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ARTICLE INFO ABSTRACT
Keywords: The clinical methods to detect RNA viruses and disease-related RNAs suffer from time-consuming processes, high
CRISPR-Cas13a cascade cyclic rapid test room false-positive rates, or limited sensitivity. Here, we propose a strategy for rapid RNA detection through intra-

temperature respiratory syncytial virus enzyme chain replacement-mediated Casl3a cascade cyclic reaction without target amplification. A hairpin

RNA mediator (a cleavage substrate for target-activated Cas13a) and a guiding RNA recognized by the cleavage
product through intra-enzyme chain replacement were designed and optimized. Upon the recognition and
binding of the target RNA to the Cas13a/CrRNA complex, Casl3a is initially activated to cleave the mediator,
and the cleavage products recognize the corresponding Casl3a/CrRNA complex by intra-enzyme chain
replacement and initiate the circular cascade of Cas13a cleavage and activation. The accumulated active Cas13a
cleaves fluorescent reporter probe for achieving target RNA detection. This “mix & read” RNA detection at room
temperature was performed in total 30 min. Using miRNA-21 as the target, the changes in fluorescence intensity
were linearly correlated to the concentrations from 10 fM to 50 pM with the detection limit of 75 aM, while no
significant changes in fluorescence intensity were detected for non-targets. This method applied to the clinical
sputum respiratory syncytial virus-positive samples gave results consistent with those from the clinical

Abbreviations: CRISPR, clustered regularly interspaced short palindromic repeats; Cas, caspase; CrRNA, CRISPR guide RNA; Cpccc, intra-enzyme chain
replacement-promoted Cas13a cascade cyclic reaction; LOD, limit of detection; miRNA, microRNA; PCR, polymerase chain reaction; RSV, respiratory syncytial virus;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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fluorescence immunoassay. Thus, intra-enzyme chain replacement-promoted Cas13a cascade cyclic reaction for
detection of RNA viruses in the “mix & read” mode at room temperature is rapid, simple, convenient, and
efficient for RNA detection and can be adapted to point-of-care testing for high throughput screening of RNA

virus infections.

1. Introduction

RNAs, including non-coding RNAs, such as microRNAs (miRNAs),
circular RNAs, and long non-coding RNAs, have critical roles in regu-
lating gene expression and metabolism [1-4]. Thus, the occurrence and
progression of diseases are associated with the dysregulation of RNAs.
Infections with RNA viruses, including SARS-CoV-2, hepatitis C virus,
influenza virus, severe acute respiratory syndrome-associated corona-
virus, Middle East respiratory syndrome coronavirus, and Ebola virus,
adversely affect human health [5-10]. Additionally, RNA
virus-associated epidemics are a substantial threat to public health.
Nucleic acid analysis using advanced molecular biology techniques is
the gold standard for detecting pathogens, including RNA viruses [11,
12]. In contrast to DNA, RNA is usually unstable and susceptible to
mutation [13]. Thus, a rapid, simple, and sensitive method for RNA
detection is critical for the early diagnosis of diseases and the manage-
ment of pathogen epidemics [14,15].

The gold standard technique for RNA detection based on polymerase
chain reaction (PCR) is widely used in clinical practice. However, PCR-
based RNA detection involves reverse transcription, followed by
repeated denaturation, annealing, and extension; it is laborious, cost
expensive, and time consuming with the need for bulky equipment and
skilled technicians [16]. Recently, various isothermal amplification
methods for RNA detection, such as rolling circle amplification (RCA),
isothermal exponential amplification reaction (EXPAR), and nucleic
acid sequence-based amplification (NASBA), have been developed
[17-20]. However, these methods also involve complex systems, tedious
experimental steps, various enzymes, and complex probe design [21].

The newly developed clustered regularly interspaced palindrome
repeat (CRISPR)-Caspase (Cas) gene splicing system can efficiently
cleave the reporter single-stranded nucleic acids after the specific
binding of a target sequence to the guide RNA of CRISPR (CrRNA),
which leads to the quantitative activation of Cas [22-24]. The
target-specific quantitative activation of Cas and highly efficient
non-specific cleavage of a reporter RNA have enabled the CRISPR-Cas
gene splicing systems to achieve highly sensitive and specific detec-
tion of nucleic acids [25]. Cas9, Cas12a, and Cas14 specifically recog-
nize DNA, whereas Cas13a specifically recognizes RNA [26-28]. In
2018, Feng Zhang reported the “SHERLOCK” system for RNA detection
and Jennifer proposed the “DETECTR” system for DNA detection [29,
30]. The “SHERLOCK” and “DETECTR” systems utilize preceding
isothermal amplification of target coupled with CRISPR-Casl3a and
CRISPR-Cas12a, respectively. However, the coupled isothermal ampli-
fication system is complex and time consuming [31]. Previous studies
have reported some microfluidic systems using CRISPR-Cas for miRNA
detection, but the sensitivity of these systems is limited [32,33]. To
enhance the sensitivity of Cas-based nucleic acid detection, the target
RNA is currently amplified ahead of Cas-induced cleavage. This method
is time consuming and requires specialized equipment and skilled
technicians [34-40]. In 2021, Kai Shi first proposed a
CRISPR-Casl2-driven feedback amplification for the super-sensitive
detection of DNA with a limit of detection (LOD) of 5.0 aM [41]. The
author designed a switchable-caged RNA sequence locked by a DNA
strand as the substrate and an assistant target DNA. The Cas-mediated
cleavage of the switchable-caged RNA sequence promotes the forma-
tion of CrRNA, which subsequently hybridizes with the designed assis-
tant target DNA to drive the feedback amplification. However, the time
required for this CRISPR-Cas12-driven feedback amplification is as high
as 4 h because of CrRNA designed as the trigger needing an additional

assembly process between CrRNA and Cas12a. Moreover, this strategy is
just aimed at DNA detection and can’t detect RNA target. To the best of
our knowledge, methods for RNA detection without PCR amplification
of the target with short analysis time, low cost, high sensitivity, and
simple operation steps are currently not available.

In this study, a new method based on intra-enzyme chain
replacement-promoted Casl3a cascade cyclic reaction (Cpccc) for the
rapid detection of RNA was developed without target amplification. The
enhanced selectivity, sensitivity, short analysis duration, easy manipu-
lation and feasibility of “mix & read” of the method were demonstrated
using miRNA-21 as the model. Additionally, the clinical application
performance of Cpccc was evaluated using the clinical respiratory syn-
cytial virus (RSV) sputum specimens.

2. Materials and methods
2.1. Materials and apparatus

All involved DNA, target miRNAs, double-labeled reporter RNA
probe modified with 5'-fluorescent (FAM) and 3'-quencher (BHQ1) were
synthesized and purified by Sangon Biotechnology Co., Ltd. (Shanghai,
China). Detailed sequence information and modification were listed in
Table S1. T7 RNA polymerase and the NTP mix were purchased from
New England Biolabs (Beijing, China). Recombinant RNase inhibitor,
recombinant DNase I (RNase-free), diethylpyrocarbonate (DEPC), DNA
Ladder (20 bp) were purchased from Takara Biotechnology Co., Ltd.
(Dalian, China). The RNA purification kit was purchased from Tiangen
Biotech Co., Ltd. (Beijing, China). Chloramphenicol, glycerol, kana-
mycin, imidazole and other chemicals were purchased from Sangon
Biotechnology Co., Ltd. (Shanghai, China).

Gel image was recorded on an imaging system (Bio-Rad Laboratories,
USA). The fluorescence measurements were achieved by Rotor-Gene Q
real-time fluorescence quantitative PCR instrument (QIAGEN,
Germany).

2.2. Cas13a expression and purification

The LbuCasl3a-loading plasmid pET-28a-LbuCasl3a-Sumo-6 x his
was gifted from Yanli Wang (Institute of Biophysics, Chinese Academy of
Sciences, Beijing, China). Briefly, the plasmid was transferred into
Escherichia coli (E. coli) Rosetta2 (DE3) cells on ice for 30 min. The vector
was incubated at 42 °C for 90 s and then placed on ice for 10 min. The
mixture was added to TB medium for pre-culturing and transferred to
plate medium. After pre-expression, Strains with high expression eval-
uated by electrophoresis were selected for expanded cultivation and
preservation. For preparation of the Cas13a, the highly expressed strain
was added to TB broth medium containing 34 pg mL~! chloramphenicol
(Sangon) and 50 ug mL ! kanamycin (Sangon) and incubated at 37 °C
for 7.5 h to ODggp = 0.6, and cultured with 0.1 mM isopropyl-1-thio-b-p-
galactopyranoside (IPTG) at 16 °C for 16 h. The bacteria were collected
and broken by ultrasound with the buffer containing 20 mM Tris-HCl,
pH 7.5, 500 mM NacCl, 10% glycerol. After centrifugation, the super-
natant was incubated with Ni Sepharose (GE Healthcare), washed with
the first washing containing 20 mM imidazole and eluted with the first
elution buffer containing 500 mM imidazole at 4 °C. Then the eluted
solution was digested with Ulp1 protease at 4 °C overnight to remove the
6His-Sumo tag and purified on a heparin column (Sangon) with the
second washing containing 20 mM Tris-HCl, 1 M NaCl and 10% glycerol
and the second elution buffer containing 20 mM Tris-HCI, pH 7.5, 1 M
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NaCl and 10% glycerol. The resulting liquid was subjected to ultrafil-
tration with 50% glycerol to a final concentration of 1 mg/mL and was
stored at —80 °C before use.

2.3. Invitro transcription and purification of CrRNA

Two complementary DNA oligonucleotide strands with T7 promoter
and trigger sequence were annealed to form one double-stranded DNA at
94 °C for 5 min and slowly cooled to 25 °C at 0.1 °C/s. The annealed
template DNA, T7 RNA polymerase, RNase inhibitor, NTP and reaction
buffer containing 40 mM Tris-HCl, pH 7.9, 6 mM MgCl,, 10 mM DTT, 10
mM NaCl and 2 mM Spermidine were incubated for 12 h at 37 °C to
perform the transcription in vitro. Then DNase I and DNase I reaction
buffers were added to the reaction solution and incubated at 37 °C for 1
h. The transcription products were purified by RNA clean Kit (TIAGEN).
The concentration of CrRNA was measured by NanoDrop2000.

2.4. Fluorescent assay of Cas13a collateral cleavage activity

The LbuCasl3a enzyme and CrRNA at a ratio of 2:1 were pre-
incubated at room temperature for 10 min. After that, Trigger RNA,
FQ6U reporter probe, DEPC-treated water and 10 x reaction buffer (100
mM Tris-HClL, pH 8.0, 500 mM KCl, 15 mM MgCly) were added to
construct 50 pL total volume, with LbuCas13a at final 20 nM, CrRNA at
10 nM, trigger RNA at 50 pM and reporter probes at 200 nM. The mixed
solution was incubated at 37 °C for 30 min, and the fluorescence signal
was recorded every 1 min with Rotor-Gene Q real-time fluorescence
quantitative PCR instrument. The mixture free of LbuCas13a was used as
the blank control. The change rate of fluorescence intensity difference
between the experimental group and blank one indicated the Casl3a
collateral cleavage activity.

2.5. Gel electrophoresis validation of Cas13a collateral cleavage

The reaction mixture containing the target as mentioned as 2.4 and
that free of the target both under the action of Cas13a were incubated at
37 °C for 10 min and 95 °C for 5 min, after that 20% nondenaturing
polyacrylamide gel electrophoresis (PAGE) was performed to identify
the reaction products with 1 x TBE buffer at 110 V for 60 min. The gel
image was acquired under UV light (ChemDoc XRS, Bio-Rad) after
staining with GelRed (Sangon) for 30 min.

2.6. Fluorescent assays of Cpccc

LbuCasl3a enzyme was pre-incubated with CrRNA-T (specific to
target) at room temperature for 10 min to form LbuCasl3a/CrRNA-T
complex, and the concentration ratio of LbuCas13a to CrRNA was 2:1.
LbuCas13a/CrRNA-M (specific to product of the mediator) complex was
formed under the same conditions. Target RNA, LbuCas13a/CrRNA-T,
mediator, LbuCas13a/CrRNA-M, DEPC-treated water and 10 x reac-
tion buffer (100 mM Tris-HCl, pH 8.0, 500 mM KCl, 15 mM MgCly) were
mixed and incubated at 37 °C for 10 min. Finally, the reporter probe
in10 pl was added to the system for the total of 50 pL. The fluorescence
signal was immediately detected every 10 s by Rotor-Gene Q real-time
fluorescence quantitative PCR instrument in green channel at 37 °C
for 30 min.

2.7. Cell culture and total RNA extraction

The non-tumorigenic epithelial cell line (MCF-10A) was cultured in
its special medium. The human breast cancer cell lines (MCF-7 and
MDA-MB-231) and human hepatoma cell line (Hep-3B) were cultured in
DMEM mediumwith 10% fetal bovine serum (FBS). The cells were
incubated in a humidified incubator at 37 °C with 5% CO, before cell
density reaches 70%-80%. Then the cells were dissociated and centri-
fuged for collection. According to the manufacturer’s instructions, total
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RNA of the cultured cells was extracted using TRNzol Universal reagent.
After that, the extracted total RNA was measured by Nanodrop 2000 to
quantify the concentration and stored at —80 °C before use.

2.8. Extraction of virus RNA

The RNA of RSV was acquired from upper respiratory tract sputum
samples taken from the patients at the Children’s Hospital of Chongqing
Medical University. In briefly, sputum specimens were inactivated at
55 °C for 20 min and digested with 4% NaOH for 15 min. After centri-
fugation, the precipitates were collected, washed with DEPC- treated
water and the RNA was extracted with EZ-10 Spin Column Viral Total
RNA Extraction Kit (Sangon, Shanghai) at room temperature following
the instruction of the supplier. The acquired RNA was stored at —80 °C
before use.

2.9. Quantitative real-time PCR experiment

The 20 pL reverse transcription (RT) reaction of miRNA-21 was
performed with MiRNA Synthesis Kit of First Strand (Sangon, Shanghai)
after adding 0.5 pM stem-loop RT primer and 2 pg extracted total small
RNA (20-200 nt) from cell lines mentioned above. The mixture was
incubated at 16 °C for 30 min and 37 °C for 30 min, followed by heating
at 85 °C for 5 min. After 10 times dilution, 1 pL newly synthesized cDNA
liquid was added to qPCR mixture to analyse the miRNA-21 expression.
The 20 pL qPCR reaction was conducted by 2 x SYBR Green qPCR
Master Mix Kit (Biomake, Shanghai) containing 10 pL of 2 x SYBR Green
Master Mix, 1 pL of forward primer, 1 pL of reverse primer, 1 pL of RT
product and 7 pL of RNase-free water. The qPCR reaction was carried out
in CFX Connect Real-Time PCR Detection System at 94 °C for 1 min
followed by 35 cycles of 94 °C for 5 s and 60 °C for 30 s, and then 72 °C
for 10 min. The relative expression of cell samples was evaluated by
referring to the expression of U6 gene using the 2724 method.

The reverse transcription and qPCR reaction of RSV referred to that
of miRNA-21 with some modification. In a word, we replaced the stem-
loop RT with specific primers and conducted qPCR at 94 °C for 3 min
followed by 39 cycles of 94 °C for 10 s and 60 °C for 30 s, and then 72 °C
for 10 min.

3. Results and discussion
3.1. Principle of Cpccc

Cas13a in complex with CrRNA specific to target RNA exhibits a half-
fist hollow conformation [42], which putatively reduces its steric hin-
drance, making intra-enzyme chain replacement of Cas13a possible, and
we proved this in 3.4.

The hybridization of target RNA with the variable region of CrRNA-T
results in a double helix RNA with a rigid structure and the trans-
formation of the half-fist conformation of Casl3a into a clenched fist
conformation, which is the active form for non-specific trans-cleavage of
single-stranded RNA with the efficiency as high as 10° and the prefer-
ence for U > G > A = C. Because the target RNA activates the Cas13a/
CrRNA-T complex at a ratio of 1:1 through hybridization [43], target
RNA in trace abundance activates trace Casl3a that produce insignifi-
cant signal change. To achieve high sensitivity to detect trace levels of
target RNA, the accumulation of the activated Casl3a is preferred over
the PCR amplification of target RNA to decrease analysis time and
facilitate operation. The Casl3a/CrRNA complex recognizes
single-stranded RNA rather than double-stranded RNA. Based on the
principle of branching chain migration, however, the chain replacement
reaction driven by a toehold can putatively occur between
Cas13a/CrRNA complex and double-stranded RNA, which was proved in
3.4. Hence, a suitable hairpin RNA strand can be designed as a mediator
that is susceptible to cleavage by target RNA-activated Casl3a/CrRNA.
The cleavage products function as the secondary target to recognize



H. Zeng et al.

CrRNA-M and activate the Casl3a/CrRNA-M complex, promoting the
double cascade cyclic reaction and the accumulation of activated Cas13a
for efficient cleavage of reporting RNA. In brief, the Cas13a/CrRNA-T
complex recognizes and binds with target RNA, leading to the activa-
tion of Cas13a and the cleavage of mediator hairpin RNA for generating
the secondary RNA as in double-strand with a toehold at the 5'-end. The
secondary RNA binds to Cas13a/CrRNA-M through the chain replace-
ment reaction and activates it to promote the mediator-based trans--
cleavage and circular cascade activation of Casl3a. Finally, the
accumulation of activated Cas13a and the efficient cleavage of reporting
RNA are achieved for sensitive detection of target RNA (Fig. 1).

3.2. Expression of Cas13a and characterization of the collateral cleavage
activity

LbuCas13a was expressed and purified, following the methods of a
previous study with some modifications [42]. The purity of the enzyme
was evaluated using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (PAGE) (Fig. 2A). LbuCas13a with a molecular weight (MW)
of 138.5 kDa was obtained with the purity >90% analyzed by Image Lab
3.0 (Fig. 2A in lanes 8 with increased quantities of elutes).

To assess the specificity recognition of Casl3a, miRNA-21 and
miRNA-17 were used as the target and non-target models, respectively.
We developed an analysis system to verify the collateral cleavage ac-
tivity of the expressed LbuCasl3a and its specific recognition. The
CrRNA with the flexible region complementary to miRNA-21 was
designed. A short single-stranded RNA was designed as the reporter
probe, which contained six uracil residues with fluorescein (FAM) and
black hole quencher at the 5’ and 3’ ends, respectively. The activation of

Activated Cas13a/CrRNA-T
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Cas13a/CrRNA after the recognition and binding of the target RNA leads
to the cleavage of the reporter probe, which results in FAM release and
fluorescence signal generation. The 50 pL reaction mixture comprising
50 pM miRNA-21, 20 nM Cas13a, 10 nM CrRNA, and 200 nM RNA
reporting probe was incubated at 37 °C for over 15 min. A typical
enzyme reaction curve was observed (Fig. 2B). In the absence of target
RNA, no significant changes in fluorescence signal were observed; the
removal of any components resulted in changes in fluorescence intensity
as those in the blank (Fig. 2B). The replacement of miRNA-21 with
miRNA-17 resulted in negligible changes in fluorescence intensity. Thus,
LbuCas13a exhibited target-specific activation and high activity for
collateral cleavage of uracil-rich reporter RNA, which is beneficial for
the recognition and detection of targets.

3.3. Design and optimization of mediator

To develop Cpccc, mediators were designed to simultaneously serve
as cleavage substrates for target RNA-activated Cas13a/CrRNA-T and its
product as the secondary target RNA for the enhanced activation of
Cas13a/CrRNA-M. The mediator structure is crucial for the sensitivity,
high specificity, low false-positive rates of Cpccc.

To enhance the sensitivity and specificity of Cpcce by utilizing the
target-specific activation of Casl3a and its cleavage preference for
uracil-comprising single-stranded RNA sequence [44], the hairpin
structural mediator should have a uracil-comprising loop with a suitable
number of non-complementary bases so that it can be cleaved prefer-
entially at the uracil base by the activated Casl3a/CrRNA-T within a
certain duration, resulting in a double-stranded RNA strand with a
toehold. The double-stranded RNA recognizes the Casl3a/CrRNA-M

Activated Cas13a/CrRNA-T
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Fig. 1. Schematic illustration of Cpccc for rapid detection of RNA.
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Fig. 2. Expression and activity analysis of Casl13a. (A) SDS-PAGE for the purification of LbuCas13a. Cell lysate (1), sediments (2), flow through fractions (3), first
washing with 20 mM imidazole (4), the first eluant for 6His-Sumo-LbuCas13a with 500 mM imidazole (5), Ulp1-digesting product (6), the second washing with 20
mM Tris-HCl, 1 M NaCl and 10% glycerol (7), ultrafiltration eluant of LbuCas13a (8). (B) The collateral cleavage activity of Cas13a/CrRNA.

complex. The cleavage susceptibility of the mediator to the activated
Cas13a/CrRNA-T and the high potency of the resultant product to
recognize and activate Cas13a/CrRNA-M ensure sufficient sensitivity of
Cpccc. More uracil residues in the loop will favor the cleavage but the
resultant product will have limited number of bases complementary for
Cas13a/CrRNA-M and suppresses the activation. Thus, only two adja-
cent uracil bases were adopted in the loop. To maintain minimal
false-positive rates, the mediator should contain a suitable number of

Structures of different mediator
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bases on the stem relative to that on the loop, which can inhibit the
cleavage-independent unlocking of the loop and the resultant unex-
pected activation of Cas13a/CrRNA-M. The mediator along with the
toehold is expected recognize and activate Casl3a/CrRNA-M through
the chain replacement reaction of branch chain migration. Moreover,
five additional base pairs were added to the end of the stem as a blocker.
Thus, the number of bases on the loop and that on the stem should be
optimized for achieving an ideal performance of Cpccc.

Fig. 3. Performance of different mediators.
Different mediators with different structures
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CrRNA variable region, and blue represents
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the reader is referred to the Web version of
this article.)
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To demonstrate the proposed scheme, different mediators with
different sequences including varied numbers of uracil in the loops and
bases in hairpin structures shown in Fig. 3A and Supplementary Table S1
were comparatively analyzed, to select the optimal mediator with the
high ratio of fluorescence intensity change rate to that of the target-free
blanks.

The fluorescence intensity changes of Cpccc with different mediators
were recorded from the initial 10 s after the mixing of the components
(Fig. 3B). According to the ratio of fluorescence intensity of the test
group to that of the corresponding target-free blanks (Fig. 3C), mediator-
3 (M3) with the base number ratio in stem and loop at 16:6 and five base
pairs at the end of stem as the blocker were selected for the experiments.

To achieve the ideal performance of Cpccc, the concentrations of M3,
a key parameter, were optimized. Three concentrations of M3 (100, 150,
and 200 pM) were used with 10 nM LbuCasl3a/CrRNA-T, 10 nM
LbuCas13a/CrRNA-M, and 50 pM target RNA. The reaction kinetics
(Fig. 4A) and the initial velocity derived from the change in fluorescence
intensity relative to that in the target-free blank (Fig. 4B) indicated that
150 pM of M3 was the optimal concentration. Theoretically, the low
concentration of mediator will result in low levels of the cleaved product
to activate Cas13a/CrRNA-M and consequently a weak change in fluo-
rescence signal whereas a high concentration of the mediator can result
in enhanced changes in the fluorescence signal on condition of the suf-
ficient activated Casl3a/CrRNA-M. However, an increased change in
the fluorescence signal of the blank was observed at a higher concen-
tration of the mediator (Fig. 4A). We hypothesize that the proportion of
unannealed mediators is not ignorable at high concentrations of medi-
ators, which may result in the unexpected cyclic activation of Casl3a/
CrRNA-M and increased the false-positive rates. In brief, we adjusted
the low concentration of mediator in the system to keep false positives
tiny, considering that too low concentration of mediator would affect
the cyclic activation rate, so we took a tradeoff value.

3.4. Feasibility of Cpccc for RNA detection

To verify that the activated LbuCas13a cleaved only uracil bases on
the loop but not the bases on the stem of the hairpin mediator within 10
min due to the double chain hindrance, the activated Cas13a/CrRNA-T-
mediated cleavage of designed mediators was examined using non-
denatured PAGE with a 20% gel. As shown in Fig. 5A, lane 3 contain-
ing all components showed two chains of low MW products when
compared with lane 1 containing only mediator and lane 2 (lacks
target). No fragments other than the two chains of low molecular
weights were observed, revealing that only the double uracil bases on
the loop of the mediator were cleaved. In contrast, lane 4 comprising
non-target miRNA-17 and Cas13a/CrRNA-T showed the intact mediator.

A
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These results indicated that the mediator could be cleaved at uracil bases
only in the presence of target RNA.

As far as we know, Casl3a targets single-stranded RNA rather than
double chain target. For practice of Cpccc, it is imperative to prove the
presence of intra-enzyme chain replacement. Thus, the potency of the
cleaved mediator to activate Casl3a/CrRNA-M through the chain
replacement reaction was examined. A double-stranded RNA containing
a toehold at the end (designed to simulate the product of the cleaved
mediator) and a single-stranded target of CrRNA-M (designed as the
positive activator) was compared for activation of Cas13a/CrRNA-M. As
shown in Fig. 5B, the simulated product significantly increased the
fluorescence signals similar to the single-strand target of CrRNA-M.
However, the fluorescence signals were not observed in the absence of
the activator or the presence of M3. As we all known, single stranded
RNA rather than double strands activates Cas13a. This result demon-
strates that Cas13a can also be activated by the double strand RNA with
toehold. Considering the half-fist hollow structure of Cas13a/CrRNA, it
can be reasonably explained that strand displacement reaction between
toehold containing double RNA and variable regions of CrRNA achieves
dissociation of the active chain part and the obstructing chain part in the
double chain RNA while complementation of the active chain part and
variable regions of CrRNA. In essence, the hollow structure of the
Cas13a/CrRNA reduces steric hindrance and enables chain displace-
ment between the toehold contained double strand RNA and the vari-
able region of CrRNA, thus enabling the conversion of the double strand
RNA to the single strand and activating Cas13a/CrRNA-M.

Furthermore, the feasibility of Cpccc was demonstrated using real-
time fluorescence detection. The changes in fluorescence signals of
Cpccce using the optimized mediator M3 (150 pM) for the Cpccc system
in the presence of 50 pM target RNA were compared with the Casl3a-
based directed detection (Fig. 5C). Cpccc exhibited maximum fluores-
cence intensity and initial velocity higher than Casl3a-based direct
detection. It can be easily found that Cpccc is more efficient than
Casl3a-based direct detection. The secondary directed detection pro-
moted only by M3 exhibited insignificant changes in fluorescence in-
tensity, indicating low false-positive rates by M3 under these conditions
for Cpccc. Thus, M3 was demonstrated as a potent mediator. However,
the expected exponential response curve for a typical enzyme was not
observed under these conditions. This suggested the need for a higher
concentration ratio of mediator to LbuCas13a/CrRNA or further opti-
mization of the mediator structures. Theoretically, the exponential
change of Cpccc is reachable with higher concentrations of mediators.
However, higher concentrations of mediators will result in higher false-
positive rates, especially with the target RNA at low levels to initiate the
LbuCas13a/CrRNA-T for the primary collateral cleavage. Thus, the
proposed system for Cpccc was feasible and these conditions were
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Fig. 4. Optimization of mediator concentration. Fluorescence intensity changes (A) and relative initial velocity (B) of Cpccc with different concentrations of M3.
Viarger and Vi targer represent the initial velocity of fluorescence growth of the test group and the control group, respectively.
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optimal for the detection of RNA at low levels.

3.5. Sensitivity of Cpccc for RNA detection

The sensitivity of the Cpccc system depends on the trans-cleavage
activity of Casl3a and signal amplification by the mediator-based
cascade cyclic activation of Cas13a. In this study, the sensitivity of the
designed system was examined using miRNA-21 and its CrRNA-T. Under
the optimized conditions, the fluorescence intensity and initial velocity
were linearly correlated with miRNA-21 from 10 fM to 50 pM (R? =
0.9819) (Fig. 6). The LOD (defined as the ratio of three times the stan-
dard deviation of three replicates of the control sample without target to
the slope of the linear response) and the limit of quantification (defined
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as the sum of LOD and five times the standard deviation of the predicted
values from the linear regression) were 75 aM and 8.1 fM, respectively.
This indicated that the Cpccc system exhibited low LOD and high
sensitivity.

3.6. Specificity of Cpccc for miRNA detection

The target miRNA-21 was replaced with miRNA-17, miRNA-141,
and miRNA-29a to examine the specificity of the Cpccc system
comprising LbuCas13a/CrRNA-T. The fluorescence intensity (Fig. 7a)
and initial velocities (Fig. 7b) in the reaction mixture comprising
miRNA-17, miRNA-141, and miRNA-29a were similar to those in the
blank. Meanwhile, the analysis of the reaction mixture comprising

B
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Fig. 6. Sensitivity of Cpccc for the detection of RNA. Fluorescence intensity of Cpccc in response to the concentrations of miRNA-21(A); initial velocity plots of Cpccc
for detection of miRNA-21 (B). Error bars indicate one standard deviation of triplicated independent tests.
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Fig. 7. Specificity evaluation of the strategy for miRNA detection. Fluorescence intensity Changes(A) and initial velocity of Cpccc for detecting different miRNA(B)

(n = 3 technical replicates, two-tailed Student t-test; ****, p < 0.0001).

miRNA-21 at 50 pM using the Cpccc system revealed markedly
increased changes in fluorescent intensity and initial velocity. Thus, the
proposed Cpccc was demonstrated to exhibit high specificity for RNA
detection.

3.7. Application of Cpccc

To evaluate the applicability of the proposed strategy in complex
biological samples, The nontumorigenic epithelial cell line (MCF-10A),
human breast cell lines (MCF-7 and MDA-MB-231) and human hepa-
toma cell line (Hep-3B), were cultured and miRNA-21 derived from
extracts of those cells were tested. As shown in Fig. 8A, the expressions
of the miRNA-21 in the cancer cells are higher than that in the normal
cells, consistent with the result quantified by RT-qPCR. These results are
in according with previous studies [45].

To evaluate the reliability of Cpccc for detection RSV in clinical
samples, results of four patient samples and one sample from healthy
person by Cpcec and qRT-PCR were compared. As shown in Fig. 8B, the
heatmap of the normalized signal intensities demonstrates consistent
results of Cpcce and qRT-PCR. To further evaluate the applicability of
the Cpccc system, six RSV-positive and six RSV-negative clinical sputum
specimens (confirmed with the fluorescence immunoassay in clinic)
were applied for the Cpccc system. The analysis results are shown in
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Fig. 8C. To identify the RSV-positive samples, the sum of mean values
and 1.96 times the standard deviation of healthy samples were used as
the threshold value. The values in the RSV-positive samples were higher
than the threshold value. The results of analysis with the Cpccc system
were consistent with those of fluorescence immunoassay in clinical test.

4. Conclusions

In this study, we proposed a Cpccc system without PCR for rapid,
sample, highly sensitive, and specific detection of RNA. The detection of
RSV in clinical sputum specimens also confirmed the performance of
Cpccc. Based on the uracil preference of trans-cleavage by the activated
LbuCas13a, the uracil-containing hairpin mediator was designed not
only as the substrate of the target-initiated first trans-cleavage of
Cas13a/CrRNA-T but also its product as the secondary target to recog-
nize and initiate the cascade trans-cleavage of Cas13a/CrRNA-M.

Most importantly, it is broadly known that Casl3a targets single-
stranded RNA rather than double chain RNA. here we found that
double-stranded RNA with a toehold also can activate Casl3a, which
may expand the application paradigms of Casl3a. The activation
mechanism is putatively that the repressed Cas13a/CrRNA with a half-
fist hollow conformation provides wabbly space to the variable region
of CrRNA, which reduces its steric hindrance, making intra-enzyme

50
0.0 —
=
E
40 1
0.2 ~
-
0.4 g 30+
>
.
]
0.6 = 204
5
>
—
0.8 .g 10
-
= e ]
1.0 -

1 2 3 4 5 6 7 8
Sample ID

9 10 11 12

Fig. 8. Application performance of the strategy. Compare the results for the relative expression of miRNA-21 by Cpccc and qRT-PCR methods (A). Four groups were
cell line extracts of MCF-10A, MCF-7A, MCF-MB-231 and Hep-3B. Heatmap of the normalized signal intensities of four patient samples marked 1-4 and one sample
from healthy person marked 5 in Cpccc and qRT-PCR. Data represent means (B). Histograms of the initial rate of the fluorescence signal for clinical samples detection
by Cpccc (C). The sputum samples marked as 7-12 from healthy person gave threshold value of mean + 1.96SD (in red dashed line) and other 6 sputum samples
marked as 1-6 involved 6 positive clinical sputum samples. (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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chain replacement of Casl3a possible. It is the Casl3a amplification
effect and the continuous accumulation of activated Cas13a that endow
the sensitivity with LOD of 75 aM, the high selectivity of Casl3a con-
tributes to the high specificity, and the facility for target RNA detection
was achieved with only one enzyme, one mediator, two complexes for
reaction with a maximum duration of 30 min, and in a “mix & read”
mode even in room temperature. The proposed Cpccc system can be
used to detect various RNAs using customized CrRNA.

This is the first Cas13a-based cascade cyclic RNA detection study
without PCR for as rapid as 0.5 h, and conveniently applicable for
microfluidic detection. Comparing with 100-10 fM target concentration
detectable of direct Casl3a-based RNA detection [44], the proposed
Cpccc strategy realized as low as 75aM of LOD without amplification in
30min owing to the cascade cycle and subsequently continuous accu-
mulation of activated Cas13a, which further expanded the application of
Casl3a.

Considering the unrealized expectant exponential curve for the re-
action potency, the sensitivity and specificity of the proposed system can
be further improved by optimizing the structures of the mediators. In
summary, this novel Cpccc system that can detect RNA viruses with high
sensitivity in the “mix & read” mode at room temperature is a rapid,
simple, convenient, and highly sensitive method for RNA detection. The
Cpccc system has potential applications in point-of-care testing and high
throughput screening of RNA virus infections.
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