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Sufficient quantity of genomic DNA can be a bottleneck
in genome-wide analysis of clinical tissue samples. DNA
polymerase Phi29 can be used for the random-primed
amplification of whole genomes, although the amplifi-
cation may introduce bias in gene dosage. We have
performed a detailed investigation of this technique
in archival fresh-frozen and formalin-fixed/paraffin-
embedded tumor DNA by using cDNA microarray-based
comparative genomic hybridization. Phi29 amplified
DNA from matched pairs of fresh-frozen and formalin-
fixed/paraffin-embedded tumor samples with similar
efficiency. The distortion in gene dosage representation
in the amplified DNA was nonrandom and reproducibly
involved distinct genomic loci. Regional amplification
efficiency was significantly linked to regional GC con-
tent of the template genome. The biased gene represen-
tation in amplified tumor DNA could be effectively nor-
malized by using amplified reference DNA. Our data
suggest that genome-wide gene dosage alterations in
clinical tumor samples can be reliably assessed from a
few hundred tumor cells. Therefore, this amplification
method should lend itself to high-throughput genetic
analyses of limited sources of tumor, such as fine-
needle biopsies, laser-microdissected tissue, and small
paraffin-embedded specimens. (J Mol Diagn 2005,
7:171-182)

The availability of a simple and reliable method for the
amplification of entire genomes from limited sources of
DNA would lend itself to high-throughput genetic anal-
yses in virtually all areas of translational research.
High-throughput genomic profiling, for example cDNA
microarray-based comparative genomic hybridization

(array-CGH)," requires pg quantities of genomic DNA.,
A particular challenge for translation of array-CGH
methodology to clinical application is to link it to a
robust up-front technology that allows reliable and un-
biased amplification of limited sources of DNA, for
example from fine-needle biopsies. Much effort has
been invested in developing methods for whole ge-
nome amplification, for example polymerase chain
reaction-based methods.? * In particular, the pitfalls of
substantial variation in the extent of amplification oc-
curring between different markers, incomplete repre-
sentation, and inadequate average DNA size have lim-
ited the use of most existing amplification methods,
making them particularly unsuitable for genomic
applications.?™*

Bacteriophage Phi29 DNA polymerase random-primed
DNA amplification®” is based on an isothermal strand
displacement amplification reaction in which random
hexamer primers anneal to the genomic template at mul-
tiple sites and Phi29 initiates replication at these sites on
the denatured linear DNA. As synthesis proceeds, strand
displacement of complementary DNA generates new sin-
gle-stranded DNA available to be primed by additional
primers. The subsequent strand displacement replication
of this DNA leads to the formation of double-stranded
DNA. The presence of an associated proofreading activ-
ity of Phi29 ensures a high sequence accuracy of the
amplified DNA, indicating its suitability for genotyp-
ing.27'° The utility of Phi29-based whole genome ampli-
fication has been shown for plasmid and bacteriophage
DNA™ as well as human DNA from whole blood, buccal
swabs, buffy coats, and cultured cells.®'?7'* However,
this technique results in biased gene representation.®'?
The nature and mechanism for this misrepresentation in
amplified human and yeast genomes has remained un-
certain.’ Compared to genotyping, array-CGH analysis
is more demanding because it requires not only high
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sequence accuracy of the amplification product but also
representative gene dosage coverage across the entire
genome.

Here we have examined in detail the suitability of Phi29
for the whole genome amplification of archival fresh-
frozen and formalin-fixed/paraffin-embedded (FFPE) clin-
ical solid tumor samples, and its utility for subsequent
global gene dosage assessments. The utilization of
43,000-element cDNA microarray-based array-CGH
technology provided a high-resolution means to measure
genome-wide representational bias and to map gene
dosage alterations in the amplified DNA on a gene-by-
gene basis. We provide conclusive mechanistic explana-
tion for the varying gene dosage representation in the
amplified DNA. We describe a reliable way how to nor-
malize biased gene representations to generate highly
precise and comprehensive genomic profiles in both ar-
chival fresh-frozen and FFPE tumor tissue from few hun-
dred cells.

Materials and Methods

Tumors, Cell Lines, and Reference DNA

Matched pairs of archival fresh-frozen and FFPE samples
from several glioblastomas were obtained from the Stan-
ford Brain Tumor Tissue Bank with institutional review
board approval. Fresh-frozen specimens had been
stored at —80°C and FFPE had been fixed in 10% buff-
ered formalin, embedded in paraffin, and archived for 2
to 3 years. Breast cancer cell lines BT474 and MCF-7
were obtained from the American Type Culture Collec-
tion, Rockville, MD, and grown in RPMI 1640 media (In-
vitrogen, Carlsbad, CA), supplemented with 10% fetal
calf serum (Hyclone, Logan, UT) and 1% penicillin-strep-
tomycin (Invitrogen). Reference genomic DNA was pre-
pared from male and female whole blood donors or was
purchased from Promega (Madison, WI).

Isolation of DNA

Ten 4-um FFPE tissue sections were deparaffinized in
3 X 1mlxylene and 2 X 1 ml 100% ethanol for 10 minutes
each. After air-drying, samples were suspended in 1 ml
of DNA extraction buffer, composed of 900 ul of ATL
buffer and 100 ul of proteinase K (both DNeasy tissue kit
by Qiagen, Valencia, CA), and were incubated at 55°C
overnight. Additional proteinase K (50 ul) was added 24
hours and 48 hours later for a total incubation time of 72
hours. Twenty-five mg of fresh-frozen glioblastoma tissue
were digested in DNA extraction buffer at 55°C overnight.
Silica gel-membrane extraction of DNA was performed in
both fresh-frozen and FFPE samples using the DNeasy
tissue kit following the manufacturer’s protocol. DNA con-
centration was determined by spectrophotometric ab-
sorption at 260 and 280 A and the purity was calculated
by the A,go/Asgo ratio. DNA size was estimated by aga-
rose gel electrophoresis with ethidium bromide staining
(Invitrogen). DNA from BT474 and MCF-7 cell lines and
from whole blood from male and female donors was

extracted using the blood and cell culture DNA maxi kit
(Qiagen) according to the manufacturer.

Phi29-Based Amplification of Genomic DNA

Components of the GenomiPhi DNA amplification kit (Am-
ersham Biosciences, Piscataway, NJ) were used for the
amplification reactions. Various amounts of purified
genomic DNA (0.25 to 30 ng) in a total volume of 1 pul
were added to 9 ul of sample buffer and heated to 95°C
for 3 minutes to denature the template DNA. After cooling
on ice for 5 minutes, samples were mixed with 10 ul of a
preprepared reaction mix (9 ul of reaction buffer and 1 ul
of Phi29 per reaction), and were incubated at 30°C for
several hours (2 to 18 hours). After amplification, Phi29
was heat-inactivated at 65°C for 10 minutes and samples
were cooled to room temperature. Amplification products
were purified by ethanol precipitation using 1.5 mol/L
sodium acetate/250 mmol/L ethylenediamine tetraacetic
acid buffer (pH > 8.0). Twenty ul of nuclease-free water,
4 pl of sodium acetate/ethylenediamine tetraacetic acid
buffer, and 100 ul of 100% ethanol were added sequen-
tially to 20 ul of amplification product and the mixture was
centrifuged for 15 minutes at 12,000 rpm. The superna-
tant was removed and DNA pellets were washed in 400
wl of 70% ethanol for 2 minutes. After centrifugation at
3200 X g for 5 minutes, the supernatant was removed
and DNA pellets were dried and resuspended in 10 ul of
1X Tris-ethylenediamine tetraacetic acid (TE) buffer
(Sigma, St. Louis, MO). In each experiment, 10 ng of
control A DNA were co-amplified to assess the efficiency
of each amplification reaction. At least three independent
experiments were concurrently performed per template
amplification. Reaction products were quantified spectro-
photometrically and analyzed by agarose gel electro-
phoresis. BT474 and MCF-7 DNAs (along with corre-
sponding normal male/female reference DNAs) were
amplified essentially as above by Molecular Staging Inc.

Digestion and Purification of DNA

For labeling reactions, 6 ug each of nonamplified
genomic DNA and amplification product were digested
separately with Dpnll restriction enzyme (New England
Biolabs, Beverly, MA) at 37°C for 1.5 hours (total volume
of 40 wl, 1.5 ul Dpnll, and 6 wl Dpnll buffer). After Dpnll
inactivation by heating at 65°C for 20 minutes, samples
were snap-cooled on ice for 2 minutes. Digests were
purified using the QIAquick polymerase chain reaction
purification kit (Qiagen), following the manufacturer’s in-
structions. Samples were resuspended in 50 wl of EB
buffer and digestion products were quantified by spec-
trophotometric absorption at 260 and 280 A and stored at
—80°C.

Labeling of DNA

For microarray hybridization, 2 ug each of nonamplified
and amplified digested DNA in a volume of 22.5 ul were
separately labeled using random primers (Bioprime la-



beling kit, Invitrogen), modified to include a 10X dNTP
mix composed of 1.2 mmol/L each of dATP, dGTP, and
dTTP and 0.6 mmol/L dCTP. To each sample, 20 ul of
2.5X random primers were added, the mixture was
boiled for 5 minutes at 100°C, and snap-cooled on ice for
5 minutes. After adding 5 ul of 10X dNTP mix, 3 ul of
Cy3-dCTP and Cy5-dCTP fluorescent dye to paired hy-
bridization samples (Amersham Biosciences), and 1 ul of
concentrated Klenow enzyme, samples were incubated
for 2 hours at 37°C. Reactions were stopped by adding 5
wl of stop buffer, placed on ice for 5 minutes, and cen-
trifuged at 18,000 X g for 2 minutes. Dye switch between
amplified and nonamplified DNA was performed to rule
out a dye bias effect.

CGH of Microarrays

Labeled products were purified using YM-30 microcon
filters (Millipore Corporation, Bedford, MA). Correspond-
ing Cy3- and Cy5-labeled probes were combined to the
centrifugal filter unit, 400 ul of 1X TE buffer (pH = 7.4)
were added, and the mixture was inverted several times
and centrifuged at 13,800 X g for 7 minutes. After two
additional washes with 450 ul of 1X TE, 380 ul of 1X TE,
20 ul of 5 ug/ul yeast tRNA (Invitrogen), 50 wl of 1 ug/ul
human Cot-1 DNA (Invitrogen), and 2 ul of 10 pg/ul
poly(dA-dT) (Sigma) were added to block nonspecific
binding, hybridization to repetitive elements, and unde-
sired hybridization to extended poly(A) tails, respectively.
The mixture was concentrated to <32 ul by centrifugation
at 12,000 X g for 12 to 14 minutes. Probes were recov-
ered by inverting filters into a new microcon tube and
centrifugation at 14,000 X g for 2 minutes. After adjusting
the volume to 32 ul with 1X TE, 6.8 ul of 20X standard
saline citrate (SSC) (Invitrogen) and 1.2 ul of 10% sodium
dodecyl sulfate (Sigma) were added and the mixture was
denatured at 100°C for 2 minutes. After a 30-minute Cot-1
preannealing step at 37°C, probes were hybridized to
cDNA microarrays containing more than 43,000 cDNA
sequences (manufactured by the Stanford Functional
Genomics Facility) under a 22 X 60-mm glass coverslip
and incubated in a hybridization chamber at 65°C for 15
to 18 hours.

Washing of Microarrays

After overnight hybridization, coverslips were removed
by briefly dipping microarrays into a 65°C 2x SSC,
0.08% sodium dodecyl sulfate washing solution. To re-
move unbound labeled DNA, microarrays were sequen-
tially washed in 2x SSC, 0.03% sodium dodecy! sulfate
at 65°C for 5 minutes, rinsed in 2X SSC at 65°C, followed
by shaking washes of 5 minutes each at room tempera-
ture in 1X SSC (one wash) and 0.2X SSC (two washes).
Microarrays were centrifuged dry at 500 rpm for 5 min-
utes and placed into a light-protected box.

Imaging of Microarrays and Data Reduction

Microarrays were immediately scanned in dual wave-
lengths on a GenePix 4000B scanner (Axon Instruments,
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Union City, CA). Fluorescence intensity ratios for each
cDNA element on the microarray were calculated after
background subtraction using GenePix Pro 5.1 software.
Array spots with overlying fluorescent debris were ex-
cluded, as were spots either <25% or >400% in average
spot size. To correct for differences in DNA labeling
efficiency between samples, fluorescence ratios were
normalized to achieve an average log ratio of 0 using the
Stanford Microarray Database. Measurements with con-
sistent (regression correlation, >0.6) and sufficient fluo-
rescent intensities in either wavelength channel (signal,
>2.0 above background) were considered reliable.
When indicated, gene dosage ratios were reported as
symmetric five-nearest neighbors moving average.”

Data Analysis and Map Positions

The GoldenPath Human Genome Assembly (http://
genome.ucsc.edu, National Center for Biotechnology In-
formation build 34) was used to map fluorescent ratios of
the arrayed human cDNAs to chromosomal positions.
The CaryoScope software (http://genome-wwwa5.stanford.
edu/cgi-bin/caryoscope/nph-aCGH-dev_update.pl) was used
to display moving average gene dosage ratios on a gene-
by-gene basis along the human chromosomes.

Analysis of GC Content and GC Heterogeneity

The fractional GC content of 2.5 Mb-terminal chromo-
somal regions was analyzed using the geecee function in
EMBOSS suite.'® The freely distributed program draw_
chromosome_gc.pl (http://genomat.img.cas.cz) was used
to analyze and plot the genome-wide GC content in win-
dows of 100-kb size along the chromosomes as de-
scribed by Paces and colleagues.'® Sequence data were
obtained from the Human Genome Assembly, National
Center for Biotechnology Information build 34.

Statistics

If not otherwise indicated, statistical analyses were per-
formed in R."”

Results

Phi29-Based Amplification of Fresh-Frozen and
Paraffin-Embedded Tumor DNA

We examined in detail the efficiency of Phi29 in amplify-
ing genomic DNA from clinical solid tumor tissues using
matched pairs of archival fresh-frozen and FFPE glioblas-
toma samples. The amplification of less than a ng of
genomic template both from fresh-frozen as well as FFPE
tissue sources generated pwg amounts of amplification
product (Figure 1a). For the same template, there was
high consistency with regard to the yield of amplified
DNA between independent experiments. Increasing
amounts of template DNA only slightly increased the yield
of amplification product (Figure 1a), which, in turn, was
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Figure 1. Phi29-based amplification of fresh-frozen and FFPE tumor DNA. a: Graphical depiction of the relationship between genomic template and amplification
product. The amplification of as low as ~250 pg of template DNA both from matching fresh-frozen (f) and FFPE (p) glioblastoma (GBM) generated ug quantities
of amplification product, whereas negligible amounts (<5%) of product were generated by Phi29 without added DNA template. Sets of three independent
amplifications were performed for each sample with overnight 16-hour incubation at 30°C to evaluate the consistency in the amount of generated DNA. In each
of the tumor samples there was high concordance with regard to the yield of amplified DNA between independent experiments. Comparable yields of
amplification product were obtained with corresponding amounts of starting genomic template from fresh-frozen and FFPE tumor. Higher amounts of template
DNA resulted in negligible increases in amplified DNA output, suggesting either limited primer availability or decreasing polymerase activity during the course
of the amplification reaction. b: Graph displaying the amplification level corresponding to the data of a. A steady decrease in fold-amplification, as measured by
the fold-change of amplified to template DNA, was noted as the amount of starting genomic template was increased both in the fresh-frozen and FFPE tumor.
c: Analysis by gel electrophoresis of DNA from a matched pair of fresh-frozen and FFPE tumors with and without amplification. Fresh-frozen and FFPE DNA
demonstrated a comparable average molecular weight as did nonamplified tumor DNA and the amplification product (>12 kb).

paralleled by a related decrease in fold-amplification fying substantial clonal misrepresentation (Figure 2, b and
(Figure 1b). Gel electrophoresis disclosed a comparable c). When the R/G ratios for all analyzed clones were plotted
average molecular weight (>12 kb) for amplified and along the genome, most of the overrepresented as well as
nonamplified DNA from matched pairs of fresh-frozen most of the underrepresented clones clustered together in
and FFPE tumor (Figure 1c). sizable subgroups at various chromosomal map coordi-

nates, as indicated by vertical upward and downward
peaks in Figure 2b. In FFPE tissue, a greater scatter of these

Genome-Wide Gene Dosage Representation in ratios was noted as compared to fresh-frozen tissue.

Phi29-Amplified DNA

We then assessed on a gene-by-gene basis the gene Pattern and Reproducibility of Clonal

dosage representation across the human genome in tu- Misrepresentations in Phi29-Amplified DNA

mor DNA amplified at various amplification fold-levels

versus nonamplified template tumor DNA by CGH on We then performed a detailed analysis of the genomic
43,000-element cDNA microarrays (Figure 2). This anal- pattern of sequence variation using the CaryoScope soft-
ysis showed considerable, amplification level-dependent ware. Although some of the underrepresented loci were

scatter of the raw red/green (R/G) fluorescent ratios, signi- scattered across various intrachromosomal regions, the
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Figure 2. Array-CGH-based genome-wide assessment of gene dosage representation in Phi29%-amplified DNA. a: Graph depicting the signal intensity ratios of a
nonamplified male genomic versus nonamplified female genomic DNA array-CGH experiment. Signal intensity ratios were generated by hybridizing equal
amounts of Dpnll-digested, purified, and fluorescent dye-labeled nonamplified template and amplification product to a 43,000-element microarray. Each dot
signified the raw intensity ratio for a single clone on the microarray, which in turn indicated how this clone was represented in the amplified DNA relative to the
nonamplified DNA. Ratios were plotted against the order of the genes in the human genome, starting from chromosome 1 to chromosome Y. b: Array-CGH result
of a corresponding nonamplified versus amplified (a) fresh-frozen glioblastoma (GBM) DNA, the latter having been amplified 3750-fold. The considerably more
profound scatter of the ratios from the ideal 1.0 value, as compared to a, indicated significant misrepresentations of many clones in the amplified DNA. Red and
blue lines indicate genomic regions of higher-than-average underrepresentation and overrepresentation, respectively, as evidenced by clusters of clones aligned
as vertical upward and downward peaks at the same chromosome map coordinates. ¢: Signal intensity ratios in a nonamplified versus amplified DNA hybridization
experiments of the same GBM as in b, in which the amplification product had been amplified 250-fold. Although the scatter of the ratios was less than in the
experiment plotted in b, compared to a, considerable clonal misrepresentation was apparent with distinct genomic regions demonstrating more distortion in
representation than others. d to f: Histogram plots of log, ratio distributions of data points corresponding to the experiments shown in a to ¢. g: CaryoScope plots
comparing clonal representations for chromosomes 3, 4, and 11 of the experiments shown in b and c. Red and green bars indicate that a clone is overrepresented
and underrepresented in the amplified DNA, respectively. Despite a 15-fold difference in the amplification level between the two experiments, the regional pattern
of misrepresentation was highly consistent.

most significant underrepresentations mapped to termi-
nal chromosomal regions (Figure 3a). In repeat experi-
ments, there was high consistency among loci underrep-
resented in amplified tumor DNA even when a varying
amplification level was chosen (Figure 2g). The consis-
tent distortion in sequence representation in amplified
tumor DNA highly matched patterns of regional misrepre-
sentation in amplified normal genomic DNA (Figure 3d).

Deterministic Mechanism for Biased Gene
Representation in Phi29-Amplified DNA

Notably, only a subset (~50%) of the terminal chromo-
somal regions was underrepresented in the amplified
tumor and amplified normal DNA (100% concordance).
Because there is evidence that the GC content of DNA

can influence polymerase processivity as well as DNA
priming, we examined the relationship between re-
gional GC content and regional amplification effi-
ciency. Comparison of the GC content of the six most
underrepresented terminal loci versus six loci with av-
erage gene representation in amplified genomic DNA
disclosed a significant difference in average GC con-
tent within a 2.5-Mb terminal region (54.7% versus
42.3%, respectively; P = 0.002, two-sample Wilcoxon
test) (Figure 3c).

We then extended this comparative analysis to the
whole genome and obtained chromosome-wide GC con-
tent profiles by averaging the GC content in a 100-kb
window moved across the chromosomes in 10-kb steps.
Figure 4 depicts the fixed length, moving-window plot of
compositional GC heterogeneity mapped along with re-
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Figure 3. Pattern of regional misrepresentation and GC content in amplified DNA. a to ¢: Graph interrelating the genome-wide pattern of misrepresentation along
the chromosomes in an amplified (a) glioblastoma (GBM) DNA versus nonamplified GBM DNA array-CGH experiment and as displayed as a moving average by
CaryoScope analysis (symmetric five-nearest neighbors) (a); corresponding raw intensity ratios for underrepresented clones plotted against the genomic order of
genes (b); and average GC content measurements in selected terminal chromosomal regions (¢). Clusters of highly underrepresented clones in the raw-intensity-
ratio diagram were linkable to ~50% of terminal chromosomal regions. Six chromosomal termini demonstrating maximal underrepresentation in the amplified DNA are
circled in orange (5p..,, 7Piers Yiers 10Pers 17 ers 20qe,). Six chromosomal termini with normo-representation are circled in blue (1q., 3qer, 4wr 12Piers 18Pier
20p,,). Comparative assessment of the fractional GC content of these 12 chromosomal ends within a terminal length of 2.5 Mb revealed a significant difference in average
GC content between the normo-represented (42.3%; range, 39 to 45%) and underrepresented (54.7%; range, 51 to 57%) termini (P = 0.002, two-sample Wilcoxon test),
with the average genomic GC content of 41% indicated by the brown line. d: Comparison of terminal chromosomal and intrachromosomal clonal representations of
selected regions in an amplified normal male DNA versus nonamplified female DNA and an amplified tumor DNA versus nonamplified tumor DNA array-CGH
experiment, exemplifying the high concordance in the representational patterns of amplified normal and amplified tumor DNA.

gional gene dosage representation in amplified versus
nonamplified normal human DNA for chromosomes 3, 16,
and 20. This graphical portrayal displays the profound
variation of average GC content along the chromosomes
and discloses a significant relationship between regional
amplification efficiency and GC content across the hu-
man genome both in terminal chromosomal and intra-
chromosomal regions.

Genome-Wide Compensation for Distortion in
Gene Representation in Phi29-Amplified DNA

Because of the link between regional GC levels and
amplification efficiency, we tested whether overall clonal
distortions in the amplified tumor DNA could be balanced
out by using human reference DNA amplified under
exactly the same conditions. We therefore performed

sets of array-CGH hybridizations including 1) nonam-
plified male DNA versus nonamplified female DNA, 2)
amplified male DNA versus nonamplified female DNA,
3) amplified male DNA versus amplified female DNA,
4) nonamplified tumor DNA versus nonamplified nor-
mal human DNA, 5) amplified tumor DNA versus
nonamplified human DNA, and 6) amplified tumor DNA
versus amplified human DNA. Significant, albeit repro-
ducible regional heterogeneity in gene representation
was observed in the amplified sample versus nonam-
plified sample experiments (Figure 5). By contrast, the
representation profiles obtained in hybridization exper-
iments in which both test DNA and reference DNA had
been amplified were remarkably similar to those ob-
tained when hybridizing both nonamplified test and refer-
ence DNA (Figure 5). This compensation for misrepresen-
tation was uniformly observed in amplified normal human
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Figure 4. Graphical portrayal of regional GC content heterogeneity versus regional amplification efficiency on chromosomes 3, 16, and 20, which were
exemplarily selected because of their varying clonal representation pattern toward the chromosomal ends. a: Gene-by-gene display of regional amplification
efficiency as depicted by the moving average ratios of amplified versus nonamplified normal human genomic DNA. b: Color-coded, fixed-length, moving-window
plot depicting the variation in GC content across 100-kb windows. Substantial variation in GC levels between these windows was apparent, with particularly high
GC content toward the end of chromosomal arms 16p, 16q, and 20q. Notably, regional underrepresentation along the chromosomes—and thus regional
amplification efficiency—closely followed regional GC levels. Toward the end of chromosomal arms 16p, 16q, and 20q, where gene density is greatest,'® both
clonal underrepresentation in the amplified DNA as well as GC content reached a maximum.

DNA and amplified DNA from both fresh-frozen and FFPE
tumor (Figures 5 and 6, b and c).

Compensation for Distortion in Gene
Representation at Tumor Loci with
Genomic Alterations

We then evaluated the efficiency of compensating for mis-
representations in genomic tumor regions with genetic ab-
errations. In addition to analyzing fresh-frozen and FFPE
glioblastoma samples, well-characterized BT474 and
MCF-7 breast cancer cell lines demonstrating numerous
gene copy number alterations were studied. Hybridization
ratios of experiments in which study and reference DNA
had been either both amplified or both nonamplified were
plotted against each other. Figure 6 shows the representa-
tion of all genes and of signature genetic alterations in the

BT474 cell line (including the ERBB2/TOP2A amplicon on
17g11-g22) and in a matched pair of fresh-frozen and FFPE
glioblastoma (including the PDGFRA amplicon on 4q12). A
high degree of concordance was seen between the whole
nonamplified and amplified data sets. Clones belonging to
one amplicon closely clustered together in the scatter plots
(Figure 6; a to c). Corresponding CaryoScope plots depict
the reliable preservation of genetic signatures in the ampli-
fied tumor DNA-to-amplified normal DNA hybridization ex-
periments both in tumor cell lines and fresh-frozen and
FFPE tumor. Concordances for representative amplifica-
tions and deletions on chromosomes 17, 9p, and 20q in
BT474 were R? = 0.96, R = 0.91, and R® = 0.92, respec-
tively (Figure 6d). A similar degree of concordance was
revealed for the characteristic PDGFRA amplicon on chro-
mosome 4 in fresh-frozen and FFPE glioblastoma (R® =
0.94 and R? = 0.90, respectively).
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Figure 5. Compensation for representational distortion in amplified DNA. a to ¢: CaryoScope plots (moving window size, five clones) showing three independent
array-CGH experiments using normal genomic DNA, including nonamplified male DNA versus nonamplified female DNA, amplified (a) male DNA versus
nonamplified female DNA, and amplified male DNA versus amplified female DNA hybridizations, respectively. d to f: CaryoScope plots showing corresponding
hybridization experiments with male glioblastoma (GBM) DNA, specifically nonamplified tumor DNA versus nonamplified normal female DNA, amplified tumor
DNA versus nonamplified female DNA, and amplified tumor DNA versus amplified female DNA, respectively. As internal control, the ratio values for X-linked
genes indicated the expected 0.5 dosage of these genes in the male test DNA versus the female reference DNA. The hybridization of either amplified normal DNA
or amplified tumor DNA against nonamplified reference DNA revealed a reproducible pattern of misrepresentation, as indicated by a considerable difference in
the clonal representation profiles between a and b and between d and e, respectively. As evidenced by almost similar representation profiles between a and ¢
and between d and f, the use of reference DNA, amplified under exactly identical experimental conditions, remarkably compensated for clonal misrepresentations
in the amplified study DNA by balancing out regional differences in amplification efficiency.

Calculation of Confidence Limits after
Compensation for Representational Distortion

To estimate the amount of remaining bias that could not
be compensated by using an amplified reference, we
separately plotted the signal intensity ratios of the corre-
sponding nonamplified male DNA versus nonamplified
female DNA and amplified male DNA versus amplified
female DNA hybridizations against the order of the genes
in the human genome (Figure 7, a and b). The confidence
limits for 99.9% of the data for autosomal genes calcu-
lated for the amplified DNA experiment were remarkably
similar to the nonamplified DNA experiment (0.782 and
1.271 versus 0.763 and 1.273, respectively). Because
such plotting of intensity ratios generated by two in-
dependent experiments only considered the overall
variance of the intensity ratios without recognizing differ-
ences in ratios between the experiments on a clone-
by-clone basis, data of both experiments were plotted as
combined ratio of nonamplified male DNA/nonamplified
female DNA versus amplified male DNA/amplified female
DNA along the human genome (Figure 7c). In this model,
the extent of deviation from the ideal ratio of 1 indicated
for each single clone the representational distortion at the
corresponding genomic map position in the amplified
experiment relative to the nonamplified experiment.

Again, the 99.9% confidence limits (0.741 and 1.329)
were comparable to the single nonamplified and ampli-
fied experiments. Similar plots were then generated for
the corresponding nonamplified tumor DNA versus
nonamplified reference DNA and amplified tumor DNA
versus amplified reference DNA experiments both in
fresh-frozen and FFPE tumor (Figure 7, d and e). Despite
the increased variation of the intensity ratios in each of
the experiments because of genetic differences between
tumor and control DNA, the confidence bounds for 99.9%
of data calculated for the fresh-frozen (0.719 and 1.325)
as well as paraffin-embedded tumor experiments (0.663
and 1.349) were almost comparable to those of the cor-
responding plot of ratios in the normal human DNA. Ac-
cordingly, probability density estimate plots demon-
strated similar distribution spreads of data points in these
experiments (Figure 7f).

Discussion

We have successfully linked Phi29 to accurate and com-
prehensive high-resolution analysis of gene copy number
alterations in fresh-frozen and FFPE tumor samples. Our
initial studies have shown that Phi29-amplified human
tumor genomes demonstrate a reproducible gene repre-
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Figure 6. Representation of genetic alterations in amplified tumor cell line, fresh-frozen, and FFPE (p) tumor DNA. a to ¢: Scatter plots interrelating the moving
average log, hybridization ratios of independent experiments in which tumor and reference DNA were either both amplified (y axis) or both nonamplified (a)
(x axis). In addition to showing the correlation between all genes on the microarray, signature genetic alterations—including the ERBB2/TOP2A amplicon on
chromosome 17q11-22 in BT474 cells and the Platelet-derived growth factor receptor A(PDGFRA) amplicon on chromosome 4q12 in the glioblastoma (GBM)—are
indicated separately. A strong concordance for all genes between the nonamplified and amplified experiments was apparent. Clones that belonged to one
amplicon closely clustered together. d: CaryoScope plot depiction of the high degree of preservation of major genetic alterations—both gene amplifications and
deletions—in the amplified DNA in tumor cell lines and fresh-frozen and FFPE tumor. Concordances between the two data sets for signature changes on
chromosomes 17, 9p, and 20q in BT474 and on chromosome 4 in fresh-frozen and FFPE tumor were R = 0.96, R = 0.91, RZ = 0.92, R = 0.94, and R° = 0.90,

respectively.

sentation bias. Genomic loci of significant clonal under-
representation mapped primarily toward the ends of
chromosomal arms, but were also present as clusters in
various intrachromosomal regions. Terminal underrepre-
sentations were 1000-fold larger than those reported for
the yeast genome.™

We found a striking relationship between clonal repre-
sentation and local GC content across the human ge-
nome. Previous analyses have revealed substantial vari-
ation in average GC content among chromosomal
fragments and the existence of GC-rich and GC-poor
regions in the human genome.'®2° |t has been sug-
gested that the human genome can be partitioned into
mosaics of fairly homogeneous GC content, which have
been referred to as isochores.?® Such a mosaic organi-
zation is at variance with an alternative hypothesis that
that GC levels drift more or less continuously throughout
the human genome."® Analysis of the draft genome se-
quence has revealed regions of varying size with GC
levels far beyond the average of 41%."92° This high GC

content is partly attributable to transposable element in-
sertions and regional gene density.'®2"22

It has been noted that the GC content of DNA can
significantly affect polymerase chain reaction amplifica-
tion efficiency, sometimes causing premature chain ter-
mination at the beginning of G(C)-rich regions.?®2¢ Al-
though the exact mechanism of how GC content may
affect DNA polymerase function is not well understood, it
has been hypothesized that amplification of GC-rich tem-
plates can be hampered because of the formation of
secondary structures such as hairpins and by higher
melting temperatures, which can inhibit primer extension
by DNA polymerases as well as enzyme processiv-
ity 2427729 These variables may also significantly affect
the displacement of the complementary DNA strand in
the branching reaction. If one considers that only a small
fraction (~3 to 4%) of human DNA is highly GC-rich, but
that more than a quarter of the genes are located in these
regions,'® considerable amounts of data would be lost in
gene dosage investigations of Phi29-amplified DNA, if
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Figure 7. Confidence limits after compensation for representational distortion. a and b: Comparative signal intensity ratio-to-genome position plots of two
array-CGH experiments in which either both a nonamplified male and female DNA (a) or both amplified (a) male and female DNA (b) were hybridized against
each other. Moving average signal intensity ratios were ordered according to genome position. Ratio values for X-linked genes signified the expected 0.5 dosage
of these genes in the male DNA. Confidence limits for 99.9% of data for autosomal genes expressed as linear ratios are indicated by horizontal lines. The
confidence bounds calculated for both experiments were almost identical (0.763 and 1.273 and 0.782 and 1.271, respectively). ¢: Graphical display of
clone-by-clone comparison of intensity ratios in experiments shown in a and b, expressed as a ratio of five-nearest neighbor averaged intensity ratios of the
nonamplified experiment versus intensity ratios of the amplified experiment. The resultant ratio for each clone therefore indicated the representation of that clone
in the amplified experiment relative to the nonamplified experiment. The calculated 99.9% confidence limits (0.741 and 1.329) were similar to those of the separate
nonamplified and amplified experiment plots. d and e: Same graphical model as ¢, for corresponding nonamplified glioblastoma (GBM) DNA versus nonamplified
reference DNA and amplified GBM DNA versus amplified reference DNA array-CGH experiments in fresh-frozen (d) and FFPE (p) tumor (e). The confidence
bounds for 99.9% of data for both the fresh-frozen tumor (0.719 and 1.325) and FFPE tumor (0.663 and 1.349) experiments were comparable to those of the
corresponding normal DNA experiments. f: Probability density estimate plots showing similar distribution spreads of data points corresponding to graphs a to e.

such regions are not properly represented. The highest
gene density in the human genome has been reported to
be in the telomeric bands of metaphase chromosomes,
those regions that were partly highly misrepresented in
our amplified DNA.'®

We have shown that the reproducible variation in
regional amplification efficiency could be effectively
normalized when test and reference genomes were
amplified under identical conditions and compared by
array-CGH. Analogous observations have been made in
classical CGH experiments®®3" and have been success-
fully extrapolated to the random-primed amplification of
yeast and human genomic DNA using the strand-displac-
ing Bacillus stearothermophilus polymerase.' It has been
hypothesized that genome-wide adjustments in regional
priming frequency between the study and reference DNA
may have compensated for regional misrepresenta-
tions." While possible, our observations rather suggest
that the use of amplified reference DNA might effectively
balance out distortions in regional gene representation
by adjusting not only for regional variation in DNA priming
but also for varying polymerase efficiency because of
substantial GC heterogeneity across the human genome.

The proper representation of gene dosages in genet-
ically altered chromosomal regions is of crucial impor-
tance in functional genomics studies. We could show that
even small gene dosage alterations, such as amplifica-
tions and deletions that are limited to just a few clones,
were readily detectable in the bias-adjusted amplified
tumor genomes. Genome-wide gene dosage profiles
could also be generated by array-CGH from Phi29-am-
plified DNA originating from FFPE tumor, archived for
several years. It has been previously suggested that,
owing to priming frequency, the yield of Phi29-amplified
DNA is a direct function of the molecular weight of the
starting genomic template.’ It was therefore concluded
that the random-primed amplification of DNA by strand-
displacing polymerases, such as Phi29, may not be ideal
for analysis of FFPE tissue sources.' In contrast to a
previous observation' of almost complete failure of
Phi29 to amplify DNA from FFPE sample, we have dem-
onstrated similar amplification efficiencies in DNA from
pairs of archival fresh-frozen and FFPE tumor and a sim-
ilar average product length of DNA amplified from corre-
sponding tissue specimens.



An important factor that may contribute to failure of
proper amplification of FFPE DNA is the formation of
secondary structures between DNA and proteins in par-
affin-embedded DNA because of the formalin fixation.32
Formylation of DNA has been known to produce Schiff
bases on free amino groups of nucleotides. Exposure of
nucleo-proteins to formalin causes cross-linking between
DNA and proteins. However, both processes are revers-
ible.3 To adjust for these potential confounding vari-
ables, we have used a modified version of a previously
described DNA extraction protocol,®® which includes an
extended 3-day digestion with proteinase K. This ex-
tended digestion period has been shown to produce
high-molecular weight DNA3® and may have successfully
reduced the known pitfalls of FFPE DNA in our studies,
which can be detrimental to reliable downstream molec-
ular analyses.

In summary, our studies have demonstrated the suit-
ability of Phi29 for the amplification of whole tumor ge-
nomes from fresh-frozen and FFPE clinical specimens.
We have shown that the distortion in gene representation
in Phi29-amplified DNA is nonrandom and reproducible
across the human genome, indicating a mechanism for
amplification bias that leads to regional but reproducible
sequence distortions. Varying amplification efficiency is
significantly linked to regional GC content of the genomic
template and can be effectively normalized by using
amplified reference DNA. Our data also suggest that
gene-dosage alterations in both fresh-frozen and paraf-
fin-embedded clinical tumor DNA can be reliably as-
sessed by array-CGH from only few hundred tumor cells.
Therefore, this amplification method should be highly
valuable for the preparation of study DNA for genome-
wide gene dosage assessments from very small amounts
of archival tissue.
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