
Abstract. Background: Transitional cell carcinoma (TCC) is
the fifth most common solid malignancy in the U.S.
Unfortunately, recurrence, invasion and metastasis are
characteristic of bladder cancer. Additional studies to define
factors involved in bladder cancer progression would facilitate
the design of molecularly-based diagnostic and therapeutic
approaches. Materials and Methods: Genomic alterations
contribute to bladder cancer tumorigenesis. To identify gains or
losses of chromosomal regions involved in invasive bladder
cancer, we performed representational difference analysis (RDA)
using DNA from transitional cell carcinoma (TCC) vs. DNA
from adjacent non-tumor tissue. Results: Our genome-wide
analysis allowed the identification of 61 loci that show loss or
gain in bladder cancer. Many of the identified loci are present
within large chromosomal regions previously found to undergo
alterations in bladder cancer, as well as defining regions
previously not associated with bladder cancer. Genomic changes
identified by RDA are found in multiple tumors. Conclusion:
Identification of gene losses and gains provides a means to
uncover novel candidate tumor suppressor genes and oncogenes.
RDA is a simple, inexpensive and efficient approach for the
detection of specific gene changes in bladder cancer. 

In the US, bladder cancer is the fourth most common

cancer in men and the eighth most common cancer in

women. Currently, transitional cell carcinoma (TCC)

comprises 90% of primary malignant tumors of the urinary

bladder. TCC affects 57,400 individuals (1), 25% of whom

will die of the disease (2). Seventy-five percent of bladder

cancers are superficial at initial presentation, limited to the

mucosa, submucosa, or lamina propria. Recurrence rates

after initial treatment are 50-80%, with progression to

muscle-invading tumor in 10-15%. Muscle-invading bladder

cancers represent a much worse prognosis, with a 50% risk

of distant metastases (3). The clinical course in urinary

bladder cancer has been difficult or impossible to predict

based on current conventional disease parameters. TCC

displays a great variability in morphological and biological

behavior (4, 5). Unfortunately, recurrence, invasion and

metastasis, even after a seemingly successful treatment at a

very early stage, are characteristic of bladder cancer. 

The transformation of a normal urothelial cell into a

malignant metastatic cell is a complex multistep process that

involves many genetic alterations. It is generally accepted

that genetic and epigenetic changes in tumor cells

contribute to such disease progression. The proposed

molecular mechanisms underlying bladder cancer

progression include overexpression of oncogenes, such as

Ha-ras (6) and myc (7, 8), or loss of tumor suppressor

genes, such as p53 (6), Rb (9), p16 (10, 11), p21 (12) and

PTEN (13, 14). In general, the frequency of oncogene

overexpression or tumor suppressor loss is greater in high-

grade tumors. For example, Ha-ras codon 12 mutation was

found in 30 out of 67 tumors and the mutation frequency

was greater in grade III (65%) than in grade II (44%)

tumors, while no mutations were observed in grade I tumors

(6). Although the association of p53 staining with

progression is not sufficient to recommend cystectomy in

individual pT1G3 patients (15), p53 positivity in Stage T3b

patients was associated with a higher rate of distant

metastasis and reduced overall survival (16). VEGF, bFGF,
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IL-8 and MMP-9 expression is increased in muscle-invasive

compared to superficial papillary tumors. However, bFGF,

IL-8 and EGFR are up-regulated in early precursor lesions

(carcinoma in situ, CIS), while VEGF is up-regulated at

later stages in the development of muscle-invasive TCC

(17). More recent analyses of global changes in the

transcriptome (18, 19) of bladder cancer cells have yielded

additional potential markers. Indeed, recent molecular

classification of bladder cancer patients by gene expression

profiling may lead to the identification of stage and subtype-

specific therapeutic targets (19). Additional studies directed

towards elucidation of the factors involved in bladder cancer

progression should facilitate the development of

molecularly-based diagnostic and therapeutic approaches. 

Many recurrent chromosomal abnormalities have been

characterized in bladder tumors. Gene amplification has been

associated with oncogene activation and deletions are often

associated with tumor suppressor gene inactivation. Strategies

for identifying amplified or lost genes in cancer including

DNA-based techniques (PCR or Southern blot), or by

molecular cytogenetic techniques (FISH) with gene-specific

probes, are inherently restricted to the analysis of previously

known genes (20). Screening with microsatellite markers has

defined several chromosomal regions that show high

frequency loss of heterozygosity (LOH) (21). Genome-wide

scanning with Comparative Genomic Hybridization (CGH)

(22) is a rapid technique for the detection of amplified or

deleted regions in tumor DNA. Such CGH screens have

identified loci that are lost or amplified in bladder cancer (21,

23-29). The amplified or deleted regions identified by CGH

often encompass large chromosomal areas that contain

multiple genes, making it difficult to define specific genes

that may be responsible for tumorigenesis. In this study, we

examined the validity of genomic-RDA as a screening

procedure to identify specific changes that occur in human

bladder cancer. In addition, this screen allowed us to discover

candidate genes that are present within chromosomal sites

that have been previously associated with bladder cancer. 

Materials and Methods

Isolation of DNA from bladder tissues. Bladder surgery was

performed on patients at the Urology and Nephrology Center in

Mansoura, Egypt. Patients underwent surgery before receiving any

other therapy. Tumor stage and grade were defined according to

UICC and WHO classification, as previously described (27). In all

of the cystectomy cases, tumor and adjacent non-neoplastic bladder

tissue were resected for the study. Genomic DNA was isolated

using the High Pure PCR template DNA purification kit (Roche,

Indianapolis, IN, USA). 

Representational difference analysis and validation of difference. For

the detection of chromosomal amplifications or losses, DNA

prepared from TCC-6 tumor (tester) or non-tumor (driver) tissues

was used for RDA as described previously (30). After each round

of subtraction and amplification, difference products (DP) were

resolved by electrophoresis on a 1.2% agarose gel and stained with

ethidium bromide to visualize bands. Subsequently, 12.5 Ìg of DP2

products were digested with DpnII, size-fractionated on agarose

gels, excised and cloned into pBluescript II SK+ vector

(Stratagene, La Jolla, CA, USA). PCR amplification using T3 and

T7 primers was performed to amplify the cloned insert DNA.

Aliquots of PCR products (5Ìl) were denatured by NaOH and

arrayed onto two separate membranes using a Dot-blot device

(Millipore, Germany). Tester and driver representations were

labeled with ·-32P-dCTP by random priming (Stratagene). Clones

that hybridized only with the respective tester were defined as true

differential clones. DNA sequence analysis of these clones was

performed using an ABI 373 DNA automated sequencer (ABI

Biosystems, USA). For the detection of chromosomal loss, RDA

was performed using DNA prepared from non-tumor DNA as

tester and tumor DNA as driver.

Southern blot analysis. Ten Ìg of genomic DNA were digested with

DpnII and electrophoresed on a 1% TBE agarose gel. The gel was

depurinated in 0.2 M HCl for 15 minutes. Afterwards, the gel was

denatured in 0.5M NaOH, 1.5M NaCl for 2x20 minutes, followed

by neutralization in 3M NaCl, 0.5M Tris-HCl pH 7.0, for 45

minutes. The DNA was then blotted onto nylon membrane

(Duralon, Stratagene) and hybridized with the indicated ·-32P-

dCTP-labeled probe generated by random-primed synthesis using

QuikHyb (Stratagene). Specific probes were isolated as inserts

from pBluescript II SK+ clones by digestion with HindIII and NotI. 

RNA isolation and Northern blot analysis. RNA was isolated from

tissues using Trizol reagent (Invitrogen, Carlsbad, CA, USA)

according to the manufacturer's protocol. Total RNA was

fractionated on 1% agarose gels containing 0.66M formaldehyde.

RNA was transferred to nylon filters (Duralon) in 0.1M sodium

phosphate buffer (pH 6.8), UV cross-linked and hybridized in

QuikHyb with random primed labeled probes (Stratagene). RNA

quantity and quality were monitored by ethidium bromide

visualization of the 28S and 18S ribosomal RNA bands.
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Figure 1. Enrichment of DNA sequences by RDA. Agarose gel (1.2%)
electrophoresis of representation amplicons and difference products. Lane
M is ºX174-HaeIII marker. Lanes A and B are representation amplicons
(R) created from tumor and non-tumor DNA, respectively. Lanes C and
D are first-round difference products (DP1) from tumor and non-tumor
DNA. Lanes E and F are second-round subtraction products (DP2) from
tumor and non-tumor DNA, respectively. 



Results and Discussion

RDA allows identification of genomic alterations. A major

mechanism in bladder cancer tumorigenesis is genomic

alterations. To facilitate the identification of gain or loss of

chromosomal regions involved in invasive bladder cancer,

we have used genomic RDA to compare genomic

alterations in transitional cell carcinoma (TCC) vs. DNA

obtained from adjacent non-tumor tissue. RDA is a

differential hybridization method that can effectively isolate

unique DNA sequences from complex and highly related

genomes. It is based on PCR-suppressive hybridization,

combined with normalization and subtraction steps. The

normalization step equalizes the abundance of DNA

sequences within the target population and the subtraction

step excludes the common sequences between the target

and driver populations. Plasmid DNA libraries were

constructed after two rounds of subtractive hybridization

(Figure 1). Of the 384 clones that were picked randomly

from both the gain and loss libraries, 357 clones (93%)

were true differential clones as shown by dot-blot

hybridization. Based upon an assumption that clones with

different insert size would be enriched for unique

sequences, 107 clones were selected for sequence analysis

based on amplicon size. After BLAST analysis, 61 unique

clones were identified. Six clones (55G, 71G, 4L, 16L, 62L,

40 L) were identified 5 times; two clones (21G, 75L) were

found 4 times; three clones (26G, 50G, 87L) were found 3

times; and ten clones (42L, 49G, 54G, 5G, 67G, 70G, 79G,

8L, 25L, 14L) were found twice; the remaining 40 clones
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Table I. Genomic gains in TCC of the bladder. The table provides a summary for each RDA clone, including clone number, clone identifier (clone ID),
accession number (GenBank) or Locus Link ID, chromosomal location and previously identified chromosomal gains. 

NO Clone ID Accesssion No/ Chr location Previously Identified 

Locus ID Changes (References)

3G clone RP11-118N22 AC026915 1p22 1p22 (23)

23G TAF12 (TBP)-associated factor 6883 1p35.2

33G phosphoinositide-3-kinase, PIK3C2B 5287 1q32 1q24-qter(27); 1q21-q24, 

1q21-31(26); 1q (26,28)

13G clone CTD-2003M11 AC069565 3q13 3q (26)

34G RYK receptor-like tyrosine kinase 6259 3q22 3q (26)

71G cytochrome P450, CYP3A 1574 7q21.3-q22.1 7q (26,27,28)

30G KIAA1285 27153 7q36.1 7q (26,27,28)

50G diacylglycerol kinase iota (DGKI) AC073385 8q24.3 8q24, 8q22-qter, 8q21, 

qter8q23-qter (26); 8q (27)

19G phosphatidylinositol-4-phosphate 5-kinase, PIP5K2A 5305 10p 12.32 10p (26)

38G secreted frizzled-related protein 5, SFRP5 6425 10q24.1 10q22-q23 (28)

21G signal-induced proliferation-associated 1, SIPA1 6494 11q13 11q13-q22 (26)

9G clone CMB9-7B14 AP000772 11q23 11q23-qter, 11q13-q22 (26)

48G BAC RP11-70F11 AC131157 12q13 12q14-q15 (26)

49G Fas apoptotic inhibitory molecule 2, FAIM2 23017 12q13 12q14-q15 (26)

77G proteasome subunit pseudogene, PSMB3P 121131 12q13.13 12q14-q15 (26)

39G high mobility group AT-hook 2, HMGA2 8091 12q15 12q14-q15 (26)

20G phenylalanine hydroxylase, PAH 5053 12q22-q24.2 12q23-qter (26)

12G clone RP11-276K9 AC022305 15q14 15, 15q22-qter (26)

28G kinesin, KIF23 9493 15q22.31 15, 15q22-qter (26)

55G eukaryotic translation initiation factor, EIF3S8 8663 16p11.2 16p (5,31)

54G ceroid-lipofuscinosis, CLN3 1201 16p12.1 16p (5,31)

7G clone DASS-337F1 BX545908 16p13.1-13.2 16p (5,31)

11G clone 303_E_14 AC002118 17q12-17q21 17q, 17q11-q22 (26);

17q11-13 (28);17 (27)

26G ITGB3 gene, intron 10, fragment A HUMGPP3A11 17q21-32 17q, 17q11-q22 (26)

31G mitogen-activated protein kinase 4 5596 18q12-q21 18q, 18q22 (25)

79G EWSR1:Ewing sarcoma breakpoint region 1 2130 22q12.2 22 (26)

5G clone RP11-372E22 AC068881 Xq23 Xq (26)

35G ELF4: E74-like factor 4/MEF 2000 Xq26 Xq (26)

67G CXYORF1: hypothetical protein 349410 Xq28 Xq (26)

70G SYBL1: synaptobrevin-like 1 6845 Xq28 Xq (26)

69G IL9R: interleukin 9 receptor 3581 Xq28 and Yq12 Xq (26)

6G clone RP11-368H14 AL158197 Xq22-q26 Xq (26)



were each found once. The name, identified sequence,

GenBank accession or Locus Link ID number and

chromosomal location for each clone are provided in

Tables I and II. Table I provides the data for 32 identified

gains (potentially amplified genes) and Table II provides

the data for 29 identified losses (deleted genes). Gains in

chromosomes 12q5 (5/32) and Xq (6/32) and losses in 14q

(5/29) and 20p (3/29) were the most frequent imbalances

observed.

Since each RDA clone also defines a chromosomal

position that shows gene dosage variations, we were able to

compare our data with the chromosomal imbalances

previously identified for bladder cancer (Tables I and II).

Interestingly, the majority of the loci defined by our RDA

results are present within or overlap with chromosomal

regions that have previously been associated with aberrations

in bladder cancer (21, 23-29). However, in most cases, these

earlier studies using LOH, FISH and CGH approaches

resulted in the identification of large chromosomal

assignments for each observed gain or loss. In contrast, RDA

allows identification of individual candidate loci within larger

regions that probably contain multiple genes. For example,

while gains of 16p have been reported in bladder cancer

(31), RDA clones more precisely define three candidate loci

at 16p11.2, 16p12.1 and 16p13.1-13.2. In addition, some

clones highlight chromosomal positions that previously have

not been associated with bladder cancer. RDA clone 23G

may define a locus associated with gain of chromosomal

region 1p35.2 and clone 43L defines 19q13.3 as a possible

site for loss in bladder cancer. While these regions previously

have not been associated with dosage variations in bladder

cancer, CGH and FISH studies have demonstrated 1p35-36

gain in human osteosarcoma (32) and associated 19q loss

with nasopharyngeal carcinoma (33). 
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Table II. Genomic losses in TCC of the bladder. The table provides a summary for each RDA clone, including clone number, clone identifier (clone ID),
accession number (GenBank) or Locus Link ID, chromosomal location and previously identified chromosomal losses. 

NO Clone ID Accession No / Chr location Previously Identified 

Locus ID Changes (References)

25L PKP4: plakophilin 4 8502 2q23-31 2q23-qter (26), 2q (28)

68L clone RP11-284E5 from 2 AC006460 2q32 2q24-q33, 2q31-q33 (26)

78L VENT-like homeobox 2 pseudogene 4, VENTX2P4 152101 3p24.1 3p14-q13, 3p (21,26)

16L 3p25-p24 RAD18 homolog 56852 3p25-p24 3p14-q13, 3p (26)

37L MSH3: mutS homolog 3 4437 5q11-q12 5q11-q22, 5q15-q23 (26); 

5q (27,28)

41L CCNG1: cyclin G1 900 5q32-q34 5q (27,28)

75L olfactory receptor, OR1X1P 81416 5 5q (27,28)

42L nucleophosmin phosphoprotein (NPM) AH005788S07 5q35 5q (27,28)

60L TXNDC5: thioredoxin domain containing 5 81567 6p24.3 6p (21)

24L IGF2R gene (subclone pEX1-P). HSIGF2RX1 6q26 6q11-q23 (26)

14L clone CTD-2382O16 AC133639 8p23 8p (21,26,27); 8p11-21 (28)

81L clone RP11-545E17 AL441992 9q34 9q (21,27); 9p32-q33 (28)

87L clone RP11-23D5 AL451129 9q22-23 9q (21,27); 9p32-q33 (28)

94L peptidase (mitochondrial processing) PMPCA 23203 9q34.3 9q (21,27); 9p32-q33 (28)

15L clone CTD-2056B17 AC127490 11p15 11p13-pter (28); 11p (21,27); 

11p15 (28)

61L olfactory receptor, OR5A2 81231 11q21.1-11q23.3 11q12-q23 (28); 11q22.2-qter (26)

62L olfactory receptor, OR5AN1 81225 11pter-11qter 11q12-q23 (28); 11q22.2-qter (26)

64L RP11-147H23 AL136525 13q14 13q11-q32, 13q13-qter (26); 

13q14 (28), 13q (21)

29L peroxisomal long-chain acyl-coA thioesterase 10965 14q24.3 14q (21)

10L clone RP11-259M2 AC019009 14q31 14q (21)

40L BAC R-959A22 of library RPCI-11 CNS0000F 14q31 14q (21)

53L BAC R-260M19 CNS07EF6 14q32 14q (21)

47L ribosomal protein S18 pseudogene, OR5AN1 326320 14q32 14q (21)

4L clone RP11-64A4 AC091017 17p13 17p(27,31), 17p13 (28)

43L sulfotransferase, SULT2A1 6822 19q13.3

63L RP5-1097P24 (putative novel gene) HS1097P24 20p11.21-12.3 20p (27)

46L clone RP5-1099D15 HS1099D15 20p12 20p (27)

44L C20orf94: chromosome 20 open reading frame 94 140682 20p12 20p (27)

8L clone RP11-308I10 AC023572 Y Y (28)



Although most of the chromosomal aberrations we

identified in our study have been observed at lower

resolution in bladder cancer (Tables I and II), very little is

known about the role of the specific genes affected by these

changes. For our data, we found that several of the

amplified loci identified genes that have antiapoptopic

functions. FAIM2 (clone 49G), the Fas apoptopic inhibitory

molecule 2, protects cells from Fas-mediated cell death (34).

CLN3 (clone 54G) mRNA and protein is overexpressed in

several cancer cell lines and has antiapoptopic function (35).

Some RDA clones contain DNA sequences derived from

non-coding regions that may be useful in defining regions

of amplification. Although we have not defined the

boundaries of the presumptive amplicons, it is likely that

other genes residing near a RDA-defined amplified (or

deleted) sequence may also have increased (decreased) copy

number. For example, clone 48G (Table I, chromosomal

gains) is present on the same BAC clone as BAX inhibitor

1, which has been shown to be overexpressed and have anti-

apoptotic effects in other cancers (36). 

In concordance with previous reports of microsatellite

instability in bladder cancer (37), we identified a loss in the

mismatch repair gene MSH3 (mutS homolog 3),

represented by clone 37 L. IGF2R (insulin growth factor

receptor 2) loss may contribute to cancer progression (38).

We report here that this gene is lost in bladder cancer

(clone 24L), consistent with observation of mutations or loss

observed for many other cancers (39-41). 

Genomic changes identified by RDA occur in multiple bladder
tumors. Southern blot analysis was performed to further

confirm the genetic changes observed for TCC-6 and to

determine whether similar alterations occur in other tumors

(Figure 2). DNA was isolated from the non-tumor and

tumor TTC-6 (used for the RDA), as well as 16 other tumor

specimens (1 specimen was grade 1 TCC, 8 specimens were

grade 2 TCC and 7 specimens were grade 3 TCC). From

this analysis, the differential alterations (gains and losses)

in the non-tumor and tumor TCC-6 have been further

confirmed for 21G, 13G and 4L. Using clone 21G (located

at 11q13) as probe we identified genomic amplification for

this locus in 6 out of the 17 tumors (33%) examined (Figure

2A). Clone 13G identified amplification in 5 out of 17

specimens (27.7%) for 3q13. Chromosomal loss for 17p13

was detected in 5 out of 17 tumor specimens (38.8%) (probe

4L, Figure 2C). Thus, chromosome dosage variations

identified by RDA can be found in a significant number of

independent bladder tumors. Whether specific gene dosage

changes are dependent on tumor grade remains to be

investigated. 
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Figure 2. Identification of genomic alterations by Southern blot analysis. Genomic DNA (10 Ìg) from non-tumor and tumor tissue used for the RDA
study (6N, 6T) as well as from 17 other tumor samples (T) was digested with DpnII and hybridized with probes prepared from two clones representing
gains (21G and 13G) and from one clone representing loss (4L). GI, GII and GIII indicate tumor grade. All tumor samples were compared to normal
non-tumor DNA in the first lane. (A) 21G (signal-induced proliferation-associated 1, SIPA1) gene located at 11q13; (B) 13 G, clone CTD-2003M11
located at 3q13; (C) 4L, clone RP11-64A4 located at 17p13. (D) DNA loading control hybridized to clone RP11-349B5.



Genomic changes detected by RDA can highlight differentially
expressed genes. Another advantage of RDA is that the

generated fragments are sometimes derived from the coding

regions of specific genes. For example, BLAST analysis

indicated that clone 21G is derived from the coding region of

the signal-induced proliferation-associated 1 (SIPA1) gene.

To assess whether the genomic gain represented by 21G is

correlated with increased RNA expression, we performed

Northern analysis of RNA derived from several tumors as

well as normal bladder tissue (Figure 3). SIPA1 mRNA

expression was detected in multiple tumor samples, but not

in normal bladder tissue. Specifically, we found that SIPA1

was expressed at high (5/15) or moderate levels (7/15) in the

majority of tumor samples. In addition, several of the tumor

samples that show increased SIPA1 at the DNA level (6T,

27T) also had moderate or high levels of RNA expression

relative to normal bladder. It is noteworthy that expression is

not always correlated with gene amplification – several

tumors (25T, 31T, 41T, 47T) expressed moderate SIPA1

levels and did not show gene amplification. Thus, RDA can

highlight genes that may contribute to carcinogenesis in

different tumors independent of change in copy number. 

Conclusion

Identification of gene losses and gains provides a means to

uncover novel candidate tumor suppressor genes and

oncogenes. Such discovery of genetic events that are

functionally critical for tumorigenesis and progression will

lead to more reliable patient stratification and outcome

prediction as well as development of novel therapies. 

Loss of heterozygosity (LOH) studies and cytogenetic

studies, including conventional karyotyping, SKY and CGH,

have associated losses as well as gains on specific

chromosomes with tumor progression. Array CGH using

microarrayed bacterial artificial chromosome (BAC) and Pl

artificial chromosome (PAC) clones has been used to map

high level amplification, low copy number gains and complete

genetic loss (42-44). For example, one study used 2400 BAC

and PAC clones covering the human genome at roughly 1.5

Mb resolution (HumArray1.11 (43)). However, for the most

part, the exact genetic defects underlying progression have

not been elucidated. One approach to more precisely define

genetic variations is hybridization of CGH probes onto

cDNA microarrays (45). Another is to screen microarrays

that contain more complete representation of genomic

sequences present on a limited number of chromosomes (46,

47). While precise, these approaches are dependent on the

availability of known cDNA targets or genomic clones. RDA

provides a non-biased approach, through which we have been

able to precisely identify specific loci associated with

chromosomal imbalance in bladder cancer. 

Our future studies will assess gains and losses of loci in

DNA prepared from a larger number of well-characterized

primary tumors. Furthermore, RDA performed between

multiple tumor/normal pairs should allow the identification

of loci that are frequently altered in bladder cancer. These

and the other identified loci will also be validated utilizing

additional molecular, cytogenetic and immunohistochemical

approaches. 
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