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In retinoblastoma, two RB1 mutations are necessary for tumor develop-
ment. Recurrent genomic rearrangements may represent subsequent
events required for retinoblastoma progression. Array-comparative
genomic hybridization was carried out in 18 eye samples, 10 from
bilateral and eight from unilateral retinoblastoma patients. Two
unilateral cases also showed areas of retinoma. The most frequent
imbalance in retinoblastomas was 6p gain (40%), followed by gains at
1q12-q25.3, 2p24.3-p24.2, 9q22.2, and 9q33.1 and losses at 11q24.3,
13q13.2-q22.3, and 16q12.1-q21. Bilateral cases showed a lower
number of imbalances than unilateral cases (P = 0.002). Unilateral cases
were divided into low-level (£4) and high-level (³7) chromosomal
instability groups. The first group presented with younger age at
diagnosis (mean 511 days) compared with the second group (mean
1606 days). In one retinoma case ophthalmoscopically diagnosed as a
benign lesion no rearrangements were detected, whereas the adjacent
retinoblastoma displayed seven aberrations. The other retinoma case
identified by retrospective histopathological examination shared three
rearrangements with the adjacent retinoblastoma. Two other gene-free
rearrangements were retinoma specific. One rearrangement, dup5p,
was retinoblastoma specific and included the SKP2 gene. Genomic
profiling indicated that the first retinoma was a pretumoral lesion,
whereas the other represents a subclone of cells bearing ‘benign’
rearrangements overwhelmed by another subclone presenting aberra-
tions with higher ‘oncogenic’ potential. In summary, the present study
shows that bilateral and unilateral retinoblastoma have different
chromosomal instability that correlates with the age of tumor onset
in unilateral cases. This is the first report of genomic profiling in
retinoma tissue, shedding light on the different nature of lesions named
‘retinoma’. (Cancer Sci 2009; 100: 465–471)

R etinoblastoma (RB, OMIM#180200) is the most common
primary intraocular malignancy in children, initiated by the

inactivation of both alleles of the RB1 tumor-suppressor gene.(1,2)

Approximately 40% of RB patients carry a predisposing germline
mutation transmitted as an autosomal-dominant trait. In these
patients, inactivation of the second RB1 allele occurs in the retinal
cells and generally results in multiple and often bilateral tumors.
In the remaining 60% of children, both mutational events occur
in the same retinal cell leading to unilateral sporadic RB.(3)

Retinoma (RN), a benign retinal lesion, is considered to be the
precursor of RB.(4,5) Unlike RB, which is typically opaque white, RN
appears as a translucent gray retinal mass, frequently associated
with calcification and retinal pigment epithelial hyperplasia.(6)

The histopathology of RN includes foci of photoreceptor differen-
tiation (fleurettes), momomorphic round nuclei, abundant fibrillar
eosinophilic stroma, and absence of mitotic activity.(7) Recently, it
has been demonstrated that the two mutational events inacti-
vating the RB1 gene are already present in RN.(4) Using quantitative

polymerase chain reaction (PCR) and fluorescence in situ hybridi-
zation on specific candidate genes, it has also been shown
that RN display low-level copy number changes involving higher
levels of amplification in adjacent RB.(4,5) A study by Dimaras
et al. in RN importantly clarified that the two hits in RB1 (M1–
M2) do not inevitably cause a malignant phenotype but only
genomic instability.(4) At some point this instability can lead to
further genomic rearrangements (M3–Mn) that result in tumor
progression.(4,8)

Cytogenetic and conventional or microarray comparative
genomic hybridization (CGH) studies have detected recurrent
genomic alterations in RB: gain of 1q, 2p, 6p, and 13q and loss
of 16q.(9) These data strongly suggest that these changes may
represent M3–Mn events driving tumor progression in RB. In this
scenario, RN represents a very interesting tissue to study the
timing of genomic instability in RB development. However,
molecular studies in this lesion are limited by sample availability
as patients with only RN are not treated, and the coexistence of
RN and RB in enucleated eyes is not frequently observed.(4,5)

Array-based CGH technology, designed for detecting segmental
genomic alterations at high resolution, have enabled the profiling
of human cancer genomes, defining regions and genes involved in
cancer development and progression.(10–12) To date, genomic rear-
rangements in RB tissues have been principally investigated by
cytogenetic and conventional CGH and only one array-CGH study
has been published.(13–18) To our knowledge, genome-wide studies
in RN tissues have never been carried out.

Here, we used a high-resolution array-CGH technique to analyze
genomic rearrangements in 18 RB eye samples, 10 from bilateral
and eight from unilateral patients. In two unilateral cases, we
also investigated genomic imbalances in two areas of RN adjacent
to RB.(5) In one case (#16), clinically diagnosed RN was observed
to progress to RB, whereas in the other case (#15) RN was identi-
fied by retrospective histopathological examination.(5)

Materials and Methods

Tissue sample collection. We collected 18 formalin-fixed paraffin-
embedded eye samples from enucleated RB patients archived in
the Department of Human Pathology and Oncology of the Univer-
sity of Siena. After surgery, enucleated eyes were immersion-fixed
in buffered formalin for 48 h. After fixation, sampling, paraffin
embedding, and cutting were carried out according to the usual
pathological methods. The group of samples included 10 bilateral
cases (one familial and nine sporadic) and eight sporadic unilateral
cases. For each patient we have the corresponding DNA sample
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extracted from blood stored in the Italian Retinoblastoma Biobank
(http://www.biobank.unisi.it). Samples 1–18 of the present study
correspond to RB Biobank samples 15, 58, 143, 185, 190, 225,
134, 133, 234, 263, 79, 268, 242, 296, 297, 206, 253, and 279. A
germline mutation in RB1 was identified in 8 of 10 patients with
bilateral tumors. No mutations were detected in the eight unilateral
cases. Mutational screening was carried out by a combination of
both DHPLC and MLPA analysis. Two unilateral cases presented
areas of RN adjacent to RB.(5)

Laser-capture microdissection and DNA extraction from tissue
samples. Normal retina, RN, and RB tissues were identified in
hematoxylin–eosin-stained sections. Sections 5 μm thick were
deparaffinized, rehydrated, and stained with Mayer hematoxylin
and yellow eosin, then dehydrated with xylene. Slides were observed
through an inverse microscope. Cells of the three different tissues
were isolated by laser-capture microdissection (Arcturus PixCell
II; MWG-Biotech). Selected cells adhered to the film on the bottom
of the cap and were immediately transferred into a standard
microcentrifuge tube containing digestion buffer and 20 μg/mL
proteinase K (Qiagen). DNA was extracted using QIAmp DNA
Micro Kit according to the manufacturer’s protocol. The Hoechst
dye-binding assay was used on a DyNA Quant 200 Fluorometer
(GE Healthcare) to determine the appropriate DNA concentration.

Whole-genome amplification. Whole-genome amplification was
carried out using the GenomePlex Complete Whole Genome
Amplification (WGA) kit (Sigma-Aldrich) according to the manu-
facturer’s protocol. Briefly, after DNA extraction from micro-
dissected tissue cells, 100 ng of template DNA was incubated at
95°C for 4 min in 1× fragmentation buffer, and the sample was
cooled on ice. The sample was further incubated with the Library
Preparation Buffer and Library Stabilization Solution at 95°C for
2 min and then cooled on ice. One microliter of Library Preparation
Enzyme was added and the mix incubated at 16°C for 20 min,
24°C for 20 min, 37°C for 20 min, and 75°C for 5 min. The
resulting sample was amplified using WGA polymerase, after
initial denaturation at 95°C for 3 min, then 14 cycles at 94°C for
15 s and 65°C for 5 min. Amplification products were purified
using the GenElute PCR Clean-up kit (Sigma-Aldrich) according
to the instructions of the suppliers. The appropriate DNA concen-
tration was determined using a DyNA Quant 200 Fluorometer.
Amplified DNA fragments from normal retina, RN, and RB samples
varied in length from 200 to 500 bp.

Array-CGH. Array-CGH analysis was carried out using commer-
cially available oligonucleotide microarrays containing approxi-
mately 99 000 60-mer probes with an estimated average resolution
of approximately 25 kb (Human Genome CGH Microarray 105 A
Kit; Agilent Technologies). DNA labeling was carried out using
the Agilent Genomic DNA Labeling Kit Plus according to the
Agilent protocol (Oligonucleotide Array-Based CGH for Genomic
DNA Analysis 2.0v). Genomic DNA (3.5 μg) was mixed with
5 μL of 2.5× random primer solution (Agilent Technologies) and
nuclease-free water to a total volume of 31 μL. The mix was
denaturated at 95°C for 3 min and then incubated in ice and
water for 5 min. The following were added to each sample: 10 μL
of 5× buffer, 5 μL of 10× dNTP nucleotide mix, 1 μL of Klenow
fragment (Agilent Technologies), and 3 μL of Cy5-dNTP (RB and
RN samples) or 3 μL of Cy3-dNTP (normal retina samples). The
samples were incubated at 37°C for 3 h. Labeled samples were
subsequently purified using a CyScribe GFX Purification Kit
(Amersham Biosciences) according to the manufacturer’s protocol.
Test and control DNA was pooled and mixed with 25 μg Human
CotI DNA (Invitrogen), 26 μL blocking buffer (Agilent Techno-
logies), and 130 μL hybridization buffer (Agilent Technologies).
Before hybridization to the array, the mix was denatured at 95°C
for 5 min then pre-associated at 37°C for 1 h. Probes were applied
to the slide using an Agilent microarray hybridization station.
Hybridization was carried out for 40 h at 65°C in a rotating
oven (0.040 × g). The array was disassembled and washed with

wash buffers supplied with the Agilent 105 A kit. The slides were dried
and scanned using an Agilent G2565BA DNA microarray scanner.

Image and data analysis. Image analysis was carried out using
CGH Analytics Software v. 3.4.40 (Agilent Technologies) with
default settings. The software automatically determines the
fluorescence intensities of the spots for both fluorochromes,
performing background subtraction and data normalization, and
compiles the data into a spreadsheet that links the fluorescent
signal of every oligonucleotide on the array to the oligonucleotide
name, its position on the array, and its position in the genome.
The linear order of the oligonucleotides is reconstituted in the
ratio plots consistent with an ideogram. The ratio plot is arbitrarily
assigned such that gains and losses in DNA copy number at a
particular locus are observed as a deviation of the ratio plot from
a modal value of 1.0. DNA sequence information refers to the public
University of California, Santa Cruz (UCSC) database (Human
Genome Browser, http://genome.ucsc.edu, May 2004 assembly).

Real-time quantitative PCR analysis. Real-time quantitative PCR
was carried out to confirm array-CGH data. For recurrent rearran-
gements, we used probes already reported in a previous manuscript
by Sampieri et al. (2008) and new custom-made TaqMan probes
(Applied Biosystems) designed for the RB1 and RBL2 genes
(Supplementary Table 1). By using custom-made assays, we also
confirmed the RN and RB (SKP2-specific probe) private imbalances
found in case #15 (Table 4) (Supplementary Table 1). PCR reactions
and data analysis were carried out as previously described.(5)

Statistical analysis. We used the Mann–Whitney U-test to compare
means of continuous variables between the two groups. P-
values ≤0.05 were considered significant.

Results

Array-CGH analysis in RB samples. Using array-CGH, we investi-
gated genomic rearrangements in 18 eye tissues, 10 from bilateral
and eight from unilateral RB patients. Array-CGH analysis iden-
tified genomic rearrangements in 12 of 18 tumor samples (~67%).

In total, we found 64 genomic aberrations, mostly gains (47
gains vs 17 losses) (Table 1). The number of rearrangements was
significantly different (Mann–Whitney U-test, P = 0.002) between
the two groups of patients: bilateral cases showed a lower number
of imbalances (mean 1; range 0–4) compared with unilateral cases
(mean 7; range 2–24) (Table 1).

Recurrent imbalances involved chromosomes 1, 2, 6, 9, 11,
13, and 16 (Fig. 1) (Table 2). In 7 of 18 (40%) samples the
entire p arm of chromosome 6 was duplicated (Table 2). The other
cases bearing overlapping rearrangements defined minimal com-
mon regions of gain (MRG) or loss (MRL): dup(1)(q12; q25.3)
(4/18 samples; 22%), dup(2)(p24.3; p24.2) (4/18 samples; 22%),
dup(9)(q22.2) (3/18 samples; 17%), dup(9)(q33.1) (2/18 samples;
11%), del(11)(q24.3) (2/18 samples; 11%), del(13)(q13.2-q22.3)
(2/18 samples; 11%), and del(16)(q12.1-q21) (2/18 samples; 11%)
(Fig. 1) (Table 2). Recurrent regions of gain or loss have been
confirmed by real-time quantitative PCR (Supplementary Table 1).

These regions have been studied for gene content to identify
candidates involved in RB progression. We first searched for known
oncogenes and tumor suppressors (Table 2). Based on annotated
gene function, we selected additional candidates (Table 2). Priority
was given to genes participating in the pRB pathway and to genes
playing a role in the mechanisms of cell proliferation, differen-
tiation, apoptosis, or senescence (Table 2).

Correlating molecular and clinical data, we found that in unilat-
eral cases the number of rearrangements is associated with age
at diagnosis (Table 3). The group with low-level chromosomal
instability (≤4 chromosomal aberrations) presented with a younger
age at diagnosis (mean 511 days; range 90–958 days), whereas the
group with high-level chromosomal instability (≥7 chromosomal
aberrations) were older at diagnosis (mean 1606 days; range 1326–
1828 days) (Table 3).

http://www.biobank.unisi.it
http://genome.ucsc.edu
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Array-CGH analysis in RN samples. Two cases affected by unilateral
RB (#15 and #16) showed areas of RN adjacent to the tumor. The
RN of case #16 was clinically diagnosed as a benign lesion that
underwent malignant transformation after 11 months, whereas the
RN of case #15 was identified by retrospective histopathological
examination. Detailed clinical and histopathological data of the
two lesions have already been described in Sampieri et al.(5)

Array-CGH analysis did not detect any genomic rearrangement
in the RN of patient #16. In contrast, five genomic rearrangements

were identified in the RN of case #15 (Table 4). Among them, three
were also in the adjacent RB (dup5q13.2, dup6p, dup8p23.1),
whereas the remaining two (dup1q32.2 and dup13q31.2) were
detected exclusively in the RN (Table 4). For the common rear-
rangement on 6p, array-CGH log ratio values indicated that the
level of gain was progressively increased from RN (log ratio ~0.5)
to RB (log ratio ~1.0) (Table 4). One rearrangement, dup5p, was
present only in the RB (Table 4). RN- and RB-specific rearrange-
ments have been confirmed by real-time quantitative PCR.

Table 1. Chromosomal aberrations detected by array-comparative genomic hybridization in 18 retinoblastomas

Case no. Phenotype No. aberrations aCGH gains aCGH losses

1 B 0 / /
2 B 0 / /
3 B 0 / /
4 B 0 / /
5 B 0 / /
6 B 0 / /
7 B 1 2 p24.3-p24.2{2.15 Mb}
8 B 2 6p25.3-p11.1{58.7 Mb} 5q34{13.83 Mb}
9 B 2 2p24.3{3.75 Mb}

6p25.3-p11.1{58.7 Mb}
10 B 4 2q32.1{0.43 Mb}

4q28.3{0.40 Mb}
7q31.1{0.70 Mb}
8q21.3{0.35 Mb}

11 U 2 6p25.3-p11.1{58.7 Mb} 13q12.11–13q31.2{69.77 Mb}
12 U 2 2p25.3-p22.3{34.85 Mb}

6p25.3-p11.1{58.7 Mb}
13 U 4 1q12-q25.3{38.17 Mb} 13q13.2-q22.3{44.90 Mb}

3q26.1-q29{32.80 Mb}
9q12-q34.3{50.30 Mb}

14 U 4 1p35.3-q44{217.70 Mb} 9p24.3-p23{12.59 Mb}
6p25.3-p11.1{58.7 Mb}
7q34-q36.3{21.30 Mb}

15 U 4 5p15.33-p12{46.14 Mb}
5q13.2{0.70 Mb}
6p25.3-p11.1{58.7 Mb}
8p23.1{0.60 Mb}

16 U 7 1q21.1-q44{104.50 Mb} 1p32.1-p12{58.4 Mb}
2p25.3-p22.3{35.55 Mb} 4p16.3-p14{37.6 Mb}

11q22.3-q25{28.0 Mb}
12p13.33-p13.1{14.2 Mb}
16q12.1-q21{7.1 Mb}

17 U 8 1q12-q44{104.50 Mb} 7p13{0.66 Mb}
6p25.3-p11.1{58.7 Mb} 
9q22.2{0.23 Mb}

14q11.2-q21.1{23.25 Mb}

20q13.33{0.24 Mb} 15q23{0.30 Mb}
16q11.2-q24.3{43.66 Mb}

18 U 24 5q33.1{0.35 Mb} 1p21.3{0.30 Mb}
7p15.2{0.23 Mb} 2q11.2{0.28 Mb}
8q24.23{0.28 Mb} 2q31.33{0.13 Mb}
9q22.2{0.58 Mb} 2q37.3{0.13 Mb}
9q33.1{0.31 Mb} 3q25.1{0.31 Mb}
10q23.1{0.15 Mb} 4q26{0.39 Mb}
11q23.3{0.63 Mb} 10p12.33{0.11 Mb}
12q24.32{0.16 Mb} 11q24.3{0.58 Mb}
13q12.12{0.22 Mb} 20p11.21{0.43 Mb}
13q13.3{0.31 Mb}
14q22.3{0.49 Mb}
17q25.3{0.28 Mb}
18q21.1{1.98 Mb}
18q22.3-q23{1.59 Mb}
20q13.12{0.20 Mb}

B, bilateral cases; U, unilateral cases. The size of rearrangement is given in curly brackets.
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These regions have been studied for gene content in order to
identify candidates involved in the RN–RB transition. We searched
for known oncogenes and tumor suppressors, for genes related to
the pRB pathway, and for genes involved in proliferation, differ-
entiation, apoptosis, or senescence (Table 4).

Discussion

The loss of RB1 function, by means of two mutational events
(M1 and M2), is considered to be the first rate-limiting step in
RB development.(1,4) Several studies have suggested that genomic

Fig. 1. Overview of rearranged chromosomal regions in 18 retinoblastomas as detected by array-comparative genomic hybridization. Lines on the
left of each chromosome represent losses and lines on the right represent gains.

Table 2. Recurrent genomic imbalances identified by array-comparative genomic hybridization analysis

Chromosomal imbalances Breakpoints Frequency (%) No. genes Oncogenes and tumor suppressors Other candidate genes

Dup(6)(p25.3; p11.1){58.7 Mb} 108 083 40 (7/18) 461 IRF4, DEK, PIM1 E2F3, CCND3
58 827 841

Dup(1)(q12; q25.3){38.17 Mb}† 141 465 960 22 (4/18) 497 / MCL1, SHC1, MUC1
179 620 513

Dup(2)(p24.3; p24.2){2.15 Mb}† 15 120 360 22 (4/18) 4 MYCN DDX1
17 242 742

Dup(9)(q22.2){0.23 Mb}† 90 484 233 17 (3/18) 2 / /
90 687 380

Dup(9)(q33.1){0.31 Mb} 116 974 701 11 (2/18) 1 / /
117 251 019

Del(11)(q24.3){0.58 Mb}† 127 676 090 11 (2/18) 2 / ETS1
128 202 918

Del(13)(q13.2; q22.3){44.90 Mb}† 33 623 259 11 (2/18) 123 RB1, ARLTS1 /
78 516 556

Del(16)(q12.1; q21){7.02 Mb}† 50 674 625 11 (2/18) 67 / CYLD, RBL2
57 636 204

†Minimal overlapping regions.
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imbalances (M3–Mn) involving specific oncogenes and tumor
suppressors are required for malignant transformation of RB.(9)

In order to characterize such genomic changes, we used high-
resolution array-CGH to investigate a series of 18 tumor samples
(10 bilateral and eight unilateral) and two RN samples from
enucleated RB patients.(5) To our knowledge this is the first genome-
wide study in RN tissue.

In RB samples, we detected a total of 64 rearrangements: 47
gains and 17 losses (Table 1). Interestingly, bilateral cases showed
a lower number of imbalances (mean 1) compared to unilateral
cases (mean 7), with statistical significance (P = 0.002) (Table 1).
We compared our data with results obtained in the only other array-
CGH study carried out previously on RB tissues.(18) We found that,
even if the resolution level was quite different (25 vs 500 kb), the
results were in agreement and the number of rearrangements in
unilateral cases was significantly higher than in bilateral cases.(18)

These results suggest that, beyond the inactivation of both RB1
alleles, different molecular mechanisms may be involved in tumor
progression of hereditary RB. Apart from chromosomal instability,
other genetic alterations can drive cancer progression, including
subtle DNA sequence changes such as microsatellite instability,
chromosomal translocations, and single-gene amplifications
or deletions. All of these changes have been described in RB
but systematic correlations with clinical data have never been
carried out.(5,19–22)

In accordance with previous data, we found recurrent imbal-
ances on chromosomes 1, 2, 6, 13, and 16 (Table 2).(9) Three pre-
viously undescribed recurrent rearrangements were identified,
two on chromosome 9 and one on chromosome 11 (Table 2).

Gains of 6p showed the highest frequency (40%), confirming
that it represents the most common change observed in RB.(9)

The rearrangement contains 461 genes, including the three known
oncogenes IRF4, DEK, and PIM1 (Table 2). We further selected
two members of the pRB pathway that have an essential role in
G1–S cell-cycle transition: the pRB-regulated transcription factor
E2F3 and cyclin CCND3, involved in pRB phosphorylation
(Table 2).(23,24) Previous studies reporting more focused gains at
6p22 led to deep investigation of the genes within this region.(14)

By QM-PCR and microarray expression analysis on RB tissues,
it has been demonstrated that DEK and E2F3 are the most
commonly gained genes and that they show overexpression.(25,26)

Furthermore, DEK and E2F3 are overexpressed in Tag-RB murine
tumors.(9) These results indicate that both DEK and E2F3 represent
strong candidates for RB progression and that a combination of genes
on 6p, instead of a single one, probably contributes to RB progression.

The MRG on chromosome 1 (dup1q12-q25.3) contains 497
genes (Table 2). We selected MUC1 as its overexpression, as found
in human carcinomas and certain hematological malignancies,
induces transformation and resistance to apoptosis (Table 2).(27,28)

Other interesting candidates are MCL1, encoding a potent multi-
domain antiapoptotic protein of the BCL2 family, and SHC1, a
key intracellular signaling molecule that participates in the trans-
forming activity of oncogenic tyrosine kinases (Table 2).(29,30) By
array-CGH, Zielinski et al. also found recurrent 1q imbalances
narrowing one MRG at 1q22 and indicated SHC1 as a candidate.(18)

Two previously identified strong candidates on 1q, KIF14 and
MDM4, were not included within the identified MRG. Using a
gene-specific quantitative PCR approach, both genes have been
found to be gained in RB.(5) In addition, their overexpression is
well documented in RB tissues.(31,32) KIF14 and MDM4 may
therefore play an important role in RB progression, regardless of
1q status.

The MRG defined on chromosome 2 contains only four genes,
including the known oncogenes MYCN and DDX1, a gene that
encodes a DEAD box protein probably involved in pre-mRNA 3′-
end processing that has been shown to possess oncogenic prop-
erties (Table 2).(33) Importantly, MYCN and DDX1 have been found
to be coamplified and overexpressed in RB and neuroblastoma
cell lines and tumors.(34)

The two small MRG detected on chromosome 9, dup(9)(q22.2)
and dup(9)(q33.1), contain two genes and one gene, respectively
(Table 2). None are reported as oncogenes or tumor suppressors
and no obvious candidates have emerged.

Only two genes lie in the MRL defined on chromosome 11
(Table 2). The transcription factor ETS1 is involved in control of
cellular proliferation, cell senescence and death, and tumorigen-
esis.(35) Its expression is correlated with more malignant carcinomas
and is a negative prognostic indicator.(36)

Table 3. Correlation between the number of genomic rearrangements
and age at diagnosis in unilateral cases

Case 
no.

No. 
rearrangements

Chromosomal 
instability group

Age at 
diagnosis (days)

11 2 ≤4 90
12 2 ≤4 743
13 4 ≤4 285
14 4 ≤4 480
15 4 ≤4 958
16 7 ≥7 1326
17 8 ≥7 1663
18 24 ≥7 1828

Table 4. Genomic rearrangements identified in the retinoma (RN) and retinoblastoma (RB) of case #15

Chromosomal imbalances Breakpoints RN RB Nο. genes
Oncogenes and 

tumor suppressors
Other candidate 

genes

Dup(1)(q32.2){0.28 Mb} 205 507 621 + – 0 / /
205 754 022

Dup(5)(p15.33; p12){46.14 Mb} 110 640 – + 121 / SKP2
46 008 694

Dup(5)(q13.2){0.70 Mb} 69 741 318 + + 7 / BIRC1
70 422 297

Dup(6)(p25.3; 11.1){58.7 Mb} 126 650 +† +† 461 IRF4, DEK, PIM1 E2F3, CCND3
58 721 961

Dup(8)(p23.1){0.60 Mb} 7 261 418 + + 7 / /
7 789 937

Dup(13)(q31.2){0.38 Mb} 87 587 852 + – 0 / /
87 622 748

Position of oligonucletides and genes refers to the UCSC (University of California, Santa Cruz) Genome Browser (http://genome.ucsc.edu, on 
Human, May 2004 assembly). †Log ratio values: ~0,5 in RN; ~1,0 in RB.

http://genome.ucsc.edu
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The MRL on chromosome 13 contains 123 genes (Table 2). Apart
from RB1, this region bears the newly characterized tumor-
suppressor gene ARLTS1.(37) It encodes a pro-apoptotic protein
of the Ras superfamily involved in the pathogenesis of various
types of tumors: two SNP have been found to influence familial
cancer risk for B-CLL and BRCA1- and BRCA2-negative breast
cancers, whereas DNA hypermethylation and genomic deletions
have been identified as mechanisms of ARLTS1 downregulation
in CLL, lung cancers, and ovarian tumors.(38–41)

The MRL on chromosome 16 contains the RBL2 gene, encoding
RB family member p130 (Table 2). RBL2 loss has been confirmed
by real-time quantitative PCR. RBL2 expression is reduced in RB
tissues and is one of the genes that can be ablated along with
Rb1 to cause retinal tumor formation in mice.(42–44) This region
also includes the familial cylindromatosis tumor-suppressor gene
CYLD, whose loss inhibits the apoptotic pathway by activating
nuclear factor-κB (Table 2).(45)

Correlating array-CGH results with age at diagnosis, we observed
that, among unilateral cases, a higher number of chromosomal
aberrations is associated with an older age (Table 3). These results
are in accordance with a previous CGH study reporting that
unilateral RB from children with an older age showed signifi-
cantly more genetic abnormalities than RB from children with a
younger age.(15) This could be due to the fact that a high level of
genomic instability may lead to suppression of tumor growth,
resulting in delayed disease onset.(46) It is also possible that an
intrinsically slow growth rate of the tumor allows the accumula-
tion of a higher number of chromosomal aberrations.

Sample #18, with the oldest age at diagnosis, had the highest
number of genomic aberrations (24), all of which were small in
size (0.11–1.98 Mb) (Tables 1,3). Interestingly, dup18q21.1
contains Sma- and Mad-related protein 2 (SMAD2), encoding a
protein with sequence similarity to the Mad2 gene product in
Drosophila, a key component of the spindle checkpoint.(47,48) It
has been demonstrated that hyperactivation of Mad2 by E2F1
leads to chromosomal instability and aneuploidy in cells in which
the Rb pathway is disrupted.(49)

Array-CGH analysis of the RN tissues revealed strikingly
different results in the two cases. RN from sample #16 did not
present with any rearrangements, whereas seven alterations were
detected in the adjacent RB (Table 1). Interestingly, one of the
rearrangements (del16q12.1-q21) contains the RBL2 gene. In a
recent paper, Dimaras et al. found that p130 is highly expressed
in RN but not in RB, suggesting that it represents a key factor
differentiating the two lesions.(4) The authors also hypothesized
that RB can emerge from stable RN by failure of senescence and
that p130 may represent the effector of such a mechanism.(4,50)

In case #15, the RN showed five genomic rearrangements
compared to normal retina, three of which were common to RB
(Table 4). Concerning the common imbalance on 6p, the level of
gain was higher in RB than RN, reinforcing the importance of
candidate genes such as DEK and E2F3 in malignant progression.
The imbalance found in both tissues on 5q includes BIRC1, an
interesting candidate gene for early retina–RN transition as it
encodes a protein known to act as an inhibitor of apoptosis, directly
suppressing caspases (Table 4).(51) Two rearrangements were found
exclusively in RN and they do not contain any known genes
(Table 4). Chromosomal gain on 5p, present only in RB, includes
SKP2 (p45), an oncogenic protein found to be overexpressed in
cancer (Table 4).(52) It displays an S-phase-promoting function and
is implicated in the ubiquitin-mediated proteolysis of the Cdk
inhibitor p27.(53–55) It has been demonstrated that cell-cycle arrest
through the inhibition of cdk2 activity by p27 is critical for
pRB-induced senescence.(56) Bypass of senescence could be there-
fore involved in malignant transformation of RB through the
pRB–SKP2–p27 pathway.

The different genomic profiles obtained in the two lesions
identified as RN, sharing the same histopathological appearance,

indicate that they do indeed represent different entities. Case #16,
which was clinically diagnosed as RN and was observed to progress
to RB after 11 months, was a pretumoral lesion that had not yet
acquired chromosomal aberrations. In a previous study, we showed
by real-time quantitative PCR that RN displays gene-specific low-
level gains, with higher levels in adjacent RB.(5) These results
suggest that increased genomic instability, including chromosomal
aberrations and progressive gene amplification, accompanies the
RN–RB transition.

In contrast, the other case of RN (case #15), without clinically
detectable RN that was identified by retrospective histopatho-
logical examination, represents a further step in RB progression.
It appears as a subclone of cells bearing ‘benign’ rearrangements
that has been overwhelmed by another subclone presenting aber-
rations with selective growth advantage, leading to outgrowth of
the tumor. These data underline that only specific sets of chro-
mosomal rearrangements can lead a tumor-cell precursor to over-
come the selection barrier and generate a fully malignant phenotype.

In conclusion, array-CGH analysis carried out on 18 RB revealed
a different chromosomal instability level between bilateral and
unilateral cases. Among the unilateral group, a bimodal distribu-
tion of chromosomal changes was observed, which correlated with
age of diagnosis. Already characterized recurrent genomic aber-
rations have been confirmed and three new ones have been detected,
indicating candidate genes for RB progression. Finally, the present
study represents the first report of genomic profiling in RN tissues
and provides the basis for investigation of the role of chromo-
somal instability in the RN–RB transition.
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Abbreviations

ARLTS1 ADP-Ribosylation factor-Like Tumor Suppressor 1
BCL2 B-cell CLL/Lymphoma 2
B-CLL B-Cell Chronic Lymphocytic Leukemia
BIRC1 Baculoviral IAP Repeat-Containing protein 1
BRCA Breast Cancer
CCND3 Cyclin D3
Cdk Cyclin-dependent kinases
CLL Chronic Lymphocytic Leukemia
CYLD Cylindromatosis
DDX1 DEAD (Asp-Glu-Ala-Asp) Box polypeptide 1
DEK DEK oncogene
DHPLC Denaturing High Performance Liquid Chromatography
E2F3 E2F transcription factor 3
ETS1 V-ETS erythroblastosis virus E26 oncogene homolog 1 (avian)
FIRB Fondo Investimenti Ricerca di Base
IRF4 Interferon Regulatory Factor 4
KIF14 Kinesin Family member 14
MCL1 Myeloid Cell Leukemia 1
MDM4 Mouse Double Minute 4 homolog
MLPA Multiplex Ligation-dependent Probe Amplification
MUC1 MUCIN 1
MYCN V-MYC avian myelocytomatosis viral-related oncogene,

Neuroblastoma-derived
PIM1 PIM 1 oncogene
pRB Retinoblastoma protein
QM Quantitative Multiplex
RB1 Retinoblastoma
RBL retinoblastoma-like
RBL2 retinoblastoma-like 2
SHC1 Src (homology 2 domain containing) transforming protein
SKP2 S-phase Kinase-associated Protein 2
SNP Single Nucleotide Polymorphism
WGA Whole Genome Amplification
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