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Abstract

Aberrant expression of certain genes and microRNAs (miRNAS) has been shown to drive cancer
development and progression, thus the modification of aberrant gene and miRNA expression
presents an opportunity for therapeutic targeting. Ectopic modulation of a single dysregulated
miRNA has the potential to revert therapeutically unfavorable gene expression in cancer cells by
targeting multiple genes simultaneously. Although the use of noncoding RNA-based cancer
therapy is a promising approach, the lack of a feasible delivery platform for small noncoding
RNAs has hindered the development of this therapeutic modality. Recently, however, there has
been an evolution in RNA nanotechnology, in which small noncoding RNA is loaded onto
nanoparticles derived from the pRNA-3WJ viral RNA motif of the bacteriophage phi29.
Preclinical studies have shown the capacity of this technology to specifically target tumor cells by
conjugating these nanoparticles with ligands specific for cancer cells and resulting in the endocytic
delivery of siRNA and miRNA inhibitors directly into the cell. Here we provide a systematic
review of the various strategies, which have been utilized for miRNA delivery with a specific
focus on the preclinical evaluation of promising RNA nanoparticles for glioblastoma (GBM)
targeted therapy.
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Introduction

Although great strides have been made in cancer therapy, cancer is still a leading cause of
death in modern world. Over the past century, a major focus of cancer research has been
limited to understanding genetic and epigenetic alterations of protein coding genes.
However, decades of research on noncoding RNA (ncRNA) has clearly shown that the sole
analysis of molecular changes in protein coding genes is not sufficient to understand the
whole disease. Indeed, cumulative data clearly indicates that ncRNAs play a critical role in
cancer, not merely as diagnostic or prognostic markers but also as therapeutically druggable
targets. NcCRNAs are endogenously transcribed functional RNA moieties which do not
undergo protein translation, as they lack an open reading frame (ORF) [1]. In general,
ncRNAS are categorized into two groups depending on size: long noncoding RNAs
(IncRNAs) with over 200 nucleotides and short noncoding RNAs (sncRNAS) which are
shorter than 200 nucleotides.

MicroRNAs (miRNAS), the smallest sncRNAs, are approximately 22 nucleotides long and
have been characterized as some of the key regulators in the translation of messenger RNAs
(mRNASs) into proteins [2]. MiRNAs were first discovered in Caenorhabditis elegans (C.
elegans) [3]. Victor Ambros and his colleagues found that a 22 nucleotide-long piece of
RNA derived from abnormal cell LINeage gene (Lin-4) inhibited the translation of the
protein coding gene Lin-14 through its direct interaction with the 3’ untranslated region (3’
UTR) of the Lin-14 mRNA [3, 4]. A similar small RNA regulator, Let-7, was also found in
C. elegans [5], prompting further research towards the identification of miRNAs in other
organisms, including humans. It was discovered that miRNAs are regulators of gene
expression in both normal cells as well as diseased. In human cancers, the first pathological
evidence that miRNAs are directly involved in cancer development and progression was
reported in 2002 by Carlo Croce’s laboratory [6]. In a landmark study, authors identified a
frequently deleted miR-15/16 cluster of genes in chronic lymphocytic leukemia (CLL)
patient tissues. It was discovered that miR-15/16 is a tumor suppressor which is deleted in
CLL, and normally functions to directly inhibit the expression of the oncogene B-cell
lymphoma gene 2 (BCL2) [6]. Since this seminal finding, numerous additional studies have
revealed that miRNAs take on various roles in many aspects of cancer initiation,
progression, and metastasis [7], such as cell proliferation and apoptosis [8], differentiation
[9], cancer cell metabolism [10] and cell cycle [11]. The aberrant dysregulation of miRNAS
in cancer cells results in a unique expression profile and led to the identification of
“signature miRNAs”, which have been proposed to serve as diagnostic or prognostic
markers. Many of these signature miRNAs have also been explored as potential tools in the
development of cancer therapies. However, a lack of proper strategies to ensure efficient
targeting and delivery of miRNAs into cancer cells has hampered the therapeutic potential of
miRNAs in the clinical setting. Recent advances in RNA nanotechnology have enabled new
strategies for targeted delivery of therapeutically useful sncRNAs. This review will describe
the current progress of RNA nanotechnology-based targeted delivery of sncRNAs for
glioblastoma (GBM), highlighting an important translational implication for future clinical
trials.
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MiRNAS in human cancers

Global transcriptome analysis has predicted that 70% of miRNAs are transcribed from
protein coding host genes, while the other 30% of miRNAs are found in intergenic areas [2,
12, 13]. The long primary transcript of miRNA (pri-miR) is transcribed by RNA polymerase
I1 [14], and then processed into a shorter hairpin-shaped precursor miRNA (pre-miR) by the
class 2 nuclear RNase 111 Drosha complexed with DGCR8 [15]. The pre-miR translocates
through the nuclear membrane channel protein Exportin-5 (EXPO5) into the cytoplasm [16],
where it is further cleaved by the cytoplasmic RNase 11 Dicer to produce a 22 nucleotide-
long mature miRNA [17]. The double-stranded mature form of miRNA binds to Argonaute 2
(Ago2) along with the transactivation-responsive RNA-binding protein (TRBP) to form the
RNA-induced silencing complex (RISC), in which the active miRNA strand remains
accessible to bind the 3’UTR of target mRNAs [13]. Unlike small interfering RNAs
(siRNAs), which require perfectly complementary sequences against their target sequences,
miRNAs can bind to their target mMRNAS through partial complementarity between its “seed
sequences”, which span from the second to the eighth nucleotide, and the 3’ UTR of its
targeted MRNA. The association of miRNA with the 3’UTR of mRNA physically inhibits
the interaction between mRNA with ribosomal complexes, abolishing successful protein
synthesis [2, 12], and eventually, miRNA-bound mRNAs are deadenylated and degraded in
the cytoplasm [18, 19].

As noted earlier, aberrant dysregulation of miRNA in human cancers has been widely
identified through global gene expression profiling, such as hybridization-based microarrays
and RNA sequencing. As such, cancer-specific miRNA signatures have been proposed as
useful biomarkers for diagnostic and prognostic purposes. Importantly, preclinical studies
have shown that restoration of tumor suppressive miRNAs may be an attractive therapeutic
option for many types of cancers. For example, restoration of miR-15a and miR-16
downregulates BCL2 expression and results in an induction of apoptosis in CLL cells [6, 20,
21]. In lung cancer, miR-29 is frequently down-regulated, leading to an up-regulation of
DNA methyltransferase (DNMT)-3A and 3B, and a worse prognosis for patients [22].
Another extensively studied tumor suppressive miRNA, miR-34a, has been found to be
significantly down-regulated in many types of cancers due to a CpG island methylation of its
host gene [23]. However, expression of miR-34a can be induced by the tumor suppressor
p53 [24], and its restoration in cancer cells can result in cell cycle arrest or cancer cell
apoptosis through its direct targeting of proteins specific to each function: c-MET, ¢c-Myc,
CCND1, and CDKG®6 [25-27], or Notch1 and Bcl2 [28, 29], respectively. Interestingly,
survivin, another direct target of miR-34a, was also found to be an inhibitor of p53, thus
forming a positive feedback loop [30].

In contrast to tumor suppressive miRNAs, many miRNAs are significantly overexpressed in
human cancers. Often, up-regulated miRNAs have oncogenic roles and are thus referred to
as onco-miRs. The first discovered onco-miR is miR-155 and it was found as a noncoding
transcript of B cell integration cluster (8/C) in human B-cell lymphomas [31]. Later,
miR-155 was found to be an onco-miR in many other types of cancers as well including
pediatric Burkitt’s lymphoma, Hodgkin’s disease, primary mediastinal non-Hodgkin’s
lymphoma, CLL, AML, lung cancer, and breast cancer [32]. In a transgenic mouse model,
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specific overexpression of miR-155 in B cells resulted in polyclonal pre-leukemic B cell
proliferation and ultimately generated a high level of B cell malignancy [33]. Later, Src
homology 2 domain-containing inositol-5-phosphatase (SHIP) and CCAAT enhancer-
binding protein beta (C/EBPbeta) were identified as the direct targets of miR-155 [34]. To
date, the most frequently up-regulated miRNA in both hematopoietic and solid tumors is
miR-21 [35]. Its validated targets include many tumor suppressor genes, such as
Phosphatase and tensin homolog (PTEN) [36], Programmed cell death protein 4 [37], and B-
cell translocation gene 2 (BTG2) [38]. Suppression of onco-miRs has been shown to be a
promising therapeutic strategy for cancer treatment: down-regulation of these onco-miRs
results in an induction of apoptosis, cell cycle arrest, and inhibition of cancer cell invasion
and metastasis sufficient to prevent tumor initiation and progression.

In cancer cell populations, some miRNAs have been shown to be involved in the formation
and maintenance of cancer stem cells (CSCs). CSCs have been proposed to initiate tumor
formation and induce cancer recurrence, and therefore CSC-specific miRNAs may also
become attractive therapeutic targets as well as diagnostic or prognostic markers. For
example, miR-200b was found to be a CSC-specific miRNA that is down-regulated in breast
cancers [39]. The direct target of miR-200b, SUZ12, epigenetically regulates polycomb-
mediated repression of E-cadherin. Additionally, tumor suppressive Let-7 is down-regulated
in breast CSCs and its loss results in the over-expression of oncogenes, H-RAS and
HMGAZ, prolonging stem cell-like self-renewal and reduced cellular differentiation [40].

In human glioblastoma (GBM), many miRNAs have been identified as either oncogenic or
tumor suppressive from a number of human patient samples and functionally validated in
established GBM cell lines, which has been well described recently by Rezaei et a/ [41]. For
examples, miR-21 suppresses various tumor suppressors in GBM, such as PTEN, PDCD4,
or EGFR, to increase cell proliferation, metastasis and drug resistance [37, 42-45].
MiR-221/222 targets protein tyrosine phosphatase mu (PTPmu) to induce invasiveness of
GBM cells [46]. On the other hands, tumor suppressive miRNAs, such as miR-181,
miR-34a, miR-29b or miR-133, are downregulated in GBM by suppressing oncogenes.

Although ectopic modulation of these dysregulated miRNAs in cancer cells has been
proposed to show therapeutic potential [47], only limited studies have been advanced to
clinical trials due to the lack of proper and efficient modulation strategies.

3. Delivery strategies of miRNAs into cancer tissue

Since the discovery of miRNAs over the last two decades, many attempts have been made to
develop therapeutic strategies to return dysregulated miRNA expression levels back to
normal with the hope of ceasing cancer progression and ultimately curing it. Despite
promising results in many preclinical studies, only a few miRNA-based therapies have
reached clinical trials and their outcomes are still dismal. For instance, a clinical trial testing
the safety of delivering miR-34a formulated in a liposome-based carrier called Miramax
(MRX34) (NCT01829971) was terminated early due to elevated cytokine-related adverse
events in patients [48]. This was attributed to a lack of specificity. Aside from specificity,
though, delivery strategies also need to ensure the stability of cargo miRNA, since naked,
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foreign RNA species will be cleared or degraded within 30 minutes of entering the blood
stream by way of self-hydrolysis or RNase-mediated enzymatic degradation. Traditional
efforts to achieve optimal miRNA delivery have been focused on three strategies: 1)
modification of naked nucleic acids, 2) optimizing viral vector systems, and 3) optimizing
non-viral vector systems.

A variety of chemically modified nucleotide analogs have been used to generate anti-
miRNA oligonucleotides (AMO) by replacing the 2’-OH group with a chemically inert
group, such as 2”-O-methyl-(2"-O-Me)-oligonucleotides, 2"-O-methoxyethyl-
oligonucleotides (2"-O-MOE), or 2’ fluoride derivatives (2'-F) [49-51]. For example, 2’-O-
Me AMO duplexes against miR-122 sequences injected through the mouse tail vein at 240
mg/kg/day successfully degraded liver abundant miR-122, and the protein expression levels
of its known direct targets, Aldo-A, Ndrg3, Tmed3 and Hfe2, were increased up to 6.8 fold
as compared to negative control mice [52]. Locked nucleic acid (LNA), an RNA analogue
with a chemical lock between the 2”-oxygen and 4’-carbon on ribose, has been widely used
in miRNA delivery due to its superior serum stability: up to 15 hours compared to 1.5 hours
for unmodified oligonucleotides [53]. Lipid nanocapsules containing LNA sequences against
miR-21 were shown to reduce miR-21 expression in U87MG cells and sensitize cells to
radiation-induced death [54]. MiRNA sponge or target mimic concept, which uses an
artificial competitive inhibitor, is another approach to modulate an intrinsic expression level
of certain miRNAs of interest [55, 56]. For examples, an oncogenic long noncoding RNA,
called HOTAIR, serves as a miRNA sponge against miR-34a-5p to increase cancer
progression, drug resistance or metastasis [57-59].

In the case of restoring tumor suppressive miRNAs in cancer cells, viral-induced
overexpression has been examined by encoding miRNA sequences into retroviruses,
lentiviruses, adenoviruses, and adeno-associated viruses (AAVS) under a strong promoter
system [60]. For GBM, overexpression of miR-128 by a lentivirus construct in the U87TMG
cell line resulted in cell growth inhibition and increased sensitivity to radiation therapy [61].
However, there are some concerns with viral delivery, such as the potential activation of
oncogenes, systemic toxicity, and generation of an immunogenic response, which have
arisen following the use of systemic administration [62].

In an effort to avoid these viral delivery-related concerns, non-viral delivery strategies of
miRNAs artificially formulated with polymers, lipids, or inorganic nanoparticles have been
extensively studied. For example, lipid-based nanoparticles formulated with cationic lipids
to accommodate negatively charged RNAs have been commonly used [63] and polymer
nanogels made with a polyglycerol-scaffold used to deliver tumor suppressive miR-34a
systemically, resulted in tumor growth inhibition in mice [64]. Biodegradable polymeric
nanoparticles were used to deliver miR-7 into GBM and endothelial cells resulting in
reduction of its target gene and a functional inhibition of angiogenesis and tumor growth
[65]. Transferrin-targeting lipopolyplex nanoparticles were used to specifically deliver
miR-1 into GBM cells, and resulted in a significant reduction of target genes, MET and
EGFR [66]. In another study, anti-miR-21 oligonucleotides were delivered via a chlorotxin-
coupled lipid particle in order to specifically target brain tumors in mice [67]. Silencing of
miR-21 in this model resulted in an increased expression of RhoB and decreased tumor cell
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proliferation and tumor size. In another study, systemic injection of antagomiR-21 and
antagomiR-10b encapsulated in cRGD-tagged PEG-PLGA nanoparticles rescued expression
of tumor suppressive and apoptotic genes including PTEN, PDCD4, HOXD10, P53 and
CASP3, and sensitized GBM bearing mice to temozolomide (TMZ) [68]. Although
nanoparticles are relatively simple and easy to generate, their penetration into brain tumors
has been challenging by systemic administration due to the blood brain barrier (BBB) [69].
The BBB regulates brain homeostasis and the transport of endogenous and exogenous
compounds by controlling their selective and specific uptake, efflux, and metabolism in the
brain. While the BBB is meant to protect the brain from noxious agents, it also significantly
hinders the delivery of therapeutics to brain tumors [70-75]. Although it is still far beyond
the satisfaction for a successful clinical application, many attempts have been or still being
made to overcome the natural barrier. It includes use of polypeptide-bearing amphiphilic
block-copolymers or peptide amphiphiles (PAs) [76] or chitosan adsorption [77] to improve
the penetrability through the BBB.

4. Development of RNA nanoparticle by RNA nanotechnology for cancer

cell targeting

RNA interference (RNAI) has a great potential of modulating gene expressions since its
discovery in 1998, therefore its application for disease therapy has been extensively studied
through many clinical trials as well reviewed previously [78, 79]. Despite the numerous
efforts over the last two decades, the first sSiRNA-based therapeutics, Onpattro (patisiran) by
Alnylam Pharmaceuticals, was only approved by FDA in 2018 for the treatment of
peripheral nerve disease, polyneuropathy, through siRNA against hereditary transthyretin-
mediated amyloidosis (hATTR) [80, 81]. A year later in 2019, the second siRNA-based drug
from the same manufacturer, Givlaari, was approved to lower the expression of
aminolevulinic acid synthase 1 (ALAS1) for the treatment of acute hepatic porphyria (AHP)
[82]. Main reason behind the serious delay of the clinical applications may lie in the lack of
proper strategy for efficient and safe delivery, nor even tissue-specific targeting if possible,
which still requires new methodologies for the successful application of RNAI technique.

Over the years, RNA nanotechnology has evolved from conventional RNA studies
describing their relationship between sequences and folding structures to the engineering of
RNA molecules in order to generate therapeutically promising nanomedicine. Overcoming
the sensitive nature of RNASs to RNases in serum by the previously mentioned chemical
modifications has been a game-changer. The pioneering work of RNA nanotechnology
emerged in 1998 by Peixuan Guo and colleagues, when they engineered bacteriophage
phi29 viral RNA into an artificial hexameric RNA ring [83]. Exploiting the unique stability
of the packaging RNA (pRNA) from the phi29 DNA packaging motor system, the first
pRNA-based siRNA delivery vector platform for cancer cell targeting emerged [84]. Further
research on these pRNA sequences revealed that the three-way junction (3WJ) region of the
PRNA can be assembled from three RNA molecules, denoted as a3WJ, b3WJ and c3WJ,
maintaining an intact folding structure for RNA nanoparticles (RNPs) [85]. The size of these
RNPs was determined to be approximately 5 nm based on dynamic light scattering (DLS)
analysis. With the use of chemically modified 2’-F uridine or cytosine, the artificially
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constructed pRNA-3WJ RNPs exhibited comparable enzymatic, thermodynamic, and
chemical stability with resistance to serum for up to 36 hours, a T, value of 58°C, and
stability up to 8 M urea [85-88]. Based on this, the individual RNA oligos (a3WJ, b3wWJ and
c3WJ) were further modified to harbor functional moieties including fluorescent dyes for
tracking, cancer cell-specific ligands for selective targeting, and sSiRNAs/miRNAS as
therapeutic cargo. Systemic injection of the pPRNA-3WJ RNPs showed their specific
accumulation in tumors [85] and pharmacological profiling of the pRNA-3WJ based RNP
platform revealed little to no side effects or toxicity [89]. Chemically synthesized 2’-F-
modified RNPs administered systemically demonstrated a favorable pharmacokinetic profile
in mice: 5-10 hours half-life, <0.13 L/kg/hour clearance rate, and 1.2 L/kg volume of
distribution [89]. In addition, there was no detectable toxicity as measured by interferon
(IFN) and there was little to no inflammatory cytokine response. For specific targeting,
pRNA-3WJ RNPs were conjugated with folate (FA) as most cancer cells overexpress folate
receptors (FRs) to support DNA replication [90, 91]. The FA-conjugated pRNA-3WJ RNP
platform has been extensively tested for tumor targeting in various cancer types [92-95] and
non-cancer diseases [96].

Ligand specific targeting to GBM by RNA nanoparticles

Tissue specific targeting is a critical factor to consider during systemic application of any
therapeutic in order to reduce fatal or unnecessary side effects caused by non-specific
targeting of healthy normal cells. This can be achieved by adding cell receptor recognizing
agents, such as ligands, antibodies, or aptamers [97]. As described earlier, FA conjugation
onto pRNA-3WJ RNPs enabled cancer cell specific targeting. In GBM, FRs are found to be
highly overexpressed in tumor cells and not in adjacent normal brain cells [98]. Using FA
conjugation, a new pRNA-3WJ RNP was constructed to test GBM targeting in orthotopic
brain tumor mouse models [93]. Each of the three RNA modules (a3WJ, b3WJ and c3WJ)
was modified to carry a functional moiety: 1) FA for FR targeting, 2) Alexa647 fluorophore
for tracking, and 3) siRNA against luciferase as the gene silencing functional moiety (or
scrambled RNA as a negative control). As expected, one step self-assembly of the three
modified RNAs produced uniformed RNPs, denoted FA-pRNA-3WJ-si(Luc) RNPs (Fig.
1A), when analyzed for zeta potential and atomic force microscopy (AFM) imaging clearly
revealed homogeneous three way-branched structure of the RNPs. An in vitro binding test in
the cultured glioma cell line US7EGFRVIII showed that FA-pRNA-3WJ-si(Luc) RNPs
bound to cells at higher levels than FA-free negative control RNPs. When U87EGFRuvIII
cells were pre-incubated with free folate-containing culture media to mask the FRs on their
cell surface, the binding of FA-pRNA-3WJ-si(Luc) RNP to the cells was abolished. These
data indicated that US7EGFRVIII cell targeting by FA-pRNA-3WJ-si(Luc) RNP is specific
to the presence of FA on the RNPs. For the preclinical evaluation of the FA-mediated
specific targeting, Alexa647-labeled FA-pRNA-3WJ RNPs were systemically injected into
mice bearing intracranial brain tumor xenografts. While the brain tumor sizes were similar
among the tested mice as confirmed by MRI, a stronger Alexa647 fluorescence signal
overlapped with the brain tumor region in the mice injected with FA-Alexa647-pRNA-3WJ
(mean fluorescence intensity 2.052+0.416, s.e.m.) compared to mice injected with control
Alexab47-pRNA-3WJ (mean fluorescence intensity 1.014+0.279, s.e.m.) which was
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comparable to the signal obtained by PBS-injected control mice (mean fluorescence
intensity 1.000+£0.298, s.e.m.) (Fig. 1B). In addition to the appropriate targeting of RNPs to
tumor cells, delivery of cargo RNA must also be functionally intact in order to actively
repress its target mMRNAs. To evaluate the functionality of cargo RNA, mice bearing
intracranial GBM xenografts expressing luciferase were administered FA-pRNA-3WJ RNPs
containing siRNA cargo directed against luciferase (FA-pRNA-3WJ-si(Luc)). Systemic
injection of the FA-pRNA-3WJ-si(Luc) RNPs resulted in a significant reduction of
bioluminescence, up to 5 times lower compared to mice treated with the control RNP, FA-
pRNA-3WJ-si(Scrm) (Fig. 1C). Together these data successfully demonstrated that FA-
pRNA-3WJ RNPs can specifically target GBM cells, internalize, and deliver cargo siRNAs.
More importantly, the delivered siRNAs remained functionally intact, reducing target gene
expression in tumor cells. A biodistribution profile of the mice injected with the Alexa647-
labeled FA-pRNA-3WJ RNPs revealed that, aside from kidney, there was no significant
fluorescence signal detected in major internal organs, such as heart, lung, liver, or spleen
(Fig. 1D). This observation reduces the safety concern of unbound FA-pRNA-3WJ RNPs
circulating in the blood stream. Pharmacological study showed that the FA-pRNA-3WJ
RNPs are sufficiently large enough not to be accumulated in kidneys and the fluorescently
labeled FA-pRNA-3WJ RNPs were found from urines immediately after tail vein injection,
indicating they were readily cleared from the mouse through their kidneys [89]. This was the
first report demonstrating the suitability of FA-pRNA-3WJ RNPs for the targeted delivery of
small noncoding RNAs into GBM xenografts [93, 99].

6. Targeted inhibition of onco-miRs in GBM by RNA nanoparticles

Inhibition of aberrantly overexpressed onco-miRs has been proposed as a promising
therapeutic strategy to prevent tumor progression [7]. MiR-21 is one of the most frequently
overexpressed onco-miRs in many type of cancers and plays a role in the oncogenesis of
GBM by suppressing important tumor suppressors, such as PTEN, PDCD4, and Caspase-3,
suggesting miR-21 as a promising therapeutic target [35, 37, 100-102]. The above
mentioned pRNA-3WJ RNPs have been previously shown to specifically deliver anti-
miR-21 LNA into triple-negative breast cancer (TNBC) cells using a 39-nucleotide long
epidermal growth factor receptor (EGFR) targeting aptamer [94]. For targeted therapy of
GBM using an anti-miR-21 LNA, a new RNP, named FA-3WJ-LNA-miR21 (Fig. 2A), was
generated [95]. The newly synthesized FA-3WJ-LNA-miR21 was directed towards FR
expressing cells and was shown to decrease the expression level of miR-21 in GBM cells
(Fig. 2B). Glioma cell killing in vitro was significantly increased when U87EGFRVIII-Luc
cells were incubated with FA-3WJ-LNA-miR21 RNPs compared to cells incubated with the
negative control RNPs (FA-3WJ-LNA-SC). Additionally, inhibition of miR-21 in GBM cells
with FA-3WJ-LNA-miR21 resulted in the rescue of multiple tumor suppressors, such as
PTEN and PDCD4, that were otherwise suppressed. Importantly, this led to an increase in
caspase/PARP activation and ultimately tumor cell apoptotic death. Systemic treatment of
mice bearing intracranial GBM xenografts with FA-3WJ-LNA-miR21 RNPs reduced tumor
growth (Fig. 2C) and increased animal survival (median survival 23 days compared to 19
days in negative control RNP-treated mice group) (Fig. 2D). These results demonstrated the

Cancer Lett. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yoo et al. Page 9

preclinical potential of FA-targeted delivery of anti-miR-21 LNA via pRNA-3WJ RNPs for
GBM.

7. Perspective

The therapeutic potential of SiRNAs or miRNAs has been demonstrated for years by a
number of preclinical studies. Compared to the extensive clinical application of synthetic
drugs and protein-based biopharmaceuticals however, RNA-based cancer therapy remains at
an early stage and this is mainly due to the difficulty of specific and safe delivery into cancer
cells. Early studies investigating SncRNA delivery platforms resulted in the development of
pRNA-3WJ RNPs derived from the viral RNA of bacteriophage phi29 [85]. Since the
successful construction of this delivery platform, pRNA-3WJ RNPs have shown the capacity
for specific cell targeting, cell internalization, and delivery of functional sSiRNA and miRNA
inhibitors in both breast cancer or brain tumor model systems [93-95, 99]. These
achievements successfully demonstrate the potential of pPRNA-3WJ RNPs in the
development of drug delivery for targeted cancer therapy showing the following: 1)
pRNA-3WJ RNPs can be charged with a cancer cell targeting agent, FA; 2) pPRNA-3WJ
RNPs can gain access to brain tumor cells in mice; 3) pPRNA-3WJ RNPs can deliver
sncRNAs, such as siRNA and miRNA inhibitors, into brain tumor cells without losing their
functionality; and 4) this targeted therapy avoids collateral damage in normal cells.
Additional research on RNP design, including ligand selection, may further improve the
therapeutic potential of the pPRNA-3WJ RNPs, ultimately enhancing their suitability for
cancer treatment in the clinic.
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Figure 1. Preclinical Glioblastoma Targeting by FA-pRNA-3WJ-si(Luc) RNPs.
(A) Schematic diagram showing sequence map of FA-pRNA-3WJ-si(Luc) RNP harboring

FA (targeting ligand), Alexa647 (imaging module), and siRNA against luciferase
(therapeutic module). (B) Glioblastoma targeting by FA-Alexa647-pRNA-3WJ RNP in
U87EGFRVvIII-induced intracranial brain tumor mice models. Tumor location and size were
determined by MRI, while the specific targeting of RNPs were visualized by fluorescence
intensity. (C) Representative bioluminescence intensity from intracranial glioblastoma
bearing mice showing reduction of luciferase activity by systemic injection of FA-
pRNA-3WJ-siRNA(Luc). (D) Biodistribution profile of FA-Alexa647-pRNA-3WJ RNP
obtained from major internal organs collected from intracranial brain tumor bearing mice 15
hours after systemic injection through tail vein. All figures were adapted from Lee et al.,
2015 [68].
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Figure 2. Targeted Glioblastoma Therapy by FA-3WJ-LNA-miR21 RNPs.
(A) Schematic diagram showing sequence map of FA-3WJ-LNA-miR21 RNP constructed

by mixing four module strands containing FA (targeting ligand), Alexa647 (imaging
module), and anti-miR-21 LNA (therapeutic module). (B) Knockdown of onco-miR,
miR-21, expression in glioblastoma tumor regions of mice treated with FA-3WJ-LNA-
miR21 RNPs. (C) Glioblastoma tumor growth suppression in mice by repeated systemic
administration of FA-3WJ-LNA-miR21 RNPs through tail vein injection. (D) Kaplan-Meier
survival curves of mice systemically treated with 3WJ-LNA-miR21 RNPs. All figures were
adapted under permission from Lee et al., 2017 [70].
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