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The CRISPR/Casl2a system has demonstrated extraordinary capabilities in biosensing and molecular
diagnostics, owing to its precise recognition and efficient trans-cleavage ability. However, current
crRNA-based Casl2a requiring costly modifications and multiple
components, increasing system complexity. Here, we develop translesion synthesis-driven hierarchical

regulation is relatively crude,
regulation using a template-activator construct for Cas12a activity (THRUST), a powerful and economical
Casl2a regulation strategy. This strategy utilizes a bifunctional template-activator construct (TAC) that
simultaneously functions as a transcriptional template for T7 RNA polymerase (T7 RNAP) and an activator
for Casl12a. T7 RNAP skips the deoxyuridine (dU) lesion while being blocked by the apurinic/apyrimidinic
(AP) site. Strategic positioning of transcriptional regulatory units on the TAC allows precise control of
crRNA length and simultaneously regulates Casl2a activation at the activator level, thereby achieving
hierarchical regulation of Casl2a. Through the construction of “Dim down” and “Light up” biosensing
platforms and an aggregation-induced emission lateral flow test, THRUST enriches the CRISPR/Casl12a
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Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) proteins are part of the
adaptive immune system of prokaryotes, enabling defense
against foreign genetic materials introduced by bacteriophages
or plasmids.” In the field of biosensing, Cas12a is one of the
most commonly used Cas proteins. Guided by CRISPR RNA
(crRNA, transcribed from the CRISPR array) composed of
a scaffold and a spacer,>® Cas12a is directed to target double-
stranded DNA (dsDNA) containing a protospacer adjacent
motif (PAM) sequence or target single-stranded DNA (ssDNA)
without PAM. Once activated, Casl2a not only exhibits cis-

“School of Pharmacy, Nanjing Medical University, Nanjing, Jiangsu 211166, China
*Clinical Translational Research Center of Aggregation-Induced Emission, School of
Medicine, The Second Affiliated Hospital, School of Science and Engineering,
Shenzhen Institute of Aggregate Science and Technology, The Chinese University of
Hong Kong, Shenzhen (CUHK-Shenzhen), Guangdong 518172, China

“Clinical Medical Laboratory Center, Department of Neurology, The Affiliated Taizhou
People’s Hospital of Nanjing Medical University, Taizhou School of Clinical Medicine,
Nanjing Medical University, Taizhou, Jiangsu 225300, China

State Key Laboratory of Natural Medicines and Jiangsu Provincial Key Laboratory for
TCM Evaluation and Translational Research, School of Traditional Chinese Pharmacy,
China Pharmaceutical University, Nanjing, Jiangsu 211198, China

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d55c02575¢

© 2025 The Author(s). Published by the Royal Society of Chemistry

regulatory toolbox for molecular diagnostics.

cleavage activity on the target DNA but also displays efficient
non-specific cleavage activity on any ssDNA, that is, multiple
turnover trans-cleavage activity,’® allowing Casl2a to provide
a novel signal amplification mode in molecular diagnostics.
With the above characteristics and its high programmability,
a variety of Casl2a-based biosensing platforms have been
developed, such as SHELOCK,* DETECTOR® and FINDER.®
However, the activity regulation of the Cas12a system remains
unidimensional, making it difficult to meet the diverse
demands of different detection scenarios for activity intensity.
To overcome this limitation, it is crucial to establish an effi-
cient, flexible and hierarchical regulation strategy to precisely
modulate the trans-cleavage activity of Cas12a and expand its
applications in various fields.

The CRISPR/Cas12a system consists of three main regulatory
modules. Beyond direct genetic modification of the Casl2a
protein,” current research focuses on the programmable
modification of the activator and crRNA. On the one hand, by
designing an activator containing a toehold and using
a toehold-mediated strand displacement reaction,*® a DNA-
crRNA complex could be formed and Cas12a could be activated
or the activator could be split to co-activate Cas12a,'®™
demonstrating the fine-tuning ability of Cas12a. However, most
of these methods rely on the additional provision of an acti-
vator, which makes the reaction system more complicated and,
to some extent, limits its compatibility with the upstream
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reaction network, thereby restricting the programmability and
flexibility of the CRISPR/Cas system. On the other hand, recent
studies have explored the modification of crRNA by various
approaches, including elongation-caged crRNA, circular crRNA,
light-controlled crRNA, extending DNA/RNA/G-quadruplex (G4)
at the end of crRNA, and chemical modification of crRNA (N-
methyladenosine, 2’-O-methyl) to achieve signal transduction
switching and activity regulation of Cas12a.>* However, opti-
mizing crRNA design for varying sequences often requires
multiple trials, significantly reducing cost-effectiveness. More
importantly, the “one-touch” activation mechanism, where the
activator and crRNA directly trigger Cas12a activity, combined
with its ultra-high cleavage efficiency of Cas12a, makes its
adjustable range very narrow.*® Furthermore, uncontrolled high
cleavage efficiency may interfere with upstream amplification
reactions, generate background noise, reduce assay sensitivity,
require external activation devices and cause poor compatibility
with complex biological samples. In view of the above problems,
it is particularly important to develop new regulatory mecha-
nisms, especially to regulate Cas12a activity between hierar-
chical levels, to improve the sensitivity and specificity of
detection in complex biological samples while also simplifying
operational steps and reducing economic costs.

T7 RNA polymerase (T7 RNAP) exhibits robust transcrip-
tional activity and strict promoter specificity and is often used
as a powerful tool in the preparation of crRNA.>*"*> Moreover, T7
RNAP has the ability to translesion synthesis and act as a sensor
of DNA lesions during transcription-coupled repair.>® There are
many types of DNA lesions, of which deoxyuridine (dU) and
apurinic/apyrimidinic (AP) sites are the two most common
types. dU is a pyrimidine base that is chemically similar to
thymine and can form base pairs with deoxyadenine. However,
most DNA polymerases cannot accurately distinguish between
thymine and dU, which results in the occasional mis-
incorporation of dU into the DNA chain during DNA replication,
replacing normal deoxythymidine.* The AP site is the cleavage
caused by the hydrolysis of the glycosidic linkage connecting
deoxyribose to a nucleobase.”® The cleavage can occur sponta-
neously or be induced by base alkylation or oxidation.”® Both
types of DNA lesions can be repaired by excision through DNA
glycosylases in a process called base excision repair (BER).
Depending on the type of DNA lesions, the impact of lesions on
T7 RNAP can be categorized into the following three scenarios:
(i) impediment of template base access to the active site, (ii)
interference with nucleotide binding and subsequent incorpo-
ration into RNA, and (iii) affecting the translocation function of
T7 RNAP moving along the DNA template, including the correct
elongation of RNA and the positioning of the next round of base
pairs. These effects may cause T7 RNAP to correctly bypass the
lesions, induce transcriptional mutations, or result in tran-
scriptional arrest.”” Previous studies have shown that building
on nucleic acid interactions, the integration of dU can establish
base pairs with a geometry more closely resembling Watson—
Crick pairing, allowing T7 RNAP to effectively bypass dU.”® In
contrast, the AP site introduces a helical distortion that prevents
T7 RNAP from loading into the correct active site, thereby
rendering it unable to perform translesion synthesis.”®
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However, existing methods for combining T7 RNAP with Cas12a
activity regulation have mainly focused on the direct activation
of Cas12a using crRNA generated by T7 RNAP. These methods
ignore the potential fine regulation of T7 RNAP on specific
behaviors at lesion sites, and face problems such as insufficient
regulation accuracy, complex operations and difficulty in
extending functional applications to more application
scenarios. Therefore, it is crucial to establish an efficient,
precise and hierarchical regulation strategy to regulate Cas12a
activity.

Herein, we have developed a novel strategy to accurately
regulate Cas12a activity, termed translesion synthesis-driven
hierarchical regulation using a template-activator construct for
Casl12a activity (THRUST), which utilizes the unique translesion
synthesis ability of T7 RNAP to bypass dU and be blocked by the
AP site. First, a bifunctional template-activator construct (TAC)
was constructed, including the T7 promoter and its comple-
mentary sequence that initiated transcription of T7 RNAP, and
the CRISPR array as a transcription template, with or without
modification of the transcription regulatory units (dU or AP
site). The THRUST strategy achieved dual functions through the
TAC: the TAC served directly as an activator for Cas12a, elimi-
nating the need for an additional activator and simplifying
experimental procedures. Simultaneously, the TAC could be
used as a template to transcribe crRNA in real time, and by
strategically adjusting the types and modification positions of
transcription units, hierarchical regulation of Casl12a activity
was achieved, including dynamic regulation from “full” to
“partial” and then to “blocked” (Fig. 1). Furthermore, uracil
DNA glycosylase (UDG) acts as a bridge between dU and the AP
site, specifically recognizes and initiates the BER, removes dU
from DNA and converts it into the AP site. We constructed two
signal output platforms, namely “Dim down” and “Light up”,
which provided more diverse strategies and meant that UDG
could be sensitively detected. Specifically, we used the
peroxidase-like activity of G4/hemin to catalyze the oxidation of
Amplex Red (AR) to obtain the oxidation product resorufin,
which exhibited typical aggregation-induced emission (AIE)
properties. The “Light up” platform effectively reduced back-
ground noise, offered an intuitive observation effect and stable

THRUST strategy: hierarchical regulation of Cas12a’s trans-cleavage activity
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Fig.1 Schematic diagram illustration of the THRUST system.
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signal output, therefore enhancing detection sensitivity and
avoiding the false positive problem commonly associated with
the “Dim down” platform. The visual AIE lateral flow strip
platform was additionally designed to realize the portable,
highly sensitive and selective fluorescence detection of analytes.
Overall, the THRUST strategy utilized on the bifunctional TAC
to provide a system with no extra activator required, stream-
lining experimental procedures. By exploiting natural mecha-
nisms and lesion design, hierarchical regulation of Cas12a was
achieved, significantly improving accuracy and flexibility of
regulation, overcoming the limitations of the traditional “ON-
OFF” single regulatory mode. Compared with direct modifica-
tion of crRNA to regulate Cas12a activity, the TAC modification
method was not only simpler and economical but also offered
high sensitivity and precise regulation of crRNA generation. The
approach bridged gaps in accurate activity modulation while
presenting great opportunities for integrating Casl2a into
sensing and molecular switch platforms, optimizing its
performance in various fields.

Results and discussion

Activator level modifications for Cas12a hierarchical
regulation

As shown in Fig. 2A, TACs (TAC/TAC-dU/TAC-AP) were con-
structed using the T7 promoter, its complementary sequence
and the CRISPR array (fragments consisting of the blue T1
region and the red T2 region), with or without transcriptional
regulatory unit (dU or AP site) in different sites. Specifically, the
CRISPR array could be used as a template for T7 RNAP tran-
scription: the T1 region was transcribed to generate a scaffold of
crRNA, and the T2 region was transcribed to generate a spacer

A f—— crisprarmay — | ©
7 promoter . + LOALL
Template T~ — s .
20nt  Tiregion(21nt) T2region (200)  yaG.qy2 -....AdUTAAAGATGATTCACATGTACTCTCTCTCTCTCTCTCTCT-5"
TAC TAC-dU12 3", AT’ TACTCTCTCTCTCTCTCTCTCT-5"
TAC-dU33 3'-...AT

B TAC-dU20 3'....AT TCTCTCTCTCTCTCTCT-5*
T [ ) "
=N N

G ===
TAC-dU39 3'-.. AT
N

TAC-dU27 3'-...AT TCTC
Ful

([ 3 NN

w— X=AP site
Full LA

TAC  3%...AT’ TCACATCTACTCTCTCTC
TAC-AP2 3'-..AX
TAC-AP12 3'-...AT: TCTCTCTCT-5"
TAC-AP20 3'-...AT: TCTCTCTCT-5"
... ATTAAAGATGATTCACATCTACTCTCXCTCTCTCTCTCTCT-5"
.. ATTAAAGATGATTCACATCTACTCTCTCTCTCXCTCTCTCT-5'
- AT TcTCTC T

TCTCTCTCT-5'

20
0

)
}

1]

100 *
80
60

@
<]

IS
S
3
3

40F a2 N P12

20f o ' P27

N
S
g
>

)

Cas12a activation rate (%)
@
3

Cas12a activation

du AP site
Modification in TAC

du AP site

Modification in dsTAC

Fig. 2 Activator level modifications and direct activation effects of
a series of transcriptional regulatory units for Casl2a hierarchical
regulation. (A) TAC consisted of two modules: the T7 promoter with its
complementary sequence and the CRISPR array, including T1 and T2
regions. (B) Schematic diagram of the direct effects of Casl2a acti-
vation mediated by transcriptional regulatory units. Locations of (C) dU
and (D) the AP site in the CRISPR array. Casl2a activation rate when
transcriptional regulatory units were modified on (E) a TAC and (F)
a double-stranded TAC (dsTAC), which consisted of a TAC and the
complementary DNA sequence of the CRISPR array.
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of crRNA. At the same time, since the generated RNA fragments
were complementary to the CRISPR array, which could be used
as activators to activate Casl2a, providing a basis for subse-
quent regulation of Cas12a activity. When TACs were used only
as activators, the direct effects of modifying the transcriptional
regulatory unit at the activator level on the trans-cleavage
activity of Casl12a were initially examined (Fig. 2B). We pre-
purchased complete crRNA complementary to the T2 region
of TACs. As shown in Fig. 2C and D, we modified the tran-
scriptional regulatory units (dU or AP site) in the T1 and T2
region of the CRISPR array, named TAC-dU2 (a TAC that
replaced the second deoxythymidine base in the CRISPR array
sequence with dU) to dU39 or TAC-AP2 to AP39 respectively, and
observed the fluorescence signal intensity produced by Cas12a
trans-cleavage of the F-Q probe to examine the activation
tolerance of Casl2a to the modified transcriptional regulatory
units in different sites.

Obviously, although dU was a lesion base, it would hardly
affect the activation of Cas12a (Fig. 2E). However, the Cas12a
system showed different tolerance effects on TAC-AP with AP
sites modified at different positions. Specifically, the proximity
of the AP site to the center of the TAC was negatively correlated
with the tolerance of Cas12a to the TAC. As shown in Table S5,
when the AP site was located in the T1 region of the CRISPR
array, the Gibbs free energy (AG) of TAC-AP2/crRNA and TAC-
AP12/crRNA did not change, and thus had no significant
effect on the activation efficiency of Cas12a. Although the AG of
TAC-AP20/crRNA duplexes did not change, there was still
a slight inhibitory effect on the activation of Cas12a. We spec-
ulated that the AP site in TAC-AP20 was close to the T2 region, it
may affect the structure and stability of DNA, resulting in the
inability of the REC domain to accurately recognize it, thereby
interfering with the effective binding of the REC domain to the
TAC and slightly interfering with the trans-cleavage activity of
Cas12a.*® As the AP site gradually approached the T2 region
bound to the spacer of crRNA, especially the closer it was to the
middle part, Cas12a became less tolerant of it. At TAC-AP27, the
AP site was located in the complement of the seed region that
was still extremely sensitive to base mutations/deletions and
was critical for target affinity and specificity.** This sensitivity
would significantly weaken the initial binding efficiency of
crRNA and the TAC, thereby inhibiting the trans-cleavage
activity of Cas12a. The AP site in TAC-AP33 was located in the
binding position in the middle region of spacer's complemen-
tary part, resulting in a significant decrease in AG. The binding
stability of TAC-AP33/crRNA was too weak and did not favor the
formation of the R-loop, significantly inhibiting the t¢rans-
cleavage activity of Cas12a. Previous studies have shown that
the trans-cleavage activity is positively correlated with the length
of the activator in the range of 14 to 20 nucleotide (nt), and that
18 nt activators can form a stable complex with Cas12a/crRNA.*?
Therefore, when the AP site modification was migrated to the 5’
end of the TAC (TAC-AP39), it had no notable impact on the
activation of Cas12a.

We also added the complementary sequence of the CRISPR
array that made up the double-stranded template-activator
construct (dsTAC), and further investigated whether the dsTAC
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would produce similar results in the same circumstances (Fig.
S1t). It is widely accepted that the PAM is required to trigger
dsDNA unwinding and enable crRNA-DNA hybridization.
Although the dsTAC constructed in this work did not contain
the classical PAM sequence, there was a nick structure between
its CRISPR array complementary sequence and the T7
promoter, which significantly increased the flexibility and
structural distortion of DNA, interrupted the continuity of the
double helix and reduced the structural stability of the CRISPR
array region. In addition, its proximity to the upstream of the
crRNA recognition region and its disruption of spatial confor-
mation helped to provide an “invasion portal” for crRNA
hybridization, acting as a PAM-like recognition. This structural
advantage facilitated the spontaneous formation of RNA-DNA
hybrids, allowing the Cas12a/crRNA complex to bypass the
dependence on the PAM, and efficiently achieved recognition of
dsTAC and activation of Cas12a.**** As a result, the specific
modulation of Cas12a activity by dsTAC-AP closely resembled
that of the TAC (Fig. 2F). In conclusion, it was demonstrated
that the ¢rans-cleavage activity of Cas12a in the THRUST system
was highly tolerant to dU modified at any site on the TAC, the AP
site in the T1 region and the 5’ end of the T2 region, but could
not tolerate the AP site modified in the seed region and the
middle position of the T2 region.

Template-activator level modifications for Cas12a
hierarchical regulation

The TAC was also used as a template for T7 RNAP due to its
bifunctional properties. Modifying different transcriptional
regulatory units at different positions in the TAC affects the
process of T7 RNAP translesion synthesis. First of all, we
selected four sites in the CRISPR array for agarose gel electro-
phoresis experiments (Fig. S21). The results showed that no
matter where the dU modification was located, T7 RNAP could
efficiently bypass it and successfully generate complete crRNA
replicas. However, as the AP site modification position gradu-
ally approached the 5’ end of the CRISPR array, the length of the
crRNA fragments generated by transcription gradually
increased accordingly. This verified that T7 RNAP was blocked
at the AP site and could not complete transcription. This
difference could be explained by the distinct interactions of dU
and the AP site with the transcription machinery. Studies have
shown that the incorporation of dU can form base pairs with
a geometry resembling Watson-Crick pairing, stabilizing the
nucleic acid duplex and reducing the barrier.”® As a result, T7
RNAP can effectively bypass dU and synthesize full-length
crRNA replicas despite the lesion. In contrast, the AP site
lacks stacking and complementary interactions with the
template, preventing proper entry into the active site of T7
RNAP. This disruption interferes with its movement to the next
base position, causing T7 RNAP to remain in an “intermediate
stalled state”, slowing down RNA extension and initiating
a transcription pause.* It was confirmed that the AP site had
a blocking effect on T7 RNAP transcription, which affected the
length of the transcription product. Therefore, by modifying the
AP site at different positions on the TAC, it was possible to
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regulate the length of the transcribed crRNA fragments, thereby
regulating the ¢rans-cleavage activity of Cas12a at the template
level.

Considering the effects of modified transcriptional regula-
tory units at both the activator and template levels on the
Cas12a’s trans-cleavage activity in TACs, we investigated the
transcription-coupled activation effects of transcriptional
regulatory units at the above specific sites on the transcriptional
efficiency and Cas12a’s trans-cleavage activity by monitoring the
activation rate of Cas12a (Fig. 3A). The results were consistent
with expectations: T7 RNAP was able to efficiently bypass dU
modification, successfully transcribe to generate complete
crRNA, and fully activate the trans-cleavage activity of Cas12a.
However, the AP site is an empty position in the DNA strand
where a base is missing, so T7 RNAP loses its normal pairing
signal when it encounters the AP site, which usually results in
synthesis stopping before it reaches the site. At the same time,
the transcription initiation mechanism of T7 RNAP typically
results in the 5 end of the crRNA transcription product
extending several nucleotides. So, these result in increasing the
length of the product at the AP site by 2 nt compared to the ideal
transcript (the RNA product generated according to the CRISPR
array on the template). The modest increase in nucleotide
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Fig. 3 The transcription-coupled activation and direct activation

effects of a series of transcriptional regulatory units for Casl2a hier-
archical regulation. The transcription-coupled activation effects of
transcriptional regulatory units were modified on (A) a TAC and (B)
a dsTAC as assessed by Casl2a activation rate. The Casl2a activation
rate affected by different ratios of (C) TAC-dU/-AP and (D) dsTAC-
dU/-AP at the activator level. The horizontal axis represented the
change in the activator AP site modification ratio from 0% to 100%, and
the vertical axis represented a mixture of TAC-dU and TAC-AP at the
different modified positions mentioned above (S2 to S39). NC was
a 100% unmodified TAC/dsTAC in the system. The transcription-
coupled activation effects at different ratios of (E) TAC-dU/-AP and (F)
dsTAC-dU/-AP on Cas12a’s activity at the template-activator levels.
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extension at the 5’ end of crRNA does not adversely affect the
trans-cleavage activity of Cas12a." Consequently, the activity of
the crRNA transcribed by TAC-dU in this work was not affected
by the additional extension sequence. When the AP site was
modified close to the T7 promoter complementary sequence
(TAC-AP2 and TAC-AP12), only shorter crRNA fragments could
be transcribed, and Cas12a was completely inactivated. Inter-
estingly, although TAC-AP20 exhibited the capacity to transcribe
a 22 nt crRNA fragment (of which 19 nt was the conserved
scaffold sequence), it nevertheless succeeded in activating
Cas12a, thereby achieving the desired fluorescence. It was
hypothesized that the 19 nt length of the scaffold of the mature
crRNA and the 3 nt extension of the 5’ end would not affect the
cleavage activity.'®'®*> Due to the complete complementarity of
the sequence between the T1 region of TAC-AP and the 22 nt
crRNA fragment, the strong force of DNA-RNA base pairing may
cause some crRNA fragments to act as spacer, while some were
still folded to form the scaffold, and the two formed split crRNA.
Therefore, when TAC-AP20 was used, the T1 region acted as an
activator to bind to the generated split crRNA, which still ach-
ieved the activation of Cas12a’s trans-cleavage activity. Likewise,
there was a similar possibility that TAC-AP27 transcribed 29 nt
crRNA fragments, forming split crRNA. In this case, the T1
region together with the 5 nt in the T2 region still acted as an
activator to trigger the activation of Cas12a. However, when the
29 nt crRNA fragment was used as a scaffold, the 5 nt at its 3’
end formed an overhanging structure, and the resulting steric
hindrance prevented the spacer and TAC-AP27 from entering
the RuvC domain of Cas12a, leading to a decrease in Casl2a
trans-cleavage activity.>** TAC-AP33 was transcribed to produce
a 35 nt crRNA fragment that was ineffective in activating Cas12a
in either case. On the one hand, when the T2 region served as
the activator, this fragment could not directly activate Cas12a
due to the presence of only an 11 nt spacer. On the other hand,
when the T1 region served as the activator, the backbone in the
generated split crRNA formed an 11 nt overhang structure at its
3’ end. Compared to the 5 nt overhang of TAC-AP27, the 11 nt
overhang caused a more pronounced steric hindrance effect,
which significantly reduced the activation of Casl2a. As the
position of the AP site modification gradually approached the 5’
end of the CRISPR array, the length of the transcribed crRNA
gradually increased to 41 nt, and the corresponding spacer was
17 nt. At this point, the T2 region acted as an activator of the
system, but the binding of the 17 nt spacer to the target DNA
was not stable enough,* resulting in insufficient activation of
the trans-cleavage activity of Cas12a.

Given that T7 RNAP transcription also normally occurs on
a double-stranded template, we further explored the perfor-
mance of the dsTAC under the same conditions (Fig. 3B). The
results showed that the transcriptional regulatory behaviour of
the modified dU and AP site on T7 RNAP was similar to that of
the TAC at the template level. At the same time, based on the
nick structure-assisted PAM-free activation mechanism, the
modified dU and AP sites in the dsTAC further fine-tuned
Casl2a activity at the activator level, eventually achieving
a hierarchical regulation effect of Casl2a activity at the
template-activator levels. In short, without requiring an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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additional activator, the THRUST system modified the AP site at
different positions on the TAC, making it impossible for T7
RNAP to perform translesion synthesis, thereby obtaining
different lengths of crRNA fragments/split crRNA products in
a controllable manner and further achieving hierarchical and
accurate regulation of the trans-cleavage activity of Cas12a.

Subsequently, the mixtures of different modified positions of
TAC-dU and TAC-AP were named S2 to S39; for example, S2
represents a mixture of TAC-dU2 and TAC-AP2. Using TAC-dUs
and TAC-APs at different ratios at the above positions, we
investigated the activation effects on the hierarchical regulation
of the THRUST strategy at the activator level. As demonstrated
in Fig. 3C and D, when a TAC or dsTAC acted as an activator,
only dU modification at any site did not impact the trans-
cleavage activity of Cas12a (rows I-VI of column I). In the case of
the AP site being introduced at positions S2, S12, S20, and S39,
no significant effect on the activity of Cas12a was observed (rows
I, II, IIT and VI). However, when the AP site was introduced at
positions S27 and S33 (rows IV and V), its ability to inhibit
Cas12a activation was positively correlated with the percentage
of AP site concentration. In accordance with the results pre-
sented in Fig. 1E and F, this further substantiated the finding
that dU modification on the activator exerts no effect on Cas12a
trans-cleavage activity. However, when the AP site modification
was introduced, its inhibitory effect on Casl2a trans-cleavage
activity was significantly enhanced as the modification position
gradually approached the middle part of the T2 region.

We further verified the transcription-coupled activation
effects of the transcriptional regulatory units on hierarchical
regulation in the TAC and dsTAC at the template-activator
levels. As shown in Fig. 3E and F, T7 RNAP could effectively
bypass dU, thereby successfully transcribing across the dU base,
obtaining complete crRNA replicas, activating Cas12a to cleave
the F-Q probe and generate fluorescence (rows I-VI of column I).
However, increasing the concentration of TAC-AP at S2, S12,
and S33 significantly weakened the activation effect of Cas12a
(rows I, IT and V). Under the condition of 100% TAC-AP, Cas12a
activity was almost completely inhibited. In contrast, the S20
and S27 sites (rows III and IV) effectively activated Cas12a by
forming split crRNA. And S39 partially activated Cas12a by
generating a crRNA product with a 17 nt spacer (row VI of
column VI). Consistent with the results in Fig. 2A and B, T7
RNAP could effectively bypass the dU base and transcribe
smoothly. The AP site had a significant blocking effect on T7
RNAP and prevented transcription. In short, the THRUST
strategy used the bifunctional TAC to simplify the system
components without the need to add an additional activator
and to achieve precise hierarchical regulation of Cas12a trans-
cleavage activity.

Detection of the BER enzyme by the THRUST strategy

Various exogenous and endogenous factors, such as radiation
and drugs, can cause alkylation and oxidation of bases, thereby
damaging the integrity and functionality of DNA and resulting
in DNA lesions and gene mutations. Among these DNA lesions,
dU is particularly common. In the presence of UDG, a key
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enzyme in the BER process, DNA sequences with dU base
lesions would produce an AP site. Abnormal UDG activity
usually precedes the onset of cancer, making it a potential early
diagnostic marker and prognostic indicator for cancer.*
Consequently, the development of a simple, efficient, highly
specific and sensitive method for analyzing UDG activity holds
significant clinical value. Since conversion of the dU and AP site
at S2 had the greatest difference in effect on the activity of the
THRUST system and both could serve as activators of Cas12a,
we chose this site to construct the “Dim down” signal output
platform (Fig. S3t). As shown in Fig. S4,f when UDG was absent,
T7 RNAP could successfully transcribe complete crRNA, which
activated Cas12a to cleave the F-Q probe under the activation of
TAC-dU2 with no additional provision of the activator, and
produced fluorescence. In the presence of UDG, the enzyme
recognized the U/T base pair and cleaved the N-glucosidic bond
linking the sugar and the damaged base, creating an AP site. T7
RNAP could not bypass it and only obtained very short RNA
fragments. Casl12a remained inactive, and no fluorescence
signal was generated. Under optimized experimental conditions
(Fig. S5t), the performance of the sensing platform was
explored (Fig. S61). The fluorescence intensity exhibited a linear
decrease as the UDG concentration ranged from 0.0001 to
0.0020 U mL ™. Based on the 3¢ rule, the limit of detection
(LOD) was determined to be 0.0000249 U mL™'. When the
dsTAC was used as the bifunctional template, the UDG
concentration decreased linearly from 0.0004 to 0.010 U mL*,
and the LOD was calculated to be 0.0000932 U mL . Consistent
with previous speculation, as the dsTAC lacked the classic PAM
sequence, its sensitivity in binding to Cas12a was lower than
that of the TAC, and therefore its detection sensitivity was also
lower than that of the TAC. However, the “Dim down” signal
output platform was easily affected by the background signal
and was difficult to observe, resulting in false positive results,
which limited its application in the field of biological diagnosis.

In order to overcome the limitations of the above problems,
we utilized G4 as a signal probe to develop a “Light up” signal
output platform (Fig. 4A). When UDG was present, it recognized
TAC-dU2 and created an AP site, which blocked T7 RNAP tran-
scription and further inhibited Cas12a activation, preventing
the cleavage of G4. The peroxidase-like activity of G4/hemin was
utilized.*®* AR was oxidized to generate resorufin under the
catalysis of H,0, and generated red fluorescence (Fig. S77). As
shown in Fig. S8, in HEPES/DMSO mixed solutions with
varying proportions, the emission intensity of resorufin signif-
icantly enhanced as aggregation progressed, ultimately reach-
ing 135 times the original emission intensity, showing typical
AIE characteristics, which was consistent with the reported
literature.*” Conversely, when UDG was absent, TAC-dU2 tran-
scribed complete crRNA under the action of T7 RNAP and
activated Cas12a, which indiscriminately trans-cleaved G4. The
system lacked intact G4 to bind with hemin to oxidize AR,
resulting in no significant red fluorescence. Under the opti-
mized conditions (Fig. S9t), we explored the performance of the
proposed “Light up” platform by monitoring the fluorescence
signal changes in response to varying UDG concentrations. The
UDG concentration increased linearly from 0.00005 to 0.0040 U
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Fig. 4 Transcriptional switch-based detection of UDG activity and its
application in biosensing. (A) Schematic diagram of the “Light up”
signal output platform. (B) Fluorescence intensity of different
concentrations of UDG at 598 nm and (C) the linear relationship
between fluorescence intensity and UDG concentration. (D)
Comeparison of detection time and LOD between the THRUST system
and other systems. (E) Selectivity and anti-interference of the THRUST
system for UDG among flap endonuclease 1 (FEN1), human 8-oxo-
guanine DNA glycosylase (hOGG1), human alkyladenine DNA glyco-
sylase (hAAG), T4 polynucleotide kinase (T4 PNK), apurinic—
apyrimidinic endonuclease | (APE1), terminal deoxynucleotidyl trans-
ferase (TdT), nicking endonuclease (Nt.BbvCl), and exonuclease | (Exo
). (F) Relative activity of UDG in response to different concentrations of
uracil glycosylase inhibitor (UGI). (G) Fluorescence intensity induced by
human cervical cancer cell lines (Hela cells), human lung adenocar-
cinoma cell lines (A549 cells), HelLa-heated cells, A549-heated cells,
Hela cells + UGI, A549 cells + UGI, normal human bronchial epithe-
lium (BEAS-2B cells) and cell lysis buffer.

mL %, and the LOD was calculated to be 0.0000108 U mL™*
(Fig. 4B and C). Benefiting from the rapid aggregation charac-
teristics and high sensitivity of resorufin, the THRUST system
achieved a balance between detection time and sensitivity: the
detection time was short while maintaining a low LOD, showing
better overall performance compared to other methods
(Fig. 4D).***® To assess the selectivity of the sensing strategy,
various DNA enzymes were chosen as interfering substances
(Fig. 4E). The fluorescence signal could be restored when the
target UDG was present. In a word, this method demonstrated
excellent selectivity and anti-interference properties, making it
a promising candidate for detecting BER enzymes in complex
environments. Furthermore, we evaluated whether the THRUST
strategy could be implemented in a one-pot assay. However, the
signal recovery level of the one-pot method was significantly
lower than that of the step-by-step method (Fig. S10f). We
speculated that it was due to the difficulty of achieving optimal
compatibility for both T7 RNAP and Casl2a activities within
a single reaction environment. Additionally, the unique design
of the TAC in the THRUST system allowed it to perform the dual
role of a T7 RNAP transcription template and an activator of
Casl12a. As the transcription reaction of T7 RNAP proceeded,
most of the TACs may have been used by T7 RNAP, resulting in
a significant reduction in the number of TACs that could freely
activate Casl12a, making it impossible to efficiently activate
Cas12a at the same time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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UDG is a vital player in the BER process, and its inhibitors
can dissociate the UDG-DNA interaction or obstruct access to
the UDG active site, resulting in UDG inactivation. UGI can
inhibit UDG activity by forming a highly stable and irreversible
complex at a 1: 1 stoichiometric ratio.*® As illustrated in Fig. 4F,
the relative activity of UDG declined progressively with
increasing UGI concentration and showed a dose-dependent
manner. By calculation, we obtained the IC5, value of UGI for
inhibiting UDG activity, which was 0.0431 U mL™". The results
showed that this method not only could screen UDG inhibitors,
but also evaluate their inhibitory effects, and has the potential
for wide application in UDG-related drug development and
disease diagnosis.

To evaluate the feasibility of the THRUST system for clinical
diagnosis, we monitored UDG activity in HeLa cells, A549 cells,
and BEAS-2B cells (Fig. 4G). As UDG was overexpressed in HeLa
and A549 cells, it facilitated the conversion of TAC-dU2 to TAC-
AP2, inactivating Cas12a and maintaining the integrity of the
G4 sequence, thereby oxidizing AR to resorufin, which produced
a strong red fluorescence signal in their lysates by the “Light up”
signal output system. To verify whether the signal enhancement
in cell lysates was caused by active UDG, we designed a UGI
inhibition experiment and compared it with inactivated HeLa
and A549 cells. The results showed that UGI could effectively
inhibit UDG activity, confirming that the detected fluorescence
signal increase was specifically attributed to active UDG in HeLa
and A549 cell lysates.

Further studies showed (Fig. S111) that the fluorescence
intensity of resorufin increased with the increase in HeLa cell
number, from 5 cells to 200 cells, with a LOD of 3 cells. Simi-
larly, in A549 cells, the resorufin fluorescence intensity also
increased with the increase in cell number, from 25 to 500 cells,
with a LOD of 8 cells. These results further demonstrated the
high sensitivity and scalability of the “Light up” platform in
detection. With its unique sensitivity and efficient regulation of
Cas12a activity, the THRUST strategy had a universal range of
application potential in precision diagnosis and molecular
detection.

Broadening the scope of the THRUST system in practical
application

Based on the “Light up” fluorescent sensing platform, we
further developed the AIE lateral flow strip platform (Fig. 5A).
The nucleic acid detection system was built around two main
components: the Casl2a cleavage reaction and lateral flow
platform detection. The test strip mainly consisted of three
parts: a sample pad, nitrocellulose (NC) membrane and absor-
bent pad.”” Streptavidin (SA) and biotin-modified G4 (bio-G4)
pre-conjugated to SA (SA-bio-G4) were applied to the NC
membrane to create the control line (C line) and the test line (T
line). As for the C line, it showed red fluorescence in any case
because bio-G4 was pre-attached to the strip via SA. In the
absence of UDG, TAC-dU2 activated Cas12a, which cleaved bio-
G4, preventing the cleaved bio-G4 fragments from binding to
hemin. When the reactant was applied to the test paper, the
liquid migrated to the absorption pad by capillary action. Since
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bio-G4 had been cleaved, the T line lacked an intact G4/hemin
structure, resulting in no obvious red fluorescence after the AR/
H,0, mixture was dripped. In contrast, in the presence of UDG,
T7 RNAP could not transcribe complete crRNA due to the
produced TAC-AP, inactivating Casl2a and leaving bio-G4
intact. The SA on the T line captured the complete bio-G4,
and the peroxidase-like activity of G4/hemin catalyzed the
production of resorufin after the addition of the AR/H,0,
mixture, and produced red fluorescence.

To verify the ability of the THRUST system to analyze biolog-
ical samples, we first used cell lysates with different UDG contents
for detection (Fig. 5B). In the control with no UDG and BEAS-2B
cells with low UDG expression, T7 RNAP transcribed TAC-dU2
to obtain complete crRNA, and after activating Cas12a to cleave
bio-G4, the T line had no fluorescence. In contrast, only in A549
cells and HeLa cells with high UDG expression, T7 RNAP tran-
scribed very short crRNA fragments, which could not activate
Cas12a, thus ensuring the integrity of bio-G4 and making the T
line show red fluorescence. Building on the qualitative analysis of
UDG achieved by this AIE lateral flow strip platform, we further
attempted to perform actual detection in cell lysates with
different numbers of HeLa cells. As depicted in Fig. 5C, with the
rise in the number of HeLa cells, indicating a gradual increase in
UDG concentration, the red fluorescence on the T line gradually
deepened. This work verified the effectiveness of the THRUST
system in analysing biological samples. Through the qualitative
detection of UDG activity, the significant advantages of the “Light
up” platform combined with AIE characteristics were demon-
strated. Firstly, the platform could effectively reduce background
noise and provide stable signal output, significantly improving
detection sensitivity. Secondly, the convenient lateral flow strip
detection achieved efficient monitoring of UDG concentration in
HelLa cells, and the intuitive readout method showed extremely
high ease of use and rapid detection capabilities. These results
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demonstrated that this strategy was not only suitable for the
analysis of UDG activity but also had a wide range of potential
applications for the sensitive and efficient detection of complex
biological samples.

Conclusion

In summary, we have developed a THRUST strategy based on
a bifunctional TAC and achieved hierarchical and precise regu-
lation of Cas12a trans-cleavage activity. Firstly, this strategy used
the template as the activator with no extra activator required,
simplifying the addition of experimental components. Secondly,
the strategy utilized T7 RNAP-mediated translesion synthesis to
control the length of crRNA, enabling “full-partial-blocked”
hierarchical and precise regulation of the CRISPR/Cas12a system.
Compared with direct crRNA modification, THRUST simplified
the design process by chemically modifying the activator,
providing a more economical and flexible approach to system
regulation. Furthermore, by utilizing the generation mechanism
of the AP site, we developed a biosensor capable of detecting UDG
with high sensitivity and specificity. Based on the conventional
“Dim down” fluorescence signal output platform, the “Light up”
fluorescence platform was constructed by combining with signal
output molecules with AIE characteristics, which significantly
improved detection sensitivity. Additionally, an AIE lateral flow
strip platform was further developed, featuring high sensitivity,
portability, and ease of use, making it suitable for practical
applications. Overall, this work not only offers a novel and hier-
archical strategy for the activation and inhibition of the CRISPR/
Casl12a system but also establishes a versatile platform for
advancing Cas12a-based biosensor design. By combining precise
molecular control with sensitive detection capabilities, this
method provides new ideas for innovative applications in areas
such as molecular diagnostics and enzyme activity monitoring,
further narrowing the gap between basic research and practical
applications in the field of point-of-care testing.

Experimental
Materials and reagents

All of the materials, reagents, apparatus and oligonucleotide
sequences (Tables S1-S41) used in the experiment are listed in
the ESLT

The construction and assembly of TACs

1 uM T7 promoter and 1 pM template (with or without tran-
scriptional regulatory units) were mixed in hybridization buffer.
Deionized water was added to make the volume reach 50 pL.
The mixture was incubated in a 95 °C water bath for 10 min,
slowly cooled to room temperature to allow annealing and
hybridization to form TACs and stored at —20 °C for use.

Fluorescence process of Cas12a’s trans-cleavage activity with
TACs

0.5 nM TACs were mixed with 10 nM crRNA, and 10 nM Cas12a,
100 nM reporter FAM-TTTATT-BHQ1 (F-Q), Buffer II and
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deionized water were added to make the total volume reach 100
uL. The reaction was carried out at 37 °C for 1 h, and the fluo-
rescence intensity at 528 nm was measured with an excitation
wavelength of 488 nm.

Fluorescence detection of the THRUST system

0.5 nM TACs were mixed with 30 U T7 RNAP, 0.1 mM ribonu-
cleoside triphosphates (rNTPs), and 1 x T7 RNAP reaction
buffer to make a 50 pL system and incubated at 37 °C for 1 h.
Finally, 10 nM Cas12a, 100 nM reporter FQ, Buffer II, and
deionized water were added to make the total volume reach 100
pL. The reaction was carried out at 37 °C for 1 h, and the fluo-
rescence intensity at 528 nm was measured with an excitation
wavelength of 488 nm.

Detection of UDG in the “Dim down” platform

0.5 nM TAC-dU2 and different concentrations of UDG were
prepared in a 20 pL reaction solution containing 1 x UDG
buffer and reacted at 37 °C for 1 h. Then, 30 U T7 RNAP, 0.1 mM
rNTPs, and 1 x T7 RNAP buffer were added to make the system
volume 50 pL and incubated at 37 °C for 1 h. Finally, 10 nM
Cas12a, 100 nM fluorescent probe F-Q, Buffer II, and deionized
water were used to make the total volume 100 pL. The reaction
was carried out at 37 °C for 1 h, and the fluorescence intensity at
528 nm was measured under 488 nm excitation.

Detection of UDG in the “Light up” platform

2 nM TAC-dU2 and different concentrations of UDG were
prepared into a 20 pL reaction solution containing 1 x UDG
buffer and reacted at 37 °C for 1 h. Then 30 U T7 RNAP, 0.1 mM
NTPs, and 1 x T7 RNAP buffer were added to a volume of 30
uL, and allowed to react at 37 °C for 1 h. Finally, 10 nM Cas12a,
0.4 uM G4, and Buffer II were added to 50 pL, and allowed to
react at 37 °C for 0.5 h. Finally, 30 uM AR, 200 nM hemin, 1 mM
H,0,, HEPES buffer (20 mM HEPES, 10 mM KCl, 100 mM NacCl,
pH 7.3) and deionized water were added to reach a total volume
of 100 pL. The reaction was carried out at room temperature for
10 min, and the fluorescence intensity was measured at 598 nm
under 490 nm excitation.

Detection of UDG using a G4-based test trip

To detect UDG fluorescence using a test strip, the cleavage
product of bio-G4 in the “Light up” platform was incubated with
AR and hemin in HEPES buffer. This solution was then applied
to the sample well of the test strip. Following this, a combina-
tion of resorufin and 1 mM of H,0, was added to the test zone
and allowed to incubate at room temperature for 5 min. Images
of the T and C lines on the test strip were then captured using
a camera.

Data availability

The data supporting this article are included in the ESI.}
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