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O carcinoma urotelialrepresenta um dos tiposiais comuns de neoplasias uriag,
apresentando altas taxas de recorrérag@essividde e progressao para doencasoulb-
invasiva. Devido a complexidade dos sistemas biol6gicos, pouco € conhecido sobre os
mecanismos moleculares responsaveis pelos carcinomas urofdligisiltimos anosa
introducdo de novaterramentas de bipformaticapermitiu identificar novas moléculas e
mecanismos implicados na carcinogenese. Neste estudo flEtasduas abordagens com o
objetivo de identificar novos potenciais biomarcadores para tumorediaisde baixo ealto
graws. Inicialmente a partir de dados de sequenciamento de Rfdfam avaliados os niveis
de expressao génica e perfil de splicing do mRNA em amostrastumorais obtidas do
biorrepositério da Faculdade de Medicina da USP (FMUSR)dadosnostraramque 0s
tumoresde baixo ealto gras, comparads com tecido saudavel dbexiga, apresentam
alteracdona expressdo em geneda via do TP53 e de splicing de mRNA de genes
relacionados ciclo cdular, adeséo, migracao e processamento do RD$Aumores de alto
grau, comparadosos de baixo grau, apresentgam aumento d expressaode genes
relacionadosa quimiotaxia GREM1, S100A12, NR4Al, IL6, CCL20, CXCL8, S100A9,
CXCL10, CXCL1%le CCL7) e a funcdes neuronaiEPHB2, CNTNAP2, KCNQ3, TENM2,
RDH12, DPF1, SHISA9, SLC30A3, MM& MSI1). Além disso, foram identificadas,
exclusivamente nos tumores de alto graoficacdes desplicing em fatores de transcricao
(GAS5, RPL10, RPL13A& RPL37A, com potencial impacto na producdo proteibk
segunda abordagerioi realizadoestudo funcionatefrente @ papel das proteinas de ligacao
ao RNA (RBPs) na carcinégese urotelial. Para issa partir de 405 casos de carcinomas
uroteliais obtidos d@he Cancer Genome AtlasTCGA (384 alto e 21 baixo grau), foram
mensurado®s nives de expressdde genes relacionados a 1.5RBPs No total foram
identificadas236 RBPs com potenciatividade oncogénicaostumores de alto grau, sendo

14 NOCT, CELF2, ENDOU, EXO1, EZH2, IFIT2, MOV10L1, MSI, PEG10, PTRF, TERT,

11



TRIM71, WARSe YBX2) associadasa pior progndsto, e selecionadas para estudo
funcional A validacdo dos niveis de expressisas RBPgevebu que 8/14 EXO, EZH2,

NOCT, TERT, MOV10L1, MSI1, WARYBX2 também apresentavaniveis de expressao
aumentadosasamostragumoraisobtidas ddiorrepositério da FMUSFA andlise funcional

em t@s linhagens celulares (UMUC3, T24 e J82) mostrou que o silenciamento de cada gene
codificador s RBPs (total de 14) resultou na diminuica@ groliferacdo e viabilidade
celdar, e no aumento das taxas de apoptdsspecialmente gilenciamento dageneMSI1
(Musashil) mostrou forte impacto na viabilidade, proliferacéo, migragawasaocelulare
apoptosee também naliminuicdo daresisténciecelular aquimio e radioterapg(in vitro).

Além disso, a andlise de sequenciamente thRNAs apOs o silenciamento daMSl3,
evidenciou alteracbema expressdo de genes relacionadosliferenciacdo de células
epiteliais, via Wnt e quimiotaxiad analise por CLIP (Crooslinking Immunopreciptation)

dos alvos damusashil mostiou que estgpreferencialmente a se ligar e gi « 0 e&@ 6 UTR
regides intrénicas d@RNAs relacionados traducao, processamento do RNAsvias Wnt,

TP53, PDGF e CCKR. Em conjuntas duas abordagempermitiram identificarum novo

painel de genes candidatos a biomarcadores e um novo alvo terapBuisash(il) para

tumoresuroteliaisde alto grau.
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2.ABSTRACT
Urothelial carcinoma represents one of the most common types of urinary neoplétbms,

high rates of recurrence, aggressiveness and progression to invasive muscular disease. Due to
the complexity ofthe biological systems, little is known about the molacunechanisms
responsible for urothelial carcinomas. In recent years, the increase of bioinformatics tools has
enabled the identification of new molecules and molecular mechanisms involved in
carcinogenesis. In this study, two approaches were conduateidgaio identify new
potential biomarkers folow and high grades urothelial tumors.Initially, datafrom RNA
sequencinghowedthe levels of gene expression and splicing prdfileurothelial tumors

(low and high grad® and normal bladdetissuesobtaired from thebiorepository of the
University of Sdo Paulo Medical School (FMUSBYazil The gene expressioprofiling
demonstrateanodulated expression in genes related toTtR&3 pathway in bothow and

high grade tumors. In additipthe splicing datsshowed that the preferentially affected genes
were thoseelated to cell cycle, adhesion, migration and RNA procesdihg. hgh-grade
tumorspresentedncreased expressiarsf genes related tachemotaxis GREM1, S100A12,
NR4A1, IL6, CCL20, CXCL8, S100A®XCL10, CXCL1BndCCL7 and neuronal functions
(EPHB2, CNTNAP2, KCNQ3, TENM2, RDH12, DPF1, SHISA9, SLC30A3, AtdESI1).
Furthermore splicing modificationin transcriptioal factors GAS5, RPL10, RPL13And
RPL37A with potential impact oprotein production were also identifiedut, exclusively

in high-grade tumorsin the second approach, a functional study was conducted aiming to
identify the role of RNA binding proteins (RBPs) in urothelial carcinogenesis. For this, the
expressiongene related tol,542 RBPs were measured from 405 cases of urothelial
carcinoma obtained from the TCGA (384 high and 21 low gtadery. A total of 236
RBPs with oncogenic potential were identified in hgyade tumors, being4 (NOCT,
CELF2, ENDOU, EXO1, EH2, IFIT2, MOV10L1, MSI, PEG10, PTRF, TERT, TRIM71,

WARS and YBX2) also related to worse prognosis, dhdrefore selected for the functional

13



study. The RBPs expressionalidation showedthat 8/14 (EXO, EZH2, NOCT, TERT,
MOV10L1, MSI1, WARS and YBX2)were also highy expresed in the tumorssamples
obtained fronFMUSP,Brazil. Functional analysis three cell lines (UMUC3, T24, and J82)
showed that the silencing of eaRBPsencoding gene (total of 14) resulted in decreased cell
proliferation and viabity, and increased rates of apoptosiEhe MSI1 (musashil
knockdowr) demonstrated strong impact onell viability, proliferation, migration, invasion
and apoptosjsand also resulted in decreased resistana® vitro chemoand radiotheraps
Datafrom theRNA sequencing afte¥SI1 knockdownshowedimpacton the expression of
genes related to epithelial cell differentiation, Vpathway and chemotaxi$he nusashil
target analysis By crosslinking immunoprecipitationCLIP) showed thatthis RBP
preferentially mundto the 3'UTR and intronic regions BiRNA related to translation, RNA
processing and Wnt, TP53, PDGF,and CCKR pathwaagken bgether,data from the two
approachesllowed the identification of new panel of candidate biomarkeend a ew

therapeutic targetfusashil) fourothelialhigh-grade tumors.
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Manuscrito 1

Figure 1:Venn diagram of differentially mRA expression and enriched GO terms (Revigo)
analysis .A) Comparison between tumor (Low and High grade) vs. normal bladder.
Overlaps were considered for events in the same dire&jodp-regulated genes in tumor

are related to cell cycle, cell division and mitotic divisi@).Up-regulated genes and the

///////////////////////////

Figure 2:Up-regulated genes in high grade tumor compared with low grade bladder tumor.
Purple symbols represent genes related to cell chemotaxis; orange symbols represent
neuronal genes; diamond symbols repré genes related with poor prognosis for bladder

cancer (PrognoScandatag ¢ € € é 6 € éééeeéééeéééeeééeéeé. ée. 44

Figure 3: Venn diagram of splicing and enriched GO term (Revigo) analys)s.
Comparison between tumors (low and high grades) vs. normal bladder; green is the number
of genes with splicing events; red represents number of splicing events. Overlaps were
considered for events in the same directBnGenes with splicing modificatiom tumors
(low and high grades) compared with normal blad@@rPathways of gees with splicing

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

modi ficationééééeécééeéecéecéeceecééceecéeéececeéeece.

Figure 4. Splicing modification in high grade compared with low grade bladder tuAjors.
Gene ontology pathwa showing the strong association between genes with splicing
modification in high grade tumor and RNA processing and transld@ipRibossomal protein

network with splicing events in high grade

""""""""""""""""""""""

Figure 1S:Up-reguated genes in tumors compared with normal bladder. Green symbols
represents genes related to DNA replication; Purple represent genes related to cell cycle; Grey
represents related to cell cycle, DNA replication, chromosome segregation and cell

divisioné 5 5

Figure 2S: RNAseq read coverage BPL10for a control sample from bladder, low grade
and high grade tumors. Shaded boxes mark introns that are most frequently retained in high

grade tumors. #Exon that encodes a START codon. *Intron retained insapefready

,,,,,,,,,,,,,,,,,,,,,,,
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Manuscrito 2

Figure 1. Study design. Differentially expressed RNA binding protein (RBP) genes i high
grade vs. lowgrade tumors. The RBPs were evaluated regarding desaciation with poor
prognosis. Their functional impact on bladder tumor was assayed by a set of functional

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Figure 2. mRNA levels of 14 RNA binding proteins in bladder tumor samples from Btazil.

Figure 3.Furctional results for the UMUCS3 cell lin@) Proliferation assay showed reduced
proliferation inMSI1 knockdown cells (compared wigiContro). Pictures 1 and 2 represent
siControl (0 and 144 hours), 4 and 5 represésil knockdown (0 and 144h) (p < 0.05;
ANOVA). Yellow represents live cell8 and C) Caspases 3/7 and annexin V, respectively,
showed increased activities after 24 h (p < 0.a@8st). Pictures 3 and 6 represent siControl
and MSll1-knockdown cells; green and red represent caspases 3/7 and annexin V activities,
respectively; orange represents both activities togeferClonogenic assay aftaviSI1
knockdown showed a decrease ofooy formation (compared with siControl; p < 0.05; t
test).E) In vitro scratch assay showed a decrease of cell migration (compared to control after
8 hours; p < 0.05; ANOVA)F) Transwell migration and invasion assaytSI1 knockdown
resulted in a reduceckll migration and invasion compared to control (p <0.6@st). The

dye absorbed by cells was dissolved in 33% acetic acid solution and quantified by absorbance
at 560 nm.G) Photomicrograph of a transwell chamber migration and invasion édlls.

resuts are representative of three independent experiments.............c.ooovvvveiievviiniiiinneennn. 72

Figure 4. Graphs showing the synergistic effect between MSI1 knockdown and chemical and
radiation treatments (Coefficient of drug interaction 9 OUMUC3 MSIE knockdown cells
showed decreased resistance to cisplatin and radiafiprProliferation assay showed
decreased proliferation of UMUC3 MSI1 knockdown cells with the lower dose of cisplatin
(compared to siControl)B) Clonogenic assay showetkcreased colony formation in the
UMUC3 MSI1-knockdown cells treated with 0.5 pM of cisplat@) Proliferation assay after
exposure to Xays. UMUC3 MSI1 knockdown cells showed decreased cell proliferation
after low doses of Xays (1 and 2.5 Gy)D) Clonogenic assay after radiation showed
decreased colony formation in UMUC3 MSHKnockdown cells (dose response effect). *p <
0.05; **p < 0.01; **p < 0.001; ANOVA, Tukeg € ¢ 6 ¢ 6 66 éééééeéeéeé. .. 73
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Figure 6: Main downregulated gene pathways aft8t1 knockdown in UMUC3cels . . 7 5

Figure 7 MSI1 targets enrichment functional analys®) Musashil binding sitesB)
Biological enrichment showed strong association with-eastryonic development, mRNA
processing and protein phosphorylatio) MSI1 targets were associated with RNA
processing, translation, DNA replication and rep@kMSl1targets showed associatiofith
important pathways in carcinogenesis, suchWast, TP53, PDGFand CCKR signaling

pathways and aNQIOgENESIS........uuuuiieeiiiiiii e e e e et e e e e e e e e e e e e e e et e e e e eeata e e e e eesaaeaees 76

Figure 8.Luteolin sensitizes bladder cancer cell UMUCS to cisplatin and radiation. UMUC3
cells were treated with luteolin for 4tburs, then the cells were exposed to cisplatin from 1
1.5mM or radiation (xray) from G5 Gy. Treated cells were harvest aeed for proliferation
assay.A) UMUCS3 cell proliferation after treatment with luteolin were monitored over a
period of 96hours. B) UMUC3 cell proliferation assays after Luteolin and Cisplatin
combined treatmentC) UMUCS cell proliferation after Luteolin and -Kay combined
treatmentD) The graph shows sidey-side differences in proliferation between single and
combined treatment &6 hours. All experiments were done in triplicate. The combination
treatment of luteolin and 5 Gy radiation showed synergistic effect in proliferation, which was
judged by the Combination Index (Cl) (Cl3. Statistical significance was calculated by-on
way ANOVA and MUILIPIE T EESL. .. ..ot 77
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3'UTR 3' untranslated region
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ATCC American Type Culture Collection
BC Bladder Cancer
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DNA Acido Desoxirribonucleico
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LIPG Endothelial lipase
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MOV10L1 RNA helicase Mov10I1

MRNA RNA mensageiro

MSI1 RNADbinding protein Musashi homolog 1
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MYBL2 Myb-related protein B

NFE2 Transcription factor NFE2 45 kDa subunit
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PBS Phosphate buffered saline

PCR2 Polycomb repressive complex2
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Skkipped exon
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Zinc transporter 3
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RNA nuclear pequeno
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Organizacao Mundial dSaude
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6. REVISAO DA LITERATUR A

6.1 ConsideracOes gerais

Atualmente, o cancer é a segunda principal causa de morte no mundo, acometendo
cerca de 8 milhBes de habitantes por ano. O cancer de bexigarcinoma urotelial,
representa a quinta neoplasia mais comum em homens e a décima terceira entre as mulheres,
sendo 12.918 novos casos previstos para 0 ano de 2020 no Brasil (Figura 1A). No mundo, a
neoplasia de bexiga representa a nona mais comum e a décima terceira causa de morte por
cancer, sendo estimados 535.316 novos casos e aproximadamente 205.024 abit@npar
de 2020 (Figura 1 B(1). Além disso, para um futuro préximo, € estimado o dobronalos
casos e mortes causadas por essa neoplasia, fendbmeno explicado pelo aumento da expectativa
de vida da populacao mund{@). Aproximadamente metade dos casos de cancer de bexiga é
causada pelo tabagism@); outros fatores etioldégicos incluem o uso prolongado de
analgésicos do tipo fenacetina, a exposicdo ao antineoplasico ciclof@éaonibnsumo de
alimentos e 4gua contaminada com arségic6).

Os carcinomas de células transicionais (CCTs) de bexiga correspondem a 90% dos
tumores malignos nesse 0rgdo e podem apressmtaomo pequenas papilas ou lesdes
extensivamente invasivas. Os demais tipos de carcinomas sao representados pelos carcinomas
de células escamosas (7%), pelos adenocarcinomas (2%) e pelos sarcomagy(7(<1%)
Histopatologicamente, os carcinomas de células transicionais de bexiga séo classificados pela
extensdo do tumor primario (estadiamem@elo grau de diferenciacéo histolégica, podendo
ser tumor papilar, carcinoma situ (CIS), tumor musculinvasivo, doenca avancada e

doenca metastatig8).
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Figura 1: Estimativa de incidéncia e mortalidade por cancer de bexiga para os proxir
anos, de acordo com levantamento realizado pelo Globoci
(http://globocan.iarc.fr/Pages/burden_sel.aspx ). A) Incidéncia e mortalidade no Bra:
Incidéncia e mortalidade no mundo.

Os CCTs séao superficiais quando atingem, no maximo, a lamina prépria do epitélio
vesical(TA e T1), e profundos, quando invadencaanada muscular superficial e profunda
(T2), tecido perivesical (T3) e tecido adiposo (T4) [Figwadaptado de (9)]. A principal
caracteristica clinica dos tumores vesicais nao invasivos € o seu alto indicercBncex
com indiferenciacdo progressiva e aumento da agressivi®@dépesar da alta taxa de
recorréncia, esses tumores tém baixa taxa de progressao para doencaimiesiuag10%

20%) e uma pequena propor¢cao progride para alto grau. Por outro lado, 20% dos pacientes
tém cancer de bexiga musctlvasivo que se denvolve a partir de lesdes displasicas de
alto grau e carcinomas situ, com comportamento agressivo e altas taxas de progressao e

metastases. A taxa de sobrevida de cinco anos para estes pacientes €/de 50%
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Figura 2:Estadiamento TNMtgmour, nodemetastasis dos tumores de bexig&éncer
Research UK adaptado). A direita, a nova classificacdo dos tumores de bexiga de acordo
com aWHO (Organizacdo Mundial de Saude)StJP (International Society of Urology and
Pathology (10).

Conhecer o estagio da doenca é fundamental pestabelecimento da estratégia de
tratamentopara o cancer de bexiga. Diferentes tipos iddatmentoestdo disponiveis,
incluindo cirurgia, terapia biologica, radioterapia e quimioterapia. Os procedimentos
cirdrgicos periodicos para a resseccao do tumoratoro cancer de bexiga uma doenca
altamente morbida. Os pacientes submetidos a tais procedimentos sdo considerados grupo de
risco para o desenvolvimento neoplaside novoe sdo também mais susceptiveis a
recorréncias, possivelmente devidoinstabilidade genética urotelial(11i 13). Além da
cirurgia, a radioterapia e a quimioterapia sao também utilizadaseptraipo de cancer.

Kotwal et al.(14) observaram que o indice de sobrevivéncia entre 0s pacientes com tumores

BN Y

invasivos subnt&os a radioterapia é equivalente ao daqueles submetidos a cistectomia,
porém com a vantagem da preservacdo do 6rgdo. No caso da quimioterapia, S0 varios 0s
protocolos utilizadgse envolvem combinacdes de drogas como metrotrexato, vinblastina,

doxorrubtina e cisplatina (protocolo conhecido como MVAC) e também a combinacgédo de
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gencitabina e cisplatin®s sinais primérios da acdosdesfarmacos sao alteracfes no DNA

gue podem resultar em bloqueio na progressdao do ciclo celular e ap@tespostas
essenciais para a manutencdo da integridade genética da célula Aorenapiacom BCG
(Bacillus Calmette Guérin) tetambém apresentadesultados promissores como tratamento
adjuvante para pacientes coracosintermediario e alto para tumale bexiga superficial

(15), mostrando reduzir a taxa de recorréncia e o risco de progressado para doen¢a musculo
invasiva(16).

Estudos recentes mogima que 0s carcinomas uroteliais apresentam como
caracteristicas alteracdes genéticas heterogénicas, sem um eventorpaiagn(17,18)
Aproximadamente80% dos tumores uroteliais de baixo grau apresentam mutacdes de ponto
no geneFGFR3 (19), sendo essas,um dos principais eventos genéticos subjacentes a
tumorigénese uroteligR0). Mutacdes no genEGFR3 podem ativar a via RAMPAK e
fosfolipases @ (PL Co), levando ao aumento da sobrevivéncia e proliferacdo de células
uroteliais humanas normais (NHUG®)L). Em alguns casos de carcinoma urotelial ocarre
exacerbacaadessas vias, mesmo sem mutacdes de ponto noF§FR3 (22). Entretanto,
devido a complexidade do mecanismo de regulacéo, os niveis de expreb§&steR8nao00
configuram como bom marcador degndstico para carcinoma urotelial23). No caso dos
tumores de alto grau, estes apresentam uma série de alteracdes genéticas e epigenéticas como,
por exemploa inativagdo dos gendd$53, RBle CDKN2, as quais estdo assocasda pior
prognostico(19-22). Recentemente, o TCGATlfe Cancer Genome Atljaslemonstrou a
presenca de mutacdo no gene53 em 49% dos tumores uroteliais de alto grau, e que
aproximadamente 76% apresentavam inativacdo na funcédo da p53 devido ao aumento da
expresséo do geMdDM2 (antagonista dd P53) (28). Modificagdes na via do retinoblastoma
(RB1) representam outro importante evento nos tumamgasivos de alto grau. A

amplificac@o e superexpressaokERF3, o qual € normalmente reprimido p&81 tém sido

26



associads a perda da funcado dRBlem tumores de alto grau e relaciommdo aumentoal
proliferacéo celular em linhagens uroteliais norn{a® 30) Em onjunto,o0 TP53e 0 RB1
representam importantes vias em tumores de alto grau, atuando na progresséo do ciclo e
sobrevivéncia celulgi31).

6.2. Fatores epigenéticos associados a carcinogenése

Nos ultimos anos, 0s sequenciameson larga escaldo genomarevelaram novos
fatores genéticos e eanéticos associados a carcinogené como por exemplo

modificacbes p@transcricionais resultantes de alteracbes em procedsosplicing

alternativo de RNAMRNASs longos néo codificantes e proteinas de ligagdo ao RNA.

6.2.1Splicing alternativo de RNA mensageirdmRNA)

O processo desplicing possibilita que um mesmo gene codifiquediferentes
proteing com diferentefungdes(32). O splicing inicialmente considerado um mecanismo
de controle de expressao restrét algumas dezenas de genes de mamiferos, atualgnente
visto comofundamental na interface transcricao/traducégulandacerca de 95% dos genes,
e levando anodificacdo da cromatinateansducao de sinéd3). O splicing € executado pelo
spliceossomgcomplexo ribonucleoproteico que reconhece cada logguntdode uma
sequéncia consens(@4) e podeocorrer de duas maneirasplicing constitutivoe splicing
alternativo.O splicing constitutivo consiste na retirada de todosntohse unido de todos os
éxonsque compém o prémRNA. Por outro ladono splicing alternativo ocorre a retirada
dos introns e a ligacdo de diferentes combinacdes de érsnftandcem \érias formas de

MRNA maduro(Figura 3)(35).
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Figura 3: Principais formas de splicing de RNAmM A - splicing constitutivg B - salto de
éxons C - éxons mutuamente exclusivd3;- sitios 5' doadores deplicdng alternativg E -
sitios 3' receptores dmplicing alternativg F - retencéo de intron

MutacBes em sequéncias regulatorias que afetaplicing alternativo sdo causas
comuns de doenca hereditaria humana e cancer. Isoformas especifg@gidg podem
tambémcontribuir pararesisténciaa terapia diagnostico e prognostico de diferentes tipos
tumorais (36). Recentesestudos sugerem que splicing alternativo (SA) aberranté um
mecanismo molecular qumdelevar ao desenvolvimento do cang&6,37) A mutacao no
geneU2AF], importante no processo dplicing foi descrito em adenocarcinoma de pulméao
e leucemia mieldide (LM{38); o SA do gend=GFR2 que esulta na alteracdo das isoformas
lllb para llic, foi associada transformacédo maligna em cancer de prog@@3y eventos de
SA emMLH (mutl homolog Ye membros da via WrtiWinglessint) foramrelacionados @

desenvolvimentoacéancer de col6(40,41)
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6.2.2 RNAs llgos néo codificantes (IncRNA)

Os RNAs longos nédo codificantes (IncRNA)ssuem mais de 200 nucleotideos e
séo classificados de acordo com seu tamanho, funcéo e localizacéo (@2hidaicialmente,
os IncRNA eram considerada®mo produtossecundaris da transcricdo, sem nenhuma
funcdo biolégica. Entretanto, nos ultimos anosntenasde estudos demonstraram que 0s
INcRNA séo capazes deteragr com moléculas de DNA, RNA e com fatores de transcricao,
participando de varios processos bioldgicos, conatilagdo do DNA, modificacdes de
histonas e remodelamento da cromatina, resultando na regulacdo positiva ou negativa d
genes alvog43). Alguns IncRNAspodemtambém atuac o mo fi e si@ miecrgREAS 0
(miRNA), afetandoa expressdo dess moléculas(44), ou como reguladores pés
transcricionais, influenciando o processo sj#icing alternativo de RNAm precursores,
precursores de pequenos RNAs, estabilizadores de RN#&) e, aindg como moléculas
sinalizadoragom especificidade tecidug6) (Fig. 4).

Héa estudosgque mostran a interacao entre INcCRNA e petnas de ligacdo ao RNA,
como opolycomb repressive complex (PRC2)que compeé com proteinas de ligagdo ao
RNA de genes alvos omiRNAs modificando a estrutura do RNAr@7,48) Como
consequénai dessas modificacdes ocorre a desregulacdo de importantes processos celulares
relacionados a carcinogénese, como proliferacdo celular, apoptose, migracdo e invasao
celular(49,50) O aumento da expressao do IncRNA UCAdothelial cancer associatet)),
normalmente expresso em tecidos embriogénicos, tem sido relacionado a génese dos
carcinomas uroteliai€bl). Além dese, a expressao do MALAT Ingetastasis associated lung
cance), inicialmente indicado como biomarcador de metastases de cancer de pulméo de
células pequenas, tem sido também associadastadiamento tumoral e metastase dos
tumores uroteliais(52). Estudos recentes astraram que 0 aumento de express@o d

MALAT1 em culturas de células de carcinoma urotelial resultou no aumento de
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sobrevivéncia celular, proliferacdo, migracdo e promocdo do epitélio mesenquimal de
transicdo por meio da ativacdo da via Wnt, singer que esse IncRNA pode estar
relacionado a motilidade celular, favorecendo a metag&s63) O LINC00092, é outro
IncRNA ja relacionado ao carcinoma urotelial e cuja expressdo aumepiatilanente com
o aumento da ativacdo do regulador central dgicOlise aerdbica (vias

PTEN/PISK/AKT/mTOR),pode contribuir para o metabolismo tumoral e proliferacao celular

(54).
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Figura 4: IncRNAcontibui para alguns hallmarks do cancer (adaptado de Hanagan &
Weinberg, 2011 (55)). Exemplos de IncRNAe seus respectivos alvos moleculares ou
gendmicos relacionados a importantes efeitos na carcinogénese: proliferacao, supressao d
crescimento, motilidade, imortalidade, angiogénesis e viabilidade.

Além de atuar em diversos processos carcinogénicos, alguns IncRNAs foram
descritos como também degeenhando papel importante na resisténcia a quimioterapia. Em
cancer de mama, 0 aumento da expressao do IneARR¥A foi associadaa resisténcia ao

antineoplasico adriamicin®6), enquanto o aumento do INCRNM'B a trastuzumal{57). A
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expressao do IncRNM®DRUL em linhagens d¢@lares de osteosarcoma resultou no aumento
da resisténcia ao tratamento com a doxorrubi¢ba). Particularmente em carcinomas
uroteliais,até o momentdoi descritaapenasa relagdo entre o aumento da expressdo do

INcRNA-UCAL e a resisténcia a cisplatif&®).

6.3 Proteinas de ligacdo ao RNA (RBPs) &ncer

Entre os fatores que podem estar envolvidos no desenvolvimento, recorréncia ou
resisténcia dos tumores de bex#gaterajas conhecids, destacanse aqueles que atuam em
nivel poéstranscricional, como as proteinas de ligagdo ao RRNA( binding proteins,

RBPs). As RBPs desempenham suas funpdesneioda ligacdo ao RNAmM, abrangendo as
regi»es 5bOUTRs, sequ°’ncias de <codifica-«o
podem ser positivas (ativadores) ou negativas (repressores), dependendo da proteina, do
RNAmM ou do contexto biologicd60). As RBPs atuam nos processos sfgicing
poliadenilacéo, estabilidade, degradacéo e transpoR&lds e traduca@rigura § (61,62)

Estudos recentes mostram que a maioria das RBPs tem estruturas modulares e sdo
compostas por multiplas repeticées de apenas alguns dominios quebseaco em arranjos
diferentes para criar superficies versateis de ligacdo ao BB)AEssa arquitetura permite
gue essas proteinase liguem ao RNA com maior especificidade e afinidade do que os
dominios individuais. Além disso, multiplas copias dos dominios de ligacdo ao RNA séo
combinadas a outros dominios enzimaticos ou efetgesnitindo que as RBPs tenham
outras funcdes alénmaguelade reconhecer o alvo, o RNAIf64). Os principais dominios de
ligacdo ao RNA sao classificados eRNArecognition motif (RRM), repeat poteins,

Pumilio repeatPUF), pentatricopeptide repedPPR), hnRNP K homology (KHJomains
zinc-binding domains(ZnF) e doublestranded RNAbinding motifs (dsRBD) (64). A
principio, esses diferentes dominios, com diferentes estruturas e/ou especificidade, como os

dsRBDs e RRMs, poderiam ser combinados para aumentar a afinidade e especificidade de
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ligacdo ao RNA, contribuindo, assim, para a produ@@rdbteinas caracteristicas de cada
tipo ou estado da célula. De fatose®stratégia molecular aumenta as sequéncias de RNA
alvos utilizando limitado repertério de dominios estrutui@ds.

As RBPs vém sendo amplamente estudadas devido suas fun¢gbes na regulacdo da
expressao génica. O envolvimento de algumas RBPs na oncogénese e na progressao tumoral
tem sido observado em diversos tipos de cancer. Em relagdo aos tumores de bexiga, Boman
et al.(65) mostraram que a perda de expressao de RENNADbiInding motif protein Besta
associada a tumores clinicamente mais agressivos, sendo este gene um potencial biomarcador
para estratificagdo do tratamento. Além disso, tem sido sugerido que altos niveis da proteina
IMP3 (insulin-like growth factor rRNAbinding protein 3 em pacientes com cancer de
bexiga podem indicar alto risco de progressao da doenga e, consequentemente, a necessidade

de uma terapia mais intensiva.
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Figura 5. Mecanisms de regulacédo ptranscricional por proteinas de ligacdo ao RNA.
Capping adicdo de uma-ietilguanosina a extremidade 5' do mMRNA nasceagteRBPs se

ligam a capa e promovem a estabilidade do mRRt&:mRNA splicing descreve a excisao
deintrons ndo codificantes de mMRNA nascemégulados por RBPs dentro dpliceossomo
macromolecularClivagem e poliadenilagd na e xt r eenvdoluk a dtlagedem:

| ocal definido e -RNAnetranscrim,nsegdidodela adigae #H0200r e
residuos de adenosinafacilitado por um complexo de RBPSransporte de mRNA:
referese ao transporte de mMRNAs maduros através do complexo de poros nucleares para o
citoplasma,mediado pela associac@la RBP com o transcritd&stabilidade do mRNA:

pode ser modulada por associacdes de transcritos com RBPs especificas, alteracfes na cauda
poli (A) e decapping frequentementeprecedem a répida degradacalraducdo: é
orquestrada por um complexo de RBfgmhecido como polissomeass RBPs também podem
modular a traducdo via degradacdo de exonucleasesequestrode transcritos em
compartimentos citoplasmaticos protetores (McLaughlin g2@L5(66))
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7- OBJETIVOS

Utilizando técnicas genbmicas e ferramentas de bioinformética, o presente estudo teve
como objetivo principal contribuir para o entendimento dos mecanismos molecddares

tumorigénese urotelial.

7.1 Geral
- Avaliar a expressdo de genes BBPs e variagbepOstranscricionais gplicing

alternativo e poliadenilacéo tatnativa) nos respectivosiRNA obtidos debidpsias de
carcinoma de células transcricionais (CCT) de bexdgabaixo e alto graje correlaciona

los ao desenvolvimento tumoral.

7.2 Especificos
- Quantificar os niveis de mMRNA em bidpsias de tumor de bexiga de baixo e alto

graus e de tecido normal,

- identificar as variantes dsplicingde mRNA no transcriptoma de tecido tumoral e
nomal de bexiga.

- avaliar a funcao biolégica das RBPs superexpressas em tumores de alto grau de
bexiga;

- identificar as vias reguladas pela RBPBselecionadaem estudo funcional e

correlaciondas aprogressao tumoral

NOTA DO AUTOR: o delineamento experimental, assim como os resultados do estudo e a
discussédo dos dados estdo apresentados no faleya@nuscritos para publicacéo.
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ABSTRACT

Bladder cancer (BC) is the most common urothelial malignancy, and presents high rates of
recurrence, aggressiveness and progression to invasive muscular disease. Several studies
have reported that differential gene expression and aberrant alternative pgibiAgsare
important molecular mechanisms driving cancer development. However, little is known
about such events in the transition between lamnd highgrade bladder tumors. Therefore,

the aim of this study was to investigate the existence of genomikermathat could
characterize the malignancy of bladder cancer and its high rate recurrence. Using new
generation RNA sequencing, it was analyzed the expression and splicing profiles andbw
high-grade bladder tumors amtbrmal bladder tissues collecteflom a Brazilian cohort.
Initially, data showed differentially expressed genes, especially related to the p53 pathway,
and splicing alterations, preferentially in mRNA from genes associated to cell cycle, adhesion
and migration and RNA processing, in tumg. normal bladder cells. Afterwards, data
demonstrated increased expression of genes refatedll chemotaxifGREM1, S100A12,
NR4A1l, IL6, CCL20, CXCL8, S100A9, CXCL10, CXChhd CCL7), neuronal function
(EPHB2, CNTNAP2, KCNQ3, TENM2, RDH12, DPF1]SAD, SLC30A3, MMEBNndMSIJ),

anda robust set of genes related to poor progn@dd®OE, CXCL9, CYP11A1, PTN, CCL21,
MOV10L1, S100A8, NFE2, KCNG1, LIPG, MSI1, SOR&®2SPHK1)in the highgrade

when compared to lograde tumorModifications of translatim factors, with a potential
impact on protein production were mostly observed in high grade tumors presented. In
conclusion, besides to provide support to the classical mechanism of bladder tumorigenesis,
the results indicated that a set of differentiafjgnes MYBL2, LIPG, SEPT3, CTSV,
MAPKS8IP2, EGR4, TGFA, SLC16A10, KCNGA16¢325D7.1 SOSTDCland TPTEP1)

and splicing modification (GAS5, RPL10, RPL13A and RPL37A) in {ggide tumor can

be considered potential genomic markers for this disease, cdimgbfor the earlier

stratification, detection of tumor recurrence and improvement of the patient survival.
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INTRODUCTION

Bladder cancer is the most common urothelial malignancy, exhibiting high rates of
recurrenceaggressivenessnd progression to invasive muscular carcinoma. In 2018, were
estimated 81,190 new cases and 33,170 deaths attributable to bladder cancernitethe U
States (1) and, according to the World Health Organization (WHO), the number oiscases
anticipatedto almost doublen the near futurg2,3). Urothelial Cell Carcinoma (UCC)
represents 90% of malignancies in tiladder being80% superficial or lev-grade bladder
tumors gtages Tis/carcinoma situ[CIS], Ta, and TiT2a), with low progression rate (10
20%) to aggressive musclavasive disease. The higjtade bladder tumor (stagesiT4),
with aggressive behavior, high progressiatesand metasts, is usually foundin 20% of
the patients(4,5). Due to the lack of diseaspecific symptoms, diagnosis and follayg,
bladder cancer has remained a challenge to the urologic community (6).

Several studies have shown that BC is a genetically heteragedeseases, with no
single pathognomonic molecular event (7,8). Approximately 80% ofgiase bladder
cancer have activating point mutationd=@ FR3(fibroblast growth factor receptdinree}9),
which seems to be the only key genetic event contributriymorigenesi¢l0). However,
due to the complexity of its regulatioRGFR3 status is not a good final prognostic marker
for BC (11). In contrast, numerous genetic and epigenetic alterationdhbameassociated
with worsening prognosis in higdiradebladder cancer (I24). Inactivation ofTP53 RB1,
andCDKN2Aare common in higlgrade tumor and hawesignificantcontribution to adverse
prognosis(15). Together with amplification or overexpressionMidM2 (a p53antagonist),
TP53mutation is common in 49%andp53 functionis inactivatedn 76% of HGBC tumors
(15,16). Modifications in the retinoblastoma (RB1) pathway represent iotpertantevent
in muscle invasive bladder cancer. Taken togethP§3 and RBL play importantroles in

HGBC by regulating cell cycle progression and cell survival (17).
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In recent years, genomic analyses of BC have been carried olhéyCancer
Genome Atlas (TCGA) and the International Cancer Genome Consortium YIGE
published data covers mainlgw-grade vs. higigrade tumor comparisons and focuses on
transcriptomic differences and DNA alterations (18). Our study explores a few different
aspects, including comparisons with normal tissue and changes at splicing level. Splicing
alterationsaffectall hallmarksof cancers and there is increasing evidence connecting splicing
regulators to the signals driving cell transformation (19,20). An important example of altered
splicing in BC concerns the Fibroblast growth factor receptors (FGFRS). A switalrede
splice isoforms FGFRAIb and llic is related to increased invasiveness in bladder cancer by
promoting epitheliamesenchymal transition (21,22). Another example is the transcription
factor (RREB1); higher expression of the isoform RREBdas assoeited withincreased
cell proliferation (23).

Aiming at identifying new contributors of bladder cancer development and
malignancy, we analyzed via RNA sequencing the expression and splicing profiles of a

collection of highgrade, lowgrade andhormalbladder tissues.

MATERIAL AND METHODS
Human subjects

Approval study protocolwas obtainedfrom the S&o Paulo State University
UNESRBrazil (109640/2015).

This study includes tumor (n=20 high grade; n=11 low grade)remohal (n=4)
samplesobtainedfrom the University of Sao PauBiorepository (Sdo Paulb Brazil) and
Amaral Carvalho Hospital (Jau, Sdo Paul®razil). All tumor samples were collected by
transurethral resectioand histopathologically classified by a pathologist (K.R.M.L). The

grading stagewas determinedaccording to the TumelodeMetastasis (TNM) and the
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World Health Organization (WHO) systems (24,25). Samateslistedin Supplementary

TablelS. All samples were obtained from men.

Tissue preparation and RNA isolation
Tissuebiopsies were snafpozen and storedt -80°C. Total RNAwas extracted

using the RNeasy Mini kitE (Qiagen, Hi |l den,
recommendation. RNA integrity warified with the 2100 Bionalyzer (Agilent Genomics),

and onlysamples witm R | N wee used O

Library preparation and sequencing
RNA sequencing libraries were generated using the lllumina Tr88aqded Total

RNA and Ribo-Zero Gold (lllumina, Cambridge, UKhbc cor di ng to t he ma
recommendationPurified cDNA libraries were used for cluster generatmno HiSeq
Cluster Kit v4 (lllumina) and then sequenced using Hidinoughput RNAsequencing
(llumina NextGeneration Sequencing) in lllumina HiSeq2500, using paretl 2x126

cycles. An average of 7.88illion readswere obtainegher sample.

Expression and splicinganalyses

Data Sources
The Human genome (version GRCh37/hg19) and gene annotation (release 19) were

downloaded from UCSC genome Browser (https:/genome.ucsc.edu) and GENCODE (26),

respectively.

Sequencing alignment and gene expression
FASTQ read files from RNA-Seq were aligned to human genome with the Genomic

Shortread Nucleotide Alignment Program (GSNAP) (Wu et al., (27); paramet&4-:B 4 -
N 1 -E 1--input-buffer-size 100000-outputbuffer-size 100000-trim-mismatchscore=0--
trim-indelscore=0).We also provide to the aligner a file with known splice sites, generated

from the transcriptome data (GENCODE, release 19). In order to have only reliable
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alignments, only those reads with mapping quality over 20 (Q>20, selected using samtools
(28)) werekept.

For all samples, the final set of mapped reads were matched to the reference to
the transcriptome (GENCODE) using the HTsegnt (29); Parameters:bam-r pos-a 20

-m union-s reverse). A matrix with all expressed genes and their samples neasatge.

Differential Expression Analysis
We conducted three sets of comparisons: High Grade versus Normal, Low Grade

versus Normal and Low Grade versus High Grade. To identify statically differentially
expressed genes among those groups, we used the DpRaekage (30), available on
software R (http://wwwproject.org/). We defined genes as-regulated those genes
presenting logFC > 2 and adjustedglue adjusted < 0.05. For dowegulated genes: logFC

< -2 and pvalue adjusted < 0.05.

Alternative Splicing Analysis
In order to identify events and alterations in the splicing profile of the studied

groups, the alignments were analyzed using the rMATS package (31). The alternative
splicing events were classified as skipped exon (SE), retained {{Ripralternative 5 'site
(A5SS), or alternative 3' site (A3SS)hose exons with a false discovery rate (FDR) smaller
than 0.05 and dekBSI >0.05 or <0.05 were considered differentially spliced. The
information about the direction of occurrence of fipecific splicing events, detected by the

high frequency of the event in the samples, were also kept.

Functional annotation
Functional annotation analyses (Gene Ontology and KEGG pathways) were

performed using DAVID(32), havingHomo sapiengenes as background. Terms with

BenjaminiHochberg correctegv al ues < 0. 05 were selected

40



terms were summarizedsing REVIGO (33). Pathway interaction was conduced using

Cytoscape (34) and GeneMania (35).

RESULTS

Novel mMRNA expression markers in urothelial carcinoma
We conducted an RNAseq analysis rafrmal bladder, lowgrade and higigrade

tumor samplesaiming to identify expression and splicing alterations in cancer tissue and
prevalent in highgrade tumors.Our samples come from Sao Paulo, Brazil . We decided to
focus on male individuals as the incidence of bladder cancer in Brazil is moderatelp high i
men and lowest in women when compared with world incide(®@s This is the first BC
genomic study with samples just from this region.

To identify genes differentially expressed in tumor vs. normal, our strategy was to
conduct two independent analysesrmal bladder tissue vs. low grade tumor (Table I) and
normal bladder tissue vs. high grade tumor (Table I). We then merged the results to identify a
high confident set. A total of 255 coding genes (178 upregulated and 166 downregulated in
tumors) wereidentified in turmors compared to normal bladder (Figure 1A). The main
biological categories associated with genes upregulated in tumors are cell cycle, cellular
movement, chromossome segragation, DNA replication and Mitosis (Figure 1B). We
performed geneontology and pathway enrichment analyses and compiled the enriched
categories using Revigo (48) (Figure 1 C). We used genes present in these categories to build
a network (Figure 1S). Among the major nodes, we should highlight nuclear division and
DNA replication genes. In terms pathway enrichment, the p53 pathway, cell cycle and PPAR
signaling pathay were identified), in BC nearly half (49%) h&&3 mutation, and the loss

of TP53function was describe on 76% of BC cases (19).
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Table I: DifferentiallymRNA expression analysis

Group Up-Regulated Down-Regulated Total
High gradetumorvs. Normal bladdetissue 329 200 529
Low gradetumorvs Normal bladdetissue 222 534 756
High gradetumorvs. Low grade 108 21 129

By comparing genexpression between higirade vs. lowgrade tumor, we found
129 coding genes differentially expressed in Fggade tumor compared to legrade (125
up and 31 downregulated). Gene ontology enrichment analysisrefyufated genes in high
grade tumors werperformed and revelead a strong association with cell differentiation, cell
development and anatomical structure development (Figure 2A). Network analysis showed
association between upgulated genes with neuronal genes and cell chemotaxis (Figure 2B).
Recently, the new molecular classification of muscle invasive bladder cancer include and
describe the neuronal subgroup like a poorest survival and aggressive phenotype (37). Beside
that, nine CXCL9, CYP11Al1, KCNG1, MSI1, NFE2, PTN, S100A8, SORG&SIPHKL)
genes ugegulated in higlgrade turmos were correlated with poor prognosis of bladder
cancer (Figure 3). We then merged results to marged genes differentially expressed exclusive
in high grade tumor (compared to normal bladder tissue oglage tumor. We found only
36 gene differentially expressed (25 up and 11 downregulated) exclusive in high grade, three
of these genesKCNG1, SLC16Al0and LIPG) were related with poor prognosis (by

Prognoscan data).
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Figure 1: Venn diagram of differentially mRNA expression and enriched GO terms (Revigo)
analysis .A) Comparison between tumor (Low and High grade) vs. normal bladder. Overlaps
were considered for events in the same direc8)rip-regulated genes in tumor are tethto

cell cycle, cell division and mitotic divisiorC) Up-regulated genes and the respective GO
terms.
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Figure 2: Up-regulated genes in high grade tumor compared with low grade bladder tumor.
Purple symbols represent genesated to cell chemotaxis; orange symbols represent
neuronal genes; diamond symbols represent genes related with poor prognosis for bladder
cancer (PrognoScan data)

RNA processing revealed new candidate targets in urothelial carcinoma
The second part a¢his study we performed a map gblicing isoforms related to

bladder tumors and tumor grade. First, we conducted an individual gemglysisto
determine the differentially regulated splicing events (Table 1l). Next, we merged the results
to found the hgh confidence events between tumors (low and-giglde tumors) vs. normal
bladder.We identify a total of 247 events (ES: 215; IR:16; A5SS:11; A3SS:5) in 191 genes
(Figure 3A) differentially splicing between tumors vs. normal bladder tissue, relatedl to c
cycle, actin binding and RNA processifigigure 3 B). Network analysis of these select
genes, showed strong association with cell division {B¥%3 pathway targets) and RNA

processing (Figure 3C).
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Table 1l: Number of splicing events Idadder cancer

Splicing events
Group
SE IR A5SS A3SS TOTAL
High gradetumorvs. Normal bladdetissue 604 53 41 23 721
Low gradetumorvs. Normal bladdetissue 481 33 27 17 558
High gradetumorvs. Low gradg¢umor 226 26 24 20 296

Skipping Exon (SE) Intron Retention (IR)a t e r n aplice site (ASSS8) dternative
3 gplice site (A3SS)

The analysis between higjrade vs. low grade, resulted in a total of 296 events (226
ES, 26 IR, 22 A5SS, 20 A3SS), in 242 genes (Tablestjiched GO terms showed these
genes were related to RNA processing (Figure &pecifically, in high grade, the IncRNA
GAS5 showed retention of introns 8, 9 and 11. Regarding of the ribosomal genes, we
identified intron retention that coding stop codonthe genefkRPL10 (Intron 3), RPL13A
(Intron 2) andRPL37A(Intron 1), being the last related with poor progno$isognoscan
data) for bladder cancer when dowagulated (p<0.0075) (see event example in the
supplementary Figure 3S). Protgirotein interation analysis revealed network of

ribosomal proteins with intron retention in thigh-gradetumor (Figure 4B).
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Figure 3: Venn diagram of splicing and enriched GO term (Revigo) anali¥iS.omparison
between tumors (low and high grades) vs. normal bladder; green is the number of genes with
splicing events; red represents number of splicing events. Overlaps were considered for
events in the same directioB) Genes with splicing modificatiom tumors (low and high
grades) compared with normal bladdgy.Pathways of genes with splicing modification.
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network with splicing events in high grade tumors.

DISCUSSION
In the last decades, a number of genomic studiesdessified new taxonomy of

several cancers (38). However, compared to other neoplasias, bladder cancer had a relative
latecomer. Herein, using mMRNA expression and splicing profiles of &wl highgrade
bladder tumors, we demonstrated an increased expnesfsgenes related to cell chemotaxis,
neuronal function and a robust set of genes related to poor prognosis in the high grade
tumors. In addition, we supported the classical mechanism of bladder tumorigenesis
previously described in literature. In agment with Weinstein et al. (16) and Hussain et al.
(39) our data showed differential expression of genes related to p53 pathway and defense
responsen both lowand highgrade tumors compared to normal bladder tissue.

Interesting findings were obtained @& lowand highgrade tumors were compared.
The upregulation of genes related to cell chemotaxis in thedgngde tumors can indicate

important step for tumor progression and aggressiveness. Chemotaxis is mediated by
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chemokines, chemokines receptors, gtofactors and growth factor receptor (33) and, in
cancer, the pathway can be reprogrammed in favor of tumor cell dissemination (34). In fact
some of these chemokings@L21, CCL7, CCL3, CXCL&8ndCXCL10)were also previously
related to breast, cervicablorectal, prostate cancer and melandgd##46).

Another set of upregulated genes in hgthde tumors was related to neuronal
function MSI1, EPHB2, CNTNAP2, KCNQ3, TENM2, RDH12, DPF1, SHISA9, SLC30A3,
and MME). Some of these genes have been associated to epitheiahchymal transition
phenotype (EMT)(47,48) EMT is a reversible process that involves changes in cell
morphology, differentiation, and motility, facilitating invasion and metas{@@<%0). EMT
alterations have been associated with tggide bladder tumor, since they can lead to
resistance to therapeutic agents and poor outcome (12). Taken together, chemotaxis and EMT
phenotype could have important role to the tissue invasion and increasegtagestaging.

Among the other genes exclusively modulated in the-prgde bladder tumors,
three of them were related with poor prognosisSCNG1, SLC16Al10and LIPG).
Interestingly, the pathway in which the protein (endothelial lipase G) encodetPyis
evolved, was recently associated to increased cell proliferation, tumor initiation and
metastasis in breast cancer (51,52). According to Lo et al.L(%X3 possesses a lipase
dependent function that supports cancer cell proliferation and a-lipdejgndent function
that promotes invasiveness, stemness and basal/ epithebaihchymal transition features of
breast cancer. Therefore, the-nggulation of LIPG might have contribute to increase
expression of genes that induce the EMT phenotype, maleérntyitior more aggressive.

In cancer, the splicing process is commonly disrupted, resulting in both functional
and norfunctional eneproducts (53). Among the mechanism of gene regulation, alternative
RNA splicing has been investigated as potential marl@redncer (54). However, despite

previous studies have described splicing modificatiomimortantgenes relatetb adhesion,
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cellular matrix and actin (16)a comprehensive characterization of these events in bladder
cancer is still notlear The highemumber of events characterizing bladder tumor (compared
to health tissue) denotes that canedevant genes are thought to have functional diversity as

a result of alternative splicing. Surely, cell communication, cell cycle, adhesion and cellular
biogeresis are mechanisms implicated in all steps of carcinogenesis. When we looked for
specific splicing events in low and higjnade tumors, we detected that igwade tumors
presents splicing modification in genes related toaalladhesion.

Four ribosombgenes with increased intron retention were identified specificaly in
high-grade bladder turmors, but without alteration in their respective mRNA. Hehein
intron retentions occurred as stop codon in three ribosomal gBfitslQ RPL13A and
RPL37A, and might result in a truncated protein. The other gBfR,3, presented intron
retention inside an open ready frame with a new domain that could result in loss or novel
function Indeed, previous study has demonstrated thiabn retention can érelated to
tumor suppressor inactivation through protein truncation (55). In the last decade, various
studies have described the presence of ribosomal protein (RP) gene mutations in some
diseases, including cancer (56), with increadésl’ertheless, sudhcrease of RP expression
was not detected in bladder and breast carcinomas.

Other interesting finding of our study was the decre&&85transcripts expression
in high-grade tumorsThis finding could be associated witthe increased intron retention
and, consequentlyto the reduction ofntron processing and snoRNA, and increased cell
proliferation and resistance to apoptosis. GAS5 is aawaling RNA which acts a putative
tumor suppressor and apoptegi®moting INCRNA that host multiple small nuclaoRNAs
(57). The functions of GAS5 IncRNA are not very clear, but it is known that from its intronic
sequences it expressesultiple small noncoding nucleolar RNAs (snoRNAs) that are

involved in the biosynthesis of ribosomal RNA (58). We identified tention of the
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introns 8, 9 and 11, which encode SNORD79 (U79), SNORDS80 (U80) and SNORDS81 (U81)
snoRNAs, respectivelyMourtadaMaarabouni et al(59) have previously reported that
overexpression of U81, U80/U47/U81 and UBAS5transcripts can induce gmh arrest

and apoptosis in several mammalian cell lines, and thatGQA&S5 transcripts were
substantially reduced in human breast cancer, suggesting this gene may be acting as a tumor
suppresso(59). Other studies have showed that increased express®A®%results incell-
cyclearrest or cell apoptosis in several human cancer (lung, bladder, kidney, gastric and renal
cancers)60i 63).

In summary, our study revealed two set of biomarkers candidates for bladder cancer
diagnosis and specifibiomarkers for high grade tumors. The first set consisting of three
MRNA (KCNG1, SLC16Al1andLIPG) and the second set, splicing event&SHS5INCRNA,
and in the mRNA ofRPL3, RPL13A, RPL1@nd RPL37Aribosomal genesare new
biomarkers candidates for ider highgrade tumors. Taken toghether data generated by this
study might offer new directions for bladder cancer diagnosis, earlier detection of tumor

recurrence and treatment, resulting in improved patient survival.
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Figure 1S: Up-regulated genes in tumors compared with normal bladder. Green symbols
represents genes related to DNA replication; Purple represent genes related to cell cycle;

Grey represents related to cell cycle, DNA replication, chromosome segregation and cell
division.
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Figure 2S. RNA-seq read coverage BPL10for a control sample from bladder, low grade

and high grade tumors. Shaded boxes mark introns that are most frequently retained in high
grade tumors. #Exon that encodes a STAR@onN. *Intron retained inside of open ready
frames encodes new STOP codon.
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Table 1S. Demographic and histopathol ogi

Bladder tumors Normal bladder
Parameters tissue
Low grade High grade Control
Number of cases 11 20 4
Age 75 +9 66 +9 66 +2
Tumor stage
Ta 9 1 -
T1 - 5 -
T2 1 9 -
T3 - 2 -

The grading stage was denedmani astiaacsol
Worl d Health Organization (WHO) syster
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ABSTRACT
RNA- binding proteins (RBPs) are emerging as fundamental players in tumor development.

Among the RBPs, musashiM§l1), together with their mRNA targets, form a complex
network that affects multiple molecular pathways, including tumorigenesis. This study aimed
to identify RBPs and investigate their impact on urinary bladder tumor development. In
addition, the effect ofuiteolin as a possible adjuvant therapeutic compound for bladder
cancer was also examined. Initialliwe used the TCGA data bank to investigate the
expression of 1,542 RBPs in 405 bladder cancer cases (384rhdé and 21 lowgrade
tumor). Then, the findigs were validated in 30 tumor samples (20 {ygdde and 11 low
grade) obtained from a Brazilian tumor repository (BTBSP). A total of 236 RBPs genes
with oncogenic potential (upegulated in higlgrade compared to lograde bladder tumors)
were identiied from the TCGA bank, being 1ANQOCT, CELF2, ENDOU, EXO1, EZH2,
IFIT2, MOV10L1, MSI, PEG10, PTRF, TERT, TRIM71, WARSYBX2J associated with a
poor prognosis, and further selected for functional analydes RT-gPCR analysis showed

that 8/14 RBPsEXO, EZH2, NOCT, TERT, MOV10L1, MSI1, WARE YBX2 were also

up regulated in the BTIRISP highgrade tumor samples. The functional analyses using three
high-grade tumor cell lines (UMUC3, T24 and J82) showed that the knockdown of each of
RBPs genes (14) reed in decreased cell proliferation and viability, and in increased
apoptosis ratesThe musashi RNA binding protein M§I1) gene knockdown (KD) showed

the strongest impact on cell viability, proliferation, migration, invasion and apoptosis rates,
and dso in the cell chemoadiotherapy resistanckISI1-KD had also a large impact on gene
expression profiling. Gene regulation, skeletal muscle and epithelial cell differentiation, Wnt
pathway and chemotaxis were among the biological process with the mgh@str of genes
affected by théViSI1-K D . Data also showed the musashil R
and intron regions in MRNA related to translation, RNA processing, DNA replication and
DNA repair. The pathways with greater number of musashil mRiygtawere Wnt, TP53,
PDGF and CCKR. Regarding to luteolinsttong effect was detectea cell proliferation,
confirming its ability to increase cell sentivity to cisplatin and radiation. In conclusion, this
study showedVISI1 as an important key gene bladder carcinogenesis, and highlighted

musashil as a potential therapeutic target.
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1.INTRODUCTION
Bladder tumors are highly prevalent in industrialized countries, with more than

50,000 new cases diagnosed per year in Europe and North Ar(iexiddne urothelial cell
carcinomas (UCCs)epresent about 90% of malignancies in the bladder, and 80% are
supeficial, low-grade and papillary neimvasive tumors. Despite the high rate of recurrence,
UCC has low progression rate (1€20%) for musclanvasive diseases, and small
probability to progress to high grade tumor. Moreover, 20% of the patients presetg-musc
invasive bladder cancer, which develop from hgghde dysplastic lesions and carcinonmas

situ, with aggressive behavior and high progression rate and metastasis. Tyeafive
survival rate for such patients is about 502 The muscular wall impainent in bladder
implies in worse prognosis, requiring aggressive medical intervention, such as radical
cystectomy(3). Several studies have showed numerous genetic and molecular changes in
bladder UCCs, although the mechanisms that lead to a malignaratyerare not fully
understood4). However, it is known that not a single event, but the accumulation of genetic

changes will be determine the clinical behavior of UGYL

Among the factors involved in the development, recurrence or resistance ofrbladde
tumors are those that act at ptsinscriptional level, such as the RNA binding proteins
(RBP9 . The RBPs act by binding to mRNA, cove
and 36UTRs regions and their r eognegatve or y f
(repressive), depending on the protein, mMRNA and the biological context (6). These binding
proteins operate on splicing, polyadenylation, stability, degradation and transport of RNAs
and translation (7,8). The major domains RNA binding arssdiad into: repeat proteins,
pentatricopeptide repeat (PPR), RX&cognition motif (RRM), hnRNP K homology (KH)
domains, zindinding domains (ZnF), pumilio repeats (PUF) and doshiended RNA

binding motifs (dsRBD) (9). These different domains, witifferent structures and/or
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specificity, such as dsRBDs and RRMs, can be combined to increase the affinity and
specificity of RNA, contributing to the protein production according to the type or state of
cell. Actually, this molecular strategy increadas sequences of RNA targets using a limited

repertoire of structural domains (9).

Mutations and alterations in RBPs have been related to tumor initiation and growth
(1Gi 12), and some studies have demonstrated that abnormally expressed RBPs are correlated
with patient prognosig13,14) The overexpression of the RBP Musashi family found in
leukemia, brain, breast and colon cancers, has been linked to evading apoptosiglepithe
mesenchymal transition phenotype and sustained cell proliferék®i9). Similarly, the
pumilio protein family has been related to genomic imbalance, sustained cell proliferation
and tumor suppression in bladder and breast car{@éi23), and the R RPBs with

bladder cancer progressiy).

RNA binding proteins have been described as potential therapeutic targets for cancer
prevention and treatmer(25). Thus, some natal compounds, such as gossygab),
azaphiloned (27) and luteolin(28), hawe been tested, due to their interaction with RBPs
binding sites. Luteolin is one of the most common flavonoid in various plants, including
peppermint, rosemary, thyme, pinophytes and pteridophytas (31). Recently, some studies
described luteolin as a chemand radiosensitizer compound used for improving the
therapeutic activity on drugesistant cellg28i 30). An antitumorigenesis activity of this

flavonoid was observed in coldB1), gastric(32) and prostat€¢33) cancers.

In order to identify novel RBPs gtentially implicated in bladder cancer
development and their mechanisms of action, we conducted transcriptomic analyses followed
by functional screenings. In addition, the effect of luteolin was investigated in a bladder

cancer cell line treated-Kay andcisplatin, a widely used antineoplastic drug.
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2. MATERIAL AND METHODS

2.1 TCGA data analysis
RNA-Seq raw reads from 412 samples of bladder cancer were downloaded from The

Cancer Genome AtlasTCGA (34). Reads were mapped against the human genome (version
hg1l9/GRCh37 UCSC Genome Browse(35). Mapped reads with qual
scale) wee selected using the SAMtool86). Read counts per gene were defined using the
HTSeq(37) and GENCODE version 19(38) as the reference transcriptomes. Differential
expression analysis was performed using DESE&®), comparing high to low-grade

tumors All differentially expressed genes between highd lowgrade tumors (Benjamini

Hochberg correctegv al ue < 0.f03 damdcdhahge20 | 1]) wer e s
containing 1542 human RBPs from Gerstberger gd8).was used as a reference dentify

all differentially expressed RBPs.

2.2 RBPs validation in human bladder cancer tissues

2.2.1 Tumor samples

Approval study protocol was obtained from the Sao Paulo State Univérsity
UNESP, Botucati SP, Brazil (109640/2015) he tumorsamples (n=20 high grade; n=11
low grade) were obtained from the University of Sao Paulo Biorepository (S&oiP&ilp
Brazil) and from the Amaral Carvalho Hospital (JaBP,i Brazil). All tumor samples were
collected by transurethral resection and tdpathologically classified by a medical
pathologist (K.R.M.L). The grading stage was determined according to the -Nwder

Metastasis (TNM) and the World Health Organization (WHO) systems (41,42).

2.2.2 Tissue preparation, RNA isolation and RTgPCR
Tissuebiopsies were snafpozen and storedt -80°C. Total RNA was extracted
using TRI zol reagent (Il'nvitrogen), accordin

transcription of MRNAs was performed using a hagipacity cDNA reverse transcription kit
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(Applied Biosystems) with random priming. For mRNA analysis, quantitative PCR was
carried out using specific Tagman for each RBPs (Applied Biosystems}tiReadPCR was
using t he -VineéPCR SystenR(Applied Biosystems). Data were acquirededy th
ViiA 7 RUO software (Applied Biosystems), and analyzed using th&%nethod with
GAPDH as an endogenous control. Same methodology was used iiorvitre knockdown

guantification.

2.3In vitro functional assays

2.3.1Cell growth, RBPsexpression and transfection

UMUC3, T24 and J82 human urothelial carcinoma cell lines from-gighe
tumors were purchased from the American Type Culture Collection (ATCC; Manassas, VA,
USA) . Cells were cultured in DuwlGadlslamdys mod
NY, USA) or McCoyds 5A medium (Gibco, Grand
10% fetal bovine serum, 1% penicillin and streptomycin (Life Technologies, Carlsbad, CA).
RBPs expression was investigated by-§ACR, as described before. [Selere transfected
with control siRNA or siTarget (Dharmacon) small interfering RNA (siRNA) using

Lipofectamine RNAiIMax reagent (Invitrogen). All experiments were perfomed in triplicate.

2.3.2 Cell proliferation

UMUC3, T24and J82 transfected cellgere grownin 96-well tissue culture plates
(8 x 102 cells/well). The percentage of confluem@s monitoredor 96 hours using a high
definition automated imaging system InquCyte EsserBioSicencg. Datawere

analyzedusing the ANOVA statisticahethodandwere presentedsmeant standard error.
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2.3.3 Cell viability and caspases 3/7 activity assay

Transfected cellsiereseededn a 96wells tissue culture plate (1.5203cells/well
for UMUC3 and T24, and 3 x 1l@ells/well for J82 cell lines). Seventwvo
hoursupontransfectioncell viability and caspases 3/7 activities were measured using
theCellTiter-Glo (Promega, Madison, CA) ar@hspase&lo3/7 assay (Promega),
respectivelyaccor di ng t o t he manufactureros i ns
luminescencavere measuredy the Molecular DeviceSpectraMaXM5 microplate reader.

Datawere analyzedsing the ttest and presented as meastandard error.

2.3.4 Colony brmation assay

UMUCS3 transfected cells were plated ontowell plates (1,000 cells/well). After
10i 14 days incubation, colonies were fixed with 4% formaldehyde and stained with 0.5%
crystal wviolet. The stained cedatidsoluwienrard e xt r ¢

the optical density was measured at 560nm.

2.3.5In vitro scratch assay

UMUCS3 transfectedells were grownin 96-wells tissue culture platesitil 100%
confluence. Afterwards, a 9&in WoundMakerEsserBioSciencg¢ was used to create
reproducible and precise wounds in all-®élls. Migrationwas monitoredising a high
definition automated imageck system IhcuCyte EsserBioSciencé. The software was set
to scan every 2 hours, for two dayPata were measured #swound confluence,

analyzedusing the ANOVA and presented as mean + standard error.

2.3.6 Migration and invasioni Boyden chamber
Cell migration and invasiowere measureldy the Boyden chamber assay using the

BiocatMatrigel Invasion chamber and Control Inserts (Corning Life Sciences). UMUC3
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transfected cells were harvested (trypsin) and counted. For the ineasanthe chamber
was rehydratated with fresh medium for two yours. Then 1@ cells were resuspended
serumf r ee medium. A total of 500 ¢ lwasatldedne di um
the | ower chamber, a nwlere placédnte the uppechames he nd e d
assay mixturewvas incubatecat 37°C and5% CO: atmosphere, for 16 h. The plateas
removed,andthe medium inside the insert was aspirated. The chamber was stained using a
cell stain solution, and washed with deionized water. Afterward, staitisdvere extracted
using 200 eL of extr act i emactaolutionwer@addedoli nal | vy
96-well microtiter plate and the optical density at 560 was measurethy the BioTek
Synergy HT microplate reader (BioTek, Winooski, VT).

2.3.7 Treatment of MSI1 knockdown cells (KD) with cisplatin or ionizing
radiation

UMUCS3 cells were transfectedvith sSiRNA control orsiMSI1 and,48 hours later,
treated withcisplatin (Sigma Aldrich; Cat#C2210000 atdoses ranginffom 1 to 1.5 uM,
or irradiated (X-ray) atdoses ranginfomlto 5Gy (CP-160 Cabinet X
radiatior, FaxitronX-ray Corporation, Tucson, A. After chemical or radiation exposure,
cellswere incubateat 37°C for 2 hours to stabilize. Then, cells were suspended in fresh
medium and plated into 9&ell plate for the proliferation assay, and intoW&ll plate for
colony formation assay, as d@ebed before. Datwere analyzedsing the ANOVA, and
presented as mean * standard error. The coefficient of drug interaction (CDI) was used for
analyzingpossible synergistic effecf the MSI1 knockdown andadiation. According to
CDI values, the interdionswere categorizeds synergism, additive or antagonism. CDI was
calculated as follows: CDI = ARA x B), where: AB = value for the combination/value for
the control; A and B = value for the single agent/value for the control. CDI<1, CDI=1 and

CDI>1 means synergistic, additive and antagonistic, respect{4&iy5).
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2.3.8 RNA sequencin@nd analysis

The libraries used for RNA sequencing were prepared tisengruSegRNA
Library Preparation kit (1l umi na,ructhesn Di eg
and sequenced in a HiS8Q00 machine in the UT Health San Antonio Genomic Facility. All
experimentsvere performedh triplicate.

For data analysis, the Human genome (version GRCh33ylgid gene annotation
(releasel9) were downloaded from the UCSC genome Browser (https:/genome.ucsc.edu)
and GENCODE (38), respectively. FASTQ read files from the RNA sequencing were
aligned to human genome with the Genomic Sheati Nucleotide Alignment Program
(GSNAP) (46), paramegrs:-t 24-B 4 -N 1 -E 1 --input-buffer-size 100000-outputbuffer-
size 100000-trim-mismatchscore=0--trim-indetscore=(. We also provided to the aligner
a file with known splice sites, generated from the transcriptome data (GENCODE, release
19). Inorder to have only reliable alignments, only those reads with mapping quality over 20
(Q>20, selected using the SAMtools) (47) were kept. For all samples, the final set of mapped
reads were matched to the reference to the transcriptome (GENCODE) usiAgsthe
count (37); parameters:bam-r pos-a 20-m union-s reverse). A matrix with all expressed

genes and their samples was generated.

The DEseq2 package was used to determine differentially expressed gene between
MSI1KD-UMUCS3 cells vs.control UMUC3cells (39). Upregulated genes were defined as
those presenting logFC > 1 and/plue adjusted < 0.05; dowrgulated genes as logFGk

and pvalue adjusted < 0.05.

2.3.9 Crooslinking immunopreciptation (iCLIP)
For the iCLIP experiments, UVMIC3 cells were grown in 16m Petri dishes, washed

with cold PBS and UV irradiated infBL PBS (onice) at 150 mJ/crhand 254nm. Cells
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were scraped, transferred to microtubes spdn attop speed for 10 seconds at 4°C. The
irradiated cells were treatedittv low (1:1000) and high concentrations (1:50) of RNase |
(48), and the crosinked endogenous MSIRNA complexes were immunoprecipitated
using antiMSI1 antibodies and réalabeledwith T4 polynucleotide kinase. Normal rabbit
lgG was useds negative control. Immunoprecipitated MRINA complexes were separated
using SD$PAGE and transferred onto nitrocellulose membranes. The autoradiogram of the
equivalent gel showed the radiolabetammplexes Samplesvere sequenceith the Illumina

HisecB000.

2.3.10 Functional annotation

Functional annotation analyses (Gene Ontology and KEGG pathways) were
performed using the DAVID (49), and the Homo sapgeies as background. Terms with
BenjaminiHochberg correcteg-values< 0.05 were determined asreed. Redundant GO
terms were summarized using REVIGO (50). Networks of GO terms were built using the

Cytoscape (51).

2.4 Cell reatment with luteolin and cisplatin or ionizing radiation

UMUCS3 cells were plated into 35mm dishes and,h@drs later, treated with
luteolin (SigmaAldrich; Cat# L9283) After 48hours, cells were exposed to cisplatin (1 and
1.5 M) for 24 hours or irradiated at doses of 1, 2.5 and 5 Gyl(@PCabinet Xradiata;
Faxitron Xray Corporation)Afterwards, cells were suspended in fresh medium and plated

into 96-well plate for proliferation assay, as described before.

3. RESULTS

Several RBPs were aberrantly expressed in high grade bladder tumors
To identify RBPs potentially involved in high grade tumor development, the

expression profiles of all 1,542 human catalogued RBP coding genes were ex@fined
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Raw RNA sequencing (RN&eq) data for 412 bladder cancer samples from TCGA database
were obtaned. This approach allowed the identification of 236 upregulated and 193
downregulated RBPs genes in high grade compared to low grade tumors (Supplementary file
1). Then, we focused on the-vgpgulated RBPs, because they tend to be more attractive in the
therapeutic context%b?2). A survival analysis by PrognoScan data base was cond{(&3%d

and 14/236 upregulated RBPs showed association with reduced patient survival (p < 0.05;
log-rank test) (Fig. 1) (Table I). Next, the expression of these 14 RBP gesdasvestigated

in tumor samples, and the RJPCR analysis showed 7/14 RBPs also overexpressed i high

grade compared to legrade tumor (Fig. 2).
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Table I:RNA binding proteinsRBPs)up-regulated in High grad&imors and related to poor prognosis

Gene Gene Full name Function Reference
Symbol ID
NOCT 25819 | Nocturin This gene are related to complex controls as mRNA metabolism through of mRNA elor (54i57)
(deadenylation), degradation of mRNA, activation and repression of mRNA initiation, the gene can
effects antiproliferative by cell cycle arrest via p2lepengénd and p53ndependent pathway and
important relation in carcinogenesis
CELF2 10659 | Elawlike family member 2 The gene have been demonstrated play a role in regulating alternative splicing, mRNA editing (581 60)
ENDOU* | 8909 Endonuclease, poly(U P11 were demonstrated be detected in ovarian malignant cells but not in normal ovaries, sugge| (61 63)
specific protein can be a marker for early diagnosis, and also participates in the biosynthesis of small nucleol
involvedin ribosome biogenesis
EXO1* 9156 Exonuclease 1 Encodes a protein with 5' to 3' exonuclease activity as well as an RNase H activity, also interq (64i 66)
components of mismatch repair
EZH2* 2146 Enhancer of zeste | This gene is involved famechanism of methylation of Lys 9 and, more highly, Lys 27 of histone H3 an{ (671 71)
polycomb repressiv 26 on histone H1. Although the gene is overexpression in various type of cancer, the oncogenic mecl
complex 2 subunit this gene is unknown.
interferoninduced protein Play a significant role in the mediation of cellular apoptosis in response to viral infection or IFN signali (72)
IEIT? 3433 with tetratricopeptide
repeats 2
54456 | Movl0 RISC comple| Is a predicted RNA helicase that is essential for primary piRNA biogenesis. However, there is no infg (73)
MOV10L1* RNA helicase like 1 in the literature about the mechanism and expression this gene in other tissues.
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Musashi RNA bindin¢ MSI seems to betr®ngly associated with tumor progression in human somatic tumors as endometrial | (74, 75, 76, 7)
MSI1* 4440 protein 1 esophageal adenocarcinoma and gastric cancer. MSI also can module gene involved in cell proliferd
differentiation, cell cycle and apoptosis.
PEG10 23089 | Paternally expressed 10 | PEG10 was demonstrated promoted proliferation, migration and invasion in human lung cancer cell| (78, 79)
can be regarded as a potential prognostic marker for this cancer. Related to the carcinpgegesssjon
and prognosis of gallbladder adenocarcinoma.
polymerase I anq Involved in a variety process including cell repair and senescence, beside glucose metabolism and i (80,81,82)
PTRE 284119 transcript release factor | of lipid. Also are related with transcription termination by RNA polymerase I. i) Extension of
transcription complex is paused; ii) Then release ofrRiA and RNA polymerase | from the paus
transcription complex occurs.
TERT* 7015 | Telomerase revers| Overexpression of TERT have been associated with metastasis, invasion and cell proliferation. (83)
transcriptase
TRIM71 131405| Tripartite motif containing| TRIM71, A regulator of stem and progenitor cell proliferation and differentiation, can too silence mRI (84i 87)
71, E3 ubiquitin proteir and drive protein ubiquitylation.
ligase
WARS* 7453 | TryptophanytRNA WARS, are involved in regulation of RNA transcription @rmhslation, angiogenic signaling pathways 4 (88)
synthetase protein synthesis.
YBX2* 51087 | Y-box binding protein 2 | YBX2 have been related with DNA repair , DNA replication and RNA splicing. (89,90,91)

*also differentially expresseth highi grade tumors in saples from Brazil.
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Bladder cancer cases
TCGA

Differentially expressed RBPs

Survival Analysis
(PrognoScan)

Viability Proliferation Apoptosis

MTS Incucyte Caspases 3/7
Annexin V

Figure 1. Study design. Differentially expressed RNA binding protein (RBP) genes i high
grade vs. lowgrade tumors. The RBPs were evaluated regarding their association with poor
prognosis. Theirffunctional impact on bladder tumor was assayed by a set of functional
assays.

RBPs impacted on cancer relevant process
The 14 selected RBPs were also investigated in a functional screening. Transient

knockdowns of each RBPs were obtained in J82, UMUC3T&ddcell lines using specific
siRNAs (median knockdown efficiency ~75%), and their impact on cell proliferation
(Incucyte), viability (MTS assay), and apoptosis (casf¥seand annexin V assays,
Incucyte) were evaluated. Results of these four assaysrareayized in Tabld.

Table II: Summary oin vitro assays results

Gene Proliferation Viability (MTS) Annexin V Caspases-3/7
T24 UMUC3 J82 |T24 UMUC3 J82 |T24 UMUC3 J82 [T24 UMUC3 J82
CELF2 * - * - - - - o - - - -
ENDOU *kk - * - - - - *kk - - *%k -
EZH?2 *kk - - - *kk - *kk Fkk - * FkKk -
EXO1 - - * ke - - - ok - * %k - - -
IFIT2 > - - - - - - - - - e -
MOV1 0L.1 Jedede - dek - - - - dede ke * % - dek -
MSI1 *kk *kk * %k *% J Kk *kk *kk Jkk *kk Jdkk * *kk
NOCT *kk - *kk - - - - - - - * -
PEG1O *kk - *%k - * k% - *k - - - * -
PTRF - - *k - - - *kk - - *kk - -
TERT ek - *kk *kk % gk *kk - sk - - - -
TR|M71 ddkk - *k - *dkek *k - dekk * - *kk -
YBXZ - - *k _ d*k * * - - - * -
WARS - ) - } - _ - } ) ) * e

*p<0.05; **p<0.01; ***p<0.001
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Figure 2. mRNA levels of 14 RNA binding proteins in bladder tumor samples from Brazil
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MSI1 oncogenic properties in highgrade bladder tumors
The MSI-knockdown (KD) exhibited exciting results in the functional screening: it

caused a decreaseadgll proliferation (Fig. 3A), and increases of caspases 3/7 (Fig. 3B) and
annexin V (Fig. 3C) activities in UMUC3 and T24 cells. In addition, decreased colony
growth (Fig. 3D), migration (Fig. 3E, 3G) and invasion (Fig. 3F) were also observed in
UMUCS3 cels.

To determine the relationship betwe8f11 expression and chemo/radiotherapy
resistance, we combin@dSI1-KD and treatment with cisplatin orray. MSI1-KD resulted
in a decreased cell resistarioeboth types of treatments. Knockdown cells showed a strong

decrease of cell proliferation and colony formation after treatment with cisplatin (Fig. 4 A, B)

and xray (Fig. 4 C, D
S/

-
o
]

ontrol

siMSI1
D) = "
g —— £
i e (/ /
g 0.5
3 .
< oo . I ' - I
siControl Msi1 Knockdown
0 2 & H;:m” 120 14 E) :\;60 — siControl
Y -+ MSI 1 Knockdown
£ 401
E .
“‘ ‘,é 20-
Ea %
e t— s
¢ i 0 % § 1216 20 24 28 32 3 40
_!m Hours
| %‘ Migration assay Invasion assay
Figure 3. Functional results for the UMUCS cell linA) Proliferation assay§* ' HE =
showed reduced proliferation iMSI1 knockdown cells (compared wit$ B i
siContro). Pictures 1 and 2 represent siControl (0 and 144 hours), 4 i e p— HeR (—
representMSI1 knockdown (0 and 144h) (p < 0.05; ANOVA). vells ._:,‘°2;‘.i_f,{v i
. . . : (o LA
represents live cell8 and C) Caspases 3/7 and annexin V, respectivi £ii.2%

showed increased activities after 24 h (p < 0.6&st). Pictures 3 and ' :
represent siControl antMSll-knockdown cells; green and red repres
caspases 3/7 and annexin V activities, respectively; orange represent
activities togetherD) Clonogenic assay aftaviSI1 knockdown showed ¢
decrease of dony formation (compared with siControl; p < 0.08est).

E) In vitro scratch assay showed a decrease of cell migration (compared to control after 8 hours; p < 0.05; A
F) Transwell migration and invasion assaiSI1 knockdown resulted in a redeat cell migration and invasio
compared to control (p <0.05itast). The dye absorbed by cells was dissolved in 33% acef® acid solutic

guantified by absorbance at 560 n@). Photomicrograph of a transwell chamber migration and invasion Adllls
results are representative of three independent experiments.
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Figure 4. Graphs showing the synergistic effect between MSI1 knockdown and chemical and
radiation treatments (Coefficient of drug interaction < 0.9). UMUC3 Mksihbckdown cells
showed decreased resistance to cisplatin and radiadiprProliferation assay showed
decreased proliferation of UMUC3 MSI1 knockdown cells with the lower dose of cisplatin
(compared to siControl)B) Clonogenic assay showed decreased colony formation in the
UMUC3 MSI1-knockdown cells treated with 0.5 puM of cisplat@®) Proliferation assagfter
exposure to Xays. UMUC3 MSI1 knockdown cells showed decreased cell proliferation
after low doses of Xays (1 and 2.5 Gy)D) Clonogenic assay after radiation showed
decreased colony formation in UMUC3 MSHKnockdown cells (dose response effetp) <

0.05; **p < 0.01; **p < 0.001; ANOVA, Tukey.

MSI1 knockdown affected gene expression
To determine the contribution MSl1to bladder cancer development, UMUCS3 cells

were knockdown and RNAeq analysis was carried out. Then, we mapped changes in the
transcriptomic profiling and compared to that of the control UMUCS cells. A total of 1,090
differentially expressed (193 upregtdd and 897 downregulated) genes (lmi@

change> |1|p-value< 0.05) was found (Supplementary file 2). Among the upregulated genes,
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we observed strong enrichment for biological process related to negative regulation of

transcription from RNA polymerasll, G1/S transition of mitotic cell cycle, skeletal muscle

cell differentiation (Fig. 5). The downregulated genes showed strong association with Wnt

pathway, cell differentiation, embryo development and locomotion (Fig. 6). Moreover, we

found nine downrgulated

INcRNAs (SBFASL1,

CTD-213N18.2,

JHDM1PAS],

LINCO01152, CTD2339F6.1, RP&85G19.5, AC074286.1, RP#4R8J1.5 and RP11

977B10.2) afterMSI1 k n o ¢ k,dah wfnthem usually related to poor prognosis when

upregulated in bladder cancer (Table III).

Table Ill: Differentially expressed IncRNAs in MSI1 knockdown (KD) cells related to poor prognosis for bladde

cancer.
ENSBL GENE ID P-value Bladder Tumors MSI 1 KD Cells Others tumors

ENSG00000246273 SBF2-AS1 0.05 Up Down CESC*, LUAD**
ENSG00000267221 CTD-2132N18.2 0.04 Up Down OV*
ENSG00000260231 JHDMI1D-ASI 0.04 Up Down
ENSG00000256124 LINCO1152 0.04 Up Down
ENSG00000254139 CTD-2339F6.1 0.04 Up Down
ENSG00000250917 RP4-785G19.5 0.01 Up Down HNSC*, LUAD*,
ENSG00000213963 AC019080.1 0.01 Up Down LUSC**
ENSG00000272142 RP11-428]1.5 0.009 Up Down LGG*, LIHC*, UCEC**
ENSG00000258101 RP11-977B10.2 0.006 Up Down LGG*

CESC: cervical squamous cell carcinoma and endo

ovariamysemadesnocarci noma; HNSC: head and neck s

carci noma,; LGG: | ow grade gl i oma; LI HC: | ow hep

car ci norneag,u l*autpe-d pgtif atdt edn
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CDC25A cCell cycle regulation  PLKZ2 5o o5 1 RNA metabolic \aRS2

process
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SMAD?7 CXCL2
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S100A3 ID2 ANKRD1 CSF2
CCNE2 CXCL1 NR4A1
APOE oy SEMA7A CCNKR Pathway
differentiation CXCL8 NFKBIA
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FOS

Figure 5: Main upregulated gene pathways a#t&t1knockdown in UMUC3 cells.
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Figure 6: Main downregulated gene pathways aft8f1 knockdown in UMUCS3 cells.
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Musasht1 targets were strongly associated with translation genes

To determine the mmsashil targets in UMUC3 cells, we carried out the iCLIP

analysis. A total of 363 targets were identified (Supplementary file 3). Among them, 44% had

the mMRNA intronic region as the binding

(Chs) , 2% the 56UTR and 4% mi RNA and |

showed a strong relationship between these targets andmbsyonic development, positive

regulation of transcription and protein phosphorylation (Fig. 7B). Furthermore ak@ifer

sit

nc RNA

these targets were related to RNA processing, translation, DNA replication and repair (Fig.

7C). The pathway enrichment showed tmaisashil binding in targets related Wnt TP53,

PDGF and CCRKR pathways and angiogenesis (Fig. 7D). Twemtyg of the musashil
target genes were also differentially expressed aftaviid knockdown.

regulation of regulation of microvillus C)
dephosphorylation assembly

A)  MSI1 BINDING SITES B)

glycosaminoglycan

establishment of protein biosynthesis

localization to Golgi

naling pathway  cellular response to prgtein K48-linked mitophagy
. cytokine stimulus .~ ypiquitination

vesicle-mediated regulation of G1/S

transport regulation of glucose transition of mitotic
metabullsm cell cycle
post-embryonic mRNA pro(essmg
development

negative regulation of DNA
damage response, signal -
transduction by p53 class protein positive regulguon of regulation of RNA
mediator phosphorylatlon transcription, stability

DNA-templated
. clathrin-dependent .
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generation of precursor regulation of mitochondrial
metabolites and energy X
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membrane potential

Colgi Dir anization activation of GTPase activity
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Figure 7. MSI1 targets enrichment functional analys#s. Musashil binding siteB) Biological
enrichment showed strong association with qgmabryonic @velopment, mRNA processing ar
protein phosphorylatiorC) MSI1 targets were associated with RNA processing, translation, [
replication and repair.D) MSI1 targets showed association with important pathways
carcinogenesis, such @it, TP53, PDGRNdCCKRsignaling pathways and angiogenesis.
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Luteolin inhibited cell proliferation and increased sensitivity to cisplatin and

radiation

Herein, we also investigated whether the treatment with luteolin could produce

similar impact than thSI1-KD in UMUC3 cells. Firstly, we evaluated tisolated effect of

lutein in UMUCS3 cells. Data showed that luteolin was able to inhibit cell proliterait the

four concentrations tested (range of3®nM) (Fig. 8A). Then, we checked the impact of

lutein in cells treated with cisplatin (1 and 1.5 uM) or radiation (range-®fGly). Data

demonstrated that luteolin increased cell sensitivity to cispéatd radiation, similarly to the

effect previously observed with tidSI1-KD (Fig. 8B and C; Supplementary Fig. 3B). In

addition, a synergistic (Cl<1) effect of luteolin anday was detected in UMUC3 cells (Fig.

8D).

Proliferation UMUC3
( Luteolin dose response)

Proliferation UMUC3
( Lut. + Cisp. 1 uM )

12 24 36 48 60 72 84 96

Hours

p<0.001

F—

p<0.01
| —— |

100+ 100-
80+ — Control 80
Luteolin 15 M §
601 Luteolin 20 uM 2 60
— Luteolin 25 uM =
404 <
— Luteolin 30 pM 8 401
2
20+ e 20
04— T T T T T r T T T 0
0 12 24 36 48 60 72 84 B4 96 CII
Hours
Proliferation UMUC3
(R5 Gy + 15uM Luteolin) D) 100
1001
— Control o 80+
80 ==+ Luteolin 15 yM e .
5 Gy é
60+ 5Gy + Lut.15 uM g 404
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40 204
204 0
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3 Control (3 Luteolin 15 pM

5 Gy + Luteolin 15 uM

— Control
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Luteolin 15pM+Cisplatina 1uM
Luteolin 20pM+Cisplatina 1uM

-+ Luteolin 25uM+Cisplatina 1uM
-+ Luteolin 30pM+Cisplatina 1pM

Figure 8. Luteolin sensizes bladder cancer cell UMUCS3 to cisplatintand radiation. UMUC3 cells
were treated with luteolin for 48ours, then the cells were exposed to cisplatin frebxbiriM or
radiation (xray) from 05 Gy. Treated cells were harvest and seed for proliferassayaA)
UMUCS cell proliferation after treatment with luteolin were monitored over a period-oba6s.

B) UMUCS3 cell proliferation assays after Luteolin and Cisplatin combined treat@etiMUC3

cell proliferation after Luteolin and -Xay combined traanent.D) The graph shows siday-side
differences in proliferation between single and combined treatment at 96 hours. All experiments
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were done in triplicate. The combination treatment of luteolin and 5 Gy radiation showed
synergistic effect in proliferain, which was judged by the Combination Index (Cl) (T)<
Statistical significance was calculated by -aveey ANOVA and multiple t test.

4. DISCUSSION

RBPs are feasible molecular markers for high grade bladder tumors

Several studies have demonstrated that RBPs are abnormally expressed in various
types of cancer, and they are correlated with the patient prognosis (15,48).43erein, we
confirmed such findings and expanded the knowledge in concerning RBPs rolelderbla
carcinogenesis. By comparing data from the TCGA, we identified d¢gudated RBPs in
high-gradevs. low-grade tumors, which were also related to permgnosis. Seven of these
RBPs EXO1, EZH2, MOV10L1, MSI1, TERT, WARS, YBiX&e also upgegulatel in high
grade tumor samples obtained from a Brazilian biorepository (University of Sdo Paulo). In
addition, thein vitro functional analyses confirmed the strong link between such RBPs and
important steps of carcinogenesis (cell proliferation, viabditg apoptosis). Based on such
findings, we believe these RBPs could be considered as feasible biomarker candidates for

high-grade bladder tumors.

DoesMSI1 behave as an oncogene in human urinary bladder carcinogenesis?

Data obtained aften vitro UMUC3 MS1-KD showed that this gene was related to
reduced cell migration and invasion, and resistance to chemo and radiotherapy. Actually,
some studies have demonstrated thatMIS#1 knockdown is associated to decreased tumor
growth (9598). However, the mechams by whichMSI1 exerts such effect are not
completely known. Liu et al. (95) have showed thgI1 promotes growth by targeting the
cell cycle checkpoint protein p21, p27 and p53. Recently, Master et al (99) reported that
MSI1 also promotes epithelial rmenchymal transition (EMT) through activation of the

canonical Wnt signaling pathway in cervical cancer. EMT is a reversible process that
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involves changes in cell morphologgifferentiationand motility, faciltating invasion and
metastasi§100,101). Alterations in the EMT have been associated higth-grade bladder
tumor, resistance to therapeutic agents and poor outcome iffilarly, some studies have
showed that the upregulation of the Wnthatenin pathway stimulates resistancethe
combined therapy interferespha and Sluouracil for hepatocellular carcinomél03), and
radioresistance in head and neck cantH04) Additionally, increased cell proliferation and
activation of Wnrib-catenin signaling were described in colon a&n cells with
overexpression d¥1SI11(66). In agreement with these previous results, our data demonstrated
that the canonical Wrifcatenin was one of the main pathwaffected by theviSI11-KD.
Namely, CTNNBIPTownregulation (consequently reduced levelbetatenin), decreased
level of the IncRNA ZEB3JASI | and, consequently, a downreguation @&EB1 (a gene
involved in the EMT) (53), increased expressio#iK and APCDD1genes (Wnpathway
inhibitors) (105) were detected in UMUGED cells. Furthermore, th MSI1-KD was
associated to decreased expressiohRWP, a transmembrane receptor which supports wnt
pathway activatiorf106,107) Taken into accourtt h a t t dJscagenin\pathway activation
seems to play a role in the maintenance of bladder epithelemn ll and tumor initiating
cells (108,109), we speculate that 811 expression might have important role in bladder
cancer aggr essi v e-caemnspatiwhy Residphthist rdlationship bhetwéen
MSI1 andt h e  Watdnih pathway,other irteresting finding in our study was the
association betweeMSI1-KD and the downregulation of nine IncRNAs related to bladder
cancer poor prognosis, six of them (SB&21, JHDM1DAS1, RP4785G19.5,
AC074286.1, RP1#28J1.5, and RP1977B10.2) related to higgrade bladder tumor.
Therefore, taken together our data indicd#sl1 as having important role in bladder cancer

carcinogenesis.
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Musashil binding preferentially to 306UTR
Recently, the new molecular classification of muscle invasive bladder cancer included

a subgroup called neurondike, with MSI1 overexpression, poorest survival and aggressive
phenotypg(110) Musashil is highly expressed protein in the neuronal pragesniid stem

cells for maitenance ofe#f-renewal and differentiatiol11). Biochemical and structural

studies have demonstrated mustachil has twerMiISERPhal RNA recognition motifs

(RRM) mediate Musashil binding to a group of target mRNAs. RRM1 contributes the
majority of the binding energy and specificity, while RRM2 has a more supportive role. In
musashitargeted genes, RRM1 and RRM2 recognition sequeacesfound in a close

pr oxi mit yendaot thetnfRBIAS(BLR) Various studies have reported thSI1

functions as a translational repressor on a variety of mRNA species by binding to a specific
consensus sequ@irddle) Therhigh résdtiorBi@LIP BdRay provided us the
opportunity to examine the musashil binding
UTR binding sites (nearly to 33%) identified in our study, were consistent with thén&dg
hypothesis that musashil targets3h®&j UTR t o execute its primary
MRNA stability and/or translatior{115 117) Our data showed that musashil bound to
downstream sites of important mRNA, suchSSRPINE1 NRAS, CD44, PDK1, CTSB,

PTTG1, PLOD, SMAD3andTIMPZ2, involved in multiple carcinogenesis processes{&3

However, the majority (nearly 44%) of the musashil binding sites were in intronic regions,
suggesting an additional and unexpected role of this protein HmRBINA processing.
Interestingly, some of ghgenes with binding sites in intronic region are associated with

important cancer process, such as cell cycle control, MAPK cascade and Wnt pathway.
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Luteolin also impacts on cell proliferation and cancer therapeutic resistance
Some studies have sugged the use of luteolin as adjuvant therapy for cancer

(31,32,120,121) The in vitro synergistic effect betweeen luteolin and bacillus Calmette
Guerin (BCG) induced a greater inhibition of cell proliferation and apoptosis rate in a bladder
cancer cell lie (122) Huang et.al30) described a chemsensitize effect of luteolin on
cisplatinresistant ovarian cancer cell line, by enhancing cell death. According to these
authors the flavonoid caused a dewagulation of Bcl2 gene and protein. Luteolin ability
increase the sensitivity of glioblastoma cell to PARP inhibitor anayxtreatment was also
reported. Recently, Yi et.al (28) demonstrated that luteolin interacts with the Msil RNA
binding domain and blocks musashil effect on the expression of soyeé danes. Herein,

we confirmed the strong effect of luteotim cell proliferation and its ability to increase cell
sentivity to cisplatin and radiation also in urinary bladder cancer cells. Therefore, these
finding confirmed the relevance of luteolin apotential adjuvant therapeutic compound and

highlighted musahil as a potential therapeutic target in bladder cancer.

CONCLUSION
In summary, the results provided evidences ofdfneng link between some RBPs

and important steps of carcinogenesis, and indicated such RBPs as feasible biomarker
candidates for higigrade bladder tumors. In addition, the study show#8ll as an
important key gene in bladder carcinogenesis, and thesmidsas evolving in bladder tumor
chemo/radio resistance, highlighting these RBP as a potential therapeutic target. Furthermore,
the data confirmed luteolin as a possible adjuvant therapeutic compound also for bladder

cancer.
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Supplementary figures

Figure 1S:Gene ontology pathway of upregulated genes in UMUC3 MSI1 KD cells.
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Figure 2S. Gene ontology pathway of downregulated genes in UMUC3 MSIT&B.






























