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Elevation of p16, the CDKN2/p16 tumor suppressor gene (TSG) product, occurs at senescence in normal
human uroepithelial cells (HUC). Immortal HUCs and bladder cancer cell lines show either alteration of p16
or pRb, the product of the retinoblastoma (RB) TSG. In addition, many human cancers show p16 or pRb
alteration along with other genetic alterations that we associated with immortalization, including +20q and
−3p. These observations led us to hypothesize that p16 elevation plays a critical role in senescence cell cycle
arrest and that overcoming this block is an important step in tumorigenesis in vivo, as well as
immortalization in vitro. Using a novel approach, we tested these hypotheses in the present study by
examining p16 and pRb status in primary culture (P0) and after passage in vitro of transitional cell carcinoma
(TCC) biopsies that represented both superficial bladder tumors and invasive bladder cancers. We
demonstrated that all superficial TCCs showed elevated p16 after limited passage in vitro and then senesced,
like normal HUCs. In contrast, all muscle invasive TCCs contained either a p16 or a pRb alteration at P0 and
all spontaneously bypassed senescence (P = 0.001). Comparative genomic hybridization (CGH) was used to
identify regions of chromosome loss or gain in all TCC samples. The application of a statistical model to the
CGH data showed a high probability of elevated alteration rates of +20q11−q12 (0.99) and +8p22−pter (0.94) in
the immortal muscle invasive TCCs, and of −9q (0.99) in the superficial TCCs. Three myoinvasive TCCs lost
3p13−p14. In this study, four of six myoinvasive TCCs also showed TP53 mutation that associated well with
genome instability (P = 0.001), as previously hypothesized. Notably, TP53 mutation, which has been used as a
marker of tumor progression in many human cancers, was less significant in associating with progression in
this study (P = 0.04) than was p16 or pRb alteration (P = 0.001). Thus, these data support a new model in
which overcoming senescence plays a critical role in human cancer pathogenesis and requires at least two
genetic changes that occur in several combinations that can include either p16 or pRb loss and at least one
additional alteration, such as +20q11−q12, −3p13−p14, or −8p21−pter.
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Our laboratory has a longstanding interest in studying
the biological significance of genetic alterations in the
pathogenesis of human cancer. The identification of al-
terations that are associated specifically with progres-
sion to muscle-invading (myoinvasive) cancer will be
particularly useful for diagnosis, prognosis, and treat-
ment. Many studies suggest that p53 mutation might
represent such an alteration because of its prevalence
across many human cancer types and its putative role in

maintenance of genome stability (for review, see Rezni-
koff et al. 1996a). In the present study, using bladder
cancer progression as a model, we test a new and possi-
bly complementary model of human cancer pathogen-
esis. In this model, overcoming the G1 growth arrest of
senescence is a critical and essential step in the devel-
opment of human carcinoma.

Bladder cancer is the sixth most common cancer in the
United States and the third most prevalent cancer among
men 60 years of age or older (American Cancer Society
1997). Causative factors known to significantly increase
bladder cancer risk include smoking and exposure to ar-
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ylamine carcinogens (Kannio et al. 1996). Approximately
90% of bladder cancers are transitional cell carcinomas
(TCC), 80–90% of TCCs grow as superficial papillary
stages Ta and T1 [TNM classification] tumors (Catalona
1992; Bane et al. 1996). Approximately 60% of superfi-
cial TCCs recur, but most never progress to muscle in-
vasive cancer and thus their associated mortality is low.
However, 20–25% of superficial TCCs progress over
time to myoinvasive TCCs that pose a significant risk of
morbidity and mortality for patients (Nseyo and Lamm
1996). To illustrate the associated clinical dilemma, one
study shows that 13 of 62 patients (21%) diagnosed ini-
tially with superficial Ta or T1 well-differentiated grade
I TCC eventually died of muscle invasive bladder cancer
(Bane et al. 1996). Thus, there is a pressing need to un-
derstand the pathogenesis of progression of superficial
TCC to myoinvasive TCC and to identify genetic bio-
markers to stratify TCCs for appropriate clinical man-
agement.

Many genetic alterations have been identified in blad-
der cancers, but the biological significance of most of
these alterations has not been defined. For example,
comparative genomic hybridization (CGH) and molecu-
lar studies show that regions frequently (>20%) lost in-
clude 3p14, 8p21, 9p21, 9q, 11p15, 13q14, and 17p13;
frequent (>14%) gains occur at 1q31, 3q24–26 and 8q21-
qter (Hubuchi et al. 1993; Knowles et al. 1994; Kallioni-
emi et al. 1995). Amplifications have also been observed
at 5p21, 11q13, 17q12, and 20q11-qter (Kallioniemi et al.
1995). Certain losses, including 3p14, 8p21, 11p15,
13q14, and 17p13, correlate with late stage disease
(Presti et al. 1991; Hubuchi et al. 1993; Knowles et al.
1994). In contrast, loss of 9q is grade and stage indepen-
dent and, therefore, is thought to occur early (Ross et al.
1996). In general, losses are thought to indicate tumor
suppressor gene (TSG) deletions, whereas gains indicate
overrepresentation of oncogenes. Much evidence sup-
ports a role for inactivation of three TSGs in TCC patho-
genesis. These include the retinoblastoma gene (RB) at
13q14, CDKN2/p16 at 9p21, and TP53 at 17p13 (Presti et
al. 1991; Xu et al. 1993; Esrig et al. 1994; Spruck et al.
1994; Cairns et al. 1995). Some evidence also suggests
that overexpression or amplification of the cyclin D1
gene CCND1 at 11q13 may also play a role in bladder
cancer pathogenesis (Ohta et al. 1997; Shin et al. 1997).

Alteration of TP53, which occurs in ∼50% of TCCs,
has been associated with a genome instability phenotype
in normal uroepithelium (Reznikoff et al. 1994) and is
frequently present in muscle-invading TCC (Hollstein et
al. 1991; Presti et al. 1991; Sarkis et al. 1993; Spruck et al.
1994a; Esrig et al. 1994). Notably, 60% of bladder carci-
noma in situ (CIS), which have a high propensity for
progression, show TP53 alterations, whereas only 3% of
superficial papillary TCCs show altered TP53 (Spruck et
al. 1994a). Thus, TP53 alteration has been considered a
useful genetic biomarker to predict TCC progression
(Sarkis et al. 1993; Esrig et al. 1994). RB is inactivated in
30–40% of bladder cancers and this also correlates with
later stage, higher grade cancers (Presti et al 1991; Xu et
al. 1993). RB plays a critical role in regulating cell cycle

progression by its phosphorylation, which releases E2F
transcription factors, a process that is tightly controlled
by cyclin D1 and cdk4/6 (Xu et al. 1993), and which is
inhibited by p16 (Serrano et al. 1993).

Defining the biological significance of p16 loss in TCC
pathogenesis has been problematic for several reasons.
First, until recently (see below) the role of p16 in normal
human uroepithelial cell (HUC) growth has not been un-
derstood. In addition, although ∼50% TCCs show 9p21/
CDKN2/p16 hemizygous deletion, a much lower per-
cent show inactivating mutations on the remaining al-
lele (Cairns et al. 1994). Furthermore, a higher
percentage of these mutations were observed in TCC cell
lines than in uncultured tumors (Kamb et al. 1994).
These results raised the question of the relevance of p16
loss to TCC tumorigenesis in vivo. An epigenetic
mechanism for CDKN2/p16 inactivation, namely hyper-
methylation, has now been documented in many tumor
types, including TCCs (Gonzalez-Zulueta et al. 1995,
Merlo et al. 1995). In spite of these findings, the biologi-
cal significance of p16 loss in the pathogenesis of TCC
and other human cancers still remains unclear.

Recently, our laboratory reported that, whereas p16
levels are low to undetectable in precrisis proliferating
HUCs, they are elevated at senescence (Reznikoff et al.
1996b). On the basis of this observation, we hypoth-
esized that p16 may play a role in mediating the G1 cell
cycle arrest that is characteristic of cellular senescence
(Serrano et al. 1997). This model suggests that senes-
cence is a tumor suppressor mechanism in vivo and that
p16 is important in the onset and maintenance of senes-
cence. Because the growth-suppressive function of p16
requires a functional pRb (Lukas et al. 1995; Medema et
al. 1995), this model also suggests that overcoming the
p16-imposed component of cellular senescence could be
accomplished by either p16 or pRb alteration. This hy-
pothesis is supported by our finding that all immortal
HUC and TCC cell lines tested to date that do not con-
tain a p16 alteration, show a pRb alteration (Yeager et al.
1995).

On the basis of these observations, we hypothesized a
new model of TCC pathogenesis in which overcoming
cellular senescence by mechanisms that include either
pRb or p16 loss, is a critical step in progression. This
model of cancer pathogenesis is based on the hypothesis
that senescence is a major tumor suppressor mechanism.
In such a model, cells that have bypassed senescence
survive to accumulate the multiple mutations required
for malignant transformation, whereas cells that senesce
cannot progress, regardless of their accumulated muta-
tions. In the current study, we tested this new model of
tumorigenesis in which overcoming the senescence
block is critical to progression. We examined the status
of p16 and pRb in a series of tumors representing both
superficial and myoinvasive TCCs. We also examined
the status of p53 in these same tumors. Our results show
that p53 alteration is frequently associated with invasive
TCC, but correlates best with the phenotype of genome
instability, whereas overcoming the senescence block by
mechanisms that include p16 or pRb alteration corre-
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lates best with progression to myoinvasive cancer. A
striking characteristic of all superficial tumors in this
study was their ability to show elevated p16 and to se-
nesce spontaneously after a limited number of popula-
tion doublings.

Results

Superficial TCCs initially grew in vitro, all showed
elevated p16 levels, and senesced spontaneously

Initially, all 13 TCC biopsies (seven superficial tumors
and six myoinvasive cancers) grew well in vitro using
culture conditions that essentially excluded growth of
nonepithelial cell types (Reznikoff et al. 1983). All
showed transitional cell epithelial morphology reminis-
cent of normal HUCs (Fig. 1A), but with several different
transformed morphologies. For example, some superfi-
cial papillary TCCs formed three-dimensional structures
in vitro, reminiscent of their in vivo papillary morphol-
ogy (Fig. 1B).

All of the superficial TCCs showed a limited lifespan
in vitro and spontaneously senesced between P2 and P6.
Western blot analysis was used to determine the p16,
pRb, and p53 status of these TCCs in the primary culture
(P0) and at senescence. Results showed that six superfi-
cial TCCs contained relatively low p16 levels at P0, but
markedly elevated p16 levels at senescence, similar to

HUC (Fig. 2; Table 1). One superficial TCC was not
tested. Two TCCs that senesced at earlier passages than
others, TCC 96-16 and TCC 97-5, had detectable p16 in
the primary culture suggesting that the senescence pro-
cess may have begun in vivo (Fig. 2). Levels of pRb and
p53 in the superficial tumors at both P0 and senescence
were similar to normal HUC (summarized in Table 1;
data not shown) and therefore, were considered to be
wild type. Notably, pRb levels were decreased in both
superficial TCCs and in normal HUCs at senescence. In
addition to p16 elevation and decreased levels of pRb at
senescence, superficial TCCs showed other criteria as-
sociated with HUC senescence including cessation of
cell proliferation, multinucleated and vacuolated cells,
and intense b-galactosidase staining (Fig. 3).

Myoinvasive TCCs grew in vitro, all showed either
p16 or pRb loss, and all bypassed senescence
spontaneously

In contrast to superficial TCCs, none of six myoinvasive
TCCs in this study underwent the characteristic senes-
cence growth arrest seen in normal HUCs, and none
showed b-galactosidase activity at early or late passage
(Table 1). Instead, all six myoinvasive TCCs proliferated
continuously in culture without evidence of a growth
crisis or a latent period and all spontaneously formed
apparently immortal cell lines. Some, but not all, my-
oinvasive papillary TCCs retained their papillary char-
acteristic in vitro (Fig. 1, cf. C with D). Western blot
analysis showed alteration of either p16 or pRb at the
earliest passage studied in all of six myoinvasive TCCs
(Fig. 4 and Table 1). Notably, three myoinvasive TCCs
(TCC 94-10, TCC 96-1, and TCC 97-1) lost p16, whereas
three (TCC 92-1, TCC 96-2, and TCC 97-6) lost pRb.
None lost both p16 and pRb. Interestingly, myoinvasive
TCCs with pRb loss showed elevated p16 levels similar
to those observed in senescent TCCs and senescent
HUCs (Fig. 4). Myoinvasive TCCs that lost pRb or p16
showed this loss at P0 (data not shown), as well as at

Figure 2. Western blot analysis for p16 at P0 and at senescence
in superficial TCCs. p16 was elevated in all of the six superficial
TCCs at senescence compared to P0, similar to the result ob-
tained with normal HUC. Note also that some of the superficial
TCCs showed p16 in the P0 culture. These superficial TCCs
senesced earlier in vitro than TCCs with undetectable p16 at
P0.

Figure 1. Morphology of TCC compared to HUC in culture.
(A) Normal HUCs show typical epithelial morphology with
tightly adherent monolayers of polygonal cell. Note the lack of
mesenchymal cell contamination. Original magnification,
200×. (B) Superficial papillary TCCs also show similar epithelial
cellular morphology in vitro, but unlike normal HUCs, often
form three dimensional structures at the leading edge of growth
reminiscent of their in vivo multilayered morphology. Original
magnification, 200×. (C) Myoinvasive papillary TCC 96-2 also
formed a cell line that retained its ability to form three-dimen-
sional structures after prolonged culture. Original magnifica-
tion, 200×. (D) Myoinvasive TCC 96-1 with flat morphology in
vitro is shown here. Original magnification, 200×.
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later passages (Fig. 4). Thus, the p16 and pRb alterations
observed occurred in vivo, not as a result of mutation in
vitro. The association between the myoinvasiveness in
these TCCs and p16 or pRb alteration was significant
(P = 0.001), as was the association between myoinvasive-
ness and bypassing senescence (P = 0.001).

Immunohistochemical (IHC) studies were done on all
six myoinvasive TCCs as an additional method to assess
the status of pRb. Wild-type pRb, but not mutant pRb,
localizes in the nucleus (Cordon-Cardo et al. 1997). pRb
was present in the nucleus of the three myoinvasive
TCCs that lost p16, but was absent in the nucleus of
those that showed pRb loss and elevated p16 (data not
shown). Controls, without primary antibody or with an
irrelevant antibody, failed to show staining. Thus, IHC
results were in agreement with Western blot analysis.

Molecular analyses were performed to identify the
mechanisms of CDKN2/p16 inactivation in the three
myoinvasive TCCs that did not show p16 by Western
blot analysis. Southern blot analysis showed CDKN2/
p16 inactivation by homozygous deletion in two of the

myoinvasive TCC lines, TCC 96-1 and TCC 97 (Fig. 5).
Southern blot analysis also revealed hypermethylation of
one allele in the third myoinvasive cell line TCC 94-10.
cDNA sequencing of TCC 94-10 showed that the second
allele was expressed but contained a frameshift mutation
in exon 2, codon 7 that caused a premature termination
signal (Table 2). Thus, no protein was detected by West-
ern blot analysis.

Some, but not all, myoinvasive TCCs contain TP53
mutations

To assess the p53 status in myoinvasive TCCs, Western
blot analysis was done at early and later passages in cul-
ture. At the earliest passages studied, five of six myoin-
vasive TCCs showed alterations in p53 levels, when
compared to HUC levels, by Western blot analysis. Four
TCCs showed stabilized p53, and a p53 signal was absent
in one TCC at both early (data not shown) and later

Table 1. Association of p16, pRb, or p53 loss with myoinvasive TCC

Sample
code Age/sex Stage/grade

Crisis/Sen
or Imm

b-Gal p16 pRb p53

P0 Sen Imm Sen Imm Sen Imm P0 Sen Imm

96-16 52 M Ta I +/Sen + + N.A. wt N.A. wt N.A. wt wt N.A.
97-10 45 M Ta I +/Sen − + N.A. wt N.A. wt N.A. wt wt N.A.
96-12 53 F Ta I +/Sen − + N.A. wt N.A. wt N.A. wt wt N.A.
96-13 81 F Ta I +/Sen − + N.A. wt N.A. wt N.A. N.D. wt N.A.
96-9 71 M Ta I +/Sen − + N.A. wt N.A. wt N.A. wt wt N.A.
97-5 81 F Ta I/III +/Sen + + N.A. wt N.A. wt N.A. wt wt N.A.
96-11 81 F Ta/T1 I/III +/Sen − + N.A. N.D. N.A. wt N.A. wt N.D. N.A.
– – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – –
97-1 28 M T1/T2 I/II −/Imm − N.A. − N.A. mu N.A. wt wt N.A. wt
94-10 74 M T3 II/III −/Imm N.D. N.A. − N.A. mu N.A. wt wt N.A. wt
96-1 48 M T3 II/III −/Imm − N.A. − N.A. mu N.A. wt N.D. N.A. mu
96-2 67 M T3 II/III −/Imm − N.A. − N.A. wt N.A. mu N.D. N.A. mu
97-6 60 M T3 III −/Imm − N.A. − N.A. wt N.A. mu mu N.A. mu
92.1 80 F T4 III −/Imm N.D. N.A. − N.A. wt N.A. mu mu N.A. mu

Shown here are the results of the analysis of TCCs for senescence (Sen) activity as a marker or spontaneous immortalization (Imm). Also shown are results
of western analysis to determine wild-type (wt) vs. mutant (mu) levels of p16, pRb, or p53 in samples of superficial TCCs (shown above the broken line)
and myoinvasive TCCs (shown below the line).

Figure 3. Shown here is an example of staining for b-galacto-
sidase activity at P0 and at senescence in the same superficial
TCC sample TCC 96-12. (A) The proliferating TCC culture
shows no b-galactosidase activity; (B) the same TCC culture,
when senescent, shows strong b-galactosidase activity. Original
magnification, 100×.

Figure 4. Western blot analysis at approximately P15 for p16
and pRb in the six myoinvasive TCC cell lines in this study.
Three myoinvasive TCCs show no detectable p16, whereas
three show no detectable pRb. Results done at P0 show the
same results. The nonspecific band is shown to demonstrate
protein loading.

Yeager et al.

166 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


passages (Fig. 6). To further investigate the underlying
mechanisms for the altered p53 levels observed using
Western blot analysis, TP53 was sequenced in all six
myoinvasive TCC lines. Two of the six myoinvasive
TCCs had wild-type TP53 by sequencing, including one
line, TCC 97-1, that showed stabilized p53 by Western
blot analysis (Fig. 6; Table 2). Two of the TCCs with
stabilized p53 contained a single TP53 mutation,
whereas one TCC, TCC 92-1 (the only TCC that showed
nodal metastases in the patient), contained five different
mutations affecting 4 exons (Fig. 6; Table 2). Notably,
TCC 96-2, the TCC in which p53 was not detected using
Western blot analysis, contained a splice mutation con-
sistent with p53 absence (Table 2). The association be-
tween a mutant TP53 and myoinvasive TCC was deter-
mined to have P = 0.04 using Fisher’s test.

Chromosome instability associates with TP53
mutation

To assess and compare chromosome stability in superfi-
cial and myoinvasive TCCs, CGH was preformed on 12

of 13 TCCs in this study (Table 3). Results showed few or
no chromosome losses or gains in the superficial TCCs
or in the myoinvasive TCCs with wild-type TP53. For
example, no changes were detected in two superficial
TCCs, two had two changes, one had three changes, and
one had four changes. The two myoinvasive TCCs with
wild-type TP53 each contained two alterations. In con-
trast, the four myoinvasive TCCs containing TP53 mu-
tations had 13, 20, 23, and 32 changes, respectively, and
all were aneuploid (Table 3). The association between
TP53 mutation and chromosome instability was signifi-
cant (P = 0.001).

Nonrandom chromosome alterations associated
with TCC progression

CGH was also used to identify potentially important
chromosomal losses and gains associated with TCC pro-
gression and bypassing of senescence. Although many of
the chromosome alterations observed in myoinvasive
TCCs were apparently random changes resulting from
genome instability, some alterations appeared to be non-
random (Table 3). For example, five of six myoinvasive
TCCs lost the 8p22-pter region (four of six lost 8p21-
pter), five gained 20q11−q12, four gained 5p, and four
gained 7p (Fig. 7A,B). In addition, all four of the superfi-
cial TCCs in which chromosome alterations were de-
tected by CGH showed loss of the 9q chromosome arm.
Three myoinvasive TCCs also lost 3p13−p14.

A simple stochastic statistical model was used to as-
sess whether or not such patterns (Fig. 7A,B) of alteration
were consistent with sporadic change. Separate analyses
of losses and gains showed that they were not related to
sporadic change, and that certain regions exhibited
higher than expected rates of change. Global P values
against the sporadic null hypothesis were 0.001, 0.005,
and 0.001 for late stage gain, late stage loss, and early
stage changes, respectively. Under the alternative hy-
pothesis that certain regions exhibit change at higher
rates than other regions, we calculated the probability
that each arm had an elevated change. Elevated changes
of +20q11−q12 (0.99) and −8p22-pter (0.94) occurred in
myoinvasive TCC and of −9q (0.994) in superficial TCC
(Fig. 7C,D). The probabilities that 5p+ and 7p+ were also

Table 2. CDKN2 and TP53 mutations in myoinvasive TCCs

Sample code CDKN2/p16 TP53

97-1 homozygous deletion wild type
94-10 methylation and FS (exon 2, codon 74) Wild type
96-1 homozygous deletion mutant (exon 5, codon 175)
96-2 Wild type Mutant (exon 7, codon 261, SM)
97-6 Wild type Mutant (exon 5, codon 162)
92-1 Wild type mutant (exon 5, codon 158)

(exon 6, codon 224)
(exon 7, codon 228)
(exon 8, codons 280 and 294)

(FS) Frameshift mutation; (SM) splice mutation. CDKN2 alterations were detected by Southern analysis and genomic sequencing; TP53
alterations were detected by genomic sequencing.

Figure 5. Southern blot analysis for CDKN2/p16 methylation.
Flanking cut (F.C.) HUC was digested only with the enzyme for
the F.C. EcoRI. All other samples were digested with both EcoRI
and SacII. TSU–PR1 is a prostate cell line containing methylat-
ed CDKN2/p16 that was used as a positive control for methyl-
ation. The three TCC cell lines that expressed elevated p16
showed no altered methylation. In contrast, the three TCCs
that failed to show p16 by Western blot analysis showed genetic
alterations by Southern blot analysis. TCC 96-1 and TCC 97-1
both contained homozygous CDKN2/p16 deletions. TCC 94-10
had one methylated allele. Sequencing of cDNA showed a mu-
tation in the second allele as discussed in text.
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elevated in myoinvasive cancers were calculated using
the same method and were significant at 0.87 and 0.83,
respectively. In this small study, the three losses of
3p13−p14 was just below significance.

Discussion

Previously our laboratory demonstrated that p16 is el-
evated in cultured normal HUCs at senescence (Rezni-
koff et al. 1996b) and that HUC immortalization in vitro
is essentially always associated with either p16 or pRb
alteration (Yeager et al. 1995). These observations sug-

gested an important biological role for p16 in limiting
normal cell proliferation and led us to hypothesize that
overcoming cellular senescence might be an important
step in cancer pathogenesis in vivo, as well as in immor-
talization of this cell type in vitro. Notably, our obser-
vation that p16 elevation occurs at senescence in human
epithelial cells has been confirmed (Serrano et al. 1997).
The many reports showing p16 (or pRb) alterations in
clinical bladder tumors (for review, see Reznikoff et al.
1996a) are consistent with our hypothesis that overcom-
ing cellular senescence is critical to bladder cancer
pathogenesis in vivo.

In the present study, we specifically tested the hypoth-
esis that myoinvasive TCCs, but not superficial TCCs,
have bypassed the G1 p16-mediated senescence growth
arrest block. Senescence is defined as programmed cell
death that occurs after a limited number of population
doublings. Senescence occurs in vitro (Hayflick 1974)
and in vivo (Dimri and Campisi 1994). We also tested the
hypothesis that myoinvasive TCCs, but not superficial
TCCs, would contain a genetic alteration, such as p16 or
pRb loss, consistent with bypassing senescence in this
cell type. The results supported both hypotheses, both at
a P value of 0.001. All the myoinvasive TCCs bypassed
senescence and spontaneously formed cell lines and all
contained either a p16 or a pRb alteration. In contrast to
myoinvasive TCCs, the superficial TCCs, like normal
HUCs, underwent cellular senescence after a limited
lifespan in vitro and this was always associated with
wild-type pRb and the expected elevated p16 levels. In-

Table 3. Association of p53 alteration with genome instability

Sample
code

TP53
status

CHR
ploidy Chromosome losses and gains

Genome
stability

96-16 wild type N.D. none stable
97-10 wild type N.D. −9q, +1q stable
96-12 wild type N.D. −9, −11p, +1q stable
96-13 wild type N.D. N.D. N.D.
96-9 wild type N.D. −9, −11q21-qter stable
96-11 wild type N.D. −9, +10q22, +15q, +20 stable
97-5 wild type N.D. none stable
– – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – – –
97-1 wild type 48 +5q, +20q stable
94-10 wild type 46 −8p, +1q stable
96-1 mutant 66 −1p, −2q, −4p14-qter, −5q, −6p21-qter, −8p21-pter, −8q11-q21,

−10q23-qter, −11q21-qter, −15q21-qter, −16p, −17, −18q12-qter,
−20p, −20q13, −Xpter-q26, +1q21-q31, +2p13-p16, +3q26-qter,
+4p15-pter, +5p, +6p22-pter, +7, +8p11-p12, +9pter-q22, +10pter-q22,
+11q13-q14, +14q13-qter, +19q13.3-qter, +20q11-q12, +21q,
+Xq27-q28

unstable

96-2 mutant 127–133 −2q, −3p, −4, −8p, −9p, −13q, −Y, +3q, +5p, +7, +16, +17, +20 unstable
97-6 mutant 105 −3p13-p14, −3q11-q21, −4p, −8p, −10q22-qter, −11q23-qter,

−13q13-q21, −15q, −16p12-qter, −17p, −18q, +5p, +6p, +7p, +8q, +9q,
+11q22, +12p, +18p, +20

unstable

92-1 mutant 68 −2q24-qter, −3p, −5q11-q22, −6q, −8p22-pter, −10pter-q11.2, −11p15,
−11q14-qter, −13q12-q14, −15q11.2-q21, −18q21-qter, −21q,
+1q21-q31, +3q22-qter, +5p, +5q23-qter, +6p, +7, +8q, +11p11-p14,
+12p, +14q, +20

unstable

Determination of whether chromosome regions were lost or gained was done using CGH. Ploidy was determined by karyotypic
analysis. The tumors above the broken line were superficial, and the tumors below the line were muscle invasive.

Figure 6. Western blot analysis of myoinvasive TCCs for p53.
Note relatively low, but detectable, p53 levels at P0 and in
senescent HUCs and in one myoinvasive TCC. In contrast, note
altered p53 levels in five myoinvasive TCCs, four showing sta-
bilized p53 and one TCC lacking a detectable p53 signal. Nota-
bly, one of the TCC with stabilized p53, TCC 97-1, had wild-
type TP53 by sequencing. Results of later passage cultures are
shown, but results were the same at P0. Thus, no changes oc-
curred in culture.
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terestingly, the wild-type pRb levels were lower at se-
nescence in superficial TCCs, as they are in normal
HUCs at senescence (Reznikoff et al. 1994). Neither
the mechanism by which p16 is elevated at senescence
nor the mechanism by which pRb is decreased at senes-
cence are currently known. The association between
senescence and superficial TCC was also significant
(P = 0.001). These data demonstrate for the first time in
any system that superficial tumors retain the ability to
senesce. This is also the first report to our knowledge
specifically associating the phenotype of tumors bypass-
ing senescence with a progressed cancer phenotype in
vivo. The ability to demonstrate this difference was de-
pendent on the establishment in our laboratory of cul-
ture techniques that support growth and immortaliza-
tion of superficial and invasive human bladder tumor
cells in vitro.

These data are significant for several reasons. First,
they support a new model of epithelial cell tumorigen-
esis in which normal cellular senescence mediated by
p16 accumulation can be considered an important tu-
mor-suppressor mechanism that must be overcome for
the development of the fully neoplastic phenotype.
These data also suggest that alterations in at least two
different genes, namely CDKN2/p16 or RB, can fulfill
the same requirement (in this case overcoming the G1

senescence block) in multistep tumorigenesis. Amplifi-
cation of CCND1, the gene for cyclin D, may also pro-
vide a less frequently used mechanism for bypassing se-
nescence. In support of this, recent studies have identi-
fied a small percent of bladder tumors in which cyclin
D1 is overexpressed (Ohta et al. 1997; Shin et al. 1997).
Thus, different genetic alterations may achieve the same
biological end point in tumorigenesis. This finding is
consistent with the genetic heterogeneity seen in tumors

of the same types, including TCCs. This new model is
attractive because it is consistent with the requirements
for continued proliferation to accumulate and fix genetic
alterations in multistage tumorigenesis (Reznikoff et al.
1996a). The presence of p16 or pRb alterations in many
tumor types other than TCCs suggests that our new
model may apply broadly in the pathogenesis of human
cancer (Cairns et al. 1994, 1995; Balazs et al. 1997; Lowe
and Jacks 1997).

A number of studies have implicated telomere short-
ening as a critical factor in the onset of senescence (for
review, see Harley 1995). Therefore, in another study we
also examined both telomerase activity and telomere
lengths in normal HUCs and in superficial and invasive
TCCs (Belair et al. 1997). We found that uncultured tis-
sue biopsies of normal bladder urothelium were nega-
tive, whereas all uncultured TCC biopsies (both superfi-
cial and invasive) were positive. However, we also dis-
covered that the same normal uroepithelium, when
established as proliferating cultures showed telomerase
activity (albeit somewhat lower than in the TCC
samples), as did proliferating normal human prostate and
mammary epithelium. Furthermore, we demonstrate
that normal urothelium with telomerase activity does
not show telomere shortening at senescence. Thus, we
concluded that telomerase activity is a biomarker of pro-
liferation, not of malignant transformation (Belair et al.
1997). Relevant to the present study, two chromosome
regions encoding the RNA component of telomerase and
the active component, namely 3q26 and 5p14, respec-
tively (Meyerson et al. 1997; Soder et al. 1997), were both
found to be overrepresented in the TCC lines in this
study (Table 3). The 5p arm was gained in five invasive
TCCs and was likely to be significant at 0.87. Only three
TCCs gained 3q, but significantly the smallest regions

Figure 7. Chromosome arm losses and
gains in myoinvasive TCCs as detected by
CGH. (A,B) Chromograms recording the
number of six myoinvasive TCCs exhibit-
ing a change on each of 39 nonacrocentric
chromosome arms. Horizontal hash marks
indicate that the loss or gain on both arms
was linked. Diagonal marks indicate that
the loss or gain was not linked to the other
chromosomal arms. (C,D) Probabilities cal-
culated under the simple stochastic model
conditional on the chromograms. The arm
has an elevated rate of loss or gain. (A,C)
Late0stage losses; (B,D) late-stage gains.
Results of calculations are presented in the
text.
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gained was 3q26-qter. Thus, it is reasonable to hypoth-
esize that these gains may contribute to the higher level
of telomerase activity observed in these TCCs in our
previous study (Belair et al. 1997).

These data give other insights into the pathogenesis of
superficial bladder cancers. The loss of a whole chromo-
some 9 is the most frequent genetic alteration in TCCs
and is grade and stage independent, suggesting that a
chromosome 9 loss is an early event (Ross et al. 1996).
Because CDKN2/p16 is located on 9p21, CDKN2/p16
might be considered a candidate tumor-suppressor gene
for early stage TCC. Our data do not support that hy-
pothesis. One superficial TCC lost 9q and three lost the
entire chromosome 9 making 9q, not 9p, the common
region lost. Furthermore, none of the superficial TCCs in
our study showed p16 alteration. Therefore, we would
support a model in which loss of a gene (not yet identi-
fied) on 9q is an important early event in TCC pathogen-
esis. However, these data do support a model in which
p16 loss (or pRb loss) is important in TCC progression
and would be a poor prognostic indicator if present in a
superficial TCC. We and others do not find that p16 al-
teration occurs early in TCC pathogenesis (Okajima et
al. 1996). One study, however, using fluorescent in situ
hybridization (FISH) with CDKN2/p16 probes shows
that p16 alteration can be detected in uncultured super-
ficial TCCs (Balazs et al. 1997). However, in the latter
study, the TCCs were not examined for other changes
required for overcoming senescence and were not cul-
tured to determine whether they had a limited lifespan.
Thus, the relevance of those findings to our study is un-
certain.

Previously we reported that immortalization of hu-
man papillomavirus-transformed HUCs was always ac-
companied by chromosome losses and gains, in addition
to either pRb or p16 loss (Yeager et al. 1995; Reznikoff et
al. 1996b). The most frequent gains were +20q11-qter
and +5p and the most frequent loss was −3p13−p14.2
(Savelieva et al. 1997; Vieten et al. 1997). It is remarkable
that these same regions were altered in the myoinvasive
TCCs that had overcome senescence in this study. For
example, there are three examples of 3p loss in myoin-
vasive TCCs in this study and the smallest common
region lost, 3p13−p14, was precisely the same common
region lost in HUCs transformed in vitro (Vieten et al.
1997) and identified in uncultured clinical TCCs (Kal-
lioniemi et al. 1995). In addition, loss of 8p was highly
significant in the current study. Three TCCs showed
−8p21, a region lost in many human cancers, including
bladder cancers (Knowles et al. 1996). Our study now
associates 8p21 loss for the first time with overcoming
cellular senescence and again with myoinvasive late
stage cancers. Notably, 3p and 8p losses have been asso-
ciated with late stage cancers by other investigators (Hu-
buchi et al. 1993; Knowles et al. 1994), which is consis-
tent with our new model. Finally, we were the first labo-
ratory to associate gain of 20q11-qter genes with
immortalization (Reznikoff et al. 1994). We also reported
a strong association between amplification of 20q13.2
and genomic instability (Savelieva et al. 1997). The cur-

rent study extends these findings by better defining the
region associated with immortalization, as the smallest
common region gained in a myoinvasive TCC was
20q11–q12. Because gain of 20q is found in many human
cancers, these finding have value for understanding its
significance. In summary, our new data support a role for
losses of 3p13−p14, 8p22-pter or 8p21-pter and gain of
20q11−q12 in bypassing senescence and support our hy-
pothesis that loss of p16 or pRb alone is insufficient for
immortalization. Other potential changes in chromo-
some balance in TCCs in this study not discussed above
include +1q31-qter, +6p22-pter, −4p14-pcen, −10q22-
qter, and −18q21-qter. Alterations in these regions are
reported in other human cancer types (Mertens et al.
1997).

Previous studies reported that TCC cell lines showed a
higher percentage (54%) of p16 alterations than uncul-
tured TCC biopsies (19%). Thus, it was proposed that
p16 mutations occurred in vitro (Spruck et al. 1994b).
Our data would support an alternative explanation
(Cairns et al. 1994), namely that CDKN2/p16 mutations
are more frequent in TCC cell lines because TCCs with
p16 alterations form cell lines more frequently. In our
study, the kinetics of cell line formation in vitro by my-
oinvasive TCCs, namely continuous growth of TCC
without a latent period or crisis, are inconsistent with a
model in which CDKN2/p16 mutations occurred in cul-
ture. In addition, the failure of any of the superficial
TCCs (cultured under the same conditions) to form cell
lines argues against random CDKN2/p16 mutations in
vitro as an explanation for our observations. Interest-
ingly, our data illustrate the futility of using Western
blot analysis to assess CDKN2/p16 status in uncultured
TCC biopsies, as wild-type p16 is low to undetectable
using this method until cells approach senescence. Fi-
nally, a recent observation in our laboratory illustrates
that a myoinvasive component of a heterogeneous TCC
can be detected in our system because of its ability to
adapt to culture (data not shown).

Clearly, our studies demonstrate that the use of a
single marker, including either p53 or pRb, is inadequate
for either prognosis or classification of TCCs. In addi-
tion, our studies also demonstrate that using pRb or p53
alterations together, although better than singly, as prog-
nostic markers or to identify progressed cancers (Cordon-
Cardo et al. 1997) would miss myoinvasive TCCs that
evolve through p16 alteration or progress without p53
alteration. For example, three myoinvasive TCCs in this
study had both p53 and pRb alteration, but two had nei-
ther alteration. We would propose that p16 and pRb al-
teration represent two mechanisms in the same p16/pRb
pathway to bypass the senescence block. Furthermore,
our study suggests caution in using IHC as a primary
means to detect TP53 mutations as previously noted
(Lowe and Jacks 1997). One myoinvasive TCC (i.e., TCC
97-1) showed stabilized p53 but TP53 was wild type by
sequencing, whereas one myoinvasive TCC with mu-
tated TP53 would not have been identified as altered as it
lacked detectable p53 protein (TCC 96-2). Neither TCC
would be classified accurately by IHC that uses stabi-
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lized p53 as an end point for mutated TP53. We propose
using a phenotype as a prognostic marker and allowing
for different combinations of genetic alterations to give
rise to that same phenotype in tumorigenesis.

In summary, the present work supports a new model
of human tumorigenesis in which overcoming cellular
senescence is a critical step. The present work also de-
fines a role for p16 or pRb alteration, 20q11−q12 gain,
and 8p21-pter or 3p13−p14 loss in overcoming cellular
senescence. The frequency of p16 and pRb alterations, as
well as of 20q gains and 8p losses in many human cancer
types suggests that this new model may apply broadly in
the pathogenesis of human carcinomas.

Materials and methods

TCC biopsies

Thirteen biopsies of bladder tumors were obtained from 13 dif-
ferent patients (five women and eight men) after transurethral
resection of the bladder or cystectomy at the University of Wis-
consin Hospital and Clinics (Table 1). Tumors were immedi-
ately placed into growth medium (see below). A representative
piece of each biopsy was sent for pathological evaluation. Pa-
thology slides were read independently by two pathologists. All
but three tumors in this series were papillary, and all were clas-
sified as TCCs. The samples ranged from Ta to T4 (TNM clas-
sification) and from grade I to III. All the superficial tumors were
primary papillary tumors. Only three of the myoinvasive tu-
mors were papillary (TCC 97-1, TCC 94-10, and TCC 96-2).
Two of the myoinvasive tumors (TCC 94-10 and TCC 96-1)
were recurrences. One patient had extensive nodal metastases
(TCC 92-1). Medical histories revealed that 11 of 13 bladder
cancer patients were smokers.

TCC cell culture

Tumor biopsies were set up for P0 cell culture using an explant
technique developed for TCC (Reznikoff et al. 1983). Briefly,
specimens were placed into a sterile glass Petri dish containing
culture medium and then cut up into pieces, ∼1 mm2 in size,
using sterile forceps and scalpel. The explants were then trans-
ferred to 100-mm Petri dishes coated with collagen that had
been preequilibrated with growth medium (Reznikoff et al.
1987). The growth medium, 1% FBS-F12+, consisted of Ham’s
F12 (GIBCO, Grand Island, NY) containing 1% fetal bovine se-
rum (FBS; GIBCO) and growth supplements optimized for hu-
man uroepithelial cells (Reznikoff et al. 1987). Initially, 2 ml of
medium was added. An additional 2–3 ml was added after 24 hr.
Then, the 7 ml of medium was used and replaced three times a
week. After 7–10 days, or when the cultures were ∼80% conflu-
ence, the explants were removed and the epithelial cells were
dispersed for passage using 0.1% EDTA. Cells from multiple P0
dishes initiated from a single TCC sample were pooled. From
this pool, aliquots were taken for DNA and protein extraction
and for b-galactosidase activity, as described below. The re-
maining cells were replated and serially cultured to determine
whether they senesced or spontaneously immortalized. Senes-
cence occurred between P2 and P6. In this study TCCs that
failed to senesce, spontaneously formed cell lines. HUCs, used
as normal controls, were cultured exactly as previously de-
scribed (Reznikoff et al. 1987).

Assessment of b-galactosidase activity

b-Galactosidase activity was used as a marker for cellular se-

nescence (Dimri et al. 1995). TCC were first tested at early
passage, usually P0, at senescence, or after senescence if cells
did not senesce. The b-galactosidase assay was done as de-
scribed previously (Dimri et al. 1995). Briefly, all cells were
fixed with formalin:glutaraldehyde, rinsed, and then incubated
in SA-b-galactose stain solution for 18 hr. Cells were then
rinsed with PBS. Senescent cells showing b-galactosidase activ-
ity were identified by their blue color using a microscope.

Western blot analysis

Western blot analysis was used for initial assessment of p16,
p53, and pRb status and was performed as described previously
(Yeager et al. 1995). Briefly, cells were lysed in ECB buffer [50
mM Tris-Hcl at pH 8.0; 120 mM NaCl; 100 mM NaF; 0.2 mM

Na2VO4; 0.5% NP-40 with 10 mg/ml each of leupeptin, PMSF,
and aprotinin (Sigma, St. Louis, MO)]containing protease inhibi-
tors, proteins were quantified by Bradford assay, and then loaded
(50 µg/lane), and run on a 12% SDS–polyacrylamide gel. Pro-
teins were transferred to a nitrocellulose membrane and
checked for equal loading by Ponseau S staining (Sigma, St.
Louis, MO). The test antibody was added next and immunore-
active proteins were detected by enhanced chemiluminescence
(Pierce, Rockford, IL). Monoclonal antibodies to pRb (14001A,
PharMingen, San Diego, CA) and p53 (AB-2, Oncogene Research
Products, Cambridge, MA) were used. A polyclonal p16 anti-
body (C-20, Santa Cruz Biotechnology, Santa Cruz, CA) was
used. All Western blot analyses were repeated at least twice.

IHC Studies

IHC was used as a second assay to assess loss of wild-type pRb.
Cells were grown on chambered glass slides (Nunc, Naperville,
IL) and fixed with glutaraldehyde and formalin (Dimri et al.
1995). The pRb monoclonal antibody (14001A Pharmingen) was
used at a 1:1000 dilution to detect wild-type nuclear pRb using
the protocol of the Histomark Streptavidin-HRP system
(Kirkegard and Perry Laboratories, Gaithersburg, MD). TrueBlue
peroxidase substrate (Kirkegard and Perry) was used for final
detection. Groups without primary pRb antibody and with an
irrelevant anti-SV40 T antigen antibody (Oncogene Research
Products) were used as controls. IHC was done at least twice for
all samples.

Southern blot analysis

Southern blot analysis was used to detect CDKN2/p16 dele-
tions or altered methylation in the six myoinvasive TCC
samples that formed cell lines. DNA was isolated using the
guanidine isothiocynate method (Savelieva et al. 1997). South-
ern blot analysis for CDKN2/p16 methylation was done using
10 µg of DNA per lane after digestion with both EcoRI and the
methylation-sensitive SacII restriction enzymes (Promega,
Madison, WI). DNA was electrophoresed on a 1% agarose gel
and transferred to Hybond N+ membrane (Amersham Life Sci-
ence, Arlington Heights, IL). The CDKN2/p16 probe, which
overlaps the CpG islands of the promoter and exon 1 of
CDKN2/p16 was labeled with [a-32P]dCTP using the Rediprime
labeling kit (Amersham Life Sciences) and detected using a
PhosphorImager. Methylation in this region using this method
and probe has been correlated with loss of CDKN2/p16 expres-
sion (Merlo et al. 1995). The human prostate carcinoma cell line
TSU–PR1 was used as a positive control for methylation in this
assay.
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DNA sequencing

Sequencing of TP53 and CDKN2/p16 was done to identify mu-
tations in cells with altered p53 or p16 by Western blot analysis.
Genomic sequencing of TP53 was done by Oncor Med (Gai-
thersburg, MD) according to their published protocol. Briefly,
the entire sequences of exons 5 through 9, as well as 10–20 bases
58 and 38 of each exon, were sequenced and compared to wild-
type TP53 (GenBank). The same methodology was used in se-
quencing exons one and two of CDKN2/p16.

CGH

CGH was used to detect chromosomal losses and gains. Hybrid-
ization of differentially labeled tumor and normal DNA to nor-
mal metaphase chromosomes was performed exactly as de-
scribed previously (Kallioniemi et al. 1995). Tumor DNA was
labeled with fluorescein–dUTP and normal DNA was labeled
with Texas red–dUTP. Both were hybridized to normal meta-
phase spreads, which were then DAPI stained. Three-color im-
ages (fluorescein, Texas red, DAPI) were collected from five
metaphase cells for each sample. Green and red fluorescence
signals from pter to qter and the ratios of green to red intensity
were calculated for each chromosome in the metaphase spread.
In each metaphase cell the absolute fluorescence intensities
were normalized so that the average green to red ratio of all
chromosomes in the metaphase was one. The final results were
expressed as the mean green to red ratio profiles +1 standard
deviation, determined from two to three metaphase cells (four
observations per chromosome). Loss shown in Table 3 were
present in the majority (>50%) of cells.

Cytogenetic analysis

Karyotypic analysis was done using published techniques (Save-
lieva et al. 1997) to determine the modal chromosome number
of each new TCC cell line, as an indicator of genome stability.
Briefly, cells were arrested in metaphase by adding 0.2 µg/ml
colcemid (GIBCO) for 3 hr. Afterward, cells were collected and
incubated at 37°C with hypotonic solution (75 mM KCl). Cells
were fixed with 3:1 methanol/acetic acid. Chromosome spread-
ing was done on a humidified slide warmer. Then, cells were
trypsin banded and stained with Giemsa. The modal number
was determined by counting at least 20 metaphase spreads for
each sample.

Statistical methods

Fisher’s exact test was used for two-factor comparisons in stage
versus p16/pRb alteration, stage versus senescence, stage versus
p53 alteration, and genomic instability versus p53 alteration.
Chromosomal losses and gains measured by CGH (Table 3)
were analyzed separately using a modification of the stochastic
model developed in earlier work (Newton et al. 1994). First, a
likelihood ratio statistic was calculated to test the null hypoth-
esis that changes were completely sporadic, versus the alterna-
tive hypothesis that certain regions have elevated rates of ge-
netic change. The likelihood ratio test was calibrated by a para-
metric bootstrap using 103 − 1-simulated chromograms (Efron
and Tibshirani 1993). Second, for each arm we calculated the
conditional probability of having an elevated change rate given
the observed data and estimated model parameters (Fig. 7).
Briefly, the model views changes as stochastic and the presence
or absence of an elevated change rate on each nonacrocentric
chromosome arm as the outcome of a biased coin toss. Whether
or not change is observed on one arm in a tumor is further

viewed as the outcome of a biased coin toss, with a higher
change probability in the arms deemed to have higher rates. In
addition, the model accounts for linked changes (e.g., loss of
entire chromosome), by having another biased coin to indicate
whether or not such linkage will occur. The modification from
Newton et al. (1994) is that linkage probability is fixed for all
chromosomes, reducing the number of parameters and simpli-
fying the calculation.
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