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Multiple RNA Rapid In Situ Imaging Based on Cas9 Code

Key System

Ruiwei Hu, Wei Yang, Jia Li, Lanxin Jiang, Menghan Li, Mengxuan Zhang, Yuexi Kang,
Xiaoxue Cheng, Shasha Zhu, Lina Zhao, Wen He, Minghui Guo, Shijia Ding,*

Haiping Wu,* and Wei Cheng*

Existing RNA in situ imaging strategies mostly utilize parallel repetitive
nucleic acid self-assembly to achieve multiple analysis, with limitations of
complicated systems and cumbersome steps. Here, a Cas9 code key system
with key probe (KP) encoder and CRISPR/Cas9 signal exporter is developed.
This system triggers T-protospacer adjacent motif (T-PAM structural
transitions of multiple KP encoders to form coding products with uniform
single-guide RNA (sgRNA) target sequences as tandem nodes. Only single
sgRNA/Cas9 complex is required to cleave multiple coding products, enabling
efficient “many-to-one” tandem signaling, and non-collateral cleavage
activity-dependent automatic signaling output through active introduction of
mismatched bases. Compared with conventional parallel multiple signaling
analysis model, the proposed system greatly simplifies reaction process and
enhances detection efficiency. Further, a rapid multiple RNA in situ imaging
system is developed by combining the Cas9 code key system with a T-strand
displacement amplification (T-SDA) signal amplifier. The constructed system
is applied to tumor cells and clinicopathology slices, generating clear
multi-mRNA imaging profiles in less than an hour with just one step.
Therefore, this work provides reliable technical support for clinical tumor

1. Introduction

Malignant tumor exhibits a universal
and crucial phenotypic feature of high
heterogeneity due to cumulative varia-
tion, genetic drift, and pressure selec-
tion during the continuous evolution.'=!
The remarkable heterogeneity is mani-
fested by significant differences in molec-
ular expression between different foci
and cell subpopulations within foci.l>”’!
Obtaining heterogeneity molecular pro-
file serves as an essential basis for
precise molecular typing and clinical
decision-making in tumor diagnosis and
treatment.>#1% RNA, as the core link
of central law, contains abundant bio-
logical information between gene tran-
scription and protein translation, and is
increasingly regarded as an indispens-
able molecule for tumor typing.['V12] Sev-
eral studies have confirmed that the ab-

typing and molecular mechanism investigation.
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normal expression of RNA in tumor

cell is intimately associated with tu-

morigenesis, drug sensitivity, and prog-

nostic assessment.['>*] Moreover, the

homogeneity feature of tumors hints

that single RNA expression level change
fails to explore the whole landscape of tumor information. In con-
trast, the synergistic analysis of multiple RNA may offer greater
accuracy in obtaining precise typing profile.l'"1>-17] Therefore,
multiple RNA in situ analysis would provide more comprehen-
sive information support for clinical tumor typing, which is also
an urgent demand for clinical molecular diagnosis.

Currently, in situ RNA analysis techniques include spatial tran-
scriptome sequencing, in situ optical imaging, and others.!1218]
Among them, in situ sequencing technology relies on complex
spatial barcode hybridization and sequencing read, with lim-
ited single-cell resolution, thus preventing widespread clinical
application.['?%] Existing RNA in situ imaging techniques, such
as RNAscope,??2] Stellaris RNA FISH,!?}l z-FISH rainbow,!**]
etc., are increasingly receiving extensive attention from re-
searchers due to the advantages of facile optical encoding and
single-cell resolution. Those strategies mainly rely on RNA di-
rectly triggering the subsequent complicated self-assembly of nu-
cleic acid framework, which is combined with reporter probe to

© 2024 Wiley-VCH GmbH
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Scheme 1. Schematic diagrams of signaling pathways for the conventional RNA in situ imaging system and the Cas9 code key-based multiple RNA rapid

in situ imaging system.

generate a highly sensitive in situ detection signal. Although mul-
tiple RNA analyses could be achieved through parallel repeated
reactions, the above strategies greatly complicate reaction sys-
tem and highly susceptible to cross-interference.'*#! In addi-
tion, in order to avoid indiscriminate driving of enzymatic cat-
alytic elements, these strategies typically depend on hybridization
entropy-driven spontaneous structure assembly, which greatly
slows down the reaction efficiency.2¢?”] The underlying cause for
these limitations is the absence of a suitable encoding mecha-
nism between multiple signals, which prevents them from con-
verging to form a tandem and unified signaling link. Therefore,
how to break the inherent mode of existing multiple system con-
struction and realize the unified multiple signals encoding effec-
tively is the core issue for the realization of multiple RNA in situ
analysis.

CRISPR/Cas system consists of CRISPR motif, Cas effec-
tor protein, and guide RNA, includes Cas9, Cas12, Casl3, etc.,
and has been widely applied in gene editing, biotherapeutics,
and biosensing.?®%] The classical CRISPR/Cas system possesses
the properties of PAM structure-dependent specific sequence
recognition, forward sequence cleavage, and collateral cleav-
age activity (Cas12, Casl3, etc.).?3!] These properties confer
the CRISPR/Cas system with natural signal recognition, encod-
ing, and output capabilities, and thus CRISPR/Cas has been
hailed by researchers as the next-generation molecular diagnos-
tic technology. However, multiple detection technology based
on CRISPR/Cas system suffers from the following obstacles:
1) disordered collateral cleavage activity: Cas12 or Casl3 pro-
teases, etc., non-specifically cleave reporter probes upon activa-
tion, and fail to achieve independent multiple signal outputs
within individual system;?*32-34 2) unitary signal coding abil-
ity: PAM structure-dependent highly specific sequence recog-
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nition necessitates multiple guide RNA for detecting multiple
targets in the CRISPR/Cas system, significantly increasing sys-
tem complexity.l3>3>3¢] Presently, researchers adopt droplets and
other assistances for reaction system segmentation or Cas pro-
tein structure modification to initially realize the multiple de-
tection with CRISPR/Cas system, but the application scenarios
are greatly limited.’*-38! Therefore, it could be considered as
an attractive attempt to more ingeniously utilize the sequence
recognition and cleavage characteristics of CRISPR/Cas system
to construct a fundamentally innovative mode of multiple coding
detection.

In this study, we innovatively proposed to utilize the pre-
cise mismatch modulation and T-PAM structure transformation
mechanism to construct an original key probe (KP) encoder and
couple it with CRISPR/Cas9 signal exporter to develop a novel
Cas9 code key system (Scheme 1). CRISPR/Cas9, compared to
Cas12 or Casl3, retains a high dependency on PAM structure
and precise sequence recognition capability without collateral
cleavage activity, yet simultaneously faces signal output issue.
Accordingly, in the design of KP encoder, on the one hand, we
regulate the sequence hybridization entropy value by active mis-
match base introduction, which realizes the non-collateral cleav-
age activity-dependent autonomous signal output of Cas9 pro-
tease. On the other hand, the spatial blocking effect of loop
encoding identification region and frame structure modulates
the formation of PAM structure, which in turn successively ad-
justs the activation of Cas9. Through the above mechanism, mul-
tiple targets can specifically binding dissociate with the corre-
sponding loop recognition regions, triggering the deconstructive
reorganization of KP encoders to form coding products. These
different coding products feature the identical sgRNA targeting
sequences, thus only a single sgRNA/Cas9 complex is required to
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be involved, realizing multiple-to-one tandem signaling coding.
Furthermore, the Cas9 code key system could be integrated with a
T-strand displacement amplification (T-SDA) signal amplifier el-
ement to construct a highly efficient, specific and sensitive multi-
ple RNA rapid in situ imaging system for precise typing detection
of formalin fixed paraffin-embedded (FFPE) sample from clinical
tumor patient. The establishment of Cas9 code key system breaks
the inherent mode of parallel reaction in conventional multiple
detection methods, and provides powerful technical support for
multiple RNA in situ analysis, thus contributing to more accurate
heterogeneous tumor typing and mechanism investigation.

2. Results

2.1. Signal Output Mechanism of Cas9 Code Key System Based
on Mismatch Modulation

The principal difference of CRISPR/Cas9 system compared to
Cas12a or Casl3a is that Cas9 protease does not possess effi-
cient collateral cleavage activity after target activation, and cannot
cleave the F-Q fluorescent beacons to generate signal.??! There-
fore, the primary problem of Cas9 code key system, which is
dominated by CRISPR/Cas9 system, lies in the design of non-
collateral cleavage activity-dependent signaling output system.
As shown in Figure 1a, in the classical CRISPR/Cas9 system,
sgRNA/Cas9 complex is guided by PAM motif to cleave targeted
double-stranded (ds) sequence P (~20 nt), which produces a sta-
ble dsDNA product of ~#17 nt. However, the dsDNA product exists
with a high Tm value and cannot be freely dissociated to release
fluorescent signal. How to reduce the high Tm value of dsDNA
product while not compromising sgRNA/Cas9 cleavage would be
expected to realize autonomous signal output. Therefore, we pro-
posed to actively introduce mismatched bases and thus reduce
binding entropy value. N mismatched bases are voluntarily doped
in the non-recognition sequence of P probe in form of successive
mismatch or interval mismatch. In the non-cleaved condition, P
probe maintains a stable binding state. After being cleaved, due
to the existence of mismatched bases, dsDNA product sequence
dissociates autonomously with lower Tm value than conventional
reaction temperature (37 °C), which leads to the release of fluo-
rescence signal (Figure 1b,c).

In order to investigate the hybridization state of P probes un-
der different mismatch base incorporation modes, we first sim-
ulated and calculated the hybridization structure, Gibbs free en-
ergy (AG), and melting temperature (Tm) of P probes before and
after Cas9 cleavage by NUPACK algorithm and ZIPFOLD soft-
ware (Figures S1 and S2, Supporting Information). As shown in
Figure 1b,c and Table S3 (Supporting Information), P probe in
interval mismatch mode was more sensitive to entropy change
triggered by cleavage than in successive mismatch mode. Espe-
cially after incorporating 2 mismatched bases or more, Tm value
of cleaved dsDNA product in interval mismatch mode was lower
than reaction temperature, and tended to be automatically disso-
ciated. Fluorescence assay results also further verified the above
conclusion (Figure 1b,c; Figures S3, and S4, Supporting Infor-
mation). By comparing the signal differences before and after P
probe cleavage in different mismatch modes, it could be clearly
observed that a nearly 18-fold signal-to-noise (S/N) ratio might
be obtained when interval mismatches were performed with 2
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bases. In addition, the simulation results of NUPACK algorithm
revealed that the difference in hybridization free energy caused
by various mismatched base type (AT or CG) was negligibly mi-
nor compared to active mismatch introduction behavior. There-
fore, by introducing mismatched bases to regulate hybridization
entropy value, we successfully constructed a Cas9 signaling out-
put system that is not dependent on collateral cleavage activity
(Figure 1d). The fluorescent signal release yield after Cas9 cleav-
age was calculated by comparing with the equivalent concentra-
tion of fluorescent beacons, which could reach more than 90%,
further indicating the high feasibility of this strategy, thus laying
the foundation for the subsequent construction of Cas9 code key
system.

2.2. Signal Activation Mechanism of Cas9 Code Key System
Based on T-PAM Structure Transformation

As mentioned above, the crucial point for Cas9 code key system
to realize multi-detection lies in the construction of a tandem
and unified signaling link to implement orderly signal recogni-
tion encoding and conversion output. The mismatch-regulated
P probe structure provides an autonomous signaling paradigm
for Cas9. On this basis, the L sequence is inserted into P probe
structure as a specific encoding identification region, forming
the basic framework of key probe (KP) encoder, containing loop
encoding identification region and sgRNA recognition region
(Figure 2a). The KP encoder and Cas9 signal exporter compose
the Cas9 code key system collectively, and its design points are
as follows: 1) spatial blocking effect of loop sequence and T-
framework structure is utilized to regulate the formation of PAM
structure, which in turn modulates the target-responsive activa-
tion of Cas9; 2) the binding free of target and loop sequence is
leveraged to trigger the structural transformation of KP encoder
to form a unified format P probe product; 3) the loop encoding
identification region is independent of the sgRNA recognition
region, such that multiple recognition signals can correspond to
consistent sgRNA targeting sequence. Therefore, in general, the
signaling pathway of Cas9 code key system can be summarized
as follows: the spatial structural transformation of T-frame and
PAM (T-PAM) in KP encoder is triggered by target binding, re-
sulting in cascade activation of Cas9 to generate output signals
by cleavage.

First, in order to verify the structural assembly and signaling
mechanism of KP encoder, PAGE electrophoresis and simulated
target S were employed to analyze the state of KP encoder under
different conditions. The KP encoder band formed by the assem-
bly of L and P probe could be clearly observed in lane 7. With
the addition of S strand in lane 8, KP encoder band was weak-
ened, with the appearance of L and S strand binding product and
separate P probe structure (Figure 2a). The PAGE results veri-
fied that the introduction of target could trigger spatial structural
transformation of KP encoder to form a stable sgRNA recogni-
tion product. Furthermore, the regulation of PAM structure is
crucial for Cas9 code key system to realize target response acti-
vation. Among them, the position of PAM in KP encoder struc-
ture serves as a principal effect factor to maximize the spatial
blocking effect. Thus, fluorescence intensity was employed to
preliminarily analyze the effect of PAM on Cas9 code key target
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Figure 1. Mismatch modulation based Cas9 signaling output system. a) Schematic diagram of the classical CRISPR/Cas9 system. b) Simulated AG and
Tm values of P probes introducing different numbers of mismatched bases in successive mismatch mode, and the fluorescence signal of these P probes
after being cleaved by the CRISPR/Cas9 system. c) Simulated AG and Tm values of P probes introducing different numbers of mismatched bases in
interval mode, and the fluorescence signal of these P probes after being cleaved by the CRISPR/Cas9 system. d) Schematic diagram of the Cas9 signaling
output system based on entropy mismatch modulation and the fluorescence release of two-base interval mismatch P probe. Control group: fluorescent
beacon at the same concentration as the P probe. Error bars indicate the standard deviation (mean + SD, n = 3). The excitation wavelength was 490 nm
and the emission wavelength was 518 nm.
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Figure 2. T-PAM structure transformation based Cas9 code key system. a) Schematic of the design of KP encoder and Cas9 code key system. In addition,
KP encoder assembly was verified by PAGE electrophoresis. b—d) Fluorescence spectroscopy to verify the effect of PAM motifs located at different
structural regions in KP encoder (arm, crossover, and stalk) on the CRISPR/Cas9 cleavage reaction. €) Schematic illustration of optimization of PAM
located at crossover points and fluorescence validation results. f) Exploration of the base types of PAM sequences. g) Schematic of signal activation
mechanism regulated by T-PAM structure transformation. Error bars indicate standard deviation (mean + SD, n = 3). The excitation wavelength was
490 nm and the emission wavelength was 518 nm.
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response activation when it was located in different structural re-
gions (arm, crossover and stem) of KP encoder. The results indi-
cated that when PAM sequence was in the arm and stem region
of KP encoder, PAM could hybridize to form a complete struc-
ture, which could directly activate Cas9 protease system regard-
less of the presence or absence of target (Figure 2b,d; Figure S5,
Supporting Information). In contrast, when the PAM structure
was located in crossover region, it was difficult to hybridize com-
pletely due to the steric hindrance of loop identification region
and the spatial site-blocking effect of frame assembly. Only when
the introduction of S strand triggered the dissociation of L strand,
the rehybridization of P probe could activate Cas9 protease recog-
nition cleavage (Figure 2c). The above results strongly recom-
mend that the spatial barrier could prevent the formation of PAM
structure and thus regulate the activation of Cas9. Further, the
particular location of PAM structure was more finely designed
in the crossover region to obtain optimal signal-to-noise (S/N)
ratio (Figure 2e). Finally, the commonly available Streptococcus
pyogenes-derived (Spy) Cas9 protease native PAM sequence is 5'-
NGG-3', where N can be any of four deoxyribonucleotides.!3*4°]
The different hybridization bonding energy of A-T or C-G may
impact on the formation of PAM structure. It was also confirmed
by designing different PAM sequence comparisons that A-T base
pairs with weaker hydrogen-bonding bond energy were more fa-
vorable to achieve spatial regulation of PAM (Figure 2f).

Overall, the structural transformation of T-PAM serves as a
pivotal mechanism for target-responsive activation of Cas9 code
key system (Figure 2g). Target-dependent binding triggers the de-
constructive reorganization of T-frame, resulting in the complete
assembly of PAM motifs, which in turn activates Cas9 protease
successively. The successful establishment of this mechanism
confirmed the initial feasibility of Cas9 code key system.

2.3. Exploration of Structure and Reaction Kinetics of Cas9 Code
Key System

In order to obtain the optimal analysis performance of Cas9 code
key system, we further explored influencing factors other than
PAM structure. Considering the crucial role of spatial hindrance
effect exerted by loop encoding identification region on the regu-
lation of PAM structure, a series of loop sequences with different
base numbers were designed for validation (Figure 3a). The re-
sults indicated that S/N ratio of Cas9 code key system increased
gradually with the increase of loop base number (5-20 nt), but the
further increase of base number beyond 20 nt resulted in a sharp
decrease of S/N ratio, which might be attributed to the instabil-
ity of KP encoder’s entire structure due to excessively long loop
sequence. In addition, the effect of mismatched base number in
sgRNA recognition region on KP encoder was further explored.
KP encoder structure is inherently more unstable compared to P
probe due to higher free energy. Therefore, whether the appropri-
ate number of mismatched bases for P probe is suitable for KP
encoder structure still requires further validation. Figure 3b re-
vealed that mismatching 2 bases apart remained to be the optimal
choice. In order to increase the stability of KP encoder structure
assembly, a series of parameters such as the concentration ratio
of L/P1/P2, the annealing mode, and the concentration of Mg**
utilized in annealing were systematically explored. Stable KP en-
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coder assembly structure was obtained by applying the L/P1/P2
concentration ratio of 1.5:1:1 at 10 mm Mg?* concentration and
denaturing at 95 °C for 5 min followed by slow annealing at
—1°C min~! (Figures S6-S8, Supporting Information).

On the basis of robust KP encoder structure, the optimal re-
action conditions of Cas9 code key system were investigated.
The code-S strand which simulates target signal drives the de-
constructive reorganization of KP encoder through strand dis-
placement reaction (SDR). The length of code-S strand inevitably
affects the deconstructive efficiency of KP encoder. Therefore, a
series of length gradients of code-S strand were set up to explore
the optimal binding condition. The results revealed that the de-
construction of KP encoder was performed optimally when the
length of coding S strand was 26 nt (Figure 3c). Longer code-S
strand may result in decreased efficiency of strand displacement
recognition due to their own secondary structure or dimeriza-
tion behavior. In addition, the relative concentration ratio of KP
encoder to sgRNA/Cas9 complex (1:2 optimal) and the reaction
temperature (37 °C optimal) were further explored (Figures S9
and S10, Supporting Information).

Finally, we set up the classical target-mediated SDR as a com-
parison to investigate the reaction kinetics of Cas9 code key sys-
tem. As shown in Figure 3d, the hybridization signal of hairpin
probe H with simulated target S exhibited a slow rising trend with
an initial rate of 1.0460 nmM s~'. On the contrary, Cas9 code key
system reached signal peak within 20 min and the initial reaction
rate reached 1.4148 nm s7!, which was much higher than that
of the classical SDR. The reason for this phenomenon could be
attributed to the fact that the strand displacement hybridization
between H and S involves a reversible reaction driven by entropy
value. In contrast, KP encoder, after being deconstructed by S dis-
placement, reorganizes to form a “product” P probe, which can
activate Cas 9 protease, thus being continuously cleaved and con-
sumed, resulting in an imbalance of potential energy between
the two ends of SDR, which tends to accelerate the S-KP en-
coder displacement reaction in forward direction, and greatly
improves the reaction efficiency. Furthermore, in contrast to
the positively driven signal output system with irreversible Cas9
cleavage, the reversible strand displacement-driven reaction im-
posed constraints from thermodynamic equilibrium, leading to
differences in the fluorescence signals of plateau phase between
S-KP and S-H. These speculations were also confirmed by our
previous study.[*!]

2.4. Establishment and Performance Verification of Cas9 Code
Key Multiple Detection System

The Cas9 code key multiple detection system relies on the loop
encoding identification region of KP encoder and the T-PAM
structural transformation of target response to realize the mul-
tiple target signal recognition encoding and conversion output.
Therefore, we set up three KP encoders, and different KP en-
coders share the same sgRNA targeting sequence, while the
main variation only lies in the sequence of loop recognition
region and the fluorescent motif labeled at end of P probe.
Through the specific hybridization binding of different coding
strands with KP encoders, distinctive fluorescence signals can
be generated for P probe cleavage corresponding to different

© 2024 Wiley-VCH GmbH
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Figure 3. Exploration of structure and reaction kinetics of Cas9 code key system. a) Verification of the effect of loop length on the stability of KP encoder.
b) Verification of the effect of the number of mismatched bases on KP encoder. c) Exploration of code-S strand length. d) Comparison of fluorescence
reaction kinetics between classical SDR reaction and Cas9 code key system. Error bars indicate standard deviation (mean + SD, n = 3). The excitation

wavelength was 490 nm and the emission wavelength was 518 nm.

coding sequences in the presence of single sgRNA/Cas9 com-
plex (Figure 4a). The results of Figure 4b fully verified the fea-
sibility of Cas9 code key to realize multi-target detection within
a single system, and three coding strands were eventually re-
covered to produce corresponding strong fluorescence signals.
Notably, due to the highly specific binding of coding strand to
corresponding loop identification region (20 nt complementary),
the signals between multiple targets within single system were
mutually non-interfering with each other, with almost no cross-
reactivity, which fully demonstrated the specificity of this multi-
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ple detection strategy (Figure 4c). We further designed a series of
mismatch targets (mismatches of 2, 4, and 6 bases and complete
mismatches) to complement the selectivity experiments. The re-
sults indicated that KP encoder could effectively distinguish mis-
matched code sequences and maintain acceptable recognition
specificity (Figure S11, Supporting Information).

In order to preliminarily explore the analytical perfor-
mance of the Cas9 code key multiple detection system, cod-
ing strands with different concentration gradients were mixed
within one single system under optimal reaction conditions and
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Figure 4. Validation of Cas9 code key multiple detection system. a) Schematic diagram of Cas9 code key multiple detection system. b) Feasibility
validation of Cas9 code key multiple detection system. c) Target specificity exploration of Cas9 code key multiple detection system. d—f) Validation of the
analytical performance of Cas9 code key multiple detection system. d—f) represented the fluorescence signal spectra triggered by a series of concentration
gradients of Code-A, Code-B, and Code-C (0, 1, 2.5, 5, 10, 25, 50 nm, corresponding to A-a to A-g, B-a to B-g, and C-a to C-g, respectively). g-i) Linear
calibration graphs (mean + SD, n = 3) of fluorescence intensity at 518, 612, and 664 nm versus different coding strand concentrations. The excitation
and emission wavelengths were set to 490 and 518 nm for the FAM channel, 580 and 612 nm for the ROX channel, and 630 and 664 nm for the Cy5
channel.
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quantitatively analyzed. The results indicated that correspond-
ing fluorescence signals of the single system gradually enhanced
as the concentrations of Code-A, Code-B, and Code-C were pro-
gressively increased from 0 to 50 nwm, respectively (Figure 4d—f),
and exhibited a favorable linear relationship within the concen-
tration gradient range (Figure 4g—i). Furthermore, according to
the 3o /slope rule, the limits of detection (LOD) were calculated to
be 0.88, 0.93, and 0.61 nwm, respectively. This result fully demon-
strated that Cas9 code key multiple detection signal behaved reli-
ably in concentration-dependent manner, which established the
foundation for the subsequent construction of multiple mRNAs
in situ imaging system.

2.5. Construction of Multiple RNA Rapid In Situ Imaging Strategy
Based on Cas9 Code Key System

The superior analytical performance of Cas9 code key multiple
detection system encouraged us to further develop in situ multi-
ple RNA imaging strategy for rapid and precise typing of hetero-
geneous tumor. However, we clearly recognized that the absence
of Cas9 protease collateral cleavage activity facilitated the con-
struction of multiple detection system, but simultaneously lost
the self-signal amplification ability, thus the sensitivity in ana-
lyzing extremely low abundance of tumor RNA targets was still
insufficient. Therefore, inspired by the high-efficiency T-strand
displacement amplification (T-SDA) signal amplifier element
constructed in previous studies,[****] we introduced two primer
TP strands to form a nicked T structure with target RNA, which
triggered high-efficiency SDA signal amplification under the ac-
tion of KF DNA polymerase and NB.BbvClI nick endonuclease to
generate numerous repetitive signal strands, which then coupled
to the subsequent Cas9 code key multiple detection system, and
finally constructed a novel Cas9 code key-based multiple RNA
rapid in situ imaging system (Figure 5a).

In this study, breast cancer cells were selected as the analytical
model, and human epidermal growth factor receptor 2 (HER2),
progesterone receptor (PR), and estrogen receptor (ER) mRNAs,
which serve as molecular typing indicators for clinical breast can-
cer, were employed as targets for multiple assays. We initially val-
idated the feasibility of Cas9 code key-based multiple RNA rapid
in situ imaging system with SKBR3 (high expression of HER2,
low expression of PR/ER mRNA). The lack of any component,
such as SDA primer and KP encoder, failed to produce obvious
fluorescence signal, and only when the complete Cas9 code key
system was operated, clear in situ imaging results could be ob-
tained, with S/N ratio up to 100-fold (Figure 5b; Figure S11, Sup-
porting Information). Multiple mRNAs imaging of single SKBR3
cell indicated that HER2 mRNA expression remained at the high-
est level and mainly localized in the cytoplasm, while PR and
ER mRNAs expression were reatively low, which was in line
with the cellular characteristics (Figure S12, Supporting Infor-
mation). The above results fully demonstrated that the proposed
in situ imaging strategy possesses the ability to reliably analyze
multiple mRNAs in situ. On this basis, we further explored the
optimal reaction time of this system. By observing the in situ cel-
lular imaging results in a series of time gradients, it was strik-
ing to observe that stable and clear fluorescence imaging results
could be obtained at 60 min (Figure 5c). Compared with conven-
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tional in situ imaging techniques, the detection rate of Cas9 code
key-based multiple RNA in situ imaging system was dramati-
cally improved, which was mainly attributed to the fact that both
signal amplification, multiple coding, and signal output were all
driven by highly efficient enzymes rather than slow hybridiza-
tion entropy. Moreover, it was worth mentioning that the Cas9
code key-based multiple RNA in situ imaging system required
only one-step addition operation, avoiding extensive cumber-
some processes, which was the main reason for realizing rapid
imaging.

Furthermore, we choosed three cell models, MCF-10A (nega-
tive control), SKBR3 (high expression of HER 2, low expression
of PR/ER mRNA), and MCF-7 (low expression of HER 2, high ex-
pression of PR/ER mRNA) to validate the in situ multiple imag-
ing performance of Cas9 code key, and compared with qRT-PCR
quantitative data of cell-extracted mRNA. Confocal laser scan-
ning microscopy (CLSM) results revealed the presence of bright
multiple fluorescent signals in all three cell models, which were
fully consistent with mRNA expression profiles of each cell line
(Figure 5d; Figure S14, Supporting Information). Additionally,
comparison with qRT-PCR results indicated that multiple mRNA
in situ imaging of three cell types analyzed by Cas9 code key were
corresponded with qRT-PCR quantitative trend. All above results
fully proved that Cas9 code key-based multiple RNA in situ imag-
ing system possesses the ability of in situ multiple mRNAs imag-
ing analysis, and exhibited the performance advantages of effi-
ciency, sensitivity, and specificity, which could be expected to be
further applied to actual clinical samples.

2.6. Clinical FFPE Sample Validation with Cas9 Code Key Based
Multiple RNA Rapid In Situ Imaging System

To further explore the clinical potential of Cas9 code key
based multiple RNA rapid in situ imaging system, we collected
formalin-fixed and paraffin-embedded (FFPE) tissue slice sam-
ples from clinical breast cancer patients for HER2, PR, and ER
mRNAs in situ imaging analysis. Classical immunohistochem-
istry (IHC) or fluorescence in situ hybridization (FISH) tech-
niques are currently employed in clinical practice for the detec-
tion of breast cancer typing indices. However, both IHC or FISH
are laborious to perform in situ detection of multiple markers in
one FFPE sample, and cumbersome procedure (>24 h) greatly
slows down clinical reporting time. In contrast, Cas9 code key
based multiple RNA in situ imaging system enables rapid mul-
tiple mRNAs in situ imaging in less than 1 h by virtue of its effi-
cient, sensitive and specific performance advantages (Figure 6a).
We first utilized FFPE samples that were definitively diagnosed
by clinical IHC/FISH for imaging validation of the proposed
system. The results illustrated that Cas9 code key based mul-
tiple RNA in situ imaging system could effectively and simul-
taneously achieve clear imaging of three mRNAs in individual
FFPE sample with high concordance by comparison with clin-
ically graded diagnostic results (Figure 6b). Noticeably, the ex-
pression of PR/ER mRNA in the four samples was assessed at
different clinical diagnostic hierarchies, and the imaging results
similarly confirmed the abundance discrepancy. The above re-
sults demonstrated the practicality of Cas9 code key based multi-
ple RNA in situ imaging system in FFPE sample analysis.
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Figure 5. Cas9 code key based multiple RNA in situ imaging system. a) Schematic diagram of Cas9 code key based multiple mRNAs in situ imaging
system. b) Feasibility validation of the proposed system, which was utilized to image SKBR3 (high HER2 expression, low PR/ER expression). Scale bar
is 25 pm. Fluorescence imaging results of HER2, PR, and ER mRNAs in individual SKBR3 cell is highlighted in the figure. Scale bar is 10 um. mRNA
in situ imaging results were also quantified. c) Reaction time optimization of this in situ imaging system. Scale bar is 25 um. d) Multiple mRNAs in
situ imaging analysis of MCF-10A (negative control), SKBR3 (high HER2 expression, low PR/ER expression), and MCF-7 (low HER2 expression, high
PR/ER expression) by the proposed system. Scale bar is 25 um. Error bars indicate standard deviation (mean + SD, n = 3). The excitation light channels
employed were 405 nm (DAPI, blue), 488 nm (FAM, green), 561 nm (ROX, magenta), and 642 nm (Cy5, red), respectively.
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Figure 6. Cas9 code key system for multiple RNA in situ analysis in breast cancer FFPE samples. a) lllustration of the workflow of the Cas9 code key
based multiple RNA rapid in situ imaging system versus existing clinical in situ molecular imaging systems. b) Multiple RNA imaging analysis of four
clinical FFPE samples with different breast cancer subtypes by the proposed system. Scale bar is 10 um. White labels in the imaging results are the
clinical IHC grade of corresponding indicator. The excitation light channels employed were 405 nm (DAPI, blue), 488 nm (FAM, green), 561 nm (ROX,
magenta), and 642 nm (Cy5, red), respectively. c) Spearman’s correlation analysis of Cas9 code key system imaging results of HER2, PR, and ER typing
indicators with clinical IHC/FISH grading results. d) ROC analysis of Cas9 code key multiple RNA imaging results compared with IHC/FISH grading
results in the training cohort (n = 20). HER2 negativity was defined as IHC results of -, +, and 2+ (FISH negative), and HER2 positivity was defined as
IHC results of 2+ (FISH positive) and 3+.PR and ER negativity was defined as IHC results of -. ER and PR positivity was defined as IHC results of +, 2+,
and 3+.
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On this basis, we further performed clinical comparative analy-
sis of large samples. We collected 20 FFPE samples with different
clinical breast cancer phenotypes, performed multiple mRNAs
imaging by Cas9 code key, and compared with clinical IHC/FISH
grading results (Figures S15-S17 and Table S14, Supporting In-
formation). The Spearman correlation analysis demonstrated a
significant correlation between the IHC/FISH grading and the
quantitative fluorescence imaging results of Cas9 code key based
multiple RNA in situ imaging system. More specifically, the
Spearman correlations between the Cas9 code key-based mRNA
imaging results of three indicators, HER2, PR, and ER, with the
IHC/FISH grading were 0.819, 0.735, and 0.872, respectively, and
P <0.001 (Figure 6c¢). In addition, we performed ROC analysis of
three metrics with IHC-positive cutoft values of +, 2+ and 3+ for
ER and PR, and 2+ (FISH+) and 3+ for HER2. In the assessment
of the area under the ROC curve (AUC), the AUCs for HER2, PR,
and ER were 0.780, 0.879, and 0.976, respectively (Figure 6d),
which fully demonstrated that the Cas9 code key based multi-
ple RNA in situ imaging system offered high diagnostic accu-
racy. The above results confirmed that the multiple mRNAs in
situ imaging analysis by Cas9 code key was highly consistent
with clinical typing diagnosis, and exhibited broad clinical trans-
lational application prospect with the remarkable performance
advantages compared with existing technologies.

3. Discussion

RNA, as the core link of central law, performs an essential role
in genetic information transmission and protein function trans-
lation, and the abnormal expression of RNA has been confirmed
by numerous studies to be closely related to tumor progression.
Therefore, the precise analysis of RNA could be considered as an
equally valuable approach for tumor molecular diagnosis. How-
ever, compared with DNA and protein, there is a lack of sophis-
ticated clinical in situ analysis of RNA for tumor molecular typ-
ing. Strategies such as RNAscope, Stellaris RNA FISH, and z-
FISH rainbow, which were constructed in previous studies, are
limited by inefficiency of complex DNA self-assembly and high
cost, which prevents them from being widely disseminated. In
addition, tumor heterogeneity determines the necessity of mul-
tiple RNA analysis, whereas multiple assays in above strategies
are mainly based on the inherent pattern of parallel repetitive
reaction, which greatly increases system complexity. Therefore,
efficient, rapid, and specific multiple RNA in situ analysis strat-
egy is urgently demanded by clinical necessary technical support,
which is also the main foothold of this study.

As mentioned in the introduction, the crucial factors for multi-
target analysis are specific target identification, multi-link sig-
nal encoding, and non-interfering signal outputs, which require
a tandem and uniform signal transmission mechanism among
multiple signals. Therefore, in this study, we originally proposed
a cas9 code key system, which efficiently realizes multi-signal
detection through mismatch modulation and T-PAM structure
transformation mechanism. In this system, the KP encoder skill-
fully utilizes the spatial barrier effect of loop encoding identi-
fication region to regulate the formation of PAM structure. It
realizes the activation of target-responsive Cas9 signal exporter
through the binding free of target and loop while generating en-
coding product P probe. The introduction of mismatched bases
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in P probe greatly enhances the variation difference in Tm value
before and after Cas9 cleavage, thus realizing the autonomous
output of fluorescent signal at routine reaction temperature. Re-
markably, the loop encoding identification region in KP encoder
wanders outside the sgRNA recognition region. This configura-
tion enables the sgRNA recognition regions between various KP
encoders to maintain the identical sequence. Consequently, only
a single sgRNA/Cas9 complex is required to realize multiple sig-
nal outputs, enabling multiple-to-one tandem signal encoding.

Furthermore, we coupled the T-SDA signal amplifier element
at the fore end of KP encoder, and then constructed a rapid mul-
tiple RNA in situ imaging strategy based on Cas9 code key sys-
tem. Benefiting from efficient amplification of T-SDA and mul-
tiplexing performance of Cas9 code key system, the strategy real-
ized multiple RNA in situ imaging in FFPE samples from clini-
cal breast cancer patients. Surprisingly, the results revealed that
the proposed strategy could obtain clear multiple RNA imaging
profile within 1 h with only one sampling operation, which exhib-
ited a tremendous performance advantage over existing clinical
in situ analysis strategies, such as FISH, THC, and so on. More-
over, this strategy was utilized to evaluate 20 FFPE samples from
breast cancer patients with different typing diagnoses. The mul-
tiple RNA in situ imaging results obtained were in high concor-
dance with clinical diagnostic grading, which fully confirmed the
reliable potential of this strategy for clinical application. However,
it remains to be mentioned that the limitation of this strategy is
the relatively restricted fluorescence encoding capacity, resulting
in the inability to expand more detection pathways.

Overall, the Cas9 code key system proposed in this study aban-
dons the conventional mode of parallel in situ analysis strategy
based on nucleic acid self-assembly and provides a fresh tan-
dem coding paradigm for multiple detection system construc-
tion. The multiple RNA rapid in situ imaging strategy based on
Cas9 code key system demonstrated astonishing analytical per-
formance, which is promising to provide a revolutionary techni-
cal support for clinical tumor molecular typing and mechanism
exploration.

4. Experimental Section

Materials:  DNA oligonucleotides were purchased from Sangon
Biotechnology Co. Ltd. (Shanghai, China). RNA oligonucleotide was pur-
chased from Tsingke Biotechnology Co. Ltd. (Beijing, China). S.pyogenes
Cas9 Nuclease, 10x NEBuffer r3.1 [T m NaCl, 500 mwm Tris-HCI, 100 mm
MgCl,, 1 mg mL™" recombinant albumin, pH 7.9], klenow fragment
(3’5" exo), NB.BbvCl, and dNTP were purchased from New England
Biolabs (Ipswich, MA, USA). Diethyl pyrocarbonate (DEPC)-treated wa-
ter, Tris-EDTA (TE) buffer [10 mm Tris-HCI, 0.1 mm EDTA, pH 8.0], 5%
TBE buffer [445 mm Tris, 445 mm boric acid, 10 mm EDTA, pH 8.0-8.6],
20x saline-sodium citrate (SSC) buffer (DEPC treated) [3 M NaCl, 300 mm
sodium citrate, pH 6.9-7.1], 20x phosphate buffered saline (PBS) (DEPC
treated) [200 mm Na,HPOy,, 35 mm KH,PO,, 2.74 m NaCl, 53 mwm KCl,
pH 7.2-7.6], GelRed, PAGE gel fast preparation kit, xylene, and ethanol
were obtained from Sangon Biotechnology Co. Ltd. (Shanghai, China).
6x Loading buffer and 20-base pair DNA marker were obtained from
Takara Biotech. Inc. (Dalian, China). Dulbecco’s modified eagle’s medium
(DMEM), RPMI 1640 medium, and FBS were obtained from Thermo
Fisher Scientific Inc. (USA). PBS [8 mm Na,HPO,, 136 mm NaCl, 2 mm
KH,PO,, 2.6 mm KCl, pH 7.0-7.2], paraformaldehyde universal tissue fix-
ative (4%), and Triton X was obtained from Biosharp Life Science (Bei-
jing, China). 4',6-Diamidino-2-phenylindole (DAPI) was purchased from
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Beyotime Institute of Biotechnology (Shanghai, China). SPARKeasy Cell
RNA Kit, SPARKscriptll RT Plus Kit (with gDNA eraser), and 2x SYBR
Green gPCR Mix (with ROX) were purchased from Sparkjade Co., Ltd.
(Shandong, China). Tris-magnesium (TM) buffer [20 mm Tris-HCl, 50 mm
MgCl, pH 7.9] was self-prepared. All buffer solutions were prepared and
diluted using DEPC-treated water.

DNA/RNA Oligomers: The sequences of all DNA oligonucleotides
were synthesized according to the specifications in Tables S2, S4-S12
(Supporting Information), while the sequences of RNA strands were
synthesized based on Table ST (Supporting Information). DNA strands
were first dissolved in TE buffer and stored at 20 um at —20 °C.
RNA oligonucleotide was dissolved in DEPC-treated water and sim-
ilarly stored at a concentration of 20 um at —20 °C for future
use.

Preparation of P Probe and KP Encoder: P probe and KP encoder were
prepared through DNA self-assembly. P1and P2 with different numbers of
mismatched bases were incubated in TM buffer at 37 °C for 30 min in an
equimolar ratio to form 500 nm P probe. To fabricate 500 nm KP encoder,
P1, P2, and L were mixed in a 1:1:1.5 ratio in TM buffer. The annealing
process began at 95 °C for 5 min, followed by a gradual cooling down to
25 °C at a rate of —1°C min~". P probe and KP encoder were stored at 4 °C
for future use.

Mismatch Modulation Based Cas9 Code Key Signal Output System: To
form the sgRNA/Cas9 complex, 50 nm spyCas9 and 75 nm sgRNA were
pre-incubated in 1x NEBuffer r3.1 (diluted to 1x using DEPC-treated water
before use) for 10 min at 37 °C in the MINIC-100 mini dry bath (HANU,
China). The reaction system consisted of 50 nm sgRNA/Cas9, 25 nm P
probe, and 1x NEBuffer r3.1 in a 100 pL reaction volume. The reaction
was carried out at 37 °C for 20 min. For mismatch modulation based Cas9
code key signal output system, the reaction system consisted of 50 nm
pre-incubated sgRNA/Cas9, 25 nm KP-A, 25 nm Code-A strand, and 1x
NEBuffer r3.7 in 100 pL reaction volume. The reaction was performed at
37 °C for 20 min.

Classical SDR Reaction Based on Hairpin: The hairpin was formed by
slowly annealing process that began at 95 °C for 5 min, followed by a grad-
ual cooling down to 25 °C at a rate of —1 °C min~. The reaction system
consisted of 25 nm hairpin, 25 nm Code-A, and 1x NEBuffer r3.1in 100 pL
reaction volume.

Cas9 Code Key Based Multiple Detection System: ~spyCas9 (150 nm) with
225 nm sgRNA were first incubated in 1x NEBuffer r3.1 for 10 min at 37 °C
to constitute sgRNA/Cas9 complex before cleavage assay. The reaction
system consisted of 150 nm pre-incubated sgRNA/Cas9, 25 nm each of
KP-A, KP-B, and KP-C, various concentrations of each of Code-A, Code-B,
and Code-C strands, and 1x NEBuffer r3.1in 100 pL reaction volume. The
reactions were performed at 37 °C for 20 min.

Fluorescence Measurement: Fluorescence intensity was measured by
Cary Eclipse (Agilent Technology, USA). The fluorescence intensity of three
channels (FAM, ROX, and Cy5) was measured with a volume of 100 uL. The
excitation and emission wavelengths were set to 490 and 518 nm for the
FAM channel, 580 and 612 nm for the ROX channel, and 630 and 664 nm
for the Cy5 channel. The silt widths of excitation and emission were both
1.5 nm.

Fluorescence Reaction Kinetics: Fluorescence reaction kinetics were
measured via F-4700 fluorometer (Hitachi, Japan). Cas9 code key system
consisted of 50 nm pre-incubated sgRNA/Cas9, 25 nm KP-A, and 1x NEB-
uffer r3.1. The hairpin reaction system included 25 nm hairpin probe (H)
and 1x NEBuffer r3.1. Both measurements began after the addition of
25 nm Code-A into the reaction system. The reaction temperature was
maintained at 37 °C. Fluorescence intensity was recorded at 1 s intervals
for 1800 s, with an excitation wavelength of 490 nm and an emission wave-
length of 518 nm. The silt widths of excitation and emission were both
1.5 nm.

Polyacrylamide Gel Electrophoresis (PAGE) Analysis:  Polyacrylamide gel
electrophoresis was conducted using a 12% gel prepared with a PAGE gel
fast preparation kit, operated at 110 V in a 1x TBE buffer. Subsequently,
10 pL of sample solution and 2 pL of 6x loading buffer were mixed and
added to each loading well. After the separation in the electrophoresis ap-
paratus (Bio-Rad Laboratories, Singapore), the gels containing DNA were
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stained using GelRed and visualized by Bio-Rad ChemDoc XRS Imaging
System (Bio-Rad Laboratories, USA).

Cell Culture:  The human breast cancer cell lines MCF-7 and SKBR3
were cultured in DMEM medium supplemented with 10% fetal bovine
serum (FBS), penicillin (100 U mL™"), and streptomycin (100 ug mL™")
at 37 °C in a humidified atmosphere containing 5% CO, The human
breast cancer cell line MCF-10A was cultured in DMEM/F12 medium
supplemented with 20 ng mL~! EGF, Hdrycortisone Insulin, NEAA, 5%
HS, 1% P/S solution at 37 °C in a humidified atmosphere containing
5% CO,.

Multiple RNA Rapid In Situ Imaging Strategy Based on Cas9 Code Key
System: Cells were grown to a density of 40% to 50% on 14-mm cell
slides in 24-well plates. The cells were then fixed using 4% paraformalde-
hyde universal tissue fixative and subsequently rinsed with PBS. Follow-
ing fixation, the cells were permeabilized with 5% Triton X. Cas9 code key
system consisted of 1 um each of KP-A, KP-B, and KP-C, 500 nm each of
T-HER2, T-ER, and T-PR, 500 nm each of P-HER2, P-ER, and P-PR, 6 um
pre-incubated sgRNA/Cas9, 10 mm dNTP, 10 U Klenow fragment (3'—5’
exo), 3 U NB.BbvCl, and 1x NEBuffer r3.1. The reaction system was incu-
bated on prepared MCF-7, MCF-10A, and SKBR3 fixed cells for Th at 37 °C.
After staining with DAPI for 5 min, the cells were immediately observed via
Leica TCS SP8 STED confocal laser scanning microscopic (CLSM) (Leica,
Germany). The excitation optical channels used were 405, 488, 561, and
642 nm, respectively.

Cellular Total RNA Extraction: Cellular total RNA was isolated from
MCF-7, MCF-10A, and SKBR3 cells using SPARKeasy Cell RNA Kit follow-
ing the manufacturer’s protocol. The concentration of total RNA was de-
termined by BioDrop ulite+ (BioDrop, USA).

Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR):
For the qRT-PCR analysis of HER2, ER, PR mRNAs, cDNA samples were
synthesized by reverse-transcription from 0.5 ug total cellular RNA us-
ing SPARKscriptll RT Plus Kit (with gDNA eraser) according to the man-
ufacturer’s instructions (GAPDH as the reference gene). PCR was per-
formed with 2x SYBR Green qPCR Mix (with ROX) on CFX96 Touch
Real-Time PCR Detection System (Bio-Rad Laboratories, USA). The 10 uL
of solution contained 2 pL of cDNA sample, 0.5 L of forward primer
(5 um), 0.5 pL of reverse primer (5 um), 5 uL of 2x SYBR qPCR Mix,
and 2 pL of RNase free water. The PCR was performed in the following
conditions: 95 °C for 3 min, 40 cycles of 95 °C for 15 s, and 60 °C for
30s.

Multiple mRNAs In Situ Imaging of FFPE Samples: De-identified hu-
man breast cancer FFPE tissue sections and clinical data were obtained
from the Department of Pathology of the First Affiliated Hospital of
Chongqing Medical University. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Chongging Medical Univer-
sity (2022-K461). FFPE tissue sections were baked at 60 °C for 1 h, and
then the sections were dewaxed in fresh xylene and rehydrated in ethanol.
Targets were retrieved for 20 to 30 min in 2x SSC buffer (DEPC treated) at
97 °C. Next, sections were washed in PBS (DEPC treated), and after thor-
oughly air-drying, they underwent treatment with pepsin working solution
at 37 °Ciin the hybridizer (ThermoBrite, USA) for 18 min. Then rinsed with
2% SSC buffer (DEPC treated) at room temperature for 5 min, dehydrated
with ethanol series (75%, 85%, and 100%), and allowed to air-dry. Sections
were permeabilized with 5% Triton X at 37 °C for 5 min, followed by a sin-
gle wash with 1x PBS (DEPC treated). After complete air-drying, the Cas9
code key based multiple RNA rapid in situ imaging system was applied
using the method described above, and the CLSM imaging procedure was
carried out.

Statistical Analysis: All data were processed using Origin 2021. The
reproducibility of the results was evaluated through a minimum of three
independent experiments. In the legend, “n” signified the number of inde-
pendent experiments conducted.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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