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Small cell carcinoma of the bladder (SCCB) is a rare and lethal
phenotype of bladder cancer. The pathogenesis andmolecular features
are unknown. Here, we established a genetically engineered SCCB
model and a cohort of patient SCCB and urothelial carcinoma samples
to characterize molecular similarities and differences between blad-
der cancer phenotypes. We demonstrate that SCCB shares a urothelial
origin with other bladder cancer phenotypes by showing that
urothelial cells driven by a set of defined oncogenic factors give rise
to a mixture of tumor phenotypes, including small cell carcinoma,
urothelial carcinoma, and squamous cell carcinoma. Tumor-derived
single-cell clones also give rise to both SCCB and urothelial carcinoma
in xenografts. Despite this shared urothelial origin, clinical SCCB
samples have a distinct transcriptional profile and a unique tran-
scriptional regulatory network. Using the transcriptional profile from
our cohort, we identified cell surface proteins (CSPs) associated with
the SCCB phenotype. We found that the majority of SCCB samples
have PD-L1 expression in both tumor cells and tumor-infiltrating
lymphocytes, suggesting that immune checkpoint inhibitors could
be a treatment option for SCCB. We further demonstrate that our
genetically engineered tumor model is a representative tool for
investigating CSPs in SCCB by showing that it shares a similar a CSP
profile with clinical samples and expresses SCCB–up-regulated CSPs
at both the mRNA and protein levels. Our findings reveal distinct
molecular features of SCCB and provide a transcriptional dataset
and a preclinical model for further investigating SCCB biology.

cancer phenotypes | cell surface protein | urothelial cell | preclinical model

Carcinoma of the urinary bladder affects more than 80,000 people
in the United States annually. While urothelial carcinoma is the

predominant phenotype of bladder cancer, histological variants, such
as squamous, glandular, plasmacytoid, sacromatoid, micropapillary,
and small cell carcinoma are also described in clinical bladder cancer
samples (1). Small cell carcinoma of the bladder (SCCB) is rare and
accounts for only 0.5% of bladder cancer cases (2). As one of the
most aggressive types of bladder cancer, SCCB is usually diagnosed
at a late stage with a dismal prognosis of 1.7 y overall median
survival (3). Histologically, SCCB shows a small round tumor cells
with pyknotic round to oval nuclei and high mitotic rate, frequent
tumor necrosis, and the expression of neuroendocrine differenti-
ation (NED) markers, including synaptophysin (SYP), chromog-
ranin (CHGA), and enolase 2 (ENO2) (2). Current management
of SCCB is derived from the clinical experience with small cell lung
cancer and includes surgery, chemotherapy, and radiotherapy (2).
However, the outcomes of these treatments in SCCB patients have
not improved for more than 10 y (4). Immunotherapy in the form
of Bacillus Calmette–Guerin has been used to treat nonmuscle

invasive bladder cancer for decades (5). Recently, immune check-
point inhibitors targeting PD-1 or PD-L1 have been approved for the
treatment of metastatic bladder cancer (6). The benefit of these
innovative treatments in SCCB patients is still unknown. Efforts have
been made to identify potential immune-therapeutic targets, such as
DLL3 in SCCB (7). A better understanding of the distinguishing
biology of SCCB is needed to guide the optimal clinical management
and identify potential therapeutic targets for this aggressive disease.

Significance

Small cell carcinoma of the bladder (SCCB) is a lethal variant of
bladder cancer with no effective treatment. A lack of available
preclinical models and clinical cohorts impedes our understand-
ing of its molecular pathogenesis. In this study, we provided a
tumor model as functional evidence showing that SCCB and
other bladder cancer phenotypes can be derived from normal
human urothelial cells. We further demonstrated that SCCB has a
distinct transcriptome and identified SCCB-associated cell surface
proteins (CSPs) that can be further evaluated as potential ther-
apeutic targets. We show that our model shares CSP profile with
clinical SCCB samples. Our findings create a foundation to un-
derstand the molecular underpinnings of SCCB and provide tools
for developing therapeutic strategies.
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Bladder cancer histological phenotypes have diverse clinical
manifestations. The 5-y survival rate for in situ urothelial carci-
noma is 95.7% and is 35.2% when tumors spread to regional lymph
node (8), whereas for SCCB it is only 21.8% (9). In clinical sam-
ples, SCCB is found frequently in combination with other bladder
cancer phenotypes (10). A recent genetic study comparing genetic
alterations in small-cell lung cancer and SCCB suggests that SCCB
originates from urothelial cells (11). However, the mechanisms
underlying its development are largely unknown. Bladder cancer
subtypes defined by gene-expression profiles are associated with
different histological features, treatment responses, and distinct
patient outcomes (12–14). Understanding the pathogenesis and
molecular differences between SCCB and other bladder cancer

histological phenotypes may serve an entry point for studying their
diverse clinical consequences.
A lack of tumor models and patient samples limits our ability

to study the pathogenesis and molecular features of SCCB. SCCB
tumors can be generated using patient-derived xenograft models
(7). However, the establishment of a patient-derived xenograft
model relies on clinical SCCB samples and thus cannot provide
enough biological replicates partly due to the rarity of SCCB cases
(15). Genetically engineering noncancerous cells into subtype-
specific tumors is an alternative strategy to establish tumor mod-
els (16). A recent study successfully initiated small cell carcinoma
in prostate and lung epithelial cells using a set of defined genetic
factors and established small cell carcinoma cell lines from

Fig. 1. Tumors derived from PARCB-transduced EPCAM+/CD49f high urothelial cells recapitulate divergent bladder cancer phenotypes. PARCB induce di-
vergent bladder cancer phenotypes in normal human urothelial cells. (A) Schematic of human urothelial cells transformation assay with isolated EpCAM+/
CD49f high cells and 3 lentiviruses delivering 5 genetic factors (PARCB). The urothelial cells were isolated from human urinary tract using enzymatic digestion
and were sorted using flow cytometry. The isolated cells were infected with lentiviruses contain the 5 genetic factors and were cultured in organoid format
followed by subcutaneous injection in NSG mice. CMV, cytomegalovirus promoter; GFP: green fluorescent protein; LTR, long-terminal repeats; RFP, red
fluorescent protein; Ubi, ubiquitin promoter; YFP, yellow fluorescent protein. (B) Representative images of tumors formed by PARCB-transduced urothelial
cells from different sites of human urinary tract. PARCB tumors were harvested from subcutaneous xenograft in NSG mice. Bright-field (BF) and fluorescent
pictures were taken to show the tumor size and the expression of fluorescent markers. (Scale bars, 1 cm.) (C) Representative of H&E and IHC images using
antibodies against NED markers CHGA, NCAM1, and SYP, in different areas of a PARCB tumor, a single-cell clone-derived tumor, and non-SCCB and SCCB
clinical samples. IHC were performed using antibodies targeting NED markers on these samples. (Scale bars, 100 μm.)
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different tissues of origin (17). Applying this strategy could pro-
vide novel SCCB models. There is also an unmet need for
establishing larger clinical cohorts with SCCB samples that can
be used for genomic and transcriptomic analyses. Given the
rarity of fresh SCCB samples, identifying SCCB samples in
previously archived formalin-fixed paraffin-embedded (FFPE)
tissues could be a valuable resource.
In the present study, we establish a genetically defined SCCB

model and a new cohort of clinical muscle-invasive bladder cancer
(MIBC) samples with SCCB or non-SCCB histologies to charac-
terize SCCB. Using these tools, we show that SCCB shares a
urothelial origin with non-SCCB phenotypes but has a distinctive
transcriptome and a unique cell surface protein (CSP) profile. We
further demonstrate our tumor model as a representative tool for
investigating CSPs in SCCB.

Results
SCCB and Other Bladder Cancer Phenotypes Can Be Initiated from
Urothelial Cells by Defined Oncogenic Factors. SCCB is histologi-
cally indistinguishable from other small cell carcinomas (11).
This suggests shared pathogenesis among small cell carcinomas
from different tissues. Therefore, we used an epithelial trans-
formation system that successfully induced small cell carcinoma
from prostate and lung epithelial cells to recapitulate the de-
velopment of SCCB (17). In this system, a set of defined genetic
factors initiated tumors in epithelial cells. These factors are
composed of a dominant-negative form of TP53 (TP53-DN),
myristoylated AKT1 (myr-AKT1), RB1 short-hairpin RNA, C-
MYC, and BCL2 (termed PARCB). Genetic alterations mim-
icked by PARCB factors are relevant to bladder cancer. Mutations
in TP53 and loss of RB1 are frequently found in SCCB samples (11,
18). Chromosome deletion at 10q and 13q that carrying PTEN
(10q23) and RB1 (13q14) are common in SCCB (19). High-level
amplifications are found at 8q24 in SCCB samples. This locus
harbors MYC (20). A recent mutation study showed that mutations
on the PTEN, RB1, TERT, promoter, and TP53 can present con-
currently in clinical SCCB samples (11). BCL2 overexpression is
associated with bladder cancer progression (21, 22). Thus, we hy-
pothesized that urothelial cells (the epithelial cells in urinary tract)
can be driven to SCCB by PARCB.
To address our hypothesis, we isolated benign epithelial cells

from the renal pelvis, prostatic urethra, and bladder using an
epithelial marker, EPCAM, and a basal urothelial marker, CD49f
(23, 24). We found that primary human urothelial cells can be
divided into 2 populations (CD49f high and CD49f low) (Fig. 1A).
PARCB-transduced EPCAM+/CD49f high urothelial cells formed
spherical structures in the organoid culture step of our trans-
formation assay while the EPCAM+/CD49f low population did not
(SI Appendix, Fig. S1). PARCB-transduced EPCAM+/CD49f high

urothelial cells from renal pelvis and prostatic urethra, but not from
bladder, form tumors in immune-deficient mice (NOD.CgPrkdcscid
Il2rgtm1Wjl/SzJ [NSG] mice) over 3 to 4 mo after subcutaneous
in vivo grafting (Fig. 1 B, Top and Middle). PARCB-transduced
EPCAM+/CD49f low urothelial cells or control vector-infected
cells did not initiate tumors. We also found that a combination
of myr-AKT, c-Myc, and Bcl-2 did not initiated tumors in uro-
thelial cells in multiple attempts, suggesting the essentiality of
losing TP53 and RB1 functions in transforming urothelial cells. To
further confirm whether bladder-derived epithelial cells can be
transformed by the PARCB factors, we used commercially available
primary bladder epithelial cells that are EPCAM+ and CD49f+ (SI
Appendix, Fig. S2) for the PARCB transformation assay. These
epithelial cells also generated tumors in NSG mice after the
transduction of the PARCB factors (Fig. 1 B, Bottom). We noticed
that the urothelial cells from prostatic urethra may be contami-
nated by prostate basal cells that also express CD49f and EPCAM.
However, the tumors from renal pelvis and bladder urothelial cells
are free of prostate contamination and have urothelial origin.

Since these tumors expressed the PARCB factors (SI Appendix,
Fig. S3), they are referred to as PARCB tumors.
PARCB tumors recapitulated clinical SCCB features, such as

NED and high cell proliferation and apoptotic rates (2, 25), as
shown by the expression of NED (CHGA, neural cell adhesion
molecule 1 [NCAM1], and SYP) (Fig. 1C), cell proliferation
(KI67), and apoptosis markers (cleaved CASPASE3) (SI Ap-
pendix, Fig. S4). Notably, we found that PARCB tumors ex-
hibit diverse histological phenotypes, including small cell carcinoma,
urothelial carcinoma, and squamous cell carcinoma (Fig. 1C and
SI Appendix, Fig. S5). This is consistent with clinical observations
that SCCB is frequently found in combination with other bladder
cancer phenotypes (10). To further confirm these distinct his-
tologies, we examined NED marker expression in different lo-
cations of PARCB tumors. Tumor lesions with SCCB histology
expressed NED markers (Fig. 1C), whereas tumor lesions with
non-SCCB histologies were weakly positive or negative for NED
markers (Fig. 1C). This showed that PARCB tumors can display
histological and molecular features of different bladder cancer
phenotypes.
The mixed phenotypes of PARCB tumors may be derived

from divergent expansion of a single-cell clone or from multiple
cell clones that harbor different genetic alterations. To address
this question, we established cell lines from PARCB tumors to
perform single-cell clonal analyses. From trials of multiple PARCB
tumors, we were able to generate 2 tumor cell lines (named bladder-
PARCB1 and bladder-PARCB2), which continued to grow in 2D
culture conditions (SI Appendix, Fig. S6A). These cell lines main-
tained clinical SCCB features including the expression of NED
markers and were tumorigenic in NSG mice and (SI Appendix, Fig.
S6 B and C). They also showed metastatic potential to lung and
bone (SI Appendix, Fig. S7). We established single-cell clones from
the bladder-PARCB1 cell line and show that these single-cell clones
can form tumors in NSG mice (Fig. 1C). Both small cell carcinoma
and urothelial carcinoma phenotypes can be found in an individual
tumor derived from a single-cell clone (Fig. 1C). Therefore, both
SCCB and urothelial carcinoma can be derived from the same
single-cell clone.

A New Cohort of MIBC Samples with SCCB or Non-SCCB Phenotypes
Was Established Using FFPE Samples. Since our PARCB model
demonstrated that SCCB shared similar genetic alterations and
cells of origin with other bladder cancer phenotypes, we pro-
posed that a distinct transcriptional profile of SCCB leads to its
unique histology. The rarity of SCCB samples limits the avail-
ability of clinical cohorts that can be used to compare SCCB with
other bladder cancer phenotypes. Therefore, we established a
bladder cancer clinical cohort using archival FFPE samples from
patients previously diagnosed with bladder cancer stage T2 or
higher (indicating MIBC). The samples were reviewed by expe-
rienced pathologists and categorized into SCCB and non-SCCB
groups based on their histological features. SCCB samples dis-
played typical small cell carcinoma histology features, such as
small round cell shape, large nuclear to cytoplasm ratio, and
pyknotic round to oval nuclei (SI Appendix, Fig. S8A), as well as
the expression of NED markers (CHGA, ENO2, and SYP) (SI
Appendix, Fig. S8B). Unlike SCCB, non-SCCB samples exhibited
urothelial carcinoma phenotype, including infiltrative tumor cells
in the muscle layer (SI Appendix, Fig. S8A) (26). In total, our cohort,
which we refer to as University of California, Los Angeles–Bladder
Cancer (UCLA-BLCA), contained 9 SCCB samples and 10 non-
SCCB samples (SI Appendix, Fig. S8C).

SCCB Has a Distinct Transcriptional Profile and Transcriptional Regulatory
Network from Non-SCCB Samples. To characterize transcriptional
similarities and differences between SCCB and non-SCCB samples,
we performed high-throughput mRNA-sequencing and compre-
hensive bioinformatics analyses on the UCLA-BLCA cohort

Wang et al. PNAS | January 7, 2020 | vol. 117 | no. 1 | 565

M
ED

IC
A
L
SC

IE
N
CE

S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental


(Fig. 2A) (27). We found that SCCB and non-SCCB samples clus-
tered into different groups that suggested fundamental differences in
their transcriptomes (Fig. 2B). We sought to characterize these dif-
ferences using various bioinformatics analyses. Since SCCB and non-
SCCB samples have different histologies, we investigated whether
SCCB can be discriminated from non-SCCB samples by gene sets
that associated with SCCB histological features. Indeed, we found
that a previously established bladder cancer NED gene signature
(12) separates SCCB from non-SCCB samples in our cohort (Fig.
2C). We then performed gene set enrichment analysis (GSEA) to
further identify functional gene sets that are associated with SCCB
or non-SCCB phenotypes. SCCB samples were more enriched in

cell-cycle and neural-associated gene sets, while non-SCCB samples
were more enriched in cell death, cell adhesion, and immune-
associated gene sets (Fig. 2D and Datasets S1 and S2). These dif-
ferentially enriched gene sets in SCCB are consistent with its histo-
logical features including highly proliferative (19) (cell-cycle gene
set) and NED (19) (neural gene sets). SCCB shares histological
features with other small cell carcinomas, we thus tested whether
transcriptional differences that distinguish small cell carcinoma in
other tissues can also discriminate SCCB from non-SCCB sam-
ples. We applied a pan-small cell carcinoma gene signature that is
derived from the comparison of small cell carcinomas from various
tissues with their corresponding nonsmall cell carcinoma pheno-
types (28). The SCCB samples had higher signature scores than
non-SCCB samples (Fig. 2E and Dataset S3).
The distinctive transcriptional profile in SCCB suggests a

unique gene-expression regulatory network. However, the gene-
expression level of a transcriptional regulator is not always cor-
related with its activity (29). Thus, we performed VIPER (virtual
inference of protein-activity by enriched regulon analysis) (30)
on the UCLA-BLCA to identify phenotype-specific active tran-
scriptional regulators. VIPER is an algorithm that infers the
activities of proteins based on mRNA level of their activated or
repressed genes. Therefore, VIPER provides information that
cannot be uncovered by directly measuring gene-expression
levels. VIPER analysis identified 968 transcriptional regulators
with increased activity in SCCB samples and 602 regulators
with increased activity in non-SCCB samples (Fig. 2F and
Dataset S4). As we expected, NED regulators—such as ASCL1,
NEUROD1, and INSM1—were more active in SCCB (Fig. 2F).
These regulators are crucial for controlling transcriptional pro-
grams in small cell/neuroendocrine carcinomas from different
tissues (31, 32). On the other hand, we identified a list of cell
adhesion proteins, such as CD44 and ITGB6, with increased
activity in non-SCCB samples (Fig. 2F) (33, 34). Altogether,
these results showed that a substantial transcriptional program
difference between SCCB and non-SCCB phenotypes reflects their
histological features.

Profiling CSPs in UCLA-BLCA Cohort Predicted Brain-Expressed CSP
Genes Associated with the SCCB Phenotype. CSPs that are associated
with specific cancer phenotypes can be used as diagnostic markers
and therapeutic targets for immunotherapies (35, 36). Since the
surfacesome in SCCB has never been profiled, we utilized our
transcriptional dataset to predict CSPs that are associated with the
SCCB phenotype. We identified 274 CSP genes that are differen-
tially expressed in SCCB and non-SCCB samples (Fig. 3A and
Datasets S5 and S6). Genes associated with neural functions—such
as NCAM1, SEZ6, and CHRNA3 (37–39)—were up-regulated in
SCCB samples. Conversely, CSP genes frequently altered in bladder
cancers—such as ERBB2, FGFR3, and EGFR (40–42)—were
down-regulated in SCCB samples (Fig. 3B). To examine the tissue
specificity of these genes, we compared their mRNA expression in
normal tissues using the Genotype-Tissue Expression (GTEx)
database (43). The CSPs genes up-regulated in the SCCB
phenotype were also highly expressed at the mRNA level in brain
tissue compared to other tissues. The CSP genes down-regulated
in the SCCB phenotype were highly expressed in the normal
bladder tissue (Fig. 3A). This further supports that SCCB up-
regulated CSPs are associated with neural functions. To test
whether these differentially expressed CSPs have similar expres-
sion in other SCCB datasets, we compared our cohort with the
The Cancer Genome Atlas (TCGA)-BLCA dataset (44), which
has 3 SCCB and 409 non-SCCB samples. Among the 274 differ-
entially expressed CSPs genes identified in the UCLA-BLCA co-
hort, 72 were also differentially expressed in the TCGA-BLCA
dataset (P < 0.05 in DESeq2 analysis). All of these 72 genes were
similarly up-regulated or down-regulated in SCCB samples in both
datasets (Fig. 3C and Dataset S7). Therefore, these differentially

Fig. 2. SCCB has a distinct transcriptional profile from non-SCCB pheno-
types. Bioinformatics analyses revealed transcriptional differences between
SCCB and non-SCCB samples in the UCLA-BLCA cohort. (A) Schematic of
transcriptional analyses in the UCLA-BLCA cohort. FFPE samples were
scratched and collected for RNA processing followed by high-throughput
RNA-seq. (B) PCA performed using the TPM of mRNA expression of each
sample from the UCLA-BLCA cohort. Figure shows that SCCB and non-SCCB
samples are separated in this analysis. Each dot represents a sample with the
corresponding phenotype (SCCB, red; non-SCCB, blue). (C) Unsupervised hi-
erarchical clustering analysis using the TCGA neuroendocrine gene set sep-
arates SCCB from non-SCCB samples in the UCLA-BLCA cohort. Figure is
shown by the z-score scaled by the TPM of each gene across samples. Each
column represents a sample, each row represents a gene. Scale indicates the
z-score. CHGB, chromogranin B; SCG2, Secretogranin II. (D) GSEA using dif-
ferentially expressed gene profiles (normalized reads counts) identified gene
sets that enriched in SCCB or non-SCCB samples. Each point represents a
gene set associated with the category. Data are shown by normalized en-
richment score (NES). Only gene sets that pass the P value filter <0.05 are
shown. (E) Pan-small cell carcinoma gene-signature score of samples in the
UCLA-BLCA cohort. SCCB samples has higher signature score than non-SCCB
samples. Data are shown by the median and range of signature scores of all
samples with corresponding phenotype (*P < 0.05, Student t test). (F) A plot
shows the significance and enrichment score of transcriptional-regulators
activated in corresponding phenotypes in the VIPER analysis. Each dot rep-
resents a master regulator gene that has a P < 0.05 in VIPER. NED regulators
and cell-adhesion regulators are highlighted.
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expressed CSPs are associated with phenotypes and are conserved
across independent datasets.

Evaluation of Therapeutic CSPs Suggested PD-1/PD-L1 Targeted Therapies
as Treatment Options for SCCB. To explore whether phenotype-
associated CSPs have been used or investigated as potential im-
munotherapeutic targets, we reviewed the CSPs profile of SCCB
in a publically available drug database (the drug gene interaction
database) (45). We found 20 SCCB-down-regulated CSPs have
been used as therapeutic antigens. SCCB up-regulated CSPs were

not as frequently investigated since only 2 of them (NCAM1 and
CD247) have therapeutic antibodies (Table 1). CSPs that are
widely discussed as therapeutic targets—such as MS4A1, IGF1R,
and TNF—were similarly expressed in SCCB and non-SCCB
samples (Table 1). CSPs that have been approved for bladder
cancer treatments, such as PD-L1 and PD-1, or have been shown
as potential therapeutic targets for SCCB, such as DLL3, were
also similarly expressed in SCCB and non-SCCB samples (Fig.
3B). Since PD-L1 protein expression is a treatment marker for
PD-1 and PD-L1–targeted therapies in bladder cancer (46), we

Fig. 3. Profiling CSP genes identifies CSPs associated with SCCB and the expression of PD-L1 in SCCB samples. Transcriptional analyses profile CSPs genes in
samples from the UCLA-BLCA cohort. (A) A heatmap shows CSP genes differentially expressed in SCCB and non-SCCB samples from the UCLA-BLCA cohort and
their expression levels in normal tissues. Data are shown by the z-score normalized by genes across samples (Left) or tissues types (Right) based on the TPM of
each sample (Left) or the median TPM of a tissue type (Right). Each row represents a gene in both panels. In the Left, each column represents a sample from
the UCLA-BLCA cohort. In the Right, each column represents a tissue type from GTEx database. Brain tissues and bladder tissues are highlighted. Red color
indicates higher expression level (higher z-score); blue color indicates lower expression level (lower z-score). Scale bar indicates the z-score. (B) mRNA ex-
pression level of selected CSP genes in each group. The SCCB up-regulated or SCCB down-regulated CSPs have P < 0.05 in the DESeq2 analysis (suggesting
significantly up-regulated or down-regulated in SCCB samples comparing to non-SCCB samples.) The similarly expressed CSPs have a P value >0.05 in the
DEseq2 analysis. The TPM of each sample is shown. Each dot represents a sample with corresponding phenotype. The median and interquartile range are
shown. Samples with a TPM less than 0.125 is not shown in the figure. (C) A plot of LFC in UCLA-BLCA and TCGA datasets showing the LFC of CSP genes that
are differentially expressed in both the UCLA-BLCA dataset and the TCGA dataset. Each dot represents a CSP gene. CSPs have been prefiltered for P < 0.05 in
both UCLA-BLCA and TCGA-BLCA datasets in DESeq2 analysis comparing SCCB versus non-SCCB samples. (D) Representative images of H&E and IHC using a
Food and Drug Administration-approved PD-L1 antibody (Ventana SP-142) showed PD-L1 expression in non-SCCB and SCCB sample. (Scale bars, 100 μm.) (E)
Quantification analysis of PD-L1 IHC staining in the UCLA-BLCA cohort. Data are shown by the percentage of PD-L1 staining positivity in tumor cells and TILs in
non-SCCB and SCCB samples. Each dot represents a sample of given phenotype. The dot line shows 5% positivity. No statistical significance is observed
between SCCB and non-SCCB samples in tumor cell or TILs (Student t test).
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evaluated PD-L1 expression using a Food and Drug Administration-
approved antibody (Ventana SP-142, Roche) (47) in our cohort. We
found that PD-L1 exhibits a similar prevalence and staining intensity
in tumor cells and tumor-infiltrating lymphocytes (TILs) in both
SCCB and non-SCCB samples (Fig. 3 D and E). Although PD-L1
positivity of tumor cell positivity is only 0.5 to 3.5% in SCCB sam-
ples, 7 of 9 SCCB samples had greater than 5% positivity in TILs (SI
Appendix, Table S1). Since PD-L1 positivity in TILs is the dominant
factor associated with treatment outcome in bladder cancer patients
(47), we predict potential responses to anti–PD-L1 treatment in
SCCB patients.

The Bladder-PARCB1 Cell Line Shares Similar CSP Profile with Clinical
SCCB Samples. Cancer cell lines are useful tools for preclinical
evaluation of CSPs as potential immunotherapy targets (48). To
date, the bladder-PARCB cell lines are the only SCCB cell lines.
We sought to evaluate whether they can be used as a represen-
tative tool for studying the SCCB surfacesome. We performed a
partial least-square regression (PLSR), a supervised principal
component analysis (PCA), by projecting CSP transcriptional
profiles of bladder-PARCB cell lines to the UCLA-BLCA
background separating SCCB and non-SCCB phenotypes. In-
terestingly, we found that the bladder-PARCB1 cell line clus-
tered with SCCB samples while the bladder-PARCB2 cell line is
closer to non-SCCB samples (Fig. 4A). We next compared the
mRNA level of phenotype-associated CSP genes in the bladder-
PARCB cell lines to those in urothelial carcinoma cell lines
HT1376, J82, and T24. The bladder-PARCB1 cell line expresses
higher levels of SCCB up-regulated CSP genes compared to urothelial

carcinoma cell lines (Fig. 4B) (49). Thus, the bladder-PARCB1 cell
line has a surfacesome more similar to SCCB than urothelial carci-
noma cell lines do. We then validated the protein expression of SCCB
up-regulated CSPs in tumors derived from the bladder-PARCB1 cell
line and the HT1376 cell line using commercially available an-
tibodies. Immunofluorescences (IF) and immunohistochemistry
(IHC) showed that CSPs CHRNA3, CACNA1A, KIAA1324, and
SEZ6 are expressed on the cell surface of tumors cells from the
bladder-PARCB xenograft (Fig. 4C). We also identified higher
expression levels in bladder-PARCB1 xenograft compared to in
the HT1376 xenograft (Fig. 4C). To test whether the SCCB up-
regulated CSPs are expressed in clinical SCCB samples, we
performed IHC in our UCLA-BLCA cohort. We found that
SCCB samples express NCAM1, while non-SCCB samples are
negative or weakly positive for this marker; KIAA1324 expression is
highly variable in both SCCB and non-SCCB samples; SEZ6 is
expressed in a few tumor cells in SCCB samples, but is not
expressed in non-SCCB samples (SI Appendix, Fig. S9). Our find-
ings suggest that the PARCB model is a representative tool for
investigating CSPs in the SCCB phenotype.

Discussion
Current understanding of SCCB biology is largely limited by the
lack of disease models and clinical cohorts. In the present study,
we provided an integrated platform, including an SCCB disease
model, SCCB cell lines, and a clinical cohort consisting of SCCB
and non-SCCB bladder cancer patient samples to characterize
this aggressive disease. Using the PARCB model, we demonstrated
that both SCCB and non-SCCB phenotypes can be derived from
urothelial cells with a defined genetic background, but can be
distinguished by their transcriptomes. We further identified CSPs
associated with the SCCB phenotype and showed that the PARCB
model shared a CSP profile with clinical SCCB samples. Our
platform improves our understanding of SCCB biology and pro-
vides a useful tool to further interrogate this disease.
SCCB is frequently observed alongside other bladder cancer

phenotypes in clinical samples (10). However, whether SCCB
originates from normal cells or is transdifferentiated from non-
SCCB during cancer progression is not known. Using our PARCB
model, we demonstrated that SCCB can be initiated from normal
urothelial cells. However, we cannot rule out transdifferentiation
as an alternative route of SCCB development. Small cell carcinoma
can transdifferentiate from nonsmall cell carcinoma during anti-
cancer treatments (50). For example, the neuroendocrine/small cell
prostate cancer phenotypes can be induced by hormone-deprivation
therapy (51). Tumors derived from bladder-PARCB single-cell
clones show both small cell carcinoma and urothelial carcinoma
phenotypes. This indicates that cells from 1 cancer phenotype can
give rise to another phenotype, presumably through processes
involving transdifferentiation. This is concordant with prior re-
ports of therapy-induced transdifferentiation (52). Our model thus
provides a resource for the investigation of this clinically impactful
plasticity. The transdifferentiation of cancer cells can be dictated
by epigenetic modification in neuroblastoma and nonsmall cell
lung cancer (53, 54). Importantly, mutations on epigenetic modi-
fiers KDM6A, ARID1A, CREBBP, EP300, and KMT2A/C/D are
present in more than 70% of SCCB samples (11). We also found
loss of epigenetic regulator EP300 mRNA in SCCB samples from
the UCLA-BLCA cohort, suggesting dysregulation of the epige-
netic network in SCCB. Emerging evidence shows that targeting
the epigenetic regulation as a promising therapeutic strategy for
blood, liver, and colorectal cancers (55). Therefore, our cell lines
provided a useful tool to further investigate the epigenetic modi-
fication in dictating bladder cancer phenotypes and may lead to
novel therapeutic strategies for aggressive bladder cancer.
The poor prognosis of SCCB indicates an unmet clinical need

to develop new therapeutic strategies. Although PD-1/PD-L1–
targeted immunotherapies (6) have been recently approved for

Table 1. A list of phenotype-associated CSP genes as potential
therapeutic targets

Phenotype
Gene
name

LFC (SCCB
vs. non-
SCCB)

No. of
therapeutic
antibodies

SCCB up-regulated
CSP genes

CD247 1.16 2
NCAM1 1.28 1

SCCB down-
regulated CSP
genes

EGFR −2.37 18
ERBB2 −1.88 14
ERBB3 −1.28 10
APP −1.04 6
ITGB1 −1.04 5
ITGAV −1.14 4
ITGA5 −1.99 3
KDR −0.57 3

PDGFRA −0.85 3
ICAM1 −0.98 2
ITGA2 −2.02 2

NOTCH2 −0.82 2
TACSTD2 −3.04 2
TPBG −0.72 2
BSG −0.88 1
CD74 −2.08 1

GPNMB −1.41 1
ITGB5 −0.65 1
ITGB6 −1.83 1
MUC1 −1.89 1

Similarly expressed
CSP genes*

MS4A1 −0.06 9
IGF1R −0.72 8
TNF 0.52 7

TNFRSF10B −0.45 6
CD19 0.25 4

*Top 5 ranked by number of therapeutic antibodies
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metastatic bladder cancer, their efficacy in the subset of patients
with SCCB remains unknown. Protein expression of PD-L1 in
TILs predicts response to PD-1/PD-L1–targeted therapies in bladder
cancer (46). We found that most SCCB samples had more than 5%
PD-L1 positivity in TILs, suggesting a potential response to PD-1/
PD-L1–targeted treatment. Moreover, PD-1/PD-L1–targeted ther-
apies have antitumor effects in small cell lung cancer patients (56).
Since small cell lung cancer and SCCB share histological features,
such therapy may also have antitumor effects in SCCB patients. A
recently initiated clinical trial (NCT03582475) in SCCB patients
is evaluating pembrolizumab combined with chemotherapy. In
addition, we nominated a list of CSPs that are associated with
SCCB phenotype, including a set of CSPs that are highly
expressed in brain tissues based on their mRNA expression. We
showed that the expression of these CSPs are variable at both
mRNA (Fig. 3A) and protein levels (SI Appendix, Fig. S9) in SCCB
samples. Thus, further efforts are needed to comprehensively ex-
amine their protein expression levels to evaluate their potentials as
therapeutic targets.
Bladder-PARCB cell lines are the only available human SCCB

cell lines. They are representative cell models of SCCB that may
grant us the ability to perform functional assays at the cellular

level. We demonstrated that these cell lines recapitulate clinical
SCCB features, such as the expression of NEDmarkers as well as
a similar metastatic behavior. This further extends the application
of these cell lines to evaluate SCCB metastasis, which is the major
cause of patient deaths (9). Notably, we showed that the bladder-
PARCB1 cell line shares a CSP profile with clinical samples and
express SCCB-associated CSPs. This will allow future preclinical
works targeting these CSPs in this cell line. Moreover, our tran-
scriptional analyses shown that there are differences in CSP profiles
between bladder-PARCB1 and clinical SCCB samples. For exam-
ple,GRIN2A and FAT3 are highly expressed in SCCB samples but is
undetectable at the mRNA level in the bladder-PARCB1 cell line.
This may be due to different genetic backgrounds of clinical SCCB
samples and PARCB cell lines. Genetic alterations, such as E2F3
amplification and TERT promoter mutation, are frequently found in
clinical SCCB samples (11). Although we observed up-regulation
of TERT mRNA in bladder-PARCB1 cells compared to normal
bladder epithelial cells, whether these genetic alterations may af-
fect the CSP profile need to be further evaluated. We demon-
strated that our epithelial transformation system is an efficient
tool to test the effects of genetic events in tumorigenesis as well as
tumor phenotype. Therefore, this system could be further used to

Fig. 4. Bladder-PARCB cell lines share similar CSP profile with clinical SCCB samples. Bladder-PARCB cell lines express SCCB-associated CSPs at mRNA and
protein levels. (A) PLSR projecting the CSP transcriptional profile of bladder-PARCB cell lines to the UCLA-BLCA cohort. The bladder-PARCB1 cell line is
clustered with clinical SCCB samples. (B) Heatmap summarized the expression of phenotype-associated CSPs in bladder-PARCB cell lines and urothelial car-
cinoma cell lines NCI-HT1376, J82, and T24. Data are shown by the z-score normalized by genes across cell lines based on the TPM of genes in each cell line.
Each row represents a gene. Red color indicates higher expression level (higher z-score); blue color indicates lower expression level (lower z-score). (C)
Representative image of IF or IHC using antibody against CACNA1A, KIAA1324, CHRNA3, and SEZ6 in tumor derived from HT-1376 and PARCB cell lines. In the
IF panel, blue color shows nuclear staining by DAPI, red color indicates positivity of CSPs. (Scale bars, 100 μm.)

Wang et al. PNAS | January 7, 2020 | vol. 117 | no. 1 | 569

M
ED

IC
A
L
SC

IE
N
CE

S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915770117/-/DCSupplemental


explore the roles of other genetic alterations in the determination
of CSP profile in urothelial cancers. Such study will contribute to
identifying critical regulators of the SCCB surfacesome and de-
veloping novel targeted therapies.

Materials and Methods
Lentiviral Vector Cloning and Virus Packaging. The PARCB factor vectors (FU-
MYC-P2A-BCL2-CRW, FU-RB1-shRNA-TP53DN-CYW, and FU-myrAKT1-CGW)
were cloned and lentiviruses were packaged by a previously described method
(17). The FU-CRW backbone was used as a negative control (empty vector).

Isolation of Primary Urothelial Cells. Donor tissues (including human urinary
tract tissues and FFPE clinical samples) were provided in a de-identified
manner and thus were exempt from Institutional Review Board approval.
Surgical removed noncancerous human urinary tract tissues (renal pelvis,
prostatic urethra, or bladder) were cut into 5-mm chunks and subjected to
digestion (1 mg/mL type II collagenase [Fisher Scientific #17-101-015] and
1 mg/mL Dispase [Fisher Scientific, #17-105-041], with 1× Normalcin [Invivogen,
#ant-nr-1] in DMEM with 10% FBS) at 37 °C for 12 h. The tissue was then fil-
tered by a 40-μm cell strainer and the supernatant was collected. The cells in
the supernatant were collected by centrifuge at 400 g for 5 min and were
washed twice using PBS. The cell pellets were resuspended in DMEMwith 10%
FBS and cell number was counted.

FACS for CD49f+/EPCAM+ Cells. Cells isolated from primary urothelial cells
were stained using anti–CD49f-PE antibody (eBiosciences, #12-0495-82) and
anti–EPCAM-APC (eBiosciences, #17-5791-82) antibody at a concentration of
5 μL per million cells. The EPCAM+/CD49f high and EPCAM+/CD49f low cell pop-
ulation was collected for epithelial transformation assay.

Epithelial Cell Transformation and Organoid Culturing. The epithelial cell
transformation and organoid method have been described in detail pre-
viously (17, 57). EPCAM+/CD49f high and EPCAM+/CD49f low primary urothelial
cells, or primary bladder epithelial cells isolated from donors without urinary
tract-related disease (American Type Culture Collection [ATCC], #PCS-420-010)
were infected with lentivirus containing the PARCB factors and then mixed
with Matrigel (Corning, #356234) to set up organoid culture. The organoids
were cultured with bladder epithelial cell medium (ATCC, #PCS-440-030, #PCS-
700-040) for 2 wk. Then, organoids were harvested by digesting with 1 mg/mL
Dispase for 2 h. The organoids were washed 3 times with PBS to remove
Dispase and resuspended in 30 μL Matrigel. The organoid–Matrigel mixture
was implanted subcutaneously in immunodeficient NSGmice using a 27-gauge
syringe. Xenografts were harvested 12 wk after implantation or when they
reached 1-cm diameter, whichever came first.

Animal Protocol. NSG mice were transferred from the Jackson Laboratories
and housed and bred under the care of the Division of Laboratory Animal
Medicine at UCLA. Subcutaneous injection of cells was performed according
to protocols approved by UCLA’s Animal Research Committee.

Tissue Processing and Histology. Tumor tissues were prefixed in 10% buffered
formaldehyde for overnight at 4 °C, then moved into 70% ethanol for no less
than 30 min. Tissues were then processed at the Translational Pathology
Core Laboratory (TPCL), a College of American Pathologists/Clinical Labo-
ratory Improvement Amendments-certified research facility in the UCLA
Department of Pathology and Laboratory Medicine and a UCLA Jonsson
Comprehensive Cancer Center Shared Facility. Paraffin-embedded tissues were
sectioned into 4-μm sections and H&E staining was performed for every 5
sections. The histology was evaluated by experienced pathologists at UCLA.

Immunostaining, Immunoblotting, and Antibodies. Immunostaining and im-
munoblotting were performed following methods that were previously
described in detail (17). Antibodies targeting c-Myc (Abcam #ab32072, 1:500
dilution), p-AKT (Cell Signaling Technology, #9271, 1:500 dilution), BCL2
(Abcam, #ab32124, 1:500 dilution), P53 (Cell Signaling Technology, #2527, 1:500
dilution), RB (Abcam, #ab181616, 1:500 dilution), Ki67 (Abcam, #ab16667, 1:500
dilution), cleaved caspase 3 (Cell Signaling Technology, #9661, 1:500 dilution),
GAPDH (Genetex, #GTX627408-01, 1:10,000 dilution), SYP (Santa Cruz, #sc-
17750, 1:500 dilution for IHC, 1:2,000 dilution for immunoblotting), NCAM1/
CD56 (Abcam, #ab75813, 1:500 dilution for IHC, 1:2,000 dilution for immu-
noblotting), and CHGA (Abcam, # ab15160, 1:100 dilution for IHC, 1:2,000
dilution for immunoblotting), KIAA1324 (Thermo Fisher, #PA5-72691, 1:200
dilution), SEZ6 (Thermo Fisher, #PA5-47683, 1:100 dilution), CHRNA3 (Thermo

Fisher, #MA5-31685, 1:200 dilution) and CACNA1A (Thermo Fisher, #PA5-
50634, 1:200 dilution) were used for immunostaining and immunoblotting.

For IHC, anti-mouse/rabbit biotinylated secondary antibodies were used to
detect primary antibodies. ImmPACT DAB (Vector Laboratories, CAT# SK-
4105) was used to visualize the staining.

For IF, Alexa 488 conjugated goat anti-mouse secondary antibody (Thermo
Fisher A-11001) or Alexa 594 conjugated goat anti-rabbit secondary antibody
(Thermo Fisher A-11012) were used to detect primary antibodies and to vi-
sualize the staining. A fluorescent microscope was used to capture the image
and pseudo color were assigned using ImageJ. Brightness and contrast were
adjusted using ImageJ to increase staining signal and reduce background. All
pictures with the same staining were adjusted using the same parameters.

Cell Culture and the Establishment of Bladder-PARCB Cell Lines/Single-Cell
Clones. Primary bladder epithelial cells (ATCC, #PCS-420-010) and NCI-HT1376
cancer cell line were purchased from ATCC and maintained as recommended
by ATCC.

The PARCB tumors from primary bladder epithelial cell lines (ATCC) were
dissociated using 1 mg/mL type II collagenase (Fisher Scientific #17-101-015)
and 1 mg/mL Dispase (Fisher Scientific, #17-105-041), with 1× Normalcin
(Invivogen, #ant-nr-1) in DMEM with 10% FBS for 30 min. GFP+/RFP+/
YFP+ cells were isolated using FACS and then cultured in stem cell culture
medium (Advanced DMEM/F12 [Gibco #12634028] with 1× Glutamax [Gibco,
#35050061], 1× B27 [Gibco, #17504044], 10 ng/mL human EGF [Peprotech
#100-47], and 10 ng/mL human FGF-basic [Peprotech, #100-18B]). The cells
were referred to as bladder-PARCB cell lines. The bladder-PARCB1 and
PARCB2 cell lines have been cultured for more than 6 mo (1 or 2 passages per
week) using stem cell culture medium in vitro. Both cell lines are propagated
as organoids in tissue culture treated flasks. Single cells of cultured bladder-
PARCB cell lines were dispensed into a 96-well plate using FACS (1 cell per
plate). The plates were checked by microscopy to confirm the presence of
only 1 cell in each well. Cells were cultured for 4 wk and the expanding cell
clones were collected and cultured as single-cell clones. The single-cell clones
were implanted subcutaneously into NSG mice to generate tumors.

Metastatic Assay of Bladder-PARCB Cells. For metastatic assay, 5 × 106 bladder-
PARCB1 cells in 200 μL PBS were injected into NSG mice through the tail-vein.
The 18F-FDG PET scans were performed 16 wk after injection as described
previously (58).

Collection of Clinical Samples. FFPE urothelial cancer samples were collected
from patients that had undergone surgery at the Ronald Reagan Medical
Center (Los Angeles, CA). All samples were consented for and reviewed by
certified genitourinary pathologists. The SCCB samples are defined by his-
tology with typical small cell carcinoma histology including small round cell
shape, large nuclear-to-cytoplasm ratio, and pyknotic round to oval nuclei.
SCCB are further defined by >60% combined positivity of CHGA, ENO2, and
SYP using IHC staining. Non-SCCB samples are defined by a muscle-invasive
bladder cancer histology.

PD-L1 Staining and Scoring. PD-L1 staining in the UCLA-BLCA cohort was
performed using Ventana SP142 kit (Roche, #740-4859) following the manu-
facturer’s instruction. The slides were reviewed blindly and independently by 2
experienced pathologists. The discrepancies of results were resolved by re-
evaluation of the slides. The prevalence of PD-L1 staining in tumor cells or
TILs was shown as the percentage of positive area to total area, respectively.
The staining intensity were scored from 1 to 3+. The intensity was then trans-
formed to a quantitative scoring scale (intensity 1 = 1, 1+ = 1.5, 2 = 2, 2+ = 2.5,
3 = 3, 3+ = 3.5). A score range from A to B is then calculated as the average of A
and B [i.e., 1 to 2+ would be calculated as (1 + 2.5)/2 = 1.75]. The percent-
ages and intensity scores from the different pathologists were collected in-
dependently and the average value in each sample was calculated and shown.

Transcriptional Profiling of Urothelial Cancer Samples. RNAwas extracted from
FFPE human urothelial cancer tissue using the Ambion RecoverAll kit (Thermofisher,
#AM1975). RNA from cultured cells was extracted using Qiagen miRNeasy kit
(Qiagen, #217004). Libraries were prepared using the Human FFPE RNA-seq kit
(Nugen, #0341-32) according to the manufacture’s protocol. Libraries were
pooled and sequenced at 150-bp paired-end using an Illumina HiSeq 3000.
Raw RNA-seq files were mapped to the hg38 human genome using the TOIL
pipeline (59), and transcripts were quantified using RNA-seq by expectation-
maximization (RSEM). Differential expression analysis was performed using
DESeq2 (60). Differential gene expression in SCCB and non-SCCB samples was
identified by a P value cutoff of P < 0.05.
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GSEA Analysis. GSEA was performed using GSEA Desktop v3.0 (61, 62). The
gene list from the DESeq2 analysis was filtered with a P value cutoff of P <
0.05. The genes were ranked using –log10(P value)*sign (log2 fold-change
[LFC] SCCB vs. non-SCCB). GSEA was performed using the C5 all-gene ontology
V6.2 dataset and preranked/classic setting. All positive- or negative-enriched
gene sets (normalized P < 0.05) were ranked by normalized enrichment score.
The key words related to a topic was determined by their frequencies in all
gene sets followed by manual curation. Five categories including neuron
(keywords: neuro, axon, synap), cell cycle (keywords: cell cycle, mitotic, mitosis,
meiotic, epithelial cell proliferation, DNA replication, centrosome, spindle), cell
death (keywords: cell death, apopto), cell adhesion (keywords: adhes, junc-
tion), and immune (keyword: immun, T cell, B cell) were analyzed. All gene sets
that match any of these 5 categories were plotted.

Calculation of Pan-Small Cell Carcinoma Gene Signature Score. The pan-small
cell gene signature is derived from a previously published pan-small cell
analysis (28). The genes were ranked by the PC1 in the varimax of PCA
loading of RNA from normal lung, normal prostate, castration-resistance
prostate cancer, neuroendocrine prostate cancer, lung adenocarcinoma,
and small cell lung cancer clinical samples. The top 50 genes were used as the
pan-small cell carcinoma gene signature to calculate the pan-small cell gene
signature score in the UCLA-BLCA cohort. The log2 (normalized reads count)
of each gene/sample was calculated. The z-score of each gene across all SCCB
and non-SCCB samples were calculated. The sum of z-scores of the 50 genes
was calculated in each sample and was used as the gene signature score for
each sample. The gene-signature scores in non-SCCB samples were com-
pared with those in SCCB samples by a Student t test and P < 0.05 is con-
sidered as statistically significant.

Identification of SCCB-specific CSP Genes. CSP genes are determined by an-
notation of extracellular domain in Uniprot database. In total, 2,648 CSP
genes were identified (Dataset S5). The CSP associated with a specific phe-
notype is determined by the P < 0.05 and LFC >0 (SCCB) or LFC < 0 (non-SCCB) in
DESeq2 analysis. The RNA expression data of SCCB up-regulated or down-regulated
CSP genes were transformed to transcripts per million (TPM) and then compared to
tissue-expression profile from the GTEx dataset. Only genes that appear in both
datasets are plotted. The GTEx data are obtained from the GTEx Portal on 29 July
2019. The RNA expression of urothelial carcinoma cell lines, NCI-HT1376, T24, and
J82 were obtained from the Cancer Cell Line Encyclopedia database.

VIPER Analysis. Aracne-AP, a computationally tractable version of the original
Aracne framework, was used to reconstruct gene regulatory networks
(63). The networks were built using the human neuroendocrine tumor
interactome (regulonnet) and interactomes from TCGA RNA-seq datasets:
BLCA, BRCA, CESC, COAD, ESCA, GMB, HNSC, KIRC, KIRP, LAML, LIHC, LUAD,
LUSC, NET, OV, PAAD, PCPG, PRAD, READ, SARC, STAD, TGCT, THCA, THYM,
and UCEC. Normalized enrichment scores were created using VIPER (30) with
the SCCB to non-SCCB dichotomy, and using the built network as regulon.
The P value of each regulator was calculated using a Student t test. P < 0.05
was considered as statistically significant.

PCA and PLSR Analysis. PCA is an unsupervised learning approach that de-
composes a matrix x into orthogonal principal components that maximize
the variance explained in x. In our analysis data, the x matrix the RNA-seq
expression matrix of the UCLA-BLCA datasets. The analysis was performed
using the TPM of each sample.

PLSR is a supervised learning approach that decomposes a matrix x of
predictors and dependent variables y into orthogonal components, while
also maximizing the covariance between the 2 matrices. In our analysis
data, the x matrix is the RNA-seq expression matrix of all CSP genes in the
UCLA-BLCA dataset and the y matrix is a binary vector on the SCCB and
non-SCCB samples classification. Projections onto this PLSR space were
performed with the mRNA expression profile of the bladder-PARCB 1 and
2 cell lines. The analysis was performed using normalized counts from
DESeq2 analysis.

RNA Expression Data of Urothelial Carcinoma Cell Lines. The RNA expression of
urothelial carcinoma cell lines, NCI-HT1376, T24, and J82 were obtained from
the Cancer Cell Line Encyclopedia database (version CCLE_RNAseq_rsem_genes_
tpm_20180929.txt.gz).

Statistics. All statistical analyses were performed using Graphpad Prism 6. For
the Student t test, P < 0.05 is considered as significant. For one-way ANOVA,
the P value was subjected to Bonferroni correction.

Data Availability. RNA-seq dataset was deposited at Gene Expression Omnibus
(27), with accession number of GSE139822.
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