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ABSTRACT: High-performance detection of DNA methylation possesses great e
significance for the diagnosis and therapy of cancer. Herein, for the first time, we I

present a digestion strategy based on dual methylation-sensitive restriction endonucleases
coupling with a recombinase polymerase amplification (RPA)-assisted CRISPR/Cas13a
system (DESCS) for accurate and sensitive determination of site-specific DNA
methylation. This dual methylation-sensitive restriction endonuclease system selectively
digests the unmethylated target but exhibits no response to methylated DNA. Therefore,

| Casi3a/crRNA

the intact methylated DNA target triggers the RPA reaction for rapid signal amplification. | % s e gm e
In contrast, the digested unmethylated target initiates no RPA reaction. RPA products | "&% =
with a T7 promoter can execute the T7 transcription in the presence of T7 RNA l R B | m“\

polymerase to generate a large number of single-stranded RNA (ssRNA). This ssRNA
can be recognized by CRISPR/Casl13a to induce the ssRNase activity of Casl3a, showing
the indiscriminate cleavage of the collateral FQ reporter to release the fluorescence signal.
With such a design, by combining the unique features of dual methylation-sensitive restriction endonucleases with RPA-assisted
CRISPR/Cas13a, the DESCS system not only presents the rapid and powerful signal amplification for the determination of
methylated DNA with ultrahigh sensitivity but also effectively eliminates the false positive influences from incomplete digestion of
the unmethylated target. More importantly, 0.01% methylation level can be effectively distinguished with the existence of excess
unmethylated DNA. In addition, the DESCS assay is integrated into the lateral flow biosensor (LFB) for the point-of-care
determination of DNA methylation. In view of the superiorities in high sensitivity, outstanding selectivity, and ease of operation, the
DESCS system will provide a reliable assay for site-specific analysis of methylation.
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NA methylation is the most important epigenetic Currently, the strategy based on bisulfite conversion (BC) is
modification to cause a heritable change without any deemed as the gold-standard methylation assay.'”'' After
gene sequence change.' CS methylation of cytosine at the CpG reaction with sodium bisulfite, unmethylated cytosine (C) can

be converted to uracil (U), whereas methylated cytosine exhibits
no structural change.'” Thus, the determination of methylated
cytosine can be realized by distinguishing the architectural
difference between uracil and methylcytosine.'” Although the
BC strategy provides outstanding performances in methylation
detection, it still involves the disadvantages such as tedious

islands is the most common methylation that plays irreplaceable
roles in regulating gene transcription, X-chromosome inactiva-
tion, and cell proliferation.”* Customarily, most CpG islands in
the promoter regions usually exhibit the unmethylated state,
which ensures regular transcription initiation.” However, the

promoter with CpG methylation exhibits a low initiation pretreatment, a time-consuming process, requirement of
activity.” It is verified that the aberrant CpG methylation level multiple reagents, and extreme experimental conditions (eg.,
in the regions of the gene promoter and the first exon is strong acid, strong alkaline, and high temperature).'*'* To make
associated with the pathogenesis of multiple diseases, including

cancer.”” Therefore, the alterations of DNA methylation are Received: April 3, 2021

deemed as a promising biomarker for early diagnosis, prognosis, Accepted: May 10, 2021

and therapy monitoring of cancer.”” In view of these, accurate Published: May 21, 2021

and reliable determination of site-specific DNA methylation will

provide great clinical relevance in disease diagnosis and

pathological studies.
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Figure 1. Schematic illustration of the DESCS strategy for the detection of DNA methylation. (A) Dual methylation-sensitive endonucleases system
(BstUl/Hhal) digests unmethylated DNA and leaves the methylated DNA intact. The intact methylated DNA triggers the subsequent RPA reaction
and T7 transcription to generate ssSRNA. (B) ssRNA products are recognized by the CRISPR/Cas13a system for cleavage of the FQ reporter to release
the fluorescence signal. The DESCS assay is integrated into the lateral flow sensor for point-of-care detection of DNA methylation.

matters worse, the BC strategy suffers from target deﬁgradation,
poor DNA recovery, and incomplete conversion,'”'” which
leads to the inaccurate measurement and the poor repeatability
for methylation detection, especially for the low abundance of
methylation. Therefore, it is urgent to explore bisulfite-free
methods for methylation analysis.

The methylation-sensitive restriction endonuclease digestion
(MRED) provides a bisulfite-free assay for DNA methylation
detection. The endonuclease-based strategy shows the discrim-
ination capacity of methylated and unmethylated DNA via the
specific recognition capacity, which can be inhibited by the
methylated restriction site."*'” The MRED-based strategies are
executed in mild conditions, which reduces the potential DNA
degradation and provides a rapid and facile operation.”” In
addition, multiple endonucleases are simultaneously applied to
ensure the complete digestion of unmethylated DNA, which
improves the accuracy and specificity of methylation analysis.”'

2420

Generally, methylated DNA from tumor cells exhibits a low
existence (less than 0.1%) with the majority of unmethylated
DNA in clinical samples.”” Therefore, how to effectively detect
DNA methylation from multitudinous unmethylated DNA is
the key issue. To achieve enough sensitivity, different signal
amplifications are always applied for methylation detection after
endonuclease digestion. Among them, the polymerase chain
reaction (PCR) is the most frequently employed technique for
amplification in view of its excellent performances in sensitivity
and accuracy.”” Nevertheless, the PCR-based protocols heavily
rely on the expensive and precise thermal cycling devices,"*
which limits their applications in real-time detection. As
alternatives of PCR, several isothermal amplification methods,
such as strand displacement amplification (SDA),”* rolling circle
amplification (RCA),”** exponential amplification reaction
(EXPAR),”” and recombinase polymerase amplification
(RPA),* have been presented for methylation analysis and
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effectively extricate the need of thermal cycles. However, the
strategies based on SDA, RCA, and EXPAR exhibit poor
competencies for double-stranded (dsDNA) amplification. In
addition, SDA and RCA are time-consuming procedures, taking
upwards of several hours to obtain amplification results and
presenting relatively low sensitivity for methylation detection. In
contrast, RPA has been proved as a promising means for
effective signal amplification. The amplification reaction of
dsDNA by RPA is performed under isothermal conditions (at
lower temperatures of about 37—42 °C) with a mass of
amplification products obtained within 20 min.”” All of these
advantages in economy, portability, and operability make RPA
become an ideal method for real-time detection, especially in
low-resource allocation.

Recently, the RNA-guided adaptive CRISPR/Cas systems
have been altered as powerful diagnostic tools for diagnosis due
to the discovery of trans-cleavage activity.”” Among the Cas
families, Casl2a, Casl2b, Casl3a, and Casl4 exhibit the
indiscriminate digestion of surrounding ssDNA or ssRNA
after specific recognition of target nucleic acids.”"*” This trans-
cleavage activity can be successfully employed to cleave the
collateral FQ reporter with about thousands of turnovers per
second, endowing these CRISPR/Cas systems with the specific
capability of powerful self-signal amplification and reporting.
Therefore, integrating CRISPR/Cas into the sensing system can
indeed simplify the design procedures. The self-signal
amplification of CRISPR/Cas coupling with other amplification
strategies can easily obtain the multiple signal amplifications for
sensing to provide excellent sensitivity. In addition, the nucleic
acid recognition of CRISPR/Cas relies on a two-part model of
crRNA and the Cas-enzyme. Only full complementation
between target nucleic acid and the spacer region of crRNA
can unlock the trans-cleavage of the Cas-enzyme, showing
outstanding selectivity. Simultaneously, the programmability of
crRNA makes CRISPR/Cas become a universal platform for any
nucleic acid detection. To date, several CRISPR/Cas-based
diagnostics versatile platforms, such as Casl13-based SHER-
LOCK,* Casl2-based HOLMES,** Cas12/Casl4-based DE-
TECTR,>*¢ ASD—Cpr,37 and TITAC-Cas®® have been
exploited for isothermal determination of viruses (especially
for COVID-19 diagnosis),”” single nucleotide polymorphism
(SNP), and non-nucleic acid targets with high sensitivity and
selectivity, which also supports point-of-care testing (POCT) in
vitro without the requirements of professional operator and
instruments.*”*' Therefore, it is a meaningful attempt to employ
the CRISPR/Cas assay for DNA methylation analysis to achieve
high sensitivity. As an attempt for exploration, Wang’s group
presented a HOLMESv2 strategy by integrating the CRISPR/
Cas12b system with bisulfite conversion for the detection of
DNA methylation.*” After bisulfite treatment, the PCR products
of methylated DNA can activate the trans-cleavage activity of the
CRISPR/Cas12b system to release the fluorescence signal. The
HOLMESv2 assay provides the potentials to broaden the
applicable scopes for diverse detection. However, it still suffers
from the disadvantages, such as high reaction temperature, the
requirement of real-time PCR, and tedious treatments. Thus,
alternative CRISPR/Cas assays are needed for the rapid
detection of DNA methylation with simplicity of operator.

SEPT9 gene methylation is considered as an effective
biomarker for colorectal cancer (CRC) screening and is the
only cfDNA detection target approved in the clinic.*’~*
Therefore, we use the SEPT9 gene as an example to explore a
new strategy for the detection of methylation biomarkers.

2421

Herein, we propose dual methylation-sensitive restriction
endonucleases coupling with the RPA-assisted CRISPR/
Casl3a system (DESCS) for highly sensitive analysis of
SEPT9 gene methylation and its application for point-of-care
detection. For DNA methylation detection, dual restriction-
cutting sites are designed to ensure the complete digestion of
unmethylated DNA. The target DNA with methylated
restriction sites cannot be cleaved by these two restriction
endonucleases and remain intact, which can be effectively
amplified by the RPA reaction to obtain 10°—10°-fold
amplification products within minutes. Of the methods
explored, amplified DNA with a T7 promoter can be converted
to a mass of ssRNA, which is recognized by the CRISPR/Cas13a
system and triggers the trans-cleavage of Cas13a. As a result, the
active CRISPR/Casl13a system executes the collateral cleavage
of the FQ reporter to release the fluorescence signal. With such a
design, site-specific CpG methylation in the SEPT9 gene is
successfully determined by the DESCS assay in a 0.01%
methylated sample with high sensitivity. In addition, the
DESCS system is integrated into the CRISPR/Casl3a-based
lateral flow sensor (LFB) to establish a rapid, reliable, and
naked-eye platform for point-of-care detection of DNA
methylation.

B RESULTS AND DISCUSSION

Mechanism of RPA-Assisted CRISPR/Cas13a. The
mechanism of the DESCS assay for the detection of site-specific
methylation is expatiated in Figure 1, which integrates the
advantages of high specificity of BstUl/Hhal endonuclease for
the digestion of unmethylated cytosine, and the powerful signal
amplification efficiency of RPA and the CRISPR/Casl3a
system. In this work, the SEPT9 gene containing the §'-
mCGmCG-3'/3’-GmCGmC-5’ site (97100 site) and the 5'-
GmCGmC-3'/3'-mCGmCG-5' site (97110 site) with 5-
methylcytosine (mC) in the CpG island (referred to as
“SEPT9-mC”) serves as a site-specific methylation target,
which exhibits the hypermethylation in human colorectal
cancer. The unmethylated SEPT9 gene (referred to as
“SEPT9-C”) with the 5-CGCG-3'/3’-GCGC-5’ (BstUI) site
and the 5'-GCGC-3'/3'-CGCG-S' (Hhal) site are fully digested
by BstUl/Hhal endonucleases. Compared with single endonu-
clease digestion, this dual methylation-sensitive restriction
endonucleases system provides a more powerful digestion
capacity, which avoids the false-positive detection from
incomplete digestion of unmethylated DNA. In contrast, the
SEPT9-mC target cannot be recognized by the BstUI/Hhal
group and thus remain intact. Afterward, the intact SEPT9-mC
target triggers the subsequent RPA reaction. Recombinase binds
with the primer to search for the homologous sequence from the
dsDNA target. Once the primer locates the homologous
sequence, the SDA reaction is activated and the replaced
DNA strand binds to the SSB to prevent further replacement.
The RPA reaction generates a mass of dsDNA products
conjugated with the T7 promoter. To realize the rapid detection,
we integrate the subsequent T7 transcription and CRISPR/
Casl3a recognition in one step. The RPA products can be
converted to ssSRNA by T7 transcription, which acts as the
activator to induce the ssRNase activity of Cas13a, leading to the
indiscriminate digestion of the RNA FQ reporter to release the
fluorescence signal. Generally, RPA amplification unavoidably
involves nonspecific amplification. The integration of tran-
scription amplification and RNA recognition of CRISPR/Cas13
can effectively filter the background signal caused by DNA
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Figure 2. (A) Gel electrophoresis of digestion and the RPA reaction. Lane 1: methylated SEPT9-mC validation dsDNA + BstUI/Hhal; lane 2:
unmethylated SEPT9-C validation dsDNA + BstUl/Hhal; lane 3: RPA products (with SEPT9-C target); and lane 4: RPA products (with SEPT9-mC
target). (B) Agarose gel electrophoresis of T7 transcription. Lane S: T7 transcription with unmethylated SEPT9-C; lane S: T7 transcription with
methylated SEPT9-mC. (C) Cleavage sites of BstUI/Hhal and the length of digestion fragments for SEPT9 validation dsDNA. (D) Fluorescence
spectra of different samples measured by the RPA-assisted CRISPR/Cas13a system: (a) Blank; (b) unmethylated SEPT9-C; (c) methylated SEPT9-
mC. (E) Feasibility of DESCS-based lateral flow sensor for the detection of SEPT9-mC methylation.

nonspecific amplification. In addition, just by changing the FQ
reporter to the lateral flow reporter, the DESCS assay can be
integrated into a lateral flow sensor (LFB) to realize the point-
of-care detection of DNA methylation.

Feasibility of DESCS Assay. To validate the powerful
digestion capacity of the dual methylation-sensitive restriction
endonucleases system, the methylated and unmethylated
dsDNA with the full length (104 bp) of the recognition
sequence were digested by BstUI/Hhal. As can be seen from
Figure 2A, several bands are obviously observed in lane 2. The
back band with low electrophoretic mobility is related to the
complete unmethylated dsDNA. Other bands with higher
electrophoretic mobilities are corresponding to different
digestion fragments (59/68, 45, and 26 bp). Since the 9 bp
fragment is hard to be dyed, resulting in no appearance of the 9
bp-fragment band in lane 2. This is confirmed in Figure S1A. All
of these digestions conform to the desired results exhibited in
Figure 2C, demonstrating the site-specific digestion of the
BstUI/Hhal system. By comparison, only one band is observed
in lane 1, which is assigned to the methylated dsDNA. This
indicates that the BstUI/Hhal system exhibits the methylation-
sensitive features and the methylated dsDNA maintains the
intact structure. Due to the interference from SSB and
recombinase, the RPA products purified with the PCR
purification kit were applied for gel electrophoresis analysis.
An obvious band is observed from the SEPT9-mC sample in
lane 4, which is coincident with the desired RPA products of
methylated DNA. Notably, the unmethylated SEPT9-C sample
presents no band in lane 3, indicating that the unmethylated
SEPT9-C is digested by BstUI/Hhal and leads to the RPA
failure. Similarly, after T7 transcription, only the methylated
SEPT9-mC sample can generate the ssRNA (107 nt), showing
an obvious ssRNA band in lane 6 in Figure 2B. In contrast, the
RPA failure of the unmethylated SEPT9-C sample leads to the
nonperformance of T7 transcription. Therefore, no ssRNA band
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is observed in lane 5. To confirm the feasibility of the DESCS
assay for methylated SEPT9-mC detection, RPA products were
applied for T7 transcription amplification and CRISPR/Cas13a
recognition. As can be seen from Figure 2D, methylated SEPT9-
mC DNA induces a drastic fluorescence enhancement (curve c).
In contrast, unmethylated SEPT9-C DNA presents the
ignorable fluorescence enhancement (curve b) and exhibits a
concordant fluorescence intensity with that of the blank group
(curve a). All of these results suggest that the unmethylated
SEPT9-C DNA is digested by a dual endonucleases system,
which cannot initiate the subsequent RPA reaction, T7
transcription amplification, and CRISPR/Casl3a recognition.
However, methylated SEPT9-mC DNA successfully triggers the
RPA-assisted CRISPR/Casl3a system, suggesting that the
DESCS assay can discriminate methylated SEPT9-mC from
an unmethylated sample. For LFB detection, an obvious band is
observed at the sample line for SEPT9-mC detection and the
color of the control line fades, demonstrating that the
methylated SEPT9-mC triggered the DESCS system to cleave
the lateral flow reporter and the FAM/gold-NP-anti-FAM
antibody is conjugated at the sample line. However, for the
unmethylated SEPT9-C sample, only one band emerges at the
control line, suggesting that the DESCS assay exhibits no
response to unmethylated SEPT9-C DNA and the biotin-FAM/
gold-NP-anti-FAM antibody is conjugated by streptavidin in the
control line. All of these clearly indicate that the DESCS assay
provides an undoubted feasibility for the determination of DNA
methylation with high accuracy and sensitivity.
Optimization. To improve the detection performances, the
experimental parameters, such as the concentration of BstUI,
Hhal, and T7 polymerase, and the response time of CRISPR/
Casl3a were investigated. To achieve the rapid analysis of
methylation, the digestion time was set as 1 h (30 min for BstUI
and 30 min for Hhal) to optimize the concentration of BstUI
and Hhal. To ensure complete digestion, an unmethylated
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Figure 3. (A) Fluorescence spectra induced by various concentrations of methylated SEPT9-mC (20 pM, 2 pM, 200 fM, 20 fM, 10 M, S M, 2 fM, 1
fM, 500 aM, 200 aM, and blank). (B) Fluorescence response to different concentrations of methylated SEPT9-mC DNA at 520 nm. The
corresponding logarithmic calibration curve in the linear range of 10 fM to 20 pM (C) and 200 aM to 10 fM (D).

Table 1. Comparison with Other Methods for Methylation Detection

method signal amplification detection range LOD ref
electrochemistry tetrahedron RCA 1fM to 10 nM 1fM 46
electrochemistry Fe;0,/TMC/Au nanocomposite and PT probe 100 fM to 5 nM 2 fM 47
electrochemistry exonuclease Ill-assisted target recycling 10 fM to 100 pM 4fM 48
SERS Au NP-modified capture probe SpMto 5 nM 3pM 49
colorimetry antibody-MMPs/Au NPs 80 fM to 80 pM 80 tM 50
fluorescence hyperbranched RCA 1 fM to 10 pM 0.8 ftM 25
fluorescence Fe@Au/dipyridamole probe 3.2 to 800 fM 0.31 fM 51
fluorescence oxidation damage base-assisted amplification 100 fM to 100 nM 34.58 M 52
fluorescence upconversion nanoparticles/Au nanorods 10 pM to 100 nM 7 pM 53
fluorescence dual endonucleases digestion coupling with RPA-assisted CRISPR/Cas13a 200 aM to 20 pM 86.4 aM this work

substrate (SEPT9-C DNA) with a high concentration of 20 nM
was applied for optimization. As depicted in Figure S2A, a strong
fluorescence is observed without Hhal, while it gradually
decreases with the growing concentration of Hhal. The
fluorescence of the test sample is completely quenched at an
Hhal concentration of 0.5 U-uL™", indicating that Hhal with a
concentration of at least 0.5 U-uL™" is needed for complete
digestion of unmethylated DNA. Simultaneously, BstUI also
exhibits a concentration-dependent digestion of SEPT9-C DNA
and a 0.2 U-uL™" of BstUI is selected as the minimum used
concentration, which is lower than that of Hhal (Figure S2B). It
demonstrates that BstUI with the hot start characteristic exhibits
a higher digestion efficiency compared with Hhal. In addition,
the concentration of T7 RNA polymerase was also investigated.
As shown in Figure S2C, the fluorescence response (F - F,)
depicts an increase with the growing concentration of T7 RNA
polymerase and reaches the maximal value at 1.25 U-uL™".
Therefore, 1.25 U-uL™" of T7 RNA polymerase is selected as the
optimal for methylation detection. To realize the rapid analysis,
we present an improved integration strategy that T7 tran-
scription and CRISPR/Cas13a recognition are performed in one
step. The net fluorescence signal (F — F;) of the DESCS system
increases with the response time extension from S to 30 min.
However, it shows the depressed response in the net
fluorescence signal over 30 min (Figure S3D), which results
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from the nonspecific transcription and recognition. Thus, 30
min is chosen as the optimal detection time.

Detection Performances of the DESCS Assay. Different
concentrations of methylated SEPT9-mC were measured using
the DESCS assay under the optimal conditions. Figure 3A
reveals the fluctuation of fluorescence intensity with the growing
concentrations of SEPT9-mC, which increases with the growing
concentrations of SEPT9-mC from 200 aM to 20 pM (Figure
3B). This indicates that the DESCS assay for SEPT9-mC
methylation detection is a concentration-dependent process.
The fluorescence response shows linear relationships with the
logarithm of the concentration of SEPT9-mC DNA in the range
of 200 aM to 10 fM (Figure 3C) and 10 fM to 20 pM (Figure
3D), respectively. Regression equations are described as F =
209.6 X Ig C +72.24 (R*=0.9928) and F = 97.35 X Ig C + 169.5
(R* = 0.9591), respectively. The detection of limit (LOD) is
calculated as 86.4 aM (S/N = 3). Compared with other methods
for methylation detection (Table 1), the DESCS assay provides
a significant sensitivity and a wider linear range (about 6 orders
of magnitude). All of these outstanding performances are
guaranteed by the high efficiency of RPA amplification and T7
transcription amplification and the indiscriminate single-
stranded RNase activity of Casl3a.

It is the critical indicator for the DESCS assay to discriminate
the low abundance of methylated DNA with the existence of the
massive unmethylated ingredient. Therefore, various mixtures
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Figure 4. (A) Fluorescence spectra produced by the mixture of SEPT9-mC DNA and SEPT9-C DNA (total concentration of 20 pM). The ratios of
SEPT9-mC DNA in the mixture are 0.01, 0.1, 1, S, 10, 20, 50, and 100%, respectively. (B) Measured methylation level shows a good correlation with
the actual input methylation level. (C) Fluorescence spectra induced by different DNA targets of methylated SEPT9-mC DNA, unmethylated SEPT9-
C DNA, and random DNA. (D) Corresponding fluorescence response to different DNA targets.
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Figure S. (A) Illumination of the DESCS-based LFB assay for methylation detection. (B) DESCS-based LFB responds to different concentrations of
SEPT9-mC DNA. (C) DESCS-based LFB responds to different interferents.

composed of SEPT9-C and SEPT9-mC DNA were prepared
with a total DNA concentration of 20 pM, in which the SEPT9-
mC DNA possessed a ratio from 0.01 to 100% and subsequently
tested by the DESCS assay. As seen from Figure 4A, the
fluorescence intensity increases with the growing methylation
levels of SEPT9-mC DNA from 0.01 to 100%. The measured
methylation ratios show a linear relationship between the
addition ratios of SEPT9-mC DNA (Figure 4B). The
corresponding equation is described as: Y = 0.9781 X X —
0.0009781. Notably, the 0.01% SEPT9-mC DNA (2 fM of
methylated DNA) can be completely discriminated by the
DESCS assay with the existence of mass unmethylated DNA,
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indicating the high selectivity and sensitivity of the DESCS assay
for methylation detection. To further affirm the discrimination
capability of the DESCS assay for site-specific methylation in the
SEPT9 gene, the SEPT9-C DNA and other random DNAs were
employed as the interferents and measured by the DESCS assay.
As can be seen from Figure 4C,D, a distinct fluorescence
enhancement (curve a and the black column) is observed in the
existence of SEPT9-mC DNA. In contrast, the SEPT9-C DNA
and three other interferents induce the negligible fluorescence
signal. All of these results indicate that the DESCS assay presents
an outstanding selectivity and discrimination capacity for DNA
methylation detection, which results from the sequence-
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dependent recognition of CRISPR/Cas13a and the site-specific
digestion capacity of the dual methylation-sensitive restriction
endonuclease system. First, dual endonucleases of Hhal and
BstUI have the overlapping recognition sites of 5-GCGC-3'.
Thus, the dual methylation-sensitive restriction endonucleases
system provides a more powerful digestion capacity than that of
single endonuclease digestion, which is also demonstrated in the
previous study.””>** In addition, the recognized sequence of
CRISPR/Casl3a in the SEPT9 gene integrates two recognition
sites (5'-GCGC-3") of Hhal/BstUl combination. Therefore,
dual endonuclease digestion can effectively digest the crRNA
recognition region so as to further avoid the background signal
caused by nonspecific amplification.

Detection of DNA Methylation Using the LFB Assay.
To obtain a naked-eye platform for point-of-care detection, the
proposed method was integrated into the lateral flow sensor
(DESCS-based LFB) for methylation analysis. Figure SA reveals
the sensing principle. Upon the existence of unmethylated or
random DNA, the DESCS process cannot be executed and the
CRISPR/Casl3a system maintains the inactive state. Thus, the
lateral flow reporter (a short ssRNA labeled with $’-FAM and 3'-
Biotin) cannot be cleaved and remains intact, and all of the gold-
NP-anti-FAM antibody binding with the intact lateral flow
reporter is captured at the control line by the specific binding
between biotin and streptavidin. In this case, only one brunet
control band is observed. In contrast, the methylated DNA can
trigger the RPA reaction and T7 transcription to generate a large
number of ssRNA, which activates the trans-cleavage of the
CRISPR/Casl13a system. The lateral flow reporter is cleaved
into pieces. Therefore, the gold-NP-anti-FAM antibody just
binding with FAM can be limited by the capture antibody at the
test line, which presents two obvious bands for methylation
detection. As shown in Figure 5B, the DESCS-based LFB shows
the methylation-dependent gold-NP collection in the sample
line. The sample line exhibits a gradual color change from
colorless to dark with the growing concentrations of SEPT9-mC
DNA. SEPT9-mC DNA with a low abundance of 200 aM can be
obviously discriminated, indicating the ultrahigh sensitivity of
the DESCS-based LFB assay. In addition, Figure SC reveals that
none of the tested interferents induced the colored band in the
sample line, except for SEPT9-mC DNA, demonstrating the
outstanding specificity of the DESCS-based LFB assay for
methylation detection.

Analysis of DNA Methylation in Human Serum.
Accurate measurement of DNA methylation in human serum
possessed great meaning for the early diagnosis of tumor. To
assess the real applications of the DESCS assay, different
concentrations of SEPT9-mC DNA (0, 1, 10, 100 fM) were
added to the 5% normal human serum and tested with the
DESCS assay. As listed in Table S1, the acceptable results exhibit
the recoveries from 91.3 to 96.9% with the RSD values ranging
from 3.96 to 6.38%, indicating the validity of the DESCS assay
for methylation detection in real applications.

Bl CONCLUSIONS

In summary, the DESCS assay integrates dual methylation-
sensitive restriction endonucleases (BstUI/Hhal) coupling with
an RPA-assisted CRISPR/Casl3a system for site-specific
methylation detection of the SEPT9 gene. The DESCS assay
integrates the advantages of high specificity and powerful
digestion capacity of the BstUI/Hhal system, and the
incomparable amplification efficiency of RPA and the
CRISPR/Casl3a system. With such a design, the DESCS
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assay presents an LOD as low as 86.4 aM for methylation
detection with high selectivity. More importantly, the 0.01%
methylation level can be effectively distinguished in a mixture of
excess unmethylated DNA and trace unmethylated DNA. A
DESCS-based lateral flow sensor is further established for point-
of-care detection of DNA methylation with an eye-distinguish-
able concentration of 200 aM. Compared with other methods,
the DESCS assay shows the advantages of ultrahigh sensitivity,
outstanding selectivity, a low background signal, rapid
operation, and naked-eye detection. In view of the programm-
ability of crRNA, the DESCS assay can be further developed as a
multiplexed platform for multiple target analysis.

B EXPERIMENTAL SECTION

Reagents and Instruments. LwCasl3a was purchased from
Huicheng Reagent Company (Shanghai, China). CpG methyltransfer-
ase (M.Sssl), Hhal endonuclease, BstUI endonuclease, RNase Inhibitor
(Murine), T7 RNA polymerase, RNA synthesis kit, INTP, and dNTP
were purchased from NEB (Beijing, China). The miRNA purification
kit was ordered from TIANGEN (Beijing, China). The TS-GelRed dye
was obtained from TSINGKE Co., Ltd. (Beijing, China). HybriDetect
Dipstick (MGHD 1) was ordered from Milenia Biotec GmbH. The
TwistAmp Basic kit for recombinase polymerase amplification (RPA)
was ordered from TwistDx Limited (Maidenhead, U.K.). PAGE-related
reagents were ordered from Coolaber Co., Ltd. SanPrep Column PCR
Product Purification Kit, 1X TBE buffer (89 mM Tris, 89 mM boric
acid, 2 mM EDTA, pH 8.3), 1xX TE buffer (10 mM Tris—HCl, 1 mM
EDTA, pH 7.4), DNA marker, PAGE-related reagents, 6X loading
buffer (10 mM Tris—HCI, 60 mM EDTA, 40% bucrose, pH 7.6, 0.05%
bromophenol blue, 0.05% xylene cyanol FF), and DNA probes used in
this work were purchased from Sangon Biotech (China). The
fluorescence spectra were recorded on a fluorescence spectrometer
(PerkinElmer). All nucleic acid sequences involved in the present work
are displayed in Table S2. The plasmid map of the PMD18-T-SEPT9
target is shown in Figure S3.

Preparation of crRNA. crRNA (64 nt) used in this work was
synthesized by T7 transcription. A mixture containing T7-crRNA-F (10
uM) and T7 promoters (10 £M) was treated by denaturation (98 °C
for 3 min) and a slow annealing process to form the transcription
template. Then, 18 uL of transcription template, 10 uL of INTP, and 2
uL of T7 RNA polymerase were fully mixed and incubated at 37 °C for
16 h. After that, the DNA template was digested by DNase I. The
crRNA was purified with the miRNA purification kit and quantified by
NanoDrop 2000C. The gel electrophoresis analysis of crRNA can be
seen in Figure §4.

Preparation of CpG-Methylated Target. Unmethylated
PMD18-T-SEPT9 target and SEPT9 validation dsDNA were treated
by CpG methyltransferase (M.SssI) to obtain the CpG-methylated
double-stranded SEPT9-mC DNA. Typically, 2 pg of unmethylated
SEPT9 DNA was added to the mixture containing 10 uL of 10X
NEBuffer 2.0 (500 mM NaCl, 100 mM Tris—HCl, 100 mM MgCl, 10
mM DTT, pH 7.9), 1 uL of S-adenosylmethionine (32 mM), 3 yuL of
M.SssI (4 U-uL™"), and 86 uL of ddH,0, and subsequently incubated at
37 °C for S h. To ensure exhaustive methylation, 3 L of M.SssI (4
U-uL™") was further added and incubated for another 5 h. After that, the
products were purified using the PCR product purification kit. The final
CpG-methylated DNA was quantified with NanoDrop 2000C for
further use.

Dual Endonucleases Digestion. Target DNA was digested by
dual endonucleases treatment. It was carried out in a 20 #L of mixture
containing 1X CutSmart buffer (50 mM potassium acetate, 20 mM
Tris—acetate, 10 mM magnesium acetate, 100 g/mL BSA, pH 7.9),10
U of Hhal, 4 U of BstU], and a certain amount of target DNA. The
mixture was reacted at 37 °C for 30 min and 60 °C for 30 min to ensure
the complete digestion of the unmethylated target. After digestion, 0.5
uL of proteinase K (10 mg-mL™") was added and incubated at 60 °C for
1S min to inactivate Hhal and BstUL
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RPA-Assisted CRISPR/Cas13a Detection. For the RPA reaction,
RPA pellets were dissolved in 29.5 uL of rehydration buffer to obtain
the RPA solution. Then, 5.9 uL of RPA solution, 0.5 4L of RPA-forward
primer (10 uM), 0.5 uL of RPA-reverse primer (10 uM), 1 uL of
MgOAC solution (280 mM), and 2 uL of endonuclease-digested DNA
sample were fully mixed and reacted at 42 °C for 25 min. CRISPR/
Cas13a detection involves the T7 transcription amplification and
product ssRNA-triggered RNase activity of Cas13a for trans-cleavage of
the surrounding RNA FQ reporter. Typically, 2 uL of RPA product was
added to 18 yL of a mixture containing 2 uL of 10X NEBuffer 2.1 (500
mM NaCl, 100 mM Tris—HCI, 100 mM MgCl,, 1000 zg/mL BSA, pH
7.9), 1 U of RNase inhibitor, 2 uL of LwCas13a (0.5 uM), 2 uL of
crRNA (2 uM), 2 uL of FQ reporter (10 uM), 25 U of T7 RNA
polymerase, 0.8 uL of INTP mix (25 mM), 0.5 uL of MgSO, (20 mM),
and a certain amount of ddH,0O, which was subsequently incubated at
37 °C for 30 min. After that, 80 uL of RNase-free water was added and
fluorescence spectra were recorded after the excitation of 480 nm. The
operating procedure of lateral flow detection was concordant with the
steps mentioned above, except that the RNA FQ reporter was replaced
by the lateral flow reporter. The final reaction mixture was diluted §
times with Hybridetect Assay Buffer. The HybriDetect strips were
inserted into the reaction solution for 3 min. Then, the strips were taken
out and photographed by a smartphone camera.

Gel Electrophoresis. The RPA-assisted CRISPR/Cas13a system
for methylation detection was confirmed by PAGE analysis. In the RPA
process, SSB and recombinase will bind with primers and other DNAs,
which may improve DNA molecular weight and lead to unreliable
electrophoresis results. Therefore, the RPA products must be purified
before electrophoresis. The test sample was added to 1X loading buffer
and then transferred into the lane of 15% polyacrylamide gel.
Electrophoresis was performed in 1X TBE buffer at 110 V for 75
min. The final gel was dyed by 1X TS-GelRed and then photographed
with a JENA UVsolo Imager.

Detection of CpG-Methylated DNA at Different Ratios. To
confirm the specific determination capacity of the DESCS assay for the
methylated DNA level in the complex sample, artificial mixtures with
different ratios of methylated and unmethylated SEPT9 DNA were
prepared. The total concentration of methylated SEPT9-mC DNA and
unmethylated SEPT9-C DNA was set as 20 pM. Methylated PMD18-
T-SEPT9-mC DNA existed in the mixture with a series of ratios of 0.01,
0.1, 1, S, 10, 20, 50, and 100%. The measured methylation level was
calculated according to the following equation

X 100%

methylation level (%) =

where M represents the measured concentration of methylated SEPT9-
mC DNA and U represents the unmethylated SEPT9-C DNA. Thus, M
+ U =20 pM.
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