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ARTICLE INFO ABSTRACT

Keywords: In this study, a fluorescent sensing strategy has been developed for rapid and ultrasensitive detection of BCR-
Isothermal amplification ABL1 mRNA in chronic myeloid leukemia (CML) based on DNAzyme Cleavage-induced Rolling circle amplifi-
Fluorescence cation (DCR for short). In the presence of BCR-ABL1 mRNA, DNAzyme was activated to split the target sequence
Biosensing

into two fragments, producing the 3’ terminus on the forward cleavage fragments. After T4 polynucleotide
kinase (PNK) modification reaction, the forward cleavage fragments were extended by rolling circle amplifi-
cation (RCA). Plenty of long single DNA strands were produced and partially hybridized with the fluorescence-
quenching decorator probes, thus inducing the separation of fluorophore and quencher decorator probes and
recovery of fluorescence. Highly sensitive detection of BCR-ABL1 was achieved with a limit of detection at
9.4 fM. In addition, the DCR strategy was adopted to successfully in situ image the BCR-ABL1 mRNA in the
cytoplasm of human leukemia bone marrow cells. Moreover, results of the BCR-ABL1 mRNA expression in
clinical samples achieved by DCR sensing were well consistent with that of reverse transcription PCR (RT-PCR)
and fluorescence in situ hybridization (FISH) analysis. Therefore, this developed DCR sensing strategy might

Chronic myeloid leukemia
BCR-ABL1 mRNA

provide a potential alternative tool for precise diagnosis of CML.

1. Introduction

Chronic myeloid leukemia (CML) is a clonal myeloproliferative
disease with the cytogenetic hallmark of Philadelphia chromosome (Ph)
[1]. The Ph is generated by the reciprocal translocation between the
long arms of chromosomes 9 (ch9) and 22 (ch22), resulting the creation
of the BCR-ABL1 fusion gene and the transcription of BCR-ABL1 mRNA
[2]. Previous reports demonstrate the BCR-ABL1 transcript plays a
significant role in the pathogenesis of leukemogenesis [3], and causes
the feared blast crisis in CML by inducing the suppression of cell
apoptosis [4]. Hence, the development of approaches for measuring
BCR-ABL1 mRNA has great significance for precise diagnosis and
treatment of CML.

Currently, a variety of techniques have been applied to measure
BCR-ABL1, such as fluorescence in situ hybridization (FISH) [5] and
quantitative real-time reverse-transcription polymerase chain reaction
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(qRT-PCR) [6]. FISH can visualize BCR-ABL1 in cytoplasm by fluor-
escent dye-labeled probe hybridization in the fusion site, but typically
with lower analytical sensitivity. RT-PCR is used to rapidly amplify
BCR-ABL1 mRNA, but the complicated pretreatment of RNA by cDNA
synthesis can cause cross-contamination with genomic DNA and in-
crease the probability of false positive [7,8]. Additionally, the RT-PCR
technique relies on thermal cycling, limiting the technique to a la-
boratory setting. Therefore, to overcome these drawbacks, the ex-
ploration of novel methodology for detecting the mRNA expression of
BCR-ABLI1 is highly desirable.

So far, there is growing interest in the development of isothermal
amplification-based biosensing strategies for simple and efficient de-
tection of nucleic acid, such as rolling circle amplification (RCA) [9,10],
strand displacement amplification (SDA) [11], catalytic hairpin as-
sembly (CHA) [12] and loop-mediated isothermal amplification
(LAMP) [13]. As one of the most fascinating isothermal amplification
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technique, RCA has been shown to detect nucleic acids with a variety of
outstanding properties, including simple operation and highly ampli-
fied efficiency [14,15]. It has been acknowledged that DNA and mi-
croRNA could be detected based on RCA sensing strategy with im-
proved sensitivity of 3-6 orders of magnitude over conventional
methods [16-18]. Additionally, RCA is utilized not only in detecting
nucleic acids of extracts from cancerous cells [19], but also in visua-
lizing the intracellular nucleic acids [20,21]. For instance, some groups
used the target RNA as a template to ligate a padlock probe in situ,
which successfully realized in situ amplification of RNA [22-24].
However, extra short DNA strands need to be added in the reaction as a
primer in the above methods, increasing the non-specific amplification
during RCA process. Nevertheless, RCA is a versatile tool to detect
nucleic acids with the remarkable capacity for rapid analysis, sig-
nificant amplification efficiency and operational simplicity.
Deoxyribozymes (DNAzymes) have attracted widespread attention
for their efficient catalytic activity, high chemical stability, simple
synthesis, and easy modification [25-27]. RNA-cleaving DNAzyme is
the widely investigated class of DNAzymes [28], including the 10-23
DNAzyme [29,30] and 8-17 DNAzyme [31,32]. 10-23 DNAzyme con-
tains a 15-nucleotide catalyze core and two substrate-recognition do-
mains, which can cleave any purine-pyrimidine (R-Y) junction under
metal ions condition [33]. Owing to the highly specific substrate re-
cognition and cleavage of DNAzyme, a series of DNAzyme feedback
amplification strategies have been constructed for sensitive detection of
microRNA and bacterium [17,34,35]. More importantly, many re-
searchers have used DNAzyme to cleave BCR-ABL related mRNA in cells
for potential treatment of CML [36,37]. Inspired by these advantages of
functional DNAzyme, the utilization of DNAzyme to efficiently detect
the BCR-ABL1 mRNA level will have a significant application prospect.
In this work, a fluorescence sensing strategy termed DNAzyme
Cleavage-induced RCA (DCR for short) is constructed for rapid ampli-
fication and ultrasensitive detection of BCR-ABL1 mRNA. As illustrate
in Scheme 1A, two recognition domains on the flank of DNAzyme are
designed to specifically recognize and hybridize with BCR-ABL1 mRNA
sequence. The DCR sensing strategy contains three reactions (Scheme
1B), including (i) DNAzyme cleavage, (ii) T4 polynucleotide kinase
(PNK) modification, and (iii) the RCA process. In cleavage reaction,
upon the introduction of RNA target, the DNAzyme-RNA complex is
formed. In the presence of Mg? ™", the RNA is cleaved into two fragments
(f1 with a 2’, 3’-cyclic phosphate terminus and f2 with a 5’-hydroxyl
terminus) by DNAzyme. DNAzyme separated from the complex takes
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part in another cycle of cleavage reaction, and the forward-cleaved f1
participates in the subsequent reactions. In the modification reaction,
the 2/, 3’ cyclic phosphate terminus of f1 is removed by T4 PNK to yield
a hydroxy terminus on the f1’, which can act as a primer to trigger the
RCA process. Meanwhile, the closed circular DNA template is in-
troduced into the cleavage products, which strand displacement take
place of DNAzyme to hybridize with primer f1’. During the RCA pro-
cess, plenty of long single DNA strands is produced and partially hy-
bridize with the fluorescence-quenching decorator probes, thus indu-
cing the separation of fluorophore and quencher. Finally, the
fluorescence signals are successfully achieved, which is highly related
to the concentration of the analyte. With adoption of DCR sensing
strategy, BCR-ABL1 mRNA expression can be assayed without RNA
purification, cDNA synthesis or thermal cycling. Moreover, the BCR-
ABL1 mRNA could be accurately visualized in the cytoplasm of human
leukemia cells.

2. Material and methods
2.1. Materials and reagents

Phi29 DNA polymerase, T4 polynucleotide kinase (PNK), and RNase
inhibitor were purchased from New England Biolabs (Beijing, China).
T4 DNA ligase, exonuclease I, exonuclease III, dSDNA marker and DNA
fragment purification kit were purchased from TaKaRa (Dalian, China).
Tween-20, Triton X-100, 4/, 6-diamidino-2-phenylindole (DAPI), 4%
paraformaldehyde fix solution, anti-fade mounting medium, dNTPs and
all other chemicals were of analytical reagent grade and purchased
from Sangon Biotechnology Co. Ltd (Shanghai, China) and used without
further purification. All solutions were prepared with ultrapure water
by Millipore Milli-Q gradient ultrapure water system (Millipore, MA).

All sequences of oligonucleotides used in this work were listed in
Tables S1 - S3 [36]. All DNA and RNA sequences were purchased from
Sangon Biotechnology Co. Ltd (Shanghai, China) and TaKaRa (Dalian,
China), respectively. The decorator probe components were yielded by
heating the mixture of 3’-fluorophore-labeled D-oligo and 5’-BHQ1-la-
beled C-oligo with a ratio of 1:2 (ensure complete quenching of the
fluorescence) to 95 °C for 5min, then cooled to room temperature for
2h.

Scheme 1. Principle of DNAzyme cleavage-in-
duced RCA (DCR) for BCR-ABL1 mRNA detec-
tion. (A) The structure of DNAzyme and the ‘R-
Y’ cleavage site in RNA target of BCR-ABL1. (B)
(i) Site-specific cleavage of RNA target by
DNAzyme in the presence of Mg®*; (ii)
Removal of the 2/, 3’ cyclic phosphate terminus
of forward cleavage fragment (f1) by T4 PNK;
(iii) RCA process and fluorescence detection of
the RCA products.
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Fig. 1. Examination of DCR for BCR-ABL1 RNA detection. (A) Native PAGE
results for the different reactions. Lane 1: DNAzyme; lane 2: BCR-ABLI; lane 3:
DNAzyme (1 puM) and BCR-ABL1 (500nM); lane 4: BCR-ABL1 cleaved by
DNAzyme with Mg?* (50 mM). The cleavage fragments have slightly faster
mobility; lane 5: No amplification of the closed circular DNA template (200 nM)
by Phi29 polymerase (0.5 U/uL) without T4 PNK; lanes 6-8: After T4 PNK
treatment, amplification of the closed circular DNA template by Phi29 poly-
merase with different RCA time (lane 6, 15 min; lane 7, 30 min; lane 8, 60 min).
(B) Fluorescence spectra of DCR sensing with or without BCR-ABL1 RNA target
(100 nM).

2.2. Patient samples

A total of 12 extracted total RNA samples and 12 bone marrow (BM)
cell samples from patients with BCR-ABL1 positive leukemia were ob-
tained from the First Affiliated Hospital of Chongqing Medical
University, with approval by the ethical committee of the hospital for
only laboratory study.

2.3. Pretreatment of total RNA and BM cell

Total RNA was extracted from peripheral blood using high purity
UNIQ-10 RNA isolation kit (Sangon Biotechnology Co. Ltd) according to
the manufacturer’s instructions. The RNA concentration was measured
using the NanoDrop 2000 (Thermo Scientific). Complementary DNA
(cDNA) was transcribed from RNA using RNA to ¢cDNA EcoDr Premix
(TaKaRa). BM cells were collected and washed twice in phosphate
buffered saline (PBS), then placed on poly lysine coated slides and al-
lowed to attach. The slides were fixed in 4% (w/v) paraformaldehyde in
1 X PBS for 15 min at room temperature. After fixation, the slides were
washed twice in diethy pyrocarbonate (DEPC)-treated PBS (DEPC-PBS)
and dehydrated with 70%, 85%, and 99.5% ethanol for 2 min, respec-
tively. Then, cells were permeated for 5 min with 0.5% Triton X-100 in
1 x PBS buffer at 37 °C and followed by washing twice in DEPC-PBS for
further reaction.

2.4. The procedure of DCR sensing in vitro

Firstly, cleavage and T4 PNK modification were simultaneously
performed in one-step. The reaction mixture contained 1 pM DNAzyme
(yvield a final concentration of 100 nM in the RCA reaction), various
concentrations of RNA substrate, 2 U/uL RNase inhibitor, and 0.5 U/pL
T4 PNK in 1 X cleavage buffer (100 mM MgCl,, 10 mM Tris-HCI,
100 mM KCl, 0.01 mg/mL BSA) to yield a final volume of 10.5 L, then
was incubated at 37 °C for 30 min.

Following, the RCA was performed in 1 X phi29 polymerase buffer
(50 mM Tris-HCl, 10 mM (NH4)»SO4, 10 mM MgCl,, 4 mM DTT, pH 7.5)
with addition of 15% deionized formamide, 0.5 U/uL phi29 DNA
polymerase, 250 uM dNTPs, 0.2 mg/mL BSA, 200 nM closed circular
DNA template and the products of the previous reaction. RCA reaction
mixtures with a final volume of 100 puL. were incubated at 37 °C for
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60 min, and stopped by heating at 90 °C for 5 min. The final resultant
products were analyzed by 12% native polyacrylamide gel electro-
phoresis (PAGE) and the fluorescence spectrum. Note, for the fluores-
cence spectrum, 1 uM decorator oligos should be simultaneously added
in the RCA reaction mixtures. Meanwhile, detection of BCR-ABL1 and
ABL1 in the extracted total RNA from CML patients was performed in
the same procedure of DCR.

2.5. The procedure of in situ image of BCR-ABL1 mRNA by DCR

The in situ image of BCR-ABL1 mRNA in BM cells by DCR was
performed as following procedure. To avoid RNA degradation during
DCR sensing, all the steps were treated with RNase inhibitor. During the
cleavage reaction, the slides were incubated with 2 pM DNAzyme, 2 U/
puL RNase inhibitor and 0.5 U/uL T4 PNK in 1 X cleavage buffer
(100 mM MgCl,, 10 mM of Tris-HCl, 100 mM of KCl, 0.01 mg/mL BSA)
at 37 °C for 1h. After cleavage, slides were washed by DEPC-treated
2 X SSC with 0.05% tween-20 for 5min and rinsed in 1 X PBS. Then,
RCA was carried out with a mix of 1 X phi29 polymerase buffer, 15%
deionized formamide, 0.5 U/uL phi29 polymerase, 0.2 pg/uL BSA, 2 U/
uL RNase inhibitor, 500 nM closed circle template, and 250 uM dNTPs.
Incubation was kept for 2 h at 37 °C, then washed in 1 x PBS for twice.
For detection, slides were incubated with 1 pM decorator oligos in
2 X SSC at 42 °C for 30 min. Then, the non-hybridization oligos were
removed by washing twice in 1 X PBS. The dry slides were incubated
with 10 pL. DAPI and anti-fade mounting medium for 10 min at room
temperature to stain the cell nuclei. Images of cells were acquired using
an Olympus fluorescence microscope (Olympus, Japan) and a com-
puter-controlled filter wheel with excitation and emission filters for
visualization of DAPI, FAM.

3. Results and discussion
3.1. Verification of feasibility of DCR sensing strategy

To evaluate the feasibility of the developed DCR sensing strategy for
detection of synthetic BCR-ABL1 RNA in vitro, three reactions of DCR
were performed in stepwise and the products of each step were ana-
lyzed by native PAGE. As shown in Fig. 1A, with introduction of Mg>™*
into the mixture of the synthetic BCR-ABL1 RNA and DNAzyme, a new
band of cleavage fragments with a predicted length could be seen in
lane 4 compared to lane 3, proving Mg?* was necessary for DNAzyme
catalysis. However, further addition of phi29 polymerase and closed
circular DNA template did not result in any amplified products (lane 5),
indicating the closed circular DNA template neither react with the
primer nor DNAzyme. According to the previous report, DNAzyme-in-
duced cleavage could add a 2’, 3’ cyclic phosphate terminus on the
forward-cleaved f1, which blocked the extension of f1 in the presence of
phi29 polymerase [38]. Therefore, we treated the cleavage reaction
mixture with T4 PNK to remove the terminal 2’, 3’ cyclic phosphate in
f1 and then added phi29 polymerase and closed circular DNA template.
As shown in lane 6, large fragments of RCA products were appeared
with lower mobility and the band of cleavage fragments were dis-
appeared, indicating T4 PNK modification was indispensable for am-
plifying the cleaved RNA fragments. Meanwhile, along with the in-
creased RCA reaction time, the RCA products were accumulated (lanes
6-8 with reaction time of 15 min, 30 min, 60 min, respectively). Ad-
ditionally, DCR process was investigated by fluorescence measurement.
As shown in Fig. 1B, a strong fluorescence signal was observed after
DCR sensing the synthetic BCR-ABL1 RNA, while a low fluorescence
signal was obtained in the control reaction without BCR-ABL1 RNA.
Thus, the established DCR sensing strategy is capable of sensing BCR-
ABL1 RNA in vitro.
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3.2. Optimization of DCR sensing system

In order to achieve efficient detection performance, several experi-
mental workflows, including one-step, two-step 1 (combine cleavage
with T4 PNK reaction in one step), two-step 2 (combine T4 PNK with
RCA in one step), and stepwise, were investigated. The highest fluor-
escence level was obtained in two-step 1, which was similar in the
stepwise way (Supporting Information, Fig. S1). Considering the reac-
tion time, we chose the two-step 1 workflow for further application.
Mg>* was an important co-factor for DNAzyme catalysis, thus various
concentration of Mg>* was introduced into the cleavage reaction.
Gradually increased fluorescence intensity was observed with the in-
creasing concentration of Mg2™" in the range of 5-80 mM, then the in-
tensity increased slowly (Fig. S2 A). PAGE analysis confirmed the ag-
gregation of cleavage products was correlated with the concentration of
Mg?™* (Fig. S2B). Consideration of a suitable concentration of Mg?* was
strictly for subsequent T4 PNK and RCA reactions, 100 mM of Mg>*
was used in DCR sensing system. The influence of the cleavage reaction
time was investigated by monitoring the amounts of cleavage products.
As shown in Fig. S3 A, the band of cleavage products enhanced along
with the reaction time. Also, an increased fluorescence signal along
with the increased reaction time and tended to plateau at about 30 min
(Fig. S3B). As a result, optimized cleavage time was 30 min. Meanwhile,
after analyzing the kinetics curve of DNAzyme cleavage by GraphPad
Prism, the ks (define as the overall rate constant) was calculated to be
0.071 min~".

3.3. Analytical performance

We investigated the detection sensitivity of DCR sensing strategy to
RNA target of BCR-ABL1. The fluorescence signals were gradually in-
creased in response to varying concentrations of BCR-ABL1
(1.0 x 107" M to 1.0 x 10°® M), and a low background signal of DCR
sensing system could observe without target (blank) (Fig. 2A). AF value,
defined as the fluorescence signal difference between with and without
the RNA target, was used to quantitatively measure BCR-ABL1 con-
centration. The AF exhibited a linear correlation with the logarithm of
BCR-ABL1 concentration in the dynamic range from 10fM to 10 nM
(Fig. 2B). The linear regression equation was AF = 69.24 X 1g Cpcr-
aBL1] + 97.31 (R? = 0.9900) with the detection limit of 9.4 fM based on
30 (o is the standard deviation of the blank). Of note, the achieved LOD
was lower than several reported strategies (Table S4). Most RCA-based
strategies for amplification of mRNA were depended on the circular
DNA templates synthesized in the process of target recognization
[22,24]. While, in DCR sensing process, the pre-synthesized circular
DNA templates were directly utilized with improved efficiency of the
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sensing process.

The specificity of DCR was evaluated by determining its response to
different RNA sequences. Firstly, BCR-ABL1 and other three interfering
RNA samples, including BCR and ABL1 (has partially identical se-
quences from BCR-ABL1), and BCR-ABL1/S (differs from BCR-ABL1 by
single nucleotide) were incubated with DNAzyme for 30 min, respec-
tively. All the interfering RNA samples did not yield distinguishable
fluorescence signals from the background, whereas the BCR-ABL1 re-
sulted in an enhanced fluorescence signal (Fig. 2C). PAGE was further
applied to evaluate the specificity of the DNAzyme toward different
RNA targets. After cleavage products were subjected to electrophoresis,
a new band with much faster electrophoretic mobility was observed
only in the presence of BCR-ABL1 RNA target (Fig. 2C, inset, lane 4).
Meanwhile, there were no obvious cleavage products after DNAzymes
reacted with other interfering RNA, validating the specificity of DNA-
zymes for BCR-ABL1 recognition and cleavage.

Moreover, the analytical recovery was studied by adding different
concentrations of BCR-ABL1 in diluted serum (10%) (Table S5).
Recoveries of the added BCR-ABL1 were in the range of 92.5% to
108.0%, indicating serum (10%) did not result in significant inter-
ference in DCR sensing process. The high accuracy of DCR originates
from its intrinsic features, including the precise targeting and cleavage
capacity by functional DNAzyme, and the efficient amplification of
RCA.

3.4. Detection of BCR-ABL1 mRNA expression in CML patient

For clinical diagnostic of CML, the ratio of BCR-ABL1 to an en-
dogenous control transcript (ABL1 gene) was used to assess the quantity
of BCR-ABL1 mRNA. Thus, detection of ABL1 by DCR was constructed
as internal reference to quantify the BCR-ABL1 ratio (Supporting
Information, Tables S1 - S3, Fig. S4). Based on the DCR strategy, BCR-
ABL1 and ABL1 in extracted total RNA samples from 12 CML patients
(s1 - s12) were measured first. Then, the BCR-ABL1 ratio of different
patients was calculated and compared with the results obtained by
commercial RT-PCR kit. As presented in Fig. 3A, there were no sig-
nificant BCR-ABL1 ratio (sl - s10) differences between DCR strategy
and RT-PCR. While, only two samples with lower BCR-ABL1 mRNA
expression (s11 = 2.5%, s12 = 1.3% by RT-PCR) could not be easily
detected by DCR. These discrepancies may come from two aspects.
First, unlike RT-PCR, DCR sensing strategy directly targets and am-
plifies the RNA sequences without reverse transcription that may lead
the minute difference results on low concentration target. Second, RT-
PCR with just one template DNA molecule can yield over 34 billion
DNA molecules [39]. While, RCA as an isothermal method typically
provides an approximately 1000-fold (for linear amplification) increase
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Fig. 2. Sensitivity and specificity of DCR sensing strategy. (A) Fluorescence spectra of DCR strategy in the absence (blank) or presence of BCR-ABL1 with con-
centrations of 1.0 x 107%,1.0 x 104, 1.0 x 103,1.0 x 10"2,1.0 x 10}, 1.0 x 10%, 1.0 x 10, and 1.0 x 10 M. (B) The linear relationship between AF and
the logarithm of concentration of BCR-ABL1 in the range of 1.0 X 10* to 1.0 x 10® M (error bars: SD, n = 3). (C) Fluorescence detection for DCR strategy
specificity with BCR-ABL1 (100 pM) and other interfering RNA samples (100 pM). Insets: PAGE of the incubation products of DNAzyme (1 uM) with different RNA
samples (500 nM). The cleavage products were shown in the red box(For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.).
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A B Fig. 3. Detection of BCR-ABL1 mRNA in total RNA sample
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in the intensity of the signal [40]. Thus, the detection sensitivity of the
two strategies may lead to a difference in the detection of extremely low
concentration target. In addition, a linear curve of the BCR-ABL1 ratio
obtained by the two strategies was generated to evaluate the correlation
between DCR and RT-PCR. As shown in Fig. 3B, the regression equation
was Y = 1.007 X + 1.567 with R* = 0.9881 (P < 0.0001), indicating
the DCR results were well consistent with the RT-PCR results. Sig-
nificantly, the DCR strategy has the potential to be a valuable RNA
amplification technique because it offers some key advantages that
cannot be matched by PCR, such as easy to operation without a thermal
cycler equipment, quite simple to design the primer and reported probe,
and directly targets and amplifies RNA target. Overall, these results
offer the potential application prospects of DCR sensing strategy for the
molecular diagnosis of CML in patients.

3.5. In situ image of BCR-ABL1 mRNA in bone marrow cells by DCR

The performance of DCR for in situ fluorescence image of BCR-ABL1
mRNA was evaluated using the BCR-ABL1 positive or negative bone
marrow (BM) cells collected from CML patients (Fig. 4A). The bright,
spot-like green signals corresponding to the BCR-ABL1 mRNA were
easily distinguished from the background in the positive cells (Fig. 4B).
As a control, no discernible fluorescence signal was observed in the
negative cells. In clinical diagnosis, dual-color FISH as a conventional
cytogenetics technique was considered the “gold standard” for evalu-
ating BCR-ABL1 mRNA in situ. As shown in Fig. 4, FISH assay showed
only a fuzzy yellow spot (BCR-ABL1) by green (ABL1) and red (BCR)
fusion in the BCR-ABL1 positive cell, while abundant green signals for
BCR-ABL1 mRNA were obtained after DCR sensing (Fig. 4C). These
results suggested that DCR could significantly amplify the detection
signal compared to the FISH analysis, originating from the highly effi-
cient RCA amplification. Meanwhile, DCR could successfully perform
intracellular imaging of mRNA in living cells.

Finally, we applied our sensing strategy to assay BCR-ABL1 mRNA
expression in BM cell from CML patients, ranging from the down ex-
pression to over expression. As shown in Fig. 5A, with increasing ex-
pression of BCR-ABL1 (results measured by RT-PCR), the green fluor-
escence signals were brighter in the cells. Moreover, the different
expression level of BCR-ABL1 in a single cell could be clearly dis-
tinguished on the basis of the fluorescent spots, suggesting DCR could
discriminate fluorescence signal among the different mRNA expressions
in situ. In order to compare the sensitivity of the two methods for their
ability to detect BCR-ABL1 mRNA in situ, the number of positive cells
staining by different methods was counted manually from a total of 200
cells of each BM samples. Of the 10 samples, 8 samples showed good
comparability with a difference of 2.3% to 6.5% between DCR in situ
and FISH through comparison with the percentage of positive (Fig. 5B).
While, s6 and s10 with a significant difference of 9% and 15% between
the two strategies (Fig. 5B). These differences were attributed to the
multistep process and manual counting, which increased the prob-
ability of systematic error and induced the minute differences of DCR
and FISH. Moreover, the linear relationship between the results in DCR
and FISH with a correlation coefficient was 0.9412 and the equation
was Y =1.009 X + 0.5088 (P < 0.0001) (Fig. 5C). These results
showed no significant difference between the two strategies, suggesting
DCR might have potential clinical application for BCR-ABL1 mRNA
detection.

4. Conclusions

In summary, an isothermal sensing strategy has been successfully
developed for ultrasensitive fluorescence detection and in situ image of
BCR-ABL1 mRNA by integrating functional DNAzyme with RCA
strategy. Resulting from the efficient cleavage of BCR-ABL1 mRNA in a
sequence specific manner of DNAzyme, the process of purification and
reverse transcription were avoided. Also, the interference of
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homologous DNA sequences was reduced. Meanwhile, the cleaved-
mRNA as a primer in place of an additional DNA primer could reduce
the non-specific amplification during the RCA process. Additionally, by
adopting RCA, there was no requirement to undergo thermal cyclers to
amplify the signals. The developed sensing strategy achieved a highly
sensitivity with the detection limit of 9.4 fM for detecting BCR-ABLI.
Moreover, this DCR sensing strategy not only specifically detected BCR-
ABL1 in extracted RNA samples but also precisely imaged BCR-ABL1
mRNA in BM cells. Therefore, the multifunctional DCR sensing strategy
has the potential to analyze RNA targets from the extracellular into
intracellular, and also offers new insight into clinical molecular diag-
nosis and biomedical research.
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