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DNA methylation is an epigenetic modification that occurs at 5’ cytosine in CpG dinucleotides
and is observed in high frequency in the transcription promoter regions of tumor-suppressor
genes.[1,2] Such changes account for the loss of function of tumor-suppressor genes for almost
every type of cancer;[3] and more genes are inactivated by promoter hyper-methylation than
by genetic mutations.[4] These abnormal epigenetic changes appear to be an early event that
precedes the occurrence of genetic mutations.[5-8] Hence, detecting DNA promoter
methylation has significant clinical and prognostic implications for early cancer detection.
Methylation-specific PCR (MSP) remains one of the most widely used methods for the
sensitive detection of DNA methylation,[9] but requires gel electrophoresis and is limited to
qualitative analysis. Fluorescence-based MSP variants[10,11] utilize fluorescent probes for
real-time detection, thereby facilitating high-throughput and quantitative detection of DNA
methylation. In recent years, quantum dots (QDs) have emerged as promising fluorophores for
biological sensing due to their unique spectroscopic properties, such as broad excitation
spectra, narrow size-tunable emission wavelengths, and high photostability. QDs have also
been used as FRET donors to detect biomolecular targets.[12-15] The large Stokes shift and
narrow emission spectra of QDs allow for FRET with a significantly reduced acceptor
excitation and spectral crosstalk, and thus permits the design of QD-FRET biosensors with the
minimal background necessary for detecting targets at low-concentration.[13,16] Recently,
this feature of low intrinsic background of QD-FRET facilitated the development of a
methylation-detection method that achieves greater sensitivity over conventional MSP
methods, as exemplified by analyzing sputum samples from lung cancer patients.[16]
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Experimental Section Experimental procedures and methods are all provided in the Supporting Information.
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Most QD-FRET assays for DNA or RNA sensing utilize streptavidin-coated QDs because of
their robust streptavidin—biotin binding and their negatively charged surfaces, which restrict
nonspecific DNA/RNA binding.[13,15-17] In addition, singly terminally labeled probes are
used for hybridization to the specific targets of interest. Consequently, the long separation
distance in QD-streptavidin-biotin—-DNA/probes—acceptor assembly limits FRET efficiency.
Since product sizes vary from gene to gene, this could impose a constraint on the analysis.
Increasing FRET efficiency, and thereby sensitivity, can be facilitated by increasing the number
of acceptor-conjugated DNA strands linked to a QD. While this is feasible for clinical samples
such as tumors or fresh tissues in which DNA is relatively abundant,[13,16] this strategy can
be impractical for challenging samples such as serum and plasma, in which the quantity of
DNA targets, even after amplification, is limited. Increasing the acceptor/donor ratio by
decreasing QD concentration can also be futile owing to the decreased binding kinetics and
inability to detect photoluminescence from low concentrations of QD with conventional
fluorospectrometers. While some methods can increase the number of acceptors per DNA
molecule, these methods are not specific to methylated DNA and instead allow for random
incorporation of multiple dyes.[18,19] We report the first demonstration of a QD-FRET-based
assay for detecting DNA methylation wherein multiple acceptors are enzymatically
incorporated such that they specifically target methylated cytosine sites within a single DNA
target; this enhances the FRET efficiency and detection sensitivity. The assay was successfully
demonstrated by detecting promoter methylation of five tumor-suppressor genes (p15/NK4b,
p16!NK4a RASSF1A, TMS1, and CDH13) from patient samples. The high sensitivity of the
assay is exemplified by its detecting DNA methylation in serum from cancer patients.

The principle of the method is highlighted in Figure 1A. First, genomic DNA is modified with
sodium bisulfite to convert unmethylated cytosines to uracil, leaving the methylated cytosines
unconverted. Subsequently, DNA enzymatic replication or PCR is used to produce
multilabeled, methylation-specific amplicons by using acceptor-conjugated nucleotides. We
specifically used 5-amino-propargyl-2'-deoxycytidine 5’-triphosphate coupled to a Cy5
fluorescent dye that serves as a FRET acceptor. One of the primers used in the replication was
conjugated with a biotin to result in a product that could be linked to streptavidin-conjugated
QDs so that the presence of methylated DNA could be detected by FRET (Figure 1A). Optical
detection was carried out using both a conventional photospectrometer and a confocal
fluorescence spectroscope sensitive to single-molecule fluorescence.[16,20] To validate the
above principle, a control study on a synthesized DNA target with a sequence that mimics
methylated p16'NK4a promoter after bisulfite treatment was conducted (see the Supporting
Information). As observed in Figure 1B, FRET signals confirm the presence of methylated
targets. Detection was possible after a single enzymatic replication, and FRET efficiency
increased with replication cycles. The method was then used to analyze ASC/TMS1 methylation
in genomic DNA obtained from a colorectal cell line, RKO. FRET signals were discernible
immediately following the initial cycle of DNA polymerization (Figure 1C, D).

Through the enzymatic incorporation of multiple acceptors, FRET can be increased in two
different ways. First, more acceptor dyes associated with a donor increase the amount of energy
transfer, thus resulting in greater differences between signal and noise. Second, a closer
proximity of incorporated dyes to the donors also contributes to enhanced energy transfer. We
conducted experiments to compare FRET efficiencies between the Cy5-dCTP incorporated
methylation-specific products and the singly labeled products that were prepared as described
previously.[16] The concentration of the DNA product was kept at 20 nw for all measurements,
while the QD concentration was varied from 0.1 to 40 nw, this resulted in DNA/QD ratios
ranging from 40 to 0.5. Singly labeled products did not produce measurable signals at DNA/
QD ratios of <4 (Figure 2). The ability to produce a discernible FRET signal for the multilabeled
product at a DNA/QD ratio of <1 demonstrates that the multiple Cy5 incorporation is suitable
for detecting rare DNA targets. For such events, only a fraction of the QDs capture a DNA
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target, while most QDs remain unbound. These results also indicate the larger dynamic range
of QD concentrations that can be used for detection with multilabeled targets.

In order to demonstrate the general applicability and robustness of the QD-FRET methylation
assay, three additional genes (RASSF1A, p15!/NK4b ‘and CDH13) were analyzed. Methylation
patterns were accurately determined, with strong FRET signals shown for all the amplicons,
which ranged in size from 69 to151 bp (see Table S1 and Figure S1 in the Supporting
Information). Since dye incorporation can vary with changing GC content, Cy5-dCTP/Cy5
was optimized for maximal incorporation for all genes (Supporting Information). This method
was then used to quantify DNA methylation by utilizing the high sensitivity of QD-FRET
sensors and end-point detection at the early log-linear phase of PCR. By amplifying control
samples containing mixtures of methylated and unmethylated DNA, a linear correlation can
be observed between the input percentage methylation level and the measured FRET efficiency
for p16/NK42 (Figure S2).

Finally, we tried to detect p16/NK42 methylation in serum obtained from lung cancer patients.
Being relatively noninvasive, methylation analysis in serum could be very important for cancer
diagnostics, but has previously been discouraged due to the lack of sensitivity of the available
assays. Recently, we demonstrated detection of methylation in sputum using singly labeled
targets.[18] However, in samples such as serum, detection without nested is still challenging,
and there remains a need to further increase FRET efficiency.

Analysis was extended to eight patient samples that had previously been analyzed by using a
nested MSP approach (data not shown). Increased sensitivity was achieved through FRET
detection with the multilabeled product when compared to singly labeled product (Figure 3).
Patients 1, 2, 3, 5, 6, and 8 failed to show positive detection of methylation when a singly
labeled product was used. The clinical sensitivity of detection of methylation when using singly
labeled product was low: only two out of the four patients who were detected by QD-FRET
with multilabeled product. FRET results from the multilabeled products were equivalent to the
nested MSP results.

This communication reports a robust, sensitive QD-FRET system that is capable of methylation
detection and quantification by enzymatic incorporation of Cy5-dCTP. Cy5-dCTP allows for
a single-step preparation without the need for primers/probes to be chemically conjugated to
an organic fluorophore. The use of multiple acceptors significantly enhances the signal-to-
noise ratio, and therefore increases the overall sensitivity of the FRET system. The large
dynamic range of the QD system enables analysis of challenging clinical samples wherein the
target DNA concentration may be unknown. Cy5-dCTP QD-FRET presents a powerful means
to analyze DNA methylation and can potentially benefit the scientific and clinical community.
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Figure 1.

A) Schematic of enzymatic incorporation of Cy5-dCTP (@) and detection through QD-FRET.
B) Normalized FRET efficiency was computed from SMD traces for Cy5-incorporated
p16'NK4a product generated for different numbers of enzymatic replications. C) Photon counts
for multilabeled product generated from genomic bisulfite-treated I'VD DNA (positive control).
D) Photon counts for water (negative) control. The measurements illustrated are a
representative 10 out of thousands using an integration time of 0.01 ms. As indicated by
comparing the two panels, the number of photon counts seen in the presence of Cy5-
incorporated product is visibly higher than that in the water control.
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Figure 3.

Analysis of p16/NK4a methylation of patient serum. A) Comparison of normalized FRET
efficiency for singly (™) and multiply (m) labeled methylated product. IVD=in vitro-methylated
DNA. Values equal or lower than normal lymphocytes (NL) were scored as 0. B)
Representative trace demonstrating a marked increase in Cy5 signal at 670 nm for multiply
labeled product when compared to singly labeled product. C) Results summary of PCR. Green
boxes represent unmethylated product and red boxes represent methylated product.
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