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Herein, we describe an isothermal proximity CRISPR Casl2a assay that harnesses the target-induced
indiscrimitive single-stranded DNase activity of Casl2a for the quantitative profiling of gene expression at
the mRNA level and detection of proteins with high sensitivity and specificity. The target recognition is
achieved through proximity binding rather than recognition by CRISPR RNA (crRNA), which allows for
flexible assay design. A binding-induced primer extension reaction is used to generate a predesigned
CRISPR-targetable sequence as a barcode for further signal amplification. Through this dual amplification
protocol, we were able to detect as low as 1 fM target nucleic acid and 100 fM target protein
isothermally. The practical applicability of this assay was successfully demonstrated for the temporal
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Introduction

Isothermal amplification is playing increasingly important roles
in nucleic acid and protein detection and quantification within
diverse clinical and biological settings.'* Comparing to the
classic polymerase chain reaction (PCR), isothermal nucleic
acid amplification can be more rapid and efficient but with no
need for bulky thermocycling equipment. Therefore, isothermal
assays are ideal PCR-alternatives for applications such as rapid
screening of disease biomarkers and point-of-care testing
(POCT).*

Recent advances in microbial clustered regularly interspaced
short palindromic repeats (CRISPR) and CRISPR-associated
(CRISPR-Cas) enzymes offer exciting opportunities for devel-
oping novel isothermal nucleic acid amplification assays that
are both sensitive and specific.**® In particular, the combina-
tion of recombinase polymerase amplification (RPA) with the
unique target-binding induced indiscriminative single-
stranded DNase (ssDNase) activity of Cas12 and Cas13 has led
to the development of a series of isothermal assays, such as
specific  high-sensitivity ~enzymatic reporter unlocking

“Key Laboratory of Green Chemistry & Technology of Ministry of Education, College of
Chemistry, Analytical & Testing Center, Sichuan University, 29 Wangjing Road,
Chengdu, Sichuan, 610064, China. E-mail: yanantang@scu.edu.cn

*Department of Chemistry, Centre for Biotechnology, Brock University, St. Catharines,
Ontario, L2S 3A1, Canada. E-mail: fli@brocku.ca

‘Department of Cell Biology, National Research Center, 12622, Egypt

‘Department of Health Sciences, Brock University, St. Catharines, Ontario, L2S 3A1,
Canada

available. See DOL

T Electronic  supplementary  information

10.1039/d0sc06113a

(ES)

© 2021 The Author(s). Published by the Royal Society of Chemistry

profiling of interleukin-6 gene expression during allergen-mediated mast cell activation.

(SHERLOCK)** and DNA endonuclease-targeted CRISPR trans
reporter (DETECTR).” We have also introduced an isothermal
plasmonic CRISPR assay by integrating Casl12a with loop-
mediated isothermal amplification (LAMP) and plasmonic
nanoparticles.® So far, the detection of each specific genetic
marker requires the existence of a protospacer-adjacent motif
(PAM) domain and the design of a specific CRISPR RNA
(crRNA). Herein, we introduce a new isothermal amplification
assay principle, where target recognition is achieved through
proximity hybridization'’~** rather than crRNA binding. As such,
Cas12a is decoupled from the target sequence and can be used
as a universal amplifier for both DNA and RNA sequences with
no requirement of PAM domain. Moreover, the proximity
binding principle also makes it possible to expand Casl2a-
based assays to non-nucleic-acid targets, such as proteins. The
practical usefulness of this novel isothermal proximity CRISPR
Casl2a assay (iPCCA) was demonstrated by quantitatively
profiling the temporal changes of interleukin-6 (IL-6) gene
expression during allergen-mediated mast cell activation, as
well as the quantification of IL-6 proteins.

Results and discussion

The assay principle is illustrated in Fig. 1. Two hybridization
probes P1 and P2 are designed to have a short 6 nt comple-
mentary domain (red domain), so that they do not hybridize to
each other in the absence of the target. The hybridization of the
two probes to the same target brings them into proximity and
thus induces the formation of a three-way junction. In the
presence of a polymerase, a primer extension reaction occurs
and produces a double-stranded DNA (dsDNA) barcode that can
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Fig.1 Schematic illustration of the proximity CRISPR Cas12a assay for
the amplified detection of nucleic acids.

be recognized by a pre-designed crRNA. The ssDNase activity of
Cas12a is then activated. Amplified fluorescence signal is ach-
ieved by adding a short ssDNA substrate labelled with

View Article Online

Edge Article

a fluorophore at the 5 end and a quencher at the 3’ end,
respectively. As the generation of the DNA barcode is quanti-
tatively determined by the amount of the original target,
quantitative results can be obtained in the form of a critical
time t to reach a threshold fluorescence value (Fig. 2).

When examining the performance of iPCCA using
a synthetic DNA target, we were able to detect as low as 1 pM
target (Fig. 2B and C). The obtained limit of detection (LOD) is
comparable with that using direct crRNA recognition and
Cas12a cleavage (Fig. S17), suggesting that the binding-induced
primer extension can effectively translate the detection of
a target sequence to the production of the DNA barcode for the
subsequent Cas12a-mediated amplification.

To improve the assay sensitivity, we further coded the DNA
barcode with a nicking cleavage domain (Fig. 2A). Specifically,
P2 was designed to contain a nicking recognition domain
(purple) adjacent to PAM. Upon primer extension, a sequence
that contains both the barcode for Casl2a activation and
a nicking cleavage domain was generated. In the presence of
a nicking endonuclease, a sSDNA barcode was released through
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Isothermal proximity CRISPR Casl12a assay for the detection of nucleic acids. (A) Schematic illustration of the integration of proximity

CRISPR Casl2a assay with nicking cleavage for further signal amplification. (B and C) Detection of a synthetic nucleic acid target using proximity
primer extension followed by CRISPR Casl2a amplification. Once measuring the fluorescence increase in real-time (B), we set a threshold
(dashed line) to determine the critical time , which is the minimal time to reach the threshold. A calibration curve was then established by plotting
At (At = 7200 s — 1) as a function of target concentrations (C). (D and E) Detection of nucleic acid target by integrating the proximity CRISPR
Casl2a assay with nicking cleavage. (F and G) The detection of target at concentrations from 1 fM to 1 pM using the proximity CRISPR Cas12a

assay integrated with nicking cleavage. To further push the detection

limit to lower target concentrations, a blocking DNA was introduced to

suppress the background (H and I). Each error bar represents one standard deviation from triplicate analyses.
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nicking cleavage and a new round of primer extension was
triggered. As such, each target could trigger the production of
multiple ssDNA barcodes and thus further amplifies the
detection signal upon integration with the ssDNase activity of
Cas12a.

As shown in Fig. 2D, the dual amplification strategy signifi-
cantly enhanced fluorescence signals comparing to a single-step
Cas12a amplification. Upon optimization (Fig. S2-5S47), we were
able to push the LOD to 100 fM (Fig. 2E and G), which corre-
sponds to a 10-times improvement. Meanwhile, the dual
amplification also led to higher fluorescence background,
making it difficult to further distinguish targets of concentra-
tions lower than 100 fM (Fig. 2F).

We reason that an important source of high fluorescence
background is the transient binding between P1 and P2, which
was then stabilized by primer extension. To address this issue,
we rationally designed a blocking DNA that competitively
consumes P1 and thus prevents the transient binding between
P1 and P2 (Fig. 2H). Specifically, the blocking DNA was designed
to contain the identical short complementary domain as P2 but
with an additional 6 nt polydT domain at the 5 end. As the
blocking DNA was supplied in much higher concentration than
that of P2, unreacted P1 favoured the binding with the blocking
probe, which was then locked through primer extension. In the
presence of a target, the target-specific binding brought P1 and
P2 into proximity and thus outcompeted the blocking DNA,
which allowed the target-specific amplification. Therefore, this
blocking strategy was found to effectively reduce the back-
ground, allowing the detection of as low as 1 fM target DNA
(Fig. 1H and I).

We next challenged practical applicability of iPCCA to real
biological samples. One advantage of the proximity recognition
mechanism is that the target is not limited to DNA. RNA can
also be recognized directly through proximity hybridization
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Fig. 3 (A) Schematic illustration of quantitative profiling of IL-6
expression during allergen-mediated mast cell activation using iPCCA.
(B) Real-time monitoring of the detection of IL-6 mRNA at varying
stimulation time points. A threshold was set to determine the critical
time 7. At was then determined using At = 7200 s — 7. (C) At was
normalized against total RNA for samples collected at each stimulation
time point and then plotted to determine the temporal changes of IL-6
gene expression during allergen-mediated mast cell activation. Each
error bar represents one standard deviation from triplicate analyses.
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without the need for reverse transcription. Therefore, we
demonstrated the use of iPCCA for profiling the temporal
changes of IL-6 gene expression at the mRNA level during
allergen-mediated mast cell activation (Fig. 3). IL-6 has a wide
variety of activities on immune cell function and on the repli-
cation and differentiation of many cell types.”* It is also
a mediator of inflammation and a potential therapeutic target
to treat inflammatory disease.”® Therefore, rapid and quantified
profiling of IL-6 gene expression during allergic reactions holds
great potential for understanding and diagnosing diseases such
as mastocytosis, anaphylaxis, and asthma.**>*

As shown in Fig. 3A, the allergen-mediated mast cell activa-
tion was achieved by sensitizing bone marrow-derived mast
cells (BMMCs) from wild-type C57BL/6 mice with trinitrophenyl
(TNP)-specific IgE and then stimulating the cells using TNP-BSA
(allergen) and stem cell factor (SCF) (100 ng mL™") for varying
time points (0 min, 15 min, 30 min, 1 h, 3 h, 6 h, and 24 h). Total
RNA was then isolated and quantified directly using iPCCA. We
observed repeatedly that the expression level of IL-6 gene
increased upon mast cell activation, peaking at 1-3 h (Fig. 3B, C
and S5t). These observations are highly consistent with our
previous observations using reverse transcription and PCR,>**¢
suggesting that iPCCA holds the potential to replace PCR as an
isothermal alternative for quantifying genetic markers.

As iPCCA relies on proximity binding for target recognition,
it holds the potential for detecting non-nucleic-acid target by
modifying P1 and P2 with affinity ligands.’*' To test this
hypothesis, we engineered P1 and P2 with polyclonal antibodies
that bind to IL-6 protein through well-established streptavidin-
biotin conjugation chemistry.”” The two probes, termed as P1’
and P2/, can bind to the same IL-6 protein but at different
epitopes. Therefore, the affinity interactions among IL-6 and the
two antibodies will bring P1’ and P2’ into proximity and thus
trigger subsequent iPCCA for amplification and detection
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Fig.4 (A) Schematicillustration of iPCCA for amplified detection of IL-
6 protein. (B) Real-time monitoring of the detection of IL-6 protein at
varying concentrations. A threshold was set to determine the critical
time 7. At was then determined using At = 7200 s — 1. (C) Protein
quantification using At as a function of IL-6 protein concentrations.
Each error bar represents one standard deviation from triplicate
analyses.
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(Fig. 4A). As shown in Fig. 4B and C, we were able to detect as
low as 100 fM IL-6 proteins in an isothermal and wash-free
manner.

Conclusions

In conclusion, we have introduced a novel isothermal proximity
CRISPR Casl12a assay (iPCCA) capable of detecting genetic
markers, levels of gene expression, as well as proteins. Because
the target recognition is achieved through proximity binding of
hybridization probes to the target sequence, iPCCA enables
Cas12a as a universal amplifier for both DNA and RNA targets
without the need for a PAM domain. The proximity binding
principle also further expands the use of iPCCA to non-nucleic-
acid target, such as proteins. Owing the sensitivity, flexibility
and simplicity, our iPCCA approach enriches the current
toolbox of CRISPR diagnostics (CRISPR Dx) by offering new
mechanisms for target recognition and signal amplification and
thus holds the potential for wide uses in molecular diagnostics.

Materials and methods

Materials

EnGen Lba Cas12a (Cpf1), 10X NEBuffer™ 2.1 buffer, Klenow
fragment (3’ — 5’ exo-), 10X NEBuffer™ 2, deoxynucleotide
(dNTP) solution mix, nicking endonuclease (Nb.BbvCI) were
purchased from New England Biolabs Ltd. (Whitby, ON, Can-
ada). Streptavidin from Streptomyces avidinii and biotin were
purchased from Sigma (Oakville, ON, Canada). IL-6 protein and
polyclonal anti-IL-6 antibodies were purchased from Thermo
fisher Scientific (Mississauga, ON, Canada). Human serum,
magnesium chloride hexahydrate (MgCl,-6H,0), and 100x
Tris-EDTA (TE, pH 7.4) buffer were purchased from Sigma-
Aldrich (Mississauga, ON, Canada). NANOpure H,0 (>18.0
MQ), purified using an Ultrapure Mili-Q water system, was used
for all experiments. All DNA samples and the guide RNAs were
Integrated DNA Technologies (Coralville, IA) and purified using
high-performance liquid chromatography.

Nucleic acid detection using iPCCA

For a typical test, a 50 uL reaction mixture contained 5 pL of
100 nM P1, 5 pL of 100 nM P2, 5 pL of 200 nM blocking DNA, 10
uL of varying concentrations of genetic target, 3.3 mmol of
dNTPs, 5 units of Klenow fragment and 0.5 unit of nicking
endonuclease in 1X NEBuffer™ 2. The solution was incubated
at 37 °C for 20 min. A 50 pL enzyme solution which contains
30 nM of Cas12a, 30 nM of gRNA and 60 nM of signal reporter in
1X NEBuffer™ 2.1 was added. Fluorescence was measured
immediately after transferring the reaction mixture to a 96-well
microplate and kept measuring every 30 s for 2 hours at 37 °C
using a SpectraMax i3 multi-mode microplate reader (Molecular
Devices) with excitation/emission at 485/515 nm.

Mast cell culture and activation

Primary mast cell cultures were established by isolating bone
marrow from the tibia and femur of wild-type C57BL/6 mice
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(Charles River) and inducing differentiation with IL-3 (from
Wehi-3b cells, American Type Culture Collection - ATCC) and
PGE, (Sigma) conditioned culture media. The BMMCs were
cultured twice weekly by collection, centrifugation, and resus-
pension of cells in fresh media, with cell viability confirmed by
NucBlue stain (Life Technologies, R37605) and cell growth
measured on a Countess II FL (Life Technologies Inc.,
AMQAF1000). Cells were maintained at a density of 0.5 x 10°
cells per mL and incubated at 37 °C with 5% carbon dioxide
(CO,). For IgE-mediated activation, BMMCs were sensitized
overnight with TNP-specific IgE harvested from TIB-141 cells
(ATCC) and the following day unbound IgE was washed away
with RPMI 1640. Prior to stimulation, the cells were resus-
pended in RPMI 1640 supplemented with 10% FBS and 1% pen/
strep. Cells were then separated for various time points (15 min,
30 min, 1 h, 3 h, 6 h, 24 h) and stimulated with 100 ng mL "
TNP-BSA (Biosearch Technologies, Novato, CA) under SCF
potentiation at 100 ng mL ™" (Peprotech, Dollard des Ormeaux,

QQC).

RNA isolation and IL-6 gene expression analysis using iPCCA

2-3 x 10° BMMCs were sensitized, washed and stimulated as
described above. RNA was isolated using the RNeasy Plus kit
(Qiagen) according to the manufacturer's suggested protocol.
Briefly, at each time point, cells were centrifuged at 1500 rpm
for 5 min at 4 °C and cell pellets were lysed in 350 pL of RLT Plus
lysis buffer with 10 uL mL™~"' 2-mercaptoethanol. RNA was
eluted in RNase-free water and quantified using NanoDrop. IL-6
mRNA was then measured directly from total RNA by iPCCA
using the abovementioned protocol. The final At for each
stimulation time point was normalized against the total RNA
using the following equation: AThormalized = ATmeasured X [tOtal
RNA]/[total RNA];nax, Where [total RNA] represents the total RNA
for each specific sample and [total RNA],., represents the
maximum amount of total RNA in the sample series.

IL-6 detection using iPCCA

To prepare probes for IL-6 protein, we mixed 25 pL of 2.5 uM
biotinylated DNA probes with equal volume of 2.5 uM strepta-
vidin and then incubated the solution at 37 °C for 30 min. We
then added 50 uM of 1.25 uM biotinylated IL-6 polyclonal
antibodies. The solution was incubated for another 30 min,
followed by a dilution to 250 nM with a solution containing
20 mM Tris buffer, 0.01% BSA, and 1 mM biotin. For a typical
test, a 50 pL reaction mixture contained 5 uL of 100 nM P1’, 5 uL
of 100 nM P2/, 5 pL of 200 nM blocking DNA, 10 pL of varying
concentrations of IL-6 protein, 3.3 mmol of dNTPs, 5 units of
Klenow fragment and 0.5 unit of nicking endonuclease in 1X
NEBuffer™ 2. The solution was incubated at 37 °C for 20 min. A
50 pL enzyme solution which contains 30 nM of Cas12a, 30 nM
of gRNA and 60 nM of signal reporter in 1X NEBuffer™ 2.1 was
added. Fluorescence was measured immediately after trans-
ferring the reaction mixture to a 96-well microplate and kept
measuring every 30 s for 2 hours at 37 °C using a SpectraMax i3
multi-mode microplate reader (Molecular Devices) with
excitation/emission at 485/515 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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