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RESUMO

O carcinoma mucoepidermoide (CME) é a neoplasia maligna mais comum das
glandulas salivares. O CME de alto grau possui uma evolugao clinica imprevisivel e &
frequentemente associado a um pior prognostico. Alguns estudos recentes, associam
a progressdo do cancer e a resposta inflamatéria a uma classe de leitores
epigenéticos do tipo bromodominio. Bromodominios estdo envolvidos na transcrigao
génica através de sua interagcdo com residuos de lisina na cauda das histonas. O
BRD4, membro da familia BET (“Bromodomain and ExtraTerminal”) de
bromodominios, tem sido associado a alguns oncogenes como o c-MYC e outros
eventos inflamatérios. Neste estudo, demonstramos que CMEs apresentam uma
maior expressdo de BRD4 e a interferéncia farmacoldgica com estes bromodominios
foi capaz de diminuir a proliferacdo das células tumorais. Além disso, inibidores da
familia BET sdo moduladores eficientes da via do NFkB e potentes inibidores da
populagdo de células tronco tumorais. Em estudos prévios, foi demonstrado que
CMEs apresentam altos niveis de NFkB que estdo associados com sua resisténcia a
radioterapia. Por fim, foi observado que a interferéncia da interagdo BRD4 e histona
interrompe o ciclo celular e ativa senescéncia em células tumorais de CME. Em
resumo, estes achados identificam bromodominios como mecanismos epigenéticos
que podem estar desregulados em CME e passiveis de interferéncia farmacologica

como nova estratégia para tratamento deste tumor.

Palavras-chave: Tumor de glandula salivar, BET, BRD4, epigenética, células tronco
tumorais, senescéncia, iIBET762, epi-drug.



ABSTRACT

Mucoepidermoid carcinomas (MEC) are the most common malignancy of the
salivary glands. High-grade MEC is particularly unpredictable and often associated
with poor prognosis. Emerging evidence suggests the involvement of bromodomains
as a conserved class of epigenome readers in cancer progression and inflammatory
response. Bromodomains are directly associated with epigenetic modification of gene
transcription through its interaction with the lysine residues of histone tails. The
bromodomain family member BRD4 is particularly involved in the control of oncogenes
including c-MYC, and in the maintenance of downstream inflammatory events and
associated molecules. Here we showed that MECs are endowed with high expression
levels of BRD4 and that targeting the acetyl-binding pockets of the bromodomains BET
family demonstrated a potent anti-proliferative effect in MEC cells. Additionally, BET
inhibitors are efficient modulators of the NFkB signaling pathway and capable of
reducing the population of cancer stem cells. Notably, we have previously shown that
MEC tumors present high levels of NFkKB that are associated with its resistance to
radiotherapy. Finally, we observed that targeting disruption of BRD4 histone interaction
results in cell cycle arrest and activation of cellular senescence in MEC tumors cells.
Altogether, our finding indicates that bromodomains constitute a new epigenetic
mechanism found deregulated in MEC and that the use of BET inhibitors constitutes a
feasible therapeutic strategy for managing MEC.

Keywords: Salivary gland tumor, BET, BRD4, epigenetic, cancer stem cells,
senescence, iBET762, epi-drug.
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1 INTRODUGAO

1.1 NEOPLASIAS DE GLANDULA SALIVAR

As neoplasias de glandula salivar sdo incomuns e respondem por 0.4 a 13.5
casos a cada 100.000 individuos, anualmente. Ja a frequéncia de neoplasias malignas
€ ainda menor, respondendo por apenas 0.4 a 2.6 casos a cada 100.000 individuos o
que representa apenas 0.3% das doengas malignas nos Estados Unidos (Barnes et
al., 2005). Este grupo de lesdes é extremamente heterogéneo e é possivel observar
uma variagéo geografica na distribuicdo dos tipos de tumores. A maioria dos estudos
que envolve a América do Norte e América Latina demonstram uma maior
predominancia de tumores benignos ao passo que estudos realizados na Africa,
Europa e Asia, com excecdo do Japdo, descrevem predominantemente tumores
malignos (Abrah&o et al., 2016). Embora muitos estudos retrospectivos sobre a
incidéncia de tumores de glandula salivar tenham sido descritos, a epidemiologia
destas neoplasias ndo € bem estabelecida devido as limitagcbes dos estudos
disponiveis. A origem do espécime também pode se mostrar como um viés na
determinacdo da prevaléncia de tumores por localizagdo anatémica. Enquanto que
hospitais recebem mais espécimes de glandulas salivares maiores, laboratérios de
patologia oral e faculdades de odontologia tendem a receber uma maior quantidade
de espécimes de gléndulas salivares menores (Fonseca et al. 2012).

A maioria das neoplasias de glandula salivar ocorre na glandula parétida,
seguido de glandulas salivares menores e da glandula submandibular. Nas glandulas
salivares menores, neoplasias malignas sao geralmente mais frequentes (Lopes et
al., 1999; Vargas et al., 2002; Ito et al., 2005). A distribuicdo entre os géneros é
usualmente igualitaria, apresentando uma pequena tendéncia para predilegdo pelo
sexo feminino e as lesdes usualmente s&o diagnosticadas entre a quarta e quinta
décadas de vida (Fonseca et al., 2012; Vasconcelos et al., 2016).

A principal linha de tratamento para neoplasias malignas de glandula salivar &
a ressecgao cirurgica. A remocdo profilatica dos linfonodos cervicais nao é
recomendada, exceto para casos especificos. A radioterapia € reservada para
pacientes com tumores inoperaveis ou pode ser utilizada de forma adjuvante ao
tratamento para pacientes com doencga residual, presenca extensiva de metastase

nodal, ruptura de capsula, casos indiferenciados ou de alto grau histologico, presenca
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de invasao perineural, doengas avangadas com envolvimento do nervo facial, casos
com margens cirdrgicas comprometidas e invasao de vasos sanguineos e/ou
linfaticos. A quimioterapia é considerada paliativa e indicada apenas para casos com
doenga metastatica avangada ou incuraveis (Guzzo et al., 2010).

1.1.1 CARCINOMA MUCOEPIDERMOIDE

O carcinoma mucoepidermoide (CME) é a neoplasia maligna de glandula
salivar mais comum, representando 30-60% dos tumores malignos (Lopes et al., 1998;
Vargas et al., 2002; Cruz Perez et al., 2004; Pires et al., 2007; Fonseca et al., 2012;
Saghravanian et al., 2013). A localizagdo mais comum nas glandulas salivares
maiores € a parotida; e o palato para tumores de glandulas salivares menores (Lopes
et al., 1998; Fonseca et al., 2012). O comportamento clinico do CME é muito variado.
Esta neoplasia geralmente se apresenta como uma massa de crescimento indolor e
tumores superficiais demonstram coloragao azulada semelhante a um mucocele ou
tumor vascular (Figura 1). Dependendo da localizagdo de origem do CME, a
apresentagao clinica, sintomatologia e tratamento podem variar (Coca-Pelaz et al.,
2015).

Figura 1. Imagem clinica de tumefagao em palato duro, lado esquerdo. Apds
bidpsia incisional, o diagndéstico foi de carcinoma mucoepidermaoide. (Imagem cedida
pelo prof. Marcio Ajudarte Lopes, acervo Orocentro).

Muitos fatores prognésticos tém sido estudados a fim de elucidar o

comportamento altamente variavel deste tumor. Caracteristicas clinicas e
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histopatolégicas convencionais como idade, género, localizagdo, estadio,
classificagdo TNM e extravasamento capsular, terapia adjuvante e comprometimento
de margens cirurgicas, tem se mostrado importantes parametros preditores de
sobrevivéncia, embora inconstantes (Granic et al., 2017). Dentre estes, a translocagao
t(11;19) que acarreta na fusdo dos genes CRT1-MAML2, tem sido descrita em
aproximadamente 40% dos casos e é associada com curso mais indolente do tumor
(Okabe et al., 2006). No entanto, os fatores prognosticos de sobrevida mais
relevantes, permanecem o grau do tumor e o estadio da doencga (Granic et al., 2017).

A sobrevida livre de doenga é geralmente favoravel em casos especificos como
em tumores de baixo grau, de pequenas dimensdes e sem envolvimento linfonodal
(Byrd et al., 2013). No entanto, tumores de alto grau e com estadio avangado tem pior
prognostico e sobrevida (Lopes et al., 2006; Birkeland et al., 2017).

O tratamento para CME segue a mesma linha das demais neoplasias malignas
de glandula salivar, sendo a excisao cirurgica com margens de seguranga, a terapia
mais indicada (Lopes et al., 2006). Radioterapia adjuvante & reservada para casos
com margens cirurgicas comprometidas ou tumores de alto grau com grande risco de
recorréncia. A quimioterapia € pouco utilizada em CME, pois estes tumores s&o pouco
quimiossensiveis. Esta modalidade terapéutica tem sido utilizada no contexto paliativo
para pacientes com doencga incuravel, embora apresente baixo impacto no
prognostico (Gilbert et al., 2006; Coca-Pelaz et al., 2015).

Considerando que os CME avancados apresentam taxas de sobrevida
extremamente baixas, observa-se a necessidade de desenvolvimento de novas
estratégias terapéuticas mais eficazes para estes casos. Além disso, terapias
sistémicas eficazes podem ser utilizadas para pacientes com tumores mais brandos
visando evitar o procedimento cirurgico — muitas vezes mutilador - e melhorar
substancialmente a qualidade de vida (Wagner, 2016). Desta forma, a descoberta de
novos alvos terapéuticos para tratamento do CME ¢é importante a fim de melhorar o
manejo dos pacientes acometidos por esta neoplasia.

1.2 LEITORES EPIGENETICOS BROMODOMINIO
Todas as células do organismo contem a mesma sequéncia de DNA, mas sao

capazes de se diferenciar e manter fendtipos distintos que expressam fungdes
bioldgicas diferentes. Este processo € possivel devido a epigenética (Pérez-Salvia e
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Esteller, 2017). O termo “epigenética” foi primeiramente citado por C.H. Waddington
em 1939 (Waddington, 1939) e posteriormente definido como mudancgas hereditarias
na expressao génica sem alterar a sequéncia de pares de bases do DNA
(Waddington, 2012). Aberragdes na regulacao epigenética sdo frequentes no cancer
e 0 evento epigenético mais conhecido é a metilagdo do DNA. Em termos gerais,
células cancerosas sofrem uma hipometilacdo generalizada do seu DNA, e
hipermetilagdo selecionada de alguns genes promoters, especificamente genes
supressores de tumor (Pérez-Salvia e Esteller, 2017; Castilho et al., 2017).

Além da metilagdo do DNA, modificagbes nas histonas também sdo um
importante evento epigenético. Histonas podem sofrer varios tipos de modificagdes,
as mais comuns sendo fosforilagdo, acetilagdo, metilacdo, ubiquitinacdo e
sumoilagao. A alteragao dos padrdes normais de modificacdo das histonas € comum
no cancer, assim como mutagbes e desregulacdo de enzimas responsaveis por
adicionar, remover ou reconhecer essas marcas epigenéticas (Pérez-Salvia e Esteller,
2017).

A acetilacado de histonas é uma das principais modificagdes que ocorrem nas
caudas destas proteinas e tem sido extensamente estudada no contexto do cddigo
das histonas. Acetilagdo da cromatina tem geralmente sido associada com seu estado
“aberto” e ativagdo da transcricdo (Castilho et al., 2017), embora alguns estudos
tenham achado algumas marcas de acetilagdo como responsaveis pela compactagéo
da cromatina (Shogren-Knaak et al., 2006), estabilizagao de proteinas e regulagao da
interagcdo proteina-proteina (Kouzarides, 2007).

A acetilagdo dos residuos de lisina na por¢cdo amino-terminal da cauda das
histonas € regulada pelas enzimas histona acetiltransferases (HATs) - que adiciona
grupamentos acetil - e histonas deacetilases (HDACs) — que remove estes
grupamentos. Muitas vezes, estas enzimas possuem expressao aberrante no cancer,
sofrendo mutagbes e estando sujeitas a outros mecanismos de desregulagao
(Castilho et al., 2017).

Modificagdes epigenéticas também contribuem para a plasticidade celular
durante a progressao do cancer e na formagao das células tronco tumorais (CTT) —
uma pequena populacao de células tumorais envolvidas na resisténcia terapéutica,
recorréncia e recidivas dos tumores. Desta forma, a caracterizagdo dos eventos

epigenéticos envolvidos em carcinogénese, e a identificagdo de marcadores
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epigenéticos associados as CTT se mostram promissores no desenvolvimento de
novas estratégias para tratamento dos tumores (Castilho et al., 2017).

Os bromodominios (BRDs) sao pequenos médulos de aproximadamente 110
aminoacidos que possuem um importante papel na regulacdo da transcricdo e
remodelamento da cromatina (Filippakopoulos et al., 2012). Estas proteinas parecem
ser alvos epigenéticos com potencial de interferéncia farmacoldgica o que encorajou
o desenvolvimento de inumeras moléculas inibidoras nos ultimos anos (Pérez-Salvia
e Esteller, 2017).

Um total de 61 bromodominios foram encontrados em 46 diferentes proteinas
do proteoma humano. Eles sdo classificados em subfamilias de acordo com sua
estrutura. Os bromodominios adotam uma estrutura de 4 a-hélices, cada uma
separada por regides conectoras flexiveis de diferentes tamanhos, formando bolsbes
hidrofobicos capazes de reconhecer lisinas acetiladas (Filippakopoulos et al., 2012).

Uma familia de bromodominios em especial, a BET (“Bromodomain and
ExtraTerminal”) tem sido extremamente investigada. A familia BET é composta por
BRD2, BRD3, BRD4, e BRDT, que sao expressos de forma ubiqua, exceto pelo
BRDT, expresso somente nos testiculos. A caracteristica principal da BET sao dois
bromodominios em sequéncia (BD1 e BD2) na extremidade N-terminal e um dominio
extraterminal (ET) na extremidade C-terminal (Figura 2) (Pérez-Salvia e Esteller,
2017).

1 75-147 368-440 600-682 1047 - 1362
BRD4 |8D1] B0z [er| ¢
1 91.163 364-436 632.714 801
BRD2 | [8D1/ |82/ [e]
1 51.123 326-308 562.644 726
BRD3 |8D1. 802 [ET| |
" 27-163 364436 632.714 910.947
BrOT [ B8l (82| [er] <o

Figura 2. Organizacao esquematica dos membros da familia BET de bromodominios
(Adaptado de Hajmirza et al., 2018).
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1.2.1 BRD4

BRD4 foi primeiramente associado ao carcinoma de linha média por
identificacdo de uma translocagcdo t(15; 19)(q13;p13.1) que ocasionou uma
interrupcdo na sequéncia codificadora do BRD4 e sua fusdo ao gente NUT. O
envolvimento do BRD4 e provavelmente do NUT na regulagdo da cromatina sugere
que a fusdo BRD4-NUT possa prevenir a expressao de genes necessarios para a
diferenciagao epitelial (French, 2001). Desde sua primeira associagao a um tumor
maligno, estudos in vitro e in vivo sobre o BRD4 revelaram que esta proteina
desempenha um significante papel na regulacao do ciclo e da proliferagédo celular, e
também de genes dependentes de NFkB, sendo importante em canceres
desencadeados pelo NFkB (Houzelstein et al., 2002; Mochizuki et al., 2008).

BRD4 é um regulador universal da transcricdo génica, desta forma, era de se
esperar que sua inibicdo causasse downregulation de toda atividade génica. No
entanto, a inibicdo de BRD4 downregulates apenas poucas centenas de genes, a
maioria dos quais envolvidos no processo de tumorigénese. Em vista disto, BRD4 se
mostrou um alvo farmacoldgico passivel de interferéncia para tratamento do cancer e
possui inumeros inibidores atualmente em ensaios clinicos (Pérez-Salvia e Esteller,
2017).

O IBET762 € um composto sintético que foi desenvolvido para inibir a familia
BET de bromodominios (Chung et al., 2011). Atualmente, esta droga esta em ensaio
clinico para inumeras malignidades como doengas hematologicas (NCT01943851),
carcinoma tipo NUT de linha média (NCT01587703), cancer de mama receptor
hormonal positivo (NCT02964507) e cancer de prostata resistente a castragéo
(NCT03150056) (Clinical trials from https://clinicaltrials.gov/ - acessado em
24/10/2017).

Tendo em vista estes dados previamente descritos, o objetivo geral desta tese
foi avaliar o efeito in vitro de novas alternativas terapéuticas para o CME através do
uso de uma droga que atua diretamente em vias possivelmente envolvidas com os
processos de tumorigénese. Além disso, o efeito desta terapia sobre a populagéo de
CTT foi avaliado uma vez que estas estao diretamente relacionadas com a resisténcia
a terapias convencionais e s&o as principais responsaveis pelo desenvolvimento de

metastases e recidivas apds o tratamento.
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Abstract

Mucoepidermoid carcinomas (MEC) are the most common malignancy of the salivary
glands. High-grade MEC is particularly unpredictable and often associated with poor
prognosis. Emerging evidence suggests the involvement of bromodomains as a
conserved class of epigenome readers in cancer progression and inflammatory
response. Bromodomains are directly associated with epigenetic modification of gene
transcription through its interaction with the lysine residues of histone tails. The
bromodomain family member BRD4 is particularly involved in the control of oncogenes
including c-MYC, and in the maintenance of downstream inflammatory events and
associated molecules. Here we showed that MECs are endowed with high expression
levels of BRD4 and that targeting the acetyl-binding pockets of the bromodomains BET
family demonstrated a potent anti-proliferative effect in MEC cells. Additionally, BET
inhibitors are efficient modulators of the NFkB signaling pathway and capable of
reducing the population of cancer stem cells. Notably, we have previously shown that
MEC tumors present high levels of NFkB that are associated with its resistance to
radiotherapy. Finally, we observed that targeting disruption of BRD4 histone interaction
results in cell cycle arrest and activation of cellular senescence in MEC tumors cells.
Altogether, our finding indicates that bromodomains constitute a new epigenetic
mechanism found deregulated in MEC and that the use of BET inhibitors constitutes a

feasible therapeutic strategy for managing MEC.
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Introduction

Mucoepidermoid carcinoma (MEC) represents the most common primary
malignant salivary gland tumor (de Oliveira et al. 2009; Fonseca et al. 2012; Vargas et
al. 2002). Overall, salivary gland tumors are rare and comprised of a heterogeneous
group of lesions accountable for less than 1% of all tumors and between 3-5% of all
head and neck cancers (Saghravanian et al. 2013). The annual incidence of salivary
gland tumors ranges between 0.4 - 13.5 cases per 100,000 population (Barnes et al.
2007).

Although uncommon, salivary gland tumors are difficult to manage. While small
and early stage tumors can be well managed with surgery, advanced cases and high-
grade tumors respond poorly to available therapy. Current treatment of choice for MEC
is complete surgical resection with radio and chemotherapy frequently reserved for
positive surgical margins, regional metastasis, recurrent or inoperable cases resulting
in common functional and aesthetic complications (Cerda et al. 2014; Coca-Pelaz et
al. 2015; Grisanti et al. 2008; Posner et al. 1982).

Over the years, cancer research efforts have focused mostly on the genetic
basis of tumor development and progression. However, different from genetic
mutations, epigenetic alterations cause changes in gene expression independent from
genetic alterations in the underlying DNA sequences. In fact, epigenetic modifications
have been associated with critical changes on gene expression during initiation and
progression of human cancers. Remarkably, epigenetic alterations are potentially
reversible by small molecules known as Epi-drugs; therefore, targeting epigenetics as
cancer therapeutic strategy is gaining growing interest (Castilho et al. 2017; Cerda et
al. 2014).

A highly conserved class of epigenome readers, the bromodomains (BRDs)
target chromatin-modifying enzymes and other protein machinery to specific sites in
the chromatin, which results in strong gene transcription regulation (Perez-Salvia and
Esteller 2017; Segura et al. 2013). The bromodomain and extra-terminal domain (BET)
family of proteins is made up by BRD2, BRD3, BRD4, and BRDT (bromodomain testis-
associated), which are ubiquitously expressed. The exception to this rule is BRDT,
which is only found in the testis. Their main features are two bromodomains in tandem
(called BD1 and BD2) present in the N-terminal and a C-terminal extra-terminal (ET)

domain (Perez-Salvia and Esteller 2017).
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Notably, BRD4 was first associated with aggressive midline carcinoma by
identification of a translocation that caused an interruption in BRD4 coding sequence
gene and BRD4 fusion also displays an oncogenic function (French et al. 2001). Ever
since in vitro and in vivo studies of BRD4 have revealed a critical role in the regulation
of cell cycle progression and cellular proliferation (Houzelstein et al. 2002; Mochizuki
et al. 2008). Therefore, BRD4 appears to be a potential druggable epigenetic target for
cancer treatment, which has encouraged the discovery and development of several
small-molecule inhibitors in recent years (Perez-Salvia and Esteller 2017). Of these,
iIBET762 is currently in clinical trial for NUT-midline carcinoma, refractory hematologic
malignancies, estrogen receptor-positive breast cancer, solid tumors and castrate-
resistant prostate cancer (Clinical trials from https://clinicaltrials.gov/ - accessed on
October 24, 2017).

In this study, we assessed the effect of pharmacologically displacing the BET
family of proteins in MEC cell lines. Altogether, our results support a role for epigenetic
readers in MEC maintenance and the target of bromodomains as a novel therapeutic

intervention against this disease.

Materials and Methods

Human tissue specimens and Immunofluorescence

Human MEC tissue specimens (diagnosed between January 2011 and
February 2017) were retrieved from archives of the Oral Pathology Laboratory of State
University of Campinas, Piracicaba, Sdo Paulo, Brazil (Human Research Ethics
Committee approval: 60264016.5.0000.5418). The original hematoxylin-eosin stained
slides were reviewed by 2 independent pathologists) to confirm the diagnosis. Patient
information and tumor grading are presented in Figure 1C. Paraffin blocks were
sectioned into 3-uym sections, deparaffinized in xylene and hydrated in descending
grades of ethanol. Tissues were blocked in 0.5% (v/v) Triton X-100 in PBS and 3%
(w/v) bovine serum albumin (BSA) and then incubated with anti-BRD4 (Cell Signaling
Technology). Cells were then washed three times, incubated with Alexa 488 -
conjugated secondary antibody and stained with Hoechst 33342 for visualization of
DNA content. Images were taken using a Qlmaging ExiAqua monochrome digital
camera attached to a Nikon Eclipse 80i Microscope (Nikon Melville, NY, USA) and
visualized with QCapturePro software.
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Cell lines

MEC cell lines UM-HMC3A, UM-HMC3B and UM-HMC5, were established at
the University of Michigan School of Dentistry. All tumor cell lines authenticity is
routinely verified by short tandem repeat (STR) profiling. Cells were maintained in a
5% CO; humified incubator at 37°C and cultured in DMEM — High glucose (Hyclone
Laboratories Inc, Logan, UT USA), supplemented with 10% Fetal Bovine Serum
(Thermo Scientific, Waltham, MA USA), 1% antibiotic (Invitrogen, Carlsbad, CA, USA),
1% L-glutamine (Invitrogen), 20 ng/ml epidermal growth factor (PeproTech, Rocky Hill,
NJ, USA), 400 ng/ml hydrocortisone (Sigma-Aldrich) and 5 pg/ml insulin (Sigma-
Aldrich, St. Louis, MO USA). Where indicated, UM-HMC3A, UM-HMC3B, and UM-
HMCS5 were treated with 2 yM of iBET762 (Sigma-Aldrich).

Colony forming assay

For the colony forming assay, cells were plated into 6-well culture plates at a
concentration previously determined by plating efficiency. After overnight incubation,
cells were treated with iIBET762 every 12 hours with a 2uM concentration for 8 days.
Following, cells were stained with 0.1% crystal violet. Colonies with more than 50 cells
were counted as surviving colonies and normalized with the colony number observed

in control (vehicle) cells.

Flow cytometry

MEC cancer stem cell-like cells were resuspended and counted following the
assay for aldehyde dehydrogenase (ALDH) activity and CD44 stain (BD Biosciences,
Mountain View, CA, USA) expression using flow cytometry. The Aldefluor kit (StemCell
Technologies, Durham, NC, USA) was used according to the manufacturer's
instructions to identify cells with high ALDH enzymatic activity. Positive control and
negative controls were included. In addition, cells with or without pretreatment, as
indicated in individual experiments, were suspended with activated Aldefluor substrate
(BODIPY amino acetate) or negative control (dimethylamino benzaldehyde, a specific
ALDH inhibitor) for 45 minutes at 37°C. Then, cells were washed and suspended with
CD44 — APC conjugated and incubated for 25 min in shaking rotor at 4°C. All samples
were analyzed using a flow cytometer Accuri C6 (BD Biosciences, USA) equipped with
two excitation lasers: a solid blue state (488 nm) and a diode red (640 nm) providing
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up to 6 simultaneous detection parameters, including 4 fluorescent colors plus FSC
and SSC.

Cell Cycle

Cell cycle distribution was accessed by propidium iodide staining. After
treatment with iBET762, cells were harvested and fixed with 70% ethanol on ice for 2
hours. The cell pellet was resuspended in 0.5mL PBS containing 0.25% Triton X-100
for permeabilization and incubated for 15 minutes on ice. Cells were then incubated
with PBS containing propidium iodide (Sigma-Aldrich; 20 yg/mL) and RNase solution
(Sigma-Aldrich; 10 uyg/mL) for 30 min at room temperature. The relative number of cells
in different phases of the cell cycle was accessed by flow cytometry, and the
percentages of cells in G1, S, and G2 were calculated.

Immunohistochemistry

Cells were plated on glass coverslips in 6-well plates. After the indicated
treatment, cells were fixed with 3 % paraformaldehyde for 20 minutes. The avidin-biotin
blocking kit was used to block nonspecific binding (Kit Vector Laboratories,
Burlingame, CA, USA). Slides were incubated overnight with anti-p16™* (BD
Biosciences, Mountain View, CA, USA) and then incubated with diaminobenzidine
tetrahydrochloride (DAB, Sigma-Aldrich, St. Louis, MO, USA) and counterstained with
Mayer’s hematoxylin.

Statistical analysis

All statistical analysis was performed using GraphPad Prism (GraphPad
Software, San Diego, CA). Statistical tests used were a one-way analysis of variance
(ANOVA) and Student’s t-test. Asterisks denote statistical significance (* P<0.05; **
P<0.01; *** P<0.001; and NS P > 0.05).

Results
Mucoepidermoid carcinomas express high levels of BRD4

The activation of epigenome readers leads to the recruitment of chromatin-
modifying enzymes, which results in an important regulator of gene transcription.
Normal salivary gland (NGS) tissues presented low levels of the epigenome reader
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BRD4 in the nucleus, which were considered as basal levels (Fig. 1A_BRD4-red).
Interestingly, we found that MEC tumor tissue samples present a high number of BRD4
positive cells compared to normal salivary gland (NSG) (Fig. 1B) (*** P<0.001). All
samples were from MEC tumors diagnosed as low and intermediate grade (Fig. 1C).
We also found that MEC cell lines also present most of the tumor cells expressing
nuclear BRD4 (Fig. 1D), aligned with our findings in paraffin sections of human MEC
tumors, in which all cell lines contained nuclear BRD4. Although no clinical association
could be established in our samples, the increase in BRD4 expression suggests that
this pathway plays a role in MEC behavior.

Interfering with BRD4-histone interaction

The post-translation modification driven by the acetylation of lysines can result in
changes in gene transcription and activation of signaling pathways; and these
processes were observed in normal physiology and tumors, including those from the
head and neck (Castilho et al. 2017; Martins et al. 2016; Wagner et al. 2016). The main
readers of N-acetyl lysine marks are bromodomains that interact with histone
acetylation through a hydrophobic acetyl-lysine binding site. Here, we administered the
compound iBET762 (GSK525762A) that competitively and selectively bind to the
acetyl-lysine binding motifs and displace BRD4 protein from the chromatin (Mirguet et
al. 2013; Nicodeme et al. 2010). As expected, we confirmed that also in MEC cells,
BRD4 protein levels did not change upon administration of iBET762 (Fig. 2A, ns
P>0.05). Although this was not shown in MECs before, our findings are aligned with
iIBET762 pharmacokinetics, which displaces BRD4 from the chromatin; therefore,
blocking its function (but does not induce its degradation). Interestingly, we found that
iIBET762 was able to reduce the protein levels of NFkB, a key regulator of cytokine and
chemokine production, in all MEC cell lines (Fig. 2B) (** P<0.01, *** P<0.001) indicating
that NFkB is a novel molecular cue for BRD4 activity in MEC.

IBET762 disrupts the colony forming ability of MEC cell lines

Here, we explored the effects of BET selective inhibition on the colony forming
ability of human MEC cell. Administration of iBET762 result in a dramatic reduction in
the ability of tumor cells to form colonies (Fig. 3A). BRD4 displacement caused a
significant decrease in colony formation from UM-HMCS (* P<0.05), while UM-HMC3A
***P<0.001) and UM-HMC3B (** P<0.001) could not form colonies larger than 50 cells.
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Indeed, when exploring the effects of IBET762, we observed that tumor cells were not
undergoing cell death, but rather tumor cells were stationary or quiescent, compared
to control cells receiving vehicle alone (Fig. 3A — inserts) (* P<0.05, ** P<0.001, ***
P<0.001).

Bromodomain proteins are required for the maintenance of the population of
MEC cancer stem cells

The combination of ALDH activity and CD44 expression enables the
identification of a unique population of tumor cells characterized by increased
tumorigenic potential, ability to self-renew and to differentiate into cells that establish
the tumor mass (Adams et al. 2015). These tumor cells are known as cancer stem
cells (CSCs) and are also implicated in tumor recurrence and resistance to chemo and
radiotherapy (Guimaraes et al. 2016; Wagner et al. 2016). Here we showed that by
targeting and displacing BRD4 with the use of IBET762, we disrupted colony forming
properties of MEC tumor cells. Using a similar approach, we administered iBET762 for
48 hours following the identification of ALDH/CD44 double positive cells using
fluorescence-activated cell sorting (FACS). Surprisingly, we found that iBET762
significantly reduces the population of CSCs in UM-HMC3B, UM-HMC3B and UM-
HMC5 when compared to vehicle-treated cells (Fig. 3B and C) (* P<0.05, ** P<0.001).
Our findings demonstrate that disruption of the BET family of bromodomains in MEC

tumors is an effective therapeutic strategy to target CSCs.

iBET762 induces G1-cell cycle arrest and boosts activation of cellular
senescence

Our results showed induction of G1 cell cycle arrest of MEC cells upon
administration of iIBET762 (Fig. 4A). To further explore the effects of iBET762 on tumor
cells we decided to investigate the molecular mechanism associated with the reduced
colony forming and cell cycle arrest. Recently, Wang et al. found that BRD4 inhibitors
blocked telomere elongation in mouse cells overexpressing telomerase and long
treatment with these drugs proved effective in telomere shortening in both mouse and
human cells (Wang et al. 2017). Here we found that all three MEC cell lines receiving
iIBET762 undergo cellular senescence (Fig. 4B). Indeed, the expression levels of the
6ink4

senescence marker p1 were elevated in iBET762-treated cells compared to control

(vehicle) (** P<0.001, *** P<0.001), suggesting that BRD4 plays a role in telomere
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maintenance, activation of senescence and cell cycle arrest in MEC cell lines (Fig. 5A
and B).

Discussion

Although MEC is the most common malignant salivary gland tumor, only a few
studies have addressed the role of systemic therapy in the adjuvant and palliative
protocols. While the combination of high-dose chemotherapy and radiation (compared
to radiation alone) has led to significant improvements in survival of patients with head
and neck squamous cell carcinoma, the efficacy of chemotherapy seems to be limited
for high-grade MEC in both the curative and palliative settings (Granic et al. 2017). The
discovery of new druggable pathways is critical to the development of new therapeutic
strategies to better manage MEC. This is particularly true for patients afflicted with
recurrent tumors or demonstrating resistance to available therapy. Although MEC
tumors present common oncogenic gene fusions (CRTC1/3-MAML2)(Birkeland et al.
2017), recent evidence suggests that epigenetic alterations are also implicated in the
early stages of carcinogenesis. Of interest to this study, BET plays a vital role in early
tumor progression by interaction with histones and modifying transcription (Devaiah et
al. 2016).

Over the last decade, the development of new inhibitors targeting the acetyl-
binding pockets of the bromodomains BET family has shown a potent anti-proliferative
effect in several malignancies (Segura et al. 2013; Wu et al. 2017; Zuber et al. 2011).
These proteins activate transcription through their ability to bind to acetyl-modified
lysine residues of histone tails and also recruit complexes of RNA polymerase I, thus
ensuring transcriptional initiation and elongation. Two classes of BET inhibitors,
benzodiazepines, and quinolines have significant antiproliferative activity against a
variety of hematologic and solid tumors (Chaidos et al. 2014). In 2010, a diazepine-
based compound, called iIBET762 was shown to be an inflammatory suppressor
(Nicodeme et al. 2010). This drug displaced a tetra-acetylated H4 peptide with a pre-
bound to tandem bromodomains of BET and had a high affinity for BRD4. The BRD4
protein constitutes part of the machinery that activates transcription and is key for
multiple gene activation events, particularly cell proliferation, cell division, metabolic
adaptation and cell survival that are controlled by the oncogene c-MYC (Baylin and
Jones 2016; Delmore et al. 2011). BRD4 also regulates NFkB-dependent genes and
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prevents the degradation of Rel A, which maintains NFkB activity and thus it plays an
important role in NFkB-driven cancers (Perez-Salvia and Esteller 2017).

Recently, we described a high nuclear expression of NFkB (active form) in MEC
human samples and cell lines indicating that NFkB accumulation leads to the
development of resistance to ionizing radiation in salivary gland tumors (Wagner et al.
2016). In this context of therapy resistance, the tumor cells are responsive to
conventional chemotherapy whereas CSCs are resistant to therapy and ultimately re-
establish the tumor at the local or distant sites (Castilho et al. 2017). The presence of
CSCs was also recently shown in several MEC cell lines (Guimaraes et al. 2016).
Therefore, the prospective ability of BET inhibitor to disrupt NFkB signaling and deplete
CSCs is exciting and noteworthy as a single agent or as an adjuvant therapy for MEC.

Here we found that MEC tumors expressed higher levels of nuclear BRD4
compared to normal salivary gland tissues. Similar to our findings, a higher expression
of BRD4 is found in melanoma compared to nevi and in renal cell carcinoma compared
to normal adjacent tissue (Segura et al. 2013; Wu et al. 2017). In addition to the higher
amounts of nuclear BRD4 in human MEC samples, we also found it in human MEC
cell lines. As expected, MEC cells receiving iBET762 did not modify the levels of BRDA4.
These results are similar to the results using another BET inhibitor (JQ1) in breast
cancer cells (Perez-Salvia and Esteller 2017). Furthermore, these results were
consistent with multiple analysis such as immunofluorescence, western blot and real-
time PCR (qRT-PCR).

Aligned with our results showing an inhibitory effect in CSC, Yokoyama, and
collaborators (Yokoyama et al. 2016) also found that BET inhibitors significantly
suppressed ALDH activity by abrogating BRD4-mediated ALDH1A1 expression in
ovarian cancer cells. BRD4 plays a key role in CSCs by selectively regulating
ALDH1A1 super-enhancer, and its inhibition suppresses the expression of stem-
related genes by reducing BRD4 association with their promoters (Yokoyama et al.
2016). When using ALDH activity and CD44 expression to identify CSCs in MEC cell
lines, we found a significant decrease of ALDH/CD44 positive cells after treatment with
iIBET-762. Given the role of CSCs in tumor resistance and recurrence, these results
suggest that patients with MEC might benefit from the targeted ablation of this
population of cancer cells as seen in IBET762 treatment.

In search for the biological effects of iBET762 administration, we found that
MEC cells undergo cellular senescence. Activation of senescence is a cellular



27

response to stress that is triggered by many mechanisms, such as telomere
shortening, and culminates in an irreversible cell cycle arrest program (Castilho et al.
2009; Collado et al. 2007; Liu et al. 2007; Tasdemir et al. 2016). In fact, activation of
cellular senescence is characterized by the inability of cells to progress through the
cell cycle, typically arrested in G1. Nonetheless, senescent cells remain metabolically
active (Campisi and d'Adda di Fagagna 2007). Notably, iBET762 treatment induced
G1-cell cycle arrest in the MEC cell lines resulting in impaired colony formation. These
findings are consistent with the BRD4 knockdown in melanoma cell lines which caused
impaired cell cycle progression into S phase and reduced overall proliferation by
increasing levels of G1 arrest (Mochizuki et al. 2008; Segura et al. 2013). Additionally,
BRD4 was recently identified as a novel positive regulator of telomere length (Wang et
al. 2017). Telomere maintenance is required for long-term division of cells and
interesting, is evident in virtually all types of malignant cells contributing to limitless
replicative potential, a known hallmarks of cancer (Hanahan and Weinberg 2000).
Relatedly, three BRD4 inhibitors were shown to block telomere elongation induced by
telomerase overexpression in a dose-dependent manner (Wang et al. 2017), which
might be the mechanism that triggered senescence observed in our study by the
accumulation of p16™* when MEC cells were treated with iBET762.

Finally, our findings reveal BRD4 with prooncogenic functions in MEC as a
regulator of multiple processes such as cell-cycle progression, CSCs, proliferation, and
senescence. In this regard, and knowing that BET inhibitors are already progressing
through clinical trials, our experimental results support the possibility of using iBET-
762 as a novel treatment to MEC, allowing for strong regulation of the epigenetic and

transcriptional machinery in control of gene expression in this tumor.
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Figure 1: BRD4 is expressed in MEC tissue tumors and MEC cell lines. (A)
Representative histological sample of a normal salivary gland and Mucoepidermoid
Carcinoma. Upper right insert demonstrates histological magnification of
representative histological sections. Lower right depict immunofluorescence for BRD4
(red) and DNA staining using Hoechst (blue). (B) Quantification of the total number of
positive cells for BRD4 from normal salivary glands (30% SEM 2.58) and MEC tissue
samples (74.4% SEM 12.02). Results present % of positive cells baseline corrected
for the total number of cells stained for Hoechst (*** P<0.001). (C) Histological grading
and location of MEC tissue samples. (D) MEC cell lines (UM-HMC-3A, UM-HMC-3B,
UM- HMC-5) presenting nuclear expression of BRD4 (red) and stained for Hoechst
(blue).
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Figure 2: BRD4 and NFkB expression after administration of iBET762. (A) Protein
levels of BRD4 were not disrupted by iBET762 in all MEC cell lines as observed by
immunofluorescence. iIBET762 was administered for 12 hours. Results are plotted in
graphs. (ns, P>0.05). (B) NFkB expression levels in MEC cell lines upon administration
of IBET762 for 12 hours. (** P<0.01, *** P<0.001).
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Figure 3: BET inhibitor disrupts the ability of tumor-forming colonies and depletes
CSCs. (A) Colony forming assay of MEC tumor cells cultured for 8 days. Note the
difference in colony size when comparing vehicle and iBTE762-treated MEC cells.
Quantification of the total number of colonies formed by at least 50 cells each is
depicted in the graphic. (* P<0.05, ** P<0.01, *** P<0.001).

Cells receiving iIBET762 every 12 hours for 48 hours were collected and processed for
ALDH enzymatic activity (ALDH bright) and CD44+ using fluorescence-activated cell
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sorting (FACS). (B) Representative samples of ALDHbright cells are shown in the first
row; Gated ALDHbright/CD44+ cells are represented in the second row. (C)
Quantification of BRD4 displacement leads to depletion of CSCs in MEC cell lines
compared to vehicle alone represented in the upper right (UR) quadrant of the Gated
ALDHbright/CD44+ cells. (* P<0.05, ** P<0.01).
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Figure 4: iBET762 induces G1-cell cycle arrest and boosts activation of cellular
senescence. (A) Cells were treated with IBET762 every 12 hours for 48 hours. iBET762
causes G1-cell cycle arrest in all cell lines. (B) Accumulation of p16INK4 protein was
detected using immunocytochemistry after administration of iIBET762 every 6 hours for
24 hours. Positive cells in ten fields were quantified using ImagedJ 1.50i. Results are

plotted in graphs (** P<0.01, *** P<0.001).
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Figure 5

Tumor Mass

@ Tumor cell @ Cancer stem cell @ Senescent cell

Figure 5: Diagram of important findings demonstrate (A) heterogeneous population of
cancer cells are composed of tumor cells and CSCs upon iBET762 displacement of
histone H4; (B) upon administration of iBET762, the total number of tumor cells and
CSCs are reduced while remain cells undergo cellular senescence.
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3 CONCLUSAO

O leitor epigenético bromodominio BRD4:

estava mais expresso em CME do que em glandulas salivares normais,
demonstrou apresentar fungdes pré-oncogénicas em CME,

foi capaz de interferir na progressao do ciclo celular em células tumorais,
apresentou um importante papel na proliferacéo celular e formacao de coldnias
em linhagens de CME,

estava envolvido na manutenc¢ao da populagao de células tronco tumorais,

€ um importante regulador epigenético passivel de interferéncia farmacologica
para tratamento do CME.
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