miR-34a represents a promising therapeutic; it inhibits
prostate cancer development, survival, and invasiveness by repressing
multiple targets, including oncogenic c-Myc and the androgen recep-
tor.17–21 Clinically, miR-34a expression is associated with the overall
survival of prostate cancer patients, further supporting its tumor-sup-
pressive role.20 Regardless, delivery and sustained activity of tumor
suppressive miRNAs, such as miR-34a, has remained a critical bottle-
neck in clinical advancement.

Various strategies have been tested for the delivery of small RNAs,
including viral-based delivery, encapsulating nanoparticles, aptamers,
and most recently small molecules, such as N-acetylglucosamine,
folate, and 2-[3-(1,3-dicarboxypropyl) ureido] pentanedioic acid
(DUPA).14 DUPA is a glutamate urea synthetic ligand that binds to
prostate-specific membrane antigen (PSMA) with high affinity
(inhibitory constant = 8 nM) and specificity.14,22,23 PSMA, also
known as glutamate carboxypeptidase II, is a surface receptor specif-
ically overexpressed in prostate cancer. When bound by its antibody,
PSMA is constitutively internalized, a feature that makes PSMA a
good candidate for miRNA delivery.24,25 Importantly, PSMA expres-
sion in prostate cancer cells is 100- to 1,000-fold higher in comparison
with normal tissues and its expression level increases with cancer
aggressiveness, recurrence, and metastasis.23,26,27 While folate has
been shown to bind to PSMA,28 the low affinity between folate and
PSMAmakes our previous FolamiR strategy not suitable for targeting
prostate cancer,29,30 which spearheaded our effort to adapt DUPA as a
ligand for miRNA delivery to PSMA-overexpressing prostate cancer.

In this study, we developed a vehicle-free strategy to deliver miR-34a
to prostate cancer based on three critical components. First, miR-34a
was directly conjugated to DUPA to enable specific delivery to
PSMA-expressing prostate cancer cells. Second, nigericin—a small
molecule ionophore—was incorporated into the therapeutic design
to enhance the release of miR-34a from the endosomes. Third, a fully
modified and stabilized version of miR-34a was evaluated in compar-
ison with a partially modified version. We show that this strategy re-
sults in targeted delivery of miR-34a to prostate cancer cells and that
miR-34a delivered using DUPA-nigericin results in a significant delay
in tumor growth in vivo, with fully modified miR-34a generating an
enhanced effect.

RESULTS
Generation, validation, and evaluation of DUPA-miR-34a

conjugation and its binding to PSMA-expressing cells

We first validated the ability of miR-34a to inhibit the proliferation
of LNCaP prostate cells and compared its effect to other miRNAs
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with known tumor suppressive roles in prostate cancer.31–34 As
shown in Figure 1A, transfection of LNCaP cells with miR-34a
significantly inhibited cell proliferation in comparison to other tu-
mor-suppressive miRNAs, such as let-7a and let-7c. Next, to achieve
targeting specificity, click chemistry was used to link DUPA, a high-
affinity PSMA ligand, to miR-34a. To generate DUPA-miR-34a con-
jugates, the 50 end of the miR-34a sense strand, which was modified
with an azide, was linked to DUPA-dibenzocyclooctyne (DUPA-
DBCO) following incubation at a 1:10 M ratio. Subsequently, the
guide strand of miR-34a was annealed to the DUPA-miR-34a sense
strand, resulting in the formation of a DUPA-miR-34a duplex
(Figures 1B and S1). A short spacer containing two phenylalanine
residues was incorporated between DUPA and miR-34a to further
enhance the stoichiometry of the design and allow efficient binding
of DUPA to PSMA35 (see Figure 1B). Conjugation and generation of
the DUPA-miR-34a duplex were confirmed using polyacrylamide
gel electrophoresis (Figure 1C).

To evaluate uptake and efficacy of DUPA-miR constructs, LNCaP
and 22Rv1 prostate cancer cell lines were selected owing to their
elevated PSMA expression (Figure S2A). Using these cell lines and
the PSMA negative (�) control cell line, A549, binding of DUPA-
miR-34a conjugates to the PSMA receptor was assessed. Cells
were exposed to DUPA conjugated to a fluorescent version of
miR-34a, miR-34a-Atto.647N. In the absence of a transfection re-
agent, cells treated with DUPA-miR-34a-Atto.647N responded
with a significant increase in the Atto.647N signal. This was true
for both PSMA+ cell lines, LNCaP and 22RV1, but not for A549
cells, suggesting that binding of DUPA-miR-34a is PSMA depen-
dent (Figure 1D). The PSMA dependency was further confirmed
via co-treatment of cells with DUPA-miR-34a-Atto.647N and the
PSMA inhibitor, 2-(phosphonomethyl) pentanedioic acid (PMPA)
(Figure 1D). For both PSMA+ cell lines, binding of DUPA-miR-
34a-Atto.647N was significantly attenuated in the presence of
10 mM PMPA providing further support that binding is PSMA
mediated (Figure 1D). To confirm that gymnosis was not contrib-
uting to the uptake of miR-34a, cells were treated with either uncon-
jugated miR-34a-Atto.647N or DUPA-miR-34a-Atto.647N. The
data indicate that DUPA is required for binding of DUPA-miR-
34a to PSMA-expressing cells, and that binding is not mediated
by gymnosis (Figure 1D). Dose- and time-dependent binding was
also confirmed using DUPA conjugated to Alexa Fluor 488
(DUPA-AF488) (Figures 1E and 1F).

DUPA-miR-34a uptake by prostate cancer cells is PSMA

mediated

While a diagnostic agent only needs to bind the surface of a cell, a
therapeutic, such as an miRNA, must also be internalized. Thus, to
verify that the DUPA conjugates are internalized by cells following
binding to PSMA, LNCaP cells were treated with either miR-34a-
Atto.647N or DUPA-miR-34a-Atto.647N, and intracellular accu-
mulation of Atto.647N was evaluated using confocal microscopy.
Only the targeted DUPA-miR-34a-Atto.647N, but not miR-34a-
Atto.647N, was internalized by LNCaP cells (Figure 2A), which
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Figure 1. DUPA-miR-34a conjugation and binding to

prostate cancer cells

(A) Effect of transfecting various tumor suppressivemiRNAs

on proliferation of LNCaP cells, measured by SRB assay.

Experiment repeated twice with five technical replicates in

each experiment. One representative biological replicate is

shown, one-way ANOVA. ****p < 0.0001, error bars are

mean ± SD. (B) Schematic of DUPA-miR-34a synthesis. (C)

Gel red-stained polyacrylamide gel indicating successful

conjugation of DUPA-miR-34a based on the shift in

mobility. (D) Flow cytometry histograms of miR-34a-At-

to.647N (with or without DUPA conjugation) treated cells in

the presence or absence of the PSMA inhibitor, PMPA.

(E and F) Flow cytometry analysis of DUPA binding to PSMA

positive cancer cells in a dose-dependent (E) and time-

dependent (F) manner using DUPA-AF488.
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increased in a time-dependent manner (Figure 2B). To further
confirm uptake of DUPA-miR-34a, internalized miR-34a was
quantified using RT-qPCR. Treatment of LNCaP cells, but not
A549 cells, with DUPA-miR-34a resulted in a significant enrich-
ment of miR-34a inside the cell relative to untreated cells
(Figure 2C).

To verify that DUPA conjugation does not impair miR-34a gene
targeting activity, DUPA-miR-34a was transfected into LNCaP cells
engineered to overexpress a miR-34a Renilla reporter. Transfecting
these LNCaP miR-34a sensor cells with either DUPA-miR-34a or
the unconjugated duplex resulted in a similar reduction in Renilla
(Figure 2D), suggesting that DUPA does not alter miR-34a activity.
Using the same sensor cells, activity of the conjugate was evaluated
in the absence of an exogenous transfection reagent. In this case,
cells were simply treated with various doses of DUPA-miR-34a.
Molecu
While treatment of cells with the unconjugated
miR-34a duplex did not alter Renilla activity,
treatment with 100 or 200 nM DUPA-miR-
34a significantly decreased Renilla expression
(Figure 2E). Importantly, the decrease in Renilla
was attenuated in the presence of the PSMA
antagonist, PMPA, lending additional support
that uptake is PSMA mediated (Figure 2F).

Because receptor-mediated endocytosis via
PSMA is the most likely mechanism of uptake
of DUPA-conjugates, we next tracked the intra-
cellular distribution of DUPA conjugates in
relation to the late endosomal compartments.
LNCaP cells were imaged using confocal micro-
scopy following treatment with DUPA-miR-
34a-Atto.647N (pink) and after incubation with
LysoTracker (green), a late endosome/lysosome
marker. At both 4 and 8 h after treatment,
DUPA-miR-34a-Atto.647N conjugates co-local-
ized with LysoTracker, suggesting sequestration
into late endosomes or lysosomes (Figures 2G and 2H), as previously
reported.36,37

Intramolecular conjugation of nigericin enhances endosomal

escape of miR-34a delivered via DUPA

We previously determined that conjugating a single molecule of ni-
gericin into the FolamiR design enhanced the cytosolic enrichment
and activity of folate-conjugated miRNAs through facilitating endo-
somal escape.13 As a small molecule ionophore, nigericin mediates
the exchange of potassium ions (K+) with a proton. Because K+ is
osmotically active but the proton is not, water molecules enter the en-
dosome with K+ but do not escape with the proton, leading to endo-
somal swelling.13,38 Thus, to overcome the proposed endosomal
entrapment of DUPA conjugates, we generated an intramolecular
conjugate containing nigericin and DUPA (DUPA-nigericin-
DBCO) (Figures 3A and S3). We initially tested whether the inclusion
lar Therapy: Nucleic Acids Vol. 35 June 2024 3
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Figure 2. DUPA-miR-34a uptake and internalization

by prostate cancer cells is DUPA and PSMA

mediated

(A) Representative confocal images of LNCaP cells treated

with 100 nM DUPA-miR-34a-Atto.647N or miR-34a-At-

to.647N (no DUPA) for 4 h, Scale bar, 10 mM. (B) Represen-

tative confocal images of LNCaP cells treated with 100 nM

DUPA-miR-34a-Atto.647N (red) at different time points after

treatment. Scale bar, 10 mM. (C) Quantification of miR-34a

uptake in PSMA positive LNCaP cells using qRT-PCR.

LNCaP cells were treated (100 nM) or transfected (+Lipo,

10 nM) with DUPA-miR-34a or DUPA-NC (siLuc2, NC) for

18 h (top). PSMA negative A549 cells treated with DUPA-

NC or DUPA-miR-34a, or transfected with a NC miRNA

(miR-NC) or with a commercial miR-34a mimic. One

representative experiment is depicted from a total of three

biological experiments. **p < 0.01, ****p < 0.0001, one-way

ANOVA. Error bars are mean ± SD. (D) Targeted silencing

of miR-34a Renilla sensor after transfection of LNCaP-miR-

34a sensor cells with 50 nM DUPA-miR-34a, miR-34a

duplex, or respective controls for 24 h. One representative

experiment is depicted from a total of three biological

experiments. ****p < 0.0001, one-way ANOVA. Error bars

are mean ± SD. (E) Dose-dependent response of LNCaP-

miR-34a sensor cells following treatment with DUPA-miR-

34a, miR-34a duplex, or respective controls for 96 h (n = 2).

**p < 0.01, one-way ANOVA. Error bars are mean ± SD. (F)

DUPA-miR-34a competition assay following treatment

of LNCaP-miR-34a sensor cells with DUPA-miR-34a

(100 nM, 96 h) in the presence of 10-, 100-, or 500-fold

higher concentrations of PMPA (n = 2). **p < 0.01, one-way

ANOVA. Error bars are mean ± SD. (G) Representative

confocal images of LNCaP cells treated with 100 nM

DUPA-miR-34a-Atto.647 (pink) for the indicated time

points. Late endosomes and lysosomes were stained with

LysoTracker (green). Nuclei were stained by Hoechst (blue).

Insets in the top left corner of DUPA-miR-34a-treated

samples represent scatterplot of LysoTracker vs. miR-

34a fluorescence intensities. Appearance of intracellular

white fluorescence indicates late endosomal/lysosomal

localization of DUPA-conjugates. Scale bar, 10 mM. (H)

Representative graph showing quantification of miR-34a

colocalization with late endosome/lysosomes at the

indicated times by Pearson’s correlation coefficient analysis

(n = 2). *p < 0.00001, two-tailed unpaired t test. Error bars

are mean ± SD.

Molecular Therapy: Nucleic Acids
of nigericin results in swelling of the endocytic vesicles as a result of its
ability to disrupt the osmotic equilibrium within the endosomes. Us-
ing LAMP1 as a marker of endosomes, we observed an increase in the
size of LAMP1+ vesicles following treatment of LNCaP cells with
DUPA-nigericin-DBCO in comparison to DUPA-DBCO treated cells
(Figure 3B). Next, DUPA-nigericin-miR-34a conjugates were synthe-
sized by incubating the 50 end of the azide-modified sense strand of
miR-34a with DUPA-nigericin-DBCO at a molar ratio of 1:40. This
was followed by annealing of the antisense strand to generate
DUPA-nigericin-miR-34a duplexes (Figure 3C). We hypothesized
that inclusion of nigericin should increase the abundance of miR-
34a in the cytosol of the cells following treatment with DUPA-niger-
icin-miR-34a. To test this, treated cells were fractionated into a mem-
4 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
branous fraction (containing organelles, including endosomes) and a
membrane-depleted fraction (cytosolic fraction). Successful fraction-
ation was indicated via enrichment of the endosomal protein LAMP1
and depletion of cytosolic GAPDH in the membrane-containing frac-
tion, while the reverse was observed in the cytosol fraction (Fig-
ure 3D). Quantifying miR-34a from each of the fractions highlighted
a significant enrichment of miR-34a in the cytosolic fraction when
cells were treated with DUPA-nigericin-miR-34a (Figure 3D), sug-
gesting that incorporating nigericin enhances the endocytic release
of miR-34a.

To evaluate the ability of DUPA-miR-34a and DUPA-nigericin-
miR-34a conjugates to repress miR-34a targets, LNCaP cells



Figure 3. MiR-34a delivery using DUPA-nigericin

facilitates cytosolic enrichment and early response

(A) Schematic of DUPA-nigericin miR-34a conjugate. (B)

Evaluation of morphological changes in early and late en-

dosomes in LNCaP cells after treatment with DUPA or

DUPA-nigericin. LNCaP cells were treated with either

DUPA or DUPA-nigericin for 5 h followed by imaging and

measuring of late endosomes (LAMP1+ vesicles, white

arrows). ****p ˂ 0.0001, two-tailed unpaired t test. Error

bars are mean ± SD. (C) Gel-red-stained polyacrylamide

gel indicates successful conjugation of DUPA-nigericin-

miR-34a (lane 6), as visualized by the shift in mobility. nig,

nigericin. *Excess unconjugated miR-34a-5P guide

strand. (D) Left, Western blot verifying the separation of

cytosol fraction (C) and membrane-containing organelles

fraction (M) as determined by LAMP1 and GAPDH. Right,

miR-34a quantified using qRT-PCR from the cytosolic

fractions obtained from LNCaP cells treated with 100 nM

DUPA-miR-34a or DUPA-nigericin-miR-34a for 18 h. The

experiment repeated twice with three technical replicates

in each experiment. *p < 0.05, ***p ˂ 0.001, two-tailed

unpaired t test. Error bars are mean ± SD. Significance

was determined relative to the corresponding NC. nig,

nigericin. (E) Targeted silencing of miR-34a Renilla sensor

after the treatment of LNCaP-miR-34a sensor cells with

100 nM DUPA-miR-34a, DUPA-nigericin-miR-34a, or

respective controls for the indicated time points (n = 3).

*p < 0.05, **p < 0.01, one-way ANOVA. Error bars are

mean ± SD, significance was determined relative to

untreated. nig, nigericin. (F) Renilla luciferase expression

following treatment of miR-34a sensor cells with miR-34a

duplex, folate (Fol)-nigericin-NC or Fol-nigericin-miR-34a

72 h after treatment. nig, nigericin. Error bars are mean ±

SD (G) Cell proliferation of LNCaP cells treated with

DUPA-miR-34a or DUPA-nigericin-miR-34a for 96 h.

Data were normalized to the untreated. Statistical

significance was determined using one-way ANOVA,

*p < 0.05, ****p < 0.0001. nig, nigericin; ns, not

significant. Error bars are the mean ± SD.
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expressing the miR-34a Renilla luciferase sensor were treated with
DUPA-nigericin-miR-34a or DUPA-miR-34a. Treatment with
DUPA-nigericin-miR-34a resulted in earlier knockdown than
when cells were treated with DUPA-miR-34a (Figure 3E). And,
while PSMA is known to associate weakly with folate, treating the
same LNCaP cells with folate-nigericin-miR-34a had no effect on
reporter activity (Figure 3F).29,30 These data lend further support
to the use of the high-affinity DUPA ligand over folate for delivery
to PSMA-overexpressing tumors. Phenotypically, the proliferation
of LNCaP cells was also significantly decreased following treatment
of LNCaP with DUPA-nigericin-miR-34a (Figure 3G). Collectively,
these data suggest that DUPA drives specific uptake into PSMA-ex-
pressing cells and that the incorporation of nigericin likely facilitates
an earlier release of miR-34a from the endocytic vesicles and an
earlier downregulation of miR-34a targets, which leads to a more sig-
nificant, although modest effect on proliferation.
Enhanced stability and targeting using a fullymodified version of

miR-34

Themodest effect on proliferationwas hypothesized to be attributed to
poor stability of the delivered miRNA once it escaped the endosome
and encountered intracellular nucleases. To address this possibility,
we utilized our recently developed fully modified version of miR-34a
(FM-miR-34a). FM-miR-34a contains an alternating pattern of
20-O-methyl and 20-fluoro in place of the less stable 20-OH found in
ribose and phosphorothioates in place of select phosphodiester bonds
(Figure 4A). The inactive (sense) strand of miR-34a is also shortened
to accommodate the enhanced thermostability that occurs due to the
modifications that would otherwise reduce unwinding by the endoge-
nousmiRNAmachinery. Collectively, thesemodifications stabilize the
RNA and decrease immune recognition while maintaining activity.39

Indeed, in an in vitro serum stability assay miR-34a began to degrade
within 30 min, while FM-miR-34a was stabilized for at least 8 h
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(Figure 4B). To determine whether FM-miR-34a maintained its tar-
geting efficacy, target gene repression in LNCaP or 22RV1 cells was
evaluated following transfection. Transfection of FM-miR-34a led to
a decrease in the miR-34a targets c-Myc, MET, and AR, which was
either more pronounced or equal to the effects achieved with the orig-
inal miR-34a or a commercially available miR-34a mimic (Figures 4C
and 4D). Phenotypically, transfection of either miR-34a or FM-miR-
34a decreased the invasive ability of LNCaP cells (Figure 4E).

To verify that conjugation to the DUPA ligand does not alter FM-
miR-34a activity, LNCaP sensor cells were transfected with DUPA-
6 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
miR-34a or DUPA-FM-miR-34a and Renilla ac-
tivity was quantified. Both constructs generated a
significant decrease in Renilla activity, suggesting
that conjugation does not affect FM-miR-34a ac-
tivity (Figure 4F). To evaluate the effects of niger-
icin on distribution of FM-miR-34a, cells were
treated with DUPA and DUPA-nigericin conju-
gates and miR-34a levels in the cytosol were
evaluated. Similar to DUPA-nigericin-miR-34a
(Figure 3D), treatment of cells with DUPA-nigericin-FM-miR-34a
generated a significant increase in cytosolic miR-34a over conjugates
without nigericin (Figure 4G).

Targeted delivery of miR-34a to tumors using DUPA conjugates

While only a modest effect on proliferation was observed in cells in
culture, we hypothesized a greater effect in vivo due to the slower
growth kinetics, which would decrease replication-mediated dilution
of the miRNA. To test this hypothesis, we first evaluated the distri-
bution of DUPA conjugates in vivo using DUPA conjugated to a
near-infrared dye (DUPA-NIR) (see Figure S4 for synthesis and
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LC-MS validation). NRG mice with preformed LNCaP tumors were
injected with a single dose (10 nmol) of DUPA-NIR and NIR signal
distribution was visualized at 1, 24, and 48 h after injection. DUPA-
NIR specifically labeled LNCaP tumors, but not PSMA-negative
A549 tumors (Figures 5A–5D), and the signal was competed away
with PMPA (Figures 5A and 5B), validating the specific binding
of DUPA-NIR to PSMA-expressing tumors in vivo. The specificity
of DUPA-NIR was further validated following ex vivo imaging of
excised tumors and whole organs (liver, intestines, spleen, heart,
lungs, and kidneys), which again confirmed that DUPA-NIR conju-
gates were specifically taken up by PSMA(+) tumors with minimal
uptake by other organs except kidneys (Figures 5B and 5D), which
is expected as murine kidneys express a high amount of PSMA. In
both models, DUPA-NIR signal in the tumor was normalized to
that in the kidney, which indicated between a 2.5- and 5-fold in-
crease of DUPA-NIR in PSMA-expressing tumors (LNCaP and
22Rv1) in comparison with A549 tumors (Figure 5E). To determine
the lowest dose of DUPA-NIR that results in significant tumor up-
take, LNCaP tumor-bearing mice were intravenously injected with
increasing doses of DUPA-NIR followed by whole animal imaging.
The results indicate a significant accumulation of DUPA-NIR
within LNCaP tumors with concentrations of 4 nmol or greater
(Figure 5F).

DUPA-nigericin-miR-34a treatment reduces LNCaP tumor

growth

The therapeutic efficacy of DUPA-miR-34a and DUPA-nigericin-
miR-34a, conjugated to either miR-34a or FM-miR-34a, was deter-
mined using LNCaP tumor-bearing mice. Animals were treated
with 4 nmol of the indicated conjugate, or the corresponding negative
control (NC) via tail vein injection once every 4 days for a total of five
doses (see Figure 6A for a schematic of the treatment plan). Treat-
ment with DUPA-nigericin-miR-34a resulted in a significant reduc-
tion in tumor growth in comparison to untreatedmice or mice treated
with the NC based on caliper measurements (Figure 6B). Importantly,
the inclusion of the FM-miR-34a (DUPA-nigericin-FM-miR-34a)
generated a further significant decrease. While there was no change
in body weight during the course of study for animals administered
the unmodified miR-34a conjugates, there was a modest yet signifi-
cant decrease in body weight in animals administered the FM-miR-
34a conjugates that would need to be evaluated more extensively in
future studies (Figure 6C).
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DISCUSSION
miRNA dysregulation in cancer has resulted in the interest in two
potential miRNA-based therapeutic strategies. The first involves
restoring tumor-suppressive miRNAs to inhibit oncogenic signals.
The second is based on antagonizing oncogenic miRNAs to inhibit
their function, also referred to as anti-miRNA-based therapy.
Although these therapeutic strategies have shown some promising re-
sults in pre-clinical studies, the clinical application of miRNA replace-
ment therapy has been thwarted. The reasons include the absence of a
delivery method that can effectively target the miRNAs to the tumors
while preventing delivery to normal tissues,10,40 the inability of the
miRNAs to reach the cytosol and be incorporated into the endoge-
nous silencing machinery, due to entrapment in endosomes,13,14,41,42

and the instability of the RNA leading to its rapid degradation and
loss of activity. To address these limitations, we have developed a de-
livery strategy that involves attaching a targeting ligand to a relevant
tumor-suppressive miRNA, together with an endosomal escape
molecule. We further expanded on this design by developing and
evaluating the effects of a fully modified miRNA in comparison
with a partially modified version. This simple design eliminates
the need for using complex components such as peptides or
proteins, decreasing the cost of synthesis and enabling large-scale
manufacturing. The ligand chosen was a small molecule, DUPA,
which binds PSMA on the surface of prostate cancer cells with nano-
8 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
molar affinity.14,35 DUPA not only facilitates specific delivery, but its
structure is also amenable for the engineering of an endosomal escape
agent, nigericin, without affecting its binding to the receptor. We
show that DUPA-miR-34a and DUPA-nigericin-miR-34a specifically
bind to and are taken up by LNCaP cells in a PSMA-dependent
manner. While both DUPA-miR-34a and DUPA-nigericin-miR-
34a resulted in a significant decrease of miR-34a reporter in vitro,
DUPA-nigericin-miR-34a resulted in an earlier response, likely due
to the early release of the miRNA from the endosomes. Phenotypi-
cally, a modest decrease in cell proliferation was observed following
the treatment of cells in culture with DUPA-nigericin-miR-34a, and
effect that was more pronounced in vivo. In vivo, DUPA conjugates
bound specifically and rapidly to PSMA-expressing tumors with
minimal uptake by normal tissues. Systemic delivery of DUPA-niger-
icin-miR-34a resulted in a significant delay in tumor growth in com-
parison with DUPA-miR-34a or the NCs. Importantly, the newly
generated FM-miR-34a further enhanced the anti-tumor activity of
the conjugate. Indeed, the minimally modified miR-34a used in these
studies would be subject to both serum and cellular nucleases, leading
to degradation and thus preventing sustained targeting. Modifications
to the chemical structure of miR-34a, including changes to the ribose
sugar and phosphodiester backbone, significantly increased stability
and potency, leading to improved activity and could potentially
decrease dosing. Nonetheless, due to some moderate weight loss,
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further studies will need to be done to gain a better understanding of
the long-term safety of the modification pattern used.

Interestingly, in the tumors that were treated with DUPA-nigericin-
FM-miR-34a, there seemed to be a significant increase in inflamma-
tory cells in the tumors. Our initial analysis suggests that the increased
inflammation in the DUPA-nigericin-FM-miR-34a group was due to
neutrophilic infiltrate. Whether the neutrophils are part of an anti-tu-
mor or tissue repair response, or are influencing a pro-tumor or
immunosuppressive response, would need to be evaluated.

While the DUPA-nigericin conjugates seem to be better than those
that lack nigericin, the overall activity remains modest. There are a va-
riety of advancements that can be considered to enhance these first-
generation DUPA-nigericin conjugates. Some of these include (1)
increasing the nigericin stoichiometry to enhance additional endoso-
mal escape, and (2) combining this agent with other standard-of-care
treatments. Regardless, it is unlikely that miRNA therapeutics will
advance as mono-therapeutic agents, especially for heterogeneous
diseases such as prostate cancer. Despite the notable impact of
DUPA-nigericin-FM-miR-34a on tumor growth in vivo, the tumor
continued to grow, underscoring the need for a combinatorial
approach. Based on the ability of miR-34a to target multiple genes
involved in driving chemotherapeutic resistance, pretreating patients
with DUPA-nigericin-FM-miR-34a could sensitize these tumors to
standard-of-care agents, such as chemotherapeutics or androgen
deprivation therapy, approaches that should be considered in the
future. In conclusion, this study expands the applications of miRNA
targeted therapeutics to prostate cancer and opens the way to deliver
other tumor suppressive miRNAs besides miR-34a, either alone or in
combination with other standard of care therapeutics.

MATERIALS AND METHODS
Cell culture

Prostate cancer LNCaP cells, 22Rv1 cells and the lung epithelial A549
cells (CLL-185), all mycoplasma-free as determined using MycoAlert
Mycoplasma Detection Kit (Lonza), were grown using RPMI 1640me-
dium (Hyclone, GE Healthcare Life Sciences) supplemented with 10%
fetal bovine serum (FBS) (Sigma), 100 U mL�1 penicillin and strepto-
mycin (Hyclone, GEHealthcare Life Sciences) and the cells were main-
tained at 37�C in 5% CO2. LNCaP cells were grown on tissue culture
dishes after coating with poly-D-lysine (Thermo Fisher Scientific).

Preparation of DUPA-miRNAs and DUPA-nigericin-miRNA

conjugates

DUPA-miR-34a and DUPA-nigericin-miR-34a molecules were pre-
pared using click chemistry reaction as previously used to prepare
FolamiR molecules.11 In brief, the azide oligo (miR-34a-azide) and
DUPA-DBCO or DUPA-nigericin-DBCO were mixed at a 1:10 or
1:40 M ratio in water at room temperature for 10 h followed by cool-
ing to 4�C for 4 h to make DUPA-miR-34a or DUPA-nigericin-miR-
34a single strands, respectively. An unconjugated DUPA ligand was
cleaned from the reaction using Oligo Clean & Concentrator kit
(Zymo Research) per the manufacturer’s instructions. miR-34a-5p
(guide strand) was added to the conjugated DUPA-miR-34a or
DUPA-nigericin-miR-34a single strands at a (1:1) M ratio in the pres-
ence of annealing buffer (10 mM Tris buffer, pH 7 [Sigma], 50 mM
NaCl [Sigma], and 1 mM EDTA [Sigma]), followed by incubation
at 95�C for 5 min, cooling to room temperature for 1 h, and then
was used for cell treatment or otherwise stored at �80�C. Successful
conjugation was verified by running 15% polyacrylamide gel followed
by gel red staining. For experiments with the NC siLuc2, the following
sequences were used: antisense strand, 50-GGACGAGGACGAGC
ACUUCUU-30; sense strand, 50-GAAGUGCUCGUCCUCGUC
CUU-30.

Flow cytometry, immunofluorescence, and confocal

microscopy

To evaluate the surface expression of PSMA, LNCaP and A549 cells
were incubated with Alexa 488 anti-PSMA antibody (FOLH1,
BioLegend) for 1 h on ice followed by washing with PBS (13684;
Cell Signaling) and their fluorescence was measured using
LSRFortessa flow cytometer (BD Biosciences) or by visualization us-
ing an Olympus IX73 microscope, Olympus DP80 camera, and
CellSens 1.11. To evaluate the binding of DUPA-miR-34a-Atto.647N
or DUPA-AF488 to PSMA, LNCaP, 22Rv1, and A549 cells were incu-
bated with 100 nM DUPA-AF488 or DUPA-miR-34a-Atto.647N in
the absence or presence of 10 mM PMPA at 4�C for 1 h followed by
washing with PBS and measuring the fluorescence intensity using
flow cytometry. To evaluate the cellular uptake of DUPA-miR-34a
conjugates, 50,000 LNCaP cells were seeded on a poly-D-lysine
(A3890401, Thermo Fisher Scientific) coated coverslip in a 24-well
plate. Cells were treated with 100 nM DUPA-miR-34a-Atto.647 or
miR-34a-Atto.647 for 4 h followed by washing with PBS and fixation
using 2% paraformaldehyde in PBS for 10 min at room temperature
followed by incubation with Hoechst at 1:1,000 dilution in PBS for
30 min followed by washing with PBS. After mounting the coverslips
on glass slides using ProLong Glass Antifade Mountant (P36982,
Thermo Fisher Scientific), cells were imaged using a Nikon A1R-
MP confocal microscope and analyzed using NIS-Elements Software.
In a different experiment, LNCaP cells were treated with DUPA-miR-
34a-Atto-647 for 4, 8, 12, and 24 h followed by processing and imag-
ing as mentioned above. For endosome colocalization study, LNCaP
cells were incubated with 100 nMDUPA-miR-34a-Atto.647 for 4 and
8 h in RPMI complete media. Late endosomes/lysosomes were stained
by adding 1 mM LysoTracker Red (L7528, Thermo Fisher Scientific)
to the cells 1 h prior to the collection time point. Cells were washed
with ice-cold PBS followed by processing and imaging as above. To
determine the effect of nigericin on the vesicle’s size, LNCaP cells
were treated with 100 nM DUPA-DBCO or DUPA-nigericin-
DBCO. After 5 h, cells were washed with PBS, fixed with 4% parafor-
maldehyde for 15 min at room temperature. After washing with PBS,
cells were permeabilized using 0.5% saponin in PBS for 10 min. To
maintain permeabilization in the next steps, 0.1% saponin was added
to all reagents. After incubation with 0.5% saponin, cells were
incubated in blocking buffer (1% bovine serum albumin in PBS) for
30 min. Next, cells were stained with LAMP1 antibody (Cell
Signaling, 9091S) overnight at 4�C, washed with PBS, and incubated
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 9
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with anti-rabbit secondary antibody conjugated to Alexa Fluor 488
(Thermo Fisher Scientific, A11034) and nuclear stain, Hoechst, in
PBS containing 0.1% saponin. Cells were washed with PBS and pro-
cessed as above for imaging using confocal microscopy. To determine
the size of the vesicles, z-stacks were opened in Nikon NIS-Elements
Analysis software in their native format. To identify LAMP1-positive
late endosomes, a region of interest was drawn manually or using the
automated tool to trace the perimeter of the cell. Vesicles that
clearly represent a puncta or a hollow puncta morphology were
included in the analysis. Using the distance measurement tool
(measure > distancemeasurement.), vesicle diameter wasmeasured
along the longest dimension. A minimum of 10 vesicles per cell were
measured and a total of approximately 30 vesicles were measured per
treatment. The data were exported to Excel and plotted using
GraphPad Prism (version 9.5.1).

qRT-PCR

To evaluate the internalization of DUPA-miR-34a, 200,000 LNCaP or
A549 cells per well were seeded in 12-well plates. The next day, cells
were treated with 100 nM DUPA-NC or DUPA-miR-34a in 5% FBS
containing RPMI media for 18 h. Cells transfected with 10 nM
DUPA-miR-34a using lipofectamine RNAiMAX (Life Technologies)
served as a positive control. After washing the cells with PBS, cells
were incubated with 100 mg/mL RNase A for 5min at 37�C to degrade
any surface-bounded DUPA-miR-34a followed by extensive washing
with PBS to remove any leftover RNase. Total RNAwas isolated using
the miRneasy Kit (217004, Qiagen) according to the manufacturer’s
instruction. After DNase I digestion (79254, Qiagen) to remove
genomic DNA, RNA integrity was evaluated by running 1.5% agarose
gel and RNA concentration was quantified using NanoDrop 2000
spectrophotometer. We used 1 mg total RNA to make cDNA using
an miScript Reverse Transcriptase kit (218161, Qiagen) using HiFlex
buffer per manufacturer’s instructions. Real-time PCRwas performed
using miScript SYBR Green PCR Kit (Qiagen) with the following
primers: MiR-34a-5p (MiScript primer assay; Qiagen) and RNU6B
(non-target RNA, MiScript primer assay; Qiagen). Data were then
analyzed using the 2�DDCt method and expressed as fold change.

DUPA-miR and DUPA-nigericin-miR activity in vitro

To evaluate miR-34a activity, miR-34a sensor plasmid was generated
by inserting miR-34a target sequence into the 30UTR of Renilla lucif-
erase in the vector (psiCHECK, Promega). To determine DUPA-
miR-34a or DUPA-nigericin-miR-34a activity, sensor cells were
seeded in a 96-well plate and treated with 100 nM DUPA-miR-34a,
DUPA-NC, DUPA-nigericin-miR-34a, or DUPA-nigericin-NC. Re-
nilla values were acquired using the Renilla Glo Luciferase kit (Prom-
ega) per the manufacturer’s instructions by using a GloMax plate
reader (Promega). Cells transfected with 6 nM (or otherwise indicated
in the respective figure legends) miR-34a mimic were used as a pos-
itive control.

Cell proliferation assay

A sulforhodamine B (SRB, Sigma) assay was used to measure cell pro-
liferation as previously reported.43 In brief, LNCAP cells were seeded
10 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
onto a poly-D-lysine-coated 96-well plate followed by transfection
with 10 nM miR-34a, let-7a, let-7b, or NC (pre-miR NC #2). At the
indicated time points, cells were fixed using 10% tricholoroacetic
acid in complete media. Cells were then stained with 0.4% (wt/vol)
SRB in 1% acetic acid for 1 h at 37�C followed by washing unbound
dye by five washes with 1% acetic acid. We used 10 mM unbuffered
Tris base to extract protein-bound dye, and absorbance at 510 nm
was measured using a GloMaxMulti+ spectrophotometer (Promega).
Absorbance values are a proxy for cell mass.
Biodistribution and in vivo efficacy studies

All experimental protocols were approved byt eh Purdue Animal Care
adn Use Committtee and were in compliance with the National In-
stutes of Health (NIH) guidelines for animal use. To determine the
biodistribution of DUPA-conjugates, LNCaP cells (5� 106) were im-
planted in the flank of 6-week-old NRG mice (purchased from the
Purdue animal facility) using Matrigel (Corning) at a 1:1 dilution.
DUPA-NIR dye was injected systemically into each mouse followed
by imaging using the Spectral Ami instrument. After the last time
point, mice were euthanized, and the organs were imaged ex vivo.
DUPA-NIR fluorescence intensity in the tumors and other organs
was quantified using Aura analysis software. To determine the effi-
cacy of DUPA-miR-34a, DUPA-nigericin-miR-34a DUPA-FM-
miR-34a, and DUPA-nigericin-FM-miR-34a, NRG mice were im-
planted with LNCaP cells (5 � 106) in the right flank using Matrigel
(Corning) at a 1:1 dilution. After the tumors reach approximately
150 mm3, mice were randomized and treated with 4 nmol of each
conjugate or corresponding NCs. The tumor volume of each mouse
was measured using a vernier caliper every 3 days and was calculated
using the following formula: Tumor volume: (Length � Width2)/2.
The body weight of each mouse was measured throughout the study.
Statistical analysis

Statistical analyses were performed using the Prism statistical package
(GraphPad Software, version 10). The two-tailed Student’s t test was
used to determine the statistical difference between two groups. One-
way or two-way ANOVA was used to compare the differences be-
tween multiple groups and multiple comparisons were corrected us-
ing Dunnett’s post hoc test or Tucky’s post hoc test. Data are presented
as means ± SD or means ± SEM as specified in the figure legends. Sta-
tistically significant p values are as indicated in the corresponding
figure legends.
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