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META-STABLE OLIGONUCLEOTIDES JUNCTIONS FOR DELIVERY OF

THERAPEUTICS

PRIORITY CLAIM

[0001] This application claims priority to U.S. Provisional Application No.

62/532,926, filed July 14, 201 8 , which is incorporated by reference herein in its entirety,

including drawings.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR

DEVELOPMENT

[0002] This invention was made with government support under Grant Number

133241 1, awarded by National Science Foundation through the Emerging Frontiers in

Research and Innovation, Origami Design for Integration of Self-assembling Systems

for Engineering Innovation (EFRI-ODISSEI), and Grant Number AI29329, awarded by

National Science Foundation (NSF). The government has certain rights to the

invention.

BACKGROUND

[0003] Over the past three decades, researchers have advanced the construction

of oligo-nanostructures from low to high levels of complexity ( 1-3) and nano-

architectures using DNA or RNA are beginning to be used for imaging and therapeutic

delivery purposes (4-6). However, the measured biological activity of the delivery

systems has so far not suggested revolutionary improvements in clinical efficacy.

Delivery is one of the most challenging technical barriers for effective use of

oligonucleotide therapeutics (OT) in vivo. Recent studies have demonstrated that

simple nucleic acid nanostructures can act as molecularly uniform, multivalent carrier

platforms for therapeutic cargos and cell targeting or delivery ligands. Although this

approach has significant promise, much remains unknown regarding the effects of

carrier nanostructures on the (I) in vivo distribution and pharmacokinetics, (II) cell entry

and endosomal escape and (III) cytoplasmic processing of therapeutic cargos such as

small interfering RNAs (siRNA). Most of the existing designs demonstrated the

outstanding thermodynamic stability they were designed for, but preliminary work



carried out showed that the rate of dicer processing is significantly decreased when the

siRNA is attached to adjacent oligo-nucleotide duplexes. Stable nanostructure

assemblies can have a significant detrimental effect on the biological processing of the

therapeutic cargo in the cytosol, and this over-looked issue might be critical to improving

the biological activity. Existing nanostructures share one disadvantage in common:

Since they do not dissociate inside the cell they can be stable not only in circulation but

also in the cytosol, thereby preventing release of the therapeutic agent in the cytosol.

[0004] The nanostructures, methods, and technology described in this disclosure

satisfy the needs in the art by providing a novel oligonucleotide structure that

significantly improves delivery efficiency and biological activity of the therapeutic agents.

SUMMARY

[0005] In one aspect, this disclosure relates to an oligonucleotide junction for

delivering a cargo molecule to a biological target, e.g., the cytosol of a cell, endosomes

and lysosomes. The oligonucleotide junction comprises two or more oligonucleotides,

wherein at least a portion of each oligonucleotide complementarily binds to a portion of

another oligonucleotide to form a double-stranded arm, and wherein each

oligonucleotide comprises or is attached to at least one single-stranded overhang. In

some embodiments, the oligonucleotide includes a DNA, an RNA, and a synthetic

oligonucleotide. In some embodiments, the oligonucleotide junction comprises two or

more single stranded overhangs functioning as anchor strands, which can bind the

same cargo molecule or different cargo molecules. In some embodiments, the cargo

molecule includes an siRNA, a DNA or RNA aptamer, a drug or prodrug, a small

molecule, an antibody, a nanoparticle, a radioisotope, and a fluorophore. In some

embodiments, each double-stranded arm has a length of between 3 and 15 base pairs.

In some embodiments, different arms of the same oligonucleotide junction have the

same length. In other embodiments, different arms of the same oligonucleotide junction

have different lengths. In some embodiments, at least one arm of the oligonucleotide is

crosslinked. For example, at least one arm can be crosslinked at the extremity by a

cross-linker containing a disulfide bond such as DTSSP. In some embodiments, at

least one single-stranded overhang is an anchor strand that binds an anchor pairing



(AP) strand comprising or attached to a cargo molecule. In some embodiments, at least

one single-stranded overhang is an anchor strand that binds a delivery ligand for

targeting a specific type of cells. In some embodiments, the junction can deliver one or

more siRNAs, and at least one single-stranded overhang is a guide strand that binds a

passenger strand. In some embodiments, the oligonucleotide junction can be further

chemically modified to improve stability and/or affinity for a desired target. In some

embodiments, two or more oligonucleotide junctions can be attached or linked to form a

nanostructure.

[0006] In some embodiments, the oligonucleotide junction comprises two

oligonucleotides to form a two-way junction, wherein at least a portion of the

oligonucleotides complementarily bind to each other to form at least one arm. In some

embodiments, a double-stranded arm is formed by complementary binding of a portion

of each oligonucleotide in the middle such that both ends of each oligonucleotide are

single-stranded overhangs in the two-way junction. Alternatively, the double-stranded

arm can be at either end of the oligonucleotide such that the other end of the

oligonucleotide is a single-stranded overhang in the two-way junction. In other

embodiments, the double-stranded arms can be at both ends of the oligonucleotides

and a single-stranded overhang can be attached to each oligonucleotide.

[0007] In some embodiments, the oligonucleotide junction is a three-way junction

including an oligonucleotide core formed by three oligonucleotides, wherein the two

ends of each oligonucleotide complementarily bind to the two other oligonucleotides,

and wherein at least a portion of each end of each oligonucleotide complementarily

binds at least a portion of one end of each of the two other oligonucleotides to form a

double-stranded arm such that the three-way junction comprises three double-stranded

arms.

[0008] In some embodiments, the oligonucleotide junction is an N-way junction

formed by at least 3 , at least 4 , at least 5 , at least 6 , at least 7 , at least 8 , at least 9 , at

least 10 oligonucleotides, wherein each oligonucleotide complimentarily binds to two

different adjacent oligonucleotides such that an N-way junction comprises N double-



stranded arms, wherein N is an integer greater than 2 . In some embodiments, one or

more arms can be linked by terminal loops.

[0009] In some embodiments, a nanostructure can be formed by attaching two or

more junctions disclosed herein to each other. In some embodiments, two, three, four,

five, six, or more junctions are attached to each other to form a nanostructure. In some

embodiments, disclosed herein is a nanostructure comprising a core of a three-way,

four-way, five-way, or six-way junction, and a two-way junction attached to each arm of

the three-way, four-way, five-way, or six-way junction core. For example, a

nanostructure disclosed herein comprises a three-way junction, wherein each arm of the

three-way junction is attached to a two-way junction such that the three-way junction

core is attached to three two-way junctions. In some embodiments, each of the two-

way junctions has one end attached to the three-way, four-way, or five-way junction

core and the other end loaded with or attached to a cargo molecule such as an siRNA

or a delivery ligand targeting a cell. In some embodiments, the multi-way junction core

of the nanostructure is stabilized by chemical modifications such as 2'-0-methyl

modification and lock nucleic acid bases (LNA).

[0010] In another aspect, this disclosure relates to a method of producing an

oligonucleotide junction. The method includes annealing two or more oligonucleotides

to assemble an oligonucleotide junction, and crosslinking the assembled oligonucleotide

junction. The method can further include attaching one or more single-stranded anchor

strands to one or more oligonucleotides. In some embodiments, one or more anchor

strands are attached to one or more oligonucleotides before annealing. In some

embodiments, the method further includes chemically modifying the oligonucleotide

junction.

[001 1] In another aspect, this disclosure relates to a method of targeted delivery

of one or more cargo molecules to a subject comprising loading the cargo molecules to

the multi-way oligonucleotide junction disclosed herein, and administering the loaded

oligonucleotide junction to the subject.



[0012] In yet another aspect, this disclosure relates to pharmaceutical or

diagnostic compositions comprising one or more oligonucleotide junctions loaded with

one or more cargo molecules for therapeutic or diagnostic uses.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Figure 1 shows the Northern Blot analysis of the guide strand of various

putative siRNA complexes 24 hours post-transfection of Dicer substrates in HCT1 16.

Dicer processing was reduced when siRNA was attached to adjacent oligo duplexes.

[0014] Figures 2A-2C illustrate examples of various two-way junctions. Single-

stranded overhangs can be attached to the oligonucleotides and act as cargo molecule

attachment sites. The gray box in the junction indicates a possible crosslinking position.

[0015] Figure 3 illustrates an oligonucleotide three-way junction having an oligo

nucleotide core formed by three oligonucleotides, each two forming a complementary

portion, and each oligonucleotide is attached to a single-stranded anchor strand (strand

A , strand B, or strand C) at one end. The stars * denote the cross-linkers.

[0016] Figure 4 shows an example of a DNA three-way junction core having three

double-stranded arms, each arm having 6 base pairs. The extremity of each arm can

be crosslinked by amine modifications of the terminal amine and the internal amine.

[0017] Figure 5 shows an example of a 5-way junction with unequal length arms

and non-base-paired bases in the center. Possible cross-linking positions are indicated

by gray boxes. Cargo attachment sites are not shown.

[0018] Figure 6 (edited from a publication by Fleige et al. (10)) illustrates the

process of a three-way oligonucleotide junction which is stable outside the cell

dissolving inside the cell.

[0019] Figure 7A shows an example of an unloaded three-way junction, where

strands A , B, C are anchor strands for binding to cargo molecules and delivery ligand.

In this illustrated example, the junction is used for delivery of different siRNAs and

therefore, anchor Strand A and anchor Strand C are guide strands for STAT3 siRNA

and HDAC8 siRNA, respectively, and anchor Strand B binds a delivery ligand. Figure



7B shows an example of a three-way junction loaded with a delivery ligand, STAT3-

siRNA and HDAC8-siRNA. * denotes the cross-linker.

[0020] Figure 8 shows a released synthetic dicer substrate that is the projected

result of the dissociation of an oligonucleotide junction. The passenger strand can be,

for example, an siRNA, and the single-stranded overhang represents the component

strand of the junction which has been released.

[0021] Figure 9 illustrates an example of a nanostructure formed by 4-way

oligonucleotide junctions in a branching network. The junctions are connected by base-

pairing. The gray boxes indicate possible crosslinking positions.

[0022] Figure 10 illustrates another example of a nanostructure formed by 4-way

oligonucleotide junctions in a 2D array. The junctions are connected by base-pairing.

The gray boxes indicate possible crosslinking positions.

[0023] Figure 11A shows an example of multiple 4-way junctions attached to a

DNA origami. Figure 11B shows an example of a single 4-way junction functioning as a

"hub" and attached to multiple DNA origamis.

[0024] Figure 12 shows an example of multiple 4-way junctions attached to a

nanoparticle.

[0025] Figure 13 shows an example of multiple 4-way junctions attached to an

antibody.

[0026] Figure 14A shows urea-denaturing PAGE electrophoresis analysis of the

yield of three-way junction before optimizing the reaction conditions. Figure 14B shows

urea-denaturing PAGE electrophoresis analysis of the yield of three-way junction after

optimizing various reaction conditions. * denotes a DNA core without cargo molecules.

[0027] Figure 15 illustrates the design of a 6-way junction, where unequal length

arms l-VI and single-stranded domains (A-F) attached to the arms are shown β

represents the number of unpaired bases in the center, which can be varied.

[0028] Figure 16 illustrates the design of the 6-way junction of Figure 15 , with

unequal length arms l-VI and possible cross-linking sites 1-5.



[0029] Figure 17 illustrates the design of a nanostructure including a three-way

junction core, with each arm attached to a two-way junction. The other end of each of

the two-way junctions can be attached to a cargo molecule such as an siRNA or a

delivery ligand targeting a cell.

[0030] Figure 18 illustrates the dissociation process of a nanostructure disclosed

herein in the intracellular environment.

[0031] Figure 19 illustrates the multi-step synthesis process for a nanostructure

including a three-way junction core, with each arm attached to a two-way junction.

[0032] Figure 20 illustrates the molecular modeling of a 7 base-pair two-way

junction, where the 5' ends of the component strands are 12.28 Angstroms apart, and

the 3' ends are 30.1 3 Angstroms apart. Thus, the 5' ends can be good attachment

points for a cleavable cross-linker.

[0033] Figure 2 1 shows that dissociating and non-dissociating three-way

junctions demonstrated similar knockdown efficiency when transfected with L2K. The

results of dual luciferase readout for STAT3 at 48 hours are shown in the figure. BS3

(Sulfo-DSS) is bis(sulfosuccinimidyl)suberate, an amine-to-amine crosslinker that is

homobifunctional, water-soluble, non-cleavable and membrane impermeable.

[0034] Figure 22 shows a urea-denaturing gel electrophoresis analysis for cross-

linked three-way junction and two-way junction incubated in transfection media

(McCoy's media) at different time points.

DETAILED DESCRIPTION

[0035] Disclosed herein are oligonucleotide-nanostructures for delivering

combinations of therapeutics such as siRNAs, DNA or RNA aptamers, drugs or

prodrugs, small molecules, antibodies, nanoparticles, radioisotopes, fluorophores, etc.

These nanostructures augment advantages of oligonucleotide self-assembly with the

utilization of cleavable cross-linkers to combine high stability in systemic circulation with

spontaneous disassembly and therapeutics release in the cytosol, which substantially

improves the biological activity.

[0036] Oligonucleotides such as DNA and RNA strands are easily programmable



resulting in well-defined molecular assemblies with precisely controlled size, cargo

molecule density, and surface ligand presentation. There are existing DNA/RNA

nanostructures for therapeutic delivery purposes. For example, an RNA nanoring

structure and a trivalent RNA nanoparticle can be used for delivering cargo molecules

(7-8). In these structures, the cargo molecules are attached to the junction of each

structure and folic acid is used as delivery ligand. Some examples of the cargo

molecules delivered by these structures include siRNAs (surviving, metallothionein-IIA,

BRACAA1 ) , ribozymes (HBV-cleaving ribozyme), and aptamers (malachite green dye

aptamer). Lee et al. disclose a tetrahedral DNA nanoparticle having cargo molecules

(e.g. luciferase-siRNAs) attached to the junction of the tetrahedral DNA nanoparticle

and also using folic acid as delivery ligand (9). Additionally, Sabir et al. disclose a DNA

3-way junction which is in a Y-shaped, pyramidal structure and has an unpaired cav ity

like central point in solution (3). Despite the progress in the art, DNA and RNA

nanostructures have not reached a sufficient level of biological activity to obtain

significantly improved clinical outcome.

[0037] Dicer is an enzyme that cleaves double-stranded RNA and pre-microRNA

into small interfering RNA (siRNA) and microRNA, thereby facilitating RNA interference.

As shown in Figure 1, the experiment carried out herein demonstrates that the dicer

processing was significantly decreased when the siRNA was attached to adjacent

oligonucleotide duplexes. Surprisingly, the Dicer processing of a synthetic Dicer

substrate can be slowed or inhibited by the presence of additional oligonucleotide

duplexes or structures connected to the synthetic Dicer substrate. This finding indicates

that the conventional oligonucleotide nanostructures used to deliver siRNAs and Dicer

substrates can compromise the biological activities of the siRNAs or synthetic Dicer

substrates in the cells. This experiment demonstrates that the existing nanostructures

have limited clinical uses because they are difficult to dissociate in the cell. Therefore,

there is a need to provide a delivery structure that is stable in circulation while easy to

dissociate upon delivery to a biological target, e.g., in the cytosol, to release the cargo

molecules.

[0038] Thus, disclosed herein are nanostructures, e.g., a metastable

oligonucleotide junction that dissociates in the cytosol upon degradation of reducible



cross-linkers. As used herein, "metastable" means that the oligonucleotide junction is

stable during storage or circulation until it enters a specific biological environment where

the junction becomes unstable and readily dissociates. For example, when the

oligonucleotide junction specifically targets the cytosol, linkers containing disulfide

bonds can be used such that the junction dissociates in the presence of high

intracellular concentration of reduced glutathione causing reducing of the disulfide

bonds. In another example, oligonucleotide junctions containing pH cleavable linkers

can be used to target endosomes or lysosomes such that the junctions dissociate at a

lower pH condition. As for oligonucleotides containing enzyme cleavable linkers,

dissociation can occur in the cytosol, the endosome, the lysosome, or even extracellular

environment where enzymes such as matrix metalloproteases that are present in

specific tissues such as tumors or regions of local inflammation can cleave specific

enzymatic substrates.

Multi-way oligonucleotide junctions

[0039] In one aspect, this disclosure relates to an oligonucleotide junction. The

junction disclosed herein can be used for nano-based simultaneous, multifunctional

delivery of various cargo molecules. The junction is formed by two or more

oligonucleotides, including DNA, RNA, and synthetic oligonucleotides. Multi-way

junctions can be formed by multiple oligonucleotides. For example, a two-way junction

can be formed by two oligonucleotides via complimentary binding of a portion of the

oligonucleotides to form a double-stranded arm. Likewise, a higher level

oligonucleotide junction such as a three-way, four-way, five-way, six-way, seven-way,

eight-way, nine-way, ten-way junction having multiple double-stranded arms can be

formed by 3 , 4 , 5 , 6 , 7 , 8 , 9 , or 10 oligonucleotides. Higher level oligonucleotide

junctions can be formed by even more oligonucleotides.

[0040] The double-stranded arms of each oligonucleotide junction can have the

same length or different lengths. In some embodiments, the double-stranded arm has a

length of between 4 and 15 base pairs, for example, 4 bp, 5 bp, 6 bp, 7 bp, 8 bp, 9 bp,

10 bp, 11 bp, 12 bp, 13 bp, 14 bp, or 15 bp. For a multi-way oligonucleotide junction

having multiple double-stranded arms, the double-stranded arms may have the same



length or different lengths. Further, one or more arms can be cross-linked by one or

more cross-linkers which are degradable upon entry into cytosol.

[0041] Once administered to a subject, the oligonucleotide junctions disclosed

herein are stable in circulation but can easily dissociate upon entry into cytosol to

release the cargo molecule. The stability of the oligonucleotide junctions can be

optimized by varying different factors. For example, the length of the double-stranded

arm can be optimized: if the double-stranded arm is too short, the junction may be

unstable and dissociate before entry into cytosol; if the double-stranded arm is too long,

the junction may be too stable and fail to dissociate in the cytosol to release the cargo

molecule. Cross-linking one or more double-stranded arms with one or more cross-

linkers can further improve the stability of the oligonucleotides. In some embodiments,

the cross-linker is a reducible cross-linker which degrades upon entry into cytosol. The

number of double-stranded arms that are cross-linked, the location of the cross-linker in

the double-stranded arm, the type of the cross-linker, and/or the number of the cross-

linkers in each double-stranded arm can be varied to achieve the desired stability of the

oligonucleotide junction. For example, an oligonucleotide junction having a longer

double-stranded arm may require less strength of crosslinking.

[0042] The multi-way oligonucleotide junctions disclosed herein has a size

smaller than the prior-art oligonucleotide nanostructures. Due to their large sizes, the

prior-art nanostructures are difficult to dissociate to release the cargo molecules. The

smaller size of the oligonucleotide junctions disclosed herein is also beneficial for

extravasation and tissue penetration. Moreover, smaller junctions lead to faster renal

clearance. If a larger size of nanostructures is required, the junctions disclosed herein

can be made bigger by complexation, by adding pendant molecules, e.g., PEG, by

attaching to an antibody, or by attaching to large molecules such as cholesterols such

that the junction can be associated with serum proteins such as albumins.

[0043] In some embodiments, the junctions disclosed herein can be self-

assembled at a lower temperature such as at 4°C by Watson-Crick base-pairing and

then covalently stabilized by crosslinkers that bridge proximal attachment sites on

complementary strands. The crosslinkers reinforce the junctions against disassembly at



a higher temperature such as at 37°C and biochemical degradation during delivery, and

allow the constructs to be unusually compact compared to normal nucleic acid junctions

stabilized by Watson-Crick base-pairing alone. Thus, the junctions disclosed in these

embodiments have a more compact 3D structure and reduced amount of negative

charge to further facilitate the in vivo delivery of these junctions. By using cleavable,

reducible, or acid labile crosslinkers, the junction can be engineered to dissociate at a

specific stage of the delivery process. For example, disulfide-based crosslinkers can be

used for assembly and efficient crosslinking to obtain compact junctions. The junctions

disclosed herein are highly stable in extracellular media but can readily dissociate in

reducing environments such as the cytosol. Junctions with two or more arms can carry

two or more different siRNAs. This allows RNAi knockdown against two or more

independent targets in the same cell. When an siRNA is delivered with a dissociating

junction along with other siRNAs, its RNAi activity is not decreased compared to the

same siRNA delivered on its own.

[0044] Figures 2A-2C illustrate various examples of two-way oligonucleotide

junctions, each oligonucleotide can be attached to a single-stranded overhang

functioning as cargo molecule attachment sites. For example, the middle portions of the

oligonucleotides complementarily bind to each other to form a double-stranded arm

such that both ends of each oligonucleotide are single-stranded overhangs (Figure 2A).

In other embodiments, the double-stranded arms can be at both ends of the

oligonucleotides with non-base-paired bases in the center, and a single-stranded

overhang can be attached to each oligonucleotide (Figure 2B). Alternatively, an end

portion of the oligonucleotide complementarily binds to an end portion of the other

oligonucleotide to form a double-stranded arm such that the other non-binding end of

each oligonucleotide is a single-stranded overhang (Figure 2C). In view of this

disclosure, one of ordinary skill in the art can select a desired configuration for a

particular two-way junction or a higher level junction. In some embodiments, the single-

stranded overhang comprises or attaches to a cargo molecule or to a ligand targeting a

specific cell type. In some embodiments, the single-stranded overhang attaches to

another oligonucleotide junction. The double-stranded arm has a length of 4 bp, 5 bp, 6



bp or 7 bp. Furthermore, nucleotides at any location of the double-stranded arm can be

cross-linked to increase stability.

[0045] Figure 3 shows an example of an oligonucleotide three-way junction. The

oligonucleotide three-way junction disclosed herein comprises an oligonucleotide core

formed by three oligonucleotides, wherein the two ends of each oligonucleotide

complementarily bind to the two other oligonucleotides, and at least a portion of each

end of each oligonucleotide complementarily binds at least a portion of one end of each

of the two other oligonucleotides to form a double-stranded arm such that the three

oligonucleotides form a three-way junction core having three double-stranded arms. In

some embodiments, each oligonucleotide has a length of 10 nucleotides to 100

nucleotides. In some embodiments, each double-stranded arm comprises 15 base

pairs, 14 base pairs, 13 base pairs, 12 base pairs, 11 base pairs, 10 base pairs, 9 base

pairs, 8 base pairs, 7 base pairs, 6 base pairs, 5 base pairs, or 4 base pairs. The arms

can have the same length or different lengths. Figure 4 shows an example of a DNA

three-way junction core having three double-stranded arms, each arm having 7 base

pairs. The extremity of one or more arms can be crosslinked, for example, by amine

modifications of the terminal amine and the internal amine. In this example, 3,3'-

dithiobis(sulfosuccinimidylpropionate) (DTSSP) is used as the cross-linker.

[0046] As disclosed herein, a multi-way oligonucleotide junction can be formed by

multiple oligonucleotides. Thus, an N-way oligonucleotide junction can be formed by

incorporating N oligonucleotides, wherein N represents an integer from 3 to 15 . Figure

5 illustrates a 5-way junction core with unequal length arms and non-base-paired bases

in the center. The number of the non-base-paired bases in the center is represented by

β , which can be 1-50 bases. The size of the non-based paired center can be varied to

provide desired instability of the junction such that the junction can dissociate faster

once the cross-linker is cleaved upon entry into the cell. During storage or circulation,

the cross-linker can provide sufficient stability of the junction. Possible cross-linking

positions are indicated by gray boxes. Cargo attachment sites are not shown in this

figure. In some embodiments, the multi-way oligonucleotide junction is an RNA junction

in which the RNA sequences do not form base pairs. By varying β , the size of the non-

base-paired center can be varied such that the RNA sequences can have tertiary



interactions that set the arms at specific angles relative to each other. In some

embodiments, the non-base-paired bases may be chemically modified to function as

attachment sites for certain chemical linkers. In some embodiments, varying the size of

the non-base-paired center can increase or decrease the melting temperature of the

junction. In some embodiments, varying the size of the non-base-paired center

provides a way to modulate the rotational flexibility of the arms relative to one another.

Various designing software (e.g., Nupack, RNA Bricks26) can be used to calculate the

algorithms of different non-based paired sequence and predict the secondary or tertiary

structure of the junction.

[0047] As a result of the small size of the junction core comprising the double-

stranded arm(s), the oligonucleotide junctions disclosed herein is intrinsically unstable

and dissociates spontaneously at body temperature (for example, 37°C). In some

embodiments, one or more arms are covalently cross-linked in the middle or at the

extremity. The disulfide-bonds containing cross-linkers further stabilize the

oligonucleotide junction outside the cell such that the oligonucleotide junction does not

dissociate before being internalized into the cell. The cross-linker can contain chemical

moieties that dissociate only under certain conditions, making the junction stable at a

temperature between about 4°C and about 37°C. For example, a disulfide-bond

containing cross-linker can be used such that the crosslinked oligonucleotide three-way

junction is stable in an extracellular environment where glutathione (GSH) is at a low

concentration of 2-20 µΜ. Upon entry into an intracellular environment having GSH at a

high concentration of 2-10 mM, reduction of disulfide-bond in the GSH rich environment

facilitates dissociation of the oligonucleotide junction, thereby to release the cargo

molecules carried by the oligonucleotide junction into the intracellular environment. The

small size of the oligonucleotide junction core having a limited number of base pairs in

each arm results in weak base paring between the complementary oligonucleotides,

which allows easy dissociation of the junction once the cross-linkage is broken, further

facilitates release of the cargo molecules into the intracellular environment. In some

embodiments, the cross-linker is 3 , 3'-dithiobis(sulfosuccinimidyl propionate) (DTSSP).

DTSSP is a water-soluble cross-linker that contains sulfo NHS-ester ends at each

extremity. Sulfo-NHS esters can react with primary amines added on the DNA strands



(pH 7-9). The central disulfide bond is cleaved in the reducing glutathione-rich

intracellular environment. Other cross-linkers also can be used, as detailed in this

disclosure. For example, chemically labile linkers including acid-cleavable linkers (e.g.,

hydrazine, which remains stable at neutral pH during circulation and hydrolyses in the

acidic cellular compartments), and reducible linkers including disulfide linkers (e.g.,

DTSSP, dimethyl dithiobispropionimidate (DTBP), and dithiobis(succinimidyl propionate)

(DSP)) can be used. Various approaches are known in the art to reversibly cross-link

oligonucleotides, including but not limited to disulfide crosslinking, crosslinking via click

chemistry, photo-crosslinking, etc. Figure 6 (edited from a publication by Fleige et al.

(10)) illustrates the process of a three-way oligonucleotide junction stable outside the

cell dissolving inside the cell.

[0048] Two or more oligonucleotides can be annealed to form the multi-way

junction disclosed herein. The process of annealing allows at least a portion of each

oligonucleotide to base-pair with at least a portion of another oligonucleotide. In some

embodiments, annealing can be done by increasing the temperature to melt all existing

secondary structures, and then cooling to form thermodynamically favored structures.

In some embodiments, constant temperature binding can be performed such that at

least a portion of each oligonucleotide can complementarily bind to a portion of another

oligonucleotide at a certain temperature, e.g., at 4°C, 25°C, 37°C, 50°C, or 60°C. In

some embodiments, annealing can be done by changing the salt concentration at a

constant temperature. For example, annealing starts at 15°C, 0 M NaCI, and then

progressively adding NaCI until reaching 1 M NaCI such that the oligonucleotides can

be annealed.

Loading of oligonucleotide junctions

[0049] One or more cargo molecules can be loaded onto the oligonucleotide

junction, and the same or different cargo molecules can be loaded onto each

oligonucleotide junction. Thus, the oligonucleotide junction disclosed herein can be

used for simultaneous, multifunctional delivery of various cargo molecules. In some

embodiments, one end of an oligonucleotide of the junction is further attached to a

single-stranded anchor strand. For a multi-way oligonucleotide junction, at least one



single-stranded anchor strand can bind to an anchor pairing (AP) strand. The AP strand

can comprise a cargo molecule (e.g., an siRNA or a DNA or RNA aptamer) or can be

attached to a cargo molecule. Various cargo molecules can be delivered using the

oligonucleotide junctions disclosed herein. In general, many small molecules and

macromolecules can be conjugated to either or both of the anchor strand and the

anchor pairing strand due to very versatile oligonucleotide attachment chemistry,

including but not limited to amine-NHS ester conjugation, thiol conjugation, "click" linking,

etc. Alternatively, small molecules or macromolecules can be directly attached to the

junctions via linkers. In the embodiments where the cargo molecules are siRNAs, DNA

or RNA aptamers, these cargo molecules can be loaded to the junctions by

complementary binding to one or more anchor strands.

[0050] In some embodiments, at least one single-stranded anchor strand binds to

a delivery ligand such that the oligonucleotide junction can target a specific type of cells.

In some embodiments, the anchor strands are attached to the 3' end of each

oligonucleotide of the junction. In other embodiments, the anchor strands are attached

to the 5' end of each oligonucleotide of the junction.

[0051] In some embodiments, a cargo molecule can be attached to an

oligonucleotide junction via a cleavable linker, such that the cargo molecule can be

released upon entry into a cell. Various cleavable linkers can be used for the

technology disclosed herein. 22 23 For example, chemically labile linkers including acid-

cleavable linkers (e.g., hydrazine, which remains stable at neutral pH during circulation

and hydrolyses in the acidic cellular compartments), and reducible linkers including

disulfide linkers (e.g., DTSSP, dimethyl dithiobispropionimidate (DTBP), and

dithiobis(succinimidyl propionate) (DSP)) can be used to attach a cargo molecule to an

oligonucleotide junction. These reducible linkers provide sufficient stability when the

cargo molecules loaded junctions are in circulation but the cargo molecules can easily

dissociate in the presence of high concentration of reduced glutathione in intracellular

compartments (2-10 µΜ) compared to extracellular environment (2-20 nM). In addition,

reduced glutathione concentration is 1000-fold higher in some tumor cells than in

normal cells such that the cargo molecules are more preferentially released in tumor

cells.



[0052] In some embodiments, enzyme-cleavable linkers including peptide based

linkers which are cleavable by intracellular proteases can be used for attachment of

cargo molecules. Some examples include valine-citrulline dipeptide linker,

phenylalanine-lysine dipeptide linker, etc.

[0053] Depending on the type of the cargo molecules, different techniques can be

used to attach the cargo molecules onto the junctions. For example, amine reactive

fluorophores, aldehyde reactive fluorophores, carboxylic acid reactive fluorophores, thiol

reactive fluorophores, etc. are commercially available and can be readily attached to

oligonucleotide junctions disclosed herein.

[0054] The oligonucleotide junctions disclosed herein can achieve targeted

delivery of multi-functional cargo molecules simultaneously. Using a three-way

oligonucleotide junction as an example, one anchor strand can bind to a STAT3-siRNA,

and another anchor strand can bind to an HDAC8-siRNA such that the loaded three-

way junction simultaneously targets signal transducer and activator of transcription 3

(STAT3) and histone deacetylase 8 (HDAC8), which are known to promote

tumorigenesis. The third anchor strand can bind to a delivery ligand that specifically

targets the tumor cells. Such an oligonucleotide three-way junction loaded with STAT3-

siRNA and HDAC8-siRNA can be used for treating Acute Myeloid Leukemia (AML).

Figure 7A shows an example of an unloaded three-way junction, and Figure 7B shows

an example of a three-way junction loaded with a delivery ligand, STAT3-siRNA and

HDAC8-siRNA.

[0055] In some embodiments, either or both of the anchor strand and the anchor

pairing strand are attached to a cargo molecule that is a drug or prodrug, a small

molecule, a macromolecule (e.g., a protein or an antibody), a nanoparticle, a

radioisotope, or a fluorophore such that the cargo molecule can be loaded to the

junction via complementary binding between the anchor strand and the anchor pairing

strand.

Chemical modifications of oligonucleotide multi-way junction

[0056] The oligonucleotide multi-way junction disclosed herein can be further

chemically modified. For example, some chemical modifications include but are not



limited to amine modifications, alkyne modifications, phosphorothioate bond

modification, 2'-O-methyl modification, C 3 spacer on the amine linkers.

[0057] Amines are the attachment sites for various cross-linkers. Various 5'-

amino-modifiers are known in the art and commercially available. Additionally, thiol

modification can be used to form disulfide linkages. "Click" chemistry is another

approach used for synthesis of various conjugates with small molecules such as

fluorores, biotins and other biomolecules to be attached to chemically modified

oligonucleotide junctions. For example, the oligonucleotides can be alkyne modified

such that they can be conjugated to a biomolecule labeled with an active azide group in

the presence of a catalyst (e.g., copper). Alternatively, the oligonucleotides can be

modified to add an azide group such that they can be conjugated to a biomolecule

containing alkynes in the presence of a catalyst (e.g., copper). Other "click" reactions

may not require the presence of a catalyst. For example, the oligonucleotides can be

modified to add an azide group or a dibenzo-cyclooctyne (DBCO) structure such that

they can be conjugated to a cargo molecule modified by DBCO or azide via reactions

between DBCO and azide.

[0058] Phosphorothioate bond modification is an oligonucleotide modification that

replaces a phosphodiester bond between the bases in a standard oligonucleotide

linkage with a phosphorothioate bond, which renders the modified oligonucleotide more

resistant to nuclease degradation. In some embodiments, one or more

phosphorothioate bonds are introduced to one or more oligonucleotides of the three-

way junction. In some embodiments, one or more phosphorothioate bonds are

introduced between the nucleotides at the 5' end of the oligonucleotides. In some

embodiments, one or more phosphorothioate bonds are introduced between the

nucleotides at the 3' end of the oligonucleotides. In some embodiments, one or more

phosphorothioate bonds are introduced internally. Phosphorothioate bonds can be

used at any location of the oligonucleotides in the junction or in the cargo molecule to

improve stability and pharmacokinetics.

[0059] In some embodiments, 2'-O-methyl modification can be used to modify

small RNAs, e.g., antisense oligos, to increase stability and binding affinity to the targets.



Various modified oligos known in the art can be used in the technology disclosed

herein. 24 25

[0060] In some embodiments, non-oligonucleotide spacers such as C 3 spacer or

Peg can be added on the amine linkers for attachment of fluorophores or other small

molecule drugs.

[0061] As shown in Figure 8 , once an oligonucleotide junction (using a synthetic

dicer substrate as an example) is released and dissociates in a cell, the single-stranded

DNA overhang is released from the component oligonucleotide of the junction. The

presence of a single-stranded oligonucleotide can lead to undesired degradation of the

junction carrying therapeutic cargo molecule, e.g., an siRNA, by exonuclease activity.

The chemical modifications disclosed herein can control exonuclease degradation so

that the single-stranded overhang can be removed by the cell itself without degradation

of the therapeutic cargo molecule.

Optimization of the yield of oligonucleotide multi-way junctions

[0062] By the standard annealing and crosslinking procedures, about 25% of an

oligonucleotide junction can be produced. However, optimizing the reaction conditions

can result in a significantly improved synthesis efficiency, increasing the yield of the

oligonucleotide junction from about 25% to up to about 75%. The reaction conditions

that can be optimized include, for example, the concentration of the cross-linker, the

choice of a specific crosslinking buffer, the salt concentrations and/or pH of all buffers

used in the reactions, and the concentrations of the single-stranded oligonucleotides to

be attached to the three-way junction (e.g., the concentrations of the anchor strands).

Nanostructures

[0063] Multi-way oligonucleotide junctions disclosed herein can be linked,

attached or conjugated to each other to form larger nanostructures. Figure 9

demonstrates a nanostructure formed by 4-way junctions, however, any N-way junction

can be incorporated into a nanostructure. As shown in Figure 9 , each of the outer

junctions can have additional attached oligonucleotide junctions or structures to form a

multi-generation dendrimer. The 4-way junctions can be linked in different



configurations. In another example shown in Figure 10 , the 4-way junctions can form a

2D array.

[0064] Additionally, multiple oligonucleotide junctions can be attached to another

type of oligonucleotide nanostructure or, alternatively, a single oligonucleotide junction

can be attached to multiple other oligonucleotide nanostructures. As shown in Figure

11A and 11B, multiple 4-way junctions can be attached to one DNA origami structure

( 1 1A), or a single 4-way junction can be attached to multiple DNA origami structures

( B). Various nanostructures, macromolecules, and biomolecules can be delivered by

the multi-way oligonucleotide junctions disclosed herein. For example, Figure 12

illustrates that multiple 4-way junctions can be attached to a nanoparticle, and Figure 13

illustrates that multiple 4-way junctions can be attached to an antibody for delivery into

cells. One or more arms can be attached to one or more delivery ligand for targeted

delivery to desired cell type.

[0065] As disclosed herein, a nanostructure can be formed by attaching two or

more junctions to each other. For example, two, three, four, five, six, or more junctions

are attached to each other to form a nanostructure. In some embodiments, disclosed

herein is a nanostructure comprising a core of a three-way, four-way, five-way junction,

or six-way junction, and a two-way junction attached to each arm of the three-way, four-

way, or five-way junction core. In some embodiments, the core can be a multi-way

junction having more than six arms, with each arm attached to a two-way junction, and

a cargo molecule or delivery ligand loaded to the other end of the two-way junction not

attached to the core. As illustrated in Figure 17 , a nanostructure disclosed herein is

formed by a three-way junction core, and three two-way junctions, each two-way

junction attached to an arm of the three-way junction core. In alternative designs, the

core of such a nanostructure can be a four-way, five-way, six-way, seven-way, or eight-

way junction, and each of the two-way junctions can have one end attached to the four-

way, five-way, six-way, seven-way, or eight-way junction core and the other end

attached to a cargo molecule such as an siRNA or a delivery ligand targeting a cell. In

some embodiments, the multi-way junction core of the nanostructure is stabilized by

chemical modifications such as 2'-O-methyl modification and lock nucleic acid bases

(LNA).



[0066] The nanostructures disclosed in the foregoing paragraph has a core that

remains stable in both of the extracellular and the intracellular environment. As

illustrated in Figure 18 , in the intracellular environment, the siRNAs are released by the

dissociation of the metastable two-way junctions that serve as attachment points to the

three-way junction core. The dissociation of the two-way junction occurs due to the

cleavage of the disulfide bonds stabilizing the junction in the high glutathione

concentration environment of the cytosol.

[0067] As discussed above, the junctions can be modified by cleavable cross-

linkers. Using a two-way junction as an example, Figure 20 illustrates that by varying

the length of the two-way junction, the distance between the 5' ends can be optimized to

become good attachment points for a cleavable cross-linker.

[0068] Having described the invention with reference to the embodiments and

illustrative examples, those in the art may appreciate modifications to the invention as

described and illustrated that do not depart from the spirit and scope of the invention as

disclosed in the specification. The examples are set forth to aid in understanding the

invention but are not intended to, and should not be construed to limit its scope in any

way. The examples do not include detailed descriptions of conventional methods.

Such methods are well known to those of ordinary skill in the art and are described in

numerous publications. Further, all references cited above and in the examples below

are hereby incorporated by reference in their entirety, as if fully set forth herein.

EXAMPLES

Example 1: Dicer processing of synthetic dicer substrate

[0069] In this experiment, synthetic Dicer substrates with different secondary

structures adjacent to the 25 base-pair RNA duplex were tested in human HCT1 16

colon cancer cells for efficiency of Dicer processing.

[0070] Each construct shown was transfected into HCT1 16 cells using

Lipofectamine 2000 according to the manufacturer's instructions. 24 hours later, the

cells were lysed, the total cellular RNA was extracted. This RNA material was run

through a denaturing polyacrylamide gel, transferred to a blotting paper, and probed by



radioactively labeled oligonucleotide probes complementary to the anchor strand of the

Dicer substrate.

[0071] As shown in Figure 1, the Northern blot results demonstrate that

constructs that did not have additional secondary structure attached near the 5' of the

guide strand (the ones in the boxes) were efficiently processed by Dicer, leading to

appearance of the small band at the bottom of the gel, which was from the cleaved

guide strand. In contrast, those that did have additional secondary structure, showed

no cleavage of the guide strand, meaning that they had not been efficiently processed

by Dicer.

[0072] This experiment shows that additional RNA secondary structures attached

to Dicer substrates and possibly other RNAi substrates could compromise the efficiency

of enzymatic processing of the substrates, and RNAi loading, thereby compromising

their therapeutic activity. This provides motivation for using "metastable" junctions that

can dissociate in intracellular or other treatment pertinent biological environment to

increase efficiency of processing and therefore, the biological activity.

Example 2 : Assembly and loading of oligonucleotide three-way junction

[0073] In a first annealing step, three oligonucleotides were annealed in the

presence of NaCI in a thermocycler over a period of about 75 minutes at three

temperatures: heating to 85°C for 30 seconds followed by a decrease in the

temperature at a rate of 1°C/s, annealing at 60°C for 1 minute, and slowly cooling down

to 10°C at a rate of 0.02°C/s. A three-way junction was assembled after the first

annealing step. Next, the assembled three-way junction was crosslinked in the

presence of 5 mM DTSSP in HEPES buffer supplemented with 50 mM CaC at 5°C for

24 hours. An alternative crosslinking buffer containing salt (NaCI, KCI), divalent ions

(Mg2+, Ca2+) having a pH between 7 and 9 was also used. The cross-linked three-way

junction was then mixed with the delivery ligand and passenger strands in a second

anneal step such that the delivery ligand and passenger strands bound to the ligand

attachment strand and the guide strands, respectively. The second anneal step was

conducted over a period of about 60 minutes at three temperatures: heating to 75°C for

30 seconds followed by a decrease in the temperature at a rate of 1°C/s, annealing at



60°C for 1 minute, and slowly cooling down to 37°C at a rate of 0.02°C/s.

Example 3 : Optimizing the yield of the three-way junction

[0074] This example demonstrates that the yield of the three-way junction was

increased by 3-fold when the crosslinking and annealing reaction conditions were

further optimized. As shown in Figure 14A, the standard procedure resulted in a yield of

about 25% three-way junction. As shown in Figure 14B, the yield of the three-way

junction was improved by optimizing various reaction conditions, such as the

concentration of the cross-linker, the choice of the crosslinking buffer, the salt

concentration and the pH of the reaction buffers, and the reactant (e.g., the anchor

strand) concentration. The combination of these optimized reaction conditions resulted

in an improved synthesis efficiency of about 75%.

Example 4 : Design and construction of a 6-way oligonucleotide junction

[0075] This example illustrates the design process of a 6-way junction in which

several arms are stabilized via reversible crosslinking. Under intracellular conditions, a

portion of this 6-way junction dissociates to release cargo molecules for their

therapeutic functions.

[0076] Figure 15 illustrates the design of a 6-way oligonucleotide junction having

6 unequal length arms: arm I with 4 base pairs, arms I I and III each with 15 base pairs,

arm IV with 11 base pairs, arm V with 9 base pairs, and arm V I with 7 base pairs.

Different arm lengths can be configured to, for example, achieve the desired Tm for the

structure, or, in the case of arms I I and III, for example, be at specific lengths for

projecting different ligands target specific binding in targeted drug delivery.

[0077] The 6-way junction also has multiple domains with no canonical Watson-

Crick base-pairing. For example, domain A is a 15-base domain designed to be an

adapter for binding an additional ligand, domain B is a 10-base terminal loop, e.g., an

aptamer, domain C is another 10-base terminal loop, e.g., a second aptamer, domain D

is a 15-base adaptor for binding an additional ligand, domain E is a 27-base guide

strand for binding a cargo molecule, e.g., an siRNA, and domain F is another 27-base

guide strand for binding a second cargo molecule, e.g., a second siRNA. Domains B



and C together, for example, can be used for bivalent binding to one or two different cell

surface receptors. The cargo molecules (e.g. siRNAs) can be the same or different.

[0078] Automated design applications such as NUPACK (http.//nupack org ) a

web-based application, can be used to optimized the design of the 6-way junction. The

NUPACK application , analysis algorithms 2 14 and design algorithms 5 18 were

described in prior publications.

[0079] In this example, a 6-way DNA junction was designed with the temperature

set at 15°C, the number of designs set at 10 , and the ion concentrations set at 1.0 m of

sodium. The sequences of the siRNA guide strands in two of the overhangs were also

included in the algorithm. Additionally, undesirable sequences such as GGG and CCC

were avoided to prevent formation of G quadraplexes, and WWWW (representing A T

or A U base pairing) was also avoided to prevent A T or A/U rich base pairing resulting

in unstable regions. A set of strand sequences was selected based on low errors and

no obviously problematic domains from the NUPACK design results:

Strand 1, 5'->3' (SEQ ID NO: 1):

TTTCTTTC ATCTAC CACCGCATCGGAAGTG CCGGACGCCTTTCCTAGTC CGGCACT

TCCGAGCTGCGGTGACTGAAGAGCAAGACAGTCACCGCAGCCATGTTACGGCGA

CATCATTCACCTCACT

Strand 2, 5'->3' (SEQ ID NO: 2):

GTCGCCGTAACTACAATCAACGCCACCTCTCCACCTCCAAACCACCAAC

Strand 3, 5'->3':

CGTTGATTGCTCGCCGACTTTCCACCACCTCCACTCTACACAC

Strand 4, 5'->3' (SEQ ID NO: 3):

CGGCGAGTAGCGG

[0080] The results showed that 99% of the strands were expected to assemble

into the correct complex at 15°C, 1 µΜ strand concentration for each strand and 1 M

NaCI concentration.



[0081] Next, the stability of the 6-way junction design in the cellular environment

under nominal expected conditions were analyzed using NUPACK. The test conditions

were varied according to the conditions under which disassembly was desired, for

example, temperature at 37°C, strand concentration at 1 nM for each strand, NaCI

concentration at 200 mM, MgC concentration at 2 mM. These conditions led to almost

complete disassembly of the 6-way junction, indicating that this design of the 6-way

junction is acceptable.

[0082] For carrying siRNAs, the guide strand portions of the siRNA can be

changed to RNA oligonucleotides. In addition, some nucleotides have to be changed

into chemically modified oligonucleotides. Currently, there are no computational tools

that are capable of predicting the secondary structure of a mixed RNA/DNA chimera

structure with modified nucleotides. However, a DNA design that is able to assemble

into the designed nanostructure with high yield can have portions changed into RNA

without compromising the assembly. Further modifications can be made taking into

consideration that RNA: RNA base-pairs are more thermodynamically stable than

RNA:DNA base-pairs.

[0083] The secondary structure of the design of the 6-way junction for RNA

strands of the identical sequence was analyzed at a temperature of 15°C or 37°C,

strand concentration at 1 µΜ or 1 nM for each strand, and NaCI concentration at 1 M .

The sequence for each strand is as follows:

Strand 1, 5'->3' (SEQ ID NO: 4):

UUUCUUUCAUCUACCACCGCAUCGGAAGUGCCGGACGCCUUUCCUAGUCCGGC

ACUUCCGAGCUGCGGUGACUGAAGAGCAAGACAGUCACCGCAGCCAUGUUACG

GCGACAUCAUUCACCUCACU

Strand 2, 5'->3' (SEQ ID NO: 5):

GUCGCCGUAACUACAAUCAACGCCACCUCUCCACCUCCAAACCACCAAC

Strand 3, 5'->3' (SEQ ID NO: 6):

CGUUGAUUGCUCGCCGACUUUCCACCACCUCCACUCUACACAC



Strand 4, 5'->3' (SEQ ID NO: 7):

CGGCGAGUAGCGG

[0084] Results at the putative assembly condition of 15°C and 1 µΜ strand

concentration showed 98% assembly yield for the RNA version of the junction. Results

at the putative intracellular condition of 37°C and 1 nM strand concentration showed

likely disassembly. Thus, the designed sequences can be used either for a DNA based

junction or an RNA based junction.

[0085] After sequence design and analysis, cross-linkers can be placed at

selected positions on the junction, as shown in Figure 16. For example, arms I I and III

are internal secondary structures in strands designed for carrying ligands and aptamers

that help in vivo delivery. Therefore, arms I I and III are not crosslinked. Cross-linking

sites 1-5 for arms I , IV, V and V I can be placed as shown as the gray boxes in Figure 16.

[0086] When considering the placement of locations for cross-linkers, it's

necessary to consider the distance between neighboring cross-linkers. More than one

cross-linker can be placed in each arm, e.g., cross-linking sites 3 and 4 are both located

on arm V.

[0087] Cross-linking sites should be spaced so that a cross-linker binds

unambiguously to a specific pair of attachment sites. For example, at the positions

indicated in Figure 16, crosslinking sites 3 and 4 are spaced by 8 base-pairs. This

means that these two sites are spaced ~ 2.7 nm apart for a DNA arm and 2 nm apart for

an RNA arm. When a cross-linker longer than 2 nm is used, it is possible that the

cross-linker intended to crosslink the bases at site 4 erroneously links one base at site 3

and another base at site 4 . This erroneous cross-linkage would decrease control over

the crosslinked configuration of the junction. Thus, the crosslinking sites should be

spaced at a greater distance than the length of the cross-linker molecule so that

crosslinking of the specific bases is achieved.

[0088] Several methods can be used to assess whether there is sufficient

distance between the crosslinking sites. For example, the crosslinking sites should be

placed at a distance greater than the maximum extended length of the cross-linker



molecule; use molecular simulations to determine whether a particular cross-linker can

reach from one crosslinking site to another crosslinking site; or experimentally generate

a particular oligonucleotide junction, check the pattern of crosslinking by cutting the

junction using nucleases to analyze the pattern of fragments on denaturing gels or using

mass spectrometry, and deduce whether crosslinking is specific to each site as desired

or there is random crosslinking between different sites.

[0089] Random crosslinking can be reduced by varying crosslinking sites or

adjusting attachment chemistry. The same attachment chemistry or different

attachment chemistries can be used for all crosslinking sites. For example, if two

crosslinking sites are too closely spaced, amine attachment at one site and click

attachment at the other site can be used to reduce random crosslinking. This would

allow well controlled cross-linkage at both sites even if they are very closely spaced.

[0090] After determining the crosslinking sites, additional chemical modifications

can be made to different domains of the 6-way junction according to the functions of

different domains. For example, loops F and E can be changed to RNA

oligonucleotides and chemically modified RNA base analogues 19 20 are used to improve

function of the cargo siRNA. Furthermore, the aptamer domains in loops B and C can

utilize chemically modified DNA base analogues 2 1 to improve ligand binding as

appropriate.

[0091] If a desired structure, assembly yield, or cross-linker configuration is not

achieved, many design elements can be adjusted to optimize the production of the 6-

way junction. For example, the sequence composition and arm length can be adjusted

to change thermodynamic stability; the crosslinking sites can be moved to achieve

better crosslinking efficiency and control; the crosslinking attachment chemistry can be

changed to improve crosslinking yield; and the chemical modifications can be changed.

Example 5 Synthesis of nanostructure

[0092] This example demonstrates the synthesis process of a nanostructure

illustrated in Figure 19 . To form a three-way junction core, the three component strands

of the three-way junction core were reacted with sulfo-NHS-ester-DBCO linkers to

attach DBCO to primary amines at the ends of the strands. Excess linkers were



removed by ethanol precipitation. And then the DBCO-labeled strands were base-

paired in the thermocycler resulting in a three-way junction core.

[0093] Separately, the delivery ligand and the siRNAs were each reacted with

sulfo-NHS-ester-DBCO linker in step 1, followed by ethanol precipitation to remove

excess linkers, and then linking to Azide-disulfide linker. Subsequently, the delivery

ligand and siRNAs with linkers added were attached to the arms of the pre-formed

three-way junction core via two-way junctions to form a nanostructure.

[0094] This synthesis process is able to improve the yield of the nanostructure

due to reduced amount of incomplete assemblies. Other advantages include, for

example, re-use of the same core for different cargo molecules, and lower cost and

easier sequence design to obtain smaller sized, less complex component strands for

such nanostructures.

Example 6 Delivery of cargo molecule using multi-way junction

[0095] This example compares the knockdown efficiency of the siRNAs delivered

by a three-way junction with the knockdown efficiency of the individual siRNAs when

both were delivered with Lipofectamine.

[0096] The target was the STAT3 gene. A dual luciferase assay was used to

assess the knockdown efficiency of the STAT3 siRNA. Either the three-way junction

carrying the siRNA or a control siRNA without the three-way junction was co-transfected

together with a dual luciferase vector encoding Renilla Luciferase gene with the STAT3

siRNA target site inserted the 3'UTR of the Renilla luciferase mRNA. Lipfectamine 2k

was used to deliver target plasm id and experimental siRNA. The three-way junction

was tested at various concentrations: 2 nM, 0.4 nM and 0.08 nM. In the dual luciferase

system, firefly luciferase acts as an internal control for RNAi activity against Renilla

luciferase. Readings are taken as the ratio between Renilla and firefly luminescence.

As expected, no consistent luminescence change was observed in the firefly control,

and Renilla to firefly ratio changed in response to siRNAs, indicating targeted

knockdown. For STAT3 target plasmid only, luminescence (the Renilla to firefly ratio)

was normalized at 100% with STAT3 target plasmid only without siRNA.



[0097] Individual STAT3 siRNAs were used as a positive control, which

demonstrated high knockdown efficiency. Individual HDAC8 siRNA was used as a

negative control, which showed no knockdown when used with STAT3 target plasm id

and luminescence levels similar to the STAT3 target plasmid only.

[0098] As demonstrated in Figure 2 1 , the three-way junction delivering a

combination of two different siRNAs against two different targets achieved RNAi

knockdown against the STAT3 target that was as efficient as a STAT3 siRNA delivered

by itself without any junction as a delivery vehicle. Thus, the experiment shows that the

junction allowed delivery of siRNAs against combinations of targets without

compromising any knockdown efficiency. Additionally, the disulfide linked three-way

junction (DTSSP-3WJ) and non-dissociating three-way junction (BS3-3WJ)

demonstrated similar knockdown efficiency, indicating that the mechanism of

knockdown was independent from the disulfide cleavage.

[0099] As demonstrated in Figure 22, the three-way junction and two-way

junction were stable in transfection media.
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CLAIMS

1. A multi-way oligonucleotide junction for delivering one or more cargo molecules,

comprising two or more oligonucleotides, wherein at least a portion of each

oligonucleotide complementarily binds to a portion of another oligonucleotide to form a

double-stranded arm, wherein at least one base pair of the double-stranded arm is

crosslinked such that the junction is stable during storage or circulation and readily

dissociate upon delivery to a target, and wherein at least one oligonucleotide comprises

or is attached to at least one single-stranded overhang that is an anchor strand.

2 . The junction of claim 1, wherein the oligonucleotide is a DNA, an RNA, or a

synthetic oligonucleotide.

3 . The junction of claim 1 or claim 2 , wherein anchor strand comprises or is

attached to a cargo molecule.

4 . The junction of claim 1 or claim 2 , wherein the anchor strand binds to an anchor

pairing strand that comprises or is attached to a cargo molecule.

5 . The junction of any one of claims 1-5, wherein the double-stranded arm has a

length of between 3 base pairs and 15 base pairs.

6 . The junction of any one of claims 1-5, wherein the double-stranded arm has a

length of 7 base pairs.

7 . The junction of any one of claims 1-6, wherein the extremity of one or more arms

is crosslinked.

8 . The junction of claim 7 , wherein each extremity of each arm is crosslinked.

9 . The junction of any one of claims 1-8, wherein the extremity of one or more arms

is crosslinked with a cross-linker containing a disulfide bond.

10 . The junction of claim 9 , wherein the cross-linker is DTSSP.



11. The junction of any one of claims 1- 10 , wherein one or more cargo molecules are

loaded onto the junction.

12. The junction of claim 11, wherein the cargo molecules are the same.

13 . The junction of claim 12, wherein the cargo molecules are different.

14 . The junction of any one of claims 1- 13 , wherein the anchor strand binds to a

delivery ligand for targeting a specific type of cells.

15 . The junction of any one of claims 1- 14 , wherein the anchor strand is a guide

strand for binding to a passenger strand.

16 . The junction of any one of claims 1- 15 , wherein the cargo molecule includes an

siRNA, a DNA aptamer, an RNA aptamer, a drug or prodrug, an antibody, an isotope or

a fluorophore.

17 . The junction of claim 15 , wherein one anchor strand is a guide strand that binds

to a STAT3-siRNA passenger strand and the other anchor strand is a guide strand that

binds to an HDAC8-siRNA passenger strand.

18 . The junction of any one of claims 1- 17 , wherein the junction is chemically

modified by an amine modification, a phosphorothioate bond modification, a 2'-0-methyl

modification, or a C3 spacer.

19 . A method of producing a multi-way oligonucleotide junction, comprising:

annealing two or more oligonucleotides to assemble an oligonucleotide junction,

crosslinking the assembled oligonucleotide junction, and

attaching at least one single stranded overhang to at least one oligonucleotide

such that the single stranded overhang functions as an anchor strand.

20. The method of claim 20, further comprising chemically modifying the junction by

an amine modification, a phosphorothioate bond modification, a 2'-0-methyl

modification, or a C3 spacer.



2 1. A nanostructure comprising two or more junctions of any one of claims 1- 19

attached to each other.

22. The nanostructure of claim 2 1, comprising a multi-way junction core, and a two-

way junction attached to each arm of the multi-way junction core.

23. The nanostructure of claim 22, wherein the multi-way junction core is stabilized

by one or more chemical modifications.

24. The nanostructure of claim 22, wherein each of the two-way junction is loaded

with a delivery ligand or a cargo molecule to the end not attached to the multi-way

junction core.
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