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Abstract 
Bladder Cancer (BlCa) is the 10th most common cancer type worldwide, with an estimated 

400,000 new cases per year and 160,000 deaths in both genders. In more developed 

regions, BlCa is the 6th most incident cancer for men, and it constitutes a major health 

concern. Muscle-invasive bladder cancer (MIBC) represents a more aggressive form, which 

is more likely to progress and metastize, whereas non-muscle-invasive bladder cancer 

(NMIBC) is mostly characterized by multiple local recurrences that eventually progress over 

time. In an effort to better understand the molecular mechanisms associated with BlCa 

carcinogenesis and to better stratify and treat these patients a molecular classification of 

MIBC has been proposed in the last few years.  

Aberrations in epigenetic mechanisms, including DNA methylation, histone post-

translational modifications (PTMs), chromatin remodelers and non-coding RNAs, have 

been implicated in cancer, and also suggested to have a value as cancer biomarkers. 

Specifically, DNA promoter methylation of protein coding genes and non-coding genes, 

were shown to be useful for non-invasive early detection/diagnosis, as well as for prognosis 

and response prediction to therapy.  

Globally, the main aim of this Thesis was to explore the contribution of epigenetic 

mechanisms deregulation in BlCa, either at a clinical approach - by proposing new 

biomarkers for disease detection and management - and at a tumour biology approach - by 

investigating the mechanisms of action of known epigenetic enzymes, as well as epigenetic 

regulation of genes implicated in BlCa invasive phenotype. 

Regarding the clinical approach, the results obtained in this Thesis allowed for the proposal 

of two new methylation-based biomarker panels for BlCa management. The first one 

focused on urothelial cancer (UC) detection by a panel of two methylated microRNAs 

promoters – miR129-2 and miR663a. Using this panel, we were able to detect UC in voided 

urines, with a high performance and, discriminated UC from other genitourinary neoplasms. 

The second proposed panel was a multiplex panel composed by miR663a and VIM 

methylation and was more targeted do BlCa detection within an “at-risk” population, e.g. 

patients without cancer but showing shared symptoms. With this study we were able to 

show that miR663ame-VIMme panel could eventually help in the reduction of unnecessary 

cystoscopies, by specifically identifying BlCa patients among other urogenital diseases 

patients. Moreover, we have also showed that miR663ame analysis might provide relevant 

information for patient monitoring, identifying patients at higher risk for cancer progression.  

The results obtained from this Thesis also allowed for an improvement on the knowledge of 

BlCa disease biology. Firstly, we have investigated the histones deacetylases class of 
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enzymes, the Sirtuins. Herein, SIRT7 was identified as an important molecular player for 

cells invasive phenotype and the EMT process. In vitro studies showed that cells with 

reduced SIRT7 displayed decreased ECAD, while mesenchymal markers were augmented. 

Moreover, increased EZH2 acetylation and H3K27me3 deposition in CDH1 promoter was 

also found in sh-SIRT7 cells, contributing to the ultimate repression of this cadherin 

expression. Thus, unveiling a new regulation axis in BlCa, connecting SIRT7-EZH2-CDH1. 

Since EMT was implicated  in the acquisition of more aggressive BlCa phenotype, the 

usefulness of the current molecular classification was assessed in a BlCa cohort of both 

NMIBC and MIBC disease, and the potential contribution of the EMT marker VIM to the 

stratification strategy. In here, we showed that the current classification has the potential to 

be implemented in routine, but further adjustments in practical scoring should be defined, 

and extended to NMIBC. Moreover, in NMIBC patients, higher vimentin immunoexpression 

endured poorer disease-free survival, and increased expression was observed from normal 

bladder-NMIBC-MIBC-metastases. Thus, we propose a focus on finding additional markers, 

including those related to EMT, which may further refine BlCa molecular taxonomy. 

Finally, and as we had previously found that VIM promoter methylation accurately identified 

UC and that its expression associated with unfavourable prognosis, we sought to 

investigate VIM expression regulation and its role in malignant transformation and 

progression of BlCa. In fact, were able to demonstrate that VIM promoter was epigenetically 

regulated in normal and neoplastic urothelial cells, involving histone PTMs and promoter 

methylation, which determine a VIM switch associated with EMT and acquisition of invasive 

and metastatic properties. These findings might allow for the development of new, 

epigenetic-based, therapeutic strategies for BlCa. 

Overall, the work presented in this Thesis provided both clinical and mechanistic views of 

how epigenetic mechanisms deregulation can either be used as auxiliary tools for BlCa 

detection and prognostic management, and as direct players in various steps of bladder 

carcinogenesis processes.  
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Resumo 
O cancro da bexiga (BlCa) é o décimo tipo de cancro mais comum em todo o mundo, com 

uma estimativa de 400.000 novos casos por ano e 160.000 mortes em ambos os sexos. 

Nas regiões mais desenvolvidas, o BlCa é o sexto cancro mais incidente em homens e 

representa um importante problema de saúde. Os carcinomas da bexiga que invadem a 

camada muscular (MIBC) representam a forma mais agressiva, com maior probabilidade 

de progressão e metastização, ao passo que os tumores que não invadem a camada 

muscular (NMIBC) são caracterizados principalmente por apresentarem múltiplas 

recorrências locais, que eventualmente poderão progredir para doença avançada ao longo 

do tempo. Nos últimos anos, num esforço para melhor compreender os mecanismos 

moleculares associados à carcinogénese do BlCa, e para melhor estratificar e tratar estes 

doentes, foi também proposta uma classificação molecular para os MIBC. 

As alterações nos mecanismos epigenéticos, em que se englobam a metilação do DNA, 

as modificações pós-traducionais de histonas (PTMs), os remodeladores da cromatina e 

os RNAs não-codificantes implicadas na tumorigénese são também utilizadas como 

biomarcadores nesta doença. Especificamente, a metilação do promotor do DNA de genes 

codificantes e genes não-codificantes de proteínas mostrou ser útil para 

detecção/diagnóstico precoce não invasivo, bem como para o prognóstico e predição de 

resposta às terapias. 

Deste modo, o objetivo principal desta Tese foi explorar a contribuição da desregulação 

dos mecanismos epigenéticos em BlCa, seja numa abordagem clínica - através da 

proposta de novos biomarcadores para detecção e gestão desta doença - como numa 

abordagem da biologia do tumor da bexiga – ao investigar os mecanismos de ação das 

enzimas epigenéticas mais estudadas, assim como a regulação epigenética de genes 

implicados no fenótipo invasivo dos BlCa. 

Em relação à abordagem clínica, os resultados obtidos nesta Tese permitiram a proposta 

de dois novos painéis de biomarcadores, baseados na metilação do DNA, para os BlCa. O 

primeiro estudo foi direcionado para a detecção dos carcinomas uroteliais (UC) por um 

painel composto pela metilação do promotor de dois microRNAs - miR129-2 e miR663a. 

Ao aplicar este painel, fomos capazes de detectar UC, com óptima eficiência, em urinas de 

doentes com BlCa, e discriminar estes tumores de outras neoplasias geniturinárias. O 

segundo painel que propomos é um painel multiplex composto pela metilação do promotor 

do miR663a e da VIM, e foi direcionado para a detecção de BlCa dentro de uma população 

"em risco", por exemplo, pacientes sem diagnóstico de neoplasia da bexiga, mas que 

apresentam sintomas comuns a esta doença. Com este estudo conseguimos demonstrar 
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que o painel miR663ame-VIMme poderá auxiliar na redução de cistoscopias desnecessárias, 

e identificar especificamente doentes com BlCa entre outros doentes com patologias 

urogenitais. Além disso, demonstramos também que a análise do miR663ame poderá 

fornecer informações relevantes para a monitorização do doente, ao identificar os sujeitos 

com maior risco de progressão da doença. 

Os resultados obtidos nesta Tese permitiram, também, um aprimoramento no 

conhecimento da biologia desta doença. Em primeiro lugar, investigamos uma classe de 

desacetilases das histonas, as Sirtuínas. Aqui, a SIRT7 foi identificada como uma molécula 

importante para o fenótipo invasor das células e para o processo da transição epitélio-

mesênquima (EMT). Os estudos in vitro mostraram que as células com redução da proteína 

SIRT7 exibiram menos ECAD e um aumento nos marcadores mesenquimais. Além disso, 

estas mesmas células apresentaram o aumento da acetilação da EZH2 e da deposição da 

marca H3K27me3 no promotor da CDH1, o que contribuiu diretamente para a repressão final 

da expressão desta caderina. Assim, com este estudo, identificamos um novo eixo de 

regulação em BlCa, que envolve as moléculas SIRT7-EZH2-CDH1. 

Dado o papel proponderante da EMT na aquisição de um fenótipo mais agressivo em BlCa, 

decidimos avaliar a utilidade da classificação molecular atual numa coorte de casos NMIBC 

e MIBC, e a potencial contribuição do marcador da EMT VIM para esta estratégia de 

estratificação. Neste estudo, mostramos que a classificação molecular tem potencial para 

ser implementada na rotina, embora devam ser realizados ajustes adicionais na sua 

aplicação prática, e a inclusão de tumores NMIBC. Além disso, e especificamente em 

doentes com NMIBC, a elevada imunoexpressão da VIM foi correlacionada com pior 

sobrevida livre de doença. Foi igualmente observado um aumento gradual da expressão 

de Vimentina desde os tecidos de urotélio normal, NMIBC, MIBC e metástases uroteliais. 

Assim, com este estudo, sugerimos que novos marcadores deverão ser adicionados à 

classificação molecular, incluindo marcadores relacionados com a EMT, para melhor 

refinar a taxonomia molecular destes tumores em contexto clínico. 

Por último, e como tínhamos anteriormente observado que a metilação do promotor da VIM 

identificava com precisão casos de UC, e que sua expressão estava associada a um 

prognóstico desfavorável, procuramos investigar a regulação da expressão da VIM e seu 

papel na transformação maligna e progressão de BlCa. De facto, neste último estudo, 

conseguimos demonstrar que o promotor da VIM é regulado epigeneticamente em células 

uroteliais normais e neoplásicas, e que esta regulação é feita através de PTMs de histonas 

e da metilação do seu promotor, que juntos determinam o “switch” na expressão da VIM. 

Este denominado “switch” está associado com a EMT e, consequentemente, com a 

aquisição de propriedades invasivas e metastáticas. Estas descobertas poderão permitir o 
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desenvolvimento de novas estratégias terapêuticas para BlCa, baseadas na regulação 

epigenética desta molécula. 

Em conclusão, o trabalho discutido nesta Tese forneceu novos princípios clínicos e 

mecanicistas de como a desregulação dos mecanismos epigenéticos poderá ser utilizada 

como ferramenta auxiliar na detecção/prognóstico de BlCa, bem como agentes diretos nas 

várias etapas do processo de carcinogénese destes tumores. 
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Bladder Cancer 
The urinary bladder  
The urinary bladder is a muscular organ made out of singular tissue layers, and acts as a 

transient storage compartment for urine, which contains various waste compounds filtered 

by the kidneys. The urothelium is the innermost stratified epithelium, composed by 5-7 cell 

layers, which covers most of the urinary tract, including the upper tract renal pelvis and 

ureters, and lower tract bladder and urethra. This specialized epithelium is composed of 

basal, intermediate, and luminal cells, and performs as a tight barrier for urine, achieved 

primarily by the unique specialization of the apical plasma membrane of the superficial 

luminal cells (also called umbrella cells). This particular layer is mechanically flexible, which 

takes into account the filling and voiding of the bladder. Underneath the umbrella cells layer 

we can find the intermediate cells, which may vary in number, followed by a one-cell layer 

of basal cells directly adjacent to the basement membrane. The basal cells layer is also the 

site where new urothelial cells arise, with a slow regeneration rate, which increments in 

response to inflammation or injury conditions. Past the basement membrane, the 

submucosa, or lamina propria, can be found. This collagen-rich and highly vascularized 

elastic layer of connective tissue and nerves is, in turn, surrounded by smooth muscle (also 

known as muscularis propria), that on the outside is covered by a layer of perivesical fat 

(Figure 1) (1).  

 
Figure 1. Illustration of the bladder wall composition and tumour invasion by stage. Created with 
BioRender.com. 
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Urothelial Carcinoma of the Bladder  

Bladder cancer (BlCa) is one of the most common malignancies worldwide, ranking tenth 

in incidence worldwide. It is expected that, by 2040, the number of estimated new cases 

and cancer-related deaths will almost double the 549,393 newly diagnosed cases and 

199,922 deaths recorded in 2018 (Figure 2) (2, 3). In men, where the incidence is roughly 

3-4-fold higher when compared to women, BlCa represents the second most frequent 

urological malignancy after prostate cancer. Bladder cancer can occur at any age, but the 

risk increases with age, with a median age of diagnosis of 70 years old (4). Similar to other 

urological malignancies, mortality-to-incidence ratios are higher in underdeveloped 

countries, which probably reflects different environmental exposures and/or inequalities in 

healthcare accessibility (3). Importantly, due to its high prevalence, mortality and, 

particularly, the propensity for multiple recurrences and/or disease progression and 

consequent additional treatments, BlCa is the costliest neoplastic disease, constituting an 

important financial burden (costs about €4.9 billion in the European Union, alone, in 2012) 

(5). Bladder cancer generally refers to a cancer derived from the urothelium, hence, 

although other much rarer tumour formations with other cellular origins occur, its major 

histological subtype is urothelial carcinoma (UC), which is the focus of this work. For this 

reason, the terms “urothelial carcinoma” and “bladder cancer” will be used somewhat as 

synonyms through this thesis.  

 

Figure 2. Estimated number of major cancer incident cases and deaths worldwide, both sexes, all 
ages. Adapted from (2). 
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Epidemiology and Etiology of Bladder Cancer  

The main risk factor for BlCa is smoking (6). Compared with non-smokers, the risk of 

smokers for developing the disease is approximately three times higher (7). It is estimated 

that about a quarter of bladder cancer in women and about half of bladder cancer in men 

can be attributed to smoking (7, 8). Although the link between tobacco and bladder cancer 

may seem hard to acknowledge, it is well explained by the fact that tobacco carcinogens 

are released and leave the body through the urinary tract. Indeed, when urine is in contact 

with the bladder for several hours at a time, this organ may be exposed to high levels of 

toxins produced by cigarette smoke, prolonging the contact of the later with the urothelium, 

which ultimately may provoke damage to these cells. Although the proportion of smokers in 

many countries has declined, the inevitable global population growth has translated into an 

increased total number of daily smokers in the last decades, contributing to the strong effect 

of smoking for the great majority of newly diagnosed cancers (9). 

As stated before, urine is the vehicle for releasing waste compounds from our body, which 

can include not only carcinogens and toxins produced by smoking, but also from 

occupational exposure associated to some professions, as dye, rubber, metal, or petroleum 

workers, and hairdressers, for example. Indeed, occupational exposure to carcinogens 

such as polycyclic aromatic hydrocarbons, aromatic amines, heavy metals and combustion 

products, constitutes the second most relevant risk factor for BlCa (10). It is estimated that 

about 8% of all BlCa cases can be associated with occupational factors (11, 12). However, 

these numbers are expected to decrease, due to the evolution in the health authorities’ 

inspections and regulations across the world. 

Gender differences in the numbers of newly diagnosed BlCa are still a challenge to solve, 

because gender-specific risk differences prevail even after model-adjusting for major risk 

factors such as smoking and occupational exposure. This could be due to some biological 

factors, such as differences in male vs. female anatomy and/or sex hormone composition 

(13, 14).  

Symptoms, Diagnosis and Tumour Staging and Grading  

Urothelial BlCa mainly manifests either as a papillary growth into the bladder lumen, a flat 

lesion, or a solid tumour which may grow into the various bladder layers. More than 50% of 

most BlCa cases are diagnosed after macroscopic blood (haematuria) is detected in the 

patient’s urine, constituting the most common isolated symptom associated with the disease 

(15). Other symptoms include dysuria, frequent and/or sudden urge to urinate, and frequent 
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urinary tract inflammation or infections with microorganisms (6). The common diagnostic 

pathway for BlCa is the follow: a patient presenting haematuria and/or other mentioned 

symptoms is proposed to do a cystoscopy - the procedure that allows for endoscopic 

bladder examination - along with a urine cytology, for morphological evaluation of the 

exfoliated cells (16). In some cases, imaging techniques, such as computerized tomography 

(CT), can be used as a complement to help in the differential diagnosis of other urogenital 

pathological conditions. When a suspected lesion is detected, according to the first clinical 

assessment of the disease extension providing a clinical tumour stage, a decision is made 

to either perform a transurethral resection of the bladder tumour (TURBT), where the 

identified lesion is removed by a tool designated resectoscope, or to perform a biopsy, for 

cases where the tumour is well spread into the bladder wall (16). For the first group of 

patients, TURBT is considered not only a diagnostic surgical procedure, but also a 

therapeutic one. For patients who fall under the second group, all bladder removal, or 

radical cystectomy, is the following act after TURBT (17).  

After TURBT or cystectomy, the pathological evaluation can now be performed to determine 

not only the pathological stage (pT) using the Tumour, Node, Metastasis (TNM) 

classification system (Table 1), but also the histopathological designation of the tumour (18, 

19). Regarding the TNM classification for BlCa, it characterizes the extension of tumour 

growth into the various bladder tissue layers, and its spreading outside the bladder to other 

organs. Briefly, pathological stage Ta comprehends superficial malignant papillary lesions 

confined to the urothelial layer; stage Tis includes flat lesions that also never invade the 

basal membrane; stage T1 tumours show invasion of the lamina propria; stage T2 tumours 

extend into to the muscle layer; stage T3 tumours show invasion of the tissues adjacent to 

the bladder; and stage T4 tumours show an spread to surrounding organs such as the 

prostate, vagina, or the pelvic wall. Additional sub classification of the T2-T4 stages reflects 

the extent of invasion. To complete the assessment of the TNM classification, the presence 

of tumour spreading into lymph nodes (N) and/or distant metastasis (M) also have to be 

performed (19). Whereas the first can be obtained during the TURBT or cystoscopy 

procedure, to determine metastasis status other examination, such as CT-based 

techniques, have to be performed. A complete and thoroughly performed TNM staging is 

considered essential for BlCa management, prognosis and therapeutics decision (Table 1). 
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Table 1. Tumour, Node, Metastasis (TNM) classification system for bladder cancer. Adapted from 
(19).  

T – Primary Tumour  

Ta  Non-invasive papillary carcinoma  

Tis  Carcinoma in situ: ‘flat tumour’  

T1  Tumour invades subepithelial connective tissue  

T2  Tumour invades muscle  

T2a  Tumour invades superficial muscle (inner half)  

T2b  Tumour invades deep muscle (outer half)  

T3  Tumour invades perivesical tissue:  

T3a  microscopically  

T3b  macroscopically (extravesical mass)  

T4  
Tumour invades any of the following: prostate stroma, seminal vesicles, uterus, vagina, pelvic 

wall, abdominal wall  

T4a  Tumour invades prostate stroma, seminal vesicles, uterus or vagina  

T4b  Tumour invades pelvic wall or abdominal wall  

TX  Primary tumour cannot be assessed  

T0  No evidence of primary tumour  

N – Regional Lymph Nodes 

N0  No regional lymph node metastasis  

N1  
Metastasis in a single lymph node in the true pelvis (hypogastric, obturator, external iliac, or 

presacral)  

N2  
Metastasis in multiple regional lymph nodes in the true pelvis (hypogastric, obturator, external 

iliac, or presacral)  

N3  Metastasis in a common iliac lymph node(s)  

NX  Regional lymph nodes cannot be assessed  

M – Distant Metastasis 

M0  No distant metastasis  

M1a  Non regional lymph nodes  

M1b  Other distant metastasis  

Following the TNM classification, BlCa is nowadays usually divided into non-muscle 

invasive bladder cancer (NMIBC), which comprehends stages Ta, Tis, and T1, and muscle 

invasive bladder cancer (MIBC), including stages T2-T4. This division is performed because 

the two categorized groups of cases usually show very different disease evolution and 

prognosis. NMIBC account for approximately 70%-75% of newly diagnosed BlCa, whereas 

the remaining 25%-30% are MIBC (6, 20). Regarding NMIBC, although representing more 
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bladder confined disease with better initial prognosis, usually have a high propensity for 

tumour recurrence within the first years after treatment. It is estimated that, among all 

NMIBC patients, approximately 50% will relapse at some point, and 5%-20% will later 

develop MIBC (21, 22). On the other hand, MIBC cases have a considerable aggressive 

disease, which accompanies a higher risk of disease spreading and metastization. Due to 

this fact, if not early diagnosed, MIBC may ultimately lead to morbidity and death.  

A grading system is also applied to BlCa, with the tumours being graded histologically 

according to the degree of cell atypia, growth pattern and mitotic activity. This is an 

important classification due to the heterogeneity of NMIBC, and the difficulties that it entails 

to clinical management. Although tumour staging is the most important factor for treatment 

decision, the grade reflects the inherent aggressiveness of the tumour, constituting an 

important prognostic indicator (23). For this instance, a higher histological grade indicates 

a higher risk for recurrence or progression to MIBC, which may translate into more 

aggressive treatment and stricter disease follow-up. The most frequently used grading 

system is the WHO/ISUP 2004/2016 (International Society of Urological Pathology) grading 

system, first proposed in 1973, and updated in 1998, and then in 2004 and 2016 (24-27). 

The WHO/ISUP system classify tumors into two main categories: low-grade (LG) and high-

grade (HG). Besides this, a third group designated papillary urothelial neoplasm of low 

malignant potential (PUNLMP) was created to discriminate low-grade urothelial tumours 

with a papillary architecture and relative low incidence of recurrence and progression (28). 

Approved Biomarkers for Bladder Cancer Detection and Management 

As previously mentioned, standard diagnostic tests for BlCa include cystoscopy, and 

imaging-based techniques. However, these tests have limited sensitivity to small neoplastic 

lesions, which is the main reason many urologists rely on urine cytology as an auxiliary test. 

Despite its usefulness for accessing the morphology of exfoliated cells in the urine, cytology 

is also hindered by low sensitivity, sampling errors, deviations in the quality of urine 

processing, and differences between interpreters of cytopathology (16, 29, 30). 

Furthermore, there is an urgent demand for urinary biomarkers with improved sensitivity 

and specificity, so that the clinical management of BlCa improves in a cost-effectiveness 

way. 
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Table 2. List of FDA approved available urinary biomarkers for Bladder Cancer. Adapted from (31). 

 
Urinary 

Biomarker 
Usage Assay Principle 

Sensitivity 

(%) 

Specificity 

(%) 
Reference 

Cytology 

Diagnosis 

& Follow-

Up 

Haematoxylin eosin 

staining 
34 (20 – 53) 

99 (83 – 

99.7) 
(30) 

FISH – 

UroVysion 

Diagnosis 

& Follow-

Up 

Gene amplification 

and aneuploidy 

detection 
69–75 82–85 (32) 

NMP 22 Follow-Up ELISA 40 99 (37) 

NMP 22 

Diagnosis 

& Follow-

Up 

POC 62–74 74–84 (39) 

BTA stat 

Diagnosis 

& Follow-

Up 

Dipstick Immunoassay 70 75 (41) 

BTA Trak 

Diagnosis 

& Follow-

Up 

ELISA 65 65 (41) 

ImmunoCyt Follow-Up Immunohistochemistry 77 – 90 68 – 83 (39) 

Currently, besides urine cytology, there are a few FDA-approved urinary biomarkers for 

either diagnosis and/or follow-up of BlCa patients (Table 2) (31). Among them, UroVysion 

(Abbott Laboratories, Abbott Park, Illinois, USA) is a test which detects aneuploidy for 

chromosomes 3, 7, 17, and loss of the 9p21 locus via fluorescence in situ hybridization 

(FISH) in urine, and was found to have a sensitivity and specificity of 72% and 83%, 

respectively (32). However, it demonstrates low sensitivity (41%) for the detection of low-

grade tumours. Besides the diagnostic application, UroVysion has also been used in the 

follow-up of BlCa patients, either to help predict and monitor disease recurrence, and also 

for BCG-therapy response monitoring (33-35). Nuclear matrix proteins (NMP22) are highly 

detected in urines from BlCa patients, which led to the development of two NMP22-based 

assays for BlCa surveillance (36). Although the tests sensitivity is higher than cytology, 

specificity is significantly lesser (37). Furthermore, for surveillance purposes, combining 

NMP22 tests with cystoscopy significantly increases the detection of recurrent tumours (38, 

39). Also, for surveillance purposes, and in combination with cystoscopy, two more tests, 

one quantitative and another qualitative assay, based on the bladder tumour antigen (BTA) 

were approved by de FDA. Although receiving the approval, these tests are not widely used 
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in clinical practice due to their relative low sensitivity and specificity (40, 41). Lastly, the 

ImmunoCyt (Diagnocure Inc, Quebec, Canada) assay, which is based on the use of three 

fluorescent monoclonal antibodies to detect M344, LDQ10, and 19A11antigens in exfoliated 

cells acquired through urine cytology. Albeit the general improvement that ImmunoCyt 

assay brings to the conventional urine cytology test results, especially for sensitivity, it does 

not rule out the need for a cystoscopy (32, 42, 43). 

Therapeutic Challenges and Molecular Classification of Bladder 

Cancer 

On the therapeutic front, the clinical management of NMIBC and MIBC cases is very 

distinct, and it remained almost unchanged until the approval of immune checkpoint 

inhibitors in first-line or metastatic settings (44-46). While the first line treatment for the 

majority of BlCa cases is the surgical removal of the tumour or the whole bladder, many 

patients also fulfil a therapeutic drug-based plan as part of their treatment plan, which 

depends on tumour stage and grade, as well as other factors. For patients with NMIBC 

disease who have undergone TURBT, intravesical immunotherapy in the form of Bacillus 

Calmette-Guerin (BCG) instillations or intravesical cytostatic chemotherapy using 

Mitomycin C, a DNA crosslinking drug, is generally suggested. Intravesical instillations is 

particularly suitable for NMIBC due to the anatomical characteristics of the bladder, allowing 

for a prolonged exposure to the therapeutic agent directly to the target-cells, and aiming to 

reduce the risk of recurrence and progression. For MIBC, before cystectomy, and if the 

patient is eligible, a systemic neoadjuvant chemotherapy (NAC) to target potential 

micrometastatic disease may be suggested, and it has been shown to improve overall 

survival (OS) and cancer specific survival (CSS) in some cases (47-49). Either for 

neoadjuvant or adjuvant settings, the offered chemotherapy options for MIBC patients 

mainly consists of cisplatin-based combination, e.g. gemcitabine and cisplatin, or 

methotrexate, vinblastine, adriamycin, and cisplatin (MVAC) (50). Recently, and especially 

for patients with advanced and metastatic bladder cancers as well as specific other forms 

of the disease, immunotherapy (checkpoint-inhibitors) has been used as a treatment option. 

Immunotherapy drugs approved for treating BlCa patients include: Atezolizumab 

(Tecentriq), Durvalumab (Imfinzi), Nivolumab (Opdivo), Avelumab (Bavencio) and 

Pembrolizumab (Keytruda) (16). 

Nevertheless, a considerable percentage of BlCa patients do not benefit from current 

treatment options. Clinicians still have to deal with a high number of cases with recurrence 

and progression and, as a result, patients endure a long follow-up, making BlCa one of the 
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costliest malignancies worldwide (5). Hence, there is a need to improve risk stratification of 

these patients and to uncover biomarkers that may better select patients to the specific 

therapy that will give the higher benefit with less toxicity. In this line, an effort has been 

made to improve BlCa classification; various research teams have reported the importance 

of a molecular stratification of BlCa, and presented classifications based on different 

molecular traits, either for all urothelial carcinomas, or focusing on NMIBC and MIBC 

separately (51-61). This molecular stratification is also useful for predicting responses to 

current treatment options and provides insights for the development of new therapies (56, 

62-65). Although specific differences in classification emerge out of each research group 

analyses, they all share as an overlapping feature the existence of two major BlCa subtypes 

- basal/squamous and luminal - for MIBC cases (66). Briefly, basal/squamous subtype are 

commonly advanced stages and metastatic disease, being enriched in inactivating 

mutations and deletions of TP53 and RB1 genes, whereas the luminal subtype is associated 

with papillary histopathological features and enriched in fibroblast growth factor receptor 3 

(FGFR3) mutations (67, 68). An effort has been made to reach a single consensus 

classification and to generate a list of specific biomarkers (such as FOXA1, GATA3, KRT5/6 

and KRT14) that can be effectively translated from wide screening genomic and 

transcriptomics analyses into the clinic for any BlCa setting (both MIBC or NMIBC) (54, 67). 

However, to date, this has not been achieved.   
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Molecular Basis of Bladder Cancer 

Due to relatively low sensitivity and/or specificity, the approved biomarker-based methods 

have not been widely and consistently used in routine. Therefore, not only a reliable, 

accurate and convenient method for diagnosing and monitoring the recurrence/progression 

of NMIBC is needed, but also the identification of new therapeutic targets for MIBC patients. 

Moreover, understanding the molecular basis of BlCa is of great significance for guiding 

clinical decision-making, hence the above-mentioned investment in the molecular 

classification of this tumours. With the fast improvement of high-throughput DNA 

sequencing technology, numerous genome and epigenome changes have been 

discovered, bringing a step forward in uncovering the molecular basis of BlCa. A special 

detailed description on epigenetic alterations will be given, since these will be the focus of 

this Thesis.  

Genetic alterations 

Mutations and Copy Number alterations 

Bladder cancer exhibits extensive and frequently occurring somatic DNA changes, including 

mutations and copy number alterations, constituting one of the most mutated cancers, with 

an average total mutation burden of 7.7 mutations per megabase and 302 exon mutations 

per tumour (61, 67, 69).  

Low-grade tumours are usually near-diploid, with a limited number of mutations in 

oncogenes that drive hyperproliferation (such as FGFR3, PI3KCA, and HRAS), 

accompanied by inactivation of CDKN2A, which encodes the cell cycle inhibitor p16INK4A. 

On the other hand, invasive cancer usually encompasses a high rate of point mutations in 

various oncogenes and TSGs and has a large number of numerical and structural 

chromosomal aberrations. Mutations which lead to TP53 inactivation and hTERT 

(telomerase) promoter activation are the most common, while FGFR3 mutations are rare 

(61).  

Some mutations on genes responsible by cell division and checkpoint proteins may cause 

chromosomal instability. Invasive tumours are generally rich in CDKN2A homozygous 

deletions, which is primarily due to the deletion of chromosome 9, which is seen in >50% of 

BlCa cases. Moreover, amplification of CCND1/Cyclin D1 and CCNE1/ Cyclin E1 may also 

drive cell cycle control loss in these tumours. 
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Whereas MIBC often show extensive genomic instability, low-grade tumours have relatively 

few genomic alterations (70). Recent studies showed that, while the overall frequency of 

individual tumour alterations can be minute, nearly every analysed single tumour show 

some form of genetic alteration or dysregulation within the major pathways (67). 

Models of Bladder Carcinogenesis Based on Genomic Alterations  

Various models have been proposed for the development of non-invasive and invasive BlCa 

(71, 72). The loss of heterozygosity (LOH) of chromosome 9 in the normal urothelium is not 

only related to BlCa, but also to the formation of hyperplasia and dysplasia, which may 

indicate that this change is involved in the earliest stage of these tumours (73). According 

to the histological and molecular characteristics, the development of BlCa can be divided 

into two models: the papillary and the carcinoma in situ (Cis) pathways (72, 74-76). 

The papillary pathway begins with the formation of hyperplasia caused by the deletion of 

chromosome 9 and FGFR3/RAS mutations, which in turn are mutually exclusive with 

urothelial hyperplasia (77). FGFR3 mutations are very frequent in NMIBC (80% of cases) 

and are associated with a higher risk of recurrence (78). Similarly, when PIK3CA/STAG2 

mutation occurs, the lesions progress to a low-grade stage Ta tumour, which in turn, may 

develop into a high-grade non-invasive Ta tumour, although the genomic alterations 

underlying this progression are still rather unknown (73, 78). On the other hand, invasive 

tumors are considered to be caused by Cis or urothelial hyperplasia, as a result of RB1 and 

TP53 mutations and genome instability (73, 78). Mutations in TP53 and additional genomic 

aberrations are proposed as events almost exclusive of the Cis pathway that promote the 

progression of NMIBC to MIBC, eventually leading to metastases formation on some cases 

(70). 

Although the model of two BlCa pathways corresponds well to the wide variation patterns 

observed between NMIBC and MIBC, it does not fully describe the complexity of how BlCa 

develops and progresses, nor it explains the multiple subtypes described in light with recent 

proposed molecular classification.  
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Epigenetic alterations  

The term Epigenetics was first used by C. H. Waddington in 1941, when referring to the 

study of the “causal mechanisms by which the genes of the genotype bring about 

phenotypic effects. A decade later, DNA was identified as the molecule of inheritance by 

Watson and Crick, and since then the definition of Epigenetics suffered an evolution. The 

actual definition of Epigenetics is now less focused on genotype, and more related to 

mechanisms that control gene expression in a potentially heritable way, with no change in 

the primary DNA sequence (79, 80). Epigenetic changes are preserved when cells divide 

and the majority of these only occur within the course of one individual organism's lifetime. 

However, if epigenetic changes which result in gene deactivation occurs in a sperm or egg 

cell that will be later fertilized, these can be transferred to the next generation (81, 82).  

 

Figure 3. Different types of epigenetic information. DNA methylation, histone variants and post-
translational modifications, chromatin remodelling complexes and RNA-mediated gene silencing 
constitute the main distinct mechanisms of epigenetic regulation. Created with BioRender.com. 

The epigenetic molecular mechanisms may be grouped into major categories: DNA 

methylation, histone variants, chromatin remodelling, and histone post-translation 

modifications (Figure 3). Although the controversy regarding RNA-associated 
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transcriptional silencing by non-coding RNAs as an epigenetic mechanism, we will also 

include these in this category (83-86).  

DNA Methylation  

Cytosine DNA methylation, the most studied of epigenetic changes, is a covalent 

modification of DNA, in which a methyl group (CH
3
) is transferred from S-

adenosylmethionine (SAM) to the fifth carbon (C-5) of cytosine by a family of (DNA-5)-

methyltransferases (DNMTs), resulting in a new DNA base - 5-methylcytosine (m5C). This 

specific DNA base accounts for ~1% of all bases, varying slightly among different tissue 

types, and corresponding to 3-6% of all cytosines and 70-80% of all CpG dinucleotides (87, 

88). CpG sequences are underrepresented in the genome owing to the evolutionary trend 

for depletion of such dinucleotides due to spontaneous deamination of m5C into thymine (T) 

and the failure of recognition by the mismatch repair mechanism (89-91).  

DNA methylation occurs almost exclusively at CpG dinucleotides and has an important role 

in the gene expression regulation and in the silencing of repeat elements in the genome 

(92). Across the genome we often find clustered regions of CpG dinucleotides, also known 

as CpG islands, defined as regions of more than 200 bases with a G+C content of at least 

50% and a ratio of observed to statistically expected CpG frequencies of at least 0.6(93). It 

is estimated that approximately 60% of human gene promoters contain CpG islands (89) 

and are normally unmethylated in the majority of cells, corresponding to the maintenance 

of an open chromatin structure and a potentially active state of transcription (94). However, 

some conditions require a change in the gene-promoter unmethylated to methylated status, 

such as in some imprinted genes, X-chromosome genes in the female gender and in tissue 

and germline specific genes (95).  

In human cells, three major DNMTs are responsible for DNA methylation. Methylation 

patterns are maintained by DNMT1, which preferentially methylates hemi-methylated DNA 

(e.g., duplex DNA in which only one of the strands is methylated) following DNA replication. 

DNMT3A and DNMT3B are known as the de novo methyltransferases. Although DNMT3A 

and DNMT3B show no preference for unmethylated DNA over hemi-methylated DNA, the 

low level of the de novo methylation carried out by DNMT1 relative to DNMT3A and 

DNMT3B have led to the latter two enzymes being designated as the de novo 

methyltransferases (96, 97). The DNA methyltransferases family includes another two 

members: DNMT2 and DNMT3L. DNMT2 is the smallest mammalian DNA 

methyltransferase and it shows reduced methyltransferase activity (96, 98). DNMT3L is a 
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DNMT-related protein, which does not have a methyltransferase activity. Instead, it interacts 

with de novo DNA methyltransferases, and appears to have an important role in imprinting, 

namely in maternal imprinted genes (96, 99). Changes in the expression of the DNMTs are 

a contributing factor to changes in methylation patterns.  

As previously mentioned, promoter DNA methylation interferes directly with gene 

expression by obstructing the action of transcription activators on methylated regions in or 

near the promoter. In addition to this, another mechanism by which DNA methylation can 

indirectly regulate transcription is through the recruitment of DNA methyl-binding proteins 

containing methyl-CpG- binding domains (MBD). These regions present in proteins such as 

MeCP1 and MeCP2 include amino acid residues capable of binding to methylated DNA. 

Currently there are several proteins that have been identified and that are referred to as 

MBD proteins (MBPs), which have the capacity to silence transcription by binding to both 

hemi-methylated and fully methylated DNA (96, 100). They act towards the recruitment of 

transcriptional co-repressors such as histone deacetylating complexes, Polycomb proteins, 

and chromatin remodelling complexes, and attract chromodomain-binding proteins.  

Herein, two of the most studied examples of the importance of natural CpG island 

methylation for the normal development of mammalian cells are the inactivation of one of 

the X chromosomes in females and the imprinted genes. The first is responsible for the 

maintenance of stable long-term random transcriptional silencing of one of the X 

chromosomes in the female gender, leading to gene-dosage compensation; whereas the 

second is a non-Mendelian inheritance phenomenon, by which one of the parental alleles 

of a gene becomes transcriptionally silenced, in male or female germlines, leading to 

monoallelic expression in progeny in a parent-of-origin specific manner (101, 102). The 

spontaneous and natural occurrence of DNA methylation not only occurs in the course of 

cell early development, but also is an integral part of aging and cellular senescence. It is 

known that the overall content of cytosine methylation decreases with age, while other 

genes acquire methylation at their promoters, a phenomenon which resembles the 

methylation changes that are found in cancer (103).  

DNA methylation plays an important role in the maintenance of genome integrity by 

transcriptional silencing of repetitive genomic regions, such as those of pericentromeric 

regions, transposons (DNA sequences that are able to move across the genome) and 

inserted viral sequences (104). In fact, these regions are naturally densely methylated, 

which in this case comprises a protective effect against chromosomal instability and 

potentially deleterious recombination events between non-allelic repeats caused by these 
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mobile genetic elements (105). In addition, as previously stated, methylation increases the 

mutation rate of m5C to T, leading to a faster divergence of identical sequences and 

disabling of many retrotransposons (106).  

Histone Post-Translational Modifications  

Nucleosomes are the basic units that compose the chromatin fibber. In eukaryotes, each of 

these primary building units consists of four core histones (H3, H4, H2A and H2B), which 

form a histone octamer, assembled from two heterodimers of H3 and H4 with two 

heterodimers of H2A and H2B. Wrapped to the histone octamer are 146 base pairs of DNA, 

thereby forming the complete structure of the nucleosome. Another histone, H1, binds to 

DNA between nucleosomes, and this structure is twisted and folded in highly ordered and 

compacted chromatic filaments (107). Not so long ago, histones were thought to be static 

elements, which only function comprised the DNA packing; however, these proteins are 

currently considered key players in epigenetics, as explained below.  

The histone proteins contain a globular C-terminal domain and an unstructured N-terminal 

tail, being the last a target to various residue-specific post-translational covalent 

modifications, such as acetylation, methylation, phosphorylation, ubiquitylation, 

sumoylation, and ADP ribosylation (108, 109). These histone modifications have important 

roles in various cellular mechanisms, as in transcriptional regulation, DNA repair, DNA 

replication, alternative splicing and chromosome condensation, by unwrapping 

nucleosomal DNA or sliding nucleosomes along it, allowing the protein machinery to access 

the DNA sequence (110).  

The concept of the “histone code” arises by the establishment of different combinatorial 

patterns of post-translational modifications in different residues of each one of the 

nucleosome core histones. Once read out by other proteins, this code is responsible by 

determining the structure and activity of different chromatin regions, being more or less 

stable accordingly to the cell environment stimuli (111, 112). 

The acetylation and methylation status of specific lysine residues contained within the tails 

of nucleosomal core histones is known to play a critical role in regulating chromatin structure 

and gene expression. Lysine acetylation is a reaction catalysed by histone 

acetyltransferases (HATs), and is commonly associated with transcriptional activation, 

whereas the reverse reaction, performed by histone deacetylases (HDACs), leads to a 

negative gene expression regulation (109). The above-mentioned transcriptional activation 

due to acetylation happens because it partially neutralizes the positive charge of histones, 
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weakening their interaction with the nucleosomal DNA, thereby facilitating the access of 

transcription factors to their recognition element. Additionally, acetylation helps gene 

transcription by creating a specific signal for regulatory factors or chromatin-remodelling 

complexes, contributing to their targeting to a specific region (113, 114). The dynamic 

equilibrium between HATs and HDACs regulates the overall histone acetylation status. 

Between the various HDACs enzymes, sirtuins (SIRTs), which are also known as Class III 

HDACs, is a family of NAD+-dependent deacetylases highly conserved among all living 

organisms, and of particular interest. Seven different SIRTs (SIRT1–7) are described in 

mammals, which differ among each other in substrate specificity and catalytic activity (115). 

Within the cell, these enzymes participate in control of important biological processes, 

including cell division, differentiation, metabolism, genomic stability, survival, senescence 

and organismal lifespan (116). In addition, SIRTs expression is also deregulated in many 

cancer types, either acting as oncogenes and/or tumour suppressor genes, depending on 

the disease model context (117-120).  

Methylation as a histone post-translational modification is substantially different from 

acetylation: it may occur at lysines and arginines; histone lysines can become mono-, di-, 

or trimethylated, whereas arginines may only be mono- or dimethylated (symmetrically or 

asymmetrically); it does not alter the histone tails charge; and it has been implicated in both 

transcriptional activation and repression, depending on the altered residue, its position, and 

its histone code context (114, 121). For example, open chromatin is characterized by 

trimethylation of lysines 4, 36 and 79 of H3 (H3K4me3, H3K36me3 and H3K79me3), while 

heterochromatin features high monomethylation levels of lysines 9 and 27 of H3 (H3K9me 

and H3K27me), and lysine 20 of H4 (H4K20me) (122). The effectors of these operations are 

the histone methyltransferases (HMTs), which catalyse the addition of a methyl group to 

histone residues using SAM as a cofactor and display higher substrate specificity when 

comparing with HATs and HDACs. Together with the HMTs, the histone demethylases 

(HDMs) are the answer of how histone methylation can regulate transcription and enable 

gene maintenance in an on or off state (114). Overall, these histone modifiers generally act 

together in complexes, such as the repressive Polycomb (PcG) and activating Trithorax 

(TrxG) group complexes, which counterbalance each other in gene regulation (123).  

In normal mammalian cells, histone hypoacetylation and hypermethylation are 

characteristic of DNA sequences that are naturally methylated and repressed – such as in 

the previously mentioned inactive X chromosome in females, and silenced imprinted and 

tissue-specific genes (124).  
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Non-Coding RNAs  

Increasing evidence from the sequencing and annotation of the human genome shows that 

only 2-3% of the human genome constitutes protein-coding genes, and most of the genome 

is transcribed as non-coding RNA (125, 126). A microRNA (miRNA) is a small sequence of 

19 to 22 nucleotides of non-coding RNA that binds to the 3'untranslated region (3'-UTR) to 

inhibit translation or cause the target mRNA to degrade (127). Contrarily, a lncRNA is a 

transcript with a length greater than 200 nucleotides which are not translated into protein 

(128, 129). Unlike the above two linear RNAs, a circRNA is a single-stranded RNA that can 

form a covalently closed continuous loop, which, in turn, is not sensitive to ribonucleases 

due to the connected 3'and 5'ends (130, 131). 

MicroRNAs, particularly, are processed from much longer transcripts, by RNA polymerase 

III, and arise from hairpin structures after successive enzymatic maturation steps, 

performed by the sequential action of Drosha and Dicer endonucleases (132). Following 

incorporation into the ribonucleoprotein complex RISC (RNA-induced silencing complex), 

the miRNAs bind mRNAs, primarily at their 3’-UTRs, through partial complementarity of 

their both sequences. Consequently, mRNA suffers decay and the translation is 

suppressed, leading to a reduction on protein levels. Moreover, recent reports showed that 

some miRNAs might also bind to the 5’ UTR of the target genes, functioning as transcription 

activators (132-134).  

The behaviour of this class of molecules is considered somehow promiscuous, because 

each miRNA has many targets and the individual mRNAs can be targeted by multiple 

miRNAs (135). Indeed, nowadays miRNAs are considered one of the most important groups 

of gene regulatory molecules, by controlling a wide range of biological processes, such as 

differentiation, proliferation, and apoptosis (135).  

A connection between epigenetics, non-coding-RNAs and the field of Epitranscriptomics, 

which relates to modifications in RNA molecules, has been sustained in the last few years, 

which can explain how these mechanisms can directly and indirectly modulate the activity 

of the epigenetic machinery in several biological and pathological processes(136).  

Methylation Biomarkers for Bladder Cancer – Current Challenges 

Cancer initiation and progression is accompanied by deep variations in DNA methylation 

landscape. Indeed, a cancer cell is generally characterized by a genome-wide loss of m5C, 

contrasting with the subsequent hypermethylation of CpG islands, more precisely TSGs 
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CpG island promoter methylation (137). Defects and perturbations in DNA methylation have 

been observed in nearly all forms of cancer, and ultimately cause deregulation of multiple 

cell cycle, DNA repair, and chromosome stability genes, and hence contribute to genomic 

instability (Figure 4) (83). In BlCa, the main research concerning epigenetic changes has 

majorly focused on DNA methylation, particularly its usefulness in biomarker discovery for 

disease detection and prognosis.  

 

Figure 4. DNA methylation changes in cancer: Tumour-suppressor genes promoter 
hypermethylation and global genome-wide methylation loss. 

Due to the chemical stability of DNA methylation, several research teams have been 

investigating the use of methylation levels alteration as potential biomarkers for detection 

and prognostication of urothelial malignancies (138), mainly using methylation-specific  

PCR (MSP)-based techniques or bisulfite conversion based sequencing methods.  

As one of the main concerns regarding BlCa management is to find a non-invasive method 

for disease detection and monitoring, the majority of these studies aim to discover 

differentially expressed methylation markers in urine of BlCa patients. Because tumour-

derived DNA in urine is usually accompanied by large quantities of DNA from normal 

exfoliated cells, an important characteristic of a methylation biomarker is that it’s highly 

specific for urothelial malignancy. Furthermore, and because it is highly unlikely that an 

epigenetic alteration is present in all urine-exfoliated neoplastic urothelial cells, usually a 

combination of various methylation markers is investigated as a combination panel. Finally, 

if the aim of the study is to find a test to be used as a first-step detection method in patients 
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with unknown disease status, it should be taken into account its sensitivity and negative 

predictive value (NPV), to assure the lowest number of false-negative results(139). 

As an example, in 2010 Costa VL et al identified a three-gene panel comprised GDF15, 

TMEFF2 and VIM methylation identified BlCa with 94% sensitivity and 100% specificity in 

urine samples from 51 BlCa patients (140). Another example is the work done by Roperch 

and colleagues proposed a three gene multiplex methylation panel (HS3ST2, SEPTIN9 and 

SLIT2) combined with FGFR3 mutations assessment, age and smoking-status at time of 

diagnosis in a multivariate model, for diagnosis of NMIBC in urine samples, disclosing 

97.6% sensitivity and 84.8% specificity(141). Although the list of publications reporting 

similar studies greatly increased in the past decade, large multicentre validation studies are 

needed for the evaluation of the application of these tests in the clinical setting. Moreover, 

methylation-based biomarkers have been developed for the detection and prognosis 

management of BlCa, discrimination of this neoplasm from other urinary tract malignancies 

and, more importantly, from benign conditions causing haematuria, including inflammatory 

diseases, remains a challenge. Indeed, most control samples used in biomarker discovery 

studies mostly comprise normal/healthy donors, disregarding the fact that a biomarker-

based test would be offered to an “at-risk” population, including patients experiencing 

suspicious symptoms.   
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Epithelial to Mesenchymal Transition 
in Cancer  

The starting point of a metastasis requires cells to invade and escape from the primary 

tumour to the vasculature, and then settle in the secondary site. Epithelial-to-mesenchymal 

transition (EMT), which is a reversable biological process in which polarized epithelial cells 

undergo a variety of molecular and cellular changes to obtain a more invasive and 

mesenchymal phenotype, can promote tumour invasion and intravasation (142). 

EMT Types, Markers and Regulation 

The EMT process is essential during early vertebrates’ development. Based on the 

biological background of their occurrence, three different EMT subtypes are proposed: Type 

1 regulates embryogenesis and organ development; Type 2 regulates tissue regeneration 

and organ fibrosis; and type 3 is related to cancer progression and metastasis (142). Type 

1 EMT produces cells with a mesenchymal phenotype, forming new tissues with diverse 

functions, e.g. during embryonic development when the epithelial cells of the 

neuroectoderm generate migratory neural crest cells through the EMT program. It also plays 

an important role in the production of mesenchyme, which then generates secondary 

epithelium through Mesenchymal-to-Epithelial transition (MET) during development. Type 

2 EMT is characterized as an auxiliary repair event in tissue reconstruction after 

inflammatory injury or trauma. It is related to wound healing, tissue regeneration and organ 

fibrosis. In addition, sustained inflammatory signals can induce type 2 EMT and ultimately 

lead to the destruction of affected organs (142). Type 3 EMT occurs in neoplastic cells 

through genetic and epigenetic changes, which are conductive to their growth and local 

extravasion from primary tumour location. Indeed, due to these properties, EMT can cause 

tumour cells to develop distant metastases. 

The E-cadherin (ECAD) loss of function alteration is considered to be the key event to obtain 

the EMT phenotype. ECAD regulates cell adhesion, and its expression decreases during 

embryonic development, tissue fibrosis and EMT in cancer (143). In addition, the “switch” 

from ECAD to N-cadherin (NCAD), present in mesenchymal cells, is commonly used as a 

marker of EMT progression during embryonic development and cancer progression. 

Vimentin (VIM), an intermediate filament characteristic of cells with mesenchymal 

phenotype, is also commonly used to identify cells undergoing EMT in cancer, because its 
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expression is positively correlated with the increase in tumour invasion and metastasis 

(144). Other epithelial markers may include tight junction proteins, such as occludins or 

claudins, cytokeratins 5 and 6, and zonula occludens-1 (ZO-1). On the other hand, besides 

NCAD and Vimentin, the main mesenchymal markers also include fibronectin and various 

members of the matrix metalloproteinases (MMPs) family (145). 

EMT is regulated by a variety of EMT transcription factors (TFs) that directly or indirectly 

inhibit CDH1 (the gene encoding ECAD). Snail, Slug, Zeb1 and Zeb2 TFs can bind to the 

CDH1 promoter and inhibit its transcription, while other factors, such as Twist, indirectly 

inhibit CDH1. Snail is part of the zinc finger transcription factors family that are active during 

the development of the embryo. Slug is also a member of the Snail family, and its expression 

is closely related to the loss of ECAD (146-153). 

The regulation of EMT through its TFs is also tightly correlated with a variety of molecular 

networks, including TGF-β and Notch, Wnt, Hedgehog and NF-κB signalling pathways, all 

of which play an important role in carcinogenesis, invasiveness and metastasis (154). Wnt 

signalling can cause EMT by inhibiting β-catenin degradation through GSK-3β-mediated 

phosphorylation. The Notch signalling pathway has also been shown to be a modulator of 

EMT induction, along with TGF-β. These pathways are directly responsible by EMT-TFs 

upregulation, thereby activating EMT and increasing cell migration and invasion (155-158). 
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EMT in Bladder Cancer 

Generally, low ECAD levels promote changes in cell morphology and increase in migration 

and invasion capabilities (159-161). In BlCa this is no different. Previous studies have 

shown that normal urothelium exhibits high ECAD expression. Contrarily, in the majority of 

MIBC cases (80%), the amount of this protein is rather low or absent (162). Consequently, 

lower ECAD levels are associated with poor survival and high recurrence rates, and the 

promotion of BlCa progression (163, 164).  

Evidence of previously mentioned cadherins-switch have been also observed in BlCa. 

Where we usually do not detect NCAD expression on normal urothelium and NMIBC, 60% 

of advanced MIBCs show a “de-novo” expression of this protein (162, 165-167). Indeed, in 

BlCa, there is correlation with this glycoprotein and lymph node metastasis and 

lymphovascular invasion, which consequently leads to a worse clinical outcome (165, 168). 

Still on the topic of cadherins-switch, various authors proposed that for some BlCa cases 

ECAD expression could also be replaced by P-cadherin (PCAD), although this process 

needs further clarification (162, 167, 169, 170).  

The characterization of EMT-TFs in BlCa is still also unclear. For instance, in a study by Yu 

et al. the expression of Slug and Twist was found to be increased in BlCa, whereas the 

expression of Snail appeared to decrease (171). However, in another study by Bruyere et 

al. high Snail expression was indicated as a strong predictor of tumour recurrence for 

NMIBC (172).  

As previously mentioned, the regulation of EMT through its TFs is tightly correlated with a 

variety of molecular networks. Within these, epigenetic mechanisms and enzymes play an 

important role, not only in deciphering and better understanding how EMT occurs in cells, 

but also its implications for cancer. In the next sub-chapter we provide a review on the 

epigenetic enzymes, protein-coding and non-coding genes, and mechanisms altered in the 

EMT process occurring in BlCa cells, as well as its implications for the disease.  
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Review Paper - Epigenetic mechanisms influencing 

EMT in Bladder Cancer 
 
Abstract 

Bladder cancer is one of the most incident neoplasms worldwide, and its treatment remains 

a significant challenge, since the mechanisms underlying disease progression are still 

poorly understood. The epithelial to mesenchymal transition (EMT) has been proven to play 

an important role in the tumorigenic process, particularly in cancer cell invasiveness and 

metastatic potential. Several studies have reported the importance of epigenetic 

mechanisms and enzymes, which orchestrate them in several features of cancer cells and, 

specifically, in EMT. In this paper, we discuss the epigenetic enzymes, protein-coding and 

non-coding genes, and mechanisms altered in the EMT process occurring in bladder cancer 

cells, as well as its implications, which allows for improved understanding of bladder cancer 

biology and for the development of novel targeted therapies. 

 

Introduction 

 

Bladder Cancer 

Bladder cancer (BlCa) is the seventh most prevalent cancer worldwide and the second most 

frequent urological malignancy after prostate cancer. Incidence has been rising in most 

countries, with an estimated 549,393 new cases diagnosed in 2018 and 990,724 new cases 

expected in 2040. Therefore, this almost doubled the number. Moreover, BlCa constitutes 

an important cause of cancer-related death with 199,922 deaths estimated in 2018 and 

387,232 predicted for 2040 [1,2]. There is a strong male predominance, approximating a 

3:1 ratio, and epidemiological trends track closely the prevalence of tobacco smoking [3]. 

Similar to other urological malignancies, mortality-to-incidence ratios are higher in 

underdeveloped countries, which probably reflects different environmental exposures 

and/or inequalities in healthcare accessibility [4]. Importantly, due to its high prevalence, 

mortality and, particularly, the propensity for multiple recurrences and/or disease 

progression and consequent additional treatments, BlCa is the most costly neoplastic 

disease constituting an important financial burden (costs about €4.9 billion in the European 

Union, alone, in 2012) [5]. 

BlCa generally refers to a cancer derived from epithelial layer, the urothelium, which is 

shared with other organs of the urinary tract and it extends from the renal pelvis to the 

urethra. Hence, although other much rarer tumour formations occur, its major histological 
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subtype is urothelial carcinoma, which will be the focus of this review. Two major forms of 

BlCa are acknowledged, differing clinically, pathologically, and molecularly. Non-muscle 

invasive BlCa (NMIBC, corresponding to 75% to 80% of all cases, disclosing papillary 

architecture, with the propensity to recur and eventually invade the bladder wall over time) 

and muscle-invasive BlCa (MIBC, 20% to 25% of all cases, mostly derived from urothelial 

carcinoma in situ, which constitutes an aggressive disease that invades locally and 

metastasizes systemically) [6,7]. 

 

Epigenetics 

During many years, scientists believed that living organisms’ identity was defined by the 

genetic component of its cells, but, rapidly, it became clear that this could not explain how 

cells with the same genomic composition could disclose different phenotypes depending on 

different conditions. Now it is known that the identity of a cell is defined by both genetic and 

epigenetic patterns with the latter being crucial for fetal development in mammals, as well 

as cell and tissue differentiation [8-11]. Epigenetics is defined as the study of heritable 

modifications of DNA or associated proteins, which carry information related to gene 

expression during cell division, and currently encompasses all potentially reversible 

mechanisms that lead to changes in expression regulation without affecting the DNA 

sequence [12]. The most well-known epigenetic mechanisms comprise four major groups: 

DNA methylation, histone post-translational modifications or chromatin remodelling, histone 

variants, and non-coding RNAs’ regulation [11]. These modifications are tightly regulated 

by several enzymes, which may act isolated or in chromatin remodelling complexes, and 

grouped according to function. These epigenetic enzymes include: DNA methyltransferases 

(DNMTs) and demethylases (TETs), histone methyltransferases (HTMs) and demethylases 

(HDMs), histone acetyltransferases (HATs) and deacetylases (HDACs), and histone 

ubiquitin ligases (UbLs) and deubiquitinases (dUbs) [12]. 

Cancer cells exhibit a distinct epigenetic landscape and they take advantage of all of the 

previously mentioned mechanisms to acquire the characteristic malignant features, from 

transformation to progression [13]. BlCa is no exception. Several studies have associated 

epigenetic machinery deregulation and this cancer type. Moreover, the potential of 

epigenetic biomarkers to assist in clinical management of BlCa patients, not only for 

detection, but also for follow-up, treatment monitoring and prediction of 

recurrence/progression has been intensively investigated [14,15]. In parallel, efforts have 

been made to understand how epigenetic mechanisms are involved in the various steps of 

urothelial carcinogenesis [16,17]. One question remains mostly unanswered. What 

mechanisms distinguish neoplastic cells with the ability to invade the muscle layer of the 
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bladder, and eventually metastasize, from those that do not have this ability? In fact, 

epigenetics may help answer this question. 

 

Epithelial to Mesenchymal Transition 

The epithelial to mesenchymal transition (EMT) is a multistep process in which epithelial 

cells acquire a range of mesenchymal characteristics, which enables cell motility and 

invasiveness [18]. Importantly, these mesenchymal characteristics are reversible, with cells 

resuming their epithelial phenotype, through a process named mesenchymal to epithelial 

transition (MET). Recently, the classic concept of EMT, which strictly pointed out to mutually 

exclusive epithelial or mesenchymal phenotypes, has been challenged by “partial EMT” in 

which cells may transiently display both epithelial and mesenchymal features, 

corresponding to an intermediate state of EMT [19,20]. The concept of a partial EMT may 

be explained by implicating epigenetic regulation of EMT/MET reversibility and cell 

plasticity. Various factors and cellular environmental conditions are known to induce EMT, 

by triggering a cascade of signalling pathways that lead to post-transcriptional modification 

of the most well-known EMT transcription factors (EMT-TFs): Snail, Slug, ZEB1, ZEB2, and 

TWIST [21,22]. The interplay between the EMT-TFs and various key regulatory proteins 

and epigenetic enzymes that regulate EMT-TFs themselves, results in overexpression or 

repression of well-described EMT effectors, such as the cadherin family (CDH1, CDH2, and 

CDH3) and vimentin [23,24,25,26]. 
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Figure 1. In silico analysis of The Cancer Genome Atlas database for bladder cancer (using the 

online resource cBioPortal for Cancer Genomics). (A) Overall and (B) Disease/Progression-free 

survival curves according to major EMT players’ alterations. (C) MMP2, (D) TWIST1, (E) VIM, and 

(F) ZEB1 transcript levels in stages I/II vs. III/IV bladder cancer cases. **** p < 0.0001. 

 

Influence of EMT Major Players in Bladder Cancer 

EMT is essential for various physiological processes, including early embryogenesis as well 

as in cancer. Accordingly, in vitro and in vivo studies implicated EMT in cell invasion and 

metastatic potential in several cancer types [19]. Intense research efforts uncovered the 

major EMT players in epithelial cancers, including BlCa. We performed an in silico analysis 

of The Cancer Genome Atlas (TCGA) database for BlCa (using the online resource 

cBioPortal for Cancer Genomics [27]), with a user-defined entry set of major EMT players 

(CDH1, CDH2, CDH3, CTNNB1, GSK3B, MMP2, MUC1, SNAI2, SNAI1, TWIST1, VIM, 

ZEB1, and ZEB2), and we found that these genes are deregulated in 272/413 (66%) tumors 

being significantly associated with reduced overall survival (p = 0.0098) and 

disease/progression-free survival (p = 0.0279) (Figure 1A,B). Furthermore, the expression 
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levels of mesenchymal markers, like MMP2, VIM, TWIST1, ZEB1, and ZEB2, were 

significantly higher in stages III/IV when compared to stages I/II (p < 0.0001) (Figure 1C–

F).  

 

Epigenetic Enzymes and Mechanisms Altering EMT in Bladder Cancer 

 

Protein-Coding Genes 

DNA methylation and chromatin remodelling deregulation in cancer result from aberrant 

epigenetic enzymes’ activity that ultimately lead to abnormal gene expression, which 

empowers tumors to quickly evolve. It facilitates invasion and metastasis. Overall, while the 

importance of these epigenetic enzymes in promoting bladder cancer transformation has 

been already acknowledged, only a limited number of studies have characterized its role in 

the context of EMT process in this tumor model. 

One of the epigenetic enzymes involved in EMT is the enhancer of zeste homolog 2 (EZH2), 

which is a core subunit of the polycomb repressive complex 2 (PRC2) that acts as a 

chromatin modifier by adding two or three methyl groups at H3K27 residues [28]. In several 

cancer models, EZH2 was proven to be associated with CDH1 transcriptional silencing and 

the mesenchymal phenotype [29,30,31]. Using chromatin immunoprecipitation (ChIP), Luo 

M. et al. demonstrated EZH2 and H3K23me3 enrichment within CDH1 promoter in BlCa 

cells even though no clues were yet provided on how PRC2 is specifically recruited to CDH1 

[32]. Nonetheless, Kottakis et al. suggested that EZH2 might be regulated by FGF-2 

upregulation in BlCa cells, which, in turn, upregulates the lysine demethylase 2B (KDM2B) 

and triggers EZH2 recruitment. The upregulation of these two enzymes is associated with 

miR-101 transcription repression, due to H3K36 demethylation by KDM2B, and H3K27 

trimethylation by EZH2. As a result, and because EZH2 is also post-transcriptionally 

regulated by miR-101, these events ultimately contribute to EZH2 overexpression in a loop 

[33,34,35]. Moreover, several EMT-TFs were also found to be overexpressed in these cells, 

which further supports EZH2 implication in EMT [33,36]. The E2F1 transcription factor and 

the epigenetic reader BRD4 were also suggested as possible EZH2 regulators in BlCa, but 

its direct link with EMT and respective TFs is still elusive [37,38]. Importantly, because EZH2 

overexpression is common to several tumors, inhibitors for this histone methyltransferase 

are under evaluation as potential anticancer drugs in phase one and two clinical trials [39]. 

Nevertheless, just one of the undergoing studies targets BlCa patients, and only those that 

have unresectable or metastatic disease [40]. The development of new therapies for BlCa 

is still an unmet need since these tumors have limited treatment options. Specifically, EZH2 

inhibition might restrain the progression of non-muscle to muscle invasive disease. 
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DNA methylation—a covalent modification of DNA, in which a methyl group is transferred 

from S-adenosylmethionine (SAM) to the fifth carbon of a cytosine‒constitutes a stable and 

heritable mark frequently associated with the maintenance of a closed chromatin structure, 

which results in the silencing of repeat elements in the genome and genes’ transcriptional 

repression [41]. Across the genome, clustered regions of CpG dinucleotides, also known 

as CpG islands, are often found in genes’ promoter regions. Several cancer-related genes 

were reported to be regulated by promoter methylation, some of which were implicated in 

BlCa EMT (Table 1). Among these, serine protease PRSS8 was found to be downregulated 

by promoter methylation in high-grade BlCa tissues, and its overexpression in cell lines was 

associated with E-Cadherin upregulation, which suggests an interplay between these two 

proteins during epithelial differentiation [42,43]. 

 

Table 1. Epigenetically modulated protein-coding genes implicated in Bladder Cancer EMT. 

Gene 
Expression in 

BlCa 
Effect on EMT  

Epigenetic 

Regulation 

Sample type 

and size 
Author 

MAEL Upregulated ↑EMT 

(↓ECAD, ↓b-

catenin, 

↑Fibronectin, 

↑VIM) 

Recruitment of 

DNMT3B and 

HDAC1/2 to 

MTSS1 promoter) 

Downregulated 

by miR186 

 

 

184 primary 

tumors, in 

vitro and in 

vivo assays 

Li XD, 

2016 

(173) 

GDF15 Downregulated ↓EMT 

(knockdown cells 

with ↓ECAD, 

↑NCAD, ↑Snail, 

↑Slug) 

Upregulated by 

demethylation 

In vivo assays Tsui KH 

and Hsu 

SY, 2015 

(174) 

KLF4 Downregulated 

 

↓EMT 

(↑ECAD, ↓NCAD, 

↓b-catenin, ↓VIM, 

↓Snail, ↓Slug) 

Promoter 

methylation; 

Upregulated by 

5AZA treatment 

139 non-

muscle 

invasive 

primary 

tumors, in 

vitro and in 

vivo assays 

Li H and 

Wang J, 

2013 

(175) 
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Abbreviations: 5AZA – 5-Azacytidine; BlCa – bladder cancer; BSP – Bisulfite sequencing; EMT – 

epithelial to mesenchymal transition; FF – Fresh-frozen; FFPE – Formalin-fixed paraffin-embedded; 

miR – microRNA; TSA – Trichostatin A. 

 

Similarly, the Elf5 transcription factor, which is also regulated by methylation in several 

cellular developmental processes, was associated with EMT in primary BlCa and in vitro 

studies [44,45,46]. Elf5 reduced expression, both at mRNA and protein levels, is associated 

with disease progression, and, in BlCa cell lines, its downregulation is associated with 

increased mesenchymal markers, such as Snail, ZEB1, and vimentin. Furthermore, ELF5-

silenced BlCa cells exhibited an invasive phenotype, and exposure to the demethylating 

agent 5-AZA restored ELF5 expression in the same cells, which attenuated its invasion 

capacity [46]. 

Furthermore, hypermethylation of the growth differentiation factor-15 (GDF15), which is a 

member of the TGF-β superfamily reported as an urothelial cancer biomarker [51,52], was 

found to be lower in BlCa cell lines derived from MIBC tumors. Moreover, GDF15-

knockdown cells displayed E-Cadherin downregulation while several EMT-TFs were 

upregulated [48]. Thus, the discovery of epigenetically downregulated genes in MIBC 

provides new insights about BlCa progression and metastasis. 

KLF4, which is a zinc finger transcription factor, is commonly downregulated in several 

cancers [53,54,55,56] including BlCa [49,50]. Specifically, KLF4 was found to be repressed 

by promoter methylation [49,50]. Furthermore, (CRISPR)-ON upregulation reduced BlCa 

cells’ migration, invasion and EMT abilities, which is paralleled by the growth inhibition of 

tumor xenografts and lung metastasis formation in mice. However, epigenetic editing (e.g., 

residue specific methylation or demethylation) would be more suitable for assessing the 

↓EMT 

(Upregulation) 

Promoter 

methylation 

confirmed by 

BSP 

In vitro assays Xu X, 

2017 

(176) 

PRSS8 Downregulated ↓EMT 

(↑ECAD in cells 

with forced PRSS8 

expression) 

Promoter 

methylation; 

Upregulated by 

5AZA and TSA 

treatment 

40 primary 

tumors and in 

vivo assays 

Chen 

LM, 2009 

(177) 

ELF5 Downregulated ↓EMT 

(↑ECAD, ↓NCAD, 

↓VIM, ↓Snail, 

↓ZEB1) 

Promoter 

methylation; 

Upregulated by 

5AZA treatment 

182 FFPE + 

50 FF primary 

tumors and in 

vivo assays 

Wu B, 

2015 

(178) 
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specific role of KLF4 promoter methylation in gene expression regulation [57,58]. The new 

epigenetic tools available would allow for the clarification of promoter methylation’s 

regulation of all the previously mentioned genes implicated in BlCa EMT and metastasis. 

Several epigenetic mechanisms act synergistically to maintain the epigenetic landscape 

through a regulation loop in which they simultaneously control protein-coding genes’ 

expression and other epigenetic players at different regulation levels. Specifically, for BlCa, 

the oncogene maelstrom (MAEL), frequently upregulated in this malignancy, downregulates 

the metastasis suppressor MTSS1 gene by recruiting DNMT3B and HDAC1/2 to its 

promoter. Moreover, MAEL is also targeted by miR-186 and, possibly, by loss of promoter 

methylation, which constitutes an example of a gene that recruits epigenetic enzymes and 

is, in turn, regulated by epigenetic mechanisms [47]. 

 

Non-Coding RNAs 

Non-coding RNAs (ncRNAs) are also involved in the dynamic regulation of EMT-related 

genes’ expression. There are several ncRNA categories, commonly classified according to 

their size, including the long ncRNAs (lncRNAs) with more than 200 nt and the small 

ncRNAs (sncRNAs), which present less than 200 nt [59,60]. ncRNAs, not only directly 

hinder messenger RNA (mRNA), but also interact (directly or indirectly) with DNMTs, 

various histone modifying enzymes, and remodelling complexes, which establishes 

important links between all epigenetic players that modulate gene expression. Therefore, 

ncRNAs have been implicated in a broad range of biological processes, including 

proliferation, adhesion, invasion, migration, metastasis, stemness, apoptosis, genomic 

instability, and, also, EMT, by mediating cell-cell communication (via ncRNA-containing 

extracellular vesicles), which binds to transcription factors and proteins, DNA methylation 

regulation, splicing, and scaffolding [61,62]. 

Among ncRNAs, sncRNAs have been considered the most biologically relevant in the 

context of EMT. They are involved in post-transcriptional regulation of target RNAs (by 

forming complexes with proteins of the Argonaute family) with microRNAs being the most 

intensively studied within this class. Their mature forms are single-stranded and have 20–

25 nt in length, which constitutes the final product of a processing pathway involving 

DROSHA, DICER, and RISC [63]. In fact, in silico analysis has shown several up-regulated 

and downregulated microRNAs that target the most important EMT players associated with 

aggressive disease [64]. 

Our literature review disclosed 31 different microRNAs, which participate in BlCa EMT 

regulation [(Table 2), [65-92]]. Most studies were performed in patients’ samples (n = 25) 

and/or in cell lines (n = 31), but some have also tested animal models (n = 9). For most 

microRNAs, the net effect was to counteract an EMT phenomenon (n = 25), while only 
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miR92 family/miR92b, miR135a, miR221, miR224, and miR301b were reported to promote 

EMT. In addition, to a putative value as diagnostic markers, 13 microRNAs were shown to 

have prognostic and/or predictive value as well, associated with clinicopathological 

variables such as tumor grade, stage, occurrence of metastases, and patients’ survival. 

 

Table 2. Non-coding RNAs associated with EMT in bladder cancer. 

 

Non-coding 

RNA 

Effect on EMT 

(and others) 

Main 

regulators 

Main targets / 

pathways 

Sample type 

and size 
Author 

Small non-coding RNAs 

miR22 ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 Snail and 

MAPK/ Slug/ 

VIM 

13 primary 

tumors, in 

vitro and in 

vivo assays 

Xu M, 

2018 

(179) 

miR23b ↓EMT; diagnostic 

(↓ in tumor, vs. 

normal) and 

prognostic (↑OS) 

value 

 ZEB1 20 primary 

tumors and in 

vivo assays 

Majid S, 

2013 

(180) 

miR24 ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 CARMA3 In vitro 

assays 

Zhang S, 

2015 

(181) 

miR34a ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 CD44 8 primary 

tumors, in 

vitro and in 

vivo assays 

Yu G, 

2014 

(182) 

miR92 

(family) 

↑EMT; diagnostic 

(↑ in tumor, vs. 

normal) value; 

induces cisplatin 

resistance 

 GSK-3β/ Wnt/ 

c-myc/ MMP7 

20 primary 

tumors and In 

vitro assays 

Wang H, 

2016 

(183) 

miR92b ↑EMT  DAB2IP In vitro 

assays 

Huang J, 

2016 

(184) 

miR-124-3p ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 ROCK1, 

MMP2, MMP9 

13 primary 

tumors and in 

vitro assays 

Xu X,  

2013 

(185) 
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miR135a ↑EMT  GSK-3β 165 primary 

tumors and in 

vitro assays 

Mao XW, 

2018 

(186) 

miR141 ↓EMT; prognostic 

value (LN 

metastases) 

 MMP2 and 9, 

Vimentin, N-

Cadherin; E-

Cadherin 

30 primary 

tumors, 78 

urine samples 

and in vitro 

assays 

Liu W and 

Qi L, 2015 

(187) 

miR-148a-

3p 

↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

↓expression 

mediated by 

DNA 

methylation 

(DNMT1) – 

↑expression 

with 5AZA 

ERBB3-AKT2-

c-myc/ SNAIL 

axis 

59 primary 

tumors, in 

vitro and in 

vivo assays 

Wang X, 

2016 

(188) 

miR186 ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 NSBP1 20 primary 

tumors and in 

vitro assays 

Yao K, 

2015 

(189) 

miR-199a-

5p 

↓EMT; diagnostic 

(↓ in tumor, vs. 

normal) and 

prognostic (stage, 

grade) value 

 CCR7, MMP9 40 primary 

tumors and in 

vitro assays 

Zhou M, 

2016 

(190) 

miR200 

(family) 

↓EMT; prognostic 

value (↑ survival) 

↓expression 

mediated by 

EZH2 and 

BMI-1 

BMI-1, ZEB1, 

ZEB2 

87 primary 

tumors and in 

vitro assays 

Martínez-

Fernánde

z M and 

Duenas 

M, 2015 

(191) 

 ↓EMT and 

proliferation; 

diagnostic (↓ in 

tumor, vs. normal) 

and prognostic (↑ 

survival) value 

 BMI-1 and 

E2F3 

15 primary 

tumors and in 

vitro assays 

Liu L, 

2014 

(192) 

miR200b ↓EMT; prognostic 

value (LN 

metastases) 

 MMP2 and 9, 

Vimentin, N-

Cadherin, E-

Cadherin 

30 primary 

tumors, 78 

urine samples 

Liu W and 

Qi L, 2015 

(187) 
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and in vitro 

assays 

↓EMT ↓expression 

mediated by 

TGF-β1 

MMP16 In vitro 

assays 

Chen MF 

and Zeng 

F, 2014 

(193) 

miR200c ↓EMT; restores 

sensitivity to 

EGFR inhibitors 

 ZEB1, ZEB2 

and ERRFI-1 

In vitro 

assays 

Adam L, 

2009 

(194) 

miR203 ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 Twist1 24 primary 

tumors and in 

vitro assays 

Shen J, 

2017 

(195) 

miR205 ↓EMT; poor 

prognosis 

↑expression 

mediated by 

p63 isoform 

ΔNp63α 

ZEB1, ZEB2 98 primary 

tumors and in 

vitro assays 

Tran MN, 

2013 

(196) 

miR221 ↑EMT ↑expression 

mediated by 

TGF-β1 

STMN1 In vitro 

assays 

Liu J,  

2015 

(197) 

miR224 ↑EMT; diagnostic 

(↑ in tumor, vs. 

normal) and 

prognostic (stage, 

metastases, 

↓survival) value 

 SUFU/ 

Hedgehog 

pathway 

97 primary 

tumors, in 

vitro and in 

vivo assays 

Miao X, 

Gao H 

and Liu S, 

2018 

(198) 

miR301b ↑EMT; diagnostic 

value (↑ in tumor, 

vs. normal) 

 EGR1 In vitro 

assays 

Yan L, 

2017 

(199) 

miR-323a-

3p 

↓EMT; diagnostic 

(↓ in tumor, vs. 

normal) and 

prognostic (↑OS) 

value 

↓expression 

mediated by 

methylation of 

IG-DMR 

Met/ SMAD3/ 

Snail 

9 primary 

tumors and in 

vivo assays 

Li J,  

2017 

(200) 

miR-370-3p ↓EMT  Wnt7a 41 primary 

tumors in vitro 

and in vivo 

assays 

Huang X 

and Zhu 

H, 2018 

(201) 
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miR-370-5p ↓EMT  p21 In vitro 

assays 

Wang C, 

2016 

(202) 

miR424 ↓EMT; diagnostic 

(↓ in tumor, vs. 

normal) and 

prognostic (stage, 

↑OS and DFS) 

value 

↓expression 

mediated by 

DNMT1 

EGFR pathway 124 primary 

tumors, in 

vitro and in 

vivo assays 

Wu CT, 

2015 

(203) 

miR429 ↓EMT  ZEB1/ βcatenin 

axis 

In vitro 

assays 

Wu CL, 

2016 

(204) 

miR433 ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 c-Met/ CREB1-

Akt/ GSK-3β/ 

Snail 

13 primary 

tumors and in 

vitro assays 

Xu X,  

2016 

(205) 

miR451 ↓EMT; diagnostic 

(↓ in tumor, vs. 

normal) and 

prognostic (grade 

and stage) value 

 E-Cadherin, N-

Cadherin 

40 primary 

tumors and in 

vitro assays 

Zeng T 

and Peng 

L, 2014 

(206) 

miR-485-5p ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 HMGA2 15 primary 

tumors and in 

vitro assays 

Chen Z, 

2015 

(207) 

miR497 ↓EMT; diagnostic 

(↓ in tumor, vs. 

normal) and 

prognostic (stage, 

metastases) value 

 E-Cadherin, 

Vimentin 

50 primary 

tumors and in 

vitro assays 

Wei Z, 

2017 

(208) 

miR612 ↓EMT; diagnostic 

(↓ in tumor, vs. 

normal) and 

prognostic (stage, 

metastases) value 

 ME1 46 primary 

tumors and in 

vitro assays 

Liu M and 

Chen Y, 

2018 

(209) 

miR613 ↓EMT; diagnostic 

value (↓ in tumor, 

vs. normal) 

 SphK1 35 primary 

tumors and in 

vitro assays 

Yu H, 

2017 

(210) 

Long non-coding RNAs 
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circRNA 

MYLK 

↑EMT; prognostic 

value (stage, 

grade) 

 miR29a/ VEGFA/ 

VEGFR2 axis 

32 primary 

tumors, in 

vitro and in 

vivo assays 

Zhong Z, 

2017 

(211) 

lncRNA 

GHET1 

↑EMT; diagnostic 

(↑ in tumor, vs. 

normal) and 

prognostic (grade, 

stage, 

metastases, ↓OS) 

value 

 E-Cadherin, 

Vimentin, 

Fibronectin, Slug, 

Twist, Snail, ZEB1 

80 primary 

tumors and 

in vitro 

assays 

Li LJ,  

2014 

(212) 

lncRNA 

HOTAIR 

↑EMT  Various EMT 

players 

10 primary 

tumors and 

in vitro 

assays 

Berrondo 

C, 2016 

(213) 

lncRNA H19 ↑EMT; diagnostic 

value (↑ in tumor, 

vs. normal) 

 miR-29b-3p/ 

DNMT3B axis 

35 primary 

tumors; in 

vitro and in 

vivo assays 

Lv M, 

2017 

(214) 

lncRNA 

Malat1 

↑EMT; poor 

prognosis 

↑expression 

mediated by 

TGF-β 

suz12 95 primary 

tumors; in 

vitro and in 

vivo assays 

Fan Y, 

2014 

(215) 

lncRNA 

ROR 

↑EMT; diagnostic 

value (↑ in tumor, 

vs. normal) 

 ZEB1 36 primary 

tumors and 

in vitro 

assays 

Chen Y, 

2017 

(216) 

lncRNA 

TP73-AS1 

↓EMT; diagnostic 

(↓ in tumor, vs. 

normal) and 

prognostic (↑OS 

and PFS) value 

 Various EMT 

players 

128 primary 

tumors and 

in vitro 

assays 

Tuo Z, 

2018 

(217) 

lncRNA 

TUG1 

↑EMT; diagnostic 

(↑ in tumor, vs. 

normal) and 

prognostic (stage, 

↓OS) value; 

promotes 

radioresistance 

 miR145/ ZEB2 

axis 

54 primary 

tumors; in 

vitro and in 

vivo assays 

Tan J,  

2015 

(218) 
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lncRNA 

UCA1 

↑EMT  miR145-ZEB1/ 2-

FSCN1 axis 

In vitro 

assays 

Xue M, 

2016 

(219) 

miR143/ HMGB1 52 primary 

tumors and 

in vitro 

assays 

Luo J, 

2017 

(220) 

lncRNA 

XIST 

↑EMT  miR200c In vitro and 

in vivo 

assays 

Xu R,  

2018 

(221) 

lncRNA 

ZEB2NAT 

↑EMT; diagnostic 

value (↑ in tumor, 

vs. normal) 

↑expression 

mediated by 

TGF-β1 

ZEB2 30 primary 

tumors and 

in vitro 

assays 

Zhuang J 

and Lu Q, 

2015 

(222) 

Abbreviations: DFS – disease-free survival; EMT – epithelial to mesenchymal transition; lncRNA – 

long non-coding RNA; miR – microRNA; OS – overall survival. 

 

Some of the most well-studied microRNAs belong to the miR200 family. Their expression 

has been found to hamper EMT in different tumor models such as breast, prostate, ovarian, 

and endometrial carcinomas, in part by affecting different EMT players like ZEB1, ZEB2, 

and E-Cadherin [109,110,111,112,113]. Martínez-Fernández et al. [74] showed that PRC 

members EZH2 and BMI1 repress miR200 family, which results in EMT activation and 

aggressive disease, which is in accordance with the association of EZH2 overexpression 

with high risk for recurrence in NMIBC [114]. These findings support the dynamic regulation 

and cooperation between protein coding and non-coding RNAs in EMT. Since EZH2 

pharmacological inhibition is already available and efficiently increases miR200 in BlCa cell 

lines, this might constitute a therapeutic opportunity for hindering cancer progression. It has 

also been reported that epidermal growth factor receptor (EGFR) inhibition may lead to 

therapeutic resistance due to mesenchymal features. Additionally, miR200c induction 

(which targets the ERBB receptor feedback inhibitor 1‒ERRFI-1) is effective in restoring 

sensitivity to EGFR inhibitors, which constitutes another example of pharmacological 

modulation of EMT that could be translated into clinical practice [65]. Lastly, another 

member of the miR200 family, miR200b, was demonstrated to target matrix 

metalloproteinase-16 (MMP16) in BlCa cell lines, which is downregulated by transforming 

growth factor beta 1 (TGF-β1), previously associated with metastatic potential acquisition. 

This leads to miR downregulation having a net effect of promoting EMT [75]. In fact, TGF-

β1 also cooperates with several other miRs, including miR221. Liu et al. showed that, by 

targeting STMN1, miR221 facilitates TGF-β1-induced EMT, and that its inhibition resulted 
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in increased levels of epithelial marker E-cadherin and reduction of mesenchymal markers 

such as vimentin, fibroactin, and N-cadherin [76]. 

A connection between microRNAs and methylation was also reported, which disclosed a 

feedback loop between DNMT1 and miR-148a-3p [79]. miR-148a-3p, a BlCa tumor 

suppressor, and an EMT inhibitor, by targeting the ERBB3/AKT2/c-MYC axis, was shown 

to be downregulated by DNMT1-induced methylation. Moreover, re-expression was 

observed after treatment with 5-Aza-2’-deoxycytidine (5AZA) [79]. Wu et al. obtained similar 

findings for miR424 in BlCa cell lines, in vivo models, and patient-derived specimens. 

DNMT1 inhibition resulted in substantial miR424 upregulation, which, in turn, promoted 

epithelial characteristics of BlCa cells (changing the relative expression levels of E-cadherin 

and Twist) and resulted in reduced invasion ability. Additionally, the same authors identified 

the EGFR-PI3K-AKT axis as the target of miR424, explaining its effect on EMT [77]. Lastly, 

miR-323a-3p was also implicated in EMT of BlCa cells by targeting MET and SMAD3, which 

interfered with their regulation of Snail and resulted in the net effect of repressing EMT. On 

the other hand, miR-323a-3p is downregulated by aberrant methylation of the intergenic 

differential methylated region (IG-DMR) [87]. In addition, miRs might also be regulated by 

methylation and this feature might be used for urothelial carcinoma detection in bodily fluids, 

such as urine [115]. 

EMT-related miRs have also been demonstrated to impact the resistance to cytotoxic drugs. 

Furthermore, miR-92 was found to promote EMT (changing the relative expression levels 

of two of its major players, E-cadherin, and vimentin) by activating glycogen synthase 

kinase 3 beta (GSK3B) and the Wnt signalling pathway, inducing resistance to cisplatin 

(increasing BlCa cells viability and decreasing apoptosis upon treatment with cisplatin) [79]. 

Most of the human genome is transcribed into structural ncRNAs. LncRNAs, which include 

both linear and circular forms (the latter being referred to as circRNAs), display different 

regulatory functions, according to their cellular location. Whereas nuclear lncRNAs can 

either sequester transcription factors and recruit chromatin-remodelling complexes to a cell-

site (hence impeding transcription), or trigger chromatin-modifying complexes (thus, 

activating transcription), cytoplasmic lncRNAs modulate RNAs stability and translation, 

competing with endogenous RNAs (ceRNAs) for microRNA binding. Additionally, having a 

longer half-life than their linear counterparts, circRNAs may also act as microRNA 

“sponges” [116,117]. 

Eleven lncRNAs (ten linear and one circRNA) [97-108] have been reported to modulate 

EMT in BlCa. Contrary to microRNAs, only one lncRNA (TP73-AS1) was implicated in 

negative regulation of EMT, whereas all the remainder substances promoted its activation. 

Five of the lncRNAs (including circRNA MYLK and lncRNAs GHET1, Malat1, TP73-AS1, 

and TUG1) were explored as potential diagnostic and prognostic biomarkers. 
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CircRNA MYLK was found to function as ceRNA for miR-29a, which, in result, promotes 

EMT and activates the vascular endothelial growth factor receptor (VEGFR) pathway, which 

is associated with BlCa progression [97]. Thus, circRNA MYLK modulation might constitute 

a therapeutic target in combination with anti-VEGF drugs such as bevacizumab. Moreover, 

Lv et al. [100] have shown that lncRNA H19 also functions as a ceRNA for miR-29b-3p, 

which is another member of the miR29 family. Therefore, this allows for the expression of 

target DNMT3B, reprograms DNA methylation patterns, and promotes EMT (through Twist, 

vimentin, and MMP9 upregulation and E-cadherin downregulation) and metastasis. 

Non-coding RNAs may modulate not only the response to systemic treatments, but also to 

local therapies such as radiotherapy. Tan et al. [104] showed that miR145’s 

downmodulation by lncRNA TUG1 associated with EMT and radio-resistance due to its 

action on the ZEB2 axis. Targeting this lncRNA might re-sensitize BlCa to radiotherapy, 

which results in a better patient response and outcome. 

Furthermore, TGF-β1 leads to overexpression of lncRNA malat1, which is associated with 

suppressor of zeste 12 (suz12), decreases E-cadherin, and increases N-cadherin and 

fibronectin expression levels [101]. Moreover, another lncRNA-ZEB2NAT—was shown to 

be essential for the role of TGF-β1-secreting cancer associated fibroblasts (CAFs) in 

promoting EMT in BlCa cells. Zhuang et al. elegantly showed that CAFs induce EMT by 

activating the TGF-β1/ZEB2NAT/ZEB2 axis, whereas ZEB2NAT inhibition reduced ZEB2 

expression levels and inhibited BlCa cells invasion capacity [108]. 

Several lncRNAs might target the same microRNA and the same lncRNA may influence 

more than one microRNA simultaneously. Such is the case of lncRNA UCA1, which induces 

EMT either by targeting miR145 or miR143 [105,106]. These studies suggest that lncRNAs 

might be implicated in EMT by interfering with several pathways through various regulatory 

functions, due to their redundancy. 

 

Conclusions 

As discussed in this review, epigenetic mechanisms and connected enzymes are 

intrinsically involved in the various steps of EMT in BlCa cells, which acts in concert and 

controlling EMT-TFs as well as several upstream targets (Figure 2). All the studies 

published to the date illuminate the way for the development of specific anti-cancer drugs, 

which could abrogate EMT by targeting epigenetic enzymes and genes regulated by these 

reversible modifications. 
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Figure 2. Epigenetic mechanisms’ interplay with the epithelial-to-mesenchymal transition process in 

bladder cancer. 

 

Nevertheless, the epigenetic regulation of EMT requires further investigation to provide 

clinically useful information for BlCa patient management. 
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Rational and Aims 

 

The main goal of this Doctoral Thesis was to unveil the value of novel epigenetic alterations 

in Bladder Cancer clinical management and also to tackle specific biological and molecular 

mechanisms implicated in the disease development, progression and aggressiveness.  

With this in mind, this Thesis encompasses two major chapters, specifically Chapter III - 

Diagnostic/Prognostic Epimarkers in Bladder Cancer Voided Urines, and Chapter IV - 

Bladder Cancer Mechanisms and Biology. The specific aims of each Chapter were the 

following: 

 

Chapter III - Diagnostic/Prognostic Epimarkers in Bladder Cancer Voided Urines 

 

• Investigate specific biomarkers for early BlCa diagnosis by testing the feasibility of 

using a panel of miRNAs quantitative promoter methylation as a tool for accurate 

non-invasive detection of urothelial cancer in voided urine, emphasizing its 

specificity for UC among other genitourinary malignancies; 

 

• Assess whether a panel of two methylation markers might accurately discriminate 

BlCa from inflammatory conditions in voided urine, allowing for the development of 

a multiplex test that could be used for early detection in clinical practice; 

 
 

Chapter IV - Bladder Cancer Mechanisms and Biology  

 

• Illuminate the role of sirtuins’ family in BlCa and evaluate their implication in disease 

progression and aggressiveness; 

 

• Characterize the expression of a set of markers for defining the most common BlCa 

biological/phenotypic subtypes: luminal and basal/squamous;  

 
• Assess the relevance of epigenetic mechanisms for the vimentin “switch” in normal 

to malignant urothelial cells; 

 

• Unveil the implication of VIM deregulation in BlCa progression. 
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Abstract 

Background: Urothelial carcinoma (UC) is the most common cancer affecting the urinary 

system, worldwide. Lack of accurate early detection tools entails delayed diagnosis, 

precluding more efficient and timely treatment. In a previous study, we found that miR-129-

2 and miR-663a were differentially methylated in UC compared with other genitourinary 

tract malignancies. Here, we evaluated the diagnostic performance of those microRNAs in 

urine. 

Methods: Promoter methylation levels of miR-129-2 and miR-663a were assessed, using 

real-time quantitative methylation-specific PCR, in UC tissue samples (using normal 

urothelium as control) and, subsequently, in urine samples from UC and other genitourinary 

malignancies. Diagnostic and prognostic performances were evaluated by receiver operator 

characteristics curve and survival analyses, respectively. 

Results: Promoter methylation levels of both microRNAs were significantly higher in UC 

tissue samples compared with normal urothelium. In urine, the assay was able to distinguish 

UC from other genitourinary tract carcinomas with 87.7% sensitivity and 84% specificity, 

resulting in 85.85% overall accuracy. 

Conclusions: This panel of miRNAs promoter methylation accurately detects UC in urine, 

comparing well with other promising epigenetic-based biomarkers. This may constitute the 

basis for a non-invasive assay to detect UC. 

 

Main 

Urothelial carcinoma (UC), which affects the upper (renal pelvis and ureters) and lower 

(bladder, urethra) urinary tract, is the fourth most common cancer type in worldwide males, 

with 330 380 new cases diagnosed in 2012, mostly afflicting elderly individuals (Torre et al, 

2015). Haematuria is the most common clinical sign of UC, particularly of those arising in 

the lower urinary tract, but several prevalent benign conditions, such as urinary tract 

infection and/or lythiasis, are also associated with haematuria, thus limiting its cancer 

specificity. Moreover, upper tract UC (UTUC), although much less common (5–10% of all 

cases), is mostly clinically asymptomatic. Consequently, although upper and lower tract UC 

display clinical and genomic similarities (Zhang et al, 2010), 60% of UTUC are diagnosed 

at invasive stage, contrasting with 10% of bladder UC (BUC; Margulis et al, 2009). Thus, 

early detection is decisive to improve patient’s survival. 

Currently, BUC diagnosis usually consists on non-invasive (voided) urine cytology (which 

displays modest accuracy), followed by cytoscopic examination (Kaufman et al, 2009), 

whereas suspected cases of UTUC are investigated with computer tomographic urography 

or urinary cytology followed by ureteroscopy, but these methods have low sensitivity, 

especially for low-grade tumours, and are often associated with patient discomfort 
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(Kaufman et al, 2009; Remzi et al, 2011; Rouprêt et al, 2011). Follow-up of patients with 

UC is also based on periodic cystoscopy, an invasive, uncomfortable and expensive 

procedure, making UC one of the heaviest economical burdens in health systems 

(Lokeshwar et al, 2005). Thus, early, accurate and non-invasive diagnostic tools are critical 

to improve patient outcome and increase the cost-effectiveness of follow-up procedures. 

MicroRNAs (miRNAs) are small (∼22 nucleotides in length), non-coding RNA molecules 

involved in many important regulatory pathways including cell grow, proliferation, 

differentiation and cell death (Bartel, 2009; Silahtaroglu and Stenvang, 2010). In animals, 

they regulate the expression of complementary mRNA, thus inhibiting protein expression 

(Ambros, 2004). Recently, the role of deregulated miRNAs in oncogenesis has been 

emphasised and depending on its function and type of abnormal expression, they might act 

as oncogenes or tumour suppressor genes, in many types of cancer (Volinia et al, 2006). 

Expression of miRNAs might be epigenetically regulated, namely through methylation of 

CpG islands located at promoter regions, as well as histone post-translational modifications. 

Alterations in those mechanisms might deregulate miRNAs expression in cancer cells and 

might, thus, be used advantageously as specific cancer biomarkers early detection, 

diagnosis, prognostication, prediction of response to treatment and monitoring (Silahtaroglu 

and Stenvang, 2010). 

 

In search for epigenetic biomarkers in genitourinary cancer, we identified two miRNAs – 

miR-129-2 and miR-663a – that displayed significantly higher promoter methylation levels 

in a small series of BUC tissues. Thus, we aimed at validating that finding in larger series 

of UC, encompassing BUC and UTUC tissues, and test the feasibility of using miR-129-2 

and miR-663a quantitative promoter methylation as a tool for accurate non-invasive 

detection of UC in voided urine, emphasising its specificity for UC among genitourinary 

malignancies. 

 

Material and Methods 

 

Patients and tumour sample collection 

One hundred and fourteen BUC tissue samples were obtained from a consecutive series of 

patients diagnosed and treated with transurethral resection or radical cystectomy, with no 

previous history of UTUC, between 2005 and 2014, and 55 UTUC samples were obtained 

from another consecutive series of patients diagnosed and treated with radical 

nephroureterectomy or ureterectomy, with no previous history of BUC, between 2000 and 

2011. Both the groups of patients were followed-up at the Portuguese Oncology Institute of 

Porto, Portugal. For the BUC samples, a small tumour sample was immediately snap-



 

 75 

frozen, stored at −80 °C and subsequently cut in cryostat for DNA extraction. Routine 

collection and processing of tissue sample allowed for pathological examination, 

classification, grading and staging (Eble et al, 2004; Edge et al, 2010). UTUC samples were 

obtained from routinely fixed and paraffin-embedded tissue used for pathological 

assessment (Eble et al, 2004; Edge et al, 2010). Controls for BUC consisted on an 

independent set of 19 normal bladder mucosae collected from BlCa-free individuals 

(prostate cancer patients submitted to radical prostatectomy), and 31 paraffin-embedded 

normal upper tract urothelium (NUTU) set of samples obtained from renal cell carcinoma 

patients were used as UTUC controls. Relevant clinical data were collected from clinical 

charts and is depicted in Table 1. 

Table 1. Clinical and histopathological characteristics of patients with urothelial carcinoma and 

providers of normal urothelium. 

 

Clinicopathological 

features 
UC Normal urothelium P -value 

Patients, n 169 50   

Gender, n (%) 

 Male 130 (77%) 38 (76%)   

 Female 39 (23%) 12 (24%)   

Median age, years (range) 73 (42–93) 62.5 (48–82) P<0.001 

Pathological stage, n (%) 

 pTa 43 (26%) NA   

 pT1 63 (37%) NA   

 pT2 31 (18%) NA   

 pT3 25 (15%) NA   

 pT4 7 (4%) NA   

Grade, n (%) 

 Papillary, low grade 59 (35%) NA   

 Papillary, high grade 62 (37%) NA   

 Invasive, high grade 48 (28%) NA   
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Urine sample collection and processing 

Voided urine (one sample per patient) was collected from 49 patients with BUC and UTUC, 

diagnosed and treated between 2006 and 2012 at the Portuguese Oncology Institute – 

Porto, Portugal. A set of 75 voided urine samples from patients with prostate cancer (n=25), 

renal cancer (n=25) and healthy blood donors with no personal or familial history of cancer 

(n=25) were also collected and used as controls (Table 2). Informed consents were 

obtained from patients and controls and used in this study after approval from the ethics 

committee (Comissão de Ética para a Saúde) of the Portuguese Oncology Institute of Porto 

(CES-IPO 019/08). All urine samples were processed by immediate centrifugation at 

4000 r.p.m. for 10 min, the respective pellet was washed twice with phosphate-buffered 

saline and stored at −80 °C. 

 
 
Table 2. Clinical and histopathological characteristics of patients with urothelial carcinoma and of 

controls (healthy donors (n=25), prostate cancer (n=25) and renal cancer (n=25) patients), which 

provided urine samples for this study. UC – urothelial carcinoma; NA – non-applicable.  

 
 
Nucleic acids isolation, bisulphite modification and qMSP analysis 

DNA was extracted from frozen BUC tissue samples using AllPrep DNA/RNA Mini Kit 

(Qiagen Inc., Germatown, MD, USA). For UTUC and NUTU tissue samples, a 

representative paraffin block was selected and the tumour area was delimited, allowing for 

macrodissection of tumour from 10 to 20 serial 7-μm thick sections, followed by digestion 

with proteinase K (20 mg ml−1, 50 μl). DNA from all samples was extracted using a standard 

Clinicopathological features UC Control Set P -value 

Patients, n 49 75 NA 

Gender, n (%) 

Male 29 (60%) 53 (71%) NA 

Female 20 (40%) 22 (29%) NA 

Median age, years (range) 70 (53–83) 63 (51–88) P=0.066 

Grade, n (%) 

Papillary, low grade 17 (35%) NA NA 

Papillary, high grade 18 (37%) NA NA 

Invasive, high grade 14 (28%) NA NA 
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phenol-chloroform protocol (Pearson and Stirling, 2003), and its concentration determined 

using ND-1000 NanoDrop (NanoDrop Technologies, Wilmington, DE, USA). Bisulphite 

modification was performed using sodium bisulphite with EZ DNA Methylation-Gold Kit 

(Zymo Research, Irvine, CA, USA) according to manufacturer’s protocol. Quantitative 

methylation levels were performed using KAPA SYBR FAST qPCR Kit (Kapa Biosystems, 

Wilmingtown, MA, USA) and all reactions were run in triplicates in 384-well plates using 

Roche LightCycler 480 II, with Beta-Actin (ACTB) as internal reference gene for 

normalisation. Primer sequences were designed using Methyl Primer Express 1.0 (Methyl 

Primer Express 1.0, ThermoFisher Scientific, Waltham, MA, USA) and purchased from 

Sigma-Aldrich (St Louis, MO, USA): miR-129-2 F3′-CGGCGAATCGAAGAAGTC-5′ and 

R3′-TACGCCCTCCGCAAATAC-5′, miR-663a F3′-GGGATAGCGAGGTTAGGTC-5′ and 

R3′-CATTCGTAACGAATAAAACCC-5′. 

 

Statistical analysis 

Median, frequency and interquartile range of miR-129-2 and miR-663a promoter 

methylation levels of normal, BUC and UTUC tissue samples as well as UC, prostate, 

kidney and healthy blood donor urine samples were determined. Receiver operator 

characteristics (ROC) curves were constructed by plotting the true-positive (sensitivity) 

against false-positive (1-specificity) rate, and the area under the curve (AUC) was 

calculated. The higher value obtained from the sum of sensitivity and 1-specificity in each 

ROC curve was used for cut off to categorise samples as methylated or non-methylated. 

Sensitivity, specificity, negative predictive value, positive predictive value and accuracy of 

the test were also determined. Differences in quantitative methylation values were 

assessed with the non-parametric Mann–Whitney U-test. Associations between age, 

gender, grade, pathological stage and miRNAs methylation levels were carried out using 

Spearman’s method, Mann–Whitney or Kruskall–Wallis tests, as appropriate. DeLong’s test 

for ROC curves comparison was performed to assess differences in performance of the 

miRNAs promoter methylation test between upper and lower urinary tract cancers, and 

between the age groups (lower than 65 years vs higher than 65 years). McNemar proportion 

test was used to compare the diagnostic performance of methylation analysis with urine 

cytology. 

Disease-specific survival curves, (Kaplan–Meier with log rank test) were computed for 

standard variables (tumour stage and grade) and for categorised miRNA promoter 

methylation status. A Cox regression model comprising all significant variables (univariable 

and multivariable model) was computed to assess the relative contribution of each variable 

to the follow-up status. 
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All two-tailed P-values were derived from statistical tests, using a computer-assisted 

program (SPSS Version 23.0, IBM, Armonk, NY, USA) and the results were considered 

statistically significant at P<0.05. Bonferroń is correction for multiple comparisons was used 

when applicable. 

 

Results 

Methylation analysis in UC tissues and performance of methylation panel in urine 

The promoters of both miR-129-2 and miR-663a were found to be methylated in most UC 

tissue samples, and methylation levels were significantly higher compared with the control 

group (P<0.001 and P<0.001, respectively; Figure 1). Moreover, in tissue samples, the 

panel discriminated UC from normal mucosa with 94.7% sensitivity and 84.0% specificity 

(Table 3), corresponding to an AUC of 0.941 (95% confidence interval (CI): 0.911–0.972, 

P<0.001) in ROC curve analysis (Figure 2A). 

 

 
 
Figure 1. Distribution of (A) miR-129-2 and (B) miR-663a promoter methylation levels in normal 

urothelium (n=50) and urothelial carcinoma (UC) tissue samples (n=169). Mann-Whitney U test. 

***P<0.001. 
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Table 3. Performance of epigenetic biomarkers for the detection of urothelial carcinoma in tissue and 

urine. UC – urothelial carcinoma; HD – healthy donors; PCa – prostate cancer; RC – renal cancer; 

PPV – positive predictive value; NPV – negative predictive value. 

 

 
 

 
 
 

Figure 2. Receiver operator characteristic (ROC) curves evaluating the performance of the gene 

panel promoter methylation (mir-129-2/miR-663a);(A) for the identification of urothelial carcinoma 

(UC) in tissue; and (B) for discrimination of UC from other genitourinary malignancies in urine 

samples. 

 

  Sensitivity % 
(n positive/ n total) 

Specificity % 
(n negative/ n total) 

PPV 
(%) 

NPV 
(%) 

Accuracy 
(%) 

Tissue samples 

miR-129-2 72.8 (123/169) 96.0 (48/50) 98.4 51.1 78.1 

mirR-663a 87.0 (147/169) 86.0 (43/50) 95.5 66.2 86.8 

miR-129-2/miR-663a 94.7 (160/169) 84.0 (42/50) 95.2 82.4 92.2 

Urine samples (UC patients vs HD) 

miR-129-2/miR-663a 83.7 (41/49) 88.0 (22/25) 93.2 73.3 85.1 

Urine samples (UC patients vs PCa and RC patients) 

miR-129-2/miR-663a 87.8 (43/49) 84 (42/50) 84.3 87.5 85.9 

Urine samples (UC patients vs all controls) 

miR-129-2 75.5 (37/49) 85.3 (64/75) 77.1 84.2 81.5 

mirR-663a 71.4 (35/49) 94.7 (71/75) 89.7 83.5 85.5 

miR-129-2/miR-663a 87.8 (43/49) 82.7 (62/75) 76.8 91.2 84.7 
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The same panel was then tested in a set of 49 urine sediments from UC patients and in a 

control group of 75 urines from subjects not carrying UC. Remarkably, methylation levels of 

both miRNAs in UC urine samples were significantly higher than those of controls (P<0.001 

and P<0.001, respectively). In urine samples, the methylation test was able to detect UC 

with 87.8% sensitivity and 84.0% specificity (Table 3), corresponding to an AUC of 0.942 

(95% CI: 0.9015–0.9826, P<0.001; Figure 2B). Moreover, the methylation test was able to 

discriminate UC patients both from other genitourinary malignancies and from healthy 

donors (Table 3). 

Because urine cytology is frequently the first test to be performed in UC suspects, we 

compared the performance of the methylation panel with cytopathological examination by 

an experienced cytopathologist. Interestingly, the proportion of true-positive cases detected 

by the methylation test was significantly higher than that of cytology (P<0.001). Of 47 UC 

cases analysed, cytopathology detected only 17 as positive, 15 as negative and 15 as 

‘inconclusive/suspicious’, corresponding to 34.7% sensitivity. Conversely, the miRNAs 

promoter methylation panel identified 41 cases as true positive, corresponding to an overall 

sensitivity of 87.2%, although 1 of the 6 cases negative in the methylation test was correctly 

diagnosed as UC by cytopathology (Figure 3). 

 

 
 
Figure 3. Percentage of urothelial carcinoma (UC) cases correctly identified with the gene panel 

promoter methylation test and a standard cytopathology analysis.  

 

Clinicopathological correlates and survival analyses 

Significantly higher miR-129-2 methylation levels were found in high-grade papillary UC 

compared with low-grade papillary UC (P=0.048), whereas for miR-663a, high-grade 

papillary UC displayed significantly higher methylation levels than invasive UC (P=0.003). 

In addition, miR-663a methylation levels differed significantly between non-muscle invasive 

and muscle invasive UC (stages pTa-1 vs pT2-4; P=0.016), as well as between papillary 

and invasive UC (P=0.012). 
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A significant association was found between promoter methylation levels and patients’ age 

at diagnosis for both miR-129-2 and miR-663a (P=0.023; P=0.016, respectively). After 

normalisation of the ROC curve for this variable, no significant difference in the panel’s 

performance was found between younger and older patients and an AUC of 94.3% was 

obtained. Furthermore, no association was disclosed between miRNAs promoter 

methylation and patients’ gender. 

Of the 114 patients enrolled, 3 BUC and 1 UTUC patients were lost to follow-up. The median 

follow-up time of BUC patients was 66 months (range: 1–323 months). At the last follow-up 

time point, 58 patients were alive with no evidence of cancer, 10 patients were alive with 

disease, 11 died from other causes and 32 had deceased due to UC. Considering UTUC 

patients, the follow-up time was of 55 months (range: 1–186 months). At the last follow-up, 

16 patients were alive without disease, 6 were alive with disease progression, whereas 32 

patients had perished, 23 due to UTUC. Overall, for UC, the median follow-up time was 62 

months. A poor outcome was depicted for UC patients with higher grade, pathological stage 

and age at diagnosis (Log rank test; P<0.001, for all variables). Univariable and 

multivariable Cox regression analysis were performed separately for BUC, UTUC and UC 

patients, including the three above mentioned variables (Supplementary Table 1). As 

expected, a poor outcome was depicted for UC patients with higher pathological stage, 

grade and age in a multivariable model (Supplementary Table 1; P=0.03, P=0.002 and 

P<0.001, respectively). However, considering the two patients’ subsets separately, only 

grade (for BUC) and age (for UTUC) were selected in the final model as independent 

predictors of outcome (Supplementary Table 1; P=0.009 and P=0.017). No prognostic value 

was depicted for miR-129-2 or miR-663a promoter methylation levels in UC or in BUC or 

UTUC, when analysed separately (Supplementary Table 1). 

 

Discussion 

Upper and lower UC are among the most common neoplasms worldwide and although 

several risk factors have been clearly identified (e.g., smoking habits, chemical exposure to 

aromatic amines like benzidine or β-naphtalene, Schistosoma infection (Babjuk et al, 2013; 

Torre et al, 2015)), early detection is critical for adequate therapeutic management towards 

reducing disease-specific mortality (Hall et al, 1998; Margulis et al, 2009). Moreover, it is 

important to discriminate UC from other genitourinary cancers, especially those originating 

in the prostate and kidney. Although several biomarkers have been previously reported, 

including miRNAs promoter methylation (Phé et al, 2009; van der Kwast and Bapat, 2009; 

Shimizu et al, 2013), they have been mostly focused on BUC, disregarding upper urothelial 

tract UC, and its performance might be perfected by the addition of more sensitive and 

specific biomarkers. Within a project aimed at characterising miRNAs deregulated through 
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aberrant promoter methylation in genitourinary neoplasms, we identified miR-129-2 and 

miR-663a promoters as potential UC biomarkers (submitted). We, thus, tested the 

biomarker performance of quantitative miR-129-2 and miR-663a promoter methylation both 

in upper and lower urinary tract UC. 

Because miR-129-2 and miR-663a promoter methylation was initially identified in BUC, we 

first assessed methylation levels in tissue samples of upper and lower urinary tract UC. 

Owing to biological and genomic similarity between the urothelium from upper and lower 

urinary tract (Zhang et al, 2010), we hypothesised that this panel would perform well in both 

the settings. Indeed, the methylation panel discriminated UC from normal urothelial mucosa 

with high sensitivity and specificity, which did not differ between upper and lower urinary 

tract UC. This result enabled us to proceed with urine testing, as the ultimate goal of the 

study would be the identification of a non-invasive test, intended for early detection and 

disease monitoring. In urine samples, sensitivity and specificity were lower than those found 

in tissues, but it should be recalled that the accuracy of the panel was tested not only against 

healthy volunteers, but also prostate and kidney cancer patients. 

Recently, several studies attempted to identify novel epigenetic biomarkers for UC 

detection, some of them with an apparent superior performance to the panel reported 

herein. TWIST1 and NID2 promoter methylation were previously reported to detect BUC in 

urine samples with 94% sensitivity and 91% specificity (Renard et al, 2010). However, 

specificity was only tested against urinary infections or other benign conditions and its ability 

to discriminate UC from prostate and kidney cancer was not evaluated. BCL2, CDKN2A 

and NID2 promoter methylation have also been proposed as epigenetic biomarkers for 

bladder cancer (Scher et al, 2012). Although the number of genes is higher than that of our 

panel, sensitivity and specificity were lower (80.9% and 86.4%, respectively) and this was 

accomplished through nested PCR, which may compromise the speed and cost of the 

assay. Moreover, the number of samples from prostate and kidney cancer tested was lower 

than those included in our study. We have also previously reported a gene promoter 

methylation panel (GDF15, TMEFF2 and VIM) that accurately identified BUC in urine 

samples (Costa et al, 2010) which we, subsequently, demonstrated to have similar 

performance in upper urinary tract UC (Monteiro-Reis et al, 2014). Both studies, however, 

used specific TaqMan probes, contrarily to the present study, where a SYBR Green-based 

protocol was used, thus, also, improving cost-effectiveness. 

Some previous studies have also focused on miRNAs promoter methylation as UC 

biomarkers. Whereas, Vogt et al (2011) reported 57% sensitivity (n=7) for miR-34a 

promoter methylation in bladder tissues and Shimizu et al (2013) achieved 81% specificity 

and 89% sensitivity in urine sediments from BUC (n=47) using a panel of several miRNAs. 

Our results compare well with those reports and provide some significant advantages, as 
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only two miRNA promoters are tested, and its specificity was evaluated against other 

genitourinary malignancies. 

Although urinary cytology is frequently used as an initial diagnostic approach in UC 

suspects, its diagnostic yield is rather limited, especially for upper urinary tract UC (Rouprêt 

et al, 2013). Moreover, imaging techniques might have difficulty in discriminating upper 

urinary tract UC from renal cell carcinoma, a quite relevant differential diagnosis setting 

owing to marked differences in therapy and prognosis (Browne et al, 2005), thus 

emphasising the need for biomarkers that may accurately discriminate among those tumour 

types. In the present study, the sensitivity of urinary cytology was only ∼35%, which was 

easily surpassed by the miRNA methylation panel, with the additional gain of discriminating 

UC from renal cell carcinoma. 

Whereas no biological role has been previously ascribed to miR-129-2 and miR-663a 

promoter methylation in urothelial carcinogenesis, several studies in other tumour models 

have unveiled the pathological significance of those epigenetic aberrations. Transcriptional 

silencing of miR-129-2 due to promoter methylation was found in gastric (Pan et al, 2010; 

Shen et al, 2010), endometrial (Huang et al, 2009) and hepatocellular (Lu et al, 2013) 

carcinomas, as well as in acute myeloid leukaemia (Yan-Fang et al, 2013), and it has been 

implicated in overexpression of two oncogenic proteins, SOX4 (Huang et al, 2009; Shen et 

al, 2010) and Cdk6 (Wu et al, 2010). On the other hand, miR-663a promoter methylation 

and downregulation was associated with JunD overexpression in small-cell lung carcinoma 

(Zhang et al, 2016) and HMGA2 overexpression in hepatocellular carcinoma (Huang et al, 

2016), fostering cell proliferation. Owing to the prevalence of miR-129-2 and miR-663a 

promoter methylation in UC, across primary localisations, histological subtype, grade and 

stage, it is tempting to speculate whether it may also play a key role in urothelial 

carcinogenesis. 

In summary, we demonstrated that aberrant miR-129-2 and miR-663a promoter methylation 

accurately discriminate UC from normal urothelial mucosa and allow for sensitive and 

specific identification of upper and lower urinary tract UC in urine samples, discriminating 

also from other common genitourinary tract carcinomas (kidney and prostate). Thus, this 

panel might be useful for complementing other epigenetic biomarkers for non-invasive 

detection and/or monitoring of UC patients. 
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Supplementary Data (Paper I) 

 

Supplementary Table 1: Cox regression models assessing the potential of clinical and epigenetic 

variables in the prediction of disease-specific survival of BUC and UTUC patients separately and 

combined as Urothelial carcinoma (UC). 

Disease-

specific 

survival 

BUC UTUC UC 

Univariable HR 
95% CI 

for HR 
P HR 

95% CI 

for HR 
P HR 

95% CI 

for HR 
P 

pTNM 5.24 
(2.55 - 

10.74) 
0.001 2.12 

(0.90 - 

4.97) 
0.084 4.07 

(2.35 - 

7.05) 
0.001 

Grade 

PLG vs. PHG 20.96 
(2.76 - 

159.18) 
0.003 2.36 

(0.65 - 

8.60) 
0.194 7.44 

(2.58 - 

21.49) 
0.001 

PLG vs. IHG 37.00 
(4.90 - 

279.37) 
0.001 4.78 

(1.28 - 

17.82) 
0.020 13.34 

(4.65 - 

38.27) 
0.001 

Age 2.14 
(1.00 - 

4.60) 
0.050 2.78 

(1.14 - 

6.81) 
0.025 2.75 

(1.61 - 

4.72) 
0.001 

miR-129-2 

methylation > 

P50 

1.40 
(0.69 - 

2.86) 
0.352 0.68 

(0.29 - 

1.56) 
0.360 0.84 

(0.49 - 

1.42) 
0.520 

miR-663a 

methylation > 

P50 

0.56 
(0.27 - 

1.14) 
0.108 1.06 

(0.47 - 

2.38) 
0.890 1.27 

(0.75 - 

2.16) 
0.370 

Multivariable 

pTNM 0.35 
(0.11- 

1.08) 
0.067 1.73 

(0.70 - 

4.27) 
0.230 2.10 

(1.06 - 

4.16) 
0.030 

Grade 

PLG vs. PHG 12.21 
(1.19 - 

125.41) 
0.035 1.84 

(0.49 - 

6.83) 
0.370 5.45 

(1.85 - 

16.07) 
0.002 

PLG vs. IHG 16.09 
(2.06 - 

125.52) 
0.008 3.76 

(0.97 - 

14.58) 
0.056 6.75 

(2.05 - 

22.21) 
0.002 

Age 1.97 
(0.90 - 

4.31) 
0.089 3.05 

(1.22 - 

7.59) 
0.017 2.45 

(1.43 - 

4.19) 
0.001 

Significance for bold values: Results were considered statistically significant at P < 0.005. 

 

Abbreviations: UC - urothelial carcinoma; BUC - Bladder urothelial carcinoma; UTUC - upper tract 

urothelial carcinoma; HR - Hazard Ratio; CI - confidence interval; PLG - Papillary low-grade; PHG - 

Papillary high-grade; IHG - Invasive high-grade. 
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Abstract 

Bladder cancer (BlCa) is a common malignancy with significant morbidity and mortality. 

Current diagnostic methods are invasive and costly, showing the need for newer 

biomarkers. Although several epigenetic-based biomarkers have been proposed, their 

ability to discriminate BlCa from common benign conditions of the urinary tract, especially 

inflammatory diseases, has not been adequately explored. Herein, we sought to determine 

whether VIMme and miR663ame might accurately discriminate those two conditions, using a 

multiplex test. Performance of VIMme and miR663ame in tissue samples and urines in testing 

set confirmed previous results (96.3% sensitivity, 88.2% specificity, area under de curve 

(AUC) 0.98 and 92.6% sensitivity, 75% specificity, AUC 0.83, respectively). In the validation 

sets, VIMme-miR663ame multiplex test in urine discriminated BlCa patients from healthy 

donors or patients with inflammatory conditions, with 87% sensitivity, 86% specificity and 

80% sensitivity, 75% specificity, respectively. Furthermore, positive likelihood ratio (LR) of 

2.41 and negative LR of 0.21 were also disclosed. Compared to urinary cytology, VIMme-

miR663ame multiplex panel correctly detected 87% of the analysed cases, whereas cytology 

only forecasted 41%. Furthermore, high miR663ame independently predicted worse clinical 

outcome, especially in patients with invasive BlCa. We concluded that the implementation 

of this panel might better stratify patients for confirmatory, invasive examinations, ultimately 

improving the cost-effectiveness of BlCa diagnosis and management. Moreover, 

miR663ame analysis might provide relevant information for patient monitoring, identifying 

patients at higher risk for cancer progression. 

 

Introduction 

Bladder cancer (BlCa) is one of the most incident cancers, ranking ninth in prevalence 

worldwide [1,2]. In men, which are more prone to develop BlCa, it represents the second 

most frequent urological malignancy after prostate cancer [1,2]. Moreover, it is expected 

that, by 2040, the number of estimated new cases and cancer-related deaths will almost 

double the 549,393 newly diagnosed cases and 199,922 deaths recorded in 2018 [1,2]. 

Most BlCa cases correspond to urothelial carcinoma, generally presenting as non-muscle 

invasive BlCa (NMIBC), accounting for 75–80% of all new cases, characterized by frequent 

recurrences and eventual progression to more aggressive, deeply invasive and metastatic 

disease, or muscle-invasive BlCa (MIBC), an aggressive, locally invading carcinoma, 

corresponding to 20–25% of all cases, with propensity for metastization [3,4]. Haematuria 

is the most common clinical sign of BlCa, although it also occurs in several common benign 

disease such as urinary tract infections and non-infectious inflammatory conditions. 

Presently, BlCa diagnosis generally involves cytoscopic examination, an expensive and 

invasive procedure, complemented by urine cytology [5,6,7]. However, the latter has limited 
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accuracy, particularly for identification of low-grade papillary tumours, and the invasive 

nature of cystoscopic examination entails patient discomfort and, in some cases, infection 

[5]. Moreover, because of the high incidence, recurrence and progression rate, active long 

follow-up is required, making BlCa the costliest malignancy [8]. Thus, early, accurate and 

non-invasive BlCa detection is the determinant to improve both patients and healthcare 

financial management. 

Epigenetic changes, including DNA methylation, have been largely investigated for cancer 

detection [9]. Owing to chemical and biological stability, DNA methylation-based biomarkers 

have potential clinical applications in early cancer detection, diagnosis, follow-up and 

targeted therapies [10]. Previously, two independent DNA methylation-based biomarker 

panels have been reported as promising tests for accurate early detection of BlCa [11,12]. 

In 2010, a three-gene panel comprised GDF15, TMEFF2 and VIM methylation identified 

BlCa with 94% sensitivity and 100% specificity in urine samples from 51 BlCa patients [11]. 

More recently, a panel testing the promoter methylation of two microRNAs—miR129-2 and 

miR663a—identified urothelial carcinoma (from upper and lower urinary tracts) with a 

sensitivity of 87.8% and specificity of 82.7% in 49 urine samples from patients with urothelial 

carcinoma [12]. Furthermore, the same panels could discriminate BlCa from other common 

genitourinary cancers (i.e., from kidney and prostate). Nonetheless, both studies used a 

singleplex approach, and the ability of these tests to discriminate BlCa from common benign 

conditions of the urinary tract with overlapping manifestations, especially inflammatory 

diseases, has not been adequately explored, thus far. Indeed, inflammatory conditions of 

the urinary tract may negatively impact the specificity of urinary-based biomarkers for BlCa 

detection, increasing false positive results and entailing unnecessary complementary 

invasive tests [6,13,14]. 

Thus, we sought to assess whether the most promising markers in each published panel—

miR-663a (miR663ame) and Vimentin (VIMme)—might accurately discriminate BlCa from 

inflammatory conditions in voided urine, allowing for the development of a multiplex test that 

could be used for early detection in clinical practice. 

 

Experimental Section 

 

Patients and Tumour Sample Collection 

Ninety-four primary BlCa tissue samples were obtained from a consecutive series of 

patients diagnosed, treated with transurethral resection (TUR) or radical cystectomy, 

between 1994 and 2011, and followed at Portuguese Oncology Institute of Porto (IPO 

Porto), Portugal (Table 1). Briefly, tumour samples were obtained during surgery and 

immediately snap-frozen, stored at −80 °C and subsequently macrodissected for tumours’ 
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cells enrichment and cut in cryostat for DNA extraction. Routine collection and processing 

of tissue samples allowed for pathological examination, classification, grading and staging 

[15]. For control purposes, an independent set of 19 normal bladder mucosae (NB) samples 

were also collected from BlCa-free individuals (prostate cancer patients submitted to radical 

prostatectomy) (Table 1). 

 

Table 1. Clinical and histopathological characteristics of patients with bladder carcinoma (BlCa), 

normal bladder mucosae (NB), healthy donors (HD) and inflammatory controls (IC). 

 

  Tissues 
Urines 

  
Testing Set Validation Sets 

Clinicopaphological 
features 

Bladder 
UC 

Normal 
Bladder 
Mucosae 

 Bladder 
UC  

Healthy 
Donors  

 Bladder 
UC  

Healthy 
Donors 

(#1) 

Inflammatory 
Controls  

(#2) 

Patients, n 94 19 27 24 100 57 174 

Gender, n                

  Males 78 19 20 13 79 16 132 

  Females 16 0 7 12 21 41 42 

Median age, yrs 
(range) 

69 (45 - 
91) 

63 (48 - 
75) 

69 (47 – 
88) 

45 (39 
– 61) 

 68 (38 – 
91) 

49 (41 
– 64) 64 (18– 92) 

Grade, n               

  Papillary, low-
grade 34 n.a. 13 n.a. 51 n.a. n.a. 

  Papillary, high-
grade 33 n.a. 8 n.a. 26 n.a. n.a. 

  Invasive, high-
grade 27 n.a. 6 n.a. 23 n.a. n.a. 

Invasion of 
Muscular Layer, n               

  NMIBC 67 n.a. 19 n.a. 77 n.a. n.a. 

  MIBC 27 n.a. 8 n.a. 23 n.a. n.a. 

(#1 – Validation Set #1; #2 – Validation Set #2; yrs – years; n.a.—non applicable; NMIBC—Non-

Muscle Invasive Bladder Cancer; MIBC—Muscle Invasive Bladder Cancer, UC – Urothelial 

Carcinoma). 
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Urine Sample Collection and Processing 

For the “Testing sets”, 27 voided urine samples (one per patient) were collected from BlCa 

patients, diagnosed and treated between 2006 and 2016 at IPO Porto, as well as a set of 

24 voided urine samples from healthy donors (HD), also from IPO Porto, with no personal 

or familial history of cancer, used as controls (Table 1). The “Validation sets” comprised: (1) 

100 urine samples from BlCa patients, diagnosed and treated between 2002 and 2016 at 

IPO Porto, and 57 urine samples from HD collected at IPO Porto, and (2) an independent 

set of control urine sediments (n = 174) from patients diagnosed with urinary tract 

inflammatory conditions (IC), diagnosed between 2008 and 2014 at the University Hospital 

of Cordoba (UHC). All BlCa patients’ urines were obtained before treatment. Moreover, all 

sets of samples were collected from different cohorts of patients. Informed consent was 

obtained from patients and controls after approval from the ethics committees of IPO Porto 

and UHC (CES-IPO 019/08, approval date: 16th January 2008). All urine samples were 

processed by immediate centrifugation at 4000 rpm for 10 min; the respective pellet was 

washed twice with phosphate-buffered saline (PBS) and stored at −80 °C. 

 

Nucleic Acids Isolation, Bisulfite Modification and Multiplex qMSP Analysis 

DNA was extracted from frozen BlCa and NB tissues, and all urine sample sets, using a 

standard phenol-chloroform protocol [16], and its concentration determined using a Qubit 3 

Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Bisulfite modification was 

performed through sodium bisulfite, using the EZ DNA Methylation-Gold™ Kit (Zymo 

Research, Irvine, CA, USA), according to manufacturer’s protocol. For this, 1000 ng and 50 

ng of DNA were converted for tissues and urine sediments, respectively. Quantitative 

methylation levels were performed using Xpert Fast Probe Master Mix (GRiSP, Porto, 

Portugal), and multiplex reactions were run in triplicates in 96-well plates using an Applied 

Biosystems 7500 Sequence Detector (Perkin Elmer, Waltham, CA, USA), with Beta-Actin 

(ACTB) as internal reference gene for normalization. Primer and probe sequences were 

designed using Methyl Primer Express 1.0 and purchased from Sigma-Aldrich (St. Louis, 

MO, USA) (Supplementary Table S1). Additionally, six serial dilutions (dilution factor of 5×) 

of a fully methylated bisulphite modified universal DNA control were included in each plate 

to generate a standard curve. In each sample and for each gene, the relative DNA 

methylation levels were determined using the following formula: ((target gene/ACTB) 

×1000). A run was considered valid when previously reported criteria were met [11]. 

 

Statistical Analysis 

Differences in quantitative methylation values were assessed with the non-parametric 

Mann-Whitney U (MW) and Kruskal-Wallis (KW) tests. Associations between age, gender, 
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grade, invasion of muscular layer and methylation levels were carried out using Spearman’s 

correlation, MW or KW tests, as appropriate. For multiple comparisons, Bonferroni’s 

correction was applied in pairwise comparisons. 

Biomarker performance parameters, including sensitivity, specificity, positive predictive 

value (PPV), negative predictive value (NPV), accuracy and positive and negative likelihood 

ratios (LR), were estimated [17]. Receiver operator characteristics (ROC) curves were 

constructed by plotting the true positive (sensitivity) against false positive (1-specificity) rate, 

and the area under the curve (AUC) was calculated. The higher value obtained from the 

sum of sensitivity and 1-specificity in each ROC-curve was used as cut-off to categorise 

samples as methylated or non-methylated. ROC curves were constructed using logistic 

regression model for DNA methylation panel. Disease-specific and disease-free survival 

curves (Kaplan-Meier with log rank test) were computed for standard variables and for 

categorised genes’ promoter methylation status. A Cox-regression model comprising all 

significant variables (univariable and multivariable model) was computed to assess the 

relative contribution of each variable to the follow-up status. All two-tailed p values were 

derived from statistical tests, using a computer-assisted program (SPSS Version 26.0, IBM, 

Armonk, NY, EUA) and the results were considered statistically significant at p < 0.05. 

Bonferroni’s correction for multiple comparisons was used when applicable. 

 

Results 

 

Methylation Analysis and Performance of the Multiplex Panel in BlCa Tissue Series 

To confirm the previously published performance of miR663a and VIM promoter 

methylation as BlCa biomarkers, tissue samples were tested. As expected, both miR663a 

and VIM were found hypermethylated (76.6% and 94.4%, respectively) in most BlCa tissue 

samples, and methylation levels were significantly higher compared to NB (p < 0.0001 and 

p < 0.0001, respectively) (Figure 1A). The two genes independently performed well as BlCa 

detection biomarkers in tissues, with an AUC of 0.979 for VIMme (95% confidence interval 

(CI): 0.956–1.002, p < 0.0001), and of 0.897 for miR663ame (95% CI: 0.836–0.959, p < 

0.0001). Moreover, in combination as multiplex panel, it accurately discriminated BlCa from 

NB with 96.3% sensitivity and 88.2% specificity, corresponding to an AUC of 0.982 (Figure 

1B; Supplementary Table S2). 
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Figure 1. (A) Distribution of VIMme and miR663ame levels in normal bladder mucosae (NB; n = 19) 

and bladder carcinoma (BlCa; n = 94) tissue samples. Mann-Whitney U test, **** p < 0.0001. Median 

is represented by the red line. (B) Receiver operator characteristic (ROC) curve evaluating the 

performance of the VIMme-miR663ame panel for the identification of BlCa in tissue samples. (AUC—

Area under the curve; CI—Confidence interval; ACTB—Beta-Actin; VIM—Vimentin). 

 

Methylation Analysis and Performance of Multiplex Panel in BlCa Testing Set 

Paralleling the previous observations in tissues, miR663ame and VIMme levels were 

significantly higher in BlCa urine samples than in those of controls (p < 0.0001 and p < 

0.0001, Figure 2A), and the multiplex panel discriminated BlCa from HD with 92.6% 

sensitivity and 90% NPV (Supplementary Table S2), corresponding to an AUC of 0.83 

(Figure 2B). 

 

 
Figure 2. (A) Distribution of VIMme and miR663ame levels in the Testing Cohort, composed by healthy 

donors (HD; n = 24) and bladder carcinoma (BlCa; n = 27) urine samples. Mann-Whitney U test, **** 

p < 0.0001. Median is represented by the red line. (B) Receiver operator characteristic (ROC) curve 

evaluating the performance of the VIMme-miR663ame panel for the identification of BlCa in urine 

samples of the Testing Cohort. (AUC—Area under the curve; CI—Confidence interval; ACTB—Beta-

Actin; VIM—Vimentin). 

 

Methylation Analysis and Performance of VIMme and miR663me Multiplex Panel for 

BlCa vs. HD 
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In line with the testing set results, a higher number of malignant samples disclosed 

significantly higher miR663ame and VIMme levels than HDs (p < 0.0001 and p < 0.0001, 

respectively) in the validation sets (Figure 3A). ROC curve analysis confirmed a high 

discriminative ability of VIMme-miR663ame panel, with an AUC of 0.91 (Figure 3B). Indeed, 

the multiplex panel discriminated BlCa from HD subjects with 87% sensitivity and 86% 

specificity (Table 2). 

 

 
 
Figure 3. Distribution of VIMme and miR663ame levels in the Validation Cohort #1, composed by 

healthy donors (HD; n = 57) and bladder carcinoma (BlCa; n = 100) urine samples. Mann-Whitney 

U (MW) test, **** p < 0.0001. Median is represented by the red line. (B) Receiver operator 

characteristic (ROC) curve evaluating the performance of the VIMme-miR663ame panel for the 

identification of BlCa in urine samples of the Validation Cohort #1. (C) Distribution of VIMme and 

miR663ame levels in the Validation Cohort #2, composed by inflammatory controls (IC; n = 174) and 

bladder carcinoma (BlCa; n = 100) urine samples. MW test, **** p < 0.0001. (D) ROC curve 

evaluating the performance of the VIMme-miR663ame panel for the identification of BlCa in urine 

samples of the Validation Cohort #2. (AUC—Area under the curve; CI—Confidence interval; ACTB—

Beta-Actin; VIM—Vimentin). 
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Table 2. Performance of VIMme-miR663ame panel for the detection of bladder cancer in Validation 

Cohorts #1 and #2. (PPV—positive predictive value; NPV—negative predictive value). 

 

Samples Biomarker Performance miR663ame-VIMme (%) 

Validation #1 

Sensitivity 87.0 
Specificity 86.0 

PPV 91.6 
NPV 79.0 

Accuracy 86.6 

Validation #2 

Sensitivity 80.0 
Specificity 75.3 

PPV 65.0 
NPV 86.8 

Accuracy 77.0 
 

Remarkably, the proportion of true positive cases detected by the VIMme-miR663me multiplex 

panel was significantly higher than that of urine cytology (p < 0.001). Indeed, of 46 BlCa 

cases with valid urine cytology results, only 19 were classified as positive, 17 as negative 

and 10 as “inconclusive/suspicious”, corresponding to 41% sensitivity (Figure 4). Contrarily, 

the VIMme-miR663me multiplex panel correctly identified 40/46 cases as BlCa, 

corresponding to an overall sensitivity of 87% (Figure 4). Importantly, 12 of 14 low-grade 

papillary carcinomas were accurately identified by VIMme-miR663me multiplex panel, 

whereas cytology merely identified four cases. 

 

 
 

Figure 4. Representation of the percentage of bladder cancer (BlCa) cases correctly identified with 

the VIMme-miR663ame panel and a standard urine cytology analysis. Green circles represent positive 

cases, grey circles represent negative/inconclusive cases. 
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Methylation Analysis and Performance of VIMme and miR663me Multiplex Panel for 

BlCa vs. IC 

In urine samples, VIMme-miR663me levels discriminated BlCa from IC patients (Figure 3C), 

with 80% sensitivity, 75.3% specificity and, importantly, 86.8% NPV (Table 2), 

corresponding to an AUC of 0.836 (Figure 3D). Remarkably, a 2.86 Positive LR and a 

Negative LR of 0.21 were also disclosed by VIMme-miR663me multiplex panel in this setting. 

 

Clinicopathologic Correlations and Survival Analyses 

High-grade papillary BlCa showed significantly higher miR663me levels than low-grade 

papillary BlCa (p = 0.007), in tissue samples. The same was observed in urine samples 

from the validation set (p = 0.0072), a result which was extensive to VIMme (p = 0.0052) 

(Supplementary Figure S1). No additional associations were disclosed between VIMme and 

miR663ame levels and other standard clinical variables, including patients’ age and gender. 

Follow-up data was available for 91 (out of 94) IPO Porto’s BlCa patients that provided 

tissue samples. The median follow-up time was 66 months (range: 1–203 months). At the 

last follow-up timepoint, 30 patients were alive with no evidence of cancer, 12 patients were 

alive with disease, 29 had deceased due to BlCa and 23 died from other causes. Univariable 

and multivariable Cox regression analysis were performed, including the variables grade, 

invasion of muscular layer, gender and age. As expected, a poor outcome was depicted for 

patients with higher grade and muscle invasive BlCa (p = 0.001 and p < 0.0001, 

respectively) (Table 3). In the multivariate model for disease-specific survival, miR663ame 

levels, higher grade and muscle invasion were independent predictors of outcome (p = 0.04, 

p = 0.035 and p = 0.031, respectively; Table 3). Moreover, after categorization into NMIBC 

vs. MIBC, tumours with higher miR663ame levels implied a 3.7-fold increased risk of cancer-

related death among patients with MIBC (95% CI: 1.32–10.25, p = 0.013; Supplementary 

Figure S2). Contrarily, no associations were found for miR663ame or VIMme levels 

concerning disease-free survival. 
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Table 3. Cox regression models assessing the potential of clinical and VIMme and miR663ame levels 

in the prediction of disease-specific survival for bladder carcinoma (BlCa) patients. (PLG - papillary 

low-grade; PHG - papillary high-grade; IHG – invasive high-grade; HR – hazard ratio; OR – odds 

ratio; CI – confidence interval). 

 

Disease-specific 
Survival Variables Hazard 

Ratio (HR) 95% CI* for OR p 

Univariate 

Invasion of muscular layer 6.15 2.76 - 13.72 0.0001 

Grade    

PLG vs. PHG 15.59 2.03 - 119.94 0.008 

PLG vs. IHG 32.83 4.31 - 250.06 0.001 

Age 2.34 0.98 - 5.59 0.060 

Gender 1.02 0.39 - 2.70 0.970 

miR663a methylation ≤ median 1.61 0.75 - 3.48 0.225 

VIM methylation ≤ median 1.07 0.50 - 2.28 0.861 

Multivariate 

Invasion of muscular layer 3.54 1.12 - 11.19 0.031 

Grade    

PLG vs. PHG 8.03 0.97- 66.32 0.053 

PLG vs. IHG 11.89 1.18 - 119.37 0.035 

miR663a methylation ≤ median 2.67 1.05 - 6.81 0.040 

VIM methylation ≤ median 1.12 0.51 - 2.42 0.783 

 
 

Discussion 

Bladder cancer is a major health concern worldwide, with an expected significant increase 

in incidence and mortality within the next two decades [1,2]. Early detection is critical for 

adequate management, aiming to reduce disease-specific mortality, as well as the 

economic burden imposed by BlCa treatment and follow-up. Because currently available 

diagnostic tools require invasive examination [13,14], development of non-invasive and less 

costly tests for early detection and monitoring are likely to have a significant impact in 

clinical practice. Although several molecular biomarkers, including epigenetic-based, have 

been developed for that end, discrimination of BlCa from other urinary tract malignancies 

and, more importantly, from benign conditions causing haematuria, including inflammatory 

diseases, remains a challenge. Indeed, most control samples used in biomarker discovery 

studies, including our own, mostly comprise normal/healthy donors, disregarding the fact 

that a biomarker-based test would be offered to an “at-risk” population, including patients 

experiencing suspicious symptoms. Therefore, based on two previously published studies 
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by our research team [11,12], we tested whether a VIMme and miR663ame multiplex panel 

could accurately discriminate BlCa from normal individuals and those afflicted with 

inflammatory conditions of the genitourinary tract. 

Because both VIMme and miR663ame were previously assessed using two different “simplex” 

multi-gene biomarker panels, we firstly tested miR663ame and VIMme in multiplex in a 

consecutive series of primary BlCa tissue samples and normal urothelial mucosae to 

confirm those previous results. Indeed, employing a multiplex reaction allows for 

downscaling the initial tissue/body fluid sample requirements, but also the quantity of DNA 

required for each test [18]. Remarkably, as expected, the VIMme-miR663ame multiplex panel 

discriminated BlCa from NB tissues with high sensitivity and specificity (96.3% and 88.2%, 

respectively), confirming the previous observations for the two markers separately [11,12]. 

In urine samples from the testing set, although the performance of the multiplex panel was 

slightly inferior to that of tissues, 92.6% sensitivity and 90% NPV was reached. Indeed, it 

should be recalled that a relatively small number of cancer cells are exfoliated into urine, 

which are subsequently “diluted” among a larger population of normal-looking urothelial 

cells. Thus, the tumour DNA content in urine is actually minute [19] and sensitivity over 90% 

should be regarded as a very encouraging result. Furthermore, in the validation set, 

comprising a larger independent cohort, specificity of the VIMme-miR663ame multiplex panel 

increased to 86%, further increasing the potential usefulness of the test. 

It should be emphasised, however, that the foremost aim of this study was to assess the 

multiplex panel ability to discriminate BlCa from IC, since this panel is envisaged to be 

tested in an “at-risk” population, including individuals complaining of haematuria, many of 

which will be found to harbour urinary tract inflammatory conditions. Although, in this setting, 

sensitivity and specificity were slightly reduced, NPV increased (86.8%), which is an 

important finding [20]. Indeed, it is expected that among tested individuals, most will not 

have a neoplastic condition and, thus, the higher the NPV, the larger the proportion of those 

subjects that will not be submitted to confirmatory, invasive, procedures, supporting the 

good performance of the test in discriminating patients negative for malignant condition. 

Importantly, an LR (+) of 2.86 and an LR (−) of 0.21 values were observed, indicating that 

a negative result decreases by 30% the probability of misdiagnosis [17]. 

Despite the fact that several studies suggest various genomic mutations and/or proteins’ 

expression deregulation as biomarkers for BlCa detection and prognostication [21], the 

search for novel epigenetic biomarkers, mostly DNA methylation-based, for BlCa detection 

has been attempted by several research teams, probably due to the stability of the markers 

and the possibility of high-throughput tests. Although some of those previous studies report 

an apparently superior performance to the panel reported herein, it should be recalled that 

in most cases the patients’ series were smaller, only healthy donors were included as 
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controls or these were comprised of a mixed group of healthy donors and patients with 

diverse urological diseases, and/or did not use a multiplex approach, which might impact in 

sample availability, testing time length and cost [22-28]. Roperch et al. proposed a three 

gene multiplex methylation panel (HS3ST2, SEPTIN9 and SLIT2) combined with FGFR3 

mutations assessment, age and smoking-status at time of diagnosis in a multivariate model, 

for diagnosis of NMIBC in urine samples, disclosing 97.6% sensitivity and 84.8% specificity, 

in a smaller control cohort [29]. Nonetheless, this strategy might be more difficult to 

implement in clinical practice, since it requires both mutation and methylation analyses, in 

which the multiplex is performed in two distinct gene duplex reactions. Similarly, Dahmcke 

et al. proposed a six gene methylation panel (SALL3, ONECUT2, CCNA1, BCL2, EOMES 

and VIM) combined with the mutational analysis of TERT and FGFR3, for early detection of 

BlCa, in urine samples, comparing BlCa patients and patients with gross haematuria [30]. 

Although this panel disclosed higher sensitivity (97%), specificity was similar (76.9%) [30], 

and, once again, our test uses a single technique in a single reaction, requiring less amount 

of sample, enabling shorter response time, reduced technical skills and lower cost. 

Although urine cytology and UroVysionTM fluorescence in situ hybridization (FISH) assay 

are the two most commonly used urine-based tests in daily practice, they present important 

limitations. On one hand, UroVysionTM presents a not-negligible rate of false positive 

results; on the other hand, urine cytology has limited accuracy, especially in low grade 

tumours detection [6,31,32]. Although no direct comparison can be done with UroVysionTM, 

the 91.6% PPV obtained for the multiplex panel clearly demonstrates higher accuracy in 

identifying true positive BlCa cases. In the present study, urine cytology reached 41% 

sensitivity, which was easily surpassed by the 86% displayed by VIMme-miR663ame 

multiplex panel. Notwithstanding, urine cytology remains an easy-to-perform and 

informative test, as it allows pathologists to have the first look at exfoliated neoplastic cells 

in urine. Having that in mind, we propose an algorithm where a urine cytology and the 

VIMme-miR663ame multiplex panel could be combined as first-line diagnostic tests in patients 

with common urinary complaints, with the ultimate goal of reducing the number of 

unnecessary cystoscopies, which are invasive, uncomfortable and costly procedures 

(Figure 5). 
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Figure 5. Proposed algorithm for the combination of urine cytology and VIMme-miR663ame panel as 

a first-line diagnostic tests in patients with common urinary complaints. (TURBT—Transurethral 

Resection of Bladder Tumour). 

 

In this work, we further explored the prognostic ability of the gene methylation markers, 

aiming to strengthen its clinical potential. Interestingly, survival analysis revealed that high 

miR663ame levels independently predicted poor disease-specific survival in BlCa patients, 

especially those with MIBC. Thus, the VIMme-miR663ame multiplex panel not only conveys 

diagnostic, but also prognostic information. 

Taking into account the promising results obtained, unveiling the putative biological 

relevance of miR663a and VIM promoter methylation in bladder carcinogenesis may 

provide new important insights. VIM encodes for vimentin, an intermediate filament 

characteristic of cells with mesenchymal phenotype, not expressed in most normal epithelia 

(including urothelium), nor in most carcinomas [33]. VIM de-novo expression or 

overexpression has been reported in various epithelial cancers, including those of prostate 

[34], breast [35] and lung [36], associating with increased tumour growth and invasion. In 

these instances, vimentin expression has been associated with epithelial to mesenchymal 

transition (EMT), a biological process associated with tumour invasiveness [33]. Although 

VIM promoter methylation has been proposed as a detection and/or prognostic marker for 

other malignancies, biological functions are yet to be truly explored. Moreover, microRNAs 

have been extensively implicated in urological malignancies [37]. Interestingly, a dual role 

has already been described for miR663a, having a tumour suppressive activity in thyroid 

carcinoma [38] and glioblastoma [39], whereas an oncogenic function was reported in 

prostate cancer [40] and osteosarcoma [41]. Additionally, miR663a’s downregulation 

fostered cell proliferation by JunD overexpression in small-cell lung carcinoma [42], and 

HMGA2 in hepatocellular carcinoma [43], while Transforming Growth Factor-1 (TGF-β1) 
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[44] overexpression was linked with invasion in the tumour type. Nevertheless, it should be 

recalled that not all biomarkers require to have a relevant biological role in tumorigenesis. 

Importantly, to assure accuracy and validity of the proposed methylation multiplex test, 

additional validation by others, with larger sets of samples from prospectively collected data 

(from both BlCa and inflammatory conditions) is warrant. 

 

Conclusions 

In summary, we demonstrated that a VIMme-miR663ame multiplex panel accurately identifies 

BlCa, allowing for precise identification of this common neoplasm in urine samples. 

Importantly, it also discriminates BlCa patients from those with urinary tract inflammatory 

conditions, although with inferior performance comparatively to healthy subjects. Thus, the 

implementation of this panel might assist clinicians in better stratifying patients for 

confirmatory, invasive examinations, ultimately improving the cost-effectiveness of BlCa 

diagnosis and management. Moreover, in the same analysis, miR663ame analysis would 

identify patients at higher risk for cancer progression, further highlighting the promise of this 

panel for patient monitoring. 
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Supplementary Data (Paper II) 

 

Table S1: Sequences of the primers and probes used in the quantitative methylation-

specific PCR experiments. 

 

  

Primer Set Sequence (5’ – 3’) 
Product 

size, bp 

TAnnealing 

ºC 

ACTB 

F Primer TGGTGATGGAGGAGGTTTAGTAAGT 

133 60 R Primer AACCAATAAAACCTACTCCTCCCTTAA 

Probe CY5 - ACCACCACCCAACACACAATAACAAACACA - MGB 

miR663a 

F Primer GGGATAGCGAGGTTAGGTC 

101 60 R Primer CATTCGTAACGAATAAAACCC 

Probe VIC - CTCTTCCTCGCCTACG - MGB 

VIM 

F Primer TTCGGGAGTTAGTTCGCGTT 

108 60 R Primer ACCGCCGAACATCCTACGA 

Probe FAM - TCGTCGTTTAGGTTATCGT - MGB 
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Abstract 

Sirtuins are emerging players in cancer biology and other age-related disorders, and their 

putative role in bladder cancer (BlCa) remains elusive. Further understanding of disease 

biology may allow for generation of more effective pathway-based biomarkers and targeted 

therapies. Herein, we aimed to illuminate the role of sirtuins' family in BlCa and evaluate 

their potential as disease biomarkers and therapeutic targets. SIRT1-7 transcripts and 

protein levels were evaluated in a series of primary BlCa and normal bladder mucosa 

tissues. SIRT7 knockdown was performed through lentiviral transduction in MGHU3, 5637 

and J82 cells and its functional role was assessed. SIRT1, 2, 4 and 5 expression levels 

were significantly lower in BlCa, whereas SIRT6 and 7 were overexpressed, and these 

results were corroborated by TCGA cohort analysis. SIRT7 transcript levels were 

significantly decreased in muscle-invasive vs. papillary BlCa. In vitro studies showed that 

SIRT7 downregulation promoted cells migration and invasion. Accordingly, increased EMT 

markers expression and decreased E-Cadherin (CDH1) was observed in those BlCa cells. 

Moreover, increased EZH2 expression and H3K27me3 deposition in CDH1 promoter was 

found in sh-SIRT7 cells. We demonstrated that sirtuins are globally deregulated in BlCa, 

and specifically SIRT7 downregulation is implicated in EMT, fostering BlCa invasiveness 

through SIRT7-EZH2-CDH1 axis. 

 

Introduction 

Bladder cancer (BlCa) is the 9th most common cancer type worldwide, with an estimated 

400,000 new cases and 160,000 deaths per year, in both genders [1]. Men are more 

susceptible and in more developed regions, BlCa represents has the 6th highest incidence 

among different cancers. BlCa may be categorized according to clinical, pathological, or 

molecular characteristics. Muscle-invasive bladder cancer (MIBC) which accounts for about 

20% of all cases, represents the more aggressive form, being more likely to progress and 

metastasize, whereas non-muscle-invasive bladder cancer (NMIBC) is mostly 

characterized by multiple local recurrences, which, over time, also entail increased risk of 

invasion. Indeed, although most newly diagnosed patients present NMIBC (approximately 

80%), there is variable risk of progression, with increased morbidity [2,3,4]. 

Sirtuins (SIRTs) are a family of NAD+-dependent deacetylases highly conserved among all 

living organisms. Seven different SIRTs (SIRT1–7) are described in mammals, also known 

as Class III histone deacetylases (HDACs), which differing among each other in substrate 

specificity and catalytic activity [5]. Within the cell, these enzymes participate in control of 

important biological processes, including cell division, differentiation, metabolism, genomic 

stability, survival, senescence and organismal lifespan [6]. In addition, SIRTs expression is 

deregulated in many cancer types [7,8,9]. SIRT1 and SIRT3 may be up- or downregulated 
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depending on the cancer type, acting either as oncogenes (e.g., colorectal or oral cancer) 

[10,11], or tumour suppressors (e.g., SIRT1 in BlCa, SIRT1 and SIRT3 in breast and 

prostate cancer) [12,13]. SIRT2 and SIRT4, on the other hand, are considered tumor 

suppressor, downregulated in glioma and hepatocellular carcinoma (SIRT2) [14,15], and 

bladder, gastric and lung cancer (SIRT4) [16], among others. Although little is known about 

the role of SIRT5 in neoplastic transformation, it is overexpressed in non-small-cell lung 

cancer (NSCLC) [17]. Concerning SIRT6, it is downregulated in several cancers, including 

hepatocellular carcinoma [18,19], but it is overexpressed in breast cancer and NSCLC 

[20,21]. Finally, an oncogenic function has been proposed for SIRT7 as it was found 

overexpressed in several epithelial cancers [22,23]. Moreover, SIRT7 is mostly localized in 

the nucleus and its deacetylase function needs to be disclosed, with only a few well 

characterized substrates reported [24,25]. SIRT7 deacetylase activity is related with 

histones, disclosing highly selective activity for lysine 18 of histone H3 (H3K18Ac), 

notwithstanding other protein targets involved in cell homeostasis and stress response [24]. 

SIRT7 is also involved in ribosomes biogenesis and other mechanisms of cell proliferation 

[26,27]. 

Although sirtuins have been characterized in various neoplasms, their putative role in BlCa 

development and progression remains elusive with only a few published studies to date 

[12,16,28]. Thus, we sought to comprehensively characterize SIRTs expression in BlCa 

tissues, comparing with normal bladder mucosa, assessing their potential as prognostic 

biomarkers. Furthermore, the phenotypic impact of SIRT7 deregulation in BlCa cells was 

also evaluated. 

 

Results 

 

Sirtuins Transcript Levels Characterization in Bladder Urothelial Carcinoma 

Transcript levels of all sirtuins (SIRT1-7) were evaluated in 94 BlCa samples (UCC) by RT-

qPCR and compared with normal mucosa (controls). Statistically significant differences 

were disclosed for all sirtuins, except for SIRT3 (MW p = 0.0612; Figure 1A). Reduced 

SIRT1, 2, 4 and 5 expression levels were depicted in BlCa (MW p < 0.0001 for all; Figure 

1A), whereas SIRT6 and SIRT7 were overexpressed (MW p < 0.0001 for both; Figure 1B). 

In TCGA dataset, SIRTs expression in BlCa compared to paired NB samples disclosed 

similar results, with a significant decrease of SIRT1 and SIRT3 expression (MW p < 0.0001 

and p = 0.0422, respectively; Figure S1A), and significant increase in SIRT6 and SIRT7 

expression in BlCa tissues (MW p < 0.0001 for both; Figure S1B). 
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Figure 1. Sirtuin family transcript levels characterization in bladder urothelial carcinoma. 

Characterization of SIRT1, SIRT2, SIRT3, SIRT4 and SIRT5 (A), and SIRT6 and SIRT7 (B) in the 

bladder cancer and normal mucosae cohorts, by quantitative RT-PCR. **** p < 0.0001, ns - 

nonsignificant. UCC - urothelial cell carcinoma, NB - normal bladder mucosae. 

 

SIRT7 Expression Is Decreased in Invasive and TCGA “Basal-Like” Urothelial 

Carcinoma 

Characterization of SIRTs expression was then evaluated according to tumor subtype. 

Overall, lower transcript levels were observed in invasive high-grade carcinomas (IHG) 

comparing with papillary low-grade carcinomas (PLG) (Figure S2A), although statistical 

significance was only reached for SIRT7 (KW p < 0.0001; Figure 2A). Additionally, 

significantly decreased SIRT7 expression was also observed in IHG compared to papillary 

high-grade carcinomas (PHG) (Figure 2A). Contrarily, SIRT4 expression levels were 

significantly higher in IHG compared to PLG (KW p = 0.0012; Figure S2A). The same 

analysis was also performed in a TCGA bladder urothelial cancer cohort and a similar SIRTs 

expression profile was found, with IHG showing significantly increased SIRT4 expression 

levels comparing to PLG, whereas SIRT5 and SIRT6 expression levels were decreased 

(Figure S2B). Furthermore, in TCGA dataset, SIRT7 expression was significantly lower in 

IHG compared to PHG and PLG (KW p < 0.0001 for both; Figure 2B), although no significant 

differences were disclosed between PLG and PHG. 
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Figure 2. SIRT7 expression downregulation in invasive and TCGA “basal-like” urothelial tumors. 

Characterization of SIRT7 gene expression in the bladder cancer cohort (A) and TCGA cohort (B) 

categorized by clinical grade. Characterization of SIRT7 gene expression in the bladder cancer 

cohort categorized by non-muscle invasive and muscle invasive bladder cancer (C). SIRT7 gene 

expression according to TCGA molecular clusters analysis in the TCGA cohort (D). SIRT7 

immunohistochemistry results for the normal and tumour tissue samples cohort, categorized by non-

muscle invasive and muscle invasive bladder cancer, regarding the calculated immunoscore (E). * p 

< 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. PLG—papillary low-grade, PHG—papillary 

high-grade, IHG—invasive high-grade, NMIBC—non-muscle invasive bladder cancer, MIBC-muscle 

invasive bladder cancer. 

 

Concerning pathological stage, two categories were considered: pTa-1/NMIBC (tumors 

confined to the bladder mucosa), and pT2-4/MIBC (tumors that invade the bladder muscular 

layer or beyond). In MIBC, SIRT4 expression levels were significantly higher (MW p = 

0.0009 s) and SIRT7 levels were significantly lower (MW p = 0.0006; Figure 2C) comparing 

with NMIBC. In TCGA cohort, no statistically significant differences were disclosed, since 

only two cases are classified as NMIBC. Furthermore, in both IPO Porto’s and TGCA 

cohorts, no association was found between SIRTs expression levels and patients’ gender 

or age at diagnosis. 

Since alterations in SIRT7 altered expression were concordant in both cohorts, we further 

assessed the prognostic value of SIRT7 expression. Of the 94 patients enrolled, four were 
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lost to follow-up. The median follow-up time of BlCa patients was 72 months (range: 1–248 

months). At the last follow-up time point, 44 patients were alive with no evidence of cancer, 

eight patients were alive with disease, 10 had died from other causes and 28 had deceased 

due to BlCa. In IPO Porto’s cohort, high tumour grade and pathological stage, as well as 

more advanced age at diagnosis, were significantly associated with shorter overall survival 

in multivariable Cox-regression model (p = 0.031, p = 0.037 and p = 0.030, respectively). 

Although SIRT7 expression levels did not associate with patients’ prognosis in IPO Porto’s 

cohort, in TCGA dataset, cases with lower SIRT7 expression (percentile 25) disclosed 

shorter overall survival, although only in univariable analysis (p = 0.028). Moreover, sirtuins’ 

expression did not associate with disease-free survival, both considering the total cohort of 

patients and in patients without (NMIBC) or with (MIBC) invasive disease, separately. 

Furthermore, TCGA clusters for molecular markers signatures in BlCa were also carried 

out. These clusters categorize samples using various known molecular characteristics. 

Cluster I subset consists of tumors with “papillary-like” morphology and higher expression 

of epithelial markers like E-cadherin (ECAD), whereas cluster III is characterized by low 

ECAD expression and high cytokeratins expression, consistent with a “basal-like” 

phenotype [29]. SIRT7 expression was significantly lower in “basal-like” phenotype (cluster 

III) than in “papillary-like” phenotype (cluster I) (MW p < 0.0001, Figure 2D). 

Immunoexpression analysis showed that both normal urothelial and BlCa cells expressed 

nuclear SIRT7 (Figure S3). Although no significant correlation was found between SIRT7 

mRNA and protein levels, higher staining intensity and/or percentage of positive cells was 

observed in BlCa compared to normal urothelium (Figure 2E). Furthermore, a slight 

reduction of SIRT7 expression in MIBC was depicted (Figure 2E), paralleling SIRT7 

transcript level results. 

 

SIRT7 Expression in Bladder Cancer Cell Lines 

SIRT7 nuclear protein levels were evaluated in five BlCa cell lines and one immortalized 

normal urothelial cell line (SV-HUC1), where MGHU3, J82 and 5637 cells displayed the 

highest SIRT7 protein levels (Figure 3A). The lowest levels were found in the more 

aggressive cell line, namely TCCSUP cell line derived from a Grade IV carcinoma, whereas 

MGHU3 derived from a Grade I carcinoma, 5637 from a Grade II carcinoma, and J82 cell 

line originated from a Grade III carcinoma. 
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Figure 3. SIRT7 expression in bladder cancer cell lines. Expression of SIRT7 nuclear protein (A) in 

bladder cancer cell lines by Western blot; results are representative of three independent 

experiments with mean ± SD. Confirmation of SIRT7 knockdown in MGHU3, 5637 and J82 cell lines 

at nuclear protein level (B) by Western blot; **** p < 0.0001, results are representative of three 

independent experiments with mean ± SD. 

 

Because these three cell lines disclosed the highest SIRT7 nuclear protein expression, they 

were chosen for lentiviral downregulation experiments. Before transfection, SIRT7 nuclear 

localization was confirmed by immunofluorescence for the three selected cell lines (Figure 

S4). Furthermore, after lentiviral transfection, a significant reduction was achieved for the 

three cell lines (MW p < 0.0001; Figure 3B), and reduced SIRT7 nuclear expression was 

confirmed by immunofluorescence in sh-SIRT7 cells compared to sh-scramble/CTRL cells. 

 

SIRT7 Downregulation Promotes Invasiveness and EMT in Bladder Cancer Cells 

Although no significant alterations in cell proliferation (Figure 4A) and apoptosis (Figure 4B) 

were found in sh-SIRT7 vs. sh-scramble/CTRL MGHU3 and J82 cells, 5637 sh-SIRT7 

displayed a higher proliferation rate (especially at the 48 h time-point), and reduced 

apoptosis levels (p < 0.001 and p < 0.01, respectively). Moreover, a significant increase in 

cell migration was observed at all time points in MGHU3, 5637 and J82 sh-SIRT7 cells 

(Figure 4C), and the same was depicted for cell invasion (Figure 4D). 

Moreover, sh-SIRT7 cells disclosed E-cadherin (or ECAD, an epithelial marker) decreased 

expression compared to wild type cell lines that expressed this protein (MGHU3 and 5637), 

whereas significantly increased N-cadherin (or NCAD, mesenchymal marker) protein levels 
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were found in all tested cell lines. Moreover, these results were corroborated by 

immunofluorescence analysis for the same markers in the same cell lines (Figure S5). 

Furthermore, EMT transcription factors, SLUG and SNAIL, paralleled the same expression 

pattern as ECAD in the same cell lines (Figure 4E). 
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Figure 4. SIRT7 downregulation promotes invasiveness and EMT in bladder cancer cells. Effect of 

SIRT7 knockdown for MGHU3, 5637 and J82 cell lines at (A) cell viability by MTT assay, (B) 

apoptosis- cell death by APOPercentage assay, (C) cell invasion by BD Biocoat Matrigel Invasion 

Chambers and (D) cell migration by wound-healing assay; * p < 0.05, ** p < 0.01, *** p < 0.001 and 

**** p < 0.001; results are representative of three independent experiments with mean ± SD, each of 
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them in triplicates. Expression of epithelial and mesenchymal markers and EMT transcription factors 

(E) in MGHU3, 5637 and J82 SIRT7 knockdown by western blot; results are representative of three 

independent experiments with mean ± SD. 

 

SIRT7 Downregulation Associates with E-Cadherin Repression Mediated by Histone 

Methyltransferase EZH2 

Because a global increase in both invasion and migration were found in sh-SIRT7 cell lines, 

with a concomitant decrease of the epithelial marker and key EMT player ECAD (CDH1 

gene), we further investigated the expression of CDH1 in tissue samples from IPO Porto’s 

cohort. Indeed, MIBC showed decreased CDH1 transcript levels and CDH2 upregulation 

(MW p < 0.0001 and p = 0.0011, respectively; Figure S6). Moreover, SIRT7 and CDH1 

transcript levels positively correlated (r= 0.58, 95% CI 0.422 to 0.704, p < 0.0001) whereas 

SIRT7 and CDH2 transcript levels negatively correlated (r= −0.22, 95% CI −0.403 to 

−0.00187, p < 0.05) in MIBC patients. 

As CDH1, which is transcriptionally regulated by EZH2 [a SIRT7 substrate [30]], was found 

decreased in MIBC cases, and taking into account the previous results in SIRT7 modulated 

cell lines (Figure 4), we decided to explore the interplay between SIRT7, EZH2 and 

CDH1/ECAD. Indeed, EZH2 transcript levels were significantly higher in BlCa tissues 

compared to NB samples (MW p < 0.0001, Figure 5A). Furthermore, MIBC depicted the 

highest EZH2 transcript levels (MW p = 0.0444, Figure 5B), and an inverse expression 

pattern was depicted for SIRT7 and EZH2 transcripts in MIBC (Figure S7). Moreover, EZH2 

protein levels were significantly increased in sh-SIRT7 5637 cells (chosen because it 

showed differences in all phenotypic assays), compared to sh-CTRL cells (MW p< 0.01, 

Figure 5C). 

Additionally, since EZH2 represses several genes, including CDH1, through its histone 

methyltransferase activity, especially by histone 3 lysine 27 tri-methylation (H3K27me3) 

deposition within the respective promoters, PLA, co-immunoprecipitation (co-IP) and ChIP 

assays were performed. Firstly, PLA assay showed that EZH2 and SIRT7 physically interact 

in sh-CTRL 5637 cells (p < 0.0001; Figure 5D), and that sh-SIRT7 cells showed more 

H3K27me3 mark (p < 0.001; Figure 5D). Next, a co-IP with an acetylated-lysine antibody 

disclosed higher acetylated EZH2 in sh-SIRT7 cells, comparatively to sh-CTRL cells (Figure 

5E). Lastly, a ChIP assay was performed to assess the deposition of H3K27me3 mark at 

CDH1 promoter region in all transfected cell lines. As expected, increased H3K27me3 was 

observed across the CDH1 promoter in sh-SIRT7 cells, with a significant increase in both 

MGHU3 and J82 cells (2-way ANOVA p = 0.01; Figure 5F), suggesting that CDH1 

repression associated with SIRT7 downregulation occurs through EZH2 overexpression. 
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Figure 5. SIRT7 downregulation associates with E-Cadherin repression mediated by histone 

methyltransferase EZH2. Characterization of EZH2 gene expression in the bladder cancer and 

normal mucosae cohort (A), and in non-muscle invasive and muscle-invasive bladder cancer cases 

(B), by quantitative RT-qPCR. Characterization of EZH2 protein expression (C) in 5637 sh-CTRL 

and sh-SIRT7 cells, by western blot analysis. Proximity Ligation Assay for assessment of interaction 

of Histone 3 with Histone 3 lysine 27 tri-methylation (H3K27me3) and EZH2 with SIRT7, in 5637 sh-

scramble and sh-SIRT7 cells (100× magnification) (D). Western blot analysis for EZH2 protein, after 

co-immunoprecipitation assay with acetyl-lysine antibody in J82, 5637 and MGHU3 sh-

scramble/CTRL and sh-SIRT7 cells (E). Chromatin immunoprecipitation results for H3K27me3 

deposition across the CDH1 gene promoter, in MGHU3, 5637 and J82 sh-scramble/CTRL and sh-

SIRT7 cells (F). * p < 0.05, *** p < 0.001 and **** p < 0.0001. 
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Discussion 

Sirtuins, also known as Class III HDACs, are involved in many biological processes, 

including cell division, differentiation, metabolism, genomic stability, survival, senescence 

and organismal lifespan [6], and variable SIRTs deregulated expression has been reported 

in many cancer types [7-9]. Remarkably, sirtuins may act either as oncogenes or tumour 

suppressor genes in different tumour models [12-16]. Thus, better understanding of the 

biological role of these unique enzymes in tumorigenesis might provide novel biomarkers 

for disease management as well as putative therapeutic targets. 

Herein, we report, for the first time, a comprehensive evaluation of sirtuins (SIRT1-7) mRNA 

expression in a series of 94 BlCa cases from a single institution and respective validation 

in TCGA dataset, comparing with normal bladder mucosa. Significant differences were 

depicted for all sirtuins, except for SIRT3, with SIRT1, 2, 4 and 5 downregulation and SIRT6 

and 7 overexpression. These findings were mostly validated in TCGA dataset, especially 

for SIRT6 and SIRT7. Previous studies on BlCa have mainly focused on SIRT1 and SIRT4 

and were mostly based in publicly available datasets only [12,16], not providing a global 

picture of sirtuin deregulation in BlCa. Interestingly, besides significant differences between 

BlCa and urothelium, differential expression of some sirtuins was also disclosed between 

tumors with dissimilar clinical and biological behaviour. Interestingly, although SIRT7 was 

overexpressed in BlCa, the more aggressive tumors (IHG) disclosed significantly lower 

expression levels compared to PLG and PHG, both in IPO Porto’s and TCGA cohorts. 

Furthermore, in MIBC both SIRT7 transcript and protein disclosed a significant reduction 

compared to NMIBC. Remarkably, previous reports on SIRT7 in uterus, colon, kidney, ovary 

and prostate cancers revealed increased expression levels [22,24]. Nevertheless, in all 

those models, a strict oncogenic role was proposed for SIRT7, whereas our findings 

suggest that, at the least in bladder carcinogenesis, SIRT7 may play a dual role, eventually 

context-dependent. Furthermore, although we did not find significant differences in SIRT6 

transcript levels between PHG and IHG tumors (either in our and TCGA cohort), nor 

between different stages of MIBC, Wu et al. reported that SIRT6 protein levels declined 

significantly from T2 to T4 MIBC, which also suggests that the functional importance of 

sirtuins may change along cancer progression [28]. The observed decreased overall 

survival in BlCa patients with lower SIRT7 expression in TCGA cohort (eventually 

associated with higher grade and stage, as well as molecular BlCa subtype) further 

suggests that decreased SIRT7 impacts on neoplastic cell biology, promoting a more 

aggressive phenotype. 

Taking in consideration SIRT7 expression patterns in normal and neoplastic urothelium, we 

sought to characterize the effects of its deregulated expression at molecular level. Thus, 

after characterization of SIRT7 transcript and protein expression levels in neoplastic and 
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benign urothelial cell lines, three cell lines were chosen for further experiments as their 

profile more closely replicated that of a spectrum of BlCa tissues. Interestingly, in vitro 

phenotypic assays demonstrated that although SIRT7 downregulation did not affect cell 

proliferation or apoptosis, with the exception of 5637 cell line, rather impairing cell motility, 

decreasing both cell migration and cell invasion capabilities in all modulated cell lines. 

These effects immediately suggested a putative association between SIRT7 and EMT, a 

process that is key for tumour invasion and metastization [31,32]. This hypothesis was 

confirmed as SIRT7 knockdown significantly associated with decreased E-Cadherin 

expression and augmented expression of a mesenchymal marker (N-Cadherin), and EMT-

inducing transcription factors (SLUG and SNAIL), in the modulated BlCa cells. Although 

only a few studies investigated the relationship between sirtuins and EMT [33], SIRT7 

depletion in PC3 prostate cancer cell line was shown to impair migration and invasiveness, 

reprograming neoplastic cells towards epithelial gene expression [22]. Our results indicate 

the opposite trend in BlCa cells, which might be due to the pleiotropic effects of sirtuins 

and/or the dissimilar molecular profile of prostate and urothelial cancer cells [34]. 

Remarkably, we found that the mechanism by which SIRT7 affects CDH1 expression, and 

thus EMT, is probably linked to EZH2. EZH2 is a well-known member of the Polycomb 

repressive complex 2 (PRC2), described as being involved in the transcription repression 

by catalysing the repressive H3K27me3 mark at several gene promotes, including CDH1 

[35,36,37]. Previously, proteomic analyses demonstrated that among 250 candidate 

substrates, EZH2 was a SIRT7 substrate [30,38]. In our study, sh-SIRT7 cells showed 

increased total and acetylated EZH2 expression, followed by decreased ECAD protein. 

Concurrently, increased H3K27me3 deposition at CDH1 promoter was also observed in the 

same cells. Thus, when SIRT7 is downregulated, EZH2 activity might be enhanced by 

acetylation, contributing to CDH1 transcription repression through H3K27me3 deposition in 

its promoter, as previously reported [30]. CDH1 repression and concomitant EMT 

transcription factors’ upregulation (e.g., SNAIL and SLUG), might then lead to a shift from 

epithelial to mesenchymal phenotype, allowing for increased cancer cell motility. Indeed, 

upregulation of these specific EMT transcription factors, due to diverse upstream signals 

and post-transcriptional mechanisms, also corroborates our hypothetic mechanism. Indeed, 

both SNAIL and SLUG were shown to cooperate with PRC2, and specifically with EZH2, 

towards controlling the expression of several genes, relevant for neural crest development, 

including CDH1 [39,40]. Moreover, during EMT, Snail was proven to recruit EZH2 to specific 

genomic sites by the enrolment of the long non-coding RNA HOTAIR [41]. Thus, our results 

suggest that EMT transcription factors’ upregulation in sh-SIRT7 BlCa cells might be due to 

the phenotypic shift in invasion and migration and, at the molecular level, by recruitment of 

EZH2 to specific targets. 
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Thus far, only a limited number of upstream SIRT7 transcription regulators, such as histone 

deacetylase 3 (HDAC3) and the X-box binding protein 1 (XBP1) molecules have been 

identified [42,43]. At post-transcriptional level, SIRT7 was shown to be negatively regulated 

by microRNAs, such as those from microRNA-125 family [44]. However, few reports deal 

with SIRT7 regulation by post-translational modifications [45,46,47]. Hence, it would be 

important to further explore how regulation of SIRT7 occurs in BlCa, and unveil how SIRT7 

expression shift occurs from non-invasive to invasive BlCa. 

Moreover, although discovery of new prognostic biomarkers for BlCa is imperative for more 

effective disease management, the aim of our study was mostly to uncover how expression 

of all sirtuins was altered in BlCa, and to investigate whether they might be implicated in 

bladder carcinogenesis and/or disease progression and invasiveness. Indeed, we were 

able to demonstrate that for SIRT7. Nonetheless, the analysed cohort was composed by 

patients diagnosed over a large time span (1991–2011) and the small number of events 

occurring in this cohort precluded a more robust and detailed statistical analysis. 

Overall, our results suggest that increased SIRT7 expression occurs during urothelium 

neoplastic transformation, which usually results in the formation of non-invasive, papillary 

neoplasms or flat lesions like urothelial carcinoma in situ [48]. At this stage, it is likely that 

SIRT7 is involved in promoting cell growth and survival, which are key to neoplastic 

development, eventually through deacetylation of H3K18 [24]. Then, transition to an 

invasive phenotype might require SIRT7 downregulation, involving EZH2 upregulation and 

acetylation, among other mechanisms, which promote EMT. Although the mechanism of 

SIRT7 deregulation in BlCa remains elusive, it is tempting to speculate whether it might be 

due to epigenetic mechanisms, which allow for the suggested plasticity of SIRT7 gene 

expression during carcinogenesis and tumour progression. 

 

Materials and Methods 

 

Patients and Samples 

Patients with primary bladder urothelial carcinoma (UCC), treated with transurethral 

resection (TUR) or radical cystectomy, between 1991 and 2011 at Portuguese Oncology 

Institute of Porto (IPO Porto), Portugal (n = 94). A set of 19 morphologically normal bladder 

mucosa (NB) tissue samples was obtained from BlCa-free individuals (prostate cancer 

patients submitted to radical prostatectomy) and served as controls. All specimens were 

fresh-frozen at −80 °C and subsequently cut in a cryostat for confirmation of representativity 

and nucleic acid extraction. From each specimen, fragments were collected, formalin-fixed, 

and paraffin embedded for routine histopathological examination, including grading and 

pathological staging, by a dedicated uropathologist [49]. Relevant clinical data was 
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collected from clinical charts (Table 1). Patients and controls were enrolled after informed 

consent. This study was approved by the institutional review board (Comissão de Ética para 

a Saúde) of IPO Porto (CES103-14). 

 

Table 1. Clinical and histopathological parameters of Bladder Cancer patients, and gender and age 

distribution of control set individuals. 

 

Clinicopathological features Bladder UCC Normal Bladder Mucosae 
Patients, n 94 19 

Gender, n (%) 
Males 78 (83) 19 (100) 

Females 16 (17) 0 
Median age, yrs (range) 69 (45-91) 63 (48-75) 

Grade, n (%) 
Papillary, low-grade 33 (35) n.a. 
Papillary, high-grade 33 (35) n.a. 
Invasive, high-grade 28 (30) n.a. 

Pathological Stage, n (%) 
pTa/pT1 (NMIBC) 61 (65) n.a. 

pT2-4 (MIBC) 33 (35) n.a. 
 

(UCC – Urothelial Cell Carcinoma; yrs – years; NMIBC – non-muscle invasive bladder cancer; MIBC 

- muscle invasive bladder cancer) 

 

Real-Time Quantitative PCR (RT-qPCR) 

RNA was extracted from tissues and from MGHU3, 5637 and J82 sh-scramble and sh-

SIRT7 cells using TRIzol® (Invitrogen, Carlsbad, CA, USA), according to manufacturer’s 

instructions. For tissue RNA, cDNA synthesis was performed using the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems®, Foster City, CA, USA), according to 

manufacturer’s instructions. Sirtuins transcript levels were quantified by RT-qPCR. 

Expression levels were evaluated using 4.5µL of diluted cDNA, 5µL of TaqMan® Universal 

PCR Master Mix No AmpErase® UNG (Applied Biosystems®) and 0.5µL of TaqMan® Gene 

Expression Assay, specific for each sirtuin and reference genes, as described in Table S1 

(Applied Biosystems®). Each sample was run in triplicate and the RT-qPCR conditions 

were: 2min at 50°C, followed by enzyme activation for 10min at 95°C, and 45 cycles which 

included a denaturation stage at 95°C for 15s and an extending stage at 60°C for 60s. 

HPRT and SDHA were both used as reference genes for normalization. Relative expression 

of target genes tested in each sample was determined as: [Gene Expression Level = (Gene 

Mean Quantity/(HPRT1 & SDHA) Mean Quantity) × 1000]. 

Concerning cell lines, 1000ng of RNA were reverse transcribed using RevertAid RT kit 

(Thermo Fisher Scientific Inc., Waltham, MA, USA), according to manufacturer’s 

instructions. For 100ng of cDNA, SIRT7 and CDH2 transcript levels were quantified using 
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TaqMan® Gene Expression Assay, as described above, in 396 well plates LightCycler480II 

(Roche, Basel, Switzerland). For CDH1 and EZH2 genes, transcription levels were also 

evaluated in J82 sh-scramble and sh-SIRT7 cells in 396 well plates LightCycler480II 

(Roche) using Xpert Fast SYBER Mastermix Blue (GRiSP Research Solutions, Porto, 

Portugal) with specific primers (S2). Transcript levels for studied genes were then evaluated 

using ΔΔCt method, with HPRT and BGUS housekeeping genes as reference genes. 

 

Immunohistochemistry 

Immunohistochemistry was performed using the Novolink™ Max Polymer Detection 

System (Leica Biosystems, Wetzlar, Germany]. Three-μm thick tissues sections from 

formalin-fixed and paraffin-embedded BlCa (corresponding to 88 of the 94 cases, for which 

there was archived tissue available) and controls (n = 25, consisting of normal urothelial 

mucosa collected from the urether of nephrectomy specimens with renal cell tumors) were 

cut, deparaffinized and rehydrated. Antigen retrieval was accomplished by microwaving the 

specimens at 800W for 20min in 10mM sodium citrate buffer, pH=6. Endogenous 

peroxidase activity was blocked by incubating the sections in 0.6% hydrogen peroxide 

solution for 20min. Primary monoclonal antibody for SIRT7 (HPA053669, Sigma-Aldrich™, 

St. Louis, MO, USA) was used in 1:500 dilution, and incubated at room-temperature (RT) 

for one hour. Then, 3,3′-diaminobenzidine (Sigma-Aldrich™) was used as chromogen for 

visualization and slides were mounted with Entellan® (Merck-Millipore, Burlington, MA, 

USA). Normal testicular tissue, showing intense SIRT7 immunoreactivity was used as 

positive control. SIRT7 immunoexpression was evaluated by a dedicated uropathologist 

and cases were classified using a semi-quantitative scale for both staining intensity (0—no 

staining; 1—intensity lower than normal urothelium; 2—intensity equal to normal urothelium; 

3—intensity higher than normal urothelium) and percentage of positive cells (0—< 10%; 1—

10–33%; 2—33–67%; 3— > 67%), in each tumour. Staining intensity and percentage of 

positive cell results were then combined in a single score (Score S = staining intensity x 

percentage of positive cells) assigned to each tumour, and further stratified into low 

expression (S<4 = IHC−) and high expression (S≥4 = IHC+) groups, which correspond to 

cases with less than 33% stained cells or staining intensity lower than normal urothelium, 

and cases with at least 33% stained cells with an intensity equal to or higher than normal 

urothelium. 

 

TCGA Dataset Analysis in Bladder Urothelial Carcinoma Patients 

The Cancer Genome Atlas (TCGA) dataset was interrogated for data on SIRT1-7 

expression and clinical information, when available, of 408 BlCa patients and 19 matched 

controls. All expression data from samples hybridized at the University of North Carolina, 
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Lineberger Comprehensive Cancer Center, using Illumina HiSeq 2000 RNA Sequencing 

version 2 analysis, were downloaded from the GDC data portal 

(https://portal.gdc.cancer.gov/). Biospecimen Core Resources (BCRs) provided the clinical 

data of each patient. This data is available for download through the GDC data portal 

(https://portal.gdc.cancer.gov) (Table 2). 

 

Table 2. Clinical and histopathological parameters of bladder cancer patients, and gender and age 

distribution of control set individuals from TCGA cohort. 

 

Clinicopathological features Bladder UCC Matched Normal 
Bladder Mucosae 

Patients, n 408 19 
Gender, n (%)   

Males 301 (83) 10 (53) 
Females 107 (17) 9 (47) 

Median age, yrs (range) 69 (34-90) 71 (48-90) 
Grade, n (%)   

Papillary, low-grade 18 (4) n.a. 
Papillary, high-grade 112 (28) n.a. 
Invasive, high-grade 278 (68) n.a. 

Pathological stage, n (%)   
pTa/pT1 (NMIBC) 2 (1) n.a. 

pT2-4 (MIBC) 406 (99) n.a. 
 

(UCC – Urothelial Cell Carcinoma; yrs – years; NMIBC – non-muscle invasive bladder cancer; MIBC 

- muscle invasive bladder cancer) 

 

Cell Lines Culture 

5637, J82, T24 and TCCSUP BlCa cell lines and normal bladder cell line SV-HUC1 were 

selected for this study. All cell lines were purchased from ATCC and grown using 

recommended medium (Biochrom-Merck, Berlin, Germany) supplemented with 10% fetal 

bovine serum (FBS, Biochrom) and 1% penicillin/streptomycin (GIBCO, Invitrogen) at 37°C 

and 5% CO2. Mycoplasma test was regularly performed for all cell lines using TaKaRa PCR 

Mycoplasma Detection Set (Clontech Laboratories, Mountain View, CA, USA). 

 

Lentiviral Transduction 

SIRT7 knockdown was performed through lentiviral transduction in J82 cell line using 

GIPZTM Lentiviral shRNA particles (DharmaconTM, Lafayette, CO, USA), and in MGHU3 

and 5637 cell lines using SMARTvectorTM Inducible Lentiviral shRNA particles (target 

sequence: 5’-CCCTGCGTGCTGGTGAAGA-3’). All sh-SIRT7 vectors included the green 

fluorescent protein (GFP). Briefly, cells were seeded in 12 well/plate at density of 4×104 

cells/well and incubated during 24h in humidified chamber at 37°C and 5% CO2. Then, 
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culture medium was removed and 500µL of completed medium with 8 µg/mL polybrene and 

lentiviral sh-SIRT7 particles with MOI 10 concentration were added. After 48h, 1 µg/mL of 

puromycin dihydrochloride (Clontech Laboratories) was added to select stably transfected 

cells. For MGHU3 and 5637 cells, after puromycin selection, a treatment was performed 

with 100 ng/mL doxycycline in order to induce the Tet-On 3 G bipartite induction system. 

Additionally, J82, MGHU3 and 5637 control cells were generated using a non-target 

scramble shRNA under the same previously described conditions. 

For clone selection, 10, 20 and 50 cells/well were seeded in 96 well plate after stable 

selection, and the isolated clones were grown until confluence for protein extraction, and 

subsequent western blot analysis for SIRT7 expression. Moreover, sh-SIRT7 cells were 

observed under the fluorescence microscope for GFP expression. 

 

Protein Extraction 

BlCa cell lines, sh-scramble/CTRL and sh-SIRT7 cells were grown until 80% confluence 

and homogenized in Kinexus lysis buffer supplemented with proteases inhibitors cocktail. 

Then, cells were sonicated for 5 cycles of 30s ON and 30s OFF (Bioruptor®, Diagenode, 

Liège, Belgium). After centrifugation, the supernatant was collected, and total protein was 

quantified according the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc.), 

according to the manufacture procedure. 

For subcellular fractionation, Nuclear Extract kit (Active Motif, Carlsbad, CA, USA) was 

used. Briefly, bladder cancer cell lines, sh-scramble/CTRL and sh-SIRT7 cells were washed 

in 1 X PBS with phosphate inhibitors and scrapped. Subsequently, cells were suspended 

in hypotonic buffer and incubated on ice during 15min. Additionally, a detergent was added, 

and samples were centrifuged at 14,000rpm during 30s at 4°C. Supernatant (cytoplasmic 

fraction) was collected and stored at −80°C until use. Then, cell pellets were resuspended 

and incubated in a complete lysis buffer solution (lysis buffer with proteases inhibitor cocktail 

and 10mM DTT), following centrifugation and supernatant (nuclear fraction) collection and 

storage at −80°C. Nuclear and cytoplasmic proteins were then quantified using the Pierce 

BCA Protein Assay Kit (Thermo Fisher Scientific Inc.), according to manufacture procedure. 

 

Western Blot and Co-Immunoprecipitation 

Aliquots of 30µg total protein was separated in 10% polyacrylamide gel by SDS-PAGE and 

transferred onto an immunoblot PVDF membrane (Bio-Rad Laboratories, Hercules, CA, 

USA) in a 25mM Tris-base/glycine buffer using a Trans-Blot Turbo Transfer system (Bio-

Rad Laboratories). Membranes were blocked with 5% milk in TBS/0.1% Tween (TBS/T 

pH=7.6) for 1 hour at RT. After incubation with primary antibodies for SIRT7 (1:350, 

HPA053669, Sigma-Aldrich) or EZH2 (1:500, NCL-L-EZH2, Leica Biosystems) for 1h30min 
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at RT, the membranes were washed in TBS/T and incubated with secondary antibody 

coupled with horseradish peroxidase for 1h at RT. The bound was visualized by 

chemiluminescence (Clarity WB ECL substrate, Bio-Rad) and quantification was performed 

using band densitometry analysis from the ImageJ software (version 1.6.1, National 

Institutes of Health). β-Actin (1:10,000, A1978, Sigma-Aldrich) for total protein and 

cytoplasmic protein analysis, and Laminin B1 (1:1000, D4Q42, Cell Signaling Technologies, 

Danvers, MA, USA) for nuclear protein, were used as loading controls. For co-

immunoprecipitation assays, 200µg of total protein from cell lysates were incubated with 

anti-acetylated-lysine antibody (#9441, Cell Signaling Technology) and immunoprecipitated 

with Protein A/G magnetic beads (#16-663, Sigma-Aldrich) overnight at 4°C. The final 

eluates were blotted with EZH2 primary antibody, as detailed above. Detailed information 

about western blot can be found at Figure S8. 

 

Immunofluorescence (IF) 

Wild-type MGHU3, 5637 and J82, sh-scramble/CTRL and/or sh-SIRT7 cells were seeded 

on cover slips at 20,000 cells/well, overnight. Briefly, cells were fixed in methanol during 

10min and then blocked with 5% bovine serum albumin (BSA) during 30min. After overnight 

SIRT7 (1:500, HPA053669, Sigma-Aldrich), ECAD (1:150, #3195, Cell Signaling 

Technology) and/or NCAD (1:50, #13116, Cell Signaling Technology) incubation at RT, 

cells were incubated with secondary antibody anti-rabbit IgG-TRITC (1:500, T6778, Sigma-

Aldrich) during 1h at RT. Finally, after 1× PBS wash, cells were stained with 4’,6-diamidino-

2-phenylindole (DAPI) (AR1176, BOSTER Biological Technologies (Pleasanton, CA, USA) 

r in mounting medium. Pictures were taken on a IX51 fluorescence microscope (Olympus, 

Tokyo, Japan) equipped with an Olympus XM10digital camera using CellSens software. 

 

Chromatin Immunoprecipitation (ChIP) 

Chromatin immunoprecipitation (ChIP) analysis was performed in sh-scramble/CTRL and 

sh-SIRT7 cells. For the crosslink step, formaldehyde solution (Sigma) was added to 

adherent cells (~1 × 107) media at 1% final concentration, and after an 8 minutes’ incubation 

at RT, reaction was immediately stopped by adding 1.5mL of 2.5M glycine and incubating 

for 5min. Cells were then washed twice with ice-cold 1× PBS, scraped, harvested and 

centrifuged at 4°C. 

Cell pellets were homogenized with cell lysis buffer (10 mM Tris-HCL pH7.5, 10 mM NaCL, 

0.5% NP-40) and left on ice for 1h30, with intermittent vortexing, and then centrifuged at 

4°C. At this point, pellets were re-suspended in nuclei lysis buffer (50 mM Tris-HCL pH=7.5, 

10mM EDTA pH=8, 1% SDS) and incubated for 15 min on ice, followed by adding of 2× 

volumes of IP dilution buffer (16.7mM Tris-HCL pH7.5, 167 mM NaCl, 1.2 mM EDTA pH=8, 
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0.01% SDS). Chromatin was solubilized and sheared to 200–400 bp fragments using an 

ultra-sonicator (Bioruptor®, Diagenode) for 15 cycles of 30s ON and 30s OFF. Soluble 

chromatin was then centrifuged and stored at −80°C until further use. 

Before immunoprecipitation (IP), each 50µL of chromatin was 1:10 diluted in dilution buffer 

(1.2 mM EDTA pH=8, 16.7 mM Tris pH=8, 167mM NaCl, 1.1% Triton X-100, 0.01% SDS), 

and 5 µL of this solution was reserved in a new tube for the input control. After this, 20µL of 

protein A+G magnetic beads (Millipore) were added to each IP sample, as well as ChIP-

grade antibodies for Histone H3 (ab1791, Abcam, Cambridge, UK), tri-methylation of lysine 

27 of histone H3 (H3K27me3, 07-449, Millipore), positive control (RNA polymerase II) and 

negative control (mouse IgG), at assay dependent concentration. IPs were incubated 

overnight at 4°C with rotation. After incubation, magnetic beads were precipitated using 

1.5mL tubes magnet rack and washed with four different salt concentration buffers. At this 

point, elution buffer (50mM Tris-HCL pH=7.5, 10mM EDTA pH=8, 1% SDS) was added to 

all samples and input control, as well as 200 µg/mL of RNAse A, following an incubation of 

30min at 37°C. After this, samples were incubated with proteinase K for 2h at 62°C, followed 

by an incubation of 10min at 95°C, for cross-link reversion. 

DNA was extracted from samples using the Qiaquick gel extraction kit (Qiagen, Hilden, 

Germany), according to manufacture procedures, and stored at −20°C until further use. For 

qPCR, two pairs of primers for CDH1 promoter were designed, both for ~325 bp before TSS 

(F—5′-TAACCCACCTAGACCCTAGCAA-3′, R–5′-GCTGATTGGCTGAGGGTTCA-3′) and 

for ~600 bp before TSS (F-5′-ACCTGTACTCCCAGCTACTAGA-3′, R-5′-

GATGGGGTCTCACTCTTTCACC-3′). RT-qPCR was performed as mentioned above, and 

the relative amount of promoter DNA was normalized using Input Percent method. 

 

Proximity Ligation Assay (PLA) 

Sh-scramble/CTRL and sh-SIRT7 cells, were seeded in 1 cm2 coverslips and allowed to 

grow overnight. Then, cells were fixed in 4% formaldehyde (Sigma) for 10min and 

permeabilized in 0.5% Triton X-100 (Sigma), for 5min, at RT and gently stirred. PLA assay 

was performed using the commercial kit Duolink In Situ (OLINK Bioscience, Uppsala, 

Sweden), according to manufacturer’s instructions. The antibodies used were Histone H3 

(ab1791, Abcam, Cambridge, UK), tri-methylation of Lysine 27 of Histone H3 (H3K27me3, 

07-449, Millipore), SIRT7 (HPA053669, Sigma-Aldrich) and EZH2 (NCL-L-EZH2, Leica 

Biosystems). After the procedure, cells were stained with 4′,6-diamidino-2-phenylindole 

(DAPI) (AR1176, BOSTER Biological Technology, Pleasanton, CA, USA) in mounting 

medium. Pictures were taken on an Olympus IX51 fluorescence microscope equipped with 

an Olympus XM10 digital camera using CellSens software. 
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Cell Viability Assay 

To assess the role of SIRT7 in cell growth, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenultetrazolium (MTT) assay (Sigma-Aldrich) was performed. Briefly, sh-

scramble/CTRL and sh-SIRT7 cells were seeded at 3000 cell/well density, overnight, in 96 

well plate. Then, 5 µg/mL MTT solution in completed MEM medium was incubated during 

1h at 37°C for 0h, 24h, 48h and 72h. Then, formazan crystals formed were dissolved in 

dimethyl sulfoxide (DMSO) and spectrophotometric measurement was done at 540nm, 

using 655nm as a reference absorbance (Fluostar Omega, BMG Labtech, Offenburg, 

Germany). The optical density (OD) obtained for 24h, 48h and 72h was normalized for the 

0h time point. At least three independent experiments were performed. 

 

Apoptosis Assay 

Apoptosis was assessed using the APOPercentageTM kit (Biocolor Ltd., Belfast, Northern 

Ireland, UK). This assay uses a dye that is integrated by cells undergoing at early stage of 

apoptosis due to phosphatidylserine transmembrane movements, which results in 

APOPercentage dye incorporation by cells. Briefly, sh-scramble/CTRL and sh-SIRT7 cells 

were seeded in 24 well plate at density of 25,000 cell/well and incubated during 72h in a 

humidified chamber at 37°C and 5% CO2. At this time point, cells were incubated with 300 

µL/well of APOPercentage dye solution at ratio 1:20 respectively, during 20min at 37°C. 

Then, cells were washed with PBS1 X and detached from well plate with TrypleTM Express 

(GBICO) during 10min at 37°C. After that, APOPercentage Dye Release reagent was 

added and plate were vigorously agitated during 15 min, following colorimetric 

measurement at 550nm with 620nm reference filter (Fluostar Omega). The H2O2 was used 

as a positive control. The OD obtained for apoptosis assay was normalized for the OD 

obtained by viability assay at the same time point. At least three independent experiments 

were performed. 

 

Wound Healing Assay 

Cells were seeded in 6 well plate at a density of 7.5×105 cell/well and allowed reach 

confluence at 37°C, 5% CO2. Then, a “wound” was made by manual scratching with a 200 

µL pipette tip and cells were gently washed with 1× PBS. The “wounded” areas were 

photographed in specific wound sites (two sites for each wound) at 40× magnification using 

an Olympus IX51 inverted microscope equipped with an Olympus XM10 Digital Camera 

System every 24h until wound closure. The relative migration distance (5 measures by 

wound) was calculated with the following formula: relative migration distance (%) = (A–B)/C 

× 100, where A is the width of cell wound at 0 h incubation, B is the width of cell wound after 

specific h of incubation, and C is the width mean of cell wound for 0h of incubation. For 
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relative migration distance, the results were analysed using the beWound-Cell Migration 

Tool (Version 1.5) [50]. At least three independent experiments were performed. 

 

Invasion Assay 

Invasion capacity of sh-scramble/CTRL and sh-SIRT7 cells was evaluated using a 24 well 

BD Biocoat Matrigel Invasion Chambers (BD Biosciences, San Jose, CA, USA). After 

rehydration of BD Matrigel Chambers during 2h with MEM medium at 37°C, cells at a 

density of 25,000 cells/ insert were seeded and incubated during 24 h at 37°C in 5% CO2. 

Then, the non-invading cells were removed by with swab and invaded cells were fixed with 

methanol and staining with DAPI. Invaded cells were counted on an Olympus IX51 

fluorescence microscope equipped with an Olympus XM10 digital camera using CellSens 

software. The % invasion normalized for total of amount cell seeded in BD Matrigel 

Chamber. 

 

Statistical Analysis 

All statistical analyses were performed using IBM® SPSS® Statistic software version 23 

(IBM-SPSS Inc., Chicago, IL, USA) and graphs were built using GraphPad Prim 7.0 

(GraphPad Software Inc., La Jolla, CA, USA). Significance level was set at p<0.05, and 

Bonferroni’s correction was used when appropriate. 

For both BlCa cohorts (IPO’s and TCGA), when applicable, Mann-Whitney U test (MW) was 

used to test for differences in sirtuins expression levels between NB and UCC tissue 

samples, pathological stages of cases divided in Ta-1 (NMIBC) and T2-4 (MIBC), and 

patients’ gender, and to assess differences in sh-scramble versus sh-SIRT7 conditions. 

Kruskall-Wallis test (KW) was performed to test for differences among UCC subtypes 

(papillary-low grade, papillary-high grade and invasive-high grade). Spearman’s rho was 

used to assess the correlation between SIRTs expression levels and age of the patients at 

diagnosis, and between SIRT7 and CDH1 or CDH2 expression levels. Associations 

between clinical grade or pathological stage and immunoexpression results were assessed 

by chi-square or Fisher’s exact test, and Somers’d directional measure was also computed. 

Disease-specific and disease-free survival curves (Kaplan-Meier with log rank test) were 

computed for standard variables (tumour stage and grade) and for categorized SIRTs 

transcript levels. Moreover, the same analyses were also performed separately for NMIBC 

and MIBC cases. A Cox-regression model comprising all significant variables (univariable 

and multivariable model) was computed to assess the relative contribution of each variable 

to the follow-up status. 
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Conclusions 

In conclusion, this study provides a global view on sirtuin family expression deregulation in 

BlCa. Specifically, SIRT7 overexpression seems to play an important role in the first steps 

of urothelial carcinogenesis, whereas subsequent downregulation is associated with 

acquisition of an invasive and aggressive phenotype, through stimulation of EMT phenotype 

involving the SIRT7-EZH2-CDH1 axis. Although further studies are required to clarify the 

mechanism underlying SIRT7 deregulation in BlCa, it might constitute an attractive target 

for innovative therapeutic strategies. 
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Supplementary Tables 
 

Supplementary Table 1. Reference of TaqManâ gene expression assays for studied genes. 

Gene Reference ID 

HPRT1 Hs01003267_m1 

CDH2 Hs00354986_m1 

SDHA Hs00417200_m1 

SIRT1 Hs01009005_m1 
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SIRT2 Hs00247263_m1 

SIRT3 Hs00202030_m1 

SIRT4 Hs00202033_m1 

SIRT5 Hs00978335_m1 

SIRT6 Hs00213036_m1 

SIRT7 Hs01034735_m1 

 
 
 
 
Supplementary Table 2. Primer sequences used in RT-PCR for studied genes.  
 

Gene Forward sequence (5’- 3’) Reverse sequence (5’- 3’) Annealing 
T. (ºC) 

BGUS CTCATTTGGAATTTTGCCGATT CCGAGTGAAGATCCCCTTTTTA 60 

CDH1 CTTTGACGCCGAGAGCTACA AAATTCACTCTGCCCAGGACG 64 

EZH2 CCCTGACCTCTGTCTTACTTGTGGA ACGTCAGATGGTGCCAGCAATA 60 

 
 
 
 
Supplementary Figures  
 
 

 
 
 
 
Supplementary Figure S1: Characterization of SIRT1, SIRT2, SIRT3, SIRT4 and SIRT5 (a), and 

SIRT6 and SIRT7 (b) in the TCGA bladder cancer cohort by quantitative RT-PCR. *p<0.05, 

****p<0.0001 and ns – non-significant. UCC – urothelial cell carcinoma, NB – normal bladder 

mucosae. 
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Supplementary Figure S2: Characterization of Sirtuin family (SIRT1 to SIRT7) gene expression in 

bladder cancer tissues (a) and TCGA cohort (b) categorized by clinical grade. **p<0.01, ***p<0.001, 

****p<0.0001 and ns – non-significant. PLG – papillary low-grade, PHG – papillary high-grade, IHG 

– invasive high-grade. 

  

A

B
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Supplementary Figure S3: Immunohistochemistry representative images for SIRT7 

immunoexpression in normal urothelium and bladder urothelial carcinoma tissue sections. 

 

 

Supplementary Figure S4: Immunofluorescence representative images for SIRT7 

immunoexpression in MGHU3, 5637 and J82 bladder cancer cell lines (100X magnification). 
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Supplementary Figure S5: Immunofluorescence representative images for E-Cadherin and N-Cadherin immunoexpression in sh-CTRL and sh-SIRT7 MGHU3, 

5637 and J82 bladder cancer cell lines (100X magnification). 
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Supplementary Figure S6: Characterization of CDH1 gene expression in the bladder cancer 

and normal mucosae tissue samples (a), and in non-muscle invasive and muscle-invasive bladder 

cancer cases (b), by quantitative RT-PCR. Characterization of CDH2 gene expression in the 

bladder cancer and normal mucosae tissue samples (c), and in non-muscle invasive (NMIBC) 

and muscle-invasive bladder cancer (MIBC) cases (d), by quantitative RT-PCR. *p<0.05, 
**p<0.01 and ****p<0.0001. 
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Supplementary Figure S7: Heat map showing SIRT7 and EZH2 expression in muscle invasive 

bladder cancer (MIBC) cases (n= 26). Relative expression levels are depicted in colours from 
dark blue (lower expression), to dark yellow (higher expression) as shown in the colour bar bellow 

the graphic. 
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Abstract 
Background: Bladder cancer (BlCa) taxonomy has proved its impact in patient outcome 

and selection for targeted therapies, but such transcriptomic-based classification has not 

yet translated to routine practice. Moreover, epithelial-to-mesenchymal transition (EMT) 

has shown relevance in acquisition of more aggressive BlCa phenotype. We aimed to 

test the usefulness of the molecular classification, as defined by immunohistochemistry 

(a routinely performed and easy-to-implement technique), in a well-defined BlCa cohort 

of both non-muscle invasive (NMIBC) and muscle invasive (MIBC) disease. Also, we 

aimed to assess the additional prognostic value of the mesenchymal marker vimentin to 

the stratification strategy. 

Methods: A total of 186 samples were available. Immunohistochemistry/RT-qPCR for 

luminal markers GATA3/FOXA1, basal markers KRT5/KRT6A and vimentin were 

performed. 

Results: mRNA expression levels of the markers positively correlated with 

immunoexpression scores. We found substantial overlapping in immunoexpression of 

luminal and basal markers, evidencing tumour heterogeneity. In MIBC, basal tumors 

developed recurrence more frequently. NMIBC patients with higher vimentin 

immunoexpression endured poorer disease-free survival, and increased expression was 

observed from normal bladder-NMIBC-MIBC-metastases. 

Conclusions: The classification has the potential to be implemented in routine, but further 

adjustments in practical scoring should be defined; focusing on additional markers, 

including those related to EMT, may further refine BlCa molecular taxonomy. 

 
Background 
Bladder cancer (BlCa) is one of the most incident cancers worldwide. It ranks ninth in 

prevalence, with a number of estimated new cases and cancer-related deaths of 549,393 

and 199,922, respectively [1-3]. These figures are estimated to almost double by 2040 

[1], representing an important toll on health services [4]. Most BlCa cases correspond to 

urothelial carcinoma, which is often divided into two major forms: 75–80% of all patients 

are diagnosed with non-muscle invasive BlCa (NMIBC), characterized by frequent 

recurrences and eventual progression to invasion; and the remaining 20–25% patients 

present with muscle-invasive BlCa (MIBC), which constitutes an aggressive, locally 

invading carcinoma, with propensity for metastization [5, 6]. On the therapeutic front, the 

clinical management of NMIBC and MIBC cases is very distinct, and it remained almost 

unchanged until the approval of immune checkpoint inhibitors in first-line or metastatic 

settings [7-9]. Nevertheless, a considerable percentage of BlCa patients do not benefit 

from current treatment options. Clinicians still have to deal with a high number of cases 
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with recurrence and progression and, as a result, patients endure a long follow-up, 

making BlCa one of the costliest malignancies worldwide [4]. Hence, there is a need to 

improve risk stratification of these patients and to uncover biomarkers that may better 

select patients to the specific therapy that will give the higher benefit with less toxicity. In 

this line, an effort has been made to improve BlCa classification; various research teams 

have reported the importance of a molecular stratification of BlCa, and presented 

classifications based on different molecular traits, either for all urothelial carcinomas, or 

focusing on NMIBC and MIBC separately [10-20]. This molecular stratification is also 

useful for predicting responses to current treatment options, and provides insights for the 

development of new therapies [14, 21-24]. Although specific differences in classification 

emerge out of each research group analyses, they all share as an overlapping feature 

the existence of two major BlCa subtypes—basal/squamous and luminal—for MIBC 

cases [25]. Briefly, basal/squamous subtype is mainly composed of advanced stage 

tumors and metastatic disease, being enriched in inactivating mutations and deletions of 

TP53 and RB1, whereas the luminal subtype is associated with papillary 

histopathological features, and enriched in fibroblast growth factor receptor 3 (FGFR3) 

mutations [26, 27]. An effort has been made to reach a single consensus classification 

and to generate a list of specific biomarkers (such as FOXA1, GATA3, KRT5/6 and 

KRT14) that can be effectively translated from wide screening genomic and 

transcriptomics analyses into the clinic for any BlCa setting (both MIBC or NMIBC) [13, 

26]. However, to date, this has not been achieved. On the other hand, the role of 

epithelial-to-mesenchymal transition (EMT) in BlCa prognosis has been widely 

discussed [28]. It has been shown to be highly related to an aggressive tumor biology, 

culminating in poor clinical outcome both in NMIBC and MIBC, namely poorer survival, 

increased recurrences, propensity to metastasize, and inferior response to treatment 

[29-33]. 

Herein, we aimed to characterize the expression of a set of markers for defining both 

luminal and basal/squamous subtypes in a well characterized patient cohort of BlCa, 

looking for clinicopathological correlates and testing their potential for clinical application, 

both within MIBC and NMIBC cases. Moreover, we explored the value of adding the 

expression of a classic EMT marker, vimentin (VIM), to the risk stratification strategy. We 

have chosen VIM because among the EMT markers it is routinely performed in all 

Pathology departments and it has been consistently associated with BlCa prognosis, 

including in our previous in silico analysis [28]. 
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Methods 
 
Patients and samples 
126 patients with primary BlCa (urothelial carcinoma) treated with transurethral resection 

(TUR) or radical cystectomy/cystoprostatectomy between 1991 and 2011 at the 

Portuguese Oncology Institute of Porto (IPO Porto) were retrospectively selected for the 

study. A set of 25 morphologically normal bladder mucosa tissue samples was obtained 

from BlCa-free individuals (prostate cancer patients submitted to radical prostatectomy 

with no bladder lesions) and served as controls. Additionally, a total of 35 metastases 

from BlCa were also included in the study. All specimens were formalin-fixed and 

paraffin-embedded for routine pathological examination by a dedicated uropathologist 

and used for immunohistochemistry studies. For some patients (see detailed numbers 

below) freshly collected tissue could be additionally obtained (a section matching the one 

embedded in paraffin). These were stored immediately at − 80°C after surgical 

intervention and subsequently cut in a cryostat for confirmation of representativity. These 

freshly collected samples were specifically used for nucleic acid extraction (for mRNA 

expression analyses). Staging was performed using the American Joint Committee on 

Cancer (AJCC) 8
th
 Edition manual [34]. Relevant clinical data was collected from clinical 

charts, by an investigator blinded to other study findings. A summary of the study cohort 

is presented in Table 1. 

Table 1. Clinicopathological features of the study cohort. 

 

Clinicopathological features of the 
immunohistochemistry cohort 

Primary Bladder Cancer 

 Individuals, n 126 

Gender, n (%) 

  Male 101 (80.2) 

  Female 25 (19.8) 

 Median age, years (range) 71 (61–77) 

Grade, n (%) 

  Papillary, low-grade 28/126 (22.2) 

  Papillary, high-grade 20/126 (15.9) 

  Invasive, high-grade 78/126 (61.9) 

Pathological Stage, n (%)a 

  pTa/pT1 (NMIBC) 51/123 (41.5) 

  pT2-4 (MIBC) 72/123 (58.5) 
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(NMIBC - non-muscle invasive bladder cancer; MIBC - muscle invasive bladder cancer) 
aFor 3 patients stage could not be ascertained as clinical data was missing/not available to the 
investigators 
 
 
Immunohistochemistry 
In total, 186 samples were available for immunohistochemistry studies: the 126 primary 

BlCa specimens, plus the 25 normal bladder mucosae and 35 BlCa metastases. 

Immunohistochemistry methods are described in detail in Additional file 1: Table S1. 

Briefly, three micrometer-thick tissue sections from the formalin-fixed and paraffin-

embedded samples were ordered, antigen retrieval was performed, and slides were 

incubated with the primary antibodies for FOXA1, GATA3, CK5/6 and VIM. Then, 3,3′-

diaminobenzidine (Sigma-Aldrich™) was used as chromogen for visualization and slides 

were counterstained with hematoxylin. Appropriate tissue controls were used per run. 

Immunoexpression patterns were evaluated by a dedicated uropathologist. Cases were 

classified using a semi-quantitative scale for both staining intensity (0—no staining; 1—

low intensity, only barely discernible at 400 × magnification; 2—moderate intensity, well 

appreciated at 400× magnification but faint at 100× magnification; 3—high intensity, 

strong and well appreciated at 40× magnification) and percentage of positive cells (0—

 < 10%; 1—10–33%; 2—33–67%; 3— > 67%), in each case. Results were then 

combined in a single continuous score (Score S = staining intensity × percentage of 

positive cells) assigned to each tumor. 

BlCa specimens were considered “basal-like” when at least focal positivity for CK5/6 was 

detected (independently of positivity for FOXA1 or GATA3), with the remaining samples 

(with complete absence of expression of CK5/6) being considered “luminal-like”, 

following the classification of Choi et al., centered on basal keratin expression for defining 

subtypes [22]. 

 

Real-time quantitative PCR (RT-qPCR) 
As mentioned, mRNA expression analyses were performed on fresh frozen tissues, 

available for 108 of the patients included in the study (all were run for VIM expression, 

and 83 for FOXA1, GATA3, KRT5 and KRT6A, due to sample limitation issues). RNA 

was extracted from tissues using TRIzol® (Invitrogen, Carlsbad, CA, USA), according to 

manufacturer’s instructions. RNA quantification and purity were assessed in 

NanoDrop™ Lite Spectophotometer (Cat. ND-LITE, Thermo Scientific™). cDNA 

synthesis was performed using the RevertAid™ RT Reverse Transcription Kit (Cat. 

K1691, Thermo Scientific™). The reaction was performed in MyCycler™ Thermal Cycler 

System (Cat. 1709703, Bio-Rad) using the following conditions: 5min at 25°C, 60min at 

42°C and 5min at 70°C. VIM mRNA expression levels were evaluated using 4.5µL of 
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diluted cDNA, 5µL of TaqMan® Universal PCR Master Mix No AmpErase® UNG 

(Applied Biosystems®) and 0.5µL of TaqMan® Gene Expression Assay, specific for VIM 

gene - assay ID Hs00185584. For normalization purposes, two TaqMan® Gene 

Expression assays were used as internal controls: beta-glucoronidase—GUSB—assay 

ID Hs99999908, Applied biosystems®; and Hypoxanthine–guanine 

phosphoribosyltransferase—HPRT1—assay ID Hs01003267. RT-qPCR was run in 96-

well plates, in an ABI 7500 Real Time PCR System (Thermo Fisher) in the following 

conditions: 2min at 50°C, followed by enzyme activation for 10min at 95°C, and 45 cycles 

which included a denaturation stage at 95°C for 15s and an extending stage at 60°C for 

60s. Serial dilutions of cDNA obtained from Human Reference Total RNA (Cat. 750500, 

Agilent Technologies®) were used to compute standard curves for each plate. All 

experiments were run in triplicate and two negative controls were included in each plate. 

Relative expression of target genes tested in each sample was determined as: [Gene 

Expression Level = (Gene Mean Quantity/(HPRT1 & GUSB) Mean Quantity) × 1000]. 

For GATA3, FOXA1, KRT5 and KRT6A genes, transcript levels were also assessed 

using 2.5µL of diluted cDNA, 0.25µL of forward and reverse primers (Additional file 2: 

Table S2), 5µL of Xpert Fast SYBER Mastermix Blue (GRiSP Research Solutions, Porto, 

Portugal) and 2µL of bidistilled water. GUSB was used for normalization and plates were 

set as described above. The run followed the following conditions: 2min at 95°C, followed 

by 45 cycles of 5s at 95°C and 30s at 60°C, followed by the melt curve stage. 

 

Statistical analysis 
Data was tabulated using Microsoft Excel 2016 and analyzed and plotted using 

GraphPad Prism 6 and IBM Statistical Package for Social Sciences (SPSS v24). 

Percentages were calculated based on the number of cases with available data. 

Individual data points are plotted, together with median and interquartile range. Mann–

Whitney and Kruskal–Wallis tests were used for comparing expression levels among 

samples, as necessary. p-values were adjusted for multiple comparisons using Dunn’s 

test. Chi square and Fisher exact test were used as necessary for establishing 

associations between categorical variables. Spearman correlation test was used to 

correlate continuous variables. Disease-specific survival (DSS) and disease-free 

survival (DFS) curves were plotted using Kaplan–Meier statistics, and Cox regression 

models with respective hazard ratios (HR) were computed, including multivariable 

analysis. Statistical significance was set at p < 0.05. 

 

 

 



 

 152 

Results 
 

Clinical outcome of “luminal-like” and “basal-like” BlCa patients as determined by 
immunohistochemistry 
There were no significant differences between the age distribution of patients with 

NMIBC and MIBC (p = 0.951). A total of 56/126 (44.4%) BlCa specimens showed “basal-

like” features (following the Choi et al. stratification strategy, based on CK5/6 expression 

[22]). This occurred more frequently in MIBC (34/72, 47.2%) compared to NMIBC (20/51, 

39.2%). However, 51/56 (91.1%) of the cases showing CK5/6 immunoexpression also 

exhibited immunoexpression of at least one of the markers GATA3/FOXA1, evidencing 

that most tumors show evidence of staining for both kinds of markers, in scattered cells. 

Four tumors showed no immunoexpression of either CK5/6, FOXA1 or GATA3 (three of 

those being MIBC) (Table 2). For the latter, we performed additional 

immunohistochemistry for neuroendocrine markers to look for the presence of the 

neuroendocrine-like molecular type of BlCa [10]. Indeed, one of the cases showed clear-

cut strong immunoexpression of neuroendocrine markers synaptophysin, chromogranin 

and CD56 (Additional file 3: Fig. S1). 

 

Table 2. Immunoexpression of luminal and basal markers in the bladder cancer cohort. 

  GATA3 and FOXA1 − GATA3 and/or FOXA1 + 

 WHOLE COHORT 

  CK5/6 − 4 (3.1%) 66 (52.4%) 

  CK5/6 + 5 (4.0%) 51 (40.5%) 

NMIBC 

  CK5/6 − 1 (2.0%) 30 (58.8%) 

  CK5/6 + 1 (2.0%) 19 (37.2%) 

MIBC 

  CK5/6 − 3 (4.2%) 35 (48.6%) 

  CK5/6 + 4 (5.5%) 30 (41.7%) 
(NMIBC - non-muscle invasive bladder cancer; MIBC - muscle invasive bladder cancer) 

 

 

For MIBC, there was no significant association between the luminal/basal-like subtype 

(as defined by immunohistochemistry, described above) and the event of metastization 

(p = 0.933). Within NMIBC, the “basal-like” cases disclosed disease recurrence in 8/20 

cases (40.0%) and the “luminal-like” in a similar proportion of cases (13/31, 41.9%). 

However, considering MIBC, “basal-like” cancer developed recurrence in 11/34 cases 
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(32.4%), whereas in “luminal-like” this occurred in a lower proportion of patients [only 

5/38 cases (13.2%)]. 

Concerning survival analyses, the luminal/basal-like classification did not show 

significant impact on DSS or DFS, both for NMIBC or MIBC (NMIBC: p = 0.762 and 

p = 0.625; MIBC: p = 0.346, p = 0.185, respectively). Illustrative examples of 

immunoexpression patterns for the several markers are depicted in Fig. 1. 

 

Figure 1. Immunoexpression of luminal and basal markers in the bladder cancer cohort. a, b 

FOXA1 strong and diffuse immunoexpression in two bladder cancer specimens, one NMIBC (a) 

and one MIBC (b); c, d: GATA3 strong and diffuse immunoexpression in two bladder cancer 

specimens, one NMIBC (c) and one MIBC (d); e, f: CK5/6 strong multifocal immunoexpression in 
two bladder cancer specimens, one NMIBC (e) and one MIBC (f) 

 

Correlation between luminal/basal markers mRNA expression and protein 
expression 
We then checked for reproducibility between protein and transcript levels of the markers 

under study. Importantly, we found a significant, positive (albeit moderate), correlation 

between transcript levels of GATA3 and its protein expression as assessed by 

immunoexpression score (r = 0.36, p = 0.010). However, the same was not found for 
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FOXA1 (r = 0.10, p = 0.3460). For basal markers KRT5 and KRT6A, mRNA expression 

showed a significant positive, also moderate, correlation with the immunoexpression 

score (r = 0.49, p < 0.0001; and r = 0.68, p < 0.0001). Tumour samples with absent 

immunoexpression of GATA3, FOXA1 and CK5/6 showed significantly lower transcript 

levels of GATA3, FOXA1 and KRT5/KRT6A, respectively (p < 0.001, p = 0.0130, 

p < 0.0001 and p = 0.0278) (Fig. 2). 

 

 

Figure 2. Correlation between mRNA and protein expression of the several luminal and basal 

markers in the bladder cancer cohort (both MIBC and NMIBC included). FOXA1 (a and b), GATA3 

(c and d), KRT5 (e and f) and KRT6A (g and h) analyses. mRNA expression levels are plotted 

as relative expression levels, normalized to GUSB. Red dash and bars represent median and 

interquartile range. The immunoexpression score (intensity × percentage) is plotted in the xx-axis. 
The graphs include n = 83 matched samples (*p < 0.05; ****p < 0.0001) 
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Additional value of VIM expression in predicting clinical outcome 
VIM transcript levels were significantly higher in MIBC compared to NMIBC (p = 0.0001, 

Fig. 3a). This was additionally validated at protein level by immunohistochemistry 

(p = 0.0013, Fig. 3b). Moreover, there was an overall progressive increase in 

immunoexpression scores for VIM, which were lower in normal urothelium and NMIBC, 

followed by MIBC, and attained the highest levels in BlCa metastases (p < 0.0001, Fig. 

3c). Specifically, VIM immunoexpression scores were significantly higher in MIBC and 

metastases compared to normal urothelium and to NMIBC (after correction for multiple 

comparisons), however, differences between normal urothelium and NMIBC categories 

did not reach statistical significance (Fig. 3c). 

 

 

 

Figure 3. Vimentin transcript and protein levels within the bladder cancer cohort. a differential 
mRNA expression of vimentin between non-muscle (NMIBC) and muscle-invasive (MIBC) 

bladder cancer. mRNA expression levels are plotted as relative expression levels, normalized to 

GUSB and HPRT1; b differential protein (immuno)expression of vimentin between NMIBC and 

MIBC. The immunoexpression score (intensity × percentage) is plotted; c immunoexpression of 

vimentin among normal bladder, NMIBC, MIBC and bladder cancer metastases. The 

immunoexpression score (intensity × percentage) is plotted. Red dash and bars represent median 

and interquartile range. Correction for multiple comparisons was employed and adjusted p-values 
are represented (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001) 

 

VIM immunoexpression score did not have a significant impact on DSS and DFS for 

MIBC patients (p = 0.141 and p = 0.512, respectively). It also did not significantly 

influence DSS of NMIBC patients (p = 0.296). Importantly, however, NMIBC patients with 

VIM immunoexpression in tumor cells endured significantly worse DFS (p = 0.005, Fig. 

4). DFS of NMIBC patients with VIM immunoexpression was significantly poorer 

(HR = 3.541, 95% confidence interval 1.402–8.943), and this was maintained after 

adjusting for patients’ age (HR = 3.678, 95% confidence interval 1.435–9.423) and tumor 

grade (HR = 3.223, 95% confidence interval 1.104–9.408). Illustrative examples of VIM 

immunoexpression patterns are depicted in Fig. 5. 
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Figure 4. Disease-free survival in non-muscle invasive bladder cancer (NMIBC) patients 

according to vimentin protein expression. 

 

 

Figure 5. Immunoexpression of vimentin in the bladder cancer cohort. a, b: immunoexpression 

of vimentin in primary bladder cancer specimens, one NMIBC (a) and one MIBC (b); c and d: 

immunoexpression of vimentin in bladder cancer metastases. 
 

Discussion 
BlCa remains a clinically challenging disease, owing to heterogeneity in presentation, 

progression and distinct treatment strategies. On the one hand, NMIBC is the most 

frequent BlCa phenotype [35], and disease recurrence is very frequent. Substantial 

research efforts have been put towards uncovering non-invasive, liquid biopsy-based 

biomarkers for accurately diagnosing and following-up these patients [36, 37]. One major 
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gap in NMIBC relates to patient prognostication and risk stratification after resection, 

fundamental for establishing the most appropriate follow-up strategy. In this context, 

tissue biomarkers that predict relapse may be clinically useful, especially if easily and 

reproductively assessed, by cost-effective methodologies [38]. On the other end of the 

spectrum, around 20–25% of patients present already with MIBC. This subtype has 

dismal prognosis and survival has remained overall unchanged in the last couple of 

decades. Recently, immunotherapy has proved useful in the metastatic setting, with 

several agents being approved and shown to be effective [39, 40]. However, again, there 

is a need for better biomarkers predictive of response to specific agents [41, 42], that 

can be determined in tissue samples upon radical cystectomy and also non-invasively, 

in liquid biopsy context. 

 

Being such a heterogeneous disease, molecular classification of BlCa was introduced 

and gained popularity in the past years [10-20]. It is intended to meet these current 

needs, improving risk stratification of BlCa, and also aiding in identifying specific targets 

that can be druggable with specific agents. The several analyses concur in the fact that 

two major types of BlCa are molecularly defined, with important prognostication value: 

the “luminal” and the “basal” cancers. Such classification is achieved based on genomic 

and transcriptomic analyses, which point to differential expression of specific markers 

among tumors: the basal cytokeratins KRT5/KRT6A and KRT14, as hallmarks of basal 

BlCa, and the luminal markers FOXA1 and GATA3, as hallmarks of luminal cancer. The 

value of the classification seems undoubtful; however, and despite multiple confirmations 

of this, such classification is still not being used in routine clinical practice. There is a 

lack of works attempting to validate it in the diagnostic setting using 

immunohistochemistry, with the ones available also finding difficulties in purely 

classifying the tumors into subtypes or retrieving the same prognostic value [18, 22]. The 

main aim of our work was to assess the protein expression of these markers and attempt 

to classify these tumors in a well-defined cohort of BlCa, representative of the diagnostic 

routine of a tertiary cancer center. 

 

We have witnessed substantial overlapping in protein expression of luminal and basal 

markers within BlCa specimens, with 40.5% of our cohort showing protein expression of 

both types of markers. Such overlapping was maintained across both MIBC and NMIBC. 

We believe that this may be explained by intratumor heterogeneity and specific tumour 

cell clones within the tumour mass (also acknowledged by Kamoun et al. [10]), which 

are captured by immunohistochemistry technique, but may go unnoticed in wide 

transcriptomic analyses. Moreover, we provide data not only on expression patterns in 
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MIBC, but also in NMIBC. The former depicted higher proportion of CK5/6 positive cases 

(47.2% versus 39.2%), but basal features could be already pinpointed in NMIBC, as well. 

Although in NMIBC this did not dictate differences in recurrence, it might be due to small 

size of our cohort; on the same line, the proportion of recurrences in MIBC was higher in 

cases with CK5/6 expression (32.4% versus 13.2%), again with the lack of significant 

impact on DFS likely due to small number of cases tested (or simply because of other 

cohort selection issues, like for Choi et al. [22]). Additionally, the neuroendocrine-like 

subtype was recently added to the classification [10], and we identified one such case 

within the four tumors negative for both luminal and basal markers. We hypothesize that 

the remaining cases might also belong in this category, but they are still changing their 

program and progressing towards a more pronounced neuroendocrine phenotype. 

Overall, the classification proposed based on expression of these markers remains 

informative and has potential to be translated to practice if appropriate definitions and 

methodologies are set (i.e. accurate definitions of “luminal” and “basal” tumors at the 

protein level, as determined by immunohistochemistry should be established and 

validated, in order to maintain the clinical value). Prospective, multicenter studies with 

systematic evaluation of these markers by the same methodology and reporting system 

should be instrumental for achieving a consensus. We found significant positive 

correlations between mRNA expression levels of GATA3, KRT5 and KRT6A and the 

matched immunoexpression scoring for the same markers on the same samples (like in 

the work of Choi et al. [22]). This also substantiates the applicability of the classification. 

We hypothesize that the classification could also be extended to upper urothelial tract 

carcinomas, a work ongoing in our Group, with 15/57 tumors (26.3%) showing CK5/6 

immunoexpression (data not shown). 

 

In another setting, the EMT signalling pathway and its players have been implicated in 

acquisition of a more aggressive cancer phenotype among various tumour models, 

demonstrated both in vitro, in vivo and validated in clinical studies with human specimens 

[43, 44]. The role of expression of epithelial markers such as E-cadherin, the 

phenomenon of cadherin switch and overexpression of mesenchymal markers (like 

Snail, Twist, ZEB1/2, Slug and VIM) has been shown across tumour models [45-48]. 

BlCa is no exception, with studies evidencing that mesenchymal features significantly 

associate with higher propensity for disease recurrence, metastatic spread, tumour 

progression and worse prognosis, including poorer survival and treatment resistance [31, 

33, 49-52]. In this work, we have assessed the role of the intermediate filament VIM, 

characteristic of cells with mesenchymal phenotype, not expressed in most normal 

epithelia (including urothelium), in predicting prognosis of BlCa patients. In accordance, 
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we have shown that VIM mRNA and protein expression levels were significantly higher 

in MIBC compared to NMIBC, illustrating association with increased stage (Fig. 3a, b). 

The increase in VIM protein expression within increasingly aggressive samples (Fig. 3c) 

reflects the influence of EMT in acquisition of a more aggressive phenotype. Finally, 

translating this to patient outcome, patients with NMIBC disclosing higher VIM 

expression were shown to have shorter DFS (Fig. 4), even when adjusting (in 

multivariable analysis) for patient age and grade. Indeed, VIM de-novo expression or 

overexpression has been consistently reported in various epithelial cancers, including 

those of prostate, breast and lung, associating with increased tumor growth, invasion, 

poor prognosis, and ultimately, with EMT [53-55]. In BlCa, several reports suggest that 

VIM associates with higher grade and stage [32, 56, 57], and with propensity for 

recurrence and metastasis; however, vimentin immunohistochemistry is not routinely 

performed when assessing BlCa specimens. Also, VIM was shown to be expressed in 

100% of the cases of sarcomatoid urothelial carcinoma (along with positivity for other 

mesenchymal markers such as Snail in a high proportion of cases), a particularly 

aggressive form of the disease, with dismal prognosis [58]. Our work goes further and 

indicates the clinical potential of VIM as a prognostic marker within luminal vs. basal-like 

BlCa cases, although larger studies, including both NMIBC and MIBC, are needed to 

confirm this hypothesis. 

 

Limitations of this work include its retrospective nature, and the relatively low number of 

samples with complete clinical information available. Also, not all samples in which 

immunohistochemistry was performed had fresh-frozen material available for performing 

transcript analyses. Moreover, although immunohistochemistry may be subjected to 

inter-observer variability, it is a widespread technique, used in routine histopathology, 

allowing for evaluating morphology simultaneously and perceiving details related to 

tumor heterogeneity. Importantly, this work also extends the molecular classification to 

NMIBC, which should be further explored in the future. 

 

Conclusions 
In conclusion, we show that BlCa molecular classification has the potential to be 

effectively translated to the diagnostic routine, but effort must be made to consistently 

define the tumour categories acknowledged by transcriptomic studies using routine 

techniques, with the ultimate goal of maintaining the same clinically meaningful input. On 

the other hand, expression of EMT markers may be useful for predicting relapse and 

adjusting therapeutic strategy, like VIM in our work, in which it provided useful prognostic 
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information and dictated survival outcome. Adjunctive markers to the molecular 

classification merit attention as they might further improve BlCa molecular taxonomy. 
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Supplementary Table 2. Primers sequences. 

 

 
Gene Forward (5’-3’) Reverse (5’-3’) 

GATA3 CAGACCACCACAACCACACTCT GGATGCCTCCTTCTTCATAGTCA 

FOXA1 GGGTGGCTCCAGGATGTTAGG GGGTCATGTTGCCGCTCGTAG 

KRT5 ATCGCCACTTACCGCAAGCTGCTGGAGGG AAACACTGCTTGTGACAACAGAG 

KRT6A AGAGAATGAATTTGTGACTCTGAAGAAG TACAAGGCTCTCAGGAAGTTGATCT 

GUSB CACTGAAGAGTACCAGAAAAGTC TCTCTGCCGAGTGAAGATCC 
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Supplementary Figures 

 
 
Supplementary Figure 1: Immunoexpression of neuroendocrine markers in a bladder cancer 

specimen negative for CK5/6, FOXA1 and GATA3. A: CD56; B: Synaptophysin; C: 
Chromogranin.  
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Abstract 
Bladder cancer (BlCa) is the tenth most common cancer worldwide, associated with 

significant morbidity and mortality. Thus, understand the biological mechanisms 

underlying tumour progression to identify tumour subsets with distinctive potential of 

aggressiveness is of great clinical significance. Vimentin (VIM), an intermediate filament 

characteristic of mesenchymal cells, is (over)expressed in several carcinomas, putatively 

in association with epithelial to mesenchymal transition (EMT). We have previously found 

that VIM promoter methylation accurately identified urothelial carcinoma and VIM 

expression associated with unfavourable prognosis. Thus, we sought to investigate VIM 

expression regulation and its role in malignant transformation and progression of BlCa. 

Analysis of tissue samples disclosed higher VIM transcript, protein and methylation 

levels in BlCa compared with normal urothelium. Moreover, VIM protein and transcript 

levels significantly increased from non-muscle invasive BlCa (NMIBC), to muscle-

invasive BlCa (MIBC) and to BlCa metastases. Decreased CDH1 (E-Cadherin) and 

increased CDH2 (N-Cadherin) transcript levels were observed in MIBC, with inverse 

correlations between CDH1 & CDH2 and CDH1 & VIM, and positive correlation between 

CDH2 & VIM. In J82 and TCCSUP BlCa cell lines, exposure to a demethylating agent 

increased VIM protein levels, with a concomitant decrease in VIM methylation. In 

TCCSUP cells, exposure to histone deacetylases pan-inhibitor significantly increased 

the deposit of active post-translational marks (PTMs) across VIM promoter. In primary 

normal urothelium cells, lower levels of active PTMs with concomitant higher levels of 

repressive marks deposit was observed. Finally, CRISPR-Cas9 mediated VIM 

knockdown in UMUC3 BlCa cell line resulted in epithelial-like features and decreased 

migration and invasion. 

We demonstrated that VIM promoter is epigenetically regulated in normal and neoplastic 

urothelial cells, involving histone PTM and promoter methylation, which determine a VIM 

switch associated with EMT and acquisition of invasive and metastatic properties. These 

findings might allow for development of new, epigenetic-based, therapeutic strategies for 

BlCa. 

 

Introduction 
Bladder cancer (BlCa) is a leading cause of cancer-related morbidity and mortality, being 

the 10
th
 most incident tumour worldwide (1, 2). Urothelial cell carcinomas (UCCs) are the 

most common form of BlCa, arising along the urinary tract, mostly in the lower tract 

(bladder and urethra), but also in the upper tract (renal pelvis and ureters) (3-7). The 

gold-standard diagnostic techniques are mostly invasive and uncomfortable, which led 

us and others to develop non-invasive tests (8-13). We have previously shown that a 
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biomarker panel (VIM, GDF15 and TMEFF2 promoter methylation) accurately detected 

both lower and upper tract UCC in urine, and, more recently, that a multiplex panel (VIM 

and miR663a promoter methylation) accurately discriminated BlCa from inflammatory 

bladder conditions (8, 9, 11). From these studies, Vimentin (VIM) promoter methylation 

surfaced as the most promising biomarker, detecting alone the majority of samples, as 

reported for other malignancies (14-19). Additionally, survival analysis showed that lower 

VIM promoter methylation levels independently predicted for poor disease-specific 

survival in upper tract urothelial carcinoma (UTUC) patients (9). Similar findings have 

been previously reported in cell lines of other epithelial tumours in which VIM 

expression/overexpression was associated with increased tumour growth, invasion and 

poor prognosis (20, 21). Indeed, VIM is an intermediate filament characteristic of 

mesenchymal cells, usually not expressed in most normal epithelia (including 

urothelium) and epithelial tumours (22). 

EMT is a multistep process through which epithelial cells develop mesenchymal 

characteristics, such as motility and invasive properties (23, 24). In vitro and in vivo 

studies indicate that EMT is associated with cancer cell invasion and metastasis in 

various malignancies (25-28). Remarkably, EMT is a reversible phenomenon, as cells 

may return to their epithelial phenotype in a process known as mesenchymal-epithelial 

transition (MET). Changes in expression of various molecular markers have been 

associated with EMT, including cadherin family and transcriptional repressors Zeb-1 and 

Zeb-2, Twist, Snail, Slug (29, 30). VIM is usually upregulated in cells undergoing EMT, 

a feature that has been implicated both normal in development and neoplastic 

progression (31). Nonetheless, the role of vimentin in EMT needs further clarification, 

and it is not clear how VIM expression is fine-tuned from its absence in normal cells to 

its (over)expression in invasive carcinoma cells. Moreover, the discovery of the 

molecular mechanisms that lead to this "switch" of VIM expression might identify novel 

therapeutic agents aiming to prevent cancer progression and metastization. 

Epigenetic mechanisms, including DNA methylation and histone post-translational 

modifications (PTMs) dictate gene expression regulation, are reversible and its 

deregulation is common in cancer, (32, 33). Considering our previous observations on 

VIM promoter methylation in BlCa and its association with disease aggressiveness, we 

sought to characterize in depth the epigenetic mechanisms putatively responsible for 

VIM switch in this tumour model, and ascertain the relevance of VIM expression 

deregulation for BlCa progression. 
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Materials and Methods 
 

Patients and Samples 
Patients (n=108) with primary BlCa, treated with transurethral resection (TUR) or radical 

cystectomy between 1991 and 2011 at Portuguese Oncology Institute of Porto (IPO 

Porto), with available frozen and formalin-fixed paraffin-embedded (FFPE) tissue at the 

Department of Pathology, were included in this study. A set of 36 morphologically normal 

bladder mucosa (NB) tissue samples was obtained from BlCa-free individuals (prostate 

cancer patients submitted to radical prostatectomy) and served as controls. Additionally, 

a set of FFPE tissue samples from 28 metastasis (Met) of BlCa patients were also 

collected. All primary specimens were fresh-frozen at -80ºC and subsequently cut in a 

cryostat for confirmation of representativity and nucleic acid extraction. From each 

specimen, fragments were collected, formalin-fixed, and paraffin embedded for routine 

histopathological examination, including grading and pathological staging, by a 

dedicated uropathologist (34). Relevant clinical data was collected from clinical charts 

(Table 1). Patients and controls were enrolled after informed consent. This study was 

approved by the institutional review board (Comissão de Ética para a Saúde) of IPO 

Porto (CES015-2016). 

 

Table 1. Clinical and histopathological parameters of Bladder Cancer patients, and gender and 

age distribution of control set individuals. 

 

Clinicopathological features Bladder Cancer Normal Urothelium 

Patients, n 108 36 

Gender, n (%)   

Males 78 (72) 23 (64) 

Females 30 (28) 13 (36) 

Median age, yrs (range) 69 (45-91) 63 (48-75) 

Grade, n (%)   

Papillary, low-grade 37 (34) n.a. 

Papillary, high-grade 31 (29) n.a. 

Invasive, high-grade 40 (37) n.a. 

Pathological Stage, n (%)   

pTa/pT1 (NMIBC) 68 (63) n.a. 

pT2-4 (MIBC) 40 (37) n.a. 

(NMIBC – non-muscle invasive bladder cancer; MIBC - muscle invasive bladder cancer) 
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Cell lines 
BlCa cell lines (RT112, MGHU2, 5637, J82, T24, UMUC3 and TCCSUP) and normal 

bladder cell line SV-HUC1, available at our lab, were selected for this study. All cell lines 

were purchased from ATCC and grown using recommended medium (Biochrom-Merck, 

Berlin, Germany) supplemented with 10% fetal bovine serum (FBS, Biochrom) and 1% 

penicillin/streptomycin (GBICO, Invitrogen) at 37ºC and 5% CO2. Additionally, a primary 

cell line culture from normal human urothelium (NHU), kindly provided by Dr. Isabelle 

Pierrot (Institut Currie, Paris, France) was also cultured for ChIP-qPCR assays. 

Mycoplasma test was regularly performed (every two weeks) in all cell lines, using 

TaKaRa PCR Mycoplasma Detection Set (Clontech Laboratories, Mountain View, CA, 

EUA). 

 

RNA isolation and Real-Time Quantitative PCR (RT-qPCR) 
RNA was extracted from tissues using TRIzol® (Invitrogen, Carlsbad, CA, USA), 

according to manufacturer’s instructions. cDNA synthesis was performed using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems®, Foster City, CA, USA), 

according to manufacturer’s instructions. Target genes transcript levels were quantified 

by RT-qPCR. Expression levels were evaluated using either 4.5µL of diluted cDNA, 5µL 

of TaqMan® Universal PCR Master Mix No AmpErase® UNG (Applied Biosystems®) 

and 0.5µL of specific TaqMan® Gene Expression Assay (HPRT1 – Ref. ID 

Hs01003267_m1, VIM – Ref. ID Hs00185584_m1), or using Xpert Fast SYBER 

Mastermix Blue (GRiSP Research Solutions, Porto, Portugal) with specific primers for 

each target and reference genes, as described in Supplementary Table S1. Each sample 

was run in triplicate under the following RT-qPCR conditions: 2 minutes at 50ºC, followed 

by enzyme activation for 10 minutes at 95ºC, and 45 cycles which included a 

denaturation stage at 95ºC for 15 seconds and an extending stage at 60ºC for 60 

seconds. HPRT was used as reference gene for normalization. Relative expression of 

target genes tested in each sample was determined as: [Gene Expression Level = (Gene 

Mean Quantity / Reference Gene Mean Quantity) x 1000]. 

 

DNA isolation, Bisulfite Modification and Quantitative Methylation Specific PCR 
(qMSP) Analysis 
DNA was extracted from frozen BlCa and NB tissues using a standard phenol-chloroform 

protocol (35), and its concentration determined using a Qubit 3 Fluorometer (Thermo 

Fisher Scientific, Waltham, MA, USA). Bisulfite modification was performed through 

sodium bisulfite, using the EZ DNA Methylation-Gold™ Kit (Zymo Research, Irvine, CA, 

USA), according to manufacturer’s protocol. For this, 1000ng of DNA were converted. 
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Quantitative methylation levels were performed using Xpert Fast Probe Master Mix 

(GRiSP, Porto, Portugal), in 96-well plates using an Applied Biosystems 7500 Sequence 

Detector (Perkin Elmer, Waltham, CA, USA), with Beta-Actin (ACTB) as internal 

reference gene for normalization. Primer and probe sequences were designed using 

Methyl Primer Express 1.0 and purchased from Sigma-Aldrich (St. Louis, MO, USA) 

(Supplementary Table S1). Additionally, six serial dilutions (dilution factor of 5×) of a fully 

methylated bisulphite modified universal DNA control were included in each plate to 

generate a standard curve. In each sample and for each gene, the relative DNA 

methylation levels were determined using the following formula: ((target gene/ACTB) 

×1000). A run was considered valid when previously reported criteria were met (8). 

 

Immunohistochemistry 
Immunohistochemistry was performed using the Novolink™ Max Polymer Detection 

System (Leica Biosystems, Wetzlar, Germany]. Three-μm thick tissues sections from 

formalin-fixed and paraffin-embedded BlCa, NU and Met samples were cut, 

deparaffinized and rehydrated. Antigen retrieval was accomplished by microwaving the 

specimens at 800W for 10 minutes in 10mM sodium citrate buffer, pH=6. After, 

endogenous peroxidase activity was blocked, primary monoclonal antibody for VIM 

(NCL-L-VIM-V9, Leica) was used in 1:100 dilution, and incubated at room-temperature 

(RT) for one hour. Then, 3, 3′-diaminobenzidine (Sigma-Aldrich™) was used as 

chromogen for visualization and slides were mounted with Entellan® (Merck-Millipore, 

Burlington, MA, EUA). Normal tonsil tissue, showing intense VIM immunoreactivity was 

used as positive control. VIM immunoexpression was evaluated by a dedicated 

uropathologist and cases were classified using a semi-quantitative scale for both staining 

intensity (0—no staining; 1—intensity lower than normal urothelium; 2—intensity equal 

to normal urothelium; 3—intensity higher than normal urothelium) and percentage of 

positive cells (0—< 10%; 1—10-33%; 2—33-67%; 3—>67%), in each tumor. Staining 

intensity and percentage of positive cell results were then combined into a single score 

(Score S = staining intensity x percentage of positive cells) assigned to each tumor. 

 
Cell lines treatment with epigenetic drugs 
Cell lines TCCSUP and J82 were grown, until 20 to 30% confluence was reached, in 

75cm3 cell culture flasks. Then, media containing the corresponding drug(s) - a 

pharmacologic inhibitor of DNMTs, 5-aza-2-deoxycytidine (DAC) (Sigma-Aldrich®, 

Germany) and/or a pan-inhibitor of HDAC, Trichostatin A (TSA) (Sigma-Aldrich®, 

Germany) - were added at 1μM and 0.5μM concentrations, respectively. Culture medium 

and appropriate drug(s) were renewed every 24h, on a total of 72h. Mock cells served 
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as controls as they were submitted to the medium change procedure but were only 

exposed to drug(s) vehicle(s). All treatment experiments were done in triplicate. On the 

fourth day of the treatment schedule, cells were harvested by trypsinization and 

centrifuged. Then, either pellets were washed in PBS 1x and stored at -80
o
C for DNA 

extraction or were immediately processed for protein extraction or ChIP analysis. 

 

VIM gene knockdown 
VIM knockdown was performed through CRISPR/Cas9 system, delivered to cells 

through a plasmid including a specific guide RNA (gRNA) sequence targeting VIM, and 

puromycin-resistance gene (GenScript, Piscataway, NJ, EUA). Briefly, UMUC3 cells 

were seeded in 24 well/plates and let to grow until approximately 85% confluency. Then, 

transfection was performed using Lipofectamine 3000 reagent (Invitrogen, USA), and 

cells were incubated with the plasmid for 48h. Subsequently, 1µg/mL of puromycin 

dihydrochloride (Clontech Laboratories) was added to select stably transfected cells 

(UMUC3
KD

). Control cells were generated using only Lipofectamine incubation without 

targeting gene-plasmid (UMUC3
CTRL

). Cells were then grown until confluence, and 

passed at least two times, until protein extraction and subsequent western blot analysis 

for VIM expression. 

 

Protein extraction and Western Blot (WB) analysis 
SVHUC1, UMUC3

KD
 and UMUC3

CTRL
 cell lines were grown until 80% confluence and 

homogenized in Kinexus lysis buffer supplemented with proteases inhibitors cocktail. 

Then, cells were sonicated for 5 cycles of 30 seconds ON and 30 seconds OFF 

(Bioruptorâ, Diagenode, Liège, Belgium). After centrifugation, the supernatant was 

collected, and total protein was quantified according the Pierce BCA Protein Assay Kit 

(Thermo Fisher Scientific Inc.), according to the manufacture procedure.  

Thirty µg total protein were separated in 10% polyacrylamide gel by SDS-PAGE and 

transferred onto an immunoblot PVDF membrane (Bio-Rad Laboratories, Hercules, CA, 

USA) in a 25mM Tris-base/ glycine buffer using a Trans-Blot Turbo Transfer system (Bio-

Rad Laboratories). Membranes were blocked with 5% bovine serum albumin (BSA) in 

TBS/0.1% Tween (TBS/T pH=7.6) for 2h at RT. After incubation with VIM primary 

antibody (NCL-L-VIM-V9, Leica), membranes were washed in TBS/T and incubated with 

secondary antibody coupled with horseradish peroxidase, for 1h at RT. Binding was 

visualized by chemiluminescence (Clarity WB ECL substrate, Bio-Rad) and 

quantification was performed using band densitometry analysis from the ImageJ 

software (version 1.6.1, National Institutes of Health). β-Actin (1:10,000, A1978, Sigma-

Aldrich) was used as loading control. 
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Immunofluorescence (IF) and morphometric analysis 
SVHUC1, UMUC3

KD
 and UMUC3

CTRL
 cell lines were seeded on cover slips at 20,000 

cells/well, overnight. Briefly, cells were fixed in methanol during 10min and then blocked 

with 5% bovine serum albumin (BSA) during 30min. After overnight VIM (1:150, #3195, 

Cell Signaling Technology) incubation at room temperature, cells were incubated with 

secondary antibody anti-rabbit IgG-TRITC (1:500, T6778, Sigma-Aldrich) during 1h at 

RT. Finally, after washing in 1X PBS, cells were stained with 4’,6-diamidino-2-

phenylindole (DAPI) (AR1176, BOSTER Biological Technologies) in mounting medium. 

Pictures were taken in a fluorescence microscope Olympus IX51 with a digital camera 

Olympus XM10 using CellSens software (Olympus Corporation, Shinjuku, Japan). Cell 

morphometric parameters – roundness and aspect ratio (cell length/ cell width) - were 

calculated for UMUC3
KD

 and UMUC3
CTRL

 cells using the ImageJ software, in three 

independent experiments. 

 

Chromatin Immunoprecipitation (ChIP) 
Chromatin Immunoprecipitation (ChIP) analysis was performed in J82, TCCSUP, 

SVHUC1 and NHU cells, following a previously published protocol (36). ChIP-grade 

antibodies for specific PTMs (Supplementary Table 2), positive control (RNA polymerase 

II) and negative control (mouse IgG), were used at assay dependent concentration. For 

qPCR, two pairs of primers for VIM promoter were designed, both for ~325bp (VIM A) 

before TSS (F—5’- TAGTGAGCAGGAGAAAGCACAG-3’, R–5’-

AAAGACAGGACATGGAGGATGT-3’) and for ~600bp (VIM B) before TSS (F—5’-

CTGAACTGATACAGTGGCAAGTGA-3’, R—5’-TCAGGATATGCATGCCAAAG-3’). 

RT-qPCR was performed as mentioned above, and the relative amount of promoter DNA 

was normalized using Input Percent method. 

 

Cell viability assay 
To assess the role of VIM in cell growth, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenultetrazolium (MTT) assay (Sigma-Aldrich) was performed. Briefly, UMUC3
KD

 and 

UMUC3
CTRL

 cells were seeded at 3000 cell/well density, overnight, in 96 well plate. Then, 

5µg/mL MTT solution in completed DMEM medium was incubated during 1h at 37ºC for 

0h, 24h, 48h and 72h. Then, formazan crystals formed were dissolved in dimethyl 

sulfoxide (DMSO) and spectrophotometric measurement was done at 540nm, using 

655nm as a reference absorbance (Fluostar Omega, BMG Labtech, Offenburg, 

Germany). The optical density (OD) obtained for 24h, 48h and 72h was normalized for 

the 0h time point. At least three independent experiments were performed. 
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Apoptosis assay 
Apoptosis was assessed using the APOPercentage

TM 
kit (Biocolor Ltd., Belfast, Northern 

Ireland, UK). This assay uses a dye that is integrated by cells undergoing at early stage 

of apoptosis due to phosphatidylserine transmembrane movements, which results in 

APOPercentage dye incorporation by cells. Briefly, UMUC3
KD

 and UMUC3
CTRL

 cells were 

seeded in 24 well plate at density of 25,000 cell/well and incubated during 72hours in a 

humidified chamber at 37ºC and 5% CO2. At this time point, cells were incubated with 

300µl/well of APOPercentage dye solution at ratio 1:20 respectively, during 20min at 

37ºC. Then, cells were washed with PBS1X and detached from well plate with Tryple
TM

 

Express (GBICO) during 10min at 37ºC. After that, APOPercentage Dye Release 

reagent was added and plate were vigorously agitated during 15min, following 

colorimetric measurement at 550nm with 620nm reference filter (Fluostar Omega). The 

H2O2 was used as a positive control. The OD obtained for apoptosis assay was 

normalized for the OD obtained by viability assay at the same time point. At least three 

independent experiments were performed.  

 

Wound healing assay 
UMUC3

KD
 and UMUC3

CTRL
 cells were seeded in 6-well plate at a density of 7.5x10

5
 

cell/well and allowed reach confluence at 37ºC, 5% CO2. Then, a “wound” was made by 

manual scratching with a 200 µL pipette tip and cells were gently washed with 1X PBS. 

The ‘‘wounded’’ areas were photographed in specific wound sites (two sites for each 

wound) at 40x magnification using an Olympus IX51 inverted microscope equipped with 

an Olympus XM10 Digital Camera System every 24h until wound closure. The relative 

migration distance (5 measures by wound) was calculated with the following formula: 

relative migration distance (%) = (A–B)/C x100, where A is the width of cell wound at 0h 

incubation, B is the width of cell wound after specific hours of incubation, and C is the 

width mean of cell wound for 0h of incubation. For relative migration distance, the results 

were analyzed using the beWound-Cell Migration Tool (Version 1.5) (developed by 

A.H.J. Moreira, S. Queirós and J.L. Vilaça, Biomedical Engineering Solutions Research 

Group, Life and Health Sciences Research Institute- University of Minho; available at 

http://www. besurg.com/sites/default/files/beWoundApp.zip). At least three independent 

experiments were performed. 

 

Invasion assay 
Invasion capacity of UMUC3

KD
 and UMUC3

CTRL
 cells was evaluated using a 24-well BD 

Biocoat Matrigel Invasion Chambers (BD Biosciences). After rehydration of BD Matrigel 

Chambers during 2h with DMEM medium at 37ºC, 25,000 cells/insert were seeded and 
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incubated during 24h at 37ºC in 5% CO2. Then, the non-invading cells were removed by 

with swab and invaded cells were fixed with methanol and staining with DAPI. Invaded 

cells were counted in a fluorescence microscope Olympus IX51 with a digital camera 

Olympus XM10 using CellSens software. The % invasion was normalized for total 

amount of cells seeded in BD Matrigel Chamber. 

 
Statistical analysis 
All statistical analyses were performed using IBM

®
 SPSS

®
 Statistic software version 23 

(IBM-SPSS Inc., Chicago, IL, USA) and graphs were built using GraphPad Prim 7.0 

(GraphPad Software Inc., La Jolla, CA, USA). Significance level was set at p<0.05, and 

Bonferroni’s correction was used when appropriate.  

Mann-Whitney U test (MW) was used to test for differences in VIM expression or 

methylation levels between NB and BlCa, pathological stages of cases divided into Ta-

1 (non-muscle invasive BlCa, NMIBC) and T2-4 (muscle invasive BlCa, MIBC), and 

patients’ gender, and to assess differences in UMUC3
KD

 and UMUC3
CTRL

 conditions. 

Kruskall-Wallis test (KW) was performed to test for differences among more than two 

groups of samples then followed by MW test when appropriate. Spearman’s rho was 

used to assess the correlation between VIM expression or methylation levels and age of 

the patients at diagnosis, and between VIM and CDH1, CDH2 or CDH3 expression 

levels. Associations between clinical grade or pathological stage and immunoexpression 

results were assessed by chi-square or Fisher’s exact test, and Somers’ D directional 

measure was also computed.  

Disease-specific and disease-free survival curves (Kaplan-Meier with log rank test) were 

computed for standard variables (tumor stage and grade) and for categorized VIM 

transcript and methylation levels. Moreover, the same analyses were also performed 

separately for NMIBC and MIBC cases. A Cox-regression model comprising all 

significant variables (univariable and multivariable model) was computed to assess the 

relative contribution of each variable to the follow-up status. 

 

Results 
 
Protein, transcript and methylation analysis of Vimentin in Bladder cancer tissues 
Immunohistochemistry and RT-qPCR analysis of VIM in NB tissue samples 

demonstrated that protein and transcript levels were low or undetectable (Figure 1A and 

1B). Moreover, in the same samples, no methylation levels were detected at the VIM 

promoter (Figure 1C). BlCa cases disclosed higher VIM transcript, protein and 

methylation levels, compared with NB (Figure 1). Importantly, VIM protein and transcript 
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levels were significantly increased in MIBC compared to NMIBC, although no significant 

difference was apparent concerning VIM promoter methylation levels (Figure 1). 

Comparatively to primary BlCa tissue samples, metastatic BlCa tissues disclosed a 

significant increase in VIM protein levels and a concomitant decrease in VIM promoter 

methylation (Supplementary Figure 1). 

 

 

 

 

Figure 1. VIM expression and methylation in normal urothelium and bladder cancer 

tissues. (A) VIM immunohistochemistry results for normal urothelium (NU), non-muscle-invasive 

bladder cancer (NMIBC) tissues and muscle-invasive bladder cancer (MIBC) tissues, regarding 

the calculated immunoscore. (B) VIM transcript levels for NU, NMIBC and MIBC tissue samples 

by RT-qPCR. (C) VIM promoter methylation levels for NU, NMIBC and MIBC tissue samples by 

qMSP. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 

 

 

Association between Cadherins and Vimentin in Bladder cancer tissues 
To ascertain whether the increase of VIM expression in more invasive cases was related 

with EMT, CDH1, CDH2 and CDH3 (which correspond to ECAD, NCAD and PCAD, 

respectively) transcript levels were first assessed in the same BlCa tissue samples. As 

expected, a significant decrease in CDH1 (the epithelial cadherin) and a concomitant 

increase in CDH2 (the mesenchymal cadherin) transcript levels were observed in MIBC, 

compared with NMIBC (Figure 2A and B). Moreover, no significant differences were 

observed for CDH3 (Figure 2C). Importantly, significant inverse correlations between 

CDH1 and CDH2, and CDH1 and VIM expression levels were found, whereas a positive 

significant correlation was depicted between CDH1 and CDH3 and CDH2 and VIM 

transcript levels (Table 2; Supplementary Figure 2). 
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Figure 2. Cadherins genes expression in bladder cancer tissues. Transcript levels of (A) 

CDH1, (B) CDH2 and (C) CDH3 in non-muscle-invasive bladder cancer (NMIBC) tissues and 

muscle-invasive bladder cancer (MIBC) tissues by RT-qPCR. 

 

Table 2. Pearson correlation between CDH1, CDH2, CDH3 and VIM transcript levels in Bladder 

cancer tissues. (grey results are non-significant). 

 

Pearson 

R2 
CDH1 CDH2 CDH3 VIM 

CDH1  -0.268 0.330 -0.405 

CDH2 -0.268  0.193 0.419 

CDH3 0.330 0.193  -0.127 

VIM -0.405 0.419 -0.127  

 

 
 
Modulation of Vimentin methylation in BlCa cell lines and its impact in expression 
Considering the previous results in tissue samples, we investigated whether promoter 

methylation might regulate VIM expression in BlCa, using in vitro models. First, VIM 

protein levels were assessed by WB and IF in the available BlCa and normal bladder 

immortalized cell lines, to determine which cells disclosed the lowest VIM expression 

levels (Figure 3). Then, using the same cell lines, VIM promoter methylation was 

assessed, and J82 and TCCSUP were chosen to perform subsequent treatment with 

epigenetic drugs DAC and TSA, as these two cell lines disclosed low VIM expression 

with concomitant high VIM promoter methylation levels (Figure 3A and 4A). 
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Figure 3. VIM expression in bladder cancer cell lines. (A) Expression of VIM protein in bladder 
cancer cell lines by Western blot; results are representative of three independent experiments 

with mean±SD. (B) Representative images of VIM protein localization in bladder cancer cell lines 

by immunofluorescence.  

 

In J82 and TCCSUP cells, 1μM DAC exposure significantly increased VIM protein levels 

(p<0.01 and p<0.0001, respectively; Figure 4B), and the same was observed in TCCSUP 

cells treated with both drugs (p<0.001), compared to mock cells. Cell lines treated with 

TSA only did not disclose variation of VIM expression levels. When VIM methylation 

levels were assessed in the same treated cell lines, for the same conditions, lower 

methylation levels were observed in cells treated with DAC and/or DAC+TSA (Figure 

4C), supporting a role for promoter methylation in VIM expression regulation in BlCa 

cells. 

 

 

 

Figure 4. VIM methylation modulation in bladder cancer cell lines. (A) VIM promoter 

methylation levels in bladder cancer cell lines by qMSP. (B) Expression of VIM protein in J82 and 

TCCSUP bladder cancer cell lines by Western blot, after treatment with epigenetic modulating 

drugs. (C) VIM promoter methylation levels in J82 and TCCSUP bladder cancer cell lines by 

qMSP, after treatment with epigenetic modulating drugs. 
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Regulation of VIM by histone posttranslational modifications  
To determine whether histones PTMs might also contribute to VIM expression regulation, 

ChIP-qPCR analysis for known repressive and activating PTMs was performed in the 

same cell lines exposed to epigenetic drugs. For TCCSUP cell line, treatment with TSA 

(alone or in combination) significantly increased the deposit of AcH3, H3K4me3 and 

H3K36me2 active marks across VIM promoter (Figure 5B), corroborating the previously 

observed increase in protein levels for the same conditions (Figure 4B). Although no 

significant increment in VIM protein levels was previously observed in J82 cells exposed 

to TSA or DAC+TSA, similar deposit of active marks across VIM promoter was depicted 

by ChIP (Figure 5A). For both cell lines, a decrease in H4K20me3 repressive mark was 

also observed in all treatment conditions (Figure 5A and B).  

Because the previous results suggested that PTMs might play a role in VIM regulation 

and considering that VIM methylation was not detected in normal urothelial cells, we 

hypothesized whether PTMs might be involved in VIM downregulation in normal 

urothelium. Thus, ChIP-qPCR for known repressive and activating PTMs was performed 

in SVHUC1 immortalized urothelial cell line. Interestingly, high levels of two active marks 

– H3K27ac and H3K36
me2

 – and lower levels of two repressive marks - H3K9
me3

 and 

H3K27
me3

 – were detected across VIM promoter in this cell line (Supplementary Figure 

3), which may explain the low/moderate VIM protein levels previously detected in these 

cells (Figure 3). Subsequently, ChIP-seq was performed in a primary normal human 

urothelial cell line, followed by validation with ChIP-qPCR for the most relevant PTMs. 

Remarkably, lower levels of active PTMs – H3K9ac and H3K27ac – with concomitant 

higher levels of repressive marks deposit - H3K4
me3

,
 
H3K9

me3
 and H3K27

me3
 – was 

observed, suggesting that histones PTMs are indeed important for the repression of VIM 

expression in normal urothelium (Figure 5C and D).  
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Figure 5. ChIP-qPCR results for (A) J82 and (B) TCCSUP cell line concerning acH3, H3K4me3, 

H3K36me2 and H4K20me3 histones marks across VIM promoter, after treatment with epigenetic 

modulating drugs. (C) ChIP-seq representative results for NHU cells across VIM gene promoter 

and body. (D) ChIP-qPCR results for NHU cells concerning H3K9ac, H3K27ac, H3K4me3, H3K9me3 

and H3K27me3 histones marks across VIM promoter. Results are normalized with the input of total 
sonicated chromatin. 

 

Phenotypic impact of VIM modulation in BlCa 
To assess the phenotypic impact of VIM deregulation in BlCa, UMUC3 cell line was 

selected to perform VIM forced knockdown, as this cell line disclosed the highest protein 

expression (Figure 3). After CRISPR/Cas9 mediated gene knockdown, a significant 

reduction in VIM protein levels (approximately 70%) was achieved in UMUC3
KD

 cells 

(p<0.0001; Figure 6A).  

Morphological alterations were observed in UMUC3
KD

 cells, displaying more cobblestone 

(i.e., epithelial-like) features and increased cell-cell contacts, whereas UMUC3
CTRL

 cells 
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adopted a more elongated (mesenchymal-like) shape (Figure 6B). The observed 

morphological differences were corroborated by morphometric analysis: UMUC3
KD

 cells 

presented significantly higher roundness and decreased aspect ratio parameter (Figure 

6C). Moreover, UMUC3
KD

 cells disclosed increased ECAD (epithelial marker) 

expression, compared to control cells, whereas a significant decrease in NCAD 

(mesenchymal marker) protein levels was found in the same VIM-knockdown cells 

(Figure 6D). 

Although no significant alterations in cell proliferation (Figure 6E) and apoptosis (Figure 

6F) were depicted in UMUC3
KD

 vs. UMUC3
CTRL

, a significant decrease in cell invasion 

and migration was observed at all time points in cells harboring VIM knockdown (Figure 

6G and H). 
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Figure 6. VIM downregulation promotes invasiveness and EMT in bladder cancer cells. (A) Confirmation of VIM knockdown in UMUC3 cell line by Western 

blot. (B) Representative phase-contrast images of UMUC3CTRL and UMUC3KD cells. (C) Cell morphometric parameters – roundness and aspect ratio (cell length/ 
cell width) – analysis in UMUC3CTRL and UMUC3KD cells. (D) Protein expression of epithelial and mesenchymal markers in UMUC3CTRL and UMUC3KD cells by 

Western Blot; results are representative of three independent experiments with mean±SD; ****p<0.0001. Effect of VIM knockdown in UMUC3CTRL and UMUC3KD 

cells at (E) cell viability by MTT assay, (F) apoptosis- cell death by APOPercentage assay, (G) cell invasion by BD Biocoat Matrigel Invasion Chambers and (H) 
cell migration by wound-healing assay; *p<0.05, **p<0.01, ***p<0.001 and ****p<0.001; results are representative of three independent experiments with 

mean±SD, each of them in triplicates. 
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Discussion 

Although clinical management and molecular characterization of BlCa have progressed 

considerably over the past few years, it remains a foremost health concern, due to high 

incidence and recurrence rates, entailing significant patient morbidity and economic 

burden. Thus, identification of more accurate biomarkers which might perfect disease 

monitoring and prognostication will have significant clinical and societal impact. In our 

previous studies, VIM surfaced as potentially useful BlCa biomarker, especially 

quantitative promoter methylation, which disclosed diagnostic and prognostic value (8, 

9, 11). Herein, we sought to extend those findings, looking for a putative epigenetic 

regulation of VIM expression, impacting on BlCa aggressiveness. 

VIM expression and methylation analysis of normal and cancerous (both primary and 

metastatic) urothelial tissues, confirmed our previous results concerning the specificity 

of VIM promoter methylation in BlCa vs. normal urothelium (8, 9, 11). Nonetheless, 

normal urothelium disclosed very low or even absent levels of VIM expression, whereas 

BlCa tissues showed increased expression. Moreover, metastatic lesions disclosed 

higher VIM expression and lower methylation levels, compared to primary BlCa. VIM is 

an intermediate filament, characteristic of cells with mesenchymal phenotype, not 

expressed in most normal epithelia (including urothelium) nor carcinomas (37). However, 

VIM de-novo expression or overexpression has been reported in various epithelial 

cancers, including those of prostate, breast and lung, associating with increased tumor 

growth, invasion and poor prognosis (20, 21, 38). Those findings have been related with 

EMT, a biological process underlying invasive and metastatic properties of malignant 

epithelial cells. Thus, VIM expression pattern in NB, primary and metastatic BlCa is 

consistent with the acquisition of EMT traits by invasive and metastatic neoplastic 

urothelial cells. As to VIM promoter methylation, our findings suggest that it develops 

during neoplastic transformation, eventually as a bystander alteration in primary tumors, 

but modulated in secondary lesions to accomplish more effective EMT in metastatic 

cells. 

 

Although VIM promoter methylation and expression patterns in tissues were not fully 

consistent with a regulatory role, exposure of BlCa cell lines to demethylating agent DAC 

resulted in increased VIM expression, confirming that, indeed, VIM promoter methylation 

is involved in gene expression regulation. Nonetheless, additional regulatory 

mechanisms are required and characterization of histone PTMs across VIM promoter in 

those cell lines uncovered the importance of that epigenetic regulatory mechanisms in 

the same gene. Remarkably, in a primary normal urothelial cell line, ChIP experiments 

disclosed deposit of repressive marks at the expense of active PTMs, suggesting that 
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this mechanism (but not promoter methylation) is determinant for maintaining low VIM 

levels in those normal cells. Thus, we may conclude that both promoter methylation and 

histone PTMs have important regulatory functions in VIM expression in urothelial cells, 

with histone PMTs playing the foremost role in VIM silencing in normal cells, whereas it 

acts in concert with promoter methylation in cancerous cells to modulate VIM expression 

according to the intensity of invasive and metastatic behavior, orchestrated through 

EMT. 

This hypothesis is further supported by the results of CDH1 and CDH2 expression in 

BlCa tissues and its correlation with VIM transcript levels, which disclosed CDH1 

downregulation and CDH2 and VIM upregulation in MIBC compared to NMIBC, a pattern 

which is consistent with ongoing EMT in invasive urothelial cells. The impact of VIM 

expression in cell phenotype was further demonstrated, as malignant urothelial cells in 

which VIM expression was downregulated (re)acquired a more epithelial-like morphology 

(denoting reversion of EMT) and in vitro phenotypic assays disclosed that VIM 

downregulation impaired cell motility, decreasing both cell migration and cell invasion 

capabilities, although it did not affect cell proliferation or apoptosis. Thus, to the best of 

our knowledge, this is the first study characterizing the “Vimentin switch” occurring in 

urothelial carcinogenesis, also demonstrating its biological relevance concerning 

migratory capabilities of neoplastic cells. Interestingly, we had previously shown that 

patients with NMIBC disclosing higher VIM expression endured poorer disease-free 

survival, with increased expression depicted along the sequence NB-NMIBC-MIBC-

Metastases (39). Furthermore, VIM expression has been also associated with BlCa 

grade and stage. Indeed, Baumgart et al. found that VIM expression was mainly detected 

in invasive BlCa (31% in MIBC vs. 7% in NMIBC) and positively associated with tumor 

grade and stage, whereas Paliwal et al. found that VIM immunoexpression correlates 

with BlCa stage and grade (40, 41). Thus, VIM expression is closely associated with 

invasive and metastatic properties of malignant urothelial cells and may serve as a 

marker of disease aggressiveness. 

A major limitation of our study is the limited number of cases analyzed. Thus, a larger 

and, ideally, multicenter study, is required to validate our findings. Furthermore, in vitro 

results should be validated using in vivo models [e.g., chick chorioallantoic membrane 

(CAM) assay] to better support the biological impact of VIM expression modulation. 

Nonetheless, it should be emphasized that our findings are coherent, confirming and 

extending previous observations from our research team and others, concerning the role 

of VIM in BlCa progression. 

In conclusion, our findings, based on the analysis of urothelial tissue samples and 

modulated cell lines, suggest that VIM expression is associated with the malignant 
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urothelial phenotype. We propose a model in which VIM expression is repressed in 

normal urothelium through histone PTMs and VIM promoter methylation is acquired 

during neoplastic transformation, most likely as a passenger alteration. Then, as invasive 

and metastatic phenotypes develop, with some neoplastic cells undergoing EMT, 

increased VIM expression is achieved through decreased promoter methylation in 

concert with acquisition of active histone PTMs, enabling migratory capabilities, favoring 

local invasion and systemic dissemination, fostering disease progression. 
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Supplementary Data (Paper V) 

 

Supplementary Tables 

 

Supplementary Table 1. Primer sequences used in qMSP and RT-qPCR for studied genes.  
 

Target Gene Sequence (5’- 3’) 
TAnnealing 

ºC 

Quantitative Methylation Specific PCR 

ACTB 

Forward Primer TGGTGATGGAGGAGGTTTAGTAAGT 

60 Reverse Primer AACCAATAAAACCTACTCCTCCCTTAA 

Probe FAM - ACCACCACCCAACACACAATAACAAACACA - MGB 

VIM 

Forward Primer TTCGGGAGTTAGTTCGCGTT 

60 Reverse Primer ACCGCCGAACATCCTACGA 

Probe FAM - TCGTCGTTTAGGTTATCGT - MGB 

Real-Time Quantitative PCR 

CDH1 
Forward Primer CTTTGACGCCGAGAGCTACA 

64 
Reverse Primer AAATTCACTCTGCCCAGGACG 

CDH2 
Forward Primer TGTATGTTTTCCTTTCAGTGAATCTT 

60 
Reverse Primer TGGAAAGCTTCTCACGGCAT 

CDH3 
Forward Primer ACGAAGACACAAGAGAGATTGG 

60 
Reverse Primer CGATGATGGAGATGTTCATGG 

HPRT1 
Forward Primer TGACACTGGCAAAACAATGCAGACTT 

60 
Reverse Primer TTCGTGGGGTCCTTTTCACCAGCAA 
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Supplementary Table 2. References of antibodies used in ChIP assays for studied histones and 

histones posttranslational modifications. 

 

Histone/ Histone PTM Antibody Reference 

H3 ab1791 (Abcam) 

AcH3 06-599 (Millipore) 

H3K4me3 ab8580 (Abcam) 

H3K9Ac 17-658 (Millipore) 

H3K9me3 07-442 (Millipore) 

H3K27me3 07-499 (Millipore) 

H3K27Ac ab4729 (Abcam) 

H3K36me2 ab9049 (Abcam) 

H4 ab70701 (Abcam) 

H4K20me3 ab9053 (Abcam) 

 

Supplementary Figures 
 

 
 

Supplementary Figure 1: VIM expression and methylation in normal urothelium, bladder 
cancer and bladder cancer metastasis. (A) VIM immunohistochemistry results for normal 
urothelium (NU), non-muscle-invasive bladder cancer (NMIBC), muscle-invasive bladder cancer 

(MIBC) and metastasis (Met) tissues regarding the calculated immunoscore. (B) Methylation 

levels for NU, NMIBC, MIBC and Metastasis tissue samples by qMSP. *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. 
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Supplementary Figure 2: Comparison between VIM and Cadherins genes transcript levels. 
Graphical representation of transformed log data comparison of VIM, CDH1, CDH2 and CDH3 

transcript levels in bladder cancer tissue samples. Transcript levels were obtained by RT-qPCR. 
 

 

 
 
Supplementary Figure 3: ChIP-qPCR for histone PTMs across VIM promoter, in SVHUC1 
immortalized urothelial cell line. ChIP-qPCR results for H3K27Ac, H3K36me2, H3K9me3 and 
H3K27me3 across VIM promoter region. VIM A represents a region ~325bp before TSS, and VIM 

B a region ~600bp before TSS. Results are normalized with the input of total sonicated chrom
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Major Findings 
 
Chapter III - Diagnostic/Prognostic Epimarkers in Bladder Cancer Voided Urines 
 
Paper I 
 

• The promoters of both miR129-2 and miR663a were found to be methylated in 

most UC tissue samples, and methylation levels were significantly higher 

compared with the control group;  

• In tissue samples, the panel discriminated UC from normal mucosa with 94.7% 

sensitivity and 84.0% specificity, corresponding to an AUC of 0.94; 

• In urine samples, the methylation test was able to detect UC with 87.8% 

sensitivity and 84.0% specificity, corresponding to an AUC of 0.942;  

• The panel was able to discriminate UC patients both from other genitourinary 

malignancies and from healthy donors; 

• The proportion of true-positive cases detected by the methylation test was 

significantly higher than that of cytology; 

• MiR-663ame differed significantly between non-muscle invasive and muscle 

invasive UC, as well as between papillary and invasive UC. 

 
Paper II 
 

• Both miR663a and VIM were found hypermethylated (76.6% and 94.4%, 

respectively) in most BlCa tissue samples, and methylation levels were 

significantly higher compared to normal mucosa; 

• The multiplex panel accurately discriminated BlCa from NB with 96.3% sensitivity 

and 88.2% specificity, corresponding to an AUC of 0.982; 

• In line with the testing set results, a higher number of malignant samples 

disclosed significantly higher VIMme and miR663me levels than healthy donors 

in the urine validation sets; 

• The multiplex panel discriminated BlCa from HD subjects with 87% sensitivity 

and 86% specificity, and an AUC of 0.91; 
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• The proportion of true positive cases detected by the VIMme-miR663me 

multiplex panel was significantly higher than that of urine cytology;  

• VIMme-miR663me levels discriminated BlCa from IC patients with 80% 

sensitivity, 75.3% specificity and, importantly, 86.8% NPV, corresponding to an 

AUC of 0.836. 

 
Chapter IV – Bladder Cancer Mechanisms and Biology 
 
Paper III 
 

• SIRT1, 2, 4 and 5 expression levels were significantly lower in BlCa, whereas 

SIRT6 and 7 were overexpressed (corroborated by TCGA analysis); 

• SIRT7 transcript levels were significantly decreased in MIBC vs. NMIBC;  

• In vitro studies showed that SIRT7 downregulation promoted cells migration and 

invasion; 

• Increased EMT markers expression and decreased E-Cadherin were also 

observed in sh-SIRT7 cells; 

• Downregulation of SIRT7 promoted an increase in EZH2 acetylated protein, 

which resulted in higher deposition of H3K27me3 in E-Cadherin promoter, and 

its ultimate repression. 

 
Paper IV 
 

• A total of 56/126 (44.4%) BlCa specimens showed “basal-like” features (following 

the Choi et al stratification strategy, based on CK5/6 expression); 

• MIBC showed a higher percentage (34/72, 47.2%) of basal-like cases when 

compared to NMIBC (20/51, 39.2%); 

• Fifty one out of fifty six (91.1%) of the cases showing CK5/6 immunoexpression 

also exhibited immunoexpression of at least one of the markers GATA3/FOXA1; 

• For MIBC, “basal-like” cancer developed recurrence in 11/34 cases (32.4%), 

whereas in “luminal-like” this occurred in a lower proportion of patients [only 5/38 

cases (13.2%)]; 
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• A positive correlation was found between transcript levels of GATA3, KRT5 and 

KRT6A and its protein expression as assessed by immunoexpression score; 

• VIM transcript and protein levels were significantly higher in MIBC compared to 

NMIBC; 

• NMIBC patients with VIM immunoexpression in tumour cells endured significantly 

worse DFS.   

 
Paper V 
 

• BlCa presented higher VIM transcript, protein and methylation levels, when 

compared with normal mucosa; 

• VIM protein and transcript levels were significantly higher in Metastasis < MIBC 

< NMIBC groups; 

• A significant decrease in ECAD and increase in NCAD transcript levels were 

observed in MIBC; 

• An inverse correlation was found between CDH1 & CDH2 and CDH1 & VIM, 

whereas a positive correlation was found between CDH1 & CDH3 and CDH2 & 

VIM; 

• DAC exposure significantly increased VIM protein levels in the J82 and TCCSUP 

cell lines, with a concomitant decrease in methylation levels; 

• For TCCSUP cell line, treatment with TSA significantly increased the deposition 

of active PTMs across VIM promoter; 

• For primary NHU cells, lower levels of active PTMs with concomitant higher levels 

of repressive marks deposition was observed; 

• VIM downregulated cells associated with more epithelial features and showed a 

decrease in migration and invasion capacities.  
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General Discussion 
 

Bladder carcinomas are leading causes of cancer-related morbidity and mortality 

worldwide (1). Of those, urothelial cell carcinomas, which might arise in both upper and 

lower urinary tract, are the most common (2). Regarding the clinical management of 

these neoplasms, there is an urgent need for urine-based testing implementation. Since 

there are currently no routine screening tests for BlCa, the majority of cases are only 

discovered after patients report the occurring of blood in their urine. Despite this, and 

although haematuria is one of the most common symptoms of BlCa, it is estimated to 

happen on only 10% of all BlCa cases and it is a shared symptom for other common 

disorders, such as urinary-tract infections and inflammation. Furthermore, the other 

frequently reported symptoms are also commonly shared by these bladder conditions, 

such as the increased urge and frequency of urination, which in many cases can also be 

accompanied by pain. The current gold standard for tracking these symptoms is the 

cystoscopy, but this invasive procedure is both uncomfortable for patients and expensive 

for health care systems. Moreover, in some cases, cystoscopy is also unable to detect 

some initial forms of BlCa, such as carcinoma in situ, which may evolve to invasive BlCa 

in a short period of time. Furthermore, another current problem regarding BlCa is the 

high recurrence rate among NMIBC cases, which not only may occur several times for 

the same patient, but also may come back as more aggressive and invasive disease (3, 

4). Taking all this into account, the search for non-invasive, sensitive and highly specific 

urine-based biomarkers for early detection and monitoring of BlCa is a hot topic among 

clinicians and researchers who work with this model. Indeed, in Chapter III of this Thesis, 

our focus was to aid solving this need by exploring the value of methylation-based 

biomarkers in BlCa diagnostic and prognostic management.  

Where in Chapter III we focused on current issues in BlCa clinical management, a 

panorama where the disease already exists, in Chapter IV we aimed at looking at the 

molecular mechanisms, especially epigenetic-related, inherent to the disease arising and 

progression. Thus, the results obtained from the studies composing Chapters III and IV 

provide new insights and concepts within BlCa model, namely: 

• Two new methylation-based biomarker panels for BlCa management. The first 

one focusing on urothelial cancer detection (Paper I), and the second focusing 

on BlCa discrimination within an “at-risk” population (Paper II); 

• The novel function of the HDAC SIRT7 in BlCa invasive phenotype (Paper III); 

• The unexplored contribution of the new molecular classification of BlCa in NMIBC 

cases (Paper IV); 
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• The newly described epigenetic regulation of Vimentin expression in normal and 

neoplastic urothelial cells, and its contribution to acquisition of invasive and 

metastatic phenotypes (Paper V). 

 

Thereunder, the most relevant results of the manuscripts previously presented are 

discussed. 

 

Two new methylation-based biomarker panels for BlCa management 

It is well established that DNA methylation plays a key role in the repression of several 

cancer-related genes, which explains the deregulation of methylation levels through cells 

neoplastic transformation. Also widely altered in cancer is the expression of miRNAs, 

which are important regulators of gene expression. Moreover, these miRNAs can also 

be targets of deregulation in cancer, mainly through their promoter methylation. Indeed, 

many authors have been exploring the use of miRNAs promoter methylation as 

biomarkers for cancer detection. With that in mind, in our first study – Paper I – we 

explored the usefulness of a panel of two previously identified (5) miRNAs promoter 

methylation – miR-129-2 and miR-663a – in the detection of urothelial carcinomas (BlCa 

and UTUC). Indeed, there is a current need for urinary biomarkers able to discriminate 

UCs, which gather biological and genomic similarities, from the most common 

genitourinary malignancies – prostate and renal carcinomas (6). The studied methylation 

panel was able to discriminate UC, not only from normal urothelial mucosa in a tissue 

set of samples, but also against healthy volunteers and, more importantly, prostate and 

kidney cancer patients in a urine-testing set, with high sensitivity and specificity. These 

results are particularly important because they allowed for the discrimination of UTUC 

from renal cell carcinoma, which are frequently difficult to discern in gold standard 

examination due to their anatomical proximity. Moreover, the studied methylation panel 

sensitivity was also much superior to the respective results of urine cytology for the same 

cases. Despite cytology providing important information about exfoliated cells in urine, 

many researchers and clinicians have expressed their concerns regarding its use as an 

auxiliary test for UC detection, due to low sensitivity in detecting non-invasive urothelial 

neoplasms (7, 8). The main novelty of our proposed panel is the ability to detect all UCs, 

whereas the majority of other comparable studies focused on only BlCa or UTUC 

separately, and not all compared their results with samples from other genitourinary 

neoplasms, which we found important to assess (9). Indeed, since our results were 

published, and to the best of our knowledge, no new studies within these specificities 

were divulged. Despite this, it is important to mention that our panel is a laboratory-
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developed test, and larger multicentre prospective studies are required to better assess 

its for in vitro diagnostic (IVD) settings.   

Another important issue regarding biomarker research in BlCa is the need for a highly 

specific test which may be offered to an “at-risk” population, whom share the same 

common previously mentioned BlCa symptoms, such as haematuria. Taking into 

consideration this demand, we designed the study which originated Paper II. Herein, we 

used the most promising methylation biomarkers explored in two previously published 

panels - miR-663a (miR663ame) from Paper I, and Vimentin (VIMme) from a previous work 

from our research team (10) – and we sought to use these markers in voided urines as 

a multiplex panel for accurate discrimination of BlCa from patients afflicted with 

inflammatory conditions of the genitourinary tract. The most important result obtained in 

this study was the ability of VIMme-miR663ame multiplex test to discriminate BlCa cases 

from patients with inflammatory conditions with 80% sensitivity and 87% NPV, which are 

very promising results taking into account that the main goal is to offer this test to an “at-

risk” population. In these cases, a test with high NPV is crucial because it could avoid 

unnecessary cystoscopies. Indeed, and despite the need for further validation in larger 

multicentre studies, the ultimate implementation of this panel on clinical practice might 

help better stratify patients for confirmatory, invasive examinations, ultimately improving 

the cost-effectiveness of BlCa diagnosis and management by reducing the number of 

unnecessary cystoscopies (11).  

Currently, only three methylation-based tests are approved for IVD use in the context of 

BlCa management: AssureMDx and Bladder CARETM tests for diagnostic use, and 

EpiCheck® test for post-treatment monitoring (12). Whereas Bladder CARETM test 

performed its validation using only healthy donor’s as control samples, AssureMDx took 

a more similar approach to ours (13). AssureMDx combines the evaluation of OTX1, 

ONECUT2 and TWIST genes promoter methylation and the mutational load of FGFR3, 

TERT and HRAS, and intends to assess the risk of developing BlCa in urine samples of 

patients with haematuria. This test was validated in a prospective, multicentre study, with 

a cohort similar to ours, comprised by 97 BlCa patients and 103 non-malignant 

haematuria patients (13). The reported sensitivity and specificity for BlCa detection was 

93% and 86%, respectively. Although our VIMme-miR663ame test reached a lower 

sensitivity and specificity, it should be mentioned that we have performed our validation 

in a bigger group of non-malignant haematuria patients (N= 174). Moreover, when using 

an approach similar to those used in the AssureMDx validation paper, where NPV was 

calculated taking into account the predicted percentage of BlCa cases in a population of 

haematuria patients (5%), our NPV increased to 99% (data not published) (13,14). This 

result reinforces the value of the VIMme-miR663ame panel as an auxiliary test which might 



 

 204 

be offered to patients with haematuria. Moreover, our test uses a single detection 

technique (qMSP) to provide a result, whereas the aforementioned AssureMDx relies on 

both methylation and mutation analysis, which difficulties its implementation in clinical 

practice workflow. Indeed, although the usage of a single biomarker may be inadequate 

and a combination of several biomarkers better informs clinical decision, it is known that 

the greater the number of genes to be analysed, the higher cost associated. Therefore, 

panels should be constituted by a minimum number of biomarkers in order to enhance 

their applicability in clinical settings. Indeed, this may be the main obstacle in the 

implementation of EpiCheck test into the clinical practice, which is based in the analysis 

of 15 genes promoter methylation in urines of patients previously diagnosed with BlCa, 

in order to detect possible recurrences and to reduce the number of follow-up 

cystoscopies (15). This methylation-based test is, currently, one of the IVD tests with 

most advanced clinical validation for post-treatment monitoring/surveillance purposes, 

and it developed to be used in combination with cytology to reduce the invasiveness in 

the follow-up of NMIBC patients. We propose a similar algorithm for the VIMme-

miR663ame, to be applied in an early stage of primary disease detection. Finally, we have 

also found that high miR663ame independently predicted worse clinical outcome, 

especially for patients with invasive BlCa. This is an important result, considering the 

aforementioned difficulty in stratifying patients which would benefit on a stricter and more 

personalized treatment options and follow-up (2). Hence, miR663ame analysis might also 

provide relevant information for patient monitoring. 

The quest for biomarkers in BlCa, especially epigenetic/methylation-based, is not new, 

and it is the research focus of various teams (16, 17). As the number of proposed 

detection and prognostic markers in these studies increases, in Chapter III we have 

proposed answers to current demands: to find highly specific markers, either to be used 

among other genitourinary malignancies (Paper I), or among benign urogenital tract 

conditions (Paper II), which could ultimately help in better manage this disease.   

 

The novel function of the HDAC SIRT7 in BlCa invasive phenotype 

As a long-term interest of our research team, we have started by looking at the role of 

HDACs family of Sirtuins in BlCa. Sirtuins are a class of epigenetic regulators that 

modulate the activity of their targets by removing covalently attached acetyl groups (18). 

These proteins have been clearly shown as key factors in regulating important cellular 

processes, with functions described in the central/peripheral nervous system, 

cardiovascular and immune systems, as well as tissue regeneration. Because of their 

biological function in cells, sirtuins are also deregulated in most age-related diseases, 

especially metabolic disorders and cancer (19). Thus, better understanding of the 



 

 205 

biological role of these unique enzymes in tumorigenesis might provide novel putative 

therapeutic targets. Although sirtuins have been characterized in various neoplasms, 

their putative role in BlCa remained elusive. Thus, in Paper III we sought to 

comprehensively characterize all sirtuins expression in BlCa tissues and provide insights 

about a majorly deregulated sirtuin – SIRT7 – and the molecular mechanisms underlying 

BlCa cells invasive phenotype. Herein, we have started by showing that all sirtuins, 

except for SIRT3, were deregulated in BlCa tissues when compared with normal 

mucosa, providing a global analysis of all members of the family in the same samples’ 

cohorts (both ours and TCGA) and bringing together the previous fragmentated 

knowledge about the expression of these molecules in BlCa. This analysis allowed for 

the observation that a particular sirtuin – SIRT7 – which was globally overexpressed in 

BlCa, had its expression reduced in more aggressive tumours, suggesting a possible 

dual role in BlCa carcinogenesis. This hypothesis was enhanced by the observed 

decrease in overall survival in BlCa patients with lower SIRT7 expression for the TCGA 

cohort. Taking this into consideration, we then sought to characterize the effects of its 

deregulated expression at the molecular level and observed a decrease in both cell 

migration and invasion capabilities in SIRT7 in vitro downregulated cell lines, which 

suggested a putative association between SIRT7 and EMT, a process that is key for 

tumour invasion and metastization. This hypothesis was then confirmed as SIRT7 

knockdown significantly associated with decreased E-Cadherin expression and 

augmented expression of the mesenchymal N-Cadherin and EMT-inducing transcription 

factors (SLUG and SNAIL). Moreover, we have also found that the mechanism by which 

SIRT7 affects CDH1 expression, and thus EMT, is probably linked to EZH2 acetylation 

in the absence of this HDAC protein, contributing to the H3K27me3 mark deposition at 

CDH1 promoter, and leading to its ultimate transcription repression. This mechanism, in 

synergy with EMT transcription factors’ upregulation (SNAIL and SLUG), might then lead 

to a shift from epithelial to mesenchymal phenotype, allowing for increased cancer cell 

motility. The major novelty of this work is the newly proposed SIRT7-EZH2-CDH1 

regulation axis, fostering BlCa invasiveness.  

The role of SIRT7 in cancer has been highly debated. SIRT7 is abnormally increased in 

several epithelial cancers, associating with tumour promotion and cell growth (20). 

Paradoxically, SIRT7 also inhibits breast cancer metastasis and oral squamous cell 

carcinoma by antagonizing TGF-β signalling (21,22). Indeed, Tang et al. has recently 

demonstrated that SIRT7 was transcriptionally downregulated through TGF-β, which in 

turn has also a dual role in cancer (23,24). Generally, TGF-β has a tumour suppressor 

effect by inducing cell cycle arrest and apoptosis. However, malignant tumors usually 

bypass this adverse effect by acquiring mutations on TGF-β receptors or SMADs, for 
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example, which provide them with a growth advantage (24). This concept is in-line with 

the oncogenic properties of SIRT7 in the majority of epithelial cancers. On the contrary, 

for tumours where TGF-β signalling is intact and involved in promoting EMT, SIRT7 is 

usually downregulated (22). Some studies in BlCa reported that TGF-β overexpression 

was significantly associated with high tumour grade and advanced pathologic stage (25, 

26). Gathering these results, we may speculate that the mechanism by which SIRT7 

deregulation occurs along BlCa carcinogenesis was by TGF-β interference.  

Although additional studies to prove on exactly how SIRT7 deregulated expression 

occurs along BlCa carcinogenesis are needed, we have provided insights on a new 

pathway implicated in aggressive phenotype, and which may lead to new putative 

therapeutic targets. Indeed, there is a fresh demand for new BlCa therapeutic options, 

as a considerable percentage of BlCa patients do not benefit from current treatment 

options, which, apart for new immunotherapy-based drugs, did not overly changed in the 

last decades (27, 28). Indeed, nowadays, clinicians still have to deal with a high number 

of patients with disease recurrence and progression and, as a result, patients endure a 

long follow-up (29).  

 

The contribution of the new molecular classification of BlCa in NMIBC cases 

Since BlCa therapeutic landscape did not suffer major improvements in the recent years, 

excluding the approval of immune checkpoint inhibitors for metastatic cases, scientists 

became more interested in exploring the molecular basis of this neoplasms, which have 

resulted in an effort to reach a molecular classification based on different molecular traits, 

either for all urothelial carcinomas, or focusing on NMIBC and MIBC separately. Although 

specific differences in classification emerge out of different research teams’ analyses, 

they all share as an overlapping feature the existence of two major BlCa subtypes—

basal/squamous and luminal—for MIBC cases (30). Briefly, basal/squamous subtype is 

mainly composed of advanced stage tumours and metastatic disease, being enriched in 

inactivating mutations and deletions of TP53 and RB1, whereas the luminal subtype is 

associated with papillary histopathological features and enriched in FGFR3 mutations 

(31). To simplify this stratification, an effort has been made to reach a single list of 

specific biomarkers (such as FOXA1, GATA3, KRT5/6 and KRT14) that can be 

effectively translated from wide screening genomic and transcriptomics analyses into the 

clinic for any BlCa setting (both MIBC or NMIBC), but this has not been achieved yet. 

Moreover, and as previously mentioned, the role of EMT in BlCa progression and 

prognosis is of major interest and could provide answers on how to translate this newly 

found molecular traits into BlCa clinical outcomes. Herein, in Paper IV, we aimed to 

characterize the expression of a set of immunohistochemistry markers for defining both 
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luminal and basal/squamous subtypes in a well characterized patient cohort of BlCa, 

looking for clinicopathological correlates and testing their potential for clinical application, 

both within MIBC and, especially, NMIBC cases. Moreover, we have also explored the 

value of adding the expression of VIM, as a classic EMT marker, to the risk stratification 

strategy. In this regard, we have chosen VIM because among the EMT markers it is 

routinely performed in all Pathology departments and it has been consistently associated 

with BlCa detection (Paper II) and prognosis, including in our previous in silico analysis 

(Review Paper I). One of our main conclusions from this work is that there was a 

substantial overlapping in protein expression of luminal and basal markers within BlCa 

specimens, which maintained across both MIBC and NMIBC. Although we believe that 

this may be explained by intratumor heterogeneity and specific tumour cell clones within 

the tumour mass, this result also points out to a major issue, which is finding specific 

tissue markers for each molecular subtype group (30). One of our goals was to perform 

the analysis in both MIBC and NMIBC cases, as the majority of studies focus on the 

former, which are the focus of the transcriptomic-based classifications. In here, some 

NMIBC also depicted basal features, and although this did not dictate differences in 

recurrence, we hypothesize that it might be due to small size of our cohort, and it should 

definitely be a target of further analysis in larger cohorts. Despite the need for more 

specific tissue markers to provide a clear stratification of cases, in general, we conclude 

that the proposed classification remains informative and should be pursued for validation 

in clinical practice by prospective, multicentre studies. The heterogeneity of data and 

methods hinders the prognostic and predictive value of BlCa molecular classification to 

some extent. Indeed, a recent systematic review by Parizi et al. evaluated, in 66 

published studies, the predictive value of molecular subtypes on oncological outcomes 

and response to cancer treatment in patients with BlCa (32). The authors concluded that, 

although current BlCa molecular classification is indeed an important predictor of tumour 

prognosis and can identify patients who would be most likely to benefit from different 

treatment schemes, fine-tuned prospective studies are still necessary to verify the best 

consensus on molecular classification for accurate prognosis and predictive value 

evaluation.  

Moreover, and because EMT is a major important process for the acquisition of an 

aggressive phenotype by cancer cells, we decided to also investigate, for the same set 

of samples, the contribution of VIM, as a mesenchymal marker, in predicting prognosis 

of BlCa patients (33). Indeed, and after the observation of an increase in VIM protein 

expression within increasingly aggressive samples, we have showed that NMIBC 

patients disclosing higher VIM expression had shorter disease-free survival. As vimentin 

immunohistochemistry is not routinely performed when assessing BlCa specimens, we 



 

 208 

propose that, after luminal vs. basal-like BlCa cases stratification, this protein could have 

clinical potential as a prognostic marker within these groups, although larger studies are 

needed to confirm this hypothesis. 

 

The newly described epigenetic regulation of Vimentin expression in normal and 

neoplastic urothelial cells 

One of the most well-performing markers proposed in Papers II and IV, either for 

detection or prognosis of BlCa, respectively, was VIM. Vimentin is an intermediate 

filament, characteristic of cells with mesenchymal phenotype, not expressed in most 

normal epithelia (including urothelium) neither in most carcinomas (34). However, VIM 

de-novo expression or overexpression has been reported in various epithelial cancers, 

associating with increased tumour growth, invasion and poor prognosis (35). Indeed, and 

as previously mentioned, VIM expression has been associated with EMT, constituting a 

well-known mesenchymal marker. Nonetheless, the role of vimentin in EMT 

development needs further clarification, and it is not established how VIM expression is 

fine-tuned from its absence in normal urothelial cells to its overexpression in invasive 

carcinoma cells. Indeed, a deeper understanding of the EMT molecular events would 

allow the identification of the subset of patients that harbour aggressive tumours, which 

require a different treatment approach and managing procedures. Moreover, the 

discovery of the molecular mechanisms, which lead to this "switch" of expression of 

vimentin, may also point to new therapeutic agents to prevent BlCa progression and 

metastization. Thus, in our final work - Paper V - we aimed to investigate VIM expression 

and regulation in normal urothelium and BlCa, and if VIM deregulation is implicated in 

the disease progression and aggressiveness. As we had previously observed in our 

previous papers, we began by confirming that BlCa tissue samples disclosed higher VIM 

methylation levels than normal urothelium samples, and that these levels decreased in 

metastases tissues. Regarding normal urothelium samples, and because one of the 

major goals of this work was to pinpoint if VIM expression is epigenetically regulated in 

these cells, we have first focused our attention in the methylation analysis for this group 

of samples, where we found that VIM methylation was null/undetected. We then 

hypothesised if histone PTMs could be influencing gene repression and performed, for 

that purpose, ChIP-seq and ChIP-qPCR experiments in normal urothelium primary cells, 

where we detected a high deposition of repressive marks at the expense of active PTMs 

through VIM promoter region, suggesting that this mechanism has a role in maintaining 

low VIM expression levels in normal urothelium. This finding was very important to 

consolidate the putative role of epigenetic mechanisms in VIM regulation in urothelial 

cells. Indeed, when we exposed immortalized BlCa cells to epigenetic modulating drugs, 
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we observed not only a deregulation in VIM methylation levels, but also a differential 

deposition of histone PTMs across its promoter, reinforcing the importance of different 

layers of epigenetic regulatory mechanisms for this gene. Thus, and to the best of our 

knowledge, this is the first study which thoroughly attempts to describe how the Vimentin 

“switch” occurs in normal to cancer urothelial cells and the importance of regulatory 

epigenetic mechanisms for this feature, which could open new pathways for epigenetic-

based therapies with this specific molecular target (36). 

Moreover, the second major goal of this work was to unveil the phenotypic impact of VIM 

deregulation in BlCa cells. For that purpose, and after in vitro CRISPR-Cas9 forced 

knockdown of VIM gene, phenotypic assays demonstrated that, although VIM 

downregulation did not affect cell proliferation or apoptosis, it impaired cell motility, 

decreasing both cell migration and cell invasion capabilities. These effects, combined 

with the negative correlation between VIM and ECAD and positive association between 

VIM and NCAD, either in tissue or VIM modulated cells, immediately consolidated its 

putative association with EMT. Moreover, the morphological changes in VIM knockdown 

cells towards epithelial-like features also corroborated the previous observations. Some 

authors have proposed that neoplastic cells present Vimentin at its surface, and this 

finding has led to efforts to target it as a potential therapy. For example, Noh et al. found 

that glioblastoma multiforme stem cells expressing surface vimentin had higher spheroid 

formation capabilities, and that treatment of these cells with an anti-VIM antibody lead to 

internalization of surface vimentin, which in turn associated with lower cell viability due 

to apoptosis and diminished tumour growth in a mouse model (37, 38). With these 

concepts, along with our new results regarding VIM regulation in BlCa, we propose that 

future efforts should be made to study VIM as a biological target and modulator of BlCa 

cells migratory capabilities. 

 

Bringing together the major outcomes of this Thesis, we can clearly separate them into 

the two above mentioned Chapters III and IV. Where in the former we suggested new 

epigenetic markers for possible future implementation into the clinical management of 

BlCa, in the latter we focused on highlighting new mechanisms which could help in a 

better understanding on how the disease occurs and the suggestion of new possible 

therapy targets (Figure X).  
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Figure 1. Schematic representation of the major outcomes achieved in this doctoral Thesis. Created with BioRender.com.
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Conclusions and Future Perspectives 
 
Albeit this Thesis provides both clinical and mechanistic views of how epigenetic 

mechanisms deregulation can either be used as auxiliary tools for BlCa detection and 

prognostic management and as direct players in various steps of bladder carcinogenesis 

processes, there are some interesting questions and hypothesis that either derived from 

these results or are emergent topics in current BlCa research landscape.  

 

1) Validate proposed epigenetic markers for BlCa detection and prognostic. 

 

In this Thesis we propose two panels of methylation markers which could be potentially 

used in clinical practice to improve BlCa detection, and which could also carry prognostic 

value for some patients. Although these results are promising, a proper multicentre 

validation, with larger cohorts of patients, should be carried to confirm its application and 

test-offering to a target population. Thus, an investment by governments and hospitals 

should be done, to apply the results of translational research into clinical practice. 

 

2)  Investigate the use of new epigenetic markers for BlCa therapeutic surveillance. 

 

Current therapeutic options for BlCa are somehow limited. While the first line treatment 

for the majority of BlCa cases is the surgical removal of the tumour or the whole bladder, 

many patients also fulfil a therapeutic drug-based plan as part of their treatment plan, 

which depends on tumour stage and grade, as well as other factors. These include BCG 

or Mitomycin C bladder instillations for patients with NMIBC disease or systemic NAC 

therapies for MIBC cases. However, the high recurrence rate or the inability to fulfil 

therapeutic treatment plans due to associated comorbidities is still a problem. Thus, 

there is an urgent need to find specific biomarkers which could help better predict 

treatment response and whose patients would benefit from a specific therapy. The 

advantage of studying epigenetic-based biomarkers is the fact that the majority of main 

epigenetic mechanisms, such as methylation, is highly susceptible of changes in cell’s 

microenvironment, which is highly shuffled through a drug-based treatment. 

  

3) Explore new therapeutic options, especially as a result of immuno-oncology and 

checkpoint inhibitors. 

 

In the last decade, immunotherapy has changed the landscape of cancer treatment. 

Although some drugs have been used in a specific group of BlCa, with the stratification 
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of patients based on their tumour specific molecular traits, the future aims at finding 

personalized treatment options according to these features. In this regard, combining 

epigenetic drugs with standard chemotherapy or immunotherapy has gained increased 

interest. The notion that epigenetic drugs may help reverse drug resistance or induce 

immune responses has fueled this hypothesis. Thus, exploring new potential epigenetic 

targets with therapeutic purpose is of great interest for current BlCa research. In this 

Thesis we have explored some new biological mechanisms in Paper III and V, which 

could be pursued for this purpose.  

 

4) Better stratify BlCa tumours by seeking the molecular classification and its 

application into clinical practice. 

 

One of the main conclusions of Paper IV is that the application of BlCa molecular groups 

into clinical practice is not yet fine-tuned. Although the current proposed markers for 

basal/squamous vs. luminal-like stratification are a good starting point for the translation 

of this classification into routine, new highly specific tissue markers should be 

investigated and added to a panel, easily assessed by immunohistochemistry. Moreover, 

an effort should be made in order to apply the current molecular classification to non-

invasive BlCa cases, which still represent a major problem regarding recurrence rates 

and unpredictable prognosis.  

 

5) Explore the role of non-coding RNAs and Epitranscriptomics regulation in BlCa. 

 

Throughout this Thesis we substantiate the notion that BlCa is driven by epigenetic 

mechanisms, such as DNA hypermethylation-associated gene silencing and aberrant 

histone modifications. More recently, a third component has surfaced: the field of 

Epitranscriptomics, which refers to RNA chemical modifications, being implicated in post-

trancriptional regulation. Indeed, research on the genetic and epigenetic factors that 

affect RNA might greatly improved our understanding of cancer biology and 

mechanisms. In addition, the development of anticancer drugs based on these 

alterations may also bring new promising therapeutic strategies for cancers, especially 

BlCa. 
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Abstract: Bladder cancer is one of the most incident neoplasms worldwide, and its treatment
remains a significant challenge, since the mechanisms underlying disease progression are still poorly
understood. The epithelial to mesenchymal transition (EMT) has been proven to play an important
role in the tumorigenic process, particularly in cancer cell invasiveness and metastatic potential.
Several studies have reported the importance of epigenetic mechanisms and enzymes, which
orchestrate them in several features of cancer cells and, specifically, in EMT. In this paper, we discuss
the epigenetic enzymes, protein-coding and non-coding genes, and mechanisms altered in the EMT
process occurring in bladder cancer cells, as well as its implications, which allows for improved
understanding of bladder cancer biology and for the development of novel targeted therapies.

Keywords: bladder cancer; EMT; miRNA; lncRNA; epigenetics

1. Introduction

1.1. Bladder Cancer

Bladder cancer (BlCa) is the seventh most prevalent cancer worldwide and the second most
frequent urological malignancy after prostate cancer. Incidence has been rising in most countries, with
an estimated 549,393 new cases diagnosed in 2018 and 990,724 new cases expected in 2040. Therefore,
this almost doubled the number. Moreover, BlCa constitutes an important cause of cancer-related
death with 199,922 deaths estimated in 2018 and 387,232 predicted for 2040 [1,2]. There is a strong male
predominance, approximating a 3:1 ratio, and epidemiological trends track closely the prevalence of
tobacco smoking [3]. Similar to other urological malignancies, mortality-to-incidence ratios are higher
in underdeveloped countries, which probably reflects different environmental exposures and/or
inequalities in healthcare accessibility [4]. Importantly, due to its high prevalence, mortality and,
particularly, the propensity for multiple recurrences and/or disease progression and consequent
additional treatments, BlCa is the most costly neoplastic disease constituting an important financial
burden (costs about €4.9 billion in the European Union, alone, in 2012) [5].

BlCa generally refers to a cancer derived from epithelial layer, the urothelium, which is shared with
other organs of the urinary tract and it extends from the renal pelvis to the urethra. Hence, although
other much rarer tumor formations occur, its major histological subtype is urothelial carcinoma, which
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will be the focus of this review. Two major forms of BlCa are acknowledged, differing clinically,
pathologically, and molecularly. Non-muscle invasive BlCa (NMIBC, corresponding to 75% to 80%
of all cases, disclosing papillary architecture, with the propensity to recur and eventually invade the
bladder wall over time) and muscle-invasive BlCa (MIBC, 20% to 25% of all cases, mostly derived
from urothelial carcinoma in situ, which constitutes an aggressive disease that invades locally and
metastasizes systemically) [6,7].

1.2. Epigenetics

During many years, scientists believed that living organisms’ identity was defined by the genetic
component of its cells, but, rapidly, it became clear that this could not explain how cells with the same
genomic composition could disclose different phenotypes depending on different conditions. Now it is
known that the identity of a cell is defined by both genetic and epigenetic patterns with the latter being
crucial for fetal development in mammals, as well as cell and tissue differentiation [8–11]. Epigenetics is
defined as the study of heritable modifications of DNA or associated proteins, which carry information
related to gene expression during cell division, and currently encompasses all potentially reversible
mechanisms that lead to changes in expression regulation without affecting the DNA sequence [12].
The most well-known epigenetic mechanisms comprise four major groups: DNA methylation, histone
post-translational modifications or chromatin remodeling, histone variants, and non-coding RNAs’
regulation [11]. These modifications are tightly regulated by several enzymes, which may act isolated
or in chromatin remodeling complexes, and grouped according to function. These epigenetic enzymes
include: DNA methyltransferases (DNMTs) and demethylases (TETs), histone methyltransferases
(HTMs) and demethylases (HDMs), histone acetyltransferases (HATs) and deacetylases (HDACs),
and histone ubiquitin ligases (UbLs) and deubiquitinases (dUbs) [12].

Cancer cells exhibit a distinct epigenetic landscape and they take advantage of all of the previously
mentioned mechanisms to acquire the characteristic malignant features, from transformation to
progression [13]. BlCa is no exception. Several studies have associated epigenetic machinery
deregulation and this cancer type. Moreover, the potential of epigenetic biomarkers to assist in clinical
management of BlCa patients, not only for detection, but also for follow-up, treatment monitoring and
prediction of recurrence/progression has been intensively investigated [14,15]. In parallel, efforts have
been made to understand how epigenetic mechanisms are involved in the various steps of urothelial
carcinogenesis [16,17]. One question remains mostly unanswered. What mechanisms distinguish
neoplastic cells with the ability to invade the muscle layer of the bladder, and eventually metastasize,
from those that do not have this ability? In fact, epigenetics may help answer this question.

1.3. Epithelial to Mesenchymal Transition

The epithelial to mesenchymal transition (EMT) is a multistep process in which epithelial cells
acquire a range of mesenchymal characteristics, which enables cell motility and invasiveness [18].
Importantly, these mesenchymal characteristics are reversible, with cells resuming their epithelial
phenotype, through a process named mesenchymal to epithelial transition (MET). Recently, the classic
concept of EMT, which strictly pointed out to mutually exclusive epithelial or mesenchymal
phenotypes, has been challenged by “partial EMT” in which cells may transiently display both
epithelial and mesenchymal features, corresponding to an intermediate state of EMT [19,20].
The concept of a partial EMT may be explained by implicating epigenetic regulation of EMT/MET
reversibility and cell plasticity. Various factors and cellular environmental conditions are known
to induce EMT, by triggering a cascade of signalling pathways that lead to post-transcriptional
modification of the most well-known EMT transcription factors (EMT-TFs): Snail, Slug, ZEB1,
ZEB2, and TWIST [21,22]. The interplay between the EMT-TFs and various key regulatory proteins
and epigenetic enzymes that regulate EMT-TFs themselves, results in overexpression or repression
of well-described EMT effectors, such as the cadherin family (CDH1, CDH2, and CDH3) and
vimentin [23–26].
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1.4. Influence of EMT Major Players in Bladder Cancer

EMT is essential for various physiological processes, including early embryogenesis as well as
in cancer. Accordingly, in vitro and in vivo studies implicated EMT in cell invasion and metastatic
potential in several cancer types [19]. Intense research efforts uncovered the major EMT players in
epithelial cancers, including BlCa. We performed an in silico analysis of The Cancer Genome Atlas
(TCGA) database for BlCa (using the online resource cBioPortal for Cancer Genomics [27]), with a
user-defined entry set of major EMT players (CDH1, CDH2, CDH3, CTNNB1, GSK3B, MMP2, MUC1,
SNAI2, SNAI1, TWIST1, VIM, ZEB1, and ZEB2), and we found that these genes are deregulated in
272/413 (66%) tumors being significantly associated with reduced overall survival (p = 0.0098) and
disease/progression-free survival (p = 0.0279) (Figure 1A,B). Furthermore, the expression levels of
mesenchymal markers, like MMP2, VIM, TWIST1, ZEB1, and ZEB2, were significantly higher in stages
III/IV when compared to stages I/II (p < 0.0001) (Figure 1C–F).
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2. Epigenetic Enzymes and Mechanisms Altering EMT in Bladder Cancer

2.1. Protein-Coding Genes

DNA methylation and chromatin remodelling deregulation in cancer result from aberrant epigenetic
enzymes’ activity that ultimately lead to abnormal gene expression, which empowers tumors to
quickly evolve. It facilitates invasion and metastasis. Overall, while the importance of these epigenetic
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enzymes in promoting bladder cancer transformation has been already acknowledged, only a limited
number of studies have characterized its role in the context of EMT process in this tumor model.

One of the epigenetic enzymes involved in EMT is the enhancer of zeste homolog 2 (EZH2),
which is a core subunit of the polycomb repressive complex 2 (PRC2) that acts as a chromatin modifier
by adding two or three methyl groups at H3K27 residues [28]. In several cancer models, EZH2 was
proven to be associated with CDH1 transcriptional silencing and the mesenchymal phenotype [29–31].
Using chromatin immunoprecipitation (ChIP), Luo M. et al. demonstrated EZH2 and H3K23me3
enrichment within CDH1 promoter in BlCa cells even though no clues were yet provided on how
PRC2 is specifically recruited to CDH1 [32]. Nonetheless, Kottakis et al. suggested that EZH2 might be
regulated by FGF-2 upregulation in BlCa cells, which, in turn, upregulates the lysine demethylase 2B
(KDM2B) and triggers EZH2 recruitment. The upregulation of these two enzymes is associated with
miR-101 transcription repression, due to H3K36 demethylation by KDM2B, and H3K27 trimethylation
by EZH2. As a result, and because EZH2 is also post-transcriptionally regulated by miR-101, these
events ultimately contribute to EZH2 overexpression in a loop [33–35]. Moreover, several EMT-TFs
were also found to be overexpressed in these cells, which further supports EZH2 implication in
EMT [33,36]. The E2F1 transcription factor and the epigenetic reader BRD4 were also suggested as
possible EZH2 regulators in BlCa, but its direct link with EMT and respective TFs is still elusive [37,38].
Importantly, because EZH2 overexpression is common to several tumors, inhibitors for this histone
methyltransferase are under evaluation as potential anticancer drugs in phase one and two clinical
trials [39]. Nevertheless, just one of the undergoing studies targets BlCa patients, and only those that
have unresectable or metastatic disease [40]. The development of new therapies for BlCa is still an
unmet need since these tumors have limited treatment options. Specifically, EZH2 inhibition might
restrain the progression of non-muscle to muscle invasive disease.

DNA methylation—a covalent modification of DNA, in which a methyl group is transferred
from S-adenosylmethionine (SAM) to the fifth carbon of a cytosine-constitutes a stable and heritable
mark frequently associated with the maintenance of a closed chromatin structure, which results in
the silencing of repeat elements in the genome and genes’ transcriptional repression [41]. Across the
genome, clustered regions of CpG dinucleotides, also known as CpG islands, are often found in genes’
promoter regions. Several cancer-related genes were reported to be regulated by promoter methylation,
some of which were implicated in BlCa EMT (Table 1). Among these, serine protease PRSS8 was found
to be downregulated by promoter methylation in high-grade BlCa tissues, and its overexpression in
cell lines was associated with E-Cadherin upregulation, which suggests an interplay between these
two proteins during epithelial differentiation [42,43].

Similarly, the Elf5 transcription factor, which is also regulated by methylation in several cellular
developmental processes, was associated with EMT in primary BlCa and in vitro studies [44–46].
Elf5 reduced expression, both at mRNA and protein levels, is associated with disease progression,
and, in BlCa cell lines, its downregulation is associated with increased mesenchymal markers, such as
Snail, ZEB1, and vimentin. Furthermore, ELF5-silenced BlCa cells exhibited an invasive phenotype,
and exposure to the demethylating agent 5-AZA restored ELF5 expression in the same cells, which
attenuated its invasion capacity [46].
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Table 1. Epigenetically modulated protein-coding genes implicated in Bladder Cancer EMT.

Gene Expression in BlCa Effect on EMT Epigenetic Regulation Sample Type and Size Author

MAEL Upregulated

↑EMT
(↓ECAD, ↓β-catenin, ↑Fibronectin, ↑VIM)

Recruitment of DNMT3B and HDAC1/2 to
MTSS1 promoter)

Downregulated by miR186 184 primary tumors,
in vitro and in vivo assays

Li, X.D., 2016
[47]

GDF15 Downregulated
↓EMT

(knockdown cells with ↓ECAD, ↑NCAD, ↑Snail,
↑Slug)

Upregulated by demethylation In vivo assays Tsui, K.H. and Hsu, S.Y., 2015
[48]

KLF4 Downregulated

↓EMT
(↑ECAD, ↓NCAD, ↓ β-catenin, ↓VIM, ↓Snail, ↓Slug)

Promoter methylation;
Upregulated by 5AZA treatment

139 non-muscle invasive
primary tumors, in vitro

and in vivo assays

Li, H. and Wang, J., 2013
[49]

↓EMT
(Upregulation)

Promoter methylation confirmed
by BSP In vitro assays Xu, X., 2017

[50]

PRSS8 Downregulated ↓EMT
(↑ECAD in cells with forced PRSS8 expression)

Promoter methylation.
Upregulated by 5AZA and

TSA treatment

40 primary tumors and
in vivo assays

Chen, L.M., 2009
[43]

ELF5 Downregulated ↓EMT
(↑ECAD, ↓NCAD, ↓VIM, ↓Snail, ↓ZEB1)

Promoter methylation.
Upregulated by 5AZA treatment

182 FFPE + 50 FF primary
tumors and in vivo assays

Wu, B., 2015
[46]

Abbreviations: 5AZA—5-Azacytidine. BlCa—bladder cancer. BSP—Bisulfite sequencing. EMT—epithelial to mesenchymal transition. FF—Fresh-frozen. FFPE—Formalin-fixed
paraffin-embedded. miR—microRNA. TSA—Trichostatin A.
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Furthermore, hypermethylation of the growth differentiation factor-15 (GDF15), which is a
member of the TGF-β superfamily reported as an urothelial cancer biomarker [51,52], was found to be
lower in BlCa cell lines derived from MIBC tumors. Moreover, GDF15-knockdown cells displayed
E-Cadherin downregulation while several EMT-TFs were upregulated [48]. Thus, the discovery
of epigenetically downregulated genes in MIBC provides new insights about BlCa progression
and metastasis.

KLF4, which is a zinc finger transcription factor, is commonly downregulated in several
cancers [53–56] including BlCa [49,50]. Specifically, KLF4 was found to be repressed by promoter
methylation [49,50]. Furthermore, (CRISPR)-ON upregulation reduced BlCa cells’ migration, invasion
and EMT abilities, which is paralleled by the growth inhibition of tumor xenografts and lung metastasis
formation in mice. However, epigenetic editing (e.g., residue specific methylation or demethylation)
would be more suitable for assessing the specific role of KLF4 promoter methylation in gene expression
regulation [57,58]. The new epigenetic tools available would allow for the clarification of promoter
methylation’s regulation of all the previously mentioned genes implicated in BlCa EMT and metastasis.

Several epigenetic mechanisms act synergistically to maintain the epigenetic landscape through
a regulation loop in which they simultaneously control protein-coding genes’ expression and other
epigenetic players at different regulation levels. Specifically, for BlCa, the oncogene maelstrom (MAEL),
frequently upregulated in this malignancy, downregulates the metastasis suppressor MTSS1 gene by
recruiting DNMT3B and HDAC1/2 to its promoter. Moreover, MAEL is also targeted by miR-186
and, possibly, by loss of promoter methylation, which constitutes an example of a gene that recruits
epigenetic enzymes and is, in turn, regulated by epigenetic mechanisms [47].

2.2. Non-Coding RNAs

Non-coding RNAs (ncRNAs) are also involved in the dynamic regulation of EMT-related genes’
expression. There are several ncRNA categories, commonly classified according to their size, including
the long ncRNAs (lncRNAs) with more than 200 nt and the small ncRNAs (sncRNAs), which present
less than 200 nt [59,60]. ncRNAs, not only directly hinder messenger RNA (mRNA), but also
interact (directly or indirectly) with DNMTs, various histone modifying enzymes, and remodelling
complexes, which establishes important links between all epigenetic players that modulate gene
expression. Therefore, ncRNAs have been implicated in a broad range of biological processes,
including proliferation, adhesion, invasion, migration, metastasis, stemness, apoptosis, genomic
instability, and, also, EMT, by mediating cell-cell communication (via ncRNA-containing extracellular
vesicles), which binds to transcription factors and proteins, DNA methylation regulation, splicing, and
scaffolding [61,62].

Among ncRNAs, sncRNAs have been considered the most biologically relevant in the context
of EMT. They are involved in post-transcriptional regulation of target RNAs (by forming complexes
with proteins of the Argonaute family) with microRNAs being the most intensively studied within this
class. Their mature forms are single-stranded and have 20–25 nt in length, which constitutes the final
product of a processing pathway involving DROSHA, DICER, and RISC [63]. In fact, in silico analysis
has shown several up-regulated and downregulated microRNAs that target the most important EMT
players associated with aggressive disease [64].

Our literature review disclosed 31 different microRNAs, which participate in BlCa EMT regulation
[(Table 2), [65–92]]. Most studies were performed in patients’ samples (n = 25) and/or in cell
lines (n = 31), but some have also tested animal models (n = 9). For most microRNAs, the net
effect was to counteract an EMT phenomenon (n = 25), while only miR92 family/miR92b, miR135a,
miR221, miR224, and miR301b were reported to promote EMT. In addition, to a putative value as
diagnostic markers, 13 microRNAs were shown to have prognostic and/or predictive value as well,
associated with clinicopathological variables such as tumor grade, stage, occurrence of metastases,
and patients’ survival.
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Table 2. Non-coding RNAs associated with EMT in bladder cancer.

Non-Coding RNA Effect on EMT (and Others) Main Regulators Main Targets/Pathways Sample Type and Size Author

Small Non-Coding RNAs

miR22 ↓EMT, diagnostic value
(↓ in tumor, vs. normal)

Snail and
MAPK/Slug/VIM

13 primary tumors, in vitro and
in vivo assays Xu, M., 2018 [90]

miR23b ↓EMT, diagnostic (↓ in tumor vs.
normal) and prognostic (↑OS) value ZEB1 20 primary tumors and

in vivo assays Majid, S., 2013 [68]

miR24 ↓EMT, diagnostic value
(↓ in tumor, vs. normal) CARMA3 In vitro assays Zhang, S., 2015 [71]

miR34a ↓EMT, diagnostic value
(↓ in tumor, vs. normal) CD44 8 primary tumors, in vitro and

in vivo assays Yu, G., 2014 [72]

miR92 (family)
↑EMT, diagnostic

(↑ in tumor vs. normal) value, induces
cisplatin resistance

GSK-3β/
Wnt/c-myc/MMP7

20 primary tumors and
In vitro assays Wang, H., 2016 [79]

miR92b ↑EMT DAB2IP In vitro assays Huang, J., 2016 [80]

miR-124-3p ↓EMT, diagnostic value
(↓ in tumor, vs. normal) ROCK1, MMP2, MMP9 13 primary tumors and

in vitro assays Xu, X., 2013 [66]

miR135a ↑EMT GSK-3β 165 primary tumors and
in vitro assays Mao, X.W., 2018 [91]

miR141 ↓EMT, prognostic value
(LN metastases)

MMP2 and 9, Vimentin,
N-Cadherin, E-Cadherin

30 primary tumors, 78 urine
samples and in vitro assays Liu, W. and Qi, L., 2015 [93]

miR-148a-3p ↓EMT, diagnostic value
(↓ in tumor, vs. normal)

↓expression mediated by
DNA methylation (DNMT1) –

↑expression with 5AZA

ERBB3-AKT2-c-myc/SNAIL
axis

59 primary tumors, in vitro and
in vivo assays Wang, X., 2016 [82]

miR186 ↓EMT, diagnostic value
(↓ in tumor, vs. normal) NSBP1 20 primary tumors and

in vitro assays Yao, K., 2015 [73]

miR-199a-5p
↓EMT, diagnostic (↓ in tumor vs.
normal) and prognostic (stage,

grade) value
CCR7, MMP9 40 primary tumors and

in vitro assays Zhou, M., 2016 [81]

miR200 (family) ↓EMT, prognostic value (↑ survival) ↓expression mediated by
EZH2 and BMI-1 BMI-1, ZEB1, ZEB2 87 primary tumors and

in vitro assays
Martínez-Fernández, M. and

Duenas, M., 2015 [74]

↓EMT and proliferation, diagnostic (↓
in tumor vs. normal) and prognostic (↑

survival) value
BMI-1 and E2F3 15 primary tumors and

in vitro assays Liu, L., 2014 [69]
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Table 2. Cont.

Non-Coding RNA Effect on EMT (and Others) Main Regulators Main Targets/Pathways Sample Type and Size Author

miR200b

↓EMT, prognostic value
(LN metastases)

MMP2 and 9, Vimentin,
N-Cadherin, E-Cadherin

30 primary tumors, 78 urine
samples and in vitro assays Liu, W. and Qi, L., 2015 [93]

↓EMT ↓expression mediated by
TGF-β1 MMP16 In vitro assays Chen, M.F. and Zeng, F., 2014 [75]

miR200c ↓EMT, restores sensitivity to
EGFR inhibitors ZEB1, ZEB2 and ERRFI-1 In vitro assays Adam, L., 2009 [65]

miR203 ↓EMT, diagnostic value
(↓ in tumor, vs. normal) Twist1 24 primary tumors and

in vitro assays Shen, J., 2017 [85]

miR205 ↓EMT, poor prognosis ↑expression mediated by p63
isoform ∆Np63α ZEB1, ZEB2 98 primary tumors and

in vitro assays Tran, M.N., 2013 [67]

miR221 ↑EMT ↑expression mediated by
TGF-β1 STMN1 In vitro assays Liu, J., 2015 [76]

miR224
↑EMT, diagnostic (↑ in tumor vs.
normal) and prognostic (stage,
metastases, ↓survival) value

SUFU/Hedgehog
pathway

97 primary tumors, in vitro and
in vivo assays

Miao, X., Gao, H. and
Liu, S., 2018 [86]

miR301b ↑EMT, diagnostic value (↑ in tumor,
vs. normal) EGR1 In vitro assays Yan, L., 2017 [94]

miR-323a-3p ↓EMT, diagnostic (↓ in tumor vs.
normal) and prognostic (↑OS) value

↓expression mediated by
methylation of IG-DMR Met/SMAD3/Snail 9 primary tumors and in vivo

assays Li, J., 2017 [87]

miR-370-3p ↓EMT Wnt7a 41 primary tumors in vitro and
in vivo assays Huang, X. and Zhu, H., 2018 [92]

miR-370-5p ↓EMT p21 In vitro assays Wang, C., 2016 [95]

miR424
↓EMT, diagnostic (↓ in tumor vs.

normal) and prognostic (stage, ↑OS
and DFS) value

↓expression mediated by
DNMT1 EGFR pathway 124 primary tumors, in vitro

and in vivo assays Wu, C.T., 2015 [77]

miR429 ↓EMT ZEB1/βcatenin axis In vitro assays Wu, C.L., 2016 [83]

miR433 ↓EMT, diagnostic value (↓ in tumor,
vs. normal)

c-Met/CREB1-Akt/
GSK-3β/Snail

13 primary tumors and
in vitro assays Xu, X., 2016 [84]

miR451
↓EMT, diagnostic (↓ in tumor

vs. normal) and prognostic (grade and
stage) value

E-Cadherin, N-Cadherin 40 primary tumors and
in vitro assays Zeng, T. and Peng, L., 2014 [70]

miR-485-5p ↓EMT, diagnostic value (↓ in tumor
vs. normal) HMGA2 15 primary tumors and

in vitro assays Chen, Z., 2015 [78]
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Table 2. Cont.

Non-Coding RNA Effect on EMT (and Others) Main Regulators Main Targets/Pathways Sample Type and Size Author

miR497
↓EMT, diagnostic (↓ in tumor vs.
normal) and prognostic (stage,

metastases) value
E-Cadherin, Vimentin 50 primary tumors and

in vitro assays Wei, Z., 2017 [88]

miR612
↓EMT, diagnostic (↓ in tumor vs.
normal) and prognostic (stage,

metastases) value
ME1 46 primary tumors and

in vitro assays Liu, M. and Chen, Y., 2018 [96]

miR613 ↓EMT, diagnostic value (↓ in tumor vs.
normal) SphK1 35 primary tumors and

in vitro assays Yu, H., 2017 [89]

Long non-coding RNAs

circRNA MYLK ↑EMT, prognostic value (stage, grade) miR29a/VEGFA/VEGFR2
axis

32 primary tumors, in vitro and
in vivo assays Zhong, Z., 2017 [97]

lncRNA GHET1
↑EMT, diagnostic (↑ in tumor vs.

normal) and prognostic (grade, stage,
metastases, ↓OS) value

E-Cadherin, Vimentin,
Fibronectin, Slug, Twist,

Snail, ZEB1

80 primary tumors and
in vitro assays Li, L.J., 2014 [98]

lncRNA HOTAIR ↑EMT Various EMT players 10 primary tumors and
in vitro assays Berrondo, C., 2016 [99]

lncRNA H19 ↑EMT, diagnostic value (↑ in tumor
vs. normal)

miR-29b-3p/DNMT3B
axis

35 primary tumors, in vitro and
in vivo assays Lv, M., 2017 [100]

lncRNA Malat1 ↑EMT, poor prognosis ↑expression mediated by
TGF-β suz12 95 primary tumors, in vitro and

in vivo assays Fan, Y., 2014 [101]

lncRNA ROR ↑EMT, diagnostic value (↑ in tumor vs.
normal) ZEB1 36 primary tumors and

in vitro assays Chen, Y., 2017 [102]

lncRNA TP73-AS1
↓EMT, diagnostic (↓ in tumor vs.

normal) and prognostic (↑OS and
PFS) value

Various EMT players 128 primary tumors and
in vitro assays Tuo, Z., 2018 [103]

lncRNA TUG1
↑EMT, diagnostic (↑ in tumor vs.
normal) and prognostic (stage,

↓OS) value, promotes radio-resistance
miR145/ ZEB2 axis 54 primary tumors, in vitro and

in vivo assays Tan, J., 2015 [104]

lncRNA UCA1 ↑EMT

miR145-ZEB1/2-FSCN1
axis In vitro assays Xue, M., 2016 [105]

miR143/HMGB1 52 primary tumors and
in vitro assays Luo, J., 2017 [106]

lncRNA XIST ↑EMT miR200c In vitro and in vivo assays Xu, R., 2018 [107]

lncRNA ZEB2NAT ↑EMT, diagnostic value (↑ in tumor vs.
normal)

↑expression mediated by
TGF-β1 ZEB2 30 primary tumors and

in vitro assays Zhuang, J. and Lu, Q., 2015 [108]

Abbreviations: DFS—disease-free survival. EMT—epithelial to mesenchymal transition. lncRNA—long non-coding RNA. miR—microRNA. OS—overall survival.
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Some of the most well-studied microRNAs belong to the miR200 family. Their expression has been
found to hamper EMT in different tumor models such as breast, prostate, ovarian, and endometrial
carcinomas, in part by affecting different EMT players like ZEB1, ZEB2, and E-Cadherin [109–113].
Martínez-Fernández et al. [74] showed that PRC members EZH2 and BMI1 repress miR200 family,
which results in EMT activation and aggressive disease, which is in accordance with the association
of EZH2 overexpression with high risk for recurrence in NMIBC [114]. These findings support the
dynamic regulation and cooperation between protein coding and non-coding RNAs in EMT. Since
EZH2 pharmacological inhibition is already available and efficiently increases miR200 in BlCa cell
lines, this might constitute a therapeutic opportunity for hindering cancer progression. It has also
been reported that epidermal growth factor receptor (EGFR) inhibition may lead to therapeutic
resistance due to mesenchymal features. Additionally, miR200c induction (which targets the ERBB
receptor feedback inhibitor 1-ERRFI-1) is effective in restoring sensitivity to EGFR inhibitors, which
constitutes another example of pharmacological modulation of EMT that could be translated into
clinical practice [65]. Lastly, another member of the miR200 family, miR200b, was demonstrated to
target matrix metalloproteinase-16 (MMP16) in BlCa cell lines, which is downregulated by transforming
growth factor beta 1 (TGF-β1), previously associated with metastatic potential acquisition. This leads
to miR downregulation having a net effect of promoting EMT [75]. In fact, TGF-β1 also cooperates
with several other miRs, including miR221. Liu et al. showed that, by targeting STMN1, miR221
facilitates TGF-β1-induced EMT, and that its inhibition resulted in increased levels of epithelial marker
E-cadherin and reduction of mesenchymal markers such as vimentin, fibroactin, and N-cadherin [76].

A connection between microRNAs and methylation was also reported, which disclosed a
feedback loop between DNMT1 and miR-148a-3p [79]. miR-148a-3p, a BlCa tumor suppressor, and
an EMT inhibitor, by targeting the ERBB3/AKT2/c-MYC axis, was shown to be downregulated
by DNMT1-induced methylation. Moreover, re-expression was observed after treatment with
5-Aza-2’-deoxycytidine (5AZA) [79]. Wu et al. obtained similar findings for miR424 in BlCa cell lines,
in vivo models, and patient-derived specimens. DNMT1 inhibition resulted in substantial miR424
upregulation, which, in turn, promoted epithelial characteristics of BlCa cells (changing the relative
expression levels of E-cadherin and Twist) and resulted in reduced invasion ability. Additionally, the
same authors identified the EGFR-PI3K-AKT axis as the target of miR424, explaining its effect on
EMT [77]. Lastly, miR-323a-3p was also implicated in EMT of BlCa cells by targeting MET and SMAD3,
which interfered with their regulation of Snail and resulted in the net effect of repressing EMT. On the
other hand, miR-323a-3p is downregulated by aberrant methylation of the intergenic differential
methylated region (IG-DMR) [87]. In addition, miRs might also be regulated by methylation and this
feature might be used for urothelial carcinoma detection in bodily fluids, such as urine [115].

EMT-related miRs have also been demonstrated to impact the resistance to cytotoxic drugs.
Furthermore, miR-92 was found to promote EMT (changing the relative expression levels of two of
its major players, E-cadherin, and vimentin) by activating glycogen synthase kinase 3 beta (GSK3B)
and the Wnt signalling pathway, inducing resistance to cisplatin (increasing BlCa cells viability and
decreasing apoptosis upon treatment with cisplatin) [79].

Most of the human genome is transcribed into structural ncRNAs. LncRNAs, which include both
linear and circular forms (the latter being referred to as circRNAs), display different regulatory
functions, according to their cellular location. Whereas nuclear lncRNAs can either sequester
transcription factors and recruit chromatin-remodelling complexes to a cell-site (hence impeding
transcription), or trigger chromatin-modifying complexes (thus, activating transcription), cytoplasmic
lncRNAs modulate RNAs stability and translation, competing with endogenous RNAs (ceRNAs) for
microRNA binding. Additionally, having a longer half-life than their linear counterparts, circRNAs
may also act as microRNA “sponges” [116,117].

Eleven lncRNAs (ten linear and one circRNA) [97–108] have been reported to modulate EMT in
BlCa. Contrary to microRNAs, only one lncRNA (TP73-AS1) was implicated in negative regulation of
EMT, whereas all the remainder substances promoted its activation. Five of the lncRNAs (including
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circRNA MYLK and lncRNAs GHET1, Malat1, TP73-AS1, and TUG1) were explored as potential
diagnostic and prognostic biomarkers.

CircRNA MYLK was found to function as ceRNA for miR-29a, which, in result, promotes EMT
and activates the vascular endothelial growth factor receptor (VEGFR) pathway, which is associated
with BlCa progression [97]. Thus, circRNA MYLK modulation might constitute a therapeutic target
in combination with anti-VEGF drugs such as bevacizumab. Moreover, Lv et al. [100] have shown
that lncRNA H19 also functions as a ceRNA for miR-29b-3p, which is another member of the miR29
family. Therefore, this allows for the expression of target DNMT3B, reprograms DNA methylation
patterns, and promotes EMT (through Twist, vimentin, and MMP9 upregulation and E-cadherin
downregulation) and metastasis.

Non-coding RNAs may modulate not only the response to systemic treatments, but also to local
therapies such as radiotherapy. Tan et al. [104] showed that miR145’s downmodulation by lncRNA
TUG1 associated with EMT and radio-resistance due to its action on the ZEB2 axis. Targeting this
lncRNA might re-sensitize BlCa to radiotherapy, which results in a better patient response and outcome.

Furthermore, TGF-β1 leads to overexpression of lncRNA malat1, which is associated with
suppressor of zeste 12 (suz12), decreases E-cadherin, and increases N-cadherin and fibronectin
expression levels [101]. Moreover, another lncRNA-ZEB2NAT—was shown to be essential for the role
of TGF-β1-secreting cancer associated fibroblasts (CAFs) in promoting EMT in BlCa cells. Zhuang et al.
elegantly showed that CAFs induce EMT by activating the TGF-β1/ZEB2NAT/ZEB2 axis, whereas
ZEB2NAT inhibition reduced ZEB2 expression levels and inhibited BlCa cells invasion capacity [108].

Several lncRNAs might target the same microRNA and the same lncRNA may influence more
than one microRNA simultaneously. Such is the case of lncRNA UCA1, which induces EMT either by
targeting miR145 or miR143 [105,106]. These studies suggest that lncRNAs might be implicated in EMT
by interfering with several pathways through various regulatory functions, due to their redundancy.

3. Conclusions

As discussed in this review, epigenetic mechanisms and connected enzymes are intrinsically
involved in the various steps of EMT in BlCa cells, which acts in concert and controlling EMT-TFs as
well as several upstream targets (Figure 2). All the studies published to the date illuminate the way
for the development of specific anti-cancer drugs, which could abrogate EMT by targeting epigenetic
enzymes and genes regulated by these reversible modifications.

Nevertheless, the epigenetic regulation of EMT requires further investigation to provide clinically
useful information for BlCa patient management.
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MicroRNA promoter methylation: a new tool
for accurate detection of urothelial carcinoma
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Background: Urothelial carcinoma (UC) is the most common cancer affecting the urinary system, worldwide. Lack of accurate early
detection tools entails delayed diagnosis, precluding more efficient and timely treatment. In a previous study, we found that miR-
129-2 and miR-663a were differentially methylated in UC compared with other genitourinary tract malignancies. Here, we
evaluated the diagnostic performance of those microRNAs in urine.

Methods: Promoter methylation levels of miR-129-2 and miR-663a were assessed, using real-time quantitative methylation-
specific PCR, in UC tissue samples (using normal urothelium as control) and, subsequently, in urine samples from UC and other
genitourinary malignancies. Diagnostic and prognostic performances were evaluated by receiver operator characteristics curve
and survival analyses, respectively.

Results: Promoter methylation levels of both microRNAs were significantly higher in UC tissue samples compared with normal
urothelium. In urine, the assay was able to distinguish UC from other genitourinary tract carcinomas with 87.7% sensitivity and 84%
specificity, resulting in 85.85% overall accuracy.

Conclusions: This panel of miRNAs promoter methylation accurately detects UC in urine, comparing well with other promising
epigenetic-based biomarkers. This may constitute the basis for a non-invasive assay to detect UC.

Urothelial carcinoma (UC), which affects the upper (renal pelvis
and ureters) and lower (bladder, urethra) urinary tract, is the
fourth most common cancer type in worldwide males, with 330 380
new cases diagnosed in 2012, mostly afflicting elderly individuals
(Torre et al, 2015). Haematuria is the most common clinical sign of
UC, particularly of those arising in the lower urinary tract, but
several prevalent benign conditions, such as urinary tract infection
and/or lythiasis, are also associated with haematuria, thus limiting
its cancer specificity. Moreover, upper tract UC (UTUC), although

much less common (5–10% of all cases), is mostly clinically
asymptomatic. Consequently, although upper and lower tract UC
display clinical and genomic similarities (Zhang et al, 2010), 60%
of UTUC are diagnosed at invasive stage, contrasting with 10% of
bladder UC (BUC; Margulis et al, 2009). Thus, early detection is
decisive to improve patient’s survival.

Currently, BUC diagnosis usually consists on non-invasive
(voided) urine cytology (which displays modest accuracy),
followed by cytoscopic examination (Kaufman et al, 2009), whereas
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suspected cases of UTUC are investigated with computer
tomographic urography or urinary cytology followed by uretero-
scopy, but these methods have low sensitivity, especially for low-
grade tumours, and are often associated with patient discomfort
(Kaufman et al, 2009; Remzi et al, 2011; Rouprêt et al, 2011).
Follow-up of patients with UC is also based on periodic cystoscopy,
an invasive, uncomfortable and expensive procedure, making UC
one of the heaviest economical burdens in health systems
(Lokeshwar et al, 2005). Thus, early, accurate and non-invasive
diagnostic tools are critical to improve patient outcome and
increase the cost-effectiveness of follow-up procedures.

MicroRNAs (miRNAs) are small (B22 nucleotides in length),
non-coding RNA molecules involved in many important regula-
tory pathways including cell grow, proliferation, differentiation and
cell death (Bartel, 2009; Silahtaroglu and Stenvang, 2010). In
animals, they regulate the expression of complementary mRNA,
thus inhibiting protein expression (Ambros, 2004). Recently, the
role of deregulated miRNAs in oncogenesis has been emphasised
and depending on its function and type of abnormal expression,
they might act as oncogenes or tumour suppressor genes, in many
types of cancer (Volinia et al, 2006). Expression of miRNAs might
be epigenetically regulated, namely through methylation of CpG
islands located at promoter regions, as well as histone post-
translational modifications. Alterations in those mechanisms might
deregulate miRNAs expression in cancer cells and might, thus, be
used advantageously as specific cancer biomarkers early detection,
diagnosis, prognostication, prediction of response to treatment and
monitoring (Silahtaroglu and Stenvang, 2010).

In search for epigenetic biomarkers in genitourinary cancer,
we identified two miRNAs – miR-129-2 and miR-663a – that
displayed significantly higher promoter methylation levels in a
small series of BUC tissues. Thus, we aimed at validating that
finding in larger series of UC, encompassing BUC and UTUC
tissues, and test the feasibility of using miR-129-2 and miR-663a
quantitative promoter methylation as a tool for accurate non-
invasive detection of UC in voided urine, emphasising its
specificity for UC among genitourinary malignancies.

MATERIALS AND METHODS

Patients and tumour sample collection. One hundred and
fourteen BUC tissue samples were obtained from a consecutive
series of patients diagnosed and treated with transurethral
resection or radical cystectomy, with no previous history of
UTUC, between 2005 and 2014, and 55 UTUC samples were
obtained from another consecutive series of patients diagnosed and
treated with radical nephroureterectomy or ureterectomy, with no
previous history of BUC, between 2000 and 2011. Both the groups
of patients were followed-up at the Portuguese Oncology Institute
of Porto, Portugal. For the BUC samples, a small tumour sample
was immediately snap-frozen, stored at � 80 1C and subsequently
cut in cryostat for DNA extraction. Routine collection and
processing of tissue sample allowed for pathological examination,
classification, grading and staging (Eble et al, 2004; Edge et al,
2010). UTUC samples were obtained from routinely-fixed and
paraffin-embedded tissue used for pathological assessment (Eble
et al, 2004; Edge et al, 2010). Controls for BUC consisted on an
independent set of 19 normal bladder mucosae collected from
BlCa-free individuals (prostate cancer patients submitted to radical
prostatectomy), and 31 paraffin-embedded normal upper tract
urothelium (NUTU) set of samples obtained from renal cell
carcinoma patients were used as UTUC controls. Relevant clinical
data were collected from clinical charts and is depicted in Table 1.

Urine sample collection and processing. Voided urine (one
sample per patient) was collected from 49 patients with BUC and

UTUC, diagnosed and treated between 2006 and 2012 at the
Portuguese Oncology Institute – Porto, Portugal. A set of 75 voided
urine samples from patients with prostate cancer (n¼ 25), renal
cancer (n¼ 25) and healthy blood donors with no personal or
familial history of cancer (n¼ 25) were also collected and used as
controls (Table 2). Informed consents were obtained from patients
and controls and used in this study after approval from the ethics
committee (Comissão de Ética para a Saúde) of the Portuguese
Oncology Institute of Porto (CES-IPO 019/08). All urine samples
were processed by immediate centrifugation at 4000 r.p.m. for
10min, the respective pellet was washed twice with phosphate-
buffered saline and stored at � 80 1C.

Nucleic acids isolation, bisulphite modification and qMSP
analysis. DNA was extracted from frozen BUC tissue samples
using AllPrep DNA/RNA Mini Kit (Qiagen Inc., Germatown, MD,
USA). For UTUC NUTU tissue samples, a representative paraffin
block was selected and the tumour area was delimited, allowing for
macrodissection of tumour from 10 to 20 serial 7-mm thick
sections, followed by digestion with proteinase K (20mgml� 1,
50 ml). DNA from all samples was extracted using a standard
phenol-chloroform protocol (Pearson and Stirling, 2003), and its
concentration determined using ND-1000 NanoDrop (NanoDrop
Technologies, Wilmington, DE, USA). Bisulphite modification was
performed using sodium bisulphite with EZ DNA Methylation-
Gold Kit (Zymo Research, Irvine, CA, USA) according to
manufacturer’s protocol. Quantitative methylation levels were

Table 1. Clinical and histopathological characteristics of
patients with urothelial carcinoma and providers of normal
urothelium

Clinicopathological features UC
Normal

urothelium
P-value

Patients, n 169 50

Gender, n (%)
Male 130 (77%) 38 (76%)
Female 39 (23%) 12 (24%)

Median age, years (range) 73 (42–93) 62.5 (48–82) Po0.001

Pathological stage, n (%)
pTa 43 (26%) NA
pT1 63 (37%) NA
pT2 31 (18%) NA
pT3 25 (15%) NA
pT4 7 (4%) NA

Grade, n (%)
Papillary, low grade 59 (35%) NA
Papillary, high grade 62 (37%) NA
Invasive, high grade 48 (28%) NA

Abbreviations: NA¼ not applicable; UC¼ urothelial carcinoma.

Table 2. Clinical and histopathological characteristics of
patients with urothelial carcinoma and of controls (healthy
donors (n¼25), prostate cancer (n¼25) and renal cancer
(n¼25) patients), which provided urine samples for this study

Clinicopathological features UC
Control

set
P-value

Patients, n 49 75

Gender, n (%)
Male 29 (60%) 53 (71%)
Female 20 (40%) 22 (29%)

Median age, years (range) 70 (53–83) 63 (51–88) Po0.066

Grade, n (%)
Papillary, low grade 17 (35%) NA
Papillary, high grade 18 (37%) NA
Invasive, high grade 14 (28%) NA

Abbreviations: NA¼ not applicable; UC¼ urothelial carcinoma.
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performed using KAPA SYBR FAST qPCR Kit (Kapa Biosystems,
Wilmingtown, MA, USA) and all reactions were run in triplicates
in 384-well plates using Roche LightCycler 480 II, with Beta-
Actin (ACTB) as internal reference gene for normalisation.
Primer sequences were designed using Methyl Primer Express 1.0
(Methyl Primer Express 1.0, ThermoFisher Scientific, Waltham,
MA, USA) and purchased from Sigma-Aldrich (St Louis, MO,
USA): miR-129-2 F30-CGGCGAATCGAAGAAGTC-50 and R30-
TACGCCCTCCGCAAATAC-50, miR-663a F30-GGGATAGCGA
GGTTAGGTC-50 and R30-CATTCGTAACGAATAAAACCC-50.

Statistical analysis. Median, frequency and interquartile range of
miR-129-2 and miR-663a promoter methylation levels of normal,
BUC and UTUC tissue samples as well as UC, prostate, kidney and
healthy blood donor urine samples were determined. Receiver
operator characteristics (ROC) curves were constructed by plotting
the true-positive (sensitivity) against false-positive (1-specificity)
rate, and the area under the curve (AUC) was calculated. The
higher value obtained from the sum of sensitivity and 1-specificity
in each ROC curve was used for cut off to categorise samples as
methylated or non-methylated. Sensitivity, specificity, negative
predictive value, positive predictive value and accuracy of the test
were also determined. Differences in quantitative methylation
values were assessed with the non-parametric Mann–Whitney U-
test. Associations between age, gender, grade, pathological stage
and miRNAs methylation levels were carried out using Spearman’s
method, Mann–Whitney or Kruskall–Wallis tests, as appropriate.
DeLong’s test for ROC curves comparison was performed to assess
differences in performance of the miRNAs promoter methylation
test between upper and lower urinary tract cancers, and between

the age groups (lower than 65 years vs higher than 65 years).
McNemar proportion test was used to compare the diagnostic
performance of methylation analysis with urine cytology.

Disease-specific survival curves, (Kaplan–Meier with log rank
test) were computed for standard variables (tumour stage and
grade) and for categorised miRNA promoter methylation status. A
Cox regression model comprising all significant variables (univari-
able and multivariable model) was computed to assess the relative
contribution of each variable to the follow-up status.

All two-tailed P-values were derived from statistical tests, using
a computer-assisted program (SPSS Version 23.0, IBM, Armonk,
NY, USA) and the results were considered statistically significant at
Po0.05. Bonferroń is correction for multiple comparisons was
used when applicable.

RESULTS

Methylation analysis in UC tissues and performance of
methylation panel in urine. The promoters of both miR-129-2
and miR-663a were found to be methylated in most UC tissue
samples, and methylation levels were significantly higher compared
with the control group (Po0.001 and Po0.001, respectively;
Figure 1). Moreover, in tissue samples, the panel discriminated UC
from normal mucosa with 94.7% sensitivity and 84.0% specificity
(Table 3), corresponding to an AUC of 0.941 (95% confidence
interval (CI): 0.911–0.972, Po0.001) in ROC curve analysis
(Figure 2A).

The same panel was then tested in a set of 49 urine sediments
from UC patients and in a control group of 75 urines from subjects
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Figure 1. Distribution of (A) miR-129-2 and (B) miR-663a promoter methylation levels in normal urothelium (n¼50) and urothelial carcinoma (UC)
tissue samples (n¼169). Mann-Whitney U test. ***Po0.001.

Table 3. Performance of epigenetic biomarkers for the detection of urothelial carcinoma in tissue and urine

Sensitivity
% (n positive/n total)

Specificity
% (n negative/n total) PPV (%) NPV (%) Accuracy (%)

Tissue samples
miR-129-2 72.8 (123/169) 96.0 (48/50) 98.4 51.1 78.1
mirR-663a 87.0 (147/169) 86.0 (43/50) 95.5 66.2 86.8
miR-129-2/miR-663a 94.7 (160/169) 84.0 (42/50) 95.2 82.4 92.2

Urine samples (UC patients vs HD)
miR-129-2/miR-663a 83.7 (41/49) 88.0 (22/25) 93.2 73.3 85.1

Urine samples (UC patients vs PCa and RC patients)
miR-129-2/miR-663a 87.8 (43/49) 84 (42/50) 84.3 87.5 85.9

Urine samples (UC patients vs all controls)
miR-129-2 75.5 (37/49) 85.3 (64/75) 77.1 84.2 81.5
mirR-663a 71.4 (35/49) 94.7 (71/75) 89.7 83.5 85.5
miR-129-2/miR-663a 87.8 (43/49) 82.7 (62/75) 76.8 91.2 84.7

Abbreviations: HD¼ healthy donors; NPV¼negative predictive value; PCa¼prostate cancer; PPV¼positive predictive value; RC¼ renal cancer; UC¼ urothelial carcinoma.
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not carrying UC. Remarkably, methylation levels of both miRNAs
in UC urine samples were significantly higher than those of
controls (Po0.001 and Po0.001, respectively). In urine samples,
the methylation test was able to detect UC with 87.8% sensitivity
and 84.0% specificity (Table 3), corresponding to an AUC of 0.942
(95% CI: 0.9015–0.9826, Po0.001; Figure 2B). Moreover, the
methylation test was able to discriminate UC patients both from
other genitourinary malignancies and from healthy donors
(Table 3).

Because urine cytology is frequently the first test to be
performed in UC suspects, we compared the performance of the
methylation panel with cytopathological examination by an
experienced cytopathologist. Interestingly, the proportion of true-
positive cases detected by the methylation test was significantly
higher than that of cytology (Po0.001). Of 47 UC cases analysed,
cytopathology detected only 17 as positive, 15 as negative and 15 as
‘inconclusive/suspicious’, corresponding to 34.7% sensitivity. Con-
versely, the miRNAs promoter methylation panel identified 41
cases as true positive, corresponding to an overall sensitivity of
87.2%, although 1 of the 6 cases negative in the methylation test
was correctly diagnosed as UC by cytopathology (Figure 3).

Clinicopathological correlates and survival analyses. Signifi-
cantly higher miR-129-2 methylation levels were found in high-
grade papillary UC compared with low-grade papillary UC
(P¼ 0.048), whereas for miR-663a, high-grade papillary UC
displayed significantly higher methylation levels than invasive
UC (P¼ 0.003). In addition, miR-663a methylation levels differed
significantly between non-muscle invasive and muscle invasive UC
(stages pTa-1 vs pT2-4; P¼ 0.016), as well as between papillary and
invasive UC (P¼ 0.012).

A significant association was found between promoter methyla-
tion levels and patients’ age at diagnosis for both miR-129-2 and
miR-663a (P¼ 0.023; P¼ 0.016, respectively). After normalisation
of the ROC curve for this variable, no significant difference in the
panel’s performance was found between younger and older
patients and an AUC of 94.3% was obtained. Furthermore, no
association was disclosed between miRNAs promoter methylation
and patients’ gender.

Of the 114 patients enrolled, 3 BUC and 1 UTUC patients were
lost to follow-up. The median follow-up time of BUC patients was
66 months (range: 1–323 months). At the last follow-up time point,
58 patients were alive with no evidence of cancer, 10 patients were
alive with disease, 11 died from other causes and 32 had deceased
due to UC. Considering UTUC patients, the follow-up time was of
55 months (range: 1–186 months). At the last follow-up, 16
patients were alive without disease, 6 were alive with disease
progression, whereas 32 patients had perished, 23 due to UTUC.
Overall, for UC, the median follow-up time was 62 months. A poor

outcome was depicted for UC patients with higher grade,
pathological stage and age at diagnosis (Log rank test; Po0.001,
for all variables). Univariable and multivariable Cox regression
analysis were performed separately for BUC, UTUC and UC
patients, including the three above mentioned variables
(Supplementary Table 1). As expected, a poor outcome was
depicted for UC patients with higher pathological stage, grade and
age in a multivariable model (Supplementary Table 1; P¼ 0.03,
P¼ 0.002 and Po0.001, respectively). However, considering the
two patients’ subsets separately, only grade (for BUC) and age (for
UTUC) were selected in the final model as independent predictors
of outcome (Supplementary Table 1; P¼ 0.009 and P¼ 0.017). No
prognostic value was depicted for miR-129-2 or miR-663a
promoter methylation levels in UC or in BUC or UTUC, when
analysed separately (Supplementary Table 1).

DISCUSSION

Upper and lower UC are among the most common neoplasms
worldwide and although several risk factors have been clearly
identified (e.g., smoking habits, chemical exposure to aromatic
amines like benzidine or b-naphtalene, Schistosoma infection
(Babjuk et al, 2013; Torre et al, 2015)), early detection is critical for
adequate therapeutic management towards reducing disease-
specific mortality (Hall et al, 1998; Margulis et al, 2009). Moreover,
it is important to discriminate UC from other genitourinary
cancers, especially those originating in the prostate and kidney.
Although several biomarkers have been previously reported,
including miRNAs promoter methylation (Phé et al, 2009; van
der Kwast and Bapat, 2009; Shimizu et al, 2013), they have been
mostly focused on BUC, disregarding upper urothelial tract UC,
and its performance might be perfected by the addition of more
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sensitive and specific biomarkers. Within a project aimed at
characterising miRNAs deregulated through aberrant promoter
methylation in genitourinary neoplasms, we identified miR-129-2
and miR-663a promoters as potential UC biomarkers (submitted).
We, thus, tested the biomarker performance of quantitative
miR-129-2 and miR-663a promoter methylation both in upper
and lower urinary tract UC.

Because miR-129-2 and miR-663a promoter methylation was
initially identified in BUC, we first assessed methylation levels in
tissue samples of upper and lower urinary tract UC. Owing to
biological and genomic similarity between the urothelium from
upper and lower urinary tract (Zhang et al, 2010), we hypothesised
that this panel would perform well in both the settings. Indeed, the
methylation panel discriminated UC from normal urothelial
mucosa with high sensitivity and specificity, which did not differ
between upper and lower urinary tract UC. This result enabled us
to proceed with urine testing, as the ultimate goal of the study
would be the identification of a non-invasive test, intended for
early detection and disease monitoring. In urine samples,
sensitivity and specificity were lower than those found in tissues,
but it should be recalled that the accuracy of the panel was tested
not only against healthy volunteers, but also prostate and kidney
cancer patients.

Recently, several studies attempted to identify novel epigenetic
biomarkers for UC detection, some of them with an apparent
superior performance to the panel reported herein. TWIST1 and
NID2 promoter methylation were previously reported to detect
BUC in urine samples with 94% sensitivity and 91% specificity
(Renard et al, 2010). However, specificity was only tested against
urinary infections or other benign conditions and its ability to
discriminate UC from prostate and kidney cancer was not
evaluated. BCL2, CDKN2A and NID2 promoter methylation have
also been proposed as epigenetic biomarkers for bladder cancer
(Scher et al, 2012). Although the number of genes is higher than
that of our panel, sensitivity and specificity were lower (80.9% and
86.4%, respectively) and this was accomplished through nested
PCR, which may compromise the speed and cost of the assay.
Moreover, the number of samples from prostate and kidney cancer
tested was lower than those included in our study. We have also
previously reported a gene promoter methylation panel (GDF15,
TMEFF2 and VIM) that accurately identified BUC in urine
samples (Costa et al, 2010) which we, subsequently, demonstrated
to have similar performance in upper urinary tract UC (Monteiro-
Reis et al, 2014). Both studies, however, used specific TaqMan
probes, contrarily to the present study, where a SYBR Green-based
protocol was used, thus, also, improving cost-effectiveness.

Some previous studies have also focused on miRNAs promoter
methylation as UC biomarkers. Whereas, Vogt et al (2011)
reported 57% sensitivity (n¼ 7) for miR-34a promoter methylation
in bladder tissues and Shimizu et al (2013) achieved 81% specificity
and 89% sensitivity in urine sediments from BUC (n¼ 47) using a
panel of several miRNAs. Our results compare well with those
reports and provide some significant advantages, as only two
miRNA promoters are tested and its specificity was evaluated
against other genitourinary malignancies.

Although urinary cytology is frequently used as an initial
diagnostic approach in UC suspects, its diagnostic yield is rather
limited, especially for upper urinary tract UC (Rouprêt et al, 2013).
Moreover, imaging techniques might have difficulty in discrimi-
nating upper urinary tract UC from renal cell carcinoma, a quite
relevant differential diagnosis setting owing to marked differences
in therapy and prognosis (Browne et al, 2005), thus emphasising
the need for biomarkers that may accurately discriminate among
those tumour types. In the present study, the sensitivity of urinary
cytology was only B35%, which was easily surpassed by the
miRNA methylation panel, with the additional gain of discrimi-
nating UC from renal cell carcinoma.

Whereas no biological role has been previously ascribed to
miR-129-2 and miR-663a promoter methylation in urothelial
carcinogenesis, several studies in other tumour models have
unveiled the pathological significance of those epigenetic aberra-
tions. Transcriptional silencing of miR-129-2 due to promoter
methylation was found in gastric (Pan et al, 2010; Shen et al, 2010),
endometrial (Huang et al, 2009) and hepatocellular (Lu et al, 2013)
carcinomas, as well as in acute myeloid leukaemia (Yan-Fang et al,
2013), and it has been implicated in overexpression of two
oncogenic proteins, SOX4 (Huang et al, 2009; Shen et al, 2010) and
Cdk6 (Wu et al, 2010). On the other hand, miR-663a promoter
methylation and downregulation was associated with JunD over-
expression in small-cell lung carcinoma (Zhang et al, 2016) and
HMGA2 overexpression in hepatocellular carcinoma (Huang et al,
2016), fostering cell proliferation. Owing to the prevalence of miR-
129-2 and miR-663a promoter methylation in UC, across primary
localisations, histological subtype, grade and stage, it is tempting to
speculate whether it may also play a key role in urothelial
carcinogenesis.

In summary, we demonstrated that aberrant miR-129-2 and
miR-663a promoter methylation accurately discriminate UC from
normal urothelial mucosa and allow for sensitive and specific
identification of upper and lower urinary tract UC in urine
samples, discriminating also from other common genitourinary
tract carcinomas (kidney and prostate). Thus, this panel might be
useful for complementing other epigenetic biomarkers for non-
invasive detection and/or monitoring of UC patients.
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Abstract: Bladder cancer (BlCa) is a common malignancy with significant morbidity and mortality.
Current diagnostic methods are invasive and costly, showing the need for newer biomarkers.
Although several epigenetic-based biomarkers have been proposed, their ability to discriminate
BlCa from common benign conditions of the urinary tract, especially inflammatory diseases, has not
been adequately explored. Herein, we sought to determine whether VIMme and miR663ame might
accurately discriminate those two conditions, using a multiplex test. Performance of VIMme and
miR663ame in tissue samples and urines in testing set confirmed previous results (96.3% sensitivity,
88.2% specificity, area under de curve (AUC) 0.98 and 92.6% sensitivity, 75% specificity, AUC 0.83,
respectively). In the validation sets, VIMme-miR663ame multiplex test in urine discriminated BlCa
patients from healthy donors or patients with inflammatory conditions, with 87% sensitivity, 86%
specificity and 80% sensitivity, 75% specificity, respectively. Furthermore, positive likelihood ratio (LR)
of 2.41 and negative LR of 0.21 were also disclosed. Compared to urinary cytology, VIMme-miR663ame

multiplex panel correctly detected 87% of the analysed cases, whereas cytology only forecasted 41%.
Furthermore, high miR663ame independently predicted worse clinical outcome, especially in patients
with invasive BlCa. We concluded that the implementation of this panel might better stratify patients
for confirmatory, invasive examinations, ultimately improving the cost-effectiveness of BlCa diagnosis
and management. Moreover, miR663ame analysis might provide relevant information for patient
monitoring, identifying patients at higher risk for cancer progression.
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1. Introduction

Bladder cancer (BlCa) is one of the most incident cancers, ranking ninth in prevalence
worldwide [1,2]. In men, which are more prone to develop BlCa, it represents the second most
frequent urological malignancy after prostate cancer [1,2]. Moreover, it is expected that, by 2040,
the number of estimated new cases and cancer-related deaths will almost double the 549,393 newly
diagnosed cases and 199,922 deaths recorded in 2018 [1,2]. Most BlCa cases correspond to urothelial
carcinoma, generally presenting as non-muscle invasive BlCa (NMIBC), accounting for 75–80% of all
new cases, characterised by frequent recurrences and eventual progression to more aggressive, deeply
invasive and metastatic disease, or muscle-invasive BlCa (MIBC), an aggressive, locally invading
carcinoma, corresponding to 20–25% of all cases, with propensity for metastisation [3,4]. Haematuria
is the most common clinical sign of BlCa, although it also occurs in several common benign disease
such as urinary tract infections and non-infectious inflammatory conditions. Presently, BlCa diagnosis
generally involves cytoscopic examination, an expensive and invasive procedure, complemented
by urine cytology [5–7]. However, the latter has limited accuracy, particularly for identification of
low-grade papillary tumours, and the invasive nature of cystoscopic examination entails patient
discomfort and, in some cases, infection [5]. Moreover, because of the high incidence, recurrence
and progression rate, active long follow-up is required, making BlCa the costliest malignancy [8].
Thus, early, accurate and non-invasive BlCa detection is the determinant to improve both patients and
healthcare financial management.

Epigenetic changes, including DNA methylation, have been largely investigated for cancer
detection [9]. Owing to chemical and biological stability, DNA methylation-based biomarkers have
potential clinical applications in early cancer detection, diagnosis, follow-up and targeted therapies [10].
Previously, two independent DNA methylation-based biomarker panels have been reported as
promising tests for accurate early detection of BlCa [11,12]. In 2010, a three-gene panel comprised
GDF15, TMEFF2 and VIM methylation identified BlCa with 94% sensitivity and 100% specificity in
urine samples from 51 BlCa patients [11]. More recently, a panel testing the promoter methylation
of two microRNAs—miR129-2 and miR663a—identified urothelial carcinoma (from upper and lower
urinary tracts) with a sensitivity of 87.8% and specificity of 82.7% in 49 urine samples from patients
with urothelial carcinoma [12]. Furthermore, the same panels could discriminate BlCa from other
common genitourinary cancers (i.e., from kidney and prostate). Nonetheless, both studies used a
singleplex approach, and the ability of these tests to discriminate BlCa from common benign conditions
of the urinary tract with overlapping manifestations, especially inflammatory diseases, has not been
adequately explored, thus far. Indeed, inflammatory conditions of the urinary tract may negatively
impact the specificity of urinary-based biomarkers for BlCa detection, increasing false positive results
and entailing unnecessary complementary invasive tests [6,13,14].

Thus, we sought to assess whether the most promising markers in each published panel—miR-663a
(miR663ame) and Vimentin (VIMme)—might accurately discriminate BlCa from inflammatory conditions
in voided urine, allowing for the development of a multiplex test that could be used for early detection
in clinical practice.

2. Experimental Section

2.1. Patients and Tumour Sample Collection

Ninety-four primary BlCa tissue samples were obtained from a consecutive series of patients
diagnosed, treated with transurethral resection (TUR) or radical cystectomy, between 1994 and 2011,
and followed at Portuguese Oncology Institute of Porto (IPO Porto), Portugal (Table 1). Briefly,
tumour samples were obtained during surgery and immediately snap-frozen, stored at −80 ◦C and
subsequently macrodissected for tumours’ cells enrichment and cut in cryostat for DNA extraction.
Routine collection and processing of tissue samples allowed for pathological examination, classification,
grading and staging [15]. For control purposes, an independent set of 19 normal bladder mucosae
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(NB) samples were also collected from BlCa-free individuals (prostate cancer patients submitted to
radical prostatectomy) (Table 1).

Table 1. Clinical and histopathological characteristics of patients with bladder carcinoma (BlCa), normal
bladder mucosae (NB), healthy donors (HD) and inflammatory controls (IC).

Tissues
Urines

Testing Set Validation Sets

Clinicopaphological
Features

Bladder
UC

Normal Bladder
Mucosae

Bladder
UC

Healthy
Donors

Bladder
UC

Healthy
Donors (#1)

Inflammatory
Controls (#2)

Patients, n 94 19 27 24 100 57 174
Gender, n

Males 78 19 20 13 79 16 132
Females 16 0 7 12 21 41 42

Median age, yrs
(range)

69
(45–91)

63
(48–75)

69
(47–88)

45
(39–61)

68
(38–91)

49
(41–64)

64
(18–92)

Grade, n
Papillary, low-grade 34 n.a. 13 n.a. 51 n.a. n.a.

Papillary,
high-grade 33 n.a. 8 n.a. 26 n.a. n.a.

Invasive,
high-grade 27 n.a. 6 n.a. 23 n.a. n.a.

Invasion of
Muscular Layer, n

NMIBC 67 n.a. 19 n.a. 77 n.a. n.a.
MIBC 27 n.a. 8 n.a. 23 n.a. n.a.

#1—Validation Set #1; #2—Validation Set #2; yrs—years; n.a.—non applicable; NMIBC—Non-Muscle Invasive
Bladder Cancer; MIBC—Muscle Invasive Bladder Cancer, UC—Urothelial Carcinoma.

2.2. Urine Sample Collection and Processing

For the “Testing sets”, 27 voided urine samples (one per patient) were collected from BlCa patients,
diagnosed and treated between 2006 and 2016 at IPO Porto, as well as a set of 24 voided urine samples
from healthy donors (HD), also from IPO Porto, with no personal or familial history of cancer, used
as controls (Table 1). The “Validation sets” comprised: (1) 100 urine samples from BlCa patients,
diagnosed and treated between 2002 and 2016 at IPO Porto, and 57 urine samples from HD collected at
IPO Porto, and (2) an independent set of control urine sediments (n = 174) from patients diagnosed
with urinary tract inflammatory conditions (IC), diagnosed between 2008 and 2014 at the University
Hospital of Cordoba (UHC). All BlCa patients’ urines were obtained before treatment. Moreover, all
sets of samples were collected from different cohorts of patients. Informed consent was obtained from
patients and controls after approval from the ethics committees of IPO Porto and UHC (CES-IPO 019/08,
approval date: 16th January 2008). All urine samples were processed by immediate centrifugation at
4000 rpm for 10 min; the respective pellet was washed twice with phosphate-buffered saline (PBS) and
stored at −80 ◦C.

2.3. Nucleic Acids Isolation, Bisulfite Modification and Multiplex qMSP Analysis

DNA was extracted from frozen BlCa and NB tissues, and all urine sample sets, using a standard
phenol-chloroform protocol [16], and its concentration determined using a Qubit 3 Fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA). Bisulfite modification was performed through sodium
bisulfite, using the EZ DNA Methylation-Gold™ Kit (Zymo Research, Irvine, CA, USA), according to
manufacturer’s protocol. For this, 1000 ng and 50 ng of DNA were converted for tissues and urine
sediments, respectively. Quantitative methylation levels were performed using Xpert Fast Probe Master
Mix (GRiSP, Porto, Portugal), and multiplex reactions were run in triplicates in 96-well plates using
an Applied Biosystems 7500 Sequence Detector (Perkin Elmer, Waltham, CA, USA), with Beta-Actin
(ACTB) as internal reference gene for normalization. Primer and probe sequences were designed using
Methyl Primer Express 1.0 and purchased from Sigma-Aldrich (St. Louis, MO, USA) (Supplementary
Table S1). Additionally, six serial dilutions (dilution factor of 5×) of a fully methylated bisulphite
modified universal DNA control were included in each plate to generate a standard curve. In each
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sample and for each gene, the relative DNA methylation levels were determined using the following
formula: ((target gene/ACTB) ×1000). A run was considered valid when previously reported criteria
were met [11].

2.4. Statistical Analysis

Differences in quantitative methylation values were assessed with the non-parametric
Mann-Whitney U (MW) and Kruskal-Wallis (KW) tests. Associations between age, gender, grade,
invasion of muscular layer and methylation levels were carried out using Spearman’s correlation,
MW or KW tests, as appropriate. For multiple comparisons, Bonferroni’s correction was applied in
pairwise comparisons.

Biomarker performance parameters, including sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), accuracy and positive and negative likelihood ratios (LR),
were estimated [17]. Receiver operator characteristics (ROC) curves were constructed by plotting
the true positive (sensitivity) against false positive (1-specificity) rate, and the area under the curve
(AUC) was calculated. The higher value obtained from the sum of sensitivity and 1-specificity in
each ROC-curve was used as cut-off to categorise samples as methylated or non-methylated. ROC
curves were constructed using logistic regression model for DNA methylation panel. Disease-specific
and disease-free survival curves (Kaplan-Meier with log rank test) were computed for standard
variables and for categorised genes’ promoter methylation status. A Cox-regression model comprising
all significant variables (univariable and multivariable model) was computed to assess the relative
contribution of each variable to the follow-up status. All two-tailed p values were derived from
statistical tests, using a computer-assisted program (SPSS Version 26.0, IBM, Armonk, NY, EUA) and
the results were considered statistically significant at p < 0.05. Bonferroni’s correction for multiple
comparisons was used when applicable.

3. Results

3.1. Methylation Analysis and Performance of the Multiplex Panel in BlCa Tissue Series

To confirm the previously published performance of miR663a and VIM promoter methylation
as BlCa biomarkers, tissue samples were tested. As expected, both miR663a and VIM were found
hypermethylated (76.6% and 94.4%, respectively) in most BlCa tissue samples, and methylation levels
were significantly higher compared to NB (p < 0.0001 and p < 0.0001, respectively) (Figure 1A). The two
genes independently performed well as BlCa detection biomarkers in tissues, with an AUC of 0.979
for VIMme (95% confidence interval (CI): 0.956–1.002, p < 0.0001), and of 0.897 for miR663ame (95% CI:
0.836–0.959, p < 0.0001). Moreover, in combination as multiplex panel, it accurately discriminated BlCa
from NB with 96.3% sensitivity and 88.2% specificity, corresponding to an AUC of 0.982 (Figure 1B;
Supplementary Table S2).
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Figure 1. (A) Distribution of VIMme and miR663ame levels in normal bladder mucosae (NB; n = 19)
and bladder carcinoma (BlCa; n = 94) tissue samples. Mann-Whitney U test, **** p < 0.0001. Median is
represented by the red line. (B) Receiver operator characteristic (ROC) curve evaluating the performance
of the VIMme-miR663ame panel for the identification of BlCa in tissue samples. (AUC—Area under the
curve; CI—Confidence interval; ACTB—Beta-Actin; VIM—Vimentin).
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3.2. Methylation Analysis and Performance of Multiplex Panel in BlCa Testing Set

Paralleling the previous observations in tissues, miR663ame and VIMme levels were significantly
higher in BlCa urine samples than in those of controls (p < 0.0001 and p < 0.0001, Figure 2A), and the
multiplex panel discriminated BlCa from HD with 92.6% sensitivity and 90% NPV (Supplementary
Table S2), corresponding to an AUC of 0.83 (Figure 2B).
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Figure 2. (A) Distribution of VIMme and miR663ame levels in the Testing Cohort, composed by
healthy donors (HD; n = 24) and bladder carcinoma (BlCa; n = 27) urine samples. Mann-Whitney
U test, **** p < 0.0001. Median is represented by the red line. (B) Receiver operator characteristic
(ROC) curve evaluating the performance of the VIMme-miR663ame panel for the identification of
BlCa in urine samples of the Testing Cohort. (AUC—Area under the curve; CI—Confidence interval;
ACTB—Beta-Actin; VIM—Vimentin).

3.3. Methylation Analysis and Performance of VIMme and miR663me Multiplex Panel for BlCa vs. HD

In line with the testing set results, a higher number of malignant samples disclosed significantly
higher VIMme and miR663me levels than HDs (p < 0.0001 and p < 0.0001, respectively) in the validation
sets (Figure 3A). ROC curve analysis confirmed a high discriminative ability of VIMme-miR663me

panel, with an AUC of 0.91 (Figure 3B). Indeed, the multiplex panel discriminated BlCa from HD
subjects with 87% sensitivity and 86% specificity (Table 2).

Table 2. Performance of VIMme-miR663ame panel for the detection of bladder cancer in Validation
Cohorts #1 and #2. (PPV—positive predictive value; NPV—negative predictive value).

Samples Biomarker Performance miR663ame-VIMme (%)

Validation #1

Sensitivity 87.0
Specificity 86.0

PPV 91.6
NPV 79.0

Accuracy 86.6

Validation #2

Sensitivity 80.0
Specificity 75.3

PPV 65.0
NPV 86.8

Accuracy 77.0

PPV—Positive Predictive Value; NPV—Negative Predictive Value.

Remarkably, the proportion of true positive cases detected by the VIMme-miR663me multiplex panel
was significantly higher than that of urine cytology (p < 0.001). Indeed, of 46 BlCa cases with valid urine
cytology results, only 19 were classified as positive, 17 as negative and 10 as “inconclusive/suspicious”,
corresponding to 41% sensitivity (Figure 4). Contrarily, the VIMme-miR663me multiplex panel correctly
identified 40/46 cases as BlCa, corresponding to an overall sensitivity of 87% (Figure 4). Importantly, 12
of 14 low-grade papillary carcinomas were accurately identified by VIMme-miR663me multiplex panel,
whereas cytology merely identified four cases.



J. Clin. Med. 2020, 9, 605 6 of 12

J. Clin. Med. 2020, 9, x FOR PEER REVIEW 5 of 12 

 

3.2. Methylation Analysis and Performance of Multiplex Panel in BlCa Testing Set 

Paralleling the previous observations in tissues, miR663ame and VIMme levels were significantly 
higher in BlCa urine samples than in those of controls (p < 0.0001 and p < 0.0001, Figure 2A), and the 
multiplex panel discriminated BlCa from HD with 92.6% sensitivity and 90% NPV (Supplementary 
Table S2), corresponding to an AUC of 0.83 (Figure 2B). 

 
Figure 2. (A) Distribution of VIMme and miR663ame levels in the Testing Cohort, composed by healthy 
donors (HD; n = 24) and bladder carcinoma (BlCa; n = 27) urine samples. Mann-Whitney U test, 
****p < 0.0001. Median is represented by the red line. (B) Receiver operator characteristic (ROC) curve 
evaluating the performance of the VIMme-miR663ame panel for the identification of BlCa in urine 
samples of the Testing Cohort. (AUC—Area under the curve; CI—Confidence interval; ACTB - Beta-
Actin; VIM - Vimentin). 

3.3. Methylation Analysis and Performance of VIMme and miR663me Multiplex Panel for BlCa vs. HD 

In line with the testing set results, a higher number of malignant samples disclosed significantly 
higher VIMme and miR663me levels than HDs (p < 0.0001 and p < 0.0001, respectively) in the validation 
sets (Figure 3A). ROC curve analysis confirmed a high discriminative ability of VIMme-miR663me 
panel, with an AUC of 0.91 (Figure 3B). Indeed, the multiplex panel discriminated BlCa from HD 
subjects with 87% sensitivity and 86% specificity (Table 2).  

 

Figure 3. (A) Distribution of VIMme and miR663ame levels in the Validation Cohort #1, composed by 
healthy donors (HD; n = 57) and bladder carcinoma (BlCa; n = 100) urine samples. Mann-Whitney U 
(MW) test, ****p < 0.0001. Median is represented by the red line. (B) Receiver operator characteristic 

Figure 3. (A) Distribution of VIMme and miR663ame levels in the Validation Cohort #1, composed by
healthy donors (HD; n = 57) and bladder carcinoma (BlCa; n = 100) urine samples. Mann-Whitney U
(MW) test, **** p < 0.0001. Median is represented by the red line. (B) Receiver operator characteristic
(ROC) curve evaluating the performance of the VIMme-miR663ame panel for the identification of BlCa
in urine samples of the Validation Cohort #1. (C) Distribution of VIMme and miR663ame levels in the
Validation Cohort #2, composed by inflammatory controls (IC; n = 174) and bladder carcinoma (BlCa;
n = 100) urine samples. MW test, **** p < 0.0001. (D) ROC curve evaluating the performance of the
VIMme-miR663ame panel for the identification of BlCa in urine samples of the Validation Cohort #2.
(AUC—Area under the curve; CI—Confidence interval; ACTB—Beta-Actin; VIM—Vimentin).
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3.4. Methylation Analysis and Performance of VIMme and miR663me Multiplex Panel for BlCa vs. IC

In urine samples, VIMme-miR663me levels discriminated BlCa from IC patients (Figure 3C), with
80% sensitivity, 75.3% specificity and, importantly, 86.8% NPV (Table 2), corresponding to an AUC of
0.836 (Figure 3D). Remarkably, a 2.86 Positive LR and a Negative LR of 0.21 were also disclosed by
VIMme-miR663me multiplex panel in this setting.
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3.5. Clinicopathologic Correlations and Survival Analyses

High-grade papillary BlCa showed significantly higher miR663ame levels than low-grade papillary
BlCa (p = 0.007), in tissue samples. The same was observed in urine samples from the validation set (p =

0.0072), a result which was extensive to VIMme (p = 0.0052) (Supplementary Figure S1). No additional
associations were disclosed between VIMme and miR663ame levels and other standard clinical variables,
including patients’ age and gender.

Follow-up data was available for 91 (out of 94) IPO Porto’s BlCa patients that provided tissue
samples. The median follow-up time was 66 months (range: 1–203 months). At the last follow-up
timepoint, 30 patients were alive with no evidence of cancer, 12 patients were alive with disease,
29 had deceased due to BlCa and 23 died from other causes. Univariable and multivariable Cox
regression analysis were performed, including the variables grade, invasion of muscular layer, gender
and age. As expected, a poor outcome was depicted for patients with higher grade and muscle invasive
BlCa (p = 0.001 and p < 0.0001, respectively) (Table 3). In the multivariate model for disease-specific
survival, miR663ame levels, higher grade and muscle invasion were independent predictors of outcome
(p = 0.04, p = 0.035 and p = 0.031, respectively; Table 3). Moreover, after categorization into NMIBC vs.
MIBC, tumours with higher miR663ame levels implied a 3.7-fold increased risk of cancer-related death
among patients with MIBC (95% CI: 1.32–10.25, p = 0.013; Supplementary Figure S2). Contrarily, no
associations were found for miR663ame or VIMme levels concerning disease-free survival.

Table 3. Cox regression models assessing the potential of clinical and VIMme and miR663ame levels in
the prediction of disease-specific survival for bladder carcinoma (BlCa) patients.

Disease-specific Survival Variables Hazard Ratio (HR) 95% CI for OR p

Univariate

Invasion of muscular layer 6.15 2.76–13.72 0.0001
Grade

PLG vs. PHG 15.59 2.03–119.94 0.008
PLG vs. IHG 32.83 4.31–250.06 0.001

Age 2.34 0.98–5.59 0.060
Gender 1.02 0.39–2.70 0.970

miR663a methylation ≤median 1.61 0.75–3.48 0.225
VIM methylation ≤median 1.07 0.50–2.28 0.861

Multivariate

Invasion of muscular layer 3.54 1.12–11.19 0.031
Grade

PLG vs. PHG 8.03 0.97–66.32 0.053
PLG vs. IHG 11.89 1.18–119.37 0.035

miR663a methylation ≤median 2.67 1.05–6.81 0.040
VIM methylation ≤median 1.12 0.51–2.42 0.783

CI—confidence interval; OR—odds ratio; PLG—papillary low-grade; PHG—papillary high-grade;
IHG—invasive high-grade.

4. Discussion

Bladder cancer is a major health concern worldwide, with an expected significant increase in
incidence and mortality within the next two decades [1,2]. Early detection is critical for adequate
management, aiming to reduce disease-specific mortality, as well as the economic burden imposed
by BlCa treatment and follow-up. Because currently available diagnostic tools require invasive
examination [13,14], development of non-invasive and less costly tests for early detection and
monitoring are likely to have a significant impact in clinical practice. Although several molecular
biomarkers, including epigenetic-based, have been developed for that end, discrimination of BlCa from
other urinary tract malignancies and, more importantly, from benign conditions causing haematuria,
including inflammatory diseases, remains a challenge. Indeed, most control samples used in biomarker
discovery studies, including our own, mostly comprise normal/healthy donors, disregarding the
fact that a biomarker-based test would be offered to an “at-risk” population, including patients
experiencing suspicious symptoms. Therefore, based on two previously published studies by our
research team [11,12], we tested whether a miR663ame and VIMme multiplex panel could accurately
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discriminate BlCa from normal individuals and those afflicted with inflammatory conditions of the
genitourinary tract.

Because both miR663ame and VIMme were previously assessed using two different “simplex”
multi-gene biomarker panels, we firstly tested miR663ame and VIMme in multiplex in a consecutive
series of primary BlCa tissue samples and normal urothelial mucosae to confirm those previous results.
Indeed, employing a multiplex reaction allows for downscaling the initial tissue/body fluid sample
requirements, but also the quantity of DNA required for each test [18]. Remarkably, as expected,
the miR663ame-VIMme multiplex panel discriminated BlCa from NB tissues with high sensitivity and
specificity (96.3% and 88.2%, respectively), confirming the previous observations for the two markers
separately [11,12]. In urine samples from the testing set, although the performance of the multiplex
panel was slightly inferior to that of tissues, 92.6% sensitivity and 90% NPV was reached. Indeed,
it should be recalled that a relatively small number of cancer cells are exfoliated into urine, which
are subsequently “diluted” among a larger population of normal-looking urothelial cells. Thus, the
tumour DNA content in urine is actually minute [19] and sensitivity over 90% should be regarded as a
very encouraging result. Furthermore, in the validation set, comprising a larger independent cohort,
specificity of the miR663ame-VIMme multiplex panel increased to 86%, further increasing the potential
usefulness of the test.

It should be emphasised, however, that the foremost aim of this study was to assess the multiplex
panel ability to discriminate BlCa from IC, since this panel is envisaged to be tested in an “at-risk”
population, including individuals complaining of haematuria, many of which will be found to harbour
urinary tract inflammatory conditions. Although, in this setting, sensitivity and specificity were
slightly reduced, NPV increased (86.8%), which is an important finding [20]. Indeed, it is expected that
among tested individuals, most will not have a neoplastic condition and, thus, the higher the NPV, the
larger the proportion of those subjects that will not be submitted to confirmatory, invasive, procedures,
supporting the good performance of the test in discriminating patients negative for malignant condition.
Importantly, an LR (+) of 2.86 and an LR (−) of 0.21 values were observed, indicating that a negative
result decreases by 30% the probability of misdiagnosis [17].

Despite the fact that several studies suggest various genomic mutations and/or proteins’ expression
deregulation as biomarkers for BlCa detection and prognostication [21], the search for novel epigenetic
biomarkers, mostly DNA methylation-based, for BlCa detection has been attempted by several research
teams, probably due to the stability of the markers and the possibility of high-throughput tests.
Although some of those previous studies report an apparently superior performance to the panel
reported herein, it should be recalled that in most cases the patients’ series were smaller, only healthy
donors were included as controls or these were comprised of a mixed group of healthy donors and
patients with diverse urological diseases, and/or did not use a multiplex approach, which might
impact in sample availability, testing time length and cost [22–28]. Roperch et al. proposed a three
gene multiplex methylation panel (HS3ST2, SEPTIN9 and SLIT2) combined with FGFR3 mutations
assessment, age and smoking-status at time of diagnosis in a multivariate model, for diagnosis of
NMIBC in urine samples, disclosing 97.6% sensitivity and 84.8% specificity, in a smaller control
cohort [29]. Nonetheless, this strategy might be more difficult to implement in clinical practice, since it
requires both mutation and methylation analyses, in which the multiplex is performed in two distinct
gene duplex reactions. Similarly, Dahmcke et al. proposed a six gene methylation panel (SALL3,
ONECUT2, CCNA1, BCL2, EOMES and VIM) combined with the mutational analysis of TERT and
FGFR3, for early detection of BlCa, in urine samples, comparing BlCa patients and patients with
gross haematuria [30]. Although this panel disclosed higher sensitivity (97%), specificity was similar
(76.9%) [30], and, once again, our test uses a single technique in a single reaction, requiring less amount
of sample, enabling shorter response time, reduced technical skills and lower cost.

Although urine cytology and UroVysionTM fluorescence in situ hybridization (FISH) assay are
the two most commonly used urine-based tests in daily practice, they present important limitations.
On one hand, UroVysionTM presents a not-negligible rate of false positive results; on the other hand,
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urine cytology has limited accuracy, especially in low grade tumours detection [6,31,32]. Although
no direct comparison can be done with UroVysionTM, the 91.6% PPV obtained for the multiplex
panel clearly demonstrates higher accuracy in identifying true positive BlCa cases. In the present
study, urine cytology reached 41% sensitivity, which was easily surpassed by the 86% displayed by
miR663ame-VIMme multiplex panel. Notwithstanding, urine cytology remains an easy-to-perform and
informative test, as it allows pathologists to have the first look at exfoliated neoplastic cells in urine.
Having that in mind, we propose an algorithm where a urine cytology and the miR663ame-VIMme

multiplex panel could be combined as first-line diagnostic tests in patients with common urinary
complaints, with the ultimate goal of reducing the number of unnecessary cystoscopies, which are
invasive, uncomfortable and costly procedures (Figure 5).
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In this work, we further explored the prognostic ability of the gene methylation markers, aiming
to strengthen its clinical potential. Interestingly, survival analysis revealed that high miR663ame

levels independently predicted poor disease-specific survival in BlCa patients, especially those
with MIBC. Thus, the miR663ame-VIMme multiplex panel not only conveys diagnostic, but also
prognostic information.

Taking into account the promising results obtained, unveiling the putative biological relevance of
miR663a and VIM promoter methylation in bladder carcinogenesis may provide new important insights.
VIM encodes for vimentin, an intermediate filament characteristic of cells with mesenchymal phenotype,
not expressed in most normal epithelia (including urothelium), nor in most carcinomas [33]. VIM
de-novo expression or overexpression has been reported in various epithelial cancers, including those of
prostate [34], breast [35] and lung [36], associating with increased tumour growth and invasion. In these
instances, vimentin expression has been associated with epithelial to mesenchymal transition (EMT), a
biological process associated with tumour invasiveness [33]. Although VIM promoter methylation has
been proposed as a detection and/or prognostic marker for other malignancies, biological functions
are yet to be truly explored. Moreover, microRNAs have been extensively implicated in urological
malignancies [37]. Interestingly, a dual role has already been described for miR663a, having a tumour
suppressive activity in thyroid carcinoma [38] and glioblastoma [39], whereas an oncogenic function
was reported in prostate cancer [40] and osteosarcoma [41]. Additionally, miR663a’s downregulation
fostered cell proliferation by JunD overexpression in small-cell lung carcinoma [42], and HMGA2 in
hepatocellular carcinoma [43], while Transforming Growth Factor-1 (TGF-β1) [44] overexpression was
linked with invasion in the tumour type. Nevertheless, it should be recalled that not all biomarkers
require to have a relevant biological role in tumorigenesis.

Importantly, to assure accuracy and validity of the proposed methylation multiplex test, additional
validation by others, with larger sets of samples from prospectively collected data (from both BlCa and
inflammatory conditions) is warrant.
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5. Conclusions

In summary, we demonstrated that a miR663ame-VIMme multiplex panel accurately identifies
BlCa, allowing for precise identification of this common neoplasm in urine samples. Importantly, it
also discriminates BlCa patients from those with urinary tract inflammatory conditions, although
with inferior performance comparatively to healthy subjects. Thus, the implementation of this panel
might assist clinicians in better stratifying patients for confirmatory, invasive examinations, ultimately
improving the cost-effectiveness of BlCa diagnosis and management. Moreover, in the same analysis,
miR663ame analysis would identify patients at higher risk for cancer progression, further highlighting
the promise of this panel for patient monitoring.
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and Testing Set.
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Abstract: Sirtuins are emerging players in cancer biology and other age-related disorders, and their
putative role in bladder cancer (BlCa) remains elusive. Further understanding of disease biology may
allow for generation of more effective pathway-based biomarkers and targeted therapies. Herein,
we aimed to illuminate the role of sirtuins’ family in BlCa and evaluate their potential as disease
biomarkers and therapeutic targets. SIRT1-7 transcripts and protein levels were evaluated in a
series of primary BlCa and normal bladder mucosa tissues. SIRT7 knockdown was performed
through lentiviral transduction in MGHU3, 5637 and J82 cells and its functional role was assessed.
SIRT1, 2, 4 and 5 expression levels were significantly lower in BlCa, whereas SIRT6 and 7 were
overexpressed, and these results were corroborated by TCGA cohort analysis. SIRT7 transcript levels
were significantly decreased in muscle-invasive vs. papillary BlCa. In vitro studies showed that
SIRT7 downregulation promoted cells migration and invasion. Accordingly, increased EMT markers
expression and decreased E-Cadherin (CDH1) was observed in those BlCa cells. Moreover, increased
EZH2 expression and H3K27me3 deposition in E-Cadherin promoter was found in sh-SIRT7 cells.
We demonstrated that sirtuins are globally deregulated in BlCa, and specifically SIRT7 downregulation
is implicated in EMT, fostering BlCa invasiveness through EZH2-CDH1 axis.

Keywords: bladder cancer; SIRT7; EMT
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1. Introduction

Bladder cancer (BlCa) is the 9th most common cancer type worldwide, with an estimated 400,000
new cases and 160,000 deaths per year, in both genders [1]. Men are more susceptible and in more
developed regions, BlCa represents has the 6th highest incidence among different cancers. BlCa may be
categorized according to clinical, pathological, or molecular characteristics. Muscle-invasive bladder
cancer (MIBC) which accounts for about 20% of all cases, represents the more aggressive form,
being more likely to progress and metastasize, whereas non-muscle-invasive bladder cancer (NMIBC)
is mostly characterized by multiple local recurrences, which, over time, also entail increased risk of
invasion. Indeed, although most newly diagnosed patients present NMIBC (approximately 80%),
there is variable risk of progression, with increased morbidity [2–4].

Sirtuins (SIRTs) are a family of NAD+-dependent deacetylases highly conserved among all
living organisms. Seven different SIRTs (SIRT1–7) are described in mammals, also known as Class
III histone deacetylases (HDACs), which differing among each other in substrate specificity and
catalytic activity [5]. Within the cell, these enzymes participate in control of important biological
processes, including cell division, differentiation, metabolism, genomic stability, survival, senescence
and organismal lifespan [6]. In addition, SIRTs expression is deregulated in many cancer types [7–9].
SIRT1 and SIRT3 may be up- or downregulated depending on the cancer type, acting either as oncogenes
(e.g., colorectal or oral cancer) [10,11], or tumor suppressors (e.g., SIRT1 in bladder cancer, SIRT1 and
SIRT3 in breast and prostate cancer) [12,13]. SIRT2 and SIRT4, on the other hand, are considered
tumor suppressor, downregulated in glioma and hepatocellular carcinoma (SIRT2) [14,15], and bladder,
gastric and lung cancer (SIRT4) [16], among others. Although little is known about the role of SIRT5 in
neoplastic transformation, it is overexpressed in non-small-cell lung cancer (NSCLC) [17]. Concerning
SIRT6, it is downregulated in several cancers, including hepatocellular carcinoma [18,19], but it is
overexpressed in breast cancer and NSCLC [20,21]. Finally, an oncogenic function has been proposed
for SIRT7 as it was found overexpressed in several epithelial cancers [22,23]. Moreover, SIRT7 is
mostly localized in the nucleus and its deacetylase function needs to be disclosed, with only a few well
characterized substrates reported [24,25]. SIRT7 deacetylase activity is related with histones, disclosing
highly selective activity for lysine 18 of histone H3 (H3K18Ac), notwithstanding other protein targets
involved in cell homeostasis and stress response [24]. SIRT7 is also involved in ribosomes biogenesis
and other mechanisms of cell proliferation [26,27].

Although sirtuins have been characterized in various neoplasms, their putative role in BlCa
development and progression remains elusive with only a few published studies to date [12,16,28]. Thus,
we sought to comprehensively characterize SIRTs expression in BlCa tissues, comparing with normal
bladder mucosa, assessing their potential as prognostic biomarkers. Furthermore, the phenotypic
impact of SIRT7 deregulation in BlCa cells was also evaluated.

2. Results

2.1. Sirtuins Transcript Levels Characterization in Bladder Urothelial Carcinoma

Transcript levels of all sirtuins (SIRT1-7) were evaluated in 94 BlCa samples (UCC) by RT-qPCR
and compared with normal mucosa (controls). Statistically significant differences were disclosed for all
sirtuins, except for SIRT3 (MW p = 0.0612; Figure 1A). Reduced SIRT1, 2, 4 and 5 expression levels were
depicted in BlCa (MW p < 0.0001 for all; Figure 1A), whereas SIRT6 and SIRT7 were overexpressed
(MW p < 0.0001 for both; Figure 1B). In TCGA dataset, SIRTs expression in BlCa compared to paired
NB samples disclosed similar results, with a significant decrease of SIRT1 and SIRT3 expression
(MW p < 0.0001 and p = 0.0422, respectively; Figure S1A), and significant increase in SIRT6 and SIRT7
expression in BlCa tissues (MW p < 0.0001 for both; Figure S1B).
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Figure 1. Sirtuin family transcript levels characterization in bladder urothelial carcinoma. 
Characterization of SIRT1, SIRT2, SIRT3, SIRT4 and SIRT5 (A), and SIRT6 and SIRT7 (B) in the bladder 
cancer and normal mucosae cohorts, by quantitative RT-PCR. **** p < 0.0001, ns—nonsignificant. 
UCC—urothelial cell carcinoma, NB—normal bladder mucosae. 

2.2. SIRT7 Expression Is Decreased in Invasive and TCGA “Basal-Like” Urothelial Carcinoma 

Characterization of SIRTs expression was then evaluated according to tumor subtype. Overall, 
lower transcript levels were observed in invasive high-grade carcinomas (IHG) comparing with 
papillary low-grade carcinomas (PLG) (Figure S2A), although statistical significance was only 
reached for SIRT7 (KW p < 0.0001; Figure 2A). Additionally, significantly decreased SIRT7 expression 
was also observed in IHG compared to papillary high-grade carcinomas (PHG) (Figure 2A). 
Contrarily, SIRT4 expression levels were significantly higher in IHG compared to PLG (KW p = 
0.0012; Figure S2A). The same analysis was also performed in a TCGA bladder urothelial cancer 
cohort and a similar SIRTs expression profile was found, with IHG showing significantly increased 
SIRT4 expression levels comparing to PLG, whereas SIRT5 and SIRT6 expression levels were 
decreased (Figure S2B). Furthermore, in TCGA dataset, SIRT7 expression was significantly lower in 
IHG compared to PHG and PLG (KW p < 0.0001 for both; Figure 2B), although no significant 
differences were disclosed between PLG and PHG. 

 

Figure 2. Cont. 

Figure 1. Sirtuin family transcript levels characterization in bladder urothelial carcinoma. Characterization
of SIRT1, SIRT2, SIRT3, SIRT4 and SIRT5 (A), and SIRT6 and SIRT7 (B) in the bladder cancer and normal
mucosae cohorts, by quantitative RT-PCR. **** p < 0.0001, ns—nonsignificant. UCC—urothelial cell
carcinoma, NB—normal bladder mucosae.

2.2. SIRT7 Expression Is Decreased in Invasive and TCGA “Basal-Like” Urothelial Carcinoma

Characterization of SIRTs expression was then evaluated according to tumor subtype. Overall,
lower transcript levels were observed in invasive high-grade carcinomas (IHG) comparing with
papillary low-grade carcinomas (PLG) (Figure S2A), although statistical significance was only reached
for SIRT7 (KW p < 0.0001; Figure 2A). Additionally, significantly decreased SIRT7 expression was
also observed in IHG compared to papillary high-grade carcinomas (PHG) (Figure 2A). Contrarily,
SIRT4 expression levels were significantly higher in IHG compared to PLG (KW p = 0.0012; Figure S2A).
The same analysis was also performed in a TCGA bladder urothelial cancer cohort and a similar
SIRTs expression profile was found, with IHG showing significantly increased SIRT4 expression
levels comparing to PLG, whereas SIRT5 and SIRT6 expression levels were decreased (Figure S2B).
Furthermore, in TCGA dataset, SIRT7 expression was significantly lower in IHG compared to PHG and
PLG (KW p < 0.0001 for both; Figure 2B), although no significant differences were disclosed between
PLG and PHG.
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Figure 2. SIRT7 expression downregulation in invasive and TCGA “basal-like” urothelial tumors.
Characterization of SIRT7 gene expression in the bladder cancer cohort (A) and TCGA cohort
(B) categorized by clinical grade. Characterization of SIRT7 gene expression in the bladder cancer cohort
categorized by non-muscle invasive and muscle invasive bladder cancer (C). SIRT7 gene expression
according to TCGA molecular clusters analysis in the TCGA cohort (D). SIRT7 immunohistochemistry
results for the normal and tumor tissue samples cohort, categorized by non-muscle invasive and muscle
invasive bladder cancer, regarding the calculated immunoscore (E). * p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001. PLG—papillary low-grade, PHG—papillary high-grade, IHG—invasive high-grade,
NMIBC—non-muscle invasive bladder cancer, MIBC-muscle invasive bladder cancer.

Concerning pathological stage, two categories were considered: pTa-1/NMIBC (tumors confined
to the bladder mucosa), and pT2-4/MIBC (tumors that invade the bladder muscular layer or beyond).
In MIBC, SIRT4 expression levels were significantly higher (MW p = 0.0009 s) and SIRT7 levels were
significantly lower (MW p = 0.0006; Figure 2C) comparing with NMIBC. In TCGA cohort, no statistically
significant differences were disclosed, since only two cases are classified as NMIBC. Furthermore,
in both IPO Porto’s and TGCA cohorts, no association was found between SIRTs expression levels and
patients’ gender or age at diagnosis.

Since alterations in SIRT7 altered expression were concordant in both cohorts, we further assessed
the prognostic value of SIRT7 expression. Of the 94 patients enrolled, four were lost to follow-up.
The median follow-up time of BlCa patients was 72 months (range: 1–248 months). At the last follow-up
time point, 44 patients were alive with no evidence of cancer, eight patients were alive with disease,
10 had died from other causes and 28 had deceased due to BlCa. In IPO Porto’s cohort, high tumor
grade and pathological stage, as well as more advanced age at diagnosis, were significantly associated
with shorter overall survival in multivariable Cox-regression model (p = 0.031, p = 0.037 and p = 0.030,
respectively). Although SIRT7 expression levels did not associate with patients’ prognosis in IPO
Porto’s cohort, in TCGA dataset, cases with lower SIRT7 expression (percentile 25) disclosed shorter
overall survival, although only in univariable analysis (p = 0.028). Moreover, sirtuins’ expression did
not associate with disease-free survival, both considering the total cohort of patients and in patients
without (NMIBC) or with (MIBC) invasive disease, separately.

Furthermore, TCGA clusters for molecular markers signatures in BlCa were also carried out.
These clusters categorize samples using various known molecular characteristics. Cluster I subset
consists of tumors with “papillary-like” morphology and higher expression of epithelial markers like
E-cadherin (ECAD), whereas cluster III is characterized by low ECAD expression and high cytokeratins
expression, consistent with a “basal-like” phenotype [29]. SIRT7 expression was significantly lower
in “basal-like” phenotype (cluster III) than in “papillary-like” phenotype (cluster I) (MW p < 0.0001,
Figure 2D).

Immunoexpression analysis showed that both normal urothelial and BlCa cells expressed nuclear
SIRT7 (Figure S3). Although no significant correlation was found between SIRT7 mRNA and protein
levels, higher staining intensity and/or percentage of positive cells was observed in BlCa compared
to normal urothelium (Figure 2E). Furthermore, a slight reduction of SIRT7 expression in MIBC was
depicted (Figure 2E), paralleling SIRT7 transcript level results.
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2.3. SIRT7 Expression in Bladder Cancer Cell Lines

SIRT7 nuclear protein levels were evaluated in five BlCa cell lines and one immortalized normal
urothelial cell line (SV-HUC1), where MGHU3, J82 and 5637 cells displayed the highest SIRT7 protein
levels (Figure 3A). The lowest levels were found in the more aggressive cell line, namely TCCSUP
cell line derived from a Grade IV carcinoma, whereas MGHU3 derived from a Grade I carcinoma,
5637 from a Grade II carcinoma, and J82 cell line originated from a Grade III carcinoma.
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Figure 3. SIRT7 expression in bladder cancer cell lines. Expression of SIRT7 nuclear protein (A) in
bladder cancer cell lines by Western blot; results are representative of three independent experiments
with mean ± SD. Confirmation of SIRT7 knockdown in MGHU3, 5637 and J82 cell lines at nuclear
protein level (B) by Western blot; **** p < 0.0001, results are representative of three independent
experiments with mean ± SD.

Because these three cell lines disclosed the highest SIRT7 nuclear protein expression, they were
chosen for lentiviral downregulation experiments. Before transfection, SIRT7 nuclear localization
was confirmed by immunofluorescence for the three selected cell lines (Figure S4). Furthermore,
after lentiviral transfection, a significant reduction was achieved for the three cell lines (MW p < 0.0001;
Figure 3B), and reduced SIRT7 nuclear expression was confirmed by immunofluorescence in sh-SIRT7
cells compared to sh-scramble/CTRL cells s.

2.4. SIRT7 Downregulation Promotes Invasiveness and EMT in Bladder Cancer Cells

Although no significant alterations in cell proliferation (Figure 4A) and apoptosis (Figure 4B)
were found in sh-SIRT7 vs. sh-scramble/CTRL MGHU3 and J82 cells, 5637 sh-SIRT7 displayed a
higher proliferation rate (especially at the 48 h time-point), and reduced apoptosis levels (p < 0.001
and p < 0.01, respectively). Moreover, a significant increase in cell migration was observed at all time
points in MGHU3, 5637 and J82 sh-SIRT7 cells (Figure 4C), and the same was depicted for cell invasion
(Figure 4D).

Moreover, sh-SIRT7 cells disclosed E-cadherin (or ECAD, an epithelial marker) decreased
expression compared to wild type cell lines that expressed this protein (MGHU3 and 5637),
whereas significantly increased N-cadherin (or NCAD, mesenchymal marker) protein levels were found
in all tested cell lines. Moreover, these results were corroborated by immunofluorescence analysis for
the same markers in the same cell lines (Figure S5). Furthermore, EMT transcription factors, SLUG and
SNAIL, paralleled the same expression pattern as ECAD in the same cell lines (Figure 4E).
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Figure 4. SIRT7 downregulation promotes invasiveness and EMT in bladder cancer cells. Effect of
SIRT7 knockdown for MGHU3, 5637 and J82 cell lines at (A) cell viability by MTT assay, (B) apoptosis-
cell death by APOPercentage assay, (C) cell invasion by BD Biocoat Matrigel Invasion Chambers and
(D) cell migration by wound-healing assay; * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.001;
results are representative of three independent experiments with mean ± SD, each of them in triplicates.
Expression of epithelial and mesenchymal markers and EMT transcription factors (E) in MGHU3, 5637
and J82 SIRT7 knockdown by western blot; results are representative of three independent experiments
with mean ± SD.
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2.5. SIRT7 Downregulation Associates with E-Cadherin Repression Mediated by Histone
Methyltransferase EZH2

Because a global increase in both invasion and migration were found in sh-SIRT7 cell lines, with a
concomitant decrease of the epithelial marker and key EMT player ECAD (CDH1 gene), we further
investigated the expression of CDH1 in tissue samples from IPO Porto’s cohort. Indeed, MIBC showed
decreased CDH1 transcript levels and CDH2 upregulation (MW p < 0.0001 and p = 0.0011, respectively;
Figure S6). Moreover, SIRT7 and CDH1 transcript levels positively correlated (r= 0.58, 95% CI 0.422
to 0.704, p < 0.0001) whereas SIRT7 and CDH2 transcript levels negatively correlated (r= −0.22,
95% CI −0.403 to −0.00187, p < 0.05) in MIBC patients.

As CDH1, which is transcriptionally regulated by EZH2 [a SIRT7 substrate [30]], was found
decreased in MIBC cases, and taking into account the previous results in SIRT7 modulated cell
lines (Figure 4), we decided to explore the interplay between SIRT7, EZH2 and CDH1/ECAD. Indeed,
EZH2 transcript levels were significantly higher in BlCa tissues compared to NB samples (MW p < 0.0001,
Figure 5A). Furthermore, MIBC depicted the highest EZH2 transcript levels (MW p = 0.0444, Figure 5B),
and an inverse expression pattern was depicted for SIRT7 and EZH2 transcripts in MIBC (Figure S7).
Moreover, EZH2 protein levels were significantly increased in sh-SIRT7 5637 cells (chosen because it
showed differences in all phenotypic assays), compared to sh-CTRL cells (MW p< 0.01, Figure 5C).

Additionally, since EZH2 represses several genes, including CDH1, through its histone
methyltransferase activity, especially by histone 3 lysine 27 tri-methylation (H3K27me3) deposition
within the respective promoters, PLA, co-immunoprecipitation (co-IP) and ChIP assays were performed.
Firstly, PLA assay showed that EZH2 and SIRT7 physically interact in sh-CTRL 5637 cells (p < 0.0001;
Figure 5D), and that sh-SIRT7 cells showed more H3K27me3 mark (p < 0.001; Figure 5D). Next, a co-IP
with an acetylated-lysine antibody disclosed higher acetylated EZH2 in sh-SIRT7 cells, comparatively
to sh-CTRL cells (Figure 5E). Lastly, a ChIP assay was performed to assess the deposition of H3K27me3

mark at CDH1 promoter region in all transfected cell lines. As expected, increased H3K27me3 was
observed across the CDH1 promoter in sh-SIRT7 cells, with a significant increase in both MGHU3 and
J82 cells (2-way ANOVA p = 0.01; Figure 5F), suggesting that CDH1 repression associated with SIRT7
downregulation occurs through EZH2 overexpression.
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Figure 5. SIRT7 downregulation associates with E-Cadherin repression mediated by histone
methyltransferase EZH2. Characterization of EZH2 gene expression in the bladder cancer and normal
mucosae cohort (A), and in non-muscle invasive and muscle-invasive bladder cancer cases (B),
by quantitative RT-qPCR. Characterization of EZH2 protein expression (C) in 5637 sh-CTRL and sh-SIRT7
cells, by western blot analysis. Proximity Ligation Assay for assessment of interaction of Histone 3 with
Histone 3 lysine 27 tri-methylation (H3K27me3) and EZH2 with SIRT7, in 5637 sh-scramble and sh-SIRT7
cells (100×magnification) (D). Western blot analysis for EZH2 protein, after co-immunoprecipitation
assay with acetyl-lysine antibody in J82, 5637 and MGHU3 sh-scramble/CTRL and sh-SIRT7 cells (E).
Chromatin immunoprecipitation results for H3K27me3 deposition across the CDH1 gene promoter,
in MGHU3, 5637 and J82 sh-scramble/CTRL and sh-SIRT7 cells (F). * p < 0.05, *** p < 0.001 and
**** p < 0.0001.

3. Discussion

Sirtuins, also known as Class III HDACs, are involved in many biological processes, including cell
division, differentiation, metabolism, genomic stability, survival, senescence and organismal lifespan [6],
and variable SIRTs deregulated expression has been reported in many cancer types [7–9]. Remarkably,
sirtuins may act either as oncogenes or tumor suppressor genes in different tumor models [12–16].
Thus, better understanding of the biological role of these unique enzymes in tumorigenesis might
provide novel biomarkers for disease management as well as putative therapeutic targets.

Herein, we report, for the first time, a comprehensive evaluation of sirtuins (SIRT1-7) mRNA
expression in a series of 94 BlCa cases from a single institution and respective validation in TCGA
dataset, comparing with normal bladder mucosa. Significant differences were depicted for all sirtuins,
except for SIRT3, with SIRT1, 2, 4 and 5 downregulation and SIRT6 and 7 overexpression. These findings
were mostly validated in TCGA dataset, especially for SIRT6 and SIRT7. Previous studies on BlCa have
mainly focused on SIRT1 and SIRT4 and were mostly based in publicly available datasets only [12,16],
not providing a global picture of sirtuin deregulation in BlCa. Interestingly, besides significant
differences between BlCa and urothelium, differential expression of some sirtuins was also disclosed
between tumors with dissimilar clinical and biological behavior. Interestingly, although SIRT7 was
overexpressed in BlCa, the more aggressive tumors (IHG) disclosed significantly lower expression
levels compared to PLG and PHG, both in IPO Porto’s and TCGA cohorts. Furthermore, in MIBC
both SIRT7 transcript and protein disclosed a significant reduction compared to NMIBC. Remarkably,
previous reports on SIRT7 in uterus, colon, kidney, ovary and prostate cancers revealed increased
expression levels [22,24]. Nevertheless, in all those models, a strict oncogenic role was proposed for
SIRT7, whereas our findings suggest that, at the least in bladder carcinogenesis, SIRT7 may play a dual
role, eventually context-dependent. Furthermore, although we did not find significant differences in
SIRT6 transcript levels between PHG and IHG tumors (either in our and TCGA cohort), nor between
different stages of MIBC, Wu et al. reported that SIRT6 protein levels declined significantly from
T2 to T4 MIBC, which also suggests that the functional importance of sirtuins may change along
cancer progression [28]. The observed decreased overall survival in BlCa patients with lower SIRT7
expression in TCGA cohort (eventually associated with higher grade and stage, as well as molecular
BlCa subtype) further suggests that decreased SIRT7 impacts on neoplastic cell biology, promoting a
more aggressive phenotype.
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Taking in consideration SIRT7 expression patterns in normal and neoplastic urothelium, we sought
to characterize the effects of its deregulated expression at molecular level. Thus, after characterization
of SIRT7 transcript and protein expression levels in neoplastic and benign urothelial cell lines,
three cell lines were chosen for further experiments as their profile more closely replicated that of
a spectrum of BlCa tissues. Interestingly, in vitro phenotypic assays demonstrated that although
SIRT7 downregulation did not affect cell proliferation or apoptosis, with the exception of 5637 cell
line, rather impairing cell motility, decreasing both cell migration and cell invasion capabilities in all
modulated cell lines. These effects immediately suggested a putative association between SIRT7 and
EMT, a process that is key for tumor invasion and metastization [31,32]. This hypothesis was confirmed
as SIRT7 knockdown significantly associated with decreased E-Cadherin expression and augmented
expression of a mesenchymal marker (N-Cadherin), and EMT-inducing transcription factors (SLUG
and SNAIL), in the modulated BlCa cells. Although only a few studies investigated the relationship
between sirtuins and EMT [33], SIRT7 depletion in PC3 prostate cancer cell line was shown to impair
migration and invasiveness, reprograming neoplastic cells towards epithelial gene expression [22].
Our results indicate the opposite trend in BlCa cells, which might be due to the pleiotropic effects of
sirtuins and/or the dissimilar molecular profile of prostate and urothelial cancer cells [34].

Remarkably, we found that the mechanism by which SIRT7 affects CDH1 expression, and thus
EMT, is probably linked to EZH2. EZH2 is a well-known member of the polycomb repressive
complex 2 (PRC2), described as being involved in the transcription repression by catalyzing the
repressive H3K27me3 mark at several gene promotes, including CDH1 [35–37]. Previously, proteomic
analyses demonstrated that among 250 candidate substrates, EZH2 was a SIRT7 substrate [30,38].
In our study, sh-SIRT7 cells showed increased total and acetylated EZH2 expression, followed by
decreased ECAD protein. Concurrently, increased H3K27me3 deposition at CDH1 promoter was also
observed in the same cells. Thus, when SIRT7 is downregulated, EZH2 activity might be enhanced by
acetylation, contributing to CDH1 transcription repression through H3K27me3 deposition in its promoter,
as previously reported [30]. CDH1 repression and concomitant EMT transcription factors’ upregulation
(e.g., SNAIL and SLUG), might then lead to a shift from epithelial to mesenchymal phenotype, allowing
for increased cancer cell motility. Indeed, upregulation of these specific EMT transcription factors,
due to diverse upstream signals and post-transcriptional mechanisms, also corroborates our hypothetic
mechanism. Indeed, both SNAIL and SLUG were shown to cooperate with PRC2, and specifically
with EZH2, towards controlling the expression of several genes, relevant for neural crest development,
including CDH1 [39,40]. Moreover, during EMT, Snail was proven to recruit EZH2 to specific genomic
sites by the enrollment of the long non-coding RNA HOTAIR [41]. Thus, our results suggest that
EMT transcription factors’ upregulation in sh-SIRT7 BlCa cells might be due to the phenotypic shift in
invasion and migration and, at the molecular level, by recruitment of EZH2 to specific targets.

Thus far, only a limited number of upstream SIRT7 transcription regulators, such as histone
deacetylase 3 (HDAC3) and the X-box binding protein 1 (XBP1) molecules have been identified [42,43].
At post-transcriptional level, SIRT7 was shown be negatively regulated by microRNAs, such as those
from microRNA-125 family [44]. However, few reports deal with SIRT7 regulation by post-translational
modifications [45–47]. Hence, it would be important to further explore how regulation of SIRT7 occurs
in BlCa, and unveil how SIRT7 expression shift occurs from non-invasive to invasive BlCa.

Moreover, although discovery of new prognostic biomarkers for BlCa is imperative for more
effective disease management, the aim of our study was mostly to uncover how expression of all sirtuins
was altered in BlCa, and to investigate whether they might be implicated in bladder carcinogenesis
and/or disease progression and invasiveness. Indeed, we were able to demonstrate that for SIRT7.
Nonetheless, the analyzed cohort was composed by patients diagnosed over a large time span
(1991–2011) and the small number of events occurring in this cohort precluded a more robust and
detailed statistical analysis.

Overall, our results suggest that increased SIRT7 expression occurs during urothelium neoplastic
transformation, which usually results in the formation of non-invasive, papillary neoplasms or flat



Cancers 2020, 12, 1066 10 of 19

lesions like urothelial carcinoma in situ [48]. At this stage, it is likely that SIRT7 is involved in promoting
cell growth and survival, which are key to neoplastic development, eventually through deacetylation of
H3K18 [24]. Then, transition to an invasive phenotype might require SIRT7 downregulation, involving
EZH2 upregulation and acetylation, among other mechanisms, which promote EMT. Although the
mechanism of SIRT7 deregulation in BlCa remains elusive, it is tempting to speculate whether it might
be due to epigenetic mechanisms, which allow for the suggested plasticity of SIRT7 gene expression
during carcinogenesis and tumor progression.

4. Materials and Methods

4.1. Patients and Samples

Patients with primary bladder urothelial carcinoma (UCC), treated with transurethral resection
(TUR) or radical cystectomy, between 1991 and 2011 at Portuguese Oncology Institute of Porto
(IPO Porto), Portugal (n = 94). A set of 19 morphologically normal bladder mucosa (NB) tissue samples
was obtained from BlCa-free individuals (prostate cancer patients submitted to radical prostatectomy)
and served as controls. All specimens were fresh-frozen at −80 ◦C and subsequently cut in a cryostat
for confirmation of representativity and nucleic acid extraction. From each specimen, fragments were
collected, formalin-fixed, and paraffin embedded for routine histopathological examination, including
grading and pathological staging, by a dedicated uropathologist [49]. Relevant clinical data was
collected from clinical charts (Table 1). Patients and controls were enrolled after informed consent.
This study was approved by the institutional review board (Comissão de Ética para a Saúde) of IPO
Porto (CES103-14).

Table 1. Clinical and histopathological parameters of Bladder Cancer patients, and gender and age
distribution of control set individuals.

Clinicopathological Features Bladder UCC Normal Bladder Mucosae

Patients, n 94 19

Gender, n (%)

Males 78 (83) 19 (100)

Females 16 (17) 0

Median age, yrs (range) 69 (45–91) 63 (48–75)

Grade, n (%)

Papillary, low-grade 33 (35) n.a.

Papillary, high-grade 33 (35) n.a.

Invasive, high-grade 28 (30) n.a.

Pathological Stage, n (%)

pTa/pT1 (NMIBC) 61 (65) n.a.

pT2-4 (MIBC) 33 (35) n.a.

(UCC—Urothelial Cell Carcinoma; yrs—years; NMIBC—non-muscle invasive bladder cancer; MIBC—muscle
invasive bladder cancer).

4.2. Real-Time Quantitative PCR (RT-qPCR)

RNA was extracted from tissues and from MGHU3, 5637 and J82 sh-scramble and sh-SIRT7
cells using TRIzol® (Invitrogen, Carlsbad, CA, USA), according to manufacturer’s instructions.
For tissue RNA, cDNA synthesis was performed using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems®, Foster City, CA, USA), according to manufacturer’s instructions.
Sirtuins transcript levels were quantified by RT-qPCR. Expression levels were evaluated using
4.5 µL of diluted cDNA, 5 µL of TaqMan® Universal PCR Master Mix No AmpErase® UNG (Applied
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Biosystems®) and 0.5 µL of TaqMan® Gene Expression Assay, specific for each sirtuin and reference
genes, as described in Table S1 (Applied Biosystems®). Each sample was run in triplicate and
the RT-qPCR conditions were: 2 min at 50 ◦C, followed by enzyme activation for 10 min at 95 ◦C,
and 45 cycles which included a denaturation stage at 95 ◦C for 15 s and an extending stage at 60 ◦C for
60 s onds. HPRT and SDHA were both used as reference genes for normalization. Relative expression
of target genes tested in each sample was determined as: [Gene Expression Level = (Gene Mean
Quantity/(HPRT1 & SDHA) Mean Quantity) × 1000].

Concerning cell lines, 1000 ng of RNA were reverse transcribed using RevertAid RT kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA), according to manufacturer’s instructions. For 100 ng of
cDNA, SIRT7 and NCAD transcript levels were quantified using TaqMan® Gene Expression Assay,
as described above, in 396 well plates LightCycler480II (Roche, Basel, Switzerland). For ECAD and
EZH2 genes, transcription levels were also evaluated in J82 sh-scramble and sh-SIRT7 cells in 396 well
plates LightCycler480II (Roche) using Xpert Fast SYBER Mastermix Blue (GRiSP Research Solutions,
Porto, Portugal) with specific primers (S2). Transcript levels for studied genes were then evaluated
using ∆∆Ct method, with HPRT and BGUS housekeeping genes as reference genes.

4.3. Immunohistochemistry

Immunohistochemistry was performed using the Novolink™Max Polymer Detection System
(Leica Biosystems, Wetzlar, Germany]. Three-µm thick tissues s tions from formalin-fixed and
paraffin-embedded BlCa (corresponding to 88 of the 94 cases, for which there was archived
tissue available) and controls (n = 25, consisting of normal urothelial mucosa collected from the
urether of nephrectomy specimens with renal cell tumors) were cut, deparaffinized and rehydrated.
Antigen retrieval was accomplished by microwaving the specimens at 800 W for 20 min in 10 mM
sodium citrate buffer, pH = 6. Endogenous peroxidase activity was blocked by incubating the s
tions in 0.6% hydrogen peroxide solution for 20 minutes. Primary monoclonal antibody for SIRT7
(HPA053669, Sigma-Aldrich™, St. Louis, MO, USA) was used in 1:500 dilution, and incubated at
room-temperature (RT) for one hour. Then, 3,3′-diaminobenzidine (Sigma-Aldrich™) was used as
chromogen for visualization and slides were mounted with Entellan® (Merck-Millipore, Burlington,
MA, USA). Normal testicular tissue, showing intense SIRT7 immunoreactivity was used as positive
control. SIRT7 immunoexpression was evaluated by a dedicated uropathologist and cases were
classified using a semi-quantitative scale for both staining intensity (0—no staining; 1—intensity lower
than normal urothelium; 2—intensity equal to normal urothelium; 3—intensity higher than normal
urothelium) and percentage of positive cells (0—< 10%; 1—10–33%; 2—33–67%; 3— > 67%), in each
tumor. Staining intensity and percentage of positive cell results were then combined in a single score
(Score S = staining intensity x percentage of positive cells) assigned to each tumor, and further stratified
into low expression (S < 4 = IHC−) and high expression (S ≥ 4 = IHC+ ) groups, which correspond to
cases with less than 33% stained cells or staining intensity lower than normal urothelium, and cases
with at least 33% stained cells with an intensity equal to or higher than normal urothelium.

4.4. TCGA Dataset Analysis in Bladder Urothelial Carcinoma Patients

The Cancer Genome Atlas (TCGA) dataset was interrogated for data on SIRT1-7 expression and
clinical information, when available, of 408 BlCa patients and 19 matched controls. All expression
data from samples hybridized at the University of North Carolina, Lineberger Comprehensive Cancer
Center, using Illumina HiSeq 2000 RNA Sequencing version 2 analysis, were downloaded from
the GDC data portal (https://portal.gdc.cancer.gov/). Biospecimen Core Resources (BCRs) provided
the clinical data of each patient. This data is available for download through the GDC data portal
(https://portal.gdc.cancer.gov) (Table 2).

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov
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Table 2. Clinical and histopathological parameters of bladder cancer patients, and gender and age
distribution of control set individuals from TCGA cohort.

Clinicopathological Features Bladder UCC Matched Normal Bladder Mucosae

Patients, n 408 19

Gender, n (%)

Males 301 (83) 10 (53)

Females 107 (17) 9 (47)

Median age, yrs (range) 69 (34–90) 71 (48–90)

Grade, n (%)

Papillary, low-grade 18 (4) n.a.

Papillary, high-grade 112 (28) n.a.

Invasive, high-grade 278 (68) n.a.

Pathological stage, n (%)

pTa/pT1 (NMIBC) 2 (1) n.a.

pT2-4 (MIBC) 406 (99) n.a.

(UCC—Urothelial Cell Carcinoma; yrs—years; NMIBC—non-muscle invasive bladder cancer; MIBC—muscle
invasive bladder cancer)

4.5. Cell Lines Culture

5637, J82, T24 and TCCSUP BlCa cell lines and normal bladder cell line SV-HUC1 were selected
for this study. All cell lines were purchased from ATCC and grown using recommended medium
(Biochrom-Merck, Berlin, Germany) supplemented with 10% fetal bovine serum (FBS, Biochrom) and
1% penicillin/streptomycin (GIBCO, Invitrogen) at 37 ◦C and 5% CO2. Mycoplasma test was regularly
performed for all cell lines using TaKaRa PCR Mycoplasma Detection Set (Clontech Laboratories,
Mountain View, CA, USA).

4.6. Lentiviral Transduction

SIRT7 knockdown was performed through lentiviral transduction in J82 cell line using
GIPZTM Lentiviral shRNA particles (DharmaconTM, Lafayette, CO, USA), and in MGHU3 and
5637 cell lines using SMARTvectorTM Inducible Lentiviral shRNA particles (target sequence:
5’-CCCTGCGTGCTGGTGAAGA-3’). All sh-SIRT7 vectors included the green fluorescent protein
(GFP). Briefly, cells were seeded in 12 well/plate at density of 4 × 104 cells/well and incubated during
24 h in humidified chamber at 37 ◦C and 5% CO2. Then, culture medium was removed and 500 µL of
completed medium with 8µg/mL polybrene and lentiviral sh-SIRT7 particles with MOI 10 concentration
were added. After 48 h, 1 µg/mL of puromycin dihydrochloride (Clontech Laboratories) was added to
select stably transfected cells. For MGHU3 and 5637 cells, after puromycin selection, a treatment was
performed with 100 ng/mL doxycycline in order to induce the Tet-On 3 G bipartite induction system.
Additionally, J82, MGHU3 and 5637 control cells were generated using a non-target scramble shRNA
under the same previously described conditions.

For clone selection, 10, 20 and 50 cells/well were seeded in 96 well plate after stable selection,
and the isolated clones were grown until confluence for protein extraction, and subsequent western
blot analysis for SIRT7 expression. Moreover, sh-SIRT7 cells were observed under the fluorescence
microscope for GFP expression.

4.7. Protein Extraction

BlCa cell lines, sh-scramble/CTRL and sh-SIRT7 cells were grown until 80% confluence
and homogenized in Kinexus lysis buffer supplemented with proteases inhibitors cocktail. Then,
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cells were sonicated for 5 cycles of 30 s ON and 30 s OFF (Bioruptor®, Diagenode, Liège, Belgium).
After centrifugation, the supernatant was collected, and total protein was quantified according the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc.), according to the manufacture procedure.

For subcellular fractionation, Nuclear Extract kit (Active Motif, Carlsbad, CA, USA) was used.
Briefly, bladder cancer cell lines, sh-scramble/CTRL and sh-SIRT7 cells were washed in 1 X PBS with
phosphate inhibitors and scrapped. Subsequently, cells were suspended in hypotonic buffer and
incubated on ice during 15 min. Additionally, a detergent was added, and samples were centrifuged
at 14,000 rpm during 30 s at 4 ◦C. Supernatant (cytoplasmic fraction) was collected and stored at
−80 ◦C until use. Then, cell pellets were resuspended and incubated in a complete lysis buffer
solution (lysis buffer with proteases inhibitor cocktail and 10 mM DTT), following centrifugation and
supernatant (nuclear fraction) collection and storage at −80 ◦C. Nuclear and cytoplasmic proteins were
then quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc.), according to
manufacture procedure.

4.8. Western Blot and Co-Immunoprecipitation

Aliquots of 30 µg total protein was separated in 10% polyacrylamide gel by SDS-PAGE and
transferred onto an immunoblot PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA) in a
25 mM Tris-base/glycine buffer using a Trans-Blot Turbo Transfer system (Bio-Rad Laboratories).
Membranes were blocked with 5% milk in TBS/0.1% Tween (TBS/T pH = 7.6) for 1 hour at RT.
After incubation with primary antibodies for SIRT7 (1:350, HPA053669, Sigma-Aldrich) or EZH2 (1:500,
NCL-L-EZH2, Leica Biosystems) for 1 h 30 min at RT, the membranes were washed in TBS/T and
incubated with s ondary antibody coupled with horseradish peroxidase for 1 h at RT. The bound
was visualized by chemiluminescence (Clarity WB ECL substrate, Bio-Rad) and quantification was
performed using band densitometry analysis from the ImageJ software (version 1.6.1, National Institutes
of Health). β-Actin (1:10,000, A1978, Sigma-Aldrich) for total protein and cytoplasmic protein analysis,
and Laminin B1 (1:1000, D4Q42, Cell Signaling Technologies, Danvers, MA, USA) for nuclear protein,
were used as loading controls. For co-immunoprecipitation assays, 200µg of total protein from cell
lysates were incubated with anti-acetylated-lysine antibody (#9441, Cell Signaling Technology) and
immunoprecipitated with Protein A/G magnetic beads (#16-663, Sigma-Aldrich) overnight at 4 ◦C.
The final eluates were blotted with EZH2 primary antibody, as detailed above. Detailed information
about western blot can be found at Figure S8.

4.9. Immunofluorescence (IF)

Wild-type MGHU3, 5637 and J82, sh-scramble/CTRL and/or sh-SIRT7 cells were seeded on cover
slips at 20,000 cells/well, overnight. Briefly, cells were fixed in methanol during 10 min and then
blocked with 5% bovine serum albumin (BSA) during 30 min. After overnight SIRT7 (1:500, HPA053669,
Sigma-Aldrich), ECAD (1:150, #3195, Cell Signaling Technology) and/or NCAD (1:50, #13116,
Cell Signaling Technology) incubation at RT, cells were incubated with s ondary antibody anti-rabbit
IgG-TRITC (1:500, T6778, Sigma-Aldrich) during 1 h at RT. Finally, after 1× PBS wash, cells were stained
with 4’,6-diamidino-2-phenylindole (DAPI) (AR1176, BOSTER Biological Technologies (Pleasanton,
CA, USA) r in mounting medium. Pictures were taken on a IX51 fluorescence microscope (Olympus,
Tokyo, Japan) equipped with an Olympus XM10digital camera using CellSens software.

4.10. Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) analysis was performed in sh-scramble/CTRL and
sh-SIRT7 cells. For the crosslink step, formaldehyde solution (Sigma) was added to adherent cells
(~1 × 107) media at 1% final concentration, and after an 8 minutes’ incubation at RT, reaction was
immediately stopped by adding 1.5 mL of 2.5 M glycine and incubating for 5 min. Cells were then
washed twice with ice-cold 1× PBS, scraped, harvested and centrifuged at 4 ◦C.
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Cell pellets were homogenized with cell lysis buffer (10 mM Tris-HCL pH7.5, 10 mM NaCL, 0.5%
NP-40) and left on ice for 1 h30, with intermittent vortexing, and then centrifuged at 4 ◦C. At this point,
pellets were re-suspended in nuclei lysis buffer (50 mM Tris-HCL pH = 7.5, 10 mM EDTA pH = 8, 1%
SDS) and incubated for 15 min on ice, followed by adding of 2× volumes of IP dilution buffer (16.7 mM
Tris-HCL pH7.5, 167 mM NaCl, 1.2 mM EDTA pH = 8, 0.01% SDS). Chromatin was solubilized and
sheared to 200–400 bp fragments using an ultra-sonicator (Bioruptor®, Diagenode) for 15 cycles of 30 s
ON and 30 s OFF. Soluble chromatin was then centrifuged and stored at −80 ◦C until further use.

Before immunoprecipitation (IP), each 50 µL of chromatin was 1:10 diluted in dilution buffer
(1.2 mM EDTA pH = 8, 16.7 mM Tris pH = 8, 167 mM NaCl, 1.1% Triton X-100, 0.01% SDS), and 5 µL
of this solution was reserved in a new tube for the input control. After this, 20 µL of protein A+G
magnetic beads (Millipore) were added to each IP sample, as well as ChIP-grade antibodies for Histone
H3 (ab1791, Abcam, Cambridge, UK), tri-methylation of lysine 27 of histone H3 (H3K27me3, 07-449,
Millipore), positive control (RNA polymerase II) and negative control (mouse IgG), at assay dependent
concentration. IPs were incubated overnight at 4 ◦C with rotation. After incubation, magnetic beads
were precipitated using 1.5 mL tubes magnet rack and washed with four different salt concentration
buffers. At this point, elution buffer (50 mM Tris-HCL pH = 7.5, 10 mM EDTA pH = 8, 1% SDS) was
added to all samples and input control, as well as 200 µg/mL of RNAse A, following an incubation of
30 min at 37 ◦C. After this, samples were incubated with proteinase K for 2 h at 62 ◦C, followed by an
incubation of 10 min at 95 ◦C, for cross-link reversion.

DNA was extracted from samples using the Qiaquick gel extraction kit (Qiagen, Hilden, Germany),
according to manufacture procedures, and stored at −20 ◦C until further use. For qPCR, two
pairs of primers for CDH1 promoter were designed, both for ~325 bp before TSS (F—5′-TAACCC
ACCTAGACCCTAGCAA-3′, R–5′-GCTGATTGGCTGAGGGTTCA-3′) and for ~600 bp before TSS
(F—5′-ACCTGTACTCCCAGCTACTAGA-3′, R—5′-GATGGGGTCTCACTCTTTCACC-3′). RT-qPCR
was performed as mentioned above, and the relative amount of promoter DNA was normalized using
Input Percent method.

4.11. Proximity Ligation Assay (PLA)

Sh-scramble/CTRL and sh-SIRT7 cells, were seeded in 1 cm2 coverslips and allowed to grow
overnight. Then, cells were fixed in 4% formaldehyde (Sigma) for 10 min and permeabilized
in 0.5% Triton X-100 (Sigma), for 5 min, at RT and gently stirred. PLA assay was performed
using the commercial kit Duolink In Situ (OLINK Bioscience, Uppsala, Sweden), according to
manufacturer’s instructions. The antibodies used were Histone H3 (ab1791, Abcam, Cambridge,
UK), tri-methylation of Lysine 27 of Histone H3 (H3K27me3, 07-449, Millipore), SIRT7 (HPA053669,
Sigma-Aldrich) and EZH2 (NCL-L-EZH2, Leica Biosystems). After the procedure, cells were stained
with 4′,6-diamidino-2-phenylindole (DAPI) (AR1176, BOSTER Biological Technology, Pleasanton,
CA, USA) in mounting medium. Pictures were taken on an Olympus IX51 fluorescence microscope
equipped with an Olympus XM10 digital camera using CellSens software.

4.12. Cell Viability Assay

To assess the role of SIRT7 in cell growth, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenultetrazolium
(MTT) assay (Sigma-Aldrich) was performed. Briefly, sh-scramble/CTRL and sh-SIRT7 cells were
seeded at 3000 cell/well density, overnight, in 96 well plate. Then, 5 µg/mL MTT solution in completed
MEM medium was incubated during 1 h at 37 ◦C for 0 h, 24 h, 48 h and 72 h. Then, formazan crystals
formed were dissolved in dimethyl sulfoxide (DMSO) and spectrophotometric measurement was
done at 540 nm, using 655 nm as a reference absorbance (Fluostar Omega, BMG Labtech, Offenburg,
Germany). The optical density (OD) obtained for 24 h, 48 h and 72 h was normalized for the 0 h time
point. At least three independent experiments were performed.
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4.13. Apoptosis Assay

Apoptosis was assessed using the APOPercentageTM kit (Biocolor Ltd., Belfast, Northern Ireland,
UK). This assay uses a dye that is integrated by cells undergoing at early stage of apoptosis due to
phosphatidylserine transmembrane movements, which results in APOPercentage dye incorporation
by cells. Briefly, sh-scramble/CTRL and sh-SIRT7 cells were seeded in 24 well plate at density of
25,000 cell/well and incubated during 72 h in a humidified chamber at 37 ◦C and 5% CO2. At this time
point, cells were incubated with 300 µL/well of APOPercentage dye solution at ratio 1:20 respectively,
during 20 min at 37 ◦C. Then, cells were washed with PBS1 X and detached from well plate with
TrypleTM Express (GBICO) during 10 min at 37 ◦C. After that, APOPercentage Dye Release reagent
was added and plate were vigorously agitated during 15 min, following colorimetric measurement
at 550 nm with 620 nm reference filter (Fluostar Omega). The H2O2 was used as a positive control.
The OD obtained for apoptosis assay was normalized for the OD obtained by viability assay at the
same time point. At least three independent experiments were performed.

4.14. Wound Healing Assay

Cells were seeded in 6 well plate at a density of 7.5 × 105 cell/well and allowed reach confluence
at 37 ◦C, 5% CO2. Then, a “wound” was made by manual scratching with a 200 µL pipette tip and cells
were gently washed with 1× PBS. The “wounded” areas were photographed in specific wound sites
(two sites for each wound) at 40×magnification using an Olympus IX51 inverted microscope equipped
with an Olympus XM10 Digital Camera System every 24 h until wound closure. The relative migration
distance (5 measures by wound) was calculated with the following formula: relative migration distance
(%) = (A–B)/C × 100, where A is the width of cell wound at 0 h incubation, B is the width of cell wound
after specific h of incubation, and C is the width mean of cell wound for 0 h of incubation. For relative
migration distance, the results were analyzed using the beWound-Cell Migration Tool (Version 1.5) [50].
At least three independent experiments were performed.

4.15. Invasion Assay

Invasion capacity of sh-scramble/CTRL and sh-SIRT7 cells was evaluated using a 24 well BD
Biocoat Matrigel Invasion Chambers (BD Biosciences, San Jose, CA, USA). After rehydration of BD
Matrigel Chambers during 2 h with MEM medium at 37 ◦C, cells at a density of 25,000 cells/ insert were
seeded and incubated during 24 h at 37 ◦C in 5% CO2. Then, the non-invading cells were removed
by with swab and invaded cells were fixed with methanol and staining with DAPI. Invaded cells
were counted on an Olympus IX51 fluorescence microscope equipped with an Olympus XM10 digital
camera using CellSens software. The % invasion normalized for total of amount cell seeded in BD
Matrigel Chamber.

4.16. Statistical Analysis

All statistical analyses were performed using IBM® SPSS® Statistic software version 23
(IBM-SPSS Inc., Chicago, IL, USA) and graphs were built using GraphPad Prim 7.0 (GraphPad
Software Inc., La Jolla, CA, USA). Significance level was set at p < 0.05, and Bonferroni’s correction was
used when appropriate.

For both BlCa cohorts (IPO’s and TCGA), when applicable, Mann-Whitney U test (MW) was used
to test for differences in sirtuins expression levels between NB and UCC tissue samples, pathological
stages of cases divided in Ta-1 (NMIBC) and T2-4 (MIBC), and patients’ gender, and to assess
differences in sh-scramble versus sh-SIRT7 conditions. Kruskall-Wallis test (KW) was performed to
test for differences among UCC subtypes (papillary-low grade, papillary-high grade and invasive-high
grade). Spearman’s rho was used to assess the correlation between SIRTs expression levels and age of
the patients at diagnosis, and between SIRT7 and ECAD or NCAD expression levels. Associations
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between clinical grade or pathological stage and immunoexpression results were assessed by chi-square
or Fisher’s exact test, and Somers’d directional measure was also computed.

Disease-specific and disease-free survival curves (Kaplan-Meier with log rank test) were computed
for standard variables (tumor stage and grade) and for categorized SIRTs transcript levels. Moreover,
the same analyses were also performed separately for NMIBC and MIBC cases. A Cox-regression
model comprising all significant variables (univariable and multivariable model) was computed to
assess the relative contribution of each variable to the follow-up status.

5. Conclusions

In conclusion, this study provides a global view on sirtuin family expression deregulation in
BlCa. Specifically, SIRT7 overexpression seems to play an important role in the first steps of urothelial
carcinogenesis, whereas subsequent downregulation is associated with acquisition of an invasive and
aggressive phenotype, through stimulation of EMT phenotype involving the SIRT7-EZH2-CDH1 axis.
Although further studies are required to clarify the mechanism underlying SIRT7 deregulation in BlCa,
it might constitute an attractive target for innovative therapeutic strategies.
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Practicability of clinical application 
of bladder cancer molecular 
classification and additional value 
of epithelial-to-mesenchymal transition: 
prognostic value of vimentin expression
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Abstract 

Background: Bladder cancer (BlCa) taxonomy has proved its impact in patient outcome and selection for targeted 
therapies, but such transcriptomic‑based classification has not yet translated to routine practice. Moreover, epithelial‑
to‑mesenchymal transition (EMT) has shown relevance in acquisition of more aggressive BlCa phenotype. We aimed 
to test the usefulness of the molecular classification, as defined by immunohistochemistry (a routinely performed and 
easy‑to‑implement technique), in a well‑defined BlCa cohort of both non‑muscle invasive (NMIBC) and muscle inva‑
sive (MIBC) disease. Also, we aimed to assess the additional prognostic value of the mesenchymal marker vimentin to 
the stratification strategy.

Methods: A total of 186 samples were available. Immunohistochemistry/RT‑qPCR for luminal markers GATA3/FOXA1, 
basal markers KRT5/KRT6A and vimentin were performed.

Results: mRNA expression levels of the markers positively correlated with immunoexpression scores. We 
found substantial overlapping in immunoexpression of luminal and basal markers, evidencing tumor hetero‑
geneity. In MIBC, basal tumors developed recurrence more frequently. NMIBC patients with higher vimentin 
immunoexpression endured poorer disease‑free survival, and increased expression was observed from normal 
bladder‑NMIBC‑MIBC‑metastases.

Conclusions: The classification has the potential to be implemented in routine, but further adjustments in practical 
scoring should be defined; focusing on additional markers, including those related to EMT, may further refine BlCa 
molecular taxonomy.
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Background
Bladder cancer (BlCa) is one of the most incident can-
cers worldwide. It ranks ninth in prevalence, with a num-
ber of estimated new cases and cancer-related deaths of 
549,393 and 199,922, respectively [1–3]. These figures 
are estimated to almost double by 2040 [1], represent-
ing an important toll on health services [4]. Most BlCa 
cases correspond to urothelial carcinoma, which is often 
divided into two major forms: 75–80% of all patients are 
diagnosed with non-muscle invasive BlCa (NMIBC), 
characterized by frequent recurrences and eventual pro-
gression to invasion; and the remaining 20–25% patients 
present with muscle-invasive BlCa (MIBC), which consti-
tutes an aggressive, locally invading carcinoma, with pro-
pensity for metastization [5, 6]. On the therapeutic front, 
the clinical management of NMIBC and MIBC cases is 
very distinct, and it remained almost unchanged until the 
approval of immune checkpoint inhibitors in first-line or 
metastatic settings [7–9]. Nevertheless, a considerable 
percentage of BlCa patients do not benefit from current 
treatment options. Clinicians still have to deal with a high 
number of cases with recurrence and progression and, as 
a result, patients endure a long follow-up, making BlCa 
one of the costliest malignancies worldwide [4]. Hence, 
there is a need to improve risk stratification of these 
patients and to uncover biomarkers that may better select 
patients to the specific therapy that will give the higher 
benefit with less toxicity. In this line, an effort has been 
made to improve BlCa classification; various research 
teams have reported the importance of a molecular strat-
ification of BlCa, and presented classifications based on 
different molecular traits, either for all urothelial car-
cinomas, or focusing on NMIBC and MIBC separately 
[10–20]. This molecular stratification is also useful for 
predicting responses to current treatment options, and 
provides insights for the development of new therapies 
[14, 21–24]. Although specific differences in classification 
emerge out of each research group analyses, they all share 
as an overlapping feature the existence of two major BlCa 
subtypes—basal/squamous and luminal—for MIBC cases 
[25]. Briefly, basal/squamous subtype is mainly com-
posed of advanced stage tumors and metastatic disease, 
being enriched in inactivating mutations and deletions of 
TP53 and RB1, whereas the luminal subtype is associated 
with papillary histopathological features, and enriched in 
fibroblast growth factor receptor 3 (FGFR3) mutations 
[26, 27]. An effort has been made to reach a single con-
sensus classification and to generate a list of specific bio-
markers (such as FOXA1, GATA3, KRT5/6 and KRT14) 

that can be effectively translated from wide screening 
genomic and transcriptomics analyses into the clinic for 
any BlCa setting (both MIBC or NMIBC) [13, 26]. How-
ever, to date, this has not been achieved. On the other 
hand, the role of epithelial-to-mesenchymal transition 
(EMT) in BlCa prognosis has been widely discussed [28]. 
It has been shown to be highly related to an aggressive 
tumor biology, culminating in poor clinical outcome both 
in NMIBC and MIBC, namely poorer survival, increased 
recurrences, propensity to metastasize, and inferior 
response to treatment [29–33].

Herein, we aimed to characterize the expression of a set 
of markers for defining both luminal and basal/squamous 
subtypes in a well characterized patient cohort of BlCa, 
looking for clinicopathological correlates and testing 
their potential for clinical application, both within MIBC 
and NMIBC cases. Moreover, we explored the value of 
adding the expression of a classic EMT marker, vimentin 
(VIM), to the risk stratification strategy. We have chosen 
VIM because among the EMT markers it is routinely per-
formed in all Pathology departments and it has been con-
sistently associated with BlCa prognosis, including in our 
previous in silico analysis [28].

Methods
Patients and samples
126 patients with primary BlCa (urothelial carcinoma) 
treated with transurethral resection (TUR) or radical cys-
tectomy/cystoprostatectomy between 1991 and 2011 at 
the Portuguese Oncology Institute of Porto (IPO Porto) 
were retrospectively selected for the study. A set of 25 
morphologically normal bladder mucosa tissue samples 
was obtained from BlCa-free individuals (prostate can-
cer patients submitted to radical prostatectomy with no 
bladder lesions) and served as controls. Additionally, a 
total of 35 metastases from BlCa were also included in 
the study. All specimens were formalin-fixed and paraf-
fin-embedded for routine pathological examination by 
a dedicated uropathologist and used for immunohisto-
chemistry studies. For some patients (see detailed num-
bers below) freshly collected tissue could be additionally 
obtained (a section matching the one embedded in paraf-
fin). These were stored immediately at − 80 °C after sur-
gical intervention and subsequently cut in a cryostat for 
confirmation of representativity. These freshly collected 
samples were specifically used for nucleic acid extraction 
(for mRNA expression analyses). Staging was performed 
using the American Joint Committee on Cancer (AJCC) 
8th Edition manual [34]. Relevant clinical data was 
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collected from clinical charts, by an investigator blinded 
to other study findings. A summary of the study cohort is 
presented in Table 1.

Patients and controls were enrolled after informed con-
sent. This study was approved by the institutional review 
board (Comissão de Ética para a Saúde) of IPO Porto 
(CES103-14).

Immunohistochemistry
In total, 186 samples were available for immunohisto-
chemistry studies: the 126 primary BlCa specimens, plus 
the 25 normal bladder mucosae and 35 BlCa metastases. 
Immunohistochemistry methods are described in detail 
in Additional file 1: Table S1. Briefly, three micrometer-
thick tissue sections from the formalin-fixed and paraf-
fin-embedded samples were ordered, antigen retrieval 
was performed, and slides were incubated with the pri-
mary antibodies for FOXA1, GATA3, CK5/6 and VIM. 
Then, 3,3′-diaminobenzidine (Sigma-Aldrich™) was used 
as chromogen for visualization and slides were counter-
stained with hematoxylin. Appropriate tissue controls 
were used per run.

Immunoexpression patterns were evaluated by a 
dedicated uropathologist. Cases were classified using a 
semi-quantitative scale for both staining intensity (0—
no staining; 1—low intensity, only barely discernible at 
400 × magnification; 2—moderate intensity, well appre-
ciated at 400× magnification but faint at 100× magni-
fication; 3—high intensity, strong and well appreciated 
at 40× magnification) and percentage of positive cells 
(0— < 10%; 1—10–33%; 2—33–67%; 3— > 67%), in each 
case. Results were then combined in a single continuous 

score (Score S = staining intensity × percentage of posi-
tive cells) assigned to each tumor.

BlCa specimens were considered “basal-like” when 
at least focal positivity for CK5/6 was detected (inde-
pendently of positivity for FOXA1 or GATA3), with the 
remaining samples (with complete absence of expres-
sion of CK5/6) being considered “luminal-like”, following 
the classification of Choi et al., centered on basal keratin 
expression for defining subtypes [22].

Real‑time quantitative PCR (RT‑qPCR)
As mentioned, mRNA expression analyses were per-
formed on fresh frozen tissues, available for 108 of the 
patients included in the study (all were run for VIM 
expression, and 83 for FOXA1, GATA3, KRT5 and 
KRT6A, due to sample limitation issues). RNA was 
extracted from tissues using  TRIzol® (Invitrogen, Carls-
bad, CA, USA), according to manufacturer’s instruc-
tions. RNA quantification and purity were assessed in 
NanoDrop™ Lite Spectophotometer (Cat. ND-LITE, 
Thermo Scientific™). cDNA synthesis was performed 
using the RevertAid™ RT Reverse Transcription Kit 
(Cat. K1691, Thermo Scientific™). The reaction was 
performed in MyCycler™ Thermal Cycler System (Cat. 
1709703, Bio-Rad) using the following conditions: 
5 min at 25 °C, 60 min at 42 °C and 5 min at 70 °C. VIM 
mRNA expression levels were evaluated using 4.5 µL of 
diluted cDNA, 5  µL of  TaqMan® Universal PCR Mas-
ter Mix No  AmpErase® UNG (Applied  Biosystems®) 
and 0.5 µL of  TaqMan® Gene Expression Assay, specific 
for VIM gene—assay ID Hs00185584. For normaliza-
tion purposes, two  TaqMan® Gene Expression assays 
were used as internal controls: beta-glucoronidase—
GUSB—assay ID Hs99999908, Applied  biosystems®; and 
Hypoxanthine–guanine phosphoribosyltransferase—
HPRT1—assay ID Hs01003267. RT-qPCR was run in 
96-well plates, in an ABI 7500 Real Time PCR System 
(Thermo Fisher) in the following conditions: 2  min at 
50 °C, followed by enzyme activation for 10 min at 95 °C, 
and 45 cycles which included a denaturation stage at 
95  °C for 15  s and an extending stage at 60  °C for 60  s. 
Serial dilutions of cDNA obtained from Human Refer-
ence Total RNA (Cat. 750500, Agilent  Technologies®) 
were used to compute standard curves for each plate. 
All experiments were run in triplicate and two negative 
controls were included in each plate. Relative expression 
of target genes tested in each sample was determined as: 
[Gene Expression Level = (Gene Mean Quantity/(HPRT1 
& GUSB) Mean Quantity) × 1000].

For GATA3, FOXA1, KRT5 and KRT6A genes, tran-
script levels were also assessed using 2.5  µL of diluted 
cDNA, 0.25  µL of forward and reverse primers (Addi-
tional file  2: Table  S2), 5  µL of Xpert Fast SYBER 

Table 1 Clinicopathological features of the study cohort

NMIBC non-muscle invasive bladder cancer, MIBC muscle invasive bladder cancer
a For 3 patients stage could not be ascertained as clinical data was missing/not 
available to the investigators

Clinicopathological features 
of the immunohistochemistry cohort

Primary bladder cancer

 Individuals, n 126

 Gender, n (%)

  Male 101 (80.2)

  Female 25 (19.8)

 Median age, years (range) 71 (61–77)

 Grade, n (%)

  Papillary, low‑grade 28/126 (22.2)

  Papillary, high‑grade 20/126 (15.9)

  Invasive, high‑grade 78/126 (61.9)

 Pathological Stage, n (%)a

  pTa/pT1 (NMIBC) 51/123 (41.5)

  pT2‑4 (MIBC) 72/123 (58.5)
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Mastermix Blue (GRiSP Research Solutions, Porto, Por-
tugal) and 2  µL of bidistilled water. GUSB was used for 
normalization and plates were set as described above. 
The run followed the following conditions: 2  min at 
95  °C, followed by 45 cycles of 5  s at 95  °C and 30  s at 
60 °C, followed by the melt curve stage.

Statistical analysis
Data was tabulated using Microsoft Excel 2016 and ana-
lyzed and plotted using GraphPad Prism 6 and IBM 
Statistical Package for Social Sciences (SPSS v24). Per-
centages were calculated based on the number of cases 
with available data. Individual data points are plotted, 
together with median and interquartile range. Mann–
Whitney and Kruskal–Wallis tests were used for com-
paring expression levels among samples, as necessary. 
p-values were adjusted for multiple comparisons using 
Dunn’s test. Chi square and Fisher exact test were used 
as necessary for establishing associations between cat-
egorical variables. Spearman correlation test was used to 
correlate continuous variables. Disease-specific survival 
(DSS) and disease-free survival (DFS) curves were plot-
ted using Kaplan–Meier statistics, and Cox regression 
models with respective hazard ratios (HR) were com-
puted, including multivariable analysis. Statistical signifi-
cance was set at p < 0.05.

Results
Clinical outcome of “luminal‑like” and “basal‑like” BlCa 
patients as determined by immunohistochemistry
There were no significant differences between the age dis-
tribution of patients with NMIBC and MIBC (p = 0.951). 
A total of 56/126 (44.4%) BlCa specimens showed “basal-
like” features (following the Choi et  al. stratification 
strategy, based on CK5/6 expression [22]). This occurred 
more frequently in MIBC (34/72, 47.2%) compared to 
NMIBC (20/51, 39.2%). However, 51/56 (91.1%) of the 
cases showing CK5/6 immunoexpression also exhib-
ited immunoexpression of at least one of the markers 
GATA3/FOXA1, evidencing that most tumors show 
evidence of staining for both kinds of markers, in scat-
tered cells. Four tumors showed no immunoexpression 
of either CK5/6, FOXA1 or GATA3 (three of those being 
MIBC) (Table 2). For the latter, we performed additional 
immunohistochemistry for neuroendocrine markers to 
look for the presence of the neuroendocrine-like molec-
ular type of BlCa [10]. Indeed, one of the cases showed 
clear-cut strong immunoexpression of neuroendocrine 
markers synaptophysin, chromogranin and CD56 (Addi-
tional file 3: Fig. S1).

For MIBC, there was no significant association 
between the luminal/basal-like subtype (as defined by 
immunohistochemistry, described above) and the event 

of metastization (p = 0.933). Within NMIBC, the “basal-
like” cases disclosed disease recurrence in 8/20 cases 
(40.0%) and the “luminal-like” in a similar proportion 
of cases (13/31, 41.9%). However, considering MIBC, 
“basal-like” cancer developed recurrence in 11/34 cases 
(32.4%), whereas in “luminal-like” this occurred in a 
lower proportion of patients [only 5/38 cases (13.2%)].

Concerning survival analyses, the luminal/basal-like 
classification did not show significant impact on DSS or 
DFS, both for NMIBC or MIBC (NMIBC: p = 0.762 and 
p = 0.625; MIBC: p = 0.346, p = 0.185, respectively). Illus-
trative examples of immunoexpression patterns for the 
several markers are depicted in Fig. 1.

Correlation between luminal/basal markers mRNA 
expression and protein expression
We then checked for reproducibility between protein 
and transcript levels of the markers under study. Impor-
tantly, we found a significant, positive (albeit moderate), 
correlation between transcript levels of GATA3 and its 
protein expression as assessed by immunoexpression 
score (r = 0.36, p = 0.010). However, the same was not 
found for FOXA1 (r = 0.10, p = 0.3460). For basal markers 
KRT5 and KRT6A, mRNA expression showed a signifi-
cant positive, also moderate, correlation with the immu-
noexpression score (r = 0.49, p < 0.0001; and r = 0.68, 
p < 0.0001). Tumor samples with absent immunoexpres-
sion of GATA3, FOXA1 and CK5/6 showed significantly 
lower transcript levels of GATA3, FOXA1 and KRT5/
KRT6A, respectively (p < 0.001, p = 0.0130, p < 0.0001 and 
p = 0.0278) (Fig. 2).

Additional value of VIM expression in predicting clinical 
outcome
VIM transcript levels were significantly higher in MIBC 
compared to NMIBC (p = 0.0001, Fig.  3a). This was 

Table 2 Immunoexpression of  luminal and  basal markers 
in the bladder cancer cohort

MIBC muscle invasive bladder cancer, NMIBC non-muscle invasive bladder cancer

GATA3 and FOXA1 − GATA3 and/
or FOXA1 +

 WHOLE COHORT

  CK5/6 − 4 (3.1%) 66 (52.4%)

  CK5/6 + 5 (4.0%) 51 (40.5%)

 NMIBC

  CK5/6 − 1 (2.0%) 30 (58.8%)

  CK5/6 + 1 (2.0%) 19 (37.2%)

 MIBC

  CK5/6 − 3 (4.2%) 35 (48.6%)

  CK5/6 + 4 (5.5%) 30 (41.7%)
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Fig. 1 Immunoexpression of luminal and basal markers in the bladder cancer cohort. a, b FOXA1 strong and diffuse immunoexpression in two 
bladder cancer specimens, one NMIBC (a) and one MIBC (b); c, d: GATA3 strong and diffuse immunoexpression in two bladder cancer specimens, 
one NMIBC (c) and one MIBC (d); e, f: CK5/6 strong multifocal immunoexpression in two bladder cancer specimens, one NMIBC (e) and one MIBC (f)

Fig. 2 Correlation between mRNA and protein expression of the several luminal and basal markers in the bladder cancer cohort (both MIBC 
and NMIBC included). FOXA1 (a and b), GATA3 (c and d), KRT5 (e and f) and KRT6A (g and h) analyses. mRNA expression levels are plotted as 
relative expression levels, normalized to GUSB. Red dash and bars represent median and interquartile range. The immunoexpression score 
(intensity × percentage) is plotted in the xx‑axis. The graphs include n = 83 matched samples (*p < 0.05; ****p < 0.0001)

(See figure on next page.)
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additionally validated at protein level by immunohisto-
chemistry (p = 0.0013, Fig.  3b). Moreover, there was an 
overall progressive increase in immunoexpression scores 
for VIM, which were lower in normal urothelium and 
NMIBC, followed by MIBC, and attained the highest lev-
els in BlCa metastases (p < 0.0001, Fig.  3c). Specifically, 
VIM immunoexpression scores were significantly higher 
in MIBC and metastases compared to normal urothelium 
and to NMIBC (after correction for multiple compari-
sons), however, differences between normal urothelium 
and NMIBC categories did not reach statistical signifi-
cance (Fig. 3c).

VIM immunoexpression score did not have a sig-
nificant impact on DSS and DFS for MIBC patients 
(p = 0.141 and p = 0.512, respectively). It also did not sig-
nificantly influence DSS of NMIBC patients (p = 0.296). 
Importantly, however, NMIBC patients with VIM immu-
noexpression in tumor cells endured significantly worse 
DFS (p = 0.005, Fig. 4). DFS of NMIBC patients with VIM 
immunoexpression was significantly poorer (HR = 3.541, 
95% confidence interval 1.402–8.943), and this was 
maintained after adjusting for patients’ age (HR = 3.678, 
95% confidence interval 1.435–9.423) and tumor grade 
(HR = 3.223, 95% confidence interval 1.104–9.408). Illus-
trative examples of VIM immunoexpression patterns are 
depicted in Fig. 5.

Discussion
BlCa remains a clinically challenging disease, owing 
to heterogeneity in presentation, progression and dis-
tinct treatment strategies. On the one hand, NMIBC 
is the most frequent BlCa phenotype [35], and disease 
recurrence is very frequent. Substantial research efforts 
have been put towards uncovering non-invasive, liquid 
biopsy-based biomarkers for accurately diagnosing and 

following-up these patients [36, 37]. One major gap in 
NMIBC relates to patient prognostication and risk strati-
fication after resection, fundamental for establishing the 
most appropriate follow-up strategy. In this context, tis-
sue biomarkers that predict relapse may be clinically use-
ful, especially if easily and reproductively assessed, by 
cost-effective methodologies [38]. On the other end of 
the spectrum, around 20–25% of patients present already 
with MIBC. This subtype has dismal prognosis and sur-
vival has remained overall unchanged in the last couple 
of decades. Recently, immunotherapy has proved use-
ful in the metastatic setting, with several agents being 
approved and shown to be effective [39, 40]. However, 
again, there is a need for better biomarkers predictive 
of response to specific agents [41, 42], that can be deter-
mined in tissue samples upon radical cystectomy and 
also non-invasively, in liquid biopsy context.

Being such a heterogeneous disease, molecular classi-
fication of BlCa was introduced and gained popularity in 
the past years [10–20]. It is intended to meet these cur-
rent needs, improving risk stratification of BlCa, and also 
aiding in identifying specific targets that can be druggable 
with specific agents. The several analyses concur in the 
fact that two major types of BlCa are molecularly defined, 
with important prognostication value: the “luminal” and 
the “basal” cancers. Such classification is achieved based 
on genomic and transcriptomic analyses, which point to 
differential expression of specific markers among tumors: 
the basal cytokeratins KRT5/KRT6A and KRT14, as hall-
marks of basal BlCa, and the luminal markers FOXA1 
and GATA3, as hallmarks of luminal cancer. The value of 
the classification seems undoubtful; however, and despite 
multiple confirmations of this, such classification is still 
not being used in routine clinical practice. There is a lack 
of works attempting to validate it in the diagnostic setting 

Fig. 3 Vimentin transcript and protein levels within the bladder cancer cohort. a differential mRNA expression of vimentin between non‑muscle 
(NMIBC) and muscle‑invasive (MIBC) bladder cancer. mRNA expression levels are plotted as relative expression levels, normalized to GUSB and 
HPRT1; b differential protein (immuno)expression of vimentin between NMIBC and MIBC. The immunoexpression score (intensity × percentage) 
is plotted; c immunoexpression of vimentin among normal bladder, NMIBC, MIBC and bladder cancer metastases. The immunoexpression score 
(intensity × percentage) is plotted. Red dash and bars represent median and interquartile range. Correction for multiple comparisons was employed 
and adjusted p‑values are represented (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)
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using immunohistochemistry, with the ones available 
also finding difficulties in purely classifying the tumors 
into subtypes or retrieving the same prognostic value [18, 
22]. The main aim of our work was to assess the protein 
expression of these markers and attempt to classify these 
tumors in a well-defined cohort of BlCa, representative of 
the diagnostic routine of a tertiary cancer center.

We have witnessed substantial overlapping in protein 
expression of luminal and basal markers within BlCa 
specimens, with 40.5% of our cohort showing protein 
expression of both types of markers. Such overlapping 
was maintained across both MIBC and NMIBC. We 
believe that this may be explained by intratumor hetero-
geneity and specific tumor cell clones within the tumor 
mass (also acknowledged by Kamoun et  al. [10]), which 
are captured by immunohistochemistry technique, but 
may go unnoticed in wide transcriptomic analyses. 
Moreover, we provide data not only on expression pat-
terns in MIBC, but also in NMIBC. The former depicted 
higher proportion of CK5/6 positive cases (47.2% versus 
39.2%), but basal features could be already pinpointed 
in NMIBC, as well. Although in NMIBC this did not 

dictate differences in recurrence, it might be due to small 
size of our cohort; on the same line, the proportion of 
recurrences in MIBC was higher in cases with CK5/6 
expression (32.4% versus 13.2%), again with the lack of 
significant impact on DFS likely due to small number of 
cases tested (or simply because of other cohort selection 
issues, like for Choi et  al. [22]). Additionally, the neu-
roendocrine-like subtype was recently added to the clas-
sification [10], and we identified one such case within the 
four tumors negative for both luminal and basal mark-
ers. We hypothesize that the remaining cases might also 
belong in this category, but they are still changing their 
program and progressing towards a more pronounced 
neuroendocrine phenotype. Overall, the classification 
proposed based on expression of these markers remains 
informative and has potential to be translated to practice 
if appropriate definitions and methodologies are set (i.e. 
accurate definitions of “luminal” and “basal” tumors at 
the protein level, as determined by immunohistochemis-
try should be established and validated, in order to main-
tain the clinical value). Prospective, multicenter studies 
with systematic evaluation of these markers by the same 

Fig. 4 Disease‑free survival in non‑muscle invasive bladder cancer (NMIBC) patients according to vimentin protein expression
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methodology and reporting system should be instru-
mental for achieving a consensus. We found significant 
positive correlations between mRNA expression levels 
of GATA3, KRT5 and KRT6A and the matched immu-
noexpression scoring for the same markers on the same 
samples (like in the work of Choi et  al. [22]). This also 
substantiates the applicability of the classification. We 
hypothesize that the classification could also be extended 
to upper urothelial tract carcinomas, a work ongoing in 
our Group, with 15/57 tumors (26.3%) showing CK5/6 
immunoexpression (data not shown).

In another setting, the EMT signaling pathway and its 
players have been implicated in acquisition of a more 
aggressive cancer phenotype among various tumor mod-
els, demonstrated both in vitro, in vivo and validated in 
clinical studies with human specimens [43, 44]. The role 
of expression of epithelial markers such as E-cadherin, 
the phenomenon of cadherin switch and overexpression 
of mesenchymal markers (like Snail, Twist, ZEB1/2, Slug 
and VIM) has been shown across tumor models [45–48]. 
BlCa is no exception, with studies evidencing that mes-
enchymal features significantly associate with higher 

propensity for disease recurrence, metastatic spread, 
tumor progression and worse prognosis, including 
poorer survival and treatment resistance [31, 33, 49–52]. 
In this work, we have assessed the role of the intermedi-
ate filament VIM, characteristic of cells with mesenchy-
mal phenotype, not expressed in most normal epithelia 
(including urothelium), in predicting prognosis of BlCa 
patients. In accordance, we have shown that VIM mRNA 
and protein expression levels were significantly higher in 
MIBC compared to NMIBC, illustrating association with 
increased stage (Fig.  3a, b). The increase in VIM pro-
tein expression within increasingly aggressive samples 
(Fig.  3c) reflects the influence of EMT in acquisition of 
a more aggressive phenotype. Finally, translating this to 
patient outcome, patients with NMIBC disclosing higher 
VIM expression were shown to have shorter DFS (Fig. 4), 
even when adjusting (in multivariable analysis) for 
patient age and grade. Indeed, VIM de-novo expression 
or overexpression has been consistently reported in vari-
ous epithelial cancers, including those of prostate, breast 
and lung, associating with increased tumor growth, inva-
sion, poor prognosis, and ultimately, with EMT [53–55]. 

Fig. 5 Immunoexpression of vimentin in the bladder cancer cohort. a, b: immunoexpression of vimentin in primary bladder cancer specimens, one 
NMIBC (a) and one MIBC (b); c and d: immunoexpression of vimentin in bladder cancer metastases
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In BlCa, several reports suggest that VIM associates 
with higher grade and stage [32, 56, 57], and with pro-
pensity for recurrence and metastasis; however, vimentin 
immunohistochemistry is not routinely performed when 
assessing BlCa specimens. Also, VIM was shown to be 
expressed in 100% of the cases of sarcomatoid urothelial 
carcinoma (along with positivity for other mesenchymal 
markers such as Snail in a high proportion of cases), a 
particularly aggressive form of the disease, with dismal 
prognosis [58]. Our work goes further and indicates the 
clinical potential of VIM as a prognostic marker within 
luminal vs. basal-like BlCa cases, although larger studies, 
including both NMIBC and MIBC, are needed to con-
firm this hypothesis.

Limitations of this work include its retrospective 
nature, and the relatively low number of samples with 
complete clinical information available. Also, not all 
samples in which immunohistochemistry was per-
formed had fresh-frozen material available for per-
forming transcript analyses. Moreover, although 
immunohistochemistry may be subjected to inter-
observer variability, it is a widespread technique, used 
in routine histopathology, allowing for evaluating mor-
phology simultaneously and perceiving details related 
to tumor heterogeneity. Importantly, this work also 
extends the molecular classification to NMIBC, which 
should be further explored in the future.

Conclusions
In conclusion, we show that BlCa molecular classifi-
cation has the potential to be effectively translated to 
the diagnostic routine, but effort must be made to con-
sistently define the tumor categories acknowledged by 
transcriptomic studies using routine techniques, with 
the ultimate goal of maintaining the same clinically 
meaningful input. On the other hand, expression of 
EMT markers may be useful for predicting relapse and 
adjusting therapeutic strategy, like VIM in our work, in 
which it provided useful prognostic information and 
dictated survival outcome. Adjunctive markers to the 
molecular classification merit attention as they might 
further improve BlCa molecular taxonomy.
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