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Abstract
Purpose of review—Recently, the prospective isolation and characterization of cancer stem
cells (CSCs) from various human malignancies revealed that they are resistant to radiation and
chemotherapies. Therefore, CSCs may be the “roots” and ideal target for therapeutic intervention.
Here, we will focus on reviewing the historical perspective, recent literatures on bladder cancer
stem cells and their clinical implications.

Recent findings—Cancer stem cells have been prospectively isolated from bladder cancer
tissues from patient specimens, established cancer cell lines and xenografts, based on the
expression of a combination of cell surface receptors, cytokeratin markers, drug transporters and
the efficient efflux of the Hoechst 33342 dye (side population). Further, global gene expression
profiling of CSCs revealed an activated gene-signature of CSCs similar to that of aggressive
bladder cancer, supporting the concept that a tumor cell subpopulation is contributing to bladder
cancer progression. Finally, our studies on the preclinical targeting of bladder CSCs in vitro and in
xenografts using a blocking antibody for CD47 reveal promising efficacy.

Summary—Functionally distinct CSCs exist in human bladder cancer and can be prospectively
isolated. Continuing research will be important to identify their cell of origin, programs balancing
self-renewal and differentiation, and to identify additional therapeutic options to target bladder
CSCs.
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Introduction
Cancer stem cells (CSCs) is best defined functionally, as a subpopulation of tumor cells that
can enrich for tumorigenic property and can regenerate the heterogeneity of the original
tumor in immunocompromised mice. The existence of CSCs was hypothesized in the 60’s,
and experimentally isolated in the last decades, first in acute myeloid leukemia [1] and later
in solid cancers such as breast cancer [1]. Importantly, CSCs were shown to be resistant to
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conventional therapies such as chemotherapy [2] and radiation [3]. Therefore, the
prospective isolation, molecular characterization and therapeutic targeting of CSCs in
bladder cancer will possibly mark major advances in understanding their pathogenesis.

Bladder Cancer Heterogeneity
Since the 70’s, it is well documented that intra-tumoral heterogeneity exists in human
bladder cancer. This heterogeneity was observed histologically and functionally by
biological assays defining proliferation [4,5], anchorage-dependent growth ability [6,7] and
responses to therapies [8].

Early studies utilizing the soft-agar or methycellulose assay showed that only a small
percentage (0.0004 – 1.7%) of bladder cancer cells but not normal urothelial cells was able
to form colonies in this in vitro assay [4,6,7], which measured the anchorage-independent
growth ability of transformed cells. It was found that bladder tumor cells able to form larger
colonies in soft agar were restricted to a subpopulation of high-density small round cells,
and tumor cells with intermediate-density could undergo several cell division but cannot
form large colonies [4]. Studies using optical density, lectin-binding and flow cytometry
clearly demonstrated three morphologically distinct cell types in the normal urothelium.
These include small round cells of the basal layer, pyramidal cells of the intermediate layer
and giant cells of the superficial layer [9,10]. Further attempts were made to generate
monoclonal antibodies toward different layers of the bladder urothelium and to utilize these
antibodies to define different histological subtypes of bladder TCCs [11]. It was
demonstrated that a monoclonal antibody (MoAb21.48) that preferentially bind to the basal
cell layer of normal urothelium identified papillary TCCs and showed diffused staining in
poorly differentiated tumors. A monoclonal antibody (MoAb5.48) that preferentially bind to
the superficial cell layers of normal urothelium usually showed binding in well
differentiated TCCs and less binding in poorly differentiated TCCs [11]. Although
cytokeratin and cell surface markers were not established during that time period to define
the differentiation stages of the normal urothelium, these early data clearly implicated the
unique biological properties of a basal cell-like bladder tumor cell subpopulation in their
anchorage-independent growth ability and their association to poorly differentiated bladder
cancer.

Prospective isolation of bladder cancer stem cells
Currently, the best model to identify cancer stem cells is to utilize primary or early passage
tumor cells from patients, to examine their enriched ability to form xenografts in
immunocompromised mice, and their ability to generate a heterogeneous population of
tumor cells. This approach ensures that tumor cells are not pre-selected or adapted to a
certain microenvironment after long period of passaging either in vitro or in vivo. Our
laboratory has found that CD44, a cell surface marker primarily expressed in normal basal
urothelial cells, is able to isolate tumor cells fulfilling the functional criteria of CSCs in
several invasive human bladder cancer [12] (Table 1). The CD44+ CSCs are at least 10–200
fold enriched for tumorigenic properties in immunocompromised mice and were able to
generate the heterogeneity of the original patient tumor [12]. Further characterization
demonstrated that these CD44 expressing CSCs often co-localize with the basal cell marker
cytokeratin 5, and is mutually exclusive with the differentiated/superficial cell marker
cytokeratin 20 [12]. Independently, Yang et al have shown that in bladder cancer specimens,
tumor cells expressing the variant isoform of CD44 (CD44v6) but negative for EMA
enriches for CSCs [13] (Table 1). In established cell lines SW780 and T24, She et al and
Ning et al were able to identify a tumor cell subpopulation that effectively efflux the
Hoechst 33342 dye (commonly designated as side population). These SP cells were able to
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form colonies and xenograft tumors in nude mice more efficiently [14,15] (Table 1).
Subsequently, He et al demonstrated that in xenografts formed from the SW780 cancer cell
line, tumor cells with a strong expression of the 67-kDa laminin receptor (67LR) are at least
10-fold enriched for tumorigenic cells [16]. Additionally, they found in one early patient
xenograft tumor that CEACAM6 (CD66C) low expressing cells (3%) are 70-fold enriched
for tumorigenic potential. The authors also found that CK17, another cytokeratin marker
specific to urothelial basal cells often co-localize with 67LR positive tumor cells and is
mutually exclusive to CD66C [16] (Table 1). Although no combined positive/negative
selection for both markers from the cell line or the xenograft tumor was shown, their data
suggest a more basal compartment like phenotype for tumor-initiating cells in bladder
cancer [16]. Recently, Su et al utilized aldehyde dehydrogenase 1 A1 (ALDH1A1) to isolate
CSCs and showed that ALDH1A1 is inversely associated with cancer specific and overall
survival [17] (Table 1). These data clearly support that a functionally distinct subpopulation
of CSCs can be isolated from bladder cancer, although the relationship among these
different CSC populations isolated using various markers or methods is unclear.

Relationship to normal stem, progenitor and differentiated cells
The term “cancer stem cell” is often confusing, misleading many to believe that such cells
indeed arise from normal adult stem cell. In fact, cancer stem cell currently is a functional
definition that has no direct correlation to the cell of origin for CSCs. Based on the CD34+/
CD38− immunophenotype of AML CSCs, Bonnet and Dick concluded that AML CSCs
developed from hematopoietic stem cells HSCs that also express CD34+CD38− [1].
Subsequently our group showed that although the first important translocation occur in the
HSCs, additional mutations occurred in downstream differentiated progenitor cell and is
therefore the cell of origin [18]. The expression of basal cell markers such as CD44, CK5
and CK17 on CSCs from invasive bladder cancer specimens and xenografts formed from
established cancer cell line suggest but did not directly show that CSCs from these
specimens may arise from the basal cell compartment [12,16]. Moreover we observed in a
bladder cancer tissue array with over 300 specimens that 60% of the tumors stained negative
for CD44 [12]. Interestingly, CD44− primary patient tumors also engrafted when
xenotransplanted into immunocompromised mice. So far no marker has been identified to
subfractionate cells with enriched tumorogenic potential within CD44− tumors. We
hypothesize that CSCs in these CD44− bladder cancers might arise from a different
urothelial differentiation stage, possibly not from the basal compartment. The
immunophenotypic profile of CSCs in bladder cancer might vary between different patient
tumors. The common characteristics of normal and cancer-stem cells are their ability to (1)
self-renew and (2) differentiate to give rise to all downstream cells, recapitulating the
original cellular heterogeneity of normal and cancer tissue. In normal urothelium, Kurzrock
et al has adapted the property of slow-cycling adult stem cells in other epithelial tissues with
high tissue turnover rate (e.g. skin and intestine) and pulse-chased labeled rats with bromo-
deoxyuridine (BrdU), which mark all dividing cells in the urothelium. With time, all
proliferating cells will gradually lose the BrdU, and only slow-cycling stem cells will retain
BrdU labeling. These so-called “label-retaining cells”(LRCs) were shown to localize in 9%
of bladder basal cells in the rat [19]. These LRCs express beta4 integrin and were found to
be highly clongenic in vitro [19]. The authors further characterized the three types of
colonies formed from normal urothelium and designated a Type-3 cell seemed to harbor
stem-like property, with relatively low proliferative and apoptotic index at first culture while
they can be stimulated to proliferate rapidly upon serial passaging [20]. Zhang et al has
recently described the isolation of a progenitor cell population from urine specimens that can
by induced to differentiate multilineagely into urothelial, smooth muscle and even
endothelial and interstitial cells [21]. Another study by Anumanthan et al has implicated the
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differentiation of bone marrow-derived mesenchymal stem cells into urothelial cells under
the renal subcapsular space [22].

Unlike the hematopoetic system [19], the skin [23] and mammary gland [24], no cell surface
marker profile is established in the urothelium to distinguish stem, progenitor and terminally
differentiated cells. However, cellular morphology, 2-D culture system and stratified
organization clearly suggest that normal urothelial cells follow a lineage relationship and
hierarchy with at least three distinctive cell types; Basal, intermediate and umbrella cells. It
is very likely, that such cellular hierarchy with multiple differentiation steps exists in
bladder cancer, that CD44+/K5+/K20− cells differentiate terminally into CD44−/K5−/K20+
cells (Figure 1). Within primary CD44+ patient xenograft tumors, we observed three
different cell types with the morphology of basal, intermediate and differentiated (umbrella
cells) urothelial cells. In early xenografts, CD44+ cells with the morphology of basal cells
were mostly located at the edge of xenograft tumor-nodules while cells with intermediate
and terminally differentiated morphology were predominately at the center. Our preliminary
data suggest that bladder cancer cell heterogeneity is not random but the consequence of
hierarchical differentiation from CSCs to terminally differentiated cells (unpublished data).

Molecular characterization and therapeutic targeting of bladder cancer
stem cells

Our laboratory has analyzed the expression of genes implicated in the self-renewal of adult
tissue stem cells by immunohistochemistry or in situ hybridization in over 300 patient
specimens (e.g. Gli1, Bmi-1, Stat3, β-catenin, OCT-4 and Nanog) [12]. Our data revealed
that bladder cancer is very heterogeneous in the signaling pathways involved in driving
tumor progression (Figure 1). Using global gene expression profiling, we identified a gene-
signature upregulated in patient CD44+ CSCs in comparison to CD44-tumor cells. This
gene-signature was able to identify ~ 97% and 87% of invasive from non-invasive bladder in
two separate published data sets [12]. And this gene-signature was able to identify a subset
of non-invasive bladder cancer that recurred [12]. Our data support the notion that instead of
the bulk tumor mass, bladder CSCs are important in driving invasive cancer progression.
Independently, He et al examined the gene expression of 67LR bright and 67LR dim cells
from xenografts generated from the SW780 cancer cell line. Their data revealed that the
Wnt-signaling may be important in driving SW780 cancer progression [16]. However, our
immunohistochemical analysis revealed that nuclear active form of β-catenin is only
observed in less than 5% of all bladder cancer analyzed, the SW780 cells may be a unique
model for β-catenin activated bladder cancer.

Emerging evidence in the literature support the notion that CSCs are more resistant to
conventional therapies such as radiation [3] and chemotherapy [2]. Therefore, direct
targeting of CSCs in combination to conventional therapies may provide better efficacies.
Our recent studies revealed that the immunoglobulin-like transmembrane Integrin
Associated Protein (IAP/CD47), an inhibitory signal for phagocytosis through macrophages,
is expressed on all bladder cancer cells but significantly higher on bladder CSCs (CD44+)
[12]. CD47 interacts with SIRPα, which is expressed on myeloid cells such as macrophages,
granulocytes and dendritic cells [25]. This interaction negatively regulates phogocytosis
[25]. Our group demonstrated that increased CD47 expression in human acute myeloid
leukemia (AML) CSCs is an independent, poor prognostic factor [26]. Disruption of CD47-
SIRPα with anti-CD47 antibody could deplete AML in a xenotransplantation mouse model,
although CD47 blocking was insufficient to induce phagocytosis of normal HSCs [26]. Our
results in bladder cancer revealed that CD47 expression positively correlated with the cancer
cell engraftment in xenograft model (unpublished data). Blockade of CD47 with a
monoclonal antibody (mAb) resulted in macrophage engulfment of human bladder cancer
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cells in vitro [12]. In vivo treatment with anti-CD47 mAb resulted in a significant reduction
in the tumor volume of bladder cancer xenografts in a dose-dependent manner. Furthermore,
anti-CD47 mAb blocked metastasis in vivo (unpublished data). Overall, CD47 is a desirable
target to utilize the body’s self-defense mechanism to eradicate cancer. Since CD47
expression is specifically increased in the bladder CSCs population, it may be a promising
target for bladder cancer therapy (Figure 1).

Conclusion
It is evident that functionally distinct CSCs exist in human bladder cancer and can be
prospectively isolated. Continuing research will be important to identify their cell of origin
(stage of differentiation), genetic and epigenetic programs that balance the self-renewal and
differentiation of CSCs, and to identify additional therapeutic options to target bladder
CSCs, e.g. inhibit self-renewal and drive differentiation of CSCs, antibody therapy or
immune-based therapy.
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Figure 1.
Schematics summarizing the significance of CSCs in human bladder cancer development.
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Table 1

Phenotype of Bladder Cancer Stem Cells

CD44+ K5+ K20− [12]

CD44+/CD44v6+ EMA− [13]

Efflux of Hoechst 33342 (side population) [14,15]

67LR+ (bright) CEACAM6- (dim) K17+ [16]

ALDH1A1 [17]
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