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INTRODUCTION

Epigenetics refers to the heritable, 
but reversible, regulation of various 
genomic functions mediated through 
partially stable modifications of DNA 
and chromatin histones (1). DNA 
methylation [i.e., cytosine methylation 
(metC) at CpG and occasionally non-
CpG sites] is one of the best-under-
stood epigenetic mechanisms and has 
been investigated using a myriad of 
laboratory techniques (2). Over the last 
15 years, the gold standard technique 
for fine mapping of metC has been 
based on the treatment of genomic 
DNA with sodium bisulfite, which 
converts unmethylated cytosines to 
uracils (and subsequently, via PCR, 
to thymidines), while methylated 
cytosines are resistant to bisulfite and 
remain unchanged (3). After sodium 

bisulfite treatment, DNA regions of 
interest are amplified and sequenced 
to identify C→T transitions or stable C 
positions, respectively corresponding to 
unmethylated and methylated cytosines 
in the native DNA. Typically, PCR 
products are either sequenced directly 
to provide a strand-specific average 
sequence for the population of DNA 
molecules or cloned and sequenced 
to provide methylation maps of single 
DNA molecules (3,4). An alternative 
approach to quantitatively assess the 
methylation level at specific cytosine 
sites within a product is methylation-
sensitive single nucleotide primer 
extension (Ms-SNuPE) (5,6).

Conventional sodium bisulfite 
treatment is beset by a number of 
problems that result from the fact 
that to ensure the full conversion 
of unmethylated cytosines, the 

reaction is necessarily harsh and thus 
causes the large-scale degradation 
of genomic DNA (7). Alternative 
bisulfite-conversion protocols have 
been developed in which DNA is 
embedded in agarose during treatment 
to reduce DNA loss and ensure efficient 
conversion (8), but these procedures 
only partially reduce the degradation 
and are not suited to automated analysis. 
In many epigenetic studies, the amount 
of genomic DNA starting material 
is limited, especially in experiments 
utilizing valuable clinical samples, for 
example oocytes, laser capture micro-
dissected cells, and microscope slides. 
Following bisulfite treatment, converted 
DNA is single-stranded and prone to 
further denaturation unless stored at 
-80°C. The degradation of DNA during 
and after sodium bisulfite treatment is 
a major hurdle to successful studies of 
DNA methylation.

In this report, we examine the appli-
cability of whole genome amplification 
(WGA) to bisulfite-treated DNA. WGA 
methods are routinely used on normal 
genomic DNA for genotyping and 
sequence analysis when the amount 
of starting template is extremely low. 
One common application of WGA, for 
example, is in forensic analyses where it 
is used to improve both the quality and 
quantity of DNA and allows accurate 
genetic profiling from single cells (9). 
Two commonly used WGA strategies 
are (i) primer extension preamplifi-
cation (PEP), a Taq DNA polymerase 
PCR-based reaction (10) and (ii) 
multiple displacement amplification 
(MDA), an isothermal genome ampli-
fication using ϕ29 DNA polymerase 
(11). Both methods are utilized widely 
for genotyping, with several studies 
demonstrating the reliability of data 
produced from WGA templates (12,13). 
In this study, we have primarily used an 
optimized version of the original PEP 
protocol to amplify sodium bisulfite-
treated DNA. In addition, we tested 
a commercially available multiple 
displacement amplification (MDA) 
protocol (REPLI-g®) on a number of 
samples. Following gene-specific PCR, 
we assessed methylation profiles using 
three approaches: (i) direct sequencing 
of the entire product; (ii) the sequencing 
of cloned PCR products; and (iii) 
single-nucleotide primer-extension, 
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and compared data obtained from usual 
bisulfite DNA (non-WGA DNA) to that 
obtained from WGA bisulfite-treated 
DNA (WGA DNA).

MATERIALS AND METHODS

Bisulfite Treatment of Genomic 
DNA

Bisulfite treatment was performed 
using a standard protocol as described 
by Clark et al. (14). Briefly, approxi-
mately 500 ng genomic DNA was 
denatured in 0.3 M NaOH for 15 min 
at 37°C. After adding freshly prepared 
3.5 M sodium metabisulfite and 1 
mM hydroquinone solution (both 
from Sigma, St. Louis, MO, USA), 
samples were subjected to a 5-h 
incubation at 55°C under exclusion of 
light. The samples were then purified 
using MinElute® PCR purification 
columns (Qiagen, Valencia, CA, USA). 
Recovered samples were desulfonated 
in 0.3 M NaOH for 15 min at 37°C 
and neutralized. DNA was precipitated 
overnight in ethanol at -20°C and resus-
pended in 50 μL elution buffer (Buffer 
EB; Qiagen).

Whole Genome Amplification with 
PEP and MDA

Two WGA methods were utilized. 
First, we performed a modified version 
of the original PEP protocol described 
by Zhang et al. (10). Briefly, 2 μL 
bisulfite-treated DNA, corresponding 
to approximately 20 ng of the original 
DNA template, were amplified in 
a 50-μL reaction containing 200 
pmol 15-mer degenerate primers (5′-
NNNNNNNNNNNNNNN-3′) and 0.4 
mM dNTPs and cycled using standard 
WGA conditions (see Reference 10). 
Fifty primer-extension cycles were 
performed, with each cycle consisting of 
a 1-min denaturing step at 95°C, a 2-min 
annealing step at 37°C, a programmed 
ramping step of 10 s/°C, and a 4-min 
incubation at 55°C. Each reaction was 
done in triplicate (or quadruplicate), and 
the final products pooled giving a total 
of 150–200 μL PEP product resulting 
from approximately 60–80 ng of the 
original DNA template. Following PEP, 
excess degenerate primers and deoxy-

nucleotides were optionally removed 
using MinElute PCR purification 
columns, and products were eluted in 
50 μL Buffer EB. Second, MDA was 
performed on some samples using the 
REPLI-g kit (Qiagen) as described in 
the manufacturer’s protocol. Following 
WGA, cleaned products were quantified 
spectrophotometrically and stored at 
4°C or transferred to -20°C for long-
term storage.

Methylation Profiling

Several target sequences, currently 
the focus of other epigenetic projects 
in our laboratory (see Supplementary 
Table S1 available online at www.
BioTechniques.com and also at www.
epigenomics.ca for details of the genes 
analyzed, primer sequences, and PCR 
conditions) were amplified by PCR. 
PCR products were electrophoresed 
on a 1% agarose gel and visualized 
using ethidium bromide staining. DNA 
fragments were excised and cleaned 
using the QIAquick® Gel Extraction kit 
(Qiagen). PCR products were subse-
quently (i) directly sequenced using the 

reverse PCR primer with BigDye® 
v3.1 sequencing chemistry (Applied 
Biosystems, Foster City, CA, USA); (ii) 
subjected to Ms-SNuPE analysis using 
the ABI Prism® SNaPshot™ approach 
(6); or (iii) cloned into the pGEM®-T 
vector (Promega, Madison, WI, USA) 
and sequenced.

RESULTS AND DISCUSSION

This study sought to investigate 
whether WGA on bisulfite-treated DNA 
templates can be used to quantitatively 
assess DNA methylation levels and thus 
provide a possible solution to problems 
associated with low initial DNA amount 
and further degradation during and 
after sodium bisulfite treatment. WGA 
substantially increased the amount of 
usable post-bisulfite DNA. Using our 
PEP protocol after bisulfite treatment 
results in a large increase in usable 
template. We also tested a number of 
samples using an MDA-based WGA 
method (the REPLI-g kit), and this too 
proved to be a successful template for 
bisulfite-PCR amplification.
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Figure 1. Whole genome am-
plification (WGA) results in 
a large increase in bisulfite-
treated DNA template. (A) 
Representative WGA products 
obtained from standard sodium 
bisulfite-treated DNA starting 
material. Products in lanes 3 
and 4 [primer-extension pre-
amplification (PEP)] and lane 
5 [multiple displacement am-
plification (MDA)] result from 
approximately 20 ng original 
DNA [2 μL sodium bisulfite 
treatment reaction (lane 2)]. 
Standard, non-WGA bisulfite-
treated DNA is not visible, but 
both WGA methods produce 
clearly visible DNA smears of 
high genomic weight, demon-
strating efficient amplification. 
Marker is the GeneRuler™ 
100-bp DNA ladder (Fermentas, 
Hanover, MD, USA). Results 
from spectrophotometric 
analysis of 25 representative 
PEP-amplified products. The 
average yield from the pooled 
PEP replicates was 6.8 μg (±2.2 
μg). Assuming no degradation 
during the sodium bisulfite con-
version reaction, this represents 
a 113-fold (±37) increase from 
the initial starting genomic 
DNA (60 ng).
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Figure 1A shows representative 
WGA products obtained from 2 μL 
(approximately 20 ng) of sodium 
bisulfite-treated DNA starting material. 
Standard, non-WGA bisulfite-treated 
DNA is not visible, but both WGA 
methods produce clearly visible DNA 
smears of high genomic weight, 
demonstrating efficient amplification. 
Spectrophotometric analysis was used 
to give a crude estimate of the actual 
increase in template DNA achieved 
using WGA. We found there to be a 
mean 113-fold (sd 37) increase in DNA 
following WGA. This figure may be 
slightly inaccurate, as it is based on 
the assumption that there is no DNA 
degradation during the sodium bisulfite 
conversion process and that all primers 
and deoxynucleotides are removed 
by post-WGA cleanup. While there 
may be a large absolute increase in 
the amount of DNA, it is unlikely that 
all regions of the genome are equally 
amplified, thus we cannot assume such 
an increase across the entire genome. 
Figure 1B shows the results from 
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Figure 2. Examples of the three methylation 
profiling techniques used to compare data 
from non-whole genome amplification (WGA)/
WGA bisulfite DNA. (A) Direct sequencing 
chromatograms of INS PCR products generated 
from normal bisulfite-treated DNA and primer-
extension preamplification (PEP)-amplified bi-
sulfite-treated DNA from the same individual. 
Sequencing was performed using the reverse PCR 
primer. (B) Sequencing of cloned PCR products 
from normal bisulfite-treated DNA (98% methyl-
ated) and PEP-amplified bisulfite-treated DNA 
(97% methylated) templates generated from the 
same individual. (C) Examples of SNaPshot trac-
es for the CDH13 region interrogating three CpG 
sites on non-WGA bisulfite-treated DNA and 
PEP-amplified bisulfite-treated DNA from the 
same individual. Black (forward strand) and blue 
(reverse strand) peaks represent methylated cyto-
sines, and red (forward strand) and green (reverse 
strand) peaks represent unmethylated cytosines. 
The degree of methylation is estimated by divid-
ing the methylated peak height by the total peak 
height of both peaks. (D) Methylation estimates 
derived from SNaPshot traces for two CpG sites 
in CDH13 on templates generated from six DNA 
samples (numbered 1 through 6). Methylation es-
timates derived from WGA templates are similar 
to those produced by standard bisulfite-treated 
DNA templates. Blue bars denote the percent-
age of methylated cytosines, and red bars denote 
the percentage of unmethylated cytosines at this 
CpG site. B, non-WGA bisulfite-treated DNA; 
P, PEP-amplified bisulfite-treated DNA; R, bi-
sulfite-treated DNA amplified with the REPLI-g 
multiple displacement amplification (MDA) kit.
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spectrophotometric analysis of 25 
representative PEP-amplified products. 
The average yield from the pooled 
PEP replicates was 6.8 μg (sd 2.2 μg). 
We were able to obtain PCR products 
from standard sodium bisulfite-treated 
DNA and WGA-enriched templates 
generated using PEP and MDA. The 
overall locus-specific PCR success 
rate following WGA was no different 
to that observed using standard 
sodium bisulfite-treated DNA. In some 
instances, the intensity of the observed 
PCR bands was stronger from WGA 
templates compared with non-WGA 
bisulfite DNA. One potential problem 
with WGA methods is that even in 
the absence of input DNA, nonspe-
cific amplification products may still 
be observed, resulting from amplifi-
cation of the hexamers in the reaction. 
Furthermore, because WGA is highly 
efficient, contamination problems 
can be an issue. For this reason, we 
included a negative water control in 
each set of WGA reactions and used 
the products of these as a negative 
control for all subsequent PCR ampli-
fications. For some products, agarose 
gel analysis of PCR performed on PEP 
templates revealed a faint background 
smear. We found that the post-WGA 
purification of PEP products using 
MinElute columns, to remove unused 
degenerate primers, makes downstream 
PCR amplifications somewhat cleaner, 
but did result in a slight reduction in 
available template due to the binding 
efficiency of the columns used.

In addition, the methylation profiles 
obtained from sodium bisulfite-treated 

DNA amplified with both WGA 
methods were comparable to those 
obtained from non-WGA bisulfite-
treated DNA, suggesting that for 
the specific genomic regions tested, 
WGA-DNA can be used to accurately 
estimate density of metC. Figure 2 
shows examples from the three methyl-
ation profiling techniques performed 
on both sets of DNA templates. First, 
the direct sequencing of targeted 
bisulfite PCR products has been used 
as an important optimization of the 
bisulfite modification-based mapping 
of metC, although the method is not very 
precise and does not provide clone-
specific methylation profile (15). In 
our direct product sequencing experi-
ments, WGA of bisulfite-treated DNA 
generated similar overall methylation 
patterns as in the non-WGA bisulfite 
DNA (Figure 2A), although four of the 
10 products tested were not success-
fully directly sequenced using either 
type of template. In the PEP-amplified 
samples, direct sequencing data was 
improved when removal of excess 
degenerate primers was performed 
using MinElute columns.

Second, the sequencing of cloned 
bisulfite-treated DNA PCR products 
is often considered the gold standard 
in DNA methylation analysis. In 
this study, we analyzed products in 
the vicinity of four genes (ACAT1, 
FLJ10458, GNL1, and ZNF498) in 
three individuals, sequencing 12–32 
clones per individual for both non-
WGA DNA and WGA-DNA. In the 
samples and products for which it was 
tested, the sequencing of cloned PCR 

products gave comparable methylation 
estimates from standard sodium 
bisulfite-treated DNA templates and 
PEP bisulfite DNA templates, with a 
<5% metC average difference between 
both sets of templates. An example 
comparison between non-WGA DNA 
and WGA-DNA cloned PCR products 
for one individual sample can be seen 
in Figure 2B.

Our third and most thorough investi-
gation of WGA as a tool for quantitative 
methylation profiling was performed 
using Ms-SNuPE. The methylation 
status of 10 individual CpG sites was 
assessed in 6–10 individuals via Ms-
SNuPE using the ABI Prism SNaPshot 
method (6). Examples of SNaPshot 
traces for three CpG sites from a 
standard sodium bisulfite-treated DNA 
sample and those from the equivalent 
PEP-amplified sample can be seen in 
Figure 2C. MDA templates produced 
similarly accurate metC estimates. Figure 
2D shows the quantitative methylation 
profiles generated at two CpG sites 
across several samples using both sets 
of templates. It can be seen that while 
occasional differences in methylation 
estimates are observed (e.g., sample 3 
in the bottom panel of Figure 2D), the 
general profiles obtained from standard 
sodium bisulfite-treated DNA templates 
and WGA bisulfite DNA templates are 
remarkably similar. Figure 3 highlights 
the quantitative methylation estimates 
from SNaPshot experiments on normal 
bisulfite-converted DNA versus WGA-
amplified bisulfite-treated DNA across 
all 10 CpG sites tested in this analysis. 
For each sample and for each CpG site 
tested, we calculated the difference 
in metC percentage estimated from 
non-WGA and WGA bisulfite-treated 
DNA templates. The mean difference 
in methylation calculated from the 
two sets of template was 4%, with a 
standard deviation of 5%. The Pearson 
correlation between the two data sets 
was 0.979.

Because a more homogeneous 
population of post-bisulfite DNA 
molecules is likely to result in less 
PCR bias, it would be expected that 
WGA accuracy is highest for totally 
methylated and totally unmethylated 
samples. To test whether WGA 
bisulfite-treated DNA gives accurate 
methylation estimates via Ms-SNuPE 
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Figure 3. Quantitative methylation data from all SNaPshot experiments on normal bisulfite-con-
verted DNA versus whole genome amplification (WGA)-amplified bisulfite-treated DNA.
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across the entire distribution of potential 
methylation levels, we repeated the 
analysis, first excluding samples 
showing >95% methylation and <5% 
methylation and, second, excluding 
samples showing >80% methylation 
and <20% methylation. In both cases, 
the correlation between metC estimates 
from non-WGA/WGA templates was 
high (95% and 97%, respectively), with 
the mean average difference between 
the two still within the limits expected 
from experiments using the SNaPshot 
approach (6) (6% ± 6% and 13% ± 5%, 
respectively). Finally, we examined 
the replicability of methylation data 
obtained from WGA bisulfite DNA 
templates. Experiments on four CpG 
sites in nine individual samples were 
repeated three times using the same 
WGA template. We observed a strong 
correlation between the data sets, 
with an average standard deviation 
in estimates of metC of 4.1%. Overall, 
these data suggest that sodium bisulfite-
treated DNA amplified by WGA could 
potentially be used as a template for 
the accurate quantitative methylation 
profiling of specific CpG sites.

To conclude, we have shown that 
WGA could be a useful method to 
overcome the problem of low initial 
amount of DNA and/or severe DNA 
degradation during conventional 
sodium bisulfite treatment in studies 
investigating DNA methylation. WGA 
is a relatively inexpensive process that 
can be optimized for high-throughput 
application and should enable the 
thorough investigation of methylation 
at numerous genomic locations on 
samples for which DNA availability is 
low. Bisulfite-treated DNA amplified 
using WGA can be used for a range of 
downstream quantitative methylation 
profiling techniques. While it should be 
acknowledged that WGA could poten-
tially introduce biases into quantitative 
estimates of CpG methylation, our 
investigation suggests that such biases 
may not be a major problem. In this 
study we only tested a small number 
of loci, and it is thus difficult to judge 
how widely this method can be used to 
profile metC across remaining regions 
of the genome. We propose that other 
laboratories should examine their 
target regions using WGA on bisulfite-
treated DNA templates and compare 

their findings with non-WGA DNA. If 
there is additional evidence to suggest 
that the results obtained from WGA of 
bisulfite-treated DNA are consistent, 
this approach may become a routine 
step in the bisulfite modification-based 
mapping of methylated cytosines.
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