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Abstract

RNA In situ imaging through DNA self-assembly is advantaged in illustrating its structures and functions with high-resolution, while the limited
reaction efficiency and time-consuming operation hinder its clinical application. Here, we first proposed a new strand displacement reaction (SDR)
model (Cas12a thrusting SDR, CtSDR), in which Cas12a could overcome the inherent reaction limitation and dramatically enhance efficiency
through energy replenishment and by-product consumption. The target-initiated CtSDR amplification was established for RNA analysis, with
order of magnitude lower limit of detection (LOD) than the Cas13a system. The CtSDR-based RNA in situ imaging strategy was developed to
monitor intra-cellular microRNA expression change and delineate the landscape of oncogenic RNA in 66 clinic tissue samples, possessing a
clear advantage over classic in situ hybridization (ISH) in terms of operation time (1 h versus 14 h) while showing comparable sensitivity and
specificity. This work presents a promising approach to developing advanced molecular diagnostic tools.
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Introduction

RNA plays a critical role in the central dogma by delivering
genetic and regulatory information. Its aberrant expression
strongly correlates with cell proliferation, differentiation and

tivity and specificity in detecting RNA are crucial for gaining
insight into RNA functionality, diagnosing cancer and devel-
oping RNA-based therapies (4). Although conventional tech-
niques such as northern blotting (5,6), reverse transcription-

apoptosis, thereby serving as a cancer biomarker (1-3). Sensi- quantitative polymerase chain reaction (RT-qPCR) (7,8) and
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microarrays (9,10) have significantly advanced our knowl-
edge of RNA’s roles in cancer and demonstrated the poten-
tial utility of RNA in clinical diagnostics, these methods suf-
fer from drawbacks such as loss of temporal and spatial infor-
mation, and the neglect of tumor heterogeneity (11,12). The
ability to pinpoint RNA in intact cells or tissues is essential
to comprehend the intricate relationship between RNA and
cancer (11,13,14). Fluorescence in situ hybridization (FISH)
allows for to resolution of the subcellular distribution of
RNA molecules in fixed cells and tissues through the appli-
cation of complementary probes (15). Several of these emerg-
ing FISH technologies have received a lot of attention, like
7-FISH rainbow (16), RNA scope (17) and clamp FISH 1.0
and 2.0 (18,19). The 7-FISH rainbow was developed with
multi-fluorochromes labelled U-shaped probes to yield quan-
titative molecular information of RNA on cells by multi-level
hybridization. Besides, the branched DNA amplification has
been leveraged to enable a large number of fluorophores to
target a single RNA (RNAscope). Although these techniques
boast signal molecular resolution, complex and cumbersome
steps such as elution and buffer replacement are required be-
tween each level, resulting in a long overall analysis time (>10
h), which is not easy to promote clinically. In addition, the
abundant probes localized around the target RNA suppress
the hybridization efficiency of the recognition probe to the tar-
get and fluorophores due to steric hindrance.

Strand displacement reaction (SDR), which can implement
the localize amplification of the target recognition in a ho-
mogeneous phase, has emerged as a widely adopted build-
ing block for in situ RNA tracing and signal amplification
(13,20,21). In SDR, an invader strand replaces one of the
partially or fully complementary pre-hybridized strands in
the substrate complex. The target-initiated SDR cycle realizes
cascade signal amplification in the local homogeneous phase
without multi-step operation, which shortens the analysis time
and avoids steric hindrance. However, the traditional SDR is a
reversible reaction, reliant upon the energy initially provided
by the reactants, and the products become unavailable once
the reaction reaches equilibrium. As a consequence, the effi-
ciency of traditional SDR is limited by the energy of the ini-
tial reactants and the reaction equilibrium. To address these
obstructs, multiple strategies have been explored to augment
the initial energy of SDR and shift the equilibrium. The for-
ward reaction of SDR can be regulated by adjusting the con-
centration of reactants or by introducing fuel chains. How-
ever, achieving maximum product yield through base pairing
hybridization alone presents a formidable challenge due to
the inherent constraints of double-stranded nucleic acid hy-
bridization efficiency (22-25). Alternatively, Other research
endeavors have placed emphasis on the engineering of DNA
conformation by utilizing structural motifs, such as toeholds
and hairpins, and subsequently developing cascade networks,
namely hybridization chain reaction (HCR) (26-28) and cat-
alytic hairpin assembly (CHA) (29-31). These networks of-
fer an increased enthalpic contribution to the SDR process
through a variety of mechanisms, including base-pairing, base-
stacking and loop opening (32-335), thereby significantly ac-
celerating the SDR process. However, the unfavorable sec-
ondary structures in these systems may influence the efficiency
of SDR (36). As a result, a rapid, integrated and efficient
strategy to overcome the intrinsic limitations of SDR is a big
challenge, which is critical for highly efficient iz situ RNA
imaging.
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In our previous study, we discovered that SDR in double-
stranded DNA (dsDNA) substrate with a 3’-overhang could
be triggered by a Casl2a-assisted crRNA invader, while its
working principle and mechanism were still confusing (37).
Combined with the principle of SDR and our previous dis-
covery, we speculated that this popular programmable nu-
clease might promote SDR through some molecular mecha-
nism. In this work, a systematic experimental analysis was
conducted and demonstrated that Cas12a can dramatically
thrust the efficiency of SDR in two ways: (i) the high affinity
of the Cas12a/crRNA complex for the substrate can thermo-
dynamically drive the SDR equilibrium forward; and (ii) the
depletion of the by-product of SDR via the trans-cleavage of
Cas12a drives the SDR equilibrium forward. Building upon
these two mechanisms, a new Cas12a-based SDR approach,
termed Cas12a thrusting SDR (CtSDR), is proposed to lever-
age the high affinity and trans-cleavage of Cas12a to overcome
the two limitations of traditional SDR (the initiate energy and
equilibrium of reaction), thereby dramatically enhancing its
efficiency. Hence, a target-initiated CtSDR amplification was
established for high-sensitivity and multiplex RNA detection,
with order of magnitude lower LOD than the Cas13a system.
Next, a rapid RNA i situ imaging strategy was developed and
applied in cultured cells and paraffin-embedded clinical sam-
ples. Advantaged by the excellent SDR efficiency, the RNA
imaging strategy possesses the immense potential to monitor
microRNA expression level changes. Next, this strategy was
applied for resolving the spatial distribution of viral-related
two small noncoding RNA encoding regions in 66 formalin
fixed paraffin-embedded (FFPE) tissues (Scheme 1). Given the
comparable sensitivity and specificity of iz situ hybridization
(ISH), the CtSDR-based i situ imaging strategy can get rid
of cumbersome steps and finish detection within 1 h. Taking
advantage of the exceptional efficiency of CtSDR and high
turn-over of trans-cleavage of Cas12a (38-40), the developed
CtSDR-based in situ imaging strategy highlights its potential
applications in molecular biology and clinical diagnostics. In
addition, the combination with machine learning (ML) makes
this new rapid RNA iz situ imaging strategy possess huge ap-
plication prospects for standardization of disease diagnosis.

Materials and methods

Materials and reagents

EnGen Lba Cas12a and NEBuffer 2.1/3.1/2.0/3.0 were ac-
quired from New England Biolabs (Ipswich, MA UK). RNase
inhibitor and all DNA and RNA were purchased from San-
gon Biotechnology Co., Ltd. (Shanghai, China). All nucleotide
sequences are shown in Supplementary Table S1-S6. Double-
stranded DNAs were annealed in 1 x NEBuffer 3.0 at 80°C
for 5 min and 37°C for 30 min (the molar concentration ratio
of Inc-S to Blo-S was 1:1.5). 6-Mercapto-1-hexanol (MCH)
was purchased from Sigma-Aldrich Chemical Co., Ltd (St.
Louis, MO, USA). Bovine serum albumin (BSA) was obtained
from Thermo Fisher Scientific Co., Ltd (Wilmington, USA).
Tris, (2-carboxyethyl) phosphine (TCEP), diethylpyrocarbon-
ate (DEPC) and triton X-100 were obtained from Sangon
Biotechnology Co. Ltd (Shanghai, China).

Apparatus

A FSS5 fluorescence spectrophotometer (Edinburgh Instru-
ments, UK) and a 7500 real-time PCR (Thermo Fisher
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Scheme 1. lllustration of the principle of rapid in situ RNA imaging based on Cas12a thrusting strand displacement reaction.

Scientific, China) were utilized to obtain the fluorescence
spectra, and PYX-DHS-BS-II constant temperature incubator
(Hengwell, China) was used to incubate all reactions. A home-
built SPR platform was used to analyze the two different SDR
reactions. This SPR system was capable of simultaneously de-
tecting multiplex targets with two separate channels and gold
array chips. A red light-emitting diode (LED, 650 nm) was
used as the optical source. P-polarization of the light was ob-
tained with a sheet polarizer, and the matching liquid (7 =
1.616) was mediated between the sensor chip and prism. The
image reflected through the prism was captured using a 12-bit
CCD camera (Retiga 1300 from QImaging). All sensorgrams
were analyzed using a lab-developed program written in Lab-
VIEW. Bio-Rad electrophoresis analyzer (Bio-Rad, USA) and
Bio-Rad ChemDoc XRS (Bio-Rad, USA) were used for elec-
trophoresis analysis. Confocal fluorescence micrographs of
cells were acquired by TCS SP8 confocal laser scanning mi-
croscopy (CLSM, Leica, Germany). Flow cytometry analy-
sis was performed using a Navios Series Flow Cytometer, 10
COLORS/3 LASER (Beckman Coulter International Trading
Co., Ltd, China). The fluorescence images of clinic samples
were acquired by OLYMPUS BXS53 (OLYMPUS, Japan).

Insight into the mechanism of CtSDR

To explore the phenomenon of the CRISPR/Cas-promoted
strand displacement reaction, Inc-S-21/ Inc-S-Cas9 and Blo-
S-21/Blo-S-Cas9 were pre-annealed at a ratio of 1:1.5 to form
DS-21 and DS-Cas9 in 1 x NEBuffer 3.0 at 80°C for § min
and 37°C for 30 min. The fluorescence analysis was performed
in 100 ul of the mixture containing 0.8 U/ul RNase inhibitor,
200 nM DS-21/Cas9, Cas12a/Cas9/Cas14a, crRNA-14/Inv-
cr-12/Inv-cr-9, A-14 and 1 x NEBuffer 3.0. The mixture was
incubated at 37°C for 60 min. The fluorescence spectra were
recorded from 500-600 nm with an excitation wavelength
of 492 nm for the FAM-labelled probes, and 540-650 nm

with an excitation wavelength of 532 nm for the Cy3-labelled
probes. The silt widths of excitation and emission were both
1.5 nm.

Measurement of the dissociation equilibrium
constant (Kp)

Firstly, 20 pl thiolized DS-12(SH) (10 uM) + 180 ul KH,PO4
(1 M, pH 3.8) + 4 ul TCEP (500 mM) were mixed and reacted
at room temperature in the dark. The surface of the gold ar-
ray chip was treated with fresh piranha solution (70% H;SO4,
30% H,0,) for 10 min to eliminate the adsorbed impurities,
rinsed thoroughly with ultrapure water, and finally dried with
nitrogen. The DS-12(SH) (200 ul, 1 M) was then added to
the chip and incubated at 4 °C overnight. DS-12(SH) could
be assembled onto the gold chip via Au-S bonds. Next, BSA
(1%) and MCH (1%) were incubated with the chip for 1 h
and 30 min, respectively. After washing with ultrapure water
and drying with nitrogen, the chip was docked into the SPR
instrument for further use. At the start, 1 x NEBuffer 3.0 was
injected into the instrument at a speed of 5 pl min~'. After the
instrument reached a steady state, the Cas12a/crRNA com-
plex or crRNA was injected at a speed of S0 ul min~!. After 2
min 40 s, the injection was suspended to ensure sufficient hy-
bridization time for the Cas12a/crRNA complex or crRNA to
the DS-12(SH). When the SPR signal stabled again, the speed
was slowed down to § ul min~! to wash away the non-specific
binding components.

The influence of location and length of toehold in
CtSDR

To explore the phenomenon of the CRISPR/Cas-promoted
strand displacement reaction, Inc-S-3’/ Inc-S-5’ and Blo-S-3'-
n/Blo-S-5'-n were pre-annealed at a ratio of 1:1.5 to form DS-
3’-toe-n and DS-5'-toe-n (n = 2, 3,4, 5, 6, 7 and 8). RT-PCR
analysis was performed in a 50 pl mixture comprising 1 uM
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RP, 0.8 U/ul RNase inhibitor, 100 nM DS-3'-toe-n and DS-5'-
toe-n, Cas12a and crRNA, and 1 x NEBuffer 3.0. The assay
was carried out using 7500 real-time PCR (Thermo Fisher Sci-
entific, China) at 37°C for 60 min. Fluorescence signals emit-
ted from FAM and Cy3 were collected by the FAM and Cy3
channels, respectively, at the end of every cycle, with each cycle
sustained for 1 min.

End-point fluorescence analysis was performed in 100 ul of
the mixture containing 500nM RP, 0.8 U/ul RNase inhibitor,
20 nM DS-3’-toe-n and DS-5'-toe-n, Cas12a and crRNA, and
1 x NEBuffer 3.0. The mixture was incubated at 37°C for 60
min. The fluorescence spectra were recorded from 500 to 600
nm with an excitation wavelength of 492 nm for the FAM-
labelled probes, and 540-650 nm with an excitation wave-
length of 532 nm for the Cy3-labelled probes. The silt widths
of excitation and emission were both 1.5 nm.

Fluorescence analysis for miRNA detection

Fluorescence analysis was performed in 100 pl mixture con-
taining 20 nM Cas12a, 10 nM crRNA, 10 nM Target, 10 nM
DS, 500 nM RP, 0.8 U/ul RNase inhibitor and 1 x NEB-
uffer 3.0. This mixture was incubated at 37 °C for 1 h before
the fluorescence measurements. The fluorescence spectra were
recorded from 500-600 nm with an excitation wavelength
of 492 nm for the FAM-labelled probes, and 540-650 nm
with an excitation wavelength of 532 nm for the Cy3-labelled
probes. The silt widths of excitation and emission were both
1.5 nm.

Native polyacrylamide gel electrophoresis

To confirm the feasibility of our method, the products and
components of Cas12a were studied using 12% native poly-
acrylamide gel electrophoresis (PAGE) in 1 x TBE running
buffer (89 mM Tris-boric acid, 2 mM EDTA, pH 8.3) at 120
V constant voltage for 40 min. The gels were imaged using a
gel image system after Gold View (GV) staining for 20 min
at room temperature and a ChemiDoc XRS* imaging system
(Bio-Rad). The concentration of reactants in every lane was
1uM.

Cell culture

The breast cancer cell line MCF-7 and normal breast cell line
MCF 10A were obtained from American Type Culture Col-
lection (ATCC, Manassas, VA, USA). MCF-7 cells were cul-
tured in Dulbecco’s modified eagle medium (DMEM; Gibco,
MA, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, MA, USA). MCF 10A cells were cultured in a special
medium obtained from Procell (Wuhan, China). All cells were
incubated in a humidified incubator at 37°C with 5% CO,.

Intracellular RNA imaging

MCEF-7 and MCF-10A cells at a density of 1.0 x 10° were
fixed with fix solution (methanol: acetic acid = 3:1) for 20
min at room temperature. After fixation, the cells were per-
meabilized with 1 x PBS containing 0.5% v/v Triton-X 100
at 37°C for 5 min. Subsequently, the cells were washed three
times with 1 x PBS (each wash lasting 1 min) at 37°C. Incuba-
tion of the CtSDR system was conducted in a 10 ul mixture at
37°C for 1 h. This mixture contained 20 nM Cas12a, 10 nM
crRNA, 10 nM target, 10 nM DS, 500 nM RP, 0.8 U/ul RNase
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inhibitor and 1 x NEBuffer 3.0. After probe incubation, DAPI
was used to stain the cells prior to confocal imaging.

Cell transfection

To silence miR-21 and miR-155, miR-21 and miR-155 in-
hibitors were synthesized by Sangon Biotechnology Co.,
Ltd (Shanghai, China). A mimic of miR-155 was also
obtained from Sangon Biotechnology Co., Ltd (Shanghai,
China) to overexpress miR-155. Lipo6000™ Transfection
Reagent (Beyotime Biotechnology, Shanghai, China) was used
for cell transient transfection following the manufacturer’s
instructions.

Total RNA isolation and reverse transcription PCR
(RT-PCR)

A universal microRNA purification kit (EZBioscience, USA)
was used to extract the total RNA from breast cancer cell lines
(MCF7 and MCF10A) following the manufacturer’s recom-
mendations. Following reverse transcription with the miRNA
First Strand cDNA Synthesis (Tailing Reaction) kit (Sangon
Biotech, Shanghai, China), miR-21, miR-155 and U6 expres-
sion patterns were detected via RT-PCR with BlasTaq™ 2X
qPCR MasterMix (Applied Biological Materials Inc., Canada)
in accordance with the manufacturer’s instructions. The ex-
pression of mRNA was assessed by relative quantification us-
ing the 2— A ACt method. The U6 expression level used to nor-
malize the expression levels of miR-21 and miR-155.

Flow cytometry

MCF7 and MCF10A cells were seeded in a 12-well plate and
incubated overnight to 80—90% confluency. After cell trans-
fection, the cells in each well were detached from the plate
using 0.25% trypsin and washed with 1 x PBS three times.
MCEF-7 and MCF-10A cells at a density of 1.0 x 10° were
fixed with fix solution (methanol: acetic acid = 3:1) for 20
min at room temperature. After fixation, the cells were per-
meabilized with 1 x PBS containing 0.5% v/v Triton-X 100
at 37°C for 5 min. Subsequently, the cells were washed three
times with 1 x PBS (each wash lasting 1 min) at 37°C. Incu-
bation of the CtSDR/cSDR system was conducted in a 100
ul mixture containing 2 uM Cas12a, 1uM crRNA-21/155,
1 uM DS-21/155, 10 uM RP, 0.8 U/ul RNase inhibitor and
1 x NEBuffer 3.0 at 37°C for 1 h. After being processed
for intracellular miRNA imaging, the cells were maintained
in 1 x PBS on ice in the dark for flow-cytometry measure-
ments. In total, 10° cells were analyzed per sample. Fluores-
cein isothiocyanate (FITC) represents the trans-cleavage activ-
ity of Cas12a, Cy3+ represents microRNA-21 in MCF7 cells,
and PerCP + represents microRNA-155 in MCF7 cells. Flow
cytometry analysis was performed using a Navios Series Flow
Cytometer, 10 COLORS/3 LASER (Beckman Coulter Inter-
national Trading Co., Ltd, China).

In situ imaging of clinical tissue samples

For further investigation, biopsy specimens with sufficient tis-
sue and clinical data were retrieved from the Department of
Pathology of the First Affiliated Hospital of Chongqing Medi-
cal University. This study was approved by the Ethics Commit-
tee of the First Affiliated Hospital of Chongqing Medical Uni-
versity (2022-K461). In situ hybridization for Epstein—Barr
encoding region (EBER) was performed on formalin-fixed,
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paraffin-embedded tissue sections using an EBERs assay kit
(ZSGB-BIO, China). All tissue samples were maintained at
40°C for 30 min and then deparaffinized, dehydrated, digested
with pepsase and hybridized at 37°C for 1 h with 10 pl reac-
tion mix containing Cas12a, crRNA-E1, crRNA-E2, DS-E1,
DS-E2 (both 1 uM) and RP (10 uM). DAPI was used to stain
the cells prior to fluorescence imaging.

Results

Mechanism of cas12a thrusting SDR (CtSDR)

In the context of traditional toehold-mediated SDR(TSDR),
a double helix exchanges one of its strands with an incom-
ing complementary invader strand to form a more stable du-
plex. To gain deeper insights into the underlying mechanism
of CtSDR, two different SDR models were devised: crRNA-
mediated SDR (cSDR) and CtSDR (Figure 1A and B). A ds-
DNA with a toehold (denoted as DS-12), was employed as
the substrate of TSDR, which was formed by Cy3-labelled
Inc-S-12 (gray strand, Supplementary Table S1) and BHQ2-
labelled Blo-S-12 (pink strand, Supplementary Table S1). Due
to Forster resonance energy transfer (FRET), the fluorescence
of DS-12 remained in the ‘off’ state. With or without the as-
sistance of Cas12a protein, crRNA (Inv-cr-12, Supplementary
Table S1) could act as the invading strand to displace Blo-S-
12 and bind with Inc-S-12 by TSDR, ultimately resulting in
the recovery of the fluorescence signal. Thus, the fluorescence
change could indicate the SDR efficiency. As displaced in Fig-
ure 1C, CtSDR achieved an approximately 4.8-fold increase in
fluorescence intensity (FI) compared to ¢SDR, demonstrating
that Cas12a enhances the efficiency of SDR.

kg
[+S=B+P

r

k
?: =e—AG/2RT (1)
k
Kp = [y (2)
AG = RTln (Kp) (3)

For the reaction I + S—B + P (invading strand + substrate
— blocking strand + product), k; is the forward reaction rate
constant for SDR, while k, is the corresponding rate con-
stant for the reverse reaction. According to Equations (1-3),
the standard free energy change of hybridization (AG) cor-
relates with the corresponding dissociation equilibrium con-
stant (Kp) (41). Next, to investigate the kinetic variations of
the Cas12a/crRNA complex and crRNA as invading strand
towards the substrate, surface plasmon resonance (SPR) was
employed. As shown in Figure 1D and E, thiol-modified DS-12
was jointed on the surface of the gold chip by Au-S bond. The
concentration-dependent curves of the Cas12a/crRNA com-
plex and crRNA towards DS-12 were obtained to quantify
the corresponding Kp. The Kp of the Cas12a/crRNA com-
plex was more than one order of magnitude lower than that
of single crRNA, indicating the significantly increased affinity
of the Cas12a/crRNA complex towards the substrate. This ef-
fect might due to the hydrogen bonding and ionic interactions
between backbone phosphate groups and Cas protein (42,43).
Since the increased affinity results in a larger absolute value of
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AG, allowing CtSDR to undergo a more thorough forward re-
action thermodynamically than ¢SDR and thereby offering en-
hanced reaction efficiency. Based on the propulsion of Cas12a,
the ratio of Cas/crRNA complex to substrate was optimal
as 1:1 to obtain optimal CtSDR performance (Supplementary
Figure S2).

In addition to enhanced affinity, we speculated that trans-
cleavage of the displaced incumbent strand would posi-
tively affect SDR. In order to confirm this hypothesis, two
groups of experiments were carried out. In the first group,
Cas9, a CRISPR-associated protein without trans-cleavage
activity(44), was used to promote SDR by improving the
affinity between the invading ¢crRNA and substrate. In the
second group, Cas12a was used to promote SDR via im-
proved affinity and trans-cleavage of the displaced incum-
bent strand. As depicted in Figure 1F and G, Cas9 in the
first group experiments shows an obvious but weak im-
provement of FI (AFIj ;= 8.24E + 3 £+ 9.52E + 2), indi-
cating limited reaction promotion. In contrast, Cas12a in
the second group experiments more remarkable improved FI
(AFIj ;= 1.95E + 4 £ 8.6E + 2), indicating that Cas12a acts as
a superior SDR helper due to its trans-cleavage activity. Next,
we added an extra Cas14a system to each group of experi-
ments. Cas14a, which is triggered by an uncorrelated activa-
tor, served as a collateral ssDNA scissor to compensate for the
missing frans-cleavage in the Cas9 system(45). Surprisingly,
FI in the first group dramatically improved with the auxil-
iary Casl4a system (AFIyg= 2.25E + 4 + 1.07E + 3), sup-
porting our assumption that trans-cleavage of the displaced
blocking strand can promote SDR. Contrarily, FI improve-
ment with the Casl4a system in the second group was quite
limited (AFIyy= 4.89E + 3 + 1.38E + 3) because the col-
lateral cleavage of Casl12a itself was already saturated and
guaranteed highly effective SDR (FIj; ~ FIIII~ FIyy). These re-
sults indicate that depleting the displaced blocking strand via
trans-cleavage of Cas12a can drive the equilibrium forward
and further improve the efficiency of SDR. Given the deple-
tion effect of Cas12a towards the blocking strand, the amount
of blocking strand in the pre-annealed substrate was studied
in Supplementary Figure S3. The results proved that In-S: Blo-
S < 1 could cause severe signal leakage, and In-S: Blo-S > 1
could slightly consume the #rans-cleavage activity of Cas12a.
To eliminate the possibility of signal leakage, we discard some
of the trans-cleavage activity of Cas12a in exchange for better
occlusion of substrate, so the In-S: Blo-S = 1:1.5 was adopted
in all experiments.

Taken together, these results demonstrate that Casl2a
can dramatically promote the efficiency of SDR. Its mech-
anism was confirmed to be: (i) the elevated affinity of
Cas12a/crRNA towards the substrate confers increased en-
ergy to the reaction, resulting in a thermodynamically favor-
able drive of the SDR equilibrium; and (ii) the consumption
of SDR by-product via the trans-cleavage of Casl12a, which
facilitates the promotion of the SDR equilibrium in a forward
direction.

Effects of toehold length and displacement
direction on the kinetics of CtSDR

Prior research has demonstrated that the helicase activity of
Cas12a is directional(42), and the rate of SDR can be tuned
by modifying the length of the toehold(32,46). To assess These
influences on the effectiveness of SDR, two sets of substrates
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Figure 1. lllustration of cSDR (A) and CtSDR (B). (C) The fluorescence curves for cSDR (black line) and CtSDR (red line). 0.8 U/l RNase inhibitor, 100
nM DS-12, Cas12a and crRNA, and 1 x NEBuffer 3.0, recorded by FS5 fluorescence spectrophotometer. (D) Typical SPR sensorgrams of CtSDR with
different Cas12a/crRNA complex concentrations (1000, 800, 500, 200 nM). 1 uM DS-12(SH), and 1 x NEBuffer 3.0. (E) Typical SPR sensorgrams of
c¢SDR with different crRNA concentrations (1000, 800, 500, 200 nM): ‘a’ shows the timepoint of reactant injection, and ‘b’ shows the timepoint of
washing. 1 uM DS-12(SH), and 1 x NEBuffer 3.0. The corresponding Kp values were evaluated with TraceDrawer. (F) lllustration of cSDR, CtSDR, and
CtSDR-aCas14a of the Cas9 system (first group), Cas12a system (second group), and corresponding normalized Fl of Cy3 (G), respectively. Error bars
represent standard deviations of three independent experiments **** t < 0.0001, ** t < 0.01. 0.8 U/ul RNase inhibitor, 200 nM DS-21/DS-Cas9, 200
nM Cas12a/Cas9/Cas14a, 200 nM crRNA-14/Inv-c-12/Inv-cr9, 200 nM A-14 and 1 x NEBuffer 3.0, recorded by FS5 fluorescence spectrophotometer.
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for CtSDR and ¢SDR reaction models were designed with
different toehold lengths and locations. The toehold length
varied from 2 to 8 nucleotides and the toehold position lo-
cated either at the 3’ or 5’ end of the substrate (the substrates,
named DS-3'-toe-n and DS-5'-toe-n, were formed by Inc-S-
3’/ Inc-S-5" and Blo-S-3'-toe-n/ Blo-S-5'-toe-n, n = 2, 3,4, 5,
6, 7, 8, respectively. Supplementary Table S2, Supplementary
Figure S1). The differences in SDR efficiency between ¢SDR
and CtSDR could be monitored by recording the change in
fluorescence of Cy3. In addition, a FAM/BHQ1-labelled ss-
DNA report probe (RP) was introduced to the CtSDR sys-
tem to further assess the trans-cleavage activity of Casl2a,
which was triggered in CtSDR (Figure 2A). Given the mech-
anism (ii) of CtSDR was studied under no RP situation, we
verified whether the addition of RP would affect the effect
of CtSDR. As shown in Supplementary Figure S4, adding RP
could slightly consume the trans-cleavage activity of Cas12a
by the competitive effect (competed as substrate with Blo-S-
3’-toe-n/ Blo-S-5'-toe-n), which further proved the mechanism
(ii) of CtSDR. However, we still used RP in the following ex-
periments for two reasons. In one aspect, the RP was the signal
reporter that could not be omitted. In another part, the degree
of signal reduction by RP was acceptable.

As depicted in Figure 2B, the FI signal increased along with
the toehold base number increasing in the two displacement
location groups(3’-toe and 5'-toe), which was consistent with
prior research (46,47). When the toehold base number was
less than 4, no significant change in FI was observed. how-
ever, when the toehold base number was 4 to7, the 3'-toe
group (CtSDR-3'-toe and cSDR-3'-toe) had a higher signal
increase than the 5'-toe group (CtSDR-5'-toe and ¢SDR-5'-
toe). Notably, an almost equal FI was observed in the 3’-toe
group and the 5’-toe group when the toehold base number
was 8. These effects might be due to the SDR proceeding in
a low-efficient manner when the toehold base number is less
than 4, and spontaneous dissociation of the substrate exists
when the toehold base number is 8 (47). The CtSDR-triggered
trans-cleavage toward RP was also investigated, and the re-
sults exhibited a similar trend to that of Figure 2B, suggest-
ing that the #rans-cleavage activity of Cas12a was related to
SDR efficiency in CtSDR (Figure 2C). Therefore, the 3'-toe
was selected for further experiments. Next, real-time fluores-
cence experiments were performed to monitor FI changes in
CtSDR and ¢SDR with DS-3'-toe-n, » = 4-8. As shown in
Figure 2D, the DS-3'-toe with 4 and 5 toeholds in the CtSDR
system realized an obvious increase in fluorescence. More-
over, fluorescence recovery was more significant when the toe-
hold was increased to 6-8. And the decrease in CtSDR-3'-toe-
7/8 might be due to the massively accumulated cleaved short
strand (Cy3-labelled short strands and BHQ2-labelled short
strands) forming a short double strand with the reaction pro-
cessing. The rate constant (k) of CtSDR calculated using
MATLAB indicated an increase of orders of magnitude rela-
tive to cSDR (Supplementary Table S7, MATLAB code in SI).
By tuning the toehold base number, the rate of SDR varied
by orders of magnitude (24). Notably, the CtSDR-triggered
trans-cleavage showed the same trend as cSDR (Figure 2E).
The initial rate constant (V) also displayed an increase of or-
ders of magnitude along with an increase in the base num-
ber (Supplementary Table S8). Ultimately, the DS-3'-toe with
a toehold base number of 7 was optimized as the displace-
ment substrate to further explore the applications of CtSDR
in RNA molecular diagnosis.
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CtSDR-based RNA analysis

Having validated the mechanism of CtSDR, we then explored
its applications in the area of molecular diagnosis. To do so,
a target-initiated CtSDR amplification was developed for ul-
trasensitive molecular diagnosis. As depicted in Figure 3A,
the RNA target was employed to displace the Blo-S-21 (the
pink strand, Supplementary Table S3) and hybridized with
Inc-S-21 (the gray strand, Supplementary Table S3) to form
DS-3'-teo-7-21 and restoration the fluorescence of Cy3 via
toehold exchange, in which the Blo-S-21 served as blocking
strand prevented signal leak and indicating the target recog-
nition by FRET effect. The Cas12a/crRNA complex subse-
quently recognized DS-3'-teo-7-21, initiating the CtSDR pro-
cess and restoring FAM fluorescence through trans-cleavage.
Simultaneously, the displaced free target could enter the next
cycle to achieve cascade amplification of the readout. While
the free Blo-S-21 would be hydrolyzed by the trans-cleavage of
Casl12a, propelling reaction forward. First, we verified the effi-
ciency of activating Cas12a’s trans-cleavage property with DS
activator (Supplementary Figure S6). And the result showed
DS activator could reach around 80% efficiency of the ssDNA
activator.

MicroRNA-21 (miR-21) was adopted as the target to eval-
uate the feasibility of this assay by inspecting the fluorescence
signal in the Cy3 channel. As shown in Figure 3B, the similar
FIs between curves 1 and 3, 2 and 4, indicated no leakage in
the designed strategy. In addition, the target-initiated CtSDR
(curve 5) showed approximately 5-fold fluorescence recovery
compared to the target-mediated SDR (curve 2) and target-
initiated cSDR (curve 4), suggesting that the Cas12a/crRNA
complex remarkably enhanced the efficiency of SDR. Mean-
while, a low concentration of the target could trigger the
CtSDR reaction, proving the target recycle for cascade amplifi-
cation (Supplementary Figure S7). Subsequently, we evaluated
the trans-cleavage of Cas12a activated by the target-initiated
CtSDR by inspecting the fluorescence signal in the FAM chan-
nel. As depicted in Figure 3C, an extremely high peak was
acquired (red line), implying the feasibility of the proposed
miRNA detection approach. Then, the 12% PAGE analysis
was performed to characterize target-initiated CtSDR (Figure
3D). The new bright band in lane 6 suggested the successful
preparation of the partially complementary dsDNA substrate.
Compared with line 4, a slightly up-shifted band was observed
in lines 7 and 9, indicating the feasibility of target-initiated
SDR and target-initiated cSDR. Lane 11 showed clear degra-
dation of nonspecific ssDNA substrates, implying that adding
a target could initiate trans-cleavage of Cas12a towards ss-
DNA substrates, suggesting the ability of CtSDR to activate
the #rans-cleavage of Cas12a. Another target, miR-155 and
the corresponding SDR and trans-cleavage systems were also
synthesized to verify the universality of target-initiated CtSDR
(Supplementary Figure S8). By programming the crRNA and
DS substrate, our proposed method possesses good universal-
ity for different targets. The above consistent results confirmed
that target-initiated CtSDR amplification possesses high effi-
ciency and universality.

The substrate of different conformation, including hairpin
(HP) and DS, was first investigated to obtain a better reac-
tion efficiency (Supplementary Figure S9a and b). Similarly,
after optimizing HP with a range of toeholds (Supplementary
Table S4, Supplementary Figure S5 and S9c), the DS con-
formation still exhibited an 8-fold signal-to-noise ratio
(S/N) compared with HP (Supplementary Figure S9d). Then,
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Figure 2. (A) lllustration of cSDR and CtSDR with different displacement directions and toehold base numbers. (B) The Fl of Cy3 produced by cSDR and
CtSDR with different toehold lengths (range from 2 to 8) and locations (3'-toe and 5'-toe), and (C) the FI of FAM produced by the trans-cleavage of
CtSDR with different toehold lengths (range from 2 to 8) and locations (3'-toe and 5'-toe). 500 nM RP, 0.8 U/ul RNase inhibitor, 20 nM DS-3'-toe-n and
DS-5'-toe-n, Cas12a and crRNA, and 1 x NEBuffer 3.0, recorded by FS5 fluorescence spectrophotometer. (D) The real-time fluorescence curve of Cy3
produced by cSDR and CtSDR with different toehold base numbers. 1 uM RRE 0.8 U/ ul RNase inhibitor, 100 nM DS-3'-toe-n and DS-5"-toe-n, Cas12a and
crBNA, and 1 x NEBuffer 3.0, recorded by 7500 real-time PCR. (E) The real-time fluorescence curve of FAM produced by the trans-cleavage of CtSDR
with different toehold base numbers. Error bars represent the standard deviation of three independent experiments. 1 uM RE 0.8 U/ul RNase inhibitor,
100 nM DS-3'-toe-n, Cas12a and crRNA, and 1 x NEBuffer 3.0, recorded by 7500 real-time PCR.
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Figure 3. (A) lllustration of target-initiated CtSDR for miRNA detection. (B) The Fl spectra of target-initiated CtSDR. 1: DS-21, 2: target + DS-21, 3:
crBNA + DS-21, 4: target + crRNA + DS-21, 5: target + Cas12a/crRNA complex + DS-21. 200 nM Cas12a, 100 nM crRNA, 100 nM Target, 100 nM

DS-21, 0.8 U/l RNase inhibitor, and 1 x NEBuffer 3.0. (C) The trans-cleavage

fluorescence spectra of target-initiated CtSDR with the target (red line)

and without the target (black line). 20 nM Cas12a, 10 nM crRNA, 10 nM Target, 10 nM DS-21, 500 nM RP, 0.8 U/l RNase inhibitor, and 1 x NEBuffer
3.0. (D) 12% PAGE analysis of target-initiated CtSDR. Lane 1: ss-Sub, lane 2: Blo-S-21, lane 3: Inc-S-21, lane 4: target, lane 5: crRNA-21, lane 6: DS-21,
lane 7: DS-21 + target, lane 8: DS-21 + crRNA-21, lane 9: DS-21 + crRNA-21 + target, lane 10: DS-21 + crRNA-21 + Cas12a + ss-Sub, and lane 11:
DS-21 + crRNA-21 + Cas12a + target + ss-Sub. The concentration of reactants in every lane was 1 uM. (E) Typical fluorescence spectra curves

responding to 108, 107, 10%, 10°, 10%, 108, 102 and 0 M (from a to h) of differe

nt target DNA (blue for miR-155, red for miR-21). The calibration curve for

Fl versus the logarithm of (F) miR-155 and (G) miR-21. 20 nM Cas12a, 10 nM crRNA, 10 nM DS-21/DS-155, 500 nM RPF, 0.8 U/l RNase inhibitor and
1 x NEBuffer 3.0. (H) Heat map of multiplex detection of miRNAs. The x-axis represents different detection systems and the y-axis represents different
miRNAs. 20 nM Cas12a, 10 nM crRNA, 10 nM DS-21/DS-155, 100 nM miRNAs, 500 nM RP, 0.8 U/ ul RNase inhibitor and 1 x NEBuffer 3.0. (I) The

different miRNA sequences. The error bars represent the standard deviation o

several important experimental parameters, the ratio of Cas
to crRNA, reaction buffer and reaction time, were further op-
timized to upgrade the analytical performance for RNA detec-
tion (Supplementary Figure S10). Under the optimized experi-
mental conditions, the analytical performance of the proposed
method for multi-target detection was evaluated. As shown
in Figure 3E, the FI gradually reduced with a decrease in the
target DNA concentration. The linear relationship exhibited
in Figure 3F and G indicated a good linear correlation be-
tween the FI and the logarithm of the target DNA concen-

f three independent experiments.

tration in the range from 100 fM to 100 nM. The regression
equations for miR-21 and miR-155 were F = 1.59 x 10° Ig
(C) =227 x 10° (R* = 0.998) and F = 2.17 x 10° Ig (C)
- 4.19 x 10° (R* = 0.981), respectively, where F represents
the FI at 520 nm of FAM and C is the concentration of miR-
21 or miR-155. The LOD of miR-21 and miR-155 were cal-
culated according to the 3 o rule to be 26.8 and 85.6 fM,
respectively. Compared with directly using the Cas13a sys-
tem to detect miR-21 or miR-155, the LOD of miR-21 or
miR-155 using our method was enhanced around order of
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magnitude (Supplementary Figure S11). Next, the cross-
reaction was performed to verify the specificity of the mul-
tiplex target-initiated CtSDR. As shown in Figure 3H, adding
the corresponding target miRNA activated the SDR (light
up Cy3 or Cy5) and further triggered the trans-cleavage of
Cas12a (light up FAM) in the single target detection system.
In the two-target detection system, adding two targets simulta-
neously recovered the fluorescence of Cy3, Cy5 and FAM, in-
dicating the ability of the proposed method for accurate muti-
target analysis. Other miRNAs (containing miR-21, miR-101,
miR-122, miR-155, miR-373 and miR-378) with similar base
sequences were also employed to investigate specificity (Figure
31, Supplementary Table S3). The intuitionistic results sug-
gested that this approach could distinguish different miR-
NAs from the same family and possesses high specificity. Be-
sides, the reproducibility of our proposed strategy was evalu-
ated on different days. The results showed that the FI main-
tained stable within 10 days and lightly decreased on the 30th
day. And the coefficient of variation (CV) was calculated as
0.06, indicating our method possessed good reproducibility
(Supplementary Figure S12). Thus, our proposed strategy of-
fers high sensitivity and specificity for RNA detection and has
strong applicability for simultaneous multi-target analysis.

Intra-cellular miRNA monitoring in cultured cells

Prior to evaluating the feasibility of intra-cellular multiplex
miRNAs imaging, single-target devices (including DS and
Cas12a/crRNA complex) were processed. MCF 7 (a human
breast cancer cell line) and MCF 10A (a non-tumorigenic ep-
ithelial cell line) cells, which have different miRNA expres-
sions, were explored as a model. Intra-cellular miR-21 and
miR-155 were derived to activate the fluorescence of Cy3
(purple) and CyS (red) through target-initiated CtSDR, re-
spectively. The fluorescence of FAM (green) was used to ascer-
tain whether miR-21 or miR-155 had initiated trans-cleavage
of Casl2a. After incubation with single-target devices for
MCEF 7 and MCF 10A, enhanced fluorescence of Cy3 and Cy3,
respectively, was observed compared with the target-initiated
¢SDR system, suggesting an improvement in SDR efficiency
via the proposed target-initiated CtSDR strategy. Bright green
fluorescence in the FAM channel implied the feasibility of this
method for intra-cellular miRNAs imaging (Figures 4,513 and
S14). Next, a two-target device was implemented to evaluate
the feasibility of multiplex miRNAs intra-cellular imaging. As
shown in Figure 4, bright Cy3, Cy5 and FAM were all detected
in MCEF7 cells of the miR-21/miR-155 group, while MCF10A
cells showed no fluorescent signals. Flow cytometry further
confirmed these results, verifying the feasibility of the intra-
cellular multiplex miRNAs imaging strategy (Figures 4 and
$16). Besides, a small reaction volume (10 ul) and no need to
wash made this strategy show better discrimination in fluores-
cence imaging on the slide than in flow cytometry. Compared
with the Cas13a system (Supplementary Figure S17), the flow
cytometry results showed that the proposed target-initiated
CtSDR strategy possessed better specificity in the FAM chan-
nel. The fluorescence of cells was also imaged by fluorescence
microscopy (Supplementary Figure S15), demonstrating the
diverse application scenarios of this method.

The abundance of miRNAs varies across in various phys-
iological processes and under different pathological condi-
tions. It is thus important to sensitively monitor changes in
miRNAs in cells to provide useful diagnostic and prognos-
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tic information(48). Using miRNA inhibitors and miRNA
mimics as regulators, down- or up-regulated miRNA expres-
sion levels evaluated via the target-initiated CtSDR system
were further examined. Synchronously, the classical technique
for evaluating miRNAs levels, i.e. RT-qPCR, was performed
to confirm changes in miRNAs levels after treatment with
miRNAs inhibitors (Supplementary Table S5). Around a half
decrease in fluorescence was observed, indicating the low-
expression cell model was successfully built (Supplementary
Figure S18). As shown in Figure 4C, the fluorescence in-
tensity in cells treated with either single miRNA inhibitor
(miR-21 inhibitor or miR-155 inhibitor) or dual miRNA in-
hibitors (miR-21/155 inhibitor) exhibited a significant de-
crease, and the corresponding mean FI levels in every flu-
orescence channel was significantly lower than that of the
negative control (NC) group (Figure 4D). In contrast, when
MCF-7 cells were treated with miR-155 mimics to up-regulate
the miR-155 expression level, the higher fluorescence inten-
sity in both confocal fluorescence images and RT-qPCR re-
sults were observed compared with that observed in the NC
group (Supplementary Figure $S19). These results reveal that
this proposed assay allows simultaneous imaging of changes
in the abundance of miRNAs—even at a low expression
level—and thus has great potential applications in molecular
biology.

Oncogenic RNA rapid imaging of clinical tissue
samples

Inspired by the prominent ability of CtSDR to image intra-
cellular miRNAs, we endeavored to explore the potential of
target-initiated CtSDR for viral-related oncogenic RNA imag-
ing in tissue. As shown in Figure 5A, the CtSDR-based imaging
strategy only had one step for probe hybridization in 1 h, while
ISH required more than 14 h, including digoxigenin-labeled
probe hybridization, HRP-labeled antibody incubation, DAB
reaction and hematoxylin counterstaining. Compared with
ISH, the CtSDR-based imaging strategy involves fewer oper-
ation steps and has a shorter turnaround time. Moreover, it
is worth noting that the DAB used in ISH is carcinogenic and
has the potential to induce skin and bladder cancer (49). In
contrast, the proposed imaging strategy is DAB-free and more
environmentally friendly.

In this section, two small noncoding RNAs Epstein—Barr
encoding region EBER-1 and EBER-2, known as EBERs
(expresses greater than 10° copies per infected cell), was
chosen as targets model for imaging the infection situation
of the Epstein-Barr virus (EBV) (50). EBV is an oncogenic
virus with a high carrier rate in the population and has
been closely linked to various malignancies such as nasopha-
ryngeal carcinomas, Hodgkin lymphoma (HL), diffuse large
B cell lymphoma (DLB-CL) and Burkitt lymphoma T (51).
Therefore, detecting EBERs is important for the diagnosis of
EBV infection-related malignancies. To verify the feasibility of
CtSDR-based in situ imaging strategy for imaging of EBERs
(Supplementary Table S6), we used six paraffin-embedded
samples of different diseases, in which the first three samples
(respectively diagnosed as DLB-CL, classic Hodgkin’s lym-
phoma (CHL) and peripheral T cell lymphoma (PTCL)) were
diagnosed as BEER positive and last three samples (Reactive
Hyperplasia (RH), Chronic cholecystitis (CP) and Kikuchi
disease) were diagnosed as BEERs negative in the clinic. Com-
pared with the last three samples, bright green fluorescence
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Figure 4. (A) Confocal microscopic images of MCF7 cells (a to c) and MCF10A cells (d to f) after incubation with target-initiated CtSDR for
simultaneously detecting miR-21 and miR-155. The first column is Cy3 fluorescence with excitation at 556 nm, the second column is Cy5 fluorescence
with excitation at 643 nm, the third column is FAM fluorescence with excitation at 492 nm, the fourth column is DAPI fluorescence, and the last column
is the merged fluorescence image. Scale bar = 25 um. 2uM Cas12a, 1uM crRNA-21/155, 1uM DS-21/155, 10 uM RE, 0.8 U/ ul RNase inhibitor and

1 x NEBuffer 3.0. (B) Flow-cytometry analysis of CtSDR in MCF 7 and MCF 10A. 2uM Cas12a, 1uM crRNA-21/155, 1uM DS-21/155, 10 uM RP, 0.4
U/l RNase inhibitor and 1 x NEBuffer 3.0. (C) Confocal microscopic images of target-initiated CtSDR in MCF-7 cells after treatment with inhibitors and
the inhibitor negative control (inhibito~NC). The first column is Cy3 fluorescence with excitation at 556 nm, the second column is Cy5 fluorescence with
excitation at 643 nm, the third column is FAM fluorescence with excitation at 492 nm, the fourth column is DAPI fluorescence, and the last column is
the merged fluorescence image. Scale bar = 25 um. 2uM Cas12a, 1uM crRNA-21/155, 1uM DS-21/155, 10 uM RP, 0.8 U/l RNase inhibitor and

1 x NEBuffer 3.0. (D) The corresponding mean fluorescence value of different groups was calculated using Image J software. Error bars represent the
standard deviation of three independent experiments, asterisks indicate t-values (***t < 0.001, ****t < 0.0001). Pictured by TCS SP8 confocal laser
scanning microscopy (CLSM, Leica, Germany) with HC PL APO 63x/1.40 oil CS. And the cells used at a density of 1.0 x 10°, experiment number = 3.
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Figure 5. (A) Workflow comparison between the CtSDR-based imaging strategy and traditional ISH. (B) Fluorescence microscopic images of tissues
after treatment with target-initiated CtSDR. The first row shows FAM fluorescence with excitation at 492 nm, the second row shows DAPI
fluorescence, and the last row shows a merged fluorescence image. Scale bar = 80 um. 2 uM Cas12a, T uM crRNA-E1, 1T uM crRNA-E2, 1 uM DS-ET1,
1uM DS-E2, 10 uM RR, 0.8 U/l RNase inhibitor, and 1 x NEBuffer 3.0. (C) ISH and H&E staining of corresponding tissue samples. Scale bar = 100 um
for ISH and bar = 40 um for H&E staining. The mean FI of 66 clinical samples (including the EBERs (+) group, n = 33, and the EBERs (-) group, n = 33)
was displayed in the heat map (D) and box plot (E), asterisks indicate t-values (****t < 0.0001). (F) The result of SVM learning of normalized Fl of 66
samples by CtSDR-based in situ imaging strategy, P means positive, N means negative. The decision surface is described by 4.99x + 2.78 (red line), the
decision surface upper is described by -0.39 (orange dashed line) and the decision surface lower is described by —0.71 (green dashed line). (G) Efficacy
assessment of two methods, CtSDR-based in situ imaging, and ISH. P means positive, N means negative, Sen means sensitivity, and Spe means
specificity.
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was obtained via our method for the first three samples, indi-
cating the feasibility of the CtSDR-based in sifu imaging strat-
egy for EBERs imaging (Figure 5B). Importantly, these results
were consistent with those of ISH, which is the gold standard
for EBERs detection, indicating the comparative diagnostic
ability of our method. Hematoxylin and eosin (H&E) staining
was also performed to assess pathological changes in these six
samples (Figure 5C).

Furthermore, a large array (7 = 66) was employed to evalu-
ate the ability to imaging pathological changes by these three
different methods (CtSDR-based in situ imaging, ISH and
H&E, Supplementary Figures 520, S21 and S22, respectively).
ISH was adopted as the gold standard to determine that #1-
33 samples were EBERs (+) and #34-66 samples were EBERs
(-). Detailed information of these clinical samples and testing
data are provided in Supplementary Table S9. Meanwhile, a
heat map was generated to summarize the mean FI levels of
EBERs expression (Figure 5D). As shown in Figure SE, the
EBERs (+) group had increased mean FI levels in compari-
son with EBERs (=) group, indicating that the strategy could
completely distinguish the expression of EBERs from different
diseases. Next, support vector machine (SVM) as the ML al-
gorithm was chosen to carry out classification analysis(52,53).
After learning, the decision surface (the red line) was described
by 4.99x + 2.78, in which x means the normalized FI of
samples(Figure SF). The unknown samples could be classified
into a positive or negative group based on their normalized
FI location relative to the surface (decision surface > 0: pos-
itive, decision surface < 0: negative). Moreover, the effective
evaluation between CtSDR-based 7 situ imaging and ISH was
assessed (Figure 5G). According to the results, our proposed
strategy has comparable sensitivity (Sen) and specificity (Spe)
with ISH but is superior in terms of detection time.

Based on these results, the proposed CtSDR-based in situ
imaging strategy for oncogenic RNA has favorable sensitivity
and specificity and is superior in terms of detection time and
operation steps, supporting its profound practical value for
disease diagnosis and prognosis. Thus, this study contributes
to the development of advanced imaging techniques for the
detection of pathological changes and highlights the potential
of CtSDR-based i situ imaging as a promising diagnostic tool.

Discussion

Benefited from target-localized cascade signal amplification in
the homogeneous phase, SDR has been actively pursued for
nucleic acids in situ imaging due to its high sensitivity, speci-
ficity and fast reaction rate, while the overall efficiency is lim-
ited by the energy of the initial reactants and equilibrium of
the reaction. The development of a simple, integrated and ef-
ficient strategy to overcome the intrinsic limitations of SDR
still remains a challenge. In this work, we demonstrated that
Casl12a can significantly advance SDR efficiency and delin-
eated the associated mechanism. First, we found that the high
affinity of Cas12a towards the substrate thermodynamically
drives the SDR equilibrium forward, which can boost the ef-
ficiency of the reaction. Second, the trans-cleavage of Cas12a
drives strand displacement forward by depleting by-products
of the reaction. Based on these findings, we proposed an
advanced model of strand displacement reaction — CtSDR,
which could surmount the limitations of traditional SDR.
We explored the application of target-initiated CtSDR for
RNA analysis, which could achieve order of magnitude lower
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LOD than the Cas13a system. Next, a universal RNA i situ
imaging platform was developed and applied in cultured cells
and paraffin-embedded clinical samples. Given the excellent
SDR efficiency, the RNA imaging platform possesses tremen-
dous sensitivity, remarkable specificity and immense potential
to monitor RNA expression level changes. The successful lo-
calization of oncogenic RNA in clinical tissue samples proves
it is a fast and environment-friendly alternative choice for IHS.
Besides, despite that the programming ability of the Cas12a ef-
fector is limited by protospacer-adjacent motif (PAM) site se-
quence in many prior studies, CtSDR does not require a PAM
site for target recognition, expanding the application mode
of Casl2a programming. These advantages enable CtSDR
promising clinical applications, especially in the field of dis-
ease diagnosis.

In summary, this new CtSDR method, with its mechanisms
radically investigated and its applications comprehensively
verified, may inspire new techniques for molecular diagno-
sis, such as in situ imaging. This work provides a deeper un-
derstanding of Cas12a and broader application scenarios for
both SDR and the CRISPR/Cas system.
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