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level with the assistance of exonuclease protection assay. A dsDNA (activator) with the ability to activate
Cas12a was engineered to contain TFs binding domain, and the binding between TFs and the activator
can protect the dsDNA from being digested by exonuclease III (Exo IIl). The reserved activator then
triggered a CRISPR/Cas12a reporting reaction to produce fluorescent signal for detection. In the detection
of nuclear factor-kappa B (NF-kB) p50 subunit, the limit of detection of 0.2 pM and limit of quantification
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Nuclear factor-kappa B of 0.6 pM were obtained respectively, and the performance of this biosensor has been challenged by cell
Functional nucleic acid nucleoprotein extracts. Additionally, this method can be applied in the screening and evaluation of TFs
Exonuclease protection assay inhibitors, calculating the IC50 of oridonin. Integrating merits including high sensitivity, low cost, and

good portability, this method may enrich the arsenal for TFs-related applications.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction which is based on the recognition and binding between TFs and
their binding sites [3,4]. The TFs-DNA binding is a critical event in

The in vivo activity of transcription factors (TFs) is to regulate cell signaling because it collects the information from signaling
transcription via associating with specific domains in genes [1,2], pathways, initiates the expression of proteins, and makes cells
respond to various stimuli [1]. Therefore, the abnormal change of

TFs level can lead to the alteration of cell patterns, which is typically

related to pathological events [5]. The dysregulation of TFs levels is
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of signaling pathways, and irregular TFs translocation, thus accu-
mulating evidence has indicated that there is a tight connection
between TFs dysregulation and human diseases [6]. Nuclear factor-
kappa B (NF-kB), a ubiquitous TF in the mammalian cell [7], regu-
lates the expression of more than 150 genes and participates in the
responses to inflammation stress [8], virus infections [9], cell pro-
liferation [10], and apoptosis [11,12]. The change of NF-kB level is
severely implicated in rheumatoid arthritis [13], cancer [14,15], and
neurodegenerative disorders [16], which makes it a highly potential
biomarker in the clinical diagnosis and treatment [6,17,18].

For the determination of TFs levels, the golden method is the
electrophoretic mobility shift assay (EMSA); however, it is
complicated and time-consuming because of the involvement of
gel electrophoresis and the consumption of radioisotopes. Immu-
noassays are also applied in the detection of TFs, for example,
Western blot (WB) and enzyme-linked immunosorbent assay
(ELISA). Whereas, these assays are labor-intensive and hard to
distinguish TFs from their precursors that share similar structures
[19]. Recently, simplified and high-performance TFs assays have
been developed, which promote the update of TFs assays [20].
Methods adopted fluorescent [21], colorimetric [22], electro-
chemical [23], and Raman [24] readout have been developed, while
the fluorescent method is the most widely used one because of the
integration of high sensitivity, environmentally friendly, and high
portability. The most important step in the fluorescent sensing of
TFs is to convert the binding signal between TFs and DNA domains
into readable readout, which typically involves nucleic acid reac-
tion networks [17]. For example, the Zhang group developed a
sensing system based on exonuclease-protection and isothermal
amplification, which realized the quantification of endogenous NF-
kB p50 in cell extracts [21]. Our group has developed series of
fluorescent TFs sensors based on enzyme-driven and
conformational-change strategies [25—28]. Although high sensi-
tivity down to femto-molar level was achieved, compromises in
operational convenience have also been adopted. The hybridization
of DNA segments and the assembly of highly-ordered DNA nano-
structures requires delicately-controlled conditions and experi-
ences in harness DNA operations. Therefore, it is highly desirable to
develop robust fluorescent TFs assays with high sensitivity and
selectivity.

Clustered regularly interspaced short palindromic repeats
(CRISPR) are an adaptive immune system of prokaryotic organisms
to prevent the invasion of viruses and bacteriophages [29]. The
function of CRISPR relies on CRISPR-associated enzymes (Cas),
which can assemble with RNA to realize the recognition and
cleavage of specific nucleic acids. The CRISPR/Cas system has
revolutionized gene editing because of its high efficiency in tar-
geting genes of interest, and E. Charpentier and J. A. Doudna have
been awarded the 2020 Nobel Prize in Chemistry because of their
contributions in CRISPR/Cas-based gene editing. Beyond this,
emerging reports have revealed that the CRISPR/Cas technology can
be applied in the field of analytical chemistry. Zhang group has
utilized RNA-guided Cas13a to realize the recognition of RNA, and
the recognition can trigger the activation of Cas13a to cleave the
collateral nucleic acid reporters to generate detectable fluorescent
signals [30]. The RNA-guided DNA-targeting Cas12a has also been
applied in the sensing of nucleic acids with the assistance of DNA
reporters. Currently, the CRISPR/Cas-based analytical methods are
developing rapidly [31—33]; however, its application scope is more
focused on the analysis of nucleic acids, and it cannot be ignored
that most of the meaningful analytes are in the form of non-
nucleic-acid analytes. Although few investigations have applied
the CRISPR/Cas-based sensor to the detection of non-nucleic-acid
targets [34—36], further explorations for more strategies are still
highly desirable.
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Herein, we developed a CRISPR/Cas12a-based sensor for the
detection of TFs by integrating exonuclease protection assay and
CRISPR/Cas technology. The binding between TFs and their binding
domains protects a dsDNA probe (referred to as the activator) from
being digested by exonuclease III (Exo III). The reserved activator
then functions as a signaling molecule to activate the Cas12a-crRNA
complex, generating non-specific sSSDNA cleavage activity to digest
nearby the ssDNA. Using ssDNA labeled by fluorescent and
quenching molecules at two termini as a reporter, the activation of
Cas12a was recorded by fluorescent measurement. Following this
sensing profile, the concentration of TFs was determined in a turn-
on manner, and we demonstrated its applications in the real-
sample analysis and the screening of TFs inhibitors. To the best of
our knowledge, this is the first attempt to utilize CRISPR technology
to report the DNA signal after exonuclease protection assay in TFs,
and also a pioneering investigation in sensing critical TFs with
CRISPR technology.

2. Methods and materials
2.1. Materials

All the HPLC-purified DNA sequences were supplied by Sangon
Biotech (Shanghai, China), and their sequences are listed in
Table S1. The buffers were prepared with molecular biology grade
reagents (BBI, Shanghai, China). Human recombinant NF-kB p50
(41 kDa) was purchased from Enzo Life Sciences (NY, U.S.A).
EnGen®Lba Cas12a and NEBuffer 2.1 were obtained from New
England Biolabs (MA, US.A.). Human serum albumin (HSA) and
bovine serum albumin (BSA) were purchased from BBI. Human
interferon-gamma (IFN-v) and oridonin (CAS No. 28957-04-2) was
purchased from MedChemExpress (NJ, U.S.A.). DEPC-treated water
supplied by Sangon Biotech was used throughout this research.

2.2. Cell culture and in vivo xenograft experiment

Human colon cancer DLD-1 cells were obtained from the
American Type Culture Collection and maintained in RPMI-1640
with 10% fetal bovine (BBI) and cultivated with 5% CO, at 37 °C.

2.3. Extraction of nucleoproteins from real samples

Nucleoproteins were extracted from harvested cells using the
nucleoprotein extraction kit obtained from Sangon Biotech. A BCA-
based protein quantification kit (BBI) was used to unify the total
protein concentration of all samples before further analysis.

2.4. ELISA kits

The ELISA quantification kit for NF-kB p50 was supplied by
Biomatik (Ontario, Canada). The protein concentration of samples
was quantified and unified with the Bradford protein assay (San-
gon) before analyzing according to optical density following the
manufacturer’s protocols.

2.5. Protocols for the detection of NF-kB p50

According to the manufacturer’s instructions, Engen® LbCas12a
(50 nM, 20 pL) and the crRNA (500 nM, 2 pL) were mixed in
10 x NEBuffer® 2.1. Then, the FL-reporter (10 uM) was added to the
solution and mixed in an ice bath. This solution is referred to as the
CRISPR reporting mix (CRM), where the final concentrations of
Cas12a-crRNA and FL-reporter are 10 nM and 1 pM, respectively.

For the detection of NF-kB p50, 15 uL of binding buffer (10 mM
NazHPO4/NaH2PO4, 100 mM CH3COONa, 10 mM Mg(CH3COOH)2,
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10% glycerol, 0.05 mg/mL poly (dI-dC) (Thermo Scientific, U.S.A.),
pH = 7.2)) was mixed with 5 pL of activator (50 nM). Then, 30 pL of
testing samples were added into the mixture and incubated at 37 °C
for TFs-DNA binding. After binding for 15 min, Exo IIl was added
into the solution, and ca. 2 unit/uL of Exo IIl and 2.5 nM of activator
were incubated for 30 min at 37 °C, followed by heat deactivation at
65 °C. Then, 50 pL of CRM was introduced into the system. After
keeping at 37 °C for 30 min, the Cas12a was heat deactivated at
65 °C for 10 min. The fluorescence was measured by a Biotek
Synergy H1 (U.S.A.) plate reader (Aex = 510 nm, ey = 566 nm, 25
reads per well, gain = 100, measured from the top). The inhibition
assay was conducted with similar procedures, except that 30 pL of a
mixture containing 1 nM of NF-kB p50 and various concentrations
of oridonin were added as the testing sample.

3. Results and discussion
3.1. The principle of this sensing system

The sensing mechanism of this biosensor is illustrated in
Scheme 1. TFs have an intrinsic high affinity to specific DNA
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domains; thus, it is widely adopted to utilize consensus DNA do-
mains to realize the recognition of specific TFs [37,38]. For example,
NF-kB p50 shows a high affinity to dsDNA hybridized by 5’-
GGGACTTTCC-3' and its complementary sequence [22]. This
domain was embedded into a dsDNA (referred to as the activator)
for the binding of NF-kB p50 (indicated in green color). The NF-kB
p50 binds to the recognition domain to form a stable protein-DNA
complex, and then, Exo Il which is a nuclease that can remove
nucleotides of dsDNA in the 3’ to 5’ direction [39], was added to the
system. The enzymatic activity of Exo IIl is specific for the blunt end
and 5’-overhang end, so the Exo III can only digest the DNA probe
from the 3’ termini of the upper strand. Whereas, when the Exo III
encounter the binding spot of NF-kB p50 and the recognition
domain, the steric hindrance derived from the huge size of NF-kB
p50 would inhibit the progressive digestion of Exo III, resulting in
the protection of dsDNA [39,40]. Afterward, the system is heat
deactivated to make the TFs dissolve from the activator. In the
following step, the CRM composed of Cas12a, crRNA, and FL-
reporter was added into the solution. Because the activator con-
tains the PAM domain (denoted in blue color) and a crRNA-
recognizable domain, it can function as the activator to unleash
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Scheme 1. The sensing mechanism of this method.
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the ssDNA cleavage activity of Cas12a [41]. When the Cas12a pos-
sesses this activity, it would rapidly cleave the collateral FL-
reporter, separating the 5-Cy3 (fluorophore) and 3’-BHQ2
(quencher), resulting in an enhanced signal at the emission channel
of Cy3 for quantification. Conversely, when no NF-kB p50 is in the
solution, the Exo III successively digests the upper strand of the
activator, leaving the below strand and causing no activation of
Cas12a. On this occasion, the FL-reporter remains intact, so no
detectable fluorescent feedback will occur. According to this
sensing profile, the more NF-kB p50 is in the system, the higher
emission will be recorded, forming a turn-on fluorometric
biosensor for the detection of NF-kB p50 based on in vitro CRISPR
technology.

3.2. Verification and optimization of this method

To verify the design of this sensor, we conducted a fluorescent
scan in the first place, and the results are shown in Fig. 1a. It can be
found that the mixture of the activator and the CRM exhibited high
fluorescence at 566 nm, which is the result of the activation of
Cas12a and the subsequent cleavage of the FL-reporter. While the
sample prepared by mixing the activator with Exo III followed by
the addition of CRM showed low fluorescence, which indicates that
the Exo III digestion made the activator lost the ability to activate
the Cas12a. However, when mixing the activator with the NF-kB
p50 first, followed by Exo III digestion and CRISPR reporting in
sequence, high fluorescence emission can be recorded. The results
demonstrated that the digestion of Exo IIl made the activator lose
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the ability to activate the Cas12a, while the NF-kB p50 can protect
the activator from losing this ability. The fluorescent spectra of the
samples verified the biosensor we designed.

The sensing conditions were optimized to obtain improved
performance. We optimized the conditions of Exo III digestion first,
and Fig. 1b shows that when no NF-«kB p50 was added in the system,
2 unit/pL of Exo Il can make sufficient digestion to make the
remaining activator lacks the ability to activate the Casl2a.
Although this amount of Exo Il cannot digest all the activator in the
solution according to the digestion rate of Exo Il [42], they could
have conducted sufficient cleavage to impair the PAM sequence,
thus making the remaining activator cannot induce significant
fluorescence enhancement.

The conditions for CRISPR reporting was subsequently opti-
mized. The activator was incubated with the CRM under different
solutions, including ultrapure water, phosphate buffer, and a serial
of widely used commercial buffers in molecular biology (NEBuffer
1.1, 2.1, and 3.1). The compositions of each buffer were listed in
Table S2, and it was found that the highest fluorescence enhance-
ment was obtained in NEBuffer 2.1, which could be derived from
the suitable pH and ionic strength (Fig. 1C). It has been reported
that the BSA can function as the stabilizer of plenty of enzymes and
proteins [43,44]; thus, we deleted the BSA in the composition of
NEBuffer 2.1 and found that the signal obtained in NEBuffer
2.1(BSA-) was significantly lower than that in NEBuffer 2.1 (Fig. S1),
which indicated the role of BSA in enhancing the sensing. Previous
reports indicated that the concentration of Mg?* plays important
role in accelerating the trans-cleavage of Casl12a [45]; thus, we
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Fig. 1. The verification and optimization of this method. (a) The fluorescent spectra of samples in different conditions. (b) The optimization of Exo IIl digestion time. The final
concentrations of the activator and Exo IIl were 2.5 nM and 2 unit/uL, respectively. (c) The optimization of CRISPR reporting reaction. In this experiment, 50 pL of CRM was mixed
with the activator (5 nM, 50 pL). (d) The optimization of CRISPR reporting time. The activator (5 nM, 50 uL) was mixed 50 pL of CRM in NEBuffer 2.1, followed by fluorescence
measurement at different times. Error bars indicate the standard deviation of three replicate determinations.
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papared NEBuffer 2.1 with different Mg concentrations and
tested the signal response in these buffers. As shown in Fig. S2,
signal intensified with the increased concentrations of Mg?*, and
the highest signal was obtained when the concentration of Mg?*
was 10 mM, which is the amount originally contained in NEBuffer
2.1. Following the protocol from previous reports and manufac-
turer’s protocols [46], the incubation temperature was set at 37 °C.
The kinetics of fluorescence change was recorded, and it was found
that the fluorescence climbed and reached a plateau after 35 min of
isothermal reaction (Fig. 1d).

3.3. Analytical performance of this biosensor

After optimizing the sensing conditions, the analytical perfor-
mance of this biosensor was investigated. As illustrated in Fig. 2a,
the sensing procedures include sample addition and incubation at a
constant temperature, and all the processes are conducted in a
single tube. Fig. 2b shows that the fluorescence of the system
intensified with the increased concentrations of NF-kB p50, which
revealed that this system can realize the turn-on fluorescent
sensing of NF-«kB p50 as expected. By plotting the concentrations of
analyte (NF-kB p50) against the fluorescent intensity, a good linear
relationship is established in the range of 0.5—1600 pM. The linear
relationship levels off at high NF-kB p50 concentrations, which
could be derived from the limited amount of FL-reporter. The limit
of detection (LOD) and limit of quantification (LOQ) of this sensor
targeting NF-kB p50 was determined as 0.2 pM and 0.6 pM ac-
cording to the rules of S/N = 3 and S/N = 10, respectively (the
calculations were detailed in Supplementary Materials). Table 1
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listed the analytical performance of previously reported sensors
targeting NF-kB p50 as well as that of this work, and it can be found
that the low LOD and wide linear range makes this work quite
outstanding, especially considering that this work contained no
complicated nucleic acid reaction circuit for signal amplifications.

The selectivity of this sensor was challenged by a wide range of
biomolecules, including nucleases, other TFs, and high-abundance
ingredients contained in nucleoprotein extracts. The concentra-
tions of the interferent were set 10-fold higher than that of NF-kB
p50 (10 nM vs. 1 nM). As shown in Fig. 2d, only the sample added
with NF-kB p50 exhibited high fluorescence, which indicated the
selectivity of this sensor targeting NF-kB p50. The high selectivity
was derived from both the specific recognition between NF-kB p50
and the activator, as well as the specific hybridization between
crRNA and the activator.

The performance of this biosensor was investigated using
nucleoprotein extracted from human colorectal cancer DLD-1 cells.
It has been reported that the abnormal activation of the NF-kB
pathway is ubiquitous in cancer cells, and the upregulation of NF-
kB proteins in colorectal cancer cells is an important indicator for
both diagnosis and treatment [15,54,55]. The nucleoprotein ex-
tracts were diluted by 10 times using the reaction buffer, then
examined by this sensing system. The fluorescence signal for each
detection was substituted into the regression curve presented in
Fig. 2c to give a value of concentration for quantification. As shown
in Table 2, our assay gave a detection result of 102.3 pM when no
external NF-kB p50 was added, which implied that this sample
could contain 102.3 pM of NF-kB p50 originally. To test the accuracy
of this result, we subsequently conducted a spiking test and
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Fig. 2. The analytical performance of this method. (a) The workflow of this method. (b) The fluorescent spectra of the sensing system upon the addition of different concentrations
of NF-kB p50. (c) The linear relationship between the concentrations of NF-kB p50 and the fluorescence intensity of the system. (d) The fluorescence intensity of the system with the
addition of different targets. The tests were conducted according to the protocols described in the Experimental section, and error bars indicate the standard deviation of three
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Table 1
A comparison between this work and recently published investigation on the detection of NF-kB p50.
Signal forms Amplification strategies Linear range (nM) Detection Limit (nM) Ref.
Electrochemical Exo IllI-added signal amplification 0.01-5 0.01 [47]
Fluorescent Nb.BbvCl-assisted signal amplification 0-50 22 %1073 [48]
Fluorescent Cascade signal amplification 38 x1074-15 2x 107 [49]
Fluorescent DNAzyme-involved signal amplification 1x103-1 6.2 x 1073 [50]
Fluorescent Rolling circle amplification Not given 14 x 1074 [19]
Chemiluminescent Isothermal exponential Amplification 1x107°-1 623 x 1076 [51]
Colorimetric Isothermal exponential Amplification 3x1073-2 38 x 1073 [40]
Fluorescent No amplification 0.5-50 0.2 [52]
Fluorescent No amplification 1-50 1 [53]
Fluorescent No amplification 0.05—-5 0.0027 [46]
Fluorescent No amplification 5x 1074 - 1.6 2 x 1074 This work
Table 2
The calculation of recovery by spiking NF-kB p50 to DLD-1 nucleoproteins samples.
Sample Content (pM) Spiked (pM) Found (pM) Recovery® (%) RSD (n = 6, %)
DLD-1 cells 102.3 50 148.7 92.8 31
100 2004 98.1 2.9
150 248.2 97.3 34
200 309.5 103.6 3.0

4 Recovery: calculated by Recovery = ([Found] - [Content])/[Spiked] x 100%.

checked the result with commercialized ELISA kits. The sample was
spiked with various concentrations of NF-kB p50, and the value of
recovery ranged from 92.8 to 103.6%, which demonstrated that the
linear relationship obtained in the buffer can be applied in the
detection of a target in 10-fold diluted nucleoproteins. Meanwhile,
the RSD obtained from 6 repetitive tests distributed in the range of
2.9%—3.4%, which indicated that this method can be applied in the
real sample analysis with high precision. Fig. S3 shows the quan-
tification results obtained from this assay and ELISA kits are in line
with each other, which revealed the potential of this sensor in
clinical applications. The average cost of the ELISA test is $ 7/test,
which is 11 times higher than this method ($ 0.602, detailed in
Table S3). Besides, different from ELISA which suffers from low
precision because of the instability of antibodies and the reporting
enzymes, CRISPR reporting elements (Cas enzymes, crRNA,
reporting DNA) can be freeze-dried and stored for a long period,
which has been applied in the on-site monitoring of virus including
COVID-19 [56]. Our test showed that the sensing element can be
stored at —20 °C for at least 2 months without significant loss of
sensing performance (Table S4), considering its facile procedure
including isothermal incubation and single-tube requirement, we
believe that it could greatly serve the need for TFs detection at less-
equipped scenarios.

3.4. Inhibition assay

It has been established that the abnormal upregulation of TFs is
tightly correlated with the diseases including cancer, autoimmune,
and inflammatory diseases, thus the inhibition of the overex-
pressed TFs is a critical strategy in drug development [57]. For
example, mounting evidence has demonstrated that the constitu-
tive activation of NF-kB was common in most cancers, and the block
of NF-kB signaling could cause increased apoptosis of cancer cells
[8,58]. Therefore, it is critical of developing convenient ways for the
screening and evaluation of chemicals with inhibitory effects on
TFs. Oridonin is a natural product obtained from Rabdosia rubescens
that can inhibit the DNA binding of NF-«kB p50 [59,60], and we used
it as a model chemical to test the potential of our method in drug
development. Different concentrations of oridonin were incubated
with the same amount of NF-kB p50, and then the samples were

subjected to our method. The fluorescence was plotted against the
concentrations of oridonin (Fig. 3), and it can be found that the
fluorescence decreased along with the increased concentrations of
oridonin. We have also conducted a set of control experiments to
examine that whether oridonin could directly interfere with the
sensing process in the absence of NF-kB p50, and the results indi-
cated that no significant fluorescence change was observed when
0—16 uM of oridonin was added to the reaction (Fig. S4). These
results demonstrated that the oridonin caused the fluorescence
change via inhibiting the binding between NF-kB p50 and DNA.
When more oridonin was added, more binding was inhibited, thus
more dsDNA was digested by Exo III to lose their ability to activate
Cas12a. By fitting the data in Fig. 3, the half-maximal inhibition
concentration (ICsg) of oridonin towards NF-kB p50 was calculated
to be 3.37 uM. These results demonstrated that our method can be
applied in assessing the inhibitory effect of chemicals on TFs.
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4. Conclusion

In this study, the Exo III protection assay and CRISPR reporting
system were combined to accomplish the sensing of TFs. The TFs
can protect the activator from being digested by Exo III, thereby
transducing the signal of TFs binding to nucleic acid signal. Then,
the remaining activator after Exo Il digestion activate the collateral
cleavage of Casl12a effector, cleaving DNA reporter to generate
significant fluorescence enhancement. Conversely, when there is
no TFs in the system, the activator will be digested, resulting in no
activation of Cas12a and no fluorescence enhancement. The sensing
system can realize the sensitive and selective detection of NF-kB
p50 with LOD of 0.2 pM, and it can be applied in specifically
detecting NF-kB p50 in cell nucleoprotein extracts. Furthermore,
we revealed the potential of this method in the evaluation of
inhibitory effects of drugs towards TFs, which may greatly aid TFs-
related biomedical research. In summary, this work developed a
signal amplified sensing system for TFs quantification based on
CRISPR/Cas12a, which enriched the application scope of CRISPR/
Cas-enabled biosensing and the arsenal of TFs detection.
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