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Existing CRISPR/cas-based biosensors usually improve sensitivity
by target amplification, which is time-consuming and susceptible to
impurities in complex biofluid. Herein, this is the first time a cascade
CRISPR/cas (casCRISPR) system has been developed, which can
provide a detection limit of 1.33 fM (~1000 times lower than direct
Casl3a-based miRNA detection) and single-base resolution for
miR-17 detection without resorting to target amplification. casCRISPR
can also be applied to detect miRNA in complicated cell extracts and
serum samples. Overall, casCRISPR will provide a heuristic idea for
CRISPR/cas based biosensing, and could be a promising tool for
miRNA diagnostics.

Clustered regularly interspaced short palindromic repeats
(CRISPR) and the corresponding CRISPR-associated (cas) pro-
tein derive from adaptive immune systems of bacteria and
archaea against the invading nucleic acid components.™* The
programmable guide RNA (gRNA) guided DNA/RNA cleavage
activity enables CRISPR/cas system to be developed into a
versatile gene editing tool.>> Furthermore, CRISPR/cas system
also holds great potential in the biological detection field.’™®
Cas9 is one of the most widely applied cas protein and has
been confirmed to possess a certain ability for biosensing.”™"
Although Cas9 has excellent selectivity, Cas9 recognizes double-
stranded (ds-) DNA with a unique protospacer adjacent motif
(PAM) in a 1:1 ratio and generates a break with blunt ends,
which limit its exploitability in biosensing. Moreover, low-
efficient RNA cleavage also restricted its application in RNA
detection.’® Coincidentally, Cas12, Cas13, and Casl4a were
found to have target-activated trans-cleavage activity that can
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efficiently cleave random ssDNA/ssRNA,***” which makes
them suitable for signal amplified nucleic acid detec-
tion."® However, the detection limit of CRISPR/cas medi-
ated amplification-free nucleic acid detection is usually at the
pM level,”® which could not meet the requirement of real
sample detection. Numerous CRISPR/cas-based biosensors improve
the sensitivity to aM, or even zM by target amplification.”®>>
However, these methods are often time-consuming, and could
produce false positive amplification due to the effect of impurities
in a complex sample. Therefore, developing a sensitive and specific
CRISPR/cas biosensor without resorting to target amplification
could be valuable for rapid and accurate miRNA detection.

In this study, a cascade CRISPR/cas for miRNA detection,
termed as casCRISPR, was developed. This strategy makes use
of the trans-cleavage activity of two CRISPR/cas systems, Cas13a
and Casl4a, and can achieve a detection limit at fM level
without target amplification. Although the detection sensitivity
needs to be further improved, the high-fidelity CRISPR/cas
system can endow the method with single-base specificity. As
an important biomarker, miRNA has attracted a lot of attention
in the biomedical field.**?” A potential breast cancer bio-
marker, miR-17, was selected to evaluate the detection ability of
casCRISPR. The principle of casCRISPR is illustrated in
Scheme 1.

When target miRNA is introduced, the trans-cleavage activity
of Cas13a/crR is activated to collaterally cleave the phospho-
diester bond next to rU of ST-HP (locked-trigger for Casl4a/
sgRNA with two uracil ribonucleotides in the loop) and make
ST-HP transform the stable hairpin structure into a duplex
structure with a 5’-toehold, which can initiate the interaction
with Cas14a/sgR through strand displacement. After that, the
trans-cleavage activity of Casl4a that is activated by cleaved
ST-HP can efficiently hydrolyze the fluorophore (FAM) and
the quencher (BHQ1) labelled poly-T DNA reporter (FQTR)
(sequence in Table S1, ESIt). As a result, the fluorophore
of the FQTR gets rid of the quenching effect and releases
fluorescence signals.
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Scheme 1 Scheme of the cascade Casl3a—Casl4a (casCRISPR) system
for miRNA detection.

LbuCas13a used in this study was characterized in our
previous work.”® The purified Cas14a was analysed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Fig. S1, ESIYT). Then, the trans-cleavage activity of Cas13a/crR
and Cas14a/sgR was respectively tested by monitoring the miR-17
and ssDNA target (14T-1) caused fluorescence release of FQ5U
(200 nM) and the FQTR (500 nM) (Fig. 1A). All these results
confirmed that we have successfully obtained efficient Cas13a
and Casl4a. Next, it is necessary to explore whether Cas13a
can collaterally cleave hairpin structured DNA oligonucleotides
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Fig. 1 Feasibility analysis of casCRISPR for miRNA detection. (A) Analysis
of the target activated trans-cleavage activity of Casl4a and Casl3a. 14T-1:
sgR-S complementary substrate; N-14T-1: the random ssDNA substrate.
(B) Analysis of the trans-cleavage effect of Cas13a/crR on ST-HP by urea
denatured PAGE. ST-HP was 200 nM. (C) Analysis the trans-cleavage effect
of Casl4a/sgR on ST-HP by PAGE. The concentrations of ST-HP and 14-S
were 400 nM and 500 nM, respectively. 14-S: the trans-cleavage substrate
of Casl4a/sgR. 14T-2 (39 nt): the activator of Casl4a/sgR trans-cleavage.
(D) Feasibility analysis of casCRISPR by fluorescence spectra. Aex: 494 nm;
Jem: 518 nm.
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ST-HP with unpaired rU. The urea-denaturation-PAGE result is
shown in Fig. 1B. It can be clearly seen that miR-17 activated
Cas13a/crR cleaved ST-HP into two fragments with lower mole-
cular weight. Relatively, non-target miR-21 did not cause cleavage.
The result confirmed that only target miR-17 can activate Cas13a/
crR to cleave ST-HP. Next, the cleaved ST-HP activated trans-
cleavage ability of Cas14a/sgR was also verified by PAGE. A 100 nt
ssDNA (14-S) was used as the non-target substrate of Cas14a instead
of the FQTR. As shown in Fig. 1C, Cas13a/crR-cleaved ST-HP can
effectively activate Cas14a/sgR to hydrolyze 14-S, while the intact
ST-HP could not cause the cleavage of 14-S.

Further, the casCRISPR was confirmed by fluorescence
spectra analysis. FQTR was served as the reporter. The result
in Fig. 1D shows that only when miR-17, Cas13a/crR, Cas14a/
sgR and ST-HP existed simultaneously, there was an obvious
fluorescence signal.

The ST-HP as a bridge between Cas13a and Cas14a plays two
roles: one is to serve as the substrate of Cas13a trans-cleavage,
and the other is to trigger the trans-cleavage activity of Cas14a.
Thus, the properties of ST-HP are the most critical factor for the
performance of casCRISPR. A series of ST-HP with different
locations of rU and length ratios of stem to loop were designed.
The structure and the corresponding key parameters of the
ST-HP are respectively shown in Fig. 2A and B. And, the
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Fig. 2 Optimization of casCRISPR. (A) Structures of different ST-HP.
(B) Parameters for different ST-HP. (C) Detection performances of cas-
CRISPR with different ST-HP. V¢ and V¢ represent the initial velocity of
fluorescence growth of the test group and the control group, respectively.
(D) Quantification of miR-17 with casCRISPR vl (Cas13a—Casl4a) and v2
(Casl3a—Casl2a). B-S: background-subtracted. (E) Compare the back-
ground signal of the two casCRISPR systems under the conditions
of different ST-HP concentrations. Bg: background; TS: total signal.
(F) Compare the trans-cleavage efficiency of Casl4a and Casl2a in the
presence of 14T-2. The fluorescence growth of FQTR after EXO-I treat-
ment for 80 minutes was set as the total fluorescence increase.
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detection results of the casCRISPR with different ST-HP are
shown in Fig. 2C. As shown, the bubbles in the stem increase
the chances of sgRNA invading, thereby leading to obvious
growth of the background signal. Thus, the rU was decided
to be set in the loop of ST-HP. Next, to ensure that the cleaved
ST-HP could be recognized by Cas14a/sgR efficiently, the 4 nt in
the loop can serve as a toehold to efficiently initiate the subse-
quent strand displacement reaction after the HP is cleaved.
Meanwhile, a blocker at the end of the stem is necessary to
prevent the DNA breathing effect caused undesirable inter-
ference of 14a-sgR. From the analysis results of casCRISPR with
HP1-HP5, it can be seen that the HP2 with a length ratio
of stem-loop of 21:6 and 5 base pairs blocker can obtain a
maximum ratio of Vg to Vi. Therefore, the HP2 was applied in
the following experiments.

Since Cas12a also can be severed as ssDNA-activated DNase,
another version of casCRISPR coupled Cas13a with Cas12a
(casCRISPR v2) was constructed and compared with Cas13a-
Casl4a (casCRISPR v1). The IA (integral area) of the fluores-
cence intensity curve (Fig. 2D) demonstrated that casCRISPR v1
can detect miR-17 as low as ~6.25 fM, while casCRISPR v2 can
detect ~100 fM miR-17. As shown in Fig. 2E, casCRISPR v2 has
higher background leakage, which may be caused by the
nonspecific binding and unwinding abilities of Casl2a to
dsDNA.>® Moreover, Cas14a possesses higher cleavage efficiency
than Cas12a when ssDNA is used as the activator (Fig. 2F).
Overall, Cas13a—-Cas14a can achieve a lower detection limit and
a higher signal to background ratio than Cas13a-Cas12a.

Under the optimal experimental conditions (Fig. S2, ESIY),
the sensitivity of casCRISPR was tested by detecting various
concentrations of miR-17. The IA of the fluorescence intensity
curve was proportional to the miR-17 concentration range from
6.25 to 500 fM. The limit of detection (LOD) was calculated
to be 1.33 fM. The correlation equation was obtained as
logIA = 3.30583 + 0.09599 X 10g Cmira7(vy (R* = 0.99302)
(Fig. 3A). When the miRNA concentration exceeds 500 fM, the
background-subtracted (B-S) integral area has no obvious
growth, which may be due to the depletion of the cleaved
ST-HP. To better understand the signal amplification efficiency
of casCRISPR, a stoichiometric titration experiment was per-
formed and the result shows that target sSDNA (14T-2) activated
Casl4a/sgR catalyzed trans-cleavage of ssDNA with a rate
of ~1504 turnover per second, and the catalytic efficiency
(Keat/Km) Was 1.397 x 10° s~ M~ (Fig. S3, ESIY).

To evaluate the selectivity of casCRISPR, several different
miRNA, including miR-17, miR-10b, miR-155 and miR-21, were
respectively added into casCRISPR system with the same
concentration of 50 pM. The real-time fluorescence monitoring
results are shown in Fig. 3B. It can be seen that only miR-17
can result in an obvious fluorescence increase compared to
other miRNA.

Furthermore, we explored the discrimination ability of cas-
CRISPR for highly homologous miRNA family members (miR-17,
106a, 20a and 20b sequences are shown in Fig. 3C). The detec-
tion results are shown in Fig. 3D. It can be seen that casCRISPR
with perfectly matched crRNA (crR-17) can distinguish miR-17
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Fig. 3 Performance of casCRISPR for miR-17 detection. (A) Linear analysis
results of casCRSIPR for various concentrations of miR-17 (1000, 500, 200,
100, 50, 25, 12.5 and 6.25 fM, respectively). A black dotted line was used to
represent the limit of detection (LOD), which is defined as the miRNA
concentration that the corresponding background-subtracted (B-S) integral
area equivalent to three times the standard deviation of three replicates of
the background integral area. (B) B-S IA values of the real-time fluorescence
curves for distinguishing miR-17 from miR-10b, miR-155 and miR-21. The
miRNA were 100 fM. (n = 3 technical replicates, two-tailed Student t test;
***% p <0.001; **** p <0.0001). (C) Sequences of Casl3-crR, mismatch-
bearing Casl3a—crR-M, and miR-17 family members. Mismatch in the
Casl3-crR is indicated in pink. Different nucleotides between miR-17 family
members are colored in yellow. (D) Heatmap analysis of identification of
miR-17 family members by casCRISPR with crR-17 and crR-17-M,
respectively.

from miR-20a and miR-20b, which have two base differences to
miR-17, while miR-106a only possesses a single base difference
at the 5’ end compared to miR-17 and also displayed significant
fluorescence signals. Accordingly, an extra mismatch base was
introduced into the position 16 of the spacer of the crRNA for
Cas13a (crR-17-M, the sequence shown in Fig. 3C) to improve the
specificity. As shown in Fig. 3D, casCRISPR with mismatch
bearing crR-17-M possesses stronger discrimination ability. This
result also verified that casCRISPR can provide single-base
resolution by flexibly designing the crR sequence. We also
evaluated the performance of casCRISPR with crR-17-M for
miR-17 detection when miR-17 was co-existing with its homo-
logous family members, which have only one or two base
differences compared to miR-17. The detection results are shown
in Fig. S4 (ESI}). It can be seen that there is no significant
difference in the fluorescence signal among only miR-17 and
other complex miRNA samples. The result indicates that cas-
CRISPR has high stability and can resist the interference of
mismatched miRNA.

We evaluated the application ability of casCRISPR by detecting
miRNA in serum samples. At first, miR-17 with different concen-
trations were spiked into 20 times diluted normal human umbi-
lical cord serum and tested by casCRISPR. The results in Fig. S5A
and B (ESIt) show that the IA was proportional to the miR-17
concentration from 20 to 100 fM. The LOD was calculated to be
22.3 fM. When the miRNA concentration exceeds 100 fM, the
growth of the B-S integral area slows down. It can be speculated
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that some serum components could affect the trans-cleavage
activity of the Cas enzyme. The correlation equation was obtained
as logIA = 0.13776 + 0.1122 X 10g Cmir-17emy (B> = 0.98811). The
recovery (%) was defined as the ratio of the mean tested concen-
tration (C¢) by casCRISPR and the spiked concentration of miR-17
(Csp)- It can be confirmed that casCRISPR possesses a good
reproducibility for miRNA detection in the simulated serum
sample. Subsequently, three serum extract samples from breast
adenocarcinoma patients were tested, and one sample from a
healthy person was served as control. As shown in Fig S5C (ESIt),
the relative expression of miR-17 in all of the three patient
samples displayed varying degrees of increase compared to the
healthy person’s sample. And the results are consistent with the
gRT-PCR analysis results (Fig. S6 and Table S3, ESIt).

In addition, the miR-17 expression level in HepG2 (liver
hepatocellular carcinoma), MDA-MB-231 (human breast adeno-
carcinoma cell), and LO2 (human normal liver cells) was
detected by casCRISPR. Fig. S5D (ESIt) shows that the detection
result of casCRISPR is consistent with the qRT-PCR result that
the miR-17 expression in HepG2 was much higher than in LO2
and MDA-MB-231. We compared the features and performance
of casCRISPR with qRT-PCR (Table S4, ESIt). casCRISPR can
shorten the reaction time by avoiding complex reverse transcrip-
tion and target amplification processes. And, the isothermal
reaction process makes casCRISPR more suitable for point-of-
care detection. More importantly, casCRISPR can provide higher
specificity over qRT-PCR due to the high-fidelity recognition
ability of Cas13a/crRNA.

In summary, this is the first time a cascade CRISPR/cas
system, termed casCRISPR, has been developed to realize high-
sensitive and specific miRNA detection without target amplifica-
tion. Under optimized conditions, the homogenous casCRISPR
fluorescence detection system achieved a detection limit of
1.33 fM for miR-17, and dramatically distinguished miR-17 from
its high-homologous family members. The casCRISPR also can
be employed to detect miRNA in complex cell extracts and serum
samples. Furthermore, another version of casCRISPR, Casl3a-
Casl12a, was constructed and systemically compared with
Casl13a-Casl4a. With newer and functionally improved Cas
protein being discovered or created, more versions of casCRISPR
with different Cas/sgRNA combinations could be constructed to
play greater roles in biosensing and molecular diagnosis.
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