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Abstract

Background: MiRNAs act as negative regulators of gene expression through target mRNA degradation or inhibi-
tion of its translation. In cancer, several miRNAs are upregulated and play crucial roles in tumorigenesis, making the
inhibition of these oncomiRs an interesting therapeutic approach. This can be achieved by directly complementary
single-stranded anti-miRNA oligonucleotides (antimiRs). A major bottleneck in antimiR therapy, however, is their
efficient delivery. The nanoparticle formation with polyethylenimine (PEl) may be particularly promising, based on
the PEl's ability to electrostatically interact with oligonucleotides. This leads to their protection and supports delivery.
In the present study, we explore for the first time PEI for antimiR formulation and delivery. We use the branched low
molecular weight PEI F25-LMW for the complexation of different antimiRs, and analyse tumor- and metastasis-inhibi-
tory effects of PEl/antimiR complexes in different tumor models.

Results: In prostate carcinoma, transfection of antimiRs against miR-375 and miR-141 leads to tumor cell inhibition

in 2D- and 3D-models. More importantly, an in vivo tumor therapy study in prostate carcinoma xenografts reveals
anti-tumor effects of the PEl/antimiR complexes. In advanced melanoma and metastasis, we identify by a microRNA
screen miR-150 as a particularly relevant oncomiR candidate, and validate this result in vitro and in vivo. Again, the sys-
temic application of PEl/antimiR complexes inhibiting this miRNA, or the previously described antimiR-638, leads to
profound tumor growth inhibition. These effects are associated with the upregulation of direct miRNA target genes. In
a melanoma metastasis mouse model, anti-metastatic effects of PEl/antimiR treatment are observed as well.

Conclusions: We thus describe PEl-based complexes as efficient platform for antimiR therapy, as determined in two
different tumor entities using in vivo models of tumor growth or metastasis. Our study also highlights the therapeutic
relevance of miR-375, miR-141, miR-150 and miR-638 as target miRNAs for antimiR-mediated inhibition.
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Background

MiRNAs are small 21-23 nucleotide non-coding RNA
molecules, which act as negative regulators of gene
expression by binding to the 3’ untranslated region (3’
UTR) of mRNAs, leading to target mRNA degradation
or inhibition of its translation. More than 2000 miRNAs
exist in the human genome [1-3], with every miRNA
being able to regulate a large number of genes, many of
which are functionally related (https://microrna.sange
rac.uk; https://pictar.bio.nyu.edu/).

Importantly, several miRNAs have been found to be
upregulated in tumors and to exert oncogenic effects (see
e.g. [4, 5]). They thus play a crucial role in the onset and
progression of human cancer. The aberrant overexpres-
sion of these oncogenic miRNAs (oncomiRs) and their
activity in malignancies, as demonstrated in a plethora of
functional studies, underscore the relevance of miRNAs
in tumorigenesis and tumor progression, and make them
interesting therapeutic targets.

For their inhibition, the delivery of miRNA inhibi-
tors including antimiRs, antagomirs, miRNA decoys or
miRNA sponges has been employed. AntimiRs, i.e., anti-
miRNA oligonucleotides for miRNA inhibition, are sin-
gle-stranded oligonucleotides directly complementary to
the miRNA to be inhibited [6]. As synthetic reverse com-
plements, they prevent miRNA activity by competing
with the target 3’UTR mRNA site for miRNA binding.
The miRNA:antimiR hybridization leads to inactivation
of the mature miRNA primarily through steric hindrance
[7].

While expression vectors encoding antimiRs can be
introduced by viruses for intracellular transcription of
the miRNA inhibitor, viral approaches may raise several
issues including potential safety problems with regard
to insertional mutagenesis, induction of toxic immune
responses or oversaturation of cellular miRNA/RISC
machinery and difficulties in dosage. Thus, non-viral
antimiR delivery approaches are preferred and also
allow for using chemically modified antimiR oligonu-
cleotides with enhanced nuclease stability, affinity and
specificity. Beyond first generation anti-miRNA oligo-
nucleotides employing 2’-O-Methyl RNA nucleotides
(2’OMe) and phosphorothioate (PS) internucleotide
linkages, this also includes locked nucleic acid (LNA)
modifications [8]. LNA-modified oligonucleotides are
known to be effective in functional miRNA inhibition
with high affinity and specificity, accompanied by low
toxicity and increased stability in vivo [9-11].

For their therapeutic exploration in vivo, however,
the delivery of antimiR still represents a major bot-
tleneck since enzymatic degradation, immunogenicity
in the bloodstream as well as poor tissue penetration
and cellular uptake of naked oligonucleotides render
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naked antimiRs rather inefficient. Since these issues can
only partially be addressed by chemical modifications,
nanoparticles may serve as delivery platforms, includ-
ing liposomes or liposome-like stable nucleic acid lipid
particles (SNALPs) [12], inorganic nanoparticles [13],
exosomes [14] or polymeric nanoparticles. Among cati-
onic polymers, polyethylenimine (PEI) can be consid-
ered as the gold standard for non-viral gene delivery
due to its commercial availability and high transfection
efficiency. It is able to electrostatically interact with
oligonucleotides [15]. PEIs are linear or branched, syn-
thetic polymers of variable molecular weights [16—-18].
Upon nanoplex formation, RNAs have been shown to
be completely protected against degradation and to be
delivered and intracellularly released. Notably, this also
applies to small RNA molecules like ribozymes, siRNAs
or miRNAs [18-22]. While low molecular weight PEIs
are preferable from the toxicological viewpoint, they
may suffer from poor efficacy, especially with regard to
small RNA molecules. This is particularly true for small
single-stranded antimiRs. Previously, we introduced
the 4-10 kDa branched PEI F25-LMW [18] and dem-
onstrated its therapeutic potential for PEI-mediated
siRNA or miRNA delivery in therapeutic in vivo appli-
cations [18-25].

For antimiR delivery, PEIs have been explored mainly
as one component for modifying inorganic nanostruc-
tures like Au nanocages [26, 27], in co-polymers or in
multifunctional nanocomplexes [28-31]. While PEG-
shielded carboxymethyl PEI nanogels [32] or disulphide-
crosslinked PEIs [33] have been described as well, in
another study the branched 25 kDa PEI “gold standard”
performed only poorly in terms of complex stability, effi-
cacy and biocompatibility [34].

In the present study, we describe for the first time the
use of PEI F25-LMW as an uncomplicated system for
antimiR complexation and delivery. Using different anti-
miRs, we analyse its efficacy in different tumor models,
with regard to tumor- and metastasis-inhibitory effects.
This also demonstrates the broader applicability of PEI/
antimiR complexes for miRNA inhibition.

Results

Tumor cell-inhibitory effects of miR-375/miR-141 inhibition
Based on previous studies on the potential roles of miR-
375 and miR-141 as oncogenic miRNAs [35-38], we first
assessed the effects of the antimiR-mediated miRNA
inhibition in 2D and 3D cell growth in different in vitro
models of prostate carcinoma. Transient transfection of
LNCaP cells with antimiRs led to a substantial reduction
in cell proliferation as compared to untreated or nega-
tive control transfected cells (Fig. 1a). Effects were more
profound in the case of antimiR-141, with an almost
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complete inhibition of cell growth over the first 72 h post
transfection. Similar inhibitory effects were observed in
PC3 and in DU145 cells, with again antimiR-141 trans-
fection leading to a more profound decrease in cell pro-
liferation (Fig. 1b). This was paralleled by reduced DU145
colony formation on plastic (Fig. 1c). Switching to a 3D
system closer to the in vivo situation, soft agar assays
were performed. In this assay, single cells are seeded in a
soft agar matrix, thus having the chance to grow anchor-
age-independently (i.e., not on a plastic surface as in clas-
sical 2D culture) and to form 3D colonies. This resembles
much closer the in vivo conditions of cell growth. Upon
plating pre-transfected DU-145 cells, a~50% reduction
of soft agar colony counts upon specific antimiR trans-
fection was observed compared to negative controls
(untreated or negative control transfected cells; Fig. 1d).
Notably, in this assay inhibitory effects of antimiR-141
and antimiR-375 were comparable. Tumor cell-inhibitory
effects may be due to increased apoptosis upon specific
antimiR transfection. The extrinsic and the intrinsic
apoptosis pathway rely on increased caspase-3/-7 activ-
ity, which was analyzed next. Indeed, a~twofold cas-
pase-3/-7 activation was observed in all three cell lines
and for both specific antimiRs (Fig. 1e).

Formation and characterization of PEl/antimiR complexes

For the therapeutic in vivo application of small RNAs,
formulations are necessary to avoid RNA degradation
and rapid renal clearance as well as for mediating RNA
delivery to the target tissue and cellular uptake. We have
previously established polymeric, polyethylenimine
(PEI)-based nanoparticles for siRNA or miRNA delivery,
which was now extended towards antimiRs. Despite the
fact that molecular weights of single-stranded 20-mer
antimiRs (i.e., comprising only 20 nucleotides) are even
smaller compared to double-stranded siRNAs, antimiRs
were efficiently complexed already at low mass ratios.
More specifically, a PEI: antimiR mass ratio of 2.5 was suf-
ficient for full complexation, as indicated by the absence
of a free antimiR band in gel electrophoresis (Fig. 2a).
This was independent of the complexation conditions
and thus also true for low salt buffer conditions (Fig. 2a,
right), which generally lead to less efficient complexation
and smaller complexes. Complexes were also found to
be stable, as determined by heparin displacement assay.
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Complex decomposition required 1 unit heparin/0.2 pg
antimiR for antimiR release, with no signs of partial
complex destabilization at lower heparin concentrations
(Fig. 2b). This result was identical to siRNA release from
PEI/siRNA complexes (data not shown).

While non-modified siRNAs are prone to degradation,
the chemical modification of the antimiR led to its sta-
bility against RNase. Free antimiR retained its integrity
upon incubation with RNase or FCS, with less defined
gel bands in the presence of FCS indicating its profound
interaction with serum proteins (Additional file 2: Fig.
S2a, lanes 1-4). In contrast, siRNA showed less interac-
tion with serum proteins but partial or full degradation
in the presence of FCS or RNase, respectively (Additional
file 2: Fig. S2b). Both molecules were fully complexed
by PEI F25-LMW and the complexes remained stable
also in the presence of FCS (Additional file 2: Fig. S2a,
b, right lanes). Upon heparin treatment, both complexes
released their fully intact RNA cargo (Additional file 2:
Fig. S2a, b, center lanes). AntimiRs and PEI/antimiR
complexes remained also intact under conditions present
in the lysosome. When incubating antimiRs with artifi-
cial lysosomal fluid (ALF), no degradation was observed
(Additional file 2: Fig. S2c, left lanes). Also, PEI/antimiR
complexes remained stable under these conditions, and
only released the intact antimiR upon addition of hepa-
rin (Additional file 2: Fig. S2c, lanes 3-5). Taken together,
this demonstrates the stability of complexes and antimiRs
under relevant biological conditions.

By nanoparticle tracking analysis, PEI/antimiR complex
sizes were determined at a rather distinct size of ~90 nm,
with little variation (Fig. 2c, upper panel). This was largely
confirmed by Dynamic Light Scattering (DLS), which
revealed slightly larger complexes with even less size dis-
tribution (Fig. 2c, lower panel). Similar results were also
obtained by transmission electron microsopy (TEM;
Fig. 2d) which showed asymmetric complexes which, at
higher concentrations, tended to aggregate (Fig. 2d, left
vs. right). Complex sizes in the range of~130 nm, an
irregular shape of the complexes, as visualized by TEM,
and a positive zeta potential of ~28 mV, as determined
by Phase Analysis Light Scattering (PALS; Fig. 2c, right),
were very similar to previously described PEI/siRNA
complexes (see e.g., [39, 40]). Concomitantly, efficient
uptake of PEI/antimiR complexes containing Cy3-labeled

(See figure on next page.)

Fig. 1 AntimiR-375 and antimiR-141 reduce tumor growth of prostate cancer in vitro and in vivo. a LNCaP prostate cancer cells were cultured under
standard culture conditions and exposed to antimiR-375 or antimiR-141. Cell proliferation was measured using the colorimetric WST-1 assay. b PC3
and DU145 prostate cancer cells were transfected with antimiR-375 or antimiR-141 and grown at low density and stained with Hematoxylin. ¢, d
DU145 prostate cancer cells were transfected with antimiRs and analyzed for anchorage-dependent (¢, on plastic) and anchorage-independent (d,
in soft agar) colony formation capacity. e LNCaP, PC3 and DU145 prostate cancer cells were transfected with antimiRs as above and caspase activity

was measured as a marker for apoptosis induction
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(See figure on next page.)

Fig. 2 Nanoparticle complex stability and transfection rates. a For the determination of complexation efficacy by agarose gel electrophoresis,

0.5 pg antimiR were complexed with PEl at the different weight ratios. The complexes were mixed and separated on a 2% agarose gel pre-stained
with Sybr™ Gold. b Complex stabilities were measured by heparin displacement assay. ¢ PEl/antimiR complex sizes were determined by Dynamic
Light Scattering (DLS). d Transmission electron microscopy (TEM) of PEl/antimiR complexes. e,f Uptake of PEI complexes containing Cy3-labeled

antimiR was analyzed by flow cytometry and confocal microscopy

antimiRs was observed. The analysis of PC3 cells at 48 h
after transfection revealed a percentage of cells taking
up complex of ~100%, as determined by flow cytometry
(Fig. 2e). This was also confirmed by confocal microscopy
(Fig. 2f, upper panel). The direct comparison of uptake
efficacies also revealed that antimiR uptake was depend-
ent on its prior complexation (Additional file 1: Fig. S1a).
More specifically, flow cytometry upon incubation of
PC3 cells with free FAM-labeled antimiR showed results
indistinguishable from untreated cells while profound
uptake was observed in the case of the PEI/antimiR com-
plexes. This was in line with biological antimiR efficacy
in inhibiting cell proliferation (Additional file 2: Fig.
S2b). PEI-complexed antimiR-375 or antimiR-141 led to
a>55% reduction of viable cells after 5 d as compared to
their PEI-complexed negative control counterparts, while
no effect was observed upon treatment of the cells with
the same amount of uncomplexed antimiRs (Additional
file 2: Fig. S2b).

When analyzing cell uptake in more detail by parallel
staining with LysoTracker green, co-localization of both
signals (yellow signals in Fig. 2f, lower panel) as well as
color separation were observed. The analysis of the colo-
calization using the Fiji software and the colocalization
plugin revealed a Pearson correlation coefficient from 4
images (20x magnification) of 0.78£0.022. This indi-
cates complexes in the lysosomes and their release from
the lysosome into the cytoplasm, respectively.

Taken together, these results demonstrate the forma-
tion of stable complexes, capable of delivering intact
antimiRs into cells. These PEI/antimiR complexes were
subsequently employed in vivo.

In vivo tumor therapy study in prostate carcinoma
xenografts

Prostate carcinoma (PCa) xenografts were generated by
subcutaneous (s.c.) injection of PC3 cells into athymic
nude mice. Upon establishment of tumors>80 mm?
with solid growth kinetics, mice were randomized into
two groups and treated by intraperitoneal injection of
10 pg PEI-complexed antimiR-141 + antimiR-375 or PEI-
complexed negative control RNA every 2-3 days at the
time points indicated in the figure. In this experimental
model, the intraperitoneal administration route was pre-
ferred over i.v. injection since we have shown previously
that i.p. injected PEI-based complexes reach s.c. tumor

xenografts more efficiently [24]. As shown in Fig. 3a,
treatment with specific PEI/antimiR complexes led to a
profound ~60% inhibition of tumor growth. No adverse
effects of the repetitive injections were observed. Upon
termination of the experiment, tumors were explanted
and analyzed by Western blot for expression levels of
miR-375 target genes SEC23A [36] and PHLPP1 [41].
While in both groups band intensities were found some-
what heterogeneous between individual samples, a
profound upregulation of both proteins based on anti-
miR-mediated de-repression was observed (Fig. 3b).

MicroRNA screen identifies miR-150 as an oncomiR
candidate in melanoma

Based on our previous study on miRNAs in melanoma
[42], we performed miRNA expression profiling of 670
different microRNAs in primary malignant melanomas
(PM), lymph node metastases (LNM) and distant cutane-
ous metastases (DCM) using patient tissue samples, com-
pared with that of freshly isolated primary melanocytes
(ME; Fig. 4a). MiRNAs miR-214 and miR-150 showed
the highest fold change in expression when comparing
primary melanomas with melanocytes (ME), miR-150
showed the highest fold changes when comparing lymph-
node metastases (LNM) and distant cutaneous metasta-
ses (DCM) with melanocytes (ME) (Fig. 4b). These data
emphasized the potential role of miR-150 in melanoma
progression. The role miR-214 in melanoma progression
had been described in detail in earlier reports by another
group [43]. Due to its high scores in primary melanoma
as well as in metastasis, miR-150 was selected for further
studies.

miR-150 promotes melanoma growth in vitro and in vivo

Cells were transfected with a miR-150 expression vector,
prior to seeding at low density and growth for 20 days.
When overexpressing miR-150 in the three different
melanoma cells lines SK-Mel-28, A375 and B16V in this
way, a statistically significant increase in clonogenic cell
growth was observed (Fig. 4c). More importantly, tran-
sient transfection of miR-150 in B16V cells also promoted
melanoma growth in vivo (Fig. 4d). The miR-150-overex-
pressing versus negative control-transfected cells were
s.c. transplanted at the back of syngeneic C57/BL6 mice
and tumor xenografts were allowed to grow for 14 days.
After this, the mice were sacrificed and volumes of the
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extracted tumors measured. While negative control (i.e.,
non-targeting control-RNA overexpressing) cells showed
moderate tumor formation capacity when engrafted
into mice, overexpression of miR-150 led to significantly
increased tumor volumes (Fig. 4d).

More important, however, is the reverse experiment
addressing the question if blocking of miR-150 might
lead to melanoma cell inhibition and attenuated tumor
growth. To address this issue, 5x 10° B16F10 mela-
noma cells were transfected with antimiR-150 or with
a negative control RNA, prior to s.c. injection into the
back of syngeneic C57/BL6 mice and tumor growth
for 28 days. After this, the mice were sacrificed and

volumes of the extracted tumors measured. Indeed,
inhibition of miR-150 led to significantly reduced
tumor growth compared to the control injected tumors
(Fig. 4e). The tumor cell-inhibitory effect of antimiR
treatment was also observed in vitro, when analyz-
ing proliferation rates (Fig. 4f). This also indicates that
the in vivo effects seen in Fig. 4e are not merely based
on differences in tumor take, and identify miR-150 as
a potential therapeutic target in melanoma. The LOX
melanoma cells shown in Fig. 4f were also used for the
subsequent in vivo therapy study.
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(See figure on next page.)

(here: in the interval 96 h—120 h after transfection)

Fig. 4 miR-150 drives melanoma growth in vivo. a TagMan® low-density arrays were used to measure the expression of 667 human miRNAs in a
set of melanocytes, primary melanomas and cutaneous melanoma metastases. Relative expression of indicated miRNAs is shown. The heatmap
shows high expression in green and low expression in red. b Fold changes (FC) of miRNA expression is indicated when comparing melanocytes
(ME), primary melanomas (PM), lymph node metastases (LNM) and distant cutaneous metastases (DCM), respectively. ¢ Melanoma cells were
transfected with miR-150 and seeded at low density. Colony formation was counted by light microscopy. d miR-150 was overexpressed in B16V
mouse melanoma cells after transfection of the microRNA mimic, and tumor cells were injected into flanks of C57BL6N mice. Tumors were surgically
removed after 14 days and weighted. e B16V melanoma cells were transfected using antimiRs against miR-150 or antimiR-control oligos. Mice were
sacrificed after 14 days and surgically removed tumors were weighted. f LOX cells were transfected with antimiRs and analyzed for growth rates

Therapeutic effects of PEl/antimiR complexes in melanoma
xenografts in vivo

Subcutaneous tumor xenografts from LOX cells were
generated and, after establishment of tumors with solid
growth kinetics, mice were randomized in negative con-
trol and treatment groups. The comparison between
untreated and PEI-negative control RNA treated groups
revealed the absence of non-specific effects of the treat-
ment with PEI complexes (Fig. 5a). For these experi-
ments, antimiRs targeting miR-150 and miR-638 were
used. In an earlier study by our group, miR-638 had been
shown to be a major contributor to melanoma growth
[42], and miR-150 had been identified above. Indeed,
PEI/antimiR-150 or PEI/antimiR-638 treatment led to a
profound 40-50% reduction of tumor growth. PEI-com-
plexed antimiR-638 was slightly more efficient than anti-
miR-150 (Fig. 5a, b). On the molecular level, the analysis
of the explanted tumor tissues revealed alterations in the
expression of murine double minute 4 (MDM4) which
has been described previously as direct target of miR-
150 [44]. The antimiR-mediated de-repression of MDM4
expression led to enhanced levels, as determined by
quantitation of the total immunopositive area as well as
by the mean MDM4 staining intensity (Fig. 5¢).

Anti-metastatic effect of PEl/antimiR treatment

Since both, miR-638 and miR-150, have been implicated
with metastasis ([42] and Fig. 4a, b), we also analyzed
possible inhibitory effects of our PEI/antimiR complexes
on the formation of metastases. For this, mice were i.v.
injected with LOX cells prior to repeated treatment with
PEI-complexed antimiR-638 or antimiR-150 vs. PEI-
complexed negative control (scrambled RNA). Upon
termination of the experiment after 4 weeks, lungs were
surgically removed and paraffin sections were prepared.
Analysis of serial sections by H&E staining revealed an
inhibition in metastasis formation in the specific treat-
ment groups, as indicated by lower total numbers of
metastases. This was true with regard to the total num-
ber of metastases determined in all analyzed sections
(Fig. 6a) as well as for the number of metastasis positive

samples (Fig. 6b; given as metastasis-positive sample
ratio). Metastatic lesions showed significant variation in
diameters. Together these data showed that treatment of
mice with PEI-complexed antimiRs showed a significant
treatment response.

Discussion

The development of non-viral RNA delivery tools as well
as the selection of functionally relevant oncomiRs are
pivotal requirements for miRNA inhibition strategies. In
this paper, we establish PEI complexes as delivery plat-
form for antimiR therapy. On purpose, we selected dif-
ferent in vivo models from different tumor entities to also
demonstrate their broader applicability.

As therapeutic targets in prostate carcinoma (PCa),
miR-141 and miR-375 were selected in this treatment
study since both miRNAs have been found overex-
pressed in prostate cancer patients, also demonstrating
their prognostic value [45-47]. In serum and plasma, a
significant correlation with metastatic PCa was found
[48]. High levels of miR-375 or miR-141 were associ-
ated with poor overall survival (OS), aggressive tumor
characteristics and poor outcome [49, 50] in prostate
cancer. The roles of both miRNAs in this tumor entity
may be similar and interactive, based on common tar-
gets. Moreover, both miRNAs have been found to be
associated with treatment outcome and may thus serve
as predictors for castration resistant prostate cancer
(CRPC) disease progression under docetaxel or abi-
raterone treatment [51]. Thus, despite contradictory
findings in other tumor entities, pointing towards an
ambivalent role of miR-141 in various human cancers
[52-54], and one report on a dual role of miR-375 in
prostate carcinogenesis [55], their inhibition could
be expected to represent a valuable approach towards
novel treatment regimens in prostate cancer, which has
not been explored so far. Indeed, our in vitro studies
support this notion, by demonstrating profound tumor
cell growth inhibitory and pro-apoptotic effects of both
antimiRs. Notably, this was also true for antimiR-375 in
PC3 cells, despite an opposite previous finding on the
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role of miR-375 in this cell line [55]. Thus, our results  being somewhat stronger. While the combined inhibi-
held true in several (androgen-dependent or -inde- tion of both miRNAs did not seem to produce additive
pendent) cell lines, with effects of miR-141 inhibition  or synergistic effects, thus being in line with the notion
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Fig. 5 Treatment of local melanoma xenografts with antimiR/PEI complexes in mice. a For the generation of melanoma xenografts, 5 x 108 LOX
cells were injected subcutaneously into both flanks of athymic nude mice. The PEI/antimiR complexes were injected intraperitoneally every
2-3 days at the time points indicated in the figure. Tumor sizes were determined by measuring all three dimensions. b Representative pictures of
mice. ¢ Representative examples of immunofluorescence staining of melanoma xenografts with antibodies directed against the miR-150 target
MDM4. The right panel shows the quantitation of immunofluorescence staining

of their overlapping function, it is tempting to specu-
late that the combination of antimiR treatment with
chemo- or androgen ablation therapy may in fact lead
to further increases in treatment efficacies.

Likewise, two miRNAs were selected as targets in
melanoma. MiR-150 has been established as potential
biomarker with diagnostic power [56]. More specifi-
cally, it was found upregulated in plasma of melanoma
patients compared with healthy controls [57], with a
statistically significant postsurgical downregulation of
miR-150 relative to pre-surgical samples [58]. However,
conflicting results exist with regard to its oncogenic or

tumor-suppressive function. On the one hand, miR-150
has been described to suppress proliferation, migration
and invasion of melanoma cells through inhibition of
SIX1 [59] and downregulation of MYB [60]. Concomi-
tantly, a prognostic signature of six miRNAs including
miR-150 has been identified, with high expression of
these miRNAs associated with improved long-term sur-
vival of metastatic patients [61]. On the other hand, cell
proliferation, migration, and invasion were found to be
suppressed by miR-150 inhibitors, simultaneously pro-
moting cell apoptosis and G2/M cell arrest via upregu-
lation of PDCDC4 [62]. The latter findings regarding an
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Fig. 6 Treatment of distant melanoma metastases with antimiR/PEl
complexes in mice. a,b For the analysis of anti-metastatic effects of
PEl/antimiR-mediated inhibition, 5 x 10° LOX melanoma cells were
injected intravenously into the tail veins of NOD scid gamma mice.
After 7 days, mice were randomized into specific treatment groups
(antimiR-150, antimiR-638 and scrambled RNA). The PEl/antimiR
complexes were injected intraperitoneally every 2 days. Lungs

will be surgically removed after 4 weeks and lung metastasis was
evaluated by counting of number of melanoma metastatic lesions
in representative sections of each lung and the number of affected
lungs. The total number of metastases per group and number

of affected lung samples is given as bar graphs. ¢ Representative
examples of metastatic lesions in mouse lungs (arrows)

oncogenic function of miR-150 are supported by our
studies which demonstrate increased tumorigenesis
upon miRNA transfection, while antimiR-150-medi-
ated inhibition leads to decreased tumor growth. Nota-
bly, in our miRNA expression profiling data miR-150
also scored highest in the comparison LNM versus ME
and DCM versus ME, thus emphasizing its potential
role in tumor progression and metastasis. The observed
tumor-inhibitory effects of antimiR-150 treatment in
our setting is in line with its tumor promoting role.
This might explain the failure to induce c-MYB upreg-
ulation which would have to be expected according to
the above mentioned study, where miR-150 exerted a
tumorsuppressive function [60]. The observed increase
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of MDM4 in locally induced melanoma tumors is in
line with its previous description as a direct miR-150
target gene [44]. In addition, a positive activity exerted
by MDM4 on stress-activated p53 levels and pro-apop-
totic function has been described [63]. The complex
MDM4/HIPK2/p53 can repress anti-apoptotic proteins
that are frequently overexpressed and/or markers of
tumor phenotype in human cancer [64].

The therapeutic inhibition of miRNAs involved in later
tumor stages may be of particular therapeutic relevance.
This is supported by the anti-metastatic effect of our PEI/
antimiR-150 treatment, thus addressing a major goal in
oncology: therapy or prevention of metastases. Addition-
ally, miR-638 was selected which had been identified in
our previous work as oncologically relevant by promot-
ing melanoma metastasis and protecting melanoma cells
from apoptosis and autophagy [42]. Indeed, inhibition of
both miRNAs was found efficient in reducing primary
melanoma growth as well as metastases.

The analysis of the tissue sections by immunostaining
for direct target genes of the selected miRNAs revealed
that the observed antimiR effects were indeed accom-
panied by target gene upregulation. Of course, it should
be kept in mind that other genes will be affected by
antimiR treatment as well, which may contribute to an
even larger extent to the observed therapeutic effects.
Thus, the underlying molecular consequences of anti-
miR treatment can be expected to be more complex.
On the other hand, this broader specificity may also
contribute to more prominent tumor-inhibitory effects,
considering cancer as a pathway disease [65] depend-
ent on the parallel action of different oncogenes. In
this respect, antimiR therapy is comparable to miRNA
replacement therapy, which has been introduced in
preclinical studies [21].

Comparable to miRNA or siRNA therapy, issues related
to the delivery of the full-length intact RNA molecules
are still major obstacles in their therapeutic use. Various
nanoparticle systems have been explored in this respect
[66, 67]. While certain low molecular weight PEIs have
been shown to provide sufficient efficacy in the absence
of toxicity related to their higher molecular weight coun-
terparts, they often show limitations with regard to small
RNA molecules. In particular, siRNA molecules are often
poorly complexed due to their short sequences and their
double strand rigidity [68]. Our study provides evidence
that PEI F25-LMW is sufficiently potent for antimiR
complexation, mediating antimiR protection against
degradation and excretion, delivery to the target tissue,
cellular internalization and intracellular release. It thus
provides the basis for therapeutic use of antimiRs.

Taken together, here we provide substantial evidence
that nanoparticle complexed antimiRs may be used as
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specific treatment options in two different solid cancers
entities. Future treatment options may include this treat-
ment modality to enhance treatment response using clas-
sical chemotherapy or targeted treatment.

Methods

Materials

Branched low molecular weight (4-10 kDa) polyethyl-
enimine PEI F25-LMW was prepared as described pre-
viously [18]. Cell Culture media, Dulbecco’s phosphate
buffered saline (PBS) and trypsin were from Sigma
Aldrich (Taufkirchen, Germany), and fetal calf serum
(FCS) was purchased from Gibco Thermo Fisher (Darm-
stadt, Germany). Cell culture plastic and other dispos-
able plastics were from Sarstedt (Niimbrecht, Germany).
Chemically synthesized antimiRs (miRCURY LNA inhib-
itor; Exiqon/Qiagen, Hilden, Germany or 2’-OMe modi-
fied RNAs; Eurogentec, Seraing, Belgium) were used; see
Additional file 3: Table S1 for additional information.
Stable human prostate carcinoma cell lines PC3, DU145
and LNCaP as well as the human or mouse melanoma
cell lines LOX, A375, SK-Mel-28, B16F10 and B16V were
obtained from ATCC/LGC Promochem (Wesel, Ger-
many) or the German Collection of Microorganisms and
Cell Cultures (DSMZ), Braunschweig, Germany).

Cell culture and cellular assays

All cell lines were cultured in a humid atmosphere at
37 °C and 5% CO, in RPMI-1640 supplemented with
10% ECS. In vitro transfections were performed using
Interferin (Polyplus, Illkirch, France) according to the
manufacturer’s protocol for siRNA, with 10 or 20 nM
antimiR. Cell proliferation was determined in 96-wells
(2000 cells/well) using the colorimetric WST-1 assay
(Roche) as described previously [69] or by cell count-
ing using a hemocytometer (Neubauer chamber). For
the assessment of colony formation capacity, cells were
transfected 1 d prior to seeding at low density (1000
cells/well) in 6-well plates. To measure anchorage-inde-
pendent proliferation, cells were seeded in 6-well plates
and transfected as described above. 48 h after trans-
fection, soft agar assays were performed as described
previously [70]. Soft agars were run in triplicate wells
and incubated under standard conditions. At the time
points indicated, colonies>50 pm were counted by at
least two blinded investigators.

For the quantification of caspase-3/-7 activity, the
bioluminescent Caspase-Glo® 3/7 assay (Promega,
Mannheim, Germany) was used. Cells were seeded
in 96-well plates and transfected as described above.
After 96 h cultivation under standard conditions, the
Caspase-Glo® assay was performed according to the
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manufacturer’s protocol. Luminescence was measured
using a POLARstar Omega reader (BMG Labtec, Jena,
Germany) after 1 h of incubation at room temperature
in the dark. A WST-1 assay was performed in parallel
on the same plate as described above, to normalize for
variations in cell densities.

Complex preparation

PEI/antimiR complexes were prepared using PEI
F25-LMW as described previously for siRNA [24].
Briefly, for the preparation of complexes for a stand-
ard knockdown experiment in a 24 well format, 0.4 ug
(80 pmol) antimiR per well were diluted in 12.5 uL. HN
buffer (10 mM HEPES, 150 mM NaCl in DEPC-H,0,
pH 7.4). In a second tube, the appropriate PEI amount
(3 pg for mass ratio 7.5, unless indicated otherwise)
was dissolved in 12.5 pL. HN buffer. The antimiR solu-
tion was then added to the polymer solution, briefly
vortexed and incubated for 45 min at RT. Accordingly,
0.1 ug (20 pmol) antimiR were complexed in a final
volume of 10 uL for the 96 well format. For in vivo
experiments, larger complex amounts were prepared,
aliquoted and stored at — 80 °C. Prior to use the com-
plexes were thawed and incubated for 15 min.

Photon Correlation Spectroscopy (PCS) and phase analysis
light scattering (PALS)

Zeta potentials and particle sizes of complexes prepared
as described above were measured as described previ-
ously [71]. Briefly, complexes containing 20 pg antimiR
was diluted to 1.5 mL pure water prior to phase analysis
light scattering (PALS) and photon correlation spec-
troscopy (PCS), using a Brookhaven ZetaPALS system
(Brookhaven Instruments, Holtsville, USA). The data
were analyzed using the manufacturer’s software and
applying a viscosity and refractive index of pure water
at 25 °C. Zeta potentials were measured in ten runs,
with each run containing ten cycles, and applying the
Smoluchowski model. For size determination, the com-
plexes were analyzed in five runs with a run duration
of 1 min. Results are expressed as intensity weighted
mean diameter from different experiments. Addition-
ally, sizes were analyzed by nanoparticle tracking analy-
sis (NTA) using NanoSight LM10 (Malvern) equipped
with a 640 nm sCMOS camera, software NTA 3.0, and
an antimiR concentration of 1 pg/mL.

Electron microscopy

For transmission electron microscopy (TEM), 300-
mesh nickel grids were coated with a thin film made of
1% pioloform solution (Plano, Wetzlar, Germany). For
increasing hydrophilicity, UV radiation for 30 min and
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pre-incubation in a dH,O droplet for 5 min were per-
formed. Grids were incubated for 10 min in 10 pL sus-
pension containing 0.5 pg antimiR complexed with PEI
F25-LMW three times and air-dried overnight. The
samples were negatively stained with 1% aqueous ura-
nyl acetate. After rinsing and extensive drying, trans-
mission electron microscopy (TEM Libra 120, Zeiss,
Oberkochen, Germany) was done in bright field mode at
80 keV, and images were taken with a 4-megapixel CCD
camera equipped with a YAG scintillator and ISP soft-
ware (TRS Trondle, Moorenweis, Germany).

Complexation efficacy and complex stability

For the determination of complexation efficacy by aga-
rose gel electrophoresis, 0.5 pg antimiR was complexed
with PEI at the different weight ratios indicated in Fig. 2a
in 40 uL. HN buffer or in 5% glucose, 10 mM HEPES, pH
7.4. The complexes were mixed with 10x loading dye
and separated onto a 2% agarose gel pre-stained with
1x Sybr™ Gold in TAE buffer running buffer. Complex
stabilities were measured by heparin displacement assay.
PEI/antimiR complexes at a ratio of 7.5:1 were prepared
as described above and mixed with increasing amounts
of heparin as indicated in Fig. 2b. After an incubation of
30 min, the samples were analyzed by agarose gel electro-
phoresis as above.

The stabilities of uncomplexed antimiR and PEI/anti-
miR complexes were assessed by incubation with RNase
A, serum and under acidic conditions. For this, 0.5 pg
uncomplexed or complexed antimiR was incubated for
4 h at 37 °C with 25% (v/v) FCS, 0.5 pg RNase A or the
combination of both, as indicated in the figure. To mimic
conditions in the lysosome, incubations were also per-
formed in 50% (v/v) artificial lysosomal fluid (ALF) [72]
for 2 h at 37 °C. Since antimiRs are chemically modified
with LNA nucleotides, an unmodified siRNA was run in
parallel, for direct comparison and as positive control.
For complex decomposition, 40 units RNase inhibitor
and 100 units heparin were added. AntimiR or siRNA
integrity was analyzed by agarose gel electrophoresis as
described above.

Complex uptake and intracellular localization

The uptake of PEI complexes containing Cy3-labeled
antimiR or FAM-labeled antimiR (Additional file 3:
Table S1) was analyzed by flow cytometry and confocal
microscopy. For flow cytometry, PC3 cells were seeded
at a density of 35,000 cells per 24 well and transfected
the next day with PEI complexes containing 0.4 pg
antimiR-Cy3. After 48 h, the cells were harvested and
washed two times using FACS buffer (PBS, 2% FCS)
and centrifugation at 3000 rpm for 3 min. Next, the
cells were resuspended in 600 pL FACS buffer and
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analyzed in an Attune Acoustic Focusing Cytometer
(Applied Biosystems, Foster City, CA). 20,000 events
were measured in the vital gate using the Attune soft-
ware (V2.1.0).

Optical evaluation of PEI complex uptake was per-
formed by confocal laser scanning microscopy, using
a Leica SP8 and the Leica Application Suite software
(Wetzlar, Germany). For this, PC3 cells were seeded in
a CELLview 4 compartment cell culture dish (Greiner
Bio-One, Frickenhausen, Germany) at a density of 20,000
cells. The next day, the cells were transfected with PEI
complexes containing 0.1 pg antimiR-Cy3 and analyzed
after 48 h. For co-localization studies, the lysosomes
were stained with LysoTracker Green DND-26 (Thermo
Fisher) at a final concentration of 50 nM according to the
manufacturer’s protocol. Colocalization was analyzed
using the Fiji software and the colocalization plugin, for
calculating the Pearson correlation coefficient from four
images (20x magnification).

MicroRNA expression profiling

TagMan low-density arrays (TLDA; human microRNA
Cards A v2.1 & B v2.0, Applied Biosystems, Darmstadt,
Germany) were used for measuring the expression of
667 human miRNAs from miRBase version v.10 with an
Applied Biosystems 7900HT. Raw data were exported
using SDS Relative Quantification Software version
2.2.2 (Applied Biosystems) with automatic baseline and
threshold settings.

Immunofluorescence

6 um cryosections of locally induced melanoma tumors
in mice were stained with primary antibodies directed
against MDM4 (anti-MDM4 antibody produced in rab-
bit, HPA018919-100 UL, Sigma Aldrich, Munich, Ger-
many), diluted in PBS, 0.1% Tween 20, 3% bovine serum
albumin, and appropriate secondary antibodies (IRDye®
680RD Goat anti-Rabbit IgG (#926-68071). Washing
steps were performed with PBS, 0.1% Tween-20. Cell
nuclei were counterstained with DAPI (Merck, Darm-
stadt, Germany). Immunofluorescence images were
taken with a BZ-9000Z microscope camera (Keyence,
Neu-Isenburg, Germany). The number of labeled cells
was calculated with the corresponding Keyence analyzer
software version 2.2 (Keyence).

Western blot analysis

Lysates containing 15 pg total protein were separated by
SDS-PAGE (8%) and transferred onto a nitrocellulose
membrane (GE Healthcare, Freiburg, Germany) by elec-
troblotting. Primary antibodies used were monoclonal
rat anti-Sec23A (clone 2H4, provided by E. Kremmer,
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Munich, Germany; 1:15) polyclonal rabbit anti-PHLPP1
(A304-029A; Bethyl laboratories, Montgomery, TX,
USA; 1:1000) and monoclonal rabbit anti-GAPDH
(clone 14C10, NEB Cell Signaling, Frankfurt, Germany;
1:1000). Secondary anti-rat or anti-rabbit antibodies
conjugated with horseradish peroxidase were purchased
from Jackson ImmunoResearch (Suffolk, UK) and
used at a concentration of 1:5000. Protein bands were
revealed using enhanced chemiluminescence in a LAS-
4000 chemiluminescence detection system (GE Health-
care, Munich, Germany). Densitometry of Western blot
pictures was performed using Image] software, and the
expression of Sec23A and PHLPP1 protein was normal-
ized to GAPDH as the housekeeping control protein.

In vitro colony formation assay

Candidate miRNAs found upregulated in the TagMan®
low-density arrays of melanoma samples were ectopi-
cally overexpressed in three different melanoma cells
lines, SK-Mel-28 (human), A375 (human) and B16V
(mouse), by Lipofectamine (ThermoFisher Scientific)-
mediated transfection of miRNA mimics. The miRNA
mimics (miRIDIAN microRNA hsa-miR-638 shMimic
(#300029051) or mirVana® miRNA mimic hsa-miR-
150-5p (#MC10070) were purchased from Ther-
moFisher Scientific. Melanoma cells were seeded at a
low density in six-well plates and allowed to grow for
20 days. The numbers of colonies were counted, and dif-
ferences between miR-150 and control RNA were ana-
lyzed using Student’s t-test.

In vivo tumor growth of pre-transfected melanoma cells
All animal studies were performed according to the
national regulations and approved by the local authori-
ties (Landesdirektion Sachsen). B16V mouse melanoma
cells were transfected with the miR-150 mimic. Con-
trol cells were transfected with scrambled RNA controls
(ThermoScientific). A total of 5 x 10° cells suspended in
50 pL of RPMI were injected subcutaneously at the back
of C57BL6N mice (n=10 mice/miRNA). For this, the
mice were anaesthetized by injecting 100 pL of ketamine
prior to tumor implantation. Mice were sacrificed, and
after 14 days volumes of surgically removed tumors were
measured and tumors weighted.

To further test the influence of candidate miRNAs
on in vivo melanoma growth in mice, B16V melanoma
cells were transfected with antimiRs against miR-150 or
antimiR-control oligos (mir\/anaTM miRNA Inhibitors;
ThermoFisher Scientific), prior to cell injection as above.
Mice were sacrificed after 14 days and surgically removed
tumors were weighted.
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In vivo tumor therapy of locally induced tumors

Athymic nude mice (Foxnlnu, Charles River Laborato-
ries, Sulzfeld, Germany) were kept at 23 °C in a humidi-
fied atmosphere, 12 h light/dark cycle, with standard
rodent chow and water ad libitum. For the generation
of tumor xenografts, 5x 10° PC3 cells or 5 x 10° LOX
cells in 150 pL PBS were injected subcutaneously (s.c.)
into both flanks of mice. When tumors reached sizes
of ~85-90 mm?, mice were randomized into specific
treatment and control treatment groups (PC3 xenografts,
n=10 tumors/group; LOX xenografts, 14-20 tumors/
group). The PEIl/antimiR complexes were prepared as
described above and complexes containing 10 pg anti-
miR were injected i.p. every 2—3 days at the time points
indicated in the figure. Tumor sizes were determined by
measuring all three dimensions. Upon termination of the
in vivo studies, mice were euthanized and tumor tissues
were collected for analysis of protein levels of miRNA
target genes.

In vivo metastasis model and therapy

For analysis of anti-metastatic effects of the PEI/antimiR-
mediated inhibition, 5x 10° LOX melanoma cells were
injected intravenously into the tail veins of NOD scid
gamma mice. After 7 days, mice were randomized into
specific treatment groups (antimiR-150, antimiR-638, or
scrambled RNA) of 10 mice per group, and treatment
with PEI-complexed antimiRs was performed. For this,
the PEI/antimiR complexes were prepared as described
above and injected intraperitoneally every 2 days. Lungs
were surgically removed after 4 weeks and lung metas-
tasis was evaluated by counting of number of melanoma
metastatic lesions in representative sections of each lung
and the number of affected lungs. Sections were evalu-
ated by light microscopy.

Statistics

For statistic evaluation a Student’s t-test was used. Values
of specific treatments are always compared to negative
control treatment (neg.ctrl.), with *p <0.05, *p <0.01 and
**p<0.001. Values are given as means=+standard error
of the mean (SEM).

Supplementary information

Supplementary information accompanies this paper at https://doi.
org/10.1186/512951-020-00728-w.

Additional file 1: Fig. S1. a Uptake of FAM-labeled, complexed (red) or
uncomplexed antimiRs (blue) in PC3 cells, as determined by flow cytom-
etry. Histograms and scatter plots show the direct comparison (upper
panels). The lower panel reveals the absence of any uptake of uncom-
plexed antimiR, since results are indistinguishable from untreated cells
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(black, lower left). b Determination of cell viability upon treatment of PC3
cells with complexed (left) vs. uncomplexed antimiRs (right).

Additional file 2: Fig. S2. a Determination of complex stability and
antimiR integrity in the presence of FCS and/or RNase. Bands represent
the antimiR after the indicated treatments, either uncomplexed (lanes
1-4), complexed (lanes 9-10) or complexed and subsequently released
by heparin displacement (lanes 5-8). b The same experiment as in a, with
siRNA instead of antimiR for direct comparison. ¢ Complex stability and
antimiR integrity in the presence of artificial lysosomal fluid (ALF; experi-
mental procedure as above).

Additional file 3: Table S1. Details on antimiRs used in this study.
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AntimiR: Anti-miRNA oligonucleotide; DCM: Distant cutaneous metastases;
LNM: Lymph node metastases; ME: Primary melanocytes; PALS: Phase analysis
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Acknowledgements
The authors are grateful to Markus Bohimann and Anne-Kathrin Krause for
expert mouse maintenance.

Authors’ contributions

MB, LNS, UW, DH, HK, JG and KW performed in vitro experiments (cell culture
studies, tumor sample analysis). LNS performed immunofluorescence analyses
and AR provided the electron microsopy pictures. AE did the physicochemical
analyses of the nanoparticles. MK, AB and AA performed in vivo experiments.
MK, SW, HT and AA conceptualized the project and designed/supervised the
experiments in this study. All authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
supported by Grants from the Wilhelm Sander Stiftung (2015.191.1 to MK and
AA and 2015.171.1 to SW, HT and AA).

Availability of data and materials

All data generated or analysed during this study are included in this published
article and/or are available from the corresponding author on reasonable
request.

Ethics approval and consent to participate

The study was approved by the local Ethics Committee, AZ-394-14-15122014.
Biopsies and samples were taken after informed consent of the patients.

All clinical investigations have been conducted according to the principles
expressed in the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Dermatology, Venereology and Allergology, Leipzig Univer-
sity Medical Center, Leipzig, Germany. 2 Rudolf-Boehm-Institute for Pharmacol-
ogy and Toxicology, Clinical Pharmacology, University of Leipzig, Haertelstrasse
16-18,04107 Leipzig, Germany. > Faculty of Veterinary Medicine, Institute

of Anatomy, Histology and Embryology, Leipzig University, Leipzig, Germany.

* Rudolf-Boehm-Institute for Pharmacology and Toxicology, University of Leip-
7ig, Leipzig, Germany. ° Department of Urology, Friedrich Alexander University
Erlangen-Nirnberg, Erlangen, Germany. © Present Address: Department

of Hematology, Oncology and Tumor Immunology, Charité-University Medical
Center, Virchow Campus, Berlin, Germany.

Received: 18 June 2020 Accepted: 5 November 2020
Published online: 23 November 2020

Page 150f 17

References

1.

2.

20.

22.

23.

24.

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell.
2009;136(2):215-33.

Kaeuferle T, Bartel S, Dehmel S, Krauss-Etschmann S. MicroRNA
methodology: advances in miRNA technologies. Methods Mol Biol.
2014;1169:121-30.

Kozomara A, Griffiths-Jones S. miRBase: integrating microRNA annotation
and deep-sequencing data. Nucleic Acids Res. 2011;39(3):D152-7.
Aigner A. MicroRNAs (miRNAs) in cancer invasion and metastasis:
therapeutic approaches based on metastasis-related miRNAs. J Mol Med.
2011;89(5):445-57.

ShahV, Shah J. Recent trends in targeting miRNAs for cancer therapy. J
Pharm Pharmacol. 2020.

Garzon R, Marcucci G, Croce CM. Targeting microRNAs in cancer: ration-
ale, strategies and challenges. Nat Rev. 2010;9(10):775-89.

Lennox KA, Behlke MA. Chemical modification and design of anti-miRNA
oligonucleotides. Gene Ther. 2011;18(12):1111-20.

Lennox KA, Behlke MA. A direct comparison of anti-microRNA oligonu-
cleotide potency. Pharm Res. 2010;27(9):1788-99.

Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan

M, et al. Silencing of microRNAs in vivo with “antagomirs. Nature.
2005;438(7068):685-9.

. Vester B, Wengel J. LNA (locked nucleic acid): high-affinity targeting of

complementary RNA and DNA. Biochemistry. 2004;43(42):13233-41.

. Lundin KE, Hojland T, Hansen BR, Persson R, Bramsen JB, Kjems J, et al.

Biological activity and biotechnological aspects of locked nucleic acids.
Adv Genet. 2013;82:47-107.

. Semple SC, Akinc A, Chen J, Sandhu AP, Mui BL, Cho CK, et al.

Rational design of cationic lipids for siRNA delivery. Nat Biotechnol.
2010;28(2):172-6.

. Kardani A, Yaghoobi H, Alibakhshi A, Khatami M. Inhibition of miR-155

in MCF-7 breast cancer cell line by gold nanoparticles functionalized
with antagomir and AS1411 aptamer. J Cell Physiol. 2020. https://doi.
0rg/10.1002/jcp.29584.

. Naseri Z, Oskuee RK, Jaafari MR, Forouzandeh MM. Exosome-mediated

delivery of functionally active miRNA-142-3p inhibitor reduces
tumorigenicity of breast cancer in vitro and in vivo. Int J Nanomed.
2018;13:7727-47.

. Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix

B, et al. A versatile vector for gene and oligonucleotide transfer into
cells in culture and in vivo: polyethylenimine. Proc Natl Acad Sci USA.
1995;92(16):7297-301.

. Tang MX, Szoka FC. The influence of polymer structure on the interac-

tions of cationic polymers with DNA and morphology of the resulting
complexes. Gene Ther. 1997,4(8):823-32.

. Godbey WT, Wu KK, Mikos AG. Size matters: molecular weight affects

the efficiency of poly(ethylenimine) as a gene delivery vehicle. J
Biomed Mater Res. 1999;45(3):268-75.

. Werth S, Urban-Klein B, Dai L, Hobel S, Grzelinski M, Bakowsky U, et al.

A low molecular weight fraction of polyethylenimine (PEI) displays
increased transfection efficiency of DNA and siRNA in fresh or lyophi-
lized complexes. J Control Release. 2006;112(2):257-70.

. Aigner A, Fischer D, Merdan T, Brus C, Kissel T, Czubayko F. Delivery of

unmodified bioactive ribozymes by an RNA-stabilizing polyethylen-
imine (LMW-PEI) efficiently down-regulates gene expression. Gene
Ther. 2002;9(24):1700-7.

Urban-Klein B, Werth S, Abuharbeid S, Czubayko F, Aigner A. RNAI-
mediated gene-targeting through systemic application of polyethylen-
imine (PEl)-complexed siRNA in vivo. Gene Ther. 2005;12(5):461-6.

. Ibrahim AF, Weirauch U, Thomas M, Grunweller A, Hartmann RK, Aigner

A. MicroRNA replacement therapy for miR-145 and miR-33a is effica-
cious in a model of colon carcinoma. Cancer Res. 2011;71(15):5214-24.
Thomas M, Lange-Grunweller K, Dayyoub E, Bakowsky U, Weirauch U,
Aigner A, et al. PEl-complexed LNA antiseeds as miRNA inhibitors. RNA
Biol. 2012;9(8):1088-98.

Ripka S, Neesse A, Riedel J, Bug E, Aigner A, Poulsom R, et al. CUX1:
target of Akt signalling and mediator of resistance to apoptosis in
pancreatic cancer. Gut. 2010;59(8):1101-10.

Hobel S, Koburger I, John M, Czubayko F, Hadwiger P, Vornlocher HP,
et al. Polyethylenimine/small interfering RNA-mediated knockdown


https://doi.org/10.1002/jcp.29584
https://doi.org/10.1002/jcp.29584

Kunz et al. J Nanobiotechnol

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2020) 18:173

of vascular endothelial growth factor in vivo exerts anti-tumor effects
synergistically with Bevacizumab. J Gene Med. 2010;12(3):287-300.
Hampl V, Martin C, Aigner A, Hoebel S, Singer S, Frank N, et al.
Depletion of the transcriptional coactivators Megakaryoblastic
Leukemia 1 and 2 abolishes hepatocellular carcinoma xenograft
growth by inducing oncogene-induced senescence. EMBO Mol Med.
2013;5(9):1367-82.

Yan LJ, Guo XH, Wang WP, Hu YR, Duan SF, Liu Y, et al. Gene therapy and
photothermal therapy of layer-by-layer assembled AuNCs /PEI/miRNA/
HA Nanocomplexes. Curr Cancer Drug Targets. 2019;19(4):330-7.
Wang W, Huang S, Yuan J, Xu X, Li H, Lv Z, et al. Reverse multidrug
resistance in human HepG2/ADR by Anti-miR-21 combined with
hyperthermia mediated by functionalized gold nanocages. Mol Pharm.
2018;15(9):3767-76.

Zhu, Liang G, Sun B, Tian T, Hu F, Xiao Z. A novel type of self-assem-
bled nanoparticles as targeted gene carriers: an application for plasmid
DNA and antimicroRNA oligonucleotide delivery. Int J Nanomed.
2016;11:399-410.

Zheng X, Zhang F, Zhao Y, Zhang J, Dawulieti J, Pan Y, et al. Self-
assembled dual fluorescence nanoparticles for CD44-targeted
delivery of anti-miR-27a in liver cancer theranostics. Theranostics.
2018;8(14):3808-23.

Gao S, Tian H, Guo Y, LiY, Guo Z, Zhu X, et al. miRNA oligonucleotide and
sponge for miRNA-21 inhibition mediated by PEI-PLL in breast cancer
therapy. Acta Biomater. 2015;25:184-93.

Zhi F, Dong H, Jia X, Guo W, Lu H, Yang Y, et al. Functionalized graphene
oxide mediated adriamycin delivery and miR-21 gene silencing to over-
come tumor multidrug resistance in vitro. PLoS ONE. 2013;8(3):e60034.
Javanmardi S, Tamaddon AM, Aghamaali MR, Ghahramani L, Abolmaali
SS. Redox-sensitive, PEG-shielded carboxymethyl PEI nanogels silencing
MicroRNA-21, sensitizes resistant ovarian cancer cells to cisplatin. Asian J
Pharm Sci. 2020;15(1):69-82.

DaiY, Zhang X. MicroRNA delivery with bioreducible polyethylenimine
as a non-viral vector for breast cancer gene therapy. Macromol Biosci.
2019;19(4):21800445.

Song H, Oh B, Choi M, Oh J, Lee M. Delivery of anti-microRNA-21 anti-
sense-oligodeoxynucleotide using amphiphilic peptides for glioblastoma
gene therapy. J Drug Target. 2015;23(4):360-70.

Szczyrba J, Loprich E, Wach S, Jung V, Unteregger G, Barth S, et al. The
microRNA profile of prostate carcinoma obtained by deep sequencing.
Mol Cancer Res. 2010;8(4):529-38.

Szczyrba J, Nolte E, Wach S, Kremmer E, Stohr R, Hartmann A, et al. Down-
regulation of Sec23A protein by miRNA-375 in prostate carcinoma. Mol
Cancer Res. 2011;9(6):791-800.

Wach S, Nolte E, Theil A, Stohr C, Hartmann A, et al. MicroRNA pro-

files classify papillary renal cell carcinoma subtypes. Br J Cancer.
2013;109(3):714-22.

Wach S, Nolte E, Szczyrba J, Stohr R, Hartmann A, Orntoft T, et al. Micro-
RNA profiles of prostate carcinoma detected by multiplatform microRNA
screening. Int J Cancer. 2012;130(3):611-21.

Linder B, Weirauch U, Ewe A, Uhmann A, Seifert V, Mittelbronn M, et al.
Therapeutic targeting of Stat3 using lipopolyplex nanoparticle-formu-
lated siRNA in a syngeneic orthotopic mouse glioma model. Cancers.
2019;11:3.

Zhupanyn P, Ewe A, Buch T, Malek A, Rademacher P, Muller C, et al.
Extracellular vesicle (ECV)-modified polyethylenimine (PEl) complexes
for enhanced siRNA delivery in vitro and in vivo. J Control Release.
2020;319:63-76.

Mussnich P, Rosa R, Bianco R, Fusco A, D’Angelo D. MiR-199a-5p and miR-
375 affect colon cancer cell sensitivity to cetuximab by targeting PHLPP1.
Expert Opin Ther Targets. 2015;19(8):1017-26.

Bhattacharya A, Schmitz U, Raatz Y, Schonherr M, Kottek T, Schauer M,

et al. miR-638 promotes melanoma metastasis and protects melanoma
cells from apoptosis and autophagy. Oncotarget. 2015;6(5):2966-80.
Bar-Eli M. Searching for the “melano-miRs”: miR-214 drives melanoma
metastasis. EMBO J. 2011,;30(10):1880-1.

Cai H, Zhang P, Xu M, Yan L, Liu N, Wu X. Circular RNA hsa_circ_0000263
participates in cervical cancer development by regulating target gene of
miR-150-5p. J Cell Physiol. 2019;234(7):11391-400.

Nguyen HC, Xie W, Yang M, Hsieh CL, Drouin S, Lee GS, et al. Expression
differences of circulating microRNAs in metastatic castration resistant

46.

47.

48.

49.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 16 of 17

prostate cancer and low-risk, localized prostate cancer. Prostate.
2013;73(4):346-54.

Porzycki P, Ciszkowicz E, Semik M, Tyrka M. Combination of three miRNA
(miR-141, miR-21, and miR-375) as potential diagnostic tool for prostate
cancer recognition. Int Urol Nephrol. 2018;50(9):1619-26.

Wach S, Al-Janabi O, Weigelt K, Fischer K, Greither T, Marcou M, et al. The
combined serum levels of miR-375 and urokinase plasminogen activator
receptor are suggested as diagnostic and prognostic biomarkers in
prostate cancer. Int J Cancer. 2015;137(6):1406-16.

Bryant RJ, Pawlowski T, Catto JW, Marsden G, Vessella RL, Rhees B, et al.
Changes in circulating microRNA levels associated with prostate cancer.
Br J Cancer. 2012;106(4):768-74.

Huang X, YuanT, Liang M, Du M, Xia S, Dittmar R, et al. Exosomal miR-
1290 and miR-375 as prognostic markers in castration-resistant prostate
cancer. Eur Urol. 2015;67(1):33-41.

. Richardsen E, Andersen S, Melbo-Jorgensen C, Rakaee M, Ness N, Al-Saad

S, et al. MicroRNA 141 is associated to outcome and aggressive tumor
characteristics in prostate cancer. Sci Rep. 2019;9(1):386.

Zedan AH, Osther PJS, Assenholt J, Madsen JS, Hansen TF. Circulating miR-
141 and miR-375 are associated with treatment outcome in metastatic
castration resistant prostate cancer. Sci Rep. 2020;10(1):227.

Ma L, Zhai B, Zhu H, Li W, Jiang W, Lei L, et al. The miR-141/neuropilin-1
axis is associated with the clinicopathology and contributes to the
growth and metastasis of pancreatic cancer. Cancer Cell Int. 2019;19:248.
Han G, Qiu N, Luo K, Liang H, Li H. Downregulation of miroRNA-141
mediates acquired resistance to trastuzumab and is associated with poor
outcome in breast cancer by upregulating the expression of ERBB4. J Cell
Biochem. 2019. https://doi.org/10.1002/jcb.28416.

GaoY, Feng B, Han S, Zhang K, Chen J, Li C, et al. The roles of Micro-
RNA-141 in human cancers: from diagnosis to treatment. Cell Physiol
Biochem. 2016;38(2):427-48.

Costa-Pinheiro P. Ramalho-Carvalho J, Vieira FQ, Torres-Ferreira J, Oliveira
J, Goncalves CS, et al. MicroRNA-375 plays a dual role in prostate carcino-
genesis. Clin Epigenet. 2015;7:42.

Jayawardana K, Schramm SJ, Tembe V, Mueller S, Thompson JF, Scolyer
RA, et al. Identification, review, and systematic cross-validation of micro-
RNA prognostic signatures in metastatic melanoma. J Invest Dermatol.
2016;136(1):245-54.

Fogli S, Polini B, Carpi S, Pardini B, Naccarati A, Dubbini N, et al. Identi-
fication of plasma microRNAs as new potential biomarkers with high
diagnostic power in human cutaneous melanoma. Tumour Biol Med.
2017;39(5):1010428317701646.

Latchana N, DiVincenzo MJ, Regan K, Abrams Z, Zhang X, Jacob NK, et al.
Alterations in patient plasma microRNA expression profiles following
resection of metastatic melanoma. J Surg Oncol. 2018;118(3):501-9.
Yang X, Zhao H, Yang J, MaYY, Liu Z, Li C, et al. MiR-150-5p regulates mela-
noma proliferation, invasion and metastasis via SIX1-mediated Warburg
Effect. Biochem Biophys Res Commun. 2019;515(1):85-91.

Sun X, Zhang C, Cao'Y, Liu E. miR-150 suppresses tumor growth in mela-
noma through downregulation of MYB. Oncol Res. 2019;27(3):317-23.
Kunz M. MicroRNAs in melanoma biology. Adv Exp Med Biol.
2013;774:103-20.

Wan J,Yang J, Huang Y, Deng L. MicroRNA-150 inhibitors enhance

cell apoptosis of melanoma by targeting PDCD4. Oncol Lett.
2018;15(2):1475-82.

Mancini F, Di Conza G, Monti O, Macchiarulo A, Pellicciari R, Pontecorvi

A et al. Puzzling over MDM4-p53 network. Int J Biochem Cell Biol.
2010;42(7):1080-3.

Mancini F, Pieroni L, Monteleone V, Luca R, Fici L, Luca E, et al. MDM4/
HIPK2/p53 cytoplasmic assembly uncovers coordinated repression

of molecules with anti-apoptotic activity during early DNA damage
response. Oncogene. 2016;35(2):228-40.

Bader AG, Brown D, Winkler M. The promise of microRNA replacement
therapy. Cancer Res. 2010;70(18):7027-30.

Wicki A, Witzigmann D, Balasubramanian V, Huwyler J. Nanomedicine

in cancer therapy: challenges, opportunities, and clinical applications. J
Control Release. 2015;200:138-57.

Kim B, Park JH. Sailor MJ. Rekindling RNAi Therapy: Materials Design
Requirements for In Vivo siRNA Delivery. Advanced materials; 2019. p.
e1903637.


https://doi.org/10.1002/jcb.28416

Kunz et al. ] Nanobiotechnol

68.

69.

70.

71

(2020) 18:173

Kwok A, Hart SL. Comparative structural and functional studies of nano-
particle formulations for DNA and siRNA delivery. Nanomed Nanotechnol
Biol Med. 2011;7(2):210-9.

Fromberg A, Rabe M, Aigner A. Multiple effects of the special AT-

rich binding protein 1 (SATB1) in colon carcinoma. Int J Cancer.
2014;135(11):2537-46.

Schulze D, Plohmann P, Hobel S, Aigner A. Anti-tumor effects of fibroblast
growth factor-binding protein (FGF-BP) knockdown in colon carcinoma.
Mol Cancer. 2011;10:144.

Ewe A, Przybylski S, Burkhardt J, Janke A, Appelhans D, Aigner A. A

novel tyrosine-modified low molecular weight polyethylenimine

(P10Y) for efficient siRNA delivery in vitro and in vivo. J Control Release.
2016;230:13-25.

Page 17 of 17

72. Stopford W, Turner J, Cappellini D, Brock T. Bioaccessibility testing of
cobalt compounds. J Environ Monit. 2003;5(4):675-80.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Nanoparticle-complexed antimiRs for inhibiting tumor growth and metastasis in prostate carcinoma and melanoma
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Tumor cell-inhibitory effects of miR-375miR-141 inhibition
	Formation and characterization of PEIantimiR complexes
	In vivo tumor therapy study in prostate carcinoma xenografts
	MicroRNA screen identifies miR-150 as an oncomiR candidate in melanoma
	miR-150 promotes melanoma growth in vitro and in vivo
	Therapeutic effects of PEIantimiR complexes in melanoma xenografts in vivo
	Anti-metastatic effect of PEIantimiR treatment

	Discussion
	Methods
	Materials
	Cell culture and cellular assays
	Complex preparation
	Photon Correlation Spectroscopy (PCS) and phase analysis light scattering (PALS)
	Electron microscopy
	Complexation efficacy and complex stability
	Complex uptake and intracellular localization
	MicroRNA expression profiling
	Immunofluorescence
	Western blot analysis
	In vitro colony formation assay
	In vivo tumor growth of pre-transfected melanoma cells
	In vivo tumor therapy of locally induced tumors
	In vivo metastasis model and therapy
	Statistics

	Acknowledgements
	References




