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A B S T R A C T

Cancer stem cells (CSCs) in prostate cancer (CaP) are regarded as major contributors to radioresistance due to
complex mechanisms including enhanced DNA repair, increased intracellular reactive oxygen species scaven-
ging, activation of anti-apoptotic pathways, microenvironment hypoxia, epithelial-to-mesenchymal transition
(EMT) and autophagy. They are also believed to cause tumour recurrence and metastasis due to their unique
capability to survive and replicate the heterogeneity of the original tumour. Finding markers of prostate CSCs
(PCSC) for identification, prognostication and targeting is key in enhancing therapeutic and clinical outcomes.
Markers such as aldehyde dehydrogenase, CD44, integrins and EMT markers have been proved to show great
potential in being sensitive and specific to the presence of PCSCs. Novel therapies such as Hedgehog and Wnt
pathway inhibitors, angiogenesis inhibitors and metformin show potential in eliminating PCSCs to improve
therapeutic outcomes. Here, we review the current state of the literature regarding mechanisms of PCSC
radioresistance, promising PCSC markers and novel PCSC-specific therapeutic approaches and their implications
in CaP treatment and prognosis.

1. Introduction

Prostate cancer (CaP) is the fifth highest cause of cancer death and
second most frequently diagnosed cancer among males worldwide, with
an estimated 174,650 new cases and 31,620 deaths in the USA in 2019
[1,2]. CaP death rates have been decreasing due to earlier diagnosis and
improved treatment modalities in many developed countries [2]. Cur-
rently, radical prostatectomy (RP), external-beam radiation therapy
(EBRT) and brachytherapy (BT) are the main primary and adjuvant
options for men diagnosed with localised CaP. However, radio-
resistance in localised CaP is a major therapeutic challenge, with
22–69% of CaP patients experiencing biochemical recurrence (BCR)
following radiotherapy (RT) [3]. BCR is a rising prostate-specific an-
tigen (PSA) level following primary curative therapy for CaP. Almost
half of patients with BCR progress to clinical recurrence within 15
years, and 1/3 of CaP patients with BCR progress to metastatic cas-
tration-resistant prostate cancer (CRPC), eventually leading to cancer
death [4].

So far, there is no consensus on the treatment of BCR following both
primary RT or RP. Salvage RP following primary RT failure is highly
dependent on surgical expertise, and has high potential for morbidity

and poor functional outcomes compared to primary RP alone [3]. The
current evidence for salvage RT following primary RP is considerably
varied, with the estimated 5-year freedom from a second BCR ranging
from 37% to 71% [5]. In either case, RT failure in both the primary and
salvage setting is difficult to remedy, and positive outcomes apply to
only a carefully selected subset of patients [3,5]. Other options include
androgen deprivation therapy (ADT), which is usually only effective for
the first 2–3 years, after which most patients inevitably progress to
incurable metastatic CRPC. Chemotherapy offers a modest survival
benefit at best of about 19 months after castration resistance [4]. Given
the futility and morbidity of attempting to cure recurrent CaP, there is
an urgent need to overcome RT failure in earlier stages when it is still
localised, thus preventing disease progression.

This review aims to give an overview of the mechanisms of RT
failure associated with the cancer stem cell (CSC) model, discuss the
current knowledge of promising prostate cancer stem cell (PCSC)
markers in CaP RT, and emphasise the importance of PCSCs as potential
therapeutic targets.
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2. The CSC model

The importance of CSCs is widely accepted in the field of cancer
research and will be the basis of the ensuing discussion. CSCs are un-
ique cancer cells which display the hallmark characteristics of self-re-
newal, quiescence and differentiation. They form a small subpopulation
amongst the remaining tumour cell bulk and are responsible for tumour
initiation, distinguishing CSCs from other end tumour cells [6]. This
maintenance of both cell types is possible through symmetric cell di-
vision of CSCs, forming two new CSCs, or asymmetric cell division,
creating a new CSC and a daughter cell which is more differentiated
[7].

To date, there are several hypotheses regarding the origins of CSCs,
including mutation of normal stem cells and cancer cells acquiring
stem-cell properties through de-differentiation, fusion with progenitor
cells and horizontal gene transfer although the evidence remains in-
conclusive [7].

PCSCs have been found to be innately radio-/chemo-resistant and
highly metastatic [8]. RT can reduce the large non-PCSC tumour bulk
but not PCSCs as shown in Fig. 1. PCSC survival results in BCR, clinical
recurrence, progression to metastatic disease and cancer death [9]. The
exact mechanisms underpinning these PCSC attributes are complex and
overlapping. Considerable research is still being conducted in this area
to uncover potential PCSC-specific therapies.

3. Mechanisms underlying PCSC radioresistance

There are multiple complex mechanisms underlying PCSC radio-
resistance. It is well-established that RT kills cells directly through DNA

single-strand or double-strand breaks, resulting in activation of caspase-
dependent and caspase-independent pro-apoptotic molecules or in-
directly through excessive reactive oxygen species (ROS) production
[10]. PCSC-associated radioresistance is explained by increased DNA
repair capabilities including autophagy, decreased intracellular ROS
levels through increased scavenging and over-activation of anti-apop-
totic signalling pathways, all influenced by the hypoxic CSC niche and
epithelial-to-mesenchymal transition (EMT) [11]. In addition, the
quiescent status of PCSCs confers a natural resistance to RT [8]. These
mechanisms are summarised in Fig. 2.

3.1. Tumour hypoxic microenvironment

It has been reported that CSCs exist in niches within the tumour,
supported and maintained through factors secreted by the surrounding
stroma. These CSC niches consist of multiple components, including
non-CSCs, inflammatory cells, immune cells, vascular endothelial cells
and fibroblasts along with extracellular matrix. These various compo-
nents collaborate through cytokines, chemokine and growth factors to
manufacture a hypoxic, inflammatory, immunosuppressive micro-
environment facilitating tumour growth, progression and metastasis
[6]. A hypoxic PCSC niche promotes radioresistance of PCSCs through
impaired ROS production and activation of hypoxia-inducible factor
(HIF) signalling [12]. Subunits HIF-1α and HIF-2α regulate genes im-
plicated in cell quiescence, hypoxia tolerance and maintenance of an
undifferentiated phenotype, thus promoting a radioresistant CSC po-
pulation in solid tumours [13]. The influence of the hypoxic micro-
environment on PCSCs is currently a growing area of research.
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3.2. Enhanced DNA repair

An integral part of the cell DNA damage response is the activation of
cell cycle checkpoints, which temporarily induce cell cycle arrest, al-
lowing correction of DNA defects [14]. Cojoc et al. found that radio-
resistant PCSCs had increased baseline phosphorylation of Chk2 which
enhances arrest of cell proliferation via ATM-Chk2 pathways, and in-
creased phosphorylation of AKT which enhances DNA repair through
non-homologous end joining (NHEJ) via activation of PI3K signalling
pathway [15]. Inhibition of the PI3K/AKT/mTOR pathway using
BEZ235, a dual PI3K and mTOR inhibitor, could radiosensitise PCSCs
through inhibition of NHEJ and homologous recombination (HR) repair
pathways [16]. Yadav et al. also found that SMC1A, the cohesin protein
involved in structural maintenance of chromosome-1, is a phosphor-
ylation target of ATM kinase in response to ionising radiation, resulting
in S-phase delay for DNA reparation. Consequently, suppression of
SMC1A resulted in radiosensitisation of CaP cells through alteration of
the stem-like phenotype among CaP cells and attenuating the NHEJ
DNA repair pathway [10]. These findings highlight a crucial role, and
therapeutic target potential, of DNA repair-associated pathways in
PCSCs in CaP radioresistance.

3.3. Activation of anti-apoptotic pathways

Another cellular response to significant DNA damage is to activate
apoptotic pathways, the evasion of which also confers radioresistance
[17]. The Wnt/β-catenin pathway which regulates livin, a preventer of
cell apoptosis, has been reported to be overactivated in PCSCs. This
results in evasion of apoptosis and allows PCSCs to turn on DNA repair
mechanisms and survive [18]. Inhibition of cellular FLICE-like

inhibitory protein (cFLIP) and MCL-1 has been found to sensitise PCSCs
to anoikis, a form of apoptosis induced through detachment from epi-
thelium, implicated in EMT [19]. Jia et al. also found that SRY-related
HMG-box gene 2 (SOX2) over-expression in PCSCs increased resistance
against apoptosis by delaying the cleavage of Caspase-3 and reducing
store-operated Ca2+ entry. Subsequent SOX2 knockdown increased the
sensitivity of PCSCs to apoptosis, suggesting that SOX2 overexpression
confers radioresistance [20]. The inhibitors of apoptosis family of
proteins (IAP) also have a role to play, whereby inhibition of IAP by SH-
130 resulted in significantly enhanced radiation-induced caspase acti-
vation and apoptosis in CaP cells [17]. The data shows that radio-
resistance of PCSCs is highly associated with activation of anti-apop-
totic pathways.

3.4. Increased intracellular ROS scavenging

Irradiation causes excessive ROS production which leads to cell
death by damaging intracellular components. Radioresistant PCSCs
were found to have much lower baseline levels of intracellular ROS,
suggesting increased ROS scavenging as a mechanism of radioresistance
[15]. This is supported by studies showing CSCs having enhanced ex-
pression of ROS scavengers [15]. SMC1A suppression was also found to
increase intracellular levels of ROS and lower glutathione levels in CaP
cells, indicating the role of SMC1A in enhancing intracellular ROS
scavenging [10].

3.5. Autophagy

Autophagy is a naturally occurring process allowing cells to survive
stress through recycling of damaged cellular components. Conversely,
prolonged induction of autophagy can result in cell death due to the
excessive degradation of key intracellular components [21]. Thus, au-
tophagy seems to perform a dual, paradoxical role by suppressing tu-
mour growth in early stages through removal of damaged proteins, but
promoting tumour growth and survival in later stages under nutrient
deprivation and hypoxia [22]. The role of autophagy in being either
pro-survival or pro-death for CSCs seems to differ according to cancer
type and is unclear in CaP [23]. Paglin et al. and Chang et al. found that
inhibition of autophagy radiosensitised PCSCs [24,25], while Yao et al.
found that there was increased CaP cell viability and decreased cell
death with inhibition of autophagy [26]. Therefore, more focused re-
search is required to ascertain the role and mechanism of autophagy in
PCSC radioresistance.

3.6. EMT

EMT involves an exchange of epithelial characteristics, such as non-
motility, for mesenchymal traits, such as motility. During EMT, there is
down-regulation of cell-cell adhesion and loss of polarity and interac-
tion with the extracellular matrix [18]. Thus, EMT is critical in tumour
invasion, metastasis, recurrence, and is linked to radioresistance and
chemoresistance in CSC populations [25]. EMT is closely associated
with CRPC, and CaP cells with more mesenchymal markers such as
Snail, Vimentin, SOX2 and N-cadherin, exhibit a greater invasive phe-
notype in vitro, more aggressive behaviour and radioresistance [16,25].
Although the association between EMT and radioresistance has been
shown, the exact underlying mechanism remains poorly understood.
Theys et al. found that reduced expression of E-cadherin, a result of
EMT, conferred radioresistance in breast cancer cells. Conversely an
increased expression of E-cadherin resulted in radiosensitisation [27]. A
new perspective on EMT is that it confers tumour radioresistance
through promoting acquisition of the CSC phenotype in non-CSCs, in-
volving TGF-β, Wnt, Hedgehog (HH), β-catenin, Notch, Nanog and
STAT3 pathways [11]. Aberrant activation of the HH signalling
pathway, involved in tissue patterning during embryogenesis and tissue
homeostasis in adults, has been implicated specifically in CaP EMT

Fig. 1. Hypothetical model of PCSCs and tumour recurrence following RT.
Notably, RT can debulk tumours due to the large proportion of non-PCSCs to
PCSCs. However, the ability of PCSCs to survive, differentiate and initiate tu-
mours inevitably results in tumour recurrence and CRPC. Abbreviation: CRPC,
castration-resistant prostate cancer; PCSC, prostate cancer stem cell; RT,
radiotherapy.
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[28]. More detailed research on the exact mechanisms linking EMT to
PCSCs and CaP radioresistance needs to be conducted for future ther-
apeutic benefit.

4. Promising PCSC markers

The CSC model mandates that specific targeting of PCSCs will lead
to greater therapeutic benefit than just conventional tumour bulk re-
duction [9]. This would require PCSC-specific inhibition in addition to
conventional therapies.

As briefly illustrated above, the mechanisms and pathways con-
ferring radioresistance to PCSCs are a complex interplay of overlapping
chemical signals that research has only begun to unravel. There is a
need to find central, upstream PCSC markers that aid in the identifi-
cation of PCSCs for pre-clinical studies and prognostication, and that
confer radioresistance for therapeutic targeting and radiosensitisation.
This section focuses on the most prominent PCSC markers in current
research and the state of the literature in both clinical prognostication
and therapeutic intervention via PCSC targeting and/or radio-
sensitisation. The studies of these PCSC markers are summarised in
Table 1.

4.1. Aldehyde dehydrogenase (ALDH)

There are 19 isoforms of ALDH in the human genome that play
important roles in detoxification by oxidising intracellular aldehydes to
carboxylic acids. ALDH1A1 catalyses the oxidation of retinal to retinoic
acid, a signalling molecule in developmental cellular differentiation
and stem cell self-preservation [29]. Li et al. found that ALDH1A1+ CaP
cells showed significantly increased clonogenicity and heterogenous

tumour formation in vitro and in vivo compared to ALDH1A1- CaP cells,
suggesting a correlation between PCSCs and ALDH1A1 activity [29]. Le
Magnen et al. also found that ALDH1A1 was the sole isoform whose
expression correlated with ALDH activity in clinical CaP specimens
[30]. This finding strongly suggests that PCSCs are associated with
ALDH1A1+ cells. Cojoc et al. demonstrated that high ALDH activity is
associated with radioresistance, and that expression of ALDH1A1 is
directly regulated by the Wnt/β-catenin signalling pathway [15].
Consequently, knockdown of β-catenin expression led to inhibition of
ALDH activity and radiosensitisation of CaP cells [15,18]. Cojoc et al.
also found ALDH+ cells to have increased intracellular ROS scavenging,
more efficient DNA repair mechanisms and high levels of Wnt/TGF-β
signalling which are potent inducers of EMT - all established mechan-
isms of radioresistance [15].

Kalantari et al. found that overexpression of ALDH1A1 in CaP cells
from clinical specimens was significantly correlated with higher
Gleason score, higher PSA, advanced tumour stage and regional lymph
node metastases, consistent with the findings of Li et al. and Huwait
et al. [29,31,32]. This data suggests that ALDH1A1 has the potential to
not only corroborate existing risk factors in CaP, but also add value in
predicting a patient's response to RT, something sorely missing in the
current CaP risk assessment system [15].

Although ALDHs seem to be effective for identifying PCSCs and
prognostication, its utility as a therapeutic target remains doubtful.
Many pre-clinical studies do not identify the isoform and greater spe-
cificity is needed to home in on the prime PCSC target [33]. At the same
time, there is evidence of functional overlap between ALDH isoforms,
indicating that targeting a specific isoform may have a minimal ther-
apeutic effect [34]. Kimble-Hill et al. have developed small molecule
inhibitors from Indole-2,3-diones with selectivity toward ALDH1A1,

Fig. 2. Overview of the mechanisms of radioresistance in PCSCs. Under the influence of the hypoxic tumour microenvironment, CSC phenotypes can be induced,
resulting in increased expression of CSC markers, enhanced DNA repair, increased intracellular ROS scavenging, activation of anti-apoptotic pathways, autophagy
and EMT. A complex interplay of these mechanisms confers radioresistance and results in tumour recurrence after RT. Abbreviation: PCSC, prostate cancer stem cell;
HIF, hypoxia inducible factor; CAF, cancer-associated fibroblast; IL6, interleukin 6; miRNA, microRNA; VEGFR, vascular endothelial growth factor receptor; PI3K,
phosphatidylinositol 3-kinases; AKT, protein kinase B; BMI-1, B-lymphoma Mo-MLV insertion region 1 homolog; cFLIP, cellular FLICE-like inhibitory protein; SOX2,
SRY-related HMG-box gene 2; MCL-1. myeloid leukemia cell differentiation protein Mcl-1; IAP, inhibitors of apoptosis family of proteins; TGF-β, transforming growth
factor β; STAT3, signal transducer & activator of transcription 3; c-MYC, cellular-myelocytomatosis; HMGB1, high-mobility group box 1; PAFR, platelet-activating
factor receptor; SMC1A, structural maintenance of chromosome 1A; HSP90, heat shock protein 90; Re1B, redox-sensitive transcription factor 1B; MnSOD, manganese
superoxide dismutase; NF-ϰB, nuclear factor kappa-light-chain-enhancer of actuated B cells; PARP-1: poly(ADP-ribose) polymerase 1.
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although this has not yet been tested on CaP cell lines and is far from
clinical trials [35].

In summary, high ALDH expression, particularly ALDH1A1, has
been identified as a functional PCSC marker highly correlated with
radioresistance in CaP with great potential as a predictor of radio-
resistance in CaP. More research needs to be done to establish its utility
as a therapeutic target for PCSCs.

4.2. Cluster of differentiation 44 (CD44)

CD44 is a transmembrane glycoprotein receptor functioning as a
cellular adhesion molecule for hyaluronic acid, a key part of the ex-
tracellular matrix [18]. CD44+ CaP cells were associated with greater
clonogenicity, tumorigenicity, metastatic behaviour and

radioresistance than CD44− CaP cells [36–39]. CD44 variants are also
highly expressed in many carcinomas, and are closely related to tumour
growth, metastasis and therapeutic resistance. CD44 variant 6
(CD44v6) in particular was found to be highly expressed in metastatic
CaP cells compared to normal prostate cells and closely associated with
CaP proliferation, metastasis, EMT induction and chemo/radio-
resistance via the PI3K/AKT/mTOR pathway, with subsequent knock-
down increasing radiosensitivity both in vitro and in vivo [18,40]. Ma
et al. found that CD44 exhibits its radioprotective effects in conjunction
with ERBB2 by mediating phosphorylation of p38 which enhanced the
HR DNA repair pathway [39]. The evidence for CD44 as a CaP prog-
nostic indicator is limited, with human CaP specimen studies yielding
mixed results. Some studies have found a negative correlation between
CD44 expression and Gleason score [41–43]. Others have found no

Table 1
Summary of available studies on PCSC and EMT markers in CaP radioresistance.

Marker Investigation Model Clinical Significance Reference

In Vitro In Vivo Clinical Sample/Trial

ALDH PC-3, LNCaP NOD/SCID CaP (64), normal (18) Stemness [29]
CaP (198), PIN (38), BPH
(54)

Prognostication [30]

PC-3, DU145, LNCaP NMRI Radioresistance,
Stemness

[15]

CaP (105), PIN (21), BPH
(31)

Prognostication [31]

CaP (32), PIN (17), BPH
(35)

Prognostication [32]

CD44 PC-3, PC-3M, DU145, LNCaP-C4-2B, LNCaP, LNCaP-LN3,
DuCaP, RWPE-1

CaP (10), BPH (10) Radioresistance,
Stemness

[18]

PC-3, DU145, LNCaP, PPC-1 NOD/SCID Radioresistance,
Stemness

[36]

LNCaP, DU145 NOD/SCID Prognostication, Stemness [37]
PC-3, PC-3M-luc, LNCaP Radioresistance [38]
DU145, PC-3M BALB/c Radioresistance [39]
PC-3M NOD/SCID Radioresistance [40]

CaP (52) Prognostication [41]
CaP (94) Prognostication [42]
CaP (92) Prognostication [43]
CaP (43), BPH (39) Prognostication [44]
CaP (73), PIN (19), BPH
(20)

Prognostication [45]

DU145, LAPC4, PPC-1,
HPCa (Ex-vivo culture)

NOD/SCID Therapeutics (microRNA-34a) [46]

Integrins PC-3, LNCaP Radioresistance [50]
Ex-vivo culture Stemness [70]
PC-3M-Pro4/luc+ BALB/c Therapeutics (GLPG0187) [51]
PC-3GFP SCID Therapeutics (GLPG0187) [52]
PC-3 BALB/c Therapeutics (S247) [53]

Phase 2, mCRPC
IMB (66)
Placebo (65)

Therapeutics (IMB/Placebo + DTX + PRD) [54]

Phase 1, mCRPC (10) Therapeutics (IMB + DTX + PRD) [55]
Phase 2, non-mCRPC
(13)

Therapeutics (Cilengitide) [56]

Phase 1, mCRPC (21) Therapeutics (MK-0429) [57]
EMT Markers PC-3, LNCaP, DU145, TSU-PrL, IA8 Nu/nu Stemness [60]

CaP (35) Prognostication [61]
PC-3, LNCaP, DU145, RWPE-1 Radioresistance,

Stemness,
Therapeutics (BEZ235)

[16]

CaP (197) Prognostication [62]
PC-3, DU145, OPCT-1, OPCT-2 Stemness [63]
PC-3, LNCaP, DU145 NOD/SCID Stemness [64]
HMLE Stemness [65]
PC-3 Stemness [66]
PC-3, LNCaP, MDA-PCa-2b SCID Therapeutics (mAb) [67]
PC-3, DU145 CaP (97) Radioresistance,

Stemness
[10]

Notes. In vitro: Cell line studies; In vivo: Mouse models. Abbreviaton: CaP: Prostate cancer; PIN: Progressive intraepithelial neoplasia; BPH: Benign prostatic
hyperplasia; mCRPC: metastatic castration resistant prostate cancer; DTX: Docetaxel; PRD: Prednisone; IMB: Intemumab; NOD: non-obese diabetic; SCID: Severe
combined immunodeficiency; EMT Markers: closely-related to PCSCs; mAB: monoclonal antibody.
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correlation between CD44 and other CaP prognostic indicators [44,45].
At this stage, larger studies yielding consistent results are needed for
CD44 to discover its true clinical prognostic value.

Pre-clinical studies using CD44 as a therapeutic target in CaP are
sparse, with Liu et al. finding that microRNA-34a was able to inhibit
CD44+ PCSCs and CaP metastasis through repression of CD44 [46]. In
other cancers, there has been more research in CD44 as a therapeutic
target. Phase I trials of humanised antibody against CD44v6 coupled
with a cytotoxic drug mertansine or radiolabelling failed due to toxic
side effects and poor selectivity respectively [47]. Other pre-clinical
studies targeting CD44 and its binding to hyaluronan are being tested in
other cancers [47].

In summary, CD44 and CD44v6 are well-established as PCSC mar-
kers which are highly correlated with radioresistance and metastasis,
with great potential for PCSC identification and prediction of CaP
radioresistance. Their utility as a prognostic indicator in CaP and

therapeutic target for PCSCs is yet to be established.

4.3. Integrins

The role of the large family of integrins involves cellular adhesion
and the formation of complexes with ligands within the extracellular
matrix. They are cell surface receptors extending from the cytoplasm
into the extracellular matrix [48]. Given their role in cellular adhesion,
it is not surprising that down-regulation of many integrins, including α2
and α6, correlates with CaP metastasis, invasiveness and prognosis
[48]. The integrins and integrin-complexes mentioned below have been
linked to CaP radioresistance and PCSCs as well.

The most well-studied integrin in CaP is αvß3 integrin due to its
well-established role in bone metastases by allowing cell adhesion to
and migration on vitronectin, fibronectin and osteopontin [49]. High
αvβ3 integrin expression has also been linked to CaP tumour

Table 2
Advances in therapeutic targeting of PCSCs.

Drug Study Type Sample Source Outcome Reference

GANT61 (HH inhibitor) Pre-clinical In vitro: PC-3, DU145, 22Rv1
In vivo: NMRI Nu/Nu

↑ Radiosensitivity [79]

Pre-clinical In vivo: BALB/c nu/nu ↓ tumour growth [72]
Erismodegib (HH inhibitor) Pre-clinical In vitro: Ex-vivo culture

In vivo: NOD/SCID
In vitro: ↓ EMT
In vivo: ↓ tumour growth

[73]

Phase I
Clinical

High-risk local CaP (14) Well-tolerated; > 60x HH inhibition [74]

Vismodegib (HH inhibitor) Phase I
Clinical

Advanced/metastatic solid tumours;
CaP (2), Others (66)

Well-tolerated; Pharmocdynamic GLI1 inhibition; No clinical effect [75]

Phase I
Clinical

mCRPC (69) Well-tolerated; Pharmocdynamic GLI1 inhibition; No clinical effect [76]

Itraconazole (HH inhibitor) Phase II
Clinical

BCR patients (21) Modest PSA ↓; Grade 1 AE risk [77]

Phase II
Clinical

mCRPC (46) High-dose (600mg/day) has modest effect on PPFS and PFS;
Grade 3 AEs

[78]

Foxy-5 (Wnt5a mimic) Pre-clinical In vitro: PC-3, LNCaP-C42B
In vivo: NOD/SCID
TMA: CaP (397), BPH (41)

In vitro: rWnt5a ↑apoptosis
In vivo: ↑Wnt5a ~ ↓tumour growth
TMA: ↑ Wnt5a ~ ↑ CaP survival

[84]

Phase I
Clinical

N/A N/A [82]

DKK1 (Wnt inhibitor) Pre-clinical In vitro: PC-3, LNCaP, DU145,
22RV1, VCAP

↓ sphere formation [81]

sFRP2 (Wnt inhibitor) Pre-clinical In vitro: PC-3, LNCaP, DU145,
22RV1, VCAP

↓ sphere formation [81]

Tasquinimod (Angiogenesis Inhibitor) Phase III
Clinical

mCRPC (1245) ↑ relative PFS, no ↑ in OS; 42.8%≥Grade 3 AE [89]

Phase II
Clinical

mCRPC (201) ↑ 6 mth PFS/median PFS
↑ Grade 3-4 AE

[88]

Phase I
Clinical

CRPC (21) Well-tolerated;
Possible clinical effect

[87]

Pre-clinical In vitro: LNCaP, LAPC4, CWR22RV1
In vivo: CWR22R–H in nu/nu

In vitro: ↑ Radiosensitivity
In vivo: ↑ Radiosensitivity

[92]

Sunitinib (Angiogenesis Inhibitor) Phase I
Clinical

Localised CaP (17)
Combination with RT, ADT

Combination without ADT was well-tolerated; Grade 2-3 AEs [91]

Phase III
Clinical

mCRPC (873)
Combination with PRD vs placebo

↑ PFS, no ↑ in OS
↑Grade 3-4 AE

[90]

Pre-clinical In vitro: PC-3, LNCaP, DU145
In vivo: Nu/nu

In vitro: ↑ Radiosensitivity
In vivo: ↓ tumour volume ± RT

[12]

Pre-clinical In vitro: PC-3, LNCaP, DU145
In vivo: Nu/nu

In vitro: ↑ Radiosensitivity
In vivo: No tumour growth delay

[93]

Metformin Phase II
Clinical

non-diabetic mCRPC (95)
Combination with DTX

No clinical benefit (full results yet to be published) [100]

Epidemiological Meta-Analysis of Epidemiological
Observation (21)

Association with ↓ CaP risk, BCR but not all-cause mortality [97]

Pre-clinical In vitro: LNCaP
In vivo: SCID/CD-1
RC: local CaP (504)

In vitro: No radiosensitisation
In vivo: ↑ tumour growth delay/radiosensitivity due to hypoxia
RC: ↓ BCR post-RT

[95]

Pre-clinical In vitro: PC-3, LNCaP, DU145, Vcap
TMA: CaP (84)

In vitro: ↓ EMT; ↑miR30a + ↓SOX4
TMA: miR30a & SOX4 expression inversely related

[96]

Notes. In vitro: Cell line studies; In vivo: Mouse models. Abbreviation: CaP: prostate cancer; BPH: benign prostatic hyperplasia; mCRPC: metastatic castration-
resistant prostate cancer; HH: Hedgehog; AE: Adverse Event; PSA: prostate-specific antigen; PFS: Progression Free Survival; PPFS: PSA Progression Free Survival;
OS: Overall Survival; DTX: Docetaxel; PRD: Prednisone; TMA: tissue microarray; NOD: non-obese diabetic; SCID: severe combined immunodeficiency; BCR: bio-
chemical recurrence; RT: radiotherapy; ADT: androgen-deprivation therapy; EMT: epithelial-to-mesenchymal transition; miR30a: microRNA-30a.
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invasiveness and metastasis in vitro and radioresistance through in-
hibition of radiation-induced down-regulation of Survivin, an IAP [50].
Down-regulation of β3 integrin through cRGD, an αvβ3-selective cyclic
peptide antagonist, resulted in significant radiosensitisation of CaP cells
in vitro [50].

Pre-clinical data targeting integrins has been promising. Van der
Horst et al. and Reeves et al. showed that the αvß3 integrin inhibitor
GLPG0187 inhibited CaP metastasis and EMT in vivo, and reduced the
αv-integrin+ PCSC population in vitro [51,52]. Abdollahi et al. showed
that S247, another αvß3 integrin inhibitor, synergistically enhanced RT
in CaP both in vitro and in vivo by inhibiting radiation-induced pro-
tective angiogenic effects [53]. However, clinical data has been un-
derwhelming. Four Phase I and II clinical trials involving integrin in-
hibitors Intetumumab (monoclonal antibody against αv integrins) in
combination with docetaxel, Cilengitide (αvß3 and αvß5 selective an-
tagonist) monotherapy and MK-0249 (αvß3 inhibitor) have concluded
good tolerability, but without any significant clinical activity in PSA
response or efficacy worse than placebo in progression-free survival
[54–57].

However, there still remains potential for the integrins as prognostic
markers in CaP. Studies have shown that αvß3 integrin has utility as a
binding target for radiolabelled peptides for non-invasive imaging as-
sessment of tumour angiogenesis, presence of metastases, risk of future
metastases and therapeutic response to angiogenesis inhibitors [58,59].
While the clinical trials for therapeutic integrin inhibition have yielded
disappointing results, it remains viable to explore the targeting of in-
tegrins for radiosensitisation and prognostication in CaP.

4.4. EMT markers

The relationship between EMT and PCSCs is intricate and myster-
ious. There are many common molecular mechanisms in the induction
of EMT and generation of CSCs [60]. This is further supported by es-
tablished links between EMT and measures normally attributed to the
presence of PCSCs, such as radioresistance, castration resistance, BCR,
metastasis formation, poor prognosis and their rarity in solid tumours.
Stark et al. found that a key EMT marker signature (decreased E-cad-
herin with increased N-cadherin and Vimentin) was significantly evi-
dent in post-RT specimens compared with pre-RT specimens in a cohort
with diagnosed CaP, BCR and tissue-diagnosed local CaP recurrence
[61]. Chang et al. found that radioresistant CaP cells showed down-
regulation of E-cadherin (epithelial marker) and up-regulation of N-
cadherin, Vimentin, OCT3/4, SOX2 and alpha smooth muscle actin (α-
SMA) (mesenchymal markers) over control CaP cells [20]. Induction of
EMT and the CSC phenotype were found to be associated with the
PI3K/AKT/mTOR pathway activation and subsequent inhibition re-
sulted in radiosensitisation [20]. The EMT-associated markers Twist
and Vimentin were found by Behnsawy et al. to be independently
predictive of BCR from immunohistochemical staining of 197 RP spe-
cimens [62].

While E-cadherin, N-cadherin, Vimentin and the associated tran-
scriptional factors Nanog, OCT4 and SOX2 have been well-linked to
EMT, their utility as markers for PCSCs remains limited until the exact
nature of the relationship between EMT and PCSCs can be un-
ambiguously answered. Multiple studies have found that inducing EMT
in PCSCs produces stem-like characteristics such as self-renewal, clo-
nogenicity, tumorigenic potential and sphere-forming capability
[60,63–65]. However, Celià-Terrassa et al. found contrary evidence
that inducing EMT inhibited stem-like attributes in PCSCs [66]. The
combined understanding is that CaP cells undergoing EMT and PCSCs
comprise two separate non-linear spectrums with a significant overlap,
with factors such as the method of EMT induction, its transient nature
and a concomitant mesenchymal-to-epithelial transition (MET) process
influencing where cells end up on the spectrum [66]. Simply put, many
but not all CaP cells undergoing EMT are PCSCs, and many but not all
PCSCs undergo EMT.

Nonetheless, CaP cells undergoing EMT can still be targeted for
therapeutic benefit - eliminating either more invasive tumour cells or
PCSCs. Pre-clinical studies have shown that inhibiting EMT has ther-
apeutic potential. Tanaka et al. used a monoclonal antibody to target N-
cadherin, causing inhibition of CaP cell growth, metastasis and cas-
tration resistance in vivo [67]. Chang et al. inhibited expression of EMT
and PCSC markers such as CD44, CD44v6 and ALDH1 through BEZ235,
which resulted in radiosensitisation and induced apoptosis in vitro [16].
Yadav et al. found that suppression of SMC1A inhibited EMT and stem-
like properties in CaP cells and resulted in radiosensitisation [10].
While it cannot yet be concluded whether EMT markers can serve as a
proxy for PCSC markers, its role in CaP disease progression and ther-
apeutic resistance is inarguable and it is a ripe area of research.

In summary, many markers with links to PCSCs have been dis-
covered in research. However, the heterogeneity and plasticity of PCSCs
both in vitro and in vivo indubitably casts doubt on the sensitivity and
specificity of these markers. Although there are other markers such as
CD133 and CXCR4/CXCL12 that hold much potential in the identifi-
cation of PCSCs, to the best of our knowledge, their links to radio-
resistance have yet to be established and are thus outside the scope of
this review [68,69].

5. Novel therapeutic approaches to PCSCs and CaP radioresistance

While challenges exist in utilising the abovementioned PCSC mar-
kers as therapeutic targets, their usefulness in identifying and evalu-
ating PCSC populations has paved the way for evaluating the PCSC-
targeting ability of other therapies. This section outlines current novel
therapeutic approaches in various stages aiming to target PCSCs to
overcome radioresistance and improve outcomes, summarised in
Table 2.

5.1. HH pathway inhibitors

The HH signalling pathway mediates interactions between epithelial
and mesenchymal cells during embryogenesis and maintains certain
adult stem cell populations adults [33]. Simply, the canonical HH
pathway starts with the peptide ligands Sonic Hedgehog (SHH), Indian
Hedgehog (IHH) and Desert Hedgehog (DHH) which bind to the
transmembrane receptor Patched (PTCH). This causes disinhibition of
the protein Smoothened (SMO) which then results in alterations of post-
translational processing of the Gli transcription factors which regulate
cell proliferation, differentiation and angiogenesis [28,33].

This pathway has received much attention in the study of PCSCs due
to its up-regulation in CaP and role in EMT, therapeutic resistance and
metastasis [28,71]. Pre-clinical data regarding HH inhibitors and PCSCs
is promising. Lauth et al. also found that the Gli small molecule in-
hibitor GANT61 suppressed CaP tumour growth in vivo [72]. Nanta
et al. showed that Erismodegib, an SMO inhibitor, induced apoptosis,
inhibited cell viability and EMT in PCSC spheroids in vitro and inhibited
tumour growth in vivo through regulation of BMI-1 and microRNA-128
[73]. Erismodegib also passed a Phase I study showing good tolerability
and bioavailability, albeit without obvious clinical effect [74]. The SMO
inhibitor vismodegib has been approved by the Food and Drug Ad-
ministration (FDA) for treatment of advanced basal cell carcinoma.
However, LoRusso et al. and Maughan et al. found through Phase I
studies that vismodegib did not have a significant clinical effect on PSA
or the tumour, rendering Phase II studies unjustified [75,76]. High-dose
Itraconazole, a common anti-fungal, has since received attention due to
its serendipitous SMO inhibition and two Phase II trials have concluded
modest effects in PSA response and PSA progression-free survival in
patients with BCR and metastatic CRPC respectively [77,78].

Interestingly, pre-clinical data also suggests repurposing HH in-
hibitors as chemo/radio-sensitising agents. Gonnissen et al. found that
GANT61 sensitised CaP to RT via induction of apoptosis and cell cycle
inhibition in vitro and in vivo [79]. More pre-clinical and clinical studies
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need to be done in this area to fully explore the utility of HH inhibitors
as chemo/radiosensitising agents.

In summary, inhibiting the HH pathway is promising for targeting
PCSCs. Emerging pre-clinical data suggests utility of HH inhibitors as
chemo/radiosensitising agents as well. So far, clinical data is most
promising regarding Itraconazole for metastatic CRPC.

5.2. Wnt pathway inhibitors

The canonical ß-catenin-dependent pathway regulates expression of
Wnt genes related to EMT, CSC maintenance and proliferation while the
non-canonical β-catenin independent pathway activates transcription
factors promoting cell growth, survival, angiogenesis and invasion [80].
These effects of the Wnt pathway are implicated in PCSCs self-renewal
and maintenance, risk of metastasis, therapeutic resistance and disease
progression [80,81].

Expression of prominent PCSC markers of radioresistance such as
ALDH1A1 and CD44v6 mentioned earlier are also directly regulated by
the canonical pathway, and inhibition of the Wnt/β-catenin pathway
reduced ALDH1A1+ and CD44v6+ PCSC numbers and resulted in
radiosensitisation [15,18]. Non-canonical Wnt signalling has also been
linked to PI3K/AKT pathway activation in CSCs, which has also been
implicated in PCSCs [16]. Thus, targeting the Wnt pathway is an area of
great current research.

A Wnt5a mimicking peptide known as Foxy-5 is currently under
Phase I trials in CaP with varying levels of Wnt5a expression [82].
Wnt5a is a non-canonical Wnt signalling pathway activator that has
been associated with reduced metastasis and tumour suppression in CaP
[83,84]. Pre-clinical studies with small-molecule Wnt inhibitors DKK1
and sFRP2 have also shown significant inhibition of PCSC sphere for-
mation [81]. Targeting upstream of the Wnt pathway also seems to
have therapeutic potential. Chen et al. reported blocking glucocorticoid
receptor, which activates of the Wnt/β-catenin pathway via SGK1,
prevented induction of the PCSC phenotype by radiation [85]. In other
solid tumours and haematological malignancies, inhibition of the Wnt
pathway is also being studied with Porcupine inhibitors, tankyrase in-
hibitors, Wnt antibodies and β-catenin inhibitors in Phase I studies
[80].

In summary, more research on Wnt inhibitors in the context of CaP
is needed. Due to the centrality of the Wnt pathway to key PCSC fea-
tures such as EMT, radioresistance and self-renewal, there is much
potential in watching this space.

5.3. Angiogenesis inhibitors

Hypoxic conditions in the CaP microenvironment result in a dys-
regulation of pro- and anti-angiogenic factors, resulting in ’leaky’ tu-
mour vasculature which delivers insufficient oxygen to the tumour,
thus maintaining hypoxia and prolonging this angiogenic dysregulation
[86]. Angiogenesis inhibitors delay tumour progression and induce
vascular normalisation, reducing tumour hypoxia and resulting in
radiosensitisation [86]. Tasquinimod is an oral quinoline-3-carbox-
amide derivative with anti-angiogenic and immunomodulatory effects
that has garnered much attention in the treatment of CRPC on the back
of promising Phase I and Phase II trials [87,88]. However, a Phase III
trial failed to demonstrate overall survival benefit of tasquinimod
monotherapy in metastatic CRPC [89]. Sunitinib, a receptor tyrosine
kinase inhibitor with anti-angiogenic effect, follows a similar story with
an unsuccessful Phase III trial failing to demonstrate overall survival
benefit in metastatic CRPC [90,91].

Nonetheless, pre-clinical data suggests potential in repurposing
tasquinimod and sunitinib as radiosensitising agents in CaP instead
[12,92,93]. Dalrymple et al. found that tasquinimod prevents the ra-
diation-induced angiogenic rebound, thus enhancing RT both in vitro
and in vivo [92]. Brooks et al. also found that Sunitinib caused radio-
sensitisation on CaP cells in vitro without increasing tumour growth

delay in vivo post-RT [93]. Supporting these findings, Diaz et al. found
that Sunitinib specifically radiosensitised PCSCs in vitro and attenuated
the HIF-1α pathway, implicated in PCSC maintenance and radio-
resistance [12].

While tasquinimod and sunitinib have hit a roadblock in the treat-
ment of CRPC, they retain potential to be repurposed as radiosensitising
agents which can aid in PCSC elimination via RT earlier in the disease.
More pre-clinical and clinical research need to be conducted to further
elucidate the potential of tasquinimod and sunitinib with RT.

5.4. Metformin

Metformin is a familiar, well-tolerated biguanide in the first-line
treatment of type II diabetes. It has recently garnered attention due to
its potential in targeting PCSCs [94]. Metformin inhibits mitochondrial
oxidative phosphorylation which CSCs are more reliant on, compared
to non-CSCs which primarily use glycolysis to support rapid prolifera-
tion [94,95]. This results in a preferential build-up of ROS in CSCs,
ultimately leading to apoptosis [95]. Another effect of metformin is to
decrease CaP cellular oxygen consumption, thereby reducing tumour
hypoxia and causing radiosensitisation, demonstrated in vitro and in
vivo [95]. Zhang et al. also found that metformin inhibits EMT in CaP
through the action of microRNA-30a modulating SOX4 expression [96].

While the mechanism of metformin's effect on PCSCs is still being
studied, its overall benefit is demonstrated in an association with a
significant reduction in CaP risk and BCR [97]. So far, the main TAX-
OMET phase II trial comparing metformin in combination with doc-
etaxel and prednisone against placebo in patients with metastatic CRPC
has yielded no clinical benefit of the addition of metformin. Though
disappointing, metformin's potential in targeting and radiosensitising
PCSCs earlier in the disease has yet to be studied clinically, although
pre-clinical and epidemiological studies so far give promise to a re-
purposing of this well-known drug.

The sentiment thus far is that direct targeting of PCSCs has been
either tolerable with modest clinical effect at best, or intolerable.
However, most clinical trials have been focused on treating terminal
metastatic CRPC patients. Perhaps the utility of PCSC targeting lies in
earlier radiosensitisation, as much pre-clinical data suggests. It would
be of great value to focus research efforts in this space.

6. Conclusion

The CSC model has established new directions in the paradigms of
prognostication and therapeutic intervention in CaP radioresistance.
The complex yet crucial role of PCSCs has led to a search to identify the
PCSC population, quantify the PCSC proportion for prognostication and
efficiently targeting PCSCs to minimise BCR and the inevitable pro-
gression to metastatic CRPC. The degree of heterogeneity within CaP
renders the idea of single holy grail PCSC marker unlikely. However, a
comprehensive panel of selected markers could be the solution.
Already, panels of markers are used in research to further purify PCSC
populations, such as CD44+ CD133+ α2β1+ by Collins et al. [70]. As
more PCSC-related markers are established and identified, further re-
search should be done to optimise a combination for the sensitive and
specific identification of PCSCs which would also form the foundation
for developing PCSC-specific therapeutic interventions.

Beyond the laboratory and into the clinical setting, reliable identi-
fication of PCSCs from tumour biopsies from localised CaP would likely
give invaluable insights regarding the likelihood of radioresistance,
metastasis and recurrence which would critically inform subsequent
management decisions. Saga et al. recently developed a stochastic
model accurately predicting RT efficacy in vitro based on the proportion
of CD133+CD44+ PCSCs [98]. Predicting radioresistance is of parti-
cular value in the light of emerging evidence that RT is able to induce
EMT and CSC phenotypes, aggravating instead of treating the existing
disease [9,99].
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Due to the plasticity of PCSCs in response to RT, longitudinal
monitoring of PCSC marker expression would be an important con-
sideration guiding treatment decisions. Ultimately, the ability to accu-
rately and reliably identify and characterise PCSCs would open up
avenues to personalised therapeutic interventions and treatment time-
lines based on the PCSC proportion and marker signature of each pa-
tient's tumour. Interventions specifically targeting PCSCs would ideally
have fewer side effects and increased tolerability as well. Though much
remains shrouded in mystery, it is evident that there is great value in
unearthing the secrets of PCSCs.
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