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CRISPR-based diagnostics (CRISPR-Dx) has shown great promise in molecular diagnostics, but its utility in
the sensing of microRNA (miRNA) biomarkers is limited by sensitivity, cost and robustness. Here, we
describe a CRISPR-Dx method for the sensitive and cost-effective detection of miRNAs by rationally
integrating CRISPR-Casl12a with DNA circuits. In this work, a modular catalytic hairpin assembly (CHA)
circuit is designed to convert and amplify each target into multiple programmable DNA duplexes, which
serve as triggers to initiate the trans-cleavage activity of CRISPR-Casl2a for further signal amplification.
Such rational integration provides a generic assay for the effectively amplified detection of miRNA
biomarkers. By simply tuning the variable regions in the CHA modules, this assay achieves sub-

femtomolar sensitivity for different miRNA biomarkers, which improves the detection limit of CRISPR-Dx
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sensitive assessment of miR-21 levels in different cancer cell lines and clinical serum samples has been
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Introduction

A generic, accurate and sensitive nucleic acid detection method
can aid point-of-care pathogen detection, genotyping, and
disease monitoring, exhibiting great value in clinical diagnos-
tics.’® Recently, the CRISPR-Cas system has attracted much
attention in the field of nucleic acid diagnostics since the
discovery of the collateral cleavage activity (indiscriminate
hydrolysis of ssDNA or RNA) of class II type V and VI Cas
proteins,*® including Casl13a, Casl2a, Cas12b and Cas14.””
Such a collateral cleavage activity can be readily deployed to
cleave synthetic fluorescent nucleic acid reporters with thou-
sands of turnovers per second, which endow these Cas proteins
with efficient self-signal amplification and reporting capacities.
To date, CRISPR-based diagnostics (CRISPR-Dx) methods, such
as SHERLOCK (Cas13a),'*** DETECTR (Cas12a),'> CDetection
(Cas12b)" and Cas14-DETECTR, have been exploited for the
isothermal detection of genomic DNA and RNA with excellent
sensitivity and specificity, and are partly revolutionizing the
field of molecular diagnostics.'® As a class of small non-coding
RNAs composed of about 19-23 nucleotides, microRNAs
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(miRNAs) play a pivotal role in numerous biological processes
by regulating post-transcriptional gene expression,'®” and are
becoming biomarkers for many diseases in molecular diag-
nostics. However, CRISPR-Dx methods for miRNAs are yet
under development, and only a few Cas13a-based assays have
been mainly developed with picomolar sensitivity."*® Aside
from the unsatisfactory sensitivity, the usage of expensive RNA
reporters with unstable nature results in inherent drawbacks in
cost and stability. Therefore, a versatile and robust CRISPR-Dx
method that allows sensitive analysis of miRNAs is still highly
desired in biomedical research and clinical diagnosis.

On account of the programmability of Watson-Crick base
pairing, nucleic acids, especially DNA, have been deployed as
circuits capable of executing algorithms.*** DNA circuits serve
as programmable intermediates between inputs and outputs,
which can perform various tasks, such as logical operation,
feedback and signal-transducing amplification isothermally
without the participation of protein enzymes.”** In a typical
DNA circuit, such as the hybridization chain reaction (HCR) and
catalytic hairpin assembly (CHA), the ssDNA inputs initiate
toehold-mediated strand displacement, resulting in program-
mable duplex DNA outputs.>*?® Because the functions of the
nucleic acid circuits depend solely on the Watson—Crick
complementarity, these DNA circuits are also able to work
comparably with RNA inputs, including mRNA, long non-
coding RNA and miRNA, as with ssDNA inputs.***® Moreover,
the combination of DNA circuits with nucleases has been
demonstrated to be effective in the development of highly

This journal is © The Royal Society of Chemistry 2020
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sensitive assays for miRNA.*”~*° Encouraged by current progress,
we are interested in expanding the application scope of DNA-
targeting Cas proteins (e.g., Cas12a) to miRNA sensing using
a DNA circuit as the converter. Given the modularity and scal-
ability of DNA circuits, the coupling of CRISPR-Cas and DNA
circuits might provide a new paradigm for the development of
CRISPR-Dx.

Aimed at this goal, we here integrated CRISPR-Cas with
a DNA circuit to develop a generic CRISPR-Dx method for the
sensitive analysis of miRNA biomarkers. In this work, the
CRISPR-Cas12a system was chosen because the collateral
cleavage of ssDNA reporters by activated Casl2a protein is
highly efficient, with approximately 1250 turnovers per
second.”*" As shown in Scheme 1, with the introduction of
CHA, miRNA targets are transduced into amplified outputs of
programmable DNA duplexes, in which the protospacer adja-
cent motif (PAM) and protospacer sequence can be recognized
by Cas12a/gRNA complexes. The collateral cleavage activity
toward fluorescent ssDNA reporters is triggered along with the
binding and cleavage of the DNA duplexes by the Cas12a/gRNA
complexes, thereby leading to the generation of appreciable
fluorescence signals. As a result, a CRISPR-Cas12a and CHA-
based assay (CRISPR-CHA) is established for the effectively
amplified detection of miRNA biomarkers. In CRISPR-CHA, self-
signal amplification of the CRISPR-Cas12a system and CHA-
mediated signal conversion and amplification are rationally
coupled, which not only expands the application scope of
CRISPR-Cas12a to miRNA sensing, but also greatly enhances
the signal gain compared with the sole CHA.

Moreover, the proposed CRISPR-CHA possesses two impor-
tant engineering novelties: (1) by introducing unpaired sites
into the DNA duplex outputs, the seed sequence-dependent
DNA targeting mechanism of CRISPR-12a is exploited to
enhance the collateral cleavage-mediated signal amplification.
(2) The modular design of CHA components allows the use of
the same gRNA to probe the DNA duplex outputs from different
miRNA targets, which provides a universal strategy for miRNA
probing. The versatility of CRISPR-CHA has been demonstrated
in the isothermal detection of miRNA biomarkers, including
miR-21, miR-141 and miR-155 with sub-femtomolar sensitivity,
which is significantly better than that of Casl3a-based
methods.’" As the gold standard for miRNA assay, the
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Scheme 1 Working principle for amplified detection of miRNA by the
CRISPR-CHA method.
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quantitative polymerase chain reaction requires multiple
enzymes, complicated primer design and thermal cycles.*” In
contrast, CRISPR-CHA achieves the isothermal detection of
miRNA with only one enzyme. Therefore, the proposed CRISPR-
CHA enables versatile and sensitive sensing of miRNA
biomarkers, providing a helpful tool for clinical diagnosis.

Results and discussion

Casl2a from a Lachnospiraceae bacterium (LbCasl2a) is the
most widely used Cas protein in CRISPR-Dx, and thus LbCas12a
fused with a maltose-binding protein (MBP) tag was expressed
and purified in this work according to a previously reported
procedure (Fig. S1 and S27).'>** The collateral cleavage activity
of LbCas12a was assessed using a FQ reporter (FAM-TTATT-
BHQ1). After the incubation of the LbCas12a protein and its
guide RNA (gRNA) with DNA triggers, both ssDNA and dsDNA
triggers induced significant fluorescence signals, suggesting the
efficient digestion of FQ reporters by the activated LbCas12a
proteins. Alternatively, the collateral cleavage activity initiated
by the dsDNA trigger is much higher than that by the ssDNA
trigger (Fig. S3t), which is consistent with the findings of
Doudna's group.” The dsDNA trigger at a low concentration of
100 pM could induce detectable fluorescence signals (Fig. S41),
indicating the good sensitivity of LbCasl2a toward dsDNA
targets.

In CRISPR-CHA, the efficient coupling of CRISPR-Casl2a
and a DNA circuit primarily depends on the recognition of the
DNA duplex outputs in CHA by LbCas12a proteins (Fig. 1a).
Therefore, the DNA duplex outputs in CHA should include the
following components, a protospacer adjacent motif (PAM) and
a protospacer sequence targeted by the spacer of LbCasl2a
gRNA. Based on the previously reported design principle of
CHA, we here devised a CHA circuit composed of two DNA

rmmm_'RNNH'
a (\6
Targ 901 8—
meNA'\A e ‘—.um:mmn,—-
ei\ Complementa
b) “\\\1’1 c““““( TH TS Sequenc mcp%«‘a
T
3:a6uUGUAGYEt — = pan T AT
5-TCAACATCAGTCTGATAAGCTAT A SETAAGCTATCATAGTTAGCG] rl\,I‘Li_“A‘T‘(YA K
3—réAéAéTATTCéAT H1 ¢ 3-GtATCARTEGERTTECTAGAT
Toehold R € Toehold Cagal
ATcaA
c) d) 2108 9.6x
x
L Cas12a assay
H -+ - - 5 .| [ cRiSPR-CHA
mRNA -+ = -+ 815010
HIH2 - 2
LRz 2 1xt0t
miRNAH1 ko
- T £
D — T S s
H2

e ,7&--‘

—

o
-
o2

Blank _+miRNA Blank _+miRNA
Cas12a assay CRISPR-CHA

Fig. 1 (a) Schematic representation of the CRISPR-CHA reaction. (b)
Detailed sequence of H1 and H2 in the CHA circuit for a miRNA target.
(c) Analysis of the miRNA-initiated CHA reaction with native PAGE. H1,
500 nM; H2, 500 nM; miRNA (miR-21), 50 nM; and H1/H2, 500 nM. (d)
Fluorescence intensity of CRISPR-CHA and Casl2a assay in response
to miR-21. LbCas12a/gRNA, 100 nM; H1, 50 nM; H2, 50 nM; miRNA
(miR-21), 10 nM; and FQ reporter, 1 uM. The data are presented as
mean =+ s.d. of three replicate measurements; n.s. not significant.
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hairpins (H1 and H2) for coupling with CRISPR-Casl2a
(Fig. 1b). Both H1 and H2 consist of a single stem-loop DNA
with an 8-nt 5’-overhang. In H1, the 5-overhang serves as the
toehold for the target miRNA, and the loop region contains the
5'-TTTA-3' PAM of LbCas12a as well as the non-target strand
(NTS). Meanwhile, the 5'-overhang of H2 acts as the toehold for
the 3’-overhang of the miRNA/H1 duplex, and the target strand
(TS) is blocked in the stem region followed by the comple-
mentary sequence of PAM in the loop region. In this scenario,
only the H1/H2 duplex can activate the LbCas12a/gRNA
complex, because neither of the hairpins can be recognized by
the LbCas12a/gRNA complex.

To test the feasibility of CRISPR-CHA assay, we selected miR-
21 as the model target. Many studies have revealed that miR-21
plays a pivotal role in numerous biological processes by regu-
lating the post-transcription of gene expression.**® The aber-
rant level of miR-21 is considered to be associated with the
etiology, progression, and prognosis of many tumour types,
including brain, liver, prostate, and lung cancers.*’~*° In order to
verify whether miR-21 can be converted into DNA duplex
outputs by the proposed CHA circuit, miR-21 was incubated
with H1 and H2, and the mixture was analysed by gel shift assay.
As shown in Fig. 1c, an intense band of the H1/H2 duplex in the
lane of the mixture (lane 7) appeared, suggesting the effective
initiation of the CHA circuit by miR-21. Moreover, a negligible
band of the H1/H2 duplex was observed in the absence of miR-
21 (line 5), which indicated low background leakage in the CHA
circuit. The activation of LbCas12a/gRNA by the generated H1/
H2 duplex was confirmed using fluorophore-labelled H1
(Fig. S67). Furthermore, the activated LbCasl12a proteins
exhibited strong collateral cleavage toward ssDNA reporters
(Fig. S71). Then, the fluorescence response to miR-21 in
CRISPR-CHA was examined (Fig. S8t), and miR-21 was able to
induce a dramatic fluorescence signal, which is 9.6-fold over
that of the control without miR-21 (Fig. 1d). In contrast,
LbCas12a alone is incapable of sensing miR-21. Collectively, by
integrating CRISPR-Cas12a with the CHA circuit, a CRISPR-CHA
for miRNA assay was developed.

Previous structural studies suggested that the DNA targeting
of the Cas12a/gRNA complex depends on the presence of a seed
sequence in the gRNA.**">* As shown in Fig. S9,t after the PAM
recognition by the Cas12a/gRNA complex, local strand
unwinding in the vicinity of the PAM allows the TS to base pair
to the seed sequence in gRNA, thereby leading to the formation
of an R-loop as well as the allosteric activation of specific and
collateral cleavage activities. Given this seed sequence-
dependent mechanism of DNA targeting, we envisioned to
facilitate seed binding by introducing unpaired sites into the
TS/NTS duplex adjacent to the PAM, which might result in the
enhanced activation of Casl2a proteins. To validate this
hypothesis, we tested the collateral cleavage activities of the
Cas12a/gRNA complex triggered by the target DNA duplex with
one or two unpaired sites adjacent to the PAM, respectively
(Fig. 2a). As displayed in Fig. 2a, the fluorescence signals of the
target DNA containing unpaired sites were slightly higher than
that of control DNA without unpaired sites. Moreover, the
enhancement in fluorescence signals showed a positive
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Fig. 2 (a) Effect of unpaired sites in the NTS adjacent to the PAM on

the collateral cleavage activity of LbCasl12a. LbCas12a/gRNA, 100 nM;
dsDNA, 50 nM; and FQ reporter, 1 pM. (b) Evaluation of the effect of
unpaired sites in the H1/H2 duplex on the analytical performance of
CRISPR-CHA. LbCasl12a/gRNA, 100 nM; H1, 50 nM; H2, 50 nM; miR-
21,10 nM; and FQ reporter, 1 uM. The data are presented as mean + s.d.
of three replicate measurements.

correlation with the number of unpaired sites. Based on these
findings, we sought to increase the sensitivity of CRISPR-CHA
by introducing unpaired sites into the H1/H2 duplex. Specifi-
cally, H1 containing one or two substitutes (H1y; and Hlg,) in
the loop region was designed, and then the fluorescence signals
of miR-21 in CRISPR-CHA with different H1 were measured. The
ratios of signal to background (S/B) in the groups H1, H1y; and
H1g, were 9.6, 12.4 and 5.0, respectively (Fig. 2b). The H1;-
based CRISPR-CHA had the highest S/B value, which might be
attributed to the compromise between the enhancement of
collateral cleavage activity and the decline in CHA efficiency
caused by the unpaired sites. In CRISPR-CHA, the CHA-
mediated signal conversion and self-signal amplification of
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Fig. 3 (a) Schematic illustration of the comparison of CRISPR-CHA

with CHA in response to miRNA. (b) Fluorescence intensity responses
of miR-21 (100 pM) in CRISPR-CHA and CHA, respectively. (c) Cali-
bration curve of CRISPR-CHA (red) and CHA (gray) in response to
different concentrations of miR-21. The data are presented as mean
+ s.d. of three replicate measurements.
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(@) Schematic presentation of the versatility of CRISPR-CHA for the detection of different miRNA targets. Fluorescence responses of

CRISPR-CHA toward (b) miR-141 and (c) miR-155 at different concentrations. (d) Heat map of the results of orthogonal experiment in CRISPR-
CHA assay. The concentration of each miRNA is 10 nM. The data are presented as mean =+ s.d. of three replicate measurements.

CRISPR-Cas12a are rationally coupled (Fig. 3a). Each miRNA
target is converted into hundreds of H1/H2 duplex outputs by
the CHA circuit. Meanwhile, each H1/H2 duplex output could
initiate the efficient cleavage of FQ reporters, because of the
rapid turnover of LbCas12a (1250 turnover per s).”*> As a result,
a two-stage signal amplification for the sensitive detection of
miRNA biomarkers is achieved. In contrast, each H1/H2 duplex
could only restore the emission of a fluorophore in the
conventional CHA assay (Fig. S10f). Therefore, the proposed
CRISPR-CHA has a much better detection sensitivity compared
to classical CHA assay in theory. Then, the fluorescence signals
of CRISPR-CHA and CHA in response to different concentra-
tions of miR-21 were investigated. Here, F/F, was defined as the
fluorescence response signal, where F and F, are the fluores-
cence intensities of each assay with and without the presence of
miR-21, respectively. The fluorescence response signals of 100
pPM miR-21 from CRISPR-CHA and CHA assay were determined
to be 3.4 and 1.4, respectively (Fig. 3b), suggesting an efficient
signal gain in CRISPR-CHA. For CRISPR-CHA, a linear rela-
tionship between the fluorescence response signal and the
logarithmic value of miR-21 concentration was obtained in the
concentration range from 0.1 fM to 100 pM (R* = 0.99) with
a limit of detection (LOD) of 0.07 fM (3S/N, Fig. 3c). In contrast,
the linear range of the CHA assay was 0.05-0.5 nM with a LOD of
0.04 nM (Fig. 3c). Therefore, CRISPR-CHA was able to decrease
the LOD by approximately 6 orders of magnitude compared
with the classical CHA assay. Moreover, the LOD of CRISPR-
CHA is 3-4 orders of magnitude lower than that of Cas13a-
based miRNA assays,'®'® providing an ultrasensitive method
for the analysis of miRNA biomarkers.

A major advantage of CRISPR-CHA, aside from the good
sensitivity, is its versatility originated from the high predict-
ability and programmability of the CHA circuit. By tuning the
variable regions in H1 and H2, CRISPR-CHAs for other miRNA
targets are facile to construct using the same gRNA as in the

This journal is © The Royal Society of Chemistry 2020

CRISPR-CHA for miR-21 (Fig. 4a). In contrast, the gRNA has to
be adjusted according to different miRNA targets in the Cas13a-
based assays. Additionally, the use of a fluorescence RNA
reporter with unstable nature requires extra precautions to
avoid false-positive results. Therefore, CRISPR-CHA exhibits
merits in cost and robustness over the Cas13a-based assays. To
evaluate the versatility of CRISPR-CHA, miRNA biomarkers
including miR-141 and miR-155 were chosen as the targets.
miR-141 and miR-155 are the biomarkers of many cancers, so
the development of a novel invasive diagnostic tool for detecting
these biomarkers is important for risk assessment of
cancers.>*®* CHA circuits were designed for the amplified
conversion of the two miRNA targets into the outputs of H1/H2
duplexes, based on which CRISPR-CHAig.141 and CRISPR-
CHA\ir-155 were fabricated for the analysis of miR-141 and miR-
155, respectively (Fig. S11 and S127). Here, the DNA mimics of
miR-141 and miR-155 were used based on the theoretical
computation using Oligo Analyzer 3.1 (Fig. S1371). Then, the
fluorescence response signals of the mimics of miRNA targets
with different concentrations were tested (Fig. S14-S16%). As
shown in Fig. 4b and c, there was a linear correlation between
the fluorescence signal and the logarithmic value of miR-141
concentration ranging from 0.1 fM to 100 pM (R*> = 0.99), and
the LOD of CRISPR-CHA,,ir-141 Was calculated to be 0.14 fM. A
similar linear relationship was observed in CRISPR-CHA,,ir-155
with a LOD of 0.15 fM. To investigate the specificity, we assessed
the responses of a panel of CRISPR-CHAs toward different
miRNA targets, and the result is shown as a heatmap in Fig. 4d.
Each CRISPR-CHA selectively responded to its target miRNA
with a low cross-response (Fig. 4d), indicating the high speci-
ficity of CRISPR-CHA. Since the target recognition in CRISPR-
CHA is based on the Watson-Crick base pair of CHA, its
ability to discriminate a single-nucleotide mutation might be
worse than that of the CRISPR-Dx methods utilizing CRISPR-
Cas for target recognition. Taken together, these results have

Chem. Sci., 2020, 1, 7362-7368 | 7365
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demonstrated the potential of CRISPR-CHA as a generic sensing
platform for sensitive and specific detection of miRNA.
Finally, given the excellent sensitivity and specificity of the
proposed CRISPR-CHA, its practical detection performance for
the miRNA biomarker in clinical samples was assessed. To this
end, the utility of CRISPR-CHA in the analysis of miR-21 levels
in different cell lines was first verified. Total RNA extracted from
human breast cancer cells (MCF-7), human non-small cell lung
cancer cells (A549) and human hepatocyte cells (LO2) were
analysed by CRISPR-CHA (Fig. 5a), and the result revealed
different expression levels of miR-21 in these cell lines (Fig. 5b,
Table S4 and Fig. S17t), which is consistent with the result
quantified by RT-qPCR using a commercially available kit
(Fig. 5b). Next, the performance of CRISPR-CHA in the detection
of miR-21 in serum samples was further investigated. Serum
from a healthy donor spiked with synthetic miR-21 at different
concentrations was used as the standard sample. It was found
that the serum only has a slight matrix effect on CRISPR-CHA
(Fig. S18t). A good linear relationship between the fluores-
cence signal and logarithmic value of miR-21 concentration was
obtained in the range from 1.0 fM to 100 pM, and as low as 1.0
fM miR-21 could be distinguished from the blank sample.
Then, the level of miR-21 in serum samples from 4 healthy
donors and 4 lung cancer patients was tested by CRISPR-CHA
(Fig. 5c¢). As shown in Fig. 5d, serum samples from lung
cancer patients induced much higher fluorescence signals
compared to those from healthy donors, suggesting the high
expression levels of miR-21 in the lung cancer patients' serum,
which agrees with previously reported results.’”*® Moreover, the
pre-addition of the miR-21 inhibitor (ssDNA fully complemen-
tary to miR-21) in the lung cancer patient’s serum samples
markedly decreased the fluorescence signals (Fig S197),
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demonstrating that the responses indeed originated from miR-
21 in the serum samples. These results indicated the promise of
CRISPR-CHA in the detection of low-abundance miRNA
biomarkers in clinical samples.

Conclusions

In summary, we presented a CRISPR-CHA method for the
sensitive detection of miRNA by integrating CRISPR-Cas12a
with a CHA circuit. In CRISPR-CHA, the self-signal amplifica-
tion of CRISPR-Cas12a and CHA-mediated signal conversion
and amplification are rationally coupled, resulting in a two-
stage amplified detection of miRNA with sub-femtomolar
sensitivity. Given the modularity and scalability of the CHA
circuit, the generality of CRISPR-CHA toward different miRNA
targets is facile to implement without involving any alterations
to the CRISPR-Cas components, exhibiting unparalleled merits
in cost, robustness and sensitivity over Casl3a-based assays.
The versatility of CRISPR-CHA has been demonstrated in the
assessment of miR-21 levels in different cancer cells and clinical
serum samples. Therefore, this work expands the application
scope of CRISPR-Cas12a to miRNA sensing and provides
a valuable tool for biochemical research and clinical diagnosis.
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