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ABSTRACT: Herein, we report a novel strategy to enhance the antisense activity and the
pharmacokinetics of therapeutic oligonucleotides. Through the DNA hybridization chain
reaction, DNA hairpins modified with poly(ethylene glycol) (PEG) form a bottlebrush
architecture consisting of a double-stranded DNA backbone, PEG side-chains, and antisense
overhangs. The assembled structure exhibits high PEG density on the surface, which suppresses
unwanted interactions between the DNA and proteins (e.g. enzymatic degradation) while
allowing the antisense overhang to hybridize with the mRNA target and thereby deplete target
protein expression. We show that these PEGylated bottlebrushes targeting oncogenic KRAS can
achieve much higher antisense efficacy compared with unassembled hairpins with or without

PEGylation and can inhibit the proliferation of lung cancer cells bearing the G12C mutant KRAS



gene. Meanwhile, these structures exhibit elevated blood retention times in vivo due to the
biological stealth properties of PEG and the high molecular weight of the overall assembly.
Collectively, this self-assembly approach bears the characteristics of a simple, safe, yet highly

translatable strategy to improve the biopharmaceutical properties of therapeutic oligonucleotides.

INTRODUCTION

Since conceptualization in 1978, antisense oligonucleotides (ASOs) have been explored as a
promising therapeutic modality for treating various diseases, based on their ability to inhibit the
translation of target mRNAs.!* However, therapeutic ASOs have yet to fully realize a key
promise of the informational drug — that drug development can be rapidly accelerated by
changing the sequence of the ASO, with only ten drugs reaching the market over four decades.*
Key technical challenges include the minimization of immune response while achieving
sufficient gene depletion, stabilizing the nucleic acid against degradation, and efficient cellular
and in vivo delivery.”® Currently, the most successful strategy to overcome these difficulties is
through the use of various chemical modifications, which greatly improve nucleic acid stability.”
8 However, unsatisfactory protein depletion efficiency often requires large doses of these drugs,
limiting the therapeutic window and the disease areas for which effective ASO agents can be
developed.® Another solution involves the use of advanced delivery systems such as polycationic
polymers, nanoparticles, and liposomal formulations, among others.!!* These systems,
however, oftentimes introduce additional complications including carrier-associated toxicity,
immunogenicity, and large-scale production issues.!>!® To date, only the liposomal system has
achieved clinical success.!” Therefore, a safe and simple method to realize strong antisense

efficacy is still very much desired.



PEGylation, referring to covalent conjugation with PEG, is a widely adopted method to elevate
the biopharmaceutical properties of biologics.!8!* Typical PEGylation involves the attachment of
linear or slightly branched, high molecular weight PEG. For example, pegaptanib, a selective
vascular endothelial growth factor (VEGF) antagonist, is an ASO conjugated to a 40 kDa Y-
shaped PEG.?® We and others have shown that oligonucleotide conjugates with low PEG density
cannot sufficiently suppress protein access to the payload.'” 2! For example, no apparent
difference was observed in the half-lives of PEGylated and non-PEGylated DNA when they are
treated with the nuclease, DNase 1.2 An alternative PEGylation strategy involves a bottlebrush-
architectured PEG, which leverages steric compaction as opposed electrostatic complexation as
the means for nucleic acid protection. These high-density PEG-DNA conjugates (termed
pacDNA) consist of 25-35 PEG side chains of a moderate MW (5-10 kDa) and 1-5 strands of
oligonucleotides attached to a central core or backbone.*-** The densely packed PEG chains
greatly elevate steric shielding for the oligonucleotides while still allowing the embedded
antisense strands to hybridize with their targets unhindered.? This simple yet powerful design
reduces nearly all side effects (e.g. coagulopathy, immune system activation, degradation) while
substantially improving plasma pharmacokinetics (PK), passive tumor targeting, and access by
non-liver organs.?® Thus, the pacDNA makes it possible to expand oligonucleotides into

additional disease areas than they are typically considered for, such as oncology.

Through our previous studies of pacDNA, we have determined that DNA stability is a function
of “depth” from the brush backbone; greater distance from the backbone renders the nucleotide
more prone to protein access and nuclease digestion.?? Thus, to maximize DNA stability, we
rendered DNA itself as the backbone of the brush via self-assembly of DNA monomers.?’-?
While this design improves the nuclease stability and PK of the DNA, the antisense function is
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lost. Herein, we introduce a new design of monomers used for hybridization chain reaction
(HCR)3%-32 that incorporates antisense functionality into the DNA-backboned bottlebrush. Our
design combines the antisense motif into the structure-forming domains of the DNA hairpins,
which are monomers for HCR. Upon introduction of an initiator strand, the two PEGylated
hairpins undergo a cascade of strand displacement reactions, resulting in a long, double-stranded
DNA backbone with PEG side chains and multiple partial antisense overhangs (Schemes 1 and
S1). These overhangs bind with the target mRNA once internalized by cells, which peel off a full

antisense ASOs from the nanostructure, leading to target protein depletion.

RESULTS AND DISCUSSION

Typical hairpin monomers for HCR consist of three domains, a stem, a loop, and a sticky end
with a total length of ~50 nucleotides (nts).** To incorporate antisense overhangs into the final
structure, we elongated the sticky end of one of the hairpins using an ASO that bind to the 3’
untranslated region of the KRAS mRNA, which addresses all mutant and wild-type KRAS
isoforms.** An initiator oligonucleotide is added to a 1:1 mixture of the two hairpins to trigger
the HCR cascade. Our initial approach was to use a set of shorter-than-usual hairpins in order to
maximize the packing density of PEG side chains in the resulting brush. The two hairpins were
designed with 41 or 34 nts in length, 12 nts in the stem, and 12 or 5 nts in the sticky end,
respectively (Table S1). However, after dialysis into physiological buffer (phosphate buffered
saline, PBS) from the synthesis buffer (sodium phosphate sodium chloride [SPSC]), the
assembled structures exhibited poor stability, with only 20% of high MW fractions remaining
(Figure S1). This problem reveals that the presence of the overhangs requires a longer stem
region to stabilize the overall assembly. Therefore, a second set of hairpins was designed with a

stem of 18 nts and an overall length of 48 or 58 nts, which resulted in a significant increase in the
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yield after dialysis (~98%) (Figure S2B). The elongated antisense overhang of hairpin 2 (HP2) is
10 nts in length, with an additional antisense region (6-nt long) embedded in the stem region, for
a total antisense region of 16 nts. The hairpins were also designed to incorporate a
dibenzocyclcooctyne (DBCO)-modified thymine (T) base in the stem domain, which allows for
conjugation to azide-modified PEG via click chemistry (Scheme S2).3 Both the DBCO-modified
hairpin and the PEGylated hairpin were purified via reversed-phase HPLC (Figure S3).
Successful PEGylation was confirmed by aqueous gel permeation chromatography (GPC) and
agarose gel electrophoresis (AGE, Figure S4). Both unmodified and PEGylated hairpins were
able to undergo HCR as demonstrated by AGE (Figure 1A). The average degree of
polymerization (DP) decreases with increasing initiator:hairpin ratio. While unmodified hairpins
achieved the highest DP with 0.3 molar equiv. of the initiator, the PEGylated hairpins require 0.5
equiv. of the initiator to maximize assembly, with a yield of ~80% after purification by GPC and
dialysis into PBS (Figure S2). Note that due to the dynamic nature of HCR assemblies, complete
separation of HCR-assembled structures from monomers is difficult. Even after fractionation by
GPC, unassembled monomers gradually appear on AGE over time. Interestingly, these
nanostructures can be stored in the dry state after lyophilization. After reconstitution with PBS

buffer, negligible disassembly (<5%) was observed (Figure S5).

In addition to AGE, these nanostructures were also characterized by dynamic light scattering
(DLS), transmission electron microscopy (TEM), and zeta potential measurement. DLS reveals
that, upon PEGylation, the volume-average hydrodynamic diameters increase from 28 + 1 nm to
502 nm + 90 nm (Figure S6A). These results were corroborated by TEM imaging, showing a
fibrous morphology for the assembled products in the dry state, with the PEGylated version
appearing more pronounced in thickness and length (Figure 1B). Such morphology is distinctly
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different from that of a simple mixture of unconjugated hairpin and PEG (Figure S7). The zeta
potentials appear unaffected by the assembly; the PEGylated monomers and brushes both have
lower negative charge (-9.69--8.38 mV) than the unmodified structures (-26.64--19.56 mV)

(Figure S6B).

To gauge the shielding effect of PEGylation and self-assembly, we investigated the in vitro
stability of DNA against DNase I, an endonuclease that acts upon single- and double-stranded
DNA. Purified, pre-assembled cyanine (Cy5)-labeled DNA nanostructures with or without
PEGylation were incubated with DNase I (0.4 unit/ml) in assay buffer (PBS with 2.5 mM MgCl»
and 0.5 mM CacCl,) at 37°C. The relative amounts of high-MW fractions (>50 kDa) were stained
using ethidium bromide (EB) and monitored by AGE as a function of time (Figure 1C). It was
revealed that, the PEGylation can retard the degradation rate by a factor of ~2 (measured as an
increase in enzymatic half-life) (Figure 1D). While this value is less than that of brush polymer-
based pacDNA (10-20x), it is comparable to other DNA-stabilizing strategies such as spherical
nucleic acids (typically 2-5x)*¢ and DNA nanostructures (3x)*’. The Cy5-channel exhibited the
same trend of degradation as the EB channel (Figure S8), but showed the degraded fragments
more clearly. Of note, the DNase I half-life values are only useful for comparison of different
structures; the test condition does not represent physiological or intracellular nuclease type or
concentration. In full serum (10% FBS) RPMI medium, all monomers and assemblies exhibited
negligible degradation during a 24 h incubation period as revealed by AGE analysis (Figure S9),
suggesting that intact structures can persist in serum long enough for them to produce a

biological response.®

Next, we examined if self-assembly and/or PEGylation has an impact on cellular uptake of the

DNA. Lung cancer cells (NCI-H358, a KRAS®!’C mutant non-small cell lung carcinoma
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[NSCLC] cell line) were treated with different doses of Cy3-labeled DNA assemblies with and
without PEGylation, and the corresponding monomers in serum-free RPMI medium (Figure 2A
and 2B). Surprisingly, the PEGylated hairpin monomer exhibited uncharacteristically high levels
of cell-associated signals, which is ~45x higher than the assembled nanostructures based on the
same monomer. The non-PEGylated hairpin monomer also resulted in higher cellular uptake
compared to the assembled structure (~4x). A similar trend was also observed in PC9 cells,
which is also an NSCLC cell line but with wild-type KRAS (Figure S10). One interpretation of
these results is that the secondary structure of the hairpins is responsible for non-specific
interaction with a membrane component, which leads to increased binding and subsequent
uptake. Assembly of the hairpins removes the secondary structure, leading to a return to normal
uptake levels. The PEGylated hairpins showed by far the highest rate of uptake, which is
attributed to stabilization or altering of the secondary structure via a localized volume exclusion
effect from the PEG.% To test this hypothesis, we designed a scrambled oligonucleotide with the
same number of the four bases as HP2 but without the ability to form secondary structure.
Indeed, the uptake for the PEGylated, scrambled strand is at the normal level expected for DNA
uptake (Figure S11). While the assembled structures underwent slower uptake compared to the
monomers, the level of uptake was increased by longer incubation times. After 24 h of
incubation, a 7.5x increase of uptake was observed relative to the level at 4 h, as determined by
flowcytometry and confocal microscopy (Figures 2 and S12). The imaging experiment was also
repeated using full serum RMPI media (Figure 2C) and Cy5-labeled DNA and assemblies (to
match the dye used in nuclease degradation study, vide supra). Similarly, unmodified and
PEGylated hairpins resulted in significant signals after 4 h, while the assemblies exhibited

comparable levels of CyS5 fluorescence after 24 h. The similarity of cell uptake in serum-free and



serum-containing media suggests that the DNA structures are stable during the test period and
premature enzymatic degradation is not a significant factor contributing to the observed cell

uptake.

The mechanism for the cell uptake of the PEGylated hairpins and assemblies was also
investigated. NCI-H358 cells were pretreated with a panel of pharmacological inhibitors for 30
mins, before incubation with Cy3-labeled, PEGylated hairpin/assembly for 24 h. Pretreatment
with NaN3 reduced the uptake of PEGylated assembly and PEGylated hairpins by more than
70% (Figure S13), suggesting an energy-dependent endocytosis pathway.’® Less than 10%
reduction was observed after treatment with chlorpromazine, which excludes the clathrin-
mediated endocytosis as a major uptake pathway. The PEGylated assembly group pretreated
with filipin III (which inhibits lipid raft endocytosis) and fucoidan (which competitively blocks
scavenger receptor) exhibits 43% and 39% reduction in cellular uptake, respectively. Similar
reduction in cellular uptake for the hairpins was also observed (52% and 49%). Taken together,
these results indicate that PEGylated hairpin/assembly are taken up by a similar pathway, which

is energy-dependent and associated with the scavenger receptors and lipid-raft.

To evaluate the antisense efficacy and the phenotypic response of KRAS depletion on cells
with mutant vs. wildtype KRAS genes, NCI-H358 and PC9 cells were treated with the DNA
assemblies and controls. KRAS depletion was confirmed by western blotting analysis (Figure
3A). DNA assemblies with or without PEGylation can both effectively knock down the target
expression in the two cell lines tested. At the highest dose (10 uM ASO), both resulted in ~60%
knockdown, which is on a par with lipofectamine-based transfection. Dosage benefit beyond 1
uM of antisense DNA is not obvious; knockdown plateaus at around ~60% in both NCI-H358

and PC9 cell lines (Figure S14). In contrast, the monomer units exhibited no antisense activity at
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the same dose, despite much higher cell uptake. These results suggest that not all cell uptake is
equally productive for gene regulation; certain uptake pathways, different cell lines, stability
differences, etc. may drastically change the levels of “productive uptake”.*® Although hairpin
monomers (with or without PEGylation) were rapidly associated with cells, binding with specific
membrane sites may result in non-productive internalization. For example, the micropinocytosis
pathway was regarded as a possible non-productive pathway for unformulated ASOs.*! The
precise mechanism of the improved productive uptake for the assembled structures is to be

further investigated.

Next, we investigated if downregulation of KRAS can produce a phenotypic response in cancer
cells with mutant KRAS. KRAS depletion resulted in a discernible reduction in the viability of
NCI-H358 cells but not PC9 cells, as determined by 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) cytotoxicity assay (Figure 3B). Conversely, lipofectamine-based
transfection of hairpin monomers bearing the same ASO sequence resulted in toxicity in both
cell lines, likely a carrier-associated toxic effect. The difference in cellular response is in
agreement with a recent report showing that downregulation of mutant and wild-type KRAS
isoforms has selective phenotypic effects on KRAS mutant cells in terms of viability and colony
formation.>* The cell viability results were further corroborated by cell apoptosis measurements.
Using fluorescein isothiocyanate-annexin V/PI staining and flow cytometry, it was revealed that
NCI-H358 cells treated with PEGylated DNA assemblies exhibited the highest induction of
apoptosis (22%), with the majority of the apoptosing cells in the late phase (Figure 4A). In
contrast, a scrambled PEGylated DNA assembly and PBS-treated cells showed 12% and 6% of

cell population in apoptosis. Collectively, these data indicate that the PEGylated bottlebrush



ASOs exhibit enhanced antisense activity and can selectively inhibit the proliferation of NSCLC

cells bearing the mutant KRAS gene.

A key design feature of the PEGylated DNA nanostructures is the improved plasma PK
resulting from the biological “stealth-like” nature of the PEG and the high overall molecular
weight, which allows the nanostructure to evade rapid renal clearance via glomerular filtration
(MWCO of ~50 kDa). A plasma PK study was performed using immunocompetent (C57BL/6)
mice. Cy5-labeled hairpin and assemblies (PEGylated and non-PEGylated) were injected via the
tail vein of the mice, and blood samples at various predetermined time points up to 8 hours were
collected and analyzed (Figure 4B). The hairpin monomers were rapidly cleared from blood
circulation with a half-life of ~5 min, while the PEGylated hairpin showed a slightly improved
half-life of ~12 min, which is similar to the non-PEGylated assembly (half-life: ~17 min). The
PEGylated assemblies exhibited the most prolonged retention times, with the half-life of 50
mins. This improvement represents an 8.4% increase in the blood availability (as represented by

the area-under curve [AUCw0]) compared to the hairpin monomers alone (Figure 4C).

CONCLUSION

In summary, we report a programmed assembly-based method to improve the
biopharmaceutical properties of therapeutic oligonucleotides. By combining PEGylation and
self-assembly, a DNA-backboned bottlebrush architecture was achieved with high-density PEG
side chains and antisense overhangs. While these structures undergo limited cell uptake, they
exhibit far higher antisense activity compared to their constituent hairpin building blocks and can
exert a specific inhibitory effect on KRAS-mutant lung cancer cells compared with

lipofectamine-based transfection. In addition, consisting of only PEG and DNA, these structures
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are highly biocompatible and exhibit prolonged plasma half-lives owing to their large molecular
size, which allows them to evade glomerular filtration by the kidney. We anticipate that the DNA
assembly-based approach will provide a safe and simple route to more effective oligonucleotide

therapeutics.

EXPERIMENTAL SECTION

Procedure for hybridization chain reaction

The HP1 and HP2 (10 nmol) strands were each dissolved in 100 pL. 1x SPSC buffer (1 M NaCl,
50 mM Na;HPOy; pH 7.5) in microcentrifuge tubes, and were heated to 95°C for 5 min, followed
by slow cooling to room temperature in a thermally insulated container overnight. After the
annealing process, the hairpin solutions were combined, and 0.1-2.0 equiv. of initiator strands
were immediately added to the mixture. The reaction was gently shaken overnight at room
temperature. The nanostructures were then purified by aqueous GPC and dialyzed into PBS for

further experiments.

Synthesis of PEG-DNA conjugates

PEGylation of the hairpins was achieved via click reaction between DBCO-modified DNA and
azide-terminated PEG. In a typical reaction, azide-functionalized 10 kDa PEG (150 nmol) and
DBCO-modified hairpin strands (100 nmol) were dissolved in 3 M sodium chloride solution in a
microcentrifuge tube. The mixture was shaken gently overnight at 50 °C on an Eppendorf
Thermomixer C. Unreacted PEG and DNA were removed by reversed-phase HPLC. The final

solution was lyophilized to yield powdery solids. All DNA and PEGylated DNA sequences were
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characterized by agarose gel electrophoresis to confirm their structure and purity, and their

concentration determined by UV-vis spectroscopy at 260 nm.

Pharmacological inhibition of cell uptake

Cells were seeded in 24-well plates at 2.0x10° cells per well in 1 mL complete RPMI culture
medium and cultured for 24 h at 37 °C with 5% COaz. Cells were then pretreated with 200 pL of
RMPI that contains different inhibitors (10 mM NaN3, 1 pg/mL chlorpromazine, 0.5 pg/mL
filipin III, and 10 pg/mL fucoidan) for 30 min. Next, 200 pL of Cy3-labeled PEGylated hairpin
and PEGylated DNA assemblies (10 pM ASO) were mixed with the corresponding inhibitor and
added to cells. After 24 h, cells were washed with PBS 3x and suspended by treatment with
trypsin. 2 mL of PBS was added to each culture well, and the solutions were centrifugated for 5
min (1000 rpm). Cells were then resuspended in 0.5 mL of PBS for flow cytometry analysis on a

Invitrogen Attune NxT Flow Cytometer. Data for 1.0x10* gated events were collected.

Western blot

Cells were plated at a density of 2.0x10° cells per well in 24-well plates in RPMI medium and
cultured overnight at 37°C with 5% COa. Thereafter, samples and controls (100 nM-10 uM
equivalent of antisense DNA) in serum-free medium were added to the wells and cells were
incubated for 6 hours, before fresh medium was used to replace the incubation mixture. Cells
were cultured for another 66 hours before protein levels were measured. Cells were harvested
following incubation, and whole-cell lysates were collected in 100 pl of
radioimmunoprecipitation assay cell lysis buffer with 1 mM phenylmethylsulfonyl fluoride (Cell
Signaling Technology Inc., MA, USA) following the manufacturer’s protocol. Protein content in

the extracts was quantified using a bicinchoninic acid protein assay kit (Thermo Fisher
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Scientific, MA, USA). Equal amounts of proteins (30 pug per lane) were separated on 4 to 20%
gradient SDS-polyacrylamide gel electrophoresis and electro-transferred to nitrocellulose
membrane. The membranes were then blocked with 3% bovine serum albumin in tris-buffered
saline supplemented with 0.05% Tween 20 and then probed with appropriate primary antibodies
overnight at 4°C. After washing and incubation with secondary antibodies, detected protein
bands were visualized by chemiluminescence using the ECL Western Blotting Substrate
(Thermo Fisher Scientific, MA, USA). Antibodies used for Western blots were: KRAS antibody
(cat. NBP2-45536; Novus Biologicals); vinculin clone hVIN-1 (cat. V9131; Sigma). anti-rabbit
IgG, HRP-linked antibody (cat. 7074P2), anti-mouse IgG, HRP-linked antibody (cat. 7076S)

were from Cell Signaling Technologies.

Plasma pharmacokinetics

Immunocompetent mice (C57BL/6) were used to examine the pharmacokinetics of hairpin,
PEGylated hairpins, and DNA assemblies (with or without PEGylation). Mice were randomly
divided into four groups (n = 4). Samples were intravenously administered via the tail vein at
equal DNA concentrations (500 nmol/kg). Blood samples (50 pl) were collected from the
submandibular vein at varying time points (30 min and 2, 4, and 8 hours) using BD Vacutainer
blood collection tubes with sodium heparin. Heparinized plasma was obtained by centrifugation
at 3000 rpm for 15 min, aliquoted into a 96-well plate, and measured for fluorescence intensity
on BioTek Synergy HT (BioTek Instruments Inc., VT, USA). The amounts of DNA in the blood
samples were estimated using standard curves established for each sample in freshly collected
plasma. To establish the standard curves, samples of known quantities were incubated with

freshly collected plasma for 1 hour at room temperature before fluorescence was measured.
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Statistics

Statistical significance was evaluated by using two-tailed t test when only two groups were
compared. If more than two groups were compared, evaluation of significance was performed
using one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. Statistical

significance was set at P <0.01 or P <0.001.
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Scheme 1. Preparation of DNA bottlebrushes with PEG side chains by hybridization chain
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Figure. 1. A) Agarose gel (5%) electrophoresis analysis of DNA assemblies as a function of
initiator:hairpin ratio. B) TEM images (negatively stained with 2% uranyl acetate) of DNA
assemblies with or without PEGylation. C) Agarose gel electrophoresis of DNA assembly
samples treated with DNase I for various amounts of time (EB channel). Dashed line indicates a
cut-off for high molecular weight fractions (>50 kDa). D) High molecular weight fractions as a
function of DNase I treatment time.
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Figure 2. A) Flow cytometry measurement of NCI-H358 cells treated with Cy3-labeled PEG-
hairpins and assemblies ([monomer]: 0.5 to 10 uM) for 4 hours. B) Mean fluorescence intensity
of cells treated with Cy3-labeled DNA assemblies and their precursors. C) Confocal microscopy
images of cells treated with Cy5-labeled DNA assemblies and their precursors for 4 and 24 h.
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Materials and methods

Phosphoramidites and supplies for DNA synthesis were purchased from Glen Research Co
(Sterling, VA, USA). Azide-terminated poly(ethylene glycol) methyl ether (Mn= 10 kDa,
PDI<1.05) was purchased from Sigma-Aldrich Co (St. Louis, MO, USA). Human NCI-H358 cell
lines were purchased from American Type Culture Collection (Rockville, MD, USA). Human
PC9 cell lines were from Dr. Zhao’s lab (Dana-Farber Cancer Institute). All other materials were
purchased from Fisher Scientific Inc. (Waltham, MA, USA), Sigma-Aldrich Co., and VWR
International LLC. (Franklin, MA, USA), and used as received unless otherwise indicated.
Aqueous GPC measurements were performed on a Waters Breeze 2 GPC system equipped with
Ultrahydrogel™ 500 and Ultrahydrogel™ 250, 7.8Ax300 mm column and a 2998 PDA detector
(Waters Co., MA, USA). Phosphate-buffered saline (PBS, pH 7.4) was used as the eluent
running at a flow rate of 0.8 mL/min. Reversed-phase HPLC was performed using a Waters
Breeze 2 HPLC system coupled to a Symmetry C18 3.5 um, 4.6Ax75 mm reversed-phase
column and a 2998 PDA detector. Gel electrophoresis was performed using 5% agarose gel in
0.5% tris/borate/EDTA (TBE) buffer with a running voltage of 120 V. Gel images were acquired
on an Alpha Innotech Fluorochem Q imager. All TEM samples were imaged on a JEOL JEM
1010 electron microscope utilizing an accelerating voltage of 80 kV. DLS and { potential data
were recorded on a Malvern Zetasizer Nano-ZSP (Malvern, UK).

Oligonucleotide synthesis

Oligonucleotides were synthesized on an ABI Model 391 DNA synthesizer (Applied
Biosystems, Inc., Foster City, CA) using standard solid-phase phosphoramidite methodology.
DNA strands were cleaved from the CPG support using aqueous ammonium hydroxide (28-30%
NH3 basis) at room temperature for 24 h. All DNA strands were then purified by reversed-phase
HPLC. Mobile phases for HPLC purification are triethylammonium acetate (TEAA) buffer (0.1
M) and HPLC-grade acetonitrile, with a flow rate of 1 mL/min. The gradient method starts from
100% TEAA, increasing acetonitrile to 100% in 50 mins. The dimethoxytrityl protecting groups
were subsequently removed by treatment with 20% acetic acid for 1 h, and extracted with ethyl
acetate three times in an aqueous solution. Upon lyophilization, DNA was collected and stored at
-20°C. To synthesize modified DNA strands, Cyanine 3 CPG and Cyanine 5 CPG were used as
the solid support and DBCO-modified dT was used to install DBCO-functional group to the
DNA strands.

Cell culture
NCI-H358 and PC9 cells were cultured in RPMI supplied with 10% fetal bovine serum (FBS),
1% L-glutamine, and 1% antibiotics at 37°C in a humidified atmosphere containing 5% CO..

Dynamic Light Scattering

I mL of DLS sample at 10 uM was dialyzed into PBS buffer, and then filtered through a 0.2 um
PTFE filter. The sample solution was added into a disposable cuvette for measurement. Data was
recorded under 173° backscatter measurement angle.

Transmission Electron Microscopy

1 uM of TEM samples was deposited on carbon-coated copper grids for 10 min before being
carefully wicked away by filter paper. The grids were then stained by depositing on 10 puL of 1%
uranyl acetate. The stain was allowed to stay for 3 min before being wicked away.
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Nuclease degradation Kkinetics

1 uM of Cy5-labeled DNA assemblies (with or without PEGylation) were incubated with DNase
I (0.4 unit/mL, Sigma-Aldrich) in PBS buffer solution (with 2.5 mM MgCl, and 0.5 mM CaCl,)
for 15 min, 30 min, 1h, 1.5h and 2h with gentle shaking on an Eppendorf Thermomixer C at 37°C.
Thereafter, the reaction mixture was immediately mixed with loading buffer and transferred into
a pre-cast 5% agarose gel. Then the gel was electrophoresed in 0.5% TBE buffer at a constant
voltage of 120 V. The gel was then imaged and analyzed by an Alpha Innotech Fluorochem Q
imager using band densitometry analysis.

Flow cytometry

Cells were seeded in 24-well plates at 2.0x10° cells per well in 1 mL complete RPMI and cultured
for 24 h at 37°C with 5% CO.. Then, Cy3-labeled hairpin strands, PEGylated hairpin strands, non-
PEGylated assemblies, and PEGylated assemblies (500 nM-10 uM equiv. of antisense DNA)
dissolved in serum-free RPMI culture medium were added, and cells were further incubated at
37°C for 4 h or 24 h. Subsequently, cells were washed with PBS 3x and suspended by treatment
with trypsin. Thereafter, 2 mL of PBS was added to each culture well, and the solutions were
centrifugated for 5 min (1000 rpm). Cells were then resuspended in 0.5 mL of PBS for flow
cytometry analysis on a BD FACS Calibur flow cytometer. Data for 1.0x10* gated events were
collected.

Serum stability test

1 nmol of Cy5-labeled unmodified hairpins, PEGylated hairpins, non-PEGylated assembly and
PEGylated assembly were each dissolved in 100 pL full-serum RPMI media (10% FBS). 10 uL of
each sample mixture was immediately taken out as the t = 0 h and stored at -20°C. The remaining
samples were then incubated at 37°C, and 10 uL of each mixture sample was taken out at different
time points: 1 h, 2 h, 4 h, 10 h and 24 h, and then stored at -20°C. Thereafter, the collected samples
were analyzed by AGE (5%) and imaged under EB and Cy5 channel, separately.

Confocal microscopy

Cells were seeded in 24-well glass bottom plates at 1.0x10° cells per well and cultured in 1 mL
complete RPMI for 24 h at 37°C with 5% CO». Then, Cy3- or Cy5-labeled hairpins, PEGylated
hairpins, non-PEGylated assemblies, and PEGylated assemblies (10 uM equiv. of ASO) dissolved
in serum-free RPMI media or complete RPMI culture medium were added and cells were
incubated at 37°C for 4 h and 24 h. Thereafter, cells were washed with PBS 3% and fixed with 4%
paraformaldehyde for 30 min at room temperature. After fixation, cells were washed with PBS 3x
and kept in PBS. Then cells were stained with Hoechst 33342 for 10 min. The cells were imaged
on an LSM-800 confocal laser scanning microscope (Carl Zeiss Ltd., Cambridge, UK). Imaging
settings were kept identical for all samples.

MTT assay

The cytotoxicity of DNA assemblies and controls were evaluated with the MTT assay against NCI-
H358 and PC9 cells. Briefly, cells were seeded into 96-well plates at 1.0x10* cells per well in 200
uL complete RMPI culture medium and cultured for 24 h. The cells were then treated with
PEGylated hairpins, PEGylated DNA assemblies, and lipofectamine-complexed hairpins at
varying concentrations (100 nM-10 uM equiv. of antisense DNA). Cells treated with vehicle (PBS)
were used as a negative control, and Lipofectamine 2000 (Invitrogen Co., CA, USA)-treated cells
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were used as a positive control. After 48 h of incubation, 20 pL of 5 mg/mL MTT stock solution
in PBS was added to each well. The cells were incubated for another 4 h, and the medium
containing unreacted MTT was removed carefully. The resulting blue formazan crystals were
dissolved in 200 uL. DMSO per well, and the absorbances (490 nm) were measured on a BioTek®
Synergy™ Neo2 Multi-Mode microplate reader (BioTek Inc., VT, USA).

Cell apoptosis

NCI-H358 cells were treated with DNA assemblies and controls in the same fashion as those used
in the Western blotting study. For the apoptosis analysis, both floating and attached cells were
harvested, rinsed 3% with cold PBS, stained with Alexa Fluor 488 annexin V and PI, and analyzed
by flow cytometry to identify apoptotic cells.

Table S1. All DNA sequences used in this study.!-2

System Strand Sequences*

HP1 5-GCT ATT A GGAGT CTT TAT AGT AAT CTCTA ATT ACT
ATA AAG-3’

Short-length HP2 5’-ATT ACT ATA AAG ACTCC CTT TAT AGT AAT TAGAG-3’

Initiator | 5’-ATT ACT ATA AAG ACT CCT AAT AGC-3’

HP1 5'-TTAACC CAC GCC GAA TCC AAA GAC CAAAGT GTCTTT
GGA TTC GGC GTG-3'
HP2 5'-GCT ATT AGG A GTC TTT GGA TTCGG CGT G GGTTAA

CA CGC CGA ATC CAA AGA CACTTTG-3’
Initiator | 5'-GTC TTT GGA TTC GGC GTG GGT TAA-3'
Cy3-HP2 | 5'-GCT ATT AGG A GTC TTT GGA TTCGG CGT G GGTTAA

Long-length
CA CGC CGA ATC CAA AGA C ACTTTG-Cy3-3’

Cy5-HP2 | 5'-GCT ATT AGG A GTC TTT GGA TTCGG CGT G GGTTAA

CA CGC CGA ATC CAA AGA C ACTTTG-Cy5-3’

SCR-HP2 | 5-ACT GCG TTA GAG TAG GTA GAA GAT TAA CCA GTC
TGG TTC GCT GCA GTC TCT GCT AGA C -3’

Overhang- | 5~ATG TGA TCA G GTC TTT GGA TTCGG CGT G GGTTAA

SCR-HP2 | cA CGC CGA ATC CAA AGA C ACTTTG-3’

*Modified T bases for PEGylation are marked in red. Hairpin loops are underlined and sticky ends
are overlined. Overhangs are bolded. Antisense region is marked in blue.
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Scheme S1. Assembly of bottlebrush-like nanostructures via hybridization chain reaction
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Fig. S1. A, B) AGE (5%) analysis of short-stem DNA assemblies as a function of initiator:hairpin
ratio. C) AGE (5%) analysis of short-stem PEGylated DNA assemblies after dialysis into RPMI
medium or PBS.
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Fig. S2. A, B) Aqueous GPC purification of DNA assemblies. C) AGE (5%) analysis of high MW
fraction of DNA assemblies after purification. Purity is determined by gel band densitometry
analysis. 1-4: non-PEGylated assemblies, hairpin monomers, PEGylated assemblies, and
PEGylated hairpin monomers, respectively.
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Fig. S3. A, B) Reversed-phase HPLC purification of DBCO-modified hairpin strands. C, D)
Reversed-phase HPLC purification of PEGylated hairpin monomers.
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Fig. S4. A) Aqueous GPC chromatogram of DBCO-modified hairpin and PEGylated hairpins. B)
AGE (2%) analysis of hairpins and PEGylated hairpins.

Non-PEGylated PEGylated
Assembly Assembly

PEG-HP monomers

Fig. S5. AGE (5%) analysis of DNA assemblies before and after lyophilization.

S-8



A I Non-PEGylated Assembly B
1249 [ PEGylated Assembly
] Non-PEG PEGylated
HP Assembly PEG-HP Assembly
10 4 0
] 5
8
2 <10
2 5l E -8.38
2 T -15 -9.69
2 =
=
4l 3 20
a
4 M_25
5 -19.56
1 =0 -26.64
0+ .
1 10 100 1000
Size (d. nm)

Fig. S6. A) DLS intensity-average hydrodynamic diameter distribution of DNA assemblies (with

or without PEGylation). (B) { potential measurement of DNA assemblies and their precursors in
PBS.

Fig. S7. TEM image (negatively stained with 2% uranyl acetate) of a physical mixture of DBCO-
modified HP2 and 10 kDa PEG.
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Fig. S8. AGE (5%) analysis of DNA assemblies treated with DNase I for various amounts of time
(Cy5 channel). Dashed line indicates a cut-off for high molecular weight fractions (>50 kDa).
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Fig. S9. AGE (5%) analysis of DNA assembly and monomers treated with full-serum RPMI
medium (10% FBS) for various amounts of time up to 24 h.
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Fig. S10. Flow cytometry measurement of PC9 cells treated with DNA assemblies and their
monomers.
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Fig. S11. Flow cytometry measurement of NCI-H358 cells treated with scramble-HP and
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Fig. S12. Confocal microscopy images of cells treated with Cy3-labeled DNA assemblies and their
precursors in serum-free RPMI medium for 24 h.
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Fig. S13. Relative cellular uptake of PEGylated HP2 and PEGylated assembly in NCI-H358
cells pretreated with pharmacological inhibitors. **P<0.01, ***P<0.001 ****P<0.0001 (two-
tailed test).
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Fig. S14. KRAS knockdown (protein level) in NCI-H358 and PC9 cell lines by PEGylated
assembly. Level of knockdown no longer show dosage-response beyond 1 uM of antisense strand.
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