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ABSTRACT

Here we present MethylQuant, a novel method that
allows accurate quantification of the methylation
level of a specific cytosine within a complex genome.
This method relies on the well-established treatment
ofgenomicDNAwithsodiumbisulfite,whichconverts
cytosine into uracil without modifying 5-methyl cyto-
sine. The region of interest is then PCR-amplified and
quantification of the methylation status of a specific
cytosine is performed by methylation-specific real-
time PCR with SYBR Green I using one of the primers
whose 30 end discriminates between the methylation
states of this cytosine. The presence of a locked
nucleic acid at the 30 end of the discriminative primer
provides the specificity necessary for accurate and
sensitive quantification, even when one of the methy-
lation states is present at a level as low as 1% of the
overall population. We demonstrate that accurate
quantification of the methylation status of specific
cytosines can be achieved in biological samples.
The method is high-throughput, cost-effective, rela-
tively simple and does not require any specific equip-
ment other than a real-time PCR instrument.

INTRODUCTION

Methylation of cytosine is an epigenetic DNA modification
affecting gene expression. In vertebrates, it participates in the
development, protection against intragenomic parasites, geno-
mic imprinting, X chromosome inactivation and cancer (1–3).
Cytosines within the dinucleotide CpG are methylated at the
carbon-5 position after DNA synthesis by DNA methyltrans-
ferases (DNMT). The CpG dinucleotide is generally found in
clusters called CpG islands. Methylation can participate in the
control of gene expression in two ways. Dense methylation of
CpG islands is associated with a repressive chromatin structure
stabilized by methyl-binding proteins (MBDs). A more subtle
effect is achieved when methylation of specific cytosines
within binding sites of regulatory proteins interferes with
their binding and action. The pattern of cytosine methylation

is relatively stable since it is generally retained throughout cell
division, but it can be dynamically reprogrammed in a
regulated manner. The mechanisms involved in DNA
demethylation and in the targeting of the enzymes modifying
DNA methylation have not yet been identified clearly (4).
Given the key roles of cytosine methylation, there has been
a huge interest in the development of procedures for DNA
methylation analyses (3). Sensitive, accurate, high-throughput
and cost-effective methods should give a better definition of
the role and control of this epigenetic modification, especially
in pathological situations such as cancer.

Many different experimental approaches have been devel-
oped to allow either global, large-scale or specific analyses
[for reviews see (3,5–7)]. The most popular approaches rely on
bisulfite treatment of DNA (8). This treatment can be per-
formed in such a way that, while cytosine is quantitatively
deaminated to uracil, 5-methyl cytosine remains unmodified,
thus allowing identification of the cytosine methylation status
following PCR amplification. There are many possible vari-
ations in the subsequent DNA sequence detection methods
used which achieve diverse levels of performance and ade-
quacy to the analyses. Methylation-specific PCR (MSP) (9) is
the most widely used assay for the detection of hypermethyla-
tion in CpG islands. It relies on the selective PCR amplifica-
tion of sequences corresponding to either unmethylated or
methylated DNA using primers that anneal specifically with
either one of the DNA species. For methylation-specific
annealing, each primer must contain sequences corresponding
to at least two CpG dinucleotides. Thus, MSP can clearly
identify the DNA molecules whose methylation statuses at
multiple CpGs differ. This method allows sensitive detection
of particular methylation patterns and appears very promising
for the analysis of pathological samples. The MSP approach
has been adapted to fluorescence-based real-time PCR ana-
lyses, thus providing both a quantitative and high-throughput
technology. In the corresponding MethyLight and Heavy-
Methyl approaches, a sequence-specific fluorescent detection
probe is used, which hybridizes in a methylation-specific man-
ner to a sequence corresponding to several additional CpGs
(10,11). These approaches are thus best suited to the analysis
of extensive changes in the methylation patterns within CpG
islands, but they are not adapted to the detection of more subtle
variations or to the analysis of the methylation of a single
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specific cytosine either within or outside a CpG island. The
quantitative analysis of the cytosine methylation levels at
several independent proximal positions can be achieved
using Pyrosequencing analysis of PCR products amplified
in a methylation-independent manner (12,13). This procedure
is not particularly sensitive, however, and does not perform
well in the case of the detection of a population that represents
<5–10% of the total, which limits its usefulness in the analysis
of heterogeneous pathological samples and early events in
epigenetic reprogramming.

Here, we present a novel fluorescence-based real-time PCR
strategy, MethylQuant, which permits high-throughput quan-
tification of the methylation status of a single specific cytosine
in an accurate, sensitive and cost-effective manner.

MATERIALS AND METHODS

Sodium bisulfite conversion

To reduce the viscosity of genomic DNA and to facilitate the
DNA denaturation required for efficient bisulfite conversion,
DNA was digested with a restriction enzyme so that the restric-
tion fragment encompassing the region of interest had a size
of �1 kb. Sodium bisulfite treatment was performed using the
agarose bead method (14,15). Denatured DNA was embedded
into low-melting-point agarose (SeaPlaque GTG, FMC);
therefore, each agarose–DNA bead contained �100 ng as
follows: 900 ng of DNA in 30 ml of 0.2 M NaOH were incu-
bated for 15 min at 50�C and mixed with 60 ml of 2% agarose
solution at 50�C. Ten ml drops of this solution were pipeted in
mineral oil at 4�C (not more than three drops per 200 ml of
mineral oil per tube). After 10 min on ice, 200 ml of 5 M
sodium bisulfite solution was added. This solution was pre-
pared exactly as described previously (5). The beads were
incubated in the dark at 50�C for 4 h. The bisulfite solution
was then removed and the beads were washed four times for
15 min with 10 mM Tris–HCl, 1 mM EDTA, pH 8.0 (TE). The
beads were then incubated twice in 500 ml of 0.2 M NaOH for
15 min at 20�C. Subsequently, 100 ml of 1 N HCl was added to
the second incubation, and the beads were washed three times
for 10 min with TE. Prior to PCR, the beads were washed twice
in water for 15 min.

PCR amplification of bisulfite-treated DNA

Bisulfite-treated DNA was PCR amplified in the presence of
tetramethylammonium chloride (TMAC) as described

previously (5). One 10 ml bead was used in a 100 ml PCR
reaction containing 67 mM Tris–HCl (pH 8.8), 16.6 mM
(NH4)2SO4, 0.5 mM TMAC, 6.7 mM MgCl2, 500 mM
dNTPs, 170 mg/ml DNase-free BSA, 400 nM of each primer
and 2 U AmpliTaq DNA polymerase (Applied Biosystem).
After an initial denaturation step for 4 min at 94�C, 32 cycles
of amplification were performed as follows: 40 s at 94�C, 90 s
at 55�C and 2 min at 72�C followed by a final extension step
for 7 min at 72�C. PCR products were verified on an agarose
gel before further processing. The primer sets that we used for
the glucocorticoid-responsive unit (GRU) of the rat Tat gene
were as follows:

lower strand set: CTTCTCAATATTCTCTATCACAA
(�2615/�2593), ATTGAATAAAATTGTTTTATGGT
(�2176/�2198);

upper strand set: TTTGTTGTATAGGATGTTTTAGT
(�2510/�2488), ACCTACCTAACTTTAAAATTATC
(�2115/�2137).

Quantitative real-time PCR

Real-time PCR analysis was performed using a LightCycler
(Roche) and the LightCycler-FastStart DNA Master SYBR
Green I mix (Roche). 30-locked nucleic acid (LNA) primers
were synthesized by Proligo. Reactions were performed in a
final volume of 15 ml, adjusted to 4 mM MgCl2 and containing
500 nM of each primer and 2 ml of DNA template. The tem-
plate solutions were either a 10 000-fold dilution of the pre-
viously described PCR amplification of the samples or a serial
5-fold dilution of the matched (MAT) and mismatched (MIS)
templates. These templates were prepared as follows: they
were PCR amplified from individual plasmids resulting
from the cloning in pGEM-T (Promega) of bisulfite-treated
PCR-amplified DNA and selected according to their cytosine
methylation pattern. The real-time PCR cycling conditions
were as follows: 95�C for 8 min, followed by 50 cycles for
10 s at 95�C, 10 s at 56�C and 20 s at 68�C followed by
fluorescence measurement. When standard discriminative
(D) primers were used, the hybridization step was reduced
to 5 s. Further, for comparative purposes, this shorter hybri-
dization step was used to determine the properties of the pri-
mers presented in Table 1. The polymerization temperature
was set to 68�C to allow accurate fluorescence measurements
because of the low-melting temperature of the PCR products
analyzed. Following PCR, a thermal melt profile was per-
formed for amplicon identification. To determine the Ct,

Table 1. Comparison of the properties of the PCR amplifications with various D primers containing or not a 30-LNA

Regular primers 30-LNA primers Mismatch
DCtMIS�MAT E Bgd (%) DCtMIS�MAT E Bgd (%)

U2� Unmet 7.2 0.79 1.5 12 0.78 0.10 A:C
U3� Unmet 8.8 0.75 0.7 13.3 0.76 0.05 A:C
L2+ Unmet 6.8 0.72 2.5 14.4 0.66 0.07 A:C
L2+ Met N/A N/A N/A 11.7 0.78 0.12 G:T
L3� Unmet 4.5 0.76 7.9 14 0.72 0.05 T:G
L3� Met (56�C) 2.6 0.71 24.8 9.5 0.79 0.40 C:A
L3� Met (58�C) 4.3 0.65 11.6 10.3 0.76 0.30 C:A

TheDCtMIS�MAT were determined for each D primer sets with identical amounts of MIS and MAT templates, the efficiency (E) of PCR amplification was determined
using standard curves of MIS and MAT templates as described in Figure 2 and the Bgd value amplification with MIS template was calculated using Equation 1. The
nature of the mismatch involving the 30-most base of the D primer and the MIS template is indicated (primer:template). A primer annealing temperature of 56�C was
used for all primer sets except for the L3� Met primer set that was analyzed at two temperatures as indicated.
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the threshold level of fluorescence was set manually in the
early phase of the PCR amplification. Each sample was ana-
lyzed at least in duplicate with either the non-discriminative
(ND) or the discriminative (D) primer sets within the same run.

The primers that we used were named according to the
following conventions: the cytosines included in the three
CpG dinucleotides located within the rat tyrosine aminotrans-
ferase (Tat) GRU between �2419 and �2405 were numbered
U1–U3 (�2419, �2413 and �2406, respectively), or L1–L3
(�2418, �2412 and �2405, respectively), depending on
whether the strand was upper (U) or lower (L). (+) and (�)
indicate the strands of the PCR product to which the primer
was homologous. The D primers were named Unmet or Met to
describe the methylation state of the cytosine to which they
were matched. The opposing primer allowing PCR amplifica-
tion when combined to either the ND or D primer was referred
to as partner primer. The inosine substitutions are indicated by
a small i.

U2� ND, ACACCCAAAAACCiACAAAC;
U2� Unmet, CACCCAAAAACCiACAAACA;
U3� Unmet, CACCACACCCAAAAACCA;
U2&3+ partner, GGATGTTTTAGTTATTTTATTTGTA;
L2+ ND, AAAACAAACAAATCCTACiTAATC;
L2+ Unmet, AAACAAACAAATCCTACiTAATCA;
L2+ Met, AAACAAACAAATCCTACiTAATCG;
L2� partner, TTTTTGAGATAAGGTTTTTTTAAG;
L3 ND, AGGGTTATATTATTATATTTAGAAAT;
L3� Unmet, GGGTTATATTATTATATTTAGAAATT;
L3� Met, GGGTTATATTATTATATTTAGAAATC;
L3+ partner, AAAATTTACCAATCTCTACTATAC.

RESULTS

Principles of the MethylQuant technology

The quantification of the methylation level of a specific cyto-
sine in bisulfite-treated DNA can be assimilated to the quan-
titative detection of a single nucleotide polymorphism (SNP)
except that SNP detection does not usually require a method
that is quantitative over a wide range. The basic principle of
the MethylQuant procedure is that a methylation-specific PCR
is performed with one of the primers harboring the methylation
status-specific nucleotide at the 30 end. Real-time PCR ana-
lysis allows quantification of the methylation status-specific
product. In parallel, methylation-independent real-time PCR is
performed to quantify the total product. The major problem
that adversely affects this simple strategy is that a single mis-
match at the 30 end interferes with, but does not prevent, primer
extension [(16) and references therein]. The product of this
illegitimate primer extension event is indistinguishable from
the product of the legitimate one and also participates in the
PCR reaction. We have both quantified and minimized this
illegitimate primer extension event to reduce it to �0.1% of
the legitimate event, thus allowing quantification of methyla-
tion levels that are above this background value. The proce-
dure involves two steps. First, the region containing the CpG
of interest is amplified using primers that cover regions that are
unlikely to contain methylated cytosines. Second, real-time
PCR reactions are performed with either one of two primer
sets that allow quantification of the total amplified material
and of the fraction containing the nucleotide of interest.

The first amplification step prevents the introduction of
biases that can result from the use of small amounts of starting
material and from the heterogeneity of the quality of the vari-
ous samples. Furthermore, it makes it possible to analyze
sequences that are difficult to amplify and it offers more
options in the design of the primers (see below). This ampli-
fication step is performed in a buffer containing TMAC which
proved particularly useful for the amplification of difficult
sequences, which are often encountered when using primers
that do not cover regions containing methylated cytosine (5).
Indeed, in this case, the primer content is very AT-rich owing
to the conversion of cytosine into thymine, and TMAC
improves the hybridization properties of such primers. The
PCR product is then extensively diluted and real-time PCR
analyses are performed using SYBR Green I detection of the
PCR products. The use of SYBR Green I decreases the cost of
this approach to a great extent when compared to the Methy-
Light procedures that use expensive sequence-specific oligo-
nucleotide probes labeled with fluorophores. This cost saving
becomes particularly significant when multiple positions are
analyzed. For each sample, two real-time PCRs are performed
using either one of two primer sets: (i) a ND primer set that
allows quantification of the PCR product irrespective of the
methylation status of the position of interest, and (ii) a D
primer set that allows quantification of the PCR product cor-
responding to the specific methylation status of the position of
interest (Figure 1B). The discriminative primer within the D
set is designed in such a way that its most 30 nucleotide is
complementary to the position analyzed. Even though this is
not essential, we obtained good results using, within the ND
set, an almost identical primer shifted by one base pair so that
its 30 end directly abuts the position analyzed. The partner
primer allowing PCR amplification is identical in the ND
and D sets. This design helps to obtain ND and D primer
sets that provide similar amplification efficiencies, which
facilitates the quantification analysis. Furthermore, this
ensures that the PCR products generated with each primer
set fluoresce with similar efficiencies when bound by
SYBR Green I. When designing the D primer, four different
primers can be chosen to analyze methylation of a specific
cytosine, two for the methylated state and two for the
unmethylated state. Indeed, because the analysis is performed
on PCR-amplified bisulfite-treated DNA, it is possible to design
the D primer in such a way that it complements either of the two
strands of the amplified product (Figure 1C). This confers a
good flexibility to the primer design.

PCR-amplified bisulfite-treated DNA was cloned into a
plasmid to generate homogeneous sequences corresponding
to either the unmethylated or the methylated status of the
cytosine of interest. PCR products generated from these plas-
mids were used to assess the ability of the D primer sets to
discriminate effectively between the two templates. We refer
to the template that is not perfectly hybridized to the D primer
as the MIS template and to the other one as the MAT template.
A scheme depicting a typical real-time PCR reaction is shown
in Figure 1D. When the ND primer set is used, identical
amounts of each template generally give rise to superimpo-
sable amplification curves. For the MethylQuant to be accu-
rate, the amplification efficiencies of both the MAT and MIS
templates with the ND primer set must be identical. When the
D primer set is used to analyze the MAT template, it also gives
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rise to a superimposable amplification curve provided that the
amplification efficiencies obtained with the ND and D primer
sets are identical. This is not an absolute necessity, but it
simplifies subsequent analyses (see below). Even when the
30 end of the D primer is not hybridized with the template
(MIS), illegitimate PCR amplification occurs but it is delayed
with respect to amplification of the MAT template. This delay,
measured in cycle numbers, is termed DCtMIS�MAT, where Ct,
the threshold cycle, is the fractional cycle number at which a
threshold level of PCR product is detected. The value of
DCtMIS�MAT determines the sensitivity of the approach, i.e.
it will prevent the detection of a proportion of MAT template
that is lower than the corresponding background (Bgd) value.
The Bgd value (in %) can be calculated using the following
equation:

Bgd =
100

1 + Eð ÞDCtMIS�MAT
, 1

where E is the efficiency of the PCR amplification varying
between 0 and 1. For example, if the amplification efficiency
is maximal, a DCtMIS�MAT of 5 cycles reveals that the Bgd of

the procedure is 100/25, i.e. �3% of the initial mismatched
population.

When the PCR product contains a mixture of MAT and MIS
templates, with a percentage of MAT templates above the Bgd
value, the PCR amplification curve will be found at an inter-
mediate position (dashed curve in Figure 1D). The delay
between the amplification obtained with the ND and D primer
sets, DCtD�ND, is related to the proportion of MAT templates
within the population. If the efficiencies of the amplifications
with the ND and D primer sets are rigorously identical, then
the percentage of MAT templates can be calculated using the
following equation:

MAT =
100

1 + Eð ÞDCtD�ND
� Bgd: 2

This equation can be applied as long as DCtD�ND �
DCtMIS�MAT in which case the Bgd value is negligible. When
the values measured are close to that of the Bgd, then it is
reasonable to refrain from quantifying.

Figure 1. Principle of MethylQuant. (A) Nucleotide sequence modifications resulting from bisulfite conversion and PCR amplification. Only the cytosine of
interest is represented. Since, following bisulfite conversion, the two DNA strands are no longer self-complementary, different primers are required. Thus, analysis of
the complementary lower strand of the target sequence (gray lettering) is not shown. (B) Design of the D primers (black) or ND (gray) between the methylation states
of the cytosine of interest. The MAT templates are matched to the D primer, whereas the 30-most base of the D primer is mismatched to the MIS templates. (C) The
four possible designs of a D primer. Following the first round of PCR amplification of the bisulfite-converted target sequence, either of the two strands (referred to
as + or �) of the PCR product can be analyzed as represented. The D primer can be matched to the sequence corresponding to either the methylated or unmethylated
cytosine. (D) Typical real-time PCR amplification profiles obtained with the ND (gray) and D (black) primer sets and various combinations of MIS and MAT
templates. The log of the amount of PCR product is plotted as a function of the number of cycles. The dashed amplification curve corresponds to a sample containing a
mixture of MIS and MAT templates. The threshold of PCR product synthesized allowing Ct determination is represented as a dashed line. TheDCtMIS�MAT obtained
by comparing the amplification of the MAT and MIS templates with the D primer set is represented as well as the DCtD�ND obtained by comparing the amplification
of a mixture of MIS and MAT templates with the ND and D primer sets.
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The efficiencies of the PCR amplifications with the ND and
D primer sets generally differ to some extent, in which case the
percentage of MAT templates can be calculated using the
following equation:

MAT = 100
1 + ENDð ÞCtND

1 + EDð ÞCtD
� Bgd, 3

where CtND and CtD are determined at an identical level of
PCR product detected and END and ED are the efficiencies
of the PCR amplifications with the ND and D primer sets,
respectively.

Thus, quantification can be performed as long as the effi-
ciency of the PCR amplification with the ND and D primer sets
and the Bgd values are known. These values can be established
using the standard procedures described in the real-time PCR
manuals with titration curves of homogeneous MAT and MIS
PCR products. Such PCR products are generated using cloned
plasmids that are usually obtained during the preliminary ana-
lyses of the region of interest with the standard bisulfite, PCR,
sequencing approach (8). The percentage of MAT template
within a sample can also be determined from standard curves
of MAT templates amplified with the ND and D primer sets
using the analysis software provided with real-time PCR
devices. In our experience, the greatest accuracy is achieved
by determining the mean efficiency of each primer set in
several independent experiments and by refraining from
using the simplified Equation 2. Indeed, none of the ND
and D primer sets we designed, amplified with a rigorously
identical efficiency.

30-Locked nucleic acid primers to improve
methylation-specific PCR discrimination

The success of the MethylQuant procedure relies in its ability
to discriminate effectively between the MAT and the MIS
templates. The four types of 30-primer:template mismatch
that can be encountered in the MethylQuant procedure are
G:T, A:C, C:A and T:G depending on the design of the D
primer (see Figure 1C). The numerous studies performed to
analyze the ability of allele-specific PCR to identify SNP
reveal that these are among the least efficiently discriminated
mismatches [(16,17) and references therein]. When

developing MethylQuant, we analyzed cytosine methylation
at four CpGs contained within the glucocorticoid-responsive
unit (GRU) of the rat Tat gene (18). We tested a number of
primers with various mismatches. Whatever the experimental
conditions (variations in magnesium concentration, hybridiza-
tion temperature and duration), the best conditions achieved
only a moderate discrimination (Table 1). Depending on the
primers, the Bgd amplification varies from 1 to 12% of the
MIS template.

We obtained a distinct improvement in the discrimination
ability when we used primers containing a single LNA at the
30-terminal position. LNA is a nucleic acid analog with a 20-O,
40-C methylene bridge that locks the ribose moiety into a C30-
endo conformation, thus modifying its hybridization proper-
ties [(16) and references therein]. 30-LNA primers allowed
superior mismatch discrimination, bringing the Bgd amplifi-
cation down to 0.4–0.05% of the MIS template depending on
the primer considered (Table 1). A typical analysis is shown in
Figure 2, which presents results obtained with standard curves
of MAT and MIS templates analyzed with ND and D primer
sets, the D primer either with or without a 30-LNA (corre-
sponding to the L3� Unmet primers in Table 1). Superimposed
standard curves are obtained when both primer sets are com-
plementary to the template (MAT template, Figure 2A). When
the D primer set is not fully complementary (MIS template),
the standard curve is shifted by the cycle number correspond-
ing to its discriminative ability (DCt in Figure 2B). For the
primer sets shown here, the mere presence of the 30-LNA
increased the DCtMIS�MAT, from 4 to 14 cycles, thereby
decreasing the Bgd from 8 to 0.05% (L3� Unmet primers
in Table 1). This improvement in the discrimination ability
was observed for every primer set tested, even for those that
were very unsatisfactory when regular primers were used (e.g.
L3� Met in Table 1). The Bgd level with 30-LNA primers was
always inferior to 0.4% of the MIS template, and was generally
<0.1%, thus rendering the MethylQuant procedure suitable for
the quantification of low levels of methylation (or unmethyla-
tion) within a population.

When probing the methylation status of a specific cytosine
with the 30 end of a discriminative primer, it may happen that
this primer hybridizes to a sequence containing other cytosines
susceptible to methylation. To prevent the methylation of

Figure 2. 30-LNA primers show a superior discriminative ability. Real-time PCR analyses of serially diluted (5-fold increments) MAT (A) and MIS (B) templates
with ND and D primer sets. The D primer contains or not a 30-LNA as indicated. The results shown were obtained with the L3� primers described in Materials
and Methods allowing assessment of cytosine �2405 of the rat Tat gene. The D primers (L3� Unmet) match to the � strand of the PCR product originating from
the unmethylated lower strand of the Tat gene. The cycle number at threshold, Ct, is plotted as a function of the logarithm of the relative copy number of the templates.
The slope of the linear regression analysis determined for each standard curve was used to calculate the amplification efficiency using the formula: 1 +E = 10�1/slope.
The DCt represented on (B) for the 30-LNA D primer corresponds to the DCtMIS�MAT as the standard curve obtained with amplification of the MIS template with the
ND primer is superimposable to the standard curve obtained with amplification of the MAT template with the D-LNA primer [displayed in (A)].

PAGE 5 OF 9 Nucleic Acids Research, 2004, Vol. 32, No. 21 e168



these other cytosines from affecting the quantification of the
position of interest, we used inosine at the corresponding
positions within the ND and D primers, since it can base
pair with any of the four conventional bases with approxi-
mately equal strength [(19), see sequence of the primers
used in Materials and Methods]. The presence of inosine
did not introduce a bias in the quantification since the MAT
and MIS templates were amplified as efficiently with the
inosine-containing ND primers. Thus, the combined use of
inosine and 30-LNA provided us with primers that made it
possible to specifically assess the methylation status of any
of the cytosines presently analyzed.

Accuracy and sensitivity of the MethylQuant
procedure

To appreciate the capacity of the MethylQuant procedure to
quantify cytosine methylation accurately within a hetero-
geneous sample, we performed dilution experiments by mix-
ing different proportions of MAT and MIS templates. The
means values of three independent measurements with stan-
dard deviations (SDs) were plotted against the actual ratios in
the samples (Figure 3). In Figure 3A, the D primer allows
quantification of a specific unmethylated cytosine, with mix-
tures of templates corresponding to a range of 0–100% of
unmethylated DNA with intervals of 20%. Within this
range, the method enabled us to quantify the input sample
with a maximal SD of 15% of the measured value and the
correct values were predicted with a maximal error of 15%.
There was a linear relationship between the expected and
measured allele frequencies with a slope of 0.98 and a correla-
tion factor of 0.99. In Figure 3B, we used mixtures of tem-
plates corresponding to a range of 0–10% of unmethylated
DNA to evaluate the ability of the procedure to measure low
levels of demethylated cytosine, whereas in Figure 3C we used
a D primer allowing quantification of the methylated state of
the same cytosine at similar low levels. In both cases we
obtained linear correlation curves with a correlation factor
of 0.97. The low percentages were measured with a maximal
SD of 15% of the measured value and the correct values were
predicted with a maximal error of 20%. Thus, MethylQuant
can be used to measure low levels of methylation or unmethy-
lation in a DNA sample. When one of the two species is

present at low levels, it is more accurate to measure directly
the least abundant species than to deduce its levels from the
measurements of the most abundant species.

Application of MethylQuant to the analysis of
biological samples

We have used MethylQuant to analyze the demethylation of
several cytosines triggered by the glucocorticoid receptor
within the GRU of the rat Tat gene (18). We analyzed the
methylation status of this regulatory region in DNA samples
derived from rat hepatoma cells grown with glucocorticoids
for various times. When using ligation-mediated PCR (LM-
PCR) to analyze genomic DNA treated with hydrazine and
piperidine, only unmethylated cytosines are detected (5).
Glucocorticoid-triggered demethylation of three cytosines
can be assessed on the gel shown in Figure 4A, where three
extra bands appear over the course of a 4 day-glucocorticoid
treatment. Even though it was possible to evaluate the extent of
cytosine demethylation from the relative intensity of the
bands, precise quantification was not possible owing to slight
variations in the efficiencies of the various steps of the delicate
multistep LM-PCR procedure and to the relatively high-level
background. Thus, we used MethylQuant to measure the
methylation levels of two cytosines using D primers that
made it possible to detect both the methylated and unmethy-
lated status of these cytosines (Figure 4B). MethylQuant con-
firmed the glucocorticoid-induced demethylation observed by
the LM-PCR analysis and we are able to appreciate several
properties that were not readily apparent: (i) �10% of the
cytosines at each position were unmethylated in the cell popu-
lation that had not been treated by glucocorticoids. This low
level was not detected by LM-PCR due to the moderate Bgd at
every position (Figure 4A). (ii) Glucocorticoid-induced DNA
demethylation proceeds beyond 2 days of treatment, the
methylation levels at the �2405 position decrease from
�30% to �10% between 2 and 4 days of treatment, whereas
those at the �2412 position decrease from �40% to �20%.
These values were measured with the D primers allowing
detection of the least abundant species, e.g. the unmethylated
cytosines in the untreated cells, and the methylated cytosines
in the cells treated for 2 and 4 days by glucocorticoid. This
residual demethylation was not apparent with the LM-PCR

. .

Figure 3. Accuracy and sensitivity of MethylQuant. PCR products obtained after amplification of bisulfite-converted lower strand of the methylated or
unmethylated Tat GRU were mixed in different proportions. The amount of unmethylated or methylated cytosine �2405 was assessed using the 30-LNA D
primers L3� Unmet (A and B) or L3� Met (C). The measured percentage is plotted against the expected percentage as defined by the ratios of the two PCR products
mixed together. For each data point at least three independent analysis were performed (SD are indicated by vertical bars). The equation of the linear regression curve
as well as the correlation factor are indicated on each graph.
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analysis because the corresponding variations in the intensity
of the demethylated cytosine bands were not consistent
enough to be convincing. Similarly, with MethylQuant, the
slight differences were not so convincing when the D primers
were used to detect the most abundant species. As mentioned
previously, it is more accurate to measure directly the least
abundant species.

In an independent analysis of the demethylation of the Tat
GRU, we used both MethylQuant and an extensive sequence
analysis of cloned bisulfite-treated DNA. At the -2406 position
in untreated cells, the level of unmethylated cytosine measured
with MethylQuant was 10.0 – 0.6% whereas the sequence
analysis of 43 clones revealed a level of 9.3%. After a 10 h
glucocorticoid treatment, the level measured with Methyl-
Quant was 21.9 – 0.6% whereas the sequence analysis of
77 clones revealed a level of 18.2%. Finally, after a 16 h
glucocorticoid treatment, the level measured with Methyl-
Quant was 38.6 – 1.6% whereas the sequence analysis of
54 clones revealed a level of 38.9%. Thus, MethylQuant
proved to be a sensitive and accurate method for measuring
the levels of cytosine methylation at a given position in bio-
logical samples.

DISCUSSION

MethylQuant allows quantification of the methylation level of
a specific cytosine using bisulfite-converted genomic DNA
and real-time PCR. The quantification is based on the

comparison of two PCRs performed with primer sets that
amplify the target sequence either irrespective of methylation
(ND primer set), or in a methylation-specific manner by means
of a discriminative D primer whose 30-most base hybridizes to
the base corresponding to one methylation status. For quanti-
fication to be accurate (i) the D primer must correctly identify
the methylation status; (ii) the efficiencies of amplification
with the ND and D primer sets need to be determined and
reproducible; and (iii) the amplification efficiencies of the
templates corresponding to the different methylation levels
must be the same. Unmodified D primers did not discriminate
the different sequences well. We could obtain reasonable
results by reducing the duration of the hybridization step to
5 s and by carefully optimizing the magnesium concentration
and the hybridization temperature for each primer set. How-
ever, in these conditions, the reaction was sensitive to slight
variations in the experimental conditions and sometimes dif-
fered depending on the batch of commercial reaction mixture
that was used. The use of 30-LNA primers considerably
improved discrimination of the two sequences. It enabled
us to lengthen slightly the hybridization step (10 s) which
reduced the variability without any major effect on discrimi-
nation. We used ND and D primer sets that were as similar as
possible, with a common partner primer and ND and D primers
that differed only minimally (shifted by one base). Despite
these precautions, the efficiencies of amplification were not
absolutely identical in the vast majority of cases. To obtain a
high level of precision in the measurements, it is necessary to
determine accurately the amplification efficiency in several

Figure 4. Demethylation of the Tat GRU induced by a prolonged glucocorticoid treatment. Rat hepatoma cells (H4II) were grown without (0) or with 10�7 M
dexamethasone (+Dex) for 24, 48 and 96 h. The corresponding genomic DNA was purified and analyzed by either LM-PCR following hydrazine–piperidine
treatment (5) (A) or by MethylQuant following bisulfite treatment (B). In (A), the cytosines that are subjected to demethylation are indicated on the right-hand side.
In (B), the levels of either the unmethylated (gray bars) or the methylated (black bars) cytosines �2412 (upper graph) or �2405 (lower graph) were quantified using
as D primers either the L2� Unmet, L2� Met, L3� Unmet or L3� Met primers, respectively.
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independent experiments, to ensure that the experimental con-
ditions do not cause significant fluctuations in the efficiency,
and to use the mean efficiency for calculations. With 30-LNA
primers and the conditions described here, these requirements
were not difficult to achieve. Just as in any real-time PCR
analysis, with certain primers it is sometimes necessary to
adjust temperature and magnesium concentration in order to
fulfill these conditions. Finally, it is essential that the templates
corresponding to targets methylated to different extents should
be amplified with identical efficiencies. Since each unmethy-
lated CpG dinucleotide gives rise to templates containing 2
A:T base pairs instead of 2 G:C base pairs, the melting tem-
peratures of the templates differ as a function of the methyla-
tion levels of the targets. This could be responsible for a PCR
bias (20). To check that the amplification efficiency is not
affected by this phenomenon, we analyzed amplification
with ND primer sets of templates corresponding to fully
methylated or demethylated targets. With 106–145 bp long
PCR fragments containing either two or three CpG, we meas-
ured with SYBR Green I, differences in the melting tempera-
ture of �1�C depending on the methylation levels, but we did
not observe any differences in the amplification efficiencies.
This could be due to the fact that the melting temperatures of
these templates are much lower than that of the denaturation
step (below 75�C versus 94�C). Similarly, we verified that
such amplification biases did not occur during the first PCR
amplification step performed in the TMAC-containing buffer.
Nevertheless, we recommend verification of the absence of
any such amplification biases when novel sequences are ana-
lyzed, in particular if they contain a higher density of CpG.
Provided that these specific requirements has been fulfilled,
MethylQuant proved to be an accurate method for measuring
cytosine methylation levels. We obtained almost identical
results using MethylQuant and sequence analysis of �50–
75 clones. When high precision in the determination of the
methylation levels of a limited number of cytosines is
required, MethylQuant is much more time- and cost-effective
than the sequence analysis of multiple clones.

Since, upon bisulfite treatment and PCR amplification, the
determination of the methylation status of cytosines is akin to
the analysis of nucleotide sequence differences, a number of
DNA sequence analysis procedures have been adapted to the
study of DNA methylation. Several quantification procedures
have been described. With methylation-sensitive single
nucleotide primer extension (Ms-SNuPE), the query primer
terminates immediately 50 of the nucleotide to be assayed and a
single nucleotide is incorporated (21). Ms-SNuPE employs
radiolabeled dNTPs and requires the purification of the
PCR products before the primer extension reaction can be
carried out and it is therefore more labor intensive and requires
a greater number of analysis steps than MethylQuant. Further-
more, it is not clear that it is as sensitive as MethylQuant.
Several techniques already developed to explore SNPs, in
particular SNaP-shot and Pyrosequencing, have also been
adapted to cytosine methylation analysis (12). SNaP-shot is
based on a single nucleotide primer extension approach with
fluorescently labeled ddNTPs while Pyrosequencing is based
on a real-time sequencing technique. Pyrosequencing was
shown to be more reliable and accurate than SNaP-shot
(12) and has been used by several independent laboratories
(13). All the same, both SnaP-shot and Pyrosequencing require

a specific and expensive laboratory setup. Furthermore, they
are not sensitive enough to measure low levels of a methyla-
tion state. In contrast to MethylQuant, Pyrosequencing allows
simultaneous analyses of neighboring cytosines and might be
more appropriate for measuring relatively high levels of cyto-
sine methylation states at several different positions. The
MethyLight and HeavyMethyl procedures are similar to
MethylQuant since they also use fluorescence-based real-
time PCR (10,11), but these procedures are more expensive
than MethylQuant because they depend on real-time detection
probes with a 50-fluorescent reporter dye and a 30 quencher dye
instead of the more economical SYBR Green I and 30-LNA
modification. Furthermore, they require multiple cytosines to
differ in their methylation state. When this requirement is
fulfilled, they might be more sensitive than MethylQuant, in
particular for the detection of low levels of methylated CpG
islands within biological samples. This can be useful for the
early detection in biopsies of tumor cells harboring the global
methylation of a given CpG island. However, it remains to be
determined whether early tumor cells already harbor such
global methylation of all the CpGs within an island. Indeed,
methylation of specific cytosines within the binding site of a
key transcriptional activator might be sufficient to downregu-
late a tumor-suppressor gene and to contribute thus to early
steps of tumorigenesis. Since MethylQuant is particularly sui-
table for the quantification of the methylation levels of single
cytosines, it should prove useful for the analysis of the involve-
ment of the methylation of key residues in tumorigenesis. We
also found that its exceptional sensitivity and accuracy were a
great advantage when we analyzed the mechanism of modi-
fication of epigenetic memory in response to transcriptional
activation (C. Kress, H. Thomassin and T. Grange, manuscript
in preparation).
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