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Protecting microRNAs from RNase degradation
with steric DNA nanostructuresy

H. Qian,®® C. Y. Tay,>“® M. |. Setyawati,? S. L. Chia,® D. S. Lee® and D. T. Leong*®

Tumor suppressive microRNAs are potent molecules that might cure cancer, one day. Despite the many
advanced strategies for delivery of these microRNAs to the cell, there are few therapeutic microRNAs in
clinical use. Progress in microRNA bioapplications is hindered by a high vulnerability of exogeneous
microRNA molecules to RNase degradation that occurs in extra- and intracellular physiological
conditions. In this proof-of-concept study, we use a programmable self-assembled DNA nanostructure
bearing a “shuriken” shape to not only deliver but more importantly protect a tumor suppressive
microRNA-145 for a sufficiently long time to exert its therapeutic effect in human colorectal cancer cells.
Our DNA nanostructure harbored complementary sequences that can hybridize with the microRNA
cargo. This brings the microRNA-DNA duplex very close to the core structure such that the microRNA
cargo becomes sterically shielded from RNase's degradative activity. Our novel DNA nanostructure based
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Introduction

Self-assembled DNA nanostructures hold great potential in the
fields of photonics, bioimaging, nanomedicine and biosensing
due to their programmable capability from one to three
dimensions, their biocompatibility, the readiness of their
uptake by cells and their relative stability inside cells. These
capabilities have spawned many interesting strategies for
designing and constructing structures out of DNA; however,
there has not been a deluge of applications arising from these
interesting structures. There are pockets of bioapplications of
these fascinating structures as nanosized carriers of drugs,'”
siRNA,*” peptides®® and in- and out-of-cell sensors.’*** This
window clearly presents an emerging area for the applications
of DNA nanostructures in such fields.

MicroRNA (miRNA) is a class of short RNAs that governs
multiple intracellular and extracellular biofunctional
processes.’>** Amongst this very large family of miRNA, miRNA-
145 (miR-145) stands out as a very important therapeutic
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strategies and presents a new paradigm towards exploiting these microRNAs for anti-cancer therapy.

molecule due to its inherent powerful tumor suppressive effect
on cancer. It was reported to be down-regulated in most cancer
cell lines and tissues' such that reinstating miR-145 could
almost immediately suppress tumor growth, and block cell
invasion and metastasis.'®* However, while the biological effect
is strong, pragmatic issues of delivery, target specificity and
successful protection against endogenous nucleases prevent
any real progress towards its intended use as a clinically usable
therapeutic, as with most miRNA driven anti-cancer therapeu-
tics, which face similar issues. Commercially available specially
designed transfection reagents for miRNAs and siRNAs may
work well on cell cultured cells but these reagents are typically
liposomes of micrometer sizes with a wide size distribution and
earlier versions do exhibit some toxicity.'* Much effort has gone
disproportionately into developing better and more advanced
delivery strategies®** but this suffers from the law of dimin-
ishing returns. In reality, delivery is only the beginning of the
journey that each exogeneous miRNA undergoes. Once in the
intracellular environment, the exogeneous miRNAs are tagged
as foreign and shuttled to the lysosomes* where degradation
takes place. This degradative process greatly diminishes the
actual working concentration of the therapeutic miRNAs and
immediately curtails the overall efficacy of the miRNAs, even
those delivered at high efficiency. The irony is that ever-
increasing delivery efficiency cannot solve the core stability
problem. With high delivery efficiency, a high dose with non-
specificity will negatively affect the non-targeted non-cancer
cells. This lack of tools to protect exogenous miR-145 has
prompted the imperfect solution of using plasmid or viral
vectors to overexpress miR-145 in cancer cells; this strategy has

This journal is © The Royal Society of Chemistry 2017
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limited real efficacy in clinical settings due to collateral damage
to non-cancer cells, lower than 100% uptake by the target cancer
cells and an overly complicated multi-stage process. Non-viral
DNA nanostructures have instead shown some degree of
success in the delivery of other molecular cargo like siRNA,*’
aptamers,”*® and proteins,***® into cells. While the mecha-
nisms are unclear, DNA nanostructures showed the potential to
protect their cargo' in harsh degradative conditions. Coupled
with their natural biocompatible characteristics, DNA nano-
structures are well poised to be multi-scenario, programmable
and powerful tools for miRNA delivery. We further reasoned
that if we can protect the introduced miRNA for a sufficiently
long time for its effect to be exerted, we might be able to remove
this bottleneck holding back the broad clinical use of thera-
peutic miRNAs. We designed and assembled a DNA nano-
structure bearing the shape of a “Shuriken”. We further
reasoned that the shuriken's multi-pronged configuration
would increase the residence time for robust uptake by cells
without any transfection agents. More importantly, the
hybridization of miRNA to the complementary DNA segment
brings the miRNA to within less than 5 nm of the DNA crossover
segment and the triad arms of the shuriken (Fig. 1a). The close
proximity provided steric shielding from degradative RNase
enzymes. In this paper, we not only showed this steric
hindrance DNA-nanostructure conferred protection but also the
rest of the expected chain of events from successful delivery to
protection and finally effective inhibition of cancer growth of
otherwise highly proliferative colorectal cancer cells in vitro and
in three dimensional (3D) cell culture systems.

Results and discussion

The DNA shuriken was designed based on a DNA star motif
(Fig. 1a).*"** Briefly, the DNA star motif consisted of one long
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Fig. 1 Design and characterization of the DNA shuriken. (a) A sche-
matic illustration of the DNA shuriken design. The DNA shuriken is
a DNA star motif carrying 3 miR-145 strands. (b) Native PAGE analysis
of the DNA shuriken. (c) DLS characterization of the DNA shuriken.
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central strand L (blue), three copies of edge strands M (green)
and three copies of peripheral strands S (black). Strand S con-
tained a piece of a DNA sequence (17 bases) that could hybridize
to miR-145 5p (23 bases) and protrude out as an overhang. The
DNA star motifs then hybridized with three copies of miR-145 to
form a DNA shuriken. A toehold 6 bases long is left on the end
of the DNA and RNA hybrid duplex to prevent strand displace-
ment. Each arm of the DNA star motif is approximately 10 nm
long, while the length of the hybrid duplex overhang is
approximately 6 nm. Note that the three arms of the DNA
shuriken are not necessarily always in the same plane. The three
arms and overhangs are deliberately designed to be very flexible
to maximize the contact area and minimize the interaction
enthalpy with the cell membrane to further drive its cellular
uptake. The outcome of this design is exactly similar to the
concept of a “ninja shuriken” rotating, striking a surface and
embedding itself on the surface. This embedding theoretically
increases the residence time for successful uptake.

Native PAGE was utilized to characterize the formation of the
DNA shuriken. As shown in Fig. 1b, both the DNA star motif and
the DNA shuriken formed a sharp, dominant band with corre-
sponding expected mobility differences in the gel. The band
position of the DNA shuriken is higher than that of the DNA star
motif because of the three identical miR-145 cargoes, and the
size of the DNA shuriken (205 bp) is comparable to that of the
DNA ladder. Dynamic light scattering results (Fig. 1c) further
confirmed the formation of the DNA shuriken. The DNA shur-
iken has an average hydrodynamic diameter of 24.0 £+ 8.3 nm,
which is consistent with the theoretical value of the design
(Fig. S17).

DNA nanostructures have been proven to be readily taken up
by cells** without any transfection agents. In this study, we
thoroughly investigated the cellular uptake of the DNA shuriken
and the effectiveness of this delivery system. Fig. 2a(i and ii)
shows the confocal fluorescence image and the cross-sectional
view of the cells respectively treated with DNA shuriken for
2 hours. Internalization of the DNA shuriken particles tagged
with Cy3 by DLD-1 cells was observed. We also observed that
substantial naked miR-145 was internalized by the cells
(Fig. 2a(iii and iv)), similar to another report.*® The time needed
for cells to internalize sufficient amounts of DNA shuriken is
very important when it comes to its therapeutic efficacy. It was
reported that the cellular uptake of DNA origami structures with
a size of dozens of nanometers requires more than 12 hours,***
while smaller DNA structures (<20 nm) need 2 to 6 hours.”* In
our study, the uptake process is therefore comparatively very
fast. Our microplate quantification shows that the relative
fluorescence intensities reached a maximum of around three
fold higher compared to that of the control within a brief 30 min
incubation (Fig. S21). The observed punctate staining of DNA
shuriken-miR-145 (Fig. 2a(i and ii)) suggested endosomal
localization of our constructs instead of random dispersion in
the cytosol. Thus, we did a colocalization study of DNA shuriken
and lysosomes with an incubation time of 2 hours. Most of the
internalized DNA shuriken resided in the lysosomes, as indi-
cated by the fluorescent images in Fig. 2b. Statistical analysis
also showed that about 80% of the DNA shuriken particles were
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Fig. 2 Internalization of DNA shuriken into cells. (a) Cells were incu-
bated with DNA shuriken—miR-145 or naked miR-145 for two hours
before imaging. Cell nuclei were stained with DAPI; miR-145 was
tagged with Cy3. (a(i)) Cellular uptake of DNA shuriken—-miR145. (aii))
The sectioning analysis of DNA shuriken-miR-145 treated cells
showed intracellular presence but it was outside of the nucleus. (afiii))
Comparatively lower cellular uptake of naked miR-145. (a(iv)) The
sectional analysis of intracellular localization. (b) Colocalization study
of DNA shuriken and lysosomes. Cells were stained with DAPI (b(i)) and
Lyso tracker green (b(ii)). Most of the DNA shuriken particles (bfiii),
tagged with Cy3) colocalized with lysosomes, and only a few DNA
shuriken existed in the cytoplasm, indicated with arrows (b(iv)). (c)
Quantification analysis of naked miR-145, miR-145 lipoplex (miR-145
+ Lipofectamine) and DNA shuriken (with miR-145) using a microplate
reader. The fluorescence signal is normalized to cell numbers and the
untreated control. Data represent the mean + SD, n = 3. Student's t-
test, p < 0.05. *Significantly different from the control group (control).
#Significantly different from the Lipofectamine treatment group. A
complete data set can be found in Fig. S3.1 (d) RT-gPCR quantification
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trapped in endosomes or lysosomes. To gauge the DNA shur-
iken performance as a miRNA delivery vehicle, we conducted
a comparative study against the common transfection agent,
Lipofectamine 2000. Our comparative study shows that the DNA
shuriken significantly improved the miRNA-145 delivery as well.
We detected close to 2-fold improvement in the DNA shuriken
performance when compared to utilizing the Lipofectamine
2000 (Fig. 2c and S3t). To test the versatility of our DNA shur-
iken platform, we expanded our comparative study to other cell
lines. Breast cancer cells, MCF-7, readily took up significant
amounts of DNA shuriken particles while in contrast, HMVEC
endothelial cells did not (Fig. S31). In order to further examine
the effectiveness of the DNA shuriken platform, we directly
quantified the intracellular delivered miR-145 levels with
quantitative reverse transcription PCR (RT-qPCR). It was previ-
ously reported that different DNA nanostructures can resist
enzymatic DNA degradation and stay intact for 4 to 24 hours.**?**

Along the same lines, it is therefore believed that this relative
stability of DNA nanostructures in physiological conditions can
help keep the cargo, single stranded DNA or RNA, safe from
enzymatic digestion. Herein, RT-qPCR quantification showed
that the miR-145 level is more than 5000 times higher than that
of the untreated control even after a long 24 hours in a “foreign-
nucleic-acid” unfriendly environment like the cell (Fig. 2d). In
contrast, the intracellular level of naked miR-145 treated cells is
approximately 30 fold lower than the DNA shuriken counterpart
over the same time period of incubation. Our findings clearly
show that the designed DNA shuriken can effectively deliver the
miR-145 into cells, and stabilize and subsequently release the
cargo.

We further investigated the anti-cancer effects of DNA
shuriken on the highly proliferative colorectal cancer cell line
DLD-1 which does not normally express significant amounts of
miR-145. Since uncontrolled cell proliferation is a hallmark of
cancer, we therefore employed a flow cytometry-based Ki67 cell
proliferation assay to evaluate the therapeutic effect of miR-145.
Ki67 is a potent cellular marker for proliferation.*® As can be
seen in Fig. 3a, the percentage of proliferating cells (Ki67
positive) is 77.8%, 85.9% and 81.2% for negative control, the
naked miR-145 strand and DNA star motif treated cells,
respectively. Strikingly, a significant decrease in the percentage
of proliferating cells (i.e. 46.3%) was observed for the cells that
were treated with the DNA shuriken. It is noteworthy that the
anti-proliferative effects of the DNA shuriken are even higher
(approximately 1.4 folds) than those of the cells that are
cultured in serum free medium devoid of any growth factors
(without miR-145 or DNA shuriken treatment). The excellent
cell proliferation suppression effect of miR-145 seen here is
consistent with another study which directly overexpressed

of the miR-145 level of DLD-1 cells after 24 hours' treatment. Let-7a
was used as an internal control. The concentrations of DNA shuriken
and naked miR-145 were kept at 200 nM (each DNA shuriken bears
three copies of miR-145) and 600 nM respectively in all experiments.
Data represent the mean + SD, n = 3. Student's t-test, p < 0.05.
*Significantly different from the control. Cell membranes were stained
and are indicated in white. Scale bar: 20 um.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The therapeutic effect and the stability of DNA shuriken in cell
proliferation and 3D tumor growth. (a) Cell proliferation analysis of the
DNA shuriken treated cells. (b) Impact of DNA shuriken treatment on
tumor size over different time periods. The growth of tumors was
assessed by apparent size change. Tumors were treated with DNA
shuriken at a final concentration of 200 nM. (c) The effect of DNA
shuriken on the tumor spheroid morphology. (d) Extracellular stability
of DNA shuriken and naked miR-145. (e) RNase A degradative enzyme
assay was employed to represent the efficient miRNA degradative
process found in the intracellular environment. Scale bar: 200 pm.
Data represent the mean + SD, n = 3. Student's t-test compared to
control, *p < 0.05, Bonferroni test compared to control, #p < 0.001.

miR-145 from within the cell itself.** Our results demonstrated
that DNA nanostructures are suitable and effective for deliv-
ering external synthetic miR-145 and maintaining efficacy
similar to endogenous expressed miR-145. To further the ther-
apeutic effect of the DNA nanostructure platform on a more
tumor-like format, we set up a 3D spheroid tumor model based
on DLD-1 cells using a micropatterned hydrogel platform.*”**
The tumors were formed and treated with or without DNA
shuriken for 5 days. Then we did a size change with time course
analysis on the spheroids (Fig. 3b). After only two days there was
a pronounced size difference, and the DNA shuriken treated
tumor was 31% smaller (apparent size) than the untreated
tumor. Fig. 3c shows the gross morphological evaluation of
representative tumor spheroids. For the untreated group, the
spheroids grew very fast and had a smooth surface of robust and
uniform cell growth, while the DNA shuriken treated tumors
were significantly smaller and had many cells “flaking off” from
the outer surface. The reduced tumor size and morphology
change paralleled the DNA shuriken-mediated anti-proliferative
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effects on 2D culture plastic growth and further demonstrated
the efficacy to curb tumor growth in 3 dimensions. These results
clearly showed that DNA shuriken can be an effective and
powerful platform for miRNA therapeutics.

To the best of our knowledge, our current work is the first
report that uses miRNA loaded DNA nanostructures for miRNA
targeted cancer therapy. Although several reports showed that
DNA nanostructures carrying siRNA* or peptides®® had been
successfully delivered into cells and taken effect, the details,
such as the extracellular and intracellular stability of the DNA
nanostructures, cellular uptake mechanisms, and the endo-
somal escape and cargo release, still remain largely unclear.
Thus, elucidating such issues based on current DNA shuriken
design is crucial for the future design of more effective, targeted
and sophisticated therapeutic DNA nanostructure platforms.
Firstly, we investigated the stability of DNA shuriken both in
extracellular and intracellular environments (Fig. 3d and e).
PAGE gel showed that the DNA shuriken structure was intact in
the cell medium for up to 4 hours, whereas naked miR-145 was
degraded within one hour. Secondly, to test the protective effect
of DNA shuriken inside cells, we subjected the construct to
a realistic estimated concentration of intracellular RNase A
(1 pg mL~"). Fig. 3e shows that the DNA shuriken was stable for
at least 8 hours, and naked miR-145 (unprotected) was quickly
broken into two (or more) small fragments in a comparatively
short time of 30 min. This reinforces our design strategy of
steric hindrance conferred protection of the miRNA cargo. This
result is also supported by the much higher measurable intra-
cellular miR-145 level even after 24 hours in Fig. 2d.

This stability is important considering that the majority of
our DNA shuriken was entrapped in lysosomes (Fig. 2b). While
the mechanism of the lysosomal escape of the miR-145 was not
delved into in this study, it did not contradict our findings that
the miR-145 complexed in DNA shuriken was able to still exert
its anti-cancer bioactivity (Fig. 3a-c). Even in the worst case
scenario of being in the lysosomes for 24 hours (Fig. 2b), the all
important sequence specificity of miR-145 was not compro-
mised (the qPCR assay is extremely sensitive to sequence
specificity changes (Fig. 2d)). Thus, this demonstrated the
protective anti-degradative power of DNA shuriken in ensuring
the safe passage of miR-145 from cell entry to successfully
exerting its bioactivity (Fig. 3).

The non-toxic DNA nanostructures with their powerful
structural control and precise spatial functionalization may
launch the new era of delivery tools. Future design of DNA
nanostructure based drugs emphasizing avoidance of endo-
some entrapment, customizable intracellular transportation,®
targeted delivery,**** and tracking of these DNA nanostructures
in the cell would further improve the efficacy of this novel DNA
nanotechnology.

Conclusions

In summary, we have designed and synthesized a DNA shuriken
structure that contains miR-145 as a therapeutic agent against
cancer. Its multi-pronged configuration helped with increasing
the residence time for robust uptake by cells without any

Chem. Sci,, 2017, 8, 1062-1067 | 1065
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transfection agents. After entering the cell, the nanostructure
continues to protect the miR-145 cargo to greatly suppress
cancer cell proliferation and tumor growth. The significant
therapeutic effect against cancer was attributed to the protec-
tion of the DNA nanostructure carrier as shown in both simu-
lated extracellular and real intracellular environments. Our
work showed that DNA nanostructures can be excellent cus-
tomizable platforms for miRNA based cancer therapies, and
have great potential to be expanded to other bioapplications,
such as in vivo biosensing and bioimaging with specific tar-
geting capability if necessary.***
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