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Abstract
There are two distinct forms of urothelial (bladder) cancer: muscle-invasive (MI) and non-muscle
invasive (NMI) disease. Since it is currently believed that bladder cancer arises by transformation
of urothelial cells of the basal layer, bladder cancer stem cells (CSCs) have been isolated based on
expression markers found in such cells. However, these CSCs have only been identified in MI
tumors raising the intriguing hypothesis that NMI tumor progenitors do not arise from the basal
compartment. To test this hypothesis, we carried out genomewide expression profiling of laser
capture microdissected basal and umbrella cells, the two most histologically distinct cell types in
normal urothelium and developed a Cell Of Origin (COO) gene signature that distinguishes these.
The COO signature was a better predictor of stage and survival than other bladder, generic or
breast CSC signatures and bladder cell differentiation markers in multiple patient cohorts. To
assess whether NMI and MI tumors arise from a distinct (DPC) or common (CPC) progenitor cell,
we developed a novel statistical framework that predicts COO score as a function of known
genetic alterations (TP53, HRAS, KDM6Aand FGFR3) that drive either MI or NMI bladder cancer
and compared this to the observed COO score of the tumor. Analysis of 874 patients in 5 cohorts
established the DPC model as the best fit to the available data. This observation supports distinct
progenitor cells in NMI and MI tumors and provides a paradigm shift in our understanding of
bladder cancer biology that has significant diagnostic and therapeutic implications.
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INTRODUCTION
Bladder cancer is the 6th most common cancer in the United States and the 4th most common
cancer in males [1]. There are two major types. Approximately 70% of bladder cancer
patients present with non-muscle invasive (NMI) tumors, which recur frequently and are
usually not fatal but make bladder cancer one of the most expensive cancers to treat [2]. The
remaining 30% of patients present with muscle-invasive (MI) tumors. These individuals
have a 5 year survival rate of approximately 50% [1] due to the lethal metastasis that can
occur. NMI and MI tumors have distinct mutational genomic landscapes, with activating
RAS mutations common in NMI tumors and TP53/RB1 impairment common in MI tumors
[3].

It is currently believed that all bladder cancer is derived from a common cancer stem cell
(CSC) that arises from transformation of a normal urothelial progenitor. A CSC is a cell
with the ability to self-renew and reconstitute the heterogeneity of the tumor [4]. CSCs have
been isolated from many tumor types including leukemias [5], melanomas [6] and epithelial
tumors [7]. Identification and therapeutic targeting of CSCs is clinically important since
CSCs may drive recurrence and metastasis [8]. In bladder cancer, the genesis of the CSC is
postulated to occur from the normal urothelial basal cell layer that includes long-lived and
proliferative cells that are thought to give rise to an intermediate layer of “transient
amplifying cells” [9] and in turn a superficial umbrella (luminal) layer of fully differentiated
cells. Bladder CSCs have hence been isolated on the basis of expression of markers such as
CD44 found on the surface of normal basal urothelial cells.

However, this model of bladder cancer has two major conceptual limitations. The first is the
assumption that basal cells give rise to umbrella cells. This notion is not supported by recent
evidence showing that normal umbrella cells can develop independently of the basal cell
layer [10]. The second is that to date, bladder CSCs have only been identified in MI tumors
[11–16]. Together this raises the intriguing hypothesis that not all bladder cancer derives
from a common progenitor, or more specifically, that NMI tumors have a non-basal cell of
origin.

Given the distinct origin of basal and umbrella cells [10], here we reason that a gene
expression signature that distinguishes basal from umbrella cells in normal urothelium can
be used in combination with mutation signatures for genes associated with the two types of
bladder cancer to determine if human bladder tumors arise from a common progenitor or
not. First we compared transcriptional profiles of normal basal and umbrella cells to derive a
Cell Of Origin (COO) gene signature. We then evaluated the ability of the COO to predict
stage and outcome in bladder cancer patients and compared this predictive performance to
that of other CSC signatures and known bladder differentiation markers. A novel statistical
framework was then developed using the COO signature to determine if tumors arise from
distinct or common progenitors, concluding that MI and NMI bladder cancers arise from
distinct progenitors.

MATERIALS AND METHODS
Gene expression profiling and Quantitative RT-PCR of basal and umbrella samples

The Applied Biosystems® ArcturusXT™ LCM System (Life Technologies, Carlsbad, CA,
USA) was used to isolate basal cells and umbrella cells from frozen nonmalignant human
urothelial tissue specimens. Total RNA was harvested from the laser capture micro-
dissected basal and umbrella cells using the ARCTURUS® PicoPure® RNA Isolation Kit
(Life Technologies, Carlsbad, CA, USA) and the mRNA was converted to cDNA using the
IScript cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). Gene expression
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analysis was carried out using the Affymetrix U219 Array Plate platform. Expression levels
of mRNA of OSR2, RHOJ, and SLFN11 were determined by quantitative RT-PCR using the
SYBR Green SuperMix protocol on an iQ5 Cycler (Bio-Rad Laboratories, Hercules, CA,
USA) and QuantiTect® primer sets QT00044793, QT00092078, and QT01028671
respectively (Qiagen Inc., Valencia, CA, USA). Levels of GAPDH mRNA were determined
in parallel and used to normalize the relative mRNA expression levels shown, using specific
quantitative RT-PCR primers: forward 5’-TCTTTTGCGTCGCCAGCCGA-3’ and reverse
5’-ACCAGGCGCCCAATACGACC-3’. For the calculation of gene expression, the ΔΔCT
method was used. Expression was normalized to the umbrella cells to calculate gene
expression in the basal and umbrella cells. The investigator was blinded to other results.

Gene expression datasets, sample processing, signatures, and signature scores
All gene expression datasets used in the study are summarized in Supporting Information
Table S1. The processed publicly available data was used for all cohorts. Missing values in
the Blaveri cohort were imputed using the impute package (impute.knn function in R) with
default parameters [17]. Replicate samples in Dyrskjot cohort were averaged to produce a
single expression profile for each patient.

The Cell Of Origin (COO) signature includes all genes differentially expressed between
basal and umbrella samples at a false discovery rate of 10%, using the significance analysis
of microarrays (samr) package [18]. The T-IC signature consists of 50 genes differentially
expressed between CD44+ and CD44- tumor cell pairs sorted from three patients [11], at an
FDR of 10%, using samr. The HTC signature consists of 1079 genes differentially expressed
between 67LR+ and 67 LR- xenografted SW780 cells [12]. The KDM6A, HRASand TP53
mutation signatures consist of the differentially expressed genes between mutant and wild-
type patients for each respective gene at a FDR of 10% (Supporting Materials and Methods).
The FGFR3 signature is simply FGFR3 mRNA expression. Other signatures include the
embryonic stem cell signature ESC, consisting of 335 genes commonly expressed in mouse
and human embryonic stem cells [19]; the ES exp1 signature, consisting of 380 genes
overexpressed in human embryonic stem cells [20], an induced pluripotent (iPS) stem cell
signature, consisting of 90 genes differentially expressed between iPS stem cells and human
fibroblasts [21]; the invasiveness gene signature (IGS), consisting of 174 genes differentially
expressed between CD44+CD24-/low tumorigenic breast CSCs and normal breast cells [22];
and the consensus stemness ranking (CSR) signature, consisting of genes differentially
expressed between those having consistently high and low ESC, ES exp1, IGS and iPS score
rankings [23].

Signature gene symbols were updated according to www.genenames.org. For genes with
multiple probes in a dataset, the probe with the highest mean expression value was used
[24]. For each gene, expression values are z-normalized across samples to have a mean
expression of zero and a standard deviation of one. We defined an upregulated
(downregulated) gene as a signature gene having higher (lower) expression in basal
(compared to umbrella) cells, CD44+ (compared to CD44- cells), 67LR bright (compared to
67LR dim) cells, CD44+CD24-/low tumorigenic breast cells (compared to normal breast
cells) and high CSR (compared to low CSR) cells, or patients with mutations in KDM6A,
TP53, or HRAS (compared to wild-type patients) in the cohort used to derive the signature.
FGFR3 is considered ‘upregulated’ in the FGFR3 signature, and all ESC and ES exp1
signature genes are upregulated in stem cells. For all signatures, the signature score is equal
to the sum of all normalized up-regulated genes minus the sum of all normalized down-
regulated genes.
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Common progenitor cell (CPC) and distinct progenitor cell (DPC) models
Simple linear regression models are used to model Cell Of Origin (COO) signature score as
a function of KDM6A, HRAS, FGFR3, and TP53 signature scores, and the progenitor cell as
follows:

where si is the COO score for patient i,i = 1, … n; µ is the intercept; γ is the increase
(decrease) in COO signature score associated with a tumor being derived from an MI (NMI)
progenitor cell, and αKDM6A, αHRAS, αFGFR3, and αTP53 are the increase in COO score
associated with high KDM6A, HRAS, FGFR3, and TP53 signature scores (defined below),
respectively. Note that under the CPC model γ = 0 while under the DPC model γ ≠ 0. The
variable xstage,i is set equal to +1 if patient i has an MI tumor and −1 otherwise; xg,i is an
indicator and is 1 if patient i has a high signature score for gene g, g ∈ {KDM6A, HRAS,
FGFR3, TP53}, or 0 otherwise. Measurement error is represented by εi and these are
independently and normally distributed with mean 0. For each signature score, StepMiner
was used to calculate a threshold separating high and low signature scores, when scores
were ordered from lowest to highest [25]. StepMiner identifies the threshold that maximizes
the F-statistic testing its significance [26]. For each cohort, the statistical model is fit to the
data and an F-test is used to test the hypothesis that γ = 0, i.e., that the CPC model fits the
patient COO scores significantly better than the DPC model.

Additional statistical methods
Gene set enrichment analysis was carried out using Database for Visualization and
Annotated Discovery (DAVID, Ref #[27]) to identify overrepresented Gene Ontology (GO)
terms associated with COO signature genes. Default DAVID parameters were used for the
analysis and GO terms having a false discovery rate (FDR) <20% identified. Enrichment
was with respect to the Homo sapiens whole genome background. The predictive ability of
signature scores and differentiation markers to distinguish between NMI and MI tumors was
assessed by the area under the receiver operating characteristics curve (AUC), with AUC >
0.50 indicating the signature or marker score is higher in MI tumors than NMI tumors,
unless specified otherwise. Statistical significance was assessed by the Wilcoxon rank-sum
test that calculates a p-value comparing AUC to 0.5 (i.e., what would be expected by
chance). Survival analysis was carried out using Cox Proportional Hazards regression
models. With the exception of DAVID, all statistical analyses were conducted using the R
programming language [28].

RESULTS
Derivation and characteristics of a Cell Of Origin (COO) gene signature from normal basal
and umbrella urothelial cells

Eight samples of normal urothelium were used to harvest basal and umbrella cells using
laser capture microdissection (LCM) (Fig. 1). These were pooled in 2 groups and RNA
extracted followed by gene expression profiling using the Affymetrix U219 platform. We
identified a Cell Of Origin (COO) gene signature consisting of 186 genes (224 probes)
differentially expressed between basal and umbrella cells (Supporting Information Table S2,
FDR < 0.10). We selected the top 3 genes for internal validation by qPCR. Top genes were
defined as genes with multiple significant probes having differential expression (FDR <
0.10) and with one probe having an FDR of 0. Internal validation of these genes (RHOJ,
SLFN11, OSR2) by qPCR confirmed that these signature genes have higher expression in
basal than umbrella cells (Supporting Information Fig. S1A). Notably, all genes were higher
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in basal compared to umbrella cells. Gene Ontology (GO) analysis found the COO signature
enriched in genes relating to cell proliferation (FDR < 0.001), consistent with the finding
that umbrella cells are quiescent whereas a subset of basal cells divide [29]. The COO
signature is also enriched in cell-cell signaling, skeletal system development and cell
activation (FDR < 20%, Supporting Information Table S3). A COO “score” was developed
consisting of the average expression of the 186 signature genes (see Materials and
Methods) upregulated in basal cells, so that samples with high COO scores are more “basal-
like” (or have high “basalness”), and samples with low COO scores are more “umbrella
like”.

The COO gene signature is associated with “stemness” indicating that in muscle invasive
bladder cancer CSCs derive from normal basal urothelial progenitors

Because basal cell markers have been used to isolate bladder CSCs, we evaluated the
relationship between COO score and bladder CSCs by evaluating the ability of the COO and
published bladder CSC gene signatures or those we derived from published data (as
described below) to discriminate between basal and umbrella cells or between tumorigenic
(defined as bladder CSCs) and non-tumorigenic bladder cancer cells isolated from patients
with MI tumors. Berman et al. sorted SW170 xenograft cells on the basis of the basal marker
67LR, and found that 67LR bright cells (“Highly Tumorigenic Cells”; HTC) were more
tumorigenic in vivo compared to 67LR dim cells. They identified a 1079 gene signature
(HTC signature) that distinguished 67LR bright from dim cells [12]. Chan et al. sorted
patient tumors on the basis of the basal marker CD44, and found that CD44+ cells (“Tumor-
Initiating Cells”; T-IC) were more tumorigenic in vivo compared to CD44− cells [11]. Using
the gene expression profiles of CD44+ and CD44− cells graciously provided to us by the
authors, we developed a 50 gene signature (T-IC signature) that distinguished CD44+ from
CD44− cells. For both HTC and T-IC signatures, high scores (see Methods) were associated
with a bladder CSC phenotype or “stemness” (i.e., 67LR bright or CD44+).

The COO, HTC, and T-IC signatures were then compared for their association with
basalness and stemness in Fig. 2. All signature scores differentiate between the two cell
types in the datasets they were derived from (basal vs. umbrella for COO; bright vs. dim for
HTC; CD44 positive vs. negative for T-IC), confirming that high signature scores reflect
basalness (COO) or stemness (HTC and T-IC). The COO score is higher in bladder CSCs
(67LR bright, CD44+) than in non-tumorigenic cells (67LR dim, CD44−) (Fig. 2A, P <
0.05). However, the HTC and T-IC signature scores are not significantly higher in basal
cells than in umbrella cells, suggesting that these signatures report on signals that do not
drive normal urothelial differentiation. HTC scores are not significantly different between
CD44+ and CD44− cells (P = 0.40, Fig. 2B), while the T-IC score is not significantly
different between 67LR bright and 67LR dim cells (P = 0.50, Fig. 2C), suggesting that 67LR
and CD44+ cells represent distinct subsets of bladder CSCs isolated from MI tumors. In
contrast, the COO analysis is different in these groups (Fig. 2A) suggesting that these
bladder CSC isolation procedures identified CSCs from MI tumors that are derived from
normal basal urothelial cells supporting previous findings [11, 12]. However as stated
previously, bladder CSCs from NMI tumors have not been identified.

COO signature has superior performance in predicting tumor stage and patient outcome
Gene signatures derived from CD44+ and 67LR bright bladder CSCs can distinguish NMI
from MI tumors and are associated with bladder cancer patient outcomes [11, 12]. To assess
the clinical relevance of COO score we evaluated its predictive ability for stage (NMI vs.
MI) and outcome in bladder cancer and compared its ability to that of known urothelial
differentiation markers and additional stem cell signatures. In addition to the HTC and T-IC
bladder CSC signatures described above, we also considered the basal cell marker KRT14,
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which associates with poor prognosis in bladder cancer [25] and the basal marker p63 which
is required for normal basal urothelium development [30] but has high expression in NMI
tumors [31]. We also considered three ‘generic’ embryonic stem cell signatures and two
breast cancer stem cell signatures. The ESC signature consists of 335 genes commonly
expressed in mouse and human embryonic stem cells [19], the ES exp1 signature consists of
380 genes overexpressed in human embryonic stem cells [20], and the induced pluripotent
(iPS) stem cell signature consists of 90 genes differentially expressed between iPS stem cells
and human fibroblasts [21]. The invasiveness gene signature (IGS) consists of genes
differentially expressed between CD44+CD24−/low tumorigenic breast CSCs and normal
breast cells [22] and the consensus stemness ranking (CSR) signature includes genes
differentially expressed between those having consistently high and low ranks in ESC, ES
exp1, IGS and iPS scores [23]. High signature scores reflect basalness (for bladder
signatures) or stemness (for generic and breast signatures).

The bladder-specific COO, HTC, and T-IC scores were the only scores significantly
predictive of stage in all five bladder cancer cohorts (N = 874, Supporting Information Table
S1) we examined (Fig. 3A, B, P < 0.05), with high scores associated with MI tumors, as
expected. The COO score was the best predictor of stage in 4 of the 5 cohorts (AUC range
0.72 - 0.88, P < 0.05), and maintained its predictive ability when controlling for grade
(Supporting Information Fig. S1B). Therefore, although the COO signature is enriched in
genes associated with proliferation, which is known to associate with tumor grade [32], the
ability of COO score to distinguish between NMI and MI tumors is not a function of its
ability to distinguish between tumors of low and high grades. The CSR signature was
predictive of stage in 4 cohorts, with MI tumors having higher scores (AUC range 0.63 –
0.80, P < 0.05). Although we expected high stem cell scores to be associated with MI
tumors, high ESC scores were significantly associated with NMI tumors in one cohort
(MSKCC, AUC = 0.37, P < 0.05), as were high IGS scores (Dyrskjot, AUC = 0.27, P <
0.001). Interestingly, high iPS scores were associated with NMI tumors in all cohorts, with a
statistically significant association in three (AUC range = 0.22–0.34, P < 0.05). When the
signatures were categorized according to tissue type (bladder, generic, and breast), the
bladder signatures had higher average AUC values in 4 out of 5 cohorts (Supporting
Information Fig. S1C, P < 0.05 by one-tailed binomial test).

The COO score was the best predictor of disease-specific survival in the 3 datasets with this
endpoint and was predictive in all 3 cohorts (Fig. 3C,D, P < 0.05). ES exp1 and CSR scores
were also predictive in 3 cohorts but with lower hazard ratios than those obtained from COO
scores. T-IC scores were predictive in two datasets, while KRT14 (probed in 2 cohorts) and
TP63 (probed in 1 cohort) expression were not predictive in any. These results demonstrate
that COO score is the best predictor of stage and outcome in bladder cancer patients, and
that there are tissue-specific aspects of the COO signature that drive its predictive value
which cannot be captured by the “generic” embryonic and breast CSC signatures we
considered. Furthermore, it is clear that MI tumors have higher COO scores than NMI
tumors.

Evaluation of common and distinct progenitor cell models predicting patient COO scores
indicates that bladder cancers arise from distinct normal cellular progenitors

Mutations in MI or NMI tumors in bladder cancer [33–35] suggest these tumors arise
through divergent genetic pathways but whether this occurs from a common or distinct
normal progenitor cells remains to be established. TP53 mutations occur in >50% of high
grade MI tumors while HRAS and FGFR3 mutations occur in ~30% and 70% of low grade
NMI tumors, respectively, while KDM6A is more frequently mutated in NMI tumors [36].
The observation that basal-like bladder CSC signatures are associated with stage [11, 12]
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and COO scores are higher in MI than in NMI tumors (Fig 3A) suggest that NMI tumors
have a non-basal progenitor cell. To address this issue, we considered two possibilities that
would explain these findings: 1) NMI and MI tumors arise through a common progenitor
cell (CPC) and oncogenic alterations determine invasiveness (i.e., stage) of the tumor, and 2)
NMI and MI tumors have distinct progenitors (DPC), umbrella and basal cells respectively,
with different inherent levels of basalness determining invasiveness.

We evaluated these two possibilities using a novel statistical framework that models COO
score as a function of tumor stage and genomic alterations in NMI or MI disease. This
framework and model evaluation process is illustrated in Fig. 4. According to the CPC
model, a tumors’ COO score is driven by the genetic pathways involving KDM6A, HRAS,
FGFR3, and TP53 whose activity is quantified by gene expression signature scores as
described below (Fig. 4B). In contrast, in the DPC model, the tumors’ COO scores are also
dependent on the distinct (MI or NMI) progenitor cell type, with the mutation signature
scores not able to adequately explain the tumors’ COO scores. The difference between the
CPC and DPC models is encapsulated mathematically by the single parameter γ which is
proportional to the difference in the expected COO scores between NMI and MI progenitor
cells; γ = 0 under the CPC model and γ ≠ 0 under the DPC model.

For both models, KDM6A, HRAS, and TP53 mutation status is estimated using mutation
signature scores derived from patient tumors (wild-type vs. mutant) that are predictive of
KDM6A and TP53 mutation status and of HRAS overexpression in manipulated cell lines, as
well as of stage and outcome in multiple cohorts (Supporting Results and Discussion). For
each cohort and each signature score, the StepMiner algorithm [26] was used to identify a
threshold separating high and low scores which define a mutated and wild-type state,
respectively. The FGFR3 signature is simply FGFR3 mRNA expression according to the
probe with the highest mean expression across samples. FGFR3 expression is positively
correlated with FGFR3 mutation status and is high in NMI tumors [37]. We note that
although KDM6A, HRAS, and FGFR3 mutation is known to be associated with NMI tumors
and TP53 mutation with that of MI tumors (and are illustrated this way in Fig. 4B), the CPC
and DPC models make no assumptions about the relationship between KDM6A, HRAS,
FGFR3, and TP53 mutation status signatures scores and invasiveness.

For each patient, the COO, KDM6A, HRAS, FGFR3, and TP53 mutation status signature
scores are calculated for each patient (Fig. 4A), input into the statistical model along with
tumor stage (Fig. 4B) and model parameters are estimated using ordinary least squares (Fig.
4C) We fit the CPC and DPC models (Fig. 4C and Methods) to five bladder cancer cohorts
using gene expression profiles from 874 bladder cancer patients (Table 1) and evaluated
whether each DPC model more accurately explained actual patient COO scores than the
corresponding CPC model (Fig. 4D). In the CPC models, high TP53 scores are associated
with high basal scores (αTP53 > 0), while in general low FGFR3, HRAS, and KDM6A scores
are associated with high basal scores (αHRAS, αFGFR3, αKDM6A, < 0) and the coefficients of
all signature scores except for HRAS were significant in multiple cohorts. In the DPC
models, the MI progenitor has a higher level of basalness than the NMI progenitor (γ > 0, P
< 0.05) and the DPC model fits the data significantly better than the CPC model does (P ≤
0.01). Results were similar when continuous KDM6A, HRAS, FGFR3, and TP53 signature
scores were used in the analysis rather than selecting a threshold to identify low and high-
scoring samples (Supporting Information Table S5), although the DPC model was no longer
a significantly better fit than the CPC model at P < 0.05 in one cohort (Dyrskjot, P = 0.06).
Interestingly, low KDM6A scores are associated with high COO scores in all cohorts (P <
0.05) in the DPC model, and low FGFR3 scores are associated with high COO scores in
multiple cohorts (P < 0.05). These results strongly suggest that MI and NMI tumors have
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distinct progenitor cells because the COO scores in NMI and MI tumors are not adequately
explained by genetic alterations represented by mutation scores.

DISCUSSION
Observational studies of bladder cancer patients and experimental studies in mouse models
indicate divergent genetic pathways are associated with NMI and MI tumors [3]. However,
it remains unknown whether NMI and MI tumors have a common or distinct progenitor cell
type. Attempts to isolate bladder CSCs based on basal cell markers presume there is a single
bladder CSC. However, although CD44 is a basal cell and bladder CSC marker, in a tissue
array of >300 specimens roughly 60% stained negative for the basal cell marker CD44 [11].
Furthermore, CD44− primary patient tumors formed xenografts in mice, suggesting that
CSCs in CD44− tumors are not from the basal layer [38]. In addition, attempts to isolate
bladder CSCs from NMI tumors based on basal cell markers have been unsuccessful and the
finding that umbrella-like cells can develop independently of basal progenitor cells [10]
suggest that distinct progenitor cell types exist.

Here, we present a novel statistical model to address the fundamental question of whether
genetic alterations in common or distinct progenitors lead to the two types of human bladder
cancer. We answer this question by developing a Cell Of Origin (COO) signature from
normal urothelium cells that is reflective of the two putative progenitor cell types (basal and
umbrella) and find that MI tumors have higher COO scores (i.e., are more basal like) than
NMI tumors. To untangle whether this difference is due to genetic alterations or distinct
progenitor cell types, we develop gene mutation signatures for genes associated with stage
and combine these with the COO signature to evaluate whether or not NMI and MI tumors
have a common (CPC) or distinct (DPC) progenitor. Strikingly, we found the DPC model
was a better fit than the CPC model in 5 cohorts, suggesting that differences in COO scores
between patients is not adequately explained by genetic alterations alone. Interestingly, the
association of low KDM6A and FGFR3 scores with high COO scores indicates that
alterations in these genes could promote differentiation. However, the relationship between
KDM6A and FGFR3 and urothelial differentiation is unknown and this result could simply
indicate that stage and FGFR3, KDM6A, and COO scores are highly correlated. On the other
hand, KDM6A loss inhibits endoderm differentiation in human embryonic stem cells [39],
while FGFR3 inhibition induces differentiation in human myeloma cell lines [40] making
their involvement in bladder cancer differentiation a possibility.

Our current CPC/DPC statistical model has limitations. First, we do not have a mutation
signature for RB1, which is more frequently mutated in MI tumors [41]. However, because
RB1 is the only known driver associated with invasiveness not included in our model and
because RB1 and TP53 mutations frequently co-occur [42], we expect that inclusion of RB1
would not significantly change our results. Second, it is possible that the tumor
microenvironment could influence differentiation (as measured by COO score) and this is
not modeled. In bladder cancer, 67LR is a basal cell marker that colocalizes with the basal
marker C17 in xenografts but not in culture, suggesting that tumor stromal cells influence
differentiation [12]. While alterations in the microenvironment that independently influence
invasiveness would be supportive of the CPC model, it is currently not known whether such
influences affect differentiation independently of the genes in our model.

The identification of bladder CSCs has important diagnostic and therapeutic implications.
Our results suggest that bladder CSCs in NMI tumors arise from non-basal cells, although
further studies will be necessary to determine whether the cell of origin in these tumors
reside in the umbrella or intermediate layers. Identification and characterization of such
NMI CSCs using genes in our signature could lead to clinically significant improvements in
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the prognostication and treatment of patients with NMI tumors, which are notorious for their
high rates of recurrence [43]. Our results also suggest that the CD44+ [11] and 67LR bright
[12] bladder CSCs that have previously been identified from MI tumors are distinct CSC
subsets, both derived from basal progenitor cells. In conclusion, this work supports a new
conceptual framework for investigating and understanding bladder cancer, one in which two
rather than one distinct progenitor cell type drives tumor biology.
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Figure 1. Laser capture microdissection (LCM) of umbrella and basal urothelial cells in normal
human urothelium
Eight samples underwent LCM and were pooled in two groups (umbrella and basal) for gene
expression analysis as described in Methods. Typical sample shown pre and post LCM of
umbrella (red) and basal cell (green) layers (magnification 20X).
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Figure 2. Ability of COO and bladder CSC signatures to discriminate between umbrella and
basal cells and bladder CSCs in independent datasets
Comparison of COO A), HTC B) and T-IC C) signature scores across normal umbrella and
basal cells, non-tumorigenic 67LR dim and tumorigenic 67LR bright stem cells, and non-
tumorigenic CD44− and tumorigenic CD44+ stem cells. The COO, HTC, and T-IC
signatures were derived from the current dataset, He et al., 2009 [12] and Chan et al., 2009
[11] datasets, respectively. P-values calculated by unpaired (umbrella vs. basal cells, 67LR
bright vs. 67LR dim cells) and paired (CD44+ vs. CD44− cells) two sample t-test.
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Figure 3. Predictive ability of various stem cell signatures and differentiation markers for stage
and outcome in bladder cancer
A) Ability of signatures to discriminate between non-muscle invasive (NMI) and muscle
invasive (MI) tumors, with the area under the receiver operating characteristic curve (AUC)
corresponding to the probability of a randomly selected MI tumor having a higher signature
score than a randomly selected NMI tumor. Signatures are color-coded by class: COO
signature is black, bladder signatures or differentiation markers in blues, generic stem cell
signatures in greens, and breast cancer stem cell signatures in reds. The following signatures
are significant (P < 0.05) by Wilcoxon rank-sum test: COO, HTC, T-IC (all datasets);
KRT14 (MSKCC); TP63 (CNUH); ES.exp1 (Lindgren and MSKCC); iPS (Blaveri,
Dyrskjot, Lindgren); IGS (Blaveri, Dyrskjot, Lindgren); CSR (Blaveri, CNUH, Dyrskjot,
Lindgren). Dashed line corresponds to AUC = 0.50 (i.e., the AUC expected by chance). B)
Frequency of statistically significant signatures (P < 0.05) for stage prediction. Signatures
with positive (negative) relationship to invasiveness have AUC values above (below) 0.50.
C) Prognostic value of signatures for disease specific survival (DSS). Log hazard ratios
(HR) and 95% confidence intervals are plotted. A confidence interval that does not cross the
zero line corresponds to a statistically significant (P < 0.05) prognostic signature. D)
Frequency of statistically significant signatures (P < 0.05) for DSS prediction. Signatures
with positive (negative) relationship to poor prognosis have log HR values above (below) 0.
Abbreviations: ns, not significant.
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Figure 4. Overview of model and its use in determining whether urothelial cancer derives from a
common or distinct progenitor cell
A) Patient data (Input) consists of the stage, Cell Of Origin (COO) score, and KDM6A,
HRAS, FGFR3, and TP53 signature scores for each patient. B) The COO score (s) of a
sample is modeled as a function of KDM6A, HRAS, FGFR3, and TP53 pathway alterations
(signature scores) and the average COO score of the common (CPC model) or distinct (DPC
model) progenitor cell of the tumor. Mutations in KDM6A, HRAS, and FGFR3 are
associated with NMI disease while TP53 mutations are associated with MI disease (Ref
#[3]) and are labeled this way for visualization purposes only. The statistical model makes
no assumptions about whether signature scores are associated with NMI or MI tumors.
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Mathematically, the CPC and DPC models differ only by γ. In the CPC model γ = 0 while in
the DPC model γ ≠ 0 and the NMI and MI progenitor cells have different basal levels (i.e.,
average COO scores). For details, see Methods. C) The model parameters (model output,
e.g., γ) are estimated using ordinary least squares, and D) Model comparison is carried out
using an F-test for the hypothesis that γ = 0. If this hypothesis is rejected (P < 0.05), then the
DPC model fits the data significantly better than the CPC model. The DPC model fits
patient COO scores significantly better than the CPC model does (P < 0.05) in five
independent cohorts (see Table 1).
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