
Measurement of Relative Copy Number of CDKN2A/
ARF and CDKN2B in Bladder Cancer by Real-Time
Quantitative PCR and Multiplex Ligation-Dependent
Probe Amplification

Joanne S. Aveyard and Margaret A. Knowles
From the Cancer Research UK Clinical Centre, St. James’s

University Hospital, Leeds, United Kingdom

Many tumors have large homozygous deletions of the
CDKN2A locus (encoding p14ARF and p16) and of
CDKN2B (p15). Our aim was to determine which gene
is the major target in bladder cancer. We used quan-
titative real-time PCR (RTQ-PCR) to determine copy
number of p15, of p14ARF exon 1� , and p16 exon 2 in
22 tumor cell lines and 83 bladder tumors, some of
which had been assessed previously by duplex PCR.
Titration experiments showed that homozygous dele-
tion could be detected in the presence of up to 30%
normal DNA. Results for cell lines were compatible
with previous cytogenetic analyses. Ten cell lines and
32 tumors (38.5%) had homozygous deletion of at
least one target. Thirteen tumors (15.7%) had deletion
of all three targets. Two tumors had deletion of p14ARF

exon 1� alone and four of p16 exon 2 alone. RTQ-PCR
detected more homozygous deletions than duplex
PCR. Finally we used a multiplex ligation-dependent
probe amplification kit to provide independent con-
firmation of results. We conclude that with appropri-
ate controls RTQ-PCR is a sensitive and robust method
to detect copy number changes in tumors even in the
presence of contaminating normal cell DNA. (J Mol
Diagn 2004, 6:356–365)

More than 60% of transitional cell carcinomas (TCC) of
the bladder of all stages and grades show loss of het-
erozygosity (LOH) of chromosome 9.1–6 Although many
tumors have LOH on both arms of the chromosome, a
significant number (�10% of tumors overall) have a re-
gion of interstitial LOH of 9p.7 Many such deletions are
small and this has allowed the identification of a critical
region at 9p21 that contains CDKN2B and CDKN2A/ARF.
These two loci encode three tumor suppressor genes, p15,
p16, and p14ARF, all of which are cyclin-dependent kinase
inhibitors with key functions in cell cycle regulation.8,9

The CDKN2A locus encodes p16 and p14ARF, both of
which are capable of inducing cell cycle arrest.10,11 p16
and p14ARF have different first exons (1� and 1�, respec-
tively) approximately 13 kb apart,12 giving rise to prod-
ucts in alternate reading frames with no homology at the
protein level13,14 (Figure 1). Exons 1�, 2, and 3 encode
p16, which induces G1 cell cycle arrest via the Rb path-
way. Exons 1�, 2, and 3 encode p14ARF, which inhibits
p53 degradation via binding to mdm2.

The mechanism of CDKN2A/ARF inactivation in human
cancers is somewhat tumor specific. Homozygous dele-
tions at CDKN2A/9p21 are common in bladder tumors6,15–17

and have been described in a variety of other sporadic
tumors, including melanomas18 and gliomas.19 Pancre-
atic adenocarcinomas show inactivation of CDKN2A by
either homozygous deletion or point mutation,20 whereas
esophageal tumors commonly show inactivation by point
mutation.21 A third mechanism of inactivation, transcrip-
tional silencing by promoter hypermethylation, is com-
monly found in colorectal carcinoma.22 Point mutations
have only rarely been identified in bladder tumors15,23,24

and promoter methylation, only infrequently.25

Since the discovery of p14ARF,14 much interest has
centered on the relative involvement of p16 and p14ARF

as tumor suppressor genes in both mouse models and in
human cancer. The tumor suppressor function of p16 and
p14ARF (p19 in the mouse) has been confirmed by many
studies including mouse knockout experiments,26–29 ex-
periments on cells derived from such knockouts eg,30

and gene transfer studies in cultured cells eg31. Introduc-
tion of wild-type p16 into bladder tumor cell lines lacking
functional p16, induced cell cycle arrest and suppression
of tumorigenicity.32 Further evidence for a suppressor
function of p16 in the urothelium has come from studies of
cultured primary bladder tumor biopsies where the ma-
jority of superficial papillary tumors showed limited in vitro
lifespan, which was associated with elevated levels of
p16 expression at senescence. In contrast, cultures de-
rived from muscle invasive tumors commonly bypassed
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senescence and this was associated with loss of either
p16 or pRb expression.33

The majority of human tumors with homozygous dele-
tion of this genomic region have large deletions of the
whole of the CDKN2A/ARF locus often including the gene
encoding p15 (CDKN2B). Homozygous deletion may
represent an efficient way of inactivating two or more
closely linked genes. It has been suggested that in tu-
mors such as TCC where large homozygous deletions
are found and only a small proportion of tumors show
inactivation by point mutation or methylation of 1� and 1�
promoters, more than one gene in the region may be
functionally important.

Few studies have systematically searched for homozy-
gous deletions targeting only p15 or exon 1� of p14ARF in
tumor samples. We have previously identified two blad-
der tumor cell lines in which p16 exon 2 is deleted but a
marker R2.734 now known to be between p16 and
CDKN2A exon 1� is retained, suggesting that exon 1� is
also retained.15 A germline deletion of p14ARF but not
CDKN2A exon 1� has been reported in a melanoma-
neural system syndrome family.35 Similarly, deletion of
exon 1� has been detected in a sporadic melanoma
patient36 in two melanoma cell lines37 and three acute
lymphocytic leukemia samples.38

The rare detection of p14ARF-specific deletions in tu-
mor samples could be due to technical difficulties, since
homozygous deletions are difficult to detect by conven-
tional PCR due to the presence of contaminating normal
cells.6,15,24 Real-time quantitative PCR (RTQ-PCR) poten-
tially offers a more accurate approach to measure gene
dosage in tumor samples. This technique has been suc-
cessfully used to measure DNA deletion and amplifica-
tion at microsatellite loci39 and was recently applied to a
study of the 9p21 region in 105 primary gliomas, where
no selective deletion of p14ARF was found.40

The relative frequency of homozygous deletion of
CDKN2A/ARF and CDKN2B has not previously been ex-
amined in bladder cancer. Our aim was to determine
whether p14ARF or p16 is the major deletion target by
using RTQ-PCR to map homozygous deletion boundaries
in tumor samples. We have analyzed the copy number of
p15, p14ARF, and p16 exon 2 (an exon common to both
p16 and p14ARF) relative to two reference genes (ALDOB
on 9q and PFKL on 21q) in bladder cancer cell lines and
primary TCC samples, many of which have been previ-
ously analyzed by conventional duplex PCR.15 We found
RTQ-PCR to be superior to standard multiplex PCR for
detecting homozygous deletions in tumor samples. Cell
lines with known homozygous deletions and known copy
numbers of 9p and 9q gave the expected gene dosage
ratios. Thirty-eight percent of tumors had a homozygous

deletion of one or more genes, many of which encom-
passed all three genes. A small number of tumors had
homozygous deletion of p16 exon 2 or p14ARF only, indi-
cating that, at least in some cases, only one of these two
genes may be involved. Some tumors without 9p21 ho-
mozygous deletion nevertheless showed under-repre-
sentation of 9p relative to 9q. However, under-represen-
tation of 9q relative to 9p was much more common. To
differentiate clearly between the DNA targets assessed,
throughout the text we refer to CDKN2A exon 2 as p16 exon
2, CDKN2A exon 1� as p14ARF, and CDKN2B as p15.

Materials and Methods

Tissues

Primary bladder tumor samples were obtained at cystos-
copy and immediately frozen in liquid nitrogen or at �20°C.
Tumors were graded according to World Health Organi-
zation (WHO) recommendations41 and staged according
to the Tumor Nodes Metastasis (T.N.M.) classification.42

A venous blood sample was obtained from each patient
in EDTA tubes as a source of constitutional DNA. High
molecular weight DNA was prepared from tissue samples
and blood leukocytes as described previously.43 The
LOH status and an assessment of CDKN2A status for
some of the tumors has been reported previously.7,15 To
compare the sensitivity of real-time quantitative PCR with
the duplex PCR method used previously on some of this
tumor series,15 we used the same DNA samples and did
not microdissect the tumors. All of these tumors were pre-
viously assessed for LOH at multiple loci and judged to
contain no more than 30% contaminating normal cell DNA.

Cell Lines

Twenty-two bladder tumor-derived cell lines were used:
RT4, RT112, T24, SD, JO’N, 5637, 253J, J82, UMUC3,
VM-CUB-II, A1698, DSH1, SW1710, HT1376, 97–7, 97–
18, 97–24, 96–1, 92–1, 97–6, 97–29, and 97–21. The
latter eight cell lines were kindly provided by Dr. C.
Reznikoff.33 DNA was prepared using standard phenol:
chloroform extraction and ethanol precipitation.

Real-Time Quantitative PCR

The Taqman PCR reaction includes a dual-labeled flu-
orogenic probe (5� reporter dye and 3� quencher dye),
which anneals to the template between the forward and
reverse PCR primers. When the probe is intact the re-
porter dye is quenched and no fluorescence from the
reporter is detected. Once polymerization from the 5� end
proceeds, the newly synthesized DNA displaces the
quencher and the reporter is cleaved and can fluoresce.
The amount of fluorescence detected is directly propor-
tional to the amount of DNA synthesized.44–47

Taqman probes and primers were designed using
Primer Express software (Applied Biosystems, War-
rington, U.K.) and were optimized according to the man-
ufacturer’s guidelines. Target gene probes (p15, p14ARF,

Figure 1. Genomic organization of the CDKN2A locus showing positions of
the Taqman probes.
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and p16 exon 2) and reference gene probes [aldolase B,
ALDOB (9q22.3) and liver phosphofructokinase, PFKL
(21q22.3)] contained a TAMRA dye at the 3� end and
FAM as reporter dye at the 5� end. Primer and probe
sequences are shown in Table 1.

Monoplex real-time quantitative PCR was carried out
on 83 TCCs and 23 TCC cell lines, using 10-ng template.
Reactions were carried out in a total volume of 25 �l
containing 1X Taqman master mix (ABI) and 10-ng DNA
template. Primer and probe concentrations were opti-
mized for each target according to the manufacturer’s
instructions. The PCR program consisted of 50°C for 2
minutes and 95°C for 10 minutes followed by 40 cycles of
95°C for 15 seconds and 60°C for 1 minute.

A standard curve was included on each 96-well plate
for reference and target genes, consisting of serially di-
luted normal diploid DNA (Sigma D-3035), where 1 ng
DNA � 330 diploid gene copies. A no-template control
was also included. In each run, all templates were as-
sayed in triplicate and for the majority of samples, each
run was repeated at least twice.

Data analysis was carried out using ABI Prism 7700
Sequence Detection Software which calculates threshold
cycle numbers (Ct). The Ct value is the cycle at which the
fluorescent signal from a sample crosses a threshold as
it enters the exponential phase in the PCR reaction. A
standard curve is formulated from the starting copy num-
ber (x-axis) against Ct (y-axis) value. The Ct values of
unknown samples can then be used to determine copy
number from the standard curve. Only standard curves
with correlation coefficients of 0.98 and above were used.
The gene dosage ratio was calculated as: average copy
number of target gene � average copy number of the
reference gene. All gene dosage ratios were then nor-
malized against the normal diploid control DNA to give a
normalized gene dosage ratio (GDR).

Homozygous deletion was scored when a sample had
a GDR less than or equal to 0.36. This allows for the
presence of up to 30% contaminating normal cell DNA in
the template. A GDR between 0.36 and 0.63 was inter-
preted as having under-representation of the test gene
relative to the reference gene. A GDR between 0.64 and
1.36 was interpreted as having equal copy numbers of

target and reference gene and any sample with a GDR
above 1.36 was interpreted as over-representation rela-
tive to the reference gene.

Multiplex Ligation-Dependent Probe
Amplification

Multiplex ligation-dependent probe amplification (MLPA)
is a novel method designed to measure the relative copy
number of many different DNA sequences in a single
reaction.48 Probes are added to genomic DNA and am-
plification of these probes depends on the presence of
target sequences in the sample. Each probe consists of
two oligonucleotides that anneal to adjacent sites in the
target DNA. Following ligation, only ligated sequences
can be amplified in the subsequent PCR reaction. The
end sequences of all probes are identical, allowing am-
plification with a single pair of primers. Probe sequences
contain stuffer fragments of different lengths to generate
a series of small products of unique size that can be
resolved simultaneously on a sequencing gel and quan-
tified.

MLPA was carried out using 50 ng of bladder tumor
DNA and a blood control DNA, with the P024 kit (MRC-
Holland, Amsterdam, The Netherlands). The kit contains
38 probes, 11 probes covering the CDKN2A/2B genes,
three MTAP probes, and seven probes from the genomic
region surrounding these genes (www.mrc-holland.com).
9p21 probes from cen-tel are: 1, TEK; 2, ELAVL2; 3,
CDKN2B promoter/exon 1; 4, CDKN2B exon 1; 5,
CDKN2B intron; 6, CDKN2A 0.5 kb upstream of arf; 7,
CDKN2A/ARF exon 1; 8, between arf and CDKN2A exon
1; 9, between arf and CDKN2A exon 1 probe 2; 10,
CDKN2A exon 1; 11, CDKN2A exon 2; 12, CDKN2A exon
3; 13, MTAP3; 14, MTAP2; 15, MTAP1; 16, KIAA; 17,
IFNW1; 18, IFNB1; 19, MLLT3 2; 20, MLLT3 1; 21,
FLJ00026.

Probe hybridization, ligation, and PCR reactions were
carried out according to the manufacturer’s protocol. The
PCR products were analyzed on an Applied Biosystems
3100 Genetic Analyzer using Genescan software. Dos-

Table 1. Primers and Probes

Gene Primer/probe sequence

p15 forward primer: CCCTCGACACTCACCATGAA
reverse primer CGACCCCTGGAATGTCACAC
probe AAATATCCCTGGAAATCCGCTTCTCTGTGTT-FAM

p14ARF forward primer TGATGCTACTGAGGAGCCAGC
reverse primer AGGGCCTTTCCTACCTGGTC
probe TCTAGGGCAGCAGCCGCTTCCTAGA-FAM

p16 exon 2 forward primer TTTCCGTCATGCCGGC
reverse primer TCATCATGACCTGCCAGAGAGA
probe CCCACCCTGGCTCTGACCATTCTG-FAM

ALDOB forward primer TGACAGGAAAGCCCTGGC
reverse primer TTCCCCATGGTACCTATGGTG
probe CTCCTTATGCTGCCCTTGGCCCTC-FAM

PFKL forward primer GATGCTGGCACAATACCGC
reverse primer GGGTCACGTGCTCCAGCT
probe TCAGTATGGCCGCCTACGTGTCAGG-FAM
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age quotients were calculated as described by MRC-
Holland48 using peak heights rather than peak areas.

Results

Assessment of the Sensitivity of RTQ-PCR

To test the sensitivity of the technique, RTQ-PCR was
carried out on a series of templates containing control
diploid DNA diluted with DNA from the bladder tumor cell
line RT112. RT112 is diploid and known to have a ho-
mozygous deletion of all three genes at the CDKN2A
locus. Dilutions (control:RT112) were 100:0, 70:30, 60:40,
50:50, 40:60, 30:70, 20:80, 10:90, and 0:100. A plot of
p14ARF GDR against p16 exon 2 GDR relative to the
control gene ALDOB gave a linear relationship and
showed that the technique is sensitive enough to detect
a homozygous deletion in the presence of 30% normal
DNA contamination (Figure 2). Since it was known that
the tumor DNA samples contain contaminating normal
cell DNA derived from blood vessels and inflammatory
cells (minimum tumor cell content, 70%) we used a cut-
off value of 0.36 as the GDR below which we scored
homozygous deletion. This represents 0.3 � 2 SD to
allow for the measured variability of the assay. A GDR
between 0.64 and 1.36 was scored as having equal
copies of the target and reference gene and any GDR
above 1.36 was scored as 9p over-representation relative
to the reference gene(s).

9p21 Copy Number Changes in Bladder Tumor
Cell Lines

Initially we investigated the status of the three targets in a
panel of bladder tumor-derived cell lines including some
for which the 9p21 status had been studied in detail (15,49

and unpublished results) to assess the ability of the assay
to detect both homozygous deletions and copy number
changes relative to the control probe. For these analyses
we used the 9q control, ALDOB to see differences in 9p
and 9q representation and to compare these with known
information. We have not previously characterized chro-

mosome 21 where the PFKL gene maps in all of these cell
lines so this control was not used in these validation
experiments. As previously determined by conventional
PCR and fluorescence in situ hybridization (FISH), RT4,
RT112, SD, 253J, UMUC3, DSH1, and 96–1 have ho-
mozygous deletion of all three genes.15,33 VMCUB-II,
SW1710, and 97–21 have homozygous deletion of p16
exon 2 only and retain p15 and p14ARF. These results
were confirmed by RTQ-PCR (Figure 3). The cell line
97–21 showed homozygous deletion of p16 exon 2 and
retained p14ARF and p15 but at lower copy number than
the 9q reference gene ALDOB. This difference in relative
copy number is not apparent by conventional PCR (our
unpublished results). Similarly, T24 showed under-repre-
sentation of all three targets relative to ALDOB as ex-
pected from previous karyotypic findings.49 Two cell

Figure 2. p14ARF and p16 gene dosage ratios relative to ALDOB for a DNA
series containing 0 to 100% normal DNA and 0 to 100% DNA from a cell line
with homozygous deletion of both targets.

Figure 3. Pattern of DNA copy number alterations in bladder tumor cell
lines. Gene dosage ratios were calculated relative to ALDOB. f, homozygous
deletion; u, under-representation of 9p21 gene; o, over-representation of
9p21 gene; �, no copy number change.
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lines, 97–6 and 97–29, showed over-representation of
one or two 9p21 targets relative to ALDOB and the other
9p21 target(s) indicating a likely breakpoint at 9p21 with
deletion extending into 9q and including ALDOB. The
remaining cell lines had equal copies of 9p21 target to
ALDOB (ie, a GDR of approximately 1.0), despite some
cell lines being aneuploid. Two of these (J82 and 5637)
have been studied extensively by FISH49 and 24-color
FISH (Williams S, Adams J, Coulter J, Summersgill B,
Shipley J, Knowles M, submitted) and contain only
apparently normal chromosomes.

9p21 Copy Number Changes in Bladder
Tumors

We then searched for homozygous deletions of 9p21 in
83 TCC samples. We used PFKL as control to detect 9p
homozygous deletions with higher sensitivity than can be
achieved using the 9q control gene that itself is com-
monly under-represented. PFKL maps to chromosome
21, a chromosome that is rarely altered numerically in
TCC. Thirty-two of 83 tumors (38.5%) had apparent ho-
mozygous deletion of at least one gene and 13 of these
(15.6%) had homozygous deletion of all three targets.
Eight tumors (9.6%) had homozygous deletion of both
p14ARF and p16 exon 2 but not of p15. Two tumors (2.4%)
had homozygous deletion of p14ARF alone and five (6%)
showed under-representation of p14ARF but not of p15
and p16 exon 2, indicating that this may represent an
independent target for deletion. Similarly, four tumors
(4.8%) had homozygous deletion of p16 exon 2 alone
and six (7.2%) showed under-representation of p16 exon
2 but not of the other two targets. No tumors showed
selective homozygous deletion of p15 though two
showed selective under-representation. Three tumors
showed apparent under-representation of p14ARF and
homozygous deletion of the flanking p15 and p16 exon 2.
These latter are considered likely to have equal copy
number of all three targets as GDR values for p14ARF

were just above the cut-off for scoring as homozygous
deletion (GDRs 0.38, 0.40, and 0.42). The patterns of
deletion for p16 exon 2 and p14ARF are illustrated in
Figure 4. Information on tumor grade and stage was
available for 79 and 61 tumors respectively. No associa-
tions with homozygous deletion were found by the �2 test
(P � 0.1).

A scatter plot of GDR of p16 exon 2 versus p14ARF with
PFKL as control is shown in Figure 5. Many samples
yielded values that lay close to the line x � y indicating
that p16 exon 2 and p14ARF copy number was equiva-
lent. Values for some tumors lay above this line, indicat-
ing that these tumors had fewer copies of p14ARF than
p16 exon 2 and similarly values below the line x � y
indicate under-representation of p16 exon 2 relative to
p14ARF. A population of tumors with values in the bottom
left of the scatter plot (x and y �0.36) were those with
homozygous deletions of both p14ARF and p16 exon 2.

Subsequently, we assessed tumors for copy number of
p14ARF, p16 exon 2, and p15 relative to the ALDOB
control (9q). As expected, in light of the known frequent

9q copy number reduction in TCC, using a GDR of 0.36
as cut-off, we identified fewer apparent homozygous de-
letions. Nevertheless, 13 of the 83 tumors (15.6%)
showed clear homozygous deletion of at least one target
relative to the ALDOB control. Where only one or two of
the targets showed homozygous deletion, the results
were compatible with those obtained using PFKL as con-
trol. Eleven of the samples shown to have homozygous
deletion relative to the chromosome 21 control had ap-
parent under-representation of 9p relative to 9q when the

Figure 4. Pattern of DNA copy number changes in primary bladder tumors.
Gene dosage ratios were calculated relative to PFKL. f, homozygous dele-
tion; u, under-representation of 9p21 gene; o, over-representation of 9p21
gene; �, no copy number change. Patterns of deletion are shown for 32
tumors with homozygous deletion of one or more genes (a), 23 tumors with
under-representation of one or more genes (b), 10 tumors with over-represen-
tation of one or more genes (c), 18 tumors with no copy number change (d).
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ALDOB control was used but did not show sufficient
reduction in GDR to be scored as homozygous deletion.
Using the ALDOB control, a reduction in 9q copy number
relative to 9p (9p:ALDOB GDR �1.3) was identified in 49
tumors (59%). An additional measure of 9q under-repre-
sentation was obtained by comparing GDR for ALDOB
and PFKL. This indicated that 9q was under-represented
relative to 21q (GDR PFKL:ALDOB �1.36) in 70 of 83 of
samples (84%) and over-represented (PFKL:ALDOB
�0.63) in one sample (1.2%) which showed a consistent
GDR of �100 for PFKL:ALDOB. These results suggest
that 21 tumors had under-representation of both 9p and
9q relative to 21q, which may indicate loss of an entire
chromosome (hemizygous loss).

Fifty-two of the samples had been assessed previously
for deletions of p16 by duplex PCR.15 Of these, 13 had
been scored as homozygous deletion, 9 as under-repre-
sented, and 30 as retained. More homozygous deletions
were identified by RTQ-PCR. These included all six of the
cases that had previously been confirmed by Southern
blotting and 11 additional homozygous deletions that had
previously been scored as under-represented or re-
tained. Interestingly, three cases that had been previ-
ously assessed as homozygous deletion by duplex PCR
were scored as under-representation rather than ho-
mozygous deletion by RTQ-PCR.

Confirmation of Deletions by Multiplex Ligation-
Dependent Probe Amplification

Multiplex ligation-dependent probe amplification (MLPA)
is a novel method for relative quantitation of multiple DNA
sequences in a single reaction.48 After our RTQ-PCR
study had been completed, an MLPA kit was developed
to measure DNA copy number of 21 sequences from
9p21. To compare the efficiency of this new method and
to provide independent confirmation of the deletions we

had detected, we applied MLPA to a subset of 32 sam-
ples for which DNA was still available.

Figure 6 shows examples of the results. Homozygous
deletions were detected with ease and the inclusion of
multiple probes allowed breakpoints to be defined with
high resolution. For example, the deletions in tumors 70
and 204 that encompass all three tumor suppressor gene
targets have clearly defined and different centromeric
breakpoints. Tumor 70 retains probe 1, has hemizygous
deletion of probe 2 and homozygous deletion of probes 3
to 15 whereas the breakpoint on both alleles in tumor 204
lies between probes 1 and 2 (Figure 6, b and c). The
results for many tumors including 70 and 204 indicated
that homozygous deletions did not involve identical
breakpoints on both alleles and that regions of reduction
in copy number (which may represent hemizygosity)
were commonly found flanking regions of homozygous
deletion. The assay confirmed deletion of p14ARF and
p16 exon 2 but not p15 in tumor 254 (Figure 6d). Inter-
estingly, the deletion of p16 exon 2 alone in tumor 248
which had been scored as homozygous deletion by RTQ-
PCR (GDR � 0.24) was detected as under-representa-
tion but not homozygous loss by MLPA (Figure 6e).

Discussion

It is clear that deletions of 9p21 including CDKN2A/ARF
and CDKN2B play an important role in the development
of bladder tumors. Many studies have reported frequent
LOH and homozygous deletion in the region as a clonal
event eg,6,16,25,50–52 However, the relative importance of
the three genes within the region of deletion has not been
determined previously.

Assessment of homozygous deletion is technically dif-
ficult in tumor samples due to the presence of contami-
nating normal cell DNA. Various methods can be used to
detect homozygous deletion including Southern blotting
and FISH to tumor cells, and various PCR-based tech-
niques. Southern blotting provides an accurate estimate
of copy number but requires a large amount of DNA.
FISH is relatively expensive and labor-intensive method
for screening large numbers of clinical tissue samples,
though in the case of bladder cancer FISH is ideal for
examining cells in urine sediments. PCR-based methods
are suitable for high-throughput analysis and easy to use
but are particularly vulnerable to the problem of normal
DNA contamination. Here we have successfully used
RTQ-PCR to examine both the frequency of homozygous
deletion on 9p21 in bladder tumors and to assess the
relative deletion frequency of three targets within the
region.

Our results indicate that the technique is robust but
that attention to several key parameters is required to
generate reliable data. It is desirable that minimal
amounts of contaminating normal cell DNA are present
and in the future this can be achieved using microdis-
section. In the present study we wished to compare
RTQ-PCR with duplex PCR and for this reason used
historical samples extracted from grossly dissected tis-
sue. None contained more than 30% normal cell contam-

Figure 5. Relative gene dosage ratios for p16 exon 2 and p14ARF in 83
primary bladder tumors. Gray areas are those scored as homozygous dele-
tion for each gene (ie, GDR �0.36). Values are all relative to PFKL control.
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ination. A recent study of p14ARF gene dosage in bladder
tumors53 used samples with similar levels of contamina-
tion and defined “gray” zones in the data that were diffi-
cult to interpret and that most probably reflect the vari-
able level of normal tissue contamination. We found a
similar group of samples that gave results close to the
threshold values we had defined and that would have
benefited from microdissection to confirm results if tissue
had been available. Alternatively, it would be possible to
correct for the amount of contamination in individual sam-
ples and this has recently been described in a study of p16
deletion in childhood acute lymphoblastic leukemia.54

We used a cut-off GDR value of 0.36 to allow for a
maximum of �/� 6% sample variation (calculated from
the GDR variation of the normal control) and 30% normal
cells in the tumor sample. Since RTQ-PCR is quantitative
we can be confident that any tumor with a GDR of 0.36 or
less almost certainly has a homozygous deletion. How-
ever, in tumor samples with most normal tissue contam-
ination the effects of gross aneuploidy may prevent the
detection of homozygous deletion. Similarly tumors with
subclones of cells containing homozygous deletion are
less likely to be detected in the presence of normal cell
contamination.

Our results highlight the need for appropriate choice of
controls. We used one control on 21q, a chromosome
that is not reported to undergo frequent copy number
changes in TCC. Thus the copy number of PFKL usually
reflects the overall ploidy of the cell. This may not be the
case for all tumors and in the future we recommend the
use of at least two control probes derived from chromo-
somes that are not expected to show copy number alter-
ations. We also used a control probe derived from 9q and
our results demonstrated very clearly the loss of sensitivity
for homozygous deletion detection when using a control
derived from a region of common under-representation.

When the present results were compared with our
previous results on 53 of the same tumors with duplex
PCR,15 we found good concordance. More cases with
homozygous deletion were detected with RTQ-PCR, re-
flecting the higher sensitivity of the assay and the use of
objective scoring criteria. One surprising result was that
three of the cases in which homozygous deletion had
been scored in the previous study were scored as under-
represented but not homozygously deleted by RTQ-PCR.
The control primer pair used in the previous assays was
enolase (ENO), which maps to 12p. One possible reason
for this discrepancy in results is that these three tumors
may have over-representation/amplification of this 12p
gene, leading to the generation of false-positive results
for p16 exon 2. Alternatively, it may reflect the relative
insensitivity and lack of objective criteria for scoring the
previous duplex PCR results.

We were able to test the novel technique MPLA on 32
samples for which DNA was available. This provided
independent confirmation of the RTQ-PCR results and
had the significant advantage that breakpoints could be
mapped with much greater precision. We found the com-
mercially available kit gave reproducible results and per-
formed well in the same normal:homozygously deleted
sample titration experiment that had been used to assess

Figure 6. MLPA results for 21 probes on 9p21 for 5 TCC samples. a: Tumor
with no copy number change in region. b: Tumor with minimal normal DNA
contamination showing clear homozygous deletion with no products for
probes encompassing p15, p14ARF, and p16. c: Tumor with homozygous
deletion of all three genes but distinct centromeric breakpoint. d: Tumor with
homozygous deletion encompassing p14ARF and p16 but not p15. e: Tumor
scored as having homozygous deletion of p16 exon 2 alone by RTQ-PCR using
PFKL as control. MLPA result indicates under-representation rather than ho-
mozygous deletion but confirms small region of deletion involving p16 only.
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RTQ-PCR (Figure 2 and data not shown). A major advan-
tage of this assay is that many controls are included in the
kit, thus overcoming the problems discussed above. As
illustrated in case 248 (Figure 6e) this led to an assess-
ment of under-representation rather than homozygous
deletion as had been scored by RTQ-PCR. The most
likely reason for this is that the 21q control used in RTQ-
PCR was over-represented in this sample. This sample
was one of those with deletion of p16 exon 2 alone and
although the level of loss was scored differently by the
two techniques, the reduction in copy number of p16
exon 2 alone was clearly defined by MLPA. The ease of
use of MLPA and the robust results obtained even in this
series of samples with normal DNA contamination makes
this a very attractive alternative choice of assay for future
studies.

Our results present a clear picture of the patterns of
homozygous deletion at 9p21. To date there has not been
a study in which all three potential gene targets have
been assessed simultaneously. The most common pat-
tern of homozygous deletion in bladder tumors was loss
of all three targets, or p14ARF co-deletion with p16 exon 2.
p15 deletion was not found alone and the frequency was
lower than for the other two genes leading to the sugges-
tion that this target is not critical. p14ARF-specific ho-
mozygous deletion was found in 2 of 83 tumors and
p14ARF � p15 homozygous deletion in a further two tu-
mors. This has not been reported in TCC though some
melanoma cell lines have been identified with exon-1�
deletion alone37 and germline deletions have been re-
corded in cases of familial melanoma.35,55 No p14ARF-
specific deletions were identified in TCC cell lines but the
number studied was too small to ensure detection of rare
events. To our knowledge, such deletions have not been
reported in other adult sporadic tumors though there
have been relatively few comprehensive homozygous
deletion analyses reported to date. For example, using
the same technique, no p14ARF-specific homozygous de-
letions were detected in gliomas40 although 41% of
cases showed co-deletion of p14ARFand p16 exon 2. Our
results suggest that p14ARF can act as an independent
tumor suppressor gene in at least some cases of TCC.
The importance of p14ARF is also suggested by our find-
ing of under-representation of p14ARF relative to p15 and
p16 exon 2 in five cases. As homozygous deletion of p16
exon 2 also affects p14, it is likely that this gene is at least
as important a target as p16. To date, there have been no
studies that have examined the p16-specific exon 1� and
it will be important to examine this in the future in both
bladder and other cancers. It will also be of great interest
to examine the expression status of p16 in cases with
retention of at least one copy of p16 exon 2 but homozy-
gous deletion of p14ARF as retention of p16 expression in
such cases would provide evidence that p14ARF has
independent biological significance. This was not possi-
ble in the present study since RNA was not available from
the tumors in question. In the future, it will also be desir-
able to confirm deletions by fluorescence in situ hybrid-
ization on fresh tissue samples or urine sediments from
the same patient and to confirm small homozygous de-
letions by long-range PCR.

There is some functional evidence that loss of p16
function plays an important role in urothelial carcinogen-
esis. For example, gene replacement studies have shown
a marked effect on TCC tumor cell phenotype.32 Studies
of papillary superficial TCC in vitro have shown that many
of these tumors retain at least one copy of p16 and that
the cells derived from them have limited lifespan in cul-
ture with typical up-regulation of p16 protein at senes-
cence. Loss of p16 or Rb expression is required for
establishment of such tumor cells as immortal lines in
vitro.33 This therefore argues for an important role in
immortalization but not necessarily for initial papillary tu-
mor formation in vivo. The role of p14ARF in human tumor
development is not well elucidated though several bio-
chemical functions of the protein have been described. In
the mouse, the equivalent protein (p19 in mouse) has
been shown to play a key role in cell senescence30 but
current evidence in human cells suggests that p16 rather
than p14 plays a more major role at senescence.56

There has been some debate regarding the relation-
ship between LOH and homozygous deletion of
CDKN2A/ARF and tumor phenotype. Several studies in-
dicate that LOH of 9q is more frequent than LOH of 9p in
superficial TCC57,58 and there is some evidence that LOH
of 9p21 is associated with a more aggressive pheno-
type.59 Orlow et al50 reported an association of LOH/
homozygous deletion with tumor grade but not stage and
a significant association with tumor size and recurrence-
free interval. Jung et al60 reported a similar association
with recurrence but others have not61 and some studies
suggest that LOH on 9q rather than 9p21 is associated
with tumor recurrence.62,63 In the present study we found
no association with tumor grade or stage. In light of the
finding that large tumor size is associated with 9p21
alterations,50 it is worth noting that the 53 tumors from our
previous series that were re-assessed here are those for
which we still had DNA remaining and therefore repre-
sented larger tissue samples. These may therefore have
a higher frequency of 9p21 alteration than a panel of
unselected primary tumors matched for grade and stage.
This may explain in part the relatively high frequency of
homozygous deletion found (38%), though our compari-
son with previous results on the same samples shows
that increased sensitivity of the assay accounts for many
of the new homozygous deletions detected. Previous
studies have recorded homozygous deletion frequencies
ranging from 11% to 70%.15,50,64 A recent study that also
used RTQ-PCR found only 14% of homozygous deletion
of p14ARF. However this may be related to the low fre-
quency of 9p21 LOH measured in the tumors studied
(22%) which is lower than usually found in superficial
TCC.53

In conclusion, we have developed a sensitive RTQ-
PCR assay for three potential homozygous deletion tar-
gets at 9p21 and have shown that this provides improved
detection rates for homozygous deletion over semi-quan-
titative multiplex PCR. The study has provided evidence
that p16 and p14ARF are the major targets of deletion in
TCC and that each may be targeted independently in
some cases. It will now be important to apply the tech-
nique to a large series of microdissected tissue samples
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to determine the true overall frequency of homozygous
deletion of these two genes in TCC.
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