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Array comparative genomic hybridization (CGH) is
useful to assess genome-wide chromosomal imbal-
ance, but the requirement for relatively large amounts
of DNA can be a limitation, in particular for samples
extracted from small tumor areas on paraffin sec-
tions. Whole genome amplification (WGA) can be per-
formed before array CGH to obtain sufficient DNA,
but the possibility of artifacts attributable to biased
amplification cannot be excluded. We optimized the
WGA protocol to generate sufficient DNA with mini-
mum amplification bias. Using formalin-fixed, paraf-
fin-embedded histological sections of tumors carry-
ing known TP53 mutations, LOH 1p, LOH 10q, LOH
19q, and EGFR amplification, we first optimized the
protocol so that these genetic alterations were de-
tected after WGA. We found that a ligation step before
WGA is important because it allows a short reaction
time with Phi29 to generate WGA-DNA with greatly
decreased amplification bias. Using template >150 ng
of DNA, a ligation step before WGA, and a short reac-
tion time with Phi29 DNA polymerase (<1.5 hours),
we obtained WGA-DNA (>4 �g) with minimum ampli-
fication bias (less than threefold). Using this proto-
col, we performed array CGH (Agilent 105K) before
and after WGA. Pearson correlation analysis indicated
a significant positive correlation in array CGH results
between DNA before and after WGA (P < 0.0001).
These results suggest that genetic analyses are possi-
ble using WGA-DNA extracted from paraffin sections,
but that they should be performed with a carefully
optimized and controlled protocol. (J Mol Diagn 2009,
11:109–116; DOI: 10.2353/jmoldx.2009.080143)

Array comparative genomic hybridization (CGH) is a use-
ful method to detect amplifications and deletions at the
whole-genome level and has contributed to the detection
of novel gene loci associated with pathogenesis of vari-
ous human neoplasms.1–3 However, array CGH requires
a relatively large amount of DNA (�2 �g), and this has
been a major limitation impeding application of array
CGH to certain samples, in particular DNA extracted from
small tumor areas or from single-cell, laser-captured
samples on formalin-fixed, paraffin-embedded sections.
To overcome this limitation, whole genome amplification
(WGA) methods have been developed. Previously, most
WGA methods were polymerase chain reaction (PCR)-
based (using Taq polymerase), such as degenerated
oligonucleotide-primed,4,5 ligation-mediated,6 and primer
extension preamplification7 PCR procedures. However,
several studies have suggested that these methods may
generate significant sequence representation bias and ar-
tifacts during the WGA process.8

More recently, a non-PCR-based isothermal method,
multiple displacement amplification, has been applied to
small DNA samples, leading to the synthesis of DNA with
less sequence representation bias.9,10 This method is
based on the annealing of random hexamers to dena-
tured DNA, followed by strand-displacement synthesis at
a constant temperature, resulting in DNA products of
high molecular weight.11 The reaction is catalyzed by
Phi29 DNA polymerase or a large fragment of the Bst
DNA polymerase, which results in error rates 100 times
lower than with Taq polymerase.12,13 Spits and col-
leagues14 compared Phi29 and Bst DNA polymerases,
and showed that the Phi29 generated accurately suffi-
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cient DNA, whereas the Bst showed low efficiency and
high error rate during WGA. Most of the WGA studies
recently published use Phi29.8,10,14–17 Several studies
have demonstrated that WGA using Phi29 DNA polymer-
ase yielded significantly less amplification bias than PCR-
based methods,8,10,15 and validated the use of Phi29
DNA polymerase for WGA on high-quality genomic DNA
extracted from 1 to 1000 cells.14,16,17

In contrast, only a few studies have successfully ap-
plied multiple displacement amplification-based WGA
with DNA from formalin-fixed, paraffin-embedded tis-
sues,18–20 in which the DNA is degraded because of
formalin fixation, containing strand breaks, base dam-
age, and DNA-protein crosslinks.21,22 BAC array CGH
showed similar results before and after eightfold WGA
with Klenow enzyme, when 50 ng of template DNA ex-
tracted from paraffin sections was used,19 but the
amounts of amplified DNA were too small to be applied to
recent commercially available platforms. In one study
with 10 ng of template DNA extracted from paraffin sec-
tions, WGA using Bst DNA polymerase produced a me-
dian 990-fold DNA amplification, but 27 K BAC array
CGH showed that most of the deletions observed in
non-WGA DNA were not reproduced after WGA, although
representational distortion of threefold was achieved by
quantitative PCR analysis in six genes.18 Bredel and col-
leagues20 reported that WGA-DNA from paraffin sections
could be used for array CGH using Phi29, but normaliza-
tion using amplified reference DNA was necessary be-
cause of significant amplification bias.

The objective of the present study was to establish a
Phi29-based WGA method using small amounts of DNA
extracted from formalin-fixed, paraffin-embedded tissues
for array CGH. We have optimized several critical steps
including DNA extraction, amount of template DNA, and
reaction time with Phi29. Because one of the key factors
leading to failure of unbiased WGA on DNA extracted
from paraffin sections may be the presence of highly
degraded DNA with short fragments, we also assessed
whether a ligation step before WGA improves the results.
To validate WGA, we used tumor samples on paraffin
sections, in which known TP53 mutations, LOH 1p, LOH
10q, LOH 19q, and EGFR amplification were present.

Materials and Methods

Tumor Samples

Genetic alterations in two tumor samples (glioblastomas)
on formalin-fixed, paraffin-embedded histological sec-
tions were previously reported.23 One sample (tumor 1)
had LOH 1p, EGFR amplification, and a TP53 mutation
(GTT3CTT, Val274Leu in exon 8) and another (tumor 2)
had LOH 1p, LOH 10q, LOH 19q, and a TP53 mutation
(ATG3ATA, Met237Ile in exon 7). Both tumor samples
were fixed in buffered formalin and embedded in paraffin
more than 15 years ago. Paraffin sections were cut to 4 to
5 �m thickness 5 years ago, and stored at room temper-
ature. Using these samples, we assessed several critical

steps mentioned below, to ensure that these genetic
alterations were reproducibly detected after WGA.

DNA Extraction

Paraffin sections were deparaffinized in xylene for 15
minutes and then put into 100%, 95%, and 70% ethanol
for 5 minutes each and then into distilled water. After air-
drying, tumor areas on the sections were scraped off the
slide and washed with PBS (pH 7.4) solution twice, sus-
pended in 400 �l of 1 N NaSCN solution, and incubated
at 37°C overnight. Samples were then suspended in 400
�l of DNA extraction buffer (mixture of 360 �l of ATL
buffer and 40 �l of proteinase K; DNeasy mini kit, Qiagen,
Valencia, CA), and were incubated at 55°C overnight.
Additional proteinase K (80 �l) was added and incubated
for a total of 60 hours. After reaction with 8 �l of RNase
(100 mg/ml) for 2 minutes at room temperature, the sam-
ples were made up with 420 �l of ATL to a total volume of
900 �l and separated into two parts (450 �l each). Each
part was mixed with 450 �l of AL buffer and 450 �l of
100% ethanol, and incubated at room temperature for 5
minutes. The samples were then loaded onto DNeasy
mini spin columns (DNeasy mini kit, Qiagen, CA). The
column was washed with AW1 buffer and the column mem-
brane dried with 80% ethanol, after which the purified
genomic DNA was eluted with 25 �l of nuclease-free water.
The DNA concentration was determined by spectrophoto-
metric absorption at 230, 260, and 280nm and the quality
was calculated as the A260/A230 and A260/A280 ratio.

Phi29-Based Amplification of Genomic DNA

Genomic DNA (10, 50, 150, 300 ng) samples were li-
gated at 24°C for 30 minutes with ligase, and then am-
plified with Phi29 enzyme at 30°C for 30, 60, 90, or 180
minutes. Other samples were not ligated before WGA.
Ligation and amplification with Phi29 enzyme were per-
formed using components of a Qiagen FFPE amplifica-
tion kit. Briefly, various amounts of purified genomic DNA
in a total volume of 10 �l were heated to 95°C for 5
minutes for denaturation. After cooling on ice for 5 min-
utes, 8 �l of FFPE buffer, 1 �l of ligation enzyme, and 1 �l
of FFPE enzyme were added, and then incubated at 24°C
for 30 minutes, followed by heat inactivation at 95°C for 5
minutes. After ligation, 20-�l samples were mixed with 30
�l of a prepared reaction mixture (29 �l of reaction buffer
and 1 �l of Midi Phi29 enzyme per reaction), and were
incubated at 30°C for different reaction times (30 to 180
minutes). After amplification, the Phi29 enzyme was in-
activated by heating at 95°C for 10 minutes.

Direct DNA Sequencing for TP53 Mutations

To identify TP53 mutations in exon 7 or exon 8 in WGA
products, PCR amplification was performed as previously
described.24 Briefly, PCR was performed in a total vol-
ume of 10 �l, consisting of 1 �l each of WGA products
(concentration, �100 ng/�l), 0.5 U of Platinum TaqDNA
polymerase (Invitrogen, Cergy Pontoise, France), 1 mmol/L
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MgCl2, 0.1 mmol/L of each dNTP, 0.2 mmol/L of each
primer, 10 mmol/L Tris-HCl, pH 8.3, and 50 mmol/L KCl in
a thermal cycler (Biometra, Archamps, France) with an
initial denaturing step at 95°C for 5 minutes, followed by
37 cycles of denaturation at 95°C for 50 seconds, anneal-
ing at 60°C (exon 7) or 61°C (exon 8) for 60 seconds,
extension at 72°C for 60 seconds, and a final extension at
72°C for 5 minutes. The sequencing reaction was per-
formed using a Big Dye Terminator cycle sequencing kit
(ABI Prism; Applied Biosystems, Foster City, CA) in an
ABI 3100 Prism DNA sequencer (Applied Biosystems).

Loss of Heterozygosity (LOH) on Chromosomes
1p, 10q, and 19q

LOH analysis was performed using two microsatellite
markers (D10S536, D10S1683) on chromosome 10q, two
(D19S408, D10S596) on chromosome 19q, and two
(D1S2736, D1S468) on chromosome 1p. For markers
D1S2736 and D19S408, PCR reactions were performed
in a total volume of 12.5 �l with 6.25 �l of 2� TaqMan
Universal PCR Master Mix (Applied Biosystems), 4 �l of
primer sets (1.25 �mol/L of each primer), 1.25 �l of 1.5
�mol/L probe �21-bp oligomer complementary to the mi-
crosatellite CA repeat: 5�,6-carboxyfluorescein (FAM)-
TGTGTGTGTGTGTGTGTGTGT-3�,6-carboxy-tetrameth-
ylrhodamine�, and 10 ng of DNA. For markers D10S536,
D10S1683, D1S468, D19S596, PCR reactions were per-
formed in a total volume of 18.75 �l with 9.375 �l of 2�
AmpliTaq Gold PCR Master Mix (Roche, Basel, Switzer-
land), 6 �l of primer sets (2.5 �mol/L of each primer),
1.875 �l of 1.5 �mol/L of the same probe as above, and
20 ng of DNA, with cycling parameters as reported
previously.25

PCR was performed for each individual DNA sample
in triplicate on a 96-well optical plate with an ABI
7900HT PCR system (Applied Biosystems). Amplifica-
tion of a pool of six reference loci served to normalize
for differences in the amount of total input DNA, as
described previously. To calculate the average �Ct
��CT (normal)�, DNA was isolated from 10 formalin-
fixed, paraffin-embedded normal tissues. The Ct, �Ct
�Ct (microsatellite) � Ct (reference pool)�, ��Ct ��Ct
(tumor) � �Ct (normal)� values, the relative copy num-
ber (2���Ct), and the tolerance interval with confi-
dence of 95% determined from the pooled SD of nor-
mal DNA for the loci were calculated as reported
previously. On the basis of this tolerance interval, copy
numbers 	1.33 were considered to represent losses.
Samples showing LOH 1p, 10q, and 19q with two
markers were considered as LOH. As a control, differ-
ent amounts (1, 2, 5, 10, and 20 ng) of unamplified
genomic DNA (gDNA) were used to make a standard
curve by real-time quantitative PCR to calculate the loci
representation of the six loci in WGA products. This
allows determination of whether results of LOH identi-
fication might be attributable to PCR amplification of
native DNA or WGA products.

EGFR Amplification

EGFR amplification was detected by differential PCR as
previously described with some modification26 using the
cystic fibrosis (CF) sequence as a reference. The primer
sequences were as follows: 5�-AGCCATGCCCGCATT-
AGCTC-3� (sense) and 5�-AAAGGAATGCAACTTCCC-
AA-3� (antisense) for EGFR and 5�-GGCACCATTAAA-
GAAAATATCATCTT-3� (sense) and 5�-GTTGGCATGC-
TTTGATGACGCTTC-3� (antisense) for the CF reference
gene. The sizes of the PCR fragments were 110 bp for
EGFR and 79 bp for CF. The mean EGFR/CF ratio using
DNA from peripheral blood of healthy adults was 0.73,
with a standard variation of 0.20. A threshold value of
1.79 was regarded as evidence of EGFR amplification, as
previously reported.27

Locus Representation

Locus representation relative to the unamplified genomic
DNA was analyzed with six loci in genomic DNA, includ-
ing D10S536, D10S1683 on 10q, D1S2736, D1S468 on
1p, and D19S408, D19S596 on 19q. For the six loci,
quantitative PCR reactions were performed in a total vol-
ume of 12.5 �l for markers D1S2736 and D19S408 or
18.75 �l for D10S536, D10S1683, D1S468, and D19S596,
as described above.

Unamplified genomic DNA (gDNA) was used to gen-
erate a standard curve of 1, 2, 5, 10, and 20 ng to quantify
the WGA products on the six loci. The standard curve
was used for determination of locus copy numbers in the
WGA product by determining the threshold cycle number
by real-time PCR. Locus representation (WGA/gDNA) is
reported as a percentage. Amplification bias between
two loci is the ratio between the two locus representation
values.10 The mean value of amplification bias in all
tested loci was calculated to assess the amplification
bias in the WGA products.

Array CGH

The WGA reaction mixture was purified with a Nucleo-
TraPCR kit (Macherey-Nagel, UK), a MicroSpin G-50 col-
umn (GE Healthcare, Chalfont St Giles, UK), or agarose
gel electrophoresis followed by NucleoTraPCR kit, before
DNA labeling for array CGH. With the NucleoTraPCR kit,
the volume of the reaction mixture was adjusted to 100 �l
using PBS (pH 7.4), and then 400 �l of buffer NT was
added. After mixture with thorough stirring, 10 �l of the
NucleoTraPCR suspension was added to the reaction
mix and was incubated at room temperature for 10 min-
utes. Samples were centrifuged at 10,000 � g for 30
seconds and supernatants were discarded. Pellets were
washed with 400 �l of buffers NT2, NT3, and NT3, re-
spectively. The silica matrix was dried at room tempera-
ture for 15 minutes. Nuclease-free water (30 �l) was
added to the pellet, which was resuspended by stirring.
The mixture was incubated at 55°C for 15 minutes. Sam-
ples were then centrifuged at 10,000 � g for 30 seconds
and supernatants were transferred to clean tubes. With
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the MicroSpin G-50 column, 50 �l of reaction mixture was
loaded onto the prepared column, and centrifuged for 2
minutes at 735 � g and the purified samples were col-
lected in the bottom of the microcentrifuge tube.

For agarose gel electrophoresis followed by Nucleo-
TraPCR kit, 50 �l of reaction mixture was loaded onto a
0.9% TBE agarose gel and electrophoresis was per-
formed at 150 V for 30 minutes. After electrophoresis, gel
slices containing the fragments (�500 bp) were excised,
and NT1 buffer was added (300 �l/100 mg agarose gel).
Then NucleoTraPCR suspension was added (4 �l/�g of
DNA) and the sample was incubated at 50°C until the gel
slices were dissolved. The sample was then centrifuged
for 30 seconds at 10,000 � g and the supernatant was
discarded. Pellets were washed with 400 �l of buffers
NT2, NT3, and NT3, respectively. The silica matrix was
dried at room temperature for 15 minutes. Nuclease-free
water (30 �l) was added to the pellet, which was resus-
pended by stirring. The mixture was incubated at 55°C
for 15 minutes. Samples were then centrifuged at
10,000 � g for 30 seconds and supernatants were trans-
ferred to clean tubes. The yield of WGA products before
and after purification was determined by the PicoGreen
dsDNA method (Invitrogen, CA) and UV absorption
method.

The genomic profile changes of paired DNA samples
before and after WGA were compared using a 105K CGH
oligonucleotide microarrray (Agilent Technologies, Santa
Clara, CA) according to the manufacturer’s instructions.
Briefly, 1 to 2 �g of sample and sex-matched reference
DNA were chemically labeled, respectively, with ULS-
Cy5 and ULS-Cy3 at 85°C for 30 minutes (Oligo aCGH
labeling kit for FFPE samples, Agilent). Labeled samples
were purified (Genomic DNA purification module, Agi-
lent), combined, mixed with human Cot-1 DNA, and de-
natured at 95°C (Oligo aCGH hybridization kit). The mix-
ture was applied to microarrays and hybridization was
performed at 65°C for 40 hours. After hybridization, the
microarrays were washed in Oligo aCGH wash buffer 1 at
room temperature for 5 minutes and wash buffer 2 at
37°C for 1 minute. After drying, the microarrays were
scanned using a DNA microarray scanner G2565BA
(Agilent) and data (log2) were extracted from raw mi-
croarray image files using Feature Extraction software
(version 9; Agilent). Data were analyzed by DNA Analyt-
ics software (version 4.0; Agilent) with default filter set-
tings. The aberration detection method 2 (ADM2) algo-
rithm with centralization and fuzzy zero correction was
used to define aberrant intervals. Each of the arrays was
independently analyzed and evaluated for genetic alter-
ations before and after WGA amplification.

Statistical Analyses

To assess the similarity between DNA with or without
WGA, Pearson’s correlations of log2 ratios of probes from
autosomes among tumor 1 and tumor 2 samples were
performed with Graphpad Prism software (GraphPad, La
Jolla, CA).

Results

Yield of WGA Products

WGA produced DNA of high molecular weight (0.5 � 20
kb; Figure 1). The negative control (H2O) did not gener-
ate any DNA product when samples were incubated with
Phi29 for 	1.5 hours (Figure 1). A ligation step before
WGA significantly affected the results. Samples treated
with a ligation step, but not those without ligation, gener-
ated WGA products when the reaction time with Phi29
was less than 1.5 hours (Table 1, Figure 2).

WGA using 10 to 300 ng of DNA generated up to 15 �g
of WGA-DNA, measured by the PicoGreen method (Fig-
ure 2). Samples without a ligation step, incubated with
Phi29 for 	1 hour, did not produce WGA-DNA, irrespec-
tive of the amount of template DNA (Figure 2). The liga-
tion step did not significantly affect the yield of WGA-DNA
after a 3-hour reaction with Phi29 (Figure 2). With the
ligation step, template DNA (10 ng) gave a significantly
lower yield of WGA products when incubated for 	1.5
hours, but at 3 hours, all samples reached similar levels
of WGA products (Figure 2). Fold changes depended on
the amount of template DNA. Ten ng of template DNA
gave changes of 14- to 1578-fold, whereas 300 ng of
template DNA yielded only 3- to 50-fold changes.

Amplification Bias in WGA Products

Real-time quantitative PCR was performed at six chromo-
somal loci (1p36.2, 1p36.3, 10q23, 10q25, 19q13.2,
19q13.3) to assess amplification bias. The ligation step
significantly reduced the level of amplification bias (Fig-
ure 2). Samples with �150 ng template DNA, with a
ligation step, and with reaction times of 	1.5 hours

Figure 1. Agarose gel electrophoresis of WGA-DNA (0.9% agarose gel).
WGA was performed with Phi29 (reaction time of 1.5 hours) and with 10 ng
of template DNA for lambda DNA (P) and 300 ng for DNA extracted from
tumors 1 and 2 on paraffin sections. For DNA from tumors 1 and 2, a ligation
step was added before WGA. Note that WGA-DNA samples from tumor 1 and
tumor 2 show similar amounts and similar molecular weights of DNA (0.5 �
20 kb) with WGA-lambda DNA. M, 1-kb DNA ladder marker; N, negative
control (H2O), showing that the negative control does not generate DNA
product.
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showed the least amplification bias (Figure 2), with a
mean 26-fold (�4 �g of WGA product) with 	3-fold am-
plification bias.

Detections of Genetic Alterations

TP53 Mutations

Before WGA, sample tumor 1 showed a TP53 mutation
(GTT-�CTT, codon 274, exon 8), and sample tumor 2
contained a TP53 mutation (ATG-�ATA, codon 237 in
exon 7). After WGA, TP53 mutations were detected in
92% (22 of 24) of samples without ligation, but in only
63% (20 of 32) of samples with ligation (Table 1). Correct
results were obtained in WGA-DNA when samples with
ligation were incubated with Phi29 for 0.5 to 1 hour, and
when samples without ligation were incubated for 1.5 to
2.0 hours.

LOH

Before WGA, sample tumor 1 showed LOH 1p, and
sample tumor 2 had LOH 1p, 10q, and 19q. After WGA,
LOH was detected in samples with ligation (67%, 40 of

60), and in 50% (24 of 48) of samples without ligation
(Table 1). The amount of template DNA and reaction time
affected the results significantly. Correct results were
obtained when samples with ligation (�150 ng of tem-
plate DNA) were incubated with Phi29 for 0.5 to 1 hour.
Loci representation of the six loci in WGA products de-
termined by a standard curve derived from different
amounts of unamplified genomic DNA shows that the
results of LOH identification were not attributable to PCR
amplification of native DNA.

EGFR Amplification

Before WGA, sample tumor 1 had EGFR amplification
(7p12.3–12.1). After WGA, EGFR amplification was de-
tected in samples with ligation (7 of 15, 47%) and sam-
ples without ligation (9 of 11, 82%; Table 1). The amount
of template DNA affected the results significantly, but
changing the reaction time with Phi29 did not affect the
results. EGFR amplification was detected in most WGA
products when we used �50 ng of template DNA. In
summary, WGA-DNA obtained with sufficient template
DNA (�150 ng), a ligation step, and a short reaction time

Table 1. Genetic Alterations Detected after Whole Genome Amplification

With ligation step Without ligation step

10 ng§ 50 ng 150 ng 300 ng 10 ng 50 ng 150 ng 300 ng

TP53 mutations*
0.5 hour† 
, 
 
, 
 
, 
 
, 
 No WGA product¶

1.0 hour 
, � 
, 
 
, 
 
, 
 No WGA product
1.5 hours 
, � �, � 
, � 
, 
 
, 
 
, 
 
, 
 
, 

2.0 hours nd nd nd nd 
, 
 
, 
 
, 
 
, 

3.0 hours �, � �, � 
, � 
, � 
, � 
, � 
, 
 
, 


EGFR amplification
0.5 hour nd 
 � 
 No WGA product
1.0 hour � � 
 
 No WGA product
1.5 hours � 
 � � nd 
 
 

2.0 hours nd nd nd nd � 
 
 

3.0 hours � 
 � 
 � 
 
 


LOH 1p‡

0.5 hour nd 
, � 
, 
 
, 
 No WGA product
1.0 hour �, � �, � 
, 
 
, 
 No WGA product
1.5 hours �, � 
, 
 �, � 
, � �, � �, � 
, 
 
, 

2.0 hours nd nd nd nd �, � 
, � 
, 
 
, 

3.0 hours �, � 
, � 
, � 
, � �, � 
, 
 
, � 
, �

LOH 10q
0.5 hour nd 
 
 
 No WGA product
1.0 hour � 
 
 
 No WGA product
1.5 hours 
 
 
 
 � � 
 

2.0 hours nd nd nd nd � � � �
3.0 hours � 
 
 
 � 
 
 �

LOH 19q
0.5 hour nd 
 
 
 No WGA product
1.0 hour � 
 
 
 No WGA product
1.5 hours 
 
 � 
 � 
 
 

2.0 hours nd nd nd nd 
 � 
 

3.0 hours � 
 
 
 � 
 
 


*Results on TP53 mutations were scored as 
,
, both TP53 mutations detected in exon 7 (ATG-�ATA, codon 237) and in exon 8 (GTT-�CTT,
codon 274); 
,�, one of the two mutations detected; �, �, none of the mutations detected.

†Reaction time with Phi29.
‡Results on LOH were scored as 
,
, LOH 1p (D1S2736/D1S468) detected in both tumors 1 and 2; 
,�, one of the two LOH detected; �, �,

none of the LOH detected.
§Amount of template DNA before WGA.
¶Amount of DNA after WGA was not different from those before WGA in any sample irrespective of different amount of template DNA; nd, not

determined.
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with Phi29 (1 hour) gave correct results for all TP53
mutations, LOH 1p, LOH 10q, LOH 19q, and EGFR am-
plification (Table 1).

Array-CGH Analysis of WGA Products

Based on the results mentioned above, we chose the
following conditions for WGA: 300 ng of template DNA,
ligation before WGA, and reaction with Phi29 for 1 hour.
After WGA, we obtained an �20-fold amount of DNA, with
a mean value of amplification bias of 2.8-fold (Figure 2).

QC metrics, an indicator of baseline noise of log ratios
of array CGH, indicated that the WGA samples from both
tumors 1 and 2 had wide distribution of probe signals with
DLRSpread of 0.55 to 0.7, suggestive of poor samples.
WGA samples showed as many probes with high and low
log ratios, thus making it difficult to calculate copy num-
ber changes, particularly in regions with low copy num-
ber changes, eg, LOH. The background noise signal was
significantly reduced by application of agarose gel elec-
trophoresis during the purification step before array
CGH. However, different methods for purification of
WGA-DNA before array CGH (see Materials and Meth-
ods) gave similar results on genome profiles (r � 0.8690,
P 	 0.0001).

Pearson correlation analysis showed a significant over-
all positive correlation in genome profiles (normal, gain,
or loss) between samples before and after WGA for both
tumors 1 and 2 (Table 2), with a mean value of r � 0.425
(P 	 0.0001). Figure 3 shows array CGH results for repre-
sentative chromosomes using DNA samples before and
after WGA. In addition, array CGH using DNA samples both
before and after WGA successfully detected known genetic
alterations, ie, EGFR amplification (Figure 4) and LOH
10q23, 10q25, and 19q13.3.

Discussion

DNA extracted from paraffin sections tends to be highly
degraded and fragmented; the degree of damage de-
pending on factors such as the length of formalin fixation
and storage conditions.21,22 Accordingly, the products of
WGA using DNA extracted from paraffin sections usually
show such limitations in terms of higher amplification bias
compared with samples obtained using high-quality DNA
extracted from frozen tissue.17,20,28

In the present study, using tumor samples on histolog-
ical sections that carry TP53 mutations, EGFR amplifica-
tion, and LOH 1p, LOH 10q, LOH 19q, we optimized
several critical steps of the WGA protocol to reproducibly
detect these genetic alterations after WGA. We found that
WGA using sufficient amounts of template DNA (�150
ng), with a ligation step before WGA, and a short reaction
time with Phi29 DNA polymerase (	1.5 hours) could
generate �4 �g of DNA (�26-fold amplification; suffi-
cient for array CGH analyses), with amplification bias of
less than threefold. Compared with previous studies us-
ing paraffin DNA in which amplification bias was consid-
erably higher,20 the present study achieved levels of

Figure 2. Top: Mean yield of Phi29-based
WGA-amplified DNA. Note that the reaction
time but not the amount of template DNA affects
the yield. In samples without ligation, there was
no WGA product when the reaction time with
Phi29 was less than 1 hour, irrespective of the
amount of template DNA. Bottom: Amplifica-
tion bias in WGA products calculated from the
data on copy number of six markers (D10S536
and D10S1683 at 10q, D1S2736 and D1S468 at
1p, and D19S408 and D19S596 at 19q) in WGA-
amplified DNA (see Materials and Methods).
Samples with a ligation step showed lower am-
plification bias in WGA products compared with
samples without ligation. Error bars represent
SD. Note that a higher amount of template DNA
and shorter reaction time with Phi29 generate
lower amplification bias. *No production of
WGA-DNA.

Table 2. Correlation of Genome Profiles Obtained by Array
CGH between Samples Before and After WGA

Correlation Tumor 1 Tumor 2

Number of autosomal
probes

94,613 94,592

Pearson r 0.321 0.542
95% Confidence

interval
0.316 to 0.327 0.537 to 0.546

P value (two-tailed) 	0.0001 	0.0001

Pearson’s correlations of log2 ratio values of autosomal probes
among tumors 1 and 2 were calculated with Graphpad Prism software.
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amplification bias similar to those seen with Phi29-based
WGA using high-quality DNA extracted from frozen tis-
sues.10,17,29 With this protocol, we were able to detect
most of the genetic alterations in the tumor samples
(Table 1).

The key improvement in the present study was to add
a ligation step before WGA, so as to generate sufficient
WGA-DNA with shorter Phi29 reaction time (Figure 2) and
greatly decreased amplification bias (Figure 2). In con-
trast to several studies that showed artificial DNA prod-
ucts in negative controls (H2O) during WGA after long
reaction times (�6 hours) with Phi29,18,30 there was no
such problem in negative controls in the present study
(	1.5 hours of reaction time).

We found that although a low quantity of template DNA
(eg, 10 ng) could generate sufficient WGA-DNA after
long reaction times with Phi29, the amplification bias was
too high to allow reproducible results (Table 1, Figure 2).

It is thus recommended to start with �150 ng of template
DNA, which can be easily extracted from paraffin sec-
tions (tumor areas of �3 to 5 mm in diameter from one to
two paraffin sections with 3 to 4 �m thickness). However,
the amount of DNA extracted by laser-captured single-
cell microdissection on paraffin sections may be insuffi-
cient, leading to significant amplification bias with current
protocols.

Array CGH analyses showed that WGA-DNA had
higher background compared with template DNA (Figure
3), which makes the interpretation of the results difficult. A
similar observation was reported by Bredel and col-
leagues,20 who used DNA from paraffin sections. Never-
theless, there was a significant positive correlation of
array CGH results between DNA before and after WGA
(Pearson’s correlation, P 	 0.001), suggesting that de-
spite the high background, WGA-DNA samples may be
used for array CGH analyses. Furthermore, array-CGH
analysis confirmed most of the known genetic alterations
in both samples before and after WGA.

The present study shows that genetic analyses for
specific alterations and array CGH analyses for genome-
wide chromosomal imbalance using WGA-DNA from par-
affin sections are possible. However, they should be
performed with a carefully optimized protocol, and veri-
fication of the results by other methods is recommended.
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