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Cancer cells release their DNA into the patient’s bodily fluids and cancer-specific signatures can be recognized in
the circulating DNA. The aberrant methylation of CpG-rich regions in gene promoter sequences is an early marker
of cell transformation whose specificity and optimal sensitivity can be achieved by assessing the methylation
status of multiple genes (‘methylation profiling’). Most of the current technologies for methylation analysis rely
upon the combination of chemical conversion of the DNA and PCR analysis for the detection of methylated and
unmethylated alleles. However, the small amount of circulating DNA, and its fragmentation, dramatically reduces
the template DNA molecules making difficult the methylation profiling. To overcome this limitation, we have
developed the Meth-DOP-PCR assay, a combination between a modified degenerate oligonucleotide primed PCR
(DOP-PCR) and methylation-specific PCR (MSP), for the high-throughput methylation analysis of trace-amount of
circulating DNA. We have demonstrated the concordance between Meth-DOP-PCR and MSP and shown the
application of this technique for the methylation analysis of DNA extracted from the serum of lung cancer patients.
We have estimated that through this procedure it is possible to obtain at least a 25-fold increase of the number of
determinations allowing the methylation profiling from less than 1ml of serum. Thus, Meth-DOP-PCR appears as a
simple, cost-effective and efficient technique, for the development of novel methylation-based diagnostic assays.
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Early diagnosis, along with prevention and optimal
treatment, is the most critical challenge for improv-
ing the overall cancer burden. Indeed disease
extension at the time of diagnosis is one of the most
important prognosis factors in solid tumors and
monitoring the efficacy of the therapy could help the
physicians in defining better strategies for the
management of the patient.

The early diagnosis by sophisticated imaging
techniques and histopathological examination of
deep, small lesions that can be reached with difficulty,
such as those of lung cancer, is impaired by the
iatrogenic risk of accessing the affected organ and by
the cost of these procedures that reduces the oppor-
tunity of screening in high-risk populations. There-
fore, for most types of cancer, the development of
specific biomarkers and sensitive assays is the best

hope for early detection. In this respect, an enormous
interest has been recently raised by the discovery that
cancer cells release their DNA into the patient’s bodily
fluids and that cancer-specific signatures, like point
mutations and DNA methylation errors, can be
recognized in the circulating DNA by PCR-based
technologies that are the core for the development of
fast and accurate assay for the early detection of
primary cancer or of their recurrence.1–5 Furthermore,
although the identification of DNA methylation
markers predictive of the response to chemotherapy
is just beginning, several studies have shown the
association between specific methylation aberrations
and the efficacy of chemotherapy in cancer patients.6–8

Alteration of the methylation status of selected
CpG-rich promoter sequences is an early event of
cell transformation that influences gene expression
and thus is a particularly promising cancer biomar-
ker for early diagnosis (reviewed in Baylin and
Herman,9 Verma and Srivatsava,10 and Esteller11). In
this respect, it must be considered that methylation
may act as a relatively simple ‘yes or no’ signal for
the presence of tumor DNA or for tumor recurrence.
Therefore, the optimization of the techniques for its
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detection as well as the availability of a panel of
relevant target sequences is a problem of tremen-
dous biomedical importance. Moreover, an impor-
tant advantage of DNA methylation analysis is that,
in contrast to point mutations that can occur at
variable locations within a gene promoter hyper-
methylation involves the same sequence in all
patients and all tumors, thereby simplifying the
assay methods enormously.

The analytical sensitivity of methylation assays
(ie the ability of detecting minimal amounts of
methylated target in a biological sample) is quite
high; however, it must be considered that the tumor
prevalence of the methylation markers identified so
far is less than 100%, thus the utilization of this
strategy in a clinical environment requires that
multiple markers are utilized in order to achieve
optimal clinical sensitivity and specificity.

The current technologies for the methylation
analysis rely upon the sodium bisulfite modification
of DNA that results in the conversion of all Cytosine,
not followed by a Guanine, into Thymine. Cytosine
preceding Guanine (CpG) are converted into T only
if they are unmethylated, and remain as C when
methylated.12

The methylation status of a given sequence is then
determined by methylation-specific PCR (MSP) or
by sequencing or by restriction enzyme analysis
after PCR amplification of the bisulfite-modified
DNA (BRE).12–14

The most serious limiting factor of the methyla-
tion analysis on the DNA extracted from bodily
fluids is the small amount of starting material that
generally is in the range of 50 ng/ml but that can also
be much lower.14 Moreover, the inevitable fragmen-
tation and loss of material during the modification
and post-treatment steps dramatically reduces the
number of DNA molecules that can act as an
efficient template for PCR amplification further
reducing the possibility of constructing a represen-
tative profile of methylation from circulating DNA.

We report the development and validation on
clinical samples of the Meth-DOP-PCR, a modified
degenerate oligonucleotide-primed PCR amplifica-
tion (DOP-PCR) that is combined with MSP, for
the sensitive and specific detection of methylation
aberrations in circulating DNA.

Although Meth-DOP-PCR can be applied to any
type of cancer, we have focused our analysis on lung
cancer, a leading cause of cancer mortality through-
out the world, whose impact could be effectively
reduced by early diagnosis and screening programs
carried out by simple non-invasive assays.

Materials and methods

Sample Collection

Blood samples from non small-cell lung cancer
patients were drawn before surgery. The blood was
centrifuged at 2000 r.p.m. for 10min at room

temperature and serum aliquots were stored at
�801C until use. Matching tumor samples were
snap frozen in liquid nitrogen and stored at �801C
immediately after surgery.

Cell lines U937, HL60, ACN and HTLA were
utilized as reference standard for methylation or
unmethylation. The methylation status of the genes
considered in this study in the reference set of cell
lines was previously determined at least by two
methods.

DNA Extraction and Modification

DNA was extracted from 0.4–2ml of serum using
QIAmp DNA blood Midi kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instruc-
tions.

Tumor and cell lines DNA was obtained using by
standard Proteinase K/SDS digestion overnight at
551C followed by phenol/chloroform extraction and
ethanol precipitation. The DNA was modified by
sodium bisulfite treatment as described by Frommer
et al12 and Herman et al.13

DOP-PCR Amplification

DOP-PCR amplification was performed utilizing a
two-step PCR at different stringency conditions.

The first step (low-stringency amplification) was
carried out in a volume of 10ml in a reaction mixture
containing 4U of Taq polymerase (ThermoSeque-
nase, Amersham, Cleveland, OH, USA), reaction
buffer, 0.2mM dNTPs and 0.2 mM of each of the
following DOP primers: 50-CCGACTCGAAHHHHH
HATATAA-30 (methylated primer) and 50-CCAACT
CAAAHHHHHHATATAA-30 (unmethylated primer)
(where H: A, C or T). After an initial denaturation
step of 3min at 951C, the DNAwas amplified for four
cycles followed by a final extension step of 10min at
741C and 5min at 251C. Each cycle consisted of
1min at 941, 1min at 251, 3min transition from 251
to 741C and 2min at 741C. The second PCR step
(stringent amplification) was conducted in a reac-
tion volume of 50 ml containing 2.5U of Platinum
Taq polimerase (Invitrogen), reaction buffer, 0.2mM
dNTPs, 1.5mM MgCl2 and 0.2 mM of each of DOP
primers used in the first step.

After an initial denaturation step (3min at 951C),
the DNAwas amplified for 35 cycles (1min at 941C,
1min at 561C, 2min at 721C) followed by a final
extension at 721C.

Methylation Analysis

The methylation status of target genes was deter-
mined by bisulfite restriction enzyme (BRE) analysis
and by standard MSP.13,15

The sequence of the primers utilized for BRE and
MSP and their annealing temperatures is reported in
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Table 1. For MSP, 1–5 ml of DOP product was
amplified in 50 ml reaction volume containing
0.6 mM of primers specific for the methylated or
the unmethylated DNA, 2.5U of Platinum Taq
polymerase (Invitrogen), reaction buffer, 0.2mM
dNTPs and 1.5mM MgCl2.

After an initial denaturation step of 2min at 941C,
the DNA was amplified for 35–40 cycles each
consisting of 30 s at 941C, 30 s at the annealing
temperature (Table 1) and 1 s at 721C followed by a
final extension step of 10 s at 721C.

The PCR products were resolved on a 3%
Agarose-1000 Gel (Invitrogen, Milano, Italy). For
BRE, the purified products were digested with Rsa I
before gel analysis.

Results

Overview and Design of the Technique

Genomic DNA, after bisulfite modification was
either utilized directly for MSP assays or processed
for Meth-DOP-PCR (Figure 1a).

To develop Meth-DOP-PCR, we amplified the
sodium bisulfite-modified DNAwith two degenerate
oligonucleotide primers designed to amplify
the methylated and the unmethylated DNA. The
original DOP-PCR16 relies upon the use of a single
primer consisting in a 30 region corresponding to
an examer repeated approximately 106-fold in the
human genome followed by a degenerate sequence
that stabilizes the annealing. This strategy was
successfully utilized for the whole-genome amplifi-
cation for microsatellite genotyping17 and SNP
analysis.18

Starting from the standard DOP-PCR primer we
have designed the two Meth-DOP-PCR-modified
oligonucleotides by substituting all G with A for
the amplification of the unmethylated DNA, while in
the primer for the methylated target only the G not
following C nucleotides were substituted with A.

The amplification of bisulfite-modified DNA
with the DOP primers consists in a two-step reaction
at different annealing temperatures. In the first

Table 1 Primers and PCR conditions for MSP analysis

Gene Set SN ASN Ta

RASSF1A M gggaggcgttgaagtcggg caacgcgcccaacgaatac 62
UM gaggtgttgaagttggggtttg cccaacacacccaacaaat 68

CDKN2A M ttattagagggtggggcggatcgc gaccccgaaccgcgaccgtaa 70
UM ttattagagggtggggtggattgt caaccccaaaccacaaccataa 62

DCR2 M gggataaagcgtttcgatc cgacaacaaaaccgcg 60
UM ttggggataaagtgttttgatt aaaccaacaacaaaaccaca 60

TP73 (TA) M cgggttttgtaggagcgac acgcctttttaacccgacg 68
UM ttgttgggttttgtaggagtgatgt acaaacattaacacctttttaacccaaca 68

TP73 (DN) M gttgtcgggcggttacgatc tcacacctaccgtaacgaaataccg 63
UM ggtttatgttgttgggtggttatgattg cacatcacacctaccataacaaaataccatac 63
BRE ttagttgatagaattaagggagatgg aaaaaatacccctctaaaccctaca 59

MGMT M tttcgacgttcgtaggttttcgc gcactcttccgaaaacgaaacg 59
UM tttgtgttttgatgtttgtaggtttttgt aactccacactcttccaaaaacaaaaca 59

SN: sense primer; ASN: anti sense primer; Ta: annealing temperature; BRE: bisulfite restriction enzyme analysis; M: methylated; UM:
unmethylated.

Figure 1 The Meth-DOP-PCR assay. (a) Outline of a typical Meth-
DOP-PCR experiment compared to direct MSP. The sequence
of the DOP primer for native DNA and those for the modified
DNA are indicated. N¼A, C, G, T; H¼A, C, T; D¼A, G, T. (b)
Requirement for the low-stringency amplification step. Lane A:
100bp ladder. The modified DNA was subjected to Meth-DOP-
PCR as described in Materials and methods (lane B) or omitting
the enzyme only in the low stringency step (lane C).
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low-stringency step, conducted at 251C, the target
DNA is non-specifically and uniformly amplified to
increase the yield of template DNA and to add tags
at the fragment ends. In the second, high-stringency
step, the tagged DNA is exponentially amplified.

The initial low-stringency amplification, where a
partial hybridization between primers and target
DNA occurs, is essential for the efficient generation
of template necessary for the subsequent high-
stringency amplification. Indeed, as shown in
Figure 1b, a DNA smear ranging from 200 to
1500 bp is detectable after the two-step PCR but
not if the low-stringency step is omitted.

Although we cannot formally demonstrate that all
CpG-containing genes are represented in the Meth-
DOP-amplified DNA, all the randomly selected
genes analyzed in the present study could be
detected in the methylation-specific assay.

To determine the methylation status of a specific
target sequence, aliquots of the DOP-amplified DNA
were subjected to PCR utilizing primers and reaction
conditions identical to those employed for the direct
MSP assay.

The variable recovery of the DNA after the
modification step did not allow the precise calcula-
tion of the absolute yield of template obtained by
Meth-DOP-PCR. To roughly estimate the extent of
enrichment of template DNA for MSP analysis, we
performed a methylation analysis for the TA-p73
gene with serial dilutions of DNA from cell lines
U937 and HL60. In these cells the TA-p73 promoter
is completely methylated and unmethylated, re-
spectively.19 Briefly, serial dilutions of DNA ranging
from 500 to 7.8 ng (Figure 2) were modified with
sodium bisulfite in separate reactions and dissolved
in 30 ml. Two microliter aliquots of the modified
DNA that, assuming no loss of material, correspond
to 33–0.51ng of modified DNA, were subjected to
Meth-DOP-PCR in a final volume of 50 ml. Two
microliter of the amplicons generated by Meth-DOP,
derived from the amplification of 1.32–0.02ng of the
starting DNA, were utilized for MSP. In parallel
experiments 2 ml of the modified DNAwere directly
subjected to MSP with the same primer set. As
internal control, we performed a mock Meth-DOP
experiment, by omitting the Taq Sequenase in the
reaction, followed by MSP.

The data reported in Figure 2, show that, under
the experimental conditions utilized in this assay,
the amplification products derived from Meth-DOP-
PCR are clearly detectable at least up to 15ng of
DNA (lane F) and that detectable signals are still
present at 7.8 ng (lane G). Furthermore, Meth-DOP-
PCR requires 25-fold less template to generate
results comparable to those of MSP thus us allowing
to perform multiple assays and, in turn, the
methylation profiling from trace amount of DNA.
Moreover, within the lower range of DNA concen-
trations found in the serum of cancer patients (62.5–
7.8 ng),14 Meth-DOP-PCR generates stronger signals
as compared to MSP.

As expected no amplification products were
detectable in the mock Meth-DOP samples indicat-
ing that the template utilized for Meth-DOP is not
sufficient for the direct analysis by MSP alone.

Fidelity of Meth-DOP-PCR

One of the crucial aspects of any PCR-based protocol
of DNA enrichment is the fidelity of the amplifica-
tion. Although the bisulfite modification followed
by Meth-DOP-PCR is a rather straightforward pro-
cedure, it might also generate artefacts because of
the possible bias in the amplification with the
degenerate primers. To test the fidelity of Meth-
DOP-PCR amplification, we have determined the
methylation status of the DN-p73 gene promoter in
mixtures containing different ratios of modified
DNA from cell lines U937 and ACN. In these cell
lines the DN-p73 promoter is totally methylated and
unmethylated, respectively. The comparison of the
methylation status determined by MSP or Meth-
DOP-PCR was performed by BRE to detect newly
formed restriction enzyme recognition sites created
by bisulfite modification in the methylated DNA.

As shown in Figure 3, although some differences
in the product yield were apparent, we did not
observe remarkable differences in the pattern of
methylation determined by bisulfite/restriction
enzyme analysis alone15 or after Meth-DOP-PCR.

Figure 2 Methylation analysis of the TA-p73 gene in cell lines
U937 (methylated, M) and HL60 (unmethylated, U) after distinct
modification reactions conducted with decreasing amounts of
genomic DNA. Five hundred (lane A) 250, (lane B) 125 (lane C),
62.5 (lane D), 31.2 (lane E), 15.6 (lane F) and 7.8 (lane G) ng of
genomic DNAwere modified with sodium bisulfite and diluted in
30ml of water. Aliquots of 2 ml (theoretically corresponding to 33,
16.5, 8.25, 4.1, 2.05, 1.02 and 0.51ng of the original DNA) were
subjected to Meth-DOP-PCR (upper panel) or to MSP (lower
panel). 1/25 of the Meth-DOP-PCR product (corresponding to
1.32, 0.66, 0.33, 0.16, 0.08, 0.04, 0.02ng, of the original DNA) was
utilized for the subsequent MSP with the TA-p73 set of primers.
In parallel experiments, 2ml of modified DNA were mock
amplified by Meth-DOP-PCR in reactions not containing the
enzymes (middle panel).
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Accuracy of Meth-DOP-PCR

To determine the concordance between MSP and
Meth-DOP-PCR, we first assessed the methylation
status of six genes (TA-p73, DN-p73, CDKN2A,
RASSF1A, MGMT and DCR2) by MSP and by
Meth-DOP-PCR in cell lines where the methylation
status of these target genes was previously demon-
strated in independent experiments (Banelli

et al,19,21 Di Vinci et al20 and our unpublished
observations). As shown in Figure 4, the six genes
considered in this analysis presented an identical
methylation status after MSP or Meth-DOP-PCR
indicating that the results obtained by the two
techniques are qualitatively concordant.

We next compared the methylation status of
MGMT and RASSF1A genes from frozen lung cancer
fragments by Meth-DOP-PCR or by MSP alone and,
also in this case, we have observed the concordance
between the two techniques (Figure 5).

Amplification of Circulating DNA by Meth-DOP-PCR

The results obtained in the experiments described
above, demonstrated that using Meth-DOP-PCR it is
possible to obtain the representative amplification of
bisulfite-modified DNA from cell lines and tissue
samples for the subsequent determination of the
methylation status of multiple genes. The next step
for the validation of the technique was to determine
if Meth-DOP-PCR could amplify trace amounts of
free tumor DNA present in bodily fluids. As shown
in Figure 6a, when we applied the procedure to the
DNA extracted from the serum of lung cancer
patients, we observed bands corresponding to the
methylated or unmethylated target in the four
reference gene promoter sequences considered
(MGMT, RASSF1A, DCR2 and CDKN2A) demon-

Figure 3 Fidelity of Meth-DOP-PCR. The methylation status of
the DN-p73 promoter was determined by BRE before (B) and after
(D/B) Meth-DOP-PCR. The DNA utilized in this analysis derived
from U937 and ACN, two cell lines where this promoter is
completely methylated and unmethylated, respectively. BRE
analysis was performed with primer sets that do not discriminate
between methylated and unmethylated sequence. The methyla-
tion level was determined by digestion with Rsa I, a restriction
enzyme whose recognition sites is created by bisulfite modifica-
tion in the methylated DNA only. U indicates the uncleaved
amplification band corresponding to the non-methylated target,
M is the band originated by restriction enzyme digestion.

Figure 4 Comparison between Meth-DOP-PCR and MSP. Methylation analysis of six gene promoter sequences determined by MSP and
Meth-DOP-PCR in cell lines of different origins. The methylation status of these reference promoters and cell lines was previously
determined by sequencing.

Figure 5 Comparison between Meth-DOP-PCR and MSP in tumor samples. Methylation analysis of MGMT and RASSF1A gene promoter
sequences determined by MSP and Meth-DOP-PCR in four lung cancer samples.
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strating the feasibility of amplifying circulating
DNA by Meth-DOP-PCR.

The variable concentration of circulating DNA
makes it difficult to predict the minimal amount
of serum required for Meth-DOP-PCR. However,
we have observed that the lower practical volume
of serum from which DNA can be successfully
extracted and utilized for the construction of the
methylation profile is approximately 0.4ml.

To evaluate if Meth-DOP-PCR had an advantage
over MSP alone we determined the methylation
status of the RASSF1A gene in circulating DNA in
12 lung cancer patients. For each serum, equal
amount of DNA were amplified by Meth-DOP-PCR
or by MSP. As shown in Figure 6b, the efficiency of
amplification appears considerably higher in the
samples subjected to Meth-DOP-PCR. Indeed, the
methylation pattern in the DNA samples amplified
by MSP, the methylation status was not or only
partially detectable in six out of 12 cases. Con-
versely, bands corresponding to the methylated and
to the unmethylated alleles were readily detectable
after Meth-DOP-PCR in all samples.

Finally, having established that Meth-DOP-PCR
can efficiently enrich for target sequences the
circulating DNA, we utilized this technique to
determine the methylation status of MGMT and
RASSF1A genes in a group of paired samples of
serum and tumor DNA from lung cancer patients
(Figure 7). We have observed that the MGMT
promoter was unmethylated in each of these tissue
and serum DNA samples and that the RASSF1A
gene promoter was methylated both in primary
cancers and in the corresponding serum DNA.
Collectively these results confirm the fidelity of
enrichment by Meth-DOP-PCR.

Discussion

We have described a simple procedure for the
amplification of minute amount of DNA after
sodium bisulfite treatment. This methodology, that
we have named Meth-DOP-PCR, enables the accu-
rate methylation analysis of DNA extracted from
bodily fluids and is suited for the construction of

Figure 6 Meth-DOP-PCR in serum DNA. (a) Methylation analysis
of MGMT, RASSF1A, DCR2 and CDKN2A gene promoter
sequences determined by Meth-DOP-PCR in the circulating
DNA from four lung cancers patients. (b) Comparison between
Meth-DOP-PCR and MSP for the analysis of the methylation
status of the RASSF1A gene in 12 serum samples from lung
cancer patients.

Figure 7 Analysis of the methylation status in paired tumor and serum DNA samples. Methylation analysis of the MGMT and RASSF1A
gene promoters determined in paired samples of lung tumor (T) and circulating DNA (S) determined by Meth-DOP-PCR showing the
concordance of the methylation status of these genes from the two DNA sources.
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methylation profiles from trace amount of DNA.
In this respect we feel that Meth-DOP-PCR is a
cost-effective methodology requiring common and
inexpensive equipment and that can be utilized in
conjunction with a variety of assays to assess the
methylation status of multiple genes. In this initial
description we have utilized Meth-DOP-PCR with
the basic MSP procedure; however, this technique
can be also coupled with MethyLight22 thus becom-
ing a high-throughput procedure alternative to
microarray-based technique23 for the large-scale
methylation analysis in cancer cells.

In conclusion, we feel that Meth-DOP-PCR may be
the basis for the development of novel assays for
the early diagnosis of many types of cancer and
for the patients follow-up.
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