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PAM-less conditional DNA substrates leverage
trans-cleavage of CRISPR-Casl2a for versatile live-
cell biosensingT

Siyu Chen, Rujia Wang, Shuang Peng, Shiyi Xie, Chunyang Lei, ©2* Yan Huang
and Zhou Nie @ *

The CRISPR-Cas system has been repurposed as a powerful live-cell imaging tool, but its utility is limited to
genomic loci and mRNA imaging in living cells. Here, we demonstrated the potential of the CRISPR-Cas
system as a generalizable live-cell biosensing tool by extending its applicability to monitor diverse
intracellular biomolecules. In this work, we engineered a CRISPR-Casl2a system with a generalized
stimulus-responsive switch mechanism based on PAM-less conditional DNA substrates (pcDNAs). The
pcDNAs with stimulus-responsiveness toward a trigger were constructed from the DNA substrates
featuring no requirement of a protospacer-adjacent motif (PAM) and a bubble structure. With further
leveraging the trans-cleavage activity of CRISPR-Casl2a for signal reporting, we established a versatile
CRISPR-based live-cell biosensing system. This system enabled the sensitive sensing of various
intracellular biomolecules, such as telomerase, ATP, and microRNA-21, making it a helpful tool for basic
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Introduction

The visualization and detection of important biomolecules in
living cells can directly reveal their cellular spatiotemporal
distribution and dynamics, contributing to unveil their functions
in biochemical reaction networks.” Bioimaging tools, including
fluorescent protein-based biosensors and nucleic acid-based
probes,>* have been developed for monitoring a variety of
biomolecules with high sensitivity and specificity. Despite these
advancements, high-performance biosensing and bioimaging
tools remain highly desirable in fundamental biomedical
research, disease diagnosis, and drug screening. The clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR-
associated protein (Cas) system enables precise sequence recog-
nition under the guidance of RNA,*® which rationally integrates
the advantages of proteins and nucleic acids, thus highlighting its
potential in bioimaging.'®" For instance, by fusing the nuclease-
deficient Cas protein (dCas) with fluorescent tags or engineering
guide RNA (gRNA) with fluorescent labels, the CRISPR-Cas system
has been repurposed as a powerful imaging tool for tracking the
dynamics of genomic loci containing protospacer-adjacent motifs
(PAMs) and RNA in living cells, which contribute to gain better
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biochemical research and disease diagnostics.

insights into the dynamics of nuclear organization,>® gene
regulation and viral infections.*** Given the significance of this
progress, we were intrigued to find whether the CRISPR-Cas
system can be deployed as a universal live-cell biosensing tool
for a variety of intracellular biomolecules, rather than just for the
nucleic acid targets of interest.

To this purpose, we need to engineer the RNA-guided nucleic
acid binding and nuclease activation functions of the CRISPR-
Cas system with a generalized stimulus-responsive switch
mechanism. By engineering the CRISPR-Cas components with
responsiveness toward a stimulus, several studies have realized
conditional regulation of CRISPR-Cas functions in gene edit-
ing.**?® However, the complexity and diversity in the tertiary
structures of the Cas protein and guide RNA make this strategy
still face challenges when extending to other analytes. Given the
programmability and scalability of manipulating the secondary
structure of DNA,** engineering the substrate DNA sequence with
a generalized responsive mechanism can be a viable solution to
address this limitation. The DNA-targeting class II type V Cas
effectors (e.g., Cas12a and Cas12b) should be suitable candi-
dates,** because promiscuous degradation of endogenous RNAs
by the RNA-targeting Cas proteins could result in cell
apoptosis.*>* According to mechanism studies on the CRISPR-
Cas12a system, unwinding of the seed region by the Cas12a/
gRNA complex after PAM recognition is a crucial pre-step for
the subsequent R-loop formation and further allosteric activa-
tion of nuclease activity.>**® A recent study found that Cas12a/
gRNA complexes can process unwound DNA substrates without
the requirement of PAM recognition.*” Collectively, we reasoned
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Schemel Schematic illustration of the pcDNA-based CRISPR-Casl12a
systems. Different types of intracellular targets convert the corre-
sponding pcDNA into a PAM-less dsDNA substrate (pDNA) that can
activate the nuclease activities of Casl2a to generate signals for in vitro
and live-cell biosensing.
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that the strict PAM dependence of the CRISPR-Cas12a system on
a DNA substrate could be circumvented if an artificially unwound
seed region was constructed. In such a scenario, a new type of
DNA substrate without PAM requirement can be presented,
allowing us to design a generalized stimulus-responsive DNA
substrate by rationally taking advantage of the flexibility of the
pre-unwound seed region in molecular engineering.

Here, we engineered the CRISPR-Casl2a system with
a generalizable stimulus-responsive mechanism and deployed
it to monitor various biomolecules in living cells. Specifically,
we described a versatile strategy to eliminate the strict PAM
preference of the CRISPR-Cas12a system on the DNA substrate
by introducing an artificial bubble structure in the seed region.
Then, we constructed a PAM-less conditional DNA substrate
(pcDNA) whose activity is dependent on the presence of
a biomolecule trigger (Scheme 1). Benefiting from the
programmability and modularity of base-pairing, pcDNAs for
different analytes can be readily built via fine-tuning the inte-
grated DNA module. By further coupling the trans-cleavage of
CRISPR-Cas12a with a high turnover for signal reporting,
conditional CRISPR-Casl12a systems that enable sensing of
different types of biomolecules in living cells were established,
without involving any genetic manipulations or chemical
modifications to the CRISPR-Cas components. The versatility of
pcDNA-based CRISPR-Cas12a systems was demonstrated by the
sensitive sensing of several biomolecules in living cells,
including intracellular enzymes, small molecules, and micro-
RNAs. This work explores the potential of Cas12a for live-cell
sensing by integrating pcDNA with Cas12a's nuclease activity,
presenting a novel paradigm for the development of high-
performance CRISPR-Cas biosensing systems.

Results and discussion
Construction of PAM-less DNA substrates

We first sought to fabricate the PAM-less DNA substrates
(pDNAs) that can be recognized and processed by using the
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CRISPR-Cas12a system in this work. Structural studies have
revealed that the Cas12a/gRNA complex recognizes the PAM,
unwinds the seed region in the DNA substrate, and facilitates
the formation of the R-loop between the target strand (TS) and
the spacer in gRNA, resulting in allosterically activating the cis-
and trans-cleavage activities of Cas12a.** Therefore, the seed
region unwinding is the connecting step between PAM recog-
nition and R-loop formation. Moreover, when the complemen-
tary sequence of a spacer in a DNA substrate was completely
unwound, the PAM is dispensable for activating both the cis-
and trans-cleavage activities of Cas12a.***¢ The single-molecule
fluorescence study also confirmed this phenomenon, revealing
that the PAM is required only for R-loop initiation during the
target searching and cleavage process of Cas12a.*” In our recent
study, even the unwinding of only one site in the seed region
could accelerate the trans-cleavage rate of Cas12a.’® Inspired by
this progress, we speculated that unwinding of the seed region
might allow the seed segment in gRNA to hybridize with TS
directly without requiring the assistance of the PAM recognition
process (Fig. 1a).

Here, Casl2a from the Lachnospiraceae bacterium
(LbCas12a) was chosen as an example to test this assumption
(Fig. S17). LbCas12a, a widely used Cas protein in CRISPR-based
diagnostics,*** mainly recognizes the DNA substrates con-
taining the 5-TTTV-3’ PAM.*! In this work, a series of DNA
substrates with different nonmatched sites (1-, 2- and 6 nt
bubbles) in the seed region were prepared and processed by
LbCas12a/gRNA complexes, and the reaction products were
analysed by gel shift assay. All the DNA substrates with a bubble
structure were efficiently cis-cleaved by LbCa12a (Fig. 1b), sug-
gesting that LbCas12a can recognize and process these bubble
DNA substrates. Next, we investigated whether these bubble
DNA substrates could trigger the trans-cleavage activity of
LbCas12a using a fluorescent ssDNA reporter (FAM-TTATT-
BHQ1, FQ reporter).** As shown in Fig. 1c, all the bubble DNA
substrates induced a significant fluorescence signal, and the
fluorescence intensity had a positive relationship with the
number of nonmatched sites. A further increment in non-
matched sites did not increase the trans-cleavage signals
(Fig. S27). Using the DNA substrate with a 6 nt bubble as the
starting sequence, we designed a panel of counterpart
sequences with a mutant PAM that was reported to be unrec-
ognizable by LbCas12a.** These sequences could also activate
the trans-cleavage activity of LbCas12a (Fig. 1d and S37%).
Moreover, several sequences had a faster trans-cleavage
dynamic over the wild-type DNA substrate (Fig. 1e and S47),
which might contribute to a better detection sensitivity in bio-
sensing.*® Taken together, we can conclude that introducing
a bubble structure into the seed region is able to eliminate the
PAM preference of LbCas12a toward the DNA substrates.

Engineering pDNA with a switch mechanism

To engineer pDNA with a stimulus-responsiveness, we need to
devise it with both switch-on and switch-off mechanismes. First,
we sought to switch off its function by undermining the integ-
rity of the PAM region in pDNA. Toward this end, we introduced

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Construction of pDNAs. (a) Schematic diagram of the recognition of pDNA by Cas12a. V represents G, C or A, and N refers to any of the
four canonical nucleotides. (b) Native PAGE analysis of cis-cleavage of wild-type DNA substrates with different nonmatched sites by LbCas12a. (c)
Fluorescence signals of FQ reporter cleavage by Casl2a induced by the dsDNA substrates containing different nonmatched sites in the seed
region. (d) Evaluation of the activation of LbCas12a by the substrates with a mutant PAM and their counterparts with a 6 nt bubble in the seed
region using the FQ reporters. (e) Fluorescence kinetic analysis of trans-cleavage of FQ reporters by Casl?a activated by the bubble DNA
substrates. (f) Normalized trans-cleavage signals induced by pDNA and truncated/blocked pcDNA. (g) Blueprint of constructing pcDNAs with
a switch mechanism by modulating the formation of a bubble structure in the seed region. LbCas12a, 100 nM; gRNA, 100 nM; wild-type DNA
substrate, pDNA or pcDNA, 50 nM; FQ reporter, 1.0 uM. FL, fluorescence; a.u., arbitrary units.

different numbers of nonmatched sites into the PAM, and
tested their abilities to activate the trans-cleavage activity of
LbCas12a. After incubating these sequences with LbCas12a/
¢RNA complexes and FQ reporters, strong fluorescent signals
comparable to the control group were observed (Fig. S51), which
suggested that PAM integrity is dispensable for the pDNAs.
Therefore, the bubble structure might perform a crucial role in
the maintenance of pDNAs' function. To verify this hypothesis,
we created a truncated pDNA by removing the bubble seed

© 2022 The Author(s). Published by the Royal Society of Chemistry

region from the TS and assessed its function based on the trans-
cleavage signal. A sharp decline of 98.9% in the fluorescent
signal revealed that the truncated counterpart lost the ability to
activate the LbCas12a’s nuclease activity (Fig. 1f). Moreover, the
PDNA could be efficiently blocked by hybridizing the bubble
seed region and its 3’-flank with a complementary strand
(declined by 89.4%, Fig. 1f). Together, these results indicate that
we can switch off the function of pDNA by destroying the bubble
structure.
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Given that the seed region is indispensable to maintain the
function of pDNAs, it is reasonable to envisage a blueprint for
constructing pcDNAs by modulating the formation of the
bubble structure in the seed region (Fig. 1g). Specifically, we can
restore the activity of the truncated pDNA via enzymatic chain
elongation or demask the blocked pDNA in combination with
dynamic nucleic acid hybridization.*** In this scenario, diverse
pcDNAs are expected to be constructed for the sensing of
different biomolecules. The advantages of no PAM requirement
and the bubble structure confer the pDNAs with better flexibility
and freedom in designing a stimulus-responsiveness compared
to the wild-type DNA substrates.

Cas12a-mediated telomerase activity assay

Telomerase activation is observed in most human tumours, and
the immortality conferred by telomerase plays a key role in
cancer development.**® As a proof-of-concept, we attempted to
construct pcDNAr. with telomerase-responsive capacity and
deployed it to develop Cas12a-based telomerase assay (Fig. 2a).
The advantages of the bubble structure and no PAM require-
ment allow us to implement the construction of pcDNA.; based
on a truncated pDNA using a 20 nt primer sequence of human
telomerase as the TS. The NTS in pcDNAr is composed of the
complementary sequence of two telomeric repeats (12 nt,
orange), a 6 nt linker sequence (red), and a partially
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complementary region of the telomerase primer (14 nt, blue). In
the presence of human telomerase, tandem telomeric repeats
(AGGGTT),, are enzymatically appended to the 3'-terminus of
the telomerase primer,* leading to the generation of the duplex
DNA containing a bubble structure. Using gRNA targeting the
telomerase primer sequence, the elongation products can
function as the pDNA to activate the nuclease activity of
LbCas12a. Consequently, telomerase activity is converted and
amplified into a detectable fluorescent signal via the efficient
trans-cleavage of FQ reporters.

To verify the feasibility of this design, we extracted telome-
rase from HeLa cells and incubated it with the pcDNA+, in the
buffer solution containing dNTP mixtures. Elongation products
with slower migration rates were detected in the gel shift assay
(Fig. S6T). Then, the elongation products were mixed with
LbCas12a/gRNA complexes and FQ reporters to produce
detectable signals. As shown in Fig. 2b, a strong fluorescence
signal that is 28.7-times that of the control without telomerase
was observed. When the telomerase was treated with different
concentrations of 3'-azido-3'-deoxythymidine (AZT, a telome-
rase inhibitor),* a dose-dependent decrease in the trans-
cleavage signal was observed (Fig. S7f). Therefore, the
telomerase-catalysed elongation reaction can efficiently and
specifically trigger the trans-cleavage activity of LbCas12a. In
this assay, the highest fluorescence signal was obtained with an
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Fig. 2 The pcDNA-based Casl2a assay for the analysis of telomerase activity. (a) Scheme of pcDNA-based Casl2a assay for the detection of
telomerase activity. (b) In vitro fluorescent detection of the telomerase activity in the extracts from 1000 Hela cells in the pcDNA-based Casl2a
assay. The blank sample contains the same components except the cell extract; the w/o pcDNAt¢ sample contains all the components except
pcDNA+,. (c) Fluorescence responses of pcDNA-based Casl2a assay in response to telomerase from different numbers of Hela cells. The black
dot line represents the fluorescence threshold value, followed by the 3¢ principle for the distinction of telomerase in cell lysates. The inset shows
the enlarged view of fluorescence intensity of O and 10 Hela cells. Data represent means + SD. *P < 0.05 and Student's test. (d) Fluorescence
signals induced by telomerase from different types of human cell lines for 1000 cells. (e) qRT-PCR result of the relative TERT mRNA expression
levels in different cells. Data represent means + SD. **P < 0.01, ***P < 0.001, and ANOVA followed by Tukey's post hoc test.
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Fig. 3 The pcDNA-based Casl2a assay for the live-cell sensing of telomerase activity. (a) Scheme of pcDNA-based Casl2a assay for sensing of
the telomerase activity in living cells. (b) CLSM images (left) and the corresponding fluorescence signals (right) of the trans-cleavage activity of
LbCas12a in different cell lines with indicated treatments. (i) LbCas12a/gRNA and FQ reporter; (ii) LbCas12a/gRNA, FQ reporter and random
dsDNA; (iii) LbCas12a/gRNA, FQ reporter and a wild-type DNA substrate. Fluorescence intensity was quantified from per condition using ImageJ
software. Data represent means + SD (n = 81, 63, 63, 44, 52, 46, 53, 51, 52, 74, 58, and 45 cells, from top to bottom). (c) The CLSM images (left)
and the corresponding fluorescence signals (right) of the Cas12a assay for sensing of telomerase activity in HelLa cells. LbCas12a, 50 nM; gRNA,
50 nM; wild-type DNA substrate, random dsDNA or pcDNA, 100 nM; FQ reporter, 1.0 uM; AZT, 200 pM. Scale bar, 20 um. Data represent means +

SD (n = 41, 44, 42, 57 cells, from left to right).

elongation time of 1.0 h (Fig. S8%), which might be attributed to
the fact that over-elongated products could serve as the
competitive substrates to retard the trans-cleavage rate of FQ
reporters. Under this optimal condition, fluorescence response
dynamics of the elongation products at different concentrations
of telomerase were measured (Fig. 2c). The fluorescence signal
had a positive correlation with the number of HeLa cells over
the range of 10-1500 cells, and the lowest detection cell number
was as low as 8 cells (3g/slope). Next, to assess the potential
utility of this assay in clinical diagnosis, we chose three other
typical human tumour cell lines (MCF-7, A549 and 293T) and
a normal cell line (LO2) as the models to test the cellular telo-
merase activity. The fluorescence signals of the tumour cell line
groups were significantly higher than that of the LO2 cell line
group (Fig. 2d and S9at), which are consistent with the telo-
merase activities determined by telomeric repeat amplification
protocol (TRAP) assay and the mRNA levels of human

© 2022 The Author(s). Published by the Royal Society of Chemistry

telomerase reverse transcriptase (TERT) quantified by qRT-PCR
(Fig. 2e and S9bt). Collectively, by rationally designing a telo-
meric elongation-responsive pcDNA, we have established
Casl12a-based assay for the sensitive detection of telomerase
activities.

Cas12a-mediated live-cell detection of telomerase activity

Having realized the analysis of telomerase activities in vitro, we
next sought to employ this pcDNA-based Casl2a assay to
monitor telomerase activity in living cells (Fig. 3a). Although the
trans-cleavage activity of Cas12a has been widely employed for
signal reporting in CRISPR-based biosensing and diagnos-
tics,>**%2 whether it can function in living cells for biosensing
remains to be verified. To this end, we first tested the trans-
cleavage effect of LbCas12a in the cytoplasm using the FQ
reporters. Before that, Mg>*, a key cofactor of Cas12a, was
confirmed to be sufficient to maintain the nuclease activity of

Chem. Sci., 2022, 13, 2011-2020 | 2015
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Cas12a under the intracellular Mg>" concentration in the range
of 0.5-1.0 mM **** (Fig. S10at). Moreover, the FQ reporters were
validated to be relatively stable in complex biological samples,
contributing to gain a low background signal (Fig. S10b and cf).
The FQ reporters, wild-type DNA substrates and LbCas12a/gRNA
complexes were stepwise transfected into different cell lines
using a commercial transfection reagent. The cells were imaged
by confocal laser scanning microscopy (CLSM), and bright fluo-
rescent spots were detected in various cell lines, including HeLa,
A549, MCF-7, and LO2 (Fig. 3b and S11f), suggesting that
LbCas12a can be activated to trans-cleave the FQ reporters
effectively in the cytoplasm. The slight effects on cell viabilities
determined by the standard CCK8 assay implied the low cyto-
toxicity of the Cas12-based signal reporting system (Fig. S127).
Collectively, these data have indicated the promising potential of
Cas12a's trans-cleavage effect in live-cell biosensing.

To test the usability of the pcDNA-based Cas12a assay for the
live-cell sensing of telomerase activity, we transfected pcDNAr,,
LbCas12a/gRNA complexes and FQ reporters into HeLa cell
lines, followed by CLSM analysis at different times (Fig. S137).
As shown in Fig. 3c and S14,t strong fluorescence signals were
detected in the HeLa cells, which were 6.1 times over the control
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group using a mimic-pcDNAr. without telomerase-responsive
capacity. The fluorescence signal declined by 41.4% when the
cells were pre-treated with AZT (Fig. 3c and S15t1), indicating
that the fluorescence signal was derived from the elongation
catalysed by intracellular telomerase. Therefore, the rational
integration of pcDNA and the trans-cleavage activity of
LbCas12a have enabled the specific biosensing of telomerase
activity in living cells.

Cas12a-mediated sensing of ATP

The bubble structure and no PAM requirement in the pDNA
provides a high degree of freedom to design pcDNA by inte-
grating with functional nucleic acids and toehold-mediated
strand exchange reactions.*” Thus, we next sought to explore
the versability of pcDNA in sensing different biomolecules. To
validate the applicability of pcDNA in the sensing of small
biomolecules, we chose ATP that plays an essential regulatory
and integral role in cell metabolism as the model target,” and
fabricated pcDNAsrp Wwith ATP-responsiveness. In the
pcDNA,rp, an ATP aptamer containing a 7 nt tail at the 3’
terminus is introduced to block the function of a pDNA through
complementary base pairing (Fig. 4a). In the presence of ATP,
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the specific binding between ATP and its aptamer results in the
release of the pDNA, which subsequently triggers the activation
of LbCas12a's nuclease activity, thereby leading to the genera-
tion of fluorescence signals via trans-cleavage of FQ reporters.
Thus, both the bubble structure and no PAM requirement are
indispensable for the integration of ATP aptamer to build the
PcDNArp. The structure of pcDNA,rp was theoretically pre-
dicted by using NUPACK (Fig. S16%1). The fabrication of
pcDNA,7p and its responsiveness toward ATP were confirmed by
the gel shift assay (Fig. 4b). Then, ATP was incubated with
pcDNArp, and the reaction products were mixed with
LbCas12a/gRNA complexes and FQ reporters. An intense fluo-
rescence signal that is about 8.5-times the control without ATP
was obtained (Fig. S177). After optimizing the concentration of
PcDNA,1p, the ratio of the fluorescence without ATP was ob-
tained (Fig. S171). After optimizing the concentration of
PcDNA4rp, the ratio of the fluorescence response was further
improved to 9.8 (Fig. S181). By determining the fluorescence

View Article Online
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responses toward ATP at different concentrations, the calibra-
tion curve for ATP detection was found to be linear over
a concentration range of 2.5-800 pM with a limit of detection of
0.47 uM (3a/slope, Fig. 4c). Because of the high specificity of the
aptamer, this pcDNA-based Cas12a assay showed good selec-
tivity toward ATP (Fig. 4d). Next, we attempted to investigate the
feasibility of the pcDNA-based Cas12a assay in live-cell bio-
sensing of intracellular ATP. The mixture of pcDNAarp,
LbCas12a/gRNA complexes, and FQ reporters was transfected
into A549 cell lines. The CLSM image showed a strong fluores-
cence signal, which is 5.5-fold over the control group using
a mimic pcDNA,p without responsiveness toward ATP (Fig. 4e
and S19%). Moreover, when the mitochondrial ATP synthesis
was inhibited by oligomycin,*® the fluorescence signal declined
by 62.4%. Overall, these results have demonstrated that Cas12a-
based sensing of ATP both in vitro and live-cell have been ach-
ieved by rationally designing pcDNAarp and leveraging the
trans-cleavage activity for signal reporting.
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Fig. 5 The pcDNA-based Casl2a assay for the sensing of miRNA. (a) Schematic diagram of the sensing of miRNA based on pcDNAirna- ()
Fluorescence emission spectra of the pcDNA-based Casl2a assay in response to miRNA-21. pcDNAirna. 100 nM. miRNA-21, 500 nM. (c)
Fluorescence signals of miIRNA-21 and miRNA-122 in the orthogonal assay. The concentration of each miRNA is 500 nM. (d) Calibration curve of
the observed fluorescence intensity as a function of the miRNA-21 concentration. (e) Sensing of endogenous miRNA-21 in living cells using the
pcDNA-based Casl2a assay. (f) Fluorescence signals of each cell line with different treatments. The inset shows the gRT-PCR result of the relative
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Cas12a-mediated sensing of miRNA

To further extend the applicability of the pcDNA-based Cas12a
assay, we tested its potential in the live-cell sensing of the
disease-associated miRNAs. The miRNA-21 is a known oncogenic
miRNA, which has been identified as upregulated in almost all
kinds of cancers and involved in tumorigenesis.”” Here, taking
miRNA-21 as the model miRNA biomarker, pcDNA,irna Was
devised to enable the specific response toward miRNA-21. Anal-
ogously, the advantages of the bubble structure and no PAM
requirement allow us to construct pcDNA;,rna based on
a blocked pDNA. Similar to the pcDNA,rp, the complementary
sequence of miRNA-21 conjugating a 6 nt tail at the 3’ terminus is
introduced to block the functionality of a pDNA in the
PCcDNA,,irna (Fig. 5a). In principle, miRNA-21 hybridizes with the
toehold in pcDNA;,rna and initiates the strand exchange reac-
tion, thereby restoring the function of the pDNA. Therefore, by
simply designing pcDNA,irna, the existence of miRNA-21 can be
converted into the promoted nuclease activity of LbCas12a,
which can generate amplified fluorescence signals through the
trans-cleavage of FQ reporters. As shown in Fig. 5b, pcDNAirna
only showed a very slight background fluorescence signal when
incubated with LbCas12a/gRNA complexes and FQ reporters. In
contrast, a significant fluorescence response was observed in the
presence of miRNA-21. The response of pcDNA,,rna toward
miRNA-21 was also validated by gel shift assay (Fig. S207).
Analogously pcDNA,,;rna Was designed and fabricated to detect
miRNA-122 (Fig. S217f). Notably, the parallel pcDNA,,;rna OnDly
responded to their corresponding miRNA targets with a negli-
gible crosstalk (Fig. 5¢). Under the optimal conditions, the fluo-
rescence response in this assay showed a linear relationship
between miRNA-21 concentration in the range of 1-250 nM with
a limit of detection of 0.25 nM (Fig. 5d). Next, the feasibility of the
pcDNA-based Cas12a assay in probing the endogenous miRNAs
in living cells was further investigated. Toward this end, the
components of this assay were co-transfected into A549 cells and
LO2 cells, respectively. As shown in Fig. 5e and S22,f bright
fluorescent spots were observed in the cytoplasm of A549 cells
transfected with all the components, accomplished by the weak
background fluorescence in the control group without
PcDNA, irna- At the same time, no significant fluorescence signal
was detected in the LO2 cells, suggesting the low expression of
miRNA21. These results agreed with the higher expression level
of miRNA-21 in cancerous A549 cells determined by qRT-PCR
(inset of Fig. 5f). Taken together, these data have proved that
the pcDNA-based Cas12a assay can be extended for the sensitive
sensing of endogenous miRNAs in living cells.

Conclusions

The CRISPR-Cas system has been repurposed as a powerful tool
for imaging genomic loci, mRNA, and their dynamics in living
cells, due to its RNA-guided precise nucleic acid sequence
recognition capacity. Here, we demonstrated that the CRISPR-Cas
system presents a generic live-cell biosensing tool by extending its
applicability to the monitoring of telomerase, ATP and miRNA in
living cells. Based on the structural and mechanistic studies, we
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envisioned eliminating the PAM preference of the CRISPR-Cas12a
system toward DNA substrates by introducing an artificial
unwound seed region. After a comprehensive investigation, we
validated this assumption and developed a series of pDNAs
containing a 6 nt bubble in the seed region. These pDNAs can
activate both the cis- and trans-cleavage activities of LbCas12a
even better than the corresponding wild-type counterparts.
Further studies revealed that the bubble structure is crucial to
maintain the function of the pcDNAs, which allows us to switch
off their function by truncating or blocking the TS in these DNAs.
By integrating with enzymatic chain elongations or functional
nucleic acids, we constructed the pcDNA whose activities depend
on the presence of the corresponding target biomolecules,
including telomerase, ATP and miRNA-21. Moreover, we
demonstrated the potential of Casl12a's trans-cleavage effect in
live-cell biosensing for the first time. Finally, sensitive detection
of these biomolecules in living cells was achieved by leveraging
the trans-cleavage effect for signal reporting, expanding the
applicability of CRISPR-Cas system in live-cell biosensing.

This work constructed pcDNAs and leveraged the trans-
cleavage activity of CRISPR-Casl2a for versatile live-cell
sensing, which possesses several merits: (i) no PAM require-
ment and a bubble structure in the pcDNAs enable great flexi-
bility and high degree of freedom in designing stimulus-
responsiveness; (ii) scalability can be readily implemented by
coupling with diverse functional nucleic acid motifs; (iii) engi-
neering on a DNA substrate represents simplicity and low cost
in methodology; (iv) high turnovers of trans-cleavage allow for
amplified signal reporting. In this live-cell sensing system, the
reaction kinetics relies on the diffusion of each component for
random collisions and interactions in the cytoplasm, leading to
a compromise in detection speed and sensitivity. Considering
that biochemical reactions can be accelerated by concentrating
the reactants together, trapping the components of the sensing
system in confined spaces via DNA technology or liquid-liquid
phase separation could be a promising solution to mitigate this
limitation.****

In summary, this work has exploited the potential of the
CRISPR-Cas system in live-cell biosensing by developing a facile
and generalizable strategy. This strategy engineers the DNA
substrates with a generalizable stimulus-responsive mechanism
and employs the trans-cleavage activity of CRISPR-Cas12a for
signal reporting. Such a rational combination enables the
versatile sensing of different types of biomolecules in living
cells. Taking advantage of the programmability of Watson-
Crick base pairing and the diversity of functional nucleic acids,
this pcDNA-based Casl2a live-cell biosensing tool can be
expanded into a generic biosensing system for the monitoring
of intracellular biomolecules in the future. Therefore, this work
presents a novel paradigm for developing high-performance
CRISPR-Cas biosensing systems, exhibiting great potential in
basic biochemical research and clinical diagnostics.

Data availability

All data required to evaluate the conclusions are present in the
paper and/or ESLt
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