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Abstract

Urothelial cancer has served as one of the most important sources of information about the mutational

events that underlie the development of human solid maligancies. Although “field effects” that affect

the entire bladder mucosa appear to initiate disease, tumors develop along two distinct biological

“tracks” that present vastly different challenges for clinical management. Recent whole genome

methodologies have facilitated even more rapid progress in the identification of the molecular

mechanisms involved in bladder cancer initiation and progression. Specifically, whole organ

mapping combined with high resolution, high throughput SNP analyses have identified a novel class

of candidate tumor suppressors (“forerunner genes”) that localize near more familiar tumor

suppressors but are disrupted at an earlier stage of cancer development. Furthermore, whole genome

comparative genomic hybridization (CGH) and mRNA expression profiling have demonstrated that

the two major subtypes of urothelial cancer (papillary/superficial and non-papillary/muscle-invasive)

are truly distinct molecular entities, and in recent work our group has discovered that muscle-invasive

tumors express molecular markers characteristic of a developmental process known as “epithelial-

to-mesenchymal transition” (EMT). Emerging evidence indicates that urothelial cancers contain

subpopulations of tumor-initiating cells (“cancer stem cells”) but the phenotypes of these cells in

different tumors are heterogeneous, raising questions about whether or not the two major subtypes

of cancer share a common precursor. This review will provide an overview of these new insights and

discuss priorities for future investigation.

The two-track model for urothelial cancer progression

It is well recognized that human urothelial tumors develop along two major, largely

independent but somewhat overlapping biological pathways, referred to as papillary and non-

papillary or solid (1) (Figure 1). Papillary tumors originate from diffuse flat hyperplastic

urothelial changes also referred to as low-grade intraurothelial neoplasia. They are typically

of low histologic grade and grow as superficial non-invasive papillary protrusions. These

tumors have a high propensity for recurrence but they practically never invade the bladder wall

or metastasize. Non-papillary solid tumors evolve from severe dysplasia or carcinoma in situ

(CIS) also termed high-grade intraurothelial neoplasia. The vast majority of high-grade non-

papillary tumors develop in patients without a prior history of papillary tumors. High-grade

solid carcinomas aggressively invade the bladder wall and may metastasize to regional lymph
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nodes and distant anatomic sites. Some of the low-grade superficial papillary tumors (10–15%)

eventually progress to high-grade invasive carcinomas. Such progression is typically preceded

by the development of CIS in the adjacent bladder mucosa or within the papillary tumor. Both

types of cancer pose significant problems for public health, but for different reasons. Papillary

tumors are not usually life threatening but because of their high recurrence rate, they contribute

to bladder cancer’s rank as most expensive in terms of clinical management. Although about

half of muscle-invasive tumors do initially respond to cisplatin-based combination

chemotherapy regimens, the development of drug resistance is a major problem, and disease

progression in resistant tumors is rapid and uniformly fatal. Major efforts are underway to

prevent papillary tumor recurrence, to better define the biological basis of CIS and progression

to muscle invasion in superficial tumors. The identification of molecular mechanisms that

mediate invasion, metastasis, and resistance to therapy in muscle-invasive tumors is of prime

importance for patients who present with aggressive forms of bladder cancer. It is expected

that understanding the biology will lead to the identification of molecular and genetic markers

that can be used to better assist in the clinical management of the disease.

Field effects, forerunner genes, and the initiation of urothelial neoplasia

Epidemiological studies have clearly linked cigarette smoking to the risk of developing

urothelial cancers. As is also true in the lung, tobacco carcinogens presumably cause DNA

alterations throughout the entire bladder mucosa, not all of which are repaired, and one would

therefore expect to observe some shared molecular alterations that contribute to most (if not

all) cancers. Allelic loss on chromosome 9 is clearly one such event (2). Regions of LOH are

located on both arms of the chromosome (3–8). The 9p region contains the p16/ARF locus,

and studies have confirmed that p16 is frequently inactivated by LOH plus homozygous

deletion or methylation independently of stage or grade in both superficial and muscle-invasive

bladder cancers (9–11). The locus also contains the interferon-α (IFNα) locus (12). Given that

IFNα can induce apoptosis in bladder cancer cells (13,14), inactivation of the IFNα gene might

also contribute to disease progression. Identification of the cancer-relevant genes at the 9q

locus is still ongoing, but one interesting candidate is TSC1 (located at 9q.34) (15–17), which

is an upstream negative regulator of the mTORC1 complex and downstream mTOR signaling

(18). Overall, LOH at 9q remains one of the earliest events in bladder cancer progression

identified to date (19).

Given that field effects appear to play such a crucial role in bladder cancer initiation, it seems

likely that the earliest genetic alterations that mediate disease initiation would be present not

just in the areas that most obviously involve cancer-related phenotypic changes but also

throughout large regions of the urothelium that may be phenotypically normal. Bladder cancer

progression appears to involve an accumulation of stereotyped phenotypic and molecular

alterations in a manner that is similar to the more familiar progression model developed for

colorectal cancers, where progression from adenoma to carcinoma involves accumulation of

epigenetic and genetic damage (20). Early whole organ mapping studies demonstrated that

urothelial cancers tend to be multi-focal and that regions of hyperplasia and/or atypia are found

adjacent to areas containing frank cancer (21). Therefore, we have combined whole organ

mapping with recombination-based marker analyses of chromosomes 1–22 to obtain a

comprehensive map of the genomic alterations present in 5 cystectomy specimens (22–24).

These studies identified 6 critical regions mapping to 3q22, 5q22-23, 9q21, 10q26, 13q14, and

17p13 that cooperate to drive the development of human bladder cancer. Most often patients

displayed losses in 2–3 of these regions and about one fifth of cases displayed losses in all

regions simultaneously.

We then used whole organ high-density SNP analyses to define the region surrounding the Rb

gene (13q14) in more detail (Figure 2). The minimally deleted region associated with clonal
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expansion contained several putative open reading frames encoding proteins with previously

uncharacterized functions (22,23). We selected two of the genes – P2RY5 and ITM2B –for

initial functional characterization in vitro. Both genes were downregulated at the mRNA level

in over half of human bladder cancer cell lines in a relatively large panel. Typically this

downregulation involved LOH of one allele and methylation of the other; for example, in cell

lines the frequency of ITM2B methylation was approximately 40% (23). Reintroduction of

either gene into bladder cancer cells that lacked it resulted in cell cycle arrest and apoptosis

(23). Although the molecular mechanisms underlying these responses are still being

investigated, ITM2B is homologous to the so-called BH3-only subfamily of BCL-2 proteins

(25–28), and P2RY5 is a member of a subfamily of G protein-coupled receptors for

lysophosphatic acid (LPA), and it has recently been implicated in genetic hair growth disorders

(29–31).

Interestingly, another group identified a SNP within this same genomic locus (rs2227311) that

is predicted to downregulate P2RY5 gene expression and is a risk factor for developing invasive

ovarian cancer (32). Similarly, a polymorphic site (G1722T) located within the P2RY5 coding

sequence was detected in several bladder tumors and non-tumor DNA from the same patient.

This form of the protein was defective in promoting apoptosis in vitro (22). Strikingly, in a

large case-control study, 100% of smokers carrying this allele developed bladder cancer (23).

We are currently characterizing the functions of several other candidate “forerunner genes”

near the Rb locus that display frequent downregulation in cell lines and primary tumors,

including ARL11 and GPR38.

Insights into molecular basis for the two tracks of urothelial cancer

progression

Recent studies using transgenic mouse models have provided important insights into the

molecular mechanisms that give rise to the two distinct cancer phenotypes observed in patients

with urothelial tumors. Using a bladder-specific (uroplakin) promoter, Xue-Ru Wu’s group

produced two lines of mice that closely recapitulate the two major types of cancer observed in

humans. In the first, bladder-specific expression of mutant active H-ras led to the development

of bladder hyperplasia/dysplasia or papillary tumors in a manner that was related to gene dosage

(i.e., high copy numbers induced tumors) (33,34). When the same promoter was used to drive

expression of the SV40 large T antigen (thereby inactivating the p53 and Rb tumor

suppressors), mice bearing low copy numbers developed CIS, whereas mice bearing high copy

numbers developed muscle-invasive tumors with 100% penetrance (35). Analysis of the low

copy number SV40 mice suggested that complete loss of p53 was associated with the

development of CIS but that progression required additional events, presumably including loss

of Rb function (36). Likewise, complete loss of p53 on the mutant H-ras background

accelerated the development of both low-grade and high-grade superficial tumors but did not

support the development of muscle-invasive disease (37). Again, additional genetic events

must be present in the high copy number SV40T mice that drive progression to muscle invasion.

More recent work strongly suggests that one candidate driver of the muscle-invasive phenotype

is activation of the PTEN/PI3 kinase/AKT/mTOR pathway. Abate-Shen’s group used mice

bearing “floxed” p53 and PTEN genes and intravesical instillation of adenoviral Cre to

conditionally eliminate the expression of these tumor suppressors in the mouse bladder (38).

These mice developed early CIS that uniformly progressed to muscle-invasive and metastatic

tumors. Similarly, elimination of p53 and PTEN function in human urothelial cells also made

them tumorigenic, and the group’s own analysis of primary tumors from patients confirmed

that PTEN disruption and AKT pathway activation are common features of muscle-invasive

disease (38), consistent with previous studies (see below). The authors noted that mTOR, a

downstream mediator of AKT-dependent signaling that is being evaluated as a potential
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therapeutic target in cancer (18), was activated in the mouse and human cancer cells (38),

supporting the notion that mTOR inhibitors should be evaluated aggressively in relevant

preclinical models and in human clinical trials. Curiously, another group used a different

approach to induce tissue-specific loss of PTEN (in a wild-type p53 background) in the

urogenital system in the mouse and showed that this resulted in the emergence of prostate but

not bladder cancers, effects that were linked to differential activation of AKT (prostate-

specific) versus p21 (bladder-specific)(39). Therefore, loss of p53 pathway function may be

an obligate cofactor for PTEN-dependent bladder cancer initiation in the mouse.

The results obtained in these mouse models appear to largely recapitulate what appears to

happen in human superficial and muscle-invasive tumors, albeit with some caveats. For

example, in one cohort of 67 tumors activating codon 12 Hras mutations were detected in

almost half (40). These mutations were more common in high-grade (II or III) tumors, and 7

contained synchronous mutations at position 2719 of Hras intron D (40). This phenotype

mirrored the mutations in Hras that were previously detected in the human T24 cell line, and

in these tumors overall levels of Hras protein were 10-fold higher than were present in tumors

that lacked the intron D mutation (40). However, in a subsequent study the frequency of

activating Hras mutations was much lower (41), and an even more recent study of 35

consecutive Iranian urothelial tumors failed to identify mutations in Hras, Kras, or Nras in any

of them (42), suggesting that HRas mutational frequencies vary significantly in different

populations. Together, these results support the conclusion generated in the murine Hras

transgenic model that Ras gene dosage is an important determinant of more aggressive

biological behavior (33). However, the data do not address the issue of whether mutational

activation of Hras drives the formation of superficial as opposed to muscle-invasive cancer.

(Our own gene expression profiling data indicate that the T24 cell line co-clusters with muscle-

invasive tumors.)

Instead, other recent work strongly supports the idea that Hras pathway activation in human

papillary tumors is mediated via autocrine growth factor receptor activation. Activating

mutations in the type 3 receptor for fibroblast growth factors (FGFR3) occur frequently (≥
50%) in superficial but more rarely (≤ 20%) in muscle-invasive tumors (43–45)(P. Black et al,

manuscript in preparation). The most common is a codon 7 mutation (S249C) that forms

disulfide-linked homodimers that exhibit ligand-independent signaling activity (46). This

mutation is found in some of the available established cell lines (i.e., UM-UC-14) and in these

cells FGFR3 signaling is required for proliferation (47)(P. Black et al, manuscript in

preparation). Interestingly, FGFR3 levels are elevated in superficial tumors as compared with

muscle-invasive tumors overall, and a significant number of human bladder cancer cell lines

that express wild-type FGFR3 are also dependent upon FGFR3 signaling for their growth

(47)(P. Black et al, manuscript in preparation). Therefore, the fraction of superficial tumors

that is dependent on FGFR3 signaling is probably higher than the proportion of tumors that

expresses mutant FGFR3. Identifying molecular markers that can prospectively identify these

tumors and targeting them with antibodies or small molecules is a high priority for clinical

translation.

In the preclinical models, loss of p53 promotes CIS and contributes to progression to muscle-

invasive disease (35,38). Similarly, early work established that LOH on 17p distinguished high

grade from low grade cancers (2), and many other studies have demonstrated that mutational

inactivation of p53 or p53 pathway disruption (via loss of its downstream target, p21) appears

to contribute to poor clinical outcome in both organ-confined and muscle-invasive disease

(48–50), although as a prognostic marker its effects are stronger in lower-stage tumors (T1–

T2, N0) (51,52). An interesting exception may be found in tumors that contain exon 5 p53

mutations; in one study clinical outcomes in this group were similar to those observed in

patients whose tumors expressed wild-type p53 (53).
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Similarly, the phenotype of the uroplakin-SV40T transgenic mice strongly suggests that loss

of Rb function also contributes to CIS and muscle invasive-disease (35). In patient tumors Rb

pathway disruption occurs frequently due to mutational inactivation of Rb itself or of its

upstream regulator, p16 (11,54,55). Predictably, loss of Rb cooperates with p53 to promote

tumor recurrence and patient mortality (55). Precisely how loss of p53 and Rb promote an

invasive and metastatic phenotype is not clear, since their best charactertized effects are linked

to the cell cycle (and hence would be expected to be more tightly linked to grade rather than

stage).

Finally, emerging data confirm that activation of the PI3 kinase/AKT/mTOR pathway is an

important event in cancer progression in patients. As discussed above, loss-of-heterozygosity

(LOH) involving regions on both 9p (containing the p16 locus) and 9q is extremely common

in both superficial and muscle-invasive bladder cancer (56). Although a conclusive definition

of the tumor suppressor(s) that are localized to this region is still lacking, the TSC1 locus is

one very attractive candidate (15,16). Interestingly, mutational inactivation of the other TSC1

allele is not a particularly common event, even in tumor subsets selected for LOH at 9q (15,

16). Therefore, it is possible that some other event suppresses TSC1 protein expression or there

is a gene dosage effect such that haploinsufficiency rather than complete loss-of-function is

important. Downregulation of TSC1 expression should induce downstream RAPTOR-

dependent mTOR activation, consistent with the observation that mTOR is active in a subset

of human tumors (38). Determining whether or not there is a direct link between

downregulation of TSC1 and mTOR activation will require additional investigation.

On the other hand, and more consistent with predictions made by the preclinical models, LOH

within the PTEN locus on chromosome 10 appears to be much more common in muscle-

invasive as compared with superficial tumors (57–61), and a genetic signature of PTEN loss

predicts a poor clinical outcome (62). PTEN clearly does regulate invasion (63), providing a

molecular explanation for why loss of PTEN collaborates with p53 to promote a muscle-

invasive phenotype in the preclinical models (34,38). Other pathway defects, including

activation of PI3 kinase (64) and/or AKT1 (65) may also play important roles, but their

relationships to CIS and the muscle-invasive phenotypes are not as clear.

Finally, we have launched an ambitious effort to use whole genome expression profiling to

directly determine whether the available preclinical models (cell lines, xenograft tumors, and

transgenics) accurately recapitulate the biology of human urothelial cancers. Cross-species

comparisons of gene expression confirm that the papillary tumors that arise in the Hras

transgenics are highly similar to superficial (Ta and T1) lesions in patients in 3 independent

datasets (66,67)(Woonyoung Choi, manuscript in preparation). Likewise, the muscle-invasive

tumors that develop in the uroplakin SV40T mouse co-cluster with muscle-invasive (T3 and

T4) tumors in patients (Woonyoung Choi, manuscript in preparation). Interestingly, even the

available human cell lines growing in two-dimensional culture on plastic display remarkable

similarities to the two subtypes of cancer, consistent with recent gene expression profiling and

whole genome CGH studies performed by Gray’s group in large panels of human breast cancer

cell lines (68). In ongoing studies we are evaluating how three-dimensional culture and growth

at various sites in nude mice (subcutaneous versus orthotopic) affect the similarities in gene

expression between the human cell lines and primary tumors. However, the preliminary results

confirm the previous conclusions based on purely histological analyses that these two

transgenic mouse models are excellent surrogates for human cancer.

Epithelial-to-Mesenchymal transition and sarcomatoid transformation

Virtually all malignant epithelial neoplasms, including those arising in the bladder, may loose

their original epithelial phenotype and change into mesenchymal sarcoma-like tumors during
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their progression. In conventional pathology, this phenomenon is referred to as sarcomatoid

transformation and it was originally described over a century ago. Interestingly, the

undifferentiated spindle cell sarcoma-like component shows further instability manifested by

a phenotypic switch to specialized mesenchymal lineages most often osteoblastic and

chondroblastic. These tumors are referred to in diagnostic pathology as sarcomatoid

carcinomas and have complex morphology with juxtaposition of epithelial and mesenchymal

elements. Sarcomatoid carcinomas are typically highly aggressive lethal tumors that are

resistant to currently known treatment protocols. On the molecular level, they are characterized

by partial or complete loss of epithelium/urothelium specific genes, complex chromosomal

abnormalities and pronounced aneuploidy. Recent data show that the transition to a

mesenchymal phenotype, the so called epithelial-to-mesenchmal transition (EMT), precedes

the progression to microscopically recognizable sarcomatoid transformation and occurs in a

subset of conventional carcinomas which retain epithelial phenotype. Currently available data

support the hypothetical sequence of progression from epithelial phenotype via mesenchymal

transition to sarcomatoid transformation. (Figure 3)

EMT process is not cancer specific and plays an important role in tissue differentiation, organ

development and wound healing (69). It is characterized by downregulation of the homotypic

adhesion molecule, E-cadherin, and proteins involved in cell polarity, with parallel

upregulation of fibronectin, vimentin, certain integrins, matrix metalloproteases (MMPs), and

several transcriptional repressors of E-cadherin expression (Twist, Snail, Slug, Zeb-1, and

Zeb-2) (69)(Figure 3). Members of the TGFβ/bone morophogenic protein (BMP) family of

cytokines are the best-characterized inducers of EMT, although many inflammatory cytokines

(and their transcriptional target, NFκB) and developmental signaling systems (Sonic hedgehog,

Notch, and Wnt) play central roles in regulating EMT as well (69).

There is also accumulating evidence that EMT plays important roles in cancer progression and

metastasis (69). E-cadherin is a metastasis suppressor in preclinical models (70) and is

commonly downregulated in metastatic tumors in patients (71–73). Conversely, metastatic

tumors often upregulate expression of MMPs, leading to increased invasion, migration, and

angiogenesis (71,74). Weinberg’s group recently catalyzed a resurgence in interest in the role

of EMT in cancer when they showed by gene expression profiling that Twist was directly

involved in metastasis in a murine breast cancer model (75,76). Since then, the group has also

defended a role for EMT in the cancer “stem cell” phenotype (77). Several years ago we

performed a study to determine the significance of E-cadherin downregulation and MMP

upregulation in patients with urothelial cancer (78,79). We used immunohistochemistry to

measure E-cadherin and MMP-9 expression and found that the ratio of E-cadherin to MMP9

expression predicted poor disease-specific survival in patients (78), providing the first

suggestion that EMT might play a central role in progression.

We renewed our EMT studies as a result of our longstanding interest in the effects of inhibitors

of the epidermal growth factor receptor (EGFR) in preclinical bladder cancer models. We

developed an orthotopic (intra-bladder) xenograft model of human bladder cancer by

implanting the 253J cell line into the bladder wall and “recycling” the tumor that formed 5x

through the orthotopic site to enhance its tumorigenicity and invasive potential (80). The

resulting model (253J B-V) is highly sensitive to small molecule EGFR inhibitors such as

cetuximab and gefitinib in vitro and in vivo (81). However, over time it became clear to us that

human bladder cancer cell lines display marked heterogeneity in their sensitivities to EGFR

inhibition (82). To gain a better understanding of the molecular determinants of sensitivity and

resistance, we screened a relatively large panel of cell lines (n = 20) for responsiveness to the

EGFR inhibitors gefitinib (Iressa) and cetuximab (C225). We identified a subset of the lines

(approximately 30%) that displayed strong growth inhibition when they were exposed to either

agent, while the remainder of the lines was highly resistant (82,83).
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We then performed whole genome expression profiling on the lines and discovered that they

naturally formed two distinct groups by unsupervised clustering (Woonyoung Choi,

unpublished observations). Strikingly, all of the EGFR-sensitive lines were contained within

one cluster. Analysis of the pathways that were active in the cells within this cluster revealed

that they expressed high levels of E-cadherin and other “epithelial” markers (including the p53

homolog, p63) and low levels of Zeb-1, Zeb-2, and vimentin ((82,83) and Aditi Das et al,

manuscript in preparation) (Figure 3). Furthermore, knockdown of E-cadherin in the EGFR

inhibitor-sensitive cells made them resistant to the drugs (83), demonstrating a cause-effect

relationship between the two. Importantly, we also screened our cell lines for responsiveness

to an FGFR3-selective small molecule inhibitor and discovered that all of the lines that were

sensitive were resistant to Iressa but nonetheless co-clustered with the other “epithelial” lines

in our panel (A. Kwan, I-L. Lee, unpublished observations). The implication of EMT in

resistance to EGFR inhibitors in bladder cancer is consistent with parallel results obtained in

gastrointestinal tumors and lung and head and neck cancers (84–87).

More recently we identified one of the important molecular mechanisms involved in

maintaining an “epithelial” phenotype in bladder cancer cells (88). We compared whole

genome miRNA expression patterns in one representative “epithelial” line (UM-UC-5) and

one “mesenchymal” cell (KU7). Members of the miR200 family of micro RNAs clearly stood

out as being differentially expressed in the lines, levels being high in the UM-UC-5 cells and

low to undetectable in KU7 (88). An expansion of the analyses confirmed that all of the

“epithelial” lines expressed high levels of miR200 family members, whereas all of the

“mesenchymal” lines expressed low levels. Strikingly, reintroduction of miR200c into a

representative “mesenchymal” line (UM-UC-3) reduced expression of Zeb-1 and Zeb-2,

restored E-cadherin, and rendered the cells sensitive to cetuximab (88). In ongoing work we

are identifying the upstream regulators that maintain the differential regulation of miR200

family expression in the “epithelial” and “mesenchymal” lines and the downstream targets of

the family (including Zeb-1 and Zeb-2) that maintain EGFR inhibitor sensitivity. Our results

are consistent with a wealth of emerging data implicating the miR200 family in suppression

of Zeb-1/2 expression and the maintenance of the “epithelial” phenotype (89–91).

Given our historical interest in the potential role of E-cadherin in metastasis suppression, we

next undertook studies to determine the relationship between EMT and the muscle-invasive

phenotype in urothelial cancers (Woonyoung Choi et al, manuscript in preparation). Our

analyses of previously published human gene expression profiling datasets confirmed that E-

cadherin levels were higher in superficial (Ta and T1) tumors as compared to muscle-invasive

(T2-4) tumors, and the opposite was true for Zeb-1 and Zeb-2. We then performed whole

genome expression profiling and real-time PCR quantification of EMT-relevant markers (E-

cadherin, p63, Zeb-1, Zeb-2, vimentin, MMP2, and MM9) in a new set of 103 of our own

tumors for which outstanding clinical follow-up data were available. We included p63 in these

analyses because it correlated closely with the “epithelial” phenotype in our cell lines, and two

other groups showed that p63 tends to be downregulated in muscle-invasive disease (92–95).

Our data confirmed that E-cadherin and p63 levels were decreased and Zeb-1, Zeb-2, vimentin,

MMP2, and MMP9 levels were increased in the muscle-invasive tumors, consistent with the

idea that EMT promotes a more invasive and metastatic phenotype. Strikingly, however, even

though p63 levels were higher in Ta (superficial) tumors, we also discovered that patients with

muscle-invasive tumors that expressed high levels of p63 displayed substantially reduced

disease-specific survival (Woonyoung Choi et al, manuscript in preparation). Therefore, even

though essentially all of the tumors that expressed Zeb-1 and Zeb-2 were muscle-invasive,

tumors that displayed a more “hybrid” phenotype (muscle-invasive with retention of the

“epithelial” marker, p63) appeared to possess “bad” biology. Whether or not this is related to

the growing interest in p63 as a potential mediator of the epithelial “stem cell” phenotype

(96–98) awaits further investigation. In addition, whether other markers of an “epithelial”
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phenotype (i.e., E-cadherin and miR200 family members) also identify muscle-invasive tumors

with “bad” biology also requires additional experimentation.

Urothelial cancer stem cells and the two tracks of progression

Analysis of the processes involved in the development of the various cell lineages within the

hematopoietic system demonstrated that they are all derived from a common progenitor, termed

the hematopoietic stem cell (99). Similarly, work performed over the last 15 years strongly

suggests that human tumors also contain subsets of highly tumorigenic cells that can give rise

to all of the molecular heterogeneity observed in the whole tumor (99–101). Experimentally,

cancer stem cells are isolated from bulk populations by sorting them on the basis of their

expression of specific surface markers (99,100,102) and/or with functional assays (“Aldefluor”

or “side population” assays, for example) (103). Like their normal counterparts, cancer stem

cell biology appears to be tightly controlled via surface interactions with the other (stromal)

cells and matrix proteins that are present within their “niche”(99,101). Among these, paracrine

signaling pathways that play important roles in embryonic development (Notch, Wnt,

Hedgehog, BMPs/TGFβ) and integrin-matrix interactions appear to be particularly important

(101).

Cells within the normal urothelium are spatially organized in a manner that correlates well with

their level of differentiation (Figure 4). The single layer of basal cells located directly adjacent

to the basement membrane are the least well-differentiated and they can be identified by their

expression of certain cytokeratins (CK5, CK17), lack of expression of others (CK18, CK20)

(104). They also express surface molecules that enable them to interact with matrix proteins

(the 67 kD laminin receptor and beta integrins)(104,105) and hyaluronic acid (CD44)(106).

When pulsed with BrdU, these cells can retain label in rodents for at least a year (104),

indicating that they have self-renewal capacity. Adjacent to the basal cells is a multicellular

layer of “intermediate” cells that express variable levels of CD44 and CK5 and high levels of

CK18 (107). The proliferative potential of these cells is more limited (108), and they resemble

the partially committed, “transit amplifying” cells that have been described in other lineages

(99). Finally, lining the surface is a layer of terminally differentiated “umbrella” cells that

express uroplakins and cytokeratin-20 (CK20) (107). Studies in rodents have identified an

essential role for ΔN-p63 in the normal development of surface epithelia, including the

urothelium (109–112). Although its precise role in the maintenance of stem cell biology is still

unclear, strong evidence has been advanced suggesting that it inhibits apoptosis by

antagonizing p53 function (112).

There is currently strong interest in identifying urothelial cancer stem cells and characterizing

their roles in bladder cancer progression and response to therapy. Two groups recently reported

the isolation of candidate urothelial cancer stem cells from conventional and primary human

xenografts (105,106). In both cases the urothelial cancer stem cells resembled normal basal

cells in terms of their expression of CK5, CK17, CD44, and the 67kD laminin receptor (105,

106). Furthermore, expression of basal markers was enriched at the edges of conventional

SW780 xenografts (105), strongly suggesting that tumor-stromal interactions are critically

involved in the phenotype (107). However, although most of the isolates shared certain

common features (i.e., expression of the Hedgehog pathway target Gli1), analyses of stem cells

from primary tumors suggested the presence of substantial inter-tumoral molecular

heterogeneity (106), the origin of which is still unclear. Furthermore, whether the two “tracks”

of cancer are driven by different oncogenic events (FGFR3 mutation versus p53/Rb/PTEN

loss) that occur within the same target cell (presumably the basal cell), or by different oncogenic

events that target different progenitors (basal versus intermediate cell)(107) remains unclear.
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As introduced above, other recent work suggests that cancer stem cells possess features that

are reminiscent of EMT (77). Therefore, we initiated a series of experiments to examine the

relationship between the strong baseline EMT signature exhibited by our human urothelial

cancer cells, their expression of stem cell markers, and their behavior in functional assays that

measure “stemness” (M. Tran et al, manuscript submitted). Strikingly, the p63-positive

“epithelial” lines within our panel express high levels of the markers that identify the normal

basal and intermediate cells (CD44, CK5, CK17, and CK18), suggesting that EMT does not

clearly correlate with “stemness” in bladder cancer cells. On the other hand, functional assays

confirmed that the “mesenchymal” lines grow more readily under anchorage-independent

conditions (stem cell “sphere” and soft agar assays), suggesting to us that the heterogeneity in

stem cell phenotype might be linked to EMT. As discussed above, muscle-invasive tumors in

patients are heterogeneous with respect to their expression of ΔN-p63 and EMT markers, and

it is possible that this heterogeneity stems from differences in cell of origin and/or the

transforming events that target this cell.

Conclusions and future directions

In this review we have highlighted the importance of developments in two areas (forerunner

genes and EMT) as they relate to our current understanding of urothelial cancer initiation and

progression. We have also attempted to provide some context with respect to other recent

developments in the field, including insights into how differences in molecular genetics

(FGFR3 mutations versus p53/Rb/PTEN/mTOR pathway alterations) might mediate the

progression along the two independent tracks (papillary and non-papillary) of progression.

There are a number of other exciting areas of research that we have not discussed in detail,

including the roles of bladder cancer “stem” cells, epigenetic changes (chromatin and histone

methylation/acetylation) and differential micro RNA expression (aside from the miR200

family) in cancer progression. These areas are no less important, and readers are encouraged

to turn to other sources for a more complete discussion of their importance.

On the other hand, the emerging data on the roles of specific chromosomal regions (9p/q and

the forerunner loci) in bladder cancer initiation raises a number of obvious questions for future

research. We still do not have a comprehensive list of all of the relevant genes that are affected

within each locus, or how they may potentially interact in a coordinated manner within

particular biological pathways. For the somatic (as opposed to germline) changes we also do

not know what caused LOH in the first place. Are these sites of chromosomal fragility and/or

hypersensitivity to tobacco carcinogens and/or other agents? Finally, with respect to the

forerunner genes, their biological functions need to be determined in more comprehensive

studies. The observation that the first two selected for analysis (ITM2B and P2RY5) have

important established physiological functions raises confidence that the others may also have

important biological effects in urothelial cells.

Finally, although we were able to confirm our hypothesis that EMT is associated with the

muscle-invasive “track” of urothelial cancer, we were somewhat surprised to find that the

epithelial marker p63 identified the most aggressive muscle-invasive tumors. In ongoing

studies we are performing functional studies to determine the potential involvement of p63 in

the maintenance of bladder cancer “stem cells” and the role of EMT in the responses of cells

to the platinum-based conventional therapies used in patients with muscle-invasive disease.

We are also using our gene expression profiling data to determine how the muscle-invasive,

p63-positive tumors can be distinguished from the papillary, p63-positive Ta lesions. Because

all of the cell lines that respond to either EGFR or FGFR inhibitors fall within the “epithelial”

cell line cluster, it will be important to identify markers that distinguish the EGFR- from the

FGFR-dependent lines. Ultimately we are confident that by obtaining a better understanding
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of the biological basis of the two-track model of bladder cancer progression we will be able to

develop strategies to optimize effective therapies for patients with both types of disease.
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Figure 1. Dual-track concept of bladder carcinogenesis

The expansion of a preneoplastic clone which shows minimal phenotypic deviation from the

normal urothelium, is the incipient event in bladder carcinogenesis referred to as LGIN. In this

phase, the loss of FR genes function provides growth advantage associated with the expansion

of proliferating compartment. The proliferating cells expressing normal RB protein are seen

in the entire thickness of LGIN. In contrast, normal urothelium contains only scattered

proliferating cells expressing RB protein located in its basal layer. The continuous growth of

LGIN leads to the development of low grade superficial papillary TCC. In the non-papillary

pathway, clonal evolution results in the establishment of a successor clone with microscopic

features of HGIN which often shows a loss of major tumor suppressors such as RB1 and has

a high propensity for progression to an invasive high grade non papillary TCC. a, Normal

urothelium (upper panel). Expression of Ki67 in proliferating basal cells of normal urothelium

(lower panel, left). Expression of RB protein in peribasal cells of normal urothelium (lower

panel, right). b, Urothelial hyperplasia with mild atypia referred to as LGIN (upper panel).

Expression of Ki67 in the entire thickness of LGIN (lower panel, left); expression of RB protein

in the entire thickness of LGIN (lower panel, right). c, Low-grade superficial TCC retaining

normal expression of the RB protein: insets to c show low and high power photomicrographs

illustrating the expression of normal RB protein in low grade papillary TCC. d, Severe

intraurothelial dysplasia/carcinoma in situ (HGIN) (upper panel). Loss of RB protein

expression in HGIN (lower panel). e, High-grade invasive nonpapillary carcinoma (upper

panel). Loss of RB protein expression in high grade invasive nonpapillary TCC. Arrow shows

expression of RB protein in endothelial cells adjacent to tumor which serve as an internal

positive control (lower panel). f, Severe intraurothelial dysplasia/carcinoma in situ developing

in bladder mucosa adjacent to a low-grade papillary tumor. It is responsible for switching the
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pathway and progression of some low-grade papillary tumors to high-grade invasive cancers.

(Modified and reprinted with permission from T. Majewski et al. Lab Invest 88:694–721,

2008).
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Figure 2. The concept of FR genes

a, Chromosome 13, shown on the left, with the expanded 13q14 region flanking RB1 depicts

a deleted segment associated with early expansion of in situ bladder neoplasia and containing

candidate FR genes. The candidate FR genes inactivated by nucleotide substitutions (mutations

or polymorphism) are depicted by red boxes. The candidate FR genes inactivated by

hypermethylation are printed in blue. Histologic maps of human cystectomies with invasive

bladder cancer are shown on the right. The continuous blue line depicts plaque like areas of

clonal intraurothelial expansion associated with the loss of hetrozygosity within the minimal

deleted region around RB1. The upper map shows a plaque-like clonal expansion involving

almost the entire bladder mucosa with no inactiviation of the remaining RB1 allele. The lower

map shows the inactivation of the remaining RB1 allele by a mutation restricted to an area of

invasive cancer and adjacent HGIN depicted by a dashed blue line. This mutation involved

codon 556 of exon 17 consisting of CGA→TGA and resulting in the change of Arg to a stop

codon. b Summary of sequence analysis of P2RY5. The positions of nucleotide substitutions

are shown on the full length mRNA. c, A model of inactive P2RY5 containing 7 transmembrane

(H1–H7) and one cytoplasmic (H8) helix structures showing the position of polymorphism in

codon 307 located within the cystoplasmic domain of the protein (left diagram) that may affect

its interaction with the Gαβγ trimeric protein complex (right diagram). d, Expansion of

intraurothelial neoplasia and its clonal evolution into carcinoma in situ. Inactivation of the FR

genes (FR−) in a parabasal urothelial tumor initiating cell with the retention of normal RB1
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expression (RB1+) (upper left panel). Clonal expansion of the FR−/RB1+ cell shown in a

exhibiting minimal deviation from a normal phenotype. Typically in this phase only an

increased number of urothelial cell layers can be identified in the urothelium. (upper right

panel) Clonal evolution into carcinoma in situ associated with loss of RB1 function (RB1−).

(bottom panel) (a, b, and c modified and reprinted with permission from S. Lee et al PNAS

104(34):13732–13737, 2007).
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Figure 3. Molecular regulation of epithelial-to-mesenchymal transition and sarcomatoid
transformation

Some conventional bladder carcinomas develop a gene expression profile characteristic of

EMT but microscopically they retain a full epithelial/urothelial phenotype. Further progression

to sarcomatoid transformation is associated with the partial or complete loss of epithelial

phenotype and the development of mesenchymal sarcoma-type features. The hallmark feature

of EMT is a loss of the homotypic adhesion molecule, E-cadherin, which is the canonical

marker of an “epithelial” phenotype. E-cadherin transcription is controlled by two E-box

elements located within its promoter. EMT can be induced by a variety of developmental

signals, but transforming growth factor-beta (TGFb) is the best-studied stimulus. TGFβ
upregulates several E-cadherin repressors (Zeb-1, Zeb-2, Snail, Twist) that inhibit E-cadherin

expression by recruiting histone deacetylases (HDACs) to the E-box elements in its promoter.

In addition, TGFβ downregulates expression of the miR200 family of micro-RNAs. The

miR200 family interacts directly with the mRNAs encoding Zeb-1 and Zeb-2, thereby blocking

their translation and promoting their degradation. In urothelial cancers expression of ΔN-p63

correlates directly with E-cadherin expression and inversely with expression of Zeb-1 and

Zeb-2. Superficial urothelial tumors almost invariably display an “epithelial” phenotype,

whereas muscle-invasive tumors are heterogeneous and approximately evenly divided between

“epithelial” and “mesenchymal” phenotypes. Change to sarcoma-type phenotype is relatively

rare and occurs in less than 10% of high grade invasive bladder cancers. Such tumors are

characterized by complex chromosomal abnormalities, pronounced aneuploidy and a high

degree of clinical aggressiveness.
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Figure 4. Differentiation-based lineage hierarchy in the normal urothelium

The normal urothelium is comprised of 3 distinct layers. The surface epithelium consists of a

single layer of terminally differentiated urothelial cells (“umbrella cells”) that express

uroplakins and cytokeratin-20 (CK20) and have a low proliferative potential. It is conceivable

that papillomas arise from transformation of umbrella cells, but this would require that they

“de-differentiate” to reacquire self-renewal potential. Below the umbrella cells is a multi-

cellular layer of intermediate cells that express CK18 and variable levels of p63, CK5, and

CD44. These are most likely “transit-amplifying cells” that possess higher proliferative

potential but have also begun to differentiate towards the umbrella cell phenotype. Finally,

adjacent to the basement membrane is a layer of basal cells that express high levels of CK5,

CD44, p63 and the 67 kD laminin receptor. This layer contains urothelial stem cells, which are

tightly regulated by stromal elements (cells and matrix proteins) contained within the “niche”.

Recent studies indicate that urothelial cancer stem cells share several molecular markers with

the normal basal cell, including CD44, CK5, and the 67 kD laminin receptor and that these

markers are upregulated at the tumor-stromal interface in xenografts.
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