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ABSTRACT

Besides their use in mRNA expression pro®ling,
oligonucleotide microarrays have also been applied
to single-nucleotide polymorphism (SNP) and loss
of heterozygosity (LOH) or allelic imbalance studies.
In this report, we evaluate the reliability of using
whole genome ampli®ed DNA for analysis with an
oligonucleotide microarray containing 11 560 SNPs
to detect allelic imbalance and chromosomal copy
number abnormalities. Whole genome SNP analyses
were performed with DNA extracted from osteo-
sarcoma tissues and patient-matched blood. SNP
calls were then generated by Affymetrixâ

GeneChipâ DNA Analysis Software. In two osteo-
sarcoma cases, using unampli®ed DNA, we identi-
®ed 793 and 1070 SNP loci with allelic imbalance,
respectively. In a parallel experiment with ampli®ed
DNA, 78% and 83% of these SNP loci with allelic
imbalance was detected. The average false-positive
rate is 13.8%. Furthermore, using the Affymetrixâ

GeneChipâ Chromosome Copy Number Tool to ana-
lyze the SNP array data, we were able to detect
identical chromosomal regions with gain or loss in
both ampli®ed and unampli®ed DNA at cytoband
resolution.

INTRODUCTION

Malignant tissues frequently exhibit chromosomal aberrations
and altered gene expression. The altered transcript levels in
cancer genomes are often related to gene copy number
changes such as ampli®cation of oncogenes and loss of tumor
suppressor genes as detected by homozygous deletion or loss
of heterozygosity (LOH). In the past LOH patterns have been
detected by allelotyping using restriction fragment length
polymorphism (RFLP), and later by microsatellite markers
(1,2). However, owing to the relative low abundance of
microsatellite markers, the resolution for whole genome
scanning is limited to 5 cM with commercially available sets

of primers, and the process for whole genome analysis is long
and tedious. Additionally, microgram quantities of genomic
DNA are needed for whole genome allelotyping. With the
discovery of more than 1.4 million single-nucleotide poly-
morphisms (SNPs) distributed throughout the human genome
at an average density of one SNP per kilobase of DNA
sequence, high-resolution genome-wide allelotyping became a
reality. Initially, Affymetrixâ HuSNP GeneChipâ containing
1494 SNPs was used to detect sequence polymorphism (1,2),
and several recent studies have subsequently utilized the
Affymetrixâ HuSNP GeneChipâ to identify regions exhibiting
recurrent LOH in tumor tissues from breast, bladder, prostate
and small-cell lung cancers (3±7).

Changes in DNA copy numbers are one of the character-
istics of genomic instability common to many human cancers.
Although comparative genomic hybridization (CGH) is an
effective genome-wide technique to detect net gain or loss of
genetic materials, it fails to recognize situations where there
might be loss of one allele followed by reduplication of the
remaining allele. These latter changes would still be identi®-
able by LOH studies, which complement CGH studies very
well for this reason. However, in analyzing complicated
genomes such as those of osteosarcomas that re¯ect a high
level of genomic instability, LOH results need to be
interpreted cautiously since some LOH at some loci may be
caused by events other than the loss of one allele, such as the
differential ampli®cation of one allele. Thus the use of the
term allelic imbalance to describe LOH results may be
technically more accurate. Ideally, the most reliable method to
characterize allelic imbalances should have the ability to not
only provide locus-speci®c genotypes but also to quantify
accurately the copy number of each allele. With more than 1.4
million SNPs already validated, high-density SNP array is a
potential platform for high-resolution whole genome allelo-
typing with accurate copy number measurements. The high-
density SNP allele array has improved signi®cantly recently
and parallel genotyping of over 10 000 SNPs using a one-
primer assay is now feasible (8). The Affymetrix 10K SNP
array (8) contains 11 560 SNP alleles with high frequencies of
heterozygosity (average 36% based on Affymetrix in-house
data). This new SNP array platform is shown to have high
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accuracy (99.5%), reproducibility (99.9%) and call rate (95%)
(8). The accuracy measurement is based on the concordance
between SNP calls by SNP arrays and genotypes generated by
the high-throughput single-base extension method or direct
sequencing. Here we report the use of the 10K SNP array to
perform genome-wide allelotyping with osteosarcoma tissues
and validation of some of the results by parallel allelotyping
studies with microsatellite markers and CGH studies.

Osteosarcoma is the most common malignant bone tumor
in children and young adults (9) and is characterized by
extremely complex karyotypes. Because the amount of
osteosarcoma tissue that can be obtained from initial biopsies
for research is very limited, we evaluated the feasibility of
using whole genome ampli®ed genomic DNA from patient
samples for SNP array analysis. A Phi29 polymerase-based
isothermal ampli®cation method (10) was used to generate
whole genome ampli®ed DNA. In this study, we compared the
results of using ampli®ed DNA with those of using
unampli®ed DNA in the detection of LOH and chromosome
copy number changes in two osteosarcoma cases.

MATERIALS AND METHODS

Whole genome ampli®cation

Fresh tissues from an initial biopsy of osteosarcoma were
obtained with informed consent and snap frozen in liquid
nitrogen. DNA from osteosarcoma tissue was recovered from
the organic phase following TRIzol (InVitrogen, Carlsbad,
CA) extraction of RNA and was further puri®ed using DNeasy
tissue Kit (Qiagen Inc., Valencia, CA). Matching normal DNA
from the same patient was extracted from blood using the
Wizard DNA Extraction Kit (Promega, Madison, WI). Whole
genome ampli®cation was performed with the GenomiPhi
DNA ampli®cation kit (Amersham Biosciences, Piscataway,
NJ). The method employs the unique strand displacement
property of Phi29 DNA polymerase (10) to amplify linear
DNA. For each reaction, 9 ml of reaction buffer and 1 ml of
Phi29 enzyme were added to 1 ml of DNA sample containing
10 ng of genomic DNA. The reactions were allowed to
proceed at 30°C for 16 h.

SNP GeneChip assay

DNA labeling, hybridization, washing and staining of the 10K
SNP mapping arrays were performed according to the
standard Single Primer GeneChip Mapping Assay protocol
(Affymetrix Inc., Santa Clara, CA). First, 250 ng of either
ampli®ed DNA or unampli®ed DNA was digested with XbaI
and then ligated to XbaI adaptor before subsequent PCR
ampli®cation using AmpliTaq Gold (Applied Biosystems,
Foster City, CA). To obtain enough PCR products, four 100 ml
PCRs were set up for each XbaI adaptor-ligated DNA sample.
The PCR products from the four reactions were then pooled
and puri®ed. A ®nal 20 mg of PCR product was fragmented
with DNase I and visualized on a 4% TBE agarose gel to
con®rm that the sizes ranged from 50 to 100 bp. Fragmented
PCR products were then end-labeled with biotin and
hybridized to the array. Detection was performed with an
Affymetrix Fluidics Station 400 and an Agilent GeneArray
Scanner.

Microsatellite analysis

Microsatellite analyses were performed with primers and
reagents from the ABI PRISMâ Linkage Mapping Set Version
2.5. In a 15 ml reaction, 15 ng of DNA was combined with 9 ml
of true allele mix and 1 ml of primer pairs. The following PCR
conditions were used: 1 cycle of 95°C for 12 min, then 10
cycles of 94°C for 15 s, 55°C for 15 s and 72°C for 30 s,
followed by 20 cycles of 89°C for 15 s, 55°C for 15 s and 72°C
for 30 s. Finally the reaction was held at 72°C for 40 min
before electrophoresis on an ABI Prism 377 Sequencer. The
bands were scanned and data were analyzed by ABI PRISMâ

Genescan/Genotyper software.

Data analysis

The signal intensity data from the GeneChip Operating
software were analyzed by GeneChip DNA Analysis
Software (GDAS). The GDAS Mapping Algorithm uses a
model-based approach (11,12) to perform allele calling for all
SNPs on GeneChipâ 10K Mapping Arrays. Information about
the linear chromosome location, upstream and downstream
associated microsatellite markers and genes for each SNP
was extracted directly from NetAffxÔ Analysis Center
(http://www.affymetrix.com) (13). Data from eight array

Table 1. Comparison of LOH calls with unampli®ed versus ampli®ed total genomic DNA from two
osteosarcoma patients

SNP calls B versus T BA versus TA Intersectiona % False
positivesb

% LOH
missedb

OST197 blood versus tumor
AB to AA 533 522 450 13.8 15.6
AB to BB 537 500 434 13.2 19.2
OST449 blood versus tumor
AB to AA 408 374 317 15.2 22.3
AB to BB 385 343 298 13.1 22.6

B, unampli®ed blood DNA; T, unampli®ed tumor DNA; BA, ampli®ed blood DNA; TA, ampli®ed tumor
DNA.
aSNP detected as LOH by both ampli®ed (BA versus TA) and unampli®ed (B versus T) DNA samples.
bThe percentage of false positive is based on the assumption that unampli®ed (B versus T) DNA detected
LOH correctly:
% false positive = (BA versus TA ± intersection)/(BA versus TA)
% LOH missed = (B versus T ± intersection)/(B versus T).
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experiments were collated using OmniViz software (http://
omniviz.com), and all SNPs with LOH (genotype changing
from AB in the normal blood DNA to AA or BB in the
corresponding tumor DNA) were identi®ed using a dynamic
query tool within the OmniViz software package. Individual
SNP copy numbers and chromosomal regions with gains or
losses were evaluated with the Affymetrixâ GeneChipâ

Chromosome Copy Number Tool.

RESULTS AND DISCUSSION

Whole genome ampli®cation of osteosarcoma DNA

Since a very limited amount of tissue is available for research
from initial biopsies of osteosarcoma, we evaluated the
feasibility of using whole genome ampli®ed DNA to study
changes in DNA copy number in osteosarcoma by using a
high-density SNP array. Tumor DNA recovered after TRIzol
extraction of RNA was used for whole genome DNA
ampli®cation using a Phi29 polymerase-based GenomiPhi
Kit, making it theoretically possible to perform both expres-
sion and DNA analyses with the same piece of tissue when
tissue quantity is limited. However, we found that a DNeasy
cleaning step is necessary in order to obtain robust ampli®c-
ation with TRIzol-extracted DNA. Typical yield of ampli®ed
DNA from the GenomiPhi Kit is about 3±5 mg from 10 ng of
genomic DNA as starting material. We ampli®ed DNA from
two osteosarcoma samples and the corresponding normal
DNA from blood. Ampli®ed DNA was evaluated for

allelotyping using both microsatellite markers and SNP arrays.
Initially, a total of 78 pairs of primers, representing 78
microsatellite markers, were selected from the ABI PRISMâ

Linkage Mapping Set Version 2.5. These microsatellite
markers were used to compare a pair of ampli®ed and
unampli®ed control DNA. Both ampli®ed and unampli®ed
DNA gave the same allelic calls for 76 out of 78 loci tested.
Next, ampli®ed normal and tumor DNAs from osteosarcoma
patients were used for microsatellite allelotyping using the 76

Table 2. Concordance between microsatellite markers with LOH and associated SNPs

Microsatellite marker
with LOH

Concordance Associated SNPa SNP associated genesb

D10S548 Yes SNP_A-1507719 (354352) FLJ30499 (0)
Yes SNP_A-1514467 (275041) FLJ30499 (138820)

D10S547 Yes SNP_A-1515335 (73967) CUGBP2 (435332)
Yes SNP_A-1512522 (28578) CUGBP2 (538238)
Yes SNP_A-1512797 (402177) CUGBP2 (911837)
Yes SNP_A-1509048 (28484) CUGBP2 (538144)
Yes SNP_A-1507528 (71842) CUGBP2 (337457)

D10S591 Yes SNP_A-1515840 (50139) LoopADR (57865)
Yes SNP_A-1507999 (802983) PITRM1 (305939); COPEB (291241)

D11S935 Yes SNP_A-1517705 (96736) EST (0)
D1S252 Yes SNP_A-1516337 (795188) FLJ38716 (0)

Yes SNP_A-1516514 (389864) CD58 (0)
D1S2842 Yes SNP_A-1510676 (66659) FLJ40773 (117902)
D6S287 Yes SNP_A-1514474 (733220) BP75 (167748)

Yes SNP_A-1513072 (807375) MAN1A1 (590044)
D6S446 Yes SNP_A-1514409 (35997) DLL1 (2647)
D8S1771 Yes SNP_A-1513125 (400216) EBF2 (0)
D8S258 Yes SNP_A-1518093 (249174) LZTS1 (5190)
D9S286 Yes SNP_A-1514444 (214489) PTPRD (49070)

Yes SNP_A-1513014 (602303) PTPRD (0)
D1S2797 Yes SNP_A-1516178 (939472) TESK2 (0)
D1S2878 Yes SNP_A-1510747 (27247) EST (0)

Yes SNP_A-1517277 (27387) EST (0)
D1S468 Yes SNP_A-1518557 (517234) MOT8 (399588)
D3S1271 No SNP_A-1519022 (61676) FLJ21551 (84348)
D4S406 No SNP_A-1517547 (3265) LCE (150071); ENPEP (127645)
D6S289 No SNP_A-1512627 (103649) JMJ (168238)
D7S798 No SNP_A-1511326 (21696) ARP3BETA (137620)

aThe number in parentheses is the distance (base pairs) between the microsatellite marker and the
corresponding SNP.
bThe number in parentheses is the distance (base pairs) between the adjacent gene and the SNP.

Figure 1. Correlation between the estimated copy number of 11 560 SNPs
from ampli®ed and unampli®ed osteosarcoma DNA. The copy number is
estimated by the Affymetrixâ GeneChipâ Chromosome Copy Number Tool
and is in log2 scale. The Pearson correlation coef®cient is 0.77.
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loci validated for whole genome ampli®cation. In one case
(OST197), 46 out of 76 microsatellite markers were found to
have LOH.

Accuracy of LOH detection by SNP array with
ampli®ed DNA

To evaluate the accuracy of LOH detection using ampli®ed
DNA, a total of eight SNP arrays were used to analyze two
independent osteosarcoma cases (OST197 and OST449) with
corresponding patient-matched blood samples. We were able
to obtain genotype calls (AA, BB or AB) from 86 to 97%
(average 92.13 6 4.43%) of the 11560 SNPs in the SNP array
using both ampli®ed DNA and unampli®ed DNA derived from

the four independent samples. Moreover, the difference
between the mean call rates of using unampli®ed and
ampli®ed DNA is insigni®cant based on a t test on the four
paired samples (p = 0.228). The SNP call for each of the allelic
loci was determined by the GeneChipâ DNA Analysis
Software. More than 3900 SNP loci had heterozygous calls
(AB) in both the ampli®ed and unampli®ed blood DNA, which
are informative for determining LOH in the corresponding
tumor DNA. Table 1 summarizes the LOH results using
both ampli®ed and unampli®ed DNA from two cases of
osteosarcoma.

A total of 1070 and 793 SNP loci with LOH were detected
in OST197 and OST449, respectively, with unampli®ed DNA.

Figure 2. Copy number of individual SNPs in chromosome 6 detected with ampli®ed and unampli®ed tumor DNA from case OST197. The copy number results
are plotted using two colors: green for values above the threshold (2) and magenta for values below the threshold. Included in the graph is a representation of
the genotype calls associated with the SNPs (small color bars to the right of the ideogram). Green represents heterozygous calls while magenta represents
homozygous calls. An ideogram showing the corresponding cytoband locations of each SNPs on chromosome 6 is aligned in the bottom of the graph.
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On the other hand, 1022 and 717 SNP loci with LOH were
detected in OST197 and OST449, respectively, with ampli®ed
DNA. More than 78% of the LOH detected with unampli®ed
DNA were also detected using ampli®ed DNA. The average
false-positive and false-negative rates for using ampli®ed
DNA were 13.5% and 19.9% respectively. The average
accuracy is calculated as 81% (CI, 79% and 82%) at 95%
signi®cance (based on exact method and binomial con®dence
interval) by SPSS (SPSS Inc., Chicago, IL).

Concordance between LOH detection by microsatellite
markers and SNP array

Since we have identi®ed 46 chromosomal loci with LOH in
OST197 by allelotyping with microsatellite markers, we
evaluated the concordance between LOH detection by

microsatellite markers and SNP arrays in this case. Using
the NetAffxÔ Analysis Center, we were able to identify SNPs
that are within 1 Mb for 31 of these 46 microsatellite markers,
but only 18 microsatellite markers have associated informa-
tive SNPs. Since the average heterozygosity of microsatellite
marker (0.79) from the ABI PRISMâ Linkage Mapping Set
Version 2.5 is much higher than that of the SNPs in the array
(0.36), it is conceivable that some of these microsatellite
markers do not have associated informative SNPs for
comparison. Table 2 lists the microsatellite markers loci
with LOH and the associated informative SNPs. Among these
18 microsatellite markers, 14 have associated SNPs with
LOH. However, SNPs associated with the remaining four
microsatellite markers do not show any LOH. Three of these
microsatellite markers (D3S1271, D6S289 and D7S798) are

Figure 3. Probability plot of LOH calls in ampli®ed and unampli®ed tumor DNA without reference to the normal DNA. An example for chromosome 6 of
OST197 is shown.
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20±100 kb away from the associated SNPs and one (D4S406)
is within 4 kb. There are two possible explanations for the
discrepancies involving these four microsatellite markers:
(i) the boundary of LOH is located between the SNP locus and
the corresponding microsatellite marker, and (ii) errors of the
SNP array in making heterozygous calls in tumor DNA.
Sequencing these loci will help clarify the basis of the
discrepancies.

SNP array is able to detect chromosomal regions with
LOH and copy number changes in ampli®ed tumor
DNA without reference to normal DNA

Since patient-matched normal DNA is not always available as
a reference for high-resolution allelotyping, especially in
retrospective studies, we tested the feasibility of detecting

LOH or copy number changes using tumor DNA only. The
Affymetrixâ GeneChipâ Chromosome Copy Number Tool
estimates the copy number of individual SNPs by comparing
the signal intensity of each SNP from the tumor sample with
the mean of the corresponding SNP in a reference set
containing >100 normal individuals. The estimated copy
number of 11560 SNPs from unampli®ed OST449 DNA was
plotted against that of ampli®ed OST449 DNA (Fig. 1). The
Pearson correlation of estimated SNP copy numbers between
unampli®ed and ampli®ed DNA is 0.77 for OST449 (Fig. 1)
and 0.70 for OST197. Figure 2 is a detailed plot of the copy
number for individual SNP loci along chromosome 6 from
OST197. Based on the estimated copy numbers, SNP loci at
6q12±13 have 5- to 20-fold ampli®cation (Fig. 2) as detected
by using either ampli®ed or unampli®ed DNA. This is

Figure 4. Signi®cance graph of detecting copy number changes in ampli®ed and unampli®ed genomic DNA. An example for chromosome 6 of OST197 is
shown.
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consistent with our chromosome CGH result that 6q12±13 is
an ampli®ed region (data not shown).

Figure 3 compares the detection of LOH between ampli®ed
and unampli®ed DNA using chromosome 6 as an illustration.
The Affymetrixâ GeneChipâ Chromosome Copy Number
Tool calculates the probability of homozygosity of each SNP
using a large reference set containing >100 individuals. By
treating each SNP independently, the probability that a
contiguous stretch of homozygous calls happens by chance
is then calculated. Chromosome regions with LOH are
inferred from this probability based on the assumption that
the occurrence of long stretches of homozygous regions along
a chromosome is very unlikely and therefore may indicate a
region of LOH. This is illustrated in Figure 3 in which ±log10

of the probability of a given stretch of homozygous calls is
plotted against the position of individual SNPs along the
chromosome. It shows a comparison of LOH calls using this
algorithm from both ampli®ed and unampli®ed tumor DNA.
Both ampli®ed and unampli®ed DNA gave identical results
that there is LOH of the entire 6q. With ampli®ed DNA, the
probability of LOH at 6q12±13 loci is lower than that of
unampli®ed DNA (Fig. 3). This is because a few SNP loci at
6q12±13 were called heterozygous in ampli®ed DNA but were
called homozygous in unampli®ed DNA. However, these few
heterozygous calls do not affect the con®dence that 6q12±13 is
within a LOH region. The probability that there is no LOH in
this region is less than 1 in 1012.

SNP loci at 6q12±13 are within a region of LOH (Fig. 3) but
also have signi®cant increase in copy number (Fig. 2). The
increase in copy number in a LOH region may suggest the loss
of an allele followed by ampli®cation of the remaining allele.
The ability to make such an inference is one of the advantages
of SNP array over other microarray-based methods such as the
use of cDNA and BAC (14,15) for allelic imbalance analysis.

Besides estimating the copy numbers for individual SNP
locus, we also used the Affymetrixâ GeneChipâ Chromosome
Copy Number Tool to evaluate the statistical signi®cance of
copy number changes along the chromosomes. A p value for
each SNP signal intensity of the tumor DNA is calculated from
a distribution of SNP intensities from a reference set
containing >100 normal individuals. A smaller p value for a
SNP locus will imply a higher signi®cant gain or loss at that
locus. The p value is log10 transformed and plotted along the
corresponding chromosome. Figure 4 is a comparison of the
signi®cance plot of chromosome gain and loss for chromo-
some 6 using both ampli®ed and unampli®ed DNA. The sign
of the log10-transformed p value is modi®ed so that a positive
sign will indicate chromosomal gain while a negative sign will
indicate chromosomal loss. There is good concordance
between ampli®ed and unampli®ed DNA, such that both
indicate a loss of 6q14-q27 and gain at 6q12±13 in the case of
OST197. The Pearson correlation between the p value of each
SNP from the ampli®ed and unampli®ed DNA is 0.716. Both
the gain and loss of these two regions in chromosome 6 are
con®rmed by CGH (data not shown).

In summary, we were able to detect allelic imbalances with
whole genome ampli®ed DNA from two osteosarcoma
samples by using a high-density SNP array. Both ampli®ed
and unampli®ed DNA gave similar results in terms of SNP
calls, LOH and chromosome copy number changes. Our data
indicate that copy number changes and LOH can be estimated

or inferred from 10K SNP array data using only ampli®ed
tumor DNA with the Affymetrixâ GeneChipâ Chromosome
Copy Number Tool. The results are comparable to that of
unampli®ed tumor DNA (Figures 1±4). Because of the high
density of the SNP array, with a median inter-SNP distance of
105 kb, localizing the associated genes near the adjacent SNPs
for further analysis is made much easier (Table 2). The
identi®cation of these candidate genes will further enhance the
understanding of the biology of osteosarcoma. The strategies
outlined in this report can also be applied to the study of other
human cancers that have limited quantities of tissue available
such as those that are traditionally diagnosed by needle
biopsies or tissues that require microdissection.
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