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Abstract 

Prostate cancer (PCa) is the main cause of death in the male population. Incidence rates 

seem to vary by ethnicity, geography, and race, yet additionally by aging, obesity, diet and 

family history. Both genitourinary infections and chronic inflammation can contribute to 

the development of prostate cancer and tumor progression. PCa is a heterogeneous 

disease and one of the challenges is that current diagnostic tests such as protease-specific 

antigen (PSA) screening and histopathological examinations can not discriminate between 

indolent and invasive tumors. Nearly 8% of the human genome consists of sequences 

derived from endogenous retroviruses (ERVs). Human endogenous retroviruses (HERVs) 

are not infective and the pathogenicity has been weakened by the accumulation of genetic 

and epigenetic modifications responsible for the diminished HERV expression. Evidence 

indicates a possible involvement of HERV envelope proteins in several types of cancer, 

particularly the association between PCa and HERV-K. Furthermore, the application of 

next-generation sequencing (NGS) techniques to cancer research paved the way to new 

routes of investigation concerning the genetic background of individuals affected by PCa 

as well the potential impact of gene variants on cancer progression, metastases, and the 

response to cancer therapy. MHC class I and II play a critical role in mediating the 

immune responses against cancer cells. In PCa, loss of HLA class I expression has been 

observed in the primary tumor and lymph node metastases. The first part of this project 

focuses on the evaluation of the antibody response against highly immunogenic peptides 

obtained by the envelope protein of HERV-H, HERV-K, and HERV-W in plasma of 

patients with PCa, BPH, a borderline group of individuals with atypical small acinar 

proliferation (ASAP) and prostatic intraepithelial neoplasia (PIN), and a population of 

healthy controls (HCs). The second part focuses on the application of a NGS-based 

approach to characterize the variability within the Major Histocompatibility Complex 

(MHC) class I and II, one of the most variable region of human genome, and to analyze a 

panel of genes in a cohort of PCa patients and HCs.  
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The multigene panel analyzed was composed of 35 genes involved in innate and 

adaptative immune response, cancer, autophagy, and previously associated-PCa genes. 

Data presented in this thesis provides further evidence for the association between PCa 

and HERV-K, and new proof for HERV-H possible involvement in PCa pathogenesis 

emphasizing its potential to be used as a disease biomarker. Additionally, genotyping 

analysis of the MHC class I and II provides new data about the association of HLA-A and 

HLA-B and PCa risk. The analysis of the multigene panel detected novel genetic 

modifications in a cohort of individuals with PCa and one of healthy individuals. These 

findings shed light on novel SNPs and their potential impact on PCa risk, prognosis, 

survival and the patient response to cancer therapy.  

 

 

 

 

 

 

 



6 

 

Table of contents 

Table of contents 

Foreword            2 

Preface             3 

Abstract            4 

Table of contents           6 

List of Abbreviations           8 

1. Overview            11 

1.1 Prostate Cancer Epidemiology and Pathology      12 

1.1.1 Prostate Cancer Epidemiology       12 

1.1.2 Prostate Cancer Risk Factors       13 

1.1.3 Prostate Anatomy and Histology       17 

1.1.4 Prostate Pathology        19 

1.2 Management of Prostate Cancer        24 

1.2.1 Prostate Cancer Diagnosis       24 

1.2.2 Management and Therapies       25 

1.3 Human Endogenous Retroviruses        25 

1.3.1 Molecular Mechanisms by Which HERVs May Induce Cancer   27 

1.3.2 Human Endogenous Retroviruses and Prostate Cancer    29 

1.4 Next-Generation Sequencing and Advances in Prostate Cancer    31 

1.4.1 The Human Major Histocompatibility Complex     32 

1.4.2 Gene-panel analysis        33 

1.5 Aims           34 

2. HERV-K and HERV-H Env proteins Induce a Humoral Response in Prostate Cancer Patients  35 

2.1 Materials and Methods         36 

2.2 Results           40 

2.3 Discussion           47 

3. Characterization of MHC class I and class II loci by Next-Generation Sequencing in Prostate Cancer 

Patients            49 

3.1 Materials and Methods         50 



7 

 

3.2 Results           53 

3.3 Discussion           62 

4. Multigene Panel Testing and Prostate Cancer Risk       65 

4.1 Materials and Methods         66 

4.2 Results           70 

4.3 Discussion           80 

5. References            85 

6. List of Pubblications           110 

 

 



8 

 

List of Abbreviations 

AR Androgen Receptor 

ASAP Atypical small acinar proliferation 

BPH Benign prostate hyperplasia 

CK Cytokeratins 

CRPC Castration Resistant Prostate Cancer 

CT Computer tomography 

CZ Central Zone 

DDR DNA damage repair 

DHT 5α-dihydrotestosterone 

ELISA Enzyme-linked immunosorbent assay 

ERG1 ETS-related gene 

ETV1 ETS translocation variant  

FDA Food and Drug Administration 

GS Gleason grading system 

GWAS Genome Wide Association Studies 

HERV Human endogenous retrovirus 

HERV-H Human endogenous retrovirus-H 

HERV-K Human endogenous retrovirus-K 

HERV-W Human endogenous retrovirus-W 

HGPIN High grade prostatic intraepithelial neoplasia 

HLA Human leukocyte antigen 

HPCa Hereditary Prostate Cancer 

hSGT Human small glutamine rich tetratricopeptide  

HWE Hardy-Weinberg equilibrium 

IEBD Immune epitope database 



9 

 

 

IN Integrase 

LH Luteinizing hormone 

LNX Numb protein X 

LTR Long terminal repeat 

LUTS Lower urinary tract symptoms 

MHC Major histocompatibility complex 

MMR DNA mismatch repair genes  

MRI Multiparametric resonance imaging 

NGS Next generation sequencing 

OD Optical density 

PARP Poly-adenosine diphosphate-ribose polymerase 

PBS Phosphate-buffered saline 

PBS-T Phosphate-buffered saline and Tween-20 

PCa Prostate Cancer 

PCR Polymerase chain reaction 

PDE-5 Phosphodiesterase 5 

PIA Proliferative Inflammatory Atrophy  

PIN Prostatic intraepithelial neoplasia 

PLZF Promyelocytic Leukemia Zinc-Finger Protein 

PPT Polypurine tract 

PR Protease 

PSA Prostate-specific antigen 

PTEN Phosphatase and tensin homolog deleted on chromosome ten 

PZ Peripheral Zone 

RT Reverse transcriptase 



10 

 

 

SU Surface 

TM Transmembrane 

TMPRSS2 Transmembrane serine protease 2 

TURP Transurethral resection of the prostate 

TZ Transition Zone 

TZFP Testicular zinc-finger protein 



11 

 

 

 

 

 

Chapter 1 - Overview 

 

 

 

 

 

 

 

 

 

 

 

 



12 

 

Chapter 1 - Overview 

1.1  Prostate Cancer Epidemiology and Pathology 

1.1.1 Prostate Cancer Epidemiology 

Prostate cancer (PCa) is the second most diffused cancer in men, after lung cancer. PCa is 

mainly a disease of the elderly, and the diagnosis tends to increase after the age of 50 

years.  The incidence and mortality rates vary considerably by population, economic 

status, and lifestyle [1]. In 2020, PCa has been the most diagnosed form of cancer in men in 

Italy with more than 39,000 cases [2] and more than 200,000 new cases have been 

diagnosed in the USA [3]. Globally, the odds to develop PCa are higher in high developed 

countries compared to low developed ones (Figure 1) [4]. The higher incidence rates may 

well reflect economical settings, lifestyles, and especially an easier access to medical care, 

including screening campaigns and early diagnosis [5]. The introduction of prostate-

specific antigen (PSA) screening can be considered responsible for the increases in prostate 

cancer diagnosis and incidence rates, even though the mortality rates underwent a decline 

in Western and some European countries, included Italy [3]. In contrast, African American 

men have higher mortality rate than that of US men, included Hispanics, Whites and 

Asiatic men. Albeit the reason behind this decline are not clear, early detection and 

improved treatment solutions may be considered responsible. Several epidemiological 

studies show as prostate cancer risk, aggressiveness and prognosis are influenced by 

ethnicity, race, and geography [1,3,6].  
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Figure 1. Age-standardized incidence rates of Prostate Cancer in 2020 [3].  

 

 

1.1.2 Prostate Cancer Risk Factors 

Given the high incidence of prostate cancer among men population, different risk factors, 

associated to lifestyle, have been identified in large, prospective cohort studies. Some of 

the risk factors identified seem to be associated to a higher risk of advanced prostate 

cancer, especially smoking and obesity [7]. Diet and the intake of specific food seem to 

have a relevant impact on prostate cancer risk [8]. Some studies have instead found an 

association between dairy intake and overall prostate cancer risk and an inverse 

association between lycopene intake, contained in cooked tomato, and risk of advanced 

disease [9,10]. Diet and smoke are the only modifiable risk factors identified and their role 

in prostate cancer pathogenesis is yet poorly understood. However, PCa shows the highest 

hereditability compared to other major cancers.  
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1.1.2.1  Genetic Factors 

Cancer possesses a genetic nature since different mutations are necessary to induce the 

cancerogenic process. Mainly, there are two classes of significant mutations: activating 

mutations in oncogenes and inactivating mutations in oncosuppressor genes. Loss of gene 

function comes from genomic rearrangements involving loss of genomic DNA resulting in 

deletions or fusion with other genes. To date, several mutations have been associated to an 

increased risk of PCa. BRCA1 and BRCA2 are two suppressor genes implicated in the 

mechanisms of repair of damaged DNA and transcriptional regulation in response to 

DNA damage [11,12]. Both BRCA1 and BRCA2 have been associated with an increased 

risk of ovarian and breast cancer [13]; additionally, BRCA2 and BRCA1 are mutated in 

5.3% and 0.3% of patients with metastatic PCa, respectively [14]. Recently, the US Food 

and Drug Administration (FDA) authorized the use of two poly-adenosine diphosphate-

ribose polymerase (PARP) inhibitors for the treatment of biomarker-positive metastatic 

castrate resistant prostate cancer [15]. Other mutations have been reported in ATM, 

CHEK2, HOXB13, NBS1 genes [14,16,17]. More than 200 loci associated with early onset 

PCa, aggressive PCa, or gene × gene interactions have been identified through family-

based linkage and genome wide association (GWAS) studies [18]. Eighty six novel risk 

variants that affects PCa susceptibility have been identified through a multiancestry 

GWAS meta-analysis by Conti et al. along with new candidate genes potentially 

implicated in the development of PCa [19]. 

Androgen receptor (AR) plays a pivotal role in the physiology of prostate gland, the first 

evidence of mutations in its ligand-binding domain was observed in an androgen 

responsive cell line LNCaP. A mutation in the ligand binding domain of the androgen 

receptor of human LNCaP cells affects steroid binding characteristics and response to anti-

androgens [20].  
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AR mutations have been found in 50% of patients with castrate-resistant prostate cancer 

(CRPC), demonstrating that AR gene mutations underlie the mechanisms of AR resistance 

in AR targeted therapy [21]. With the advance of tissue technology, AR was found 

amplified in 23% of 47 patients with CRPC, whether in studies with hormone-naïve PCa 

cases no AR mutations were found. AR amplification and the splicing variant v7 are the 

main mechanism to drive AR resistance. In 1990, a loss of genetic portion in the region 10q 

was discovered in nearly 30% of localized PCa [22]. Later, the region of 10q was reported 

to encode a tumor suppressor gene PTEN (phosphatase and tensin homolog deleted on 

chromosome ten) involved in the PI3K-AKT pathway [23]. The amplification of the 

transcription factor c-Myc was reported along with the activation of the PI3K pathway. 

Somatic alterations, such as gene fusions, play a role in PCa etiology and involve the 

family of ETS transcription factors [24]. The most common fusion gene found in PCa 

patients is the TMPRSS2:ERG fusion whose prevalence can vary from 35% to 70% 

depending on the population in study, while ERG rearrangements with SLC45A3 and 

NDRG1 result less frequent [24–26]. Other members of the ETS family, such as ETV1, 

ETV4 and ETV5, were as well found rearranged in PCa cases. Given the heterogenous 

nature of PCa, patients can present an aggressive disease, characterized by a rapid 

progression and metastasis, or a slow disease with low tendency to progress. Generally, 

individuals with a hereditary form show an early onset, an aggressive disease, and an 

advanced stage.  
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1.1.2.2  Hereditary Prostate Cancer  

PCa has one of the highest hereditability rates among cancers. Individuals with a family 

history of PCa have a two- to four-fold greater probability to develop cancer. Hereditary 

PCa (HPCa) accounts for 5-15% of PCa cases and is characterized by an early onset and an 

aggressive progression [27]. Over 170 susceptibility loci have been associated to HPCa and 

mutations in the DNA damage repair genes (DDR) (BRCA1, BRCA2) and in the DNA 

mismatch repair genes (MMR) (MLH1, MSH2, MSH6) are used as HPCa biomarkers [28].  

 

 

1.1.2.3  Aging, Race and Ethnicity 

Advanced age can most certainly be considered a risk factor associated to prostate cancer 

development since most men who receive a diagnosis of prostate cancer are over 70 years 

old [3]. Epidemiological studies show as the incidence as well the mortality of prostate 

cancer seem to be higher in specific ethnic group, such as African and Afro-American men. 

It would probably be helpful to detect specific African-alleles and clarify PCa etiology in 

these populations. Intriguingly, some of the loci associated to PCa in Asian or European 

men are not present in African men [29]. 
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1.1.3 Prostate Anatomy and Histology 

The prostate is a tubule-alveolar exocrine gland that forms part of the male reproductive 

system and contributes secretions to the ejaculate [30]. It sits adjacent to the bladder and in 

front of the rectum, and it is surrounded by a thin capsule consisting of collagen, elastin, 

and smooth muscle. Conventionally portrayed as “walnut-shaped”, it surrounds the 

proximal urethra as it exits from the bladder [31]. The prostate parenchyma has been 

divided into three main zones: a central zone (CZ), encompassing the ejaculatory ducts 

and accounting for 25% of the prostate; a transition zone (TZ) which represents 10% of 

prostate tissue and close to the urethra; and a peripheral zone (PZ), surrounding the 

posterolateral region of the prostate (Figure 2) [32–34]. These zones have different 

embryologic origins and differ for their histology, anatomic characteristics, biologic 

functions, and their proneness to pathologic disorders. The majority of all PCa, nearly 

70%, arise from the PZ [35,36], along with Proliferative Inflammatory Atrophy (PIA) and 

Prostatic Intraepithelial Neoplasia (PIN) [37–39]. Conversely, CZ has a very low incidence 

of PCa, whist TZ, despite its similar embryologic origin to PZ, has a lower cancer 

incidence rate. The stroma of TZ is fibromuscular and it also is the zone where Benign 

Prostate Hyperplasia (BPH) mainly occurs [37]. The prostate epithelium consists of 

different cell types that vary in their morphology and function. The luminal cells are 

columnar epithelial cells involved in the synthesis of cytokeratins (CK) as well as secretory 

proteins, such as PSA [40]. Below there is a layer of non-secretory basal cells that line the 

basement membrane and express several CK (CK5, CK14 and p63), they also express very 

low levels of AR compared to luminal cells [41,42]. Lastly, neuroendocrine cells, which are 

basally localized and present a dendritic-like processes, secrete neuropeptides, serotonin 

and other peptide hormones [43].  
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Figure 2. Macroscopic and microscopic anatomy of the prostate gland. a|Human prostate is 

characterized by three main zones: the peripheral zone, where ∼70% of prostate cancers arise 

[35,36]; the central zone; and (3) the transition zone [32,34]. b| Microscopic structure of the 

prostate. The glandular epithelium of the prostate is encased in a fibromuscular stroma. The 

secretory luminal layer of tall columnar cells consists of cells that produce prostatic acid 

phosphatase, PSA and human kallikrein 2, all of which are secreted as part of the seminal fluid  

[44].  
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The normal growth and development of the prostate is regulated by androgenic 

hormones, particularly testosterone, produced by Leydig cells in the testes under 

stimulation with luteinizing hormone (LH) and then converted by 5α-reductase 

(nicotinamide-adenine dinucleotide phosphate-dependent δ4-3-ketosteroid 5α-

oxidoreductase) to 5α-dihydrotestosterone (DHT) [45,46]. The latter binds to intracellular 

AR which results in a conformational change and AR dimerization, followed by its 

transport in the nucleus where it activates the expression of target genes. Androgens and 

ARs play a pivotal role in PCa initiation and progression [46]. Moreover, androgen 

deprivation by orchiectomy determined the regression of cancer, even though patients 

tend to later develop CRPC, a lethal form of cancer unresponsive to traditional androgen 

deprivation therapy and therefore patients are treated with chemotherapy which confers a 

survival advantage. 

 

 

1.1.4 Prostate Pathology 

1.1.4.1  Benign Prostatic Hyperplasia 

Benign Prostatic Hyperplasia (BPH) is a non-malignant enlargement of the prostate gland 

defined as a benign proliferation in the number of stromal and glandular epithelial cells 

within the TZ (Fig. 3). BPH patients usually present lower urinary tract symptoms (LUTS) 

which comprise urinary frequency, urgency, nocturia, incomplete bladder emptying, and 

hesitancy [31,47]. Such symptoms can negatively affect the quality of life of the patient, 

and in most severe cases, patients sustain urinary retention [48]. The prevalence of BPH 

increases with age [48], though the pathophysiology is incompletely understood.  Multiple 

pre-clinical and clinical studies have pinpointed numerous risk factors for BPH [49].  
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Age-related metabolic aberrations, such as type 2 diabetes, obesity, and dyslipidemia, 

have been related to the development and progression of BPH/LUTS  [50] alongside 

inflammation during which the secretion of cytokines, chemokines and growth factors will 

determine the growth of epithelial and stromal prostatic cells [51]. Treatment of BPH 

includes lifestyle changes where applicable, and pharmacological management and 

surgery. Numerous drugs are currently used in the treatment of BPH, such as α-blockers, 

5α-reductase inhibitors and phosphodiesterase 5 (PDE-5) inhibitors [52].  

Despite the new technologies, Transurethral Resection of the prostate (TURP) remains the 

cornerstone of surgical treatment for BPH [52].  

 

 

 

Figure 3. Graphical representation of human prostate gland and histological slides of both a 

normal prostate and BPH tissue. Pleomorphism with regard to stromal/epithelia ratio is typically 

observed in BPH; the BPH slide below shows proliferation of the glandular epithelial cells [49]. 
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1.1.4.2  Atypical Small Acinar Proliferation and High-Grade Prostatic 

Intraepithelial Neoplasia  

High-Grade prostatic intraepithelial neoplasia (HGPIN) and atypical small acinar 

proliferation (ASAP) are considered a possible precursor and a primary premalignant 

lesion of PCa along with [38]. Microscopically, HGPIN is described as an atypical, 

proliferative change in the physiological architecture of prostatic acini and ducts 

characterized by the presence of prominent nucleoli (Figure 4a). [53]. Whereas ASAP is 

identified by small foci of atypical glands with some feature of adenocarcinoma (Figure 

4b). The percentage of patients to develop PCa after an initial diagnosis of HGPIN or 

ASAP is around 22-23% and 21%-51%, respectively [54,55]. 

 

 

Figure 4. Hematoxylin and eosin staining of high-grade prostatic intraepithelial neoplasia (a) and 

atypical small acinar proliferation (b) [56]. 
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1.1.4.3  Prostate Cancer 

PCa exhibits a noteworthy heterogeneity in neoplastic regions, also multifocal. 

Histopathological examination of the cancer tissue reveals benign glandular tissue, PIN 

tissue and adenocarcinomas areas characterized by distinct levels of differentiation and 

severity. In 1992, Gleason puts in place a system to help evaluate the degree of severity 

[57]. A score is attributed summing up the two most prevalent neoplastic lesions in the 

biopsy sample (e.g., 3+3; 3+4), a higher score denotes a more advanced adenocarcinoma 

(Fig. 5). Acinar adenocarcinoma is the most diffused among all primary prostate 

carcinomas, and as previously described, it arises mostly in the peripheral zone [58]. 

Ductal adenocarcinoma is rarer and occurs along the cells lining the ducts of the prostate 

gland and, unlike acinar adenocarcinoma, it tends to grow faster and spread to testis, 

penis, and lung [59]. A tall columnar, pseudostratified epithelium with papillary, 

cribriform, glandular, or solid structure characterize ductal adenocarcinoma, whilst, acinar 

adenocarcinoma portrays cuboidal cells arranged in acini [59]. Non-acinar prostate 

adenocarcinomas account for nearly 5-10% of PCa and include ductal and intraductal 

adenocarcinoma, squamous neoplasms, urothelial adenocarcinoma, basal cell carcinoma, 

and neuroendocrine tumors. Intraductal adenocarcinoma  
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has been introduced in the 2016 World Health Organization classification, it describes 

intraductal spread or in situ progress of acinar or ductal adenocarcinoma of the prostate 

gland as well an intraductal proliferation of urothelial carcinoma [60]. Squamous and 

basal cell carcinoma are extremely rare, the first is characterized by the presence of 

intercellular bridges or keratinization, the latter shows cystic/cribriform patterns and 

metastasis has been reported in nearly 15% of cases [61].  Neuroendocrine prostate cancer 

is a lethal form of cancer, most patients die within 1 to 2 years of diagnosis [62].  

 

 

Figure 5. Hematoxylin and eosin staining of the adenocarcinoma of the prostate showing different 

PCa stages with different Gleason grades. A| Needle core biopsy with Gleason grade 3+3 (score of 

6) with single, separate glands.  B| Needle core biopsy with Gleason grade 4+4 (score of 8) with 

cribriform and fused glands. C| Needle core biopsy with Gleason grade 5+5 (score of 10) with a 

solid pattern, the tissue may lack gland formation or present necrosis  [61]. 
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1.2  Management of Prostate Cancer 

1.2.1 Prostate Cancer Diagnosis 

Needle biopsy remains the gold standard procedure when a case of PCa is suspected. A 

prostate biopsy is performed using transrectal ultrasound to collect 10 to 12 tissue 

samples. The sample inspection is executed by a pathologist who issues the predominant 

histological pattern and, accordingly, assigns a primary Gleason score for the predominant 

histological pattern and a secondary grade for the highest pattern, both on a scale of 1 to 5 

based on the sample microscopic architecture [63,64]. To help assess the severity of the 

type of cancer and the prognosis, physicians stratify patients in low, intermediate and high 

risk by exploiting Gleason score patterns, PSA serum levels, and the clinical stage[63].  

Guidelines have been understandably outlined in order to standardize the procedures 

related to the number, location and collection of the prostate cores, assignation of Gleason 

score and grade group [64,65]. The accuracy of the diagnosis is highly dependent on the 

precision with which the biopsy has been performed, especially because this technique 

misses 21% to 28% of PCa cases [66]. In the last years, a great number of new FDA-

approved biomarkers have been introduced in the clinical practice, such as prostate cancer 

antigen 3 test, Prostate Health Index, to help lower the rate of false negative individuals 

[67,68]. Multiparametric MRI, bone scan and computer tomography (CT) are employed to 

research for metastasis and assess their clinical stage [5].  
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1.2.2 Management and Therapies 

Prostate adenocarcinoma is unfortunately the most diffused cancer in the male Western 

population. Androgen receptor (AR) plays a crucial role in PCa since its development and 

progression depends on androgenic stimulation [45,46]. Thereby, androgens deprivation 

represents one of the therapies undertaken to hinder the progression of the disease.   

Radical prostatectomy and/or radiotherapy constitutes the definitive treatment for 

localized PCa. 

 

 

1.3  Human Endogenous Retroviruses  

Human genome is composed for about 50% of repeat sequences, described as “junk”, 

though the advance in genome sequencing revealed how wrong this predicament was 

[69]. Especially since nearly 8% of these repeats are remnants of exogenous retrovirus, 

called human endogenous retroviruses (HERVs). Millions of years ago, the integration of 

such exogenous retroviruses in germ line cells has guaranteed the vertical transmission of 

ERV sequences to the host’s offspring [70]. HERVs have been found in all vertebrates 

[71,72], they share the same mechanism used by exogenous retroviruses to integrate in the 

genome. Once in the cytoplasm, the retroviral genome is reverse transcribed into a double-

strand DNA by the viral reverse transcriptase [73]. Through the interaction of the viral 

integrase and cellular cofactors, the proviral genome is then integrate in the host genome. 

Once integrated, the retroviral sequences can express mRNA encoding several proteins. 

HERVs share the same proviral structure of exogenous retroviruses which consists of two 

long terminal repeats (LTRs) flanking the viral genes gag, pro-pol and env (Figure 6).  
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The LTRs play a regulatory function in HERV expression, acting as promoters, enhancer, 

and polyadenylation signals, while gag, pro-pol and env encode for the structural 

components.  Summarily, gag encode the structural components of matrix, capsid and 

nucleocapsid; pro-pol expresses the proteases (PR), reverse transcriptase (RT) and integrase 

(IN); whilst env encode an envelope protein with two distinct subunits, surface (SU) and 

transmembrane (TM).  

The HERV provirus also contains a primer binding site (PBS) flanked by 5’-LTR and gag, 

and a polypurine tract (PPT) located between env and 3’-LTR; the PBS serves as a binding 

site for the cellular tRNA priming the (-) strand DNA synthesis, whereas PPT acts as 

primer for the (+) strand DNA synthesis. HERVs are classified in three main classes: class I 

(Gammaretrovirus- and Epsilonretrovirus-like), class II (Betaretrovirus-like) and class III 

(Spumaretrovirus-like). Many HERVs have been named according to the cellular tRNA 

bound by their PBS, such as HERV-K for lysine or HERV-H for histidine; others have been 

nominated after the name of a neighbor gene, such as HERV-FRD.  

 

 
 

Figure 6. Complete sequence of a genomic HERV RNA sequence comprising gag, pro, pol, env 

flanked by 5’ and 3’ LTR. (MA, matrix; CA, capsid; NC, nucleocapsid; PR, protease; RT, reverse 

transcriptase; RH, RNase H; IN, integrase; SU, surface; TM, transmembrane). 
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1.3.1 Molecular Mechanisms by Which HERVs May Induce Cancer  

HERVs proteins perform a variety of functions and appear to affect the course of several 

disease. Several mechanisms have been proposed about the role of HERVs in cancer: 

insertional mutagenesis, chromosomal re-arrangements, HERV-K Rec and Np9 acting as 

oncogenes, immunomodulation, cell-fusion and aberrant signaling (Figure 7). 

 

 

Figure 7. Potential mechanism for HERV-K(HML2) induced carcinogenesis. A| Chromosomal 

rearrangements: HML2-LTRs activity may contribute to carcinogenesis causing deletions, 

insertions, and inversions. B| LTR-induced activation of oncogenes: HML2-LTR may act as 

alternative promoter of adjacent oncogenes and recruit transcription factors, thus affecting cell 

proliferation gene expression. C| HERK-K(HML2) derived oncoproteins: Np9 and Rec activate 

ERK, AKT, Notch, c-myc and beta-catenin. HERV-K env appears to induce cell transformation, 

migration and invasion. D| Env-derived Immunosuppression: Np9 and Rec can enhance beta-

catenin expression which leads to immune tolerance to tumors, whilst Env presents an 

immunosuppressive domain in the TM domain able to upregulate IL-10 [74].  
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Non-allelic recombination of HERV sequences can result in deletions, duplications, and 

chromosomal re-arrangements which may alter or inhibit the expression of other host 

genes. Some patients with PCa have been described with HERV-K_22q11.23 5'-LTR-UTR 

translocations upstream of the transcription factor ETS translocation variant 1 (ETV1), 

which leads to an enhanced expression of the ETV1 oncogene promoting cancerogenesis 

[75]. Alternatively, LTRs can function as alternate promoters and dysregulate nearby 

proto-oncogenes or growth-promoting genes. Particularly, In human prostate cancer, 

oncogenic gene fusions involving the ETS (E26 transformation-specific) gene family occur 

as a result of recurrent chromosomal translocation, one of the 5’ fusion partners identified 

for such translocations was a HERV-K provirus [75]. Vogt et al. demonstrated how the loss 

of the mismatch repair endonuclease PMS2 gene was correlated to a chromosomal 

rearrangement involving the HERV provirus; the inactivation of PMS2 therefore prompted 

mismatch repair cancer syndrome and colorectal cancer [76]. HERV Env protein 

expression may prove to be deleterious because of its ability to induce cell-cell fusion and 

assist in cancer development [77,78] along with the ability to evade immune surveillance 

of the tumor microenvironment thanks to the immunosuppressive properties of the TM 

domain [79–81]. The immunosuppressive properties of the TM domains have been 

described for syncytin-2 [82] as well as the Env proteins of HERV-K [83], HERV-H [79] and 

HERV-E [84]. The expression of HERV-K(HML-2) proteins Rec and Np9 has been linked to 

tumorigenesis despite Rec and Np9 transcripts have been found in healthy human tissues 

[85]. Rec and Np9 are both known to interact with the cellular promyelocytic leukemia 

zinc-finger protein (PLZF) [86], a transcriptional repressor of the c-Myc proto-oncogene. 

Rec also binds to the testicular zinc-finger protein (TZFP) and the human small glutamine 

rich tetratricopeptide repeat (hSGT), which are both involved in repressing  
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 androgen receptors [87]. Whether, Np9 interacts with Numb protein X (LNX), hence the 

Numb/Notch signaling pathway [88] whose dysregulation has been reported in several 

cancer [89–91]. In leukemia stem/progenitor cells, Np9 regulates cell growth by activating 

and upregulating ERK, AKT, Notch and beta-catenin pathways [92]. Cell fusion occurs 

when the cellular membrane of one or more cell merge together, generating 

multinucleated cell. Cell fusion occurs not only in cancer [93], but it is an important 

process during placenta development. Furthermore, in mammals, syncytiotrophoblast 

formation is mediated by two fusogens deriving by HERV-W and HERV-FDR env genes 

(syncytin 1 and syncytin 2, respectively) [94,95]. Both syncytins have been also found 

expressed in cancer tissue [78,96–98] in which cancer cells seem to be able to merge with 

other non-cancer cells, such as bone marrow derived cells [99], leading to metastasis and 

heightened malignancy [100].  

 

 

1.3.2 Human Endogenous Retroviruses and Prostate Cancer 

HERV families possess distinct expression patterns and can be found in cancerous and 

normal tissues [101]. Both HERV-H and HERV-K have been found expressed in testicular 

cancer as well normal tissues. HERV-H is prominent in cancerous tissues, such as colon, 

stomach and prostate [101]. HERV-K, along with HERV-H and HERV-W, retains at least 

one full-length open reading frame. The expression of HERV-K mRNA and proteins is 

noticeable in prostate tissue of patients with a diagnosis of cancer. HERV-K (HML2) Gag 

protein was indeed isolated in serum of PCa patients by serological recombinant cDNA 

technology [102]. In PCa cell lines, HERV-K was detected in both full-length and spliced 

forms [103]. While, increased HERV-K Gag mRNA expression was found in PBMCs of 

older men and smokers with PCa compared to healthy controls [104].  
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Another study confirmed HERV-K involvement in PCa founding an increased expression 

of HERV-K Gag in prostate tissue and detected a correlation between high autoantibody 

levels against HERV-K Gag and PCa progression [105]. Recently, Rezaei et al. reported an 

increase in HERV-K Gag mRNA and protein levels in malignant regions of PCa patients as 

opposed to non-malignant tissue; HERV-K Gag protein was additionally found in 66.7% of 

malignant sections and only in 5.6% of benign tissue [106].  

Another aspect to keep in consideration is gene fusion of androgen-regulated promoter 

with member of the ETS family of transcription factors. Particularly, the fusion of the 

transcription factors ETS translocation variant (ETV1) or ETS-related gene (ERG1) to the 

transmembrane protease serine 2 (TMPRSS2) is the most common gene fusion identified, 

the TMPRSS2-ERG fusion is found in between 40 and 50% of PCa patients [24,107]. Other 

two studies revealed HERV-K17 [108] and HERV-K_22q11.23 [75] as novel ETV1 fusion 

partners, prostate-specific and androgen-regulated like TMPRSS2.  

Several studies pinpoint a general increase in HERV-W expression in tumor samples 

compare to healthy tissue [109]. Cancer cells sustain abnormal hypomethylation of CpG 

nucleotides which may be partly responsible for HERV reactivation in tumor tissues, 

whereas normal cells silence HERV expression by epigenetic mechanism. Unfortunately, 

few studies addressed the methylation status of HERV-W sequence in tumor tissue. In 

ovarian carcinomas though, an upregulation of HERV-W sequences due to a reduction in 

promoter methylation has been reported [110]. However, some of HERV-W sequences 

appear to maintain a hypermethylated state in malignant tissue. Similarly, HERV-W 

upregulation was also reported in neuroblastoma cancer cells and colon carcinoma cells 

[111,112], but in these conditions HERV-W increased expression may be a consequences of 

the cancer cell line environment instead of a specific cancer trait. Upregulation of HERV-H 

env-related transcripts have been correlated with colon cancer in vitro and in colon tumor 

tissue compared to adjacent normal tissue [113].  
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Furthermore, HERV-H transcript increased in metastatic tumor cells undergoing 

epithelial-to-mesenchymal transition (EMT) and in advanced colon cancer sample, besides 

HERV-H mediated the recruitment of immunoregulatory cells playing a critical role in 

tumor metastasis and immune escape [81].  

  

 

1.4  Next-Generation Sequencing and Advances in Prostate Cancer 

The advance of the Next-Generation Sequencing (NGS) has undoubtedly revolutionized 

cancer research in the last decade. NGS allowed to simultaneously sequence millions of 

DNA fragments differing from traditional sequencing methods with which only few 

selected fragments were sequenced because of high costs and intensive work. In cancer 

research, NGS provided the means to deepen and widen the current knowledge of tumor 

biology by providing new insights into tumor heterogeneity, genetic variability of the 

disease, genes involved in the mechanisms of resistance to drugs and the roles of the 

immune system. In other words, NGS helped to move cancer research toward 

“personalized medicine” which refers to the development of targeted therapies able to 

affect the expression of critical cancer genes, identified by cancer genome profiling, and 

directly attack cancer cells [114]. Finally, the advances of NGS technologies helped to 

classify this diversified disease into subgroups taking advantage of the different genomic, 

transcriptomic, and epigenetic features.  
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1.4.1 The Human Major Histocompatibility Complex 

The major histocompatibility complex (MHC) is the most polymorphic region in 

vertebrates [115]. MHC is a 4 Mb region, located on chromosome 6, and contains the 

human leukocyte antigen (HLA) genes. The HLA system encode cell-surface proteins 

involved in the regulation of adaptative immune responses. MHC initiates the adaptative 

immune response by presenting peptides to T lymphocytes in several context, such as 

cancer, autoimmunity, and infections. The two major classes of MHC molecules have 

different functions. Class I molecules (encoded by HLA-A, HLA-B and HLA-C) present 

intracellular molecules to CD8+ T cells, whereas class II molecules (encoded by HLA-DR, 

HLA-DQ and HLA-DP) exhibits exogenous antigens to CD4+ T cells [116]. HLA class I 

molecules are prevalently expressed on nucleated cell in the body, while HLA class II 

molecules are found in B cells, dendritic cells, macrophages [117,118]. The analysis of HLA 

variants is routinely used for tissue matching in allogenic organ transplants [119].  

However, recent evidence revealed how alterations or loss of the expression patterns of 

HLA genes constitute a critical immune escape mechanism that allows tumor cells to 

escape immunosurveillance [120,121]. Currently, the knowledge about HLA class I and II 

alterations and underlying molecular mechanisms in PCa is limited and controversial. 

Nonetheless, both MHC class I and class II appear to be expressed at different stages of 

mouse and human prostate tumor cells [122].   
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1.4.2 Gene-panel analysis  

Genome profiling of cancer using NGS technologies is earning popularity in the clinical 

setting. By sequencing the tumor genome, researchers and clinicians have access to new 

information about genomic aberrations upon which to develop new therapeutic strategies. 

Multigene panel testing aims to reduce the likelihood of a false negative assessment of 

genetic risk and to allow the identification of risk alleles for a particular disease in a cost-

effective way [123]. Multigene panel testing allows to obtain genetic risk information in a 

more time-efficient way. NGS is a cost-efficient technique which is usually employed to 

sequence the entire coding region of the genes of interest and part of the intronic 

sequences, or to analyze specific genetic variants [124]. 

 



34 

 

 

1.5  Aims  

The aims of this thesis can be summarized in the following point: 

I. To assess the presence and specificity of the humoral response against highly 

immunogenic peptides derived from the envelope protein of HERV-K, HERV-H 

and HERV-W in PCa patients compared to HC, BPH, and borderline cohorts. 

II. To identify new MHC class I and class II loci associated with PCa risk by Next-

generation Sequencing. 

III. To investigate novel relevant genetic variants in a population of PCa patients 

utilizing a NGS custom-made multigene panel approach. 
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Chapter 2  

2. HERV-K and HERV-H Env proteins Induce a Humoral Response in 

Prostate Cancer Patients 

2.1  Materials and Methods 

2.1.1 Study Population 

This study was approved by the Ethical Committee of AOU Sassari, and all patients 

signed an informed consent form. A cohort consisting of 105 patients with PCa, 74 patients 

with BPH, a borderline group of 31 patients diagnosed with ASAP and PIN, and 105 HCs 

matched by age. PCa, BPH and borderline cohorts were recruited at the Urology 

Department of University Hospital, Sassari, while HCs were recruited at the Transfusion 

Center, AOU, Sassari. Peripheral venous blood was collected in K+ -EDTA test tubes for 

both patients and HCs at the time of the subject recruitment. Whole blood was separated 

by standard Ficoll–Histopaque (Sigma-Aldrich, St. Louis, MO, USA) gradient 

centrifugation and newly separated plasma was stored at -20 °C. Thereafter, plasma 

samples were employed in indirect ELISA experiments to test the presence of 

autoantibodies against HERV env-derived peptides. Below, table 1 shows the clinical 

information related to patients and HCs. 
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Table 1. Demographic and clinical information of patient groups and healthy controls.  

 PCa  

(n=105) 

HCs  

(n=104) 

BPH 

 (n = 74) 

Borderline  

( n = 31) 

Age (mean±SD) 71.3 ± 8.2 60.1 ± 5.8 66.3 ± 7.6 68.3 ± 7.4 

Serum PSA (ng/ml, mean±SD) 

≤ 4 ng/ml 

> 4 ng/ml 

Unknown 

33.6±107.9 

16 

86 

1 

 
7.1 ± 6.9 

24 

48 

1 

6.0 ± 4.2 

8 

21 

1 

Gleason Score (GS) 

GS=6 

GS=7 

GS≥8 

Unknown 

 

45 

30 

26 

4 

   

Abbreviations: SD, standard deviation; PSA, prostate-specific antigen; PCa, prostate 

cancer; HCs, healthy controls, BPH, benign prostatic hyperplasia. 
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2.1.2 Highly Immunogenic Peptides 

The Immune Epitope Database (IEBD) is the online tool used to design and synthetize the 

peptides (HERV-K env-su19–37, HERV-K env-su109–126, HERV-W env-su93–108, HERV-W env-

su248–262, HERV-H env-su229–241, HERV-H env387–399) at >95% purity (LifeTein, South 

Plainfield, NJ, USA). The peptides have been resuspended in DMSO and stored in single-

use aliquots at -80°C (Table 2). 

 

 

Table 2. Aminoacidic sequences of peptides used as antigens in the indirect ELISA assay. 

 
Epitope 

Position 
Epitope Sequence 

UniProtKb Accession 

Number 

HERV-K env-su19–37 19–37 VWVPGPTDDRCPAKPEEEG 
O42043 

HERV-K env-su109–126 109–126 RPKGKTCPKEIPKGSKNT 

HERV-W env-su93–108 93–108 NPSCPGGLGVTVCWTY Q9UQF0 

HERV-W env-su248–262 248–262 NSQCIRWVTPPTQIV Q9UQF0 

HERV-H env-su229–241 229–241 LGRHLPCISLHPW Q9N2J8 

HERV-H env387–399  387–399 RVIPLIPLMVGLG Q9N2J8 

 

2.1.3 Indirect Enzyme-linked immunosorbent assay (ELISA) 

Indirect ELISA was performed to detect specific antibodies against the following peptides: 

HERV-K env-su19-37, HERV-K env-su109–126, HERV-W env-su93–108, HERV-W env-su248–262, 

HERV-H env-su229–241 and HERV-H env387–399. Ninety-six-wells Nunc immune-plates were 

incubated overnight at 4°C with a solution composed of carbonate-bicarbonate 0.05 M, pH 

9.5 (Sigma-Aldrich, St. Louis, MO, USA) and the respective peptides at 10 µg/mL.  
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A one-hour step was carried out in a blocking solution with 5% non-fat dried milk at room 

temperature (Sigma-Aldrich, St. Louis, MO, USA) and phosphate-buffered saline (PBS).   

The plates were washed twice with a solution of PBS and 0.05% Tween-20 (PBS-T) and 

plasma samples were added at 1:100 concentration and incubated for two hours at room 

temperature. Next, each plate was washed five times in PBS-T and incubated one hour at 

room temperature with an alkaline phosphate-conjugated anti-human IgG polyclonal 

antibody (1:1000, Sigma-Aldrich, St. Louis, MI, USA) and PBS. After another washing step 

in PBS-T, plates were incubated in a dark environment at room temperature with milli-Q 

water and p-nytrophenyl phosphate (Sigma-Aldrich, St. Louis, MI, USA). For each plate, 

absorbance was read at 405 nm using SpectraMax Plus 384 microplate reader (Molecular 

Devices, Sunnyvale, CA, USA). All samples were analyzed in duplicate and positive 

controls were used for each peptide.  A highly positive control serum was used to 

normalize the absorbance values.  

 

2.1.4 Statistical Analysis 

D’Agostino–Pearson omnibus normality test and the Shapiro–Wilk normality test were 

used to analyze the normality and distribution of the data. Mann–Whitney U test and 

Kruskal–Wallis test with Dunn’s multiple comparisons test were used to check the 

presence of differences between two or more groups, respectively. A cut-off value was 

chosen using the receiver-operating characteristic (ROC) and the sample positivity was 

verified using Fisher’s exact test. Specificity and sensitivity were properly selected for all 

the samples analyzed. The correlation between the antibody responses against HERV-env 

peptides and PSA levels was calculated by Spearman’s correlation test. The level of 

statistical significance was set up as p < 0.05. GraphPad Prism 8.2.0 software (GraphPad 

Software, San Diego, CA, USA) was used to carry out statistical analysis. 
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2.2 Results 

2.2 .1 Analysis of the Humoral Response Against HERV Env-derived Specific 

Peptides  

The results presented in this chapter have been published as “Manca M.A., Solinas T., 

Simula E.R., Noli M., Ruberto S., Madonia M., Sechi L.A. HERV-K and HERV-H Env Proteins 

Induce a Humoral Response in Prostate Cancer Patients. Pathogens. 2022 Jan 14;11(1):95. doi: 

10.3390/pathogens11010095. PMID: 35056043; PMCID: PMC8778306” [125]. 

The peptides used in the indirect ELISA experiments derive from the most immunogenic 

portions of the envelope protein of HERV-H, HERV-K and HERV-W and were employed 

in the detection of specific antibodies within the PCa, HCs, BPH and the borderline 

populations. The figure 8D shows that 15 out of 105 (14%) individuals with PCa (p = 

0.004), 6 out of 104 (6%) of the HCs, 6 out of 74 (8%) individuals with PBH, and 2 out of 31 

(6%) individuals of the borderline cohort showed a positive response against HERV-K 

env-su109–126. Whereas antibodies against HERV-H env-su229–241 (Figure 8C) were found in 

28 out of 105 (26%) individuals with PCa (p < 0.0001), 15 out of 104 (14%) of HCs, 16 out of 

74 (15%) individuals with PBH (p = 0.008), 8 out of 31 (25%) individuals of the borderline 

cohort. About the other peptides used in the study, no seroreactivity was detected against 

HERV-K env-su19–37 (Figure 8A), HERV-W env-su93–108 (Figure 8B), HERV-W env-su248–262 

(Figure 8E) and HERV-H env387–399 (Figure 8F) between PCa and HCs, BPH or borderline 

groups. 
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Figure 8. ELISA-based analysis of the antibody reactivity against HERV-env derived peptides. 

Plasma samples from HCs, PCa, BPH, and borderline cohorts were tested against HERV-K env-

su19–37 (A), HERV-K env-su109–126 (D), HERV-W env-su93–108 (B), HERV-W env-su248–262(E), HERV-H 

env-su229–241 (C), HERV-H env387–399 (F). Black bars correspond median plus interquartile range and 

the dotted lines stand for the cut-off values attained after ROC analysis to assess sample 

seropositivity. 
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2.2.2 Stratification of PCa patients by Gleason Score to assess seroreactivity 

against HERV env-derived peptides  

The stratification of PCa patients was performed in accordance with the Gleason grading 

system (GS) in order to evaluate if the antibody response directed to HERV env-derived 

peptides was affected by the patient grading system and the level of progression of PCa. A 

statistically significant response against HERV-K env-su109–126 was found between GS ≥ 8 

group and HCs (p = 0.03) (Figure 9D). Similarly, the analysis of HERV-H env-su229–241 

antibody levels revealed a significant difference between HCs and patients with GS = 6 (p 

= 0.001), GS = 7 (p = 0.03) and GS ≥ 8 (p = 0.01) (Figure 9C). Furthermore, antibody levels 

against HERV-H env-su229–241 were similar across the various GS classes suggesting that the 

Gleason grading and the level of differentiation of prostate tissue did not affect the 

humoral response directed against the HERV-H env-su229–241 epitope of the envelope 

protein. This further analysis confirmed the lack of noticeable humoral response against 

the other HERV env-derived epitopes used in this study: HERV-K env-su19–37 (Figure 9A), 

HERV-W env-su93–108 (Figure 9B), HERV-W env-su248–262 (Figure 9E) and HERV-H env387–399 

(Figure 9F). 
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Figure 9. ELISA-based analysis of antibody response against HERV-K env-su19–37 (A), HERV-W 

env-su93–108 (B), HERV-H env-su229–241 (C), HERV-K env-su109–126 (D), HERV-W env-su248–262(E) and 

HERV-H env387–399 (F) in PCa population stratified according to Gleason grading system. Black bars 

correspond to median plus interquartile range.  
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2.3  Spearman’s Correlation Analysis between PSA Plasmatic Levels and 

Antibody Levels Against HERV env-derived Epitopes 

Since prostate-specific antigen (PSA), a kallikrein-serine protease produced by the 

epithelial cells of the prostate gland, is presently used as PCa biomarker due to the 

increased circulating levels during cancer [126], correlation analysis was carried out to 

evaluate the presence of an association between PSA plasmatic levels and the antibody 

response against HERV env-derived peptides. As shown in Figure 10, the analysis 

indicated that PSA plasmatic levels and the humoral response against HERV env-derived 

peptides are not correlated in patients with PCa (Figure 10A) as well as in patients with 

PBH (Figure 10B), and in patients of the borderline group (Figure 10C). Moreover the 

following correlations were detected in PCa patients (Figure 10A) between HERV-K env-

su19–37 and HERV-K env-su109–126 (r = 0.34, p = 0.0004), HERV-W env-su93–108 (r = 0.31, p = 

0.001), HERV-W env-su248–262 (r = 0.34, p = 0.0004), HERV-H env-su229–241 (r = 0.33, p = 0.0005) 

and HERV-H env387–399 (r = 0.23, p = 0.01); low correlations were also detected between 

HERV-K env-su109–126 and HERV-W env-su93–108 (r = 0.07, p = ns), HERV-W env-su248-262 (r = 

0.24, p = 0.01), HERV-H env-su229-241 (r = 0.16, p = ns) and HERV-H env387-399 (r = −0.003, p = 

ns). Further, HERV-W env-su93-108 exhibited a low correlation with HERV-W env-su248-262 (r 

= 0.39, p < 0.0001), HERV-H env-su229-241 (r = 0.41, p < 0.0001), HERV-H env387-399 (r = 0.46, p 

< 0.0001), and a low correlation was also found between HERV-W env-su248-262 and HERV-

H env-su229-241 (r = 0.37, p = 0.0001), HERV-H env387-399 (r = 0.21, p = 0.02). A moderate 

correlation was noticed between HERV-H env-su229-241 and HERV-H env387-399 (p < 0.0001).  
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The correlation analysis performed using the antibody levels of HERV env-derived 

peptides in BPH patients (Figure 10B) exhibited a moderate correlation between HERV-K 

env-su19–37 and HERV-K env-su109–126 (r = 0.50, p < 0.0001), HERV-W env-su93–108 (r = 0.54, p < 

0.0001), HERV-H env-su229–241 (r = 0.49, p < 0.0001) and a low correlation between HERV-K 

env-su19–37 and HERV-W env-su248–262 (r = 0.35, p = 0.002), and HERV-H env387–399 (r = 0.28, p 

= 0.01). HERV-K env-su109–126 showed a low correlation with HERV-W env-su93–108 (r = 0.37, 

p = 0.001), HERV-W env-su248–262 (r = 0.28, p = 0.01), and HERV-H env-su229–241 (r = 0.26, p = 

0.02); while HERV-K env-su109–126 exhibited no significant correlation with HERV-H env387–

399 (r = 0.14, p = ns).  

Moderate correlations were found between HERV-W env-su93–108 and HERV-W env-su248–262 

(r = 0.45, p < 0.0001), HERV-H env-su229–241 (r = 0.67, p < 0.0001), and HERV-H env387–399 (r = 

0.57, p < 0.0001). In regard to HERV-W env-su248–262, the following correlations were found 

with: HERV-H env-su229–241 (r = 0.40, p < 0.0001), HERV-H env387–399 (r = 0.22, p = ns); whilst, 

a moderate correlation was found between HERV-H env-su229–241 and HERV-H env387–399 (r 

= 0.59, p < 0.0001). As for the Borderline group (Figure 10C), a strong correlation was 

observed between HERV-K env-su19–37 and HERV-K env-su109–126 (r = 0.80, p < 0.0001), 

HERV-W env-su248–262 (r = 0.73, p < 0.0001), HERV-H env-su229–241 (r = 0.76, p < 0.0001), and 

between HERV-W env-su93–108 and HERV-W env-su248–262 (r = 0.77, p < 0.0001), HERV-H 

env-su229–241 (r = 0.70, p < 0.0001). A strong correlation was also observed between HERV-H 

env-su229–241 and HERV-W env-su248–262 (r = 0.72, p < 0.0001). A moderate correlation was 

noticed between HERV-K env-su109–126 and HERV-W env-su93–108 (r = 0.47, p = 0.007), HERV-

W env-su248–262 (r = 0.50, p = 0.004), HERV-H env387–399 (r = 0.39, p = 0.02), as well between 

HERV-K env-su19–37 and HERV-W env-su93–108 (r = 0.65, p = 0.0001); alongside the moderate 

correlation found between HERV-H env387–399 and HERV-W env-su248–262 (r = 0.43, p = 0.01), 

HERV-K env-su19–37 (r = 0.49, p = 0.005), HERV-W env-su93–108 (r = 0.56, p = 0.001), HERV-H 

env-su229–241 (r = 0.58, p = 0.007).  
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Figure 10. Heatmap of the Spearman’s correlation coefficients obtained among HERV-env derived 

peptides and PSA plasmatic levels in PCa (A), PBH (B), and borderline (C) cohorts. 

 



47 

 

 

2.4  Discussion 

The association between HERVs and several diseases, such as amyotrophic lateral 

sclerosis [127,128], multiple sclerosis [129], autoimmune diseases [130,131] and several 

types of cancer [102,132–135], has been widely investigated over the years. The envelope 

(env) protein of HERVs family has immunosuppressive properties and it is involved in the 

modulation of transcription factors of cancer-related pathways [92,136]. Cancer 

management requires screening methods for cancer diagnosis and prognosis, and 

currently healthcare exploits both prostate biopsy and PSA screening for diagnosing PCa. 

To investigate how HERVs contribute to cancer pathogenesis, several studies used 

different approaches. In a recent study by Razei et al., higher levels of HERV-K gag RNA 

and protein were observed in PCa malignant regions as opposed to matched benign 

regions [106]. Other studies have previously shown that serum antibody against HERV-K 

gag is present in PCa patients [105] and HERV-K gag expression is elevated in the PBMCs 

of PCa patients, with smoking status and age being significant determinants [137]. 

According to Chie et al., HERV-H enhances epithelial-to-mesenchymal transition and 

plays a role in cancer immune evasion [81]. According to this latter research, an HERV-H 

peptide was able to boost the production of CCL19 which in turn led to the recruitment of 

immunosuppressive immune cells into HERV-H+ CCL19+ colon cancer tissues. The work 

by Pérot et al. suggests HERV-H plays a prominent role in colorectal cancer by 

demonstrating the association between HERV-H reactivation and clinical parameters, like 

lymph node metastasis [138]. The purpose of this study was to investigate whether 

specific humoral responses to HERVs, in particular to epitopes derived from the most 

immunogenic portions of the env proteins of HERV-H, HERV-K, and HERV-W, could be 

an appropriate disease biomarker for PCa. Plasma samples were chosen because these 

body fluids are readily accessible and favorable for analyzing HERV-specific immune 

responses.  
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Furthermore, the presence of HERV env antibodies was also studied in two distinct 

cohorts consisting of patients affected by BPH and a borderline populations to further 

assess the specificity of the association found between PCa, HERV-K and HERV-H.  In the 

PCa population, 14% of the subjects analyzed were found seropositive against HERV-K 

env-su109–126, while the humoral response against peptides derived from the env protein of 

HERV-W (HERV-W en-su93–108 and HERV-W env-su248–262) did not differ among groups.  

Additionally, our investigation revealed for the first time that 26% of PCa patients had 

strongly positive antibody response against HERV-H env-su229–241 in comparison to HCs, 

BPH, and the borderline cohorts. In the BPH group, 14% of patients were found 

seropositive to HERV-H env-su229–241 as well, although T-Fisher exact test did not confirm 

this result. HERV-env-specific humoral response was further explored by stratifying the 

PCa population according to the Gleason Score system, a strong predictor of PCa 

prognosis. Our findings revealed that tumor progression and Gleason grading system 

were not correlated with the antibody levels against HERV-H env-su229–241, in fact no 

difference was observed among the GS-based groups, whereas patients with a GS ≥ 8 

displayed a stronger antibody response against HERV-K env-su109–126.  

These findings support the hypothesis that HERV-K env and HERV-H env autoantibodies 

may play a role as prostate cancer biomarkers; it may be useful to inquire into the 

expression levels of the env protein of HERV-K and HERV-H in prostate tissue samples as 

well as PBMCs to help shed light on the diagnostic and prognostic potential of HERV 

serum antibodies. 
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Chapter 3  

3. Characterization of MHC class I and class II loci by Next-Generation 

Sequencing in Prostate Cancer Patients (Unpublished Data) 

3.1  Material and methods  

3.1.1 Sample collection and PBMCs isolation 

The study was approved by the Ethical Committee of AOU, Sassari. A cohort of 50 

patients with PCa and 50 HCs matched by age were used in this work (Table 3). PCa 

patients were enrolled at the Urology Department of University Hospital of Sassari and 

the HCs were enrolled at the Transfusion Center of AOU, Sassari. Peripheral whole blood 

samples were collected in K+ -EDTA test tubes for both PCa and HCs individuals. 

Peripheral blood mononuclear cells (PBMCs) were separated from the other blood 

components by Ficoll-Histopaque gradient centrifugation (Sigma-Aldrich, St. Louis, MO, 

USA). PBMCs were then stored at -80°C in Fetal Bovine Serum and dimethyl-sulfoxide 

(DMSO) (Sigma-Aldrich, St. Louis, MO, USA) until further use.  

Table 3. Demographic and clinical information about PCa patients and HCs. 

 PCa (n=50) HCs (n=50) 

Age (mean±SD) 70.7±8.1 58.4±7 

Serum PSA (ng/ml, mean±SD) 

≤ 4 ng/ml 

> 4 ng/ml 

 

7 

43 
 

Gleason Score (GS) 

GS=6 

GS=7 

GS≥8 

Unknown 

 

23 

16 

9 

2 
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3.1.2 Genomic DNA extraction 

Genomic DNA was extracted by PBMCs using DNeasy Blood and Tissue kit (Qiagen, CA, 

USA). Cells were washed twice in Phosphate Buffer Saline 1X (PBS) and resuspended in 

200 µl PBS 1X. Genomic DNAs were extracted according to the manufacturer’s 

instructions. The final DNA concentration of each sample was measured using Nanodrop 

One (Thermo Scientific) and DNA quality was evaluated by calculating the following 

absorbance ratios: A260/A280 and A260/A230. 

 

 

3.1.3 Library Preparation and HLA Genotyping 

Each individual of both populations was genotyped for HLA-A, HLA-B, HLA-C, HLA-

DQB1, HLA-DRB1, HLA-DPB1 using a CRS4-NGSC in-house protocol. Briefly, the entire 

gene region from 5'UTR to 3'UTR of Class I HLA (HLA-A, HLA-B and HLA-C loci) and of 

Class II (HLA-DRB1, -DPB1, -DQB1 loci) were amplified by long range PCR using a 

modified protocol from Hosomichi et al. (BMC Genomics 2013, 14:355). Primers for HLA-

A and HLA-DRB1 were redesigned, and the amplifications were carried out in duplex 

PCR (two loci for each reaction). PCR products were quantified by Qubit fluorimeter and 

pooled in equimolar quantities. Library were obtained using NexteraDNA Flex with 100ng 

of DNA and indexed with IDT for Illumina Nextera DNA UD Indexes Primer Set 

(Illumina, San Diego, CA, USA). After purification of PCR products with 1X AMPure XP 

beads (Beckman Coulter), the libraries were quantified by Qubit fluorimeter. A loading 

pool consisting of 96 samples was diluted to 9 pM before sequencing on a MiSeq Reagent 

Kit v3 600-cycle (Illumina). 
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3.1.4 Bioinformatic and Statistical analysis 

Demultiplexing and fastq file generation was conducted on BaseSpace Sequence Hub 

(Illumina). HLA typing data were analyzed using NGSengine software (GenDX) and 

manual data review. The allele frequencies for each HLA locus were calculated using a 

direct counting method and the differences between PCa patients and HCs were 

calculated by two-sided T-Fisher Exact test. P-values < 0.05 were considered statistically 

significant. GraphPad Prism 8.2.0 software (GraphPad Software, San Diego, CA, USA) was 

used to carry out statistical analysis. 
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3.2  Results 

3.2.1 Allele frequencies of MCH class I in PCa patients and HCs  

Table 4 below summarizes the allele frequencies and the differences found for MHC class I 

loci (HLA-A, HLA-B, HLA-C) in a cohort of individuals with PCa and one of HCs. The 

number of HLA-A, HLA-B and HLA-c alleles identified in this study were 22, 35 and 23, 

respectively. The most frequent alleles found in locus A in patients with PCa were A*02:01 

(16.66%), A*02:05 (13.54%), A*30:02 (12.5%), A*24:02 (9.38%), A*32:01 (9.38%), A*03:01 

(6.25%) and A*26:01 (6.25%). On the locus B, B*18:01 (18.8%), B*35:01 (9.57%), B*58:01 

(9.57%), B*07:02 (5.32%), B*14:02 (5.32%), B*38:01 (5.32%) were the most frequent alleles in 

the PCa cohort. Instead in the HCs group, the most frequent alleles were the following: 

A*24:01 (20.21%), A*02:01 (15.96%), A*11:01 (14.89%), A*30:02 (12.76%), A*32:01 (9.32%), 

B*12:01 (30.61%), B*35:01 (9.18%), B*58:01 (8.16%), C*05:01 (16.67%), C*04:01 (13.33%), 

C*07:01 (16.67%), C*07:18 (13.33%), C*12:03 (8.33%).  

The analysis to verify the differences in HLA allele frequencies between the two 

populations identified two HLA-A alleles more commonly present in the HCs than PCa 

patients. HLA-A*11:01 was found in 5.21% of PCa patients and 14.89% of HCs (p = 0.0305, 

OR: 0.314), whilst A*24:02 occurred in 9.38% of PCa and 20.21% of HCs (p = 0.0414, OR: 

0.408). On the HLA-B locus, B*18:01 was the only one to show a significant difference 

between PCa and HCs, 18.8% and 30.61% (p = 0.046, OR: 0.500), respectively. On the locus 

HLA-C, C*03:03 was exclusively observed in PCa patients with a 5% frequency. 
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Table 4. Allele frequencies of MHC class I (HLA-A, HLA-B, HLA-C) and frequency differences 

between PCa patients and HCs analyzed using T-Fisher exact test. Statistically significant alleles 

have been marked in bold. 

 Allele Frequencies of MHC class I   

 
PCa 

(2n=100) 

HCs 

(2n=100) 
OR p-value 

A*01:01 3 (3.1%) 3 (3.2%) 0.978 ns 

A*01:02 / 1 (1.06%) 0.000 ns 

A*02:01 16 (16.66%) 15 (15.96%) 1.053 ns 

A*02:05 13 (13.54%) 8 (8.51%) 1.684 ns 

A*02:06 1 (1.04%) / 0.000 ns 

A*02:09 1 (1.04%) / 0.000 ns 

A*03:01 6 (6.25%) 2 (2.13%) 3.067 ns 

A*11:01 5 (5.21%) 14 (14.89%) 0.314 0.0305 

A*23:01 1 (1.04%) 2 (2.12%) 0.484 ns 

A*24:02 9 (9.38%) 19 (20.21%) 0.408 0.0414 

A*24:03 / 1 (1.06%) 0.000 ns 

A*25:01 / 1 (1.06%) 0.000 ns 

A*26:01 6 (6.25%) 3 (3.2%) 2.022 ns 

A*29:01 1 (1.04%) 2 (2.13%) 0.484 ns 

A*29:02 2 (2.08%) 1 (1.06%) 1.979 ns 

A*30:01 3 (3.12%) 3 (3.2%) 0.978 ns 

A*30:02 12 (12.5%) 12 (12.76%) 0.976 ns 

A*30:04 1 (1.04%) / 0.000 ns 

A*31:01 1 (1.04%) / 0.000 ns 

A*32:01 9 (9.38%) 5 (5.32%) 1.841 ns 

A*33:01 5 (5.21%) 2 (2.13%) 2.527 ns 



55 

 

Table 4 (continued). 

A*68:01 1 (1.04%) / 0.000 ns 

A* NA 4 6   

     

B*07:02 5 (5.32%) 2 (2.04%) 2.697 ns 

B*07:05 2 (2.13%) 2 (2.04%) 1.043 ns 

B*08:01 2 (2.13%) 2 (2.04%) 1.043 ns 

B*13:02 3 (3.19%) 3 (3.06%) 1.044 ns 

B*14:02 5 (5.32%) 4 (4.08%) 1.320 ns 

B*15:01 4 (4.25%) 1 (1.02%) 4.311 ns 

B*15:17 1 (1.06%) 2 (2.04%) 0.516 ns 

B*15:18 1 (1.06%) 1 (1.02%) 1.043 ns 

B*18:01 17 (18.08%) 30 (30.61%) 0.500 0.046 

B*18:03 / 1 (1.02%) 0.000 ns 

B*27:05 / 1 (1.02%) 0.000 ns 

B*35:01 9 (9.57%) 9 (9.18%) 1.047 ns 

B*35:02 3 (3.19%) 4 (4.08%) 0.775 ns 

B*35:03 / 2 (2.04%) 0.000 ns 

B*35:08 1 (1.06%) / 0.000 ns 

B*38:01 5 (5.32%) 3 (3.06%) 1.779 ns 

B*39:06 1 (1.06%) / 0.000 ns 

B*40:02 1 (1.06%) / 0.000 ns 

B*40:06 / 1 (1.02%) 0.000 ns 

B*44:02 2 (2.13%) 2 (2.04%) 1.043 ns 

B*44:03 2 (2.13%) 1 (1.02%) 2.132 ns 

B*44:05 2 (2.13%) / 0.000 ns 

B*45:01 1 (1.06%) 1 (1.02%) 1.043 ns 
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Table 4 (continued). 

B*47:01 1 (1.06%) 1 (1.02%) 1.043 ns 

B*49:01 4 (4.25%) 4 (4.08%) 1.044 ns 

B*51:01 3 (3.19%) 4 (4.08%) 0.775 ns 

B*51:08 / 1 0.000 / 

B*52:01 3 (3.19%) 3 (3.06%) 1.044 ns 

B*53:01 1 (1.06%) 1 (1.02%) 1.043 ns 

B*55:01 3 (3.19%) 2 (2.04%) 1.582 ns 

B*56:01 1 (1.06%) / 0.000 / 

B*57:01 1 (1.06%) / 0.000 / 

B*58:01 9 (9.57%) 8 (8.16%) 1.191 ns 

B*58:22 / 1 (1.02%) 0.000 ns 

B*73:01 1 (1.06%) 1 (1.02%) 1.043 ns 

B* NA 6 2   

     

C*01:02 1 (1.25%) 3 (5.0%) 0.240 ns 

C*02:02 4 (5.0%) 1 (1.67%) 3.105 ns 

C*03:02 1 (1.25%) / 0.000 / 

C*03:03 4 (5.0%) / 0.000 / 

C*04:01 13 (16.25%) 8 (13.33%) 1.261 ns 

C*05:01 10 (12.50%) 10 (16.67%) 0.714 ns 

C*06:02 5 (6.25%) 3 (5.0%) 1.267 ns 

C*07:01 8 (10.0%) 10 (16.67%) 0.555 ns 

C*07:02 5 (6.25%) 2 (3.33%) 1.933 ns 

C*07:04 / 1 0.000 / 

C*07:18 8 (10.0%) 8 (13.33%) 0.722 ns 

C*07:682 1 (1.25%) / 0.000 / 
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Table 4 (continued). 

C*08:02 4 (5.0%) 1 (1.67%) 3.105 ns 

C*12:02 2 (2.50%) 2 (3.33%) 0.744 ns 

C*12:03 9 (11.25%) 5 (8.33%) 1.394 ns 

C*15:02 2 (2.5 %) / 0.000 ns 

C*15:04 / 1 0.000 ns 

C*15:05 2 (2.50%) 1 (1.67%) 1.513 ns 

C*15:22 / 1 0.000 / 

C*16:01 / 1  / 

C*16:02 / 1  / 

C*16:04 1 (1.25%) 1 (1.67%) 0.747 ns 

C* NA 20 40   

Abbreviations: OR, odd ratio; ns = not significant; NA: Not available. 

 

 

3.2.2 Allele frequencies of MCH class II in PCa patients and HCs 

Table 5 below summarizes allele frequencies of MHC class II calculated in both PCa 

patients and HCs. No significant difference was observed between PCa and HCs, though 

numerous alleles were found most represented in both groups. In the PCa cohort, the 

following HLA-DRB1 alleles DRB1*16:01, DRB1* 03:01, DRB1*11:04, DRB1*13:01, 

DRB1*15:02, DRB1*01:01 accounted for 14.29%, 12.86%, 10%, 7.14%5.71% and 5.71%, 

respectively. On the locus DQB1, the most frequent alleles were DQB1*03:01 (19.10%), 

DQB1*05:02 (14.61%), DQB1*02:01 (13.48%), DQB1*03:02 (7.87%), DQB1*06:03 (5.62%). As 

for HLA-DBP1, the most common alleles were DPB1*02:01 (28.75%), DPB1*04:01 (20%), 

DPB1*04:02 (15%), DPB1*03:01 (10%). Additionally, the most observed HLA-DRB1 alleles 

in the cohort of HCs were DRB1*03:01 (19.32%), DRB1*11:04 (14.77%), DRB1*16:01 

(13.64%), DRB1*01:01 (6.82%), DRB1*11:01 (6.82%). 
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 On the loci HLA-DQB1 and HLA-DRB1, the most frequent alleles were the following: 

DQB1*03:01 (18.99%), DQB1*02:01 (13.92%), DQB1*05:02 (13.92%), DRB1*04:01 (28.13%), 

DRB1*04:02 (21.88%), DRB1*02:01 (20.83%), DRB1*10:01 (5.21%). A novel allele 

(DRB1*16:64) belonging to HLA-DRB1 locus, not reported in any of the online database (e. 

g. the IPD-IMG/HLA Database and the Allele Frequency Database), was identified in the 

genotyping of both populations.  

 

 

Table 5. Allele frequencies of MHC class II (HLA-DRB1, HLA-DQB1, HLA-DPB1) and frequency 

differences between PCa patients and HCs analyzed using T-Fisher exact test. 

Allele Frequencies of MHC class II 

 PCa 

(2n=100) 

HCs 

(2n=100) 

OR p-value 

DRB1*01:01 4 (5.71%) 6 (6.82%) 0.828 ns 

DRB1*01:02 3 (4.29%) 2 (2.27%) 1.925 ns 

DRB1*01:03 / 3 0.000 ns 

DRB1*03:01 9 (12.86%) 17 (19.32%) 0.616 ns 

DRB1*04:01 3 (4.29%) 1 (1.14%) 3.896 ns 

DRB1*04:02 3 (4.29%) 2 (2.27%) 1.925 ns 

DRB1*04:03 1 (1.43%) 1 (1.14%) 1.261 ns 

DRB1*04:04 1 (1.43%) 3 (3.41%) 0.410 ns 

DRB1*04:05 3 (4.29%) 6 (6.82%) 0.612 ns 

DRB1*07:01 3 (4.29%) 5 (5.68%) 0.743 ns 

DRB1*08:01 1 / 0.000 ns 
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Table 5 (continued). 

DRB1*08:04 1 / 0.000 ns 

DRB1*10:01 1 (1.43%) 1 (1.14%) 1.261 ns 

DRB1*11:01 3 (4.29%) 6 (6.82%) 0.612 ns 

DRB1*11:02 1 (1.43%) 1 (1.14%) 1.261 ns 

DRB1*11:03 1 / 0.000 ns 

DRB1*11:04 7 (10.0%) 13 (14.77%) 0.472 ns 

DRB1*13:02 / 1 0.000 ns 

DRB1*12:01 1 (1.43%) 1 (1.14%) 1.261 ns 

DRB1*13:01 5 (7.14%) 1 (1.14%) 6.692 ns 

DRB1*13:02 / 4 0.000 ns 

DRB1*13:03 2 / 0.000 ns 

DRB1*14:04 / 1 0.000 ns 

DRB1*14:54 2 (2.86%) 1 (1.14%) 2.559 ns 

DRB1*15:01 1 (1.43%) 3 (3.41%) 0.410 ns 

DRB1*15:02 4 (5.71%) 2 (2.27%) 2.606 ns 

DRB1*16:01 10 (14.29%) 12 (13.64%) 1.056 ns 

DRB1*16:64 / 1 0.000 ns 

DRB1* NA 30 12   

     

DQB1*02:01 12 (13.48%) 11 (13.92%) 0.963 ns 

DQB1*02:02 3 (3.37%) 3 (3.80%) 0.884 ns 

DQB1*03:01 17 (19.10%) 15 (18.99%) 1.007 ns 

DQB1*03:02 7 (7.87%) 3 (3.80%) 2.163 ns 

DQB1*03:03 / 1 (1.27%) 0.000 ns 

DQB1*03:04 1 (1.12%) 1 (1.27%) 0.886 ns 

DQB1*03:05 1 (1.12%) / 0.000 ns 
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Table 5 (continued). 

DQB1*03:19 1 (1.12%) / 0.000 ns 

DQB1*04:02 2 (2.24%) / 0.000 ns 

DQB1*05:01 7 (7.87) 5 (6.33%) 1.263 ns 

DQB1*05:02 13 (14.61%) 11 (13.92%) 1.057 ns 

DQB1*05:03 1 (1.12%) 1 (1.27%) 0.886 ns 

DQB1*06:01 3 (3.37%) 2 (2.53%) 1.343 ns 

DQB1*06:02 2 (2.25%) 1 (1.27%) 1.793 ns 

DQB1*06:03 5 (5.62%) 1 (1.27%) 4.643 ns 

DQB1*06:04 / 2 (2.53%) 0.000 ns 

DQB1* NA 11 21   

     

DPB1*01:01 1 (1.25%) 1 (1.04%) 1.203 ns 

DPB1*02:01 23 (28.75%) 20 (20.83%) 1.533 ns 

DPB1*03:01 8 (10.0%) 6 (6.25%) 1.667 ns 

DPB1*04:01 16 (20.0%) 27 (28.13%) 0.639 ns 

DPB1*04:02 12 (15.0%) 21 (21.88%) 0.630 ns 

DPB1*05:01 1 (1.25%) 1 (1.04%) 1.203 ns 

DPB1*09:01 1 (1.25%) / 0.000 ns 

DPB1*10:01 2 (2.50%) 5 (5.21%) 0.467 ns 

DPB1*13:01 / 2 (2.08%) 0.000 ns 

DPB1*14:01 4 (5.0%) 2 (2.08%) 2.474 ns 

DPB1*16:01 / 2 (2.08%) 0.000 ns 

DPB1*17:01 2 (2.50%) 4 (4.17%) 0.589 ns 

DPB1*19:01 1 (1.25%) / 0.000 ns 

DPB1*20:01 / 1 (1.04%) 0.000 ns 

DPB1*23:01 2 / 0.000 ns 
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Table 5 (continued). 

DPB1*104:01 1 (1.25%) 3 (3.13%) 0.392 ns 

DPB1*124:01 1 (1.25%) 1 (1.04%) 1.203 ns 

DPB1*126:01 1 (1.25%) / 0.000 ns 

DPB1*665:01 1 (1.25%) / 0.000 ns 

DPB1*905:01 1 (1.25%) / 0.000 ns 

DPB1*NA 20 4   

Abbreviations: OR, odd ratio; ns = not significant; NA: Not available. 
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3.3  Discussion 

Immunocompromised individuals have an increased risk to develop cancer, hence the 

immune system is capable to recognize and dispose of malignant cells before they start to 

become clinically noticeable [139,140]. Several evidences outlined the importance of the 

immune system involvement in the treatment of cancer, pointing out how cancer tissues 

infiltrated by activated T cells have a better prognosis compared to those with low T cell 

infiltration [141–144]. Antibodies able to inhibit negative regulatory molecules (PD-1/PD-

L1 or CTLA4) are administered in checkpoint blockade therapy since they are known to 

curtail T cell responses. Unfortunately, as the cancer becomes clinically evident, 

continuing to grow and progress untreated, the probability to fail in responding to the 

current immunotherapies increase as well. Understanding the mechanisms by which 

cancer cells appear to be able to evade the immune system alongside the immunogenetic 

traits for each cancer type are of utmost importance to improve the efficacy of 

immunotherapy. Certainly, both MHC class I and II play critical roles in mediating the 

attack of CD8+ and CD4+ cells against the neoantigens present on the surface of the cancer 

cells. However, the MHC expression can be downregulated by epigenetic mechanisms 

[145–147] and the loss of MHC class I has been reported for several cancer hampering each 

attempt to develop effective immunotherapies. In PCa, loss of HLA class I expression has 

been observed in 34% of primary PCa and 80 % of lymph node metastases [148]. Altered 

expression patterns and loss of expression were also detected in PCa patient biopsies, but 

not in BPH specimen in which a strong and homogenous expression was found [149]. 

Furthermore, IFN-γ is critical in eliciting a tumor-specific T cell-mediated memory 

immune response against TRAMP-C2 tumor by enhancing MHC class I-dependent 

antigen presentation of tumor-derived immunogenic peptides and antagonizing the 

antiinflammatory effects of tumor-derived-TGF-β [150].  
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The aim of this study was to genotype both MHC class I and II in PCa patients employing 

NGS technologies, despite the low sample size and the missing genotyping data of some 

HLA loci, we provide new insight into the genetic diversity of HLA class I and II in PCa. 

Genotyping analysis of MHC class I and class II led us to identify three new alleles 

associated to PCa, two belonging to HLA-A locus and one to HLA-B locus. From the 

analysis of the allele frequencies between HCs and PCa patients, it emerged that A*24:02 

and A*11:01 had a lower allele frequency in PCa patients compared to the HCs. A*24:02 

has been previously linked to PCa, a study from Stokidis S. et al. reported that A*24:02 

positive patients presented a more favorable clinical outcome and a slower cancer 

progression [151]. Another work demonstrates the correlation between immune 

parameters and clinical outcome in PCa patients vaccinated with a HER-2/neu hybrid 

polypeptide vaccine highlighting how A*24 positive patients presented increased overall 

survival and stronger immune responses [152]. This result corroborates the hypothesis of a 

protective role for A*24:02 in PCa, considering that the patients used in this study 

presented lower levels of A*24:02 than HCs, however further studies are needed to 

evaluate A*24:02 expression levels in prostate tissue as well to assess whether A*24:02 

presence might affect the overall survival of the patients, the progression rate as well as 

metastasis occurrence.  The presence of A*24:02 may clearly increase the immunogenicity 

of cancer cells in addition to enhance the immunosurveillance of the tumor area by 

presenting tumor-derived antigens and elicit cytotoxic T lymphocytes responses. A*11:01 

allele frequency was higher in HCs appeared less frequent in PCa patients than HCs as 

well, suggesting a protective function of this allele in PCa. A protective effect of A*11:01 

was observed in skin cancer where none of the patients enrolled in the study were positive 

for A*11:01  [153]. Conversely,  A*11:01 frequency was found higher in patients with stable 

and progressive lung cancer than in the control group [154]. Given the contradictory 

results, further analysis ought to be considered in order to thoroughly explore the role of 

this allele in the biology of PCa.  
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Lastly, B*18:01 has been linked to PCa the first time, it was found mostly present in HCs 

than patients with PCa suggesting a possible protective role in PCa as well. In conclusion, 

our study is the first to investigate MHC genetic diversity in PCa by NGS paving the way 

to the analysis of the newly associated allele identified. Further investigation is required to 

improve the knowledge about the role of A*24:02, A*11:01 and B*18:01 in PCa onset and 

progression. 
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Chapter 4  

4. Multigene Panel Testing and Prostate Cancer Risk (Unpublished Data) 

4.1  Materials and methods 

 

4.1.1 Study population 

The study was approved by the Ethical Committee of AOU, Sassari. A cohort of 47 

patients with PCa and 43 HCs were used in this work, the table below summarizes 

demographic and clinical information of each cohort (Table 6). Patients diagnosed with 

PCa were recruited by the Urology Department of University Hospital of Sassari, whether 

healthy subject were recruited by the Transfusion Center of AOU, Sassari.  K+ -EDTA test 

tubes were used to collect peripheral whole blood from each PCa patients and HCs.  

 

Table 6. Demographic and clinical information about PCa patients and HCs.  

 PCa (n=47) HCs (n=43) 

Age (mean±SD) 70.6±8.0 49.7±14.9 

Serum PSA (ng/ml, mean±SD) 

≤ 4 ng/ml 

> 4 ng/ml 

 

7 

40 

 

Gleason Score (GS) 

GS=6 

GS=7 

GS≥8 

 

20 

16 

8 

 

Abbreviations: PSA, prostate-specific antigen; SD, standard deviation. 
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4.1.2 Peripheral blood mononuclear cell isolation and Genomic DNA 

extraction 

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Histopaque gradient 

centrifugation (Sigma-Aldrich, St. Louis, MO, USA). PBMCs were stored at -80°C in Fetal 

Bovine Serum and dimethyl-sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) until 

further use. Genomic DNA was extracted by PBMCs using DNeasy Blood and Tissue kit 

(Qiagen, CA, USA). Cells were washed twice in Phosphate Buffer Saline 1X (PBS) and 

resuspended in 200 µl PBS 1X. Genomic DNAs were extracted according to the 

manufacturer’s instructions. The final DNA concentration of each extracted sample was 

measured using Nanodrop One (Thermo Scientific), DNA quality was evaluated by 

calculating the raios of absorbance at A260/A280 and A260/A230. 

 

 

4.1.3 Library preparation and genomic sequencing 

Thirty-four genes involved in immune response and linked to PCa were sequenced. Gene 

panel analysis was performed using two AmplySeq primer pools designed and purchased 

from Illumina. To amplify the entire coding region of 34 genes, PCR protocol and reagents 

were adapted from QIAGEN Application Note (Qiagen 1104745 10/2016). PCR products 

were quantified by Qubit and equimolarly pooled. Gene-panel PCR pool was grouped to 

achieve the appropriated sequencing coverage. Library were obtained using NexteraDNA 

Flex with 100ng of DNA and indexed with IDT for Illumina Nextera DNA UD Indexes 

Primer Set (Illumina). PCR products were purified with 1X AMPure XP beads (Beckman 

Coulter) and the libraries were quantified by Qubit. A loading pool consisting of 96 

samples was diluted to 9pM before sequencing on a MiSeq Reagent Kit v3 600-cycle 

(Illumina).  
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Demultiplexing and fastq file generation was conducted on BaseSpace Sequence Hub 

(Illumina) and for each sample two distinct analysis were carried out. Gene panel 

sequences were analyzed using an in-house pipeline.  

 

 

4.1.4 Statistical analysis 

The allele and genotype frequency estimates and deviation from Hardy-Weinberg 

equilibrium (HWE) were carried out (http://ihg2.helmh-oltzmuenchen.de/cgi-

bin/hw/hwa1.pl). T-Fisher exact test, Chi square test and allelic odds ratios (ORs) were 

used to compare genetic variants between PCa and HC cohorts. To test the relationships 

between the illness and the nucleotide substitution for a given locus, a multivariate 

regression analysis was carried out by applying a backward selection in which non-

significant covariates were removed step by step, until the final model was obtained. A 

Generalized Linear Mixed Models (GLMM), implemented in the R-package lme4 [155] in 

R environment version 4.1.1 (R Core Team available at https://www.r-project.org/), was 

used to perform the analysis. Initial dataset was composed by 1247 loci in 35 genes 

sequenced from 90 individuals, 47 of which affected by PCa and 43 HCs. After the first 

quality check 1238 loci remained. The first GLMMs runs were applied individually on 

each single gene in order to find loci statistically associated with the occurrence of the 

illness. In this step, statistical significance was set at P < 0.05 with few exceptions for 

borderline values which were maintained in order to avoid premature selections in the 

intermediate models. A new dataset was built with the obtained statistical significance 

variables that represent potential predictors and GLMMs runs were applied.  

https://www.r-project.org/
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Again, the statistical significance was set at P < 0.05 and the GLMMs were also used to find 

a final model capable of discerning useful covariate predictors for the estimation of illness 

odds in patient with the given mutation. Indeed, the final model was used to calculate the 

odds ratio with 97.5% CI by using the R-package “oddsratio” (available at https://cran.r-

project.org/web/packages/oddsratio/). 
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4.2  Results 

4.2.1 Significant allele and genotype frequencies detected in PCa patients 

and HCs. 

A total of 47 PCa patients and 43 HCs underwent NGS and comprehensive gene profiling 

was conducted in 35 genes. Table 7 below summarizes the genes examined in this work.  

 

Table 7. Summary of the genes examined by NGS. 

Genes characterized by NGS 

TNFSF1B 

TNFRS 

PTPN22 

CD28 

IFNG 

IFNGR1 

IFNGR2 

IRF5 

IL2RA 

 

IL2 

IL7R 

IL5 

IL13 

IL4 

IL12A 

IL12B 

IL17A 

IL6 

 

 

IL4R 

IL18 

IL12RB1 

IL12RB2 

IL18R1 

MAPT 

ACE 

PARK2 

SCLC11A1 

 

PACRG 

TRAF6 

LAG3 

VDR 

TMPRSS

2 

ATG7 

NR1I2    

ACE2 

 

 

Both genotype and allele frequencies of the analyzed genes were estimated in both 

populations and HWE was assessed for each variant. Chi-square test and T-Fisher’s exact 

test were used to estimate the presence of significant differences in the genotype and allele 

frequencies, respectively, in the two groups. The distribution of significant allele and 

genotype frequency is summarized in Table 8. In the IL4R, the rs2301807 (C) was most 

frequently present in controls compare to PCa patients (OR: 0.007, p < 0.0001). (CC) 

genotype was found in 32 controls and 20 PCa patients (OR: 0.014, CI: 0.001-0.244, p < 

0.0001).  
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In the 3’ UTR of the IL12RB1 gene, (AA) genotype was only found in 4 controls (OR: 0.062, 

CI: 0.003-1.243, p = 0.013).  In the IL12RB2 gene, rs2307145 (C) allele frequency, higher in 

the controls, was found to decrease (0.194 times) the risk to develop PCa in the study 

population (OR: 0.194, CI: 0.039-0.971, p = 0.038). 

 An intronic variant (rs2069832) was identified in the IL6 gene, (G) allele frequency was 

higher in PCa patients than HCs. The analysis results indicate an increased risk to develop 

PCa by 2.5 times (OR: 2.583, CI: 1.092-6.114, p = 0.028). Two intronic mutations were also 

identified within the TMPRSS2 gene, rs140141551 and rs11701576. rs140141551 (A) allele 

was correlated with a higher PCa risk (OR: 7.535, CI: 0.922-61.586, p = 0.0382). 

Additionally, rs140141551 (CA) genotype was also correlated to increased PCa risk (OR: 

8.205, CI: 0.922-61.586, p = 0.024). Conversely, rs11701576 (G) allele frequency was 

associated with a lower PCa risk (OR: 0.309, CI: 0.097-0.977, p = 0.037) along with (AG) 

genotype (OR: 0.263, CI: 0.077-0.899, p = 0.027). A synonymous mutation was identified 

within the ACE2 gene, rs35803318 (T) allele was found associated to a higher PCa risk by 

more than 11 times (OR: 11.743, CI: 0.659-209.216, p = 0.022). 
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Table 8. Distribution of Statistically significant allele and genotype frequencies in PCa patients 

and HCs. Values in bold represent significant results. 

Gene SNP 
Gene 

feature 

Gentoype

s 

PCa 

N (F) 

HCs 

N (F) 
OR 95% CI p-value 

IL4R rs2301807 intronic  AA 

AC 

CC 

AC+CC 

A 

C 

 

22 (0.512) 

1 (0.023) 

20 (0.465) 

21 (0.466) 

45 (0.523) 

41 (0.477) 

 

0 (0.000) 

0 (0.000) 

32 (1.000) 

32 (1.000) 

0 (0.000) 

64 (1.000) 

Ref 

0.067 

0.014 

0.015 

Ref 

0.007 

 

0.001-4.693 

0.001-0.244 

0.001-0.255 

 

0.000-0.118 

  

ns 

<0.0001 

<0.0001 

 

<0.0001 

IL12RB1 rs3746190 3’ UTR GG 

GA 

AA 

GA+AA 

G 

A 

 

22 (0.500) 

22 (0.500) 

0 (0.000) 

22 (0.500) 

66 

22 

12 (0.353) 

18 (0.529) 

4 (0.118) 

22 (0.647) 

42 

26 

Ref 

0.667 

0.062 

0.545 

Ref 

0.538 

 

0.261-1.706 

0.003-1.243 

0.218-1.367 

 

0.271-1.070 

  

ns 

0.013 

ns 

 

ns 

IL12RB2 rs2307145 missense GG 

GC 

CC 

GC+CC 

G 

C 

 

38 (0.950) 

2 (0.050) 

0 (0.000) 

2 (0.050) 

78 (0.975) 

2 (0.025) 

24 (0.800) 

5 (0.167) 

1 (0.033) 

6 (0.200) 

53 (0.883) 

7 (0.117) 

Ref 

2.857 

0.625 

1.477 

Ref 

0.194 

 

0.045-1.407 

0.008-5.419 

0.039-1.129 

 

0.039-0.971 

 

ns 

ns 

ns 

 

0.038 

IL6 rs2069832 intronic AA 

AG 

GG 

AG+GG 

A 

G 

 

1 (0.083) 

10 (0.500) 

26 (0.417) 

36 (0.917) 

12 (0.162) 

62 (0.838) 

2 (0.027) 

12 (0.270) 

10 (0.703) 

22 (0.973) 

16 (0.333) 

32 (0.667) 

Ref 

1.667 

5.200 

3.273 

Ref 

2.583 

 

0.131-21.195 

0.423-63.909 

0.280-38.244 

 

1.092-6.114 

  

ns 

ns 

ns 

 

0.028 

TMPRSS2 rs14014155

1 

intronic CC 

CA 

AA 

CA+AA 

C 

A 

39 (0.830) 

8 (0.170) 

0 (0.000) 

8 (0.170) 

86 (0.915) 

8 (0.150) 

40 (0.976) 

1 (0.024) 

0 (0.000) 

1 (0.024) 

81 (0.988) 

1 (0.012) 

Ref 

8.205 

1.025 

8.205 

Ref 

7.535 

 

 

0.980-68.710 

0.020-52.950 

0.980-68.710 

 

0.922-61.586 

 

0.024 

ns 

0.024 

 

0.0382 
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Table 8. (continued) 

Gene SNP 
Gene 

feature 

Gentoype

s 

PCa 

N (F) 

HCs 

N (F) 
OR 95% CI p-value 

TMPRSS2 rs11701576 

 

intronic AA 

AG 

GG 

AG+GG 

A 

G 

 

38 (0.884) 

5 (0.116) 

0 (0.000) 

5 (0.116) 

81 (0.942) 

5 (0.058) 

18 (0.667) 

9 (0.333) 

0 (0.000) 

9 (0.333) 

45 (0.833) 

9 (0.167) 

Ref 

0.263 

0.481 

0.263 

Ref 

0.309 

 

0.077-0.899 

0.009-25.810 

0.077-0.899 

 

0.097-0.977 

 

0.027 

ns 

0.027 

 

0.037 

ACE2 rs35803318 synonymou

s 

CC 

CT 

TT 

CT+TT 

C 

T 

43 (0.915) 

1 (0.021) 

3 (0.064) 

4 (0.085) 

87 (0.925) 

7 (0.075) 

34 (1.000) 

0 (0.000) 

0 (0.000) 

0 (0.000) 

68 (1.000) 

0 (0.000) 

Ref 

2.379 

5.552 

7.128 

Ref 

11.743 

 

0.094-60.247 

0.277-131.141 

0.371-137.158 

 

0.659-209.216 

 

 

ns 

ns 

ns 

 

0.022 

Abbreviations: ns, not significant; Ref, reference allele; N, number of individuals; F, 

frequency; OR, odds ratio; CI, confidence interval. 
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4.2.2 Evaluation of the relationship between PCa and nucleotide 

substitution for each locus examined using a Generalized Linear 

Mixed Model 

To test the relationships between nucleotide substitution for a given locus and PCa, a 

multivariate regression analysis was performed through a backward selection procedure 

in which non-significant covariates were deleted step by step, until the final model was 

attained. Analyses were performed by means of a Generalized Linear Mixed Models 

(GLMM). The first GLMMs runs were applied individually on each single gene to find loci 

statistically associated with the occurrence of PCa. In this step, statistical significance was 

set at p < 0.05 with few exceptions for borderline values, which were maintained to avoid 

premature selections in the intermediate models. A new dataset was built with the 

obtained statistically significant variables that represent potential predictors and GLMMs 

runs were applied (Table 9). Multivariate analysis pointed out 4 SNPs within TNFRSF1B, 3 

SNPs within PTPN22, 3 SNPs within IL18R1, 3 SNPs within CD28, 2 within SLC11A1, 1 

SNP within ATG7, 1 SNP NR1I2, 1 SNP IL7R, 1 SNP IL5, 1 SNP IL13, 1 SNP IL4, 1 SNP 

IL12B, 7 SNPs within PARK2, 1 SNP within IL6, 1 SNP within IL2RA, 1 SNP within TRAF6, 

1 SNP within IL18, 1 SNP within LAG3, 1 SNP within VDR, 3 SNPs within IFNG, 3 SNPs 

within IL4R, 2 within MAPT, 3 SNPs within IL12RB1, 1 SNP within IFNGR2. 
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Table 9. Results of multivariate analysis on each single gene. Table shows the 48 potential 

predictors with statistical significance with the occurrence of the cancer and the summary of found 

coefficients. NM indicates the number of intermediate models used to obtain the final model. 

Gene Position Estimate Std. Error t value Pr(>|t|) NM 

TNFRSF1B 12251317 -0.41505 0.09149 -4.537 1.89e-05 *** 3 

12252522 0.71043 0.17963 3.955 0.000159 *** 

12253351 -0.19031 0.08854 -2.149 0.034484 * 

12253888 -0.32971 0.13489 -2.444 0.016604 * 

12254590 0.70924 0.14309 4.956 3.68e-06 *** 

PTPN22 114380534 5.710e-01 2.379e-01 2.400 0.01856 * 6 

114380640 -5.130e-01 2.424e-01 -2.116 0.03720 * 

114401592 5.550e-01 1.796e-01 3.091 0.00269 ** 

IL18R1 103001294 -1.07744 0.35991 -2.994 0.00360 ** 4 

103001313 1.11261 0.36755 3.027 0.00326 ** 

103013432 0.50393 0.14815 3.401 0.00102 ** 

CD28 204571470 0.3274 0.1293 2.532 0.01314 * 2 

204591736 0.4273 0.1524 2.803 0.00625 ** 

204591851 -0.4086 0.1487 -2.748 0.00731 ** 

SLC11A1 219248015 -0.21680 0.09983 -2.172 0.0326 * 3 

219258795 0.62760 0.13311 4.715 9.13e-06 *** 

ATG7 11399746 0.5644 0.1471 3.836 0.000235 *** 2 

NR1I2 119526373 0.22078 0.10666 2.07 0.0414 * 3 

IL7R 35861076 5.732e-01 1.768e-01 3.241 0.00168 ** 3 
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Table 9 (continued). 

IL5 131877942 0.2080 0.1090 1.908 0.0597 . 2 

IL13 131993850 0.42803 0.11143 3.841 0.00023 *** 2 

IL4 132010107 0.26173 0.11047 2.369 0.020014 * 2 

IL12B 158749524 5.802e-01 1.664e-01 3.488 0.000763 *** 2 

PARK2 161781314 0.37435 0.18751 1.996 0.04921 * 3 

161969941 -0.25665 0.12434 -2.064 0.04217 * 

161990286 0.36843 0.18294 2.014 0.04730 * 

161990483 -0.12856 0.05244 -2.452 0.01634 * 

161990516 0.10818 0.04805 2.251 0.02704 * 

162394341 0.48702 0.18368 2.651 0.00962 ** 

162683759 -0.40913 0.19278 -2.122 0.03683 * 

IL6 22766834 0.4306 0.1443 2.983 0.00369 ** 3 

IL2RA 6061246 0.58333 0.11770 4.956 3.46e-06 *** 3 

TRAF6 36511631 0.4143 0.1202 3.446 0.000874 *** 2 

IL18 112020852 0.35577 0.11119 3.200 0.00191 ** 2 

LAG3 6883743 0.40986 0.10905 3.758 0.000307 *** 3 

VDR 48251239 5.732e-01 1.768e-01 3.241 0.00168 ** 3 

IFNG 68549177 0.2377 0.1279 1.858 0.0666 . 3 

68549274 0.7348 0.3005 2.445 0.0165 * 

68549283 -0.6343 0.3050 -2.080 0.0405 * 
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Table 9 (continued). 

IL4R 27358098 -0.15236 0.02543 -5.991 4.72e-08 *** 5 

27358103 0.60576 0.17933 3.378 0.00110 ** 

27370257 0.53428 0.18529 2.884 0.00497 ** 

MAPT 44060859 0.16713 0.08505 1.965 0.05260 . 3 

44068964 0.41742 0.14425 2.894 0.00481 ** 

IL12RB1 18170384 -0.09311 0.05099 -1.826 0.071317 . 2 

18188452 0.40721 0.10672 3.816 0.000255 *** 

18191621 0.24199 0.12999 1.862 0.066080 .  

IFNGR2 34787312 0.30995 0.07351 4.217 5.99e-05 *** 2 

Significance codes: 0<‘***’<0.001<‘**’<0.01< ‘*’<0.05< ‘.’<0.1  

 

Statistical significance was set at p < 0.05 and the GLMMs were also used to reach a final 

model capable of detecting useful covariate predictors for the estimation of PCa odds in 

patient with the given mutation. The covariate predictors identified in the analysis and 

summarized in Table 10, account for a synonymous mutation in the TNFRSB1 gene 

(position: 12252522), two intronic mutations (positions: 12253351 and 12254590) in the 

TNFRSB1 gene, an intronic SNP in the SLC11A gene (position: 219248015), two intronic 

SNP located in the PARK2 gene (rs3765474 and rs3765475) and two intronic SNPs located 

in the IL4R gene (positions: 27358098 and 27358103).  
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Table 10. Results of multivariate analysis applied on the subset including all the 48 variables with 

statistical significance previously reported. Listed statistically significant variables below represent 

useful predictors. NM indicates the number of intermediate models used to obtain the final model. 

Significance codes: 0<‘***’<0.001<‘**’<0.01< ‘*’<0.05< ‘.’<0.1   

 

To measure the association between PCa and the covariate predictors detected in the final 

model, the odds ratio were estimated with 97.5% confidence interval (C.I.). Table 11 

reports the results obtained after multivariate analysis was performed on each individual 

gene. Unfortunately, the odds ratios calculation was not achievable for some loci. 

However, any of the 3 SNPs detected within the TNFRS1B gene (rs636964) were associated 

with PCa. Within PARK2 gene, the rs3765474 intronic variant was found associated with 

PCa risk, in fact individuals harboring such variant have a lower risk to develop PCa (OR: 

0.87; CI_low: 0.80; CI_high: 0.96).  

Gene Position Estimate Std. Error t value Pr(>|t|) NM 

TNFRSF1B 12252522 0.47001 0.18140 2.591 0.011346 * 9 

12253351 -0.16534 0.07680 -2.153 0.034301 * 

12254590 0.42147 0.12463 3.382 0.001111 ** 

SLC11A1 219248015 -0.25240 0.08653 -2.917 0.004571 ** 

PARK2 161990483 -0.09529 0.03710 -2.569 0.012042 * 

161990516 0.09292 0.03328 2.792 0.006529 ** 

IL4R 27358098 -0.13954 0.02246 -6.214 2.12e-08 *** 

27358103 0.57510 0.16789 3.425 0.000966 *** 
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On the contrary, the rs3765475 intronic variant also identified within the PARK2 gene 

appears to have an opposite effect compared to rs3765474 increasing the risk to develop 

PCa (OR: 1.18; CI_low: 1.07; CI_high: 1.30). Furthermore, rs2301807 intronic variant within 

IL4R gene was found to be associated with a lower risk, 0.9 times, of developing PCa. 

 

 

Table 11. Results of odds ratios calculation on multivariate analysis applied on the statistically 

significant variables representing useful predictors. 

Abbreviations: OR, Odds Ratio; CI, confidence interval; NA, not available. 

Gene SNP ID Position OR CI_low (2.5%) CI_high (97.5%) 

TNFRSF1B NA 12252522 NA - - 

rs636964 12253351 0.99 0.98 0.99 

NA 12254590 NA - - 

SLC11A1 NA 219248015 NA - - 

PARK2 rs3765474 161990483 0.87 0.80 0.96 

rs3765475 161990516 1.18 1.07 1.30 

IL4R rs2301807 27358098 0.9 0.86 0.93 

NA 27358103 NA - - 
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4.3  Discussion 

We examined thirty-five genes involved in innate and adaptative immune responses, 

cancer, autophagy as well as previously associated with PCa (Table 7). Initially, we 

evaluated the distribution of allele and genotypes frequencies between PCa patients and 

HCs. rs2301807 IL4R, rs3746190 IL12RB1, rs2307145 IL12RB2, rs11701576 TMPRSS2, 

rs636964 TNFRS1B, rs3765474 PARK2 were found inversely associated to PCa, whether 

rs2069832 IL6, rs140141551 TMPRSS2 and rs35803318 ACE2, rs2301807 PARK2 were 

positively associated to a higher PCa risk.  The genetic variant CC and C of IL4R rs2301807 

were significantly associated with a lower PCa risk. IL-4, a T-helper 2 (Th2) cytokine, is 

known to foster pro-metastatic phenotypes and enhance metastatic tumor burden through 

IL-4 receptor (IL-4R) in epithelial cancers [156]. IL-4R upregulation in the tumor 

microenvironment has been reported in several types of cancer, as breast, colon, pancreatic 

and prostate cancer. Accordingly, IL4R appears a plausible candidate to attenuate 

metastatic tumor growth. IL-4 neutralization by monoclonal antibody was able to lessen 

metastatic lung tumor burden in vivo [157] and the loss of IL-4Rα in tumor cells enabled 

the reduction of metastatic tumor growth [158]. Furthermore, IL-4 is known to activate 

androgen receptor in conditions of low androgen levels [159] as well to boost the growth 

of androgen-sensitive LNCaP cells in androgen-deprived conditions [160]. 

The genetic variant AA of rs3746190 IL12RB1 and the alternative allele A of rs2307145 

IL12RB2 were found associated with a lower PCa risk and thus, they appear to have a 

protective effect toward PCa. IL-12, along with IL-6, IL-23 and IL-27, belong to the class I 

hematopoietin family of cytokines and mediate signaling through the JAK (Janus kinase)-

STAT (signal transducer and activator of transcription protein) pathways [161]. IL-12 plays 

a critical role in stimulating natural killer (NK)-cell cytotoxicity, IFN-γ production during 

infection and inflammation and in the generation of T-helper type I cells [161].  
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The action of IL-12 is mediated by IL-12 receptor, a heterodimeric complex composed of 

IL-12Rβ1 and IL-12Rβ2. Serum levels of IL-12 p40 monomer are higher in PCa patients 

compared to HCs. IL-12 p40 neutralization stimulates apoptosis in prostate cancer cells 

since p40 helps cancer cell survival by internalizing of IL12RB1 [162]. 

The association between innate immunity, inflammation and advanced PCa was 

investigated in a case-control study in which inflammatory and innate immunity 

pathways played a modest role in the etiology of advanced PCa. However, no association 

was found between PCa and IL-12 receptor (IL-12Rβ1 and IL-12Rβ2) [163]. Furthermore, 

prostate tumor cells specifically stimulated the up-regulation of activation markers IL-12R, 

CD25 and PD-1 on invariant natural killer T (iNKT) cells [164].  

Our data shows that the SNP located within IL6 gene (rs2069832) is associated with a 2.5 

fold increased risk of PCa than HCs. IL-6 is a pleiotropic cytokine implicated in the 

regulation of several cellular functions, such as proliferation, differentiation, apoptosis, 

angiogenesis and immune response [165]. Elevated serum IL-6 levels have been associated 

with an unfavorable prognosis in patients with different types of cancer, such as ovarian 

cancer, multiple myeloma, breast cancer, lung cancer and PCa [166]. Particularly, several 

studies confirmed an increase in IL-6 levels in patients with CRPC and metastatic PCa 

compared to individuals with earlier stages of the disease and healthy controls [167–169]. 

IL-6 genomic variants have been previously correlated with PCa risk, the A C haplotype 

(rs2069845 and rs1800795) was associated with PCa and BPH risk whilst the A G 

haplotype (rs2069845 and rs1800795) resulted to be protective against PCa and PBH risk  

[170]. The presence of rs2069832 IL6 GG genotype and exposure to passive smoke have 

been associated to a four-fold increased risk to develop breast cancer [171]. In contrast, 

several studies failed to observe any association between IL6 genetic variants and PCa risk 

[172–174]. IL-6 rs2069832 is an intronic SNP which may alter the expression of IL6 gene.  
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TMPRSS2 gene encodes for a transmembrane serine protease 2 expressed by prostate 

epithelial cells. TMPRSS2 is upregulated in response to androgens in PCa cells, even 

though TMPRSS2 physiologic function remains unclear [175]. The most common 

chromosomal aberration is the fusion of the 5’UTR of TMPRSS2 and ERG, an oncogenic 

transcription factor, which leads to the silencing of the promoterless copy of TMPRSS2. 

The contribution of TMPRSS2 to prostate carcinogenesis may also be associated to 

aberrant localization in subcellular compartment due to the loss of polarity in transformed 

cells. In these conditions, TMPRSS2 may gain access and/or activate some cancer-

promoting substrates, whereas TMPRSS2 physiological subcellular location would 

preclude it [175]. Both rs140141551 and rs11701576 identified within TMPRSS2 are intronic 

mutations; strikingly, rs11701576 falls within the recombination subregion of TMPRSS2 

that recombines with ERG recombination subregion. The alternative G allele of rs11701576 

was found associated with a lower PCa risk, suggesting a possible protective effect of this 

SNP in PCa.  

The ACE2 gene encodes for the angiotensin-converting enzyme 2 (ACE2) which results 

overexpressed in several types of cancer,  including PCa [176]. ACE2 expression appears 

to be protective against tumor progression in cancer tissue and is associated with 

favorable prognosis[177]. The rs35803318 identified within ACE2 is a synonymous variant 

which, according to our analysis, appears to be positively associated to a higher PCa risk. 

A recent study pinpointed though an increased presence of rs35803318 in Italian, 

European, and American cohorts compared to the very low frequency detected in Asian 

and African populations [178]. The rs35803318 is a synonymous variant and, it does not 

determine any amino acid change in the protein sequence nor in the protein function. New 

evidence suggests a critical role for synonymous mutations in human disease, cancer, 

clinical outcome and therapy response.  
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Furthermore, synonymous mutations can alter mRNA stability, miRNA binding sites, 

protein levels or conformation by modifying splicing regulatory sites [179]. Oncogenes 

exhibits high levels of synonymous substitutions even though no evidence is found in 

tumor suppressor genes [180,181].  

The PARK2 gene encodes for an E3 ubiquitin ligase (Parkin) and plays a pivotal role in 

protein ubiquitination and degradation. Parkin protein was first identified as a gene 

implicated in autosomal recessive juvenile Parkinsonism [182]. Several studies attributed a 

tumor suppressive function to PARK2. Particularly, inactivating somatic mutations and 

intragenic deletions seem to abrogate PARK2’s E3 ligase activity and growth-suppressive 

effect by undermining Parkin ability to ubiquitinate cyclin E [183]. Additionally, parkin -/- 

mice lacking exon 3 had enhanced hepatocyte proliferation and develop macroscopic 

tumors with the traits of hepatocellular carcinoma [184]. The presence of somatic 

mutations in solid cancers is not common and mutational events may be even rare in 

colorectal, gastric, breast, lung, and prostate cancer[185]. 

 In the present study, the multivariate analysis performed on the significant predictors 

pointed out two intronic mutations within the PARK2 gene to be associated with PCa risk: 

rs3765474 and rs3765475. The first was found correlated with a lower (PCa) risk (OR: 0.87), 

whilst the latter was associated with a higher PCa risk (OR: 1.18). This result is difficult to 

interpret given the lack of studies regarding PARK2 polymorphisms in PCa as well the 

function of the E3 ubiquitin ligase in prostate carcinogenesis. This study presents some 

limitations. First, the sample size of our cohort is small and this affects the reliability of the 

results. Second, few studies are available for some of the genes analyzed, therefore further 

studies are necessary to evaluate the prevalence, penetrance and functional impact of the 

variants in PCa pathogenesis.  
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Overall, we used a gene panel approach to characterize genetic modifications in a cohort 

of individuals with PCa compared to a cohort of healthy individuals. These findings shed 

light on novel SNPs and their possible impact not only on PCa risk, but also prognosis, 

survival and the patient response to cancer therapy.  
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