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RESUMO

Introducéo: O cancro da préstata é a segunda neoplasia mais comum nos homens em
todo o mundo e, devido ao intenso rastreio com PSA, cerca de 90% dos tumores
diagnosticados estdo confinados ao 6rgdo. Na prética clinica, a decisdo do tratamento
primario € baseada na avaliagdo do risco clinico ou no CAPRA score. No entanto, a
previsao do prognoéstico dos doentes continua a ser desafiante, especialmente em doentes
de baixo risco. Assim, torna-se necessario a implementacdo de novos sistemas de
classificacdo molecular e a identificacdo de novos biomarcadores de progndstico, no
diagnostico deste cancro. Especificamente, os biomarcadores moleculares poderdo ser
relevantes para aumentar a acuidade das decisdes terapéuticas, distinguindo cancro da
prostata indolente das formas clinicamente relevantes, dado a sua agressividade.

Materiais e métodos: Neste estudo, a imunoexpressdo dos marcadores luminais,
NKX3.1 e CK8/28, dos marcadores basais, CK5/6, CK14 e CD49f, bem como do marcador
de proliferacao celular, KI-67, foram avaliadas por imunohistoquimica numa série de 103
amostras de prostatectomias radicais, sem qualquer tratamento prévio. Os niveis de
metilagdo do gene KLF8 foram também avaliados por PCR quantitativo especifico de
metilagdo, na mesma coorte. Os endepoints do estudo incluiram a sobrevivéncia global e
livre de recorréncia bioquimica. Por fim, foram desenvolvidos nomogramas representativos
de calculadoras de risco, incorporando os parametros clinico-patolégicos relevantes

juntamente com a imunoexpressao do Ki-67 e os niveis de metilagdo do KLF8.

Resultados: Na coorte de doentes em estudo, ndo foram encontradas diferencas na
sobrevivéncia global ou na sobrevivéncia livre de recorréncia bioquimica entre tumores
luminal-like e tumores do basal-like. Notavelmente, o indice Ki-67 mais elevado foi
associado a uma menor sobrevivéncia livre de recorréncia, tendo sido verificada a mesma
associacao nos doentes com tumores de baixo grau (1 e 2). Por outro lado, niveis mais
elevados de metilacdo do KLF8 associaram-se significativamente a uma melhor
sobrevivéncia global em doentes com tumores de baixo grau. O desempenho destes
marcadores foi avaliado no contexto de uma calculadora de risco, considerando outras
variaveis clinicas convencionais, designadamente o PSA, o estadio clinico e a idade dos
doentes ao diagnoéstico. Estes modelos demonstraram um bom desempenho, com uma
area sob a curva (AUC) superior a 0,75 em todas as simula¢gBes de andlise realizadas.
Adicionalmente, foram obtidos resultados similares quando a mesma calculadora de risco
de recorréncia foi aplicada a uma série independente de 153 bidpsias de diagnéstico de

cancro da prostata.



Discusséao e conclusao: Este estudo permitiu verificar que a subclassificacdo molecular
dos tumores da prostata em luminal-like e basal-like descrita na literatura ndo tem
aplicabilidade na pratica clinica quando avaliados os niveis de proteina dos marcadores
caracteristicos de células luminais e basais. No entanto, o indice Ki-67 e os niveis de
metilacdo do KLF8 emergem como biomarcadores independentes com capacidade para
estratificacdo de doentes, especialmente em doentes de baixo risco, 0s quais necessitam
de uma estratégia mais precisa para a tomada de decisdo terapéutica. Desta forma, a
implementagao da calculadora de risco de recorréncia testada seria de extrema utilidade
na pratica clinica, dado permitir distinguir cancro da prostata indolente de formas mais
agressivas, possibilitando uma decisdo terapéutica mais ajustada a cada doente.
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ABSTRACT

Background: Prostate cancer is the second most common malignancy in men worldwide,
and due to the PSA screening nearly 90% of the diagnosed tumors are organ-confined. In
clinical practice, the primary treatment decision is based on the clinical risk assessment or
CAPRA score. Nonetheless, it is still challenging to predict patients’ prognosis, specifically
in low-risk tumors. Therefore, the implementation of new molecular classifications and the
identification of new prognostic biomarkers in the diagnosis of this cancer is needed.
Particularly, the molecular biomarkers could be valuable to improve the accuracy of the
therapeutic decision-making, distinguishing indolent PCa from the clinic relevant forms, due
to their aggressiveness.

Material and methods: In this study, the immunoexpression of the luminal markers,
NKX3.1 and CK8/18, the basal markers, CK5/6, CK14, and CDA49f, as well as the
proliferation marker, Ki-67, were accessed by immunohistochemistry in a series of 103
specimens from radical prostatectomies, without any prior treatment. The methylation levels
of the KLF8 gene were also evaluated, by quantitative methylation-specific PCR, in the
same cohort. Study endpoints included overall and BCR-free survival. Subsequently, we
assembled nomograms that serve as risk calculators, incorporating relevant clinico-

pathological parameters alongside Ki-67 immunoexpression and KLF8 methylation levels.

Results: In the study cohort, no differences were found in the overall survival or
biochemical-recurrence free survival between luminal-like and basal-like tumors.
Remarkably, higher Ki-67 index was associated with lower BCR-free survival, and the same
association was found in lower-grade tumors (1 and 2). Conversely, higher KLF8
methylation levels were significantly associated with improved overall survival in patients
with lower-grade tumors. The performance of these markers was evaluated in the context
of a risk calculator, considering other conventional clinical variables, namely PSA, T stage,
and patients age at diagnosis. Markedly, these models demonstrated good performance
with an area under the curve (AUC) exceeding 0.75 across all analysis simulations carried
out. Additionally, similar encouraging results were obtained when the BCR calculator was

applied to an independent series of 153 PCa diagnostic biopsies.

Discussion and conclusion: This study allows us to verify that the molecular
subclassification of prostate tumors into luminal-like as basal-like, described in the literature,
does not have applicability in clinical practice when assessing the protein levels of the
luminal and basal characteristic markers. Nonetheless, Ki-67 index and KLF8 methylation

levels emerge as independent prognostic biomarkers with the ability for patient stratification,
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especially in lower-risk patients, which require a better tool for therapeutic decision-making.
Henceforth, the implementation of the risk of recurrence calculator tested would be
extremely useful in the clinical practice to distinguish indolent PCa from more aggressive

forms, allowing a more adjusted treatment decision for each patient.
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file:///C:/Users/raul.castro/Downloads/Dissertação_Ângela_final%20version.docx%23_Toc153611570
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file:///C:/Users/raul.castro/Downloads/Dissertação_Ângela_final%20version.docx%23_Toc153611573
file:///C:/Users/raul.castro/Downloads/Dissertação_Ângela_final%20version.docx%23_Toc153611574
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file:///C:/Users/raul.castro/Downloads/Dissertação_Ângela_final%20version.docx%23_Toc153611574
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cohort 1. Kaplan-Meier for the overall survival (C) and BCR-free survival (D), in cohort 1.1.
Kaplan-Meier for the overall survival (E) and BCR-free survival (F) based on the KLF8
methylation levels, in cohort 1. G- Kaplan-Meier for the BCR-free survival based on the
KLF8™¢ levels, in cohort 1.1. The Log-Rank test was used to evaluate the differences in
overall survival and BCR-free survival, where none of the analyses were statistically
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Supplementary Figure 7- Survival analysis based on the Ki-67 immunoexpression
and KLF8™¢ levels. Kaplan-Meier for the overall survival based on the expression of the
Ki-67, in cohort 1 (A) and cohort 1.1 (B). The Log-Rank test was used to evaluate the
differences in overall survival and BCR-free survival, where none of the analyses were
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Supplementary Figure 8- Nomogram representative of of the Risk of Death (A) and the
Risk of Biochemical-recurrence (B) calculators, for cohort 1, with the relevant clinico-
pathological variables for the risk stratification: age at diagnosis (0: <55, 1: 55-65, 2: >65
years), clinical stage, grade group, and PSA serum levels (1: <10ng/mL, 2: >10ng/mL). C-
Roc curves to evaluate the performance of the nomogram models. KLF8™M¢ categorization-
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categorization- 0: <5%, 1: 5-10%, 2: >10% of positive staining. Green Curve: ROC curve
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Supplementary Figure 9- Kaplan-Meier curve for the overall survival based on the Risk of
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https://paulosauto1-my.sharepoint.com/personal/raul_castro_paulosauto_pt/Documents/Ambiente%20de%20Trabalho/Dissertação_Ângela.docx#_Toc153613197
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PROSTATE CANCER EPIDEMIOLOGY AND ETIOLOGY

Prostate cancer (PCa) is the second most frequent cancer and the fifth leading cause
of cancer-related death in men worldwide, with an estimation of 1.4 million new cases and
375,000 deaths in 2020 (Figure 1). Unlike mortality rates, the incidence rates greatly varies
among different continents, with the highest rates found in Northern and Western Europe
and the lowest rates found in Asia and Northern Africa. These variations are mainly due to
differences in the diagnostic practices and men life span. Despite PCa being more prevalent
in high-income countries, little is known about the etiology of this disease. Advanced age,
African origin, family history, and certain genetic mutations remain the only established risk
factors associated with PCa (1). Compared with Caucasian men, PCa is particularly
aggressive and fatal for Africans and African Americans (2). Men with a family history of
PCa show a greater risk of developing this disease during life (3). Indeed, certain gene
alterations are associated with heritable PCa, being the majority related with DNA
(Deoxyribonucleic Acid) damage repair machinery. These alterations include germline
BRCAL1 and BRCA2 mutations which are associated with a significant increased risk of the
PCa development. Men with germline BRCA2 mutations are usually diagnosed at a younger
age and have more aggressive tumors, with a poorer median survival than men with a
sporadic type of the disease. Genes involved in mismatch repair, like MLH1, MSH2, MSHS6,
and PMS2, can be also altered, being drivers for the Lynch Syndrome. Although this
syndrome is strongly associated with colorectal, gynecologic, and stomach cancers, men
with Lynch Syndrome have also an increased risk for PCa (4). On the other hand, a few
modifier factors related with lifestyle, such as smoking and excess body weight, may

increase the risk of developing advanced disease (1).

Incidence Mortality

Lung
1435 943 {14.3%)

Lung
1188 679 (21.5%)

Other cancers
1263 907 (22.9%)

Other cancers
3093 183 (30.7%)

Prostate
14142509 (14.1%)

NHL

147 217 (2.7%)

Bladder Liver

158 785 (2.9%) 677 527 (10.4%)

Leukaemia

Leukaemia 177 818 (3.2%)
269503 (2.7%)

Kidney

271 24 (2.7%)
NHL

304 151 (3%) 4
Oesophagus

418 350 (4.2%)

Colorectum Pancreas
1 065 960 (10.634) 246 B4D (4.5%)
Colorectum

515 637 (9.3%)
Oesophagus

Stomach 374313 (6.8%)

719523 (7.1%%)
Bladder Liver Prostate Stomach
440 964 (4.4%) 632 320 (6.3%) 375 300 (6.8%) 502 788 (9.1%%)

Total : 10 065 305 Total : 5 528 810
Figure 1- Graphic representation of the 10 most common cancers among men worldwide,
regarding their incidence and mortality rates, in 2020. Adapted from (Sung, 2021). Prostate
cancer was the second most common malignancy in men and the fifth leading cause of cancer-

related death.
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PROSTATE CANCER DIAGNOSTIC
Screening and early detection

PCa screening consists in a systematic examination of asymptomatic aging men using
diagnostic tools such as digital rectal examination (DRE), prostate-specific antigen (PSA)
blood test and transrectal ultrasound (TRUS) guided biopsy, in men over 50 years old. An
organized screening program for PCa is currently not recommended in most countries,
remaining a controversial topic within the urologic community (3). In 2017, the US
Preventive Services Task Force recommendation for PSA-based screening for PCa was
updated. Men aged as 55-69 years old must be informed of the benefits and harms of PSA-
based screening before any decision, which might reduce overdiagnosis and overtreatment.
Nonetheless, for men over 70 years old, PSA-based screening is discouraged. (5).

Digital Rectal Examination

DRE is often used as a diagnostic tool to evaluate the presence of prostate gland
malignancy. Although this method is easy to perform and minimally invasive, it is subjective,
relying on the experience and skills of the examiner in determining the size, consistency,
nodularity, and asymmetry of the prostate (6, 7).

Moreover, DRE cannot be used as a single and definitive diagnostic tool, since only the
posterior and lateral surfaces of the prostate can be reached during the examination.
Besides that, this method cannot exclude the presence of malignancy due to its low
sensitivity, below 60% (8, 9).

PSA-based screening

PSA is a serine protease regulated by androgens. This protein is produced by secretory
epithelial cells from the prostate glandular tissue and then, released in seminal fluid with a

normal circulating concentration of 0.5 to 2.0 ng/mL. (10).

In prostate carcinogenesis, the basal cell layer and basement membrane are disrupted
allowing PSA releasing. Suspicious of PCa is considered when serum PSA values are
greater than 4 ng/mL. Although serum PSA can be used to identify PCa patients, its use as
a screening tool is limited due to the lack of specificity, since PSA can also be increased in
benign lesions as prostatic hyperplasia and some inflammatory conditions (10, 11).
Moreover, the use of PSA as screening tools can lead to unnecessary biopsies, resulting in
overdiagnosis and overtreatment of indolent diseases. Conversely, men with normal PSA

can be missed diagnoses (12).
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Prostate Biopsy

The histopathological verification based on microscopic evaluation of the prostate tissue
obtained by needle biopsy is necessary for a definitive diagnosis of PCa. A biopsy is
recommended when other pre-screening tools detect some suspicious lesion (3). Prostate
biopsy can be performed by either a transrectal or transperineal approach (13). Most of the
diagnosed tumors are localized in the peripheral region of the prostate. Therefore, the
systematic biopsies, regardless of the approach used, should be directed to the peripheral
gland bilaterally from apex to base as far posterior and lateral as possible (14). By
convention, 10 to 12 systematic biopsies are recommended depending on the prostate size
(15). Although systematic prostate biopsy remains the standard of approach for definitive
PCa diagnosis, it misses 21 to 28% of all PCa, and about 14% of the detected tumors could
be under-graded (15, 16). To overcome these issues, imaging techniques have been
adapted to improve diagnostic performance, being multiparametric magnetic resonance

imaging (mpMRI) the most used one (15).
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CLASSIFICATION AND STAGING

To better decide the primary PCa treatment, the risk stratification for biochemical
recurrence (BCR) is assessed, taking into account the PSA serum values, as well as the
clinical staging (TNM classification) and the biopsy grading into low-, intermediate-, and

high-risk based on the Gleason Grading System (17).

In the TNM classification, the local stage of PCa is based on DRE findings, being
essential to define the extraprostatic extension of the disease, as well as circumvent the
limits of the tumor, therefore guiding the surgical decisions and additional therapeutic
management (18, 19). Further, imaging techniques, such as computed tomography (CT) or
magnetic resonance imaging (MRI), are needed to predict lymph node involvement in
intermediate or high-risk patients. Bone scintigraphy can be also performed to confirm bone

metastasis in high-risk or symptomatic patients (18).

Due to the heterogeneity of PCa, the Gleason Score (GS) is used to graduate the tumor,
being the Gleason grading system the most relevant predictor of PCa prognosis. This
system is based on histopathological features of PCa tissues. After pathologic evaluation,
the two most abundant patterns of the tumor are graded in 1 through 5 and added to form
the Gleason Score, ranging from 2 to 10 (20). Since tumors with a GS lower than 6 are not
clinically significant, in 2014, the International Society of Urological Pathology (ISUP)
conference proposed a new grading system aiming to decrease the overtreatment of low-
grade PCa (17, 20). This 2014 ISUP grading system limits the number of PCa classification
grades, resulting in 5 prognostically distinct ISUP grades, also called grade groups (GG)
(Table 1) (17).

Table 1- The International Society of Urological Pathology (ISUP) 2014 grade system

ISUP Grade Gleason Score Gleason Pattern
1 <6 <3+3
2 7 3+4
3 7 4+3
4 8 4+4; 3+45; 5+3
5 9or 10 4+5; 5+4; 5+5

This new grade system limits the PCa classification grades, based on Gleason Score. Thus, PCa is

classified into one of the five prognostically distinct grade groups. Adapted from (Epstein, 2016).
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BIOLOGY AND MANAGEMENT OF PROSTATE TUMORS

The carcinogenic process of the prostate gland occurs during a long period and
commonly initiate as prostatic intraepithelial neoplasia (PIN), followed by localized PCa and
locally advanced prostate adenocarcinomas. The locally advanced prostate
adenocarcinomas can progress into a castration-resistant phenotype with or without
neuroendocrine features, ultimately leading to the development of metastasis. Similarly,
hormone-naive metastatic tumors eventually progress to metastatic castration-resistant
prostate cancer (MCRPC) (Figure 2) (21).

The treatment guidelines for PCa are based on PSA serum concentration, clinical stage
of the disease, and histological grade. Regarding primary PCa, these parameters are
determined to decide between active surveillance, for the more indolent forms of the
disease, or active treatment, in a single or multimodality approach (22). Radical
prostatectomy (RP), radical radiotherapy (RT), or brachytherapy can be potentially curable
for localized PCa. Conversely for high-risk and locally advanced diseases, neoadjuvant and
concomitant androgen-deprivation therapy (ADT) should be considered (22-24). Metastatic
disease is not curable, however, can be managed to slow down the progression and
downstage the tumor burden. Indeed, ADT is effective for hormone-naive metastatic PCa
(22, 23, 25). However, the disease may evolve to a more aggressive behavior, arising
castration-resistant PCa (CRPC) or even neuroendocrine PCa (NEPC). Unfortunately, no
curative-intent treatment options are available so far for those aggressive forms, and

chemotherapy is often used as a palliative treatment (23-25).

: Advanced or
Localized PCa metastatic PCa CRPC NEPC

F

Androgen Deprivation,
Therapy (ADT}

PSA levels

Chemotherapy Chemotherapy
(Dacetaxel) (pailiative)

.
>

Time

Figure 2- Therapeutical approaches according to PCa different stages. PSA levels vary with the course of the disease. For
localized PCa, RP is the standard of care, nonetheless, patients with low-risk tumors may benefit from active surveillance. As for
advanced or hormone-naive metastatic disease, ADT is recommended. Unfortunately, after some time on ADT, the disease
progress, arising CRPC or even NEPC. At this point, no curative-intent treatments are available, being chemotherapy used as a
palliative treatment. Abbreviations: PCa — prostate cancer; RP — radical prostatectomy; ADT — androgen deprivation therapy;

CRPC - castration resistant prostate cancer; NEPC — neuroendocrine prostate cancer. Created with Biorender.
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Localized prostate cancer

Due to the intense PSA screening, nearly 90% of all PCa tumors are locally-confined at
the time of diagnosis (26). Localized PCa arises from the uncontrolled proliferation of
luminal cells with loss of the basal layer, and it is restricted to the prostate gland (27). The
majority of PCa arise from the peripheral region of the prostate. Nonetheless, PCa is a very
heterogeneous disease with a multifocal nature, with 80% of primary PCa displaying

divergent morphology and topography (19, 28).

Histologically, the majority of PCa are acinar adenocarcinomas (19, 29, 30). However,
in 2016, the World Health Organization (WHQO) described a new histological type classified
as intraductal carcinoma of the prostate. These cases are characterized by the proliferation
of neoplastic cells within the ducts and acini, with the formation of a solid or dense cribriform
pattern, involving at least 50% of the lumen (29, 31). Intraductal carcinoma is associated
with more aggressive PCa, and Gleason Grade is not applicable since this type of tumor is

linked to a high-grade and high-volume carcinoma (31).

Genomic landscape

PCa harbors high genomic complexity, with multiple recurrent genomic alterations, that
were reported to be useful for molecular subtyping. These genomic alterations include
mutations, DNA copy-number alterations, rearrangements, and gene fusions (26, 32). The
most frequent genomic alteration in PCa is the fusion of the androgen-regulated promoters
with members of the ETS family. In particular, nearly 50% of all prostate tumors display the
TMPRSS2-ERG fusion (26). This fusion is an early event in PCa carcinogenesis but is not
sufficient to initiate PCa, requiring other genomic alterations, like PTEN deletions, TP53
alterations, and RB1 deletions (33, 34).

Regarding somatic point mutations, SPOP, TP53, FOXAL, and PTEN are the most
frequent mutated genes in primary PCa (26). SPOP mutations are present in 10-15% of
localized prostate tumors and are mutually exclusive of tumors with ETS rearrangements.
Androgen receptor (AR) and its’ co-factors are SPOP substrates in PCa. Likewise,
dysregulation of SPOP is associated with increased AR transcriptional activity and AR

target gene expression (26, 33).

Locally advanced and metastatic prostate cancer

Locally advanced PCa is characterized by an extension of the tumor outside the
prostate gland with disruption of the prostatic capsule, with or without invasion of the

seminal vesicles, facilitating the invasion of adjacent lymph nodes and distant organs (35).
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Metastatic PCa is a leading cause of PCa-related deaths, and about 80% of metastatic
patients experience bone metastasis, in which cancer cells directly interact with the bone
microenvironment. Besides bone, metastasis can also be formed in other distant organs
like liver and lungs (21, 36).

The genetic landscape is even more complex in metastatic tumors than in the primary
tumors, due to the high selective pressure in this stage of the disease. Indeed, some
alterations promote tumor progression and invasion (33). For instance, PTEN loss is
associated with more aggressive tumors and increased risk for metastization. Moreover,

MYC activation with PTEN loss led to increased genomic instability in metastatic PCa (21).

Castration-resistant prostate cancer

CRPC occurs with the progression of the disease, mostly due to ADT resistance. Nearly
all patients on ADT, eventually progress to a castration-resistant phenotype (37). The CRPC
diagnosis is considered when the PSA serum levels are greater than 2 ng/mL, in two
consecutive measurements, in a castration environment, while testosterone levels are
maintained below 50 ng/dL (38).

Some genetic alterations are implicated in the transformation of locally advanced PCa
to a CRPC phenotype. AR is very often amplified and mutated in these samples, leading to
consequent alterations in AR signaling pathways (26, 39). Additionally, about 50% of
metastatic castration-resistant prostate cancer (MCRPC) cases have TP53 loss and 15-
35% have alterations in DNA repair machinery (21, 33, 40). Moreover, PI3K signaling
alterations as well as deletions or mutation of RB1, KMT2C, and KMT2D are also frequently
found in mCRPC (26).

Notably, most mechanisms that lead to a CRPC phenotype are related to AR signaling
pathway. Despite the androgen blockade by the ADT, low levels of androgens persist. Thus,
a subset of cells can adapt through AR amplification or AR mutations, becoming more
sensitive to the low levels of androgens in circulation (41). Nonetheless, some resistant
mechanisms are independent of the AR ligand. Particularly, some growth factors, cytokines,
and kinases are capable of increasing AR signaling, promoting disease progression.
Moreover, the persistent castration by ADT can lead to the development of splice variants
of AR (AR-V). These variants have lost the C-terminal of the ligand-binding domain (LBD),
being constitutively activated (41, 42).

Thus, for these patients, androgen-receptor pathway target therapies, such as
enzalutamide and abiraterone, are considered first-line treatment in asymptomatic patients.

Docetaxel should be considered as well, for both symptomatic and asymptomatic patients.
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For patients who acquired resistance to first-line treatment with docetaxel, enzalutamide
and abiraterone should be used as second-line treatments. Additionally, taxanes are also a
second-line treatment option for men who had primary resistance to first-line treatment with
enzalutamide or abiraterone (24). These therapeutic approaches can slow down the
progression of the disease, however, all CRPC patients eventually gain resistance to
therapy (41).

Neuroendocrine prostate cancer

Neuroendocrine PCa is a lethal form characterized by the low or negative expression of
prostate gland characteristic markers, such as AR and PSA. Less than 1% of the prostate
tumors are pure localized small cell carcinoma. Nonetheless, about 5 to 10% of the prostate
cancer tumors show focal neuroendocrine differentiation admixed with adenocarcinoma
(43). Nearly 20% of CRPC tumors lose their dependence on AR signaling, with a conversion
into an AR-negative tumors, poorly differentiated small cell neuroendocrine carcinoma,
without an increase in PSA levels (43, 44). NEPC tumors start to express typical
neuroendocrine markers, such as enolase 2, chromogranin A, synaptophysin, and CD56.
The evaluation of the immunoexpression of these markers is crucial to the NEPC diagnosis
(44, 45).

Loss of TP53 and RB1 in mCRPC induces cell plasticity to a neuroendocrine phenotype.
This process is driven by genetic and epigenetic reprogramming. About 40% of NEPCs
display overexpression or amplification of NMYC, being a driver for NEPC initiation (21).
EZH2 is also upregulated, especially in tumors with distant metastasis, promoting lineage
plasticity (21, 44, 45). The synergic interaction between the EZH2, NMYC, and AR leads to
an inhibition of AR-signaling by the formation of the N-MYC/AR/EZH2-PRC2 complex,
resulting in neuroendocrine transformation (45). Similarly with adenocarcinomas,
TMPRSS2-ERG gene fusion is observed in nearly 50% of NEPC (43, 44).

33



RISK ASSESSMENT OF LOCALIZED PROSTATE CANCER

In the last decade, new strategies for the molecular classification of PCa have been
investigated to better predict patients’ prognosis (46). Based on RNA expression and
transcriptome data, PCa may be classified into three different subtypes based on the
characteristics of the basal and luminal epithelial cells. Therefore, like in breast cancer, it
was possible to categorize the tumors into a luminal A-like PCa, a luminal B-like PCa, and
a basal-like PCa. Luminal B-like PCa displayed the worse outcome (47-49). Despite the
promising results of this classification system based on RNAseq data, further research is
needed to confirm its practicability in the clinical practice.

The Clinical Risk Assessment remains the better predictor of patients’ prognosis and is
crucial for the therapeutic guidance. At diagnosis, the patients with PCa are classified for
the risk grouped based on similar clinico-pathological characteristics (50, 51). A more
accurate way to individually assess the risk of PCa progression is using the Cancer of the
Prostate Risk Assessment (CAPRA) score. CAPRA score is a 0 to 10 scale based on PSA
levels, GS, clinical tumor stage, age at diagnosis, and the percentage of positive biopsy
cores. This tool is currently the most validated and used risk assessment method in
localized PCa (50, 52, 53).

High-risk patients are defined as having one of the following characteristics: metastatic
spread, GS greater than 8 and very high PSA levels (Table 2) (50, 54, 55). Those
parameters are indicative of a more aggressive disease with high susceptibility for disease
progression, requiring alternative therapeutic interventions. As for PCa patients with low-
(GS 3+3, GG1) and favorable intermediate-risk (GS 3+4, GG2), the choice of the best
therapeutic approach remains challenging. The decision between active surveillance and
curative treatment is complex, and currently it is difficult to predict which patients may
benefit from an interventive approach (50). To overcome this issue, new strategies based
on genomic tests, such as the Decipher score®, Prolaris® cell cycle progression test, and

Oncotype DX® Prostate Score, have been investigated.

The Decipher score® is a tissue-based microarray classifier that evaluates the
expression of 22 genes involved in the AR signaling pathway, cell proliferation,
differentiation and motility, and immune modulation. Both biopsy and RP specimens can be
used to perform the test, predicting the risk for distant metastasis, and the risk for advanced
disease at RP. Although this test can be used to select the patients that may benefit from
active surveillance, the Decipher score® is specially indicated to guide the decision between
post-prostatectomy adjuvant treatment or salvage radiotherapy (12, 56). The Prolaris® test

is a biopsy-based genomic test that measures the expression of 31 cell cycle progression
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genes and 15 housekeeping genes, by reverse transcription polymerase chain reaction
(RT-PCR), generating a score that provides information about the tumor cells’ proliferation.
It is validated to predict PCa-specific mortality, as well as to predict the risk of BCR and
metastatic spread (50, 57, 58). The Oncotype DX® score is also biopsy-based but measures
the expression of 17 genes related to prostate tumorigenesis, involving the AR pathway,
cellular organization, proliferation, and stromal response, using quantitative RT-PCR. This
test predicts adverse PCa pathology as the probability of advanced disease and higher
stage and grade (58-60).

Although these tests provide information that may help in the risk assessment of low-
and intermediate-risk PCa, the technology used is very expensive, with the price ranging
from 3.900 to 5.150 dollars per patient. Hence, finding new strategies that may use less
expensive tools, like immunohistochemistry, seems to be imperative to introduce these risk
calculators into the clinical practice (56). Moreover, the patient’s preferences along with the
clinician’s advice are, currently, the more relevant factors in the therapeutic decision,
making it necessary a more evidence-based approach to better decide between active

surveillance and curative treatment (56, 60).

Table 2- Risk group stratification for biochemical recurrence

Very Low-Risk Low-Risk Intermediate-Risk High-Risk Very High-Risk
Favorable Unfavorable
T2b-T2c OR T2b-T2¢c OR T3a OR T3b-T4 OR
T1lc AND T1-T2a AND
GG2 OR GG3OR GG4 or GG5 N+
GG1 AND GG1 AND
PSA 10-20 PSA 10-20 OR Any GG
PSA<10ng/mL | PSA<10ng/mL
ng/mL ng/mL PSA>20ng/mL Any PSA

According to the National Comprehensive Cancer Network (NCCN) it is possible to find 5 groups with different prognosis, based on
clinical tumor stage, GG and PSA serum levels. Specifically, the NCCN guidelines subdivide the intermediate-risk group into favorable

intermediate-risk and unfavorable intermediate-risk groups, being the GG the differential parameter. Adapted from (Mohler, 2019).

Role of the proliferation markers in risk stratification and prognosis

Tumor cell proliferation is currently an important independent prognostic factor in a
variety of solid tumors, like breast, lung, and colorectal cancers, predicting patients’
outcomes (61). Ki-67 is a protein directly involved in cell proliferation, and its
immunoexpression evaluation can be used to assess the proliferative status of the tumor
cells. This marker can recognize cells in all phases of the cell cycle, except in the GO phase,
therefore, Ki-67 can be used to identify almost every population of cells in proliferation (62-

64). Moreover, the Ki-67 evaluation by immunohistochemistry is promising, since is highly
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reproducible, easy to perform, and widely used in pathological laboratories (65).
Remarkably, several studies reported that Ki-67 expression can predict worse outcomes, in
localized prostate tumors. Specifically, high levels of Ki-67 have been associated with poor
prognosis, regarding biochemical recurrence, development of distant metastasis, and
overall survival (65-67). Thus, the Ki-67 evaluation may help in therapeutic decision-making,
particularly for patients considered for active surveillance (67). Nonetheless, for the

implementation of this marker in the clinical practice more studies are needed.
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EPIGENETICS

Epigenetics comprises multiple mechanisms that can regulate gene expression without
changing the DNA sequence. This hon-mutational reprogramming is flexible and reversible,
with high relevance in embryogenesis and tumorigenesis (68, 69). DNA methylation, histone
modifications (acetylation, methylation, ubiquitylation, phosphorylation, and ribosylation),
chromatin remodeling complexes, and non-coding ribonucleic acid (RNA) regulation are the
main epigenetic mechanisms involved in gene expression regulation (68, 69). These events
are capable of reprogramming neoplastic cells, contributing to the acquisition of malignant
characteristics during tumor development, allowing its’ progression. Thus, the epigenetic
landscape in the cell is still considered an important hallmark of cancer (70).

DNA Methylation

DNA methylation is the most studied epigenetic mechanism. This process is catalyzed
by DNA methyltransferases (DNMTs) and culminate in the formation of a 5-Methylcytosine
(5mC), by the transference of a methyl group from S-Adenyl Methionine (SAM) to the fifth
carbon of the cytosine residue (68, 71). The majority of DNA methylation occurs in cytosines
that precede a guanine nucleotide, a Cytosine phosphatase Guanine (CpG), or the so-
called CpG sites (71). These CpG sites are spread across the whole genome and are often
methylated. The CpG islands are defined as a cluster of CpG nucleotides with more than
60% CG content and are found in 70% of the promotor regions of human genes, usually
being hypomethylated in active genes (71, 72). In neoplastic cells transformation, a switch
in methylation pattern is seen, and the CpG islands became methylated mostly in genes

with tumor-suppressive functions, repressing their transcription (Figure 3) (69).
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Figure 3- Schematic representation of DNA methylation. DNA methylation is a process catalyzed by DNA methyltransferases. They
transfer a methyl group from the S-Adenyl Methionine (SAM) to the fifth carbon of the cytosine residue, forming a 5-methylcytosine. The
promoter region of the tumor suppressive genes is usually hypomethylated, allowing the expression of the genes. However, in

tumorigenesis, a switch in the methylation pattern is observed, with the hypermethylation of the promoter region of tumor suppressive

genes, repressing their transcription. Created with Biorender.
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The DNMTs family comprises two main types of enzymes, DNMT1 responsible for the
maintenance of the DNA methylation after replication, and DNMT3 responsible for de novo
methylation. DNMT2 is also part of the DNMT family, however, its function as DNA
methyltransferase is limited, having a more significant role in RNA processing (68, 73). DNA
methylation can be reverted by the reduction of the DNMTs activity or by a reaction actively
catalyzed by a family of enzymes named Ten-Eleven Translocation (TET) (73). In a tumoral
context, DNMTs are overexpressed in several solid tumors, leading to a hypermethylated
status and oncogenic activation. Specifically, DNMT1 overexpression is associated with

lymph node metastasis and consequently poor patients’ prognosis (74).

DNA methylation in prostate cancer

In PCa, DNMTSs can also be overexpressed, being associated with cancer progression
and metastasis. DNMT1 has been associated with therapy resistance by the repression of
the androgen receptor gene, promoting an androgen-independent phenotype, like NEPC.
As for DNMT3A and DNMT3B, they are found overexpressed in more aggressive tumors
(75).

DNA hypermethylation is an early event in PCa carcinogenesis, and genes like GSTP1,
APC, and RASSF1A are frequently silenced due to promoter hypermethylation (76).
Genomic subtypes can also harbor a specific DNA hypermethylation pattern. For instance,
STAT6 is predominantly epigenetic silenced in ETS-positive tumors, while HEXA is
aberrantly methylated in SPOP-mutant tumors. Conversely, some genes, like GSTP1 and
KLF8, are silenced in almost all prostate tumors, being excellent candidates for PCa
detection (26). Moreover, GSTP1 promoter hypermethylation is found in more than 90% of
prostate tumors and is associated with disease progression and aggressiveness (77).
Despite KLF8 being hypermethylated in many prostate tumors, its role in PCa
carcinogenesis is still poorly understood. Nonetheless, KLF8 expression has been
associated with worse overall survival and disease progression into a hormone-refractory
phenotype. Therefore, differences in methylation levels can be helpful in stratifying patients
(78).

Additionally, prostate tumor cells can be directly released in the urethra trough the
prostatic ducts, therefore, circulating tumor DNA can be found in the urine (79). Thus, the
DNA methylation assessment trough liquid biopsies, like urine, is a minimal-invasive
technique that can be used as an early diagnostic and monitoring tool (80-82). Taking this
into account, DNA methylation assessment seems to be a promising approach to predict

patients' prognosis, in prostate cancer.
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AIMS






The main goal of this master’s dissertation was to determine the practicability of

subtyping prostate cancers and identifying prognostic biomarkers. These biomarkers could

be valuable to improve therapeutic decision-making, particularly for patients diagnosed with

low- or intermediate-risk PCa that currently are spared from an active treatment

intervention, but without any well-stablished criteria guidelines, yet. Thus, with this research

we aim to contribute with valued insights into refining risk assessment strategies and

ultimately improving PCa patients’ prognosis and life-quality outcomes.

Overall, this dissertation is organized into two major sections, each reflecting distinct

approaches to the applicability of prognostic biomarkers in the clinical practice (Figure 4).

Section 1- Exploratory data

1.1-  The practicability of luminal and basal molecular subtyping in PCa

Evaluation of the expression of luminal and basal biomarkers as well as
the expression of a proliferation marker in a series of localized Prostate
Cancer, by immunohistochemistry.

1.2- Specific gene promoter hypermethylation associated with well-known PCa

genomic signatures.

In silico analysis to unveil the most relevant CpG islands of the GSTP1,
KLF8, HEXA, and STAT6 gene promoter and corroborate their
dysregulation in PCa.

Section 2: Ki-67 immunoexpression and KLF8™ levels as independent prognostic

biomarkers for PCa (Manuscript under submission)

1.
2.

Evaluation of Ki-67 immunoexpression in a series of localized PCa,;
Assessment of the methylation levels of GSTP1 and KLF8 genes in the
same series of localized PCa;

Establishment of a risk calculator model based on the clinico-pathological
characteristics of the localized PCa patients and the markers with
prognostic value;

Validation of the risk calculator model in an independent series of localized

PCa biopsy samples.
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Figure 4- Schematic representation of the workflow of this dissertation. Created with Biorender.
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MATERIAL AND
METHODS






PATIENTS AND SAMPLES

One hundred and three PCa specimens (Cohort 1) were obtained from the archives of
IPO-Porto Biobank. These formalin-fixed paraffin-embedded (FFPE) tissue samples were
collected from patients with localized prostate adenocarcinoma submitted to radical
prostatectomy at IPO-Porto between 2004 and 2008, without any previous treatment.
Moreover, Cohort 1 was stratified to form the Cohort 1.1, which includes exclusively patients
with Grade Group 1 and 2, according to ISUP classification system. The clinical data of the
patients is summarized in Table 3. Additionally, a validation series of PCa biopsies
(Supplementary Table 1), previously reported by other colleagues was used to validate the
risk predictor calculators discovered in cohort 1 and cohort 1.1 (83). This study was
approved by the Institutional Review Board of the Portuguese Oncology Institute of Porto
(CES86/2022).

Table 3- Detailed clinico-pathological data of PCa patients

Cohort 1

Cohort 1.1 (Subgroup of
GG1 and 2 patients)

Clinico-Pathological
Characteristics

Mean + standard
deviation, total n=103

Mean + standard
deviation, total n=66

Age (Years) 63.3 £ 6.03 63.4 + 5.67
Clinico-Pathological Patient Numbers n (%), Patient Numbers n (%),
Characteristics total n=103 total n=66

Age (Categorized-years)

<55 12 (11.65%) 7 (10.61%)

55-65 53 (51.46%) 33 (50.00%)

>65 38 (36.89%) 26 (39.39%)
Serum PSA concentration (ng/mL)

<10 66 (64.08%) 48 (72.73%)

10-20 36 (34.95%) 18 (27.27%)

>20 1 (0.97%) N/A
ISUP Grade Group

1 20 (19.42%) 20 (30.30%)

2 46 (44.66%) 46 (69.70%)

3 9 (8.74%) N/A

4 8 (7.77%) N/A

5 20 (19.42%) N/A
Clinical Stage

pT2a 1 (0.97%) 1 (1.52%)

pT2b 2 (1.94%) 2 (3.03%)

pT2c 42 (40.78%) 39 (59.09%)

pT3a 43 (41.75%) 20 (30.30%)

pT3b 14 (13.59%) 4 (6.06%)

pT4 1 (0.97%) N/A
Biochemical Recurrence 35 (33.98%) 18 (27.27%)
Clinical Recurrence 18 (17.48%) 3 (4.54%)

Deaths

46 (44.66%)

27 (40.91%)

Abbreviations: N/A- Non applicable
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TISSUE MICROARRAY (TMA) CONSTRUCTION

Firstly, using a rubber cast of 60 cores (T-SueTM Microarray Mold 60 cores W/plunger
2mm Red, Simport Scientific, Canada), the TMA recipient blocks were made in a paraffin
inclusion device (Modular Tissue Embedding Center EC 500). Here the liquid paraffin (at
61°C) was placed in the mold and then it rested for about 30 minutes in the cold part of the

device to solidify.

After the TMA recipient blocks were done, a puncher (T-SueTM punch needle plunger
Simport Scientific, Canada) was used to remove 2mm diameter of tumor tissue (core) from
donor blocks that were transferred to the recipient block. For each case, 3 cores were
needed to ensure tumors’ representativeness. A liver tissue core was used as a technical
TMA guide. Furthermore, breast, colon, stomach, and tumor-adjacent prostate samples

were used as controls.

Finally, after TMAs constructions, 3um of thick sections were cut using a Rotary

Microtome to further immunohistochemistry (IHC) evaluation.

IMMUNOHISTOCHEMISTRY (IHC)

Immunostaining was performed using the NovoLink TM Max Polymer Detection System
(Leica Biosystems, Germany). The antibodies against CK8/18, NKX3.1, CK5/6, CK14,
CDA49f (section 1) and Ki-67 (section 2) were used at properly optimized conditions

(Supplementary Table 2).

Briefly, after 15 minutes in the oven at 60°C, the slides were deparaffinized in xylol and
hydrated in a decreasing series of alcohols. Then, the slides were washed in current water
followed by distilled water for 3 minutes each. The antigen retrieval was realized using the
retrieval buffer indicated for each antibody (Supplementary Table 2). Then, the endogenous
peroxidases were neutralized using 3% hydrogen peroxide, for 10 minutes, in a humidified
chamber, at room temperature. The slides were washed again with water, followed by two
washes in TBST for 3 minutes. Subsequently, the horse serum was incubated at a dilution
of 1:50 for 20 minutes, at room temperature. After this, the primary antibody was incubated

with the appropriate time and dilution (Supplementary Table 2).

Afterward, the slides were incubated with post-primary and polymer solutions for 30
minutes each at room temperature. Then, 3,3’-Diaminobenzidine (DAB) was incubated for
10 minutes at a dilution of 1:10 at room temperature. Hematoxylin was used as a

counterstained solution.
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Finally, the slides were dehydrated with an increased series of alcohols followed by
diaphanization with xylol. The assembly of the slides was made using an automatic slide

assembler (Leica CV5030, Germany).

The slides were analyzed by an experienced pathologist according to a semi-
guantitative method. The IHC analysis considers the intensity, the localization, and the
percentage of positive staining cells. Specifically, for Ki-67, cases were categorized
according the following score: 0: <5% of positive cells, 1: 5-10% of positive cells, and 2:

>10% of positive cells, as previously described by us (83).

NUCLEIC ACID EXTRACTION AND QUANTIFICATION

The total DNA isolation was performed using the FFPE RNA/DNA Purification Plus Kit
(Norgen Biotek, Thorold, Canada) for tissue samples, according to manufacturing
instructions. The RNA was also extracted since the kit used is optimized for the extraction
of both nucleic acids. However, only the isolated DNA was used in this study for methylation
analysis. The DNAs were eluted in a final volume of 10uL of elution buffer and then the DNA
was guantified using the High Sensitivity dsDNA Qubit Assay, according to manufacturing

instructions. Finally, the samples were stored at -20°C.

BISULFITE MODIFICATION

After the quantification, 50 ng of DNA were used for bisulfite modification using the EZ
DNA Methylation-Gold Kit (REF: D5006), with a final concentration of 2ng/uL, according to

manufacturing instructions.

IN SILICO ANALYSIS

To unveil the most relevant CpG islands within the promotor region of GSTP1, KLF8,
HEXA, and STAT6 genes, The Cancer Genome Atlas (TCGA) Human methylation 450k
array data were retrieved from Shiny Methylation Analysis Resource Tool (SMART) App

website http://www.bioinfo-zs.com/smartapp/ (84). SMART App website was used to

perform a pair-wise correlation analysis of differential methylation using the following
criteria: Dataset- PRAD-TCGA dataset; Methylation value- Beta-value; Gene expression-
Log2-scaled (TMP+1) values; Correlation coefficient- Spearman; and Aggregation Method-
mean. The CpG sites within the gene promoter that most likely influence gene expression
are the ones inversely correlated with gene expression levels. Therefore, the most
significant and highly anti-correlated CpG sites were selected for further quantitative
methylation specific PCR (qMSP) analysis. Nonetheless, no data was available for STAT6

gene promoter and no further analysis was conducted for this gene.
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PRIMER AND PROBE DESIGN

The primers and probes were specifically designed based on the precise location of the
selected CpGs, except for GSTP1 gene, since the primers designed based on this criterion
were not validated in our cohort. So, the primers used for GSTP1 methylation assessment
were the same as previously described in our research group (85). The final sequences of

primers and probes are listed in Table 4.

Primers and probes were designed 1500bp upstream of promoter region using the
template of the genomic DNA sequence, available at UCSC Genome Browser on Human
Dec.2013 (GRCh38/hg38) Assembly. The bisulfite-modified DNA sequence was obtained
through Methyl Primer Express v1.0. For the primers design the following criteria were
considered: the melting temperature should be between 58 and 60°C, the optimal primer
length between 18 and 20 bases, and the product size from 80 to 150bp. The probes should
not hybridize or overlap the primers and the melting temperature should be about 10°C
higher than that of the primers. The probe length should be between 13 to 30 bases and in
the 5’ end it should be avoided a G residue. Additionally, both primers and probe sequences

should have an ideal CpG content between 30 and 80%.

For quality control, primers and probes sequences were analyzed using the Primer
Express 3.0-Primer Probe Test Tool, as well as and the Beacon Designer, Premier Biosoft
(Palo Alto, CA, USA) and Bisearch Primer Design and Search Tool to assure PCR product

specificity.

Table 4- Primers and Probes sequences with respective fluorochrome and quencher

Gene Sequence
Primers F—-5 TGGTGATGGAGGAGGTTTAGTAAGT 3’
B-Actin R — 5 AACCAATAAAACCTACTCCTCCCTTAA Z

Probe 5 Cy5 — ACCACCACCCAACACACAATAACAAACACA-BHQ 3

F -5 AGTTGCGCGGCGATTTC 3’

Primers

GSTP1 R -5 GCCCCAATACTAAATCACGACG &
Probe 5 FAM — CGGTCGACGTTCGGGGTGTAGCG —TAMRA 3
Primers F -5 GGCGCGAGGTATTTCGTG 3
KLF8 R — 5 CCCCAAAACAAAAACTTCAACG &

Probe | 5 FAM —TTCGTTTTAGAGGATTCGTACGAGTTGTTG —BHQ1 3

. F -5 GGGTCGTAGGCGTAGAGTCG 3’
Primers

HEXA R -5 TCCTACGAACGCTACCGCC &

Probe 5 HEX - CGTCGATAAGTTACGGGGGCGTCG 3’

QUANTITATIVE METHYLATION-SPECIFIC REAL-TIME PCR (gMSP)

The gMSP reactions were run in 384-well plates in QuantStudio 12K Flex Real-Time
PCR System (Thermo Fisher, Forter, CA, USA). In brief, 1.5uL of bisulfite-modified DNA,
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5uL of MasterMix Xpert Fast Probe (GRISP) with ROX, an optimized volume of primers and
probe at 10uM and sterile bi-distilled water in a total volume of 10uL were added to each
well (Table 5). A multiplex gMSP reaction was run, consisting of ‘panel #1' (KLF8 and -
Actin) and ‘panel #2' (HEXA, GSTP1 and $-Actin). B-Actin was used as a housekeeping
gene in both panels to ensure the reproducibility of the PCR conditions. Primer/probe

annealing temperature was optimized for all genes at 60°C.

Table 5- Conditions of gMSP for each gene

Gene Primers, volume Probe, volume Annealing
(uL), F+R (uL) Temperature (°C)
B-Actin 0.5 0.05 60°C
GSTP1 0.3 0.05 60°C
KLF8 0.3 0.05 60°C
HEXA 0.5 0.05 60°C

No template controls (NTC) were used in every plate assuring the absence of
contamination. Negative controls (Human HCT116 DKO Non-Methylated DNA, D5014-1;
Zymo) were used in primers optimization to ensure the specificity for the detection of the
methylated DNA template. Serial dilutions (five, at 1:5) of positive control (Human HCT116
DKO Methylated DNA, D5014-2; Zymo) were included in each plate to compute a standard
curve and assure run efficiency to a final interpolation of the PCR results. The run efficiency
was considered valid if the values were between 90 and 110%. All samples were run in
triplicate. Results were plotted as relative methylation levels (ratio between gene and

housekeeping mean quantities) multiplied by 1000, for easier tabulation.

STATISTICAL ANALYSIS

Non-parametric tests were used to determine de statistical power of the differences
among comparable groups, through GraphPad Prism version 8.0 (GraphPad Software, La
Jolla California USA). Specifically, the Mann-Whitney test and the Kruskal-Wallis test were
used to compare between two groups and among multiple groups, respectively. Tumor
samples were classified into low or high methylation levels based on the frequency
distribution of the data, using the 50" percentile as the cut-off value. Moreover, the Log-
rank test was applied to assess differences in overall survival and BCR free survival, for

each marker.
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For risk calculator computation, nomograms were constructed based on multivariable
logistic regression analysis, using Rstudio from R software (version 4.3.1). Afterward,
receiver operator characteristic (ROC) curves were used to evaluate the performance of
our models, based on the calculation of the area under the curve (AUC). The rms, caTools,
epicalc, and pROC packages were installed for these analyses. Youden’s J index (value
combining highest sensitivity and specificity) was used for categorization of results and
subsequent assessment of the performance of our model in predicting BCR risk, dividing
the cohort in two groups (high-risk and low-risk) according to the cut-off established for the

Linear predictor value at the nomogram.

For each analysis, the p-values lower than 0.05 were considered statistically significant.
Specifically, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, ns: non-significant.
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SECTION 1-
Exploratory Data






1.1- The practicability of Luminal and Basal molecular subtyping
in PCa

INTRODUCTION

The glandular prostate is the most relevant part of the prostate’s carcinogenic process.
The prostatic gland is composed mostly for two main cell types, luminal and basal cells, in
pseudostratified epithelium, in which some neuroendocrine cells can be seen (86). These
prostate cell subtypes can be distinguished based on the expression of different cell
markers (87-89). It is also possible to find some rare cells that co-express luminal and basal
cell markers, the intermediate cell population, also called transit-amplifying cells (90).
Although prostate tumors are typically recognized by the proliferation of luminal cells and
the absence of basal cells, it should be noted that PCa has been associated with not only
the involvement of luminal cells but also basal cells and transit-amplifying cells as possible
cells of origin. Therefore, PCa patients might have different treatment outcomes, based on

those tumor cell heterogeneity (91-93).

The distinction between luminal and basal-like cells extends beyond PCa model. The
luminal and basal cell-like characteristics are important for defining distinct molecular
subtypes also in other cancer types, including bladder cancer and breast cancer, the later
much more stablished in daily care (47, 94). Nonetheless, the clinical practicability and
impact of this diagnostic classification in PCa is not yet known. Previously, in another study,
the PAMS50 classifier was used to subtype a large retrospective and an additional
prospective cohort of PCa patients, by assessing the prognostic value of several defined
markers (47). Herein, PCa tumors were segregated into three distinct subtypes — luminal A,
luminal B and basal - based on luminal-like and basal-like lineage characteristic markers.
Notably, the luminal B-like subtype was found associated with a worse outcome, although

a better response to ADT was attained by the patients harboring these tumors (47).

This classification could be of valuable interest to potentially redirect ADT treatment to
those patients, understanding who will really benefit from it, based on tumor
aggressiveness. However, the clinical applicability and practicability of this approach
remains controversial since those results were obtained using microarray transcriptomic

analysis.

Thus, we aim to study whether these observations were reflected in the same way at

the protein level, unveiling the clinical practicability of subtyping PCa according to tumor cell

type.
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RESULTS

Immunoexpression of NKX3.1 and CK8/18 (luminal markers), CK5/6, CK14,
and CD49f (basal markers), and Ki-67, a proliferative marker

To evaluate if the previous findings are reflected at protein level, immunohistochemistry
was performed in a series of 103 localized PCa samples to attempt to identify luminal and
basal-like markers enriched in specific cell subpopulations. The clinico-pathological data of
these patients are described in Table 3. In our study, NKX3.1 and CK8/18 were highly
expressed across all the cases. Conversely, CK14 was almost absent in our PCa tissue
series. Hence, these markers may not be helpful for distinguishing or categorizing PCa
tumors. Nonetheless, CD49f and CK5/6, which were previously recognized as characteristic
basal cell markers, displayed a rather variable protein expression in our samples’ set.
Moreover, Ki-67, a proliferation marker often associated with tumor aggressiveness,
previously used to distinguish between luminal A and luminal B-like tumors, also displayed
a wide range of expression across all the studied samples (Figure 5).

Based on this, the cases showing concurrent CK5/6 and CD49f expression were
classified as basal-like, while the remaining cases were categorized as luminal-like and
associations with clinico-pathological data were investigated, as outlined in the following
subsections.

IHC intensity
2.0

Patient ID

105

NKX3.1 Ki-67 CK8-18 CK14 CD4of CK5-6

Figure 5- Array representative of the luminal (NKX3.1 and CK8/18) and basal (CK14, CK5/6 and
CDA49f) markers, as well as Ki-67 immunoexpression across the cohort.
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Association of CK5/6 and CD49f (basal markers) immunoexpression with
clinico-pathological variables

Overall, stage 3 tumors displayed significantly higher percentage of positive staining for
CK5/6 immunoexpression than stage 2 tumors (Figure 6A). Conversely, no differences were
found for CD49f immunoexpression between the two groups (Figure 6B). Moreover, high-
grade tumors presented higher percentage of positive CK5/6 staining comparing with low-
grade lesions (Figure 6C). Meanwhile, there was no apparent pattern observed regarding
the association between CD49f immunoexpression and the GG. Nonetheless, statistically
significant differences were found in certain comparisons between groups (GG1 vs GG2,
GG1 vs GG5, GG2 vs GG5, and GG4 vs GGb5) (Figure 6D). Remarkably, neither CK5/6 or
CDA49f expression impacted patients’ prognosis (overall survival and BCR-free survival)
(Supplementary Figure 1).
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Figure 6- Association of CK5/6 and CD49f immunoexpression with clinico-pathological features. Comparisons
between stage 2 and stage 3 tumors samples were made based on the immunoexpression of the CK5/6 (A) and the CD49f
(B). C- CK5/6 and D- CD49f immunoexpression amoung Gleason grade groups. Median ranks between two groups were
compared using the Mann-Whitney test and the comparisons between grade groups were performed using Kruskal-Wallis

test. *, ** *xx ***x represent a p-value lower than 0.05, 0.01, 0.001, and 0.0001, respectively.
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Percent survival

CK5/6 and CD49f immunoexpression defined according to the luminal-like and
basal-like subclassification and its impact for overall-survival rates

Overall, considering the selected markers immunoexpression, only seven cases were
classified as basal-like, and no differences were obtained regarding overall and BCR-free

survivals, between luminal-like and basal-like tumors (Figure 7).

Overall survival B BCR-free survival
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Figure 7- Kaplan-Meier curves for the overall survival (A) and the biochemical-recurrence free survival (B), based on the
subclassification into luminal-like (n=96) and basal-like (n=7). The Log-Rank test was used to evaluate the differences in

overall survival and BCR-free survival between groups, where ns represent p-values with no statistical significance.

High Ki-67 immunoexpression predicts worse patient prognosis

Notably, in our study, Ki-67 index emerged as a valuable biomarker for PCa recurrence
prediction. Consequently, this protein-based biomarker was selected for further in-depth

analysis in the second section of this dissertation.
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1.2- Specific gene promoter hypermethylation associated with
well-known PCa genomic signatures

STATE OF ART

As previously mentioned, neoplastic cells experience a switch in methylation pattern,
commonly with aberrant promoter hypermethylation, leading to gene silencing (69).
Curiously, different hypermethylated genes were associated with different PCa genomic
signatures (26). Specifically, in a previous study, STAT6 was epigenetically silenced in
ERG-positive tumors, while HEXA were preferentially hypermethylated in SPOP-mutant
tumors. Moreover, GSTP1 and KLF8 promoter genes hypermethylation is considered an
early event in PCa carcinogenesis, being present in almost all PCa tumors (26). Henceforth,
we went to confirm whether these genes were altered in a series of PCa samples from
TCGA. Remarkably, all mentioned genes were hypermethylated in PCa tumor samples
compared to normal adjacent tissues (Supplementary Figure 2). This may be suggestive of
the relevance of specific gene promoter hypermethylation in the process of PCa
development and/or progression.

Thus, next we ascertain the most relevant CpG islands on the promoter of STATS6,
HEXA, GSTP1 and KLF8 genes.

IN SILICO ANALYSIS FOR THE MOST RELEVANT CpG SITES

We started by using TCGA Human methylation 450k array in silico data retrieved from
SMART App website http://www.bioinfo-zs.com/smartapp/ to address the most relevant

specific CpG islands within the promoter region of the selected genes. By using this
algorithm, we pinpointed specific GSTP1, KLF8, and HEXA CpGs aggregation methylation
values with significant negative correlation with gene expression, emphasizing that the main
mechanism of regulation of these genes is promoter methylation (Figure 8). No data was
available for STAT6 promoter in the aforementioned publicly available database, and then,
we did not include this gene for further analysis. The number of significant hypermethylated
CpG islands of GSTP1, KLF8, and HEXA are listed in Table 6. Overall, these CpG islands
were further used to design the gMSP primers (as previous mentioned in the materials and

methods section).

58


http://www.bioinfo-zs.com/smartapp/

Aggregation Aggregaﬁbn

_*~7I}8') p < 22e.16 ';\"—-,r_;b_«

p < 22e-16

-
(=]

SMARTapp
TCGA
@AS0K array

4

GSTP1 Log2 (TPM+1)
KLF8 Log2 (TPM+1)

v' KLF8
v HEXA
: T ! E 025 050 075 % 035 050 075

Aggregation

|: Dataset PRAD :| 8

R=-073,p<22e16

 Siuteiutniniuinininieteielntuiadtnielnteinietuieinieiededeieie
1

™
§a
W
>
o
=
o
w
]
A
(V5]
P
[an]
[wn]
-"‘1-.
—
(%]
[¥5]
=
(¥}
(]
=
sl
[g7]
-
[8)5]
m
=
1]
HEXA Log2 (TPM+1)

0.0 02 04 0.6 0.8

Figure 8- In silico analysis for the most relevant methylated CpGs in PCa. A- Schematic representation of the in silico analysis
performed for differential methylation patterns in PCa. Most relevant specific CpG islands within the promoter region of GSTP1, KLF8,
and HEXA genes were assessed using TCGA Human methylation 450k array data retrieved from SMART App website

http://www.bioinfo-zs.com/smartapp/. B- Graphic representation of aggregation analysis representative of the inverse correlation

between gene expression and methylation levels for each gene. Abbreviations: PCa- Prostate cancer; TCGA- The Cancer Genome
Atlas.

Table 6- Relative Methylation levels of GSTP1, KLF8, and HEXA promoter regions

Gene | Number of Hypermethylated CpGs
GSTP1 6
KLF8 3
HEXA 8
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RATIONAL

Currently, the primary therapeutic-decision is based on the Clinical Risk Assessment,
that categorize PCa patients in risk groups based on similar clinico-pathological
characteristics. Nonetheless, new strategies have been investigated to increase the
accuracy of the risk stratification and, consequently, improve the therapeutic decision
making. Indeed, a previous study, using the PAM50 classifier, was able to segregate
prostate tumors into luminal A, luminal B, and basal subtypes, entailing significant
differences in the prognostic outcomes (47). However, the results obtained were based on
transcriptomic data, which not always reflect the levels of protein expression. Thus, in our
study, we sought to test this molecular classification using immunohistochemistry and
assess its clinical applicability in PCa diagnosis. Additionally, due to the clinical relevance
of the genomic subtypes we also aimed to perform an in silico analysis to unveil the
methylation landscape of such subtypes and to try to find biomarkers with significant

prognostic value for this tumor model.

Since all the analyzed tumors expressed luminal markers, it was not informative to use
them for the classification system. Contrarily, CK5/6 and CD49f expression allowed to
define the basal-like origin subtype. However, in our series of localized prostate tumors, no
differences in the patients’ prognosis were found between luminal-like and basal-like PCa
patients, according to this sub-categorization. Therefore, the molecular classification
seemed to fail for the clinical applicability or prognostic value, so far, by
immunohistochemistry, an approach closer to the clinical practice, faster and more cost-

effective than the transcriptomic analysis.

Nonetheless, in line with transcriptomic data, Ki-67 index, used to distinguish luminal A-
like from luminal B-like tumors, was associated with patients’ prognosis (Detailed results in
section 2). Thus, we hypothesize whether Ki-67 index can be used as an independent PCa
prognostic biomarker and be helpful for therapeutic decision-making. Along with Ki-67, we
resolve to access the prognostic value of other potential biomarker candidates. So, based
in our in silico analysis, we went to explore whether the methylation status of GSTP1, KLF8

and HEXA has impact on PCa patient’s prognosis (Detailed results in section 2).
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SECTION 2
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Ki-67 immunoexpression and KLF8™® [evels as independent

prognostic biomarkers for localized prostate cancer

INTRODUCTION

Prostate cancer (PCa) remains a highly prevalent disease in men worldwide (1, 21).
Characteristically, this disease develops gradually and is frequently diagnosed in older
individuals (1, 21). The high incidence of this disease is mostly attributed to the widespread
PSA screening, which results in nearly 90% of PCa diagnosed as organ-confined disease
(26). When initially diagnosed, defining the optimal primary treatment for PCa is articulated
with the risk of biochemical recurrence (BCR). This risk assessment considers factors like
PSA serum levels, clinical stage, and tumor grade, with the International Society of
Urological Pathology (ISUP) grade system playing a central role (17, 50, 51). For high-risk
patients (PSA>20ng/mL and ISUP grade greater than 4 or cT2b), therapeutic procedures
commonly involved neoadjuvant or concurrent androgen deprivation therapy (ADT) plus
radiotherapy (50, 54). Nonetheless, the approach to low- and intermediate-risk PCa patients
remains challenging. Currently, it is difficult to predict which patients may benefit most from
an active intervention-based approach or, on the other hand, may be better placed under
active surveillance. Indeed, a subset of patients undergoing active surveillance eventually
progress, with 11 to 32% of men ultimately receiving active treatment (50, 95). However, it
remains difficult to accurately predict which patients will have poor outcome and require
treatment. The lack of reliable biomarkers of PCa aggressiveness with prognostic value is
a major drawback. Nevertheless, efforts to address this issue have been accomplished with
the emergency of new strategies based on genomic tests, such as the Decipher® score,
Prolaris® cell cycle progression test, and Oncotype DX® Prostate Score. However, the
results are not always clinically informative (12, 50, 56-60).

These tests, which rely in whole transcriptomic data, offer valuable prognostic insights,
especially by predicting the risk of metastasis, the probability of tumor regrowth and the risk
of death (12, 50, 56-60). Despite the advantages of these newly “cancer prognostic tests”,
they are very expensive, with a price ranging from 3.900 to 5.150 dollars per patient, being
difficult to implement in the clinic practice. Consequently, there is an urgent need to explore
alternative strategies that can leverage more cost-effective and convenient tools, such as
immunohistochemistry (IHC) or PCR, to make this risk assessment simpler in clinical
practice (56). For instance, developing a more precise and reliable method may be pivotal
to define the most appropriate therapeutic choice, particularly when dealing with a subset
of patients with low- and intermediate-risk tumors, since they can be candidates for active

surveillance.
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As such, in the present study, our main goal was to construct a risk stratification
calculator. This tool is based on relevant clinico-pathological characteristics and new
biomarkers, employing techniques that can be easily integrated into routine clinical practice.
To accomplish this aim, we evaluated Ki-67 immunoexpression, known to be associated
with breast, lung and colorectal cancers aggressiveness and increased recurrence (61, 64).
As for PCa, Ki-67 immunoexpression has been tested as an independent disease-specific
survival biomarker. Specifically, Ki-67 index prognostic value was particularly informative in
grade group 1 and 2 tumors, enlightening its potential to discriminate indolent tumors from
more aggressive ones (65).

Moreover, we employed quantitative methylation specific PCR (QMSP) to assess the
methylation levels of GSTP1 and KLF8 genes. Given their hypermethylation as an early
event in prostate carcinogenesis, these genes hold great potential as biomarkers for PCa
(26, 96). Although GSTP1 has strong value for PCa diagnosis, as previously reported by
us, KLF8™ had not yet been explored as a biomarker in this model. Notably, KLF8
expression was associated with invasion and progression in breast, bladder, and colorectal
cancers (97-99).

Therefore, we sought to determine whether relative methylation levels of these selected
candidate genes were significantly associated with a higher risk of recurrence or worst
overall PCa survival. Remarkably, our findings underscore the significance of both KLF8
methylation (KLF8™) and Ki-67 immunoexpression as valuable prognostic indicators,
making them strong candidates for assessing the risk of PCa progression and/or
recurrence, offering a straightforward and useful approach for clinical implementation,

particularly in the context of low- and intermediate-risk PCa.
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RESULTS

Association of Ki-67 immunoexpression and GSTP1 and KLF8
methylationlevels with clinico-pathological variables

Considering all the cases, only residual methylation levels were found for HEXA. Further
analyses were performed only for GSTP1 and KLF8 (Supplementary Figure 3). The clinico-
pathological data of the 103 PCa patients used in this study is described in Table 3. PCa
patients diagnosed with stage 3 disease displayed significantly higher proportion of cases
with high Ki-67 immunoexpression (>10%), (p-value<0.01, Figure 9A and Supplementary
Figure 4). Significant differences among GG groups were found for Ki-67
immunoexpression (Figure 9B). Specifically, high-grade tumors (GG 3, 4, and 5) displayed
higher Ki-67 immuno-score compared with low-grade tumors (GG 1 and 2). Moreover,
GSTP1 and KLF8 methylation levels were significantly higher in high-stage tumors (stage
3) than in low-stage tumors (stage 2) (p-value=0.0089 and p-value=0.0166 respectively)
(Figure 9C and D). However, no associations were found among GG groups

(Supplementary Figure 5).
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Figure 9- Ki-67 immunoexpression and GSTP1 and KLF8 relative methylation levels according with clinico-pathological
features. Ki-67 immunoexpression in stage 2 and stage 3 tumors (A) and Gleason grade groups (B). C- GSTP1™ and D-
KLF8™¢ levels in stage 2 and stage 3 prostate tumor samples. Median ranks between two groups were compared using the
Mann-Whitney test and the comparisons between grade groups were performed using the Kruskal-Wallis test. *, **, and ****

represent a p-value lower than 0.05, 0.01, and 0.0001, respectively.
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Percent survival

Percent survival

Ki-67 positive staining and KLF8 methylation levels independently predict
PCa patients’ prognosis

GSTP1 and KLF8 methylation levels did not significantly associate with overall survival
or the risk of biochemical recurrence considering all the cases (n=103, identified as cohort
1) (Supplementary Figure 6). Nonetheless, when we limited the analysis to lower-grade
PCa patients (GG 1 and 2 in cohort 1.1), lower KLF8 methylation levels were associated
with shorter overall survival (p-value=0.0263) (Figure 10A). Additionally, patients displaying
moderate (5-10% of positive staining) and strong (>10% of positive staining) Ki-67
immunoexpression faced significantly reduced BCR-free survival, in both cohort 1 and 1.1
(p-value=0.0002 and p-value=0.0121, respectively) (Figure 10B and C), although no
association was found concerning overall survival (Supplementary Figure 7). Nonetheless,
in lower-grade tumors (cohort 1.1), Ki-67 immunoexpression and KLF8 methylation levels
showed prognostic value, although no associations were observed when they were
combined. (Figure 10D).
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Figure 10- A- Kaplan-Meier curve for the overall survival based on the methylation levels of KLF8, in cohort 1.1. Kaplan-Meier
curves for the biochemical-recurrence free survival based on the expression of Ki-67, in cohort 1 (B) and in cohort 1.1 (C). D-
Kaplan-Meier for the overall survival for the combination of both markers, in cohort 1.1. The Log-Rank test was used to
evaluate the differences in overall survival and BCR-free survival, where * and *** represent p-values lower than 0.05 and
0.001, respectively.
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Nomogram models accurately predict patients’ outcomes

Several pipeline models were developed and tested to find the one that better predict
patients’ prognosis. All models developed for Cohort 1 included the clinico-pathological
variables: age, clinical stage, GG and PSA levels due to their recognized clinical relevance.
For Cohort 1.1, GG variable was omitted, given that this group setting was already focused
only for low-grade tumors. Given that Ki-67 high immunoexpression was significantly
associated with the risk of BCR (p-value=0.0057, 95% CI: 0.4933-2.8908), this marker was
selectively included in models aiming at predicting the risk of BCR. Conversely, KLF8
methylation levels were only considered in models for predicting death (p-value=0.0064,
95% CI: 0.4932-3.0238). Consequently, we formulated nomogram models for overall
survival and BCR-free survival, representative of the respective equations — risk of death =
-4.0594+1.0339*AGEcat+1.7585*KLF8+0.8255*Tstage-0.5032*PSA and risk of BCR = -
4.5509-0.1447*AGEcat+1.6921*Ki67+0.5982*Tstage+0.9164*PSA, resulting in the
generation of risk calculator models for both risk of death and risk of BCR, which we
designated ProstARK calculator (Figure 11A and B). For all models, described in detail in
Table 7 and Supplementary Table 3, the area under the curve was greater than 0.75 (Figure
11C and Supplementary Figure 8). Indeed, considering only low-grade tumors, the area
under the curve for Model 1 and Model 2 defined in Table 7 were 0.764 (95% CI: 0.644-
0.885) and 0.752 (95% CI: 0.615-0.888), respectively.

Table 7- Summary of the logistic models representative of the Risk of Death and the Risk of BCR calculators, in cohort 1.1

95% Confidence
Interval (CI)
. . Lower Upper
Coefficient S.E. Wald Z p-value Bound ngnd
Model 1: Risk of
Death Cohort 1.1
Intercept -4.0594 1.9136 -2.12 0.0339 -7.8101 -0.3088
AGEcat 1.0339 0.4913 2.10 0.0353 0.0710 1.9968
KLF8 1.7585 0.6456 2.72 0.0064 0.4932 3.0238
Tstage 0.8255 0.6406 1.29 0.1976 -0.4302 2.0812
PSA -0.5032 0.6781 -0.74 0.4581 -1.8322 0.8259
Model 2: Risk of
BCR Cohort 1.1
Intercept -4.5509 1.9821 -2.30 0.0217 -8.4357 -0.6661
AGEcat -0.1447 0.4912 -0.29 0.7683 -1.1075 0.8180
Ki-67 1.6921 0.6116 2.77 0.0057 0.4933 2.8908
Tstage 0.5982 0.6454 0.93 0.3540 -0.6666 1.8631
PSA 0.9164 0.6630 1.38 0.1669 -0.3831 2.2160

Abbreviations: S.E.- Standard Error; Cl- Confidence Interval; BCR- Biochemical-recurrence.
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Figure 11- Nomogram representative of the Risk of Death (A) and the Risk of Biochemical-recurrence (B) calculators, for
cohort 1.1, with the relevant clinico-pathological variables used in the risk stratification: age at diagnosis (0: <55, 1: 55-65, 2:
>65 years), clinical stage and PSA serum levels (1: <10ng/mL, 2: >10ng/mL). C- Roc curves to evaluate the performance of
the nomogram models. KLF8™ categorization- 0: high methylation levels, 1: low methylation levels. Ki-67
immunoexpression categorization- 0: <5%, 1: 5-10%, 2: >10% of positive staining. Green and Blue Curves: ROC curve

for the Risk of Death calculator and for the Risk of Biochemical-recurrence calculator, respectively.
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Sensitivity

ProstARK predicts the risk of biochemical recurrence in an independent
series of prostate biopsies

Ultimately, the BCR prediction models were assessed in an independent series of PCa
biopsies. When considering the entire series, the area under the curve obtained was 0.813
(95% CI: 0.745-0.882) (Figure 12A), while if only considered the lower-grade tumors (GG 1
and 2), the area under the curve value achieved 0.723 (95% CI: 0.571-0.875) (Figure 12B),

meaning that there is a 72% chance of our model correctly predicting the patients’ outcome.
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Figure 12- ROC curve to evaluate the performance of the Risk of Biochemical-recurrence calculator in an independent cohort
of localized prostate tumor biopsies.
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A Overall Survival, Risk of Death Calculator, Cohort 1.1

Percent survival

Clinical applicability of death- and BCR-risk assessment calculators for PCa
prognostication

The integration of ProstARK in the clinics may be key for accurate risk assessment and
improvement of patient management. Specifically, concerning the risk of death calculator,
although based in overall survival data, a 0.41 cut-off of Linear predictor constructed on the
Optimal Youden Index, that is equivalent to a 0.60 risk of death, stratified the low GG PCa
patients into low- and high-risk of death (Figure 13A). In relation to this last calculator,
ProstARK, a cut-off of 0.31 for the Linear predictor, translated into recurrence/progression
rate of 0.58, entailing that patients diagnosed with low GG PCa but displaying a risk of
progression exceeding 0.58 are classified as high-risk patients (Figure 13B). These high-
risk patients might benefit from an active treatment instead of active surveillance. Moreover,
the other low GG PCa patients that do not meet this criterion, will have their unnecessary

interventions as they have favourable prognosis.
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Figure 13 - Kaplan-Meier curve for the overall survival based on the Risk of death calculator, in cohort 1.1. Kaplan-Meier curves for

the biochemical-recurrence free survival based on the ProstARK calculator, in cohort 1.1.

Hence, this calculator enables a more precise risk stratification among low-grade PCa
patients, optimizing clinical decisions on the most appropriate therapeutic strategy.
Furthermore, assessment of prognostic variables may further refine follow-up strategies,
allowing for timely adjustments in treatment plans and providing a more attentive monitoring
of patients at higher risk for recurrence/progression. Indeed, both calculators significantly
discriminated low versus high-risk patients in cohort 1, which comprises all PCa grades

(Supplementary Figure 9).
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DISCUSSION AND CONCLUSION

PCa ranks as the second most frequent malignancy in men worldwide, and due to the
intensive PSA screening, nearly 90% of the tumors are diagnosed as organ-confined (1,
26). In clinical practice, therapeutic strategies often depend on tools such as Clinical Risk
Assessment or the CAPRA score. Specifically, for low- and intermediate-risk tumors,
characterized by GG1 or GG2, active surveillance is frequently considered (50).
Nonetheless, the choice between active surveillance or curative-intent treatment is still
controversial, since a minor group of these patients ultimately experience disease
progression or long-term recurrences. Consequently, there is a pressing need to identify
new markers with prognostic value, as these markers can play a pivotal role in helping
clinicians in selecting the most suitable treatment approach for individual patients.

GSTP1 promoter hypermethylation is an early event in prostate carcinogenesis.
Previous studies have established a correlation between GSTP1 hypermethylation and
certain clinico-pathological features (77, 100). Specifically, GSTP1 hypermethylation has
been associated with higher clinical stage and higher grade, being a marker for PCa
aggressiveness (77, 100). In our study, we observed analogous results concerning clinical
stage, with stage 3 tumors harboring higher levels of GSTP1 hypermethylation compared
to stage 2 tumors. Conversely, no association was found for tumor grade. While GSTP1
methylation holds promise as a diagnostic biomarker, its performance in predicting
prognosis was rather limited. KLF8 expression has been studied in several tumor models,
due to its role in epithelial-mesenchymal transition (EMT) (97-99). However, only a few
studies described the role of KLF8 in PCa, and its regulation by promoter methylation
remains poorly understood (101, 102). Consequently, KLF8 methylation levels’ value as a
biomarker has yet to be explored. Notably, in our study, we found that low KLF8 methylation
levels were significantly associated with worse overall survival for patients with low- and
intermediate-risk PCa. In the line with our results, a previous study showed that higher KLF8
immunoexpression was associated with aggressive features, resulting in patients’ worse
overall survival (78). Additionally, our data reinforces the value of Ki-67 as the most
promising biomarker for predicting patients' prognosis. Herein, we found that elevated Ki-
67 immuno-score correlates with higher GG, suggesting that tumors exhibiting elevated Ki-
67 expression tend to be more aggressive. Likewise, high Ki-67 immunoexpression was
significantly associated with shorter BCR-free survival. These findings are in agreement
with data gathered for other tumor models (103-105), although no consistent results are
available for PCa, mostly due to the different cutoff values used to define low and high Ki-

67 immunoexpression (66, 83, 106). Therefore, in our study, we selected the cutoff values
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based on a previous study, where several cutoff values were tested to define low and high
Ki-67 indexes (83).

Ultimately, considering low- and intermediate-risk PCa patients, we successfully
formulated two distinct risk calculators. The “risk of death” calculator incorporated relevant
clinico-pathological data as well as KLF8 methylation levels, herein unveiled as independent
biomarker of overall survival in PCa patients. Indeed, since we used overall survival instead
of disease-specific survival, our model was widely influenced by the age at diagnosis
variable, outlined as “AGEcat’. PCa is predominantly diagnosed in elderly men and,
consequently, the risk of death tends to be elevated with age regardless of other cancer-
related characteristics. Additionally, we developed a “BCR-risk” calculator, designhated
ProstARK, specifically tailored for GG1 and GG2 PCa patients. This graphic tool was
constructed based on Ki-67 immunoexpression along with relevant clinico-pathological
factors routinely considered by clinicians, including age at diagnosis, PSA serum levels,
and clinical stage. Remarkably, in our model, greater significance was assigned to Ki-67
immunoexpression compared to PSA serum levels, widely used in the clinic routine for PCa
patient monitoring. Indeed, PSA alone is not an ideal biomarker, due to its limited specificity
that restricts its use as a screening and monitoring tool for PCa. However, the combination
of PSA values with other biomarkers, such as Ki-67, seems to improve the prognostic

accuracy for those same patients.

After the evaluation of the performance of the risk of BCR calculator model using ROC
curves, validation was performed in an independent cohort of biopsies of localized prostate
tumors. The use of diagnostic biopsies to validate our model was imperative to assess the
practicability of this risk of recurrence calculator in clinical practice. Importantly, the use of
this graphic calculator in patients with low- and intermediate-risk tumors would improve the
accuracy of the therapeutic-decision making. Thus, the group of patients that progress on

active surveillance may be reduced.

Currently, other risk calculators based on genome sequencing analysis are proved to
assist in the clinical decision-making process between curative-intent treatment and active
surveillance. Regarding Decipher® score, in a retrospective study including only very-low,
low, and favorable intermediate-risk PCa patients (GG1 and GG2), the risk of adverse
pathology was evaluated and the Decipher® score had an AUC of 0.65 (107, 108).
Therefore, the use of this tool to select the patients that may benefit from active surveillance
is rather limited, being the Decipher® score specifically indicated to guide the post-
prostatectomy treatment (12). In our study, we performed a ROC analysis to evaluate the

performance of ProstARK in predicting BCR. Specifically, considering all patients, we
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obtained an AUC of 0.766, that slightly decreased to 0.752 when we stratify our analysis for
low- and favorable intermediate-risk patients (GG1 and GG2). Thus, our risk calculator
obtained better results when comparing to Oncotype DX®, that had an AUC of 0.68 in a
retrospective study with very-low, low and intermediate-risk PCa patients (109). In line with
our risk calculator, Prolaris® test is a genomic test that also provides information about tumor
cells’ proliferation. Indeed, the results obtained for predicting BCR recurrence was better
than ours, with an AUC of 0.825 (110). However, the high cost entails a significant obstacle
to its widespread implementation in clinical practice. Hence, here we propose a “risk of
recurrence” calculator model more cost-effective, using a more user-friendly and less

expensive approach, such as IHC.

The combination of each patient's clinico-pathological features and Ki-67
immunoexpression levels provide a risk calculator easy to implement for PCa
prognostication. Our future research endeavors will involve the validation of ProstARK in a
larger prospective cohort of PCa patients, at diagnosis. Furthermore, the flexibility of our
model allows for the integration of other prognostic biomarkers for predicting patient’s

outcomes and improve therapeutic decision-making.
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Supplementary Table 1

Supplementary Table 1- Detailed clinico-pathological data of a series of prostate cancer biopsies, previously described in

our group (83)

All series

Low- and favorable
intermediate-risk patients

(GG1 and 2)
Clinico-Pathological Mean + standard Mean + standard deviation,
Characteristics deviation, total n=153 total n=42
Age (Years) 71.7 £6.78 69.2 + 5.80
Clinico-Pathological Patient Numbers n (%), Patient Numbers n (%),
Characteristics total n=153 total n=42
Age (Categorized- years)
<55 2 (1.31%) 1 (2.38%)
55-65 27 (17.65%) 7 (16.67%)
>65 124 (81.04%) 34 (80.95%)
Serum PSA concentration (ng/mL)
<10 18 (11.77%) 12 (28.58%)
10-20 29 (18.95%) 15 (35.71%)
>20 106 (69.28%) 15 (35.71%)
ISUP Grade Group
1 17 (11.11%) 17 (40.48%)
2 25 (16.34%) 25 (59.52%)
3 36 (23.53%) N/A
4 60 (39.22%) N/A
5 15 (9.80%) N/A
Clinical Stage
cTl 2 (1.31%) 1 (2.38%)
cT2 47 (30.72%) 29 (69.05%)
cT3 59 (38.56%) 11 (26.19%)
cT4 45 (29.41%) 1(2.38%)
Biochemical Recurrence 112 (73.20%) 19 (45.24%)
Deaths 122 (79.74%) 23 (54.76%)

Abbreviations: N/A- Non applicable
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Supplementary Table 2

Supplementary Table 2- Optimized immunohistochemistry conditions for each antibody

) o i Positive  Antigen ) Ab
Antibody Dilution Expression ] Buffer Incubation Company
Control  Retrieval Reference
. 20 MW + Citrate
Anti-NKX3.1 1:200 Nuclear Prostate ON-RT 441R-14 Merck
10 RT 1x
L 20° MW + Citrate
Anti-Ki-67 1:150 Nuclear Lymphoma ON-RT M7240 Dako
10 RT 1x
. Cytoplasmic/  Colorectal Citrate
Anti-CD49f 1:250 20° MW ON-RT HPA012696 Merck
Membrane Cancer 1x
Squamous EDTA Cytokeratin
Anti- CK5/6 1:200 Cytoplasmic Cell 20° MW L 1h-RT 5&6 (D5& Cell Marque
X
Carcinoma 16B4)
. ] EDTA NCL-L- Leica
Anti-CK14 1:300 Cytoplasmic Prostate 20’ MW 1h-RT ]
1x LLOO2 Biosystems
. ] ) EDTA Leica
Anti-CK8/18 1:150 Cytoplasmic Thyroid 20’ MW 1h-RT NCL-L-5D3 ]
1x Biosystems

Abbreviations: Ab- antibody; MW- microwave; RT- room temperature; ON- overnight

Supplementary Figure 1

—— 0% staining (negative)
—— 1-50% positive staining
—— >50% positive staining

p-value: 0.8015

ns

250

—— 0% staining (negative)
—— 1-50% positive staining
—— >50% positive staining

p-value: 0.3872
ns

A Overall Survival: CD49f
100
= ]
>
2
=3
@ ]
€ 50
[ 4
4
j}
o
C- T T T T 1
0 50 100 150 200
Months
C overall Survival: CK5/6
1004
= ]
>
=
=3
@ ]
€ 504
I 9
I~
[}
a
0+ T

0 50

T T
100 150
Months

T 1
200 250

W

Percent survival

)

Probability of BCR

BCR-free survival: CD49f

100+

504

0 T

—— 0% staining (negative)
—— 1-50% positive staining
—— >50% positive staining

p value: 0.4666
ns

0 50

T T T
100 150 200

Months

BCR-free Survival: CK5/6

100+

50

0 T

0 50

T T T
100 150 200

Months

1
250

1
250

—— 0% staining (negative)
—— 1-50% positive staining
—— >50% positive staining

p-value: 0.2760
ns

Supplementary Figure 1- Survival analysis based on the CK5/6 and CD49f immunoexpression. Kaplan-Meier curves

for the overall (A) and BCR-free survival (B), based on the CD49f immunoexpression. Kaplan-Meier curves, based on the

CK5/6 immunoexpression, for the overall survival (C) and BCR-free survival (D). The Log-Rank test was used to evaluate the

differences in overall survival and BCR-free survival, where none of the analyses were statistically significant.
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Supplementary Figure 2
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Supplementary Figure 2- Comparison of methylation levels between normal and tumor tissue of the specific CpG sites of
GSTP1 (A), KLF8 (B), and HEXA (C) gene promoters, unveiled by the in silico analysis.
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Supplementary Figure 3

Cohort 1

:

[T

1000+

Relative methylation levels
3
o
1

& & ngy

e

?
.

Supplementary Figure 3- Relative Methylation levels of
GSTP1, KLF8, and HEXA promoter regions.

Supplementary Figure 4

Supplementary Figure 4- Ki-67 expression in localized prostate tumors. Ki-67 nuclear staining A- less than 5% of positive

staining cells; B- 5-10% of positive staining cells and C- more than 10% of positive staining cells. Pictures were taken at
8.36X200 magnification (scale bar 100pm).
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Supplementary Figure 5
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Supplementary Figure 5- Association of GSTP1 and KLF8 relative methylation levels with Gleason
grade groups. A- KLF8™ and B- GSTP1™ levels were compared between Gleason grade groups. Median
ranks between grade groups were compared using the Kruskal-Wallis test. No statistically significant

differences were found.
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Supplementary Figure 6
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Supplementary Figure 6- Survival analysis based on the methylation levels of GSTP1 and KLF8. Kaplan-Meier curves

for the overall survival (A) and BCR-free survival (B), in cohort 1. Kaplan-Meier for the overall survival (C) and BCR-free

survival (D), in cohort 1.1. Kaplan-Meier for the overall survival (E) and BCR-free survival (F) based on the KLF8 methylation

levels, in cohort 1. G- Kaplan-Meier for the BCR-free survival based on the KLF8™ levels, in cohort 1.1. The Log-Rank test

was used to evaluate the differences in overall survival and BCR-free survival, where none of the analyses were statistically

significant.
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Supplementary Figure 7
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Supplementary Figure 7- Survival analysis based on the Ki-67 immunoexpression and KLF8™¢ levels. Kaplan-Meier
for the overall survival based on the expression of the Ki-67, in cohort 1 (A) and cohort 1.1 (B). The Log-Rank test was used

to evaluate the differences in overall survival and BCR-free survival, where none of the analyses were statistically significant.
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Supplementary Information 1

A nomogram is a graphical calculator device based on logistic regression models. This
tool is widely used in clinical practice for patient outcome prediction, helping clinicians make
treatment decisions (111, 112). The first step to creating a nomogram is creating a logistic
regression model that fits better with our data. All models and consequently, all nomograms
were created using the R software with the following codes. Afterward, ROC curves were
used to evaluate the performance of our models. The rms, caTools, epicalc, and pROC
packages were installed for these analyses.

Example 1: All variables are categorized. This example was used to perform a

nomogram using a logistic regression model for overall survival with all variables.
>Modell<-Irm(VitalStatus~AGEcat+KLF8+TStage+GG+KI67+PSA,data=Geral)
>ddist<-datadist(Geral)
>options(datadist="ddist")
>noml<-nomogram(Modell,fun=plogis,funlabel = "Risk of Death")
>plot(nom)
As for ROC curves, the following codes were applied:

>Modell<-gIm(formula=VitalStatus~AGEcat+KLF8+TStage+GG+KI67+PSA,

family=binomial(link = "logit"),data=Geral)
>summary(Modell)
>logistic.display(Modell)
>par(pty="s")

>ROCcurvel<-roc(Geral$VitalStatus~Model1$fitted,
plot=TRUE,legacy.axes=TRUE,print.auc=TRUE,ci=TRUE,lwd=4,col="#b5d08d")
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Supplementary Table 3

Supplementary Table 3- Summary of the logistic models representative of the Risk of Death and the Risk of BCR calculators,

in cohort 1
Confidence Interval
. . Lowe Upper
Coefficient S.E. Wald Z p-value Bound Bound
Model 3: Risk of
Death Cohort 1
Intercept -4.8703 1.6838 -2.89 0.0038 -8.1704 -1.5702
AGEcat 1.7663 0.4357 4.05 <0.0001 0.9124 2.6202
KLF8 1.1751 0.4889 2.40 0.0162 0.2168 2.1334
GG 0.2169 0.2024 1.07 0.2839 -0.1798 0.6136
Tstage 0.4146 0.5522 0.75 0.4527 -0.6676 1.4968
PSA 0.1172 0.5055 0.23 0.8167 -0.8737 1.1080
Model 4: Risk of BCR

Cohort 1
Intercept -4.5431 1.5207 -2.99 0.0028 -7.5237 -1.5626
AGEcat 0.0594 0.3511 0.17 0.8657 -0.6287 0.7475
Ki-67 1.1350 0.4332 2.62 0.0088 0.2859 1.9841
GG 0.0966 0.2077 0.47 0.6418 -0.3104 0.5036
Tstage 0.9295 0.5416 1.72 0.0861 -0.1320 1.9911
PSA 0.3139 0.4790 0.66 0.5123 -0.6250 1.2528

Abbreviations: S.E.- Standard Error; Cl- Confidence Interval; BCR- Biochemical-recurrence; GG- Grade Group; PSA- Prostate-specific

Antigen

XCll




Supplementary Figure 8

A

Supplementary Figure 8- Nomogram representative of of the Risk of Death (A) and the Risk of Biochemical-recurrence (B)
calculators, for cohort 1, with the relevant clinico-pathological variables for the risk stratification: age at diagnosis (0: <55, 1:
55-65, 2: >65 years), clinical stage, grade group, and PSA serum levels (1: <10ng/mL, 2: >10ng/mL). C- Roc curves to
evaluate the performance of the nomogram models. KLF8™¢ categorization- O: high methylation levels, 1: low methylation
levels. Ki-67 immunoexpression categorization- 0: <5%, 1: 5-10%, 2: >10% of positive staining. Green Curve: ROC curve

for the Risk of Death calculator. Blue Curve: ROC curve for the Risk of Biochemical-recurrence calculator.
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Supplementary Figure 9- Kaplan-Meier curve for the overall survival based on the Risk of death calculator, in cohort 1.

Kaplan-Meier curves for the biochemical-recurrence free survival based on the ProstARK calculator, in cohort 1.
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