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ABSTRACT: The clustered regularly interspaced short palindromic repeats Sy, evclic phosphate
(CRISPR) and CRISPR-associated (Cas) (CRISPR/Cas) system innovates a next- B, s —~ugon
. . . . . -1: . 9 N T4 PNK
generation biosensor due to its high-fidelity, programmability, and efficient signal e e
amplification ability. Developing a CRISPR/Cas-based visual detection system 2 A -
could contribute to point-of-care biomarker diagnosis. Existing CRISPR/Cas9- s RCA | Hemin
mediated visual detection methods are limited by the inherent properties of Cas9. @( lwerkA
Herein, we explored the trans-cleavage ability of Cas13a on ribonucleotide-bearing  vaxea-cye detection ABl1S e
DNA oligo, eliminated the unavailability of the trans-cleavage substrate for ) ABTS; p——
subsequent polymerization reaction, and developed a homogeneous CRISPR/ (.o ', + ! e e (s / &Y aus
Casl3a-based visual detection system (termed vCas) for specific and sensitive X .
detection of miRNA. The results indicated that vCas can provide a detection limit et
of 1 fM for miR-10b with single-base specificity and can be used to analyze miRNA iRNA ;.onl_cm;m‘“. : H0 .0,
in serum and cell extracts. Conclusively, vCas holds a great application prospective
for clinical molecular diagnosis.
icrobial clustered regularly interspaced short palin- cleavage activity has also been confirmed to be used for visual
dromic repeats (CRISPR) and CRISPR-associated DNA detection based on AuNP-labeled probes,” which
(Cas) protein is an adaptive immune system of bacteria and indicate that the CRISPR/Cas system holds a great potential
archaea against invading genetic elements by CRISPR RNA for point-of-care (POC) diagnosis.*
(crRNA)-guided Cas endonucleases,' which is harnessed to be Casl3a is a high-fidelity, crRNA-guided, single-stranded
a prominent tool not only for transcription regulation and gene RNA (ssRNA)-targeted RNase that can serve as an ideal
editin%Z_4 but also for biosensing and includes the detection of candidate for RNA proﬁling.27’28 Especially, specific recog-
DNA{'G pathogens,7 small molecules,8 and metal ions.” nition of target RNA can activate the trans-cleavage activity of
Various Cas proteins of Class II, including Cas9,'’™" Casl3a to non-specifically cleave nearby RNAs. Our previous
Cas12,'™"7 Cas13,'® and Casl4," attracted much attention work has confirmed that Casl3a has great selectivity for
because of their simplicity that only a single effector is miRNA detection that even a single-base variation at the
required. terminal of miRNA can be dramatically distinguished.”” The
Cas9 as one of the most extensively studied Cas effectors most widely used qRT-PCR is sensitive and cost-effective while

targets double-igrglnded DNA (dsDNA) by a single guided limited by the medium selectivity and the requirement of a
RNA (ngN{X). ' Pardee et al. developed a NASBA-CRISPR well-designed reverse transcription primer to relatively hybrid-
method to visually differentiate ZI'KV from dengue based on ize with short miRNA stably. Relatively, high-fidelity Cas13a/
Cas9 cleavage-controlled translation of the LacZ enzyme, ctRNA can differentiate a single-base variation of miRNA
which can catalyze a color reaction of chlorophenol red-b-b- through simply introducing a mismatch into the crRNA
galacltopyranomde. Recently, gold nanop article  (AuNP)- spacer,29 without the assistance of a toxicant that affects DNA
Inl(:dllﬁEd .ﬁDNA probe-Cas9/ ;gRNﬁ ;yl.mdi were dused . to polymerase activity, as well as other complex and expensive
abel specific DNA targets and enabled visual DNA detection modified probes. According to the transcendental character-

23 . . .
on paper. .Typ1cally, Cas? 1S3 sn}gle-turnover enzyme that istics of Cas13a, several fluorescence,”””" electrochemical,**>*
only recognizes dsDNA with a unique protospacer adjacent

motif (PAM). Moreover, the selectivity of Cas9 highly depends
on the position and number of the variable base (only the
single-base variation in or close to PAM can be moderately
differentiated), and non-target and non-canonical PAM could
cause undesirable cleavage.”* Both the inherent properties of
Cas9 limited Cas9-mediated biosensing. Further, Casl2a that
has single-stranded DNA (ssDNA) or ssDNA-activated trans-
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Scheme 1. Principle Scheme of High-Fidelity CRISPR/Cas13a trans-Cleavage-Triggered Rolling Circle Amplified DNAzyme

for Visual Profiling of microRNA

B\ . PRg—— o
N ~Uvu— 8 U_o- P\O'
N SRR Preorimer
VAR Px:—pnmel 2’3’-cyclic phosphate
RNA : (37°C. 40 min)
< Casl3a/crRNA
i Phosphorylation
5 Primer PNK
PaVUal ,,.3' ’_\
- OH +— W N B
\ Polymarization Hybridization S UsoH
h (60°C. 60 min)
. Padlock
Hemin <(37°C. 10 min)
H,0, A\BTS ‘ ()
- G Mm% ?—_——’/ ‘.
ot AN L 4 @
G . G A A
et \/ 5 ®
~ HO / AP B
Tandem HRP Mimicking DNAzyme miRNA concentration

and electrochemiluminescence analysis platforms have been
constructed.”® Considering that these methods still require
cumbersome instruments and expensive probes with mod-
ification (e.g., fluorophores, quenchers, methylene blue, and so
forth), developing Cas13a-based visual miRNA detection could
meet the demand of POC.

Herein, for the first time, we developed a Casl3a-based
visual detection platform, termed as vCas, for sensitive and
specific miRNA profiling. In principle (as shown in Scheme 1),
Casl3a/crRNA collaterally cleaves the uracil ribonucleotide
(rU)-bearing pre-primer upon recognition of target miRNA.
Then, the remaining 5'-DNA fragment of the pre-primer can
further initiate DNA polymerase-mediated rolling circle
amplification (RCA) after its 3’-end is healed by T4
polynucleotide kinase (T4 PNK) and generate a long G-rich
repeat sequence, which can form a tandem G-quadruplex that
acts as horseradish peroxidase mimicking DNAzyme to
catalyze the oxidation of the 2,2'-azino-bis (3-ethylbenzthiazo-
line-6-sulfonic acid) diammonium salt (ABTS>”) in the
presence of hemin and generate visible color change.**° In
this study, miR-10b, a potential biomarker that was confirmed
to be highly expressed in metastatic breast cancer cells,””** was
chosen as a model target.”’~** Benefiting from the excellent
selectivity of Cas13a, the undesired non-target nucleic acid can
be excluded from the amplification reaction. Moreover, this
homogeneous method does not require a labeled probe,
thereby reducing the complexity and cost of detection.

B EXPERIMENTAL SECTION

Materials and Apparatus. T7 RNA polymerase, Bst DNA
polymerase, T4 DNA ligase, exonuclease I, exonuclease III, and
T4 polynucleotide kinase were provided by New England
Biolabs (Beijing, CN). RNase free water, 10 mM dNTPmix,
the RNase inhibitor, the 10X PCR buffer, and RNAiso for
small RNA were purchased from Takara (Dalian, CN). Hemin,
2 mM each NTP mix, dimethyl sulfoxide, and an EL-ABTS Kit
were purchased from Sangon (Shanghai, CN). DNA probes
used in this study were synthesized by Sangon, and synthetic
miRNAs were ordered from Takara. All the sequences are
listed in Table SI. 96-well polystyrene microplates were
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purchased from Corning Costar Co. Ltd. (Germany).
LbuCasl3a was obtained according to our previous report.

Preparation of crRNA. crRNA was synthesized by T7
RNA polymerase-mediated in vitro transcription using a
dsDNA template containing a T7 promoter. The transcription
reaction was performed with 10 U/uL T7 RNA polymerase, 1
UM dsDNA template, 1 U/uL RNase inhibitor, and the 1X
RNA polymerase reaction buffer at 37 °C for 6 h. The
products was then purified using an RNA clean kit (Tiangen),
followed by determining the concentration with a Nanodrop
2000 UV—vis spectrophotometer.

Preparation of a Circular Padlock Probe. For
preparation of a circular padlock probe, 4 yM linear probe
and a bridge DNA probe were added into 50 uL of the T4
DNA ligase buffer and incubated at 95 °C for 5 min and then
slowly annealed to 25 °C with a speed of 2 °C/min. Then, 400
U T4 DNA ligase was added. The ligation reaction was carried
out at 37 °C for 90 min. After that, 50 U exonuclease I and 125
U exonuclease III were added to digest unreacted linear DNA
probes at 37 °C for 90 min in 1X NEBuffer 1. Finally, the
reaction was terminated by heating at 80 °C for 10 min. The
obtained circular DNA padlock probe was purified using an
oligo DNA purification kit (Sangon) and quantified using a
Nanodrop 2000 and subsequently stored at —20 °C before use.

Cas13a-Based Cleavage Reaction and RCA. The S uL
Casl3a cleavage reaction system contains target miRNA, 10
nM Casl3a protein, S nM crRNA, 100 nM pre-primer, and T4
PNK (0.5 U/uL) and was incubated in the 1X PCR buffer at
37 °C for 40 min. The obtained mature primer was then
reacted with a 50 nM circular padlock probe, 0.5 U/uL Bst
DNA polymerase in the 1X isothermal buffer (New England
Biolabs) with a final volume of 10 uL at 60 °C for 1 h.

Colorimetric Detection. The abovementioned mixture
was incubated with 10 yM hemin at 37 °C for 10 min.
Subsequently, 40 uL of the ABTS solution was added and
incubated at 37 °C for another 10 min. After adding 50 uL of
the stop solution into the mixture, the detection results were
estimated by the naked eye or the absorbance at 405 nm was
measured using a microplate reader. In this article, all data
were obtained from three repeated experiments.

https://dx.doi.org/10.1021/acs.analchem.0c03708
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Figure 1. Feasibility analysis of vCas. (A) PAGE result of the trans-cleavage effect of Cas13a/crRNA on the pre-primer with different numbers of
tU. (B) Real-time monitoring of the effect of Cas13a trans-cleavage on the three reporters with five, two, and one rU (FQSrU, FQ2rU, and FQIrU,
respectively). C1, C2, and C3 are the corresponding control samples without miR-10b. The concentrations of Cas13a and miR-10b were 10 and 1
nM, respectively. All the three reporters were 100 nM. (C) PAGE analysis of the RCA products. M is the marker. (D) Image and absorption

analysis results of vCas for miR-10b detection.

Extraction of Small RNA from Human Cell Lines and
Human Peripheral-Blood Serum. All cell lines used in this
paper were cultured in Dulbecco’s modified Eagle’s medium
(Life) with 10% fetal bovine serum. The cells were collected
through digestion and centrifugation when the cell density
reached 70—80%. The total small RNA of the cells was
obtained using a small RNA extraction kit (Takara) and
quantified using the Nanodrop 2000 and stored at —80 °C for
later use.

The peripheral-blood serum samples from one healthy
human and breast cancer patient were derived from the First
Affiliated Hospital of Guangzhou Medical University,
Guangzhou, China. The total miRNA in serum was extracted
using the Serum/Plasma miRNA extraction and isolation kit
(Tiangen) and stored at —80 °C. This experiment conformed
to the national and international medical experiment ethics
standards.

B RESULTS AND DISCUSSION

LbuCasl3a used in this study prefers to cleave the rU
neighboring phosphodiester bond. An oligo DNA bearing two
rU (named “pre-primer”) was designed to serve as the
substrate of Casl3a/crRNA truns—cleavage. First, it is necessary
to test whether target miRNA-activated Casl3a/crRNA can
effectively cleave the pre-primer. A series of oligo DNAs with
different numbers of rU were designed. The polyacrylamide gel
electrophoresis (PAGE) result is shown in Figure 1A.
Compared to the pre-primer without rU (lane 1), the three
pre-primers with one (lane 2), two (lane 3), or three rU (lane
4) can be cleaved by miR-10b-activated Casl3a/crRNA, and
their hybrids with the padlock have lower molecular weights.

2040

In addition, lane 2 shows a relatively weak band, which implies
that the cleavage efliciency of Casl3a on the oligo with a single
rU was obviously decreased. In addition, pre-primers with
other ribonucleotides (rA, rC, and rG) have also been proven
to be cleaved by miR-10b-activated Casl3a/crRNA, and the
rU-bearing pre-primer was cleaved the most (Figure SI).

Next, the effect of the number of rU in the pre-primer on the
trans-cleavage efficiency of Casl13a/crRNA was tested by real-
time fluorescence monitoring. The results (Figure 1B)
indicated that the fluorescence growth rate obviously decreases
with the decrease of the rU number. Considering that too
much rU may generate a primer with different lengths that
affect subsequent polymerization reactions, the pre-primer with
two rU was selected to execute vCas.

Moreover, the S'-fragment of the pre-primer that was
cleaved by miR-10b-activated Casl3a/crRNA was used to
initiate the RCA reaction. However, the PAGE result showed
that there was no amplification product. According to a
previous report, Casl3 trans-cleavage generates two RNA
fragments: one has a hydroxyl at its 5’-end and the other
possesses a 2',3"-cyclic phosphate at its 3’-end, which could
hinder the action of DNA polymerase.”> Thus, PNK was
applied to transform the 5’-fragment of the pre-primer into a
mature primer with a hydroxyl.** Figure 1C shows that
compared to other samples without T4 PNK, the PNK-treated
Casl3a-cleaved pre-primer can generate obvious RCA
products, which indicated that T4 PNK-mediated removal of
the 2',3’-cyclic phosphate is the key to initiate DNA
polymerization reaction.

Then, the RCA products were incubated with hemin and
ABTS*". As a result, the colorless mix turned to green within

https://dx.doi.org/10.1021/acs.analchem.0c03708
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Figure 2. Sensitivity analysis of vCas. (A) AAbs of vCas with different concentrations of miR-10b (100 pM, 10 pM, 1 pM, 100 fM, 10 fM, 1 M,
100 aM, and 0). (B) Linear analysis of vCas detection results for miR-10b. The red dashed line represents the LOD. The standard deviation was

obtained from three batches of detection.
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Figure 3. Specificity analysis of the performance of vCas. (A) Detection results of vCas for different miRNAs. (B) Absorption detection results for
miR-10b and miR-17 when different concentrations (100 pM, 10 pM, 1 pM, 100 fM, 10 fM, and 0) of miR-10b and miR-17 coexist in a 1:1 ratio.
(C) Sequences of a perfectly matched crRNA (cr7b), two crRNAs with a single mismatch at the site of 4 or 8 (cr7b-M4 and cr7b-M8), and three
homologous let-7 family members (let-7b, let-7a, and let-7c). All the different bases in crRNA, let-7a, and let-7c are marked in red. (D) Absorbance
analysis results of vCas with different crRNAs (crR7b, cr7b-M4, and cr7b-M8) for the three homologous let-7 family members (1 nM).

10 min. The photograph and the corresponding absorption
spectroscopy results are shown in Figure 1D. It can be seen
that only the complete vCas system with miR-10b (10 nM)
displayed significant color change and enhancement of
absorption intensity. Moreover, whether undesired ssDNA or
dsDNA against the G-quadruplex could affect the detection
results was tested (Figure S2). All the crRNA, padlock probe,
and pre-primer that are critical components for vCas showed
no significant contribution to the absorbance.

To evaluate the performance of vCas for miRNA detection,
a series of diluted miR-10b were tested by vCas. The
photograph and absorption spectroscopy results are shown in
Figure 2A. The AAbs was obtained by subtracting the
absorbance of the control sample without crRNA from the
total absorbance value. As seen, the absorption intensity
gradually increased with the increase of miR-10b concen-
tration. Also, the AAbs values are linearly related to the
logarithm of the miR-10b concentration from 1 fM to 10 pM
(Figure 2B). The correlation equation is AAbs = 0.00923 +
0.0441 X lg Cppaop(fM) (R* = 0.99033). The limit of
detection (LOD) (determined by 3 times of the standard
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deviation of the absorption detection results of the control
sample without miR-10b) is 1 fM. Moreover, the sensitivity of
vCas was compared to one-step Cas13a detection (Figure S3).
The result confirmed that the vCas system can reach an LOD
of 1 fM, which is 4 orders of magnitude lower than that of the
one-step Casl3a detection method. Then, five different
miRNAs, miR-10b, miR-155, miR-20a, miR-17, and miR-21,
were introduced into the vCas system to evaluate the
specificity. The colorimetric and absorption detection results
(Figure 3A) showed that only miR-10b can cause obvious
color change and dramatic enhancement of absorbance. Also,
we respectively detect miR-10b and miR-17 by vCas when
miR-10b and miR-17 coexisted in the system with a ratio of
1:1. Figure 3B shows that the detection results for miR-10b
and miR-17 were consistent.

Further, we attempted to distinguish let-7b from its two
highly homologous family members (let-7a and let-7c,
sequences shown in Figure 3C) by vCas. To improve the
specificity of Casl3a/crRNA, an extra mismatch was
introduced into the 4 or 8 site of the spacer of crRNA
(cr7b-M4 and cr7b-M8) to decrease the tolerance of Casl3a/

https://dx.doi.org/10.1021/acs.analchem.0c03708
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Figure 4. Performance of vCas for detecting miRNA in complex samples. (A) Sensitivity analysis of vCas by detecting miR-10b in different
amounts of total small RNA extracted from MCF-7 cells. (B) Comparison of the expression level of miR-10b in different cancer cell lines by vCas.
LO2 was used as the control, and the miR-10b expression level of LO2 was set to 1. (C) PAGE analysis of Casl3a-mediated RCA reaction in
different volumes of total RNA extracted from human peripheral-blood serum (8 and 4 uL) with 100 pM synthetic miR-10b. (D) Sensitivity
analysis of vCas by detecting different concentrations of miR-10b (1 fM ~ 100 pM) in 10X diluted serum samples. C is the control sample without

added miR-10b. B, is the vCas sample without crRNA.

crRNA for mismatch. The absorption detection results are
shown in Figure 3D. As seen, Casl3a/cr7b can efficiently
distinguish let-7b from let-7a that has two base differences to
let-7b, while let-7c that has only a single base difference to let-
7b also contribute to obvious enhancement of absorbance.
Relatively, both Casl3a/cr7b-M4 and Casl3a/cr7b-M8 can
significantly distinguish let-7b from let-7a and let-7c. These
results indicate that vCas can provide single-base specificity by
flexibly introducing an extra mismatch into the targeting region
of the crRNA.

In addition, to investigate the validity of vCas for detecting
miRNA in the real sample, different amounts of total small
RNA extracted from the human breast adenocarcinoma cell
line (MCF-7) were analyzed by vCas. As shown in Figure 44,
miR-10b in 1.6 ng of total small RNA can be detected. Further,
miR-10b extracted from four human cell lines, including the
human lung carcinoma cell line (AS49), human breast
adenocarcinoma cell lines (MDA-MB-231 and MCEF-7), and
the human hepatocellular liver carcinoma cell line (HepG2),
were analyzed by vCas. The human normal cell line (LO2) was
used as the control. The detection results in Figure 4B showed
that all the four cancer cells displayed varying degrees of over-
expression of miR-10b compared to LO2.

Next, we tested the application ability of vCas for detecting
miR-10b in human peripheral-blood serum. PAGE results
(Figure 4C) showed that the total RNA sample extracted from
human peripheral-blood serum with 100 pM synthetic miR-
10b can generate significant RCA products. 8 uL of serum total
RNA extracts has no obvious effect on the amount of RCA
products. Then, a series of miR-10b with different concen-
trations were spiked into 10X diluted serum and detected by
vCas. The results of absorption detection in Figure 4D showed
that vCas maintained a good linearity from 10 fM to 100 pM
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and achieved a detection limit of 10 fM, which is 10-fold lower
than detecting miR-10b in the buffer. Compared to the sample
without crRNA (sample B,), the 10X diluted serum sample
without added miR-10b (sample C) showed a darker color,
which indicated that other substances in the serum can cause
the increase of background signal.

B CONCLUSIONS

In summary, we developed a CRISPR/Casl3a-based visual
miRNA detection method, termed as vCas, in which a pre-
primer was designed to be as the trans-cleavage substrate of
Casl3a/crRNA and serve as a primer for RCA after being
healed by T4 PNK. Through this method, target miRNA can
be quantified by the naked eye. The detection results
confirmed that vCas can provide a detection limit of 1 fM
for miR-10b with a good linearity from 1 fM to 10 pM. Also,
highly homologous let-7 family members that only have a
single base difference can be significantly distinguished.
Especially, miR-10b in cell extracts and serum can be reliably
detected. Previous studies indicate that the Casl3a-based
biosensing method possesses a broad application prospect,
including detecting long viral RNA* and even intact bacteria
cells.” Although the number of the available Cas protein types
and the cross-reaction among different Cas13a proteins limited
the application of Cas13a in multiplex detection, multichannel
microfluidic chips could solve the problem. However, multi-
step processing steps bring inconvenience to the automation
development of vCas. Further simplifying the reaction process
will facilitate the application of vCas in automated high-
throughput detection.
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