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Unique quinoline orientations shape the modified
aptamer to sclerostin for enhanced binding affinity
and bone anabolic potential
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Osteogenesis imperfecta (OI) is a rare genetic disease charac-
terized by bone fragility and bone formation. Sclerostin
could negatively regulate bone formation by antagonizing
the Wnt signal pathway, whereas it imposes severe cardiac
ischemic events in clinic. Our team has screened an aptamer
that could promote bone anabolic potential without cardio-
vascular risk. However, the affinity of the aptamer is lower
and needs to be improved. In the study, hydrophobic
quinoline molecule with unique orientations (seven sub-
types) were incorporated into key sites of a bone anabolic ap-
tamer against sclerostin to form a modified aptamer library.
Among all the quinoline modifications, 5-quinoline modifi-
cation could shape the molecular recognition of modified ap-
tamers to sclerostin to facilitate enhancing its binding to
sclerostin toward the highest affinity by interacting with
newly participated binding sites in sclerostin. Further,
5-quinoline modification could facilitate the modified ap-
tamer attenuating the suppressed effect of the transfected
sclerostin on both Wnt signaling and bone formation marker
expression levels in vitro, promoting bone anabolism in OI
mice (Col1a2+/G610C). The proposed quinoline-oriented
modification strategy could shape the molecular recognition
of modified aptamers to proteins to facilitate enhancing its
binding affinity and therapeutic potency.

INTRODUCTION
Nucleic acid aptamers are short fragments of DNA or RNA that can
recognize and bind to target molecules. Aptamers are usually selected
from pools of randomly synthesized oligodeoxynucleotides or oligo-
nucleotides using Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) technology.1 In comparison with antibodies,
aptamers are increasingly emerging as a powerful alternative due to
their ease of synthesis, low immunogenicity, high stability, and broad
Molecular T
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range of target recognition.2 Although researchers have developed
thousands of aptamers against various targets in basic research,3

only two aptamers (pegaptanib against vascular endothelial growth
factor,4 and izervay against C5) have been approved by the U.S.
Food and Drug Administration. Many nucleic acid aptamers that
entered in clinical trials were discontinued for their limited therapeu-
tic efficacy. It is known that the binding ability of the aptamer drug
candidates to the targets largely contributes to their relevant pharma-
codynamics. For example, AS1411 was discontinued due to its mini-
mal efficacy shown in phase II clinical trials.5 For developing the next
generation of AS1411, Fan et al.6 synthesized a chemically modified
AS1411 with 31.5-fold affinity enhancement significantly suppressed
MCF-7 Xenografts. Similarly, an E-selectin antagonistic thioaptamer
exhibited a 1,000-fold lower median inhibition concentration to the
naturally unmodified ligand, which could be explained by a more
than 10,000-fold affinity enhancement.7 Thus, the development of a
high-affinity modification strategy can help to address the druggabil-
ity bottleneck of aptamers.

It is critical for aptamers to tightly interact with the target ligand (usu-
ally protein) to obtain high binding affinity. Structurally, aptamers
herapy: Nucleic Acids Vol. 35 March 2024 ª 2024 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2024.102146
mailto:mayuan@hkbu.edu.hk
mailto:zhangbaoting@cuhk.edu.hk
mailto:zhangge@hkbu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2024.102146&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Nucleic Acids
could form different shapes to interact with the ligands through non-
covalent bonding, including hydrogen bonding, p-p stacking,
London dispersion forces, ion-ion interactions, and dipole-dipole in-
teractions.8 Hydrophobic groups have widely emerged to enhance the
binding affinity of the modified aptamers to target proteins.9 For
instance, Davies et al.10 and Gawande et al.11 expanded DNA chem-
istry by endowing aptamers with hydrophobic amino acid-like side
chains (benzyl, isobutyl, naphthyl, indoyl, pyridyl, pyrrolyl, etc)
through modified-SELEX (mod-SELEX). These modified aptamers
(named SOMAmers) embodied slow off-rate to proteins by enlarging
the hydrophobic interaction shape,10,11 held promising prospects
because of comparable binding affinities to antibodies.12 However,
the diversity of the above mod-SELEX modifications was restricted
by the DNA polymerase. Post-SELEX modification strategies pre-
served simplicity, flexibility, and reduced selection bias compared
with mod-SELEX modification strategies. Smirnov et al.13 attempted
to increase the contact areas of aptamer to thrombin by adding two
hydrophobic group through post-SELEX. Regrettably, the selected
modification types and modification sites were not well designed,
leading to moderate affinity enhancement (2-fold).13 Thus, it is neces-
sary to establish an efficient hydrophobic modification strategy to
enhance the affinity of the aptamer in drug design.

Osteogenesis imperfecta (OI) is an inherited bone disorder, causing
low bone mass and abnormal architecture.14 Mechanistically, the
circulating protein sclerostin could bind to low-density lipoprotein
receptor-related protein 5 and 6 (Lrp5/6) and antagonize the Wnt
signaling pathway, thereby negatively regulating bone formation.
Genetically, mutation on Lrp5 could increase bone mass and enhance
bone strength in OI mice (Col1a2+/G610C mice). Pharmacologically,
sclerostin antibody treatment could also increase bone mass and
enhance bone strength in OI mice.15 However, the marketed sclero-
stin antibody (romosozumab) increases the risk of cardiovascular
outcomes.16 Our previously screened sclerostin aptamer (Aptscl56)
was proved to exert bone anabolic potential without increased cardio-
vascular concerns.17,18 Thus, it is necessary to enhance the binding
affinity of Aptscl56 to sclerostin using an efficient hydrophobic modi-
fication strategy for clinical translation.

In the study, hydrophobic quinoline molecule was predicted to tightly
bind to sclerostin. Meanwhile, a total of 22 sites in Aptscl56 were
identified as key sites to play vital roles in the interactions to sclero-
stin. Therefore, the different quinoline derivates (seven subtypes)
were incorporated into the key sites in the aptamer to form amodified
aptamer library. Then, the quinoline modified aptamer with the high-
est binding affinity was identified from the library. Subsequently, the
bone anabolic potential of the quinoline modified aptamer was eval-
uated both in vitro and in vivo. Structurally, the difference in binding
sites of sclerostin to aptamer with and without quinoline modification
was studied. Mechanistically, the roles of the newly participated bind-
ing sites in the binding ability with the quinoline modified aptamer
were studied. Moreover, the roles of the newly participated binding
sites in the re-activation effect of the quinoline modified aptamer
on the suppressed Wnt signaling were also examined.
2 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
RESULTS
In total, 22 key sites in Aptscl56 were identified using point

mutation with either C3 spacer or dspacer tetrahydrofuran

The key sites of Aptscl56, against sclerostin, was first identified to
facilitate quinolyl modification deliberately. Using a flexible linker
(C3 spacer) (Figure S1A) that lacks both the sugar ring and the
base, but maintains the same number of carbons between phosphates,
point mutations were performed to examine the roles of the sites in
the aptamer interacting with sclerostin (Table S1). Through an
enzyme-linked oligonucleotides assay (ELONA) that utilizes horse-
radish peroxidase (HRP) for signaling production, the sites 3–6, 8,
15, 29, and 32–40 in Aptscl56 were identified, which played important
roles in the interactions of the aptamer to sclerostin (Figure S1B).

The C3 spacer is too flexible compared with natural nucleoside
spacer, which might lead to undesired structural variations. There-
fore, a dspacer tetrahydrofuran (THF) (Figure S1C) that only lacks
the nucleoside base and maintains the sugar ring compared with
C3 spacer was involved to examine the roles of the sites of Aptscl56
in interacting with sclerostin (Table S2). Through the same screening
procedure as C3 spacer, the binding ability altered significantly with
dspacer THF substitution in site 1–5, 11, 13, 15, and 30–40, which
indicated that those sites played important roles in the interactions
of the aptamer to sclerostin (Figure S1D).

Collectively, the above data demonstrated that the mutation of the
particular sites (1–6, 8, 11, 13, 15, and 29–40) in the aptamer signif-
icantly altered the binding ability of the aptamer to sclerostin,
indicating that those particular sites (22 in total) were the key sites
in the aptamer interacting with sclerostin.
5-Quinoline modification could facilitate enhancing the binding

ability of the modified aptamers to sclerostin toward the highest

binding affinity

It was reported that hydrophobic modifications could strengthen the
interactions of the modified nucleic acids to cognate targets due to the
elevated van der Waals’ force.19,20 To structurally understand the role
of listed hydrophobic molecules interacting with sclerostin, molecular
dynamics simulation was performed to predict the binding sites of
sclerostin. Site 60 in sclerostin was predicted to form one Pi-Pi stack-
ing bond with quinoline (5.0 Å) (Figure S2). Site 116 in sclerostin was
predicted to form two Pi cation bonds with quinoline (4.3 Å, 5.0 Å)
(Figure S2). Among the listed hydrophobic molecules, hydrophobic
quinoline molecule (n1) was predicted to tightly interact with sclero-
stin with the smallest Gibbs free energy for binding (Table S3). To
strengthen the interactions of the modified aptamer to sclerostin, a se-
ries of quinoline derivates (2-quinoline to 8-quinoline) (Figure 1A)
modification with high hydrophobicity were designed and synthe-
sized. These quinoline derivates (seven in total) have the same struc-
ture, but differential orientation. To compare the difference in the
binding ability of the modified aptamer to sclerostin protein, 154
aptamers (7 � 22) modified with the above synthesized 7 quinoline
derivates in the above identified 22 binding sites were obtained by



Figure 1. 5-Quinoline modification could facilitate enhancing the binding ability of the modified aptamers to sclerostin towards the highest binding affinity

(A) Seven quinoline derivates with high hydrophobicity were designed and synthesized. a-g represented 2-quinoline, 3-quinoline, 4-quinoline, 5-quinoline, 6-quinoline,

7-quinoline, 8-quinoline, respectively. (B) ELONA data of 7 quinoline derivates at 22 key sites. For each sequence, only one site and one substitution were allowed.

Totally, binding ability of 154 modified aptamers were evaluated. The binding ability of each sequence was normalized to naturally unmodified Aptscl56. nR 3 each group.

(C) The measured KD values by BLI of the selected Aptscl56-d6, Aptscl56-d8, Aptscl56-d11, Aptscl56-d13, Aptscl56-d32, and Aptscl56-d34 against sclerostin, respec-

tively. (D) Binding affinity data of Aptscl56 modified with both 5-qionoline and enzyme-resistant modifications against sclerostin, including Aptscl56-m, Aptscl56-md6, and

Aptscl56-md11. The upper are the BLI curves consisting of association and disassociation processes. The lower are the measured KD values of Aptscl56-m, Aptscl56-md6,

and Aptscl56-md11, respectively. m, methoxy modified nucleoside.
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using standard solid-phase DNA synthesis. For each sequence, only
one site and one substitution were allowed (Tables S4 and S5).
Standardized by naturally unmodified Aptscl56, the relative binding
ability of all the modified aptamers against sclerostin was evaluated
by ELONA. The in vitro data demonstrated that the quinoline
modification could generally facilitate enhancing the binding
ability of the modified aptamer to sclerostin. Among the seven quin-
oline modifications, 5-quinoline modification could remarkably facil-
itate enhancing the binding ability of the modified aptamer to sclero-
stin for 6–16 times (Figure 1B). Over 14-fold enhancement of binding
ability was obtained by 5-quinoline modification at the 6th (Aptscl56-
d6), 8th (Aptscl56-d8), 11th (Aptscl56-d11), 13th (Aptscl56-d13), 32nd

(Aptscl56-d32), and 34th (Aptscl56-d34) sites. So, 5-quinoline
showed much stronger ability in enhancing binding affinity than
benzyl modification, which was a commonly used modification in
SOMAmers (positive control) (Figure S3).

Further, 5-quinoline-modified Aptscl56, including Aptscl56-d6,
Aptscl56-d8, Aptscl56-d11, Aptscl56-d13, Aptscl56-d32, andAptscl56-
d34, were selected to precisely evaluate their binding affinity to sclero-
stin using biolayer interferometry (BLI). As shown in Figures S4 and
1C, more than 15-fold of the binding affinity was enhanced (from
68.6 nM to 3.86 nM for the dissociation constant [KD] value), which
completely dropped by an order of magnitude with single 5-quinoline
modification. Next, we synthesized different combinations of multiple
5-quinoline-modified Aptscl56 at the 6th, 11th, and 32nd sites, including
Aptscl56-d6d11,Aptscl56-d6d32, andAptscl56-d11d32.Unexpectedly,
these multiple modifications could not improve the binding affinity of
Aptscl56 to sclerostin compared with single 5-quinoline modification.
The BLI data revealed that these aptamers with 5-quinoline modified
at multiple sites had stronger binding affinities than naturally unmod-
ified Aptscl56, but presented a weaker binding affinity than Aptscl56
with a 5-quinoline modification at a single site (Figure S5). It may be
due to the influence of differentmodifications on the three-dimensional
structure. As predicted by molecular docking in Tables S8 and S9, the
binding energy with a single quinoline modification was lower than
that of multiple modification, while the sites and bonds for binding
differ from each other.

Tomeet the functional requirement by pharmacological studies in vitro
and in vivo, enzyme-resistant modifications were needed for the ap-
tamers against sclerostin. Using our established ribonuclease-resistant
modification strategy, four 20-O-methylation (20-OMe) groups modifi-
cations were incorporated into Aptscl56 at both 50-terminal and 30-ter-
minal, aswell as an inverteddeoxythymidine (idT) coupled to the 30-ter-
minal. The serum tolerance assay indicated that the 20-OMe and idT
modifications indeed improved the viability of aptamer in serum, while
the quinoline modification did little to the viability (Figure S6). Then,
the binding affinity of these modified aptamers to sclerostin were eval-
uated. Interestingly, the binding affinity was moderately increased after
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 3
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Figure 2. 5-Quinoline modification could remarkably facilitate the modified aptamer attenuating the suppressed effect of the transfected sclerostin onWnt

signaling and promoting bone formation marker expression levels in vitro

(A) The effect of sclerostin antibody Romosozumab, Aptscl56-m, and Aptscl56-md6, respectively, on the suppressed Wnt signaling induced by the transfected sclerostin

in vitro. (B) EC50measurements of Aptscl56-m and Aptscl56-md6, respectively. n = 3 each group. (C) The effect of sclerostin antibody romosozumab (mab), Aptscl56-m, and

Aptscl56-md6, respectively, on the down-regulated mRNA expression levels of bone formation markers, including Runx2, Alp, and Ocn, induced by the transfected

sclerostin in vitro. Data were normalized by parameters in the PBS groups and expressed as mean ± SD. One-way ANOVA with Tukey test was used to determine the inter-

group differences, respectively. n = 3 each group. *p < 0.05, **p < 0.01, ***p < 0.001. Note: PBS represented groups treated with1� PBS, which had the same volume with

other groups. Sclerostin represented groups transfected with sclerostin plasmid. Wnt represented groups transfected with Wnt-1 plasmid.
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both 20-OMe and idT modifications in Aptscl56-md6 (Aptscl56-d6
with ribonuclease-resistant modification) and Aptscl56-md11
(Aptscl56-md11with ribonuclease-resistantmodification), respectively
(Figure 1D).

5-Quinoline modification could facilitate the modified aptamer

attenuating the suppressed effect of the transfected sclerostin

on both Wnt signaling and bone formation marker expression

levels in vitro

To precisely evaluate the effect of the 5-quinoline-modified aptamer on
the suppressed Wnt signaling induced by the transfected sclerostin, a
TCF/LEF luciferase reporter HEK293 cell line was utilized. This cell
line is stably transfected HEK293 cell line, which expresses the Renilla
luciferase reporter gene under the control of the TCF/LEF response
element. It is designed to monitor the transcriptional activity of TCF/
LEF and can be used for studying Wnt signaling pathways, as well as
screening of activators or inhibitors that affect the TCF/LEF transcrip-
tional activity.21,22 In this study, the cells were firstly co-transfected
with a Wnt-1 plasmid and a sclerostin plasmid to construct a model
in which Wnt signaling induced by Wnt-1 was greatly suppressed by
sclerostin. After the cells were treated with sclerostin inhibitors, the
Wnt signaling would be reactivated. As expected, the data demon-
strated that the Wnt-1 induced luciferase signaling was greatly
4 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
suppressed by sclerostin, confirming the suppressed effect of the
transfected sclerostin on Wnt signaling. Surprisingly, when treated
with Aptscl56-md6, the luciferase signaling recovered to 86% of that
induced by Wnt-1, which was almost the same level of that treated
with sclerostin antibody romosozumab and nearly 19% higher than
that treated with byAptscl56-m (Figure 2A). Consequently, themedian
effective concentration (EC50) measurement revealed that the EC50 of
Aptscl56-m was 97.9 nM, while that of Aptscl56-md6 was 49.6 nM
(p < 0.05) (Figure 2B). Further, we compared the effect of different
quinoline subtypes modified Aptscl56 at site 6, including 2-quinoline
(Aptscl56-ma6), 3-quinoline (Aptscl56-mb6), 4-quinoline (Aptscl56-
mc6), 5-quinoline (Aptscl56-md6), 6-quinoline (Aptscl56-me6),
7-quinoline (Aptscl56-mf6), and 8-quinoline (Aptscl56-mg6), as well
as a benzene modification (mB6) as a control (Table S6), on reactivat-
ing the suppressed Wnt signaling induced by the transfected
sclerostin. Among them, 5-quinoline demonstrated the best capability
(Figure S7).

Functionally, MC3T3-E1 cell line, a preosteoblast-like cell line, was
utilized to evaluate the effect of 5-quinoline modification on the
down-regulated mRNA expression levels of the bone formation
markers (Runx2; consequently, the lower KD value of multiple,
Ocn) induced by transfected sclerostin. The cells were co-transfected



Figure 3. 5-Quinoline could facilitate the modified Aptscl56 promoting the bone formation of the distal femur in Col1a2+/G610C OI mice

(A) The schematic diagram for the in vivo study. (B) Analysis of dynamic bone histomorphometric parameters of Tb.BFR/BS at the proximal tibia. Data were expressed as

mean ± SD followed by one-way ANOVA with Tukey’s post hoc test. ****p < 0.0001 versus OI-Veh; &&p < 0.0001 versus OA-25. n = 5 each group. (C) One group repre-

sentative fluorescent micrographs of the trabecular bone sections showing bone formation at the proximal tibia visualized by calcein green labels. Scale bars, 0.1 mm n = 5

each group (the other four group images in Figure S8). Note: OI-BS, OI-Baseline; OI-Veh, OI-Vehicle; d6OA-12.5, Aptscl56-md6OA (12.5 mg/kg); d6OA-25, Aptscl56-

md6OA (25 mg/kg); OA-25, Aptscl56-mOA (25 mg/kg); mab-25, sclerostin antibody (25 mg/kg); WT-Veh, WT-Vehicle.
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with Wnt-1 plasmid and human sclerostin plasmid, followed by
treatment with sclerostin antibody romosozumab, Aptscl56-m, and
Aptscl56-md6, respectively. Then, the mRNA expression level was
quantified by real-time qPCR. Consistent with luciferase assay,
when treated with Aptscl56-md6, the relative mRNA expression
level recovered to more than 75% of that induced by Wnt-1
(86% for Runx2, 79% for Alp, and 82% for Ocn, respectively),
which was the same level of that treated with sclerostin antibody
romosozumab (87% for Runx2, 77% for Alp, and 84% for Ocn,
respectively) and 15%–19% higher than that treated with Aptscl56-
m (19% for Runx2, 15% for Alp, and 17% for Ocn, respectively)
(Figure 2C).

Collectively, it indicated that 5-quinoline modification could facilitate
the modified aptamer attenuating the suppressed effect of the trans-
fected sclerostin on Wnt signaling and bone formation marker
expression levels in vitro.

5-Quinoline modification could facilitate the modified aptamer,

increasing bone mass, improving bone architecture, promoting

bone formation, and enhancing bone mechanical properties in

osteogenesis imperfect mice (Col1a2+/G610C)

To evaluate the effect of 5-quinoline modification on facilitating the
modified aptamer promoting bone anabolism in OI mice, Bone histo-
morphometric analysis and micro-computed tomography (micro-
CT) analysis were used to measure the trabecular bone at the meta-
physis of both distal femur and proximal tibia, the cortical bone at
the femoral mid-shaft in Col1a2+/G610C mice. Six- to eight-week-old
OI mice were subcutaneously administrated (once per week, 12
weeks) with PBS (OI-Veh), Aptscl56-md6OA 12.5 mg/kg (d6OA-
12.5), Aptscl56-md6OA 25 mg/kg (d6OA-25), Aptscl56-mOA 25
mg/kg (OA-25) and sclerostin antibody 25 mg/kg (mab-25). The
wild-type mice were subcutaneously administrated (once per week,
12 weeks) with PBS (WT-Veh). The Col1a2 +/G610C mice were sacri-
ficed before the treatment as OI-Baseline (OI-BS) (Figure 3A). After
normalized by the parameters in OI baseline groups, we compared the
difference in the trabecular bone formation rate (Tb.BFR/BS) param-
eters among the group indicated (Figure 3B and 3C, S8). The amount
of new bone formed in unit time per unit of bone surface in d6OA-25
group and mab-25 group were higher than those in d6OA-12.5 and
OA-25 group. It was found that d6OA-25 group had higher
Tb.BFR/BS (+24%, P<0.0001 for diatal femur) over OA-25 group,
indicating 5-quinoline facilitated the modified aptamer promoting
bone formation. Cortical (Ct). periosteal perimeter and Ct. bone
strength index for evaluating the cortical bone microarchitecture
was calculated; trabecular volumetric bone mineral density
(Tb.vBMD) for evaluating trabecular bone mass was calculated, as
well as trabecular connectivity density (Tb.Conn.D) and trabecular
number (Tb.N) for evaluating trabecular microarchitecture integrity.
For the distal femur, the micro-CT data showed that d6OA-25 group
had significantly higher Tb.Conn.D (+49%, P<0.05), Tb.vBMD
(+40%, P<0.05) and Tb.N（+33%, P<0.05) in comparison to the
OA-25 group. The above parameters were restored to the wild-
type levels (WT-Veh) after 12 weeks of d6-25 treatment in
Col1a2 +/G610C mice. There were no significant differences in the
above parameters between d6OA group and mab group
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 5
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Figure 4. 5-Quinoline could facilitate the modified

Aptscl56 increasing trabecular bone mass and

improving trabecular microarchitecture of distal

femur in Col1a2+/G610C OI mice

Representative images showing three-dimensional trabec-

ular architecture by micro-CT reconstruction at the distal

femur. Scale bars, 1 mm (top). Bar graphs of the structural

parameters of Tb. conn.D, Tb; vBMD, Tb. N from ex vivo

micro-CT examination at trabecular bone of the distal femur

(the below panel). n R 6 each group. Note: Tb. conn.D,

trabecular connect density; Tb. vBMD, trabecular volu-

metric mineral density; Tb. N, trabecular number OI-BS, OI-

Baseline; OI-Veh, OI-Vehicle; d6OA-12.5, Aptscl56-md6OA

(12.5 mg/kg); d6OA-25, Aptscl56-md6OA (25 mg/kg); OA-

25, Aptscl56-mOA (25 mg/kg); mab-25, sclerostin antibody

(25 mg/kg); WT-Veh, WT-Vehicle. Data were normalized by

the parameters in the OI baseline groups and expressed as

mean ± SD followed by one-way ANOVA with Tukey’s post

hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001

versus OI-Veh; &p < 0.05 versus OA-25.
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(P>0.05) (Figure 4). Consistently, for the proximal tibia, the micro-
CT data showed that d6OA-25 group had significantly higher
Tb.Conn.D（+48%, P<0.05) and Tb.vBMD（+118%, P<0.0001) in
comparison to the OA-25 group. There were no significant differ-
ences in the above parameters between d6OA group and mab group
(P>0.05) (Figure S9). It was found that d6OA-25 group had higher Ct.
periosteal perimeter (+11.3%, P<0.01 for femoral mid-shaft), and Ct.
bone strength index (+38%, P<0.05 for femoral mid-shaft) (Figure
S10) over OA-25 group, indicating 5-quinoline facilitated the modi-
fied aptamer improving cortical bone microarchitecture.

To evaluate the effect of 5-quinoline modification on facilitating the
modified aptamer enhancing bone mechanical properties, the
compression test was used for measurement of the 5th lumbar verte-
brae. The compression test is a mechanical evaluation that investi-
gates how a material or product reacts when subjected to a range
of forces, including pushing, compressing, squashing, crushing,
and flattening of the test specimen. Similar in essence to tensile
and bend tests, compression testing is a fundamental mechanical ex-
amination. Its primary objective is to assess the strength and stiff-
ness of materials and products under the application of crushing
loads. Typically, these tests involve applying compressive pressure
to the test specimen using platens or specialized fixtures with a
testing machine specifically designed to generate compressive loads.
The force curves showed that the wild-type group had the highest
failure force, which was slightly higher than the d6OA-25 group
and the mab-25 group (Figure 5A). The graph bar showed that
d6OA-25 group had higher failure force (+48%; p < 0.05) over
the OA-25 group. There were no significant differences in the above
parameters between the d6OA group and the mab group (p > 0.05)
(Figure 5B).
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The binding sites in sclerostin interacting with the 5-quinoline

modified aptamer were altered when compared with those

interacting with unmodified aptamers

Among all the selected aptamers (including single/multiple
quinoline-modified aptamers and naturally unmodified aptamer),
5-quinoline modification was predicted to possess the greatest num-
ber of interactions (totally 17 interactions) and smallest Gibbs free en-
ergy for binding (�2,329 kJ/mol) (Figures S11A, S11B, S12, and
Table S8).

Among sites 124–128 in sclerostin, sites 127–128 were predicted to
form one hydrogen bond with the naturally unmodified aptamer
Aptscl56 (GLY127:G22, 4.45 Å), while sites 124–126 were not
predicted (Figure 6A, Table S8). Interestingly, sites 124–126 were pre-
dicted to form one shorter hydrogen bond with Aptscl56-d6
(CYS124:G18, 2.27 Å), while sites 127–128 were not predicted (Fig-
ure 6B, Table S8). Compared with the predicted hydrogen bond
length between site 128 in sclerostin and the naturally unmodified
aptamer (Aptscl56), the predicted hydrogen bond length between
sites 124–126 and Aptscl56-d6 was significantly shorter, implying a
stronger intermolecular interaction for binding.

Consistently, the BLI data demonstrated that the binding ability
of Aptscl56-d6 to sclerostin was abolished after mutation of site
124–126 in sclerostin, whereas the binding ability of Aptscl56-d6 to
sclerostin remained unchanged after mutation of sites 127–128 in
sclerostin (Figures 6C and 6D). It suggested that sites 124–126 rather
than sites 127–128 in sclerostin participated in the interactions to the
5-quinoline modified aptamer. Interestingly, the binding ability of
Aptscl56 to sclerostin was abolished after mutation of sites 127–128
in sclerostin, whereas the binding ability of Aptscl56 to sclerostin



Figure 5. 5-Quinoline could facilitate the modified Aptscl56 enhancing bone mechanical properties of the Lv5 in Col1a2+/G610c OI mice

(A) Compression test for the normalized value of failure force at the Lv5. Representative curves showing themechanical properties of the Lv5 by compression test. (B) Analysis

of bone mechanical properties parameters of failure force at the Lv5. n R 6 each group. Note: OI-BS, OI-Baseline; OI-Veh, OI-Vehicle; d6OA-12.5, Aptscl56-md6OA

(12.5 mg/kg); d6OA-25, Aptscl56-md6OA (25 mg/kg); OA-25, Aptscl56-mOA (25 mg/kg); mab-25, sclerostin antibody (25 mg/kg); WT-Veh, WT-Vehicle. Data were ex-

pressed as mean ± SD followed by one-way ANOVA with Tukey’s post-hoc test. *p < 0.05; ***p < 0.001; ****p < 0.0001 versus OI-Veh; &p < 0.05 versus OA-25.
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remained unchanged after mutation of sites 124–126 in sclerostin
(Figures 6C and 6D). It suggested that sites 127–128 rather than sites
124–126 in sclerostin participated in the interactions to the naturally
unmodified aptamer. Together, the aptamer interacting sites in scle-
rostin shifted from sites 127–128 to sites 124–126 after 5-quinoline
modification, indicating that 5-quinoline modification could facilitate
altering the binding conformation of the modified aptamer to
sclerostin.

The mutation of the newly participated binding site in sclerostin

could not only reduce the binding ability of themodified aptamer

to sclerostin, but also attenuate the re-activation effect of the

modified aptamer on the suppressed Wnt signaling in vitro

To mechanistically investigate the roles of the newly participated
binding sites in the binding ability with the 5-quinoline modified
aptamer, point mutation at sites 124, 125, and 126 in loop3 was per-
formed, respectively. The BLI demonstrated that the binding ability of
Aptscl56-d6 to sclerostin was significantly attenuated after mutation
of site 124 in sclerostin, whereas the binding ability of Aptscl56-d6 to
sclerostin slightly attenuated after mutation of site 127 or site 128 in
sclerostin (Figure 6E). It suggested that site 124 in sclerostin played
more important roles in the interactions to the 5-quinoline modified
aptamer over site 125 and site 126 in sclerostin. To investigate the
roles of the site 124 in the re-activation effect of the 5-quinoline modi-
fied aptamer on the suppressed Wnt signaling, point mutation at site
124 in sclerostin (i.e., sclerostinC124A) was performed. There was no
significant difference in the suppressed effect on Wnt signaling of
sclerostin with and without point mutation at site 124 (Figure 6F).
It suggested that site 124 in sclerostin had no roles in Wnt signaling.
Interestingly, the suppressed Wnt signaling by sclerostin was
greatly recovered after Aptscl56-md6 treatment, whereas the sup-
pressed Wnt signaling by sclerostinC124A was hardly recovered after
Aptscl56-md6 treatment (Figure 6F). It suggested that the mutation
of site 124 in sclerostin attenuated the re-activation effect of the modi-
fied aptamer on the suppressed Wnt signaling in vitro.

DISCUSSION
Among all quinoline modifications, 5-quinoline modification
remarkably facilitated enhancing the greatest binding ability of the
modified aptamer to sclerostin and attenuating the suppressed effect
of the transfected sclerostin on Wnt signaling in vitro, which could
be explained by the desired conformation alteration induced by
5-quinoline modification quinoline molecule with different orienta-
tions (seven subtypes), which was predicted to tightly interact with
sclerostin among all the hydrophobic moieties we considered, was
incorporated into the key sites of Aptscl56 through phosphoramidite
chemistry followed by solid-phase DNA synthesis. Interestingly, a
more than 15-fold enhancement of binding ability could be obtained
by a single 5-quinoline modification at some specific sites, which
could not be achieved by the other types of quinoline modification.
Further measurements demonstrated that up to 17-fold enhancement
of binding affinity was achieved by a single 5-quinoline modification
at site 6 (KD value decreased from 66.8 nM to 3.9 nM). Consistently,
among all the types of quinoline modification, 5-quinoline modifica-
tion was predicted to possess the greatest number of interactions
(totally 17 interactions) and the smallest Gibbs free energy
(�2,328.732 kJ/mol). Therefore, 5-quinoline modification remark-
ably facilitates enhancing the greatest binding ability of the modified
aptamer to sclerostin, which could be explained by the predicted
largest number of interactions and smallest Gibbs free energy
between 5-quinoline modified aptamer and sclerostin. Notably,
it was observed that the binding energy of a single quinoline
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7
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modification was lower than that of multiple modifications. Conse-
quently, the lower KD value of multiple quinoline-modified aptamers
can be attributed to the potential influence of multiple quinoline
modifications on the three-dimensional structure of the modified ap-
tamer. This structural alteration may result in reduced interactions
with the target protein. Among all the quinoline modifications,
5-quinoline modification also facilitated the modified aptamer atten-
uating the suppressive effect of the transfected sclerostin on Wnt
signaling in vitro at most, which could be explained by the highest
binding affinity after the 5-quinoline modification.

Structurally, the binding sites in sclerostin interacting with the
5-quinoline-modified aptamer were altered when compared with
those interacting with the unmodified aptamer. Mechanistically,
the mutation of the newly participated binding site (no roles in
Wnt signaling) in sclerostin could not only reduce the binding ability
of the modified aptamer to sclerostin, but also attenuate the re-activa-
tion effect of the modified aptamer on the suppressed Wnt signaling
in vitro. Taken together, 5-quinoline modification could alter the
conformation of the modified aptamer to sclerostin to facilitate
enhancing its binding affinity and attenuating the suppressed effect
of the transfected sclerostin on Wnt signaling in vitro.

5-Quinoline modification could facilitate the modified aptamer

enhancing its bone anabolic potential in vitro and in vivo

Our in vitro data demonstrated that 15%–19% enhancements of
mRNA expression levels (Runx2, Alp, and Ocn) in MC3T3-E1 cells
were achieved by a single 5-quinoline modification, indicating
that 5-quinoline modification could facilitate the modified aptamer
enhancing mRNA expression levels of the bone formation markers
in vitro. Consistently, 5-quinoline modification facilitated the modified
aptamer promoting bone formation (+24% Tb.BFR/BS for distal femur)
in vivo. Structurally, 5-quinoline modification could facilitate the
modified aptamer increasing bone mass (+40% Tb.vBMD for distal
femur and +118% Tb.vBMD for proximal tibia), improving bone
microarchitecture integrity (+33%Tb.N and +49%Tb.Conn.D for distal
femur;+48%Tb.Conn.D for proximal tibia; +11.3%Ct. periosteal perim-
eter and +38.3% Ct. bone strength index for femoral mid-shaft) and
enhancing bone mechanical properties (+48% failure force for the 5th

lumbar vertebrae), which could be explained by that 5-quinoline modi-
Figure 6. 5-Quinoline modification could alter the conformation of the modified

re-activation effect on the suppressed Wnt signaling in vitro

(A) Sited 127–128 in sclerostin were predicted to form one hydrogen bond (red arrow)

124–126 in sclerostin were not predicted. (B) Sites 124–126 in sclerostin were predicted

d6) (CYS124:G18, 2.27 Å), whereas sites 127–128 in sclerostin were not predicted. (C)

loops 3–5 (mutation of sites 124–126 in sclerostin), and loops 3–6 (mutation of sites 127

Aptscl56 and Aptscl56-d6, respectively. The provided serial number is the amino acid

detected binding sites of loop 3 to the aptamer. The difference in the binding sites betw

ability of Aptscl56-d6 to sclerostin loops 3–11 (mutation of site 124 in sclerostin), loop

sclerostin), respectively, by BLI. (F) The re-activation effect of the 5-quinoline modified

on site 124 in vitro. Data were normalized by parameters in the PBS groups and expre

inter-group differences, respectively. nR 3 each group. *p < 0.05, **p < 0.01, ***p < 0.00

with other groups. sclerostin represented groups transfected with sclerostin. sclerostinC1

transfected with Wnt-1.
fication could facilitate themodified aptamer promoting bone formation
in vivo. Although 5-quinoline molecule was small, the 5-quinoline-
induced differences in accumulation or clearance from the system could
not be excluded. The pharmacokinetics of aptamers with and without
5-quinoline modification should be investigated in the future.

5-Quinoline modification strategy could help to address the

druggability bottleneck of the nucleic acid aptamers with low

affinity

A more than 17-fold enhancement of binding affinity was obtained by
5-quinolinemodification. Functionally, 5-quinolinemodification could
facilitate the modified aptamer, attenuating the suppressed effect of the
transfected sclerostin on bothWnt signaling in vitro, which was almost
the same level of that induced by the sclerostin antibody romosozumab
(p > 0.05). Pharmacologically, 5-quinoline modification could facilitate
the modified aptamer attenuating the suppressed effect of the trans-
fected sclerostin on bone formation marker expression levels (Runx2,
Alp, and Ocn) in vitro, which was also the same level of that treated
with the sclerostin antibody romosozumab (p > 0.05). Consistently,
there were no significant differences in the Tb.BFR/BS for distal femur,
Tb.vBMD for both distal femur and proximal tibia, failure force for the
fifth lumbar vertebrae (Lv5), Tb.N for distal femur, Tb.Conn.D for both
distal femur and proximal tibia, Ct. periosteal perimeter for femoral
mid-shaft, and Ct. bone strength index for femoral mid-shaft between
d6OA group and mab group (p > 0.05). It indicated that 5-quinoline
modification could facilitate the modified aptamer, increasing bone
mass, improving bonemicroarchitecture integrity, enhancing boneme-
chanical properties, and promoting bone formation in vivo, which was
almost the same level of that treated with the sclerostin antibody romo-
sozumab. Taken together, a 5-quinoline modification strategy could
help to address the druggability bottleneck of the nucleic acid aptamers
with low affinity.

MATERIALS AND METHODS
Materials

The DNA aptamers used in this study were synthesized by H8 DNA/
RNAsynthesizer (K&ALaboratories).The commonphosphoramidites,
C3 spacer phosphoramidite, dspacer THF phosphoramidite, and
Benzyl-amine phosphoramidite for benzyl modification were pur-
chased fromChemvonBiotechnologyCO., LTD.The other compounds
aptamer to facilitate enhancing both its binding affinity to sclerostin and its

with naturally unmodified aptamer (Aptscl56) (GLY127:G22, 4.45 Å), whereas sited

to form one hydrogen bond (red arrow) with 5-quinolinemodified aptamer (Aptscl56-

The measured binding ability of the Aptscl56 and Aptscl56-d6 to sclerostin loop 3,

–128 in sclerostin), respectively, by BLI. (D) The binding sites of sclerostin loop 3 to

sequence of sclerostin loop 3. Note: the amino acids in bold and red were those

een Aptscl56 and Aptscl56-d6 was highlighted in gold. (E) The measured binding

s 3–12 (mutation of site 125 in sclerostin), and loops 3–13 (mutation of site 126 in

aptamer on the suppressed Wnt signaling by sclerostin with and without mutation

ssed as mean ± SD. One-way ANOVA with Tukey test was used to determine the

1. Note: PBS represented groups treated with 1� PBS, which had the same volume
24A represented groups transfected with sclerostin mutated at site 124.Wnt, groups
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were purchased from Aldrich Sigma. Penicillin-Streptomycin was pur-
chased from Gibco by Life Technology. Fetal bovine serum (FBS) and
lipofectamine 2000 were purchased from Thermo Fisher Scientific.
PBS was purchased from HAKATA. DMEM, MEM-a medium and
OptiMem Medium were purchased from Omacgene. Serum-free cell
freezing medium was purchased from Beijing T&L Biological Technol-
ogyCo., Ltd. TransZolUpPlusRNAKit was purchased fromTransGen
Biotech. A High-capacity cDNA Reverse Transcription Kit was
purchased from Applied Biosystems. SYBR Green qPCR Mix was
purchased from Magic-bio. The biotinylated DNAs and primers used
in this study were purchased from Biosyntech. Passive lysis buffer
(PLB) and Dual-Luciferase Reporter Assay System were purchased
from Promega. The plasmids used in this study were purchased
from GenScript Biotech Corporation. FinePure EndoFree Plasmid
Mini Kit was purchased from Genfine Biotech (Beijing) CO., Ltd.
The recombinant proteins were purchased from Abcam. The 2.0 mL
microcentrifuge tubes were purchased from SORFA. The shake flask
was purchased fromNESTBiotechnology Co. Ltd. The TCF/LEF Lucif-
erase Reporter HEK293 Cells were purchased from BPS Bioscience
LTD. The MC3T3-E1 Cells were purchased from ATCC. The OI
mice (Col1a2+/G610C mice) and wild-type mice were purchased from
the Laboratory Animal Services Center in the Chinese University of
Hong Kong (LASEC, CUHK). Romosozumab was purchased from
Amgen.

Preparation of the compound 1a-1g and 2a-2g using carbon

monoxide incorporation strategy

Compound 1a-1g

To a 100-mL high-pressure kettle, we added 1-(20-deoxy-50-dime-
thoxytrityl-b-D-ribofuranosyl)-5-iodouracil (2.0 g, 3.0 mmol), ami-
nomethyl-quinolines (0.95 g, 6.0 mmol) respectively, and tetrakis(tri-
phenylphosphine)palladium(0) (35 mg, Pb 10%).10 We subsequently
added 20 mL anhydrous THF to dissolve the above reactants,
followed with the addition of Et3N (2.1 mL, 15 mmol). We covered
the kettle lid and turned on the carbon monoxide cylinder pressure
reducing valve. We replaced the space left with carbon monoxide
three times, and then filled it with carbon monoxide at a pressure
of 0.30–0.40 MPa. Then the reaction kettle was placed in an oil
bath at 60�C–70�C and stirred for 3–4 days. During the procedure,
if the pressure in the kettle dropped below 0.30 MPa, carbon
monoxide gas was used to maintain a pressure between 0.30 and
0.40 MPa.

We placed the reaction kettle in an ice water for 20 min, and then
released the pressure in a fume hood. We opened the kettle and
poured the reaction solution into 100 mL ice water, followed
with extraction by 50 mL ethyl acetate three times. We dried the
organic phase with anhydrous Na2SO4, and concentrated it in va-
cuo. Next, neutral silica was applied to purify final products
with an eluent of n-hexane/ethyl acetate = 1/2 (one drop of
Et3N was recommended). After concentrated and evaporated to
dryness, the products were obtained as viscous solids (yields:
1a: 66%, 1b: 72%, 1c: 65%, 1d: 12%, 1e:60%, 1f: 68%, 1g: 53%)
(Figures S13–S19).
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Compound 2a-2g

To a solution of 3.3 mmol of 1a-1g (2.4 g) in anhydrous DCM (50 mL)
was added tetrazole (0.69 g, 9.8mmol) and 2-cyanoethyl-N,N,N0,N0-te-
traisopropylphosphorodiamidite (2.9 g, 9.8 mmol) with an ice-water
bath under N2 protection. Then the solution was moved to room tem-
perature. After stirring for 2 h, the solution was concentrated in vacuo
and the residue was then purified by flash chromatography (n-hexane/
ethyl acetate = 1/1) to afford the desired product 2a-2g as viscous and
pale-yellow solids (yields: 2a: 61%, 2b: 72%, 2c: 48%, 2d: 70%, 2e:58%,
2f: 79%, 2g: 52%) (Figures S20–S26).

Preparation of modified aptamers

For small-scale synthesis of naturally unmodified aptamers and
chemically modified aptamers for in vitro study was manipulated
by H-8 DNA/RNAOligo Synthesizer (K&A Labs). After deprotection
from the solid phase, the aptamers were purified by Agilent 1260
Semi-Prep LC System, followed with characterizing by mass spec-
trum. Large scale synthesis of aptamers for in vivo study was manip-
ulated by AKTA oligopilot 100 (Cytiva, USA). After deprotection
from the solid phase, the aptamers were purified by Autotide 100
Oligo Purification System, followed with characterizing by mass
spectrum. To extend the half-life of aptamers, Aptscl56-m and
Aptscl56-md6 (Figure S26) were conjugated to a semaglutide side
chain to afford Aptscl56-mOA (Figure S27) and Aptscl56-md6OA
(Figure S28), respectively (PCT/CN2022/082996).

ELONA

We coated a 160-ng target protein to 96-well microtiter plate in
100 mL SELEX B&W buffer (1 mM MgCl2 in 1� PBS containing
0.05% Tween 20) by incubating at 4�C overnight. The plate was
then blocked with blocking buffer (1� PBS containing 0.1% Tween
20 and 1% BSA) for 1 h at room temperature and washed with
SELEX B&W buffer four times. We then added 1 mM biotinylated ap-
tamers into each well, added SELEX B&W buffer to 100 mL and incu-
bated it for 45 min at room temperature with continuous gentle
shaking. After binding, the plate was washed with washing buffer
(1 mM MgCl2 in 1� PBS containing 0.1% Tween 20 and 0.1%
BSA) four times to remove non-specific and very weak binding. We
added 100 mL streptavidin-HRP (1:10,000 dilute into washing buffer)
to each well and incubated for 30 min and washed with washing
buffer four times. We added 50 mL TMB to each well and incubated
for 20 min. The reaction was stopped by adding 50 mL 2 M H2SO4.
Absorbance at 450 nm was measured with a microplate reader.

BLI assay

The interactions between selected aptamers (100 nM) and sclerostin/
loop 3/loop 3 mutates (50 nM) were analyzed using the Octet 96/96e
system (ForteBio) at 25�C. Running processes and conditions were as
follows: Baseline: 1� PBS buffer (10 mM phosphate buffer, 2.7 mM
KCl, and 137 mM NaCl, pH 7.4), 120 s, 1,000 rpm; Loading: 100 nM
5-biotinated aptamer in 1� PBST buffer (1� PBS +0.02% Tween 20,
pH 7.4), 600 s, 500 rpm; Baseline 2: 1� PBST buffer, 300 s, 500 rpm;
Association: sclerostin (20 nM, 16 nM, 12 nM, 8 nM, 4 nM, 0 nM) in
1� PBST buffer, 600 s, 500 rpm; Dissociation: 1� PBST buffer, 600 s,
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500 rpm; Regeneration: 5 M NaCl, 30 s, 500 rpm; and Neutralization:
1� PBS buffer, 60 s, 500 rpm. Finally, the affinity constant KD values
were calculated by fitting curves into a 1:1 binding model with
ForteBio Data analysis 11.0.

Serum stability

The DNA aptamers (0.4 mM) were incubated in 10% FBS solution
(30 m) at a temperature 37�C. After a time point (0 min, 1 h, 2 h, 4
h, 8 h, 16 h, and 32 h), 4 mL of the mixtures was collected, followed
by addition of DNA loading buffer and formamide (deionized).
Next, the resulting samples were electrophoresed on 20% denaturing
urea polyacrylamide gel at 220 V for 40 min. After that, the gels were
photographed by usage of ChemiDoc XRS System (BioRad), and
analyzed in Image Lab software.

Site-directed mutagenesis

The pLVX-IRES-ZsGreen1-sclerostin was used as the template. The
codons in the target sites C124 were replaced with the codon encoding
alanine (GCC) by whole-plasmid PCR (forward primer: CGCGTG
CAGCTGCTGGCCCCCGGTGGTGAGGCG; reverse primer: CGC
CTCACCACCGGGGGCCAGCAGCTGCACGCG). The amplified
PCR products were digested by DpnI for 2.5 h to remove the template
plasmids before conversion into E. coli DH5a-competent cells. Col-
onies carrying recombinant plasmid were picked up to cultivate for
10–12 h after verification by colony PCR and restriction enzyme
digestion. After gene sequencing, the recombinant strains were culti-
vated in 100-mL shaking flask for 20–24 h to obtain enough cells for
plasmid extraction. Subsequently, the plasmid extraction was manip-
ulated under the instruction of FinePure EndoFree Plasmid Mini Kit.

Evaluating the effect of the 5-quinoline-modified aptamer on the

suppressedWnt signaling inducedby the transfected sclerostin/

sclerostinC124A

Referring to a published protocol,21,22 the TCF/LEF luciferase Reporter
HEK293 cells were cultured at 37�C under humidified atmosphere and
5% CO2 with DMEM containing 10% FBS and 1% penicillin-strepto-
mycin (Gibco by Life Technology). After seeded on 96-well plate at a
density of 5 � 104 in 100 mL DMEM, the cells were cultured 24 h. A
Wnt-1 plasmid (25 ng/well) and a sclerostin/sclerostinC124A plasmid
(25 ng/well) were co-transfected into the cells using lipofectamine
2000 (0.35 mL per well). During the process, the plasmids and lipofect-
amine 2000were first mixed in 30mLOptiMemmedium and incubated
for 20 min. Then, 70 mL DMEM without serum and antibiotic was
added and mixed slightly. Finally, the transfection mixture was moved
to the cells upon the removing of the oldmedium. After 12 h, the trans-
fection mixture was removed and 100 mL normal growth medium
containing either 500 nMromosozumabor 500 nMaptamerwas added.
After incubating at 37�Cfor 12h, themediumwas removedand the cells
were lysed in 100 mL 1� PLB by shaking the culture vessel for 15min at
room temperature. Then, 15 mL lysate was transferred to 96-well
OptiPlate to determine the luciferase activity by measuring the chemi-
luminescence using SpectraMax i3X Multi-Mode Microplate Reader
(Molecular Devices) under the manufacturing protocol of Dual-
Luciferase Reporter Assay System.
The EC50 measurement of aptamers against sclerostin in vitro

The TCF/LEF luciferase Reporter HEK293 cells were seeded on 96-well
plate at a density of 5 � 104 in 100 mL DMEM. After the cells were
cultured for 24 h, the Wnt-1 plasmid (25 ng/well) and the sclerostin
plasmid (25 ng/well) were co-transfected into the cells using lipofect-
amine 2000 (0.35 mL/well). After 12 h, the transfection mixture was
removed and 100 mL normal growthmedium containing different con-
centration of Aptscl56 or Aptscl56-md6 (0, 5, 10, 20, 40, 80, 160, 320,
and 640 nM, respectively) was added. After incubating at 37�C for 12 h,
themediumwas removed and the cells were lysed in 100 mL 1� PLB by
shaking the culture vessel for 15min at room temperature. Then, 15 mL
lysate was transferred to 96-well OptiPlate to determine the luciferase
activity by measuring the chemiluminescence using SpectraMax i3X
Multi-Mode Microplate Reader system under the manufacturing pro-
tocol of Dual-Luciferase Reporter Assay System. Finally, the data were
analyzed by Origin 2019b (Description: Nonlinear Curve Fit, Iteration
Algorithm: Levenberg Marquuardt, Model: DoseResp).

Real-time qPCR

MC3T3-E1 (mouse preosteoblast, ATCC CRL-2593) cell line was
cultured in MEM-a medium supplemented with 10% FBS and 100
units/mL penicillin-streptomycin. After seeded in 24-well plates with
a density of 2 � 105 cells/well, the cells were cultured for 24 h the
Wnt-1 plasmid (250 ng/well) and the sclerostin plasmid (250 ng/well)
were co-transfected into the cells using lipofectamine 2000 (2 mL/
well). During the process, the plasmids and lipofectamine 2000 were
first mixed in 100 mL OptiMem medium (Omacgene) and incubated
for 20 min. Then, 400 mL MEM-a without serum and antibiotic was
added and mixed slightly. Finally, the transfection mixture was moved
to the cells upon the removing of the old medium. After 6 h, the trans-
fection mixture was removed and 500 mL normal growth medium con-
taining 10mMLiCl. At the same time, either 500 nM romosozumab or
500 nM aptamer was added. After incubating at 37�C for 12 h, the me-
dium was removed and total RNA from cultured cells was isolated by
homogenization using TransZol Up Plus RNAKit (TransGen Biotech)
according to the manufacturer’s instructions. After purification, the to-
tal RNA was quantified using Nanodrop 2000 (Thermo Fisher Scienti-
fic) and reversely transcribed into cDNA using a high-capacity cDNA
reverse transcription kit. The primers, including Runx2 (forward
primer: CCTGAACTCTGCACCAAGTCCT; reverse primer: TCATC
TGGCTCAGATAGGAGGG),23 Alp (forward primer: CCAGAAA
GACACCTTGACTGTGG; reverse primer: TCTTGTCCGTGTCGC
TCACCAT),23 and Ocn (forward primer: GCAATAAGGTAGTGA
ACAGACTCC; reverse primer: CCATAGATGCGTTTGTAGGC
GG),24 Gapdh (forward primer: CATCACTGCCACCCAGAAG
ACTG; reverse primer: ATGCCAGTGAGCTTCCCGTTCAG).25

Quantitative PCR reactions were performed using the SYBR Green
qPCR Mix on the 7900 HT Sequence Detection System (Applied Bio-
systems). Relative RNA expression of gene was determined using the
2�DDCt method by using Gapdh as the endogenous normalizer.

Bone histomorphometric analysis

The procedures of all animal studies have obtained ethics approval by
the Animal Experimentation Ethics Committee of the Hong Kong
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Baptist University (REC/22–23/0121). All experiments conform to all
relevant regulatory standards. All the animals were injected intraper-
itoneally with 50 mL calcein (20 mg/kg) at the 13th and the 3rd days
before euthanasia, respectively. After sacrificing, the bone tissues
(the left femurs and the left tibias) were collected and fixed in 4%
Paraformaldehyde for 48 h, dehydrated in an increased 10%, 20%,
and 30% concentrations of sucrose (dilution in 1� PBS) for 24 h in
each concentration and embedded without decalcification in an
optimal cutting temperature compound (Sakura Finetek, Co. Ltd.).
After embedding, the distal femurs and proximal tibias of the samples
was sectioned longitudinally, and the histomorphometric analyses of
trabecular bone were performed at the above two sites. The frozen tis-
sue specimens will be obtained at a thickness of 5 mm with CryoStar
NX50 (Thermo Fisher ScientificA) and it was consistent with the
selected sites of micro-CT. Fluorescence micrographs for the calcein
in the bone sections were captured by a Q500MC fluorescence micro-
scope (Leica). The parameters of bone dynamic histomorphometric
analysis for trabecular bone included the BFR/BS and mineral appo-
sition rate. The analysis was performed using professional histomor-
phometric analysis system (BIOQUANT OSTEO), and the parame-
ters were calculated and expressed according to the American
Society for Bone and Mineral Research-standardized nomenclature
for bone histomorphometry.26

Micro-CT analysis

Cortical microarchitecture at the left femoral mid-shaft, bone mass,
and trabecular microarchitecture analysis of the trabecular bone at
the left proximal tibia metaphysis and the left distal femoral metaphy-
sis, were performed with micro-CT (version 6.5, vivaCT40, SCANCO
Medical AG). Images of the femur and tibia were reconstructed and
calibrated at the isotropic voxel size of 12.5 and 17.5 mm, respectively
(70 kVp, 114 mA, 200-ms integration time, 260 thresholds, 1,200 mg
HA/cm3). Every measurement will use the same filtering and segmen-
tation values. Using the Scanco evaluation software, regions of
interest (ROIs) will be defined for trabecular parameters. For the
trabecular bone, a central region will be selected equivalent to 70%
of the vertebral body height and extended from proximally to the
end of the distal growth plate toward the vertebral body. For the prox-
imal tibia and distal femur of mice, 100 sequential slices beginning at
0.1 mm from the most proximal aspect of the growth plate in which
both condyles were no longer visible were selected for analysis. We
drew freehand the trabeculae ROI on 100 sequential slices to ensure
it will be within the endosteal envelope. Trabecular bone parameters,
including Tb.vBMD, Tb.N, and Tb.conn.D were calculated. For
femoral mid-shaft, 100 sequential slices were measured at the exact
center and at the distal 50% of femur length using the automated
thresholding algorithm. Trabeculae in contact with cortical bone
were manually removed from the ROI. Cortical bone parameters,
including Ct. periosteal perimeter, Ct. endosteal perimeter and Ct.
bone strength index were calculated.

Bone mechanical test

The Lv5 were used to describe the bone mechanical properties
through the compression test by using a universal testing machine
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(H25KS Series, Hounsfield Test Equipment Ltd) with a 2.5-kN load
cell.27 The Lv5s were isolated from vertebral columns and constructed
into a cylinder with two parallel planes (5–7 cm) before the test. The
Lv5s were positioned horizontally to the base. Load was applied
constantly with displacement rate of 1 mm/min. After failure, the
load vs. displacement curves were recorded, the failure force
(N) and ultimate strength (MPa) were calculated for statistical
analysis.

Aptamer structural modeling and molecular docking

The secondary structure of the unmodified aptamer was predicted us-
ing RNAfold (http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/
RNAfold.cgi) and the three-dimensional structure was predicted
using RNAcomposer (https://rnacomposer.cs.put.poznan.pl/). Re-
sulting model with the lowest Gibbs free energy was imported into
Molecular Operating Environment (MOE) software and all the hy-
droxyls at the 20-position of all sugars were manually removed to
obtain the exact unmodified DNA aptamer structure (Aptscl56). En-
ergy minimization was conducted to obtain the final PDB file which
was further used for docking.6–8 For 5-quinoline modified aptamer,
the 5-quinoline moiety was connected manually to the 6-site of un-
modified aptamer and energy minimization was also performed
within MOE software. Molecular docking experiments were per-
formed using Schrödinger software suite. The receptor (PDB ID:
2K8P) and the above aptamer files considered as protein files were im-
ported and optimized using Protein Preparation Workflow Pane in
Maestro. Protein-Protein Docking Pane was performed and sclerostin
loop 3 (site 111–145) was used to generate a grid for docking, and
Prime protein structure prediction program as well as standard Glide
settings were performed for docking.9,10 The generated poses and
potential interactions were analyzed in Maestro and Pymol.

Small molecule docking

The three-dimensional structures of hydrophobic candidates were
generated using Chem3D. Energy minimization was conducted to
obtain the final mol2 file which was further used for docking. Molec-
ular docking experiments were performed using Schrödinger software
suite. The receptor (PDB ID: 2K8P) and the above hydrophobic
candidate files were imported and optimized using Glide Ligand
Docking Pane. The generated poses and potential interactions were
analyzed in Maestro and Pymol.

Statistical analysis

All variables were expressed as mean ± SD. A paired t test was used to
determine the differences between mutants and naturally unmodified
Aptscl56 in the identification of key sites in the aptamer interacting
with sclerostin. One-way ANOVA with Tukey’s post-hoc test was
performed to determine the inter-group differences in the study
variables, including for in vitro Wnt induced signaling, in vitro
mRNA levels of bone formation biomarkers, micro-CT parameters,
bone histomorphometric parameters, andmechanical test. All the sta-
tistical data were analyzed by Origin 2019b and GraphPad Prism, and
a p value of less than 0.05 was considered to be statistically significant.
For the in vivo experiments, the animals were grouped randomLy and

http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi
https://rnacomposer.cs.put.poznan.pl/
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blindly to researchers. The animals in poor body condition were
excluded.
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