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Figure 2. Correlation between an output value and'the fraction. of methylated CpG sites by bisulphite sequencing. Forty samples with
variable. methylation levels (11 loci in four cell lines) were analysed by bisulphite sequencing, and the fraction of methylated CpG
sites among all the CpG sites within 200 bp of the microarray probes was obtained. The numbers of CpG sites in this region ranged
from 7 to 21. The Me value had a linear correlation with the fraction (r = 0.88, Pearson’s correlation coefficient).

for methylated and unmethylated CGls with these
cut-off values were 71.8 and 83.8%, respectively
(Table 1). Since these cut-off CGI Me values worked
in the four samples with different global methylation
levels, Me values of 0.6 and 0.4 were considered
to be suitable to identify highly methylated and

unmethylated CGls, respectively, with reasonable
accuracies.

These data showed that, for quantification of
methylation levels, the Me value had linearity similar
to Batman and MEDME.'*'® Although samples ana-
lysed were different, the coefficient of determination
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Table 1. Comparison between methylation statuses determined using the CGl Me value and those by MSP

MSP MeDIP-CGlI microarray AGS HSC39 HSC57 KATOlI Total

Methylated Highly methylated 64 17 12 36 129
Moderately methylated 29 13 6 23 71
Unmethylated 4 3 6 8 21

Unmethylated Highly methylated 1 6 7 4 18
Moderately methylated 2 8 11 4 25
Unmethylated 11 56 61 21 149

Methylated /unmethylated Highly methylated 0 4 5 8 17
Moderately methylated 1 4 2 5 12
Unmethylated 1 2 2 4 9

Not amplified by MSP 0 0 1 0 1

Methylated Sensitivity 0.660 0.515 0.500 0.537 0.584
Specificity 0.938 0.875 0.864 0.739 0.848
Accuracy 0.699 0.770 0.786 0.619 0718

Unmethylated Sensitivity 0.786 0.800 0.772 0.724 0.776
Specificity 0.949 0.884 0.758 0.857 0.884
Accuracy 0.929 0.832 0.768 0.823 0.838

Using 113 CGls, we compared methylation statuses determined using the Me value and those by MSP.
Methylated/unmethylated, both methylated and unmethylated DNA molecules were detected by MSP.

(R?, Pearson’s) obtained by the Me value was 0.77,
being in the same range as Batman (0.82) and
MEDME (0.7 5). The linearity of the Me value was vali-
dated also using four samples with different global
methylation levels, which has not been done with
Batman (one sample) and MEDME (two samples).
Further, the CGI Me value enabled us to score comple-
tely methylated and unmethylated statuses of CGls in
samples with variable global methylation levels using
common cut-off values. It is also of note that the Me
value can be conveniently calculated using a spread-
sheet and a commercially available software, such as
Excel (Microsoft).

3.4. Application of the Me value to analysis of the
association between CGl methylation and gene
expression

Using the Me value, methylation profiles of CGls
and- promoters were analysed in four gastric cancer
cell lines; AGS cells after 5-aza-dC treatment, and
one ‘normal” gastric tissue sample (a pool of four
samples from' four individuals). CGls' (promoters)
with CGl (promoter) Me values more than 0.6 were
classified as ‘methylated’.”Of the 30 533 CGls ana-
lysed, 3768-7310 CGIs were methylated in' the
cancer cell lines, and 3393 CGls were methylated
in the normal sample (Table' 2). However, methyl-
ation was  infrequent in promoters . (Table 2,
Supplementary Fig. S4A and B). The ratio of methyl-
ated promoters in cancer cell lines (6.7 -12.5%) was
in accordance with that in a previous report (10.9%
in lung cancer cell lines).?? The difference between
overall CGls and promoters was  clearer in the
normal gastric tissue than in the human gastric

cancer cell lines. Interestingly, CGls in the vicinity of
the LINE and SINE repetitive elements had lower Me
values than those further away from them in cancer
cell lines (Supplementary Fig. S4C and D). A small
peak was observed at 300 bp from SINE, and CGls
closer to SINE and LINE were less methylated than
those further apart from SINE and LINE. There is a
possibility that a boundary function of these repeti-
tive elements prevents- methylation beyond the
boundary spread across into CGls. Actually, SINE is
reported to have binding sites for the TFIIC transcrip-
tion factor, and to protect promoter CGls from repres-
sive chromatin modifications.?*

The numbers of methylated CGls were larger in AGS
and KATOIlI than in HSC39 and HSC57, which was in
accordance with our previous findings.® The differ-
ence among the four cell lines was observed not
only at the overall genome level but also on individual
chromosomes (Supplementary Fig. S5). In. contrast,
the numbers of methylated promoters had the same
difference at the overall genome level, but some dis-
tortions-were present on specific chromosomes. For
example, HSC39 had the largest numbers of methyl-
ated: promoters on chromosomes 15, 18, and 22,
and HSC57 had the largest number on chromosome
21. This result suggested - that promoters . have
unique mechanisms to be methylated in cancer
cells, such:as functional selection of a cell with
methylation of specific promoters.

Gene expression profiles were also obtained by
expression. microarray analysis of the same four
cancer cell lines and the normal gastric tissue
sample. When  genes were classified by their
expression  levels, genes with high expression had
lower methylation levels in their promoters than
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Table 2. DNA methylation profiles of CGls according to their positions against TSSs obtained by MeDiP-CGI microarray

Total Number of methylated CpG islands and promoters
number AGS HSC39 HSC57 KATOIH AGS + 5-aza- Normal gastric
analysed dc (1 pM) tissue
CpG islands
All CGI 30533 7310(239%) 3768 (12.3%) 4663 (15.3%) 6460 (21.2%) 4 (0.0%) 3393 (11.1%)
Upstream 10709 1911 (17.8%) 937 (8.7%) 794 (7.4%) 1556 (14.5%) 1 (0.0%) 260 (2.4%)
Gene body 10654 1607 (15.1%) 867 (8.1%) 665 (6.2%) 1328 (12.5%) 0 (0.0%) 194 (1.8%)
(+1to+1k)
Gene body 2050 694 (47.0%) 508 (24.8%) 598 (29.2%) 809 (39.5%) 1 (0.0%) 353 (17.2%)
(+1to +5k)
Gene body (more 4431 2438 (55.0%) 1099 (24.8%) 2171 (49.0%) 2155 (48.6%) 2 (0.0%) 2360 (53.3%)
than +5 k)
Downstream 1186 561 (47.3%) 310 (26.1%) 376 (31.7%) 509 (42.9%) 0 (0.0%) 216 (18.2%)
Divergent 1503 99 (6.6%) 47 (3.1%) 59 (3.9%) 103 (6.9%) 0 (0.0%) 10 (0.7%)
Promoters 9624 1205 (12.5%) 792 (8.2%) 641 (6.7%) 1142 (11.9%) 3 (0.0%) 113 (1.2%)
Probes 237202 70027 (29.5%) 43 825 (18.5%) 48292 (204%) 65192(27.5%) 723(0.3%) 27017 (11.4%)

Definitions of the CGl positions are described in Section 2.

those with low expression in all cell lines (Fig. 3A).
When genes were classified by methylation levels
(unmethylated, moderately methylated, and highly
methylated), genes with high methylation in their
promoters had lower expression than those with low
methylation (left panel in Fig. 3B). In contrast, genes
with high methylation in their gene bodies (5 kb or
more downstream of TSSs) had slightly, but signifi-
cantly, higher expression levels (right panel). These
results clearly showed that methylation of gene
body CGIs was associated with increased gene
expression, as in previous reports.>*737 Finally,
genes with low expression in normal gastric tissue
had higher methylation levels of promoters in
cancer cell lines (Supplementary Fig. S6). This result
was_in. line with. the fact that genes with low
expression are susceptible to DNA methylation.?®3%3?

3.5.. Application of the Me value to analyse the effect of
a demethylating agent

Treatment of cells with 5-aza-dC induces demethy-
lation of: various CGls, but the degree. depending
upon- their positions: against ‘TSSs- has not been
clarified. The relationship. between the degree- of
demethylation of promoters and that of expression
induction has not been clarified, either. To address
these two issues, we analysed methylation and gene
expression levels in AGS before and after 5-aza-dC
treatment.

Demethylation of the genes with methylated CGls
or promoters (Me value > 0.6) before 5-aza-dC treat-
ment was analysed. The average degree of demethyla-
tion was not influenced by the positions of CGls
against their TSS (Fig. 4A), whereas the degree of
demethylation of individual CGls was highly variable

(representative genes in Fig. 4B). The average degree
was not influenced by the distance between a CGl
and repetitive elements (LINE, SINE), either (data
not shown). There was no correlation (r=0.12,
Fig. 4C) between the degree of demethylation of pro-
moters (decrease of Me value in MeDIP-CGl microar-
ray) and that of induction of gene expression (fold
increase of signal log ratio in expression microarray
analysis). The majority of genes with methylation
of their promoters showed little or no increase of
expression after 5-aza-dC treatment. The number of
methylated promoters identified by MeDIP-microar-
ray analysis was much larger than that of genes ident-
ified as silenced by expression microarray analysis
after 5-aza-dC treatment (Table 3).

These results showed that expression cannot be
induced for the majority of genes with methylation
of their promoters even with a demethylating agent,
possibly due to the lack of transcriptional factors or
the presence of inactive - histone modifications.
Genes with low transcription tend to become methyl-
ated,?%283% and such genes are unlikely to be
expressed. even if the. methylation . is removed.
Caution is necessary when the relationship between
methylation of the promoter and the expression of a
gene is interpreted.

3.6. Application of the Me value in future studies

The differential role of DNA methylation in promo-
ters and gene bodies and the lack of association
between the degree of demethylation of promoters
and that of induction of gene expression were
clearly shown due to the accuracy of the Me value.
We here focused on CGls using a CG! microarray.
Roles of methylation of CpG-poor genomic regions

0102 ‘61 Aepy uo JBluan Jaue) feuoneN 18 H10° s[euInolpioXo yaieasaeup)/:diy woly papeojumod



No. 5]

Genes with high expression

S. Yamashita et al. 283

Highly methylated

A — = - Genes with low expression B = — = Moderately methylated
07 p e TR Unmethylated
' AGS -
0.6 - A
Promoter Gene body
0.5
{more than 5 k from TSS)
0.4 0.3
03 I
0.2 0.2 //,\ oy
7
0.1 /// \Q' e s AGS
4 ; n
0 0.1 b= ¢ s
7 HSC39 VA N '
Y3 i 0 e N e B
.
Al 03
04 ‘\ et -
03 B 0.2 /\ _ . -
=
0z AR N
—_ Vot A i £ HSC39
0.3 X 0.1 d' . “‘r\\ o g .
b Ay o »
) ] g " N\ N ol ‘ﬁ
> 3 ol TSN N
P
o Z o3
- } w
Wi
Y 04 5
=2 2 0.2 A PN N
9 o3 - NN Wi
o o2 € SRR TR HSC57
' 9 o1 ne N T
2 o 2 NGO w4 %)
P e v - %
g 2 £ ol -
u KATOH i 32 03
g 0.6 [y vad a A
1N !f
&ép 0.5 NG e S o2 ,';/, S——
o 04 - 2 Agl R L e
2 e © NS 5 o L KATOlI
< 0.3 e 01 ‘. o e o B /, N,
o [ 5 PO A
04 g ole=” — N
0 u- 03
07
io Normal .
2 £ i)
e ,,,:?,‘W. P  — S W 5
05 Fi X /i b
0.4 : A 1 ) Normal
0.1 fofd N ‘\‘r,,,,” S 5‘ ANURR \ WSS—
o | ira o 4 b
02 4 A LN
0 Lg=T T
03 0 3 128 s00 2k £ 3 4] 3 125 500 %k Bk
% 63 256 1k 4k 16k~ 15 63 36 Ik 4% 16k~

o

“33 08002002 0832
16 H4 01 01 03 16

Distance from TSS to probe (kb)

Transcriptional levels of genes
(signal intensity of GeneChip)

Figure 3. Association between DNA methylation level and gene expression. (A) Average methylation levels (site Me values) of genes with
high and low expression. Genes with low expression (dashed line) showed significantly higher methylation levels than those with high
expression (solid line) in positions close to TSSs. (B) Gene expression levels according to methylation statuses of the promoters (left
panel) and gene bodies (right panel). Genes were classified into. unmethylated (CGlI Me value <0.4, dotted. line), moderately
methylated (0.4 < CGl Me value < 0.6, dashed line), and highly methylated (CGI Me value >0.6, solid line). Methylation of

promoters was strongly associated with low expression (P=8 x 10~

203 in AGS, t-test of expression of methylated. genes and

unmethylated genes), and methylation of CGls in gene bodies was associated with higher expression (P=6 x 10* in AGS).

in genome regulation are not as clear as those of
CGls,'%*? and focusing on CpG-rich regions is advan-
tageous to isolate genes of interest. Also, the collec-
tion efficiency of methylated DNA by MeDIP or MBD
is low in CpG-poor genomic regions,””*! and analysis
of both CpG-poor and -rich regions leads to a compli-
cated algorithm for normalization. The selective
analysis of CGls enabled us to develop a simple, but
reliable output value.

The use of MeDIP allowed us to analyse methylation
levels of any genomic regions regardless of the

presence of restriction sites, and we were able to
focus on-promoters- in some part of this study. We
did not amplify the IP DNA during preparation of
hybridization probes to avoid any amplification bias,
and this was enabled by the use of a microarray plat-
form with a high sensitivity and low signal/noise ratio.
Under these optimal conditions, we achieved a high
reproducibility (r = 0.98) and simplicity for the quan-
titative methylation microarray analysis.

In conclusion, we developed a new output value
for microarray analysis suitable for quantitative
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after 5-aza-dC treatment.

Table 3. The number of methylated promoters: by MeDIP-
microarray analysis and silenced genes by expression microarray
after 5-aza-dC treatment -

Number of methylated promoter

CGls
AGS = HSC39 HSC57 KATOl
MeDIP-CGI microarray® 1205.. 792 641 1142
Expression microarray after 25 4 1 41

5-aza-dC treatment®
(Moriguchi et al.”®)

#Promoters identified as methylated by MeDIP-microarray
analysis, among 9624 genes arrayed on CpG island microar-
ray (Agilent).

®The genes in which a 16-fold increase. of expression after
treatment of 5-aza-dC (optimized concentrations in each
cell line) was observed by expression microarray, which con-
firmed its methylation in promoter by MSP, among 19 421
genes arrayed on GeneChip Human Genome 133 Plus 2.0
(Affymetrix).

assessment of DNA methylation levels. The Me value
will be useful in genome-wide screening using hetero-
geneous samples.
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Chapter 10

Methylation-Sensitive Representational Difference Analysis
(MS-RDA)

Toshikazu Ushijima and Satoshi Yamashita

Abstract

Methylation-sensitive representational difference analysis (MS-RDA) is a genome subtraction method
that isolates DNA fragments differentially methylated between two genomes. It can be performed in any
organism, even in those for which no microarray products are available. An important characteristic of
MS-RDA is that it enriches unmethylated CpG-rich regions of the genome (amplicon), most of which are
unique sequences. DNA fragments differentially methylated between two DNA samples will be present in
one amplicon, but not in the other. The difference can be identified by RDA. Most technical difficulties
reside in the RDA procedure, and many fine techniques are necessary for a successtul application of this
powerful technology.

Key words: MS-RDA, genome-wide screening, epigenome, DNA methylation, epigenetics.

1. Introduction

Methylation-sensitive  representational  difference  analysis
(MS-RDA) is a genome subtraction method that isolates DNA
fragments differentially methylated between two genomes (1-3).
In an era when microarray analyses are extensively performed,
the advantage of MS-RDA is that it can be performed to analyze
any organism, even those for which no microarrays are available.
Even if microarrays are available for the species of interest, MS-
RDA does not require any fancy instruments, such as expensive
scanners. If an investigator is familiar with the RDA procedure
itself, MS-RDA can be easily performed.

For MS-RDA, genomic DNA is digested with a methylation-
sensitive restriction enzyme, and DNA fragments are restricted

Jorg Tost (ed.), DNA Methylation: Methods and Protocols, Second Edition, vol. 507
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into sizes suitable for PCR that are subsequently amplified into
an “amplicon” by PCR using a universal adaptor and primer
(Fig. 10.1). The amplicon is enriched with DNA fragments
derived from unmethylated genomic regions with frequent occur-
rence of the recognition sites of the restriction enzyme. Prepa-
ration of an amplicon reduces the complexity of the genome,
and genomic subtraction can be efficiently performed using two
amplicons from two different genomes. DNA fragments present
only in the “tester” sample, but not in the “driver” sample, can be
isolated by the following genomic subtraction RDA (Fig. 10.2).

Any conventional method for genome-wide screening of dif-
ferences in DNA methylation needs to prepare a representation

—{ Sample A %

ovomco St 3 b o bbb}

CpG-rich region #1

Restriction
products

Amplicon

——~] Sample B }

ovmeons S8 0t 183 b o B

CpGerich region

Restriction
products — i ]
Amplicon —

e Repetitive sequences ? Unmethylated CpG site
£33 Unique sequences ® Methylated CpG site
O Restriction site

Fig. 10.1. Preparation of amplicon in MS-RDA. Tester and driver amplicons are prepared
from samples A and B, respectively. The samples are digested by a methylation-sensitive
restriction enzyme, such as Hpall, Sadl, or Nar. DNA fragments suitable for PCR are
derived from unmethylated CpG-rich regions and amplified into an amplicon by PCR
using a universal adaptor.
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Fig. 10.2. Procedure of RDA. The overall procedure of RDA. Amplicons are prepared
from restriction products of the tester and driver DNA (also shown in Fig. 10.1). Only
for the tester, a new adaptor is ligated. A small amount of the tester is mixed with the
driver amplicon, and the mixture is denatured by heat and undergoes re-annealing under
stringent conditions. If a DNA fragment in the tester had its counterpart in the driver
(fragments #1 and #3), it will re-anneal with a fragment in the driver because the driver
is present in‘large excess. if a DNA fragment does not have its counterpart in the driver
(fragment #2), it will re-anneal with a tester fragment. Only such DNA fragments have
an adaptor on both ends and can be amplified exponentially in the following selective
amplification.

of the genome as the entire genome spans 3 x 10°bp and
is too large to be comprehensively analyzed by any conven-
tional method and even by most microarray techniques. The
representation that is used for the screening can be prepared
by various means such as subtraction (MS-RDA, methylated
CpG island amplification-RDA, etc.) or two-dimensional gel-
electrophoresis (restriction landmark genomic scanning; RLGS,
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Fig. 10.3. Preparation of amplicons from methylated regions of the genome. Amplicons
can also be prepared from methylated regions of the genome. However, if such regions
are amplified; the vast majority is derived from repetitive sequences and not suitable for
genome subtraction.

Chapter 11) (3). To prepare a representation of the genome,
either the unmethylated or methylated regions of the genome can
be extracted. Since more than 40% of the human genome is made
of repetitive sequences that are CpG rich and highly methylated,
a representation constructed from methylated regions of the
genome will contain a significant amount of repetitive sequences
(Fig. 10.3). Repetitive sequences are resistant to removal by
genome subtraction and prevent efficient isolation of differen-
tially methylated unique sequences. MS-RDA prepares its repre-
sentation from unmethylated regions of the genome, and avoids
thereby the interference from repetitive sequences.

MS-RDA has been applied to isolate DNA fragments methy-
lated in human lung cancers, gastric cancers, breast cancers,
pancreatic cancers, neuroblastomas, and melanomas (4-10). A
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tumor-suppressor gene was identified in gastric cancers (11), and
a promising prognostic marker was identified in neuroblastomas

(9,12).
2. Materials
2.1. Regular 1. 5M NadCl,
Reagents Used in 2. Neutralized, water-saturated phenol and chloroform,
Molecular Biology 3. 3M NaOAc,
4. 10 M NH4OAc,
5. Agarose and NuSieve GTG agarose,
6. 0.5 x TBE: 5 mM Tris, 0.45 mM boric acid, and 1 mM EDTA,

2.2. Oligonucleotides

and
Competent cells.

. Oligonucleotides to prepare adaptors for the Hpall

series:

RHpa24: 5'-AGC ACT CTC CAG CCT CTC ACC GAC-3/,
RHpall: 5-CGG TCG GTG AG-3/,

JHpa24: 5’-ACC GAC GTC GAC TAT CCA TGA AAC-3/,
JHpall: 5'-CGG TTT CAT GG-3',

NHpa24: 5'-AGG CAA CTG TGC TAT CCG AGG GAC-3/,
NHpall: 5-CGG TCC CTC GG-3'.

. Oligonucleotides to prepare adaptors for the Sacll series:

RSac26: 5-AGC ACT CTC CAG CCT CTC ACG ACC
GC-3,

RSac9: 5-GGT CGT GAG-3/,

JSac26: 5-ACC GAC GTC GAC TAT CCA TGA ACC
GC-3,

JSac9: 5'-GGT TCA TGG-3/,

NSac26: 5-AGG CAA CTG TGC TAT CCG AGG ACC GC-
3, and

NSac9: 5'-GGT CCT CGG-3'.

Oligonucleotides to prepare adaptors for the Narl series:

RNar24: 5’-AGC ACT CTC CAG GCA CTC ACC AGG-3/,

RNarll: 5’-CGC CTG GTG AG-3’,

JNar24: 5’-ACC GAC GTC GAC TAT CCA TGA AGG-3,

JNarll: 5-CGC CTT CAT GG-3/,

NNar24: 5-AGG CAA CTG TGC TAT CCG AGG AGG-3/,
and

NNarll: 5-CGC CTC CTC GG-3.

. Oligonucleotides used as PCR primers.

For the Hpall series, use RHpa24, JHpa24, and NHpa24.

For the Sacll series, use RSac24: 5-AGC ACT CTC CAG
CCT CTC ACG ACC-%/,

JSac24: 5’-ACC GAC GTC GAC TAT CCA TGA ACC-3’ and
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2.3. Amplicon
Preparation

2.4. Competitive
Hybridization and
Selective
Amplification

2.5. Cloning of the
MS-RDA Product

NSac24: 5'-AGG CAA CTG TGC TAT CCG AGG ACC-3'.
For the Narl series, use RNar24, JNar24, and NNar24.

1. Methylation-sensitive restriction enzymes Hpall, Sacll, and
Narl (New England Biolabs, Beverly, MA), and the
methylation-insensitive restriction enzyme, Mspl (New Eng-
land Biolabs).

2. T4 ligase (New England Biolabs), and T4 ligase buffer (10 x
accompanying T4 ligase). The T4 ligase buffer contains ATP
and should be thawed on ice.

3. Taq polymerase. Hot Start Taq polymerases activated by heat-

ing at 95°C are “not” suitable.

dNTP each 2 mM or 2.5 mM.

. 10 x PCR buffer III: 67mM Tris-HCl (pH 8.8), 4mM
MgCly, 16 mM (NH4)2SO4, 10 mM B-mercaptoethanol, and
100 wg/mL bovine serum albumin (BSA). After mixing these
reagents, filter with an Acrodisk (0.2 pm), aliquot into several
1-mL stock tubes, and keep at —20°C.

6. 5M betaine. After dissolution, filter with an Acrodisk
(0.2 pm), aliquot into several 1 mL stock tubes, and keep at
—20°C.

7. Chroma Spin + TE-200 column (Clontech K1325).

Al

1. 3 x EE solution: 30mM EPPS (4-(2-Hydroxyethyl)-1-
piperazinepropanesulfonic acid, pH 8.0), and 3mM EDTA.
EPPS is-known to have a consistent pH at high temperatures
(13), and is stable for years once the pH is adjusted.

2. Mung bean nuclease (New England Biolabs).

1. TA cloning kit using for example pGEM-T Easy (Promega).

3. Methods

The difficulty of MS-RDA mainly resides in the technical com-
plexity of RDA. Since there are many steps in RDA, it is evident
that even if 80% efficiency is achieved in each step, the final yield
will go down to 11% after 10 steps. If 90% efficiency is achieved,
it will be 35%; and at 95% efficiency, it will be 60%. Therefore,
it is essential to maximize the efficiency at each step by maintain-
ing DNA fragments that should be maintained and by eliminating
those that should be eliminated.

The following procedures describe the Hpall series of MS-
RDA. Except for the optimal ratio of the mixture of the tester
and driver amplicons, the Sacll series and Narl series can be
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performed in the same manner using the appropriate adaptors
(Section 2.2).

1.

Genomic DNA (10pg) is digested twice with an excess
amount (100 U) of a methylation-sensitive restriction enzyme
such as Hpall, Sacll, or Narl (see Note I). The digestion prod-
uct is extracted twice with phenol, twice with chloroform, and
precipitated with ethanol using NH4OAc. Dissolve the pellet
in 20 oL of TE and quantify the solution.

. Prepare adaptors for PCR amplification in parallel to step 1. To

prepare 100 wM RHpa adaptor solution, dilute both RHpa24
and RHpall oligonucleotides with TE to final a concentration
of 100 wM. Heat the mixture at 70°C for 5 min and cool down
to 10°C. Prepare JHpa and NHpa adaptors in a similar manner
(see Note2).

. Ligate the RHpa adaptor to the purified Hpall-restricted

DNA. The ligation mixture (30 L) contains 500 pmol of
RHpa adaptor, 1pg of the restricted DNA, 1 x T4 ligase
buffer, and 800 U of T4 ligase. Keep the mixture at 16°C
overnight (see Note 3).

. Prepare a PCR mix (400 pL per sample) containing 3 wL of

the ligation mixture, 1 x PCR buffer III, 300 uM dNTPs, 1 M
betaine (see Note 4), and 1 wM RHpa24 primer. Prepare one
500 wL Eppendorf tube for the tester sample, and 10 tubes for
the driver sample (see Note 5).

. Start the PCR reaction by heating tubes at 72°C and addi-

tion of 3L of Taq polymerase (5 U/nL) to each tube (see
Note 6). Then, perform 20 cycles of PCR (95°C for 1 min
and 72°C for 3 min), and check the degree of amplification
by running 10 pL of the PCR solution in a 0.9% agarose gel.
If the PCR product (smear) has an intensity comparable to
the DNA marker (250 ng/lane), the amplification is sufficient
(Fig. 10.4). If not, add two to ten more cycles.

When sufficient amplification is achieved (see Note 7), purify
the PCR product by two phenol extractions, two chloroform
extractions, and ethanol precipitation with NH4OAc. Dissolve
the precipitate in 30 wL (tester) and 300-400 pwL (driver) of
TE, and quantify the samples (see Note 8).

. Digest 20 pg of tester amplicon and 200 pg of driver amplicon

with 100 U and 1000 U of Mspl, respectively. By running
1 g of the digested DNA in a 3% NuSieve GTG agarose gel,
confirm that the adaptor is completely restricted (Fig. 10.5).

. Inactivate the restriction enzyme by extracting the digestion

solution with phenol. Remove the digested adaptor by apply-
ing the extracted solution to a Chroma Spin + TE-200 column
(one column for the tester, and four columns for the driver).
For the tester, only the first elute (E1) should be used for the
following steps. For the driver, the amplicon remaining in the
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3.2. Compelitive
Hybridization

Number of
PCR cycles

20 22 25

Fig. 10.4. Typical preparation of an amplicon. With 20 cycles of PCR the smear was not
intense enough, and two cycles were added (22 cycles). If a further three cycles were
added (25 cycles), the smear extended into a high molecular weight and was considered
to have a significant amplification bias.

Fig. 10.5. Elimination of the digested adaptor. The digested amplicon showed a strong
band for the 24-bp adaptor (shown by an arrow); and the band has completely disap-
peared in E1. However, the band still appeared in E2, and this E2 was again column
purified and used as a driver.

column can be washed out (E2) by adding another TE for
elution (see Note 9). By running 5wl of E1 (and E2) in 3%
NuSieveGTG agarose gel, confirm that the digested adaptor is
at least for E1 completely removed (Fig. 10.5).

1. Ligate a new adaptor (JHpa adaptor) only to the tester ampli-
con El. The ligation solution (30 wL) contains 500 pmol of
JHpa adaptor, 200 ng of the tester amplicon (E1), 1 x liga-
tion buffer, and 800 U of T4 ligase. Keep the solution at 16°C
overnight.

2. Add 70 wL of TE to the ligation solution, and extract the solu-
tion once with phenol. Mix the extracted solution (100 L)
with 40 pg of the driver amplicon (E1 and E2). Extract the
mixture once with phenol, twice with chloroform, and precip-
itate it with NaOAc (see Note 10).
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. Centrifuge the tube and rinse the pellet with 70% ethanol. Dry

the pellet to a degree that it is dry but still retains water (see
Note 11). Dissolve the pellet in 4 wL. of 3 x EE solution (see
Note 12).

. Denaturation and re-annealing are successively performed.

Place one drop of mineral oil onto the 4 L 3 x EE solution
in tube C. Denature the DNA mixture by heating at 96°C
for 10 min in a thermal cycler. Add 1 wL of 5 M NaCl, paying
attention so that the tube is “not” cooled during the handling
(see Note 13), and keep the tube at 67°C for 1624 h for re-
annealing.

. The denatured and re-annealed mixture is diluted by adding

45 L of 1 M NaCl preheated at 67°C. To prevent evapora-
tion, 1 M NaCl should be prepared in a large volume (400-
500 wL). Great care should be taken that the mixture does not
cool down.

. Prepare a PCR solution (387 wL for now, but final 400 wL)

that contains 1 x PCR III buffer, 300 uM dNTP, 1 M betaine,
and 15 U of Taq polymerase; keep the solution at 72°C.

. To the PCR solution, add 5L of the diluted mixture (step

1) at 72°C avoiding cool down of the mixture (see Note 14).
This step is necessary to fill in 3’ ends of re-annealed products.

. Add 8 uL of JHpa24 primer (50 wM) to the PCR solution at

the first 95°C step, and perform 10 cycles of PCR (95°C for
1 min and 70°C for 3 min). After 10 cycles of PCR, keep the
PCR solution at 72°C. Do not cool it down.

. Take the tubes out of the thermal cycler and add immediately

40 pL of 10 x mung bean buffer to the PCR tube (see Note
15). Then add 10puL of mung bean nuclease (10 U/pL).
Keep the tube at 30°C for 30 min.

. Extract the solution twice with phenol, twice with chloroform,

and precipitate it with ethanol using NH4OAc (see Note 16).
Dissolve the pellet in 30 wL of TE.

. Prepare a PCR solution that contains 1 x PCR III buffer,

300 wM dNTDs, 15 U Taq polymerase, 1 M betaine, and 3 pL
of the above solution (step 6) (see Note 17). Heat the tube
to 95°C, and then add 8uL of JHpa24 primer (see Note
18). Perform 20 cycles of PCR (95°C for 1 min and 70°C
for 3 min).

. Check the degree of PCR amplification by running 10 pL of

the PCR solution in a 2% NuSieve agarose gel (Fig. 10.6). If
the amplification is not sufficient, add 2-10 cycles of PCR.

. Extract the PCR solution twice with phenol, twice with chlo-

roform, and precipitate it with ethanol using NH4OAc. Dis-
solve the pellet in 50 wL of TE, and quantify the solution. This
is the product of the first cycle of competitive hybridization
(C1).
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Fig. 10.6. A typical course of MS-RDA. Amplicons were prepared from a normal human
embryonic melanocyte (HEM) and a melanoma cell line (MeWo). Two series of MS-
RDA were performed using HEM as the tester (HEM — MeWo) and MeWo as the tester
(MeWo —~ HEM). In C1, some differentially methylated fragments seem to be enriched.
In C2 and C3, differentially methylated fragments became clearly visible by ethidium
bromide staining of the entire DNA. Appropriate enrichment of differentially methylated
fragments was confirmed by adding an unmethylated and methylated DNA fragment
(AG8) to the tester and driver, respectively, at a concentration of one copy per haploid
genome, and by observing its amplification by Southern blot analysis.

3.4. The Second Cycle 1. Digest 5-20 ng of C1 with 50-200 U of Mspl to switch the
JHpa adaptor to the NHpa adaptor.

2. In a similar manner to the adaptor switch from RHpa to
JHpa (step 8 of Section 3.1 amplicon preparation), remove
the digested JHpa adaptor, and confirm that the removal was
complete.

3. To the C1 whose adaptor was removed (C1,/Mspl/El), ligate
the NHpa adaptor in a 30 pL solution that contains 500 pmol
of the NHpa adaptor, 200 ng of the C1/MspI/El, 1 x T4

| ligase buffer, and 800 U of T4 ligase. Keep the solution at

| 16°C overnight.

4. Add 70 L of TE to the ligation solution, and extract the
solution once with phenol. Mix 40 ng (20 wL of the diluted
solution) of the diluted ligation solution with 40 pg of driver
amplicon (E1 and E2). Extract the mixture once with phenol,
twice with chloroform, and precipitate it with ethanol using
NaOAc.

5. Perform competitive hybridization and selective amplification
as described for Cl1 in steps 3 and 4 of Section 3.2 (com-
petitive hybridization) and steps 1-9 of Section 3.3 (selec-
tive amplification), except that the NHpa24 primer is used
(see Note 19). This will produce C2. For C2, 20 cycles are
usually enough for the second PCR as described in step 7
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of Section 3.3 (selective amplification). Confirm that selec-
tive amplification took place by running C2 in a 2% NuSieve
agarose (Fig. 10.6).

. If selective amplification is not satisfactory in C2, a third cycle

could be performed. In this case, switch the adaptor from
NHpa back to JHpa, and perform competitive hybridization
and selective amplification as described above (see Note 20).

. Clone the product of the last selective amplification (C2 or C3)

into pGEM-T Easy vectors (see Note 21). After transformation
into competent cells, pick up 96 clones and sequence them (see
Note 22, se¢ also Chapter 14). The cloned fragments have
the final adaptor on their ends, and their sequence could be
searched in genome databases.

4. Notes

1. This step is the only step that detects the DNA methylation

status of the various genomic regions in the tester and driver.
Therefore, the digestion by a methylation-sensitive restric-
tion enzyme must be complete. Complete digestion can be
confirmed by electrophoresing an aliquot of the digestion
solution in a 0.9% agarose gel and observing the smear pat-
tern. Also, some DNA samples are contaminated with RNA,
and, if so, RNA must be eliminated during the digestion by
RNase treatment. This will allow an appropriate amount of
genomic DNA to be used for the following steps to prepare
an amplicon.

. Once an adaptor is prepared, it can be stored at —20°C for

years.

. The ligation time can be shortened down to 4 h. Since ATP

is necessary for the ligation reaction, 10 x T4 ligase buffer
should be handled on ice.

. Betaine is known to facilitate amplification of G+C-rich

sequences (14).

. These can be prepared at room temperature, while some of

the later steps need careful temperature control. The ligation
solution can be used without any purification.

. To prevent nonspecific amplification, Taq polymerase should

be added at a high temperature. A hot-start using an
engineered-Taq polymerase, such as AmpliTaq Gold®
(Applied Biosystems), is not suitable because the 3’ ends of
the ligation products must be filled in at the initial incubation
step at 72°C (Fig. 10.2).
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7.

10.

11.

12.

13.

For the following steps, a sufficient quantity of amplicon
should be prepared. However, if too many cycles of PCR
are performed, the amplification bias among DNA frag-
ments will become significant. Therefore, the number of
PCR cycles should be kept to a minimum within the range
that yields a sufficient quantity of amplicon.

Typically, the driver amplicon yields 200400 g of amplified
DNA.

Since 40 g of driver amplicon without the adaptor are nec-
essary for a competitive hybridization, 80-120 ng of the
driver amplicon are necessary for a complete MS-RDA pro-
cedure. Use of E2 is sometimes inevitable to secure sufficient
amounts of driver amplicon without the adaptor. However,
for the tester, only E1 should be used because any residual
adaptor can be ligated again and impairs the efficiency of
competitive hybridization and selective amplification.

Since the efficiency of competitive hybridization and re-
annealing is critical for the success of the experiment, the
mixture is purified completely.

As with usual ethanol precipitation, the pellet should be
dried to an appropriate degree. If it is too dry, its dissolu-
tion will become very difficult. If it contains much ethanol,
the volume becomes larger and the efficiency of re-annealing
will be impaired.

Ethanol precipitation is typically performed in a 1.5mL
Eppendorf tube, and the next step will be performed in a
0.5 mL Eppendorf tube. To dissolve the pellet of 40 g of
DNA (in tube A) completely:

(a) take two 0.5mL tubes (B, C),

(b) put 5L of 3 x EE in tube B,
(c) move 2L of 3 x EE from tube B to the pellet in tube A,

(d) vortex tube A for more than 1 min paying attention that
the solution is on the pellet, and spin it down (the solu-
tion is very sticky),

(e) move the 2(+4a) L of the solution in tube A to tube C,

(f) add fresh 2 uL of 3 x EE from tube B to tube A without
changing the tip,
(g) vortex tube A for more than 1 min, and spin it down,

(h) move the 2 pL in tube A to tube C without changing
the tip, and ‘

(i) vortex tube C, and spin it down.

The 5M NaCl can be preheated, but care should be taken
to avoid evaporation. Wear gloves to avoid burns while han-
dling a hot tube. Cooling down of the tube accelerates non-
specific annealing, and will impair the efficiency of RDA.
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The remaining solution (45 L) from step 1 is usually kept
at 67°C until the success of step 8 is confirmed. If the pellet
is lost at step 6, it can be started over from this point.

While adding the mung bean buffer to the PCR solution, its
temperature goes down to 30—40°C. Do not cool it down
too much.

The pellet is very tiny, and the highest care must be taken
that it is not lost. This step is one of the most difficult steps
in the entire RDA procedure.

At this step, for the first time, all the DNA molecules in
the tube are completely double stranded because all the
single-stranded DNA molecules were digested by mung bean
nuclease. Therefore, taking care of the temperature is not
necessary during preparation of the PCR solution.

Only for this PCR, hot-start PCR can be used, if addition
of a primer at 95°C is troublesome. The entire solution can
be prepared at room temperature using an engineered-Taq
polymerase, such as AmpliTaq Gold®.

The product of the first 10 cycles of PCR of the second com-
petitive hybridization is usually much more abundant than
the one in the first competitive hybridization, and the risk of
loss is lower.

An addition of a fourth cycle does not improve the experi-
ment. If selective amplification is not obtained in the third
cycle, the quality of the initial samples, selection of the initial
samples, and technical errors should be considered.

Any TA cloning vector is fine.

The number of clones sequenced is dependent upon the
diversity of the final product. If redundant clones are
observed by sequencing, sequencing can be suspended at
that time point. If only nonredundant clones are observed,
more clones should be sequenced.
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