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Because current mainstream anti-glycolipid GD2 therapeutics
for neuroblastoma (NB) have limitations, such as severe adverse
effects, improved therapeutics are needed. In this study, we
developed a GD2 aptamer (DB99) and constructed a GD2-ap-
tamer-mediated multifunctional nanomedicine (ANM) with
effective, precise, and biocompatible properties, which func-
tioned both as chemotherapy and as gene therapy for NB.
DB99 can bind to GD2" NB tumor cells but has minimal
cross-reactivity to GD2™ cells. Furthermore, ANM is formu-
lated by self-assembly of synthetic aptamers DB99 and NB-spe-
cific MYCN small interfering RNA (siRNA), followed by self-
loading of the chemotherapeutic agent doxorubicin (Dox).
ANM is capable of specifically recognizing, binding, and inter-
nalizing GD2", but not GD2~, NB tumor cells in vitro. Intracel-
lular delivery of ANM activates Dox release for chemotherapy
and MYCN-siRNA-induced MYCN silencing. ANM specifically
targets, and selectively accumulates in, the GD2* tumor site
in vivo and further induces growth inhibition of GD2" tumors
in vivo; in addition, ANM generates fewer or no side effects in
healthy tissues, resulting in markedly longer survival with fewer
adverse effects. These results suggest that the GD2-aptamer-
mediated, targeted drug delivery system may have potential
applications for precise treatment of NB.

INTRODUCTION

Neuroblastoma (NB), the most common extracranial solid tumor in in-
fancy and childhood, which arises from the sympathetic nervous sys-
tem, accounts for ~15% of childhood cancer deaths and is a leading
cause of death in pediatric medicine around the world."” NB is classi-
fied into risk groups (low, intermediate, and high) according to the In-
ternational Neuroblastoma Risk Group (INRG) classification.’
Although high-risk NB (HRNB) is the most prevalent, when compared
with the low-risk and intermediate-risk groups, outcomes in the high-
risk group are considerably poorer.” > Clinical HRNB primarily com-
prises children older than 18 months with distant metastatic spread
and/or amplification of the MYCN oncogene. At present, despite mul-

732 Molecular Therapy: Nucleic Acids Vol. 26 December 2021 © 2021 The Authors.

tiple combination treatments, including conventional or high-dose
chemotherapy, surgical resection, radiotherapy, differentiation therapy,
and immunotherapy,"” the 5-year overall survival (OS) from HRNB
has not yet changed substantially (<50%). Intense and high doses of
chemotherapy usually cause severe sequelae, such as hearing loss,
cognitive deficits, and endocrinopathies.” Further, one-half of patients
with HRNB may relapse, and survival rates after 5 years are even more
dismal, at less than 10%."" The high mortality and treatment-related
high morbidity associated with current standards-of-care treatments
indicate the urgent need for less-toxic and more-effective treatments
for this disease."' Hence, new drugs that exploit the molecular pathol-
ogy of NB and improve the targeting ability to reduce long-term toxic-
ities are urgently needed to treat high-risk NB at diagnosis as well as in
patients with relapsed or refractory disease.

Despite the increased number of promising drugs in early clinical tri-
als that focused on NB, the development of new agents for use in pe-
diatric NB remains extremely limited."” Glycolipid GD2 is one of the
promising targets for NB therapy, but, to date, only one class of im-
munotherapies with the anti-GD2 monoclonal antibody dinutuximab
has been incorporated into front-line therapy (2015 approval by the
U.S. Food and Drug Administration [FDA]) for pediatric patients
with HRNB since the 1980s.'>'* Dinutuximab binds to glycolipid
GD2, which is overexpressed in NB cells and neuroectoderm-derived
normal cells, including the central nervous system and peripheral
nerves.'>'® Dinutuximab binds to GD2 on the cell surface and in-
duces antibody-dependent cell-mediated cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC). Although dinutuximab
has a powerful effect, challenges still exist.!” First, more than 50%
of patients will relapse, and very few relapsed patients can be
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cured.'®"” Second, although GD2 is an ideal target for NB therapy
because it is highly expressed on NB tumor cells, it also exists in other
normal tissues.””' Therefore, dinutuximab stimulates normal GD2*
cells, causing severe pain, fever, low platelet count, infusion reactions,
hypotension, elevated liver enzymes, anemia, diarrhea, hypokalemia,
capillary-leak syndrome, neutropenia, and lymphopenia. Dinutuxi-
mab treatment may result in nerve damage, infections, eye problems,
electrolyte abnormalities, and bone marrow suppression.”*** There-
fore, there is an urgent need to develop an alternative GD2-targeted
agent to overcome those barriers.

In recent years, aptamers, another highly clinically translatable and
favorable therapeutic, have exhibited promise for tumor-targeted
therapy.”* Aptamers are single-stranded DNA or RNA molecules
selected via an iterative selection process called systematic evolution
of ligands by exponential enrichment (SELEX).”*° Aptamers can
display complex secondary motifs, such as loops, stems, or G-quadru-
plexes, which may further adopt three-dimensional structures to
recognize and bind targets with high affinity (dissociation constants
in the low nanomolar/high picomolar range) and specificity (discrim-
ination by only a few amino acid changes).””*® The diverse nature of
aptamers makes them not only exhibit targeting ability themselves
but also enables them to be used as tools to deliver different cargos
to specific cells or tissues.””*" Because of the several substantial ben-
efits of aptamers, compared with conventional therapeutics, such as
antibodies, aptamers are more suitable for NB targeted therapy for
several reasons:

(1) Easy permeation and lower antigenicity. Thanks to their small
size, aptamers that carry delivery cargos, such as small interfering
RNA (siRNA), chemical drugs, or nanoparticles, can rapidly
penetrate into cells and tissues.”’ They can even infiltrate the
blood-brain barrier to address metastasis in the brain. In addi-
tion, their small size decreases the chances of inducing unwanted
humoral T cell-dependent immune responses.’

(2) Antidotes exist. Because targets may also be expressed at low
levels on normal cells, if an aptamer generates side effects, anti-
dotes—oligonucleotides with a sequence complementary to the
aptamer—can be used to bind the aptamer and further disrupt
its structure and function in vivo.>>** This makes aptamers a
unique class of therapeutic agents that convey safer drug design
and have an important safety advantage over other targeted ther-
apeutics.

(3) Large-scale production and lower cost. Because aptamers are
chemically synthesizable, good manufacturing practices
(GMP)-grade production is much more controllable, and the
cost of production is less than that for antibodies.’” Therefore,
development of a GD2-aptamer-targeting system is both feasible
and desirable.

In this study, we attempted to construct a GD2-aptamer-targeting sys-
tem. We successfully selected a DNA aptamer (termed DB99) against
GD2. It has been validated that DB99 can bind to GD2" cells with
high specificity and affinity. Further, we constructed a multifunctional,

biodegradable aptamer nanomedicine (ANM) based on the GD2 ap-
tamer. Because amplification of the MYCN oncogene is observed in
approximately 20% of all NB cases and in approximately 50% of
high-risk cases, MYCN amplification is defined as one of the strongest
unfavorable prognostic markers.” A reduction in MYCN mRNA
expression may inhibit proliferation, prevent multidrug resistance
(MDR), and induce apoptosis of NB tumor cells.*® In addition, doxoru-
bicin (Dox) is a standard chemotherapeutic for NB, and Dox can inter-
calate into cytosine/guanine (CG) base pairs.”” Therefore, a biostable
and biocompatible ANM, containing the GD2 aptamer, MYCN siRNA,
and Dox, was constructed. We hypothesized that ANM would recog-
nize and bind with GD2" cells because of the GD2 aptamer. Next,
ANM is internalized by GD2" cells, and Dox and MYCN siRNA are
released to perform their functions. Therefore, ANM inhibits GD2*
NB tumor growth. Several functional studies in vitro and in vivo have
demonstrated that ANM achieved both GD2* cell-targeted chemo-
therapy and MYCN-gene-specific therapy, resulting in a combination
therapy that not only achieved greater therapeutic efficacy but also
had fewer nonspecific, toxic side effects on normal cells and tissues.

RESULTS

Selection and characteristics of GD2 aptamers

The GD2 aptamer was selected via a combined SELEX, which con-
sisted of an in vivo part and an in vitro part (Figure 1). IMR32-cell-
bearing mice were used for in vivo SELEX. In total, nine SELEX
rounds were completed. Flow cytometry was applied to monitor the
selection effect of combined SELEX in each round. As shown in Fig-
ure 2A, when compared with the GD2™ cell line A431, there was an
increasing amount of single-stranded DNA (ssDNA) bound to GD2*
IMR32 cells during the fourth, sixth, and ninth rounds when
compared with the second round, indicating that ssDNA binding
increased after round 2. Fluorescence values were highest in IMR32
at the ninth selection round, indicating full enrichment. The DNA
pool was subsequently cloned. Ninety-nine clones were used for
further functional evaluation. Sequences were analyzed and divided
into families according to alignment. Interestingly, those sequences
revealed two dominant clones, termed clone A and clone B (Table
S1). Of those clones, the representation of clone A, named DB99,
was slightly greater than that of the other clone and so was chosen
for further identification and characterization. First, to evaluate bind-
ing specificity, DB99 was amplified with a carboxyfluorescein (FAM)-
labeled forward primer and a biotin-labeled reverse primer by PCR.
FAM-labeled DB99 was separated by streptavidin beads, and 40
pmol was incubated with several cell lines (GD2" cell lines: IMR32,
SKN-BE, MDA-MB-231, U87MG, and T98G cells; GD2™ cell lines:
A431, A172, and Molm-13 cell lines). Cells were evaluated by flow cy-
tometry. As shown in Figure 2B, when compared with the random
DNA pool, DB99 generated a relatively stronger signal in GD2" cell
lines. This result indicates that DB99 has relatively high specificity
and sensitivity to GD2. Further, because DB99 generated a relatively
stronger signal in GD2" cells and we processed an in vitro selection
part to exclude the influence of other molecules on cell membranes,
it was necessary to confirm and validate whether the binding target
of DB99 was GD2. First, expression of GM2/GD2 synthase in
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Figure 1. Schematic representation of combined SELEX selection system

IMR32 cells was knocked down using siRNA. GD2 expression was
observed by confocal microscopy (Figure S1A), and protein expres-
sion was evaluated by western blot (Figure SIB). The expression of
GM2/GD2 synthase was relatively less in KD-IMR32 cells, whereas
the expression of the reference protein, tubulin, was the same in
IMR32 and KD-IMR32 cells. Cells were incubated with FAM-DB99
and analyzed by flow cytometry. As shown in Figure S1C, with
decreasing GD2 expression, binding between DB99 and cells was
also decreased, indicating the binding specificity of DB99 to GD2.
Furthermore, FAM-labeled DB99 was incubated with GD2-coated
beads and assessed by flow cytometry. As shown in Figure 2C,
when compared with control ganglioside (ganglioside sugar-B-ami-
nopropyl GMla, ganglioside sugar GD3, and ganglioside sugar
GM2), there was relatively stronger binding of DB99 to GD2, whereas
control DNA did not generate obvious binding signals in all ganglio-
sides. Using nonlinear regression analysis, DB99 was found to have a
KD of 21.21 nM (Figure 2D). In addition, molecular docking was
applied to evaluate the binding between GD2 and aptamer DB99.
As shown in Figure 2E, DB99 generated two quadruplets, including
domain 1 and domain 2. Aptamer DB99 could bind with GD2 with
a binding energy of —11.600 kcal/mol. The primary interaction ele-
ments were nucleotides C5, C6, A7, A8, C11, C12, and C13.

Construction of ANM

To construct the ANM, the aptamer/siRNA nanocomplex (AsiNC)
was first formulated through a self-assembly process (Figure S2).
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To that end, three complementary, functional, ssDNAs (ssDNA1,
ssDNA2, and ssDNA3) were synthesized. Equimolar amounts
of ssDNA1, ssDNA2, and ssDNA3 were mixed to generate ap-
tamer/siRNA complexes. To validate whether the aptamer/
siRNA nanocomplex AsiNC was formed, PAGE was applied. As
presented in Figure 3A, when compared with single ssDNAI,
ssDNA2, or ssDNA3, the ssDNA1+ssDNA2, ssDNA1+ssDNA3,
and ssDNA1+ssDNA2+ssDNA3 generated different mobility shifts
on a gel. The ssDNA1+ssDNA2+ssDNA3 group generated a single
band, indicating successful construction. In addition, to further
confirm AsiNC formation, AsiNC was exposed to restriction endo-
nucleases Smal and/or Sacll, and the resultant products were
analyzed by PAGE (Figure 3B). The digested fragments were as-
sessed after treatment with the endonucleases Smal and Sacll.
Thus, AsiNC formation through self-assembly was validated
because the endonucleases Smal and Sacll only cleave double-
stranded DNA (dsDNA) nanostructures.

Subsequently, to evaluate the binding specificity of AsiNC, FAM-
labeled AsiNC (Figure S2) or CsiNC (Figure S3) was mixed with
several GD2" or GD ™ cell lines, and the cells were analyzed by flow
cytometry. CsiNC replaced the GD2 aptamer in AsiNC with control
ssDNA. This control ssDNA was also generated from SELEX but
could not recognize GD2. As shown in Figure 3C, compared with
CsiNG, there was an obvious signal in AsiNGC, indicating that AsiNC
maintained binding ability to GD2.
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Figure 2. Characterization of GD2 aptamer DB99
(A) Monitoring of SELEX efficacy by flow cytometry. (B)
Binding specificity of DB99 to GD2* cell lines. (C) Binding
specificity of DB99 to GD2 molecules. (D) Flow cytometry
evaluation of the binding affinity of DB99 to GD2* cells. (E)
Molecular docking of DB99 to the GD2 molecule.

2ud
4 th
() th
T—— 9 th

obviously altered, indicating that AsiNC was
fully incorporated up to the Dox payload. The
same construction method was also suitable
for Dox loading for CsiNC and ACsiNC (Fig-

GD2*SKN-BE[*] | GD2'U87TMG

ure S4). ACsiNC replaced MYCN siRNA in
AsiNC with control siRNA, which could not
downregulate MYCN expression. ACM and
CNM were constructed in the same way (Fig-
ure S5A). Furthermore, to explore the stability

| GD2'T98G

of ANM, the ANM was incubated with fetal

Counts

GD2™ A172

bovine serum (FBS) or at different pH levels,
and the mixtures were examined for Dox fluo-
rescence. There was no obvious increase in
Dox fluorescence, indicating the anti-nuclease
activity and stability of ANM (Figures 3E and

D2~ Molm-13

S5B). The physical properties of the formulated

FAM

ANM were assessed using a dynamic light-scat-

DB99 Control DNA

12000 -

210000 4

8000

6000

Counts

4000

Fluorescence Intensity

2000 -
D

KD=21.21 nM

tering assay. As shown in Figure 3F, ANM was
smaller than AsiNC, which makes it more suit-
able for theranostics. The diameters of single
ssDNAs are shown in Figure S6.

ANM selectively binds and delivers drugs to
GD2* cells
First, to confirm whether ANM maintains GD2
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To construct ANM, given that the fluorescence of free Dox will be
quenched after intercalation into dsDNA, AsiNC was incubated
with an aqueous solution of Dox and monitored by fluorescence spec-
trometry. As shown in Figure 3D, sequential decreases in the native
fluorescence spectrum of Dox were observed with increasing concen-
trations of AsiNC. When the AsiNC/Dox molar ratio was below
1,000:1, the fluorescence signal reached its lowest level and was not
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binding specificity, FAM-modified ANM was
incubated with IMR32 or A431 cells and evalu-
ated by confocal microscopy. As shown in Fig-
ure 4A, there was significant binding to IMR32
cells but little cross-binding to A431 cells. These
results demonstrated that ANM still recognized
GD2 molecules or GD2" cells.
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Second, to assess whether ANM delivers Dox to
GD2" NB cells in a targeted manner, IMR32 or
A431 cells were seeded on glass slides and incu-
bated with ANM (20 nM) or CNM (20 nM).
CNM was constructed via Dox interacting in
CsiNC. It has been reported that aptamer-medi-
ated drug delivery systems can be internalized into endosomal or
lysosomal pathways.**** Therefore, to validate the potential mecha-
nism of intracellular delivery, lysosomes were also located. As shown
in Figure 4B, there was strong Dox fluorescence in IMR32 cells incu-
bated with ANM but not in IMR32 cells incubated with CNM or A431
cells incubated with either ANM or CNM. This result confirmed that
ANM delivers Dox to target cells with specificity. In addition, there
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Figure 3. Construction and characterization of
AsiNC and ANM

(A) Formation of AsiNC. Markers between 50 and
1,000 bp. (B) Endonuclease digestion of AsiNC for AsiNC
forming confirmation. AsiNC incubated with endonu-
clease were assessed by PAGE (1, AsiNG; 2, mixture of
AsiNC+Smal; 3, mixture of AsiNC+Sacll; and 4, mixture of
AsiNC+Smal+Sacll). (C) Selective reorganization and
binding of AsiNC to GD2™ cells. (D) Formation of ANM. (E)
Stability of ANM. (F) Size of AsiNC and ANM was exam-
ined with a Zeta-sizer nanodetector.
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was constructed via Dox interacting in ACsiNC.
Total RNA was extracted, and qRT-PCR was
applied to evaluate the expression of MYCN. As
presented in Figure 5A, after incubation with
ANM, MYCN expression levels in IMR32 cells
were significantly decreased when compared
with that of the control group (p < 0.05). In addi-
tion, MYCN expression levels in IMR32 treated
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According to the results above, ANM specifically
delivers agents to GD2" NB cells. Thus, to further
investigate whether ANM could inhibit GD2"
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was colocalization of Dox and lysosomes, which again confirmed the
endocytosis/lysosome pathway as the mechanism for internalization
of the aptamer-mediated drug delivery system.

Third, to observe the Dox delivery process of ANM to GD2* cells,
IMR32 or A431 cells were seeded into 6-well plates and incubated
with ANM (20 nM). Cells were maintained at 37°C for 0 min,
30 min, 60 min, 90 min and 120 min, and fluorescence signals of
Dox were subsequently observed. As illustrated in Figure 4C, the con-
tent of Dox in IMR32 cells increased with longer incubation times.
Meanwhile, although the incubation time increased, there was hardly
any Dox fluorescence signal in GD2™ cells. These results indicate the
accurate and effective drug delivery of ANM to GD2" cells.

ANM specifically inhibits GD2* NB cells in vitro
To address whether ANM could silence MYCN expression in GD2"
cells, IMR32 cells were incubated with ANM, ACM, or CNM. ACM
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cells and avoid damaging GD2™ cells, apoptosis
and cell proliferation were assessed. As shown
in Figures 5B and 5C, IMR32 cells incubated
with ANM presented increased apoptotic cells
compared with the PBS group (p < 0.01), whereas
IMR32 cells incubated with CNM did not exhibit obvious apoptosis. In
addition, A431 cells incubated with either ANM or CNM did not
change appreciably. ACM and ANM generated obvious inhibition in
IMR32 cells compared with A431 (ACM: p < 0.05, ANM: p < 0.01).
Interestingly, a free Dox group generated a similar apoptosis ratio
when compared with ACM, which contained GD2 aptamer and free
Dox; In addition, the siRNA group generated a similar apoptosis ratio
when compared with the AsiNC group, which contained a GD2 ap-
tamer and siRNA. These results further suggested successful targeted
delivery to GD2" cells because of the GD2 aptamer. Next, cell prolifer-
ation was assessed, and the data are shown in Figure 5D. In IMR32 cells,
both ANM and free Dox inhibited cell proliferation with no significant
difference. ACM also inhibited cell growth because it contains a GD2
aptamer. ACM also delivered Dox to cells. However, the lack of
MYCN siRNA resulted in a smaller inhibitory effect than observed in
response to ANM (2 nM, 5 nM, 10 nM, and 20 nM: p < 0.05; 50 nM
and 100 nM: p < 0.01). CNM exhibited almost no inhibition in cells

1000 10000
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Figure 4. Selective binding and drug delivery of ANM to GD2" cells
(A) Selective binding of ANM to GD2* cells. Scale bars: 50 uM. (B) Monitoring of

intracellular drug unloading via endocytosis/lysosome pathway. Scale bars: 50 uM.
(C) Drug uptake of IMR32 and A431 cells. Scale bars: 50 uM.

because there was no GD2 aptamer, and CNM was unable to bind with
IMR32 cells. In A431 cells, because A431 does not express GD2, neither
ANM nor ACM inhibited cells compared with free Dox (20 nM and
50 nM: p < 0.05; 100 nM: p < 0.01). Meanwhile. CNM also exhibited
almost no inhibition of A431 cells. To assess the specificity of ANM
toward GD2*MYCN™ cells compared with GD2"MYCN ™ cells, GD2*"
MYCN" IMR32, and GD2"MYCN'", SH-SY-5Y and SK-N-SH cells
were used.’’ As shown in Figure S7, ANM generated increased inhibi-
tion of SK-N-SH, SH-SY-5Y, and IMR32 cells, consistent with MYCN
expression levels in those three cell lines (p < 0.05). Compared with
ACM and CNM, ANM generated greater inhibition than either ACM
or CNM (p < 0.05). These results suggest that ANM tends to reduce
damage to GD2 ™ cells and retain the efficacy of Dox and gene-editing
agents against GD2" cells.

ANM treatment inhibits GD2* NB tumor growth and improves
mouse survival

To evaluate whether ANM inhibits GD2" NB tumors effectively and
avoids damaging GD2 ™ cells, first, the ANM targeting ability was eval-
uated in GD2" NB tumors. GD2" IMR32 and GD2~ A431 cells stably
expressing GFP and luciferase were subcutaneously inoculated into
BALB/c mice. The IMR32 cell line was injected into the right shoulder
and A431 into the left shoulder. To observe a clear signal view, we chose
50 mM, which was a very large concentration for an in vivo experiment.
In brief, ANM, ACM, and CNM (50 mM per mouse) were systemically
administered through the tail veins and were observed using an IVIS
200 Imaging System after administration. Because Dox fluoresces,
the location of the ANM could be observed. Tumors were monitored
by bioluminescence imaging, given that the tumor cells stably ex-
pressed luciferase. As presented in Figure 6A, compared with A431,
ANM fully highlighted the IMR32 cells expressing GD2, and quantita-
tive imaging analysis indicated a greater signal in IMR32 cells than in
A431 cells. In addition, because ACM also contains the GD2 aptamer,
it was also located in the IMR32 tumor tissues. CNM exhibited no
signal in either IMR32 or the A431 tumors.

Furthermore, tumor tissues were assessed using histological and immu-
nohistochemical studies for expression of GD2, and fresh tumor cells
were observed under a fluorescence microscope. As demonstrated in
Figures 6B and S8, IMR32 tumor cells overexpressing GD2 were high-
lighted by Dox, but no GD2 or Dox signals were detected in A431 cells.

Because ANM was designed to inhibit GD2" tumor cells, to explore the
drug delivery and the potential for therapeutic use of ANM, biostability
and retention time were assessed. Mice with both IMR32 and A431 tu-
mors were injected with ANM, and signals were measured at different
time points (Figure 6C). ANM selectively accumulated in GD2" cells
after administration, and the signal could be observed for 8 days,
demonstrating the promising capacity of ANM for therapeutic use.
These results indicate that ANM selectively recognizes GD2* tumor
cells with relatively high specificity and affinity.

To evaluate the inhibitory ability of GD2" cells in vivo, a tumor model
was generated by subcutaneously injecting 2 x 107 in vitro propa-
gated GD2-expressing IMR32 cells into the flanks of BALB/c mice.
Tumor-bearing mice were randomly assigned to one of three groups
that received different treatments (six mice per group). Dox dose used
in this section was the common 20 pg. As shown in Figure 6D, mice
were administered ANM, ACM, and CNM (carrying the 20-pg Dox
payload), equimolar amounts of free Dox (20 pg), or placebo saline
(untreated controls). To assess inhibition ability, tumor growth was
monitored by whole-body bioluminescence (Figure 6E). ANM signif-
icantly decreased tumor growth compared with the other groups.
ACM showed little inhibition ability even though it also contained
DB99 and could deliver Dox. However, ACM lacked MYCN siRNA.
Therefore, the anticancer ability of ACM was weaker than that of
ANM. One mouse each in the saline/CNM and free Dox groups
died from rapid tumor growth (saline group and CNM) and severe
side effects (free Dox), respectively. To further validate anti-cancer
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Figure 5. Inhibition ability of ANM to GD2* cells for

chemotherapy and gene therapy in vitro

(A) MYCN gene silencing by ANM in GD2* IMR32 cells.
_— ANM-high indicates IMR32 cells incubated with 20 nM
ANM, and ANM-low indicates IMR32 cells incubated with
ANM. The difference compared with the blank is labeled.
*p < 0.05. (B) Rates (%) of apoptotic cells detected by
TUNEL staining The difference compared with the blank is
labeled. *p < 0.05, *p < 0.01. The difference compared
with the IMR32 cells with the same treatment is labeled
& < 0.05, #p < 0.01. (C) Fluorescence microscopy im-
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ability, the change in fluorescence intensity was calculated (Figure 6F).
When compared with the saline group (almost 3.6-fold increase in
signal at 14 days when compared with 0 days), the ANM group
showed almost a 1.3-fold increase in signal at 14 days when compared
with 0 days (p < 0.01). The CNM group showed almost a 3.7-fold in-
crease in signal at 14 days when compared with 0 days, which was the
same with the saline group. In addition, the ACM and free Dox group
showed a similar ratio because of Dox, indicating effective delivery
ability of the GD2 aptamer (p < 0.05). Meanwhile, the ANM group
showed smaller change than the ACM and free Dox group did,
because ANM not only contained Dox but also contained MYCN
siRNA. The average tumor volume in the ANM group was much
lower than that in the other groups and inhibited tumor growth
more effectively than free Dox did. In addition, the ACM group
showed slower tumor growth than that of the free Dox group, which
may be due to the selective Dox delivery of ACM and higher agent
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Scale bars: 50 uM. (D) MTS assays in vitro after the cells
were treated with ANM or ACM. The difference compared
with the ANM group at the same concentration is labeled.
*p < 0.05, *p < 0.01.

CNM

concentrations in tumor tissues, findings that
support the high therapeutic efficacy of ANM
(Figure 6G).

GD2 aptamer-mediated ANM reduces side
effects in normal tissues and exhibits
biosafety in vivo

We evaluated whether ANM attenuated side ef-
fects in normal tissues, as shown in Figures 7A
and 7B, and under both conventional and exces-
sive doses (twice the conventional doses), the
survival time in the ANM and free Dox groups
was longer than that in the saline, ACM, and
CNM groups (p < 0.01). The ANM group ex-
hibited increased survival times compared with
the free Dox group. In addition, excessive doses
exhibited a longer survival period than conven-
tional doses because of the much higher concen-
tration of Dox (p < 0.01). The weights of each
group are presented in Figure 7B. Regardless
of whether mice received a conventional or excess dose, mouse
weights in ANM group changed little, indicating minimal toxicity
in mice in response to the treatment. In contrast, the weight in treat-
ment with free Dox under the conventional dose and the excess dose
remained stable at the beginning, ultimately significantly decreasing
because of the severe side effects from Dox (p < 0.01). Consistent
with the prediction, body weight in the excess-dosage free Dox
declined faster than in regular-dosage free Dox. Body weight in the
saline, ACM, and CNM groups (conventional and excessive doses)
increased rapidly because of the quick growth of tumor masses.
Furthermore, mice were euthanized, and the blood, heart, liver, kid-
ney, spleen, and lung tissues were collected for further study. The he-
matoxylin and eosin staining (H&E staining) of heart, liver, kidney,
spleen, and lung tissues revealed that there was bleeding, inflamma-
tion, and cell damage in the free Dox group compared with that of
the ANM, saline, ACM, and CNM groups. In addition, the damage
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(A) Specific targeting ability of ANM to GD2* tumor site in
mouse model detected by IVIS 200 imaging. (B) Immu-
nohistochemistry and H&E staining of tumor tissues.
Scale bars: 40 puM. (C) Imaging of ANM versus time to
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volume change after agent administration. (F) Fluores-
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(G) Tumor volume. The significant difference compared
with the saline group is labeled. *p < 0.05, **p < 0.01.
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Figure 7. Potential reduced side effects of ANM in vivo

(A) Survival rate of mice after treatment initiation. *p < 0.05, **p < 0.01. (B) Body weight of mice after treatment initiation. *p < 0.05, **p < 0.01. (C) Histochemistry of mice
organs. Scale bars: 100 pM. (D) Serology assessment. Each bar represents means with SD of six replicates. “p < 0.05, **p < 0.01. (E) Blood routine examination of mice
peripheral blood. *p < 0.05, **p < 0.01.
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recognition of ANM to GD2"* cells. (C) Targeted drug delivery
of ANM to GD2* cells: (1, ANM first bind with GD2" cells
specially via the binding specificity of GD2 aptamer to GD2
molecule; 2, ANM was transferred by endocytic/lysosome
vacuole; 3, ANM was degraded, chemotherapeutics Dox
and siRNA were released; and 4, Dox and siRNA were
released, further inducing cell death and gene silencing).
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of intracellular delivery of Dox and MYCN
siRNA. The data indicate that ANM achieved
growth-inhibition rates of GD2" NB tumor cells
and exhibited negligible toxicity to normal tis-
sues compared with equimolar amounts of free
Dox. Aptamers exhibit obvious advantages
compared with that of antibodies, such as a
high tissue penetration rates, easy modification,
limited cost of synthesis, nonimmunogenicity,
and inter-batch uniformity.‘“’”’”’42 However, to
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in excessive-dose free Dox group was severer than that of the conven-
tional group (Figure 7C). Dox at excessive doses caused far more se-
vere damage than the conventional dose did. Serum biomarkers were
consistent with histological and immunohistochemical results, as
shown in Figures 7D&7E. These values in the ANM, ACM, and
CNM group were quite similar to those in the saline group at both
conventional and excess dosages, whereas they were much higher
in the free Dox group, indicating obvious tissue damage. With an
increasing amount of free Dox, the damage to normal tissues and cells
was much more severe. Therefore, we concluded that the GD2 ap-
tamer binds to GD2" cells and that ANM reduces cytotoxicity to
normal cells and tissues, indicating that GD2-aptamer-mediated
ANM exhibits promising anticancer applications and biosafety.

In conclusion, ANM was constructed by self-assembly of ssDNA1,
ssDNA2, and ssDNA3 and further Dox intercalation (Figure 8A),
and ANM was internalized by GD2" cells because of the GD2 aptamer
(Figure 8B). Further, ANM was degraded, and anti-cancer agents
were released to inhibit GD2" NB tumor growth (Figure 8C). This
biostable and biocompatible complex may have potential application
for precise treatment of NB.

DISCUSSION

In this study, using combined SELEX technology, we developed a GD2
aptamer, DB99, which recognizes and binds to GD2" cells with rela-
tively high specificity and affinity. Further, a drug-targeted delivery
system termed the “drug-targeted delivery ANM system,” based on
DB99, bound to GD2* tumor cells and elicited selective chemotherapy

date, although aptamers have been widely used

as diagnostic tools (biosensors) or as therapeutic

agents, they have lagged behind in reaching the
clinical arena despite their potential clinical translation.** *> Most ap-
tamers may not function in vivo, primarily because aptamers used as
therapeutics were selected in vitro, and the spatial structure of targets
in the physiological environment may be different when compared
with that of recombinant proteins, as well as in cells in vitro. To solve
that obstacle, scientists developed in vivo SELEX. Mi et al.** performed
whole-organism in vivo SELEX in a model of intrahepatic colorectal
carcinoma (CRC) metastases, generating an aptamer that bound to
and blocked activity of the oncogenic helicase p68 after 14 rounds of
in vivo selection. Wang et al.** performed whole-organism in vivo
SELEX using human xenografts of NCI-H460 cells to generate ap-
tamers. The selection pool was a 2'-fluoropyrimidine- and polyeth-
ylene glycol (PEG)-modified RNA pool. After 11 rounds of selection,
the aptamer RA16 demonstrated high affinity and binding selectively
to NCI-H460 cells in vivo. Thus, to generate a potentially transforma-
tive GD2 aptamer, we used in vivo SELEX. In addition, to improve the
efficacy and ensure that the target of the aptamer was GD2, but not
other molecules, we performed an in vitro section. After nine rounds,
we selected an ideal aptamer. This combined SELEX procedure may
represent a more-promising method of aptamer selection for thera-
peutic applications.

Aptamers have been selected as appealing candidates for the fabrica-
tion of various functional systems, including diagnosis and bio-
imaging, especially drug delivery.">*® Aptamer-mediated nanopar-
ticles (NPs) can assist NPs by precisely directing the target cells to
the targeted sites. Generally, many types of NPs have been used for
drug-delivery systems, including calcium carbonate NPs, mesoporous
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silica NPs (MSNs), poly(lactic-co-glycolic acid) (PLGA) NPs, and
lipid-based NPs.*”*® However, these systems have limitations for
clinical applications, such as hepatotoxicity caused by NP aggrega-
tion. In addition, these materials are foreign to the human body
and may pose unknown risks for in vivo use, potentially causing
side effects in normal cells. To solve those issues, scientists have
recently been inclined to use nucleic acids in the construction of
nanoparticles. Wu et al.” designed a CD123-aptamer-mediated tar-
geted drug train (TDT) with effective, economical, biocompatible,
and high-drug-loading capacity. The TDT is self-assembled from
two short primers by ligand-modified ZW25, which acts as an initia-
tion position for elongation, and intercalated by Dox. The TDT has
been validated as being capable of transporting a high capacity of
Dox to target cells and retaining the efficacy of Dox. Wang et al.*®
generated a mesenchymal stem cell (MSC) aptamer and developed
feasible, economical, biocompatible, and functional MSC-aptamer-
directed NPs without complex manufacturing to recruit MSC for
bone-defect regeneration. This nano-aptamer ball (NAB) was con-
structed using an N-hydroxysuccinimide/1-ethyl-3-[3-dimethylami-
nopropyl] carbodiimide hydrochloride (NHS/EDC) reaction and
healed bone defects significantly better. Many reports have also vali-
dated the efficacy of those systems.”*">' Therefore, in this study, we
developed a completely biocompatible and biodegradable system,
termed ANM. ANM was designed to logically combine multiple ther-
apeutic modalities for additional or synergistic efficacy, including
chemotherapeutics and gene therapy. Our data also confirmed that
ANM significantly downregulated MYCN expression in GD2* NB
cells. ANM exhibited better inhibition ability and negligible toxicity
in normal tissues than equimolar amounts of free Dox. The current
blood tests and serum tests indicates relative protection of ANM in
normal cells. Although free Dox generated inflammation (increased
white blood cells [WBCs]) and organ damage (increased aspartate
transaminase [AST] and alanine transaminase [ALT]), ANM did
not generate obvious increases in those parameters. The aforemen-
tioned findings reveal a promising GD2 aptamer and an ANM drug
delivery system of new-precision nanomedicines for NB-targeted
therapy. ANM shows promising application, and additional follow-
up studies should focus on areas that would increase its likelihood
of clinical translation, such as pharmacokinetics, in vivo stability,
biosafety, and improving efficacy.

MATERIALS AND METHODS

Reagents

The random DNA library and primers were synthesized by Sangon
Biotech (Shanghai, China). DMEM and RPMI 1640 medium were ob-
tained from HyClone (Thermo Scientific, USA). FBS was purchased
from Gibco (Invitrogen, USA). Dox was purchased from Sigma-Aldrich
(St. Louis, MO). Streptavidin-coated magnetic beads were obtained
from Promega (Madison, WI). The CRISPR-Cas9 knockout (KO)
plasmid transfection kit was purchased from Santa Cruz Biotech-
nology. GD2 ganglioside sugar-B-NAc-spacer3-biotin (GalNAcB1-
4(Neu5Aca2-8Neu5Aca2-3) and GalP1-4GlcB-NAc-spacer3-biotin
[C47H7,N,05,Na,]),  GD3-B-N-acetyl-spacer3-biotin  (ammonium
salt), GM3-B-N-acetyl-spacer3-biotin, GDla ganglioside sugar-
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B-NAc-sp3-biotin, and GM2 ganglioside sugar-B-NAc-sp3-biotin
were purchased from ELICITYL (France). FAM anti-human ganglio-
side GD2 antibody and Alexa Fluor 647 anti-human ganglioside GD2
antibody were obtained from BioLegend (San Diego, CA). MYCN
siRNA was synthesized and purchased from GenePharma (Shanghai,
China). Lentiviruses stably expressing GFP and luciferase were obtained
from OBiO (Shanghai, China). The MTS cell proliferation colorimetric
assay kit was purchased from BioVision (USA).

Cell lines and culture

The human NB cell line IMR32 (ATCC: CCL-127), the NB cell line
SKN-BE (ATCC: CRL-2271), and the human glioma cell lines
U8S7MG (ATCC: HTB-14), T98G (ATCC: CRL-1690), and A172
(ATCC: CRL-1620) were all purchased from ATCC (Manassas, VA,
USA). The human acute myelocytic leukemia cell line Molm-13, hu-
man epidermal cancer cell line A431, and human breast cancer cell
line MDA-MB-231 were all obtained from Cell Resource Center,
Institute of Basic Medical Sciences, Chinese Academy of Medical
Sciences/Peking Union Medical College (IBMS, CAMS/PUMC).
Adherent cells were cultured in DMEM, and cells were cultured in
suspension with RPMI 1640 medium with 10% FBS and a mixture
of penicillin/streptomycin. Cells were cultured at 37°C in a humidi-
fied atmosphere with 5% CO,. All experiments were performed on
cells in the exponential growth phase.

GM2/GD2 synthase knockdown of the IMR32 cell line and cell
labeling

IMR32 cells were seeded into six-well culture plates at a density/well
of 1.5 x 10°-2.5 x 10° cells in 3 mL of antibiotic-free standard growth
medium 24 h before transfection. The confluence degree of cells at the
time of transfection was 30%-50%. Before transfection, the siRNA/
microRNA (miRNA) oligo storage solution was diluted to 1 puM.
The siRNA/miRNA oligo solution was added to 100 pL Opti-MEM
at room temperature for 5 min. Then, 2 pL siRNA-Mate was imme-
diately added. After incubating for 5 min, this complex was added
dropwise to the cells. Cells were incubated for 24-96 h until suitable
for target gene analysis. Expression of GM2/GD2 synthase mRNA
was evaluated at 24-48 h, and GM2/GD2 synthase protein was as-
sessed at 48-72 h by western blot. Tubulin protein was treated as a
reference protein. IMR32 cells with GM2/GD2 synthase knockdown
were termed KD-IMR32 cells. 1.0 x 10° IMR32 or KD-IMR32 cells
were incubated with FAM-labeled GD2 aptamer at 37°C for
30 min. Cells were washed with PBS and assessed by flow cytometry.
1.0 x 10* cells were determined.

IMR32 and A431 cells stably expressing GFP and luciferase were con-
structed by transfection of GFP adenovirus and subsequently selected.
Adherent cells were cultured with DMEM with 10% FBS and a
mixture of penicillin/streptomycin. Cells were cultured at 37°C in a
humidified atmosphere with 5% CO,.

Tumor-bearing model
The protocol of the animal study in this paper was reviewed and
approved by the Ethics Committee of Xi'an Jiaotong University
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Affiliated Children’s Hospital (Xi’an Children’s Hospital, Xi'an,
China), no. C2018004. Six- to eight-week-old female immunodefi-
cient BALB/c (CAnN. Cg-Foxn1™/Crl) mice were purchased from
the Xi'an JiaoTong University Laboratory Animal Centre (Xi’an)
and raised under pathogen-free conditions. For the targeting-abil-
ity-evaluation assay, mice were anesthetized with 2% vaporized iso-
flurane, and 2 x 10’ GD2" IMR32 and GD2~ A431 cells stably ex-
pressing GFP and luciferase were subcutaneously inoculated into
each mouse at different anatomic sites at the same time (IMR32 in
the right armpit and A431 in the left armpit). Agents were systemi-
cally administered via tail vein injection when the tumor reached a
diameter >5 mm. For SELEX in vivo and anticancer assays, mice
were anesthetized with 2% vaporized isoflurane and administered a
subcutaneous injection of 2 x 10" IMR32 cells. To avoid post-injec-
tion bleeding and tumor cell leakage, brief local compression was
executed. A single tumor nodule in each mouse was allowed to
grow for several days. All animal procedures were performed accord-
ing to the standards of the Institutional Animal Care and Use
Committee.

Combined SELEX (in vivo and in vitro) selection procedure

The random DNA pool thiophosphorylated by 5'-monothiophos-
phate substitutions of all dA was synthesized with the sequence
5'-CCGCCCAAATCCCTAAGAG-(N,3)-CAGACACACTACACACG
CA-3', where Nyg represents 28 random nucleotides. A 20-nmol
DNA-aptamer pool in 200 pL of saline was administered through
tail vein injection to IMR32 tumor-bearing mice. Mice injected
with PBS were used as controls. Considering that aptamers can escape
the vasculature after injection, we chose to sacrifice mice between 20
and 30 min after injection. To remove blood from the tumor tissues,
mice were sacrificed by heart perfusion. Tumor tissues were collected
and frozen in liquid nitrogen. Tissues were homogenized, and DNA
was extracted from tumor tissues by All-In-One DNA/RNA/protein
mini-preps kits (Sangon Biotech, China). DNA extracted was ampli-
fied using a forward primer (5'-TGCGTGTGTAGTGTGTCTG-3')
and a biotin-labeled reverse primer (5'-CCGCCCAAATCCCTAA
GAG-3'). The PCR amplification procedure was performed as fol-
lows: 5 min 95°C for initial denaturation; 25 cycles of 30 s at 95°C,
30 s at 67°C, and 40 s at 72°C; and 10 min 72°C for extension.
PCR products were assessed by 2% agarose gel electrophoresis; PCR
products were mixed with streptavidin-coated magnetic beads to
separate ssDNA. In brief, 20 pmol of PCR products were incubated
with 5 pL beads for 15 min. Beads were washed, and 10 uL. NaOH
(I M) was added for 2 min to separate ssDNA. The supernatant
was added to 10 pL HCI (1 M) to neutralize the pH. Then, 20 pmol
of separated ssDNA was incubated with 1 x 10°> IMR32 cells at
37°C for 30 min. Cells were washed twice with PBS, centrifuged
(without removal of the supernatant), and further heated at 95°C
for 10 min. It is known that, when in 95°C, DNA can denature and
lose its three-dimensional structures. As a result, aptamers may lose
GD2 binding ability and be released to the supernatant. Therefore,
ssDNA that could bind to GD2" cells was released to the supernatant
and further collected. The supernatant fluid was collected and
incubated with 1 x 10> KD-IMR32 cells at 37°C for 30 min and sub-

sequently amplified by PCR. ssDNA was separated by streptavidin-
coated magnetic beads, and 20 nM ssDNA was used for the next
round.

Monitoring the SELEX effect

To monitor the selection efficiency of SELEX and the enrichment of
aptamers, forward primers were labeled with FAM, and reverse
primers were labeled with biotin. ssDNA enriched from each round
was amplified with labeled primers by PCR. FAM-ssDNA was sepa-
rated from PCR products by streptavidin-coated magnetic beads,
and 20 pmol was incubated with 1 x 10° IMR32 or A431 cells scraped
off the plates at 37°C for 30 min. Cells were washed twice with PBS,
and FAM fluorescence was determined by fluorescence-activated cell
sorting (FACS) caliber cytometer (BD Biosciences). 1 x 10* cells were
determined. When the fluorescence signal in IMR32 cells was signif-
icantly stronger than that in A431 cells or random DNA, SELEX was
ended, and the selected ssDNA pool was PCR-amplified using un-
modified primers and cloned into Escherichia coli using a TA cloning
kit (cat. no. CT101) for DNA sequencing. Flow cytometry was per-
formed three times.

Aptamer-binding specificity assays

To evaluate the binding specificity of aptamers, aptamers were ampli-
fied with FAM-labeled forward primers and biotin-labeled reverse
primers by PCR. Adherent cells were removed from the plates using
a scraper. FAM-labeled aptamers were separated by streptavidin
beads, and 40 pmol was incubated with 1 x 10° IMR32, A431,
SKN-BE, MDA-MB-231, T98G, U87MG, A172, or Molm-13 cells
at 37°C for 30 min. Cells were washed twice with PBS, resuspended
in 0.1 mL of PBS buffer, and analyzed by flow cytometry. A random
DNA pool was treated as a negative control. Cells were analyzed by
flow cytometry using three replicates. 1 x 10* cells were determined
for each test.

Target validation

To confirm whether the target of the aptamer was GD2, but not other
molecules, 10 mM biotin-GD2, GD3, GM1a, and GM2 were mixed
with 20 pL of streptavidin-coated beads for 20 min to fix GD2 on
beads. Then, 40 pmol of FAM-modified GD2 aptamer was incubated
with those beads for 30 min. Beads were washed twice with PBS and
assessed by flow cytometry three times. 5 x 10° beads were deter-
mined. Random DNA was used as a negative control. GD3, GMla,
and GM2 were also treated as negative controls.

Molecular docking

The GD2 aptamer structure was predicted using the Discovery Studio
program, and the energy was optimized using the Sybyl program. The
optimized structure was introduced into the Maestro program for
blind docking (taking the central coordinate of the nucleic acid ap-
tamer as the active site, the docking range includes the whole nucleic
acid aptamer region, coordinates 0.198109, 0.004182, 1.998088,
radius 36) to form a lattice for molecular docking. The compound
ganglioside GD2 was prepared according to the pH range of 5~9,
and a conformational search was performed to obtain the 3D
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structure for docking. Docking was performed in extra precision (XP)
and flexible mode. After docking, the conformation of the complex
was submitted for molecular dynamics simulation at 50 ns using
soft Desmond.

Aptamer-binding affinity assays

To assess the binding specificity of aptamers, gradient concentrations
(45, 65, 75, 95, 120, 150, 180, and 250 pM) of FAM-labeled aptamer
were incubated with 2 x 10° GD2-coated beads at 37°C for 30 min.
Beads were washed three times, resuspended in 0.2 mL PBS buffer
and subjected to flow cytometric analysis. 5 x 10° beads were deter-
mined. Random DNA was used as a negative control to measure
nonspecific binding.”® The equilibrium dissociation constants (Kp)
of the aptamer were obtained by fitting the dependence of the fluores-
cence intensity of specific binding on the concentration of the ap-
tamers to the equation Y = B,,,,X/(Kp + X), where Y represents the
reciprocal of the average fluorescence intensity (average fluorescence
intensity = fluorescence intensity in DB99-fluorescence intensity in
DB99 control DNA), X represents the reciprocal of the aptamer’s con-
centration, and By, represents the maximum binding capacity of the
aptamer bound to the target. Three replicates were performed.

Formation of aptamer/siRNA nanocomplex

To construct the aptamer/siRNA nanocomplex, three oligonucleotides
were designed and synthesized. This ANM not only targeted GD2" cells
but also delivered siRNA and Dox to specifically targeted cells. Thus,
three oligonucleotides were designed. ssDNA1 was the principal part,
containing the GD2 aptamer, Dox loading linker 1 for Dox loading,
and MYCN siRNA 1 for oncogene silencing; ssDNA2 and ssDNA3
were designed for accessories of targeting ability enhancement,
Dox loading, and oncogene silencing. The orders of three oligonucleo-
tides were as follows: ssDNAI: 5'-GD2 aptamer/Dox loading linker
1/MYCN siRNA 1 (5'-GD2 aptamer-CCCGGGCGCGCGCCCGC GG
CCCGGGCGCGCGCCCGCGG-CGGAGTTGGTAAAGAATGA-3');
ssDNA2: 5'-GD2 aptamer/Dox loading linker 2/GD2-aptamer-3’
(5-GD2 aptamer-GGGCCCGCGCGCGGGCGCC-GD2 aptamer-3');
and ssDNA3: 5'-GD2 aptamer/Dox loading linker 2/MYCN siRNA
2-3' (5'-GD2 aptamer-GGGCCCGCGCGCGGGCGCC-CGGAGATG
CTGCTTGAGAA-3'). To validate whether aptamer/siRNA nanocom-
plex was formed, two endonuclease restriction sites, Smal (underlined
nucleotides in sequences) and SaclI (font in italics in sequences), were
introduced into three oligonucleotides. Nanocomplexes were formed
by programmed hybridization of complementary ssDNA sequences.
Three oligonucleotides were mixed at an equal molar ratio (1:1:1) in
Tris EDTA buffer (Sigma-Aldrich, St. Louis, MO). The mixture was
heated at 95°C for 5 min and cooled at 4°C for programmed hybridiza-
tion. Control complexes, termed CsiNC and ACsiNC, were constructed
in the same way.

Evaluation of AsiNC

First, to validate whether AsiNC was formed, a mixture of oligonucleo-
tides (ssDNA1+ssDNA2, ssDNA1+ssDNA3, and ssDNA1+ssDNA2+
ssDNA3) was incubated. After incubation, the ssDNA mixture was as-
sessed by 1% agarose gel electrophoresis, and the bands were cut and
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extracted from the gel using a DiaSpin DNA gel extraction kit (Sangon
Biotech, China) according to the manufacturer’s instructions. Further-
more, Smal and/or Sacll restriction endonuclease (1 U) were mixed
with extracted DNA (1 pg) at 37°C for 3 h. The products were also
analyzed on a 5% denaturing PAGE gel.

Second, to evaluate the binding specificity of AsiNC, the GD2 aptamer
in ssDNA1 and ssDNA3 was modified with FAM at the 5 end.
Adherent cells were removed from the plates with a scraper. FAM-
labeled AsiNC (20 mM) was mixed with 1 x 10° cells (IMR32,
KD-IMR32, Molm-13, T98G, and SKN-BE) at 37°C for 30 min. Cells
were washed twice with PBS, resuspended in 0.1 mL PBS buffer, and
analyzed by flow cytometry. Twenty millimolar FAM-labeled CsiNC
was treated as a control group. Cells were analyzed by flow cytometry,
and 1 x 10" cells were determined. The fluorescence intensity was
determined using three replicates.

Construction of ANM

To determine the loading ability of AsiNC for Dox, AsiNC was incu-
bated in an aqueous solution of Dox (5 nM) for 30 min in a black
96-well plate at a range of aptamer/Dox molar ratios. The system
was kept in the dark at room temperature for 1 h. Saturation of
Dox loading was monitored by fluorescence spectrometry by a Syn-
ergy 4 analyzer (BioTek UK) (Ee = 488 nm, E.,, = 594 nm) using
three replicates. The same construction method was also suitable
for Dox loading for CsiNC and ACsiNC. After Dox loading, the com-
plexes were termed CNM and ACM, respectively.

Measurement of size and zeta potential

A total of 5 x 10° AsiNC and ANM were diluted in double-distilled
water (ddH,O) to 1 mL. The scale distribution of nanoparticles was
measured using a dynamic light-scatter meter at 25°C. The physical
properties of ssDNAI, ssDNA2, and ssDNA3 were assessed as
described above.

Stability of ANM

ANM (100 nM) was diluted in 100 pL of PBS and incubated with FBS
or different pH levels for 2 h. The mixtures were assessed for Dox
fluorescence by fluorescence spectrometry using a Synergy 4 analyzer
(Eex = 488 nm, E,,,, = 594 nm). PBS mixed with 5% FBS was consid-
ered a negative control. Three replicates were performed.

Binding specificity of ANM

IMR32 or A431 cells (1 x 10°) were seeded on glass slides, and the
GD2 aptamer in ssDNA1 and ssDNA3 was modified with FAM at
the 5’ end. FAM-modified ANM (10 mM) was incubated with cells
at 37°C for 1 h. Cells were washed twice with PBS and evaluated by
confocal microscopy.

Selective intracellular drug delivery of ANM observed by
confocal microscopy

IMR32 or A431 cells (1 x 10°) were seeded on glass slides and incu-
bated with ANM (20 nM) or CNM (20 nM). Cells were kept in the
dark at 37°C for 1 h. Then, cells were washed with PBS for lysosomal
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staining. In brief, 20 pL of LysoNIR Indicator was diluted in 10 mL of
Live Cell staining buffer to prepare a dye working solution. Equal vol-
umes of the dye working solution were added to the cells and incu-
bated at 37°C for 1 h. Cells were washed with prewarmed Hank’s
balanced salt solution (HBSS) buffer, fixed, and observed by confocal
microscopy. Fluorescence signals were detected at different wave-
lengths (Eey/Eem = 630-650 nm for lysosomes; Ee, = 488 nm, E,,, =
565 nm for Dox; E., = 350 nm, E.,, = 460 nm for Hoechst).

Drug uptake

IMR32 or A431 cells (1 x 10°%) were seeded into 6-well plates and
incubated with ANM (20 nM). Cells were kept at 37°C for 0 min,
30 min, 60 min, 90 min and 120 min. Then, cells were washed with
PBS and subjected to confocal microscopy to observe the fluorescence
signals of Dox.

Gene silencing of the MYCN gene by ANM

IMR32 cells (1 x 10°) were seeded onto glass slides and incubated with
ANM (low: 10 nM; high: 20 nM), ACM (20 nM), or CNM (20 nM).
Cells were kept in the dark at 37°C for 1 h. Then, cells were washed
with PBS and incubated for an additional 24 h. Cells were collected,
and RNA was extracted for RT-PCR. The RNeasy Mini Kit (QIAGEN)
was used to extract total RNA from cell lines. The TaKaRa PrimeScript
RT reagent kit was used to transcribe cDNA for qRT-PCR analysis.
Relative gene expression was measured using SYBR Green qPCR Mas-
ter Mix (Perkin-Elmer Applied Biosystems). The primers applied were
as follows: forward primer: 5'-ACTGTAGCCATCCGAGGACA-3';
reverse primer: 5-TCGGAAGCAGAAACAGTCCC-3'. B-actin was
treated as an internal reference gene. The primers applied were as fol-
lows: forward, 5'-CAGCCTTCCTTCTTGGGTAT-3'; reverse, 5'-TGG
CATAG AGGTCTTTACGG-3'. Three replicates were performed.
Data were analyzed using Applied Biosystems QuantStudio real-time
PCR software.

Inhibition ability of ANM analyzed by apoptosis in vitro

IMR32 and A431 (1 x 10°) were seeded and incubated with free Dox,
MYCN siRNA, CsiNC, CNM, ACsiNC, ACM, AsiNC, and ANM,
respectively. CsiNC, CNM, ACsiNC, ACM, AsiNC, and ANM were
5 nM. The groups of free Dox and siRNA alone were added with
the same concentration of Dox or siRNA in the ANM group. Cells
were incubated at 37°C for 1 h, washed with PBS, and incubated
for an additional 24 h. 54 puL TDT buffer was added to cells at
37°C for 1 h. Then, cells were incubated with termination solution
and labeled with peroxidase-labeled anti-digoxin antibody. Cells
were evaluated under a microscope and the apoptosis ratio (%) =
apoptosis cell number/total cell number.

IMR32 or A431 cells (1 x 10°) were seeded onto glass slides and incu-
bated with ANM (20 nM), CNM (20 nM), or ACM (20 nM). Cells were
kept in the dark at 37°C for 1 h. Then, cells were washed with PBS and
incubated for an additional 24 h. Then, cells were fixed in 4% neutral
formalin at room temperature for 10 min. Cells were washed twice
with PBS and incubated in PBS containing 2% H,O, at room temper-
ature for 5 min. Cells were washed with PBS, and 54 pL TDT buffer

was added to cells at 37°C for 1 h. Then, cells were incubated with
termination solution and labeled with peroxidase-labeled anti-digoxin
antibody. To observe cells, 0.05% 3,3'-diaminobenzidine (DAB) was
added. Cells were evaluated under a microscope.

Inhibition ability of ANM analyzed by cell proliferation in vitro

IMR32 or A431 cells (1 x 10°) were seeded into 96-well plates and
incubated with various concentrations (2, 5, 10, 20, 50, and
100 nM) of ANM, free Dox, ACM, or CNM. Cells treated with PBS
were used as controls. Cells were kept in the dark at 37°C for 1 h.
Then, cells were washed with PBS and incubated for an additional
24 h. Then, 10 pL of CCK-8 was added to each well and incubated
at 37°C for 4 h. The absorption value of each well was evaluated at
450 nm by an enzyme-linked immunodetector. Cell proliferation is
presented as the cell-proliferation ratio, which was calculated by the
Absorption value in agent group/Absorption value in the PBS group.

IMR32, SH-SY-5Y, and SK-N-SH cells were seeded into 96-well plates
(5 x 10* cells per well). Cells were treated with PBS, ANM, CNM, and
ACM (20 nM). Cells were kept in the dark at 37°C for 1 h. Then, cells
were washed with PBS and incubated for an additional 24 h. For the
cytotoxicity study assessed by MTS, 20 uL MTS reagent was added to
each well for a 4-h incubation. The absorbance (490 nm) of each well
was determined to evaluate cell viability. Cell proliferation was as-
sessed by 5-bromo-2’-deoxyuridine (BrdU) ELISA: the BrdU buffer
was added and incubated for 24 h. After removing the incubation
buffer, 100 pL of fixed buffer was added for 30 min. Then, 100 pL
of BrdU antibody buffer was added for 1 h followed by 300 pL of
washing buffer three times. Horseradish peroxidase (HRP)-conju-
gated goat anti-mouse antibody was added and incubated for 1 h.
Cells were washed three times, and 100 puL of 3,3'5,5'-tetramethylben-
zidine (TMB) was finally added. After 15 min, 50 pL of terminating
buffer was added, and the absorbance (450 nm) of each well was
measured. Cell proliferation is presented as the cell proliferation ratio,
which was calculated by the Absorption value in agent group/Absorp-
tion value in the PBS group. All tests were performed three times.

Targeting ability of ANM in vivo

The protocol of the animal study in this paper was reviewed and
approved by the Ethics Committee of Xi’an Jiaotong University Affil-
iated Children’s Hospital (Xi’an Children’s Hospital, Xi’an, China);
4-8-weeks-old BALB/c (CAnN. Cg-Foxn1"/Crl) mice were pur-
chased from the Fourth Military Medical University (Xi’an, ShaanXi,
China); 2 x 107 GD2* IMR32 and GD2~ A431 cells stably expressing
GFP and luciferase were subcutaneously inoculated into each mouse
at different anatomic sites at the same time (IMR32 in the right armpit
and A431 in the left armpit). When the tumor reached a diameter
>5 mm, 50 mM ANM and the control group (ACM and CNM)
were systemically administered via the tail vein injection (N = 6). Tu-
mor tissues were observed by GFP. Because Dox fluoresces (E.x =
488 nm, E,,, = 595 nm), the agent location could be identified. There-
fore, the targeting ability of agents was evaluated using the IVIS 200
imaging system to image the entire body at different times (0.5, 1, 2, 4,
and 8 days) (N = 3).
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Anticancer efficacy of ANM in vivo

To evaluate the anticancer effect of ANM, a mouse xenograft tumor
model was generated by subcutaneously injecting 2 x 107 in vitro prop-
agated GD2-expressing IMR32 cells into the abdomen of BALB/c
(CAnN; Cg-FoxnI™/Crl) mice. Dorsal tumor nodules were allowed
to grow to a volume of ~20 mm?® before initiation of treatment. Tu-
mor-bearing mice were randomly assigned to one of five groups, with
six mice in each group, as follows: (1) mice treated with saline, (2)
mice treated with ANM carrying 20 pg Dox to each mouse, (3) mice
treated with 20 pg free Dox to each mouse, (4) mice treated with
CNM carrying 20 ug Dox to each mouse, and (5) mice treated with
ACM carrying 20 pg Dox to each mouse. Drugs were administered
through tail vein injection once a day, and the treatment was continued
for 15 days. Tumor length and width were measured using calipers, and
tumor volume was calculated using the following equation: Tumor vol-
ume = (Tumor length x [Tumor width?])/2. Animals were evaluated us-
ing the IVIS 200 Imaging System (N = 6). The fluorescence intensity
change was calculated using the following equation: Relative ratio =
(Fluorescence intensity at 14 days)/(Fluorescence intensity at 0 days).

Systemic toxicity and safety evaluation

To assess the therapeutic safety and systemic toxicity of ANM, mouse
xenograft tumor models were divided into nine groups, with six mice
in each group. Mice were euthanized by cervical ligation when tumor
volume exceeded 2,000 mm?’. Group administrations (N = 6) were
performed as follows: (1) saline, (2) ANM carrying 20 ug Dox, (3)
twice ANM, (4) 20 pg free Dox, (5) twice Dox, (6) CNM carrying
20 pg Dox, (7) twice CNM, (8) ACM carrying 20 pg Dox, and (9)
twice ACM. Treatments were applied every 2 days and for 10 days.
Mice were observed for survival rate and weight. All mice were eutha-
nized, and blood samples were collected in BD Microtainer blood
collection tubes with K,-EDTA (Becton Dickinson, USA). Blood
samples were subjected to hematologic analysis, including WBCs,
red blood cells (RBCs), platelets (PLTs), hemoglobin (HGB), and he-
matocrit (HCT). In addition, serum markers of organ damage (creat-
inine, AST, ALT, and blood urea nitrogen [BUN]) were assessed. The
body weight of each mouse was also measured weekly to monitor po-
tential drug toxicity. After confirmation of death, the heart, liver, kid-
ney, spleen, and lung were collected and subjected to H&E staining to
evaluate any adverse effects of ANM on normal tissues.

Statistical analysis

SPSS 11.0 software was applied at Xi’an Jiaotong University. All nu-
merical data are expressed as means + SD. Differences among groups
were examined using Student’s two-tailed t test, except for tumor-
growth curves and mouse-survival curves. The statistical significance
for the tumor-growth curves was calculated using a one-way ANOVA
with Dunnett’s multiple comparison test. For the mouse-survival
curves, log-rank tests were applied. A p < 0.05 was identified as a sig-
nificant difference.
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