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Abstract: Prostate cancer is a major cause of pathology in men world-wide and is
age-related. Rare in the under 40s, a third of all those over 80 have been shown to
have prostate lesions at autopsy. Both hereditary and molecular influences appear
to be involved in the pathogenesis of the condition. Androgenic receptors play a
major role in most, but not all, prostate cancers. The cell type involved is related
to the aggressiveness of the malignancy. Of those that develop the disease, some
die with prostate cancer, others because of it. Over 90% of the cancers are adeno-
carcinomas. The likelihood of progression of the disease can, but only to a degree,
be predicted on histological examination, according to the Gleason Scale and its
modifications. These assess degrees of tissue differentiation. Use of blood levels of
prostate specific antigen levels as an indication of the activity of tumors is also not
straightforward. Our understanding of the disease mechanisms needs further
expansion if we are to advance diagnosis of aggressive tumors and develop more
effective therapies.

Keywords: androgenic regulation; neuroendocrine cells; prostate cancer; pros-
tatic intraepithelial neoplasia; transrectal ultrasound

In: Prostate Cancer. Bott SRJ, Ng KL (Editors). Exon Publications, Brisbane, Australia.
ISBN: 978-0-6450017-5-4; Doi: https://doi.org/10.36255/exonpublications.prostatecancer.2021

Copyright: The Authors.

License: This open access article is licenced under Creative Commons Attribution-NonCommercial
4.0 International (CC BY-NC 4.0) https://creativecommons.org/licenses/by-nc/4.0/


https://creativecommons.org/licenses/by-nc/4.0/�
mailto:toby.murray@nhs.net
https://doi.org/10.36255/exonpublications.prostatecancer.pathogenesis.2021

Murray TBJ

INTRODUCTION

In the United Kingdom (UK), prostate cancer is the most prevalent neoplasm in
males, accounting for 13% of total cancer cases (1). Prostate cancer contributes to
7% of all cancer-related deaths, making it the second most common cause of can-
cer death in males. Age-standardized incidence rates for prostate cancer have
increased by 41% since 1993 although mortality rates have dropped 10% in the
last decade (1). It is a heterogenous disease, with a wide scope of disease patho-
genesis from asymptomatic and prolonged, where men die with the disease, to
severe malignancy where men die from it or have significant morbidity. At the
turn of the century, a Spanish study evaluating prostate histology at autopsy iden-
tified that men from the third decade onwards have neoplastic lesions of the
prostate and 33% of the male population in their eighth decade have prostate
cancer (2). In addition, prostate cancer is the most commonly diagnosed malig-
nancy in older men (over the age of 65) worldwide, especially in highly developed
countries (Australia, New Zealand, Northern and Western Europe, and North
America) (3-5). The high prevalence of the disease can be attributed to the vol-
ume of cases identified through prostate specific antigen (PSA) testing, especially
in the United States (6). However, prostate cancer screening has been surrounded
by controversy and can be seen as an ethical dilemma. Studies have shown that
distinguishing between indolent pathology and aggressive tumors using PSA lev-
els alone is insufficient as it is not cancer-specific (7). It is also a challenge as high
PSA levels do not directly correlate with pathogenicity and requires further inves-
tigations through multiparametric magnetic resonance imaging (MRI) and histol-
ogy. Therefore, early diagnosis often leads to harm to patients via overdiagnosis
and unnecessary treatment (radical surgery, radiotherapy and chemical castration)
leading to reduced quality of life (QoL) and psychological trauma knowing they
have a cancer diagnosis (7). This chapter aims to address the developmental pro-
cesses involved in prostate cancer including hereditary and molecular
components.

PROSTATE CARCINOGENESIS

The prostate is a male sex glandular structure, derived embryologically from the
urogenital sinus. The glandular tissue consists of multiple secretory units (acini),
consisting of ducts lined with epithelial cells, that converge and open either side
of the verumontanum. Its main functions are to provide force to ejaculate semen
and to add nutrient-rich alkaline fluid to the semen to maintain spermatic health
post-ejaculation and enhance fertility (8). The gland is highly susceptible to
malignant transformation and as a consequence has a higher rate of malignancy
than other structures in the urogenital tract. Studies have shown that the char-
acterization of prostatic carcinogenesis is closely linked to organogenesis embry-
ologically, including a heavy reliance on androgenic hormone signaling, such as
testosterone, as well as debated potential links to other embryological signaling
pathways such as Sonic Hedgehog expression (Shh) and inappropriate expres-
sion of the Gli-1 oncogene leading to stromal tumor growth and proliferation
(9-11).
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HISTOPATHOLOGY OF PROSTATE CANCER

Prostate cancer involves malignancy primarily of the epithelium and is thus
classed as a carcinoma. There are rarer subtypes of prostate cancer such as
sarcomas (derived from mesenchyme) and lymphomas (12). Neoplastic
changes normally arise in the peripheral glandular tissue of the prostate. The
prostatic epithelium comprises of luminal, basal and rare neuroendocrine (NE)
cell types (13). The epithelial luminal cells, expressing androgen receptors
(ARs), cover the internal surface of the prostatic ducts and secrete prostatic
fluid and the glycoprotein PSA. They are surrounded by basal cells, that pro-
duce proteins used for fluid production and the formation of the acinar base-
ment membrane that separates the epithelial acini from the prostatic stroma.
These cells have interspersed NE cells. Both basal and NE cell types are defi-
cient in ARs and thus are not testosterone or androstenedione dependent (14).
Fibroblasts, smooth muscle and infiltrating immunological cells combine
together to form the stroma of the prostate. There is currently a large interest
in identifying the cell type that is responsible for oncogenic transformation
(cell of origin) in prostate cancer due to the variability of disease progression
and the unpredictability of treatment response (13, 15). Prostate cancer biop-
sies show tissue deficient in basal cells, leading to questions as to whether there
is a form of basal cell differentiation into luminal cells or that luminal cells are
the primary cell of origin (13). Using these cell types, it has been hypothesized
that tumors arising from luminal cells will be more aggressive than those aris-
ing from basal cells (16). About 90-95% of prostate cancers are acinar adeno-
carcinomas that arise from the peripheral prostatic gland (17). Histological
diagnosis is made by assessing the loss of surrounding basal cells, loss of nor-
mal glandular architecture, including the disruption to the epithelial-stromal
basement membrane, and nuclear atypia of luminal cells (Figure 1) (18).
Aggressiveness of the adenocarcinoma is reflected in the degree of differentia-
tion on histology. This is graded using a Gleason Score grading system, last
modified in 2014 by the International Society of Urologic Pathology (ISUP)
(19). This stratifies histological findings of prostate cancer with prognostic
behavior, that is, the 5-year biochemical recurrence (BCR) risk following radi-
cal prostatectomy (Table 1) (20). Prostate cancer is staged using the 2018 clas-
sification for adenocarcinoma of the prostate based on primary tumor (T),
lymph node involvement (N) and metastases (M). Prostate cancer typically
involves regional lymph nodes in the pelvis below the bifurcation of the com-
mon iliac arteries, and metastases that are outside of the true pelvis, most com-
monly bone and in advanced disease, lung, and liver (21).

PRECURSOR OF PROSTATE CANCER

Prostate cancer involves the transformation of benign epithelial cells into their
malignant phenotype. The most frequent process of cancer transformation in the
prostate is called prostatic intraepithelial neoplasia (PIN) (22). PIN is a multicen-
tric condition and is defined as the “neoplastic growth within the pre-existing
benign epithelium of the acini or ducts” (23). PIN can be divided into two grades,



Murray TBJ

Figure 1. Prostate histology in Gleason grading groups. Gleason scoring allows physicians to
predict the prognosis of patients by assessing the histological patterns of their disease.

A. Normal prostate tissue showing well-formed and well demarcated glands. B. Grade

Score 3 prostatic glands are well-formed and individualized meaning they are well
delineated with a clear stroma. C. Gleason Score 4 glands become fused together, are poorly
formed, and show a cribriform pattern. D. Gleason Score 5 there is a lack of gland formation
and the presence of individual cells. This particular section also demonstrates cytoplasmic
vacuoles. (Images kindly provided by Dr. Maria Bahhadi-Hardo, Consultant Histopathologist,
Frimley Park Hospital, Frimley Surrey, UK).

low (LGPIN) and high (HGPIN). HGPIN has a high predictive value for predicting
progression to adenocarcinoma. HGPIN can only be detected on needle biopsy, it
does not raise serum PSA levels and is not identified on transrectal ultrasound
(TRUS) (24, 25). Histologically there are four main findings: micropapillary, tuft-
ing, cribriform and flat (25). These findings are of diagnostic value only and their
individual presence/absence does not predict tumor aggressiveness (25). The
basal cell layer is mostly intact in HGPIN with minimal stromal invasion. HGPIN
is clinically significant, with patients requiring repeat biopsy as surveillance, with
a recommended interval of 3-6 months for 2 years then yearly for life (26).
Multiple studies have reported HGPIN as a significant predictor for occurrence of
prostate cancer (22-58%), therefore the presence of HGPIN on biopsy may war-
rant therapeutic treatment in the future (25).
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TABLE 1 Gleason grading groups (19, 20)

Grade group 1: Gleason score <6
Only individual discrete well-formed glands
96% 5-year BCR free progression

Grade group 2: Gleason score 3+4 = 7
Predominantly well-formed glands with lesser component of poorly formed/fused/cribriform glands
88% 5-year BCR free progression

Grade group 3: Gleason score 4+3 = 7
Predominantly poorly formed/fused/cribriform glands with lesser component of well-formed glands
63% 5-year BCR free progression

Grade group 4: Gleason score 4+4 = 8; 3+5 = 8; or 5+3 = 8

Only poorly formed/fused/cribriform glands, OR Predominantly well-formed glands and lesser
component lacking glands, or Predominantly lacking glands and lesser component of well-formed
glands

48% 5-year BCR free progression

Grade group 5: Gleason scores 9-10
Lack gland formation (or with necrosis) with or without poorly formed/fused/cribriform glands
26% 5-year BCR free progression

ANDROGENIC REGULATION OF PROSTATE CANCER

ARs are essential transcription factors in the regulation of male sexual develop-
ment and accessory sexual organ maintenance (27). Prostate cancer growth and
disease progression is initially dependent on AR activation, via testosterone and
dihydrotestosterone (DHT), leading to nuclear translocation of the receptor and
subsequent binding to androgen response elements (AREs) initiating transcrip-
tion of genes that regulate cellular differentiation, proliferation and apoptosis (28)
(Figure 2). Therefore, AR stimulation is integral to the maintenance and survival
of prostate luminal epithelial cells. The hypothalamic-pituitary-gonadal (HPG)
axis regulates the production of androgens. Androgens are primarily produced in
Leydig cells of the testes under the regulation of luteinizing hormone (LH) secreted
by the anterior pituitary gland, which in turn is regulated by gonadotropin-releas-
ing hormone (GnRH). Testosterone is converted into DHT in the epithelial cells of
the prostate by 5a-reductase which acts as a potent ligand to cytoplasmic ARs.
Studies have failed to establish a link between raised serum levels of androgens
and prostate cancer (29). In fact, high androgen levels are linked to reduced risk
of aggressive prostate cancer, whilst patients with low serum androgen levels have
higher risk of prostate cancer recurrence and advanced pathology (30). In low-
androgen environments, there is a selective pressure for luminal cells to become
androgen-independent in order to survive. Therefore, ARs are important clinically
as they are seen as integral to the progression of disease in prostate cancer. Due to
its role in the development, maintenance and secretory functions of the prostate,
the HPG axis is a therapeutic target in the treatment of prostate cancer (31).
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Figure 2. Androgenic regulation of prostate cancer. In the cytoplasm, activity of ARs is
regulated by ligand-binding and heat shock proteins (HSP). Testosterone (T) is transported
into the cytoplasm of androgen-receptive cells and is converted to DHT by 5-a reductase.
DHT ligand binding leads to dissociation from HSP, MAPK then phosphorylates the receptor,
this is followed by dimerization. The AR dimer then translocates into the nucleus where it
binds to androgen response elements (AREs) in the DNA activating transcription of elements
that are essential for cell growth and survival.

ARs have four functional domains: an amino-terminal transcription activation
domain (NTD), a DNA-binding domain (DBD) that fastens the AR to the ARE of
AR-regulated genes, a hinge region, and a C-terminal ligand-binding domain
(LBD) that contains a ligand-binding pocket (LBP) that binds to androgens. When
a ligand is bound, the LBD undergoes a conformational change allowing it to
recruit co-factors, recognize the DNA sequences, along with the NTD, and initiate
the transcription of these genes (such as PSA) and facilitating male sexual devel-
opment (32). ARs have two active functional domains (AFs) that initiate tran-
scription when activated (33). AF-1 is present in the NTD and its activation is
androgen independent. AF-2 is located in the LBD and is androgen ligand-
dependent (34). The LBP of the LBD is a therapeutic target and is targeted with
treatments such as bicalutamide. AF-1 may enable cross-coupling between andro-
genic and growth factor signaling pathways (33). Therefore, these AFs are deemed
clinically important as they could provide the key to understanding castration-
resistant prostate cancer (CRPC).

THEORETICAL PATHWAYS IN THE PROGRESSION TO
CASTRATION-RESISTANT PROSTATE CANCER

Androgenic blockade, through LBP and 5a-reductase antagonists, as well as HPG
overstimulation via LH/GnRH analogues, leads to epithelial cell apoptosis and a
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transient response in preventing proliferation in prostate cancer treatment.
Patients will inevitably develop CRPC and thus develop a more lethal form of
prostate cancer. However, the distinct pathological processes involved in this
transformation is yet to be fully described as it is likely to involve a multitude of
mechanisms. Studies have reported AR mutations play an important role in the
malignant potential of CRPC and that androgen-independent prostate cancer cells
exhibit high levels of AR genetic amplification (35). AR mutations in primary
prostate cancer are rare, however these mutations are prevalent in CRPC (50%)
(36, 37). The AR gene mutations database describes 1029 associated AR muta-
tions, of which 159 are related to predisposing men to prostate cancer (38). These
mutations lead to alterations that improve the functional activity of the receptor,
such as increased AR sensitivity to low levels of ligand (35, 39), non-androgen
ligand binding, ligand-independent activation as well as AR-independent path-
ways (32). Further studies and meta-analyses have identified that shortened AR
CAG-repeats in the NTD may increase the risk of prostate cancer (32) and the
genetic links are further supported by familial risk, with men having 2—4 times
risk if a first-degree relative has prostate cancer (40).

ANDROGEN RECEPTOR ‘CROSS-TALK’ WITH PEPTIDE
GROWTH FACTORS

AR-independent pathways include alternative peptide growth factors including
transforming growth factor-p (TGF-P), epidermal growth factor (EGF), fibroblast
growth factor (FGF) and insulin-like growth factor (IGF) (41, 42). These peptide
factors help facilitate the AR-regulated proliferation of prostate epithelial cells via
a process called ‘cross-talk’ (42). For instance, EGE alongside its membrane-
associated tyrosine receptor kinase EGF-1 (EGFR, HER1), is involved in the
motility and invasiveness of cancer cells through enhanced migration through
extracellular matrix barriers, basal membranes and then the subsequent cellular
proliferation (43). ErbB2 (HER2), a member of the EGFR family, is upregulated in
CRPC and has been associated with androgen-independent transcriptional activa-
tion of ARs and the subsequent heightened expression of PSA (29). HER2/neu
receptors, part of the EGFR family, are found overexpressed in breast and ovarian
cancers. They have been proposed as a mechanism for AR-independent activation
in CRPC (44). In vitro and in vivo studies involving forced overexpression of HER2/
neu receptors or transfection of HER2/neu in prostate cancer cell lines (LNCaP)
identified promotion to AR-independence and expression of PSA (44, 45).

ANDROGEN RECEPTOR BYPASS PATHWAYS

The reduction in AR activation leads to hypersensitization of other pathways.
For instance, the upregulation in IGF-1, EGF and other growth factors subse-
quently activate ErbB2 and other tyrosine receptor kinases (32). This results in
the activation of phosphatidylinositol 3-kinase (PI3K) and subsequent PI3K-
AKT-mTOR pathway (46, 47). PI3K activation, converts phosphatidylinositol
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Figure 3. Androgen receptor bypass pathways. Reduced AR suppression leads to the
upregulation of Tyrosine Receptor Kinases (RTK) e.g., ErbB2 by factors such as IGF, GF and
EGF. RTK activation leads to the stimulation of PI3K with phosphorylates PIP2 into PIP3. This
process is inhibited by the tumor suppressor PTEN. PIP3 activates AKT which indirectly
suppresses the activity of the cell survival protein mTORCT1 by inhibiting TSC1/2 which in
turn suppresses the GTP-binding protein RHEB. mTORCT1 is pivotal in the translation of
proteins and therefore protein synthesis. Therefore, AR inhibition, as well as PTEN
suppression, leads to overactivation of the PIP3-AKT-mTOR pathway — creating an alternate
route for cell survival in CRPC.

4,5-bisphosphonate (PIP2) to phosphatidylinositol 3-5-triphosphate (PIP3)
which recruits protein kinase B (AKT) proteins to the luminal cell cytoplasm
(46). AKT signaling involves deregulating the tuberous sclerosis 1/2 (TSC1/2),
an inhibitor of the GTP-binding protein RHEB, which in turn is responsible for
the activation of the mechanistic target of rapamycin complex 1 (mTORC1), a
kinase that is critical to the regulation of cell cycle. mTORCI impedes autoph-
agy and promoting prostate cancer cellular proliferation (Figure 3) (46).
Through this pathway, studies have proven that IGF-1 can activate AR-mediated
gene transcription and stimulate the production of PSA in LNCaP cells. As a
result, the PI3K-AKT-mTOR pathway is of interest in establishing new thera-
peutic targets for patients with CRPC (47, 48).

THE ROLE OF TUMOR SUPPRESSOR GENE PTEN IN PROSTATE
CANCER

Genetic analysis of CRPC tumors has identified that the gene for the protein phos-
phatase and tensin homolog (PTEN) is mutated in 20% of cases (49). PTEN is a
tumor suppressor gene, it acts by negatively regulating the PI3K-AKT-mTOR
pathway and halting the cell-cycle at the G, stage therefore halting cellular
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proliferation. Loss of PTEN thus results in an increase in the PI3K-AKT-mTOR
pathway as well as impairing normal AR regulation, resulting in increased cellular
proliferation, AR expression and reduced apoptosis (29). PTEN expression is
inversely correlated with Gleason Score and therefore is associated significantly
with aggressive prostate cancer (Gleason >7, P = 0.0004), with up to 20% of high-
grade tumors being negative for PTEN expression (50).

TUMOR MICROENVIRONMENT IN PROSTATE CANCER

The tumor microenvironment (TME) describes the vast array of supporting cells
(including immune cells, fibroblasts, adipose cells, microvasculature, and compo-
nents of the extracellular matrix [ECM]) that form a complex network surround-
ing tumor cells that may play a role in their pathogenicity, especially involving
their transition from normal cells to neoplastic cancer cells themselves (51, 52).
Studies have reported that tumor cells are able to ‘hijack’ immune cells and prime
them to aid metastatic potential (51). As studied by Chen et al. (53), immune cells
can be infiltrated by tumor cells forming tumor-associated macrophages (TAMs).
They identified that CD8-T cells can express PSA in aggressive forms of prostate
cancer, and this perhaps enhances the tumor’s ability to metastasize to lymphatic
tissue and bone. Therefore, the TME may provide the environment whereby alter-
native cell types transform into malignant tumor cells in aggressive prostate can-
cer and influence the ability to invade local and systemic structures (54).

APOPTOSIS REGULATION

Dysregulation in the programmed cell death mechanisms (apoptosis) is important
in the pathogenesis of prostate cancer and is deemed a key driver in the exponen-
tial growth of tumor cells (55). There are two distinct pathways, intrinsic and
extrinsic, that are involved in the normal signaling of programmed cell death that
are critical to tissue homeostasis. Extrinsic (receptor pathway) mechanisms
involve the intracellular binding of apoptosis-inducing ligands, such as tumor
necrosis factor (TNF), to cell-surface death receptors that are part of the TNF-R
superfamily such as CD95 (Apo-1/Fas) or TNF-related apoptosis-inducing ligand
(TRAIL) receptors. These receptors contain the Fas-associated death domain
(FADD) and form death-inducing signaling complexes (DISCs) with intracellular
caspases that contain a death-effector domain (DED) such as caspases 8 and 10
(56, 57). Effector caspases, including caspase-3, activate proteolysis and cleavage
of intracellular/intranuclear substrates, inducing apoptosis (56).

Intrinsic (mitochondrial pathway) mechanisms involve the activation of mito-
chondria through intracellular damage such as DNA damage via chemoradiother-
apy. Intracellular insults result in the p53 activation of the pro-apoptotic B-cell
lymphoma 2 (Bcl-2) family (including Bax, Bid and Bad) that induce mitochon-
drial release of cytochrome ¢ (Cyc-c) (58). Cyc-c is a key component, alongside
procaspase 9 and apoptotic protease activating factor-1 (Apaf-1), that form an
apoptosome, an apoptosis inducing complex (59). The apoptosome then
converges alongside the extrinsic pathway in activating caspase-3.
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Bcl-2 family members such as Bax, Bid and Bad are proapoptotic factors that
target the mitochondrial membrane and facilitate Cyc-c release. However, Bcl-2 is
permanently anchored to the mitochondrial wall, is anti-apoptotic and prevent
the release of Cyc-c (55). Therefore, the Bcl-2 family work in homeostasis to regu-
late cellular death. In aggressive prostate cancer, Bcl-2 is upregulated, swinging
the homeostatic balance firmly towards anti-apoptosis (60). This overexpression
is seen in chemoradiotherapy-resistant prostate cancer phenotypes, therefore can
be seen as a key indicator in the prognosis of aggressive prostate cancer (55, 60).
Upstream of Bcl-2 family receptors, mutations of the p53 tumor suppressor gene
are also characteristic of malignant prostate cancer and CRPC, further highlight-
ing the critical role of apoptosis in pathogenicity (61). The true genetic and
molecular pathophysiology of prostate cancer is a complex topic. Unlike breast
cancer, there are no highly penetrant and dominating genetic mutations that
account for the majority of prostate cancer cases. Thus, there is huge scope for
future therapeutic innovation and bespoke genetic analysis may well play a role in
reducing the prevalence of CRPC.

CONCLUSION

Prostate cancer is a multi-factorial disease entity that is still incompletely under-
stood. A major problem is the current difficulty in assessing risk of progression of
the disease which can have a relatively benign course or be rapidly spreading to
other tissues with fatal consequences. Expansion of our knowledge of the patho-
genesis of prostate cancer is essential if our search for truly predictive markers,
and tissue assessments, is to lead to a rapid understanding of potential clinical
outcome of a tumor of the prostate, and for the development and use of highly
effective treatments that do not lead to some patients being negatively affected by
unnecessary procedures and diagnoses.
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