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ABSTRACT

We report here on a quantitative technique called
COBRA to determine DNA methylation levels at specific
gene loci in small amounts of genomic DNA. Restriction
enzyme digestion is used to reveal methylation-
dependent sequence differences in PCR products of
sodium bisulfite-treated DNA as described previously.
We show that methylation levels in the original DNA
sample are represented by the relative amounts of
digested and undigested PCR product in a linearly
guantitative fashion across a wide spectrum of DNA
methylation levels. In addition, we show that this
technique can be reliably applied to DNA obtained from
microdissected paraffin-embedded tissue samples.
COBRA thus combines the powerful features of ease
of use, quantitative accuracy, and compatibility with
paraffin sections.

then PCR amplified?). This combination of bisulfite treatment
and PCR amplification results in the conversion of unmethylated
cytosine residues to thymine and methylated cytosine residues to
cytosine. This sequence conversion can lead to the methylation-
dependent creation of new restriction enzyme slesr(it can

lead to the methylation-dependent retention of pre-existing sites
such asBstJl (CGCG) (Fig.1). The primers used in the PCR
reaction do not contain CpG dinucleotides so that the amplifica-
tion step does not discriminate between templates according to
their original methylation status. Therefore, in the mixed
population of resulting PCR fragments, the fraction that has a
newly created or retained restriction site that contains a CpG(s)
should be a direct reflection of the percentage DNA methylation
at that site in the original genomic DNA. We have tested whether
this feature can be used to quantitatively determine DNA
methylation levels. We found that the most accurate and reliable
method to quantitate the relative amounts of digested and
undigested PCR products was to perform an unlabeled PCR
reaction, followed by a purification step to ensure subsequent

Recent reports of silencing of tumor-suppressor gene expressmmplete cutting, then restriction digestion, polyacrylamide gel
by DNA methylation 8) have emphasized the need for accurateglectrophoresis, electroblotting, oligo hybridization and phosphor-
sensitive, reliable and quantitative methods to measure levelsimiger quantitation. This hybridization strategy allows flexibility
DNA methylation at specific gene loci. Clinical and moleculaiprovided by the choice of probe position, relative to the restriction
epidemiological studies often involve the analysis of largsites. Results obtained with different probes can be used to
numbers of paraffin-embedded tissue samples. Existing techniquesroborate DNA methylation values obtained for a particular CpG
to analyze DNA methylation levels have not been shown tsite.
satisfy the three criteria essential for such large-scale studiesyWe have used the human estrogen recefy gene as a
which are: (i) quantitative accuracy, (ii) compatibility with paraffinmodel system to test our method. The huERmene contains
sections, and (iii) applicability to large numbers of samples. We CpG island at its '5end, which becomes increasingly
report here on a method that satisfies all these criteria. Theethylated in colorectal mucosa with age and is heavily
technique relies on the recent innovation of Sadri and Hornslyethylated in all human colorectal tumors analyZ@dHigure?2
(1), who showed that restriction digestion can be used to reveslows a COBRA analysis of the human colorectal tumor cell line
DNA methylation-dependent sequence differences in PCRICT116 and of normal control DNA. The tumor cell line DNA
amplified bisulfite-treated genomic DNA. We show that thisshows extensive cutting by bd&kUI andTad, while the normal
feature can be exploited to determine DNA methylation levels abntrol DNA shows no cutting bBstUl and minor cutting by
specific loci with a very high degree of quantitative accuracy. Wead. The calculated methylation levels are shown below the
show further that the technique can be applied to DNA samplappropriate lanes. The restriction siteBstJ! will be retained
obtained from microdissected paraffin-embedded sections. Wely if both CpG dinucleotides within its recognition sequence
refer to this procedure as COBRA (combined bisulfite restrictioare methylated. This is a more stringent requirement than for a site
analysis). such aJad with a single CpG dinucleotide within its recognition
The general outline of the method is depicted in Fidure sequence. Thus, the choice of restriction enzyme can be adjusted
Methylation-dependent sequence differences are introduced itto accommodate different levels of DNA methylation in the
the genomic DNA by the standard sodium bisulfite treatment arsdmples to be analyzed.
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COBRA - Combined Bisulfite Restriction Analysis
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Figure 1. Outline of the COBRA procedure. COBRA consists of a standard =~ "#8Bpneut) | == = = = = = — — - )
sodium bisulfite PCR treatment followed by restriction digestion and quantitation 1BAZhe 50— "__(,,-“-’
step. During the first step, unmethylated cytosine residues are converted t arte e o 5
thymine, whereas methylated cytosine residues are retained as cytosine. Tl ] =*
consequences for the restriction 8| are illustrated. The percentage of &5 bp | QA | & Tumor |
fully methylatedBsuUI sites in a genomic DNA sample can be calculated from [ 5 | ad PR TER]
the ratio between tHgstl-cleaved PCR product and the total amount of PCR e 2% o Hocne T W
product. The sodium bisulfite treatment and PCR reaction is performed i -BstUI
essentially according to ref. 1. Approximatelyglof genomic DNA is used for &4 bp PCR Product
the sodium bisulfite reaction. For samples with nanogram quantities of DNA T e T SyTY™
(such as the DNA from paraffin-embedded sectionsy,salmon sperm DNA ® Tagl T} L
is added as carrier. The DNA is denatured in 0.2 M NaOH. Sodium bisulfite 55 bp
(Sigma, St Louis, MO) is then added to a final concentration of 3.1 M, and e Gibp
hydroguinone to a final concentration of 0.5 mM. The reaction is performed al 123 bp
55°C for 16 h. The samples are desalted with the DNA Clean-Up System 1%k 0P

(Promega, Madison, WI). Subsequently, the DNA samples are desulfonated by
0.3 M NaOH and ethanol-precipitated. The PCR reactions are performed in a
volume of 100ul containing X Expand HF buffer (Boehringer Mannheim),
2.5 mM MgCh, 0.24 mM dNTPs, iM of each primer and 2 U of Expand HF
Enzyme Mix (Boehringer Mannheim). The PCR primers are designed to be Figure 2. Determination of the quantitative accuracy of COBRA. Analysis was
complementary to the converted DNA sequences with no CpG dinucleotides inperformed at the estrogen receptor CpG island on DNA samples derived from
the corresponding region of original unconverted DNA. To ensure complete the human colorectal tumor cell line HCT118)[(anes 2, 4 and 11]G] lanes
digestion of the PCR products in the subsequent restriction digestion step, tha3, 15 and 22]. Normal peripheral blood lymphocytes were used as a control
samples are first purified using 10K MWCO nanospin plus filters (Gelman [(A), lanes 1, 3 and 5]; [(C), lanes 12, 14 and 16]. (A) shows a COBRA assay
Sciences) with two rinses of 20water. The purified PCR products are then  with the restriction enzymBsuI, (C) with Tad. The calculated methylation
digested with a restriction enzyme with a recognition sequence containing CpGevels are shown below the appropriate lanes in (A) andf)C3hows a map
in the original unconverted DNA. Cleavage will occur only if the CpG sequence of the PCR product with the sizes of the predicted digestion products. There are
has been retained during the bisulfite conversion by a methylated status of thénree potentialag sites within the148 bp PCR product. The probe shown in
cytosine residue. It is essential to ensure that the bisulfite conversion iS(E) provides information on the levels of methylation at site #2. This value is
complete. Therefore, a control digest is performed with an enzyme such asbtained by calculating the combined signals of the 65 and the 91 bp bands. The
Hspo2ll, which has a recognition sequence (CATG) that should be destroyedsignal of the 65 bp band alone represents the fraction of molecules in the original
by the bisulfite conversion. Any cleavage Hg2Il would indicate either DNA sample with linked methylation at bofad sites #1 and #2. The levels
non-CpG DNA methylation or incomplete sodium bisulfite conversion. All - of methylation of the other individu®d sites can be determined using probes
restriction digests reactions are performed at the appropriate temperature for &it different locations in the PCR product. The tumor cell DNA and normal
least 4 h. The digested PCR products are separated on a 8% denaturingontrol DNAs were mixed by volume at various ratios as indicated (lanes 6-10
polyacrylamide gel and transferred to Zetabind charged membrane (Americarand 17-21) to determine the quantitative nature of the COBRA assay. Linear
Bioanalytical) by electroblotting. The membranes are then hybridized with regression analyses of the results are shov) and D). The calculated DNA
5'-end-labeled oligonucleotides according to (8). Quantitation is performed methylation percentages are plotted as a function of the percentage input tumor
with a Molecular Dynamics Phosphorimager. DNA. The correlation coefficient is 0.998 for tBsUl digests (B). The
correlation coefficient for the single cutTad site #2 [(D), open squares] is
. s 0.988. The correlation coefficient for linked methylation at Bati sites #1

We tested whether COBRA would provide quantitative resultsng # (D), closed circles] is 0.985. The values for the unmixed samples are

across a wide spectrum of DNA methylation levels by analyzingot included in the linear regression analysis, since the DNA samples were

mixtures of the colorectal tumor cell line DNA and the normalmixed by volume, rather than by DNA amount. Experimental procedure:
control DNA in different ratios. The mixed samples were genomic DNA was isolated according to ref. 9 and processed as described in

: . ; ure 1. The PCR primers were designed to generate a 148-bp PCR product
prepared prior to the bisulfite treatment and processed ﬁhin the 3 UTR of the humartkER gene from the lower DNA strand of the

independent samples throughout the entire COBRA procedurgisulfite converted sequence (10). Thé fimer OL-001 sequence
The results are shown in FiguteLinear regression analysis of (TCCTAAAACTACACTTACTCC) corresponds to positions +22 to +42 of the
the data shows that the COBRA technique yields reliable"ﬁ’mtgg é‘er%f\ge (10). Th@?ﬂter OL-F%_O2 Sequggcte (GligT(AlgT%

: : : : corresponas to positions + 0 + . e
guantitative results across a wide range of DNA methylaﬂon Ievgzl&robe OL-039 sequence ( AAKCC! . !%TC) corresponds to positions +92
We next tested whether COBRA could be applied to the routing 103 in the unconverted sequence @epo2ll digests (lanes 3, 4, 14 and
analysis of clinical tumor specimens that had been paraffints) were performed to confirm that the sodium bisulfite conversion was

embedded and microdissect&)l (e analyzed seven pairs of complete (see Fig. 1).
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NT NT NT NT NT NT NT Southern blot analysis is a fairly quantitative method to analyze
DNA methylation levels at specific gene loci, but it is incompatible

oaEl with DNA isolated from paraffin sections. Methylation-sensitive
e % B B R R R restriction enzyme digestion followed by PCR is prone to
false-positive results since even low levels of spurious incomplete
digestion can result in a PCR product. This problem is exacerbated
84 - . iy in samples derived from paraffin sections. COBRA circumvents
this problem by restriction digestion of a purified PCR product,
P rather than of the original genomic DNA. A recently described
BstUlSite: 0 0 1823 018 012 54 40 29 22 49 96 bisulfite-PCR-based method called MSPB) (s an excellent
Tag! alternative, but tends to be a more qualitative, rather than

guantitatively accurate method. COBRA and the Ms-SNuPE
s B B B B B E®B method described in the adjacent papeau(e the first techniques

to combine the attractive features of rapid ease of use, highly
guantitative results and compatibility with paraffin-embedded

samples.
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