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HIGHLIGHTS

e A CRISPR/Casl2a-driven biosensor for
FEN1 activity detection was proposed.
e Target-induced DNA extension and

CRISPR/Cas12a-based amplification
was achieved.
o The method exhibits remarkable detec-
tion sensitivity and excellent specificity.
e The method can be employed for deter-
minating FEN1 activity in biological
samples.
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ABSTRACT

Flap endonuclease 1 (FEN1), a structure-selective endonuclease essential for DNA replication and repair, has been considered
as a new promising marker for early cancer diagnosis. However, reliable, sensitive and convenient biosensors for FEN1
detection are still technically challenging. Herein, a fluorometric biosensor based on target-induced primer extension to initiate
the collateral cleavage of CRISPR/Cas12a has been established for ultrasensitive and specific detection of FEN1 activity. Using
branched DNA to probe FEN1 activity, the cleaved 5 flap initiated DNA polymerase-mediated primer extension to produce
plenty of DNA duplexes containing protospacer adjacent motif (PAM) which act as activators to initiate the collateral cleavage
activity of Cas12a protein, producing an significantly amplified fluorescence response for ultrasensitive determination of FEN1
activity. The developed biosensing platform displays excellent analytical performance, with a limit of detection (LOD) down to
89 x 107° U pL"Y, and a wide linear range from 1.0 x 10™* to 5.0 x 10~! U pL."L. Moreover, the proposed strategy was
successfully used for FEN1 detection in serums and cell lysates and suggests potential clinical applications, which may provide
a reliable approach for FEN1 that will allow effective diagnosis in the early stages of related cancer.
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1. Introduction

Flap endonuclease 1 (FEN1), as a structure-selective endonuclease in
eukaryotic cells, catalyzes the removal of 5’ overhanging DNA flaps from
forked structures and plays a key role in DNA replication and repair
because it is involved in both long-patch base excision repair (LP-BER)
and Okazaki fragment maturation [1-4]. With growing evidence that
the overexpression of FEN1 is related to various types of tumor onset and
progression [5-7], such as ovarian carcinoma and breast cancer, FEN1
has gradually been considered as a promising diagnosis and prognosis
biomarker for cancers [8,9]. Due to inhibiting FEN1 can suppress rapid
tumor growth, FEN1 is also an important therapeutic target in chemo-
therapy [10]. Thus, monitoring FEN1 activity is of great value in clinical
applications.

Unfortunately, the development of sensing approaches for determi-
nation of FEN1 activity has made limited progress. The routine methods
for FEN1 measurement include immunochemistry analysis [11], west-
ern blotting [12], and enzyme-linked immunosorbent assay (ELISA)
[13], which are mainly based on antigen-antibody interaction and can
only be applied to qualitative and semiquantitative the FEN1 expression
level. Meanwhile, these multistep and cumbersome methods suffer from
detection instability, increased complexity and high cost. Recently, a
few novel biosensors have been developed to overcome the drawbacks
of traditional techniques. For instance, Zhang et al. designed various
types of nanodevices which integrated graphene oxide (GO) nonosheets
with fluorophore-labeled DNA probes for direct monitoring FEN1 ac-
tivity from tumor cells [14]. Li et al. proposed a FEN1-responsive
DNA-silver nanoclusters (DNA-AgNCs)-based fluorescent nanoprobe to
quantify FEN1 in clinical samples [15]. Despite those progress, almost
all of the reported FEN1 measurements were performed by directly
reading the FEN1 enzymatic activity, which leads to limited sensitivity.
Therefore, convenient and ultrasensitive biosensing techniques for
detecting FEN1 activity are urgently needed.

Clustered regularly interspaced short palindromic repeats (CRISPR)
and CRISPR-associated (Cas) system is an adaptive immune mechanism
in prokaryotes, it can bind to a programmable guide RNA (gRNA) that
directs Cas effectors to cleave foreign nucleic acids [16-19]. Due to the
excellent recognition specificity and cutting features, CRISPR-Cas sys-
tem has emerged as one of the most powerful toolboxes in the field of
molecular biology, especially in gene-editing [20-22]. Additionally,
some recently discovered Cas proteins possess collateral cleavage
(trans-cleavage) capabilities, such as Cas12a, Casl3a and etc. [23-25],
making them a hot spot in biosensing fields because they can address
recognition, transduction and amplification elements in one system. The
CRISPR-based biosensors have some obvious advantages, including mild
reaction temperature, easy operation, excellent specificity and high
signal amplification efficiency [26-28]. In the case of nucleic acid
sensing, the experimental process typically entails (i) the
pre-amplification of target nucleic acid, (ii) the identification of the
amplified products containing protospacer adjacent motif (PAM), and
(iii) the collateral cleavage of nontargeted nucleic acid reporters con-
taining fluorophore-quencher pairs. The cutting of the reporters causes
the fluorophore to be released from the quencher, producing amplified
fluorescence signals. The CRISPR-based biosensors can also be used to
detect proteins [29,30], small molecules [31], and enzyme activities
[32,33] through the introduction of functional nucleic acids that convert
non-nucleic acid targets into nucleic acid intermediates. As FEN1
cleaves branched structures of DNA intermediates rather than specific
DNA sequences and forms DNA fragments containing 3'-OH terminal,
the cleaved fragments can bind to template strands that are flexibly
defined by users and can be used as primers to synthesize duplex DNA
products for various purposes with the participation of DNA poly-
merases [34]. This feature can be seamlessly integrated with CRISPR
systems, particularly CRISPR/Casl2a, which is activated by
double-stranded DNA containing PAM sites [24], for the development of
biosensing platforms. To the best of our knowledge, however, there is no
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existing sensing method based on CRISPR that allows direct and
convenient detection of FEN1 enzymatic activity.

Herein, we present the development and demonstration of a fluo-
rometric biosensor based on target-induced primer extension to initiate
the collateral cleavage of CRISPR/Casl2a for ultrasensitive FEN1
determination. We employed FEN1 branching enzymatic activity and
Bst DNA polymerase-assisted primer extension to generate numerous
double strand DNA (dsDNA) activators that initiate Casl2a collateral
cleavage effect to develop an efficient signal amplification system with
highly modular design. According to the multi-turnover collateral
cleavage of activated Cas12a, efficient amplification and rapid response
periods can be easily obtained. Under the optimal conditions, this
approach can detect FEN1 activity from 1.0 x 10 #t0 5.0 x 1071 U pL ™!
with detection limits down to 8.9 x 10~> U pL ™!, which is much lower
than that of most existing assays. And the serum interference test and the
examination of FEN1 activity in diluted serum samples and cell lysates
demonstrated that the biosensing method could be applied to analyze
FEN1 activity in real samples.

2. Materials and methods
2.1. FENI1 detection procedure

Briefly, 1 pL of 1.5 pM P1 and 5 pL of FEN1 with different concen-
trations were incubated in buffer solution (20 pL) containing 1 X
Thermo Pol Reaction Buffer (0.01 M KCI, 0.02 M Tris-HCl, 0.01 M
(NH4)5S04, 0.002 M MgSO4, 0.1% Triton X-100, pH 8.9) at 37 °C for 0.5
h. Subsequently, 1 pL of 400 nM P2, 1 pL of 0.3 U uL~! Bst polymerase,
and 1 pL of 2 mM dNTPs were mixed with 3 pL of 10 x NEBuffer 3 (1 M
NacCl, 0.5 M Tris-HCI, 0.1 M MgCly, 0.01 M DTT, pH 7.9) in total volume
of 30 pL, then the mixture was placed at 55 °C for 0.5 h. Afterward, the
Casl2a cleavage reaction was performed by mixing a reaction solution
containing 50 nM Cas12a/crRNA complex (Cas12a: crRNA=1:1),40U
RNase inhibitor, and 500 nM FQ-ssDNA. After reaction at 37 °C for 1 h,
the fluorescent spectrum was detected using a Cary Eclipse fluorescence
spectrophotometer with excitation and emission at 492 nm and 520 nm,
respectively.

2.2. Detection of FEN1 in cancer cells

The SMMC-7721 and glioma U87 cell lines were cultured in DMEM
medium containing 10% FBS and 1% penicillin/streptomycin in 5% CO»
in humidified air at 37 °C. The cell lysates were obtained by RIPA Lysis
Buffer. The collected lysates were divided and stored at —80 °C until
utilization. FEN1 activity detection in cell lysates were performed ac-
cording to the above mentioned procedures.

2.3. Engyme-linked immunosorbent assays

FEN1 levels were measured in SMMC-7721 and glioma U87 cells
using enzyme-linked immunosorbent assay (ELISA) (kit from Fine
Biotech, Wuhan, China) according to the manufacturer’s protocol.
Briefly, cells were separated by trypsin, washed with PBS, and resus-
pended in fresh lysis buffers. Cell debris were removed by centrifugation
at 12,000 rpm for 30 min at 4 °C. The obtained cell lysates were added
into a 96-well strip plate pre-coated with FEN1 antibodies for ELISA
analysis. Measurements were carried out using a spectrophotometer
(Thermo Scientific, USA) at the wavelength of 450 nm.

2.4. Polyacrylamide gel electrophoresis (PAGE) assay

A 12% native PAGE was prepared to evaluate the FEN1 cleavage, the
extension reaction, and the collateral cleavage effect of Casl2a. Elec-
trophoresis was carried out in 1 x TBE buffer (2 mM EDTA, 90 mM Tris-
borate, pH 8.4) at 110 V for 50 min at room temperature. Afterward, the
gel was immersed in a freshly prepared stain-all solution (containing 4
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pL of GoldView in 80 mL of 1 x TBE) for 35 min. Subsequently, the PAGE
results were scanned by a gel image analysis platform.

3. Results and discussion
3.1. Design of the fluorometric biosensor

Previous studies have shown that CRISPR/Cas12a can cleave double-
stranded DNA under the guidance of CRISPR RNA (crRNA), and release
collateral cleavage activity with extremely high turnover rate (~1250
turnovers per second) [35]. In this study, CRISPR/Cas12a was served as
a signal amplifier for FEN1 activity determination. The working mech-
anism of the sensing strategy is shown in Scheme 1. Based on previous
reports, the most efficient cleavage of 5 flap was subjected to ordered
helical arch of FEN1, which would undergo disorder-to-order transition
when the 3’ flap binding pocket of FEN1 bound to the substrate con-
taining 1 nt 3’ flap [36,37]. Thus, a branched double-stranded DNA
probe (P1) with a 5’ flap and 1 nt 3’ tail was designed for FEN1 cleavage.
To avoid the need for annealing of multiple DNA strands,
dumbbell-shaped P1 was prepared by single-strand DNA self-folding. In
the presence of FEN1, the 5’ overhanging flap in the branched P1 would
be excised. Subsequently, the released 5’ flap containing 3'-OH terminal
was annealed with template probe (P2) at binding site domain (blue)
and acted as primer to initiate the extension process. Under the partic-
ipation of DNA polymerase, dNTPs could be gradually polymerized at
the 3’-end of the primer and extended along P2 to synthesize the DNA
duplex. Thus, amounts of double-stranded DNA containing PAM site
(red) and crRNA-binding region (yellow) were produced, which could
be recognized by Casl2a/crRNA complex and serve as activators to
unlock the collateral cleavage capability of Casl2a protein. Therefore,
the activated CRISPR/Casl2a can indiscriminately cut the 5'-fluo-
rophore (FAM) and 3’-quencher (BHQ1)-labeled single-stranded DNA
reporters (FQ-ssDNA) and finally produce an significantly amplified
fluorescence signal. In the absence of FEN1, the P1 remains intact and
Bst DNA polymerase-assisted primer extension cannot be triggered.
Thus, the collateral cleavage capability of Casl2a is inhibited and
fluorescence enhancement cannot be observed.

3.2. Feasibility analysis of the developed biosensor

To verify the design of the sensing strategy, a fluorescent scan was
first conducted, and the results are provided in Fig. 1A. It can be found
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Scheme 1. Schematic for the working mechanism of the fluorometric biosensor
based on target-induced primer extension and the collateral cleavage of
CRISPR/Casl2a.
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that the FQ-ssDNA as Casl2a collateral cleavage substrates were effi-
ciently cleaved under the assistance of Bst DNA polymerase and pro-
duced a robust fluorescence output (red line) when FEN1 was
introduced. In contrast, the blank control without FEN1 showed only a
minimal fluorescence signal (cyan line). In the absence of P1, P2, Bst
DNA polymerase or Casl2a/crRNA complex, the fluorescence intensity
was comparable to the blank control (blue, yellow, magenta and green
line). Under 254 nm ultraviolet light, the fluorescence can be observed
by naked eyes (Fig. 1A, inset). These results suggested that the collateral
cleavage capability of Casl2a could be effectively activated in the
presence of FEN1. To further validate the entire process step by step, gel
electrophoresis was further performed. As depicted in Fig. 1B, P1 (lane
1) and P2 (lane 2) represented distinct bands, respectively. Lane 3
showed the combination production of P1 and P2 owing to 20 bases
complementing each other. Lane 6 contained the bands among which
the lowest band demonstrated that P1 was cleaved by FEN1. After
mixing P2 and Bst DNA polymerase, the extended products presented
slower migrated band than P2, implying successful synthesis of the
double-stranded DNA product in the presence of DNA polymerase (lane
7). In contrast, in the absence of FEN1, double-stranded DNA product
cannot be produced (lane 8). Additional ssDNA (26 nt) represented
single band (lane 4). With the addition of the Cas12a/crRNA, ssDNA was
trans-cleaved by Casl2a (lane 9). Without FEN1, Casl2a cannot be
activated due to no double-stranded DNA activator production, and
ssDNA remains in its original position (lane 10). All of the results sug-
gested that the developed biosensor could be well used for FEN1
detection.

3.3. Optimization of experimental parameters

Several critical experimental parameters, consisting of the concen-
tration of P1, P2, polymerase, and Casl2a/crRNA complex were eval-
uated to achieve optimal analytical performance for FEN1 detection.
First, the influence of P1 concentrations from 0.5 to 2.5 pM for FEN1
cleavage were evaluated. As depicted in Fig. 2A, the signal-to-
background (S/B) ratio improved with the increase of P1 concentra-
tion until the concentration reaches 1.5 pM, indicating that 1.5 pM was
the optimal concentration. Then the effect of the concentration of P2 and
Bst DNA polymerase on the extension process were studied. As depicted
in Fig. 2B, with the increasing of P2 from 0.1 to 1.3 pM, the S/B formed
an upward trend from 0.1 to 0.4 pM. After that, the trend was declined.
Thus, 0.4 uM P2 was chosen in the following experiment. Furthermore,
with the increasing of the concentration of Bst DNA polymerase, the S/B
gradually increased before 0.3 U pL~!, then reached the platform.
Therefore, we selected 0.3 U pL ™! Bst DNA polymerase as the optimized
concentration (Fig. 2C). The concentration of Cas12a/crRNA complex is
an essential factor influencing the efficiency of Cas12a-mediated cutting
reaction. Thus, the effect of the concentrations of Casl2a/crRNA com-
plex from 0.1 to 10 pM are finally assessed, and the data is shown in
Fig. 2D. For different concentrations of Casl12a/crRNA complex, the S/B
ratio achieved the maximum at 5 pM. Therefore, we selected 5 pM
Cas12a/crRNA complex in subsequent experiments.

3.4. Analytical performance

Under the optimized experimental parameters, the linear range and
detection limit of the constructed biosensor were evaluated toward
FEN1 at various concentrations. As shown in Fig. 3A, the fluorescent
intensity increased with increasing FEN1 concentration. According to
the calibration plot of the fluorescent intensity versus the logarithm of
FEN1 concentration in Fig. 3B, a linear regression equation is Y =
254.87 1g C + 1070.87 (where Y stands for fluorescent intensity and C
strands for the concentration of target FEN1) in a dynamic range from
1.0 x 107* U pL ™! t0 5.0 x 107! U pL ! with the correlation coefficients
(R)-square of 0.995. The limit of quantification (LOQ) is 1.0 x 104U
pol (~240.6 fM), and the limit of detection (LOD) is estimated to be
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89 x 10°°U pL’l (~214.6 fM) based on the mean of the blank plus
three times of the standard deviation (3¢ rule). Such detection limits for
monitoring of FEN1 activity are comparable or even superior to most
existing methods for FEN1 detection (Table S2).

Moreover, the selectivity of the biosensor was investigated by using
some other important protein enzymes (i.e. Fspl, Mbol, UDG, Dpnl, KF,
and APE1). As shown in Fig. 3C and D, compared with the FEN1, the
other six interference exhibit a low fluorescence intensity even though
their amounts were 10 times higher than that of FEN1, indicating the
excellent selectivity of this biosensor. Moreover, to evaluate the repro-
ducibility of the biosensor, six parallel tests have been conducted for 1.0
x 1072 U pL7! target FEN1. An excellent reproducibility has been
observed with low relative standard deviation (RSD <5%) (Fig. S1).
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3.5. Detection of FEN1 in biological samples

Given the good analytical performance of the proposed biosensor, its
applicability and specificity for detecting FEN1 target in biological
samples were investigated. The matrix effect of the method was tested
by spiking FEN1 in serially diluted (100-fold, 50-fold, 20-fold, 10-fold,
5-fold, 2-fold, 1-fold) serum samples via standard addition procedure.
It was observed that the serum only has a slight matrix effect on the
biosensor even 10-fold diluted serum samples (Table S3, Fig. 4A and B).
The recoveries of the samples ranged from 94.9% to 106.7% and the
RSDs were all less than 6.6% (Table S4). To further investigate the
application potential of this biosensor, the fluorescent experiments were
carried out in several different cell types. Results in Fig. 4C revealed that
the sustained upregulation of FEN1 has been observed in SMMC-7721
and glioma U87 cell lysates, which is consistent with the result deter-
mined by commercially available kits. These results suggested that the
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Fig. 3. Investigation of the sensitivity and selectivity
of the developed sensing strategy. (A) Fluorescence
spectra of various FEN1 concentrations (from a to h:
1.0 x 107%,5.0 x 107, 1.0 x 1073, 5.0 x 1073, 1.0
x1072,5.0 x 1073, 1.0 x 107}, 5.0 x 1071 U pL™Y).
(B) Linear relationship between fluorescent intensity
and the logarithm concentration of FEN1. (C) and (D)
shown the fluorescence spectra and corresponding
fluorescence intensity of the system towards 1.0 x
1072 U pL~! of FEN1, 1.0 x 1072 U pL™! of Fspl,
Mbol, UDG, Dpnl, KF, APE1 and their mixture. Error
bars were from three repetitive measurements.

Fig. 4. (A) Fluorescence spectra of different concen-
trations of FEN1 added into water and 10-fold diluted
healthy human serum:

(a)1.0 x 10°%U uL’1 FEN1 in diluted serum; (b) 1.0
x 1074 U uL’l FEN1 in water; (c) 5.0 x 104U uL’1
FENT1 in diluted serum; (d) 5.0 x 10~* U pL’l FEN1 in
water; (e) 1.0 x 103 U pL ™! FEN1 in diluted serum;
(f) 1.0 x 103 U pL. ! FEN1 in water; (g) 5.0 x 103U
pL’1 FEN1 in diluted serum; (h) 5.0 x 1073 U pL’l
FEN1 in water. (B) Comparison of fluorescence in-
tensities between diluted serum and water. (C) FEN1
quantification in SMMC-7721 cells (5 x 10* cells) and
glioma U87 cells (5 x 10° cells) using the developed
biosensor and commercial ELISA kits. (D) The linear
relationship between the fluorescent intensity and the
logarithm cell number of SMMC-7721 and glioma
U87 cells. Error bars were from three repetitive
measurements.

(Fig. S2), indicating that the fluorescent response was indeed induced by
active FEN1 in cells. As depicted in Fig. 4D, a good linear correlation
between the fluorescence intensity and the logarithm value of cell
numbers was obtained for both SMMC-7721 and glioma U87 cells from
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5 x 10%to 1 x 10° cells. The above mentioned results indicated that the
biosensing method can be used for screening FEN1 inhibitors and
quantitative detecting FEN1 activity in tumor cells, suggesting the great
potential in biomedical research and precision medicine applications.

4. Conclusion

In summary, a new fluorometric biosensor has been successfully
established for ultrasensitive and selective detection of FEN1 activity by
integrating target-induced primer extension with the collateral cleavage
of CRISPR/Casl2a. Compared to current methods, the proposed
biosensor possesses its own remarkable advantages. First, owing to the
synergistic effect of enzymes, including the site-specific cleavage of
branched DNA by target FEN1, sequence-dependent DNA polymerase
extension, and efficient signal amplification provided by collateral
cleavage capability of activated Cas12a, the established strategy exhibits
remarkable detection sensitivity (LOD, 8.9 x 107> U pL™!) and good
selectivity as well as a wide dynamic range (from 1.0 x 10™* to 5.0 x
107! U pL™1). Second, compared with the immunological methods,
targeting enzyme activity in our method is of more significant to assess
the intracellular expression and activity status of FEN1. Third, the mild
experimental conditions greatly reduce the special requirement for the
complicated instruments and make the operation process more conve-
nient. Moreover, this sensing method was demonstrated to work well for
FEN1 detection in diluted serums and cell lysates and exhibited great
potential for inhibitor screening. However, our method can be further
integrated with portable fluorescence spectrophotometer to improve its
detection ability in the field. The compatibility of the proteases will be
studied in the future, thus combining the processing steps and short-
ening the reaction time. Overall, we expect that the proposed strategy
would provide a convenient, inexpensive and robust biosensing platform
for FEN1 activity analysis in biomedical research and precision medicine
practice.
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