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Summary

Prostate cancer is one of the most prevalent forms of cancer
in men worldwide. It remains a clinical challenge to identi-
fy lethal metastatic prostate cancers, which escape standard
therapeutic intervention. Aberrant interleukin-6 (IL-6) /
signal transducer and activator of transcription-3 (STAT3)
signalling and loss of p53 occur during prostate cancer pro-
gression to metastatic disease. The abnormality of the IL-6/
STAT3/p53 axis is frequently accompanied by other ge-
netic alterations; however, its potential role as an import-
ant mediator of oncogenic reprogramming, invasion and
metastatic transformation remains unknown. The failure of
anti-IL-6 treatments is still unexplained and may be due
to an incomplete understanding of the mechanism of the
in vivo role of IL-6/STAT3 in prostate cancer. The iden-
tification of the alternative reading frame protein (ARF)
/ murine double minute protein (MDM2) / p53 tumour
suppressor pathway potentially involving the 1L-6/STAT3
axis as a restricting factor in prostate cancer deficient in
the tumour suppressor phosphatase and tensin homologue
(PTEN) opened new avenues to currently available ther-
apies. This review summarises the current knowledge on
the role of crucial pathways driving prostate cancer pro-
gression as well as metastatic disease and discusses the po-
tential use of novel specific target molecules and how it can
be exploited to avoid overtreatment and increase quality of
life.

Key words: JAK/STAT prostate cancer,; p53; ARF;
hexokinase-2 inhibitor; metastases, therapy, novel;
prostate cancer mouse models; PDX xenografts;
mutational landscape of high risk prostate cancer patients

Interleukin-6 expression in human
prostate cancer and tumour-elicited
microenvironment

Interleukin-6 (IL-6) is a multifunctional cytokine that is
implicated in the regulation of immune responses, inflam-
mation and cellular processes [1] in several cancers, in-
cluding cancer of the prostate. IL-6 is detectable in stromal

cells, but preferentially localised in the epithelium of pro-
state tissue [2]. The IL-6 receptor displays a highly re-
stricted expression pattern including hepatocytes, leuco-
cyte subsets and megakaryocytes, but is also ubiquitously
expressed in prostate cancer cells [3]. In benign prostatic
tissue IL-6 expression is confined to the basal cells of the
epithelium. In particular, the androgen receptor-negative
human prostate cancer cell lines (DU-145 and PC3) ex-
press high levels of IL-6 [4]. Whether this is a result of a
direct mechanism involving the androgen receptor remains
unknown. IL-6 expression is governed by nuclear factor
kappa B, which is suppressed by treatment with androgenic
hormones [5] and may otherwise result in an aberrant ac-
tivation of the androgen receptor [6] (fig. 1). Importantly,
IL-6 expression levels are high in the tissue of prostate can-
cer patients after radical prostatectomy, as well as in sera
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Figure 1

Overview of IL-6/STAT3/ARF and PI3K/PTEN/AKT/mTOR
pathways. Activation of IL-6/STAT3 signalling leads to
phosphorylation and translocation of STAT3 to the nucleus, which is
associated with AR interaction regulated by HSP. JAKs serve to
phosphorylate tyrosine (Y) or serine (S) residues of STAT3 and to
translocate to nucleus or mitochondrial matrix. Some of these
downstream signalling events (STAT3-AR-S6K) could regulate
activity or expression of prostate cancer related genes.

ARF = alternative reading frame protein; IL-6 = interleukin-6; PI3K =
phosphatidylinositol-3-kinase; PTEN = phosphatase and tensin
homologue; STAT3 = signal transducer and activator of
transcription-3
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of patients with advanced prostate cancer that is resistant
to therapy [4, 7]. IL-6 levels are upregulated by transform-
ing growth factor-beta (TGF-B) as well, which is an im-
portant determinant of metastatic transformation [8]. Thus,
IL-6 signal transduction is important for regulating cellular
processes in prostate cancer. Studies with primary cells also
demonstrated that there is a positive growth effect of IL-6
in such a condition [9]. Hypoxic conditions promote ac-
tivation of IL-6/Notch/Jagged signalling as well as provid-
ing survival advantages and protumourigenic gene expres-
sion programmes of breast cancer cells [10]. Oxaliplatin
increased IL-21 expression as well as STAT3 phosphoryla-
tion in prostate cancer B cells. More recently, Shabnam et
al. showed that these B cells are immunosuppressive and
also express IL-10 as well as programmed death ligand 1
(PD-L1), the appearance of which is dependent on TGF-8
receptor signalling. The elimination of these B cells, which
infiltrate therapy-resistant prostate cancer, helps cytotox-
ic T lymphocyte-dependent eradication of tumours treated
with oxaliplatin [11].

The role of IL-6/STAT3 signalling
during transdifferentiation of prostate
cancer

Studies on human-derived prostate cancer cell lines reflec-
ted considerable heterogeneity of IL-6 responses in pro-
state cancer. Interestingly, divergent responses to IL-6 were
observed in lymph node carcinomas of the prostate
(LNCaP) cells [7, 12].

In the LNCaP cell line, IL-6 induces nuclear translocation
and phosphorylation of the signal transducer and activator
of transcription (STAT3). STAT3 activation may lead to
enhanced neuroendocrine differentiation [13]. Neuroendo-
crine cells are growth-arrested; however, they express high
levels of neuropeptides. The neuroendocrine or endocrine-
paracrine cancer cells secrete potent neurohormones, in-
cluding bombesin/gastrin, calcitonin and parathyroid
hormone-related peptide, which stimulate prostate growth
in a paracrine manner. For this reason neuroendocrine dif-
ferentiation induced by IL-6 may be considered a bad pro-
gnostic factor. There is no adequate therapy for cancer that
shows a large amount of neuroendocrine differentiation.
IL-6-mediated inhibition of LNCaP cells is associated with
cell cycle arrest and up-regulation of the cyclin-depend-
ent kinase inhibitor p27 [14]. Inhibitory effects of IL-6 on
in-vivo growth of LNCaP prostate cancer xenografts have
also been demonstrated [15]. Notably STAT3 is considered
to play a tumour-suppressive role in murine KRas mutant
lung cancer [16] and glioblastoma cells [17], questioning
the value of IL-6 receptor or STAT3 inhibitors as therapeut-
ic strategies.

However, it should be mentioned that in other laboratories
growth stimulation of LNCaP cells by IL-6 has been ob-
served [7]. This may be a result of genetic drift and differ-
ences in these cancer cells or it may result from different
cell culture conditions, which make the use and conclusion
from in-vitro tissue culture experiments questionable since
these discrepancies have not yet been resolved. In contrast,
studies from the Gao laboratory demonstrated that STAT3
inhibition in vivo causes prostate cancer cell growth retard-

ation [18]. Pro- or anti-proliferative effects of IL-6 on pro-
state cancer cell lines may depend on the expression levels
of the ErbB2 oncogene. In the presence of ErbB2, IL-6 may
induce activation of mitogen-activated protein kinases thus
leading to proliferation of prostate cancer cells [19]. Phos-
phorylation of STAT3 also depends on the presence of heat-
shock protein 27 (HSP27), which affects prostate carcino-
genesis in multiple ways and is a valid target for therapy
[20].

In contrast, PC3 cells produce high levels of IL-6 (even
though they carry STAT3 deletions) and are stimulated by
the cytokine in an autocrine manner. IL-6 signalling in
PC3 cells is accomplished through the phosphatidylinosit-
ol-3-kinase (PI3K) pathway, which is activated in prostate
and other cancers as a result of the loss of the tumour sup-
pressor phosphatase and tensin homologue (PTEN) [13]
(fig. 1). Therefore, IL-6 targeting in several cell lines seems
to be justified. The results of most in-vitro studies clearly
showed that IL-6 is a valid target in prostate cancer, be-
cause of its proproliferative and antiapoptotic effects. IL-6
is a major regulator of the antiapoptotic myeloid cell leuk-
aemia-1 (Mcl-1) protein. It is highly expressed in prostate
cancer and induced by androgen ablation [21, 22]. IL-6
may also inhibit apoptosis through activation of the sig-
nalling pathway of the insulin-like growth factor receptor,
which mediates phosphorylation and activation of AKT
[23]. IL-6 may even contribute to angiogenesis through up-
regulation of vascular endothelial growth factor (VEGF) in
prostate cancer cells [24]. In addition to classic IL-6 sig-
nalling through the membrane receptor, it has been demon-
strated that trans-signalling through the soluble receptor is
important for regulation of migration, thus facilitating tu-
mour metastasis [22].

Modelling of prostate cancer
progression and metastasis in mouse
models
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Figure 2

The STAT3-ARF tumour suppressor pathway is activated under
normal conditions. Loss of PTEN and STAT3 function causes an
oncogenic switch ultimately breaking the ARF-MDM2-p53 axis and
inducing metastatic progression.
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Initiation and progression of prostate cancer is driven by
the stepwise accumulation of critical genetic alterations in-
cluding mutations, gain-of-function of oncogenic genes or
inactivation of tumour suppressor genes, such as PTEN,
TP53, SMAD4, STAT3 and CDKN2A (Cancer Genome At-
las Research Network, 2015). Experimental approaches us-
ing probasin-driven Cre (Pb-Cre4) recombinase activity
and ablation of PTEN in prostate epithelium [25] have been
developed. Importantly, deletion of PTEN and STAT3 in
prostate cancer animal models has produced inconsistent
results. Pencik et al. showed that loss of IL-6 or Stat3
in this prostate cancer model leads to massive and dis-
seminated metastases and early lethality due to complete
loss of alternative reading frame protein (ARF) / murine
double minute protein (MDM2) / p53 cellular senescence
[26]. These data determine the tumour suppressor role of
the IL-6/STAT3 pathway. In contrast, Toso et al. demon-
strated that STAT3 inactivation in PTEN-deficient tumours
reduced tumour size (roughly by 70%) and stromal com-
partment, and only 25% of age-matched PTENP*"STAT3P*
" tumours developed invasive prostate cancer [27].
Moreover, loss of STAT3 in PTEN-deficient tumours re-
stores active immunosurveillance and reprograms senes-
cence. The main differences in these studies are that Pencik
et al. generated PTENP"STAT3"*" mice by crossing
PTEN" PP mice [25] with STAT3" PP animals [28].
Alonzi
through removal of the region corresponding to exons 12
to 14 accompanied by complete STAT3 deletion. Toso et
al. used PTEN"0%P mice [25] crossed with STAT3O/oxP
animals [29]. The original publication demonstrated Cre-
mediated deletion of STAT3"'*F animals, which resul-
ted in expression of a truncated STAT3 protein [30]. This
STAT3A protein contained no tyrosine residue or mitogen-
activated protein kinase recognition site, both of which
are important for STAT3 activation; however, unphos-
phorylated STAT3 has an important role as transcription
factor in cancers and in responses to cytokines, and activ-
ates gene expression of different target genes (cdc2, cyclin
B1, mras, and E2F1) [31, 32]. The remaining mitochondri-
al pool of STAT3A has an important role in controlling en-
ergy metabolism, cell death and oncogenic transformation
[33, 34].

The findings of Pencik et al. contradict the dogma that
IL-6/STAT3 signalling has an oncogenic function during
prostate cancer progression, and unmasks ARF as a novel
direct STAT3 target gene. The imminent clinical data
identify STAT3 and ARF as key prognostic markers to
stratify high from low risk prostate cancer patients. STAT3
is co-deleted with PTEN in 66% of human prostate cancer
metastases and particularly STAT3 and CDKN2A deletions
co-occurred in the majority of prostate cancer metastases.
These data show STAT3 and ARF to be leading factors in
bypassing senescence and driving metastatic progression
by inhibiting p53 function (fig. 2) in prostate cancer. Im-
portantly, Toso et al. demonstrated that docetaxel (a chemo-
therapeutic drug used in recurrent prostate cancer) drives
a strong senescence response, but fails to activate antitu-
mour immune response and tumour clearance. In this re-
spect, Toso et al. identified the tyrosine phosphatase SRC-
homology 2 domain-containing phosphate 2 (SHP2) as a

et al. observed Cre-mediated recombination

critical factor favouring escape from immune surveillance.
However, genetic ablation or pharmacological inhibition of
SHP2 was recently shown to induce senescence together
with increased levels of p53, p27 and H3K9me3 [35].
SHP2 inhibition could therefore particularly reprogram
senescence antitumour immune responses and elicit senes-
cence to activate tumour clearance.

Previously, other prostate cancer mouse models based on
conditional deletion of PTEN and other genes involved
in metastatic progression were established. Inactivation of
PTEN and SMAD4 generated a metastatic prostate cancer
mouse model with a 100% penetrance. Molecular and his-
topathological analysis revealed highly proliferative and
invasive tumours functionally driven by prometastatic
CCNDI and SPPI1 expression [36]. Importantly, in other
prostate cancer mouse models harbouring specific inactiv-
ation of PTEN and p53 in the prostate led to rapid prostate
cancer formation, but failed to trigger a prostate cancer
metastatic phenotype [37]. Ding et al. employed a prostate-
specific p53/PTEN double null model with telomere dys-
functional (G3/G4 LSL-mTert) named G3/G4 LSL-mTert
PB-PTEN/p53 (third and fourth generation LSL-mTert)
mouse model [36]. The telomere dysfunction together with
loss of PTEN and p53 led to rapid and progressive ad-
enocarcinomas with lumbar spine metastases (in 25% of
cases). Validation of genes that are capable of driving this
bone metastatic progression suggested involvement of
TGF-p signalling and specifically SMAD4 as a key driver.
The genetic validation using a prostate-specific p53/PTEN/
Smad4 knockout mouse model confirmed a very aggressive
tumour phenotype with short overall survival and spontan-
eous bone metastasis (in 12.5% cases). Further in-vivo ge-
netic studies will be essential to draw the complete picture
of the cascade of the drivers of prostate cancer initiation,
progression and metastatic spread. Prostate cancer mouse
models will be essential to elucidate these cancer-relevant
genes. This will turn out to be essential for patient manage-
ment and therapy.

Patient-derived xenograft models and
organoid-derived cultures of prostate
cancer patients

Another preclinical prostate cancer model is based on
transplantation of fresh cancer tissue specimens, patient-
derived xenografts (PDX), which are engrafted into im-
munodeficient mice (e.g. NOD-SCID, NSG mice) [39]. At
the histopathological level, the PDX models retain the cel-
lular heterogeneity, architecture and stromal components
of the original tumour tissue microenvironment [40]. The
PDX model has the advantage that the original prostate
cancer tissue can be serially propagated in vivo. However,
the PDX model shows low success rates and reduced vas-
cularisation. The de-novo generation of three-dimensional
in-vivo human prostate organoids recapitulates the di-
versity and molecular subtypes of human prostate cancer
[41, 42]. The organoid-derived culture technology supports
long-term expansion and is genetically stable (showing loss
of p53 and RB tumour suppressor pathways commonly
found in advanced prostate cancer). This method enables a
robust long-term culture of human prostate cancer, cover-
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ing multiple subgroups or subtypes of prostate cancer, and
is one of the most appropriate models to address genetic
and pharmacological studies.

Mutational landscape of high-risk
prostate cancer patients

The major advances in whole exome sequencing techno-
logy enable the complete DNA sequences of prostate can-
cer patients to be determined with high-sensitivity and
provide ground for complete mutational landscape of pro-
state cancer. Certain gene mutations are predominant e.g.
TP53 and PTEN. Recent discoveries of recurrent mutations
STAT3 and CDKN2A [26], SPOP, MED12 and FOXAI
[43] or MLL2 and RB1 [44] suggested that prostate cancer
patients could be subdivided on the basis of mutational
status. New aspects of preclinical mouse models of prostate
cancer highlighted the link between STAT3-ARF [26],
HER?2 [45] or ERG [46] and metastatic prostate cancer. Ac-
cumulation of genetic alterations, including amplifications
and deletions of genomic segments in metastatic prostate
cancer, call for exploration of future insights into biolo-
gical function and identification of exclusive subgroups of
high-risk prostate cancer patients for specific management
strategies or targeted therapies.

IL-6-androgen receptor signalling in
prostate carcinogenesis and
progression

Interaction between IL-6 and androgen receptor in prostate
cancer is of special importance in prostate cancer. The an-
drogen receptor is a therapeutic target whose effectiveness
has been improved by use of abiraterone acetate and en-
zalutamide. The androgen receptor is a central regulator
of proliferation, apoptosis, differentiation and angiogenes-
is. Activation of the androgen receptor was detectable in
cells that express endogenous androgen receptor as well
as in those transfected with androgen receptor cDNA [47].
IL-6 stimulates the expression of PSA in LNCaP cells,
which was shown to be blocked by the nonsteroidal anti-
androgen bicalutamide. Another mechanism includes IL-6/
STAT3 signalling and p53 in the context of a metastatic
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Targeting IL-6/STAT3-p53-PI3K/AKT signalling inducing metastatic
prostate cancer metabolism by HK2 inhibitors (metformin or
3-bromopyruvate).

niche during prostate cancer progression. IL-6 regulates
prostate cancer autophagy in a paracrine manner by shift-
ing cytoplasmatic and nuclear STAT3 with involvement of
direct p53, ER stress-Ca’" signalling [48—50]. IL-6 also ex-
erts a growth effect in vitro and in vivo on MDA prostate
cancer 2b cells which contain a double-mutated androgen
receptor [5S1]. Thus, IL-6/androgen receptor interaction is
clinically relevant. It is known that IL-6 may enhance
androgen-independent growth of LNCaP cells [3]. Further-
more, it is likely that ligand-independent activation of the
androgen receptor may have a role in this cellular process
[52].

In addition to regulation of proliferation through androgen
receptor signalling, other pathways may be activated. In
androgen-insensitive cells, autocrine production of IL-6 ac-
tivates the pathway of PI3K, thus inhibiting apoptosis [13].
For ligand-independent activation of the androgen receptor
by IL-6, specific coactivators such as SRC-1 and p300 are
of importance [53, 54]. These coactivators facilitate en-
hancement of androgen receptor activity through interac-
tion with the N-terminal of the receptor. Importantly, these
coactivators are highly expressed in prostate cancer tissue,
particularly during tumour progression. Silencing of p300
could completely abrogate the enhancement of androgen
receptor activity by IL-6. Interestingly, the ability of p300
to induce the expression of proteins that are normally an-
drogen receptor-regulated in a cellular compartment with
low androgen receptor expression has been demonstrated
[55]. This mechanism may be important for progression of
prostate cancer in which the androgen receptor is expressed
at a lower level owing to epigenetic modifications.

IL-6/STAT3/p53 in prostate cancer
therapy

IL-6 may be of particular importance for the level of tu-
mour stem cells. The presence of prostate cancer stem cells
is associated with a resistance to endocrine and cytotoxic
therapy. Current cancer therapies fail in most instances to
eradicate cancer stem cells efficiently. Blocking the Janus
kinase (JAK) / STAT pathway in cancer stem cells results
in inhibition of tumour initiation, which is in fact of utmost
importance in the design of new therapies for advanced
prostate cancer [56].

As expected, continuous treatment with IL-6 has some
measurable effects. IL-6 resistance may occur in prostate
cancer. An example of such a cell line is LNCaP-IL-6+.
This cell line shows a more aggressive behaviour in vitro
and in vivo than parental cells [2, 24]. Although the cells do
not respond to exogenous IL-6 after continuous treatment,
they produce large amounts of endogenous IL-6. Increased
growth of LNCaP-IL-6+ cells is associated with a loss of
the retinoblastoma tumour suppressor Rb. Whether trans-
ition from paracrine growth inhibition to autocrine growth
stimulation by IL-6 occurs in a larger number of prostate
cancer models remains to be determined.

As mentioned before, IL-6 is a valid target in prostate can-
cer therapy. Experimental therapy with a monoclonal anti-
IL-6 antibody yielded unexpected results. For example,
growth of PC3 cells was inhibited by the IL-6 receptor
blocking antibody CNTO 328 in vitro and in vivo [57].
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Growth inhibition is mainly a consequence of induced ap-
optosis in these cells. However, a limited effect of the an-
tibody was observed in LNCaP-IL-6+ cells or in a highly
metastatic derivative of PC3 cells, PC3-M [24, 58]. In that
in-vivo model, anti-IL-6 treatment was associated with in-
hibition of cachexia. An important effect of the CNTO 328
antibody on delaying the progression of prostate cancer
was demonstrated in the LNCaP 35 xenograft model [59].
Anti-IL-6 treatment also decreased the levels of the co-
activators p300 and CBP, which are clearly implicated in
prostate cancer progression. It is important to state the de-
pendence of anti-IL-6 treatment on the presence of Mcl-1
in vivo. If Mcl-1 was downregulated by specific small in-
terfering RNA, no effect of CNTO 328 was observed [21].
IL-6 levels were also inhibited by vitamin D in vitro, but
vitamin D clinical trials in prostate cancer did not show suf-
ficient efficacy [60]. Terakawa and associates reported that
prostate cancer cells which also expressed IL-6 showed a
greater sensitivity to androgen withdrawal, which in fact
may be of interest for future combination therapies in pro-
state cancer [61].

Moreover, treatment of patients with an IL-6R blocking an-
tibody alone did not result in a survival advantage in pa-
tients with advanced prostate cancer. Clinical studies with
CNTO 328 as a monotherapy did not show any significant
effect in castration-resistant prostate cancer [62, 63]. One
should keep in mind that advanced prostate cancer is a very
heterogeneous disease for which any monotherapy is un-
likely to yield a significant long-lasting effect.

For treatment of metastatic disease, combination therapies
to reactivate the IL-6/STAT3-p53 tumour suppressive path-
way should be tested. Moreover, IL-6/STAT3 signalling en-
hances glycolysis and regulates the glycolytic enzyme hex-
okinase-2 [64]. Hexokinase-2 overexpression has been ob-
served in cancer cell lines as well as in primary tumour tis-
sue [65, 66]. Administration of potent hexokinase-2 inhib-
itors (metformin or 3-bromopyruvate) showed significantly
reduced tumour growth [67, 68] (fig. 3). Concomitant loss
of PTEN and p53 in a preclinical prostate cancer mouse
model showed robustly enhanced hexokinase-2 expression
[69]. Therefore, PTEN and p53-deficient human prostate
cancer are relevant for the treatment of metastatic prostate
cancer currently untreatable with pharmacotherapy. There-
fore, hexokinase-2 inhibitors accompanied by abiraterone
acetate or enzalutamide could be a promising novel thera-
peutic strategy for prostate cancer patients carrying PTEN
and TP53 mutations or similar genomic alterations.
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Figure 1

Overview of IL-6/STAT3/ARF and PI3K/PTEN/AKT/mTOR pathways. Activation of IL-6/STAT3 signalling leads to phosphorylation and
translocation of STAT3 to the nucleus, which is associated with AR interaction regulated by HSP. JAKs serve to phosphorylate tyrosine (Y) or
serine (S) residues of STAT3 and to translocate to nucleus or mitochondrial matrix. Some of these downstream signalling events (STAT3-AR-

S6K) could regulate activity or expression of prostate cancer related genes.
ARF = alternative reading frame protein; IL-6 = interleukin-6; PI3K = phosphatidylinositol-3-kinase; PTEN = phosphatase and tensin homologue;

STAT3 = signal transducer and activator of transcription-3
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The STAT3-ARF tumour suppressor pathway is activated under normal conditions. Loss of PTEN and STAT3 function causes an oncogenic
switch ultimately breaking the ARF-MDM2-p53 axis and inducing metastatic progression.
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Targeting IL-6/STAT3-p53-PI3K/AKT signalling inducing metastatic prostate cancer metabolism by HK2 inhibitors (metformin or

3-bromopyruvate).
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