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RNA cancer nanomedicine: nanotechnology-
mediated RNA therapy

Bijan Emiliano Ferdows, T Dylan Neal Patel, Wei Chen,* Xiangang Huang,@
Na Kong and Wei Tao ® *

It has been demonstrated that RNA molecules—mRNA, siRNA, microRNA, and sgRNA—regulate cancer-
specific genes, and therefore, RNA-based therapeutics can suppress tumor progression and metastasis by
selectively upregulating and silencing these genes. However, the innate defense mechanisms (e.g., exo-
nucleases and RNases) involving the human immune system catalyze the degradation of exogenous
RNAs. Thus, nonviral nanoparticles have been employed to deliver therapeutic RNAs for effective cancer
gene therapy. In this minireview, we highlight efforts in the past decade to deliver therapeutic RNAs for
cancer therapy using novel nanoparticles. Specifically, we review nanoparticles, including lipid, polymer,
inorganic, and biomimetic materials, which have been employed to deliver therapeutic RNAs and evoke
tumor suppressing responses. Finally, we discuss the challenges and considerations that may accelerate
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the clinical translation of nanotechnology-mediated RNA therapy.

1. Introduction

Therapeutic ribonucleic acids (RNAs), such as messenger RNA
(mRNA), small interfering RNA (siRNA), small noncoding RNA
(microRNA), and single guide RNA (sgRNA), have tremendous
tumor suppressing capabilities because they can upregulate
the expression of target tumor suppressor genes or suppress
the expression of target oncogenes.”” These therapeutics are
favorable to protein-based ones because RNA-based thera-
peutics are less difficult to design and less expensive to
produce en masse.>* Furthermore, RNA-based cancer therapy
is minimally toxic and does not confer drug-resistance to
tumors, these being the adverse effects of drug chemotherapy.
However, the human immune system has innate defense
mechanisms (e.g., those involving exonucleases and RNases)
that catalyze the degradation of exogenous RNAs and therefore
diminish the efficacy of RNA-based therapy.” It follows that the
development of nonviral nanoparticles for the delivery of RNA-
based cancer therapeutics can substantially improve the
efficacy of cutting-edge cancer gene therapy, because nano-
particles can markedly improve the chemical stability and
pharmacokinetic profiles of the encapsulated RNAs.”

This minireview sheds light on the therapeutic potential of
four distinct types of RNA—mRNA, siRNA, microRNA, and
sgRNA—to upregulate and restore the expression of tumor sup-
pressor genes as well as to suppress the expression of onco-
genes using novel nanoparticle delivery platforms. We high-
light the state-of-the-art studies on the delivery of RNA-based
cancer therapeutics using lipid, polymer, inorganic, and bio-
mimetic nanoparticles. Recently, RNA lipoplexes composed of
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the well-known lipid carriers DOTMA and DOPE were clinically
tested for the delivery of several antigen (NY-ESO-1, MAGE-A3,
tyrosinase, and TPTE)-encoding mRNA transcripts into tumor-
associated antigen presenting cells (APCs).® The RNA lipo-
plexes inflamed the tumor microenvironment and induced
strong effector and memory T-cell responses in melanoma
patients. Impressively, the authors reported that the RNA lipo-
plexes mediated the potent IFNa-dependent rejection of meta-
static tumors. All things considered, nanoparticle-mediated
RNA therapies have the potential to improve the accuracy of
cancer treatment and target specific signaling pathways and
the efficacy of pre-existing drug chemotherapies.

2. Therapeutic RNAs for cancer gene
therapy

mRNA is a single-stranded molecule of RNA, which is trans-
lated into proteins with numerous diverse functions. Similar
to therapeutic DNA, therapeutic mRNA can upregulate the
expression of tumor suppressing proteins in malignant cells.
What distinguishes mRNA-based cancer therapies from com-
parable DNA-based ones is their convenient in vitro synthesis,
consistent and predictable regulation of protein expression,
and minimal risk of insertional mutagenesis. Other thera-
peutic mRNAs encoding viral antigens take effect in antigen
APCs—dendritic cells (DCs) and macrophages—where they are
translated into protein antigens and subsequently processed
into peptide epitopes. The epitopes bind to major histocom-
patibility complex (MHC) molecules, and together, they are
transported to the cell surface. At the cell surface, the epitopes
induce strong effector and memory T cell immune responses,
suppressing tumor progression.® However, the unstable and
immunogenetic nature of in vitro transcription (IVT) mRNA
may diminish the biological viability of mRNA-based cancer
therapies. It is necessary, therefore, to modify the structural
elements of IVT mRNA, including the 5’ cap, 5’ untranslated
region (5" UTR), protein-encoding open reading frame (ORF),
3" UTR, and 3’ poly(A) tail, for optimal stability and
immunogenicity.>”

In contrast to therapeutic mRNAs, therapeutic siRNAs and
microRNAs downregulate the expression of tumor promoting
proteins in malignant cells and APCs. Endogenous precursor
SiRNA (pre-siRNA) and precursor microRNA (pre-microRNA)
bind to Dicer RNase, which cleaves pre-siRNA and pre-
microRNA into double-stranded siRNA and microRNA, respect-
ively. The resultant siRNA and microRNA bind to endonu-
clease Argonaute-2 (AGO2), composed of RNA-induced silen-
cing complexes (RISCs). While therapeutic siRNAs confer
specific  mRNA binding ability to RISCs, therapeutic
microRNAs confer general mRNA binding ability to RISCs
because they target sequences located in the 3" UTR or the
intronic (i.e., non-coding) regions of mRNA. It follows that an
siRNA-based RISC can only bind to and cleave one target
mRNA, downregulating the expression of one protein; a
microRNA-based RISC, on the other hand, can potentially
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bind to and cleave hundreds of target mRNAs, downregulating
the expression of entire signaling pathways.® Another appli-
cation of therapeutic microRNAs is the inhibition of endogen-
ous oncogenic microRNAs (oncomiRs). Evidence suggests that
52.5% of microRNA genes are located in tumor-associated and
fragile genomic regions.’ Therefore, the synthesis of single-
stranded microRNA antagonists (antagomiRs), which target
oncomiRs by Watson-Crick base pairing before the oncomiRs
can bind to and cleave mRNAs, represents a promising devel-
opment in cancer gene therapy."’

Recently, clustered regularly interspaced short palindromic
repeat (CRISPR) technologies have aroused considerable scien-
tific interest because they have the potential to cleave and
perform multiplex targeting of tumor-associated genomic
regions."’ The CRISPR-Cas9 gene-editing system requires
therapeutic sgRNA, which binds to the target genomic region
and the Cas9 endonuclease by base pairing at the 5’ and 3’
ends, respectively. After sgRNA binds to the genomic target,
each of the nuclease domains of Cas9 makes a nick, resulting
in a specific double-stranded break in the DNA. The non-hom-
ologous end joining (NHE]J) DNA repair pathway introduces
insertion-deletions (INDELs) in the exonic (ie., coding)
regions of DNA that mutate the coding frame, and on
occasion, install a premature termination codon (PTC); the
INDEL-induced mutagenesis of the genomic target downregu-
lates the expression of tumor-promoting proteins in malignant
cells and APCs.

3. Nonviral RNA-based
nanotherapeutics for cancer treatment

The human immune system has innate defense mechanisms
(e.g., exonucleases and RNases) that catalyze the degradation
of exogenous RNAs and, therefore, hinder the adoption of
therapeutic RNAs for in vivo cancer treatment; the short half-
lives of naked RNAs only exacerbate this hindrance.
Nanoparticle-mediated delivery platforms can uniquely
address these challenges.”>"” Specifically, nonviral nano-
particles not only defend therapeutic RNAs from enzymatic
degradation but also accumulate preferentially in the tumor
tissues via the enhanced permeability and retention (EPR)
effect and attenuate off-target toxicological complications.'®
Additionally, nanoparticles can be engineered to release thera-
peutic RNAs in response to environmental triggers, including
the acidic tumor microenvironments and target cell endo-
somes."® To improve the cell and, in some instances, nucleus-
penetrating ability of nanoparticles, they can be modified with
cell-specific targeting ligands and moieties (Fig. 1).*° Finally,
nonviral nanodelivery vehicles have diminished immunogeni-
city and enhanced genetic payloads compared to viral vectors
and therefore hold great promise for assisting RNA-based
cancer therapies.

Lipid and polymer-based nanoparticles are among the most
rigorously studied nonviral vehicles for the delivery of thera-
peutic RNAs.">?! Lipids confer favorable biocompatibility, bio-
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Fig. 1 (a) Chemical structures of the oligoarginine-functionalized pH-
responsive polymer and prostate cancer cell-specific polymer
ACUPA-PEG-b-PDPA and a schematic illustration of the multifunctional
envelope-type nanoparticle platform for in vivo prostate cancer cell
specific siRNA delivery and therapy. (b) The nanoparticle platform can
improve the pharmacokinetic profile of the encapsulated siRNA as
revealed by the serum concentration of the various formulations and
the fluorescence images. (c) Time-dependent relative tumor size of the
tumor-bearing nude mice after various treatments and the photograph
of the treated mice at day 18. This figure has been adapted/reproduced
from ref. 20 with permission from the American Chemical Society, copy-
right 2017.

degradability, and natural cell-penetrating ability to nano-
particles because they represent the basic building blocks of
the cell membrane. The adoption of cationic lipids for RNA-
based cancer therapies is promising because they can bind to
therapeutic RNAs by electrostatically attracting the negatively
charged RNA phosphate groups. Likewise, the adoption of
ionizable lipids is promising because they can increase the
osmotic pressure of the endosome and consequently rupture
the vesicle by attenuating the declining endosomal pH.>?
However, the recurrent payload leaks as well as the facile
kidney and liver clearance of lipid-based NPs limit their in vivo
delivery of therapeutic RNAs.”> Nanoparticles composed of
synthetic polymers, such as polyethyleneimine (PEI), can also
release therapeutic RNAs in response to environmental trig-
gers (e.g., the decreased pH of the endosome).”* In addition,
the surfaces of polymeric nanoparticles can be functionalized
with cell-specific targeting ligands and moieties, such as S,5-2-
[3-[5-amino-1-carboxypentyl Jureido|pentanedioic acid (ACUPA)
and tumor cell-targeting and penetrating-peptide-amphiphile
(TCPA), further supporting the promise of polymeric nano-
particle-assisted RNA delivery for cancer treatment.>*>>

The development of cutting-edge inorganic and biomimetic
nanoparticles for RNA-based cancer therapy is noteworthy
because these nanoparticles possess distinct physicochemical
properties. The physicochemical properties of inorganic nano-
particles, in some instances, provide diagnostic and thera-
peutic functions, which augment the efficacy of cancer treat-
ments. Gold-iron oxide nanoparticles (GIONs) enhance the
detection of tumor progression by the combination of com-
puted tomography (CT), magnetic resonance imaging (MRI),
photoacoustic imaging (PAI), and surface enhanced Raman
spectroscopy (SERS) techniques. Furthermore, GIONs rep-
resent a species of photothermal agents that efficiently
damage malignant cells by photothermal ablation.*® The
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GION surface is conveniently covalently functionalized with
thiols and oligonucleotides—as in self-assembled monolayers
(SAMs)—which bind therapeutic RNAs for transport to the
damaged malignant cells and therefore invigorate a synergistic
effect for potent cancer therapy.>” Despite the promise of the
aforementioned physicochemical properties, the biocompat-
ibility, biodegradability, and toxicity of inorganic nanothera-
peutics must be further investigated prior to their clinical
translation. On the other hand, biomimetic nanomaterials
including extracellular vesicles (EVs) provide remarkable bio-
compatibility and biodegradability because they share physico-
chemical properties with endogenous cells.*® Exosomes and
microvesicles are bilayer-coated EVs released from the mem-
branes of cells for intercellular communication. Therefore,
exosome and microvesicle-based nanoparticles can both carry
therapeutic RNAs and penetrate target cells naturally for
enhanced RNA-based cancer treatment.

3.1. Nanoparticles for mRNA delivery

The restoration of tumor suppressing proteins is a compelling
therapeutic strategy for cancer treatment.>® The phosphatase
and tensin homolog (PTEN) is a lost or mutated tumor sup-
pressor gene in half of the metastatic castrate-resistant pros-
tate cancer (mCRPC) patients; PTEN inhibits the P13K-AKT
signal transduction pathway, which is overexpressed in
mCRPC patients and promotes the survival, proliferation, and
migration of malignant cells.’® Recent evidence suggests that
the loss of PTEN protein expression correlates with a high
Gleason score and accelerated metastasis.>! Islam et al. engin-
eered a self-assembling hybrid nanoparticle, comprising a cat-
ionic lipid-mimic (G0-C14) and a synthetic polymer (PLGA)
core, with a lipid-polyethylene glycol (PEG) shell for the deliv-
ery of therapeutic PTEN mRNA into PTEN-null prostate cancer
cells (Fig. 2).*> The investigators systematically injected the
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Fig. 2 (a) Self-assembly process of hybrid lipid—polymer nanoparticles
comprising cationic G0-C14, anionic mRNA, and PLGA; nanoparticles
were coated with lipid-PEG. (b) Schematic illustration of the mechanism
of cellular uptake and intracellular transport of the hybrid mRNA nano-
particles. (c) Whole-body images of mice bearing PC3 xenograft tumors
after various treatments. (d) Time-dependent tumor size measurements
show the in vivo therapeutic efficacy of PTEN-mRNA-PGDP nano-
particles. This figure has been adapted/reproduced from ref. 32 with
permission from Springer Nature, copyright 2018.
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120 nm PTEN-mRNA nanoparticles into prostate cancer-
bearing mice every three days for six total treatments and
reported significant inhibition of tumor progression in 43 days
after tumor induction.

The same group subsequently engineered another self-
assembling lipid—polymer hybrid nanoparticle for the delivery
of therapeutic p53 mRNA into p53-null hepatocellular carci-
noma (HCC) and non-small cell lung cancer (NSCLC) cells.
The p53 tumor suppressor gene is defective in 36% of HCC
and 68% of NSCLC patients.>® In the nucleus, p53 promotes
the transcription of pro-apoptotic proteins, such as BCL-2-
associated X (BAX) and p53 upregulated modulator of apopto-
sis (PUMA). Additionally, in the cytoplasm, p53 inhibits the
activation of pro-survival autophagy, which is responsible for
multidrug resistance (MDR) in cancer. Kong et al. demon-
strated that the nanoparticle-assisted restoration of p53
protein expression can suppress tumor progression by simul-
taneously inducing apoptosis and sensitizing p53-null cancer
cells to everolimus, a potent chemotherapy drug.** The investi-
gators administered p53-mRNA nanoparticle—composed of
G0-C14, hydrophobic redox-responsive poly(disulfide amide)
(PDSA), and two lipid-PEG compounds—injections and everoli-
mus concurrently into p53-null HCC and NSCLC tumor-
bearing mice every three days for six total treatments. The con-
current administration of the p53-mRNA nanoparticle
(125 nm) and everolimus significantly enhanced therapeutic
efficacy against p53-null HCC tumors compared to the treat-
ment with p53-mRNA nanoparticle injections or everolimus
alone; the combination treatment even successfully regressed
metastatic NSCLC tumors.

As stated above, some therapeutic mRNAs encode viral anti-
gens that induce strong effector and memory T cell immune
responses at the surfaces of APCs. The chemical modification
of such mRNA transcripts is necessary to circumvent the
degradation machinery in vivo. However, the modification of
mRNA transcripts with alternative naturally occurring nucleo-
tides, such as pseudouridine (¥), 5-methylcytidine (5meC) and
N1-methylpseudouridine (m1¥), silences their immunogeni-
city and diminishes their self-adjuvant effect because they fail
to trigger type I interferon (IFN) induction.®® Therefore, Islam
et al. designed an adjuvant-pulsed mRNA nanovaccine, com-
prising ovalbumin (OVA) mRNA and the toll-like receptor (TLR)
7/8 agonist C16-R848 (R848), with a lipid-PEG shell to restore
the innate immune activation of DCs and subsequent T cell
priming.*® Compared to an adjuvantless OVA-mRNA vaccine,
the adjuvant-pulsed OVA-mRNA vaccine significantly enhanced
the proliferation of cytotoxic T lymphocytes (CTLs) as well as
the infiltration of CTLs in the tumor bed. Remarkably, the
adjuvant-pulsed OVA-mRNA vaccine reduced lymphoma and
prostate tumor growth by 84% and 60%, respectively.

3.2. Nanoparticles for siRNA delivery

Recent advances in nanoparticle development have allowed for
the targeted delivery of siRNA to specific genes and pathways
in macrophages, T-cells, and even tumor cells themselves. The
anti-colony stimulating factor-1 receptor (anti-CSF-1R) is a

This journal is © The Royal Society of Chemistry 2022
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receptor tyrosine kinase that has been employed to induce
apoptosis in CSF-1R+ tumor-associated macrophages (TAMs)
and improve the ratio of CD8+ T-cells to CD4+ cells in cancer
patients. Qian et al. developed a nanoparticle platform com-
prising of alpha-peptides and a M2-like macrophage binding
peptide to deliver anti-CSF-1R siRNA to M2-like TAMs; the
authors reported that the nanoparticles significantly limited
the survival of M2-like pro-tumor TAMs in melanoma tumor
microenvironments.®”

In addition, programmed death-ligand 1 (PD-L1) is a
protein overexpressed in tumor cells to “trick” the immune
system to not attack the tumor. Dai et al. designed a nano-
particle platform for silencing immune resistance triggered by
the overexpression of PD-L1 via the delivery of siRNA and a
mitochondrion-targeting photosensitizer directly to tumor
cells.*® To achieve this goal, the researchers synthesized micel-
leplexes using two types of polymers and siRNA:
PEG-CDM-PDEA and PEI-PDEA loaded with siPD-L1. The
in vitro and in vivo results reveal that the 43 nm micelleplexes
not only induced an efficient immune response by photo-
dynamic therapy but also induced a subsequent siRNA-
mediated anti-tumor immune response. All things considered,
the micelleplexes induced a synergistic effect for potent cancer
treatment.

TWIST-related protein 1 is another example of an over-
expressed protein involved in metastatic carcinomas. Shahin
et al. employed hyaluronic acid (HA)-modified mesoporous
silica nanoparticles (MSNs) which can target CD44 on cancer
cells and deliver siRNA-419, to silence TWIST protein
expression in ovarian cancer cells.>® In recurrent ovarian
tumor models, the silencing of TWIST protein expression
depressed the levels of chemotherapy resistance.
Consequently, siTWIST-HA and cisplatin-loaded MSN
(120 nm) treatment resulted in significantly diminished tumor
size and fewer metastases compared to the cisplatin-loaded
MSN treatment alone.

Transforming growth factor p (TGF-f) has long been a
target in cancer therapy, specifically in glioblastoma treatment;
the overexpression of TGF-f in tumor cells can result in an
immunosuppressive environment, which nullifies chemo-
therapy. To overcome this challenge, Qiao et al. developed a
zwitterionic lipid (distearoyl phosphoethanol-amine-polycar-
boxybetaine lipid)-based nanoparticle (42 nm) platform for the
delivery of the chemotherapeutic temozolomide and anti-TGF-
B siRNA.” In addition, this nanoformulation efficiently
crossed a synthetic blood-brain barrier to target glioblastoma
cells via receptor-mediated transcytosis. The delivery strategy
enhanced both the cytotoxicity of temozolomide and gene
silencing efficiency of siTGF-f. It follows that the anti-TGF-f
siRNA and temozolomide-loaded nanoparticles significantly
reduced the tumor’s ability to induce an immunosuppressive
microenvironment, and therefore, prolonged the life expect-
ancy of glioma-bearing mice. Xu et al. employed a different
nanoparticle platform—mannose-modified lipid-protamine-
hyaluronic acid (~40 nm)—for the delivery of anti-TGF-p siRNA
to B16F10 melanoma tumor cells.”’ The authors reported a
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50% decrease in the expression of TGF-f and an increase in
the count of CD8+ T-cells in the late stage tumor microenvi-
ronment. The lipid-protamine nanoparticles significantly
inhibited tumor growth by 52% compared to the vaccine treat-
ment alone.

Finally, Bromodomain 4 (BRD4) has been investigated as a
therapeutic target for cancer treatment. For example, Xu et al.
created a multistage pH-responsive nanoplatform to deliver
siRNA against BRD4 in a tumor microenvironment.>® The
nanoplatform consists of hydrophobic poly(2-(hexamethyl-
enediamine)ethyl methacrylate) (PHMEMA), which has a sharp
pH responsiveness for the delivery of siRNA in the acidic
tumor microenvironment, and a PEG outer shell to prolong its
circulation in the blood; together, PHMEMA and the PEG
outer shell improve nanoparticle accumulation in the tumor
tissues. A cell-targeting RGD peptide was derivatized on the
nanoplatform surface for enhanced tumor targeting and cellu-
lar uptake. The nanoplatform (72 nm) decreased the tumor
size and weight in a tumor-bearing mouse model by 5-fold and
4-fold, respectively.

3.3. Nanoparticles for microRNA delivery

The robust nanoparticle-mediated delivery strategy is promis-
ing to prevent the degradation of microRNA by nucleases in
the circulation and peripheral tissues. The mouse double
minute 2 (MDM2) oncogene downregulates the aforemen-
tioned p53 tumor suppressor gene, which is defective in 68%
of NSCLC patients.*® It follows that the amplification of
MDM?2 inhibits the transcription of pro-apoptotic proteins,
such as BAX and PUMA, and promotes the activation of pro-
survival autophagy. Therefore, MDM2 is considered a compel-
ling target for cancer treatment. Moro et al. further demon-
strated that the MIR660 gene, which can downregulate MDM2,
is downregulated in NSCLC patients.*” The investigators, there-
fore, developed coated cationic lipid nanoparticles entrapping
microRNA-660 (CCL660), which they administered intraperito-
neally to mice with lung cancer Patient Derived Xenografts
(PDXs). Following eight semiweekly injections, the CCL660
nanoparticles (123 nm) effectively restored the expression of
microRNA-660 in PDX-bearing mice and reduced tumor
growth by 50%—compared to the controls—in mice bearing
two independent NSCLC PDXs.

Fifteen percent of breast cancer patients are diagnosed with
triple-negative breast cancer (TNBC), which is immunohisto-
chemically characterized by poor human epidermal growth
factor receptor 2 (HER2), estrogen receptor, and progesterone
receptor expression.*’ To establish an effective treatment strat-
egy through the activation of protein kinase C Gong et al.
derived exosomes expressing disintegrin and metalloprotei-
nase 15 (A15-EXOs) for the co-delivery of doxorubicin (DOX)
chemotherapy and cholesterol-modified microRNA-159 (CHO-
microRNA-159) to TNBC cells in vitro and in vivo.** The A15-
EXOs (179 nm) carrying DOX and CHO-microRNA-159 together
induced synergistic tumor suppressing effects in TNBC tumor-
bearing mice compared to those carrying DOX or CHO-
microRNA-159 alone.
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The inhibition of oncomiRs represents another promising
application of therapeutic microRNAs. The upregulation of
oncomiR-21 has been reported in patients diagnosed with
brain cancer, breast cancer, and HCC (Fig. 3a).*>*" This
oncomiR is known to suppress the expression of apoptotic pro-
teins, such as B cell lymphoma 2 (Bcl-2), and it is thus respon-
sible for chemotherapy resistance. JC Bose et al. manipulated
tumor cell-derived extracellular vesicles (TEVs) functionalized
with GIONs for the delivery of anti-microRNA-21 (Fig. 3b).>°
(Recall that GIONs provide CT and thermal ablation capabili-
ties for simultaneous cancer imaging and therapy.) Ultimately,
the delivery of anti-microRNA-21 by TEV-GIONs (34 nm) in
combination with low doses of DOX significantly attenuated
DOX resistance in breast cancer cells and eliminated these
cells 3 times more effectively than DOX alone.

3.4. Nanoparticles for sgRNA delivery

sgRNA delivery is a prevailing therapy which inhibits the
expression of proteins that create immunosuppressive environ-
ments by knocking out the respective genes. The inhibition of
PLK1, polo-like kinase 1, has been shown to result in tumor
cell apoptosis. To achieve this goal, Rosenblum et al. con-
structed a nanoparticle platform selected from a library that
they created using a novel class of ionizable amino lipids
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Fig. 3 (a) Synthetic strategies of dual-siRNA-loaded polymeric nano-
particles for achieving triple negative breast cancer therapy. This figure
has been adapted/reproduced from ref. 47 with permission from the
American Chemical Society, copyright 2015. (b) Schematic illustration of
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based on hydrazine, hydroxyl-amine, and ethanolamine
linkers with a linoleic fatty acid chain and an amine head
group to deliver Cas9 mRNA and sgRNAs to an aggressive
orthotopic glioblastoma (Fig. 4).*® A single intracerebral injec-
tion of the CRISPR-lipid nanoparticles against PLK1 (sgPLK1-
cLNPs) (81 nm) enabled up to ~70% gene editing in vivo,
which caused tumor cell apoptosis, inhibited tumor growth by
50%, and improved survival by 30%. To reach disseminated
tumors, cLNPs were also engineered for antibody-targeted
delivery. Remarkably, the intraperitoneal injections of EGFR-
targeted sgPLK1-cLNPs caused their selective uptake into dis-
seminated ovarian tumors, enabled up to ~80% gene editing
in vivo, inhibited tumor growth, and increased survival by
80%.

Similar to PLK1, programmed cell death ligand-1 (PD-L1) is
a cytokine which can create an immunosuppressive environ-
ment, and thus has been considered a promising therapeutic
target. Cheng et al. developed a 200 nm nanoparticle platform
using a double emulsion method for complexing plasmids
with stearyl polyethylenimine (stPEI) to form human serum
albumin (HSA) for the delivery of CRISPR into CT26 cells.*’
The treatment by this formulation silenced the expression of
PD-L1, thus inhibiting both the proliferation of antigen-
specific T cells and the apoptosis of regulatory T cells (Tregs)
in the lymph nodes, thereby activating the immune system to
attack tumors. To silence PD-L1, Liu et al created a virus-like
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Fig. 4 (a) Schematic illustration of the synthesis of Cas9 mRNA and
sgRNA-loaded lipid nanoparticles by a nanoassembly microfluidic mixer.
(b) Bioluminescence images show that the nanoformulation treatment
can inhibit tumor growth and enhance the mouse survival rate. This
figure has been adapted/reproduced from ref. 48 with permission from
the American Association for the Advancement of Science, copyright
2020.
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nanoparticle (VLN) consisting of a surface-thiolated meso-
porous silica nanoparticle (MSN-SH) core; these pores were
locked by conjugating a ribonucleoprotein (RNP) to MSN-SH
via disulfide bonds (RMSN), and a lipid shell containing
PEG2000-DSPE (20 nm). These VLNs were used for the co-
delivery of sgRNA targeting the PD-L1 encoding gene (sgPD-L1)
and axitinib (Axi), a small molecule inhibitor of tyrosine
kinase, into B16F10 murine melanoma cells in mouse
models.>® The systemic administration of this nanoformula-
tion achieved an effective CRISPR/Cas9-based PD-L1 knockout
in cancer cells, which disrupted the PD-1/PD-L1 pathway and
reinvigorated the exhausted T cells to suppress the tumor.
Furthermore, VLNs also achieved the delivery of Axi into the
tumor, leading to the reduction in the Tregs population in the
tumor microenvironment. Reducing the immunosuppressive
Tregs further unleashed T cell mediated antitumor immunity,
and eventually enhanced the tumor growth inhibition.

PCSK9 is a gene which has been shown to induce pro-
gression of a tumor. To knock out this gene, Wei et al. devel-
oped C12-200 and MC3 lipid nanoparticles for mediated deliv-
ery of the Cas9/sgRNA ribonucleoprotein complex into tumor
cells for effective PCSK9 inhibition.>" The study first showed
the ability to edit genes in HeLa cells in vitro. The C12-200-
DOT-10 CRISPR-Cas9 nanoparticles showed 66.9% indices,
which are higher than that of the RNAIMAX positive control of
41.9%. In addition, the 5A2-DOT-50 lipid nanoparticles
showed great efficiency in targeting and editing genes in
mouse lungs. The administration of lipid nanoparticles into
mice significantly decreased PCSK9 protein levels in mouse
liver tissue and the serum. Importantly, the lipid nanoparticles
show the ability to target multiple genes and hold the ability
to deliver a broad range of sgRNA to tumor sites.

4. Conclusions & prospects

Due to their ability to inhibit tumor progression, RNA-based
therapies have attracted great interest in the field of cancer
nanotherapy. In this minireview, mRNA-based therapeutics
were demonstrated to successfully upregulate tumor suppres-
sing proteins and arrest the development of metastases.
Conversely, siRNA and microRNA-based therapeutics were
demonstrated to silence genes that cause an immunosuppres-
sive environment in tumor cells and tumor associated macro-
phages. Finally, when coupled with Cas9 exonuclease, sgRNA
was shown to target and edit oncogenes.

The delivery of RNAs for cancer therapy by nanoparticles in
pre-clinical studies has been shown to be efficient and practi-
cal. The potential for RNA cancer therapy is observed in some
of the few clinical trials that are being conducted. According to
a study by Tabernero et al., two siRNAs (VEGF siRNA and KSP
siRNA) carried by lipid nanoparticles targeting kinesin spindle
proteins were shown to have stimulated regression in cancer
patients.>” All treated patients had detectable amounts of each
siRNA present in tumor biopsies. The study showed that siRNA
cancer therapy is a safer and more direct treatment compared
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to conventional chemotherapy. The therapy also showed corre-
lation in tumor regression and reduced the likelihood of metas-
tases. A substantial takeaway from this study is the demon-
strated efficacy of nanotechnology-mediated RNAi’s ability to
regulate gene expression. This novel clinical study shows a
promising future for nanoparticle-assisted RNA therapies in the
battle against cancer.>” Subsequently, comprehensive evaluation
of the biodistribution, potential toxicity, and clearance of nano-
particles of interest is necessary before their clinical application
in cancer therapies. In addition, the industrial-scale production
of these nanoparticles under Good Manufacturing Practice
(GMP) with batch-to-batch reproducibility is important for clini-
cal translation. These considerations are of great importance for
the development of patient-specific personalized nanotherapy.
Nevertheless, the success of numerous nanoparticle-based deliv-
ery strategies in preclinical and clinical studies of cancer offers
significant promise for the use of nanoparticles in the treat-
ment of cancer patients.
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