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Abstract

Background—Retinoblastoma (RB) is a childhood ocular malignancy associated with mutations
in RB1, a tumor susceptibility gene. Inactivation of both copies of the RB1 gene in a retinal cell is
followed by the sequential acquisition of additional genetic changes that define the course to tumor
formation.

Methods—To identify the genetic events that cooperate with loss of the RB1 gene function, we
performed a whole genome sampling assay (WGSA) based on SNP genotyping. We used DNA
isolated from 25 sporadic, unilateral RB tumors and matched blood samples.

Results—Genomic profiles were analyzed to identify regions of loss of heterozygosity (LOH) and/
or amplification. Two major subclasses of RB tumors were defined by the presence (n=18) or absence
(n=7) of LOH of chromosome 13. LOH in most cases was due to copy neutral events caused by
mitotic recombination and mitotic non-disjunction. Tumors harbored novel regions of amplification
at 1944, 3p25, 11914, 11925, 14923, 15921, 16p13, 17p11.2, 19913, and 20g13 while regions of loss
included 6922, 7q21and 2192.

Conclusion—WGSA-based analysis of unilateral RB tumors revealed novel regions as significant.
These minimum critical regions that are lost or amplified are expected to harbor genes that aid the
process of tumorigenesis.
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Introduction

Retinoblastoma (RB) is a tumor of the eye that occurs in children and can lead to compromised
vision or possibly death if not diagnosed and treated properly. RB is associated with mutations
in RB1, a tumor susceptibility gene [1]. Cell cycle exit and terminal differentiation of retinal

cells are serial events that ensure proper retinal development [2]. The RB1 gene encodes pRB,
anuclear protein that plays a critical role in this regulated series of events. RB tumors represent
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a deregulation of this process. Inactivation of both copies of the RB1 gene in a retinal cell,
through mutations or epigenetic modifications, initiates the onset of RB. This event is followed,
as in other cancers, by the sequential acquisition of additional genetic abnormalities that define
the course leading to tumor formation and metastasis [3-8].

Genomic instability contributes to the progression of retinoma to malignant retinoblastoma
[9-11]. In humans, this progression is characterized by loss of both copies of the RB1 gene in
retinoma, followed by changes in the copy number of oncogenes such as MYCN (2p24.3),
E2F3 and DEK (6p22), KLF14 (7932) and MDM4 (1g32), as well as tumor suppressor genes
CDH11 (16qg21) and p75NTR (17¢21). It has also been shown that when RB1 and TP53 are
inactivated in mice, retinoblastoma develops [12,13]. Similarly, inactivation of RB1 and
RBL1 (p107) or RB1 and RBL2 (p130) give rise to retinoblastoma in mice, where RBL1 and
RBL2 are members of the RB1 gene family with redundant but unique functions [14-16].
Collectively, these observations indicate that, beyond biallelic inactivation of RB1, a third and
additional “hits” are required for the development of RB tumors in humans and mice [13,17-
19].

Comparative Genomic Hybridization (CGH) is an analytical tool used to identify regions of
chromosomal loss and gain within tumors by comparing pooled normal DNA with tumor DNA.
Several studies have used CGH to characterize genomic abnormalities in RB tumors [20-31].
Previously identified recurrent abnormalities include gain of chromosomal material at 6p, 1q,
2p, 13gand 19 and loss of material on chromosome16, 16q and 13q. Each of these abnormalities
was observed in at least 10% of tumors studied in more than one series [20-22]. The gain of
6p, as in isochromosome 6p, was particularly common and seen in 44% to 69% of tumors.
Some abnormalities, such as gain of 6p or 13q and loss of 13, were more common in tumors
with high-risk histological features; however, only the association with loss of 13q was
statistically significant [20]. In three patients who developed extra-ocular relapse, tumors
showed loss of 13q and two out of three also had loss of 5q, suggesting that loss of genetic
material at these loci may be associated with metastasis [32]. Older children (> 36 months of
age at enucleation) tend to have more CGH abnormalities per tumor than younger children
(<12 months; median numbers 11 vs. 3). In addition, +1q, +13q, —16, and —16q were more
frequent in children with an older age at enucleation. Recently it has been shown that loss or
retention of specific regions of 1q correlated with the degree of differentiation of RB tumors
[33].

Therefore, it is clear that identification of these genomic alterations serve as clues to better
understand the molecular basis of RB tumor formation, and could pave the way to novel and
more directed therapies.

In this report, we describe the molecular karyotype of 25 sporadic unilateral RB tumors as
determined by the use of a whole genome sampling assay (WGSA), which incorporated the
SNP genotyping of matched normal and tumor tissue. The WGSA method involves parallel
genotyping of many bi-allelic single nucleotide polymorphisms located across all 23
chromosomes of the human genome. Comparison of the genotype calls and intensities of the
different alleles from matched normal and tumor tissue samples allows one to determine
regions of loss of heterozygosity or amplification in the tumor with high resolution.

Unilateral RB tumor specimens (italics, like other sections)

Primary unilateral RB tumors were collected at the Genetic Diagnostic Laboratory, University
of Pennsylvania, and at Wills Eye Institute. For inclusion in this study, the tumors could not
have received any therapy before enucleation. The protocol for genetic analysis of tumors was

Retina. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ganguly et al.

Page 3

approved by the IRB of the University of Pennsylvania (Protocol number 706577, original
approval date 09/23/05). Tumor samples were flash frozen and transferred on dry ice. Blood
samples from affected individuals were collected in EDTA-containing tubes and transferred
at room temperature.

Isolation of DNA from blood and frozen tumor samples

Genomic DNA was isolated from 1 to 3 ml of blood and frozen tumors using a commercial
DNA isolation kit (Gentra, CA) following the manufacturer’s instructions.

Whole Genome Sampling Assay (WGSA)

The data for this report was generated using the 10K Single Nucleotide Polymorphism (SNP)
chips from Affymetrix, CA. These Chips provided a platform for the parallel query of 10,000
SNPs selected from the human genome that are gene-centered and located within 10KB of the
flanking sequences of any gene. The average distance between SNPs is 250KB and the average
rate of heterozygosity is 0.37. A single array analysis was performed for each DNA sample
(250 ng each) using the protocol defined by the manufacturer. In brief, DNA samples were
digested with Xbal, ligated to an adaptor and amplified using a set of universal primers
(available as components of Assay Kits P/N 900520 and 900521). The amplified DNA was
fragmented, labeled with a fluorescent dye and hybridized to a chip. Hybridization and post
hybridization washes were done in the Affymetrix fluidics station followed by scanning and
analysis.

Data Analysis

Affymetrix GeneChip DNA Analysis Software (GTYPE V3.0), was used to perform automatic
base calls with high base-calling accuracy, reproducibility and automatic generation of SNP
summary reports [34]. The output data from GTYPE was analyzed using dCHIPSNP
(http://www.biostat.harvard.edu/complab/dchip/snp/), a program that allows visualization of
regions of loss or gain along the length of a chromosome [35,36]. A “call” for a region of loss
or gain is based on compiled data for at least 10 consecutive SNPs genotyped within a
chromosomal region spanning 10 MB. The genome build of July 2003 human reference
sequence (NCBI Build 34) was used for defining genomic regions.

Significance Testing for Aberrant Copy-number (STAC)

Results

The output from the dCHIPSNP analysis offers a simple multi-sample p-value for LOH, which
tests the null hypothesis that there is no aberration at a given location in any of the samples.
Once the significant aberrations are identified, it is important to define concordant aberrations
across multiple samples. To address this need, we used an algorithm called STAC (Significance
Testing for Aberrant Copy-number) (www:.cbil.upenn.edu/STAC) [37], which defines two
statistics, frequency (f) and foot-print (fp) to measure concordance across multiple samples.
For each statistic and each location a multiple testing corrected permutation p-value is
computed under a null permutation distribution. Frequency measures the number of aberrations
present at a specific chromosomal location across samples. Footprint measures tightness of
alignment of a set of aberration intervals that cover a given location [37].

Sporadic unilateral RB occurs in a child without any family history, affects only one eye and
has a later age of onset (average 2.5 years) compared to bilateral disease (average <1 year). It
is caused by post-zygotic, somatic mutations of the RB1 gene in a retinal progenitor cell.

However, in 10% of sporadic unilateral RB, a germline mutation is present. The latter class of
mutations is generally associated with ‘low penetrance’ in that they are predicted to have subtle
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effects on the function or relative amounts of the expressed pRB protein. In addition mosaicism,
germline or somatic, for de novo mutations have also been observed for unilateral RB.

The 25 sporadic unilateral RB samples included in this report were collected as part of a limited
study for genetic testing of the mutation spectrum at the RB1 locus of unilateral tumors.
However, the clinical information on the RB tumors was not collected as part of this study and
is thus unavailable for comparison with genomic profile. There were 17 females and 8 males
with ages of onset ranging from 0.3 years to 7.4 years. Using complementary assays, we were
able to identify inactivating bialelic RB1 gene mutations in 100% of these tumors (Table 1).
Of the 15 point mutations detected, 5 were C>T transitions in CpG dinucleotides. These data
are consistent with prior studies demonstrating that methylation at cytosines within CpG islands
generates hot spots for mutation in the RB1 gene. Among the tumor-associated mutations
identified, 10 out of 15 (67%) were protein-truncating mutations. We also observed
methylation of the promoter region as the mode of RB1 gene inactivation in 7 out of 25 (28%)
tumors analyzed.

WGSA for determination of copy number variation

We used Affymetrix 10K SNP chip-based WGSA to generate genomic profiles of loss and/or
gain of chromosomal material in unilateral RB tumors. The SNP call rates for DNA isolated
from peripheral blood ranged between 89% and 99% while that for DNA isolated from tumor
samples ranged between 86% and 99%. In all cases, the SNP calls from peripheral blood DNA
were considered the “normal” standards, against which the SNP calls from tumor-derived DNA
were compared. Loss of heterozygosity (LOH) or retention of heterozygosity (ROH) in the
tumor was determined by comparing the blood and tumor SNP genotype calls.

Figure 1 demonstrates the output from the dCHIPSNP analysis as a whole genome LOH profile
for the set of 25 paired normal/tumor samples (each indicated as separate columns). The
summarized data indicate the LOH profile for each individual chromosome (indicated by the
respective numbers on the left). The regions marked in yellow indicate retention of
heterozygosity (ROH) and blue indicates regions of LOH. The clustering indicated on the top
is obtained based on the co-occurrence of regions of loss in the tumors. The distances are based
on the extent of discordance between the regions of ‘significant’ LOH between the individual
tumors. The classification is unsupervised and can lead to unbiased schemes of identification
of the sub-classes of tumors.

One of the advantages of WGSA is its ability to simultaneously derive SNP genotype as well
as the relative copy number of each SNP based on information gained from the signal intensity
of hybridized DNA. The upper panel in Figure 2A indicates the LOH profiles for chromosome
13 for direct comparison with the copy number profiles, which are shown in the lower panel.
For copy number, the shades indicate values ranging from 0 (white) to > 6 (dark red). More
than half of the RB tumors had loss of heterozygosity at 13q (indicated by blue regions on the
upper panel), the most common form of inactivation of RB1. Three tumors (710T, 443T and
044T) exhibited homozygous loss of the region encompassing RB1 (indicated by white regions
and the arrows). For two tumors, 610T and 710T, the LOH region (<250 kb) was small and
below the level of detection using the 10K SNP chips, where the average distance between
consecutive SNPs is approximately 250 KB.

Aberrations on other chromosomes

Figure 2B shows the copy number profiles for chromosomes 1 and 6. We observe that
amplifications of chromosome 1q and 6p are highly correlated— in 12 out of 14 tumors with
1qg amplification (86 %), we also found amplification of 6p. Fifteen out of 25 tumors exhibited
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amplification of almost the entire 6p arm (60%). These data most likely reflect the tumors with
isochromosome 6p, a very common aberration seen in RB tumors.

Figure 3 shows the clustering of the RB tumors based on copy number aberration (CNA) as
opposed to LOH as in Figure 1. The cluster on the left includes 3 tumors, 912T, 913T and
620T, with the least number of aberrations and the cluster on the right includes 7 tumors with
aberrations along the entire genome. The cluster in the middle includes tumors with specific
aberrations: one subset with amplification of 1q, one subset with 6p amplification and a third
subset with co-amplification of 1q and 6p.

Significance Testing for Aberrant Copy-number (STAC)

We applied STAC to the copy number output from dCHIPSNP on the cohort of 25 pairs of
normal/tumor DNA samples to identify statistically significant regions of concurrent
amplification/loss. Figure 4 shows the STAC output for the shared regions of gain or loss along
the lengths of individual chromosomes (Table 2). The regions indicating gain (green bars) or
loss (red bars) across the whole genome are those with the most significant changes in copy
number (p values 0.05). STAC is designed to localize regions of concurrent aberration across
multiple samples, within a chromosome arm, down to 1Mb resolution or less. Therefore, if an
entire chromosome is gained or lost across all, or most samples, STAC will generally not give
a significant p-value. This is the case for chromosome 6p, where the entire arm is amplified in
60% of the tumors. Such gross aberrations are easily identified by other means. STAC is
designed to highlight the concordant local aberrations, and to distinguish them from the
aberrations unique to a single sample.

Using STAC, we identified several recurrent regions of amplification or loss that are in
agreement with previous studies. For example, STAC correctly identified 2p24.3 as an
amplified region that harbors the MYCN gene, a known region of amplification in RB tumors.
The complete list of chromosomal regions amplified or lost with p-values smaller than 0.05 is
included in Table 2. In addition to previously identified regions, we also observed that there
were several novel loci exhibiting gain or loss. These novel chromosomal regions are indicated
by the asterisk next to the cytoband and include amplifications at 1g44, 3p25, 11q14 and 11925,
14923, 15921, 16p13, 17p11.2, 19q13, and 20q13.33. Novel regions of loss included 6922,
7921and 21g2.

Gains along chromosomes 1q and 14q as revealed by significant fp-value (Table 2) are shown
in Figures 5A and 5B. There are three regions of significant gain on chromosome 1 with the
shade of grey indicating the level of significance. Thus the region between nucleotides 200,
000, 001 — 206,000,001 (chromosome 1g32.1-32.3) has significant regions of gain with sub-
regions of highly significant gain (p-value less than 0.019; adjusted for multiple testing).
Similarly, the significance of gain in the region on 1944 is 0.0099 and includes SMYD3, a
histone methyltransferase that plays a role in transcriptional regulation as a member of an RNA
polymerase complex. While chromosome 1q gains are known, gain on 14¢g22.3 -23.1 is novel.
One of the regions resides on chromosome14g23.1-23.3 and includes the gene encoding
CEP170, a protein involved in centriole architecture, which when deregulated gives rise to
chromosomal non-disjunction during mitosis.

Discussion

This report describes the molecular karyotype of primary unilateral RB tumors as determined
by use of a SNP-array based WGSA on matched DNA samples from normal and tumor tissue.
This study is limited to unilateral RB tumors as bilateral RB tumors are usually not enucleated
before therapy. The aim of this project was to identify minimal critical genomic regions that
are gained or lost in multiple samples of primary RB. The advantages of the SNP array based
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genomic approaches include confirmation of previously reported chromosomal gains/losses,
detection of copy neutral LOH and higher resolution mapping of novel genomic regions of loss
or gain leading to the identification of target oncogenes and tumor suppressor genes.

The results included in Figure 1 indicate that LOH on chromosome 13 is the major genetic
alteration driving the clustering of RB tumors. Excluding losses on chromosomes 6 and 16,
there are only infrequent regions of LOH or homozygous loss across the genome of RB tumors.
Upon closer inspection in Figure 2, two different classes of RB tumors are identified, including
those with and without LOH for chromosome 13. The lower panel indicates the CNA output
for the same set of paired samples. It is evident that for the right cluster of tumors with LOH
(top panel), the copy number data does not indicate any loss of genetic material (lower panel).
This finding supports the known concept that RB1 inactivation leads to mitotic non-disjunction
and LOH due to duplication of the mutant allele [38]. For 7 out of 16 tumors with LOH around
the RB1 gene locus, there is amplification of the retained allele (as indicated by the darker red
color in 014, 902, 840 and 142), which may represent double strand breaks during DNA
replication followed by aberrant DNA repair. There is also a subclass of RB tumors where the
LOH/aberrations are limited to segments of chromosome 13. In these cases, mitotic
recombination rather than non-disjunction, likely explains the development of LOH. Therefore,
these events reflect aberrant sister-chromatid exchange and compromised double strand break
repair machinery. Both of these modes of copy-neutral LOH attest to the known properties of
pRB protein in maintaining genomic stability.

STAC is designed to localize regions of concurrent aberration across multiple samples, within
a chromosome arm, down to less than 1Mb resolution [37]. Using this method, we found that
the recurrent regions of amplification or loss, as indicated in Figure 4, include all regions
identified in previous studies and as well as 13 novel chromosomal regions (indicated by the
asterisk next to the cytoband) [7,33,39,40]. For example, one of well-established hallmarks of
RB tumors is the presence of MYCN amplification (Reference). Indeed, we observed this event
in 15 out of 25 tumors (60%) (Figures 3 and 4; Table 2).

The novel regions of amplification or loss with highest level of significance are indicated in
bold letters in Table 2. We confirmed the validity of these regions by repeating WGSA using
250K SNP chips and reproducing the same results (data not shown). The novel regions
amplified included 1g44, 3p25, 11g14 and 1125, 14923, 15g21, 16p13, 17p11.2, 19g13, and
20g13.33. The regions of significant loss included 6q22, 7q21and 2192. The total number of
genes in these chromosomal regions is large due to the limited resolution of the SNP-chip
platform used in this report. The use of higher resolution platforms is expected to further narrow
these minimum regions of chromosomal aberration.

Copy number variations have been detected as a natural variation of human genomic DNA
[41,42]. Some of the identified regions of amplification or deletion in Table 2 overlap
previously identified copy number polymorphism regions. However the data for this report has
been generated using matched DNA from normal and tumor tissue. Therefore, only copy
number changes that are different between normal and tumor tissue are detected as significant.

Gains along chromosomes 1q and 14q as revealed by significant fp-value (Table 2) are shown
in Figure 5. Figure 5A demonstrates gains on chromosome 1. It has been established that mouse
models of RB require inactivation of TP53 in addition to RB1. Mutations in TP53 gene were
not detected in this set of RB tumors (data not shown) and these results confirm what is known
in the literature [43]. However amplification of MDM4 has been observed as an alternate
pathway for inactivation of TP53 in the mouse model. Consistent with this model, in our
dataset, the amplified region of 1932 includes MDM4, GAC1, and others, which encode
proteins involved in the TP53 pathway and regulate p53 activity [43].
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Figure 5B demonstrate gains on chromosome 14. While chromosome 1q gains are known,
significant gain on 14¢g23.1-23.2 is novel. The list of genes present in 14g23.1 includes
CEP170 and SIX1 and SIX4 (genes associated with bilateral anophthalmia). The clustering of
the RB tumors based on CNA (Figure 3) identifies tumors with different degrees of genomic
instability. It is known that tumors from younger children have fewer numbers of aberrations
[22]. Tumors 913T, 912T and 620T have the least number of aberrations genome wide and
belong to children ages 0.4y, 0.3y, and 1y respectively. In contrast, the 7 tumors belonging to
the cluster on the extreme right with the most aberrations are derived from older children age
7.4y, 3.2y, 2.5y, 3.2y, 2.6y, 4.5y and 0.7y(the only exception) respectively (last column, Table
2). The tumors in the middle have co-amplifications of chromosome 1q and 6p.

In conclusion, the use of WGSA to examine unilateral RB tumors revealed novel features of
the genomic architecture. The major advantage of the SNP based analysis was the identification
of regions of copy neutral LOH. The regions identified as significant are anticipated to establish
the minimum critical regions harboring genes that contribute to RB tumorigenesis.
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This picture describes the clustering of 25 RB tumor samples based on their whole genome
loss of heterozygosity (LOH) profile. Each column represents a matched normal/tumor pair
and each horizontal block indicates a chromosome. The yellow regions indicate retention of
heterozygosity (ROH) and blue regions indicate LOH.
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Figure 2.
Figure 2A. This figure represents the results for chromosome 13, which harbors the RB1 gene

on 13q14.2 [8].

The different shades of pink indicate different copy numbers white for 0 copy, pink for 2 copies
and red for 6 or more copies. The RB tumors cluster according to LOH (upper panel).
Abbreviations: M: Methylation of RB1 promoter; P: Point mutations in the coding sequence
of RB1 gene; L: LOH.

Figure 2B. This figure represents chromosomes 1 and 6 aberrations. The amplifications in
chromosomes 1q and 6q are correlated. Tumors in the right cluster (12 out of 25) have dark
red color for 6p and most likely indicate isochromosome 6p.
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Thisfigure represents the clustering of RB tumors based on genome wide copy number profiles.

The total number of aberrations drives the clustering of tumor subgroups.

Figure 3.
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Figure 4.

This figure represents the STAC output for the whole genome displayed across individual
chromosomes— the green bars indicate gains and red bars indicate losses. Each bar represents
an aberration that has a p-value less than 0.05. The red asterisks indicate 13 novel regions
identified in this analysis.
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Figure 5.

Figure 5A and 5B. This figure represents the expanded STAC output for chromosomes 1 and
14. The dotted horizontal lines indicate individual tumor profiles. The X-axis included the
footprint (fp)-values and Y-axis includes the frequency (f) values.
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