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We demonstrate the development of a new fluorescent biosensor
for sensitive DNA methylation assay by integrating single-molecule
detection with endo IV-assisted signal amplification. This biosensor
possesses the characteristics of good selectivity and high sensitivity
with a detection limit of 7.3 x 107 M. It can distinguish as low as
0.01% methylation level, and can analyze genomic DNA methyla-
tion even in a single cancer cell.

DNA methylation is one of the most common epigenetic
modifications in mammal genomes, and it occurs mainly at
the fifth carbon of cytosine residues in cytosine/guanine (CpG)
pairs.’ Through the covalent addition of methyl group to
cytosine, DNA methylation can influence the heritable state of
gene expression without any change in the DNA sequence.” The
normal DNA methylation patterns play critical roles in various
physiological processes including embryonic development,?
genomic imprinting,* differentiation,’ cellular memory,® and
aging.” Nevertheless, aberrant DNA methylation may lead to
the dysregulation of gene expression and consequently cause
various human diseases® and cancers including lung, liver,
kidney, breast, and cervical cancers.” Therefore, accurate and
sensitive detection of DNA methylation is of great importance
to epigenetic studies and clinical diagnosis.

Though conventional methods such as liquid chromatography,*
capillary electrophoresis,"" mass spectrometry,"”" and gel electro-
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with endonuclease IV-assisted signal amplification
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phoresis’® enable direct detection of DNA methylation, they
usually suffer from sophisticated instruments, poor specificity,
and laborious and time-consuming procedures. Due to their low
sensitivity, these methods require large amounts of DNA samples for
DNA methylation analysis. Considering the fact that the methylated
cytosine accounts only for approximately 1% of total DNA bases,'®
new methods with improved sensitivity are highly required. The
polymerase chain reaction (PCR) is now the most popular method
for amplified and sensitive detection of DNA methylation,"* but the
requirement of precise control of reaction temperature cycling limits
its wide applications. To avoid thermocycling, a series of isothermal
nucleic acid amplification strategies have been adapted for DNA
methylation assay such as strand displacement amplification,'®
rolling circle amplification,'® loop-mediated isothermal amplifi-
cation,”” ligation chain reaction,'”® and hybridization chain
reaction.'® Despite their enhanced sensitivity, these amplification
methods have some obvious drawbacks such as the complicated
reaction scheme, diverse enzymes/probes, inherent nonspecific
amplification, and relatively high background signal. Therefore,
the development of simple, selective, and sensitive methods for
DNA methylation assay is still a great challenge.

Herein, we develop a new fluorescent biosensor for DNA
methylation assay based on the integration of endonuclease IV
(endo IV)-assisted signal amplification with single-molecule
detection. Superior to the conventional ensemble fluorescence
measurement, single-molecule detection has distinct char-
acteristics of low sample consumption and high signal-to-noise
ratio,”® enabling simple and sensitive detection of DNAs,*
microRNAs,** proteins,> enzymes,>* and even living cells.”®
The proposed biosensor can sensitively detect DNA methylation
with a detection limit of 7.3 x 10~ M and distinguish as low
as 0.01% methylation level, and it can analyze genomic DNA
methylation even in a single cancer cell.

As a proof of concept, we chose the 18 bp DNA fragments
derived from the promoter region of the cyclin-dependent
kinase inhibitor 2A gene (p16) as a model DNA target. The
aberrant p16 promoter methylation is closely associated with
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Scheme 1 Construction of a fluorescent biosensor for DNA methylation
assay based on the integration of single-molecule detection with endo
IV-assisted signal amplification.

various human cancers such as lung,*® liver,”” and colorectal
cancers.”® The proposed biosensor involves four essential elements
including endonuclease Hpall, a signal probe, endo IV, and a
magnetic bead. The Hpall is a methylation-sensitive restriction
endonuclease and it can cleave the unmethylated DNA containing
symmetrical Hpall recognition sequence 5'-CCGG-3', but it cannot
cleave the methylated DNA 5'-C™CGG-3'.>° The single-stranded
signal probe contains an apurinic/apyrimidinic (AP) site in the
middle, and is labeled with biotin at the 5’ end and Cy5 at the
3’ end, respectively. Endo IV can catalyze the cleavage of AP site
within double-stranded DNA (dsDNA), but it exhibits no activity
toward single-stranded DNA (ssDNA).>° The surface of a magnetic
bead is modified with streptavidin. In the presence of methylated
DNA target (Scheme 1A), both the sense (S) and antisense (A) DNA
strands are methylated, leading to their resistance to Hpall cleavage
due to the CpG methylation of Hpall recognition site 5-C"CGG-3'.
The S-DNA strand of the remaining methylated DNA can subse-
quently anneal with a signal probe to form the S-DNA/signal probe
duplexes, which can be captured by streptavidin-conjugated mag-
netic beads through streptavidin-biotin interaction. After the
removal of the unbound signal probes through magnetic separa-
tion, endo IV is added to cleave the AP site in the S-DNA/signal
probe duplex, resulting in the release of the Cy5-labeled cleaved
signal probe and S-DNA. The free S-DNA can hybridize with the new
signal probe to form a new S-DNA/signal probe duplex, initiating
the next round of endo IV-induced cleavage of signal probes and
releasing numerous Cy5 fluorophores, which can be simply quan-
tified via total internal reflection fluorescence (TIRF)-based single-
molecule imaging. In contrast, the unmethylated DNAs will be
completely digested by Hpall (Scheme 1B). Because endo IV has no
activity toward the AP site in ssDNA,** no signal probe can be
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cleaved due to the lack of complementary S-DNA, and consequently
no Cy5 signal is detected.

We employed 20% non-denaturating polyacrylamide gel
electrophoresis (PAGE) to monitor the cleavage of signal probes
by direct excitation of Cy5 (Fig. 1A). In the presence of
unmethylated DNA, a distinct band of intact signal probe is
observed (Fig. 1A, lane 2), which is confirmed by the band of
signal probe (Fig. 1A, lane 3), indicating that the signal probe
remains intact and uncleaved when unmethylated DNA is
present. In contrast, in the presence of methylated DNA, the
band of the signal probe disappears, and a band of cleaved
signal probe with faster migration is observed (Fig. 1A, lane 1),
indicating the cleavage of signal probes. Moreover, the
presence of methylated DNA induces a significantly enhanced
fluorescence signal with a characteristic emission peak of
665 nm (Fig. 1B, red line), while no distinct fluorescence signal
is detected in the presence of unmethylated DNA (Fig. 1B, black
line). These results suggest that the DNA methylation can
induce the cleavage of signal probes and the subsequent
recovery of Cy5 fluorescence.

Prior to single-molecule imaging, the reaction products are
diluted 10 000-fold, followed by spreading on a glass coverslip.
The Cy5 signal is excited by a 640 nm laser and filtered by a
Cy5-emission filter. As shown in Fig. 1C, distinct Cy5 spots are
observed in the presence of methylated DNA, but no Cy5 spot is
detected when unmethylated DNA is present. The Cy5 counts in
response to methylated DNA are 25.6-fold higher than those in
response to unmethylated DNA (Fig. 1D). These results demon-
strate that the single-molecule detection of Cy5 signals can be
used for DNA methylation assay.
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— Methylated DNA
— Unmethylated DNA

Fluorescence Intensity [0
Cy5 counts
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660 680 700 720 740 760 780 800

Wavelength (nm) Methylated DNA Unmethylated DNA

Fig. 1 (A) Non-denaturating PAGE analysis of signal probe cleavage in the
presence of methylated DNA (lane 1), unmethylated DNA (lane 2), and
signal probe (lane 3), respectively. (B) Measurement of Cy5 fluorescence
emission spectra in the presence of methylated DNA (red line) and
unmethylated DNA (black line), respectively. (C) Single-molecule imaging
of Cy5 in the presence of methylated DNA and unmethylated DNA,
respectively. The scale bar is 5 pm. (D) Measurement of Cy5 counts in
response to methylated DNA (red column) and unmethylated DNA (black
column), respectively. The 100 nM methylated DNA and 100 nM unmethy-
lated DNA were used in the experiments. Error bars show the standard
deviation of three experiments.
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Fig. 2 (A) Variance of the Cy5 counts with different-concentration
methylated DNA. Inset shows the linear relationship between Cy5 counts
and the logarithm of methylated DNA concentration in the range of
100 aM - 100 pM. Error bars show the standard deviation of three
experiments.

Under the optimal experimental conditions (see ESL¥
Fig. S1, i.e., 300 nM signal probe, 8 U of Hpall, Hpall reaction
time of 80 min, 5 U of endo IV, and endo IV reaction time of
60 min), we investigated the detection sensitivity by measuring
Cy5 counts in response to different concentrations of methy-
lated DNA. As shown in Fig. 2, the Cy5 counts enhance with the
increasing concentration of methylated DNA from 0 to 100 nM.
In the logarithmic scale, the Cy5 counts exhibit a good linear
correlation with the concentration of methylated DNA over a
large range of 6 orders. The regression equation is N = 308.74 +
41.14 logy, C with a correlation coefficient (R*) of 0.9953, where
N represents the Cy5 counts and C represents the concentration
of methylated DNA. The limit of detection (LOD), the limit of
quantitation (LOQ, defined as the lowest concentration mea-
sured in the calibration) and the linear range are determined to
be 73 aM, 100 aM, and 100 aM - 100 pM, respectively. The
sensitivity of the proposed biosensor is superior to reported
fluorescence methods for DNA methylation assay, with 4 orders
of magnitude higher than that of a two-stage isothermal
amplification method (0.78 pM),"> 10.9-fold higher than
that of a hyperbranched rolling circle amplification method
(0.8 fM),*® and 4.2-fold higher than that of Fe@Au nanoparticle-
based nanosensors (310 aM).*' The improved sensitivity can be
ascribed to (1) the high amplification efficiency of the endo
IV-induced cyclic cleavage reaction,® (2) the low background
resulting from magnetic separation, and (3) inherent high
sensitivity of single-molecule detection.>

To evaluate the selectivity of the proposed method, two
random DNA fragments including randoms 1 and 2 (see ESL
Table S1) are used as the interferences. As shown in Fig. 3A, a
significantly enhanced Cy5 signal is detected in response to
methylated DNA (Fig. 3A, red column), while no obvious Cy5
signal is observed when random 1 (Fig. 3A, blue column) and
random 2 (Fig. 3A, cyan column) DNA fragments are present,
with a similar signal response to unmethylated DNA (Fig. 3A,
green column). These results demonstrate good selectivity of
the proposed biosensor toward methylated DNA. We further
investigate the specificity of the proposed biosensor by measuring
the methylated DNA in a mixture containing both unmethylated
and methylated DNAs. The measured methylation level is calcu-
lated on the basis of eqn (1):

Methylation level (%) = M/(M + U) x 100% (1)
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Fig. 3 (A) Measurement of Cy5 counts in response to methylated DNA
(red column), unmethylated DNA (green column), random 1 DNA (blue
column), and random 2 DNA (cyan column). The concentration of each
tested DNA is 100 nM. (B) Correlation between the measured and input
methylation levels. The total concentration of methylated and unmethy-
lated DNA is 100 pM. Error bars show the standard deviation of three
experiments.

where M is the content of methylated DNA measured and U is
the content of unmethylated DNA. As shown in Fig. 3B, a good
linear relationship is obtained between the measured methyla-
tion level and the input methylation level in the range of
0.01% - 100%. The regression equation is Y = 1.04 X — 0.02
with R* = 0.9984, where Y is the measured methylation level (%)
and X is the input methylation level (%). This result suggests
that the proposed biosensor can be applied for accurate detec-
tion of DNA methylation in the complicated mixture.

To verify the feasibility of the proposed biosensor for real
sample analysis, we measured the p16 DNA methylation
extracted from genomic DNA of both cancer cells and normal
cells including the human hepatoma cell line (Hep G2 cells),
human breast cancer cell line (MDA-MB231 cells), human
breast cancer cell line (MCF-7 cells), human cervical carcinoma
cell line (HeLa cells), human lung adenocarcinoma cell line
(A549 cells), and normal human epithelial mammary cell line
(MCF-10A cells). As shown in Fig. 4A, a low Cy5 signal is
observed in normal MCF-10A cells, while a significantly
enhanced Cy5 signal is produced in cancer cell lines including
Hep G2, MDA-MB231, MCF-7, HeLa and A549 cells due to the
increased DNA methylation level in the promotion region of the
p16 gene in cancer cells.*” Moreover, the Cy5 counts enhance
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Fig. 4 (A) Measurement of Cy5 counts in response to genomic DNA
extracted from Hep G2 (red column), MDA-MB231 (green column),
MCF-7 (blue column), HelLa (cyan column), A549 (purple column), and
MCF-10A (yellow column) cells, respectively. 500 cells are used for
genomic DNA extraction for each cell line. (B) Linear relationship between
Cy5 counts and the logarithm of Hep G2 cell number. Error bars represent
the standard deviation of three experiments.
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with the increasing number of Hep G2 cells in the range from 1 to
10 000 cells (Fig. 4B). The regression equation is N = 36.46 + 36.94
logio X (R* = 0.9954), where N represents the Cy5 counts and
X represents the number of Hep G2 cells. These results indicate
that the proposed biosensor can be used for accurate and
sensitive quantification of genomic DNA methylation in human
cells with single-cell sensitivity.

In summary, we have developed a new fluorescent biosensor
for selective and sensitive detection of DNA methylation at the
single-molecule level. The methylation state in target DNA can
be distinguished by methylation-sensitive Hpall, and the
methylated DNA can subsequently trigger endo IV-assisted
cyclical cleavage of signal probes, greatly amplifying the signal
of methylated DNA, which can be easily visualized and quanti-
fied by single-molecule detection. This biosensor has some
distinct advantages: (1) in comparison with other nucleic acid
amplification-based DNA methylation assays,">™'° the proposed
biosensor exploits endo IV for signal amplification, efficiently
avoiding the complicated thermocycling and the non-specific
amplification. (2) The introduction of magnetic separation
strategy can minimize the interference from complex real
samples, greatly reducing the background signal. (3) The
single-molecule counting enables simple and sensitive detec-
tion of DNA methylation with low sample consumption and
high signal-to-noise ratio. (4) Due to the high efficiency of endo
IV-assisted signal amplification, low background resulting from
magnetic separation, and high sensitivity of single-molecule
detection, the proposed biosensor can achieve a detection limit
of as low as 7.3 x 107" M and it can distinguish as low as
0.01% methylation level, superior to the reported methods for
DNA methylation assay.'>'®*! Moreover, this biosensor can be
applied for accurate detection of DNA methylation even in a
single cell, holding great promise for DNA methylation-related
epigenetic research and clinical diagnosis.
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