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HEALTH AND MEDICINE

A chemically unmodified agonistic DNA with growth
factor functionality for in vivo therapeutic application

Ryosuke Ueki'*', Satoshi Uchida®>*, Naoto Kanda', Naoki Yamada', Ayaka Ueki',
Momoko Akiyama', Kazuko Toh?, Horacio Cabral?, Shinsuke Sando'?!

Although growth factors have great therapeutic potential because of their regenerative functions, they often have
intrinsic drawbacks, such as low thermal stability and high production cost. Oligonucleotides have recently emerged
as promising chemical entities for designing synthetic alternatives to growth factors. However, their applications
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in vivo have been recognized as a challenge because of their susceptibility to nucleases and limited distribution
to a target tissue. Here, we present the first example of oligonucleotide-based growth factor mimetics that exerts
therapeutic effects at a target tissue after systemic injection. The aptamer was designed to dimerize a growth factor
receptor for its activation and mitigated the progression of Fas-induced fulminant hepatitis in a mouse model.
This unprecedented functionality of the aptamer can be reasonably explained by its high nuclease stability and
migration to the liver parenchyma. These mechanistic analyses provided insights for the successful application of

aptamer-based receptor agonists.

INTRODUCTION
The hepatocyte growth factor (HGF) is a natural protein that stim-
ulates fundamental cellular functions, such as proliferation, differ-
entiation, and migration (I, 2). HGF was first detected in the serum
of hepatectomized rats and was identified as a mitogen that supports
the unique regenerative capacity of the liver tissue (3, 4). Upon liver
damage, the plasma concentration of the HGF rises and the secreted
HGF activates its cognate receptor, Met, which is expressed in he-
patocytes to stimulate DNA synthesis during liver regeneration (5).
Because of its regenerative activity, the administration of recombi-
nant HGF (rHGF) has attracted much attention as a therapeutic
option for the treatment of liver diseases, such as acute liver failure
and liver cirrhosis (6, 7). Although promising, such growth factor-
based therapeutics often suffer from intrinsic drawbacks, including
low thermal stability and batch-to-batch variation (8, 9), which impose
a strict quality control. The cost of recombinant growth factors also
represents an obstacle to their practical applications (8, 9). In these
contexts, synthetic alternatives to rHGF have been highly sought after.
Recently, DNA aptamers have emerged as promising chemical
entities for designing growth factor mimetics (10-13). DNA aptamers
can be synthesized chemically via well-established solid-phase syn-
thesis methods, which have several advantages over biological pro-
duction of recombinant proteins in terms of synthetic scalability and
cost effectiveness (14, 15). DNA aptamers are highly thermally stable
compared to recombinant proteins, and their thermal denaturation
is reversible (14, 15). In addition, one can rationally design an assem-
bly of DNA aptamers that works as functional mimetics of growth
factors because of the structural programmability of DNA (10-13).
Growth factors bind to their cognate receptors, receptor tyrosine
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kinases (RTKs), thus inducing their dimerization and subsequent
activation. The activated RTKs can trigger intracellular signal trans-
duction events and transcriptional changes to regulate various cel-
lular functions. Analogous approaches have been reported for the
design of agonistic aptamers for the insulin receptor (16) and im-
mune costimulatory receptors (17-21).

Despite the potential of aptamer-based growth factor mimetics
as synthetic alternatives to recombinant growth factors (10-13),
no previous study has succeeded in delivering them to a target tis-
sue in quantities that are sufficient to exert agonistic functions. Sus-
ceptibility to nuclease degradation, which hinders the delivery of
the oligonucleotides to the site of action, is one of the most critical
issues in this field of research. Here, we report an HGF-mimetic DNA
aptamer that activated Met in the liver parenchyma and exerted its
antiapoptotic activity in vivo. This single-stranded agonistic ap-
tamer exhibited a high serum nuclease stability even in a chemically
unmodified form, thus allowing sufficient delivery to the liver pa-
renchyma of mice after systemic injection, as demonstrated by a
series of biodistribution assays (including real-time confocal imag-
ing of liver tissues from living mice). Mechanistic analyses provided
a structural basis for the design of a nuclease-resistant agonistic DNA
aptamer, even without chemical modification. In addition, we ob-
served in vivo behavior and clearance profile of the aptamer in de-
tail to obtain insight into future design of therapeutic DNA aptamer.
Notably, the aptamer alleviated liver damage in a mouse model of
fulminant hepatitis, which demonstrated its in vivo therapeutic
potential. This aptamer is the first example of oligonucleotide-based
growth factor mimetics that exerts therapeutic effects at the target
tissue after systemic injection.

RESULTS

Nuclease stability of Met-binding DNA aptamers

First, we focused on the nuclease stability of an agonistic DNA aptamer
that reproduces the activation mechanism of HGF (Fig. 1A). Previ-
ously, we reported that a 50-mer DNA aptamer (“Apt-mono” in Fig. 1,
B and C) functions as a Met antagonist by competing with HGF for
Met binding (22). This aptamer was identified as the minimal binding
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Fig. 1. Met-binding DNA aptamers and their nuclease stability. (A and B) Schematic representation of HGF-induced Met activation and the Met activation potential of
the Apt-mono and the Apt-dimer. (C) (Top) Schematic representation of the oligonucleotides used in the present work. (Bottom) Nuclease stability of the oligonucleotides
in serum. Each oligonucleotide (2 uM) was incubated in PBS containing 50% FBS at 37°C. (D) Sequence and predicted secondary structure of the aptamers used in the
present work. The sequence of the Apt-mono (purple) was identified as the minimal binding motif of a Met-binding aptamer (CLN0003) reported previously (22). The Apt-
dimer [termed “ss-0"in a previous work (77)] was designed as a tandem dimer of the Met-binding aptamer, as depicted in the figure. The stem sequence of the 3-mono
(green) was replaced with an alternative complimentary sequence to prevent the misfolding of the aptamer.

motif of an original Met-binding aptamer named CLN0003 (Fig. 1D)
(23). Later, we revealed that a tandem dimer of the Met-binding aptamer
(“Apt-dimer” in Fig. 1, B and C) functions as a Met agonist, as it was
able to induce Met dimerization and subsequent phosphorylation
(11). A series of in vitro experiments using cultured cells demonstrated
that the Apt-dimer reproduces the biological activities of the HGF,
such as stimulation of cell migration and proliferation (11).

To study in vivo applicability of these aptamers, we evaluated the
nuclease stability of these aptamers by incubating them in a 50%
fetal bovine serum (FBS) solution. Unexpectedly, only the Apt-dimer
exhibited a high nuclease stability, as the bands corresponding to
the full-length DNA could be observed in polyacrylamide gel electro-
phoresis (PAGE) even after 24 hours of incubation with 50% FBS
(Fig. 1C). In contrast, the bands corresponding to the Apt-mono and
control DNA, a 100-mer single-stranded DNA (ssDNA) that does
not form a specific secondary structure, had almost disappeared af-
ter 1 hour of incubation. We hypothesized that the 3’ half of the
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Apt-dimer (3’-mono in Fig. 1D) served as a protective motif against
3’ exonuclease activity, which is a major factor in the degradation of
oligonucleotides in serum (24). This notion was supported by the
following facts: A secondary structure prediction suggested that 3'-
mono folded into a stem-loop structure in a physiological condition
(Fig. 1D), and previous reports demonstrated that the introduction
of a stable hairpin structure at the 3’ terminus of the oligonucleotides
enhanced their stability against 3’ exonuclease activity (25, 26).
Consistently, the aptamer was readily digested in a 50% FBS solution
when the 3’-terminal sequence of 3’-mono was substituted with a
poly-T sequence to prevent duplex formation at the stem (fig. S1).
In addition, a mutant of Apt-dimer whose 3’-mono sequence was
replaced with a hairpin-forming, non-aptamer sequence also exhibited
high nuclease stability (fig. S1). These results indicate that 3’-mono
plays a critical role in improving the serum stability of the aptamer,
as well as in converting the Met-binding aptamer into a potent Met
agonist (11).
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To test the generality of this design principle, we tested the serum
stability of a recently reported agonistic DNA aptamer for the fibroblast
growth factor receptor 1 (FGFR1) (13), which is synthesized as the
tandem dimer form of stem-loop-forming FGFR1-binding aptamers
(fig. S2). As expected, the aptamer dimer exhibited a higher nuclease
stability compared with its monomeric counterpart, and inhibition
of duplex formation at the 3" stem deteriorated the stabilizing effect
of the dimerization. It is noteworthy that the original monomeric
aptamer was designed to adopt a thermally stable stem-loop struc-
ture by increasing the GC content in the stem sequence to improve
the serum stability according to the literature (27). While the strat-
egy of increasing GC content in the stem sequence was effective
in a typical cell culture condition (10% FBS solution), the aptamer
was immediately digested in the 50% FBS condition (13). In sharp
contrast, the tandem dimer aptamer exhibited a higher nuclease
stability compared with the aptamer monomer, which indicated the
critical role of the 3" half of the aptamer in improving the nuclease
stability. These results suggest that the tandem dimer of a stem-
loop-forming DNA aptamer represents a general platform for the
design of oligonucleotide-based RTK agonists with high nuclease
resistance based on a chemically unmodified DNA.

Liver accumulation of the HGF-mimetic aptamer
Having developed a potent HGF mimic aptamer with high nuclease
stability, we next evaluated whether the aptamer localizes to liver
parenchyma after intravenous injection in mice. While oligonucleotides
tend to accumulate in liver tissues after systemic injection, micro-
scopic distribution of the aptamer in the liver remains unclear (28).
In addition to observing the distribution of the oligonucleotides, we
performed functional analyses using the Apt-dimer and a mutant of
the Apt-dimer named “G4 mutant” as an unfunctional control. In
the mutant aptamer, four G-to-A mutations were introduced to
inhibit G-quadruplex formation, which works as essential binding
motifs for Met (Fig. 2, A and B) (22). In circular dichroism (CD)
measurements, the Apt-dimer showed a positive peak around 265 nm
and a negative peak around 245 nm in the presence of the K" cation,
indicating the formation of a parallel G-quadruplex structure, whereas
the G4 mutant did not show such characteristic peaks (fig. S3A).
Competition assay using fluorescently labeled HGF indicated that the
Apt-dimer competed with HGF for binding to the receptor, while
the G4 mutant did not (fig. S3B). Therefore, the Apt-dimer forms a
G4 structure, which is essential for receptor binding. The binding
site of the aptamer on the receptor overlaps at least partly with that
of HGF. Introduction of four G-to-A mutations inhibits the forma-
tion of the G4 structure, thereby decreasing the affinity to the re-
ceptor. These results are consistent with the observation reported
in the previous study on the Met-binding aptamer monomer (22).
We also confirmed that the introduction of these mutations substan-
tially decreased the agonistic activity of the aptamer (Fig. 2C) while
maintaining its high nuclease stability in serum (Fig. 2B).
Regarding the distribution of the oligonucleotides, first we assessed
the microdistribution of the Apt-dimer in a liver tissue specimen
excised 10 min after the injection of 5'-Alexa Fluor 647-labeled
oligonucleotides. These oligonucleotides were co-injected with DyLight
488-labeled tomato lectin to clarify the position of endothelial cells
(29). As shown in Fig. 2D, the fluorescence signal from the Apt-dimer
showed substantial colocalization with the signal from tomato lectin,
indicating the accumulation of the injected oligonucleotides in the
liver endothelium. Notably, further observations revealed the presence
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of red fluorescence on the abluminal side of sinusoidal endothelial
cells (white arrows in Fig. 2D), which was indicative of the leakage
of the aptamer from the endothelial layers to the liver parenchyma.
A similar distribution profile was observed for G4 mutant-treated
mice; thus, the binding affinity of the aptamer to Met had little ef-
fect on its distribution profile. Met expression was mainly observed
in liver parenchymal cells, rather than endothelial cells (fig. S4),
with a distribution pattern that was different from that of the
Apt-dimer. The distribution of Apt-dimer may be explained by its
nonselective deposition onto the sinusoidal wall, as was also ob-
served after the systemic injection of other types of oligonucleotide
therapeutics (30).

To visualize the accumulation of Apt-dimer in the liver tissue in
real time, we performed liver tissue imaging using intravital real-
time confocal laser scanning microscopy (IVRTCLSM,; fig. S5) (31).
Immediately after the injection of the aptamer, the fluorescence sig-
nal in the blood vessels of the liver increased; however, it started to
decay a few minutes later, which indicates the translocation of the
oligonucleotides from the blood circulation to the tissues. Within
several minutes after the injection, the fluorescent signal was aligned
with the sinusoidal walls (Fig. 3A and movie S1), which is consistent
with the observations performed in the liver tissue sections (Fig. 2D).
Notably, a closer inspection revealed the presence of an obvious in-
crease in the fluorescence signals in the liver parenchyma 5 to 20 min
after the injection compared with that detected before the injection
(dotted circles in Fig. 3A), which was confirmed by the fluorescence
intensity quantification of liver parenchyma (Fig. 3A, right). A com-
parable profile was observed in the liver of G4 mutant (5'-Alexa
647-modified)-treated mice (Fig. 3B and movie S2). In sharp con-
trast, the free Alexa 647 dye was immediately cleared from the blood,
with no accumulation in the liver after systemic injection (Fig. 3C
and movie S$3), indicating that the fluorescence distribution profiles
shown in Fig. 3 (A and B) properly reflect the distribution of the
Apt-dimer and G4 mutant, respectively, rather than that of the free
dye liberated from digested oligonucleotides. Clearance profile of
the Apt-dimer was then observed by continuous real-time imaging
of the liver. The fluorescence intensity of the liver parenchyma grad-
ually decreased 30 min or later after the injection, eventually to the
background level within 2 hours (fig. S5C and movie S4).

In addition to the evaluation of the microdistribution of the
oligonucleotides described above, we assessed their biodistribution
at the organ level, as it is another determinant of aptamer functionality.
The fluorescence intensity from each tissue (Fig. 4, left) or tissue
homogenate (Fig. 4, right) was measured 10 min after injection of
the 5'-Alexa Fluor 647-modified oligonucleotides. The results indicated
that both oligonucleotides were highly accumulated in the liver and
kidney. Of particular interest, the Apt-dimer exhibited enhanced
accumulation in some organs, including the liver and spleen, compared
with the G4 mutant. Although the actual mechanism underlying
this observation remains unclear, the compact folding of the G4
structures in the Apt-dimer sequence (22) might change the bio-
distribution or in vivo circulation time of the aptamers, as suggested
in a previous report (32). Of note, most of the Apt-dimer was cleared
from the body within 4 hours after the injection (fig. S6). These re-
sults and those of the biodistribution assays revealed that the Apt-
dimer features enhanced accumulation in liver tissue after systemic
administration and subsequent translocation to the liver parenchyma,
which suggests its potential use as an antiapoptotic agent for liver
diseases.
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Fig. 2. Design of an unfunctional mutant of the Apt-dimer (G4 mutant) and microdistribution of the oligonucleotides in liver tissues. (A) Sequences of the
oligonucleotides used in the experiments depicted in Fig. 2. The four G-to-A mutations of the G4 mutant are highlighted. (B) Nuclease stability of the Apt-dimer and G4
mutant. Each oligonucleotide (2 uM) was incubated in PBS containing 50% FBS at 37°C. After incubation, the samples were immediately analyzed using denaturing 15% PAGE.
(C) Western blotting analysis of the phosphorylation level of Met in SCCVII cells after 15 min of incubation with oligonucleotides. (D) Confocal imaging of liver tissues. Alexa
Fluor 647 carboxylic acid (0.5 nmol) or a 5'-Alexa Fluor 647-labeled oligonucleotide (0.5 nmol) was intravenously injected (red). Blood vessels were visualized by injecting
25 ug of DyLight 488-conjugated tomato lectin (green). Ten minutes after the oligonucleotide injection, the liver was excised and observed directly using a confocal laser
scanning microscope. Scale bars, 50 um.
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Fig. 3. Intravital real-time imaging of liver tissues after systemic injection of the oligonucleotides. (A) 5'-Alexa Fluor 647-labeled Apt-dimer (0.5 nmol), (B) 5-Alexa Fluor
647-labeled G4 mutant (0.5 nmol), or (C) Alexa Fluor 647 (0.5 nmol) was intravenously injected. (Left) Confocal images. Lower panels show enlarged and brighter images
of the boxed region in the upper panels. The dotted circles highlight the leakage of Apt-dimer to the liver parenchyma. (Right) Intensity profile of Alexa Fluor 647 in the
region indicated by the white arrows in the left figures. Scale bars, 50 um. a.u., arbitrary units.
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the organs 10 min after intravenous injection of Alexa Fluor 647-labeled oligonucleotides (0.5 nmol). The organs were excised after perfusion with PBS and imaged using
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The results are expressed as the mean + SD (n = 3). Statistical significance was examined by two-sided Student’s t test (**P < 0.01; *P < 0.05).

Agonistic functions and therapeutic potential of the Met
agonist aptamer
To address whether the aptamer can activate Met signaling in the liver,
we evaluated the phosphorylation level of Met by Western blotting
10 min after intravenous injection of the aptamer (Fig. 5B). The ad-
ministration of the Apt-dimer substantially increased the phosphoryl-
ation level of Met and downstream signaling, such as extracellular
signal-regulated kinase (ERK) and Akt. These results suggest that a
portion of Apt-dimer is delivered to the liver in a functional form by
avoiding nuclease digestion. Indeed, 3% dose per gram of tissue of
the Apt-dimer was detected in the liver by quantitative real-time
polymerase chain reaction (PCR)-based analysis (fig. S7). Because
Met was expressed mainly in hepatocytes in the liver parenchyma
(fig. S4), these data strongly suggest the functionality of the Apt-dimer
to activate the HGF/Met-signaling cascade in hepatocytes. Immuno-
histochemical analysis performed using a phospho-Met-specific
antibody also revealed the aptamer-induced Met activation throughout
the liver tissues, including hepatocytes (Fig. 5C and fig. S8). These
results are consistent with the direct observations of Apt-dimer dis-
tribution, which showed Apt-dimer leakage to the liver parenchyma
(Figs. 2D and 3A). In contrast, the G4 mutant did not induce Met
phosphorylation, as assessed using Western blotting and immuno-
histochemical analysis, supporting the contention that Met phospho-
rylation was induced in a manner that was specific to the Apt-dimer.
Last, we evaluated the therapeutic potential of the Apt-dimer using
a fulminant hepatitis mouse model. In the present study, an agonistic
Fas antibody (Fas-Ab) with proapoptotic function was systemically
injected into mice to induce massive apoptosis of hepatocytes, which
leads to liver failure (Fig. 5D, left) (33-35). Although its mechanism
of action has been thought to be multidimensional, rHGF exerts its
therapeutic effects via its antiapoptotic function, which is stimulated
by activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway
(6, 36). However, its high production cost and poor pharmacokinetics
have been major obstacles for its clinical application. In this experi-
ment, the oligonucleotide sample was co-injected with the Fas-Ab
and was further injected 1.5 hours after the initial injection. Blood
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was collected 4.5 hours after the initial injection to evaluate liver tissue
damage by measuring the leakage of liver enzymes to the plasma. As
shown in Fig. 5D, the administration of the Apt-dimer mitigated
the progression of fulminant hepatitis, as the levels of liver enzymes
in the plasma decreased significantly compared with the control
groups. In this fulminant hepatitis model, Fas-Ab was reported to
cause liver damage mainly by inducing hepatocyte apoptosis, which
suggests that the therapeutic effect of the Apt-dimer can be attributed
to its antiapoptotic effect in hepatocytes (37, 38). This contention was
supported by immunohistochemical analysis showing the aptamer-
induced Met activation throughout liver tissues, including hepatocytes
(Fig. 5C and fig. S6), which is consistent with our observations that
the Apt-dimer leaked to the liver parenchyma (Figs. 2D and 3A).
These results demonstrate the therapeutic potential of the Apt-dimer
to modulate the function of hepatocytes to treat liver diseases as a
synthetic alternative to rHGF.

Safety analyses

We also performed comprehensive safety analyses to assist with the
future clinical translation of the Apt-dimer system. The acute and
chronic toxicity of the Apt-dimer was assessed by gross morphology
observation, histopathological examination, and a blood test per-
formed on normal mice, 24 hours and 7 days after the injection (re-
fer to additional supplementary file). We found that the Apt-dimer
induced no detectable change in any of the tissues that were tested,
including those from the liver, kidneys, spleen, and lungs, at both
the macroscopic and microscopic levels, 24 hours and 7 days after
the injection was administered. The blood test revealed no detectable
increase in markers for liver damage (aspartate aminotransferase and
alanine aminotransferase), kidney function (blood urea nitrogen and
creatinine), general tissue damage (lactate dehydrogenase), damage
to pancreas (amylase) and biliary function (total bilirubin), and
electrolytes (Na, K, Cl) at both the acute and chronic stages. Another
issue regarding the DNA aptamer is the potential of immunogenicity
due to its recognition by innate immune receptors, such as Toll-like
receptors. To address this issue, immunogenicity of the Apt-dimer
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Fig. 5. Agonistic functions and therapeutic potential of the HGF-mimic aptamer. (A) Schematic representation of the experimental outlines. (B) Immunoblotting
analysis of Met activation in mouse livers after intravenous injection of recombinant human HGF (rhHGF) or oligonucleotides. The liver was excised 10 min after the
intravenous injection of rhHGF (1 ug) or oligonucleotides (1 to 10 nmol). (C) Immunohistochemistry of Met activation in the mouse liver after intravenous injection of the
oligonucleotides. The liver was excised 10 min after the intravenous injection of oligonucleotides (10 nmol). (D) (Left) Schematic representation of the apoptotic signal
induced by Fas-Ab and the antiapoptotic signal induced by Met activation. (Right) Effect of Apt-dimer administration on a fulminant hepatitis mouse model. An anti-Fas-Ab
(2 ng) was co-injected with vehicle control (n = 10), Apt-dimer (10 nmol, n = 9), or G4 mutant (10 nmol, n = 9) intravenously. The oligonucleotide (10 nmol) was administered
1.5 hours later. The average activity of glutamate pyruvate transaminase (GPT), glutamate oxaloacetate transaminase (GOT), and lactate dehydrogenase (LDH) is shown
with error bars (SD). Statistical significance was examined by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (***P < 0.001; **P < 0.01; ns,
not significant).
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was evaluated by measuring the serum levels of inflammatory mole-
cules 4 hours after administering the injection. In the enzyme-linked
immunosorbent assay (ELISA) performed, the serum concentrations
of interleukin-6 (IL-6) and interferon-B (IFN-) were below the de-
tection limit, demonstrating that the immunogenicity of the Apt-dimer
is low. Therefore, the therapeutic dose of the aptamer was safely
administered without any detectable acute and chronic toxicity at the
dose that provided a therapeutic outcome in the model of fulminant
hepatitis (Fig. 5D).

DISCUSSION

The present work demonstrated that the Apt-dimer, a chemically
unmodified 100-mer aptamer, works as a functional mimetic of HGF
in vivo. This aptamer activated Met in mouse hepatocytes (Fig. 5C)
and mitigated the progression of antibody-induced fulminant hep-
atitis in a mouse model at early phase after the injection (Fig. 5D),
while prolonged functional analyses of this aptamer are needed for
its clinical translation in a future study. Comprehensive analyses of
acute and chronic toxicity demonstrated that the Apt-dimer is highly
safe at the dose that provided therapeutic outcome in the model of
fulminant hepatitis. Notably, this study provided the first example
of unmodified agonistic aptamer that exhibits therapeutic effect af-
ter systemic delivery. This bivalent agonistic aptamer featured an
unexpectedly high nuclease stability in serum compared with an
unstructured control DNA and its monomeric counterpart (Fig. 1C),
in addition to the remarkable activity to evoke Met signaling (11).
Our data suggest that the aptamer sequence of the 3" half of the Apt-
dimer served as a protective motif against the 3’ exonuclease activity
by adopting a stem-loop structure. As stem-loop structures are a
common structural motif of aptamers, this “self-contained” strategy
would be a useful approach for the design of an agonistic aptamer
with high nuclease stability. Although some chemical modifications
can be implemented into aptamers, to render them nuclease resist-
ant (14, 15), this strategy may deteriorate the affinity of the original
aptamer and raise the production costs substantially. Therefore, the
use of an unmodified aptamer-based agonist with sufficient nuclease
stability for successful delivery to the site of action would be the most
practical and straightforward approach. Notably, the current aptamer
could be delivered to the liver parenchyma without the need of local
injection or conjugation with delivery agents (39).

In addition to nuclease stability, the in vivo distribution profile
of aptamers is a determinant of their function as therapeutics. To the
best of our knowledge, this study presented the first intravital real-
time fluorescence imaging of aptamer accumulation at histological
resolution, which enabled the direct evaluation of how the aptamer
behaves in the target tissue. Our observations revealed that a large
fraction of the injected aptamer was deposited in the liver sinusoidal
endothelium, whereas a portion of the aptamer was translocated to
the liver parenchyma. The functional analyses strongly suggested the
activation of the HGF/Met-signaling cascade in hepatocytes in normal
and disease model mice (Fig. 5), further supporting the translocation
of the aptamer to the liver parenchyma. The relatively small size of
the aptamer might allow such translocation, indicating a potential
advantage of aptamers as an alternative to recombinant proteins.
The initial accumulation of the aptamers in the liver sinusoidal
endothelium may be explained by the capture of the oligonucleotide
by scavenger receptors expressed on endothelial cells, as some of these
receptors were implicated in the nonspecific clearance of anionic
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biopolymers, such as heparin, hyaluronic acid, and oligonucleotides
(40). Modifying such interactions with the scavenger receptors would
be worthy of further investigation aimed at improving the perform-
ance of the aptamer. Together, our intravital imaging analyses
provided valuable mechanistic insights into aptamer behavior in the
target tissue, as well as into the processes that hamper the optimal
functioning of the aptamers. Further development based on these
findings and a functional comparison of the aptamer with existing
therapeutics, including recombinant proteins, should be performed
in the future for the clinical translation of the aptamer. Although
the current work focused on the treatment of liver disease, the Apt-
dimer holds promise as a therapeutic option for various diseases
and situations of tissue damage that have been recognized as poten-
tial targets of rHGF, including amyotrophic lateral sclerosis and
spinal cord injury (6). By identifying the DNA structural basis that
is ideal for obtaining high nuclease stability and assessing the in vivo
behavior of the DNA aptamer, this study provides a rationale for
the design of growth factor mimetics for therapeutic applications.

MATERIALS AND METHODS

General information

Reagents were purchased from standard suppliers and used without
further purification. All DNA samples were purchased from Fasmac,
Eurofins Genomics, and GeneDesign. The DNA annealing was per-
formed with a thermal cycler (95°C for 5 min and then cooled at
0.1°C/s to 25°C or cooled to room temperature). Dulbecco’s phosphate-
buffered saline (DPBS) was obtained from Fujifilm Wako Pure
Chemical Corporation (048-29805). Recombinant human HGF was
purchased from PeproTech (100-39). BALB/c mice (female, 5 to 7 weeks
old) were purchased from CLEA Japan and Charles River Laboratories.

Serum nuclease stability of oligonucleotides

Oligonucleotide samples (2 uM) were incubated in PBS containing
50% non-heat-inactivated FBS at 37°C. After incubation, the sam-
ples were immediately analyzed using denaturing 15% PAGE.

Cell culture

SNU-5 cells were cultured in Iscove's modified Dulbecco's medium
supplemented with 20% FBS and 1% antibiotic-antimycotic (Life
Technologies, 15240). SCCVII cells were cultured in RPMI 1640
supplemented with 10% FBS and 1% antibiotic-antimycotic. The cells
were cultured in a humidified incubator (37°C, 5% CO, humidified
atmosphere).

CD measurements

CD measurement was performed using a CD spectrometer (J-1500,
JASCO) over a wavelength of 210 to 320 nm using a quartz cuvette
at 37°C. DNA samples were prepared in 20 mM tris-HCl buffer (pH 7.6)
supplemented with or without 100 mM KCIL DNA refolding was per-
formed using a thermal cycler (95°C for 5 min and then cooled at
0.1°C/s to 25°C) before measurements. The scanning speed was set
to 100 nm/min.

Flow cytometry

SNU-5 cells were incubated with HiLyte Fluor 647-labeled HGF
(5 nM) in the presence of oligonucleotides (0 to 1000 nM) in DPBS
supplemented with 0.5% bovine serum albumin (BSA) for 15 min at
37°C. After incubation, the cells were washed with DPBS two times
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and analyzed by flow cytometry. The fluorescent signal from each cell
was measured by flow cytometry (Guava eacyCyte, Merck Millipore).
HiLyte Fluor 647-labeled HGF was prepared using the Ab-10 Rapid
HiLyte Fluor 647 Labeling Kit (LK36, Dojindo) according to the
manufacturer’s protocol.

Western blotting of cell lysate

SCCVII cells were seeded at 35-mm dishes and cultured in RPMI
1640 supplemented with 10% FBS overnight. Subsequently, the cells
were cultured in the starving medium (RPMI 1640 supplemented
with 0.1% BSA) for 24 hours. After the starvation, the medium was
replaced and then the cells were stimulated with an appropriate oli-
gonucleotide sample for 15 min at 37°C. The cells were washed with
DPBS twice and lysed with lysis buffer [20 mM tris-HCI (pH 8.0),
137 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 10% glycerol]
supplemented with inhibitor cocktail (Nacalai Tesque, 25955-11) and
phosphatase inhibitor cocktail (Nacalai Tesque, 07575-51). The cell
lysates were centrifuged at 10,000¢ for 20 min at 4°C, and then the
supernatants were recovered. The total protein concentration of each
cell lysate was adjusted to the same value according to the result ob-
tained by bicinchoninic acid (BCA) assay. The cell lysates were sep-
arated by SDS-PAGE and then transferred to the polyvinylidene
difluoride (PVDF) membrane. The membrane was reacted with the
following primary antibodies at 4°C overnight: anti-phospho-Met
Y1234/Y1235 (1:2000; 3077, Cell Signaling Technology), anti-Met
(1:2000; 3127, Cell Signaling Technology), and anti—B-actin (1:2000;
4967, Cell Signaling Technology). Subsequently, the membrane was
reacted with the following secondary antibodies at room temperature
for 1 hour: anti-mouse immunoglobulins/horseradish peroxidase (HRP)
(1:3000; P0447, Dako) and anti-rabbit immunoglobulins/HRP (1:3000;
P0488, Dako). The membranes were probed by using ImmunoStar
LD (Fujifilm Wako Pure Chemical Corporation, 296-69901).

Distribution of Apt-dimer in liver tissue

To observe the distribution of the aptamers in liver tissue, mice were
intravenously injected with Alexa Fluor 647 carboxylic acid (0.5 nmol)
or 5’-Alexa Fluor 647-labeled oligonucleotides (0.5 nmol). Five min-
utes after intravenous injection of the aptamers, the mice were ad-
ditionally injected with 25 pg of DyLight 488-conjugated tomato
lectin (Vector Laboratories, DL-1174) to visualize the blood vessels.
After another 5 min, the mice were sacrificed and the liver samples
were gently excised, washed with PBS, and subjected to direct ob-
servation using a confocal laser scanning microscope (Leica TCS SP8,
Leica Microsystems). Alexa Fluor 647 and DyLight 488 were excited
using laser light at 638 and 488 nm, respectively.

IVRTCLSM imaging

Under anesthesia using 2% isoflurane, mouse liver was exposed, and
then a coverslip holder was placed onto the liver to flatten the tissue
surface. The tissue was observed using a Nikon A1R confocal laser
scanning microscope system attached to an upright Eclipse FN1 and
equipped with a CFI Apo LWD 40x objective (Nikon). After injec-
tion of Alexa Fluor 647 carboxylic acid (0.5 nmol) or 5’-Alexa Fluor
647-labeled oligonucleotide (0.5 nmol) from the tail vein, observation
was performed using 640-nm laser and 700/75-nm emission filter.

Biodistribution of aptamers
The 5’-Alexa Fluor 647-labeled Apt-dimer or G4 mutant (0.5 nmol)
was injected to BALB/c mice via the tail vein. After injection, the
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mice were perfused using PBS and the organs were excised at an
appropriate time. The excised organs were imaged using an IVIS
imaging system (PerkinElmer) (excitation/emission = 640/680 nm).
To quantify the biodistribution of the aptamers, the excised organs
were weighed and homogenized in passive lysis buffer (Promega,
E1941) using a Multi-beads Shocker (Yasui Kikai Corporation). The
fluorescence intensity of Alexa Fluor 647 (excitation/emission =
640/680 nm) in the supernatant was measured using a microplate
reader (Infinite M200 Pro, Tecan Japan).

Western blotting of mouse liver lysate

The Apt-dimer or G4 mutant (10 nmol) was injected to BALB/c
mice via the tail vein. After 10 min, the liver samples were excised
and homogenized with a lysis buffer by using disposable homogenizer
(Nippi, 320152). The lysis buffer [20 mM tris-HCI (pH 8.0), 137 mM
NaCl, 2 mM EDTA, 1% Triton X-100, and 10% glycerol] contains a
protease inhibitor cocktail (Nacalai Tesque, 25955-11) and a phos-
phatase inhibitor cocktail (Nacalai Tesque, 07575-51). The homog-
enates were centrifuged at 10,000 to 12,000g for 20 min, and then
the supernatants were recovered. The total protein concentration
of each cell lysate was measured with the standard BCA assay after
the dilution. The total protein concentration of each cell lysate was
adjusted to the same value before the subsequent assays. The ho-
mogenates were separated by SDS-PAGE and then transferred to a
PVDF membrane. The membrane was reacted with the following
primary antibodies at 4°C overnight: anti-phospho-Met (Y1234/
Y1235) (1:1000; 3077, Cell Signaling Technology), anti-Met (1:2000;
3127, Cell Signaling Technology), anti-phospho-Gab1 (Y627) (1:1000;
3233, Cell Signaling Technology), anti-phospho-ERK1/2 (T202/
Y204) (1:2000; 4370, Cell Signaling Technology), anti-phospho-Akt
(S473) (1:2000; 4060, Cell Signaling Technology), and anti-B-actin
(1:1000; 4967, Cell Signaling Technology). Subsequently, the mem-
brane was reacted with the following secondary antibodies at room
temperature for 1 hour: anti-mouse immunoglobulins/HRP (1:3000;
P0447, Dako) and anti-rabbit immunoglobulins/HRP (1:3000; P0488,
Dako). The membranes were probed by using ImmunoStar LD
(Fujifilm Wako Pure Chemical Corporation, 296-69901).

Quantitative PCR analysis

The assay was conducted according to the reference with a slight
modification (22). The Apt-dimer (0.5 nmol) was injected into BALB/c
mice via the tail vein, and liver samples were excised after 10 min
after the injection. The aptamer was extracted from the excised tis-
sue using a standard plasmid DNA purification kit. Frozen tissue
samples (<100 mg) were weighed and homogenized in 300 ul of buffer
P1 (19051, Qiagen) using a multi-bead shocker. Buffer P2 (300 ul;
19052, Qiagen) was added, and samples were mixed gently by inversion.
After 5 min of incubation at room temperature, 300 pl of buffer P3
(19053, Qiagen) was added. Samples were gently mixed by inversion
and incubated on ice for 5 min. After centrifugation at 10,000¢ for
5 min, the supernatant was incubated with 30 pl of proteinase K (9034,
Takara) at 55°C overnight. The oligonucleotide was extracted with
phenol:chloroform:isoamyl alcohol (25:24:1) extraction followed by
isopropanol precipitation. The obtained DNA pellet was resuspended
in 500 pl of nuclease-free water. The spike-in DNA samples were
prepared to construct standard curve by adding an appropriate amount
of DNA to the homogenate of liver tissues excised from nontreated
mice just before the addition of P2 buffer. Quantitative PCR was
performed by using PikoReal 96 (Thermo Scientific) and KOD SYBR

90of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

qPCR mix (QKD-201, TOYOBO) according to the manufacturer’s
instructions. The extracted DNA sample was used after diluting it
with nuclease-free water (1:100).

Immunohistochemistry

For the observation of Met activation in liver by systemic adminis-
tration of oligonucleotides, Apt-dimer or G4 mutant (10 nmol) was
injected to BALB/c mice via the tail vein. After 10 min, the mice
were perfused by using PBS, followed by fixation using 4% para-
formaldehyde. Liver samples were excised, embedded in paraffin,
and sectioned at 4-mm thickness. After deparaffinization and rehy-
dration, endogenous peroxidase was blocked by incubating with 3%
H,0, in methanol for 10 min at ambient temperature. Subse-
quently, the sections were incubated with 2% skim milk in PBS for
30 min at ambient temperature, followed by incubation with rabbit
anti-phospho-Met polyclonal antibody (1:100 in PBS containing
2% skim milk, ab5662, Abcam) for 2 hours at ambient temperature.
The sections were then washed with PBS three times and incubated
with Histofine Simple Stain Mouse MAX PO (Nichirei Bioscience)
for 45 min at ambient temperature. The chromogen diaminobenzidine
(DAB) was applied to visualize the antigen-antibody reaction. The
nuclei were counterstained with hematoxylin. The obtained tissue
sections were observed by using a microscope (BZ-X710, Keyence).
For the observation of c-Met location in liver, BALB/c mice were
perfused by using PBS and fixed by using 4% paraformaldehyde.
Excised liver samples were further immersion-fixed in 4% para-
formaldehyde at 4°C overnight, followed by cryoprotection with
30% sucrose in PBS. Tissues were frozen in Tissue-Tek O.C.T. Com-
pound (Sakura Finetek Japan) and sectioned at 20-um thickness. The
sections were blocked with 1% BSA in PBS at ambient temperature
for 15 min and incubated with rabbit anti-Met monoclonal antibody
(1:100 in PBS containing 1% BSA, ab51067, Abcam) at 4°C over-
night. Then, the sections were incubated with an Alexa Fluor 647-
conjugated secondary antibody (1:250 in PBS containing 1% BSA,
ab150075, Abcam) at ambient temperature for 1 hour. Blood vessels
were visualized by incubating with DyLight 488-labeled tomato
lectin (1:250 dilution in PBS) at ambient temperature for 1 hour. The
nuclei were stained by using Hoechst 33342. The obtained sections
were mounted in Vectashield mounting media (Vector Laboratories)
and observed by using a confocal laser scanning microscope (Leica
TCS SP8). Alexa Fluor 647, DyLight 488, and Hoechst 33342 were
excited by using laser light at 638, 488, and 405 nm, respectively.

Treatment of fulminant hepatitis mouse model

The Apt-dimer or G4 mutant (10 nmol) was co-injected with 2 ng
of anti-CD95 antibody (554254, BD Biosciences) to BALB/c
mice via the tail vein. After 1.5 hours, a second injection of Apt-
dimer or G4 mutant (10 nmol) was performed. After 4.5 hours of
initial injection, serum glutamate pyruvate transaminase, glutamate
oxaloacetate transaminase, and lactate dehydrogenase concentra-
tions were quantified by using the Dri-Chem 7000IZ System
(Fujifilm).

Blood chemistry test

The Apt-dimer (10 nmol) was injected into BALB/c mice via the tail
vein. Whole blood was collected after 24 hours or 7 days from the
injection, and serum samples were prepared by centrifugation at 1700g
for 30 min. The serum samples were frozen and sent to Oriental
Yeast Co. Ltd. for blood chemical test service.
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Quantification of IL-6 and IFN-$

The Apt-dimer (10 nmol) was injected into BALB/c mice via the tail
vein. Whole blood was collected 4 hours after administering the in-
jection, and serum samples were prepared by centrifugation at 1700g
for 30 min. Concentrations of IL-6 and IFN-B in the serum samples
were determined by using the Mouse IL-6 Quantikine ELISA Kit
(M6000B, R&D Systems) and Mouse IFN-beta Quantikine ELISA Kit
(MIFNBO, R&D Systems), respectively. The assay was performed
according to the manufacture’s protocols. Serum samples prepared
after 1.5 hours (for IFN-B) or 4 hours (for IL-6) from the single
intraperitoneal injection (100 pg) of lipopolysaccharide (128-05171,
Fujifilm) were used as positive controls.

Gross morphology and H&E staining of organs

The Apt-dimer (10 nmol) was injected into BALB/c mice via the tail
vein. After 24 hours or 7 days after the injection was administered,
the tissues were excised and washed with PBS. The images were ob-
tained using a EOS Kiss X10 camera equipped with S18-55 IS STM
lens (Canon). For hematoxylin and eosin (H&E) staining, the mice
were perfused by using PBS, followed by fixation using 4% para-
formaldehyde. The tissues were embedded in paraffin, cut into sec-
tions (4 um thickness), and stained with H&E. The obtained tissue
sections were observed by using a microscope (BZ-X710, Keyence).

Ethical compliance

All animal experiments were approved by the Animal Care and Use
Committee of the University of Tokyo and Animal Care and Use
Committee of the Innovation Center of NanoMedicine and performed
in accordance with the guidelines for the care and use of laboratory
animals as stated by these institutions.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/14/eaay2801/DC1

View/request a protocol for this paper from Bio-protocol.
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