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CHAPTER 3

Abstract

High density SNP microarrays provide insight into the genomic events that occur in diseases
like cancer through their capability to measure both LOH and genomic copy numbers.
Where currently available methods are restricted to the use of fresh frozen tissue, we now
describe the design and validation of copy number measurements using the lllumina
BeadArray platform and the application of this technique to formalin-fixed, paraffin-
embedded (FFPE) tissue. In fresh frozen tissue from a set of colorectal tumors with
numerous chromosomal aberrations, our method measures copy number patterns that are
comparable to values from established platforms, like Affymetrix GeneChip and BAC array-
CGH. Moreover, paired comparisons of fresh frozen and FFPE tissues showed nearly
identical patterns of genomic change. We conclude that this method enables the use of
paraffin-embedded material for research into both LOH and numerical chromosomal
abnormalities. These findings make the large pathological archives available for genomic
analysis, which could be especially relevant for hereditary disease where fresh material from
affected relatives is rarely available.
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Introduction

Genomic copy number variations (CNVs) and allelic imbalances are common
characteristics of cancer and other diseases (1, 2). For the detection of these features,
different microarray technologies have been used, such as classical CGH, BAC array-based
comparative genomic hybridization (array-CGH), cDNA array-CGH and high density
single-nucleotide polymorphism (SNP) arrays (3-9). These techniques allow high resolution
mapping of deletions and amplifications and eventually identification of the underlying
disease-causing genes, as was recently demonstrated for the MITF gene in malignant
melanoma (10). In addition to CNV analysis, only SNP arrays offer the benefit of detecting
Loss of Heterozygosity (LOH) (11) and, consequently, copy neutral mitotic recombination
(7). Moreover, the combination of CNV and LOH status with the parental origin of the
aberrant allele could lead to the identification of the genes involved in hereditary cancer
(12, 13).

Genome-wide SNP array CNV and LOH profiles have been reported for two different
SNP typing platforms: Affymetrix GeneChip arrays and Illumina BeadArrays (14-17). The
profiles were generated for several cancers, including breast, colorectal and lung cancers,
and for several cancer cell lines (3, 4, 7, 9, 17-21). Both platforms were originally designed
for high-throughput genotyping. After array hybridization, thousands of SNP genotypes are
extracted from allele-specific signal intensities. The underlying methodologies of the
platforms, however, are fundamentally different. The GeneChip whole-genome sampling
assay (WSGA) (22) is based on restriction enzyme digestion of high quality genomic DNA,
followed by linker adapter ligation and PCR. The GoldenGate assay for BeadArrays, on the
other hand, is based on allele-specific primer extension directly on genomic DNA with
primers directly surrounding the SNP. Subsequent ligation generates allele-specific
artificial PCR templates (23). This requires only short intact genomic segments of ~40bp
flanking each SNP of interest. Consequently, the GoldenGate assay can be used with
partially degraded DNA, and we have shown that it is suitable for reliable genotyping and
LOH detection on DNA from archival formalin-fixed, paraffin-embedded (FFPE) tissue
when compared to fresh frozen tumors and leukocyte DNA (17). Although the generation
of copy number and LOH profiles from FFPE DNA has been reported for GeneChips,
concordance was low and the signal showed high variability (24).

In this study, we have developed a method to measure DNA copy numbers from
FFPE tumors on [llumina BeadArrays and compared the outcome to copy number profiles
from fresh frozen tumors. Tumors from different hospitals were included, from which both
normal and tumor FFPE tissue, fresh frozen tumor, and normal leukocyte DNA were
available. We determined reliability and reproducibility for all types of tissue and compared
copy number patterns from fresh frozen tumor with FFPE tumor.
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For the reliable detection of regions with CNVs, accurate normalization algorithms
are essential to identify only real aberrations. For GeneChips, several algorithms have been
reported (25-29). In order to analyze the BeadArray data, we developed an algorithm for
normalization and representation of the copy number and LOH profiles. These were
validated by comparison with 10K SNP GeneChip arrays and a 3700 probe BAC array.

We show here that the signal intensity values for BeadArrays can be used to create
reliable copy number profiles from FFPE colorectal tumors with very high reproducibility
between experiments, high concordance with frozen tissue from the same tumor, and a high
degree of agreement to other methods.

Methods

Subjects/material

Colorectal tumor tissue that was known to have genomic aberrations and corresponding
normal tissue from four patients was used, following medical ethical guidelines. Ploidy
status of the tumors was previously assessed by flow cytometry. A pathologist (H.
Morreau) assessed the normal and tumor areas and the percentage of tumor cells based on
H&E slides. The samples included a rectal adenoma (T514, 60% tumor, aneuploid), one
right-sided Dukes B (T44, 50% tumor, aneuploid), and two Dukes C carcinomas (T106,
90% tumor, multiploid; T108, 80% tumor, multiploid). From the departmental FFPE-
archives we collected 22 colorectal carcinomas, for which normal DNA from either
leukocytes or histologically normal FFPE tissue was also available.

DNA isolation

From fresh frozen tissue, twenty 30-pum-thick sections were cut from each tumor. DNA was
isolated with the Genomic Wizard kit according to the manufacturer’s protocol (Promega,
Madison, WI). Leukocyte DNA was obtained by salting out precipitation as described
previously (30). DNA from FFPE tissue was extracted using the Chelex extraction method
(31). Briefly, three tissue punches (diameter 0.6 mm) were obtained by a tissue
microarrayer (Beecher Instruments, Sun Prairie, WI) from both paraffin blocks containing
tumor and blocks from the same patient that did not contain tumor tissue. DNA was
isolated with Chelex and proteinase K. FFPE DNA was subsequently cleaned up using the
Genomic Wizard kit (Promega). DNA concentrations were measured by the PicoGreen
method (Invitrogen-Molecular Probes, Carlsbad, CA) and DNA quality was checked on a
1% agarose gel. For each cell isolate, 1 pg of DNA obtained from either FFPE or frozen
samples was used for the BeadArrays, whereas 250 ng DNA was used for the GeneChip
arrays and 450 ng from frozen samples was used for the BAC arrays according to the
manufacturer’s instructions.
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Array platforms
INlumina Sentrix BeadArrays were used with the linkage mapping panel version IV
(Illumina, San Diego, CA). This platform contains 5,861 SNP markers distributed evenly
over the genome with a physical distance of, on average, 482 kb. The probes are divided
among four OPA panels because the method is restricted to ~1500 different SNPs per
hybridization. Samples were prepared according to the GoldenGate assay (23).

Affymetrix GeneChip Mapping 10K Xbal 2.0 arrays (Affymetrix, Santa Clara, CA)
contain 10,204 markers with a mean intermarker distance of 258 kb.

BAC array slides were produced at the LUMC department of Molecular Cell Biology.
This platform contains 3700 probes spotted in triplicate and uses 1 Mb-spaced BACs
distributed by the Wellcome Trust Sanger Institute (Hinxton, UK) (32). All laboratory
processing and hybridizations were performed according to manufacturer’s protocols.

Data analysis

Throughout our analysis we have chosen to use data on a linear scale. In the case of CNVs,
this is the more intuitive alternative compared with logarithmic scaling. A linear scale
includes zero to indicate complete loss of a chromosomal region, and losing and acquiring
an allele show the same impact.

For BeadArrays, gene calls were extracted using the gene calling program GenCall
version 6.0.7 (Illumina). The software provides two quality scores per locus, an
experiment-wide gene train score (GTS) and a sample-specific gene call score (GCS). From
these, we computed the relative gene call score (rGCS) as GCS/GTS. In order to retrieve
intensity measurements, the Settings.xml file for the BeadArray software has to be adapted:
line <SaveTextFiles>false</SaveTextFiles> has to be changed to
<SaveTextFiles>true</SaveTextFiles>. Samples were excluded when the raw
median intensity in either of the channels was <1250. Normalization procedures for
[llumina arrays are discussed in the Results section.

There are a number of methods available to calculate copy numbers from Affymetrix
SNP arrays. We have evaluated CNAT, CNAG and dChip. From these methods we chose
dChip version 1.3 because of its performance with regards to variability and amplitude of
the signal for changed chromosomes.

The scanned images for the BAC arrays were processed using GenePix 4.1 software.
The BioConductor package Limma (33) version 2.6.0 was used to perform background
correction and normalization. After normalization, the replicate spots were averaged.

LOH was determined by comparing the genotypes from frozen tumor tissue and blood
leukocytes from the same patient. LOH was called for stretches of two or more SNPs
within 500000 bp that were heterozygous in normal tissue and homozygous in tumor tissue.
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Basic properties of the methods, such as average and variability, were calculated from
the normalized copy numbers. Comparisons between methods and samples were calculated
from binned, smoothed copy numbers with a bin size of 2500 kb. A genomic smoother was
used as described in Eilers et. al. (34). The smoothing parameter was empirically chosen as
the number of autosomal genomic markers on an assay divided by 1500.

In order to promote the concept of reproducible research, the R-scripts to create the
figures and tables from the raw data are bundled together with the data sets.

Results

Copy number calculations

Genotypes from BeadArrays were computated from allele-specific signal intensities (23).
For the construction of copy number profiles we explored the data properties of the
[lumina BeadArrays. We studied the issues of background correction, normalization and
combination of allele-specific signals into a single, locus-specific copy number. Finally, our
findings were validated by comparing results from frozen and FFPE tumors and performing
cross-platform comparisons with GeneChip and BAC arrays.

Channel properties

Figure 1A shows the differences in the distributions of the signals in the red (Cy5) and
green (Cy3) channels. The median of the red signal is almost twice that of the green signal.
This is a dye effect since the proportions of alleles per dye are nearly equal. Therefore, we
treated the channels separately and tested the effect of normalization between the channels
within the samples.

Background correction

Background correction is often an essential step in data processing. Since the scanning
software does not provide direct estimates of background intensity for each measurement,
we tested three types of background estimation based on observations of the signal
properties.
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Figure 1. Exploration of BeadArray signal properties. (A) Example of the distributions of the green (Cy3)
and red (Cy5) fluorescent signals from a normal sample. The combined intensity (sum of both alleles of
a probe) is shown in black. Note that the combined signal is not simply the addition of both signals
because of the reciprocal relationship between the alleles. (B) Simulation of the distribution of single
channel signal intensities derived from SNPs with 0 (red), 1(orange) and 2 (blue) copies of an allele.
The frequency for each allele type was taken from the red signal of panel A. The separate distributions
were modeled as Gaussian distributions with mean=copy number and SD=copy number*0.4+0.15. The
black line indicates the combined signal distribution plot. (C) Scatter plot of raw intensities for
homozygous (red and green) and heterozygous (yellow) SNPs. (D) Histogram of raw intensities in polar
coordinates. The red line indicates the most prevalent angle for homozygous Cy5-labeled SNPs, and
the green line for homozygous Cy3-labeled SNPs.

First, the background intensity can be estimated as the minimal signal intensity in a
channel. Second, the first mode of the intensity histogram can be used. In samples without
CNVs, SNPs have three possible states per allele: zero, one or two copies. For probes that
have one or two copies in the sample under investigation, the variability of the measured
intensity is determined by the PCR, hybridization, the measurement properties of that probe
and noise. For probes that have zero copies, the variability is only determined by noise. A
simulation of this model, with Gaussian distributions for probe properties and noise, is
shown in Figure 1B. The distribution of the zero alleles shows a narrow, distinguishable
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peak, implying that the first mode of the signal can be used as an estimation of the
background signal.

The third approach is based on the observation that the population of homozygous
SNPs is slightly slanted inwards on a scatter plot (Figure 1C); the signal intensity of absent
alleles is higher at higher intensity of the present alleles. This effect could be due to
crosstalk or spectral overlap between the fluorescent dyes. In order to correct for this, we
chose to convert the green and red intensities for each SNP into polar coordinates and to
use the angle value of the two peaks adjacent to the quadrant boundaries at 0 and m/2
(Figure 1D) to estimate the background intensity of the contralateral allele. For background
correction, the estimated allele-specific background was subtracted from the measured
signal.
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Figure 2. Effects of background estimation and sample normalization.

The effects on amplitude (top panel) and variability (bottom panel) of different preprocessing and
normalization strategies on the same dataset are shown. The symbols indicate different copy number
states: < blood; O tumor: normal; X tumor: loss; + tumor: gain. The middle panel indicates the settings.
BG: background estimation method. raw: no background estimation; min: minimum intensity in sample;
mode: mode of intensities in sample; angmode: mode of angle in polar coordinates near the quadrants.
Qnt: Q: quantile normalization between channels of a sample. GT: All: use all loci for normalization; Het:
use heterozygous loci to calculate normalization factor. pGCS: proportion of relative gen call score. Use

only loci with GCS higher than value to calculate normalization factor.
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Within-array sample normalization

Sample normalization must generally be performed to even out differences in the DNA
input of the samples. Allele-specific measurements present a number of challenges with
regards to normalization. A high proportion of zero signals will put the mean and median
intensity at a lower, probably unstable, value. Also, the presence of CNVs will affect the
DNA content of the cell. Loss of heterozygosity (LOH) is often seen in regions with copy
number changes. We explored whether the heterozygous SNPs in a sample could be used as
the fraction that represents the unaffected regions of the genome best. Since CNVs will also
affect the ability of the genotyping algorithm to reliably determine a genotype, we also
tested whether including only high quality heterozygous SNPs in the invariant set would
improve normalization.

Between-array locus normalization

Finally, data were normalized by locus. A typical experiment contains 24 samples because
of the 96-well microtiterplate format of the Sentrix arrays. If these are split into 12 normal
and 12 affected samples, this yields, on average, four heterozygous SNPs (the SNPs on the
array display an average heterozygosity of 30-40 %) per probe, which is insufficient to
follow an approach similar to that used for sample normalization. Therefore, we summed
the intensities of both alleles from normal (non-tumorous) samples within the experiment to
perform per SNP normalizations, where we assumed that these samples are unaffected by
CNVs and had a copy number of 2.

Selection criteria for best settings

In order to determine the proper way to process the data, we tested combinations of
background correction methods while using either all or just the heterozygous loci, varying
the cutoff value for the proportion of loci with the highest rGCS to use in sample
normalization, and using quantile normalization (Qnt) between the channels of a sample.
The selection goals were: 1) low variability in regions with the same copy number, 2) a
good approximation to two for normal chromosomal regions and 3) a high amplitude in
regions with CN'Vs compared with normal regions.

Figure 2 shows the effects of the normalization settings on the amplitude and
variability of the signal. Background subtraction (BG) shows a clear increase in the
amplitude of the signal, especially for the ‘mode’ method. However, all methods
substantially increase variability (e.g., the mode method increases the amplitude but nearly
doubles the standard deviation).
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Table 1. Processing workflow. Executive summary of the data processing workflow to calculate copy
number values on lllumina Golden Gate arrays.

Process raw data in either GenCall or Beadstudio to obtain genotypes.

Exclude low quality samples.

Quantile normalization between the red and green channel

Median centering of sample intensity to 1 using high quality heterozygous probes
Median centering of the probes and adjustment to copy humber 2 using the normal
samples in an experiment.

Smoothing of signal along the chromosomal position

Selecting only heterozygous loci (GT) for use as an invariant set improves the
normalization since the resulting copy number for unaffected regions in tumor samples is
close to 2, with low variability.

Quantile normalization (Qnt) between the channels of a sample decreases variability
with little or no impact on the other goals.

Selection of high quality heterozygous loci (pGCS) improves normalization when the
cutoff is around the 80™ percentile. At that point the amplitude of the signal for affected
regions is the highest, with only a small effect on variability. Consequently, we chose the
following settings for pre-processing and normalization (Table 1): 1) Use Qnt between the
red and green signals for each sample. 2) No background estimation and correction. 3) Use
only the top 20% of heterozygous loci in each sample on the rGCS scale.

Validation

We validated our processing strategy by evaluating sex chromosomes, comparing the
results to other methods and assessing the reproducibility of samples in different
experiments.

Table 2. Copy number summary values for 3 platforms

GeneChip BAC array BeadArray
Fresh frozen Fresh Frozen FFPE Fresh Frozen FFPE
Normal 2.07£0.41 2.04£0.14 2.04 £0.11 2.02+£0.25 2.03+£0.26
Gain 2.53+0.52 2.44 £0.21 2.41 £0.50 2.46 £0.32 2.33+£0.39
Loss 1.42+0.36 1.62+0.17 1.78 £0.22 1.64£0.27 1.81+0.29

Chromosomes were classified as normal, loss, gain, variable or undetermined. The average and
standard deviation (s.d.) of the uniform categories was determined for each chromosome in each tumor.
The table contains median values for each category
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Table 3. Comparison of methods

BeadArray, fresh BeadArray, high vs BeadArray vs BeadArray vs GeneChip vs

frozen vs FFPE low intensity BAC array GeneChip BAC array
Correlation Variable 0.85£0.19 0.92 +£0.092 0.94 +0.056 0.95+0.048 0.93 £ 0.049
Abs. diff., normal 0.072 + 0.050 0.032 +0.014 0.054 +0.020 0.049 + 0.024 0.055 +0.020
Abs. diff., gain 0.11£0.078 0.038 +0.022 0.067 £ 0.012 0.078 + 0.044 0.086 + 0.050
Abs. diff., loss 0.14 £ 0.050 0.025 +0.013 0.068 + 0.023 0.041+0.014 0.063 +0.027

For the variable chromosomes, the correlation between different methods was determined, whereas for
the uniform chromosomes the average absolute difference (Abs. dif.) was used because in this case the
optimal correlation would be around zero. The values are shown as median + median absolute deviation
(mad). The first column shows the comparison between fresh frozen samples and FFPE samples both
using BeadArrays, the second column shows the comparisons between the frozen samples of 2
replicate arrays, where one of the arrays turned out to have low average intensities. The last 3 columns
show pairwise comparisons of the three copy number technologies on fresh frozen tissue.

Performance with known CNV

In normal samples, the sex chromosomes can provide insight into the behavior of regions
with physical loss. For the X-chromosome, we used female samples for locus
normalization. The X-chromosome of normal male samples showed calculated copy
number values between 1.5 and 1.6 (Figure 4A). The loci on the Y-chromosome were
normalized using the male subjects, with an assumed copy number of one. We found that
the signal intensity for Y-chromosomal loci in females was close to zero (Figure 4B).

Comparison to other methods

Next, we compared four colorectal tumors using BeadArrays, GeneChip arrays and BAC
arrays. All autosomes of these tumors were divided into five categories based on GeneChip
and BAC array analysis: normal, gain, loss, variable and undetermined. Averages and
standard deviations for the first three, or uniform, categories are shown in Table 2. There is
a slight overestimation of the copy number for normal chromosomes for all methods. The
values for chromosomes with a gain are comparable, while the GeneChip copy numbers for
chromosomes with a loss are somewhat lower than for the other two methods. The
variability of the signal in GeneChips is larger than for BeadArrays, with BAC arrays
showing the smallest amount of variability.

The basic pattern of CNVs is comparable between these platforms, with a correlation
of over 0.9 between the same tumors on different platforms and low correlations between
the experimental samples (Table 3). Moreover, the visual resemblance between the
smoothed signals from these methods is remarkable (Figure 3).
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Figure 3. Comparison of platforms for calculation of copy numbers for tumor T106.

Smoothed values are plotted along idiograms. Red: GeneChip; Green: BAC array; Blue: BeadArray.
Below each idiogram, grey bars indicate heterozygous SNPs in the corresponding normal sample. Loci
that are not heterozygous in the tumor are shown as black bars.

Table 4. Combined analysis of LOH regions

Sample Id LOH

T44 4-V, 50-N, 14qg-L, 17p-N, 18-L, 20-G, 21qg-L

T106 50-L, 8p-L, 9-N, 12-N, 139-G, 15g-L, 17p-L, 18-L, 20p-L
T108 30-L, 5-N, 7g-N, 14q9-L, 159-V, 17p-L, 18-L, 20p-L,22-L
T514 1p-L, 4g-L, 129-L, 17p-L, 18q-L, 20p-L, 22q-L

Regions with LOH, as determined by pairwise genotype comparisons, were examined for CNV. N =
neutral, L = physical loss, G = gain, V = variable within region of LOH
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Figure 4. Chromosomal plots from BeadArrays.

Each panel depicts the smoothed copy number as a continuous line and the 10th and 90th percentiles
as dashed lines. The un-smoothed copy number values are shown as dots. (A, B) X and Y chromosome
from leukocyte DNA: red: 44 male, blue:106 female, cyan: 108 male and green: 514 female. (C- E)
Comparisons of copy numbers. The green lines depict FFPE tumor tissue and the red lines depict fresh
frozen tumor tissue. Bars below the plot indicate heterozygous SNPs in the corresponding normal
sample. At black bars, the SNP has switched to homozygosity in the tumor. Physical loss is called when
the upper percentile line drops below 2, gain is called when the lower percentile line exceeds 2. (C)
chromosome 17 in tumor 106; D: chromosome 5 in tumor 44, Blue line: FFPE BAC array, Cyan line:
Fresh frozen BAC array; E: chromosome 2 in tumor 514
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Reproducibility

The set of samples were hybridized twice to separate Illumina Sentrix arrays. Despite the
far lower intensities in one of these arrays (3900 vs 820), the data show a very good
concordance (Table 3)

Combined analysis of LOH and copy humber

This method allows us to extend the LOH-analysis from our previous article (17). Besides
the copy number profiles, Figure 3 also shows the loci that show heterozygosity in the
paired normal sample and homozygosity in the tumor sample. Although most regions with
LOH show physical loss for this sample, chromosomes 9 and 12 show copy neutral LOH.
The findings for all tumors in the study are summarized in table 4.
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Figure 5. Analysis of 22 colorectal carcinomas.

Validation of the application was demonstrated on a series of 22 colorectal carcinomas. Each column in
the plot shows a genome-wide overview of the numerical changes in red (gain) and blue (loss) on the
left and probes with LOH on the right. The common patterns of chromosomal instability (35), such as
physical loss on chromosomes 4 and 18, gain of chromosomes 13 and 20 and copy neutral LOH on
chromosomes 4, 5 and 10 and 17, can all be identified from this series.
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Comparison of CNV in frozen and FFPE tumor tissue

The variability of the unsmoothed copy numbers at different levels of CNV was
comparable between frozen tissue and FFPE samples (Table 2). The correlation between
the variable chromosomes in FFPE and frozen samples from the same patient was less than
between different methods with frozen samples or between replicates (Table 3). This was
mainly due to sample T44. When this tumor was excluded, 50% of the values were over
0.96. In order to test the origin of the differences, we also performed BAC arrays on the
FFPE-extracted DNA. There was insufficient material left to process T108, but the patterns
of CNVs in the other three samples, and especially the differences between frozen and
FFPE material, were comparable between BAC arrays and BeadArrays (Figure 4D). Also,
for each, tumor chromosomes can be selected that show perfect concordance, while other
chromosomes perform less well (Figure 4C-E). The average absolute distances between
frozen and FFPE samples from both normal and affected chromosomes show excellent
concordance.

Application in FFPE tissue

We have applied this method to a series of 22 colorectal tumors that have been stored in the
paraffin archive for up to 10 years. Several characteristic patterns of LOH and CNVs can be
identified in this series (Figure 5) (35). Frequent events include physical loss on
chromosomes 4 and 18, gain of chromosomes 13 and 20 and copy neutral LOH on
chromosomes 4, 5, 10 and 17.

Discussion

We have developed a method to determine CNVs using an Illumina BeadArray in
combination with the GoldenGate assay and validated it using established copy number
methodologies. The technical properties of the GoldenGate assay allow the analysis of
partly degraded DNA, and we have shown that copy number analysis of paraffin embedded
tissue shows comparable results to the analysis of fresh frozen tissue.

Copy number analysis using SNP microarrays enables the combined analysis of CNV
and LOH in one assay (7, 11), and makes it possible to distinguish several forms of LOH:
physical loss of one or both alleles and homologous mitotic recombination.

Normalization procedures usually assume that the cell population is diploid or
aneuploid when no further information is available. The DNA-index can be used to
improve estimation of chromosomal copy numbers in cases of aneuploid or multiploid
tumors. For the GoldenGate assay, this is not immediately feasible because the four linkage
panels each contain a different set of chromosomes and any CNV will not usually be
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distributed evenly among the chromosomes. To cope with this situation, linkage panels
with SNPs distributed evenly across the genome are required.

The absence of a single chromosome, e.g., the X-chromosome in males, shows a
signal of 1.5 rather than the theoretically expected one. This reduced linearity is also found
for BAC arrays and GeneChips and is probably a consequence of the complexity of the
process. However, it is also the case that the design of the BeadArrays is optimized to
discriminate heterozygous from homozygous loci, rather than measure copy number.
Consequently, the allele-specific PCR likely approaches saturation, leading to reduced
linearity. Reducing the number of PCR cycles could potentially improve the linearity,
although the effect of this remains to be tested.

In general, calculated copy numbers from SNP and BAC arrays show too much
variability to assign discrete copy number values to individual probes. Usually, analysis
methods use information from flanking SNPs to calculate copy number under the
assumption that genomic events are not restricted to single SNPs. The effect is that a
smoothed signal is calculated along the physical position on the genome. The extent of
smoothing has an effect on the spatial resolution of the measurement. For noisy data,
stronger smoothing is required, thus increasing the minimum size of detectable CNVs.

Of the various smoothing algorithms (34, 36-38), we utilize quantile smoothing,
mainly for visualization. Which analysis method optimally deals with the statistical
properties of genomic arrays is currently unclear (38). Besides median smoothing, which
calculates the smoothed copy number value, quantile smoothing can also calculate
smoothed signals to indicate the bandwidth of the raw data (Figure 4).

The comparison of copy number analysis from fresh frozen tissue and FFPE tissue
from the same tumor showed varying degrees of similarity. Three of the tested tumors
showed a median correlation at the same level as comparisons between the methods in the
validation section. The limited concordance between frozen and FFPE samples from the
fourth tumor could likely be explained by tumor heterogeneity (39), because the same
CNVs can be identified on BAC arrays performed on the FFPE material. BAC array,
GeneChip and BeadArray profiles were derived from the same DNA isolate of (fresh
frozen) tumor material, while the comparison between frozen and FFPE tissue was
necessarily sampled from different locations within the tumor.

Taking into account that the PCR amplification protocol was essentially the same for
both types of tissue and that the variability of the signal is comparable for both, these
findings show that the Illumina GoldenGate array can reliably determine copy number
changes from FFPE tissue. A previous study (24) has shown copy number analysis from
FFPE tissue with GeneChips, but in that study the number of amplification cycles was
higher in FFPE samples and the apparent variability of the copy number signal was higher.
Copy number analysis can readily be performed on FFPE material using array-CGH, but
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this platform lacks the ability to additionally determine LOH and cannot identify copy
neutral genomic events, like chromosomes 9 and 12 in Figure 3 and on chromosomes 4, 5,
10 and 17 in Figure 5.

We have previously shown that BeadArrays can be used to reliably genotype and
detect LOH on FFPE tissue (17). We now show that this platform allows copy number
analysis that performs equally well on FFPE and frozen material, and that results from this
approach show high agreement with other copy number methodologies. These findings
open the large pathological archives for genomic analysis, and are especially relevant in
hereditary disease because there are often problems in obtaining fresh material from
affected relatives.
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