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Supramolecular RNAi with Multifunctional siRNA Nanostructures

Michael Shaikhet,c Joshua O’Grady,? Filiz K. Collak,® Matthew Reynolds,® Anatoli lanoul,® William
G. Willmore, b Bruce C. McKay®c and David Sabatino 2<*

Supramolecular RNA nanostructures have recently emerged as powerful genetic tools in biomedical applications. The
modular design of discrete RNA building block monomers for the self-assembly of genetically encoded short interfering RNA
(siRNA) nanostructures has led to the precise silencing of oncogene targets in cancer gene therapy applications. In this study,
we designed and synthesized branched V- and Y-shaped RNA templates to scaffold the assembly of well-defined 2D and 3D-
shaped siRNA nanostructures targeting the oncogenic mRNA transcripts of the Glucose Regulated Proteins (GRP 75, 78, 94,
170) in cancer. Structure and stability analyses confirmed the formation of siRNA nano-squares, cubes and tubes of distinct
supramolecular and biophysical properties. Bioconjugation strategies enabled the incorporation of fluorescein and coumarin
fluorescent reporters, providing FRET-based biosensing of the dynamic assembly process of the siRNA nanostructures. In
the human adenocarcinoma (A549) cell line, the fluorescently labelled siRNA nanostructures demonstrated cell uptake and
intracellular localization for GRP silencing events that led to significant anti-proliferative and toxicity effects, as indicators of
anti-cancer activity. This research will highlight the innovation of multifunctional siRNA nanostructures for applications as

cancer gene-silencing therapies.

Introduction

The rapidly evolving field of RNA nanotechnology has led to the
production of functional RNA biomaterials for their advancement in
chemical biology, bioengineering and biotechnology, in addition to
therapeutic applications.’® The strong tendency for RNA to engage
in stable, high fidelity Watson-Crick base-pairing provides structure
programmability that scaffolds the self-assembly of higher-ordered
supramolecular architectures displaying distinct sizes, shapes and
function.®! Various self-assembly strategies have been designed
and developed for the formulation of discrete RNA nanostructures.
These include modular building blocks (i.e., RNA architectonics) that
preorganizes (bottom-up) levels of higher-ordered RNA structure
organization,'>12 oligonucleotide templates that enables assembly of
complementary RNA (origami) patterned motifs,'>14 and machine
learning tools that predicts RNA folding and self-assembly of
nanostructures based on sequence information.’1® Of particular
interest are the assembly strategies which incorporate bio-active
RNA sequences to produce genetically encoded supramolecular
structures with novel functional properties in biological systems.

Short-interfering RNA (siRNA) nanostructures have been used for
silencing single or multiple oncogenic (mRNA) targets via the RNA
interference (RNAIi) pathway for applications in cancer therapy.1’-22
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In these studies, DNA and RNA templates have been applied in the
co-transcriptional assembly of siRNA nanostructures representing a
variety of 2D and 3D shapes. Moreover, functionalization of the
siRNA assemblies with modified nucleotides (e.g., 2’-F-dNTPs), lipids
for cell delivery, fluorochromes for fluorescence and FRET detection
and targeting aptamers have all been incorporated for enhancing
RNA structure and function in cell-based and in vivo cancer models.'”-
22 The observed safety and efficacy profiles of the RNA nanoparticles
make them desirable drug candidates for future clinical translational
studies.?> However, these assembly methods are also susceptible to
multiple undesirable (nano)structures due to the propensity for RNA
folding into various stable secondary and tertiary structure motifs
and greater tolerance for nucleotide mismatch incorporation during
transcriptional enzymatic polymerization that makes it difficult to
build discrete RNA nanostructures.?* Further, optimization in the
batch-scale production of chemically modified RNA nanostructures is
needed to improve RNA pharmacological properties for clinical use.?®
Pre-defined RNA building blocks with chemical modifications can be
readily manufactured by automated solid phase oligonucleotide
synthesis and combined to form a limitless number of distinct,
supramolecular architectures with novel functional properties for
the translation of siRNA nanostructures in clinical oncology.26:32

In our previous research, the incorporation of a synthetic
branchpoint nucleotide modification enabled the construction of
branched and hyperbranched (dendrimer-type) siRNAs with
improved stability and function for anti-cancer applications.?” The
branched siRNAs triggered knockdown of the oncoprotein, Glucose
Regulated Protein of 78 kilodalton (GRP78), that led to greater
toxicity in the HepG2 liver cancer cells when compared to the
control, linear siRNA treatment conditions. Moreover, the synthetic
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branched RNA were used as single-stranded templates in
combination with complementary RNA sequences to assemble well-
defined siRNA nanostructures, that resembled a variety of 2D
polygons, such as nano-squares, rectangles, pentagons and
hexagons, among others, of distinct sizes and shapes.?® The siRNA
nanostructures displayed enhanced serum stability which extended
their duration of action in silencing the expression of the oncogenic
Glucose Regulated Proteins of 75, 78, and 94 kilodaltons (GRP 75, 78
and 94) resulting in antiproliferative effects across a panel of cancer
cell lines over a prolonged (72 h) treatment period.?® The synergistic
multi-GRP knockdown effect led to potent toxicity in breast (MDA
MB-231), cervical (HeLa) and endometrial (AN3CA) cancer cell lines,
and to a greater extent with the siRNA nanostructures compared to
linear GRP siRNA controls, even when added in combination.2®
Bioconjugation of siRNA nanostructures with fatty acids, metal
nanoparticles and fluorescent reporters enhanced cell delivery,
detection and treatment efficacy in cancer.?>3! Therefore, the
multifunctional siRNA nanostructures represent a promising class of
therapeutic modalities in cancer diagnosis and therapy.32

In this current work, the incorporation of multiple siRNAs
targeting all main GRPs (GRP75, GRP78, GRP94, GRP170), into
novel supramolecular 2D and 3D nanostructure assemblies (Fig.
1) were hypothesized to maximize the GRP-silencing and anti-
tumour effects in human lung (A549) adenocarcinoma (ATCC®
CCL-185™). A solid phase chemical synthesis strategy was used
to produce V- and Y-shape branch RNA templates for assembly
of multiple siRNA units into discrete and defined nanostructure
formulations. Bioconjugation enabled chemo- and regiospecific
functionalization of siRNA nanostructures with fluorochromes
used for the study of structure, photophysical and biological
properties. This research aims to impact cancer intervention
strategies using multifunctional siRNA nanostructures.

Results and discussion

Rational design of RNA templates for supramolecular assembly of
siRNA nanostructures

The antisense (A) and sense (S) strand siRNA sequences (SI, Table
S1) have been used to effectively and specifically silence oncogenic
mMRNA transcripts encoding the GRP 75, 78, 94, and 170 in human
cancer cell lines, resulting in potent anti-cancer effects.?833 The GRPs
function as biomolecular chaperones that serve as main sensors for
misfolded proteins in the endoplasmic reticulum (ER) and function as
master regulators of cell survival and apoptosis under cell stress
conditions as part of the unfolded protein response (UPR)
mechanism.3* The GRPs are over-expressed and translocated to the
surface of many types of human cancer cell lines, where they act as
tumour biomarkers and activate signalling pathways linked to cancer
initiation, proliferation, metastasis and chemoresistance.3®> GRP
knockdown or inhibition has been shown to sensitize cancer cells to
treatment, promote tumour cell cycle arrest and apoptosis resulting
in potent anti-cancer effects.?8-33.35 Thus, targeting the GRPs offers a
promising approach in the diagnosis and treatment of cancer.3 In
this study, novel 2D and 3D supramolecular RNA assemblies were
designed and constructed as well-defined, discrete square, cube, and
tube shaped GRP-silencing siRNA nanostructures (Fig. 1).

2| J. Name., 2012, 00, 1-3

W@ Article Online

AGRP75 \GRP78

AGRP9A SGRP78

SGRP9A SGRP170

SGRP7S AGRP170

R

Assembly @
——a

SGRP9A

?) SGRP78

{“ ),

€

ln-—.-—.a-mm,

Assembly EB
T e

Fig. 1. Formulation of supramolecular siRNA nanostructures. A.
Assembly of the siRNA square from V-shape RNA templates and
fluorochrome (coumarin, CM and fluorescein isothiocyanate,
FITC) labelling. B. Assembly of the siRNA cube from Y-shape RNA
templates. C. Toe-hold assembly strategy for the siRNA tube
from the Y-shape RNA templates. Created in BioRender.
Shaikhet, M. (2025) https://BioRender.com/y6scwfz
https://BioRender.com/Imo6wl|6

and

The complementary GRP silencing siRNA (A:S) sequences,?833
(Table S1) were directly integrated at the branchpoint positions of
the branch V- and Y-shape RNA templates. They were combined in
controlled stoichiometric equivalent ratios, annealed in their
antiparallel orientations to generate double-stranded (ds) RNA
helical hybrids of equal lengths, 19 base-pairs, that avoided off-target
hybridization and self-folding interactions, while templating the
assembly of discrete supramolecular square, cube, and tube shaped
siRNA nanostructures (Fig. 1). To validate GRP mRNA transcript
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(sense-strand) specificity, each of the antisense strands in the siRNA
sequences (Sl, Table S1) were evaluated using NCBI BLAST (blastn)
against the human RefSeq RNA database (SI, Table S4). In all cases,
the GRP sequences maintained the largest query coverage and the
lowest E-values, corresponding to full-length (A:S) complementarity
with no significant matches to unrelated off-target and immunogenic
transcripts. The siRNA sequences were also tested computationally
for secondary structure formation and self-folding during the
hybridization process. All sequences showed weak self-folding
capabilities, while hybridization to dsRNA was thermodynamically
favoured. Thus, the siRNA sequences were anticipated to form stable
RNA hybrids, templating the assembly of discrete supramolecular
siRNA nanostructures (Fig. 1).

For example, to build the square shape siRNA nanostructure (Fig.
1A), four complementary V-shape RNA templates (GRP A75A78,
A94594, S75A170, and S945170) were selected to hybridize into
antiparallel dsRNA helices that were genetically encoded as siRNAs
targeting all GRPs in an enclosed square shape nanostructure.
Moreover, the incorporation of fluorochromes (e.g., coumarin, CM
and fluorescein isothiocyanate, FITC) at the branchpoint position was
rationalized to facilitate structure, photochemical and biological
studies.??323¢ Similarly, the cube shape siRNA nanostructure was
designed with four distinct Y-shape RNA templates (A75A75A75,
S75578594, A170A94S575, and S170A78A75, Fig. 1B), that combine
complementary (A:S) sequences to produce multiple GRP-silencing
SiRNAs (i.e., 6x siGRP75, 2x siGRP78, 2x siGRP94 and 2x siGRP170) in
a closed 3D geometry resembling a cubic-shape nanostructure. The
nanotube design employed a stacked toe-hold assembly strategy as
an extension of the square-shape siRNA nanostructure (Fig. 1C). In
this approach, repeated monomeric cubic units were hypothesized
to assemble into an extended nanotube structure with consistent 3D
(length, width and height) measurements across the nanotube. This
intricate nanostructure was designed with only two Y-shape RNA
templates, (A75A78A94 and S75578594), genetically encoding three
(GRP 75, 78 and 94) siRNAs, but absent of GRP170 siRNA within the
nanotube assembly. The Y-shape RNA templates were selected to
form a square shape siRNA framework, with complementary (A:S)
single-strand (ss) RNA overhangs (toe-holds) at the branchpoint
positions that enables end-to-end joining of the 2D square
framework into a modular, stacked assembly of 3D cubic monomers
for nanotube elongation. The design of discrete RNA building blocks
for the assembly of genetically encoded short interfering RNA
(siRNA) nanostructures is important to the study of structure,
photophysical and biological properties.
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Solid-phase synthesis of functionalized RNA templates.,, A icic oniine

The chemical synthesis of RNA templaté3®ollowetPtReitandard
automated solid-phase oligonucleotide synthesis cycle comprising of
four major steps: (1) detritylation, to remove the 5’-dimethoxytrityl,
(DMT) protecting group of preloaded thymidine linked controlled
pore glass (CPG) support and to expose the 5’-hydroxyl (OH) group
to subsequent reactivity; (2) activation and coupling of the 5’-DMT
2’-tert-butyldimethylsilyl (TBDMS) ribonucleoside phosphoramidites
with suitable nucleobase protection; (3) capping of the 5’-OH group
of unreacted starting material; and (4) oxidation to convert the
phosphite triester (Plll) into the phosphate triester (PV) backbone.?”

For the branched RNA templates (Scheme 1), an asymmetric non-
nucleoside branchpoint phosphoramidite monomer with orthogonal
DMT and levulinyl (Lv) protecting groups was added to the RNA
synthesis cycle, for the controlled, regioselective addition of each (up
to three) RNA strand from the branchpoint synthon.3® The solid
phase synthesis of V- and Y-shape branch RNA templates (Scheme
1A), incorporates the branchpoint phosphoramidite (0.15 M, 12 min)
at the 5’-end of the RNA strand, followed by decyanoethylation (2:3
v/v triethylamine in acetonitrile, NEt3:ACN, 90 min) prior to removal
of the branchpoint DMT group to prevent potential RNA strand
isomerization and/or scission during the next RNA synthesis from the
branchpoint moiety.3® The second RNA strand was capped (acetic
anhydride in pyridine, Ac,O:pyr, N-methyl imidazole in
tetrahydrofuran, N-Me imidazole, THF) at the 5’-end of the V-shape
RNA template to prevent further elongation or functionalization of
the template strand. To remove the levulinyl (Lv) protecting group,*°
hydrazine hydrate buffered in pyridine and acetic acid (0.5 M
NH2NH2-H,0, pyr:HOAc, 20 min) was used to selectively free the
branchpoint OH group for completion of the V-shape RNA templates
or extension of the third RNA strand from the branchpoint position
for the synthesis of Y-shape RNA templates.

For fluorochrome (fluorescein isothiocyanate, FITC, or coumarin,
CM) labelling of RNA templates (Scheme 1B), a monomethoxytrityl,
MMT-protected amino hexamethylene phosphoramidite linker was
added by solid phase RNA synthesis procedures (0.15 M, 12 min)
either at the branchpoint OH group for the V-shape templates, or the
terminal 5’-OH group for the Y-shape RNA templates. The alkylamino
linker required additional (2-3) detritylation steps to complete
removal of the MMT group prior to bioconjugation. The RNA
templates for FITC or CM labelling were selected for close proximity
FRET biosensing applications,® to confirm hybrid structure
formation and stability during the assembly process. For example, in
the purported square nanostructure the FITC label was incorporated
in the V-shape RNA template strand (A75A78) and the CM label in
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the A94578 strand. A FITC-labelling procedure was adapted from the
literature (Scheme 1B),2%32 to directly couple FITC to the alkylamino
linked RNA templates. Overnight reaction of support-bound RNA
templates yielded good (50-60%) conversions to FITC-labelled V-
shape RNA templates, following cleavage, deprotection and HPLC
analysis. For CM-labelling onto the alkylamino linked RNA templates,
a literature-based reductive amination procedure was used (Scheme
1B).*! In this bioconjugation strategy, the alkylamino-linked RNA
templates bound to the solid support were initially reacted (4-6 h)
with coumarin carboxaldehyde to form the imine intermediate,
which was subsequently reduced in situ following addition of sodium
cyanoborohydride to yield the CM-labelled RNA templates following
overnight reaction. Cleavage, deprotection and analysis by HPLC
confirmed good (~50%) conversion for the CM-labelled V-shape RNA
templates. Of note, the unlabelled RNA templates were deprotected
using ammonium hydroxide and aqueous 40% methylamine (50:50
v/v, AMA), while the fluorophore labelled templates were treated
with ammonium hydroxide:propylamine:H,0 (2:1:1 v/v/v, APA) to
prevent degradation of the fluorophore.*? Following cleavage and
deprotection of the RNA templates from the solid support, samples
were desilylated to remove the 2’-TBDMS RNA protection.

Following solid-phase synthesis, cleavage and deprotection, the
crude RNA templates were analysed and purified by Reverse-Phase
lon-Pairing High Performance Liquid Chromatography (RP IP HPLC) in
290% purities with confirmed identities by electrospray ionization
mass spectrometry (ESI MS) according to the expected mass:charge
(m:z) ratios for the RNA sequences synthesized in this study (SI, Table
S2 and Figs. S1-515). Further, UV-Vis spectroscopic analysis was used
to quantify the optical density (O.D.) values and molar
concentrations of the RNA templates for characterization and
biological studies of siRNA nanostructures (Sl, Table S2 and Figs. S19-
S23).

Characterization of multifunctional siRNA nanostructures

Native polyacrylamide gel electrophoresis (PAGE) was performed
to evaluate the propensity for hybridization and assembly of the RNA
templates into well-retained, higher-ordered RNA (nano)structures
(Fig. 2a-d and SI, Figs. S16-518). The hybridization and assembly
protocol for the proposed square-shape nanostructure combined
stoichiometric  equivalent nanomole quantities of four
complementary V-shape RNA templates (A75A78, A94594, S75A170,
S945170), each composed of 39 nucleotides, for the assembly of the
square-shape nanostructure, that correlated as a 156 nucleotide
length sequence. Optimization of RNA hybridization and assembly
was tested in three different buffer conditions, phosphate buffered
saline (PBS, 1 mL, 100 mM Na3PO,, 150 mM NaCl, 1 mM EDTA, pH
7.5), Tris buffer (1 mL, Tris-HCI 10 mM, NaCl 50 mM, 1 mM EDTA pH
7.6) or HEPES buffer (1 mL, 100 mM CHsCOOK, 30 mM HEPES, pH 7.5)
to produce hybrid dsRNA structures that templates the assembly of
higher-ordered (nano)structures. The complementary RNA
templates were initially denatured (95 °C, 5 min), slowly cooled to
room temperature for 2-3 h and subsequently stored overnight in the
fridge (4 °C) to complete hybrid duplex formation and assembly of
stable, discrete RNA nanostructures. The samples were loaded and
resolved on a native 20% PAGE that revealed stable assembly of the
RNA templates into retained, higher-ordered structures, across all

4| J. Name., 2012, 00, 1-3

buffer conditions (and to a lesser extent in H,O, Fig. 2a.and-SlFigs.
S16 and S17). The observed discrete bands fé¥thébresined ¢ Lrareé-
shape assemblies were significantly more retained than the
oligonucleotide ladder (20-100 nucleotides), V-shape templates and
linear RNA sequences used as controls, in their single-stranded and
hybrid forms, without visible detection of any leftover unassembled
V-shape templates indicating a complete RNA assembly process. The
hybridization of the FITC- and CM-labelled V-templates into the
expected square-shape assembly was also evaluated by native PAGE
(Fig. 2c and d, S|, Fig. S17). The square-FITC assembly yielded a band
with comparable electrophoretic mobility on the gel as the
unlabelled square sample formulated in PBS, indicating that the FITC
V-shape RNA template did not disrupt the hybridization efficiency of
the assumed square-shape assembly. However, the CM-labelled
square-shape sample, yielded a lesser retained band on the gel
suggesting that the CM-labelled V-shape RNA template may impact
hybridization efficiency of the assembled structure. In the
hybridized, assembled form the combination of FITC and CM labelled
V-shape RNA templates formulated in PBS buffer (square FITC+CM)
formed discrete, higher-ordered structures with retained
electrophoretic mobility on the gel. However, the square-FITC+CM
band appeared slightly less retained on gel compared to the square
(PBS) and square-FITC samples. This suggests the CM and FITC could
impact RNA hybrid assembly formation of the desired square-shape
(nano)structure.

The hybridization of four (A75A75A75, S75578594, A170A94S75,
S170A78A75) and two (A75A78A94 and S75578594) complementary
Y-shape RNA templates was conducted as described above for the
square-shape RNA assembly and expected to produce the presumed
cube and tube-shape (nano)structures, respectively (Fig. 2b). The
hybridization and assembly properties of the purported (nano)cube
sample was evaluated on a native 14% PAGE in PBS and water (SI,
Figure S18). A retained band was detected on the gel with no
apparent differences in electrophoretic mobilities in the PBS and H,0
formulation, without visible detection of any leftover unassembled
V-shape templates, indicative of stable hybridization for assembly of
higher-ordered structures. Interestingly, with Stains-All™ treated gel,
the cube samples did not stain, indicative of dye exclusion from the
assembled siRNA (nano)structure, while the single-stranded linear
RNA and Y-shape template controls were effectively stained (Fig. 2b
and SI, Fig. S18b). A similar outcome was observed with the
formation of the proposed nanotube assembly on native (14%) PAGE
analysis, (Fig. 2b and SI, Fig. S18). The nanotube assembly was
expected to be lengthy and extensive, formed upon combination of
the complementary Y-shape RNA templates (A75A78A94 and
§75578594) to scaffold an intricate, elongated (nano)structure. The
proposed nanotube was difficult to visualize on gel, yielding a faint
streaking appearance under UV-shadowing, and dye exclusion with
Stains-All™ staining, likely due to the formation of higher-ordered,
continuous structural assemblies that were absent of any remaining

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Characterization of RNA structure, assembly and photophysical properties. Native (14-20%) PAGE of control (ssRNA, dsRNA,
V-, Y-shape RNA templates) and hybrid RNA assemblies into the proposed (A) square, (B) cube and tube-shape structures, (C and D) with
and without (FITC and CM) fluorochromes formulated in H,0 or buffer (PBS, Tris or HEPES). Gels imaged under (A and B) Stains-All™, (C)
low-UV (Amax: 254 nm), and (D) high-UV (Amax: 450 nm) displaying FITC fluorescence in highlighted samples. (E) Thermal denaturation
(Tm) curves and (F) CD spectra of the RNA hybrid duplex structures (1 uM) in H,O and PBS. FRET biosensing of (G) FITC- and (H) CM-
labelled RNA square samples (1 uM in PBS) in native (22 °C) and denatured (95 °C) forms, represented by the fluorescence excitation
and emission spectra. FITC excitation and emission wavelengths were set at Aex: 492 nm and Aem: 520 nm. CM excitation and emission

wavelengths were set at Aex: 320 nm and Aem: 420 nm

unassembled Y-shape templates (SI, Fig. $18). This outcome suggests
that the assembled (cube and tube-shaped) (nano)structures may
potentially prevent dye binding to RNA, as also observed in our
previous work, that showed weak Stains-All™ detection of various
RNA nanostructures formulated from the assembly of synthetic
branch V- and Y-shape RNA templates.?® This phenomenon is
characteristic in other, higher-ordered hybrid assemblies of nucleic
acids, including branched dsDNA junction motifs, that displayed
Stains-All™ dye exclusion from the dsDNA and selective dye-binding
interactions at branchpoint junctions.** These studies serve as
additional experimental evidence of dye-exclusion or weak Stains-
All™ detection in these types of branched supramolecular nucleic
acid assemblies. Of significance, the native and functionalized V- and
Y-shape RNA templates produced higher-ordered assemblies on
native PAGE for (supra)molecular structure and photophysical
characterization studies.

Following the PAGE analysis, the thermal stability of the hybrid
double-stranded (duplex) siRNA secondary structures that templates
the assembly of higher-ordered supramolecular (nano)structures
was evaluated by thermal denaturation (Fig. 2e). The melting
temperatures (Tm) at the midpoint of the melting curves representing
50% conversion from double-stranded to single-stranded RNA were
used to assess the most thermodynamically stable hybrid duplex
siRNA structures in each (square, cube and tube) formulation. The
thermal hybrid duplex stability of the unlabelled square sample was
tested in H,0 and PBS to compare the effects of the buffer conditions
on hybridization stability, which also impacted assembly, according
to the native PAGE results (Fig. 2a and SI, Figs. S17). A notable
difference was observed in the melting temperatures for the square

This journal is © The Royal Society of Chemistry 20xx

sample hybridized in H;0 (Tm: ~42-47°C), compared to PBS (Tm: ~78-
81°C). This outcome underscores the stabilizing ionic strength effect
of buffer on reducing electrostatic repulsion of polyphosphate
backbones, while promoting stable base-pairing interactions in RNA
secondary structures, that are otherwise weakened in low-salt
conditions such as pure water.***> Similarly, the purported cube-
shape (nano)structure assembly formulated in PBS maintained a
thermally stable hybrid duplex assembly (Tm: ~73-78°C). This data
also aligned with the thermal stability of the putative nanotube
assembly (Tm ~75-80°C). These results confirm that the hybrid siRNA
duplex structures have thermal stability that can be used to template
the assembly of higher-ordered supramolecular (nano)structures.
Circular dichroism (CD) spectroscopy was used to investigate the
secondary structures of the siRNA hybrid duplexes in the assembled
(nano)structure (square, cube and tube) samples compared to ssRNA
controls (Fig. 2f). The CD spectra of the V-shape ssRNA template
A75A78, displayed a broad maximum in molar ellipticity near 270 nm
and a broad minimum near 240 nm consistent with the expected CD
profile of ssRNA.%¢ Interestingly, the square-shape formulation in
pure H,0 exhibited a nearly identical CD signature to the ssRNA
control, suggesting a significant proportion of unpaired or weakly
hybridized complementary template strands (A75A78, A94S94,
S75A170, and S945170). This observation correlates with the native
PAGE (Fig. 2a and SI, Fig. S17) results and with the thermal
denaturation data (Fig. 2e), which showed markedly lower thermal
stability for hybrid duplex formation for this sample in H,0 (42-47°C)
vs. PBS (78-81°C). Notably, all PBS formulated samples (square, cube,
and tube) exhibited a lower-UV shift in molar ellipticity maximum to
about 260 nm and a negative minimum to near 235 nm, that is
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characteristic of dsRNA vs ssRNA, and for the characterization of A-
form right-handed helical secondary structures.*® These results
confirm that the PBS-formulated assemblies were based upon stable
hybrid dsRNA A-type helices, that remain a functional requirement
for siRNA processing activity via the RNAi mechanism.%’

The photophysical properties of the fluorochrome (FITC and CM)
labelled dsRNA assemblies were analysed by fluorescence excitation
and emission spectra, collected under native (22 °C) and denatured
(95 °C) conditions (Fig. 2g, h). It was expected that under native RNA
assembly conditions, the fluorescent reporters (CM and FITC) may
undergo a notable change in photophysical properties (i.e., intensity
and wavelength shifts) that would be detectable in the excitation and
emission spectra, when compared to fluorochrome-labelled RNA in
the denatured ssRNA form. The singly-labelled RNA (nano)structures,
(CM-Square and FITC-Square), were analysed with FITC excitation
and emission wavelengths set at Aex: 492 nm and Aem: 520 nm (S|, Fig.
S24a).*8 The excitation and emission wavelengths for CM, were set
at dex: 320 nm and Aem: 420 nm (SI, Fig. S24b).*° The excitation and
emission wavelengths for each fluorochrome were established
separately by UV-Vis and fluorescence spectroscopy (SI, Figs. S21 and
S25). The FITC-square and CM-square, singly labelled samples did not
display a significant change in the excitation and emission spectra in
the native and denatured forms (SI, Fig. S24). However, for the CM-
labelled square sample, a noticeable, yet small decrease in the
excitation and emission intensities in the denatured form was
observed. Alternately, the CM-labelled square assembly generates a
small but detectable increase in excitation and emission intensities
in the native vs. denatured forms. This data suggests that the
observed changes in CM optical properties may be due to the
dynamic RNA structure assembly process from the native (hybrid) to
denatured (single-stranded) forms.

The combination of FITC and CM-labels into the assumed square-
shape RNA assembly was used for fluorescence resonance energy
transfer (FRET) biosensing applications (Fig. 2g, h). Coumarin and
fluorescein have been used as donor-acceptor pair for fluorescence
energy transfer providing structure and biophysical characterization
of nucleic acids.3® The FITC and CM labels were installed on adjacent
branchpoint positions within the square-shape RNA assembly (Fig.
la) using the requisite V-shape RNA templates (FITC-A75A78,
A94S94, CM-S75A170, and S945170), that provides a close proximity
effect for FRET signalling. The excitation and emission spectra were
collected for FITC and CM-labelled templates alone (S, Fig. S25) and
in the presumed square-shape RNA assembly under native (22 °C)
and thermal denaturation (95 °C) conditions (Fig. 2g, h). A
pronounced FRET pair effect was observed for FITC and CM in the
assembled RNA formulation in the excitation and emission spectra.
The strong FITC excitation peak at Aex: 486 nm underwent splitting
and a notable red shift in wavelengths, that produced two new peaks
at Aex: 492 and 511 nm, with decreasing intensities in the native vs
denatured forms. Similarly, a noticeable drop in the FITC emission
intensity was observed at Aem: 520 nm, for the sample in the native
vs denatured forms, suggesting a fluorescence quenching effect for
FITC in the annealed, assembled formulation. Alternatively, an
increase in FITC excitation and emission was observed under thermal
denaturation (95°C), consistent with the transition from annealed
(hybrid) to denatured (single-stranded) form. This outcome suggests
that as the Forster distance between the FITC and CM is increased in
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the denatured form, a decrease in the Forster energy transfer.oesurs
between FITC and CM, causing a gain in FITO&M3I6RE BeRsIE) With
less energy transfer to CM.>® However, in the FRET pair (native)
assembly, upon FITC excitation, fluorescence energy is transferred to
CM resulting in the observed decrease in FITC emission intensity.
Based on the FITC emission data in native vs. denatured forms of the
square shaped RNA assembly, the distance-dependent FRET
efficiency (E = 1 — (F_native/F_denatured)) in between the FITC and
CM FRET pair was calculated (E = 0.09), and found to be consistent
with the observed distance-dependent decreases in the apparent
FRET efficiencies (Eapp = 0.6-0.3) in the CM and FITC donor-acceptor
pair in DNA duplexes with increasing (10-16) base pairs, compared to
the lengthier 19 base-pair RNA duplexes within the square shape
assembly.3® Furthermore, the red-shifted peak splitting observed in
the FITC excitation spectra (Fig. 2g) suggests a prolonged CM effect
on the photophysical properties of FITC. The presence of CM near
FITC causes its excitation at lower photon energy with longer (red-
shifted) wavelengths, enabling distance dependent non-radiative
energy transfer via dipole-dipole coupling.>® This leads to a decrease
in the fluorescence emission intensity of FITC in the emission spectra
(Fig. 2g). The appearance of a FITC emission peak at Aem: 520 nm in
the CM emission spectra (Fig. 2h), may be due to energy absorption
by CM (from FITC) and subsequent emission in this characteristic
FRET sensing event in between the donor-acceptor pair.3® These
results confirm the fluorescence energy transfer in between the FRET
pair, that delineates a dynamic assembly process of the putative
square-shape RNA nanostructure during native and thermal
denaturation conditions.

Dynamic light scattering (DLS) analysis provided complementary
characterization data for the proposed RNA nanostructures (Table 1).
The square-shape sample correlated with a low polydispersity (PDI:
0.162) measurement, that supports the uniform, monodisperse
nanoparticles detected by TEM (Fig. 3). They also displayed a larger
effective hydrodynamic diameter (279 + 93 nm), in pure water
compared to PBS (161.38 £ 16.07 nm). The larger sample sizes (in H20
and compared to TEM analysis) could be due to the hydration sphere
that increases particle size measurements during DLS, and the ionic
strength from buffer that condenses (nano)particle formulations.>?
Furthermore, all samples in PBS displayed consistent negative value
zeta potential measurements (~-30 - -40 mV), contributed partly due
to the surface charge density of the polyanionic phosphate groups.
However, the square-shape sample measured in low-conductivity
H>0 led to unreliable zeta potentials (~ -60 mV), likely due to the
inability to form the stable electrical double layer in charged particles
for accurate measurements.”? Importantly, all samples produced
zeta potentials <-30 mV and were considered electrostatically stable,
as strong repulsive forces of ionic particles in suspension prevents
colloidal aggregation.>?

Transmission Electron Microscopy (TEM) was next performed to
visualize the morphology of the RNA nanostructures (Fig. 3).>® The
samples (square, cube and tube) were prepared in H,O (1 uM)
deposited on carbon-coated grids and dried prior to TEM imaging.
The samples were formulated in pure water, as the presence of salt
crystals from PBS interfered with the visualization of (nano)particles.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. TEM images and EDX spectra of the RNA nanostructures (1
1M in H,0). I. squares (A-G), II. cubes (A-G), tubes (A-G).

Table 1. Characterization of RNA nanostructures by TEM? and DLSP
‘Width measurements of the observed internal cavities and length
measurements (200 nm — 10 um) of the elongated nanotubes

Sample Size? Zeta Potential®
(nm + std) (mV £ std)
Square 47.39 +10.87 -41.18 + 8.78
Cube 137.97 £ 34.82 -40.30+£4.79
Tube® 30.78 £ 7.98 -33.66 £ 2.98

The RNA nanostructures were stable at room temperature (22 °C)
and visualized effectively by TEM. Energy dispersive X-ray (EDX)
spectroscopy was performed during the TEM analysis to confirm the
presence of RNA. The EDX spectra regularly detected phosphorous
(P) in all samples, supporting the presence of phosphate groups in
the RNA backbone (Fig. 3f). This EDX analysis confirmed the RNA
composition of the nanostructures rather than background (salt)
contaminants or artefact particles on the TEM grids (Fig. 3g). The
observed TEM images for each sample revealed well-defined,
monodisperse nanostructures amenable to (supra)molecular shape
analysis and dimensional size measurements for the characterization
of discrete RNA nanostructures (Table 1). The square-shape RNA
assembly (Fig. 3-1, a-e) revealed uniform, monodisperse small-sized
(47.39 £ 10.87 nm) nanostructures. The cube-shape supramolecular
assembly were also confirmed (Fig. 3-ll, a-e), yielding uniform
nanostructures with larger size measurements (137.97 + 34.82 nm),
compared to the square-shape nanostructures. However, the 3D-
cubic geometry was visible from the TEM imaging, that appeared to
contain overlapping layers of RNA assemblies in a cubic-type

This journal is © The Royal Society of Chemistry 20xx
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morphology of consistent size and shape with minima), aggregation.
The RNA nanotube was also visualized by TEMliARagiAg/ (R MR, 75~
e), with a long entangled network of tubular nano-to-micrometre
size structures, with consistent width (30.78 + 7.98 nm) and
extensive length measurements ranging from 200 nm to over 10 pm.
The higher-ordered tubular RNA assemblies were much larger than
the observed RNA nano-squares and cubes (Fig. 3 and Table 1), as
well as other known RNA nanostructures previously reported.?® The
remarkable RNA nanotubes stem from the hybrid assembly of only
two complementary Y-shape RNA templates (A75A78A94 and
S$75578594), that scaffolded the elongation of these incredibly long,
intricate, yet well-defined RNA supramolecular architectures. In
addition to the well-defined RNA nanostructures (Fig. 3), larger
aggregates were apparent at larger scale (500 nm — 1 pm)
magnification, providing a broader field of view, with nanoparticles
observed at smaller scale (100-200 nm) magnification (SI, Fig. S27).
Moreover, accurate supramolecular characterization and precise size
measurements of 3D RNA architectures can be challenging with TEM.
Thus, atomic force microscopy (AFM) was used for supplemental
structure characterization, size and height measurements of the RNA
nanostructures (S, Fig. S28 and Table S5). The AFM analysis for the
square sample (SI, Fig. S28-1 and Table S5) produced many discrete
and monodisperse single particles of small nanoscale sizes (50-60
nm) and height dimensions (25-30 nm) consistent with the
morphology and sizes of the nanoparticles analysed from the TEM
images (Fig. 3, 1). The AFM analysis of the cube sample (SI, Fig. 528-II
and Table S5) indicated various separate particles and aggregated
clusters. The single nanoparticles were found to be of comparable
(55-65 nm) size measurements to the nanosquares. However, the
reduced height measurements tabulated in single particle (2-5 nm)
and aggregated forms (~10 nm), suggests structure collapse for this
sample during the drying and analysis process.>®>* In addition, the
AFM images revealed larger (130-170 nm) multi-particle clusters for
this sample, that also showed a tendency to aggregate into multi-
particle clusters of comparable sizes and morphology during the TEM
analyses (Fig. 3, Il and SI, Fig. S27). The AFM analysis of the tube
sample revealed very long (10-20 um) interconnected networks of
fibrils, of notable height (~30 nm) and thicker width (150-200 nm)
measurements (SI, Fig. S28-lll and Table S5), compared to the
entangled filaments detected from the TEM imaging (Fig. 3-llI).
Moreover, upon sample magnification, excessive clustering of
smaller single nanoparticles, ~100 nm in size and ~30 nm in height,
were apparently directly involved in the formation of the fibrillar
aggregates. Thus, the appearance of the long, entangled filaments
detected by TEM and AFM is likely due to multiparticle clustering
effects, that may stem from the template assembly process of the
RNA square into tube-type structures. Of significance, these types of
RNA assemblies hold great potential as slow-release carriers in drug
delivery applications, particularly in extracellular microenvironments
for cell surface engineering with RNA nanotechnology.>®
Furthermore, the geometry, modularity and potential for chemical
functionalization makes the observed RNA nanostructures promising
candidates in nucleic-acid based biosensing and therapeutic
applications.>®
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Biological properties of multifunctional siRNA nanostructures

Flow cytometry and confocal laser scanning fluorescence
microscopy were next employed to evaluate the direct binding, cell
uptake and intracellular localization of a FITC-labelled square-shape
RNA assembly within the human adenocarcinoma (A549) cell line.
Flow cytometry was initially used to test RNA dependent cell binding
activity in the absence and presence of Lipofectamine 3000™, an
industry-standard cationic lipid transfection reagent commonly used
for gene transfer activity in the A549 lung cancer cells (Fig. 4a-c).” A
strong increase in the percentage (>90%) of fluorescently (FITC-
RNA)-labelled cells from the total population of gated A549 cells was
detected, with Lipofectamine 3000™ (Fig. 4c). In the absence of the
benchmark transfection reagent no population of fluorescently
labelled cells was observed, akin to the control, no treatment
conditions (Fig. 4a, b). This outcome underscores the importance of
the transfection reagent in promoting cell binding activity of the
FITC-labelled RNA sample. This result aligns with our previous FITC-
siRNA transfection studies,?® as well as others describing the
importance of cationic lipids in the formulation of lipid nanoparticles
for the stable, safe and effective delivery of siRNA in challenging to
transfect adherent cell lines.58

Confocal microscopy was next used to visualize the cell binding
events of the FITC-labelled RNA square assembly with and without
Lipofectamine 3000™, within the A549 cells (Fig. 4d and e). The
confocal fluorescence microscopy images revealed the impact of
FITC-labelled RNA binding activity (Fig. 4c) on A549 cellular uptake

8| J. Name., 2012, 00, 1-3

(FITC-green) and localization (cytoskeleton-actin stained, with.Alexa
Fluor™ 647 Phalloidin, nuclei stained With10DAPYYDuiffgl8the
Lipofectamine-based transfection protocol (Fig. 4e) and without cell
binding and uptake for the FITC-siRNA sample in the absence of the
transfection reagent (Fig. 4b and d). The FITC-labelled RNA displayed
widespread cell uptake and distribution in the A549 cells. The most
pronounced intracellular localization was observed in the cytosol and
perinuclear regions, consistent with the reported mechanism of
Lipofectamine-based gene transfer activity.>® Further, a time-
dependent (1 h vs. 4 h) cell uptake and colocalization study was
performed for the FITC-labelled siRNA square transfected with
Lipofectamine 3000™ (Fig. 4f). The A549 cells were DAPI (nuclei;
blue) and LysoTracker™ (endolysosomes; Deep Red) stained and
visualized by confocal microscopy. Qualitative and quantitative
analyses of the (FITC+LysoTracker) overlaid images demonstrated a
time-dependent (1-4 h) correlation in the FITC-siRNA endolysosomal
colocalization, combined with a decrease in FITC mean fluorescence
intensity (MFI) values, suggesting that some endolysosomal siRNA
escape into the cytosolic and perinuclear regions of the A549 cells
may be occurring for RNAi processing activity. Moreover, FRET-based
RNA nanostructures have been studied in intracellular imaging and
biosensing applications.?® Fluorescence-based imaging analysis was
conducted in the A549 cells to investigate the cell-based FRET
biosensing for the FITC and CM-labelled square-shape RNA assembly
(SI, Fig. S29). Fluorescence imaging analysis revealed strong
fluorescence signalling, across both channels of detection for the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Raman microspectroscopy analysis of the A549 cells treated with the Lipofectamine-based transfection conditions for the siRNA

nanostructures (25 nM) A. cube and B. tube. Raman chemical component maps obtained through hyperspectral Raman imaging and True

Component Analysis (TCA). Distinct spatial distributions of spectral components (I - “siRNA nanostructures”), (Il - "Nuclei”), (lll -

“organelles”) reveals intracellular biochemical heterogeneity. The corresponding brightfield images show cellular morphology and the

mapped acquisition area (red rectangle). Raman scale bars are set at 5 um and brightfield scale bars are set at 10 um.

FRET-pair FITC- and CM-labelled A549 cells upon Lipofectamine-
based transfection of the dual FITC+CM-labelled square shape RNA
assembly (SI, Fig. S29-A). In comparison, the singly labelled FITC- and
CM-square shape siRNA samples showed fluorescence signalling in
their respective channels (SI, Fig. 529-B, C). However, some crossover
in fluorescence signalling due to the spectral overlap of CM (SI, Fig.
S24, Aex: 320 nm) and FITC (SI, Fig. S24, Amax: 350 and 490 nm) was
also observed during the analysis. This phenomenon hinders any
accurate quantitative analysis of the differences in mean
fluorescence intensity (MFI) values across the various samples in the
FITC and CM channels. Nonetheless, this qualitative fluorescence
imaging analysis provides experimental evidence of the intracellular
detection of biosensing events in the A549 cells for the FITC+CM-
labelled square shape RNA assembly.

However, the RNA cube and tube samples and their prerequisite
RNA templates were not fluorescently labelled, thereby preventing
their bioanalysis by fluorescence-based flow cytometry and confocal
microscopy. To fill this gap, Raman microspectroscopy, was used for
direct spectroscopic characterization of biomolecules in their
unlabelled (label-free) form.®® Furthermore, this technique also
enables live cell microscopy imaging, analysis of chemical
compositions and (intra)cellular distributions of biomolecules and
synthetic nanoparticles in biological systems, such as organelles.®!
This advanced bioanalytical technique has also been used for single
cell analysis of RNA content and expression profiles in living cells,®?
making it particularly relevant and well-suited to the characterization
of the RNA nanostructures described in this study. Raman
spectroscopic analysis of the RNA nanosquare, nanocube and
nanotube samples in their label free form and absent of cells, yielded
consistent Raman spectra across all samples (SI, Fig. S26).
Characteristic Raman spectral peaks for RNA content were detected
at around 600 cm-1, related to the purine and pyrimidine base

This journal is © The Royal Society of Chemistry 20xx

residue orientations in RNA assemblies; followed by a smaller peak
at ~800 cm-1 (nanocube), a more intense broad peak in between
850-950 cm-1 (nanosquare and nanotube), that were respectively
assigned to the phosphodiester (OPO) symmetrical stretching and to
the ribose-phosphodiester backbone stretching as key fingerprint
region (800-950 cm-1) markers for the identification of the A-type
helical conformation of dsRNA; and with all samples displaying an
intense Raman peak at ~1100 cm-1, as a prominent RNA band
assigned to the phosphodioxy (PO2) symmetrical stretch.®3 Live A549
cell imaging and characterization by Raman microspectroscopy of
the unlabelled RNA (square, cube and tube) nanostructures following
Lipofectamine-based transfection revealed the same characteristic
Raman spectra for all samples when compared to their analysis in
free-form (Fig. 5 and SI, Fig. S26). Further, the Raman spectra from
the RNA nanostructures were clearly distinct and more pronounced
from the spectral analyses of intracellular (i.e., nuclei and organelles)
regions of the A549 cells. Therefore, this analysis was used to
distinguish and characterize the chemical composition of the RNA
nanoparticles from the biomolecules and intracellular compartments
present in the A549 cells. Live cell imaging obtained from the Raman
chemical component mapping of spectral datasets confirmed the
biochemical heterogeneity of the RNA nanoparticles from the
cellular components, with distinct intracellular spatial distributions
detected for the RNA nanoparticles in the A549 cells. The combined
A549 cell binding and intracellular (cytosolic and perinuclear)
localization (Figs. 4 and 5) of the siRNA nanostructures renders them
amenable to transfection studies, to investigate the impact of GRP
silencing on the anti-cancer effects of the A549 cells.
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5 GRP78 siRNA, Y-template and vehicle controls with Lipofectamine 3000™ (6 pL) in DMEM cell culture media supplemented with 10%
% FBS over a 66 h period in a humidified incubator set at 37 °C with 5% CO,. (A-D) RT-gPCR data and (E) western blots of GRP75, GRP78,
le) GRP94, GRP170 and GAPDH (control housekeeping marker) used to normalize and quantitate mRNA and protein levels of expression.

(F and G) Changes in A549 cells’ confluency as an indicator of proliferative activity monitored in an Incucyte™ during the transfection
conditions. (H) Cell viability data based on the resazurin (almarBlue™) assay of the A549 cells following siRNA transfections over a 48 h
incubation period. Gene expression and confluency data representing at least three biological replicates (N>3) are represented as mean

values + standard error about the mean (SEM). The statistical significance was determined in the GraphPad format using an ordinary
one-way ANOVA with Dunnett’s post hoc analysis (¥*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Our research has focused on the siRNA-based inhibition of stress-
related chaperone proteins, the GRPs for promoting anti-cancer cell
cycle arrest and antiproliferative activities resulting in tumor toxicity
(apoptosis).?’-32 In this contribution we were driven to potentiate the
anti-cancer responses in synergy by silencing all main GRPs, GRP75,
GRP78, GRP94, and GRP170, in lung cancer. This tumor displays an
addiction to GRP overexpression and oncogenic signalling associated
with tumour growth and differentiation, metastasis, angiogenesis,
and immune evasion, that also correlates with the evolution of
chemoresistance.®*%® Given the fundamental roles of the GRPs in
oncogenesis, inhibition of Grp expression and impairment of GRP
function in lung cancer with the multi-GRP silencing RNA

10 | J. Name., 2012, 00, 1-3

nanostructures represent an innovative cancer intervention strategy
against this complex and challenging to treat disease.

A preliminary dose-dependent (25 vs. 50 nM) siRNA transfection
study in the absence and presence of Lipofectamine 3000™ was used
to screen the knockdown effects of the multi-GRP targeting siRNA
constructs vs. controls (S, Fig. S30). The higher-dose (50 nM) siRNA
treatment mitigated GRP-silencing and the absence of Lipofectamine
abolished siRNA transfection, in alighment with the flow cytometry
and confocal microscopy cell binding and uptake results (Fig. 4). In
contrast, lower-dose (25 nM) administration of the siRNA constructs
with Lipofectamine 3000™demonstrated more pronounced GRP-
knockdown effects (Fig. 6 and SI, Fig. S30). These outcomes also

This journal is © The Royal Society of Chemistry 20xx
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correlate with our previous work,?® that demonstrated lower-dose
siRNA transfection efficacy and specificity in the catalytic RNAi
pathway. Furthermore, these results highlight the critical importance
of the Lipofectamine-based transfection agent, enabling transfection
efficiency of the RNA nanostructures, as documented in our previous
reports,?® as well as others, describing the importance of cationic
lipids for the delivery of siRNA in challenging to transfect adherent
cancer cell lines.>® The optimized transfection conditions (25 nM
siRNA with Lipofectamine 3000™, Fig. 6) examined the impact of RNA
nanostructure (square, cube and tube) treatment on GRP
knockdown at the mRNA transcript and protein levels of expression,
respectively by reverse transcription quantitative polymerase chain
reaction (RT-qPCR) and western blot analysis. A direct comparison of
the controls (no treatment, Lipofectamine vehicle, GRP78 siRNA and
Y-shape RNA template) vs. the Lipofectamine-based transfection of
the RNA nanostructures (25 nM in DMEM, square, cube and
nanotube) were used to evaluate siRNA transfection efficiency in the
A549 cell culture for 66 h at 37 °C. Isolation and quantitative analysis
of the Grp mRNA transcript levels by RT-qPCR revealed a significant
reduction in Grp75 (Fig. 6a, 30-80%) and Grp94 (Fig. 6¢, 40-70%),
along with a noticeable but non-significant decrease in Grp78 (Fig.
6b, 20-35%) and to a lesser extent Grp170 (Fig. 6d, 10-30%) mRNA

transcript levels across the RNA nanostructure treatment conditions
and absent in the nanotube formulation. The observed changes in
mMRNA vs. protein levels of GRP expression are correlated with the
catalytic RNAi mechanism of siRNA gene silencing activity. A direct
impact occurs on the mRNA transcript and with later, variable effects
observed at the protein levels of expression. The variable GRP
expressions may be due to extended protein turnover rates,
molecular crosstalk linked to compensation mechanisms, protein
metabolism, post-transcriptional/translational modifications and
regulatory events that off-sets a direct correlation in between mRNA
transcript and protein levels of expression.”® Of significance, the RNA
cube assembly gave the most potent (70-80%, Grp75 and Grp94)
knockdown effects, with the most significant impact on Grp75 likely
due to the excess (6x) incorporation of GRP75 siRNA. Interestingly,
Grp78 silencing (with control GRP78 siRNA) led to significant
increases in Grp94 (Fig. 6¢, >3-fold) and Grp170 (Fig. 6d, >5-fold)
mMRNA transcript levels, suggesting a compensation effect in the
upregulation of these chaperones that may also dampen the Grp
knockdown responses of the RNA nanostructures. A similar trend
was observed at the protein levels of expression by western blot (Fig.
6e). Downregulation of GRP78 (~20%, with GRP78 siRNA control)
resulted in significant upregulation of GRP94 (~60%) that diminished
the overall GRP knockdown for the RNA nanostructures. A similar
GRP compensation effect was observed in other cancer cell lines
subjected to cellular stress via GRP78 knockdown, leading to
concomitant GRP94 upregulation in an adaptive mechanism that
aims to restore cellular homeostasis under stress induction to sustain
cancer survival.5%70 Despite this adaptive, resistance mechanism to
GRP knockdown, the RNA nanostructures led to notable knockdown
effects to GRP75 (30-40%) and GRP170 (20-30%), with the cube and
square assembly generating the largest drop in GRP75 (40%) and
GRP170 (30%) respectively and to a lesser degree GRP78 and GRP94
(<10%). Thus, co-silencing the GRPs with the RNA nanostructures
mitigates the GRP compensation effects observed with the control
GRP78-targeting siRNA. The multi-GRP silencing RNA nanostructures

This journal is © The Royal Society of Chemistry 20xx
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can overcome the adaptive, resistance mechanism to sipgly-targeted
GRP(78) knockdown and then transition turR6¥s féR¥ ¥ pr8L4RHIVAl
phenotype to a state of pronounced cancer cell death.?®

In this study, the RNA nanostructures were used to examine the
influence (if any) of GRP silencing on cell stress, (anti)proliferation
and toxicity associated with lung cancer biology (Fig. 6). Interestingly,
the most pronounced GRP silencing effects observed at the mRNA
transcript (Grp75 and Grp94) and protein (GRP75 and GRP170) levels
of expression with the RNA nanostructures, also conferred a general
maintenance of the master regulator of ER stress chaperone
(GRP78), suggesting an interplay in between pro-survival and cell
death outcomes under ER stress induction.”>’® This biological
outcome correlates sustained, late-stage ER stress, due to impaired
GRP expression (Fig. 6a-e), with significant antiproliferative effects of
the RNA nanostructures onto the A549 cells (Fig. 6f and g). A cell
viability/toxicity study (Fig. 6h) following siRNA transfections in the
A549 cells was conducted with the resazurin (almarBlue™) cell
viability assay that measures metabolic activity as an indicator of cell
viability.”* The siRNA nanostructures (square, cube and tube)
triggered a significant reduction (15-20%) in A549 cell viability
compared to the negative controls (<5%), no treatment and
Lipofectamine-based vehicle conditions, and to a greater extent
relative to the GRP78 siRNA acting as positive control (5-10%). This
cell viability data correlates with the moderate effects of the siRNA
nanostructures on GRP knockdown and antiproliferative activities
(Fig. 6), in which GRP (down)regulation aims to maintain and/or
restore the protective pro-survival phenotypes of lung cancer.586%.73

Among the most potent RNA nanostructures, the cube-shape
RNA assembly produced the greatest GRP knockdown at the mRNA
transcript (70-80%, Grp75 and Grp94) and protein (~40%, GRP75)
levels of expression (Figs. 6a,c and e), likely due to the pronounced
(6x) incorporation of GRP75 siRNA, which translated into the most
significant (3-fold drop in confluency) antiproliferative activities (Fig.
5f and g) on A549 cancer cell growth inhibition that led to a marked
reduction (15-20%) in lung cancer cell viability (Fig. 6h). This result
highlights important roles of the GRPs in the regulation of the pro-
survival and antiproliferative phenotypes of lung cancer in the
stressed, GRP-dependent tumor microenvironment.®8707> The multi-
GRP silencing RNA nanostructures function to overcome this
adaptive, resistance mechanism to singly-targeted GRP(78) siRNA
knockdown, while enhancing the anti-proliferative and toxicity
effects in the A549 cells (Figs 6f-h). This important biological
outcome highlights the anti-tumor efficacy of the multifunctional
RNA nanostructures resulting in the discovery of a new
nanotechnology for the advancement of cancer gene-silencing
therapies against this challenging to treat class of lung cancer.

Conclusions

In conclusion, this research demonstrated the rational design

assembly of synthetic RNA templates into discrete,
supramolecular siRNA nanostructures for cancer gene silencing
applications. The new siRNA nanostructures expanded the repertoire
of existing multifunctional siRNAs via the incorporation of synthetic
(branchpoint) modifiers and fluorochrome units that enabled the
study of structural, photophysical and biological properties of RNA.
The synthetic V- and Y-shape branch RNA templates in their

and
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fluorochrome (FITC and/or CM) (un)labelled forms were effectively
hybridized to their complementary RNA sequences that generated
the higher-order siRNA assemblies according to native PAGE. The
FITC and CM labels were installed on adjacent branchpoint positions
in the square-shape RNA assembly to confirm the fluorescence
energy transfer in between the FRET pair, that revealed a dynamic
assembly process of the square-shape RNA nanostructure during
hybrid and thermal denaturation conditions. Thermal denaturation
(Tm) and CD spectroscopy were also respectively used to evaluate the
siRNA hybrid stabilities and A-form helices required for RNAi activity.
The siRNA hybrids assembled into discrete and well-defined
nanostructures, that resembled square, cube and tube-shape
supramolecular assemblies according to TEM imaging and EDX
analysis. The observed structural and photophysical properties of the
siRNA nanostructures makes them promising candidates in RNA
based biosensing and therapeutic applications. In lung (A549) cancer
cells, the FITC-labelled RNA square with Lipofectamine 3000™
transfection was found to bind to and internalize within the A549
cells according to flow cytometry cell binding, confocal microscopy
and Raman microspectroscopy cell uptake studies. Transfection of
the siRNA (square, cube and tube) nanostructures in the A549 cells
produced significant GRP knockdown effects, detected at the mRNA
transcript (RT gPCR) and protein (western blot) levels of expression.
The most significant GRP silencing responses detected at the mRNA
transcript (Grp75 and Grp94) and protein (GRP75 and GRP170) levels
also sustained GRP78 expression, functioning as a key regulator of
intracellular (ER) homeostasis, with important implications in the
pro-survival and antiproliferative phenotypes of lung cancer. The
multi-GRP silencing RNA nanostructures impaired GRP expression
resulting in ER stress induction that promoted significant
antiproliferative and toxicity effects onto the A549 cells. Among the
RNA constructs, the cube-shape RNA assembly was the most
effective. It produced the greatest GRP knockdown effects that led
to the largest drop in A549 cell proliferative activity as an indication
of cancer cell growth inhibition, that also translated into a significant
decrease in cancer cell viability. This study highlights the important
biological roles of the GRPs in the maintenance of the pro-survival
and proliferative phenotypes of lung cancer. Targeting the GRPs with
the siRNA nanostructures represents a promising advancement in
cancer gene-silencing therapies in resilient tumors that display an
addiction to GRP overexpression. Future work is geared towards the
introduction of nucleic acid modifications (ex. 2-OMe RNA and 2’-F
RNA) and payloads (ex. drugs) that improves siRNA knockdown
efficacy and pharmacological properties, while enhancing cancer cell
toxicity for in vivo applications in tumor-bearing mice models of lung
cancer. Additional future work is dedicated to the development and
optimization of cancer-targeted gene therapy. The application of
cancer-cell targeting and penetrating peptides,’> as well as aptamer
ligands selected against cancer biomarker and cellular targets,’® are
expected to overcome the toxicity and non-selective side-effects of
therapeutic gene delivery (e.g., cationic lipid-based) formulations
and conventional cancer therapy strategies.”” This forms the basis of
our current and future research objectives for the advancement of a
safe and effective precision oncology strategy. In this study, a novel
class of multifunctional siRNA nanostructures are reported for
screening important (and multiple) oncogene targets for potential
translational applications in cancer gene therapy.
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