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ABSTRACT 

 
 
 
Bladder cancer is the fifth most common cancer in the United States and the fourth most 

common in men, with >80,000 new cases annually.  While most tumors can be surgically 

resected, as many as 70% of these tumors will recur, and ~20% of these recurrences will 

progress to invasion of the surrounding detrusor muscle. Because it is not possible to 

accurately predict which tumors are most likely to recur and progress, clinicians err on 

the side of caution and perform an extremely intensive post-resection surveillance 

regimen, often leading to overtreatment. Therefore, it is imperative that prognostic 

biomarkers for bladder cancer be developed.  Here, we validate STAG2 as a biomarker 

of both recurrence and progression in non-muscle invasive bladder cancer.  We also 

explore the role of STAG2 as a biomarker in muscle-invasive disease.  Finally, we discuss 

a STAG2-deficient bladder cancer cell line model that we developed in order to study the 

effects of STAG2 loss biologically. 
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CHAPTER I: INTRODUCTION 

BLADDER CANCER  
 

Epidemiology 
 
Bladder cancer is the fifth most common cancer in the United States and it is the fourth 

most common malignancy in men, with >80,000 new cases annually.  Over 17,000 

patients were expected to succumb to this disease in 2018 (1).  Most patients initially 

present with painless hematuria and are diagnosed by biopsy of the lesion. At diagnosis, 

most of these tumors (~75%) are polyp-like outgrowths referred to as papillary non-

muscle invasive bladder cancer (NMIBC) (2).  Nearly all present as urothelial carcinoma 

(also referred to as transitional cell carcinoma).  While most tumors can be surgically 

resected, these tumors have a very high rate of recurrence. A large subset of these 

recurrences will progress to muscle-invasive disease, which carries a much worse 

prognosis (3).   

 

This disease primarily affects older white males (4). However, survival is worse for African 

American patients (5, 6).  The most common risk factor for bladder cancer is smoking (7). 

Other potential risk factors include alcohol consumption, environmental factors such as 

air pollution in urban environments, and occupational exposure to carcinogens (8, 9, 10).   

 

Bladder anatomy  
 
The urinary bladder is a muscular organ in the abdominal and pelvic cavities that serves 

as a reservoir to hold urine until it can be eliminated. One ureter from each kidney conveys 
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urine into the bladder that will subsequently be released via the urethra (Fig 1.1).  The 

interior of the bladder is lined with a special type of stratified epithelial layer called 

transitional epithelium (referred to as urothelium in the bladder).  This epithelial layer is 

capable of contracting and expanding as the bladder contracts and expands with urine.  

The urothelium is attached to a basement membrane and sits directly on the lamina 

propria.  Together, the urothelium and lamina propria comprise the mucosa. Beneath the 

mucosa lies the submucosa and finally the detrusor muscle.  Contraction of this smooth 

muscle helps the bladder to empty its contents (11, 12).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1 Gross bladder anatomy. (Adapted from reference 11). 
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Pathological grading and staging of urothelial bladder tumors 
 
Bladder cancer tumors are staged based on the depth of invasion into the bladder wall. 

Carcinoma in situ (CIS) is a flat, sessile tumor that does not project into the bladder lumen. 

While of urothelial origin, these tumors have a different pathophysiology than papillary 

tumors. Invasive urothelial carcinoma that arises from flat CIS has frequent TP53 and RB 

mutations and is chromosomally unstable, whereas papillary urothelial carcinoma has 

frequent FGFR3, STAG2, and PIK3CA mutations and is chromosomally stable (3).   

 

Papillary tumors that have not invaded into the lamina propria are designated pTa; those 

that have invaded the lamina propria but not the muscle are designated pT1. Together, 

these comprise papillary NMIBC. Tumors that have invaded the muscle are staged as 

pT2 through pT4, depending on depth of invasion into the detrusor muscle and 

surrounding adventitia.  It is important to note that, although CIS is non-invasive and 

mucosal, it demonstrates a much more aggressive course than papillary non-invasive 

tumors (13). These stages are depicted below in figure 1.2.   

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1.2 Grading and staging of papillary bladder cancer. (Adapted from ref 13). 
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Pathological grading is based on the degree of cellular aplasia and nuclear atypia seen 

in the tumor. The World Health Organization (WHO) first released a numerical grading 

system in 1973 with three grades (14).  This was modified in 2004 and designations were 

changed to low grade and high grade, with the addition of a category of papillary urothelial 

neoplasms of low malignant potential (PUNLMP) (15). For risk stratification purposes 

described below, it is essential that a pathologist accurately determine the grade of the 

tumor. The WHO updated the grading system in 2016, but it is largely the same as the 

2004 system (16).  

 

Current risk stratification  
 
Although most bladder lesions present as resectable early stage tumors, it is not possible 

to accurately predict which patients will experience a recurrence and/or progress to 

muscle invasive disease.  While there is a widely published system called the European 

Organization for Research and Treatment of Cancer (EORTC) risk calculator along with 

another stratification system called the Club Urologico Español de Tatamiento Oncologico 

(CUETO) scoring system, subsequent changes in treatment protocols have rendered 

these risk systems as less applicable. The American Urological Association (AUA) and 

Society of Urologic Oncology (SUO) sought to rectify this staging system by including 

patients who received Bacillus Calmette-Guérin (BCG) immunotherapy, routine re-

section, post-operative mitocycin C and had CIS in their demographic (2). This system 

divides patients into three risk groups depicted below in Table 1.1. While these variables 

are worthy of consideration in terms of risk stratification, it remains that there is no 

evidence demonstrating that adding these variables will have a positive influence on 
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clinical outcome. Moreover, these risk stratifications were based on the Panel consensus 

rather than a large scale meta-analysis. Lastly, while pathological grading is one of the 

most important prognostic factors in NMIBC, alone it is not a completely reliable system.  

May et al found that both the 1973 and 2004 WHO classification systems are subject to 

significant inter-observer variability (17). Pathological grading is based on histological 

parameters such as nuclear size, shape, atypia, etc, which are subjective metrics. In fact, 

Klaassen and Solo way found that the AUA/SUO guidelines may result in overtreatment 

of low grade tumors (18). Therefore, it is imperative that a better risk stratification system 

be developed in order to better predict disease course in bladder cancer and more 

appropriately manage patients.  

 

Table 1.1. American Urological Association risk stratification guidelines. 

 
LOW RISK 

 
INTERMEDIATE RISK 

 
HIGH RISK 

 
-Solitary low grade, stage Ta 
tumor ≤ 3cm 
 
-PUNLMP 

-Recurrence within a year of 
a low grade, stage Ta tumor  

 
-Solitary low grade, stage Ta 
tumor > 3cm 
 
-Multifocal low grade, Ta 
tumor  

 
-High grade Ta tumor ≤ 3cm 

 
-Low grade T1 tumor  

-High grade T1 tumor 
 
-Any recurrent high grade Ta 
tumor 
 
-High grade Ta tumor >3cm 
or multifocal 
 
-CIS 
 
-BCG failure in high grade 
patient 
 
-Variant histology 
 
-lymphovascular invasion  
 
-prostatic urethral 
involvement  
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Current standard of care 
 
The AUA published treatment guidelines for NMIBC in 2016 (2). Bladder tumors are 

removed by a procedure called transurethral resection of bladder tumor (TURBT). This 

surgery is performed using a cystoscope, which is inserted into the urethra to allow 

visualization of the bladder lumen. The tumor is resected and the lesion may further be 

treated with fulguration. If a patient is considered intermediate or high-risk, a second 

TURBT may be performed to ensure complete tumor resection. All patients receive a 

surveillance cystoscopy within four months of their initial TURBT; thereafter, the 

recommend frequency of cystoscopy varies based on the AUA risk category.  Low – risk 

patients will receive a second surveillance cystoscopy within nine months of the first and 

subsequent cystoscopies annually for a total of five years of follow-up surveillance. 

Intermediate- and high-risk patients are surveilled every three months for the first two 

years post initial TURBT, biannually for the following two years, and then annually for the 

rest of the patient’s life.  

 

Patients with NMIBC may also receive intravesicle chemotherapy or BCG therapy (2). It 

is recommended that low risk patients receive a single instillation of chemotherapy 

immediately following TURBT whereas intermediate risk patients often receive a year of 

maintenance chemotherapy (19). Mitomycin (DNA alkylating agent), epirubicin 

(topoisomerase inhibitor), and gemcitabine (deoxycytidine analogue that inhibits DNA 

synthesis) are frequently used cytotoxic agents in this setting (20). Cisplatin, doxorubicin, 

and various combination therapies have also been evaluated; while chemotherapy has 

been shown to reduce recurrence rates, there are no studies that show that 
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chemotherapy reduces progression (21).  Patients that are considered higher risk are 

often treated with intravesical immunotherapy. Several studies have compared BCG to 

chemotherapies (22) and found that BCG only resulted in delayed disease progression 

(23).  While the exact mechanism of BCG is unknown, current evidence supports the 

hypothesis that the cells infected with BCG results in an induction of an immune response 

that results in improved recognition of tumor cells by cell mediated mechanisms (24, 25, 

26, 27, 28).  

 
 
If a patient’s tumor does progress to muscle invasive disease, the patient will likely receive 

cisplatin-based systemic chemotherapy regimen which is generally MVAC (methotrexate, 

vinblastine, doxorubicin, and cisplatin) or CMV (cisplatin, methotrexate, and vinblastine) 

(20). Radiation may also be included in the treatment regimen.  While some patients may 

elect for bladder preserving treatments, the AUA recommends a radical cystectomy, or 

bladder removal, and urinary diversion for patients with muscle invasive disease. In this 

procedure, the bladder, prostate and seminal vesicles of males are removed; in females, 

the bladder, uterus, fallopian tubes, ovaries, and anterior vaginal wall are removed.  This 

major surgery can lead to many complications; morbidity rates have been quoted as high 

as 64% (29). Mortality rates can be as high as 8% (30).   

 

 

Economics 
 
Due to the unpredictable nature of disease progression, patients with NMIBC receive 

multiple surveillance cystoscopies and may also receive intravesical chemotherapy 

and/or immunotherapy.  Advanced disease may require more intensive surgery such as 
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a cystectomy, or bladder removal, which is fraught with expensive post-surgical 

complications, as well as systemic treatment.  The surveillance regimen previously 

described is expensive – remarkably, the clinical management of NMIBC imposes the 

highest per patient costs on the US health care system than the management of any other 

cancer type (31, 32, 33, 34).  In fact, bladder cancer management resulted in the highest 

total Medicare payment cost for all cancers (35), imposing a large societal burden.  

 

While bladder cancer incidence in the US has remained largely unchanged, the costs 

associated with care have continued to rise (36, 37). According to projections of cancer-

care related costs, bladder cancer care will continue to impose the greatest lifetime 

treatment cost for patients compared to all other cancers (38). Moreover, costs associated 

with early stage disease are more substantial compared to those for advanced stage 

disease due to increasing use of cystoscopy and intravesical therapy (31).  A substantial 

subset of these costs is due to the extensive surveillance regimen that bladder cancer 

patients face after tumor resection. While only 1/3 of total costs for per patient treatment 

in the USA was due to complications of treatment, about 60% of all costs were due to 

surveillance protocols (39). In fact, cystoscopies account for the largest source of 

spending after initial treatment (31, 32). Therefore, there is a growing body of research 

into alternative, less expensive methodologies that may better inform physicians about 

the likelihood of tumor recurrence, replacing the need for frequent cystoscopies.  

 

While the indirect costs associated with a bladder cancer diagnosis are more difficult to 

quantify than the direct costs, these also important considerations. Many patients are 
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discharged with a urethral catheter; this device coupled with the described frequent 

surveillance regimen often interferes with work duties.  Moreover, intravesical BCG often 

leads to sequelae that resemble flu symptoms, which may further delay a patient’s return 

to work (38, 39). Characterizing the risk of recurrence and progression of patients with 

NMIBC can optimize surveillance strategies and lower expenditures associated with 

surveillance.  

 
 
 

THE COHESIN COMPLEX AND STAG2  

Cohesin 
 
Cohesin is a ubiquitously expressed multi-protein complex whose canonical role is to aid 

in sister chromatid cohesion (40).  Cohesin also aids in chromatin structure maintenance, 

DNA repair and can influence gene expression (41). After the initial discovery of cohesin 

subunits in yeast, it was observed that the components of cohesin form a multi-protein 

complex in a vertebrate model system (42, 43).  In somatic cells of vertebrates, cohesin 

is composed of four subunits, SMC1A, SMC3, RAD21, and either STAG1 or STAG2 (Fig 

1.4). (In meiotic cohesin, STAG3 is loaded).   STAG1 serves to cohere sister chromatids 

near the telomere; whereas STAG2 serves to cohere sister chromatids near the 

centromere (44). 

 

These subunits form a ring structure that encircles chromatin. After loading onto 

chromatin in G1 of the cell cycle, cohesin links sister chromatids during S phase. During 

prophase, most of cohesin along the chromatid arms is released, while it remains bound 
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at the centromeres.  This centromeric cohesin is released during the anaphase to 

metaphase transition, ensuring faithful segregation of sister chromatids (45, 46).                     

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.3. A representation of the cohesin complex in somatic human cells. 
(From reference 65 with permission). 

 
 
 

Cohesin Mutations in Human Cancer 
 
The first findings of cohesin gene mutations in human cancers was reported in 2008 by 

Barber et al. in colorectal adenocarcinoma, suggesting that cohesin mutations may be a 

cause of chromosomal instability that is seen in many colorectal tumors. (47) Two years 

later, a STAG2 deletion was discovered in a case of acute myeloid leukemia (AML),  and 

a RAD21 deletion was  discovered in a case of chronic myelomonocytic leukemia (CML) 

(48).  
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In 2011, mutations of STAG2 were found in Glioblastoma (GBM), Ewing sarcoma (ES), 

melanoma, cervical carcinoma and hematological cancer cell lines (49).  STAG2 

mutations were also seen in GBM, ES and melanoma from primary tumors.  Since then, 

STAG2 has been identified as one of the most highly mutated genes in a number of 

cancers (50). Most of these somatic mutations are truncating, resulting a complete loss 

of expression of STAG2 due to non-sense mediated decay (51). A summary of known 

STAG2 mutations in various cancers is depicted below in figure 1.5.  

 

 

 
 
 
 
Figure 1.4. Schematic of STAG2 displaying the location of mutations identified in 

human cancer.  (From reference 64 with permission). 
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STAG2 Mutations in Bladder Cancer  
 

In 2013, three groups described their findings on frequent somatic mutations in STAG2 

in urothelial carcinoma in the same issue of Nature Genetics. Solomon et al utilized 

immunohistochemistry (IHC) to probe for STAG2 expression on over 2000 human tumors.  

18% of bladder tumors studied demonstrated loss of STAG2 expression. In a separate 

cohort, DNA sequencing revealed that approximately 21% of the bladder tumors studied 

had STAG2 loss. STAG2 mutations were also much more common in NMIBC than in 

muscle-invasive bladder cancer (MIBC) (36% compared to 16%). This study also 

provided the first evidence that loss of STAG2 expression in NMIBC is a favorable 

prognostic marker; patients who lack STAG2 expression are less likely to experience and 

recurrence (p = 0.05) (52).  

Using exome sequencing, Balbas-Martinez et al. identified that 16% of the tumors studied 

lacked STAG2 expression.  Similar to findings from the above study, STAG2 mutations 

in this study were primarily truncating, and were more common in NMIBC than MIBC 

(21% versus 11%). IHC demonstrated that 29% of tumors lacked STAG2 expression. 

Finally, Balbas-Martinez’s group also found that STAG2 deficient tumors had a better 

prognosis than those that expressed wild type STAG2 (53).  

Also employing sequencing methodology, Guo et al determined that STAG2 was one of 

the 13 most significant mutated genes in bladder cancer. About 11% of tumors had 

STAG2 mutations, which were primarily truncating, and about 5% had STAG2 deletion.  

Unlike the two previous studies however, Guo et al found that STAG2 deficient tumors 

had a worse prognosis than those that harbored wild type STAG2 (54).  
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In findings that were published subsequent to the above studies, Taylor et al found that 

17% of cell lines and 26% of primary tumors had STAG2 mutations. Again, the majority 

were truncating.  As found by Solomon et al and Balbas-Martinez et al, this group found 

that STAG2 mutations were most common in less aggressive tumors (55).  

In conjunction, these studies suggest that approximately 15-20% of urothelial carcinomas 

harbor STAG2 mutations.  Considering that STAG2 mutations are much more common 

in NMIBC than MIBC (30% versus 10%) and that STAG2 mutant tumors have a better 

prognosis, STAG2 status may serve as a prognostic biomarker for recurrence in this 

disease.  
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CHAPTER II: STAG2 IS A BIOMARKER FOR PREDICTION OF RECURRENCE AND 

PROGRESSION IN PAPILLARY NON-MUSCLE INVASIVE BLADDER CANCER (56)  

 

INTRODUCTION 

Bladder cancer is the fifth most common cancer in the United States and the fourth most 

common in men, with >80,000 new cases annually (1). Most of these tumors (~75%) are 

polyp-like outgrowths referred to as papillary non-muscle invasive bladder cancer 

(NMIBC) (3). NMIBC can generally be completely surgically resected via an outpatient 

cystoscopy-based procedure known as transurethral resection of bladder tumor 

(TURBT). A subset of patients are then treated with adjuvant intravesical BCG 

immunotherapy or intravesical chemotherapy, depending on risk parameters (2). Despite 

these treatments, as many as 70% of these tumors will recur, and ~20% of these 

recurrences will progress to invasion of the surrounding detrusor muscle (2). 

 

Because it is not possible to accurately predict which NMIBCs are most likely to recur and 

progress, clinicians err on the side of caution and perform an extremely intensive post-

resection surveillance regimen. For example, for superficially invasive (“pT1”) NMIBC, the 

AUA recommends surveillance by cystoscopy as frequently as every 3 months for 2 years 

after removal of the tumor, every 6-12 months for the next two years, and at least yearly 

thereafter for the rest of the patient’s life (2).  Such a surveillance regimen is invasive, 

inconvenient, and uncomfortable for patients. Furthermore, it is extremely expensive – 

remarkably, the clinical management of NMIBC imposes the highest per patient costs on 

the US healthcare system than the management of any other cancer type (57,58,59,60).  
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Another current challenge in the care of patients with NMIBC is the decision whether or 

not to treat with adjuvant intravesical BCG immunotherapy and/or intravesical 

chemotherapy. These treatments are known to be effective in reducing the risk of 

recurrence and progression, but are sometimes avoided because of the potential for side 

effects (61,62). 

 

David Solomon of the Waldman lab, along with other labs, discovered mutations of the 

STAG2 tumor suppressor gene in ~35% of NMIBC, identifying it as among the most 

commonly mutated genes in NMIBC ( 52,  53, 54, 55). The STAG2 protein is a component 

of the cohesin complex, which plays important roles in diverse cellular processes 

including chromosome segregation, chromatin structure, gene expression, and DNA 

repair (reviewed in refs. 63, 64, 65).  

 

In the initial study identifying STAG2 mutations in bladder cancer, Solomon found that 

STAG2 mutations were much more common in NMIBC (~32%) than in tumors that had 

progressed to muscle invasion (~12%) (52). Similar findings were reported by several 

other groups (53, 54, 55). This observation suggested that NMIBCs with mutant STAG2 

genes may be less likely to recur and progress to muscle invasion than NMIBCs with wild- 

type STAG2 genes, pointing to STAG2 as a potentially useful biomarker for predicting 

recurrence and progression in NMIBC. 

 

In order to test this hypothesis, Solomon developed an IHC-based assay for identifying 

tumors harboring STAG2 mutations. This assay is particularly robust because (i) it utilizes 
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a monoclonal antibody whose epitope is at the extreme carboxyl-terminus of STAG2, and 

~85% of tumor derived mutations of STAG2 are truncating (i.e., nonsense, frameshift, or 

splice site mutations that result in the complete absence of the carboxyl-terminus 

epitope); (ii) STAG2 is on the X-chromosome, so only a single mutation is required for 

complete gene inactivation (i.e., there is no intermediate heterozygote effect); and (iii) 

STAG2 is among the most abundant proteins in the human proteome. This IHC assay for 

STAG2 inactivation has been validated internally by staining formalin-fixed, paraffin- 

embedded pellets of gene edited isogenic sets of STAG-proficient and deficient cultured 

human cancer cells, as well as externally by several groups evaluating STAG2 

inactivation in Ewing sarcoma, bladder cancer, pancreatic cancer, and other tumor types 

(52, 53, 54, 55, 66, 67, 68, 69).  

 

Using this assay, Solomon reported the results of a pilot study on 34 clinically-annotated 

papillary NMIBCs from the MD Anderson Cancer Center 52). In that initial cohort, 12% of 

STAG2-deficient NMIBCs recurred (1/8), whereas 58% of STAG2-expressing NMIBCs 

recurred (15/26; p=0.05). These data provided initial support for the hypothesis that 

STAG2-deficient NMIBC are less likely to recur and progress to muscle invasion than 

STAG2-expressing NMIBC. However, those findings clearly required validation in 

independent, larger cohorts of patients. Therefore, the study reported herein was 

performed. 
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METHODS 

Georgetown Cohort  
 
The Lombardi Comprehensive Cancer Center (LCCC) Cancer Registry was searched to 

identify all cases of NMIBC (i.e., pathological stage pTa and pT1) treated at MedStar 

Georgetown University Hospital (MGUH) prior to 12/31/2012. Cohort discovery revealed 

that there were 150 unique patients who met this criteria (Fig. 2.1). For each of these 

patients we obtained the complete clinical abstract from the Cancer Registry and the 

pathology report from the Cerner database. Tumor blocks were located for 124 of the 150 

patients. Thirteen patients were excluded because tumor blocks displayed poor tissue 

integrity. For the remaining 111 patients, slides were cut, stained with H&E, and examined 

by two genitourinary pathologists. Re-grading was performed in accordance with the 2016 

WHO Classification.  

 

Once patients were evaluated against exclusion criteria (Fig. 2.1), the final cohort was 

comprised of 82 patients. Exclusions included patients: (i) whose cut tumor block 

displayed poor integrity on the slide mount (n=2), (ii) whose cut slides had no identifiable 

tumor (n=7), (iii) whose tumor was CIS (n=2), (iv) whose tumor was adenocarcinoma 

(n=1), (v) who had a cystectomy (n=9), (vi) who had CIS and had a cystectomy (n=5), 

and (vii) whose clinical information in the cancer registry was sufficiently ambiguous that 

the presence or absence of recurrence could not be determined (n=3). All of these 

exclusions were performed prior to data analysis. Median follow up was 75 months. All 

tumor samples studied were TURBT specimens from the initial diagnosis; none were 

recurrences. Recurrence was defined as tumor visualization by cystoscopy followed by a 
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positive biopsy. 69/82 patients received no adjuvant therapy, 9/82 patients received 

adjuvant BCG immunotherapy, 3/82 patients were treated with mitomycin C, and 1/82 

patients was treated with Thiotepa. No patients were treated with radiation therapy. 4/82 

tumors had variant histology (3 nested, 1 plasmacytoid). In this cohort, 35/82 (43%) of 

tumors recurred. The study was approved by the Institutional Review Board (IRB) at 

Georgetown University School of Medicine.   

 

Aarhus cohort  
 
283 papillary NMIBC tumors (stage pTa or pT1) were collected from Aarhus University 

hospital from 1979 to 2007. Median follow up was 74 months. One biopsy from each 

tumor was taken and used to construct a tissue microarray (TMA) using the method 

developed by Kononen (70). All tumors were re-graded in accordance with the 2004 WHO 

Classification. 66 patients received adjuvant BCG immunotherapy, three patients 

received intravesical chemotherapy, and one patient received both during the course of 

their treatment. All tumor samples studied were TURBT specimens from the initial 

diagnosis; none were recurrences. Use of the TMA sections was approved by the 

National Committee on Health Research Ethics, Denmark.  

 

Once patients were evaluated against exclusion criteria (Fig. 2.4), the final Aarhus cohort 

was comprised of 253 patients. Exclusions included: (i) absent cores (15), and (ii) tissue 

with poor integrity after staining (15). These exclusions were performed prior to data 

analysis. Recurrence was defined as tumor visualization by cystoscopy followed by a 

positive biopsy. Progression from NMIBC to MIBC was defined by pathological 
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examination of resected tissue.  In this cohort, virtually all patients recurred (235/253; 

93%), and 103/253 (41%) patients progressed to MIBC. As such, this cohort is enriched 

for patients who progressed, and is therefore particularly well suited for the purpose of 

providing substantial statistical power to evaluate the predictive value of biomarkers on 

progression.  

 

Immunohistochemistry  
 
Immunohistochemistry was performed in the Georgetown University Medical Center 

(GUMC) Histopathology and Tissue Shared Resource (HTSR). Five micron sections from 

formalin fixed paraffin embedded tissues were de-paraffinized with xylene and rehydrated 

through a graded alcohol series. Heat induced epitope retrieval (HIER) was performed by 

immersing the tissue sections at 98oC for 20 minutes in Target retrieval solution, high pH 

(Dako). Immunohistochemical staining was performed using the VectaStain Kit from 

Vector Labs according to manufacturer’s instructions. Briefly, slides were treated with 3% 

hydrogen peroxide for 10 minutes. Endogenous biotin was blocked using an avidin/biotin 

blocking kit from Invitrogen. The slides were then treated with 10% normal goat serum for 

10 minutes and exposed to primary antibody for STAG2 (1:50, Santa Cruz, sc81852) for 

1 hour at room temperature. Slides were then exposed to biotin-conjugated mouse 

secondary antibody (Vector Labs), Vectastain ABC reagent and DAB chromagen (Dako). 

Slides were counterstained with hematoxylin (Fisher, Harris Modified Hematoxylin) at a 

1:8 dilution for 2 minutes at room temperature, blued in 1% ammonium hydroxide for 

1minute at room temperature, dehydrated, and mounted with Acrymount. 
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Pathologic evaluation  
 
STAG2 staining was determined in a blinded fashion by two independent pathologists at 

two different medical centers. Slides and cores were read as either positive, negative, or 

mosaic for STAG2 expression. Since staining for STAG2 is largely binary, there was 99% 

agreement between the two pathologists. Disagreements were resolved by a third 

observer. For the Georgetown cohort, tumor stage and grade were determined by two 

genitourinary pathologists in accordance with the 2016 WHO Classification of Tumors of 

the Urinary System and Male Genital Organs. High grade includes both uniformly and 

focally high grade papillary urothelial carcinomas. Low grade includes both low grade 

papillary urothelial carcinomas and PUNLMPs. For the Aarhus cohort, tumor stage and 

grade were determined by an experienced genitourinary pathologist in accordance with 

the 2004 WHO Classification of Tumors of the Urinary System and Male Genital Organs.  

  

Statistical analysis  
 
Statistical analyses were conducted  using  R  (71).  Power analyses were conducted. 

Demographic information is presented in the form of means (standard deviations) for 

continuous variables and counts (percentages) for categorical variables. Survival analysis 

was performed using Kaplan Meier curves, the Peto-Peto modification of the Wilcoxon 

Test, and Cox Proportional Hazards models. Statistical significance was assessed at 

p=0.05. 
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RESULTS 

STAG2 is a biomarker of disease recurrence 
 
As described above, in 2013 we and others reported the discovery of STAG2 mutations 

in bladder cancer (52, 53, 54, 55). In that initial study, we performed a pilot IHC study on 

a cohort of 34 patients and demonstrated that while 58% (15/26) of STAG2- expressing 

NMIBCs recurred, only 12% (1/8) of STAG2-deficient NMIBCs recurred (p=0.05). Based 

on that initial pilot data, we performed a power analysis to estimate the sample size 

needed in a validation study to achieve 80% power with significance level = 0.05. 

Considering the ~3:1 ratio of STAG2 positive: negative samples in the pilot cohort, a total 

of 56 samples, where 42 were positive and 14 were negative, would be required to 

achieve the desired power in a validation study, based on a two-sided logrank test.  

 

We next identified a cohort of 82 patients with papillary NMIBC whose initial tumor was 

treated by TURBT at MGUH prior to 12/31/2012, and whose clinical information was 

available in the LCCC Cancer Registry. The details of cohort discovery are described in 

Materials and Methods and depicted in Fig. 2.1. Clinical and pathological characteristics 

of the cohort are listed in Table 2.1.  
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Figure 2.1. Georgetown NMIBC cohort discovery. 
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Table 2.1. Clinical and pathological characteristics of the Georgetown cohort. 
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STAG2 IHC and pathologic evaluation was performed as described in Materials and 

Methods. 54/82 tumors were uniformly STAG2 positive (66%); 19/82 were uniformly 

STAG2 negative (23%); and 9/82 tumors were mosaic (11%), with discrete patches of 

STAG2 negativity. Since there were >42 STAG2 positive tumors and >14 negative 

tumors, this cohort was powered at >80%. Three examples of each staining profile are 

shown in Fig.  2.2. This 34% frequency of complete or mosaic STAG2 inactivation is 

similar to the 32% frequency of STAG2 mutations in NMIBC reported in our initial study 

(52). Of note, we have previously shown that tumors with mosaic inactivation of STAG2 

harbor inactivating mutations of the gene in their STAG2 non-expressing cells (52).   
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Figure 2.2. STAG2 immunohistochemistry. Three representative examples each are 
shown for tumors with uniform STAG2 expression (A-C), uniform absence of STAG2 
expression (D-F), and mosaic STAG2 expression (G-I), all at 20x magnification. In each 
panel, non-neoplastic cells stain positively for STAG2 and serve as an internal positive 
control. Scale bar = 100 µm.  
 
 
 
The clinical and pathological characteristics of the cohort were then correlated with 

STAG2 expression (Table 2.1). Uniform and mosaic loss of STAG2 expression was highly 

correlated with low grade tumors (p<0.01; Fisher’s Exact Test). This relationship between 

loss of STAG2 expression and low pathological grade confirms previous work by Taylor 

et al. (55).  
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We then performed a univariate analysis to evaluate whether STAG2 staining was 

significantly associated with recurrence. Initially, univariate analysis was performed on 

three groups: (i) tumors with uniform retention of STAG2 expression, (ii) tumors with 

uniform loss of STAG2 expression, and (iii) tumors with mosaic loss of STAG2 

expression. This analysis revealed that ~52% of the STAG2-expressing tumors recurred 

(28/54), whereas 22% of STAG2-deficient tumors recurred (2/9) and 26% of STAG2 

mosaic tumors recurred (5/19; p=0.05; Fisher’s Exact Test). The Peto-Peto modification 

of the Wilcoxon test showed that the two survival curves in the Kaplan-Meier curve 

presented in Fig. 2.3 were statistically different (p=0.02).  
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Figure 2.3. Likelihood of recurrence after TURBT stratified by STAG2 staining. (A) 
Kaplan-Meier survival estimates as a function of STAG2 staining, with mosaic tumors 
considered as a separate group. (B) Same as (A) with negative and mosaic tumors 
collapsed into a single group. Examples of each staining profile are shown in Figure 1. 
 

 

Because bladder cancers have been shown to display substantial intratumoral 

heterogeneity (3,13) it was not unexpected that a subset of tumors showed mosaic 
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inactivation of STAG2. Since both uniform and mosaic inactivation of STAG2 were both 

highly correlated with low grade tumors (Table 2.1), and because tumors with uniform 

and mosaic inactivation both harbor inactivating mutations of the gene, we considered 

combining tumors with uniform and mosaic loss of expression into a single group. 

Moreover, to test whether this biological justification for combining groups was also 

statistically justified, we conducted a likelihood ratio test, which demonstrated significant 

improvements in model fit by collapsing negative and mosaic tumors into a single group.  

 

Therefore, we performed a second univariate analysis comparing the likelihood of 

recurrence of STAG2 expressing tumors to tumors with either uniform or mosaic loss of 

STAG2 expression. This analysis revealed that ~52% of uniformly STAG2-expressing 

tumors recurred (28/54), whereas only ~25% of the tumors with complete or mosaic loss 

of STAG2 expression recurred (7/28, p=0.02; Fisher’s Exact Test). The Peto-Peto 

modification of the Wilcoxon test showed that the two survival curves in the Kaplan-Meier 

curve presented in Fig. 2.3B were statistically different with a p-value of 0.02. Once we 

had demonstrated the prognostic value of STAG2 on recurrence in a univariate analysis, 

we performed additional univariate analyses to evaluate the prognostic value for 

recurrence of the clinical and pathological characteristics listed in Table 2.1 for which 

sufficient clinical information was available. These results are shown in Table 2.2 
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Table 2.2. Univariate Cox proportional hazard regression analysis  
for prediction of recurrence in the Georgetown cohort. 

 
 

 

 

Next, we tested whether STAG2 was an independent predictor of recurrence in a 

multivariable analysis (Table 2.3). When considered together in a multivariable analysis 

with pathological grade, pathological stage, and the presence or absence of adjuvant 

therapy, STAG2 was an independent predictor of recurrence (p=0.05). The hazard ratio 

for recurrence in patients with STAG2 expressing tumors was 2.4 times that of patients 

with STAG2 negative or mosaic tumors. Note, however, that due to the limited number of 

patients in this cohort, and issues of data sparsity for some parameters (smoking, tumor 

size, tumor multiplicity), we were unable to include all clinical and pathological 

characteristics in this multivariable analysis. However, this statistical limitation was 

rectified in our second, much larger cohort (see below).  

  
 
 

Table 2.3. Multivariable Cox proportional hazard regression  
analysis for prediction of recurrence in the Georgetown cohort. 
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STAG2 is a biomarker of disease progression   
 
An ideal biomarker would be one predicting not only recurrence, but tumor progression 

as well. Unfortunately, the Georgetown cohort lacked the statistical power to assess the 

prognostic value of STAG2 expression on progression because only 5/82 (6%) of the 

patients progressed to muscle invasion during the follow up period. Therefore, in order to 

evaluate the prognostic value of STAG2 expression on progression, we analyzed a 

second cohort of 253 patients with papillary NMIBC (the “Aarhus cohort”) that was heavily 

enriched for NMIBC that later progressed to MIBC (103/253; 41%). The details of this 

cohort are described in Materials and Methods and in references 59-62. The final cohort 

is shown in Fig 2.4 and the clinical and pathological characteristics of this cohort are 

shown in Table 2.4.  

 

 

Figure 2.4. Aarhus NMIBC TMA cohort summary. 
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STAG2 IHC and pathologic evaluation were performed as described in Materials and 

Methods. 186/253 tumor were uniformly STAG2 positive (74%); 61/253 were uniformly 

STAG2 negative (24%); and 6/253 tumors were mosaic (2%).  

 

 

Table 2.4. Clinical and pathological characteristics of the Aarhus cohort. 

 

 

The clinical and pathological characteristics of the cohort were then correlated with 

STAG2 expression (Table 2.4). The six tumors with mosaic loss of STAG2 expression 

were combined with the 61 tumors with uniform loss of STAG2 expression, as described 

above for the Georgetown cohort.  

 

In this cohort, loss of STAG2 expression was correlated with female gender (p<0.01) and 

lower pathological stage (p=0.04). These trends were also present in the Georgetown 

cohort, but did not reach statistical significance, probably because of the limited size of 
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the Georgetown cohort. In the Aarhus cohort there was also trend towards loss of STAG2 

expression correlating with low grade tumors (a correlation that was statistically significant 

above for the Georgetown cohort), but this did not reach statistical significance in the 

Aarhus cohort (p=0.06).  

 

We performed univariate analyses to evaluate whether STAG2 staining was significantly 

associated with progression to MIBC.  In the Aarhus cohort, 38% of the STAG2-

expressing tumors progressed to muscle invasion within five years (70/186), whereas 

only 16% of STAG2-deficient tumors progressed within five years (11/67; p<0.01; chi-

squared test). In the entire 12.5-year window of follow-up, 45% of the STAG2- expressing 

tumors progressed to muscle invasion (84/186), whereas only 28% of STAG- deficient 

tumors progressed (19/67; p=0.02; chi-squared test). The two survival curves in the 

Kaplan-Meier curve presented in figure 2.5 were statistically different with P < 0.01.  

Unlike in the Georgetown cohort, STAG2 expression was not significantly associated with 

recurrence in the progressor-enriched Aarhus cohort (p=0.33) because virtually all tumors 

in the Aarhus cohort recurred (235/253; 93%).  
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Figure 2.5.  Kaplan–Meier estimates of progression-free  
survival as a function of STAG2 staining in the Aarhus cohort. 

 
 
 
 
 
Once we had demonstrated the predictive value of STAG2 on progression in a univariate 

analysis, we next evaluated the prognostic value for progression of gender, age, adjuvant 

therapy, tumor grade, and tumor stage (Table 2.5). This analysis indicated that in addition 

to STAG2 staining, age, pathological grade, and pathological stage were significant 

predictors of progression in this cohort at p<0.05.  
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Table 2.5. Univariate Cox proportional hazard regression  
analysis for prediction of progression in the Aarhus cohort. 

 
 
 

 

 

 

Next, we tested whether STAG2 was an independent predictor of progression in a 

multivariable analysis when including all the factors tested in univariate analysis (Table 

2.6). STAG2 expression was an independent predictor of progression in this multivariable 

analysis (p=0.05), as were increasing age at diagnosis (p=0.03) and high grade (p=0.01). 

The hazard ratio for progression in patients with STAG2 expressing tumors was 1.86 

times that of patients with STAG2 negative or mosaic tumors 

 

 

Table 2.6. Multivariable Cox proportional hazard regression  
analysis for prediction of progression in the Aarhus cohort. 
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DISCUSSION  

Here we demonstrate that a simple, robust, virtually binary assay for identifying STAG2-

mutant tumors is useful for risk stratification in papillary NMIBC. We show that tumors that 

uniformly express STAG2 are twice as likely to recur and progress to muscle invasion as 

tumors that display complete or mosaic loss of STAG2 expression. This increased risk 

was maintained in multivariable analysis, demonstrating that it is independent of other 

variables currently used for risk stratification in NMIBC. In addition to demonstrating the 

prognostic value of STAG2 IHC for recurrence and progression, the frequency of STAG2 

inactivation reported here confirms our previous work in which we reported that ~32% of 

NMIBCs harbor STAG2 mutations. A similar high frequency of STAG2 mutations in 

NMIBC was observed by Taylor et al. (55), but other groups have reported somewhat 

lower frequencies (53, 54). In the Georgetown cohort reported here, the frequency of 

inactivation was 34%. In the Aarhus cohort the frequency of STAG2 inactivation was only 

26% because the cohort is enriched for progressors, who as we shown in this study are 

less likely to harbor mutations of STAG2. We expect that the actual percentage of STAG2 

inactivated papillary NMIBC tumors is probably slightly higher than the 34% seen in the 

Georgetown cohort, since this IHC assay misclassifies tumors with missense mutations 

as wild-type and therefore undercounts STAG2 mutant tumors by ~15%. The data 

presented here are in general agreement with a recent study by Qiao et al., who evaluated 

the effect of STAG2 immunostaining on recurrence in a group of 125 patients with NMIBC 

(91 patients) and muscle invasive bladder cancer (MIBC; 34 patients) in China (72). In 

their study, NMIBC tumors displaying loss of STAG2 expression were less likely to recur 

than STAG2-expressing NMIBC tumors. However, this trend was statistically significant 
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only when NMIBC and MIBCs were combined into a single group, perhaps in part 

because their reported frequency of STAG2 inactivation in NMIBC was 23%, substantially 

less than the 34% identified here, the 32% we previously reported (52), and the 34% 

observed by Taylor et al (55).  

 

In the Georgetown cohort, 9/82 (11%) of tumors showed mosaic (i.e. patchy) loss of 

STAG2 expression. This relatively high frequency of mosaicism is similar to that reported 

in a previous study (55). Here we show that these mosaic tumors (which harbor STAG2 

mutations in only a subset of the tumor cells) recur at a similarly low frequency as those 

tumors with uniform loss of STAG2 expression. Of note, the Aarhus cohort had a lower 

frequency of mosaic tumors (6/253, 2%) than the Georgetown cohort (11%because it is 

less likely that intratumoral heterogeneity will be captured in a 0.6 mm TMA core (Aarhus) 

than in a cross section of an entire tumor on a whole slide (Georgetown).  

 

This study has several limitations.  First, although properly powered, the Georgetown 

cohort is relatively small (82 patients). Furthermore, the Georgetown cohort, while having 

complete information for recurrence, lacked complete information for several 

clinicopathological parameters such as tumor size and multiplicity that are currently used 

to stratify patients into high and low risk groups. Because of these data scarcity issues, 

we were unable to include these parameters in a multivariable analysis of the Georgetown 

cohort (although they were included in the Aarhus cohort). We are currently performing a 

biomarker validation study with a prospectively collected cohort of NMIBC tumors to 

resolve these limitations.  
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Another limitation is that the IHC assay reported herein does not identify 100% of STAG2 

mutant tumors; instead, it identifies the ~85% of STAG2 mutant tumors harboring 

truncating mutations of the gene (52). As such, the ~15% of STAG2 mutant tumors 

harboring missense mutations of STAG2 are misclassified as STAG2 wild-type when 

using this assay. As we enter an era in which all human tumors are routinely subjected to 

DNA sequencing, it may be feasible to sequence all NMIBCs. By combining STAG2 IHC 

with confirmatory STAG2 tumor DNA sequencing, we predict that ~15% more tumors 

would be classified as STAG2-mutant, resulting in an assay with even stronger predictive 

power for the prediction of recurrence and progression.  

 

It is also worth noting that in the initial 2013 papers describing mutations of STAG2 in 

bladder cancer, there was some disagreement regarding the potential prognostic value 

of STAG2 mutations on recurrence and progression in NMIBC. The results in our initial 

study (52) as well as in Balbas-Martinez et al. (53) were concordant with both the data 

shown here and with the data presented in Qiao et al. (72), in that loss of STAG2 

expression was associated with a lower risk of tumor recurrence and progression 

(although in Balbas-Martinez et al. the correlation was not statistically significant in 

multivariable analysis). However, Guo et al. (54) reported the opposite association – that 

STAG2 mutant papillary NMIBC bladder cancers were more likely to recur and progress 

than STAG2 wild-type tumors. However, this finding was performed in a relatively small 

cohort and has not been confirmed in subsequent analysis.  
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Finally, the clinical observation presented in this study is consistent with our other work 

showing that the introduction of tumor-derived mutations by gene editing into a STAG2 

wild-type cultured human cells causes them to proliferate more slowly (51). Since STAG2 

has been shown to modulate differentiation state in cultured myeloid precursors, (73, 74, 

75),  we  speculate  that  STAG2  mutations  might  similarly  modulate  the differentiation 

state of the stem-like cells that give rise to bladder epithelial cells. Such altered 

differentiation could result in an aberrant papillary growth pattern but reduced ability to 

proliferate and progress, as compared with papillary NMIBC tumors initiated by genetic 

events other than STAG2 mutation. This hypothesis will require further laboratory- based 

studies to test.  

 

In summary, here we validate STAG2 IHC as a potentially clinically useful biomarker 

assay for predicting the likelihood of recurrence and progression in papillary NMIBC. If 

the power to predict recurrence and progression holds up in larger, prospective studies, 

STAG2 IHC, when combined with other factors currently used for risk stratification, may 

prove to be a simple assay to help individualize medical decision- making in patients with 

papillary NMIBC. 
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CHAPTER III: ONGOING WORK IN NMIBC- MWHC COHORT 
 

INTRODUCTION 
 
Prior to obtaining the Aarhus cohort, we sought to initially expand the Georgetown cohort.  

Therefore, we simultaneously collected NMIBC tumors from patients treated at MedStar 

Washington Hospital (MWHC).   

 

METHODS 
 

Cohort discovery 
 
The MWHC Cancer Registry was searched to identify all cases of NMIBC (i.e., 

pathological stage pTa and pT1) treated at MWHC Hospital prior to 12/31/2012. Cohort 

discovery revealed that there were 355 unique patients who met this criteria (Fig 3.1). For 

each of these patients we obtained the complete clinical abstract from the Cancer 

Registry. Tumor blocks were located for 143 of the 355 patients. For all 143 patients, 

slides were cut, stained with H&E, and examined by two genitourinary pathologists. Re-

grading was performed in accordance with the 2016 WHO Classification.  

 

Once patients were evaluated against exclusion criteria (Fig 3.1), the final cohort was 

comprised of 89 patients. Exclusions included patients: (i) whose cut slides had no 

identifiable tumor (n=6), iii) whose tumor was non-papillary NMIBC (n=13); (iii) who had 

a cystectomy (n=14), (iv) who were never disease free (n=13); and (v) whose clinical 

information in the cancer registry was sufficiently ambiguous that the presence or 
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absence of recurrence could not be determined (n=8). All of these exclusions were done 

prior to data analysis.  

 

Immunohistochemistry  
 
Immunohistochemistry was performed in the GUMC HTSR. Five micron sections from 

formalin fixed paraffin embedded tissues were de-paraffinized with xylene and rehydrated 

through a graded alcohol series. HIER was performed by immersing the tissue sections 

at 98oC for 20 minutes in Target retrieval solution, high pH (Dako). Immunohistochemical 

staining was performed using the VectaStain Kit from Vector Labs according to 

manufacturer’s instructions. Briefly, slides were treated with 3% hydrogen peroxide for 10 

minutes. Endogenous biotin was blocked using an avidin/biotin blocking kit from 

Invitrogen. The slides were then treated with 10% normal goat serum for 10 minutes and 

exposed to primary antibody for STAG2 (1:50, Santa Cruz, sc81852) for 1 hour at room 

temperature. Slides were then exposed to biotin-conjugated mouse secondary antibody 

(Vector Labs), Vectastain ABC reagent and DAB chromagen (Dako). Slides were 

counterstained with hematoxylin (Fisher, Harris Modified Hematoxylin) at a 1:8 dilution 

for 2 minutes at room temperature, blued in 1% ammonium hydroxide for 1minute at room 

temperature, dehydrated, and mounted with Acrymount.  

 

Pathologic evaluation  
 
STAG2 staining was determined in a blinded fashion by two independent pathologists at 

two different medical centers. Slides and cores were read as either positive, negative, or 

mosaic for STAG2 expression. Disagreements were resolved by a third observer. Tumor 
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stage and grade were determined by two genitourinary pathologists in accordance with 

the 2016 WHO Classification of Tumors of the Urinary System and Male Genital Organs. 

High grade includes both uniformly and focally high grade papillary urothelial carcinomas. 

Low grade includes both low grade papillary urothelial carcinomas and PUNLMPs.  

 
 

RESULTS  
 
The details of cohort discovery are described in Materials and depicted below in figure 

3.1. The final MWHC NMIBC cohort comprised of 89 patients. Clinical and pathological 

characteristics of the cohort are listed in Table 3.1. 

 

 
 
 

Figure 3.1. MWHC NMIBC cohort discovery. 
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Table 3.1. Clinical and pathological characteristics of MWHC NMIBC cohort. 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This cohort represented a predominantly African American population.  Median follow up 

was 58 months.  60/89 patients received no adjuvant treatment. 10/89 tumors 

Variable Total  
STAG2 
Negative 
(n=14) 

STAG2 
Mosaic 
(n=12)  

STAG2 
Positive 
(n=63) 

Gender  
             Male  
             Female 

  
59 
30 

  
7 
7 

  
9 
3 

  
43 
20 

Race 
             White 
             Asian  
             Black 
             Unknown  

  
29 
4 
55 
(62%) 
1 

  
6 
1 
7 
0 

 
6 
0 
6 
0 

 
17 
3 
42 
1 
  

Age at Diagnosis 
(Mean) 

68.4 63.8 72.5 68.6 

Adjuvant Therapy 
               No  
               Yes 

 
60 
29 

  
9 
5 

 
11 
1 

 
39 
23 

Smoking  
               No  
               Unknown  
               Yes 

 
21 
33 
35 

 
3 
6 
5  

 
4 
6 
2 

 
14 
21 
28 

Grade  
               Low  
               High  

 
42 
47 

 
12 
2 

 
9 
3 

 
21 
43 

Stage 
               Ta 
               T1 

 
66 
23 

  
13 
1 

 
12 
0  

 
41 
22 

Tumor Size  
                ≤ 3 cm  
                > 3 cm 
               Unknown 

  
27 
12 
50 

 
6 
4 
4 

 
3 
1 
8 

  
18 
7 
38 

Multiplicity 
               =1 
               >1 
               Unknown 

  
62 
13 
14 

  
6 
6 
2 

  
10 
1 
1 
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6 
11  
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demonstrated variant histology. STAG2 IHC and pathologic evaluation was performed as 

described 63/89 tumors were uniformly STAG2 positive (71%); 19/82 were uniformly 

STAG2 negative (16%); and 12/89 tumors were mosaic (14%), with discrete patches of 

STAG2 negativity. In total, approximately 29% of tumors exhibited STAG2 deficiency. 

This frequency of STAG2 deficiency is similar to the frequency in previous studies 

(52,53,54,55) and is in agreement with results from the Georgetown NMIBC cohort 

(Chapter 2).   

 

In this cohort, 15/89 (17%) of tumors recurred (Figure 3.2). Of the 63 tumors that stained 

positive, 11 recurred (18%); of the tumors that stained negative, two recurred (14%); of 

the 12 tumors that displayed mosaic loss of STAG2, two tumors recurred (17%). STAG2 

is not a significant predictor of recurrence in this cohort (p=1.00; Fisher’s Exact Test). 
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Figure 3.2. Relationship of STAG2 expression status to  
recurrence in the MWHC NMIBC cohort. 

 

 

We then performed a univariate analysis to evaluate whether STAG2 staining was 

significantly associated with recurrence in this cohort.   For reasons described earlier, a 

univariate analysis was performed on two groups: (i) tumors with uniform retention of 

STAG2 expression; and (ii) tumors with either uniform or mosaic loss of STAG2 

expression.  The two survival curves in the Kaplan-Meier curve presented in figure 3.3 

were not found to be statistically different (p=0.828, Log-rank test). 
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Figure 3.3. Likelihood of recurrence after TURBT stratified  
by STAG2 staining in the MHWC NMIBC cohort. 

 

 

DISCUSSION  
 

In contrast to our findings on the Georgetown cohort, STAG2 expression was not 

correlated with recurrence status nor was it a significant predictor of recurrence in this 

expansion cohort comprised of patients treated at MWHC.  While the frequency of STAG2 

expression loss was similar in this cohort (29%) compared to the Georgetown cohort 

(34%), there was a large discrepancy in frequency of recurrence.  In the Georgetown 

cohort, about 43% of all patients recurred, in the MWHC cohort, only 17% of patients did.  

As discussed previously, as many as 70% of NMIBC tumors as expected recur (Error! 
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Bookmark not defined.). Therefore, the rate of recurrence in the MWHC NMIBC is 

suspiciously low.  

Interestingly, the average follow-up time for the Georgetown cohort was 85 months, while 

it was only 58 months for the MWHC NMIBC cohort.  Of note, in the Georgetown cohort, 

all recurrences had occurred by approximately 60 months of follow-up.  This finding 

presents a large limitation of this study because the lack of sufficient follow-up time seen 

in the MWHC NMIBC cohort may result in false negatives for recurrence.  Our rationale 

is supported by the fact that the average follow-up for patients with STAG2-expressing 

tumors who did recur was less than the average of the whole cohort.  

 

While whites are about twice as likely to get bladder cancer compared to blacks, black 

patients succumb more frequently to the disease.  Bach et al found black patients have a 

mortality rate almost twice that of white patients (76). Moreover, blacks are found to 

present with high stage and grade tumors (77), potentially due to delayed diagnosis and 

variable treatment. Whereas Georgetown University Hospital caters to a more affluent 

population, MWHC provides care for a more underserved and vulnerable population.  The 

cohort presented here also represents a pre-dominantly African American population.  

According to a study by Mallin et al, black patients with bladder cancer were also more 

likely to lack insurance coverage, which may explain the lesser follow-up seen in these 

patients (77).  

 

Because of these survival differences in black bladder cancer patients compared to 

whites, further exploration the prognostic role of STAG2 in this high-risk population is vital. 
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While this cohort lacks sufficient clinical information provided from the Cancer Registry, it 

is possible there is additional clinical information in the Cerner pathology database and 

should be further explored in the future.  
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CHAPTER IV: THE PROGNOSTIC ROLE OF STAG2 IN MUSCLE-INVASIVE 

BLADDER CANCER 

INTRODUCTION 

While STAG2 has been validated as a biomarker of both recurrence and progression in 

NMIBC (chapter 2), there is conflicting data regarding if STAG2 would have any predictive 

power in muscle invasive disease. In a panel of 349 MIBC tumors, we found that STAG2 

expression was significantly correlated with disease recurrence and cancer-specific 

mortality (52).  This is in direct opposition to the relationship validated between STAG2 

and risk of recurrence NMIBC.  However Qiao et all found that loss of STAG2 expression 

was correlated with a favorable prognosis (72). To resolve these discrepancies, we 

collected a new cohort of MIBC patients treated at LCCC and correlated STAG2 

expression to clinical endpoints.  

 

METHODS 

Cohort discovery 
 
The Lombardi Comprehensive Cancer Center (LCCC) Cancer Registry to identify all 

cases of MIBC (i.e., pathological stage pT2 and higher) treated at LCCC prior to 

12/31/2012. Cohort discovery revealed that there were 106 possible candidates who met 

this criteria (figure 4.1). For each of these patients we obtained the complete clinical 

abstract from the Cancer Registry. Tumor blocks were located for 67 of the 106 patients; 

For all 67 patients, slides were cut, stained with H&E, and examined by two genitourinary 

pathologists. Re-grading was performed in accordance with the 2016 WHO Classification.  
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Once patients were evaluated against exclusion criteria (Figure 4.1), the final cohort was 

comprised of 39 patients. Exclusions included patients: (i) whose cut slides had no 

identifiable tumor or muscle (n=19); ii) whose tumor was non-TCC (n=8)); (iii) whose 

sample was not of bladder origin (n=1). All of these exclusions were done prior to data 

analysis.  

 

Immunohistochemistry  
 
Immunohistochemistry was performed in the GUMC HTSR Five micron sections from 

formalin fixed paraffin embedded tissues were de-paraffinized with xylene and rehydrated 

through a graded alcohol series. HIER was performed by immersing the tissue sections 

at 98oC for 20 minutes in Target retrieval solution, high pH (Dako). Immunohistochemical 

staining was performed using the VectaStain Kit from Vector Labs according to 

manufacturer’s instructions. Briefly, slides were treated with 3% hydrogen peroxide for 10 

minutes. Endogenous biotin was blocked using an avidin/biotin blocking kit from 

Invitrogen. The slides were then treated with 10% normal goat serum for 10 minutes and 

exposed to primary antibody for STAG2 (1:50, Santa Cruz, sc81852) for 1 hour at room 

temperature. Slides were then exposed to biotin-conjugated mouse secondary antibody 

(Vector Labs), Vectastain ABC reagent and DAB chromagen (Dako). Slides were 

counterstained with hematoxylin (Fisher, Harris Modified Hematoxylin) at a 1:8 dilution 

for 2 minutes at room temperature, blued in 1% ammonium hydroxide for 1minute at room 

temperature, dehydrated, and mounted with Acrymount.  
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Pathologic evaluation  
 
STAG2 staining was determined in a blinded fashion by two independent pathologists at 

two different medical centers. Slides and cores were read as either positive, negative, or 

mosaic for STAG2 expression. Disagreements were resolved by a third observer.  

 
 
 

RESULTS 

The details of cohort discovery are described in Methods and depicted below in figure 

4.1.  The final MWHC NMIBC cohort comprised of 39 patients.  In this cohort, only three 

patients lacked STAG2 expression.  Two patients were wholly negative for STAG2 

expression and the third patient exhibited mosaic STAG2 inactivation.  

 

 
 

Figure 4.1. Georgetown MIBC cohort discovery. 
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DISCUSSION  
 
Due to a number of reasons, we were unable to analyze the prognostic significance of 

STAG2 staining on muscle-invasive disease utilizing this cohort.  First, the cohort itself is 

very small and lacks statistical power to perform the desired analysis.  Second, as we 

would expect, only about 10 percent (3 out of 39 in this cohort) of MIBC tumors lack 

STAG2 expression.   

 

To our knowledge, there are three studies that have evaluated the prognostic significance 

of STAG2 staining in MIBC. In 2013, we utilized a tumor microarray comprised of 349 

invasive bladder tumors treated with radical cystectomy (bladder removal). Thirty-five 

(10%) of tumors lacked STAG2 expression. In this cohort, STAG2 loss was significantly 

associated with increased lymph node metastatic events, increased risk of recurrence, 

and cancer specific mortality.   

 

In the same year, Balbas-Martinez et al (53) evaluated the utility STAG2 staining for 

prognosis in a cohort of 182 MIBC patients.  Similar to the rates observed in the cohort 

described above, 24/183 (13%) of tumors showed decreased STAG2 staining. STAG2 

loss was associated with a lower risk of progression and was an independent predictor of 

survival in a multivariable analysis.  

 

In a cohort of 34 patients, Qiao et al (72) found that STAG2 was a significant predictor of 

recurrence free survival in MIBC and also trends with cancer-specific survival, although 

this did not reach statistical significance.  This cohort was very similar to the LCCC MIBC; 
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of the 34 patients in the cohort, only four lacked STAG2 expression (12%).  Therefore, 

any interpretations made from these data warrant caution.  

 

Unfortunately, we were not able to resolve the discrepancy between our data (52) and 

others (53,72) using the described Georgetown MIBC cohort. It is possible the differences 

in the cohorts resulted in the confounding data. In the Qiao study, 125 patients who 

underwent TURBT or total cystectomy at the Beijing Friendship Hospital of Capital 

Medical University, China, between January 2009 and December 2011 were included in 

the final study. All cases were diagnosed as transitional cell carcinomas. Patients with 

histological variants or those that had received preoperative chemo- or radiotherapy were 

excluded. In the patients with MIBC, tissue samples were obtained by radical cystectomy. 

Among the 34 patients with MIBC, 27 patients (80 %) were treated with radical 

cystectomy, 7 patients (21 %) were treated with partial cystectomy and 5 patients (14.7 

%) received adjuvant cisplatin-based therapy. The median follow-up period for these 

patients was only 39 months, spanning from 3 to 65 months. Twenty-two patients (65%) 

experienced a recurrence and 19 (55%) succumbed to the disease (71).  In the Balbas-

Martinez study, it is unclear is tumors of variant histology were included., While 64 

patients in this cohort had adjuvant chemotherapy, radiation, or a combination, it is not 

certain if any patients had neoadjuvant therapy (53).  Treatment status and histology 

status are not available for the Solomon MIBC cohort (72).  
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We have again partnered with Aarhus University in Demark which will provide us access 

to three very well clinically annotated MIBC tumor microarrays comprising over 1400 

tumors.  Slides have been received and stained and analysis is currently ongoing.  
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CHAPTER V: CHARACERIZING THE BIOLOGICAL ROLE OF STAG2 IN BLADDER 

CANCER DEVELOPMENT 

 

INTRODUCTION 
 
 
Contrary to most tumor suppressors, STAG2 is unique in that appears that the loss of this 

protein is protective in the context of bladder cancer. We have previously shown that in 

isogenic STAG2 wild-type and mutant cell line pairs (HCT-116, a colorectal cancer line 

and H4 and 42MGBA, GBM cell lines), STAG2 mutants proliferate slower.  While this was 

not a significant result, it trended across all three cell lines and the majority of the knocked-

in, tumor-derived STAG2 mutations tested (51). In addition, Miyakawa, et al. found that 

in upper tract urothelial carcinoma, loss of STAG2 expression was significantly correlated 

with lower Ki-67 expression, which is a marker of proliferation (78). Taken together, these 

data suggest that unlike in the case of most tumor suppressor genes, mutational 

inactivation of STAG2 may have an adverse effect on proliferation. 

 

PARP inhibitors have been successful in the context of BRCA 1/2 mutated cancers due 

to the phenomenon of synthetic lethality (79, 80).  They have subsequently been shown 

to be effective in cancers that have mutations on other DNA damage response and 

homologous recombination proteins besides BRCA 1/2 (81).  Due to its canonical role in 

sister-chromatid cohesion and segregation, it has also been suggested that STAG2-

mutant cell lines are more sensitive to DNA-damaging agents.  These agents are often 

used to treat bladder cancer and this may explain in part why patients who lack STAG2 
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have better prognoses. In a GMB model, Bailey et al. found that STAG2-mutant cells were 

more sensitive to PARP inhibition than wild-type knock-in cells (82).   

 

Finally, tumor-derived STAG2 mutations have been demonstrated to cause aberrant 

mitotic phenotypes. Tumor-derived nonsense STAG2 mutations result in a reduction of 

sister chromatid cohesion integrity.  Importantly, missense mutations did not have altered 

sister chromatid cohesion. Non-sense mutations also resulted in greater chromosomal 

lagging and compromised anaphase integrity compared to isogenic cells harboring wild-

type STAG2 (51).  

 

While there have been some studies that have tried to characterize the effects of STAG2 

loss, these studies were not performed in a bladder cancer model.  In this paper, we 

discuss various attempts to generate a STAG2 deficient bladder cancer model to better 

study this protein in this relevant clinical context.   

 

METHODS 
 

Cell culture 

HeLa, VMCUB-3, 5637, T24, J82, TCC-SUP, HT1397, SW780 were obtained from ATCC. 

VMCUB-3 and gene targeted derivatives in which the endogenous mutant allele of 

STAG2 was corrected using AAV-mediated somatic gene cell targeting were described 

previously (51). Cells were cultured in DMEM (Invitrogen) + 10% fetal bovine serum 

(Invitrogen) + 1% pen-strep (Invitrogen).  HBLAK cells were obtained from CellnTec and 

were cultured in CnT media (CellnTech). hTERT-URO cells were generously gifted by 
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Rosalyn Adam and cultured in DMEM/high glucose with L-glutamine and sodium pyruvate 

(Invitrogen), 15% fetal bovine serum (Invitrogen), 1x non-essential amino (Invitrogen) and 

1x 1-thioglycerol (Sigma).   

 

Proliferation  

Cells were seeded at 1500cells/well in 96 well plates and cell number was measured 

every 48 hours using the Cell Titre Glo Assay (Promega). 

 

Drugs 

Carboplatin (water); doxorubicin (water), gemcitabine (water), methotrexate (1M NaOH), 

olaparib (DMSO), and vincristine (MeOH) were obtained from Sigma.  Vehicles for each 

drug are noted in parenthesis.  

 

Dose-response studies  

Cells were seeded at 5000 cells/well (VMCUB-3 and VMCUB-3 KI) or 3000 cells/well 

(5637 and SW780) in 96 well plates. Cell number was measured at time of drug dosing 

to obtain a baseline reading and at 72 hours post dosing using the Cell Titre Glo Assay 

(Promega). When incubated in the presence of the compound, compound-containing 

media or vehicle alone was added in 1:3 serial dilution with a top concentration of 100uM 

24 hours post plating.  
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Antibodies 

Primary antibodies for immunoblotting were STAG2 (J-12, carboxyl-terminus epitope) 

from Santa Cruz Biotechnology and tubulin.  

 

Western blot 

Protein lysates for Western blotting were prepared in RIPA lysis buffer (50mM Tris-HCL 

pH7.5; 150mM NaCl; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS).  Protein 

concentrations were determined using the bicinchoninic assay (Pierce). Western blots 

were performed using NuPAGE 3-8% Tris-Acetate Protein Gel (Thermo Fisher Scientific) 

and run in 1xMOPS buffer. Proteins were transferred to PVDF membranes which were 

then probed with the antibodies of interest.   

 

CRISPR protocol 

A guide RNA targeting exon 15 of STAG2 (f: CACCGCTTCAGTCGTAGAGATCCAG; r: 

AAACCTGGATCTCTACGACTGAAGC) was cloned into the lentiCIRSPRv2 plasmid 

(Addgene, plasmid #52961) for virus generation. This virus was then used to infect 

recipient cells in the presence of 8 µg/mL of polybrene. Infected cells were selected with 

1, 2 or 10 µg/mL of puromycin until all empty-vector-infected cells were dead.  The media 

was then changed to normal growth media and the cells were then plated in limiting 

dilution in 96-well plates for clonal selection.  
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shRNA protocol 

As previously described in (52), two STAG2 targeting vectors were obtained from Open 

Biosystems. To make the virus, empty pLKO.1-Puro or an shRNA clones were 

cotransfected into 293T cells with pVSV-G (Addgene) and pHR′-CMV∆8.2 (Addgene) 

helper plasmids using Fugene 6 (Roche). Virus-containing conditioned medium was 

harvested 48 h after transfection and filtered. This virus was then used to infect recipient 

cells in the presence of 8 µg/mL of polybrene. Infected cells were selected with 2 or 10 

µg/mL of puromycin until all empty-vector-infected cells were dead. Cells were then plated 

in limiting dilution in 96-well plates for clonal selection.  

 

siRNA protocol 

siRNA targets towards STAG2 were obtained from Ambion (s21089, s21090, s21091). 

One nmol lysopholized siRNA was reconstituted with 50uL RNase-free water (Thermo-

Fisher) to obtain a 20uM stock solution. Both Lipofectamine RNAiMAX Transfection 

Reagent (ThermoFisher) and the reconstituted siRNAs were diluted in OPTI-MEM media 

(ThermoFisher) per manufacturer’s instructions. The siRNA mix was transfer to the 

RNAiMAX mix, vortexed, and incubated at room temperature for 20 minutes.  This RNA 

mix was added to a final concentration of 20nM.  

 

H2B-GFP clone generation 

LentiBrite Histone H2B_GFP Lentiviral Biosensor was obtained from Millipore. LV-GFP 

was obtained from Addgene (plasmid 25999) and used to generate virus. The viruses 

were then used to infect recipient cells in the presence of 8 µg/mL of polybrene. The 
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media was then changed to normal growth media and the cells were then plated in limiting 

dilution in 96-well plates or in 10cm2 dishes cloning cylinders (Sigma) for clonal selection.  

 

Live-cell confocal microscopy 

All imagining was performed on the SP8 Leica confocal using the 10x lens. The zoom 

factor was set to 10 and the pinhole was set to 3. Four positions per well were selected 

and marked. Images were recorded every 5 minutes for 48 hours.  

 
 
 

RESULTS 
 

Bladder cancer cell lines express STAG2 
 
In order to properly study the effect of STAG2 loss, we aimed to create isogenic sets of 

cell lines that only differed in their STAG2 expression status.  Since STAG2 is normally 

ubiquitously and highly expressed in cells, overexpressing STAG2 is not effective.  We 

also previously attempted to restore STAG2 expression in cells with STAG2 mutations 

using STAG2 expressing lentiviruses, but this resulted in protein expression that was not 

consistent or robust enough compared to endogenous STAG2 expression (51). 

Therefore, we opted to eliminate or suppress STAG2 expression in wild-type cells.   

 

First, a panel of bladder cancer cell lines was screened for STAG2 expression compared 

to HeLa cells and the VMCUB-3 isogenic pair (Figure 5.1, Table 5.1).  All bladder cell 

lines screened, except VMCUB-3, expressed STAG2. J82 and HT1397 cells were very 
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difficult to work with.  These cells grew slowly, were large, and extremely adherent and 

were therefore not used for the remainder of this study.  

 

 

          Figure 5.1. STAG2 expression in a panel of bladder cancer cell lines. 
          HeLa cervical cell line = positive control. 
 

 

 

Table 5.1. Bladder cancer cell line characteristics. 
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CRISPR results 
 
The remaining wild-type bladder lines (5637, T24, TCC-SUP, and SW780) were infected 

with the CRISPR virus as described in Methods. T24 and TCC-SUP did not survive 

expansion following infection.  In 5637 and SW780, the infection was successful and 

STAG2 expression was reduced in pooled knockout (KO) clones compared to empty-

vector (EV) pooled clones. (Figure 5.2). 

 

 

Figure 5.2. STAG2 expression in two bladder cancer cell lines  
following CRISPR infection. EV= empty vector. KO= knockout. 

 

Since clonal selection is a lengthy process, we opted to first perform some exploratory 

studies with the VMCUB-3 isogenic pair.  As expected, there seemed to be a slight 

proliferative disadvantage upon STAG2 knock-in (Figure 5.3). 
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Figure 5.3. Proliferation of VMCUB-3 isogenic cell line pair. 

 

 

In this cell line pair, STAG2 loss did not confer any increased susceptibility to tested 

chemo agents (figure 5.4). 
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Figure 5.4. Effects of drug sensitivity due to lack of STAG2 in VMCUB-3 cell. Cells 
were treated for 72 hours in a 1:3 serial dilution from a top final concentration of 10uM.  
A: Doxorubicin. B: Gemcitabine.  C: Methotrexate. D: Carboplatin  
 

 

Next, we tested to see if there was any increased susceptibility to tested chemo agents 

in the newly generated KO pools (Figure 5.5). Similar to the VMCUB-3 set, STAG2 loss 

did not confer any increased susceptibility to any of the tested agents.  
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Figure 5.5. Dose-response curve comparing STAG2 WT to STAG2 KO cell lines. 
Upper two panels: 5637 cell line. Bottom two panels: SW780 cell line. Cells were treated 
for 72 hours in a 1:3 serial dilution from a top final concentration of 10uM. A: Carboplatin. 
B: Olaparib. C: Gemcitabine. D: Vincristine. E: Doxorubicin. F: Methotrexate.  
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Compared to the VMCUB-3 dose-response curve, the curves seen in figure 5.5 overlay 

nearly perfectly.  Note that the data for vincristine is inconclusive as the top dose was 

toxic for both cell lines tested. Therefore, we suspected that suppressed STAG2 

expression is not maintained as passage-length increases in STAG2-KO pooled cells.  To 

confirm this suspicion, we collected serial lysates over several weeks and screened them 

for STAG2 expression (figure 5.6).  Over time, the difference in STAG2 expression 

between EV cells and KO cells was drastically diminished.  We have observed that HeLa 

STAG2 KO clones eventually die out so we suspect that any STAG2 KO cells in the pool 

eventually die, leaving the remaining EV cells that express STAG2.  

 

 

   Figure 5.6. STAG2 expression in pooled KO clones over time.  
   EV= empty vector. KO= knockout. P# = passage number.  
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Therefore, we attempted to generate single clones from these pools. Two attempts at 

generating clones were unsuccessful.  While we were successful in the past in 

establishing HeLa STAG2 KO clones, these cells eventually failed to continue to grow.  

This data suggests that STAG2 loss may be lethal, but not immediately so. Therefore, a 

STAG2 KO model system may not be a feasible way to study the role of STAG in bladder 

cancer.  A summary of these efforts is depicted in figure 5.7.  

 

 

 

 

Figure 5.7 STAG2 KO attempt workflow summary. 
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shRNA results  
 
Since we were unsure if 5637 and SW780 cell lines were unclonable or simply did not 

tolerate STAG2 loss, we opted to generate a stable STAG2 knock-down (KD) model in 

both 5637 and SW780 using shRNA.  Both shRNAs tested were effective in knocking 

down STAG2 expression in both cell lines, although the suppression conferred by shRNA-

3782 was more substantial (figure 5.8).  

 

 

 

 
Figure 5.8. STAG2 expression in bladder lines following shRNA  

Infection. EV= empty vector. KO= knockout. 
 

 

Therefore, we attempted to generate single clones via limiting dilution for empty vector- 

and shRNA 3782- infected cells for both 5637 and SW780.  As with the CRISPR knockout 

attempts, we were unsuccessful in generating single cell clones from the pools using 
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shRNA methodology. Since neither the EV or KD pools generated clones, we suspect 

these cell lines are ill-suited for clonal generation. A summary of these efforts is depicted 

in figure 5.9  

 

 

 

 

 

Figure 5.9 STAG2 knockdown attempt workflow summary. 
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siRNA results 
 

To avoid issues of cloning, we next opted to use a transient system to suppress STAG2 

expression. A preliminary screen in HeLa cells showed that all three siRNAs against 

STAG2 result in decreased protein expression (figure 5.10)  

 

 

’ 

 

 

 

 

 

 

Figure 5.10. STAG2 expression in HeLa cells following siRNA transfection. NT= 
non-transfected. NC= negative control. 89, 90, 91: STAG2 targeting siRNAs. 
 

 

 

We next tested these siRNAs in our bladder cell line panel, as well as two bladder primary 

lines (hTERT-URO and HBLAK).  As expected, STAG2 expression was sufficiently 

suppressed in all cell lines (figure 5.11)  
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Figure 5.11. STAG2 expression in bladder cells following siRNA transfection. NT= 
non-transfected. NC= negative control. 89, 90, 91: STAG2 targeting siRNAs. 
 

 

Live-cell microscopy results 
 

Knowing that STAG2 has an essential role in mitosis, we opted to exploit our siRNA 

system in the context of confocal microscopy. In order to do this, we first had to generate 

H2B-GFP positive clones. First we infected with the LentiBrite virus described in Methods. 

However, the GFP clones were too faint and limiting dilution was unsuccessful in 

generating clones.  A summary of these efforts is seen in figure 5.12.  
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Figure 5.12. H2B-GFP clonal generation attempt workflow summary (lentibrite). 

 

 

We next attempted to generate H2B-GFP positive clones using virus made from the LV-

GFP plasmid.  The pooled clones were very bright so we proceeded with clonal 

generation, this time employing cloning cylinders, instead of limiting dilution. Briefly, cells 

were plated at 10, 50, 100, and 250 cells per 10cm2 dish and left to grow until visible 

colonies formed (figure 5.13).  
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Figure 5.13. H2B-GFP clonal generation attempt workflow summary (LV-GFP). 

 

 

Once colonies were visualized, a cloning cylinder was secured with vacuum grease 

around the colony.  After colonies were sufficiently large, they were transferred to a 48-

well dish and expanded.  H2B-GFP positive clones were successful generated for 

VMCUB-3, VMCUB-3 KI, T24, HBLAK, and hTERT-URO.  A summary of these results is 

seen in Table 5.1  
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Table 5.2. H2B – GFP positive bladder cell line clone summary. 

 

CELL LINE POOLS CLONES CELL LINE POOLS CLONES 

VMCUB3 ✓ ✓ TCCSUP ✓ ✗ 

VMCUB3KI ✓ ✓ 5637 ✓ ✗ 

SW780 ✓ ✗ HBLAK ✓ ✓ 

T24 ✓ ✓ hTERT -URO ✓ ✓ 

J82 ✓ ✗ HT1397 ✗ ✗ 

 

 

Next, we began to optimize the live-cell model system in order to characterize the mitotic 

phenotype of cells upon STAG2 suppression.  Briefly, 300uL of cells per well were plated 

in 8-well chamber slides at a density of 3x104 cells/mL.  After 24 hours, cells were 

transfected with the appropriate siRNA. Imaging was started 24 hours post transfection.  

 

Initially, we attempted to optimize this assay with the HBLAK GFP positive pools.  

However, these cells are significantly more mobile than HeLa cells, making it difficult to 

monitor for mitotic changes.  Moreover, there are much fewer mitoses in these cells 

compared to HeLa.  Finally, the pools express variability in terms of the brightness of their 

GFP, making analysis difficult.   Therefore, we used a VMCUB-3 H2B-GFP+ clone to 

continue optimization. While these cells did not move as much as the HBLAK cells, they 
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also had very few mitoses compared to HeLa cells.  However, the brightness in the clonal 

line was uniform.  In the future, only clones, not pools, should be used for these types of 

experiments 

 

DISCUSSION 
 
Herein we have described several attempts to generate a model system in which to study 

the effects of the loss of STAG2 in bladder cancer.  An isogenic pair of cells that differ 

only in STAG2 expression would be an ideal model system.  However, our attempts at 

generating STAG2 KO bladder cell lines were not successful. While these cells were 

placed under a selective pressure with puromycin treatment, it is possible that the 

CRISPR-Cas9 system was not effective in every single cell that survived selection.  

Overtime, expression was restored, supporting the hypothesis that STAG2-expressing 

cells have a proliferative advantage. While we did not evaluate the longevity of 

suppressed expression in our knock-down pools, we suspect we would also see 

restoration of suppressed expression in the KD pools as well. Since it proved difficult to 

generate clones from these lines and a knock-out model would be superior to a knock-

down model, an inducible CRISPR-Cas9 should be considered in future studies.  

 

The live-cell confocal microscopy will have to be further optimized in order to properly 

characterize any mitotic phenotypic differences due to STAG2 suppression. In both the 

HBLAK and VMCUB-3 GFP+ lines described above, there were much fewer mitosis per 

field of view compared to HeLa cells.  Observing aberrant mitosis does not require very 

high resolution and a reduced zoom factor would result in a larger field of view.   A larger 
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field of view would allow the observation of more mitotic events, which would enable more 

robust data collection.  

 

The cell lines observed under the confocal microscope appear to be very sensitive to the 

transfection reagent.  In our protocol, imaging is started 24 hours post transfection. At 24 

hours post transfection, negative control cells display decreased viability compared to 

non-transfected controls.  In the future, it would be wise to begin imaging immediately 

after transfection to monitor for these adverse effects. In this protocol, Lipofectamine 

RNAiMAX Transfection Reagent (ThermoFisher) was used to deliver siRNA.  Other 

transfection reagents should be tested to determine if there is one that is less toxic to 

these cells.   

 

Despite the above technical issues that need to be addressed, the transient knock-down 

system may also prove to be a powerful model system.  In this study, the effects of the 

siRNA were tested up to 72 hours post transfection with very robust results.  This time 

point should be extended to determine how long STAG2 suppression lasts upon siRNA 

transient transfection.  Even in the case that the suppression does not last beyond 72 

hours, this method provides ample time post transfection to perform basic phenotypic 

assays.  Wound-healing and the Electrical Cell-substrate Impedance Sensing (ECIS) 

invasion assays are two such assays that may generate additional data concerning the 

effects of the loss of STAG2 on migration and motility, which were not explored in this 

study. Briefly, the ECIS assay works by measuring real-time changes in impedance to a 

current across the bottom on a specialized plate.  Human umbilical vein endothelial cells 
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(HUVEC) are plated and allowed to form a monolayer across the bottom of the plate.  As 

a result, the resistance reading will increase.  After 24 hours, cancer cells are added to 

the HUVEC monolayer and resistance is monitored.  A drop in resistance indicates that 

the cancer cells have invaded the HUVEC monolayer while no change in resistance 

indicates that there was no invasion (83,84).  

   

Lastly, there are other GFP+ clones that have not yet been tested in this system, including 

T24 and hTERT-URO.  Based on our experience working with these various cell lines, 

we suspect that T24 may be a good cell lines to use since it divides faster than the two 

cell lines presented above.  
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CHAPTER VI: CONCLUSIONS, CLINICAL IMPLICATIONS AND FUTURE 

DIRECTIONS 

 
 
Although bladder cancer is common and often deadly, it is unfortunately vastly under-

appreciated for the huge burden it can present to patients, physicians, and society at 

large. The under-appreciation, under-funding, and under-studying of this disease have 

led to a treatment and surveillance system that is not tailored or specific.  Often, they are 

excessive and unnecessary.  It is imperative that this paradigm be changed and in order 

to do this, disease course in bladder cancer must be better predicted.  

 

The work presented here is the first validation study of STAG2 as a biomarker of both 

recurrence and progression in non-muscle invasive disease. This retrospective study 

highlighted many of the inadequacies of clinical record-keeping, particularly when these 

records are not maintained for research- specific purposes.  The intense efforts taken to 

establish the Georgetown clinical database of bladder patients used in this study have 

created an incredible resource for other researchers at the university.  For example, this 

dataset is already in use in a study examining immune system adaptation to tumor 

progression and identify new immune-targets.   Immune signatures will be correlated to 

various clinical-pathological parameters that had been collected and organized by our 

team. It is our hope that our dataset will help instigate more bladder-cancer related studies 

and also encourage other researchers to share such powerful tools.  

 



 

 

78 

This retrospective analysis was also the impetus to pursue a prospective study in 

collaboration with the Be-Well Study at Kaiser Permanente. The Be-Well study aims to 

identify lifestyle and genetic factors that may help prevent recurrence NMIBC and is 

poised to be the largest study of its kind with a final enrollment of >1300 patients.  This 

prospective analysis will avoid many of the limitations of retrospective analyses, 

particularly the lack of complete clinical data. Moreover, this analysis will allow patients 

to be followed over time, enabling us to evaluate STAG2 status and associated outcomes 

on primary and subsequent recurrent tumors in the same patient.  

 

Other predictive molecular markers are also currently being investigated in the bladder 

cancer field.  In fact, our collaborators at Aarhus University are performing such studies 

using the same microarrays that we were gifted for the STAG2 study.  Moreover, a subset 

of these tumors also have also been sequenced. Therefore, future studies include 

evaluating the effectiveness of combinatorial biomarkers.   As this work and the cohorts 

expand, it will be possible to address unanswered questions from this study.   Subgroup 

analyses (sex, age, race) may be possible with larger and better annotated cohorts.  

 

While we were successful in validating STAG2 as a biomarker in non-muscle invasive 

disease, we were unable to do the same for muscle invasive disease since the cohort 

was too small. To rectify this issue, we have again partnered with Dr. Dyrskot of Aarhus 

University.  He has generously shared three muscle-invasive bladder cancer TMAs with 

us.  We have stained the first cohort, a TMA comprised of 425 patients who received a 

radical cystectomy between 1992 and 2008 due to invasive urothelial carcinoma. A 
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subset of these patients developed metastatic disease. This TMA will enable to evaluate 

metastasis as an endpoint.  The second TMA is an extension of this cohort.  Finally, the 

last TMA is a chemotherapy cohort, where all patients have metastatic disease. While we 

will not be able to evaluate metastasis as an endpoint, there is exome sequencing data 

for a large subset of these patients, making this TMA a powerful tool to evaluate genetic 

signatures.  

 

Due to many technical issues in generating a STAG2 deficient bladder cancer cell line 

model, we were unable to perform many of the phenotypic assays we had initially hoped 

to perform.  However, there was much to be gained in the many failures along this path.  

Ultimately, I was able to develop a system in which mitotic aberrations upon STAG2 

suppression could be visualized.   All of our in-house bladder cell lines are now H2B-GFP 

tagged and most have been cloned. While we initially developed this to observe mitosis, 

the tagged cells can now be used for many other assays.  I am hopeful this will create a 

nice launching point for future graduate students who are as intrigued by STAG2 as I am.  

 

While only time- and much more research- will tell if STAG2 will one day be used clinically 

to help guide physicians and their patients in their decision making, I am very proud of 

the work we have done thus far in the name of that goal.  
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