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SUMMARY

We describe a strategy that combines histologic and molecular mapping that permits interrogation
of the chronology of changes associated with cancer development on a whole-organ scale.

Using this approach, we present the sequence of alterations around /81 in the development of
bladder cancer. We show that RB1 is not involved in initial expansion of the preneoplastic clone.
Instead, we found a set of contiguous genes that we term “forerunner” genes whose silencing is
associated with the development of plaque-like field effects initiating carcinogenesis. Specifically,
we identified five candidate forerunner genes (/7TMZ2B, LPAR6, MLNR, CAB39L, and ARL11)
mapping near RB1. Two of these genes, LPAR6and CAB39L, are preferentially downregulated in
the luminal and basal subtypes of bladder cancer, respectively. Their loss of function dysregulates
urothelial differentiation, sensitizing the urothelium to N-butyl-N-(4-hydroxybutyl) nitrosamine-
induced cancers, which recapitulate the luminal and basal subtypes of human bladder cancer.

In brief

Lee et al. report that FR genes mapping near /RB1 are associated with the development of field
effects initiating bladder carcinogenesis. Two of these genes are distinctively downregulated in
luminal and basal cancers. Their loss contributes to carcinogenesis by dysregulating urothelial
differentiation mediated by cholesterol and the unfolded protein reaction.

Graphical abstract
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INTRODUCTION

The prevailing view is that common epithelial cancers develop from microscopically
recognizable precursor lesions such as dysplasia and carcinoma /n situ.l However, new
evidence suggests that dysplasia and carcinoma /n situ are not the initiating events

of carcinogenesis but represent the evolution of preexisting occult disease caused by
the field effects of carcinogens and/or chronic inflammation, which exhibits minimal
phenotypic deviation from normal tissue but harbors complex molecular alterations that
trigger carcinogenesis. The areas influenced by field effects may form large plaques
involving extensive mucosal areas of the affected organ.2~* The molecular mechanisms
driving this initiating phase of carcinogenesis are largely unknown, but preliminary evidence
has demonstrated that a set of genes distinct from major known oncogenes and tumor
suppressors may be involved.>6

Bladder cancer is a unique model of human carcinogenesis, facilitating studies of mucosal
field effects because of the simple anatomy of the organ, which permits mapping of /in

situ preneoplastic conditions geographically across the entire mucosa.” We developed an
approach referred to as whole-organ histologic and genomic mapping (WOHGM) that
facilitates the identification of genes and their downstream pathways whose dysregulation is
associated with a growth advantage, allowing for tracking of the evolution of bladder cancer,
from occult mucosal field effects to invasive disease.8-14
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Using WOHGM, we previously identified several potential target genes referred to as
“forerunner” (FR) genes, which generally map to genomic regions that also contain well-
established tumor-suppressor genes.® The FR genes are related to tumor suppressors in
the sense that they contribute to tumorigenesis via loss of function, but their inactivation
precedes functional loss of the neighbor tumor suppressor. We hypothesized that loss of
function of the FR genes contributed to the initial growth advantage of a preneoplastic
clone, whereas subsequent inactivation of tumor suppressors and activation of oncogenes
represented a transforming event associated with clonal evolution to severe dysplasia/
carcinoma 7 situ progressing to invasive disease along the luminal and basal pathways.>8

Herein, we present the results of our studies focused on the 13q14 region around the
model tumor suppressor RBZ, in which we identified five candidate FR genes (/7TMZ2B,
LPARG6, MLNR, CAB39L, and ARL11) and provided evidence that their silencing, via
hypermethylation or, less frequently, mutations, is associated with the initial expansion
of intraurothelial neoplasia that sets the stage for subsequent events of carcinogenesis.
We validated the involvement of FR genes in several independent bladder cancer cohorts
that were profiled according to a luminal/basal molecular taxonomy.1>-17 These studies
demonstrated that the FR genes LPAR6 and CAB39L are distinctively involved in the
luminal and basal molecular subtypes of bladder cancer, respectively. We present /in
vitroand in vivo evidence that downregulation of these two genes contributes to bladder
carcinogenesis by dysregulating the urothelial differentiation program. In animal models,
loss of function of Lpar6and Cab39/induced distinctive luminal and basal types of
urothelial hyperplasia, respectively. This in turn sensitized the urothelium to N-butyl-N-(4-
hydroxybutyl)nitrosamine (BBN)-induced cancers, which recapitulated the luminal and
basal subtypes of human bladder cancers.

RESULTS

The overall strategic plan for our studies concerning the role of FR genes in the development
of bladder cancer is summarized in Figure S1. Initially, we performed high-resolution
single-nucleotide polymorphism (SNP)-based WOHGM studies focused on the 13q14
region around the model tumor suppressor /#B1, which identified the candidate FR genes
ITMZB, LPARG6, MLLNR, CAB39L, and ARL 11. We confirmed their involvement in bladder
cancer using human samples and bladder cancer cell lines with custom-made NimbleGen
tiling expression arrays spanning an approximately 5-Mb region around RB1. We also
confirmed the silencing of candidate FR genes by methylation and, occasionally, by
inactivating mutations in the early phases of bladder carcinogenesis using WOHGM and
validated it in several publicly available human bladder cancer cohorts (The University

of Texas MD Anderson Cancer Center, The Cancer Genome Atlas [TCGA], and Lund
University) comprising 905 tumor samples.18:19 We selected the LPAR6and CAB39IL genes
for more in-depth mechanistic studies, as they were distinctively involved in molecular
subtypes of bladder cancer (i.e., LPAR6 was preferentially involved in the luminal subtype,
whereas CAB39L was predominantly involved in the basal subtype). We studied their
biologic effects in CRISPR ablation systems with bladder cancer cell lines and in germline
ablation mouse models using embryonic fibroblasts, bladder urothelium, and BBN-induced
bladder tumors. Finally, we validated the phenotypic effects of LPAR6and CAB39IL loss of
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function on the same publicly available bladder cancer cohorts and showed that the luminal
and basal molecular subtypes of the disease exhibited LPAR6- and CAB39L-depleted
phenotypes, respectively.

Mapping and expression studies of the candidate FR genes around RB1

We performed our whole-organ mapping studies focused on the 13q14 region containing
the model tumor suppressor RB1 with 902 geographically annotated mucosal samples

of 20 whole-organ cystectomy samples (Figure S2A). The samples were microscopically
classified as normal urothelium (NU), /n situ preneoplastic conditions referred to as low-
and high-grade intraurothelial neoplasia (LGIN and HGIN), and urothelial carcinoma (UC)
(Figure S2B). The clinical and pathologic data for the 20 cystectomy samples used in

this study are summarized in Table S1. We performed the SNP-based WOHGM studies
focused on a 27-Mb segment around /RBI using 234 samples from the first five cystectomy
maps (maps 1-5) (Figure 1A). We superimposed loss of polymorphism (LOP) identified
by informative SNPs on the whole-organ histologic maps and compared it to the RB1
mutational status. This permitted the identification of chromosomal segments with LOPs
associated with intraurothelial expansion forming large plaques in the bladder mucosa.
Integration of such data from all five whole-organ maps revealed that such losses clustered
in an approximately 5-Mb region surrounding /RB1. The alignment of LOPs in individual
whole-organ maps identified a minimal deleted segment involving /B and its flanking
regions spanning 1.7 Mb that contained 20 putative positional candidate genes, which may
have contributed to the initial clonal expansion of intraurothelial neoplasia. This clonal
expansion represented a mucosal field effect that was not accompanied by inactivation of
the second RBI allele and, most importantly, extended to mucosal areas with minimal or
no deviation from normal urothelial morphology (Figure 1B). In cases in which loss of
one RB1 allele was followed by mutational inactivation of the second allele, we found
homozygous inactivation of RB1 to be a later event corresponding to the onset of severe
dysplasia/carcinoma /n situ that eventually progressed to invasive carcinoma (Figure 1B,
map 2). Such a pattern of loss and RB1 gene inactivation provided the foundation for the
concept of alternative tumor-suppressor genes termed FR genes that may drive the initial
expansion of intraurothelial neoplasia and contribute to the development of mucosal field
effects initiating bladder carcinogenesis.

To narrow the list of positional candidate FR genes, we performed expression studies of all
genes mapping to a 5-Mb region around /B1 using custom-made NimbleGen tiling arrays
containing 385,000 DNA expression probes.20 With this approach, we obtained data on all
expressed sequences in the region, including the expression patterns for all annotated genes
at exon-scale resolution in 9 bladder cancer cell lines and 22 primary human bladder cancers
(Figures S3A-S3D). Analysis of these data identified the candidate FR genes /TMZ2B,
LPARG6, MLNR, CAB39L, and ARL 11, whose expression was downregulated at least 2-fold
in more than 50% of the tested samples.

To identify the putative mechanisms underlying the observed downregulation of the FR
genes, we used TCGA bladder cancer data to analyze the correlation between the expression
of the genes and their methylation levels. In these analyses, we considered only the regions
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with negative correlation, with coefficient correlation values ranging from -0.21 to —0.67.18
For the /TM2B, MLNR, and ARL11 genes, we explored the level of hypermethylation of
the CpG islands in the promoter regions. We also identified the CpG sites in the LPARE,
CAB39L, and ARL 11 sequences, which are located in either the first exon or the 5
untranslated region of this exon, in which the level of methylation was negatively correlated
with the expression (Figure S4A).

To verify this correlative observation and determine the contributions of epigenetic
silencing, we used methylation-specific polymerase chain reaction and sequencing along
with expression profiling with 12 bladder cancer cell lines and 5 normal urothelial cell
samples (Figure S4B). To quantify the proportion of methylated DNA, we generated
standard titration methylation curves for all five candidate FR genes (Figures SAC and
S4D). We noticed a negative correlation between the status of methylation and the level of
expression for the FR candidate genes in almost all analyzed cell lines (Figures S4E and
S4F). In addition, we observed that expression of the FR genes in the selected cell lines
could be restored by demethylation after treatment with decitabine (Figure S4G).

We also explored the development of mucosal field effects by FR gene downregulation

and the silencing of FR genes by methylation using WOHGM. We initially examined the
methylation or mutational status of our candidate FR genes in representative tumor samples
from all 20 whole-organ maps. For the six maps in which hypermethylation or mutation

of candidate FR genes was identified, we extended testing to all mucosal samples. This
approach identified hypermethylation of /TMZ2B, LPAR6, MLNR, CAB39L, and ARL11in
maps 3, 10, 11, 17, and 21. In addition, in map 16, we identified mutational inactivation

of LPAR6 combined with LOP. In all instances, the areas of hypermethylation or LOP
combined with mutational inactivation of LPAR6 formed contiguous plaques involving large
areas of bladder mucosa. Examples of plaque-like methylation patterns for these genes
identified via WOHGM are shown in Figure 1C. In each instance, the hypermethylation or
mutational inactivation formed a plaque that extended to mucosal areas with minimal or

no deviation from normal urothelial morphology. This distribution pattern was consistent
with the involvement of the candidate FR genes in early incipient phases of intraurothelial
neoplasia and development of diffuse mucosal field effects.

To determine the frequency of FR gene silencing in bladder cancer, we performed mutation,
methylation, expression, and LOP studies with the MD Anderson (n= 189), TCGA (n

= 408), and Lund University (n=308) bladder cancer cohorts (Figures SSA-S5E and
S6A-S6C). The clinical and pathologic data for these three cohorts are summarized in
Table S2. Analysis of the data available for the TCGA cohort showed that mutations of
the FR genes were extremely rare and that the predominant mechanism of downregulation
was hypermethylation (Figure S5A). Among the candidate FR genes, LPAR6 exhibited
nucleotide substitutions causing an amino acid change in 2% of the bladder cancers.
Therefore, in our subsequent studies, we performed mutational analysis of LPARG for

the MD Anderson cohort and focused on methylation analysis of all five candidate FR
genes. Specifically, we performed quantitative real-time polymerase-chain-reaction-based
methylation studies of the FR genes for this cohort. For 111 of the MD Anderson samples,
we performed parallel copy-number-loss studies of the /B gene and its flanking regions
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spanning approximately 5 Mb (Table S3). The results of the methylation studies for the

189 MD Anderson bladder tumor samples are summarized in Figure S6A. These studies
demonstrated that L PAR6 and CAB39L were the most significantly hypermethylated FR
genes. The results of parallel LOP studies of /B and its flanking regions in a subset of
111 tumor samples in the same cohort are depicted in Figure S6B. The results of combined
methylation mutational analysis of the five FR genes in relation to /81 status documented
using immunohistochemistry and mutational analysis for the same 111 samples are shown
in Figure S6C. Also, the results of mutational, methylation, and LOP studies of £BZ and
the FR genes are summarized in Table S3. We examined the loss of genetic material by
allelotyping SNPs mapping to the 5-Mb region around /B, detecting LOP in 67% of
bladder cancers and observing that nearly half (49%) of the tumors involved the 1.7-Mb
region containing the candidate FR genes. The promoter regions of /7TM2B, MLNR, and
ARL11were hypermethylated in 42%, 22%, and 24% of the primary human bladder tumor
samples, respectively (Figure 1D). In addition, the methylation of the CpG sites located in
the sequences of LPAR6and CAB39L was inversely correlated with their expression levels;
these genes were methylated in 72% and 92% of the bladder tumor samples, respectively.
When we combined the methylation or mutational status of candidate FR genes with LOP,
implicating their homozygous inactivation, the range for individual candidate FR genes
varied from 3% to 27% (Figure 1E). Furthermore, we identified methylation involving
greater than 50% of DNA, implicating homozygous silencing of at least one FR gene
without associated LOP in 51% of the cases. We identified LOP combined with methylation
or mutation of at least one FR gene in 27% of the cases, as well. Taking these analyses
together, we documented homozygous inactivation of at least one FR gene in 36% of the
bladder tumor samples. At least one FR gene was lost in more than 40% of bladder cancers.
We observed combined loss of FR genes and RB1 in 15% of the samples (Figure 1F).

To identify the frequency of involvement of candidate FR genes in molecular subtypes of
bladder cancer, we analyzed their expression and methylation in the TCGA (7= 408) and
Lund University (n=308) cohorts profiled according to luminal/basal taxonomy (Table
S2; Figures S6A-S6E).18.19 Both cohorts had somewhat consistent patterns of methylation
and downregulation of FR genes in relation to molecular subsets of bladder cancer. First,
these studies confirmed that FR genes were hypermethylated and downregulated in about
50% of luminal and basal bladder cancers. Moreover, downregulation and hypermethylation
of CAB39L were enriched in the basal subtype. The remaining candidate FR genes were
downregulated or hypermethylated at almost equal levels in about 50% of both the luminal
and the basal subtypes. LPAR6 was more frequently downregulated in the luminal subtype
in the Lund University cohort, which included a large proportion of low-grade superficial
papillary tumors, which are almost exclusively luminal. In our subsequent studies, we
focused on the biologic effects of LPAR6and CAB39L loss of function, which appeared to
be distinctively involved in the development of luminal and basal tumors.

Effects of LPAR6 and CAB39L loss of function on bladder cancer cell lines

To study the biologic effects and underlying mechanisms of LPAR6 and CAB39L loss of
function, we ablated these genes in selected bladder cancer cell lines. Because our initial
observations provided circumstantial evidence that these genes may regulate the urothelial
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differentiation program, we asked whether their loss of function may change the luminal and
basal phenotypes of bladder cancer cell lines. To answer this question, we first classified
bladder cancer cell lines according to the previously developed luminal and basal classifier
including the quantitative basal-to-luminal transition (BLT) score (Figures S7A and S7B).17
We observed that luminal cell lines uniformly formed well-developed urospheres exhibiting
the expression and microscopic features of luminal differentiation when they grew in an
adhesion-free medium. On the other hand, basal cell lines did not form urospheres in an
adhesion-free medium and grew in a predominantly dispersed pattern, occasionally forming
small, loosely arranged cell clusters that did not exhibit features of luminal differentiation.
Given these data, we selected prototypic basal (UC6) and luminal (UC7) cell lines to ablate
LPARG6and CAB39L, respectively, using CRISPR technology (Figures S8A and S8B). We
predicted that ablation of LPAR6G in the UC6 cell line could activate luminal differentiation.
In contrast, we expected that ablation of CAB39L in the UC7 cell line could suppress its
differentiation and activate basal features.

Effects of LPARG6 loss on the UC6 basal bladder cancer cell line

As expected, loss of LPAR6in UCG cells induced the formation of well-developed
urospheres exhibiting luminal differentiation as documented using light and electron
microscopy as well as quantitative assessment of the size and number of the

urospheres (Figures 2A-21). LPAR67~ cells had upregulation of GATAZ according to
immunohistochemistry, whereas dispersedly growing parental Z2AR6** cells were negative
for this signature luminal marker (Figures 2G and 2H). RNA sequencing demonstrated

that loss of LPARG in UC6 cells dysregulated the expression of 8,929 genes (4,446
upregulated and 4,483 downregulated). Among the top upregulated genes associated with
loss of LPAR6were LAMB3and EREG, which are involved in epithelial differentiation;
IL36G, IL1A, and PLEKHGS, which activate the NFKB1 signaling pathway; and STAT4
(Figure 2J). The downregulated genes included £ZD4, which is involved in regulation

of the B-catenin signaling pathway; DUSP4, which negatively regulates the MAPK/ERK
pathway; and CAMKZN1, which negatively regulates the ERK1/ERK2 cascade (Figure

2J). The formation of urospheres was accompanied by activation of the signature luminal
transcriptional factors GATA3and PPARYy as well as their downstream target genes (Figures
2K-2M). In addition, activation of the luminal differentiation program was confirmed by a
significant increase in the BLT score (Figure 2N). Activation of luminal differentiation was
associated with downregulation of cholesterol synthesis and upregulation of the unfolded
protein response (Figures 20 and 2P). However, gain of luminal differentiation was not
associated with suppression of the basal phenotype, as these cells had upregulation of p63, a
key transcriptional factor involved in maintenance of the basal phenotype of urothelial cells,
and its downstream target genes.21:22 In fact, p63was among the top upregulated genes in
LPAR6E™=UCS cells.

Effects of CAB39L loss on the UC7 luminal bladder cancer cell line

Loss of CAB39L in UCT cells suppressed their luminal phenotype and activated their
undifferentiated basal features. CAB39L ™'~ cells lost their ability to form well-organized
urospheres and to express GATA3 (Figures 3A-31). RNA sequencing demonstrated that
CAB39L~!= UCT cells had dysregulation of 1,106 genes (514 upregulated and 592
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downregulated). Among the top upregulated genes were PEG10, THBS1, RHOB, and KRT5
(Figure 3J). The downregulated genes included DMXLZ2, FGFRL1, and TNFRSF1B (Figure
3J). Loss of urosphere formation was accompanied by downregulation of the GATA3 and
PPAR-y luminal transcription factors and their target genes (Figure 3K). These features

were complemented by activation of the p63 basal transcription factor and its respective
downstream target genes as well as a significant reduction of the BLT score (Figures
3L-3N). Loss of luminal differentiation in these cells was associated with activation of
cholesterol synthesis and suppression of unfolded protein response (Figures 30 and 3P).

Effects of Lpar6 and Cab39I loss of function in mouse models

To determine the biologic effects of Lpar6and Cab39/1oss of function in vivo, we developed
mouse models with germline knockout of these genes. The generation of germline Lpar6™~
and Cab39/'~ knockout mice is depicted in Figures S8C-S8F.

Effects of Lpar6 and Cab39l loss on mouse embryonic fibroblasts

To verify the biologic effects of Lpar6and Cab39/1oss observed in bladder cancer cell lines
on a genetic background of normal proliferating cells, we used cultured mouse embryonic
fibroblasts (MEFs) from germline ablation models of these genes. Lpar6'~ MEFs
dysregulated the expression of 5,639 genes (2,741 upregulated and 2,898 downregulated),
whereas loss of Cab39/ dysregulated the expression of 1,106 genes (514 upregulated and
592 downregulated).

Among the top upregulated genes in Lpar6™'~ cells were Afpand Dkk3. The top
downregulated genes included Pcna-psZ, Pmaip1, Perp, Hoxb8, and Apc2 (Figure S9A).
Lpar6™'~ MEFs exhibited activation of luminal differentiation, resulting in a shift from
negative to positive BLT scores and activation of unfolded protein response (Figures S9B—
S9E).

Cab39I"'~ MEFs had upregulation of the Arfigap22, Hbefy, 111r/1, and Msx2 genes, among
others (Figure S9F). The top downregulated genes in the Cab39/'~ MEFs included A#p,
liGP1, Wtl, Hoxc10, and /fit3 (Figure SOF). The Cab39/ '~ MEFs exhibited suppression

of the luminal differentiation program, downregulation of unfolded protein response,
upregulation of basal markers, and a shift from positive to negative BLT scores (Figures
S9F-S9J). Lpar6™~ and Cab39/'~ MEFs did not have any significant differences in

the expression patterns for genes involved in cholesterol synthesis. Although the top
dysregulated genes in Lpar6™'~ and Cab39/'~ MEFs differed from those observed in bladder
cancer cell lines with CRISPR ablation of these genes, the overall biologic effects were
similar.

Effects of Lpar6 and Cab39l loss on mouse bladder urothelium

The effects of Lpar6and Cab39/loss of function on mouse bladder urothelium were
consistent with their role in the urothelial differentiation program. In both instances, they
induced urothelial hyperplasia, which exhibited distinctive features. These features could
be documented using light and electron microscopy as well as immunohistochemically
by showing the expression pattern for two signature basal (KRT14) and luminal (KRT18)
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keratins (Figures 4A-4D). Lpar6~'~ bladder urothelium exhibited hyperplasia, with cells
undergoing a gradual transition from basal through intermediate to luminal urothelial layers
reminiscent of that in Lpar6*'* urothelium. In contrast, the urothelial hyperplasia in Cab39/"’
~ urothelium resulted in distinct expansion of the basal undifferentiated layer.

To provide more in-depth insight into the biologic effects of Lpar6and Cab39/loss of
function on the urothelium, we performed single-cell RNA sequencing of urothelial cell
suspensions harvested from control NU wild-type (NU-wt), Lpar6~, and Cab39/ '~ mice.
Because we did not have enough cells from an individual mouse bladder to perform single-
cell sequencing, we pooled cells from the three groups of samples listed above from 15
animals. After quality control and filtering of a total of 6,117, 6,677, and 7,503 cells

from NU-wt, Lpar6™~, and Cab39/!~ mice, respectively, we segregated via unsupervised
clustering and visualized using uniform manifold approximation and projection (UMAP).
We annotated the cell clusters according to the expression of marker genes known to

be differentially expressed in basal intermediate and urothelial cells and of marker genes
for various stromal and immune cells (Figures S10A and S10B). Because our focus was

on the biologic effects of Lpar6and Cab39/ablation on urothelial cells, we filtered out
nonurothelial cells. This provided 4,693, 6,254, and 7,012 high-quality urothelial cells in the
three sets of samples for downstream analysis. We then reclustered the pure urothelial cells
and again visualized them using UMAP. To preserve the identity of cell clusters, we initially
performed unsupervised clustering with the combined samples from the three groups and
then visualized NU-wt, Lpar67~, and Cab39/ '~ separately (Figure 4E). The expression
levels for the top differential markers across the Lpar6'~ and Cab39/'~ urothelial cell
clusters are shown in Figures S11A-S11C. The urothelial cells were segregated into

18 clusters, with each cluster representing a different cell population. In analyzing the
expression patterns for the basal and luminal markers, we could separate the clusters into
three major compartments corresponding to basal, intermediate, and luminal urothelial cells
(Figures 4F—4H). The dominant cell population in NU-wt mice corresponded to intermediate
cells, accounting for about 60% of the cell total. Ablation of Lpar6 reinforced luminal
differentiation, and in Lpar6~'~ animals, luminal cells were dominant, accounting for more
than 60% of the urothelial cells. In contrast, Cab39/loss of function was associated with
expansion of the basal compartment, which accounted for about 70% of the cells (Figure
4H). These results were in unity with quantitative assessment of urothelial differentiation
according to the BLT score. The BLT scores demonstrated dominance of cells with positive
BLT scores in Lpar6~'~ animals and that of cells with negative BLT scores in Cab39/"~
animals (Figure 41).

Consistent with the changes in the overall luminal and basal differentiation patterns /n
vitroinduced by the ablation of Lparé6and Cab39l/, single-cell RNA sequencing revealed
major changes in the activation of urothelial regulons (Figures S12A and S12B). Lpar6™'~
cells exhibited expansion of the activated regulons in luminal clusters, whereas Cab39/"~
cells exhibited expansion of the activated regulons in basal clusters. Because our /17 vitro
studies showed that the biologic effects of Lpar6and Cab39/ablation were mediated

by the unfolded protein response and cholesterol synthesis, we analyzed their activation
patterns using single-cell sequencing, which demonstrated that in £par6~/~ cells, genes
of the unfolded protein response were activated in luminal clusters (Figures S13A and
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S13B). In contrast, Cab39/"~ cells exhibited activation of the unfolded protein response in
basal clusters. We observed a somewhat similar pattern of dysregulation in genes involved
in cholesterol synthesis, as Lpar6~'~ cells exhibited activation of cholesterol synthesis in
luminal clusters, whereas Cab39/ '~ cells exhibited activation of it in basal clusters.

To better analyze the effect of Lpar6and Cab39/on urothelial differentiation, we compared
the differentiation trajectories of NU-wt, Lpar6~'~, and Cab39/ "~ cells (Figure S14A).
Similar to previously published data, the trajectories of urothelial cell differentiation were
not on a single path.23 Instead, we identified four distinct trajectories in NU-wt cells and
three distinct trajectories in Lpar6'~ and Cab39/~ cells. Surprisingly, in NU-wt cells,

the major trajectories (paths 1-3) represented basal-to-intermediate transitions, with only a
small proportion of basal cells progressing through intermediate to terminally differentiated
luminal cells (path 4). Consistent with the enhancement of luminal differentiation, Lpar6™/~
cells exhibited all three paths (paths 1-3) progressing from basal-to-luminal differentiation.
In contrast, Cab39/~ cells had a major transition (path 1) progressing from basal-to-
intermediate differentiation, whereas paths 2 and 3 exhibited progression to terminal luminal
differentiation. In NU-wt cells, paths 2 and 3 had the highest activity of urothelial regulons.
In both Lpar6™'~ and Cab39I"~ cells, path 2 had the highest activity of urothelial regulons
(Figure S14B). Furthermore, Lpar6~'~ and Cab39/~ cells had distinctive involvement of
molecular pathways and gene ontologies across their differentiation trajectories (Figure
S14C). Ablation of both genes changed the intercellular communication networks in the
urothelium (Figures S14D, S15A, and S15B). Lpar6~'~ cells exhibited activation of Egfr
and Notch intercellular communication networks among intermediate cells. Cab39/7~
intermediate cells retained the active Notch pathway but had reduction of Egfr activity. We
observed similar patterns of activation of the Notch pathway in the Lpar6~'~ and Cab39r!~
basal cells. Overall, the number of activated intercellular communication networks in both
Lpar6™'~ and Cab39/"~ cells was increased (Figure S15B).

Single-cell-sequencing-based analysis of the cell cycle demonstrated greater proliferation
activity in the Lpar6~ and Cab39/"~ cells than in the NU-wt cells?4 (Figure S16A). The
distribution of cells with high G2/M-phase and S-phase scores in Lpar6'~ and Cab39/!~
cells was different from that in NU-wt cells (Figure S16B). In both instances, we observed
expansion of proliferating cells predominantly in the basal and intermediate cell clusters.
Analysis of the G2/M-phase scores across the cell trajectories demonstrated that path 3

in both Lpar6™'~ and Cab39I"~ cells had the highest proliferative activity (Figure S16C).
The distribution of signature luminal (Upk34) and basal (Krt15) markers demonstrated
that their expansion and high expression levels were consistent with the increased luminal
differentiation in Zpar6~'~ cells and expansion of undifferentiated basal Cab39/"~ cells
(Figure S16D).

Effects of Lpar6 and Cab39l loss on BBN-induced mouse bladder cancers

BBN exposure in Lpar6~'~ and Cab39/"~ mice induced distinct forms of intraurothelial
precursor lesions. The /n situ precursor lesions in Lpar6~'~ animals induced carcinoma /n
situthat exhibited retention of KRT5/6 basal cells at the base of the urothelium and were
consistent with the so-called luminal subtype of carcinoma /in situ (Figure 5A). In contrast,
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after exposure to BBN, Cab39/~ animals initially experienced development of carcinoma
in situthat was characterized by the proliferation of undifferentiated KRT5/6-positive cells,
consistent with the basal variant of carcinoma /n situ (Figure 5B). The loss of function of
both genes sensitized urothelium to BBN-induced bladder cancers, and in both instances,
the loss of function was associated with the development of significantly higher numbers

of tumors of distinct pathogenetic and molecular subtypes than in control wild-type animals
(Figures 5C and 5D). Lpar6~'~ animals had 79 tumors (45 low-grade superficial noninvasive
papillary and 34 high-grade invasive urothelial carcinomas), whereas Lpar6*'* animals had
only 17 tumors (2 low-grade superficial noninvasive papillary and 15 high-grade invasive
urothelial carcinomas). All superficial papillary tumors were of the luminal subtype and
were strongly positive for luminal KRT20. Invasive carcinomas in Lpar6~'~ mice were

also positive for KRT20, and RNA-sequencing analysis of their three representative tumors
revealed their positive BLT scores consistent with the luminal phenotype (Figure 5E).
Cab39[ !~ animals had 24 tumors (1 low-grade superficial noninvasive papillary and 23
high-grade invasive urothelial carcinomas), whereas Cab39/'* had only 9 tumors, all of
which were high-grade invasive urothelial carcinomas (Figures 5C and 5D). Notably, the
invasive carcinomas in Cab39/7~ mice were all poorly differentiated, with focal squamous
features recapitulating the histologic hallmarks of human basal urothelial carcinomas of

the bladder. Invasive carcinomas in the Cab39/"'~ animals were strongly positive for basal
KRT14, and RNA-sequencing analysis of three representative tumors demonstrated negative,
low BLT scores consistent with their basal phenotype (Figures 5F and 5G). Overall, the
numbers of tumors in both Lpar6~ and Cab39!~ were significantly much higher than

in their respective wild-type controls (p < 0.001). These results demonstrated that loss of
both Lpar6and Cab39/sensitized the urothelium to BBN-induced carcinogenesis. These
experiments also supported the concept that loss of Lparé6 sensitizes the bladder urothelium
to primarily luminal carcinogenesis, whereas loss of Cab39/sets carcinogenesis on the basal
track after exposure to the tobacco-related carcinogen BBN.

Expression of LPAR6 and CAB39L target genes in human bladder cancers

To validate the involvement of LPAR6 and CAB39L in human bladder cancer development,
we analyzed the expression of their target genes in two large publicly available bladder
cancer cohorts. Specifically, we analyzed the expression patterns for upregulated and
downregulated genes identified in Lpar67~ and Cab39/"~ MEFs in the TCGA (= 408)
and Lund University (n= 308) bladder cancer cohorts classified according to luminal and
basal taxonomy (Figures S17A, S17B, S18A, and S18B). Analysis of upregulated and
downregulated LPARG6and CAB3IL target genes demonstrated that in both cohorts, luminal
tumors were characterized by an LPAR6-depleted phenotype. On the other hand, basal
tumors had a CAB39L-depleted phenotype. These observations confirmed the key role of
LPAR6and CAB39L in the development of luminal and basal human bladder cancers,
respectively.

DISCUSSION

In this report, we present evidence that FR gene inactivation results in clonal expansion
of cellular plagues in the bladder mucosa, contributing to the initiation of bladder

Cell Rep. Author manuscript; available in PMC 2024 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal.

Page 13

tumorigenesis. The FR genes that we identified are located near the established tumor
suppressor RB1, but they were inactivated much earlier in tumor progression than was RB1.
Multiple lines of evidence, including that obtained via genetic mapping and mutational and
methylation analyses, support the concept that FR gene inactivation plays a contributory
role in early incipient phases of bladder tumorigenesis. Functional studies of selected FR
genes such as LPAR6and CAB39L established that their inactivation produces effects on
cell proliferation and differentiation that may account for the clonal expansion that occurs as
a result of field effects in the initiated urothelium.

The FR gene concept postulates at least three sequential steps involving four “hits” that

lead to inactivation of an FR gene and its neighboring tumor-suppressor gene during

cancer initiation and progression (Figure 6A). Tumorigenesis begins with silencing of

the FR gene, most often by somatic homozygous hypermethylation (hits 1 and 2) or a
combination of loss of one copy and hypermethylation of the remaining FR gene allele.

The loss of one FR gene copy is usually synchronous with the loss of a neighboring

tumor suppressor, such as RBI (hits 2 and 3). The second step may have several substeps

in which additional FR genes are homozygously inactivated. Available evidence suggests
that, in rare instances, steps 1 and 2 can be reversed, as inactivation of the first FR

gene allele can be accomplished by germline nucleotide substitutions, including population-
based polymorphisms.>6 Homozygous inactivation of FR genes is associated with clonal
expansion of the /n situ preneoplastic clone. In the third and final step, the remaining allele
of a contiguous tumor suppressor is inactivated, most commonly by a mutation (hit 4).

This step is associated with clonal evolution into the transformed phenotype with features
of carcinoma /n situ progressing to invasive bladder cancer. This scenario represents an
oversimplification of FR genes’ involvement in tumorigenesis. In reality, multiple FR genes
not necessarily located around the RB1 gene interact with tumor suppressors and oncogenes
throughout the genome. Our recent whole-organ genomic studies demonstrated that about
100-200 genes are involved in the development of mucosal field effects that initiate bladder
carcinogenesis and that these effects overwhelmingly result from epigenetic modifications.
These alterations dysregulate more than 100 pathways involving immunity, differentiation,
and proliferation.2526 Whole-organ-scale analysis and time modeling identified the three
major waves of mutations distinctively involved in the evolution of bladder cancer from field
effects.2526 The most frequent were low-frequency mutations involving small mucosal areas
that targeted individual uroprogenitor cells. They gradually developed over several decades.
Another group consisted of low-frequency mutations that expanded across the bladder
mucosa and signified the advent of the progressive phase of urothelial carcinogenesis, which
lasted about 5 years. Finally, the progression to invasive disease was driven by a group

of high-frequency, clonally expanding progressive mutations during the last 2-3 years of
bladder carcinogenesis. These data clearly indicate that the biologic effects of FR genes
should be perceived in the context of complex alterations of the mucosal environment.

Of the five candidate FR genes (/7TMZ2B, LFAR6, MLNR, CAB39L, and ARL11) identified
by expression, mutation, and methylation analyses combined with whole-organ mapping, we
focused our functional studies on LPAR6and CAB39L, which appeared to be distinctively
involved in the luminal and basal subsets of bladder cancer. The LPARG6 gene is located
within intron 17 of the RB1 gene in the reverse orientation and encodes a 39-kDa G-protein-
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coupled receptor that binds the lipid signaling molecule lysophosphatidic acid.?”-28 Several
factors prompted us to select LPARG for ablation in cell lines and develop its germline
knockout in a mouse model. First, among the candidate FR genes, LPAR6 was the only

one silenced by missense mutations, and an LPAR6 polymorphism was a strong risk

factor for bladder cancer in smokers.>® In addition, germline mutations of L2AR6 were
associated with a novel familial cancer syndrome.® Other groups demonstrated that germline
mutations of LPARE were associated with the rare familial woolly hair autosomal recessive
syndrome.28:29 [ PAR6 also has been shown to be involved in other cancer types, including
hepatocellular, pancreatic, and colon cancers.30-3% Of note, LPAR6 has protumorigenic
oncogene-type effects on hepatocellular and pancreatic cancers,30:31:33-35 whereas it has an
antitumorigenic tumor-suppressor effect on colon and breast cancers.32:3% In comparison, the
CAB39L gene is located about 3 Mb downstream of B and encodes 39 kDa, which is

a core component of the LKB1 tumor-suppressor complex that activates a subset of serine/
threonine protein kinases.36-38 Researchers have implicated CAB39L as having a role in the
development of several solid and hematopoietic cancers, including gastric, colorectal, and
renal carcinomas, as well as acute monocytic leukemia, among others.3%-41

We showed that LPAR6and CAB39IL play a role in urothelial differentiation and are the
upstream regulators of luminal (GATA3 and PPARYy) and basal (p63) transcription factors.
Their silencing dysregulates the basal-to-luminal differentiation program and causes distinct
urothelial hyperplasia of luminal and basal types, respectively (Figure 6B). Silencing of
LPARG sensitizes the urothelium to the development of BBN-induced luminal bladder
cancer, whereas silencing of CAB39L sensitizes the urothelium to the development of
BBN-induced basal bladder cancer. Validation of these observations using /n vitroand in
vivo models in major human bladder cancer cohorts demonstrated that luminal tumors

are characterized by an LPAR6-depleted phenotype, whereas basal tumors have a CAB39L -
depleted phenotype. This confirmed the major role of these genes in human bladder cancer
development.

Although recent whole-genome characterizations provided remarkable insight into the
genetic and epigenetic characteristics of established cancers, much less is known about the
earliest events that initiate human carcinogenesis. Past attempts to characterize field effects
that produce these early changes tended to employ candidate gene approaches that identified
alterations of known oncogenes and tumor suppressors.*2-45 More recent genomic studies of
field effects initiating bladder carcinogenesis disclosed a complex mutational landscape with
remarkable heterogeneity across clones and individuals. The majority of these mutational
changes were of low variant allele frequency and were unlikely to contribute to the clonal
expansion of preneoplastic clones.#6-4% Our whole-organ mapping studies demonstrated
that, although the mutational landscape in microscopically normal bladder urothelium is
complex, only a small proportion of the mutations participate in clonal expansion, and the
background field change initiating bladder carcinogenesis is predominantly epigenetic.25:26
Furthermore, work by others has indicated that early events of carcinogenesis also involve
metabolic dysregulation, such as glycolysis and oxidative phosphorylation, resulting in the
selection of early clonal expansion with increased lactic acid fermentation and the Warburg
phenotype.50-52
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Our results support the conclusion that field effects involving the entire mucosal membrane
underlie the growth advantage of the initiated urothelial clone that triggers carcinogenesis

in the bladder. However, the molecular targets of these field effects are not the major
tumor-suppressor genes themselves but rather the FR genes located in close proximity to
them. This structural organization suggests that the FR genes have conserved biological
functions within the pathways controlled by the tumor-suppressor genes they are adjacent to.

Limitations of the study

The limitations of this study are related to our rudimentary understanding of the complexity
of the field effects initiating bladder carcinogenesis and the exact roles of LPAR6 and
CAB39L in the maintenance of a mucosal microenvironment. The biologic effects of
LPARG6and CAB39L on the urothelial differentiation program are mediated by unfolded
protein reactions and cholesterol synthesis, but the exact links between the FR genes

and these molecular pathways are unknown. Although we postulate that silencing of FR
genes occurs before dysregulation of tumor suppressors and oncogenes in early phases

of carcinogenesis, the synergistic biologic effects of FR genes, tumor suppressors, and
oncogenes are uncertain. In this study we focused on the two prototypic genes, LPAR6 and
CAB39L, and the roles of other candidate FR genes mapping around RB1 are unknown.

In addition, it is very likely that FR-like genes exist in other parts of the genome, and

they may contribute to the development of bladder cancer by dysregulating other aspects of
the mucosal microenvironment. The development of double-knockout or transgenic models
involving FR genes and tumor suppressors or oncogenes is needed to determine their
synergistic biologic effects. Such studies, combined with more detailed characterization of
the molecular microenvironments of the mucosal field effects, will define the complexity
of molecular mechanisms of incipient phases of bladder carcinogenesis, providing targets
to intercept the process in its early phases and preventing the development of invasive,
clinically aggressive cancer.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Bogdan A Czerniak
(bczernia@mdanderson.org).

Materials availability—Knock-out strains and reagents generated in this study will be
shared by the lead contact upon request.

Data and code availability

. This paper analyzes existing, publicly available data. These accession numbers
for the datasets are listed in the key resources table. Summarized statistic results
data reported in this paper will be shared by the lead contact upon request.

. This paper does not report original code.
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. Any additional information required to reanalyze the data reported in this work
paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture conditions—All UM-UC cells, RT-4 (RRID:CVCL_0036),
RT-112 (RRID:CVCL_1670), Scaber (RRID:CVCL_3599), and all knock-out cell lines
cultured in MEM medium, were maintained as previously described.>6 TERT-NHU
(RRID:CVCL_JX41) was obtained from Dr. Margaret A Knowles (University of Leeds)
and were maintained in KSFM supplemented with the supplied bovine pituitary extract and
epidermal growth factor plus 30 ng/ml cholera toxin in a humidified atmosphere of 5% CO,
at 37°C.5758

All cell lines were confirmed to be mycoplasma-free.

Mice—All animal experiments were conducted in accordance with the guidelines of the
Institutional Animal Care and Use Committee under approved protocols (898-RN04). Prior
to the start of cancer-related experiments, the mice were in good health, exhibiting bright,
alert, and responsive behavior. The mice were housed in an animal facility equipped with
an Individually Ventilated Caging system, which maintained a regulated temperature of
approximately 22°C and a humidity level of 45 + 10%. The mice had free access to water
and food and were maintained on a 12-h light/dark cycle (lights on from 06:30 to 18:30).
Male and Female C57BL/6J mice were purchased from the National Laboratory Animal
Center. Lpar6 knock-out mouse was generated by electroporating the targeting vector, while
the knock-out first allele was purchased for generating Cab39L knock-out mouse. Bladder
tumors on mice at the age of 8 weeks were induced by the treatments with BBN. At the end
of the experiment, mice were euthanized by carbon dioxide asphyxiation.

Human samples—Human samples and clinical data were collected and archived
according to a laboratory protocol approved by the Institutional Review Board of The
University of Texas MD Anderson Cancer Center. Whole-organ histologic and genetic
mapping was performed using radical cystectomy samples from 20 patients with a mean age
of 69 years (range, 47.0-86.0 years) who had high-grade muscle-invasive (T3) UC (Table
S1).

METHOD DETAILS

Human tissue samples—All human tissues used in this study were collected, processed,
and labeled under protocols reviewed and approved by the Institutional Review Board

of The University of Texas MD Anderson Cancer Center. Urothelial carcinomas (UC)

were classified according to the histologic tumor grading system of the World Health
Organization®® and were dichotomized as low-grade or high-grade tumors. The growth
pattern of papillary versus nonpapillary or solid tumors and the depth of invasion were

also recorded. Levels of invasion were defined according to the TNM staging system.50

T4 tumors were substaged as T14 or T1p to dichotomize them as superficial (T; -T13)

or invasive (Ty, and higher).81:62 The mucosal samples were histologically classified

as containing: NU, normal urothelium; MD, mild dysplasia; MdD, moderate dysplasia;
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SD, severe dysplasia; CIS, carcinoma /n situ, and UC. For analytical purposes, the

precursor intraurothelial lesions were dichotomized into two groups designated as low-grade
intraurothelial neoplasia (LGIN) by combining samples with features of MD and MdD and
as high-grade intraurothelial neoplasia (HGIN) by combining samples with features of SD
and CIS as previously described.?

The following tissue specimens and their respective patient cohorts as well as bladder cancer
cell lines were used in this study: (1) whole organ cystectomy specimens from patients with
bladder cancer (n=20); (2) fresh frozen primary tumor samples and paired peripheral blood
DNA from patients with bladder cancer (n=189), (3) TCGA bladder cancer cohort (n=408),
(4) Lund bladder cancer cohort (n=308); and (5) bladder cancer cell lines (n=30).15 The
clinical and pathological data of cystectomy specimens used for WOHGM are summarized
in Table S1. The clinical and pathological data for the MDACC, TCGA, and Lund cohorts
are summarized in Table S2.

Whole-organ mapping—~Freshly collected radical cystectomy specimens from 20
patients with untreated sporadic high-grade invasive UC were used for whole-organ
histologic genetic mapping (WOHGM). The patients comprised one woman and 19 men,
ranging in age from 47 to 86 years (mean 69.0 years + 10.9 standard deviation [SD]). These
specimens provided 900 DNA samples corresponding to areas of bladder mucosa with the
following microscopic characteristics: microscopically normal-appearing urothelium (NU;
n=227), LGIN (n=282), HGIN (n=171), and invasive UC (n=220) (Table S1). WOHGM was
carried out by allelotyping 661 SNPs that mapped within a 27-Mb segment around RBZ of
234 DNA samples from five cystectomy specimens (maps 1-5) as previously described in
detail.>69 In brief, each fresh cystectomy specimen was opened longitudinally along the
anterior wall of the bladder and pinned down to a paraffin block. The entire bladder mucosa
was divided into 1-cm x 2-cm samples, which were frozen in OCT compound. Several
5-um sections were cut from each frozen block. One frozen section from each block was
stained with hematoxylin and eosin to evaluate the distribution of /n sitv lesions and bladder
cancer microscopically. The remaining unstained sections were stored at —70°C until used
for immunohistochemical studies.

For DNA extraction, the mucosal samples were defrosted and washed three times in
phosphate-buffered saline solution (PBS). The mucosal surface of each sample was scraped
with a razor blade, and the scraped cells were transferred into a conical tube containing
PBS. In samples with invasive bladder cancer, the tumor was dissected from the frozen
block to minimize contamination with non-tumor cells. Only samples that yielded more than
90% microscopically recognizable intact urothelial tumor cells were used for extraction.
DNA extracted from peripheral blood lymphocytes and/or from normal tissue in the resected
specimen of each patient was used as a control. Allelotyping of SNPs was performed and
analyzed using an automated pyrosequencing instrument, PSQ96MA (Biotage AB). The
minimal deleted region associated with clonal expansion of /n situ neoplasia was identified
by the alignment of clonal plaque-like deleted segments from individual cystectomy
specimens.
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Analysis of the transcriptional activity around RB1 by tiling arrays—The
transcriptional activity in the RBI region was analyzed on nine bladder cancer cell lines

and 22 fresh frozen samples of bladder cancer using a custom designed NimbleGen

tiling expression array. The patients comprised five women and 17 men (mean age 68.6
years + 11.5 SD), and the specimens constituted 10 low-grade and 12 high-grade tumors
comprising 13 superficial (T, —T1,) papillary urothelial carcinomas and nine invasive (T1y
and higher) carcinomas. The Roche NimbleGen Tiling Array containing 385,000 tiling
expression probes covering the 5-Mb segment around B, from 45.10 Mb to 50.17 Mb,
was used to analyze the expression patterns of the RB1 gene and its flanking segments. Total
RNA samples were transformed into cDNA using the SuperScript Double-Stranded cDNA
Synthesis Kit (Invitrogen, Inc.). The arrays were scanned using a GenePix 4000B microarray
scanner (Molecular Devices, Inc.), and the raw data were initially filtered by a signal-to-
noise subtraction algorithm. Expression levels of individual exons of all annotated genes

in the region were compared to their respective controls. The expression levels of bladder
tumor samples were compared to the expression levels of normal urothelial cells obtained
from ureters from nephrectomy specimens, while the expression levels of bladder cancer cell
lines were compared to those of TERT-NHUC cells. Quantile normalization was initially
applied to align values across all arrays, and the signals from the probes corresponding to
exons of each gene were summarized into a curve as follows: the threshholded log2 values
after subtracting the background were used to define weights for a kernel fit. For each tumor
sample, we computed the difference between the tumor curve and the average of the control
curves. Within each exon, we estimated the kernel density at the center of the exon and then
recorded the largest magnitude exon value as the summary for the gene. The final data were
presented as the mean relative expression levels of exon-based probes of all annotated genes
in the region and were summarized as a heatmap.

Methylation analyses of ITM2B, LPAR6, MLNR, CAB39L and ARL11—
Methylation analysis was performed on the MDACC cohort of 189 fresh frozen bladder
tumor samples. We used quantitative methylation-specific PCR to identify whether
methylation of CpG islands in the putative promoter regions of ARL11, MLNR, and /TMZB
played a role in their silencing. Methylation studies were performed on 189 bladder tumor
samples included a cohort of 111 samples analyzed for LOP around RBI1 by SNPlex
technology, and 20 whole-organ cystectomy specimens. Normal human urothelial cells from
nephrectomy specimens served as normal controls. For whole-organ cystectomy specimens,
the methylation status was first tested on representative tumor samples; when an increased
level of methylation was identified, the remaining mucosal samples of the entire cystectomy
map were tested.

The bisulfite treatment of DNA and design of the assays were performed as previously
described.®3:64 In brief, we analyzed regions around the reading frames of ARL11,
MLNR, and /TMZB and identified their potential CpG islands (Figure S4A). For
ARL11, we concentrated our analysis on CpG3 located near the transcription initiation
site of exonl, as previously published data indicated that it controlled the expression
of this gene.5 First, we amplified fragments of bisulfite-treated DNA containing

the sequences of the CpG islands in the promoter regions of ARL11, MLNR, and
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ITMZB using the following sets of primers: TTGAGTTGTTA AAAAATGGAGTTG
(sense) and CATCCCTACTCCCAAAAATAAA (antisense) for ARL11,
TAGTTAGTGGAGAGGGAAGYGTT (sense) and CAAACACAAACACACAACRATC
(antisense) for MLNR, and GGTGTTGTTAAAGGTTAGTTTTTTGT (sense) and
CRCAACCTC CCAACTCCC (antisense) for /TMZ2B. We used bladder cancer cell lines
and control urothelium as PCR templates for bisulfite-treated DNA sequencing. We also
validated the methylation status of CpG islands in selected cancer cell lines by DNA
sequencing of bisulfite-treated DNA after subcloning into the TA vector pCR 4-TOPO
(Invitrogen) (Figure S4B).

The amplified bisulfite-modified DNA fragments used for sequencing were subjected

to methylation-specific quantitative PCR using two methylation-specific minor groove-
binder Taq probes. Probes specific for methylated and unmethylated sequences of the
ARL11, MLNR, and ITM2B are listed in Table S4. The amplifications of methylated and
unmethylated alleles were monitored for each sample during the same RT-PCR reaction.
For quantification of the ratio of methylated and unmethylated alleles, we calculated ACt

= Ct of methylated allele — Ct of unmethylated allele. The ACt values were compared

to the standard curves produced by titration of fully methylated control DNA (placental
DNA after M.Sssl methylase (New England Biolabs) treatment) and unmethylated control
placental DNA. For each gene, we generated nine samples with defined ratios of methylated
and unmethylated target DNA sequences (Extended Data Figure 2C). To verify that the
results were dependent on DNA concentration, we tested several concentrations of DNA and
verified that ACt was almost unchanged. The ACt value of each sample was calculated and
methylation ratio was deduced from the standard curve.

We used sequencing analysis of bisulfite treated DNA to check the methylation status

of CpG site (cg16071219) located in the body of 15t exon of LPAR6E and of CpG

site (cg17777592) located in 5’UTR of 15t exon of CAB39L (Figure S4A). The

chosen cg sites were showing negative correlation between methylation and expression
data in the TCGA cohort. We designed the following set of primers to amplify

the regions comprising CpG sites: ¢g16071219: TGTTTGTGTTTGGGTTAATATTT
(sense) and ATTTTCAAAACAAACTTCT AAAACA (antisense); cgl7777592:
AAGGTTTGGAATTTGAGAGTAA (sense) and TCACCAAATATTACAAAAATACCTAA
(antisense). We generated nine samples with defined ratios of methylated and unmethylated
DNA as described above and after sequencing we created the standard curves using the
measurement of the surface under the peak of the cytosine sequence trace (Figures S4C and
S4D).

To correlate the methylation status of CpG islands to the expression of ARL11, MLNR,
ITMZB, LPARG6 and CAB39L we performed quantitative RT-PCR on bladder cancer cell
lines and control urothelial tissues using TagMan gene expression assays (Figure S4E).

To verify whether the expression of ARL11, MLNR, ITMZ2B, LPAR6 and CAB39L could
be restored by demethylation of their promoters, selected cell lines were treated with various
concentrations of 5-aza-2”-deoxycytidine or PBS as a control for 3 days, and the expression
levels of all three genes were tested by quantitative RT-PCR (Figures S4F and S4G).
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Mutational analysis of candidate FR genes—To identify whether nucleotide
substitutions may represent the potential cause of FR gene silencing we analyzed their
mutational data in the TCGA cohort (Figure S6A). It showed that /7TM2B, MLNR,

CAB39L, and ARL 11 are mutated in 1% or even less of human bladder cancers. Among

the five candidate FR genes LPAR6 showed nucleotide substitutions causing the amino acid
substitution and potentially altering the function of the gene could be detected in 2% of
bladder cancer tumor samples. This data provided the preliminary information that in a small
fraction of bladder cancers LPAR6 may be silenced by nucleotide substitutions and provided
incentive for its sequencing in the MDACC cohort comprising of 189 bladder tumor samples
on which additional methylation studies of all five FR genes were performed. In addition, on
111 bladder tumor samples of the same cohort we performed the LOP analysis around RB1
by SNPlex technology. For 20 whole-organ cystectomy specimens, a representative tumor
sample was initially tested for the presence of mutations and then, if mutations were present,
the testing was performed on all remaining samples of the map. Sequencing was performed
on PCR-amplified DNA samples using exon-specific primers, and sequencing reactions
were analyzed with an ABI 3730 sequencer (Applied Biosystems, Inc.). Mutations were
identified by using the Sequencer software (Gene Codes Corporation) and were confirmed
by visual inspection.

Testing of LOP in the RB1 region by SNPlex technology—The loss of
polymorphism (LOP) around RB1 was tested by SNPIlex on fresh frozen bladder tumor
samples from 111 patients comprising 86 men and 25 women (mean age 66.7 years +
10.5 SD). There were 35 low-grade and 76 high-grade tumors comprising 39 superficial
papillary urothelial carcinomas (T, —T1,) and 72 invasive (T, and higher) carcinomas.
The allelotyping of 124 SNPs on chromosome 13 that mapped between the SPERT and
KCNRG genes and spanning approximately 5 Mb around RB1 was carried out by SNPlex
according to the manufacturer’s protocol (available at http://docs.appliedbiosystems.com/
pebiodocs/04360857.pdf). Allelotypes were analyzed using the Prism 3730 Sequencer and
Genemapper 3.5 software (Applied Biosystems, Inc.).

RNA sequencing and data analysis—The RNA sequencings were performed on the
samples of Lpar6 KO UC6 and Cab39L KO UCT cell lines, Lpar6 KO and Cab39L KO
mouse embryonic fibroblast cells, and BBN-induced mouse bladder tumors in Lpar6 KO
and Cab39L KO mice. The RNA integrity was assessed using a 2100 Bioanalyzer (Agilent
Technologies). The RNA concentration was determined using RiboGreen quantification
(Quant-iT RiboGreen RNA Assay Kit; Invitrogen). RNA samples meeting a quantity
threshold of 1 pug and with an RNA integrity number of at least 7 were analyzed in the
Advanced Technology Genomics Core at MD Anderson. Prior to RNA library construction,
ribosomal RNA was removed from total RNA preparations, and cDNA synthesis using
oligo d(T) and random hexamers was performed. The library was made up of random
fragments representing the entire sample. It was created by shearing DNA into 150-400
base fragments that were ligated to specific adapters. Following a sample cleanup step, the
resulting library was quantified using quantitative PCR and checked for quality using a
TapeStation (Agilent Technologies). The analyses were performed with 30 RNA samples (12
samples from cell lines, 12 samples from mouse embryonic fibroblasts, and 6 samples from
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BBN-induced bladder tumors). Quality control for RNA was conducted using RSeQC>3 and
FastQC software. Sequencing reads were aligned to the GRCh38 reference genome using
STAR (version 2.7.3a)86 with GENCODE (release 32) transcript annotations.5” Read counts
for individual genes were obtained using featureCounts software in the Subread package.>*
On average, 27 million reads per sample associated with more than 58,000 unique genes,
both coding and noncoding, were obtained. From this set of genes, 44,000 with more than
10 reads in at least one sample were selected and used in the subsequent analyses. Genes
differentially expressed in specific sample groups were identified using DESeq?2 software
(version 1.26.0)° with the Wald test by using a design formula that included batch effect
correction. Benjamini-Hochberg correction was used for multiple testing in all instances8.
The normalized read counts were transformed into logs ratios between the signal of KO
samples and the signal of wild type control samples.

To evaluate the molecular subtypes of bladder cancer tumor samples and bladder cancer

cell lines we analyzed the mRNA expression in TCGA and Lund cohorts as well as 30
bladder cancer cell lines as previously described. 1°-17 In brief, for assessment of the
luminal and basal phenotypes, the expression levels for 14 luminal and 9 basal marker genes
identified previously were used. For quantitative assessment of these two molecular subtypes
of bladder cancer, the previously developed BLT score was used.1’ In brief, for quantitative
assessment of the luminal and basal phenotype we used previously developed 28 luminal
and 20 basal marker genes. 1°-17 Linear discriminant analysis was performed to determine
the power of individual markers in identifying molecular subtypes of bladder cancer.5® The
unidimensional BLT score was defined as )’ W, = E,, where W, is the negative coefficient

of the linear discriminant and E; is the expression of marker genes. The least absolute
shrinkage and selection operator analysis was used to identify the best 16 luminal and 12
basal markers.”® The TCGA cohort was used as a training set to build a linear discriminant
analysis model with the 28 selected genes.

Generation of LPAR6 and CAB39L knockout cell lines using CRISPR/CAS9—
The CRISPR/CAS9 knockout cell lines were generated by the Genome Engineering & iPSC
center, Washington University in St. Louis. gRNA sequences selected for knocking 5’gRNA
and 3’'gRNA of LPARGin UM-UC-6 cell lines were TTTCCGCTGGGTTC TTCAACNGG
and GTCAATGACCGCATAAACGANGG and these two gRNAs were designed to delete
the entire DNA of a single LPAR6 exon. gRNA sequence selected for knocking out
CAB39L in UM-UC-7 cell line was ATCCTGTTTATGCTCCTCAANGG and this gRNA
was designed to make the indel mutations in the exon 3. The gene alterations of all selected
clones were confirmed by sequencing and the absence of the expression of the encoded
protein was confirmed by Western blotting.

Generation of Lpar6 KO and Cab39l KO mice—Lpar6 has only one exon and the
entire exon including 5 UTR and 3’ UTR was cloned in the targeting vector. The targeting
vector was electroporated into 129/Sv mouse ES cells, and recombinant ES cell clones were
selected with G418 as described. 7172 Mouse chimeras were generated by injecting correctly
targeted ES clones into C57BL/6J mouse blastocysts. Lpar6 KO mouse was generated by
crossing with Cre-mice (Strain #:006054, The Jackson Laboratory) and the deletion of Lpar6
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exon was confirmed by Southern blot and the ablation of the encoded protein was confirmed
by Western blot.

Cab39L knockout first allele was purchased from the EMMA mouse repository and the exon
6 of Cab39L was floxed in this mouse. LacZ reporter gene and neo selection cassette were
removed by mating with FLP mice and the Cab39L KO mouse was generated by crossing
the resulting floxed mice and Cre-mice (Strain #:008454, The Jackson Laboratory). The
exon 6 deletion of Cab39L was confirmed by Southern blot and the ablation of the encoded
protein was confirmed by Western blot.

Tumor Induction in mouse models by N-butyl-N-(4-hydroxybutyl)nitrosamine
—Cab39/ KO and Lpar6 KO mouse groups were compared to their wild type mice,
respectively, for BBN treatments. N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) was
solved in water and administered as a 0.05% solution in drinking water for 12 weeks. After
finishing the BBN treatments, water was changed to the normal drinking water. Five mice
from each group were sacrificed for the analysis at six time points from the discontinuation
of BBN exposure as follows: 1, 2, 4, 8, 12, and 16 weeks. After euthanizing the mice,

the abdomen was opened, and the base of bladder was tied with a stitch to prevent liquid
leaking. About 200 pl of 10% Formalin was injected into the bladder with 30 gauge needle
syringe, and the inflated bladder was harvested, and immersed in the 10% formalin to fix the
whole organ for 24 hours. Then the bladder was stored in 70% ethanol solution until use.
The frozen tumor of the bladder was prepared by snap freezing the tumor cut with OCT in
liquid nitrogen at the harvest and the tissue was stored at —80°C freezer.

Electron microscopy—~For scanning electron microscopy cell suspensions were fixed

in 3% glutaraldehyde with 2% paraformaldehyde and post fixed in 1% osmium tetroxide

in 0.1M cacodylate buffer, pH 7.3. The cells were dehydrated with a graded series of
increasing concentrations of ethanol, in increasing concentration of hexamethyldisilazane
and air dried overnight. The samples were mounted on double-stick carbon tabs (Ted

Pella, Inc., Redding, CA) and coated using Balzer MED 010 evaporator (Technotrade
International, Manchester, NH) with platinum alloy and carbon. The samples were examined
and imaged in a JSM-5910 scanning electron microscope (JEOL, USA, Inc., Peabody, MA)
at an accelerating voltage of 5kV.

For transmission electron microscopy cell suspensions and tissue samples were fixed in

3% glutaraldehyde with 2% paraformaldehyde in 0.1M cacodylate buffer, pH 7.3, post
fixed in 1% buffered osmium, and stained en bloc with 1% uranyl acetate. The samples
were dehydrated in increasing concentrations of ethanol and embedded in LX-112 medium.
Ultrathin sections were cut in a Leica Ultracut microtome (Leica, Deerfield, IL) stained
with uranyl acetate and lead citrate and examined in a JEM 1010 transmission electron
microscope (JEOL, USA, Inc., Peabody, MA) at an accelerating voltage of 80 kV. Images
were obtained using AMT Imaging System (Advanced Microscopy Techniques Corp,
Danvers, MA).

Spheroid cell culture—UM-UC-6 and UM-UC-7 cell lines were maintained in Minimum
Essential Media supplemented with 10% fetal bovine in a humidified incubator under an
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atmosphere of 5% CO2 in air. For formation of spheres cells were washed with PBS and
plated on the low attachment dishes (Corning CLS3262) in serum free medium Corning
16-405-CV supplemented with 20 ng/ml of EGF (ThermoFisher PHG0313), 20 ng/ml bFGF
(ThermoFisher PHG0021) and B27 (ThermoFisher 17504-044). Images, spheroid counts,
and measurements of their size were performed with Olympus cellSens or GIMP 2.6.12.

Western blots—The following antibodies were used to detect proteins by Western blots:
LPARG6 (Santa Cruz sc-20126), Rb (QED Bioscience 3101-3107), GATA3 (Santa Cruz
5c-268), Ppar gamma (cell signaling 2435), p63 (cell signaling 13109), B-actin ( Sigma
A5441), CAB39L (abcam ab197922), and KRT14 (abcam ah181595).

Immunohistochemistry—The following antibodies were used to visualize luminal and
basal proteins of the urothelial cells. The luminal markers included mouse monoclonal
antibody against human GATA3 (HG3-31 clone, 1:100 dilution; Santa Cruz Biotechnology
Inc., Santa Cruz, CA), KRT20 (Ks20.8 clone, 1:400 dilution, Dako). The basal markers
included KRT5/6 (D5/16B4 clone, 1:50 dilution, Dako), and KRT14 (LL002 clone, 1:50
dilution; BioGenex, Fremont, CA. Immunohistochemical stains were performed using

the Bond-Max Autostainer (Leica Biosystems, Buffalo Grove, IL). The bound primary
antibodies were detected with the visualization reagent linked to a dextran polymer
backbone with DAB (3, 3-diaminobenzidine) as a chromogen. Then, the slides were
counterstained with Mayer’s hematoxylin.

Immunofluorescent staining—Mouse bladders were fixed in 10% Formalin for 24
hours for the paraffin sections according to standard protocols. The fixed tissues were
routinely stained with Hematoxylin and Eosin and the double immunofluorescent stainings
were performed using antibody pair: cytokeratin 5 (EPR1600Y clone, 1:100 dilution,
abcam) and cytokeratin 18 (C-04 clone, 1:100 dilution, abcam), and cytokeratin 14 (1:100
dilution, Covance) and cytokeratin 18 (C-04 clone, 1:100 dilution, abcam). Alexa fluor 488
and 546 conjugated secondary antibodies (1:500 dilution, Thermo Fisher Scientific) were
used as green and red fluorochromes, respectively and images were taken using Nikon 80i
upright microscope.

Single cell sequencing—Single cell sequencing of the bladder urothelium was
performed on cells harvested from wild type, Lpar6~ and Cab39/'~ mice. For each group
a pooled sample of single urothelial cell suspension harvested from 15 mice was prepared.
The bladders were harvested after ligating the urethra and injecting 50 pl of 0.25% Trypsin
in PBS. The cells were incubated in Trypsin at 37°C for 30 minutes. The urothelial cell
clusters and tissue fragments were removed by passing the cell suspension through the
70um cell strainer. The red blood cells were removed by Ficoll gradient centrifugation.
The collected single cell suspensions were washed twice with PBS containing 0.04% BSA
and resuspended in 200p1 of PBS. Single cell sequencing was performed at the Advanced
Technology Genomics Core (ATGC) of UT MD Anderson Cancer Center. Cell suspensions
were assessed for cell concentration and viability using Life Technologies Countess Il FL
cell counter using 0.4% trypan blue exclusion staining. Samples accepted for single cell
sequencing had to have target capture of at least 8000 cells per sample and cell viability
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of at least 70% or higher. QC steps after cDNA amplification and library preparation steps
were carried out by running ThermoFisher Qubit HS dsDNA Assay along with Agilent

HS DNA Bioanalyzer for concentration and quality assessments. Equal amounts of each
uniquely-indexed sample library were pooled together. The resultant pool was verified

for concentration via qPCR using a KAPA Biosystems KAPA Library Quantification Kit.
The samples were sequenced using NovaSeq6000 SP flow cells. The run parameters used
were 28 cycles for read 1, 91 cycles for read2, 8 cycles for index1, and 0 cycles for

index2 as stipulated in the protocol mentioned above. Raw sequencing data (fastq file) was
demultiplexed and analyzed using 10X Genomics Cell Ranger software utilizing standard
default settings and the cellranger count command to generate html QC metrics and cloupe
files for each sample. The initial analyses were performed by using the cloupe files in 10X
Genomics Loupe Browser software.

Raw data comprising 8,085, 8,293, and 9,406 cells, respectively, from pooled samples of
15 mouse bladders from three groups of animals (wildtype, Lpar6-/-, and Cab39/-/-)
were filtered for low quality cells using Seurat v4.73 Briefly, cells with mitochondrial reads
>25% of total reads were filtered out, leaving 6,117, 6,677, and 7,503 high quality cells

in the three groups of samples, respectively, for the downstream analysis. For each sample
group, the gene expression count data was normalized and scaled. Since there was no
sequencing technical variation between the three groups, we merged all samples without
batch correction. The merged data was further normalized and scaled. Using the 3,000 top-
most variable genes of the merged data we computed principal components (PCs). The top
18 PCs were used to cluster the cells at resolution 0.6, which were visualized by Uniform
Manifold Approximation and Projection (UMAP). Clustering optimization was performed
by a shared nearest neighbor (SNN) modularity optimization based clustering algorithm.
The clusters were annotated by marker gene expression known to be differentially expressed
in basal, intermediate and luminal urothelial cells. Additional markers were used to identify
various types of stromal and immune cells. Since we were interested in the effects of Lpar6
and Cab39/loss of function on urothelial cells, all nonurothelial clusters were removed.

In addition, the poor-quality urothelial clusters with the cells that had low unique gene
reads or high mitochondrial reads were removed. This led to 4,693, 6,254, and 7,012 high
quality urothelial cells which were re-clustered by UMAP using the top 40 new PCs. The
final UMAP clusters comprised 18 cell clusters, including 5 basal urothelial cell clusters,

5 luminal urothelial cell clusters, and 8 intermediate urothelial cell clusters identified by

10 basal urothelial cell marker genes and 14 luminal urothelial cell marker genes. For
every UMARP cluster of the three sample groups, the expression of the most differentially
expressed gene, the unfolded protein response marker genes, and the cholesterol synthesis
marker genes were visualized by dot plots, respectively. The cell proportion of each sample
group across 18 clusters and the cell proportion of each urothelial cell type across the three
sample groups were visualized by bar plots, respectively. The cell-level basal-to-luminal
(BLT) score is a weighted sum of the urothelial marker gene expression and was calculated
based on 6 basal urothelial cell marker genes with weight —1 and 14 luminal urothelial

cell marker genes with weight 1.17 The BLT scores were sorted using ascending order and
visualized by bar plots across the three sample groups.
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The trajectory analysis was performed by using the workflow of Monocle3.74 Briefly,

the UMAP coordinates were transferred from Seurat to Monocle3 to preserve the cluster
identities, and the trajectories across the cells were generated by using gene expressions
that signified cell state transitions within the dataset. The trajectories were learned by
learn_graph function. It created several distinct trajectory paths in the three sample groups
indicating multiple outcomes of cell transitions. For each trajectory path, we manually chose
a starting point from basal urothelial cells and treated it as the root cell. The cells across a
trajectory path were ordered in pseudotime by order_cells function. The lowest pseudotime
score was assigned to the root basal urothelial cell and the ordering of cells across a
trajectory was assigned based on a pseudotime score in the Monocle3 tool’s perception

of the cell state transitions. The 200 top genes that changed as the cell progress across

a trajectory path were identified by graph_test function, and they were subjected to the
enrichment analysis performed by g:Profiler.”> For each sample group, the significantly
enriched KEGG pathways were compared across different trajectory paths by their -logqg
p-value plotted on a heatmap.

The cell-cell interaction analysis was performed by CellPhoneDB 76 on the normalized gene
counts of the three sample groups to determine significant ligand-receptor interactions with
a p-value cutoff of 0.0001. Ligand-receptor pairs involving secreted factors were assessed
for signaling the interactions between the intermediate or basal urothelial cells and the

rest two urothelial cell types respectively across the three sample groups. The outputs of
CellPhoneDB analysis were processed by InterCellar.”” A circos plot described in iTALK 78
was used to visualize the interactions between the intermediate urothelial cells and the rest
two urothelial cell types respectively across the three sample groups.

The cell cycle and proliferation status of single cells was analyzed by calculating cell S
scores and G2M scores using a set of genes which were reported to be involved in cell cycle
and include 43 maker genes for S phase and 53 marker genes for G2M phase.”® We supplied
these marker genes to Seurat CellCycleScoring function to calculate G2M and S scores and
define cell phases. The estimated probability distribution densities of S scores and G2M
scores of the three urothelial cell types across the three sample groups were visualized by
ridge plots. We used the Wilcoxon rank-sum test to compare the distributions of G2M scores
of the basal urothelial cells with the rest two urothelial cell types, respectively, across the
three sample groups. In addition, G2M scores were visualized across every trajectory path in
the three sample groups using the scatter plots with the smoothing curve generated by loess
method in ggplot in R.

We used regulon analysis80 to analyze the activity of regulons across different cluster
groups in basal, intermediate, and luminal urothelial cells. We started with the potential
transcription factors (TFs) with possible target genes to form the regulons. We analyzed

the first group of 23 urothelial regulons originally analyzed in the TCGA cohort (n=408)

of bladder cancer,81 which included the following TFs: FOXA1, RXRA, FGFR3, RARG,
RXRB, ERBB3, AR, GATA3, ESR2, ERBB2, PPARG, RARA, FGFR1, PGR, RARB,
TP63, ESR1, GATAG6, STAT3, FOXM1, KLF4, EGFR, and HIF1A. The second group of 74
regulons were previously identified by single cell sequencing of the human urothelium.23
Then, we implemented the method in R package RTN to create the regulons for the target
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TFs.80.82 Using Spearman’s correlation coefficient, this method first classified the list of
target genes for each TF into positive and negative targets related to the phenotype of
interest. The positive and negative target distributions were tested, yielding enrichment
scores (ES) for each sample. The differential enrichment score (dES) was determined by
the difference between positive and negative ES. We extracted the dES for each sample to
further investigate the difference in the activities of the cells among the basal, intermediate,
and luminal urothelial clustering groups by the two-sample t-test. We examined how the
regulons were related to basal and luminal subtypes using heatmaps and two-tailed gene
set enrichment analysis (GSEA).%8 Out of 97 regulons, we filtered out 24 regulons with no
significant difference in the activities of the cells among the different subtype clustering
groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

All plotted data are presented as the mean + SD, unless otherwise specified, and described
in the corresponding section of method details and figure legend. Statistical differences
between the two groups were compared and determined by Student’s t-test for parametric
analysis, Mann-Whitney U-test for non-parametric analysis, and log-rank test for survival
analysis. p values were calculated using software R or GraphPad Prism 10.0.1. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant. Bioinformatics analyses are
described in the above sections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Silencing of FR genes is associated with mucosal field effects in bladder
carcinogenesis

LPAR6and CAB39IL are distinctively downregulated in luminal and basal
bladder cancers

Effects of LPAR6and CAB39L are mediated by cholesterol and the unfolded
protein reaction

LPAR6and CAB39L loss dysregulates urothelial differentiation, contributing
to carcinogenesis
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Figure 1. Mapping and expression studies of the 13q14 region around RB1
(A) Regions of loss of genetic material associated with clonal expansion identified using

WOHGM in five cystectomy samples. The results of RB1 sequencing (RB(S)) and
immunohistochemical studies for RB protein expression ( RBI(IH)) are tabulated below
the individual maps (W, RB1 wild type; M, RB1 mutant). The presence or absence of
immunohistochemically detectable RB protein is designated by (+/-). Patterns of genetic
loss in individual cystectomy samples (maps 1-5) reconstructed from the data on LOP
of individual SNPs (dark-gray-shaded blocks) are depicted by the blue solid bars. The
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light-brown-shaded area designates the minimal deleted region associated with plaque-like
clonal expansion of intraurothelial neoplasia.

(B) The distribution of loss of genetic material identified by allelotyping of SNPs
superimposed over histologic maps of cystectomy samples. The solid red lines outline

the areas of loss involving RB1 and its flanking regions identified using WOHGM with
allelotyping of SNPs. The blue line on map 2 shows the area with mutated B (C1666T,
R566STOP).

(C) Distribution of methylation in the promoter region combined with loss of LPAR6 (map
3), ARL11 (map 10), MLNR (map 11), CAB39L (map 17), and /TMZB (map 21) genetic
material. In addition, for LPARE (map 16), the distribution of gene silencing by mutation
(G886del with a frameshift to a stop codon) and loss of genetic material is shown. The solid
red line outlines an area of hypermethylation of the promoter region combined with loss of
genetic material and mutations for LPARG6 as described above.

(D) Percentage of low-grade papillary urothelial carcinoma (LGPUC) and high-grade
nonpapillary urothelial carcinoma (HGNPUC) with hypermethylated candidate genes in the
MD Anderson cohort of 111 bladder cancers.

(E) Percentage of tumors with combined LOP and mutations/methylation of FR genes in the
cohort of 111 bladder cancers.

(F) Percentage of cases with combined loss of the B2 and FR genes and percentage

of tumor cases with loss of FR genes only in the cohort of 111 bladder cancers. Loss

of gene function is defined as combined loss of genetic material (LOP) and methylation

or mutation. Map code: NU, normal urothelium; MD, mild dysplasia; MdD, moderate
dysplasia; SD, severe dysplasia; CIS, carcinoma /n situ; UC, urothelial carcinoma; LGIN,
low-grade intraurothelial neoplasia; HGIN, high-grade intraurothelial neoplasia.
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Figure 2. Effects of LPARG ablation on the UC6 basal bladder cancer cell line
(A) Dispersed growth pattern of LPAR6* UCS cells. Scale bar, 100 pm.

(B) Formation of urospheres in LRAR6™~ UC6 cells. Scale bar, 100 pm.

(C) Scanning electron micrograph showing disorganized, loosely arranged clusters of
LPARG'* UCS cells. Inset: the surface of a poorly differentiated urothelial cell with

microvilli. Scale bar, 10 pm.
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(D) Scanning electron micrograph showing a well-developed urosphere in L2AR6™~ UC6
cells. Inset; the surface of the urothelial cells outlining a urosphere with cell membrane
ridges. Scale bar, 10 pm.

(E) Transmission electron micrograph showing disorganized, loosely arranged clusters of
LPARG'™ UCS cells. Scale bar, 10 pm.

(F) Transmission electron micrograph showing a well-developed urosphere in LRPAR6™~
UC6 cells. Scale bar, 10 pm.

(G) Negative staining for GATA3 in LPARG* UCS6 cells. Scale bar, 20 pm.

(H) Strong positive nuclear staining for GATA3 in a urosphere of LPAR6~ UCS cells.
Scale bar, 20 um.

(1) Quantitative analysis of urosphere size and number in LPAR6* and LPAR6~ UC6
cells. Bars represent mean + standard error. Number of replicates (/)= 3. The pvalues are
based on two-tailed Student’s t test.

(J) Heatmap showing the expression pattern for the top 20 upregulated and downregulated
genes in LPAR6* and LRAR6E™~ UCS cells.

(K) Heatmap showing the pattern of luminal and basal marker expression in L2AR6** and
LPAR6™-UCS cells.

(L) Gene set enrichment analysis of PRARYy target genes in LPAR6~ UC6 cells compared
with LPARG* cells.

(M) Western blots showing ablation of LPARS protein in LPAR6'~ UC6 cells, intact
expression of RB protein, and expression of representative luminal (GATA3 and PPARYy)
and basal (p63) proteins.

(N) BLT score for LPAR6E'* and LPAR6E™'~ UCS cells. Bars represent mean + standard
error. Number of replicates (1) = 3. The pvalue is based on two-tailed Student’s t test.
(O) Top five dysregulated pathways in LPAR6™~ UCB cells.

(P) Expression pattern for representative unfolded protein response (left) and cholesterol
synthesis genes (right) in LPARG* and LPARG™~ UCS cells.

Cell Rep. Author manuscript; available in PMC 2024 July 23.
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Figure 3. Effects of CAB39L ablation on the UC7 luminal bladder cancer cell line
(A) Formation of well-developed urospheres in CAB39L** UCT cells. Scale bar, 100 pm.

(B) Dispersed growth pattern with formation of poorly developed clusters of CAB39L~~
UCY cells. Scale bar, 100 pm.
(C) Scanning electron micrograph showing a well-developed urosphere in CAB39L*"* UC7
cells. Inset: the surface of the urothelial cells outlining a urosphere with cell membrane

ridges. Scale bar, 50 pm.
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(D) Scanning electron micrograph showing poorly developed, loosely arranged clusters of
CAB39L™'= UCT cells. Inset: the surface of a poorly differentiated urothelial cell with
microvilli. Scale bar, 10 pm.

(E) Transmission electron micrograph showing a well-developed exosphere in CAB39L*!*
UCT7 cells. Scale bar, 10 um.

(F) Transmission electron micrograph showing a poorly developed, loosely arranged cluster
of CAB39L/~ UCT cells. Scale bar, 10 ym.

(G) Positive staining for GATA3 in the nuclei of CAB39L*"* UCT cells forming a urosphere.
Scale bar, 20 pm.

(H) Negative staining for GATA3 in CAB39L™/~ UCT cells that lost the ability to form
urospheres and grow in a dispersed pattern. Scale bar, 20 pm.

(1) Quantitative analysis of urosphere size and number in CAB39L*"* and CAB39L~/~ UC7
cells. Bars represent mean + standard error. Number of replicates (/) = 3. The pvalues are
based on two-tailed Student’s t test.

(J) Heatmap showing the expression pattern for the top 20 upregulated and downregulated
genes in CAB39L** and CAB39L™~ UCT cells.

(K) Heatmap showing the expression pattern for luminal and basal markers in CAB39L**
and CAB39L™= UCT cells.

(L) Gene set enrichment analysis of p63target genes in CAB39L™'~ UCT cells compared
with CAB39L* cells.

(M) Western blots showing ablation of CAB39L protein in CAB39L™'~ UCT cells, intact
expression of RB protein, and expression of representative luminal (GATA3 and PPARy)
and basal (KRT14) proteins.

(N) BLT scores for CAB39L*"* and CAB39L~'~ UCT cells. Bars represent mean + standard
error. Number of replicates () = 3. The pvalue is based on two-tailed Student’s t test.

(O) Top five dysregulated pathways in CAB39L™~ UCT cells.

(P) Expression pattern for representative unfolded protein response (left) and cholesterol
synthesis genes (right) in CAB39L*"* and CAB39L~/~ UCT cells.
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Figure 4. Single-cell analysis of the effects of Lpar6 and Cab39l ablation on mouse urothelium
(A) Histology of the bladder urothelium in a wild-type mouse (NU-wt; top), Lpar6'~ mouse

(middle), and Cab39/~ mouse (bottom). Scale bars, 20 um.
(B) Dual staining for cytokeratins 14 and 18 in an NU-wt mouse (top), Lpar6~'~ mouse
(middle), and Cab39/"~ mouse (bottom). Scale bars, 20 um.
(C) Dual staining for cytokeratins 5 and 18 in an NU-wt mouse (top), Lpar6”'~ mouse
(middle), and Cab39/"~ mouse (bottom). Scale bars, 20 um.
(D) Top: transmission electron micrograph of NU-wt mouse bladder urothelium with
outlined basement membrane and basal as well as peribasal cells. Middle: transmission
electron micrograph of the urothelium in an Lpar6'~ mouse with outlined basement
membrane showing urothelial hyperplasia and gradual differentiation from basal-to-luminal
cells. Bottom: transmission electron micrograph of the urothelium in a Cab/39/'~ mouse
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with outlined basement membrane showing pronounced hyperplasia of undifferentiated
basal cells. Scale bars, 10 pm.

(E) Single-cell sequencing and UMAP clustering of mouse bladder urothelial cells in NU-
wt, Lpar6™~, and Cab39F !~ mice after filtration of nonurothelial cells.

(F) Expression pattern for luminal and basal genes in UMAP urothelial clusters of NU-wt,
Lpar6™~, and Cab39/"~ mice.

(G) Proportion of cells in UMAP clusters of NU-wt, Lpar6~, and Cab39/"~ mice.

(H) Proportion of basal intermediate and luminal cells in NU-wt, Lpar6~, and Cab39/"'~
mice.

(1) BLT score for NU-wt, Lpar6™'~, and Cab39/"~ mice.
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Figure 5. BBN-induced bladder cancers in Lpar6'/‘ and Cab391~/~ mice
(A) Top: high-grade intraurothelial neoplasia in an Lpar6'~ mouse 3 weeks after

discontinuation of BBN exposure. Bottom: staining for keratins 5/6 in the same animal.
Scale bars, 20 um.

(B) Top: high-grade intraurothelial neoplasia in a Cab39/'~ mouse 3 weeks after
discontinuation of BBN exposure. Bottom: staining for keratins 5/6 in the same animal.
Scale bars, 20 um.

(C) Frequency curves of BBN-induced tumors in Lpar6'~ and Cab39/"'~ mice compared
with Lpar6*™* and Cab39/!* mice.

(D) Number of tumors developing after BBN exposure in Lpar6'~ compared with Lparé6*'*
mice (left) and Cab39/'~ compared with Cab39/* mice (right). The pvalues are based on
two-tailed Student’s t test.

(E) BLT scores for the BBN-induced tumors in Lpar6™'~ and Cab39/ !~ mice.

(F) Upper left: development of multifocal, high-grade, invasive papillary tumors in an
Lpar6™'~ mouse 2 months after discontinuation of BBN exposure. Upper right: higher
magnification image of a papillary tumor shown in the previous photomicrograph. Lower
left: (top) another example of a papillary tumor; (bottom) positive staining for cytokeratin
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20. Lower right: higher magnification of the base of the tumor in the upper right showing an
invasive growth pattern. Scale bars, 1,000, 500, 100, and 50 um.

(G) Upper left: development of multifocal, high-grade, invasive nonpapillary tumors 2
months after discontinuation of BBN exposure. Upper right: higher magnification image
showing poorly differentiated invasive carcinoma. Left middle: lower magnification image
showing an invasive growth pattern for carcinoma. Left bottom: expression of cytokeratin 14
in the same tumor. Right bottom: invasive carcinoma with focal squamous differentiation.
Scale bars, 1,000, 500, and 100 um.
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Figure 6. Bladder cancer initiation and progression induced by sequential inactivation of the FR
genes and a tumor suppressor

(A) The four-hit, three-step mechanism of inactivation for neighboring FR genes (FR1,
FR,, and FR3) and tumor suppressor (TS) contributing to the initial expansion of low-grade
intraurothelial neoplasia (LGIN) with progression to high-grade intraurothelial neoplasia
(HGIN) and invasive cancer (urothelial carcinoma). Tumorigenesis begins with silencing
of the FR gene, most often by somatic homozygous hypermethylation (hits 1 and 2) or

a combination of loss of one copy and hypermethylation of the remaining gene allele.

The loss of one alternative FR gene copy is usually synchronous with the loss of a
neighboring tumor suppressor, such as RB1 (hits 2 and 3). The second step may have
several substeps in which additional FR genes are homozygously inactivated. Available
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evidence suggests that, in rare instances, steps 1 and 2 can be reversed, as inactivation of

the first FR gene allele can be accomplished by germline nucleotide substitutions, including
population-based polymorphisms. Homozygous inactivation of FR genes is associated with
clonal expansion of the /n situ preneoplastic clone. In the third and final step, the remaining
allele of a contiguous tumor suppressor is inactivated, most commonly by a mutation (hit

4). This step is associated with clonal evolution into the transformed phenotype (high-grade
intraurothelial neoplasia) exhibiting features of carcinoma /n sitv and progressing to invasive
bladder cancer (urothelial carcinoma).

(B) Biologic effects of Lparé6and Cab39/silencing in mouse urothelium causing luminal and
basal hyperplasia, respectively.
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