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Aptamers are small, functional single-stranded DNA or RNA
oligonucleotides that bind to their targets with high affinity
and specificity. Experimentally, aptamers are selected by the
systematic evolution of ligands by exponential enrichment (SE-
LEX) method. Here, we have used rational drug designing and
bioinformatics methods to design the aptamers, which involves
three different steps. First, finding a probable aptamer-binding
site, and second, designing the recognition and structural parts
of the aptamers by generating a virtual library of sequences, se-
lection of specific sequence via molecular docking, molecular
dynamics (MD) simulation, binding energy calculations, and
finally evaluating the experimental affinity. Following this
strategy, a 16-mer DNA aptamer was designed for Annexin
A1 (ANXA1). In a direct binding assay, DNA1 aptamer bound
to the ANXA1 with dissociation constants value of 83 nM. Flow
cytometry and fluorescence microscopy results also showed
that DNA1 aptamer binds specifically to A549, HepG2, U-87
MG cancer cells that overexpress ANXA1 protein, but not to
MCF7 and L-02, which are ANXA1 negative cells. We further
developed a novel system by conjugating DNA1 aptamer with
doxorubicin and its efficacy was studied by cellular uptake
and cell viability assay. Also, anti-tumor analysis showed that
conjugation of doxorubicin with aptamer significantly en-
hances targeted therapy against tumors while minimizing over-
all adverse effects on mice health.
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INTRODUCTION
Annexin A1 (ANXA1) is the first member of the annexin superfamily
including 12 other members. Structurally, ANXA1 is constituted by a
conserved core sequence that has binding properties for calcium and
phospholipids, and, functionally, it has ability to bind negatively
charged phospholipids in a calcium-dependent manner. Its distinc-
tive N-terminal sequence gives different annexins their functions.1
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Initially, it was discovered to intercede the anti-inflammatory effect
of glucocorticoids by inhibiting the phospholipase A2, preventing
the arachidonic acid supply needed for prostaglandin synthesis,
thus suppressing inflammation.2 Furthermore, it was also involved
in vascular endothelial growth factor-mediated angiogenesis.3

Although initially ANXA1 was discovered for its role in inflamma-
tion, later on it was found to take part in a broad range of molecular
and cellular processes, such as cell proliferation, differentiation,
apoptosis, regulation of cell migration, and invasion; all of which
have implications in the progress and development of cancer.4

An increasing number of studies have suggested that ANXA1 is either
down-regulated or upregulated in different cancers, so its role may be
cancer specific. For instance, in cholangiocarcinoma, ANXA1 is used
as a new immunohistological marker, which distinguishes it from
pancreatic ductal carcinoma.5,6 Similarly, to diagnose hairy cell leuke-
mia using immunohistochemistry, ANXA1 is used as a clinical
biomarker and also helps in differentiating ANXA1+ hairy cell leuke-
mia from splenic lymphoma with villous lymphocytes and variant
hairy cell leukemia.7 Paraffin-embedded immuno-histochemical
staining of primary tumors showed upregulation of ANXA1 in gastric
cancer,8–10 hepatocellular carcinoma,11 lung adenocarcinoma,12 mel-
anoma,13 and pancreatic cancer.14 This was associated with poor
prognosis,9,11,12 abridged metastasis-free survival,11 and abridged
0 The Author(s).
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Figure 1. SchematicWorkflow of In SilicoMethodology Used for Identifying

Aptamer against ANXA1 Protein
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disease-free survival.9,12 Similarly, low expression of ANXA1 was
observed in esophageal carcinoma,15 head and neck squamous cell
carcinoma,16 prostate carcinoma,15,17 and nasopharyngeal carci-
noma,18 correlating with differentiation grade.18,19 This differential
expression of ANXA1 may suggest different ways of cancer progres-
sion, and its different sub-cellular localizations may determine its
functions.

ANXA1 is expressed in the tumor vasculature of all types of tumors in
mice and humans,20 which can be used as a therapeutic biomarker for
tumor vasculature-targeting vehicles. Hatakeyama et al.21 used pep-
tide displaying phage technique to develop a carbohydrate mimetic
peptide (IFLLWQR), which specifically binds to ANXA1with high af-
finity. However, this peptide displayed poor stability in vivo, as it was
prone to proteolysis. Therefore, a smaller, efficient, more stable and
specific ANXA1 binding ligand is essential for cancer diagnosis and
therapy.

Currently, aptamers, a new class of nucleic acid probes, have gained
significant attention as molecular probes in biomedical applications.
Aptamers are small, functional single-stranded DNA or RNA oligo-
nucleotides with unique three-dimensional structure that binds to
their targets with high affinity and specificity. Recently over the
past, aptamers were generated for wide variety of targets including
co-factors, proteins, inorganic materials, cells, small molecules, vi-
ruses, and whole organisms.22,23 The salient features that make ap-
tamers a promising choice over usual antibodies are that they are
less toxic, easily reproducible, low immunogenicity, high stability,
fast tissue penetration, and has low molecular weight.24 Aptamers
are selected in vitro by the systematic evolution of ligands by expo-
nential enrichment (SELEX) method, which involves screening of
large random pool of oligonucleotide sequence libraries by an itera-
tive process of in vitro selection and amplification.25 The entire SE-
LEX method is monotonous, time-consuming without any guarantee
of success, and is often compromised by unspecific binding of the ol-
igonucleotides. Moreover, a fixed priming site is required in the
combinatorial libraries of oligonucleotides sequences by imposing
the size criteria on the random region, consequently hindering the di-
versity of the synthesized aptamer library.26

Hence to overcome these drawbacks, rational drug designing and bio-
informatics methods were used to design the aptamers that particu-
larly have high affinity toward a specific protein.27,28 Here, we have
developed the in silico method for the development of aptamer by
the generation of a virtual library of sequences, selection of specific
aptamers via molecular docking, molecular dynamics (MD) simula-
tion, and binding free energy calculations as shown in Figure 1.28

Microscale thermophoresis (MST) analysis revealed the dissociation
constant value of 83 nM between aptamer and ANXA1 protein.
Furthermore, the affinity and specificity of DNA1 aptamer was also
confirmed by testing it against ANXA1 expressing cancer cell lines.
Additionally, we prepared the DNA1 aptamer-doxorubicin conjugate
and incubated with ANXA1 expressing cancer cells, which resulted in
high concentration and prolonged retention of DOX in the nuclei.
Our data demonstrate that free DOX is quickly effluxed through
random diffusion after entering cells, whereas DOX released through
DNA1 aptamer can evade the drug efflux systems in malignant cells.
This novel strategy of drug-delivery system could reduce the tumor
chemoresistance toward DOX, thereby improving its therapeutic
efficacy.

RESULTS
This work used a Python script (see Supplemental Information) to
generate a library of 4,096 possible hexanucleotide structures that
were subjected to energy minimization by a CHARMm force field.
Data scrapping was done using the Beautiful Soup approach and
was programmed to automate the request for all probable combina-
tions of A, T, G, and C nucleotide sequences.

Virtual Screening of a Hexanucleotide Library to Identify the

Probable Recognition Part of the Aptamer

The proposed procedure requires the selection of a probable aptamer-
binding site. A visual inspection of the human ANXA1 protein struc-
ture29 revealed a positive potential cavity on the surface of the protein.
Nevertheless, a hexanucleotide library containing all possible 4,096
combinations was docked on the entire surface of the ANXA1 protein
to select the most probable aptamer binding sites. The protein surface
(Figure S1A) subsequently showed a possible aptamer-binding site
that accommodated roughly 95% of the docked poses. The remaining
5% of the hexanucleotides were found on the opposite axial side of the
aptamer-binding site and were redocked into the possible binding site
(Figure S1B). The best-docked conformations were selected based on
the binding free energy. The best value for the Autodock scoring func-
tion was found for the 50-AATGGG-30 oligonucleotide with
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�12.9 kcal/mol while 50-CTGGCA-30 showed a low value of
�7.0 kcal/mol. Here, strong binding energy (negative sign) specifies
a higher binding affinity of oligonucleotide with proteins via stable
intermolecular interactions.

MD Simulations and Binding Free Energy Calculations of

Hexanucleotide Protein Complex

We next further optimized and evaluated the dynamic binding
behavior of the selected hexanucleotide with the ANXA1 protein
via MD simulations. The dynamic binding behavior of the protein
hexanucleotide complex during 20 ns of simulation was studied by
computing the backbone root mean square deviation (RMSD) of
the protein, hexanucleotide, potential energy of the system, and inter-
molecular hydrogen bonds (Figure S2). The backbone RMSD plots of
the protein and hexanucleotide are plotted as a function of time. The
RMSD values for the protein were between 0.10 nm and 0.18 nm
throughout their simulations except for the protein interacting with
50-GGGGGA-30 hexanucleotide, which showed a maximum devia-
tion between 5 ns and 10 ns. Later, it achieved a plateau (Figure S2A).
The protein structures were stable and well relaxed over the simula-
tion period. The RMSD values for hexanucleotides were stable and
converged over the simulation time apart from AATAAA, which
rapidly increased after 13 ns and deviated from 0.4 nm and
0.55 nm (Figure S2B). The RMSD values for the other hexanucleoti-
des were between 0.23 nm and 0.37 nm, indicating that the majority
of complexes had an optimal conformation throughout the simula-
tion time. The system’s potential energy was stable over the simula-
tion time, signifying that no abnormal behavior occurred in the com-
plex during the simulation as shown in Figure S2C. To understand the
binding mode, we monitored the intermolecular hydrogen bonds be-
tween hexanucleotide and protein during the simulation period as
shown in Figure S2D. The average numbers of hydrogen bonds
between protein and hexanucleotides were 9, 4, 9, and 8 for 50-
AATGGG-30, 50-AATAAA-30, 50-GGGGGA-30, and 50-TGACTC-
30, respectively. 50-AATAAA-30 showed relatively fewer hydrogen
bonds compared to the others. The average number of hydrogen
bonds shows their key role in providing stability to the complex.

The binding free energy calculation study was useful in calculating
the binding potential of hexanucleotides because it offers a quantita-
tive estimation of the binding free energy.30–34 The MM-PBSA
method was used to calculate the binding free energy of the selected
hexanucleotides to their protein. The calculations were performed by
extracting the trajectories from the last 5 ns when the systemwas well-
equilibrated. The MM-PBSA calculation gave favorable DG values in
the range of 200 kJ/mol to �750 kJ/mol as shown in Figure S3. The
energy fluctuation in each snapshot may be because the conforma-
tional space was not sampled enough to get converged results. The
average binding energy obtained for protein-hexanucleotide com-
plexes was �309.0 kJ/mol (50-AATGGG-30), �147.76 kJ/mol (50-AA
TAAA-30), �115.19 (50-GGGGGA-30), �141.26 (50-TGACTC-30),
and �92.38 (50-AGGGAC-30) as shown in Figure S3. The MM-
PBSA method predicted stronger binding interaction for 50-
AATGGG-30 than the other hexanucleotides and is in line with the
1076 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
docking results. Thus, docking, MD simulation, and binding free en-
ergy calculation results suggest that most of the hexanucleotides
interact but 50-AATGGG-30 has a stronger binding affinity with the
selected binding site on the surface of the protein.

Designing the Rigid/Structural Part of Aptamer

In this step, the structural part of the aptamer was designed by elon-
gating the hexanucleotide on either side by the complementary base.
This structural part of the aptamer will help in maintaining the
optimal binding conformation of the recognition part of the aptamer.
Electrostatic potential distribution and visual inspection of the hexa-
nucleotide-binding site revealed that the elongation of the hexanu-
cleotide on either site would not hinder binding of the protein. The
hexanucleotides were extended by adding 50-GCGCG-30 sequence
at the 50 end and its complement sequence 50-CGCGC-30 at the 30

end, which resulted in a hairpin-like structure. Thus, the fusion of
the structural (50-GCGCG-30 and 50-CGCGC-30) and recognition
(50-XXXXXX-30) parts generated the full aptamers having the
sequence 50-GCGCGXXXXXXCGCGC-30. The recognition parts
used were the top three hexanucleotide (50-AATGGG-30, 50-AAT
AAA-30, 50-GGGGGA-30) sequences obtained from the modeling
studies. In further studies, aptamers having the sequence 50-GC
GCGAATGGGCGCGC-30, 50-GCGCGAATAAACGCGC-30, and
50-GCGCGGGGGGACGCGC-30 will be referred to as DNA1,
DNA2, and DNA3, respectively. The secondary structure prediction
and the best-docked pose of DNA1 having the highest binding affinity
are shown in Figures 2A and 2B, respectively.

MD Simulation and Interaction Energy Calculations of Aptamer

Protein Complex

The aptamers were docked on the preferred binding site to check the
feasibility of all the designed 16-mer aptamers to interact with the
selected binding site of the protein. During molecular docking, the
recognition part of the aptamer was kept flexible while the structural
part of the aptamer was kept rigid. The 16-mer aptamers were docked
successfully with good overlapping and are shown in Figure 2C.
Docking results are tabulated in Table S1. The dynamic binding
behavior of the docked complex was further studied by subjecting it
toMD simulation. The binding behavior of the aptamer-protein com-
plex was calculated by plotting the geometrical features such as
RMSD, intermolecular hydrogen bonds, and interaction energy as a
function of time; the resulting graphs are shown in Figure S4.

Next, we calculated the backbone RMSD for the protein and DNA ap-
tamer to determine the structural deviation from the initial structure.
The RMSD plot for the protein in complex with DNA2 and DNA3
showed relatively fewer structural deviations compared to the initial
structure throughout the simulation time with an average RMSD of
0.15 nm and 0.17 nm, respectively, as revealed in Figure S4A. This
trend was not observed in the case of protein in complex with
DNA1 because it showed a higher conformational flexibility after
20 ns with a maximum RMSD of 0.25 nm (Figure S4A).
The RMSD values for the 16-mer DNA aptamer in protein-DNA1
and protein-DNA2 complex showed relatively fewer structural



Figure 2. Molecular Docking and Dynamic Simulation of

Aptamer

(A) The predicted 2D structure of DNA1 aptamer by RNAfold. (B)

The bound conformation of DNA1 aptamer to ANXA1. (C) The

binding mode of DNA1 (red), DNA2 (blue), and DNA3 (cyan) in

the binding site of ANXA1 protein. DNA molecules in their

representative structures are superimposed.

www.moleculartherapy.org
fluctuations with respect to protein-DNA3 complex. The 16-mer
DNA3 aptamer showed a regular structural deviation from the initial
structure throughout the simulation period (Figure S4B). Such fluctu-
ations may be due to the optimization of interactions with the protein
structure, as well as with the surrounding water molecules. The
average RMSD values for DNA1, DNA2, and DNA3 are 0.30 nm,
0.31 nm, and 0.33 nm, respectively. The intermolecular hydrogen
bonds were also calculated between protein atoms and their respec-
tive DNA aptamer andwere plotted as a function of time (Figure S4C).
On average, DNA1, DNA2, and DNA3 formed 11, 7, and 6 hydrogen
bonds, respectively, with the respective protein. Unlike DNA2 and
DNA3 aptamers, DNA1 formed the highest number of intermolec-
ular hydrogen bond contacts with the protein after 20,000 ps. This
may be due to the conformational change in protein and DNA1,
which led to favorable interactions between them.

The average non-bonded interaction energy (Einti) provides an
approximation for gauging the binding affinity and was also calcu-
lated for all frames in MD simulation trajectories. The Einti values
were calculated specifically between proteins and their aptamers
and were found to be highly favorable for the DNA1 and DNA2 ap-
Molecular The
tamers and least favorable for the DNA3 aptamer
(Figure S4D). The favorable interaction energies
(Kcal/mol) were on the order of DNA1 (�1,200) >
DNA2 (�600) > DNA3 (�450). Further analysis
showed that a major contribution to overall non-
bonded interaction energy, Eint, comes from the
Coul term while the remaining comes from the LJ
term. The molecular modeling studies show that the DNA1 aptamer
has a stronger binding affinity with the selected binding site on the
surface of the ANXA1 protein and were further subjected to experi-
mental analysis.

Analysis of Binding Interactions between hANXA1 Protein and

DNA1 Aptamers via MST

MST detected a direct interaction between purified, soluble Histidine
(His)-tagged hANXA1 protein labeled with Red-tris-NTA dye and
the DNA1 aptamer. The KD (dissociation constant) value of 83 ±

4 nM was observed with the aptamer and hANXA1 protein as shown
in Figure S5. A lower Kd value suggested a strong affinity of the ap-
tamer to the hANXA1 protein.

Evaluating Binding Specificity of the Aptamers by Flow

Cytometry Assays

To confirm the specificity of the designed DNA1 aptamers, we tested
a FAM-labeled aptamer against various ANXA1-expressing cancer
cell lines including A549, HepG2, and U-87 MG as positive cell lines,
and MCF7 and L-02 as negative cell lines. FAM-labeled IF7 peptide is
selectively known to bind ANXA1 and was chosen as a positive
Figure 3. Flow Cytometric Analysis of DNA1, DNA2

Aptamer with A549, HepG2, U87 MG, L02, and MCF7

Cells
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Figure 4. Subcellular Distribution Analysis of DNA1,

DNA2 Aptamer with A549, HepG2, U87 MG, L02, and

MCF7 Cells

Scale bars, 20 mm.
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control. The interactions of DNA1, DNA2 aptamer, and IF7 peptide
with different cancer cell lines were examined by flow cytometry. Fig-
ure 3 shows that DNA1, DNA2 aptamer, and IF7 peptide displayed a
shift in fluorescence intensity indicating a strong binding interaction
toward A549, HepG2, and U-87 MG while no significant recognition
was observed toward L-02 andMCF7 cells signifying their exceptional
specificity. The DNA1 aptamer showed a higher fluorescence inten-
sity then DNA2 aptamer and IF7 peptide indicating higher affinity.

Fluorescence Microscopy Imaging of Cells with Aptamers

Live cell fluorescence microscopic imaging was performed to verify
the interaction between DNA1 aptamer and ANXA1-expressing can-
cer cell lines. High-fluorescence signals were shown for A549, HepG2,
1078 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
and U-87 MG cells while no fluorescence signals
were observed for L-02 and MCF7 cells when
incubated with the FAM-labeled DNA1 aptamer
(Figure 4). Thus, the DNA1 aptamer could
differentiate between ANXA1-positive and
-negative cells.

Evaluating the Binding Specificity of DNA1

Aptamer in ANXA1 Knockdown HepG2 and

A549 Cells

To validate the specific binding of the DNA1 ap-
tamer to ANXA1, we performed ANXA1 gene
silencing in ANXA1-expressing HepG2 and
A549 cells. ANXA1 small interfering RNA
(siRNA) transfection significantly lowered
ANXA1 mRNA levels in both HepG2 and
A549 resulting in low protein expression (Fig-
ure 5, left panel). Figure 5 (right panel) shows
a relatively smaller shift in fluorescence intensity
in siRNA-treated cells compared to non-treated
and control siRNA-treated cells indicating low
binding affinity. Thus, DNA1 aptamer shows a
strong and specific binding affinity toward
ANXA1-expressing HepG2 and A549 cells
compared to ANXA1-deficient L-02 and MCF7
cells.

Evaluation and pH-Dependent Release of

DOX from DNA1 Aptamer

It is well known that DOX can intercalate within
the aromatic rings of 50-CG-30 or 50-GC-30 in
double-stranded DNA.35 A secondary structure
prediction tool called Nucleic Acid Package
(NUPACK)36 showed four possible DOX bind-
ing sites on the duplex region of the DNA1 ap-
tamer. The DOX loading capacity of the DNA1 aptamer was studied
by monitoring the quenching of its natural fluorescence emission
upon intercalation. The optimal molar ratio of doxorubicin loading
into the DNA1 aptamer was 0.4, which resulted in quenching of
the DOX fluorescence reaching a plateau of approximately 79% (Fig-
ure 6A). Figure 6B shows that after 10 h, around 31% of DOX was
released from DNA1 aptamer-DOX conjugate in a PBS buffer having
a pH of 7.4 signifying excellent stability of the DNA1-Aptamer-DOX
conjugate under functional pH when transiting in the blood. We next
estimated the pH-dependent release of DOX from the DNA1 aptamer
at different pH levels at room temperature. Figure 6C shows that an
initial spurt of DOX release was observed at acidic pH shadowed by a
stable and constant release at pH 5.0 with over 70% of DOX released



Figure 5. Establishment of ANXA1 Gene Knockdown

Cells and Functional Analysis of DNA1 Binding

Specificity by Flow Cytometry

(A) mRNA levels of ANXA1 in HepG2 cells after control and

ANXA1 siRNA treatment. (B) Quantitative results of flow-

cytometric analysis of DNA1 binding specificity in control

and ANXA1 knockdown HepG2 cells. (C) mRNA levels of

ANXA1 in A549 cells after control and ANXA1 siRNA

treatment. (D) Quantitative results of flow-cytometric anal-

ysis of DNA1 binding specificity in control and ANXA1

knockdown A549 cells. **p < 0.001, *p < 0.01.

www.moleculartherapy.org
after 48 h. Meanwhile, DNA1 aptamer conjugated DOX showed 41%
and 30% release after 48 h at pH 7.4 and pH 8.0, respectively. The
drug should be released in a pH-dependent manner because it can
reduce the systemic exposure of DOX to sensitive organs under func-
tional environments (pH 7.4), but this permits rapid release of DOX
from the aptamer-DOX complex after endocytosis.

Evaluation of the Cytotoxic Potential of Drug-Aptamer

Conjugate

A 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay was performed to evaluate the cytotoxicity of DNA1 ap-
tamer, DNA1-DOX conjugate, and free DOX. A dose-response curve
was recorded in A549 cell lines after 24 h of treatment. Free DOX
showed 26% cell viability, whereas DNA1 and DNA1-DOX conjugate
showed 81% and 34% viability at 24 h (Figure 7B). The 50% inhibitory
concentrations (IC50) value of free DOX, DNA1, and DNA1-D0X con-
jugate was 3.162 mg/mL, 4.192 mg/mL, and 3.287 mg/mL, respectively, as
shown in Figure 7A. Whereas, in MCF cells free DOX, DNA1, and
DOX-DNA1 group showed 24%, 91%, and 60% viability, respectively
(Figure 7D). IC50 value of formulation groups in MCF7 cells was also
found to be 3.205 mg/mL, 5.181 mg/mL, and 4.655 mg/mL, for free-
DOX, DNA1, and DOX-DNA1 group, respectively (Figure 7C).

Obtained data showed a dose-dependent cell cytotoxicity with
increasing drug concentration that significantly lowered viability of
A549 and MCF7 cells. The DNA1 aptamer is almost ineffective in
killing cancer cells compared to free DOX and DNA1-DOX conju-
gate. As in the uptake study, we found higher targeting ability of
DNA1-DOX conjugate against cancer cells. Overall, the data confirm
that actively targeted DNA1-DOX conjugate can provide significant
cytotoxicity against cancer cells while minimizing the non-targeted
adverse effects of free DOX. Results also indicated that in ANXA1-
Molecular Therapy
positive A549 cells, not much difference in cell
viability between free-DOX and DNA1-DOX
conjugate has been observed. However, in
ANXA1-negative MCF7 cells, cytotoxicity of
DNA1-DOX conjugate diminished significantly
compared to free DOX. Results revealed that
DNA1 aptamers reduced the damage of
ANXA1-negative MCF7 cells due to slow release
of DOX from the DNA1 aptamer conjugate,
while in ANXA1-positive A549 cells DNA1 aptamers supported in re-
taining the efficacy of DOX by enhancing cytotoxicity of the DNA1-
DOX conjugate.37

DNA1 Aptamer-Mediated Intracellular Targeting of DOX

CLSM imaging of A549 cell after incubation with free DOX and
DNA1 aptamer conjugated DOX was conducted to examine the ap-
tamer-mediated cellular uptake of doxorubicin. Observation after
2 h showed that free DOX readily diffuses through the membranes
and reached the nuclei. Also, the DNA1-DOX conjugate was readily
internalized by A549 tumor cells with a comparatively stronger fluo-
rescence signal in both nucleus and cytoplasm (Figure 8A). Similarly,
after 12 h of incubation, a stronger fluorescence intensity was
observed in DNA1-DOX-treated cells versus free DOX as shown in
Figure 8B. The uptake mechanism of free DOX and DNA1-DOX is
quite different. Free DOX is almost entirely internalized in the nu-
cleus region, whereas DNA1-DOX shows both nucleus and cyto-
plasmic fluorescence signals.

In Vivo Anti-Tumor Activity of DOX-DNA1 Conjugate in

Immunodeficient Mice Model

PBS, free-DOX, DNA1, and DNA1-DOX conjugated were intrave-
nously injected into the 4T1 tumor-bearing mice throughout treat-
ment duration. Tumor volume and body weight were recorded
throughout the treatment period as shown in Figures 9A and 9B.
The survival of mice was also being monitored closely. The animal
body weight changes indicate that similar to the PBS group, the
DNA1-DOX conjugate triggered markedly less variation in body
weight compared to free DOX and DNA1 aptamer (Figure 9B).
Among all the treatment group highest decrease in body weight
was observed in free DOX group, indicating severe systemic cytotox-
icity of DOX. The DNA1-DOX conjugate significantly decreased
: Nucleic Acids Vol. 21 September 2020 1079
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Figure 6. Characterization of ANXA1 Aptamer-DOX Conjugate

(A) The quenching study of DOX after 30 min of incubation with growing concentration of DNA1 aptamer-to-DOX. (B) In vitro release of DOX from aptamer in time-dependent

manner at pH 7.4. free “DOX” was used to prove the capacity of DOX to dissociate from the DNA1 aptamer and can pass the dialysis membrane. (C) pH-dependent release of

DOX from DNA1 aptamer at pH of 5.0, 7.4, and 8.0 respectively.

Molecular Therapy: Nucleic Acids
tumor volume compared to PBS (<0.05). The tumor volume data also
revealed that free DOX indeed inhibited the tumor growth, but conju-
gating DNA1 aptamer with DOXmarkedly enhanced the suppressive
effects of free DOX with DNA1-DOX showing tumor volume notice-
ably smaller compared to the groups treated with free DOX and
DNA1 (Figure 9C). Tumor growth inhibition rate (TIR%) data re-
vealed that delivering DOX conjugated with DNA1 aptamer was
significantly (<0.05) more efficacious in inhibiting the tumor growth
rate (50.98%) compared to free DOX (35.26%) and DNA1 aptamer
(13.16%; Figure 9D). The survival rate was also noticeably higher in
the DNA1-DOX conjugate group than in the PBS, DNA1 aptamer,
and free DOX groups, respectively as shown in Figure 9E, confirming
acceptable safety profile of DOX-DNA1 conjugates in vivo.

DISCUSSION
We describe here a new computational methodology for the design of
the aptamer. In this method, the aptamer is divided into two parts: the
flexible part and the rigid part. The flexible or recognition region of
the aptamer is involved in the interaction with the hotspot of the
target and, thus, the binding affinity. The rigid or structural region
of the aptamer helps to maintain the spatial arrangement of the flex-
ible part. This proposed method involves several computational steps:
first, a preferred binding site is searched on the surface of the target
protein. It comprises visual inspection of the entire surface of the
target protein and also the hexanucleotide docking on the protein
structure. In our case, visual inspection showed a positive potential
cavity on the surface of the protein that accommodated roughly
95% of the docked poses. The remaining 5% of the hexanucleotide
was found on the opposite axial side of the aptamer-binding site
and was redocked into the possible binding site in the second step
of the aptamer design.

We know that only a few nucleotides of the aptamer directly interact
with the target protein while the remaining nucleotides show a tem-
porary interaction with a protein; this was also proven by a long MD
simulation.38 The same mechanism was used to design the recogni-
tion part of the aptamer. The next step consists of designing the rigid
or structural part of the aptamer whose main function is to maintain
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the spatial arrangement of the recognition part. A structural differ-
ence is observed in the known aptamer, which includes pseudoknots,
hairpins, G-quadruplexes, and tetraloops.39 Here, a double helix
was preferred because the hexanucleotide formed a U-like conforma-
tion in the binding site of the protein. The hairpin structure was
formed after the fusion of the structural and recognition parts of
the aptamer.

MD simulation and MM-PBSA results indicate that the designed ap-
tamer can form a stable complex, which was also shown by MST. The
DNA1 aptamer accommodated several DOX molecules in the duplex
region yielding a therapeutically active complex. The DOX was held
in the DNA1 aptamer at a neutral pH and was released at an acidic
pH, which is an important criterion for the success of targeted cancer
therapy. This result indicates the stable conjugation of DOX with
DNA1 aptamer in blood circulation and tissue interstitium, which
is released after delivery in the endosome-lysosome compartment.
Thus, the cytotoxic effect of DOX is exerted in the target cells to
boosting the therapeutic effect of the DNA1 aptamer-DOX conjugate.
Confocal microscopy results revealed a higher accumulation of DOX
in nuclei via the DNA1 aptamer-DOX conjugate compared to free
DOX. These results indicate that free DOX is quickly effluxed through
random diffusion after entering cells. In contrast, DOX released
through the DNA1 aptamer can evade the drug efflux systems in ma-
lignant cells. Similarly, better in vivo efficacy of DNA1-DOX conju-
gated can be attributed to the aptamer-mediated active targeting, as
DNA1 aptamer aided the binding of aptamer-drug conjugate to the
ANXA1 in cells, thus facilitating the uptake to DOX by target cells
in vivo.40 This novel drug-delivery system can reduce the tumor
chemo-resistance toward DOX thus improving its therapeutic
efficacy.

MATERIALS AND METHODS
A Python script was used to generate the library of 4,096 possible hex-
anucleotide structures and wasminimized by CHARMm force field of
Discovery Studio (DS). Data scrapping was done by the beautiful soup
approach and was programmed to automate the request for all prob-
able combinations of A, T, G, and C nucleotide sequences.



Figure 7. Evaluation of the Cytotoxic Potential of Aptamer-Drug Conjugate

(A) Cytotoxicity of free DOX, DNA1, DNA1-DOX conjugate on the ANXA1-positive A549 cell lines after 24 h. (B) IC50 value of different treatment groups in A549 cell lines. (C)

Cytotoxicity of free DOX, DNA1, DNA1-DOX conjugate on the ANXA1-negative MCF7 cell lines after 24 h. (D) IC50 value of different treatment groups in MCF7 cell lines. *p <

0.05, **p < 0.01, and ***p < 0.001 denotes statistical significance (n = 3, mean ± SD).
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Molecular Docking

AutoDock Vina program41 implemented withMPI was used to screen
the entire structure of ANXA1 protein, so as to find the preferred
docking sites for each of the hexanucleotides. Python script of Auto-
Dock tools was used to prepare the protein and hexanucleotides files
for molecular docking. Prior to docking, the Gasteiger charges and
polar hydrogen atoms were added to hexanucleotide and receptor
molecule using OpenBabel. Keeping the docking parameters to their
default values, 50 docking runs were performed, and the results
were ranked according to their binding free energies. The best-docked
conformation was selected based on the lowest binding free energy
with maximum clusters.
MD Simulation

MD simulation was performed to study the dynamic behavior of pro-
tein aptamer complex by applying amber99sb-ildn42 force field im-
plemented in GROMACS 5.0.7 package. Over the recent past, this
force field was seen as useful in studying the structure and dynamics
of the protein-nucleic acid complex.43,44 The protein aptamer com-
plex was solvated in the cubic box of TIP3P water model. The nega-
tively charged system was neutralized by adding Na+ counter-ions.
Steepest descent method was used to energy minimize the system,
by eliminating the hard contacts from the initial structure until toler-
ance of 2,500 kJ/mol. In the next step, 500 ps equilibration was done
under NVT ensembles by using a V-rescale thermostat at 300 K
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 1081
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Figure 8. Analysis of Intracellular Uptake of Free DOX and DNA1-DOX Conjugate

(A and B) Confocal imaging microscopy shows the intracellular distribution of free Dox and DNA1-DOX conjugate in A549 cells at (A) 2 h and (B) 12 h. Scale bars, 10 mm.
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temperature. The NPT equilibration was performed for 1,000 ps at
1 bar using Parrinello-Rahman barostat. Finally, the equilibrated
structures of protein-hexanucleotide complex and protein-aptamer
complex from NPT were subjected to 20 ns and 50 ns production
run, respectively, at 1 bar pressure and 300 K temperature. The bonds
were constrained by applying the LINCS algorithm.45 The long-range
electrostatic interactions were calculated by using the Particle Mesh
Ewald (PME) method with a cutoff distance of 1.2 nm.46 The MD
simulations were done in periodic boundary conditions. GROMACS
tools, DS, and visual MD (VMD) software were used to analyze the
trajectories.

Calculation of Interaction Energies

The strength of the aptamer protein association is quantified by calcu-
lating the average non-bonded interaction energies CEintD from the to-
tal simulation time as per the given equation.

Eint = CLJD+ CCoulD

Here, CEintD represents the average energy in Kcal/mol obtained from
the MD simulation. LJ is the short-range Lennarde Jones interaction
energy while Coul denotes the Coulomb interaction energy. g_energy
tool of gromacs was used to calculate the average short-range LJ and
Coul interaction energies between the ANXA1 protein residues and
aptamers.
Microscale Thermophoresis Analysis

Recombinant human ANXA1 (hANXA1) protein (Abcam, catalog
number ab86466) was procured and labeled with Monolith NT
His-Tag labeling kit RED-tris-NTA. The recombinant hANXA1
protein is having a molecular weight of 38.7 kDa. 50 nM protein
concentration was used in this assay. The His labeling dye binds
efficiently with His-tags, which contains six histidine or more.
This dye binds specifically to proteins without an additional step
of excess dye removal. High-performance liquid chromatography
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(HPLC)-purified DNA1 aptamer was procured from Integrated
DNA Technologies (USA). The DNA1 aptamer was having
100 mM stock concentration and was further serially diluted to
5mM. The non-labeled aptamer (5 mM) in 10 mL volume was serially
diluted 16-fold in Hank’s balanced salt solution (HBSS) buffer and
then equal amount of 10 mL of 50 nM recombinant hANXA1 pro-
tein was added to all the 16 tubes. The samples were then mixed and
loaded on glass capillaries and subjected for analysis using Monolith
NT.115 of the Nanotemper Technologies (München, Germany).
The NT analysis software was used to obtain the values and also
to plot the fluorescence signal against the concentration of the
ligand with the generation of binding curves revealing the dissocia-
tion constant for the interactions. Further, NT analysis software was
used to derive the Kd value.
Cell Culture

Human tumor cell lines including adenocarcinoma (A549), hepato-
cellular carcinoma (HepG2), breast cancer (MCF7), glioblastoma
(U-87 MG), and hepatocyte (L-02) were maintained in our labora-
tory. Dulbecco’s modified Eagle’s medium supplemented with 10%
(v/v) fetal calf serum, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin was used to culture this cell lines and incubated at 37�C in
the presence of 5% CO2 atmosphere. All animal experiments were
carried out in compliance with the Animal Management Rules of
the Ministry of Health of the People’s Republic of China (document
no. 55, 2001) and the guidelines for the Care and Use of Laboratory
Animals of China Pharmaceutical University. All the animals
involved were treated in accordance with protocols evaluated and
approved by the Ethical Committee of China Pharmaceutical
University.
DNA1 Aptamer

DNA1 aptamer was synthesized and labeled on 50 end with FAM fluo-
rescent tag by Sangon Biotech (Shanghai, China).



Figure 9. In Vivo Anti-Tumor Efficacy Study of Free DOX, DNA1 Aptamer, and DNA1-DOX Conjugate in BALB/C Nude Mice Injected s.c.

With A549 lung cancer cells at a dose of 15-mg/kg doxorubicin equivalent administered on days 0, 3, 6, 9, 12, 15 days. (A–E) Tumor growth rate (A), body weight changes (B),

tumor volume changes (C), tumor growth inhibition rate (TIR%) (D), and survival curve (E) were recorded. Data are expressed as mean ± SD, and *p < 0.05, **p < 0.01, and

***p < 0.001 was considered statistically significant, n = 6.
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Flow Cytometry Assays

The binding affinity and specificity of the aptamer toward A549,
HepG2, MCF7, U-87 MG, and L-02 were studied by incubating these
cells with varying concentrations of FAM-tagged DNA aptamer at
37�C for 1 h. In the next step, cells were washed and resuspended
in 300 mL assay buffer and analyzed by flow cytometry. BD Accuri
system was used to determine the fluorescence intensity by counting
10,000 events. The non-specific binding was determined by
computing the fluorescence intensity for the ANXA1 negative
(MCF7, L-02) cell line. Furthermore, the same strategy was also
used to study the knockdown of ANXA1 in HepG2 and A549 cells.
Fluorescence Microscopy Imaging

To further determine the binding affinity and specificity of DNA1 ap-
tamer, we observed fluorescence images of A549, HepG2, MCF7, U-
87 MG, and L-02 cell lines bound with FAM-tagged DNA1 aptamer
by Leica DM 4000B fluorescence microscope. Each cell line was
cultured in a culture dish for 24 h at 37�C in a humid atmosphere
of 5% CO2. Subsequently, the supernatant was removed and the cells
were washed and incubated with 250 nM DNA aptamer in assay
buffer for 30 min at 37�C. Then cells were washed twice with binding
buffer before imaging.
siRNA Mediated ANXA1 Knockdown in HepG2 and A549

HepG2 and A549 (4 � 105) cells were seeded in 6-well plate and
incubated overnight at 37�C. Cells were treated with siRNA (25
pmol) negative control (50-TTCTCCGAACGTGTCACGT-30) and
ANXA1 (50-ATTCTATCAGAAGATGTAT-30; Sangon Biotech,
Shanghai, China) along with Lipofectamine-2000 (Invitrogen;
7.5 mL/well) in Opti-MEM (Invitrogen) for 6 h. After 6 h siRNA-Lip-
ofectamine complex was removed and cells were washed with 1� PBS
and fresh complete mediumwas replaced and cells were incubated for
48–72 h.

Gene knockdown efficiency was confirmed from mRNA levels of
ANXA1 gene using qRT-PCR. Total RNA was extracted from
Direct-zolTM RNA MiniPrep (Zymo Research, catalog number
R2052) according to the manufacturer’s instructions. cDNAs were
synthesized from approximately 1 mg RNA with Prime Script RT
Master Mix kit (Takara, Japan; Table 1). cDNAs were used for PCR
amplification using SYBR Premix Ex Taq (Takara, Japan) according
to the manufacturer’s instructions on ABI Prism 7500 Sequence
Detection System (Applied Biosystems, CA, USA) under the
following conditions: 37�C for 15 min, 85�C for 5 s followed by 40 cy-
cles at 95�C for 30 s, 95�C for 5 s, 60�C for 34 s, 95�C for 15 s, 60�C for
1 min, and 95�C for 15 s. Glyceraldehyde 3-phosphate dehydrogenase
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http://www.moleculartherapy.org


Table 1. Sequence of Primer Used in qRT-PCR

AnnexinA1

Forward 50-AGC GTC AAC AGA TCA AAG CAG CAT-30

Reverse 50-AGA CCC TGT TAA TGT CTC TGA TTT-30

GAPDH
Forward 50-CCA TCA CCA TCT TCC AGGAG-30

Reverse 50-CCT GCT TCA CCA CGT TCTTG-30
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(GAPDH) was amplified as an internal control. Data were analyzed
using the comparative quantification cycle method (2-DDCt) (Table
1).

DOX Intercalation in DNA1 Aptamer

A physical conjugate between DNA1 aptamer and DOXwas prepared
by adding 1:75 molar ratio of DNA1 aptamer to DOX in conjugation
buffer containing 5 mM MgCl2, 0.05 M NaCl, pH 7.4, and incubated
at 37�C for 1 h. To separate the DNA1 apt-DOX from free DOX, we
then passed the conjugate mixture through Sephadex G-10 medium
column of Sigma-Aldrich. 30 mL of DNA1 apt-DOX conjugate was
added into acetonitrile (90 mL) and was vortexed for 1 min, followed
by 5-min of centrifugation at 21,000 � g. The 50 mL of supernatant
was diluted in 150 mL of buffer and was again subjected to 5 min of
centrifugation at 21,000 � g. DOX quantification was done by
measuring the natural fluorescence of DOX and its consequent
quenching after intercalation. Fluorescence intensity of different
DNA1 aptamer to DOX molar ratio in solution (0, 0.01, 0.03, 0.1,
0.3, 0.5, 1, 2, 3) were measured at excitation of 480 nm and emission
of 500–700 nm. The DNA1 aptamer-DOX complex was freshly pre-
pared before the experiment.

Cell Cytotoxicity Study using MTT

Cell viability was evaluated using MTT assay. ANXA1-positive
(A549) and ANXA1-negative (MCF7) cells were seeded into 96-
well plates, and RPMI-1640 medium supplemented with 10% FBS
and 1% penicillin-streptomycin solution were used to culture the cells
at 37�C. DOX with variable dose concentration were prepared in
RPMI medium containing 10% FBS. Cells were then incubated with
different treatment groups at 0.25, 0.5, 1, 2, 5, 10, 20, and 30 mg/
mL of DOX equivalent concentration. After incubating the cells
with the treatment group for 24 h, 20 mL of 5 mg/mL MTT solution
was added to each well and incubated further for another 4 h at 37�C.
Then medium containing MTT solution was discarded and 150 mL
DMSO was added to each well to dissolve the formazan crystals.
Finally, the assay to check the absorbance of soluble crystals was per-
formed and recorded at 570 nm using a microplate reader. IC50 of the
drug in the different formulation groups were calculated using
GraphPad Prism.

Aptamer-Mediated Intracellular Targeting

Cellular internalization of free DOX and DNA1-D0X conjugate was
assessed through confocal imaging in A549 cells. In brief, the cells
were first seeded for 24 h to reach 80%–90% confluence before start-
ing the experiment. After that, the cells were incubated with either
free DOX or DNA1-DOX (1.5 mmol/L DOX concentration) for
1084 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
12 h at 37�C. After 2 h and 12 h incubation, cells were washed three
times with PBS, then the fresh medium was added, and the samples
were placed for imaging by confocal microscopy. Fluorescence inten-
sity of DOX in live cells was observed by confocal microscope at
488 nm as excitation wavelength in triplicate.

Anti-Tumor/Therapeutic Efficacy Study

BALB/c nude mice were injected subcutaneously in the right flank
with 100 mL suspension of 1 � 105 A549 cells. After tumor size
reached 50–60 mm,3 the mice were divided into four (n = 6) treat-
ment groups such as PBS, free DOX, DNA1, and DNA1-DOX Con-
jugate. The mice were treated with 6 consecutive doses on days 1, 3, 6,
9, 12, and 15 at 15 mg/kg doxorubicin equivalent dose. After 30 days,
the tumor volume of the different treatment group was assessed. %
TIR was calculated using the following formula:�
1� TVt

TVc

�
� 100

Here, TVt and TVc are the mean tumor volume of the treated and
the control group, respectively. To understand the possibility of sys-
temic toxicity of treatment groups, we analyzed body weight changes
and the survival rate of different groups throughout the experiment
period.
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