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Prostate cancer (PCa) is the most common cancer in Finnish men. In hereditary prostate cancer
(HPCa), PCa is characterized by at least three cases in first-degree relatives and early age at onset.
Several genetic risk variants have been identified, but a large portion of its heritability remains
unexplained. The aim of this study was to explain part of this missing heritability by identifying
novel germline variants not previously linked to PCa.

This study investigated five novel variants not previously linked to PCa: TP63 rs190865056,
ZBTB46 1s34785134, PASK 135129131, LETM1 rs62623389, and [QGAP2 rs34592828, selected
from the WGS data of 71 indexes of Finnish high-risk HPCa families. In HPCa high-risk families,
a generalized linear mixed model (GLMM) was used to compare the prevalence of the variants in
men with or without PCa considering their relatedness, and a family-based association test
(FBAT) to analyze whether genetic variants are transmitted to HPCa family members more often
than expected. Fisher’s exact test was used to compare the variants frequencies in a positive cohort
of PCa patients (TPCC sample collection) with family history of PCa and HBOC to those of a
general Finnish population (FinnGen), PCa cases from a Finnish GWAS (FinnGen), and a
negative subset cohort of TPCC PCa patients without family history of PCa or HBOC.

Statistically significant associations were found in the GLMM between PCa and ZBTB46
rs34785134 and LETM1 1s62623389 variants. In the FBAT, significant results were obtained
between PCa and ZBTB46 rs34785134 in the “absence of linkage”, with a potential association
indicated between PCa and LETM1 1562623389 variant in the “presence of linkage”. Compared
to the general Finnish population and the negative cohort, PASK rs35129131 allele and carrier
frequencies were statistically significant higher in the positive cohort. These results indicate a
potential association between ZBTB46 rs34785134 and PASK rs35129131 variants and PCa,
especially in individuals with family history of PCa and other cancers, but larger replication
studies are needed to warrant these associations.

Keywords: Prostate cancer, germline variant, familial prostate cancer, hereditary prostate cancer,
predisposing gene variants, PASK, ZBTB46, LETM 1, missing heritability, risk variant
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Eturauhassyopa (PCa) on yleisin sy6pé suomalaisilla miehilld. Perinnollisessd eturauhassyoviassa
(HPCa) tautia esiintyy useilla ldhisukulaisilla ja alkamisikd on usein varhaisempi kuin viestdssi
keskimédrin. Vaikka useita geneettisid riskivariantteja on tunnistettu, suuri osa periytyvyydesti
on edelleen selittimdttd. Tamdn tutkimuksen tavoitteena oli selittdd osa tdstd puuttuvasta
periytyvyydesté tunnistamalla uusia ituradan variantteja, joita ei aiemmin ole yhdistetty PCa:han.

Tassé tutkimuksessa analysoitiin viittd uutta varianttia, joita ei aiemmin ole yhdistetty PCa:han:
TP63 13190865056, ZBTB46 1534785134, PASK rs35129131, LETM1 162623389 ja IQGAP2
rs34592828, jotka valittiin 71 suomalaisen korkean riskin HPCa-suvun indeksihenkilon WGS-
aineistosta. Korkean riskin PCa-perheissd kiytettiin yleistettyd lineaarista sekamallia (GLMM)
vertailemaan varianttien esiintyvyyttd PCa:ta sairastavien ja sairastamattomien vélilla
huomioiden sukulaisuussuhteet, sekd sukupohjaista assosiaatiotestid (FBAT) analysoimaan,
siirtyvatkd geneettiset variantit HPCa-perheenjisenille odotettua useammin. Positiivisen
eturauhassyOpapotilaiden kohortin (TPCC-aineiston potilaat, joilla on PCamnn ja HBOC:n
sukutaustaa) varianttien frekvenssejd vertailtiin Fisherin tarkalla testilld yleiseen suomalaiseen
viestoon (FinnGen), suomalaiseen GW AS-eturauhassyOpdaineistoon (FinnGen) ja negatiiviseen
kohorttiin (TPCC-aineiston potilaat, joilla ei ollut PCa:n tai HBOC:n sukutaustaa).

Tilastollisesti merkitsevid yhteyksid havaittiin GLMM-analyysissd PCa:n ja ZBTB46 rs34785134
sekd LETM rs62623389 -varianttien vélilld, ja FBAT-analyysissd PCa:n ja ZBTB46 1s34785134
-variantin vélill4 tilanteessa, jossa “kytkent4 ei ole”. Lisdksi mahdollinen yhteys havaittiin PCa:n
ja LETM1 rs62623389 -variantin vililld tilanteessa, jossa “kytkentd on olemassa”. Verrattuna
yleiseen suomalaiseen vdestoon ja negatiiviseen kohorttiin, PASK 1s35129131 kantaja- ja
alleelifrekvenssi oli tilastollisesti merkitsevisti korkeampi positiivisessa kohortissa, jonka
potilailla on PCa:n ja HBOC:n sukutaustaa. Namé tulokset viittaavat mahdolliseen yhteyteen
ZBTB46 1334785134 ja PASK rs35129131 varianttien ja PCa:n vilill4, erityisesti henkiloill4, joilla
on PCa:n ja HBOC:n sukutaustaa, mutta laajempia toistotutkimuksia tarvitaan tulosten
varmentamiseksi.

Avainsanat: EturauhassyOpd, ituradan variantti, familiaalinen eturauhassyopd, perinndllinen
eturauhassyopd, alttiusgeenit, PASK, ZBTB46, LETM 1, kadonnut periytyvyys, riskivariantti
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1. INTRODUCTION

1.1. Prostate gland

The prostate is a gland in the male reproductive system positioned beneath the urinary bladder
and anterior to the rectum. It produces an alkaline fluid that contains different proteins, such as
prostate-specific antigen (PSA) and B-microseminoprotein (prostate secretory protein 94), and
simple sugars. Prostatic fluid is secreted into the prostatic urethra making 30 % of the final
seminal liquid. This secretion is crucial for nourishing, protecting, and transporting sperm.

(Tortora & Derrickson, 2017)

The prostate is made of secreting glands (70 % of the prostate tissue) that open into the urethra,
and prostatic stroma (30 % of the prostate tissue) formed by smooth muscle, fibroblasts, and
collagen. The epithelium lining the secreting glands consists mainly of two types of epithelial
cells: tall columnar or cuboidal secretory gland cells and sparse, flat basal cells that are in
contact with the basement membrane working as myoepithelial cells. Also, a small population
of prostatic neuroendocrine cells in the basal cell layer regulates tissue growth, differentiation,
and exocrine secretory activity (Figure 1A). Ducts connecting secreting glands and urethra are
lined with tall columnar epithelium, which gradually becomes more cuboidal and eventually

transitional epithelium the closer it gets to the urethra. (Lowe & Anderson, 2015)

The prostatic glands are arranged into three concentric zones around the prostatic urethra:
transition, central, and peripheral zones (Figure 1B). The transition zone is the innermost layer,
that occupies about 5 % of the prostate volume and contains small inner periurethral glands
(mucosal glands) that open directly into the urethra. The central zone, which includes 25 % of
the glandular tissue, surrounds the ejaculatory ducts and consists of many outer periurethral
glands (submucosal glands). These glands open into the urethra through short ducts entering
the posterolateral urethral sinuses. An abnormally enlarged prostate, benign prostatic
hyperplasia, typically begins in the transition zone and can cause bladder obstruction. The
peripheral zone is the outermost part of the prostate, containing 70 % of the glandular tissue. It
includes the main glands that empty their secretion through long ducts to the urethral sinuses.
The peripheral zone is the most affected area by chronic prostatitis and is where 70 % of
adenocarcinomas occur, whereas in the central zone, adenocarcinomas rarely develop and only

account for less than 1-5 % of all prostate adenocarcinomas. The prostate gland is surrounded



by a fibrocollagenous capsule, which segments the gland into ill-defined lobes. (Tortora &
Derrickson, 2017)
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Figure 1. Histological structure and anatomy of the prostate gland. The prostatic tissue is formed by acini and ducts
surrounded by stroma, which comprise a single layer of secretory cells (luminal cells) and basal cells in contact
with the basement membrane (basal lamina). Prostatic neuroendocrine cells are also present in the basal cell layer.
The stroma is formed by smooth muscle cells and fibroblasts (A). The prostate gland is divided into three
concentric zones around the urethra: transition, central, and peripheral zones (B). Modified from Rebello et al.,
(2021).

1.2. Prostate cancer

1.2.1 Pathophysiology

Prostate cancer (PCa) refers to a form of cancer that occurs in the prostate gland. Malignant
transformation occurs when normal cells acquire mutations that lead to uncontrolled
proliferation and invasion, often due to the dysregulation of oncogenes and tumor suppressor
genes. Malignant transformation in adenocarcinomas, the most common type of PCa, can be
divided into different phases (Shen & Abate-Shen, 2010). First, uncontrolled localized

proliferation of luminal cells gives rise to prostatic intraepithelial neoplasia (PIN), an in situ
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type of cancer, characterized by dysplastic luminal cells along the ducts. Adenocarcinomas can
originate from both gland and secretory cells. Neuroendocrine cells are also involved in
tumorigenesis through paracrine stimulation of adjacent cells leading to the growth, motility,
and survival of prostatic cancerous cells (Amorino & Parsons, 2004). Over time, the
accumulation of mutations drives the formation of localized adenocarcinoma and then invasive
adenocarcinoma, where the basal cell layer is compromised, and cancerous cells penetrate
surrounding tissues through the basal lamina. When cancerous cells enter the bloodstream or
lymphatic system, disseminate to distant organs, and establish secondary tumors, the disease
progresses to metastatic prostate cancer (mPCa) (Shen & Abate-Shen, 2010). Secondary tumors
are the main cause of death in mPCa (Elmehrath et al., 2021). The most common metastatic
areas are bone, distant lymph nodes, liver, and thorax (Gandaglia et al., 2014). The most affected
bones belong to the axial skeleton, including the spine and the ribs, and they usually show

osteoblastic lesions and osteolytic characteristics causing fractures, hypercalcemia, and pain

(Coleman et al., 2020; Baldessari et al., 2023).

The development and maintenance of both normal prostate and PCa are regulated by androgens
via androgen receptors (AR) (Isaacs, 2018). Continuous androgenic stimulus is essential for
metabolism, differentiation, cell proliferation, apoptosis, and DNA repair. (Banerjee et al.,
2018). Since PCa is highly dependent on the androgen-AR signaling pathway, AR activity can
be reduced using androgen deprivation therapy (ADT), including anti-androgens, to treat PCa
(Beier et al., 2023). However, these therapies are effective for a limited time before progression
and resistance occurs, giving rise to primary castration-resistant prostate cancer (CRPC) or

metastatic CRPC (mCRPC) (Wang et al., 2021).

1.2.2. Epidemiology and classification

PCa is the fourth most prevalent and commonly diagnosed cancer worldwide. It is the second
most diagnosed cancer among men representing 15 % of all male cancers worldwide, and the
most common cancer in Finnish men (Sung et al., 2021; Pitkdniemi et al., 2022). Moreover, it
is the second most frequent cause of cancer mortality in men after lung cancer (Bray et al.,
2023). Globally, around 10 million men have PCa and in approximately 700,000 of them, the
disease has progressed to its metastatic form (GBD, 2018; Foreman et al., 2017). Additionally,
autopsy studies show that latent PCa, which is only detectable through histological
examination, is found in approximately 5 % of men under 30 and around in 60 % of men over

80 years old (Bell et al., 2015). The actual number of cases is likely higher than the recorded



figures show due to underdiagnosis and inadequate reporting, especially in low- and middle-

income countries (James et al., 2024).

PCa is a particularly clinically and genetically heterogeneous disease with different ranges of
morbidity and mortality. According to the latest World Health Organization (WHO) urinary and
male genital tumors classification, prostate tumors can be categorized into epithelial and
mesenchymal tumors (Mohanty et al., 2022). Epithelial tumors are further divided into two
families: glandular neoplasms of the prostate and (baso)squamous neoplasms of the prostate.
The glandular family is composed of 6 tumor types: cystadenoma, high-grade prostatic
intraepithelial neoplasia (HGPIN), intraductal carcinoma of the prostate (IDC-P), prostatic
acinar adenocarcinoma (acinar PCa), prostatic ductal adenocarcinoma (ductal PCa), and
treatment-related neuroendocrine prostatic carcinoma (t-NEPC), whereas the squamous family
comprises three tumor types: adenosquamous carcinoma, squamous cell carcinoma, and
adenoid cystic (basal cell) carcinoma of the prostate. On the other hand, the mesenchymal tumor
category includes only the stromal tumor family, which contains two tumor types: prostatic
stromal tumor of uncertain malignant potential and prostatic stromal sarcoma. Though
urothelial carcinoma of the prostate and prostatic urethra are considered PCas, they are
classified as urinary tract tumors because they originate from different types of cells and tissues
than those involved in traditional PCa (Mohanty et al., 2022). Though there are many types of
PCa, adenocarcinomas represent more than 95 % of them, predominantly of acinar origin

(Tortora & Derrickson, 2017).

1.2.3. Diagnosis

Because PCa is initially asymptomatic, different diagnosis methods have been developed to
detect PCa in the early stages. Thanks to early detection biomarkers, PCa can be diagnosed
before important symptoms appear (Kohaar et al., 2019). Common symptoms due to prostate
enlargement in later stages include trouble urinating, decreased force in the stream of urine, and
trouble emptying the bladder completely. Other symptoms may include pain or burning
sensation during urination, blood in the urine (hematuria) or blood in the semen
(hematospermia), and painful ejaculation (Wein et al., 2021). The primary way to detect PCa is
by a PSA test from the blood. PSA is a serine protease normally secreted into the prostatic
glandular ducts, where its concentration is millions of times higher than in blood plasma. Due
to neoplastic and inflammatory processes in PCa, PSA passes to the extracellular space, leading

to higher PSA levels in blood serum (Lilja et al., 2008). However, several factors, such as



infections or systemic inflammation can influence PSA levels (McDonald et al., 2014). A PSA
level exceeding 4 ng/ml is generally considered abnormal. However, other factors should also
be considered in the decision to obtain a prostate biopsy, such as digital rectal examination
findings, patient age, family history, and ethnicity (Moses et al., 2023). Since PSA levels tend
to rise with age, some doctors adjust the threshold to a higher cutoff (5 ng/ml) for older men
and a lower cutoff (2,5 ng/ml) for younger men (Gulati et al., 2013). PSA testing increases PCa
detection and reduces mortality moderately in PCa patients according to the European
Randomised Study of Screening for Prostate Cancer (ERSPC) (Schrdder et al., 2014). Due to
early-stage diagnosis of PCa facilitated by PSA testing, curative treatment is achievable in a
considerable proportion of cases. In contrast, PCa patients diagnosed clinically through evident

symptoms tend to have high-grade, advanced, and often lethal tumors (Helgstrand et al., 2017).

After a positive PSA test, PCa is confirmed diagnostically with a tissue biopsy and histological
evaluation, known as a 12-core systematic biopsy. In this biopsy, 12 samples are taken from
different defined areas of the peripheral and transition zone (Litwin & Tan, 2017). Samples are
then classified according to Gleason’s grading, which evaluates the prognosis of men with PCa
based on the histology of prostate biopsy and predicts how quickly the tumor is likely to grow
and disseminate. Pathologists assign two grades to cancer cells on a scale of 1 (normal) to 5
(highly abnormal) based on how much the cancer cells resemble normal prostate cells. The
primary grade describes the most common cell pattern observed, and the secondary grade
describes the second most common pattern. The summary of both grades results in a number
ranging from 2 to 10 indicating the severity of the cancer, known as the sum of scores. Scores
below 6 are rarely assigned in clinical practice, making Gleason's score usually range from 6 to
10. In 2014, the International Society of Urological Pathology (ISUP) revised the Gleason
grading system to improve its prognostic accuracy and clinical relevance, by restructuring the

Gleason score into five grade groups (Table 1) (Srigley et al., 2016).

Table 1. The Gleason grading system, revised by the International Society of Urological Pathology (ISUP) in 2014,
introduced grade groups to improve PCa classification and severity assessment.

Risk Group Grade Group Gleason Score
Low/Very low Grade Group 1 Gleason Score < 6
Intermediate Grade Group 2 Gleason Score 7 (3+4)
Grade Group 3 Gleason Score 7 (4+3)
. . Grade Group 4 Gleason Score 8
High/Very high Grade Group 5 Gleason Score 9-10

Though systematic biopsy has been the usual method for diagnosis, it sometimes misclassifies
tumors or fails to detect cancer altogether (Epstein et al., 2012; Bittner et al., 2018). As a result,
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imaging tools have also been increasingly used to detect PCa. Multiparametric magnetic
resonance imaging (mpMRI) gives an ideal 3D image of the prostate by merging diffusion-
weighted (DWI), T2-weighted (T2WI), and dynamic contrast-enhanced (DCEI) images
(Demirel & Davis, 2018). In contrast, computed tomography (CT) is not recommended due to
poor margin definition and low resolution of the prostate soft tissue. Although it is sometimes
used to detect affected lymph nodes, its resolution is insufficient to differentiate between
metastatic and benign reactive nodes (Hovels et al., 2008). On the other hand, positron emission
tomography (PET) is highly effective in detecting metastatic extraprostatic disease using
different tracers. 18F-fludeoxyglucose (FDG) detects metastatic lesions, whereas 68Ga-
prostate-specific membrane antigen (PSMA) serves to diagnosed affected lymph nodes and

distant metastasis (Rowe et al., 2016; Sutherland et al., 2024).

Once the tumor is confirmed and histologically evaluated, the stage of the PCa is determined
based on PSA levels, Gleason Score or Grade Groups, and TNM staging system. TNM stands
for tumor, node, and metastasis and describes the size and extent of the primary tumor, the
number of lymph nodes affected by the tumor, and the level of metastasis (Table 2) (Epstein et
al., 2016). Generally, tumors are staged when diagnosed and before the treatment starts based
on physical exams, imaging tests, endoscopy exams, and biopsies. This kind of staging is known
as clinical staging and is used to decide the best treatment and assess the patient’s prognosis.
On the other hand, if tumor removal is the first treatment choice, preoperative results and
postoperative analysis of the tumor determine pathological/surgical staging, which tends to be

more precise than clinical staging (Cooke et al., 2012).

Table 2. NTM classification for PCa according to the International Society of Urological Pathology (ISUP)
consensus conference on Gleason grading of prostatic carcinoma in 2014.

Classification Definition
Tumor (T)
Tx Tumor cannot be evaluated (due to lack of information)
TO No evidence of a primary tumor
T1* Tumor was not detected during a digital rectal exam (DRE) and cannot be seen on
imaging studies (tumor may be discovered during surgery for a reason other than
cancer)*
T2 Tumor can be detected during a DRE but is present in the prostate only
T2a Tumor is in half or less than one side (lobe) of the prostate
T2b Tumor is in more than half of one prostate lobe but has not yet invaded the other
lobe
T2¢ Tumor is in both prostate lobes
T3 Tumor extends outside of the prostate
T3a Tumor extends outside the prostate on one or both sides
T3b Tumor has spread to the seminal vesicles (the glands on each side of the bladder)
T4 Tumor has spread to tissues near the prostate other than the seminal vesicles, such

as the bladder or wall of the pelvis
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Node (N)

Nx Nearby lymph nodes are not evaluated

NO No cancer cells are found in nearby lymph nodes

N1 Cancer cells are found in nearby lymph nodes

Metastasis (M)

MO Cancer has not spread beyond the prostate

M1 Cancer has spread beyond the prostate
Mila Cancer has spread to distant lymph nodes
Mib Cancer has spread to bone
Milc Cancer has spread to another organ or site, with or without bone disease

Tumors are considered clinically significant and require treatment if any of the following three
criteria are found: TNM classification of T3 or higher, N1, M1, Gleason score > 7 (especially
if majority grade is 4 or higher), or PSA levels over 4 ng/ml (Mohler et al., 2019).

1.2.4. Treatment

Treatment methods are decided by tumor stage (TNM tumor classification) and grade (Gleason
grading). Moreover, the patient’s PSA concentration, age, comorbidities, and general health are
considered when choosing the proper treatment (Hall et al., 2005; Loeb & Eastham, 2021).
Low-grade and slow-growing localized PCa is monitored by active surveillance. It avoids the
morbidity associated with radiotherapy, chemotherapy, and radical surgery (Bates et al., 2020).
Moreover, many countries perform MRI scans as a supplementary test before enrolling patients
in active surveillance. However, clinicians must identify any transition to a more advanced
cancer that requires treatment through a comprehensive clinical assessment (Moore et al., 2017;

Dieffenbacher et al., 2021).

In localized PCa, surgery and radiation are the main curative options for local treatment. Robot-
assisted radical prostatectomy (RARP) and open radical prostatectomy (RP) are the most
common surgical treatments and they demonstrate good oncological and functional outcomes
(Agrawal et al., 2020; Wasim et al., 2022). Radiotherapy shows curative outcomes in 60 % of
localized PCa and it is preferably chosen in surgically challenging patients or unresectable types
of cancer (Harmenberg et al., 2011). Current surgical and radiotherapy treatments offer ways to
treat localized PCa while aiming to preserve healthy tissue. However, the optimal approach
depends on the cancer's characteristics and stage. Minimally invasive techniques and focal
therapies are promising but require further development and adjustment for individualized

patient care (Wasim et al., 2022).

When treating mPCa, the central therapy is the reduction of androgen levels by chemical

castration using ADT (Merseburger et al., 2016). Reducing androgen levels makes prostate



tumors shrink or progress more slowly, but it is not curative. In most cases, patients develop
resistance to hormone therapy within 12—18 months and have a mean survival of 14—16 months.
Overall survival is often worse when the resistance develops within a shorter period of time
(Tannock et al., 2004; Beer et al., 2014; Moreira et al., 2017; Wenzel et al., 2021). Currently,
second-generation antiandrogens in ADT (Rice et al., 2019), radiotherapy with external beam
radiation therapy (ERBT) with X-ray beams and radiopharmaceuticals, such as 117Lu-PSMA-
617 (Arbuznikova et al., 2024), and immunotherapy are used to treat mCRPC (Liang et al.,
2023). Approximately 8—19 % of mCRPC tumors exhibit loss-of-function mutations in DNA
damage repair (DDR) genes, such as BRCAI, BRCA2, ATM, and CHEK?2 (Robinson et al., 2015;
Abida et al., 2017). Defects in DDR genes, particularly those involved in DNA double-strand
break repair, can lead to a dysfunctional homologous repair pathway, resulting in increased
chromosomal instability and copy number alterations (CNA), as well as sensitivity to therapies
using DNA intercalators, such as platinum, poly (adenosine diphosphate-ribose) polymerase
inhibitors (PARP1), or ionizing radiation (Abida et al., 2017; Pacheco-Barcia et al., 2022; Li &
Heyer, 2008). Since PCa can arise from various genetic mutations and these different forms of
the disease may become unresponsive to certain treatments, identifying these specific mutations

in each patient is important to tailor the most effective treatment plan (Wilson & Zishiri, 2024).

1.2.5. Risk factors

PCa has a multifactorial etiology that is not yet fully understood. Older age, ethnicity, and
environmental factors are the most commonly associated risk factors to its development (Patel
& Klein, 2009). As with most cancers, the incidence rate increases with age. The age-
standardized incidence rate (ASR) is a weighted average of age-specific rates adjusted to
compensate for populations with different age distributions. PCa ASR is 1 per 100,000 for men
under 50 years old, 66 per 100.000 for men between 50 and 65 years old, and 292 per 100.000
for men over 65 years old (IARC, 2022). In the United States, the incidence of PCa in the
African American population is 64 % greater than in Caucasian men, with a 2.3 times higher
mortality rate (Hinata & Fujisawa, 2022). On the other hand, incidence and mortality are lower
in men with Asian, Pacific Islander, or Native American ancestry (National Cancer Institute,
2025). Environmental factors affecting PCa risk include diet, physical activity, and calorie
intake, which are linked to other risk factors, such as obesity and metabolic syndrome, as well
as exposure to different heavy metals and herbicides (Bagheri et al., 2018; Lifshitz et al., 2021;
Fujita et al., 2019a; Lim et al., 2019; Pardo et al., 2020). One previous study has shown that
obese patients with a high body mass index (BMI, kg/m?) are more likely to develop advanced
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PCa and have worse prognosis (Fujita et al., 2019). Moreover, individuals with a diet high in

fat and choline have a higher risk for PCa (Richman et al., 2012; Niclis et al., 2015).

However, having a family history of PCa and hereditary cancers, such as hereditary breast and
ovarian cancer (HBOC) and Lynch syndrome (LS), are some of the primary risk factors (Silva
et al., 2009; Giri & Beebe-Dimmer, 2016; Beebe-Dimmer et al., 2020). Genetic factors
contribute to the variation of PCa risk and liability, with a heritability index of 58 % (95 % CI:
52 %63 %) (Hjelmborg et al., 2014). HBOC is a genetic syndrome associated with an
increased risk for breast, ovarian, and other types of cancer, such as pancreatic cancer or
melanoma, usually caused by mutations in DDR genes BRCAI and BRCA2 (Yoshida, 2021).
BRCA I mutation carriers show a PCa relative risk (RR) of around 3.75 and a cumulative risk
of 8.6 % by the age of 65 (Leongamornlet et al., 2012). Similarly, individuals with BRCA2
mutations have 8.6-fold enhanced risk and 15 % absolute risk for PCa before the age of 65
(Kote-Jarai et al., 2011). LS or hereditary nonpolyposis colorectal cancer is an autosomal
dominant genetic condition produced by mutations in DNA mismatch repair (MMR) genes
MHLI, MSH2, MSH6, and PMS2 (Boland & Lynch, 2013). LS raises the risk for certain
cancers, including colorectal, ovarian, urological, stomachal, biliary duct, and brain cancers
(Curtius et al., 2022). A systematic review and meta-analysis of the risk of PCa in LS patients
showed that MMR gene mutation carriers have a 3,67-fold increased risk of developing PCa
(Ryan et al., 2014). Furthermore, a family history of some types of cancer, such as breast,
ovarian, kidney, melanoma or cervical cancer, is associated with a higher risk of developing

PCa (Brandt et al., 2012; Hemminki, 2012; Mucci et al., 2016).

PCa cases attributed to hereditary factors are estimated to range approximately between 5 %—
15 % (Heidegger et al., 2019). Patients with a first-degree relative (father, brother, or son)
suffering from PCa, are two to three times more likely to develop PCa (Kicinski et al., 2011).
An increase in the number of affected relatives and early diagnosis are associated with a higher
risk (Chen et al., 2008). Patients whose first-degree relatives had an early onset showed a RR
of 3-5 to develop PCa (Kicinski et al., 2011). Although a positive family history indicates
genetic susceptibility, shared environmental exposures in early life, and interactions between
genes and the environment might have a small impact on the clustering of PCa within some

families (Sundquist et al., 2015).



1.3 Hereditary prostate cancer

PCa can be divided based on the patterns of occurrence in families and the genetic factors
involved in sporadic, familial (FPC), and hereditary prostate cancer (HPCa). Sporadic form
accounts for most cases of PCa, and it means that one person in a family has developed PCa
(Vietri et al., 2021). It is caused by random genetic modifications in somatic cells (somatic
variants) in the prostate acquired during the person’s lifetime with a typical late age of onset
(Giri & Beebe-Dimmer, 2016). On the other hand, familial prostate cancer (FPC) refers to an
accumulation of this type of cancer within a family. FPC is defined as families with either two
first-degree relatives diagnosed with PCa at any age or one first-degree relative and two or more
second-degree relatives diagnosed at any age (Ostrander et al., 2004). HPCa is a distinct subtype
of familial PCa characterized by the transmission of a predisposing gene through Mendelian
inheritance. In these cases, germline mutations (germline variants), present essentially in all the
cells, are inherited from the parents, increasing the risk of developing PCa (Carter et al., 1992).
Germline mutations, other somatic gene mutations, and environmental factors are involved in
the development and progression of HPCa (Giri & Beebe-Dimmer, 2016). The broadly accepted
definition of HPCa considers HPCa families with either (1) three or more affected first-degree
relatives with PCa, (2) prostate cancer diagnosed in three successive generations of paternal or
maternal line, or (3) two first-degree relatives both diagnosed with early-onset PCa (age < 55
years) (Carter et al., 1993). Aggressive forms of the disease, early onset, and higher risk of
recurrence after surgery are characteristics of HPCa (Thalgott et al., 2018). However, HPCa

and sporadic PCa patients show similar disease-specific survival (Thalgott et al., 2018).

Among the major types of cancer in men, HPCa has the highest heritability (Lichtenstein et al.,
2000; Hjelmborg et al., 2014; Mucci et al., 2016). Twin cohort studies performed in Nordic
countries have shown that both monozygotic (identical) and heterozygotic (non-identical) twins
have a higher risk of PCa when their co-twin is diagnosed with PCa, compared with the rest of
the population (Hjelmborg et al., 2014). In addition, another large twin study in Nordic
countries involving over 44,000 pairs of monozygotic and dizygotic twins indicated that men
with an identical twin diagnosed with PCa have a 21 % likelihood of developing the disease,
compared to a 6 % likelihood for those with a non-identical twin affected. Moreover, the time
interval between the diagnoses of two monozygotic twins with PCa was shorter (5.7 years) than
in dizygotic twins (8.8 years) (Lichtenstein et al., 2000). These studies estimated that heritable
factors accounted for 42—-58 % of the risk of developing PCa, highlighting the significant
genetic contribution to the disease (Lichtenstein et al., 2000; Hjelmborg et al., 2014).
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1.3.1 Heritability

The pattern of inheritance of HPCa depends on the gene or genes involved in its development
and progression. In many pedigrees of HPCa, the pattern of inheritance is so strong that it
resembles an autosomal dominant trait, like in the case of single nucleotide polymorphisms
(SNPs) in BRCAI, BRCA2, or HOXBI13 (Xu et al., 2013; Pritchard et al., 2016). The predictive
value of a specific variant in population studies is determined by a combination of its odds ratio
(OR) and its frequency within the population. Both rare gene variants with high to moderate
penetrance and common genetic variants with low penetrance are involved in HPCa (Al Olama
et al., 2014; Rebbeck, 2017). Common variants (minor allele frequency (MAF) > 5 %) have a
modest effect size (OR < 1.5) and account for 33 % of the familial risk of developing PCa (Al
Olama et al., 2014). Rare variants (MAF 0.1-1%), such as those in BRCA2 and HOXB13, have
larger effect size (OR > 2) and may explain up to 42 % of the genetic heritability, as observed
in men of African ancestry (Mancuso et al., 2016). The combined effect of multiple variants,
cumulative association, in PCa has been shown in a Swedish population study, where the
analyzed the cumulative association of 16 SNPs from five different chromosomal loci and
family history of PCa. While individual variants had a risk ratio between 1.07 and 1.65, the
combination of four or five high-risk variants created a composite risk ratio of 4.47. Both the
combination of the five variants and a positive family history accounted for 46% of the
population attributable risk for PCa (Zheng et al., 2008). As previously mentioned, PCa
incidence is notably higher in African Americans compared to Europeans and Asians (Hinata
& Fujisawa, 2022). This could suggest that while there is a strong genetic component, this
difference can be influenced by environmental factors, such as diet, and screening methods
disparity between populations (Lee et al., 2007; Gilligan et al., 2004). It is important to
remember that individuals inherit a genetic predisposition to cancer rather than the disease

itself, explaining why carriers of susceptibility genes might not develop cancer.

Genetic variants contributing to HPCa can be more prevalent or exclusive to different
populations, partially explaining geographical differences in PCa incidence rates (Chang et al.,
2011; Haiman et al., 2011; Cook et al., 2014; Heidegger et al., 2019). For instance, a cross-
sectional study of 3,607 men with PCa from diverse ancestry revealed that individuals with
Ashkenazi Jewish and European ancestry had higher rates of germline variants related to PCa
compared to African American, Hispanic, or Asian individuals. Moreover, mutations in DDR
genes were more commonly found in patients of Ashkenazi Jewish and European descent

(Nicolosi et al., 2019). In another study, specific mutations in genes PMS2, BRCAI, RADS51,
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RADS54L, and RAD54B were detected more frequently and associated with higher rates of
metastasis in African American individuals than in European American individuals when both
groups had equal access to healthcare (Sartor et al., 2020; Kohaar et al., 2022). A further
example is the presence of rs114798100 and rs111906923 variants in the 8q24 region
exclusively in African patients (Han et al., 2016). Consequently, these differences between
populations can significantly impact the effectiveness of early detection testing, diagnosis, and

treatment strategies.

Individuals carrying certain germline variants have often a higher risk of early onset and more
aggressive phenotypes, including high-grade diseases and progression to mCRPC (Castro et al.,
2013; Castro et al. 2015a; Na et al., 2017). For instance, HOXB13 G84E variant is associated
with early-onset and more advanced forms of PCa (Trendowski et al., 2022). In the Finnish
population, HOXB13 G84E mutation carriers have an increased PCa risk, which is considerably
greater if they have a family history of PCa (Laitinen et al., 2013). Moreover, patients carrying
BRCA?2 mutations exhibited a 12-year PCa-specific lower survival rate (61.8 %) than patients
without such mutations (94.3 %) (Akbari et al., 2014). Similarly, another study showed a
powerful association between BRCA2, ATM, and NBN rare deleterious variants with aggressive
and mPCa (Darst et al., 2023). This enhances the importance of germline variants in clinical

risk prediction, therapeutic strategies, and clinical outcomes.

1.3.2 Susceptibility genes

Candidate gene and linkage analyses have identified rare variants with moderate effect sizes
that predispose to PCa (Ewing et al., 2012; Pritchard et al., 2016). In contrast, genome-wide
association studies (GWAS) have discovered common variants presenting small to modest
effect sizes in PCa (Saunders et al., 2021). Family-based linkage studies are used to analyze
patterns of genetic inheritance within family members to localize sections of the genome
inherited along with a trait, such as a physical characteristic of a disease. For instance, linkage
studies allowed the identification of various risk regions, such as the 8q24 region, and variants
like the missense G84E in the HOXB13 gene (Amundadottir et al., 2006; Ewing et al., 2012).
While these studies are powerful for identifying genes related to simple Mendelian disorders,
they are less effective in pinpointing those connected to complex diseases, which are affected
by several genes and environmental factors, as in the case of PCa (Bush & Haines, 2010).
However, they can be used to measure the statistical significance of different SNPs as linkage

scores or to determine follow-up studies from the results of GWAS studies (Roeder et al., 2006;
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Gudmundsson et al., 2007). Furthermore, linkage analysis coupled with whole genome
sequencing (WGS) and whole exome sequencing (WES) offers a better variant selection than
filtering methods that lack statistical evidence in family-based data when identifying
predisposing rare variants (Ott et al., 2016). On the other hand, several large-scale GWAS have
found recurrent germline SNPs and DNA copy number variation (CNV) associated with PCa
(Wang et al., 2023; Wu et al., 2018) .

Concerning SNP variants, around 451 germline genetic risk variants have been identified for
PCa in diverse populations using GWAS (Al Olama et al., 2014; Eeles et al., 2013; Eeles et al.,
2014; Virlogeux et al., 2015; Schumacher et al., 2018; Wang et al., 2023). Germline risk-
associated SNPs in non-coding regions are enriched at regulatory regions, such as enhancers
and promoters, which can regulate the tumor epigenome (Cowper-Sal lari et al., 2012; Heyn et
al., 2014; Whitington et al., 2016). Changes in epigenetic mechanisms involved in DNA
methylation, histone modification, or chromatin remodeling affect PCa development and
progression (Cheng et al., 2010; Huang et al., 2014; Houlahan et al., 2019; Ramanand et al.,
2020). For instance, individuals with deleterious germline mutations in BRCA2 show genome-
wide hypomethylation in comparison with sporadic tumors, probably explaining an enhanced
aggressiveness (Taylor et al., 2017). Similarly, a study conducted in PCa patients who
underwent germline WGS and methylation profiling demonstrated that 14 % of known PCa risk
loci might affect cancer risk by regulating DNA methylation in tumors. Interestingly, these
germline variants are in non-malignant tissue, but their regulatory function seems to be active
only in a tumorigenic environment (Houlahan et al., 2019). These examples prove that germline

variants can also impact tumor initiation and progression through epigenetic regulation.

Some of the risk loci identified in non-coding regions also show long-range chromatin
intrachromosomal and interchromosomal interactions. For instance, PCa risk regions within the
8924 locus containing regulatory variants physically interact with MYC at 8q24
(intrachromosomal interaction) and CD96 at 3ql3 (interchromosomal interaction).
Furthermore, 16983267 variant at 8q24 increases the risk of PCa in Caucasians and Africans
(Zhu et al., 2017). This variant increases Wnt signaling, which participates in prostate bud
growth and luminal epithelial differentiation, crucial for normal prostate development and
potential PCa initiation (Kruithof-de Julio et al., 2014). The promoter motifs of transcription
factor TCF'3, which regulates Wnt signaling and functions as oncogene in PCa contributing to
cell proliferation, are enriched in previously mentioned interactions (Du et al., 2015; Solberg et

al., 2012; Patel & Chaudhary, 2012). These examples confirm that susceptibility variants
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directly impact different cell signaling pathways, such as AR, PI3K, and Wnt pathways (Du et
al., 2015; Raith et al., 2023).

Regarding coding regions, germline mutations in several genes related to different DDR genes
(ATM, BRCAI, BRCA2, CHEK2, FANCA, MSH2, RAD51D), MMR genes (MLHI, MSH?,
MSH6, NBN, PSM?2) and other cell function genes (ANO7, BRP1, HOXB13, TP53 ) have been
associated with PCa, and are used as biomarkers (Grindedal et al., 2009; Barrow et al., 2013;
Pritchard et al., 2016; Xu et al., 2013; Wilkes et al., 2017; Kote-Jarai et al., 2019; Rusak et al.,
2019; Riaz et al., 2024; Jiang et al., 2024). DDR system is a complex network that includes
homology-dependent combination (HR), non-homologous end joining (NHEJ), nucleotide
excision repair (NER), base excision repair (BER), and MMR (Lord & Ashworth, 2012). More
particularly, the MMR system is a DNA repair mechanism that recognizes and corrects base

pair mismatches during DNA replication and genetic recombination (Lyer et al., 2006).

Individuals carrying germline mutations in DDR and MMR genes show higher risk to develop
PCa during their lives. The most frequent DNA repair genes mutated in both somatic and
germline cells in American and British PCa patients are BRCA2, ATM, and CHEK?2 (Pritchard
et al., 2016). For instance, BCRA2 germline variants’ carriers have a 3—8.6-fold higher risk for
PCa in comparison with non-carriers (Gallagher et al., 2010; Kote-Jarai et al., 2011).
Interestingly, BRCA2 germline mutations are not the major contributors to PCa predisposition
or aggressive phenotype in the Finnish or Swedish population (Ikonen et al., 2003). In fact, a
study done on lethal PCa patients from Finland and Sweden revealed that CHEK?2 (4.1 %) and
ATM (3.3 %) are the most frequently mutated DNA repair genes among these populations
(Rantapero et al., 2020). At the same time, the alteration of these DNA repair pathways can
induce mutagenesis and genomic instability, resulting in the buildup of genomic abnormalities
(Robinson et al., 2015; Mateo et al., 2015; Zhang et al., 2020). Genomic aberrations found
usually in tumor tissue could also be partially explained by germline mutations in genes
associated with DNA repair pathways. As an example, patients with germline BCRA2 mutations
have prostatic tumors with more copy number alterations than those with sporadic tumors

(Castro et al., 2015b).

In addition to DDR gene variants, other genes like HOXBI3 and ANO?7, present germline
variants with a strong association with PCa. Germline HOXB13 G84E variant is among the
most prevalent variants in HPCa Finnish (22,4 %) and Swedish families (8,2 %) (Laitinen et

al., 2013). HOXB13 codes for a transcription factor that is part of the homeobox gene family
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implicated in normal prostate development. Dysregulation of the HOXBI3 gene leads to the
growth of prostatic cancerous cells by a decreased inhibition of the hormone-activated androgen
receptor signaling (Jung et al., 2024). Similarly, ANO7 (anoctamin 7) codes for a
transmembrane channel dependent on calcium as a possible calcium-dependent phospholipid
scramblase or calcium-activated chloride channel, which is expressed in prostate tissue and
whose dysfunction is associated with PCa risk (Dadaev et al., 2018; Guo et al., 2021; Jiang et
al., 2024). Carriers of ANO7 1s77559646 variant show a higher risk (OR 1.40) and association
with aggressive PCa, due to the disruption of ANO7 mRNA splicing (Kaikkonen et al., 2018;
Wahlstrom et al., 2022).

1.4 Clinical relevance of genetic variants

Genetic variants play a crucial role in PCa susceptibility, treatment response, and clinical
outcomes. Recognizing germline SNP variants associated with PCa can help understand genetic
predisposition, enable early detection, and improve risk assessment. Moreover, understanding
genetic variants allows the tailoring of treatment approaches, and helps predict disease
progression and prognosis. Additionally, functional studies of identified variants can help to
comprehend the different mechanisms underlying PCa, identify novel treatment targets, and

develop new therapies.

1.4.1 Genetic testing

Several guidelines and consensuses exist concerning genetic testing for both germline and
somatic variants associated with PCa (Tuffaha et al., 2024). Though there is a consensus that
patients with mPCa should be offered genetic testing, there is less agreement about which
patients having localized PCa should be tested (Tuffaha et al., 2024). Moreover,
recommendations regarding testing methods and implementation still vary between
organizations and countries. However, there is general agreement on the genes to be tested for
genetic testing (Tuffaha et al., 2024). In the case of Finland, a panel containing 13 genes (47M,
BRCAI, BRCA2, CHEK?2, EPCAM, HOXB13, MLHI, MSH2, MSH6, NBN, PALB2, PMS2, and
TP53) is used for HPCa (TYKS, 2025).

In the case of early-stage or localized PCa, germline variant testing is only recommended if it
is presumed to affect treatment decisions, clinical trial availability, cancer risk management,
and potential risk for family members to carry deleterious variants implied by family history
(Tuffaha et al., 2024). Germline variant testing is often advised for individuals with regional or
metastatic PCa, as well as those with high-risk of PCa, such as individuals with a family history
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of the disease (Tuffaha et al., 2024). Regardless of the tumor stage, it is advised for those
individuals with a family history of breast cancer or a family history of early-onset breast,
colorectal, or endometrial cancer (< 50 years), ovarian, exocrine, or pancreatic cancer (any age),
PCa (£ 60 years) or death from PCa; LS-associated cancer (particularly if < 50 years); or those
of Ashkenazi Jewish descent (Tuffaha et al., 2024). Because several hereditary cancer
syndromes are associated with PCa, germline testing for BRCAI and BRCA2 mutations linked
to HBOC, as well as for mutations in MMR genes, including MLH 1, MSH2, MSH6, and PMS?2,
associated with LS, can help to assess PCa risk, predict disease nature and evaluate the threat
of additional cancers (Giri & Beebe-Dimmer, 2016; Miguel-Valentin et al., 2020; Yoshida et
al., 2021). In addition, genetic testing in patients with PCa can potentially benefit not only the
patient but also the relatives. If a pathogenic germline mutation is detected in the patient,
cascade testing or further testing in the family should be indicated (Giri et al., 2019). On the
other hand, somatic testing should be performed in men with either hormone-sensitive
metastatic prostate cancer or mCRPC, particularly when the patient has relatives affected by

PCa, Ashkenazi Jewish ancestry, or early-onset PCa.

Regarding germline testing in men without PCa, only the guidelines of three organizations
recommend it (Tuffaha et al., 2024). The Spanish Society of Medical Oncology suggest
germline testing in individuals with a family history of cancer (Gonzalez del Alba et al., 2020).
Similarly, the National Comprehensive Cancer Network (NCCN) recommends germline testing
for those men with family history of HPCa, HBOC, or colon cancer syndromes (Schaeffer et
al., 2023). The Italian Scientific Societies also recommends germline BRCA1/2 testing for
individuals with family history of pancreatic adenocarcinoma (Russo et al., 2022). In general,
patients with an identified mutation in a hereditary cancer gene are recommended to be referred

to genetic counselling for further assessment (Zhen et al., 2018).

Certain histopathological features can be associated with germline predisposition for PCa
(Smith et al., 2014). Ductal/intraductal histology and lymphovascular invasion (LVI) are linked
to a worse prognosis in PCa (Guo & Epstein, 2006; May et al., 2007). For instance, intraductal
carcinoma of the prostate occurs more frequently in tumors with germline BRCA2 mutations
than in sporadic cases (Taylor et al., 2017). Analogously, a study analyzing cancer-susceptibility
genes (BRCA2, ATM, CHEK2, BRCAI, PTENMLHI, MSH2, MSH6, PMS2, TP53, CDHI,
RADS51C, and RADS51D) in PCa patients found that 48 % of the individuals carrying a germline
mutation showed a ductal or intraductal histology, compared to only 12 % of the men with no

germline variants. Moreover, 52 % of germline mutation carriers presented LVI in the biopsy,
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while only 14 % of non-carriers exhibited this characteristic (Isaacsson Velho et al., 2018).
These and future discovered histopathological features associated with deleterious germline

gene mutations could assist in designating individual for germline testing (Isaacsson Velho et

al., 2018).

1.4.2 Early detection and risk assessment

Early detection of PCa using biomarkers improves initial disease identification, treatment
efficacy, and survival rates of patients, reducing the morbidity and mortality related to advanced
and mPCa (Grossman et al., 2018). There is an ongoing debate about the advantages of
implementing a population-wide PCa screening program based on PSA testing. While
numerous studies have shown a reduction in mortality, this comes with substantial risks of
overdiagnosis and overtreatment (Walter et al., 2021). Regarding Finland, there is no national
screening program for PCa (Duodecim, 2023). Because PSA testing by itself is not reliable
enough at detecting PCa, additional tools such imaging and genetic testing can be used to

improve personalized diagnosis (Martin et al., 2018; Kafka et al., 2021).

Using germline variants for PCa early detection has become increasingly significant in refining
early diagnosis and personalized management strategies. Recent studies have shown that
systematic PSA testing in men carrying specific mutations, like in BRCA2, detect more cases
of PCa with younger onset of disease, and more clinically significant tumors (Bancroft et al.,
2014). These findings suggest that genetic testing can significantly influence early detection
protocols, by combining genetic and biochemical markers. This combination enables clinicians
to stratify patients for early detection and more effective, individualized management,
advancing past traditional PSA-based disease detection (Bancroft et al., 2014). As more
germline variants are associated with PCa, such as in BRCA2, BRCAI, ATM, or HOXBI3,
guidelines are being updated to include these genetic factors in early detection strategies (Russo

& Giri, 2022).

Knowledge of a patient’s germline variants gives important information concerning the risk of
developing PCa and its prognosis. Risk scores based on an individual’s germline variants,
polygenic risk scores (PRS), can be constructed by understanding polygenic disease heritability
and susceptibility, as in HPCa (Raghallaigh & Eeles, 2020). PRS is calculated according to their
genotype profile and relevant data from large GWAS of thousands of cases/controls. This score
estimates an individual's genetic likelihood to develop the disease, helping to identify groups

of people at risk. Implementing a germline variants profile alongside the patient's family history
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can be used to develop a risk model as part of a targeted detection strategy for high-risk
individuals (Choi et al., 2020). Incorporating a genetic profile into PCa detection strategies has
been shown to improve the identification of moderate to high-risk PCa, reduce the need for
prostate biopsies, and identify cases with a Gleason score of 7 or higher that would have been
missed by PSA-based testing when sample PSA levels were below 3 ng/ml (Gronberg et al.,
2015). Germline variant profiling allows the stratification of at-risk individuals and informs
clinicians and patients regarding the timing and type of diagnosis methods and treatment

decisions.

1.4.3 Precision medicine

The mutation status of genes associated with PCa can influence therapeutic strategies.
Incorporating PCa variants into personalized treatment enables physicians to offer more precise,
effective, and individualized care to patients. By identifying the germline mutations present in
a patient, specific treatments can be selected to exploit the vulnerabilities in cancerous cells
associated with those mutations. For instance, AR signaling plays a crucial role in PCa initiation
and progression (Lonergan & Tindall, 2011). Androgen deprivation therapy is commonly used
in advanced localized and metastatic tumors (Reiss et al., 2024). However, the cancer often
develops resistance and progresses to mCRPC (Coutinho et al., 2016). Reactivation of AR
signaling can occur due to somatic gain-of function AR variants, higher expression of AR splice
variants, and increased androgen biosynthesis in mCRPC patients (Watson et al., 2015; Ku et
al., 2019). Moreover, rearrangements of the AR locus, such as tandem duplications in an
upstream enhancer, can contribute to changes in the expression of AR (Viswanathan et al.,
2018). Similarly, germline variants in CYP17 and HSD3B1, which are involved in AR signaling,
are also associated with mCRPC (Lunn et al., 1999; Yamada et al., 2001; Hearn et al., 2016).
Understanding these variants can help selecting the most effective treatment strategy to regulate
AR signaling. For example, patients carrying AR splice variants missing the ligand-binding
domain but constitutively active, might benefit from treatments specifically designed to target

these variants (Daniels et al., 2024).

PCa patients carrying deleterious variants in genes involved in DNA repair pathways, such as
BRCAI, BRCA2, or ATM, can benefit from targeted therapies like PARP inhibitors (PARP1) and
checkpoint inhibitors. PARP1 are pharmacological inhibitors of the enzyme poly ADP ribose
polymerase (PARP), which is involved in DNA repair mechanisms, including base excision

repair (Mateo et al., 2019). Similarly, individuals with microsatellite instability—high tumors
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(MSI-H), which have a high number of mutations within microsatellites, can benefit from
checkpoint inhibitors (Lenis et al., 2024). Checkpoint inhibitors, such as anti-PD-1 and anti-
CTLA4 antibodies, increase the immune response against cancerous cells by blocking
inhibitory immune checkpoint proteins that often regulate immune tolerance (Subudhi et al.,
2021). In a study with patients with MSI-H, 21.9 % had a pathogenic germline mutation in an
MMR gene (MSH2, MSHG6, and PMS?2) explaining a connection between these variants and
MSI-H (Abida et al., 2019). By using these therapies, the high genomic instability and impaired
DNA mechanisms of cancerous cells in these germline variant carriers enables the induction of
selective tumor cell cytotoxicity through the mechanism of synthetic lethality (Previtali et al.,

2024).

Patients requiring radiotherapy due to relapses with localized disease or biochemical recurrence
can benefit from a germline genetic profile checking the presence of risk variants for radiation
toxicity and radio-resistance. This can help to decide the optimal treatment option to obtain the
best results avoiding long-term side effects. A meta-analysis of four radiogenomics GWAS
indicated that non-coding variants rs17599026 in 5q31.2 and rs7720298 in 5p15.2 region are
associated with late radiotherapy toxicity symptoms, such as urinary frequency and reduced
urine stream (Kerns et al., 2016). Variant rs17599026 lies 23bp downstream of exon 20 in the
gene KDM3B, whose protein is highly expressed in bladder tissue, and its disruption could
produce bladder dysfunction. Similarly, variant rs7720298 is located downstream of exon 30 in
the gene DNAHS5, whose protein is involved in cilia function. Cilia are found in bladder tissue,
thus alterations in that gene expression might cause changes in the urinary tract (Kerns et al.,
2016). Similarly, individuals with germline mutations in BRCA/ had worse survival rates than
non-carriers after radiotherapy treatment but similar survival rates when treated surgically,
proving that certain variants affect radiosensitivity (Sanchez et al., 2016). Genetic profiles can
be integrated into models of radiotoxicity to optimize radiation dose and decrease unwanted
side effects. Given these therapeutic advancements, genetic testing for certain variants is

increasingly recommended to guide precision medicine approaches in PCa management.

1.5 Uncovering novel germline variants in the Finnish population

The advancement and decreasing cost of genotyping technologies, combined with increased
collaboration among institutions, have significantly enhanced the quality and scope of GWAS
studies. While many common variants have been associated with PCa, few causal variants have

been identified. The variants already identified explain only a small portion of heritability,
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leaving a significant “missing heritability” unexplained (Walsh, 2017). This “missing
heritability” might be explained partly by rare and penetrant variants that act as a proxy for
more common variants, phenomenon known as synthetic association, underestimating the real
effect of these rare variants (Orozco et al., 2010). Synthetic association has been observed in
PCa between some identified common variants and HOXB13 G84E (Sanders et al., 2014).
Moreover, other types of genetic variation, such as structural variants like copy number
variants, or variants involved in epigenetic regulation, might also contribute to this “missing
heritability” (Manolio et al., 2009; Kruithof-de Julio et al., 2014; Zhu et al., 2017; Dai & Liu,
2021). Additionally, many variants of uncertain significance (VUS) still lack clear clinical
significance to PCa risk, making it difficult to classify them as benign or pathogenic and assess
their importance (Jimenez-Sainz et al., 2021). Furthermore, the genetic heterogeneity of PCa,
where cancer cells may originate from different foci and precursor cells that undergo
independent malignant transformation by both germline and somatic mutations, complicates
the identification of clinically relevant germline variants (Cooper et al., 2015; Yamaguchi et al.,

2025).

Hereditary predisposition to PCa is likely influenced by a combination of common variants
with low or moderate effect-size and rare variants with a high effect-size. Identifying rare
variants would importantly help to understand the genetic basis of PCa (Wang et al., 2023). The
negative/purifying selection effect makes most deleterious predisposing variants very rare in
large and older populations. Isolated populations with recent bottlenecks, like the Finnish one,
present enrichment of rare and low-frequency cancer-predisposing variants due to increased
genetic drift. (Lim et al., 2014; Zuk et al., 2014) Therefore, the Finnish population provides a
unique opportunity to detect high-risk variants that are uncommon in other populations (Lim et

al., 2014; Xue et al., 2017).

1.5.1 Aims of this research

In this study, WGS data from 71 index patients of Finnish high-risk HPCa families with three
or more affected cases per family is used to identify potential germline variants associated with
PCa. Bioinformatically defined pathogenic variants are selected based on their high incidence
in these families, their gene expression in prostatic tissue, and statistical significance in previous
GWAS conducted in a Finnish PCa population (FinnGen). From this final selection, variants
are prioritized if their genes had been previously linked to PCa, but the specific variants had

not yet been associated with the disease.
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The segregation of these variants is studied in those families whose index patients were carriers,
including all the individuals diagnosed with PCa and healthy relatives who were over 50 years
old. This first part of the study aims to determine whether the selected germline variants
segregate with PCa within families and to validate them as potential high-risk factors for HPCa.
These variants are expected to be enriched in these high-risk HPCa families and to appear
significantly more often in PCa patients. Such findings would indicate that these germline

variants are inherited and contribute to disease risk in these families.

Secondly, a cohort of PCa patients with a family history of PCa and HBOC from the Turku
Prostate Cancer Consortium (TPCC) is created, and the frequencies of the studied variants are
compared to those in PCa patients without a family history of these conditions. Further
validation is done by comparing the studied variant incidence between our cohort and the
general Finnish population (Finngen), as well as our cohort and a larger cohort of Finnish
individuals with PCa (FinnGen). This comparison aims to identify germline variants
specifically associated with hereditary forms of PCa while excluding those linked to sporadic
cases. These variants are expected to have a higher frequency in the cohort of PCa patients with
a family history of PCa and HBOC, than any other studied group. By distinguishing between

these groups, variants that may serve as markers for HPCa risk can be pinpointed.

Finally, it is investigated whether these variants impact the clinicopathological characteristics
of PCa. To do this, the age of disease onset, PSA levels, Gleason score, and TNM staging are
compared between PCa patients carrying the variant and those who do not. Since the selected
germline variants are considered pathogenic, patients carrying them are expected to have an
earlier onset of disease, higher PSA levels, higher Gleason score, and more advanced TNM

staging compared to those who do not carry the variant.

The mentioned approaches seek to identify variants located in genes previously implicated in
PCa, but not previously directly associated with PCa or any other type of cancer. By performing
familial studies and analyzing individuals with a history of PCa and HBOC, rare variants that
might be incidental in sporadic cases are filtered out and those that are enriched and genuinely
associated with HPCa can be recognized. Identifying these new variants can enhance our ability
to assess genetic predisposition, enable earlier detection, and improve risk prediction.
Furthermore, it allows for personalized treatment strategies and more accurate predictions of

disease progression and prognosis.
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2. MATERIAL AND METHODS

2.1 Study population

Familial samples

The families examined for the familial study were selected from 71 Finnish high-risk PCa index
patients who had undergone WGS as part of a study on risk genes associated with hereditary
prostate cancer (HPCa), conducted by Prof. Johanna Schleutker. The index patients in the WGS
dataset were unrelated and had been diagnosed with high-risk PCa. In addition, the study also
examined family members of these 71 index patients, including both healthy men and those
with PCa. All studied individuals had consented to donate blood samples for HPCa research.
These blood samples have been collected from across Finland since the early 1990s. The
samples were labeled with a six-digit number, where the first three digits identified the family
and the last three identified the individual’s pedigree number. The families included in our
familial study were those in which the index patient was heterozygous or homozygous for the
studied variant. Clinical data was collected for all patients. Only family members who were >
50 years old at the time of the last status update were included for analysis in the study. The last
update of the family members’ health status varies by family, and the corresponding year can

be found in the pedigree chart (Appendix 1).
Cohort samples

Individuals included in the cohorts were selected from the consecutive RALP collection
conducted by the Turku Prostate Cancer Consortium (TPCC) and PROMIC ("Prostate
Metabolism, Cancer Risk, and Gut Microbiota") study led by Prof. Peter Bostrom (TUH). The
RALP cohort consists of clinically significant PCa patients operated for radical prostatectomy,
with or without pelvic lymph node dissection, using robotic-assisted laparoscopic
prostatectomy (RALP). The PROMIC cohort includes individuals with clinical suspicion for
PCa and indication for further PCa diagnosis based on increased PSA (> 2.5 ng/ml), a palpable
prostate tumor/nodule, or imaging findings indicative of PCa. Only PROMIC participants with
a PCa diagnosis defined by non-benign Gleason score were included in this study. RALP sample
collection began in 2013, and as of today (8.4.2025), there are 1,564 RALP and 370 PROMIC

participants, respectively.

Family history information in RALP and PROMIC datasets included whether the patient’s

children, siblings, parents, uncles, aunts, or grandparents have PCa or any type of cancer. In the
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RALP questionnaire, a blank space allowed participants to specify the type of cancer, enabling
the collection of data on all cancer types. In contrast, the PROMIC data was obtained already
as an Excel table containing only information related to prostate, breast, ovarian, large intestine,
rectal, bowel, colon, and bladder cancer. However, this table didn’t include the number of
brothers, sisters, children, aunts and uncles that a specific type of cancer. Additionally, the
RALP questionnaire recorded the age at which a patient’s relative was diagnosed with cancer,

whereas the PROMIC data did not include this information.

The inclusion criteria for PCa patients with a family history of PCa or HBOC: (1) a first-degree
relative (father, brother, or son) with PCa, or (2) two or more relatives with PCa, or (3) two or
more relatives with HBOC-related cancers (prostate, breast, and ovarian cancer) (N=342).
These criteria are inspired by the germline testing criteria for PCa of NCCN Guidelines
Genetic/Familial High-Risk Assessment: Breast, Ovarian, Pancreatic, and Prostate (Version
1.2022) (Daly et al., 2021). The inclusion criteria for PCa patients without a family history of
PCa or other hereditary cancer syndromes required that no first-degree relatives had been
diagnosed with any type of cancer, and no second-degree relatives had been diagnosed with

prostate, breast, or ovarian cancer (N=450).

RALP patients with missing questionnaires were not used in this study. Moreover, the empty
questionnaires’ items were considered as missing data. In the case, the type of cancer was not
specified or had been answered as “?/joku”, that relative was not considered for the inclusion

criteria of the participant.
Clinicopathological characteristics of the analyzed patients

Clinical data from RALP patients contained preoperative/diagnostic PSA levels, biopsy
Gleason score, operative Gleason score, and operative TNM classification (tumor stage, node
stage, and metastasis stage). Similarly, clinical data from PROMIC patients included diagnostic
PSA levels, biopsy Gleason score, clinical TNM classification (tumor stage, node stage, and
metastasis stage), and radiology TNM classification (MRI tumor stage, radiological node stage,
and radiological metastasis stage). TNM classification can be determined clinically or
pathologically. Clinical staging uses physical examination and imaging before any final
treatment is started. Pathologic stage is defined by pathologic examination of the surgical
removed prostate and any lymph nodes removed during surgery. Therefore, pathologic staging
is more accurate because it is not limited by estimations provided by the physical exam and

imaging methods (Reese, 2016). Since the prostate gland was completely removed in RALP
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patients, the tumors were precisely and systematically graded and staged considering the
postoperative histopathological evaluation from the pathologists (pathologic/surgical staging).
In PROMIC patients, Gleason grading was defined by prostate biopsy, and TNM staging was

clinically determined using MRI imaging (clinical staging).

To ensure the most comparable values in Gleason score, biopsy Gleason scores for RALP
patients were selected to match the biopsy-derived scores from PROMIC patients. Since
Gleason scores in PROMIC were expressed as ISUP grades, the RALP biopsy Gleason scores
were converted to ISUP grades for consistency. All the genotyped RALP patients and PROMIC
participants with PCa (non-benign Gleason score) were analyzed for the association between
clinicopathological features and PCa (N=548). Since RALP patients without family history of
PCa and HBOC were also genotyped for the PASK variant, the total number of individuals

analyzed for that variant was 842.

2.2 SNP variant selection

The data for variant selection was obtained from the 71 Finnish high-risk PCa index patients
who underwent WGS as previously described. The WGS data were processed and refined into
an Excel dataset by the research group’s bioinformatician. All the variants that were annotated
as coding in at least one transcript were selected. For this selection, only variants with high or
moderate impact on protein structure, according to the Ensembl Variant Effect Predictor (VEP),
were considered. VEP is a toolset for the analysis, annotation, and evaluation of genomic
variants, that provides information from different bioinformatic prediction programs, such as
REVEL and CADD, to determine a variant's pathogenicity (McLaren et al., 2016). Rare Exome
Variant Ensemble Learner (REVEL) is an ensemble method that predicts the pathogenicity of
missense variants by combining scores from 13 individual tools: MutPred, FATHMM v2.3,
VEST 3.0, PolyPhen-2, SIFT, PROVEAN, MutationAssessor, MutationTaster, LRT, GERP++,
SiPhy, phyloP, and phastCons. The REVEL score ranges from O to 1, where higher scores
indicate an increased probability of being disease-causing (loannidis et al., 2016). Similarly,
Combined Annotation Dependent Depletion (CADD) predicts the deleteriousness of variants
by integrating over 60 genomic features, such as gene model annotations, sequence context,
evolutionary constraint, functional predictions, or epigenetic measurements. CADD scores
range from 0 to 99, though most scores fall from 0 to 50, with higher scores suggesting a greater
likelihood of deleteriousness (Rentzsch et al.,, 2019). For this selection, the maximum

alternative allele frequency (MAF) had to be below 0.05. Additionally, variants were required
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to have a REVEL score above 0.6, a CADD score over 20, or be classified as likely pathogenic
or pathogenic by the ClinVar (National Library of Medicine) database.

Then, the following factors were considered to select the final list: variant incidence in the 71
high-risk index patients’ population, gene expression in the prostate (Human Protein Atlas 23.0,
2023), gene function (Gene cards v5.23.0, 2024), previous GWAS results in Finnish PCa cases
(FinnGen Release 12, 2024), and existent literature. For the selection assessment, an Excel
dataset was created by merging data from 71 high-risk index patients’ variants, gene expression
data from the Human Protein Atlas, and statistical values from the endpoint
C3 PROSTATE EXALLC for malignant neoplasm of the prostate from FinnGen. The variant
selection was carried out based on the following criteria: (1) the variant had to be present in
more than one patient, (2) the corresponding gene had a maximum normalized transcripts per
million (MAX nTPM) > 1 either in basal prostatic cells or prostatic glandular cells (Human
Protein Atlas), and (3) the variant showed a p-value < 1x107 and a positive beta coefficient in
the C3 PROSTATE EXALLC endpoint for malignant neoplasm of the prostate, excluding all
cancers (controls excluding all cancers) in FinnGen. A ratio between the allele frequency in the
high-risk index patients’ population and the allele frequency in the general Finnish population
(FinnGen) > 1 was also considered for the final selection. To reduce the number of candidate
variants, variants in genes implicated in prostate cancer according to the literature but for which
no specific variants have yet been associated with PCa were prioritized. Scientific peer-
reviewed articles and publications were obtained from PubMed (NIH-NCBI, 2024), Web of
Science (Clarivate Plc, 2024), and Scopus (Elsevier, 2024) to assist in the final selection of
potential risk genes associated with PCa. The literature review was conducted between

4.9.2024-23.12.2024.

2.3 DNA extraction

DNA from high-risk PCa families and PROMIC participants had been isolated before the start
of this study. While most of the DNA from RALP patients was already extracted, several
samples from the latest participants were isolated from whole blood samples. DNA was isolated
using Nucleon™ BACC3 Genomic DNA Extraction Kit following the manufacturer’s protocol
(2964876AA, Cytiva, USA). The DNA was eluted into Tris-EDTA buffer (10 mM Tris-HCI,
0,1 mM EDTA, pH 8.0) and stored at -80 °C until utilization.
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2.4 SNP genotyping

The genotyping data for the PROMIC individuals were obtained from the WES they underwent
before this study. Predesigned TagMan™ SNP Genotyping Assay (40x), human, S (4351379,
ThermoFisher, USA) were used to genotype the variants of interest in the high-risk families and
RALP patients: C_ 186512811 1 (rs190865056), C_ 25934487 2 (rs34785134),
C_ 57929546 1 (rs35129131), C__ 25997308 2 (rs62623389), and C 25615425 3
(rs34592828). All TagMan™ SNP Genotyping Assays have two-allele-specific TagMan MGB
probes containing distinct reporter fluorescent dyes (VIC and FAM) and a PCR primer pair to
detect the specific SNP. For rs190865056, rs34785134, rs35129131, and rs62623389, VIC was
used to detect wild-type (WT) sequences and FAM for the variant of interest (VOI) sequences,
respectively. When genotyping rs34592828, VIC was used to detect the VOI sequences and
FAM for the WT sequences. All samples’ DNA concentrations were measured with NanoDrop
Spectrophotometer (ThermoFisher, USA) and diluted with Tris-EDTA Buffer (10 mM Tris-
HClL, 0,1 mM EDTA, pH 8.0) to obtain 10 ng/ul dilutions before genotyping. PCR
amplifications were done in 96-well, thin-wall Hard-Shell PCR Plate (HSP9955, Bio-Rad,
USA) in a total volume of 25 pl, containing 0,63 ul TagMan™ SNP Genotyping Assay (20x),
12,5 pl TagMan Genotyping Master Mix (4371355, ThermoFisher, USA), 10,87 ul ddH20,
and 1 pl of DNA sample (10 ng). DNA samples with a concentration below 10 ng/ul were
directly pipetted in the PCR reaction, and ddH2O was adjusted accordingly. Index patients from
the high-risk families with known genotypes from WGS were used as positive and negative
controls. Positive, negative, and no-template (water) controls (NTC) were included in each 96-
well plate. Real-time PCR (RT-PCR) was performed using the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, USA). After enzymatic activation for 10 minutes at 95 °C, 62 two-
step cycles of 15 seconds at 95 °C (denaturation) and 1 minute at 60 °C (annealing/extension)
were done. The fluorescence levels of FAM and VIC were automatically measured by Bio-Rad
CFX Manager 3.1 (Bio-Rad, USA). Allelic discrimination results were displayed on a scatter
plot, comparing the fluorescence signals of the reporter dyes (WT allele vs. VOI allele).
Clustering limits for each genotype were automatically determined based on the distribution of
spectral-specific plots, incorporating positive controls and sequence results from samples
positioned near the lower end of the cluster boundary. Genotypes were assigned according to
their respective cluster locations. Variants clustered near the NTC or exhibited an abnormal

spectral pattern were reanalyzed to determine the correct genotype.
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2.5 Statistical analysis

In the familial study, allele and carrier frequency differences between healthy and men with
PCa were tested individually for each family using Fisher’s exact test. Additionally, a pooled
contingency table was used to obtain a simple overall comparison between healthy PCa
individuals across all families without considering family-specific effects by using Fisher’s

exact test.

To account for the family structure and potential correlation within families, a binomial
Generalized Linear Mixed Model (GLMM) was used. The binomial distribution was chosen
because the outcome variable (health status) is binary. The analysis was performed in R using
the glmer() function from the Ime4 package. The binary outcome variable (PCa men vs. no PCa
men) was modeled as a function of variant carrier status (carrier vs. non-carrier), with a random
intercept for family to control for the potential correlation among related individuals. The model
assumed a binomial distribution with a logit link. Odds ratios were calculated by exponentiating
the estimate of the fixed effect (variant). Estimated marginal means (least-squares means) were
calculated using the emmeans package to obtain adjusted predicted probabilities and confidence
intervals for each allele count category. The adjusted predicted probabilities indicate the
probability of having PCa for each allele count category, in this case having or not the variant,
considering relatedness in the model. To assess whether the inclusion of the random family
effect significantly improved model fit, a reduced model without the random effect was fitted
using glm(), and the likelihood ratio test anova() was performed to compare the two models.
This approach allowed for the evaluation of the global effect while considering the possible

family structure of the data.

A Family-Based Association Test (FBAT) was also performed to provide a complementary
approach by testing whether genetic variants are transmitted to PCa family members more often
than expected by chance. FBAT analyses were conducted using the FBAT v204 software
(Linux, 64-bit). In the PED files, all women were assigned an “unknown” phenotype (0) to
reflect that women cannot develop PCa and to avoid affecting the test results. FBAT was
performed using the orthogonal mode (FBAT -0) to test whether the variant was associated with
PCa in “absence of linkage”, assuming no linkage and treating transmissions within nuclear
families as independent under the null hypothesis. In addition, the empirical mode (FBAT -¢)
was applied to test whether the variant is associated with PCa in “presence of linkage”, adjusting
for potential within-family correlations, such as those arising from potential linkage using the

PCa prevalence in Finnish men (2.24 %) as an offset parameter (u) (Pitkdniemi et al., 2022).
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Both models were run using the following settings: model = additive; test = bi-allelic; minsize
=1; min_freq = 0.000; p = 1.000; maxcmh = 1000. These parameters assume an additive model
for a bi-allelic variant. The test is run using a minimum of one informative family, with no
minimum allele frequency to allow for rare variants testing, default placeholder for p-value
filtering, and default maximum number of strata to use in a Cochran-Mantel-Haenszel (CMH)

test for not limiting most analyses.

For the cohort study, allele and carrier frequency differences between two groups of patients
PCa patients with a family history vs general Finnish population (FinnGen), PCa patients with
family history vs PCa cases from Finnish GWAS (FinnGen), and PCa patients with family
history vs PCa patients without a family history were compared for the variants of interest using
Fisher’s exact test. The allele frequency for the selected variants in the general Finnish
population and PCa cases from the Finnish GWAS, as well as the number of homozygous
individuals for each variant in the general Finnish population were only available. Based on
this, the carrier frequency in the general Finnish population was calculated using the allele
frequency and the number of homozygotes. To estimate the carrier frequency among the PCa
cases from the Finnish GWAS, Hardy-Weinberg equilibrium (HWE) was assumed, because

genotype counts were not available.

Regarding the clinicopathological analysis, the comparison was made between patients carrying
the variant of interest and those without it to examine an association between the carrier
genotype and the clinicopathological nature of the PCa. Since the age of onset is a continuous
variable, its normality was assessed using Shaphiro-Wilk test. As the data was not normally
distributed, the non-parametric Mann-Whitney U test was used to compare differences between
the two groups. In addition, the PSA level’s normality was assessed using Shaphiro-Wilk test.
As the data was not normally distributed, the non-parametric Mann-Whitney U test was used
to compare differences between the two groups. Association between carrier status and Gleason
score, T-grade, N-grade, and M-grade was examined by comparing carrier frequencies using

Fisher’s exact test.

The patients were also categorized into groups with more aggressive or less aggressive
characteristics based on the age at onset, diagnostic PSA values, biopsy Gleason score, and
TNM staging. Each characteristic was compared and analyzed individually to determine
whether variant carriers tend to have an early age at onset, higher PSA levels, higher Gleason

score, and more advanced TNM classification. The characteristics were considered less
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aggressive when the age at onset > 65, PSA < 20 ng/ml, Gleason score < 8 (ISUP < 4), and
TNM stage < T3, or Nx/NO, or Mx/MO0. Oppositely, an age at onset < 65, PSA > 20 ng/ml,
Gleason score > 8 (ISUP > 4), and TNM stage > T3, N1, or M1 were classified as more
aggressive characteristics. This classification was necessary to facilitate the combined analysis
of RALP and PROMIC data, as TNM staging was categorized into only two groups in PROMIC
patients (<T3, T3aMRI; NO, N1; M0, M1b), whereas in RALP patients, T-class, N-class, and
M-class were categorized into seven (T2, T2a, T2b, T2c¢c, T3a, T3b, T4), three (NX, NO, N1),
and five groups (MX, M0, M1, M1a, M1b) respectively. Carrier frequency differences between
patients with more aggressive and less aggressive characteristics were tested individually using

Fisher’s exact test.

The association between variant status and aggressive forms of PCa was examined by
comparing carrier frequencies between aggressive and non-aggressive PCa cases. Aggressive
PCa was defined as having at least one of the following: PSA > 20 ng/ml, Gleason score > 8
(ISUP > 4), T stage 3 or 4, N1, or M1. The definition for aggressive PCa was decided
considering the recommendations from Hurwitz and colleagues (Hurtwitz et al., 2021) but also
including T3 stage cancers and cases where PSA was > 20 ng/ml. Non-aggressive PCa was
defined as the cancer cases meeting all the following criteria: PSA <20 ng/mL, Gleason score
6 (ISUP 1), T stage < 3, NO, and MO. Fisher’s exact test was used for the comparison of the

carrier frequencies between both groups.

Statistical analysis was performed using R version 4.3.1 (2023-06-16 ucrt; R Core Team, 2023).
The packages used for this thesis are: dplyr (Wickham et al., 2023), emmeans (Lenth, 2023),
Ime4 (Bates et al., 2015), readr (Wickham & Girlich, 2023), readxl (Wickham & Bryan, 2023),
writexl (Ooms, 2024), and stats (R Core Team, 2024). All reported Fisher’s exact tests are two-

tailed. Statistical significance was considered when p < 0.05.

The different parts of this study, including the study populations and the statistical methods

performed are summarized in Figure 2.
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Figure 2. Schematic representation of the study, illustrating the study populations, analytical approaches, and

methods applied.

2.6 Use of Al-assisted tools

OpenAl’s ChatGPT-4 has been used for proofreading and language refinement in this thesis

according to the University of Turku guidelines (https://utuguides.fi/tekoaly). The content,

research ideas, data analysis, scientific interpretation, and conclusions are the work of the author

and the research group, and Al-assisted tools were not used in their generation or development.

2.7 Ethical considerations

Individuals from high-risk families are part of research conducted by the Prostate Cancer

Research Center at Tampere University, where Prof. Johanna Schleutker is affiliated. Ethical

approval for this study was granted by the ethical board of Tampere University Hospital
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(R03203, valid until 31.12.2025). RALP collection (TPCC) operates under Biobank permission
and TYKS ethical permission (ETMK 3/1801/2013). PROMIC is a clinical trial involved in the
research project "Prostate Metabolism, Cancer Risk, and Gut Microbiota" conducted by Prof.
Peter Bostrom (TUH) (NCT06116851). All participants have provided signed informed consent

for DNA analysis and further examination.

3. RESULTS

3.1 SNP variant selection

The WGS dataset from 71 Finnish high-risk prostate cancer (HPCa) index patients was
analyzed to identify potential PCa-predisposing germline variants. A preliminary filtering was
done by the group bioinformatician to select variants with high or moderate impact that affect
protein structure, as determined by Ensembl Variant Effect Predictor (VEP). These variants also
had to have a maximum alternative allele frequency (MAF) below 0.05, a REVEL score of at
least 0.6, and a CADD score above 20, obtaining a dataset with 9,813 variants. Next, the
potential PCa predisposing variants that appeared more than once in the high-risk HPCa index
patients’ cohort, had a MAX nTPM > 1 in basal prostatic cells or prostatic glandular cells, and
were associated or had a trend towards association with the C3 PROSTATE EXALLC
endpoint for malignant neoplasm of the prostate, excluding all cancers (controls excluding all
cancers) in FinnGen, with a p-value < 1x10~ and a positive beta coefficient were selected.
Additionally, a ratio greater than one between the allele frequency (AF) of the high-risk PCa
index patients and the Finnish population (Finngen) was considered when assessing the variants
for the variant selection. After filtering, the dataset was reduced to 14 variants: HOXBI3
(rs138213197), ABI3 (rs755071175), CDK5RAP3 (rs61758369), CHEK2 (rs555607708),
CHEK2 (1s17879961), ZNF391 (rs200883853), ZKSCAN3 (rs61744865), LAMC?2
(rs17481405), TP63 (rs190865056), ZBTB46 (rs34785134), PASK (rs35129131), TASOR
(rs147283164), LETM1 (rs62623389), IQGAP2 (rs34592828) (Table 3).

To reduce the number of candidate variants, those located in genes previously associated with
PCa according to the literature, but for which no specific variants have yet been associated with
PCa were prioritized. To support this selection, a literature review to identify associations

between the candidate genes and cancer, with a particular focus on PCa, was conducted. The
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selected genes and the justification for their inclusion in the filtered list based on the literature

review are detailed in Appendix 2.

Table 3. The selected 14 variants from the high-risk HPCa index patients WGS dataset. Variants were filtered
considering an incidence higher than one in the high-risk PCa patients (N=71), gene expression in basal prostatic
cells and prostatic glandular cells MAX nTPM > 1, and association with a p-value < 1x10- and a positive beta
coefficient in the C3 PROSTATE EXALLC endpoint for malignant neoplasm of the prostate, excluding all
cancers (controls excluding all cancers) from Finngen. The table also includes the variant base change, variant
allele frequency (AF) in Finngen, the ratio of AF between the high-risk PCa index patients and Finnish population
(Finngen), and p-value and beta coefficient from the C3_PROSTATE EXALLC endpoint. 0/0 homozygous for
the reference allele, 0/1 heterozygous for the variant allele, 1/1 homozygous for the variant allele.

Prost. Prost. Ratio AF
Gene ?::aot?;i: Variant c:::; on n o/0 Zifl:l gla(:l?l:lar Finll:Zen 25?(;::: vapl;e beta

(nTPM) (nTPM) Finngen
HOXB13 17¢21.31 rs138213197 C->T 11 0 60 0.8 209.8 8.48e-3 9.125 1.34e 1.488
ABI3 17¢21.32 rs755071175 G->T 7 0 64 1.3 0.5 5.50e-3 8.956 6149048 1.196
CDK5RAP3 17921.31 rs61758369 A->G 6 0 65 4.6 4.7 6.58e-3 6.417 2?;17e 0.992
CHEK2 22q12.1 rs555607708 AG->A 3 0 68 2.2 1.2 7.26e-3 2.908 4?2; 0.550
CHEK2 22q12.1 rs17879961 A->G 2 0 69 2.2 1.2 3.01e-2 0.468 1?;28 0.195
ZNF391 6p22.3 rs200883853 C->T 3 0 68 1.9 24 2.21e-2 0.955 9?22& 0.193
ZKSCAN3 6p22.3 rs61744865 A>G 2 0 69 2.1 1.7 2.07e-2 0.679 Snge 0.160
LAMC2 1025.3 rs17481405 G->A 5 0 66 25.3 1.7 3.65e-2 0.963 1?g:e 0.120
TP63 3g28 rs190865056 T->A 4 0 67 37.8 2.1 1.42e-2 1.977 3??; 0.176
ZBTB46 20¢13.33 rs34785134 C->T 2 0 69 2.6 1.3 6.67e-3 2.110 3;‘11 0.245
PASK 2037.3 rs35129131 C->T 5 0 66 1.7 16.4 1.30e-2 2.710 :gg- 0.171
TASOR 3p14.2 rs147283164 C->T 2 0 69 30 31.3 2.59%-2 0.544 SF?S?- 0.123
LETM1 4p16.3 rs62623389 T->C 12 0 59 14.6 9.6 4.43e-2 1.906 8e.gfll— 0.094
IQGAP2 5q13.2 rs34592828 G->A 5 0 66 99.2 90.9 4.03e-2 0.873 Qe.gg— 0.096

e04

Although each of the genes ABI3, ZNF391, and TASOR have been independently associated
with several types of cancer, no publications were found connecting them with PCa. Moreover,
ABI3 15755071175 variant, which is in the 17q21.32 region, is close to the 17q21.31 region
containing HOXB13 rs138213197. Many patients had both HOXB13 and ABI3 variants, which
are quite rare and can be assumed to be in linkage disequilibrium. To check for any possible
association between ABI3 rs755071175 and PCa, the FinnGen’s bioinformatician excluded all
the C3_PROSTATE EXALLC endpoint (FinnGen) HOXB13 rs138213197 carriers from the
cohort and did a regression analysis for ABI3 rs755071175 variant with PCa endpoint as the
outcome. The analysis was then repeated in the opposite direction, excluding ABI3 rs755071175
carriers and testing HOXBI3 rs138213197. The analysis results showed that HOXBI3
rs138213197 p-value was greater when ABI3 rs755071175 carriers were removed, but it was

still genome-wide significant. On the other hand, ABI3 rs755071175 p-value was also greater
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when HOXBI13 rs138213197 carriers were excluded, but it was no longer genome-wide
significant. This suggested that ABI3 rs755071175 might not represent an independent
association signal and its significance comes from its proximity with HOXB13 rs138213197.
Therefore, ABI3, ZNF391, and TASOR variants were not selected for the final analysis.
HOXBI131s138213197, CHEK? rs555607708, and CHEK? rs17879961 were also excluded, as
their association with PCa has already been established (Dong et al., 2003; Seppéla et al., 2003;
Ewing et al., 2012). In addition, CDK5RAP3 rs61758369 variant and HOXB13 rs138213197
variant are both located in 17q21.31 region. All the patients carrying CDK5RAP3 rs61758369
also carry HOXB13 rs138213197, indicating that there is a possible linkage explaining the
statistically significant low p-value in C3_PROSTATE EXALLC endpoint in FinnGen for
CDK5RAP3 rs61758369. Although no analysis like the one performed for the AB/3 variant was
conducted to evaluate whether the signal is independent or due to linkage disequilibrium,
CDK5RAP3 1561758369 was excluded from the final selection due to suspected linkage with
HOXB131s138213197. LAMC?2 rs17481405 was also excluded due to its lower AF in the high-
risk PCa index patients compared to the general Finnish population (Finngen), as well as limited
literature supporting its association with PCa compared to other variants. The variant ZKSCAN3
rs61744865 was not included in the final selection due to its lower AF in the high-risk PCa
index patients in comparison to the general Finnish population (Finngen) and the unavailability
of its TagMan™ SNP Genotyping Assay from ThermoFisher. Although /QGAP?2 rs34592828
had also a lower AF in the high-risk HPCa index patients, it was included due to its high
expression in basal and glandular prostatic cells. As a result, a final list with five variants to be
genotyped for the family-based and cohort studies was obtained: 7P63 (rs190865056), ZBTB46
(rs34785134), PASK (rs35129131), LETM1 (rs62623389), and IQGAP2 (rs34592828).

3.2 Samples selection

3.2.1 Familial samples selection

To analyze the association between the variants and PCa, all the families whose index patient
had the corresponding variant were analyzed: families 083, 264, 364, and 407 for TP63
rs190865056; families 045 and 241 for ZBTB46 rs34785134; families 069, 123, 291, 433, and
451 for PASK 1s35129131; families 001, 069, 123, 153, 236, 359, 364, 386, 393, 421, 445, and
460 for LETM1 1s62623389; and families 062, 066, 238, 251 and 364 for I[QGAP2 rs34592828.

All the family members with available blood samples or isolated DNA and who were over 50
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years old by the time of the last recorded health status were selected. Selected families, family

members, and their PCa status are displayed in Table 4.

Table 4. Selected families and their members for the family-based study. The health status indicates whether the
individual has prostate cancer (+) or not (-). Individuals with bold numbers are the index patients for each family.

Variant Family Individuals

TP63 15190865056 083 001 (+), 002 (+), 003 (-), 004 (-), 005 (-), 006 (-), 007 (), 009 (-),
010 (+), 011 (-), 015 (-), 016 (+)
264 001 (-), 003 (+), 004 (+), 005 (-), 006 (-), 007 (-), 008 (-), 009 (-),
010 (-), 011 (-), 012 (=), 013 (-), 014 (+), 017 (-), 019 (+)
364 001 (+), 002 (-), 003 (-), 005 (-), 007 (-), 008 (+), 010 (-),014 (-)

407 001 (-), 002 (+), 003 (+), 008 (-), 011 (-), 014 (-)

ZBTB46 1534785134 045 001 (+), 002 (-), 003 (+), 004 (-), 006 (-), 007 (-), 008 (-), 009 (-), 010
(), 011 (), 012 (), 013 (-), 014 (+)
241 001 (-), 002 (+), 003 (+), 004 (-), 005 (-), 006 (+), 008 (-), 009 (-), 010
(), 011 (-), 014 (), 016 (-), 017 (), 018 (-), 019 (-), 020 (-)
PASK 1535129131 069 002 (+), 003 (-), 004 (-), 005 (), 006 (-), 008 (+)

123 001 (+), 003 (+), 004 (+)

291 001 (+), 003 (+), 004 (), 005 (+), 012 (-), 013 (-), 014 (+), 015 (-),
016 (-), 018 (), 019 (=), 020 (-), 021 (), 022 (-), 023 (-), 025 (), 026
(), 027 (), 028 (-), 030 (-), 032 (-), 033 (-), 037 (-)

433 001 (+)

451 001 (+), 002 (+), 003 (+), 004 (+)

LETMI 162623389 001 001 (), 002 (+), 003 (-), 004 (+), 008 (-), 009 (-), 011 (-), 013 (-), 014

(+), 017 (), 018 (), 019 (=), 020 (-), 021 (-)

069 002 (+), 003 (), 004 (-), 005 (-), 006 (-), 008 (+)

123 001 (+), 003 (+), 004 (+), 005 (+)

153 001 (+), 003 (-), 004 (-), 005 (+), 006 (+), 007 (-), 008 (-), 010 ()

236 001 (+), 002 (+), 003 (-), 004 (-), 005 (+), 006 (+), 007 (-), 008 (-),
009 (-), 010 (-), 011 (=), 012 (-), 013 (-), 014 (-), 015 (-), 016 (-), 018
)

359 001 (+), 002 (+), 003 (-), 004 (-), 005 (+), 006 (-), 010 (+), 013 (-),
014 (-), 016 (-)

364 001 (+), 002 (), 003 (-), 008 (+), 010 (-), 014 ()

386 001 (+), 002 (+), 003 (+), 004 (-), 005 (), 006 (+), 008 (-)

393 001 (+), 002 (+), 003 (-), 005 (-), 010 (-), 015 ()

421 001 (+), 002 (+), 003 (+), 004 (-), 005 (-)

445 001 (+), 002 (+), 003 (+)

460 001 (+), 002 (-), 003 (-), 009 (-)

I0GAP2 1s34592828 062 001 (+), 002 (-), 003 (+), 004 (+), 005 (-), 006 (-), 007 (+),008 (-), 009
(), 010 (+), 011 (=), 012 (-), 013 (=), 014 (=), 015 (=), 016 (-), 017 (-),
018 (+), 019 (-), 020 (-), 021 (), 022 (-), 023 (-), 024 (-), 025 (-), 026
(-), 027 (=), 030 (=), 032 (), 033 (-), 034 (-), 035 (-), 036 (-), 037 (-),
038 (), 040 (-), 042 (-), 043 (-)
066 001 (+), 002 (+), 003 (-), 004 (-), 005 (-), 006 (+), 007 (-), 008 (-), 009
(), 010 (=), 011 (=), 012 (), 013 (=), 014 (), 015 (=), 016 (-), 017 (),
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018 (-), 019 (=), 020 (-), 021 (-), 022 (-), 023 (-), 024 (-), 025 (-), 026
()

238 001 (+), 002 (+), 003 (+), 004 (-), 005 (-), 006 (+), 007 (-), 008 (-),
009 (-), 010 (-), 011 (-), 012 (-), 014 (), 015 (-), 016 (-), 017 (-), 018
(), 019 (=), 020 (-), 022 (-), 023 (-), 024 (-), 025 (+), 027 (-), 028 (-),
030 (+)

251 001 (-), 002 (+), 003 (-), 004 (-), 005 (-), 006 (-), 007 (-), 008 (+), 009
(), 010 (), 012 (), 013 (-), 014 (-), 015 (-), 016 (-), 017 (-), 018 (-),
019 (=), 020 (=), 021 (=), 022 (-), 023 (+), 024 (+)

364 001 (+), 002 (-), 003 (-), 005 (-), 007 (-), 008 (+), 010 (-),014 (-)

3.2.1 Cohort samples selection

To be able to associate the studied variants specifically with PCa cases that also present a family
history of the disease, PCa individuals with family history of PCa and hereditary breast and
ovarian cancer syndrome (HBOC) from the 1527 RALP and 370 PROMIC participants were
selected to create a positive cohort. Conversely, those ones without family history of PCa or
HBOC were used to generate a negative cohort. The family history-positive (FH+) cohort
consisted of 342 participants (294 RALP and 48 PROMIC), whereas the family history-negative
cohort had 450 individuals (295 RALP and 155 PROMIC).

3.3 Genotyping

Before the actual genotyping, TagMan™ SNP Genotyping Assays were validated by
genotyping index patients from the 71 high-risk HPCa families with previously known

genotypes. The patients used as positive and negative controls are listed in Table 5.

Table 5. High-risk HPCa families’ index patients used as positive and negative controls for TagMan™ SNP
Genotyping Assays validation.

Variant Positive control Negative control
TP63 rs190865056 083-002, 264-004, 364-001 062-001, 066-001, 045-001
ZBTB46 rs34785134 045-001, 241-002 083-002, 264-004, 364-001
PASK 1535129131 069-002, 123-001, 291-001 045-001, 241-002, 083-002
LETM]1 162623389 001-002, 069-002, 123-001 291-001, 045-001, 241-002
1QGAP2 1s34592828 062-001, 066-001, 238-001 001-002, 069-002, 123-001

All TagMan™ SNP Genotyping Assays correctly genotyped the samples. The allelic

discrimination scatter plot showed genotype clusters that matched the known genotypes of all

controls (Appendix 3).
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3.3.1 High-risk PCa families genotyping

All the families’ members whose index patient carried one or more of the studied variants were
genotyped for their respective variants using the pertinent TagMan™ SNP Genotyping Assay.
In the allelic discrimination plots, individuals showing a signal only from VIC were
homozygous for the reference allele in 7P63 rs190865056, ZBTB46 1s34785134, PASK
rs35129131, and LETM1 1s62623389. Conversely, individuals with a signal only from FAM
were homozygous for the reference allele in I[QGAP2 rs34592828 tests. If signals were detected
from both VIC and FAM, individuals were heterozygous for the studied variant. For 7P63
rs190865056, ZBTB46 1s34785134, PASK 135129131, and LETM1 162623389 genotyping, a
signal only from FAM indicated a homozygous genotype for the studied variant. In contrast, a
signal only from VIC indicated a homozygous genotype for the studied variant in /QGAP2
rs34592828. First, relatives diagnosed with PCa, excluding the index patients, were genotyped
(Figure 3). Next, all the relatives without PCa were genotyped (Figure 4). All the PCa and non-
affected individuals were genotyped successfully, and their genotypes are displayed in Table 6
and 7.
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Figure 3.

Plate maps and allelic

discrimination scatter plots of the high-risk families’ prostate cancer (PCa)
individuals using TagMan™ SNP Genotyping Assays. Individuals were genotyped for 7P63 rs190865056 (A),
ZBTB46 1s34785134 (B), PASK 1s35129131 (C), LETM1 1562623389 (D), and IQGAP2 rs34592828 (E). The
orange boxes indicate the samples that are heterozygous for the studied variant in the plate map. The black
rectangles in the allelic discrimination plot indicate the samples that are heterozygous for the tested variant. Nolla
no-templated control, SNP variant allele, WT reference allele.
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Figure 4. Plate maps and allelic discrimination scatter plots of the high-risk families’ individuals without PCa using
TagMan™ SNP Genotyping Assays. Individuals were genotyped for TP63 rs190865056 (A), ZBTB46 1s34785134
(B), PASK 1s35129131 (C), LETM1 rs62623389 (D), and IQGAP2 rs34592828 (E). In the plate map, orange boxes
indicate heterozygous individuals, while green boxes represent those homozygous for the studied variant. In the
allelic discrimination plot, the black rectangle highlights the heterozygous samples, and the green rectangle
indicates the homozygous ones for the tested variant. Nolla no-template control, SNP variant allele, WT reference

allele.
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Table 6. Genotypes of the studied variants in the high-risk families’ participants with prostate cancer (PCa). 0/0

homozygous for the reference allele, 0/1 heterozygous for the studied variant.

Variant Family Genotype 0/0 Genotype 0/1
TP63 15190865056 083 016 002,010
264 003,014, 019 004
364 - 001, 008
407 003 002
ZBTB46 1534785134 045 014 001, 003
241 - 002, 003, 006
PASK rs35129131 069 - 002, 008
123 003 001, 004
291 003, 005 001,014
433 - 001
451 004 001, 002, 003
LETM] 162623389 001 014 002, 004
069 - 002, 008
123 - 001, 003, 004, 005
153 001, 006 005
236 - 001, 002, 005, 006
359 002,010 001, 005
364 - 001, 008
386 003, 006 001, 002
393 002 001
421 002 001, 003
445 003 001, 002
460 - 001
10GAP2 1534592828 062 004, 010, 018 001, 003, 007
066 002, 026 001, 006
238 003, 030 001, 002, 006
251 023, 024 002, 008
364 008 001

40



Table 7. Genotypes of the studied variants in the high-risk families’ participants without prostate cancer (PCa). 0/0
homozygous for the reference allele, 0/1 heterozygous for the studied variant.

Variant Family Genotype 0/0 Genotype 0/1
TP63 15190865056 083 003, 005,006, 007, 011, 004, 009
015
264 006, 009, 012, 013 001, 005, 007, 008, 010, 011, 017
364 002, 003,014 010
407 001, 008, 011 014
ZBTB46 1534785134 045 002, 004, 006, 007, 008, 010,013
011, 012
241 001, 004, 005, 010, 014, 009, 011, 017, 019
016, 018, 020
PASK 1535129131 069 004, 006 003, 005
123 - -
291 013,015,019, 022,023, 004, 012, 016, 018, 020, 021, 026,
025 027,030, 032, 033, 037
433 - -
451 - -
LETM]1 162623389 001 008, 008, 011, 013, 017, 001, 003*, 018, 019
020, 021
069 003, 005, 006 004
123 - -
153 003, 004, 007, 008, 010 -
236 003, 004, 008, 010, 013, 007,009, 011, 012
014
359 003, 006, 013, 014, 016 004
364 003 002,010,014
386 004 005
393 005,010, 015 003
421 004, 005 -
445 - -
460 002, 003, 009 -
1QGAP2 1334592828 062 002, 005, 009, 011, 012, 006, 008, 015, 020, 022, 023, 024

013,014,016, 017, 019,
021, 025, 026, 027, 030,
032, 033, 034, 035, 036,
037, 038, 040, 042, 043
066 003, 004, 005, 007, 008, 015, 018, 022, 023, 025
009, 010, 011, 012, 013,
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014, 016,017, 019, 020,

021, 024
015,017,018, 019, 020, 004, 005, 007, 008, 009, 010, 011,
238 023, 027, 028 012, 014, 016, 022, 024
001, 006, 007, 016, 022 003, 004, 005, 009, 010
251 010,014 002, 003

364

* Homozygous for the studied variant (1/1)

3.3.2 RALP patients genotyping

RALP patients with a family history of PCa and HBOC (FH+) were genotyped for all the
variants of the final list using the pertinent TagMan™ SNP Genotyping Assays (Appendix 4).
Additionally, RALP patients without a family history of PCa or HBOC (FH-) were genotyped
only for the PASK rs35129131 variant (Appendix 5). This was done because the PASK
rs35129131 variant’s allele frequency showed a tendency to be higher in the FH+ cohort
compared to the normal Finnish population (FinnGen), and PCa cases from
C3 PROSTATE EXALLC endpoint from FinnGen (section 3.5.1). In cases where no signal
was obtained in the RT-PCR, new dilutions were prepared from the original DNA, and the
samples were run again, successfully obtaining the genotype. Seven and eight RALP FH+
patients were observed to be heterozygous for 7P63 rs190865056 and ZBTB46 1s34785134
variants respectively. 16 RALP FH+ patients were heterozygous for PASK rs35129131, whereas
one patient was homozygous. Also, there was one RALP FH+ patient homozygous for LETM1
1s62623389 and 27 heterozygous. 24 RALP FH+ patients were heterozygous for /JQGAP?2
rs34592828. Interestingly, three RALP FH+ patients carried both PASK and /QGAP?2 variants,
and two patients carried both ZBTB46 and IQGAP2 variants. Moreover, each of the next
combinations were identified in a single distinct patient: PASK and TP63 variants, PASK and
LETM] variants, ZBTB46 and LETM] variants, and 7P63 and LETM]I variants. RALP FH+
patients’ genotypes for TP63 rs190865056, ZBTB46 rs34785134, PASK rs35129131, LETM1
1$62623389, and /IQGAP?2 rs34592828 are shown in Appendix 6. On the other hand, six RALP
FH- patients were found to be heterozygous for PASK 1rs35129131. No homozygous cases for
the PASK variant were found in the FH- cohort. RALP FH- patients’ genotype for PASK
rs35129131 are displayed in Appendix 7.
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3.4 Family-based study

3.4.1 Descriptive and model-based familial analysis

To find an association between the five different variants and PCa within families, the carrier
and allele frequencies between PCa men (PCa+) and those without PCa (PCa-) were compared
for each family separately using Fisher’s exact test. When analyzing carrier frequencies across
the different families, all the PCa men were found to carry the 7P63 rs190865056 variant in the
family 364 (2/2), the ZBTB46 rs34785134 variant in the family 241 (3/3), the PASK rs35129131
variant in the families 069 (2/2) and 433 (1/1), and the LETM]I rs62623389 variant in the
families 069 (2/2), 123 (4/4), 236 (4/4), 364 (2/2) and 460 (1/1). Interestingly, half of the PCa
individuals carried the IQGAP2 1s34592828 variant in all the analyzed families. When
comparing carrier frequencies between affected and unaffected individuals, no statistically
significant differences were observed (Table 8). In addition, allele frequencies were compared
to account for cases where individuals were homozygous for the variant. Similarly, no
statistically significant differences were observed between family members with and without

PCa for any variant in any family (Table 9).

Table 8. The distribution of individuals within each family based on their PCa status and the presence or absence
of the variant (carrier-based). The carrier frequencies between PCa relatives (PCa+) and unaffected relatives (PCa-
) were compared independently for each family using Fisher’s exact test. CI confidence interval, OR odds ratio,
Var. variant, WT reference allele.

Variant Family PCa+ PCa+ PCa- PCa- P-value OR
Var. WT Var. WT 95 % CI)
TP63 083 2 2 0 1 1 Inf (0.02—Inf)
rs190865056 264 1 3 3 0 0.14 0 (0.00-2.70)
364 2 0 0 2 0.33 Inf (0.22-Inf)
407 1 1 1 2 1 1.73 (0.01-233.8)
ZBTB46 045 2 1 0 3 0.4 Inf (0.20-Inf)
rs34785134 241 3 0 1 3 0.14 Inf (0.37-Inf)
PASK 069 2 0 0 0 1 0 (0-Inf)
rs35129131 123 2 2 0 0 1 0 (0-Inf)
291 2 2 4 2 1 0.54 (0.02-13.01)
433 1 0 0 0 1 0 (0-Inf)
451 3 1 0 0 1 0 (0-Inf)
LETM1 001 2 1 3 0 1 0 (0.00-39.00)
1s62623389 069 2 0 0 0 1 0 (0-Inf)
123 4 0 0 0 1 0 (0-Inf)
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153 1 2 0 2 1 Inf (0.02-Inf)

236 4 0 3 3 0.2 Inf (0.29-Inf)

359 2 2 0 1 1 Inf (0.02-Inf)

364 2 0 2 1 1 Inf (0.02-Inf)

386 2 2 1 1 1 1 (8.5e-3-1.2¢+2)

393 1 1 0 1 1 Inf (0.02-Inf)

421 2 1 0 2 0.4 Inf (0.12-Inf)

445 2 1 0 0 1 0 (0-Inf)

460 1 0 0 1 1 Inf (0.03-Inf)
10GAP2 062 3 3 4 11 0.31 2.61 (0.24-29.39)
rs34592828 066 2 2 3 7 0.58 2.19 (0.11-45.42)

238 3 3 9 3 0.34 0.35 (0.03-4.17)

251 2 2 5 3 1 0.63 (0.03-13.19)

364 1 1 2 1 1 0.58 (0.004-78.09)

Table 9. The distribution of individuals within each family based on their PCa status and the presence or absence
of the variant (allele-based). The allele frequencies between PCa relatives (PCa+) and unaffected relatives (PCa-)
were compared independently for each family using Fisher’s exact test. CI confidence interval, OR odds ratio, Var.
variant, WT reference allele.

. = - = . = = = i X o X
= = B B Es B £ Es T F &g = g
TP63 083 2 6 25 0 2 0 0 8 0 1 Inf (0.04—Inf)
15190865056 264 1 7 12.5 3 3 0.5 10 285 024 0.17 (0.002—
3.06)
364 2 2 50 0 4 0 2 6 25 0.43 Inf (0.20-Inf)
407 1 3 25 1 5 16.7 2 8 20 1 1.58 (0.02—
156.4)
ZBTB46 045 2 4 333 0 6 0 2 10 167 045 Inf (0.19-Inf)
1s34785134 241 3 3 50 1 7 125 4 10 286 024 5.99 (0.33-
417.2)
PASK 069 2 2 50 0 0 0 2 2 50 1 0 (0-Inf)
1s35129131 123 2 6 25 0 0 0 2 6 25 1 0 (0-Inf)
291 2 6 25 4 8 333 6 14 30 1 0.68 (0.05—
6.84)
433 1 1 50 0 0 0 1 1 50 1 0 (0-Inf)
451 3 5 37.5 0 0 0 3 5 375 1 0 (0-Inf)
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LETM]1 001 2 4 333 4 2 66.6 6 6 50 0.56 0.28 (0.01-

1$62623389 4.30)
069 2 2 50 0 0 0 2 2 50 1 0 (0-Inf)
123 4 4 50 0 0 0 4 4 50 1 0 (0-Inf)
153 1 5 16.6 0 4 0 1 9 10 1 Inf (0.02—Inf)
236 4 4 50 3 9 25 7 13 35 0.36 2.83(0.31-
30.18)
359 2 6 25 0 2 0 2 8 20 1 Inf (0.04—Inf)
364 2 2 50 2 4 333 4 6 40 1 1.86 (0.08—
48.96)
386 2 6 25 1 3 25 3 9 25 1 1 (0.04-78.38)
393 1 3 25 0 2 0 1 5 16.7 1 Inf (0.01-Inf)
421 2 4 333 0 4 0 2 8 20 0.47 Inf (0.12—Inf)
445 2 4 333 0 0 0 2 4 333 1 0 (0-Inf)
460 1 1 50 0 2 0 1 3 25 1 Inf (0.03—Inf)
10GAP2 062 3 9 20 4 26 133 7 35 167 039 2.12 (0.26-
rs34592828 15.44)
066 2 6 25 3 17 15 5 23 179  0.61 1.84 (0.12-
20.72)
238 3 9 20 9 15 37.5 12 24 333 0.71 0.56 (0.08-
3.13)
251 2 6 25 5 11 313 7 17 292 1 0.74 (0.05-
6.55)
364 1 3 25 2 4 333 3 7 30 1 0.69 (0.01-
20.30)

Pooled contingency tables were also created by summing all the PCa+ and PCa- men from
different families genotyped for the same variant. This approach allowed the assessment of
associations between the specific variants and PCa across families by analyzing all the families
genotyped for the same variant collectively. Fisher’s exact test was used to compare both carrier
and allele frequencies between PCa+ and PCa- individuals. In the carrier frequency comparison,
ZBTB46 1534785134 (P=0.029; OR=19.7; CI95% 1-1617.3) was found significantly more
often in PCa individuals compared to those without it. However, the wide confidence interval
might reflect a low precision of the estimate due to a small sample size. In addition, LETM]
rs62623389 (P=0.049; OR=3.25; CI95% 0.93-12.05) was observed to be borderline
significantly more often in PCa individuals. Nonetheless, the CI barely crosses 1, indicating

unreliability, probably again due to a small sample size (Table 10). On the other hand,
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comparison of allele frequencies didn’t show any significant difference between the two groups

(Table 11).

Table 10. Carrier frequency comparison in the individuals pooled from all the families analyzed for the same
variant based on their PCa status. The values between brackets are the number of carriers per total amount of the
group individuals. The carrier frequencies between PCa relatives (PCa+) and unaffected relatives (PCa-) were
compared for each variant using Fisher’s exact test. CI confidence interval, OR odds ratio, Var. variant allele, WT

reference allele.

PCa+ PCa+ PCa- PCa- OR
Variant P-value
Var. WT Var. WT 95 % CI)
TP63 rs190865056 0.5 0.5 0.44 0.56 1 1.23 (0.16-9.89)
(6/12) (6/12) (4/9) (5/9)
ZBTB46 rs34785134 0.83 0.17 0.14 0.86 0.029 19.7 (1-1617.3)
(5/6) (1/6) (1/7) (6/7)
PASK 1s35129131 0.67 0.33 0.67 0.33 1 1(0.07-10.32)
(10/15) (5/15) (4/6) (2/6)
LETM]I rs62623389 0.71 0.29 043 0.57 0.049 3.25(0.93-12.05)
(25/35) (10/35)  (9/21)  (12/21)
1QGAP2 1534592828 0.5 0.5 0.48 0.52 1 1.09 (0.35-3.37)
(11/22) (11/22)  (23/48) (25/48)

Table 11. Allele frequency comparison in the individuals pooled from all the families analyzed for the same variant
based on their PCa status. The values between brackets are the number of alleles per total amount of alleles in the
individuals of the group. The allele frequencies between PCa relatives (PCa+) and unaffected relatives (PCa-) were
compared for each variant using Fisher’s exact test. CI confidence interval, OR odds ratio, Var. variant allele, WT

reference allele

PCa+ PCa+ PCa- PCa- OR
Variant P-value
Var. WT Var. WT 95 % CI)
TP63 rs190865056 0.25 0.75 0.22 0.78 1 1.16 (0.22-6.75)
(6/24) (18/24) (4/18) (14/18)
ZBTB46 rs34785134 0.42 0.58 0.07 0.93 0.065 8.50 (0.74-470.6)
(5/12) (7/12) (1/14) (13/14)
PASK rs35129131 0.33 0.67 0.33 0.67 0.47 1.96 (0.37-11.98)
(10/30) (10/30) (4/12) (8/12)
LETM] 1562623389 0.36 0.64 0.24 0.76 0.21 1.77 (0.70-4.73)
(25/70) (45/70)  (10/42) (32/42)
IQGAP?2 rs34592828 0.25 0.75 0.24 0.76 1 1.06 (0.41-2.58)
(11/44) (33/44)  (23/95) (73/95)
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Pooling individuals across families assumes independence between individuals across the
families, ignores relatedness, and doesn’t consider family-specific effects. To assess the
association between the variant and PCa accounting for within-family correlations, a binomial
generalized linear mixed model (GLMM) was used, incorporating family as a random effect to
correct for family structure. The fixed effect for variant 7P63 rs190865056 was not statistically
significant (f=0.223, OR=1.25, SE=0.885, P=0.801), suggesting no evidence of association
between variant carriage and PCa status. The least-squares means showed a slightly higher
predicted probability of PCa for individuals with the variant (60 %) compared to those without
it (54.5 %). Moreover, the random effect for family had zero variance, indicating no between-
family variation. A likelihood ratio test (Anova) comparing the full model to a reduced model
without the random effect indicated that the inclusion of the family didn’t improve the model

fit (P=0.80) (Table 12).

Table 12. Fixed effects and random effects table for the generalized linear mixed model (GLMM) for TP63
rs190865056. The odds ratio for PCa in carriers of the variant was calculated by exponentiating the estimate of the
fixed effect (variant) (A). Predicted probabilities for reference (0) and variant allele (1) by least-squares means.
These probabilities are the estimated values of the outcome (PCa) for each allele group. The confidence intervals
show the range where the true probabilities are potentially being. The p-values indicate whether the predicted
probabilities differ from 50 % (B). The random effect significance was tested by comparing the full model to a
reduced model without the random effect using a likelihood ratio test (Anova) (C). CI confidence interval, Dev.
deviance, Df degrees of freedom, OR odds ratio, Res. residual, SE standard error, SD standard deviation, Z
parameter estimated. Significance: <0.001 (**%*); <0.01 (**); <0.05(*).

A)
Fixed Effects Estimate () SE Z P-value
Intercept 0.182 0.606 0.301 0.763
Variant 7P63 0.223 (OR=1.25) 0.885 0.252 0.801
Random Effects Variance SD
Family 0 0
B)
Fixed Effects Estimated % PCa SE CI95% V4 P-value
0 54.5 0.150 0.27-0.80 0.301 0.763
1 60 0.155 0.30-0.84 0.628 0.530
©)

Df Dev. Resid. Df Resid. Dev. P-value
NULL 20 28.68
Variant 1 0.064 19 28.62 0.80
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The fixed effect for variant ZBTB46 rs34785134 was statistically significant (f=3.401,
OR=29.99, SE=1.538, P=0.027), suggesting an association between variant carriage and PCa
status. Carriers of the variant had about 30 times higher odds of having PCa compared to non-
carriers. The predicted probability of having PCa increased from 14.3 % for individuals without
the variant to 83.3 % for those carrying the variant. Also, the random effect for family had zero
variance, meaning a minimal between-family variation. The full model and reduced model
comparison confirmed that family as the random effect improved model fit (P=0.009), and thus,

considering within-family correlation was needed in the analysis (Table 13).

Table 13. Fixed effects and random effects table for the generalized linear mixed model (GLMM) for ZBTB46
rs34785134. The odds ratio for PCa in carriers of the variant was calculated by exponentiating the estimate of the
fixed effect (variant) (A). Predicted probabilities for reference (0) and variant allele (1) by least-squares means.
These probabilities are the estimated values of the outcome (PCa) for each allele group. The confidence intervals
show the range where the true probabilities are potentially being. The p-values indicate whether the predicted
probabilities differ from 50 % (B). The random effect significance was tested by comparing the full model to a
reduced model without the random effect using a likelihood ratio test (Anova) (C). CI confidence interval, Dev.
deviance, Df degrees of freedom, OR odds ratio, Res. residual, SE standard error, SD standard deviation, Z
parameter estimated. Significance: <0.001 (***); <0.01 (**); <0.05(*).

A)
Fixed Effects Estimate () SE Z P-value
Intercept -1.792 1.080 -1.659 0.0971
Variant ZBTB46 3.401 (OR=29.99) 1.538 2.211 0.0270*
Random Effects Variance SD
Family 0 0
B)
Fixed Effects Estimated % PCa SE CI 95% V4 P-value
0 14.3 0.132 0.02-0.58 0.581 0.097
1 83.3 0.152 0.37-0.98 0.977 0.142
0

Df Dev. Resid. Df Resid. Dev. P-value
NULL 12 17.95
Variant 1 6.80 11 11.15 0.009**

In the case of the PASK rs35129131 variant, the fixed effect was not statistically significant (=-
0.675, OD=0.78, SE=1.365, P=0.621), indicating no evidence of association between variant
carriage and PCa status. However, the least-squares means showed high predicted probabilities
of PCa for both allele groups (99.9 %). These results may reflect an imbalance in the data,

where most individuals had PCa and there were not enough unaffected individuals to provide
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contrast. Furthermore, the random effect for family had a high variance (39.82) suggesting that
differences between families might explain variation in PCa status. However, the inclusion of

family as random effect didn’t improve the model fit for this variant (P=1) (Table 14).

Table 14. Fixed effects and random effects table for the generalized linear mixed model (GLMM) for PASK
rs35129131. The odds ratio for PCa in carriers of the variant was calculated by exponentiating the estimate of the
fixed effect (variant) (A). Predicted probabilities for reference (0) and variant allele (1) by least-squares means.
These probabilities are the estimated values of the outcome (PCa) for each allele group. The confidence intervals
show the range where the true probabilities are potentially being. The p-values indicate whether the predicted
probabilities differ from 50 % (B). The random effect significance was tested by comparing the full model to a
reduced model without the random effect using a likelihood ratio test (Anova) (C). CI confidence interval, Dev.
deviance, Df degrees of freedom, OR odds ratio, Res. residual, SE standard error, SD standard deviation, Z
parameter estimated. Significance: <0.001 (***); <0.01 (**); <0.05(*).

A)
Fixed Effects Estimate (f) SE Z P-value
Intercept 7.321 5.343 1.370 0.171
Variant PASK -0.675 (OR=0.78) 1.365 -0.495 0.621
Random Effects Variance SD
Family 39.82 6.31
B)
Fixed Effects Estimated % PCa SE CI 95% V4 P-value
0 99.9 0.003 0.04-1 1.370 0.171
1 99.9 0.007 0.03-1 1.303 0.193
©)

Df Dev. Resid. Df Resid. Dev. P-value
NULL 20 25.127
Variant 1 0 19 25.127 1

The LETM1 rs62623389 variant's fixed effect was statistically significant (=1.301, OR=3.67,
SE=0.638, P=0.038), indicating an association between variant carriage and PCa status.
Carriers of the variant had 3.67 times higher chances of having PCa compared to non-carriers.
The predicted probability of having PCa increased from 43.4 % for individuals without the
variant to 74.2 % for those with the variant. Moreover, the random effect for family had a close
to zero variance, meaning a minimal between-family variation. The full model and reduced
model comparison confirmed that family as the random effect improved model fit (P=0.022),

and therefore, considering within-family correlation was necessary in the analysis (Table 15).
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Table 15. Fixed effects and random effects table for the generalized linear mixed model (GLMM) for LETM1
1s62623389. The odds ratio for PCa in carriers of the variant was calculated by exponentiating the estimate of the
fixed effect (variant) (A). Predicted probabilities for reference (0) and variant allele (1) by least-squares means.
These probabilities are the estimated values of the outcome (PCa) for each allele group. The confidence intervals
show the range where the true probabilities are potentially being. The p-values indicate whether the predicted
probabilities differ from 50 % (B). The random effect significance was tested by comparing the full model to a
reduced model without the random effect using a likelihood ratio test (Anova) (C). CI confidence interval, Dev.
deviance, Df degrees of freedom, OR odds ratio, Res. residual, SE standard error, SD standard deviation, Z
parameter estimated. Significance: <0.001 (***); <0.01 (**); <0.05(*).

A)
Fixed Effects Estimate () SE Z P-value
Intercept -0.264 0.431 -0.613 0.540
Variant LETM1 1.301 (OR=3.67) 0.638 2.072 0.038*
Random Effects Variance SD
Family 0.05 0.22
B)
Fixed Effects Estimated % PCa SE CI 95% V4 P-value
0 43.4 0.106 0.25-0.64 -0.613 0.540
1 74.2 0.090 0.53-0.88 0.879 0.025
C)

Df Dev. Resid. Df Resid. Dev. P-value
NULL 56 76.03
Variant 1 5.24 55 70.79 0.022*

The fixed effect for variant IJQGAP2 1s34592828 was not statistically significant (=0.083,
OR=1.08, SE=0.515, P=0.871), suggesting no evidence of association between variant carriage
and PCa status. The least-squares means showed a higher predicted probability of PCa for
individuals with the variant (26.2 %) compared to those without it (16.2 %). Moreover, the
random effect for family had a variance of zero, indicating a minimal variation between
families. In addition, the likelihood ratio test between the full and reduced model showed that

the inclusion of family didn’t improve the model fit (P=0.871) (Table 16).
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Table 16. Fixed effects and random effects table for the generalized linear mixed model (GLMM) for IQGAP?2
1rs34592828. The odds ratio for PCa in carriers of the variant was calculated by exponentiating the estimate of the
fixed effect (variant) (A). Predicted probabilities for reference (0) and variant allele (1) by least-squares means.
These probabilities are the estimated values of the outcome (PCa) for each allele group. The confidence intervals
show the range where the true probabilities are potentially being. The p-values indicate whether the predicted
probabilities differ from 50 % (B). The random effect significance was tested by comparing the full model to a
reduced model without the random effect using a likelihood ratio test (Anova). CI confidence interval, Dev.
deviance, Df degrees of freedom, OR odds ratio, Res. residual, SE standard error, SD standard deviation, Z
parameter estimated. Significance: <0.001 (***); <0.01 (**); <0.05(*).

A)
Fixed Effects Estimate (B) SE Z P-value
Intercept -1.821 0.361 -2.269 0.023
Variant I[QGAP?2 0.083 (OR 1.08) 0.515 0.162 0.871
Random Effects Variance SD
Family 0 0
B)
Fixed Effects Estimated % PCa SE CI 95% V4 P-value
0 30.6 0.077 0.18-0.47 -2.269 0.023
1 324 0.080 0.19-0.50 -2.012 0.044
C)

Df Dev. Resid. Df Resid. Dev. P-value
NULL 69 87.15
Variant 1 0.026 68 87.12 0.871

3.4.2 Family-Based Association Testing (FBAT)

Although GLMM was used to determine the association between the variants and PCa status
considering family as a random effect to account for within-family correlation, a Family-Based
Association Test (FBAT) was also performed to provide a complementary approach by testing
whether genetic variants are transmitted to PCa family members more often than expected by
chance. FBAT was performed using the orthogonal mode (FBAT -0) to test whether the variant
was associated with PCa, assuming “absence of linkage” and treating transmissions within
nuclear families as independent under the null hypothesis. Moreover, the empirical mode
(FBAT -e) was applied to test whether the variant is associated with PCa in “presence of
linkage”, by adjusting for potential within-family correlations, such as those arising from
potential linkage, using the PCa prevalence in Finland (2.24 %) as an offset parameter (1)

(Pitk&niemi et al., 2022).
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The ZBTB46 rs34785134 variant showed a significant association in the orthogonal model
(P=0.013), indicating a potential association with PCa assuming independence of transmissions
within nuclear families. However, no significant association was observed in the empirical
model, which adjusts for potential within-family correlation, suggesting that the association
signal might not be strong within the family data. On the other hand, the LETM1 rs62623389
variant had a stronger signal in the empirical model, close to being statistically significant
(P=0.062), which may indicate a more consistent segregation of this variant in affected family

members considering familial correlation (Table 17).

Table 17. FBAT for the five studied variants using orthogonal model to test association to PCa, assuming “no
linkage” and treating transmissions within nuclear families as independent under the null hypothesis (A). FBAT
for the five studied variants using empirical model and PCa prevalence in Finland (2.24 %) as an offset to test
association with PCa in “presence of linkage”, adjusting for potential within-family correlations, such as those
arising from potential linkage (B). Settings for both models: model additive; test bi-allelic; minsize 1; min_freq
0.000; p 1.000; maxcmh 1000. AF allele frequency, Fam# number of informative nuclear families, S-E(S) observed
number of transmissions minus expected number of transmissions if there is no association. Var(S) variance of the
expected transmission, Z standardized test statistic. Significance: <0.001 (¥**); <0.01 (¥*); <0.05(*).

A) Orthogonal FBAT
Variant AF Fam# S-E(S) Var(S) Offset Z P-value
TP63 15190865056 0.193 5 0.576 0.707 0.370 0.685 0.493
ZBTB46 1534785134 0.117 5 1.634 0.435 0.387 2.477 0.013*
PASK 1s35129131 0.314 4 -0.767 0.361 0.661  -1.275 0.202
LETM1I 1562623389 0.205 10 1.810 1.815 0.495 1.343 0.179
IQGAP2 1534592828 0.175 9 0.138 1.783 0.405 0.786 0.917

B) Empirical FBAT

Variant AF Fam# S-E(S) Var(S) Z P-value
TP63 15190865056 0.193 2 1.444 1.197 1.320 0.187
ZBTB46 1534785134 0.117 2 1.357 0.985 1.368 0.171
PASK rs35129131 0.314 2 -0.300 0.994 -0.381 0.703
LETM] 162623389 0.205 8 2.660 2.026 1.869 0.062
1QGAP2 rs34592828 0.175 5 1.106 1.404 0.933 0.350
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3.5 Cohort study

3.5.1 Comparative analysis of variant frequencies

In addition to the family-based analysis, a cohort study was done to investigate whether the
variants were linked to familial PCa using RALP and PROMIC individuals with a family
history of PCa and HBOC as a positive cohort. Carrier frequencies and allele frequencies for
these variants were compared between the positive cohort and the general Finnish population
(FinnGen), and between the positive cohort and the PCa cases from the
C3 PROSTATE EXALLC endpoint (FinnGen) using Fisher’s exact test. The carrier and allele
frequencies of ZBTB46 rs34785134 and PASK rs35129131 were higher in the positive cohort
compared to both the general Finnish population and the PCa cases from the
C3 PROSTATE EXALLC endpoint (Table 18). Interestingly, PASK rs35129131 showed a
statistically significant difference in both carrier frequency (P=0.024, OR=1.86, C195% 1.05—
3.06) and allele frequency (P=0.011, OR=1.93, CI95% 1.12-3.12) between the positive cohort
and the general Finnish population. Additionally, this variant showed a trend toward statistical
significance when comparing allele frequencies between the positive cohort and FinnGen PCa

cases (P=0.089) (Table 19).

Table 18. Carrier and allele frequencies of the positive cohort (PCa patients with family history of PCa and HBOC),
general Finnish population (FinnGen), and malignant PCa cases from the C3_ PROSTATE EXALLC endpoint
(FinnGen). The number of carriers and alleles in relation to the total number of individuals and alleles respectively
are shown between brackets.

A) Carrier frequencies

Conort
TP63 rs190865056 0.0205 (7/342) 0.0278 0.0298
ZBTB46 1534785134 0.0234 (8/342) 0.0129 0.0216
PASK rs35129131 0.0468 (16/342) 0.0258 0.0318
LETM] 162623389 0.0789 (27/342) 0.0860 0.0918
10GAP2 1534592828 0.0702 (22/342) 0.0784 0.0842

B) Allele frequencies

Cot
TP63 15190865056 0.0102 (7/684) 0.014 0.015
ZBTB46 1534785134 0.0117 (8/684) 0.0065 0.0078
PASK 135129131 0.0249 (17/684) 0.013 0.016
LETM1 1362623389 0.0409 (28/684) 0.044 0.047
IQGAP2 rs34592828 0.0351 (24/684) 0.040 0.043
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Table 19. Carrier (CF) and allele frequency (AF) comparisons between the positive cohort (PCa patients with
family history of PCa and HBOC), and both general Finnish population (FinnGen) and malignant PCa cases from
the C3_ PROSTATE EXALLC endpoint (FinnGen) using Fisher’s exact test. Significance: <0.001 (***); <0.01

(**); <0.05(*).

Cohort vs Finnish Cohort vs Finnish Cohort vs Cohort vs
Variant population population Malignant PCa Malignant PCa
(CF) (AF) (CF) (AF)
P- OR P-value OR P-value OR P-value OR
value (CI1 95 %) (CI 95 %) (CI 95 %) (CI 95 %)
TP63 0.51 0.73 0.51 0.73 0.42 0.68 0.42 0.68
rs190865056 (0.29-1.52) (0.29-1.51) (0.27-1.42) (0.27-1.42)
ZBTB46 0.091 1.83 0.093 1.81 0.71 1.08 0.27 1.50
rs34785134 (0.78-3.64) (0.78-3.59) (0.46-2.18) (0.64-3.0)
PASK 0.024* 1.86 0.011* 1.93 0.12 1.49 0.089 1.57
rs35129131 (1.05-3.06) (1.12-3.12) (0.84-2.48) (0.90-2.55)
LETM]I 0.70 0.91 0.78 0.93 0.45 0.85 0.52 0.87
rs62623389 (0.59-1.35) (0.61-1.35) (0.55-1.26) (0.57-1.27)
10GAP2 0.69 0.89 0.62 0.87 0.43 0.82 0.34 0.81
rs34592828 (0.56-1.34) (0.56-1.31) (0.52-1.25) (0.51-1.22)

Based on the statistically significant differences in PASK rs35129131 allele frequencies
between groups, carrier and allele frequencies of this variant were later compared between our
positive cohort and a negative cohort consisting of PCa individuals without a family history of
PCa and HBOC using Fisher’s exact test. The carrier frequency of PASK rs35129131 in the
positive cohort (0.047) was notably higher than in the negative cohort (0.020). Similarly, PASK
rs35129131 allele frequency was higher in the positive cohort (0.025) compared to the negative
cohort (0.010). When analyzing carrier frequencies, a statistically significant difference was
observed, suggesting a potentially increased likelihood of carrying the variant among
individuals with a family history of the disease compared to those without (P=0.040, OR=2.40,
CI95% 0.98-6.25). However, since the confidence interval included 1, the result indicated a
borderline effect. Nevertheless, the allele frequency comparison also showed a statistically
significant difference between the two groups, indicating that the variant is carried more
frequently among PCa patients with a family history of the disease (P=0.027, OR=2.54, CI
1.06-6.52) (Table 20).
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Table 20. PASK 1s35129131 carrier and allele frequency comparisons between the positive cohort (PCa patients
with family history of PCa and HBOC (+)), and the negative cohort (PCa patients without family history of PCa
and HBOC (-)) using Fisher’s exact test. AF allele frequency, CF carrier frequency, CI confidence interval, OR
odds ratio, Var. variant allele, WT reference allele. Significance: <0.001 (**%*); <0.01 (**); <0.05(*).

A) Carrier frequency comparison

Variant ~ WT Total CF P-value (CI(;I;%)
T 5w m wm o wowe
B) Allele frequency comparison

Variant WT Total AF P-value (CI(;l;%)
Ec;flllc;rrtt ((+)) 197 ggz ggg 8:8?3 0.027* 2.54 (1.06-6.52)

3.5.2 Association between variant status and clinicopathological features

As a secondary analysis, it was investigated whether carrying the different variants was
associated with several clinicopathological characteristics of the patient. This was performed
by comparing RALP and PROMIC participants’ clinicopathological features based on their
carrier status for each variant independently using Fisher’s exact test. The patients were also
categorized into groups with more aggressive or less aggressive characteristics based on the age
at onset, PSA values, biopsy Gleason score, and TNM staging. Each characteristic was
compared and analyzed individually to determine whether variant carriers tend to have an early
age at onset, higher PSA levels, higher Gleason score, and more advanced TNM classification.
Patients were classified as having less aggressive characteristics if they had an age at onset >
65, PSA <20 ng/ml, Gleason score <8 (ISUP <4), and TNM stage < T3, NO, or M0. Oppositely,
patients with an age at onset < 65, PSA > 20 ng/ml, Gleason score > 8 (ISUP > 4), and TNM

stage > T3, N1, or M1 were classified as having more aggressive characteristics.

Concerning the age of onset, participants carrying any studied variant had an earlier age of
disease onset, especially those ones carrying the ZBTB46 rs34785134 (61.5 years), compared
with those without the studied variants (65-65.5 years). However, a statistically significant
association was not found between any of the studied variants and age of onset. Moreover, the
studied variants were not statistically more frequent in those PCa patients with an age of disease

onset < 65 years (Table 21).
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Table 21. Comparison of the mean age of PCa onset between variant carriers and variant non-carriers using Mann-
Whitney U test. Also, comparison of the variants’ carrier frequency between variant carriers and non-variant
carriers with age of onset < 65 and >65 using Fisher’s exact test. The number of carriers in relation to the total
number of individuals per group is shown between brackets. CI confidence interval, OR odds ratio, Var. variant
allele. Significance: <0.001 (¥**); <0.01 (**); <0.05(*).

. Mean age P- P- OR (C195
Variant onset value < 65 yo age onset >65 yo age onset value %)
00 01 0/0 01 0/0 01
P63
0.97 0.03 0.97 0.03 0.98 (0.32—
rs190863056  65.5 638 043 515m00)  (7222)  (281/290)  (9/290) | 3.17)
ZBTBA46
0.98 0.02 0.98 0.02 0.92 (0.23
rs34785134 635 615 021 519000y (51222)  (284/290)  (6/290) | 3.85)
PASK
0.96 0.04 0.97 0.03 0.63 (0.25—
35120131 65 638 021 310300y (14/324)  (388/399)  (11/399) 03! 1.51)
LETMI
0.91 0.09 0.94 0.06 0.71 (0.34—
1562623389 65.5 648 049 503000y (19/322) (27212900 (181290) 0 1.46)
I0GAPY (o i 04 093 0.07 0.93 0.07 0950046
134592828 S 643049 006002)  (16/222)  (270/290)  (20/290) 2.02)

When comparing mean preoperative PSA levels between variant carriers and non-variant
carriers, the individuals carrying the 7P63 rs190865056, LETM1 162623389, and IQGAP2
rs34592828 variant showed higher mean PSA levels than the non-carriers. However, no
statistically significant association was found between PSA levels and any of the studied
variants. Furthermore, the carrier frequencies of the studied variants were not significantly
different among PCa patients with PSA levels > 20 ng/ml compared to those with < 20 ng/ml
levels (Table 22).

Table 22. Comparison of the mean PSA levels between variant carriers and non-variant carriers using Mann-
Whitney U test. Also, comparison of the variants’ carrier frequency between variant carriers and non-variant
carriers with PSA levels s 20 ng/ml and > 20 ng/ml using Fisher’s exact test. The number of carriers in relation to
the total number of individuals per group is shown between brackets. CI confidence interval, OR odds ratio, Var.
variant allele. Significance: <0.001 (¥**); <0.01 (¥*); <0.05(*).

Variant M(t:lagl/lnl:SA V;;e <4 ng/ml > 4 ng/ml V:;;le OQIS{O(/O(;I
0/0 0/1 0/0 0/1 0/0 0/1

“197(;1;2;056 9.04 1160 0.43 (60i/9682) ((1))23) (4508/94773) (12)?1;3) ! 0'52.9)0 >

rs§4B77;§BS41634 9.14 822 0.20 (62}62) (0/22) (4606/941773) (]2}233) 0.38 0 (0.0-2.50)

35120131 986 793 039 R N U A P U

R T YO (L A PR

aasonsas 008 958 040 (0 M asmary ety 11 ey
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Regarding histological findings, the median Gleason score ISUP was the same for both variant
carriers and non-variant carriers (Gleason score=2), except for individuals carrying TP63
rs190865056, who had a median Gleason score of 2.5. However, no statistically significant
association was found between any of the analyzed variants and Gleason score. Additionally,
the carrier frequencies of the studied variants were not significantly different among PCa

patients with Gleason score ISUP > 4 compared to those with a score <4 (Table 23).

Table 23. Comparison of Gleason Score biopsy (ISUP) medians between variant carriers and non-variant carriers
using Fisher’s exact test . Also, comparison of the variants’ carrier frequency between variant carriers and non-
variant carriers with ISUP < 4 and > 4 1 using Fisher’s exact test. The number of carriers in relation to the total
number of individuals per group is shown between brackets. CI confidence interval, OR odds ratio, Var. variant
allele. Significance: <0.001 (¥**); <0.01 (**); <0.05(*).

Median
Variant Gsli?):-(én P- Gleason Score Gleason Score P- ( COIl;S
ISUP value ISUP < 4 ISUP >4 value %)
a-5
0/0 0/1 0/0 0/1 0/0 0/1
2.11
TP63 0.98 0.02 0.95 0.05
15190865056 2 2 920331330y (8339)  (78/82) gy 020 (g'f;‘
ZBTB46 ) ) 0.50 0.97 0.02 0.98 0.02 1 ((()).gg_
rs34785134 ) (329/339) (10/339) (80/82) (2/82) 3'97)
0.41
PASK 0.96 0.04 0.98 0.02 ’
rs35129131 2 2 0.34 (502/524) (22/524) (167/170) (3/170) 0.16 (?gg)_
1.62
LETM]I 0.93 0.07 0.89 0.11
rs62623389 2 2 0.53 (315/339) (24/339) (73/82) (9/82) 0.25 (5)76;)_
0.62
10GAP2 ) ) 0.32 0.92 0.08 0.89 0.11 0.48 (0.15-
rs34592828 (313/339) (26/339) (78/82) (4/82) 1.86)

TNM-classification was also analyzed to assess its association with the studied variants. The
carrier frequencies of the studied variants were not significantly different among PCa patients
with cancer > T3 compared to those with < T3. Moreover, no significant difference in the
variants’ carrier frequencies were observed between PCa patients with cancer N1 compared to
those with Nx/NO. Likewise, the carrier frequencies of the variants were not significantly

different among PCa patients with cancer M1 compared to those with Mx/MO0 (Table 24).
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Table 24. Comparison of carrier frequencies between variant carriers and non-variant carriers with T-grade < T3
and > T3, N-grade NO and N1, and M-grade MO and M1 using Fisher’s exact test. The number of carriers in
relation to the total number of individuals per group is shown between brackets. CI confidence interval, OR odds
ratio, Var. variant allele. Significance: <0.001 (¥**); <0.01 (¥*); <0.05(*).

Variant T'f%de T"Zng";le P-value OR (CI 95 %)
0/0 o1 0/0 o1

rs19€1;g§056 (2001'/92609) (8(}20(;‘9) (1200'/91823) (3(}'10223) 0.65 0.42 (0.01-4.33)

réfﬁiﬁg“ (200i/92609) (8(}20(;‘9) (11%/91723) (4(}'10233) ! 0.85(0.18-3.24)

“31;155131 (3003/93620) (13)230) (22(2/92731) (7(}é0331) 0.81 0.80(0.26-2.25)

“56%]89 (1904/92309) (1(5)}%9) (1101'/91023) (1%33) 0.41 1.40(0.58-3.33)

31502528 (19%?2209) (1(6))%9) (1105/91423) (80/10263) 0.83 0.84(0.30-2.16)

Variant N-grade N-gNr;l de P-value OR (CI 95 %)
0/0 o/l 0/0 o/l

ssogssose (O 00 06 00 g 120 003552

ZBTB46

rs34785134 (420i/941734) (1(3)}234) (26}26) (O/%6) I 0(0.0-5.66)

PASK

rs35129131 (6001/96623) (2(2)}233) (57}57) (0/057) 0.24 0(0.0-1.99)

N W N LN L e 176 (032-6.39)

rsé%g;;?% (4005&/9:34) (22)224) (203.?286) (g}éé) 0.22 2.04(0.37-7.46)

Variant M-grade M-l%/ﬁ‘ de P-value OR (CI 95 %)
0/0 o/l 0/0 o/l

15190363056 (4604/9178) (12}%8) (gg) (?)?) 0.15 8.19 (0.16-90.24)

mansie AT 00 4 0 0 0.0-427)

“3??55131 (68%?7608) (2(5)}(7)38) (7}7) (0(/)7) ! 0(0.0-19.99)

sz U5 00T 0802 o isi0sae

asoms s ooty s s O 372 007-39.12)
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Finally, it was examined whether the variants were carried more commonly in the cases of
aggressive PCa in comparison with non-aggressive PCa cases. Aggressive PCa was defined as
the cases having at least one of the following characteristics: PSA > 20 ng/mL, ISUP grade >
4, T stage 3 or 4, N1, or M1. On the other hand, non-aggressive PCa was defined as the cases
meeting all the following criteria: PSA < 20 ng/mL, ISUP grade 1, T stage < 3, NO, and MO.
The carrier frequencies of the studied variants did not differ significantly between patients with

aggressive PCa and those with non-aggressive PCa (Table 25).

Table 25. Comparison of carrier frequencies of the studied variants between individuals with aggressive PCa (PSA
> 20 ng/ml, or ISUP >4, or T3/T4, or N1, or M1) and non-aggressive PCa (PSA <20 ng/mL, and ISUP 1, and not
T3/T4, and not, and not M1) using Fisher’s exact test. The number of carriers in relation to the total number of
individuals per group is shown between brackets. CI confidence interval, OR odds ratio, Var. variant allele.
Significance: <0.001 (***); <0.01 (**); <0.05(*).

Variant Non-aggressive Aggressive P-value OR (CI 95 %)
0/0 01 0/0 o1

5190563056 (502'/9536) (2)(5)2) (123569) (2/1059) 0.11 0.32 (0.06-1.76)

rs§4B7];;Bs41634 ( 502'/9536) (2}(5’2) R 6%/91769) ( 50/'10639) 0.23 0.39 (0.08-2.08)

34120131 (707'/9851) (g}g? L e o 5 (90/'30333) 0.29 0.54 (0.14-2.44)

s OO 0T 0SE L 08 g0 sassan

rsls%;;zgzzs (5%?556) (g)(s)g) a 50§/91469) (18}?29) ! 111(0.27-6.51)

4. DISCUSSION

Prostate cancer (PCa) has a high genetic factor estimated to account for 42—58 % of the risk of
developing PCa (Lichtenstein et al., 2000; Hjelmborg et al., 2014). Though 451 germline
genetic risk variants have been identified for PCa in diverse populations using GWAS (Al
Olama et al., 2014; Eeles et al., 2013; Schumacher et al., 2018; Wang et al., 2023), many
variants pathogenicity remain unclear or only explain small portion of the heritability (Saunders
et al.,, 2014; Walsh, 2017). Moreover, the genetic heterogeneity of PCa complicates the

identification of clinically relevant variants (Cooper et al., 2015).

Studies in the Finnish population bring the opportunity to detect rare high-risk variants due to

the population’s enrichment of rare and low-frequency cancer-predisposing variants (Lim et al.,
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2014; Xue et al., 2017). This enrichment is caused by genetic thrift in an isolated population
with recent bottlenecks (Lim et al., 2014; Zuk et al., 2014). The aim of this study was to identify
novel predisposing variants in the Finnish population, particularly in genes that have been
previously associated with PCa but for which no specific predisposing variants have yet been
identified. To accomplish this, a whole-genome sequencing (WGS) dataset from high-risk
HPCa families’ indexes was screened to select candidate variants. These variants were then
further investigated using a combination of family-based and cohort-based analyses, allowing
us to evaluate their segregation with affected families and their frequency in larger affected

populations.

4.1 Variant selection from high-risk PCa families WGS dataset

Families with a high number of PCa cases are more likely to contain individuals carrying
deleterious variants among their members. Moreover, WGS provides deeper genomic profiling,
enabling the detection of variants in both coding and non-coding regions (Nakagawa & Fujita,
2018). Therefore, the starting point of this study was to find the most pathogenic or likely
pathogenic variants from the WGS data of index individuals from 71 high-risk HPCa families.
The previously performed filtering step by the group’s informatician included variants with
high or moderate impact on protein structure according to the Ensembl Variant Effect Predictor
(VEP), using bioinformatic prediction programs, such as REVEL or CADD, which are widely
used to determine variant’s pathogenicity (Ioannidis et al., 2016; McLaren et al., 2016; Rentzsch
et al., 2019). Additionally, the variant’s maximum alternative allele frequency (MAF) was
required to be below 0.05. This threshold was chosen because variants with MAF below 0.05
are more likely to be found deleterious and have a greater effect size, since low frequency and

rare variants typically require higher odds ratios to be detected (Manolio et al., 2009).

In the second filtering step, those variants present in more than one index patient, located in
genes expressed in basal prostatic cells or prostatic glandular cells, and showed a near
statistically significant association in the C3_ PROSTATE EXALLC endpoint in the FinnGen
GWAS were selected. Selecting recurrent variants present in index patients helps prioritize
clinically relevant variants, while filtering by gene expression ensures biological relevance in
prostate tissue. Moreover, focusing on variants with low p-values and positive beta coefficients
in C3_PROSTATE EXALLC endpoint supports the selection of statistically supported variants

with increased disease risk.
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After obtaining a list of 14 candidate variants, a literature review was conducted to prioritize
those located in genes previously associated with PCa, but for which no specific variants have
yet been associated with the disease. After the final filtering step, five variants were selected
for further analyses: 7P63 (rs190865056), ZBTB46 (rs34785134), PASK (1rs35129131), LETM1
(rs62623389), and IQGAP?2 (rs34592828).

The transcription factor Tumor Protein P63 (TP63) is a p53 family protein that acts as a
transcriptional activator or repressor, determined by the isoform expressed (Osterburg &
Détsch, 2022). It is crucial in the development of epithelial and derived glandular tissue (Candi
et al., 2014). Abnormal expression of 7P63 has been observed in various cancers, including
triple-negative breast and non-small cell lung cancer (Coated et al., 2016; Shen et al., 2023). Its
silencing has been shown to improve anti-PD-1 cancer immunotherapy efficacy by promoting
the infiltration and retention of cancer-killing T cells into the tumor (Jiang et al., 2024). In PCa,
TP63 is downregulated in prostate adenocarcinoma, where it regulates enhancer methylation
levels in prostate basal cells (Sultanov et al., 2024). Additionally, 7P63 and FOXO! function
as suppressors of PCa lineage plasticity (Wei et al., 2024). The variant 7P63 rs190865056 is
located in the 3q28 chromosomal region. There are no previous studies suggesting that this
region is a possible susceptibility locus for PCa. However, variants in 3q28 region have been
found to be linked to various types of cancer, such as bladder and lung cancer (Stern et al.,
2009; Lehmann et al., 2010; Hosgood III et al., 2012). For instance, the functional germline
rs1464938 variant, located in the promoter of FGF'12 (fibroblast growth factor 12), is associated
with a higher risk to develop bladder transitional cell carcinoma (Wu et al., 2020). Moreover,
the germline variants rs4396880, which is associated with an enhanced expression of 7P63 in
lung tissue, and rs3856776, which is associated with inhibition of P3H2 (prolyl 3-hydroxylase

2) translation, are both associated with an increased risk of lung cancer (Wen et al., 2019)

Zinc Finger and BTB Domain Containing 46 (ZBTB46) is a transcriptional factor, part of the
BTB-ZF (broad complex, tramtrack, bric-a-brac, and zinc finger) family of transcriptional
repressors, known as a classical marker of dendritic cells (Satpathy et al., 2012; Meredith et al.,
2012). Activation of ZBTB46 has been associated with survival and proliferation of cancerous
cells in acute myeloid leukemia cell lines, whereas its inactivation in endothelial cells and
dendritic cells, induced angiogenesis and myeloid lineage skewing in cancer broadly (Liu et al.,
2020; Kabir et al., 2024). ZBTB46 also contributes to the progression of PCa, especially in the
most aggressive types. Androgen receptor inhibition leads to ZBTB46 activation, inducing

metastasis (Chen et al., 2017). Moreover, ZBTB46 activation contributes to neuroendocrine
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differentiation and castration-resistant PCa through interactions with other factors, such as
FOXA2, HIFA, and PCK1, increasing cancer cell migration and lineage plasticity (Liu et al.,
2017; Liu et al., 2024; Wen et al., 2022). The variant ZBTB46 rs34785134 is in the 20q13.33
region. The region 20q13 has been previously reported as a susceptibility locus for PCa in
linkage analysis (Berry et al., 2000; Bock et al., 2001; Zheng et al., 2001). In addition, this
region is often amplified and coupled to the regulation of androgen receptor (4R) in prostate
tumors, which is closely linked to the development of metastatic PCa (Labbé et al., 2014).
Moreover, two transcription factors encoded in this region, SNA/I (snail family transcriptional
repressor 1) and CEBPB (CCAAT enhancer binding protein beta) are involved in epithelial-
mesenchymal transition, cell survival, and Ras-mediated tumorigenesis (Zhu et al., 2002; Kudo-
Saito et al., 2009; Emadi Baygi et al., 2010). Interestingly, genomic amplification of the
20q13.33 region in colorectal tumors is also associated with the tumorigenesis of the disease
(Bui et al, 2020). For instance, the germline rs6066825 variant in PREX]
(phosphatidylinositol-3,4,5-trisphosphate dependent Rac exchange factor 1) gene, which is
involved in cell migration and invasion, is associated with colorectal cancer (Schumacher et al.,
2015). Also, germline variants rs6017452 and rs7271519 in STK4 (serine/threonine kinase 4)
gene, and rs2273535 and rs8173 in AURKA (aurora kinase a) gene at the 20q13 region, are
involved in hormone receptor status in breast cancer, influencing disease aggressiveness and

patient survival (Shi et al., 2011).

Per-Amt-Sim (PAS) Domain Containing Serine/Threonine Kinase (PASK) is a nutrient-
responsive kinase involved in lipid and glucose metabolism, mitochondrial respiration, and
gene expression (Grose & Rutter., 2010; Cardon & Rutter, 2012; Cardon et al., 2012; DeMille
& Grose, 2013). PASK overexpression has been associated with low risk and better prognosis
in ovarian cancer (Zhu et al., 2023). Moreover, PASK was identified as one of nine differentially
expressed genes significantly associated with overall survival, clinical features, immune cell
function in the tumor microenvironment, tumor mutation burden, and cancer-related pathways
in stomach adenocarcinoma (Ye at al., 2020). Additionally, PASK was observed to be
overexpressed in PCa patients according to urinary exosomal mRNA (Yu et al., 2024). The
variant PASK rs35129131 is located in the 2q37.3 chromosomal region. This region has also
been previously reported as a susceptibility locus for PCa in linkage analysis (Suarez et al.,
2000; Pierce et al., 2007; Cropp et al., 2011). The ANO7, which is also in the 2q37.3 region, is
a gene involved in the regulation of genes associated with PCa, such as KLK3, PAP and KLK?2
(Walker et al., 1999; Kiessling et al., 2005). For instance, ANO7 rs77559646 is associated with
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increased PCa risk and aggressiveness (Kaikkonen et al., 2018; Wahlstrom et al., 2022).
Moreover, ANO7 variants rs74804606 and rs60985508 are also associated with PCa risk in men
with African ancestry (Chen et al., 2023; Jiang et al., 2024).

Leucine Zipper AND EF-Hand Containing Transmembrane 1 (LETMI) is in the inner
mitochondrial membrane and is crucial for maintaining mitochondrial morphology and keeping
cellular viability. It functions as a calcium or potassium/proton antiport in mitochondria
(Waldeck-Weiermair et al., 2011). LETM1 has been associated with tumor progression and
prognosis in thyroid, bladder, breast, and esophageal cancer (Li et al., 2015; Lee et al., 2016;
Huang et al., 2017; Yang et al., 2018). Moreover, its expression is correlated with cancer
stemness genes and poor prognosis in colorectal adenocarcinoma (Piao et al., 2019). In PCa,
LETM] expression is associated with genes involved in epithelial-mesenchymal transition, cell
cycle regulation, PI3K/Akt signaling, and cell stemness, which are biological processes
implicated in tumor progression (Piao et al., 2020). The LETM1 rs62623389 variant is in the
4p16.3 region, a locus that has not previously been associated with PCa susceptibility, and
where no germline variants have been linked to the disease. However, somatic copy number
loss of 4p16.3 has been identified in prostate tumors from African American patients (Castro et
al., 2009). Similarly, loss of 4p16.3 has been found in other types of cancer, such as colon,
breast, and bladder cancer (Shivapurkar et al., 1999; Sibley et al., 2000; Shivapurkar et al.,
2001). For instance, rs798766 variant in TACC3 (transforming acidic coiled-coil containing
protein 3) gene, which is in the 4p16.3 region, is associated with urinary bladder cancer

(Kiemeney et al., 2010).

IQ Motif Containing GTPase Activating protein (IQGAP2) is a scaffold protein that interacts
with both Rho GTPase and calcium/calmodulin signals, participating in cytoskeleton regulation
(Ghaleb et al., 2015). IQGAP2 downregulation and loss is associated with ovarian cancer,
hepatocellular carcinoma, and gastric cancer (White et al., 2010; Deng et al., 2015; Xu et al.,
2020). Conversely, IQGAP2 overexpression is associated with poor prognosis and immune
changes in diffuse large B-cell lymphoma (Tang et al., 2021). Additionally, /[QGAP?2 functions
as a tumor suppressor in PCa by up-regulating E-cadherin, halting epithelial-mesenchymal
transition, and inhibiting cancer cell invasion (Xie et al.,, 2012). Similarly, /QGAP2
downregulation is associated with PCa recurrence and metastasis (Xie et al., 2019). The
IQGAP?2 1534592828 variant is in the 5q13.2 region, which is close to the 5q11-12 region,
previously identified as a PCa susceptibility locus by linkage analysis (Xu et al., 2005;

Christensen et al., 2010). However, there is no known germline variants associated with PCa in
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5q13.2 region. Interestingly, somatic deletion of 5q13 is associated with aggressive PCa (Moller

et al., 2020).

Although these genes have previously been associated with PCa, no studies have yet identified
specific variants that may contribute to increased risk of developing or progressing the disease.
This study is one of the first to explore such variants for further analysis in both family-based

and cohort studies.

4.2 Variant association with PCa in high-risk families

HPCa high-risk families were used to find an association between the selected variants and the
disease. High-risk cancer families have been previously used to assess the association between
genetic variants and an increased risk of cancer, such as in breast and PCa (Johnson et al., 2014;
Laitinen et al., 2016; Muranen et al., 2016). For this, those families whose index cases tested
positive for the variant in the WGS were selected to ensure that more relatives would carry the
same variant as well. This approach resulted in a different set of families been studied for each
variant analysis. However, there were several families analyzed for more than one variant.
Families 066 and 123 were analyzed for PASK and LETM1 variants, and family 364 for 7P63,
LETM]I and IQGAP?2 variants.

First, carrier and allele frequencies were compared between affected and unaffected men within
families separately. No statistically significant difference was found, probably due to the small
number of participants in each family. To increase statistical power, the affected and unaffected
participants were summed across all the families genotyped for the same variant. Pooled
contingency tables were created, which allowed us to have a larger population size for the
comparisons. When comparing carrier and allele frequencies between affected and unaffected
participants across families, statistically significant higher carrier frequency for ZBTB46
rs34785134 and borderline significant higher carrier frequency LETMI rs62623389 in
individuals with PCa were observed. However, the wide 95 % confidence interval in the
ZBTB46 1s34785134 comparison, and the 95 % confidence interval crossing 1 in the LETM1
1$62623389 comparison, suggest low precision and low reliability, probably due to a small
sample size. On the other hand, there were not significant differences for any variant between

both groups when comparing allele frequencies.

Because pooling individuals across families doesn’t consider relatedness among participants
from the same families, a binomial generalized linear mixed model (GLMM) was used, where

family was incorporated as random effect to correct for family structure. GLMM is commonly

64



performed in family-based and longitudinal studies to adjust for potential relatedness among
samples (Zhan et al., 2021). Associations between PCa status and carriage of the ZBTB46
rs34785134 and LETM1 rs62623389 variant were found using this model. Carriers of the
ZBTB46 1534785134 variant had 29.99 times higher odds of having PCa compared to non-
carriers, whereas LETM1 1s62623389 variant carrier had 3.67 times higher odds. To evaluate
the contribution of the random effect, the full model containing family as a random effect to a
reduced model without the random effect were compared using a likelihood ratio test for every
variant. This allowed us to determine whether adding the random effect, the family, improved
the model fit. Statistically significant p-values for the ZBTB46 rs34785134 and LETMI
1$62623389 model indicated that including family structure improved model fit for this variant,
supporting the use of the GLMM over a simpler generalized linear model, at least for the

analysis of these two variants.

A Family-Based Association Test (FBAT) was also performed to evaluate whether these
variants were transmitted to PCa family members more frequently than expected by chance.
FBAT examines both linkage and association by using not only parent-offspring trios, but any
pedigree structure, such as extended pedigrees, multiple siblings, or missing parental data
(Lasky-Su et al., 2011). The test compares the observed genotype distribution among
individuals with a particular phenotype, in our study PCa status, to the expected genotype
distribution under the null hypothesis. Null hypotheses tested are either “no association no
linkage”, meaning the variant is not associated with PCa, treating transmissions within nuclear
families as independent; or “no association in the presence of linkage”, meaning the variant is
not associated with PCa, adjusting for potential within-family correlations, such as those arising
from potential linkage, using the disease prevalence (Lazzeroni & Lange, 1998; Rabinowitz &
Laird, 2000). By focusing on within-family transmission, FBAT is powerful against population
stratification and minimizes the possibility of the control group not being representative of the

case group (Lasky-Su et al., 2011).

To test for “association in the absence of linkage”, the FBAT orthogonal test, which minimizes
the variance of the test statistic by optimally setting an offset (i) for the trait, was used (Lunetta
et al., 2000). The orthogonal test results indicated a statistically significant association between
the ZBTB46 rs34785134 and PCa status. Additionally, the FBAT empirical test was applied to
evaluate “association in presence of linkage”. The empirical test generates test statistics using
the empirical variance that accounts for genotype correlations among siblings and among

nuclear families inside a pedigree (Lake et al., 2001). For a single dichotomous trait, the theory
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of score test recommends using the disease prevalence as the offset of the test (Laird et al.,
2000). In our analysis, the offset was set according to the prevalence of PCa in Finnish men
(Pitkdniemi et al., 2024). The results in the empirical test showed a trend towards association
for the LETM1 rs62623389 variant, suggesting that the variant might be co-inherited with the
disease. Because definitive knowledge that linkage actually exists for a variant is generally
lacking, orthogonal test results should be considered more reliable in this study. However, it is
relevant to mention that the FBAT manual used for this study recommends a minimum number
of 10 descriptive families for robust testing, and except for the LETM1 1rs62623389 variant in
the orthogonal test, this threshold was not met in this study. Nevertheless, results from both
GLMM and FBAT support potential association between ZBTB46 rs34785134 and LETM1
1s62623389 variants and PCa status, underlining the importance of accounting for relatedness
and family structure in genetic association studies, as well as using familial data to detect
heritability and transmission of variants. Moreover, ZBTB46 rs34785134 is located within the
20q13 region, which has previously been proposed as a PCa susceptibility locus (Berry et al.,
2000; Bock et al., 2001; Zheng et al., 2001). Since no specific germline variants have yet been
identified in this region, ZBTB46 1s34785134 could partly explain the linkage signals observed

in previous analyses.

4.3 Variant association with PCa in cohort with family history of PCa and HBOC

Several previous studies have studied the association between family history, germline variants,
and cancer risk in different types of cancer, including PCa (Muranen et al., 2016; Weigl et al.,
2018; Kurian et al., 2021; Rumpf et al., 2024). In this study, it was evaluated whether the
selected variants were associated with forms of PCa that have hereditary component. To do this,
a cohort formed by PCa patients with family history of PCa and HBOC was created. Family
history of PCa and HBOC related cancers (breast, ovarian and prostate cancer) are among the
most important risk factors for PCa (Giri & Beebe-Dimmer, 2016; Ren et al., 2019; Beebe-
Dimmer et al., 2020).

The variants’ carrier and allele frequencies in this cohort were compared to those of the general
Finnish population (FinnGen) and PCa cases from a Finnish GWAS (FinnGen). The PASK
rs35129131 variant was statistically significantly more frequent in the positive cohort compared
to the general Finnish population, and it also showed a trend toward a difference when
compared to PCa cases from Finnish GWAS (FinnGen). Since the PCa cases from a Finnish

GWAS include all PCa patients, not just sporadic ones, a negative cohort formed by PCa
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patients without family history of PCa and HBOC, was created and compared to the positive
cohort. Interestingly, the allele frequency of PASK rs35129131 was statistically significantly
more common in the positive cohort compared to the negative cohort. These findings indicate
that PASK 1s35129131 is carried more commonly by affected individuals in comparison with
unaffected individuals and it is carried more frequently in PCa individuals with family history
of PCa and HBOC compared to those without it, implying that this variant may be associated
with hereditary susceptibility to PCa. Since PASK 1s35129131 is genomically close to ANO7, a
gene associated with PCa (Kaikkonen et al., 2018; Wahlstrom et al., 2022), it would be
important to examine the genotypes for PCa predisposing ANO7 variants in these same cohorts,
to determine whether the observed results are due to an independent effect of this novel variant

or are driven by linkage disequilibrium with known ANQO? variants.

4.4 Association between variants and clinicopathological characteristics in PCa

In this study, the possible effects of these variants on the clinicopathological features of PCa
were also evaluated. Certain germline variants are known to be associated with more aggressive
PCa phenotypes (Castro et al., 2013; Castro et al. 2015a; Na et al., 2017). For example, the
HOXB13 G84E variant is associated with a higher risk of early age at onset and more aggressive
phenotypes, such as high-grade PCa and progression to metastatic forms (Trendowski et al.,
2022). Therefore, it was investigated whether there is any association between the selected
variants individually and the following clinicopathological features: the age at onset, PSA
levels, biopsy Gleason score, and TNM staging. The results indicated that there was no
statistically significant association between any of these characteristics and PCa. To examine if
more aggressive features individually are associated with the variant status, the cases were
classified into groups with less aggressive or more aggressive features. Less aggressive
characteristics were defined as: age at onset > 65, PSA < 20 ng/ml, Gleason score < 8 (ISUP <
4), and TNM stage < T3, Nx/NO, or Mx/M0. Conversely, more aggressive characteristics were
defined as: age at onset < 65, PSA > 20 ng/ml, Gleason score > 6 (ISUP > 1), and TNM stage
> T3, N1, or M1. These Gleason score and TNM values were chosen considering the
recommendations from Hurwitz and colleagues for defining aggressive PCa (Hurtwitz et al.,
2021). T3 stage cancers were also included as aggressive cases to increase the sample size and
improve statistical power. PSA > 20 ng/ml was considered as a more aggressive characteristic
since it is correlated with worse diagnosis and prognosis (Iwamoto et al., 2019). Comparisons
of carrier frequencies of the studied variants between cases with more and less aggressive

characteristics, examined individually, did not reveal any significant difference. Finally, to
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examine whether these variants were carried more commonly in aggressive PCa cases,
considering all the characteristics collectively, the carrier frequencies of these variants were
compared between aggressive PCa (PSA > 20 ng/mL, or ISUP grade > 4, or T stage 3/4, or N1,
or M1) and non-aggressive PCa (PSA <20 ng/mL, and ISUP grade 1, and T stage < 3, and NO,
and MO). Similar classification criteria have been used in previous studies in aggressive PCa
(Cheng et al., 2011; Schaid et al., 2020; Sipecky et al., 2020; Chen et al., 2024). However, a
recent study suggested that PCa aggressiveness should be classified according to SEER
Summary Stage, which categorizes the cancer according to the “distant” (progression) of the
disease (Wiese et al., 2023). Nevertheless, the division used in this study made it easier to
distinguish clinically significant aggressive PCa from those with less aggressive forms.
Consistent with the other comparisons, the carrier frequencies of the studied variants did not
differ significantly between individuals with aggressive PCa and those with non-aggressive

PCa.

Despite these results, previous studies have found germline variants associated with more
aggressive clinicopathological characteristics in PCa. A large-scale study checking PCa risk
variants in 17 different genomic regions in 5,895 PCa patients, identified a significant
association between PCa aggressiveness and the rs2735839 variant, located downstream of the
kallikrein 3 (KLK3) gene, which codes for PSA (Kader et al., 2009). Another associated variant
was 1510993994 in the microseminoprotein 3 gene (MSMB). Interestingly, these variants were
more common in individuals with less aggressive PCa (Kader et al., 2009). Since these variants
are linked to higher PSA levels, there is the possibility that these variants lead to earlier
detection in these individuals, including those with less aggressive forms (Ahn et al., 2008;
Wiklund et al., 2009). Since most PCa risk variants have been discovered by comparing cases
and controls, other approaches, such as comparing less aggressive and more aggressive groups
or even metastatic PCa cases, can be more effective in identifying variants associated with
disease aggressiveness. For instance, several studies have reported the association of pathogenic
variants and PCa aggressiveness through such comparison studies (Xu et al., 2010; Helfand et
al., 2015; Darst et al., 2021; Nguyen-Dumon et al., 2020). Thus, these studies suggest that

germline variants can indeed be used as early markers for assessing the risk of aggressive PCa.

4.5 Multiple testing correction

A multiple testing correction, such as false discovery rate (FDR) adjustment, was not applied

due to the small number of variants analyzed. FDR adjustment is commonly used to control
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type I errors in null hypothesis testing in large-scale studies, such as GWAS (Sesia et al., 2021).
However, applying FDR to a small set of five variants could excessively reduce statistical power
and ignore potential associations (Brinster et al., 2018). Future studies analyzing a larger set of
variants should consider multiple testing adjustment to enhance statistical power. Strategies
such as a prescreening step, which groups correlated SNPs into clusters representing single
hypotheses, can improve FDR correction by accounting for linkage disequilibrium between

variants (Brzyski et al 2016).

4.6 Limitations

4.6.1 Variant selection

In this study, only five variants could be focused on due to limited resources. However, it would
have been interesting to investigate for other variants that appeared in the final list but lacked
strong literature support for their association with PCa, such as ZNF391, and TASOR variants.
Moreover, it would have been valuable to explore whether CDK5RAP3 rs61758369 variant in
potential linkage disequilibrium with HOXB13 rs138213197, has independent effect or just
shows significance due to their proximity to HOXBI13 gene. This is important since it has been
previously proved that the rs559612720 variant within SKAPI gene, located 567 kb from
HOXBI3 15138213197, shows an independent risk effect. Under mutual adjustment, both
variants individually carry around a three-fold risk but when inherited together, the risk
increases to approximately 11-fold (Dupont et al., 2021). To better assess this, fine-mapping
and conditional analysis could be suitable to determine independent risk effect in CDK5RAP3
rs61758369 variants (Saunders et al., 2014; Dupont et al., 2021).

4.6.2 Formation of cohorts

One of the main challenges encountered in this study was the formation of the cohorts. When
deciding which criteria to use for the positive cohort, the criteria established for HPCa families
was initially considered: three or more affected first-degree relatives with PCa, prostate cancer
diagnosed in three successive generations of paternal or maternal line, or two first-degree
relatives both diagnosed with early-onset PCa (age < 55 years) (Carter et al., 1993). However,
these criteria were really strict and allowed only a small number of participants to be included.
Therefore, criteria closer to those used for familial PCa (FPC) families were chosen. FPC is
defined as families with either two first-degree relatives diagnosed with PCa at any age or one
first-degree relative and two or more second-degree relatives diagnosed at any age (Ostrander
et al., 2004). In the end, individuals with a first degree relative (son, brother, or father) with
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PCa, two or more cases of PCa in the family, or two or more cases of HBOC related cancers
(breast, ovarian, or prostate cancer) were included, inspired by the germline testing criteria for
PCa of NCCN Guidelines Genetic/Familial High-Risk Assessment: Breast, Ovarian,
Pancreatic, and Prostate (Version 1.2022) (Daly et al., 2021).

To be more accurate, pancreatic cancer and melanoma could have included as HBOC-related
cancers for the selection of participants (Gumaste et al., 2015; Young et al., 2018; Minoura et
al., 2022). Moreover, the inclusion of LS-related cancers (colorectal, endometrial, small bowel,
ovarian, urothelial, stomachal, biliary duct, and brain cancers) could have improved the
selection of individuals more likely to have hereditary cancer predisposition (Dominguez-
Valentin et al., 2020; Curtius et al., 2022). By increasing the number of hereditary cancers, the
likelihood of adding participants carrying HPCa-predisposing variants could have been
increased. However, broadening the list of cancers could increase the risk of including sporadic
cases as familial ones. For instance, only 10 % of all malignant melanomas and colorectal
cancer are associated with germline mutations (Valle et al., 2019; Zocchi et al; 2021). This
suggests that many cases could be sporadic, resulting from environmental or lifestyle factors
rather than hereditary predisposition, potentially making it harder to detect the genetic signal
being looked for. Considering the age at the onset of these malignancies could help to improve
the selection of cases truly related to hereditary factors, since hereditary cancers are typically
diagnosed at an earlier age compared to sporadic cases (Valle et al., 2019; Dominguez-Valentin

et al., 2020).

Regarding the negative cohort, the same issue was experienced as with the positive cohort. A
negative cohort in which first-degree relatives could not have any type of cancer, and second-
degree relatives could not have prostate, breast or ovarian cancer was created. Ideally, the
negative cohort should not contain any participant with relatives affected by PCa or cancers
associated with HBOC or LS. This approach increases the likelihood of including participants
whose relatives might only have sporadic, non-hereditary malignancies. At the same time, it
allows us to focus on variants potentially associated specifically with PCa, rather than with

other types of cancer.

Difficulties were also encountered when handling RALP and PROMIC datasets. First, the
RALP questionnaire had blank spaces to indicate whether the participant’s relative had cancer
and, if so, which type. In many cases, these spaces were left empty, raising the question of

whether the relative had no cancer or if the participant simply didn’t know about it. Additionally,
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in many cases, the participant was unsure about the cancer type and wrote a “?” or “joku”
instead. For the inclusion of PROMIC participants, the data was obtained already in an Excel
table, and only the following cancers were specifically added: prostate, breast, ovarian, large
intestine, rectal, bowel, colon, and bladder cancer. This limited the ability to include a broader
range of hereditary cancers, but it was sufficient for our criteria. Another challenge with
PROMIC data was that it did not specify the number of children, brothers, sisters, uncles, or
aunts who had a specific type of cancer. This introduces the possibility that a participant who
had two second-degree relatives of the same kind diagnosed with PCa might be counted as only
one, potentially excluding them for analysis. On the other hand, including any age at onset
threshold in the criteria was difficult because information about the relative’s time of diagnosis
was missing in many cases in the RALP questionnaires. Additionally, the PROMIC dataset

participants did not incorporate the time of diagnosis for any of the relatives.

Questionnaires should include a blank space to allow participants to specify which cancer(s)
their relatives have, rather than narrowing the types of cancers asked about. This would also
enable the inclusion of information about more than one relative of the same type who may
have cancer. If a relative does not have cancer, the participant should clearly state either that
the relative does not have cancer or that he does not know, to avoid misinterpretation. Moreover,
age at the onset of the disease in relatives should always be asked to enable the use of this
information in more strict criteria. Nevertheless, this kind of patient-reported dataset relies on
the participant’s knowledge of their family’s medical history and his memory. Using hospital
databases and electronic health records would offer a more accurate approach to ensure the

family history of this patients (Chang et al., 2006; Mai et al., 2011; Augustinsson et al., 2018).

4.6.3 Family based study

One problem assessing the families was that the clinical information in the pedigrees was
sometimes outdated. To ensure that all participants were at least 50 years old at the time of the
last update, we had to exclude several individuals who were under 50 at that time, even though
they would now meet the age criteria. This probably reduced the sample size, diminishing the
signal of possible associations. Moreover, there is a possibility that patients who were healthy
at the time of the last update may have developed PCa since then, which could also impact the

results of the analysis.

Hereditary cancer syndromes are strongly associated with HPCa (Dominguez-Valentin et al.,

2020; Curtius et al., 2022; Minoura et al., 2022). The inclusion of women in the family-based
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study could have helped to find association between the variants and HPCa, since same
germline variants can predispose to different types of cancer, such as both breast and PCa
(Barnes et al., 2022). In future studies, women could be added into the analysis and classify
them as affected if they have HBOC- and LS-related cancers diagnosed at an early age at onset,
considering the inheritance pattern of cancers in the family. This approach would allow pinpoint

variants that are associated with HPCa, HBOC and LS.

4.6.4 Cohort study

When comparing our positive cohort to the general Finnish population (FinnGen) and to PCa
cases from a Finnish GWAS (FinnGen), only the allele frequency was available for the selected
variants. For the general Finnish population, the number of homozygous individuals for each
variant was also provided. Based on this, the carrier frequency in the general Finnish population
was calculated using the allele frequency and the number of homozygotes. To estimate the
carrier frequency among the PCa cases from the Finnish GWAS, Hardy-Weinberg equilibrium
(HWE) was assumed, because genotype counts were not available in FinnGen. However,
assuming HWE may overestimate the number of homozygotes, since deleterious alleles are
typically under negative selection and are less frequent than expected under HWE. Additionally,
rare variants, such as the ones studied here, may show greater deviation from HWE due to
factors like population structure (Wang & Shete, 2012; Graffelman et al., 2017). In future
studies, access to genotype-level data in FinnGen Sandbox could allow direct assessment of
genotype counts, avoiding reliance on HWE assumptions and improving the accuracy of carrier

frequency comparisons between groups.

Regarding the negative cohort, only the PASK variant was genotyped due to limited resources.
If the other four variants were genotyped in the negative cohort, an association between these
variants and hereditary forms of PCa could have been assessed by comparing carrier and allele
frequencies between PCa patients with family history of PCa and HBOC, and those without
such a history. Moreover, this would have allowed us to examine the cumulative effect and

synergy between these variants in PCa patients with family history of PCa and HBOC.

Although potential associations between the variants and clinicopathological characteristics of
PCa were explored, the number of patients carrying each variant was very small. This limited
the statistical power of our analysis, obtaining non-significant results. This issue could be
addressed by increasing the sample size through collaborative effort between institutions or by

using aggregation methods such as burden tests, which combine rare variants to evaluate their
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collective association with disease traits, particularly when the variants have similar predicted

functional impacts (Lee et al., 2014).

4.7 Future prospects

The identification of ZBTB46 rs34785134 and LETM1 1s62623389 as potential variants
associated with PCa through family-based and cohort studies, opens the opportunity to farther
study the association of these variants with HPCa. To confirm the associations observed,
replication in larger family-based studies is needed. As previously mentioned, these should
include updated family data and consider factors such as cancer types in female family
members, age at onset, and inheritance pattern of cancer in the family to when determining
affected status. Moreover, larger cohort studies would also help to verify the results observed
in this study by following the selection criteria established for HPCa families. Additionally, the
association of these variants should be analyzed in different ethnic populations to confirm their
effect in PCa risk, especially in groups with higher PCa prevalence and more aggressive forms,
such as men of African ancestry (Tsodikov et al., 2017; Siegel et al., 2022; Soh et al., 2023).
However, predisposing germline variants can be more prevalent or exclusive to different
populations, partially explaining geographical differences in PCa incidence (Chang et al., 2011;
Haiman et al., 2011; Cook et al., 2014; Heidegger et al., 2019). Thus, these variants might be
population-specific, and their importance could vary between populations depending on

ancestral background.

If similar results are observed in larger family-based studies and cohorts, these variants could
be investigated further in functional studies to explore their biological mechanisms and roles in
cancer development, progression, and resistance. Recent methods, such as CRISPR-based
functional assays, can assess variant pathogenicity, cell mechanisms in disease, and drug
responsiveness or resistance in both in vivo and in vitro studies (Shifrut et al., 2018; Niu et al.,
2022). These gene-editing approaches can be used not only to study coding variants but also to
investigate the effects of non-coding variants. Techniques such as CRISPR-interference
(CRISPRi) and CRISPR-activation (CRISPRa) allow the examination of the association
between regulatory elements and disease (Qi et al., 2013; Bikar et al., 2013; Cano-Gamez &
Trynka, 2020). In addition, when working with GWAS results, these findings can be integrated
with functional genomics data to identify the tissues and cell types where the variants have their
effect. This is done by analyzing the accumulation of variants in cell-specific regulatory

elements (Cano-Gamez & Trynka, 2020). Furthermore, colocalization analysis allows the
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comparison of GWAS results with expression Quantitative Trait Loci (eQTL) data to examine
whether a genetic variant drives both disease association and changes in gene expression (Cano-
Gamez & Trynka, 2020). Understanding how these variants contribute to the disease could help

identify new treatment targets for PCa.

The confirmation of these variants as novel predisposing markers could contribute to the
improvement of germline testing panels. More comprehensive and accurate panels could
improve the identification of individuals at high risk, principally those ones with an unclear
family history or uncommon clinical presentations (Russo & Giri, 2022). Moreover, if a
predisposing germline variant is detected in the patient, cascade testing or further testing in the
family should be conducted, potentially benefiting other family members (Giri et al., 2019).
Increasing knowledge about predisposing variants also supports early detection and risk
assessment. Combining germline variants with biochemical markers has been proved to
improve PCa early detection, treatment efficacy and survival rates (Grossman et al., 2018). For
instance, targeted PSA levels testing on men carrying BRCAI/2 mutations has been
demonstrated better identification of aggressive PCa (Bancroft et al., 2014). Incorporating a
genetic profile into PCa detection strategies also reduces unnecessary invasive procedures and
decreases the number of missed cases that would otherwise go undetected due to low PSA levels
(Gronberg et al., 2015). Additionally, implementing germline variant profiles alongside the
patient's family history enables the development of risk models for targeted early-detection

strategies in high-risk populations (Choi et al., 2020).

If these novel PCa variants are confirmed to be biologically and clinically relevant, their study
can also be beneficial for developing new therapeutic strategies and allowing physicians to offer
more precise, effective, and individualized care to patients. Certain therapies benefit from the
vulnerabilities of tumors caused by germline mutations in the individual. For instance, patients
with mutations in DNA repair pathways, such as BRCAI, BRCA2, or ATM, can benefit from
targeted therapies like PARP inhibitors (PARP1) and checkpoint inhibitors (Mateo et al., 2019).
Moreover, carriers of variants involved in androgen receptor (AR) signaling can benefit from
treatment strategies that block AR function or biosynthesis, helping reduce the tumor's
androgen dependence and preventing resistance to androgen deprivation therapy (Lunn et al.,
1999; Yamada et al., 2001; Hearn et al., 2016; Coutinho et al., 2016; Reiss et al., 2024).
Furthermore, certain variants are associated with radiation toxicity and radio-resistance, so
integrating genetic profiles into radiotoxicity can help to optimize radiation doses and minimize

unwanted side effects (Kerns et al., 2016; Sanchez et al., 2016). Expanding our knowledge of
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variants that predispose individual to PCa can enhance genetic predisposition assessment,
enable earlier detection, improve risk prediction, personalize treatment strategies, and predict

disease progression and prognosis.

4.8 Conclusions

The purpose of this study was to identify novel PCa predisposing variants doing a variant
selection from Finnish high-risk HPCa families and analyze them through a combination of
family-based and cohort studies to help elucidate part of the missing heritability of the disease.
The analyzed variants in this study are located in genes previously implicated with PCa, but no

variants in these genes have been directly associated with PCa or any other type of cancer.

The family-based study included a GLMM to assess the association between the variant and
PCa accounting for within-family correlations, incorporating family as a random effect to
correct for family structure, and FBAT to examine whether genetic variants are transmitted to
PCa family members more often than expected by chance, testing for both linkage and
association by using any pedigree structure, such as extended pedigrees, multiple siblings, or
missing parental data. The GLMM results indicated a statistically significant association
between ZBTB46 1s34785134 and LETM1 rs62623389 variants and PCa. Moreover, the FBAT
demonstrated a statistically significant association between ZBTB46 rs34785134 and PCa in the
“absence of linkage”, assuming transmissions within nuclear families as independent and
suggested a potential association between LETM 1 1s62623389 variant and PCa in the “presence
of linkage”, adjusting for potential within-family correlations, such as those arising from

potential linkage .

In the cohort study, a cohort of PCa patients with family history of PCa and HBOC was
compared against a general Finnish population, PCa cases in from a Finnish GWAS, and another
cohort PCa patients without family history of PCa and HBOC. Among the analyzed variants,
the carrier frequency of the ZBTB46 1s34785134 and PASK rs35129131 was higher in the
positive cohort than in both the general Finnish population and the PCa cases in from a Finnish
GWAS. However, only the PASK 1s35129131 variant showed a statistically significant increase
in frequency against the general Finnish population. Additionally, the carrier frequency of PASK
rs35129131 was statistically significantly more than twice as high in PCa patients with a family
history of PCa and HBOC compared to those without such a family history, indicating an

association with hereditary susceptibility to PCa. On the other hand, no significant associations

75



were found between any of the studied variants and clinicopathological characteristics of the

disease such as age at diagnosis, PSA levels, biopsy Gleason score, or TNM staging.

The findings in this study provide the first known evidence supporting a potential association
between ZBTB46 1s34785134 and PASK rs35129131 variants, and PCa, particularly in
individuals with a strong family history of PCa and HBOC-related cancers. While further
functional studies and replication in larger cohorts are necessary, these results highlight the
importance of combining family-based and population-based approaches to detect rare variants.
Overall, this study shows the value of using data from genetically isolated populations and

detailed family histories to find new genetic risk factors for complex diseases like PCa.
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APPENDICES

Appendix 1 — Families pedigrees

Pedigrees are presented in numerical order, with the year of the last update shown next to each family number.
They include family members genotyped and included in the analysis (in bold), those who were genotyped but
excluded from the analysis due to being under 50 years of age (in red), and family members not genotyped but

included in the FBAT (in italics). The pedigrees also show any type of cancer (ca) affecting any numbered family

member.

D Male lZ[ Deceased male
. Male affected with PCa . Deceased male affected with PCa
O Female g Deceased female

h | Index relative
000-000 Participant only numbered for FBAT
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Appendix 2 — Literature review for final variant selection

Gene function and gene association with prostate, as well as other types of cancer of the 13 selected genes for the

final variant selection.

Gene Gene function * Gene association with cancer ' Gene association with PCa '
Homeobox Protein Hox-B13. “HOXB13 is a novel candidate tumor “Risk of prostate cancer is greatly elevated by
“Sequence-specific transcription suppressor gene in renal cell the inheritance of a known germline mutation
factor, that belongs to the homeobox carcinoma and its inactivation may of HOXB13in men of European ancestry”
gene family and is part of a play animportant role in both RCC (Ewing et al., 2012; Witte et al., 2013; Breyer

HOXB13 developmental regulatory system that tumorigenesis and progression” etal., 2014; Karlsson et al., 2014; Sipeky et al.,
provides cells with specific positional (Okuda et al., 2005). “HOXB13 2018).
identities on the anterior-posterior facilitates hepatocellular carcinoma
axis”. progression by activating AKT/mTOR

signaling pathway” (Li et al., 2023).
ABI Family Member 3. “Member of an “ABI3 tumor-suppressive effect and/or No found
adaptor protein family, that encodes a cytoskeleton remodeling comes from
protein containing a homeobox the reduction of phosphorylation of
homology domain, proline rich region AKT and GSKB”. ABI3 expression is
and Src-homology 3 (SH3) domain, lost in follicular thyroid carcinomas”
and are components of the Abi/WAVE (Moraes et al. 2017). “Overexpression

ABI3 complex which regulates actin of ABI3 in metastatic glioma cells
polymerization. The encoded protein decreased cell motility and the
inhibits ectopic metastasis of tumor metastasis potential in vivo”
cells as well as cell migration. This (Ichigotani et al. 2002). “ABI3 ectopic
may be accomplished through expression reduces in vitro and in vivo
interaction with p21-activated cell growth properties while inducing
kinase”. senescence” (Latini etal. 2011).

CDKS5 Regulatory Subunit Associated “CDK5RAP3 as a tumor suppressor “CDK5RAP3 functions in signaling pathways
Protein 3. “Substrate adapter of E3 negatively regulates self-renewal and governing transcriptional regulation and cell
ligase complexes mediating invasion and is regulated by ERK1/2 cycle progression. CDK5RAP3 showed
ufmylation, the covalent attachment signaling in human gastric cancer (Lin significant expressional, prognostic, and
of the ubiquitin-like modifier UFM1 to etal., 2020). “CDK5RAP3 is widely clinic-pathologic values in prostate cancer”
substrate proteins, and which is overexpressed in hepatocellular (Wan et al., 2024). “Alterations in the
involved in various processes, such as carcinoma and that overexpression of expression of CDK5RAP3 can influence the
ribosome recycling and reticulophagy CDK5RAP3 promotes its metastasis aggressiveness of prostate cancer, and it has
(also called ER-phagy). Also acts as a through PAK4 activation” (Mak et al., beenincluded as a component of a prognostic
regulator of transcription: negatively 2011). “CDK5RAP3 works as an model that uses cell cycle-related genes to
CDK5RAP3 regulates NF-kappa-B-mediated gene enhancer of STAT3-dependent gene predict patient outcomes” (Liu et al. 2021).

transcription through the control of expression. We found that STAT3
RELA phosphorylation. Moreover, transcriptional function is modulated
regulates mitotic G2/M transition by CDK5RAP3 in breast cancer cells,
checkpoint and mitotic G2 DNA and silencing CDK5RAP3 reduces
damage checkpoint. Through its STAT3-mediated tumorigenic
interaction with CDKN2A/ARF and phenotypes including clonogenesis,
MDM2 may induce MDM2-dependent and migration” (Egusquiaguirre et al.,
p53/TP53 ubiquitination, stabilization 2020)
and activation in the nucleus, thereby
promoting G1 cell cycle arrest and
inhibition of cell proliferation”.
Checkpoint Kinase 2. “Women with the CHEK2 ¢.1100delC “CHEK2 variants are low-penetrance prostate
“Serine/threonine-protein kinase (p.Thr367fs) pathogenic variant (PV) cancer predisposition alleles that contribute
which is required for checkpoint- have an increased risk to develop significantly to familial clustering of prostate
mediated cell cycle arrest, activation breast cancer, which further increases cancer at the population level.” (Seppéla et
of DNA repair and apoptosis in in a familial breast cancer setting” al., 2003). “CHEK2 mutations predispose men
response to the presence of DNA (Adank et al., 2013). and women to a range of cancer types,
double-strand breaks. May also “CHEK2*1100delC heterozygosity is including breast and prostate cancer. The
negatively regulate cell cycle associated with 15% to 82% truncating mutations are associated with
progression during unperturbed cell increased risk for at least some higher penetrance than the missense mutation
cycles. It contains a forkhead- cancers (stomach cancer, renal .” (Cybulski et al, 2007). “The overall meta-
associated protein interaction domain cancer, sarcoma, and prostate cancer) analysis demonstrated that the CHEK2
essential for activation in response to in addition to breast cancer.” 1100delC mutation (OR 3.29; 95% confidence

CHEK2 DNA damage and is rapidly (Naslund-Koch et al., 2016). interval: 1.85-5.85; P = 0.00) and 1157T
phosphorylated in response to “Functional analyses of CHEK2 missense mutation (OR 1.80; 95% confidence
replication blocks and DNA damage. missense VUS reveal an association interval: 1.51-2.14; P = 0.00) was associated
When activated, the encoded protein between impaired protein function and with higher risk of Prostate Cancer.” (Wang et
is known to inhibit CDC25C increased breast cancer risk.” (Boonen al., 2015).
phosphatase, preventing entry into etal., 2022). “PTPN13rs989902 and
mitosis, and has been shown to CHEK2 rs738722 are associated with
stabilize the tumor suppressor protein an increased risk of esophageal
p53, leading to cell cycle arrestin G1. squamous cell carcinoma in the
In addition, this protein interacts with Chinese Han population (Tu et al.,
and phosphorylates BRCA1, allowing 2023).
BRCAT1 to restore survival after DNA
damage”.

ZNE391 Zinc Finger Protein 391. “Among the 2999 differentially No found

“Transcriptional factor predicted to

expressed genes, ZNF391 and
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ZKSCAN3

LAMC2

TP63

ZBTB46

enable DNA-binding transcription
factor activity, RNA polymerase II-
specific and RNA polymerase Il
transcription regulatory region
sequence-specific DNA binding
activity. Also it is predicted to be
involved in regulation of transcription
by RNA polymerase II”.

Zinc Finger With KRAB And SCAN
Domains 3. “Transcriptional factor
that Enables DNA-binding
transcription repressor activity, RNA
polymerase lI-specific; RNA
polymerase Il cis-regulatory region
sequence-specific DNA binding
activity; and chromatin binding
activity. Involved in several processes,
including negative regulation of
autophagy; negative regulation of
cellular senescence; and regulation of
DNA-templated transcription. Located
in cytoplasm and nucleoplasm”.
Laminin Subunit Gamma 2. “It
encodes the gamma chain isoform
laminin, gamma 2. The gamma 2
chain, formerly thought to be a
truncated version of beta chain (B2t),
is highly homologous to the gamma 1
chain; however, it lacks domain VI,
and domains V, IV and Il are shorter. It
is specifically localized to epithelial
cells in skin, lung, and kidney. The
gamma 2 chain together with alpha 3
and beta 3 chains constitute laminin 5
(earlier known as kalinin), which is an
integral part of the anchoring filaments
that connect epithelial cells to the
underlying basement membrane”.
Tumor Protein P63. “p53 family
protein that acts as a sequence
specific DNA binding transcriptional
activator or repressor. Alternative
splicing of this gene and the use of
alternative promoters result in
multiple transcript variants encoding
different isoforms that vary in their
functional properties. These isoforms
function during skin development and
maintenance, adult stem/progenitor
cell regulation, heart development and
premature aging. Some isoforms have
been found to protect the germline by
eliminating oocytes or testicular germ
cells that have suffered DNA
damage”.

Zinc Finger and BTB Domain
Containing 46. “Transcriptional factor
predicted to enable DNA-binding
transcription repressor activity, RNA
polymerase lI-specific and
transcription cis-regulatory region
binding activity. It is involved in the
regulation of transcription by RNA
polymerase II”.

MRPS 11 were upregulated in uveal
melanoma patients” (Zhao et al.,
2020).

“ZKSCAN3 was initially identified as a
driver of colorectal cancer; however, it
also plays an important role in cancer
cell proliferation, migration, and
metastasis in several human
malignancies, including colon, bone
marrow, prostate, bladder, and
cervical cancers.” (Yang et al., 2008;
Kim et al., 2016; Yang et al., 2011;
Zhang et al., 2012; Kawahara et al.,
2016; Lee et al., 2018).

“LAMC2 mRNA levels are consistently
and significantly higher in tumor tissue
versus adjacent normal tissue in
pancreatic ductal adenocarcinoma
patients” (Cave et al., 2022). “LAMC2
promotes the proliferation of cancer
cells and induces infiltration of
macrophages in non-small cell lung
cancer” (Liu et al., 2021).

“Both major p63 protein isoforms are
expressed in triple-negative breast
cancers with different tumor
characteristics, indicating distinct
functional activities of p63 variants in
breast cancer” (Coates et al., 2016).
“TP63 functions as a tumor
suppressor regulated by GAS5/miR-
221-3p signaling axis in human non-
small cell lung cancer cells” (Shen et
al., 2023). “TP63 and STAT1 mutually
suppress each other to regulate the
IFNy signaling by co-occupying and co-
regulating their own promoters and
enhancers in squamous cell
carcinomas. Silencing of TP63
enhances the anti-tumor efficacy of
PD-1 blockade by promoting CD8+ T
cellinfiltration and functionality” (Jiang
etal., 2024).

“Tumor-driven, unremitting expression
of SATB1 in activated ZBTB46 (+)
inflammatory dendritic cells that
infiltrate ovarian tumors results in an
immunosuppressive phenotype
characterized by increased secretion
of tumor-promoting Galectin-1 and IL-
6 (Tesone et al., 2016. “ZBTB46 is
essential for survival and proliferation
of acute myeloid leukemia cell line but
dispensable for normal hematopoiesis
(Liu et al., 2020). “ZBTB46-deficient
endothelial cells were highly
angiogenic, and ZBTB46-deficient
bone marrow progenitors upregulated
CEBPB and diverted the dendritic cell
program to immunosuppressive
myeloid lineage output, potentially
explaining the myeloid lineage skewing
phenomenon in cancer” (Kabir et al.,
2024).
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“In vivo studies using orthotopic tumor models
indicated that overexpression of ZKSCAN3
significantly enhanced tumorigenicity.
ZKSCANS, a zinc finger transcription factor,
plays a critical role in promoting prostate
cancer cell migration” (Zhang et al., 2012).
“The positive rates or levels of ZKSCAN3
expression were significantly higher in
carcinoma than in benign prostate tissue or
high-grade PIN and in high-grade PIN thanin
benign tissue prostate cancer lines. ZKSCAN3
silencing resulted in significant decreases in
cell proliferation/ migration/ invasion”
(Kawahara et al., 2020).

“LAMC2, along with other laminin-5 encoding
genes (LAMAS3 and LAMB3), showed evidence
of aberrant promoter methylation in prostate
cancer samples” (Sathyanarayana et al.,
2003). “Certain gene amplifications, being
LAMC2 one of them, are associated with the
development of hormone-resistant prostate
cancer” (Edwards et al., 2003). “Activation of
AKT that up-regulates MMP-2 and LAMC2,
induces the invasion and vasculogenic
mimicry of human PCa PC-3 cells” (Yeo et al.,
2019).

“TP63 and TRIM29 are key transcription
regulators and are downregulated in prostate
adenocarcinoma. TP63 regulates the level of
enhancer methylation in prostate basal
epithelial cells” (Sultanov et al., 2024).” In the
transcriptional regulation network, TP63 and
FOXO1 act as suppressors of prostate cancer
lineage plasticity” (Wei et al., 2024). “TP63
has significantly lower mRNA expression
levels in patients with prostate cells with
cribiform pattern 4 (CP4) compared to those
without” (Sayan et al., 2024). “Tumor protein
p63 (TP63) and S100 calcium binding protein
A14 (S100A14) were poorly expressed in the
prostate cancer tissues and cells” (Wu et al.,
2024).

“Inhibition of the androgen receptor induces a
novel tumor promoter, ZBTB486, for prostate
cancer metastasis” (Chen et al., 2017).
“Leukemia inhibitory factor promotes
castration-resistant prostate cancer and
neuroendocrine differentiation by activated
ZBTB46” (Liu et al., 2019). "ZBTB46 interacted
with FOXA2 and HIF1A and increased the
abundance of MCTP1 in a hypoxia-dependent
manner, which promotes PC3 prostate cancer
cell migration and neuroendocrine
differentiation” (Liu et al., 2024).
“Upregulation of PCK1 supports cell
proliferation and reciprocally increases
ZBTB46 levels to promote the expression of
neuroendocrine markers that are conducive to
the development of neuroendocrine
characteristic castration-resistant prostate
cancer” (Wen et al., 2022).



PAS Domain Containing
Serine/Threonine Kinase.
“Serine/threonine kinase family that
contains two PAS domains. Itis
involved in energy homeostasis and
protein translation. Probably plays a
role under changing environmental
conditions (oxygen, glucose, nutrition),
rather than under standard conditions.
Acts as a sensor involved in energy
homeostasis, regulates glycogen
synthase synthesis by mediating
phosphorylation of GYS1, leading to
GYS1 inactivation. It may play a role in
the regulation of protein translation by
phosphorylating EEF1A1, leading to
increased translation efficiency”.
Transcription Activation Suppressor.
“Component of the HUSH complex, a
multiprotein complex that mediates
epigenetic repression. It enables
chromatin binding activity. Itis
involved in protein localization to
heterochromatin and regulation of
macromolecule biosynthetic
process”.

PASK

TASOR

Leucine Zipper And EF-Hand
Containing Transmembrane Protein 1.
“It encodes a protein that is localized
to the inner mitochondrial membrane,
which maintains the mitochondrial
tubular shapes and is required for
normal mitochondrial morphology and
cellular viability. It mediates either
calcium or potassium/proton antiport,
proton-dependent calcium efflux from
mitochondrion and also acts as an
electroneutral mitochondrial
proton/potassium exchanger”.

1Q Motif Containing GTPase Activating
Protein 2. “It contains three 1Q
domains, one calponin homology
domain, one Ras-GAP domain and one
WW domain. It interacts with
components of the cytoskeleton, with
cell adhesion molecules, and with
several signaling molecules to regulate
cell morphology and motility. It also
acts as a tumor suppressor and has
been found to play a role in regulating
innate antiviral responses. It binds to
activated CDC42 and RAC1 but does
not seem to stimulate their GTPase
activity. It associates with
calmodulin”.

LETM1

IQGAP2

“The nine-gene signature prognostic
model (ARHGEF38-IT1, CCDC15,
CPZ, DNASE1L2, NUDT10, PASK,
PLCL1, PRR5-ARHGAPS, and SYCE2)
that was constructed from 178
survival-related differentially
expressed genes, was significantly
related to overall survival, clinical
characteristics, tumor
microenvironment immune cells,
tumor mutation burden, and cancer-
related pathways in stomach
adenocarcinoma” (Ye et al.,
2020).“High expression of PASK is
associated with low risk and better
prognosis in ovarian cancer” (Zhu et
al., 2023).

“TASOR and PPHLN1 are
transcriptionally up-regulated in most
EBV-associated gastric cancer cells”
(Zhang et al., 2023). “Overexpression
of TASOR can substantially reduce the
transcription in cancer cells (hence
their proliferation) while increasing the
renewal of the normal cells in
metastatic clear cell renal cell
carcinoma” (lacobas et al., 2020).
“TASOR is a key factor in gene
silencing, particularly in the repression
of L1 transposable elements. A loss of
silencing of the repeat elements leads
to genome instability and human
diseases, including cancer and ageing”
(Lietal., 2023).

“LETMT1 is a potential cancer stem-Llike
cell marker and predicts poor
prognosis in colorectal
adenocarcinoma” (Piao et al., 2019).
“LETM1 overexpression is correlated
with the clinical features and survival
outcome of breast cancer” (Li et al.,
2015). “LETM1 is a marker of cancer
stem-like cells and predictor of poor
prognosis in esophageal squamous
cell carcinoma” (Yang et al., 2018).

“Increased IQGAP1 and/or decreased
IQGAP2 contribute to the
pathogenesis of human hepatocellular
carcinoma. Furthermore,
downregulation of IQGAP2 occurs
independently of hypermethylation of
the IQGAP2 promoter” (White et al.,
2010).“IQGAP2 works as a tumor
suppressor in hepatocellular, prostate,
and gastric carcinomas” (Smith et al.,
2015). “/IQGAP2 mRNA expression is
correlated with the expression of
immunosuppressive genes and
leukocyte infiltration in diffuse large B-
cell lymphoma” (Tang et al., 2021).

“PASK expression is upregulated in prostate
cancer patients according to urinary exosomal
mRNA” (Yu et al., 2024).

No found

“LETM1 is a potential prognostic biomarker
and promotes cell progression in prostate
cancer. The expression of LETM1 was
correlated with cancer cell stemness-
associated genes, endothelial-mesenchymal
transition-related genes, cell cycle regulatory
genes, and PI3K/Akt signaling gene expression
in prostate cancer” (Piao et al., 2020).

“IQGAP2 may suppress PC tumorigenesis, at
least in part, by up-regulation of E-cadherin.
Mechanistically, overexpression of IQGAP2
significantly reduced AKT activation in DU145
cells and inhibition of AKT activation
upregulated E-cadherin, suggesting that
IQGAP2 increases E-cadherin expression by
inhibiting AKT activation. Taken together, we
demonstrate here that IQGAP2 is a candidate
tumour suppressor of prostate cancer” (Xie et
al,, 2012). “IQGAP2 mRNA expression was
significantly elevated particularly in low-grade
(primary Gleason score <3) PCs; these
changes separate PC from normal tissues
with area under curve values of 0.7-0.8.
Significant reductions in IQGAP2 mRNA levels
and gene copy number occurred in more than
70 metastases compared to at least 230 local
PCs. This duo-alteration in IQGAP2 expression
supports IQGAP2 elevation suppressing and
its downregulation facilitating PC progression”
(Xie etal., 2019).

*The gene functions are directly sourced from Gene Cards.

T The justifications for the association with cancer, or specifically PCa, are direct quotes taken from the cited publications.
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Appendix 3 — TagMan™ SNP Genotyping Assay validation

Plate maps and allelic discrimination scatter plots of the high-risk families’ index patients used as positive and
negative controls for each TagMan™ SNP Genotyping Assay validation. 7P63 rs190865056; (A), ZBTB46
rs34785134 (B), PASK rs35129131 (C), LETM1 162623389 (D), and IQGAP2 rs34592828 (E). The orange boxes
indicate the samples that are heterozygous for the studied variant in the plate map. The black rectangle in the allelic
discrimination plot indicates the samples that are heterozygous for the tested variant in the allelic discrimination
plot. NTC no-template control, SNP variant allele, WT reference allele.
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Appendix 4 — Plate maps and allelic discrimination scatter plots of RALP patients with
family history of PCa and HBOC

Plate maps and allelic discrimination scatter plots of the RALP patients with a family history of PCa and HBOC
(FH+) using TagMan™ SNP Genotyping Assays. Individuals were genotyped for 7P63 1s190865056 (A), ZBTB46
rs34785134 (B), PASK 1s35129131 (C), LETM1 rs62623389 (D), and IQGAP?2 rs34592828 (E). In the plate map,
orange boxes indicate heterozygous individuals, while green boxes represent those homozygous for the studied
variant. In the allelic discrimination plot, the black rectangle highlights the heterozygous participants, and the
green rectangle indicates the homozygous ones for the tested variant. NS no signal, Nolla no-template control,
SNP variant allele, WT reference allele.
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Appendix 5 — Plate maps and allelic discrimination scatter plots of RALP patients
without family history of PCa and HBOC

Plate maps and allelic discrimination scatter plots of the RALP patients without a family history of PCa, and
HBOC (FH-) using TagMan™ SNP Genotyping Assay for PASK rs35129131 variant. In the plate map, orange
boxes indicate heterozygous individuals for the studied variant. In the allelic discrimination plot, the black
rectangle highlights the heterozygous individuals for the tested variant. NS no signal, NTC no-template control,
SNP variant allele, WT reference allele.
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Appendix 6 — Genotypes of RALP patients with family history of PCa and HBOC

Genotypes of the studied variants in the RALP patients with family history of PCa and HBOC. 0/0 homozygous
reference, 0/1 heterozygous variant, 1/1 homozygous variant.

TP63 ZBTB46 PASK LETM1 10GAP2
Individual ID
rs190865056 rs34785134 rs35129131 rs62623389 rs34592828

RALP-0030 0/0 0/0 0/0 0/0 0/1
RALP-0044 0/0 0/0 0/0 0/0 0/0
RALP-0046 0/0 0/0 0/0 0/0 0/0
RALP-0052 0/0 0/0 0/0 0/0 0/0
RALP-0055 0/0 0/0 0/0 0/0 0/0
RALP-0057 0/0 0/0 0/0 0/0 0/0
RALP-0063 0/0 0/0 0/0 0/0 0/0
RALP-0072 0/0 0/0 0/0 0/0 0/0
RALP-0084 0/0 0/0 0/0 0/0 0/0
RALP-0085 0/0 0/0 0/0 0/0 0/0
RALP-0088 0/0 0/0 0/0 0/1 0/0
RALP-0100 0/0 0/0 0/0 0/0 0/0
RALP-0109 0/0 0/0 0/0 0/0 0/0
RALP-0117 0/0 0/0 0/0 0/0 0/0
RALP-0118 0/0 0/0 0/0 0/0 0/0
RALP-0124 0/0 0/0 0/0 0/0 0/0
RALP-0125 0/0 0/0 0/0 0/0 0/0
RALP-0127 0/1 0/0 0/0 0/0 0/0
RALP-0133 0/0 0/0 0/0 0/0 0/0
RALP-0137 0/0 0/0 0/0 0/0 0/0
RALP-0146 0/0 0/0 0/1 0/1 0/0
RALP-0147 0/0 0/0 0/0 0/0 0/0
RALP-0150 0/1 0/0 0/0 0/1 0/0
RALP-0151 0/0 0/0 0/0 0/0 0/0
RALP-0163 0/0 0/0 0/0 0/0 0/0
RALP-0175 0/0 0/0 0/0 0/0 0/0
RALP-0181 0/0 0/0 0/0 1/1 0/0
RALP-0184 0/0 0/0 0/0 0/0 0/0
RALP-0187 0/0 0/0 0/0 0/0 0/0
RALP-0197 0/0 0/0 0/0 0/1 0/0
RALP-0200 0/0 0/0 0/0 0/0 0/0
RALP-0204 0/0 0/0 0/0 0/1 0/0
RALP-0205 0/0 0/0 0/1 0/0 0/0
RALP-0210 0/0 0/0 0/0 0/0 0/1
RALP-0211 0/0 0/0 0/0 0/0 0/0
RALP-0217 0/1 0/0 0/0 0/0 0/0
RALP-0220 0/0 0/0 0/0 0/0 0/0
RALP-0221 0/0 0/0 0/0 0/0 0/0
RALP-0222 0/0 0/0 0/0 0/0 0/0
RALP-0223 0/0 0/0 0/0 0/0 0/1
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RALP-0224
RALP-0232
RALP-0233
RALP-0243
RALP-0248
RALP-0249
RALP-0254
RALP-0264
RALP-0265
RALP-0270
RALP-0277
RALP-0279
RALP-0288
RALP-0289
RALP-0295
RALP-0300
RALP-0302
RALP-0310
RALP-0314
RALP-0316
RALP-0320
RALP-0322
RALP-0324
RALP-0327
RALP-0335
RALP-0345
RALP-0367
RALP-0369
RALP-0370
RALP-0376
RALP-0378
RALP-0386
RALP-0387
RALP-0402
RALP-0403
RALP-0404
RALP-0406
RALP-0421
RALP-0429
RALP-0433
RALP-0438
RALP-0440
RALP-0441
RALP-0442
RALP-0446
RALP-0450
RALP-0451
RALP-0452

0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
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RALP-0455
RALP-0459
RALP-0466
RALP-0467
RALP-0470
RALP-0473
RALP-0476
RALP-0494
RALP-0495
RALP-0496
RALP-0497
RALP-0498
RALP-0502
RALP-0503
RALP-0504
RALP-0510
RALP-0511
RALP-0515
RALP-0520
RALP-0528
RALP-0530
RALP-0531
RALP-0542
RALP-0543
RALP-0545
RALP-0548
RALP-0551
RALP-0553
RALP-0555
RALP-0559
RALP-0563
RALP-0565
RALP-0567
RALP-0569
RALP-0573
RALP-0574
RALP-0586
RALP-0588
RALP-0592
RALP-0599
RALP-0600
RALP-0603
RALP-0624
RALP-0630
RALP-0633
RALP-0635
RALP-0638
RALP-0645

0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
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RALP-0651
RALP-0660
RALP-0661
RALP-0663
RALP-0668
RALP-0671
RALP-0673
RALP-0680
RALP-0686
RALP-0698
RALP-0703
RALP-0704
RALP-0720
RALP-0726
RALP-0731
RALP-0739
RALP-0741
RALP-0747
RALP-0751
RALP-0752
RALP-0755
RALP-0769
RALP-0779
RALP-0783
RALP-0788
RALP-0789
RALP-0796
RALP-0797
RALP-0811
RALP-0819
RALP-0822
RALP-0823
RALP-0829
RALP-0830
RALP-0831
RALP-0841
RALP-0842
RALP-0849
RALP-0853
RALP-0856
RALP-0859
RALP-0861
RALP-0862
RALP-0863
RALP-0864
RALP-0870
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RALP-0875
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0/0
0/0
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0/0
0/0
0/0
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RALP-1019
RALP-1025
RALP-1036
RALP-1038
RALP-1046
RALP-1050
RALP-1051
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0/0
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0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0

0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0
0/0

0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/1
0/0
0/0
0/0



RALP-1473
RALP-1477
RALP-1487
RALP-1496
RALP-1499
RALP-1502
RALP-1504
RALP-1506
RALP-1508
RALP-1509
RALP-1511
RALP-1512
RALP-1516
RALP-1521

0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0

0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
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0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0

0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/1
0/0

0/0
0/1
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0
0/0



Appendix 7 — Genotypes of RALP patients without family history of PCa and HBOC

PASK 1s35129131 genotype in RALP patients without family history of PCa and HBOC. 0/0 homozygous
reference, 0/1 heterozygous variant, 1/1 homozygous variant.

Genotype Individual ID

0/0 RALP-0029, RALP-0033, RALP-0034, RALP-0045, RALP-0051, RALP-0053, RALP-
0058, RALP-0061, RALP-0064, RALP-0068, RALP-0069, RALP-0070, RALP-0073,
RALP-0074, RALP-0075, RALP-0079, RALP-0086, RALP-0087, RALP-0092, RALP-
0094, RALP-0098, RALP-0099, RALP-0101, RALP-0105, RALP-0106, RALP-0107,
RALP-0110, RALP-0113, RALP-0114, RALP-0121, RALP-0126, RALP-0128, RALP-
0129, RALP-0131, RALP-0141, RALP-0145, RALP-0148, RALP-0155, RALP-0160,
RALP-0165, RALP-0168, RALP-0169, RALP-0171, RALP-0183, RALP-0188, RALP-
0190, RALP-0191, RALP-0195, RALP-0196, RALP-0201, RALP-0202, RALP-0212,
RALP-0213, RALP-0227, RALP-0230, RALP-0231, RALP-0234, RALP-0242, RALP-
0258, RALP-0261, RALP-0262, RALP-0269, RALP-0272, RALP-0274, RALP-0276,
RALP-0278, RALP-0285, RALP-0294, RALP-0296, RALP-0298, RALP-0306, RALP-
0309, RALP-0312, RALP-0317, RALP-0318, RALP-0319, RALP-0333, RALP-0336,
RALP-0342, RALP-0344, RALP-0353, RALP-0355, RALP-0356, RALP-0357, RALP-
0360, RALP-0361, RALP-0365, RALP-0371, RALP-0379, RALP-0380, RALP-0382,
RALP-0384, RALP-0389, RALP-0391, RALP-0392, RALP-0393, RALP-0398, RALP-
0399, RALP-0409, RALP-0420, RALP-0428, RALP-0430, RALP-0435, RALP-0437,
RALP-0453, RALP-0456, RALP-0457, RALP-0458, RALP-0460, RALP-0461, RALP-
0464, RALP-0468, RALP-0471, RALP-0477, RALP-0481, RALP-0482, RALP-0500,
RALP-0501, RALP-0505, RALP-0513, RALP-0516, RALP-0518, RALP-0524, RALP-
0526, RALP-0533, RALP-0538, RALP-0541, RALP-0546, RALP-0547, RALP-0550,
RALP-0557, RALP-0558, RALP-0570, RALP-0572, RALP-0576, RALP-0577, RALP-
0578, RALP-0582, RALP-0589, RALP-0590, RALP-0591, RALP-0595, RALP-0604,
RALP-0610, RALP-0612, RALP-0620, RALP-0623, RALP-0626, RALP-0628, RALP-
0631, RALP-0636, RALP-0640, RALP-0641, RALP-0644, RALP-0646, RALP-0652,
RALP-0653, RALP-0654, RALP-0667, RALP-0669, RALP-0674, RALP-0675, RALP-
0691, RALP-0695, RALP-0699, RALP-0715, RALP-0718, RALP-0719, RALP-0724,
RALP-0734, RALP-0736, RALP-0737, RALP-0745, RALP-0750, RALP-0754, RALP-
0756, RALP-0761, RALP-0765, RALP-0766, RALP-0768, RALP-0772, RALP-0791,
RALP-0792, RALP-0795, RALP-0799, RALP-0805, RALP-0809, RALP-0818, RALP-
0824, RALP-0832, RALP-0838, RALP-0844, RALP-0845, RALP-0854, RALP-0855,
RALP-0865, RALP-0880, RALP-0895, RALP-0900, RALP-0901, RALP-0915, RALP-
0919, RALP-0921, RALP-0923, RALP-0925, RALP-0935, RALP-0942, RALP-0947,
RALP-0954, RALP-0965, RALP-0967, RALP-0968, RALP-0970, RALP-0980, RALP-
0985, RALP-0988, RALP-0996, RALP-0997, RALP-1000, RALP-1004, RALP-1011,
RALP-1012, RALP-1023, RALP-1026, RALP-1027, RALP-1030, RALP-1060, RALP-
1061, RALP-1075, RALP-1077, RALP-1090, RALP-1091, RALP-1093, RALP-1100,
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RALP-1117, RALP-1128, RALP-1145, RALP-1149, RALP-1157, RALP-1170, RALP-
1176, RALP-1182, RALP-1187, RALP-1191, RALP-1192, RALP-1201, RALP-1207,
RALP-1208, RALP-1214, RALP-1224, RALP-1227, RALP-1229, RALP-1235, RALP-
1236, RALP-1242, RALP-1244, RALP-1247, RALP-1260, RALP-1262, RALP-1269,
RALP-1284, RALP-1291, RALP-1294, RALP-1307, RALP-1340, RALP-1344, RALP-
1347, RALP-1372, RALP-1377, RALP-1381, RALP-1385, RALP-1386, RALP-1397,
RALP-1409, RALP-1420, RALP-1422, RALP-1443, RALP-1447, RALP-1449, RALP-
1454, RALP-1478, RALP-1480, RALP-1481, RALP-1483, RALP-1486, RALP-1488,
RALP-1490, RALP-1503, RALP-1524, RALP-1525

0/1

RALP-0328, RALP-0338, RALP-0474, RALP-0725, RALP-0763, RALP-0867

111
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