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ABSTRACT 
 

Bladder cancer is among the top ten most common cancers, with about ~380,000 new cases 

and ~150,000 deaths per year worldwide. We have utilized a patient-derived bladder cancer 

xenograft (PDX) platform to characterize molecular alterations that contribute to drug  

resistance in advanced urothelial carcinoma. Transcriptomic profiling of passage 4 (P4) 

bladder cancer xenograft tumors from two PDX lines was performed by RNA-sequencing 

analysis, before and after a 21-day cisplatin/gemcitabine drug treatment regimen.  Further 

analysis identified methionine adenosyltransferase 1a (MAT1A) to be one of the top 

enriched genes in a statistically significant fashion following chemotherapy treatment in 

both unique bladder cancer xenograft lines. Here, we have shown and further validated that 

methionine adenosyltransferase 1a (MAT1A) plays an important role in contributing to 

tumor progression and response to drug therapy. We implicate MAT1A directly in 

modulating cell survival in the presence of drug therapy through transcriptional changes 

and altered cell proliferation. Additionally, our findings also suggest that NNMT may also 

play a role in promoting cell response to chemotherapy and an aggressive cancer 

phenotype.  
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In addition to drug resistance, metastasis is another significant clinical problem that limits 

the efficacy of anticancer therapy. Here, we have also developed an ultrasensitive assay to 

label, track and quantify rare events of cancer cell metastasis through incorporating 

radioactive carbon-14 into DNA of new cells. Together, work shown here contributes to 

our understanding of cancer biology and has provided novel opportunities and 

methodologies for both the study of cancer metastasis and identification of new targets for 

therapeutic intervention.  
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Introduction 
 

Cancer is a complex group of diseases with intricate underlying biology that is still not completely 

understood. Generally, cancer is defined as a disease in which a cell containing damaged DNA 

cannot repair itself and the acquired mutations drive the cell to proliferate uncontrollably [1]. 

Cancer cells find ways to obtain nutrients, oxygen, and remodel their extracellular environment 

through recruitment of functions from nearby healthy, non-cancerous cells in order to thrive [2] 

[3]. Adding to the complexity of this disease is the ability of certain cancer cells to evade drug 

treatment and develop drug resistance, as well as their ability to migrate to metastasize. Drug 

resistance is characterized as the process in which tumors do not respond to certain forms of 

therapeutic intervention [4]. Metastasis, on the other hand, is the process by which cancer cells can 

spread from the original tumor and form tumors in other parts of the body [5].  

 

In later stages of cancer, epithelial-derived cancer cells undergo a complex transformation known 

as the epithelial to mesenchymal (EMT) transition in which they remodel to a pro-migratory state, 

granting molecular properties that allow them to colonize distant organs vital for survival   [6] [7]. 

Ultimately, organ failure of the brain, heart and/or liver due to metastases is responsible for patients 

succumbing to disease in most cases [8]. Once disseminated from the primary tumor, metastatic 

cancer cells can form new tumors immediately, or remain dormant, hiding for years or decades 

[9].  
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This thesis aims to: 

• Identify differentially expressed genes in drug relapsed bladder cancer patient-derived 

xenograft tumors 

• Validate key genes involved in promoting drug relapse that can ultimately lead to 

metastasis and patient mortality 

• Describe a new methodology capable of tracking cells that have the potential to metastasize 

at a single cell level [7].  

 

Bladder Cancer 

The bladder is a critical organ found in the urinary system of humans, responsible for storing and 

passing urine. Metabolic bodily waste known as urine is created in the kidneys and enters the 

bladder for storage through two tubes found on both sides of the bladder known as the ureters [10] 

(Figure 1.1). The bladder is a large, hollow muscular sac composed of several different cell types 

that comprise various layers of the bladder wall. such as the transitional epithelium (urothelium), 

connective tissue (submucosal layer including collagen and elastin fibers), muscle (detrusor) and 

fatty layer (adventitia) [11] [12] (Figure 1.1). These cells work in concert to expel urine through 

the urethra when signaled to do so through a variety of muscarinic receptor-ligand interactions 

[13] [14]. 
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Figure 1.1. Bladder anatomy. Anatomical features of the bladder including four main tissue 
layers found in the bladder wall (urothelium, submucosal layer, detrusor, adventitia). Adapted 
from [11].  
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Of the many cell types found in the bladder wall, cancer results when mutations accumulate to 

promote uncontrolled replication of a cell containing damaged DNA [15]. Most commonly, 

bladder cancer develops in the cells of the urothelium, or the most interior layer of the bladder wall 

where cells of epithelial origin reside [16]. This is known as urothelial carcinoma or transitional 

cell carcinoma, representing approximately 95% of bladder cancer cases in both men and women, 

worldwide [17]. Other types of bladder cancer include squamous cell carcinoma, adenocarcinoma 

and small-cell carcinoma, each comprising approximately 1-2% of total bladder cancer cases 

reported each year and are collectively far less common that transitional cell carcinoma [18].   

 

Furthermore, bladder cancer is categorized as either muscle invasive or non-muscle invasive [19]. 

Muscle invasive bladder cancers account for about 30% of all cases and are typically more 

aggressive as they have developed in the urothelial layer but have undergone molecular changes 

allowing them to migrate into the detrusor (muscle) layer [20]. Non-muscle invasive bladder 

cancers represent approximately 70% of diagnosed cases, defined as cells found in the urothelial 

layer that have become cancerous [21]. Of those cases that initially present as non-muscle invasive, 

15% can become muscle invasive where patient survivability declines dramatically [22] [23] [24]. 

These cases that acquire invasive properties are more likely to also metastasize to more distant 

sites as well as have a tendency to become chemoresistant and no longer respond to therapeutic 

interventions [25] [26].  
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Bladder Carcinogenesis  

Because urothelial cells in the bladder primarily interface with the urine, environmental factors 

often play a crucial role in the initiation of bladder cancer [27]. Smoking has been reported as one 

of the key causes in the origination and progression of bladder cancer [28] [29], where it is 

estimated that half of all cases of bladder cancer are a direct result of tobacco smoke and 

subsequent metabolites excreted through the urine [30]. Also, when exposed to metabolites derived 

from tobacco such as o-toluidine, urothelial cells bioactivate to become DNA intercalating 

compounds that can further induce DNA damage [31] [32]. These compounds that are primarily 

responsible for their carcinogenic effect as it relates to urothelial carcinogenesis are known as 

aromatic amines: o-toluidine and 2-napthylamine and have been extensively studied [32] [33] [34]. 

Interestingly, o-toluidine is also an industrial biproduct of the chemical process required to make 

rubber for everyday objects and use, and has also been linked to bladder cancer via occupational 

exposure in the rubber manufacturing industry [35] [36]. Any carcinogenic metabolite excreted in 

the urine has the potential to promote development of malignant cells in the bladder urothelium 

via direct exposure and can otherwise be mitigated through minimizing exposure altogether [32].   

 

Initiation of bladder cancer has also been linked to parasite infections, specifically Schistosoma 

haematobium, primarily found in African countries and the Middle East [37]. Second to tobacco 

exposure, the World Health Organization has identified these parasite infections as the second 

leading cause of bladder cancer and has been classified as a Group 1 carcinogen [29] [38]. S. 

haematobium is a type of blood fluke (flatworm) that is found in standing water contaminated with 

human or animal waste [39]. Following contact with a human, the adult parasite repositions itself 

and secretes proteolytic enzymes to enlarge skin pores, such that it can enter through the skin [40]. 
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Once there, S. haematobium that are not eliminated by the immune system travel through the 

bloodstream and find their way to the liver and finally to the bladder [41]. These parasites 

exclusively infect the urinary tract through releasing eggs in the bladder urothelium and further 

penetrate deep into the bladder wall using proteolytic enzymes to degrade the submucosal layer 

[42]. S. haematobium contribute to bladder carcinogenesis through remodeling healthy tissue of 

the bladder [43]. Once eggs are deposited, the bladder wall becomes increasingly fibrous. Egg 

deposition in the bladder wall is also accompanied by an immune response characterized by the 

recruitment of macrophages [43]. Granulomas ultimately form from a local density of immune 

cells and eventually result in lesions, commonly used as key pathological hallmarks in the 

diagnosis of bladder cancer [44]. These granulomas also result in chronic inflammation in the 

bladder, resulting in an environment hospitable to carcinoma [45].  

 

Statistics and Oncogenesis of Bladder Cancer 

Bladder cancer is the ninth most common type of cancer diagnosed, however the most common 

type within the urinary system [46]. In general, bladder cancer is more common in developed 

countries where the highest rates of bladder cancer incidence in both men and women are recorded 

for Southern Europe, Western Europe, North America and Western Asia. In contrast, incidence is 

lowest in African countries, despite higher risks of exposure to the bladder cancer causing parasite 

Schistosoma haematobium [47]. Additionally, bladder cancer is approximately three times more 

common in men compared to women [48].  

 

There are several driver mutations that are characteristic of bladder cancer. Alterations in TP53, 

FGFR3 and PIK3CA genes represent the majority of genetic changes harbored in urothelial 
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carcinoma [49] [50] [51]. TP53 is a well-known tumor suppressor gene, acting as a transcription 

factor mediating cell cycle arrest and apoptosis of damaged cells, commonly mutated in muscle 

invasive bladder cancer [52] [53]. Without normal TP53 function, damaged cells escape molecular 

processes such as apoptosis aimed at preventing the propagation of mutated DNA. Additionally, 

FGFR3 and PIK3CA mutations are correlative with aggressive, metastatic bladder cancer [54]. 

Analysis of circulating tumor DNA in urine and plasma samples of patients with late stage disease 

have revealed appreciable increases in FGFR3 and PIK3CA mutations and have been utilized in 

non-invasive screening for the presence of bladder cancer [55].  

 

Genes involved in chromatin regulation are also frequently mutated in urothelial carcinoma [56] 

[57]. KDM6A and EP300 are two epigenetic regulators that have been shown to control 

transcription through histone modification and certain allelic variants have been found in bladder 

cancer [58] [59] [60]. KDM6A demethylates histone H3 at lysine 27 while EP300 is responsible 

for histone acetyltransferase activity [61] [62]. Mutations in KDM6A, a tumor suppressor gene, 

result in loss of function where epigenetic control via histone demethylation is disrupted [56]. 

Experimental analysis of decreased KDM6A levels identified increases in cell migration and 

anchorage-independent cancer cell growth, further implicating loss of function of this gene as a 

key contributor to bladder cancer [63].  
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Bladder Cancer Treatment and Chemotherapy 
 
Typical first line treatment for bladder cancer patients includes a surgical procedure to remove the 

tumor from the bladder wall combined with chemotherapy [64]. This procedure is often referred 

to as TURBT, or transurethral resection of the bladder tumor, in which the tumor is removed 

through the ureters without requiring an abdominal incision [65]. TURBT may be repeated to 

ensure that all cancer cells have been effectively removed and/or to survey for possible cancer 

relapse [66].  

 
While a fairly routine first-line treatment option for bladder cancer patients, this procedure does 

have a moderate amount of associated risk [67]. The most dangerous complication as a result of 

this procedure is bladder perforation resulting from inadvertent nerve stimulation [68]. Because 

the obturator nerve passes in close proximity to the bladder, the TURBT procedure itself can 

stimulate this part of the peripheral nervous system, causing rapid contraction of the bladder 

muscle [69]. While new anesthetic nerve blocks have been developed to prevent against this 

serious hazard in order to decrease the likelihood of serious TURBT-related complications, new 

measures are still needed to effectively treat bladder cancer.  Even in the best case, approximately 

70% of patients that undergo TURBT and chemotherapy combined treatment experience tumor 

relapse on average two years post procedure, averaged across disease stages, gender, and type of 

cancer [70]. As such, the need for more efficacious chemotherapeutic interventions still remains 

paramount to successfully curing bladder cancer.  

 
 
Neoadjuvant chemotherapy utilizing platinum-based chemotherapeutics is one the best frontline 

drug treatment options for both patients with muscle-invasive and non-muscle-invasive bladder 

cancer [71] [72] [73]. Cisplatin and gemcitabine are typically given in combination immediately 
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following TURBT surgery, depending on initial diagnosis as well as additional clinical metrics 

[74] [75]. While effective, these therapeutic approaches do not result in complete remission, as 

represented in the 5-year survival rate statistics. Approximately 70-85% of patients diagnosed with 

bladder cancer still localized to the bladder are expected to survive 5-years post diagnosis, however 

that survival rate decreases once the cancer has become invasive: approximately 40-60% survive 

5-years post diagnosis of patients with metastatic bladder cancer [76]. Drug resistance, however, 

accounts for the remaining 40-60% of patients that do not survive 5-years post diagnosis, and 

therefore remains a significant hurdle towards full remission.  

 

Drug Resistance in Bladder Cancer  

The development of drug resistance is a major clinical challenge preventing the complete cure of 

bladder cancer [77] [78]. Cancer is evolutionary and can not only adapt, but signals to other cells 

within its local microenvironment to recruit them to perform functions that promote cancer growth 

[79]. The mechanisms regulating tumor evolution, including inter- and intratumoral signaling that 

mediate drug resistance is still not well understood [80].  

 

Within the tumor, there are many different types of cells, in addition to the cancer cells; these 

include: macrophages, natural killer cells, T-cells, endothelial cells, fibroblasts [81] [82]. These 

various cell types have been shown to alter the behavior of cancer cells and depending on their 

specific properties, can promote or inhibit various cancer phenotypes (drug resistance, metastasis, 

etc.) [83] [84]. The idea that cancer-associated cells within the stroma provide a cancer-promoting 

environment by promoting growth, inhibiting the immune system and shielding cancer cells from 

therapy has become a recent topic of interest in the cancer community [85] [86]. This concept will 
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be revisited more in depth in Chapter 3. There are a variety of mechanisms that ultimately give 

rise to drug resistance. Typically, cancer cells become resistant to chemotherapy in one of many 

possible ways [87]. A schematic highlighting some of the ways in which cancer cells become 

resistant to therapy is shown in Figure 1.2.  
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Figure 1.2. Multiple causes associated with cancer drug resistance. An overview illustrating 
the various ways that cancer cells can ultimately escape drug therapy and persist [88].  
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Pathway redundancy in vital processes such as cell proliferation, cell invasion or improved by 

which cancer cells become drug resistant [89]. The advent of RNA sequencing has greatly 

contributed to the identification of key genes associated with drug resistance and has provided new 

molecular signatures for designing new drug therapies [90] [91] [92] [93]. 

 

Targeted therapeutics is not a new concept in circumventing drug resistance. Receptor tyrosine 

kinase and G-protein coupled receptor inhibitors have been successful in treating subsets of cancer 

through targeting key regulatory pathways involved in tumor growth [94] [95].  These therapies 

initially proved successful over traditional platinum drugs used since the 1960s, however, these 

too therapies are also prone to the development of drug resistance [96]. Pathway redundancy and 

downstream effector protein upregulation are just some of the ways that cancer cells overcome 

receptor inhibition (Figure 1.2). Regardless of therapy type, drug resistance still remains a 

significant hurdle in completely eradicating cancer [97] [98] [99].   

 

Additionally, the cancer stem cell theory as a contributor to drug resistance has also been proposed 

[100]. This hypothesis suggests that a subset of tumor cells have regenerative capabilities or stem 

cell like characteristics that ultimately drive tumor growth, metastasis and drug resistance [101]. 

This theory supposes that in order to completely eliminate a tumor, cancer stem cells 

subpopulations must be uniquely targeted with chemotherapy and eradicated [102]. Research 

efforts guided by this theory have focused on identifying unique cancer stem cell gene expression 

profiles such that they can be uniquely targeted [103] [104]. 
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Cisplatin and Gemcitabine Resistance 

Cisplatin and gemcitabine are two chemotherapeutics that have been around for decades and are 

the standard of care in many different types of cancer, including brain, breast, head and neck, lung, 

ovarian and bladder cancer [105] [106] [107]. First-line chemotherapy for advanced bladder cancer 

includes concurrent administration of gemcitabine and cisplatin. Clinically, patients are given a 

finite amount of a given type of therapy before advancing to subsequent intervention strategies. 

The combination of cisplatin and gemcitabine chemotherapy is given up to six rounds and is the 

basis for our experimental design in xenograft mouse models presented in this body of work 

(Figure 1.3).  
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Figure 1.3. First-line advanced bladder cancer dosing strategy. First line clinical dosing 
guidelines for patients with advanced urothelial carcinoma [108]. 
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Cisplatin is a platinum-based therapeutic that contains a reactive platinum center. Once inside a 

cell, cisplatin forms 1,2 intrastrand crosslinks between purine bases within the DNA double-helix 

to physically block DNA replication [109]. Gemcitabine also blocks cell division, however in a 

slightly different fashion. Gemcitabine is a chemical derivative of cytidine, a nucleoside 

component of nitrogenous bases found in DNA and RNA. Structurally, these two chemicals are 

very similar, however the hydroxyl group in the 2’ position is replaced with a fluorine moiety in 

gemcitabine (Figure 1.4). As a cell is dividing, gemcitabine triphosphate is incorporated into the 

newly synthesized DNA strand. This in turn has a chain terminating effect as normal cellular 

proofreading machinery is unable to remove gemcitabine from the newly synthesized DNA strand 

and thus prevents cell growth [110].  
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Figure 1.4. Gemcitabine and cytidine chemical structures. Chemical structure of gemcitabine 
and cytidine, highlighting structural similarity.  
 

  

Gemcitabine Cytidine



 17 

Drug resistance to both of these chemotherapeutics has been routinely observed in all cancers in 

which they are used [111]. Cisplatin resistance has been studied extensively: citing upregulation 

of cellular drug efflux pumps, intracellular drug modification rendering the drug inactive, etc. as 

mechanisms by which cisplatin therapy is no longer effective [112]. Gemcitabine resistance, on 

the other hand, cites enrichment of cancer stem cell populations through increased autophagy and 

glycolysis conferring cancer stem cell survival as known mechanisms of gemcitabine drug 

resistance in urothelial carcinoma  [113] [114]. Additionally, upregulation of cancer stem cell-like 

genes, epithelial-to-mesenchymal transition as well as other anti-apoptotic genes have been also 

been found as genetic signatures of drug resistance to gemcitabine treatment [115].  

 

One approach used to overcome these challenges uses co-administration of cisplatin and 

gemcitabine, as seen in treatment of advanced bladder cancer to illicit a more potent response 

leveraging two mechanisms of action [116]. This approach is usually successful at first, however 

cancer cells can still circumvent combination therapy and develop resistance to both. Many 

different types of cancer drug resistance can be circumvented by adding additional 

chemotherapeutics, however toxicity and patient tolerability remains a challenge [117] [118]. One 

of the most aggressive types of combination therapy is FOLFIRINOX containing oxaliplatin, 

irinotecan, fluorouracil and leucovorin, all with unique mechanisms of action. Cancer cells still 

develop resistance to anti-cancer regimens like FOLFIRINOX, often selecting for the most drug 

resistant molecular variants in the process [119]. These ultra-drug resistant, aggressive cells go 

undetected and are more likely to metastasize, another major clinical challenge in curing cancer.  
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Statement of Purpose 

Cancer drug resistance and metastasis are two major clinical problems routinely observed in 

oncology. These phenomena are, in fact, related in several cancer types [120] [121] [122]. Drug 

resistant and metastatic cells have enhanced invasive abilities through increased preference to 

undergo an epithelial to mesenchymal transition (EMT) [100] [103]. Interestingly, cancer cells 

prone to metastasize do not have distinct molecular mutations apart from driver mutations present 

in the primary tumor [123]. Additionally, metastatic cancer cells can migrate to distant organs and 

remain dormant for years, only to form tumors later on [124].  

 

Metabolism is an important process that is co-opted in a tumor to support cancer cell function and 

survival. Additionally, metabolism of amino acids is an important biological function by which 

cancer cells can utilize amino acid metabolites and intermediates in order to use them to their 

advantage to continue and promote their survival. Aberrant metabolism, including the increased 

uptake of glucose in cancer cells has recently been recognized as an updated hallmark of cancer 

[125]. This hallmark has been incorporated into techniques such as the 2-[(18)F]Fluoro-2-

deoxyglucose positron emission tomography (18FDG-PET) methodology, used to track increased 

glucose uptake/metabolism and evaluate tumor burden in murine cancer models through PET 

imaging [126]. 

 

RNA sequencing identifies 37 genes differentially expressed in common to both PDX tumor lines 

relapsing following drug treatment. Of the 37 shared genes, two genes are found in the methionine 

metabolism pathway and regulate availability of S-adenosylmethionine (SAM): MAT1A and 

NNMT.  Here, we propose that methyltransferase enzymes, specifically MAT1A and NNMT, are 
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important genetic signatures of aggressive bladder cancers. We provide evidence that MAT1A 

plays a mechanistic role in conferring advanced ability to withstand chemotherapy treatment 

through transcriptional regulation of cell proliferation.  In a different but still significant fashion, 

we show that NNMT may serve as a valuable biomarker for aggressive bladder cancer subtypes as 

well. These changes, in turn, allow the cell to evade effective chemotherapy treatment. As such, 

we further suggest that these enzymes can serve as important biomarkers of drug resistant and 

particularly aggressive cancers, with potential to metastasize. Here, we predict and identify key 

genes associated with drug resistance and suggest further implementation of a novel metastasis 

assay shown here to further cement association of metastasis with drug resistance. 

 

This work, as proposed here, is critical towards advancing the field of cancer biology. I am 

pursuing the study of drug resistance as well as method development to better study metastasis as 

these are two major clinical hurdles that have yet to be fully addressed in order to completely 

eradicate this disease. In this thesis, we identify and validate two genetic signatures of drug treated 

bladder cancer tumors as well as a novel method for assessing rare events of metastasis in xenograft 

mouse models.   
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Specific Aims 
 
Aim 1 
To utilize patient-derived xenografts (PDXs) of urothelial carcinoma to generate drug exposed 
sublines in immunodeficient murine models. 
 
Aim 2 
To identify differentially expressed genes (DEGs) using RNA sequencing that are aberrantly 
regulated once PDXs become drug treated/drug resistant in vivo and validate/correlate candidate 
genes in vitro. 
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Methods 
 

Animal Use and Handling 

All animal experiments were approved by the Lawrence Livermore National Laboratory 

Institutional Animal Care and Use Committee and followed the U.S. National Institutes of Health 

“Using Animals in Intramural Research” guidelines for animal use.  NSG (NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ) immunodeficient mice used in the experiments were either purchased from Jackson 

Laboratories or bred in our colony. Mice received tumor cells subcutaneously through the 

administration of 100 µl of cell suspension in 1:1 ratio of Matrigel® (Corning) to tissue below the 

skin of the right flank on the right side of the mouse. Approximately 3x106 cells were delivered 

per animal. Tumor burden was assessed by measuring tumor length and width using digital calipers 

twice per week for up to 10 weeks, or until the mice had to be euthanized per IACUC guidelines 

of morbidity. Mice also received routine surveillance for animal health and wellbeing by the LLNL 

animal care facility staff. Tumor volume was estimated using the formula (length*width2)/2. 

Tumors were excised at terminal time points, when tumor size reached an estimated volume of 1 

cm3 or when other IACUC criteria for morbidity were met.    

 

Bladder Cancer Patient Derived Xenografts (PDXs) 

Bladder cancer xenografts (BL0293 and BL0440) obtained from urothelial carcinoma biopsies 

were generously provided by Dr. Chong-xian Pan and UC Davis Comprehensive Cancer Center 

[127].  Frozen samples were obtained at Passage 4 and were propagated in NSG immunodeficient 

mice by injection of single cell suspensions subcutaneously into the right flank. Previous 

chemotherapy exposure to cisplatin, gemcitabine and the combination of these two agents as well 
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as known resistance data for each of these xenografts is summarized in Table 2.1 and was 

previously published [127]. 

 

Generation of Drug Exposed PDX Tumors 

Combination chemotherapy comprised of concurrent dosing of gemcitabine and cisplatin was 

carried out modeling concentrations and dosing on patient treatments. Gemcitabine hydrochloride 

(BioVision, Inc.) was dissolved in sterile PBS at a final concentration of 25 mg/mL and 

administered intraperitoneally once per week for four consecutive weeks at 150 mg/kg.  Cisplatin 

(Spectrum Chemical Mfg Corp) was resuspended in sterile PBS at 1 mg/mL and delivered 

intravenously at 2 mg/kg per animal through the tail vein.   Cisplatin dosing occurred on days 1,2,3 

and days 15,16,17 of drug treatment.  Control animals received an equivalent volume of PBS by 

the same route as the chemotherapy treatment cohorts. Tumors were grown in vivo for up to 65 

days, following treatment relapse.  

 

RNA Sequencing Library Preparation  

Harvested tumors were minced, manually dissociated and debris filtered using a 40 µm cell 

strainer.  Tumor cells were flash frozen in liquid nitrogen and stored at -80°C until processed. 

RNA was isolated from 6 x 106 homogenized cells per sample, by using QIAshredder and 

RNeasy® Mini Qiagen kits.  RNA concentrations were quantified using a Qubit® RNA HS Assay 

Kit (ThermoFisher Scientific).  Quality was assessed before sequencing using an RNA 6000 Nano 

kit run on an Agilent 2100 Bioanalyzer. cDNA libraries were prepared from ~100 ng of total 

isolated RNA from BL0293/BL0440 in vivo tumors or in vitro 5637 bladder cancer cells for RNA 

sequencing using an Illumina NextSeq 500 platform.  Libraries were generated using a TruSeq 
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RNA Preparation Low Sample kit version 2.0 and run on the Illumina sequencing platform using 

the High Output 75 cycles kit (2 x 36 cycles, single-end reads, single index).        

 

RNA Sequencing Data Analysis 

Read quality from RNAseq raw data was first assessed using FastQC. Utilizing PHRED quality 

score analysis generated in FastQC, samples with overall PHRED scores greater than 28 were 

deemed high quality for genome alignment. High quality sequenced reads were aligned to the 

human genome (hg19) using TopHat2 [128, 129]. Subsequently, gene-wise read counts were 

calculated using ‘featureCounts’ from Rsubread package. Then, the count data was normalized 

using TMM normalization method, and differentially expressed genes were identified using 

‘limma’ [130] and ‘voom’ [131]. Genes that were >1.5 fold up- or down-regulated with an FDR 

corrected p-value <0.05 were considered significantly differentially expressed.  Detailed of RNA 

sequencing data analysis (quantitation of unmapped reads, quality scores, etc.) are shown in the 

supplementary materials (Figures S2.2, S3.1 and Tables S2.2 and S3.1) for each experiment 

separately. Heat maps were generated based on differential gene expression analysis using 

Morpheus available online through the Broad Institute of Massachusetts Institute of Technology 

(https://software.broadinstitute.org/morpheus).  

 

Molecular Function and Pathway Ontology Analysis  

Molecular function and pathway ontology analysis was carried out using ToppFunn enrichment 

tool within the ToppGene Suite (https://toppgene.cchmc.org), supported by Cincinnati Children’s 

Hospital Medical Center. Molecular function and pathway analyses with FDR (false discovery 

rate) correction and p-value <0.05 were deemed statistically significant and included. Additionally, 
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pathway ontologies from curated databases: PANTHER classification (pantherdb.org) [132] and 

Reactome (https://reactome.org) [133] are presented based on input gene lists.  

 

Conventional Western Blotting and Protein Analysis 

Proteins were isolated from samples by dissolving flash frozen tumor cells into RIPA lysis buffer 

(Sigma Aldrich).  Protein concentrations were then quantified using a Qubit® Protein Assay Kit 

(ThermoFisher Scientific).  Approximately 50 µg of protein was run on a 4-12% Bis-Tris NuPAGE 

gel (ThermoFisher Scientific) following manufacturer guidelines. Protein was transferred to a 

Immobilon-FL (Millipore) PVDF transfer membrane then subsequently incubated with Odyssey 

Blocking Buffer (Licor, Inc.) for 1 hour prior to downstream probing. Primary antibodies supplied 

by Abcam were used to probe human-specific proteins of interest, MAT1A (ab174687, Abcam, 

Inc.) or NNMT (ab174687, Abcam) at 1:1000 dilution. Following primary antibody incubation, 

blot was washed three times for approximately 5 minutes each with PBS supplemented with 0.1% 

Tween 20. Subsequently, blot was incubated with a Licor IRDye® 680RD Donkey anti-Rabbit 

IgG secondary antibody (Catalog #926-68073, Licor Inc.) at a 1:10,000 dilution. Three more 

washes using PBS + 0.1% Tween 20 were conducted to remove unbound antibody and blot was 

imaged using a LiCor Odyssey FC imager. Protein bands were analyzed semi-quantitatively using 

ImageJ software normalizing to GAPDH protein expression (ab128915, Abcam, Inc). 

 

High Sensitivity Western Blotting and Protein Analysis 

5637 cells were lysed in RIPA lysis buffer (Sigma Aldrich) followed by centrifugation at 14,000 

rcf for 5 min. Supernatants were collected and analyzed using the high sensitivity Jess automated 

Western blotting system (ProteinSimple, San Jose, CA). Jess reagents (biotinylated molecular 
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weight marker, streptavidin-HRP fluorescent standards, sample buffer, DTT, stacking matrix, 

separation matrix, running buffer, wash buffer, matrix removal buffer, fluorescent labeled 

secondary antibodies, antibody diluent, and capillaries) were used according to the manufacturer’s 

standard protocol. Antibodies were diluted with ProteinSimple antibody diluent as follows: 

MAT1A primary antibody (undiluted, Abcam, ab174687), beta-Tubulin (1:100, Licor, Catalog no. 

926-42211). Protein concentration was quantified using Compass for SW 4.0 software. Target 

protein abundance was normalized to the expression of beta-tubulin. 

 

Immunohistochemical Analysis 

Harvested PDX tumors were fixed in 10% neutral buffered formalin for 3-4 days. Tumors were 

stored in 70% isopropanol until ready for embedding in Type IV paraffin. Tumors were sectioned 

using a Leica Biosystem RM2125 microtome to collect 0.2 µm tissue sections. Sections were 

counterstained with hematoxylin and protein of interest was probed using MAT1A primary 

antibody (ab174687, Abcam) and labeled streptavidin biotin (LSAB) secondary antibody (ab6788, 

Abcam).  

 

Human Patient Tissue Microarray Analysis (TMA) 

Human bladder cancer TMA sections were obtained from the Biorepository at UC Davis 

Comprehensive Cancer Center with help from our collaborator, Dr. Paramita Ghosh. Patient 

characteristics are described in Table 3.1. TMAs were stained for MAT1A expression as described 

in the ‘Immunohistochemical Analysis’ section above. Each patient tissue was examined in 

triplicates, and were scored individually in the nucleus and the cytoplasm – as 0, 0.25, 0.5, 0.75, 

1.0, 1.5 – representing increasing fraction of cells or nuclei stained with MAT1A. 
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The Human Protein Atlas: MAT1A 

MAT1A protein abundance in normal human liver and bladder tissues was used for comparison to 

expression in bladder tumors, shown in this study (Figure 3.1). MAT1A expression in bladder and 

liver tissues made available through v19.proteinatlas.org, available from 

http://www.proteinatlas.org [134] was downloaded and used to generate figures. Original images 

used for Figure 3.1B is available at https://www.proteinatlas.org/ENSG00000151224-

MAT1A/tissue/liver#img and for Figure 3.1C is available at: 

https://www.proteinatlas.org/ENSG00000151224-MAT1A/tissue/urinary+bladder#img. 

 

Cell Culture 

5637 bladder cancer cells (ATCC) were cultured in DMEM/F-12 (Gibco, ThermoFisher Scientific) 

cell culture media supplemented with 10% fetal bovine serum (Sigma-Aldrich) and 1% 

penicillin/streptomycin (Gibco, ThermoFisher Scientific). Cells were maintained at no more than 

70-80% confluency and passaged approximately every two to three days. 

 

Plasmid and siRNA Transfection 

MAT1A and NNMT pre-made image clone constructs were purchased from Origene (MAT1A, 

NM_000429 Human Untagged Clone, Catalog #SC119881; NNMT, NM_006169 Human 

Untagged Clone, Catalog #SC321591, Origene Technologies, Inc). Chemically competent E. coli 

were transformed with either MAT1A or NNMT image clones and grown in LB broth under 

carbenacillin selection for 24 hours. Subsequently, MAT1A or NNMT plasmids were isolated and 

purified using MidiPrep™ kit (Qiagen, Inc.) Purity and DNA concentrations were analyzed and 

quantified using QuBit™ dsDNA HS Assay kit (ThermoFisher Scientific) and NanoDrop 2000 
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spectrophotometer (ThermoFisher Scientific). Subconfluent 5637 bladder cancer cells were then 

transfected with purified MAT1A plasmid DNA or purified NNMT plasmid DNA using a 

Lipofectamine 3000 kit following manufacturer guidelines (ThermoFisher Scientific). Briefly, 

liposomes containing plasmid DNA were constructed in low serum media and added to cells of 

interest. Transfection occurred over 48 hours, followed by downstream experimental procedure. 

Control experiments were carried out with an empty expression vector. Additionally, gene 

knockdown experiments were carried out using purchased siRNA constructs from Dharmacon 

Horizon Discovery, MAT1A target and antisense sequences are listed in Table 3.2: ON-

TARGETplus Human MAT1A siRNA #1, Catalog #J-008496-05; Human MAT1A siRNA #2, 

Catalog #J-008496-06; Human MAT1A siRNA #3, Catalog #J-008496-07; Human MAT1A siRNA 

#4 008496-08. ON-TARGETplus Human NNMT siRNA was also utilized, Catalog #J-010351-05, 

target sequence: GCUACACAAUCGAAUGGUU and antisense sequence: 

AACCAUUCGAUUGUGUAGC. siRNAs were resuspended in sterile water at a concentration of 

10 µM. 5637 cells were then transfected with siRNA-liposomal constructs in a similar fashion, 

using Lipofectamine® RNAiMAX transfection kit (ThermoFisher Scientific). Transfection 

occurred for 48 hours followed by downstream assays.  

 

RNA Purification 

RNA was then isolated using a lysis buffer supplemented with 1% v/v b-mercaptoethanol to 

deactivate RNases and subsequently purified using commercially available silica-based columns 

(RNeasy® Mini kit, Qiagen).  RNA concentrations were quantified using a Qubit® RNA HS 

Assay Kit (ThermoFisher Scientific).  Quality was assessed before sequencing using an RNA 6000 

Nano kit run on an Agilent 2100 Bioanalyzer.  
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Real-Time Quantitative PCR Analysis  

Total RNA was isolated using a commercially available RNeasy Mini Kit (Qiagen). RNA was 

reverse transcribed to generate cDNA using a SuperScript IV First Strand Synthesis Kit 

(ThermoFisher Scientific). Cycling was performed using a Fast Real-Time System on an Applied 

Biosystems 7900HT instrument. Cycling conditions using SYBR as a DNA dye were as follows: 

50oC for 2 min, 95 oC for 2 min followed by 40 cycles of 95 oC for 3 sec then 60 oC for 40 sec. 

Data was normalized to Ct values of GAPDH and reported as fold change, calculated using the 

standard ddCt method. Primer design was as follows: MAT1A: 5’-

TCATGTTCACATCGGAGTCTGT-3’ (forward) and 5’-CATGCCGGTCTTGCACACT-3’ 

(reverse); NNMT: 5′-AGGAACCAGGAGCCTTTGACT-3′ (forward) and 5′-

CCTGAGGGCAGTGCGATAGG-3’ (reverse); GAPDH: 5’-

GTCTCCTCTGACTTCAACAGCG-3’ (forward) ; 5’-ACCACCCTGTTGCTGTAGCCAA-3’ 

(reverse).  

 

Cell Toxicity Assay 

To validate the role of MAT1A and NNMT in drug resistance, 5637 bladder cancer cells were 

transfected with plasmid DNA to evaluate the effect of overexpression or transfected with siRNA 

to evaluate the effect of gene knockdown. Transfections were carried out using a liposome-based 

transfection method following manufacturer guidelines (Lipofectamine 3000 or RNAiMax, 

ThermoFisher Scientific). At 48 hours post transfection, cells were dosed with a range of 

gemcitabine concentrations from 30 mM to 0 mM or with 0.03 µM gemcitabine. Cell viability was 

assessed at 48 hours post drug treatment using an ATP-based cell viability assay following 
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manufacturer guidelines (CellTiterGlo 2.0, Promega Corporation, Inc). IC50 values were 

calculated using Prism 8 (GraphPad Software Inc.).  

 

Cell Proliferation 

To determine the effect of MAT1A overexpression on cell proliferation, a fluorescence-based assay 

was employed to track daughter cell populations. 5637 bladder cancer cells were dyed using the 

CellTrace™ CFSE Cell Proliferation Kit, transfected as previously described with MAT1A plasmid 

or an empty vector control (as described above in the Plasmid and siRNA Transfection section) 

and seeded at 20% confluency (n=6) (ThermoFisher Scientific). All cells were collected and 

immediately analyzed for fluorescence using a FACSMelody™ flow cytometer (Becton, 

Dickinson and Co). Expansion indices as well as proliferation/division indices were determined 

using a cell proliferation model generated by FlowJo flow cytometry software (FlowJo, LLC). 

Statistics were performed using a Student’s t-test including n=6 biological replicates from each 

5637 and 5637 cells overexpressing MAT1A. 

 

Methylation Quantification Assay  

Methylation of RNA or DNA in MAT1A or NNMT overexpressing 5637 cells was determined 

using Accelerator Mass Spectrometry. Cancer cells transfected with MAT1A or NNMT control (as 

described above in the Plasmid and siRNA Transfection section) were dosed with 0.2 nCi 14C-

Methionine (American Radiolabeled Chemicals, Inc.) containing cell culture media, sufficiently 

low not to significantly alter intracellular methionine concentrations. At 48 hours post 14C-

Methionine administration, cells were washed with cold PBS three times, trypsinized and prepared 

for subsequent RNA or DNA isolation. RNA was isolated for AMS analysis using commercially 
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available silica based columns (Qiagen, Inc). An additional DNA removal step was used to ensure 

DNA-free RNA purification, following manufacturer guidelines. Purified RNA and DNA was 

converted to graphite and 14C levels were quantified by AMS as described in the AMS 

Measurements section below. Methylation of isolated RNA was reported as fmol 14C/ug, where 

AMS measurements and input RNA concentrations measured via QuBit® (ThermoFisher 

Scientific) were combined to quantify the number of methyl groups per mass of RNA. The same 

was carried out for DNA methylation analysis. AMS measurements methods are described in the 

“AMS Measurements” section. 

 

Single Cell Sequencing of Syngeneic Tumor Models 

4T1-Thy1.1, B16F10, mT3-2D and EO771 cells obtained from collaborators or ATCC 

(https://www.atcc.org) were grown in monocultures using DMEM/F-12 (Gibco, ThermoFisher 

Scientific) cell culture media supplemented with 10% fetal bovine serum (Sigma-Aldrich) and 1% 

penicillin/streptomycin (Gibco, ThermoFisher Scientific). 1x105 cells per cell line were 

subcutaneously injected either Balb/c or C57BL/6 mice, depending on mouse strain of origin 

(n=1). Tumors were collected at ~200 mm3 and enzymatically dissociated for 1 h at 37oC to form 

a single cell suspension using a collagenase/hyaluronidase-based digestion cocktail, 

(STEMCELLTechnologies Inc.) CD45+ cells were then eliminated from each of the four tumor 

cell suspensions using commercially available magnetic beads following manufacturer guidelines 

(Miltenyi Biotec, Inc) and prepared for single cell sequencing analysis following 10X Genomics 

sample preparation guidelines and using the Chromium Controller (10X Genomics, Inc.) for 

library preparation. Approximately 2000 cells were sequenced per tumor and libraries were 

generated using the TruSeq v2 Sample Preparation Kit (Illumina, Inc.). Libraries were sequenced 
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on an Illumina NextSeq 500 following 10X Single Cell Sequencing guidelines (10X Genomics, 

Inc.); t-SNE plots were generated following sequencing data analysis Loupe® tool (10X 

Genomics, Inc.) 

 

Cell Culture and 14C-Thymidine Labeling 

PC3 and LNCaP cell lines were obtained from ATCC (https://www.atcc.org/) or collaborators at 

UC Davis. PC3 cells were cultured in GIBCO® Dulbecco's Modified Eagle Medium: Nutrient 

Mixture F-12 (DMEM/F-12) containing 10% dialyzed FBS and 1% pen/strep. LNCaP cells were 

cultured in GIBCO® RPMI 1640 containing 10% dialyzed FBS and 1% pen/strep. PC3 cells were 

cultured in 0.55, 2.75, 5.5, or 11 nCi/mL [2-14C]-thymidine (Moravek Biochemicals) and 14C-

thymidine DNA signal was quantified at days 2, 5, 7, 9 and 14 day for labeling optimization.  

Following optimization, cells were cultured in 11 nCi [2-14C]-thymidine in standard growth media 

for at least 7 days. 

 

Prostate Cancer Metastasis Xenograft Models 

All animal experiments were approved by the Lawrence Livermore National Laboratory 

Institutional Animal Care and Use Committee and followed the U.S. National Institutes of Health 

“Using Animals in Intramural Research” guidelines for animal use. NSG (NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ) mice received PC3 or LNCaP tumor cells through 3 specified routes of delivery. 

Intravenously administered mice received 100µl of 1x107cells/ml in PBS into the lateral tail vein. 

Intracardiac administered mice were first anesthetized with isofluorene then 100 µ l of 

1x107cells/ml in PBS was injected into the left ventricle of the heart. Subcutaneous (SQ) 

administered mice received 100µl of cell suspension in 1:1 Matrigel (Corning): PBS at various 

concentrations (1x103 to 1x106 cells per animal) below the skin of the right flank of the mouse. 



 32 

Tumor burden was assessed by measuring tumor length and width using digital calipers twice per 

week for up to 16 weeks.  Tumor volume was estimated using the formula (length*width2)/2.  

Tumors were excised when they reached an estimated volume of 1 cm3. 

 

Tissue Collection and DNA Isolation 

DNA was harvested from cells grown in culture and from collected tissues. Collected tissues were 

washed 3 times in PBS prior to tissue homogenization using a Bio-Gen Pro 200 homogenizer (PRO 

Scientific, Inc) in TEN buffer.  ~25mg of tissue (10mg for spleen) was digested with Proteinase K 

and precipitated with isopropanol using commercially available silica-based columns (DNeasy 

Blood and Tissue Kit, Qiagen).  Concentration of isolated DNA was quantified using a NanoDrop 

2000 Spectrophotometer (ThermoFisher Scientific). Osteolytic activity was imaged via X-ray 

imaging using Bruker In-Vivo MS FX Pro. Organ photos were taken on a Leica MZ16FA 

fluorescence dissecting scope using Image Pro Plus software. 

 

Pharmacokinetic Studies  

To evaluate the pharmacokinetics of thymidine, 10-week old C57BL/6 male mice were 

administered a single intravenous dose of 14C-thymidine (700 pCi/animal) in sterile saline through 

an implanted jugular vein catheter. Following dose administration 1 drop of blood (approximately 

20µL) was collected from the catheter every 5 min up to 60 min and then at 2-, and 6- hours post 

dose, and deposited on a glass microfiber filter (Whatman, Maidstone, UK).  Each filter paper was 

placed in a glass vial and stored at -80° C until analysis by AMS. 
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Liquid Scintillation Counting (LSC) 

The14C-thymidine incorporated into the DNA of the cultured cells was quantified using liquid 

scintillation counting following DNA isolation and quantitation described above. Samples of DNA 

in water (250-1000 ng in 50µL) were added to Universol scintillation cocktail (MP Biomedicals) 

and counted on a Perkin Elmer TriCarb 2910TR liquid scintillation analyzer. 

 

AMS Measurements  

For methylation analysis, aliquots of DNA or RNA under 0.5 mg of carbon required the addition 

of carrier carbon for efficient reduction of CO2 to elemental carbon and AMS analysis. Each DNA 

or RNA sample was dried in a quartz combustion vial (6 mm O.D. × 30 mm) using a vacuum 

centrifuge prior to the addition of carbon carrier. Whole blood drops deposited on glass fiber filters 

and DNA extracted from dissected organs were also analyzed by AMS for assessing number of 

colonized cells. Blood samples were prepared neat; DNA or RNA required the addition of carrier 

carbon for preparation of the samples as graphitic carbon for AMS analyses [135, 136]. Each filter 

paper containing the collected blood was placed into a 6 X 55 mm quartz tube using disposable 

forceps. All samples were subsequently dried under vacuum centrifugation. The dried samples 

were converted to graphite as previously described [135]. Briefly, the dried samples were oxidized 

to CO2 by heating at 900° C for 4 h in the presence of copper oxide.  The CO2 was then 

cryogenically transferred to a septa-sealed vial under vacuum and reduced to filamentous graphite 

on cobalt catalyst [135]. Graphite samples were packed into sample holders and carbon isotope 

ratios were measured on a National Electrostatics Corporation (Middleton, WI) compact 250 kV 

AMS spectrometer [137]. Typical AMS measurement times were 5 - 10 min/sample, with a 

counting precision (relative standard deviation, RSD) of 0.5 % to 3 % and a standard deviation 
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among 3 to 10 measurements of 1 % to 3 % [138]. The 14C/13C ratios of the samples were 

normalized to measurements of four individually prepared isotopic standard samples prepared 

using the same method (IAEA C-6 also known as ANU sucrose) and converted to biological units 

as described in the “Metastasized Cell Colonization” section, whereas measurements are converted 

to ng of DNA or RNA for methylation assays. 

 

Metastasized Cell Colonization 

The natural contemporary concentration of 14C in living things is equivalent to one 14C atom in the 

complete genomes of 15 human cells. The radioactivity of purified DNA from the stock labeled 

cells is measured in triplicate by LSC for known masses of DNA measured by the nanodrop 

spectrophotometer. Given the mass of nuclear DNA in mouse cells is 6.2 pg, the number of 14C-

TdR per cell in the labeled stock is calculated from the activity of the DNA and the DNA mass. 

The mass of DNA extracted from metastatic tumors, tissues from dosed animals, and undosed 

controls is then quantified with the spectrophotometer and analyzed by AMS using carrier carbon. 

Excess 14C above controls in the DNA of individual samples is then calculated to yield excess 

14C/mass of DNA. The total mass of DNA extracted from a tissue/tumor sample is used to calculate 

the total excess 14C above contemporary control. The total excess 14C/14C per labeled dosing cell = 

number of labeled cells responsible for the tumor. 

 

HPLC Analysis  

Ten-week-old C57Bl/6 male mice were administered a single intravenous dose of 14C-thymidine 

(700 pCi/animal) in sterile saline through an implanted jugular vein catheter.  Animals were placed 

in metabolism cages and urine was collected for 24h post dose.  The collected urine was 
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concentrated under vacuum and was analyzed by reversed-phase HPLC for thymidine.  After 

centrifugation of each urine sample at 10,000 RPM for 5 min, 100 µl of the supernatant was 

directly injected into an Alliance HPLC system (Waters, Milford, MA) equipped with a 4µm, 4.6 

× 250 mm Synergi Max-RP 80A column (Phenomenex, Torrance, CA), and monitored at 265 nm. 

Analytes were eluted at 0.5 ml/min initially at 100% solvent A. (solvent A: 5% acetonitrile/95% 

10 mM formic acid).  This was followed by a gradient to 90% solvent B (solvent B: 90% 

acetonitrile/10% HPLC pure water) at 10 min., followed by a final gradient to 100% solvent A at 

11 min.  The solvent A concentration was maintained at 100% for 14 min. The column eluent was 

collected at 1 min intervals, and radioactivity was quantified by scintillation counting 

(PerkinElmer Packard). 

 

Statistical Analysis 

In vitro analysis: Data is presented as averages +/- standard deviation. Student’s t-test was used to 

calculate statistical significance in Microsoft Excel.  

TMA analysis of human tissues: Median of three values from each patient were first calculated and 

then mean and standard deviation derived in each group. MAT1A expression was compared 

between patients with and without prior treatment or stain or between those with chemotherapy or 

Bacillus Calmette Guerin therapy (BCG) using Mann-Whitney non-parametric tests. Analyses 

were conducted using GraphPad Prism 8.2. P values of less than 0.05 were deemed statistically 

significant. 
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Chapter 1: Patient-Derived Xenograft Models of Bladder Cancer Identify Differentially 
Expressed Genes in Drug Relapsed Tumors 

 
Introduction 

 
Bladder cancer is the eighth most common type of cancer in the United States, with an estimated 

80,000 new cases reported each year [139]. The stage of disease at the time of diagnosis is critical 

for determining disease outcomes: early detection can result in a favorable prognosis, where the 

survival rate for stage 0 or stage 1 cancers is greater than 85%.  However, once the cancer has 

reached stages 3 or 4, invaded the adjacent muscle and migrated to the abdominal cavity or the 

lymph nodes, the 5-year survival rate drops below 50% [140]. Furthermore, cancer becomes 

increasingly challenging to treat as it metastasizes and reaches neighboring tissues, since most 

metastatic tumors have a propensity to also be drug resistant [141] [142] [143]  Routine treatment 

with first line chemotherapeutics for bladder cancer such as cisplatin and gemcitabine initially 

results in tumor size reduction, however, most cases eventually develop drug resistance where the 

cancer cells persist despite use of chemotherapeutics that proved successful early on [144]. For 

almost all cancer types, the emergence of drug resistance has long been a challenge in achieving a 

complete cure. This phenomenon is widespread in that almost all cancers can become drug 

resistant and is seen with almost all types of chemotherapeutic agents, including immune therapy 

[145] [146]. Cells harboring certain genetic characteristics that allow them to evade or not be 

affected by chemotherapy treatment survive and give rise to a more aggressive tumor, capable of 

metastasizing to distant sites and capable of withstanding future chemotherapy exposure.    

 
Advanced bladder cancer has been commonly treated with cisplatin and gemcitabine combinatorial 

treatment [144]. Cisplatin belongs to the platinum-based family of chemotherapeutics while 

gemcitabine is a type of nucleoside inhibitor. While having slightly different mechanisms of 
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action, both are nonspecific and rely on the rapidly dividing characteristic of cancer cells. Although 

gemcitabine is a well-known chemotherapeutic agent, all mechanisms by which cancer cells 

develop drug resistance have yet to be completely understood. Additionally, elucidating 

mechanisms by which cancer cells can evade gemcitabine efficacy can be applicable to other first 

line nonspecific chemotherapeutics that depend on cell proliferation of cancers to render an effect. 

 

In this study, I aimed to identify genes associated with relapse following chemotherapy treatment 

with two common chemotherapeutics used in advanced bladder cancer: gemcitabine and cisplatin. 

I hypothesized that if a gene is significantly up- or downregulated in two different patient-derived 

xenograft models of advanced urothelial carcinoma, that gene will be more likely to correlate with 

a shared mechanism that promotes tumor relapse following chemotherapy exposure, and not just 

be specific to the patient from which they were derived. Further, I sought we to confirm and 

validate that changes in expression found by RNA profiling were consistent with changes at the 

protein level.  
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Results 

Significant changes in the transcriptomes of bladder cancer patient-derived xenografts are 
associated with drug relapse following treatment. 
 
To identify molecular changes correlating with drug relapse following treatment, we utilized 

patient-derived xenograft models of urothelial carcinoma (PDXs), obtained through Dr. Chong-

Xian Pan at UC Davis Comprehensive Cancer Center. PDXs were first isolated from biopsies 

derived from patients diagnosed with advanced, muscle invasive, urothelial carcinoma and 

propagated as subcutaneous tumors in immunodeficient mice. A schematic of this sample 

generation is shown in Figure 2.1.  
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Figure 2.1. Bladder cancer PDX models. Establishment of bladder cancer patient-derived 
xenograft tumors (PDXs) from advanced urothelial carcinoma propagated in murine models. 
These PDX samples were obtained at passage 4 from UC Davis Comprehensive Cancer Center.  
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PDX lines, BL0293 and BL0440, were used to model tumor relapse in vivo to identify unique 

genetic signatures associated with drug relapse. Details of each PDX line utilized are shown in 

Table 2.1.  
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Table 2.1. PDX tumor line characterization. Previously known sensitivities to 
chemotherapeutics for bladder cancer tumors, BL0293 and BL0440.  
 
PDX BL0293 BL0440 
Cisplatin Resistant Sensitive 
Gemcitabine Sensitive Partially sensitive  
Combination Sensitive Sensitive 
Previous Exposure? No Yes – cisplatin and 

gemcitabine 
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Chemotherapeutic treatment was initiated when tumor size reached 100-150 mm3, and RNA was 

harvested and analyzed when drug resistant tumors reached ~700 mm3 in size or when other 

IACUC criteria were met (Figure 2.2A).  Both tumors initially responded to treatment as 

evidenced by a decrease in tumor size and a reduction in growth rate during CIS/GEM 

administration; however, both lines relapsed and grew back after 35 days (Figure 2.2B, C).  
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Figure 2.2. PDX tumors BL0293 and BL0440 relapse following combination drug therapy. 
(A) Drug dosing was initiated when tumors reached ~100-150 mm3 in size and occurred over 21 
days with experimental mice (Rx) (n=5) and PBS control mice (n=3) treated concurrently with 
gemcitabine (intraperitoneally) and cisplatin (intravenously). Tumor growth was measured weekly 
for (B) BL0293 and (C) BL0440 using (length*width2)/2 tumor volume (in mm3) calculation. RNA 
was isolated from PBS and Rx tumors at last time point recorded.   
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Following RNA sequencing, the transcriptome from these relapsed tumor cells was profiled and 

compared back to parental-PBS treated tumors to identify differentially expressed genes in drug 

treated tumors that had relapsed. An overview of the RNA sequencing pipeline is shown in Figure 

2.3, along with RNA sequencing PHRED quality score analyses in Figure 2.4, and results from 

alignment to the hg19 genome in Table 2.2.  

  



 45 

 
Figure 2.3. RNA sequencing analysis workflow. 
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Figure 2.4. RNA sequencing PHRED quality score analysis. Quality of sequenced reads was 
determined using PHRED scoring at each base pair position in sequenced reads. PHRED quality 
histograms were created using FastQC.  
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Table 2.2. RNA sequencing results from sequenced BL0293 and BL0440 treated and non-
drug treated PDX tumors. Results from alignment to the hg19 genome.  
 
Sample name # of reads # of 

mapped 
reads (%) 

Sequences 
flagged as 
poor 
quality 

%GC Sequence 
length 
(bp) 

PHRED 
scores 

BL0293_PBS_1 35284080  23953434 
(89.0%) 

0 48 35-76 >28 

BL0293_PBS_2 30554009 27930993 
(91.4%) 

0 48 35-76 >28 

BL0293_Rx_1 29247081 24003668 
(89.2%) 

0 48 35-76 >28 

BL0293_Rx_2 26925025 16007166 
(88.4%) 

0 49 35-76 >28 

BL0440_PBS_1 32744338 28962120 
(89.0%) 

0 48 35-76 >28 

BL0440_PBS_2 25914860 28678292 
(87.6%) 

0 48 35-76 >28 

BL0440_Rx_1 22832978 24058577 
(86.4%) 

0 48 35-76 >28 

BL0440_Rx_2 32110015 28113020 
(87.6%) 

0 48 35-76 >28 
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A relatively small percent (~1.5%) of the total genes in the human genome were transcriptionally 

affected by treatment. We found 96 transcripts to be significantly upregulated (FDR p<0.05), and 

255 transcripts to be significantly downregulated, in BL0293 tumors following chemotherapy 

administration. Similarly, there were 289 transcripts significantly upregulated and 113 genes 

significantly downregulated when tumor BL0440 relapsed (Figure 2.5A).   

 
 
  



 50 

  
 
Figure 2.5. Differentially expressed genes in drug relapsed versus non-drug relapsed PDX 
bladder cancer tumors. (A) 351 and 402 genes were found significantly changed in BL0293 and 
BL0440 drug-relapsed tumors; (B) 20 up-regulated and (C) 17 down-regulated genes where shared 
by both drug-relapsed xenografts. Genes that were >1.5 fold up- or down-regulated with an FDR 
corrected p-value <0.05 were considered significantly differentially expressed. 
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We found 37 genes to be significantly changed in response to drug treatment, in both models of 

bladder cancer drug relapse (Figure 2.5B,C). Among the upregulated genes, there were 20 genes 

that were upregulated when both PDX BL0293 and BL0440 relapsed following drug treatment, 

with 76 genes being upregulated only in BL0293 and 269 genes uniquely upregulated in BL0440 

(Figure 2.5B). Additionally, there were 17 genes downregulated in both PDX models, with 238 

genes downregulated in response to drug treatment in tumor BL0293 and 96 genes uniquely 

downregulated when tumor BL0440 relapsed (Figure 2.5C). Common genes found to be most 

differentially expressed following chemotherapeutic administration are listed in Table 2.3 and 

Table 2.4.  
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Table 2.3. Upregulated genes in BL0293 and BL0440 relapsed tumors. Ranking and fold 
change values of top genes upregulated in drug resistant tumors.  Top upregulated genes were 
ranked according to magnitude of total fold change between pre- and post-treated tumors in both 
BL0293 and BL0440 tumor lines. Genes that were >1.5 fold up- or down-regulated with an FDR 
corrected p-value <0.05 were considered significantly differentially expressed. 
 

 
 

 

  

Ranking Gene 
Symbol 

Gene Name BL0293_FC BL0440_FC 

1 MAGEA11 Melanoma-Associated Antigen 11 2.75 8.50 
2 MAT1A Methionine Adenosyltransferase 1A 6.66 3.40 
3 DIO2 Iodothyronine Deiodinase 2 3.04 6.72 
4 PWWP2B PWWP Domain-Containing Protein 

2B 
4.91 3.67 

5 PAGE2 Prostate-Associated Gene 2 Protein 4.68 2.67 
6 FAM133A Family With Sequence Similarity 133 

Member A 
4.25 2.81 

7 ABHD17C Abhydrolase Domain Containing 17C 2.37 4.53 
8 LINC00839 Long Intergenic Non-Protein Coding 

RNA 839 
2.75 3.62 

9 OAS1 2'-5'-Oligoadenylate Synthetase 1 1.63 4.56 
10 RSAD2 Radical S-Adenosyl Methionine 

Domain Containing 2 
2.49 3.28 

11 CMPK2 Cytidine/Uridine Monophosphate 
Kinase 2  

1.80 3.67 

12 HMGN5 High Mobility Group Nucleosome 
Binding Domain 5 

2.80 2.49 

13 ZNF300P1 Zinc Finger Protein 300 Pseudogene 
1 

2.64 1.91 

14 SEPT14 Septin 14  1.75 2.57 
15 CEBPA CCAAT enhancer binding protein 

alpha 
2.09 1.81 

16 KCNC4 Potassium Voltage-Gated Channel 
Subfamily C Member 4 

1.66 2.19 

17 NNMT Nicotinamide N-Methyltransferase 1.52 2.23 
18 MPC1 Mitochondrial Pyruvate Carrier 1 1.69 1.71 
19 ZNF385B Zinc Finger Protein 385B 1.70 1.52 
20 CEBPD CCAAT Enhancer Binding Protein 

Delta 
1.57 1.60 
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Table 2.4. Downregulated genes in BL0293 and BL0440 relapsed tumors. Ranking and fold 
change values of top genes upregulated in drug resistant tumors. Top downregulated genes were 
ranked according to magnitude of total fold change between pre- and post-treated tumors in both 
BL0293 and BL0440 tumor lines. Genes that were >1.5 fold up- or down-regulated with an FDR 
corrected p-value <0.05 were considered significantly differentially expressed. 
 

 

 
  

Ranking Gene 
Symbol 

Gene Name BL0293_FC BL0440_FC 

1 SNORD14C Small Nucleolar RNA, C/D Box 14C -3.26 -1.61 
2 SNORD31 Small Nucleolar RNA, C/D Box 31 -2.53 -1.91 
3 KRT15 Keratin 15 -2.43 -1.85 
4 JMJD7-

PLA2G4B 
Jumonji Domain Containing 7-
Phospholipase A2, Group IVB 
(Cytosolic) Read-Through 

-2.64 -1.63 

5 PITRM1-
AS1 

PITRM1 Antisense RNA 1 -2.46 -1.61 

6 MLXIPL MLX Interacting Protein Like -2.10 -1.95 
7 ANXA5 Annexin A5  -2.07 -1.80 
8 SNORD29 Small Nucleolar RNA, C/D Box 29 -1.81 -2.04 
9 LPIN3 Lipin 3 -2.16 -1.67 
10 PDXDC2P Pyridoxal Dependent 

Decarboxylase Domain Containing 
2, Pseudogene 

-2.21 -1.60 

11 PRRT2 Proline Rich Transmembrane 
Protein 2 

-1.86 -1.74 

12 DDX12P DEAD/H-Box Helicase 12, 
Pseudogene 

-2.02 -1.53 

13 GNRH1 Gonadotropin Releasing Hormone 1 -2.03 -1.51 
14 C10orf55 Chromosome 10 Open Reading 

Frame 55 
-1.82 -1.55 

15 C11orf68 Chromosome 11 Open Reading 
Frame 68 

-1.64 -1.73 

16 NLRP1 NLR Family Pyrin Domain 
Containing 1 

-1.74 -1.60 

17 P2RX7 Purinergic Receptor P2X 7 -1.54 -1.51 
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Of the 37 genes differentially expressed in common, we constructed a heatmap to evaluate how 

similar global changes in gene expression were between the drug treated and untreated tumors. 

Similarity in gene expression signatures displays preference for relapsed versus non-relapsed over 

PDX line of origin (Figure 2.6).  
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Figure 2.6. Heat map representing differential gene expression in shared genes up or 
downregulated in common to both tumors, BL0293 and BL0440. A heat map depicts variation 
of shared up- and downregulated genes among BL0293 and BL0440 biological replicates. M1 and 
M2 denote biological replicates. Upregulated genes shown in red, downregulated genes shown in 
blue. 
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Key pathways implicated in drug relapsed tumors include metabolism and methylation. 
 
Next, we conducted molecular function and pathway analysis based on genes that were statistically 

significantly expressed in response to tumor relapse. Top molecular functions based on 

upregulated genes included various types of methyl- and adenosyltransferase activities: 

selenomethionine/methionine adenosyltransferase activities and nicotinamide/pyridine 

methyltransferase activities (Table 2.5). 
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Table 2.5. Molecular function ontology annotation of top genes upregulated in PDX drug 
treated tumors. Top enriched molecular functions for genes upregulated in drug relapsed PDX 
tumors were identified using ToppGene ToppFun annotation tool (toppgene.cchmc.org). Top 10 
statistically significant functional ontologies included (p<0.005) [147].  
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Additionally, downregulated molecular functions are shown in Table 2.6. Top molecular 

ontologies based on shared downregulated genes include ‘gonadotropin hormone-releasing 

hormone activity’ and ‘carbohydrate response element binding’ (Table 2.6). 
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Table 2.6. Molecular function ontology annotation of downregulated genes in drug treated 
PDX tumors. Top enriched molecular functions for genes downrregulated in drug relapsed PDX 
tumors were identified using ToppGene ToppFun annotation tool (toppgene.cchmc.org). Top 10 
statistically significant functional ontologies included (p<0.005). 
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Seven enriched pathways were determined from the 20 genes upregulated in both BL0293 and 

BL0440 relapsed tumors (Table 2.7). Top pathway ontologies enriched included ‘Interferon alpha-

beta signaling’, ‘Metabolism’, ‘Transcriptional regulation’ and ‘Methylation’. MAT1A was 

included in several top ontologies including ‘Metabolism of ingested SeMet, Sec, MeSec into 

H2Se’, ‘Methylation’, ‘Metabolism of amino acids and derivatives’, ‘Phase II conjugation’ and 

‘Selenoamino acid metabolism’.  
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Table 2.7. Pathway ontology annotation of top genes upregulated in PDX drug treated 
tumors. Top pathways enriched in upregulated genes identified in drug treated PDX tumors were 
annotated in ToppGene ToppFun using curated Biosystems Reactome Pathway [133] and Panther 
databases, those included were statistically significant (p<0.005) [132]. Pathway enrichment and 
included genes were used to identify candidate gene for subsequent validation 
(https://reactome.org).  
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Lastly, top pathway ontologies based on shared downregulated genes include ‘inflammasomes’ 

and ‘PKA-mediated phosphorylation of key metabolic factors’ (Table 2.8). 
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Table 2.8. Pathway ontology annotation of top genes downregulated in PDX drug treated 
tumors. Top pathways enriched in downregulated genes identified in drug treated PDX tumors 
were annotated in ToppGene ToppFun using curated Biosystems Reactome Pathway [133] and 
Panther databases [132]. Pathway enrichment and included genes were used to identify candidate 
gene for subsequent validation (https://reactome.org).  
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MAT1A expression increases in response to chemotherapy in bladder cancer following drug 
exposure in PDX tumors. 
 
Of the genes that were significantly differentially expressed in drug treated tumors, methionine 

adenosyltransferase 1a (MAT1A) was among the top most significantly upregulated genes when 

tumors relapsed following treatment in vivo. MAT1A was the second most significantly 

upregulated gene overall with a fold change (FC) value of 6.66 and 3.40 once tumors BL0293 and 

BL0440 relapsed (Figure 2.7). Due to MAT1A inclusion in several enriched pathway ontologies, 

MAT1A was chosen for subsequent validation.  
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Figure 2.7. RNA-seq gene expression of MAT1A. MAT1A gene expression values in sensitive 
(PBS) and drug treated (Rx) tumors from RNA sequencing data, expressed in fold change (FC), 
for both BL0293 and BL0440. Average FC value is MAT1A expression in drug relapsed tumors 
(n=2 biological replicates, individual mice) normalized to MAT1A expression in non-relapsed 
tumors (n=2 biological replicates, individual mice) for BL0293 and BL0440 tumors, respectively. 
FC value above 1.5 was deemed significant along with an FDR p-value<0.05.  
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To further confirm upregulation of MAT1A at the protein level, we initially conducted western 

blotting protein analysis to assess increases in band intensity to be correlative with MAT1A protein 

abundance. Despite multiple biological replicates, no consistent increases in protein were found 

using this method (Figure 2.8).  
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Figure 2.8. Western blotting analysis of MAT1A in pre- (PBS) and post-drug treated (Rx) 
PDX tumors. Western blotting analysis shows abundance of MAT1A and GAPDH protein 
(loading control) in (A) BL0293 untreated (n=3), (B) BL0293 drug treated (n=2), (C) BL0440 
untreated (n=3), (D) BL0440 drug treated PDX tumors (n=3). Each sample represents individual 
biological replicates derived from individual tumor bearing mice. No observable differences in 
protein abundance were found via western blot analysis between untreated and drug treated 
tumors. 
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Due to limitations of the western blot method in identifying subtle changes in subcellular protein 

localization, we employed immunohistochemical analysis to validate increases in MAT1A protein 

abundance in drug treated tumors compared to untreated controls, as initially predicted by RNA 

sequencing gene expression analysis. As such, immunohistochemical analysis revealed that 

MAT1A protein was more abundant in the nucleus of drug treated PDX tumors (Figure 2.9B), 

compared to non-drug treated tumors (Figure 2.9A). 
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Figure 2.9. Immunohistochemical analysis of MAT1A in untreated and drug treated PDX 
BL0440 tumors reveals increases in MAT1A following drug treatment. MAT1A protein 
expression in bladder cancer PDX tumors (A) not previously treated and (B) treated with 
chemotherapy. Insets are enlargements of image shown, white arrows highlighting regions of 
enhanced MAT1A abundance in chemotherapy treated tumors. IHC analysis includes MAT1A 
protein stained with labeled streptavidin biotin (LSAB) and counterstained with hematoxylin. 
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Discussion  

The importance of metabolic pathways in regulating cancer disease progression and cancer-

associated phenotypes has recently become a topic of increased interest. Because epigenetic factors 

play a crucial role in modulating gene expression, understanding how the subset of 

methyltransferase-driven modifications confer a drug resistant phenotype giving cancer cells a 

dynamic ability to remodel in the presence of drug treatment is paramount to designing new 

therapeutics capable of targeting drug resistant subpopulations. Additionally, methylation of 

nucleic acids and histones has recently become an area of increased interest as new roles and 

effects of these epigenetic changes are being discovered [148]. Specifically, methylation as an 

important epigenetic modifier has been studied in various contexts and has been found to play 

important roles in processes such as cell differentiation, tumorigenesis, invasion, tumor immunity, 

proliferation etc. However, the full extent by which epigenetics can confer a drug resistant 

phenotype via metabolic pathways has yet to be fully elucidated [149]. 

 

In this study, we conducted transcriptomic profiling of two different PDX models of urothelial 

carcinoma before and after combinatorial therapy treatment relapse. Based upon the results of 

RNA sequencing analysis, there was a surprisingly small number of genes that were differentially 

expressed in common when both PDX lines relapsed following drug treatment (Figure 2.5). We 

attribute this observation to the gross differences in patient to patient tumor biology, suggesting 

that the intrinsic genetic background of a patient varies greatly. However, genes found to be 

statistically significantly upregulated in common to both PDX models we hypothesized to play a 

critical role in allowing cancer cell survival following drug treatment and relapse (Table 2.3). This 

finding was further supported in heat map and cluster analysis performed. When clustered based 
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on differential gene expression similarity, samples that were exposed to the drug treatment and 

have relapsed were more similar to their drug treated counterpart in another PDX line that had also 

relapsed, than they were similar to their parental strain (Figure 2.6).  

 

We further hypothesized that upregulation of MAT1A in drug relapsed tumors at the RNA level 

would result in increases in MAT1A protein abundance. While western blot analysis revealed no 

statistical significant changes in MAT1A protein abundance as a result of relapse following 

treatment, this result was explained by immunohistochemical analysis. Post drug treatment we 

observed a shift in subcellular localization, where increases in MAT1A were specifically observed 

in the nucleus. This data also hinted at an important mechanistic role, where MAT1A may promote 

cell survival when it is uniquely upregulated in the nucleus.   

 

While MAGEA11 was the top upregulated gene identified, it was not chosen for further validation. 

Since beginning this research, there was little published literature regarding the role of MAGEA11 

in cancer, except MAGEA11 association with esophageal squamous cell carcinoma [150] [151]. 

As such, it was considered a high-risk gene for subsequent validation as it had no prior indication 

suggesting a role in cancer drug resistance. Over the last few years, new evidence has established 

a link between MAGEA11 and cisplatin chemotherapy resistance in head and neck cancer, a type 

of squamous cell carcinoma [152]. PDX models of bladder cancer studied here were derived from 

urothelial, not squamous, carcinoma and MAGEA11 was not pursued in the context of urothelial 

carcinoma drug resistance [127]. While MAT1A had not been well studied in the context of drug 

resistance, its paralog MAT2A has been associated with hallmarks of aggressive cancers: cancer 

stem cells, metastasis, drug resistance, etc. [153] [154] [155] [156]. Additionally, MAT1A is ideally 
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suited for future biomarker screening tests of drug resistant urothelial carcinoma as its gene 

expression is natively found at very low levels in extrahepatic tissues [157]. Lastly, there were a 

number of small nucleolar RNA’s that were downregulated significantly in drug relapsed tumors 

(SNORD14C, 31, 19) (Table 2.4). For the purposes of this study, we focused on validating protein 

coding genes that could potentially be included in biomarker design in the future. Additional genes 

listed in Table 2.3 and Table 2.4 are also gene candidates up- and downregulated post drug relapse 

that can be further explored.   

 

Despite having different histories of previous chemotherapy exposure in patients, we found that 

once implanted in xenografts, PDX tumors BL0293 and BL0440 acquire resistance with some 

degree of similarity, including upregulation of MAT1A, a protein coding methyltransferase gene 

which may be important for conferring cell survival despite chemotherapy treatment. A second 

methyltransferase, nicotinamide N-methyltransferase (NNMT) was also identified to be 

significantly enriched in both urothelial PDX tumors, following drug relapse. Validation of 

MAT1A is discussed in Chapter 2 and further correlation of NNMT with an aggressive tumor 

phenotype is discussed in Chapter 3, in further detail.  
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Chapter 2: Methionine adenosyltransferase (MAT1A) Contributes to Survival in Response 
to Chemotherapy Treatment 

 
Introduction 
 
Methionine adenosyltransferase 1a (MAT1A) is an enzyme that regulates and synthesizes an 

important biological molecule, S-adenosylmethionine (SAM). The importance of this molecule 

has been a topic of increased interest as it relates to metabolism and dysregulation of cancer cells 

[158]. SAM influences gene expression through epigenetic modification of DNA, RNA and 

histones through transfer of a methyl moiety which affect a variety of cancer cell properties, 

including metastasis/invasion, drug resistance, etc. This has been previously studied in the context 

of breast cancer, colorectal cancer, among others [159] [160]. 

 

Previous work involving MAT1A has focused on its role in general health of hepatic tissue. 

Knockout models of MAT1A have been studied in the context of liver injury as well as cancer of 

this organ: hepatocellular carcinoma. Upon knock out in mice, healthy hepatic tissue had an 

increased susceptibility to injury along with increased rates of cell proliferation [161]. MAT1A  has 

also been studied in the context of hepatocellular carcinoma, due to its high expression in hepatic 

tissue [162] [163] [164]. Within the context of hepatocellular carcinoma and cholangiocarcinoma, 

alterations in the methionine metabolism pathway have been further implicated as key contributors 

to a cancerous state and progression of the disease [165]. However, MAT1A’s role in other cancers 

and specifically its role in drug resistance is not well understood.  

 

Recently, S-adenosylmethionine has been studied in a variety of cancer types. In the context of 

breast cancer, SAM-mediated methylation decreased cell growth, invasion and metastasis through 

methylation-induced decreases in expression of genes required for cancer cell proliferation [159]. 
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Additionally, Parashar et al. reported that S-adenosylmethionine-derived methylation reduced 

metastasis in osteosarcoma [166]. A variety of research groups have also identified changes in 

nucleic acid methylation, specifically N6-methyladenosine (m6A) mRNA methylation, to be 

associated with a cancerous phenotype [167]. Mutations in the METTL14 methyltransferase 

complex in endometrial cancer were associated with increased oncogenicity and tumor cell 

proliferation via reductions in m6A methylation [168]. While there is a growing body of literature 

supporting the role of SAM-driven methylation in various cancer processes, there has yet to be a 

link between bladder cancer drug resistance and MAT1A-driven cell survival. 

 

In this study, I aimed to elucidate how MAT1A provides an enhanced survival advantage and 

contributes to tumor relapse following chemotherapy treatment. I hypothesized that increases in 

MAT1A expression result in increased methyltransferase activity, thereby affecting gene 

expression of cellular processes able to confer a survival advantage. Data in support of a proposed 

mechanism by which MAT1A confers survival despite treatment is presented for the first time here.  
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Results 

MAT1A expression increases in response to chemotherapy in bladder cancer and confers a 
survival advantage. 
 
MAT1A is a low abundance transcript detected in a few human tissues (Figure 3.1A; liver, ovary, 

pancreas and testes) with evidence of high protein expression by immunohistochemistry (IHC) in 

the human liver (Figure 3.1B) [157]. However, the human bladder has virtually undetectable 

MAT1A RNA and protein levels, natively (Figure 3.1A,C) [157] [134]. As such, MAT1A RNA 

expression is not endogenous to any of the cells residing in the healthy urinary bladder, and MAT1A 

transcription initiates in bladder cancer cells after the epithelia undergo oncogenic transformation 

[127].  
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Figure 3.1. Distribution of MAT1A in healthy human tissues. (A) RNA-seq profiling MAT1A 
expression in normal human tissues, values obtained from Fagerberg et al., 2014 [157]. (B) IHC 
of normal liver tissue obtained from The Human Protein Atlas, available from 
http://www.proteinatlas.org, positive for MAT1A expression [134]. (C) IHC of normal bladder 
tissue obtained from The Human Protein Atlas, available from http://www.proteinatlas.org, 
negative for MAT1A expression [134]. 
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We identified MAT1A as one of the top significantly upregulated genes with a fold change (FC) 

value of 6.66 and 3.40 in BL0293 and BL0440 relapsed tumors, respectively (Figure 2.7). To 

determine whether MAT1A expression found in PDX models of bladder cancer relapse is also 

broadly observed in tumors harvested from patients that received chemotherapy, MAT1A protein 

abundance by IHC was profiled in bladder cancer biopsies from 55 patients representing diverse 

backgrounds (Table 3.1). Access and histological analysis of patient tissue sections and 

corresponding patient characteristics was generously provided by Dr. Paramita Ghosh and the UC 

Davis Biorepository.  
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Table 3.1. Human bladder cancer TMA patient characteristics. 55 patients’ tissues were used 
in this study and their characteristics are described below. The patients were all diagnosed with 
bladder cancer and underwent radical cystectomy for the treatment of bladder cancer. 
  

N size 55 
 

Race Caucasian 35 (63.64%)  
Asian 1 (1.82%)  
African American 1 (1.82%)  
Unknown 18 (32.73%) 

Ethnicity Hispanic/Latino 4 (7.27%)  
Not Hispanic/Latino 34 (61.82%)  
Unknown 17 (30.91%) 

Age Median 68 (36-85) 
Gender Male 45 (81.82%)  

Female 10 (18.18%) 
Type Transitional Cell Carcinoma 28 (50.91%)  

Urothelial Carcinoma 23 (41.82%)  
Papillary/Squamous Cell 
Carcinoma 

4 (7.27%) 

Grade High Grade 23 (41.82%)  
Intermediate Grade 23 (41.82%)  
Low Grade 4 (7.27%)  
not reported/undetermined 5 (9.09%) 

Neoadjuvant Treatment BCG 4 (7.27%)  
Chemotherapy 11 (20.00%)  
None Reported 40 (72.73%) 
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The median age of these patients was 68 (36-85) and 81.8% were male, consistent with the reported 

higher incidence rates in men [169]. Eleven of 55 (20%) patients received chemotherapy, whereas 

4/55 (7.27%) received Bacillus Calmette Guerin (BCG) neoadjuvant therapy. 
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Figure 3.2. Immunohistochemical analysis of MAT1A abundance in patient bladder cancer 
tumors treated with chemotherapy. (A) MAT1A expression quantification across patient TMAs 
(n, nuclear; c, cytoplasmic). (B,C) Evaluation of tissue microarray (TMA) of bladder cancer 
samples obtained during cystectomy. IHC analysis includes MAT1A protein stained with labeled 
streptavidin biotin (LSAB) and counterstained with hematoxylin. (B) Sample showing nuclear and 
cytoplasmic localization of MAT1A from male patient receiving six cycles of chemotherapy which 
included gemcitabine; (C) sample showing only cytoplasmic MAT1A localization from male 
patient receiving BCG. Sample showing nuclear and cytoplasmic localization of MAT1A from 
male patient receiving six cycles of chemotherapy which included gemcitabine. IHC analysis 
includes MAT1A protein stained with labeled streptavidin biotin (LSAB), brown, and 
counterstained with hematoxylin, blue. Data is presented as averages +/- standard deviation. 
Student’s t-test was used to calculate statistical significance in Microsoft Excel. Genes that were 
>1.5 fold up- or down-regulated with an FDR corrected p-value<0.05 were considered 
significantly differentially expressed. MAT1A expression was compared between patients with 
and without prior treatment or stain or between those with chemotherapy or Bacillus Calmette 
Guerin therapy (BCG) using Mann-Whitney non-parametric tests. 
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We observed an increase in the nuclear, but not the cytoplasmic IHC staining for MAT1A (Mean: 

0.966 ± 0.42) compared to those whose prior treatment status was listed as “not reported” (Mean: 

0.6468 ± 0.3568) or those previously treated with BCG (Mean: 0.6475 ± 0.454) – this difference 

did not reach statistical significance (p=0.0572), likely due to insufficient statistical power from a 

limited sample size (Figure 3.2A). However, our findings revealed that 100% of the patient 

samples with reported neoadjuvant chemotherapy expressed robust levels of MAT1A protein 

abundance, suggesting that the presence of MAT1A protein correlates with chemotherapy 

treatment in human bladder tumors (Figure 3.2B,C). 

 

MAT1A expression was next examined in vitro, in the 5637 human bladder cancer cell line 

throughout a 48 hour exposure to gemcitabine as well as during a 12 day post treatment recovery 

period (Figure 3.3A). Baseline MAT1A transcription was low, but gradual increases in MAT1A 

mRNA levels were observed starting at 24 hours after the start of the treatment. A MAT1A 

expression peak was observed 2 days after the removal of gemcitabine from the media, exclusively 

in the drug treated (5637Rx) samples. After day 4, MAT1A transcription gradually decreased until 

day 14, when levels returned to approximately the same baseline expression levels measured prior 

to drug treatment (Figure 3.3B).  
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Figure 3.3. MAT1A is upregulated in cells that survive 48 hour drug treatment. (A) 5637 cells 
were dosed at ~80% IC50 gemcitabine concentration (0.3 µM) for 48 hours in vitro. RNA was 
collected from remaining gemcitabine treated (5637Rx, n=3) and untreated cells (5637, n=3) before 
(day 0), during (day 1, 2) and after (day 3, 4, 6, 9, 12) drug treatment. (B) MAT1A expression was 
quantified via qPCR at each timepoint and expressed in fold change (FC). Statistical analysis was 
conducted using Student’s t-test, p<0.0005 (#), error bars represent standard deviation from mean. 
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To further investigate the role of MAT1A in tumor relapse following gemcitabine treatment, we 

overexpressed MAT1A in transient transfections of 5637 cells (5637MAT1A+), consistent with 

MAT1A levels of upregulation achieved natively from drug treatment (Figure 3.4A). The 

gemcitabine IC50 profile of 5637 cells overexpressing MAT1A was compared to that of mock 

transfected controls. 5637MAT1A+ cells had a significant 2-fold higher level of MAT1A protein than 

5637 control cells (Figure 3.4B,C) and displayed ~100X increases in drug resistance, as evidenced 

by a change in IC50 concentration from 7.55x10-6 mM to 7.95x10-4 mM following exposure to a 

range of gemcitabine drug concentrations (Figure 3.4D). 
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Figure 3.4. Overexpression of MAT1A alters cell response to gemcitabine. (A) Quantitative 
PCR showing relative MAT1A gene expression in MAT1A plasmid transfected 5637 bladder cancer 
cells (5637MAT1A+) expressed as fold change (FC), (n=3 biological replicates), p<0.0005 (#) 
compared to expression at day 4 in post drug treated 5637 cells (5637Rx) (NS, non-significant). (B) 
Representative gel of MAT1A protein expression relative to control b-tubulin analyzed via 
Western blotting using the Jess system (ProteinSimple). (C) Normalized MAT1A/b-tubulin 
protein expression calculated using Jess system densitometry expressed as percent of wildtype 
MAT1A expression in 5637 control cells (n=6 biological replicates), significance calculated using 
a Student’s t-test, p<0.005(**). (D) IC50 gemcitabine drug toxicity curve between empty vector 
transfected and MAT1A transfected cells (n=5 biological replicates per condition per dose). Error 
bars represent standard deviation from the mean. 
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Evaluation of MAT1A repression on cell survival in the presence of gemcitabine was preliminarily 

explored using siRNA-mediated knockdown. siRNA sequences used are shown in Table 3.2.  
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Table 3.2. siRNA target and antisense sequences used for repression of MAT1A.  
 
 

 

 

 

 

 

  

Gene Symbol Sequences 

siMAT1A-1 
GUCACUGGCCGUAAGAUUA (Target) 
UAAUCUUACGGCCAGUGAC (Antisense) 

siMAT1A-2 
CUACGGCCAUUUCGGAAGA (Target) 
UCUUCCGAAAUGGCCGUAG (Antisense) 

siMAT1A-3 
UGUCAGGGAUUUGGACUUG (Target) 
CAAGUCCAAAUCCCUGACA (Antisense) 

siMAT1A-4 
GGAGAGGGACACCCGGAUA (Target) 
UAUCCGGGUGUCCCUCUCC (Antisense) 
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While cancer cells have a slightly elevated level of MAT1A over baseline expression in healthy 

urinary bladder tissue, MAT1A has low gene expression in bladder cancer cell lines. Investigation 

of siRNA sequences to knockdown MAT1A to further evaluate the effect of siRNA knockdown of 

MAT1A on cell survival was not further pursued due to lack of quantitative gene expression 

differences in a gene with already low expression (Figure 3.5). 
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Figure 3.5. siRNA knockdown of MAT1A. Gene expression of MAT1A via qPCR following 
transfection with four unique siRNA sequences targeting MAT1A. Data is shown as average gene 
expression of siRNA transfected 5637 cells normalized to scrambled siRNA transfected controls. 
Error bars represent standard deviation across n=4 biological replicates. No statistically significant 
decreases in MAT1A expression were found. 
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MAT1A confers a survival advantage, potentially through decreases in active transcription and 
proliferation.  
 
To obtain mechanistic insights into how MAT1A upregulation allows for such increases in drug 

tolerability as evidenced by dose response analysis (Figure 3.4D), we conducted RNA sequencing 

on 5637MAT1A+ cells and compared their transcript levels to those from empty vector transfected 

5637 control cells (5637) (Figure 3.7). Quality scores from RNA sequencing analysis are shown 

in Figure 3.6 and results from alignment are shown in Table 3.3.  
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Figure 3.6. RNA sequencing PHRED quality score analysis. Quality of sequenced reads was 
determined using PHRED scoring at each base pair position in sequenced reads. PHRED quality 
histograms were created using FastQC.  
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Table 3.3. RNA sequencing results from sequencing 5637 bladder cancer cells overexpressing 
MAT1A. Three biological replicates were sequenced for both empty vector transfected 5637 cells 
(control) and MAT1A transfected cells.  
 

Sample name # of 
reads 

# of 
mapped 
reads (%) 

Sequences 
flagged as 
poor 
quality 

%GC Sequence 
length (bp) 

PHRED 
scores 

5637_1 22686167 23572812 
(89.6%) 

0 50 35-76 >28 

5637_2 26104570 23416325 
(89.7%) 

0 50 35-76 >28 

5637_3 27276078 24578854 
(90.1%) 

0 50 35-76 >28 

5637_MAT1A_1 25348451 23216628 
(91.6%) 

0 51 35-76 >28 

5637_MAT1A_2 25879661 23737501 
(91.7%) 

0 51 35-76 >28 

5637_MAT1A_3 28261681 25777703 
(91.2%) 

0 50 35-76 >28 
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Molecular function and pathway ontology analysis was conducted and revealed downregulation in 

many senescence related pathways (Table 3.4 and Table 3.5).  
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Table 3.4. Molecular function ontology annotation of top genes downregulated in MAT1A 
overexpressing cells. Top enriched molecular functions for genes downregulated in MAT1A 
overexpressing cells were identified using ToppGene ToppFun annotation tool 
(toppgene.cchmc.org). Top 10 statistically significant functional ontologies included (p<0.005) 
[147].  
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Table 3.5. Pathway ontology annotation of top genes downregulated in 5637 cells 
overexpressing MAT1A. Top pathways enriched in downregulated genes identified in MAT1A 
overexpressing 5637 cells were annotated in ToppGene ToppFun using curated Biosystems 
Reactome Pathway [133] and Panther databases [132]. Pathway enrichment and included genes 
were used to identify candidate gene for subsequent validation (https://reactome.org).  
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Upregulated genes did not show enrichment for any relevant molecular functions or pathway 

ontology categories (Table 3.6 and Table 3.7).  
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Table 3.6. Molecular function ontology annotation of upregulated genes in 5637 cells 
overexpressing MAT1A. Top enriched molecular functions for genes upregulated in MAT1A 
overexpressing 5637 cells were identified using ToppGene ToppFun annotation tool 
(toppgene.cchmc.org). Top 10 statistically significant functional ontologies included (p<0.005). 
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Table 3.7. Pathway ontology annotation of upregulated genes in 5637 cells overexpressing 
MAT1A. Top enriched pathways for genes upregulated in MAT1A overexpressing 5637 cells were 
identified. ToppFun using curated Biosystems Reactome Pathway [133] and Panther databases 
[132]. Pathway enrichment and included genes were used to identify candidate gene for subsequent 
validation (https://reactome.org).  
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Figure 3.7. RNA-seq profiling of 5637MAT1A+ cells. (A) Total number of up- and downregulated 
genes in 5637 cells overexpressing MAT1A (5637MAT1A+) compared to empty vector transfected 
control cells (5637), n=3 biological replicates. (B) MAT1A gene expression expressed in log2 fold 
change based on RNA sequencing data, FDR p-value<0.05(*) denote statistical significance.  
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Further, 70 of 221 (31%) of downregulated genes were transcription factor encoding genes and 

belonged to protein families associated with a transcriptionally active cell state: zinc finger motifs, 

histones and other types of transcription factors (Figure 3.8A-C). 
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Figure 3.8. RNA-seq analysis reveals transcriptional downregulation. Transcriptomic 
alterations in 5637MAT1A+ and 5637 cells were identified. Heat maps representing differentially 
expressed genes (n=3 biological replicates) reveal downregulation in three gene groups: (A) 
histone (B) transcription factors and (C) zinc finger domains. 
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Gemcitabine is a chemotherapeutic which relies on the highly proliferative nature of cancer cells 

to exert an anti-cancer effect, thus, I hypothesize that MAT1A overexpression could influence the 

ability of cancer cells to proliferate. Proliferative indices were calculated via flow cytometric 

analysis and computational models utilizing FlowJo software. Over four days in culture, MAT1A 

overexpressing cells had a lower proliferation index (PI: 3.84) compared to control, untransfected 

cultured 5637 cells (PI: 3.99), (Figure 3.9A). Percentages of total live cells in each generation of 

a total cell population were also calculated. In generations 2 and 3, there was a statistically 

significantly greater percentage of MAT1A overexpressing cells compared to controls. 

Additionally, 86% of 5637MAT1A+ cells were found in generation 4 compared to 91% of control 

cells (Figure 3.9B), indicating a delay in the proliferation of MAT1A overexpressing cells.  
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Figure 3.9. MAT1A overexpression decreases cell proliferation. (A) Proliferation indices over 
72 hours (*p<0.05) in 5637 and 5637MAT1A+ cells and (B) percentage of 5637 (n=6) versus 
5637MAT1A+ cells (n=6) in various generations following initial cell seeding at generation 0. Cells 
were uniformly transfected and seeded at 20% confluency and dyed using the CellTrace™ CFSE 
Cell Proliferation Kit (d=0). Cells were collected following three days of culture and fluorescence 
intensity of daughter cells was analyzed via flow cytometry. Data was input into FlowJo Cell 
Proliferation model to fit fluorescence intensity curve with a mathematical model of cell division. 
Proliferation and expansion indices as well as populations of cells in each generation were 
mathematically calculated in FlowJo. Error bars represent standard deviation from the mean, p-
values calculated using Student’s t-test.  
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Based on MAT1A’s biological role in regulating the methyl donor SAM, we next wanted to 

establish a relationship between MAT1A overexpression and nucleic acid methylation status. We 

utilized 14C-labeled methionine in order to trace 14C-methyl group transfer from exogeneous 

methionine to nucleic acids, DNA or RNA, via MAT1A activity. Experimental design of the 14C-

methionine tracking assay developed and utilized is illustrated in Figure 3.10.  

  



 105 

 

Figure 3.10. Experimental design to evaluate methyl group transfer via MAT1A activity. 14C-
labeled methionine added to 5637 bladder cancer cells for 48 hours, followed by nucleic acid 
isolation and subsequent quantification of carbon-14 signal via AMS measurement. 
 
 
  



 106 

Using this experimental design, we sought to track the methyl moiety donated from exogenous 

methionine and determine whether transfer through MAT1A catalyzed formation of SAM to 

nucleic acids where it can ultimately impact gene expression and cell behavior. Accelerator Mass 

Spectrometry 14C signal measured in isolated nucleic acid samples was normalized back to total 

RNA/DNA input concentration by mass to calculate the number of methylations per microgram 

of nucleic acid input. 

 

In accord with a reduction in a cellular proliferation phenotype (Figure 3.9) detected above, we 

anticipated finding a reduction in the levels of DNA methylation. We found that when MAT1A 

was overexpressed, there was no statistically significant difference in methylation state of the 

DNA. However a significant decrease in methylation levels was determined for the RNA 

transcribed in MAT1A overexpressing cells (Figure 3.11), suggesting that these cells have a 

decreased metabolism. Unlike DNA methylation, which has been extensively studied, RNA 

methylation is a more recently discovered phenomena. Although post-transcriptional 

modifications have been shown to occur in RNAs synthesized by a variety of cells [170], the 

impact these modifications have on transcriptional regulation and other cellular processes have 

only recently begun to be explored [171]. Future studies will determine how RNA methylation 

affects cellular phenotypes and behavior, in cancer.  
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Figure 3.11. AMS Quantification of methyl transfer to nucleic acids via MAT1A. Methylation 
quantification of (A) DNA and (B) RNA isolated from 5637 bladder cancer cells overexpressing 
MAT1A. Experiment was repeated twice, n=5-6 biological replicates each. Error bars calculated 
using standard deviation, statistical analysis conducted using Student’s t-test, p<0.01(**) denote 
statistical significance, comparing methylation in MAT1A overexpressing cells to control 5637 
cells.  
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Discussion 
 
The cancer field is rapidly moving towards developing new strategies for more effectively 

prolonging life for those afflicted by highly aggressive cancer types. These include changing the 

formulation of chemotherapy by prescribing multi-drug regimens instead of one chemotherapeutic 

at a time. Gemcitabine has been the backbone of adjuvant chemotherapy for many cancer subtypes, 

and it has been undoubtedly an effective strategy for shrinking tumors prior to surgery, 

contributing to a prolonged life span [172]. However, in a recent clinical trial, patients diagnosed 

with early stage pancreatic ductal carcinoma were treated with FOLFIRINOX, a mixture of four 

chemotherapy drugs (fluorouracil [5-FU], leucovorin, irinotecan and oxaliplatin). This therapy, 

originally reserved for patients with metastatic disease, showed that this treatment substantially 

increased survival for individuals who did not have metastatic disease [173]. Despite these 

improvements most of these patients continue to succumb to the high degree of intrinsic and 

acquired drug resistance of tumors [174]. Therefore, understanding the underlying molecular 

mechanisms of drug resistance in cancer model systems would provide valuable information to 

expand the treatment options for patients with re-emerging tumors [175]. 

 

Several studies have provided supporting evidence that genes involved in methionine metabolic 

pathways tend to be altered in a variety of cancer types, hinting that this pathway may be involved 

in aspects of tumorigenesis [12-14]. Our work strengthens this observation and provides new 

mechanistic evidence that alterations of this pathway directly affects drug tolerance to gemcitabine 

and contributes to the emergence of drug resistance in models of bladder cancer patient derived 

xenografts. Here I showed that elevated levels of MAT1A significantly alter chemosensitivity over 

a wide range of gemcitabine doses, and that this phenotype was directly mediated by MAT1A since 
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overexpression increased survival (Figure 3.4). Therefore, we may speculate that correcting levels 

of such transcriptional alterations in cancer cells might be beneficial and modulate the efficacy of 

chemotherapy, such as gemcitabine. However, future studies will need to address whether 

attempting to repress MAT1A in vivo, in tumors can improve cancer outcomes [176]. 

 

MAT1A belongs to a family of methionine adenosyltransferase 1A that contribute to adding a 

methyl group to a variety of molecules including DNA and histones, via synthesis of SAM [177]. 

In cancer research, MAT1A has been mostly described in the context of hepatocellular carcinoma 

(HCC), where it was previously shown that a switch in gene expression from MAT1A to MAT2A 

(M1-M2 switch) promoted cancer invasion and metastasis. One study showed that enhancing the 

M1-M2 switch promoted the ability of these cancer cells to metastasis, and this phenomenon was 

correlated with human data where a balance in favor of M2 (M1<M2) correlated with increased 

metastasis and high rate of recurrence in HCC patients. Our study however, finds the expression 

to be tipped in favor of M1, and the downstream outcomes of M1 overexpression may be different 

in the context of drug resistance and bladder cancer. We have yet to determine whether 

simultaneous downregulation of MAT1A and upregulation of MAT2A would also favor the 

metastasis of bladder cancer cells in the process of M1-M2 switch. Our findings provide novel 

mechanistic insights into the emergence of drug resistance in bladder cancer. Future work will be 

required to determine whether inhibition and prevention of the M1-M2 switch impacts metastasis, 

in this context. 

 

Additionally, ultrasensitive quantification of SAM-derived methyl groups have helped to further 

elucidate differences in DNA and RNA methylation to provide mechanistic insight into whether 
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SAM-mediated epigenetic modifications through MAT1A provide cancer cells with enhanced 

survival via methylation. DNA methylation and the chromatin structure are altered in human 

cancers and here we have shown that increases in MAT1A activity are associated with decreases in 

RNA methylation (Figure 3.11). Identifying specific hypomethylated RNA sites will also provide 

novel insights as to differentially methylated genes, further elucidating a MAT1A-driven 

mechanism of cancer cell survival during treatment.  

 

Finally, work presented here has clinical relevance as well as applications in basic research. 

Histological findings across multiple patient tumor sections suggest that nuclear MAT1A 

expression associates with prominence of bladder cancer, however increases in MAT1A are 

associated with development of a particularly persistent type of disease that remains despite 

chemotherapy treatment. Clinical data from patient tumors has substantiated conclusions from 

patient-derived xenograft models, further highlighting utility of murine systems in modeling 

human disease. Evidence of MAT1A expression in bladder tumors may prove as a powerful 

prognostic tool to evaluate surgical margins and indicate likelihood of relapse in histopathology 

samples. Lastly, association of MAT1A with cell populations that persist despite chemotherapy 

may also lead to new small molecule inhibitors capable of eliminating these cell subpopulations 

that are responsible for tumor relapse that can give rise to metastatic tumors and result in patient 

death.   
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Chapter 3: NNMT Serves as a Potential Biomarker for Aggressive Bladder Cancer and 
Correlates with Molecular Changes in the Tumor Stroma 

 
Introduction 
 
The tumor microenvironment plays critical roles in the progression of cancer including processes 

such as metastasis, immune evasion and chemoresistance [178] [179]. Changes in stromal cell 

composition and function can ultimately drive disease fate and determine efficacy of anti-cancer 

therapy [81]. Following MAT1A in the methionine metabolism pathway is another important 

enzyme: nicotinamide N-methyltransferase (NNMT). NNMT is a cytosolic enzyme responsible for 

the biosynthesis of S-adenosylhomocysteine (SAH) through the consumption of SAM (Figure 

4.1) [180].  
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Figure 4.1. Methionine metabolism pathway.  Pathway highlighting NNMT, a methyltransferase 
enzyme (MT) that consumes SAM highlighted in red, an important methyl donor, and catalyzes 
the formation of SAH. 
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Activity of NNMT influences the methylation state of a cell due to its role in converting SAM, the 

universal methyl donor, to SAH; effectively decreasing available SAM to methylate other 

biological compounds [181]. While forming SAH, NNMT also produces methylnicotinamide 

(MNA). MNA serves as the precursor to NAD+, an important cofactor involved with energy 

metabolism [182] [183] [184]. NNMT is regulated by two transcription factors: STAT3 and TGF-

beta [185] [186]. Interleukin 6 (IL6) phosphorylates STAT3, which results in STAT3 activation. 

Once activated, STAT3 further promotes NNMT gene expression by physically interacting with 

transcriptional regulatory elements, however specific noncoding regions that bind activated 

STAT3 in the NNMT locus have yet to be discovered [187]. NNMT has recently been discovered 

as a potential biomarker of disease progression in gastric cancer and malignant melanoma, also 

playing a mechanistic role in cancer biology through regulating post-translational modifications 

[181] [183] [188]. Since beginning this work, MNA has been investigated and has shown promise 

as a metabolite of NNMT for urine-based non-invasive cancer screening to detect aggressive 

bladder cancers [189] [190] [191].  

 

Tumors are heterogenous tissues composed of a myriad of cell types and differentiation states 

[192] [193]. Furthermore, tumor behavior is largely dictated by the unique combination and spatial 

organization of cancer cells and non-malignant stromal cells [194]. Histological surveys of human 

tumors have shown that stromal composition, in addition to being highly heterogeneous, is also 

unique to each tumor type and person, and comprises a wide range of cell types including immune 

subtypes, fibroblasts, and endothelial cells, to name a few [195] [196].  
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Fibroblasts that reside in the tumor stromal environment are known as cancer-associated 

fibroblasts (CAFs), and recent single cell RNAseq studies have identified several distinct 

subpopulations of CAFs in several different cancer types [197]. One particular subset of CAFs 

found in all tumors, is marked by high levels of extracellular matrix (ECM) proteins and neo-

expression of α-smooth muscle actin (α-SMA). These CAFs have been termed myofibroblasts, and 

their abundance correlates with chemoresistance through perturbations of the extracellular matrix 

[198]. Emerging evidence suggests that CAF subtypes have distinct properties, some subtypes 

encourage chemoresistance and metastasis more than others. The vast combinations of tumor-

associated stromal cells in various ratios makes it difficult to determine which function provided 

by these support cells directly influences tumor behavior [199].  

 

Stromal-derived cells can also adopt molecular characteristics in a dynamic fashion. Stromal cells 

can become more “stem-like”, having developed properties similar to stem cells where cells are 

malleable and can assume different fates, becoming more mesenchymal [200]. Cancer cells are 

well known to have increased stem cell like properties, however the ability of non-cancer cells 

within the tumor to display “stemness” characteristics is not well understood [201]. Interestingly, 

NNMT has been correlated with enriched expression in cancer stem cell subpopulations in 

glioblastoma (GBM) patients [191]. NNMT was further associated with stem cell like 

characteristics as NNMT overexpressing cells were isolated and confirmed to have enhanced 

renewal potential. When GBM stem cell subpopulations were selectively targeted via NNMT, 

resulting tumors had decreased renewable potential as well as decreased tumor growth in vivo 

[202]. Cancer cells with increased expression of NNMT have been correlated with increased 

motility and increased mesenchymal character. Further, upregulation of NNMT was found to 
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induce upregulation of TGF-b signaling in addition to expression of a variety of mesenchymal-

associated genes: alpha smooth muscle actin (alpha-SMA), vimentin and fibronectin [203]. Cancer 

cells as well as non-cancer cells can exhibit stem cell like characteristics however correlation of 

these properties with cancer aggressiveness is still not well understood [203].  

 

In this study, we wanted to investigate if upregulation of NNMT, observed in bladder cancer cells 

treated with chemotherapy confers a survival advantage and suggest a possible mechanism by 

which cancer cells persist during chemotherapy treatment. Also, I postulate that non-cancer cell 

populations shift within the tumor stroma in response to treatment, such that relapsed tumors have 

a different stromal environment than the one present prior to treatment. In addition to upregulation 

of NNMT in drug treated tumors identified in Chapter 1, I hypothesized that molecular changes 

also occur in stromal cells in response to drug therapy. These findings are presented here.  
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Results 

NNMT is differentially expressed in PDX BL0293 and BL0440 models of drug treated, relapsed 
bladder cancer.  
 
Upon generating PDX models of drug treated urothelial carcinoma, as previously described, we 

identified another methyltransferase gene that was also significantly differentially expressed based 

on RNA sequencing presented in Chapter 1: NNMT (nicotinamide N-methyltransferase) (Table 

2.1). NNMT was statistically significantly upregulated in both BL0293 and BL0440 tumors 

following relapse post drug treatment compared to undosed control tumors, FC=1.52 and FC=2.53, 

respectively (Figure 4.2).  
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Figure 4.2. NNMT expression in drug relapsed PDX tumors. Fold change (FC) in drug treated 
BL0293 and BL0440 tumors quantified by RNA sequencing. Adjusted p-value<0.05 and FC>1.5 
was deemed statistically significant. FC values shown for drug treated BL0293 and BL0440 are 
normalized to untreated controls, n=2 biological replicates per treatment per PDX tumor. 
 
  

*
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Next, we wanted to further validate this finding predicted from RNA sequencing at the protein 

level to see if protein levels of NNMT are also significantly elevated in drug relapsed BL0293 and 

BL0440 tumors. Based on western blotting analysis and semi-quantitation of band intensity, I 

found that the most striking increase in protein abundance was found in the relapsed BL0440 tumor 

isolate, a ~65% increase in total NNMT protein level, consistent with a significant change in gene 

expression level quantified by RNA sequencing. We also observed an increase in protein level in 

the drug treated BL0293 tumor as well, however this protein elevation was more subtle (~35% 

increase) (Figure 4.3A, B). 
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Figure 4.3. Protein analysis of NNMT in pre- (PBS) and post-drug treated (Rx) PDX tumors. 
(A) protein expression of NNMT and GAPDH (loading control) and (B) semi-quantification of 
NNMT expression normalized to GAPDH untreated and drug treated bladder cancer PDX tumors: 
BL0293 and BL0440. Percent increase was calculated semi-quantitatively using ImageJ to 
quantify western blot band intensity, normalized to intensity of GAPDH control.  
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NNMT is differentially expressed in other examples of aggressive solid tumors characterized as 
gemcitabine resistant. ` 
 
To draw correlations from other existing RNA data in support of our findings we quantified NNMT 

transcript levels in drug resistant cancer cell lines. We utilized gene expression data from NCBI’s 

GEO DataSet database to identify differentially expressed genes between gemcitabine sensitive 

and resistant bladder and non-small cell lung cancer (NSCLC) cancer cell lines. Two datasets 

involving gemcitabine resistant cancer cells were identified: GSE77883 (T24 bladder cancer cell 

line) and GSE6914 (Calu3 NSCLC cell line) [204] [205]. Both of these microarray datasets 

modeled acquired drug resistance to gemcitabine through chronic drug exposure and were 

subsequently validated using conventional cell toxicity assays [204] [205]. Upon reanalyzing 

expression data from each drug resistant line and comparing it to that of the wildtype non-resistant 

control, NNMT expression was found to be statistically significantly higher in both gemcitabine 

resistant lines (FC=3.34 and FC=1.4, respectively) (Figure 4.4). 
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Figure 4.4. NNMT upregulation in gemcitabine resistant cancer cell lines. (A) Identification 
and details of publicly available datasets from NCBI GEO database and (B) fold change of NNMT 
expression in gemcitabine resistant bladder cancer and non-small cell lung cancer cell lines, 
normalized to NNMT gene expression of wildtype cell line. Adjusted p-value<0.05(*) and FC>1.5 
was deemed statistically significant across n=3 replicates. 
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NNMT overexpression alters properties of chemosensitivity and subsequent methylation state of 
DNA. 
 
Following confirmation that NNMT is upregulated in several examples of drug relapsed cells (PDX 

BL0293, BL0440, Calu3 NSCLC, T24), we then wanted to substantiate NNMT’s role in altering 

the ability of a cell to respond to the presence of chemotherapy drug using an in vitro, cell culture 

model overexpressing NNMT. First, plasmid transfection was employed to induce overexpression 

of NNMT in 5637 bladder cancer cells such that NNMT’s role could be further studied. Plasmid 

design for transfection included NNMT cDNA downstream of the ubiquitous CMV promoter, and 

a kanamycin/neomycin gene expression cassette for antibiotic selection of transgenesis (Figure 

4.5A). Forty-eight hours post NNMT plasmid transfection, RNA was isolated to confirm NNMT 

transgenic expression in 5637 bladder cancer cells (Figure 4.5B). Next, we wanted to determine 

whether elevated levels of NNMT would alter a cell’s ability to survive in the presence of drug 

treatment. A cell viability assay was employed, utilizing luminescence as a readout of cell viability. 

Luminescence is reported in relative luminescence units (RLUs). At both high and low doses of 

gemcitabine, 0.03 and 0.3 µM, 5637 cells had decreased survival in a statistically significant 

fashion relative to 5637 cells overexpressing NNMT (Figure 4.5C). However, when NNMT gene 

expression was decreased following siRNA transfection, no significant changes in cellular 

viability were observed (Figure 4.5D, E), suggesting that NNMT has a protective role only in a 

gain of function assay, but does not change the inherent properties of a cell to survive 

chemoresistance in a loss of function assay.  
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Figure 4.5. Changes in chemosensitivity when NNMT transcriptional levels are altered. (A) 
Plasmid map of NNMT under CMV promoter and neomycin antibiotic selection, (B) gene 
expression in 5637 bladder cancer cells transfected with NNMT plasmid, (C) viability of 
transfected versus non transfected cells when dosed with 0.03 µM and 0.3 µM gemcitabine, (D) 
gene expression follow siRNA knockdown of NNMT, (E) changes in cell viability following 0.03 
µM gemcitabine exposure. Each experiment includes n=3 biological replicates repeated twice 
utilizing standard deviation to denote error bars. Student t-test was used to assign statistical 
significant, p<0.05(*), p<0.0005(***).  
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As NNMT is a methyltransferase in the methionine metabolism pathway known to alter 

intracellular levels of SAM, we wanted to explore how overexpression of NNMT alters nucleic 

acid methylation (Figure 4.1). Employing the same assay previously described in Chapter 2 

(Figure 3.10), we dosed 5637 bladder cancer cells overexpressing NNMT with 14C-methionine 

and quantified 14C levels in isolated DNA and RNA. Following 14C analysis via AMS, we found 

that NNMT overexpressing cells had statistically significantly fewer methylation sites per input µg 

DNA compared to untransfected 5637 cells. Interestingly, when the same analysis was conducted 

on isolated RNA samples, there was no statistically significant difference in RNA methylation per 

ug RNA (Figure 4.6). DNA methylation is associated with histone modifications and the interplay 

of these epigenetic modifications is crucial to regulate the functioning of the genome by changing 

chromatin architecture [206] [207]. A recently published study reported that alterations in genomic 

methylation status of lung and skin cancer patients increased immunotherapeutic resistance [208]. 

Most importantly they found that the levels of genomic hypomethylation strongly correlated with 

the immune escape signatures of aneuploid tumors [208]. Our data is consistent with Jung et al. 

findings, and further supports the idea that DNA methylation alterations implicate epigenetic 

modulation in relapsed tumors that have developed resistance to therapy.  
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Figure 4.6. AMS quantification of methylated nucleic acids in NNMT overexpressing cells. 
(A) Methylation quantification of DNA and (B) RNA isolated from NNMT overexpressing 5637 
bladder cancer cells compared empty vector transfected control. Experiment was repeated twice 
(n=4-6 biological replicates per each experiment). Significance in methylation differences is 
calculated using a Student’s t-test, p<0.01(**), error bars represent standard deviation from the 
mean. Control represents 5637 cells transfected with an empty vector and similarly carried through 
assay.  
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Molecular changes in stromal cells of drug treated tumors identify increases in stemness and 
smooth muscle actin.  
 
Existing literature investigating NNMT’s role in cancer has identified this protein as a marker of 

poor prognosis and stem-cell like characteristics [209]. As such, I wanted to investigate if 

molecular characteristics within the stroma of drug relapsed PDX tumors also evolved to reflect 

molecular changes in cancer cells following relapse. We selected markers of stemness: ALDH1A1 

and SOX2 as well as other markers of specific cell types found in the tumor microenvironment 

such as cancer associated fibroblasts. Murine specific primer sequences used for each gene of 

interest are found in Table 4.1.  
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Table 4.1. Primer sequences for identifying stromal cell populations. Forward and reverse 
murine specific primer sequences used in quantitative PCR of PDX-derived stromal cells. Murine 
specific primers were used to screen gene expression in stromal-derived RNA extracted from 
treated and untreated PDX BL0293 and BL0440 tumors, to identify mouse-derived tumor 
infiltrating stromal cells in human PDX tumors.  
 
 

 

 

 

 

 

  

Gene Symbol Primer Sequence  

GAPDH 
5’-GAA ATC CCA TCA CCA TCT TCC-3’ 
5’-GAG CCC CAG CCT TCT CCA TG-3’ 

ALDH1A1 
5’-TCA TGT TCA CAT CGG AGT CTGT-3’ 
5’-TGC GAC ACA ACA TTG GCC TT-3’ 

Alpha-SMA 
5’-GTC CCA GAC ATC AGG GAG TAA-3’ 
5’-TCG GAT ACT TCA GCG TCA GGA-3’ 

SOX2 
5’-GCG GAG TGG AAA CTT TTG TCC-3’ 
5’-GGG AAG CGT GTA CTT ATC CTT CT-3’ 
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First, we aimed to evaluate if stromal cells in drug relapsed tumors had increased expression of 

stemness markers. Stromal cells in drug relapsed BL0440 tumors had increased expression of 

ALDH1A1, however these increases were not statistically significant in BL0293 treated versus 

untreated comparisons (Figure 4.7A). Gene signatures associated with cancer-associated 

fibroblasts, like alpha-SMA, were underrepresented in RNA isolated from drug treated, bulk 

BL0440 tumors. However, analysis of the drug treated BL0293 tumors indicated there was no 

difference in levels of alpha-SMA expression (Figure 4.7C).  
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Figure 4.7. Gene expression changes in stromal cell populations identified using select 
molecular markers in drug relapsed PDX BL0293 and BL440 tumors via qPCR. Murine 
specific primers were used to identify stromal stem-like populations via (A) ALDH1A1 and (B) 
SOX2 gene expression. Mouse specific primers for (C) alpha-SMA were used to identify stromal 
cancer-associated fibroblast subpopulations. qPCR data is represented as average normalized gene 
expression of drug relapsed (Rx) to untreated control (Sham), where Sham is normalized to 1. 
Error bars represent standard deviation across n=3 biological replicates. Statistical significance 
between untreated (Sham) and drug treated (Rx) gene expression for each PDX tumor line is 
calculated using Student’s t-test where p<0.05(*) or p<0.005(**) is deemed significant.  
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Lastly, we employed single cell sequencing to profile NNMT expression in multiple allograft 

tumors to localize NNMT expression to cell type. Interestingly, NNMT was not only found in 

cancer cells, but also highly expressed in cancer-associated fibroblasts. (Figure 4.8).  
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Figure 4.8. t-SNE plot of NNMT expression in fibroblasts and cancer cells.  Single cell gene 
expression data derived from non-drug treated allograft tumor models representing multiple types 
of cancer: breast, pancreatic and melanoma. Each cluster represents a different cell type and is 
labeled accordingly. Red indicates NNMT gene expression levels in both cancer cells and cancer 
associated fibroblasts.  
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Discussion 
 
Over the last several years, nicotinamide N-methyltransferase (NNMT) has been implicated as a 

biomarker for detecting aggressive bladder cancers, non-invasively [210] [211]. In this study, we 

sought to (1) validate NNMT’s role in conferring altered drug sensitivity and (2) evaluate if tumors 

have increased molecular characteristics related to a drug relapsed, aggressive tumor type. Here, 

we have suggested that increased NNMT expression in vitro as well as upregulation of NNMT in 

bladder cancer xenograft models shown in Chapter 1 is correlative with acquisition of an 

aggressive disease state and an increased ability to promote cell survival in the presence of 

chemotherapeutic treatment (Figure 4.5). Further, our findings implicate NNMT to be a potential 

regulator of gene expression via epigenetic alterations in DNA methylation patterns through 

decreasing bioavailability of SAM (Figure 4.6). DNA hypomethylation has been related to 

enhanced chemoresistance through decreases in methylation at CpG genomic regions and we show 

data in support of this mechanism [212].  

 

We also hypothesized that drug relapsed PDX tumors would have upregulation of specific gene 

signatures associated with aggressive properties in bladder tumors, that could potentially correlate 

with increased abundance of non-tumor cell types (i.e. fibroblasts, stem cells, etc.) thus hinting at 

a mechanism by which relapse occurs. Our work preliminarily confirms current theories regarding 

molecular changes in the tumor stroma that correlate with a drug relapsed, aggressive cancer 

phenotype. We find that PDX tumor BL0440 has enhanced properties of “stemness”, denoted by 

increased expression in murine specific ALDH1A1 (Figure 4.7A). This finding has been 

substantiated in the literature, where increased expression of ALDH1A1 in the stroma of breast 

cancer tumors has been associated with a malignant phenotype [213]. Additionally, ALDH1A1 is 



 133 

a well-known marker of mesenchymal stem cells which have been shown to stimulate ABC 

transporter drug efflux activity as a potential mechanism of enhancing chemoresistance in cancer 

cells [214]. While further experimentation is needed to show that drug relapsed BL0440 tumors 

contain a greater abundance of ALDH1A1 expressing stromal cells rather than upregulation in 

ALDH1A1 gene expression from the same cell population, data shown supports previous findings 

suggesting that drug relapsed tumors have increased expression of this stem cell marker, 

associating with an aggressive disease state.   

 

NNMT has also been found to be highly expressed in the surrounding matrix of aggressive tumor 

types, specifically in cancer-associated fibroblasts residing in the tumor microenvironment [215]. 

In this study, we also wanted to investigate if cancer-associated fibroblasts denoted by smooth 

muscle actin (alpha-SMA) were found in increased abundance in drug relapsed tumors, correlative 

with upregulation of NNMT expression in aggressive tumors. Interestingly, aggressive tumors were 

found to have decreased alpha-SMA expression suggesting a potential decrease in CAF 

subpopulation abundance, in drug treated BL0440 tumors. Cancer-associated fibroblasts are 

heterogeneous in nature and can confer a variety of pro-tumorigenic and anti-tumorigenic 

properties [216]. Further experimentation involving immunohistochemical analysis of alpha-SMA 

abundance would provide additional evidence that alpha-SMA is indeed derived from non-cancer 

cells; and that decreases in alpha-SMA reported at the RNA level are associated with decreases in 

CAF number rather than downregulation of the alpha-SMA transcript.  

 

Sequencing technologies are continuously expanding and application of ATAC-seq (Assay for 

Transposase-Accessible Chromatin using sequencing) to examine the chromatin landscape will 
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more clearly highlight the mechanism of NNMT chemoresistance through identification of 

methylated regions of the genome. Additionally, further characterization of cell origin of 

ALDH1A1 through immunohistochemical analysis along with localization with other stem cell 

markers will be needed to confirm a stromal specific stemness expression profile. If ALDH1A1 is 

definitively linked to stromal cell origin, ultrasensitive technologies such as Accelerator Mass 

Spectrometry capable of quantifying attomolar levels of radiolabeled chemotherapy drugs can be 

used to thoroughly examine stromal mediated drug efflux or physical sequestration via ALDH1A1 

expressing cells (Figure 4.7A) [217].  

 

Further investigation utilizing single cell sequencing to identify additional rare subpopulations 

within this group of alpha-SMA positive CAFs may help to provide novel insight into fibroblast 

subpopulations that may prevent chemoresistance and further explain unexpected outcomes in our 

study. While we acknowledge that alpha-SMA is employed to denote vascular smooth muscle 

cells, alpha-SMA is a well-used marker of CAFs in cancer biology [218] [219] [220]. Including 

other CAF markers such as fibroblast activating protein (FAP) to capture a more diverse CAF 

population will provide a more wholistic view of CAF prevalence in PDX tumors following drug 

relapse [221].   

 

Work shown highlights the importance of studying the methionine methylation pathway in the 

context of drug resistance and further correlates NNMT with an aggressive disease state. Further 

immunohistochemical validation in future experiments will determine whether the associated stem 

cell characteristics within bulk RNA originate from cancer cells undergoing epithelial to 

mesenchymal transition, or to other cell types residing in the stromal environment. Understanding 
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molecular differences between tumors apt to relapse and those that do not at both a cancer cell and 

stromal cell level is important to appropriately develop therapeutic strategies to target cancer and 

stromal-derived cells that enhance aggressiveness alike. NNMT also serves as a “methylation 

sink”, referring to the sequestration of methyl groups in the form of 1-methylnicotinamide [222]. 

While 1-methylnicotinamide has been studied extensively and is not known to have methylation 

capacity of its own, this molecule could represent a druggable target without interfering with 

normal cellular physiology to hopefully reverse drug relapse. Therapeutically modifying 

intracellular 1-methylnicotinamide levels may help to reverse stromal cell infiltration and 

subsequent characteristics, restoring a less aggressive and more therapeutically approachable form 

of cancer. 
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Chapter 4: Tracking Tumor Colonization in Xenograft Mouse Models Using Accelerator 
Mass Spectrometry 

 
Introduction 
 
Currently, ~1.6 million new cases of cancer get diagnosed annually, and the American Cancer 

Society has estimated that over 500,000 cancer patients will die in the US this year alone. While 

most primary tumors can be treated if detected early, metastatic cancer is generally incurable and 

accounts for the majority of cancer-related deaths. Virtually all cancers can metastasize and 

common metastatic sites include bone, liver and lung. Understanding the molecular and biological 

basis of metastasis is essential for conquering it, however, there are very few precise tools that 

allow us to study the process of metastasis. In particular, we lack highly sensitive methods to 

quantify metastatic tumor burden in experimental models. Metastasis, is another significant 

clinical challenge towards curing all types of cancer.   

Over the last few decades, rodent models have significantly contributed to our current knowledge 

of cancer. They have been used as proxies for humans for discovering and testing new therapies 

to improve cancer outcomes, finding better ways to detect cancers at early stages when 

malignancies are most curable, assessing new approaches to cancer prevention and for determining 

genetic risk factors of developing cancer, therapeutic responsiveness, and therapy-induced toxicity 

[223, 224]. Non-invasive imaging techniques, including magnetic resonance imaging (MRI) and 

computed tomography (CT) have also been adapted to small laboratory animals to better study 

cancer metastasis in vivo [223, 225]. While these methods have been insightful, they fail to provide 

an understanding of metastasis at the single cell level. 
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Currently, there are a variety of technologies used to modify cancer cells to better study them in 

vivo. One method utilizes bio-luminescence to track genetically altered cancer cells expressing 

firefly luciferase (luc) and has been useful in studying metastasis stemming from intra-cardiac 

(IC); intra-osseous (IO), or arterial tail vein (TV) delivered luc+ tumor cells. In vivo implantation 

or systemic injection of tumor cells transfected or transduced with luc allows monitoring of tumor 

growth and migration by measuring the photon signals emitted throughout the animal’s body. As 

the cells migrate and lodge onto different organs, their location and expansion can be tracked by 

luminescence [225] [226]. This technology has helped derive new insights into many types of 

cancers as well as helped assess therapeutic potential of single or co-administered drugs in 

xenograft animal models [227] [228] [229] [230] [231]. While this approach has broad 

applications, it poses several limitations: (1) cancer cells must be genetically modified to introduce 

the luc reporter gene; (2) luc signal is dependent on luc gene expression, therefore it is susceptible 

to micro-environmental changes in the organism that may affect the transcription level of the 

reporter gene; (3) measurements are not truly quantitative since tumor size and location is 

extrapolated based on luminescence intensity, and high intensity focal signal may ‘spill’ into 

adjacent tissues making it difficult to delineate tumor boundaries or exact visceral location [232] 

[233].  

A different in vivo labeling method takes advantage of the highly proliferative characteristic of 

tumor cells through the administration of [18F]-fluoro-3′-deoxy-3′-L-fluorothymidine ([18F]FLT) 

and measures cancer proliferation using positron emission tomography (PET). [18F]FLT is taken 

up by all cells, but actively dividing cells such as cancer cells phosphorylate [18F]FLT to generate 

[18F]FLT-monophosphate; [18F]FLT-monophosphate becomes trapped intracellularly and marks 

actively dividing cells [234]. Unlike radioactively labeled thymidine (14C-thymidine) that has been 
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shown to robustly incorporate into newly synthesized DNA, only 0.2% of administered [18F]FLT 

incorporates into cellular DNA, in vitro, because it acts as a chain terminator [234], hence [18F]FLT 

uptake correlates with the first step in the salvage pathway of DNA synthesis. One application of 

this technique has been to measure viability and tumor growth during or after treatment with 

anticancer agents. While studies using mouse xenografts have shown that [18F]FLT in vivo imaging 

can be used to monitor the effects of cancer therapy [235], its utility is limited for a few reasons. 

Mainly, label uptake is nonspecific, and can sometimes mark metabolically active non-cancer cells 

leading to false positive scans [234]. Additionally, the short half-life (20 min) of 18F precludes 

analyses over long periods of time, limiting the type of experiments and biological questions that 

can be addressed via this method. 

Recently, researchers have introduced microparticle-based materials detectable via PET imaging 

with the eventual goal of delivering therapeutics in a targeted manner. Starch-based microparticles 

(~30 μm average diameter) have been functionalized with radioactive ligands such as Gallium-68 

and Rhenium-188 via an amino linker [236]. The specificity of microparticles combined with 

conjugated radiolabels detectable via PET imaging has provided a new avenue to detect cancer 

cells in vivo. While microparticles radiolabeled with Gallium-68 are an improvement over 

luminescence assays, this technique still lacks single cell resolution and is not a direct method for 

quantifying single cells. 

Single cell quantification using 14C-thymidine that has been directly incorporated into a cell’s 

DNA provides a new and exciting opportunity for assessing tumor burden and metastatic potential. 

Accelerator Mass Spectrometry (AMS) is used to detect and accurately quantify attomolar 

concentrations of radioisotopes directly isolated from cancer cells and organs of interest [237]. 
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This technology has also been used to evaluate adduct formation and drug resistance in bladder 

cancer in addition to investigating pharmacokinetics of candidate drug compounds [238] [239]. 

Unlike other methods where incorporation of [18F]FLT is dependent on rate of proliferation not 

specific to cancer cells or bio-luminescence assays where detection is not precise, 14C-thymidine 

is only introduced through cancer cells that have been labeled and quantified ex vivo via AMS, 

allowing the investigation of tissue colonization and metastasis. 

While comprehensively the data collected from animal models has greatly improved our 

understanding of cancer metastasis, the limitations for detecting metastatic tumors in humans have 

persisted in rodents, and currently no quantitative method exists that can accurately determine the 

presence of a single metastatic cancer cell or the complete eradication of it in response to therapy. 

Here we introduce an AMS-based approach that allows us to quantitatively assess the metastatic 

potential of 14C-thymidine labeled cancer cells, in rodent xenograft models. Since cancer is a 

highly heterogenous disease, this method can now be further developed for a variety of 

applications including (1) the study of PDX models and (2) use in drug efficacy studies. 
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Results 

14C-thymidine labeling allows for single cell detection of colonized tumor cells by AMS. 

Quantitation of colonized tumor cells at sites of metastasis was accomplished by measuring the 

14C signal in DNA of various tissues of animals injected with cancer cells whose DNA was labeled 

with 14C-thymidine. Organs with or without visible tumors were harvested and the DNA from a 

fraction of the homogenized sample was quantified by AMS to determine the 14C signal [138] 

[240]. 14C tissue level was converted to quantities of colonized cells based on the 14C levels 

detected in labeled cells prior to delivery into the animal. This approach allowed us to evaluate 

whether any of the injected cells colonized distant organs as depicted in Figure 5.1A. 
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Figure 5.1. Workflow and validation of 14C-labeling cancer colonization assay. (A) Schematic 
of colonization assay workflow. Cells were first cultured with 14C-thymidine media to achieve 
single cell resolution and injected into NSG mice via tail vein (TV), heart (IC) or subcutaneous 
(SQ) routes of delivery. Injected cells were allowed to metastasize for up to 12 weeks. Tissues 
were harvested at early (2 weeks post injection) and late (12 weeks post injection) time points and 
DNA was isolated and quantified using AMS. In parallel, the activity of 14C-thymidine label in 
cultured cells was quantified using liquid scintillation counting (LSC). AMS measurements and 
LSC readings were combined to calculate the number of colonized cells per each organ examined. 
(B) Optimization of 14C-thymidine labeling in vitro using various concentrations of radioactivity 
in cell culture media (n = 3). (C) Correlation of experimental versus theoretical values of 14C-
thymidine in labeled cells. (D) Pharmacokinetics of free 14C-thymidine (n = 6): mean 
concentration-time profile of thymidine in blood following a single intravenous administration of 
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700 pCi/animal in C57Bl/6 male mice. Data is expressed as the average per time point ± standard 
error. (E) 14C-thymidine dosing solution administered to C57Bl/6 male mice, thymidine retention 
time = 16 min. (F,G) HPLC chromatographs of mouse urine collected at 24 h post dose from 2 
mice exposed to 14C-thymidine. Open bars indicate thymidine retention time. (H) Stability of 14C-
thymidine in labeled cells transferred to non-14C-thymidine media. 

 

  



 143 

Based on typical sensitivity and setting the limit of quantitation (LOQ) as the average of undosed 

controls plus 2–3x the standard deviation [138] [241] [242], we estimated that incorporation of 

1 × 106 14C-thymidines into one mammalian genome [~6.2 pg of total DNA/genome] would enable 

single cell detection by AMS. The DNA of PC3 cells cultured in the presence of 14C-thymidine at 

4 different specific activities [0.55–11 nCi/mL] was examined for 14C-thymidine levels at days 2, 

5, 7, 9, and 14. A specific activity of 11 nCi/mL was sufficient to incorporate 1 × 106 14C-

thymidine/cell over 7 days of culture (Figure 5.1B). Next we compared the theoretical 14C-values 

to the experimental values using AMS from a single cell measurement by analyzing the equivalent 

DNA from 1 × 106 cells spiked with an exponential serial dilution of 14C-labeled DNA representing 

differing quantities of founder cells [1:1,000,000; 1:100,000; 1:10,000; 1:1,000]. Extrapolated cell 

quantities from AMS signal yielded a linear relationship relative to estimated 14C-labeled cells 

down to the equivalent of 0.1 labeled cells/106 total cells (Figure 5.1C), suggesting that this 

method could allow the detection of 1 labeled cell in 1 × 107 unlabeled cells. All proceeding 

experiments described herein were conducted with cells labeled by culturing with 14C-thymidine 

at a specific activity of 11 nCi/ml over 7 days. 

Since thymidine is readily incorporated during S phase by mitotic cells, measured 14C in DNA 

should accurately correlate with the presence of tumor cells via presence of 14C in newly 

synthesized DNA [243]. We quantified the pharmacokinetics of 14C-thymidine over a 24 hour 

period at physiological levels to ensure that recycled 14C-thymidine is not incorporated into healthy 

cells. The plasma concentration vs. time curve followed first order kinetics with a distribution half-

life of 0.46 h and an elimination half-life of 10.5 h indicating rapid distribution beyond the plasma 

compartment. Clearance was also rapid at 1.03 L/h/kg. No measurable 14C-thymidine was detected 

in the plasma after 6 hours post injection (Figure 5.1D). In addition, HPLC separation and LSC 
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analysis of urine collected between 0 and 24 h post dose from mice intravenously exposed to 14C-

thymidine revealed that ~2.45% of total 14C-thymidine was present intact, in the urine. This data 

suggests that 14C-thymidine is rapidly cleared and therefore 14C-thymidine released metabolically 

from apoptotic cancer cells is unlikely to be recycled and incorporated into actively dividing host 

cells (Figure 5.1F,G; Table 5.1). 
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Table 5.1. Percent of 14C radioactivity recovered in 24 h urine after a single IV dose of 14C-
thymidine in male C57Bl/6 mice. 

 % of total 14C dose 
recovered in urine 

% of 14C dose recovered as 
thymidine in urine 

 
mouse 1 

 
8.0 

 
2.6 

 
mouse 2 

 
6.5 

 
2.3 
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To further examine 14C-thymidine signal stability in rapidly dividing cancer cells, labeled PC3 

cells (prostatic carcinoma) were incubated in non-radioactive media to simulate growth for 

prolonged durations. Total input 14C activity was measured at the time cells were seeded, and total 

signal retention was calculated over time, in expanded cultures. No detectable signal was lost from 

the population 8-days post seeding. A 17% signal loss was measured at 21-days post seeding 

however, this loss was not significant when compared to samples collected at the time of cell 

seeding (p-value = 0.0829) (Figure 5.1H). Therefore, we conclude that 14C activity is retained and 

stable within cell populations over long term culturing and any 14C-thymidine detected in the 

tissues of xenograft mice is derived from the originally injected cancer cells and their progeny, 

only. 

Tumor cell colonization in xenograft mice is cell line specific. 

To determine the persistence of 14C-signal in growing tumors, we injected a logarithmic range of 

PC3 labeled cells subcutaneously (SQ) [1 × 103–1 × 106], allowed tumors to reach the same size 

[1 cm3], then quantified the total amount of detectable 14C in only the excised SQ tumors. 

Interestingly, very few injected cells initiated the tumor regardless of the quantity of cells delivered 

(Figure 5.2A). Tumors originating from larger quantities of injected cells yielded greater rates of 

colonization, where 1 × 106 injected cells retained ~ 3.84%, 1 × 105 injected cells retained ~1.18% 

and 1 × 104 injected cells retained ~0.78% of the total delivered cells. Tumors initiated from 1 × 103 

cells retained less than 1.85% in the final tumor, however the 14C levels were below the LOD in 

2/4 analyzed tumors (Figure 5.2B). This data suggests that >95% of the injected human cancer 

cells delivered into NSG mice SQ die, and that the emerging SQ tumor is initiated by a very small 

population of tumor initiating cells. 
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Figure 5.2. Quantification of subcutaneous tumor forming cells. (A) Comparison of 
subcutaneously injected cells in relation to the number of colonized cells quantified using AMS 
from the harvested tumor. (B) Percentage of initially injected 14C-labeled cells retained in final 
tumor. At least 4 replicates were analyzed for each quantity of cells injected with the exception of 
1.00E + 03 cells due to 14C signal below the level of detection (++). 
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To determine the dynamics of tissue colonization in PDTX, we label PC3 [highly metastatic] and 

LnCap [non-metastatic] [244] prostate cancer cell lines with 14C-thymidine at single cell resolution 

and analyzed their respective patterns of metastasis post intravenous delivery into NSG mice. 

Previously reported metastatic sites for PC3 cells [lung, liver, kidney] and non-metastatic sites 

[heart, spleens] [245] were harvested at 2- and 12- weeks post injection, independent of the 

presence of visible tumors. 14C signal was converted to colonized cell quantity based off the 14C 

activity per injected cell. Additionally, uninjected control tissue background signal was subtracted 

prior to quantification. At 2 weeks post-delivery, 14C signal was detected in the DNA of tissues 

harvested from both PC3 and LnCap lines and the signal was present in both metastatic and non-

metastatic tissues (Figure 5.3A). The highest signal for both cell lines was observed in the liver, 

however PC3 derived tissues had significantly higher levels in all tissues examined, except heart, 

suggesting that tumor cells colonize a wide range of tissues, independent of the sites previously 

determined to bear secondary tumors. Although significantly lower, LnCap cells also colonized 

target tissues at 2-weeks post injection, suggesting that TV delivered tumor cells reach distant sites 

at very low frequency but can reside in these tissues for up to 2 weeks without initiating tumors. 
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Figure 5.3. Colonization of tissue from PC3 and LnCap cells. Quantity of colonized founder 
cells calculated from 14C signal in DNA from target tissues isolated (A) 2 weeks post injection 
(n ≥ 5) and (B) 12 weeks post injection (n ≥ 4). Error bars represent SEM. *p < 0.05. (C) 
Representative pictures of kidneys and livers from PC3 or LnCap injected animals. 
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At 12-weeks post injection, the PC3 injected mice had visible tumors in all previously reported 

organs with the most striking tumors visible in the liver and kidney (Figure 5.3C). In contrast, the 

LnCap mice had healthy organs with no visible tumors. 14C quantification in these tissues revealed 

that consistent with the presence of tumors, PC3 organs had significantly higher levels of 14C while 

the LnCap organs had cleared most of the 14C detected at the 2-week time point. These data suggest 

that most 14C-labeled LnCap cells injected into the mice have cleared from these organs, while the 

PC3 cells proceeded to form aggressive tumors (Figure 5.3B). 14C signal from PC3 injected 

animals in all target tissues was decreased at the 12-week time point relative to the 2-week time 

point in all tissues, except for heart, a non-metastatic site, suggesting that the heart may be a site 

for dormant tumor cells. Despite the attenuation of signal from 2- to 12-weeks, the colonized cell 

profile produced via this assay recapitulated visible tumor formation for both cell lines at both an 

early and late time point. 

Tissue colonization is dependent on the route of tumor delivery. 

Several studies have observed altered metastatic profiles based on the route of cancer cell 

introduction [246] [247]. Labeled PC3 cells were delivered via TV or IC and tissues were harvested 

prior to the formation of any visible tumors (2-weeks post injection) and at later time points when 

tumors were visible (7-weeks post injection for IC and 12-week post injection for TV) to compare 

the two delivery routes. TV delivered PC3 cells produced lung and kidneys tumors in contrast to 

IC delivered cells which yielded heart, lung, liver, and kidney tumors upon visual inspection at 

time of tissue harvesting (Table 5.2). Also, IC delivery led to more rapid tumorigenesis, such that 

kidney and liver tumors developed by 7-weeks post injection were similar in size to those 

developed after 12-weeks post TV injection. 
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Table 5.2. Percent of animals with visible tumors. 
  

Heart Lung Liver Kidney 

IC 100% 100% 67% 17% 

IV 0% 33% 100% 83% 
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Furthermore, unique profiles of dispersion of colonized cells was evident at both early and late 

time points with statistically significant quantities of colonized cells differentiated by route of 

injection found in the heart, lung, and kidney (Figure 5.4A-D). These distinct metastatic profiles 

of cell colonization were consistent with observed metastases found at both 2-week and 12-week 

time points. IC injected animals contained colonized cells in heart, lung, liver, and kidney. Cells 

injected IC preferentially targeted the lung at both time points followed by heart and liver 

colonization containing equivalent quantities of 14C labeled cells. Moreover, kidney 14C signal was 

low in both early and late time points, consistent with the lower rate of metastasis observed at 7 

weeks post injection. TV injected animals resulted in lower total quantities of colonized cells in 

target tissues which is consistent with the increased tumorigenicity observed in IC compared to 

TV administered animals. 
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Figure 5.4. Tail vein and intracardiac injected cancer cell colonization. Profile of colonized 
cells in target tissues calculated from 14C signal in DNA from target tissues isolated at 2-week post 
injection, 7-week for intracardiac (IC), or 12-week for tail vein (TV) (n = 5). 
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Cancer cell colonization correlates to tumorigenic activity. 

In order to correlate 14C signal with the level of tumor burden, IC injected PC3 cells were analyzed 

for visible lung tumor formation at 7-weeks post injection followed by 14C signal quantification. 

14C levels correlated with both the occurrence of tumors as well as relative tumor burden. 

Specifically, mouse lungs L1 and L3 exhibited extensive tumors and also yielded the largest levels 

of colonized cells. In contrast, DNA obtained from mouse L2 lungs produced detectable yet <20% 

the 14C signal compared to L1 and L3, which is consistent with the observed tumor burden. 

Additionally, control lung tissue with no metastases contained no detectable 14C levels (Figure 

5.5A, B). 
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Figure 5.5. Tumorigenic and 14C activity in lung and bone metastasis. (A) Lung metastases of 
differing tumor burden 7-week following PC3 intracardiac injection from 4 mice and (B) 
quantification of colonized cells from AMS analysis of 14C signal in tissue DNA. (C) X-ray images 
of femurs from 4 animals 7-week post injection following PC3 intracardiac injection. Red arrows 
denote sites of osteolytic activity induced by cancer cells and (D) associated quantities of colonized 
cells in each femur. 
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IC injected cancer cells have also been shown to favor bone metastasis in several cancer types 

[248] [249]. Because PC3 cells have been reported to produce osteolytic lesions upon metastasis 

to the bone, bone loss was assessed at 7-weeks post-IC injection via X-ray imaging and then 

compared to the 14C levels detected in the same bone derived DNA. The levels of colonized PC3 

cells estimated via AMS quantification of 14C signal correlated with the extent of visible osteolytic 

lesions. The mouse (B1) with the most extensive visible osteolytic activity also had the highest 

number of colonized cells in both femurs (Figure 5.5C, D). The mice with visible but reduced 

osteolytic activity (B2/B3) were also found to harbor fewer, but above control 14C levels. 

Interestingly, the quantity of tumor cells identified in bone metastatic tumors was very low, 

suggesting that a few cells are sufficient to colonize and seed metastatic bone tumors, in NSG 

mice. 
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Discussion 

The method presented herein is an extremely sensitive and informative tool for evaluating rare 

events of cancer cell colonization where we can detect one single cancer cell in a pool of 1x107 

cells. We have demonstrated the utility of Accelerator Mass Spectrometry (AMS) by evaluating 

metastatic patterns of cancer cell lines with different known metastatic profiles, and compared 

different delivery routes, in NSG mice.  We were able to show, that less than 5% of human cancer 

cells delivered subcutaneously into NSG mice survive to form a tumor. Furthermore, we were able 

to show that metastatic tumors are initiated by very few cells, we found as low as 20 founder cells 

in kidney tumors, and few as 2 cells in bone tumors. Liver and lung tissues had the most tumor 

initiating cells, where >5000 cells persisted past 7-weeks, in liver tumors. 

 

For the first time, we were able to track single founder cells to quantitatively study metastatic 

events in a variety of tissue types. While the assay presented here has provided novel insights into 

cell colonization, there are a few limitations of the model systems used. Cells delivered directly 

into the bloodstream do not have to extravasate from the primary tumor, therefore intravenous 

delivery of cancer cells does not reproduce all the events involved in metastasis.  While 

spontaneous metastases are rare, the tumors evaluated had to extravasate the vasculature and 

infiltrate distant organs to colonize a secondary location, therefore they do partially mimic 

metastatic events.  Future studies using this cell labeling assay may include orthotopic delivery of 

14C-labeled cancer cells.  Tracking metastatic events in which cells are required to undergo an 

epithelial to mesenchymal transition will help to parse out delivery method bias and will provide 

a more complete understanding of cancer cell colonization.    
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The utilization of AMS to track cancer cells in vivo represents a new application of a technology 

that can be further explored to study metastasis, and address key questions in cancer biology such 

as, why do some tumor cells remain dormant in tissues, while others rapidly form aggressive 

tumors.  In particular the persistence of a few cells in the heart is intriguing.  While we have 

optimized parameters such as concentration of 14C-thymidine in cell culture media during cancer 

cell labeling in vitro to allow for maximum 14C-thymidine retention once cells are removed from 

the labeling conditions, it remains to be determined whether similar approaches can be used on 

tumor cells isolated from primary tumors. If we can label and expand cancer cells obtained from 

biopsies, this approach may be further developed to evaluate the aggressiveness of tumors, and 

inform personalized treatments. 

 

Additionally, we have optimized the length of time that cells are incubated with radiolabeled 

thymidine to allow for sufficient incorporation detectable at 12-week time points post labeling. 

We have also thoroughly investigated potential pitfalls of our assay to further substantiate our 

findings, such as metabolism of free 14C-thymidine at physiological concentration as well as 

possible reincorporation of 14C-thymidine in vivo into other dividing cells from dead cancer cells.  

Because the half-life of 14C is 5,730 years, this approach can be used to carry long term studies in 

pulse-chase type experiments, in vivo, without losing single cells resolution.  

 

We have shown that the route of cancer cell administration influences where metastases occur, 

therefore xenograft studies need to be carefully assessed when trying to extrapolate data to patients.  

We found prostate cancer cells to preferentially target the kidney when introduced into the 

bloodstream through the tail vein but to colonize the bone when delivered through an intracardiac 
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route of entry. This result is consistent with several published studies which support the idea that 

intracardiac inoculation is more likely to result in metastatic bone lesions in vivo compared to 

intravenous delivery [250, 251].  Both visual osteolytic activity observed via x-ray imaging and 

individual cell quantification via AMS demonstrated that bone metastases were only achievable 

using an intracardiac delivery, despite the bone microenvironment being a well-known target of 

prostate cancer, presumably regardless of mode of entry [252].  

 

The number of 14C- labelled cells quantified in bone and lung tissues were correlative with the 

visual tumor burden and observable osteolytic activity when compared to control tissues, 

suggesting that quantification of 14C in the absence of visual tumors can be a reliable predictor of 

metastatic tumors.  Even in the subcutaneous model, we showed that only 1-5% of implanted cells 

were present in the harvested tumors and label retention was still correlative with the initial founder 

cell population quantified using our assay and further suggesting that cell colonization is a rare 

event. This type of specificity for determining founder cell colonies is unprecedented in the 

literature.  Even bioluminescence-based luciferase assays with current state of the art imaging 

platforms can only quantify normalized photon flux as a measure of labeled cell density in target 

organs, while we have shown that our assay quantifies individual cells based on direct 

incorporation of a radiolabel into cellular DNA [253]. 

 

In practice, using AMS methodology to study metastasis is straightforward given proper 

equipment and institutional allowance of radioactivity use. The Accelerator Mass Spectrometer 

facility at LLNL has undergone years of research and development to be used in the capacity that 

it is today.  Ongoing efforts aimed at developing a laser-based AMS instrument with commercial 
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potential and requiring minimal lab space are underway. Until then, the AMS facility regularly 

collaborates with other research institutions that wish to utilize this technology making it possible 

for all investigators to benefit from this resource. 

 

This novel methodology for understanding metastasis provides a new avenue for studying cancer 

in the future.  We can now track specific cells in vivo to study their characteristics that allow them 

to colonize a target organ and form metastasis. Furthermore, we can couple xenograft experiments 

with drug treatment to evaluate efficacy and study drug resistance. Additionally, with the advent 

of single cell sequencing and other single cell characterization tools, we can gather genetic 

information about these radiolabeled cells that have metastasized to elucidate underlying genetic 

mechanisms.  This AMS-based assay gives new hope for advancing the field of metastasis with 

detection of single cells in model organisms with an unprecedented level of specificity and 

accuracy. 
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Conclusions and Future Work 
 

Drug resistance and metastasis are two major clinical challenges towards completely eradicating 

cancer. Importantly, these phenomena are related and have been demonstrated by various research 

groups that mechanisms that drive drug resistance also promote metastasis [141] [254]. Cancer 

cells that remain dormant or otherwise are not eradicated by chemotherapy can persist in a 

quiescent state, and subsequently metastasize to distant regions of the body [255].  Following 

tumor growth in vital organs such as the brain, liver and lungs, organ failure largely accounts for 

patient mortality from metastatic disease [256]. Standard of care for advanced bladder cancer 

includes treatment with two nonspecific chemotherapy drugs: cisplatin and gemcitabine. These 

chemotherapy drugs exert an anti-cancer effect through exploiting a hallmark of cancer cells: rapid 

cell division.  

 

Here, we have conducted transcriptomic analysis of drug relapsed and non-drug relapsed patient-

derived xenograft tumors and identified methionine adenosyltransferase (MAT1A) to be 

significantly upregulated in relapsed tumors. This protein, which is not found in the healthy human 

bladder was also found in patient tumors having previously received chemotherapy. Additionally, 

we have shown that MAT1A is transiently upregulated following drug treatment and confers a 

survival advantage to bladder cancer cells in vitro, potentially through encouraging a less 

transcriptionally active state. Because metastasis is the leading cause of lethality in cancer, and 

because tumor cells that lie dormant in tissues pose the greatest threat to recurrence, we developed 

a metastasis assay based on quantifying 14C-levels in total organs of xenografts or allografts. This 

allows us to identify and study cells that have disseminated to vital organs, at single cell resolution. 
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This thesis has provided gene signatures related to drug resistance and has provided new tools 

from which metastasis can be further explored.  

 

Since initially beginning this thesis, little was known regarding the influence of MAT1A and NNMT 

on cancer progression and drug resistance. Over the last four years, there have been 20 new 

publications implicating MAT1A in cancer biology while almost 40% of publications regarding  

NNMT in cancer biology have been published since 2015. We have shown that NNMT is associated 

with drug relapsed tumors (Chapter 1) and new literature has supported our preliminary findings 

associating NNMT with stem cell characteristics [209] and cancer associated fibroblasts at the 

proteomic level [215]. Consequently, NNMT may serve as a broad spectrum therapeutic target for 

not only identifying the presence of cancer as has been shown by Li et al. but also identification 

of a drug resistant state [257]. 

 

The methionine metabolism pathway or one-carbon metabolism is an important source of methyl 

moieties available for methylation reactions via S-adenosylmethionine regulated by MAT1A. 

Methyl groups provided by this pathway allow for dynamic transcriptional regulation through 

reversible epigenetic methylation of specific loci [258]. They methyl moiety involved originates 

from methionine, an essential amino acid provided through diet [259]. The generation and 

utilization of SAM in this pathway is governed by two critical types of enzymes: MAT, responsible 

for the biosynthesis of SAM and NNMT, a methyltransferase enzyme which consumes SAM. The 

MAT family of enzymes is derived from three genes: MAT1A, MAT2A, MAT2B within the 

mammalian genome [260]. The entire MAT family is comprised of both regulatory and catalytic 

subunits responsible for synthesizing S-adenosylmethionine (SAM) from methionine and ATP. 
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MAT1A, MAT2A, MAT2B genes are respectively translated to MATa1, MATa2 and MATb2 

subunits, ultimately responsible for regulating and carrying out catalysis of S-adenosylmethionine 

[261]. MATa1 and MATa2 subunits are homologous to each other, differing mostly in the tissue 

of origin where they are primarily found, where MAT1A is predominately found in hepatic tissues 

and MAT2A is found in extrahepatic tissues. Importantly, MAT1A and NNMT are involved in 

normal methionine metabolism however their role in relation to tumor relapse following drug 

treatment has historically yet to be fully explored [262]. Knockout studies of NNMT in murine 

models display gender-dependent differences in weight, body composition and insulin sensitivity 

[263] while knockout of MAT1A in hepatocytes had decreased mitochondrial potential [264]. 

 

The MAT1A transcript is primarily found in hepatic tissues at high levels, and in the pancreas, skin, 

testes and ovaries to a lesser, but still detectable extent [265]. However, MAT1A is virtually 

undetectable in the normal urinary bladder by both RNA sequencing and histological methods 

[157]. We find that MAT1A is not only detectable in human bladder tumors, but levels of MAT1A 

increase in response to drug treatment, which promotes tumor relapse (Chapter 1). Because 

MAT1A is not typically found in healthy bladder tissue, any level of MAT1A in surgical tumor 

margins may serve as an important marker to evaluate successful resection of tumor tissue as well 

as identification of a drug relapsed tumor. Protein signatures of drug resistant cancers are 

desperately needed in order to predict and improve patient outcome.  

 

In the future, we hope to further study MAT1A and NNMT, genes found to play an important role 

in contributing to drug resistance, in the context of metastasis utilizing our AMS-based assay. 

Previous studies have associated drug resistance with increased metastatic character [266]. 
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Subsequent work to validate findings presented here will include investigation of MAT1A or 

NNMT expressing cancer cells and whether or not they are correlated with increased metastatic 

character, in vivo. 

 

Gemcitabine and cisplatin affect rapidly dividing healthy cells and cancer cells alike, relying on 

the fact that cancer cells typically outpace healthy cell division to exert an effect [267]. 

Identification of MAT1A as a gene promoting relapse following gemcitabine and cisplatin 

treatment is an impactful finding as we propose a drug resistance mechanism through MAT1A-

driven preference for a more quiescent state, effectively minimizing exposure to chemotherapy. 

Future work will be needed to determine whether inhibiting MAT1A releases cancer cells from a 

quiescent state and whether it can increase the potency of chemotherapeutic treatment. 

Additionally, confirming this result as a wide-spread mechanism of drug resistance across multiple 

cancer types can further elevate the significant of MAT1A in tumor development. As such, MAT1A 

could be further explored as a viable co-therapy to a variety of nonspecific chemotherapeutics such 

as cisplatin, gemcitabine and cytosine arabinoside (AraC), which rely on DNA synthesis to render 

an effect.  

 

Additionally, upregulated transcription of genes that are not normally expressed in healthy or 

normal tissues during drug resistance represents an ideal and feasible therapeutic target for future 

investigation. If such a gene is not essential for survival, and its inhibition does not produce 

cytotoxic effects on adjacent, normal tissues, restoration of normal expression levels through 

knockdown or small molecule inhibition can help to provide a quantifiable metric of disease state 

through MAT1A. As shown, MAT1A promotes less transcriptionally active cells suggesting a 
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preference for a quiescent state in order to evade chemotherapeutic efficacy. Knockdown or 

knockout of MAT1A such that this gene can no longer be up-regulated during cancer progression 

or treatment may restore cancer susceptibility to chemotherapeutic treatment enhancing the 

efficacy of the drug in killing cancer cells.  

 

Lastly, patient-derived xenograft murine models of cancer are powerful tools to study human 

cancers, however, absence of an immune system provides limitations as far as relevance to human 

disease. Syngeneic murine models inclusive of a complete immune system allows for 

comprehensive study of cancer and regulation by the immune cell populations, albeit human and 

mouse immune systems are not identical [268] [269]. Molecular crosstalk between cancer cells 

and host species is not recapitulated in PDX models of cancer, thus, recruitment of fibroblasts, 

immune cells that promote tumor progression and cancer processes is limited [270]. Study of 

MAT1A-driven relapse following chemotherapy treatment within syngeneic models will further 

elucidate the importance of relapse through methyltransferases and possibly the highlight the 

significance of MAT1A as a prognostic marker clinically.   
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