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ABSTRACT

From tumorigenesis to the establishment of local or metastatic high-grade tumours, an integral
part of the cellular lifespan relies on various signalling pathways. Particular pathways that allow
cells to proliferate by creating a network of new blood vessels have been documented, whereas
other pathways are primarily involved with a migration to distant body parts, partially through
the process of epithelial-mesenchymal transition (EMT). This review will discuss the different
signalling pathways, such as TGF-@3, Cripto-1, Wnt pathways, Hedgehog, Notch and NF-«kB pathways,
and how they promote tumour initiation and progression by influencing diverse cellular processes
and EMT in general and in benign and malignant prostate tumours. This review will discuss only
the critical pathways. Therefore, many other types of signalling pathways which are related to
prostate cancer will not be discussed. Possibilities for further investigation will be mentioned, as
many underlying mechanisms involved in these pathways have potential as targets in future
tumour therapy. This review will also introduce some novel clinical trials relating to the inhibition
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of signalling pathways and their clinical outcomes.

1. Background

Prostate cancer is the second most common tumour in
men after skin cancer. It is considered the second
most common cause of cancer-related deaths amongst
men in the United States and fifth globally [1,2].
Prostate cancer classification and staging systems are
based on clinical and laboratory evaluation, as well as
imaging and histological classification [3].

According to treatment response and clinical and
histopathological features, tumours may be classified
as organ-confined, locally advanced, metastatic
castration-sensitive prostate cancer (mCSPC), meta-
static castration-resistant prostate cancer (mCRPC), or
as a lethal disease [3-5].

mCRPC is further divided into five subgroups
according to the histologic characteristics and the
expression of androgen receptor (AR) and neuroendo-
crine (NE) markers: adenocarcinoma (AR*/NE-),

double-positive (AR*/NE*), low AR (ARL/NE-), neuroen-
docrine (AR/NE*), and double-negative (AR7/NE") [6].
The treatment lines vary between the types and are
directly related to the extent of tumour progression. The
epithelial-mesenchymal transition (EMT) is an integral
stage in determining the invasive potential, progression,
and aggressiveness of the tumour [7]. Our group has
previously described the importance of the EMT process
and its mechanism of action in benign and malignant
prostate tumours. Initiation of the EMT process requires
the activation of various signalling pathways within the
cell. Later, cells reduce the expression of proteins such
as E-cadherin, - catenin, Desmoplakin, Syndecan, and
several others. At the same time, proteins that are
related to mesenchymal phenotypes, such as Vimentin,
Fibronectin, Snail, and Slug, are upregulated [8]. A harsh
tumour environment encourages the utilisation of differ-
ent mechanisms to promote tumour survival and
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proliferation. Changes in the tumour microenvironment
are essential; therefore, it is important to point out the
different mechanisms leading to EMT [9]. These path-
ways are located within various cell compartments and
will affect the survival of the tumour and the prognosis
of the patient. This article will thoroughly review the dif-
ferent signalling pathways and complex mechanisms
that may affect the overall survival rate of prostate can-
cer patients and introduce novel treatment options
available for clinicians.

2. TGF-B signalling pathway

Transforming growth factor (TGF) is a family of growth
factors composed of several structurally similar poly-
peptides, including TGF-fs, activins, and BMPs [10].
They have diverse roles in regulating cell proliferation,
differentiation, migration, and extracellular matrix
deposition [11]. Mammalian organisms contain three
distinct isoforms termed TGF-B1, TGF-f2, and TGF-33,

which function similarly in vitro but give rise to more
than 30 different phenotypes upon their genetic dele-
tion in mice [12].

TGF-B signalling begins with the ligation of its
receptor (Figure 1). The human genome encodes seven
type | receptors [i.e. ALK (activin receptor-like kinase
1-7)]1 and five type Il receptors [i.e. TBRII (TGF-B type Il
receptor), ActR-Il (activin type Il receptor), ActR-lIB,
BMPR-II (BMP type Il receptor) and AMHR-II (MIS type
Il receptor)]. The type Ill receptor is an accessory recep-
tor required for TGF- 1 assistance. Type | and Il recep-
tors contain an N-terminal extracellular ligand-binding
domain, transmembrane, and cytoplasmic serine/thre-
onine kinase domains. Upon ligand binding, the type
Il receptor kinase activates the type | receptor kinase
through phosphorylation in the glycine-serine motif of
the type | receptor. This activates the type | receptor
kinase domain and propagates downstream signalling
through the phosphorylation of receptor-activated
Smads (R-Smads) in the canonical Smad pathway.
Conversely, this may also trigger signalling through

Figure 1. Canonical and noncanonical TGF-B signalling systems are coupled to EMT in mammary epithelial cells (please refer to

the text in the 2nd section).



the mitogen-activated protein kinase (MAPK) pathway.
The activated TGF-B - receptor complex phosphory-
lates R-Smads in their C-terminus. Activated R-Smads
associate with a common-mediator Smad (Co-Smad),
enter the nucleus, where Smads bind to DNA or com-
municate with transcriptional coactivators or corepres-
sors. Inhibitory Smads (I-Smads), whose expression is
induced by TGF-f, can inhibit the phosphorylation of
R-Smads. |-Smads also recruit Smurf E3-ubiquitin
ligases to the receptor complex, thus directing TGF-3
receptors for degradation [10,13].

In addition to its ability to activate canonical
Smad2/3-dependent pathways, TGF-B also regulates
numerous ‘non-canonical’ effector systems, including (i)
small GTP-binding proteins (Ras, Rho, Rac1); (ii)
phosphoinositide-3-kinase (PI3K), AKT, and mTOR; (iii)
MAP kinases and (iv) NF-kB and Cox-2 [14,15].

TGF-B-activated MAPK pathways include the extra-
cellular signal-regulated kinases 1 and 2 (ERK1 and
ERK2), the c-Jun N-terminal kinases 1 and 2 (JNK1 and
JNK2), and the four p38 isoforms (a, 3, y and 6) [10].

Paradoxically, TGF-f3s are known to be tumour sup-
pressive [16], and TGF-$ upregulation in many tumours
is correlated with disease progression [17]. In normal
epithelial cells and early tumour stages, TGF3 pos-
sesses antiproliferative properties which inhibit cell
growth by inducing apoptosis. Loss of the antiprolifer-
ative responsiveness to TGF- is often considered a
leading step in cancer progression [18]. Interestingly,
one study using a mouse skin model of chemical car-
cinogenesis showed that expression of TGF-B1 by kera-
tinocytes relates to its dual function, which depends
on the pathological state of the tumour. Before the
onset of a malignant tumour, TGF-1 acts as a tumour
suppressor, but following tumorigenesis, it promotes
tumour progression and invasiveness [19]. Although
various carcinomas acquire mutations in several com-
ponents of TGF-B, complete abrogation of TGF-f sig-
nalling is not a common occurrence in tumorigenesis.
Additionally, exogenous TGF-f3 has been shown to pro-
mote tumour invasiveness [20].

TGF-B can promote tumorigenesis by modulating
the tumour microenvironment and promoting EMT.
This is due to its involvement in the critical processes
of changing epithelial cellular adhesion molecules into
mesenchymal molecules [21], high expression of metal-
loproteases [22], increased motility, and angiogenesis
[23]. In addition, TGFP stimulates the disassembly of
tight junctions. Par6, a key component of epithelial
polarity complexes, regulates tight junction assembly.
TGFB-ligand binding enables type Il TGF( receptor
kinase, which is associated with occludins at tight
junctions, to phosphorylate Par6. Phosphorylated Par6
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allows for the recruitment of Smurf1, which in turn
leads to ubiquitination and degradation of RhoA, a
small GTPase family member responsible for stress
fibore formation and the maintenance of apicobasal
polarity and junctional stability [24]. In a study by
Goby et al. loss or low levels of the type Il TGF-f
receptor correlated with high-grade tumours [25].
Although Smad4 is frequently inactivated in pancreatic
cancers, the Smad genes rarely acquire mutations in
humans. Thus, after cells are no longer prone to inhi-
bition by TGF- growth inhibitors, autocrine TGF-3 sig-
nalling promotes tumour progression [26].

In the prostate, TGF-f plays several roles. Firstly, it is
responsible for the embryonic development and differ-
entiation of glandular epithelium. Interestingly, the sig-
nalling pathway between epithelial and mesenchymal
cells involving TGF-B is directly involved in prostate
morphogenesis. TGF-B also plays a role in the inhibi-
tion of cellular proliferation as well as the induction of
apoptosis during homeostasis. Thus, loss of TGF-f is
associated with carcinogenesis. Although it acts as an
antiproliferative agent, it is also pro-oncogenic and
potentiates metastasis when overexpressed in the late
stages of prostate cancer [27]. Another study by Wang
et al. showed the connection between TGF-f expres-
sion and benign prostatic hyperplasia (BPH). TGF-B sig-
nalling induces the expression of miR-223-3p, thus
promoting BPH-1 cell viability and DNA synthesis,
inhibiting apoptosis of BPH cells, and decreasing the
pro-apoptotic molecules Bax/Caspase 3. Therefore, the
inhibition of miR 223-3P may be used as a therapeutic
target for improving aggressive cases of BPH [28].

An effective therapy targeting TGF- must focus on
two crucial aspects of the cytokine activity: inhibition
of the TGF- mediated tumour progression in advanced
metastatic prostate cancer and preservation of the
growth-inhibitory function of the cytokine that is seen
in the early stages of prostate tumorigenesis. The dual
role of TGF-B in disease promotion and inhibition
poses a challenge in the use of the pathway as a ther-
apeutic target. The imbalance between
Smad-dependent and Smad-independent signalling
mediates the switch from tumour suppression to pro-
motion. Thompson-Elliot et al. showed that AP-1 tran-
scriptional regulators, Ski/SnoN, and PTEN proteins
may play an essential role in the resistance to the
effect of TGF-$ on cellular proliferation in the prostate
and other tumours [27]. Existing preclinical studies
provide a possible understanding of the TGF-f3 signal-
ling pathway in prostate tumorigenesis that may allow
it to serve as a target for intervention. The use of neu-
tralising antibodies, antisense oligonucleotides, and
small molecule inhibitors of the kinase activity of the



4 €> A.P.GONCHAROVETAL.
receptor complexes have served as treatment options
in studies targeting the TGF-f signalling pathway in a
variety of human malignancies [29]. A recent clinical
trial, No. NCT02452008 explores the possible use of
TGF-3  receptor inhibitors,  Galunisertib  and
Enzalutamide, in mCRPC. This was an open-label ran-
domised trial composed of two arms, where the first
arm involved the combination of both drugs and the
second arm involved Enzalutamide alone. The study
observed progression-free survival in patients with
mCRPC, the tumour marker kinetics, and the Overall
Survival of the patients [30]. This trial is currently
ongoing (phase 2), with no published results to date.
Initially, activation of TGF-B target gene PRRX2 facili-
tates the resistance to Enzalutamide. It was found that
the gene tends to be overexpressed in double-negative
prostate cancer (DNPC) and is associated with a
reduced overall survival rate. Moreover, it was identi-
fied that PRRX2 is related to changes in a few signal-
ling pathways, such as CDK4/6/Rb/E2F and BCL2.
Subsequently, Rodriguez et al. showed that prostate
cancer previously treated with CDK4/6 and BCL2 inhib-
itors expressed reduced resistance to Enzalutamide [31].
In a review by Ottley et al. the implications of
microRNA on non-canonical TGF-B pathway were
investigated. MicroRNA has been shown to regulate
and adjust many TGF-3 superfamily members.
Therefore, it was proposed that miRNA could target

non-canonical Smad signalling factors. As a result, this
process can potentially modulate the effects of TGF-f
indirectly, providing novel therapeutic targets for
advanced prostate cancer [32]. The Erk pathway is one
of the potential adjuvant therapeutic targets found.
Amongst these non-canonical Smad signalling path-
ways investigated, Erk5, in particular, showed promis-
ing results. Erk5 has been directly linked to human
and murine prostate cancer. The article mentions a
study carried out by Clapé et al. where it was found
that Erk5 is a target of a microRNA class, specifically
miR-143. An inverse correlation was identified, where
levels of miR-143 decreased in prostate cancer pro-
gression both in vitro and in vivo, but Erk5 levels were
significantly increased. The study also demonstrated
that this inverse correlation and the significantly high
Erk5 levels lead to higher rates of prostate cancer cell
proliferation (Figure 2). This suggests the role of
miR-143 as a potential tumour suppressor in prostate
cancer [32].

R-smads, as mentioned earlier, are involved in the
direct signalling of the TGF-$ receptors. Erks normally
inhibit the R-Smads, and miRNAs that target the Erk
are decreased in prostate cancer [32]. An ectopic
expression of Erk may have the potential to restore
the growth-inhibitory effects of TGF-f in advanced
prostate cancer. In addition to the Erk pathway, further
investigations into the Rho pathway, another

Figure 2. Non-canonical TGF-beta signalling pathways. miRNA class implications on non-canonical signalling pathways ERK and
rho and the possibilities of fine-tuning, amplifying, or abrogating growth factor signalling.



non-canonical signalling factor, should be conducted
to explore whether Rho pathways can be targeted by
microRNA, particularly miR-155, in prostate cancer cells
to successfully restore the effects of TGF-3 [32].

Shou et al. discuss the various factors contributing
to the slow progress toward targeted therapy. They
highlight the duality of action and the prominence of
adverse reactions as two key challenges impeding
advancement. These obstacles, coupled with the rela-
tively early stage of research, are likely the primary
reasons why the downstream mechanisms of TGF-f
remain insufficiently understood. They describe a few
modes of action that may be used as a basis for devel-
oping this therapy. One such mode uses small mole-
cule inhibitors of TGF-B tyrosine kinase that modify
the interaction between ATP and its binding pocket,
thus blocking SMAD2 and SMAD3. This treatment pos-
sibility does not appear to be effective since it exhibits
poor pharmacokinetic and pharmacodynamic charac-
teristics. Another possible treatment modality is
through the use of monoclonal antibodies (MABs).
These block TGF-B receptor binding ligands. MABs are
expensive to produce routinely and, in this case, must
work against the high affinity of TGF-B to the cell sur-
face receptor complex. Also, there is no evidence that
the MABs will be evenly and effectively distributed
within the tumour. High-affinity ligand traps also exist;
these were designed to eliminate TGF-f1 and TGF-$33
and, thereby, prevent the interaction between them
and the transmembrane TPRII receptors. There is also a
capability of inhibiting TGF-B synthesis by utilizing
antisense oligonucleotides (ASOs). These are DNA or
RNA sequences composed of short nucleotides (15-25
nucleotides). ASOs are a promising therapeutic modal-
ity nowadays not only because of their low toxicity
profile but also because of their relatively high speci-
ficity and safety. Nevertheless, it has some clinical lim-
itations due to its instability and low cell uptake.
Eventually, it is suggested that inhibition of EMT in
combination with cytotoxic drugs or radiotherapy will
also inhibit the TGF-$ signalling pathway and, there-
fore, will halt cancer progression. In many types of
cancer, the combination of immune checkpoint inhibi-
tors (ICl) or chimeric antigen receptor-T cell (CAR-T)
therapies and TGF-B inhibitors is under trial [33].

3. Cripto-1 signalling pathway

Cripto-1 is a member of the epidermal growth factor
(EGF)-CFC protein family that plays a role during early
embryogenesis [34]. Cripto-1 is overexpressed in vari-
ous human carcinomas and has a potential role in EMT
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[20]. In vitro and in vivo studies showed overexpression
of Cripto-1 in mammary cells, which increased cell
migration and tumorigenesis in mice [35].

In the Nodal canonical pathway, Cripto-1 acts as a
cell surface co-receptor [36]. It possesses an ECF
domain, which interacts with Nodal, and a CFC domain,
which interacts with ALK4 or ALK7. This results in the
transactivation of the ActRIIB receptor and the subse-
quent phosphorylation of activin type | receptors ALK4
or ALK7. The interaction of Cripto-1 through its CFC
domain makes it crucial for the subsequent binding of
Nodal to the ALKA4/ActRIIB receptor complex, eventu-
ally leading to the phosphorylation of Smad2. Through
activating the ActRI/ActRIIB complex, phosphorylation
of cytoplasmic Smad2 and/or Smad3 becomes possi-
ble, which, after interacting with Smad4, leads to acti-
vation of the Smad pathway. The resulting
transcriptional complexes interact with various tran-
scriptional factors, e.g. FOXH1, which promotes tran-
scription of certain genes and contributes to breast
cancer cell invasion and growth [37].

Cripto-1 can also bind to glypican-1 in lipid
raft-associated microdomains where signalling proteins
such as c-SRC are found. This leads to the activation of
the tyrosine kinase c-SRC pathway and the subsequent
activation of MAPK and AKT in a Nodal-independent
manner. Through the phosphorylation of ERKs by
MEKs, MAPKs can enter the cell’s nucleus and activate
transcription factors, thus stimulating cell proliferation.
The AKT signalling cascade also contributes to cell sur-
vival and proliferation by activating receptor kinases
and a series of molecular interactions leading to its
dissociation from the plasma membrane, followed by
further signalling events [37]. Stimulation of cellular
changes such as cell proliferation, migration and EMT
by Cripto-1 depends on the latter's binding to
Glypican-1 and the subsequent activation of c-SRC/
MAPK/AKT signalling pathways [38].

Cripto-1 is significantly expressed in prostate cancer
and is associated with its progression especially when
comparing the expression between prostate cancer
and BPH. Liu et al. showed that cripto-1 expression
was lower in BPH and higher in prostate cancer [39].
According to Arnouk et al. 42% of prostate cancer tis-
sues examined showed elevated levels of Cripto-1 [40].
Immunohistochemistry has shown that cripto-1 pro-
motes EMT in prostate cancer by downregulating
E-Cadherin and upregulating B-catenin. Additionally,
there is a significant relationship between the expres-
sion of cripto-1 and prostate-specific antigen (PSA),
Gleason grade, clinical staging, and metastasis in
lymph nodes in patients with prostate cancer. Cripto-1
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also actively participates in embryonic development
and malignant tumour development and, later, pro-
motes metastasis as part of the EMT. To demonstrate
the involvement of Cripto-1 in the EMT process, the
researchers silenced the transcription of the gene
encoding Cripto-1 by using short hairpin RNA (shRNA),
thus showing an increase in the expression of
E-cadherin, an indicator of the reversal process of the
EMT. Eventually, this showed a suppression of the
prostate cancer’s ability to migrate [39].

In another study by Liu et al. 138 prostate cancer
and 67 BPH tissue samples were examined. It was
revealed that the expression of Cripto-1 in malignant
samples was significantly related to shorter Biochemical
recurrence (BCR) free survival. Initially, out of 81
patients with PSA above 10ng/ml, 32.10% (p=0.008)
of them were presented with overexpression of
Cripto-1. A similar trend is seen with the Gleason
score, where out of 71 patients with a Gleason score
above 7, 30.99% (p=.011) were presented with overex-
pression of Cripto-1. A correlation between Cripto-1
overexpression and lymph node metastasis was estab-
lished as well, with 15.79% overexpression (p=.025) in
patients with metastatic disease [41]. Another interest-
ing aspect is the development of radio-resistance in
prostate cancer. It is described that a few cellular sig-
nalling mechanisms, such as p53, bcl-2, NF-kB, Cripto-1,
and others, are responsible for radio-resistance. In their
article, Tesar et al. showed that Cripto-1 is highly
expressed in prostate cancer cells, which are radio and
chemo-resistant. Additionally, the high expression of
Cripto-1 is associated with a shorter survival without
biochemical relapse, making it a potential target for
immunotherapy [42].

Lawrence et al. showed that Nodal signalling and
Cripto-1 are essential for the survival and growth of
prostate tumours. The nodal signalling pathway is a
member of TGF-f3 and is vital for promoting the growth
of prostate cancer cells. In the study, immunohisto-
chemistry was used to investigate the involvement of
these signalling pathways in tumorigenesis. Cripto-1
MRNA and proteins were detected in all cells exam-
ined. A soluble form of Cripto-1 lacking a GPI anchor
was detected and is associated with activation of the
Nodal signalling pathway in many types of cancer,
especially in breast and colon cancers [43].

4. Wnt signalling pathway

The Wingless-type (Wnt) signalling pathway is crucial
for cell cycle regulation, stem cell renewal, cell prolifer-
ation, and differentiation. Dysregulation of Wnt signal-
ling is associated with several hereditary and
degenerative diseases and cancers [44].

Wnt signalling currently includes two major path-
ways: the first is the canonical or Wnt/B-catenin path-
way (Figure 3), while the second is the non-canonical
pathway, which does not involve B-catenin stabilisa-
tion. Another pathway exists as well that controls the
orientation of mitotic spindles in Drosophila and
Caenorhabditis elegans [45] and is similar to the path-
ways found in vertebrates [46].

4.1. Canonical wnt signalling pathway

The canonical Wnt pathway (Figure 3) regulates cellu-
lar responses through B-catenin. In the absence of Wnt
ligand binding (Wnt signal), B-catenin is phosphory-
lated by casein kinase 1y (CK1y) and a multicompo-
nent destruction complex [containing scaffolding
proteins GSK3( (glycogen synthase kinase 3 B), AXIN
and adenomatous polyposis coli (APC) protein]. After
phosphorylation, 3-catenin is then recognised by the
E3 ubiquitin ligase B-TRCP (B-transducin
repeat-containing protein) and targeted for rapid deg-
radation in the cytoplasm via the ubiquitin-proteasome
pathway. Low nuclear levels of B-catenin are main-
tained by nuclear exporters APC and AXIN, which
shuttle (-catenin from the nucleus back to the cyto-
plasm [47]. Without the AXIN-based scaffold, B-catenin
escapes capture, phosphorylation, and ubiquitina-
tion [48].

Wnt signalling is activated at the cell membrane
where Wnt ligands form tertiary complexes with their
respective frizzled receptors and transmembrane core-
ceptors LRP5 and LRP6. Co-factors such as R-spondin
and Wise also take part in Wnt-receptor complex activ-
ity. Signalling proceeds through the protein Dishevelled,
which enters the plasma membrane and initiates an
interaction with frizzled receptors and other Dishevelled
molecules [49,50]. Phosphorylation of the cytoplasmic
tail of LRP5 or LRP6 and the formation of the
Dishevelled polymer serve as mediators for the trans-
location of AXIN to the plasma membrane and inacti-
vation of the destruction complex. Thus, B-catenin
gradually accumulates in the cytoplasm and enters the
nucleus, forming a complex with the T-cell factor or
the lymphoid enhancer factor (TCF/LEF) family of tran-
scription factors. The binding of B-catenin to transcrip-
tion factors transactivates downstream target genes,
such as c¢-myc, urokinase-type plasminogen activator,
cyclin D1, MMP-7, CD44, survivin, endothelin-1, Cox-2
and -9, versican, periostin, fibronectin, the AR gene, and
others. These influence cell cycle regulation, invasion,
and metastasis [51-56].

Anthony et al. mentioned that constitutive activation
of the Wnt signalling pathway is linked with the devel-
opment of numerous cancers. It is supported by the
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Figure 3. Canonical wnt signalling pathway (Kharaishvili et al. 2011).

evidence of inappropriate activation of the Wnt path-
way in nearly 100% of all non-hereditary colorectal can-
cers. It is suggested that the reason is due to mutations
in the destruction complex (e.g. gain-of-function of
B-catenin or loss-of-function of APC/Axin) [57].

Aberrant (3-catenin signalling is thought to be a
very early step in colon cancer development. 3-catenin’s
nuclear accumulation is observed during early stages
of development in some types of cancers, such as
Intestinal-type gastric carcinoma, as well as in more
advanced stages of cancer progression [58,59].
Similarly, B-catenin delocalisation from the membrane
to the cytoplasm is frequently observed at the early
stages of breast carcinomas, but its nuclear localisation
is associated with invasiveness [60]. Nuclear localisa-
tion of B-catenin was found in desmoid-type fibroma-
tosis, solitary fibrous tumours, endometrial stromal
sarcoma and synovial sarcoma [61].

Further investigations would lead to a better under-
standing of nuclear events driving Wnt signal trans-
duction and the identification of nuclear factors that
lead to Wnt signalling. This may result in better insights
surrounding the mechanisms of the Wnt signal’s

propagation and contribute to the development of tar-
geted interventions directed at the major activating
mutations responsible for inappropriate activation of
the Wnt pathway [57].

[-catenin-TCF activity can be modified by mamma-
lian mitogen-activated protein (MAP) kinase pathway
components: (1) transforming growth factor (-activated
kinase (TAK1) and (2) NEMO-like kinase (NLK) [62]. TAK1
activates NLK, and the latter phosphorylates members
of the TCF family. Phosphorylation alters the DNA-binding
properties of the P-catenin-TCF complex and, in this
way, blocks Wnt target gene activation. Input from the
MAP kinase pathway can, therefore, negatively regulate
the Wnt pathway in mammalian cells [63]

Besides TCF/LEF, Wnt signalling can modify other
transcription factors, e.g. its role in the upregulation
and downregulation of the NF-kB pathway [64]. Apart
from the MAP kinase pathway, the Hedgehog pathway
and the Notch signalling pathway are also involved in
important interactions with the Wnt signalling path-
way, which can include the development of various
types of cancers, such as oral squamous cell carci-
noma [65].
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Furthermore, recent evidence by Kumar et al. sug-
gests that a degree of crosstalk may also exist between
Notch and other associated signalling pathways, such
as the Hedgehog signalling pathway. In some cases,
such as in glioblastoma, this can contribute to therapy
resistance resulting from the decreased expression of
GLI1 due to binding by Notch signalling target Hes1.
In some cases, this may provide an avenue to over-
come resistance, such as in the case of ovarian cancer
where Notch Ligand Jagged 1 can crosstalk with
Hedgehog and induce apoptosis via a decrease in
GLI2. The notch may also regulate similar components
of these pathways primarily by mTOR, STST3 and ser-
ine/threonine kinase Akt, as observed in its interaction
with Hes3 and Sonic Hedgehog [66]

In human prostate cancer, the Wnt/3-catenin path-
way is strongly associated with androgen/AR-directed
therapy and chemotherapy resistance [67]. In murine
studies, the AR signalling cascade and Wnt pathway
are known to inhibit each other [68]. Shorning et al.
showed that activating the B-catenin pathway in mice
leads to prostate adenocarcinoma. Also, B-catenin acti-
vation can cooperate with PTEN deletion to promote
prostate cancer progression, CRPC transition, and
metastasis. As canonical WNT signalling mediates cel-
lular B-catenin levels, the level of active B-catenin in a
few cancer types and prostate cancer cells is regulated
by the PI3K-AKT-mTOR cascade. This pathway also
mediates B-catenin localisation and other factors inter-
acting with 3-catenin. In other types of cancer, such as
melanoma, PTEN modulates B-catenin nuclear localisa-
tion and transcriptional activity via dissociation of
[3-catenin from the membrane attached to E-cadherin,
thus increasing tumour formation and further metasta-
sis [69]. One of the key tumour-promoting factors that
can occur during the development of proteasomal
degradation-resistant cells is a missense mutation or a
frameshift deletion around S37, T41, and S45 in
B-catenin. Another method could involve the upregu-
lation of oncogenic target genes such as CCNDT and
MYC. A [-catenin transcription inhibitor, PKF118-310,
was identified and appears to produce an antitumour
effect on prostate cancer in vitro [70]. Kaplan et al.
mention that Wnt and B-catenin regulate the EMT pro-
cess in prostate cancers without TMPRSS2-ERG translo-
cations. SOX2, for example, negatively correlates with
E-cadherin expression while positively correlates with
the mesenchymal protein a-SMA [71].

An interesting ongoing clinical trial  (No.
NCT03787056) at the Hospices Civilis de Lyon in France
deals with the Wnt/B-catenin pathway from a different
point of view. It is speculated that the canonical path-
way activation may also be achieved by progastrin, a

prohormone of gastrin that physiologically takes part
in gastric acid secretion in the stomach. It has been
shown that in many types of cancers, the GAST gene,
which generally codes for gastrin, directly targets the
Wnt/B-catenin pathway. The study tried to show the
correlation between the high titer of Progastrin in
blood and the stage of a few types of cancer, one of
which included prostate cancer. The study aims to
show the predictive value of progastrin kinetics during
prostate cancer treatment [72]. Another article by Yashi
et al. on the same issue, used Enzalutamide and
Abiraterone Acetate and measured the plasma
Progastrin levels. It showed that there was the highest
change in PSA levels from baseline in the series of
patients treated with Enzalutamide. Also, the PSA
progression-free survival and Overall Survival (OS) in
patients with elevated serum Progastrin were signifi-
cantly worse compared to patients with low serum
Progastrin. The OS rate was 17.5months in patients
with high serum progastrin levels, while in patients
with low serum progastrin levels, the OS was
49.0months. They suggest that there is a correlation
between  neuroendocrine  pathways,  especially
Progastrin and the progression of CRPC and that
Progastrin may play an essential role as a predictive
value for patients undergoing therapy with AR
axis-targeted (ARAT) agents [73].

Some researchers found the Wnt/B-catenin path-
ways to greatly impact prostate cancer cells’ ability to
acquire a metastatic form [68,74]. Although the con-
nection between Wnt/B-catenin and metastatic disease
is well established, the rate of mutations among
patients with prostate cancer stands only at 12%-22%
[75-77] and no mutations in B-catenin were observed
after the acquisition of the metastatic form [78]. Pan
et al. suggest that the uneven distribution of muta-
tions in PB-catenin and its nuclear localisation signify
the involvement of other factors in the establishment
of metastatic prostate cancer [79].

4.2. Non-canonical (B-catenin-independent) wnt
signalling pathway

Whnts such as Wnt4, Wnt5a, and Wnt11 do not liberate
[-catenin but signal noncanonically. The best charac-
terised of these ‘noncanonical’ pathways are the Wnt/
Ca?* pathway [80] and the planar polarity pathway
[81]. Other noncanonical pathways include Wnt/Jnk
and Wnt/Rho signalling [82].

Vertebrate noncanonical Wnt signalling requires friz-
zled receptors. Wnt ligand binding to frizzled can
increase levels of intracellular calcium and activate two



Ca**-sensitive kinases: (1 calcium/
calmodulin-dependent protein kinase Il (CAMK2) and
(2) protein kinase C (PKC). G-proteins and Drosophila
dishevelled (dsh) are also involved in signal transduc-
tion by the Wnt/Ca?* pathway, and signalling specific-
ity may be achieved via co-receptors, such as Knypek
and Ror2 [83]. This pathway has been implicated in
cellular movement processes required for embryonic
patterning [84-86]. It also promotes ventral cell fate
and antagonises dorsal cell fate during early Xenopus
development, regulating gastrulation movements or
heart and muscle development [87].

Noncanonical Wnt signalling pathways can overlap
with each other. Wnt5a and Wnt11, which are involved
in Planar Cell Polarity (PCP) signalling, can also activate
calcium signalling [88]. Some PCP proteins, including
flamingo (CELSR2), become localised to both the prox-
imal and distal sides of the cell. However, other pro-
teins, such as frizzled, dishevelled, and Rho, migrate to
their location on the distal side, whereas prickle homo-
log 1 (PRICKLET) and strabismus (STBMS1) localises to
the proximal side. These proteins are required to
ensure correct differentiation into proximal and distal
parts and the subsequent development of correct
polarity [89]. In vertebrates, this pathway requires Wnt
ligands, such as silberblick (Wnt11 precursor) and pipe
tail (Wnt5b), whereas no Wnt ligand is known to be
involved in Drosophila PCP signalling. Sometimes,
Whnt-receptor interaction requires the recruitment of
additional co-factors. For example, secreted collagen
glycoprotein Collagen triple helix repeat containing 1
(CTHRC1) can promote the formation of a Wnt-frizzled-
Ror2 complex, activating the PCP pathway [90,91]. The
Whnt-frizzled interaction may also be enhanced by pro-
teoglycans, such as protein Dally in Drosophila, or
inhibited by secreted proteins, including dickkopf 1
(DKK1), Cerberus (CER1) and SFRPs (secreted
frizzled-related proteins) [92]. In some instances, the
noncanonical Wnt pathway can inhibit canonical Wnt
signalling. One example is competition for Dishevelled
molecules that are shared between the two pathways
[82]. Another example involves the Wnt5a-induced
transcriptional upregulation of Siah2, which can stimu-
late B-catenin degradation [93].

A non-canonical Wnt signalling pathway was found
to activate the PI3K-AKT-mTOR cascade, increasing the
invasive potential of prostate cancer cells. Moreover,
the Wnt receptor Frizzled2 may cause EMT by activat-
ing Fyn, which suppresses the AMPK-LKB1 signalling
axis by blocking LKB1 redistribution to the cytoplasm;
this ultimately results in an increase in tumorigenesis
and further progression of invasive properties [69].
Shorning et al. describe new treatment lines for
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certain cancer types by blocking Wnt ligand secretion.
One of these drugs is WNT974, which has passed
through a phase 1 clinical trial and displayed both a
manageable safety profile and suppressive activity
upon the canonical pathway. The drug was not
included in a clinical trial for prostate cancer patients.
However, in a preclinical trial, the results have been
promising and may indicate a significant level of effi-
cacy for prostate cancer [69]. To date, although being
an attractive target, Wnt signalling inhibitors are still in
an early phase of development and have several lim-
itations. One such limitation is the occurrence of the
Wnt signalling pathway in physiological processes in
the gastrointestinal tract (GIT), hematopoiesis, and oth-
ers. Therefore, inhibiting the pathway may cause dam-
age to normal physiological function [94]. Prostate
cancer has been known to send metastases to the
bone. One of the basic events of the metastatic pro-
cess — EMT, is partially regulated by Wnt or  catenin
signalling [71]. An interesting property of Wnt was
described by Wang et al. who showed that Wnt5A is
related to bone metastasis in prostate cancer in a
mouse model. Other molecules, such as JNK, FZD4,
and FZD8, were also described as contributors to pros-
tate cancer invasion [95].

The invasion of prostate cancer to the bone is medi-
ated by the canonical signalling pathway, particularly
by its member FZD8. Li et al. showed that high-grade
prostate cancer overexpresses FZD8, and thus, it was
described that knockdown of FZD8 causes inhibition of
bone metastases [96]. Ma et al. listed 46 genes associ-
ated with Wnt activation in mCRPC, including genes of
the TGFP pathway [97]. Kaplan et al. showed that
TMPRSS2 translocation-positive patients have a higher
expression of FZD4 and other Wnt receptors.
Furthermore, the upregulation of FZD4 led to the
induction of EMT and decreased cell adhesion [71].

Similar to TGF-B, the Wnt signalling pathway is also
involved in EMT and epithelial plasticity during embry-
onic development and cancer. Cells with [-catenin
activation lose their polarity, morphologically disrupt-
ing cell-cell contacts and EMT [98,99].
Immunohistochemical studies demonstrate alterna-
tions of the actin cytoskeleton in these cells, indicating
that nuclear B-catenin accumulation is functionally
related to EMT in budding tumour cells at the
tumour-host interface. Li and Zhou showed that
B-catenin and Akt pathways were activated in
Twist-overexpressing cells, and activation of -catenin
correlated with the expression of stem cell marker
CD44 [100].

Canonical and noncanonical Wnt signalling path-
ways regulate the expression of structural proteins and
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MMPs [101] to modify the surrounding matrix. Targets
of canonical Wnt, among others, are periostin, versican,
and fibronectin, mesenchyme-specific genes that are
upregulated in breast, prostate, gastric and other can-
cers. Extracellular matrix, rich in these proteins, pos-
sesses anti-adhesive properties and can modify the
proliferation and migration of different cell types
[102-104].

One of the prominent regulatory proteins that
mediates cross-talk between integrin-based cell-matrix
adhesion and Wnt signalling is the integrin-linked
kinase (ILK), which regulates the translocation of
B-catenin to the nucleus independent of altering the
expression level. It upregulates Lef-1 expression and
downregulates GSK-3B activity, resulting in stabilised
cytoplasmic/nuclear B-catenin. GSK3pB, E-cadherin, and
Slug play essential roles in EMT transition via
Wnt/B-catenin signalling [55]. GSK3p is located at the
junction of PI3K/AKT and Wnt/B-catenin/TCF survival
pathways; it plays a critical role in cellular metabolism,
growth, and proliferation [105].

Human tubulin beta class IVa (TUBB4A) is an import-
ant regulatory factor in the B-catenin pathway. TUBB4A,
a member of the tubulin family, has been identified by
Gao et al. as being highly expressed in aggressive
forms of prostate cancer. The researchers demonstrated
that CRISPR/Cas9-mediated knockdown of TUBB4A in
various cell lines, both androgen-dependent and inde-
pendent, leads to the arrest of tumour proliferation
and migration, as well as the induction of DNA dam-
age, evidenced by increased expression of yH2AX and
53BP1. Additionally, they reported that the interaction
between TUBB4A and MYH9 reduces EMT by inhibiting
GSK3p ubiquitination, thereby decreasing activation of
the B-catenin pathway. This interaction forms a protec-
tive framework around the nucleus, safeguarding
genetic material during cell migration. Deleting the
TUBB4A gene has been associated with reduced
tumour proliferation and metastatic potential by inhib-
iting the NF-kB, cyclin D1, and c-MYC signalling path-
ways. Furthermore, TUBB4A is implicated in other
cancers, including ovarian cancer, and contributes to
resistance to paclitaxel [106].

5. Hedgehog signalling pathway

Hedgehog (HH) signalling pathway regulates embryo-
genesis, adult tissue homeostasis, and carcinogenesis
[107-109]. Sonic Hedgehog (SHH), Indian Hedgehog
(IHH), and Desert Hedgehog (DHH) represent mamma-
lian Hedgehog family ligands, consisting of an
N-terminal signal peptide, Hedgehog core domain, and

C-terminal processing domain. Patched family mem-
bers (PTCH) are Hedgehog receptors, while Cdon
homolog (CDON), Boc homolog (BOC), and growth
arrest-specific 1 (GAS1) are Hedgehog coreceptors.
Receptors are distantly related to Dispatch family
members. Patched 1 and 2 (PTCH1 and PTCH2) do not
directly transduce Hedgehog signals to the intracellu-
lar signalling cascade, but indirectly through
Smoothened seven-transmembrane-type receptor. In
the absence of Hedgehog signalling, GLI family zinc
finger 1 (GLI1) is transcriptionally repressed, GSK3 and
CK1 phosphorylate GLI2 for the FBXW11-mediated
degradation, and GLI3 is processed to a cleaved repres-
sor. In the presence of Hedgehog signalling,
Smoothened is relieved from Patched-mediated sup-
pression to induce MAP3K10 activation and suppressor
of fused homolog (SUFU) inactivation. GLI activators
then bind to the GACCACCCA motif for the transcrip-
tional upregulation of target genes (Figure 4). Hedgehog
target genes are involved in the HH signalling cascade,
cell cycle regulation, cell fate determination, and stem
cell signalling. Representative targets are: GLIT, PTCHI,
CCND1 and 2, SFRPI1, runt-related transcription factor
(RUNX2), etc [110].

Constitutive overexpression of the HH pathway is
observed in several cancers. For example, gain-of-func-
tion mutations underlie the nevoid basal cell carci-
noma syndrome, in which affected individuals have an
increased risk of developing medulloblastomas and
basal cell carcinomas of the skin [111]. PTCH mutations
are found in sporadic medulloblastomas, while GL/7
overexpression is noted in various central nervous sys-
tem tumours. Enhanced HH signalling has been
described in small-cell lung cancers as well as oesoph-
ageal, gastric, and pancreatic cancers [112].

The Hedgehog signalling pathway plays a crucial
role in the development and further progression of
prostate cancer. Moreover, preclinical trials showed
that inhibition of the pathway causes a reduction in
metastasis. In some types of tumours, including pros-
tate cancer, the Hedgehog pathway activation was
present predominantly in the stroma and less so within
the tumour cells, therefore suggesting a paracrine
mechanism of action. The tumour secretes the
Hedgehog ligand to the stroma, producing factors
contributing to tumour progression and invasiveness
[113]. However, it is important to note that this
Hedgehog signalling imbalance may also occur in
other contexts, such as resistance to Anti-Androgen
therapy [114]. Sheng et al. reported that high
Hedgehog-interacting protein levels are associated
with high Gleason score and metastatic tumours [115].
Targeting the Hedgehog pathway may be a potential
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Figure 4. Schematic representation of hedgehog signalling Cascade. See the text for an explanation.

avenue for treatment, mainly due to the findings sup-
porting the Hedgehog pathway’s relation to
radio-resistance. Generally, the response of the tissue
to radiotherapy is influenced by several factors, such
as repair of DNA damage, redistribution, and reoxy-
genation. Hedgehog signalling has been shown to
interfere with each of these pathways, thereby contrib-
uting to the resistance of the tumour to radiotherapy.
Several studies showed that the prognosis in prostate
cancers expressing Hedgehog signalling after chemo-
radiotherapy is significantly poorer than those that do
not. Moreover, it has been demonstrated that
Hedgehog signalling Inhibition may reduce the resis-
tance to chemotherapy by targeting multidrug resis-
tance and cancer stem cells. Interestingly, the SHH
signalling pathway impairs DNA damage repair, creat-
ing a suitable environment for cancer proliferation and
further radio-resistance due to its protection against
ionising radiation [113].

An Interesting clinical trial was conducted at Sidney
Kimmel Comprehensive Cancer Center at Johns
Hopkins on LDE225 (Sonidegib). Sonidegib is a drug
that inhibits the Hedgehog pathway by binding to
Smoothened, thus inhibiting the tumour’s ability to
proliferate and grow [116]. This randomised, two-arm,
open-label prospective study dealt with the possible

inhibition of the Hedgehog pathway with Sonidegib
800mg/day vs patients who were merely under obser-
vation. All patients were characterized as high-risk
prostate cancer patients and were actively undergoing
radical prostatectomy. The researchers aimed to check
the drug effect on the tumour characteristics, such as
the proliferation and tissue infiltration rate. The expres-
sion of GLI1 has, in past studies, been measured as a
representation of the Hedgehog pathway [117]. GLI1
and other markers were used for this purpose by Ross
et al. when they performed their study on Sonidegib.
In this way, it was possible to demonstrate that
Sonidegib, as an Smo antagonist, was able to pene-
trate the prostatic tissue, resulting in the downregula-
tion of the Hedgehog signalling pathway. These are
but a few examples of ways in which this pathway can
serve as a potential avenue for intervention. However,
the clinical benefits often remain unclear. As was the
case with Ross et al. where after four weeks of treat-
ment, the PSA levels did not significantly change
within the groups [118].

6. Notch signalling pathway

Notch signalling is one of the critical pathways impli-
cated in the self-renewal of stem cells, cell fate
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determination of progenitor cells, and terminal differ-
entiation of proliferating cells. Notch-ligand binding
induces cleavage of the Notch receptor [1-4] by metal-
loproteinase and y-secretase to release the Notch
intracellular domain (NICD). Canonical Notch signalling
to the CSL-NICD-Mastermind complex inhibits the dif-
ferentiation of stem cells or  progenitor
(transit-amplifying) cells. In contrast, non-canonical
Notch signalling to the CSL-NICD-Deltex complex pro-
motes the differentiation of progenitor cells [119].
Notch signalling transcriptionally activates HESI-7,
HEY1, HEY2, and HEYL genes and the NF-kB-NICD com-
plex to augment NF-kB signalling. Notch activity can
be found in multiple cancer types. Notch signalling is
aberrantly activated due to chromosomal translocation
of NOTCH1 in acute lymphoblastic leukaemia [120],
amplification and overexpression of NOTCH2 in medul-
loblastoma [121], chromosomal translocation of
NOTCH3 in lung cancer [122], amplification and over-
expression of NOTCH3 in ovarian cancer [123], and
upregulation of JAG1 and NOTCH1 or down-regulation
of NUMB in breast cancer. NUMB is a gene that, in
conjunction with NOTCH, regulates balanced differenti-
ation and proliferation, often acting as a tumour sup-
pressor gene [124,125]. These characteristics seem to
indicate that Notch signalling is oncogenic in various
human tumours. On the other hand, Notch signalling
has an anti-oncogenic role in cutaneous squamous cell
and basal cell carcinomas and carcinoma of the uter-
ine cervix [126,127], partially due to the interference
with canonical Wnt signalling. Acar et al. detailed the
mechanism involved in a 2020 study. Two distinct
methods were discussed, culminating in Wnt inhibition
by limiting p-catenin. Both pathways utilise
membrane-bound AEGF_N1 and NICD proteins found
in the nucleus. The first method begins with
Deltex-mediated endocytosis of Notch, allowing it to
act as an antagonist of [-catenin by sequestering it
into the membrane. The second method is centred
around Notch’s ability to inhibit the transcription of
B-catenin by forming a complex with NICD within the
nucleus. While the location and specifics of each path-
way may differ, both result in less B-catenin available
to promote Wnt signalling [128]. Notch signalling acti-
vation also leads to transcriptional activation of NF-kB
target genes, such as IFN-y, through a direct associa-
tion between NICD and NF-kB [129].

In recent studies, the Notch signalling pathway has
been identified as a key regulator in the induction of
EMT. Activation of the Notch signalling pathway pre-
dominantly in endothelial cells produces several char-
acteristic changes affecting cell structure and function.
Several Endothelial markers are down-regulated; these

may include Tiel, Tie2, VE-cadherin, platelet-endothelial
cell adhesion molecule 1 and endothelial NO synthase.
At the same time, mesenchymal markers are
Up-regulated, namely fibronectin, platelet-derived
growth factor receptor and a-SMA. The key changes
playing a major role that are consistent with mesen-
chymal transformation are PDGF-driven processes.
Consequently, Notch signalling pathways can be
involved in sub-reactions with associated molecules
like Snail, Slug, Twist, TGF-3, FGF and PDGF and play
an important role in the processes of EMT [130]. Stacy
et al. describe the molecular mechanism involved. The
Notch  Transmembrane receptor-expressing  cell
encounters a Notch Ligand such as the Jagged 1 and
2, triggering the Proteolytic change of NOTCH to the
NICD form. The NICD is subsequently cleaved and,
after entering the nucleus, interacts with DNA-bound
transcriptional repressor CBF-1-Suppressor of Hairless/
Lag1 (CSL). This complex then combines with other
co-activators to form the NOTCH-CSL-MAML complex,
which recruits more Notch complexes that together
increase the gene expression of Notch signalling
upregulation. This includes the previously mentioned
Snail and Slug [131].

In a study conducted by Orzechowzka et al. several
groups were examined to check the relation between
age and staging of prostate cancer. An overlap of 13
genes related to tumour progression from the NOTCH
family between a group of patients below the age of
55 and those between 60 and 70years old was identi-
fied. It was shown that decreased Notch activity is
associated with slower progression of prostate cancer
in the elderly and that Notch signalling targets the
properties of aggressiveness and is modified according
to the patient’s age [132]. It is already known that
there is a relationship between ageing and prostate
cancer. The term used more recently is inflammaging-
it describes a low-grade chronic sterile inflammatory
process that contributes to the overactivation of the
immune process, which may play a role in the carcino-
genesis of the prostate. A study carried out by Zinger
et al. showed that inflammaging, along with other
changes within signalling molecules, stem cell impair-
ment, and others, have been known to contribute to
tumour development [133].

Hypoxia is one of the characteristics of prostate
cancer and is associated with its progression and resis-
tance to chemotherapy and radiotherapy. Inhibition of
Notch increased the sensitivity to the treatment. Notch
activity is strongly related to the expression of two
essential markers of tumour hypoxia: Vascular endo-
thelial growth factor (VEGF) and Hypoxia-induced fac-
tor Ta (HIF-1a). These markers facilitate neoangiogenesis



and thus are associated with poor prognosis in many
types of cancer. A hypoxic microenvironment often
leads to HIF-1a overexpression. This has been observed
in a variety of human cancers, including prostate can-
cer and its associated metastases, usually as an increase
in immunostaining. More recent evidence suggests
that, under hypoxic conditions, HIF-1 a is recruited to
notch-responsive promoters, leading to activation of
transcriptional targets and a degree of regulation in
cell differentiation. These conditions are especially rel-
evant to prostate cancer as they are one of its most
prominent characteristic states [134].

According to the study of May et al. and the review
by Marignol et al. regarding the treatment resistance
of prostate cancer, no studies have identified a role for
the Notch signalling pathway in the response of pros-
tate cancer cells to radiation. Nonetheless, proliferative
activity and neuroendocrine differentiation have both
been associated with the failure of radiation therapy in
patients with prostate cancer, suggesting that the
notch signalling pathway could potentially provide
prognostic value [134].

Additional studies have been conducted to deter-
mine whether the Notch signalling pathway can be
used as a novel therapeutic target. In this pathway, the
Notch 1 receptor and jagged-1 ligand both play a cen-
tral role in the progression and metastasis of prostate
cancer. In these studies, the aim has been to downreg-
ulate the expression of notch 1 or jagged-1 encoding
genes. Results seem to indicate that this may result in
a decrease in prostate cancer cell invasion. Additionally,
the downregulation of notch 1 and jagged-1, along
with small interfering RNA (siRNA), has been associ-
ated with cell growth inhibition, including cell migra-
tion and invasion and potentially induction of apoptosis
in some cases [134].

7. NF-kB signalling pathway

The transcription factor NF-kB, which was initially
shown to be the main component in controlling innate
and adaptive immunity, is presently considered a key
molecule regulating apoptosis, mainly to prevent cell
death. The ability of NF-kB to suppress apoptosis is
one of the main NF-kB functions, which determines its
ability to promote inflammation and involve this tran-
scription factor in the pathogenesis of various inflam-
matory diseases, cancer therapy resistance and
oncogenesis [135].

IKK complex, the inhibitor of kB kinase, comprises
two catalytic components (IKKa and IKKB) and one
regulatory component (IKKy). Activation of the IKKB
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component occurs in response to stimuli such as CD40
ligand (CD40L), tumour-necrosis factor-a (TNF-a), lipo-
polysaccharide (LPS) or interleukin-1 (IL-1), leading to
phosphorylation of IkB proteins (at two conserved ser-
ines) which are bound to the NF-kB heterodimers. The
phosphorylation of IkB proteins triggers, as a result,
the ubiquitin-dependent degradation of IkB by 26S
proteasome, which leads to the nuclear translocation
of RELA-p50 heterodimers as well as the transcription
and activation of target genes. Activation of the IKKa
component occurs in response to other stimuli, such
as BAFF, and members constituting the TNF family,
such as lymphotoxin B. This activation leads to the
induction of phosphorylation of p100 (which is bound
to RELB) at its two serine residues at its carboxyl ter-
minus and subsequent ubiquitin-dependent degrada-
tion of the carboxy-terminal half of p100, which leads
to the release of its amino-terminal half and the p52
polypeptide. Combined with the heterodimer partner
of p100, RELB, the latter two translocate to the nucleus,
leading to transcription activation [136].

The genes that are induced in response to NF-kB
activation can be divided into four functional classes:
genes whose products are involved in negative-feedback
control of NF-kB activity; genes whose products serve
various immunoregulatory functions; genes whose
products inhibit caspase activation and apoptosis; and
genes that promote cell proliferation [137]. NF-kB sup-
presses the expression of epithelial-specific genes
E-cadherin and desmoplakin and induces mesenchymal
vimentin in breast cancer cells [138].

It Is known that NF-kB signalling is activated in
CRPC, with high levels in CRPC compared to the
AR-dependent type. The high expression is induced by
the activation of PCAT1 via knockdown, which increases
the phosphorylation and subsequent decrease of
NF-kB, ultimately inhibiting cell growth of CRPC. This
finding was proved by the knockdown of PCAT1 which
resulted decreased NF-kB in CRPC and inhibition of
cell growth. On the other hand, cells that overex-
pressed PCAT1 also expressed high levels of NF-kB and
were identified as tumours with poor prognosis. Also,
PCAT1 binds to FKBP51, and the PCAT1/FKBP51 com-
plex stabilises the FKBP51/IKK complex, leading to
enhanced NF-kB signalling [139].

NF-kB is also known to induce EMT. It primarily
mediates this process by downregulating the expres-
sion of E-cadherin [140]. NF-kB possesses a unique
mutual interplay with B-catenin that can lead to sev-
eral effects, such as activating Slug, ZEB1 and ZEB2,
which consequently leads to a repression of E-cadherin
and thus triggers a promotion of EMT [141]. An inter-
esting association between NF-kB and EMT was
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Table 1. Continued.

Clinical Trial ID

Reference

and status

NCT00183937
completed

Outcome

Trial
Has a positive impact on PSA N/A

Clinical Use FDA-Approval®

Target

Pathway

Drug

Nguyen et al.

Multiple Myeloma

Suppress the NF-kB signalling

Bortezomib

[160]

levels, but did not show
positive results on CRPC
Inhibits the progression of PC N/A

pathway by blocking the

Ubiquitin-Proteasome system

Nguyen et al.

NCT00629473
completed

+

Grade IV diffuse astrocytic

Marizomib

[160]
Nguyen et al.

in-vivo and in-vitro

glioma; IDH-wildtype

Multiple Myeloma

NCT00830869

This phase 1 trial

Ixazomib

[160]

Completed, with

showed a limited

results

antitumour effect
and a manageable
safety profile

N/A

Nguyen et al.

Prostate Cancer and other N/A

Not currently used

IKK inhibition

NF-kB

PS1145

[160]
Nguyen et al.

types of cancer
Prostate Cancer and other

N/A

N/A

Not currently used

IKK inhibition

NF-kB

BMS345541

[160]

types of cancer

N/A: Non-applicable.

The FDA approval column relates to the general approval of the drug by the FDA and not specifically to prostate cancer.

*FDA approval exists; "FDA approval does not exist.
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described by Tripathi et al.; Their study demonstrated
that in androgen-independent and metastatic prostate
cancer cells expressing NF-kB, the DLC1 (Deleted in
Liver Cancer 1) gene that acts as Rho GTPase-activating
protein (RhoGAP), is associated with negative regula-
tion of NF-kB. DLCT also suppresses the ubiquitination
and degradation of the NF-kB inhibitor, IkBa. Therefore,
they showed that tumours expressing the DLCT gene
are associated with low rates of EMT [142].

A study by Zhou et al. showed the possible use of
SAHA (suberoylanilide hydroxamic acid), a Histone
deacetylase inhibitor, in DCLT1-negative prostate cancer,
as it was shown that the treatment reduced the
tumour size by 75%-80% compared to the control
group [143].

Jain et al. showed that inflammatory factors pro-
duced by LPS stimulation of blood cells enhance
metastasis by activating NF-kB. A recurrent administra-
tion of Dexamethasone, a corticosteroid used in differ-
ent inflammatory cases, did not suppress it in vivo. In
a mouse model, injected LPS did not significantly
influence the primary tumour size. Moreover,
Dexamethasone-treated mice bearing MAT- Lylu
tumour were shown to be associated with a higher
incidence of metastasis regardless of LPS injection
[144]. Other anti-inflammatory drugs such as Aspirin
(acetylsalicylic acid) and sodium salicylate inhibit the
NF-kB pathway by blocking the degradation of IkBa.
These drugs are currently under different phases of
clinical trial and are recommended for use in combina-
tion with chemotherapy or radiotherapy [145].

According to Jain et al. although no clear picture
exists to show the exact involvement of NF-kB in the
pathogenesis of prostate cancer is currently available,
some therapeutic strategies may exist. The primary
goal would be to interfere or otherwise block the
NF-kB pathway; this direction seems promising for
prostate cancer. The article proposes three key mecha-
nisms that could serve as potential therapeutic strate-
gies to this end. First, by inhibiting NF-kB, a possible
treatment for NF-kB-positive but AR — negative CRPC
may be devised. The second method involves inhibit-
ing NF-kB to inhibit IKK2-dependent expression of
proinflammatory cytokines, particularly during inflam-
matory reactions, preventing cellular damage. Lastly,
recent evidence has surfaced supporting the impor-
tance of IKK1 in prostate cancer; this may position
IKK1 as a potential therapeutic choice to treat CRPC.
However, further research is likely required to explore
the full potential of IKK1 as a therapeutic target [146].

San Ko et al. examined 101 prostate tissues with
BPH using immunohistochemistry, but did not show
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any correlation between NF-kB
BPH [147].

However, the effects of NF-kB signalling are not lim-
ited to CRPC. Continuing research into this pathway
has linked it with many other pathological states and
cancer types. Additionally, a wide array of research
conducted over the past several years has shown that
the NF-kB signalling pathway plays an essential role in
cellular and metabolic adaptations to environmental
changes or imbalances that often characterise a wide
range of chronic inflammatory diseases—including but
not limited to Diabetes Mellitus type 2, Obesity, and
autoimmune disorders [148]. The association with can-
cers has also been extensively studied; examples have
been known to include H. Pylori Induced Gastric
Cancer [149], Breast cancer [150], Ovarian cancer [151]
and many others, usually resulting from increased

NF-kB signalling due to external stimuli.

signalling and

8. Clinical significance of targeting signalling
pathways in prostate cancer

Many drugs that target different signalling pathways
have undergone clinical trials or are currently under
trial. Some of these drugs are indicated for other
pathological states and have shown a positive effect
on the overall survival rate. Table 1 reflects the current
treatment possibilities and other clinical trials that will
be used in the future under the United States Food
and Drug Department (FDA) approval.

Even though drug development in this field is
extensive, several problems still need to be overcome.
Out of the list mentioned below, to date, no drugs
have received formal FDA approval for the clinical indi-
cation of prostate cancer. The reason for this is primar-
ily the off-target effects of these medications, which, in
some of the proposed drugs, are still significant (e.g.
drugs affecting the Wnt/B-catenin pathway) [139].
Other drugs that inhibit other signalling pathways
have not been discussed. The AR pathways, for exam-
ple, are FDA-approved and are currently used in clinics
[94]. Therefore, more research is needed in this area.

As previously discussed, there is a consensus that
combining ICIs with other therapeutic modalities, such
as chemotherapy or radiation therapy, may enhance
tissue responsiveness to treatment. In some cases,
combining two ICls, such as ipilimumab and nivolumab,
is utilized for conditions like melanoma, pleural meso-
thelioma, and others. In other instances, particularly in
non-small cell lung cancer (NSCLC), pembrolizumab is
frequently combined with carboplatin [152]. In pros-
tate cancer, Miller et al. report a survival benefit of
2.4months with the combination of paclitaxel and

prednisone. Additional therapeutic strategies may
involve integrating androgen deprivation therapy
(ADT) with radiotherapy, chemotherapy, immunother-
apy, and other treatments [153]. Some mathematical
models show that even though the combination of
ADT with ICl expresses poor clinical efficacy in trials,
higher doses can achieve effectiveness [154].

Resistance can emerge during treatment, presenting
challenges in the management of prostate cancer with
some drugs, such as ADT. Typically, ADT reduces dihy-
drotestosterone (DHT) levels, leading to apoptosis in
some cancer cells. However, not all cells undergo pro-
grammed cell death; some enter a dormant state and
adapt to the low androgen environment. These dor-
mant cells can eventually proliferate and form colonies
capable of metastasis. Resistance mechanisms involve
upregulating AR expression through various signalling
pathways, including NF-kB and PI3K/AKT. Additional
resistance mechanisms have been observed with other
drugs. For example, enzalutamide resistance may occur
due to the F876L missense mutation or AR splice vari-
ants, while abiraterone resistance may involve CYP17A1
upregulation or alternative ligand synthesis [155]. The
resistance mechanisms for the newer drugs listed in
Table 1 remain unclear and are expected to be eluci-
dated in future studies.

9. Conclusion

In conclusion, signalling pathways are crucial for tum-
origenesis, especially for the ability of a tumour to sus-
tain itself and later invade the basement membrane
and metastasise. Many clinical trials have already
attempted to block signalling pathways through the
use of different drugs. Some have shown promising
results, and some suggest that further investigation is
required. However, several serum biomarkers explored
may play an essential role in predicting possible out-
comes such as Overall Survival rate. Various clinical tri-
als have been conducted to identify signalling pathway
inhibitors, but further research is required mainly due
to the off-target effects seen in these drugs.
Nevertheless, understanding the basic principles and
mechanisms of the signalling pathways will serve as
an essential background for developing further bio-
markers and potentially new lines of treatment for
prostate cancer and many other types of cancer.
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