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PREFACIO

O cancro da préstata e as suas atuais controvérsias constituem 0s motivos
centrais desta Tese de Doutoramento. Este tipo de neoplasia € a maior causa de
mortalidade por cancro em homens nos paises desenvolvidos e uma das principais
causas de mortalidade e morbilidade em todo o mundo. Nas ultimas décadas, a
estratégia de rastreio de pacientes com cancro da prostata permitiu a efetiva detecéo
precoce de tumores, evitando o diagndstico em fase ja avancada e, consequentemente,
num estado de incurabilidade. No entanto, esta estratégia assenta fundamentalmente na
guantificacdo do PSA (prostate specific antigen) sérico que, a luz dos conhecimentos
atuais, apresenta importantes limitag6es no que respeita a sensibilidade e especificidade.
Assim, um valor elevado de PSA sérico ndo é equivalente a um diagnostico de cancro da
prostata e valores baixos podem ser observados na presenca desta neoplasia, incluindo
formas clinicamente agressivas. No que diz respeito ao diagnéstico, este é realizado
maioritariamente através de bidpsia prostéatica e, sendo esta neoplasia caracterizada por
ser multifocal e altamente heterogénea, as limitacdes inerentes a amostragem colocam
problemas quanto a representatividade. Adicionalmente, os parametros clinicos e
patolégicos atualmente utilizados para avaliar a agressividade tumoral apresentam
importantes limitag6es. Assim, um dos maiores desafios atuais no cancro da préstata
consiste na reducdo das elevadas taxas de sobrediagndstico e, consequente,
sobretratamento, responsaveis por morbilidade desnecessaria que inclui disfungdo eréctil
e incontinéncia urinaria. O cancro da prostata € uma neoplasia geralmente caracterizada
por crescimento lento, sendo que as formas menos agressivas nao afetam a
sobrevivéncia dos pacientes, embora a sua identificacdo seja, na atualidade, dificil e
controversa. Tomando em consideracao estes factos, urge encontrar formas de identificar
com acuidade os tumores clinicamente agressivos, para 0s quais o tratamento adequado
é fulcral para evitar a morte do paciente e, simultaneamente, discrimina-los dos tumores
clinicamente insignificantes, evitando terapéuticas radicais e dessa forma impedindo a
diminuicdo da sua qualidade de vida.

Geneticamente, 0 carcinoma da proOstata caracteriza-se por uma baixa taxa de
mutacBes somdticas. Mesmo as alteracbes ao nivel cromossémico séo relativamente
infrequentes nas fases iniciais da doenca, com a notavel excecdo dos genes de fuséo.
Contrariamente, as alteracfes epigenéticas sdo bastante mais frequentes e precoces,
parecendo desempenhar um papel preponderante na iniciacdo e progressao neoplasica.
O nosso grupo de investigacdo tem contribuido para a caracterizacdo do metiloma do
carcinoma da préstata, o que permitiu 0 desenvolvimento de biomarcadores com

potencial clinico para a detecéo precoce da doenga. Contudo, o papel desempenhado por



genes codificadores das enzimas envolvidas na remodelacdo da cromatina, como as
metiltransferases e as desmetilases das histonas é, ainda, largamente desconhecido.
Atendendo a que a atividade destas enzimas assume particular relevancia quer na
ativacdo quer na repressdo da transcricdo de diversos genes, o seu estudo mais
detalhado permitira aprofundar os conhecimentos atuais quanto aos motivos da
desregulacdo da expressdo génica no carcinoma da prostata.

Neste contexto, esta Tese de Doutoramento teve como principal finalidade a
identificacdo e caracterizacdo de alteracdes da expressdo de metiltransferases e
desmetilases das histonas em cancro da prostata, permitindo ndo apenas avangar no
conhecimento da biologia tumoral mas, também, desenvolver novos biomarcadores com
relevancia no diagnéstico ou prognadstico. Os resultados destes estudos permitirdo, ainda,
estratificar os pacientes com carcinoma da préstata em subgrupos com diferente
agressividade clinica e, eventualmente, identificar alvos terapéuticos preferenciais que
resultem no desenvolvimento de terapias personalizadas e mais eficientes com vista ao
decréscimo da taxa de mortalidade por cancro da prostata.

O contacto com esta area de estudo surgiu no primeiro ano do meu programa
doutoral por sugestdo da Prof.2 Regina Silva, que, por conhecer ha longos anos a Prof.2
Carmen Jer6nimo e o Prof. Rui Henrique e reconhecer o trabalho do seu grupo de
investigacdo, me aconselhou a contacta-los. Apesar de estar a lecionar a tempo inteiro e
ter, por isso, limitacbes de tempo para dedicacdo ao projeto de doutoramento, penso que
consegui convencé-los que daria o meu melhor e que néo sairiam desiludidos. No final do
meu primeiro ano de trabalho laboratorial (correspondente ao segundo ano do programa
doutoral), surgiu a possibilidade de usufruir do estatuto de Equiparacdo a Bolseiro do
Instituto Politécnico do Porto durante dois anos, 0 que me permitiu, a partir dessa data,
dedicar-me a tempo inteiro ao meu projeto de doutoramento.

Comegamos por delinear o estudo de forma a caracterizar a expressédo das
histonas metiltransferases em amostras congeladas de tecidos normais e tumorais de
prostata. Apesar de novidade no grupo, utilizamos uma plataforma de mini-arrays que
nos permitiu avaliar a expressao do transcrito destas enzimas. Mais tarde, e com vista a
avaliar o balanco entre estas enzimas e as que catalisam a funcdo inversa, as
desmetilases, decidimos aumentar a andlise abrangendo os dois grupos de
remodeladores da cromatina. Inicialmente, o estudo foi desenhado com uma perspetiva
de identificacdo de biomarcadores de diagnéstico preferencialmente em fluidos
biol6gicos, mas os resultados mais promissores surgiram no campo da caracterizacdo da
agressividade dos tumores e predicdo da recorréncia pOs-prostatectomia, utilizando
amostras de tecido tumoral. Uma vez que, a nivel global, ndo se observou uma

desregulacdo semelhante de enzimas responsaveis pelas mesmas marcas, decidimos



ndo continuar o estudo por painéis de enzimas mas, antes, explorar o papel biolégico das
gue nos pareceram mais promissoras sob o ponto de vista oncobioldgico.

Apesar de ndo ter sido planeado desde inicio, dada a minha maior disponibilidade,
decidimos ser um pouco mais ambiciosos e alargarmos o projeto no sentido de
caracterizar o papel de uma enzima metiltransferase, a SMYD3, que tinha mostrado
relevancia clinica. Assim, surgiu o subtitulo desta tese, uma vez que uma grande parte do
trabalho nela inserido decorreu da caracterizacdo do papel da SMYD3 na carcinogénese
prostatica. O fato de ter passado a usufruir de uma disponibilidade total para dedicacdo a
este trabalho permitiu-me, num curto espaco de tempo, contactar com diversas
metodologias e técnicas, contribuindo para o seu desenvolvimento e implementacao no
Grupo de Epigenética do Cancro do IPO Porto, 0 que muito contribuiu para o incremento
do meu conhecimento cientifico nesta area de investigacéo. E, ainda, de realcar o espirito
critico com que os meus orientadores avaliaram as minhas ideias e projetos de estudo
experimental. Contudo, mesmo dentro das restricbes orgcamentais, sempre me foram
proporcionadas todas as condi¢cbes para o seu desenvolvimento, desde que estas fossem
sblidas e bem fundamentadas. Neste contexto, é de salientar o apoio financeiro que
decorreu da participacdo do Grupo de Epigenética do Cancro no consorcio EpiDiaCan, o
gual foi selecionado para atribuigcdo de financiamento no &mbito do 7° Quadro Programa
(FP7) da Unido Europeia. Creio que a opc¢do pela area da Epigenética foi, sem duavida,
uma aposta ganha, seja pelo desafio decorrente de ser uma area relativamente recente e
fascinante, com muito ainda por explorar, seja pela complexidade mecanistica e estrutura
que despertou 0 meu espirito critico e curioso.

Chego ao fim desta etapa com a no¢do que 0 meu projeto estd inacabado e
incompleto, mas com o sentimento de ter feito o meu melhor, de ter seguido o caminho
gue queria, desfrutando do imenso prazer que me deu realiza-lo neste grupo de
investigacdo. Sou hoje uma pessoa diferente pelo muito que aprendi, pelas experiéncias
vividas dentro e fora do laboratério e principalmente pelos obstaculos que tive de
aprender (constantemente) a ultrapassar. O trabalho de investigacdo ndo é facil mas é
aliciante, e os seus resultados nem sempre sdo proporcionais ao esforco e trabalho
investidos. Mas, quando corre bem, é realmente muito gratificante. Nesta etapa tive o
prazer de conviver com pessoas fantdsticas com as quais muito aprendi e que
contribuiram significativamente para que este trabalho chegasse a bom porto. A minha
maneira, posso dizer que consegui passar, com sucesso, este gosto pelo que faco (e
porque faco) a alguns destes companheiros de viagem pois, no fundo, nunca consegui
separar-me inteiramente da faceta de docente e o0 gosto de ensinar continuara a

acompanhar-me.
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RESUMO

O cancro da préstata (CaP) é um dos cancros com maior incidéncia e prevaléncia
no sexo masculino, sendo uma das principais causas de mortalidade e morbilidade a
nivel mundial. Dadas as limitacdes dos parametros clinicos e patolégicos correntemente
utilizados para predicdo da agressividade do CaP, € de extrema importancia a
identificacdo de novos marcadores de diagnostico ou prognéstico que permitam melhor
definir as estratégias de monitorizacdo e terapéutica mais apropriadas. Alteragdes nos
padrdes de modificagbes da cromatina tém sido descritas como resultantes de
desregulacdo da expressdo ou atividade de enzimas modificadoras da cromatina,
incluindo as metiltransferases (MTHs) e as desmetilases (DMHs) das histonas. A
desregulacdo de algumas destas modificadoras de histonas, como a EZH2 ou LSD1, tém
sido associadas com o desenvolvimento e progressao do CaP. No entanto, a importancia
do papel desempenhado no CaP por outros membros das MTHs ou DMHs, bem como
das respetivas marcas de histonas, estd ainda pouco esclarecido. Assim, 0 nosso
principal objetivo foi averiguar o papel da alteracéo da expressado das MTHs e DMHs na
carcinogénese prostatica e traduzir esses achados em ferramentas com utilidade clinica
na abordagem dos pacientes com CaP.

Inicialmente, avaliamos, por RT-gPCR, os niveis de expressao de 37 MTHs e 20
DMHs utilizando tecidos normais e tumorais prostaticos. Numa série de 150 pacientes
com CaP clinicamente localizado, submetidos a prostatectomia radical, os niveis de
transcrito dos genes SMYD3, SUV39H2, PRMT6, KDM5A e KDM6A encontravam-se
sobreexpressos, enquanto os relativos a MLL1-5 e KDM4B apresentaram niveis inferiores
nos tumores quando comparados com os tecidos normais. Notavelmente, a PRMT®6 foi a
enzima modificadora de histonas que melhor discriminou tecidos normais de tumorais
sugerindo o seu potencial como método auxiliar de diagnostico no CaP. Adicionalmente,
a SMYD3 apresentou niveis aumentados em tumores mais agressivos (pT3b), tendo
estes niveis a capacidade de predizer independentemente o progndstico nesta série de
pacientes. Assim, a expressao da SMYD3 pode fornecer informacdes clinicas relevantes
no que diz respeito ao potencial de agressividade de um dado carcinoma da prostata.

Seguidamente, foi avaliado o potencial papel oncogénico da SMYD3 em linhas
celulares de CaP. O silenciamento da SMYD3 atenuou o fenétipo maligno das células
neoplasicas, tanto in vitro (ensaios de viabilidade celular, apoptose, migracdo e invasao)
como in vivo [(formacdo de tumores e angiogénese no ensai0 na membrana
corioalantoide (CAM)]. De sublinhar que as propriedades oncogénicas da SMYD3 foram
associadas a sua atividade como histona metiltransferase. Na investigacdo de genes alvo

da SMYD3 foi identificado o gene CCND2, sendo a diminuicdo da sua expressao
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associada com o estabelecimento da marca repressiva H4K20me3 na regido promotora,
marca essa que é catalisada pela SMYDS3.

Concluimos que o perfil de expressdo das MTHs e DMHSs, especialmente da
SMYD3, pode ser de utilidade clinica para avaliacdo de pacientes com CaP e constituir
uma ferramenta auxiliar na selecdo da estratégia terapéutica mais apropriada.
Adicionalmente, a SMYD3 e, eventualmente, outros modificadores de histonas, poder&o
constituir um alvo terapéutico interessante em determinados subgrupos de doentes com
CaP. No entanto, € necessaria uma avaliagdo mais abrangente dos genes alvo da
SMYD3, bem como do impacto na sua desregulacéo, de forma a melhor compreender o

seu papel na carcinogénese da préstata.
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SUMMARY

Prostate cancer (PCa) is one of the most incident and prevalent cancers among
men, and a leading cause of cancer-related morbidity and mortality, worldwide. Because
the currently used parameters to predict the aggressiveness of PCa are rather imperfect,
it is extremely important to identify new diagnostic and prognostic markers to better define
the most appropriate management and therapeutic strategy. Alteration of chromatin
modification patterns have been attributed to altered expression or activity of key
chromatin-modifying enzymes, including histone methyltransferases (HMTs) and
demethylases (HDMs). Deregulation of some of these histone modifiers, such as EZH2 or
LSD1, have been already associated with PCa development and progression.
Nevertheless, the importance of other members of HMTs or HDMs and respective histone
marks in PCa is currently poorly understood. Therefore, our main goal was to clarify the
role of HMTs and HDMs altered expression in prostate carcinogenesis and to translate
those findings into clinically useful tools for the management of PCa patients.

Firstly, we assessed the expression levels of 37 HMTs and 20 HDMs in normal
and cancerous prostate tissues by RT-gPCR. In a series of 150 PCa patients with
clinically localized disease, submitted to radical prostatectomy, SMYD3, SUV39H2,
PRMT6, KDM5A and KDM6A were up-regulated, whereas MLL1-5 and KDM4B were
downregulated in PCa compared to normal tissues. Remarkably, PRMT6 was the histone
modifier that best discriminated normal from cancerous tissue samples and might prove
useful to assist in PCa diagnosis. Additionally, SMYD3 presented higher levels in more
aggressive tumors (pT3b) and those were able to independently predict prognosis in this
patient cohort. Thus, SMYD3 expression might provide relevant clinical information
concerning the potential aggressiveness of a given prostate tumor.

Next, we evaluated the putative oncogenic role of SMYD3 in PCa cells. Silencing
of SMYD3 attenuated the malignant phenotype of PCa cells, both in vitro (cell viability,
apoptosis, migration and invasion assays) and in vitro [tumor formation and angiogenesis
in the chorioallantoic membrane (CAM) assay]. Interestingly, we found that SMYD3
oncogenic properties were dependent of its histone methyltransferase activity. In a search
for genes targeted by SMYD3, CCND2 was identified and its downregulation was
associated with the establishment of the repressive mark H4K20me3 in the promoter
region, which is catalyzed by SMYD3.

We concluded that expression profiling of HMTs and HDMs, especially SMYD3,
might be of clinical usefulness for assessment of PCa patients and assist in pre-
therapeutic decision-making. In addition, SMYD3, and eventually other histone modifiers,

might constitute an attractive therapeutic target in defined subsets of PCa patients.
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Nevertheless, a more comprehensive identification of target genes and how SMYD3
deregulation impacts on its expression is required to fully understand its role in prostate

carcinogenesis.
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PROSTATE CANCER

EPIDEMIOLOGY

Prostate cancer (PCa) is the second most frequently diagnosed cancer in men and
fourth most incident cancer overall (Figure 1). However, as developed countries presented
almost three-quarters of the registered cases, this cancer emerged as the most frequent
amongst men of those regions [1, 2]. The same trend is observed in Europe, where PCa
has emerged as the most frequent cancer amongst men with an estimated 416.7 per
100,000 of new cancer cases diagnosed in 2012 [3]. Worldwide, incident rates can vary
by more than 25-fold, with the highest rates recorded in Australia/New Zealand, Northern
America, Western and Northern Europe and the lowest rates observed in Asia [2].
Regarding incidence there was a rising trend mainly due to increased detection of latent
disease after the widespread of prostate specific antigen (PSA) testing in the late-1980s
and its subsequent and rapid uptake by urologists as a screening test [3]. A slight decline
in the past few years was noted most likely owed to the depletion of the pool of detectable
cases [4].

0 50 100 150

Figure 1 — Estimated age-standardized incidence rate for PCa per 100,000 worldwide. Adapted from [2].

PCa is the fifth leading cause of death from cancer in men with an estimated
307,000 deaths in 2012 (Figure 2). In contrast with high variable incident rates associated
with prevalence of PSA testing and subsequent biopsy, mortality rates worldwide reflect a
much lower variation between countries, with a similar number of deaths in developed or
developing regions. Overall, mortality rates are generally higher in predominantly black
populations (Caribbean and sub-Saharan Africa), very low in Asia and intermediate in

Europe and Oceania. Although decreasing mortality trends have been observed in several
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European countries and United States in the middle 1990s, relative impact of the
introduction of curative treatment versus early detection by PSA is still subject to much
debate [2, 5].

Figure 2 — Estimated age-standardized mortality rate for PCa per 100,000 worldwide. Adapted from [2].

In Portugal, PCa is the most frequent cancer in men and third leading cause of
death from cancer, with 6,622 new cases registered and 1,582 deaths by PCa in 2012
(Figure 3). Worldwide, it is expected that PCa will reach more than 2 million new cases
and 633 000 new deaths by 2035, largely because of the growth and aging of global

population which turns prostate cancer into a major health concern [2].
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Figure 3 — Estimated age-standardized incidence and mortality rates in men in Portugal. Adapted from [2].
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RISK FACTORS

Currently, the only risk factors fully established for PCa are age, ethnicity and
family history [6].

PCa incidence rises strongly with age with approximately 85% of cases occurring
in males over 65 and only 0.1% diagnosed under the age of 50 [7, 8]. Mainly due to its
latency, a considerable percentage of PCa’s are undetectable before progressing to
clinically significant disease, but it is predicted that all man would develop this neoplasia if
they live more than 100 years old [8].

African American men have the highest rates of PCa in the world and are
frequently diagnosed earlier and at a more advanced stage than white American men [9,
10]. In contrast, Asians/Pacific Islanders display the lowest incident and mortality rates.
Nevertheless, studies based on migration patterns show distinct changes in the incidence
of this malignancy that might reflect the influence of exogenous factors such as
differences in diet and in access to care and screening programs.

Men with family history of PCa have an increased risk of developing this disease,
suggesting inheritance of genes involved in prostate carcinogenesis. Even though, familial
aggregation of PCa might also be explained by similarities in environmental factors which
ultimately lead to development of this disease [7, 11].

Additionally, these different incidence rates among populations might also be due
to genetic differences, once several reports showed differences in microsatellites allelic
frequencies at the androgen receptor (AR) locus as well as polymorphic variation [12].

PROSTATE ADENOCARCINOMA

Prostate gland is a walnut-sized organ surrounding the urethra at the base of the
bladder whose main function is to produce important components of the seminal fluid [13].
McNeal model for prostate structure, widely adopted by clinicians, mainly divides prostate
gland in four distinct zones: peripheral, central, transition zones and anterior fibromuscular
stroma [14, 15]. Benign prostatic hyperplasia (BPH), a common non-malignant condition,
is found in the transition zone, whereas almost all prostate neoplasias arise from the
peripheral zone [13, 16]. Adenocarcinoma comprises 95% of the malignant neoplasms of
the prostate and is presented as a heterogeneous and multifocal disease [14]. Regarding
cellular content, normal and mature prostatic epithelium-basal comprises basal, secretory
luminal and neuroendocrine cells. The luminal or glandular cells constitute the exocrine
compartment of the prostate producing PSA and prostatic acid phosphatase into the

glandular lumina. Those cells express high levels of AR and depend on androgens for
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their survival. Some authors defend that luminal cells are responsible for the origin of

prostate neoplasia, although this concept is still controversial [17].

SCREENING AND DIAGNOSIS OF PROSTATE CANCER

PCa is frequently asymptomatic in its early stages and, although most of cases are
indolent with good prognosis, others are extremely aggressive leading to patients’ death.
Considering that PCa is a slow-growth disease, 70% of deaths due to PCa occur after 75
years of age [18]. Nowadays, PSA serum concentration and digital rectal examination
(DRE) are the only available screening tools for PCa; nevertheless, their impact on
prostate cancer mortality remains unclear [19]. PSA is not a PCa specific marker as
several other conditions can also lead to an increase of its production, namely prostatitis,
BPH, medications or urologic manipulations [20]. Currently, for diagnosis purposes,
European Association of Urology (EAU) guidelines consider transrectal ultrasound
(TRUS)-guided systemic biopsy in men with abnormal DRE and/or a PSA value higher
than 4.0ng/ml, but clinicians should also be aware of patient’s age, potential comorbidities,
and therapeutic consequences. Importantly, it should be taken in consideration that there
are PCa cases with normal DRE and/or lower levels of PSA [19, 21-23].

Presently, PCa screening is responsible for overdiagnosis and overtreatment due
to identification of indolent tumors that would not threaten men’s life. US Preventive
Services Task Force even do recommend against PCa screening in all men, regardless of
age or risk, without even considering a discussion of the risks and benefits of screening
[18]. Nevertheless, other studies still defend that DRE and PSA together as early
detection tools have an impact in PCa mortality reduction as they have allowed the

identification of early-stage tumors, thus increasing chances of cure [13, 24].

PROSTATE CANCER GRADING

The Gleason score (GS) is the universal standard for grading PCa and is based on
the histologic evaluation of glandular epithelial architecture pattern. It consists in
classifying the two most prevalent patterns assigning a value from 1 to 5: 1 corresponds to
a well-differentiated pattern and 5 to a poorly differentiated pattern. The GS is obtained by
adding the classification of the two most common patterns in order to reflect the PCa
morphological heterogeneity, therefore ranging from 2 to 10 [13]. In 2005, this
classification was updated by International Society of Urological Pathology (ISUP) (Figure
4), which agreed that GS in a prostate biopsy should contemplate the Gleason grade of

the most extensive carcinoma component and the highest grade, regardless of its extent.




Chapter |

When needle biopsy comprises different cores with different grades, it is recommended to
report the grades of each core separately and the highest one should be considered to
determine treatment [25]. In radical prostatectomy (RP) specimens, both the primary and
the secondary Gleason grade should be reported with a comment on the tertiary pattern
[19]. The predominant pattern has an important role in prognostic evaluation, namely in
GS 7 in which the predominance of pattern 4 (Gleason 4+3) carries more than a three-fold
higher risk of PCa mortality than Gleason pattern 3+4 [26].

Remarkably, decades after its implementation, Gleason grading system remains
one of the most powerful prognostic tools for PCa, alongside with pathological stage,
being crucial in predicting PCa natural history and assessment of the risk of recurrence
after RP or radiotherapy [21]. Inter-observer reproducibility and number of sampling
biopsies are still the major concern when using GS, although the updated system has
proved to increase in 20% agreement between observers [27, 28].

Figure 4 — Updated Gleason Grading System. Pattern 1 — Closely-packed, uniform, rounded to oval glands;
Pattern 2 — more loosely arranged glands with smooth ends that minimally invade non neoplastic tissue;
Pattern 3 — Irregular size and shape glands with more infiltrative margins; Pattern 4 — Fused, cribriform or ill-
defined glands; Pattern 5 — almost no glandular differentiation. Adapted from [25].
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CLINICAL AND PATHOLOGICAL STAGING

Cancer staging systems are important tools to assess the extent of a cancer and
thus decisive in the choice of treatment options and in prognostic evaluation [16, 29].
Among clinicians, the most commonly used staging system is TNM system, proposed by
the American Joint Committee on Cancer (AJCC) and the Union for International Cancer
Control (UICC) [30]. The system is based on the extension of primary tumor (T), presence
and extension of involved lymph nodes (N) and distant metastases (M) [31] (Table 1).
There are two types of TNM stages determined by AJCC and UICC: pre-treatment or
clinical stage and postsurgical or pathological stage [30, 32].

Clinical staging is established prior to first treatment and is achieved accounting
data from DRE, TRUS or magnetic resonance imaging (MRI), and serum PSA levels [30,
33]. This classification does not change after surgical resection and pathological stage
determination.

Pathological staging requires histological evaluation; hence the tumors extent
within the prostate and in surrounding tissues can only be determined after RP, with micro
and macroscopic analysis of prostatectomy specimen and the dissected regional lymph
nodes. Distant lymph nodes involvement outside the pelvic region, are considered
metastatic disease, notwithstanding its lymphatic nature. PCa spreads preferentially to
bone, therefore in advanced stages bone metastasis are frequently observed [34].

Moreover, as PCa is frequently multifocal and clinical stage truly fails in evaluation
and prediction of extraprostatic extension or seminal vesical invasion. Conversely,
pathological stage is widely accepted as a more accurate tool to predict recurrence being
also used as a prognostic factor [29, 35].

The combination of several tumor features, namely prostate capsule invasion,
preoperative serum PSA levels, GS for the RP specimen, positive surgical margins, lymph
node metastases, seminal vesicles involvement and distant metastases are considered
for establishing clinical nomograms, which have proved to be useful to assess prognosis

and risk for PCa in clinical practice [13, 29, 36].
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Table 1 — The 2010 American Joint Committee on Cancer (AJCC)/Union for International Cancer Control
(UICC) TNM staging classification for prostate cancer. Adapted from [32]

PRIMARY TUMOR (T)

CLINICAL

TX Primary tumor cannot be assessed

T0 No evidence of primary tumor

T1 Clinically unapparent tumor neither palpable nor visible by imaging

Tla Tumor incidental histologic finding in 5% or less of tumor resected
Tib Tumor incidental histologic finding in more than 5% of tumor resected
Tilc Tumor identified by needle biopsy

T2 Tumor confined within prostate gland
T2a Tumor involves one half of one side or less
T2b Tumor involves more than one half of one lobe but not both lobes
T2c Tumor involves both lobes

T3 Tumor extends through prostate capsule
T3a Extracapsular extension (unilateral or bilateral)
T3b Tumor invades seminal vesicle(s)

T4 Tumor is fixed or invades adjacent structures other than seminal vesicles,
such as: external sphincter, rectum, bladder, levator muscles, and/or pelvic
wall

PATHOLOGIC (PT)*

pT2 Organ confined

pT2a Unilateral, one half of one side or less
pT2b  Unilateral, involving more than one half of one lobe but not both lobes
pT2c Bilateral disease

pT3 Extraprostatic extension
pT3a Extraprostatic extension or microscopic invasion of bladder neck
pT3b Seminal vesicle invasion

pT4 Invasion of rectum, levator muscles and/or pelvic wall
REGIONAL LYMPH NODES (N)

CLINICAL

NXx Regional lymph nodes were not assessed
NO No regional lymph node metastasis

N1 Metastasis in regional lymph node(s)
PATHOLOGIC (PN)

pNx Regional nodes not sampled

pNO No positive regional nodes

pN1 Metastasis in regional node(s)

DISTANT METASTASIS (M)

MO No distant metastasis

M1 Distant metastasis

Mla  Non-regional lymph node(s)
M1b Bone(s)

Mlc Other site(s) with or without bone disease
*There is no pathologic pT1 classification
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PROSTATE CANCER TREATMENT

Even though the great majority of PCa cases have slow growth rates, there are
some aggressive cases that must be promptly identified. The likelihood of cure is greater
for non metastatic disease, requiring different treatment options. In this regard, stage of
disease, PSA levels, GS, life expectancy of the patient and their possible side effects are
taken into account [31, 37]. The challenge is to adequate treatment strategies avoiding
patients’ overtreatment, but always for curative purposes [13].

Regarding clinically localized PCa, active surveillance (AS), surgery with RP,
external-beam radiation therapy, and interstitial radiation therapy (brachytherapy) are the
current treatment options.

AS is considered for patients with low risk of developing an aggressive disease.
These patients have clinically confined PCa (T1-T2), GS < 6 and PSA level < 10 ng/mL
[19] and are subject to periodic PSA measurement and prostatic biopsies in order to
assess disease progression.

RP with or without extended pelvic lymphadenectomy is a surgical option
advocated for high-risk locally advanced PCa [37]. Patients that are eligible for surgery
include those with a biopsy GS < 8, PSA level < 20 ng/ml, tumor < cT3a and life
expectancy of 10 or more years [19]. Recently, focal cryotherapy has emerged as a less
morbid option and an alternative option for low-risk patients [19].

Radiotherapy is considered the second major therapeutic modality for localized
high-risk PCa, after RP. This procedure comprises external-beam radiotherapy,
brachytherapy or, more recently, proton beam therapy and has fewer side effects in
urinary disorders and erectile functions, with similar survival rates in low-risk PCa when
comparing to RP [37, 38]. Different radiotherapies can be used as monotherapy, in
combination with other radiotherapies or as an adjuvant post-prostatectomy [13].

When the disease is considered clinically advanced, hormonal therapy is the most
recommended treatment option. Because surgical removal of the prostate and
radiotherapy both have side effects, such as incontinence and erectile dysfunction, they
are not indicated in patients with metastatic disease [37].

Since prostate cells are androgen-dependent, the activation of AR, even without
androgen stimulation, is the driven force of prostate growth. Androgen deprivation therapy
(ADT) either by chemical or surgical castration is recommended in locally advanced and
metastatic disease. Nevertheless, this strategy is also used in combination with surgical or
radiation therapy [19, 39, 40].

Notwithstanding, ADT leads to 70-80% symptoms reduction, almost all tumors will

progress and become resistant to androgen suppression, a status named castration-
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resistant PCa (CRPC) [41, 42]. Albeit its low efficiency, chemotherapy with docetaxel and
prednisone, is the first-line treatment in metastatic CRPC. Moreover, when this strategy

fails, all subsequent treatments are only used as palliative support [42-44].
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EPIGENETICS

Currently, epigenetics is accepted as a set of processes which have long-term
effects on gene expression programs but no interference within DNA sequence [45].
These mechanisms consist in several heritable changes that are early established during
embryonic development, responsible for initiation and maintenance of cellular
differentiation, even within cell replication and division, which might explain different cell
phenotypes for identical genetic information [46, 47].

Epigenetics machinery is critical to chromatin structure and gene transcriptional
activity, comprising three major mechanisms: DNA methylation, covalent modifications of
histones and non-coding RNAs (Figure 5) [48]. Although part of cellular natural and
normal physiology, epigenetic patterns might be modified in response to intrinsic and
extrinsic stimuli that can lead to gene expression deregulation and ultimately to disease
onset [45, 49].
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Figure 5 — Mechanisms of epigenetic regulation: DNA methylation, histone modifications, and non-coding
RNAs. Adapted from [50].
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DNA METHYLATION

DNA methylation consists in the addition of a methyl group at the 5’ position of a
cytosine ring within CpG dinucleotides. This alteration is catalyzed by DNA
methyltransferases [51]. DNA methylation occurs almost exclusively in the context of CpG
dinucleotides that tend to cluster in regions called CpG islands. The great majority of
human gene promoters presents CpG islands which are frequently unmethylated in
normal cells, even though during development and tissue differentiation, some of them
can specifically be methylated [52].

Concerning gene expression regulation, DNA methylation has been associated
with gene expression inhibition and with chromatin repressive states [52]. This
transcription silencing might occur either by avoiding binding of RNA polymerase and
transcription factors [51, 53] or indirectly through recruiting methyl-CpG-binding domain
proteins that consequently promote recruitment of histone-modifying and chromatin-
remodeling complexes [52].

Alterations on DNA methylation pattern have been widely described in cancer [54].
Tumor cells are characterized by a global loss of DNA methylation that promotes
chromosomal instability, reactivation of transposable elements and loss of imprinting.
Beyond global hypomethylation, there is also frequently observed hypermethylation at
specific CpG islands, mainly in promoter regions of tumor-suppressor genes [49, 52].

COVALENT HISTONE POST-TRANSLATIONAL MODIFICATIONS

Histones are highly conserved proteins that are tightly enclosed with DNA and,
therefore, involved in regulation of gene expression. Together, histones and DNA form the
so-called nucleosomes, that comprise 146 bp of DNA coiled in sequence around a core of
eight histonic proteins, two of each H2A, H2B, H3 and H4, linked by H1 [55, 56].

Histones maintain contact with DNA through their flexible globular domain and
amino acid residue regions (lysine, serine and arginine) that protrude from the
nucleosome: histone “tails”. The majority of post-translational modifications (PTMs) in
histones occur at this region [57]. The pattern of histone modifications determines
chromatin status (euchromatin or heterochromatin), and accessibility of DNA to nuclear
factors and subsequently gene transcription [58]. Heterochromatin has a highly package
conformation comprising mostly inactive genes, whilst euchromatin is relatively
uncondensed and represents loci being actively transcribed [56]. PTMs encompass
methylation, acetylation, phosphorylation, ubiquitylation and sumoylation being the first

two the most abundant and the better characterized, so far [59, 60]. Acetylated histones
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are generally associated with a less compact chromatin that facilitates access to
transcriptional machinery and thereby leads to gene activation. In contrast, methylated
histones may be associated either to gene repression or activation, depending on the
amino acid residue and the number of methyl groups added. The histone code comprises
a combination of modifications on each histone and/or nucleosome and is strongly related
to gene transcription (Figure 6). The primary protein families involved in this process are
the enzymes responsible for adding acetyl or methyl groups to histone tails, termed
writers, including histone acetyltransferases and histone methyltransferases (HMTs), and
the erasers, responsible for the removal of these marks, and include histone deacetylases
and demethylases (HDMs) [61, 62].
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Figure 6 — Histone methylation and acetylation and the proteins responsible for the producing, removal or
recognition of these marks. Adapted from [61].

Histone modifications are thought to alter the electrostatic charge of the histones
resulting in a structural change or their binding affinity to DNA. Additionally, these
modifications may serve as binding sites for protein recognition modules, such as the
bromodomains or chromodomains, which are termed readers since they recognize
acetylated lysines or methylated lysines, respectively. Abnormal patterns of histone
modifications due to altered expression and/or activity of key chromatin-modifying

enzymes were implicated in tumorigenesis [62]. Furthermore, a balance between HMTs
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and HDMs is crucial for a normal cellular phenotype and its deregulation has been

reported for several tumor models [63].

NON-CODING RNAS

Non-Coding RNAs (ncRNAs) are a class of RNAs that, although biological relevant
and essential to a correct development, do not encode for proteins [64]. They are involved
in several pathways, including chromosome dynamics, splicing, RNA editing, inhibition of
translation and mRNA destruction [65]. Concerning ncRNAs, the most widely studied
class is microRNAs (miRNAs). These molecules are responsible for repression of mMRNA
translation by mRNA degradation or inhibition of translation. It is presently acknowledged
that each miRNA can target several mMRNAs and a single mRNA can be targeted by
multiple miRNAs. Hence, altered miRNAs can dramatically affect a variety of cellular
mechanisms, namely proliferation, cell death, differentiation, development and metabolism
[66].

Several mechanisms are involved in miRNAs deregulation, including genetic and
epigenetic events [67]. Indeed, the miRNAs abnormal expression is a frequently event in
cancer [64, 68], where they may act either as oncogenes (oncomiRs) or tumor-
suppressors depending on target genes and tumor context [69]. Globally miRNAs are
downregulated in cancer, but specific upregulation has also been described [70]. In tumor
suppressor miRNAs a decreased expression might occur mainly due to defects at
MiRNASs biogenesis causing an abnormal expression of its targets which might lead to
tumor formation. On the other hand, oncomiRs amplification and/or overexpression might
also induce tumors by decreasing expression of a miRNA-target tumor-suppressor gene
[69].
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HISTONE METHYLATION AND PROSTATE CANCER

HISTONE METHYLATION

The role of histone methylation in PCa has been increasingly elucidated over the
past decades. In contrast to histone acetylation, histone methylation does not alter histone
tail ionic charge; instead it determines its basicity, hydrophobicity, and transcription factors
affinity towards DNA [71]. Histone methylation can occur either in lysine residues, by
lysine histone methyltransferases (KMT), or in arginine residues, by protein arginine
methyltransferases (PRMT) and might positively or negatively regulate gene transcription.
The reversibility of histone methylation has been established through the discovery of
histone lysine and arginine demethylases, uncovering a new level of histone plasticity [72,
73]. Whereas lysine residues might be modified into mono- (mel), di- (me2), or trimethyl
(me3) states, arginine can only be modified to mono- or dimethyl states (symmetric or
asymmetrically) [74]. Thus, different degrees of methylation may be associated with

distinct chromatin regions or transcriptional states [75] (Figure 7).
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Figure 7 — Major lysine methylation marks on histones H3 and H4. The embedded numbers refer to the

methylated amino acid residue on each histone. The general function of each mono-, di-, and trimethylation
state is represented in dots of distinct colors according to its function. Adapted from [76].
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H3K4me3 and H3K4me2 are highly enriched at transcriptionally competent or
active gene promoters, but the mono-methylated form of H3K4 is associated with gene
enhancers. H3K27me3 is present in transcriptionally repressed promoters whereas silent
pericentric heterochromatin is marked by H3K9me3 [77]. Recent data have enlightened
the role of histone arginine methylation in transcription regulation which was found to be
able to promote or antagonize the interaction of nuclear factors with other nearby histone
marks [78, 79].

Thus far, more than 50 HMTs and 30 HDMs were identified [61, 80-82] (Figure 8).
Concerning methylation, all HMTs use S-adenosylmethionine as a co-substrate to transfer
methyl groups and can be divided in three classes of histone-methylating enzymes: SET
domain lysine methyltransferases, non-SET domain lysine methyltransferases, and
arginine methyltransferases [83]. The specificity of these enzymes is questionable since
they target non-histone proteins alongside with several histone residues [80]. The arginine
methylases might be classified by its type of methylation: type | enzymes leads to
symmetric arginine methylation while type 1l is responsible for the asymmetric process
[78]. Regarding HDMs, they are categorized in two different groups: Lys-specific
demethylases (LSD) and Jumonji C (JMJC) histone demethylases. The JMJC family
demethylates mono-, di-, and trimethylates lysines enzymes, whereas LSD family proved

to be unable to catalyze the demethylation of the trimethylated state [82, 84].
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Figure 8 — Phylogenetic trees of epigenetic protein families: protein methyltransferases (PMTs) and lysine
demethylases (KDMs). Adapted from [61].

Recent studies suggested that HMTs and HDMs deregulation might be crucial to
cancer onset and progression. Indeed, in cancer cells, some of these enzymes can be
altered resulting in abnormal expression and mechanisms underlying this deregulation

may include genetic alterations such as chromosomal translocations, gene mutations or
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fusion proteins. Genetic alterations in KMTs and KDMs may serve as patient stratification
biomarkers for future potential treatment with specific inhibitors of these histone modifiers
[85, 86].

HISTONE METHYLATION IN PCA

Histone post-translational modifications have been linked to prostate
carcinogenesis but there is still much to explore concerning this issue [46]. Global patterns
of histone modifications have been linked to risk of PCa recurrence. Regarding histone
methylation, levels of H4R3me2 and H3K4me2 enables distinction between two groups of
low-grade PCa (GS 6 or less) with different prognosis outcome [87]. Some histone
modifying patterns, namely H3K4me2 and H3K4mel, were also associated with increased
risk of PCa recurrence [88, 89]. Similarly, methylation of H3K4 and H3K27 were already
correlated with tumor grade or recurrence [88, 90]. Nevertheless, it is important to note
that the presence of multiple epigenetic marks should be interpreted carefully; indeed, it is
currently recognized the importance of the balance of PTMs, especially bivalent marks
such as H3K4/K27me3 [91].

Deregulation of some lysine histone methylases - Mixed-Lineage Leukemia 2 (MLL2),
Mixed-Lineage Leukemia 3 (MLL3), nuclear receptor binding SET domain protein 1 (NSD1),
enhancer of zeste homolog 2 (EZH2) or SET and MYND domain containing 3 (SMYD3) - in PCa
tissues has also been demonstrated [88, 92]. However due to inappropriate tissue
sampling and/or to the reduced number of samples tested, the reliability of most studies is
rather limited. Nevertheless, EZH2, a member of the Polycomb complex components, was
already proved to be a driver in prostate carcinogenesis [87, 93]. EZH2 is a HMT that
catalyzes repressive marks such as H3K27me3 and occasionally H3K9me2, thereby
associated with heterochromatinization, repression of genes and ability to influence DNA
methylation [94-98]. Furthermore, EZH2 was found to be overexpressed in metastatic
PCa, being associated with high proliferation rates and tumor aggressiveness [99, 100].

Since methylation of H3K9 is linked to repression of AR regulated genes in
prostatic cells, silencing of its specific demethylases, namely LSD1, lysine-specific
demethylase 3A (KDM3A) or lysine-specific demethylase 4C (KDM4C), leads to an
increase the levels of these repressive marks on AR targeted genes regulatory regions
and thus decreases its expression [101, 102]. In fact, LSD1 demethylates H3K4 and
H3K9, and its upregulation is associated with aggressive and hormone-refractory PCa and

with high risk of disease relapse [103-107].
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THE METHYLTRANSFERASE SMYD3

SET and MYND domain-containing protein 3 (SMYD3) is a KMT that plays an
important role in transcriptional regulation. Its KMT activity mainly relies on two conserved
amino acid sequences, NHSC and EEL, located within the SET domain. It was firstly
described as a histone modifier with dimethyl- and trimethyltransferase activity at lysine 4
of H3 (H3K4) activating transcription of a set of downstream genes, which elicits its
oncogenic effect [108]. Currently, it is acknowledged that this enzyme also methylates
H4K5 and H4K20 as well as other non-histonic proteins [109, 110]. Moreover, since
SMYD3 can be found not only in the nucleus but also in the cytoplasm, it has been
suggested that it could methylate cytoplasmic or membrane proteins. Indeed, it has been
already reported that SMYD3 methylates lysine 831 of vascular endothelial growth factor
receptor 1 (VEGFR1) enhancing its kinase activity [111]. SMYD3 also interacts with RNA
helicase HELZ and recruits RNA polymerase Il, thus affecting transcription [108].
Moreover, SMYD3 binds to specific DNA sequences (SBE), 5-CCCTCC-3' or 5'-
GGAGGG-3', within promoter regions of target genes, allowing their elongation [108]. In
fact, SMYD3 showed to be capable of binding to those motifs and consequently leads to
transcriptional activation of several downstream genes including NK2 homeobox 8
(Nkx2.8), wingless-type MMTV integration site family member 10B (WNT10B), PR
Domain Containing 2 With ZNF Domain (PRDM2 or RIZ1), met proto-oncogene (c-Met)
and 15-Lipoxygenase-1 (15-LOX-1) [108, 112-115]. Additionally, SMYD3 also regulates
indirectly gene expression by altering the conformation of genes’ promoters, impacting on
recruitment of DNA methyltransferases and thus contributing to site specific DNA
methylation [113].

Interestingly, SMYD3 deregulation has been previously reported in a wide range of
human cancers with enhanced expression observed in colorectal, hepatocellular and
breast carcinomas [108, 112]. Functional in vitro studies showed that SMYD3 knockdown
is associated with growth inhibition, apoptosis and reduced migration/invasion potential in
cancer cell lines of those tumors, thus supporting its oncogenic role [108, 112, 113, 116,
117]. Furthermore, it has also been reported that SMYD3 may directly interact with the
ligand-binding domain of the estrogen receptor (ER) and be recruited to the proximal
promoter regions of ER target genes inducing their expression by addition of di- and
trimethylation of H3K4, through its KMT activity [118]. Therefore it is plausible that SMYD3
might interact with other nuclear receptors, including the AR, and consequently, it can be
implicated in prostate carcinogenesis. However, the role of SMYD3 and respective histone
marks on the abnormal expression of genes associated with PCa initiation and

progression, as well as the cellular pathways affected, remains unknown.
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Chapter I

RATIONAL AND AIMS

PCa is one of the most incident cancers worldwide, and currently these tumors are
frequently overdiagnosed and overtreated. Nevertheless, mortality rates are not
decreasing and it is expected, within the next years, a rising trend in prevalence mainly
due to population aging. Prevention might have a slight impact on disease-related
mortality, whereas diagnostic and prognostic evaluation is crucial both to an earlier
identification of clinical relevant tumors and to better adjust therapeutic options in
accordance with disease aggressiveness. Thus, a major challenge is to identify men with
aggressive disease, for which suitable treatment might be crucial to attain a cure, and

spare patients with clinically insignificant disease from unnecessary treatment morbidity.

Abnormalities in epigenetic mechanisms, namely histone methylation, might
contribute to cancer initiation and progression. The acknowledged involvement of HMTs
and HDMs deregulation in cancer allows to consider these enzymes as biomarkers
intended for accurate diagnosis or for stratification of cancer patients into subgroups with
different prognosis and tumor biology, aiming at appropriate selection for targeted
therapies. Additionally, understanding the role of these enzymes in carcinogenesis
through functional studies and addressing the mechanisms underlying cancer cells’

phenotypic plasticity may allow for the discovery of novel therapeutic targets.

Hence, the main goal of this PhD project was to determine which HMTs and HDMs
are relevant for prostate carcinogenesis and how their assessment might provide novel
tools for patient management. To accomplish this objective, several tasks were

established:

- Identify HMTs and HDMs displaying altered expression levels in a relatively
large series of PCa patients submitted to RP comparing with normal prostate

tissues;

- Evaluate expression levels of HMTs and HDMs and ascertain their correlation
with clinicopathological parameters;

- Assess the clinical usefulness of HMTs and HDMs for prediction of disease

progression.
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Because SMYD3 deregulation was reported to play an important role in other solid

tumors, and our data suggested that it may be relevant for PCa progression, we

investigated its function using in vitro and in vivo cell assays, which allowed us to:

Evaluate the effect of SMYD3 silencing in malighant phenotype of PCa cell

lines;
Assess the impact of SMYD3 knockdown in PTMs’ patterns;
Identify molecular pathways and putative target genes regulated by SMYDS;

Determine the importance of SMYD3 methyltransferase catalytic activity in the

modulation of PCa cells phenotype.
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Deregulated Expression of HMTs and HDMs in PCa

ABSTRACT

Prostate cancer (PCa), a leading cause of cancer-related morbidity and mortality,
arises through the acquisition of genetic and epigenetic alterations. Deregulation of
histone methylases (HMTs) or demethylases (HDMs) has been associated with PCa
development and progression. However, the precise influence of altered HMTs or HDMs
expression and respective histone marks in PCa onset and progression remains largely
unknown. To clarify the role of HMTs and HDMs in prostate carcinogenesis, expression
levels of 37 HMTs and 20 HDMs were assessed in normal prostate and PCa tissue
samples by RT-qPCR. SMYD3, SUV39H2, PRMT6, KDM5A and KDMG6A were up-
regulated, whereas KMT2A-E (MLL1-5) and KDM4B were downregulated in PCa,
compared to normal prostate tissues. Remarkably, PRMT6 was the histone modifier that
best discriminated normal from tumorous tissue samples. Interestingly, EZH2 and SMYD3
expression levels significantly correlated with less differentiated and more aggressive
tumors. Remarkably, SMYD3 expression levels were of independent prognostic value for
prediction of disease-specific survival of PCa patients with clinically localized disease
submitted to radical prostatectomy. We concluded that expression profiling of HMTs and
HDMs, especially SMYD3, might be of clinical usefulness for assessment of PCa patients

and assist in pre-therapeutic decision-making.
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INTRODUCTION

Prostate cancer (PCa) is the most frequently diagnosed cancer in men from
developed countries and a leading cause of cancer-related morbidity and mortality
worldwide [1, 2]. At its earliest stages, PCa is frequently asymptomatic, fostering the use
of biomarkers, such as serum prostate-specific antigen (PSA), for screening and
identification of asymptomatic low-stage tumors, followed by prostate biopsy for diagnosis
confirmation [3]. However, prostate biopsy meets with several limitations, including
sampling error as well as intra- and interobserver variability in Gleason grading [4, 5],
which even in conjunction with other prognostic factors used for therapeutic decision (e.qg.,
clinical stage and pre-therapeutic serum PSA levels) are rather imperfect in predicting
disease progression [6, 7]. Consequently, there is a significant degree of uncertainty
concerning the threat that a PCa poses to an individual patient, entailing overtreatment
[8].

The role of epigenetic modifications in cancer initiation and progression has been
emphasized [9]. In addition to aberrant DNA methylation, alterations in chromatin
modification patterns, due to histones post-translational modifications (PTMs), were
implicated in carcinogenesis and have emerged as potential key regulators of cancer-
related pathways [10]. Importantly, PTMs may be changed in cancer cells due to altered
expression or activity of key chromatin-modifying enzymes [10].

Histone methylation, carried out by histone methylases (HMTSs), requires different
families of enzymes depending on the residue (lysine histone methylases (KMT)
methylate lysine residues, whereas protein arginine methylase (PRMT) methylate
arginines) and might positively or negatively regulate gene transcription. Whereas lysine
residues might be modified into mono-, di-, or trimethyl states, arginine can only be
modified to mono- or dimethyl states (symmetric or asymmetrically) [11]. Different degrees
of methylation may be, thus, associated with distinct chromatin regions or transcriptional
states (e.g., trimethylation of lysine 9 of histone H3 is associated with pericentromeric
heterochromatin and transcriptional repression, whereas its dimethylation is linked to
repressed genes in euchromatin [12]). Recently, the reversibility of histone methylation
has been established through the discovery of histone lysine and arginine demethylases
(HDMs), uncovering a new level of histone plasticity [13, 14].

Altered HMTs expression levels have been found in PCa, most notably EZH2
(enhancer of zeste homolog 2), a lysine methylase, which is increased in metastatic PCa,
marking aggressive disease [15, 16]). Specific relationships between histone marks and
tumor grade or recurrence (particularly methylation of H3K4 and H3K27) have been

reported [17, 18] and deregulation of some lysine histone methylases - MLL2, MLLS3,
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NSD1, EZH2 or SMYD3 - in PCa tissues has been also demonstrated [18, 19]. However,
the validity of most studies is limited due to inappropriate tissue sampling and/or to the
reduced number of samples tested.

Because deregulation of HMTs and HDMs affects post-translational control of
cellular proteins involved in cancer-relevant signaling networks, a better understanding of
their function might lead to the identification of more accurate markers that might be useful
to discriminate patients benefiting from a more aggressive treatment from those that might
be spared unnecessary and potentially harmful interventions. Therefore, we sought to
identify HMTs and HDMs displaying altered expression levels, in a relatively large series
of PCa patients submitted to radical prostatectomy, and further test their clinical

usefulness for prediction of disease progression.
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MATERIAL AND METHODS

PATIENTS AND TISSUE COLLECTION

Primary tumors from 160 patients with clinically localized prostate
adenocarcinoma, consecutively diagnosed and primarily treated with radical
prostatectomy at the Portuguese Oncology Institute, Porto, Portugal, were prospectively
collected. For control purposes, non-neoplastic prostate tissue samples were obtained
from the peripheral zone of 15 prostates not harboring PCa collected from
cystoprostatectomy specimens of bladder cancer patients [normal prostate tissue (NPT)].
All tissue specimens were promptly frozen immediately after surgery, following informed
consent. Five-micron thick sections were cut and stained for the identification of the areas
of PCa (i.e., the index or dominant tumor) and normal tissue. Then, the tissue block was
trimmed to maximize the yield of target cells (>70% of target cells). Subsequently, an
average of fifty 12-um thick sections was cut and every fifth section was stained to ensure
a uniform percentage of target cells and to exclude contamination from neoplastic cells in
normal tissue samples. Histological slides from formalin-fixed, paraffin embedded tissue
fragments were routinely obtained from the same surgical specimens and assessed for
Gleason score (GS) [20] and TNM stage [21]. Relevant clinical data were collected from
the clinical records. These studies were approved by the institutional review board
[Comissdo de Etica para a Saude (IRB-CES-IPOFG-EPE 019/08)] of Portuguese

Oncology Institute - Porto, Portugal.

RNA ISOLATION

All tissue samples were suspended in TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and, after addition of chloroform to the lysed cells, total RNA was purified from the
aqueous phase of TRIzol extract using the PureLink RNA Mini Kit (Invitrogen) following
manufacturer recommendations. The concentration, purity and integrity of RNA samples
were determined on a Nanodrop ND-1000 (Thermo Scientific, Wilmington, DE, USA) and

agarose gel electrophoresis.

SCREENING OF HISTONE METHYLASES AND DEMETHYLASES

Five NPTs and ten independent PCa samples were chosen to encompass the full
spectrum of prostate carcinomas in this series considering the Gleason score and
pathological stage (Table 1). After treatment with DNAse Turbo DNA-free (Ambion,
Austin, TX, USA), a total of 1 pg of total RNA was reverse transcribed using the High
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Capacity cDNA RT kit (Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions. TagMan® Array 96-Well Plates were designed in order to
evaluate expression levels of 37 HMTs and 20 HDMs. RT-qPCR protocol was performed
on an ABI-7500 Real-Time PCR system (Applied Biosystems) according to
manufacturer’s instructions and each sample was run in triplicate.

The amount of mMRNAs of the genes studied was normalized to that of the GUSB
reference gene and the median value of NPTs and PCa samples was chosen to calculate
fold-difference in gene expression between groups, using the comparative Ct method.
Genes with a logarithmized fold change above 0.5 or below -0.5 were further considered.
The expression of KDM6A was also included because it has been previously reported as
deregulated in several tumor models [22], and analysis was extend to all members of the
MLL family.

VALIDATION OF SELECTED ENZYMES

After gene selection, mMRNA levels were confirmed in a large and independent
group of 150 PCa tissues and 15 NPTs. A total of 300ng was reverse transcribed and
amplified using TransPlex®Whole Transcriptome Amplification Kit (Sigma-Aldrich®,
Germany) with subsequent purification using QIAquick PCR Purification Kit (QIAGEN,
Germany), according to manufacturer’s instructions. HMTs or HDMs mRNA levels were
evaluated using TagMan® Gene Expression Assays (Applied Biosystems, Foster City,
CA, USA, supplementary table 1) and the most suitable endogenous control assays for
analysis of prostate tissues [23], GUSB and TFRC, were also analyzed. To determine the
relative expression levels in each sample, the values of the target gene were normalized
using the median of the two internal reference genes to obtain a ratio (HMT or HDM/Mean
of TFRC and GUSB). Each plate included multiple non-template controls and serial
dilutions of a cDNA from human prostate RNA (Ambion, Invitrogen, Carlsbad, CA, USA) to

construct a standard curve for each plate. All experiments were run in triplicate.

STATISTICAL ANALYSIS

For statistical analysis purposes, PCa samples were divided into two- or three-
grade categories for GS (GS < 6 and GS = 7) and pathological stage (pT2, pT3a and
pT3b), respectively. The Shapiro-Wilk's W test allowed for the examination of the
appropriateness of a normal distribution assumption for each of the parameters (data not
shown). Then, the median and range of the mMRNA expression levels for each group of

samples were determined and analyzed using Mann-Whitney U test. A Receiver Operator
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Characteristics (ROC) curve was constructed by plotting the true positive rate (sensitivity)
against the false positive rate (1-specificity) and the area under the curve (AUC) was
calculated to assess diagnostic performance. Possible correlations between the
expression levels and GS or pathological stage were assessed by the Kruskal-Wallis one-
way analysis of variance (ANOVA), followed by Mann-Whitney U test when appropriate.
For multiple comparisons the Bonferroni method was used to adjust P values. Spearman
nonparametric correlation tests were additionally carried out to ascertain correlations
between age, PSA levels and HMTs or HDMs expression levels. The prognostic
significance of available clinical variables (pathological stage, GS, age, and serum PSA
levels) was assessed by constructing disease-specific and disease-free survival curves
using the Kaplan-Meier method with log-rank test (univariate test). A Cox-regression
model comprising the four variables (multivariate test) was also constructed. Disease-free
survival was calculated from the date of the radical prostatectomy to the date of
biochemical relapse, or date of last follow-up or death if relapse-free. For the purposes of
survival analyses, all cases were coded based on expression levels of each enzyme using
the percentile 75 value as empirical threshold. Cases were also subdivided according to
serum PSA levels (below and above median value) and age (above 60, between 60 and
70, and above 70). Statistical analysis was performed using SPSS for Windows, version
20.0 (SPSS, Chicago, IL, USA) and the level of significance was set to p<0.05. Graphs
were built using GraphPad Prism 5.0 software for Windows (GraphPad Software Inc., La
Jolla, CA, USA).
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RESULTS

EVALUATION OF HISTONE METHYLASES AND DEMETHYLASES

EXPRESSION LEVELS

Expression levels of 37 HMTs and 20 HDMs were assessed in ten PCa and five

normal prostate samples (relevant clinical and pathological data is depicted in Table 1).

Table 1 — Clinical and pathological features of patients included in the testing set and in the validation series

PCa Normal PCa Normal

Number of patients, n 10 5 150 15
Age (years), median (range) 59 (53-71) 61 (49-66) 64 (49-75) 64 (45-80)
PSA levels (ng/mL), median 12.3 na. 8.2 na.
(range) (3.5-19.9) (2.9-23.0)
Pathological stage, n (%) n.a. n.a.

pT2 4 (40.0) 89 (59.3)

pT3a 2 (20.0) 50 (33.3)

pT3b 4 (40.0) 11 (7.3)
Gleason Score, n (%) n.a. n.a.

<7 3(30.0) 57 (38.7)

>7 7 (70.0) 93 (62.0)

PCa, prostate cancer; n.a., not applicable.

Most enzymes were downregulated in PCa compared to NPT (Figure 1). Based on
fold-variation, lysine histone methylases SUV39H2, SMYD3, MLL1-5 and EZH2 (the latter
used as positive control according to the literature), argine histone methylase PRMT6 and
histone demethylases KDM4B, KDM6A, KDM5A and KDM3B were selected for validation
(Supplementary Table 2). This was performed using RT-gPCR in a larger and
independent series comprising 150 PCa samples and 15 normal prostate tissues (relevant
clinical and histopathological data is displayed in Table 1). Statistically significant
differences between NPT and PCa tissue samples were found for all candidate genes,
except KDM3B (Table 2).
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Figure 1 — Expression levels of 37 HMTs and 20 HDMs in normal and PCa tissues. Gene expression of five
normal prostate tissues and ten PCa calculated using comparative Ct method. The results presented
correspond to median value of each group.

Table 2 — Distribution of selected HMTs and HDMs expression levels in normal and PCa tissue samples

Gene Normal Tumor p-value, M-W AUC
EZH2 0.77 (0.39-1.82) 1.15 (0.09-4.85) 0.014 0.692
MLL1 0.69 (0.21-2.52) 0.29 (0.08-1.30) <0.001 0.212
MLL2 3.23 (1.61-6.76) 2.05 (0.49-8.07) 0.004 0.272
MLL3 2.37 (1.24-4.40) 1.45 (0.39-4.06) <0.001 0.232
MLLA4 3.91 (1.36-10.21) 1.97 (0.36-8.66) <0.001 0.272
MLL5 0.73 (0.58-3.46) 0.53 (0.21-1.55) <0.001 0.162
PRMT6 0.16 (0.02-0.30) 0.43 (0.10-1.77) <0.001 0.923
SMYD3 0.90 (0.53-1.44) 1.53 (0.53-4.50) <0.001 0.855
SUV39H2 1.07 (0.63-2.48) 1.36 (0.32-3.43) 0.044 0.657
KDM3B 0.26 (0.03-0.45) 0.24 (0.11-0.78) n.s. 0.495
KDM4B 2.24 (0.47-7.81) 0.47 (0.08-2.23) <0.001 0.098
KDM5A 0.21 (0.10-0.63) 0.32 (0.07-0.77) 0.026 0.675
KDM6A 0.33 (0.03-0.52) 0.47 (0.20-1.58) <0.001 0.813

HMT, histone methylase; HDM, histone demethylase; PCa, prostate cancer, M-W, Mann-Whitney test; AUC,
area under the curve; n.s., not significant.
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As expected, higher EZH2 expression levels were observed in PCa compared to
NPT and the same trend was verified for SMYD3, SUV39H2, PRMT6, KDM5A and
KDMBG6A (Figure 2 and Table 2).

A_ B__ C_

6.0~ o o

& & 5.09 - Z 4.0

5 g s !

= = 4.0 "

| a0 3 2 3.0

g™ X S £

3 5% g

ES ES 5 2.0

@ 2.0

220 E 2

3 2 1.0 2101

o e - &

& g 3

jool——F— ; 0.0~ ‘g 0.0~

w Normal ~ Tumor b Normal  Tumor Normal  Tumor

(n=15) (n=150) {n=15) (=150} o {n=15) {n=150)

D_ E_ F_

o =] [=]

& 201 € 1.0 & 207

g g : g

= = 0.8 =

515, £ : 3 15

e = =

= = =

2 1.0 2 & 1.0

: £ 04 g

= = =

= 0.5- =2 2 0.5

2 2 021 s '

= g.0- =00—7 = o0.0-

E Normal Tumor 5 Normal Tumor " Normal Tumor

(n=15) (=150} {n=15) (=150} {n=15) {n=150)

Figure 2 — Identification of HMTs and HDMs overexpressed in PCa. Relative quantification of EZH2 (A),
SMYD3 (B), SUV39H2 (C), PRMT6 (D), KDM5A (E) and KDM6A (F), displaying higher expression levels in
PCa compared to normal prostate tissues (**** p < 0.0001; * p < 0.05).

Contrarily, all selected members of MLL family and KDM4B were downregulated in

PCa samples compared to NPT (Figure 3 and Table 2).
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Figure 3 — Identification of HMTs and HDMs downregulated in PCa. Relative quantification of MLL1 (A), MLL2
(B), MLL3 (C), MLL4 (D), MLL5 (E), and KDM4B (F) depicted lower levels in PCa compared to normal
prostate tissues (**** p < 0.0001; *** p < 0.001; ** p < 0.01).
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Interestingly, significant positive correlations between several members of MLL
family were found in PCa samples (Table 3).

Table 3 — Coefficient of correlation (r) between the expression levels of all members of MLL family in PCa
tissue samples

MLL1 MLL2 MLL3 MLL4 MLL5S

MLL1 - 0.773 0.814 0.600 0.560
MLL2 - - 0.844 0.729 0.468
MLL3 - - - 0.650 0.464
MLL4 - - - - 0.458
MLL5S - - - - -

PCa, prostate cancer; Spearman Correlation; p < 0.001 for all comparisons.

To reinforce the oncogenic role of altered enzyme expression, transcript levels
(categorized according to percentile 75) were tested as PCa biomarkers in tissue
samples. Remarkably, PRMT6 performed best in sensitivity (90.0%) and specificity
(73.3%) for discriminating PCa from NPT, and ROC curve analysis showed an AUC of
0.923 (95% confidence interval: 0.870-0.977, p<0.001) (Figure 4).
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Figure 4 — Performance of PRMT6 expression as biomarker for PCa. Receiver operator characteristic (ROC)
curve evaluating the ability of PRMT6 expression levels in discriminating PCa from normal prostate tissues
(AUC, area under the curve; Cl, confidence interval).

No significant differences in age between PCa patients and normal tissue donors
were apparent. Statistically significant associations between expression levels of SMYD3
(p=0.044) or MLL1 (p=0.041) and pathological stage were disclosed (higher levels in pT3b
cases for both genes, Figure 5A and 5B). When the patient cohort was stratified according
to GS, increased levels of EZH2 (p=0.048) and MLL3 (p=0.018) were associated with less
differentiated tumors (Figure 5C and 5D). No statistically significant associations were

found between gene expression levels and patients’ age or PSA levels.
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SURVIVAL ANALYSIS

The median follow-up period of this series of PCa patients was 105 months (range:
3-145 months). At the time of the last follow-up, five patients (3.3%) had died from PCa
and 45 of 136 (33%) presented biochemical recurrence. In 14 patients, serum PSA levels
> 0.2ng/mL persisted following surgery and these were not further considered for disease-
free survival analysis. Disease-specific survival curves using established clinical variables
or expression levels of selected genes did not display prognostic value within the available
follow-up time. However, disease-free survival (DFS) analysis showed that tumors with
higher transcript levels of EZH2 (p=0.001) or SMYD3 (p=0.010) were significantly
associated with a shorter time to relapse, in univariate analysis (Figure 6). Higher GS
(p < 0.001), advanced pathological stage (pT3a p=0.016 and pT3b p=0.002) and higher
PSA levels (p=0.029) were also associated with shorter DFS, whereas age was not of
prognostic value within the available follow-up time. In multivariate analysis, higher GS,
stage pT3b and high SMYD3 expression levels retained statistical significance (p=0.001,
p=0.027 and p=0.025 respectively) and were capable of independently predict prognosis,
whereas EZH2 expression, PSA and pathological stage pT3a did not show independent

prognostic value, in this dataset (Table 4).
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Figure 6 — Kaplan-Meier estimated disease-free survival curves for PCa patients. Disease-free survival curves
of 136 PCa patients according to expression levels of EZH2 (A) and SMYD3 (B). The results of RT-gPCR
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Table 4 — Cox regression models assessing the potential of clinical and epigenetic variables in the prediction

of disease-free survival for 136 PCa patients

Gene  variable HR 95% CI for HR P value (CR)
PSA levels > med 1.652 0.914-2.986 0.096
Gleason Score 4.206 1.820-9.718 0.001
pT Stage > 2 0.148
EZH2 Vs 3a 1.457 0.753-2.819 0.264
vs 3b 2.397 0.980-5.864 0.055
EZH2 expression > Q75 1.890 0.983-3.637 0.056
PSA levels > med 1.697 0.940-3.064 0.079
Gleason Score 4.259 1.817-9.982 0.001
pT Stage 2 0.086
SMYD3 Vs 3a 1.476 0.755-2.886 0.255
vs 3b 2.662 1.115-6.356 0.027
SMYD3 expression > Q75 2.049 1.096-3.832 0.025

PCa, prostate cancer; CR, Cox regression; HR, hazard ratio; Cl, confidence interval; Med, median value; Q75,

quartile 75 value; bold highlights statistical significance (p < 0.05).

45



Deregulated Expression of HMTs and HDMs in PCa

DISCUSSION

Deregulation of histone PTMs patterns has been associated with PCa
development and progression [15, 18, 19]. Because these modifications might be due to
altered expression or activity of key chromatin-modifying enzymes [10], we attempted to
globally characterize alterations of expression affecting HMTs and HDMs in PCa tissues
and determine whether those might be of clinical and pathological relevance.

Overall, 37 HMTs and 20 HDMs expression levels were assessed, comprising
most of the relevant members of each class. Owing to the relatively large number of
genes tested, this panel was initially tested in a small series of tissue samples. This might
underestimate the frequency and magnitude of changes in gene expression, but it allows
for the selection of the most significantly altered. Thus, to confirm the initial findings in the
arrays, a validation study was performed for the selected genes using RT-qPCR and only
three out of twelve genes were not confirmed. Importantly, genes that were previously
reported to be overexpressed in PCa, such as EZH2 [16], surfaced in the array and were
confirmed in the large series of PCa, thus validating our initial approach. Furthermore,
EZH2 expression was significantly increased in high GS cases, not associating with
pathological stage, confirming previous observations [24].

Interestingly, some of the most significantly altered genes encode for enzymes that
display antagonistic functions. Although this might result in a balance between repressive
and active PTMs, it must be recalled that the effect in gene expression will depend on the
specific genomic locations and how tumor suppressor genes or oncogenes are
differentially affected [25, 26]. Contrarily, concerning the enzymes that have overlapping
functions, the same trend was not apparent. This is most likely due to function
redundancy, so that oncogenesis is already facilitated through the alteration of a single
enzyme responsible for a specific PTM [27].

We found that H3K4 methylase SMYD3 was upregulated in PCa, paralleling
previous observations in colorectal, hepatocellular and breast carcinomas [28, 29],
whereas MLL family members (which accomplish the same PTM) were downregulated.
Remarkably, higher SMYDS3 transcript levels were associated with locally advanced
disease, suggesting an association with more aggressive PCa. Interestingly, SMYD3
overexpression has been linked with enhanced proliferation and loss of differentiation [29-
33] and this may support the association found in PCa. Moreover, SMYD3 also
methylates H4K5 and H4K20 and other non-histone proteins, which may also contribute to
its oncogenic role [34, 35]. We found that KDM5A, encoding an H3K4 demethylase, was
also overexpressed in our PCa series. Remarkably, KDM5A has an antagonistic

interaction with pRB, and it is also associated with MYC [36], a proto-oncogene which is

46



Chapter IlI

upregulated in PCa. This putative oncogenic activity, already demonstrated in gastric
cancer [37], is also supported by our findings.

On the other hand, nearly all members of the MLL family were globally
downregulated in PCa. This family also targets H3K4, but its downregulation might not
impact in H3K4me3 levels owing to SMYD3 overexpression. MLL1 and MLL3 displayed
higher expression levels in PCa cases with higher GS and more advanced stage,
although levels remained lower than those of normal prostate tissues. MLLs operate in
complexes [38], a feature that may explain the observed correlation between some
members of this family. Because not all MLL genes are present in the same complexes, a
downstream mechanism responsible for their global downregulation in prostate
carcinogenesis likely exists. Furthermore, a negative crosstalk between methylation of
H3R2 by PRMT6 and H3K4 by MLL complex was described [39] and increased
expression of PRMT6 was identified in our set of PCa. The overexpression of this histone
modifier, already reported in bladder and lung cancer, might lead to a decrease of p53
levels, fostering tumorigenesis [40, 41]. Interestingly, PRMT6 proved to be the HMT that
best discriminated PCa from normal prostate tissues, further supporting a role for its
deregulation in prostate carcinogenesis.

SUV39H2 and KDM4B methylate and demethylate H3K9, respectively.
SUV39H2's role in cancer depends on the model: in B-cell lymphomas it acts as a tumor
suppressor [42], whereas in breast cancer it is regarded as an oncogene [43], as our
results suggest for PCa. A positive correlation between KDM4B expression and increased
PCa grade has been reported [44], but we were not able to confirm it, probably due to
methodological differences. Coffey and co-workers used samples of benign prostate
hyperplasia (BPH) as controls and this lesion is reported to be potentially linked with PCa
arising in the transition zone [45]. Moreover, their analysis was based on a qualitative
evaluation of cytoplasmic immunostaining in a small portion of tissue [44]. On the
contrary, we used morphologically normal prostate tissue from the peripheral zone, were
over 80% of PCa originate, and expression was quantitatively assessed at transcript level.

A major goal of our study was to determine the potential clinical usefulness of
altered HMTs and HDMs expression in PCa. Only EZH2 and SMYD3 disclosed a
significant association with disease-free survival, in univariate analysis. Similar results
have been reported for EZH2 expression, although assessed by immunohistochemistry
[24, 46, 47], and it was found to independently predict PCa recurrence. Although we did
not confirm this result for EZH2 at transcript level, a statistical trend was apparent. It
should be recalled that our series only incorporates patients with clinically localized PCa,
submitted to radical prostatectomy, which represent a subset of the whole spectrum of

PCa patients. Because these patients are selected for having clinically organ-confined
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disease, the corresponding PCa are usually of low and intermediate grade (mostly
Gleason score 6 and 7 in the biopsy) and low stage (cT1lc and cT2). Thus, it does not
comprise the full spectrum of PCa as clinically advanced and high grade cases at
diagnosis will not be considered (in general) for curative-intent radical prostatectomy.
Notwithstanding these limitations, high SMYD3 expression retained prognostic
significance in multivariate analysis, confirming its potential clinical usefulness. To more
easily translate for routine practice, however, it would be important to determine if
immunohistochemical assessment of SMYD3 expression would provide the same result.
Though several commercially available antibodies were tested, none provided satisfactory
results.

Concerning disease-specific survival, no statistically significant associations were
apparent, probably due to relatively short follow-up data. A follow-up period of 15 or 20
years is usually required to detect differences in PCa survival in patients with localized
disease submitted to radical prostatectomy [48]. Nonetheless, biochemical recurrence is
also an important primary endpoint in many studies. As expected, GS and pathological
stage were of prognostic significance in univariate analysis, although only the former and
stage pT3b denoted independent prognostic value in multivariate analysis. The fact that
stage pT3a did not surfaced as independent prognostic parameter for DFS in multivariate
analysis is most likely due to the association between tumor stage and histological grade,

as pT3a cancers were mostly of high GS.

In conclusion, we identified a set of HMTs and HDMs deregulated in prostate
cancer that might contribute to the disease development and progression. To the best of
our knowledge, this is the first study to demonstrate that HMT SMYD3 expression levels
are able to predict disease-specific survival of PCa patients with clinically localized
disease, submitted to radical prostatectomy. Therefore, determination of SMYD3
expression levels in prostate biopsies might be able to convey relevant prognostic
information in a pre-therapeutic setting. Functional studies are mandatory to ascertain the

role of SMYD3 in prostate carcinogenesis.
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SUPPLEMENTARY DATA

Supplementary Table 1 — TagMan® Gene Expression Assays’ references of the HMTs and HDMs analyzed

Gene

Assay reference

EZH2
GUSB
KDM3B
KDM4B
KDM5A
KDMG6A
MLL1
MLL2
MLL3
MLL4
MLLS
PRMT6
SMYD3
SUV39H2
TFRC

Hs01016793 gl
Hs99999908 m1
Hs00382671_m1
Hs00943636_m1
Hs00231908_m1
Hs00253500_m1
Hs00610538_m1
Hs00231606_m1
Hs01005521_m1
Hs00207065_m1
Hs00218773_m1
Hs00250803_s1
Hs00224208_m1
Hs00226596_m1
Hs00951083_m1

Supplementary Table 2 — HMTs and HDMs (associated post translational modifications and function) with
most significantly altered expression in prostate cancer

Enzyme Main Activity Function Result
EZH2 H3K27&H3K9 HMT Addition of repressive marks Upregulated
SMYD3 HH34K£20H4HI§JT& Addition of rz;:c;rg/represswe Upregulated
SUV39H2 H3K9 HMT Addition of repressive marks Upregulated
PRMT6 H3R2 HMT Addition of repressive marks Upregulated
MLL1 H3K4 HMT Addition of active marks Downregulated
MLL2 H3K4 HMT Addition of active marks Downregulated
MLL3 H3K4 HMT Addition of active marks Downregulated
MLL4 H3K4 HMT Addition of active marks Downregulated
MLL5 H3K4 HMT Addition of active marks Downregulated
KDM5A H3K4 HDM Removal of active marks Upregulated
KDM6A H3K27 HDM Removal of repressive marks Upregulated
KDM4B H3K9 HDM Removal of repressive marks ~ Downregulated

HMT, histone methylase; HDM, histone demethylase.
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ABSTRACT

Prostate cancer (PCa), one of the most incident cancers worldwide, remains a
significant clinical challenge. Because current clinical and pathological parameters have a
limited ability to discriminate between clinically significant and insignificant PCa, deeper
understanding of its biology might improve clinical management and therapeutic decision.
Altered expression of histone methyltransferases and histone methylation patterns are
involved in prostate carcinogenesis. We previously demonstrated that SMYDS3 transcript
levels have prognostic value and might discriminate among PCa with different clinical
aggressiveness. Herein, we investigated the putative oncogenic role of SMYD3 in PCa
cells. Knockdown of SMYD3 on PCa cells attenuated the malignant phenotype of LNCaP
and PC3 cell lines, both in vitro and in vivo. Furthermore, deletions affecting the SET
domain showed a phenotypic impact similar to SMYD3 silencing, suggesting that the
tumorigenic effect is mostly mediated through its histone methyltransferase activity.
Moreover, cell cycle regulation surfaced as the main cellular pathway influenced by
SMYD3, and CCND2 was identified as a putative target gene for SMYD3 transcriptional
regulation, through trimethylation of H4K20. Our results support a proto-oncogenic role for
SMYD3 in prostate carcinogenesis, mainly due to its methyltransferase enzymatic activity.
Thus, in addition to its usefulness as a biomarker for clinically aggressive disease,
SMYD3 overexpression might also constitute an attractive therapeutic target in PCa.
Nevertheless, a more comprehensive and detailed characterization of SMYD3 target
genes is mandatory to fully elucidate its role in prostate tumorigenesis.
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INTRODUCTION

Genetic alterations have been historically considered the main driving force of
cancer initiation and progression, although more recently a prominent role for epigenetic
modifications has been acknowledged [1]. In addition to aberrant gene promoter
methylation, alterations in chromatin modification patterns due to post-translational
modifications (PTMs) of histones have been demonstrated in cancer and emerged as
potential key players in neoplastic transformation. Specifically, diverse PTMs might occur
in amino tail domains, including lysine acetylation, lysine and arginine methylation, serine
and threonine phosphorylation, ADPribosylation, ubiquitination, and sumoylation [2].
Histone methylation is carried out by histone methyltransferases (HMTs) whereas histone
demethylases (HDMs) antagonize their action [3, 4]. Depending on the target residue and
the state of methylation (i.e., whether it is mono-, di- or trimethylated), PTMs may
positively or negatively regulate gene transcription. In cancer cells, deregulation of HMTs
or HDMs has been associated with altered post-translational control of cellular proteins
affecting key signaling networks [5, 6].

Among HMTs, SET and MYND domain-containing protein 3 (SMYD3) belongs to a
subfamily of SET domain-containing proteins with an important role in transcriptional
regulation [7]. Its methyltransferase activity is highly dependent on two amino acid
sequences, NHSC and EEL, located within the SET domain [7]. SMYD3 was firstly
described as having dimethyl- and trimethyltransferase activity at lysine 4 of histone H3
(H3K4), but recently it has been reported that SMYD3 also methylates H4K5 and H4K20,
as well as other non-histonic proteins, such as vascular endothelial growth factor receptor
1 (VEGFR1) [8-10]. An oncogenic role of SMYD3 has been suggested in several cancer
models, including colorectal, hepatocellular, cervical and breast carcinomas [7, 11-14].
Indeed, SMYD3 was shown to induce transcriptional activation of several downstream
genes, including Nkx2.8, WNT10B, RIZ1, c-Met, 15-LOX-1 and MMP9 [7, 11, 12, 15-17].
Interestingly, since SMYD3 is able to promote either the active H3K4me3 or the
repressive H4K20me3 marks, it has been suggested that it might act either by repressing
tumor suppressor genes or inducing oncogenes’ expression [8].

Prostate cancer (PCa), one of the most incident cancers worldwide, remains a
significant clinical challenge as PSA screening led to substantial overdiagnosis and
overtreatment of patients [18]. Thus, additional efforts are needed to better identify and
characterize aggressive tumors, allowing for more appropriate therapeutic strategies that
will avoid unnecessary and potentially harmful interventions [19]. We have previously
reported that PCa tissues displayed higher SMYD3 levels compared to normal prostate,

especially at advanced disease stages. Moreover, we demonstrated that SMYD3
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transcript levels convey prognostically important information and might discriminate
among PCa with different clinical aggressiveness [20]. Nevertheless, how SMYD3
deregulated expression and respective histone marks impact on PCa development and
progression is still largely unknown. Herein, we sought to ascertain the impact of SMYD3
methyltransferase activity on PCa cells phenotype. Knockdown of SMYD3 in LNCaP and
PC3 cells attenuated the malignant phenotype, both in vitro and in vivo. This effect was
mostly mediated through SMYD3 histone methyltransferase activity. Moreover, cell cycle
regulation surfaced as the main cellular pathway influenced by SMYD3 methyltransferase
activity, and CCND2 was identified as a putative target gene for SMYD3 transcriptional
regulation through trimethylation of H4K20. Thus, a proto-oncogenic role for SMYD3 in
prostate carcinogenesis is suggested, mainly due to its methyltransferase enzymatic

activity.
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MATERIAL AND METHODS

CELL LINES AND CULTURE CONDITIONS

Human PCa cell lines LNCaP, PC3 and VCaP were kindly provided by Prof.
Ragnhild A. Lothe from the Department of Cancer Prevention at the Institute for Cancer
Research, Oslo, Norway, and DU145 was offered by Prof. Fatima Baltazar from the Life
and Health Sciences Research Institute at the University of Minho, Braga, Portugal. All
cell lines were maintained in recommended medium, supplemented with 10% Fetal
Bovine Serum (FBS; GIBCO, Invitrogen, Carlsbad, CA, USA) and 1%
penicillin/streptomycin solution (GIBCO, Invitrogen), at 37°C and 5% CO?. PCa cell lines
were karyotyped by G-banding (for validation purposes) and routinely tested for
Mycoplasma spp. contamination (PCR Mycoplasma Detection Set, Clontech Laboratories
Inc., Mountain View, CA, USA).

GENERATION OF SH-SMYDS3 SILENCED CELL LINES

SMYD3 knockdown was performed through viral transduction in LNCaP and PC3
cell lines using shRNA Lentiviral Particles (sc-61576-V; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) in the presence of polybrene (Santa Cruz Biotechnology Inc.) as
described by the manufacturer. Additionally, control LNCaP and PC3 cells were generated
using a non-target scramble shRNA (sc-108080; Santa Cruz Biotechnology Inc.). After
transduction, stable clones with shRNA were selected with Puromycin dihydrochloride
(cat. 631306, Clontech Laboratories Inc.) at a final concentration of 2ug/ml or 4ug/ml in

LNCaP or PC3 cells, respectively.

PROTEIN EXTRACTION AND WESTERN BLOT ANALYSIS

Cells were collected with a gum rubber-scraping device, lysed with RIPA buffer
(sc-24948, Santa Cruz Biotechnology Inc.) and protein concentration was determined
using BCA assay (Thermo Scientific, Waltham, MA, USA) according to manufacturer's
information. Subsequently, 30ug of total protein were separated by SDS-PAGE,
transferred to nitrocellulose membranes and incubated with antibodies against anti-
SMYD3 (dilution: 1:500, Abcam, Cambridge, UK), anti-H3K4mel (dilution: 1:1000,
Abcam), anti-H3K4me?2 (dilution: 1:1000, Abcam), anti-H3K4me3 (dilution: 1:400 Abcam),
anti-H3K27me3 (dilution: 1:500 Millipore, Billerica, MA, USA) or the endogenous control 8-
actin (dilution: 1:8000, Sigma-Aldrich, Schnelldorf, Germany). The blots were developed
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using Immun-Star™ WesternC™ Kit according to manufacturer’s indications (BioRad,
Hercules, CA, USA). All the experiments were performed in triplicate. Relative optical
density determination was performed using QuantityOne® Software version 4.6.6.

(Biorad) and proteins levels were normalized using beta-actin levels as reference.

CELL VIABILITY ASSAY

The effect of SMYD3 on cell viability was assessed in triplicates by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT; Sigma-Aldrich) assay. The cells were
seeded in 96-well plates at a density of 1x10* cells/well and after 24, 48 and 72h, cells
were incubated with MTT at 37°C for 2h and the reaction was stopped by the addition of
100ul/well of Dimethyl sulfoxide (DMSQO) (Sigma-Aldrich) lysing for 10min. An automated
plate reader (FLUOstar Omega, BMG Labtech, Offenburg, Germany) at 540nm with a
reference filter of 630nm allowed for colorimetric quantification. The absorbance value

was directly proportional to the number of viable cells.

APOPTOSIS ASSAY

Apoptosis was assessed using the APOPercentage™ kit (Biocolor Ltd.,
Newtownabbey, Northern Ireland, UK). LNCaP and PC3 cells were seeded in the same
conditions as described for MTT assay. Following an incubation period of 72h, the
APOPercentage assay was performed according to manufacturer's instructions.
Quantification of apoptosis was achieved by measuring the optical density of the released
dye at 550nm with a reference filter of 620nm using a FLUOstar Omega microplate
reader. To normalize the OD measured in the apoptosis test to the cell number, the OD of
apoptosis assay was divided by the OD of the viability assay, also performed in 96-well
plates. The results of the apoptosis assay on the silenced cells were expressed as the

ratio of the values obtained for scramble cells.

MIGRATION ASSAY

The ability of cells of each genotype to migrate into a defect in a monolayer culture
was determined using the wound healing assay. Cells were grown to full confluence in 24-
well plates and scratches were performed using a 100uL tip. The medium was removed,
and cells were washed with PBS and medium replaced. Scratch closure was analyzed

under the microscope and images were captured at different time points.
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INVASION ASSAY

Invasion capacity was analyzed through Biocoat Matrigel Invasion Chambers (BD
Biosciences, Franklin Lakes, NJ, USA) according to manufacturer’s protocol. Briefly, cells
were placed in Matrigel inserts and allowed to migrate for 24 or 48h at 37°C. Non-
migrating cells were removed from the top of the filter and cells that migrated were fixed in
methanol and stained with DAPI. Migrated cells were manually counted and results were

displayed as percentages of invasion relative to scramble.

CHICK CHORIOALLANTOIC MEMBRANE (CAM) ASSAY

To assess in vivo tumor formation and angiogenesis, the CAM assay was used, as
previously described [21], with some modifications. Briefly, fertilized chicken eggs (Pinto
Bar, n=5 for each experiment) were incubated at 37°C and 70% humidity. On day 3 of
development, after puncturing the air chamber, a hole in a specific region of the eggshell
was performed and eggs were sealed with tape and returned to the incubator. On day 10,
a small plastic ring was placed on the CAM and 5x10° PCa cells (PC3 or LNCaP, control
and sh-SMYD3), ressuspended in 20 pL of RPMI or RPMI/F12 medium, were injected in
the ring over the CAM. On day 14, the tumor formed was photographed in ovo using a
stereomicroscope (Olympus S2x16, Olympus, Tokyo, Japan) and, on day 16, chicks were
sacrificed at -80°C for 10 minutes. The CAM and tumors were fixed with 4%
paraformaldehyde and photographed ex ovo. Samples were paraffin-embedded,
sectioned, and stained with hematoxylin and eosin (HE) for histological analysis. The total
area occupied by tumors was measured using the Cell B software (Olympus) and linear
vessel density was assessed by calculating the ratio between the number of vessels and

the total length of the membranes.

MUTAGENESIS AND TRANSIENT TRANSFECTION ASSAYS

For bacterial expression, SMYD3 cDNA (Origene Technologies Rockville, MD,
USA) was firstly deleted at NHSC or EEL motifs using specific primers (Supplementary
table 1) of the QuikChange Il Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA, USA). After bacterial transformation, colonies were picked and the plasmids
were purified using the Qiagen Plasmid Miniprep Kit (Qiagen, Hilden, Germany).
Subsequently, deletions were confirmed by direct sequencing (Supplementary Table 1) in
an ABI PRISM 310 automatic sequencer using Big Dye Terminator Chemistry (Applied

Biosystems, Foster City, CA, USA), according to the manufacturer's recommendations.
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Expression plasmids encoding the mutant SMYD3 (ANHSC or AEEL) or the original
SMYD3 cDNA were transiently transfected into sh-SMYD3 PC3 using LipofectAMINE2000
(Invitrogen), following manufacturer's instructions. Phenotypic assays for cell viability,

apoptosis and invasion were performed as described above.

IDENTIFICATION OF PUTATIVE TARGET GENES

To assess whether SMYD3 was implicated in the regulation of selected genes
involved in cell cycle, apoptosis, DNA repair, mTOR or MAPK/ERK pathways, a custom
array panel (Roche Applied Science, Manheim, Germany) was designed for quantification
of expression of those genes. Total RNA was extracted from all cell lines using TRIzol®
(Invitrogen) according to manufacturer’s instructions and cDNA synthesis was performed
using Transcriptor High Fidelity cDNA Synthesis Kit (Roche) according to manufacturer's
instructions. Expression levels were determined by real-time PCR in a LightCycler 480
(Roche Diagnostics) and the amounts of mRNA were normalized using GUSB, TFRC and
18S as endogenous controls. The comparative Ct method [22] was used to calculate fold-
difference in gene expression among groups and only genes with a logarithmized fold

change above 1.25 or below -1.25 were further considered.

CHROMATIN IMMUNOPRECIPITATION (CHIP) AssAY

ChlIP assay was performed using EZ-Magna ChIP  G-Chromatin
Immunoprecipitation Kit and the Magna Grip Rack (Millipore), according to the
manufacturer’s instructions. For each assay, anti-H3K4me3,anti-H3K27me3, anti-
H4K20me3, anti-H3, anti-H4 (all from Abcam) and the negative control provided with the
kit (hormal mouse 1gG), were used. DNA quantification was performed in a 7500 Real-
Time PCR System (Applied Biosystems), using Power SYBR Green PCR Master Mix
(Applied Biosystems). Three gene-specific pairs of primers for each gene promoter were
used, in which primers A were located more distant upstream of Transcriptional Start-Site
(TSS) and C those that were closer to TSS (Supplementary Table 1). The relative amount
of promoter DNA was calculated for each histone mark over the core histone (H3 or H4)

and normalized using Input Percent Method.

STATISTICAL ANALYSIS

The Shapiro-Wilk's W test allowed for the examination of the appropriateness of a

normal distribution assumption for each of the parameters (data not shown). For in vitro
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and in vivo assays, comparison between two groups was performed using the Mann—
Whitney U-test. All statistical tests were 2-sided. Statistical analysis was carried out using

Graph Pad Prism version 5. Significance level was set at p<0.05.
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RESULTS

IMPACT OF SMYD3 SILENCING ON THE MALIGNANT PHENOTYPE OF
PCA CELLS

To select the most suitable in vitro model, SMYD3 expression levels were
assessed in PCa cell lines LNCaP, VCaP, DU145 and PC3. All cell lines expressed
SMYD3, although at variable levels (Figure A). The cell lines displaying the highest
expression levels among the androgen-sensitive and the androgen-refractory were then
selected for further analysis (LNCaP and PC3, respectively). Lentiviral particles efficiently

silenced SMYD3 in those two cell lines, at transcript and protein level (Figure B).
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Figure 1 — SMYD3 expression levels in PCa cell lines. The efficiency of SMYD3 knockdown was confirmed at

MRNA level, using real-time RT-PCR (upper) and protein level, using Western-blot (lower), in LNCaP and PC3
cells. **p < 0.01 (Mann-Whitney U-test).

The MTT assay showed a 35% decrease in viability of PC3 cells, although the
opposite was apparent in LNCaP cells, at 72h (Figure 2A and 2B). Moreover, knockdown

of SMYD3 induced a significant increase in apoptosis in both cell lines (Figure 2C).
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A significant decrease in migration rate as well as in invasiveness capacity was
also demonstrated in SMYD3-depleted PC3 cells (Figure 2E and 2F), whereas for LNCaP

a statistically significant reduction was only observed in cell migration (Figure 2D).
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Figure 2 — Impact of SMYDS silencing in the malignant phenotype of PCa cells. Cell viability in LNCaP (A)
and PC3 (B): quantification of cell viability by MTT assay in sh-scramble and sh-SMYD3 at Oh, 24h, 48h and
72h in culture. Quantification of apoptosis (C) by APOPercentage kit of sh-Scramble, sh-SMYD3 LNCaP and
sh-SMYD3 PC3 cells at 72h. Wound-healing scratch assay in sh-scramble and sh-SMYD3 LNCaP (D) and
PC3 (E) cells: the left panels show the migration rate at 48h and 72h or 16h and 24h, in LNCaP and PC3,
respectively, and the right panels display the illustrative images at the beginning and end point of the assay.
Invasive ability was assessed by a Matrigel Invasion assay in sh-scramble and sh-SMYD3 LNCaP and PC3,
cells at 48h and 24h, respectively. Results were normalized to the data obtained with sh-scramble cells. **p <
0.01, **p < 0.001 (Mann-Whitney U-test).
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EFFECTS OF SMYD3 KNOCKDOWN ON TUMOR FORMATION AND VESSEL

DENSITY IN VIVO

The CAM assay was performed to evaluate the effect of SMYD3 on tumor growth
and angiogenesis in vivo (Figure 3). The areas occupied by formed tumors were smaller
in sh-SMYD3 LNCaP and PC3 compared to controls. Although statistical significance was
not reached (Figure 3A), most likely due to small sample size, a trend was apparent in
PC3 cells (p=0.056). No statistically significant difference was apparent in linear vessel

density counted ex ovo between sh-scramble and sh-SMYD3 cells, for both cell lines.
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Figure 3 — In vivo effect of SMYD3 silencing in tumor formation and angiogenesis in LNCaP and PC3 cell
lines. (A) Graphic depiction of tumor areas measured in histological sections. (B-C) Representative images of
CAM assay 6 days after injection of LNCaP (B) or PC3 (C) sh-scramble or sh-SMYD3 cells. Images were
taken in ovo and ex ovo (original magnification: x10), as well as from histological sections (original
magnification: x40).
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SMYD3 PUTATIVE ONCOGENIC FUNCTION IS ASSOCIATED WITH THE

HISTONE METHYLTRANSFERASE ACTIVITY

The impact of SMYD3 knockdown on mono-, di- and trimethylation levels of H3K4,
as well as on trimethylation of H3K27 was assessed using Western-blot (Figure 4). Both
LNCaP and PC3 cells showed a paradoxical increment in H3Kme2 and H3K4me3 as well
as a decrease in H3K4mel, but these differences did not reach statistical significance.

SMYD3-silenced LNCaP cells displayed an increase (although not

Interestingly,
significant) in global levels of the repressive mark H3K27me3.
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Figure 4 — Evaluation of global H3K4mel, H3K4me2, H3K4me3 and H3K27me3 in LNCaP (A) and PC3 (B)
sh-scramble and sh-SMYD3 cells. The left panels show Western-blot images and the right panels depict
relative density of bands by densitometric quantification, using B-actin as a reference.

To assess whether the previously documented phenotypic effects were due to
SMYD3 methyltransferase activity, sh-SMYD3 PCa cells were transfected with mutant
SMYD3 deleted for main components of SMYD3 SET domain, the EEL and NHSC amino
acid sequences. In the absence of one of these sequences, cell viability, apoptosis levels
and invasion capacity were compromised (Figure 5). PC3 cells with mutant SMYD3
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showed decreased cell viability and increased apoptotic levels (Figure 5A and 5B), being
these effects more pronounced when SMYD3-EEL domain was deleted. Indeed, only
SMYD3-AEEL-PC3 cells disclosed a statistically significant reduction in invasion capability
when compared to the control cells (Figure 5C).
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Figure 5 — Impact of normal or mutant SMYD3 in the malignant phenotype of PC3 cells. Cell viability,
apoptosis levels and invasion capability were assessed in cells with normal expression of SMYD3 or with
expression of a mutant protein with deletion of EEL (AEEL) or NHSC (ANHSC) region of SMYD3 SET domain.
(A) Quantification of cell viability was performed by MTT assay after 72h of culture. (B) Quantification of
apoptosis levels by APOPercentage kit was assessed after 72h in culture. (C) Invasive ability was evaluated
by a Matrigel Invasion assay after 24h of culture. Results were normalized to the data obtained with the
SMYD3 normal protein. *p < 0.05, **p < 0.01 (Mann-Whitney U-test).

SMYD3 KNOCKDOWN LEADS TO CCND2 RESTORED EXPRESSION

THROUGH DOWNREGULATION OF H4K 20ME3 MARK

To identify putative target genes of SMYD3 histone methyltransferase activity,
expression profile of selected genes involved in cell cycle, apoptosis, DNA repair, mTOR
and MAPK/ERK pathways was evaluated after SMYD3 knockdown (Figure 6A).
Interestingly, most of the selected genes were found overexpressed in SMYD3-silenced

PC3 cells, whereas the opposite was observed in LNCaP. Remarkably, the Cyclin D2
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gene (CCND2) was overexpressed in both cell lines when SMYD3 expression was
knockdown. ChIP analysis of CCND2 promoter region showed a decrease in the
H4K20me3 mark, concomitantly with the silencing of SMYD3 (Figure 6D), although no
significant differences in H3K4me3 or H3K27me3 levels were apparent in none of the

three regions tested (Figure 6A and 6B), in PC3 cells.
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Figure 6 — Identification of putative SMYDS3 target genes and its regulation by SMYD3 histone marks. (A)
Expression quantification of genes involved in cell cycle, apoptosis, DNA repair, mMTOR or MAPK/ERK
pathways normalized to sh-scramble in LNCaP or PC3 cells. (B-C) Chromatin immunoprecipitation assay for
H3K4me3 (B), H3K27me3 (C), and H4K20me3 (D) marks in CCND2 promoter; primers A were located more
distant upstream of Transcriptional Start-Site (-1734 bp), B (-1130 bp) and C (-840 bp) were the closest.

72



Chapter IV

DISCUSSION

PCa is one of the most prevalent cancers and a leading cause of mortality and
morbidity [18]. The growing concern about overdiagnosis and consequent overtreatment
of PCa patients due to PSA screening should be addressed through the identification of
those cancers that are most likely to cause clinically aggressive disease. Since current
clinical and pathological parameters have a limited ability to discriminate between
clinically significant and insignificant PCa, emphasis should be placed on a deeper
understanding of the biology of this neoplasm, which might ultimately result in the
development of more efficient biomarkers. These are mandatory to improve disease
management and therapeutic decision. Because histone methylation seems to play a
major role in gene expression regulation, epigenetic modifying enzymes or histone
modification patterns may serve as biomarkers, suitable for diagnostic, prognostic or
predictive purposes in PCa patients. We have previously reported that higher expression
levels of histone methyltransferase SMYD3 associate with more advanced stage PCa and
these may predict unfavorable prognosis independently of Gleason score (GS) or
pathological stage. Thus, in the present study, we sought to investigate the biological role
of SMYD3 and the corresponding post-transduction modifications of histones, to
determine how these might impact on the malignant phenotype of PCa cells.

Because higher expression levels of SMYD3 were found in more aggressive PCa,
our strategy was based on the knockdown of this enzyme to determine its phenotypic
impact in PCa cells. After achieving a stable decrease in SMYD3 expression, cell viability,
apoptosis, migration and invasion ability assays were carried out in two PCa cell lines that
are thought to largely represent in vivo heterogeneity of this neoplasm. Decreased
expression of SMYD3 attenuated the highly malignant phenotype of the androgen-
insensitive PC3 cells, whereas, surprisingly, cell viability of the androgen-sensitive LNCaP
cell line was not apparently compromised. Furthermore, SMYD3 silencing was associated
with increased cell death by apoptosis, although the underlying mechanism was not
elucidated. Concerning LNCaP cells, results of cell viability and invasive capability assays
contrast with those recently reported by Liu et al. [23], but parallel the results of cell
migration and apoptosis levels. The discrepancies might be due to differences in
methodology because the effectiveness of SMYDS3 silencing following transfection was
confirmed in our study and that of Liu and co-workers [23]. Interestingly, the effect of
SMYD3 knockdown in LNCaP cells reported by Liu et al. mirror those we observed in PC3
cells, which are acknowledged as representing a more aggressive phenotype of PCa
cells. It is noteworthy that LNCaP cells display a low invasion potential, a feature that may

explain the lack of impact of SMYD3 knockdown in the invasion assay of this cell line.
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Globally, however, the results reported for SMYD3 silencing in PCa cells are in line with
those reported for hepatocellular, colorectal, cervical and breast cancers [7, 11-14], which
further supports an oncogenic role for SMYD3.

To further characterize the effect of SMYD3 silencing in PCa cells, an in vivo
model (the CAM assay) was conducted. Although a trend for a decrease in tumor
formation was depicted in sh-SMYD3 PC3 cells, no statistically significant differences
were found in both cell lines tested. The same result was depicted for linear microvessel
density. In a mouse model, SMYD3 knockdown was able to reduce tumor formation by
LNCaP cells [23]. Although mammalian mice models are more close to the biological
conditions found in humans, the CAM assay has been used as an alternative owing to its
lower cost and less strict regulations [24]. There are, however, some flaws in the
assessment of phenotypic effects using the CAM model (including those related with
sampling size), which preclude a direct comparison with well-established mice models.
Thus, we believe that our results with the CAM assay are not definitive and require further
refinements.

Since SMYD3 main activity is di- and trimethylation of H3K4, we checked global
levels of the three states of methylation of this residue in LNCaP and PC3 cells.
Furthermore, H3K27me3 levels were also assessed because it was previously
hypothesized that SMYD3 could inappropriately bind to its target genes and competing
with the silencing activity of repressive complexes [25]. Thus, repressive marks such as
H3K27me3 might be converted to the activating mark H3K4me3 by SMYD3 and
consequently promote inappropriate gene expression [25]. Interestingly, higher global
levels of H3K27me3 were observed in SMYD3-silenced LNCaP, although no significant
differences were apparent for H3K4 methylation status both in LNCaP and PC3. On one
hand, our findings support the aforementioned hypothesis [25], although, on the other, no
direct effect on the global levels of the marks directly catalyzed by SMYD3 was apparent.
Because phenotypic effects were apparent in both tested cell lines, it is plausible that
altered SMYD3 expression could only specifically affect the H3K4me status of its target
genes, which might not be of sufficient magnitude to significantly alter the global H3K4
methylation levels.

In accordance with previous findings in other tumor models [7, 26], we
hypothesized that the oncogenic properties of SMYD3 could depend on its histone
methyltransferase activity. We tested this hypothesis by means of transfecting sh-SMYD3
cancer cells with a SMYD3 gene mutated at the either the EEL or the NHSC amino acid
sequences of the SET domain. Phenotypic assays demonstrated that the effects of a
mutated SET domain largely overlap those of SMYD3 silencing. Although it has been

reported that the two regions of the SET domain have similar roles [26], we found that the
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EEL domain was more closely associated with SMYD3 tumorigenic properties in PCa
cells. Although this experiment strongly suggests that SMYD3 histone methyltransferase
activity might be the most important for oncogenesis, the possible contribution of its
enzymatic activity on cytoplasmic proteins can not be excluded.

Owing to the phenotypic effects observed due to SMYD3 silencing, we then
searched for possible target genes, focusing on some critical genes from relevant cellular
pathways frequently deregulated in tumorigenesis. Surprisingly, opposite trends in gene
expression were observed in LNCaP and PC3 cells, probably reflecting the different
biology and malignant phenotype of these two PCa cell lines, which may explain, at the
least partially, the dissimilar results of SMYD3 silencing concerning the phenotype of
LNCaP and PC3 cells. Interestingly, one gene involved in cell cycle regulation — CCND2 —
showed a similar expression pattern in both cell lines, i.e., its expression was restored
following SMYD3 knockdown. These results strongly suggested that CCND2 was a
putative target gene of SMYD3. Remarkably, CCND?2 is frequently downregulated in PCa
[27], and both aberrant promoter methylation and histone acetylation have been
implicated [27-29]. Furthermore, the CCND2 promoter contains DNA sequences5’-
CCCTCC-3' or 5-GGAGGG-3', which are specifically recognized by SMYD3 for its
transcriptional regulatory functions [7]. Thus, we interrogated the histone marks in the
promoter region of CCND2 containing those motifs, using the ChlIP assay. Although no
significant differences were found for H3K4 or H3K27 methylation levels, a significant
decrease in the H4K20me3 mark was apparent in sh-SMYD3 PCa cells. Because the
H4K20me3 repressive mark is also catalyzed by SMYD3 [8], our results indicate that
SMYD3 overexpression might be also involved in CCND2 silencing in PCa. Interestingly,
epigenetic deregulation of androgen receptor expression due to SMYD3 overexpression
has been reported in LNCaP cells [23] and SMYD3 may also directly interact with other
nuclear receptors, such as estrogen receptor [26], further reinforcing its oncogenic role.

In conclusion, our data provide further evidence to sustain an oncogenic role for
SMYD3 in prostate carcinogenesis. In addition to its usefulness as a biomarker for
clinically aggressive disease, SMYD3 overexpression might also constitute an attractive
therapeutic target in PCa because its tumor-promoting properties are mostly due to its
histone methyltransferase activity. Indeed, SMYD3 silencing might be able not only to
refrain the expression of proto-oncogenes but also to restore the expression of genes
inadequately silenced in PCa. A more comprehensive and detailed characterization of
SMYD3 target genes is, however, mandatory to fully elucidate its role in prostate

tumorigenesis.
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SUPPLEMENTARY DATA

Supplementary Table 1 - List of primers used in (A) Site-Directed Mutagenesis for deletion of EEL and NHSC
domains of SMYD3, (B) direct sequencing of SMYD3 and (C) DNA quantification of several regions of CCND2
promoter in Chromatin Immunoprecipitation

(A) Site-Directed Mutagenesis

Primers EEL F: CGAGACATCGAGGTGGGAACCATCTGCTACCT
R: AGGTAGCAGATGGTTCCCACCTCGATGTCTCG
Primers NHSC F: CCAGTATCTCTTTGCTCGACCCCAACTGTTCGAT
R: ATCGAACAGTTGGGGTCGAGCAAAGAGATACTGG

(B) Direct Sequencing of SMYD3

Primers F: GCCTCAGGCAACTCGTAATG
R: GAACAAGGCTTCCTCCAACA

(C)Chromatin Immunoprecipitation for CCND2

Primers A F: CCAAACTCTTCCTCACCCTTT
R: CGTACACTAGGTTCCCTGCAA

Primers B F: GGAAGGGGTGGTGGTGTTT
R: CCCTGCATCTGCTGACAAG

Primers C F: GGTTTCTGCTCGAGGATCAC
R: GTTTCGAAAGCCCCGATTA

F: Forward; R: Reverse
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GENERAL DISCUSSION

Prostate cancer (PCa) is a leading cause of cancer-related morbidity and mortality,
worldwide. The widespread use of serum PSA for early detection led to a decrease in
mortality but at the expense of overtreatment [1-3]. Current clinical and pathological
parameters used to predict the threat that a given PCa poses to the patient’s life are
rather imperfect. Hence, the identification of accurate markers to discriminate PCa
patients benefiting from a more aggressive treatment from those that might be spared
unnecessary and potentially harmful intervention it is now demanded [4]. The role of
epigenetic alterations in tumorigenesis, including histone onco-modifications, has been
increasingly recognized [5, 6]. Indeed, deregulated expression and/or altered activity of
key chromatin-modifying enzymes, including those that catalyze methylation or
demethylation of specific histone residues [histone methyltransferases (HMTs) and
histone demethylases (HDMs)], have been reported for several tumors [7]. Moreover,
previous studies showed that both aberrant activity of epigenetic modifying enzymes and
respective post-translational modifications (PTMs), may serve as markers of prognosis in
different cancers, including PCa [7-10]. However, much is yet to be uncovered concerning
the influence of altered expression of those two families of enzymes and respective
histone marks in the abnormal expression of genes critical to prostate carcinogenesis and
disease progression.

In this Thesis, we sought to characterize expression levels of HMTs and HDMs in
normal and cancerous prostate tissues. Although, recently, additional enzymes belonging
to these families have been identified, when this project was initiated, there were only 37
HMTs and 20 HDMs described in the literature, and these were the focus of our study.
Firstly, we evaluated mRNA expression levels using a customized platform, including all
the designated genes coding for HMTs and HDMs. We acknowledge two major limitations
of this methodology: the reduced number of tested samples and the presence of unique
probe/primers per gene that might influence the analysis, because in case a mutation is
present in the recognized sequence it might preclude the amplification. Sampling of cases
and heterogeneity of tumors might also introduce bias in interpretation of results.
Notwithstanding those limitations, we were able to identify novel genes differentially
expressed in PCa, in addition to the confirmation of EZH2 overexpression which was
previously reported [11, 12], providing indirect confirmation of the validity of our approach.

Interestingly, several enzymes responsible for establishing the same histone
marks display a dissimilar pattern of expression. This finding was not entirely surprising,
because although those enzymes catalyze modifications in the same residues, they

probably affect different gene promoters and may, thus, have different consequences in
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cancer initiation and/or progression. Therefore, alongside with full identification of the
deregulated enzymes, it is also imperative to characterize their target genes.

Concerning the enzymes that we found to be deregulated in PCa, KDM5A,
PRMT6, MLL family and SMYD3 were highlighted. Except for PRMT6 that is an arginine
methyltransferase, all the remaining enzymes target H3K4: SMYD3 and MLL add methyl
residues and KDM5A catalyzes demethylation. Interestingly, SMYD3 was recently shown
to methylate other histonic residues such as H4K5 and H4K20, as well as non-histonic
proteins [13-15]. Higher expression levels of KDM5A were also found in PCa samples and
were suggested to be critical for PCa tumorigenesis, owing to its association with relevant
genes (e.g., pRB or MYC) implicated in that process [16]. Our results also indicate that
PRMT6 expression levels were able to accurately distinguish normal from neoplastic
prostatic tissues, and may thus constitute a putative ancillary tool for diagnosis of PCa.
Remarkably, PRMT6 was also reported to be a negative regulator of H3K4 methylation,
catalyzed by MLL family members [17]. Moreover, and concomitantly with an increase in
PRMT6 expression, downregulation of all members of the MLL family was observed,
although the mechanism underlying this finding is still elusive.

One of the most interesting findings was SMYD3 overexpression in PCa,
especially at advanced disease stages, suggesting a biological association with more
aggressive PCa. We further disclosed a potential clinical usefulness for these findings as
high SMYD3 expression levels were able to predict biochemical relapse after radical
prostatectomy. Importantly, this prognostic ability was independent of the GS or
pathological stage and performed better than EZH2 for prediction of disease-free survival,
an HMT that has been acknowledged as an important driver in prostatic carcinogenesis
[11, 12]. Thus, SMYD3 expression emerged from this study as a promising biomarker for
stratification of patients according to the aggressiveness of PCa. Validation studies, using
different patient’'s cohorts, are now required to confirm these data. Furthermore, the
translation of these observations to routine practice would be facilitated if SMYD3 protein
levels, assessed by immunohistochemistry, provided results similar to those observed at
transcript level.

These findings led us to re-direct the course of the Ph.D. project towards a better
understanding of the biological role of SMYD3 and the impact of its altered expression in
prostate carcinogenesis. To accomplish this, we evaluated SMYD3 impact on the
malignant phenotype of PCa cells using in vitro and in vivo models. Two different
strategies were adopted: permanent knockdown of SMYD3 and deletion of regions critical
for the catalytic activity of the SET domain.

Permanent knockdown of SMYD3 was established in LNCaP and PC3 cells.

Phenotypic assays showed that SMYD3 was involved in regulation of cell viability,
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apoptosis, migration, invasion and tumor formation, and results were more expressive for
the most aggressive tested cell line, i.e., PC3. These results were largely corroborated
and complemented by a recent publication [18], in which other assays confirmed the
involvement of SMYD3 in the above mentioned pathways and also its role in tumor
formation in a mouse model. Taken together, these results support the condition of
SMYD3 as a proto-oncogene in PCa, in similarity to other tumors such as hepatocellular,
colorectal, cervical and breast carcinomas [19-23].

To further elucidate how SMYD3 histone methyltransferase activity impacted on
PCa cells genome, we assessed global H3K4 and H3K27 methylation levels in the
presence or absence of SMYD3 expression. However, no significant differences were
disclosed between control cells from those depleted of SMYD3. These results might seem
paradoxical but it should be reminded that the evaluation of histone marks was made at a
global level, at this stage of the study. It is likely that the alterations due to SMYD3
overexpression might only affect a relatively small subset of specific genes (activating
oncogenes or repressing tumor suppressor genes), preventing the identification of
significant global alterations. It would be also interesting to evaluate the H4K5 and H4K20
methylation marks, also catalyzed by SMYD3, but, unfortunately, the antibodies required
are either unavailable or lacked specificity for Western-blot.

Nevertheless, we also determined if SMYD3 action was mainly due to its
methylation function. Thus, transient transfection of normal or mutant SMYD3 (i.e.,
carrying deletions in the SET domain) into sh-SMYD3 PCa cells was performed. In
contrast with other studies [24], a more significant role of EEL domain in the oncogenic
properties of SMYDS3, in contrast with the NHSC domain, was suggested. Whether
redundancy exists concerning both EEL and NHSC sequences is still unknown and it will
be investigated through the evaluation of the impact of a double deletion. Although an
association of methyltransferase activity with SMYD3 oncogenic properties was disclosed,
an involvement of methylation of non-histone proteins can not be excluded.

As mentioned above, the identification of the genes targeted by SMYD3 activity is
critical to understand how its altered expression affects the biology of PCa. Intriguingly,
the pattern of gene expression deregulation after SMYD3 silencing in LNCaP and PC3
cells was substantially different, suggesting that the oncogenic properties of SMYD3
depend on the cellular context. Notwithstanding, following SMYD3 knockdown, both cell
lines displayed CCND2 overexpression, which suggests that this gene is a relevant target
of SMYD3. Remarkably, although H3K4me3 levels remained unaltered, we found high
levels of H4K20me3 (a repressive mark also catalyzed by SMYD3) within CCND2
promoter region in PCa cells overexpressing SMYD3. In addition to the involvement of

aberrant promoter methylation in CCND2 silencing [25], these data also suggest that
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SMYD3 might also be involved in CCND?2 silencing in prostate carcinogenesis, unraveling

a new layer of complexity on gene expression deregulation in PCa.
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CONCLUSIONS AND FUTURE PERSPECTIVES

In this study we were able to identify several HMTs and HDMs implicated in
prostate carcinogenesis, hamely KDM5A, PRMT6, MLL family and SMYD3. PRMT6 might
constitute a good biomarker to assist in PCa diagnosis, whereas SMYD3 expression
levels associated with tumor aggressiveness and predicted disease-specific survival in
clinically localized PCa patients submitted to radical prostatectomy.

The results from in vitro and in vivo assays sustain an oncogenic role for SMYD3
in prostate carcinogenesis. Additionally, we demonstrated that its oncogenic properties
are dependent on the histone methyltransferase activity and that CCND2 is targeted by
SMYD3, causing its repression through H4K20 methylation. The characterization of
SMYD3 role in prostate carcinogenesis, mediated by its catalytic methyltransferase
activity, indicates that this histone modifier might be an attractive target for personalized
therapy of PCa patients.

Several questions remain unanswered, however, and further studies are planned
to complement the results presented herein. We plan to assess SMYD3 expression levels
in prostate biopsies to very whether its expression levels convey prognostic information in
a pre-therapeutic setting. Additionally, continued follow-up of the series of PCa patients
submitted to radical prostatectomy is mandatory to determine if SMYD3 expression is
predictive of cancer-specific mortality.

Furthermore, the identification of SMYD3 target genes is a requirement to fully
understand its role in prostate tumorigenesis. Chromatin immunoprecipitation sequencing
(ChiIP-Seq) will allow for the identification and characterization of putative target genes
whose expression is regulated through the histone marks established by SMYD3.

Recently, several other enzymes involved in histone methylation or demethylation
were identified and, thus, it would be interesting to complete our study through the
evaluation of its expression in normal and cancerous prostate tissues. Considering the
interesting results observed for KDM5A and PRMT6 and the available data from other
neoplasms, we intend to explore their role in PCa, using a similar approach to that used
for SMYD3. Additionally, it would be interesting to characterize the upstream
mechanism(s) responsible for global downregulation of the MLL family and clarify their

possible association with PRMT6 deregulation.
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Abstract

Prostate cancer (PCa), a leading cause of cancer-related morbidity and mortality, arises
through the acquisition of genetic and epigenetic alterations. Deregulation of histone
methyltransferases (HMTs) or demethylases (HDMs) has been associated with PCa
development and progression. However, the precise influence of altered HMTs or HDMs
expression and respective histone marks in PCa onset and progression remains largely
unknown. To clarify the role of HMTs and HDMs in prostate carcinogenesis, expression levels

Key Words
prostate

neoplasia
molecular biology

biomarker

yvyvyyvyy

microarray

of 37 HMTs and 20 HDMs were assessed in normal prostate and PCa tissue samples by RT-qPCR.
SMYD3, SUV39H2, PRMT6, KDM5A, and KDMEA were upregulated, whereas KMT2A-E
(MLL1-5) and KDM4B were downregulated in PCa, compared with normal prostate tissues.
Remarkably, PRMT6 was the histone modifier that best discriminated normal from tumorous
tissue samples. Interestingly, EZH2 and SMYD3 expression levels significantly correlated with
less differentiated and more aggressive tumors. Remarkably, SMYD3 expression levels were of
independent prognostic value for the prediction of disease-specific survival of PCa patients
with clinically localized disease submitted to radical prostatectomy. We concluded that

expression profiling of HMTs and HDMs, especially SMYD3, might be of clinical usefulness
for the assessment of PCa patients and assist in pre-therapeutic decision-making.

Endocrine-Related Cancer
(2014) 1, 51-61

Introduction

Prostate cancer (PCa) is the most frequently diagnosed cancer
in men from developed countries and a leading cause of
cancer-related morbidity and mortality worldwide (Jemal
et al. 2011, Siegel et al. 2012). At its earliest stages, PCa is
frequently asymptomatic, fostering the use of biomarkers,
such as serum prostate-specific antigen (PSA), for screening

and identification of asymptomatic low-stage tumors,
followed by prostate biopsy for diagnosis confirmation
(Stamey 1995). However, prostate biopsy meets with several
limitations, including sampling error as well as intra- and
interobserver variability in Gleason grading (King & Long
2000, Allsbrook et al. 2001), which even in conjunction with
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other prognostic factors used for therapeutic decision (e.g.,
clinical stage and pre-therapeutic serum PSA levels) are rather
imperfect in predicting disease progression (Lapointe et al.
2004, Duffy 2011). Consequently, there is a significant degree
of uncertainty concerning the threat that a PCa poses to an
individual patient, entailing overtreatment (Moyer 2012).

The role of epigenetic modifications in cancer
initiation and progression has been emphasized (Hirst &
Marra 2009). In addition to aberrant DNA methylation,
alterations in chromatin modification patterns, due to
histones post-translational modifications (PTMs), were
implicated in carcinogenesis and have emerged as
potential key regulators of cancer-related pathways
(Miremadi et @l. 2007). Importantly, PTMs may be changed
in cancer cells due to altered expression or activity of key
chromatin-modifying enzymes (Miremadi et al. 2007).

Histone methylation, carried out by histone methyl-
transferases (HMTs), requires different families of enzymes
depending on the residue (lysine HMTs (KMT) methylate
lysine residues, whereas protein arginine methyltrans-
ferase (PRMT) methylate arginines) and might positively
or negatively regulate gene transcription. Although lysine
residues might be modified into mono-, di-, or trimethyl
states, arginine can only be modified to mono- or dimethyl
states (symmetric or asymmetrically) (Brame ef al. 2004).
Different degrees of methylation may be, thus, associated
with distinct chromatin regions or transcriptional states
(e.g., trimethylation of lysine 9 of histone H3 is associated
with pericentromeric heterochromatin and transcriptional
repression, whereas its dimethylation is linked to repressed
genes in euchromatin (Lee et al. 2006)). Recently, the
reversibility of histone methylation has been established
through the discovery of histone lysine and arginine
demethylases (HDMs), uncovering a new level of histone
plasticity (Shi et al. 2004, Chang et al. 2007).

Altered HMTs expression levels have been found in PCa,
most notably enhancer of zeste homolog 2 (EZH2), a lysine
methyltransferase, which is increased in metastatic PCa,
marking aggressive disease (Seligson et al. 2005, Karanikolas
et al. 2010). Specific relationships between histone marks
and tumor grade or recurrence (particularly methylation of
H3K4 and H3K27) have been reported (Seligson et al. 2009,
Bianco-Miotto et al. 2010) and deregulation of some lysine
HMTs — KMT2B, KMT2C, NSD1, EZH2 or SMYD3 - in PCa
tissues has been also demonstrated (Ke et al. 2009,
Bianco-Miotto et al. 2010). However, the validity of most
studies is limited due to inappropriate tissue sampling
and/or to the reduced number of samples tested.

Because deregulation of HMTs and HDMs affects
post-translational control of cellular proteins involved in

Deregulated expression of HMTs 21:1 52
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cancer-relevant signaling networks, a better understand-
ing of their function might lead to the identification of
more accurate markers that might be useful to discrimi-
nate patients benefiting from a more aggressive treatment
from those that might be spared unnecessary and
potentially harmful interventions. Therefore, we sought
to identify HMTs and HDMs displaying altered expression
levels, in a relatively large series of PCa patients submitted
to radical prostatectomy, and further test their clinical
usefulness for the prediction of disease progression.

Materials and methods
Patients and tissue collection

Primary tumors from 160 patients with clinically
localized prostate adenocarcinoma, consecutively
diagnosed, and primarily treated with radical prosta-
tectomy at the Portuguese Oncology Institute, Porto,
Portugal, were prospectively collected. For control
purposes, non-neoplastic prostate tissue samples were
obtained from the peripheral zone of 15 prostates not
harboring PCa collected from cystoprostatectomy
specimens of patients with bladder cancer (normal prostate
tissue (NPT)). All tissue specimens were promptly frozen
immediately after surgery, following informed consent.
Five-micron thick sections were cut and stained for the
identification of the areas of PCa (i.e., the index or
dominant tumor) and normal tissue. Then, the tissue
block was trimmed to maximize the yield of target cells
(>70% of target cells). Subsequently, an average of fifty
12-pum thick sections was cut and every fifth section was
stained to ensure a uniform percentage of target cells and to
exclude contamination from neoplastic cells in normal
tissue samples. Histological slides from formalin-fixed,
paraffin embedded tissue fragments were routinely
obtained from the same surgical specimens and assessed
for Gleason score (GS; Gleason & Mellinger 1974) and TNM
stage (Hermanek et al. 1997). Relevant clinical data were
collected from the clinical records. These studies were
approved by the institutional review board (Comissao de
Ftica para a Satude-(IRB-CES-IPOFG-EPE 019/08)) of
Portuguese Oncology Institute, Porto, Portugal.

RNA isolation

All tissue samples were suspended in TRIzol reagent
(Invitrogen) and, after addition of chloroform to the lysed
cells, total RNA was purified from the aqueous phase of
TRIzol extract using the PureLink RNA Mini Kit (Invitrogen)
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following manufacturer recommendations. The concen-
tration, purity, and integrity of RNA samples were
determined on a Nanodrop ND-1000 (ThermoScientific,
Wilmington, DE, USA) and agarose-gel electrophoresis.

Screening of HMTs and HDMs

Five NPTs and ten independent PCa samples were chosen to
encompass the full spectrum of prostate carcinomas in this
series considering the GS and pathological stage (Table 1).
After treatment with DNase Turbo DNA-free (Ambion,
Austin, TX, USA), a total of 1pug total RNA was reverse
transcribed using the High Capacity cDNA RT kit (Applied
Biosystems) according to the manufacturer’s instructions.
TagMan Array 96-Well Plates were designed in order to
evaluate expression levels of 37 HMTs and 20 HDM:s.
RT-qPCR protocol was performed on an ABI- 7500 Real-
Time PCR system (Applied Biosystems) according to manu-
facturer’s instructions and each sample was run in triplicate.

The amount of mRNAs of the genes studied was
normalized to that of the GUSB reference gene and the
median value of NPTs and PCa samples was chosen to
calculate fold-difference in gene expression between groups,
using the comparative Ct method. Genes with a logarith-
mized fold change above 0.5 or below —0.5 were further
considered. The expression of KDM6A was also included
because it has been previously reported as deregulated in
several tumor models (van Haaften ef al. 2009), and analysis
was extend to all members of the KMT2 family.

Validation of selected enzymes

After gene selection, mRNA levels were confirmed in
a large and independent group of 150 PCa tissues and

Deregulated expression of HMTs 21:1 53
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15 NPTs. A total of 300 ng was reverse transcribed and
amplified using TransPlex Whole Transcriptome Amplifi-
cation Kit (Sigma-Aldrich) with subsequent purification
using QIAquick PCR Purification Kit (Qiagen), according
to manufacturer’s instructions. HMTs or HDMs mRNA
levels were evaluated using TagMan Gene Expression
Assays (Applied Biosystems, Supplementary Table 1, see
section on supplementary data given at the end of this
article) and the most suitable endogenous control assays
for the analysis of prostate tissues (de Kok et al. 2005),
GUSB, and TFRC were also analyzed. To determine the
relative expression levels in each sample, the values of the
target gene were normalized using the median of the two
internal reference genes to obtain a ratio (HMT or
HDM/Mean of TFRC and GUSB). Each plate included
multiple non-template controls and serial dilutions of a
cDNA from human prostate RNA (Ambion, Invitrogen) to
construct a standard curve for each plate. All experiments
were run in triplicate.

Statistical analysis

For statistical analysis purposes, PCa samples were divided
into two- or three-grade categories for GS (GS <6 and GS
>7) and pathological stage (pT2, pT3a, and pT3b)
respectively. The Shapiro-Wilk's W-test allowed for the
examination of the appropriateness of a normal
distribution assumption for each of the parameters (data
not shown). Then, the median and range of the mRNA
expression levels for each group of samples were
determined and analyzed using Mann-Whitney U test.
A receiver operator characteristics (ROC) curve was
constructed by plotting the true positive rate (sensitivity)
against the false positive rate (1-specificity) and the area

Table 1 Clinical and pathological features of patients included in the testing set and in the validation series

PCa Normal PCa Normal
Number of patients, n 10 5 150 15
Age (years), median 59 (53-71) 61 (49-66) 64 (49-75) 64 (45-80)
(range)
PSA levels (ng/ml), 12.3 (3.5-19.9) NA 8.2 (2.9-23.0) NA
median (range)
Pathological stage, n (%) NA NA
pT2 4 (40.0) 89 (59.3)
pT3a 2 (20.0) 50 (33.3)
pT3b 4 (40.0) 11(7.3)
Gleason score, n (%) NA NA
<7 3 (30.0) 57 (38.7)
=7 7 (70.0) 93 (62.0)

PCa, prostate cancer; NA, not applicable.
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under the curve (AUC) was calculated to assess diagnostic
performance. Possible correlations between the expression
levels and GS or pathological stage were assessed by
the Kruskal-Wallis one-way ANOVA, followed by
Mann-Whitney U test when appropriate. For multiple
comparisons, the Bonferroni method was used to adjust
P values. Spearman nonparametric correlation tests were
additionally carried out to ascertain correlations between
age, PSA levels, and HMTs or HDMs expression levels. The
prognostic significance of available clinical variables
(pathological stage, GS, age, and serum PSA levels) was
assessed by constructing disease-specific and disease-free
survival (DFS) curves using the Kaplan-Meier method with
log-rank test (univariate test). A Cox-regression model
comprising the four variables (multivariate test) was also
constructed. DFS was calculated from the date of the
radical prostatectomy to the date of biochemical relapse, or
date of last follow-up, or death if relapse-free. For the
purposes of survival analyses, all cases were coded based on
the expression levels of each enzyme using the percentile
75 value as empirical threshold. Cases were also subdivided
according to serum PSA levels (below and above median
values) and age (above 60, between 60 and 70, and above
70). Statistical analysis was performed using SPSS for
Windows, version 20.0 (SPSS) and the level of significance
was set to P<0.05. Graphs were built using GraphPad
Prism 5.0 software for Windows (GraphPad Software, Inc.,
La Jolla, CA, USA).

Results
Evaluation of HMTs and HDMs expression levels

Expression levels of 37 HMTs and 20 HDMs were assessed
in ten PCa and five normal prostate samples (relevant
clinical and pathological data are depicted in Table 1).
Most enzymes were downregulated in PCa compared with
NPT (Fig. 1). Based on fold-variation, lysine HMTs
SUV39H2, SMYD3, KMT2A-E, and EZH2 (the latter used as
positive control according to the literature); argine HMT
PRMT®6; and HDMs KDM4B, KDM6A, KDMSA, and KDM3B
were selected for validation (Supplementary Table 2, see
section on supplementary data given at the end of this
article). This was performed using RT-qPCR in a larger and
independent series comprising 150 PCa samples and
15 NPTs (relevant clinical and histopathological data are
displayed in Table 1). Statistically significant differences
between NPT and PCa tissue samples were found for all
candidate genes, except KDM3B (Table 2). As expected,
higher EZH2 expression levels were observed in PCa
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compared with NPT and the same trend was verified for
SMYD3, SUV39H2, PRMT6, KDM5A, and KDM6A (Fig. 2 and
Table 2). Contrarily, all selected members of KMT2 family
and KDM4B were downregulated in PCa samples compared
with NPT (Fig. 3 and Table 2). Interestingly, significant
positive correlations between several members of KMT2
family were found in PCa samples (Table 3). To reinforce
the oncogenic role of altered enzyme expression, transcript
levels (categorized according to percentile 75) were tested
as PCa biomarkers in tissue samples. Remarkably, PRMT6
performed best in sensitivity (90.0%) and specificity
(73.3%) for discriminating PCa from NPT, and ROC curve
analysis showed an AUC of 0.923 (95% CI 0.870-0.977,
P<0.001) (Fig. 4). No significant differences in age between
PCa patients and normal tissue donors were apparent.
Statistically significant associations between expression
levels of SMYD3 (P=0.044) or KMT2A (P=0.041) and
pathological stage were disclosed (higher levels in pT3b
cases for both genes, Fig. SA and B). When the patient
cohort was stratified according to GS, increased levels of
EZH2 (P=0.048) and KMT2C (P=0.018) were associated
with less differentiated tumors (Fig. SC and D). No
statistically significant associations were found between
gene expression levels and patients’ age or PSA levels.

Survival analysis

The median follow-up period of this series of PCa patients
was 105 months (range: 3-145 months). At the time of the
last follow-up, five patients (3.3%) had died from PCa and
45 of 136 (33%) presented biochemical recurrence. In 14
patients, serum PSA levels > 0.2 ng/ml persisted following
surgery and these were not further considered for DFS
analysis. Disease-specific survival curves using established
clinical variables or expression levels of selected genes
did not display prognostic value within the available
follow-up time. However, DFS analysis showed that
tumors with higher transcript levels of EZH2 (P=0.001)
or SMYD3 (P=0.010) were significantly associated with a
shorter time to relapse, in a univariate analysis (Fig. 6).
Higher GS (P<0.001), advanced pathological stage (pT3a
P=0.016 and pT3b P=0.002), and higher PSA levels
(P=0.029) were also associated with shorter DFS, whereas
age was not of prognostic value within the available follow-
up time. In multivariate analysis, higher GS, stage pT3b,
and high SMYD3 expression levels retained statistical
significance (P=0.001, P=0.027, and P=0.025
respectively) and were capable of predicting prognosis
independently, whereas EZHZ2 expression, PSA, and
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Expression levels

Expression levels of 37 HMTs and 20 HDMs in normal and PCa tissues. Gene expression of five normal prostate tissues and ten PCa calculated using
comparative Ct method. The results presented correspond to median value of each group.

pathological stage pT3a did not show independent
prognostic value, in this dataset (Table 4).

Discussion

Deregulation of histone PTM patterns has been associated
with PCa development and progression (Seligson et al.
2005, Ke et al. 2009, Bianco-Miotto et al. 2010). Because
these modifications might be due to altered expression or
activity of key chromatin-modifying enzymes (Miremadi

et al. 2007), we attempted to globally characterize
alterations in expression affecting HMTs and HDMs in
PCa tissues and determine whether those might be of
clinical and pathological relevance.

Overall, 37 HMTs and 20 HDMs expression levels were
assessed, comprising most of the relevant members of each
class. Owing to the relatively large number of genes tested,
this panel was initially tested in a small series of tissue
samples. This might underestimate the frequency and
magnitude of changes in gene expression, but it allows for
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Table 2 Distribution of selected HMTs and HDMs expression levels in normal and PCa tissue samples

Gene Normal Tumor P value, M-W AUC
EZH2 0.77 (0.39-1.82) 1.15 (0.09-4.85) 0.014 0.692
KMT2A 0.69 (0.21-2.52) 0.29 (0.08-1.30) <0.001 0.212
KMT2B 3.23 (1.61-6.76) 2.05 (0.49-8.07) 0.004 0.272
KMT2C 2.37 (1.24-4.40) 1.45 (0.39-4.06) <0.001 0.232
KMT2D 3.91(1.36-10.21) 1.97 (0.36-8.66) <0.001 0.272
KMT2E 0.73 (0.58-3.46) 0.53 (0.21-1.55) <0.001 0.162
PRMT6 0.16 (0.02-0.30) 0.43 (0.10-1.77) <0.001 0.923
SMYD3 0.90 (0.53-1.44) 1.53 (0.53-4.50) <0.001 0.855
SUV39H2 1.07 (0.63-2.48) 1.36 (0.32-3.43) 0.044 0.657
KDM3B 0.26 (0.03-0.45) 0.24 (0.11-0.78) NS 0.495
KDM4B 2.24 (0.47-7.81) 0.47 (0.08-2.23) <0.001 0.098
KDMS5A 0.21 (0.10-0.63) 0.32 (0.07-0.77) 0.026 0.675
KDM6A 0.33 (0.03-0.52) 0.47 (0.20-1.58) <0.001 0.813

HMT, histone methyltransferase; HDM, histone demethylase; PCa, prostate cancer; M-W, Mann-Whitney U test; AUC, area

under the curve; NS, not significant.

the selection of the most significantly altered. Thus, to
confirm the initial findings in the arrays, a validation
study was performed for the selected genes using RT-qPCR
and only three out of 12 genes were not confirmed.
Importantly, genes that were previously reported to be
overexpressed in PCa, such as EZH2 (Karanikolas et al.
2010), surfaced in the array and were confirmed in the
large series of PCa, thus validating our initial approach.
Furthermore, EZH2 expression was significantly increased
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in high GS cases, not associating with pathological stage,
confirming previous observations (Laitinen et al. 2008).
Interestingly, some of the most significantly altered
genes encode for enzymes that display antagonistic
functions. Although this might result in a balance bet-
ween repressive and active PTMs, it must be recalled that
the effect in gene expression will depend on the specific
genomic locations and how tumor suppressor genes
or oncogenes are differentially affected (Hake et al. 2004,
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Figure 2
Identification of HMTs and HDMs overexpressed in PCa. Relative quantification of EZH2 (A), SMYD3 (B), SUV39H2 (C), PRMT6 (D), KDM5A (E), and KDM6A
(F), displaying higher expression levels in PCa compared with normal prostate tissues (****P<0.0001; *P<0.05).

© 2014 Society for Endocrinology
Printed in Great Britain

http:/ferc.endocrinology-journals.org Published by Bioscientifica Ltd.

DOI: 10.1530/ERC-13-0375

VIl



Appendix

Endocrine-Related Cancer

: O o

3.0 4 B 10.0 4
g ~ BO4
2 30 2§
g5 25 %07
<3 - o ®
£ 1.0 A S5
< T 20
0.0 4¥4——7F—7—
Normal Tumor
(n=15)  (n=150)
o 15.0 4 E 4.0
o g 304
ZZ 100 A = 28
Tc 5 c
] @9
as © 20
$E 801 g5
T T 104

L N
Normal Tumor
(n=15)  (n=150)

Figure 3

00—
Normal
(n=15)

00—
Normal
(n=15)

Deregulated expression of HMTs 21:1 57

and HDMs in PCa

KMT2C relative
quantification (RQ)

Tumor
(n=150)

Normal
(n=15)

Tumor
(n=150)

i

KDM4B relative
quantification (RQ)

Tumor
(n=150)

Normal
(n=15)

Tumor
(n=150)

Identification of HMTs and HDMs downregulated in PCa. Relative quantification of KMT2A (A), KMT2B (B), KMT2C (C), KMT2D (D), KMTZE (E), and
KDM4B (F) depicted lower levels in PCa compared with normal prostate tissues (****P<0.0001; ***P<0.001; **P<0.01).

Chi ef al. 2010). Contrarily, concerning the enzymes that
have overlapping functions, the same trend was not
apparent. This is most likely due to function redundancy,
so that oncogenesis is already facilitated through the
alteration of a single enzyme responsible for a specific PTM
(Fullgrabe et al. 2011).

We found that H3K4 methyltransferase SMYD3 was
upregulated in PCa, paralleling previous observations
in colorectal, hepatocellular, and breast carcinomas
(Hamamoto et al. 2004, 2006), whereas KMT2 family
members (which accomplish the same PTM) were down-
regulated. Remarkably, higher SMYD?3 transcript levels were
associated with locally advanced disease, suggesting an
association with more aggressive PCa. Interestingly, SMYD3
overexpression has been linked with enhanced proliferation
and loss of differentiation (Hamamoto et al. 2006, Chen
etal. 2007, Wang et al. 2008, Zou et al. 2009, Ren et al. 2011)
and this may support the association found in PCa.
Moreover, SMYD3 also methylates H4KS and H4K20 and
other non-histone proteins, which may also contribute
to its oncogenic role (Foreman ef al. 2011, Van Aller et al.
2012). We found that KDMS5A, encoding an H3K4
demethylase, was also overexpressed in our PCa series.
Remarkably, KDMSA has an antagonistic interaction with
PRB, and it is also associated with MYC (Rotili & Mai 2011), a
proto-oncogene which is upregulated in PCa. This putative

oncogenic activity, already demonstrated in gastric cancer
(Blair et al. 2011), is also supported by our findings.

On the other hand, nearly all members of the KMT2
family were globally downregulated in PCa. This family
also targets H3K4, but its downregulation might not
impact in H3K4me3 levels owing to SMYD3 overexpres-
sion. KMT2A and KMT2C displayed higher expression
levels in PCa cases with higher GS and more advanced
stage, although levels remained lower than those of NPTs.
KMT2s operate in complexes (Ansari & Mandal 2010),
a feature that may explain the observed correlation bet-
ween some members of this family. Because not all KMT2
genes are present in the same complexes, a downstream
mechanism responsible for their global downregulation
in prostate carcinogenesis likely exists. Furthermore,

Table 3 Coefficient of correlation (r) between the expression
levels of all members of KMT2 family in PCa tissue samples

KMT2A KMT2B KMT2C KMT2D KMT2E
KMT2A = 0773 0814 0600  0.560
KMT28 = N 0.844 0729  0.468
KMT2C - - - 0.650  0.464
KMT2D - - - - 0.458
KMT2E - - - - -

PCa, prostate cancer; Spearman correlation; P<0.001 for all comparisons.
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Figure 4

Performance of PRMT6 expression as biomarker for PCa. Receiver
operator characteristic (ROC) curve evaluating the ability of PRMTE
expression levels in discriminating PCa from normal prostate tissues.

AUC, area under the curve.
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Gleason score

Association of HMTs with clinicopathological parameters. Distribution of
SMYD3 (A) and KMTZ2A (B) expression levels according to pathological
stage, showing higher levels in locally advanced disease stage pT3b
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and HDMs in PCa

a negative crosstalk between methylation of H3R2 by
PRMT6 and H3K4 by KMT2 complex was described
(Guccione et al. 2007) and increased expression of PRMT6
was identified in our set of PCa. The overexpression of this
histone modifier, already reported in bladder and lung
cancer, might lead to a decrease in p53 levels, fostering
tumorigenesis (Yoshimatsu et al. 2011, Neault et al. 2012).
Interestingly, PRMT6 proved to be the HMT that best
discriminated PCa from NPTs, further supporting a role
for its deregulation in prostate carcinogenesis.

SUV39H2 and KDM4B methylate and demethylate
H3K9, respectively. SUV39H2's role in cancer depends
on the model: in B-cell lymphomas it acts as a tumor
suppressor (Cloos et al. 2008), whereas in breast cancer it
is regarded as an oncogene (Franci et al. 2013), as our
results suggest for PCa. A positive correlation between
KDM4B expression and increased PCa grade has been
reported (Coffey et al. 2013), but we were not able to
confirm it, probably due to methodological differences.
Coffey et al. used samples of benign prostate hyperplasia
as controls and this lesion is reported to be potentially
linked with PCa arising in the transition zone (Guess
2001). Moreover, their analysis was based on a qualitative
evaluation of cytoplasmic immunostaining in a small
portion of tissue (Coffey et al. 2013). On the contrary,

Gleason score

(*P<0.05). Distribution of EZH2 (C) and KMT2C (D) expression levels
according to Gleason score, displaying higher levels in tumors with Gleason
score =7 (*P<0.05).
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Kaplan-Meier estimated disease-free survival curves for PCa patients.
Disease-free survival curves of 136 PCa patients according to expression
levels of EZH2 (A) and SMYD3 (B). The results of RT-qPCR presented were
categorized using third quartile (75th percentile) value as the cutoff.

we used morphologically NPT from the peripheral zone,
were over 80% of PCa originate, and expression was
quantitatively assessed at transcript level.

A major goal of our study was to determine the
potential clinical usefulness of altered HMTs and HDMs
expression in PCa. Only EZH2 and SMYD3 disclosed a
significant association with DFS, in univariate analysis.
Similar results have been reported for EZH2 expression,
although assessed by immunohistochemistry (Varambally
et al. 2002, Laitinen et al. 2008, Wolters ef al. 2010), and
it was found to independently predict PCa recurrence.
Although we did not confirm this result for EZH2 at
transcript level, a statistical trend was apparent. It should
be recalled that our series only incorporates patients
with clinically localized PCa, submitted to radical pro-
statectomy, which represent a subset of the whole
spectrum of PCa patients. Because these patients are
selected for having clinically organ-confined disease, the

Deregulated expression of HMTs 21:1 59
and HDMs in PCa

corresponding PCas are usually of low and intermediate
grade (mostly GS 6 and 7 in the biopsy) and low stage
(cT1c and ¢T2). Thus, it does not comprise the full
spectrum of PCa, as clinically advanced and high-grade
cases at diagnosis will not be considered (in general) for
curative-intent radical prostatectomy. Notwithstanding
these limitations, high SMYD3 expression retained prog-
nostic significance in multivariate analysis, confirming its
potential clinical usefulness. To more easily translate
for routine practice, however, it would be important to
determine if immunohistochemical assessment of SMYD3
expression would provide the same result. Though several
commercially available antibodies were tested, none
provided satisfactory results.

Concerning disease-specific survival, no statistically
significant associations were apparent, probably due to
relatively short follow-up data. A follow-up period of 15 or
20 years is usually required to detect differences in PCa
survival in patients with localized disease submitted to
radical prostatectomy (Popiolek et al. 2013). Nonetheless,
biochemical recurrence is also an important primary
endpoint in many studies. As expected, GS and patho-
logical stage were of prognostic significance in univariate
analysis, although only the former and stage pT3b
denoted independent prognostic value in multivariate
analysis. The fact that stage pT3a did not surfaced as
independent prognostic parameter for DFS in multivariate
analysis is most likely due to the association between
tumor stage and histological grade, as pT3a cancers were
mostly of high GS.

Table 4 Cox regression models assessing the potential of
clinical and epigenetic variables in the prediction of disease-
free survival for 136 PCa patients

95% Cl for P value
Gene Variable HR HR (CR)
EZH2 PSA levels > med 1.652 0.914-2.986 0.096
Gleason score 4,206 1.820-9.718 0.001
pT stage >2 0.148
vs 3a 1.457 0.753-2.819 0.264
vs 3b 2.397 0.980-5.864 0.055
EZH2 expression 1.890 0.983-3.637 0.056
> Q75
SMYD3 PSA levels > med 1.697 0.940-3.064 0.079
Gleason score 4.259 1.817-9.982 0.001
pT stage 2 0.086
vs 3a 1.476 0.755-2.886 0.255
vs 3b 2.662 1.115-6.356  0.027
SMYD3 expression 2.049 1.096-3.832 0.025
> Q75

PCa, prostate cancer; CR, Cox regression; HR, hazard ratio; Med, median value;
Q75, quartile 75 value; bold highlights statistical significance (P<0.05).
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In conclusion, we identified a set of HMTs and HDMs
deregulated in PCa that might contribute to the disease
development and progression. To the best of our knowl-
edge, this is the first study to demonstrate that HMT SMYD3
expression levels are able to predict disease-specific survival
of PCa patients with clinically localized disease, submitted
to radical prostatectomy. Therefore, determination of
SMYD3 expression levels in prostate biopsies might be
able to convey relevant prognostic information in a pre-
therapeutic setting. Functional studies are mandatory to
ascertain the role of SMYD3 in prostate carcinogenesis.
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This is linked to the online version of the paper at http://dx.doi.org/10.1530/
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