Maria do Céu dos Santos Silva Costa

Carcinoma da Bexiga: Via de Sinalizacao
PI3K/Akt/mTOR e Inibidores do mTOR

Tese de candidatura ao grau de Doutor em
Ciéncias Biomédicas submetida ao Instituto de
Ciéncias Biomédicas Abel Salazar da
Universidade do Porto.

Orientador — Prof. Doutor Lucio José de Lara
Santos

Categoria — Professor Auxiliar Convidado
Afiliacdo — Instituto de Ciéncias Biomédicas Abel

Salazar da Universidade do Porto






Este trabalho foi realizado no Grupo de Patologia e Terapéutica Experimental Centro de
Investigacdo do Instituto Portugués de Oncologia do Porto, e na Unidade de Investigacdao FP-

ENAS da Universidade Fernando Pessoa.

NAET Ao

(o6, ©

(pe) (&) IPOPORTO
Z § ? 8 INSTITUTO PORTUGUES DE ONCOLOGIA DO PORTO, FG EPE
53 Z 8

?}‘\ 4

64 L
O¢ pgpnP™



Em obediéncia ao disposto no n? 2 do Artigo 312 do Decreto-lei n2 178/2009, o autor declara
gue participou na concecdo e na execug¢do do trabalho experimental, bem como na
interpretacdo dos resultados e na redagdo dos seguintes trabalhos publicados e em publicagdo,

que fazem parte integrante desta Dissertagao:

Costa C and Pereira S, Lima L, Peixoto A, Fernandes E, Neves D, Neves M, Gaiteiro C, Tavares A,
Gil da Costa R, Cruz R, Amaro T, Oliveira P, Ferreira A and Santos L. Abnormal protein
glycosylation and activated PI3K/AKT/mTOR pathway: role in bladder cancer prognosis and

targeted therapeutics. Artigo aceite para publicacdo na revista PLOS ONE.

Ferreira JA, Videira Pa, Lima L, Pereira S, Silva M, Carrascal M, Severino PF, Fernandes E,
Almeida A, Costa C, Vitorino R, Amaro T, Oliveira MJ, Reis CA, Dall’Olio F, Amado F, Santos LL.
(2013) Overexpression of tumour-associated carbohydrate antigen Sialyl-Tn in advanced

bladder tumours. Mol Oncol. Jun;7(3):719-31. doi: 10.1016/j.molonc.2013.03.001.

Padrdo Al, Oliveira P, Vitorino R, Colaco B, Pires MJ, Marquez M, Castellanos E, Neuparth MJ,
Teixeira C, Costa C, Moreira-Goncalves D, Cabral S, Duarte JA, Santos LL, Amado F, Ferreira R.
(2013) Bladder cancer-induced skeletal muscle wasting: disclosing the role of mitochondria

plasticity. Int J Biochem Cell Biol. Jul;45(7):1399-409. doi: 10.1016/j.biocel.2013.04.014.

Bernardo C, Costa C, Sousa N, Amado F, Santos L. (2015) Patient-derived bladder cancer
xenografts: a systematic review. Transl Res. Feb 12. pii: S1931-5244 (15) 00040-7. doi:
10.1016/j.trsl.2015.02.001.

Bernardo C, Costa C, Amaro T, Gongalves M, Lopes P, Freitas R, Gartner F, Amado F, Ferreira JA,
Santos L. (2014) Patient-derived sialyl-Tn-positive invasive bladder cancer xenografts in nude

mice: an exploratory model study. Anticancer Res. Feb;34(2):735-44.



Pinto-Leite R, Arantes-Rodrigues R, Palmeira C, Colago B, Lopes C, Colago A, Costa C, da Silva
VM, Oliveira P, Santos L. (2013) Everolimus combined with cisplatin has a potential role in

treatment of urothelial bladder cancer. Biomed Pharmacother. Mar;67(2):116-21. doi:

10.1016/j.biopha.2012.11.007.






Dedico este trabalho aos meus Padis,

Que tanto fizeram por mim...



Agradecimentos

Desde o inicio desta longa etapa, contei com o apoio, incentivo e confianga de inumeras pessoas

e instituicdes a quem quero deixar aqui os meus sinceros agradecimentos:

Ao meu orientador, Professor Doutor Lucio Lara Santos, pelos seus ensinamentos sempres
sdbios, generosos e pacientes, mas também pela sua exigéncia, rigor, apoio e amizade que

demonstrou no decorrer deste trabalho e ao longo destes anos.

A Dra. Teresina Amaro, pelo auxilio na avaliaco de muitos dos resultados de

imunohistoquimica.

A Professora Doutora Paula Oliveira pela cedéncia do seu material, pelo apoio constante e

disponibilidade ao longo desta etapa.

A Professora Doutora Paula Soares pelos conhecimentos transmitidos e preciosa ajuda na

escolha do caminho a seguir.

Ao Professor Doutor Gil da Costa por toda a sua disponibilidade, incentivo e confian¢a

demostrada.

A Professora Doutora Rita Ferreira pela sua ajuda e profissionalismo que tdo importante foi

para este trabalho.

Ao Professor Doutor Alexandre Ferreira por toda a sua ajuda sobretudo na reta final do

trabalho.

A Universidade Fernando Pessoa que me acolheu para a realizagdo deste doutoramento, e em
Particular ao seu Reitor, o Professor Doutor Salvato Trigo, por permitir a realizagéo da maioria

das tarefas laboratoriais no centro de investigacGo FP-ENAS.
A Mestre Sofia Pereira pela troca de ideias contantes.
A Mestre Carina Bernardo por todo o apoio, ajuda e compreenséo... Muito obrigado Carina.

Ao Professor Doutor Carlos Palmeira, em primeiro lugar pela sua amizade demonstrada ao
longo destes anos e em segundo pela ajuda incansdvel e disponibilidade que sempre

demonstrou.



A Professora Doutora Sandra Clara Soares, por toda a ajuda na escrita deste trabalho, pela sua
disponibilidade e grande amizade demonstrada. Pelo apoio constante principalmente nos

momentos mais criticos. Nunca mais esquecerei...

A Professora Doutora Rita Castro, pela sua ajuda e disponibilidade permanente, mas

principalmente pela sua amizade e encorajamento constante.
A Professora Doutora Cristina Abreu pelos seus conselhos sempre na hora certa.

A Mestre Silvia Cunha pela forca transmitida e por me fazer acreditar que era possivel, obrigado

pela tua amizade.

Aos meus sogros, pela ajuda incansdvel e auxilio constante que sempre demonstraram.
Um agradecimento especial ao meu marido, Rui, por tudo.

As minhas filhas Inés e Carolina, pelo tempo roubado que por direito lhes pertencia.

A minha irmd Margarida e toda a familia.

Agradeco ao meu Pai e a minha Mde por tudo o que fizeram por mim...Como eu gostava que

estivessem a presenciar este momento...Amo-vos muito...

E a todos que direta ou indiretamente fizeram parte deste percurso, o meu muito obrigado.






Resumo

O carcinoma urotelial da bexiga (CUB) é um grave problema de salude, com elevada taxa de
morbilidade e mortalidade devido a sua elevada heterogeneidade tanto no comportamento
clinico como na histogénese. Os protocolos terapéuticos de rotina ndo sdo eficazes para todos
os doentes com CUB tanto superficial como invasor. Neste momento novos farmacos estdo em

desenvolvimento, nomeadamente inibidores do mTOR, com novos alvos terapéuticos.

O alvo da rapamicina nos mamiferos mTOR (mTOR), a jusante da via de sinalizagdao
fosfatidilinositol 3-cinase (PI3K)/Akt, possui um papel chave na regulacdo do metabolismo
celular, crescimento, proliferacdo e sobrevivéncia; alteracdes nesta via sdo comuns em variadas

patologias oncolégicas, nomeadamente no carcinoma da bexiga.

A glicosilagao alterada ou aberrante é comum a varios tipos de carcinomas, nomeadamente
durante a progressao tumoral alterando a adesdo e mobilidade celular, promovendo a invasdo
e metastizagdo. A glicosilagdo aberrante é responsdvel pela expressdao de carbohidratos
associados a malignidade e é catalisada por glicosiltransferases e glicosidases especificas. O
antigénio sialino — STn, associado ao cancro é um produto aberrante da glicosilisagdo, expresso
em variados tipos de carcinomas, como ovarico, gastrico, colon e carcinoma da bexiga. A
existéncia de uma possivel correlacdo entre a expressdo do STn e a via de sinalizacdgo mTOR em
tumores avancados podera ajudar na estratificacdo de doentes bem como no desenvolvimento

de novas estratégias terapéuticas.

O objetivo principal deste conjunto de estudos foi avaliar a expressdao de moléculas da via de
sinalizagdo PI3K/AKT/mTOR e do STn nos tumores humanos e correlacionar a sua expressao

com o progndstico dos doentes.

Observamos que moléculas a montante e a jusante da via PI3K/AKT/mTOR demonstravam igual
expressdo comparando carcinomas da bexiga ndo musculo-invasores e musculo-invasores e ndo
se relacionavam com o estado da doenca; a expressdo de PTEN estava diminuida em tumores
avancados relacionando-se com uma baixa sobrevida. Também, encontramos uma associacdo

entre a expressao de STn e a invasdo muscular, correlacionada com a sobrevida. Esta tendéncia



também foi observada em tumores com expressdo de pAkt, pmTOR e/ou pS6 nos grupos STn

positivos nos tumores musculo-invasores.

Posteriormente foi avaliada a expressdo de moléculas da via de sinalizacdo PI3K/AKT/mTOR e
do STn em linhas celulares e modelos animais para perceber o efeito dos inibidores mTOR na

proliferagdo e sobrevivéncia das células tumorais.

Nos carcinomas uroteliais da bexiga induzidos quimicamente em roedores fomos analisar o
impacto do sirolimus - um inibidor do mTOR na progressdao tumoral. Verificdmos que os
roedores tratados apresentavam um menor numero de lesdes invasivas em paralelo com a
expressdo diminuida de pS6 e STn. Pela primeira vez descrevemos que a administracdo de
sirolimus é eficaz em células STn positivas, o que mostra uma possivel ligacdo entre a via de

sinalizacdo PI3K/AKT/mTOR e o STn em tumores invasivos.

Relativamente aos inibidores do mTOR avaliamos a eficicia da combinagdo everolimus
(RADO01) com cisplatina em linhas celulares de carcinoma urotelial da bexiga. Observamos que
esta combinacdo levava a diminuicdo da proliferacdo celular num racio dependente da dose,
em comparacdo com o fdrmaco sozinho, nomeadamente nos tumores ndo invasores da camada

muscular.

Fomos também avaliar de que forma a expressdo de moléculas da via de sinalizagdo

PI3K/AKT/mTOR e do STn se correlacionam com o crescimento tumoral e caquexia.

Em relagdo a via de sinalizacdo PI3K/AKT/mTOR e a perda de peso muscular nos CUB,
verificdmos, em roedores, que havia uma perda de 17% no peso-caquexia; os niveis diminuidos

de pAKT, mTOR e p70S6K sugerem uma supressdo da via PI3K/AKT/mTOR.

Observando a correlacdo da expressdao de STn nos CUB com proliferacdo tumoral e a sua
relevancia clinica, vimos que 75% dos tumores de alto grau que expressavam STn apresentavam
elevados niveis de proliferacdo celular e alto risco de recorréncia/progressdo. A expressdo de

STn correlacionou-se com a capacidade invasiva e esta ndo era detetada no urotélio normal.

Relativamente aos estudos usando ratinhos xendgrafos fomos estudar o modelo tumoral de

CUB. Olhando para a expressdao dos marcadores tumorais p53, p63, KI-67, CK20 e STn



encontramos similaridades entre os tumores primarios e os xenégrafos embora a expressdo de
p53 e KI-67 se encontrasse aumentada; nos xendgrafos a expressdao de STn mantinha-se apesar

de diminuida fazendo deste um bom modelo a usar para estudos de CUB.

Em suma, os nossos resultados demonstram a ativacdo da via PI3K/AKT/mTOR em carcinomas
ndo-invasores e invasores da camada muscular; esta é um fator chave na carcinogénese
urotelial da bexiga e como tal, os inibidores do mTOR apresentam um grande potencial como

novas drogas neste tipo de carcinoma, apresentando elevada eficacia e baixa citotoxicidade.



Abstract

Urothelial carcinoma of the bladder (UCB) is a serious health problem with high mortality and
morbidity rate due to its heterogeneity associated with clinical behaviour and histogenesis.
Current therapeutical protocols are not effective for every group of patients with UCB, either
superficial or invasive. Several compounds are in clinical development with new therapeutic

targets in bladder cancer namely mTOR inhibitors.

The Mammalian target of rapamycin (mTOR), a downstream mediator in the phosphoinositide
3-kinase (PI3K)/Akt signaling pathway, plays an important role in the regulation of cell
metabolism, growth, proliferation and survival and alterations in this pathway are common of

several malignant diseases including bladder cancer.

Altered or aberrant glycosylation is common in several human carcinomas, especially during
tumour progression, modifying cellular adhesion and motility, affecting their invasive and
metastatic potential. Aberrant glycosylation is responsible for the characteristic carbohydrate
expression associated with malignant transformation, being catalyzed by specific
glycosyltransferases and glycosidases. STn-cancer-associated sialyl-Tn antigen the product of an
abnormal glycosylation. STn is expressed in many human carcinomas like ovarian, gastric, colon
and also bladder cancer. The possible existence of expression of STn and mTOR pathway
activation in more advanced tumours of the bladder could help in patients stratification as well

as to design new strategy therapeutics.

The main goal of the present set of studies was to evaluate the expression of PI3K/AKT/mTOR
pathway activation and STn in UBC both in human tumours correlating its expression with

patients prognosis.

We found that PI3K/AKT/mTOR upstream and downstream related molecules showed an equal
distribution between non-muscle invasive bladder cancer and muscle-invasive bladder cancer
(NMIBC and MIBC), not associating with the stage of the disease. PTEN expression was
decreased in advanced stage tumours and correlated with worse overall survival. We also

found an association with STn expression and muscle invasion which correlated with decrease



survival. This trend was also found in tumours presenting pAkt, pmTOR and/or pS6 in MIBC STn

positive groups.

After we evaluated the expression of PI3K/AKT/mTOR pathway activation and STn in cell lines
and animal models to understand the effect of the mTOR inhibitors on survival and

proliferation of tumoral cells.

In murine chemically induced urothelial tumours we analyzed the impact of sirolimus — an
mTOR inhibitor on tumoral progression. We found that the treated mice presented a decreased
number of invasive tumours in parallel with decreased expression of pS6 and STn; we describe
for the first time that the administration of sirolimus was effective against STn positive cells
providing an apparently link between PI3K/AKT/mTOR activation and STn in invasive tumours.
Regarding the mTOR inhibitors we also evaluated the effectiveness of the combination of
everolimus (RAD001) with cisplatin using bladder cancer cell lines. We found that this
combination decreased cell proliferation in a dose dependent manner in comparison to the

chemotherapy agent alone namely in NMIBC.

We also evaluated the correlation between the expression of PI3K/AKT/mTOR pathway

activation and STn with tumoral progression and cachexia.

Regarding PI3K/AKT/mTOR and bladder cancer-induced skeletal wasting we found that in rats,
BBN induced urothelial carcinoma, there was 17% of body weight loss — cachexia; the reduced

levels of pAKT, mTOR and p70S6K suggested the suppression of PI3K/AKT/mTOR pathway.

Observing the correlation of STn in bladder tumours with tumour proliferation and clinical
relevance we found that 75% of the high grade bladder tumours, expressing STn presented
elevated proliferation rates and high risk of recurrence/progression. Thus STn expression

correlated with cell invasive capability and was not expressed by the normal urothelial.

Concerning Patient-derived tumour xenografts we studied the tumour model of bladder cancer
preserving the original tumour identity. In the evaluation of the expression of tumour markers
p53, p63, KI-67, CK20 and STn we found similarities between the primary tumours and the
xenografts although p53 and KI-67 levels of expression increased; STn expression even though

decreased was preserved in xenografts reinforcing a STn positive xenograft model.



In summary, our results showed the activation PI3K/AKT/mTOR pathway either in NMIBC and
MIBC; this is a key pathway in bladder cancer carcinogenesis and mTOR inhibitors are

determinant as potential drugs in bladder cancer with high efficacy and low cytotoxicity.
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1 Introduction




1.1 Bladder Cancer

Bladder cancer is the second more common cancer of the urinary tract [Williams and Stein,
2004] and the ninth most common cancer diagnosis worldwide [Ferlay et al/, 2013; Kaufman et
al, 2009; Ploeg et al, 2009]. In the United States of America and Western Europe the bladder
cancer histological type, that represents 90% of all, is the urothelial (transitional) carcinoma
[Dall’Era et al, 2012]. In other regions of the world, namely Middle East and Africa, the
squamous cell carcinoma, represents the more frequent histological type of bladder cancer due

to the prevalence of Schistosoma Heamatobium infections [Jemal et al, 2011].

Bladder cancer treatment varies with the age and stage disease of the patient: the high rate of
recurrence and the repeated surgical interventions make the treatment one of the most

expensive ones of solid tumours [Sievert et al, 2009; Jacobs et al, 2010].

Thus, bladder cancer is a serious public health problem, either by its prevalence, mortality,
impact in the quality of life of families and patients as well as by its social-economic impact [Li

et al, 2014; Klotz and Brausi, 2015].
1.1.1 Epidemiology and Etiology

UCB is the seventh most common malignancy in men and seventeenth in women [Burger et al,
2013]. An estimated number of 430 000 patients worldwide are diagnosed with bladder cancer

annually, and more than 165 000 will die from this disease [Ye et al, 2014].

It affects primarily individuals of older age having a peak between 50 and 70 years in man. In
the word, the rate of bladder cancer is about 3,5 in men to 1 woman [Shariat et al, 2010; Burger
et al, 2013]. Although men are more likely to develop bladder cancer than women, women

present with more advanced disease and have worse survival [Fajkovic et al, 2011].

Differences in the gender prevalence of bladder cancer may be due to several factors; it was
proposed to be a result of different exposure to carcinogens, genetic factors, anatomic,

hormonal and even social factors [Shariat et al, 2010; Fajkovic et al, 2011].
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Bladder cancer incidence is variable between regions and countries: in the United States is the
sixth most common cancer with an estimated 74,690 new cases to be diagnosed in 2014
[Charlton et al, 2014]. In Europe is the fourth more common cancer in men and the eighth

cause of death by cancer [Ferlay et al, 2010].

The highest and the lowest incidence rates are found in the countries of Europe : the higher in
Spain- 41,5 per 100000 habitants in men and 4,8 in woman, and the lowest in Finland — 18,1 in
men and 4,3 in woman [Ferlay et al, 2010]. In Portugal, in 2008, there was an estimated of 1935
new cases of bladder cancer with 721 deaths [RON, 2008]. According to national oncology
records, in 2008, this disease was the fifth most common cancer type in men and tenth in women

(Figure 1) [RON, 2008].

9 -Larynx 3- Thyroid

10 - Esophagus ‘ ‘\ \\ // N 7-Lung/Bronchi
3 -Lung/ Bronchi S r / ) - Breast

4 - Stomach : T , & 4- Stamach

8 - Kidney : N . 14 \ . -// 1 2- Colon
2-Colon N = )' 10- Bladder

5 - Bladder il i i 5. Rectum

6 - Rectum 4 e T 6 - Uterine body
{- Prostate / \\ , 8- Cenvi

Figure 1: Most frequent tumours by gender, in 2008 (adapted from Roreno, 2008).

Bladder cancer (BC) is a disease of multifactor a aetiology, associated genetic susceptibility and
gene—environment interactions, in which cigarette smoking is a major risk, responsible for half

of the new cases in men and one third in woman [Wu et al, 2008; Chen et al, 2010]. Cigarette
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smoke is rich in aromatic amines and hydrocarbons that can form DNA adducts. The incidence
of bladder cancer is directly related to the duration of smoking and the number of cigarettes

smoked per day [Alberg et al, 2007].

An immediate decrease in the risk of bladder cancer was observed in those who stopped
smoking. The reduction was about 40% within 1-4 years of quitting smoking and 60% after 25
years of cessation, although ex-smokers are always in risk of developing the disease when

compared with non- smoking population [Murta-Nascimento et al, 2007].

Occupational exposure to aromatic amines and chlorinated by products is the second most
important risk factor for bladder cancer. Work-related cases have accounted for 20-25% of all
bladder cancer cases, but this percentage in decreasing with the implementation of safety
security hazard measures. This exposure is seen mainly in workers from the industrial area of
transformation like dyes, rubbers, textiles, paints and leathers [Letasiova et al, 2012; Burger et
al, 2013]. In the case of aromatic amines the risk of bladder cancer due to occupational
exposure is significantly greater after 10 years or more of exposure and the mean latency
period usually exceeds 30 years [Weistenhofer et a/ 2008; Harling et al, 2010]. The histological
type usually associated with occupational exposure, is the urothelial or transitional bladder

cancer [Tanaka, 2011].

In areas where chronic urothelium infection by Schistosoma haematobium is endemic, like
Africa and Middle East, including Israel, Egypt, Syria, Iraqgi and Iran, there is a high incidence of

squamous cell bladder cancer [Santos et al, 2011].

Other chronic urinary tract infections have also been linked to the development of bladder
cancer while pelvic radiotherapy and chemotherapy agents are associated with the

development of secondary bladder malignancies.
Several dietary factors have been considered to be related to bladder cancer (

Table 1); however, the links remains controversial, one of these is the consume of water
containing arsenic and/or chlorinated products although the proper ingestion of fluids can
reduce the exposure time to this carcinogens, dilute the urine and increase the urinating rate

[Kirkali et al, 2005; Tanaka et al, 2011; Burger et al, 2013]. Age and genetic susceptibility are
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also associated risk factors for bladder cancer: this risk increases by two fold in first degree
relatives of bladder cancer patients. Although there are many studies that identify genetic
susceptibility loci for bladder cancer there are only ten validated, including N-acetyltransferase
2 (NAT2) slow acetylator and glutathione S-transferase mu 1 (GSTM1)-null, two risk factors
when combined with environment exposure to carcinogenic substances like cigarette smoke

[Burger et al, 2013].

Table 1: Bladder cancer risk factors (adapted from Mitra and Cote, 2009)

Primary cellular Strength of
Risk factor Mechanism of carcinogenesis process(es) altered association
Lifestyle
Tobacco smoking Exposure to carcinogens in tobacco | Cell-cycle regulation, | Strong
smoke, including aromatic amines, | gene regulation
hydrocarbons, and tar
Hair dye use Exposure to aromatic amines Cell-cycle regulation Weak
Occupation
Dyestuff Exposure to aromatic amines and | Cell-cycle regulation, | Strong
manufacturing aniline dyes gene regulation
Rubber manufacturing | Exposure to aromatic amines, | Cell-cycle regulation Strong
aniline, and o-toluidine
Painting Exposure to aromatic amines and | Cell-cycle regulation, | Moderate
aniline dyes gene regulation
Leather processing Exposure to aromatic amines | Cell-cycle regulation Moderate
Printing Exposure to aromatic amines and | Cell-cycle regulation, | Weak
aniline dyes gene regulation
Hairdressing Exposure to aromatic amines from | Cell-cycle regulation Weak
hair dyes and gels
Aluminum smelting Exposure to polycyclic aromatic | Cell-cycle regulation Strong
hydrocarbons
Asphalt paving Exposure to polycyclic aromatic | Cell-cycle regulation Inadequate
hydrocarbons
Firefighting Exposure to aromatic amines and | Cell-cycle regulation Weak
polycyclic aromatic hydrocarbons
Truck driving Exposure to diesel exhaust Cell-cycle regulation Moderate
Diet
Chlorine and | Direct carcinogenic effect Unconfirmed Moderate
chlorination by-
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products (in drinking
water)

Arsenic (in drinking | Direct carcinogenic effect Cell-cycle regulation, | Strong
water) signal transduction,
gene regulation
Coffee Carcinogenic  metabolites from | Unconfirmed Inadequate
caffeine in the urine
Artificial sweeteners Unknown in humans Unconfirmed Inadequate
Drugs and therapies
Phenacetin, Induction of DNA fragmentation Gene regulation Moderate
cyclophosphamide,
pelvic irradiation
Urologic pathologies
Schistosoma Exposure to toxins and N- | Gene regulation Strong
haematobium nitrosamines
Cystitis or other | Chronicinflammation Cell-cycle regulation, cell | Moderate
urinary tract infection death, gene regulation
Urinary calculi Chronic inflammation Cell-cycle regulation, cell | Weak
death, gene regulation
Ancestry and genetics
Family history Genetic predisposition Depends on the genetic | Strong
alteration(s)
NAT2 polymorphism Inefficient detoxification of | Gene regulation Strong
aromatic amines
NAT1 polymorphism Promotion of formation of DNA | Gene regulation Inadequate
adducts of aromatic amines
GSTM1 Inefficient detoxification of | Gene regulation Weak

carcinogens

1.1.2 Symptoms and diagnosis of bladder cancer

The majority of patients diagnosed with BC present painless and visible hematuria. Symptoms
of bladder irritation like increased rate of urinary frequency occur mainly in patients with
carcinoma in situ (CIS). The obstructive symptoms occur when the tumour is near the urethra.
In advanced disease, patients present lumbar pain, edema of the lower limbs, pelvic palpable

mass, weight loss, and bone pain from distant metastasis, however this symptoms almost never

occur without a previous story of hematuria [Sharma et al, 2009; Urquidi et al, 2012].
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The clinical investigation should begin with a careful history, including any history of cigarette
smoking or occupational exposures. Patients with urinary symptoms should have a urinalysis
with urine microscopy and a urine culture to rule out infection [Sharma et al, 2009]. Urine
Cytology and also Cystoscopy can be used for diagnosis of bladder cancer [Sharma et al, 2009;
Latini et al, 2010]. Urine cytology is a non-invasive test for the diagnosis of bladder cancer with
a high specificity but a low sensitivity mainly in low grade bladder tumours. This method is
more specific for high grade tumours or CIS while cistoscopy is effective for papillar tumours

diagnosis [Sharma et al, 2009; Ye et al, 2014].

In the recent years there was a development in noninvasive screening tools for bladder cancer,
including tumour associated antigens, proliferative antigens, oncogenes, peptide growth factors
and its receptors, adhesion molecules, tumoral angiogenesis markers and its inhibitors and cell
cycle regulatory proteins. Clinical routine use of this tests was already aproved by the Food and
Drug Administation (FDA), however while the tests present a higher sensibility than cytology, a

few have the same specificity (Table 2) [Urquidi et al, 2012; Wadhwa et al,2012; Ye et al, 2014].

Table 2: Urine biomarkers for detection and surveillance of bladder cancer (adapted from Ye et al, 2014)

Test Markers Sensitivity* | Specificity*

BladderCheck (point-of-care) and 0 0

Bladder Cancer Test NMP22 34-95% >5-85%

Cytology Urothelial cells 30-92% 93-97%

ImmunoCyt Urothelial =~ cell and | 55 _g0% | 33-87%
immunostain

Urovysion FISH 51-92% 55-95%

BTA stat (point-of-care) and BTA- Bladder Tumor Antigen 36-91% 50 -90%

TRAK

ACCU-DX (point-of-care) FDP 60 —83% 80 —-86%
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1.1.3 Histological classification, stage, and grade of bladder cancer

Bladder cancer can be classified histologically as urothelial or non-urothelial; 90% of the cases

are urothelial in developing countries and the remaining 10 % are non-urothelial or

undifferentiated (Table 3) [Sharma et a/,2009; Kaufman et al,2009; Vishnu et al, 2011].

Table 3: Bladder cancer classification (adapted from Sharma et al, 2009)

Epithelial neoplasms
Urothelial (transitional cell)
neoplasms (90%)
Papilloma
Flat
Papillary
Papillary urothelial carcinoma
Low malignant potencial
Low —grade
High —grade
Invasive urothelial carcinoma
Lamina propria invasion
Muscularis prépria (detrusor muscle
invasion
Nonurothelial neoplasms
(9%)
Squamous cell carcinoma
Verrucous carcinoma
Adenocarcinoma
Clear cell
Hepatoid
Nonurachal
Signet ring cell

Urachal

Small cell carcinoma
Rare neoplasms
Basaloid squamous cell
carcinoma
Carcinoid tumour
Lymphoepithelial
carcinoma
Melanoma
Nonepithelial
(mesenchymal)
neoplasms (1%)
Benign
Hemangioma
Leiomyoma
Lipoma
Neurofibroma
Paraganglioma
Malignant
Angiosarcoma
Leiomyosarcoma
Malignant fibrous
histiocytoma
Osteosarcoma

Rhabdomyosarcoma
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The staging system used in bladder cancer is called TNM, which stands for tumour, node,
metastasis (TNM system; Table 4) [Greene 2002; Edge, 2010]. This system staging is based on
the growth of the tumour into the bladder and the deep of invasion. The NMIBC include the
urothelium carcinomas of papillar morphology (Ta) flat tumours (Tis, in situ) and lamina propria
infiltrating lesions (T1). When the tumour invades the lamina propria the stage is classified
according with the deep of muscle invasion (T2a, T2b). If the tumour invades the surrounding
connective tissue the stage is T3 (T3a, T3b). In the T4 stage the tumour has spread to the
adjacent structures of the bladder [Chen et al, 2009; Edge, 2010].

Table 4: TNM System - American Joint Committee on cancer for Bladder cancer (adapted from Sharma et
al, 2009)

I Primary tumor (T) I Regional lymph nodes (N) | I Distant metastasis (M) |
TX: Primary tumor cannot be assessed Regional lymph nodes are those MX: Distant metastasis cannot be assessed
TO: No evidence of primary tumor within the true pelvis; all others are MO: No distant metastasis

distant lymph nodes
NX: Regional lymph nodes cannot be

Ta: Noninvasive papillary carcinoma M1: Distant metastasis

Tis: Carcinoma in situ (“flat tumor”) g
T1: Tumor invades subepithelial connective assessef 0 T NO MO
. NO: No reglopal lymph node .a f"
T2: Tumor invades muscle metastasis Ois Tis NO o
) . . N1: Metastasis in a single lymph | T NO MO
pl2a: Tumor invades superficial muscle node, 2 cm o less in greatest I a NO MO
(inner half) dimension T2b NO MO
pT2b: Tumor invades deep muscle (outer half) N2: Metastasis in single lymph node, i = . i
T3: Tumor invades perivesical tissue more than 2 cm but not more =
pT3a: Microscopically than 5 cm in greatest dimension; T3b NO MO
pT3b: Macroscopically (extravesical mass) or multiple lymph nodes, none T4a NO MO
T4: Tumor invades any of the following: 3:::;::2: SR EE v Tb NO MO
prostate, uterus, vagina, pelvic wall, o AnyT N1 MO
abdominal wall N3: Metastasis in lymph node more AnyT N2 MO

than 5 cm in greatest dimension

T4a: Tumor invades prostate, uterus, vagina AnyT N3 MO

T4b: Tumor invades pelvic wall, abdominal wall AnyT  AnyN M1

The histological grade is established according to the cellular characteristics being an important
risk factor to disease progression in NMIBC [Knowles and Hurst, 2015]. Recently, there are used

2 systems of classification: the one from 1973 of the World Health Organization (WHO) and the
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one from 2004 from WHO/International Society of Urological Pathology (ISUP) [Babjuk et al,
2013].

The major difference is the classification of the tumours of papillar morphology that are
classified as grade 1, 2 and 3 in the old system and in the 2004 classification correspond to an
urothelial lesion of low-grade malignant potential, (same as grade 1; papillary urothelial
malignancy of low malignant potential — PUNLMP), urothelial papillary of low grade and
urothelial papillary high grade carcinoma (Figure 2: Stage and Grade of BC. A) Stage of bladder
cancer according to TNM system B) Histological Grade classification according the WHO 1973,

and the ISUP 2004 (adapted from Knowles and Hurst, 2015) [Babjuk et al, 2013].

Bladder
lumen

Lamina
propria

v ASAS

A%

Grade 1 Grade 2 , Grade 3

<+

{ 1973 WHO

L}
PUNLMP Lowgrad High grade
} + —— ; o | 2004 WHO/ISUP

Figure 2: Stage and Grade of BC. A) Stage of bladder cancer according to TNM system B) Histological

Grade classification according the WHO 1973, and the ISUP 2004 (adapted from Knowles and Hurst,
2015)

To classify the risk of NMICB the European Association of Urology (EUA) divides the patients in
low, medium and high risk of bladder cancer recurrence, that require different treatment
approaches. The low risk is defined as a primary tumour, unique, Ta of low grade; medium risk
is defined as multiple tumours of low grade; high risk any tumour T1 and/or CIS and multiple
recurrent tumours over 3 cm. This stratification is based on clinical and pathological factors,

tumour stage and grade, multifocality, size of the tumour, frequency of recurrence after
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transurethral resection (TUR), and presence of CIS (Figure 2) [Colombel et al, 2008; Bellmunt,

2011; Babjuk et al, 2013].

The biologic behaviour and clinical phenotype of NMIBC and MIBC arises from two distinct
oncogenic pathways [Tanaka et al, 2011]. The low grade tumours always of papillary
morphology and generally superficial, or non-muscle-invasive (NMI), represent 70-80% of the
BC. This tumours are frequently multifocused with 50-70% recurrence, but normally don’t
progress and the overall 5 years survival is of 90%. Genetic instability is the key to the
accumulation of genetic alterations needed for tumour progression, and in a small percentage
(10-15%) these ones can evolve to invasive tumours. It's thought that urothelial hyperplasia is
the precursor lesion of this variant. The remaining UBC (about 20%) are diagnosed as high
grade, frequently non-papillary, invasive or with metastatic disease. The major reduction seen
in overall survival (OS) of these patients, especially due to metastasis, makes these tumours the
major responsible by the mortality rates in BC with an OS less than 50%, at 5 years. This variant
seems to emerge de novo or derives from CIS, and precedes urothelial dysplasia (Figure 3).
Many patients that initially present superficial papillary tumours of low grade can develop in
the adjacent mucosa CIS [Wu et al, 2008; Knowles, 2008; Kaufman et al, 2009; Hodges et al,

2010; Knowles et al, 2014].

The genetic alterations that occur in the NMIBC involve the genes Fibroblast Growth Factor
Receptor 3 (FGFR3), Harvey Rat Sarcoma Viral Oncogene Homolog (H-RAS) and PIK3CA [Turo et
al, 2014; Liu et al, 2014]. The other oncogenic pathway of the MIBC presents alterations in
several tumoral suppressor genes involved in cell cycle control namely p53, pl6 and
retinoblastoma (RB) (Figure 3) [Jacobs et al, 2010; Netto et al, 2013 Turo et al, 2015; Liu et al,
2014].

The first genetic alterations observed in both oncogenic pathways of BC are in chromosome 9,
promoting genetic instability and leading to accumulation of genetic defects. Other
chromosomal alterations functional and numerical, associated with BC show some potential
both in diagnosis and prognosis namely gains in chromosome 3q, 7p and 17q and deletion of

the 9p21 (Figure 3) [Hartmann et al, 2002; Netto et al, 2013; Knowles and Hurst, 2015].

19



Figure 3: Divergent Oncogenic pathways in bladder cancer. Potential pathogenesis pathways are shown
based on histopathological and molecular observations (adapted from Knowles and Hurst, 2015).

1.1.4 Treatment
Bladder cancer have significant heterogeneity whether in pathology or response to therapeutic
or survival, driving new strategies of research and selection of the best treatments [Kaufman et
al, 2009]. Optimal treatment is multidisciplinary, involving urology, pathology, and oncology

and after diagnosis a close follow-up is essential [Sharma et al, 2009].

Concerning NMIBC (Ta and T1) the usual treatment is a complete eradication of the tumour by
TUR including part of the adjacent muscle. A second TUR should be considered when the initial
one is incomplete, in tumours of high grade and /or T1 due to the risk of progression by the
residual tumour [Babjuk et al, 2013]. In this group the problem is the high rate of recurrence
and progression to a stage that invades the muscle layer, so it is combined with intravesical
adjuvant therapies. The patient selection is based in the associated pathological risks: tumour
stage and grade, multifocality, tumour size, presence of CIS and recurrence frequency after TUR

[Jacobs et al, 2010; Babjuk et al, 2013]. The intravesical Bacille Calmette-Guérin (BCG) and
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agents like mitomycin and epirrubicine are frequently used from intravesical therapy. It is
recommended to all tumours of the bladder with a recent diagnosis a single intravesical
instillation in the first 24h after the TUR [Griffiths et al, 2012]. The BCG therapy is applied in
patients with CIS and recurrent superficial tumours, and the answer to this treatment with BCG
or chemotherapy is an important prognostic factor in progression and death caused by BC
[Sharma et al, 2009; Babjuck et al, 2013]. The TUR followed by intravesical BCG once a week

during 6 weeks is recommended for CIS [Sharma et al, 2009].

Radical cystectomy (RC) should be considered in the NMIBC of high risk like recurrent tumours,
T1 of high grade or CIS, in the BCG refractory tumours or in tumours of large size difficult to
remove by TUR [Cheung et al, 2013]. Although BCG treatment has secondary effects its efficacy
in BC recurrence prevention is higher than other chemotherapies [Jacobs et al, 2010]. In this
group of tumours is difficult to define a treatment to apply in patients with high risk of
recurrence and progression to advanced disease stages [Babjuck et al, 2013; Kaufman et al,

2009; Kulkarni et al, 2007].

The MIBC, as referred above is an aggressive carcinoma with a bad prognostic and the main
cause of morbidity and mortality by BC. The standard treatment for this BC group is RC with
pelvic lymphadenectomy. In men RC involves cystoprostatectomy and cystectomy, usually with
hysterectomy in women, followed by a urinary diversion procedure. Patients with metastatic

disease are also treated with chemotherapy [Sharma et al, 2009; Jacobs et al, 2010].

It is expected that the patients receiving adjuvant chemotherapy have 14 months of mean
survival expectancy while patients without treatment only have 8 months. About half of the
patients subjected to RC are going to recur and die of metastatic disease [Youssef et al, 2009;

Guancial et al, 2015].

In the last 30 years, standard treatment is neoadjuvant and adjuvant chemotherapy combining
gemcitabine and cisplatin. Cisplatin is a cytotoxic agent vastly used in BC, with an answer rate of
50-70% although with no recurrence OS of 8 months. In patients with extensive comorbid

diseases, they have the carboplatin, which shows a global decreased response compared with
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cisplatin [Teply and Kim, 2014]. Carboplatin-based regimens are well tolerated and used in

patients with insufficient renal reserve [Sharma et al, 2009; Teply and Kim, 2014].

Combination of gemcitabine and cisplatin is the standard treatment for most patients because
of its lower toxicity. Combination methotrexate, vinblastine, doxorubicin and cisplatin (MVAC)
has comparable effectiveness to gemcitabine/cisplatin; however, toxicity limits its use [Jacobs

etal, 2010].

There is no therapeutic agents of second line FDA approved, although in Europe vinflunine, an
alcaloide, is approved, remaining the only option for second line chemotherapy in metastatic
patients after cisplatin based treatment [Gallagher et al, 2008; Guancial et al, 2015]. Thus, BC is
a chemotherapy sensitive carcinoma the OS of a patient with metastatic disease is

approximately 15 months [Milowsky et al, 2013].

It is urgent to stratify the patients, improving the actual treatment options, and also to develop
new therapeutic targets to prevent or delay disease progression, improving the life quality of

these patients and survival. Figure 4 summarizes the symptoms, diagnosis and treatment of BC.
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Figure 4: Symptoms, diagnosis and management of BC. Red boxes represent areas of ongoing

investigation and clinical trials (adapted Cross and Whelan, 2010).
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1.2 Bladder cancer and skeletal muscle wasting

Weight loss in cancer patient is very common especially in advanced stages being responsible
for 25-30% of cancer related deaths [Bonetto et al, 2011]. Cancer caquexia is associated with a
reduction in treatment tolerance, response to therapy, quality of life and survival [Jonhs et al,
2014]. The incidence and severity of caquexia is dependent of the tumour type, site and mass
and also of the reduced food intake [Tisdale, 1997]. Such abnormal metabolism varies
according to the individual and the stage of the disease, also specific effects of the tumour like
bowel obstruction and existing morbidities leads to the development of caquexia. There are
several mechanisms underlying tumor-host interaction resulting in the abnormal metabolism
such as activation of proteolytic pathways preceding pro-inflammatory cytokines production
and more recently myostatin expression — a member of the TGF-B. Intracellular signaling
pathways leading to myostatin expression are not fully understood. Myostatin increases muscle
protein degradation through the proteolytic ubiquitin system and others. Protein degradation is

mediated by complex systems namely by PI3K/AKT pathway [McFarlane et al, 2006].

Patients with gastric or pancreatic cancer have the highest frequency of weight loss [Tisdale,
2009]. There is a need for the better understanding of the process underlying cancer-induced
skeletal muscle wasting as a key point to improve the therapeutic strategies [Padrdo et al,

2013].
1.3 mTOR Signalization pathway

The Mammalian Target of Rapamycin (mTOR), a downstream mediator in the phosphoinositide
3-kinase (PI3K)/Akt signaling pathway, plays an important role in the regulation of cell
metabolism, growth, proliferation and survival. In particular mTOR is a key protein kinase by
monitoring nutrient availability, cellular energy levels, oxygen levels, and mitogenic signals [Liu
et al, 2009; Laplante and Sabatini, 2009]. Signaling through mTOR is activated by amino acids,
insulin, and growth factors, and impaired by nutrient or energy deficiency. In normal cells
mTOR plays a key role in cell physiology, homeostasis and regulates numerous components

involved in protein synthesis, including initiation and elongation factors, and the biogenesis of
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ribosomes [Bjornsti and Houghton, 2004; Dutcher, 2004]. In several diseases and mainly in
cancer, this capacity is lost; mutations and continuous activation of this pathway leads to a
persistent proliferation and tumour growth [Cheng et al, 2013]. Aberrant activation of the
mTOR pathway has been widely implicated in many cancers, and increased activity of this
pathway is often associated with resistance to cancer therapies, for this reasons it is a
promising target for anti-cancer therapies [Fasolo and Sessa, 2012]. This fact was the basis to
the development of new targeted therapies, and several have progressed to clinical trials with
some success. In recent studies combinational strategies have emerged to overcome resistance
to mTOR targeting and enhance their efficacy [Guancial and Rosenberg, 2015]. In several cancer
types like renal cell carcinoma and breast cancer rapamycin analogs (rapalogs) have shown
some clinical efficacy, although we need more studies exploring the antitumor activity of mTOR
targeting-drugs [Motzer et al, 2008; Amato et al, 2013; Vicier et al, 2014]. Besides the
limitations of rapamycin-based therapies in the clinical setting led to the development of a
second generation of anti-mTOR drugs with substantial improvement of anti-tumor activity

both in vitro and in animal-models [Moscheta et al, 2014].
1.3.1 The mTOR pathway

mTOR is the target of rapamycin, a macrolide produced by Streptomyces Hygroscopius bacteria
and known by its anti-proliferative properties [Cafferkey et al, 1993; Sabatini et al, 1994]. In the
early 1990s, the mTOR was identified and cloned shortly after the discovery of the two yeast
genes TOR1 and TOR2, in budding yeast Saccharomyces cerevisiae during a screen for
resistance and toxicity of rapamycin [Sabatini et al, 1994; Sabers et al, 1995]. To date, every
eukaryote genome examined including mammals contains a TOR gene [Bjornsti and Houghton,

2004; Pépulo et al, 2012].

FRAP (FKBP12-rapamycin-associated protein), RAFT1 (rapamycin and FKBP12 target), RAPT 1
(rapamycin target 1), or SEP (sirolimus effector protein), also known as mTOR, is a
serine/threonine kinase of 289 KDa that belongs to the PI3K-related protein Kinase (PIKKs)
family, since its C-terminus shares strong homology to the catalytic domain of PI3K [Bjornsti

and Houghton, 2004; Vignot et al, 2005]. There are two tandem repeated HEAT motifs (protein
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interaction domains in the N-terminus of mTOR found in Huntington, Elongation factor 3,
PR65/A and TOR), followed by a FAT domain (domain shared by FRAP, Ataxia telangiectasia
mutated, and TRRAP. These factors are PIKK family members), a FRB domain (FKBP12-
rapamycin-binding site, found in all eukaryotic TOR orthologs), a PtdIins 3-kinase related
catalytic domain, an auto-inhibitory domain (repressor domain or RD domain), and a FATC
domain (FAT C terminus)- this last one located at the C-terminus of the protein. The FRB
domain forms a deep hydrophobic cleft that serves as the high-affinity binding site for the
inhibitory complex FKBP12-rapamycin (Figure 5) [Hay and Sonenberg, 2004; Yang et al, 2007;
Martelli et al 2010].

rapamycin

FKBP-12

mTOR

HEAT Repeats FAT FRB Kinase Repressor FATC
domain domain

Figure 5: A schematic presentation of mTOR domain structure. (Adapted from Pépulo et al, 2012)

MTOR assembles into two distinct complexes named mTOR complex 1 (mTORC1) and 2
(mTORC2) with different sensitivities to rapamycin as well as upstream inputs and downstream

outputs [Zoncu et al 2011; Laplante and Sabatini, 2012].

The mTORC1 is sensitive and mTORC2 is considered resistant to rapamicin. However, Sarbassov
and colleagues, shown that long-term treatment with rapamycin can disrupt mTORC2 assembly

and function by sequestering newly synthesized mTOR molecules [Sarbassov et al 2006].

MTORC1 is composed of mTOR, raptor, mLST8, and two negative regulators, PRAS40 and
DEPTOR [Efeyan et al, 2012; Lamming et al, 2013].
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Raptor is a protein of 150Kda with a terminal amino region highly conserved followed by
several HEAT repeats and seven carboxyterminal WD40 repeats. A knockout of raptor indicates
that it functions in mTOR signaling acting as an adaptor to recruit substrates to mTOR.
Alternatively other studies show that raptor negatively regulates mTOR when bound to the
kinase. So it remains controversial if raptor is a positive or negative regulator of mtor, though is
indispensable for mTOR phosphorilation of S6K1 and 4EBP1proteins [Yang and Guan, 2007,
Chiong and Esuvaranathan, 2010].

mLST8 is a 36KDa protein identified after raptor and it contains seven WD40 repeats. Knockout
studies both in mammals and yeast suggest that mLST8 regulates positively mTORC1 signaling;
other authors also suggest a role of mLST8 in mTORC2. It is believed that this protein is
necessary for the full catalytic activity of TOR [Guertin and sabatini, 2007; Yang and Guan, 2007;
Zoncu et al, 2011].

PRAS40 a proline-rich Akt substrate of 40kDa is a very important component of mTORC1
inhibiting its activity via RAPTOR; thus it links the Akt and the mTOR pathways [Guertin and
Sabatini, 2007].

The protein DEPTOR, with 48 kDa, was recently described and it binds to mTOR inhibiting this
kinase within TORC1 and TORC2 complexes [Peterson et al, 2009; Laplante and Sabatini, 2012].

The mTORC2 comprises six different proteins, several of which are common to mTORC1 and
mTORC2: mTOR; rapamycin-insensitive companion of mTOR (Rictor); mammalian stress-
activated protein kinase interacting protein (mSIN1); protein observed with Rictor-1 (Protor-1);

mLST8; and Deptor [Efeyan et al, 2012; Lamming et al, 2013].

Rictor is a large protein of 200 KDa unique to mTORC2 Knockdown of rictor results in loss of

actin polymerization and cell spreading [Chiong and Esuvaranathan, 2010].

There is some evidence that mSIN1 and Rictor stabilize each other, establishing the structural
foundation of mTORC2. Rictor also interacts with Protor-1, but the physiological function of this
interaction is not clear. mLST8 is essential for mTORC2 function and Deptor negatively regulates

mTORC2 activity [Sengupta et al, 2010; Huang and Fingar, 2014].

27



mMTORC1 responds to amino acids, stress, oxygen, energy, and growth factors allowing cell
growth by inducing and inhibiting anabolic and catabolic processes, respectively, and also drives
cell-cycle progression. mTORC2 responds to growth factors and regulates cell survival and
metabolism, as well as the cytoskeleton, it is insensitive to acute rapamycin treatment but
chronic exposure to the drug can disrupt its structure (Figure 6) [Wullschleger et al, 2006;

Laplante and Sabatini, 2012].
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Figure 6: mTORC1 and mTORC2 cross regulation and cell dynamics (adapated from Laplante
and abatini, 2012).

1.3.2 Upstream and downstream mTOR pathway regulation

mTOR is only one part of the larger phosphoinositide 3-kinase (PI13K)/AKT/mTOR pathway. This
pathway is activated, upstream, by growth factors, such as insulin, mitogens, hormones or
nutrients, that activate PI3K in the cell membrane. PI3K is a heterodimer that consists of a
catalytic subunit (p110) and a regulatory subunit (p85, p55, or p50) [Porta et al, 2014,
Zarogoulidis et al, 2014]. The activated p110 catalytic subunit, encoded by the PIK3CA gene,
phosphorylates phosphatidylinositol bisphosphate 4, 5 on the inner leaflet of the cytoplasmic
membrane to generate phosphatidylinositol triphosphate (PIP3). The mTOR and this lipid
products are involved in a number of cellular processes including cell proliferation, survival,
cytoskeletal reorganization, membrane trafficking, cell adhesion, motility, angiogenesis and

insulin action [Willems et al, 2012]. The binding of insulin to the cell surface receptor causes the
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insulin receptor activation with recruitment of insulin receptor substrate 1 (IRS1) and the

production of PIP3 though the activation of PI3K [Sarbassov et al, 2005].

PIP3 recruits Akt to the plasma membrane where it is phosphorylated and activated by
phosphoinositide-dependent kinase-1 (PDK-1) and mTORC2 [Hay and Sonenberg, 2004;
Sarbassov et al, 2005].

The best studied downstream substrate of AKT is the serine/treonine Kinase mTOR. AKT can
directly phosphorylate and activate mTOR, as well as cause indirect activation of mTOR by
phosphorylating and inactivating TSC2 (tuberous sclerosis complex 2), which normally inhibits
mTOR through the GTP-binding protein Rheb (Ras homolog enriched in brain). When TSC2 is
inactivated by phosphorylation, the GTPase Rheb is maintained in its GTP-bound state, allowing

for increased activation of mTOR [Hay, 2005].

Activated mTOR can subsequently phosphorylate downstream effectors S6K1 (p70 ribossomal
protein S6 Kinase 1) and 4EBP1 (elF4E binding protein) [Ching and Hansel, 2010]. On clinically
healthy conditions, S6K1 and 4EBP1 are bound to elF3 (eukaryotic initiation factor 3) remaining
inactive. With growth stimulations, mTOR binds to elF3 and phosphorylates S6K1 and 4EBP1.
The phosphorylation of S6K1 releases it from elF3 and activates the kinase. S6K1 activation
promotes translation of mMRNAs and growth by phosphorylating cellular substrates, such as S6
[Bjornsti and Houghton, 2004; Pépulo et al, 2012]. When 4EBP1 binds to translation initiator
elFAE (eukaryotic translation initiation factor 4E) it inhibits cap-dependent mRNA translation.
mTOR phosphorylates 4EBP1, and the phosphorylation of 4EBP1 frees it from elF4E, relieving its
inhibitory effect and stimulating translation initiation. Active mTOR enhances cell growth by
promoting protein translation and increasing cell mass [Bjornsti and Houghton, 2004; Inoki et

al, 2005; Sarbassov et al, 2005].

The inhibition of mTOR by rapamycin also causes 4EBP1 dephophosrilation which prevents
protein translation. There is evidence of a negative feedback loop from the mTOR-S6K1
pathway to the upstream IRS pathway. Activation of mTORC1 and S6K1 regulates IRS-1 leading
to a negative feedback regulation of both PI3K and MAPK signaling pathways. In some tumours

activation of mTORC1 may be PI3K independent [Moschetta et al, 2014].
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mTORC2 upstream regulates are less known although studies show that direct association with
ribossome is required for mTORC2 activation — event in the dependence of PI3K activity
[Carracedo et al, 2008]. This mTORC2 upstream regulatory mechanism shows the link between
the two mTOR complexes: mTORC2 promotes mTORCL1 activity via the AKT-TSC1/TSC2 pathway
and in return mTORC1 controls mTORC2 activity through of ribossomal biogenesis [willems et a/

2012].

The central negative regulator of PI3K/AKT/mTOR signaling cascade is phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) which was first discovered in 1997 as a
phosphatase, that is mutated or lost in several cancers [Liaw et al 1997]. Located on
chromosome 10qg23, PTEN is a multifunctional phosphatase whose major substrate is
phosphatidylinositol-3,4,5-triphosphate (PIP3), which is a second messenger molecule
produced following class | phosphoinositide 3-kinases (PI3K) activation in response to various
growth factors [Sansal and Sellers, 2004]. Cytoplasmic PTEN negatively regulates this pathway
by dephosphorylating PIP3 at its D3 position, thereby inhibiting downstream kinase activation
and preventing cancer cell growth and survival. In contrast, nuclear PTEN exhibits phosphatase-
independent tumor suppressive functions, including regulation of chromosome stability, DNA
repair, and apoptosis. The loss of PTEN is implicated in the loss of integrity of the genome

[Ching and Hansel, 2010].

1.3.3 Bladder Cancer and the mTOR pathway

As stated before the mTOR pathway is determinant for cell growth and proliferation and
disruption of this pathway can result in altered cell dynamics and tumour development.
Alterations in this pathway are common of several malignant diseases including melanoma,
prostate cancer, renal cell cancer, breast cancer and others. Increased activity of this pathway

can potentially promote tumorigenesis.

There is evidence that elements in this pathway play an important role in this oncogenesis of
bladder cancer, although there is little and inconsistent results about mTOR pathway activation

in bladder tumour tissue; previous studies were performed using cell culture or animal models
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but its clinical relevance remains uncertain. Previous studies of Hansel and colleagues showed
74% expression of pmTOR in MIBC and a significant association with increased pathological
stages and reduced disease-specific survival [Hansel et al, 2010]. Also Makhlin et al (2011)
found pmTOR expression increased in malignant versus normal urothelium — 32% of tumours
but with no association with clinical pathological stage. On the other hand there are other
studies that showed that expression of mTOR is not increased when comparing with benign
urothelium [Park et al, 2011]. This pattern of mTOR expression was also described in studies of
Afonso and colleagues: 20% of tumour samples score positive for pmTOR expression when
comparing with normal urothelium [Afonso et al, 2014]. mTOR expression was frequently
observed but without stronger intensity in MIBC. Most of these studies are focused on patient

with muscle invasive disease.

Other molecular alterations of PI3K/AKT/mTOR pathway effectors have been reported in UBC
including PTEN deletions, PTEN mutations, TSC1 inactivating mutation, and activations
mutations of PIK3CA. Mutations in PIK3CA gene associate with increased mTOR signaling and
bladder cancer cells resistance to apoptosis [Ching and Hansel, 2010]. Also PI3K pathway
inhibition reduces the invasive capacity of bladder cancer. Several studies show a decrease or
loss in PTEN expression which is associated with aggressive tumor growth, metastases and
worsened patient outcomes. In superficial tumours PTEN loss is about 6, 6%, whereas in
invasive tumours goes up to 30% [Wu et al, 2004; Ching and Hansel, 2010]. Chaux and
colleagues when studying superficial tumors observed high levels of PTEN expression
associated with higher rates of tumor recurrence, tumor progression and systemic metastasis

[Chaux et al, 2013].

Regarding pAKT expression, in more than half of UBC its higher expression suggested to
contribute to invasion [Wu et al, 2004]. Also, there are different staining patterns (nuclear and
cytoplasmic) in pAKT expression. Although AKT and pAKT levels are not significantly associated

with tumor grade or stage [Sun et al, 2011].

In MIBC mTOR pathway is commonly activated though PI3K mutations and inactivation of PTEN

and TSC1: 21% demonstrate PI3K mutations, 30% demonstrate evidence of PTEN inactivation.
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Also 16% of patients have inactivating mutation in TSC1 [Ching and Hansel, 2010; Kompier et al,

2010]. pS6 expression was observed in 55% of this BC cancer group [Hansel et al, 2010].

1.3.4 mTOR pathway inhibitors in cancer therapy

The mTOR inhibitors are divided in two groups: rapamycin/rapamycin analogs ou rapalogs and
mTOR Kinase inhibitors [Macarulla et al, 2009]. Rapamycin, an immunosupressive drug also
named sirolimus is a natural compound approved by FDA in 1999 for transplant rejection
prevention [Huang and Houghton 2001; Fantus and Thomson, 2015]. Later studies found that
its anti-proliferative properties could be used as a key agent in different tumour types, such as
small cell lung cancer, breast, pancreatic, prostate cancer, osteossarcoma and B-cell-lymphoma
[Muthukkumar et al, 1995; Seufferlein and Rozengurt, 1996; Grewe et al, 1999; Pang and Faber,
2001; van der Poel et al, 2003]. Nowadays, due to limitations in the solubility and
pharmacokinetic properties of rapamycin several derivatives have emerged including rapalogs
temsirolimus, everolimus and deferolimus. The rapalogs either alone or combined are currently
being evaluated in clinical trials as bladder cancer treatments [Zaytseva et al, 2012; Moschetta,

2014].

The second generation of mTOR inhibitors are known as ATP-Competitive mTOR kinase
inhibitors (TKls). TKI targets the mTOR kinase domain inhibiting the catalytic activity of mTORC1
and mTORC2 with the advantage of minimizing the feed-back activation of PI3K/AKT, example
Torin 1, PP30, PP242, Ku-0063794, AZD8055 and WYE-354 [Zaytseva et al, 2012].

Also dual PI3K/mTOR inhibitors are being used in clinical trials including NVP-BEZ 235, XL-735
and PI-103 (Figura 7) [Zask et al, 2011; Zaytseva et al, 2012].
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Figure 7: The mTOR pathway as a therapeutic target and the ongoing clinical studies (adapted from
Mochetta et al, 2014).

Several compounds referred before are in clinical development as emerging therapeutic targets
in bladder cancer. Everolimus has been investigated in a phase Il study in pretreated metastatic
urothelial tumors. The primary endpoint of two month progression-free survival wasn’t met by
everolimus [Milowsky et al, 2013]. Another trials with everolimus/temsirolimus in a similar
patient population showed a limited efficacy with single-agent [Seront et al, 2012; Gerullis et al,
2012]. There is in course a phase I/Il trial of everolimus and intravesical gemcitabine in BCG-
refractory primary or secondary CIS of the bladder (NCT01259063). Another phase two trial is in
course combining paclitaxel and cisplatin ineligible patient with advanced urothelial carcinoma

(NCT0125136).

Also there was a phase Il trial of temsirolimus for patients with advanced bladder cancer with
limited efficacy so others trails are in course combining tensirolimus or everolimus and

gemcitabine/cisplatin. The dual mTOR inhibitors are also being investigated with promising
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preclinical results showing synergistic anti-tumor effects with lapatinib [Becker et al, 2014]. The

list ongoing trials of mTOR and PI3K inhibitor are reported in table 5.

Table 5: Novel molecularly targeted agents for the PI3K/mTOR under evaluation in patients with bladder
cancer

Agent Description Trial ID number Phase Design

Everolimus | mTORC1 inhibitor NCT01259063 I/ Everolimus and intravesical gemcitabine
in BCG-refractory primary or secondary

carcinoma in situ of the bladder

Everolimus | mTORC1 inhibitor NCT01215136 Il In combination with paclitaxel for
cisplatin-ineligible patients with advanced

urothelial carcinoma

Temsirolimus | mTORCL1 inhibitor NCT01827943 Il Second-line therapy for patients with

advanced bladder cancer

MLNO0128 mTORC1/mTORC2 NCT01058707 Oral chemotherapy of, MLN0128 in
patients with recurrence or progression

of urothelial cancer that is metastatic.

NVP-BEZ235 | PI3K/mTOR Preclinical
PF-04691502 | PI3K/mTOR Preclinical
Buparlisib Pan-classl selective NCT01551030 Il Patients with metastatic TCC
PI3K inhibitor

1.4 Cancer-associated sialyl-Tn antigen (STn)

The sialyl-Tn (STn) antigen is a tumor associated carbohydrate antigen expressed by several
human carcinomas and rarely expressed in normal tissues [Cao et al 1996]. STn is a short O-
glycan containing a sialic acid residue a2, 6-linked to GalNAca-O-Ser/Thr. The biosynthesis of
STn is mediated by a specific sialyltransferase termed ST6GalNAc |, which competes with O-
glycans elongating glycosyltransferases and prevents cancer cells from exhibiting longer O-

glycans [Julien et al, 2012].
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Several studies show that aberrant glycosylation is a key point in cancer development and
metastization [Reis et al, 2010]. There is an important role of O-glycans mainly in the
attachment and invasion of cancer cells, thus changes in these molecules are determinant for

cancer development [Brockhausen, 1999].

STn expression by cancer cells is associated with a poor prognostic and a decreased OS of the

patients [Werther et al, 1996].

The main focus of research until the last decade was the STn use as a marker for diagnosis and
subsequently prognosis in cancer. The recent focus was the targeting of STn by immunotherapy
strategies to treat cancers [Julien et al, 2012]. An example is the vaccine consisting of STn

antigen epitopes to immunize breast cancer patients [Julien et al, 2001].

STn is expressed in many human carcinomas like breast, ovarian, gastric, colon and also bladder
cancer. In bladder tumours, it is mainly present in advanced stage cases, while absent from
most low-grade superficial lesions [Ferreira et al, 2013]. Moreover, it is not expressed by the
healthy urothelium, denoting a cancer-specific nature and favoring disease dissemination

[Ferreira et al, 2013; Carrascal et al, 2014].

STn antigen is frequently observed in areas of invasion of the basal and muscle layers,
suggesting its association with cell migration and invasion. Though STn is part of a malignant
bladder cancer phenotype, as previously observed for other carcinomas [Clement et al,

2004; Julien et al, 2006; Ohno et al, 2006; Ozaki et al, 2012; Pinho et al, 2007].

Based on this information, it should be interesting to evaluate the expression of STn and Tn

antigen its precursor, and PI3K/Akt/mTOR pathway activation in bladder cancer.

The possible existence of expression of STn and mTOR pathway activation in more advanced

tumours of bladder could help to design a new strategy therapeutic.
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1.5 Urinary bladder cancer cell lines and animal models in bladder cancer therapy

Traditional cell lines established from patient tumors and adapted to proliferate in culture have
been widely studied. In vitro assays are used in the preclinical development of new drugs to
discover, validate and evaluate the potential of new agents [Monks et al, 1991]. For more than
a half century, tumor cell lines served as a foundation for cancer research, they are easy to
propagate and study under defined conditions. However, continuous passages and culture of
cells in vitro selects the cells better adapted to thrive in plastic dishes and excludes the
variables associated with tumor stroma and other tumor micro environmental factors [Gillet et

al, 2013].

Several tumor models have been used in basic science studies and clinical trials to increase our
understanding of molecular mechanisms underlying tumor initiation, progression, metastasis
and chemoresistance. There has been a continuous search for an ideal model that would mimic
the clonal origin of human tumors, their histopathology, the multistage process of

carcinogenesis and progression and their clinical behavior.

Animal models have been used in UBC to predict the development and preclinical evaluation of
news strategies for bladder cancer treatment [Arentsen et al, 2009]. The use of chemically
induced urinary bladder cancer models allowed the study of the different stages of
carcinogenesis and progression. According to the literature rodents proven to be suitable for
these kinds of studies [Palmeira et al, 2010]. Rats and mice don’t develop, under normal
conditions, spontaneous urinary bladder tumors. The occurrence of non-neoplastic urothelial
lesions, such as inflammation and hyperplasia are also uncommon in these species [Oliveira et

al, 2006].

More than three decades ago a rat model of urothelial carcinogenesis has been described,
induced with N-butil-N-(4-hidroxibutil) nitrosamina (BBN) — a genotoxic carcinogen [Becci et al,
1981; Oliveira et al, 2006]. Mice exposition to BBN in drinking water induces the development
of preneoplastic and neoplastic lesions in the urothelium of rodents, namely hyperplasia,

dysplasia, low and high-grade papillary UBC, CIS and MIBC [Oliveira et al, 2006 ].
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This well-established model reflects the environment in urothelial carcinoma and reproduces
tumor-host interaction [Arentsen et al, 2009]. The main limitations of this model are the costs

and the long experimental protocol.

Patient derived tumor xenograft models (PDTXM) are obtained implanting human derived
tumor cell into immunocompromised mice which do not reject human cells. The tumors
growing in these animals derive directly from patient tumor samples with minimal manipulation
and recapitulate the biological characteristics of the tumor of origin. These models have shown
to retain the cellular structure and molecular markers of the original tumors and have high
predictive power [Fichtner et al, 2004; Rubio-Viqueira and Hidalgo, 2009; Dong et al, 2010].
PDTXM are suitable to evaluate individually the effectiveness of anticancer drugs, providing not
only an investigational platform but a potential therapeutic decision making tool [Hidalgo et al,

2011].

Xenografts models are easy and low cost when compared to the genetic engineered models.
PDTXM preserves original cells heterogeneity, tumor phenotype and malignant potential of
human tumors. Subcutaneous bladder tumor models have been widely used because of the
ease of assessing tumour growth kinetics and because the orthotopic model is technically more

difficult [Johnson et al, 2001; Rubio-Viqueira and Hidalgo, 2009; Arentsen et al, 2009].

The main limitations of this model are the long lag period before tumor growing and low take
rate, especially in the first passage. The stroma and blood supply is provided by the host and

the tumor is not growing in the organ of origin [Rosfjord et al, 2014; Wilding and Bodmer, 2014.

At present the development of new mTOR inhibitors could be accessed in this type of animal
model identifying new targets and treatment regimens that improve the OS of bladder cancer

patients.
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2 Aims of the study
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At the initial diagnosis of bladder cancer, 70% of cases are diagnosed as non-muscle-invasive

bladder cancer (NMIBC) and approximately 30% as muscle-invasive bladder cancer (MIBC)

[Witjes et al, 2013]. Regarding NMIBC the problem stands in recurrence and progression, and in

the MIBC the high morbidity and mortality. Although this bladder tumours are chemotherapy

sensitive, with the current strategies, there are still patients that don't respond to the

treatment. There is urgency in the identification of biomarkers to assist prognostic and the

development of more effective targeted therapeutics namely signalling pathways frequently

altered and tumour antigen markers.

A. There are evidence that PI3K/Akt/mTOR pathway proteins and STn expression may hold

40

value for bladder cancer patient stratification. With that in mind we performed several

studies with the following aims:

>

>

to evaluate the expression and PI3K/Akt/mTOR pathway activation and STn in bladder
cancer at different stages;

to correlate PI3K/Akt/mTOR pathway proteins expression (pAkt, pmTOR and pS6 e
PTEN) with bladder cancer patient stratification;

to evaluate the regulation of PI3K/Akt/mTOR and activation of the ubiquin- proteosome
pathways in bladder cancer- induced skeletal muscle wasting;

to correlate the regulation of PI3K/Akt/mTOR and the expression of STn in bladder
tumours its correlation with tumour proliferation and clinical relevance.

Recently it has been reported that mTOR inhibitors could have an important role to play in

bladder-cancer treatment and may restore chemosensitivity in resistant tumours

>

>

to use murine chemically induced urothelial tumours treated with Sirolimus to assess
the impact of mTOR inhibitors on cell protein expression;

we intend to assess RADOO1's in vitro ability to enhance Cisplatin cytotoxicity in three
human bladder-cancer cell lines representative of the bladder cancer heterogeneity.

Patient-derived tumor xenografts (PDTXs) are said to accurately reflect the heterogeneity of

human tumours. In the case of human bladder cancer, few studies are available featuring

these models. Patient-derived tumour xenografts (PDTXs) have been shown to be a highly

predictive model to test standard chemotherapy and for identification of tumour types that

might benefit from new treatments in clinical trials

>

We intend to establish and characterize a direct PDTXs model suitable to study the
characteristics and behaviour of human tumours, namely the response to specific
chemotherapeutic agents;



» We intend to develop a direct PDTXs non-human model conserving the STn expression,
and use it to compare tumour response and resistance to drugs.
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3.1 PI3K/Akt/mTOR pathway activation and STn expression in bladder cancer.

3.1.1 Paperl

Abnormal protein glycosylation and activated PI3K/AKT/mTOR pathway: role in

bladder cancer prognosis and targeted therapeutics.

Costa C and Pereira S, Lima L, Peixoto A, Fernandes E, Neves D, Neves M, Gaiteiro C, Tavares A,

Gil da Costa R, Cruz R, Amaro T, Oliveira P, Ferreira A and Santos L.

Article accepted for publication in the journal PLOS ONE
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Abstract

Muscle invasive bladder cancer (MIBC, stage >T2) is generally associated with poor prog-
nosis, constituting the second most common cause of death among genitourinary tumours.
Due to high molecular heterogeneity significant variations in the natural history and disease
outcome have been observed. This has also delayed the introduction of personalized thera-
peutics, making advanced stage bladder cancer almost an orphan disease in terms of treat-
ment. Altered protein glycosylation translated by the expression of the sialyl-Tn antigen
(STn) and its precursor Tn as well as the activation of the PI3K/Akt/mTOR pathway are can-
cer-associated events that may hold potential for patient stratification and guided therapy.
Therefore, a retrospective design, 96 bladder tumours of different stages (Ta, T1-T4) was
screened for STn and phosphorylated forms of Akt (pAkt), nTOR (pmTOR), S6 (pS6) and
PTEN, related with the activation of the PI3K/Akt/mTOR pathway. In our series the expres-
sion of Tn was residual and was not linked to stage or outcome, while STn was statically
higher in MIBC when compared to non-muscle invasive tumours (p = 0.001) and associated
decreased cancer-specific survival (log rank p = 0.024). Conversely, PI3BK/Ak/mTOR path-
way intermediates showed an equal distribution between non-muscle invasive bladder can-
cer (NMIBC) and MIBC and did not associate with cancer-specif survival (CSS) in any of
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these groups. However, the overexpression of pAKT, pmTOR and/or pS6 allowed discrimi-
nating STn-positive advanced stage bladder tumours facing worst CSS (p = 0.027). Further-
more, multivariate Cox regression analysis revealed that overexpression of PI3K/Akt/
mTOR pathway proteins in STn+ MIBC was independently associated with approximately
6-fold risk of death by cancer (p = 0.039). Mice bearing advanced stage chemically-induced
bladder tumours mimicking the histological and molecular nature of human tumours were
then administrated with mTOR-pathway inhibitor sirolimus (rapamycin). This decreased the
number of invasive lesions and, concomitantly, the expression of STn and also pS6, the
downstream effector of the PI3BK/AktmTOR pathway. In conclusion, STn was found to be
marker of poor prognosis in bladder cancer and, in combination with PI3K/Akt/mTOR path-
way evaluation, holds potential to improve the stratification of stage disease. Animal experi-
ments suggest that mTOR pathway inhibition could be a potential therapeutic approach for
this specific subtype of MIBC.

Introduction

Bladder cancer is the second most deadly genitourinary tumour and presents significantly
worse prognosis upon muscularis propria invasion [1]. Approximately 20-30% of the newly
diagnosed cases are muscle invasive bladder cancers (MIBC; T2-T4 stages), while 50% are non-
muscle invasive bladder tumours (NMIBC) with high potential to progress to invasion. MIBC
treatment includes cystectomy and (neo)adjuvant cisplatin-based chemotherapy regimens [2].
However, significant variations in the natural history of the disease and responses to treatment
can be observed between tumours with identical histological features, reflecting their high
molecular heterogeneity [3]. Furthermore, approximately 50% of cases develop metastasis
within 5 years, urging the identification of biomarkers to assist prognostication and the devel-
opment of more effective targeted therapeutics [4].

To meet this need, we have recently addressed the expression of the cancer-associated sia-
lyl-Tn antigen (STn) on a small prospective series of unselected bladder cancer patients [5].
STn is an abnormal post-translational modification that results from a premature stop in cell-
membrane proteins O-glycosylation by sialylation of the Tn antigen (Fig 1A). In bladder
tumours, STn it was mainly present in advanced stage cases, while absent from most low-grade
NMIBC [5]. Moreover, it was not expressed by the normal urothelium, denoting a cancer-spe-
cific nature [5]. Studies in vitro showed that STn expression endowed bladder cancer cells with
high invasion capability [5] and an immunotolerogenic phenotype, potentially favoring disease
dissemination [6]. Alterations in cell-surface protein glycosylation have be implicated in the
activation of intracellular oncogenic signalling pathways [7], including the phosphoinositide-3
kinase (PI3K)/Akt signalling pathway [8] which is thought to play a critical role in bladder can-
cer development. These preliminary observations support the hypothesis that STn expression
may play a key role in disease outcome, which warrants a deeper investigation. Several studies
also suggest that Tn antigen, which is a precursor of STn, may be also implicated in oncogenic
events [7]; however nothing is known about the expression of this glycan in bladder tumours.

The phosphatidylinositol-3-kinase (PI3K)/Akt and the mammalian target of rapamycin
(mTOR) pathways are interconnected signaling cascades essential for bladder cell growth and
survival (Fig 1B). The PI3K/Akt/mTOR or mTOR pathway integrates a multiplicity of extracel-
lular signals to regulate downstream signaling and protein synthesis, which ultimately leads to
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Fig 1. Schematic rep tation of

ane protein O-glycosylation and the PI3K/AktmTOR pathways. A) Representation of membrane protein O-
glycosylation with emphasis on the STn expression by cancer cells. This is a highly regulated process of criticalimportance for protein stability and function.

Briefly, newly synthesized proteins are O-glycosylated in the Golgi apparatus by the ppGalNAcTs-mediated addition of GalNAc moiety to Ser/Thr residues.
This originates the Tn antigen (GalNAc-O-Ser/Thr-protein backbone), which is the simplest O-glycan. In normal cells these chains are extended through the
sequential addition of other sugars first by CGALT-1 and then other enzymes. This culminates in highly complex, heterogeneous and elongated glycans
often terminated by ABO or Lewis blood group related antigens (left drawing). In cancer cells the Tn antigen is immediately sialylated by ST6GalNAc.|

originating the STn antigen (Neu5Ac-GalNAc-O-Ser/Thr-protein backbone), thereby inhibiting further chain elongation (right drawing). The expression of STn
at the cell surface influences cell-cell adhesion and cancer cell recognition, favouring motility, invasion and immune escape. B) Schematic representation of

the PIBK/AkVmTOR pathway, which is ubiquitously activated in bladder tumours. This is a highly conserved pathway regulated mainly by a wide variety of
extracellular signals, including mitogenic growth factors, hormones, nutrients, cellular energy levels, and stress conditions. These signals activate tyrosine

receptor kinases that recruit PI3K, which catalyses the conversion of membrane-bound PIP2 to PIP3. Then Akt and PDK-1 are activated through binding to
PIP3. PTEN preferentially dephosphorylates PIP3, inhibiting signalling progression. Full Akt activation requires double phosphorylation by PDK-1 itself and

PDK-2 (not shown). Akt phosphorylates mTOR directly or may also inactivate TSC1/T SC2 complex, inhibiting mTOR inactivation. mTORC1 triggers cell
growth and proliferation by phosphorylating eukaryofic translation regulators, among these p70S6 kinase (p70S6K or S6K1) that, in tum, phosphorylates the
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ribosomal protein S6 (pS6), and the eukaryotic translation intiation factor 4E-binding protein 1 (4E-BP1). For the protein mTOR to activate its signalling
cascade, it must form the rapamycin-sensitive temary complex mTORC1. Key PI3K/AktmTOR-pathway proteins pAkt, pnTOR and pS6 explored in this
studied are highlighted by orange circles.

doi:10.1371/joumal pone. 0141253 g001

a competitive growth advantage, metastatic competence, angiogenesis, and therapy resistance
[9]. The signaling cascade begins with PI3K activation in the cell membrane followed by ser-
ine/threonine kinase Akt cell membrane translocation and activation. The best studied down-
stream substrate of Akt is the serine/threonine kinase mTOR, whose downstream effector is S6
kinase-1 (S6K1). In particular, a subset of mTOR pathway alterations have been shown to
occur in bladder cancer, such as mutations in PIK3CA gene, which culminates with increased
mTOR signaling and bladder cancer cells resistance to apoptosis [10]. Moreover, the pharma-
cological or biochemical inhibition of the PI3K pathway drastically reduced the invasive capac-
ity of bladder cancer cell lines. Furthermore, over half of primary human bladder tumours
present high Akt phosphorylation and the aberrant activation of this pathway has been sug-
gested to contribute to invasion [11]. Another event influencing mTOR pathway activation in
bladder tumours involves the loss of tumor suppressor PTEN (phosphatase and tensin homo-
log deleted on chromosome ten) function [12]. PTEN normally suppresses activation of the
PI3K/Akt/mTOR pathway antagonizing PI3K and preventing activation of Aktand PDK-1.
PTEN also functions to regulate chemotaxis and cell motility, thereby promoting tumor inva-
sion [13]. In summary, there are evidences that a comprehensive evaluation of PI3K/Akt/
mTOR pathway associated proteins may hold significant potential for value for patient stratifi-
cation. Moreover, many preclinical and clinical studies support that mTOR inhibitors, such as
sirolimus (rapamycin) and their derivatives may improve cancer treatment [13,14].

Based on these observations we hypothesize that Tn and/or STn may act synergistically with
the mTOR pathway to drive bladder cancer progression. As such, we have devoted to evaluat-
ing the expression of STn and proteins associated with the activation of the PI3K/Akt/mTOR
pathway activation in bladder tumours at different stages. We anticipate that the combination
of extracellular and intracellular oncogenic events may improve patient stratification and pro-
vide insights for novel therapeutics. Furthermore we have estimated the impact of sirolimus in
chemically-induced urothelial tumours in mice, envisaging the creation of a rationale for more
effective bladder cancer therapeutics.

Materials and Methods
Ethics Statement

This work involves experiences in tumour samples of patients diagnosed with bladder cancer
in the Portuguese Insitute of Oncology of Porto. All procedures were performed after patient’s
written informed consent and approved by the Ethics Committee of Portuguese Institute of
Oncology—Porto. All clinicopathological information was obtained from patients’ clinical
records.

It also involves animal experiments. All procedures involving animals were performed in
accordance with the European Directive 2010/63/EU. During the course of this study, the ani-
mals were fed ad libitum with standardized food (Tecklad Global Diet, Harlan, Spain). The fol-
lowing protocol was approved by the Portuguese Ethics Committee for Animal
Experimentation (Diregao Geral de Veterindria, Approval no. 520/000/000/2003). All mice
used in the experiment were acclimatized for one week under routine laboratory conditions
before starting the experiments. They were housed randomly in groups of 4-5 in plastic cages,
with hard wood chips for bedding. The animals were maintained in a room with a controlled
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temperature of 23+2°C, a 12-hour light/dark cycle and 55£5% humidity. The animals' drinking
solutions were changed once a week or earlier if necessary, and the volume drunk was recorded.
Weekly food intake was also noted. All mice were monitored throughout the experiment for
signs of distress and loss of body weight. The animals were sacrificed with 0.4% sodium pento-
barbital (1 ml/Kg, intraperitoneal).

Population

This study was performed in a retrospective series of 96 formalin-fixed paraffin-embedded
bladder tumours obtained from archived paraffin blocks at the Portuguese Institute of Oncol-
ogy—Porto (IPOP), Portugal. Bladder tumours were extracted from 82 men and 14 women,
ranging in age from 38 to 92 years (median of 69.5 years), admitted and treated at the IPOP
between 2005 and 2007. Forty seven of the examined tumours were histologically classified as
NMBIC (Taand T1) and 49 as invasive lesions (T2-T4). Sixteen were low grade and 80 were
high grade tumours, according to the 2004 WHO grading criteria. Furthermore, carcinoma in
situ (CIS) was found concomitantly in 20.8% of the patients. The average follow up time period
was 45 months (1-134 months). Cystectomy was performed in 64 patients (66.7%) while the
other 32 (33.3%) were submitted to transurethral resection. Lymphadenectomy was performed
in approximately 47% of the patients and from those 37% presented metastasis. Fifty four
(56.3%) tumours were primary and 42 (43.7%) were recurrent tumors. From the recurrent
tumours, 38% had no prior treatment, 27% were treated with Mitomicin C, 11% with BCG and
19% were submitted to both treatments. Moreover 5% of these patients were treated with
neoadjuvant chemotherapy prior to the cystectomy. Table 1 summarizes the clinicopathologi-
cal information.

Cancer-specific survival (CSS) was defined as the period between the tumour removal by
surgery and either patient death by cancer or the last follow-up information. All procedures
were performed after patient’s informed consent and approved by the Ethics Committee of
IPO-Porto. All clinicopathological information was obtained from patients’ clinical records.

Immunohistochemistry

The expressions of STn antigen, its precursor Tn, and phosphorylated forms of Akt (pAkt),
mTOR (pmTOR), S6 (pS6) and PTEN in bladder tumours were accessed by immunohis-
tochemistry using the avidin/streptavidin peroxidase method, as described by Ferreira et al.
[5]. Information on the primary antibodies and dilutions used in this study are summarized in
Table 2. Inmunoreactivity was revealed using diaminobenzidine (DAB, Thermo Scientific
LabVision) as chromogen and sections were counterstained with Harris’s hematoxylin. Nega-
tive controls were performed by replacing the primary antibody with 5% bovine serum albu-
min (BSA). Positive controls were known positive tissues for the antigens under study.

Immunohistochemistry scoring of human tumours

The immunostained sections were assessed double-blindly by light microscopy by two inde-
pendent observers (CC and SP) and validated by an experienced pathologist (TA). Disaccord-
ing readings were re-analyzed using a double-headed microscope (Olympus BX46; Olympus
Corporation), and consensus was reached. A semi-quantitative approach was established to
score the immunohistochemical labeling based on the extent and intensity of the staining.
Given the absence of Tn and STn in the healthy urothelium [5], tumours were classified as
positive for these antigens when membrane and/or cytoplasmic immunoreactivity were
observed in more than 5% of the tumour, as described by Ferreira et al. [5,15]. pAkt, pmTOR,
pS6 and PTEN expressions were scored according to the staining intensity (weak-1 point;
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Table 1. Clinical-pathological data of the studied sample (n = 96).

Age, years

median [min—max] 69.5 [38-92]
Gender, n (%)

Male 82 (85.4%)

Female 14 (14.6%)
Stage, n (%)

Ta 27 (28.1%)

T 20 (20.8%)

T2 9 (9.4%)

T3 20 (20.8%)

T4 20 (20.8%)
Grade, n (%)

Low 16 (16.7%)

High 80 (83.3%)
Recurrence status, n(%)

Primary 54 (56.3%)

Recurrent 42 (43.7%)
Associated Cis, n(%)

No 76 (79.2%)

Yes 20 (20.8%)
Metastasis, n(%)

No 19 (63.3%)

Yes 11 (36.7%)
Follow-up, n (%)

Alive, lost or death from other causes 67 (69.8%)

Death from cancer 29 (30.2%)
d0i:10.1371 journal.pone.0141253 1001

moderate-2 points; strong-3 points) multiplied by the percentage of positive cells (0-5%-0
points; >5-25%-1 point; >25-50%-2 points; >50-75%-3 points; >75-100%-4 points). Based
on the classification proposed by Nishikawa et al. [16], tumours with a score <6 were consid-
ered negative, whereas those with a score>6 were classified as positive (overexpression). pAkt
was evaluated based on nuclear immunoreactivity, pmTOR and pS6 based on cytoplasmic
expression and PTEN on both cytoplasmic and nuclear staining, as suggested by other publica-
tions [17,18].

Animal experiments with sirolimus and immunohistochemistry scoring

Histological sections of Imprinting Control Region (ICR) mice bearing N-butyl-N-(4-hydroxy-
butyl) nitrosamine (BBN)-induced bladder lesions, resulting from our previous work on the
impact of sirolimus on bladder cancer [19], were elected for this study. Briefly, four-week-old
male ICR mice (25g; Harlan, Barcelona, Spain) were randomly distributed into four groups, as
described in detail in a previous publication [18]. Group 1 (n = 6) included mice exposed to
0.05% BBN for 12 weeks followed by tap water for 8 weeks (total of 20 weeks). Group 2 (n = 7)
included mice treated with 0.05% BBN solution for twelve weeks, maintained with normal tap
water for another week, administrated intraperitoneally with mTOR-inhibitor sirolimus (1.5
mg/kg; Wyeth) for five days a week for six consecutively weeks, i.e. until the 19" week, followed
by another week of tap water (total of 20 weeks). Group 3 (n = 6) included mice exposed to
0.05% BBN for 12 weeks followed by tap water for 11 weeks (total of 23 weeks). Group 4

PLOS ONE | DOI:10.1371/joumal.pone.0141253 November 16,2015 6/19



@PLOS | ONE

Glycosylation and PI3K/Akt/mTOR Pathway in Bladder Cancer

Table 2. Antibodies used in the immunohistochemical analysis.

Antibody Vendor Clone Dilution
Tn Non-commercial Hybridoma* IE3 1:5

STn Non-commercial Hybridoma* TKH2 120
Ki-67 Dako MIB-1 1:100
p53 Dako DO-7 1:100
Phos-AKT Cell Signaling Serd73 (736E11) 1:50
Phos-mTOR Cell Signaling Ser2448(49F9) 1:100
Phos-S6 Cell Signaling Ser240/244 polyclonal 175
PTEN Cell Signaling D4.3 XP 1:50

*Kindly provided by Prof. Celso Reis (IPATIMUP, UP, Portugal)

doi:10.1371/joumal.pone.0141253.t002

(n =7) included mice treated with 0.05% BBN and sirolimus, as described for Group 2, but
with an exposure to tap water afterwards of 3 weeks (total of 23 weeks). Group 3 and 4 were
created to estimate the possibility of late relapse and/or molecular alterations resulting from
prolonged survival. All procedures were performed in accordance with the European Directive
2010/63/EU. During the course of this study, the animals were fed ad libitum with standardized
food (Tecklad Global Diet, Harlan, Spain). The histological changes induced by these experi-
ments included both preneoplastic and neoplastic lesions with invasive potential and invasive
tumours, as described in detail by Oliveira et al. [18]. Herein, lesions of high invasive potential
and muscle invasive tumours were screened for STn and pS6 by immunohistochemistry, as
described in detail for human tumours, since the antibodies used are reactive against both
human and mice. Both the intensity and the extension of immunostaining were taken into con-
sideration to score the expression of the antigens, as described in the previous section. The
bladder lesions and immunostaining were assessed double-blindly by two independent observ-
ers (CC and SP) and validated by an experienced veterinary pathologist (RMGC).

Statistical analysis

Statistical data analysis was performed with IBM Statistical Package for Social Sciences—SPSS
for Windows (version 20.0). Chi-square analysis was used to compare categorical variables.
Kaplan-Meier survival curves were used to evaluate correlation between STn expression and
cancer-specific survival (CSS) and were compared using log-rank test. Furthermore, multivari-
ate Cox regression analysis was performed to assess the individual effect of the evaluated mark-
ers on patient’s survival and adjust to potential confounders (variables that could affect CSS of
NMIBC and MIBC patients). The correlation between PI3K/Akt/mTOR pathway molecules
was performed using Spearman rho test.

Results

Altered protein glycosylation, translated by the expression of the STn antigen and its precursor
Tn, PI3K/Akt/mTOR pathway molecules (pAkt, pmTOR, pS6), and PTEN inactivation, are
salient features of bladder tumours. Herein we have devoted to a comprehensive analysis of
these molecular alterations in a series of bladder cancer patients at different stages of the dis-
ease, envisaging biomarkers of poor cancer-specific survival.

Our dataset was composed by 47 NMIBC and 49 MIBC patients, as showed in Table 1.
According to Fig 2, NMIBC presented a higher cancer-specific survival (CSS; mean CSS: 119
months) than MIBC patients (mean CSS: 43 months; log rank, p<0.001). These results
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Fig 2. Association between disease groups and cancer-specific survival (CSS) in the studied patients.
Kaplan-Meier analysis showing the CSS of NMIBC (Taand T1) and s of MIBC (T2, T3 and T4). Comparison
performed by log-rank test (p<0.001); + censored NMIBC patients; 4 censored MIBC patients.

doi:10.1371 fjournal pone.0141253 g002

demonstrated that our series reflected the natural course of disease and highlighted the signifi-
cantly lower CSS of MIBC compared to NMIBC cases. Therefore, particular interest was set in
the identification of biomarkers for late stage disease based on the comparison between
NMIBC and MIBC.

Tn and STn antigen expressions in bladder cancer

The Tn antigen was observed in approximately 10% of NMBC and MIBC (Table 2) and its
expression was residual, did not exceeding 5% of the tumour area and without any defined pat-
tern. On the other hand, the STn antigen was detected in approximately 60% of the studied
bladder tumours, which is in accordance with our previous findings [5]. The antigen was pre-
dominately expressed at the cell membrane, although cytoplasmic staining could also be
observed. The STn antigen presented a focal expression that did not exceed 30% of the tumour
area for the majority of the positive cases, irrespectively of their histological origin. STn was
mainly expressed by dedifferentiated cells in tumours showing lamina propria (T1; 60%) and
muscularis propria (> T2; approximately 60-90%) invasion; conversely the percentage of posi-
tive Ta was lower than 30% (p<0.001; Fig 3A). Although without statistical significance, in Ta
tumours STn positive cells were mainly present in superficial tumour layers away from the ves-
sels. Conversely, STn positive cells in T1 tumours (Fig 3B) were observed accompanying and/
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Fig 3. STn expression in different bladder tumors stages. (A) Distribution of STn negative and positive tumors along the different stages of bladder
cancer; (B) Representative images of STn staining in NMIBC and MIBC. Left—NMIBC showing a predominance of STn positive cells in the superficial layers,
away from the fibrovascular support; note vessels without positive cells. Right—MIBC showing the invasion front with STn positively stained cells; note
positive STn urothelial cells in the vessels (arrow), suggesting possible involvement in metastasis.

doi:10.1371/joumal.pone.0141253.g003

or invading the basal layer (Fig 3B), while in MIBC these cells were mostly found in the inva-
sion fronts (Fig 3B) and invading and/or inside the vessels, which suggests a role in invasion
and disease dissemination. Reinforcing these observations, the presence of STn antigen was sta-
tistically higher in MIBC when compared to NMIBC (p = 0.001, Table 3).

PI3K/AkmTOR pathway in bladder cancer

The evaluation of the PI3K/Akt/mTOR/S6 pathway was done using antibodies for active phos-
phorylated forms of Akt (pAkt), mTOR (pmTOR), and S6 (pS6). PTEN, that negatively regu-
lates Akt signalling, was also evaluated.

pAkt was detected both in the cytoplasm and nucleus. In NMIBC cases several areas with
different intensity of expression were observed (Fig 4A), denoting a heterogeneous pattern that
was not evident in MIBC (Fig 4B). Furthermore, stromal cells of MIBC positive cases showed
enhanced staining intensity mainly in the areas close to the tumour. pmTOR immunoreactivity
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Table 3. A iation b the | d markers and the stage of disease.
Bladder Cancer
NMIBC MIBC P
n (%) n (%)

Tn

Negative 41(872) 45 (91.8)

Positive 6(12.8) 4(82) 0.461
STn

Negative 27 (57.4) 12 (24.5)

Positive 20 (42.6) 37 (75.5) 0.001
pAKT

Negative 13 (28.9) 19 (38.8)

Positive 32(71.1) 30(61.2) 0312
pmTor

Negative 30 (63.8) 33(67.3)

Positive 17 (362) 16 (32.7) 0717
pS6

Negative 22 (47.8) 28 (57.1)

Positive 24 (522) 21 (42.9) 0.183
PTEN

Negative 18 (38.3) 37 (822)

Positive 29 (61.7) 8(17.8) <0.001
doi:10.1371/journal.pone.0141253 1003

was cytoplasmic and, in occasional cases, nuclear. In urothelium with apparent normal histol-
ogy pmTOR expression was restricted to superficial cell layers. In NMIBC pmTOR expression
was evenly distributed across the several layers of urothelial cells, although there was a more
intense staining in the superficial layers (Fig 4C). Moreover, several areas with variable staining
intensity were observed, denoting a heterogeneous expression. In MIBC positives cases,
pmTOR expression was focal and heterogeneous (Fig 4D). pS6 immunoreactivity was predom-
inantly cytoplasmic. In NMIBC pS6 expression was noted in all the superficial layers, both in
umbrella and differentiated cells (Fig 4E). The immunoreactivity of pS6 varied across the
tumour cells. In MIBC pS6 presented a diffuse expression throughout the tumour, being more
present in basal and mitotic cells (Fig 4F). Several positive cases presented increased pSé stain-
ing intensity in the invasion front as well as pS6 expression in tumour infiltrating lymphocytes
and endothelial cells.

Taking into account the extension of staining and its intensity, 62/94 (66%), 33/96 (34%)
and 45/95 (47%) of the bladder tumours were considered positive for pAkt,pmTOR and pS6,
respectively. A Spearman rho test showed that pAkt, pmTOR, pS6 expressions were signifi-
cantly correlated (P<0.05) irrespectively of the tumour stage, thus in accordance with a fully
active pathway. Furthermore, despite histological differences, these markers presented an equal
distribution among the NMIBC and MIBC and could not be associated with muscle invasion
(Table 3).

On the other hand, 37/92 (40%) of the tumours were considered positive for PTEN. PTEN
was expressed in the cytoplasm and nucleus of the same cells, however with lower extension of
expression in MIBC (33%, Fig 4G) compared to NMIBC (83%; Fig 4H). Moreover, the PTEN-
negative phenotype was significantly associated with muscle invasion (Ta and T1; p<0.001,
Table 3), which may contribute to maintain an active PI3K/Akt/mTOR/S6 pathway in these
cases.
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Fig 4. Expressions of pAkt, pmTOR, pS6 and PTEN in NMIBC and MIBC (40x magnification). A and B)
PAKT nuclear and cytoplasmatic expression in NMIBC (A) and MIBC (B). In NMIBC cases pAkt presented a
heterogeneous pattem with areas of different i y of expression. InMIBC, I cells mainly in the
areasclose to the sh d higher expression. C and D) pmTOR cytoplasmic expression in NMIBC (C)
and MIBC (D). In NMIBC pmTOR was expressed across several layers, although there was a more intense
staining in the superficial ones. In MIBC positive cases pmTOR expression was focal. E and F) pS6
cytoplasmatic expression in NMIBC (E) and MIBC (F). In NMIBC pS6 expression was observed in allthe
superficial layers both in umbrella and differentiated cells. In MIBC the immunoreactivity was diffuse, however
more present in basal and mitotic cells. pS6 expression was higher in the invasion frontand in tumour
infiltrating lymphocytes and endothelial cells. G and H) PTEN cytoplasmic and nuclear expressions in NMIBC
(G) and MIBC (H). PTEN expression was higher in NMIBC compared to MIBC.

doi10.1374/journal pone 0141253 g004
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Tn, STn, PI3K/Akt/mTOR pathway and Cancer-specific Survival

A Kaplan-Meier analysis was used to evaluate associations between the addressed biomarkers
and the cancer-specific survival of patients. We observed that patients bearing STn expressing
tumours had a lower CSS, irrespectively of their stage (p = 0.024; Fig 5A). This was also
observed when evaluating NMIBC alone (p = 0.020; Fig 5B). More importantly, among
NMIBC, STn expressing T1 tumours presented lower CSS than negative tumours (p <0.05).
Moreover, multivariate Cox regression analysis adjusted to potential confounders, namely age,
gender, stage, grade, recurrence status, presence of concomitant CIS was performed. We found
that STn is an independent prognostic marker of worst CSS (HR = 11.836; 95%CI: [1.063-
131.7]; p = 0.044). Contrasting with STn, positive Tn, pAkt, pmTOR and pS6 tumours showed
no differences in CSS compared to negative lesions, irrespectively of their stage. We have also
observed that patients harbouring PTEN-negative tumours had lower CSS (p = 0.015, Fig 6).
More studies are necessary to determine if the lack of suppressive effect of PTEN over PI3K/
Akt/mTOR may account for these findings.

Based on these observations and aiming to improve the prognostic value of STn in the con-
text of late stage disease (MIBC), we have comprehensively integrated the information from
STn and PI3K/Akt/mTOR pathway biomarkers. According to Fig 7, the introduction of PI3K/
Akt/mTOR pathway molecules allowed discriminating STn positive MIBC tumours with worst
CSS (p =0.027). Furthermore, multivariate Cox regression analysis (adjusted to age, stage,
recurrence status, presence of concomitant CIS and metastasis) revealed that the presence of
PI3K/Akt/mTOR pathway molecules in STn+ MIBC is independently associated with approxi-
mately 6-fold risk of death by cancer (HR = 5.662; 95%CI: [1.093-29.323]; p = 0.039). These
observations suggest, for the first time, that the combination of STn and mTOR pathway bio-
markers may hold potential to improve the stratification of advanced stage bladder tumours;
however corroboration in larger series is mandatory.

Inhibition of the PISK/Ak/mTOR pathway in animal models

BBN-induced mice bladder tumours mimicking the histology and molecular nature of human
cancers [20,21], were screened for STn and pS6, the downstream effector of mTOR pathway.
We observed no STn expression in the healthy mice urothelium, in accordance with previous
observation for the healthy human bladder [5]. In mice healthy urothelium pS6 expression was
below 20%, thus underexpressed when compared with BBN-exposed mice (Fig 8). In the con-
trol groups (Group 1 and 3, Fig 8A), the exposure to BBN led to the development of invasive
tumours in 70-90% of the studied mice. Concomitantly, 83-100% of the invasive lesions over-
expressed the STn antigen and all significantly overexpressed pS6 (Fig 8B). This demonstrated
that BBN-induced lesions were able to recapitulate the association between altered glycosyla-
tion and an activated PI3K/Akt/mTOR pathway previously observed in advanced stage human
tumours. The STn antigen was mainly found in cells adjacent to the basal layer and in those
invading the stroma, as previously observed in human tumours (Fig 8B and 8C). Conversely,
pS6 presented a more diffuse expression, again in accordance with the pattern observed in
human lesions (Fig 8B and 8C). A comparison between groups 1 and 3 further highlighted that
extended lifespan did not alter the number of invasive lesions, but significantly increased STn
and pS6 overall expressions in each tumour (p<0.05; Fig 8B), highlighting the more aggressive
nature of Group 3 lesions.

In the sirolimus-treated groups (Groups 2 and 4; Fig 8A) a smaller number of mice devel-
oped invasive tumors (20-40%) when compared to the controls (Groups 1 and 3). Moreover,
only 43% of the mice treated with sirolimus overexpressed the STn antigen, irrespectively of
the experience periods. Still, the extension of STn expression was significantly decreased in
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Fig 5. Effect of STn expression in cancer-specific survival (CSS). Kaplan-Meier analysis showing the association between STnand CSS in: (A) all
studied bladder cancer patients; (B) NMIBC patients. Comparison performed by log-rank test (A: p = 0.024; B: p = 0.020); + censored STn negative tumours;
4 censored STn positive tumours.

doi:10.1371/joumal.pone.0141253.g005

STn-positive tumours when compared to the control groups (Fig 8B and 8C). Following the
same tendency, the pS6 protein was only overexpressed in 29% of the cases in Group 2 and the
extension of expression was also significantly decreased (Fig 8B and 8C). Contrastingly, the
expression of pS6 in Group 4 was higher than in Group 2, again translating the higher aggres-
sive nature of tumours obtained after longer lifespan. Despite these observations, sirolimus
treatment promoted a significant reduction in the percentage of positive pS6 cells in Group 4
mice when compared to Group 3 (p<0.05; Fig 8B and 8C). Altogether, sirolimus administra-
tion effectively reduced tumour burden and promoted a significant reduction in the expression
of STn and pS6 markers.

Discussion

Due to their high molecular heterogeneity, advanced stage bladder tumours present a signifi-
cant prognostication and treatment hurdle. In this context, much controversy exists regarding
the potential of conventional cancer biomarkers, urging the identification of novel molecules
capable of aiding disease personalization. Furthermore, advanced stage bladder cancer remains
an orphan disease in terms of therapeutics, as the only available options continue to be surgery
and conventional chemotherapy [22]. The introduction of targeted therapeutics is therefore
warranted.

In a previous explorative study we have observed that altered protein glycosylation trans-
lated by STn overexpression was a salient feature of a subset of advanced stage tumours [5].
Herein we have started by investigating the expression of STn precursor, the Tn antigen, in
bladder tumours. We observed that this antigen presented a very low expression in bladder
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Fig 6. Effect of PTEN expression and cancer-specific survival (CSS) in the studied patients. Kaplan-
Meier analysis showing the effect in CSS of PTEN expression in all studied bladder cancer patients.
Comparison performed by log-rank test (p = 0.013); + censored PTEN negative tumours; ¢ censored PTEN
positive tumours.

doi:10.1371 fournal.pone.0141253 g006

tumours and was not associated with any particular stage of the disease. These findings suggest
that the Tn antigen is rapidly sialylated or capped with more extended glycans in bladder
tumours. Moreover, we have confirmed that STn expression is more associated with muscle
invasive than non-muscle invasive disease in a larger patient set, suggesting that sialylation
plays a key role in stopping protein glycosylation in advanced stage bladder tumours. Further-
more, we have provided new insights regarding its correlation with decreased survival, as previ-
ously observed for digestive track tumours [23-25]. Accordingly, we and other authors have
shown that STn expression is responsible by the modulation of cell surface glycoprotein func-
tions in ways that favour malignant phenotypes in gastric [26], breast [27] and bladder [5] can-
cers. Namely, STn expression altered the adhesive properties of cancer cells, possibly by
impairing integrin function [26,27]. Furthermore, it enhanced cell motility, invasion [26,27]
and epithelial-to-mesenchymal transition, a key event leading to metastasis [28]. We have also
demonstrated that STn expression protects bladder cancer cells from adverse host immune
responses [6]. Namely, it impaired dendritic cell maturation inducing a tolerogenic phenotype
and limiting their capacity to trigger protective anti-tumour T-cell responses [6]. In resume, a
significant amount of data supports a key role of STn in disease progression and dissemination,
making of STn antigen, and in particular STn-glycoproteins, potential anti-cancer targets. Nev-
ertheless, there is scarce information about the molecular nature of this subset of STn-express-
ing aggressive tumours and consequently about the best therapeutic options.
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Fig 7. Effect of PIBK/Akt/mTOR pathway activation in cancer-specific survival (CSS) of patients with
STn positive MIBC. Kaplan-Meier analysis showing the association between pAKT, pmTOR and pS6
expressions in the CSS of STn positive tumors MIBC: Comparison performed by log-rank test (p = 0.027);
+ censored pAKT and pmTOR and pS6 negative tumours; ¢ censored pAKT and/or pmTOR and/or pS6
positive tumours.

doi:10.1371 journal.pone.0141253 g007

Foreseeing a more accurate patient stratification we have also addressed the expression of
PI3K/Akt/mTOR pathway markers in bladder tumours. In our series the activation of mTOR
pathway proteins did not discriminate the stage of disease. Moreover it did not allow, by itself,
the identification of patients facing worst prognosis, which is in accordance with recent publica-
tions [29,30]. However, we found that PTEN expression, which exerts a suppressive effect over
the PI3K/Akt/mTOR pathway, was decreased in advanced stage tumours, in accordance with
previous observations [31-34]. Furthermore, PTEN-negative MIBC presented worst cancer-spe-
cific survival in comparison to PTEN-positive lesions. More studies are needed to determine if
the lack of suppressive effect over the PI3K/Akt/mTOR may account for poorer outcome. Inter-
estingly, we have also observed that the overexpression of PI3K/Akt/mTOR pathway biomarkers
decisively associated with worst CSS in STn positive advanced stage tumours, which currently
lack effective therapeutics. These findings lead us to hypothesize that this subset of more aggres-
sive bladder tumours may benefit from multi-targeted approaches combining mTOR-inhibitors
and guided therapeutics against STn-expressing cells. However these are preliminary insights
from a relatively low number of patients. More studies involving a large population are war-
ranted to confirm these observations. It will also be important to evaluate other outcomes of
aggressiveness, namely response to conventional therapeutics and metastasis development.

Our study also reinforced that bladder tumours present extensive activation of the PI3K/Akt/
mTOR pathway irrespectively of their histological nature, as described in previous publications
[32.35]. Such findings contribute to support the idea that most bladder tumours may be good
candidates for mTOR-inhibitors therapeutics. Accordingly, mTOR-inhibitors have been
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extensively explored in pre-clinical settings and two phase I/II clinical trials for bladder cancer
are ongoing [36]. In particular our group has demonstrated that the combination of everolimus
with cisplatin or gemditabine decreased the proliferation of bladder cancer cell lines in compari-
son to the chemotherapy agent alone [14,37]. More recently we conducted studies in mice bear-
ing chemically-induced tumours mimicking the histological and molecular nature of human
tumours [20]. We concluded that administration of mTOR-pathway inhibitor sirolimus (rapa-
mycin) effectively reduced the frequency of invasive lesions. Using the same animal model, we
have now confirmed the anti-cancer activity of sirolimus in the context of aggressive bladder
disease. Namely, we observed a significant reduction in tumour burden accompanied by a loss
of pS6 expression, thus in accordance with the expected mechanism of action of the drug. More-
over, we are describing for the first time that chemically-induced bladder tumours expressed the
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STn antigen, thereby mimicking the glycosylation pattern of human cancers. These observations
are of particular importance due the lack of accurate models to access the biological role of this
antigen. In fact most established cancer cell lines express residual amounts of this antigen,
denoting a dependence on the tumours microenvironment. We believe that BBN-induced
tumours may now constitute key models to develop successful therapeutics against STn positive
bladder lesions. Moreover importantly, we have concluded that the administration of sirolimus
contributed to reduce the number of STn positive cells. These observations reinforce a possible
association between STnand an active PI3K/Akt/mTOR pathway in invasive tumours, as sug-
gested upon the evaluation of human cancers. It also points out that sirolimus may constitute a
valuable approach to manage STn and PI3K/Akt/mTOR-positive, which face worst OS. Still,
these preliminary evidences and more in depth studies are needed before progressing to clinical
phases. Namely, it will be important to support these findings in other models such as patient-
derived xenografts and compare the effect of sirolimus with conventional chemotherapeutics
for bladder cancer (cisplatin/gemcitabine-based regimens).

In resume, we have demonstrated that the STn antigen is a biomarker of poor prognosis,
particularly in MIBC. We also suggest the existence of potentially more aggressive subgroup of
STn positive MIBC characterized by an active mTOR-pathway. Such observations also provide
the first link between these two apparently unrelated events in bladder cancer (altered glycosyl-
ation and the PI3K/Akt/mTOR-pathway activation). Using animal models we have also con-
cluded that the administration of mTOR-pathway inhibitor sirolimus offers potential against
these highly malignant tumours. More validation studies are now warranted to set the pace for
clinical trials. Taking into consideration its cell-surface nature and key role played by STn
malignancy, specific antibody-based therapeutics can also be envisaged [22,38]. The combina-
tion of these approaches may provide novel ways to improve MIBC management, which
remains an orphan disease in terms of innovative treatments [22].
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Loss of skeletal muscle is a serious consequence of cancer as it leads to weakness and increased risk
of death. To better understand the interplay between urothelial c.lmnom.l and skeletal muscle msung.
cancer-induced catabolic profile and its relationship with muscle mitc 12 dynamics were eval

using a rat model of chemically induced urothelial carcinogenesis by the adminéstration of N-butyl-N{4-
hydroxybutyl)-nitrosamine (BBN). The histologic signs of non-muscle-invasive bladder tumors observed
in B8N animals were related to 17% loss of body weight and high serum lewlsolll.-lﬁ.TNF-c.TWFAK

‘ml l“ic‘ C-reactive protein, myostatin and lactate and high urinary MMPs activities, g a catabolic p
Castromemius w. type underlying urothelial carcinoma. The 122 loss of gastrocnemius msswasrdaedwmmxhon&ul
Mitochondrial me dysfunction, manifested by decreased activity of respiratory chain complexes due to, at least partially,
Protein quality control system the impairment of protein quality control ( PQC) systems involving the mitochondrial proteases paraple-
gin and Lon. This was paralleled by the acc lation of oxidatively modified mitochondrial proteins. In
malourdau«nphawelhermofmdylmdrmtmdmcmm in cancer cachexia
aiming to identify therapeutic targets to ¢ t muscle
OZOIJElsﬂnerldill rights reserved.
1. Introduction (Dempsey et al., 1983). Though over the last two decades trends in

The majority of patients with advanced cancer experience invol-
untary weight loss (Blum et al, 2011; Tisdale, 2009), which by itself
is responsible for 25-30% of cancer-related deaths (Bonetto et al,
2011). Patients with pancreatic or gastric cancer have the highest
frequency of weight loss (Tisdale, 2009) while urological cancer is
not usually associated with significant cachexia (Buskermolenetal,
2012). Nevertheless, in a population of around 200 patients with
bladder cancer we verified (data not published) that 48% were at
risk of undernutrition and 23% showed clear signs of cancer-related
body wasting, according to the Buzby's Prognostic Nutritional Index
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urologic cancer mortality have been favourable, it stills the 9th lead-
ing cause of death from cancer in men (Mistry et al., 2011; Jacobs
etal, 2012).

The presence of muscle wasting is usually associated with intol-
erance to treatment, poor quality of life and high mortality in
patients (Wang et al., 2012). So, a better understanding of the
molecular processes underlying cancer-induced skeletal muscle
wasting is critical in planning therapeutic strategies focused on
both quality and longevity of patients. In this context, well char-
acterized animal models that mimic human clinical conditions are
crucial. Nitrosamine-induced tumorigenesis in rat bladder is a valu-
able animal model for the study of urothelial carcinoma and related
complications (Palmeira et al., 2010).

Among the molecular mechanisms underlying cancer-induced
muscle wasting, it has been suggested that tumor and host-derived
cytokines affect normal homeostasis and energy metabolism,
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resulting in altered muscle respiration, muscle fatigue and degra-
dation (Shum et al,, 2012). Acomplex network of cytokine signaling
encompassing raised levels of tumor-derived IL-18, IL-6, TNF-alpha
has been implicated in the pathogenesis of cancer cachexia (Shum
et al, 2012). TGF-B ligands like myostatin, which function through
ActRIIB-mediated signaling are also associated with the develop-
ment of skeletal muscle wasting (Lokireddy et al., 2012; Zhouetal.,
2010), which was related to the disruption of the delicate balance
between the rates of muscle protein synthesis and degradation
(White et al, 2011). The involvement of mitochondrial dysfunc-
tion in skeletal muscle wasting was recently reported (Wang et al.,
2012; White et al., 2011, 2012; Julienne et al, 2012). The activation
of TNF-alpha-induced NFKB was shown to decrease the expres-
sion of regulatory factors involved in mitochondrial biogenesis and
affect downstream oxidative proteins and consequently disturb
muscle oxidative capacity (Wang et al, 2012; julienne et al, 2012).
Morphological changes such as the presence of electron-lucent
areas and swelling were also in muscle mitochondria of
C26-bearing mice (Shum et al, 2012). However, the underlying
mechanisms are not known.

Using a rat model of N-butyl-N-{(4-hydroxybutyl)-nitrosamine
(8BN)-induced urothelial carcinogenesis, we investigated the inter-
play between urothelial carcinoma-induced catabolic profile and
skeletal muscle phenotype focusing on muscle mitochondrial
plasticity. Data obtained highlight an association between mito-
chondrial dysfunction and the accumulation of oxidized proteins
in gastrocnemius muscle from BBN animals due to the impairment
of protein quality control (PQC) systems.

2. Materials and methods
2.1. Chemicals

N-butyl-N-{4-hydroxybutyl)-nitrosamine (BBN) was purchased
from Tokyo Kasey Kogyo (Japan). All other reagents and chemicals
used were of highest grade of purity commercially avail-
able. Rabbit polyclonal anti-paraplegin antibody (sc-135026) was
obtained from Santa Cnzz Biotechnology, Inc. (CA, USA). Rab-
bit polyclonal anti-mtTFA antibody (ab47548), mouse monocional
anti-ATPB antibody (ab14730), rabbit monoclonal anti-CRP anti-
body (C reactive protein; ab32412), rabbit polyclonal anti-GDF8
antibody (myostatin; ab996), rabbit polyclonal anti-LONP1 anti-
body (ab103809), rabbit monoclonal anti-TRAF6 (ab33915), rabbit
polyclonal anti-TWEAK (ab37170), rabbit polyclonal anti-MURF1
(ab77577), rabbit polyclonal anti-phospho Smad3 (5423 and S425;
ab51451) and rabbit polyclonal anti-IL-6 (ab6672) were acquired
from Abcam (Cambridge, UK). Rabbit polyclonal anti-DNP anti-
body was obtained from DakoCytomation (Hamburg: Germany).
Mouse monoclonal anti-3-nitrotyrosine antibody (#06-284; Milli-
pore) was obtained from Chemicon (CA, USA). Mouse monocional
MMP-9 (Clone 36020; MAB936) was acquired from R&D systems
(Minneapolis, USA). Rabbit polyclonal atrogin-1 antibody (AP2041)
was obtained from ECM BioAciences (KY, USA). Rabbit polycional
antibodies for p-mTOR(#297 1) and p-Akt (#4058), and rabbit mon-
oclonal p-4E-BP1 (#2855) and p-p70S6K (#9234) were acquired
from Cell Signalling Technology (MA, USA). Secondary peroxidase-
conjugated antibodies (anti-mouse 1gG and anti-rabbit I1gG) were
obtained from GE Healthcare (UK). ELISA kit for the determination
of IL-18 was acquired from R&D (cat. no RLB0O). Colorimetric kit
from RANDOX (LC2389; UK) was used to measure serum lactate.

22 Antmals

Twenty three female Wistar rats were obtained at the age of
5 weeks from Harlan (Barcelona, Spain). During the experimental
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protocol, animals were housed in groups of 4 rats/cage, in a con-
trolled environment at 22 4 3“C and 60 4 10% of relative humidity
with 12:12h light-dark cycle, with free access to food and water.
After aweek of acclimatization, the animals were randomly divided
into two groups: control (CONT; n= 10) and urothelial carcinogen-
esis (BBN; n=13). The following protocol was approved by the
Portuguese Ethics Committee for Animal Experimentation.

2.3. Inductton and characterzation of BSN-induced urotheital
carcinogenests

In order to induce urothelial carcinogenesis, one group of ani-
mals was treated with N-butyl-N-{4-hydroxybutyl)-nitrosamine
(BBN group), which was administered in the drinking water, in
light impermeable bottles, at a concentration of 0.05%. No chem-
ical supplementation was added to the drinking water of control
animals. The urothelial carcinogenesis group was exposed to BBN
for 20 weeks and was maintained with normal tap water until
the end of the experiment. After 28 weeks, all animals were sacri-
ficed with 0.4% sodium pentobarbital (1 miU/kg, intraperitoneal) and
blood was collected from heart. The urinary bladders were inflated
in situ by injection of 10% phosphate-buffered formalin (300 pL),
ligated around the neck to maintain proper distension and then
were immersed in the same solution for 12h. After fixation, the
formalin was removed; the urinary bladder was cut into strips and
was routinely processed for haematoxylin and eosin staining. Urine
was collected one week before the end of the experimental protocol
with the use of metabolic cages (after a 48 h adaptation period).

2.4. Histopathological analysts

All sections were reviewed by two researchers and the urothe-
lial lesions staged by the World Health OrganizationyInternational
Society of Urological Pathology consensus classification of urothe-
lial (transitional cell) neoplasms of the urinary bladder (Epstein
et al, 1998). The urothelial lesions were categorized as simple
hyperplasia, nodular hyperplasia, papillary hyperplasia, dysplasia,
carcinoma tn sttu (CIS), papilloma, papillary neoplasm of low malig-
nant potential, low-level papillary carcinoma, high-level papillary
carcinoma, invasive carcinoma and epidermoid metaplasia.

25. Blood tests

Serum albumin, total protein, cholesterol, HDL-cholesterol and
triglycerides were measured in duplicate on an AutoAnalyzer
(PRESTIGE 24i, Cormay PZ). IL-18 serum levels were detected by an
ELISA kit used according to the manufacturer instructions (R&D).
Serum from each animal was assayed in triplicate. Serum lactate
was measured with a commercial kit (RANDOX). Serum C-reactive
protein, IL-6, TNF-a, TWEAK and myostatin levels were assayed by
immuncblotting as described below.

2.6. Mttochondria tsolatton from gastrocnemius muscie

The gastrocnemius muscles were extracted during animals” sac-
rifice for the preparation of isolated mitochondria, as previously
described (Tonkonogi and Sahlin, 1997). All the procedures were
performed on ice or below 4-C. Briefly, muscles were immedi-
ately excised and minced in ice-cold isolation medium containing
100 mM sucrose, 0.1 mM ethylene glycol tetraacetic acid, 50 mM
Tris-HCl, 100 mM KCl, 1 mM KH2PO4, and 0.2% free fatty acid bovine
serum albumin (BSA), pH 7.4. Minced blood-free tissue was rinsed
and suspended in 10mL of fresh medium containing 0.2 mg/mL
bacterial proteinase (Nagarse E.C.3.4.21.62, type XXVII; Sigma, MO)
and stirred for 2 min. The sample was then carefully homogenized
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with a tightly fitted Potter-Elvehjem homogenizer and a Teflon pes-
tle. An aliquot of whole homogenate was reserved for biochemical
analysis. After homogenization, three volumes of Nagarse-free iso-
lation medium were added to the homogenate, which was then
centrifuged at 700g for 10 min. The resulting supernatant suspen-
sion was centrifuged at 10,000g for 10min. The pellet was gently
resuspended in the isolation medium (1.3 mL/ 100 mg initial tissue)
and centrifuged at 7000g for 3 min. The final pellet, containing the
mitochondrial fraction, was gently resuspended (0.4 mL/mg initial
tissue) in 2 medium containing 225 mM mannitol, 75 mM sucrose,
10 mM Tris, and 0.1 mM EDTA, pH 7.4.

Mitochondrial fraction was aliquoted for subsequent biochem-
ical analysis. Protein content was determinate with RD DC Protein
Assay Kit (Bio-Rad, CA, USA) and mtDNA content was quantified
with Qubit™ fluorometer (Invitrogen, CA, USA).

2.7. Blue-nattve PAGE separation of mitochondrial membrane
complexes and tn-gel activity of complexes IV and V

BN-PAGE was performed using the method described by Schag-
ger and von Jagow (Taylor et al, 1994) with minor modifications.
Muscle mitochondria (400 ug of protein) from each animal were
pelleted by centrifugation at 20,000g for 10min and then resus-
pended in solubilization buffer (S0mM Nacl, 50mM imidazole,
2mM £-amino n-caproic acid, 1 mM EDTA pH 7.0) with 1% (w)v)
digitonin. After 10 min on ice, insoluble material was removed by
centrifugation at 20,000g for 30min at 4-C. Soluble components
were combined with 0.5% (w/v) Coomassie Blue G250, 50 mM &-
amino n-caproic acid, 4% (w/v) glycerol and separated on a 4-13%
gradient acrylamide gradient gel with 3.5% sample gel on top.
Anode buffer contained 25mM imidazole pH 7.0. Cathode buffer
(50 mM tricine and 7.5mM imidazole pH 7.0) containing 0.02%
(wjv) Coomassie Blue G250 was used during 1h at 70V, the time
needed for the dye front reach approximately one-third of the gel
Cathode buffer was then replaced with one containing only 0.002%
(wjv) Coomassie Blue G250 and the native complexes were sep-
arated at 200V for 4h at 4°C Gels were stained with Coomassie
Colloidal for protein visualization and scanned with Molecular
Imager Gel Doc XR+ System (Bio-Rad).

The in-gel activity and histochemical staining assays of com-
plexes IV and V were determined using the methods described
by Zerbetto et al. (Simon et al, 2003). Complex IV-specific heme
stain in BN-PAGE gels was determined using 10 uL horse heart
cytochrome ¢ (5mM) and 0.5mg diaminoberzidine (DAB) dis-
solved in 1 mL 50 mM sodium- . pH 7.2. The reaction was
stopped by 50% (v/v) methanol, 10% (v/v) acetic acid, and the gels
were then transferred to water. ATP hydrolysis activity of com-
plex V was analyzed by incubating the native gels with 35mM
Tris, 270mM glycine buffer, pH 8.3 at 37-C, that had been sup-
plemented with 14mM MgSO,, 0.2% (wjv) Pb(NO;);, and 8 mM
ATP. Lead phosphate precipitation that is proportional to the erzy-
matic ATP hydrolysis activity, was stopped by 50% (v/v) methanol,
and the gels were then transferred to water. Band detection and
activity quantification were performed using QuantityOne Imaging
software (v4.6.3, Bio-Rad).

2.8 Spectrophotometric assay of ATP synthase activity

For spectrophotometric determination of complex V respiratory
chain activity mitochondrial fractions and whole gastrocnemius
muscle were disrupted by a combination of freeze-thawing cycles
in hypotonic media (25 mM potassium phosphate, pH 7.2) to allow
free access to substrates for all assays (Taylor et al, 1994). ATP syn-
thase activity was measured according to Simon et al (2003). The
phosphate produced by hydrolysis of ATP reacts with ammonium
molybdate in the presence of reducing agents to form a blue-color

complex, the intensity of which is proportional to the concentra-
tion of phosphate in solution. Oligomycin was used as an inhibitor
of mitochondrial ATPase activity. A Multiskan GO Microplate Spec-
trophotometer (Thermo Scientific) was used for respiratory chain
complexes activities measurement, which was performed at 30°C.

29. Analysts of proteolytic acttvity through gelatine zymography

Zymography assays were performed according to Caseiro et al.
(2012) with minor modifications. Briefly, a 10X SDS-PAGE separa-
tion gel with 0.1 % of gelatin was used. Fifteen micrograms of protein
from whole gastrocnemius muscle or urine samples were incubated
on charging buffer ( 100 mM Tris pH 6.8, 5% SDS, 20% glycerol, 0.1%
bromophenol blue) for 10min on ice, in a proportion of 1:1 (v/v).
After the run, gels were incubated in renaturation buffer (2.5% Tri-
ton X-100) for 30 min, with agitation. The zymo gels were changed
to a development buffer (50mM Tris, 5mM NacCl, 10mM Cadl,,
1 wm ZnClz, 0.02% (v/v) Triton X-100, pH 7.4) for more 30 min, fol-
lowed by an overnight incubation at 37 «C in a new development
buffer. For specific inhibition studies zymograms were incubated
in a solution containing 10 mM EDTA or 1 mM PMSF. The zymo gels
were stained with 0.12% (w/v) Coomassie Blue G250 prepared in
20% methanol, after 1 h fixation in a solution of 10% acetic acid and
40% methanol. Gels were then destained with 25% methanol and
scanned with Molecular Imager Gel Doc XR+ System.

2.10. Immunoblotting analysts

Equivalent amounts of serum, mitochondrial or whole gastroc-
nemtus muscle proteins of each group were electrophoresed on a
12.5% SDS-PAGE as described by Laemmli (1970). Gels were blotted
onto a nitrocellulose membrane (Whatman®, Protan) in transfer
buffer(25mM Tris, 192 mM glycine, pH 8.3 and 20T methanol) dur-
ing 2 h (200 mA). Then, nonspecific binding was blocked with 5%
(w/v) dry nonfat milk in TBS-T (100 mM Tris, 1.5mM Nacl, pH 8.0
and 0.5% Tween 20). Membranes with serum samples were incu-
bated with primary antibody diluted 1:1000 5% (wjv) nonfat dry
milk in TBS-T (anti-CRP, anti-GDF8, anti-IL-6, anti-TNF-a or anti-
TWEAK) for 2 h at rcom temperature, washed and incubated with
secondary horseradish peroxidase-conjugated anti-rabbit ( 1:1000;
GE Healthcare). Membranes with mitochondria fractions were
incubated with primary antibody diluted 1:1000 in 5% (w/v) non-
fat dry milk in TBS-T (anti-paraplegin, anti-ATPB, anti-LONP1 or
anti-mtTFA) for 2 h at room temperature, washed and incubated
with horseradish peroxidase-conjugated anti-mouse
or anti-rabbit (GE Healthcare), respectively. Whole gastrocne-
mius muscle membranes were incubated with primary antibody
diluted 1:1000 in 5% (wjv) BSA in TBS-T (anti-phospho-Akt,
anti-atrogin-1, anti-GDF8, anti-TWEAK, anti-MuRF1, anti-TRAF6,
anti-phospho-mTOR, anti-phospho-p70S6K, anti-phospho-4E-BP1
or anti-phospho-Smad3) for 2 h at room temperature, washed and
incubated with secondary horseradish peroxidase-conjugated anti-
rabbit (GE Healthcare). immunoreactive bands were detected by
enhanced chemiluminescence ECL(Amersham Pharmacia Biotech)
according to the manufacturer's procedure and images were
recorded using X-ray films (Kodak Biomax Light Film, Sigma, MO,
USA). The films were scanned in Molecular Imager Gel Doc XR+ Sys-
tem and analyzed with QuantityOne software. Control for protein
loading was confirmed by Ponceau S staining.

For the protein carbonyl derivates assay, a given volume (V)
of sample containing 20 pug of protein was derivatized with 2.4-
dinitrophenylhydrazine (DNPH). Briefly, the sample was mixed
with 1V of 12% sodium dodecyl sulfate, 2V of 2mM DNPH/10%
trifluoroacetic acid, followed by 30min of incubation in the dark,
after which 1.5V of 2M Tris-base/18.3% of B-mercaptoethanol was
added for neutralization. After diluting the derivatized proteins
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Table 1

Characteriz ation of the animals used in the study regarding body weight, muscle mass and muscle-to-body weight.

Experimental groups Body weight (g) Muscle weight (g) Muscle/body weight ratio (mgg ')
CONT 309.0 £ 211 33:£03 nms+as
BEN 2566+ 417 29:00 112415
Values are expressed as mean + standard deviation.
" p<0.05 vs CONT.

= p<0.001 vs CONT.

in TBS to obtain a final concentration of 0.001 pg/pl, a 100 puL
volume was slot-blotted into a nitrocellulose membrane. For
3-nitrotyrosine, mitochondria and whole fus muscles
samples were diluted in TBS to obtain a final protein concentra-
tion of 0.001 pg/pL and a volume of 100 pL was slot-blotted into a
nitrocellulose membrane. For MMP-9, whole gastrocnemius muscle
samples were diluted in TBS to obtain a final protein concentra-
tion of 0.001 pg/pL and a volume of 100 uL was slot-blotted into a
nitrocellulose membrane.

The slot-blot membranes were blocked with 5% (w/v) dry non-
fat milk in TBS-T for 30min and then incubated for 30 min with
primary antibody (anti-MMP-9, anti-3-nitrotyrosine or anti-DNP)
diluted 1:1000 in 5% (w/v) nonfat dry milk in TBS-T. The membranes
were washed three times (10min each) with TBS-T and incubated
for 30min with a solution of horseradish-conjugated anti-mouse
or anti-rabbit antibody, respectively, in a dilution of 1:1000. Detec-
tion was carried out with enhanced chemiluminescence and images
were recorded using X-ray films. The films were scanned in Molec-
ular Imager Gel Doc XR+ System and analyzed with QuantityOne
software. Control for protein loading was confirmed by Ponceau S
staining.

2.11. Statsstical analysts

The results are presented as mean + SD for each experimental
group. The Kolmogorov-Smirnov test was used to test normal-
ity of distribution for all data. Since all variable were normally
distributed, significant differences between the two groups were
evaluated with the unpaired Student’s t-test. Statistical Package for
the Social Sciences (SPSS Inc., Chicago, IL, USA, version 12.0) was
used for all analyses. A p value <0.05 was considered significant.

3. Results
3.1. Charactertzation of rat's response to BSN admintstration

Body and gastrocnemius muscle weight and gastrocnemitus
muscle-to-body weight ratio for the animal groups studied are
reported in Table 1. Significant 17% loss of body weight was
observed in BBN-treated rats (p < 0.001) when compared with con-
trol ones, highlighting the cachexia condition. This body weight
decrease was accompanied by a 12% reduction in gastrocne-
mius muscle mass (p<0.05 vs CONT). No significant differences
of muscle-to-body weight ratio were observed between groups.
Moreover, no significant differences in food intake were associated
to urothelial carcinoma (Fig. S1).

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/jbiocel.2013.04.014.

3.2. Serum catabolic drive

As can be observed in Table 2, serum markers of inflammation
and catabolism presented significant alterations in BBN-treated
rats, with a decrease of serum albumin and total protein levels
(p<0.05), as well as triglycerides and increase in serum lac-
tate (p <0.0001). Total cholesterol and HDL-cholesterol were not
affected by BBN treatment.

These alterations were paralleled by an increase in the levels of
the pro-inflammatory cytokines TNF-a (p<0.05), TWEAKand IL-18
(p<0.01), of the acute reaction phase protein CRP (p < 0.001) and of
the TGF-§ member myostatin (p <0.01), assessed by immunoblot-
ting and ELISA (for IL-1B) (Fig. 1). No BBN-related differences of
IL-6 were noticed (Fig. 1C). Altogether, data highlight the catabolic
profile underlying BBN chemically-induced urothelial carcinoma.

3.3. Urtne proteolytic profile

The effect of BBN treatment on urine proteolytic profile was
evaluated by zymography with gelatin as substrate. As can be
seen in Fig. 2, no differences were observed in the profile of
zymo bands but BBN-related alterations in the proteolytic activ-
ity were noticed, which were higher for bands 4 and 6. The
inhibitory effect of EDTA on zymo proteolytic activity suggests
a high contribution of MMPs to the urine proteolytic activity.
Considering the molecular weight of the bands with prote-
olytic activity (according to Uniprot (http://www.uniprot.org/) and
Brenda (http://www.brenda-erzymes.info/)) we might suspect of
the presence of MMP-2 (72kDa) and MMP-7 (30kDa). Since sev-
eral MMPs present a molecular weight of approximately 50kDa
(e.g. MMP-8, MMP-12 or MMP-16), no association with a specific
MMP can be established for band 2.

3.4. Maooscopic and microscopic evaluation of urotheital lestons

The incidence of histopathological lesions in each group is
shown in Table 3. No histopathological changes in the urothelium
were observed in control rats. Nodular hyperplasia was detected
in all bladders of BBN-treated rats whereas simple hyperplasia and
dysplasia were observed in more than 75% of the animals. Besides
benign lesions, BBN administration induced malignant injury in
different areas of the urothelium, which occurred simultaneously
in most cases. Signs of invasive carcinoma were only observed in

Table 2
Effect of B8N admin In serum bioch | peofile.
Experimental groups Abumin (gL ") Protein (gL ") Lactate (mgdL ') Cholesterol (mgdL ') HDL-c(mgdL ') Triglycerides (mgdL ')
CONT 403 £32 a5+ 48 @7 648 424 £ 165 153 £37 940 + 200
BEN 367 £ 30 626+ 36 026+£224™ 309 £ 122 128 £26 500 + 158~
Values are expressed as mean + standard deviation.
" p<0.05 vs CONT.

~ p<0.0001 vs CONT.
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Fig. 1. Serum CRP (A), myostatin (B), IL-6 (C), TNF-x (D) and TWEAKX (E) expression evaluated by western blotting, and iL-18 (F) determined by ELISA from BBN and control
animals. Representative immuncbiots are presented above the corresponding graph. Values are expressed as mean + standard deviation ("p <0.05 vs CONT, **p<0.01 vs

CONT, ***p<0.001 vs CONT).
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Fig. 2. Effect of BBN administration on urinary proteolytic activity. (B) Representative image of the zymo gel evidenang six bands with protealytic activity. An overlap of
densitometric variation for CONT and BEN lanes is peesented in the left side of zymo gel (C). The semi-quantitative analysis of bands 4 and & proteolytic activities for each
group s peesented In (A). Representative image of the zymo gels in the presence of the metalloproteases inhibitor EDTA (D)L

Table 3
Incidence of urothelial lesions in Wistar rats exposed to BEN.

Histological lesion Experimental groups

CONT EEN
Normal urothelium 1d1w0000x) ofox)
Simple hyperplasia of(ox) 1113 (85%)
Nodular hyperplasia o (o) 1313(100)
Papillary hyperplasia ofox) 913 (70x)
Dysplasia 0 (o) wha(7reax)
s olox) o(ox)
Papilloma o) V13 (%)
Papillary neoplasm of low malignant potential 0 (0%) #13(61.5%)
Low-level papiilary carcinoma oflox) 1/13(846%)
High-level papillary carcinoma 0 (o) whi(7e0x)
Invasive carcinoma 0lox) F13(3853)
Epidermoid metaplasia ofox) 913 (70x)

39% of BBN animals, suggesting a predominance of non-muscle-
invasive bladder tumors.

3.5. Analysts of the anabolic/catabolic balance tn gastrocnemius
muscle

To determine the effect of BBN administration in activated Akt,
phopho-Akt levels were evaluated by western blotting. As can be
seen in Fig. 3A, a statistically significant decrease in the expression
levels of Akt Ser*”? phosphorylation were noticed in gastrocnemius
muscle from BBN-treated rats compared to control ones (p <0.05).
The expression of mTOR phosphorylated form was also analyzed
and a significant decrease (p<0.05) was found on phosphorylated
Ser’*® mTOR in BBN group (Fig 3B). The downstream targets
of mTOR were also analyzed and lower levels of phosphorylated
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Fig 3. p-Akt (A), p-mTOR (B) p-SEK1 (C) and p4EBP1 (D) expression evaluated by western blotting in whole gastrocnemtus muscle from BEN and control animals
Representative immuncblots are presented sbove the corresponding graph. Values are expressed as mean + standard deviation ("p<0.05 vs CONT)

Thr*# 7056K 1 were detected but an unexpected higher content of
Thr¥7/46 46-BP1 was observed in the gastrocnemius from rats with
urothelial carcinoma (Fig. 3C and D, respectively).

The contribution of the ubiquitin- proteasome system to bladder
cancer-induced muscle wasting was evaluated by western blotting
analysis of MAFbx/atrogin-1, MuRF-1 and TRAF6 (Fig. 4). Data evi-
dences a statistically significant increase of the E3 ligases atrogin-1

(approximately 11%) and TRAF6 (41%) in the gastrocnemius muscle
from BBN-treated rats (p<0.01). No differences were noticed for
MUuRF1 (Fig. 4E). The levels of phosphorylated Ser*®/Ser'” smad3
increased in the skeletal muscle of BBN animals, as well as the
TGF-B superfamily member myostatin (Fig. 4F and A, respectively:
p<0.01). Western blotting analysis of TWEAK expression in whole
muscle (Fig 4B) also evidenced a significant increased content of

Fig 4 Myostatin (A), TWEAK (B), TRAFS (C), atrogin-1 (D), MuRF-1 (E) and p-Smad3 (F) expression evaluated by western blotting in whole gastroonemius muzscle from BEN
and control animals. Repeesentative immunoblots are presented above the corresponding graph. Values are expressed as mean + standard deviation "p< Q05 vs CONT;

**p<0.01 vs CONT).
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Fig 7. Evaluation of respiratory chain structural organizaticn and activity. (A) Representative image of histochemical staining of in-gel activity of complexes IV and V. On the
architecture

left side &s presented 2 semi-quantitative analysss of in-gel activity of both complexes. (8) Representative image of supramolecular

of mitochondrial membeane

complexes resolved by BN-PACE for BBN and CONT groups. ATP synthase activity on mitochondria (C) and on whole muscle (D) spectrophotometrically assessed and ATP
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synthase B (E) expression &
(*p <0.05 vs CONT; *p< 0.01 vs CONT; “**p <0.001 vs CONT).

this pro-inflammatory cytokine in BBN-treated animal (p<0.01.To
better visualize all these data, anintegrative picture is presented in
Fig 5.

The analysis of muscle proteolysis performed by gelatinzymog-
raphy evidenced an overall 5% decrease in B8N-treated rats
(p<0.01; Fig. 6A). The densitometric evaluation of the zymo-
gram profile (Fig. 68) displayed four common bands in the
muscle of all animals. Two of these bands showed higher activ-
ity, one with approximately 80kDa (band 1) and other with
approximately 15kDa (band 4). Band 1 activity was the most
affected by BBN-related urothelial carcinoma. To have a general
idea of protease classes present in each band, zymo gels were
incubated with different inhibitors at their maximum effective
concentration: PMSF (serine protease inhibitor) and EDTA (met-
alloproteinase inhibitor). Data obtained (Fig. 6D and E) suggest
the involvement of both serine- and metalloproteases. The slot
blot analysis of MMP-9 showed a significantly higher expres-
sion of this metalloprotease in BBN-treated rats (7.5% (p<0.05);
Fig. 6F).

3.6. Analysts of mitochondrial functionaltty, proteolysts and
protetn susceptibility to axidation

The levels of mtDNA and mitochondrial protein were quanti-
fied in mitochondria isolated from gastrocnemius muscle. As can be
depicted from Table 4, a higher concentration of muscle mtDNA

g Representative immunoblot &5 presented above the graph. Values are expressed as mean £ standard deviation

and protein-to-muscle mass ratio were noticed in BBN-treated rats
(p<0.05); however, no significant differences in the ratio mtDNA-
to-nDNA and on the SDS-PAGE quantitative profile (Fig. S2) were
noticed among groups. Taken together, data suggest the occur-
rence of muscle atrophy in the animals with urothelial carcinoma.
Moreover, these mitochondria showed lower ability to produce ATP
in view of lower cytochrome ¢ oxidase and ATP synthase in-gel
activities, further corroborated by the spectrophotometric deter-
mination of complex V activity and ATP synthase beta expression
(Fig. 7Aand C). Though lower ATP synthase activities were observed
either in isolated mitochondria (Fig 7C) asin whole muscle (Fig.7D)
of BBN animals, a higher BBN-related decrease was noticed in
isolated mitochondria. Lower mtTFA expression levels were also
observed in the skeletal muscle mitochondria from these animals
(Fig. 8C).

Supplementary material related to this article found, in the
online version, at http://dx doi.org/10.1016/j biocel.2013.04.014.

To evaluate the involvement of the proteases known to be impli-
cated in mitochondrial protein quality control (PQC), we analyzed
the expression of the specific m-AAA protease paraplegin and of
the matrix Lon protease (Fig. 8A and B). Lower expression val-
ues of these serine proteases (75% for paraplegin (p< 0.05; Fig 8A)
and 40% for Lon (p<0.001; Fig 8B)) were cbserved in BBN-treated
animals.

Taken in consideration the involvement of PQC proteases in
the elimination of damaged proteins and their impairment in BBN

Table 4
Effect of BBN administration in mitochondrial protein and mtDNA content, and in the ratio mEDNA-to-nDNA In gast ocsemius muscle.
Experimental grougs Proteind mtONA (pgg ') MIDNA muscle weight (pgg ') Protein/musde weight (mgg ') mEDNA nDNA (X)
CONT 18408 1.1£02 19959 + 6723 216+ 56
BEN as + 03 4312258 251 £7503" 187 £ 57
Values are expressed as mean + standard deviation.
" p<0.05 vs CONT.
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OO0 (arditrary units)

OD (artitrary units)

CONT B8N

00 (artitrary wnits)

CONT B3N

Fig. 8. Effect of BEN administration on m-AAA paraplegin (A) and LonP1 (B), and meTFA (C) expression evaluated by western blotting in mitochondrial fractions. Protein
carbomyl (D) and 3-nitrotyrosine (E) content evaluated by slot blot in isolated mitochondria from BEN and CONT animals. Representative immuncbiots are presented sbove
the corresponding graph. Values are expressed as mean + standard deviation " p< 0L05 vs CONT; ***p <0.001 vs CONT)

mitochondria, the levels of carbonylated proteins were measured
by slot blot after derivatization with dinitrophenylhydrazine. A sig-
nificant increase of 16% (p<0.05) was observed in mitochondria
from BBN animals” skeletal muscle when compared with controls
(Fig. 8D). In order to assess the protein nitration levels, we mea-
sured 3-nitrotyrosine content and, as can be seen in Fig. 8E, higher
levels of nitrated proteins were observed in mitochondria from
BBN-treated rats (5% (p< 0.05)).

4. Discussion
4.1. Overall findings

In the present study, we utilized an animal model of urothe-
lial carcinogenesis chemically induced by the administration of
N-butyl-N-{4-hydroxybutyl)-nitrosamine (BBN), a genotoxic com-
pound known to induce cancer (Oliveira et al, 2006). After
administration of BBN in the drinking water, bladder tumors
formed within 20 weeks. These tumors in rats are equivalent to
the non-muscle-invasive urothelial carcinoma clinically observed
in humans (Palmeira et al., 2009, 2010; Oliveira et al, 2007).
This well-established model reflects one of the most commonly
occurring malignant tumors of the urinary tract, associated with
chemical risk factors as smoking and aromatic amines (Oliveira
et al, 2007; Roupret et al., 2011). Though it is recognized that
carcinogen-induced tumors resemble human cancer since they
arise spontaneously and reproduce tumor-host interactions, they
are not generally used for the study of cancer-induced muscle
wasting since the experiments tend to be lengthy and costly
(Bennani-Baiti and Walsh, 2011). At the end of the protocol, most of
the animals showed histologic signs of non-muscle-invasive carci-
noma (Table 3) and evidenced 17% loss of body weight, a value
that in humans is seen as a sign of moderate cachexia accord-
ing to the cachexia score (CASCO) (Argiles et al, 2011). This body
weight decrease was paralleled by a 12% loss of gastrocnemius mass
(Table 1), suggestive of altered muscle properties such as weakness
and fatigue (Shum et al, 2012; Argiles et al,, 2011).

4.2. Catabolic profile assoctated with carcinoma- tnduced muscle
wasting

The significantly high serum levels of the pro-inflammatory
cytokines IL-18, TNF-a and TWEAK, and of the acute phase protein
CRP observed in BBN animals, supports the catabolic profile noticed
in this group. Despite evidences of systemic inflammation, no sig-
nificant effects on animals” appetite were noticed. No differences of
serumIL-6 levels were observed; however, the association between
serum levels of this cytokine and weight loss is not straightforward
and in studies performed with mice bearing clones of the colon-26
tumor or with patients with non-small-cell-lung cancer no rela-
tion between serum IL-6 and cachexia was observed (Patra and
Arora, 2012). Myostatin and related ligands have also been sug-
gested as the main responsible for weight loss in patients afflicted
by various forms of cancer (Lokireddy et al., 2012). The levels of
this member from the transforming growth factor-g superfamily
known to be a negative regulator of muscle bulk (Springer et al.,
2010) was found in significantly higher levels in the serum of BBN
rats (Fig. 1B). Though expressed almost exclusively in skeletal mus-
cle (Springer et al., 2010), myostatin was recently proposed as a
novel tumoral factor that might initiate the pathogenesis of cancer
cachexia (Lokireddy et al, 2012). Our data suggest that the raise
of this TGF-8 ligand is due, at least partially, to an increase of its
expression in the gastrocnemius muscle (Fig. 4A).

BBN administration also induced metabolic disturbances
including hypoalbuminaemia and high levels of serum lactate.
The diminishing of serum triglycerides does not support the usu-
ally described cancer cachexia-related lipolysis (Tisdale, 2009).
Nevertheless, bladder cancer-related catabolic phenotype is not
always accompanied by altered lipolysis (Lattermann et al_, 2003).
The higher activity of MMPs in the urine of BBN rats (Fig. 2)
further supports the catabolic profile related to urothelial carci-
noma. The release of MMP-1, MMP-2 and MMP-9 by rat bladder
tumorigenic/invasive cell lines was previously reported (Kawamata
et al, 1993). Our data suggest the contribution of MMP-2 and
MMP-7 in the extracellular matrix remodeling of urothelium car-
cinoma. Other MMPs seem involved but further analysis should be
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performed to investigate their association with bladder cancer-
related muscle wasting. Though interest has been noticed in the
monitoring of MMPs in the clinical setting as diagnostic or prognos-
tic biomarkers of bladder cancer (Szarvas et al., 2011), few studies
have analyzed the association of these proteases with cancer-
induced muscle wasting (Camargo et al, 2011; Peluffo et al., 2004).

Once established the urothelial carcinoma-induced catabolic
phenotype, the molecular mechanisms underlying bladder cancer-
induced muscle wasting were searched. Myostatin together with
cytokines like IL- 18, TNF-a and TWEAK elicits catabolism on skele-
tal muscle by elevating the levels of muscle-specific E3 ligases
and increasing the intracellular protein degradation through the
ubiquitin-proteasome pathway (Tisdale, 2009; Lokireddy et al.
2012; Skipworth et al, 2007 ). Myostatin was reported to block
IGF1-P13K-Akt pathway and to activate FoxO1, promoting the
increased expression of atrogin-1, in an NFkB-independent man-
ner. NFkB activation is usually induced by TNF-a and TNF-like
weak inducer of apoptosis (TWEAK) leading to muscle wast-
ing mediated by MuRF-1 (Bonaldo and Sandri, 2013: Fearon
et al, 2012; Romanello and Sandri, 2013), which levels were
unaltered in BBN gastrocnemius (Fig. 4E). Another key player in
NFkB signaling upregulated in an urothelial carcinoma-dependent
way was the ubiquitin ligase TRAF6 that is required not only
for the induction of ubiquitin-proteasome system but also of
autophagy-lysosome pathway (Bonaldo and Sandri, 2013). Other
proteases, namely MMP-9, were found to contribute to muscle pro-
teolysis in BBN-treated rats (Fig. 6). Concomitantly, reduced levels
of phosphorylated Akt, mTOR and p70S6K were observed (Fig. 3)
suggesting reduced ribosome formation and protein synthesis in
gastrocnemius, a muscle with a mixed metabolic phenotype. The
magnitude of this unbalance between protein synthesis and degra-
dation might differ according to muscle phenotype, as ¥
suggested for atrophic conditions (Fanzani et al_, 2012).

Along with muscle catabolism induced by the neoplastic
growth-induced systemic disturbance, we detected alterations
in mitochondria, a critical regulator of muscle protein turnover
(White et al, 2012; Romanello and Sandri, 2010). As hypothe-
sized by Julienne et al. (2012), mitochondria could be the place
of energy wasting in situations of high muscle proteolysis as in
cancer cachexia. Indeed, data from the present study supports the
lower ability to produce ATP in the gastrocnemius of BBN-treated
animals, taken in consideration the lower cytochrome ¢ oxidase
and ATP synthase activities (Fig. 7). These functional alterations
were previously related to changes in the normal appearance of
mitochondria, namely the presence of electron-lucent areas and
swelling, which are indicative of cristae loss and ATP depletion,
respectively (Shum et al, 2012). The lower levels of the transcrip-
tional factor mtTFA observed in BBN group (Fig 8C) might be
associated with impaired mitochondria transcription, an impor-
tant step in mitochondrial biogenesis (Maniura-Weberet al,, 2004).
These results are in agreement with the previous findings of White
et al. (2012), who reported the diminishing of PGC-1ct, a marker of
mitochondrial biogenesis, and a shift towards smaller mitochon-
dria with the progression of body loss. PGC-1a has been related
to mTOR signaling and its reduction in BBN animals points to
the repression of the transcription of genes involved in oxidative
metabolism (Cunningham et al., 2007). Mitochondrial alterations
in skeletal muscle might contribute to the increase in serum lac-
tate concentration associated to bladder cancer supplying whole
body energy needs (Julienne et al, 2012). Mitochondrial dysfunc-
tion has been related to increased ROS production (Lokireddy
et al,, 2012). Our data highlight the accumulation of oxidatively
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modified proteins, either carbonylated or nitrated (Fg. 8), that
were not cleared out from BBN mitochondria by the PQC systems.
Indeed, mitochondria function depends on the mitochondrial PQC
that includes the mitochondrial proteases and the mitochondrial-
shaping machinery (Romanello and Sandri, 2013). Mitochondrial
proteases are regulators of organelle health, by removing misfolded
or oxidatively damaged proteins, maintaining the cellular redox
homeostasis (Venkatesh et al, 2012; Bulteau and Bayot, 2011).
Data here presented evidence lower levels of the AAA protease
paraplegin and the matrix Lon protease in the skeletal muscle mito-
chondria from BBN-treated rats (Fig. 8). Paraplegin coassembles
with a homologous protein, AFG3L2, in the mitochondrial inner
membrane and when this complex is lost occurs a decrease of
OXPHOS complex I activity and an increased sensitivity to oxida-
tive stress (Atorino et al,, 2003). The matrix Lon protease has been
suggested to have a similar role to the proteasome in cytosol in
eliminating oxidatively modified mitochondrial proteins. This pro-
tease also displays chaperone properties and its loss of function
was previously related to massive apoptosis, with the classical
hallmark of caspase-3 activation, and deregulation of mtDNA repli-
cation (Bulteau and Bayot, 2011). Lon-mediated degradation of
mMITFA was also reported and seems a PQC mechanism for eliminat-
ing misfolded or damaged mtTFA, and/or a regulatory mechanism
for controlling mtDNA metabolism (Venkatesh et al, 2012). The
severe mitochondrial dysfunction might lead to the activation of
mitophagy in order to enable organelle replacement with new,
more efficient ones. Recently, Lokireddy et al. (2012), reported a
reduction of mtDNA copy number per nuDNA in the skeletal muscle
from C26-tumor bearing mice and associated it with mitophagy, a
process that seems to be mediated by mTOR(Romanello and Sandri,
2013).

In summary, using an animal model of urothelial carcinoma we
observed that tumor-host interaction results in increased levels of
pro-inflammatory mediators and myostatin, and in higher levels
of urinary MMPs, which highlight the catabolic profile underly-
ing body weight loss. Concomitantly with the imbalance between
protein synthesis and degradation due to the activation of the
ubiquitin-proteasome and suppression of PI3K/Akt/mTOR path-
way, we noticed a decrease of the oxidative metabolism in wasted
muscle. Focusing on mitochondria isolated from gastrocnemius
muscle, our data showed that the impairment of mitochondrial
PQC systems involving mitochondrial proteases seems to be linked
to an increased generation of ROS and with the consequent accu-
mulation of oxidatively modified proteins, which ultimately leads
to lower mitochondrial ability to generate ATP. The dynamics and
functional versatility of mitochondrial PQC systems need to be fur-
ther explored aiming to define therapeutic targets to counteract
cancer-related muscle wasting.
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Little is known an the expression of the tumour-asociaed carbohydrate antigen sialyl Tn
{STr), in bladder cancer. We report here that 75% of the high-grade bladder tumours, pre
senting clevated proliferation rates and high risk of recurrence/progression expressed STn.
However, it was mainly ound in non-proliferative areas of the tumour, namely in cells
invading the basal and muscle layers. STn was ako Hund in tumour-adjacent mucosa,
which suggests its dependence an a field effect of the tumour. Furthermore, it was notex
pressed by the normal urothelium, demanstrating the cancer specific nature of this anti
gen. STn expression correlated with that of salyltransferase ST6GalNAc.l its major
biasynthetic enzyme. The stable expression of ST6GaINAcl in the bladder cancer cell
line MCR induced STn expression and a concamitant increase of a1l motility and invasive
capability. Altogether, these results indicate for the first time a link between STn
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expression and malignancy in bladder cancer. Hence, therapies targeting STn may consti
tute new treatment approaches for these tumours.

® 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved

1. Introduction

Bladder cancer, the ifth most common cancerin Westernso-
ciety, is a growingconcerm, owing to increased incidence dur-
ing the past years (Ploeg et al., 2009; van Rhijn et al., 2009).
Mast of the newly diagnosed bladder cancer cases are superfi-
cial, or low-grade non-muscle invasive papillary tumours, be-
ing conservatively treated by complete transurethral
resection of the tumour Babjuket al, 2012). However, approx-
imately half of the patients show a high- percentage of recur-
rences and an elevated risk of progression to muscle
invasive disease, which comrelates with poor prognosis
(Hussain et al, 2009). The risk of recurrence and/or progres-
sion & mostly determined by clinicopathological festures
(Babjuk et al., 2012). According to the European Organization
for Research and Treatment of Cancer (EORTC), this group in-
cludes high grade (HG) papillary tumours and carcinoma in
situ (AS) and those with multifocal or recurrent lesions
(Babjuk et al, 2012). The evaluation of the nuclear protein
Ki-67 (Ki-67 proliferation index), an established marker of
cell proliferation, is often used to enhance the prognostic ac-
curacy of risk classification given by clinicopathological fea-
tures (Margulis et al, 2009; Santos et al, 2003), since it is
considered a surrogate biomarker of bladder cancer aggres-
siveness, disease recurrence and progression (Margulis et al,
2009; Santos et al, 2003).

Tumour resection followed by aschedule of intravesicalin-
stillations with live attenuated strains of Mycwbacterium bovis
(Bacillus Calmette—Guérin, BCG) is the standard adjuvant
therapeutic option for high-risk of recurrence/progression
bladder tumours (Askeland et al., 2012; Babjuk et al., 2012).
Although BCG has improved the management of high-risk pa-
tients, 30—40% of cases either show intolerance or relapse af-
ter treatment (Yates and Roupret, 2011). Consequently, these
patients require life-long falow-up and repeated courses of
treatment making bladder cancer the costliest to treat among
solid tumours {Askeland et al., 2012; Dovedi and Davies, 2009;
Sievertet al., 2009). Upon therapeutic failure and/or muscle in-
vasion, cystectomy is advocated for oncological control
(Askeland et al, 2012; Dovedi and Davies, 2009; Sievert et al,
2009). Furthermore, at the moment there is a lack of specific
biomarkers to target aggressive cell phenotypes and direct
molecular-based therapy, which may be used toavaid preven-
tive cystectomy (Dovedi and Davies, 2009).

Vaccines using tumour -associated glycans, in association
with immunological boosters, are emerging as potential ther-
apeutic  strategies against cancer (Hakomori, 2001;
Lakshminarayanan et al, 2012; Ryan et al,, 2010; Sorensen
et al., 2006). In the forefront of these antigens is sialyl-Tn
(STn; NeuSAca2-6GalNAcz-O-SerThi) (Gilewski et al., 2007;
Julien et al, 2009; Miles et al,, 2011). STn has been mostly
observed in tumour -associated mucins due to their high num-
ber of potential O-glycasylation sites {Clement et al., 2004;

Conze et al, 2010; Julien et al., 2006; Marcos et al, 2011;
Pinto et al., 2012). However, integrins ([Clement et al., 2004)
and CD44 (ulien et al, 2006), ameng other proteins, may
also canry this posttranslational modification. Overexpression
of STn antigen has been detected in breast (Leivonen et al.,
2001), cesophagus (keda et al, 1993), colon (tzkowitz et al.,
1989), pancreas (Kim et al,, 2002), stomach David et al , 1996;
Marcos et al, 2011), endometrium {Inoue et al, 1991), and
ovary (Numa et al, 1995) carcinomas, whereas Jow o no
expression was observed in the respective normal tissuves.
STn overexpression was also reported in several cancer pre-
cursor lesions, such as esophageal dysplastic squamous
epithelia {Itoh et al, 1996), gastric intestinal metaplasia
(Baldus et al, 1998; Ferreira et al, 2006) and calonic moderate
dysplasia [Cao et al, 1997).

STn is known to influence cell recognition by the immune
system {Angata et al, 2007), affect processes as cell cycle,
apoptosis, and actin  cytoskeleton dynamics, decrease
cell—cell aggregation and increase extra-cellular adhesion,
migration, invasion David et al, 1996; Julien et al, 2006,
2005; Pinho et al, 2007) and metastization {Ozaki et al,
2012).In line with these observations, STn positive (STn”) cells
have been frequently observed at the invasion front of tu-
mours and in peritoneal and pleural effusions in ovarian can-
cer patients; yet they are less commoen in metastatic Jesions
than in primary tumours (Davidson et al, 2000). In gastric car-
cinomas, STn was correlated with the depth of invasion and
metastization (lkeda et al., 1993), and thus poor prognosis
(Terashima et al, 1998). Conversely, STn was not correlated
with the depth of invasion in studies conceming colorectal
(Rzkowitz et al., 1989; Ogata et al, 1998) and breast cancers
(Schmitt et al, 1995). Howewer, some contradicting results
have been presented regarding its association with metastasis
and decreased survival in these cancers (Julien et al., 2012).
Hence, a recent review sugpests that the biological role of
STn in tumour development may be dependent on each can-
cer typeor sub-type (Julien etal, 2012).

Despite these observations, there is little information
regarding STn inthe context of bladder cancer. Given itsclinical
relevance and the fact that there are available therapies based
on this antigen, we addressed the presence of STn in bladder tu-
mours and the mechanismsunderlyingits expression.

2. Materials and methods

2.1.  Patient and sampling

Formalin-fixed, paraffin embedded (FTPL) tissues were pro-
spectively calected from 69 patients, mean ape of 69 years
{age range 45-89), who underwent transurethral resection
(TUR) of the bladder tumour in the Portuguese Institute for
Oncology of Parto (IPO-Porto, Portugal), between July 2011
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and May 2012. Based on urcthelial carcinoma grading and
staging criteria of the Werld Health Organization (WHO), three
different groups were considered (Table 1), low-grade (1G,
n - 24) and high-grade HG non muscle-invasive (NMIBC,
n - 26) and muscle-invasive (MIBC, n - 19) bladder cancers.
Of HG NMIBC, 21 were papillary tumours and 5 were carci-
noma in situ ((S). None of these patients had received prior
adjuvant therapy. Six normal urcthelium tissues of necrop-
sied male individuals without bladder cancer history, within
the same mean of age range, were also included.

Additionally, FTPE tissues from 16 radical cystectomy cases
including the main lesion in each specimen, responsible for
therapeutic decision, the adjacent mucosa, which may or
may not include a concomitant tumour, and the ureter repre-
senting a distant mucosa, were also studied. Mucosa without
visible histopat hological alterations was defined as “histolog-
ically normal® mucosa.

All procedures were performed under the approval of the
[thics Committee of IPO-Porto, after patient's informed con-
sent. All clinicopathological information was obtained from
patients’ clinical records.

22. Tissue expression of STn and Ki-67

FFPE tissue sections were screenad for STnand Ki67 by immu-
nohistochemistry using the avidin/biotin perexidase method.
Briefly, 3 um sections were deparaffniced with xylene, rehy-
drated with graded ethanal series, microwaved for 15 min in
boiling citrate buffer (10 mM Citric Acid, 0.05% Tween 20, pH
60), and exposed to 3% hydropen percxide in methanol for
20 min. The expression of STn was then evaluated using anti-
STn mouse monoclonal antibody, clone TKH2 Kjeldsen et al.,
1988), that identifies both single and clustered STn residues
{Ogata et al., 1938), whereas Ki-67 was evaluated using mono-
clonal mouse anti-h Ki-67 antibody, clone MIB-1 (Dako).
After blockage with BSA 5% in PBS), the antigens were identified
with VectastainElite ABC peroxidasekit (Vector Lab) followed by
incubation with 3 3-diaminobe nzidine tetrahydrochloride (DAB,
Dako). Finally, the dides were counterstained with haematoxy-
lin for 1 min. Positive and negative control sections of intestinal
metaplasia were tested inparallel. The negative contral sections
were perfarmed by adding BSA (5% in PBS) devoid of primary
antibody. STn™ tissues were also treated with a neuramimdase
from Clastridium perfrigens (Sigma—Aldrich) as previcusly
described by Marcos et al. 2011) in order to remove the sialic
acid. The desialyated samples were thereafter screened for
STn. The O-acetylation of NeuSAcresiduesin STnwasevaluated
after treatment with 100 mM NaOH at room temperature for
30 min a5 described by Ogata et al (Ogata et al, 1938) priex to
immunchistochemistry with antibody TKH2.

A semi-quantitative approach was established to score the
immunohistochemical labelling based on the intensity of
staining and the percentage of cells that stained positively.
The STn and Ki-67 expression were assessed double-blindly
by two independent observers and validated by an experi-
enced pathologist. Whenever there was a disagreement, the
slides were reviewed, and consensus was reached. Tumours
were classified as proliferastive whenever Ki-67 expression
was higher than 18%, as described by Santos et al. {Santos
et al, 2003).

Table 1 — STa cxpression in the healthy wothdium and in noa-
muscle lovasive (NMIBC) snd smscle invasive (MIBC) bladder
ancers of difforent dinicopathological natures.

NMIBC

Low grade papliary tumouwrs

- 19 (79%)

+ 5(2m)

P -

e -

Total STn™ 5(2m%)

High grade {CI5 + papillary tumowrs) 26
Carcmoma 1n situ (CIS) 5

- 4 (80%)

+ 1{20%)

P =

e -

Total STn™ 1(20%)
High grade papllary rumours 2

- 5 (2¢%)

+ 9(4x)

+ 419

e 3(14x)

Total STn™ 16 (78%)

MIBC 19

- 5 (26%)

+ 11(s8%)

. 2(1m)

e 159

Total STn™ 14 (74%)

~ Noreactaty, +: S15%; ++:15-30%; ++ +: 30-45% of the tumour.
23.  Celllines culture

The human bladder cancer cell line MCR and the transduced
variants of MCR MCRne and MCRSTn™), were grown as
described by Videira et al. (2009b).

24. Generation of STn" Hadder cancer cells

MCRcells were transduced with a retroviral vector generated
with the ViraPower™ Lentiviral Expression System {(Invitro-
g=n), accarding to manufacturer's instructions. The whole
coding region of human ST6GalNAc] was PCR amplified and
cloned in the plenti&VS Directional TOPO cloning vector
which drives the expression of inserted penes through the
QUV promoter. A negative control retroviral vector was pre-
pared with an empty plasmid. After transduction with nega-
tive control- or STEGalNAc.I-expressing vectars, MCR cells
were selected with4 ug ml™* blasticidin. An additional immu-
nomagnetic enrichment of the STn™ cells was performed by
using mouse anti-STn (HB-STn1 clone from Dako), followed
by the secondary antibody anti-mouse IgG associated to para-
magnetic microbeads (Miltenyi Bictec). The stable transd ue-
tion of the erzyme was confumed by evaluation of
ST6GalNAcl expression and activity. STn expression was
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determined by analysis of the mean flucrescence intensity
(MF]) =+ SE through flow cytometry analysis using monoclonal
antibody TKH2.
2.5.  Evdluation of STn expression in cell lines
For phenotypic characterization, cells were stained with 1:50
diluted anti-STn TKH2 monoclonal antibody for 16 h at 4<C
and 1:100 diluted goat fluorescein isothiocyanate (FITC)-
labelled anti-mouse IgG (Dako) for 15 min at4 °Cin the dark
and then acquired in a FacsCalibur Flow cytometer Becton
Dickinson). Data were analysed using the WinMDI v2.9 soft-
ware (The Scripps Research Institute, San Diego, CA, USA).
2.6. Analysis of ST6GaINAcI expression
RNAextraction from FFPE sections wasperfarmedafter depar-
affnization of the tissue using Absolutely RNA FFPE kit (Agilent
technologies) while for cell lines it was used the GenHute
Mammalian Total RNA Purification kit and DNAase trestment
(Sigma), according to the manufacturer’s instructions. The pu-
rity of RNA extracts was determined based on the Axo/Ass 13-
tio. Only ratics between 1.9and 2.1 were considered further.
Approximately 250-500ng of total RNA (1 ug for cell lines)
was converted by reverse transcription into ¢DNA, using the
random-primers-based High Capacity ¢<DNA Archive Kit
(Applied Biosystems). The expression levels of STEGalNAc 1
were determined by TagMan assay (Applied Biosystems), the
reference sequences detected by each primer/probe set and
the Assay ID provided by the manufacturer were the
following; ST6GalNAc1 (NM0184142/H=00300842 m1). Real
time PCR was performed in a 7500 Fast Real-Time PCR System
using the TagMan Universal PCR Master Mix Fast from
Applied Biosystems, as described previously by Videira et al
(2007, 200%a). During the cDNA exponential amplification the
product formation was propeortional to the fluorescence emis-
sion resulting from the TagMan probe degradation (van der
Velden et al, 2003). The ST6GalNAcl mRNA levels were
normalized for the expression of f-actin, which was taken
as a suitsble endopenous control for bladder cancer cells
(Videiraetal, 2007). The relative mRNA Jevels were cakulated
by adapting the 27** formula (Livak and Schmittgen, 2001).
2.7.  Evduation of ST6GaINAcI activity
MCR cell pellets were homopenized in H,O and the protein con-
centration was determined using the RC-DC protein quantifica-
tion kit (BioRad) accarding to the manufacturer’s ingtructions
Sialyltransferase activity was assayed in whole cell homoge-
nates as previously described by Dall'Olio et al. (1997) with
some modifications. Briefly, the reaction mixture contained
80 mM sodium cacodylate buffer pH 65, 05% Triton X-100,
6 ug ul™* of asialo bovine submaxillary mucin (ABSM, prepared
by acid desialylation of BSM) as acceptor substrate, 30 oM
{1280 Bg) of OMP-|C|Sia (Amersham)and 2 ug ul~* of homoge-
nate proteins. Endogenous controls were prepared in the
abzence of acceptor substrate. The enzyme reac tions were incu-
bated at 37 °C for 2 h and the acid insoluble radioactivity was
measured as previcudy described by Dall'Obio et al (1997). The
incorp ion on endog: b was

3 eteacd

2.8.  Cell proliferation measurement

To study their proliferative capacity, cells were labelled with
CellTrace™ CFSE Cell Proliferation Kit (Invitrogen). The MCR
cells were resuspended into medium at final concentration
of 1 x 10%cells ml~* and incubated with 10 WM CFSE, following
the manufacturer’s instructions. Subsequently, the CFSE-
labelled cells were seeded into24-well microplates, incubated
in a 5% 0, incubator at 37°C and harvested at 24, 48, 72and
96 h post-culture. Flow cytometry using a FACSCalibur Bec-
ton-Dickinson) was performed and the data collected were
analysed with ModFit LT 3.2 software (Verity Software House,
Topsham ,ME), allowing to assess the cell proliferation index
P1). The FI represents the average number of cells that were
originated from a single cell of the parental generation. The
parental peneration was set based on the analysis of data ob-
tained from the cells corresponding to the 24 h of culture.

2.9.
assay

Analysis of cell motility using a wound- healing

Cell motility was tested in a wound-healing migration assay.
MCR cells were seedinto 12-well microplatesand grown tocon-
fluency. A scratch was made in the monolayer with a sterile
2004l pipette tip. After wounding, the suspended cells and debris
were washed away and fresh medium was added. At0 and24h
after wounding, scratched regions were photographed with an
inverted microscope equipped with a digital camera.

2.10. Invasion assay

Invasionassays were performed using BD BiocoatMatrigel™in-
vasion chambers, comprised by an 8-um diameter pore size £il-
ter coated with a thin layer of matrigel, and placed in a two-
comparnment system in a 24-well plate. Prior to each experi-
ment, filters were re-hydrated in serum-free DMEM medium
for 2 h at 37 «C. After detachment of subconfluent cells with
trypsinEDTA, cells were suspended in culture medium supple-
mented with 5% inactivated FBS, counted and seed ed on the up-
per side of the matrigel-coated flter at adensity of 5 x 10* cells/
well. After 24 h at 37 °C, filters were fixed in 4% paraformalde-
hyde and non-invading cells, present on the upper side, were
completely removed, to facilitate analysis. Cells that had
invaded the underside of the flters were mounted in
Vectashield 14 6-diamidino-2-phenylindole (DAPI, Vector Lab-
oratories, CA, USA), and visualized through a Zeiss Axiovert
200M fluorescence microscope (Carl Zeiss, Germany). Invasive
cellswere scored in at Jeast 12 microscopic helds 20x objective)
when DAPI-counterstained nuclei passed through the filter
pores.Resultsare presented asmeans + SDfor each sample. In-
vasion Jevels are expressed as a ratio of the results obtained
with the mock-transfected control cell ine.

2.11. Statistical analysis

Statistical analysis was performed using the Student’s T-test
for unpuired samples. Dif ferences were considered to be sig-
nificant when p < 0.05. A chi-square test was used to analyse
correlations between clinicopathological features and STn
and Ki-67 expressions.
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3. Results
3.1.  Expression of STn in bladder tumours

STn expression in bladder tumours was evaluated by immu-
nohistochemistry using mouse monoclenal antibody clone
TKH2. Asshown inTable 1, STn is not expressed in the healthy
urothelium; conversely 46% of the blad der tumours presented
cells with STn membrane and cytoplasmic staining (32/69)
Figure 1), demonstrating the tumour-specific nature of this
antigen. The removal of sialic acids from the tissue sections
with a a-neuraminidase impaired the recognition by TKH2
and confimed STn expression.

STn expression was Jower in low-grade (LG) NMIBC (21%
STn™ tumours; Figure 1A-B) compared to high-grade lesions
MG; 67%), which include papillary tumours 76% STn™ tu-
mours; Figure 1C-), AS (20% of STn™ tumours; Figure 1F),
and MIBC (74% STn™ tumours; Figure 1G—-H). Notewcrthy,
STn was absent from the majority of CIS (4/5; 80%) and
showed an expression comparable to LG tumours. Altopether,
these results highlight an association between the STn anti-
g=n and high grade NMIBC (p < 0.002; Figure 2) as well as
with muscle invasive tumours (p < 0.03; Figure 2).

The O acetylation of sialic acid residues prevents TKH2 from
recognizing STn antigens in certain tissues {Ogataet al, 19%8).
To exclude this possibility in bladder cancer, the slides were
chemically de-O-acetylated prior to immunohistochemistry.
This procedure did not alter STn expression pattermns demon-
strating that STnantigens were notencrypted by O-acetylation.

3.1.1. Patternand extension of STn expression in bladder
tumours

The STn antigen presented a focal expression that for the ma-
jority of the STn positive cases (26/36) did not exceeded 15% of
the tumour section (Table 1). Furthermere, in 25% of the STn
positive cases (336) the antigen was detected in less than 5%
of thetissue (data omitted from Table 1). Higher expressionpat-
terns were restricted to HG papillary NMIBC, where 27% of the
cases (7/26) presented STn Jevels between 15% and 45% of the
tumour section (Table 1) and locally diffuse staining
Figure 1C, D, G). STn was mainly cbserved in basal layer cells
{75% of STn~ cases;Figure 1A,C~), butitcoukd be also detected
throughout the papillae Figure 1C-E) and cells of the Juminal
surface [Figure 1T) incases presenting locally diffuse staining,
STn was further observed in cells invading the basal (S0% of
STn~ of HG NMIBC, Figure 1C-F, G) and muscle layers (57% of
STn™ MIBC; Figure 1G, H), suggesting a rae ininvasion.

3.12. STrnantigen expression in advanced tumours and in the
surrounding areas

The STnantigen was alsoevaluatedin a series of radical cystec-
tomy specimenswhich included thetumour used fortherapeu-
tic decision (term ed *main tumour *in Figure3) and thetumour-
adjacent mucosa. The ureters were included as distantmucosa
Figure 3). In agreement with theobservations from Table 1, STn
was detected in 69% (11/16) of all main tumours &= well asin
their adjacent mucosa (Figure 3), independently of their histo-
logical classification. Noteworthy, STn was absent from 90%
of the distant mucosas of STn positive cases; the only

excepts being a ureter with pre-necplastic and another
with a necplastic lesions (Figure 3). These results point out
that the STn ™ tumour-adjacent mucosa may display malecular
changes similar to those of the main lesions. Thus, thisantigen
may be useful asa marker of eld carcinogenesis in the bladder.

32.  Expression of ST6GalNAcI in bladder tumours

The presence of STn has been strongly associsted with the
overexpression of ST6GalNAcl in several human malig-
nancies. Toassess thiseventin bladder tumours, mRNA Jewels
of ST6GaINAc ] gene were analysed and normalized inrelation
to f-actin, which proved to be a stable expressed pene in pre-
vious studies concemning bladder tumours (Videira et al,
2007). As shown by Figure 4, low gene expression levels were
detected in tumours that did not express STn. In addition,
the levels of ST6GalNAc] increased with the expression of
STn, and were significantly higher in the tumours with STn
expression superior to 15%. Figure 4 also shows that this
behaviour was similar in LG and HG tumours. Howewver, as a
result of higher STn expression, the average ST6GalNAc.]
mRNA levels were more elevated in HG (53%) tumours than
LG %) These cbservations suggest that overexpression of
ST6GalNAcl gene s one of the main events leading to STn
expression in bladder tumours.

33.  STnexpression and tumour proliferation

As shown above, the expression pattern of STn correlates with
HG tumours, known to present elevated proliferation rates
Marguliset al., 2009; Santos et al, 2003). To assess a possible as-
socistionbetween STnand praliferation, 24cases from the initial
series of 69 bladder tumours, comprehending 12 1G and 12 HG
tumours (7NMIBC, none of them IS, and 5 MIBQ), werescreenad
for STn and Ki-67 expression. Tumours presenting Ki-67 expres-
sion supericr to 18% were classified as proliferative. As high-
lighted by the graphical matrix in Figure SA, 8% (1/12) LGand
75% (9/12) HG cases showed elevated Ki67, confirming the
higher proliferation of HG tumours (p < 0.0012). Similarly,
Figure SA al=o shows an association between proliferative phe-
notypesand STn expression( p < 0.001). Howewer, in all STnpos-
itive cases, the examination of sequential sections revealed that
STnantigen expression was mainly seeninareas that did not ex-
press Ki-67 [Figure SA), although some overlap was presentin
25% of the cases (3/12;Figure 5SB. Thisindicatesthat the STnan-
tigen i mostly expressed in non-proliferative areas of the
tumour. Nevertheless, the majerity of the non-proliferative tu-
mours alsodid notexpress STn (12/14), demonstrating an inter-
dependence between both phenomena.

34. Invitro assessment of the biokgical significance of
STn expression

34.1. Development of a high-grade bladder cancer cell line
overexpressing STn

To further conoborate the role of ST6GalNAcT in the expres-
sion of STn antigen by bladder cancer cells, we induced the
overexpression of STEGaINAc.] in a bladder cancer cell line.
The MCR bladder cell line, that showed negligible expression
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of ST6GalNAc I and no STn {data not shown), was transduced
with a Jentivirus expressing the coding region of the human
STEGaINAc] pene. The obtained cell line variant, herein
named MCRSTn~, showed markedly increased expression of
ST6GalNAc] mRNA levels (Figure 6A). It also showed signifi-
cantly higher sialyltransferase activity towards the ABSM, a
substrate for the ST6GalNac.l enzyme, when compared with
the negative control cell line (MCRnc) transd uced with woid

lentivirus (Figure 6A). The overexpression of STn antigen by
MCRSTn™ cell line variant was confirmed by flow cytometric
analysis (Figure 6B).

342. STn influence on cell proliferation, migration and
invasion

STn expression was correlated with tumours with higher pro-
liferative indexes (Figure 5). To assess the influence of STn in

Figure 1 = Fxpression of STa in FFPE bhdder rumours. A) Lowgrade papllary tumour showing a predominance of STa ™ cells in the busal hiyer;

B) Magaification which shows cells with memb

and cywplasmic STa™ suiniag C) High-grade papillary ramowr evidencing the focl

nature of STa expression. Pasitive cells were found both in the busal hiyer and throughout the papillac; D) High grade papillary ramour showiog
loally exensive STa positivity; E) High -grade papllary tumour evidencing STa”™ in the basal layer; F) CIS showing STa ™ in the cdk faciag the

ive STa

Jumen of the blhadder; G) MIBC showing Jocally ex
cdk invading the musde hyer.

- 3

including &t the musde invasive foar; H) MIBC highlightiog STa™
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Figure 2 — Association berween STa expresion and HG NMIBC
and MIBC. The percentage of STa™ mmours was higher in HG
when compared 10 LG and akio in MIBC whea compared to NMIBC
(LG = HG)L ™ p = 0.03, ™ p = 0,002 (Chi-square test).

proliferation, MCR cells (MCRnc and MCRSTn®) were cultured
for48, 72 and 96 h and then evaluated inrelation to their pro-
liferation index. The comparison between the two cell line
variants showed that the proiferation indexof MCRSTn™ cells
was penerally higher than the index of MCRnc cells, although
only statistically different at72 hof culture { p < 0.05; Figure 7).
Howewer, this effect wasnolonger significantat 96 h of culture
Figure?).

STn positive cells were cbserved invading the basal and
muscle layers Figures 1 and 2) and in the adjacent mucosa
of advanced stage bladder tumours (Figure 5), suggesting a
correlation of STn with invasion and migration. Thus, the in-
fluence of STn expression in MCR cell invasion was assessed
using the Matrigel invasion assay. Our results evidence that
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Figure 3 — Expression pattern of STa in radical oystectamy
specimens. Radical oystectomy specimens huve been organized based
on histalagical grade. They inclode the rumour responsible by the
therapeutic decision termed “main tumour™ (MT), a0 adjacenr (AM)
and distaat mucosa (DM). The graphical matric hig Wlighs thar,
whenever STa i exprowed by the main mmour (13/16; 63%), itk

always pe in the adja (13713, 100%). Oae
I r' i ‘.‘ one v'.l i A “n e 4 ‘h
antigen.

MCR cells transduced with ST6GalNAcl (MCRSTn®) wre
aspproximately four folds more invasive than bladder cells
transduced with the negative control (MCRnc; Figure 8A).
Theeflfect of STn expression on cell migration was estimated
bya wound-healing assay. Therefore, unif orm scratches were
made in confluent monolayers of MCRnc and MCRSTn™ cell
lines and the capability of the cells to migrate and £ll the
scratches was monitored. As observed in Figure 8A, by 24 hat-
ter wounding, the MCRSTn™ cells had almost completely
covered the empty space. Conversely, the negative control,
MCRnc cells, displayeda large “gap®, thus demonstrating their
lower capability to closure the wound. Our results evidence
that MCR cells expressing STn present increased invasion
and wound repair capacities.

4. Discussion

The STn antigenis highly expressed by several human carci-
nomas and preneoplastic lesions (Julien et al, 2012) and &=
explored as a tumour marker in serological assays [CA724)
Reisetal , 2010).

Despite the clinical relevance of STn in human malig-
nancies, scarce information is available about its role in
bladder tumours. Over twenty years ago, Langkilde et al
(1992) addressed this antigen on series of transitional cell car-
cinomas fcurnrently classified as high- grade urcthelial cell car-
cinomas accarding to current WHO guidelines (Babjuk et al.,
2012)). Normal mucosal biopsy specimens from patients
with non-malignant bladder urologic diseases were included
as controls. Accarding to the suthors, STn was not expressaed
by the control group, showed a very restricted pattern of
expression in bladder tumours and no association with recur-
rence and progression. Subsequent in vitro stud ies found that
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Figure 4 — Awociation berween STOGANACT 20d STa expressionin
LG a0d HG bladder rumours. The graph shows thar ST6GalNAcI
axpression i increased in STo™ mmours and incemes further for
more ehevated STa expressions (> 15=30% of the tumour section).
This suggests that the overexpression of STOGaINACT & ane of the
ouin mechanisow underying the preseace of STa in bladder cancers.
Furthermaore, it shows this event occurs in both LG 20d HG ramours.
TP < 005,77 p < 001 (Student’s T-rest).
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Figure § — Expression of STa and Ki-67 in Bladder ramours. A) graphical marrix highlightiag the association berween prol ferative rumours (Ki-

in bhadda
STa expressi

67 > 15%) and STa expressi
assoc ation was found b

and

HG NMIBC and MIBC were considered 1o be proliferative tumours and 2 significant
P ting prolferation pheootypes ( p < 0.001; Chi-square test). The notadon “Ki-

67/STa" in the columa more w0 the right refers 10 tumours presenting areas that appear w exhibit cells expressing both Ki-67 20d STa. B)
Immunchistochemistry for Ki67 and STa highlightag Ki-677/STa™; Ki-67"/STa™ ; and Ki-677/STa" areas.

mucins MUC1, MUC2 and MAUB {mucin antigen of the urinary
bladder) isolated from bladder cancer cell lines carried STn
(Bergeron et al., 1996, 1997). However, no evidence of such
anexpression was found in tumours. Herein, we readdressed
this matter and found that the STn antigen was associated
with advanced stage bladder tumours. More important, STn
was absent in the healthy urothelium, which demonstrates
its tumour -associated nature. Since this study was perfamed
onarecentprospective series it is not possible, at this point, to
determine comrelations with disease outcome. Nevertheless,
STn was mainly expressed by HG papillary NMIBC, known
for their elevatedrisk of recurrence and progression to muscle
invasive disease and MIBC that encompass an elevated risk of
metastization and present decreased overall survival Babjuk
et al, 2012). STn expression was further associated with
elevated Ki-67, a proliferation-related molecule and a sunro-
gate biomarker of increased risk to recurrence and progres-
sion in bladder tumours (Margulis et al., 2009; Santos et al,
2003). In addition, the majority of non-proliferative tumours
did not express STn, which demonstrates that the expression
of the antigen is indeed a characteristic of proliferative tu-
mours. Still, STn was mainly detected in non-proliferative
areaxs of the tumours. However, the STn antipen was
frequently observed in areas of invasion of the basal and mus-
clelayers, sugpesting it may be associated with the process of

cell migration and invasion. This reinforces the notion that
STn s part of amalignant bladd er cancer phenotype, as previ-
ously observed for other carcinomas (Clement et al., 2004;
Julien et al., 2006; Ohno et al., 2006; Ozaki et al, 2012; Pinho
et al, 2007). We alo found the STn antigen in tumour-
adjacent mucosa, which may be expliined by the migration
of STn™ cells to the tumour surroundings. On the other
hand, thismay be aconsequence of eld carcinopenesis previ-
ously cbserved in bladder cancers (Jones et al, 2005; Palmeira
etal., 2011). Nevertheless, the STn antigen holds potentialas a
biomarker of bladder dissemninated disease.

STn is a product of an incomplete O-glycosylation process
due to the premature 0-6 sialylation of the glycoside Gal-
NAcal-O-Ser/Thr (Tn antigen) by ST6GalNAcI Marcos et al,
2004). In several epithelial tumours STn results from an
increased STEGalNAcl expresdon and/or activity (Marcos
et al, 2011; Sewell et al, 2006; Vazquez-Martin et al , 2004). Pre-
vious studies have reported STEGaINAcTexpression by the uro-
thelium at the mRNA level (Yamamotoetal ,2003); however we
andothers (Langkilde et al., 1992) have notdetected STn expres-
sion in the histdogcally healthy tissues. These observations
sugpest either the absence of the antigen or the insufficient
sensitivity of the method. ST6GaINAc] Jocalization in the Golg
apparatus and the competitive action of other glycosyltrans-
ferases for the Tn antipen may also favour the extension of
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the O-glycan chainin non-pathological conditions.On theother
hand we showed thatthe levels of STn inbladder tumours were
correlated with the expression of STEGalNAc. 1, supporting this
as a major molecular mechanis m underlying STn biosynthesis
in these tumours. Few cases presented STn expression associ-
ated with abasal level of STEGAINAC I, meaning that other fac-
tors may contribute to promote the bicsynthesis of STn. A
disorganization of secretary organelles (Sewell et al, 2006), so-
matic mutations in the gene Cosmc, encoding a molecular chap-
erone essential for Ochain elongation (Ju et al, 2008), the
down-regulation/decreased activity of several other glycosyl-
transferases and/or the availability of sugar doneors for biosyn-
thesis, may also lead to STn overexpression. The integrated
study of metabolic pathways, glycosyltransferases expres-
sionfactivity, intra-cellular ultrastructures and microenviron-
mental changes may further enlighten the maecular events
leading toabnormal O-glycosylationof Hlad der cancerproteins.

In addition we have screened HT1376, 5637, T24 and MCR
bladder cancer cell lines and found neglectable Jevels of the
STn antigen (data not shown). The same was previously
obzerved in gastric {Ozalkd et al, 2012; Pinho et al, 2007) and
breast (Clement et al., 2004; Julien et al, 2005, 2006) cancers
cell models, demonstrating that tumour cells may Jose the
ability to express this antigen in vitro. Microenvironmental
factors may play a determinant rale in the induction of STn
biosynthesis, yet these events remain unknown. Following
the association of STn with invasive cases, we elected the
invasive blad der cancer cell ine MCRtoevaluate the biolkgcal
role of STn in these tumours. We started by stably transducing
the MCR cells with STEGaINAc.1, which resultedin the overex-
pression of STn. The expression of STn did not promote a sig-
nificant enhancement of MCR cell proliferation, which s
agreement with observations made for breast (Clement
et al., 2004; Julien et al, 2005, 2006) and gastric cancer models
Pinho et al, 2007). These indings associated with the absence

of the antigen from most bladder tumours non-proliferative
areas strongly sugpests that STn expression does not play a
direct rale in tumour proliferation.

On the other hand, STn expression significantly enhanced
the migration and invasive capacity of MCR cells, demon-
strating that this antigen plays an important role in bladder
cancer cell invasion, as suggested by the observation of
bladder tumours. Enhanced migration capabilities of STn™
cellson components of the extracellular matrix, such as fibro-
nectinand calagen, have been described for other cancercell
lines Julien et al, 2005, 2006; Pinho et al, 2007), and result,
among several factars, from impaired integrin binding
Clement et al, 2004). In addition, STn expresson has been
shown to increase the invasion potential of tumour cells
Clement et al,, 2004; Julien et al, 2006; Ohno et al, 2006;
Ozaki et al, 2012; Pinho et al, 2007), supporting a similar
role in bladder tumours. Further experiments are however
required toclarify the molecular mechanisms underlying pro-
motion of cancer cell invasion and migration. These indings
reinforce however that alterations in the glycosylation pat-
terns of cell-surface proteins may strongly interfere with
events like cell—cell adhesion, cell-matrix interaction,
tumour growth, motility and invasion ([Dall'Olio et al, 2012).

In resume, our work comprehensively describes the
expression of the STn antigen in bladder cancer. Namely, it
demonstrates the tumour-specific nature of this type of
glycosylation and its association with advanced, highly pro-
liferative tumours, invasion and organ disseminated disease.
Thus, the evaluation of STn antigen may add valuable infor-
mation about the aggressiveness of proliferative tumours,
complementing the information given by Ki-67. Studies wre
ongaing in broader retrospective series to determine the as-
sociation of STn with disease outcome and corrobarate these
findings. We are also devoted to the identification of the gly-
coprateins yielding STn, which is expected to bring insights
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Figure 7 — Comparison b the prolferation capacity of MCRac

a0d MCRSTa ™ cell. The tranduced MCR ¢k were hibelled with
CFSE a0d cultured for various periods of time (48,72 20d 96 h). The
cdk were hanested and anadyed by flow oyrametry with Modfic
software, dlowing the cakulation of the polferaion index, which
represents the average oumber of cdk thar was origimared by a single
cdl of the parent g ion. At the various periods of culture,
MCRSTo" cdk show a higher proliferation index than the negative
control, but this dfference was only statstically sigaificant ar 72 h of
culture. The duta we prescated a 2 mean = standard deviation of 3
independent stodies. =7 p < 005 (Studeat’s T-tesn).

about the rae of this type of glycosylation in bladder carci-
nogenesis and provide novel therapeutic vectors. The anti-
gen STn may also be monitored noninvasively in urine or
serum using as is the case for other human carcinomas us-
ing the CA72-4 test (Reis et al, 2010). This could allow
decreasing the number of cystectomies in post-surgery
follow-ups of patients with high-grade tumours, a particu-
larly critical matter for the elderly that constitute the major-
ity of the cases.

Furthermore, the STn antigen is associated to high-grade
NMIBC which currently constitutes one of the main therapeu-
tics concermns due to their elevated risk of recurrence/

A B

-

progression (Babjuk et al, 2012). Adjuvant immunotherapy
with BCG has allowed to delay recurrence and decrease the
risk of progression into muscle invasive disease [Babjuk
et al., 2012); still meore than half of the patients either recur
within two-years after TUR of the tumour or show intolerance
to the treatment (Askeland et al,, 2012; Yates and Roupret,
2011). Due to the lack of efficient therapies, upon therapeutic
failure and/or muscle invasion, the patient is faced with cys-
tectomy (Babjuk et al., 2012).

Carbohydrate antipens associated with advanced-stage tu-
mours and malignant phenotypes such as STn, are expressed
at the cell surface and, therefore, available for antibody or
lectin-mediated recognition (Neutsch et al., 2012). Thus, these
antigens may present an oppeortunity for the introd uction of
novel therapeutics, such as selective drug-delivery approaches
Neutsch et al, 2012) or carbohydrate-based immunotherapy
Heimburg-Molinaro et al, 2011). An anticancer vaccine
named Theratope, comprehending a synthetic STncoupled to
the immunogenic carrier keyhole limpet haemocyanin has
already been developed (Julien et al, 2009; Miles et al., 2011;
Sandmaier et al, 1999). Tests in animal models and humans
for breast, ovarian, and cdorectal cancers have showed that
the antigen is safe and produces a strong immune response
against these tumours (Julien et al, 2009, 2012; Miles et al,
2011). Even though Theratope failed toimprove overall survival
of metastatic breast cancer patientsin a phase I clinical st udy,
the design of the study disregarded the heterogeneous STn
expression between patients (Miles et al , 2011), compromising
the cutcome Julien et al, 2012; Zeichner, 2012). Thus, Thera-
tope or other STn-based vaccine designs may constitu ke valu-
able therapeutic options for STn positive advanced bladder
tumours. However, given the low association of STn with
more proliferative areas of the tumour, one i Jed to speculate
that advanced stage bladder cancer patients may better benefit
from the combination of anti-STn immunotherapy and anti-
proiferative drugs. Furthermore, these approaches may allow
targeting disseminated disease in the adjacent and distant mu-
cosa from the main tumour.

Figure 8§ — STa expression promotes MCR cells wound healing dosure and iovasion. A) Wound haliog closure asay. Uniform scarches were
made udng 2 200 ul. pipette dp inconflucar monoliyers of MCRSTa™ and MCRac cells. Cells were allowed w0 heal and the extent of dosuse was

itored by microscopic analysis. After 24 hculmre, the MCRSTa™ cdk had almast completdy ¢ dthe d, in deas 1o negative
contral, MCRa¢, where unoccupied space was still obwerved. B) lavasion asay. MCRSTa ™ and MCRac cdk were incubated for 24 b, in the
upper comparmment of Mawigd invaion chambers, in complere DM EM medium aad in the ab ofotherch rants. lavasive cells were
determined as dewcribed in Mareriak and methods. The data are prescated as 2 mean = standard deviation of 4 independent studies. ™7 p < 0,001
(Student’s Ttesn).
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3.2 Effect of mTor inhibitors on bladder cancer cells
Recently it has been reported that mTOR inhibitors could have an important role to play in
bladder-cancer treatment and may restore chemosensitivity in resistant tumours
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Cisplatin (CDDP)-based chemotherapy is a commonly treatment for advanced urothelial carcinoma.
However, episodes of cisplatin resistance have been referenced. Recently it has been reported that
everolimus (RAD001) could have an important role to play in bladder-cancer treatment and that mTOR
inhibitors may restore chemosensitivity in resistant tumours. The aim of this study was to assess
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statistically significant (P < 0.05) in the cell lines at all concentrations tested. RAD0O1 had a therapeutic
effect when used in combination with CDDP and could therefore be a useful anti-cancer drug

combination for patients with bladder cancer.
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1. Introduction

The anti-tumour activity attributed to cis-diamminedichlro-
platinium (II), best known as cisplatin (CDDP), is due to the fact it is
an alkylating agent able to form a platinum complex, which results
in DNA adducts. Consequently, intrastrand and interstrand DNA
cross-links are induced. These result in DNA breaks and errors in
DNA synthesis, with accumulation at the G, phase of the cell cycle
leading to apoptosis [1-3]. Combined therapy of CDDP with other
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drugs such as methotrexate, vinblastine and doxorubicin or
gemcitabine, is still one of the most-used therapeutic regimes
for patients with metastatic bladder cancer [4,5]. Although there is
a good rate of response to treatment (70%), a great majority of these
cases (between 80% and 90%) develop recurrences and die [6,7].
CDDP was evaluated in several phase Il and Il studies associated
with other drugs in the form of taxanes or triplets (such as
paclitaxel conjugated with CDDP and gemcitabine), or in sequen-
tial protocols on patients with bladder cancer. These combined
studies proved to be more effective, however they are also toxic 8]
and bladder-cancer cisplatin resistance has been reported [9).
Everolimus (RAD001) is an immunosuppressive macrolide and
an orally active rapamycin analogue that blocks the mammalian
target of rapamycin (mTOR) signalling pathway, which is known to
play an important role in protein synthesis, cellular metabolism
and cell survival, thus inducing cell proliferation and angiogenesis
[10-12]. RADOO1's anti-cancer proprieties have been subject to
evaluation using several tumour cell lines [13-15] and animal
cancer models [13,16]. It has recently been reported that the PI3K/
AKT pathway could be of importance in bladder cancer, and Chiong
and collaborators verified that RADOO1 inhibited the growth of
bladder-cancer cells [13]. CDDP's efficacy when combined with
everolimus has not yet been tested in bladder-cancer cell lines, and
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research into a possible role for mTOR inhibitors in restoring
chemosensitivity in resistant tumours is in progress [17].

The aim of this study was to assess RADOO1’s in vitro ability to
enhance CDDP cytotoxicity in three human bladder-cancer cell
lines.

2. Materials and methods
2.1. Chemicals

RPMI 1640 culture medium and trypsin were purchased from
PAA (Austria). Fetal calf serum, penicillin and streptomycin were
obtained from Biological Industries (Israel). .-glutamine, dimethyl-
sulfoxide and RAD001 were provided by Sigma Aldrich (EUA).
CDDP was obtained by Teva Pharma (Portugal). The 3-[4,5-
dimethyl-2-thiazolyl]-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Sigma Aldrich (USA). Propidium iodide was
obtained from Cytognos (Spain). In situ cell-death detection kit
fluorescein was acquired from Roche (USA). Antibody Ki-67 was
purchased from DAKO (Portugal) and 3,3-diaminobenzidine
chromogen (DAB) was obtained from Zytomed Systems (Portugal).
The secondary antibody is an Ultravision detection System kit from
Lab Vision Corporation (Portugal).

2.2. Cell culture

The study was performed on the 5637 non-muscle invasive
urothelial bladder-cancer cell line and on two established human
invasive bladder-cancer cell lines: T24 and HT1376 (T24 cell line
was provided by DSMZ, Diisseldorf, Germany; 5637 and HT1376
cell lines were kindly provided by Dr. Paula Videira of the
Universidade Nova de Lisboa, Lisboa, Portugal).

Cells were cultured in RPMI 1640 medium, supplemented with
10% heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 p.g/
ml streptomycin and 2 mM i-glutamine. The cell lines were
cultured as a monolayer at 37°C in 5% CO, in a humidified
atmosphere and the cells were routinely subcultured by trypsi-
nization.

Bladder-cancer cell lines were treated with CDDP (0, 1, 2, 3, 4
and 5 pg/ml) and with graded doses of RAD0O1 in concentrations
ranging from 0 to 2 wM (0, 0.05, 0.1, 1 and 2 M) for 72 h to assess
dose-response profiles. Both drugs were freshly prepared before
each experiment.

For the combination therapy, the concentration of CDDP used
was obtained by the average IC5, dose (2.5 pg/ml) in all of the
three cell lines. In these experiments, cells were exposed to CDDP
in combination with 0.05, 0.1, 1 and 2 pM of RADOO1 over the
course of 72 h. Control samples were treated similarly but the
culture medium was used without the drug.

2.3. Cytotoxicity assay

T24, 5637 and HT1376 cells were seeded in 96-well flat-
bottomed micro titer plates (Sarstedt, USA) at a density of 2-
3 x 10* cells/ml, based on the growth characteristics of each cell
line, and treated with CDDP (0, 1, 2, 3,4 and 5 p.g/ml) and RAD0O1
(0,0.05,0.1,1 and 2 pM) for 72 h. 10 pl of 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) dye solution (5 mg/
ml) was added to each well and 4 h later the formazan crystals
generated were dissolved in 100 pl of dimethylsulfoxide. The
absorbance value of each well was measured on an automatic
ELISA plate reader (Multiskan EX, Labsystems, Portugal) at 492 nm.
After blank correction (medium containing tetrazolium dye
without cells) the percentage of cell proliferation was determined
as follows: (Absorbance.., group/Absorbanceconeo) x 100 [18].
Absorbance obtained from untreated cells was taken as 100% cell

proliferation. Each experiment was done in triplicate for each drug
concentration and all assays were repeated in three independent
experiments.

2.4. Cell-cycle analysis

Flow cytometric measurements were carried out on a Coulter
flow cytometer (EPICS™ XL-MCL™, Brea, USA). Data, normally
from 1 x 10° cells, was acquired and analyzed using Modfit LT 3.0
software (Verity™). Cells were fixed in ice-cold ethanol 70%, for a
minimum period of 1 h. Propidium iodide was added in order to
label total cellular DNA, and the DNA-content histograms obtained
were analyzed in order to evaluate the percentage of cells in each of
the cell-cycle phases: Go/Gy, S and G/M. All experiments were
performed in triplicate.

2.5. Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labelling assay (TUNEL)

Cells (2 x 10% cells/ml) were seeded and allowed to attach
overnight. After treatment with CDDP (2.5 pg/ml) and RAD0O1
(2 pM) for 72 h, in isolation or combined, apoptosis was detected
by means of the fluorescein in situ cell-death detection kit, in
accordance with the manufacturer’s instructions. In brief, nuclei
were counterstained with 4',6-diamidino-2-phenylindol and
fragmentation was detected by it turning a green colour. Positive
(cells incubated with DNase | recombinant) and negative (cells
incubated with all reagents except TdT) controls were included in
each experiment. Slides were observed using a fluorescence
microscope (Nikon Eclipse E400, Japan). The number of cells
undergoing apoptosis was observed in random fields in each slide
and 200 cells were counted. Cells were defined as apoptotic if the
nuclear area of cells was positively labelled (green colour). The
apoptotic index was defined as (number of apoptotic cells/total
number of cells) x 100 [19].

2.6. Immunocytochemistry

Immunocytochemistry assay was performed in order to
determine the Ki-67 expression. Cells were plated in 24-well
chamber slides (Sarstedt, USA) and incubated overnight. Drugs
were applied for 72 h, in isolation or combined. After being washed
in phosphate-buffered saline (PBS), cells were fixed with 4%
paraformaldehyde for 15 min at room temperature and washed
three times in an isotonic PBS buffer. Permeabilization was carried
out using 1% Triton X-100 in PBS for 20 min at room temperature
and internal peroxidase activity was blocked with 3% hydrogen
peroxide for 30 min. The primary anti-Ki-67 antibody (MIB-1,
1:100) was incubated for 1hour at room temperature. After
incubation of the secondary antibody, positive immunoreactivity
was visible by means of the reaction of 3,3-diaminobenzidine
chromogen. The samples were washed with water and contrasted
with hematoxylin. Negative controls were performed by replacing
primary antibody with PBS. Samples were analyzed with a Leica
microscope under 200x original magnification.

2.7. Statistical analysis

An equality of variances was tested by using the Levene F test
and the statistical significance of differences between treatments
and the control group was determined by Dunnett's multiple
comparison post-hoc test for the MTT assay. The Pearson product-
moment correlation coefficient was used to evaluate the correla-
tion (linear dependence) of the cell cycle with CDDP and RADOO1.
Significant immunocytochemical differences were analyzed by
Chi-square test. Data was analyzed using SPSS 17.0 statistical
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software (SPSS Inc. USA) and values of P < 0.05 were considered to
be statistically significant.

3. Results

3.1. Cytotoxic effects of CDDP and RADOO1 against HT1376, T24 and
5637 cells

The cell proliferation of the three cell lines studied was
evaluated by MTT assay. Treatment with CDDP for 72 h statistically
decreased proliferation in all the three cell lines in a dose-
dependent manner (P < 0.05). In the presence of increasing doses
of CDDP (0, 1, 2, 3, 4 and 5 pg/ml), the cell-proliferation rates of
HT1376 started at approximately 86% and with 5 p.g/ml it was
20%; on T24 it ranged between 72% and 42%; and on 5637 the
variation was between 56% and 12% (Fig. 1A). The average ICso of
this drug across the three cell lines was 2.5 p.g/ml.

As far as RAD0O1 cytotoxicity was concerned, the highest dose
(2 pM) did not induce significant cell death in T24 and HT1376 cell
lines, with the 5637 cell line being the most sensitive, showing
approximately 30% growth inhibition at 1 pM (IC3) (statistically
significant at all concentrations when compared with the control
group, P < 0.05) (Fig. 1B), data published in previous reports
[20,21].

CDDP and RAD0OO1 were examined during a simultaneous time
period (CDDP at 2.5 pg/ml and 0.05, 0.1, 1 and 2 uM RADO0O1
concentration). The anti-proliferative activity of the conjugated
treatment was statistically significant in all three cell lines at all
concentrations tested, when compared with the untreated cells
(P < 0.05). The T24 cell line was more resistant to drugs used in
association, as documented by survival rates between 32.15% to
34.9%, when compared with the HT1376 (27 to 4.1%) and 5637
(10.7 to 6.6%) cancer cell lines (Fig. 1C).

®HT1376 @T24 w5637

1
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WHT1376

3.2. Cell-cycle analysis

The pattern of cell distribution through the various phases of
the cell cycle was different in the three cell lines studied and
depending on the drug treatment applied (Table 1). At the 2.5 g/
ml CDDP, most T24 and HT1376 cells stopped at G>/M phase (54.1%
and 62.2%, respectively), while T24 untreated cells were predomi-
nantly at Go/G, phase (92.8%) and HT1376 untreated cells were
more evenly distributed throughout the cell cycle (Go/G,: 34.8%, S:
31.4%, G,/M: 34.4%). An S phase arrest was detected on the 5637
cell line (89%). However, cell-cycle analysis using the software’s
synchronization wizard application revealed that this accumula-
tion occurred in the last compartment of the S phase, in late S/G>
phases.

Comparative analysis of the percentage of cells in each cell-
cycle phase, with the untreated cells on one side and the different
RADOO1 concentrations tested, on the other, is summarized in
Table 1. Cell-cycle alterations were only observed in the 5637 cell
line, namely a decrease in the percentage of cells in S phase fraction
(P=0.029). This effect on the proliferative rate was inversely
correlated with drug concentration (r=-0.978; P=0.004).

In the combined drug schedule, a low number of cycle cells (as
observed in MTT assay) were distributed throughout the cell cycle,
with no detection of a cell-cycle arrest in a specific phase (Table 1).

3.3. TUNEL assay

In untreated cell cultures, most of the nuclei were undamaged.
After treatment with CDDP at 2.5 pg/ml, DNA fragmentation
increased by an average of 16.5% in T24,41.5% in 5637 and 37.9% in
HT1376 cell lines. However, at the highest dose of RAD001, a minor
increase in DNA damage was detected in 5637 (6.5%), compared to
untreated cells (3%). Following 72 h of simultaneous treatment

®HT1376 ®T24 w5637

uT24 w5637

RADO001 (2 uM)

Concentration of CDDP and RAD001

Fig. 1. Evaluation of cell proliferation on T24, 5637 and HT1376 human bladder cancer cell lines by MTT assay, after 72 h of drug exposure. A. With 0, 1, 2,3,4, and 5 pg/ml

cisplatin (CDDP) exposure. B. With 0.05,0.1,1and 2 pM e

(RADOO1)

. C. Comparison of cell-poliferation percentages with 2.5 pg/ml CDDP in combination

with 0.05, 0.1, 1 and 2 pM RADOO1. The data shown and bars represent the mean value + standard deviation. *P < 0.05 versus untreated cells.
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Table 1
Cell cycle distribution on T24, 5637 and HT1376 cells after exposure to cisplatin (CDDP) and everolimus (RAD001), isolated or in combined schedule.
T24 5637 HT1376
Cell cycle distribution (%) Cell cycle distribution (%) Cell cycle distribution (%)
Treatment GolGy S G2/M Go/Gy S Gz/M GolG,y S G2/M
0 92.8 34 39 55.6 242 20.1 348 314 344
CDDP (2.5 pg/ml) 29 16.8 54.1 0.1 89 11 0.04 37.8 622
RADO01 (0.05 uM) 93.7 4.1 22 57.9 223 19.8 419 243 337
RADOO1 (0.1 M) 91.9 4.1 39 60.7 215 17.8 36.4 29.9 337
RADOO1 (1 pM) 929 08 33 62 19.9 18 372 31 317
RADOO1 (2 pM) 91.6 37 45 66.2 17 16.8 409 31.2 279
CDDP (2.5 pg/ml)+RADO01 (0.05 M) 81 17 2 59.4 205 20.2 354 39.1 255
CDDP (2.5 pg/ml)+RADO01 (0.1 M) 744 216 4 484 275 242 395 39.3 211
CDDP (2.5 pg/ml)+RADO01 (1 M) 76.5 19.2 43 49 35.6 155 27 411 319
CDDP (2.5 pg/ml)+RADO01 (2 uM) 733 23 37 436 334 229 333 404 263
A Positive Negative CDDP (2.5 pg/ml) B
control control +RADO001 (2 uM)
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Fig. 2. A. Fluorescence images generated by TUNEL analysis with combined t on T24, 5637 and HT1376 bladder cancer cell lines, original magnification 1000x.
B. Percentage of apoptotic cells after exposure to cisplatin (CDDP) and everolimus (RAD001), isolated or in simultaneous schedule. C. Ki-67 expression in bladder cancer cell
lines treated with CDDP alone or in combination with RAD0O1 (original amplification 200x).
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Table 2
Ki-67 i 'ytochemical exp on T24, 5637 and HT1376 bladder cancer cell lines, treated with cisplatin (CDDP) and everolimus (RADOO1), isolated or in
simultaneous schedule.

Cell line  Control  CDDP RADO0O1 CDDP +RADO001

0 25pug/m 005pM  01pM 1pM  2puM  CDDP(2.5pg/ml)+  CDDP(2.5ug/ml)+  CDDP (2.5pg/ml)+  CDDP (2.5 pg/ml)+
RADOO1 (0.05M)  RADOO1 (0.1 uM) RADOO1 (1 uM) RADOO1 (2 pM)

T24 e ++ 4+ Eaad 4+ ++ + + + +

5637 R aad +++ +++ +++ +++ +++ - - - -

HT1376 4 +++ +++ +++ ++ ++ + + + +

-: no staining; + very weak staining; ++: weak staining; +++: moderate to intense staining; ++++: highest intensity staining.

with CDDP (2.5 pg/ml) and RADOO1 (2 uM), a considerable
increase in apoptotic cells was observed, when compared to
treatment with a single agent (at the same concentrations) or
untreated cells. As shown in Fig. 2A and B, T24 tumour cell line
showed less apoptotic cells (22%), in comparison with the HT1376
and 5637 cell lines in a conjugated experiment (47.5% and 48%,
respectively).

3.4. Immunocytochemistry analysis

Immunocytochemistry was performed in order to evaluate Ki-
67 expression in the three cell lines exposed to CDDP (2.5 pg/ml)
and RADOO1 (0.05, 0.1, 1 and 2 wM), in isolation or combined. All
controls significantly expressed Ki-67 levels; while with CDDP and
RADOO1 there was also a moderate expression (Table 2). The
combined schedule of both CDDP and RAD0O1 not only reduced the
density of cells per microscope field, but it also reduced Ki-67
expression in those cell lines, although a slight Ki-67 expression in
T24 and HT1376 cell lines was visible when compared with the
5637 cell line (Fig. 2C).

4. Discussion and conclusion

The purpose of our study was to evaluate if RAD001 could
strengthen CDDP cytotoxicity using an in vitro model: a non-
muscle invasive urothelial bladder-cancer cell line (5637) and
two human invasive bladder-cancer cell lines (T24 and HT1376)
that had not been evaluated previously. Combined therapy using
CDDP and RADOO1 has already being performed in pre-clinical
studies, namely on advanced solid tumours [22], and it has also
been studied in oesophageal [23], ovarian [24], nasopharyngeal
[25] and non-small cell lung cancer [26] cell lines with
encouraging effects and as a useful therapeutic strategy.
Moreover, the benefits of RAD001 combined with other cytotoxic
drugs were assessed as regards cisplatin resistance in patients
with bladder cancer [27].

In our previous investigation, we found that isolated exposure
of RADOO1 on three human bladder-cancer cell lines showed
heterogeneous results as far as cell proliferation and cell-cycle
distribution were concerned, and we also evaluated RAD0O1’s
effect on the PI3K and MAPK pathway in these cell lines and its
relationship with this relevant biological information [20,21).
CDDP exposition induced an effective decrease in cell proliferation
in the three cell lines by MTT test and Ki-67 assay, cell-cycle arrest
in the late S/G, phase, followed by a higher apoptotic rate detected
by TUNEL assay.

Markedly increased cell cytotoxicity in the three cell lines was
observed, when treated simultaneously with CDDP (at 2.5 p.g/ml)
and RADOO1 in all the concentrations tested (0.05, 0.1, 1 and
2 uM). Also the Ki-67 assay analysis clearly demonstrated a
reduction in the proliferation of the three cell lines. However, the
T24 cell line showed a slightly different response pattern with a
less intensive effect. The number of cells with DNA damage was
higher when exposed to combined therapy than when single

agents were used. Regarding cell-cycle analysis in the three
bladder-cancer cell lines studied, cell-cycle arrest was not detected
in any specific phase. Nevertheless, due to the effect of the
combined drugs, the number of dividing cells found was much
smaller and such cells suffered blocking at different stages - either
in G,/S or in G,/M.

The distinct responses obtained in the three cell lines may
reflect variability in bladder-cancer treatment that is eventually
related to differences in chromosomal constitutions and correlated
critical genes. As observed by Chiong and collaborators [13],
despite the heterogeneity of responses seen in vitro, RADOO1 is
effective in vivo, because this drug affects tumour growth through
different mechanisms, depending on the genotype of the bladder-
cancer cells. The non-muscle invasive cancer cell line 5637 was the
most sensitive to the action of the combined drug, thus opening a
new line of research in this setting of bladder tumours. The anti-
proliferative activity of CDDP in combination with RAD001 was
statistically significant in the three cell lines, when compared with
the cisplatin-treated cells. A similar trend was observed by Ma and
collaborators (2010), which showed RADO01 exerted an additional
synergistic effect on cisplatin-induced growth inhibition in CNE-1
and HONE-1 cells, and could inhibit the growth of cisplatin-
resistant nasopharyngeal carcinoma cell lines [25]. It is necessary
to evaluate this effect on bladder cancer, since the mTOR pathway
was aberrantly activated in several bladder tumours [28]. Thus, it
can be stated that RAD0O1 had a therapeutic effect when used in
combination with cisplatin and this could be a useful anti-cancer
drug combination for patients with bladder cancer.
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3.3 Patient-derived bladder cancer xenografts

Patient-derived tumour xenografts (PDTXs) have been shown to be a highly predictive model to
test standard chemotherapy and for identification of tumour types that might benefit from new

treatments in clinical trials.
3.3.1 PaperV

Patient-derived bladder cancer xenografts: a systematic review.

Bernardo C, Costa C, Sousa N, Amado F, Santos L

Transl Res. 2015. Feb 12. pii: $1931-5244(15)00040-7. doi: 0.1016/j.trsl.2015.02.001.
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Patient-derived bladder cancer xenografts:

a systematic review

CARINA BERNARDO, CEU COSTA, NUNO SOUSA, FRANCISCO AMADO, and LUCIO SANTOS
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Pafient-derivedtumor xenografts (PDTXs) are saldto accurately reflect the heteroge-
neity of human fumors. In the case of human blodder cancer, few studies are
available featuring these models. The best methoddogy fo develop and the real
value of the model remain undlear. This syslematic review aims to elucidate the
best methoddlogy to establish and use PDTXs to study the charocterisfics and
behavior of human bladder tumoss. The value and potenfial application of these
models are also oddressed. A comprehensive literature search was perfomed to
identify published studies using xenograft models direcly established from human
bladder cancer samples into mice. A tatal of 12 studies were included in the final
analysis. All studies differed in design; the reported take rate varied between 11%
and 80%, with the implantation via dorsal incision and with matrigel obtaining the
higher foke rate. Advanced sloge and high-grade tumors were associated with
increased fok e rate. Xenografts preserved the original lumoridentity in the establish-
ment phase and affer serial passages. Although some studies suggest a correlafion
between engraftfment success and clinical prognosis, evidence about the associa-
tion between the response of xenografts fo reatment and the clinical response of
the tumor of origin is still missing. All methodological approaches resulted in the
establishment of tumor xenografts with preservafion of the original tumor identity
but variable take rate. The time needed to establish the model and propagate xeno-
grafts to a number suitable for drug testing is the main limitation of the model, along
withthe success rafe and lock of consistency inthe early passages. Comparison be-
tween tumor response in mice and clinical outcome remains to be assessed. (Trans-
Iafional Research 2015 W:1-8)
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INTRODUCTION

Bladder cancer is the second most common genitouri-
nary tumor, with about 386,300 new cases and 150,200
deaths estimated to have occurred in 2008 workiwide.’
Most of these cases, approximately 75%, are nonmusck
invasive tumors for which bocal treatment with excision
and adjuvant intravesical immunotherapy or chemo-
therapy are associated with high cure rates. Neverthe-
less, 10%-20% of these superficial tumors will recur
and progress © invasive discase. Patients with muscle
invasive bladder cancer have a poor prognosis with
low S-year survival rak.” In these cases, treatment
may include cystectomy and chemotherapeutic regi-
mens containing cisplatin.” The low overall response
rate and unpredictable oucome for these patients have
led to the search for reliable tools for assessment of
prognosis and indications for therapy. The development
of predictive tumor models may be a valuable aid to this
purpose.

Patient-derived tumor xenografts (PDTXs) have been
shown to be a highly predictive model to test standard
chemotherapy and for identification of tumor types
that might benefit from new treatments in clinical tri-
als.* This model isestablished by transferring fragments
of tumor derived from an individual patient into immu-
nocompromised animals such as severe combined
immunodeficient (SCID) or nude mice. Because they
derive directy from patient tumor samples with mini-
mal manipulation, the xenografts retain the cellular
structure and molecular markers of the original tumors.®
Therefore, tumor xenografts recapitulate the biological
characteristics of the disease of origin and are suitable
for evaluation of an individual patient’s cancer chemo-
sensitivity, providing not only an investigational plat-
form but a potential therapeutic decision-making
tool.**

Human tumor xenog raft models have been developed
for several types of cancers, such as lung, prostate,
breast, liver, and colon carcinomas as tools for evalua-
tion of new therapeutic strategies or individualization
of cancer treatment.”'' However, in the case of
human bladder cancer, few studies of PDTXs are
availsble. Furthermore, to optimize and standardize
the use of these models it is important to assess if
such studies clearly report the methodology and
results in a way that internal reproducibility can be
assessed and if the results can be systematically
compared with other smdies.

Inthis context, we conducted this systematic review
on PDTX of bladder cancer to elucidate the best
methodology to establish and use such models to
study the characteristics and behavior of human
bladder tumors.

Trangiational Reseasch
m20is

METHODS

Search strategy. All potentially relevant anticles were
identified by searches done via PubMed on the Medline
database using the following search terms in title or ab-
stract: transitional cell carcinoma OR transitional cell
carcinomas OR urothelial tumor OR urothelial cancer
OR wrothelial carcinoma OR wrothelial carcinomas
OR bladder tumor OR bladder cancer OR bladder can-
cers OR bladder carcinoma OR bladder carcinomas
AND xenograft OR xenografts OR xenotransplant and
the following MeSH term: animal experimentation.
All relevant articles published up to February 2014
were selected and no limits were introduced for the
search strategy. Furthermore, this electronic search
was compkemented by hand scarching the references
listed in any included study.

Eigibilly cteria. The following criteria had to be met
for a smdy to be included in this review: xenograft
maodel directly established from human bladder cancer
samples into mice, regardless of bladder cancer grade
or stage. References not written in English or those
that were reviews, ediborials, or letters were excluded.
Any sekcked reference for which a full text report was
not available after contact with dedicated libraries or
with the comresponding author was also excluded.

All retrieved references were screened for eligibility
based on titk and ahstract review by 2 of the authors.
All references deemed potentially eligible were
retrieved for full text assessment of eligibility by 2 of
the authors.

Data extrocson. Data exwraction was performed by 2
authors with the use of a predefined data collection
form. The following data were collected from cach
reference: article identification details (title, authors,
and publication date): methodolbogical details (study
design, number and characteristics of mice used, and
number of patients and primary tumor sample character-
istics). tumor take rate (defined as the percentage of
mice with xenograft g rowth divided by the total number
of mice implanted, should more than | fragment be im-
planted per mouse into distinet locations, cach was
considered as independent study units for this end
point); success rake (defined as the number of xenografts
obtained per human tumor sample used): lag period:
number of passages: xenograft histologic and molecular
characteristics: and comparison of xenograft character-
istics with the original human tumor. When analyzing
wmor take rate and success rate, engraftment was
considered successful when a prog ressive tumor growth
in man-o-mouse generation passage reached a tumor
volume of a least 100 mm®. At this point, the
growing tumor can be clearly identified and measured
and the risk of spontancous regression is low.
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Data onalyss. The primary end point chosen for this
review was tumor take rate as it reflects the efficacy of
the method used to establish the xenograft. In this re-
view, only articles with complete information about
the number of mice implanted per tumor sample and
number of fragmentsimplanted per mice in independent
sites were considered to calculate the take rate. An
average tumor take rate was planned to be calculated
from the retrieved dat, if methodolbgical homogencity
in the development of PDTXs was identified.

Secondary end points such as hiswlogic, immunohis-
tochemical, and genetic assessment were considered as
ameasurement of tumor identity preservation. Histolog-
ic evaluation and comparison of tissue architecture and
ccllular appearance between the xenografts and the cor-
responding original tumor were considered, as well as
tumor marker expression, chromosome analysis, and
genetic mutation analysis.

The focus of this review was on methodological var-
iations that could influence the sucoess rate and the pres-
ervation of tumor identity. Therefore, we planned to
implement a qualitative systematic review of the data.
However, additional data such as xenograft response
to treatments were also inspected and if reported were
to be collected.

RESULTS

The systematic review process is represented in Fig 1.
A total of 298 articles were identified through PubMed
scarch, and hand scarching the reference lists of
included studies has increased the sampling basis by 4
references. Of those 302 total references, 251 anticles
were excluded after title and abstract screening and 32
excluded after full text analysis. The resulting I8 ani-
cles were analyzed and information extracied with a
predefined data collection form by 2 authors. Of these,
2 articles were excluded for being separake reports on
the same experiment at different time r:oim.a“"ls and 4
were exclided for not providing data sbout the
methodology used or results.'®'? A total of 12 studies
were included in the final analysis

All selected smdies differed in design and many did
not report details, thus making their systematic interpre-
tation and cvaluation a challkenge. Early studies used
immunocompetent mice subjected to immunosuppres-
sive treatment before tumor xenotransplantation or T-
cells deficient mice. Latker on, highly immunodeficient
mice such as SCID, nonobese diabetic SCID, and Rag
strains became the most commonly used mice for xeno-
graft development. Human tumors were implanied as
fragments or after cells dissociation and xenograft
growth evaluated with caliper measurements. The first
studies on bladder cancer xenografts were mainly
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focused on the evaluation of xenograft phenotype after
growing inmice but later, molecular and genetic analysis
were also used to access xenograft identity.

Engraftment success. The preparation of tumor sam-
ples for implantation was quite similar among all
studies. Immediately afier specimen collection and
before transplantation, the tumors were maintained in
media alone, medium containing penicillin and strepto-
mycinor sierile salt solution. The samples were then cut
into 1-3 mm cubes for subcutancous implantation
through small dorsal incisions or using trocar needle.
In one study, the tumor samples were submitted to me-
chanical and enzymatic dissociation before being sub-
cutancously injected as cellular suspension. The
implantation of mmor fragments and inoculation of tu-
mor cells was performed alone or with matrigel.

The tumor take rate was reported in 6 of 12 studies. It
varied between 11% and 62% after mmor fragment
implantation through small dorsal incision without ma-
trigel and 80% with mawigel. In case of tumor implan-
tation via neadle injection, without matrigel, one study
reponted take rate of 19%.” One study reported a take
rate of 36% after suspended and sorted tumor cells’ im-
plantation with matrigel.*’ Table I presents the mmor
take rate obtained in the included studies considering
tumor sample processing and method of implantation.
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Table I. Tumor take rate after the first implantation in mice
Tumar samplo Matngol Implanition Toko rato Suay
Fragment
Ne necian 19% (1052 Mastthews et o (1982)™
No ncEo 48% (2862 iy ot o (19367
No ncEo 2% Ave etal 200677
Yes NA a0% (121§ Hohe e d (201374
No ncEo 11% (1/9 Benad ¢ 4 (20187
Cdl suspenson )
Yes Inecion 6% (5/14) Cranet o (2009°"

Considering the reported take rate, tumor implanta-
tion through incision or by injection seems to be equally
effective to obtain mmor growth: however, the associa-
tion with matrigel seems © improve the take rate. On
the other hand, enzymatic tumor dissocigtion and
implantation of cellular suspension resulied in a take
rate equivalent to that obtained with tumor fragment
implantation.

Considering the sucoess rate and the characteristicsof
the mmors implanted, higher stage and grade is associ-
ated with higher probability of successful xenograft
establishment. The success rate and take rate of each
study is presented in Table I1, along with the classifica-
tion of the primary tumors.

Preservation of tumor identity. Tumor identity preser-
vation is reported in all studies with, at least, histologic
examination after hematox ylin and eosin staining and
comparison with the original tumor. Nine studies com-
plement basic histologic examination through the use
of immunohistochemistry assessment of specific tumor
markers (5 studies) or genetic analysis (7 studies).

Preservation of tissue architecture and cellular
appearance were reported by all studies after histologic
analysis of the xenografts and comparison with the cor-
responding primary tumors. Exceptions were reported
by Abe et al*’ in which 3 of the 15 xenografts estab-
lished were different from the original tumor. The devel-
opment of squamous features and some change toward a
greater or lesser degree of differentiation were ako re-
ported as minor changes during serial passage.'*'5*
The studies that evaluated the xenografts after several
passages confirmed the histologic stability of the
xenografts in laker passages.'”™** The xenograft
molecular characterization is summarized in Table ITL

Immunohistochemical assessment of xenografts was
reported in 5 studies. The most frequently analyzed
markers were P53 and Ki-67. When analyzed, P53
expression and mutational status were found concordant
between the original tumor and the xenografts.”** On
the otherhand, Ki-67 index was increased in xenografts
comparing with the original mmor, particularly after se-
rial passages in mice.”** These studies found no
statistically significant relationship between success

take rake and malignant characteristics of the original
umor (P53, Ki-67).

Chromosome analysis was performed in 4 studies
along different passages and showed human karyo-
type in all xenografts analyzed'™'**** Xenograft
characterization through mutational analysis, shornt
tndem repeats (STRs) genotyping, and array-
comparative genomic hybridization were performed in
one sudy.” In the 6 xenografts with 2 or more passages
they found 2 complerely identical STR profiks and 4
nearly identical profiles for all STR loci: 4 of 6 had iden-
tical mutations in the TP53, HRAS, BRAF, and
CTNNBI (catenin [cadherin-associated protein), beta
1) genes: and all 6 xenografts had genomic alterations
similar to the original tumor samples.

Metastasis was not found in any of the studies: how-
ever, tumor invasion of the abdominal wall, nerves, and
veins of the mouse was reported by Hay et al®

DISCUSSION

Xenografts of human tumors have been considered a
valuable and essential tool for the smdy of tumor
biology and behavior and to evaluake new anticancer
drugs before the initiation of human clinical trials.*
Patient-derived xenografts (PDX) started to be used as
a complement © the waditional tumor model system
in the preclinical evaluation of new drugs, which were
mainly based on established human cancer cell lines.
The selective pressure undergone during the establish-
ment and propagation of tumor cell lines lead to the
acquisition of new characteristics and to the selection
of subpopulations. Such events contribute to the modest
predictive powerof invitro and in vivo models based on
cell lines. ™ In the case of PDX. fragments of patient tu-
mor samples, with minimal manipulation, are directly
implanted in mice: these xenog rafts had shown to better
retain the cellular structure and molecular markers of
the original tumors.

PDTX models have been established for decades but
only recently began to be consistently characterized and
usad in the evaluation and development of cancer ther-
apies as reviewed ekewhere.”’ PDX models of human
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Table lll. Xenograft molecular characterization
Sty mmunchisiochomsty Gono anclyss Omor

Sutin e 4 (1979F° — — Karyotype

Kownst et o (1982 — — Karyotype

Hay et 9 (1986°° —_ —_ Karyoype

Aussdl etal (19867 CEA, B-HOG, PNA - DNA fow cytametry, karyatype

McCue e o (1998 GAZ1AZI, PONA, HLAA, 12, PR3 — ONA conient

Ave etal 200877 CO20, K-67, LMP-1, HLA-ABC P53 £8V, p53 unctiond assey

Holner et o (201 Ki-87, CO56, synspioghysin

Paketal 2013° Mutgions STRgeaypng, Frgy-cargarsive
gmamic hybridzation

Bengd o 4 20147~ P53, Ki-67,p83, G0, £Tn — sTnWwa

Abbroviations: CEA . cacnocomiyyonic antgon: EBY, Epston 8ar vine: HOG human chaionic gonodatropin: HLA A, major hstocompat bty
compiax, dax |, A HLA-ABC, human maier Ridccomaattilty comgiax, ciaesl, HA A, B ond C P, iatont mameano peoton: PUNA, peolt

orating col nucioar antigon: FNA, Foanut ogoutnin

cancers, such as prostate, non-small cells lung cancer,
breast cancer, melanoma, and head and neck cancer
have been developed and extensively characterized in
terms of histologic, immunophenotypical, and genetic
concordance with the original mmor and responsiveness
to commonly used treatment agents in the clinic.**
These models value are now widely recognized and
their applications expanded.

The heterogeneity of the tumor samples implanted is
regarded as an advantage over the xenograft models
developed with established cancer cell lines as they bet-
ter reflect the com plexity of human tumor composition
and development. However, the heterogencous tumor
samples include varying tumor cell contents, extracel-
lular matrix, immune cells, and necrosis, which can
also contribute to distinct tumor success rates and low
reliability. The use of sorted cell populations or primary
cell cultures can provide a more reproducible source of
tumor matkerial for preclinical model development as
they reduce the heterogeneity of tumor cell population,
but these antificial tumor simplifications can also have
implications on the predictive value of the model
This approach has been used in recent studies in which
models were used for very distinct purposes, ' **!

Considering the studies on PDTX published till date,
all methodological approaches resulied in the establish-
ment of tumor xenografts with preservation of the orig-
inal tumor identity but variable take rae. The time
needed to establish the model and propagate xenografts
to a number suitable for drug testing is the main limita-
tion of the model, along with the success rate and lack of
consistency. The success of the first implantation in
mice is a critical step in the process. To increase the
chances of success when optimizing the number of
mice needed, multiple tumor fragments of 2-5 mm
can be implanted per mice, through small incisions, in
different sites (2-4). The incubation of the mmor sam-
ples with matrigel also seems to increase the take rate.

On the other hand, additional tumor fragmentation
noeded for tumor injection using needle should be
avoided, as itcan cause more damage to the mmor tissue
architecture with no apparentbenefit on the successrate.
The number of mice first implanted with the patient tu-
mor varied depending on the amount of tumor sample
available. Some studies started with one mouse per sam-
ple. other with 5-6or even 9. However, with viable tu-
mor samplke and 2 implantation sitkes, 4 mice should be
enough to obtain successful xenograft growth.

Serial xenograft passage is another essential aspect in
the model development, as it is needed to achieve asuf-
ficient number of g rown tumors suitable for drug testing.
All studies under review were able to successfully pass
the xe fts to other mice, with the exception of Su-
frin et al,”” who stopped the smdy in the first passage.
To evaluate tumor response to chemotherapy, 2 frag-
ments of 2 mm can be implanted per mice in different
sites and evaluated as 2 independent units, with 8-10 tu-
mors per treatment condition. This approach was used to
evaluate chemotherapy response of xenografts in pilot
clinical study involving patients with advanced cancer.”

Large-scale human mmor xenograft programs have
been reviewed and the activity of new agents in these
models evaluated and compared with the activity of
the drug in clinical trials.”™"” The predictive power of
xenografts varied according to the type of tumor, for
example, the model showed good predictive value for
lung and ovarian cancer, but failed to adequately
predict in the case of breast and colon wmors.”’

Although direct bladder cancer xenografts have
shown to preserve tumor histology and molecular signa-
wre of the original tumor, the value of this model in pre-
dicting clinical results remains poorly investigated. No
sudy assessed the clinical predictive power of it
model. However, some studies report the correlation be-
ween engraftment sucoess and clinical prognosis or
pathologic stage and grade of the original tumor.
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Comparison between tumor response in mice and clin-
ical outcome remains to be assessed. Studies involving
a larger number of patients, tumor sensitivity analysis,
and longer patient follow-up may be useful © fully
explore the potential and predictive value of this model.
Another potential method to explore the predictive po-
wer of bladder cancer PDX is the use of genomic
profiling as in the co-expression extrapolation
(COXEN) model. The COXEN algorithm predicts the
effectivencss of chemotherapeutic agents for cancer
cell lines or tumor samples by relating their expression
signatmres to signatures of cell lines with known drug
sensitivity.™ Thus, the application of the COXEN
maodel in bladder cancer xenografts would be of interest
to evaluate the response of these mmors to chemo-
therapy.

Finally, some aspects need to be taken into consider-
ation when using xenografts, the stroma and blood
supply is provided by the host and the tumor is not
growing in the organ of origin. This later aspect may
be associated with the infrequentoccurrence of metasta-
ticdisease in mice. In the case of bladder cancer, none of
the studies analyzed in this review observed metastasis.
On the other hand, it is also important to evaluate if the
tumor clones selected by the process of xenograft estab-
lishment and pro pagation are somchow similar to the tu-
mor cells responsible for tumor recumence and
metastasis in patients with bladder cancer.
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Xenografts in Nude Mice: An Exploratory Model Study
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Abstract. More than 70% of muscle invasive bladder
cancers (MIBC) express the cell-surface antigen sialyl-Tn
(sTn) that promotes motility and invasive potential of tumor
cells. Effective drug testing models to optimize therapy
against these tumors are warranted. Materials and Methods:
Fragments of sTn-positive MIBC were subcutaneously
engrafted into nude mice and expanded until the third
passage. Histology and immunoexpression of tumor markers
(p53, p63, Ki-67, CK20, sTn) were studied in order to
evaluate tumor phenotype maintenance. Results: Tumor take
rate was low in the first passage (1/9) but increased and
became consistent, therefore suitable for drug testing, in the
third passage (13/13). Histology and immunoexpression
patterns were similar between primary tumor and xenografts.
However, p53 and ki-67 levels increased with passages
suggesting a selection of more proliferative clones. STn

Abbreviations: H&E: Hematoxylin and cosin; MIBC: muscle
invasive bladder cancer; sTn: sialyl-Tn; FFPE, formalin-fixed,
pomaffin-embedded.

Correspondence to: Licio Lara Sastos, Experimental Pathology and
Therapeutics Group, Portuguese Institute of Oncology Francisco
Gentil, Rua Dr. Amtdaio Bernardino de Almeida 4200-072, Porto,
Portugal. Tel: 351 225084000, Fax: 351 225084001, e-mail:
llarasantos @ gmail com

Key Words: Human xemografts, urothelial camcer, drug testing,
animal models, sialyl-Tn, glycosylation.

expression, even though decreased, was preserved in
xenografts. Conclusion: We describe the first patient-derived
sTn-positive xenograft model to be used for drug testing and
Identification of prognostic biomarkers.

Bladder cancer is the fourth most common genitourinary
cancer in men and the seventh in women, with an estimated
386,365 new cases and 150,165 deaths yearly (1).
Although only one-third of the newly-diagnosed bladder
carcinomas are advanced at presentation (clinical stage cT2-
Tda), 15-30% of high-grade superficial tumors progress to
muscle-invasive cancers (MIBC), usually within S years (2).
The standard treatment for patieats with MIBC is radical
cystectomy with removal of regional lymph nodes (3).
However, up to 50% of patients will relapse with progression
to metastatic disease associated with poor survival (4). In
order to improve this poor outcome, neoadjuvant
chemotherapy with therapeutic regimeas containing cisplatin,
such as MVAC (methotrexate, vinblastine, doxorubicin and
cisplatin) or GC (gemcitabine and cisplatin) are
recommended (3, 5). Previous studies have shown that
neoadjuvant platinum-based chemotherapeutics were
associated 1o an absolute risk reduction of 8% in S-years
follow-up (6). However, significant variations in the satural
history and response t0 treatment are seen between MIBC
tumors with ideatical histological features, reflecting a
heterogeneity of the constituent tumor cells (7). At the
moment, there are no biomarkers available to predict MIBC
response 10 chemotherapy or assist for the design of optimal
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treatment schemes, which would translate to better outcomes,
reduced toxicity and improved overall survival.

Reflecting the molecular heterogeneity of invasive tumors,
we receatly reported that approximately 70% of MIBCs
express the sialyl-Ta (sTn) carbohydrate antigen, resulting
from a premature stop in proteins glycosylation. The sTa
antigen was observed in highly proliferative tumors and
found to promote cell motility and invasive capability (8).
The increased expression of ST6GalNac-I leads to STa
biosynthesis (9) in several epithelial cancers (e.g. gastric,
pancreatic, colorectal, ovarian and breast cancers) and is
usually associated with poor progeosis (10, 11) Additionally,
the sTn antigen contributes to avoidance of metastatic cell
elimination in the blood stream by preveating immune
recognition (12), modulating the malignant phenotype (13)
and enhancing the metastatic ability of cancer cells (14).
Therefore, efficient therapies against sTa-positive bladder
tumors are warranted; furthermore, and the response of these
particalar tumors phenotypes/clones to  available
chemotherapy agents remains unknown.

The development of non-human models expressing the
sTn antigen has been a particularly challenging eaterprise.
Despite the pan-carcinoma nature of this antigen (10) several
well-established cancer cell lines of different organs either
do not express or lose their ability to present this type of
glycosylation (8, 15), denoting a dependence of the tumor
microenvironment (8). In an attempt 0 overcome this
limitation bio-engineered cell lines expressing the sTa
antigen have been successfully xenografted into mice and
were shown responsible for enhancing the metastatic
capability of cancer cells (13, 15). Recently, the coloa cancer
cell line LSC that naturally expresses the sTh antigen was
also xenografted into nude mice and shown to be inhibited
by anti-sTa monoclonal antibody 3P9 (16). However, to our
knowledge, the direct xenotransplantation of a sTa-positive
bladder tumor into nude mice had not, to this moment, been
attempted.

Xenograft models have been used as a standard model
predicting efficacy and toxicity of cancer chemotherapeutic
agents before entering the clinic due 10 its ease, low cost, and
faster establishment, when compared to the gemetic-
engineered models (17). In opposition to the xemografts
established from cultured cancer cells, where primary cells
adapt and suffer a process of natural selection through
several passages in culture, direct xenotransplantation of
human tumors’ fragments preserves original cell
heterogeneity, tumor phenotype and the malignant potential
of human tumors (18, 19). Patieat-derived xenografts mimic
the heterogeneity of human cancers and have demonstrated
superior correlation of chemosensitivity and specificity data
for individualized therapy (17) with prediction rates of 90%
and 97% for chemoseansitivity and chemoresistance,
respectively (20). Previous studies have used cancer
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xenograft models as a platform for molecular and
histopathology studies and therapeatic development with
good results in terms of success rates, preservation of the
original characteristics of the primary tumor and predictive
value of the model (21-24). Preserving the primary tumor
characteristics is essential to ensure for original glycosylation
patterns, since they are dependent, among other factors, on
the way the tumor microeavironment regulates the
expression of multiple genes within the glycosylation
pathways (25-27). Still, no evidence has been preseated
regarding the preservation of sTh expression patterns of the
original tamor in direct xenografts.

As such, the goal of this study was to establish a direct
human bladder cancer xemograft model in nude mice
conserving the sTn expression of the primary tumor. Such
model is regarded of primary importance to ideatify for
drugs and treatment regimens that would better-serve patients
with sTa-positive MIBC. It may also be used to test for
novel therapies as well as as a platform to identify markers
of tumor response and resistance to drugs.

Materials and Methods

Primary tumor. A fresh tumar specimen was collected at the time of
therupeutic radical cystectomy performed to a 69-year-old man with
muscle-invasive urothelial carcimoma (MIBC) at PO Porto that was
neither submitted to preoperative nadiotherapy nor neoadjuvant
chemotherapy. After surgical excision, tamor tissue was immediately
mpomd © t.he laboratory in RPMI medium with 1%
Part of tumor was cut into pieces of 1-2 mm®

and eagrafted in mice while other was fixed in formalin and
This study was approved by the ethical commitiee of the IPO

Animals. The experiments were carried out in accordance with the
National and European Conveation for the Protection of Animals
used for experimental and other scientific purposes and related
European Directive (2010/63/EU). Nine male nude mice (strain:
N:NIH(s) Il-au/oun), sged 6-7 weeks, obtained from the Animal
Experimental Unit at IPATIMUP, Porto, Portugal, weee

with human primary tumor. After tumar establishment, 3 and 12
nude mice were used for the second and third passage respectively
a3 illustrated in Figure 1. The animals weee maintained under sterile
conditions throughout the cxperiment (temperature 24 22°C, relative
humidity 55 £5% and a 12-h photoperiod) in polycarbonate cages.
They were fed sterilized autoclave rodent foed and water ad libitum.

Xenograft establishment. A sample of the patient tumor were cut
into 1-2 mm’ fragments and individual pieces were implanted
subcutancously through small horizontal incisions in the scapular
regions of anesthetized nude mice. The tumors were excised whea
they reached a size of approximately 1.5 cm?, cut into 1-2 mm?
fragments and transplanted to another group of mice (Pl and P2)
according to the manufacturer’s instructions at the time of
transplantation and tumor removal.
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Figure 1. MIBC tisswe was used 1o establish the xenograft model. After engraftment phase (PO), xenografts were expanded in a cohort of nude mice
as described in Materials and Methods. Pl and P2 represent xemografts of the second and third gencrations, respectively. The red crosses represent
sacrificed mice without tumor growth, the small red balls represents the tumors implanted whereas the bgger ones represents tumor growth.

After transplantation, all mice weee observed for development of a
palpable mass and tumor growth was assessed using a caliper

to determine height (h), width (w) and depth (d) twice a week.
Tumor volume was estimated using the formula:

Tumorvolume-ihow.d

as described clsewhere (28).

Tumor doubling-time (DT) was used for quantification of tumor
growth rate. DT was calculated as the time period (t) when the
tumor volume was twice (v2) the initial volume (v1) during the
exponeatial phase of tumar growth, using the formula:

DT = (12 = t1)in2/In (:—:)
defined by Schwartz (29).

fixed in 10% phosphate buffered formalin, embedded in paraffin,
scrially=sectioned at 3 pm and stained with bematoxylis=cosin
(H&E) for histological examination. Tumors were analyzed in terms
of histological type, degree of differeatistion, nuclear atypia and
extension of invasion whereas mice argans were accessed for tumor
metastasis.

4 & & 7 & 9% 10 1M 12 13 M W WM Y WMWY 2
Weeks sfter tumor transplantation
“-P0 ==Pla =+=Pib ==P2

Figure 2. Tmor growth curve for the first (PO), second Pl (a and b) and
third passage (P2) xenografts. In the first passage the xenograft presented
a lag period of 13.5 weeks before progressive tumor growth was
observable. The time between transplantation and palpable twmor growth
became shorter on subsequent passages, 5 (Pla) and 9 (P1b) weeks in
the second passage and around 6 weeks in the third. Xenografts growth
rate was regular in the three passages. Different lag periods observed for
Pl (Pla and P1b) may be due to different amount of initlating tumor cells
implanted. Lag periods and tuwmor growth rates became move constant in
the third passage. Twmor volume wos plotted on a logarithmic scale.
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Figure 3. Histology and tumor molecular markers (p53, p63, ki-67, ck20) immunocxpression of primary tumor (Pt) and first (PO), second (P1), third
(P2) gencration xemografts (original magnification x200). No major differences are seen in the tumor structure and cancer cells markers expression
between the ariginal tumor and the xenografts. However in the case of p53 and ki-67 expression, an increase was observed in xemografts when
compared with the original tumor, suggesting a more aggressive and proliferative phenotype.

Immunohistochemical analysis. Primary tumor and the tumors
grown in the three passages were tested for molecular markers
expression. Formalin-fixed, paraffin-embedded (FFPE) tumor
sections (3 pm) were tested with primary antibodies against p$3
(clone DO -7; Dako, Glostrup, Denmark; 1: 200), p63 (clome 4A4;
Dako; 1:300), Ki-67 (clome Mib-1; Dako; 1:150), CK20 (clone
K520 .8; Novocastra Laborataries Lad., Newcastle, United Kingdom;
1:150) and sThn (anti-sTa TKH2 manocional antibody (30); 1:5 from
culture supermatant) using polymer-HRP detection method (Power
vision, Duivien, The Netherlands). The sections were initially de-
waxed in xylene and rehydrated in a graded series of alcohols. Heat-
induced epitope retrieval using citrate buffer was carried out

according to amtibody manufacturer’s imstructions. Endogenous
peroxidase activity was inhibited by immersing sections in 0.6%
Hy04 in distilled water for 20 min. Sections were rinsed in PBS-
Tween prior to incubation with bovine serum albumin solution (20
min) to inhibit nom-specific binding. PBS was subsequenty used to
wash sections between stages. Sections were then incubated with
the primary antibodies agasinst p53, p63, Ki-67, CK20 and sTn. The
bound primary antibody was detected by the addition of secondary
antibody conjugated with horseradish peroxidase polymer (Power
Vision poly-HRP-anti M&/RW/R IgG) for 30 min and DAB substrate
for 7 min. Then, the slides were counter-stained with hematoxylin
and mounted. Positive and negative controls were rua
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Figure 4. A) STh immamocxpression in primary tumor and xenografts in first (PO), second (P1) and third gencrations (P2) (original magnification
x200). STh expression was maintained, even though decreased, in the xenografts. B) Western blot for the proteins expressing the sTn antigen in
primary tumor and P2 xenografts. Simdlar protein patterns were observed in both cases; differences in staining intensities are thought to results
from the lower expression of sTh in xenografts. sTne refers to the native protein extracts while sTh- refers to protein extracts after desialylation with
@ neuraminidase, which impairs recognition by anti-sTn monoclonal antibody. The absence of immumoreactivity in the sTn- bands confirms the

specificity of the recognition pattern.

simukancously with tumor specimens. The expression of sTn was
further validated by observing the loss of reactivity with anti-sTa
monoclonal astibody TKH2 after treatment of the tumor with a
neuraminidase from Clostridium perfringens (Sigma-Aldrich), as
previously described by Marcos et al. (11). This treatment was
respoasible by removing the sialic acid from sTn which impaired
antibody recogmition.

The staining patterms were assessed by two independent
observers (ome of them a pathologist) using stamdard light
microscopy. Positive staining was considered whea more than 10%
of tumor cells showed reactivity. Stain intensity and perceatage of
tumor cells stained were recorded to each tumor marker and
classified into categories A (<25%), B (25-50%), C (50-75%), D
(>75%) according to the number of positive tumor cells staimed. The
Wilcoxon sign rank test was applied to disclose differences between

the levels of expression of tumor markers in the primary tumor and
xenografts using Stata 12.1 for Windows (Stata Corp LP, Texas,
USA).

Protein extraction and western blotting. Proteins were extracted
from FFPE tissues using the Qproteome FFPE tissue kit (Qiagen,
Germantown, Maryland, USA). The amount of protein in each
extract was estimated with RC protein assay kit (Bio-Rad
Laboratories, CA, USA). Thirty micrograms of protein were
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monoclonal antibody in culture supernatant, washed with TBS-T for
30 min, and finally incubated for 45 h with goat asti-mouse IgGl
heavy chain horseradish peroxidase conjugate (Abcam; 1:35,000 in
TBS). After washing, the bound antibodies were revealed by
chemiluminescence using the ECL prime Kit (Bio-Rad). Samples
previously desialylated with as previously described by Marcos ef
al. (11) were used as comtrols.

Results

A direct human bladder cancer xemograft model was
established (PO) and expanded (P1) in a cohort of nude mice
until the third passage (P2) as schematized in Figure 1.

The primary tumor used to establish the xenografts was
obtained after radical cystectomy performed to a 69-year-old
man diagnosed with invasive urothelial bladder cancer
(pT3aNOMO). Histological analysis presented a high grade
urothelial carcinoma invading the muscularis propria and
peri-vesical fat (pT3a). Regional lymph nodes and surgical
margins were tumor-free. Preliminary analysis by
immunohistochemistry showed an intense and diffuse sTa-
expression pattern throughout the tumor (>70% positive)
including cells invading the muscle and fat layers. Few cells
in the mumor-adjacent mucosa were also positive whereas
stromal cells were megative. Staining was observed in the
cytoplasm, mainly in the rrans-Golgi region and was
particularly intense in the cell membrane, thus in accordance
with our previous observations (8).

In the first passage (PO) one out of 9 mice showed tumor
growth, which corresponded to a success take rate of 11%.
The percentage of successful engraftment increased in
sequential passages (2/3 in P1 and 12/12 in P2). The lag
period was 4 months for the first passage, and became
shorter in subsequent passages, 5-9 weeks in the second and
around 9 weeks in the third (Figure 2). Of note, despite some
variance in the lag period between xenografis in the third
passage, the tumor growth curves became more similar and
constant among them, suggesting comsisteacy in tumor
growth. Tamor doubling-time was approximately 6 days in
the first gemeration and became longer in subsequent
passages, around 10 and 14 days in the second and third
passage respectively. The mice bearing tumors in the three
passages had no macroscopic evidence of invasion of
adjacent tissues at the time of tumor excision meither
metastasis were found at the time of sacrifice.

The establishment of tumors with high successful take rate
and homogeneous growth, suitable for drug testing studies,
was achieved at the third generation (P2) 8 months after the
xenotransplantation of the primary tumor.

Histological and immunohistochemical analysis of the
primary twumor and xenografis. The morphological
characteristics of xenografs were analyzed and compared to
those of the primary tumor. The histology of the original
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tumor revealed an invasive urothelial bladder carcinoma with
high nuclear-to-cytoplasmic ratio, muclear atypia and
presence of mitotic figures. The resulting xenografts
presented ideatical histological features to those observed in
the primary tumor, particularly in terms of cellular type and
grade of atypia. The perceatage of necrosis was around 10%
in both the primary tumor and xenografts and some
xenografts presented scamous differentiation that ranged
between 10 and 25%.

In addition to the neoplasic cells, the first passage
xenograft also presented a cyst covered by a layer of
epithelial like cells, which also enclosed the tumor. This
vesicle-like sac was composed by an epithelial lining layer
of variable number of cells and dense connective tissue and
represents the heterogeneity of the tumor cells implanted.
This structure was no longer preseat in subsequent passages,
denoting some degree of clonal selection for malignant cells.

The primary tamor and xenografts were further evaluated
by immunohistochemistry in relation to proliferation (Ki-67),
aggressiveness (p53) and differentiation (p63 and CK20)
markers (Figure 3) and the sTn antigen expression (Figure
4), whose overexpression is common in aggressive bladder
cancer (31).

Both the primary and the xenografted tamors (PO, P1 and
P2) were positive for these markers, reinforcing the
homology suggested by histological analysis (Figures 3 and
4). Likewise, the primary tumors and the xenografts shared a
strong and diffuse expression of p63 and CK20 (>75% of the
tumor area), representing similar degrees of differentiation
(Table I and Figure 5). However, significant variations were
observed in the levels of pS3, Ki-67 and sTn between the
primary tumor and xenografts and also between sequential
passages (Figure S5). In general, the percentage of p53-
positive cells was higher in xenografts when compared to the
primary tumor (25-75% and 10-25% respectively). This
tendency was particularly pronounced in the third generation
xenografts. The levels of Ki-67 immunoexpression were also
significantly elevated in PO in comparison to the primary
tumor (50-75% and 25-50% respectively). Some variations
in Ki-67 expression were also observed between xenografts
in different passages (Figure S). The PO presented the highest
proliferative index, in agreement with the lower tumor
doubling time presented by the first generation xenografts
(Figure 2). The expression of Ki-67 decreased in P1 to levels
similar 10 those of the initial tumor but increased again in
P2. Altogether, these data suggest that the xenograft
establishment process may be accompanied by the selection
of a more aggressive and proliferative phenotype
characterized by a significant overexpression of Ki-67 and
P53 (Table I).

The sTa antigen, that was highly expressed in the primary
tmmor (>75% of the area), was also detected in xenografts
(Figure 4A); however its levels decreased with



Table I. Comparison of immumocxpression for tumor markers p53, p63,

Ki-67, CK20 and sTw in primary tumor and third gencration xenografts Expression levels
(P2). 10-25%  25.50%  30.75%  75-100%
ps3
- n 1
A 1 (100%) 1 G%) P2
B 0 4(33%) ped
c 0 6 (50%) 00021 n
D 0 1 6%) e
o6 Pl
A 0 0 P2
B 0 0 K367
[ 0 1 3%) 03173 Pt
D 1(100%) 1 2% =
Ki-67 Fl
A 0 0 2
B 1(100%) 6 (50%) CK20
c 0 6 (30%) 00143 Pt
D 0 0 PO
CKX20 Pl
A 0 0 P2
B 0 0 sTn
c 0 1(%) 03173 Pt
D 1(100%) 11 92%) PO
sTa Pl
A 0 5 (2%) P2
B 0 6 (50%)
g L('m) 'OM) 00020 Figure 5. Immunocxpression of tumor markers p53, p63, Ki-67, CK20

*Wikoxon sign rank. Percentage of expression: A (< 25%), B (25-50%),
C (50-75%), D (>75%).

xenotransplantation and along consecutive passages. Since
the sTn antigen is a post-translational modification common
to several cell-surface glycoproteins, we have also evaluated
whether the protein pattern of expression remained
comserved in the P2 xenografts by western blot (Figure 4B).
Both blots presented a dominant band at approximately 55
kDa and several high-molecular weight bands above 75 kDa
that were no longer observable in control experiments with
desialylated protein extracts. Therefore, even though
decrease in relation to the primary tumor, the expression
pattern of sTn remains conserved in the P2 xenografis

proteins (Table I).
Discussion

We receantly reported that a significant percentage of MIBC
expressed the sTa carbohydrate antigen, a post-translational
modification of cell-surface proteins responsible by
enhancing the motility and invasive capability of bladder
cancer cells (8). Therefore, the goal of the present study was
to establish a direct human bladder cancer xenograft model

and sTh in the primary tumor (Pt) and first (PO), second (P1) and third
(P2) generation xenografts. The expression levels of p63 and CK20
presented by the primary tumor were conserved in the xenografts,
indicating similar levels of differentiation. The expression of p53 was
increased the xemografts in relation to the primary tumor and increased
with passages. The Ki-67 increased in PO but decreased in

sequential
Pl demoting a process of adaptation of the tumor cells to the host
environment. This proliferation indicator then increased in P2,

suggesting the selection of kigh proliferative clones. The sTn antigen

in nude mice conserving sTn expression of the primary
tumor. Such a model is regarded of primary importance to
ideantify drugs and treatment regimens (32) that would better-
serve patients with sTa-positive MIBC.

Herein, we describe the transplantation of freshly-
collected sTa-positive MIBC fragments directly into nude
mice that were then passed to other mice without
compromising the histological and molecular nature of the
original tumor. Tumor take rate and the comsistency in
growth rates following implantation, critical aspects of
xenograft models, have also been evaluated. In our study, one
sample of MIBC was implanted into 9 nude mice with a
success take rate of 1/9 (~11%) that increased in subsequent
passages. Analogous success rates have been described in
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previous studies using similar methods for establishing
bladder cancer xenografts, independent of primary tumor
stage. Namely, Hay er al., that reported a success take rate
of 7/48 (0.15%) after bilateral transplantation of bladder
cancer specimens into S immunocompetent mice previously
subjected to thymectomy and whole-body radiation (33).
Kovnat er al., using the same procedure reported a success
take rate of 8/33 (0.24%) and 2053 (0.38%) (34, 35). More
recently, Abe et al. reported an overall success rate in
xenograft establishment of 62.5% (15/24) using severe
combined immunodeficient mice and ome or two fragments
of 4-5 mm3 per mice (36). In order to increase the tumor
take rate, some aspects may be modulated in future
xenografts, specifically the number and volume of the
fragmeants implanted.

The lag period was 4 months for the first genmeration
xenografts and became shorter on the subsequent passages,
5-9 weeks in the second and around 9 weeks in the third. The
longer lag period observed in the first passage might be
explained by the presence of a low fraction of clonogenic
cells in the fragment implanted and the need to adapt and
grow in a mew environment. The xenografts’ growth rates
were also different between passages, however, they became
similar between xenografts of the same passage in the third
generation (P2), suggesting growth consistency. This aspect
enables comparison of tumor growth between groups and
assessment of wmor response to chemotherapeutic drugs.
These results are in agreement with a previous reports using
similar methods (human bladder cancer specimen nude mice
and subcutaneous implantation) to obtain xenografts from
bladder tumors (36) as well as with other cancer xenograft
models (19, 24, 32, 37).

Histological analyses have demonstrated high similarity
between primary tumor and xemografts in terms of cellular
type and grade of atypia, suggesting that the phenotype of
the primary tumor is preserved during tumor establishment
and expansion in nude mice. This observation was reinforced
by the detection of similar levels of differentiation markers
p16 and CK20. However, variations in the expression of p53
and ki-67 were observed between the primary tumor and the
xenografts and between different passages. A comparison
between primary tumor and third gemeration xenografts has
further highlighted an increased expression of pS3 and Ki-
67, suggesting a teadency 1o select of for the most aggressive
and rapidly-growing cells from a heterogeneous primary
tumor during the engraftment process. In accordance with
these observations, several publications have described that
certain cell populations of the primary tumor can be
amplified by the xenografting process and may represent the
natural tumor evolving process towards a more aggressive
phenotype with higher potential to adapt and metastasize (38,
39). Along with the ability to obtain high take rate and stable
tumor growth, these eveats reinforced the value of third

116

generation xenografts and subsequent passages as a good
model for cancer drug testing.

We also observed that xenografts reproduced the sTa
expression pattern observed in the primary tumor, thereby
creating the first in vivo bladder tumor model expressing this
antigen. The development of non-human models expressing
the sTn antigen has been a particularly challenging
enterprise. Despite the pancarcinoma nature of this antigen
(10), in vivo models that mimic clinical setting of tumors
expressing this antigen are still missing and the direct
xenotransplantation of a sTa-positive human bladder tumor
cells into mude mice had not yet been attempted. In our
model sTn antigen expression decreased in xenografts in
comparison to the primary tumor, a decrease that became
more pronounced in the third generation which also showed
a more prominent proliferative phenotype. Such
observations reinforce our previous findings that, despite
being associated with proliferative phenotypes, cells
expressing the sTa antigens are commonly found in noan-
proliferative invasive areas of the tumor. Nevertheless, the
third generation xemografts conserved significant sTan
expression and presented an sTa-expressing glycoprotein
profile similar to the primary tumor. Studies are ongoing to
determine the nature of these proteins and disclose the
environmental factors that promote sTn expression in
bladder cancer.

Given their capability to recapitulate the histological and
molecular nature of the primary tumor, the sTn-expressing
bladder cancer xenografts show poteatial as a model to
determine the adequate treatment schemes for these tumors,
test new drugs and identify prognostic biomarkers. Similar
xemograft models for other cancers have shown a
“remarkable correlation between drug activity in the model
and clinical outcome™ and have already been transpose into
the clinical practice (24). Altogether we believe that this
approach may also be useful in the comtext of MIBC.
Additional work involving a larger patieat cohort is ongoing
to optimize the model and further explore its potential in
drug testing. Given the pancarcinoma nature of sTn antigen
expression, its association with invasion and metastases,
these findings may conmstitute valuable insights for other
tmors.
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4 Synoptic list of the relevant results
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We aim in this chapter to present in a synthetic way the most relevant results observed in the

several scientific articles that integrate the PhD thesis.

A. Evaluation of the expression and PI3K/Akt/mTOR pathway activation and STn in bladder

cancer.

>

>

STn antigen expression was associated with muscle invasion when compared to NMIBC
(p=0,001) and correlates with decreased CSS (CSS — cancer specific survival is defined as
the period between the tumour removal by surgery and either patient death by cancer
or the last follow-up information; log rank p=0,024);

STn was an independent prognostic marker of worst CSS;

Tn antigen expression in NMBC and MIBC was residual;

PI3K/Akt/mTOR pathway related molecules showed an equal and heterogeneous
distribution between NMIBC and MIBC and could not be associated with stage of
disease and CSS;

PTEN negative phenotype was significantly associated with muscle invasion;

PTEN negative tumours had lower CSS (p=0,015);

Overexpression of pAKT, pmTOR and/or pS6 allowed discriminating STn-positive
advanced stage bladder tumours facing worst CSS (p=0,027);

Overexpression of PI3K/AKT/mTOR pathway proteins in STn+ MIBC was independently
associated with risk of death by cancer: 6-fold higher, p=0,039);

STn is a marker of poor prognosis in bladder cancer. Its combination with
PI3K/AKT/mTOR pathway evaluation has potential to be used in disease stage
stratification;

Several MIBC presented an increased pS6 staining intensity in the invasion front.

To use murine chemically induced urothelial tumours treated with Sirolimus to assess the

impact of mTOR inhibitors on cell protein expression

>
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Mice treated with sirolimus presented decreased number of invasive lesions and

concomitantly decreased expression of pS6 and STn;



>

Mice experiments suggested that mTOR pathway inhibition with sirolimus has

therapeutic potential in MIBC.

To evaluate the regulation of PI3K/Akt/mTOR and activation of the ubiquin- proteosome

pathways in bladder cancer- induced skeletal muscle wasting

>

The histologic evidences of non-muscle-invasive bladder tumours observed in BBN
animals were related to 17% loss of body weight- caquexia;

High serum levels of pro-inflammatory mediators and myostatin and high levels of
urinary MMPs;

Decreased oxidative metabolism in wasted muscle;

Reduced levels of pAKT, mTOR and P70S6K were observed;

It was observed activation of the ubiquitin-proteasome protein degradation pathway

and suppression of PI3K/AKT/mTOR pathway.

Expression of STn in bladder tumours its correlation with tumour proliferation and clinical

outcome
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>

75% of the high-grade bladder tumours, presenting elevated proliferation rates and high
risk of recurrence/progression expressed STn, mainly in non-proliferative areas of the
tumour - in cells invading the basal and muscle layers;

STn was found in tumour-adjacent mucosa but was not expressed by the normal
urothelium;

STn expression correlates with the concomitant increase of cell motility and invasive

capability.

Everolimus (RAD001) combination with Cisplatin as a potential strategy to achieve high

levels of efficacy with lower cytotoxicity

» Treatment with cisplatin statistically significantly (P<0.05) decreased cell proliferation in

cell lines in a dose-dependent manner : cell- cycle arrest in the late S/G2 phase followed

by a higher apoptotic rate;



» Combination of everolimus and cisplatin or gemcitabine decreased the proliferation of
bladder cancer cell lines -statistically significant (P<0.05)in comparison to the
chemotherapy agent alone;

» The NMI cancer cell line was the most sensitive to the action of the combination

everolimus/cisplatin.

Direct bladder cancer xenografts model

> It was stablished tumour xenografts with preservation of the original tumour identity
but variable take rate;

» Advanced stage and high grade tumours were associated with increased take rate;

» Histology and immunoexpression of tumour markers (p53, p63, Ki-67, CK20, STn) were
similar between primary tumours and xenografts;

» p53 and ki-67 levels of expression increased;

» STn expression, even though decreased, was preserved in xenografts - STn-positive

xenograft model.
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5 Final Discussion and Conclusions
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Bladder cancer is the second most common cancer of the urinary tract [Willems and Stein,
2004] and in Portugal according to Roreno was one of the malignant diseases more frequent in

man resulting in 721 deaths [Roreno, 2008 and Ferlay et al, 2010].

Bladder cancer is a heterogeneous disease whether in pathology or in the response to
therapeutics urging to develop new strategies of research and selecting the best treatments

[Kaufman et al, 2009].

NMIBC represents about 75% of the newly diagnosed cases and are characterized by a high
recurrence rate [Holmang et al, 1995]. MIBC represents 20-30% of the cases and treatment
includes cystectomy and cisplatin-based chemotherapy regime. Fifty percent of this patient will
relapse and progress to metastatic disease. For both groups we need to develop new drugs

with higher efficacy and lower cytotoxicity [Bernardo et al, 2014].

The PI3K/AKT/mTOR is an important signaling cascade determinant for cell growth and
proliferation and disruption along this pathway can result in altered cell dynamics and tumour

development.

mTOR pathway alterations have been shown to occur in bladder cancer, such as PIK3CA gene
mutations, elevations of pAKT levels and loss of TSC1 function [Ching and Hansel, 2010]. The
aberrant activation of this pathway has been suggested to contribute to invasion [Wu et al,
2004]. Previous studies also demonstrated that STn overexpression is a key player in a subset of
advanced stage tumours making the STn antigen a potential anti-cancer target [Ferreira et al,

2013].

In the group of scientific articles presented in this thesis we intended to evaluate the expression
of PI3K/AKT/mTOR activation in bladder cancer both in humans and in a chemical induced
murine model. We found that PI3K/AKT/mTOR pathway related molecules show an equal
distribution between NMIBC and MIBC and did not associated with stage of disease. Thus
activation of mTOR pathway proteins did not discriminate the stage of disease or a worse
prognosis reinforcing previous observations [Korkolopoulou et al, 2012; Fahmy et al 2013]. In
contrast we found that PTEN expression was decrease in advanced stage tumours as previously

reported [Saal et al, 2007]. We also observed that PTEN negative MIBC was significantly
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associated with muscle invasion and lower CSS. According with previous observations PTEN
expression exerts a suppressive effect over the PI3K/AKT/mTOR pathway which may account

for poorer outcome [Sun et al, 2011; Calderaro et al, 2014].

STn expression is associated with muscle invasive and correlate with decrease survival as
previously observed in different cancer models such as gastric tumours [Tsuchiya et al, 1995]. In
bladder cancer is expressed mainly in advanced stages cases [Ferreira et al, 2013]. It seems that
STn expression altered cancer cells properties being a key event leading to metastasis also
observed by Lin and colleagues [Lin et al, 2009]. Overexpression of PI3K/AKT/mTOR pathway

biomarkers were associated with worse CSS in STn positive advanced stage tumours.

These results suggest that these aggressive tumours may be good candidate to mTOR inhibitors
therapeutics combining drugs targeting STn expressing cells, although these preliminary results

were obtained from a relatively low number of patients.

Regarding PTEN, we observed that PTEN negative MIBC presented worse CSS in comparison to
PTEN positive lesions. PTEN expression was decreased in advanced stage tumours as previously

reported [Sun et al, 2011; Calderaro et al, 2014].

Using murine chemically induced urothelial tumours we assessed the impact of mTOR inhibitors
on cell protein expression, with sirolimus. Mice treated with sirolimus presented a decrease
number of invasive tumours and concomitantly decreased expression of pS6 and STn, as
supported by Oliveira and colleagues 2009 [Oliveira et al, 2009]. Using this model we reinforce
that sirolimus reduce the frequency of tumours with invasive potential and significantly
decreased the expression of pS6, one of the downstream effectors of the PI3K/AKT/mTOR. The
administration of sirolimus was effective against STn positive cells — we describe for the first
time that chemically-induced bladder tumours express this antigen in contrast with most of the
available bladder cancer cell lines. These observations also demonstrate for the first time an
association between PI3K/AKT/mTOR and STn in invasive tumours (STn antigen is biomarker of
poor prognosis). This also provides the first link between two related events in bladder cancer -
PI3K/AKT/mTOR activation and altered glycosylation. More studies need to be done before

progressing to clinical trials.
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The role of the mTOR inhibitors was also evaluated using bladder cancer cell lines. Regarding
this topic and the combination of everolimus with cisplatin as potential strategy to use in
bladder cancer achieving high levels of efficacy with lower cytotoxicity we published the
following results: treatment with cisplatin statistically decreased cell proliferation in cell lines in
dose dependent manner (p<0.05). Cell cycle arrested in the late S/G2 phase followed by a high
apoptotic rate. Combination therapy was already performed previously in some preclinical
studies namely on advanced solid tumours [Fury et al, 2012]. Combination of everolimus and
cisplatin decreased the proliferation of bladder cancer cell lines in comparison to the
chemotherapy agent alone (p<0,05). The anti-proliferative activity of cisplatin combined with
everolimus could be a useful anticancer treatment for patients with bladder cancer. We also
observed that the NMIBC cell line was the most sensitive to the action of combined

cisplatin/everolimus, thus opening a new line of research in this group of bladder tumours.

To evaluate the correlation between the expression of PI3K/AKT/mTOR pathway activation in
bladder cancer-induced skeletal muscle wasting we found that in rat model BBN induced
urothelial carcinoma there was a 17% of body weight loss - cachexia. These tumours were
equivalent to the NMIBC observed in humans, a well-stablished model of tumours of the
urinary tract [Palmeira et al/, 2009]. It was also observed high serum levels of pro-inflammatory
mediators, myostatin, high levels of urinary MMPs and decreased oxidative metabolism in
wasted muscle supporting a catabolic profile associated with carcinoma-induced muscle
wasting. We found reduce levels of pAKT, mTOR and P70S6K suggesting unbalance between
protein synthesis and degradation as previously suggested [Fanzani et al, 2012]. We observed
activation of the ubiquitin-proteossome protein degradation pathway and suppression of
PI3K/AKT/mTOR pathway. A therapeutic measure that prevents/counteract this imbalance

might limit comorbid disease and consequently enhance patients’ quality of life.

Regarding the expression of STn in bladder carcinomas and its correlation with tumour
proliferation and clinical relevance we found that 75% of the high grade bladder tumours,
expressing STn presented elevated proliferation rates and high risk of recurrence/progression,

as previously observed by Davidson and colleagues [Davidson et al, 2000]. This 75% was found
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mainly in non-proliferative areas of the tumour, in cells invading the basal and muscle layers.

Thus STn was correlated with the depth of invasion and metastization [lkeda et al, 1993].

STn expression seems to correlate with the concomitant increase of cell motility and invasive
capability but despite this observation there is still little information regarding STn expression in
bladder cancer. Furthermore it was not express by the normal urothelium demonstrating the

cancer-specific nature of this antigen.

As referred before more studies need to be done before progressing to clinical trials. Human
tumour xenograft models have been developed for several types of cancer however in the case

of human bladder cancer few studies are available [Bernardo et al, 2015].

We established a xenograft model of bladder cancer suitable for comparison between tumour
response in mice and clinical outcome in human bladder tumours. In the group of scientific
articles that resulted from this work we studied the best methodology to develop a tumour
xenograft model of bladder cancer preserving the original tumour identity. Although previous
studies suggested a correlation between engraftment success and clinical prognosis there is still
few evidence of this association [Bellmunt et al, 2009]. We observed advanced stage and high
grade tumours were associated with increase take rate. Mores studies need to be done before

stablish the model suitable for drugs testing.

Histology and imunoexpression of tumour markers (p53, p63, KI-67, CK20, STn) were similar
between primary tumours and xenograft. However p53 and Ki-67 levels of expression
increased suggesting a tendency for the most aggressive and rapidly growing cells from a
heterogeneous primary tumour during the engraftment process as observed before [Talmadge,
2007]. STn expression even though decreased was preserved in xenografts reinforcing a STn
positive xenograft model. Given the pancarcinoma nature of STn antigen expression, its
association with invasion and metastases, these findings may constitute valuable insights for

other tumours.

The published results included in the present thesis show that the activation of PI3K/AKT/mTOR
pathway is present either in NMIBC and MIBC, suggesting a key role in bladder cancer

carcinogenesis. Moreover chemosensibility was observed in both bladder cancer groups when
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mTOR inhibitors were used. These results suggested that the combination of these molecules
with the established therapeutic drugs may be potential strategy to use in bladder cancer
achieving high levels of efficacy with lower cytotoxicity. To achieve this goal the new
experimental bladder cancer models, namely xenografts models, are very important, allowing
the study of these new molecular targets and evaluate the tumour response to these new drugs

or drug combinations in the field of urologic oncology.

129



6 Future perspectives
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The series of studies presented in this PhD thesis have the purpose to identify more effective
therapeutic targets for bladder cancer due to its recurrence and potential to progress to
invasion, especially the ones with poor prognosis. Alterations in the activation of the
PI13K/Akt/mTOR pathway are key events in bladder cancer development. New studies that allow
a better understanding of the upstream and downstream mTOR pathway regulation should be

performed.

We also addressed the expression of STn, a cancer associated antigen and its possible
association with active PI3K/Akt/mTOR in invasive tumors. Tumours presenting positive pmTOR
and/or pS6 showed a trend towards decrease survival in MIBC STn positive. Such results
suggest that these tumours may be good candidate to mTOR inhibitors therapeutics such as
sirolimus combined therapeutics against STn-expressing cells. These results should be
confirmed with a large series of bladder cancer patients and other mTOR inhibitors may be

assayed.

As a complement to this work we studied patient- derived tumor xenografts and its possible
use to compare tumor response and resistance to drugs, in bladder cancer. We established a
xenograft model that preserved the original tumour identity and could be used for comparison
between tumour response in mice and clinical outcome in human bladder tumours. We also
access the potential of combined Everolimus with Cisplatin in bladder cancer cell lines as a

useful anti-cancer drug therapy.

In the future, using standard animal models, xenografts or cell lines we may access the
importance of the inhibitors of the PI3K/Akt/mTOR pathway and use it for drug testing and
identification of prognostic biomarkers; also further studies regarding PI3K/Akt/mTOR pathway
abnormalities need to be addressed for patient stratification and personalized therapies not

only for bladder but also for other types of cancer.
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