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ABSTRACT

Bladder cancer is a heterogeneous malignancy at both morphologic and genetic levels. The
most common morphologic variant of bladder cancer is urothelial cell carcinoma, which is often
admixed with other histologic variants including squamous differentiation and glandular
differentiation. To improve therapeutic decision making, several molecular subtypes that can be
broadly subdivided into basal subtype and luminal subtype based on gene expression patterns have
been described. In addition to morphologic heterogeneity, evidence shows that bladder cancer can
be heterogeneous in regards to molecular subtypes, challenging the effectiveness of therapies.
Therefore, identifying the molecular signatures and the genetic alterations contributing to bladder
cancer heterogeneity is of utmost importance.

Loss of the transcription factor, FOXA1, and the tumor suppressor, PTEN, has been
reported in muscle invasive bladder cancer exhibiting heterogeneity in the form of squamous
differentiation. Because this suggests that FOXAL and PTEN may play a role in bladder cancer
pathogenesis, we hypothesized that loss of FOXA1 and PTEN might cooperate to promote the
development of heterogeneous bladder cancers.

To test our hypothesis, we integrated publicly available clinical data with in vivo and in
vitro studies. Clinical data showed that concurrent loss of FOXAL and PTEN is a common event in
muscle invasive bladder cancer. Supporting previous reports, FOXA1 loss was associated with
basal subtype bladder cancer whereas PTEN loss was independent of molecular subtype or presence
of squamous differentiation. We identified copy number alterations and DNA promoter
hypermethylation as significant contributors of PTEN and FOXA1 expression, respectively.
Moreover, bladder-specific knockout of Foxal and Pten in mice resulted in carcinoma in situ with
squamous differentiation, and in muscle invasive bladder cancer with extensive squamous

differentiation when combined with carcinogen exposure. Expanding on the findings implicating



\Y
deletion of Foxal and Pten in bladder tumorigenesis, overexpression of FOXAL and not of PTEN
in UMUCS3 bladder cancer cell lines resulted in a reduction of cell viability and induction of
apoptosis supporting the idea of a protective role for FOXAL in bladder tumorigenesis.

Overall, our data show that genetic alterations of FOXAl and PTEN contribute to
morphologic heterogeneity of bladder cancer in the form of squamous differentiation, and
potentially drive the development of a basal molecular subtype disease. Future investigations on
the molecular mechanisms between these two genes will provide further insight into their role in

bladder cancer heterogeneity.
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Chapter 1

Literature Review

The Bladder Urothelium

The urinary bladder (hereafter simply bladder) is a hollow organ composed of four different
tissue layers including the mucosa, submucosa, muscularis propria and the peritoneal membrane
(adventitia). Facing the lumen of the bladder is the mucosa, which consists of transitional
epithelium (urothelium). Immediately adjacent and inferior to the urothelium lies a basement
membrane, which connects to the submucosa (lamina propria), consisting of fibroblasts, blood
vessels, nerves and immune cells (Figure 1-1). The lamina propria and submucosa form together
the connective tissue that supports the bladder wall. The muscularis propria also referred to as
detrusor muscle is a lining smooth muscle surrounding the bladder, which is covered by a layer of

perivesical fat! 2,
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Figure 1-1. The bladder urothelium and associated connective tissue.

This cartoon represents the architecture of the bladder urothelium and additional cell types
localized to the lamina propria and muscularis propria. Shown is the multilayered/stratified
urothelium (mucosa) with luminal, intermediate and basal cells connected to the lamina propria
(submucosa) through the basement membrane. The connective tissue enriched with different cells
(such as fibroblasts, immune cells, and nerves) is adjacent to the smooth muscle (muscularis

propria).

Three different cell populations constitute the bladder urothelium, including the basal cells,
intermediate cells, and the luminal (superficial or umbrella) cells. The three cell populations differ
in their shape, size, and urothelial marker expression®#4, and are structurally organized to form three
to six layers of cells depending on the mammalian species. Hence the bladder urothelium is said to
be a stratified epithelium®. The basal layer, similar in all species, consists of a single layer of cells
adjacent to and connected to the basement membrane. It is constituted by small (10-20 um in
diameter), polygonal and mononucleated cells enriched of the expression of high molecular weight
cytokeratins (KRT) including KRT5/6 and KRT14. Intermediate cells are similar in size to basal
cells and are also mononucleated cells. While these cells are present as a single layer of cells in
mouse urothelium, they can form up to five layers of cells in human urothelium?. Conversely, the
luminal cell layer is composed of a single layer of large (20-40 pum in diameter), cuboidal,
multinucleated and polarized cells, abundant in the expression of low molecular weight
cytokeratins such as KRT20 and uroplakin proteins® 7.

Two major characteristics related to the functionality of the bladder urothelium are its
impermeability and compliance. In addition to its barrier function, which is essential in limiting the
exchange of substance between blood and urine, the “transitional” nature of the urothelium enables
it to distend in the presence of bladder filling as well as to shrink during voiding® °. The
permeability function of the urothelium is controlled by the activity of specialized urothelial

plagues forming an asymmetric unit membrane (AUM) on the apical membrane of luminal cells
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and by the presence of tight junctions, glycocalyx, and specialized lipids* 8. The AUM is composed
of uroplakin proteins (UPla, UPIb, UPII, UPIlla, and UPIlIb) synthesized by the luminal cells as
they undergo urothelial terminal differentiation and specialization®® 1,

Moreover, the cells of adult urothelium are quiescent cells exhibiting a slow proliferation
rate. Evidence shows that in the absence of stimulation, while human adult urothelium has a cell
cycle time of approximately 3 to 6 months*, the turnover time of mouse adult urothelium is about
40 weeks'?. However, experimental studies in rodents show that following acute injury from
exposure to cyclophosphamide or the uropathogenic Escherichia coli, the bladder urothelium can
rapidly proliferate and remarkably regenerate itself within 72 hours® 4, Similar experimentation
in rats exposed to protamine sulfate revealed the ability of urothelial cells to restore and form an
intact urothelium by day 10%°. Lineage tracing studies in mouse show that basal cells are capable
of repopulating and restoring all three cell layers of the urothelium following pathogenic induced
injury*®. For this reason, basal cells are said to be progenitor cells of the urothelium. Nevertheless,
contrasting evidence by a separate lineage tracing study revealed that intermediate cells rather than
basal cells regenerate adult urothelium upon injury*’. Additionally, developmental studies in mice
deficient for tumor protein 63 (Tp63) showed that although these mice are deprived of basal and
intermediate cells, they still develop a single layer of luminal/umbrella cells enriched of Upll
expression'® °. Thus, these studies suggest that umbrella cells may develop separately from
intermediate and basal cells, and indicate the existence of potentially different processes driving

urothelial cells differentiation, although further investigations are required.



Epidemiology

Bladder cancer is the second most common genitourinary malignancy after prostate cancer
and is the sixth most common cancer worldwide with approximately 430,000 diagnoses in 20122,
Bladder cancer is also the third most common cancer among men, and it is the eleventh most
common among women?, Although predominantly diagnosed in western and industrialized
countries of Europe and North America, an increase in bladder cancer morbidity has been reported
for North Africa and Middle East countries (i.e., Algeria, Egypt, Syria, Iraq) and also for Asia?* %,
According to the American Cancer Society estimates, approximately 81,190 people will have been
newly diagnosed with bladder cancer in 2018 in the United States (US). Additionally, it is estimated
that 17,340 people will have died in the US in 20182%. Evidence shows that incidence and mortality
of bladder cancer are associated with socioeconomic, environmental and occupational factors,
which differ based on demographics such as age, gender, ethnicity, and geographic location?.

Among the most significant risk factors for bladder cancer are environmental factors
including tobacco and occupational exposure to carcinogen. Over the past decades, the incidence
of bladder cancer has remained stable in parallel with a decrease in the rates of tobacco smoking.
However, with the event of new forms of tobacco smoking (i.e., electronic cigarette smoking), the
composition of cigarettes has also changed leading to decreased concentrations of tar and nicotine
but increased amount of tobacco-derivative carcinogens such as nitrosamines®. Thus, these
changes in cigarette content may over time strengthen the association of tobacco smoking and the
risk of bladder cancer?® %", Moreover, a recent study shows that the contents of electronic cigarette
possess carcinogenic properties and can induce tumorigenic transformation of urothelial cells and
bronchial cells in both in vivo and in vitro studies?.

Epidemiologic studies show that workers in the rubber industry and hairdressers are at

higher risk of developing bladder cancer due to occupational exposure to industrial chemicals and
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dye products containing aromatics amine (benzidine, naphthylamine, and nitrosamines)?-3,
Moreover, dietary sources of nitrate, nitrite, and arsenic have also been associated with bladder
cancer development®2**, Epidemiologic evidence indicates that genetic differences in carcinogen
metabolism could be drivers of the differences in bladder cancer susceptibility among
populations®>-37,

Age is also a significant risk factor, with the median age being 70 years old at the time of
diagnosis?® %, For reasons that are still unclear, men are approximately three times more likely to
be diagnosed with bladder cancer®, even upon stratification for other well-known risk factors such
as age, cigarette smoking and occupational exposure to carcinogen®. Notably, women present a
more advanced and aggressive disease than men at the time of diagnosis*, but the sex-dependent
nature of clinical outcomes is less clear. While some studies show that men have a superior rate of
survival than women following treatment*?, other studies show no sex differences relative to
treatment outcome and management*® 44, Steroid hormone receptors such as androgen receptor
(AR) and estrogen receptor alpha (ESR1) are central to the molecular pathogenesis of prostate and
breast cancer® 6 as well as a subset of other malignancies including lung and liver cancer*” “,
Indeed, a role for AR and ESR1 and estrogen receptor beta (ESR2) has been suggested in bladder
cancer®®, but more research is required.

Ethnicity is also an established risk factor for bladder cancer. Likewise gender, racial
disparities have also been noted, with African descendants presenting lower incidence but more
advanced stage disease than other races (Caucasians, Asians) at diagnosis®® 1. However, in
developing countries of the Middle East and Africa, the leading cause of bladder cancer is parasitic
infection by Schistosoma haematobium, which causes the formation of non-urothelial cell

carcinoma as described in a later section of this chapter? 52,



Clinicopathologic Features of Bladder Cancer

The majority of bladder cancers arise following neoplastic transformation of the
urothelium® resulting in eventual disruption of the urothelial plague and subsequent loss of
differentiation and proper functionality of the bladder urothelium®-¢, At the time of clinical
presentation, most of the patients (80-90%) exhibit gross or microscopic painless hematuria (blood
in urine), whereas 20-30% of patients present signs and symptoms of bladder irritations such as
dysuria, frequency and urge incontinence®. When there is suspicion of bladder cancer, the bladder
of a patient is assessed via cystoscopy. When abnormal lesions are detected, histological evaluation
of transurethral biopsy in addition to bladder wash cytology is performed®®. These procedures
provide information about tumor biology in terms of morphology, grade and stage of disease, which
are all key determining factors for risk stratification and the development of a treatment plan.
Additionally, radiographic imaging of the upper urinary tract (the renal system and the ureter) using
computed tomography (CT) or magnetic resonance imaging is used to stage patients with confirmed

bladder cancer®. CT scan of the chest and bone is usually performed to rule out metastasis.

Staging of bladder cancer

Histopathological analysis of bladder cancer specimen is used for disease staging and risk
stratification, and can often have value for prognostication. Generally speaking, bladder cancer
staging consists of the evaluation of the tumor size and location within the bladder wall. The
tumorous cells can be confined within the urothelial lining (mucosa), extended into the bladder wall
(lamina propria and muscularis propria), into adjacent organs (i.e., vagina and uterus in women,
and prostate in men), or to distant organs. The staging of bladder cancer follows the Tumor-Node-

Metastasis (TNM) classification system developed by the American Joint Commission on Cancer
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and the Union for International Cancer Control® !, Staging of bladder cancer is shown in detail in
Table 1-1. The Tumor-classification (pTO, pTa, pTis, pT1, pT2, pT3 and pT4) refers to the size and
the extent of the primary tumor growth into the nearby tissues. The higher is the number, the bigger
the tumor size and the depth of infiltration in the bladder wall. The Tumor-classification is the
staging system that will be used as reference throughout this dissertation.

Based on disease presentations and early tumor genetics studies, several lines of evidence
suggest that bladder cancer arises along two divergent largely non-overlapping pathways. These
pathways include (1) the development of urothelial hyperplasia, which may progress into papillary
tumors (pTa), and (2) the development of urothelial dysplasia and carcinoma in situ (CIS or pTis)
followed by progression to invasive disease (> pT1)%% 3,

Approximately 70% of diagnosed cases of bladder cancer are non-invasive superficial
papillary (pTa) variants, which encompass urothelial papilloma, papillary urothelial neoplasms of
low malignant potential and papillary carcinoma. Morphologically, papillary variants are exophytic
structures with tumor cells growing outwards into the bladder lumen, and are comprised of
fibrovascular cores®. Non-invasive tumors also include pTis disease, a subset of superficial tumors
confined in the inner lining of the urothelium. The pTis tumors are, by definition, the occurrence
of neoplastic changes within the urothelium, and have a high risk of progression into the bladder
wall®®. In fact, invasive bladder cancer, which accounts for about 30% of presented cases is thought
to derive from flat CIS®®. Invasive tumors are aggressive and have a high tendency of progression
and mortality®’. These tumors can be localized tumors with invasion either into the lamina propria
(pT1) or the muscularis propria (pT2), regional tumors with invasion into the perivesical fat (pT3)
and distant tumors with invasion into other organs such as lymph node, bones, lung, liver and
peritoneum® %, Evidence shows that genetic and epigenetic alterations are potential drivers of

these divergent urothelial tumor pathways’"® as shown in Figure 1-2.
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Additionally, accurate pathologic grading of malignant urothelium is essential, as tumor
grade is associated with disease aggressiveness. Histological grading of bladder cancer, which is
based on cytologic evidence (cellular and architectural atypia), describes the extent of
differentiation of cells and follows the World Health Organization and International Society of
Urologic Pathologist classification criteria’ ™. Grading is particularly crucial for papillary (pTa)
tumors for the distinction of well-differentiated (low-grade) tumors from poorly differentiated
(high-grade) tumors, as high-grade tumors are particularly high-risk for recurrence’ 7. While
early-stage tumors (pTa and pT1) can be divided into low-grade and high-grade lesions, generally

CIS (pTis) and advanced tumors (> pT2) tend to be graded into high-grade’.
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Figure 1-2. Schematic representation of the potential molecular pathways involved in bladder
cancer pathogenesis.

Histopathological changes of the urothelium are believed to arise following the clonal
expansion of a preneoplastic cell within a normal urothelium. As the clone expands, the occurrence
of genetic alterations such as loss of heterozygosity (LOH) of genes on chromosome 9 or activating
mutations in fibroblast growth factor receptor 3 (FGFR3), Harvey rat sarcoma viral oncogene
homolog (HRAS), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA) or stromal antigen 2 (STAG2) leads to the formation of non-invasive superficial papillary
tumors, which accounts for 70% of all bladder cancer’® 7. These tumors have a high propensity to
recur and progress into invasive bladder cancer potentially following the loss of cyclin-dependent
kinase inhibitor 2A (CDKN2A) and mutations in tumor protein 53 (TP53) or retinoblastoma 1 (RB1)
as indicated by the dashed arrows. Invasive tumors accounting for 30% of all bladder cancer are
believed to originate from flat carcinoma in situ (CIS; pTis) upon LOH of genes on chromosome 9
and mutations in TP53 and RB1. Additional genomic changes including LOH of phosphatase and
tensin homolog (PTEN) promote tumor invasion and metastasis’> °. Adapted from Yamashita et
al™.

Treatment options for bladder cancer

Current guidelines from the National Comprehensive Cancer Network® recommend
transurethral resection (TUR) as front-line treatment for early-stage diseases (pTa, pTis, and pT1),
generally categorized as non-muscle invasive bladder cancer (NMIBC). When early-stage diseases
with high-grade lesions (suggesting a high risk of recurrence) are detected, the standard treatment
is TUR with immediate postoperative intravesical delivery of chemotherapy (i.e., epirubicin, or
mitomycin C)8. Additional treatment options for NMIBC include adjuvant intravesical
chemotherapy (mitomycin C or gemcitabine) or Bacillus Calmette-Guérin (BCG)®. BCG is an
attenuated mycobacterium vaccine that is used to treat tuberculosis and has been reported to be
superior to chemotherapy in preventing disease recurrence and delaying its progression to advanced
stage lesions®> 8, Patients who fail to respond to BCG therapy undergo local adjuvant
chemotherapy or radical cystectomy (complete removal of the bladder)4-¢. All patients with early-
stage bladder cancer experience frequent clinical follow-up consisting of periodic cystoscopy and
cytological analysis for disease surveillance. Although the five-year survival of pTa cancer is close

to 90%, up to 70% of these tumors recur’® and up to 40% of patients progress to invasive disease
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following recurrence’’. Therefore, follow-up and management of superficial disease is a lifetime
commitment, explaining why bladder cancer is one of the most expensive cancer in terms of cost
per patient®’.

Current guidelines for the treatment of patients with muscle invasive bladder (MIBC; >
pT2 disease) include neoadjuvant, cisplatin-based chemotherapy followed by radical cystectomy
with concomitant urinary tract diversion®, Radical cystectomy is a morbid procedure, and while
often saving the life of a patient, it often negatively influences the quality of life of patients in terms
of sexual, urinary and bowel functionality®. Adjuvant therapy namely systemic cisplatin-based
chemotherapy or radiotherapy can also be employed®. Cisplatin-based chemotherapy consists
either of cisplatin alone as a single agent or combined with other agents like cyclophosphamide,
doxorubicin and cisplatin (CAP); methotrexate, vinblastine, Adriamycin, and cisplatin (MVAC);
or methotrexate, vinblastine, epirubicin, and cisplatin (MVEC)®. Survival for MIBC patients is
stage dependent with a five-year survival rate of 69% for pT2 lesions, 35% for pT3 diseases,
decreasing to 5% when metastasis (pT4) has occurred®® . Since radical cystectomy is reported to
be of no benefit for metastatic patients, the first-line regimen for this group of patients is systemic
chemotherapy such as MVAC and gemcitabine-cisplatin (GC) or radiotherapy. Because these
therapies fail in 95% of cases, novel and effective treatment strategies are of utmost importance,
and the expansion of the genetic and molecular evidence of bladder cancer sets the basis for the
development of targeted therapies®. Mainly, molecular pathways identified to be altered in bladder
cancer and have clinically available inhibitors include the phosphatidylinositol 3-kinase (P13K)
pathway and tyrosine kinase pathways such as the fibroblast growth factor receptor 3 (FGFR3) and
epidermal growth factor receptor (EGFR)%*%4. Nonetheless, current clinical investigations with
inhibitors of the PI3K pathway such as Alpelisib and Buparlisisb or with EGFR inhibitors such as
Cetumximab, Erlotinib, and Gefitinib are yet to prove clinical efficacy superior to cisplatin-based

chemotherapy. Therefore, more investigations of new therapies are required. Additionally, clinical
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trials based on systemic immunotherapies using programmed cell death protein (PD1) and

programmed cell death protein ligand (PDL-1) inhibitors have shown promising outcomes with

increased overall survival highlighting the clinical significance of immune checkpoint blockades

in bladder cancer® %, Currently approved immunotherapies by the Food and Drug Administration

as second-line of treatment for advanced disease patients that do not respond to chemotherapy

include Atezolizumab, Nivolumab, Durvalumab, and pembrolizumab.

Table 1-1. Clinicopathologic stages of bladder cancer.

Stage Tumor- Node- Metastasis-  Tumor  Tumor Invasion Therapy?®
classification classification classification Grade
0 pTO NO MO - Normal -
urothelium
(no tumor)
Oa pTa NO MO LGor Non-invasive TUR for LG; TUR
HG papillary tumor with intravesical
chemotherapy or
BCG for HG
0is pTis NO MO HG Flat CIS TUR with
intravesical BCG
| pT1 NO MO LGor Invasionintothe  TUR (with
HG lamina propria intravesical
(connective chemotherapy or
tissue) BCG) or
cystectomy
1 pT2 NO MO HG Invasion into the  Radical cystectomy
muscle (depth of  with or without
invasion neoadjuvant
indicated as pT2a chemotherapy
and pT2b)
11 pT3 Any N MO HG Invasion into the  Radical cystectomy
perivesical tissue  followed by
(extent of adjuvant
invasion chemotherapy
indicated as pT3a
and pT3b)
v pT4 Any N MO HG Invasion into Chemotherapy;
nearby organs radiotherapy
Any T Any N MO HG Invasion into Chemotherapy;
nearby organs radiotherapy
Any T Any N M1 HG Distant Chemotherapy;
metastasis radiotherapy




12

The Tumor-classification (pTO, pTa, pTis, pT1, pT2, pT3 and pT4) refers to the size and the extent
of the primary tumor growth into the nearby tissues. pTO refers to no detection of the primary
tumor. The Node-classification (NO, N1, N2, N3) indicates the spread of the tumor into regional
lymph nodes and the number of lymph node affected. NO refers to no detection of lymph node
invasion. The Metastasis-classification (M0, M1) indicates the migration of the tumor to other
organs of the body. MO refers to no detection of distant. LG = low-grade tumor; HG = high-grade
tumor; CIS = carcinoma in situ; TUR = transurethral resection; BCG = Bacillus Calmette-Guérin
vaccine. Adapted from Sobin et al®.

Histomorphology

Invasive bladder cancers (> pT1) exhibit a wide range of morphologic phenotypes, of
which the most common is urothelial cell carcinoma (UCC). While UCC accounts for
approximately 90% of bladder cancer diagnoses, the remaining 10% of cases are non-urothelial
cell carcinoma classified as pure squamous cell carcinoma, pure adenocarcinoma, small cell
carcinoma, large cell neuroendocrine carcinoma and other morphologic variants™ . While
prognosis of UCC is widely dependent on tumor stage, the pure forms of bladder cancer histologic
variants often present at an advanced stage disease and are considered, generally, to have poor
prognosis®-1%, However, conclusions drawn from retrospective studies examining the correlation
between tumor morphology and clinical outcome, after adjusting for stage, have been conflicting®®
101,102 \While the reasons for this are several (i.e., a non-uniform cutoff for variant morphology
between studies or selection bias among many), additional prospective studies on the pure histology

forms are needed to clarify prognosis of patients with this form of disease®,

Urothelial cell carcinoma

Tumorous cells in UCC have marked nuclear atypia, increased amount of cytoplasm and
are poorly differentiated. The UCC lesions may grow into the bladder wall as diffuse single cells,

nests or trabeculae, and are often characterized by increased inflammatory infiltration%,
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A subset (40%) of UCC malignancies present mixed histology and are suggested to have
poor outcome and reduced survival rate owing to their association with high grade and advanced
stage disease®® 1%, These lesions appear as UCC commonly admixed with focal or extensive
squamous differentiation (60%), glandular differentiation (10%), sarcomatoid (7%), micropapillary
(3.7%), plasmacytoid and other rarer histological variants!® 1%, The rest of this section will focus

on the squamous and glandular histologic variants of UCC and their related pure forms.

Squamous differentiation

The coexistence of UCC with squamous differentiation (SqD) can be distinguished from
pure UCC by characterizing features such as the presence of intercellular bridging, desmosomes,
keratin pearl formation, and superficial keratinization®,

When SqgD is detected throughout the tumor, these malignant bladder cancers are
characterized as pure squamous cell carcinoma (SCC), which accounts for about 5% of non-
urothelial carcinoma in western countries. Interestingly, SCC is the predominant type of bladder
cancer diagnosed in Middle East countries where it develops as a result of chronic urinary tract
infection by Schistosoma haematobium®. Among the most commonly believed causes of SCC in
western countries are chronic irritation, often due to catheterization of the bladder, and spinal cord
injuries that lead to the activation of inflammatory response!®’. When adjusted for stage and other
prognostic factors, pure SCC appears to have a more aggressive nature and a high degree of local

recurrence than pure UCC%,
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Glandular differentiation

On the other hand, distinct features of UCC with glandular differentiation (GD) include the
formation of gland-like or small tubular structures, often with the presence “signet ring” cells®,
The pure form of glandular differentiation is adenocarcinoma (AC) accounting for about 2-3% of
non-urothelial cell carcinoma. Similarly to SgqD and SCC, the presence of GD and AC is associated
with advanced disease with adverse prognostic outcome!®. Nonetheless, additional studies are

required to firmly establish a link between clinical outcome and GD/AC 110,

Cell of Origin of Bladder Cancer

By definition, a cell of origin of cancer is the normal cell type that following neoplastic
transformations gives rise to tumor formation*t. Cancer can arise from any cell type within a tissue.
This cell may acquire tumorigenic properties following the accumulation of genetic and epigenetic
alterations leading to tumor development. These genetic alterations contribute to morphologic and
molecular heterogeneity of cancer disease.

Tumor cells of origin can be identified experimentally through lineage tracing studies in
mouse models. Several studies using genetically engineered mice model bearing a Cre driver
specifically expressed in the cell type of interest (i.e., Krt5-Cre for basal cells or Upll-Cre for
luminal/intermediate cells) in combination with Rosa26 reporters suggest that the urothelial cell
types may give rise to different lesions of bladder cancer. The findings from one study indicate that
luminal/umbrella urothelial cells are, likely, the cells of origin of non-invasive superficial papillary
tumors whereas basal urothelial cells are, likely, the progenitors of CIS lesions, MIBC and SCC**2,
In line with these findings, studies in a carcinogen mouse model of bladder cancer suggest basal

urothelial cells are tumor-initiating cell populations that give rise to CIS and muscle invasive
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disease upon deletion of the Sonic hedgehog gene, the expression of which is restricted to basal
cells!®3, In conjunction with clinical studies showing a high degree of concomitant CIS in patients
with MIBC, these studies suggest CIS is a precursor to the development of a majority of tumors
displaying frank invasion. Nonetheless, clinical data show that CIS lesions are enriched with
KRT20 expression, which is a luminal urothelial specific marker''4. Additionally, besides from
CIS, invasive diseases in humans may derive from high-grade recurrent superficial papillary
tumors, which conversely appear to have luminal cells as cellular progenitors based on lineage
tracing studies''?. Therefore, contradicting data exit regarding the cellular origin of CIS and
invasive diseases warrantying further studies to define the cell of origin for invasive bladder cancer
accurately. Nevertheless, the findings of different progenitors for development of non-invasive
superficial and invasive bladder cancer support the idea of divergent mechanisms behind these two

types of bladder cancer as also supported by molecular and genomic evidence® 1%°,

Bladder Cancer Heterogeneity: Clonality and Multifocality

Clinical evidence shows that bladder cancer is a multifocal and heterogeneous disease with
a spectrum of pathological behavior. In a wide variety of cancers, tumor heterogeneity has
significant clinical implications in terms of treatment and prognosis. Several tumor characteristics
including genetic alterations, gene expression patterns and morphology contribute to tumor
heterogeneity and influence tumor clinical behavior. There are two types of tumor heterogeneity:
intertumoral heterogeneity, which refers to differences in tumor characteristics across patients
populations®'®, and intratumoral heterogeneity, which describes regional variability in morphologic
and molecular features within an individual patient''’. Put differently, a patient exhibiting
intratumoral heterogeneity could present with multiple, unique subpopulations of cells with

different genomic profiles'’. Although the exact mechanisms that drive intratumoral heterogeneity
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are almost certainly cancer-specific and largely unknown, two theoretical models have been
proposed. These models include (1) the “field of cancerization” (also known as “field effect”)
model and (2) the “clonal evolution” model. In the “field of cancerization” model, independent
cellular clones within a primary tumor give rise to distinct, individual tumors®1%, These
individual tumors exhibit unique genetic alterations and gene expression patterns within the same
organ. The “clonal evolution” model describes the clonal expansion of an individual/single cell as
the result of adaption to tumor-intrinsic or extrinsic (i.e., therapeutically-induced) selective
pressures'!®, During the expansion, a clone might undergo divergent evolution in which selective
pressure promotes additional diversity at the genetic and epigenetic levels, and may cause genomic
instability’> 2 122 a proposed significant contributor of the development of intratumoral
heterogeneity?? 124, The spatial-temporal accumulations of genomic and epigenomic defects as the
tumor progresses lead to phenotypic changes reflected in metastatic colonization, chemotherapeutic

response and clinical outcome!??,

The Genomic Landscape of Bladder Cancer

The identification of the genomic events potentially driving clonal selection and the diverse
phenotypes in bladder cancer has been possible by the application of a variety of molecular genetic
techniques. These methods include conventional approaches such as polymerase chain reaction
single-strand conformation polymorphism analysis, DNA sequencing used for assessment of
genetic mutations and polymorphisms!?. Loss of heterozygosity (LOH) analysis at microsatellite
marker loci is used for detection of allelic deletion!?. Fluorescence in situ hybridization and
comparative genomic hybridization are applied for detection of gains and losses of regions at each
chromosome!?” 128, X-chromosome inactivation analysis is often used for assessment of DNA

methylation status!?®. Up-to-date high-throughput methodologies including next-generation
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sequencing of whole genome and whole exome are also utilized™*°. The use of these tools has led
to the identification of somatic genetic alterations frequently implicated in urothelial carcinogenesis
and to the definition of the mutational genomic landscape of bladder cancer®% 1%, Although
important caveats exist, information about specific genetic alterations can be inferred by analysis
at the transcript level using RNA-sequencing (RNA-seq) and at the protein level using

immunohistochemistry (IHC) although for a limited subset of gene products!33 13,

Genetic alterations

After melanoma, lung SCC and lung AC, bladder cancer is the fourth cancer with the
highest mutational load**s. Chromosomal changes and copy number alterations resulting in
aneuploidy and increased level of genomic instability are also frequent mainly in MIBC® 1%,
Genetic analyses in combination with gene expression studies have led to the identification of
candidate genes and their related molecular pathways affected by genomic alterations. The impact
of genomic changes is mainly evident in the activation of oncogenes and inactivation of tumor
suppressor genes. The molecular pathways frequently altered in bladder cancer include cell cycle
regulation, receptor tyrosine kinase pathways, the mitogen-activated protein kinase (MAPK)
pathway, phosphatidylinositol triphosphate kinase (PI3K) pathways and chromatin remodeling
pathways®®’. The most frequent genetic aberrations are observed on chromosome 9 and 177% 38,
The following sections will cover the mutational landscape of bladder cancer followed by the copy

number alterations landscape of bladder cancer.
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The mutational landscape of bladder cancer

Although tobacco exposure is a major risk factor for urothelial carcinoma, the recent
molecular analyses of MIBC by The Cancer Genome Atlas (TCGA), together with the analyses of
NMIBC by the European multicenter (UROMOL) research team did not identify well known
tobacco-related DNA alterations!®* 37, Nonetheless, in the TCGA cohort, tumors from patients
with smoking history were enriched of epigenetic alterations, consisting mainly in changes in DNA
methylation pattern®*’. Several studies show that bladder cancer is enriched for mutations in genes
such as NFE2L2 and TXNIP, both of which are involved in the response to free radicals, and also
the ERCC2 gene, which plays a role in DNA repair process®** 0. However, further studies are
needed to confirm an association between mutations in these genes and smoking status.

The majority (65%) of mutations in bladder cancer are attributable to the activity of the
APOBEC cytosine deaminase, which promotes deamination of cytosine in favor of cytosine to
thymine (C-T) transitions or cytosine to guanine (C-G) transversions'4! 142, APOBEC-mediated
mutations have been associated with high risk tumors in NMIBC, although these mutations are
prevalent in tumors of both NMIBC and MIBC*33 137,

The most commonly observed mutations in NMIBC are activating mutations in PIK3CA,
AKT1, FGFR3 and HRAS genes, and inactivating mutations in TSC1 and PTEN resulting in
alterations of the PI3K and the MAPK pathways!4-146, Additionally, inactivating mutations in
genes involved in chromatin remodeling such as KDM6A, ARID1A and EP300 are frequent in
bladder cancer® 137 42 Similarly, inactivating mutations in STAG2, which is involved in
chromosome segregation, are common in bladder cancer'¥.

The frequency of mutations in the TP53 gene is generally detected at high levels (~ 50%)
in MIBC¥"- 148 Nonetheless, NMIBC including pTis and pT1 disease also exhibit a high frequency

of TP53 mutations (detected in 65% of pTis® and 50% of pT1'4°). Whereas the rate of inactivating
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mutations in RB1 is relatively higher in MIBC than in NMIBC. Concurrent inactivation of TP53
and RB1 is frequently detected in MIBC and has a disease progression significance!*. The timing
and order of occurrence of these genetic mutations appear to be a determinant in clonal selection
and expansion. Compelling evidence showing the presence of TP53 mutations and chromosome 9
alterations in early-stage diseases®? 121128 suggest that these genes may play a role in tumorigenesis
and disease progression by acting in concert with late genetic aberrations such as point mutations
or copy number alterations of other tumor suppressor genes including RB1 and PTEN?®® 152,
Additionally, mutations in epithelial differentiation transcription factors such as FOXA1
ELF3 and KLF5 are also frequently observed in MIBC¥. Alterations in these genes may promote
loss of urothelial differentiation resulting in poorly differentiated tumor and therefore the
development of aggressive cancer types®®. The frequency of the most common alterations in bladder

cancer is shown in Table 1-2.

Copy number alterations of bladder cancer

LOH of chromosome 9 is detected in all stages of bladder cancer!?*. Among the genes
altered on chromosome 9 is CDKN2A, which encodes for the alternatively spliced products p14
and p16 known repressors of TP53 and RB pathways, hence deletions of this locus leads to
dysregulation of the cell cycle pathway. Contributing to cell cycle dysfunction in bladder cancer
are also amplifications of genes with oncogenic functions such as CCND1, E2F3, MDM2, EGFR
and ERBB2™ (Table 1-2). Additionally, LOH of PTEN is observed in MIBC with consequent
alteration of the PI3K pathway!?® 152 153 Moreover, amplification of urothelial differentiation
transcription factors such as PPARG and GATA3 have been observed in MIBC™’, and as
abovementioned, alterations in urothelial differentiation factors genes may have implication on the

differentiation status of the tumor.



Table 1-2. List of genes frequently mutated in bladder cancer.

Hedegaard et al., Hurst et al., TCGA, Robertson et al.,
20163 2017%4 201413 201755
Sample stage NMIBC NMIBC MIBC MIBC
and size pTa (n = 345); pTa; pT2-pT4; pT2-pT4;
pTis (n = 3); n =140 n=131 n=412
pT1 (n=112)
MIBC
pT2-pT4;
n=16
Gene symbol Mutation Mutation Mutation Mutation
frequency frequency frequency frequency
FGFR3 53% 79% 12% 14%
PIK3CA 23% 54% 20% 22%
KDM6A 22% 52% 24% 26%
TP53 8% 49% 48%
ERBB2 8% 9% 12%
STAG2 18% 37% 11% 14%
EP300 15% 18% 15% 15%
ARID1A 13% 18% 25% 25%
ELF3 8% 8% 12%
RB1 7% 13% 17%
MDM?2 5%
PTEN 8% 3%
ERBB3 11% 10%
RXRA 9%
CDKN2A 5%
HRAS 12% 5%
KLF5 8%
ERCC2 12% 9%
NFE2L2 8%
TXNIP 7%
TSC1 11% 8% 8%
CDKN1A 14% 9%
FOXAl 5%
CNA frequency CNA frequency CNA frequency CNA frequency
CDKN2A 47% (del.) 22% (del.)
CCND1 10% (amp.)
RB1 14% (del.) 4% (del.)
EGFR 11% (amp.)
PPARG 17% (amp.) 6% (amp.)
MDM2 9% (amp.) 6% (amp.)
ERBB2 7% (amp.)
FGFR3 3% (amp.)
PTEN 13% (del.)
BCL2L1 11% (amp.)
E2F3 20% (amp.) 12% (amp.)
TP53 21% (amp.)

CNA = Copy Number Alterations; amp = amplification; del = deletion
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Epigenetic alterations

Besides genetic alterations, epigenetic alterations also play a critical role in human
cancer®® 157, The epigenetic networks, which encompass DNA methylation, histone modifications,
and nucleosome positioning, promote changes in gene expression and function without affecting
the coding sequence®®®. The most frequently altered epigenetic mechanism is DNA methylation.
Changes in the DNA methylation patterns of the genome result in severe pathophysiological
changes owing to the critical role of DNA methylation in development, genomic imprinting, and
X-chromosome inactivation®®®, This epigenetic process is orchestrated by DNA methyltransferase
enzymes (DNMT1, DNMT3A, and DNMT3B) and consists of the establishment and maintenance
of methyl groups on cytosine residues within cytosine-guanine dinucleotide (CpG) sites. DNA
methylation patterns occur in a tissue-specific manner and are dictated by the distribution of CpG
sites across the genome. Although CpG sites are sparsely found on gene bodies, they cluster to
form CpG islands of 150-200 base pair long, which are concentrated within or close to the promoter
regions of genes'®. In general, CpG sites in gene bodies are hypermethylated to block the
expression of repetitive DNA and transposable elements; however, alterations in the methylation
patterns of gene bodies can lead to upregulation of genes and increased levels of disease-related
mutations. Conversely, most of promoter CpG islands are, in general, in an unmethylated state to
protect gene expression. Nonetheless, during oncogenic transformation, CpG islands may undergo
hypermethylation that results in transcriptional inactivation and loss of gene function?®® 1€,

Altered expression related to promoter hypermethylation has been reported in the
tumorigenesis of several cancer types including breast, colon and bladder cancer, and has been
associated with loss of expression of tumor suppressor genes implicated in cell cycle and genes
involved in DNA repair'®®: 182 In bladder cancer, the molecular pathways significantly affected by

aberrant gene promoter methylation include cell cycle (CDKN2A), DNA repair process (BRCA1,
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MLH1, and RASSF1A), epithelial-mesenchymal transition (CDHL1), apoptosis (DAPK), and Wnt

signaling pathway (APC) among others'®%1%, Nonetheless, well-established tumor suppressors that
are genetically altered in bladder cancer namely TP53, PTEN, TSC1, and RB1 are reported not to
be affected by gene silencing through DNA hypermethylation®,

Even though promoter hypermethylation of CpG islands is observed in both NMIBC and
MIBC disease types, the frequency of hypermethylation in MIBC is higher and significantly
associated with tumor stage and grade®®” %8 as opposed to NMIBC, which often exhibit
hypomethylation of CpG sites in gene bodies®® 16% 170,

In addition to alterations in DNA methylation patterns, aberrations in chromatin

remodeling regulators (KDM6A, ARID1A, EP300, and CHDS) also contribute to tumorigenesis**”

171

Molecular Subtypes of Bladder Cancer

In an attempt to enhance disease risk stratification and the prognostic value of tumor
staging as well as to develop new effective and targeted therapies, molecular sub-classifications of
bladder cancer based on gene expression analyses have been undertaken by several groups. In this
regard, studies by research teams at Lund University, the University of North Carolina (UNC) and
MD Anderson Cancer Center (MDA) as well as the TCGA and the UROMOL cooperative research
group have identified uniqgue mRNA and protein expression patterns resulting in the identification
of several molecular subtypes of bladder cancer®33 134 137.172.173 'The next paragraphs will describe
first the molecular subtypes identified in NMIBC followed by the molecular subtypes identified in
MIBC.

The UROMOL group study utilized RNA-seq data to characterize the gene expression

pattern in NMIBC. The group identified three distinct subtypes based on tumor histopathological
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features: class 1, class 2 and class 31, Class 1 and class 2 tumors were characterized by expression
of early cell cycle genes (CCND1, CCND2, CCND3, WEE1) and exhibited luminal-like
characteristics consisting of the expression of luminal urothelial cell differentiation-associated
markers (PPARG, FOXAL, GATA3, UPIA, UPIB, UPII, UPIIIA, UPIHIB). Class 3 tumors exhibited
basal-like features for the presence of basal urothelial cell-associated markers. Interestingly, class
2 tumors showed high levels of KRT20 expression, which is highly expressed in pTis disease!!.
Additionally, a subset of class 2 tumors exhibited the expression of basal-associated genes such as
KRT5 and KRT14, which were highly expressed in class 3 tumors. Furthermore, both class 2 and
class 3 diseases had a poor prognosis with respect to progression-free survival.

The classification by the Lund group based on IHC analysis of tumors of both NMIBC and
MIBC identified five major molecular subtypes that differ in survival rates: urobasal A (uroA),
urobasal B (uroB), SCC-like (SCCL), genomically unstable (GU) and a heterogeneous infiltrated
class of tumors (infiltrated)**4. Tumors classified as uroA and uroB commonly shared high CCND1,
FGFR3, PIK3CA, and TP63 expression, but exhibited different disease-specific survival pattern.
While uroA diseases had a relatively favorable prognosis, uroB diseases were characterized by a
worse prognosis associated with the presence of TP53 mutations and by moderate expression of
basal cytokeratins (KRT4, KRT5, KRT6, KRT14, and KRT16) that have been associated with
SqD4. Approximately, 50% of the uroB tumors were MIBC cases. Tumors with SCCL subtype
presented similarities with uroB but were characterized by high basal/squamous signatures with
adverse prognosis. The GU subtype was characterized by TP53 mutations, low expression of PTEN
and high expression of CCNE, ERBB2, and KRT20, and about 40% of these tumors were MIBC.
Both GU and infiltrated subtypes, with the latter characterized by increased expression of immune
and stromal markers, had an intermediate prognosis in terms of disease-specific survival rate.

A recent revision of the Lund molecular classifications based on the integration of gene

expression profiling analysis and IHC analysis has led to the expansion of the Lund taxonomy into



24

six subgroups?”. The Lund’s latest tumor classification includes urothelial-like (Uro) previously
classified as UroA; the GU category; epithelial-infiltrated (Epi-Inf) tumors, which exhibited
infiltration of non-tumor cells. The new categorization also includes squamous cell carcinoma-
like/mesenchymal-infiltrated (SCCL/Mes-Inf) tumors enriched of the expression of ZEB2 and VIM
promoting a mesenchymal phenotype; SCCL/UroB, which included tumors previously categorized
as uroB and were characterized by basal urothelial markers (KRT5 and KRT14); and small-
cell/neuroendocrine-like (Sc/NE), which exhibited increased expression of TUBB2B and EPCAM
associated with neuroendocrine cell phenotype. Based on their expression signatures enriched of
PPARG, FOXA1, RXRA, GATA3, KRT20, UPIII, tumors in the Uro, GU and Epi-Inf classification
have been associated with a luminal-like subtype, whereas tumors in the SCCL/Mes-Inf,
SCCL/UroB and Sc/NE subgroups exhibited heterogeneous signatures contributing to a basal-like
subtype, and were enriched of other signatures that drive mesenchymal or neuroendocrine
phenotypes.

Unlike the Lund classification, the analyses by the UNC, the MDA, and the TCGA groups
were focused solely on MIBC, and the overlap between the subtyping schemas of these groups and
the Lund group is shown in Figure 1-3. The UNC study revealed two distinct intrinsic subtypes of
high-grade MIBC that differentially express signatures of urothelial differentiation: the luminal and
the basal subtypes'’2. It was reported that these two subtypes strongly resembled the intrinsic
molecular subtypes defined in breast cancer in regards to their gene expression patterns. A
simultaneous and independent study by the MDA team proposed three subgroups of disease
including luminal, “p53-like” and basal subtypes!’®. The molecular signatures in the luminal and
basal subtypes overlapped with those of the UNC group: luminal tumors were enriched of
uroplakins, KRT20, CD24, FOXAL, GATA3, ERBB2 and PPARG expression whereas basal tumors
showed high level of basal urothelial markers such as KRT5, KRT6, KRT14 and EGFR, and were

often associated with the presence of SqD markers and infiltration of stromal markers (TWIST1/2,
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SNAI2, ZEB2, and VIM). Although the “p53-like” subtype presented the same signatures as the

luminal subtype, it was characterized by the presence of a wild-type TP53 gene signature.

The TCGA group initially identified four different clusters: cluster I, cluster Il, cluster IlI
and cluster IV*¥". While cluster I and 11 exhibited expression consistent with luminal features (i.e.,
KRT20 and UPII), cluster I11 showed basal characteristics and cluster IV had claudin-low features
enriched of stromal and immune expression®’’. The TCGA analysis was subsequently repeated and
confirmed by a group at the Broad Institute, which renamed the TCGA clusters as luminal (cluster
1), luminal immune (cluster I1), basal (cluster 111) and immune undifferentiated (cluster V)%,
Further characterization of the TCGA classification using a larger cohort has identified five
subtypes based on expression profile'®®. The five classifications consisted of luminal-papillary,
luminal-infiltrated, luminal, basal-squamous and neuronal. The three luminal subtypes, which
shared urothelial differentiation-associated markers such as PPARG, FOXAL, GATA3 as well as
UPIA, UPII, differed among each other in respect to their wild-type TP53 signatures, immune and
stromal infiltration. The basal-squamous subtype was characterized by the expression of basal
urothelial markers such as CD44, KRT5, KRT6A and KRT14 and squamous differentiation markers
including TGM1, DSC3, and PI3; whereas the neuronal subtype was characterized by
neuroendocrine signatures such as CHGA, CHGB, and SCG2.

It is noteworthy to point out that in all classifications, tumors categorized as basal-like
(often enriched of SqD) were typically aggressive, and associated with advanced stage and poor
prognosis when compared with tumors labeled as luminal-like.

In addition to potentially being predictive of responsive to cisplatin-based
chemotherapy'’®, the molecular characterization of bladder cancer provides an opportunity for
improvement and development of new clinical approaches, including targeted therapies. For
example, potential subtype-specific actionable targets include the tyrosine kinase receptors, FGFR3

and ERBB2 in luminal subtype tumors as well as EGFR in basal-squamous tumors. There is also
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evidence that specific subtypes respond more favorably to immune checkpoint blockade!™.
However, tumor heterogeneity concerning molecular subtype is a confounding variable that could

potentially render the development of clinical tests based on molecular subtype problematict® 8,
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Figure 1-3. Categorization of molecular subtypes of bladder cancer.

Shown is a schematic representation of the molecular subtypes of MIBC identified by five
different research teams: the University of North Carolina (UNC)'"?, the MD Anderson Cancer
Center (MDA)Y¢, The Cancer Genome Atlas Network (TCGA)*®, the Broad Institute (Broad)*3®
and the Lund University'** 1°, The approximate matching of the subtypes is shown based on the
data from Aine et al.'®? and Choi et al*”®. The UNC group identified two major subtypes based on
the expression of urothelial differentiation-associated markers: luminal subtypes and basal
subtypes. Parallel studies by the other teams identified subgroups within the luminal and basal
subtypes. The MDA team identified a third category defined as “TP53-like” enriched of stromal
markers. The TCGA defined four different clusters, the nomenclatures of which were redefined by
the Broad group. The Lund group initially identified five subgroups, which were re-evaluated for
further categorization (as indicated by the *). The molecular signatures of the subtypes related to
the Lund latest classification (*) are shown. UroA = urobasal A; UroB = urobasal B; Immune undiff
= immune undifferentiated; GU = genomically unstable; SCC-like (SCCL) = squamous cell
carcinoma-like; Epi—inf = epithelial infiltrated; Mes—inf = mesenchymal infiltrated; Sc/NE = small
cell neuroendocrine-like. Adapted from Aine et al'®2,
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PTEN and the PI3K Pathway in Bladder Cancer

The phosphatidylinositol-3 kinase (P13K) pathway is among the most commonly altered
signaling pathway in human cancer®®, In bladder cancer, aberrant activation of the PI3K pathway
is due to genomic alterations in the pathway components including activating mutations in
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PI3KCA), inactivating
mutations in tuberous sclerosis complex 1 (TSC1) and LOH of phosphatase and tensin homolog on
chromosome 10 (PTEN) (Table 1-2).

The PI3K pathway regulates multiple pivotal biologic functions, and because associated
alterations result in cell growth and malignant transformation, stringent regulation of this pathway
is essential. Signal transduction through the PI3K pathway is controlled by the regulatory activity
of the lipid kinase, PI3K, and the lipid phosphatase, PTEN*. Upon growth factor stimulation,
PI3K phosphorylates phosphatidylinositol 4,5 bisphosphate (PIP2) to form phosphatidylinositol
3,4,5 triphosphate (PIP3), which subsequently recruits phosphatidylinositol-dependent kinase 1
(PDK1) and the serine/threonine kinase (AKT) to the plasma membrane where AKT is then
activated by dual phosphorylation on threonine 308 (Thr308) residue by PDK1 and on serine 473
(Ser473) residue by the mammalian target of Rapamycin complex 2 (mTORC2). Once activated,
AKT blocks the inhibitory activity of the tuberous sclerosis complex (TSC1-TSC2) and promotes
activation of mMTORCL, and thus the synthesis of proteins involved cellular survival, growth,
proliferation, angiogenesis and metabolism?®® 18 mTORC1 exerts negative feedback control on
PI3K activity, which is also negatively regulated by PTEN activity. PTEN promotes
dephosphorylation of PIP3 to PIP2, and thus inhibits AKT downstream signaling (Figure 1-4). In
addition to its lipid phosphatase activity against serine/threonine phosphorylated substrates, a
protein phosphatase activity against tyrosine phosphorylated substrates has been described for

PTEN™®. By dephosphorylating focal adhesion kinase (FAK), PTEN is shown to inhibit focal
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adhesion structure and cell motility!®’. Although it is suggested that the tumor suppressor activity
of PTEN is primarily linked to its lipid phosphatase activity, one study in bladder cancer shows
that the protein phosphatase activity of PTEN can inhibit tumor invasive phenotype®®. In bladder
cancer, activating mutations of PIK3CA are predominately found in non-invasive superficial
bladder cancer. These mutations are considered phenocopies of the inactivation of the lipid
phosphatase activity of PTEN, which leads to constitutive activation of AKT!8, Based on that, it
is suggested that the inactivation of the protein phosphatase activity of PTEN may be the driver of
the invasive phenotype associated with PTEN loss in bladder cancer, as LOH of PTEN is widely
detected in advanced stage and aggressive forms of bladder cancer'?: 152 153 However, further
studies are warranted to confirm the differences between the two enzymatic activity (PIK3CA and
PTEN) in the formation of different types of tumor®.

Moreover, in a recent study based on integrative molecular subtype analysis of twelve
cancer types from TCGA studies, PTEN loss was ranked among the genetic alterations within
tumors classified as a squamous-like subtype, these tumors exhibited significantly worse prognosis
in terms of overall survival*®. Besides the clinical evidence of a role for PTEN in disease MIBC*,
several animal studies based on the use of genetically engineered models (GEMs) also underscore
the potential role of Pten loss in bladder tumorigenesis'®*1%. However, the fact that most bladder-
specific Pten knockout mice fail to recapitulate the aggressive histopathologic phenotypes typically
observed in human MIBC*®* 1% suggests the existence of crosstalk between the PI3K pathway and

other molecular events/pathways in promoting disease progression® 19419,
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Figure 1-4. PTEN in the PI3K/AKT signaling pathway.

Upon the binding of a ligand to a receptor tyrosine kinase, the activation of
phosphatidylinositol-3 kinase (PI3K) phosphorylates phosphatidylinositol 4,5 bisphosphate (PIP2)
to form phosphatidylinositol 3,4,5 triphosphate (PIP3). Dephosphorylation of PIP3 to PIP2 by the
lipid phosphatase activity of PTEN inhibits the downstream signaling of AKT activation mediated
by the activity of PIP3, phosphatidylinositol-dependent kinase 1 (PDK1) and the mammalian target
of Rapamycin complex 2 (mTORC2) complex, which phosphorylate AKT. Activated AKT blocks
the inhibitory activity of tuberous sclerosis complex (TSC1-TSC2) on mTORCL activity and
promotes, therefore, cell growth, proliferation, survival, and migration. The protein phosphatase
activity of PTEN also inhibits cell survival and migration by blocking, for instance, the activity of
focal adhesion kinase (FAK). Adapted from Planchon et al*®.
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FOXAL in the Transcriptional Regulation of the Bladder Urothelium

The transcriptional factor Forkhead box Al (FOXALl) is a key regulator of
epithelial/urothelial differentiation process!®2%, and alterations in FOXA1 expression have been
implicated in several cancers including bladder cancer?®:2%°>, FOXAL is a member of the Forkhead
family of winged-helix transcription factors that play an essential role in the development of several
organs including the liver, pancreas, lungs, breast, prostate, and bladder%-2%,

Because of its structural similarity to linker histone, FOXAL has the intrinsic ability to
stably bind to the nucleosomes and unfold the chromatin, allowing the accessibility of
transcriptional machinery to locate and bind to gene regulatory regions, and promote
transcription®®. For this reason, FOXALI is said to possess a “pioneering” function?”’. As a
transcription factor, FOXA1 binds to specific DNA motifs at enhancer or promoter regions of target
genes to promote gene expression. At least ten predicted motifs have been identified for FOXAL
binding site and they are all variations of this motif: TGTTTAC?®%, Like other transcription factors
important for development and cell differentiation, the expression of FOXAL is cell-type specific?®.
The transcriptional activity of FOXAL is dictated by recruitment and interaction with other
transcriptional factors such as ER and GATAZ3 in the case of breast epithelium?® 211 or AR in the
case of prostate epithelium?? (Figure 1-5). In bladder urothelium, FOXA1 was previously shown
to act in concert with GATA3 and PPARG to establish a luminal differentiation phenotype?,
although the underlying mechanism is unclear.

In a manner potentially related to its role in differentiation, an impaired activity of FOXA1
has been associated with cancer development?®, poor prognosis in breast cancer?* and disease
progression in prostate cancer®’®. In bladder cancer, loss of FOXAL is seen in both UCC and UCC
admixed with SgqD of MIBC?* and is an independent predictor of reduced overall survival®®. In

line with these findings, which support a role for FOXA1 in urothelial differentiation and
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development of SgD, inducible Foxal knockout mice develop preneoplastic changes such as
hyperplasia and keratinizing squamous metaplasia within the urothelium?®®, which are precursors
of UCC and SCC tumors, respectively. Thus, these studies indicate that while Foxal is essential
for maintaining urothelial differentiation, in vivo loss of Foxal alone is insufficient to promote

cancer development.
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Figure 1-5. Transcription regulation by FOXAL.

Methylation of histone H3 lysine 9 (H3K9me) promotes tightening of the chromatin
(heterochromatin) leading to repression of transcription?!®. The binding of pioneer factors such as
FOXAL promotes the unwinding/opening of the chromatin (euchromatin) and directs methylation
of histone H3 lysine 4 (H3K4me) establishing, therefore, activation of transcription?’. As a
transcription factor, by binding to its binding site, FOXAL recruits and interacts with other factors
such as the estrogen receptor (ER) or the androgen receptor (AR) at their respective response
elements and promotes transcription of tissue-specific target genes involved in developmental
processes and tissue differentiation. H3K9me3 = trimethylation H3K9; H3K4mel =
monomethylation H3K4; ERE = estrogen response element; ARE = androgen response element.
Adapted from Meyer and Carroll?8,
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Bladder Cancer Models

Individual and collective efforts have significantly expanded our knowledge regarding
common genetic alterations in bladder cancer as well as differences in molecular subtypes both
across patient populations and within individual tumors. However, there is a relative lack of
understanding in regards to the specific contributions of these alterations to disease pathogenesis.
In addition to being useful for the functional validation of molecular changes in cancer, preclinical
models are required for testing of novel therapeutic approaches. In vitro and in vivo preclinical

models are available for the study of bladder cancer.

In vitro models of bladder cancer

In vitro models of bladder cancer include a variety of human cell lines as well as cell lines
available from other species including mice and rats. Human bladder cancer cell lines established
for the study of bladder cancer include RT4, SW780, UMUCL1, T24, UMUC3, TCCSup, 5637,
ScaBER, HT1197 and HT11376 among many others?'®. Additionally, cell lines from experimental
bladder cancer of rat origins such as AY-27 and NBTII or mouse origins such as MB49 and MBT-
2 have also been established??0-22,

Human urothelial cell lines are widely used in preclinical testing of cytotoxicity of
therapeutic agents. Moreover, these cell lines can be useful tools for the study of genes of interest.
When feasible, gene expression can be easily modified and this enables the performance of studies
aimed to elucidate molecular mechanisms of action of candidate genes. Some advantages of
human-derived cell lines are that they are somewhat representative of the phenotypic features of
human disease; they replicate relatively fast and infinitely and can be easily manipulated.

Disadvantages include the occurrence of spontaneous genotypic changes caused by the multiple
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passaging and culturing methods. These genetic alterations are mostly unrelated to disease
pathogenesis and can negatively impact cell line phenotypic behavior and relevance to the disease
from which they were founded. Additionally, the potential of cross-contamination with other cells
lines may occur resulting in misleading interpretations of data in a study??. An additional drawback
of current tissue culturing methods is the traditional two-dimensional method, consisting of cell
growth as monolayer deprived of an in vivo tumor microenvironment, and therefore unable to fully

replicate the in vivo phenotypic behavior of a tumorous cell.

In vivo models of bladder cancer

Animal research is an integrative and complementary approach to clinical evidence for a
more comprehensive knowledge of cancer disease??* 2%, Indeed, in vivo studies have been a major
contributor to our understanding of bladder carcinogenesis. Experimental animal models consisting
of the use of mice, rats, and dogs have been applied in preclinical sets to evaluate therapies for
bladder cancer. Currently, mouse models of bladder cancer include autochthonous models such as
carcinogen-based models and GEMs as well as the non-autochthonous models, which include

engraftment (orthotopic, renal grafting and patient-derived xenograft) models??®.

Carcinogen-based models of bladder cancer

Because of their chemical similarities to that of carcinogens found in tobacco smoke,
nitrosamines such as N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN), N-[4-(5-nitro-2furyl)-2-
thiazolyl]formamide or N-methyl-N-nitrosourea are widely used in the carcinogen-based models
of bladder cancer. This model, which consists of the exposure of mice or rats to carcinogens,

exhibits a range of phenotypes including hyperplasia, dysplasia, CIS and MIBC depending on
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concentration and duration of exposure as well as on the genetic background of the animal??-22°,
The ability of the BBN-model to phenocopy human bladder cancer is also evident in the mutational
landscape associated with BBN. Particularly, tumors derived from the BBN-model are enriched of
genetic alterations consistent with those observed in human, including genetic mutations in Tp53,

Hras, Kmt2d, Aridla, Pik3ca, Ep300, and Rb1 among many others? 23,

Genetically engineered models of bladder cancer

Tumors in the GEM models arise from genetic manipulations in a single gene or
combinations of genes in the bladder urothelium and often exhibit diverse phenotypes including
both early-stage and late-stage phenotypes!®? 194 195,232,233 Seyeral approaches are employed for
the generation of GEMs. While transgenic models are generated through the expression of
oncogenes such as Hras, Egfr or SV40T under the control of the Upll promoter?22*, conditional
and inducible knockout models are created using Cre-loxP system under the regulation of either a
bladder-specific promoter (i.e., Upll-Cre) or a non-bladder-specific promoter (i.e., Krt5-Cre, Fabp-
Cre or UBC-Cre/ERT2). The availability of luminal urothelial cell-specific Cre driver (i.e., UplI-
Cre) and basal cell-specific Cre driver (i.e., Krt5-Cre) as well as inducible systems enables spatial
and temporal control/manipulation of gene expression within the bladder urothelium by restricting
gene targeting to a specific cell population. Additionally, knockout models can be obtained by
intravesical delivery of Cre-expressing adenovirus (adeno-Cre) into the bladder lumen. These
approaches are interchangeable and have been used for the generation of Pten, Tp53, Foxal and
many other knockout mice!%t 192, 195,205,

Because GEMs involve genetic manipulations of candidate genes, they present as ideal
models for experimental characterization of genetic impacts on disease initiation, progression,

molecular subtype, heterogeneity and therapy?® 2%, Nonetheless, the paucity of GEMs described
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for bladder cancer highlights the need for more models that take into account genomic alterations

relevant to human bladder cancer.

Engraftment models of bladder cancer

The engraftment models can be subdivided into three model types: the orthotopic model,
the renal grafting model, and the patient-derived xenograft (PDX) model. The orthotopic model,
which in turn can be subdivided into the xenograft and the syngeneic model, consists of the
engraftment of tumor cells into the bladder of a host animal®”. In the xenograft model, human cell
lines are transplanted into the bladder of an immunodeficient mouse (i.e., nude or NOD/SCID mice)
whereas, in the syngeneic model, mouse cell lines (i.e., MB49) are engrafted into an
immunocompetent mouse?®,

In the renal grafting model, tumor cells are combined with embryonic bladder mesenchyme
and grafted under the kidney capsule of a mouse recipient host?®* 22°. An advantage of the
engraftment models is the ability to manipulate the expression of candidate genes and assess the
impact of the altered genes on tumor behavior within the tumor microenvironment. These models
are also widely used as preclinical models for intravesical therapy analysis?®. However, a drawback
of the xenograft model is the use of an immunocompromised host, which excludes the investigation
of the influence of the immune system on tumor growth as immune response is reported to be a
major contributor of bladder cancer?®,

In the PDX model, patients primary tumor are engrafted either subcutaneously or under the
renal capsule of an immunodeficient recipient host. An advantage of this model is that the tumor
maintains the genomic and molecular characteristics of the patient’s tumor. Moreover, this model
presents as an optimal model to test clinical response and behavior of the specific tumor?* 242,

However, the obtainment of successful PDX models has proven to be challenging: not all tumor
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samples will successfully engraft into the host. Additionally, the use of immunocompromised hosts

indicates that these models may not accurately represent tumor microenvironment.
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Dissertation Overview

Tumor heterogeneity consists of differences in morphology, genetic alterations, gene
expression patterns and other factors within the same patient or among patients. Altogether, these
elements of tumor heterogeneity make accurate diagnosis difficult and challenge the effectiveness
of current therapies. Morphologically, bladder cancer is not just one disease. Indeed, the presence
and often coexistence of several morphologic variants including UCC with SgD or GD may be
associated with aggressive disease and adverse clinical outcomes. Also, risk stratification of
bladder cancer patients is based on morphologic appearance and cellular/tumor architecture.
However, stage and grade assignments are insufficient to explain the differences in the biological
and clinical behaviors of urothelial tumors. Therefore, the field is now investigating the role of
molecular heterogeneity in disease risk.

Transcriptomic analyses by several groups have led to the identification of multiple
molecular subtypes of bladder cancer'® 137. 172 176 The overlapping of signatures among the
subtypes enables to group them under two subsets of disease: the luminal and the basal subtypes
based on their expression of urothelial differentiation-associated markers!®2. Importantly, these
subtypes present distinct clinical behaviors and sensitivities to chemotherapy with luminal subtype
patients having a better prognosis than basal subtype patients’® 243,

In two recent studies of a pan of cancer malignancies, bladder cancer emerged as the most
heterogeneous cancer in terms of tumor cell of origin and molecular subtypes ¥, and also as a
disease with significant genomic alteration loads including alterations in pivotal cellular and
molecular pathways!®. Among the molecular processes significantly altered in bladder cancer are
the PI3K pathway and the urothelial terminal differentiation process. Specifically, loss of the tumor
suppressor, PTEN, which is a negative regulator of the PI3K pathway, has been associated with

advanced and aggressive bladder cancer?® 152 153 Similarly, loss of the urothelial differentiation
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transcription factor, FOXAL, has been associated with late-stage bladder cancer and SCC disease?™.
Although, independent studies based on the use of GEMs to individually model Foxal or Pten in
bladder cancer disease implicated these two genes in preneoplastic changes of the bladder
urothelium?®t-193.205 the inability of these models to develop advanced and invasive tumors indicate
that cooperativity of these genes with other genomic events are necessary for tumorigenesis and
aggressive phenotypes. Based on the clinical evidence of FOXAL and PTEN association with
MIBC, the goal of this dissertation is to characterize the functional interplay, if any, between
FOXAL and PTEN in bladder cancer. Therefore, we hypothesized that FOXAl and PTEN
contribute to bladder cancer heterogeneity and cooperate to promote bladder tumorigenesis
and progression. To test this hypothesis, the following aims were developed and completed:
Aim 1: characterize the impact of genomic alterations on the expression of FOXA1 and
PTEN in bladder cancer.

The TCGA has reported a comprehensive molecular characterization of MIBC based on
RNA-seq dataset™®. Utilizing the TCGA RNA-seq data, we performed hierarchical clustering to
investigate the association of FOXAl and PTEN expression with bladder cancer molecular
subtypes. Using the TCGA data, we also performed correlative analyses to identify any potential
contribution of genetic mutations and copy number alterations to FOXA1 and PTEN expression.
Furthermore, we identified CpG islands associated with FOXAL and used DNA methylation data
from the Genomic Data Commons to correlate FOXAL1 hypermethylation with reduced FOXA1
expression in human bladder cancer as well as in a panel of bladder cancer cell lines.

Aim 2: examine the impact of combined alterations of FOXA1 and PTEN in bladder
tumorigenesis.

Alterations in FOXAL and PTEN are implicated in bladder cancer. However, individual
inactivation of these genes fails to result in the development of aggressive and invasive bladder

cancer in animal models. As we hypothesized that FOXA1 and PTEN loss cooperate to promote
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tumorigenesis and tumor heterogeneity, we generated a bladder-specific Foxal and Pten double
knockout mouse model. We demonstrated that combined deletion of Foxal and Pten in the luminal
cells of mouse urothelium results in the development of CIS with SqD, which progresses to MIBC
with SqD phenotype when combined with carcinogen treatment. Additionally, we performed gain
of function studies by overexpressing FOXAL and PTEN in bladder cancer cell lines, and we
assessed their effects on cellular viability by MTT assay and flow cytometry.

Aim 3: examine the impact of strain background on a carcinogen-based model of bladder
cancer.

Generation of GEMs often requires, for breeding schemes and practicability, the use of
strains with different genetic background. Two of the most commonly used mouse strain to model
bladder cancer include C57BL/6 and FVB mice. To gain an understanding of how strain
background may affect disease phenotype, we used a carcinogen-based model approach where
C57BL/6 and FVB mice were exposed to bladder carcinogen. We demonstrated that F\VB mice are
more susceptible to BBN and develop aggressive phenotypes than C57BL/6. Because the Foxal
and Pten knockout model used in Aim 2 was on a mixed genetic background (C57BL/6 and FVB),
these findings were complimentary to the interpretation of the data from our GEM model.
Summary and conclusions

Due to its high prevalence and recurrent characteristics demanding continuous surveillance
and repeated treatment, bladder cancer has a high human and economic burden; this highlights the
need for further and in-depth investigations for treatment improvement. Although, the expansion
of the knowledge of the molecular pathways involved in the pathogenesis of bladder cancer opens
the door for betterment of the diagnosis and management of this disease, a greater insight into these
molecular processes is of utmost importance for the implementation of preventives strategies and
novel therapeutics. Moreover, both in vivo and in vitro studies present as useful tools to gain an

understanding of the role of several genes implicated in bladder cancer development. By addressing
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the aims outlined above, we show that different genomic mechanisms contribute to FOXA1 and
PTEN expression in bladder cancer. Additionally, we show that while low PTEN expression is
independent of disease molecular subtype and morphology, reduced FOXAL expression is
associated with basal molecular subtype. Through our animal data, we report synergistic
cooperation between Foxal and Pten inactivation in bladder tumorigenesis. Specifically,
alterations of Foxal and Pten in luminal urothelial cells promote tumor heterogeneity evident in
the divergent differentiation of luminal cells into tumorous cells enriched of elements of basal-
squamous cell phenotype. With the cell culture studies, we provide a preliminary observation of a
role for FOXAL in apoptosis. Future directions based on this work will further elucidate the
molecular mechanisms that converge PI3K pathway (PTEN) and urothelial differentiation process
(FOXAL) in bladder tumorigenesis and heterogeneity and identify prognostic factors that may be

critical in therapy decision making.
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Chapter 2

Hypermethylation of FOXAL and Allelic Loss of PTEN Drive Squamous Differentiation and

Promote Heterogeneity in Bladder Cancer

Abstract

Tumor heterogeneity in bladder cancer is a barrier to accurate molecular sub-classification
and treatment efficacy. However, individual cellular and mechanistic contributions to tumor
heterogeneity are controversial. We examined potential mechanisms of FOXAl and PTEN
inactivation in human luminal and basal bladder cancers. We show inactivation and reduced
expression of FOXAL and PTEN is prevalent in human bladder cancer. While PTEN is down-
regulated primarily by allelic loss, FOXALl expression is modulated by site-specific DNA
hypermethylation. These analyses were complemented with inactivation of Foxal and Pten in
intermediate and luminal mouse urothelium. Conditional knockout of both Foxal and Pten in
intermediate/luminal cells results in the development of bladder cancer exhibiting squamous
features, as well as enhanced sensitivity to a bladder-specific carcinogen. By integrating human
correlative and in vivo studies, we define a critical role for PTEN loss and epigenetic silencing of
FOXAL in heterogeneous disease and show genetic targeting of luminal/intermediate cells drives

squamous differentiation.
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Introduction

While treatment strategies for advanced bladder cancer are largely based on pathologic
stage and grade, clinical decisions also take into account the degree of morphologic heterogeneity.
Morphologic heterogeneity occurs both across patient populations and within individual tumors.
For example, while the most common type of bladder cancer presents morphologically as UCC, a
plethora of variant “pure” morphologies have been identified (i.e., squamous cell carcinoma,
adenocarcinoma, small cell/neuroendocrine carcinoma, and other rare variants). Alternatively,
variant morphologies can be present and admixed within the context of conventional UCC.
Elements of squamous, glandular, neuroendocrine, sarcomatoid, micropapillary and nested
morphologic differentiation are relatively common in advanced UCC disease. Importantly,
morphologic heterogeneity correlates with molecular subtype variation®® 244 245 For this reason,
intratumoral, morphology-associated molecular heterogeneity may also complicate accurate
diagnosis, influence therapeutic response and contribute to chemoresistance?46: 247,

While the cellular origin of tumor heterogeneity in bladder cancer is unknown, the “cell-
of-origin” and the “mutation-of-origin” models have both been proposed to explain the existence
of tumor heterogeneity in a wide spectrum of malignancies (reviewed in??). As its name indicates,
the “cell-of-origin” concept argues that cell fate is “locked” subsequent to transforming events, and
therefore not further influenced during tumor development and subsequent progression. In bladder
cancer, this model is supported by the observation that luminal-like and basal-like tumor subsets
exhibit transcriptional patterns reminiscent of normal luminal urothelium (i.e., KRT20 and
uroplakins) and basal urothelium (i.e., KRT5, KRT6, and KRT14), respectively.

Alternatively, the “mutation-of-origin” posits that the ultimate determining factor driving

tumorigenesis and progression-associated heterogeneity is the identity of genetic or epigenetic
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changes, independent of cell type. The “mutation-of-origin” implies the existence of molecular and
cellular plasticity, which can contribute to the existence of morphologic and molecular subclones
that share a high degree of molecular alterations4 24,

Although the molecular mediators of basal bladder cancer remain unidentified, studies
suggest the existence of molecular parallels with basal breast cancers. For example, inactivation of
the Forkhead box Al (FOXAL) is implicated in basal breast cancers, and it is now well accepted
that FOXAL loss is associated with squamous differentiation and a basal molecular subtype of
bladder cancer®® 197:204.205 \While the mechanisms that lead to FOXAL inactivation in breast cancer
are documented, the same cannot be said for bladder cancer. In addition, while Foxal knock-out
mice develop elements of squamous differentiation, they fail to develop bladder cancer?®; this
suggests that in addition to FOXA1 loss, further genetic alterations are required. Similar to FOXAL,
inactivation of the Phosphatase and Tensin homolog on chromosome 10 (PTEN) is implicated in
basal breast cancer?®® 24 with clinical and experimental evidence suggesting a similar role for
PTEN in bladder cancer'? 192 19 For example, squamous morphology can be enriched in basal
bladder cancers, and a recent TCGA pan-cancer study identified a role for PTEN inactivation in
bladder cancers with a “squamous-like” signature'®,

Based on these observations, we hypothesized that PTEN is inactivated in basal bladder
cancers where it cooperates with FOXAL inactivation to promote the development of a basal
transcriptional profile and squamous differentiation. Our analysis reveals that decreased PTEN
expression occurs in both basal and luminal bladder cancers in a manner largely dependent upon
copy number. We provide the first evidence that promoter hypermethylation is a major contributor
to decreased FOXAL expression in basal bladder cancer. Moreover, our experimental in vivo data
show that inactivation of Foxal and Pten in luminal cells and a subset of intermediate urothelial

cells results in bladder cancer with a striking degree of squamous differentiation. These results
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suggest that combined inactivation of FOXAL and PTEN contributes to tumor heterogeneity in

bladder cancer in a manner independent of cell of origin.

Materials and Methods

Gene expression, copy number alterations, and point mutations analyses

To explore the effect of DNA copy number alterations and somatic mutations on gene
expression, we analyzed the data from the TCGA bladder cancer study*>>. Normalized RSEM gene
expression values for the TCGA bladder cancer cohort were downloaded from the Broad Institute’s

Firehose GDAC ( https://gdac.broadinstitute.org/ ) as were quantitative and discrete gene-level

DNA copy number values produced by the GISTIC pipeline?°. The mutation annotation file was
downloaded from the Genomic Data Commons (https://gdc.cancer.gov/). Both the expression and
guantitative DNA copy number data were filtered by restricting to common samples as well as
genes in chromosomes 1 — 22 whose copy number values had non-zero variance; this yielded gene
expression and quantitative DNA copy number values for 17,608 genes and 404 samples. The
normalized RSEM values were log-transformed as log2(RSEM + 1). The MVisAGe R package®!
was applied to compute and plot gene-level Pearson correlation coefficients using the log
transformed RSEM values and the quantitative DNA copy number values. Heatmaps of the
guantitative DNA copy number values in select chromosomes and genomic regions of interest were
also produced. Two-way tables based on the discrete gene-level DNA copy number values were

used to assess the co-occurrence of DNA copy number alterations for genes of interest.


https://gdac.broadinstitute.org/
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Animal studies

All animal experiments were performed in accordance with and following approval by the
Institutional Animal Care and Use Committee at Pennsylvania State University College of
Medicine. Previously described Foxal'™?'>® mice?? maintained on a C57BL/6 were initially
intercrossed with Pten'™®1°% 253 ghtained from Jackson Laboratories and maintained on a C57BL/6
background to generate Foxal'®?'®/Pten'™®'o® mice. These mice were in turn intercrossed with
UplI-Cre mice %* generated and maintained on a FVB inbred background; this resulted in
constitutive conditional knockout mice of Foxal and Pten. A total of nine different genotypes were
generated to assess the copy number contribution of each gene to phenotype development. This
included genetic control (no-Cre or absence of loxp locus), Upll-Cre/ Foxal™® Upll-
Cre/Foxal'™®"®  UplI-Cre/Pten'™®, UplI-Cre/Pten'™™®  Upll-Cre/Foxal'>?/Pten'™®, Upll-
Cre/Foxal'™®"®/pten™®  Upll-Cre/Foxal'®®/Pten'™®™®  Upll-Cre/Foxal'®1o®/pten'o®ow — Al|
mice were genotyped by PCR analysis (Supplemental Table 2-1). A cohort of mice (n = 101 mice
total) was aged for 12 months to assess the impact of Foxal and Pten deletion on bladder
tumorigenesis. Another cohort of mice (n =91 mice total) was used for carcinogen studies to assess
the interaction between Foxal and Pten deletion and response to N-butyl-N-(4-hydroxybutyl)-
nitrosamine (BBN; TCI America; Portland OR) exposure. 8 weeks old mice were exposed to BBN
(0.05% in tap water provided ad libitum) for 12 weeks. Water containing BBN was changed twice
weekly and stored in light-protected bottles. For both aging and BBN studies, after sacrificing the
animals, individual bladders were dissected and utilized for morphologic analysis and

immunohistochemistry (IHC) following formalin fixation and paraffin embedding.
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Methylation analysis

For analysis of FOXAl1 CpG island methylation in human bladder cancer, DNA
methylation data from the Illumina HumanMethylation450K platform was downloaded from the

Genomic Data Commons (https://gdc.cancer.gov/), and probes corresponding to CpG islands 99

and 143 in FOXA1 were identified. Probe-level beta values from normal samples (n = 15) were
used to compute binary unmethylated and methylated calls in the tumor samples based on a
threshold of mean (normal beta) + 3*standard deviation (normal beta), which is similar to the
approach presented in?*. The EpiTect Methyl 11 PCR Array (Qiagen) was used to screen the DNA
methylation status of CpG islands (SABioscienes CpG Island IDs: 104028, 104029, 104030) in the
FOXAL promoter and gene body of human bladder cancer cell lines. Specifically, the bladder
cancer cell lines RT4, SW780, UMUC1, UMUCS3, T24, TCCSUP, SCaBER, 5637, HT1376, and
HT1197 were cultured to confluency as previously described?3. All cell lines were tested for
mycoplasma contamination using the kit according to the manufacturer’s instruction. After washing
with PBS, cells were harvested and stored at -80°C. Samples were prepared for restriction enzyme
digestion and quantitative real-time PCR according to the manufacturer’s protocol. DNA and RNA
were harvested in triplicate for each cell line using the AllPrep DNA/RNA Mini Kit (Qiagen) and
stored at -80°C. Input DNA (250 ng) was digested using the EpiTect Il DNA Methylation Enzyme
Kit (Qiagen) as per manufacturer’s instruction. After digestion, the enzymatic reactions were
aliquoted into a 96-well plate with wells containing RT?> SYBER Green gPCR Mastermix and
EpiTect Methyl Il PCR Primer Assays for Human FOXA1 (Cat# EPHS104028-1A, EPHS104029-
1A, EPHS104030-1A). PCR reactions were performed using QuantStudio7 Real-Time PCR system
(Applied Biosystems) per manufacturer’s instruction. The raw delta Ct values generated for each
digest were used to determine the relative amount of methylated and unmethylated DNA fractions

by percentage.


https://gdc.cancer.gov/
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Morphologic and immunohistochemical analyses

All analyses of formalin-fixed, paraffin embedded tissues were completed following
Institutional Review Board Approval at Pennsylvania State University College of Medicine.
Hematoxylin and eosin (H&E) staining was performed as previously described?®. For IHC, tissue
sections were deparaffinized in histoclear (National Diagnostics, Atlanta GA) and rehydrated in a
series of graded alcohols (Pharmaco-Aaper, Brookefield CT), and rinsed in deionized water. The
slides were placed in 1% antigen unmasking solution (Vector Labs) for antigen retrieval and heated
for 20 minutes at high pressure in a pressure cooker (Cuisinart, East Windsor NJ), followed by
cooling at room temperature and 10 minutes washes in phosphate-buffered saline (PBS 1X, pH 7.4)
for 3 times. The slides were then incubated in 1% hydrogen peroxide (Thermo Fisher Scientific) in
methanol (Thermo Fisher Scientific) for 20 minutes to block endogenous peroxidase, followed by
rewashes in 1X PBS (10 minutes for 3 times) and incubation for 1 hour in blocking solution 1X
PBS containing horse serum (Vector Labs) to reduce nonspecific antibody binding. The mouse on
mouse Kit (Vector Labs) was used in conjunction with primary antibodies raised in mice to reduce
nonspecific background. Slides were subsequently incubated with primary antibodies
(Supplemental Table 2-2) overnight at 4°C in a humidified chamber. The following day, slides
were washed in 1X PBS (10 minutes for 3 times) before incubation for 1 hour with appropriate
secondary antibody (1:200; Vector Labs) diluted in blocking solution. Following additional
washing, antibody binding was visualized through the Vectastain Elite ABC Peroxidase kit (Vector
Labs) after addition of the chromogen 3'-diaminobenzidine (Thermo Fisher Scientific). Sections
were washed in tap water for 5 minutes before counterstaining and rehydrating as previously

reported?®,
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Plasmid construction

FOXA1 Human Tagged ORF Clone (OriGene, Rockville MD) and PTEN Ultimate™ ORF
(Clone ID: 10H56926, Thermo Fisher Scientific) were used as templates for PCR amplification
using AccuPrime™ Pfx SuperMix (Thermo Fisher Scientific). Sequence matching primers
(Supplemental Table 2-3) were designed and used to incorporate BamHI and EcoRlI sites for
subcloning of FOXAL ORF into pLVX-IRES-ZsGreenl (Clontech, Mountain View CA) and PTEN
ORF into pLVX-IRES-mCherry (Clontech) plasmids. Subsequently, PCR products containing
FOXAL or PTEN cDNA were digested with both BamHI and EcoRl restriction enzymes, and ligated
into empty vector pLVX-IRES-ZsGreenl (hereafter EVZsG) and pLVX-IRES-mCherry (hereafter
EVmCh) respectively, using T4 DNA ligase (New England BioLabs, Ipswich, MA) according to
the manufacturer’s protocol. The sequences of pLVX-IRES-ZsGreenl-FOXAL (hereafter simply
FOXAL) and pLVX-IRES-mCherry-PTEN (hereafter simply PTEN) were verified by Sanger

sequencing (Supplemental Table 2-4).

Cell culture

5637 cells (ATCC. Manassas, VA) were cultured in RPMI 1640 (Corning Inc, Corning,
NY) media supplemented with 10% Fetal Bovine Serum (ATLANTA biologicals, Flowery Branch
GA) and 1% Penicillin/Streptomycin (Corning Inc,). UMUCS3 cells (ATCC) were cultured in
MEM/EBSS (HyClone, Logan UT) media complemented with 10% Fetal Bovine Serum and 1%
Penicillin/Streptomycin. All cells were cultured at 37°C with 5% CO,. Cell lines were passaged on

average every 3-4 days.
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Transient transfection

For transient expression of FOXAL and PTEN, 5637 and UMUCS3 cells were plated at a
density of 2x10° cells/ml. At 70% confluence, cells were double transfected in four different
conditions as follow: with both empty vectors (EVZsG and EVmCh); EVmCh and FOXAL; EVZsG
and PTEN; and FOXA1 and PTEN. The combined empty vector transfections were used as controls.
All plasmid transfections were performed at 0.5 pg/ul final concentration per each plasmid using
Lipofectamine 3000 (Invitrogen, Carlsbad CA). Expression of genes of interest was determined 24

hours post-transfection using Western blot.

Western blot

For protein extraction, cell culture media was collected and centrifuged at 1200 rpm for 5
minutes at 25°C (Sorvall ST 8R centrifuge, Thermo Fisher Scientific), while the remaining adherent
cells were left on ice in 1X DPBS (Corning). The pellet was resuspended in 100 ul RIPA buffer
(25mM Tris-HCI pH 7.6, 150mM NaCL, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS [Thermo
Fisher Scientific]) containing 1X protease (Roche, Basel, Switzerland) and phosphatase inhibitors
(Roche). The cellular lysates were then transferred to the corresponding wells on the tissue culture
plate to harvest the adherent cells. The cells were left on ice for 10 minutes for the lysis process
and then scrapped, and collected into 1.5 ml Eppendorf tubes. Samples were then sonicated
followed by microcentrifugation at 15,000xg for 30 minutes at 4°C (Centrifuge 5424 R, Eppendorf,
Hamburg Germany).

Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol. The protein extracts were prepared with

1X NuPAGE LDS Sample buffer (Thermo Fisher Scientific) at 1 pg/ul final concentration.
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Samples were boiled at 95°C for 5 minutes to reduce and denature proteins. 10 pg of protein per
sample were loaded on polyacrylamide gel (Thermo Fisher Scientific) together with protein marker
(BioRad, Hercules CA) for electrophoresis (BioRad) followed by blotting on PVDF membrane
equilibrated earlier in 100% methanol, washed with Millipore water and then re-equilibrated with
transfer buffer (Thermo Fisher Scientific). Blotting was performed using Pierce G2 Fast Blotter
(Thermo Fisher Scientific). Membranes were incubated in blocking buffer (5% skim milk - Tris-
buffered saline (BioRad) containing 0.1% Tween20 (TBST) for 1 hour at room temperature on a
shaker to prevent nonspecific binding. Membranes were incubated overnight at 4°C with primary
antibodies (Supplemental Table 2-2) diluted in blocking buffer. On the next day, the membranes
were washed (5 minutes for 5 times) with TBST before incubation at room temperature on a shaker
for 1 hour with appropriate secondary antibody diluted (1:2000) in blocking buffer. Membranes
were rewashed (5 minutes for 5 times) with TBST followed by treatment with Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences, Chicago IL) for

visualization of protein bands. Image J software was used to quantify protein bands.

MTT assay and apoptosis

Cell viability of 5637 and UMUCS3 transfected cells with empty vectors (EVZsG and
EVmCh), FOXA1, and PTEN was assessed 24 hours post-transfection via 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. MTT solution (Alfa Aesar, Tewksbury MA)
at a final concentration of 0.5 ng/ul was added to cell culture media according to the manufacturer’s
protocol. The cells were incubated at dark at 37°C with 5% CO, for 3 hours. Dimethyl sulfoxide
(DMSO; Thermo Fisher Scientific) was added at 100% concentration to cells and incubated at dark
on an orbital shaker for 2 hours to dissolve formazan crystals, and optical densitometry was

measured at 570 nm wavelength.
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Flow cytometry

Control and experimental 5637 and UMUC3 cells were harvested 24 hours post-
transfection and washed in cold 1X PBS 3 times, each time followed by centrifugation at 200 g for
4 minutes at 4°C before staining with the apoptotic marker, annexin V, and the necrotic marker, 7-
Aminoactinomycin D (7-AAD). Flow cytometry (FACS) analysis for cell viability and apoptosis
was performed using the PE Annexin V Apoptosis Detection Kit | (BD Biosciences, San Jose, CA)
according to the manufacturer’s instructions. FACSCalibur flow cytometer at the Pennsylvania

State University College of Medicine Flow Cytometry Core was used.

Statistical analyses

Wilcoxon rank sum test in Prism version 6.0c was used for statistical analyses of PTEN
IHC scores in clinical samples, and to compare FOXAL expression in the unmethylated and
methylated tumor samples of the TCGA dataset. Two-tailed statistical tests were determined to be
significant at p-value < 0.05. Two-sided Fisher’s exact test was used to analyze cooperativity
between Foxal and Pten inactivation in bladder tumorigenesis. Dunnett’s multiple comparison test
was used to statistically analyze MTT assay data, percentages and fold changes in apoptotic
markers and cell viability. R 3.4.12°6 was used to perform all other data analyses and generate

figures.
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Results

PTEN expression is decreased in both luminal and basal bladder cancers and is independent
of tumor morphology

FOXA1 expression is reduced in areas of squamous differentiation!®-2% and is associated
with the basal-squamous molecular subtype®®. While PTEN mutations have been implicated in
bladder cancers with a “squamous-like” signature®®, it is unknown if PTEN expression is reduced
in basal-squamous bladder cancers or in areas of squamous differentiation. To examine PTEN
expression in human bladder cancer and identify any associations with a molecular subtype, we
performed hierarchical clustering of publicly available RNA-seq data from the TCGA bladder
cancer study*®. In agreement with previous reports?®* 2% 257 hijerarchical clustering of RNA-seq
data shows that tumors with decreased FOXAL expression cluster within the basal molecular
subtype (Figure 2-1 A). However, PTEN expression was heterogeneous within the TCGA cohort,
and reduced expression did not appear to correlate strongly with either subtypes (Table 2-1 and
Figure 2-1 A). Specifically, low FOXA1 expression (below the 0.25 quantile) was observed in 85
out of 138 cases (62%) of basal bladder cancers, but only in 10 out of 243 (4%) of luminal tumors
(Table 2-1). Whereas low PTEN expression (below the 0.25 quantile) was observed in 26 out of
138 cases (19%) of basal tumors, and in 69 out of 243 (28%) luminal bladder cancers (Table 2-1);
this suggests that decreased PTEN expression may not correlate with molecular subtype or could
be difficult to detect from analyzing bulk tumor RNA-seq of heterogeneous tumors.

We then examined PTEN protein expression in clinical samples collected from a total of
18 bladder cancer patients from our institution, most with at least one form of morphologic
heterogeneity (Supplemental Figure 2-1). Of these 18 patients, three had areas of non-invasive
papillary urothelial carcinoma, 16 had areas of muscle invasive urothelial cell carcinoma (UCC),

and 15 had areas of muscle invasive squamous differentiation. Two patients exhibited muscle
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invasive UCC with no additional morphologies present. Interestingly, PTEN expression was

frequently undetectable in regions of both UCC and squamous differentiation within the same

tumor. Thus, while decreased FOXAL expression is related to both basal molecular subtype and

squamous differentiation?®, IHC for PTEN confirms reduced expression of this tumor suppressor

does not appear to be associated with molecular subtype or with the presence of squamous

differentiation, suggesting its importance is not limited to one subtype of disease (p-value = 0.493,

Wilcoxon rank sum test; Figure 2-1 B).

Table 2-1. The rate of FOXAL and PTEN expression in the basal and luminal subtypes of bladder

cancer.
FOXAL Expression PTEN Expression
MRNA Below 25th  Above 25th  Total | mMRNA Below 25th  Above 25th  Total
subtype percentile percentile subtype percentile percentile
n (%) n (%) n (%) n (%)

Luminal 10 (4%) 233 (96%) 243 | Luminal 69 (28%) 174 (72%) 243
Basal 85 (62%) 53 (38%) 138 | Basal 26 (19%) 112 (81%) 138
FOXAL Expression PTEN Expression
MmRNA Below 75th  Above 75th  Total | mMRNA Below 75th  Above 75th  Total

subtype percentile percentile subtype percentile percentile

n (%) n (%) n (%) n (%)
Luminal 150 (62%) 93 (38%) 243 | Luminal 186 (77%) 57 (23%) 243
Basal 136 (99%) 2 (1%) 138 | Basal 100 (72%) 38 (28%) 138

Percentage of luminal and basal patients from the TCGA MIBC cohort (n = 404) with “low
expression” (below 0.25 quantile) and “high expression” (above 0.75 quantile) of FOXAL and

PTEN
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Figure 2-1. Loss of PTEN expression is independent of molecular subtype and specific elements of
tumor heterogeneity.

(A) Hierarchical clustering of publicly available gene expression data from the TCGA
muscle invasive bladder cancer cohort (n = 404). Each column represents a patient and genes are
listed by row. Annotation bar at the top of the heatmap indicates mMRNA subtype (basal versus
luminal). Gene expression code: low expression (blue), neutral (white) and high expression
(red).While clinical samples with low FOXA1 expression robustly cluster with the basal group,
PTEN low expressing tumors fail to strongly cluster with any subtype group. (B) Comparison of
PTEN immunohistochemistry in areas of urothelial cell carcinoma (UCC) and squamous
differentiation (SqD) within the same tumor revealed no significant difference between the level of
PTEN expression in UCC area and in SqD areas (p-value = 0.4928; Wilcoxon rank sum test).
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PTEN copy number loss is common and associated with reduced expression in muscle
invasive bladder cancer

To gain insight into the mechanisms underlying decreased expression of PTEN and
FOXA1, we next utilized the TCGA data®®® to explore the relationship between copy number status
and gene expression. From the analysis of the TCGA bladder cohort (n = 404), we identified 19
and 9 patients with homozygous loss of PTEN or FOXAL, respectively (Table 2-2). A total of 68
(~ 17%) of patients exhibited at least heterozygous or homozygous loss of both PTEN and FOXA1,
suggesting combined copy number loss is relatively common in advanced disease (Table 2-2).
Further analysis of TCGA data also showed that copy number loss in the genomic region containing
PTEN is common across patients and is associated with reduced expression of PTEN (Figure 2-2
A). Indeed, the effect of copy number loss on PTEN expression was quite pronounced, which is
better illustrated in the plot of the unsmoothed correlation coefficients (p = 0.638; Figure 2-2 B).
In contrast, copy number status in the genomic area containing FOXA1 did not exhibit a consistent
pattern, with amplification and deletion appearing to have similar frequencies across patients, and
with no major effects on expression of regional genes (Figure 2-2 C). As a consequence, we did
not observe a strong correlation between gene expression and copy number status for FOXAL (p =
0.036; Figure 2-2 D). Moreover, while PTEN expression correlated with copy number status in a
manner apparently independent of molecular subtype (Figure 2-2 E), patients with basal bladder
cancer were likely to have reduced FOXAL expression, independent of copy number status (Figure
2-2 F). In regards to point mutations, additional genomic analyses show PTEN mutations were
evenly distributed across a spectrum of PTEN expression values (Supplemental Figure 2-2 A).
However, mutations in FOXA1 were largely found in patient tumors with high FOXAL expression
(Supplemental Figure 2-2 B). When taken together, these findings suggest that copy number

alterations in PTEN have a significant impact on expression of this tumor suppressor, while neither
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copy number alterations nor mutations can explain alterations in FOXA1 expression, which are

commonly detected in advanced bladder cancer and associated with molecular subtype.

Table 2-2. Two-way table of discrete copy number values for FOXA1 and PTEN in the TCGA

cohort.
FOXA1
HombDel HetDel Neutral LowGain HighGain Total

HombDel 1 2 12 3 1 19
HetDel 3 62 52 31 0 148
PTEN | Neutral 5 44 132 26 0 207
LowGain 0 11 12 5 0 28

HighGain 0 1 1 0 0 2
Total 9 120 209 65 1 404

Analysis of TCGA MIBC cohort (n = 404)*, Reported are homozygous deletion (HomDel),
heterozygous deletion (HetDel), wild-type (Neutral), amplifications (LowGain and HighGain).
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Figure 2-2. PTEN expression, but not FOXAL expression is associated with copy humber status in
advanced bladder cancer.

(A) Chromosome-wide copy number alterations (CNASs) for chromosome 10 including
PTEN. Accompanying plot shows the correlation of CNAs with gene expression smoothed across
the entire chromosome 10. Rectangle inset identifies CNAs of genomic regions next to PTEN. (B)
Graph of unsmoothed Pearson correlation of CNAs with the expression of PTEN (p = 0.638) and
surrounding regions on chromosome 10. (C) Chromosome-wide CNAs for chromosome 14
including FOXAL. Accompanying plot shows the correlation of CNAs with gene expression
smoothed across the entire chromosome 14. Rectangle inset identifies CNAs of genomic regions
next to FOXA1. (D) Unsmoothed Pearson correlation of CNAs with the expression of FOXA1 (p =
0.036) and surrounding regions on chromosome 14. (E) Dot plot showing the correlation of PTEN
CNAs with gene expression. Patients with luminal tumors are identified with black dots while
patients with basal bladder cancer are identified with red dots. (F) Dot plot showing the correlation
of FOXAL CNAs with gene expression. Patients with luminal tumors are identified with black dots
while patients with basal bladder cancer are identified with red dots. CNAs indicated as
homozygous deletion (HombDel), heterozygous deletion (HetDel), wild-type (Neutral),
amplifications (LowGain and HighGain).

Epigenetic modification of the FOXAL promoter in the form of DNA methylation is
associated with decreased FOXAL expression

Because our previous analysis showed that DNA copy number alterations and mutations
do not appear to drive changes in FOXA1 expression, we examined a potential role for epigenetic
regulation of FOXA1 in bladder cancer. Using the University of California Santa Cruz Genome
Browser, we identified CpG islands 99, 123 and 143 within the FOXAL promoter and gene body
(Figure 2-3 A). Identification of probes associated with FOXAL in the methylation data from the
TCGA bladder study *° resulted in probes for the analysis of CpG islands 99 (5 probes) and 143
(15 probes). There were no probes targeting CpG island 123 in the TCGA methylation data. As
described in the Methods, we calculated a beta-value threshold that distinguished methylated versus
unmethylated samples for each probe. Following dichotomization, statistical analyses show that
methylation at probes in CpG island 99 is significantly associated with reduced FOXA1 expression
(Figures 2-3 B-D and Supplemental Table 2-5). In regards to CpG island 143, with the exception
of one probe (Figure 2-3 E), FOXAL expression was not statistically different between methylated

and unmethylated tumor samples (Figures 2-3 F and G, and Supplemental Table 2-5). In an effort
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to validate these findings as well as examine the methylation profile of CpG island 123, we
extended our methylation analysis to a panel of commonly used human bladder cancer cell lines
previously subtyped by our group?®3. In agreement with clinical data, CpG island 99 was methylated
specifically in basal bladder cancer cell lines SCaBER, 5637, HT1376, and HT1197 and in “non-
type” bladder cancer cell lines UMUC3 and TCCSUP, which exhibits low FOXAL expression (p-
value = 0.00285; Figure 2-4 A) while CpG island 143 was unmethylated in all cell lines except
UMUCS3 and HT1197 (p-value = 0.00336; Figure 2-4 B). Interestingly, CpG island 123 was
methylated in all ten cell lines in a manner independent of molecular subtype assignment, and there
was no association between methylation status at CpG island 123 and FOXAL expression (p-value
= 0.0667; Figure 2-4 C).

Overall, our data indicate that FOXA1 promoter methylation is present in clinical samples

collected from patients with advanced disease as well as in cell line models of bladder cancer.
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Figure 2-3. FOXAL is methylated in human bladder cancer.

(A) Screenshot of chromosome 14 showing CpG islands -99, -143 and -123, and their
relationship to exons and introns of FOXA1 gene. (B-D) Association of FOXAL expression with
methylation of CpG island 99 in the bladder TCGA study. Tumors exhibiting a basal gene
expression subtype are indicated with a blue cross while methylated samples are circled in red. (E-
G) Association of FOXAL expression with methylation of CpG island 143 in the bladder TCGA
study. Tumors exhibiting a basal gene expression subtype are indicated with a blue cross while
methylated samples are circled in red.
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Figure 2-4. FOXA1 is methylated in human basal-squamous bladder cancer cell lines.

(A-C) Boxplots showing FOXA1 expression versus methylation status for CpG island 99
(A), island 143 (B) and 123 (C) for a panel of bladder cancer cell lines.
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Knockout of Foxal and Pten in luminal and intermediate urothelial cells results in bladder
cancer

In order to test the possibility that copy number loss of PTEN cooperates with genetic
silencing of FOXAL to promote bladder tumorigenesis and tumor heterogeneity, urothelium-
specific Foxal and Pten knockout mice were generated by breeding Upll-Cre (targets
superficial/luminal and a subpopulation of intermediate urothelium) with Foxal'®™®"*® and
Pten'®”%® mice (Figure 2-5 A). Cre-mediated deletion of Foxal and Pten in mouse bladder was
confirmed by PCR examination of DNA extracted from 4 week old mice (Figure 2-5 B). To assess
the impact of Foxal and Pten knockout on urothelial differentiation and bladder tumorigenesis, we
aged control and knockout animals for 6 and 12 months. Consistent with previous studies®1%, 6
months old UplI-Cre/Pten'®"® mice developed urothelial hyperplasia, which was also observed
in the combined Foxal and Pten mice at 6 months of age (Supplemental Figure 2-3). Relative to
the urothelium of the genetic controls (Figure 2-5 C) and UplI-Cre/Foxal'®® mice (Figure 2-5 D),
urothelial hyperplasia was detected in UplI-Cre/Pten'™® (Figure 2-5 E), UplI-Cre/Foxal'o®lox
(Figure 2-5 F), UplI-Cre/Pten'™”">? (Figure 2-5 G) and UplI-Cre/Foxal'®"/Pten'™? (Figure 2-5 H)
at 12 months of age. However, we detected bladder cancer in the form of focal carcinoma in situ
(CIS) in a subset of UplI-Cre/Foxal'®®"**/Pten'™® mice at 12 months of age (Figure 2-5 1) as well
as in a majority of Upll-Cre/Foxal™®/Pten'™”> (Figure 2-5 J) and Upll-
Cre/Foxal'™®ox/pten®®1o mice (Figure 2-5 K). Interestingly, development of bladder cancer
following Foxal and Pten knockout at 12 months of age was associated with the presence of
squamous differentiation (high power image in Figure 2-5 K and low power images depicted in
Figures 2-5 L and M). The number of mice that developed cancer was quantified (Figure 2-5 N),
with percentages of mice developing cancer (Figure 2-5 O). Statistical analysis revealed that the
development of bladder cancer was significantly associated with combined homozygous and

heterozygous knockout of Foxal and Pten in the mouse urothelium (p-value = 5.68e-5, Fisher’s
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exact test). These results indicate that ablation of both Foxal and Pten within superficial/luminal
and intermediate urothelial cells by UplI-Cre promote bladder cancer with elements of squamous

differentiation, a common form of tumor heterogeneity.
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Figure 2-5. UplI-Cre-mediated knockout of Foxal and Pten results in the development of bladder
cancer.

(A) Breeding scheme for the generation of UplI-Cre/Foxal'™®"*®/Pten'™®"> and the other
experimental mice. (B) PCR analysis confirms genotype in experimental mice. (C-K) H&E
sections show bladder tissue morphology of 12 months old control and experimental mice. All
experimental genotypes are shown: (C) genetic controls and (D) UplI-Cre/Foxal'™® mice exhibited
normal urothelium while (E) UplI-Cre/Pten'™, (F) UplI-Cre/Foxal™®"® (G) Upll-
Cre/Pten'™®®® and (H) UplI-Cre/Foxal'®?/Foxal'®® exhibited urothelial hyperplasia at one year
of age. Additionally, we detected bladder cancer in the form of focal carcinoma in situ (CIS) in (I)
UplI-Cre/Foxal'™"®/pten!®™® (2 out of 14 mice); (J) UplI-Cre/Foxal'®®/Pten'™”>® (9 out of 15
mice) and (K) Upll-Cre/Foxal'®*"®/pten'o®'o* (7 out of 12 mice). Note presence of squamous
differentiation in K. (L-M) Low power images of H&E sections highlighting squamous
differentiation in UplI-Cre/Foxal'™®"o®/pten'®P> mjce, (N) Raw numbers and (O) percentages
of mice per genotype that develop bladder cancer. Knockout of Foxal and Pten cooperates to
significantly enhance tumorigenesis (p-value = 5.68e-5; two-sided Fisher’s exact test). Image scale
bar: 20 pm (high power magnification) and 200 um (low power magnification scale).

Immunochistochemistry confirms the presence of tumor heterogeneity in the form of
squamous differentiation following Foxal and Pten knockout in luminal and intermediate
cells

While morphologic analysis shows normal urothelium in genetic control mice (Figure 2-6
A), and hyperplasia in UplI-Cre/Foxal'™®"*® (Figure 2-6 B) and UplI-Cre/Pten'™*® (Figure 2-6
C), we consistently detected bladder cancer in the form of focal CIS in Foxal and Pten double
knockout mice (Figure 2-6 D). While Ki67 staining was undetectable in the urothelium of genetic
control mice (Figure 2-6 E), but present in a subset of urothelial cells from Upll-Cre/Foxal'®®ox
(Figure 2-6 F) and Upl1-Cre/Pten'™”'>® (Figure 2-6 G), it was markedly increased in the urothelium
isolated from Foxal and Pten double knockout mice (Figure 2-6 H). FOXAL is overexpressed in
luminal bladder cancers, but is recognized to be significantly decreased in areas of squamous
differentiation in human bladder cancer®“. In our study, while Foxal was detected in urothelium
dissected from genetic control mice (Figure 2-6 1), its expression was noticeably absent in
superficial/umbrella cells (targeted by UplI-Cre) in bladders dissected from Upll-Cre/Foxal'®®/1ox
mice (Figure 2-6 J). While Foxal expression was detectable in hyperplastic urothelium collected

from UplI-Cre/Pten'™°® mice (Figure 2-6 K), on the other hand, it was undetectable in areas of
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bladder cancer in Upll-Cre/Foxal'®?'®?/Pten'™®" mjce (Figure 2-6 L). Squamous differentiation
is associated with increased expression of high molecular weight cytokeratins®# 7. While a single
layer of Krt5 positive cells was detected in basal urothelium of control (Figure 2-6 M), Upll-
Cre/Foxal™®"™® (Figure 2-6 N) and UplI-Cre/Pten'™”'™® mice (Figure 2-6 O), there was a
significant expansion in the number of Krt5 positive cells in Upll-Cre/Foxal'>*"®?/Pten'™®o* mice
(Figure 2-6 P), with similar results for Krtl4 (Figures 2-6 Q-T). These findings confirm the
presence of squamous differentiation in malignant tumors following targeted deletion of Foxal and

Pten in superficial/luminal and intermediate urothelial cells.
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Figure 2-6. Immunohistochemical analysis confirms squamous differentiation following combined
Foxal and Pten knockout.

(A-D) H&E sections show bladder tissue morphology for (A) genetic controls, (B) Upll-
Cre/Foxal'™®o (C) Upll-Cre/Pten'™”"*® and (D) UplI-Cre/Foxal'®®"*®/pten'®®"o® mjce. Note
presence of intercellular bridging and hyper-keratinization in (D). (E-H) Immunohistochemistry
(IHC) of the proliferative marker Ki67 shows no Ki67 positive urothelium in (E) genetic controls
and minimal positivity in (F) Upll-Cre/Foxal'®”"®® and (G) UplI-Cre/Pten'™®® mice. Increased
Ki67 levels were detected in tissue isolated from (H) UplI-Cre/Foxal'™®?/Pten®1oP mice, (I-L)
IHC for Foxal. The expression of Foxal is higher in (1) genetic control mice, absent in a subset of
luminal cells (indicated by the arrows) in (J) Upll-Cre/Foxal'®®">® mice. While we detected robust
Foxal expression in (K) Upll-Cre/Pten'™®" mice, we failed to detect Foxal in (L) double
knockout Upll-Cre/Foxal'™®//pten'®®"o® mice consistent with squamous differentiation. (M-T)
IHC of the markers of basal and squamous differentiation, Krt5 and Krt14. We detected a single
layer of basal urothelium positive for Krt5 in (M) genetic controls as well as in (N) Upll-
Cre/Foxal'™"* and (O) UplI-Cre/Pten'™®"** mice; however, we noted a significant expansion of
Krt5 staining in (P) UplI-Cre/Foxal'™®'o®/pten'>o® doyble knockout mice. An identical pattern
was noted regarding Krt14 positivity in (Q) genetic controls, (R) UplI-Cre/Foxal'™®"® (S) UplI-
Cre/Pten'™®® and (T) Upll-Cre/Foxal'™®1o®//Pten'™® ™ mice. Image scale bar: 20 pm.

Knockout of Foxal and Pten increases the susceptibility of male and female mice to a
bladder-specific carcinogen

Exposure of mice to BBN results in the development of bladder cancer in a sex-dependent
manner?®21 and Forkhead family members including Foxal have been previously implicated in
the sexual dimorphic response to carcinogens in other organ systems*’. In an effort to test the impact
of Foxal and Pten knockout on tumorigenesis as well as sex-dependent differences in the incidence
of BBN-induced bladder cancer development, adult (8 weeks old) male and female control and
experimental mice were exposed to BBN. According to the literature, 12 weeks of BBN treatment
of male mice results in the development of urothelial hyperplasia (Figure 2-7 A), while 16 and 20
weeks of treatment result in the development of CIS and muscle invasive disease, respectively?®2,
Whereas, female mice develop extensive edema within the lamina propria after 12 weeks of BBN
treatment, and hyperplasia/dysplasia after 16 weeks of BBN exposure (Figure 2-7 B) with a much
lower frequency of tumor development within even extended periods of BBN exposure?,

Consistent with previous reports®?®, in our study, 12 weeks of BBN treatment resulted in urothelial
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hyperplasia in male genetic control mice (Figure 2-7 C) while experimental male mice exhibited a
spectrum of tumor phenotypes. A minority of Upll-Cre/Foxal'®® and Upll-Cre/Foxal' > mice
developed tumors with invasion into the lamina propria (Figures 2-7 D and F), whereas UplI-
Cre/Pten'™ and Upll-Cre/Pten'™”"® (Figures 2-7 E and G) mice developed CIS. Most
interestingly, male UplI-Cre/Foxal®®/Pten'™ (Figure 2-7 H), Upll-Cre/Foxal'®®'o¢/pten'o®
(Figure 2-7 1), UplI-Cre/Foxal'™®/Pten'™®">* (Figure 2-7 J) and UplI-Cre/Foxal'®®'o*¢/pten!oxefioxp
(Figure 2-7 K) mice developed muscle invasive bladder cancer after only 12 weeks of BBN
exposure. These results indicate that knockout of Foxal and Pten enhances sensitivity to this
chemical carcinogen resulting in high rates of cancer development in male mice (Figure 2-7 L).
While female control mice were resistant to BBN (Figure 2-7 M), we detected CIS in a number of
UplI-Cre/Foxal'™®, Upll-Cre/Pten'™?, Upll-Cre/Foxal'™®®® and UplI-Cre/Pten'™""** (Figures 2-
7 N-Q) mice. Similar to male mice, we detected muscle invasive bladder cancer in female UplI-
Cre/Foxal'™/Pten'™® (Figure 2-7 R), Upll-Cre/Foxal®"/pten'™® (Figure 2-7 S), UplI-
Cre/Foxal'™®/Pten'”">® (Figure 2-7 T) and UplI-Cre/Foxal'™®'**/pten'®?>® (Figure 2-7 U) mice
after just 12 weeks of BBN exposure. Although female mice are relatively resistant to BBN-induced
carcinogenesis, the incidence of tumorigenesis in experimental female mice was high (Figure 2-7
V), similar to that of male mice. Notably, tumors in both male and female mice exhibited reduced
expression of Foxal as well as increased expression of Krt5 and Krt14 (Supplemental Figure 2-4).
These results indicate that individual and combined Foxal and Pten knockout results in enhanced
susceptibility to chemical carcinogenesis in a manner that overcomes sexual dimorphism associated

with this model and bladder cancer in humans.
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Figure 2-7. The combination of Upll-Cre-mediated knockout of Foxal and Pten with BBN
treatment results in rapid development of muscle invasive bladder cancer and overcomes
carcinogen-associated sexual dimorphism.

(A-B) Cartoons provide an overview of the sex-dependent phenotypes associated with
BBN exposure in wild-type (A) male and (B) female mice as well as BBN experimental regimen
of our control and experimental animal groups. (C-K) H&E sections show morphology of control
and experimental male mice following 12 weeks of BBN treatment. All experimental genotypes
are shown. We detected urothelial hyperplasia in (C) genetic controls, (D) lamina propria invasion
in Upll-Cre/Foxal'™, (E) CIS in Upll-Cre/Pten'™, (F) lamina propria invasion in UplI-
Cre/Foxal™*® and (G) CIS in UplI-Cre/Pten'™”"* mice after 12 weeks of BBN treatment.
However, we detected muscle invasive bladder cancer with extensive squamous differentiation in
(H)  Upll-Cre/Foxal™/Pten'™, (1)  Upll-Cre/Foxal™”">/pten'™® ~ (J)  Upll-
Cre/Foxal'™®/Pten'™®"** and (K) Upll-Cre/Foxal'™'>/Pten'>?> mice. (L) Percentage of male
mice per genotype that developed bladder cancer is reported. (M-U) H&E sections show
morphology of control and experimental female mice following 12 weeks of BBN treatment. Al
experimental genotypes are shown. We detected urothelial hyperplasia in (M) genetic controls, (N)
predominant CIS in Upll-Cre/Foxal'™®, (O) Upll-Cre/Pten'™®, (P) Upll-Cre/Foxal' > and (Q)
UplI-Cre/Pten'™®®® mice after 12 weeks of BBN treatment. However, we detected muscle invasive
bladder cancer with extensive squamous differentiation in (R) Upll-Cre/Foxal'®?/Pten'®, (S)
UplI-Cre/Foxal'™®o®/pten'™®  (T)  Upll-Cre/Foxal™?/Pten'™®"o®  and  (U)  UpllI-
Cre/Foxal'™®op/pten™®1o mice, (V) Percentage of female mice per genotype that developed
bladder cancer is reported. Image scale bar: 20 um.

Overexpression of human FOXA1 and PTEN genes induces apoptosis in bladder cancer cell
lines

To investigate the functional impact of re-establishing FOXA1 and PTEN in bladder cancer,
we transiently transfected the UMUC3 cell line with plasmids encoding FOXA1 or PTEN with
appropriate empty vector controls (EVZsG and EVmCh). UMUCS3 cells were chosen because they
do not express FOXA12%3 and are null for PTEN6, Confirming transfection efficiency, protein
expression of FOXAL and PTEN was detected by Western blot in transfected cells but not in
EVZsG and EVmCh transfected control cells at 24 hours post-transfection (Figure 2-8 A). After 24
hours of transfection, relative to control, overexpression of FOXAL alone and when combined with
PTEN resulted in significantly decreased levels of UMUCS3 cell viability measured by MTT assay
(p<0.0001, Dunnett’s test; Figure 2-8 B). As these results suggested a decrease in cell proliferation

and possibly increase in cell death following overexpression of FOXAL, further experiments were
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carried out to examine the effects of these genes on the induction of apoptosis. Western blot analysis
of the apoptotic marker caspase 3 revealed significantly increased levels of cleaved caspase 3 in
FOXA1 UMUCS transfected cells (p < 0.01, Dunnett’s test; Figures 2-8 C-E). The increased levels
of this apoptotic protein suggested activation/induction of apoptosis in cells overexpressing FOXA1
alone and combined with PTEN. Therefore, to confirm ongoing apoptosis, FACS analysis was
performed to measure changes in cell plasma membrane asymmetry and permeability following
FOXA1 and PTEN overexpression. One early change during apoptosis involves flipping of
phosphatidylserine (PS) from the inner leaflet of the plasma membrane to the outer membrane,
which serves as a signal to enhance phagocytosis. Late apoptotic changes include proteolysis of
death substrate and increased DNA fragmentation. Therefore, the UMUC3 transfected cells were
analyzed by FACS (Figure 2-8 F) following staining with Annexin V and 7-AAD, which have an
affinity for PS and fragmented DNA, respectively. The FACS analysis indicated that
overexpression of FOXAL alone or combined with PTEN results in significantly increased late
apoptosis (p < 0.05, Dunnett’s test; Figure 2-8 G). These data suggest that FOXAL overexpression
induces apoptosis in UMUC3 while PTEN expression seems to have no detectable influence on
UMUCS apoptosis. To confirm the findings in UMUCS3, we further carried out the transient
transfection experiments in a different bladder cancer cell line, the 5637 cells, which do not express
FOXA1 but express relatively low levels of PTEN?S, Similarly to UMUC3, overexpression of
FOXA1 alone and when combined with PTEN (Supplemental Figure 2-5 A) resulted in significantly
decreased cell viability (p < 0.01, Dunnett’s test; Supplemental Figure 2-5 B) and increased levels
of cleaved caspase 3, although not statistically significant (Supplemental Figures 2-5 C-E).
However, FACS analysis of FOXAL and PTEN transfected 5637 cells did not confirm an induction
of apoptosis in this bladder cancer cell line (Supplemental Figures 2-5 F and G). Thus, although

the results in UMUCS3 cells suggest that FOXA1 and not PTEN reduces cell growth and promote
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apoptosis, further investigations are required to implicate a role for FOXA1 in apoptosis especially

in light of the results from the 5637 cells.
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Figure 2-8. Overexpression of human FOXAL and PTEN in the UMUCS cell line reduces cell
viability and induces apoptosis.

(A) Western blot of FOXAL and PTEN expression in four different conditions: empty
vector (EVmCh and EVZsG); overexpression of PTEN (EVZsG and PTEN); overexpression of
FOXAL (EVmCh and FOXA1) and overexpression of both genes (FOXAL and PTEN). GAPDH for
loading control in all conditions is shown. (B) Reduction of cell viability in FOXA1 overexpression
alone and combined with PTEN measured by MTT assay. Optical densitometry (OD) measured at
570 nm. (C) Western blot showing cleaved (clvd) apoptotic marker, caspase 3, and GAPDH loading
control. (D) Percentage of clvd-caspase 3 over full length caspase 3. (E) Fold change of clvd-
caspase 3 over GAPDH. (F) Apoptosis analysis by FACS after staining for the apoptotic marker,
Annexin V, and the necrotic marker, 7-AAD. (G) Percentage of viable cell and apoptotic cells per
condition is shown. All experiments were performed and repeated three times. FACS experiments
were performed in triplicate and repeated three times (**** = p <0.0001; *** = p <0.001; **=p
<0.01 and * = p <0.05 Dunnett’s test).

Discussion

In the current study, we identify PTEN expression to be commonly inactivated in both
luminal and basal tumors and to be strongly associated with copy number status in human bladder
cancer. In regards to FOXAL, we confirm the association of FOXAL expression to molecular
subtype and tissue morphology, and we provide the first evidence that epigenetic silencing is a
significant contributor to decreased FOXA1 expression in human bladder cancer. In addition, we
show evidence that dual inactivation of FOXALl and PTEN (through an apparent variety of
mechanisms) is relatively common in bladder cancer, and has pathophysiologic implications.
Supporting this evidence, we show that combined, bladder-specific inactivation of Foxal and Pten
in luminal and intermediate urothelium results in the development of bladder cancer with a
squamous phenotype. Overall, our studies support cooperativity between these molecular pathways
in bladder tumorigenesis, disease progression and tumor heterogeneity.

Based on a recent report®, we originally hypothesized that PTEN expression would be
reduced specifically in patients with basal bladder cancer as well as in areas of squamous
differentiation. However, our analysis shows that while PTEN is indeed frequently reduced/absent

in bladder cancer, this occurs in a manner that is independent of molecular subtype (Figure 2-1).
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Loss of heterozygosity of PTEN is a frequent event in bladder cancer'?® 2 and previous reports
indicate the importance of copy number status in regards to the expression of this tumor
suppressort®® 264 Based on our analysis, PTEN appears to be the prototypical example regarding
the impact of copy number status on expression. For example, the correlation between copy number
and expression is robust for PTEN, and a similar relationship is observed amongst adjacent genes
on chromosome 10 (Figure 2-2). Therefore, PTEN expression exhibits a strong positive correlation
with copy number in bladder cancer. Surprisingly, the relationship between FOXAL copy number
and expression is much less striking. In a manner apparently independent of FOXAL copy number
status, patients within the TCGA study displayed a broad range of FOXAL expression values. When
viewed within the context of our DNA promoter methylation data (discussed below) as well as data
indicating FOXA1 mutant tumors express higher levels of FOXAL (Supplemental Figure 2-2), the
data suggest that different mechanisms may coexist to maintain FOXAL expression in the face of
genetic/epigenetic alterations as FOXAL is a critical urothelial differentiation factor.

Based on the relatively limited association between FOXAL copy number and FOXAl
mutations with gene expression, we examined the methylation status of this transcriptional
regulator within the TCGA cohort (Figure 2-3). In doing so, we provide the first evidence
identifying an association between DNA methylation of CpG island 99 and decreased FOXA1
expression in bladder cancer. We show a subset of patients exhibiting a basal-squamous
transcriptional signature has specific hypermethylation of CpG island 99, which is within the gene
promoter of FOXAL. Importantly, we also show FOXAL methylation at CpG island 99 in human
basal-squamous bladder cancer cell lines (Figure 2-4). In addition to identifying models for the
study of FOXA1 methylation, analysis of cell line serves as an important control; this is true because
inflammatory cells or stromal tissue can confound our human studies by contributing to the
“methylation signature”. However, there still exists a significant number of patients with a basal,

FOXAL low expression pattern that does not exhibit FOXA1 methylation (Figure 2-3). In these
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patients, a combination of copy number loss (Figure 2-2), microRNA regulation?® and additional
post-transcriptional, and epigenetic events almost certainly play a role. Nonetheless, we identify
DNA promoter methylation as a mechanism contributing to decreased FOXA1 expression in human
bladder cancer. These findings are in agreement with previous reports identifying FOXAL
methylation in breast cancer?%2%, highlighting yet another parallel between these malignancies. A
future goal will be to elucidate the mechanism(s) by which FOXA1 becomes epigenetically silenced
in this common disease, and if reversing this process has clinical utility.

Similar to other malignancies, significant clinical data support both “cell-of-origin” and
“mutation-0f-origin” concepts in bladder cancer. For example, supporting the “cell-of-origin”
concept, several studies show that molecular subtypes appear to retain potentially vestigial
expression patterns associated with normal urothelium?®® 172 176 On the other hand, recent clinical
studies focused on characterizing spatially (and sometimes morphologically) distinct areas support
a role for the “mutation-of-origin> concept?4 24°, This is true because it is unlikely that multiple
regions within the same tumor that exhibit highly similar mutational differences, yet different
transcriptional programs, would arise from different progenitor clones. Put differently, it appears
that areas with differing tumor morphology and transcriptional programs can share a common
genetic origin. As there also exist experimental data to support both “cell-of-origin” and “mutation-
of-origin” theories''? 2, it is more than likely that these concepts are not mutually exclusive.
Nonetheless, our experimental data show that inactivation of Foxal and Pten specifically within
luminal and intermediate urothelium through the action of the UplI-Cre results in the development
of bladder cancer with elements of squamous differentiation. These results support the idea that
tumors that exhibit squamous differentiation can arise following genetic events in
superficial/luminal and intermediate urothelium. Interestingly, PTEN expression is reduced in both
luminal and basal bladder cancers (Figure 2-1), and Upll-Cre-mediated deletion of Pten results in

extensive urothelial hyperplasia (Figure 2-5). FOXAL is expressed throughout the urothelium of
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humans and in mice, and the fact that Foxal knockout results in squamous differentiation is in line
with previous reports?®, and suggests that Foxal is indeed required to maintain urothelial
differentiation in luminal and intermediate urothelial cells.

While CIS can exhibit elements of squamous differentiation in humans?”, this is a
relatively rare clinical entity. However, it is possible that concomitant inactivation of PTEN or other
elements of the PI3K/AKT/mTOR pathway and gatekeepers of urothelial differentiation such as
FOXA1 could play a role in this process. More commonly, CIS in humans exhibits a hyper luminal
gene expression pattern®’t, which can take on squamous elements following disease progression.
In these tumors, it is likely that PIK3CA mutations or PTEN loss cooperate with TP53 mutation or
other events to drive the development of CIS and further disease progression'®? while inactivation
of FOXAL or other urothelial differentiation factors such as PPARG and GATA3 promote a basal
gene expression pattern with (or without) squamous differentiation. Further studies are required to
identify the order in which these events occur and the mechanism by which they determine tumor
“fate”.

Men are more commonly diagnosed with bladder cancer, and it is well recognized that
male mice exhibit enhanced sensitivity to BBN treatment relative to female mice?®. Interestingly,
we also show that individual and combined Foxal and Pten knockout resulted in enhanced tumor
development in both male and female experimental mice (Figure 2-7). These results are reminiscent
of a previous study showing combined deletion of Foxal and Foxa2 reverses sexual dimorphism
in response to a liver-specific carcinogen®’. In that study, Foxal and Foxa2 knockout was shown
to negatively impact Esrl signaling (which is protective) as well as Ar signaling, which promotes
liver carcinogenesis in this model. Foxal and Pten knockout in the current study markedly
enhanced tumorigenesis in both male and female mice. While clinical studies suggest females are

more likely to exhibit a basal molecular subtype of bladder cancer®, future studies are required to
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determine the mechanistic contributions of Foxal and Pten inactivation to enhanced carcinogen
susceptibility.

In attempt to corroborate our in vivo findings and identify the potential mechanism(s) by
which FOXAL and PTEN cooperate in bladder tumorigenesis, in vitro studies based on gain-of-
function approaches consisting of the overexpression of FOXAL and PTEN in two bladder cancer
cell lines were performed. Overexpression of FOXAL in UMUC3 and 5637 bladder cancer cell lines
resulted in reduced cell viability as measured by MTT assay. Western blot analysis for the
biochemical marker of apoptosis, cleaved caspase-3, was suggestive of induction of apoptosis in
UMUCS3 and 5637 following FOXA1 overexpression. However, while FACS analysis additionally
supported apoptotic induction of UMUCS3 cells, this was not the case for 5637 cells. Overexpression
of FOXAL in 5637 cells failed to induce apoptosis in the FACS analysis. A potential explanation
for this outcome could be that unlike UMUCS cells, 5637 cells present molecular events that are
preventive of the induction of apoptosis following FOXAL overexpression. Thus, while UMUC3
cells appear to be optimal cells for these studies, 5637 cells may not be so. Nonetheless, the finding
that FOXAL promotes apoptosis in UMUCS3 cells is in agreement with other studies implicating
FOXAL1 in the apoptotic process?’> 273, Specifically, a pro-apoptotic role for FOXAL suppressing
the expression of the anti-apoptotic gene BCL-2 has been described?’*. Cancer cells can acquire the
ability to escape stress-induced apoptosis, and this is often reflected in their resistance to
chemotherapy?™. For example, inactivating mutations in ERCC2, a DNA helicase that promotes
nucleotide excision repair during DNA damage?®’®, are frequent events in bladder cancer'*° and
appear to be a potential mechanism by which tumorous cells hinder the DNA repair process to
promote survival and growth despite genetic damage. Interestingly, mutations in ERCC2 also
render these cells sensitive to cisplatin through mechanisms that are yet to be fully understood?’”
28 Upregulation of BCL-2 is an additional mechanism utilized by cancer cells to disable the pro-

apoptotic circuitry?”®. To that point, treatment with pan-BCL2 inhibitors enhanced apoptosis in
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established chemo-resistant bladder cancer sublines, that were derived from chemo-sensitive
bladder cancer cell lines 5637 and RT420, Interestingly, in our study, we did not observe changes
in BCL-2 expression following overexpression of FOXAL, indicating that FOXALl may be
activating apoptosis through a different mechanism. In short, the results presented here suggest a
potential tumor-suppressing role for FOXAL; however, additional studies are necessary to support
these findings.

The fact that PTEN overexpression failed to induce measurable levels of apoptosis in either
UMUCS3 or 5637 cells suggests that high levels of PI3K function or other genetic alterations
downstream of PTEN may drive constitutive pathway activity. Alternatively, PTEN reportedly
undergoes post-translational modifications in the form of phosphorylation, which can serve to
inhibit the function of PTEN?, Therefore, it could be that upon expression, PTEN function is
inhibited by phosphorylation in these cells lines.

In conclusion, our study demonstrates that copy number alterations have important
implications for PTEN expression in bladder cancer while methylation of FOXAL is almost
certainly a significant contributor to reduced expression of this driver of urothelial differentiation.
Additionally, we show that genetic inactivation of Foxal and Pten in luminal/intermediate
urothelium results in the development of bladder cancer with elements of squamous differentiation

and enhanced sensitivity to carcinogen exposure independent of sex.
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Supplemental Information

Supplemental Figure 2-1. Morphology and representative PTEN immunohistochemical analysis.

(A-C) H&E staining of tissue collected from areas of non-invasive papillary urothelial cell
carcinoma (A; [NIP UCC]); muscle invasive UCC (B; [MI UCC])); and muscle invasive area of
squamous differentiation (C; [MI SqgD]) within the tumor of one individual. (D-F)
Immunohistochemistry of PTEN in areas depicted in A-C. Image scale bar: 200 pm.
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Supplemental Figure 2-2. The relationship between FOXA1l and PTEN mutations and gene
expression in muscle invasive bladder cancer.

Waterfall plots show the relationship between DNA mutations and expression of (A) PTEN
and (B) FOXAL using publicly available data from the TCGA bladder cancer cohort (n = 404). Note
that while mutations in PTEN are largely spread along the sigmoid curve, there is a cluster of
mutations associated with low expression. Alternatively, mutations in the FOXAL gene appear to
be associated with high gene expression.
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Supplemental Figure 2-3. Combined urothelial-specific deletion of Foxal and Pten in mice results
in pronounced hyperplasia at 6 months of age.

All experimental genotypes are shown. At 6 months of age, in addition to (A) normal
urothelium present in genetic controls, (B) urothelium was normal in Upll-Cre/Foxal'®®, (C) Upll-
Cre/Pten'™®, (D) UplI-Cre/Foxal™®"®® However, we detected urothelial hyperplasia in (E) Upll-
Cre/Pten'™>® ~ (F) UplI-Cre/Foxal®®/Pten'™®, (G) Upll-Cre/Foxal'™”®?/Pten'™? (H) UplI-
Cre/Foxal'™®/Pten'™®"* and (I) double knockouts UplI-Cre/Foxal'™®'>?/pPten!>®1o® |mage scale
bar: 20 pum.
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Supplemental Figure 2-4. Immunohistochemistry confirms retention of squamous differentiation
following BBN treatment of urothelium-specific knockout of Foxal and Pten mice.

Results from the immunohistochemistry (IHC) staining were identical in both male and
female mice. (A-D) H&E sections show bladder tissue morphology for (A) genetic controls, (B)
UplI-Cre/Foxal'™®"o® (C) Upll-Cre/Pten'”">® and (D) UplI-Cre/Foxal'™®"o®/pten'o®1ox (E-H)
IHC of the proliferative marker Ki67 in (E) genetic controls, (F) Upll-Cre/Foxal' ™ (G) UpllI-
Cre/Pten'™® and (H) double knockout UplI-Cre/Foxal'®®'o¢/pten'o®ox () IHC of the
urothelial luminal marker, Foxal in (1) genetic controls, (J) UplI-Cre/Foxal™®"® (K) Upll-
Cre/Pten'™™® and (L) double knockout Upll-Cre/Foxal'®o®/Pten'™®o® mjce, (M-P) IHC of
the urothelial basal-squamous marker, Krt5 in (M) genetic controls, (N) Upll-Cre/Foxal'®®®® (Q)
UplI-Cre/Pten'™®"®® and (P) double knockout Upll-Cre/Foxal'®®1®/Pten'®®o® mice. (Q-T) IHC
of the urothelial basal-squamous marker, Krt14 in (Q) genetic controls, (R) UplI-Cre/Foxal'®®"o®,
(S) UplI-Cre/Pten'®"* and (T) double knockout UplI-Cre/Foxal"®®"o®/pten'®o® mjce. Image
scale bar: 20 um.
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Supplemental Figure 2-5. Overexpression of human FOXAL and PTEN in the 5637 cell line reduces
cell viability but does not induce apoptosis.

(A) Western blot of FOXAL and PTEN expression in four different conditions: empty
vector (EVmCh and EVZsG); overexpression of PTEN (EVZsG and PTEN); overexpression of
FOXAL (EVmCh and FOXA1) and overexpression of both genes (FOXAL and PTEN). GAPDH for
loading control in all conditions is shown. (B) Reduction of cell viability in FOXA1 overexpression
alone and combined with PTEN measured by MTT assay. Optical densitometry (OD) measured at
570 nm. (C) Western blot showing cleaved (clvd) apoptotic marker, caspase 3, and GAPDH loading
control. (D) Percentage of clvd-caspase 3 over full length caspase 3. (E) Fold change of clvd-
caspase 3 over GAPDH. (F) Apoptosis analysis by FACS after staining for the apoptotic marker,
Annexin V, and the necrotic marker, 7-AAD. (G) Percentage of viable cell and apoptotic cells per
condition is shown. All experiments were performed and repeated three times. FACS experiments
were performed in triplicate and repeated three times (** = p <0.01 Dunnett’s test).

Supplemental Table 2-1. The sequence of primers used for genotyping Foxal and Pten knockout
mice.

Foxal LoxP
Forward Primer 5°-3° CTGTGGATTATGTTCCTGATC
Reverse Primer 5°-3° GTGTCAGGATGCCTATCTGGT
Pten LoxP
Forward Primer 5°-3° CAAGCACTCTGCGAACTGAG
Reverse Primer 5°-3° AAGTTTTTGAAGGCAAGATGC
UplI-Cre
Cre-AS Primer 5°-3’ TGCATGATCTCCGGTATTGA

Cre-S Primer 5°-3° CGTACTGACGGTGGGAGAAT
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Supplemental Table 2-2. Antibodies used for immunohistochemistry (IHC) and Western blot

(WB).

Antibody Dilutions Catalog Manufacturer Application

number
. ) Cell Signaling Technology

Caspase 3 Rabbit pAb 1:1000 #9662 (Danvers, MA) wB

FOXAL Rabbit pAb 1:1000 #ab23738 | Abcam (Cambridge, MA) wB

FOXA1-HNF3a/p (C-20) ) i Santa Cruz Biotechnology

Goat pAb 1:1000 #50-6553 (Santa Cruz, CA) e

GAPDH (14C10) Rabbit ) Cell Signaling Technology

mAb 1:2000 # 3683S (Danvers, MA) WB

Ki67 Rabbit mAb 1:1000 #ab16667 | Abcam (Cambridge, MA) IHC
# LL002- Novocastra Leica

KRT14 Mouse mAb 1:200 Biosystems (Buffalo IHC
L-CE

Grove, IL)

#D5/16 Dako Agilent Pathology

KRT5/6 Mouse mAb 1:200 Solutions (Santa Clara, IHC
B4 clone CA)

PTEN (D4.3) XP Rabbit 1:1000 #9188S Cell Signaling Technology WB

mAb

(Danvers, MA)

Supplemental Table 2-3. The sequence of primers used for PCR.

FOXA1

Forward Primer 5°-3°
Reverse Primer 5°-3°

TCTGAATTCACCATGTTAGGAACTGTAAGATGGAAG
TCTGGATCCCTAGGAAGTGTTTAGGACGGGTCTGGA

PTEN

Forward Primer 5°-3°
Reverse Primer 5°-3°

TCTGAATTCACCATGACAGCATCATCAAAGAGATC
TCTGGATCCCTAGACTTTTGTAATTTGTGTATGCTG

Primers were used for incorporation of BamHI and EcoRI sites on FOXA1 and PTEN inserts and
subcloning into pLVX-IRES-ZsGreenl and pLVX-IRES-mCherry plasmids, respectively.

Supplemental Table 2-4. The sequence of primers used for Sanger sequencing of human FOXA1

and PTEN.

CMV-Forward Primer 5°-3°
IRES-Reverse Primer 5°-3°

CGCAAATGGGCGGTAGGCGTG
CCTCACATTGCCAAAAGACG

Primer were used to assess FOXAL and PTEN insertion in pLVX-IRES-ZsGreenl and pLVX-
IRES-mCherry plasmids, respectively.
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Supplemental Table 2-5. Probes used to assess the methylation status of CpG island 99 and 143
on FOXA1 promoter and gene body.

CpG Island 99

Probe ID p-value Bonferroni p-value
cg10988041 0.00000403 0.0000806
cg07940072 0.00097400 0.01948
cg04932551 0.00000001 0.0000001226
cg00955911 0.00000001 0.0000001234
cg03772350 0.00000240 0.000048

CpG Island 143

Probe ID p-value Bonferroni p-value
cg00744656 0.487 1
cg01662117 0.328 1
cg01824511 0.267 1
cg01892516 0.88 1
cg03015370 0.25 1
cg03026462 0.0557 1
cg09276158 0.296 1
cg10323697 0.457 1
910724086 0.0794 1
€g11260422 0.081 1
€g16527491 0.215 1
cg16581536 0.127 1
cg19802865 0.281 1
€g23032032 0.0794 1
€g23664186 0.00338 0.0676
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Chapter 3

Carcinogen-induced bladder cancer in the FVB mouse strain is associated with glandular

differentiation and increased Cd274/Pdl-1 expression

Abstract

Creation of genetically engineered mouse models of bladder cancer often involves the use
of several background strains in conjunction with the carcinogen N-butyl-N-(4-hydroxybutyl)
nitrosamine (BBN). However, carcinogen susceptibility in commonly used strains as well as
phenotypic differences, are not well characterized. The objectives of this study were to determine
differences in sensitivity and phenotypic outcome following BBN exposure of C57BL/6 and FVB,
two strains commonly used for model development.

Male C57BL/6 and FVB mice were exposed to BBN (0.05%) in drinking water for 12 and
16 weeks. Dissected bladders were characterized by histological and immunohistochemical
analyses. Gene Ontology analysis was performed to identify differences in gene expression across
strains following BBN exposure.

While the C57BL/6 strain developed non-invasive tumors following 12 weeks of BBN
exposure, FVB mice developed muscle invasive bladder cancer with squamous and glandular
differentiation. Glandular differentiation was exclusively observed in the FVB strain. FVB tumors
were highly immunogenic and inflamed by the presence of high expression of Cd274 (Pdl-1),
murine histocompatibility complex (H2) and pro-inflammatory cytokines (11-5 and 11-17).

Following BBN exposure, FVB mice undergo rapid tumorigenesis and disease progression
characterized by Pdl-1 expression and development of glandular differentiation. These studies

identify a degree of tumor heterogeneity in the FVB tumors previously undescribed and identify
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FVB mice as a potentially useful model for the study of bladder adenocarcinoma and the

inflammatory tumor microenvironment.

Introduction

Bladder cancer is the second most common genitourinary malignancy in the United States
with an estimated 81,190 new diagnoses and 17,340 deaths in 20182, At clinical presentation,
approximately 70% of bladder cancer patients are diagnosed with non-muscle invasive bladder
cancer (NMIBC) while the remaining 30% of patients present with muscle invasive bladder cancer
(MIBC) with or without metastasis®’. In addition to the need for accurate tumor staging,
development of a treatment strategy for bladder cancer is driven by several factors including the
histopatological features of the tumor. Approximately 90% of bladder cancer cases are diagnosed
primarily as urothelial cell carcinoma (UCC) while an additional 5% are identified as squamous
cell carcinoma (SCC). The remainder of diagnoses includes other relatively rare pure histologic
variants such as adenocarcinoma, plasmacytoid variant, small cell carcinoma, and other variants?®,
In addition to these pure histologic subtypes, variant histology is often present in a manner that is
admixed with UCC. For example, up to 40% of UCC exhibits elements of squamous differentiation
(SgD) or other morphologic variant patterns®“. Recent studies show that morphologic variants of
bladder cancer are associated with unique gene expression patterns and phenotypic behavior?#, As
the presence of morphologic variation is associated with differences in response to therapy 2%,
increased efforts are required to understand the impact of tumor heterogeneity on disease
progression and clinical outcomes.

The use of carcinogen-based models of malignant disease has significantly advanced our
understanding of the biologic processes underlying disease pathogenesis and tumor progression.

Because of the lack of in vivo model systems that effectively recapitulate the heterogeneity
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(morphology, genomic alterations, metastatic capacity) in human pathologic disease, preclinical
models often fail in the identification of therapeutic approaches that exhibit clinical effectiveness
in humans?* 285 As there are relatively limited in vivo models in bladder cancer research?2* 226. 286,
the establishment of improved models suitable for therapeutic assessment is essential.

Exposure of rodents to the chemical N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) is
widely used as a preclinical model for the study of bladder cancer??® 227.229. 258 A derivative of the
environmental carcinogen N-nitrosodi-n-butylamine, BBN is also a metabolite derived from a N-
nitroso compound present in tobacco, which is a major risk factor for bladder cancer development
in western countries. Oxidation of BBN in the liver generates N-n-butyl-N-(3-carboxypropyl)
nitrosamine (BCPN) metabolite, which, in addition to BBN, is considered to be the driving factor
for bladder tumorigenesis®"-2%, Because of these reasons and the organ-specific mutagenicity of
BBN 25°, the BBN-induced carcinogenesis model is particularly effective for assessing the impact
of environmental carcinogen exposure on bladder cancer development.

Several studies have shown that BBN-induced bladder tumors exhibit species and strain-
specific phenotypes?®-2%, For example, while administration of BBN to Wistar rats for 10 weeks
results in the development of non-invasive superficial papillary bladder carcinoma, 10 weeks of
BBN exposure in the BABL/C mouse strain results in the development of invasive bladder
carcinoma, In addition, it has been shown that strain differences within a species correlate with
sensitivity to BBN-induced bladder carcinogenesis resulting in different histopathologic
phenotypes??® 262.2%.2% These findings are in agreement with extensive documentation regarding
differential strain susceptibility in other preclinical animal systems?®7: 2%,

While all preclinical models have limitations, BBN treatment results in reproducible
neoplastic changes in the murine urothelium. For this reason, BBN is additionally used in
conjunction with genetically engineered (transgenic and knockout) mouse models to test

hypotheses regarding the interplay between environmental carcinogens and underlying genetic
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alterations. Nonetheless, the generation of genetically engineered mouse models often involves
breeding schemes that incorporate different strains; therefore, it is crucial to understand the extent
to which common mouse strains used in the creation of genetically engineered mouse models are
susceptible to BBN-induced bladder cancer. Therefore, as a foundational study, we performed
experiments to determine the degree to which, if any, two of the most commonly used mouse

strains, C57BL/6 and FVB, exhibit differential susceptibility to BBN carcinogen.

Materials and Methods

Animals

All animal studies were approved by Institutional Animal Care and Use Committee of
Pennsylvania State University College of Medicine (PSCOM). Adult male C57BL/6 and FVVB mice
were purchased from The Jackson Laboratory (Bar Harbor, ME) and were housed within the
PSCOM animal facility with 12 hours regulated day/night cycle at 68-73°F room temperature. Mice
were fed with rodent diet (2016 Teklad global 16% protein rodent diets, Madison WI), and water

ad libitum.

Carcinogen treatment

The chemical N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN; TCI America; Portland OR)
was prepared at 0.05% solution in water and administered ad libitum in drinking water. Mouse
drinking water was changed twice per week, and water bottles were covered with aluminum foil to
prevent light exposure. 8 weeks old mice were exposed to BBN for 12 weeks (C57BL/6, n = 18

and FVB, n = 20), for 16 weeks (C57BL/6, n = 8 and FVB, n = 12) and for 20 weeks (C57BL/6, n
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=5). Because FVB mice were moribund after 16 weeks of BBN exposure, we did not expose these
mice to further BBN treatment. A total of 6 mice (C57BL/6, n =3 and FVB, n = 3) non exposed to
carcinogen was used as control group for normal urothelium. At the specified time points, BBN
treatment was discontinued, and mice were exposed to normal water ad libitum for one week before
euthanized via isoflurane (Vedco; Saint Joseph MO) inhalation followed by cervical dislocation.
Bladders were then dissected and fixed in 10% neutral-buffered formalin (VWR International;
Radnor PA) and subsequently stored in 70% ethanol (Pharmaco-Aaper; Brookefield CT) prior to
processing and paraffin embedding. A total of 6 mice (C57BL/6, n =3 and FVB, n = 3) and a total
of 9 (C57BL/6, n = 4 and FVB, n = 5) from the 12-weeks-BBN treated group were used for RNA-

sequencing (RNA-seq) and Western blot, respectively.

Histology and immunohistochemistry

Tissue sections were deparaffinized and used for H&E staining and immunchistochemistry
(IHC) as previously reported?®. One C57BL/6 mouse treated for 12 weeks with BBN was excluded
for further characterization because of the inability to define the histologic type due to small bladder
size. For IHC, slides were deparaffinized in histoclear (National Diagnostics; Atlanta GA),
rehydrated in a series of graded alcohols (Pharmaco-Aaper; Brookefield CT) and washed in
deionized water. The slides were placed in 1% antigen unmasking solution (Vector Labs;
Burlingame CA) and heated for 20 minutes at high pressure in a pressure cooker (Cuisinart; East
Windsor NJ), followed by cooling at room temperature and 10 minutes washes in phosphate-
buffered saline (PBS 1X, pH 7.4) for 3 times. Incubation in 1% hydrogen peroxide (Thermo Fisher
Scientific; Fremont CA) in methanol (Thermo Fisher Scientific) for 20 minutes was performed to
block endogenous peroxidase activity. Slides were rewashed in 1X PBS (10 minutes for 3 times)

and incubated for 1 hour in blocking solution 1X PBS containing horse serum (Vector Labs) to
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reduce nonspecific antibody binding. Subsequently, slides were incubated with primary antibodies
overnight at 4°C in a humidified chamber. Antibodies used were diluted in blocking solution and
included goat polyclonal anti-FOXAL (1:1000; Santa Cruz Biotechnology, Santa Cruz CA; #sc-
6553), rabbit monoclonal anti-Ki67 (1:1000; Abcam, Cambridge MA; #ab16667), mouse
monoclonal anti-KRT5/6 (1:200; Dako, Santa Clara, CA; #D5/16 B4), mouse monoclonal anti-
KRT14 (1:200; Novocastra Leica Biosystem, Buffalo Grove IL; #LL002-L-CE), rabbit polyclonal
anti-PPARG (1:200; Cell Signaling; #2430S), rabbit polyclonal anti-CDX2 (1:50; Sigma;
#HPA049580). Mouse intestine was used as a positive control for CDX2 IHC.

The following day, slides were washed in 1X PBS (10 minutes for 3 times) before
incubation for 1 hour with appropriate secondary antibody (1:200; Vector Labs) diluted in blocking
solution. Following additional washing, antibody binding was visualized through the Vectastain
Elite ABC Peroxidase kit (Vector Labs) after addition of the chromogen 3'-diaminobenzidine
(Dako). Sections were washed in tap water for 5 minutes before counterstaining and rehydration as
previously reported?®. To reduce potential background noise and cross-reaction on mouse tissues,
the mouse on mouse kit (Vector Labs) was used for IHC staining performed with antibodies raised
in mouse. For IHC quantification, percent cells positive for Foxal were multiplied by staining
intensity (graded 0-3) to calculate H score and percent positive cells were used for Pparg, Krt5/6,
Krt14, and Ki67 staining.

For morphologic characterization of the bladder tumors, the following rules were applied:
variant morphology was defined as anything other than conventional UCC identified via H&E
examination. Specimens with hyperplasia and nuclear atypia in the urothelial lining in the absence
of observable invasion were classified either flat urothelial carcinoma in situ (CIS) or CIS with
keratinizing squamous metaplasia (KSM) in the presence of squamous changes. However, bladder
tissues exhibiting squamous elements in the setting of tumor invasion were referred to as squamous

differentiation (SgD), and tumors showing glandular differentiation (GD) in the presence of
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additional variant morphology were considered glandular. When multiple tumor stages were
present (i.e., CIS, pTa disease or frank invasion, for example), the tumor was designated as the
highest stage present. All tumor staging, morphologic characterization, and quantification of IHC

were performed in a blinded manner by genitourinary pathologists (JIW and MZ).

RNA-sequencing and computational analyses

In an effort to identify differences in gene expression between strains following BBN
exposure, bladders were dissected from C57BL/6 (n = 3) and FVB mice (n = 3) after 12 weeks of
BBN exposure and stored in RNAlater solution (Thermo Fisher Scientific) to stabilize RNA.
Extraction of RNA was performed using TriZol (Thermo Fisher Scientific) reagent according to
the manufacturer’s instructions. One sample from the C57BL/6 mice was omitted for further
analysis because of RNA degradation. RNA-seq was performed by the Genome Sciences and
Bioinformatics Facility at the Pennsylvania State College of Medicine. The RNA-seq data were
normalized to fragments per kilobase of transcript per million (FPKM) and used for differential
expression analysis through the limma package®® and R Commander software version 3.3.12%,
Differentially expressed genes between the strains were identified using a false discovery rate
threshold of g = 0.05. Gene Ontology (GO) analyses were performed using the Database for
Annotation, Visualization and Integrated Discovery (DAVID)3% 30 Genes differentially expressed
in the two strains with g < 0.05 (Supplemental Tables 3-1 and 3-2) were uploaded on DAVID and
analyzed on Mus musculus species background using the default annotation categories as defined
by DAVID. A medium classification stringency was chosen for DAVID functional annotation
clustering analyses, based on which, groups of terms/annotations sharing similar gene members
with similar biological meaning are clustered together. For this study, we focused on the GO

biological process annotations to identify pathways modulated in FVB versus C57BL/6 following
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BBN exposure. Genes associated with the identified biological processes were used to generate

gene expression heatmaps in which the expression values are median centered by gene.

Western blot

A total of 9 dissected mouse bladders were homogenized in radioimmunoprecipitation
(RIPA) buffer (25mM Tris-HCI pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS [Thermo Scientific, #89901]) containing 1X protease inhibitors (Roche, #11697498001), 1X
phosphatase inhibitors (Roche, #4906837001) and 1nM Dithiothreitol (DTT; Invitrogen) in
microcentrifuge tubes with a pestle (USA Scientific, #1415-5390). The homogenized tissues were
left on ice for 30 minutes for the lysis process and then sonicated 4 seconds (x2) before spinning at
15,000xg for 30 minutes at 4°C. Protein concentrations were measured by optical densitometry at
562 nm wavelength using Pierce BCA Protein Assay Kit (Thermo Scientific; #23225) according to
the manufacturer’s protocol. Lysate samples were prepared with 1X NuPAGE LDS Sample buffer
(Thermo Scientific; #NP0007) at 1ug/ul final concentration. Samples were boiled at 95°C for 5
minutes to reduce and denature proteins. A total of 10 pg of proteins per sample was loaded on
polyacrylamide gel (Thermo Scientific; #NP0323BOX) together with protein marker (BioRad;
#1610374) for electrophoresis at 85-90 Volts power (BioRad) followed by blotting on PVDF
membrane equilibrated first in 100% methanol, washed with Millipore water and then re-
equilibrated with transfer buffer (Thermo Scientific; #NP0006-1). Blotting was performed using
Pierce G2 Fast Blotter (Thermo Scientific) at 25 Volts power for 15 minutes. Membranes were
incubated in blocking buffer (5% skim milk - Tris-buffered saline [BioRad; #170-6435] containing
0.1% Tween20 [Thermo Scientific; #BP337-500]; TBST) for 1 hour at room temperature on a
shaker to block unspecific antigens. Membranes were incubated with primary antibodies overnight

at 4°C. Primary antibodies used were diluted in blocking buffer: goat polyclonal anti-PDL-1 (1:400;
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R&D Systems; #AF1019), rabbit monoclonal anti-CD80 (1:1000; Abcam; #ab134120), rabbit

monoclonal anti-CD86 (1:5000; Abcam; #ab53004) and rabbit anti-PPARG (1:1000; Cell
Signaling Technology; #2430). On the next day, membranes were washed in TBST 3 times 10
minutes each before incubation with secondary antibody (anti-goat or anti-rabbit; 1:2000) for 1
hour at room temperature on a shaker. Membranes were rewashed in TBST 3 times 10 minutes
each followed by treatment with Amersham ECL Prime Western Blotting Detection Reagent (GE
Healthcare Life Sciences, #RPN2232) for visualization of protein bands. Image J software was

used to quantify protein bands.

Statistical analyses

The Wilcoxon rank sum test was used to identify significant differences in strain-specific
bladder weights, IHC scores and protein levels of Pdl-1 expression upon BBN exposure. One FVB
mouse was omitted as an outlier for the statistical analysis of Pdl-1 expression in the strains.
Following dichotomization to compare non-invasive (hyperplasia and pTa) to invasive (pT1 or
greater) disease, Fisher’s exact test was used to identify significant associations between mouse
strain and tumor invasion following BBN exposure. Two-Sided exact Cochran-Mantel-Haenszel
test was applied for analysis of the association between strain background and histologic
differentiation. The mouse tumors were stratified by stage (pTa/pTis/pT1 versus pT2/pT3) and
analyzed using a 2x2 table for the association between strain and glandular differentiation. P-values
< 0.05 were considered statistically significant. Prism version 6.0c (GraphPad Software) was used

for Wilcoxon rank sum test; and R Commander software for Fisher’s exact test.
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Results

FVB mice exhibit rapid bladder tumorigenesis and disease progression following BBN
exposure

Following 12 weeks of BBN exposure, bladders dissected from FVB mice were
significantly heavier when compared with bladders dissected from C57BL/6 mice (FVB = 80 mg
[median] versus C57BL/6 = 45 mg [median]; p-value = 0.0393, Wilcoxon rank sum test; Figure 3-
1 A). The FVB bladders trended on being heavier than C57BL/6 bladders following 16 weeks of
BBN exposure, but differences were not statistically significant (Figure 3-1 B). The observed tumor
stage in C57BL/6 following 12 weeks of BBN exposure was predominantly urothelial pTis (CIS
100%; Figure 3-1 C). Although pTis stage disease persisted, progression to pT1 stage disease was
noted in approximately 38% of C57BL/6 mice after 16 weeks on BBN (Figure 3-1 C). As
previously reported??, prolonged BBN exposure for 20 weeks led to further tumor invasion into
the muscularis propria (pT2) and perivesical fat (pT3) in C57BL/6 (Supplemental Figure 3-1 A).
Conversely, pT3 disease (invasion through the muscle into perivesical fat) was the most commonly
observed tumor stage phenotype in FVB following 12 weeks (~ 42%) and 16 weeks (~ 58%) of
BBN exposure (Figure 3-1 C). We identified co-occurrence of pTa and pTis lesions in a number of
C57BL/6 mice after 12 weeks (n = 3) and 16 weeks (n = 4) of BBN treatment. After 16 weeks of
BBN exposure, we also identified concomitant presence of pTa and pT1 disease (n = 1), and pTis
and pT1 lesions (n = 1) in C57BL/6 mice. Multiple lesion types were also detected in FVB mice.
Following 12 weeks of BBN exposure, we observed concomitant pTa and pTis disease (n = 1) as
well as co-occurrence of pTis and pT1 (n = 1), and pTis and pT3 (n = 1). After 16 weeks of BBN
exposure, one FVB mouse had both pTa and pT1 disease, and another FVB mouse had pTis and

pT1 diseases.
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Examples of normal urothelium before exposure to carcinogen (Figure 3-1 D), urothelial
hyperplasia, CIS and non-invasive papillary tumors complete with a well-developed fibrovascular
core in C57BL/6 are shown (Figures 3-1 E-J). In addition, we provide examples of normal
urothelium before exposure to carcinogen (Figure 3-1 K), lamina propria invasion (Figures 3-1 L-
M) as well as invasion into the muscularis propria and perivesical fat in FVB (Figures 3-1 N-Q).
Statistical analysis shows that F\VB mice were significantly more likely to develop invasive bladder
cancer (tumor stage > pT1) following 12 weeks of BBN exposure compared with C57BL/6 mice
(p-value = 0.0013, Fisher’s exact test; Table 3-1); however, these differences were not significant
after 16 weeks of BBN exposure as C57BL/6 mice develop invasive disease from this time point.

In summary, both C57BL/6 and FVB mice exhibit multiple lesions of various stages
following BBN exposure. Our data show that FVB mice develop tumors rapidly and display a
significantly increased likelihood of tumor invasion at an earlier time point relative to C57BL/6

when exposed to BBN.
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Figure 3-1. FVB strain of mice develops more advanced stage bladder cancer compared with
C57BL/6 following BBN exposure.

(A-B) The weights of bladders dissected from C57BL/6 and FVB mice following (A) 12
weeks and (B) 16 weeks of BBN exposure are shown. Each dot represents one animal. After 12
weeks of BBN exposure, the bladders of FVB mice were significantly heavier than the bladders
from C57BL/6 mice (*p-value = 0.0393; Wilcoxon rank sum test). Differences in bladder weights
following 16 weeks of treatment were not statistically significant (p-value = 0.2442; Wilcoxon rank
sum test). (C) Percentage of C57BL/6 and FVVB mice with a given tumor stage. Following 12 weeks
on BBN, C57BL/6 (n =11) developed pTis (n = 11) diseases, whereas FVB (n = 12) developed
pTis (n = 4), pT1 (n = 3) and pT3 (n = 5) diseases. After 16 weeks on BBN, C57BL/6 (n = 8)
developed pTis (n =5) and pT1 (n = 3) diseases, whereas FVB (n = 12) developed pTis (n = 2),
pT1l(n=2),pT2(n=1)and pT3 (n=7) diseases. (D-Q) H&E sections of normal urothelium before
exposure to carcinogen and BBN-exposed bladders dissected from C57BL/6 (D-J) and FVB (K-
Q) mice. Image scale bar 200 pm (low power magnification) and inset with higher magnification
scale bar: 50 um.



Table 3-1. Tumor invasion and strain dependence association following BBN exposure
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12 weeks BBN 16 weeks BBN
C57BL/6 FvB C57BL/6 FvB
STAGE n (%) n (%) TOTAL n (%) n (%) TOTAL
Non-invasive tumor 11 4 15 5 2 7
(<pT1) (100%) (33%) (65%) (63%) (17%) (35%)
Invasive tumor 0 8 8 3 10 13
=pTl) (0%) (67%) (35%) (37%) (83%) (65%)
Significance of p-value p-value
association p-value 1.3e-3 6.2e-2

Glandular differentiation is enriched in FVB strain bladder tumors following BBN
exposure

As tumor heterogeneity is reported to have prognostic significance, and bladder cancer is
a highly heterogeneous disease exhibiting different response to therapy?®™ 23 we next sought to
define the degree of tumor heterogeneity in C57BL/6 and FVB mice following BBN-induced
carcinogenesis. While FVB mice exhibited rapid tumorigenesis and disease progression in
comparison to C57BL/6, the histological differences between FVB and C57BL/6 mice were also
striking. Overall, C57BL/6 mice developed dramatic urothelial atypia interpreted as non-invasive
flat UCC with squamous features after 12 weeks (~ 37%) and 16 weeks (~ 50%) of BBN exposure
(Figure 3-2 A). Histological variants consisted of KSM complete with the presence of intercellular
bridging and keratin deposition (Figures 3-2 B-G), and these findings are consistent with a recent
report indicating C57BL/6 mice exposed to BBN develop basal bladder cancer®®?, which is often
enriched with SgD in humans®®. Conversely, FVB mice exhibited more morphologically
heterogeneous disease seen as UCC admixed with invasive SgD and GD (Figures 3-2 H-M), both

of which were respectively present at a frequency of ~ 25% and ~ 17% after 12 weeks of BBN, and
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each at a frequency of ~ 33% after 16 weeks of BBN exposure (Figure 3-2 A). While FVB mice

developed GD and SqD following BBN exposure, we detected no GD in C57BL/6 mice after 12
and 16 weeks (Figure 3-2 A) or after prolonged exposure (Supplemental Figures 3-1 B-D). When
we accounted for tumor stage, we did not observe a significant association between strain and
glandular differentiation (p-value = 0.11, two-sided exact Cochran-Mantel-Haenszel test)
suggesting that advanced tumor stage may increase the likelihood of GD phenotype, independent
of strain background. However, in our study, while advanced stage diseases (pT3) in C57BL/6 at
20 weeks of BBN were associated with SqD, no GD phenotype was detected at this time point in
C57BL/6 mice. Therefore, these data suggest that while FVB mice develop advanced stage bladder
tumors with elements of UCC, SqD and GD as earlier as at 12 weeks of BBN exposure, C57BL/6
mice develop invasive tumors with elements of UCC and SqD at late time points such as 16 weeks

and 20 weeks of carcinogen exposure (Supplemental Figure 3-1).
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Figure 3-2. FVB mice exhibit squamous and glandular morphologic variants of urothelial
carcinoma in response to BBN.

(A) Percentage of C57BL/6 and FVB mice with urothelial cell carcinoma (UCC),
squamous features (keratinizing squamous metaplasia [KSM] or squamous differentiation [SqD])
and glandular differentiation (GD) following 12 and 16 weeks of BBN treatment. (B-M) H&E
sections of bladders tissue dissected from (B-G) C57BL/6 and (H-M) FVB mice exposed to BBN
for 12 and 16 weeks. Morphologic assessment of C57BL/6 bladders revealed non-invasive flat
UCC (B-C; 12 weeks of BBN exposure) or KSM (D-E; 12 weeks of BBN exposure, and F-G; 16
weeks of BBN exposure) characterized by intercellular bridging and keratin deposition.
Morphologic assessment of FVB bladders revealed invasive UCC with the presence of SqD (H-I;
12 weeks of BBN exposure) or GD (J-K; 12 weeks of BBN exposure) as well as mixed GD and
SgD (L-M; 16 weeks of BBN exposure). Image scale bar 100 um (low power magnification) and
inset with higher magnification scale bar 20 pm.
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Immunohistochemical analysis confirms strain-dependent influence of BBN treatment on
tumor morphology

Specific morphologic variants are associated with the expression of immunohistochemical
markers indicative of differentiation state. For example, while expression of high molecular weight
cytokeratins including Krt5/6 and Krt14 is associated with squamous morphology3%, expression of
the transcriptional regulators, peroxisome proliferator-activated receptor gamma (Pparg) and
Forkhead box Al (Foxal) is associated with urothelial and glandular differentiation3%. Therefore,
we next explored the expression of these markers in the tumors of our experimental mice. While
C57BL/6 mice exhibited moderate to high expression of Krt5 and Krtl4 in their BBN-induced
tumors, they exhibited mild and often undetectable nuclear Pparg or Foxal expression in these
tumors (Figure 3-3 A). On the other hand, as BBN-associated tumors in FVB mice were
characterized by SqD and GD, we observed high expression of both squamous markers (Krt5 and
Krt14) and the urothelial marker (Foxal) whereas Pparg expression was low (Figure 3-3 A).
Scoring of IHC showed no significant difference between C57BL/6 and FVB tumors regarding the
levels of expression of Krt5 (Figure 3-3 B) and Krtl14 (Figure 3-3 C). However, the IHC scoring
also showed that Pparg levels were significantly lower in FVB tumors compared with C57BL/6
tumors (Figure 3-3 D) whereas Foxal levels were significantly higher in FVB tumors relative to
C57BL/6 tumors (Figure 3-3 E). Altogether, these findings are suggestive of the existence of

divergent morphologic patterns in C57BL/6 and FVB mice following BBN exposure.
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Figure 3-3. Immunohistochemical analysis suggests divergent differentiation patterns in BBN-
induced bladder cancers in C57BL/6 and FVB mice.

(A) H&E staining and immunohistochemistry (IHC) for Krt5/6, Krt14, Pparg, and Foxal
in C57BL/6 and FVB mice following 12 and 16 weeks of BBN exposure. (B-C) Tumors from FVB
and C57BL/6 mice did not express significantly different levels of the basal markers, (B) Krt5 and
(C) Krtl4; each dot represents a mouse. (D-E) Quantification of IHC for Pparg and Foxal, both
associated with urothelial differentiation, revealed significantly lower expression of (D) Pparg, but
higher expression of (E) Foxal in FVB mice (* = p < 0.05; Wilcoxon rank sum test). Each dot
represents a mouse.
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C57BL/6 and FVB mice exhibit differential expression of Cd274 (Pdl-1) in bladder tumors
following BBN exposure

In order to develop a more in-depth understanding of the molecular differences that
underlie the non-invasive tumors in C57BL/6 mice versus the invasive tumors in FVB mice, we
performed RNA-seq on dissected bladders after 12 weeks of BBN exposure followed by differential
expression analysis and subsequent functional annotation studies using the NIH DAVID software.
We found that upregulated genes in FVB mice relative to C57BL/6 mice were associated with GO
terms related to immune activities. Specifically, the FVB strain exhibited increased expression of
genes related to the following biological processes: antigen processing and presentation via major
histocompatibility complex (MHC/H2), immune response and proteolysis (Table 3-2). In contrast,
genes differentially downregulated in FVB, but upregulated in C57BL/6 mice were involved in
biological processes such as transport and GPCR signaling pathways (Table 3-2). Based on this
analysis indicating important differences in the tumor microenvironment, we further examined the
differential expression between C57BL/6 and FVB strains for immune markers that are associated
with cancer progression. Interestingly, we found evidence that immune markers including matrix
metalloprotease (Mmp2 and Mmp9), interleukins and their receptors (II-5, I1-5ra, 11-5rb, 11-6ra, II-
17b, 1I-17ra and 11-17rb) as well as immune checkpoints (Cd274, Cd80 and Cd86) are upregulated
in FVB mice relatively to C57BL/6 mice after 12 weeks of BBN exposure (Figure 3-4 A); this
suggests the presence of inflammation and ongoing immune reactivity in the FVB bladder tumors.
Moreover, Pparg, which is known to be associated with immune suppression activity in the bladder
tumor microenvironment®*, appeared to be upregulated in C57BL/6 mice compared to FVB mice
at the RNA level (Figure 3-4 A) supporting our IHC analysis (Figure 3-3 D).

As the immune checkpoint pathways are major targets in cancer immunotherapy, we
further examined expression differences of these pathway components at both RNA and protein

levels. Contrary to Pparg expression, T-cells co-stimulatory factors such as cluster of differentiation
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80 and 86 (Cd80 and Cd86) were not differentially expressed between strains at either the
transcriptional (Supplemental Figure 3-2) or protein (Figure 3-4 B) levels. Nonetheless, our
Western blot results and associated densitometry show significantly increased expression of T-cells
inhibitory factor such as the program cell death ligand-1, PdI-1 (Cd274), in FVB mice relative to
C57BL/6 following BBN treatment (p-value = 0.0286, Wilcoxon rank sum test; Figure 3-4 C).
Interestingly, the differences between the two strains were less pronounced when the expression of
Cd274 in BBN exposed bladders from both strains were compared with normal bladders prior to
BBN exposure (Supplemental Figure 3-3). Therefore, our results indicate a BBN-induced
activation of immune response signatures in both strain of mice following BBN exposure, with

FVB strain exhibiting relatively high levels of inflamed and immunogenic markers.

Table 3-2. List of genes differentially expressed in FVB mice versus C57BL/6 mice based on the
biological process in the GOterms from DAVID analysis.

Upregulated Genes in FVB versus C57BL/6 Downregulated Genes in FVB versus C57BL/6
Gene Name Gene Gene Name Gene
Symbol Symbol

Immune response: Transport:
Histocompatibility 2, class 11 H2-Ea-ps | Afamin Afm
antigen E alpha, pseudogene
Histocompatibility 2, Q region H2-Q1 Apolipoprotein A-II Apoa2
locus 1
Histocompatibility 2, Q region H2-Q10 Coiled-coil domain containing 109B  Ccdc109b
locus 10
Histocompatibility 2, Q region H2-Q2 Gamma-aminobutyric acid (GABA) Gabra3
locus 2 A receptor, subunit alpha 3
Histocompatibility 2, T region H2-T3
locus 3
Predicted gene 8909 Gm8909
Proteolysis: GPCR signaling pathways:
Abhydrolase domain containing Abhd1 Olfactory receptor 1034 (OIfr1034) Olfr1034
1
Complement component 1, r Clrb Selection and upkeep of Skint4
subcomponent B intraepithelial T cells 4
Complement component 1, s Cls2 Selection and upkeep of Skint7
subcomponent 2 intraepithelial T cells 7
Membrane metallo- Mmell
endopeptidase-like 1
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Figure 3-4. BBN-induced bladder tumors in FVB mice exhibit an inflamed microenvironment
and increased expression of Cd274 (Pdl-1).

Both C57BL/6 and FVB mice were exposed to BBN for 12 weeks and sacrificed.
Following RNA extraction, we performed RNA-seq and Gene Ontology (GO) analysis, which
indicated differences in the tumor microenvironment between the two strains. (A) Heatmap display
of immune-related genes differentially expressed in C57BL/6 and FVB mice at 12 weeks of BBN
treatment and identified by GO analysis. FPKM-based gene expression measurements are median
centered by row with genes listed in rows and samples (C57BL/6 n = 2; FVB n = 3) in columns.
(B) Western blot of the immune checkpoints (Cd274/PdI-1, Cd80 and Cd86), Pparg and Gapdh
loading control. Each lane represents one bladder/mouse (C57BL/6 n = 4; FVB n = 5). (C)
Densitometry analysis of Western blot confirmed significantly higher expression of Cd274/Pdl-1
in FVB than C57BL/6. One FVB mouse outlier (lane 4) was omitted from the densitometry analysis
for statistical analysis (*p-value = 0.0286; Wilcoxon rank sum test).

Discussion

Genetically engineered mouse models are often created through breeding strategies that
incorporate various strains. While this approach can be entirely appropriate if genetically
similar/identical littermates are used as controls, the association between background strain and
carcinogen susceptibility is well documented throughout the field of cancer research?2® 262, 293,294,
2% To the best of our knowledge, no study has directly compared the impact of BBN exposure on
bladder cancer susceptibility and phenotype between C57BL/6 and FVB, two commonly utilized
mouse strains for the study of bladder cancer!®> 232 2% |n this study, we showed that FVB mice are
more susceptible to BBN than C57BL/6 mice and develop MIBC at just 12 weeks of BBN exposure
(Figure 3-1). The BBN-induced tumors in FVB mice were poorly differentiated and
morphologically heterogeneous mimicking some features of specific types of human MIBC
including conventional UCC, UCC with SgD and UCC with GD (Figure 3-2). On the other hand,
following 12 weeks of BBN administration, C57BL/6 mice develop NMIBC characterized by CIS
and papillary tumors. However, C57BL/6 mice treated with BBN for 20 weeks develop MIBC with
elements of SgD in accordance with previous studies® 2%, Both mouse strains exhibit increased

expression of the basal markers Krt5 and Krt14 following BBN exposure (Figure 3-3). In addition,



108

we showed that the FVB tumor microenvironment is highly immunogenic and inflamed with
increased expression of murine MHC, immune checkpoint PdI-1 and pro-inflammatory cytokines
(-5 and 11-17b) and their respective receptors (ll-5ra, 11-5rb, 1I-17ra and 11-17rb) as shown in Figure
3-4.

While adenocarcinoma accounts for 0.5-2% of bladder cancer in the United States®®,
mixed GD is the second most common morphologic subtype in cystectomy samples, and both are
associated with worse clinical outcome in bladder cancer patients®® %, Although current National
Comprehensive Cancer Network guidelines indicate that UCC with GD should be treated similarly
to conventional UCC®, proven and effective therapeutic options for adenocarcinoma are limited
and under-studied. Therefore, the development of mouse models that exhibit a rapid development
of histologic variants such as UCC with GD and adenocarcinoma is crucial for the identification of
novel and appropriate therapies. While GD has been previously reported following the exposure of
mice on a mixed background to BBN2%, we believe this is the first report describing the presence
of GD in FVB mice. As the incidence of GD in the FVB mice increases with prolonged exposure
to BBN, this implies that the urothelial tissue may initially develop as UCC with GD, and then
progresses in this spectrum to adenocarcinoma upon continuous carcinogen exposure. Bladder
adenocarcinoma is often associated with the formation of enteric/mucinous-type glands, and the
caudal type homeobox 2 (CDX2)% is a marker utilized for assessment of GD. Surprisingly, we
failed to detect Cdx2 immunostaining in all mouse bladder tumors exhibiting any degree of GD
suggesting a non-enteric route of gland development in these tumors. Similarly, Pparg expression,
which is often associated with urothelial and glandular differentiation was observed to be also lower
in the FVB tumors with GD as opposed to the C57BL/6 tumors.

Because human advanced bladder cancer has been associated with the presence of PDL-1
and has proven to be responsive to immune checkpoints blockade*’” 3%, our results concerning

Cd274/Pdl-1 are significant because of the lack of preclinical models for the study of immune
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checkpoint blockade in bladder cancer. This is important because while the development of FDA
approved PDL1/PD1 immune checkpoint inhibitors, including Nivolumab, Atezolizumab,
Durvalumab and Avelumab, has revolutionized bladder cancer treatment and other malignancies,
only a small fraction of patients benefit from these therapies, and PDL-1 detection is not always
the best predictor of response. Thus, preclinical models and additional research are needed to
identify ways of enhancing immune checkpoint blockade. Our differential expression analysis
showed increased levels of Cd274/Pdl-1 expression in FVB than in C57BL/6 after BNN exposure.
However, Western blot analysis of BBN exposed bladders of both C57BL/6 and FVB mice showed
increased levels of Cd274/PdI-1 expression when compared with normal bladders prior to BBN
exposure. This result suggests that, in addition to genetic background differences, the increase in
Cd274/Pdl-1 expression may be due to BBN-associated immunogenic response, and therefore,
warrant further investigations.

One limitation of our model is that FVB mice become moribund at 16 weeks of BBN
exposure precluding further experimentation to better characterize the natural history of glandular
changes. Therefore, future approaches might “rescue” bladder tissue from BBN-treated FVB mice,
followed by sub-capsular renal engraftment. This approach would enable investigators to assess
the progression of cancerous bladder tissue in a syngeneic host enabling further characterization.
Alternatively, this approach could potentially be useful for metastatic disease studies when the
tissue is orthotopically implanted in the bladder. In addition, reduced concentrations of BBN could
be employed, and it would be advantageous to create cell lines from BBN-induced FVB bladder
tumors that retain elements of GD or adenocarcinoma. An additional limitation of this study is that
BBN consumption by the two strains was not measured, since the rate of consumption can
potentially influence tumor development. Moreover, because the RNA-seq analysis was performed
solely on carcinogen exposed bladders, the differences in gene expression are assumed to be

associated with strain response to BBN exposure; however, these differences could potentially also
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be baseline differences between the two strains. In that regard, it is noteworthy to highlight that
C57BL/6 strain was previously reported to be less immunogenic than, for instance, BABL/C strain
in a mouse modeling of human immune thrombocytopenia (ITP)3%. Although the low levels of
inflammatory response in C57BL/6 in the ITP model support our observations that C57BL/6 strain
is less immunogenic compared with FVB strain, further studies are warranted to confirm whether
the differences in gene expression are driven by intrinsic strain response to carcinogen exposure or
are baseline differences of these strains.

In conclusion, we show that F\V/B strain is more susceptible to BBN and develops advanced
bladder cancer at earlier time point than C57BL/6 strain. We also identify important differences
between the tumor microenvironments of these two strains in terms of immune signature expression
following BBN exposure. The increased presence of Cd274/Pdl-1 in the FVB tumor
microenvironment indicates that FVB strain can potentially be used as a model for a more in-depth
characterization of (1) the interaction between immune cells and tumor cells in advanced stage
tumor microenvironment and (2) the impact of histological variants on immunotherapy. Also, based
on the degree to which FVB mice rapidly develop bladder cancer with unique histologic attributes
following BBN exposure, the current study indicates that investigators should carefully design and
interpret their research findings when utilizing genetically engineered mouse models with mixed
genetic backgrounds in combination with BBN in an effort to maintain experimental rigor and

enhance reproducibility.
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Supplemental Figure 3-1. C57BL/6 mice develop advanced bladder cancer with squamous
morphologic variants upon 20 weeks of BBN.

(A) Percentage of C57BL/6 (n = 5) mice at different tumor stages pT2 (n = 2) and pT3 (n
= 3) at 20 weeks of BBN exposure. (B) Percentage of C57BL/6 (n = 5) mice per morphologic
variant at 20 weeks of BBN exposure: all mice developed squamous elements. (C) H&E of
C57BL/6 bladders showing invasive UCC admixed with SgD in the presence of intercellular
bridging and keratin deposition.
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Supplemental Figure 3-2. BBN-induced bladder tumors in FVB mice exhibit an increased levels
of transcripts of Cd274 (PdlI-1).

Boxplot analyses of absolute expression of transcript levels of Cd274/Pdl-1, Cd80, Cd86
and Pparg in C57BL/6 and FVB bladders exposed to BBN for 12 weeks are shown. Each dot
represents a single mouse.
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Supplemental Figure 3-3. BBN-induced immune response in C57BL/6 and FVB mice.

Western blot of the immune checkpoints (Cd274/PdI-1, Cd80 and Cd86), Pparg and Gapdh
loading control in normal urothelium prior to BBN exposure (no BBN) versus bladder tumors (12
weeks BBN) in C57BL/6 and FVB mice. Each lane represents one bladder: C57BL/6 (no BBN [n
= 3] and 12 weeks BBN [n = 4]) and FVB (no BBN [n = 3] and 12 weeks BBN [n = 5]).
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Supplemental Table 3-1. List of genes differentially upregulated in FVB versus C57BL/6.

Clrb
Serpinalb
4933432103Rik
AAT792892
Madcam1
Cyp4f37
H2-Q1
Fam196a
Slc6a3
Gm3558
Hal
Slco4cl
Pcdhb7
Ppy

Thrl

Gm8615

Chill

Gm5801

Sorcs3

Apolllb
4930565N06Rik
C920025E04Rik
Mir6909
Zfp605

Tmod4

Slc24al

H2-T3

Tspanl0
Mir7063
1700008C04Rik

H2-Ea-ps
Gm8909
Xlir3c
Mrgprd
Trim34b
9830107B12Rik
Enolb
Tekt4
Cdh16
Mybph
NIrp5
Art2a-ps
Dmpl
Apom
Scnlla

1117b
Gm8580
H2-Q2
Serpina3k
Ptprv

A930015D03Rik

Gdpd3
Tpte
Gm17746
H2-Q10
DIx4
Abhd1
Vash2
Dupd1
Testv3

Kcnsl

D030025P21Rik

Frmpd3
Mup5
Cls2
Zfp949
Olfr1251
Cda
Mmell
Ibsp
Gm10653
Al506816
Snord49b

C330046G13Rik

Myh7b

Supplemental Table 3-2. List of genes differentially downregulated in FVVB versus C57BL/6.

Afm

Gm14393
D730005E14Rik
9530027J09Rik
Krt33a
8030455M16Rik
4930479D17Rik
Sun3

Mir6970
Snord85

Lrrc72

Prss52

Kcnj13
C920006011Rik
Cd200r3

Gm14305
2310003N18Rik
4930481A15Rik
4930505A04Rik
Nek11

Apol10a
4933427E11Rik
Hist1lh2bp
C130060K24Rik
4930511A02Rik
Zcchel3
Med9os
Ccdc109b

Cda

Ttc9

Mir7688
Olfr1034
Tmem181b-ps
1110019D14Rik
Wfdcéb

Gpr150
Gmb5420
Mirlet7i

Tcaf3

H2-T23
Ankrd53
Cyp8bl
Trim12a
E130008D07Rik
Adgb

Fam47e
RbmxI2

Pakap
Gm38509
Amer3

Nps

Ephal0
4930473A02Rik
1700125H20Rik
Skint4

Gucy2d

Sez6

Apoa2

Cesif

Mucll

Gzmk

Actlll

Prr9

Gm16291
4930546K05Rik
Mir687

Fofa

Gipr

Skint7

Slc22a22
4933433H22Rik
Gabra3
4930412C18Rik
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Chapter 4

Discussion

The Role of FOXAL and PTEN in Bladder Cancer Heterogeneity

Bladder cancer presents frequent genomic and epigenomic alterations that may be
associated with or be responsible for morphologic and molecular variability related to tumor
heterogeneity phenotype. Because the majority of these genomic alterations are potentially
actionable alterations (i.e., FGFR3, PIK3CA, EGFR and HRAS), bladder cancer presents as an
ideal disease for targeted therapies regimen. However, risk stratification and treatment decisions in
bladder cancer are mainly based on histological analysis (tumor stage and morphology) following
initial biopsy; this can be problematic, as the degree of morphologic and molecular heterogeneity
is, therefore, inferred based on the analysis of a small region of the tumor. Since the identified
genetic alterations may not be fully representative of the whole tumor genomic status, analysis of
biopsy samples can dangerously underestimate the degree of tumor heterogeneity. As our
understanding of the role of tumor heterogeneity in disease progression and therapeutic resistance
increases, it is possible that bladder cancer patients will be at increased risk of receiving inadequate
(or worse) treatment. For these reasons, alternative strategies based on multiregional molecular
mapping of tumor tissues and corresponding adjacent normal tissues are now being employed in
order to capture the mutational load present in the entire tumor and surrounding environment?4% 310
311 Furthermore, our relative lack of knowledge regarding the molecular genetics of bladder cancer,
as well as the utilization of genomics studies for the development of targeted therapies for breast
cancer 312313 has prompted several studies focused on the identification of molecular subtypes of
bladder cancer based on gene expression profiling. At least four different molecular subtyping

schemas have been described leading to molecular phenotypes that can be broadly divided into
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luminal tumors expressing markers of urothelial differentiation and basal tumors expressing
markers of basal cells and squamous differentiationt®* 13- 172.176 ‘\While the clinical implementation
of the different bladder subtyping models is currently unknown, clinical trials are now
incorporating these schemas in an effort to determine their clinical significance. While this is
important, the degree of tumor heterogeneity within clinical samples certainly have the potential to
confound these analyses, especially, now that it is recognized that intratumoral heterogeneity exists
regarding molecular subtype!® 245, Thus, examining the roles that cancer-associated genes may
play in the mechanisms responsible for tumor heterogeneity is imperative for the generation of
optimal therapies for heterogeneous diseases; this is important because various aspects of tumor
heterogeneity can promote disease resistance or tumor recurrence following treatment®4,

In an effort to investigate bladder cancer heterogeneity, the work outlined in this
dissertation utilizes analysis of publicly available clinical data, in vivo and in vitro approaches to
analyze the role of two bladder cancer-related genes, FOXA1l and PTEN, in bladder cancer
tumorigenesis and heterogeneity (Chapter 2). Through the analysis of clinical data, we provided
evidence of the diverse genetic mechanisms potentially regulating the expression of FOXA1 and
PTEN in MIBC patients. We generated a murine knockout model of Foxal and Pten to assess the
impact of genetic alterations of these genes on bladder tumorigenesis. Furthermore, we initiated
gain-of-function tissue culture-based studies in an effort to elucidate the potential functional
relationship between FOXA1l and PTEN in bladder cancer. In addition, we performed an
independent study to determine the relationship between genetic background and carcinogen
susceptibility in mice (Chapter 3). For ease of discussion and reference, the data presented in this
dissertation will be discussed below in separate categories, introducing first the clinical data

analysis, followed by the animal data and the cell culture data.



PTEN expression correlates with copy number alterations and FOXAL expression is
associated with promoter methylation in MIBC

Copy number variations and genetic mutations are critical events in cancer genesis and
progression. Changes in the number of copies of a gene can have a significant impact on its
expression®’®. Using the TCGA RNA-seq dataset'*®, we investigated the correlation between gene
expression and copy number alterations for FOXA1 and PTEN in advanced bladder cancer. The
analysis revealed a significant co-occurrence of copy number losses of both genes in muscle
invasive bladder cancer.

For PTEN expression, we observed a prototypical positive correlation between gene
expression and copy number status. While copy number losses were associated with lower
expression, copy number gains resulted in increased expression. Published evidence shows that
copy number variations of PTEN are more common events (13%) than point mutations (3%) in
invasive bladder cancer™®” % suggesting that copy number alterations may be the predominant
mechanism responsible for the decreased levels of detection of PTEN in bladder cancer. Loss of
heterozygosity (LOH) is the most frequent genetic alteration type described for PTEN in bladder
cancer'® 152 In a LOH condition, one locus of a gene is lost, and the retained gene copy maintains
gene functionality. However, due to (1) the low levels of detection of PTEN expression by IHC in
patients with PTEN loss and (2) the low frequency of point mutations observed in the retained allele
of PTEN following LOH2 153 it was previously proposed that a different tumor suppressor gene
candidate rather than PTEN may exist in the proximity of PTEN gene on chromosome 10qg. One
potential candidate gene was MXI1, which inhibits the activity of Myc oncoprotein®®. While
alterations in MXI1 gene have been implicated, for instance, in prostate cancer®!’, attempts to

identify alterations in this gene in bladder cancer have not been successful®!8, suggesting that PTEN
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may be the significant tumor suppressor candidate of alterations on chromosome 10q, and that a
single allele alteration may be sufficient to abrogate PTEN function in bladder cancer®®,
Alternatively, evidence shows that other mechanisms of inactivation of PTEN may exist.
According to Knudson’s two-hit hypothesis, inactivation of both copies of tumor
suppressor genes is one crucial driving force for tumorigenesis®'®. The two-hit model explains the
contribution of certain tumor suppressors such as the RB1 gene to tumorigenesis. However, this
theoretical construct does not appear to explain the contribution of other suppressor genes such as
TP53 and PTEN. In the case of TP53, haploinsufficiency phenotypes have been described: a single
copy loss of the gene is sufficient to promote aberrant function and increases the probability of
cancer. In regards to PTEN, a quasi-sufficiency phenotype is defined as when the activity of the
gene is coupled with gene expression dosage. Therefore, subtle changes at any level of gene
expression, even without variations in either genetic loci, may lead to impaired function3'°-32L, Thus,
alterations in the molecular events that affect gene expression namely copy number, epigenetic
regulation, transcriptional regulation and post-translational modifications (PTMs) may all have
implications for subsequent gene expression and protein functionality. Whang et al. previously
proposed gene silencing of PTEN at the transcriptional level by DNA methylation in advanced
prostate cancer as an explanation for reduced PTEN detection in advanced disease®?2. Nonetheless,
independent studies investigating epigenetic silencing of PTEN by Cairns et al. failed to detect
DNA methylation as an epigenetic mechanism explaining PTEN inactivation in prostate cancer?3.
While PTEN silencing by promoter hypermethylation is reported in colorectal cancer®?* and breast
cancer®® 3% discordant studies in prostate cancer®?> 32 indicate that DNA promoter methylation
may not contribute to PTEN inactivation in prostate cancer. Interestingly, in the TCGA cohort of
MIBC, no apparent correlation was detected between DNA methylation and PTEN expression®®;
contrasted, however, by the findings from Agundez et al**’. Thus, further investigations regarding

DNA promoter methylation of PTEN in bladder cancer are required.



119

Additionally, PTMs have been also proposed as mechanisms of gene silencing for PTEN®?%,
Abrogation of PTEN function by phosphorylation?®* has been reported in gastric cancer®?®
suggesting a role in gastric tumorigenesis. Nonetheless, little is known about the role of PTMs on
PTEN activity in bladder cancer. Thus, in addition to copy number variations, regulatory
mechanisms associated with gene expression such as promoter hypermethylation and those
associated with protein function (i.e., PTMs) also potentially contribute to PTEN expression and
activity in bladder cancer.

On the other hand, when we looked into FOXAL expression, we detected a weak correlation
between copy number alterations and gene expression. The discrepancy between copy number
alterations and gene expression suggests the existence of additional regulatory mechanisms (as
described above for PTEN) underlying reduced FOXA1 expression. Moreover, although FOXA1
has been recently reported to be mutated at a statistically significant degree (5%) in bladder
cancer™®’, we observed no correlation between FOXA1 point mutations and gene expression at the
transcript level. The most observed spectrum of mutations for FOXA1 were missense and
frameshift mutations. As the latter is associated with loss of function, its effects would be evident
at the protein level; thus, site-directed mutagenesis in FOXAL studies together with reporter assays
could be employed to assess if these mutations impact the transcriptional functionality of FOXAL.
However, these experiments would prove difficult given the lack of chromatin structure in reporter
gene assays. Therefore, the impact of FOXA1 mutations would be more appropriately studied on
endogenously-regulated genes following genome editing approaches.

Several other studies have identified a disconnect between copy number status and gene
expression, and have gone on to identify a contribution for epigenetics in the form of DNA
promoter methylation®® 330332 Therefore, we next examined publicly available data’®® as well as a
panel of human bladder cancer cell lines for a relationship between DNA promoter methylation

and FOXA1 expression. In our investigation of the DNA methylation status of the FOXA1 promoter
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in the TCGA MIBC cohort, we found that hypermethylation of the CpG island 99 within the

promoter of FOXAL was significantly associated with decreased gene expression. Similarly,
methylations of CpG island 143 within the FOXAL gene body was associated with reduced FOXAL
expression but was not statistically significant. These findings were subsequently confirmed via
the analysis of CpG island methylation through in vitro cell culture studies. The in vitro studies
were designed also to include a probe specific for CpG island 123, which was not included in the
TCGA study. Analysis of a panel of ten human bladder cancer cell lines revealed differential
patterns of methylation of regulatory regions associated with the FOXAL gene. We previously
defined the molecular subtyping of these cell lines and identified cells with luminal expression
pattern (luminal-like), those with a basal expression pattern (basal-like) and those that did not rank
with any subtype (no-type)?3. As expected, hypermethylation of the promoter CpG island 99 was
observed in basal-like cell lines that lack FOXA1l expression, but no evident promoter
hypermethylation was detected in luminal-like FOXAL expressing cells nor in no-type cells. On
the other hand, while no methylation of CpG island 143 was detected in almost all cell lines
analyzed, methylation of CpG island 123 was observed in all cell lines including luminal-like
FOXAL expressing cells. That being said, methylation of CpG island 123 within the gene body did
not affect FOXA1 expression in any of the luminal-like cell lines tested. These results indicate that
while hypermethylation of CpG island 123 is not associated with reduced FOXAL expression,
hypermethylation of CpG island 99 is associated with reduced FOXA1 expression in clinical
bladder cancer samples and human cell lines. However, it is noteworthy to point out that the
expression of FOXAL may also be mediated by methylation patterns of CpG island shores, which
consist of regions of low CpG density located up to 2kb distant from promoter CpG islands. Thus,
further characterization is required to confirm the presence of CpG island shores in the proximity
of FOXAL gene and how they might be impacting gene expression. Moreover, the fact that nearby

genes of FOXA1 on chromosome 14 also exhibit a relatively weak correlation between copy
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number status and gene expression, is suggestive that DNA methylation patterns affecting these
regions may exist, and that other molecular mechanisms contribute to the silencing of FOXAL in
MIBC patients and therefore warrant further investigation.

Many genes have been reported to be hypermethylated in bladder cancer; however, this
study is the first to report an association between CpG island 99 hypermethylation and reduced
FOXAL expression. Future characterization of the epigenetic regulation of FOXAL will require
experimentation with a methylation inhibitor such as 5-azadeoxycytidine to assess if FOXAl
expression can be restored in tumor cells. Alternatively, loss of function studies following
knockdown or knockout of the methyltransferase enzymes, DNMT1, DNMT3A, and DNMT3B,
followed by analysis (i.e., quantitative PCR and Western blot) of FOXAL expression will enable
us to potentially establish a cause-effect relationship between hypermethylation of CpG island 99
and FOXA1l expression. However, a potential drawback of these experiments is that
methyltransferase enzymes also mediate histone methylations in chromatin remodeling; therefore,
aberrations of these genes may result in severe phenotypes preventing the assessment of a specific
relationship between DNA methylation and FOXAL expression.

In addition to DNA methylation, microRNA regulation has been proposed as an alternative
epigenetic regulator of the expression of FOXAL in bladder cancer®. Even though PTMs have
been also proposed for FOXA13%, there is no reported evidence of their impact on gene expression.
Therefore, these analyses show that copy number alterations and promoter hypermethylation are

alternative mechanisms for the control of FOXAL expression in bladder cancer heterogeneity.
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PTEN expression is independent of molecular subtype and FOXAL expression is associated
with luminal subtype of bladder cancer

In a recent pan-cancer study, PTEN loss was clustered with “squamous-like” subtype
tumors*® characterized by squamous histological features and by the production of high molecular
weight cytokeratins such as KRT5 and KRT14 found in basal tumor subtypes. As basal bladder
cancers are often enriched of squamous differentiation and express high levels of KRT5 and
KRT14, we utilized the TCGA MIBC cohort'> to analyze PTEN expression in the context of
molecular subtypes of bladder cancer. Surprisingly, we observed that PTEN expression was not
associated with either basal or luminal molecular subtypes, and this was also evident in the
hierarchical cluster analysis where PTEN expression was variable across patients from both basal
and luminal subtypes. While these findings were surprising, our data suggest reduced PTEN
expression is not associated with any specific molecular subtypes of bladder cancer.

Conversely, when we analyzed FOXAL expression in the context of molecular subtypes of
bladder cancer using the TCGA cohort>, we found that tumors with low FOXA1 expression
robustly clustered within the basal molecular subtype. These findings are in agreement with several
previous reports in bladder cancert’? 76, Interestingly, reduced FOXAL expression is similarly
associated with basal molecular subtype in breast cancer? 7. 334,

Urothelial differentiation is a tightly controlled process driven by a tissue-specific
regulatory network in which FOXAL and other transcriptional factors such as PPARG, GATAS3,
and ELF3 among other factors play a crucial role!®” 33 3% |n keeping with their role as
differentiation factors, alterations in their activity results in loss of differentiation with consequent
loss of proper functionality of the urothelium®®. Specifically, loss of FOXA1 expression has been
implicated in loss of differentiation?# 337 3% jndicating a role for FOXA1 in the maintenance of a
differentiated status of the urothelium. Moreover, studies from Bernardo et al. reported a decrease

in luminal-related genes with a subsequent increase in basal-related genes following silencing of
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FOXA1 in several breast cancer cell lines?®. On the other hand, Warrick et al. reported that
combinatorial activity of the transcription factors, PPARG, FOXAL and GATAS in the basal-like
5637 bladder cancer cell line promoted the activation of a luminal transcriptional signature®®,
Therefore, given its functional role in urothelium, the loss of FOXAL appears to favor the activation
and establishment of a basal expression profile, which results in an association of FOXAl
inactivation with basal molecular subtype confirmed by our previous in vivo studies®®.

Bladder cancer heterogeneity is also evident through the different morphologic variants
(i.e., urothelial cell carcinoma [UCC], squamous differentiation [SqD], glandular differentiation
[GD], micropapillary). Co-occurrence of multiple histological variants within a single patient has
also been reported posing challenges to disease treatment!® 24 245 In our clinical cohort,
approximately 72% (13 out of 18) of patients exhibited concomitant areas of UCC and SgD. In a
recent study, Warrick et al. reported molecular heterogeneity among different
histomorphologies'®:. Analysis of PTEN expression by IHC in our tumor samples revealed that low
expression of PTEN is not associated with any particular morphology. These findings are consistent
with the lack of correlation between PTEN expression and molecular subtype. As previously stated,
the co-occurrence of multiple histology within an individual tumor can arise through the
development of individual tumorigenic clones that expand in parallel, or through divergent clonal
evolution. Thus, further characterizations based on phylogenetic tree studies such as those
presented in Thomsen et al.?** using exome-sequencing of bulk tumor may provide information

about the potentially shared and unique altered molecular pathways in the morphologic variants.
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Bladder-specific Foxal and Pten knockout mice develop bladder cancer

Previous independent in vivo studies using GEMs have attempted to determine the
functional significance of individual Foxal or Pten loss in urothelial disease. Studies from Yoo et
al. showed that conditional deletion of Pten in mouse urothelium results in a hyperplastic
urothelium®®, Similar studies from Tsuruta et al. showed that Pten deletion results in hyperplasia
and promotes the development of papillary non-invasive bladder cancer after 24 weeks of BBN
exposure®, On the other hand, Reddy et al. showed that inducible deletion of Foxal in mouse
leads to urothelial hyperplasia and keratinizing squamous metaplasia®®. These studies indicate that,
although individual ablation of Foxal or Pten may drive pre-neoplastic changes, the interaction
with other molecular events is necessary for tumorigenesis to occur. Supporting this line of
reasoning, Puzio-Kuter et al. generated a conditional mouse model in which combined deletions of
Pten and Tp53 in bladder urothelium cooperate to promote invasive disease'®>. As might be
expected, subsequent models investigating Pten deletion in combination with other molecular
pathways (i.e., Ctnnbl, Fgfr3, and Lkbl) failed to develop phenotypes beyond hyperplasia or
papillary non-invasive bladder cancer (Table 4-1). In particular, Foth et al. generated a conditional
Pten knockout mouse model expressing a mutant Fgfr3 to assess the interaction between these two
pathways; however, this model developed solely hyperplasia even after 18 months'®®. Similarly,
the model generated by Shorning et al. consisting of inducible deletion of Pten and Lkbl in the
bladder urothelium developed hyperplasia®*. On the other hand, the model created by Ahmad et
al. consisting of a conditional knockout of Pten model expressing mutant Ctnnbl developed

hyperplasia and papillary tumors®.



Table 4-1. Foxal or Pten knockout models of bladder cancer.
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Model name 1;;?32;? Description Phenotype Refs.
Hyperplasia in male

Foxallox/on UBC-Cre/ERT2 Inducible deletion of mice; ker-ati_nizing 5

Foxal metaplasia in female
mice

Pten'ox®/loxp Fabp-Cre g%r;dltlonal deletion of Hyperplasia 191
Hyperplasia, and

- . Papillary non-

Pten'oxp/loxp Fabp-Cre g;)erl;dltlonal el & invasive cancer after | 193
24 weeks of BBN
exposure

Adeno-Cre . .
. . Conditional deletion of .
loxp/loxp- loxp/loxp 192
p53 ; Pten , ((jlgltir\;ig/g/s)cmal Pten and Tp53 CIS, MIBC with SgD
Expression of mutant
exon3/exon3- (active) B'Catenin i _
g:g:lobxlplloxp ’ Upll-Cre combined with :T]za\f)e:lli?/;ycr;?]r(]:er 104
conditional deletion of
Pten
Expression of mutant
+/KGA44E - loxp/loxp _ (active) Fgfr3 combined i 195
Fgfr3 ; Pten Upli-Cre with conditional deletion | "YPerPlasia
of Pten
Lkb1'ow®/loxe; ptenloxeliox | AhCreER Il_rll(dbulc;alg gzﬁtlon el Hyperplasia 339

To assess if potential functional cooperativity may exist between Foxal and Pten in

urothelial tumorigenesis, we generated conditional bladder-specific Foxal and Pten knockout
mice. While single mutants of either Foxal or Pten developed urothelial hyperplasia, mice with
compound deletion of Foxal and Pten developed focal CIS (18 out of 52 mice; 35%) after 12
months of age. Importantly, morphologic analysis of these tumors revealed a squamous
differentiation phenotype, and characterization of urothelial differentiation markers by IHC
indicated enrichment for basal-squamous urothelial cell markers. Thus, our results suggest that the
loss of both Foxal and Pten cooperates to promote tumorigenesis in the form of CIS with a basal-

squamous phenotype.
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Generally considered to be the precursor of MIBC, CIS is a high-grade aggressive non-
invasive tumor. Histologically, in addition to the conventional urothelial CIS, variants of CIS with
GD or SgD have been described?’® *#°, Because the occurrence of these entities is infrequent, our
knowledge about the mechanisms driving these phenotypes is limited. Nonetheless, different
studies have shown that CIS lesions are genetically characterized by loss of function mutations in
TP53, RB and PTEN3*-342 and are enriched of KRT20 expression, which is a luminal urothelial
cell marker®33 343, Thus, a potential explanation for the phenotypes of our model could be that loss
of Pten predisposes the bladder urothelium to pre-neoplastic changes, which in the absence of
functional Foxal progress to a malignant phenotype. Moreover, because Foxal is a urothelial
differentiation transcription factor that promotes luminal urothelial differentiation, deletion of this
gene may promote a basal expression phenotype as described in detail in the next paragraph.

In breast cancer, two models, which can be adapted to other tumors including bladder
cancer, have been proposed for the description of molecular subtype heterogeneity: the “mutation-
of-origin” and the “cell-of-origin”. The “mutation-of-origin model states that all subtypes of a
tumor arise from any number of cellular progenitor populations. However, during neoplastic
transformation, the occurrence of specific genetic or epigenetic alterations commits the tumor cell
to a specific fate/lineage (i.e., luminal versus basal) in a manner independent of the cell of origin.
Put simply, a specific genetic alteration always results in “luminal” tumors, while another results
in “basal” tumors. On the other hand, “the cell-of-origin” model hypothesizes that transformation-
inducing genetic and epigenetic alterations while resulting in tumorigenesis have no effects on the
cell differentiation program. Therefore, according to the “cell-of-origin” model, the resultant tumor
retains the original, lineage-related transcriptional program!?2, So, as previously described, in our
clustering analysis of the TCGA dataset and the IHC analysis of clinical samples, the expression
of PTEN did not correlate with either molecular subtype or morphology - contrary to the expression

of FOXAL. In vivo experimentations using lineage-trace methods have shown that basal urothelial
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cells give rise to squamous tumors exhibiting a basal gene expression profile following carcinogen
exposure!®, However, in our Foxal and Pten double mutants characterized by deletion of these
genes in luminal urothelial cells, we detected higher levels of markers of basal urothelial cells and
squamous elements than in the single mutants. If our reasoning that loss of the urothelial
differentiation marker Foxal is the driving force that promotes activation of a basal profile, and
therefore determines the tumorous cell lineage fate, then our results support a “mutation-of-origin”
theory in regards to the role of FOXAL in bladder cancer molecular subtype and squamous
differentiation phenotype. Therefore, in our Foxal and Pten double mutants, while Pten
inactivation may indeed provide the incentive for tumor growth, Foxal inactivation promotes the
development of squamous phenotype.

Our mouse model was generated using uroplakin 2 promoter-driven Cre (Upll-Cre), and
because Upll is active in intermediate and luminal urothelial cells only, Cre expression and
recombination occur in intermediate and luminal cells of the bladder. So, based on this, our results
indicate that Upll-mediated deletion of Foxal and Pten in the intermediate and luminal urothelium
results in the development of CIS with a basal-squamous phenotype. Interestingly, our findings
contrast with the widespread belief that intermediate/luminal cells give rise to papillary tumors and
that basal cells are likely the cell of origin for CIS and progressive tumors derived from CIS with
basal phenotypes. Our study shows that upon the occurrence of certain genetic alterations in
intermediate/luminal cells, these cells are capable of giving rise to CIS of the bladder with basal
phenotype. However, it is also possible that ablation of Foxal and Pten in luminal urothelium may
lead to loss of the luminal layer cells resulting consequently in the expansion of basal urothelial
cells to differentiate and repopulate the urothelium. As the basal cells differentiate into luminal
cells, Upll-Cre is activated and subsequently promotes deletion of Foxal and Pten. The circling
repetition of this process may eventually lead to genetic instability of the basal urothelial cells,

prone to alterations that promote the development of CIS. Therefore, future studies based on
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lineage-tracing approaches incorporating the use of a basal cell Cre driver (i.e., Krt5-Cre) and a
luminal cell Cre driver (i.e., Upll-Cre) in combination with Rosa26 reporters will be required to
definitively confirm intermediate/luminal urothelium and not basal urothelial cells as the progenitor
cell population for bladder cancer development following Foxal and Pten knockout.

To definitively conclude that intermediate/luminal cell populations can serve as
progenitors of CIS, one potential approach would be to perform lineage tracing studies that will
enable us to track and assess the fraction of intermediate/luminal transformed cells within the
tumors following Foxal and Pten knockout. Alternatively, we could dissect and smash tumors and
normal bladder from Foxal and Pten knockout mice and genetic control mice, respectively; use
FACS to sort for intermediate/luminal cell populations (using Krt20 and Upll as markers) and basal
cell populations (using Krt5 and Tp63 as markers). RNA-seq analysis on RNA isolated from these
cells could be informative in the assessment of similarities and changes in the expression patterns
between intermediate/luminal cells and basal cells upon Foxal and Pten deletion. Moreover, since
Foxal and Pten knockout mice develop CIS after 12 months of age, we could sort basal and
intermediate/luminal cells at an earlier time point of study (i.e., from the bladders of 2 months old
mice) and also at a later time point of study after tumor formation (i.e., from the bladders of 12
months old mice) and genotype them. This will enable us to show if truly Foxal and Pten knockout
cells have transitioned from luminal phenotype to basal phenotype, and whether other additional
genetic events promoting basal phenotype have occurred. This is important because it will enable
us to (1) directly test the ability of luminal/intermediate cells to contribute to the development of
basal-squamous tumors following a known set of genetic alterations, and (2) rule out the possibility
that expansion of basal bladder urothelium contributes to tumor development following genetic
ablation of Foxal and Pten in intermediate/luminal urothelium.

Sex is a widely known risk factor for bladder cancer exhibiting higher incidence rates in

men than women*. Notably, this sexual dimorphism regarding risk is partially mirrored in chemical
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carcinogenesis studies of bladder cancer. Specifically, exposure of mice or rats to BBN carcinogen
results in relatively rapid tumorigenesis in male mice compared with female mice?® 344, However,
when we combined our GEM with a carcinogenesis model, we observed an increase in
susceptibility not only in male Foxal and Pten knockout mice, but also in female mice.
Specifically, both male and female mice developed MIBC with SgD in a manner apparently
independent of sex. Thus, deletion of Foxal and Pten increases mice susceptibility to BBN
carcinogen and enhances the carcinogenic effects leading to more exacerbated phenotypes when
compared with the genetic control.

FOXALI plays a central role in tissue-specific gene expression. By recruiting and interacting
with sex steroid receptors such as estrogen receptors (ESR1; Esrl) and androgen receptor (AR; Ar)
at the promoter of their target genes, FOXAL promotes the differentiation of mammary and prostate
epithelium, respectively?®. The role of sex hormones in bladder tumorigenesis is of a major interest
in the bladder cancer field. Several studies have shown that knockout of Esr2 in the bladder
urothelium of female mice decreases tumorigenesis in a BBN-model*; similarly, deletion of Ar in
the bladder urothelium of male and female mice reduces tumorigenesis in a BBN-model®®.
Together these studies implicate a role for Esr1/2 and Ar in bladder cancer development. Moreover,
the evidence that ablation of Foxal in mouse liver combined with deletion of Foxa2 can reverse
sexual dimorphism in response to a liver-specific carcinogen in a manner related to interactions
with Esrl*’ suggests that the interaction between Foxal and sex steroid receptors is an important
determinant in the sexual dimorphic nature of cancer incidence following carcinogen exposure.
Therefore, in our model, the loss of Foxal could be driving the ability of the Foxal and Pten
knockout mice to overcome sex differences when exposed to BBN. While this could be true for
double mutants Foxal and Pten and single mutants of Foxal, a different mechanism has to be

responsible for the phenotypes of the single mutants of Pten.
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The activity of BBN carcinogen has been widely characterized to induce genetic alterations
in genes such as Tp53, Hras, and Egfr among other genes® 34, Therefore, the development of
MIBC with SgD in our Pten knockout mice following carcinogen exposure could be the result of
an aberrant PI3K pathway activity following BBN-induced mutagenesis, which potentially
cooperates with conditional inactivation of Pten. In our Foxal knockout models, the development
of MIBC with SgD in male and female mice could be a result of defective urothelial differentiation
process associated with inactivation of pro-apoptotic pathways following carcinogen exposure. As
any number of these mechanism(s) could cooperate in our compound knockout mice, additional
work is required to identify the exact pathways involved. Performance of whole genome-
sequencing on DNA extracted from the murine tumors will provide insight into genes that are
additionally altered in the urothelium of Foxal and Pten mice and the related molecular pathways
that might be contributing to the aggressive phenotypes.

All Foxal and Pten knockout mice as well as all genetic controls in this study are generated
and maintained on a mixed background by breeding C57BL/6 strain mice with FVB strain mice,
two of the most commonly used strains for the generation of GEMs in bladder cancer. Although all
controls were littermates of experimental mice, and therefore on a largely similar genetic
background, we were interested in the relationship between strain genetic background and
susceptibility to BBN. Thus, we initiated a tumorigenesis study based on exposure of C57BL/6 and
FVB strain mice to equal concentrations of BBN carcinogen. These two mouse strains exhibited
diverse phenotypic behaviors following exposure to BBN. While C57BL/6 mice developed non-
invasive papillary tumors at 12 weeks of carcinogen treatment, FVB developed muscle invasive
tumors with SgD and GD at 12 weeks of treatment. Nonetheless, advanced disease phenotypes
were also observed in C57BL/6 at 16 and 20 weeks of BBN treatment. An RNA-seq analysis of
these tumors revealed a differential expression in immune signatures with FVB mice exhibiting

highly inflamed and immune reactive tumors than C57BL/6 mice. Interestingly, both C57BL/6 and
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FVB showed increased levels of PDL-1 in their tumors. However, the inflamed and immunogenic
tumor microenvironment of the FVVB mice makes the use of this mouse strain in a carcinogen-based
model optimal for the study and characterization of PDL-1 immune checkpoints inhibitors, which
seems to hold promise in bladder cancer treatment based on clinical trials results® 17,

In the Foxal and Pten knockout mice, the gene-targeted alleles are maintained on the
C57BL/6 background whereas the Upll-Cre locus is maintained on the FVB background. Evidence
shows that phenotypic variations on a mixed genetic background are mainly influenced by the
genetic background on which the gene-targeted alleles are placed®” 34, Therefore, we conclude
that the expressivity of FVB background in the Pten and Foxal knockout mice is not a major

cofounder of the observed phenotypes in our combined GEM-carcinogen model.

FOXAL but not PTEN inhibits cell growth and promotes apoptosis in bladder cancer cell
lines

To complement our clinical and in vivo data, we initiated in vitro experimental studies to
identify the potential mechanism(s) through which FOXA1 and PTEN loss might cooperate in
bladder cancer to promote tumor progression and heterogeneity. In that regard, we performed
rescue studies by overexpressing human wild-type FOXAL and PTEN in UMUCS3, a cell line that
does not express either PTEN or FOXAL, and in 5637, a cell line that expresses low levels of PTEN
and undetectable levels of FOXA1L.

The effects of FOXAl and PTEN overexpression were evident on cell viability.
Specifically, overexpression of FOXA1 alone or combined with PTEN resulted in decreased cell
viability and induction of apoptosis. Surprisingly, overexpression of PTEN alone seems to have
effects neither on cell viability nor apoptosis. As a tumor suppressor, PTEN inhibits the activation

of AKT in the PI3K signaling pathway, and thus blocks cell proliferation and survival®**°. Potential
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explanations for the inability of PTEN to suppress cell viability or induce apoptosis include (1) the
PI13K pathway is constitutively activated downstream of AKT in these cell lines used; (2) a parallel
pathway (i.e., MAPK pathway) serves as a strong controller of cell proliferation and survival, and
therefore PTEN overexpression has no effect; or (3) PTEN undergoes PTMs leading to its
inactivation. Overexpression of PTEN in bladder cancer cell lines followed by pharmacological
treatment (i.e., MAPK pathway inhibitor) studies could be used to test the hypothesis of an active
parallel pathway. Alternatively, knockdown of PTEN in bladder cancer PTEN expressing cell lines
could be used to assess the impact of the decreased expression of this tumor suppressor on cell
viability and apoptosis.

On the other hand, these experimental results suggest a role for the urothelial transcription
factor FOXAL in cell growth and apoptosis. Wolf et al. previously reported growth inhibitory
activities for FOXAL in breast cancer®®, and identified potential mechanisms by which FOXA1
exerts its inhibitory function. The two proposed mechanisms consist of (1) activation of the
transcription of CDKN1B (p27), and (2) differential regulation of ESR1-associated pathways.
Activation of p27, a cyclin-dependent kinase inhibitor involved in cell cycle regulation, promotes
cell cycle arrest. Through electromobility shift assays and reporter assays, Williamson et al. showed
that FOXAL binds directly to the promoter of p27 and promotes its transcription contributing
therefore to cell proliferation arrest®®!. The second mechanism proposed by Wolf et al. consists of
a cell-type dependent regulation of the ESR1 pathway by FOXAL. Using an ERE-luciferase
reporter in conjunction with a FOXAL expression construct and estrogen treatment, the authors
showed that FOXAL overexpression in ESR1 positive breast cancer cell lines (MCF-7, BT-474)
inhibits ESR1 pathway and decreases cell proliferation whereas FOXAL overexpression in ESR1
negative breast cancer cell line (MDA-MB-23) activates the ESR1 pathway**°. Thus, our

observation of FOXAL overexpression-mediated decreases in cell viability in the bladder cancer
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cell lines (UMUC3 and 5637) is in keeping with these studies, although further investigations are
needed to confirm a cell growth inhibitory function for FOXAL in bladder cancer.

Additionally, a pro-apoptotic role has been proposed for FOXAL in bronchial cells. By
using similar approaches as Koeffler and colleagues, Song et al. showed that FOXA1 binds directly
to the promoter of BCL-2 and inhibits its anti-apoptotic activity to induce cell death?”*, BCL-2 is a
member of the BCL family of apoptosis regulatory proteins, which can be subdivided into two
groups: the anti-apoptotic/pro-survival proteins and the pro-apoptotic proteins®2. As an anti-
apoptotic protein, BCL-2 is often upregulated in cancer including bladder cancer as a survival
mechanism?™®, In our study, however, FOXA1 overexpression did not affect BCL-2 expression
suggesting a non-BCL-2 dependent mechanism. As further studies are required to explore the pro-
apoptotic function of FOXAL, one approach could be to experimentally reduce FOXAL expression
in bladder cancer cells followed by stress-induced treatment such as treatment with cisplatin or UV
radiation to activate apoptosis. Both cisplatin and UV-induced DNA damage are associated with
DNA adduct formation, which, if not properly repaired, can lead to genome damage and therefore
induction of cell death. Thus, the efficiency of DNA repair is critical to avoid apoptosis. If FOXAL
expression is required for the induction of apoptosis, then we would expect depletion of FOXA1 to
render cells resistant to cisplatin treatment and other forms of environmental stress, and thus block
apoptosis. A mechanism by which this could potentially be occurring is through enhancement of
DNA repair systems. By mapping the location of DNA damage and repair in control and
knockdown cells using the “Damage-seq” and “eXcision Repair-seq” approaches®3, we could infer

if a biological relationship exists between FOXAL, apoptosis and DNA repair.
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Summary

By integrating in vivo animal experimentation with correlative human clinical data and in
vitro cell line experimentation, we show in this dissertation that copy number alterations of PTEN
and site-specific DNA hypermethylation of FOXAL are correlated with reduced gene expression,
and potentially contribute to morphologic and molecular tumor heterogeneity in bladder cancer.
Moreover, low PTEN expression is not associated with either basal or luminal molecular subtypes
of bladder cancer, neither is it related to morphologic variants (UCC or SqD) of bladder cancer. On
the other hand, low expression of FOXAL is specifically associated with basal molecular subtype
of bladder cancer, and we previously reported that reduced FOXAL expression is associated with
SgD and SCC morphologic variants?®*. We also provide evidence of cooperativity between Foxal
and Pten inactivation in the development of CIS with elements of heterogeneity in the form of SqD.
Specifically, we show that genetic ablation of Foxal and Pten in intermediate/luminal cells
promotes tumorigenesis in the form of CIS with a basal-squamous phenotype. Owed to its tumor
suppressor function, we conclude that Pten inactivation promotes tumor onset while inactivation
of the urothelial differentiation factor, Foxal, may be supporting a divergent evolution of luminal
cells into SqD with basal phenotype. Interestingly, alterations of Foxal and Pten abrogate the
sexual dimorphism associated with BBN exposure, as both male and female mice develop MIBC
with SgD. Additionally, we provide preliminary in vitro experimentation data suggesting a role for
FOXAL1 in apoptosis in bladder cancer cell lines.

Based on these observations, we propose the following model (Figure 4-1) to describe the
role of FOXA1 and PTEN in MIBC heterogeneity. Because loss of FOXA1 and PTEN is primarily
detected in advanced stage bladder cancer (> pT2; MIBC), we propose that MIBC with a UCC
phenotype can be characterized by the presence of heterogeneous cell populations where the

majority of cells express wild-type FOXAL and PTEN and present a urothelial gene expression
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pattern. In these cell populations, through molecular mechanisms that are yet to be unraveled,
FOXA1 and PTEN activities regulate urothelial differentiation and maintain homeostatic control of
apoptosis and cell survival (Figure 4-1, Step 1). However, the occurrence of certain genetic and
epigenetic alterations in a subset of the tumorous cells inhibits the expression of FOXA1 and PTEN.
These alterations lead to changes in the urothelial gene expression pattern with inhibition of
apoptosis and promotion of cell survival. Importantly, the loss of the urothelial differentiation
factor, FOXA1L, commits the urothelial cells to a basal and squamous expression phenotype (Figure
4-1, Step 2). Moreover, supporting a divergent “clonal evolution” process, as the disease
progresses, a subclone of cells with aberrant FOXAL and PTEN function acquires additional genetic
and epigenetic alterations leading to genetic instability and increased proliferation (Figure 4-1, Step
3). The interactions between FOXAL and PTEN inactivation with other genetic alterations promote
the establishment of SqD phenotype in these subclones (Figure 4-1, Step 4). Thus, FOXA1 and
PTEN inactivation contribute to bladder cancer tumor heterogeneity by potentially mediating

divergent clonal expansion of pre-neoplastic transformed cells.
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Figure 4-1. Proposed model for FOXAL and PTEN role in MIBC heterogeneity and progression.
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Moreover, we report that C57BL/6 and FVB mice, two of the commonly used mouse
strains for the generation of GEMs including our Foxal and Pten knockout model, exhibit diverse
phenotypes in a BBN-model paradigm. Specifically, we observed that after 12 weeks of BBN
exposure, FVB mice develop aggressive and invasive bladder tumors with SqD and GD. The FVB
mice were more susceptible to BBN than C57BL/6 mice as the latter develop advanced and invasive
disease after 16 and 20 weeks of BBN exposure. In our Foxal and Pten knockout model, all
controls were littermates of experimental mice, and therefore presented similar genetic background.
Nevertheless, this study highlights the importance of accounting for the phenotypic variability
associated with pure strain genetic background when dealing with combined GEM and carcinogen-
model studies utilizing mixed genetic background.

Overall, even though additional studies are needed to unravel the functional relationship
between FOXAL and PTEN, and how their molecular pathways might converge and cooperate in
bladder cancer tumorigenesis and progression, this work highlights a role for FOXA1 and PTEN in
promoting bladder cancer heterogeneity in regards to molecular subtype, genomic alterations, and

cellular phenotype.
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Conclusion

Genetic and epigenetic alterations can have diagnostic value®**. Assessment of DNA
methylation is reported to be more sensitive than cytology in disease detection, and because DNA
methylation can be detected in patients with early-stage disease, it presents as a useful tool for early
detection of disease®®. Therefore, the evidence from our study showing that promoter
hypermethylation is potentially contributing to FOXAL silencing in bladder cancer tumors sets the
basis for the inclusion of FOXAL in the list of biomarkers for disease detection. Nonetheless,
additional studies are required to confirm a cause-effect relationship between promoter
hypermethylation and FOXAL inactivation.

Because most of our clinical knowledge about bladder cancer is derived from retrospective
studies showing that alterations in both FOXA1 and PTEN genes are detected mainly in advanced
stage diseases at the time of clinical presentation, a definition of the time and order of occurrence
of these alterations and how they may have affected disease initiation or progression is limited.
Nonetheless, the combined Foxal and Pten knockout model in our study underscores the
importance of this transcriptional regulator and this tumor suppressor in bladder tumorigenesis and
provides the field with a new model for tumorigenesis and chemical carcinogenesis studies. This
model could be particularly useful for the testing of targeted therapeutics such as that of the PI3K
pathway.

Additionally, while more research is required, molecular subtypes of bladder cancer appear
to exhibit differential sensitivities to specific therapeutic approaches. Specifically, although
patients with luminal subtype disease have better clinical outcomes, patients with basal-squamous
subtype of bladder cancer seem to respond to cisplatin-based chemotherapy, but poorly to immune
checkpoint blockade!’® 182283 |mportantly, the inability to predict which patients will be responsive

to multimodal chemotherapy and distinguish them from patients who will not respond highlights
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the need for better prognostic factors. Although alterations in both FOXAL and PTEN have been

associated with poor survival outcome!®? 2%, these two genes are yet to be assigned risk and

prognostic significance, which could be potentially attained through prospective studies.
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Appendices

Appendix A Histology of Foxal and Pten knockout mice at higher resolution
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Figure Al. Histology at higher resolution of Foxal and Pten knockout mice at 12 months old.
Shown are the histology at higher resolution of panels from C to K in Figure 2-5. Scale
bar: 20 um.
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Figure A2. Histology at higher resolution of Foxal and Pten double knockout mice at 12 months old.
Shown are the histology at higher resolution of panels L and M in Figure 2-5. Scale bar: 100 pm.
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12 Weeks BBN-exposed Male Mice
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Figure A3. Histology at higher resolution of Foxal and Pten knockout male mice after 12 weeks
of BBN exposure.

Shown are the histology at higher resolution of panels from C to K in Figure 2-7. Scale
bar: 20 um.
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12 Weeks BBN-exposed Female Mice
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Figure A4. Histology at higher resolution of Foxal and Pten knockout female mice after 12 weeks
of BBN exposure.

Shown are the histology at higher resolution of panels from M to U in Figure 2-7. Scale
bar: 20 um.
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16 Weeks BBN-exposed Mice
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Figure A5. Histology of Foxal and Pten knockout mice after 16 weeks of BBN exposure.

Shown are the histology of combined male and female Foxal and Pten knockout mice.
After 16 weeks of BBN exposure, genetic control mice also exhibit invasive disease (> pT1) as the
experimental mice; this indicates that at this time point the BBN effects supersede those of the

genetic alterations in Foxal and Pten. Scale bar: 100 pm.
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20 Weeks BBN-exposed Mice
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Figure A6. Histology of Foxal and Pten knockout mice after 20 weeks of BBN exposure.

Shown are the histology of combined male and female Foxal and Pten knockout mice.
After 20 weeks of BBN exposure, genetic control mice also exhibit invasive disease (> pT1) as the
experimental mice; this confirms that after 16 and 20 weeks exposure to BBN, the effects of this
carcinogen supersede those of the genetic alterations in Foxal and Pten. Scale bar: 100 um.



Appendix B PARP cleavage in the UMUC3 and 5637 bladder cancer cell lines
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Figure B1. Overexpression of human FOXAL in the UMUCS3 cell line promotes cleavage of PARP.
(A) Western blot showing cleaved (clvd) apoptotic marker PARP and GAPDH loading
control. (B) Percentage of clvd-PARP over full length PARP. (C) Fold change of clvd-PARP over

GAPDH. All experiments were performed and repeated three times.
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Figure B2. Overexpression of human FOXA1 in the 5637 cell line promotes cleavage of PARP.

(A) Western blot showing cleaved (clvd) apoptotic marker PARP and GAPDH loading
control. (B) Percentage of clvd-PARP over full length PARP. (C) Fold change of clvd-PARP over
GAPDH. All experiments were performed and repeated three times.
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Appendix C Impact of FOXAL overexpression on PDL-1 expression
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Figure C. Overexpression of human FOXAL in the UMUCS cell line decreases PDL-1

expression.
(A) Western blot showing PDL-1 expression and GAPDH loading control. (B) Fold change

of PDL-1 over GAPDH. All experiments were performed and repeated three times (****p-value <
0.0001; *** p-value <0.001; Dunnett’s test).
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