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ect intracellular delivery of native
DNAzymes enables highly specific gene silencing

Xia Li, Fang Yang, Wenjiao Zhou, Ruo Yuan and Yun Xiang *

DNAzymes exhibit high potential as gene silencing agents for therapeutic applications. Such purposes,

however, are significantly challenged by the targeted and successful delivery of unmodified DNAzymes

into cells with minimal side effects. Here, we set out to formulate and demonstrate a new stimuli-

responsive and constrained aptamer/DNAzyme (Apt/Dz) catenane nanostructure for highly specific gene

silencing. The rational design of the Apt/Dz catenane nanostructure with the respective integration of

the aptamer sequence and the completely closed catenane format enables both the targeted capability

and significantly improved nuclease resistance, facilitating the stable and targeted delivery of unmodified

Dz into cancer cells. Moreover, the Dz enzymatic activity in the constrained structure can only be

conditionally regulated by the specific intracellular mRNA sequences to silence the target gene with

highly reduced side effects. Results show that the Apt/Dz catenane nanostructure can effectively inhibit

the expression of the target gene and the proliferation of cancer cells with high specificity.
Introduction

Gene silencing involves targeting specic mRNA sequences in
cells to inhibit gene expression before translation.1,2 Because
the inhibition or regulation of the expression of a certain gene
via gene silencing can attenuate the invasion, proliferation and
migration of cancer cells,3,4 gene silencing has been increas-
ingly investigated as a novel therapeutic strategy for various
cancers and diseases. The agents commonly used for gene
silencing include small interfering RNAs, DNAzymes, ribo-
zymes, microRNAs and antisense oligonucleotides, and DNA-
zymes have been shown to be a promising class of nucleic acid-
based gene silencing agents because of their high specicity
and substrate exibility.5 DNAzymes are in vitro-selected cata-
lytic nucleic acids that can catalyze a variety of reactions
including DNA/RNA ligation,6 nucleic acid cleavage,7–10 Diels–
Alder reaction11 and DNA phosphorylation.12,13 Of particular
interest is that DNAzymes can selectively bind their substrate
mRNA sequences, exhibiting catalytic activity comparable to
that of protein enzymes to cleave these mRNAs during the
translational repression of the target genes. Besides, DNAzymes
show improved stability over other gene silencing agents, avoid
the use of proteins for catalytic activity and are non-toxic and
non-immunogenic, making them particularly suitable silencers
at the molecular mRNA level.

Despite these advantages, their instability in biological
media, targeted delivery and low efficiency of cellular uptake
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remain the major challenges for employing DNAzymes as
potent therapeutics.14–17 The hydrophobic nature of cell
membranes prevents the highly hydrophilic DNAzymes from
crossing the membranes to enter cells. Efforts using cationic
molecules,18 nanomaterials19–24 and liposomes25,26 as carriers to
ferry DNAzymes into cells have been extensively reported.
Nevertheless, these carriers required complicated synthetic
approaches and may show potential cytotoxicity to the cells. On
the other hand, the modication of DNAzymes at the 30-termini
with 30–30 inverted nucleotides27 and the use of phosphor-
othioate linkages28 as well as the integration of locked nucleic
acids29,30 could indeed improve the nuclease resistance of
DNAzymes. These nucleotide changes to DNAzymes, however,
could result in the issues of cytotoxicity and the reduction of
their catalytic potency.31,32 Apart from their delivery and
stability, the target capability and side effects of DNAzymes for
therapeutic purposes have rarely been addressed so far.

In this regard, we report herein a constrained and stimuli-
responsive aptamer/DNAzyme (Apt/Dz) catenane nano-
structure for targeted delivery of DNAzymes for highly specic
gene silencing. The aptamer segment in the Apt/Dz that binds
the specic receptors over-expressed on the tumor cell surfaces
can facilitate the targeted delivery of the nanostructure inside
the cells. Owing to the completely closed ring structure, such
Apt/Dz catenane shows signicantly improved stability against
nuclease digestion, which makes it last chemically longer in
lysosomes and increases its chances of release. Importantly, the
controlled activation of the constrained DNAzyme activity
regulated by the specic intracellular mRNA sequences can
minimize the side effects of the DNAzyme for gene silencing.
This journal is © The Royal Society of Chemistry 2020
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Results and discussion

The synthesis of the thymidine kinase 1 (TK1) mRNA-responsive
Apt/Dz constrained catenane nanostructure and its application
for gene silencing is illustrated in Scheme 1. For a proof-of-
concept demonstration, the 10–23 DNAzyme, which repre-
sents the most widely investigated DNAzyme for RNA cleavage,33

is selected as the therapeutic sequence to target the early growth
response-1 (Egr-1) gene that is critical for tumor angiogenesis,
growth and neovascularization.34,35 In addition, MCF-7 tumor
cells with elevated TK1 mRNA concentration inside the cells36,37

are used as the target cells, and the mucin1 (MUC1) protein
expressed on the MCF-7 cell surface is exploited as the receptor
for targeted delivery of the catenane nanostructure into the
cells. As shown in Scheme 1A, the MUC1 aptamer (the green
segment)-containing sequence is rstly circularized by T4 DNA
ligase with the assistance of a ligation probe, followed by its
hybridization with the 10–23 DNAzyme (the blue region)-
containing strand and further ligation of the nicks to prepare
the Apt/Dz constrained nanostructure upon gel purication. In
the design of such a constrained nanostructure, the DNAzyme is
initially de-activated by partially complementing with the
aptamer-containing sequence and can only be activated upon
hybridization between the specic TK1 mRNA stimulus and the
corresponding recognition sequence (the red segment). Once
incubated with the target cells, the Apt/Dz nanostructures can
be readily delivered into the cells via an endocytic pathway
through their binding to the MUC1 proteins on the surfaces.
The TK1 mRNA sequences inside the cells then hybridize with
the nanostructures and cause their structure switching to acti-
vate the DNAzymes, which recognize and cleave the target Egr-1
gene to realize the gene silencing function.
Scheme 1 Illustration of (A) the preparation of the Apt/Dz constrained
catenane nanostructure, and (B) the targeted delivery of the Apt/Dz
nanostructure into cancer cells for gene silencing regulated by the
specific TK1 mRNA sequences.

This journal is © The Royal Society of Chemistry 2020
The stepwise preparation of the Apt/Dz constrained catenane
nanostructure was rst veried by denaturing polyacrylamide
gel electrophoresis (PAGE). As can be seen in Fig. 1A, the
respective circularization of the Apt and Dz sequences with the
assistance probes (AS1 and AS2) and DNA ligase, followed by
subsequent exonuclease I/III treatment to degrade the un-
ligated ssDNA, leads to apparently reduced electrophoretic
mobility against their linear counterparts (lane 2/4 vs. lane 1/3).
These comparisons indicate that the two linear sequences of
Apt and Dz can be successfully circularized as expected. The
hybridization of the linear Dz with the circularized Apt, followed
by further circularization of Dz, therefore results in the forma-
tion of a band (lane 5) with highly reduced mobility against
either the circularized Apt (lane 2) or Dz (lane 4), suggesting the
preparation of the Apt/Dz constrained catenane nanostructure.
In addition, gel purication was performed to obtain the Apt/Dz
nanostructure (lane 6). The specic TK1 mRNA-triggered
recovery of Dz activity of the Apt/Dz nanostructure was also
investigated by uorescence spectroscopy using the uorophore
(FAM)/quencher (Dabcyl) pair-labeled RNA substrate sequence
(S, 50-TCG T-(Dabcyl)-CC AGG rArUG GCC GCG G-(FAM)-30) that
can be cleaved by the active Dz. According to Fig. 1B, substrate S
alone in buffer shows a low uorescence emission (curve a), due
to the quenching of the FAM uorescence by the Dabcyl
quencher. The mixture of S and Apt/Dz has no signicant
inuence on the uorescence intensity because of the inhibi-
tion of the Dz activity in the constrained structure format (curve
b vs. a). In addition, the incubation of the Apt/Dz catenane and S
with one (TK1mRNA-1, curve c) or three (TK1mRNA-3, curve d)-
base mismatched control sequences against TK1 mRNA
exhibits similar uorescence intensities to that of the mixture of
Apt/Dz and S, while the incubation of such a mixture with TK1
mRNA leads to a drastically enhanced uorescence (curve e)
Fig. 1 (A) Denaturing PAGE (8%) characterization for the preparation
of Apt/Dz. Lane 1: Apt; lane 2: Apt + AS1 + ligase; lane 3: Dz; lane 4: Dz
+ AS2 + ligase; lane 5: circularized Apt + Dz + AS2 + ligase; lane 6:
purified Apt/Dz. The concentrations of Apt, Dz, AS1, AS2 and ligase
were 500 nM, 500 nM, 2 mM, 2 mM, and 40 U, respectively. Exonuclease
I/III was used to degrade the un-ligated ssDNA. (B) Fluorescence
assays for TK1 mRNA-induced activation of Dz activity in Apt/Dz: (a) S;
(b) Apt/Dz + S; (c) Apt/Dz + S + TK1 mRNA-1; (d) Apt/Dz + S + TK1
mRNA-3; (e) Apt/Dz + S + TK1mRNA; (f) Apt/Dz* + S + TK1mRNA. The
concentrations of S, Apt/Dz, Apt/Dz*, TK1 mRNA-1 and TK1 mRNA-3
were all 100 nM and the concentrations of the TK1 mRNAs were
50 nM. Solutions were incubated for 2 h in the presence of 10 mM
Mg2+, followed by fluorescence measurements.

Chem. Sci., 2020, 11, 8966–8972 | 8967
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that can be ascribed to the cleavage of the substrate sequences
by the active Dz restored upon specic binding between TK1
mRNA and Apt/Dz. Besides, in the presence of the specic TK1
mRNA sequences, the replacement of the binding arms of Dz
with non-complementary regions (Dz*) to S also shows
a comparable uorescence (curve f) to that of the mixture of S
and Apt/Dz (curve b). These comparisons clearly demonstrate
that the activation of the Dz activity of Apt/Dz is highly depen-
dent upon the specic TK1 mRNA trigger sequences.

The Dz activity in the Apt/Dz catenane structure (Fig. 2a) was
investigated and compared with that of the unmodied DNA-
zyme (generated by the TK1 mRNA-induced strand displace-
ment of the blocker DNA/Dz duplex in Fig. 2b) via the detection
of the TK1 mRNA sequence. As shown in Fig. 2, both Apt/Dz
catenane (F ¼ 39.3c + 684.7) and the blocker DNA/Dz (F ¼
44.4c + 640.2) display linear responses to the TK1 mRNA
sequence in the range of 0.1–100 nM with the corresponding
detection limits of 27 pM and 18 pM, respectively, based on the
3s calculation. And, the k values are 39.3 and 44.4, respectively,
for the Apt/Dz catenane and blocker DNA/Dz, indicating that the
activity of Dz in the Apt/Dz catenane is not signicantly affected
upon being integrated into the nanostructure.

The successful delivery of Dz into cells for gene silencing is
highly dependent on its resistance to nuclease attack, and
previous ndings have shown that circularized DNA exhibited
signicantly improved stability under biological conditions
than the linear ones.38 To evaluate the stability of our Apt/Dz
catenane, the nanostructure was, respectively, incubated with
10% FBS in DMEM, exonuclease I and the cell lysate of MCF-7
cells to mimic the physiological environment for different
Fig. 2 The comparison of Dz activity in the Apt/Dz catenane nano-
structure (a) and the blocker DNA/Dz duplex (b) for TK1 mRNA
detection at concentrations of 0, 100 pM, 1 nM, 5 nM, 10 nM, 15 nM and
20 nM. The TK1 mRNA was incubated with the Apt/Dz (100 nM) or the
blocker DNA/Dz duplex (100 nM) for 2 h at 37 �C, followed by fluo-
rescence measurements.

8968 | Chem. Sci., 2020, 11, 8966–8972
time frames by using the linear Dz as the control sequence,
followed by native PAGE analyses. As displayed in Fig. 3A–C,
signicant degradation of the linear Dz by exonuclease I, or FBS
or the cell lysate occurs within as short as 1 h with the disap-
pearance of the band corresponding to the linear Dz. In
contrast, the Apt/Dz catenane, however, is essentially stable up
to 24 h in the incubation media, without apparent loss of the
band intensity. The high stability of the Apt/Dz catenane in 10%
FBS, exonuclease I and the cell lysate can be basically assigned
to the fact that the elimination of the 30 termini in the circu-
larized sequences can restrict the access of the enzymes to its
susceptible binding sites.39,40 The catalytic activity of Apt/Dz
aer being incubated with MCF-7 cell lysate was also evalu-
ated against the untreated one. Aer the incubation of the Apt/
Dz with the cell lysate for 5 h, the mixture was heated at 90 �C
for 15 min to inactivate the enzymes in the lysate, followed by
cooling down to 25 �C. Then, TK1mRNA (50 nM) and S (100 nM)
were added and incubated for 1.5 h before uorescence
measurement. According to Fig. 3D, only a very minor decrease
in uorescence intensity is observed for the Apt/Dz incubated
with the cell lysate against the one incubated with buffer, con-
rming the maintenance of the catalytic activity of the Apt/Dz
even upon cell lysate treatment. Such a stability therefore
endows the Apt/Dz catenane with a signicantly improved
enzyme resistance to escape from lysosomes and to function
inside cells for effective gene silencing.

Aer verifying its stability, the targeted delivery of the
aptamer integrated Apt/Dz catenane into tumor cells was
examined by using the confocal laser scanning microscope
(CLSM) technique. In this respect, two different cell lines, the
MCF-7 tumor cells (with over-expressed MUC1 on cell surfaces)
and the normal MCF-10A cells (with highly reduced expression
of MUC1),41,42 were cultured with the Cy5 uorescent dye-
labeled Apt/Dz catenane for 6 h. As can be seen in Fig. 4A,
Fig. 3 Stability analyses of the Apt/Dz catenane and the linear Dz
incubated with (A) 10% FBS, (B) exonuclease I (0.5 U L�1) and (C) cell
lysate of MCF-7 cells for different time frames by 6% native PAGE. (D)
The catalytic activity assay of Apt/Dz: (a) S, (b) Apt/Dz incubated with
buffer and (c) Apt/Dz incubated with cell lysate. Apt/Dz was incubated
with cell lysate for 5 h, followed by being heated to 90 �C for 15 min
and cooling down to 25 �C. TK1 mRNA and S were then added and
incubated for 1.5 h at 37 �C before fluorescence measurement. The
concentrations of S, Apt/Dz, TK1 mRNA and Mg2+ were 100 nM,
100 nM, 50 nM and 10 mM, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) MCF-7 and MCF-10A cells cultured with the Cy5-Apt (or
non-Apt)/Dz catenanes and (B) subcellular localization analysis of
MCF-7 cells cultured with the Cy5-Apt/Dz catenanes. The lysosomes
and nuclei were, respectively, stained by Lysotracker (green) and
Hoechst 33342 (blue).

Fig. 5 MCF-7 cells cultured with the Cy5-Apt/BHQ-2-Dz catenane
for 6 h with/without the pretreatment with the TK1 mRNA expression
regulation drugs.
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obvious red uorescence from Cy5 is obtained inside the MCF-7
cells upon excitation because the over-expressed MUC1 mole-
cules on the MCF-7 cell surfaces can bind the aptamer sequence
in the Apt/Dz catenane to mediate its efficient delivery inside
the cells in an endocytic pathway. In contrast, almost no uo-
rescence signals can be observed inside the MCF-10A cells,
indicating that the Apt/Dz catenane is unable to be delivered
inside MCF-10A cells mainly because of the lack of sufficient
MUC1 on cell surfaces and the resistance and membrane
permeability of the MCF-10A cells to the Apt/Dz catenane. In
addition, the delivery of the Apt/Dz catenane into the cytosol,
which is critical for gene silencing, was also investigated via
subcellular localization assays. Fig. 4B shows that the Apt/Dz
catenane nanostructures are mainly trapped in lysosomes
based on the uorescence overlap (yellow) between the uo-
rescence signals from the lysosomes stained by the LysoTracker
dye (green) and the Cy5-Apt/Dz catenanes (red) aer culturing
the cells with the Cy5-Apt/Dz catenanes for 3 h. However, aer
This journal is © The Royal Society of Chemistry 2020
5 h of cell culture, the Cy5-Apt/Dz catenanes are mainly located
in the cytosols with the separation of the green and red uo-
rescence signals, suggesting the successful escape of the Cy5-
Apt/Dz catenanes from lysosomes with prolonged incubation
time.

Moreover, to demonstrate the structure switching of the
nanostructure triggered by the TK1 mRNA inside the cells, the
Cy5-Apt/Dz-BHQ-2 catenanes were respectively cultured with
MCF-7 cells pretreated with two drugs, tamoxifen (down-
regulation) and b-estradiol (up-regulation), which can regulate
the expression of TK1 mRNA.43–45 According to Fig. 5, clear red
uorescence can be seen in MCF-7 cells without the pretreat-
ment with the drugs while those pretreated with the tamoxifen/
b-estradiol drugs exhibit reduced/intensied red uorescence
because of the variation of the expression level of TK1 mRNA
caused by the two drugs. This observation reveals that the TK1
mRNA inside the cells can indeed cause a structure switching of
the Apt/Dz catenane.

With the demonstration of the successful delivery of the Apt/
Dz catenane into the target cells, the mRNA expression inhibi-
tion effect of the Apt/Dz catenane on the Egr-1 gene was further
evaluated. For this purpose, MCF-7 cells were cultured with Apt/
Dz and the control catenanes, including Apt/Dz* (Dz with non-
complementary Egr-1 gene binding arms) and non-Apt/Dz
(without the aptamer region), for 48 h, followed by qRT-PCR
quantication of the Egr-1 mRNA expression level. Fig. 6A
shows that the MCF-7 cells cultured with the Apt/Dz* and non-
Apt/Dz catenanes show no obvious variations in Egr-1 mRNA
expression levels against the untreated cells, due to neither the
binding of Dz* with the Egr-1 gene (in agreement with curve f in
Fig. 1B) nor the delivery of the non-Apt/Dz into the cells (in
agreement with Fig. 4A). In contrast, the culture of the Apt/Dz
catenanes with the MCF-7 cells leads to about 73% inhibition
of the Egr-1 mRNA expression compared with the untreated
cells, revealing the expected gene silencing capability of the Apt/
Dz catenane. Additionally, the downstream Egr-1 protein
expression was also analyzed by western blot to further conrm
the inhibition of the Egr-1 mRNA expression. As can be seen in
Fig. 6B, MCF-7 cells treated with the Apt/Dz catenanes exhibit
a signicant decrease in Egr-1 protein expression in contrast to
those untreated or Apt/Dz* and non-Apt/Dz-treated cells because
of the inhibition of the Egr-1 mRNA in the cells by Apt/Dz
Chem. Sci., 2020, 11, 8966–8972 | 8969
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Fig. 6 (A) The qRT-PCR and (B) western blot analyses of the expres-
sion levels of the Egr-1 mRNA and Egr-1 protein, respectively, in the
untreatedMCF-7 cells (a) andMCF-7 cells treatedwith non-Apt/Dz ((b)
3 mM), Apt/Dz* ((c) 3 mM) and Apt/Dz ((d) 3 mM). (C) MTT cell prolifer-
ation assays for the MCF-7 (with/without the pretreatment with the
tamoxifen drug) and MCF-10A cells after 48 h incubation with various
concentrations of Apt/Dz catenane and Dz. Error bars: SD, n ¼ 3. *p <
0.05, **p < 0.01.
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catenanes, which conforms to the qRT-PCR analyses to verify the
degradation of the Egr-1 mRNA. Considering the fact that the
silencing of the mRNA can inhibit cell proliferation, the poten-
tial of the Apt/Dz nanostructure for the inhibition of the MCF-7
cell proliferation was investigated via cell viability studies. Aer
culturing the Apt/Dz nanostructure at different concentrations
with the target MCF-7 cells with/without the pretreatment with
the tamoxifen drug and the control MCF-10A cells for 48 h at
37 �C, cell viability was evaluated by MTT assays. The results
(Fig. 6C) show that the Apt/Dz nanostructure leads to increasing
inhibition of the proliferation of the MCF-7 tumor cells without
the pretreatment with tamoxifen when the concentration of the
Apt/Dz is elevated from 1 to 3 mM, and 61% cell proliferation
inhibition can be achieved at a concentration of 3 mM. However,
the traditional Dz has an obviously limited inhibition efficiency
(�10%) even at a high concentration of 3 mM because of the
aforementioned challenges in targeted delivery of the natural Dz
into the MCF-7 cells as discussed previously. Meanwhile, the
proliferation of MCF-7 tumor cells pretreated with tamoxifen (to
inhibit the expression of the TK1 mRNA) and the MCF-10A cells
is not obviously affected, suggesting its efficacy for cell prolif-
eration inhibition in a highly selective fashion.
Conclusions

To summarize, we have demonstrated the preparation of the
constrained Apt/Dz catenane nanostructure and its application
for highly specic gene silencing by the targeted delivery and
the intracellular mRNA stimuli-triggered restoration of the Dz
activity. The constructed DNA nanostructure exhibits the
advantages of targeted capability, improved stability, non-
8970 | Chem. Sci., 2020, 11, 8966–8972
toxicity and minimized side effects, which are critical to the
use of Dz as therapeutic drug. By tailoring the aptamer
sequence in the nanostructure that can target different cell type
receptors, the design of simple and robust Dz drugs for inhib-
iting the proliferation of various cancer cells can therefore be
envisioned.
Experimental
Materials

The Rapid DNA Ligation Kit, exonuclease I/III (Exo I/III), Lip-
ofectamine 3000, and LysoTracker™ Green DND-26 were
ordered from Thermo Scientic (Waltham, MA, USA). Urea and
N,N,N0,N0-tetramethylethylenediamine (TEMED) were provided
by Aladdin (Shanghai, China). MCF-7 and MCF-10A cells were
purchased from the cell bank of the type culture collection of the
Chinese Academy of Sciences (Shanghai, China). 3-[4,5-
Dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
reagents and Hoechst 33342 were purchased from Beyotime
(Haimen, China). NaCl, MgCl2, Tris, ammonium persulfate,
acrylamide/bis-acrylamide (39 : 1, 30%), formamide, 10� TBST
buffer and HPLC-puried oligonucleotides were all bought from
Sangon Biotech Co., Ltd (Shanghai, China). The sequences of the
oligonucleotides were as follows: Apt (or Cy5-Apt): 50-Phos-GCA
GTT GAT CCT TTG GAT ACC CTG GTT TTT GAC ACT CGC
TAT AGT-(Cy5)-CCA GGA ATT ATG TGT CTA A-30; AS1: 50-AGG
ATC AAC TGC TTA GAC ACA TAA-30; Dz (or BHQ-2-Dz): 50-Phos-
CAA TCT AAG TAC CCG CGG CCA GGC TAG CTA CAA CGA CCT-
(BHQ-2)-GGA CGA TAG CGA GTG TCT TTG GCA TAC TTG ATC
AAA AAA ATA GCG AGT GTC AA-30; Dz*: 50-Phos-CAA TCT AAG
TAC CCG CCG ACA GGC TAG CTA CAA CGA TCT CGA CGA TAG
CGA GTG TCT TTG GCA TAC TTG ATC AAA AAA ATA GCG AGT
GTC AA-30; AS2: 50-GTA CTT AGA TTG TTG ACA CTC GCT-30; non-
Apt: 50-Phos-CAC TAC TTA CAG ATA GAC TGC AGC ATT TTTGAC
ACTCGC TAT AGT CCA GGA ATT ATG TGT CTA A-30; AS3: 50-CTG
TAA GTA GTG TTA GAC ACA TAA-30; substrate strand (S): 50-TCG
T-(Dabcyl)-CC AGG rArUG GCC GCG G-(FAM)-30; TK1 mRNA: 50-
UGA UCA AGU AUG CCA AAG ACA CUC GCU A-30; TK1 mRNA-1:
50-UGA UCA AGU AUG CCA AAC ACA CUC GCU A-30; TK1 mRNA-
3: 50-UGA UCU AGU AUG CCA AAC ACA UUC GCU A-30; blocker
strand: 50-CAC TCG CTA TCG TCC AGG -30.
Preparation of Apt/Dz

Firstly, the mixture of Apt (1 mM) and AS1 (4 mM) was annealed
at 90 �C for 5 min and then immediately cooled to 25 �C. The
resulting solution was allowed to react for 40 min at 25 �C,
followed by the addition of the T4 quick ligase and further
incubation at 25 �C for 5 h to prepare the circularized Apt. Exo I/
Exo III was then added to the mixture and incubated for 30 min
to digest the linear DNA, followed by deactivating Exo I/Exo III at
80 �C for 15 min. Aer that, Dz (1 mM) was added and incubated
with the solution for 1 h, followed by the addition of AS2 (4 mM)
and further incubation for another 1 h. This was followed by the
addition of the T4 quick ligase and incubation at 25 �C for 5 h to
obtain the Apt/Dz catenane. Gel purication of Apt/Dz was
performed using a UNIQ-10 Spin Column DNA Gel Extraction
This journal is © The Royal Society of Chemistry 2020
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Kit (Sangon Biotech, China) as follows: (1) gels containing the
assembled Apt/Dz were excised carefully and immersed in the
diffusion buffer; (2) the centrifuge tubes containing the
smashed gels were placed in a 55 �C water bath for 2 h to
promote the diffusion of DNA into the solution; (3) the mixture
was centrifuged at 10 000 rpm for 10 min and the supernatant
solution was collected; (4) binding buffer II and isopropanol
were added into the supernatant and the resulting solutions
were all transferred to the adsorption column, which was
allowed to adsorb for 2 min and centrifuged at 8000 rpm for
30 s; (5) aer removing the liquid, elution buffer was added into
the adsorption column; (6) the adsorption column was centri-
fuged again to collect Apt/Dz.

Denaturing and native polyacrylamide gel electrophoresis
(PAGE)

The 6� loading buffer (2 mL) was added into each of the reaction
samples (10 mL) and these solution mixtures were transferred
into the freshly prepared gels. The denaturing PAGE (8%, 7 M
urea) was run in 1� TBE at 120 V for 1.5 h and native PAGE (6%)
was run in 1� TBE at 100 V for 1 h. Aer that, the gels were
stained by Gel Red and imaged by the Bio-Rad imaging system
(Hercules, CA, USA).

Fluorescence assay of TK1 mRNA-triggered restoration of Dz
activity for the cleavage of the mRNA substrate

The mixture of Apt/Dz (100 nM) and the mRNA substrate
sequence S (100 nM) was incubated without/with the TK1
mRNA, TK1 mRNA-1, and TK1 mRNA-3, respectively, for 2 h at
37 �C in 5mMTris buffer (pH 7.5, 150 mMNaCl, 10mMMgCl2).
The uorescent responses of the solutions with an excitation
wavelength of 490 nm were then recorded using a Shimadzu RF-
6000 spectrouorophotometer (Tokyo, Japan).

Cell culture

MCF-7 and MCF-10A cells were separately cultured in Dulbec-
co's Modied Eagle Medium (DMEM) and Roswell Park
Memorial Institute 1640 (RPMI-1640) in a 5% CO2 humidied
chamber at 37 �C with the culture medium containing penicillin
(100 U mL�1), streptomycin (100 mg mL�1) and 10% fetal
bovine serum (FBS).

Cellular uptake of Apt/Dz, subcellular localization assay and
TK1 mRNA-dependent structure switching of Apt/Dz

For intracellular uptake studies, cells were rstly seeded onto
a 35 mm2 confocal dish and cultured in growth media to reach
approximately 80% conuence. Aer rinsing twice with PBS,
cells were incubated with the probes for 6 h. Next, cells were
further rinsed using PBS and stained by 1 mg mL�1 Hoechst
33342 for 10 min before imaging on an LSM 900 confocal
microscope (Zeiss, Germany). For the subcellular localization
assays, Cy5-Apt/Dz (100 nM) was introduced into the culture
medium for the MCF-7 cells and cultured with the cells for 3
and 5 h, respectively, followed by a thorough washing with PBS
and staining the cells with LysoTracker™ Green (50 nM) for
This journal is © The Royal Society of Chemistry 2020
30 min before CLSM imaging. For the TK1 mRNA-dependent
structure switching of Apt/Dz, three groups of MCF-7 cells
were separately cultured with PBS (control), tamoxifen (10�6 M)
and b-estradiol (10�8 M) for 48 h. The fresh culture medium
containing Cy5-Apt/Dz-BHQ-2 (1 mM) was then introduced and
cultured with the cells for 6 h before CLSM imaging.
The qRT-PCR quantication of the Egr-1 mRNA and the
western blot assay

MCF-7 cells were cultured in a 6-well plate to reach approxi-
mately 80% conuence. Subsequently, the cell medium was
quickly replaced by a fresh medium containing 3 mM non-Apt/
Dz, Apt/Dz* or Apt/Dz, followed by 12 h of incubation at
37 �C. Aer replacing the culture medium, cells were further
cultured in fresh medium for another 36 h, followed by PBS
washing. Subsequent extraction and reverse-transcription of the
RNA samples from the MCF-7 cells were carried out using the
Trizol Reagent (Invitrogen, USA) and the Prime Script™ II 1st
strand cDNA Synthesis Kit (Takara, Japan), respectively. The
qRT-PCR detection of the Egr-1 mRNA was performed on
a CFX96™ Real-Time System using the Power SYBR Green PCR
Master kit (ABI, USA) with the following primers: forward
primer sequence (Egr-1): 50-AAC AGT GGC AAC ACC TTG TG-30;
reverse primer sequence (Egr-1): 50-ACT GGT AGC TGG TAT TGA
GG-30. For the western blot assay, the extraction of the proteins
from theMCF-7 cells was carried out using the RIPA Lysis Buffer
(Beyotime, Haimen, China) and the concentrations of the
extracted protein were determined using the BCA Protein Assay
Kit (Beyotime, Haimen, China). The extracted proteins were
separated using 8% SDS-PAGE gel and carefully transferred to
a 0.2 mm PVDF membrane, followed by the blocking treatment
in 5% nonfat milk. The anti-Egr-1 antibody (1 : 1000, Abcam,
UK) was then incubated with the membrane overnight. Subse-
quently, the horseradish peroxidase-conjugated goat anti-rabbit
IgG (1 : 10 000, Beyotime, China) was added and incubated for
2 h, followed by washing the membrane with TBST and imaging
it with a ChemiDoc XRS+ system (Bio-RAD). For comparison,
the GAPDH antibody was used as the control.
Cell proliferation assays

MCF-7 and MCF-10A cells were cultured in a 96-well plate to
reach approximately 80% conuence. Subsequently, cell media
were quickly removed and fresh media containing various
concentrations of Apt/Dz were added and incubated for 12 h.
Aer replacing the culture medium, cells were further incu-
bated in fresh medium for another 36 h. The cells were then
incubated with 5 mg mL�1 MTT at 37 �C for 4 h, followed by
removing the supernatant. DMSO (100 mL) was added into each
well for 15 min with shaking. Finally, the absorbance value at
490 nm was monitored using an RT 6000 microplate reader.
Statistical analysis

Statistical analyses of data variances between groups were per-
formed using Student's t-test in GraphPad Prism 5.0. *p < 0.05
and **p < 0.01 represented signicant results.
Chem. Sci., 2020, 11, 8966–8972 | 8971
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C. Höbartner and V. Pena, Nature, 2016, 529, 231–234.

7 Y. Gu, T. T. Zhang, Z. F. Huang, S. W. Hu, W. Zhao, J. J. Xu
and H. Y. Chen, Chem. Sci., 2018, 9, 3517–3522.

8 X. D. Meng, K. Zhang, W. H. Dai, Y. Cao, F. Yang, H. F. Dong
and X. J. Zhang, Chem. Sci., 2018, 9, 7419–7425.

9 D. D. Nedorezova, A. F. Fakhardo, T. A. Molden and
D. M. Kolpashchikov, ChemBioChem, 2020, 21, 607–611.

10 D. D. Nedorezova, A. F. Fakhardo, D. V. Nemirich,
E. A. Bryushkova and D. M. Kolpashchikov, Angew. Chem.,
Int. Ed., 2019, 58, 4654–4658.

11 M. Hollenstein, Molecules, 2015, 20, 20777–20804.
12 H. H. Fan, X. B. Zhang and Y. Lu, Sci. China: Chem., 2017, 60,

591–601.
13 H. H. Liu, X. Yu, Y. Q. Chen, J. Zhang, B. X. Wu, L. Zheng,

P. Haruehanroengra, R. Wang, S. H. Li, J. Z. Lin, J. X. Li,
J. Sheng, Z. Huang, J. B. Ma and J. H. Gan, Nat. Commun.,
2017, 8, 1–10.

14 H. Fan, X. B. Zhang and Y. Lu, Sci. China: Chem., 2017, 60,
591–601.

15 H. K. Karnati, R. S. Yalagala, R. Undi, S. R. Pasupuleti and
R. K. Gutti, Tumor Biol., 2014, 35, 9505–9521.

16 J. J. Zhang, Catalysts, 2018, 8, 550.
17 W. H. Zhou, J. S. Ding and J. W. Liu, Theranostics, 2017, 7,

1010–1025.
18 A. K. Hartmann, D. F. Cairnsgibson, J. J. Santiana,

M. Q. Tolentino, H. M. Barber and J. L. Rouge,
ChemBioChem, 2018, 19, 1734–1739.

19 D. G. He, X. He, X. Yang and H. W. Li, Chem. Sci., 2017, 8,
2832–2840.

20 J. Wei, H. M. Wang, Q. Wu, X. Gong, K. Ma, X. Q. Liu and
F. A. Wang, Angew. Chem., 2020, 132, 2–9.

21 Z. L. Yang, K. Y. Loh, Y. T. Chu, R. P. Feng, N. S. R. Satyavolu,
M. Y. Xiong, S. M. N. Huynh, K. Hwang, L. L. Li, H. Xing,
X. B. Zhang, Y. R. Chemla, M. Gruebele and Y. Lu, J. Am.
Chem. Soc., 2018, 140, 17656–17665.
8972 | Chem. Sci., 2020, 11, 8966–8972
22 D. Zhang, Y. S. Zheng, Z. G. Lin, S. Y. Lan, X. L. Zhang,
A. X. Zheng, J. Li, G. Liu, H. H. Yang, X. L. Liu and
J. F. Liu, Small, 2019, 15, 1902636.

23 J. Li, C. Zheng, S. Cansiz, C. C. Wu, J. H. Xu, C. Cui, Y. Liu,
W. J. Hou, Y. Y. Wang, L. Q. Zhang, I. T. Teng, H. H. Yang
and W. H. Tan, J. Am. Chem. Soc., 2015, 137, 1412–1415.

24 J. R. Petree, K. Yehl, K. Galior, R. Glazier, B. Deal and
K. Salaita, ACS Chem. Biol., 2017, 114, 215–224.

25 K. Quan, J. Li, J. L. Wang, N. L. Xie, Q. M. Wei, J. L. Tang,
X. H. Hai, K. M. Wang and J. Huang, Chem. Sci., 2019, 10,
1442–1449.

26 H. Wang, H. M. Wang, Q. Wu, M. J. Liang, X. Q. Liu and
F. A. Wang, Chem. Sci., 2019, 10, 9597–9604.

27 H. H. Fan, Z. L. Zhao, G. B. Yan, X. B. Zhang, C. Yang,
H. M. Meng, Z. Chen, H. Liu and W. H. Tan, Angew. Chem.,
Int. Ed., 2015, 127, 4883–4887.

28 N. Subramanian, J. R. Kanwar, B. Akilandeswari,
R. K. Kanwar, V. Khetanc and S. Krishnakumar, Chem.
Commun., 2015, 51, 6940–6943.

29 H. Suryawanshi, M. K. Lalwani, S. Ramasamy, R. Rana,
V. Scaria, S. Sivasubbu and S. Maiti, ChemBioChem, 2012,
13, 584–589.

30 M. Chakravarthy, M. T. Aung-Htut, B. T. Le and R. N. Veedu,
Sci. Rep., 2017, 7, 1–8.

31 M. L. Tan, P. F. Choong and C. R. Dass, Expert Opin. Drug
Delivery, 2009, 6, 127–138.

32 V. L. Benson, L. M. Khachigian and H. C. Lowe, Br. J.
Pharmacol., 2008, 154, 741–748.

33 S. W. Santoro and G. F. Joyce, Biochemistry, 1998, 37, 13330–
13342.

34 R. G. Fahmy, C. R. Dass, L. Q. Sun, C. N. Chesterman and
L. M. Khachigian, Nat. Med., 2003, 9, 1026–1032.

35 A. Mitchell, C. R. Dass, L. Q. Sun and L. M. Khachigian,
Nucleic Acids Res., 2004, 32, 3065–3069.

36 L. Zhong, S. X. Cai, Y. Q. Huang, L. T. Yin, Y. L. Yang,
C. H. Lu and H. H. Yang, Anal. Chem., 2018, 90, 12059–12066.

37 Q. W. Ding, Q. Q. Zhan, X. M. Zhou, T. Zhang and D. Xing,
Small, 2016, 12, 5944–5953.

38 H. L. Kuai, Z. L. Zhao, L. T. Mo, H. Liu, X. X. Hu, T. Fu,
X. B. Zhang and W. H. Tan, J. Am. Chem. Soc., 2017, 139,
9128–9131.

39 J. W. Keum and H. Bermudez, Chem. Commun., 2009, 45,
7036–7038.

40 D. A. Di Giusto and G. C. King, J. Biol. Chem., 2004, 279,
46483–46489.

41 P. Wu, Y. Gao, H. Zhang and C. X. Cai, Anal. Chem., 2012, 84,
7692–7699.

42 C. Y. Li, Y. Meng, S. S. Wang, M. Qian, J. X. Wang, W. Y. Lu
and R. Q. Huang, ACS Nano, 2015, 9, 12096–12103.

43 H. H. Wang, P. Peng, Q. W. Wang, Y. Du, Z. J. Tian and T. Li,
Angew. Chem., Int. Ed., 2020, 59, 2–11.

44 J. Huang, H. Wang, X. Yang, K. Quan, Y. J. Yang, L. Ying,
N. L. Xie, M. Ou and K. M. Wang, Chem. Sci., 2016, 7,
3829–3835.

45 L. He, D. Q. Lu, H. Liang, S. T. Xie, C. Luo, M. M. Hu, L. J. Xu,
X. B. Zhang and W. H. Tan, ACS Nano, 2017, 11, 4060–4066.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc03974h

	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing

	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing
	Targeted and direct intracellular delivery of native DNAzymes enables highly specific gene silencing


