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Abstract

The delivery of small interfering RNA (siRNA) remains a major hurdle for the clinical translation
of RNA interference (RNAI) therapeutics. Due to its low valency and rigid nature, siRNA typically
requires high excesses of cationic delivery materials to package it stably and deliver it to the
cytoplasm of target cells, resulting in high toxicities and inefficient gene silencing /n vivo. To
address these challenges, we pair a polymeric form of siRNA, p-shRNA, with optimized
biodegradable polycations to form stable complexes that induce far more potent gene silencing
than with sSiRNA complexes. Furthermore, we unveil a set of design rules governing p-shRNA
delivery, using degradable polycations containing hydrophobic and stabilizing polyethylene glycol
domains that enable both stable condensation and efficient release inside cells. We demonstrate the
therapeutic potential of this approach by silencing the oncogene STAT3 in a well-established
B16F10 mouse melanoma model to significantly prolong survival. By blending nucleic acid
engineering and polymer design, our system provides a potentially translatable platform for RNAi-
based therapies.
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RNA interference (RNAI) provides a powerful therapeutic tool for specifically silencing
genes implicated in disease. Despite its promise, clinical translation of RNAI has remained
largely unsuccessful due to barriers in delivering small interfering RNA (siRNA) into target
cells. Much effort has been devoted to developing delivery materials or methods that can
protect siRNA from degradation, facilitate its uptake by diseased cells, promote escape from
endosomes into the cytoplasm where RNAI occurs, or maximize RNA induced silencing
complex (RISC) formation.1~* However, the high rigidity and low valency of siRNA
presents challenges in stable encapsulation, often necessitating large amounts of cationic
delivery materials and poor /in vivo silencing efficiency.>~" To address these challenges, we
previously adopted a polymeric form of siRNA, or periodic short hairpin RNA (p-shRNA),
whose high valency and flexibility require far less polycationic carrier to condense into
stable nanoparticles.8- Generated by rolling circle transcription (RCT) of a dumbbell DNA
template, p-shRNA consists of sSiRNAs linked by short single stranded regions, and can be
engineered to possess open ends for improved intracellular processing by Dicer into SiRNAs,
enhancing silencing efficacy when delivered /n vitro with various commercial transfection
reagents.®10 With its superior silencing efficacy, along with much higher valency and
flexibility compared to siRNA, op-shRNA represents a highly promising RNAI therapeutic
that not only can be delivered more efficiently into target cells than siRNA, but also mediate
more potent gene silencing /7 vivo. However, as commercial reagents are ill-suited for /n
vivo applications due to instability and toxicity, in this study we sought to design an optimal
carrier for /n vitroand in vivo delivery of op-shRNA, which can further guide future carrier
design for other large RNA macromolecules that can be generated by RCT, thus extending
the potential of these systems as a promising platform.

The known delivery challenges for siRNA can be extended to op-shRNA, but with some
additional distinctive challenges related to the large size of these macromolecules, which
range from roughly 200 up to 3000 bases. Delivery of op-shRNA with several polycations
commonly used for gene delivery, including polyethyleneimine (PEI) of various molecular
weights and architectures (linear and branched), poly-lysine, and poly-arginine, however,
induces little to no gene silencing when delivered with these polymers, despite improved
complexation compared to SiRNA (Supplementary Figure S1). Since PEI is non-
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biodegradable and polypeptides contain stable amide bonds, we attributed this lack of
silencing to possible inefficient release of op-shRNA from the complexes within cells due to
stronger binding interactions with the multivalent RNA; the high molecular weight
polyelectrolyte complex is extremely stable, and unlike packaging with lower molar mass
19-21 base pair siRNA, it is unable to release siRNA via charge-shift induced swelling and
decomplexation at endosomal pH. To address this challenge while exploiting the improved
gene silencing potency and complexation ability of op-shRNA, we hypothesized that rapidly
degradable polycations would condense op-shRNA into stable nanoparticles and
subsequently release it following intracellular uptake due to hydrolytic degradation (Figure
1).

To test our hypothesis, we chose to deliver op-shRNA with poly(beta-amino ester)s
(PBAES), a well-established class of biodegradable gene delivery vehicles.11.12 Synthesized
by the Michael addition of bifunctional amines to diacrylates, PBAEs have been investigated
in large combinatorial libraries, due to their facile synthesis and functional versatility.13-15
However, achieving significant gene silencing with PBAESs typically requires large excesses
of polycation and high siRNA doses.16:17 Moreover, despite numerous high-throughput
screenings to identify effective structures with high transfection efficiency and low
cytotoxicity, there is still much to understand regarding structure-function relationships for
PBAEs in delivering different nucleic acids, with slight structural variations exerting
significant effects on efficiencies.1819 As the high molecular weight and intracellular
processing of op-shRNA requires distinct design rules, here we proposed to engineer a
PBAE system for op-shRNA delivery that can stably complex op-shRNA while also
enabling efficient cargo release inside cells, via factorial design, which can reveal key
structure-function correlations for delivering such a large RNAi macromolecule.
Furthermore, we extended our materials library to incorporate a polyethylene glycol (PEG)-
conjugated PBAE, in which PEG serves as an end group that provides an outer stabilizing
shell around the “core” op-shRNA/PBAE complex (Figure 1). Finally, we demonstrated the
in vivo efficacy of our op-shRNA system by targeting signal transducer and activator of
transcription 3 (STAT3), whose overexpression plays a crucial role in tumor progression and
promoting an immunosuppressive tumor environment, in a well-established mouse
melanoma model.20-22

Results and Discussion

Factorial Design of Biodegradable Polycations for op-shRNA Encapsulation

As the significantly greater size of op-shRNA compared to siRNA requires distinct design
rules for encapsulation and delivery, we employed factorial design of rapidly biodegradable
polycations to develop an effective nanocarrier for such a large RNAi macromolecule.
Packaging op-shRNA with hydrolytically degradable PBAESs may enable efficient release of
op-shRNA into the cytoplasm upon delivery into target cells. At the same time, the
multivalency and flexibility of op-shRNA potentially requires far less excess polycation than
typically required for PBAE-mediated siRNA delivery for efficient condensation into stable
complexes, thereby reducing undesired toxicity and increasing /n vivo silencing efficacy.
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We first determined basic design rules for PBAE-mediated op-shRNA delivery by
synthesizing a library of PBAE copolymer variants based on a base structure, poly-1 (Figure
2A). As studies have shown that introducing hydrophobic alkyl side chains into certain
PBAE structures improves DNA and messenger RNA transfection efficiencies, we
hypothesized that incorporation of alkyl chains into our PBAES, along with tuning molecular
weight, can exert a strong influence on op-shRNA silencing efficiency.23:24 Hydrophobicity
was varied by incorporating differing mole percentages of dodecylamine (C12) in the total
amine monomer amount, which includes 4,4’-trimethylenedipiperidine and dodecylamine,
yielding random copolymers. As previous work has found that increasing the alkyl chain
percentage past 30% did not further improve transfection efficiency with DNA or mRNA,
we tested C12 feed percentages up to 30%.23 By varying the overall monomer stoichiometry
in this step-growth polymerization, 7.e., moles of 1,4-butanediol diacrylate to moles of total
amine (1.02, 1.05, 1.1, and 1.2), we also investigated the effect of molecular weight on op-
shRNA silencing efficiency. These base polymers were subsequently endcapped with
diethylenetriamine to enhance binding interactions with the RNA and transfection efficiency.
Quantification of nuclear magnetic resonance (NMR) spectra of the poly-1 structures
confirmed that the actual percentages of C12 incorporated in the polymers matched the
percent fed into the reaction (Supplementary Table 3).

Gel shift assays showed that our PBAEs complex op-shRNA very efficiently, fully
condensing op-shRNA at much lower polymer to RNA weight ratios typically required for
efficient siRNA delivery with PBAEs (Supplementary Figure S2).16:17.25.26 Fyrthermore, the
poly-1 structures form compact nanoparticles with op-shRNA under 100 nm in diameter
(Figure 2B and Supplementary Figure S3) at a polymer:RNA weight (w/w) ratio of 5.
Screening this library for silencing of the reporter gene GFP in GFP-expressing HeLa
cervical cancer cells showed that poly-1 structures with higher alkyl chain content exhibited
greater silencing efficiency with op-shRNA, similar to previous observations with plasmid
DNA.23 Comparison of poly-1 structures of similar molecular weights around 5 kDa
revealed increasing silencing efficiency with increasing hydrophobicity. Furthermore, poly-1
structures of lower hydrophobicity (0% and 15% C12) demonstrated a negative correlation
between molecular weight and silencing efficiency with op-shRNA. For 30% C12 poly-1
structures, which stayed within a lower, narrower molecular weight range, it was not
possible to observe a clear trend; however, the highest molecular weight poly-1 containing
30% C12 achieved nearly 90% knockdown of GFP using very little polymer (polymer:RNA
w/w 5). Poly-1 structures without any alkyl chains also demonstrated significantly lower
cellular uptake than those containing alkyl chains, suggesting that one mechanism by which
incorporation of alkyl chains into poly-1 improves silencing efficiency is by increasing
cellular uptake, likely through enhanced interactions with the cell membrane
(Supplementary Figure S3).

To determine whether our poly-1 structures outperformed commonly used PEI gene delivery
vehicles by more efficient release of op-shRNA, we performed gel shift assays of op-shRNA
complexes incubated at physiological pH and ionic conditions in phosphate buffered saline
(PBS) at 37 °C over time. Both branched and linear PEI complexes with op-shRNA failed to
release any RNA after 48 hours (Figure 2D). In contrast, poly-1 complexes released most of
the encapsulated RNA by 48 hours, supporting our hypothesis that the biodegradability of
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poly-1 enables efficient silencing with op-shRNA, while the non-biodegradable PEI hinders
release of op-shRNA into the cytoplasm (Figure 2D). Interestingly, the RNA was released in
the form of short RNA strands, likely op-shRNA repeats refolded into short hairpin
structures. Thus, while the high molecular weight op-shRNA is readily condensed by poly-1
into compact nanoparticles, once delivered into the target cell, the op-shRNA may be
progressively released into the cytoplasm as refolded short hairpin RNAs that are then
processed by Dicer into siRNAs. We further compared release by op-shRNA complexes
formed with 0% C12 and 30% C12 poly-1 structures of similar molecular weights (~5 kDa).
Complexes formed with poly-1 containing no alkyl side chains released a significant portion
of the encapsulated RNA by 6 hours, with most of the RNA released by about 24 hours
(Figure 2D). Incorporating alkyl side chains in poly-1 delayed release of RNA, with the
majority of RNA remaining complexed after 24 hours (Figure 2D). The delayed RNA
release by 30% C12 poly-1 over a later time window may therefore contribute to the
superior silencing efficiency of 30% C12 compared to 0% C12 poly-1.

Stabilizaton of op-shRNA complexes via PEGylated PBAEs

Despite the ability to use far less polymer for delivering op-shRNA, the poly-1/op-shRNA
complexes still possess a highly positive surface charge that would not be suitable for
systemic delivery, and they require further stabilization for /n vivo applications. With the
presence of alkyl chains in our optimized poly-1 structure, we hypothesized that adding a
PEG-poly-1 copolymer containing alkyl chains to the complex would provide a stabilizing
PEG shell that is stably associated with the core complex via hydrophobic interactions.
(Figure 1). Incorporation of such an amphiphilic PEG-poly-1 could thereby increase
colloidal stability while decreasing positive surface charge and cytotoxicity. To test this, we
synthesized three PEG-poly-1 structures with high C12 feed percentages (40%, 70%, and
100% of total amine monomer, denoted PEG-40%C12, PEG-70%C12, and PEG-100%C12,
respectively) to enable strong hydrophobic interactions with the poly-1 alkyl chains, by
adding a monofunctional 5 kDa PEG-acrylate to the polymerization reaction to endcap the
polyamine (Figure 3A). Quantification of NMR spectra showed that the actual percentage of
C12 incorporated along the backbone decreased slightly from the feed percentage as the C12
feed percentage increased to 70%, but maintained the increasing trend of C12 fraction in the
backbone (Supplementary Table 3).

PEGylated complexes were formed by sequentially adding poly-1 (1.05-30%C12, the top-
performing structure from our library) to op-shRNA, and then PEG-poly-1 to the core
complex. At a 1:1 mass ratio of PEG-poly-1 to poly-1, addition of PEG-poly-1 dramatically
reduced particle aggregation after incubation at physiological pH and ionic conditions in
phosphate buffered saline (PBS) compared to unmodified core complexes (Figure 3B).
These increases in colloidal stability were observed at various polymer to RNA weight ratios
(Supplementary Figure S4). The positive surface charge of the complexes also decreased
upon addition of PEG-poly-1, further confirming the presence of a PEG “shell” around the
core complex (Figure 3C). Increasing the amount of PEG-poly-1 relative to core poly-1 did
not further improve colloidal stability in PBS or decrease positive surface charge
(Supplementary Figure S4); further experiments were therefore performed at a 1:1 PEG-
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poly-1:poly-1 mass ratio. The compact size of the complexes was retained with addition of
PEG-poly-1, as evidenced by cryo-electron microscopy (Figure 3D).

We next assessed whether the addition of PEG-poly-1 would reduce any undesired
cytotoxicity as well. At the same total polymer weight ratio to RNA, non-PEGylated poly-1
complexes showed significantly greater toxicity than complexes modified with PEG-poly-1
with 70% and 100% C12 (Supplementary Figure S5). Incorporation of PEG-40%C12,
however, induced similar levels of cytotoxicity as non-PEGylated poly-1 complexes.

Having demonstrated improved colloidal stability with PEG-poly-1 addition, we next
expanded our library, again using factorial design, to screen combinations of the core poly-1
and PEG-poly-1 structures. This second generation library consisted of four core polymers
with the same alkyl chain percentage (30%, selected from first generation library) but
varying alkyl chain length (C12 and C16) and molecular weight, and four PEGylated
polymers (Figure 4A). For PEG-poly-1, we selected 70% and 100% alky! chain feed
content, which increased colloidal stability while decreasing cytotoxicity, and also varied
alkyl chain length (C12 and C16). Transfections of these PEG-poly-1 complexes containing
anti-luciferase op-shRNA into luciferase-expressing B16F10 melanoma cells revealed that
adding PEG-poly-1 with 70% C12 or C16 significantly reduced silencing efficiency (Figure
4B). On the other hand, incorporation of PEG-poly-1 with 100% C12 or C16 yielded much
higher silencing efficiencies, with C16 performing slightly better than C12 for most of the
core polymers. For both C12 and C16-containing core polymers, higher molecular weight
structures also outperformed lower molecular weight structures. The top-performing
polymer combinations containing PEG-100%C12 or PEG-100%C16 showed superior
silencing efficacies compared to the commercial transfection reagent TransIT-X2®, inducing
over 80% specific knockdown at a dose of 20 nM op-shRNA while exhibiting little
cytotoxicity (Figure 4B and Supplementary Figure S5). Notably, we were able to achieve
high silencing levels at a much lower polymer:RNA weight ratio (core poly-1:PEG-
poly-1:RNA w/w = 10:10:1) compared to previous studies on PBAE-mediated siRNA
delivery, which have required weight ratios of 40 and above, including other alkyl chain-
containing PBAEs,16:17.25.26

To gain a mechanistic understanding of how incorporating PEG-100%C12 or
PEG-100%C16 poly-1 retains high silencing activity by op-shRNA, we first measured
cellular uptake of the op-shRNA complexes in B16F10 cells via flow cytometry, as addition
of PEG often decreases nanoparticle uptake by cells despite improving colloidal stability.2”
At 24 hours after transfection, complexes with added PEG-70%C12 or PEG-100%C12
showed similar cell uptake relative as the core complex consisting of only 30%C12 poly-1 at
w/w 10 (Supplementary Figure S5). Thus, addition of PEG-poly-1 does not impair cellular
uptake by op-shRNA/poly-1 complexes.

We next compared RNA release kinetics of complexes modified with PEG-70%C12 and
PEG-100%C12. Addition of PEG-70%C12 to the core complex resulted in earlier release of
more RNA by 24 hours of incubation in PBS at 37 °C (Figure 4C). On the other hand, the
PEG-100%C12/poly-1 complexes maintained a similarly slow release profile as the core
complex, with most of the RNA released by 48 hours. These observations suggest that while
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PEG-70%C12 complexes maintained colloidal stability in PBS over several hours, addition
of PEG-100%C12 keeps op-shRNA complexed over a longer period of time, maintaining a
tighter or more stable condensation of RNA than PEG-70%C12. Thus, possible premature
release of RNA from PEG-70%C12/poly-1 complexes before the complexes reach the
cytoplasm may contribute to their low silencing efficiency.

We further examined endosomal escape of the PEGylated complexes via confocal
microscopy. At 24 hours post-transfection of B16F10 cells, both PEG-70%C12 and
PEG-100%C12 complexes showed low degrees of colocalization with the late endosomal
marker Rab7, suggesting that the complexes were able to escape the endosomal pathway
into the cytoplasm (Figure 4D). These results therefore suggest similar endosomal escape
efficiencies between PEG-70%C12 and PEG-100%C12 complexes. However, op-shRNA
prematurely released from PEG-70%C12 complexes before endosomal escape may undergo
partial degradation within the endosomes, with fewer intact op-shRNA units reaching the
cytoplasm to successfully mediate silencing. On the other hand, the majority of op-shRNA
in PEG-100%C12 complexes may be released after reaching the cytoplasm over an extended
period of time, enabling stronger silencing as the RNA is gradually released.

targeting of STAT3 by op-shRNA/PEG-PBAE system

To demonstrate therapeutic efficacy, we targeted STAT3, whose persistent activation in many
cancers contributes to tumor progression and immune evasion, with our best-performing
PEG-poly-1/op-shRNA system, consisting of 1.05-30%C12 as the core polymer and
PEG-1009%C16.20-22 Transfection of B16F10 cells with 20 nM op-shRNA (based on
effective siRNA repeats) yielded over 70% knockdown of STAT3 at the mRNA level,
compared to about 50% knockdown with an equivalent dose of SiRNA packaged with the
same carrier (Figure 5A). This contrast in silencing efficiency was even more pronounced at
the protein level, for both tyrosine-phosphorylated STAT3, the activated protein form, and
total STAT3 (Figure 5B). Having verified STAT3 knockdown /n vitro, we evaluated
therapeutic efficacy in a syngeneic B16F10 melanoma model. After primary subcutaneous
tumors were established in C57BL/6 mice, four treatments of our top performing PEG-
poly-1 system encapsulating anti-STAT3 or scrambled op-shRNA or siRNA (5 ug RNA per
tumor) were administered every three days, with concurrent tumor size measurements as a
disease progression indicator (Figure 5C). Treatment with anti-STAT3 op-shRNA
significantly decreased tumor growth rates and prolonged survival compared to all other
control groups (Figure 5D, E). In contrast, mice treated with anti-STAT3 siRNA showed no
improvements in tumor progression rate or survival. We further verified STAT3 knockdown
via immunohistochemical staining of isolated tumors from a separate cohort of mice injected
twice with the same treatment groups (Figure 5F). Consistent with the tumor burden
progression and survival trends, STAT3 expression in the tumors of mice treated with anti-
STAT3 op-shRNA was significantly lower than in all other control groups. We further
observed reduced cell proliferation only in tumors treated with anti-STAT3 op-shRNA, as
evidenced by lower Ki-67 expression (Figure 5F). However, active caspase 3 expression
levels were similar among all treatment groups, indicating insignificant levels of cell
apoptosis. Our results therefore suggest that our op-shRNA system induces a therapeutic

ACS Nano. Author manuscript; available in PMC 2018 September 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 8

effect by mitigating the tumorigenic activity of STAT3 via specific silencing and by
inhibiting tumor cell proliferation.28

As long double-stranded RNAS can act as immunostimulatory agents, we also explored the
potential ability of our op-shRNA/poly-1 system to activate innate immunity.2® Comparison
of the various PEG-poly-1 structures combined with 30%C12 poly-1 showed that
PEG-100%C12 and PEG-100%C16 systems induced the greatest activation of NF-xB and
AP-1in RAW-Blue™ mouse macrophage reporter cells, consistent with their superior
silencing efficiencies (Supplementary Figure S8). Interestingly, op-shRNA complexed with
these two PEG-poly-1 carriers triggered significantly greater stimulation than high
molecular weight poly(l:C), commonly used as a vaccine adjuvant, as well as duplex siRNA.
30 Since innate immune activation can trigger cancer cell death and antitumor adaptive
immune responses, the ability of op-shRNA to act as an innate immune agonist when
delivered with our poly-1 carriers can potentially act synergistically with silencing of a
therapeutic target.3 Indeed, combining innate immune agonists with siRNA-mediated
silencing has been demonstrated to induce synergistic therapeutic effects in several
preclinical models.32-33 Future work will tune both op-shRNA and polycation structures to
exploit innate immune activation by op-shRNA systems in concert with RNAI for potent
antitumor responses.

Conclusions

In summary, we have engineered a stable and efficient delivery system that maximizes the /in
vivo efficacy of op-shRNA by using rationally designed biodegradable polymers. As the
large size of op-shRNA presents a different set of delivery requirements compared to siRNA
or other nucleic acids, commonly used polycationic gene delivery vehicles such as PEI and
other polymers that have successfully delivered nucleic acids /7 vivo may be ineffective with
op-shRNA, especially in achieving efficient cargo release inside cells. Thus, our PBAE-
based vehicle proves highly promising due to its ability to both stably condense op-shRNA
and efficiently release it into the cytoplasm. By employing factorial design, we identified
several important factors in PBAE structure that affect op-shRNA silencing efficiency,
including molecular weight and hydrophobicity. Optimization of these design factors and
addition of a stabilizing PEGylated PBAE that associates strongly with the core complex via
hydrophobic interactions enable potent silencing using low amounts of polymer, by forming
a stable nanoparticle that can still efficiently dissociate within cells to release op-shRNA.
These structure-function relationships can guide future optimization of PBAE systems for
op-shRNA delivery, such as incorporating different hydrophobic side groups and varying
amine densities along the backbone. Moreover, such factorial designs can potentially prove
useful for engineering PBAES to deliver other large nucleic acids such as DNA and
messenger RNA. Combined with the versatility of rolling circle transcription for generating
high molecular weight RNA macromolecules, our systematically optimized PBAE platform
can be used to deliver op-shRNA targeting multiple genes of interest, and potentially
periodic microRNAs or anti-microRNA therapeutics for inhibiting oncogenic microRNAs.34
We can further enhance protection from nuclease degradation by incorporating chemically
modified nucleotides in op-shRNA. Our synergistic pairing of op-shRNA with rationally
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designed PBAES can potentially provide a transformative platform for RNAI therapeutic
delivery.

Methods and Materials

Chemicals.

Monomers were obtained from Alfa Aesar (Ward Hill, MA, USA), and the
diethylenetriamine endcap and solvents were obtained from Sigma Aldrich (St. Louis, MO,
USA). PEG-acrylate was obtained from Laysan Bio (Arab, AL, US).

Synthesis of op-shRNA.

Custom PAGE-purified, 5’-phosphorylated DNA oligos were purchased from Integrated
DNA Technologies (Coralville, 1A, US) and resuspended in RNase-free water. DNA oligo
was diluted to 3 uM in NEBNext® Quick Ligation Reaction Buffer (New England Biolabs,
Ipswich, MA, US) and heated at 95 °C for 2 minutes before allowing to slowly cool to room
temperature. DNA oligos were then ligated with 1.5 uL T4 DNA ligase (400,000 units/mL,
New England Biolabs, Ipswich, MA, US) to give a total ligation reaction volume of 120 L.
After incubating for two hours at room temperature, the ligation reaction was mixed with
12.5 uL ribonucleotide solution mix ((New England Biolabs, Ipswich, MA, US), 1.5 uL
water, 6 uL. MgCl, (200 mM), 20 uL 10x T7 RNA polymerase reaction buffer, and 40 uL T7
RNA polymerase (50,000 units/mL, Lucigen, Middleton, WI, US). Transcription was
allowed to proceed for 48 hours at 37 °C before addition of 20 pL of 0.5 M
ethylenediaminetetraacetic acid (EDTA). The p-shRNA was purified with Advantec
disposable ultrafiltration units (200 kDa molecular weight cutoff; Cole-Parmer, \ernon
Hills, IL, US). Open-ended p-shRNA was formed by incubating p-shRNA with RNase T1
(ThermoFisher Scientific, Cambridge, MA, US) at a ratio of 1 unit RNase T1:2 pg RNA in
20 mM HEPES (pH 7.5) and 1 mM EDTA at 37 °C for two hours, followed by purification
with 40 kDa Zeba spin desalting columns (ThermoFisher Scientific).

Poly(beta-amino ester) synthesis.

PBAES were synthesized following previous procedures.3° Briefly, 1,4-butanediol
diacrylate, 4,4’-trimethylenedipiperidine, and 1-dodecylamine or hexadecylamine were
separately dissolved in tetrahydrofuran (first generation poly-1 library) or toluene (second
generation poly-1 library) and then added together under a nitrogen atmosphere. After
stirring at 90 °C for 48 hours (50 °C for THF), the reaction mixture was precipitated in cold
hexanes to collect the base polymer, which was subsequently dried under vacuum.
Endcapped PBAEs were synthesized by addition of 4 mmol diethylenetriamine (Sigma
Aldrich) to 1 g base polymer dissolved in tetrahydrofuran. After stirring for 24 hours at
room temperature, endcapped polymer was precipitated in cold hexanes and washed
thoroughly before drying under vacuum.

Synthesis of PEG-poly-1. PEG-poly-1 was synthesized in toluene using the same procedure,
with the addition of methoxy-PEG-acrylate (5 kDa) to the reaction mixture (1 eq. diacrylate,
1.1 eq. total amine, 0.01 eq. PEG-acrylate).
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Polymer characterization.

Cell lines.

Gel permeation chromatography was performed on a Waters system with a Malvern
Viscotek™ TDA 305 triple detection system and Styragel columns (Waters), with
tetrahydrofuran as the mobile phase. 1H NMR spectra were obtained with a Bruker Advance
400 MHz NMR spectrometer at 25 °C. Molecular weights were determined based on a linear
polystyrene standard.

GFP-expressing Hel a cells (Cell Biolabs, San Diego, CA, US), B16F10 cells (American
Type Culture Collection, Rockville, MD, US), and RAW-Blue™ mouse macrophage
reporter cells (InvivoGen, San Diego, CA) were cultured in DMEM (Invitrogen, Grand
Island, NY, US) with 10% fetal bovine serum and 1% penicillin/streptomycin. B16F10 cells
stably expressing GFP and luciferase (B16F10-GFP-luc) were made by stable transfection
by the lentivirus pSICO-GFP-luciferase-puro. Cells were verified to be mycoplasma-free by
the High Throughput Screening facility at the Koch Institute for Integrative Research
(Cambridge, MA, US).

Complex formation and characterization.

Polymers were dissolved in sodium acetate buffer (50 mM, pH 5), then diluted and added to
op-shRNA at the desired polymer:RNA ratio, immediately followed by thorough pipette
mixing. The number average hydrodynamic sizes and zeta potentials of complexes were
measured by dynamic light scattering using a Malvern Zetasizer Nano ZS90 particle
analyzer (A = 633 nm). Cryogenic transmission electron microscopy was performed using a
JEOL 2100 FEG instrument. For release assays, complexes were diluted five-fold in PBS,
pH 7.4, and incubated at 37 °C, with aliquots taken at the indicated timepoints and
subsequently snap frozen until assaying. RNA release was assayed by gel electrophoresis
using a 1% E-Gel EX agarose gel (Thermo Fisher Scientific).

In vitro transfections.

5,000 B16F10-GFP-Luc or HeLa-GFP cells were seeded in DMEM with 10% FBS in a
white 96-well plate and allowed to adhere overnight. Complexes were formed as described
for characterization and equilibrated at room temperature for at least ten minutes, before
adding to the cells at the desired final concentration (based on effective siRNA repeats in op-
shRNA). The medium was replaced with fresh culture medium 24 hours post-transfection.
GFP expression of HeLa-GFP cells was measured by flow cytometry 48 hours post-
transfection using a BD FACSCalibur equipped with a high throughput sampler. Luciferase
expression of B16F10-GFP-Luc cells was measured 48 hours post-transfection with the
Firefly Luciferase Assay Kit 2.0 (Biotium, Fremont, CA, US), following the manufacturer’s
instructions, and normalized to the number of viable cells, as measured by the CellTiter-
Fluor Cell Viability Assay (Promega, Madison, W1, US). For cell uptake studies, Cy5- or
Cy5.5-labeled op-shRNA was synthesized by adding 1 L Cy5-uridine-5’-triphosphate
(Enzo Life Sciences, Inc., Farmingdale, NY) or 5-aminoallylcytidine-5’-triphosphate
(TriLink Biotechnologie, San Diego, CA), respectively, was added to each 200 uL RCT
reaction. Cy5.5 N-hydroxysuccinimide ester (Lumiprobe, Hunt Valley, MD) was
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subsequently added to the amine-labeled p-shRNA to make Cy5.5-labeled p-shRNA,
followed by washing v/a centrifugal filtration to remove excess dye, before treating with
RNase T1. Cy5- or Cy5.5-labeled op-shRNA complexed with poly-1 were transfected into
HeLa-GFP or B16F10 cells, respectively, in a 96-well plate. Cy5 or Cy5.5 fluorescence was
measured 24 hours post-transfection by flow cytometry using a BD FACSCalibur or BD
FACSCelesta.

Cell proliferation assays.

Cells were transfected as described above, and at 48 hours post-transfection, were measured
for mitochondrial dehydrogenase activity in an MTT assay. Cells were incubated with MTT
(0.5 mg/mL) for 1 hour at 37 °C, followed by solubilization of the purple MTT product in
dimethyl sulfoxide. Absorbance was measured at 570 nm (reference 630 nm) with a Tecan
plate reader.

Confocal microscopy.

20,000 B16F10 cells were seeded in 8-well chamber slides and transfected as described
above with 50 nM Cy5.5-labeled op-shRNA complexed with poly-1 and PEG-poly-1. At 24
hours post-transfection, cells were fixed with 4% paraformaldehyde and permeablized with
0.4% Triton-X, followed by overnight staining with anti-Rab7 (Cell Signaling, Catalog
#9367, 1:200 dilution) at 4 °C. Secondary antibody staining was performed with Alexa Fluor
488-conjugated anti-rabbit IgG, F(ab”), fragment (Cell Signaling, Catalog #4412, 1:2000
dilution) for 1 hour at room temperature, followed by DAPI staining before imaging.

In vitro innate immune activation.

10,000 RAW-Blue™ cells were seeded in each well of a 96-well plate and transfected as
described above with 1 ug/mL op-shRNA, high molecular weight poly(l:C) (InvivoGen), or
SiRNA complexed with poly-1 and PEG-poly-1 (poly-1:PEG-poly-1:RNA w/w = 10:10:1).
At 24 hours post-transfection, expression of secreted embryonic alkaline phosphatase was
measured by the QUANTI-Blue™ assay according to the manufacturer’s instructions.

Quantitative PCR.

Transfections of anti-STAT3 and scrambled op-shRNA were performed as described above
in B16F10 cells. Total RNA was extracted 48 hours post-transfection, by an RNeasy Plus
Mini kit (Qiagen, Hilden, Germany) and then converted to cDNA using an Ecodry cDNA
synthesis kit (Clontech, Mountain View, CA, US). The cDNA was amplified with a
LightCycler® 480 SYBR Green | Master reagent and quantified by a Roche LightCycler
480 Real-Time PCR System. Primer sequences used for detection were: mouse actin
forward: tggcgcttttgactcaggat; mouse actin reverse: gggatgtttgctccaaccaa; mouse STAT3
forward: ggatcgctgaggtacaaccc; mouse STAT3 reverse: gtcaggggtctcgactgtct A common
278ACT method was applied to data with automatic removal of background fluorescence by
the gPCR-associated software.
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Western blot.

48 hours after transfection, cells were lysed in a lysis buffer (20 mM Tris pH 7.5, 150 mM
NaCl, 1% Nonidet P-40, 0.5% Sodium Deoxycholate, 1 mM EDTA, 0.1% SDS, protease
inhibitors). Proteins were separated by 4-15% SDS-PAGE and subsequently transferred to a
nitrocellulose membrane (Fisher Scientific). The membranes were incubated overnight at

4 °C with the primary antibodies anti-tubulin (clone G-8, 1:1000, Santa Cruz Biotechnology,
Dallas, TX, US), anti-phosphorylated STAT3 (Tyr705, clone D3A7, 1:2000, Cell Signaling)
and anti-STAT3 (clone 124H6, 1:2000, Cell Signaling) in 5% bovine serum albumin in
TBST buffer (25 mM Tris pH 7.4, 150 mM NacCl, 2.5 mM KCI, 0.05% Tween-20) at 4°C
overnight, followed by a one-hour incubation with secondary horseradish peroxidase (HRP)-
conjugated anti-mouse or anti-rabbit 1gG (Santa Cruz) and extensive washes with TBS
containing 0.05% Tween-20. Phosphorylated STAT3, total STAT3, and tubulin proteins were
detected by enhanced chemiluminescence (Pierce).

Animal experiments.

Animal studies were carried out in accordance with established institutional guidelines and
protocols approved by the MIT Divison of Comparative Medicine. Seven-to-eight-week-old
C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, US) were inoculated subcutaneously
with 0.5 million B16F10 cells. Starting at 7 days post-inoculation, when the tumors had
grown to an average size of 3 mm, the mice received intratumoral injections of 5 g op-
shRNA or siRNA complexed with poly-1 and PEG-poly-1 (10:10 polymer:RNA w/w).
Complexes were formed as in /n vitro transfections, at higher concentrations for a final
injection volume of 40 pL after diluting to 5% glucose. Injections were performed every
three days for a total of four times for the survival study. A vehicle control group receiving
only acetate buffer with 5% glucose was included. Tumor size measurements for each
treatment group were taken before each treatment on the same day, until several mice in the
control groups needed to be euthanized due to tumor burden. Tumor volume was calculated
by V = (L x W x W)/2, where V is tumor volume, W is tumor width, and L is tumor length.
Survival was monitored until the last mouse was euthanized, and treatment efficacies were
assessed by plotting a Kaplan-Meier survival curve. The number of mice in each treatment
group were n=8 for anti-STAT3 op-shRNA, scrambled op-shRNA, and vehicle, and n=7 for
anti-STAT3 siRNA and scrambled siRNA. Mice were euthanized when tumor size reached
over 1 cm in diameter.

Immunohistochemistry staining.

B16F10 tumors were isolated from C57BL/6 mice 48 hours after the last of two treatments
of op-shRNA or siRNA (10 ug) complexed with poly-1/PEG-poly-1. Tumors were formalin-
fixed for 24 hours and then paraffin-embedded. Heat-induced epitope retrieval was carried
out for all formalin-fixed paraffin embedded slides at 97 °C for 20 minutes in citrate buffer,
pH 6. Staining was performed by an automated machine (ThermoScientific IHC Autostainer
360) viathe following steps: endogenous peroxidase blocking for 10 minutes, protein
blocking for 30 minutes, primary antibody incubation for 60 minutes, labeled polymer for 15
minutes, and DAB for 10 minutes. Species-specific polymer was used as a secondary
antibody (Biocare Medical, Pacheco, CA, US). The Swanson Biotechnology Center at the
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Koch Institute (MIT) performed the entire IHC procedure. Primary antibodies used for
staining were STAT3 (Cell Signaling, Catalog #9139, 1:600 dilution), Ki-67 (BD
Biosciences, Catalog #550609, 1:50 dilution), and cleaved caspase-3 (Cell Signaling,
Catalog #9664, 1:100 dilution), Images were taken by a Leica Aperio Slide Scanner (Leica
Biosystems, Buffalo Grove, IL, US) and processed using ImageScope (Leica Biosystems).

Statistical analysis.

All statistical analyses were performed with GraphPad Prism 5.0. Statistical significance was
determined by Student’s t test or a one-way ANOVA followed by a Tukey post test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of encapsulation of open-ended periodic ShRNA (op-shRNA) by a biodegradable

polycation (e.g. poly(beta-amino ester)) containing hydrophobic domains to form a core
complex, followed by addition of a PEG-conjugated polycation containing alkyl chains to
stabilize the complex. Upon delivery into cells, degradation of the polycations in the
complex efficiently releases op-shRNA, which is then processed by Dicer in the cytoplasm
into siRNAs to mediate RNA interference.
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(A) Synthesis of poly-1 library, with varying molecular weights (tuned by monomer

stoichiometry) and alkyl chain (C12) fractions. (B) Hydrodynamic size of op-shRNA/
poly-1(30% C12) complex at a polymer:RNA weight ratio (w/w) of 5, as measured by
dynamic light scattering. (C) GFP silencing in GFP-expressing HeLa cells by op-shRNA (20
nM, based on effective siRNA repeats) complexed with poly-1 library at polymer:RNA w/w
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5, as a function of poly-1 molecular weight. Data are represented as the mean + SEM (n =
3). (D) Release of RNA from op-shRNA complexes formed with 25 kDa branched PEI and
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1.8 kDa linear PEI at N/P 10, and 0%C12 poly-1 and 30%C12 poly-1 at polymer:RNA w/w
10 after incubation in PBS, pH 7.4, at 37 °C, as measured by agarose gel electrophoresis.
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Figure 3.
(A) Structure of PEG-poly-1 containing alkyl side chains. (B) Hydrodynamic sizes of op-

shRNA complexes formed with 30%C12 poly-1 only (w/w 10) or poly-1 and PEG-poly-1
(poly-1:PEG-poly-1:RNA w/w 10:10:1) containing varying C12 fractions, before and after
incubation in phosphate-buffered saline, pH 7.4, as measured by dynamic light scattering.
(C) Zeta potential measurements of op-shRNA complexes formed with 30%C12 poly-1 only
(w/w 10) or poly-1 and PEG-poly-1 (poly-1:PEG-poly-1:RNA w/w 10:10:1) containing
varying C12 fractions, diluted in 10 mM HEPES. (D) Cryogenic transmission electron
microscopy of op-shRNA complexes formed with 30%C12 poly-1 and PEG-100%C12
poly-1, at poly-1:PEG-poly-1:RNA w/w 10:10:1.
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(A) Factorial design of second-generation library of combinations of poly-1 and PEG-
poly-1. (B) Luciferase knockdown in luciferase-expressing B16F10 melanoma cells by op-
shRNA (20 nM) complexed with second-generation poly-1 and PEG-poly-1 library
(poly-1:PEG-poly-1:RNA w/w = 10:10:1). Data are represented as the mean = SEM (n = 3).
**p<0.01, ***p<0.001 (comparison to TransIT-X2®). (C) Release of RNA from op-shRNA
complexes formed with 30%C12 poly-1 and PEG-70%C12 or PEG-100%C12 poly-1 at
poly-1:PEG-poly-1:RNA w/w 10:10:1, after incubation in PBS, pH 7.4, at 37 °C, as
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measured by agarose gel electrophoresis. (D) Confocal fluorescence microscopy of B16F10
cells at 24 hours after transfection with 50 nM op-shRNA complexes formed with 30%C12
poly-1 and PEG-70%C12 or PEG-100%C12 poly-1 at poly-1:PEG-poly-1:RNA w/w
10:10:1, with op-shRNA (red) labeled with Cy5.5, late endosomes (green) labeled by Rab7,
and nuclei (blue) labeled by DAPI.
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(A, B) Knockdown of STAT3 by anti-STAT3 op-shRNA and siRNA complexed with top-
performing poly-1/PEG-poly-1 combination at the messenger RNA (A) and protein (B)
levels. Messenger RNA levels were measured by quantitative PCR with normalization to 8-
actin messenger RNA, and tyrosine-phosphorylated and total STAT3 protein levels were
measured by Western blotting with A-tubulin as an internal loading control. Data are
represented as the mean = SEM (n = 3). **p<0.01. (C) Treatment regime for C57BL/6 mice
bearing subcutaneous B16F10 melanoma tumors. Mice received intratumoral injections of 5
ug anti-STAT3 or scrambled op-shRNA or siRNA complexed with 30%C12 poly-1/
PEG-100%C16 poly-1, every three days for four times (poly-1:PEG-poly-1:RNA w/w =
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10:10:1). (D) Tumor sizes, measured every three days before injection on the same day until
some mice with large tumor burdens in control groups were euthanized. (E) Kaplan-Meier
survival curve for the different treatment groups. Treatment with anti-STAT3 op-shRNA
significantly prolonged survival compared to all other groups. \Vehicle control, scrambled
op-shRNA, and anti-STAT3 op-shRNA (n=8); anti-STAT3 siRNA and scrambled siRNA
(n=7). *, p<0.05 (comparison of anti-STAT3 op-shRNA with scrambled op-shRNA and
vehicle control groups). (F) STAT3 and Ki-67 expression in tumor samples, detected by
immunohistochemical staining 24 hours after three treatments of 5 pg anti-STAT3 or
scrambled op-shRNA or siRNA complexed with 30%C12 poly-1/PEG-100%C16 poly-1.
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