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MIR143 is pathologically downregulated and may function as a
tumor suppressor in prostate cancer. Likewise, the urokinase
plasminogen activator receptor (UPAR) is overexpressed in
prostate carcinoma, representing a negative prognostic marker
and putative therapeutic target gene. In this paper, we establish
UPAR as a new direct target of MIR143. Luciferase reporter
gene constructs identify one of the two in silico-predicted bind-
ing sites as functionally relevant for direct MIR143 binding to
the 30 UTR, and, concomitantly, transfection of MIR143 re-
duces UPAR protein levels in prostate carcinoma cells
in vitro. Inhibitory effects on cell proliferation and colony for-
mation, spheroid growth and integrity, and cell viability are
extensively analyzed, and they are compared to direct small
interfering RNA (siRNA)-mediated uPAR knockdown or com-
bined microRNA (miRNA)-siRNA treatment. Switching to a
therapeutically more relevant in vivo model, we demonstrate
tumor-inhibitory effects of MIR143 replacement therapy by
systemic treatment of mice bearing subcutaneous PC-3 tumor
xenografts with MIR143 formulated in polymeric nanopar-
ticles. This efficient, nanoparticle-mediated delivery of
intact MIR143 mediates the marked downregulation of uPAR
protein, but not mRNA levels, thus indicating translational in-
hibition rather than mRNA degradation. In summary, we
identify UPAR as a direct target gene ofMIR143, and we estab-
lish the therapeutic anti-tumor potential of nanoparticle-based
MIR143 replacement in prostate cancer.
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INTRODUCTION
Through repression of translation or cleavage of RNA transcripts in a
sequence-specific manner, microRNAs (miRNAs) are able to (patho-)
physiologically regulate the expression of their respective target
genes. When aberrantly downregulated in the tumor context, certain
miRNAs may thus contribute to cancer development, progression,
and metastasis, by de-repressing oncogene expression. Levels of the
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human miRNA MIR143 have been found reduced in several tumor
entities, and its function as a tumor-inhibitory miRNA (anti-onco-
miR) has been described in various cancers, including prostate carci-
noma1 and colorectal,2–6 gastric,7 bladder,8,9 cervical,10 breast,11 and
nasopharyngeal cancers12 as well as chronic lymphocytic leukemia
and B cell lymphoma.13 Tumor-inhibitory effects of MIR143 may
be based on regulating different tumor-related pathways upon bind-
ing of MIR143 to the 30 UTRs of already validated target genes (see,
e.g., miRTarBase at http://mirtarbase.mbc.nctu.edu.tw/php/index.
php for a summary). Previously, we and others reported decreased
MIR143 levels in prostate cancer compared to normal tissue.14–18

In accordance with this finding, the re-introduction of MIR143 in
prostate cancer cell lines decreased tumor cell proliferation and cell
migration and invasion,14 and MIR143 and MIR145 inhibited stem
cell characteristics of PC-3 prostate cancer cells.19

Recently, our in silico analysis of novel putative MIR143 target genes
identified the urokinase plasminogen activator (uPA) receptor
(UPAR, or PLAUR) as a potential target of MIR143. This may be of
particular importance since UPAR has been found overexpressed in
tumors and can modulate various (patho-)physiological processes,
such as cell adhesion, migration, and invasion, which are also criti-
cally important in cancers.20 In fact, UPAR may play a central role
in solid tumors and exert various functions in different cancer en-
tities, including prostate cancer.21,22 Supporting its clinicopatholog-
ical significance, we and others demonstrated a correlation between
increased UPAR tumor and/or serum levels and a poor prognosis
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Regulation of UPAR by MIR143

(A) Two putativeMIR143-binding sites in the 30 UTR of the uPAR-PLAUR gene are predicted by TargetScan (http://www.targetscan.org/vert_71/), located at 35–41 bp and

327–333 bp, respectively. (B) Luciferase reporter gene analysis. HEK293T cells were co-transfected with reporter gene constructs (top) and with the MIR143 expression

vector or the empty vector (bottom). Firefly luciferase activity was normalized against the activity of Renilla luciferase. pMIR-UPAR-WT, vector with non-modified UPAR

30 UTR; pMIR-UPAR MUT I, MUT II, and MUT I + II, vector containing the UPAR 30 UTR with MIR143-binding sites I, II, and I + II, respectively, mutated by site-directed

mutagenesis. (C) MIR143-mediated regulation of UPAR protein expression in vitro. PC-3 cells were transfected with synthetic MIR143 mimics or non-targeting control

oligonucleotides for the indicated time. The expression of UPAR was analyzed by western blotting. The uPAR protein expression of each sample was normalized to GAPDH

as the loading control. Bars represent changes from negative control-transfected cells; right, representative western blots. Data are presented as mean ± SEM; *p < 0.05;

**p < 0.03.
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for prostate cancer patients. Taken together, UPAR may serve as a
negative prognostic marker and putative target gene in prostate can-
cer therapy.23–27 Based on our in silico analysis, the aberrant overex-
pression of UPAR in prostate carcinoma may, at least in part, be
mediated by reduced MIR143 levels.

In this study, we analyzed this putative MIR143-UPAR axis in pros-
tate carcinoma, and indeed we identified UPAR as a direct MIR143
target. In vitro as well as in a therapeutic in vivo model in mice,
we demonstrate tumor-inhibitory effects of MIR143 replacement
through affecting UPAR expression.

RESULTS
UPAR Is a Target Gene of MIR143

In silico analyses predictedUPAR as a potential target gene ofMIR143,
with two putative binding sites in the 30 UTR (positions 35–41 and
327–333 of the UPAR 30 UTR; http://www.targetscan.org/vert_71/:
release 5.2; Figure 1A). To test for this, we generated a reporter gene
construct with the luciferase gene under the regulatory control of
the uPAR 30 UTR. As shown in Figure 1B, the simultaneous transfec-
tion of the wild-type (WT) reporter gene plasmid with a MIR143
expression vector into HEK293T cells indeed led to a significant
�15% reduction in reporter gene activity, which is well in the range
of effects to be expected from miRNAs. To identify the active binding
site, we mutated the first (Mut I), the second (Mut II), or both pre-
dictedMIR143-binding sites (Mut I + II) by site-directedmutagenesis.
Themutation of both binding sites, or of the second binding site alone,
completely abrogated the inhibitory effect ofMIR143 on the reporter
gene (Figure 1B). In contrast, mutation of the first binding site had no
effect on the regulation of the reporter gene by MIR143. This result
demonstrates that the 30 UTR of the UPAR gene has one direct, func-
tionally active interaction site forMIR143 (nucleotides 327–333 of the
30 UTR).

To study the effects ofMIR143 on endogenous UPAR protein expres-
sion, PC-3 prostate carcinoma cells were transfected with synthetic
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 273
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Figure 2. Biological Effects of MIR143 Replacement or UPAR Knockdown In Vitro

(A) Inhibition of PC-3 cell proliferation upon MIR143 replacement or UPAR knockdown. PC-3 cells were transfected with pre-MIR143, siRNA against UPAR, or the

appropriate negative controls. At the indicated time points, cell proliferation was determined by BrdU incorporation. (B) Effects on cell density upon single or combined

transfection of MIR143 and/or si-UPAR in DU-145 cells. Scale bar, 200 mm. Decreased numbers of cells were also associated with increased percentages of dead cells in

(C) DU-145 and (D) PC-3 cells, as determined by propidium iodide staining in Celigo Imaging Cytometry. Data are presented as mean ± SEM (A) or as mean ± SD (C and D);

*p < 0.05; **p < 0.03.

Molecular Therapy: Nucleic Acids
MIR143 mimics, and, at different time points, the amounts of UPAR
protein were measured by western blotting. Notably, UPAR protein
exhibited a rather prolonged stability. The complete inhibition of pro-
tein synthesis by cycloheximide indicated that more than 72 h was
necessary to detect a substantial decrease in UPAR protein (data
not shown). Therefore, the time frame after transfection was extended
up to 7 days. Indeed, 72 h after MIR143 transfection of PC-3 cells,
reduced UPAR protein levels were detected as compared to transfec-
tion with negative control RNA, recovering to normal levels only after
144 h (Figure 1C).

While this finding confirms the direct regulation of UPAR by
MIR143, it also suggests that pathologically decreased MIR143 levels
in prostate carcinoma may account for UPAR upregulation. To test
for a correlation between UPAR andMIR143 levels in prostate carci-
noma, 26 primary prostate carcinoma tissues were analyzed by UPAR
ELISA and qRT-PCR. Indeed, an inverse correlation betweenMIR143
and UPAR protein levels was observed (rs =�0.443; p = 0.027, Spear-
man’s test; Figure S1A).
274 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
Effects of MIR143 and UPAR Knockdown on Cell Proliferation

and Cell Viability

Next, we studied the effect of transfection ofMIR143 on PC-3 or DU-
145 cell proliferation and cell viability, in direct comparison to small
interfering RNA (siRNA) directed against UPAR. In PC-3 cells, treat-
ment with siRNA against UPAR led to a statistically significant reduc-
tion in cell proliferation compared to cells treated with control siRNA,
with this effect starting already at 24 h after transfection (Figure 2A,
left). A similar decrease in cell proliferation was observed upon trans-
fection of pre-MIR143; however, this inhibition set in only after 48 h,
with a subsequent further decrease in cell proliferation to approxi-
mately 58% of control miRNA-treated cells at 72 h (Figure 2A, middle
and right). This time frame is consistent with the delayed effects of
MIR143 on UPAR protein levels (see above).

Inhibitory effects on tumor cell growth were also observed in DU-145
cells, with a marked reduction of cell density at 72 h after transfection
with MIR143 or si-UPAR, respectively (Figure 2B). While the inhibi-
tion was slightly more profound after UPAR knockdown as compared
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to miRNA replacement, the strongest inhibitory effects on DU-145
tumor cell growth were observed upon double transfection (Figure 2B,
bottom). Beyond reduced viable cell density, a slight increase in the
percentage of dead cells was observed, especially upon si-UPAR trans-
fection, as determined by propidium iodide (PI) staining using Celigo
Imaging Cytometry (Figure 2C; Figure S2A). Again, effects showed a
very slight trend toward further increased PI signals upon double
transfection, with differences to negative control-transfected cells
then reaching statistical significance. In PC-3 cells, the transfection
of 10 nM MIR143 did not yet yield an increase in PI-positive cells,
while 5 nM si-UPAR was already sufficient to induce a 2-fold upregu-
lation of PI positivity. The combined transfection with both siRNA
and miRNA, however, led to a further increase in PI-positive cells
(Figure 2D; Figure S2B).

Notably, here and in all other experiments, equal amounts of total
siRNA and miRNA were employed to exclude non-specific effects
of small RNA transfection, i.e., where applicable, negative control
siRNA was added to the different amounts of specific siRNA and
miRNA to yield a total of 15 nM in each setting. Additionally, the par-
allel transfection of cells with a scramble control RNA, for direct com-
parison with the negative control siLuc, revealed no differences be-
tween the two negative controls with regard to induction of cell
death or effects on proliferation, proving that both negative control
RNAs do appropriately control for non-specific effects (data not
shown). Thus, differences in PI induction must be considered exclu-
sively as specific effects. Interestingly, when doubling the RNA
amounts used for transfection, a different picture was seen, with
MIR143 gaining cell death-inducing potential, as indicated by an
�2-fold upregulation of PI signal (Figure S3). While this was even
slightly above 10 nM si-UPAR effects, no further increase in PI pos-
itivity was observed upon double treatment (Figure S3, right).

Effects of MIR143 and UPAR Knockdown on Colony Formation

and 3D Cell Growth

To further explore MIR143 and/or si-UPAR-mediated tumor cell
inhibitory effects, studies were extended toward other in vitromodels.
DU-145 colony formation was mainly impaired by siRNA-mediated
UPAR knockdown, while MIR143 transfection exerted little effects
over negative control transfection (Figure 3A). This is in line with
the results on anchorage-dependent cell proliferation and on induc-
tion of cell death (see Figures 2B–2D), and it was also observed in
PC-3 cells. Again, si-UPAR effects were found more pronounced as
compared toMIR143 transfection. In this cell line, however, a further
decrease in colony formation was observed upon double transfection
(Figure 3B, right). Notably, since again identical amounts of total
RNA were used for transfection (with negative control siRNA being
used for filling up, where appropriate), enhanced inhibition of cell
Figure 3. Effects of MIR143 and si-UPAR Transfection on Colony Formation an

Inhibition of colony formation in (A) DU-145 and (B) PC-3 cells, as determined by colon

bars, 500 mm; right, quantitation of average spheroid areas). (D) Slightly decreased DU-14

InhibitoryMIR143 effects are dose dependent (middle), especially with regard to cell dea

Quantitation of PI staining intensity. Data are presented as mean ±SD; *p < 0.05; **p <
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proliferation upon combined treatment cannot be explained by
non-specific transfection effects.

Spheroid assays in the same cell line revealed a profound >50% reduc-
tion of spheroid size upon combined transfection (Figure 3C). This ef-
fect again mainly relied on siRNA-mediated UPAR knockdown rather
than MIR143 replacement. Less pronounced effects were observed on
DU-145 cell spheroid growth (Figure 3D, top). Here, however, the
considerable miRNA dose dependence was confirmed: a 1.5-fold in-
crease in miRNA, while keeping the total RNA used for transfection
again constant, already led to increased effects on DU-145 spheroid
viability (Figure 3D, bottom). This was particularly seen when spher-
oids were analyzed for PI-positive cells, indicating the induction of
cell death. While the lower miRNA amounts yielded a signal only at
the level of the negative control, the 1.5-fold higher dosage (15 nM
instead of 10 nM) led to a marked increase in PI-positive cells that
was comparable to si-UPAR. An only slight increase was observed
upon double transfection (Figure 3E). Taken together, this indicates
a dose-dependent inhibitory effect of MIR143 on prostate carcinoma
cells, which, at sufficient amounts, reaches results on tumor cell inhi-
bition induced by siRNA-mediated UPAR knockdown.

Systemic Application of MIR143 Decreases Tumor Xenograft

Growth in Mice

To explore the effects of miRNA replacement and double treatment in
a therapeutically more relevant in vivo model, we generated subcu-
taneous xenograft tumors originating from PC-3 cells in athymic
nude mice. To represent the clinical setting of treating only well-es-
tablished tumors in the growing state, we started the treatment
when the xenografts had reached 50–75 mm3, and we performed sys-
temic injection of the mice rather than local administration into the
tumor. An initial biodistribution experiment confirmed the nanopar-
ticle-mediated delivery of intact full-length miRNA to the tumors.
More specifically, the mice were treated once with complexes contain-
ing [32P]-end-labeled miRNAs, and, 6 h after a single intraperitoneal
(i.p.) injection, various organs detailed in Figure 4A were analyzed for
miRNA levels. Gel electrophoresis and autoradiography revealed
strong miRNA signals in the tumor and lung, while weaker bands
were observed in other organs. Additionally, normalization for tissue
amount revealed rather profound uptake into the spleen. The pres-
ence of non-degraded bands with the radioactive miRNA end label
confirmed the delivery of intact, full-length miRNAs into the respec-
tive tissue (Figure 4A).

For the therapy study, mice were randomized into treatment and
negative control groups, prior to systemic administration by i.p. injec-
tion of the respective complexes three times per week. The complexes
contained 10 mg of either MIR143 or negative control siRNA.
d Spheroid Growth and Viability

y numbers. (C) Reduction of PC-3 cell spheroid growth (left, original pictures; scale

5 spheroid growth upon single or combinedMIR143 and si-UPAR transfection (top).

th induction in the spheroid, as determined by PI staining of dead cells (bottom). (E)
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Figure 4. Tumor Inhibition upon Therapeutic MIR143 Replacement In Vivo

(A) Biodistribution and tissue uptake of radioactively labeled MIR143 upon PEI F25-LMW complexation and single i.p. injection. Total RNA from various mouse organs and

tumor tissue was analyzed by gel electrophoresis and autoradiography (top), with bands representing intact full-length miRNA. Bottom: quantitation of miRNA levels was

normalized to tissue amounts. (B) Inhibition of xenograft tumor growth upon nanoparticle-based MIR143 replacement therapy. Athymic nude mice with established PC-3

xenograft tumors were systemically treated with PEI F25-LMW-complexes containing the RNA specified in the figure. The determination of tumor volumes at the indicated

time points reveals profound inhibition of tumor growth in the specific treatment group. Right: pictures show representative mice at the time point of termination of the

experiment. (C) Analysis of the tumor xenograft tissues upon termination of the treatment study. Left: UPAR protein levels were normalized to GAPDH (representative ex-

amples of the western blots and a bar diagram quantitating all samples are shown; center, miRNA levels; right,UPARmRNA levels, both normalized to reference genes). Data

are presented as mean ± SEM; *p < 0.05; **p < 0.03.
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Additionally, an anti-MIR143 treatment group was included in this
experiment to address the question of whether MIR143 inhibition
may lead to even enhanced tumor growth in this in vivo setting.

Tumor volumes were monitored every 3–4 days until the mice were
sacrificed at day 21 after the start of therapy. During the entire treat-
ment period, none of the mice showed any treatment-related side
effects. The tumors of the mice in the MIR143 treatment group ex-
hibited marked inhibition of tumor growth, leading to significantly
reduced tumor volumes compared to their polyethylenimine (PEI)-
siRNA negative control-treated counterparts (Figure 4B). The differ-
ences were most pronounced at day 18, when the volumes of the
xenograft tumors of the mice treated withMIR143 were only approx-
imately 35% of the control tumor volumes. In contrast, after 18 days
of treatment, the tumors of the antimiR-treated group were not signif-
icantly different in their xenograft tumor growth compared to the
control group (Figure 4B).

Tumor Xenograft-Inhibitory MIR143 Effects Are Paralleled by

Decreased UPAR Protein Levels

Upon termination of the single treatment experiment at day 21 of the
treatment scheme (Figure 4B), the mice were sacrificed and the xeno-
graft tumorswere surgically removed for further analyses. The determi-
nation of UPAR protein levels from the tumor xenograft lysates re-
vealed an almost 50% reduction of UPAR expression in the MIR143
treatment group compared to the negative control or the antimiR group
(Figure 4C, left). In the latter case of MIR143 inhibition, however, no
further increase in UPAR protein levels was observed, which was
consistent with the largely unaltered growth kinetics between the two
groups (see Figure 4B). Notably, however, in the case of PEI-MIR143
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 277
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treatment, the decrease in UPAR protein was even more pronounced
than in our previous in vitro experiments. Consistent with this finding,
an approximately 9-fold increase in MIR143 tissue levels upon treat-
ment was observed, confirming the efficient nanoparticle-mediated de-
livery of themiRNA (Figure 4C,middle). A downregulation of ERK5 as
an already well-established target of MIR143 was observed in the tu-
mors as well (Figure S4). As expected, no effects of the antimiR treat-
ment on MIR143 levels were found, because the antimiRs would not
degrade the miRNAs. Interestingly, the abundance of the UPAR
mRNA transcript was not influenced by either MIR143 or anti-
MIR143 molecules (Figure 4C, right), indicating that the pronounced
MIR143 effects on UPAR protein levels (see Figure 4C, left) result
from the inhibition of translation rather than mRNA degradation.

DISCUSSION
With miRNAs acting simultaneously on several molecular targets, the
approach of miRNA replacement therapy addresses the notion of
cancer as a pathway disease.28,29 Recently, efforts and first successes
of miRNA-based therapies mostly focusing on miR-34 have been re-
viewed,30 but they have also been reported to meet unexpected
toxicity. Thus, this approach probably requires the identification of
(all) major relevant target molecules; the dissection of the major con-
tributors to tumor-suppressive effects of a given miRNA by extensive
functional analyses; and solutions to issues regarding the delivery of
the drug, namely, the miRNA.

MIR143 has been well established as an anti-oncogenic (tumor-sup-
pressive) miRNA in different cancers. Direct target genes and path-
ways include G-protein/mitogen-activated protein kinase (MAPK)-
AKT signal transduction by inhibiting KRAS, HRAS, BRAF,
RREB1, MAPK7-ERK5, and AKT1;9,12,14,31–35 epithelial-mesen-
chymal transition (EMT) by regulating MACC1, MAPK7-ERK5,
and FNDC3B;14,36–39 and TP53-apoptosis pathways by repressing
BCL2, CD44, and MDM2.34,40,41 In addition, MIR143 has also been
described to negatively affect extracellular matrix degradation by
binding to SERPINE1-PAI-1 and MMP13,42,43 in this way repressing
metastasis pathways44 and inhibiting changes in the cytoskeleton
through the repression of MYO6 and FSCN1.16,45

Here we establish for the first time the UPAR as a direct target of
MIR143. The tumor cell-inhibitory effects uponMIR143 transfection,
or si-UPAR transfection for comparison, are in line with previous pa-
pers, which showed that UPAR is well known to increase cell prolif-
eration in different cancers, including prostate cancer.21 Therefore,
our finding of UPAR as a target gene of MIR143 also fits into the
line of cell proliferation-associated target genes ofMIR143, including,
e.g., ERK5, PTGS2-COX2, KDM5B, IGFR1, and ERBB3.14,46–49 As
opposed to UPAR single knockdown, however, the approach of
miRNA replacement may lead to broader molecular effects, poten-
tially avoiding a cellular escape through using redundant pathways
and/or preventing the emergence of secondary resistance.

Furthermore, UPAR belongs to aMIR143-regulated group of proteins
(PAI-1, MMP13, VCAN, SDCN1, and FNDC3B) that are involved
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either structurally or as regulators in extracellular matrix (ECM)
assembly or degradation, cell adhesion, migration, invasion, and
metastasis.37,50–56 Interestingly, however, the uPA inhibitor (PAI-1
or SERPINE1), a member of the urokinase-type plasminogen acti-
vator (UPA or PLAU) system, has been identified in bladder cancer
as a target of MIR143 as well.43 While the uPA-UPAR system is
thought to play an important role in tumorigenesis and tumor pro-
gression, the role of the uPA inhibitor PAI-1 in cancer is rather
ambiguous,57 with at least partially counteracting UPA-UPAR effects.
This also highlights that the entirety of molecular and cellular effects
of a single inhibition or knockdown, and even more so the effects of a
miRNA replacement approach, needs to be analyzed in great detail in
the context of the given tumor entity.

In previous studies, we found that MIR143 was downregulated in
prostate cancer tissue compared to corresponding, adjacent normal
tissue,15,16,18 providing a solid basis for miRNA replacement therapy.
Thus, moving into a therapeutically relevant preclinical in vivo
setting, we explored nanoparticle-mediated MIR143 replacement in
a PC-3-xenotransplant mouse model. We found a significant reduc-
tion in UPAR protein expression and a significant reduction of
tumor growth in the MIR143 treatment group. Since experiments
with siRNA against UPAR in PC-3 xenotransplant models have
shown comparable reductions in UPAR protein levels and tumor
growth,58,59 we suggest the direct effect of MIR143 on uPAR, leading
to the decreased uPAR protein levels observed in our study, as at least
onemajor mechanism ofMIR143-mediated tumor inhibition. Our re-
sults are consistent with data on other cancers, where, upon delivery
of MIR143 or MIR145, an inhibition of pancreatic, breast, or colon
carcinoma growth in mice models can be achieved.48,60,61 Recently,
Niu et al.62 showed that injection of stably MIR143-transduced
PC-3 cells into mice generated smaller xenograft tumors. Our in vivo
model goes one step further toward a therapeutic scenario, by
exploring miRNA replacement therapy in fully established tumors,
thus resembling more closely the clinical situation.

Altogether, our data emphasize the putative relevance of miRNA
replacement as a novel therapeutic concept in tumor treatment and
the usefulness and efficacy of polymeric nanoparticles for systemic
miRNA administration.62–65 This notion is supported by at least 12
ongoing clinical studies that apply nanoparticles to deliver therapeu-
tics to prostate cancer (https://clinicaltrials.gov/; accessed December
2018). Likewise, clinical studies on miRNA treatment, i.e., either in-
hibition of an oncogenic miRNA (e.g., antimiR-155) or delivery of tu-
mor suppressor miRNAs (e.g., miR-16-mimic and miR-34-mimic)
have been performed or are underway, for example, for the treatment
of cutaneous T cell lymphoma, mesothelioma, non-small-cell
lung cancer, and multiple solid tumors (e.g., ClinicalTrials.gov:
NCT02580552, NCT02369198, and NCT01829971; reviewed in
Rupaimoole and Slack66).

Interestingly, Niu et al.62 recently showed that insulin-like growth fac-
tor I can induce chemoresistance against docetaxel by inhibiting
MIR143 in human prostate cancer cells in vitro. On the other hand,

https://clinicaltrials.gov/
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overexpression ofMIR143 abolished IGF-I-induced chemoresistance
to docetaxel treatment. This result indicates that miRNA replacement
therapy could be able to interfere with tumor characteristics on mul-
tiple levels. Thus, while RNA-centered therapies may not be strong
enough as single drugs, their combination with existing therapeutic
regimens could be particularly attractive for sensitizing tumor cells.
Beyond aiming at increased efficacy, this may also allow for
decreasing side effects by being able to reduce drug dosages. The
somewhat broader specificities of miRNAs can be beneficial when
considering cancer as a pathway disease, with the simultaneous action
of a given miRNA on multiple relevant targets increasing its efficacy
and avoiding the development of resistance.

In summary, we identify UPAR as a direct target gene ofMIR143, and
we establish the therapeutic relevance of nanoparticle-based MIR143
replacement in a prostate cancer mouse model. Beyond direct tumor
inhibition, MIR143, by regulating UPAR and other target genes that
encode proteins involved in extracellular matrix formation and degra-
dation, may also play a major role against tumor cell dissemination
and metastasis.

MATERIALS AND METHODS
Cell Culture

The prostate cancer cell lines PC-3 and DU-145 and the normal cell
line HEK293T were obtained from the German Collection of Micro-
organisms and Cell Cultures (DSMZ, Braunschweig, Germany) or
from the American Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were cultured in DMEM (Sigma, Taufkirchen, Ger-
many) supplemented with 10% heat-inactivated fetal bovine serum,
1 nmol/L L-glutamine, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin at 37�C in a humidified atmosphere of 5% CO2.

PCa Tissue

Prostate cancer (PCa) patients and PCa tissues used for expression
analyses have been described previously.16 The study was approved
by the local ethical review board and was performed according to
the Declaration of Helsinki. Upon informed consent, prostate cancer
tissues were obtained after radical prostatectomy from so far treat-
ment-naive prostate cancer patients.

Oligonucleotides

For in vitro modulation of MIR143, we used a synthetic precursor
MIR143 (PM10883), a synthetic miRNA (see below), as well as a syn-
thetic MIR143 inhibitor (AM10883) along with appropriate negative
control oligonucleotides (Thermo Fisher Scientific, Waltham, MA,
USA). The syntheticMIR143 was also used for the in vivo studies and
prepared as an RNA-RNA duplex with 30 and 50 overhangs and intra-
molecule nucleotide mismatches, as reported in miRBase (version 21;
http://www.mirbase.org/). More specifically, RNA oligonucleotides
50-GGUGCAGUGCUGCAUCUCUGGU-30 and 50-UGAGAUGAAG
CACUGUAGCUC-30 were synthesized and annealed to an RNA-RNA
duplex by Integrated DNA Technologies (IDT, Leuven, Belgium). The
synthetic anti-MIR143 inhibitor for in vivo application was designed
and produced by Exiqon (Vedbaek, Denmark). Knockdown of UPAR
was accomplished with a pool of siRNAs (L006388, ON-TARGETplus
PLAUR siRNA, Dharmacon, Lafayette, CO, USA). As a negative con-
trol RNA, a non-targeting siRNA directed against the luciferase gene
was used. The siRNA molecule 50-CUUACGCUGAGUACUUCGA-
dTdT-30 and 50-dTdT-GAAUGCGACUCAUGAAGCU-30 was pur-
chased from MWG (Ebersberg, Germany).

RNA and Protein Isolation

Total RNA and protein were isolated using TRIzol (Invitrogen,
Darmstadt, Germany), according to the manufacturer’s instructions.
In the case of cultivated cell lines, TRIzol reagent was added directly to
the cells after washing with PBS. Tissue samples were mechanically
disrupted in TRIzol reagent prior to RNA and protein isolation.
RNA preparations were treated with recombinant DNaseI (Sigma-
Aldrich, Taufkirchen, Germany) before use. For luciferase reporter
gene analyses, a different extraction protocol was used. Briefly, cells
were lysed with radioimmunoprecipitation assay (RIPA) lysis buffer
(25 mM Tris-HCl [pH 8.0], 137 mM NaCl, 10% glycerol, 0.1%
SDS, 0.5% sodium deoxycholate, 1% NP40, 2 mM EDTA [pH 8.0],
1 mM sodium vanadate, and 1.5 mM sodium fluoride) for 15 min,
and cell lysates were collected by centrifugation.

Reverse Transcription and qPCR

To quantify the mRNA levels, 1 mg total RNA was reverse transcribed
using the Dynamo cDNA synthesis system (Thermo Scientific, Darm-
stadt, Germany), according to the manufacturer’s recommendations.
qPCR was performed in a StepOne plus real-time PCR system
(Thermo Scientific, Applied Biosystems, Darmstadt, Germany) in a
final volume of 10 mL containing 1� gene expression master mix,
1� gene-specific primers and detection probe, and cDNA corre-
sponding to 25 ng total RNA. All of the reactions were performed
in triplicate. The gene-specific primer-probe combinations used
were HPRT1 (Hs99999909_m1, Applied Biosystems) and PLAUR
(Hs00182181_m1, Applied Biosystems).

For the quantification of miRNAs, 10 ng total RNA was reverse tran-
scribed using miRNA reverse transcription reagents (Applied Bio-
systems) and miRNA-specific reverse transcription primers. Quantifi-
cation was performed in a StepOne plus real-time PCR system
(Thermo Scientific, Applied Biosystems) in a final volume of 10 mL
containing 1� gene expression master mix, 1� miRNA-specific
primers and detection probe, and miRNA-specific primed cDNA cor-
responding to 330 pg total RNA. All of the reactions were performed in
triplicate. The miRNA-specific primer-probe combinations used were
RNU6b (001093, Applied Biosystems) and hsa-MIR143 (002249,
Applied Biosystems). Relative gene expression was calculated using
the DDCt method using the reference gene HPRT1 or RNU6b.67

MIR143 Reporter Luciferase Assays

The pSG5-MIR143 expression construct was generated by PCR
amplification using primers MIR143-EcoRI 50-CCGAATTCTGC
TCAAATGGCAGGCCACAGAC-30 and MIR143-BamHI 50-CCG
GATCCTCGTGAAGCAGATCGTGGCACCA-30 (MWG-Eurofins,
Ebersberg, Germany) and inserted into the pSG5 expression plasmid
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 279
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(Stratagene, Heidelberg, Germany). The dual luciferase reporter
plasmid pMIR-RL has been described elsewhere.16 Nucleotides
21–336 of the 30 UTR of UPAR (GenBank: NM_001005376.2)
were cloned via PCR amplification from testis cDNA and inserted
via the SpeI and NaeI restriction sites of pMIR-RL. The oligonu-
cleotide primers used were UPAR WT forward 50-GGACTAGTC
CCAGATGTTTCAGCCATCTCAGCCCAGGCACCAGAC-30 and
UPAR WT reverse 50-GCCGGCGTGGAGATGAGGTCTCACTG-
30. For the targeted mutation of the predicted MIR143-binding sites,
we designed alternative oligonucleotide primers that, when used
instead of the original primers, substituted the first, the second, or
bothMIR143-binding sites with restriction site sequences. More spe-
cifically, UPAR MUT I forward 50-GGACTAGTCCCAGATGTT
TCAGCTCGCGAAGCCCAGGCACCAGAC-30 substituted the first
MIR143-binding site with a NruI restriction site, and UPAR MUT
II reverse 50-GCCGGCGTGTCACGTGTGTCTCACTGTGTTGC
CCAGGCTGATC-30 substituted the second MIR143-binding site
with a PmlI restriction site.

HEK293T cells were cultivated in 24-well plates and transfected with
0.2 mg reporter construct and 0.8 mgmiRNA expression plasmid using
the Nanofectin transfection reagent (PAA, Cölbe, Germany). The
luciferase assays were performed 48 h after transfection using a
Dual-Luciferase Reporter Assay System, according to the manufac-
turer’s instructions (Promega, Mannheim, Germany).

Western Blotting

Equal amounts of total protein lysates were separated by SDS-PAGE
and transferred to nitrocellulose membranes (GE Healthcare, Frei-
burg, Germany) by electroblotting. The primary antibodies used
were polyclonal rabbit anti-uPA receptor antibody (ab103791;
Abcam Milton, UK; 1:100) and monoclonal rabbit anti-GAPDH
(clone 14C10, NEB Cell Signaling, Frankfurt, Germany; 1:1,000). Sec-
ondary anti-rabbit antibody conjugated with horseradish peroxidase
was purchased from Jackson ImmunoResearch Laboratories (Suffolk,
UK) and used at a concentration of 1:5,000. Protein bands were re-
vealed by enhanced chemiluminescence in a LAS-4000 chemilumi-
nescence detection system (GE Healthcare, Munich, Germany).
Densitometry of western blot pictures was performed using ImageJ
software, and the expression of UPAR protein was normalized to
GAPDH as the housekeeping control protein.

Determination of UPAR Antigen Levels by ELISA

The UPAR antigen level in tissue extracts of PCa patients was deter-
mined using a commercially available ELISA kit (IMUBIND UPAR
ELISA 893; American Diagnostica/Sekisui Diagnostics, Stamford,
CT, USA), according to the manufacturer’s instructions and as previ-
ously described.68 Antigen concentrations in tissue extracts are given
as nanogram analyte per milligram total protein.

Cell Transfection and Measurement of Cell Proliferation

PC-3 and DU-145 cells were transfected with negative control siRNA
(siCtrl), MIR143, si-UPAR, or the combination of si-UPAR and
MIR143 at a final concentration of 15 nM, using INTERFERin trans-
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fection reagent (Polyplus Transfection, Illkirch, France). Single trans-
fections with MIR143 or si-UPAR at concentrations below 15 nM
were filled up with negative control to reach equal amounts of
nucleic acid in all wells. For the transfection of pre-miR (Figure 2A),
siPORTNeoFX transfection agent (Thermo Fisher Scientific) and a
final concentration of 50 nM were used.

Cell proliferation was quantitated with the bromodeoxyuridine
(BrdU) cell proliferation ELISA Kit (Roche Applied Science,
Mannheim, Germany), according to the manufacturer’s instructions.
At 24, 48, and 72 h after transfection, BrdU incorporation was
measured in an automated microplate reader. The mean absorbance
of control cells was set to 100%, and cell proliferation upon specific
transfection is given as percent of control.

Spheroid and Colony Formation Assays

Cells were transfected using INTERFERin as described above. For
spheroid assays, cells were trypsinized after 48 h and reseeded in
Nexcelom3D 96-well round-bottom ultra-low attachment plates
(Nexcelom Bioscience, Lawrence, MA) at a density of 5,000 cells/well.
The morphology as well as the average area (mm2) was measured on
day 7 after seeding, using a Celigo Imaging Cytometer (Nexcelom).
Subsequently, the dead cell staining reagent propidium iodide (Carl
Roth, Karlsruhe, Germany) was added to the spheroids at a concentra-
tion of 1mg/mL/well. After 30-min incubation, the absolute red fluores-
cence intensity was measured using the Celigo Imaging Cytometer.

For colony formation assays, cells were trypsinized 48 h after transfec-
tion and reseeded in 6-well plates at a density of 1,000 cells/well. Each
treatment was seeded in duplicates and cultured for 8 days. Subse-
quently, the colonies were fixed with methanol, stained with 0.5%
crystal violet solution (Carl Roth), and counted and imaged automat-
ically using the Celigo Imaging Cytometer Software.

Confluency and PI Assay

PC-3 or DU-145 cells were seeded in a Greiner CELLSTAR 96-
well-plate (Sigma-Aldrich, Munich, Germany) at a density of
2,000 cells/well. At 1 day after seeding, cells were transfected as
described above. Propidium iodide was added 72 h after transfection
at a concentration of 1 mg/mL/well. The red fluorescence intensity
signal relative to the confluence per well was analyzed using the
Celigo Imaging Cytometer Software.

Mouse Xenograft Model and Nanoparticle Therapy

Athymic nude mice (Hsd:Athymic Nude-Foxn1nu, 6–8 weeks of age)
were obtained from the animal core facility of the University of
Leipzig (Medizinisch-Experimentelles Zentrum [MEZ]) and kept at
23�C in a humidified atmosphere and a 12-h-light and dark cycle,
with standard rodent chow and water ad libitum. Experiments were
performed according to the national regulations and approved by
the local authorities of the State of Saxony, Germany. For tumor
establishment, 3� 106 PC-3 cells in 150 mL PBS were injected subcu-
taneously (s.c.) into both flanks of the mice. When the solid tumors
reached a volume of approximately 50–75 mm3, the mice were
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randomized into specific treatment, negative control treatment, and
non-treatment groups (n = 18–23 tumors per group).

miRNAs, antimiRs, and negative control siRNAs were complexed
with the PEI F25-LMW essentially as described previously.63,69

Briefly, 10 mg miRNA, antimiR, or siRNA was dissolved in 75 mL
10 mM HEPES, 150 mM NaCl (pH 7.4), and incubated for 10 min.
Then, 50 mg PEI F25-LMW70 was dissolved in the same buffer for
10 min and mixed with the miRNA-antimiR-siRNA solution, prior
to complexation for 15min. The complexes were aliquoted and stored
frozen.71 Prior to use, they were thawed and allowed to incubate for
30–60 min at room temperature (RT).

To assess the biodistribution, miRNAs were radioactively end labeled
before complexation, using [32P]-ATP as described previously.69 At
6 h after i.p. injection of the PEI-miRNA complexes, the mice were
sacrificed and total RNA was prepared from various organs, run on
a 1.6% agarose gel, and blotted, prior to analyzing the blots by
autoradiography.

For studying therapeutic effects, 10 mg PEI F25-LMW-complexed
miRNAs, antimiRs, or negative control siRNAs were systemically
administered three times per week by i.p. injection, described previ-
ously as optimal.69 Tumor volumes were monitored every 3–4 days
at the time points indicated in Figure 4B, by measuring all three di-
mensions. For termination of the experiment, the mice were sacrificed
1 day after the last treatment with PEI complexes, and the tumors
were immediately removed. Pieces of the tumor tissue were snap
frozen in TRIzol for future RNA and protein preparation.
Statistical Analysis

All experiments were run in triplicates unless stated otherwise. Statis-
tical analyses were performed by one-way ANOVA or Student’s t test
using SigmaPlot 10 (Systat, Chicago, IL, USA), with *p < 0.05 and
**p < 0.03 compared to negative control transfection.
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