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Trigger-activatable antisense oligonucleotides have been
widely applied to regulate gene function. Among them, caged
cyclic antisense oligonucleotides (cASOs) maintain a specific
topology that temporarily inhibits their interaction with
target genes. By inserting linkers that respond to cell-specific
endogenous stimuli, they can be powerful tools and potential
therapeutic agents for specific types of cancer cells with low
off-target effects on normal cells. Here, we developed
enzyme-activatable cASOs by tethering two terminals of
linear antisense oligonucleotides through a cathepsin B
(CB) substrate peptide (Gly-Phe-Leu-Gly [GFLG]), which
could be efficiently uncaged by CB. CB-activatable cASOs
were used to successfully knock down two disease-related
endogenous genes in CB-abundant PC-3 tumor cells at the
mRNA and protein levels but had much less effect on gene
knockdown in CB-deficient human umbilical vein endothe-
lial cell (HUVECs). In addition, reduced nonspecific immu-
nostimulation was found using cASOs compared with their
linear counterparts. Further in vivo studies indicated that
CB-activatable cASOs showed effective tumor inhibition in
PC-3 tumor model mice through downregulation of transla-
tionally controlled tumor protein (TCTP) protein in tumors.
This study applies endogenous enzyme-activatable cASOs for
antitumor therapy in tumor model mice, which demonstrates
a promising stimulus-responsive cASO strategy for cell-spe-
cific gene knockdown upon endogenous activation and
ASO prodrug development.

INTRODUCTION
Cyclic oligonucleotides are important in regulating biological pro-
cesses and are used as potential biomarkers in disease diagnosis.1–3

They have also been developed as powerful tools in regulating gene
expression.4–9 Over the past few decades, photolabile cyclic oligonu-
cleotides have been developed as excellent scientific tools to investi-
gate and evaluate gene function with high spatiotemporal resolution
at the cellular and animal levels using light as an external trigger.10–16

However, light-triggered activation of photolabile oligonucleotide
tools in complex three-dimensional morphology remains chal-
lenging. Fortunately, endogenous stimuli17 can also be utilized to
trigger caged cyclic oligonucleotides. Yamazoe et al.18 explored nitro-
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reductase-activated cyclic morpholino oligonucleotide probes to
study gene function regulation during embryonic development in ze-
brafish, and Yang et al.19,20 described a caspase-3-activated cyclic
hairpin oligonucleotide probe for detection of caspase-3 activity dur-
ing apoptosis. Currently there is no study to knockdown the disease-
related target genes using enzyme-activatable circular antisense oligo-
nucleotides in cancer therapy. Among many endogenous stimuli,
cancer-related proteases have been widely used as enzyme-sensitive
sensors and prodrugs for disease diagnosis21 and tumor therapy,22

including controllable release of drugs23–25 and selective delivery of
biomacromolecules.26,27 Cathepsin B (CB), a lysosomal cysteine pro-
tease, is highly expressed in many cancer cells (such as prostate cancer
[PC-3] cells).28 Accordingly, CB is recognized as an important bio-
markers for the occurrence and progression of many cancers29 and
a suitable endogenous stimulus for activating prodrugs in cancer ther-
apy. A tetrapeptide (Gly-Phe-Leu-Gly [GFLG]) has been identified as
a specific substrate for CB and has been widely applied as a CB-cleav-
able moiety in sensors and prodrugs.30

Here, we designed and synthesized CB-activatable cyclic antisense
oligonucleotides (cASO-CBs) by tethering the 30 and 50 terminals
of ASOs with CB-cleavable GFLG tetrapeptide linkers (Figure 1).
These cASO-CBs were inert to bind target mRNAs until the tetra-
peptide linker was cleaved by CB to recover the corresponding
linear ASOs. A large difference in cASO-induced cell-specific target
gene knockdown was successfully achieved between CB-rich PC-3
cancer cells and CB-deficient normal human umbilical vein endo-
thelial cells (HUVECs) or small interfering RNA (siRNA)CB-
silenced PC-3 cells. Endogenous stimulus-sensitive cASOs also
showed promise for specific activation of cASO prodrugs in spe-
cific cancer cells and tumors in vivo, with few off-target effects
and nonspecific immunostimulation.
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Gene knockdown of cASO-CBs
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RESULTS
Rational design and synthesis of cASO-CBs

To construct caged cASO-CBs, the 30 and 50 terminals of ASOs were
tethered with a CB-cleavable peptide (GFLG) through click chemistry
(Figure 2). The antisense phosphorothioated oligonucleotides were
synthesized with 30-amino-modified C7 controlled pore glass (CPG),
followed by coupling of the C6-NHS phosphoramidite linker (linker
1, as shown in Figure S1) at their 50 terminals to afford 1. TheCB-cleav-
able linker (heptynyl-GFLGK-NH2, 2a) containing a heptynyl moiety
was conjugated to the 50 terminal of the oligonucleotides through
amide formation between an amino group of the peptide and a carbox-
ylic N-hydroxysuccinimide (NHS) ester of the oligonucleotide on
solid-phase resin. After deprotection and purification, the obtained
oligonucleotide-peptide conjugates (3a) with a 30 amino moiety were
coupled with 3-azidopropanoic acid NHS ester (linker 2, as shown
in Figure S1) to obtain linear ASO (lASO)-CB (4a) with alkyne and
azide moieties at the 50 and 30 terminals, respectively.

The final cASO-CBs (targeting translationally controlled tumor pro-
tein [TCTP] or lymphotoxin-b receptor [LTBR]) were obtained
through click cyclization between the azido and alkynyl moieties of
two terminals of ASOs. Relatively high cyclization yields (�65%)
were achieved, probably because of the relatively low oligonucleotide
concentration and 6-bp stem of ASOs. After further high perfor-
mance liquid chromatography (HPLC) purification (Figures S2B
and S2C), cASOTCTP-CB and cASOLTBR-CB were confirmed by
20% native PAGE gel analysis andmass spectrometry (MS) character-
ization (Table S1). In addition, a non-CB-sensitive cASOTCTP-GGGG
was also synthesized as a negative control by replacing the CB-sensi-
tive GFLG peptide substrate with a CB -insensitive GGGG tetrapep-
tide.31,32 cASOTCTP-GGGG was synthesized, purified, and character-
ized using the same procedure as for cASOTCTP-CB (Figure S2D).

Enzymatic uncaging of cASOTCTP-CB with CB in solution

Enzymatic uncaging of cyclic cASOTCTP-CB was investigated with
DTT-preactivated CB (1 mg/mL) in 4-morpholineethanesulfonic acid
(MES) buffer (pH 5) at 37�C for 1 h. Successful cleavage of the CB-sen-
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sitive peptide substrate was observed with the
appearance of a slower-moving band than that
of the cASO (Figure 3A). Grayscale quantitative
analysis indicated that more than 90% of the
lASO was recovered within 1 h of incubation. In
addition, CB enzymatic activity for lASOTCTP-
CB or cASOTCTP-CBwasmeasured at concentra-
tions of 0.5, 1, 2, and 4 mMunder preactivated CB
(1 mg/mL) in MES buffer (pH 5) at 37�C for 1 h.
Then, the Kmvalues were calculated according to
the grayscale quantitative analysis of cleaved
bands on the PAGE gels by the Lineweaver-
Burk plot (Figure S3). The Km value of CB for
cASOTCTP-CB (�0.51 mM) did not appear to be
significantly different from that of lASOTCTP-CB (�0.46 mM), indi-
cating that the peptide linker in cASO could be cleaved by CB as effec-
tively as that in lASO and that the cyclic loop of cASOTCTP-CB has little
effect on CB peptide cleavage activity. To confirm the specificity of CB-
induced uncaging of cyclic oligonucleotide, leupeptin, an inhibitor of
CB,33 was pre-added to the reaction mixture at leupeptin concentra-
tions of 0.25, 2, 4, and 10 mM (Figure 3B). The presence of only
0.25mMleupeptin resulted in efficient inhibitionofCBcleavage activity.
In addition, for nonspecific enzymes such as caspase-3 and peptidase,
obvious cleavage of the peptide linker (GFLG) of cASOTCTP-CB was
not observed (Figure S4). For the non-CB-sensitive cASOTCTP-
GGGG, CB did not obviously induce its cleavage, while cASOTCTP-
CB was effectively uncaged by CB under the same conditions (Fig-
ure S5). These results indicated the specific uncaging ability of CB.

The binding affinity of ASOTCTP or cASOTCTP-CB to target RNA

A 46-mer Cy5-labeled RNA oligonucleotide (Cy5-RNA) truncated
from the TCTPmRNA sequence was synthesized for the affinity assay.
Microscale thermophoresis (MST) was applied to examine the affinity
of ASOTCTP and cASOTCTP-CB for the target Cy5-RNA. As shown in
Figure S6, the MST results indicated that the KD value of lASOTCTP/
Cy5-RNA (0.024 ± 0.004 mM) was much lower than that of the cyclic
cASOTCTP-CB/Cy5-RNA (5.194 ± 0.272 mM), indicating that the cy-
clic structure of cASOTCTP-CB greatly inhibited its binding to the
target Cy5-RNA compared with lASOTCTP. The affinity of lASO-CB
for Cy5-RNA (Figure S6) was also tested, and the KD value of lASO-
CB/Cy5-RNA (0.027 ± 0.001 mM) was close to that of lASO/Cy5-
RNA (0.068 ± 0.001 mM). These results indicated that the peptide
part of lASO-CB barely affected the binding between lASO-CB and
target Cy5-RNA. These results indicated that these cyclic oligonucleo-
tides would be expected to reduce binding to off-target transcripts,
which could reduce the off-target effect of antisense therapy.

RNase H1-induced target RNA digestion using ASOTCTP and

cASOTCTP-CB

RNase H1-mediated cleavage of target RNA with cASOTCTP-CB was
examined before and after CB activation. A 46-mer Cy3-labeled RNA
y: Nucleic Acids Vol. 33 September 2023 549
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Figure 2. Schematic illustration of synthetic cyclic

ASO modified with peptides

(A) The structural formula of two peptide linkers and the

30-amino-modifier C7 CPG used in cyclization. (B) The

cyclization process of cyclic cASO-CB/cASO-GGGG.
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oligonucleotide (Cy3-RNA) truncated from the TCTP mRNA
sequence was synthesized as the target RNA oligonucleotide for the
RNase H1 assay. At a ratio of Cy3-RNA to ASO of 40:1 (4 mM
Cy3-RNA and 0.1 mM template ASO), up to 22.5-fold enhancement
of target RNA cleavage with CB-pretreated cASOTCTP-CB was suc-
cessfully achieved in comparison with the caged cASOTCTP-CB.
Compared with lASOTCTP, the recovery rate of RNA cleavage
after CB activation of cASOTCTP-CB was approximately 70%
(Figures 3C, 3D, and S7). The incomplete recovery of RNA cleavage
by cASOTCTP-CB compared with lASOTCTP was probably caused by
interference from the previous CB cleavage system. The low leaky
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RNA cleavage (less than 2%) in lane 3 indicated
that the CB-sensitive cASOTCTP-CB had a good
caging effect on RNase H1-mediated cleavage of
target RNA, similar to the previous photolabile
cyclic ASOs.34 These results indicated that CB
induced enzymatic uncaging of cASOTCTP-CB
and restored the corresponding lASO, which
apparently recovered RNA/ASO duplex forma-
tion, and the following RNase H1-induced
cleavage of target RNA.

TCTP gene knockdown with CB-activatable

cASOTCTP-CB in cells

The TCTP gene is extensively expressed in
many cancers, including prostate cancer.35

Reduction of TCTP in PC-3 cells could
induce inhibition of PC-3 cell growth.35 The
dose-dependent effect of cASOTCTP-CB on
TCTP knockdown was first examined at 48 h
at concentrations of 30, 60 and 100 nM (Fig-
ure 4A). lASOTCTP and cASOTCTP-CB induced
effective TCTP knockdown (71% and 57%,
respectively) at 30 nM. At higher concentra-
tions of ASOs (100 nM), there was no signifi-
cant difference in downregulation of TCTP
mRNA levels between lASOTCTP (82%) and
cASOTCTP-CB (75%). Time-dependent knock-
down of TCTP mRNA levels was investigated
from 24–60 h with 100 nM lASOTCTP and cA-
SOTCTP-CB in PC-3 cells (Figure 4B). lA-
SOTCTP induced a quick reduction in TCTP
mRNA levels compared with cASOTCTP-CB
at 24 h, as expected. Thereafter, the TCTP
mRNA level in PC-3 cells gradually increased
with a longer incubation time using lASOTCTP.
However, for cASOTCTP-CB, a gradual reduc-
tion of TCTP mRNA level was observed from
30% at 24 h to 25% at 60 h. Based on these results, cASOTCTP-
CB could be gradually uncaged by cellular CB, which induced
slightly slower downregulation of the target TCTP gene than lA-
SOTCTP, as expected. In comparison with lASOs, long-term gene
knockdown was observed for cASO, probably because of the
higher stability and gradual enzymatic uncaging of cASOs. In
addition, PC-3 cells were treated using 100 nM lASONonsense and
cASONonsense-CB with or without Lipofectamine 2000 transfection
reagent. Neither of the control nonsense ASOs caused TCTP
mRNA downregulation with the aid of transfection reagent at
48 h (Figure S8).



Figure 3. CB triggered cleavage of cASO-CB and the

following degradation of complementary RNA

oligonucleotides by RNase H1

(A) Time dependence of cASO-CB uncaging with incu-

bation of CB (1 mg/mL) at 37�C. (B) Concentration

dependence of leupeptin on CB activity for cASO-CB

uncaging. (C) RNase H1 induced cleavage of the Cy3-

labeled 46-mer RNA oligonucleotide using cASO-CB and

RNase H1 at 37�C. (D) Quantitative analysis of RNA

cleavage from (C). All quantitative data are presented as

mean ± SEM (n R 3), ***p < 0.001, ****p < 0.0001.
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To investigate the cell-specific effect of cASOTCTP-CB on TCTP gene
knockdown, CB-abundant PC-3 cancer cells and CB-deficient
HUVECs were used (Figures S9 and S10). No significant difference
in TCTP mRNA levels was found in PC-3 cells using lASOTCTP

(18%) and cASOTCTP-CB (25%) at 100 nM concentration in 48 h
(Figure 4C). Similar protein levels of TCTP were also achieved at
48 h between lASOTCTP treatment (40%) and cASOTCTP-CB treat-
ment (47%) (Figures 4D and 4E). In HUVECs, a clear difference in
TCTP mRNA expression was observed between lASOTCTP (43%)
and cASOTCTP-CB (63%) at 100 nM (Figure 4C). More significant dif-
ferences in TCTP protein levels were found in CB-deficient HUVECs.
As seen in Figures 4D and 4E, cASOTCTP-CB only induced less than
1/3 of TCTP protein knockdown (�20% vs. 65%) in comparison with
lASOTCTP in HUVECs, which indicated that cASOTCTP-CB was not
efficiently uncaged in CB-deficient HUVECs.

To confirm CB-specific activation of cASOTCTP-CB in PC-3 cells,
expression of CB in PC-3 cells was also suppressed through pre-
treatment with 100 nM siRNACB as well as a scramble siRNA as
a control (Figures S10 and S11). After 36 h of pre-transfection of
CB siRNA into PC-3 cells, cASOTCTP-CB or ASOTCTP was trans-
fected. Unsurprisingly, qRT-PCR results of TCTP mRNA indicated
that TCTP knockdown using 100 nM cASOTCTP-CB was clearly in-
hibited in CB-suppressed PC-3 cells (�18% reduction) in compar-
ison with that of the control group with scramble siRNA-treated
PC-3 cells (�43% reduction). There was no obvious difference in
TCTP gene knockdown with treatment of lASOTCTP between the
CB-suppressed PC-3 cells (�45% reduction) and normal control
PC-3 cells (�47% reduction) (Figure S12). For further comparison
and identification, gene knockdown of TCTP was also evaluated
in PC-3 cells with a non-CB-sensitive control ASO, cASOTCTP-
GGGG (Figure S13). With increased concentration of cASOTCTP-
GGGG in PC3 cells, there was a certain leakage knockdown of
TCTP mRNA expression, which may be caused by nonspecific
Molecular Therap
degradation of the GGGG linker with intra-
cellular hydrolase. However, under the same
working concentration of 100 nM, the exp-
ression of TCTP mRNA in cASOTCTP-CB
was 2.5-fold lower than in cASOTCTP-GGGG,
further confirming that CB-specific GFLG link-
age is the key point for efficiency of ASO acti-
vation and subsequent effective gene silencing in PC-3 cells. These
data strongly indicated that cASOTCTP-CB was truly cleaved by
the high level of CB in PC-3 cells and that the released linear coun-
terpart then induced effective target gene silencing.

LTBR gene knockdown with cASOLBR-CB

To demonstrate the generalizability of the enzyme-activatable cASO
strategy, another disease-related endogenous LTBR gene associated
with inflammation-induced carcinogenesis was chosen.36 Knock-
down of LTBR has already been utilized in several anti-inflam-
matory and anticancer studies.37,38 As shown in Figure 5A,
cASOLTBR-CB and lASOLTBR induced effective knockdown of target
LTBR mRNA in a dose-dependent manner. About 61% reduction in
LTBR mRNA was observed with 30 nM cASOLTBR-CB during 48 h
incubation, which was close to that of lASOLTBR (65%). Increasing
the ASO concentration to 100 nM resulted in more effective
mRNA knockdown with cASOLTBR-CB (72%) and ASOLTBR

(78%) treatment. The time-dependent effect of LTBR mRNA levels
was also evaluated with ASOLTBR and cASOLTBR-CB at 30 nM in
PC-3 cells. As shown in Figure 5B, lASOLTBR and cASOLTBR-CB
showed gradually enhanced gene silencing effects from 12–48 h,
with only a slight increase in mRNA levels at 60 h post transfection.
This observation indicated that cASOLTBR-CB could also be success-
fully uncaged from the cyclic structure under activation of CB in
PC-3 cells and further downregulated the target LTBR gene. In
addition to LTBR mRNA levels, LTBR protein levels were also effi-
ciently downregulated with 100 nM cASOLTBR-CB treatment (30%)
in 48 h, which was more efficient than lASOLTBR treatment (40%)
(Figures 5C and 5D). Thus, cASOLTBR-CB maintained similar or
even better knockdown of the target LTBR gene at the mRNA
and protein levels in CB-rich PC-3 cells, which further confir-
med that the enzyme-activatable cASO strategy had generality for
knockdown of different target genes upon endogenous enzymatic
activation.
y: Nucleic Acids Vol. 33 September 2023 551
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Figure 4. Knockdown of TCTP gene expression with

cASOTCTP-CB in PC-3 cells and HUVECs

(A) Concentration dependence of TCTP mRNA knock-

down with ASOTCTP and cASOTCTP-CB in PC-3 cells at

48 h. (B) Time dependence of TCTP mRNA knockdown

with 100 nM ASOTCTP and cASOTCTP-CB, respectively,

in PC-3 cells. (C) Relative quantification of TCTP mRNA

levels transfected in CB-abundant PC-3 cells and CB-

deficient HUVECs with cASOTCTP-CB and ASOTCTP

(100 nM) at 48 h normalized to b-actin. (D) Western

blotting analysis of TCTP expression in PC-3 cells and

HUVECs treated with 100 nM cASOTCTP-CB and

ASOTCTP. (E) Relative quantification of TCTP protein

levels normalized to b-actin protein using ImageJ

software. The ASOs used in cellular experiments were

transfected by Lipofectamine 2000. “NC” refers to the

group treated with Lipofectamine 2000 only. All data are

presented as mean ± SEM (n R 3). *p < 0.05,

**p < 0.01, ****p < 0.0001.
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Nonspecific immune response of cASO-CBs in PC-3 cells

Nonspecific immunity is one of the key side effects of ASO therapy
because of activation of Toll-like reporters.39–43 Thus, nonspecific im-
munostimulation of cASO-CB was also investigated compared with its
corresponding lASO in PC-3 cells. 100 nM cASOTCTP-CB and
lASOTCTPwere transfected intoPC-3 cells, and four typical immune in-
dicators, interleukin-6 (IL-6), interferon-b (IFN-b), Toll-like receptor
9 (TLR9), and IFN regulatory factor 7 (IRF7),were evaluated.As shown
in Figure 6A, lASOTCTP induced an approximately 3.5-fold increase in
IL-6 mRNA levels compared with the negative control (NC) group,
whereas cASOTCTP-CB resulted in only 1.7-fold enhancement. In com-
parison with the NC group, a nearly 8-fold enhancement of IFN-b
mRNA (Figure 6B) in lASO-treated cells was observed, while a much
more modest increase in IFN-b mRNA (�2-fold) was observed with
cASOTCTP-CB transfection, an approximately 4-fold decrease in im-
munostimulation. A similar phenomenon was also observed for detec-
tion of TLR9 and IRF7mRNA levels. cASOTCTP-CBalso induced lower
RNA level increases than lASOTCTP (Figures 6C and 6D). These results
indicated that the nonspecific immunogenicity of cASOTCTP-CBs was
significantly lower than that of lASOTCTP, and it had obvious advan-
tages in reducing the inherent off-target effects caused by the immuno-
genicity of ASOs.

In vivo TCTP gene silencing and antitumor effect with cASOTCTP-

CBs in a xenograft tumor model

Based on the cellular results, the gene knockdown and antitumor ef-
fects of cASOTCTP-CBs were evaluated in nude mice bearing PC-3
552 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
cells. Throughout the experiment, no obvious
difference was observed in the body weight of
mice in all experimental groups (Figure S14).
As expected, lASOTCTP obviously inhibited tu-
mor growth in comparison with the NC (Fig-
ure 7A). Fortunately, cASOTCTP-CB treatment
also induced tumor growth inhibition that was
similar to lASOTCTP treatment, indicating that cASOs were success-
fully uncaged to degrade mRNA in CB-rich PC-3 tumors. However,
the tumor volumes of mice in the cASOTCTP-GGGG-treated group
still increased gradually and were similar to those of the NC group
because of the non-CB-sensitive GGGG linkage. In addition, weight
analysis of harvested tumors also revealed that cASOTCTP-CB treat-
ment apparently decreased the tumor weight a little bit more than
lASOTCTP treatment, while a small decrease in tumor weight with
NC and CB-insensitive cASOTCTP-GGGG treatment could be
observed (Figures 7B and S15). All of these data indicated that
cASOTCTP-CB was cell-specifically activated in CB-rich PC-3 tumors
and displayed the same potent inhibition of tumor growth as
lASOTCTP.

To identify the molecular level of target gene downregulation by
cASOTCTP-CBs in tumors, TCTP protein levels were also evaluated
in the corresponding tumor tissues.Western blot analysis ofTCTPpro-
tein in tumors confirmed that ASOTCTP (57%) and cASOTCTP-CB
(71%) induced downregulation of TCTP protein in PC-3 tumors
compared with the NC group, whereas the non-CB-sensitive
cASOTCTP-GGGG roughlymaintained a similar level of TCTP protein
as theNC (Figures 7C and 7D). The tumor slices were then subjected to
H&E staining and TCTP immunohistochemistry (IHC) staining. As
shown in Figure 7E, compared with to the NC groups, tumor slides
from ASOTCTP and cASOTCTP-CB-treated mice had large areas of ag-
gregation and degradation of dead cells. IHC staining of TCTP protein
also indicated that ASOTCTP and cASOTCTP-CB treatment exhibited



Figure 5. Knockdown of LTBR gene expression with cASOLTBR-CB in PC-3

cells

(A) Concentration dependence of LTBR mRNA knockdown with ASOLTBR and

cASOLTBR-CB in 48 h. (B) Time dependence of LTBR mRNA knockdown with

30 nM ASOLTbR and cASOLTBR-CB. (C) Western blotting analysis of LTBR protein

level treated with 100 nM ASOLTBR and cASOLTBR-CB for 48 h. (D) Relative

quantified analysis of LTBR protein levels normalized to GAPDH protein using

ImageJ. The ASOs were transfected by Lipofectamine 2000. All data are pre-

sented as mean ± SEM (n R 3). *p < 0.05, ****p < 0.0001.
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efficient knockdown of TCTP protein in tumor tissues compared with
the NC group, confirming that TCTP gene knockdown could achieve
selective and effective cancer cell death when cASOTCTP-CB was trig-
gered by a high level of endogenous CB in PC-3 tumors.

DISCUSSION
In summary, we rationally developed cASO-CBs through cyclization
of the 30 and 50 terminals of lASOs with a CB-sensitive peptide sub-
strate (GFLG). The cyclization of lASOs could be greatly optimized
on a large synthetic scale by designing a hairpin structure with addi-
tional 5- to 7-mer stem sequences, which could bring two terminals of
ASOs close to each other. The cyclic topology of caged cASOs in-
hibited their binding to target mRNA and further mRNA degradation
by RNase H1. The presence of CB activated the inert cASOs and
induced target RNA digestion by RNase H1, and a significant activa-
tion effect of RNA cleavage (22.5-fold) using cASOTCTP-CB was
observed. This process could be blocked by addition of leupeptin
because of its efficient inhibition of CB. The cASO-CBs were also ex-
pected to reduce their binding to off-target transcripts with signifi-
cantly different Kd values compared with lASO, which could reduce
the off-target effect of antisense therapy. Further cellular studies
showed that cASO-CBs successfully achieved cell-specific downregu-
lation of target genes (TCTP and LTBR) at the mRNA and protein
levels in CB-rich PC-3 cancer cells. However, this did not happen
in CB-deficient HUVECs and CB-suppressed PC-3 cells because
of low levels of CB and weaker activation of cASOTCTP-CB.
Further xenograft nude mouse tumor model study indicated that
cASOTCTP-CB induced effective gene knockdown at the TCTP pro-
tein level in CB -rich PC-3 tumors and successfully achieved efficient
suppression of tumor growth in comparison with non-CB-sensitive
cASOTCTP-GGGG and the NC. This study is the first attempt to apply
enzyme-activatable cASOs in a nude mouse model for antitumor
therapy with the assistance of an endogenous trigger.

Nonspecific immunostimulation of ASO drugs was one of the key side
effects of antisense therapy. In this study, cASO-CB showed much
weaker nonspecific immunostimulation, with up to 2-fold and
4-fold decreases in IL-6 and IFN-b levels, respectively, in comparison
with the corresponding lASOs. Although a more detailed mechanism
needs to be determined, the circulation strategy of ASOs might be a
potential method for overcoming this inherent shortcoming of anti-
sense therapy and greatly decreases the off-target effect in systemic
administration of ASOs in the future. These results indicated that
enzyme activation of cASOs would be a promising strategy for devel-
oping cell-specific ASO prodrugs for disease-related gene knockdown
and cancer therapy.

The cyclization strategy of functional oligonucleotides is not limited
to RNase H1-induced antisense effects, and cyclic oligonucleotides
for gene knockdown or gene editing should also work in the presence
of different specific triggers. Because cyclic oligonucleotides with the
current circulation strategy will still have a tag at oligonucleotide ter-
minals after enzymatic cleavage, any functional oligonucleotides
should not be cyclized using this strategy when free terminals of oli-
gonucleotides are required. In order to achieve scale synthesis of cy-
clic ASOs, our current strategy needs around 5 base-paired to hairpin
stem to bring two ASO terminals close to each other and avoid olig-
omer formation. A new cyclization strategy needs to be developed for
ASO cyclization if we do not want to introduce a terminal hairpin
structure. In addition, current delivery of nucleic acid drugs is still
very challenging. Even though cyclic phosphorothioated ASOs could
be taken up by cells, a much high concentration (up to several micro-
molar) of naked ASOs was required. Here, oligonucleotide delivery
agents were still used for cellular and animal experiments. Intratu-
moral administration of ASOs with the Entranster-in vivo agent
was applied for evaluation of possible activation of cASOs with
endogenous triggers. Currently, lipid nanoparticle (LNP) or bio-
conjugation (such as N-acetylgalactosamine conjugation) of oligonu-
cleotide drugs are two main strategies for efficient oligonucleotide de-
livery, but most oligonucleotide drugs were enriched in the liver. In
the future, development of new nucleic acid delivery technologies
containing new organ-specific targeting motifs is expected to make
systemic application of these enzyme-activatable cyclic oligonucleo-
tides possible.

MATERIALS AND METHODS
Reagents and cell lines

All reagents and solvents were purchased from commercial suppliers
without further purification. CB was purchased from Sino Biological
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Figure 6. Evaluation of four immune indicators with lASOTCTP and

cASOTCTP-CB in PC-3 cells

(A–D) The relative IL-6 (A), IFN-b (B), TLR9 (C), and IRF7 (D) mRNA levels in PC-3

cells with transfection of ASOTCTP and cASOTCTP-CB at 100 nM for 24 h. The

IL-6, IFN-b, TLR9, and IRF7 mRNA levels were normalized to GAPDH RNA as the

internal control using qRT-PCR. All data are presented as mean ± SEM (n R 3).

*p < 0.05, ***p < 0.001.
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(10483-H08H). Caspase-3 was purchased from Abcam (ab52101).
Peptidase was purchased from Shanghai Yuanye Bio-Technology
(S10150). PC-3 cells and HUVECs were provided by the Xing Yang
Lab, Peking University First Hospital.

Synthesis and purification of cyclic ASOs

The C6-NHS phosphoramidite linker (linker 1) was synthesized ac-
cording to our previous report44 (Figure S1). Phosphorothioate
DNA oligonucleotides were synthesized using an ABI394 DNA/
RNA synthesizer with the 30-amino-modifier C7 CPG (TCTP
sequence, 50-AACTTGTTTCCTGCAGGTGA-30; LTBR sequence,
50-GTCACAGGGGCGGCACAGCT-30; Table S1). Then linker 1
was coupled to the oligonucleotide sequence on the solid phase under
the standard step of phosphoramidite chemistry. Then, 1 mmol of the
above synthesized oligonucleotides on CPG (1) and 1.2 mg (�2
equiv) synthesized peptides (60-heptynoic acid-GFLGK/60-heptynoic
acid-GGGGK, 2a/2b) were mixed in 40 mL dry N,N-dimethylforma-
mide (DMF) with 2% (v/v) N,N-diisopropylethylamine (DIPEA), and
the mixtures were shaken at 25�C for 24 h. The oligonucleotide CPGs
were washed sequentially with DMF (3 � 1 mL) and CH3CN
(3 � 1 mL) and dried by rotary evaporation. After removing the
Fmoc protection group of the 30 terminal amino with piperidine,
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the peptide-oligonucleotide conjugates (ASO-CB/ASO-GGGG, 3a/
3b) were cleaved from oligonucleotide CPGs and further deprotected
using 0.2 mL concentrated aqueous ammonium at 65�C for 2 h.
These conjugates (3a/3b) were then purified by HPLC (Waters, Alli-
ance e2695) using an XBridge BEH300 C18 column (Waters,
186003614) on a gradient of acetonitrile/0.05 M triethylamine acetate
(TEAA) buffer (pH 7.0, A = TEAA buffer, B = acetonitrile; B: 10%–
50% in 30 min; flow rate, 0.6 mL/min), and characterized by
Electrospray Ionisation Mass Spectrometry (ESI-MS). The 30-azido-
propanoic acid NHS ester (linker 2) was synthesized as in previously
reported methods45 (Figure S1). The linker 2 (3 mmol) reacted with
the purified peptide-oligonucleotide conjugates (ASO-CB/ASO-
GGGG, 3a/3b, 10 nmol) in a mixture solvent (50 mL 1� PBS and
50 mL DMSO) at 25�C for 24 h. The 30-N3-functionalized conjugates
(lASO-CB/lASO-GGGG, 4a/4b) were then purified by HPLC and
characterized by ESI-MS. Finally, cASO-CB/cASO-GGGG (5a/5b)
was constructed from the corresponding lASO-CB/lASO-GGGG
via a CuAAC click reaction at 25�C for 4 h (in 200 mL mixed reaction
solution of 6% CH3CN/H2O [v/v] supplemented with 5 mL CuSO4

[20 mM], 6 mL tris(2-carboxyethyl)phosphine (TCEP) [20 mM],
and 10 mL NaHCO3 [200 mM]) (Figure S1). The cyclization products
were purified by HPLC or gel recycling methods and further charac-
terized by ESI-MS and PAGE gels.

Ring opening of cASOTCTP-CB with CB

CB (10 mg/mL) was preactivated under 5 mM DTT at 37�C for
15 min. Then, 1 mM cASOTCTP-CB was incubated under 1 mg/mL
CB in enzyme assay buffer (25 mM MES [pH 5.0]) at 37�C for 1 h.
Samples were allocated from the enzyme assay solution every
10 min. All allocated samples were mixed with gel loading buffer
and then incubated at 95�C for 2 min to denature CB for the gel shift
assay. A 20% native gel was prepared to represent enzyme cleavage for
cASOTCTP-CBs (Figure 3A). The gels were run in 1� tris-borate-
EDTA (TBE) buffer at 200 V for 1 h and then stained with SYBR
Gold nucleic acid dye (Invitrogen) for 5 min. The stained gels were
imaged by a chemiluminescence gel imaging system (ChemiDoc
XRS). The percentage of cleaved cASOTCTP-CB was analyzed and
quantitated by Image Lab software.

Interaction of lASOTCTP-CB or cASOTCTP-CB with CB

The affinity of the GFLG tetrapeptide to Cathepsin B was examined
in the linear ASO or cyclic ASO, respectively. lASOTCTP-CB or
cASOTCTP-CB at 0.5, 1, 2, and 4 mM was incubated with CB
(1 mg/mL) in MES buffer (pH = 5.0) at 37�C for 1 h. Then, the
cleavage results were analyzed by 12% denaturing PAGE, and the
grayscale quantitative analysis of the cleaved bands was recorded.
Finally, the Km values of substrates (lASOTCTP-CB or cASOTCTP-
CB) to Cathepsin B cleavage reaction were fitted according to the
Lineweaver-Burk plot:

1=V = Km=Vmax½S�+ 1=Vmax (Equation 1)

Here, the grayscale values of product bands were used in a 1-h cleav-
age process to replace the V value in the equation (Figure S2).



Figure 7. In vivo TCTP gene silencing and anti-tumor effects with cASOTCTP-CB

(A) Relative tumor volume curves of each group after intratumoral injection of saline (0.9%), ASOTCTP, cASOTCTP-CB, and cASOTCTP-GGGG (3 nmol ASOs per dose),

respectively. Each injection is indicated by a black arrow. (B) The corresponding tumor weight after mice were sacrificed. Western blot analysis (C) and gray quantitative (D) of

TCTP protein expression in tumor tissues. (E) H&E histological image (scale bar = 250 mm) and IHC of TCTP protein expression in the tumor tissues (scale bar =100 mm). The

ASOs used in the nude mouse model were transfected by Entranster-in vivo. All data are presented as mean ± SEM (n = 3). *p < 0.05 ***p < 0.001.
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MST analysis

A 46-mer Cy5-labeled target RNA (Cy5-RNA) truncated from TCTP
mRNAwas designed and synthesized. The binding affinity of lASO or
cyclic ASO to the truncated Cy5-RNA was measured using MST by
Monolith NT.115 (NanoTemper). Cy5-RNA (100 nM) was incubated
with lASO (0.3 nM–10 mM) or cyclic ASO (2.4 nM–80 mM) at 37�C
for 15 min. The mixture systems were analyzed using MST, and the
data were fitted with the Kd model (Figure S6).

Inhibition assay for CB cleavage

CB was pre-activated as described previously. Activated CB was pre-
mixed with different concentrations of leupeptin (0.25, 2, 4, and
10 mM) at 37�C for 5 min. Then, 1 mM cASOTCTP-CB and 1 mg/mL
CB were incubated with leupeptin at different concentrations in
25 mM MES buffer (pH 5.0) at 37�C for 1 h. Native gels were used
to analyze and quantify leupeptin cleavage inhibition according to
the abovementioned method (Figure 3B).

RNase H1-mediated RNA cleavage assay

Before the RNA cleavage assay, cASOTCTP-CB was mixed with
1 mg/mL CB at 37�C for 1 h. Then, the 46-mer Cy3-labeled target
RNA (Cy3-RNA) truncated from TCTP mRNA was incubated with
CB -cleaved cASOTCTP-CB and cASOTCTP-CB as well as positive con-
trol lASOTCTP in 1� RNase H1 buffer (20 mMTris-HCl, 20 mMKCl,
10mMMgCl2, 0.1 mMEDTA, and 0.1 mM dithiothreitol [pH 8.0]) at
a concentration of 4 mM RNA and 0.1 mM ASO at 37�C for 20 min.
Then, RNase H1 was added to the above mixture solution at a final
concentration of 0.5 U/mL. 2 mL reaction solution was allocated
each time at four time points (10, 25, 40, and 60 min) and quenched
and analyzed in 20% denaturing PAGE gels (Figure S6). The signal of
Cy3-RNA and its cleaved bands was detected upon excitation at
488 nm using Amersham Typhoon RGB. The gray quantitative of
the Cy3 signal was analyzed using ImageJ software.

Transfection with cASO-CB and qRT-PCR

PC-3 cells were cultured in RPMI 1640 medium (M&C) supple-
mented with 10% fetalbovine serum (FBS; Pan), penicillin, and
streptomycin at 37�C and 5% CO2. HUVECs were cultured in
DMEM (M&C) supplemented with 10% FBS, penicillin, and strep-
tomycin at 37�C and 5% CO2. PC-3 cells were plated in 24-well
plates at a density of 2�105 cells per well. For dose-dependent
gene regulation (including TCTP and LTBR), PC-3 cells were trans-
fected with ASO or cASO-CB using Lipofectamine 2000 at 30, 60
and 100 nM ASOs, respectively, and the cells were cultured for
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48 h before RT-PCR analysis. For time-dependent TCTP gene regu-
lation, PC-3 cells were transfected with ASOTCTP and cASOTCTP-CB
at 100 nM using Lipofectamine 2000 and cultured for 24, 36, 48,
and 60 h before cell lysis for RT-PCR analysis. For ASOLTBR and
cASOLTBR-CB, PC-3 cells were transfected using Lipofectamine
2000 with 30 nM of ASOs and cultured for 12, 24, 36, 48, and
60 h before cell lysis for RT-PCR analysis. Total RNA was extracted
from PC-3 cells using Biozol reagent (Biomiga). Respective cDNAs
were obtained from 300 ng of RNA using HiScript III Q RT
SuperMix for PCR (Vazyme) and real-time PCR was carried out us-
ing GoTaq qPCR Master Mix (Promega) according to the standard
manufacturer’s protocol.

CB-abundant PC-3 cells and CB-deficient HUVECs were plated in
6-well plates at a density of 5 � 105 cells per well and incubated for
24 h. ASOTCTP or cASOTCTP-CB was then transfected into these
two different cell lines at a final concentration of 100 nM using Lip-
ofectamine 2000. After 48 h of incubation, total RNA was extracted
from PC-3 cells and HUVECs by Biozol reagent (Biomiga). The
RT-PCR procedure was the same as the abovementioned protocol.
Then, TCTP gene expression was normalized to 18S rRNA, and
LTBR gene expression was normalized to the HPRT gene. In addition,
the four indicator genes (IL-6, IFN-b, TLR9 and IRF7) of nonspecific
immunostimulation were also analyzed according to the above pro-
cedures. All primers used in these studies are listed in Table S2.

Western blot assay

PC-3 cells andHUVECs, transfectedwithASOTCTP and cASOTCTP-CB
as described, were washed with 1� PBS and then lysed in RIPA lysis
buffer supplemented with 1% proteinase inhibitor. The lysates were
centrifuged at 12,000 � g for 20 min. Total proteins were quantified
by BCA Protein Assay Kit. 80 mg total protein was loaded on an
SDS-PAGE gel for electrophoresis, and the proteins on the gel were
then transferred to polyvinylidene difluoridemembranes. Thesemem-
branes were incubated with 1:1,000 anti-TCTP polyclonal antibody
(Abcam) for 24 h at 4�C after being blocked with 5% skimmed milk
for 1 h. A peroxidase-conjugated secondary antibody (Sangon Biotech,
Shanghai, China)was subsequently used on thesemembranes for 1 h at
room temperature. Then, specific protein bands were detected on the
ChemiDoc XRS System (Bio-Rad) using the enhanced chemilumines-
cent detection reagent kit (Thermo Scientific). The relative protein
levels of TCTP and LTBR were normalized to b-actin and GAPDH,
respectively, using ImageJ analysis software. The final western blot
quantitative results were analyzed for at least three independent
experiments.

ELISA

PC-3 cells were transfected with siRNA-targeted CB for 48h and then
lysed in RIPA lysis buffer. The lysates were centrifuged at 12,000 � g
for 20 min to collect the total proteins. Expression of CB was subse-
quently determined using the Human-CTSB (CB) ELISA Kit (Solar-
bio) according to the standard manufacturer’s protocol. The final
quantitative results were analyzed for at least three independent
experiments.
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In vivo TCTP gene knockdown and tumor growth inhibition

Six-week-old BALB/c male nude mice (Department of Laboratory
Animal Science of the Peking University Health Science, Beijing,
China) were used to construct the PC-3 xenografted models by sub-
cutaneous injection of 5 � 106 PC-3 cells under the right pads. All
nude mice were randomly divided into four groups (n = 3) when
the tumor volume grew to approximately 100 mm3. Saline (0.9%),
ASOTCTP, cASOTCTP-CB, or cASOTCTP-GGGG was injected intratu-
morally with a 1:2 ratio of ASOs and commercial transfection reagent
(Entranster-in vivo) every 3 days. All mice were administered 3 nmol
ASOs per injection for five consecutive injections. The tumor size was
measured using a caliper, and the tumor volume was calculated as
follows:

V = L�W2=2; (Equation 2)

where L is the longest diameter and W the shortest diameter.

Tumor size and mouse body weight were measured every 3 days. Two
days after the last injection, the animals were sacrificed to harvest tu-
mors for imaging, and the tumor weight was measured and analyzed.
The expression level of TCTP protein in tumor tissues was analyzed
using western blotting and IHC. In addition, the pathological changes
in tumors were analyzed through H&E staining.
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