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Introduction

Phosphatidylinositol-4,5-bisphosphate ~ 3-kinase
(PI3K) belongs to a family of lipid kinases
involved in phosphorylating the 3-position
hydroxyl group of the inositol ring of phosphati-
dylinositol (PtdIns) [1]. Products of PI3K activity,
i.e., the lipid second messengers phosphatidylino-
sitol (3,4,5) trisphosphate [PI(3,4,5)P; or PIP3]
and PI(3,4)P, (PIP2), promote membrane associa-
tion and activation of serine/threonine kinases
such as AKT (or termed protein kinase B (PKB)).
There are three highly-homologous AKT iso-
forms: AKT1/PKBa, AKT2/PKBf, and AKT3/
PKBY [2]. These isoforms encoded by three dif-
ferent genes possess both common and isoform-
specific functions.

AKT is activated by phosphorylation of
two serine (Ser)/threonine (Thr) residues, one
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(Thr*® in AKT1) being phosphorylated by the
phosphoinositide-dependent kinase 1 (PDK1) [3]
and the other (Ser*”® in AKT1) being phosphory-
lated by the mammalian target of rapamycin
complex 2 (mTORC2) [4]. Therefore, this path-
way is also known as the PI3K/AKT/mTOR sig-
naling pathway. Appropriately 40% of primary
and 70% of metastatic prostate cancers harbor
genomic alterations leading to the activation of
the PI3K signaling pathway [5, 6].

The PI3K signaling cascade transduces extra-
cellular signals to intracellular targets. The
extracellular signals include peptide hormones
and growth factors, such as insulin [7], epider-
mal growth factor (EGF) [8], sonic hedgehog
(shh) [9] and insulin-like growth factor 1 (IGF-1)
[9]. Mechanistically, upon the stimulus of the
extracellular signals, the signaling transduction
cascade is activated by PI3K phosphorylation.
AKT acts as an important mediator via recruit-
ment to the membrane by interaction with phos-
phoinositide docking sites, where it becomes
fully activated through its phosphorylation by
PDK1 and mTORC2. Activated AKT phosphor-
ylates Ser and Thr residues of its targets, primar-
ily within a minimal consensus recognition motif
of R-X-R-X-X-S/T-f (X: any amino acid; f: a
preference for large hydrophobic residues) [10].
This pathway leads to CREB activation [11], p27
inhibition [12, 13], FOXO phosphorylation and
cytoplasmic localization [14, 15], and activation
of downstream effectors of mTORCI1 such as
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p70S6K and 4EBP1 [16]. There are myriad AKT
targets with their phosphorylation sites listed in
Fig. 1. Functionally, activation or inactivation of
these downstream targets leads to nutrient
metabolism, cell proliferation, survival, migra-
tion, and angiogenesis, which ensure prostate
cancer cell survival and protection from apopto-
sis (Fig. 1).

Activation of PI3K Due to PTEN
Genetic Alterations

PTEN Mutations Account
for the Major Cause of PI3K
Activation in Prostate Cancer

PI3K signaling in both primary and advanced
prostate cancers is activated in a similar manner,
mainly due to mutations in the tumor suppressor
gene phosphatase and tensin homolog (PTEN).
This gene encodes PTEN protein that acts as a
PIP; phosphatase, therefore antagonizing the
PI3K pathway [18]. Approximately 17% of pri-

Phosphorylation sites

mary prostate cancers in patients harbor PTEN
mutations [19]. However, approximately 50% of
metastatic castration-resistant prostate cancer
(mCRPC) patients have somatic mutations in the
PI3K pathway [20]. Among these mutations,
PTEN mutations account for the highest fre-
quency (approximately 40.7%), mainly biallelic
inactivation of the phosphatase domain in the
hotspots of this gene.

To date, PTEN deletion or mutations have
been considered to be the major genetic altera-
tions in PI3K/AKT signaling activation. Other
genetic alterations, including amplifications and
activating fusions in PI3K3CA and p.E17K acti-
vating mutations in AKT1, also contribute to the
activation of PI3K signaling [20]. Mutations of
another member of the PI3K catalytic subunit,
PI3K3CB, were observed initially in a cohort of
advanced prostate cancers [20]. In agreement
with a previous study [21], mutations of PI3K3CB
rather than PI3K3CA are most likely to occur in
the context of PTEN-deficient cases, implying
that some PTEN deficient cancers may depend on
PIK3CB activation. The frequency of PI3K
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Fig. 1 Selected AKT-phosphorylated proteins (modified
from a previous report [17]). AKT is phosphorylated by
PDK1 and mTORC2, resulting in the phosphorylation at
Thr308 and Serd473 respectively. The phosphorylated
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AKT subsequently phosphorylates a group of proteins

through a recognition motif R-X-R-X-X-S/T-f, which
leads to the inhibition or activation of AKT targets.
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Table 1 The frequency of genetic alterations in PI3K signaling pathway genes in primary prostate cancer [22]

Gene Altered frequency Missense Truncating Frameshift Other

PTEN 167/1013 (16%) 15 29 1 122 (Deep deletion)
PIK3CA 69/1013 (7%) 29 1 1 38 (Amplification)
PIK3CB 41/1013 (4%) 10 0 0 31 (Amplification)
AKTI 14/1013 (1%) 6 0 0 8 (Amplification)

Table 2 The frequency of genetic alterations in PI3K signaling pathway genes in advanced prostate cancer [20]

Gene Altered frequency Missense Truncating Frameshift Other
PTEN 60/150 (40%) 1 10 0 39 (Deep deletion)

8 (Fusion)

2 (Deep deletion and fusion)
PIK3CA 8/150 (5%) 5 0 1 1 (Amplification)

1 (Amplification and fusion)
PIK3CB 10/150 (7%) 3 1 0 5 (Amplification)

1 (Amplification and fusion)
AKTI 5/150 (3%) 2 0 0 3 (Amplification)

pathway gene mutations in primary and advanced
prostate cancer is listed in Tables 1 and 2,
respectively.

Pten Deletion-Driven Prostate Cancer
Mouse Models

Given that PTEN mutations comprise one of the
most common genetic alterations in prostate
cancer, it is important to assess its tumor suppres-
sor function by generating Pfen mutant mouse
models. Conventional homozygous deletion of
Pten causes embryonic lethality in mice [23].
Heterozygous loss of Pfen in the mouse prostate
results in a 100% penetrance of prostate intraepi-
thelial neoplasia (PIN), a precursor of prostate
cancer. However, on a Balb/c/129 genetic back-
ground, the latency of PIN is relatively long
(approximately 10 months) and the PIN lesions
rarely undergo metastasis [24, 25]. Thus, it is
possible that mutations in other tumor suppressor
genes or loss of another allele of Pten might be
required for prostate tumorigenesis. Indeed, con-
comitant Pten heterozygous deletion and altera-
tions in other genes, such as p27 [26], Nkx3.1
[27], ERG [28, 29], or CREBBP (CBP) [30] has
given rise to prostate cancer in mice with various
genetic backgrounds. Although these genetic
alterations have accelerated formation of PIN

lesions and/or cancer, no metastatic prostate
cancers have been observed in these models.
Generation of a prostate-specific Pfen homozy-
gous deletion mouse model recapitulates the dis-
ease progression of human prostate cancer,
mimicking the progression from PIN to invasive
adenocarcinoma and, in very rare cases, metasta-
sis [25]. This and other Pten deletion mouse
models have been adapted to study the etiology
of prostate cancer and the mechanisms of cancer
progression [24, 25, 27, 30].

Activation of AKT/mTOR Signaling
Pathway in SPOP Mutated Prostate
Cancer

Mutations in other genes that appear to be irrele-
vant to the PI3K pathway can indirectly promote
activation of AKT/mTOR signaling. The most
striking example is mutation of the tumor sup-
pressor gene, speckle-type POZ (SPOP). SPOP
is mutated in approximately 10-15% of prostate
cancer patients [19, 20, 22, 31]. Intriguingly,
there is a mutually exclusive relationship between
PTEN mutation and SPOP mutation in patients
with primary prostate cancer (Fig. 2), implying
that these two genetic alterations share a common
downstream pathway during prostate cancer
pathogenesis. In advanced prostate cancer this
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Primary prostate cancer (n = 1512 including 499 samples from TCGA, Provisional 2015 and 1013 from MSKCC/DFCI, Nature Genetics 2018 )
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Fig. 2 PTEN mutations are mutually exclusive with
SPOP mutations in primary prostate cancer. The fre-
quency of PTEN and SPOP mutations was analyzed from
primary and advanced prostate cancers . The primary
prostate cancer data was combined from two studies,

mutual exclusivity is not evident in the small
number of CRPC cases (150) examined to date
(Fig. 2). Therefore, further investigation of the
relationship between these two genetic altera-
tions in large cohorts of advanced prostate can-
cers is warranted.

SPOP Mutations Induce AKT/mTORC1
Activation via Elevation

of Bromodomain and Extra-Terminal
(BET) Family Proteins

SPOP acts as an adaptor protein of the CULLIN3-
based E3 ubiquitin ligase and promotes protein
ubiquitylation and proteasome degradation.
A number of prostate cancer relevant proteins
such as bromodomain and extra-terminal motif
(BET) proteins (BRD2, BRD3 and BRD4), SRC-
3, TRIM24, ERG, and AR, are substrates of
SPOP [32—-40]. Almost all of these SPOP sub-
strates are somehow involved in or associated
with AKT signaling pathway and their relation-
ships will be discussed throughout this chapter.
SPOP mutations result in an increased
expression of BET family proteins including
BRD2, BRD3, and BRD4 [40]. Subsequently,
the stabilized BRD4 activates the transcriptional
expression of the Rho GTPase family member
RACI1 and cholesterol synthesis genes [40].
RACI is a canonical small GTPase that acti-

§ Truncating mutation (putative driver)

[l No alterations

including 1512 samples, whereas the advanced prostate
cancer data from one study consisting of 150 samples.
Mutual exclusivity was observed between PTEN and
SPOP mutations in primary prostate cancer (**P < 0.001)
but not in advanced prostate cancer (P = 0.484).

vates the AKT-mTORC1 pathway by binding
directly to mTOR [40, 41]. Cholesterol-rich
lipid rafts are linked to AKT activation and
prostate cancer cell survival [42, 43].

SRC-3, which is also known as amplified in
breast 1(AIBI), is encoded by the nuclear recep-
tor coactivator 3 (NCOA3) gene. SRC-3 is a tran-
scriptional coactivator that contains several
nuclear receptor interacting domains and
possesses an intrinsic histone acetyltransferase
activity, which facilitates the accessibility of
transcriptional factors to chromatin. IGF-1,
which is a target of SRC-3 [44], is a potent
upstream regulator of the AKT signaling path-
way [10]. Moreover, SRC-3 can also contribute
to the activation of AKT in SPOP-mutant pros-
tate cancer cells by functioning as a transcrip-
tional coactivator to facilitate expression of RAC/
and cholesterol synthesis genes [40].

TRIM 24, a known AR coactivator, binds to the
PIK3CA promoter to regulate the transcription of
PIK3CA gene, leading to the upregualtion of PI3K-
AKT signaling [45]. Intriguingly, TRIM24 is reg-
ulated by SPOP via proteasome pathway [37].
Therefore, in SPOP mutant prostate cancer cells,
TRIM24 is stabilized at the protein level. Taken
together, SPOP mutations augment AKT signaling
through multiple mechanisms, and further investi-
gation is warranted to fully elucidate the signaling
pathways through which SPOP mutations lead to
activation of AKT signaling.
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SPOP Mutant Mouse Models

SPOP mutations represent a molecularly-distinct
subtype of prostate cancer. Generation of mouse
models that recapitulate the unique features of
SPOP mutations is important for a full under-
standing of the etiology of these lesions and their
role in prostate cancer. To mimic SPOP mutation-
induced prostate cancer pathogenesis, the most-
frequently occurring SPOP mutant, F133V, was
knocked into the Rosa26 locus and specifically
expressed in the mouse prostate through a lox-
STOP-lox strategy [46]. Surprisingly, little or no
histological or glandular architecture of the pros-
tate was observed in this mouse model [46]. At
the cellular level, proliferation was not signifi-
cantly altered, and changes in AR expression
were observed rarely, and rare cells exhibited
cytological atypia with enlarged nuclei in a
majority of all prostate lobes in mice at
>12 months of age [46].

The above findings indicate that like many
other known genetic alterations (ERG, ETV1 and
TP53) in human prostate cancer [28], SPOP
mutations alone may not be sufficient to drive
tumorigenesis, and other genetic alterations are
required to promote or accelerate tumorigenesis
and progression. As discussed above, PTEN het-
erozygous mutations alone results in minimal
histologic changes in the prostate [25], even
though Pten heterozygous mouse models have
often been crossed with the other mutant mouse
models to study the etiology of prostate cancer.
Indeed, when the SPOP F133V mutation mouse
was crossed with Pten heterozygous deletion
mouse, high-grade PIN developed only in the
compound mice [46]. However, it is worth noting
that SPOP mutations and PTEN deletions are
almost mutually exclusive in patients with pri-
mary prostate cancers (Fig. 2). Therefore, further
development of clinically relevant SPOP-mutated
prostate cancer mouse models is warranted to
interrogate the molecular mechanisms under-
lying  SPOP  mutation-induced  prostate
tumorigenesis.

FOXO1 Dysregulation in Prostate
Cancer

The forkhead box-O protein 1 (FOXO1) belongs
to the FOXO family that includes three other
members (FOXO3, FOXO04 and FOXO06).
FOXOL1 is a transcription factor that acts as a
tumor suppressor by transcriptionally regulating
expression of genes involved in apoptotic cell
death, cell cycle, DNA damage repair, glucose
metabolism, and carcinogenesis [47, 48].
Multiple mechanisms regulate FOXO1 functions,
including, but not limited to, genomic deletion,
transcriptional downregulation, and phosphory-
lation. FOXO1 gene deletion as well as transcrip-
tional downregulation have been found in a
substantial proportion of prostate cancers from
patients [19, 20, 49-52]. FOXO1 is a direct phos-
phorylation target of AKT. AKT-mediated phos-
phorylation of FOXO1 induces its translocation
from the nucleus to the cytoplasm, resulting in
inhibition of the transactivation of its target
genes. We have summarized three major mecha-
nisms that lead to FOXO1 inactivation and the
effects on its downstream pathways in Fig. 3.

FOXO1 and AR

FOXO1 can bind directly to the AR in a ligand-
independent manner, thereby inhibiting the tran-
scriptional activity of both full-length AR and
constitutively active splice variants of AR [53-56].
However, this inhibitory effect is dependent
largely on FOXO1 phosphorylation status.
Specifically, upon the stimulus of IGF-1 or insu-
lin, AKT signaling can induce FOXO1 phosphor-
ylation and subsequent translocation from the
nucleus to the cytoplasm, thereby impairing
FOXOI1 inhibition of ligand-induced AR activa-
tion in the nucleus. Similarly, in PTEN-mutated
prostate cancer cells, AKT signaling is activated
and FOXO1 is transported from the nucleus to
the cytoplasm, thereby favoring transactivation
of AR [48, 55]. However, AR regulation by the
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Fig. 3 Diagram depicting three major mechanisms lead-
ing to FOXO1 inactivation. There are at least three mecha-
nisms leading to the inactivation of FOXO1, which result

PI3K/AKT pathway is very complex, including a
negative feedback between AR and AKT signal-
ing [5, 57]. For instance, AKT phosphorylates
AR at Ser210, thereby inhibiting AR transactiva-
tion [57].

Aberrant activation of AR is associated with
the progression of CRPC. The downregulation
of FOXO1 in PTEN-negative prostate cancer
contributes to the hyperactivation of AR [55].
Interestingly, FOXO1 interacts physically with
HDAC3 and acts as a corepressor that inhibits
androgen-independent activation of AR. Thus,
co-transfection of FOXO1 and HDACS3 in pros-
tate cancer cells results in a greater inhibition of
AR activity than transfection with FOXO1 or
HDACS3 alone [55]. Specifically, a putative tran-
scription repression domain in the NH2-terminus
of FOXO1 appears to be responsible for FOXO1
inhibition of the AR. FOXO1 can bind to the
transcription activation unit 5 (TAUS) motifs in
the AR NH2-terminal domain (NTD) that is
required for recruitment of pl60 coactivators
including SRC-1, subsequently inhibiting the
ligand-independent activation of AR splice vari-
ants [53]. Moreover, PI3K-AKT-FOXO1 signal-
ing regulates AR variant 7 [56], further indicating
that PI3K is a potential therapeutic target in
CRPC patients.
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in either the inhibition or the activation of its downstream
targets and signaling.

FOXO1 and ERG

The ETS-related gene (ERG) is a transcription
factor belonging to the E-26 transformation-
specific (ETS) family. It regulates a group of
genes involved in vasculogenesis, angiogenesis,
hematopoiesis, and bone development [58]. ERG
is highly associated with prostate cancer develop-
ment. Aberrant overexpression of ERG is found
in approximately 50% of all human prostate can-
cer due to the fusion of the ERG gene body to
androgen-regulated promoters and enhancers that
normally regulate genes such as TMPRSS2,
SLC45A3, and NDRG]I [19, 20, 22, 59].

ERG genetic rearrangements and loss of
PTEN often co-occur in human prostate cancers
[19, 28], indicating an association between PI3K
signaling and ERG. Indeed, the combination
of transgenic expression of prostate cancer-
associated TMPRSS2-ERG and heterozygous
deletion of Pten induces high grade PIN and can-
cer in the mouse prostate [28, 29], although how
the loss of PTEN works in concert with ERG
overexpression to promote prostate tumorigene-
sis was unexplored in these studies. Also, FOXO1
binds directly to the DNA binding domain of
ERG and inhibits ERG transcriptional activity in
prostate cancer cells [60]. However, FOXOI1
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inhibition of ERG is abolished by AKT due to
AKT mediated phosphorylation and exclusion of
FOXO1 from the nucleus [60]. Importantly,
homozygous deletion of FOXO1I cooperates with
overexpression of TMPRSS2-ERG to induce for-
mation of HGPIN and cancerous phenotypes in
the mouse prostate [60]. Therefore, functional
loss or genetic deletion of FOXOI1 results in an
aberrant activation of ERG fusions and abnormal
expression of ERG target genes, thereby contrib-
uting to prostate tumorigenesis.

FOXO1 and RUNX2

The Runt-related transcription factor 2
(RUNX2), also known as core-binding factor
subunit alpha-1 (CBFA1), regulates many cellu-
lar proliferation genes, such as c-Myc, C/EBP
[61], TP53 [62], and the CDK inhibitor p27¢¥!
[63], at the transcription level. The DNA-binding
affinity of RUNX2 is most likely dependent on
its phosphorylation state [64], which is corre-
lated with cellular proliferation. Thus, RUNX2
phosphorylation is related to RUNX2-mediated
cellular proliferation and cell cycle control. In
support of this concept, RUNX2 is phosphory-
lated at Ser451 by CDKI1, which facilitates cell
cycle progression through the regulation of G2
and M phases [65]. Phosphorylation of RUNX2
at Ser301 and Ser319 by MAPK-dependent acti-
vation also promotes RUNX2 transcriptional
activity [64, 66].

Intriguingly, RUNX2 protein level fluctuates
throughout the cell cycle, and this is most likely
due to its regulation by both gene transcription
and protein degradation. RUNX2 can also inter-
act with several protein kinases that facilitate
cell-cycle dependent dynamics. Thus far, most
studies relating to RUNX2 have been focused on
osteoblast proliferation and differentiation; how-
ever, the role of RUNX2 in prostate tumorigene-
sis is poorly understood.

RUNX2 forms a protein complex with AR in
prostate cancer cells [67, 68]. AR can inhibit

RUNX?2 binding to DNA through protein-protein
interaction [67]. AKT phosphorylates AR at Ser-
210 and subsequently inhibits AR transactivation
[57]. This supports the finding that PI3K signal-
ing can stimulate the transcriptional activity of
RUNX2. In contrast, FOXO1 acts as a repressor
of RUNX2. Thus, loss of PTEN or FOXO1 leads
to the upregulation of RUNX2 transcriptional
activity and increased migration and invasion of
prostate cancer cells [69]. FOXO1 inhibition of
RUNX2 also occurs in osteoblasts [70]. Thus,
FOXOL1 is an important negative regulator of
RUNX?2. This concept is further supported by a
recent study, which identified a signaling axis of
AKT-FOXO1-RUNX2-OCN-GPRC6A-CREB,
activation of which results in upregulation of
cytochrome P450 (CYP) enzymes (CYPI1Al,
CYP17A1) and increased synthesis of testoster-
one in PTEN-null prostate cancer cells [71].
Abnormal RUNX2 activation plays a pivotal role
in PTEN loss-induced intratumoral androgen
synthesis and tumor microenvironment remodel-
ing [71]. Deletion of Runx2 in Pten homozygous
knockout prostate decreased Cypllal and
Cypl7al gene expression, testosterone levels,
and tumor growth in castrated mice [71].
Therefore, under AKT activation conditions, the
cytoplasm exportation of FOXOI results in the
loss of its function and inhibition of the transcrip-
tional activity of RUNX2. Moreover, aberrant
activation of RUNX2 promotes intratumoral
androgen biosynthesis through the RUNX2-
OCN-GPRC6A-CREB signaling cascade.

Cross Talk Between PI3K Signaling
and Other Pathways in Prostate
Cancer

In prostate cancer, it is well accepted that a num-
ber of signaling pathways cross talk with each
other either in an orchestrated fashion or in a
negative feedback manner. An understanding of
the cross talk among these pathways is critical for
an effective treatment of prostate cancer.
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Primary prostate cancer (n = 1512 including 499 samples from TCGA, Provisional 2015 and 1013 from MSKCC/DFCI, Nature Genetics 2018 )
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Fig.4 PTEN mutations are concurrent with LZTS2 muta-
tions. The primary prostate cancer data was combined
from two studies, including 1512 samples. The co-

AKT Signaling and AR

AKT and AR signaling are two major drivers of
prostate cancer. AKT can phosphorylate AR at
Ser-210 and subsequently inhibit AR transacti-
vation [57]. On the other hand, AR inhibition
activates AKT signaling by reducing expression
of the AKT phosphatase PHLPP1 [5, 72].
Because inhibiting either of these two pathways
often activates the other, the development of a
dual inhibitor might be advantageous for ther-
apy. Notably, HDAC3 can regulate both AKT
signaling [39, 73] and AR transcriptional activity
[74]. Moreover, a HDAC3-specific inhibitor
(RGFP966) inhibits both AKT and AR pathways
in prostate cancer in vitro and in vivo, including
prostate cancer organoid and mouse xenograft
models [39].

AKT Signaling and WNT/p-Catenin
Signaling

WNT/B-catenin signaling is mediated by the
extracellular signals of WNT proteins via cell
membrane receptors, which converge on the tran-
scription factor B-catenin. Genetic and epigenetic
alterations have been identified in components of
WNT signaling pathway in both primary and
advanced prostate cancer [19, 20, 22], further
suggesting that WNT signaling contributes pros-
tate tumorigenesis. Notably, inhibition of WNT
signaling in mice prevents prostate cancer pro-
gression [75].

There are at least three proposed mechanisms
by which WNT signaling is activated in prostate
cancer. Firstly, tumor stromal cells can secret

mutation (putative driver)

1 Amplification

continued...

I [ ] [T o continued...

i Missense mutation (unknown significance)
1 Deep deletion [ No alterations

occurrence of PTEN and LZTS2 mutations was analyzed
and displayed significant co-occurrence (**P < 0.001).

WNT proteins to maintain the tumor microenvi-
ronment and support self-renewal or expansion
of prostate cancer stem-like or progenitor cells
and drug resistance via WNT/f-catenin signaling
[75]. Secondly, AKT signaling can phosphorylate
B-catenin and promote its transcriptional activity,
which drives tumor cell invasion [76]. In the con-
text of prostate cancer cells, the WNT co-receptor
LRP6 increases aerobic glycolysis in a f-catenin-
independent manner by directly activating AKT-
mTORCI1 signaling [77]. Thirdly, the leucine
zipper tumor suppressor-2 (LZTS2), a B-catenin-
binding protein, is a negative regulator of WNT
signaling [78]. The LZTS2 gene is approximately
15 Mb from the PTEN gene locus and is fre-
quently deleted in a variety of human malignan-
cies, including prostate cancer. Interestingly,
PTEN deletions and LZTS2 deletions frequently
co-exist in primary prostate cancer (Fig. 4),
implying a novel mechanism for the dysregula-
tion of WNT/f-catenin signaling during prostate
tumorigenesis [79].

AKT Signaling and MAPK/ERK
Signaling

The mitogen-activated protein kinase (MAPK) (or
called extracellular signal-regulated kinase (ERK))
pathway is also known as the Ras-Raf-MEK-ERK
pathway. It transduces the extracellular signals
from the cell surface to the DNA in the nucleus. In
prostate cancer, AKT and MAPK signaling path-
ways are frequently activated in androgen-indepen-
dent cancer types. The activation of either AKT or
ERK signaling in an androgen-responsive prostate
cancer cell line promotes hormone-independent
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Table 3 PI3K/AKT inhibitors tested in prostate cancer [84]

Therapeutic Patient Reference or ClinicalTrials.

regimen Indication Clinical trial status status gov identifier

BKM120 PI3K inhibitor Phase II mCRPC | NCT01385293

GSK2636771 PI3K inhibitor Phase I, GSK2636771 mCRPC | NCT02215096
+ Enzalutamide

AZD8186 PI3K inhibitor Phase I, AZD8186 + Abiraterone mCRPC | NCT01884285
or AZD2014

LY3023414 PI3K + mTOR Phase II, mCRPC | NCT02407054

inhibitor Enzalutamide + LY3023414
AZD5363 AKT inhibitor Phase I/phase II clinical trials mCRPC | [85]
MK2206 AKT inhibitor Phase II, Bicalutamide + MK2206 | mCRPC | NCTO01251861

but AR-dependent growth in culture [80]. It is
hypothesized that epithelial-stromal competition
leads to androgen independence during prostate
tumorigenesis, in which activation of AKT and
ERK promotes AR activity in the prostate epithe-
lium while counteracting the antagonistic effects in
the stroma [80].

Inhibition of the PI3K/AKT signaling acti-
vates the MAPK pathway [81, 82], whereas acti-
vation of AKT by phosphorylation leads to
FOXO1 exclusion from the nucleus and abo-
lishment of its tumor suppressor functions in
the nucleus. Intriguingly, AKT-phosphorylated
FOXOI can inhibit the MAPK pathway by bind-
ing to the scaffold protein IQGAP1 in the cyto-
plasm, thus impeding IQGAPI-dependent
activation of ERK1/2 [83]. Thus, FOXOI1 pos-
sesses tumor suppressor functions in both the
nucleus and the cytoplasm.

Targeting PI3K/AKT Signaling
for Prostate Cancer Treatment

Due to the critical role of PI3K/AKT in maintain-
ing prostate cancer progression and cell survival,
targeting the PI3K/AKT pathway represents a
promising strategy for prostate cancer treatment.
However, the inhibitors that are currently under
testing often encounter issues such as low effi-
cacy and acquired drug resistance. Thus, devel-
opment of new single-targeting or dual inhibitors
is urgently needed.

PI3K/AKT Inhibitors Tested
in Prostate Cancer

A number of PI3K/AKT signaling pathway inhib-
itors have been tested, or are currently under
investigation in clinical trials (Table 3).
Mechanistically, most of them act on PI3K and
AKT, with few on mMTORC1 or mMTORC?2. Hereby,
we have summarized a few of PI3K/AKT inhibi-
tors which are currently under clinical trials to
treat mCRPC patients either by administration
alone or in combination with AR inhibitors as
seen in Table 3. Specifically, BKMI120
(NCTO01385293), a PI3K inhibitor, is adminis-
trated alone and is currently under phase II clini-
cal trial. GSK2636771 (NCT02215096) and
AZD8186 (NCT01884285), two PI3K inhibitors,
are treated in the combination with Enzalutamide
or Abiraterone respectively and are under phase I
clinical trials. LY3023414 (NCT02407054) is a
dual inhibitor, which targets both PI3K and
mTOR in an ATP-competitive manner [86].
AZD5365 [85] and MK2206 (NCT01251861) are
two AKT inhibitors. Currently, AZD5363 is
administrated alone and is under Phase I/phase II
clinical trials. Interestingly, a preclinical study has
found that AZD5363 significantly delayed
Enzalutamide-resistant prostate cancer when it is
combined with Enzalutamide [87]. MK2206 is
under phase II clinical trial, and is administrated
with or without Bicalutamide. Taken together,
PI3K/AKT inhibitors appear to present a limited
clinical outcome as single agents.
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A Limitation of Monotherapy
with the PI3K Inhibitors

In prostate cancer, PI3K and AR signaling path-
ways are the most frequently activated pathways
in which a reciprocal feedback exists between
these two pathways. The monotherapy with AR
or AKT inhibitors often leads to activation of the
other pathway to sustain the cell survival or drive
acquired resistance in prostate cancer [5, 72]. In
addition, both PI3K/AKT and AR signaling are
extremely important for prostate pathogenesis,
the combination treatment of PI3K/AKT inhibi-
tors and AR signaling inhibitors is required for a
better therapeutic perspective [72, 88]. Indeed, as
described above (section “PI3K/AKT Inhibitors
Tested in Prostate Cancer”), several clinical trials
have been conducted by using the combination of
PI3K inhibitors (such as GSK2636771 and
LY3023414) and AR-inhibitory agents (such as
Enzalutamide and Abiraterone).

Conclusions

The PI3K/AKT signaling pathway has been iden-
tified as a key driver of prostate tumorigenesis
and drug resistance. Studies on the underlying
mechanisms by which this pathway promotes
prostate tumorigenesis have focused primarily on
the phosphorylation of downstream target pro-
teins. Cross talk between AKT signaling and the
other parallel pathways has been under-
investigated. Thus, further exploration in this
area could shed new light on our understanding
of the molecular basis for prostate tumorigenesis
and progression, and identify novel therapeutic
targets for prostate cancer.

References

1. P. Liu, H. Cheng, T.M. Roberts, J.J. Zhao, Targeting
the phosphoinositide 3-kinase pathway in cancer. Nat.
Rev. Drug Discov. 8, 627-644 (2009)

2. E. Gonzalez, T.E. McGraw, The Akt kinases: isoform
specificity in metabolism and cancer. Cell Cycle 8,
2502-2508 (2009)

10.

11.

12.

13.

14.

15.

16.

.D.D.

. B.S.

. L. Ojeda, J.

. D.R. Alessi, S.R. James, C.P. Downes, A.B. Holmes,

P.R. Gaffney, C.B. Reese, P. Cohen, Characterization
of a 3-phosphoinositide-dependent protein kinase
which phosphorylates and activates protein kinase
Balpha. Curr. Biol. 7, 261-269 (1997)

Sarbassov, D.A. Guertin, S.M. Ali,
D.M. Sabatini, Phosphorylation and regulation of
AKkt/PKB by the rictor-rmTOR complex. Science 307,
1098-1101 (2005)

Carver, C. Chapinski, J. Wongvipat,
H. Hieronymus, Y. Chen, S. Chandarlapaty,
V.K. Arora, C. Le, J. Koutcher, H. Scher, et al.,
Reciprocal feedback regulation of PI3K and androgen
receptor signaling in PTEN-deficient prostate cancer.
Cancer Cell 19, 575-586 (2011)

. B.S. Taylor, N. Schultz, H. Hieronymus, A. Gopalan,

Y. Xiao, B.S. Carver, V.K. Arora, P. Kaushik,
E. Cerami, B. Reva, et al., Integrative genomic profil-
ing of human prostate cancer. Cancer Cell 18, 11-22
(2010)

. V.A. Rafalski, A. Brunet, Energy metabolism in adult

neural stem cell fate. Prog. Neurobiol. 93, 182-203
(2011)

Gao, K.G. Hooten, E. Wang,
J.R. Thonhoff, T.J. Dunn, T. Gao, P. Wu, Critical role
of PI3K/Akt/GSK3beta in motoneuron specification
from human neural stem cells in response to FGF2
and EGFE. PLoS One 6, 23414 (2011)

. J. Peltier, A. O’Neill, D.V. Schaffer, PI3K/Akt and

CREB regulate adult neural hippocampal progenitor
proliferation and differentiation. Dev. Neurobiol. 67,
1348-1361 (2007)

B.D. Manning, A. Toker, AKT/PKB signaling: navi-
gating the network. Cell 169, 381405 (2017)

K. Du, M. Montminy, CREB is a regulatory target
for the protein kinase Akt/PKB. J. Biol. Chem. 273,
32377-32379 (1998)

J.R. Graff, B.W. Konicek, A.M. McNulty, Z. Wang,
K. Houck, S. Allen, J.D. Paul, A. Hbaiu, R.G. Goode,
G.E. Sandusky, et al., Increased AKT activity contrib-
utes to prostate cancer progression by dramatically
accelerating prostate tumor growth and diminishing
p27Kipl expression. J. Biol. Chem. 275, 24500-
24505 (2000)

I. Shin, EM. Yakes, F. Rojo, N.Y. Shin, A.V. Bakin,
J. Baselga, C.L. Arteaga, PKB/Akt mediates cell-
cycle progression by phosphorylation of p27(Kipl) at
threonine 157 and modulation of its cellular localiza-
tion. Nat. Med. 8, 1145-1152 (2002)

A. Brunet, A. Bonni, M.J. Zigmond, M.Z. Lin, P. Juo,
L.S. Hu, M.J. Anderson, K.C. Arden, J. Blenis,
M.E. Greenberg, Akt promotes cell survival by phos-
phorylating and inhibiting a Forkhead transcription
factor. Cell 96, 857-868 (1999)

X. Zhang, N. Tang, T.J. Hadden, A.K. Rishi, Akt,
FoxO and regulation of apoptosis. Biochim. Biophys.
Acta 1813, 1978-1986 (2011b)

K. Hara, K. Yonezawa, M.T. Kozlowski, T. Sugimoto,
K. Andrabi, Q.P. Weng, M. Kasuga, I. Nishimoto,



Interplay Among PI3K/AKT, PTEN/FOXO and AR Signaling in Prostate Cancer

329

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

J. Avruch, Regulation of elF-4E BP1 phosphorylation
by mTOR. J. Biol. Chem. 272, 26457-26463 (1997)
B.D. Manning, L.C. Cantley, AKT/PKB signaling:
navigating downstream. Cell 129, 1261-1274 (2007)
N. Chalhoub, S.J. Baker, PTEN and the PI3-kinase
pathway in cancer. Annu. Rev. Pathol. 4, 127-150
(2009)

Cancer Genome Atlas Research Network Network,
The molecular taxonomy of primary prostate cancer.
Cell 163, 1011-1025 (2015)

D. Robinson, E.M. Van Allen, YM. Wu, N. Schultz,
R.J. Lonigro, J.M. Mosquera, B. Montgomery,
M.E. Taplin, C.C. Pritchard, G. Attard, et al.,
Integrative clinical genomics of advanced prostate
cancer. Cell 162, 454 (2015)

S. Wee, D. Wiederschain, S.M. Maira, A. Loo,
C. Miller, R. deBeaumont, F. Stegmeier, Y.M. Yao,
C. Lengauer, PTEN-deficient cancers depend on
PIK3CB. Proc. Natl. Acad. Sci. U. S. A. 105, 13057-
13062 (2008)

J. Armenia, S.A.M. Wankowicz, D. Liu, J. Gao,
R. Kundra, E. Reznik, W.K. Chatila, D. Chakravarty,
G.C. Han, I. Coleman, et al., The long tail of onco-
genic drivers in prostate cancer. Nat. Genet. 50, 645—
651 (2018)

A. Suzuki, J.L.. de la Pompa, V. Stambolic, A.J. Elia,
T. Sasaki, I. del Barco Barrantes, A. Ho, A. Wakeham,
A. Ttie, W. Khoo, et al., High cancer susceptibility and
embryonic lethality associated with mutation of the
PTEN tumor suppressor gene in mice. Curr. Biol. 8,
1169-1178 (1998)

L.C. Trotman, M. Niki, Z.A. Dotan, J.A. Koutcher,
A. Di Cristofano, A. Xiao, A.S. Khoo, P. Roy-
Burman, N.M. Greenberg, T. Van Dyke, et al., Pten
dose dictates cancer progression in the prostate. PLoS
Biol. 1, ES9 (2003)

S. Wang, J. Gao, Q. Lei, N. Rozengurt, C. Pritchard,
J. Jiao, G.V. Thomas, G. Li, P. Roy-Burman,
P.S. Nelson, et al., Prostate-specific deletion of
the murine Pten tumor suppressor gene leads to
metastatic prostate cancer. Cancer Cell 4, 209-221
(2003)

A. Di Cristofano, M. De Acetis, A. Koff, C. Cordon-
Cardo, P.P. Pandolfi, Pten and p27KIP1 cooperate in
prostate cancer tumor suppression in the mouse. Nat.
Genet. 27, 222-224 (2001)

M.J. Kim, R.D. Cardiff, N. Desai, W.A. Banach-
Petrosky, R. Parsons, M.M. Shen, C. Abate-Shen,
Cooperativity of Nkx3.1 and Pten loss of function in
a mouse model of prostate carcinogenesis. Proc. Natl.
Acad. Sci. U. S. A. 99, 2884-2889 (2002)

B.S. Carver, J. Tran, A. Gopalan, Z. Chen, S. Shaikh,
A. Carracedo, A. Alimonti, C. Nardella, S. Varmeh,
P.T. Scardino, et al., Aberrant ERG expression coop-
erates with loss of PTEN to promote cancer progres-
sion in the prostate. Nat. Genet. 41, 619-624 (2009)
J.C. King, J. Xu, J. Wongvipat, H. Hieronymus,
B.S. Carver, D.H. Leung, B.S. Taylor, C. Sander,
R.D. Cardiff, S.S. Couto, et al., Cooperativity of
TMPRSS2-ERG with PI3-kinase pathway activation

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

in prostate oncogenesis. Nat. Genet. 41, 524-526
(2009)

L. Ding, S. Chen, P. Liu, Y. Pan, J. Zhong, K.M. Regan,
L. Wang, C. Yu, A. Rizzardi, L. Cheng, et al., CBP
loss cooperates with PTEN haploinsufficiency to
drive prostate cancer: implications for epigenetic
therapy. Cancer Res. 74, 2050-2061 (2014)

C.E. Barbieri, S.C. Baca, M.S. Lawrence,
F. Demichelis, M. Blattner, J.P. Theurillat, T.A. White,
P. Stojanov, E. Van Allen, N. Stransky, et al., Exome
sequencing identifies recurrent SPOP, FOXA1 and
MEDI2 mutations in prostate cancer. Nat. Genet. 44,
685-689 (2012)

J. An, S. Ren, S.J. Murphy, S. Dalangood, C. Chang,
X. Pang, Y. Cui, L. Wang, Y. Pan, X. Zhang, et al.,
Truncated ERG oncoproteins from TMPRSS2-ERG
fusions are resistant to SPOP-mediated proteasome
degradation. Mol. Cell 59, 904-916 (2015)

J. An, C. Wang, Y. Deng, L. Yu, H. Huang, Destruction
of full-length androgen receptor by wild-type SPOP,
but not prostate-cancer-associated mutants. Cell Rep.
6, 657-669 (2014)

M. Blattner, D.J. Lee, C. O’Reilly, K. Park,
T.Y. MacDonald, F. Khani, K.R. Turner, Y.L. Chiu,
P.J. Wild, I. Dolgaleyv, et al., SPOP mutations in pros-
tate cancer across demographically diverse patient
cohorts. Neoplasia 16, 14-20 (2014)

C. Geng, B. He, L. Xu, C.E. Barbieri, V.K. Eedunuri,
S.A. Chew, M. Zimmermann, R. Bond, J. Shou,
C. Li, et al., Prostate cancer-associated mutations in
speckle-type POZ protein (SPOP) regulate steroid
receptor coactivator 3 protein turnover. Proc. Natl.
Acad. Sci. U. S. A. 110, 6997-7002 (2013)

C. Geng, K. Rajapakshe, S.S. Shah, J. Shou,
V.K. Eedunuri, C. Foley, W. Fiskus, M. Rajendran,
S.A. Chew, M. Zimmermann, et al., Androgen recep-
tor is the key transcriptional mediator of the tumor
suppressor SPOP in prostate cancer. Cancer Res. 74,
5631-5643 (2014)

A.C. Groner, L. Cato, J. de Tribolet-Hardy,
T. Bernasocchi, H. Janouskova, D. Melchers,
R. Houtman, A.C.B. Cato, P. Tschopp, L. Gu, et al.,
TRIM?24 is an oncogenic transcriptional activator in
prostate cancer. Cancer Cell 29, 846-858 (2016)

C. Li, J. Ao, J. Fu, D.E. Lee, J. Xu, D. Lonard,
B.W. O’Malley, Tumor-suppressor role for the SPOP
ubiquitin ligase in signal-dependent proteolysis of the
oncogenic co-activator SRC-3/AIB1. Oncogene 30,
43504364 (2011)

Y. Yan, J. An, Y. Yang, D. Wu, Y. Bai, W. Cao, L. Ma,
J. Chen, Z. Yu, Y. He, et al., Dual inhibition of AKT-
mTOR and AR signaling by targeting HDAC3 in
PTEN- or SPOP-mutated prostate cancer. EMBO
Mol. Med. 10, e8478 (2018)

P. Zhang, D. Wang, Y. Zhao, S. Ren, K. Gao, Z. Ye,
S. Wang, C.W. Pan, Y. Zhu, Y. Yan, et al., Intrinsic
BET inhibitor resistance in SPOP-mutated prostate
cancer is mediated by BET protein stabilization and
AKT-mTORC]1 activation. Nat. Med. 23, 1055-1062
(2017)



33

0

Y.Yan and H. Huang

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54

. A. Saci, L.C. Cantley, C.L. Carpenter, Racl regulates
the activity of mTORC1 and mTORC?2 and controls
cellular size. Mol. Cell 42, 50-61 (2011)
R. Lasserre, X.J. Guo, F. Conchonaud, Y. Hamon,
O. Hawchar, A.M. Bernard, S.M. Soudja, P.F. Lenne,
H. Rigneault, D. Olive, et al., Raft nanodomains con-
tribute to Akt/PKB plasma membrane recruitment and
activation. Nat. Chem. Biol. 4, 538-547 (2008)
L. Zhuang, J. Lin, M.L. Lu, K.R. Solomon,
M.R. Freeman, Cholesterol-rich lipid rafts mediate
akt-regulated survival in prostate cancer cells. Cancer
Res. 62, 2227-2231 (2002)
J. Xu, L. Liao, G. Ning, H. Yoshida-Komiya,
C. Deng, B.W. O’Malley, The steroid receptor coacti-
vator SRC-3 (p/CIP/RAC3/AIB1/ACTR/TRAM-1)
is required for normal growth, puberty, female repro-
ductive function, and mammary gland development.
Proc. Natl. Acad. Sci. U. S. A. 97, 6379-6384 (2000)
L.H. Zhang, A.A. Yin, J.X. Cheng, H.Y. Huang,
X.M. Li, Y.Q. Zhang, N. Han, X. Zhang, TRIM24
promotes glioma progression and enhances chemore-
sistance through activation of the PI3K/Akt signaling
pathway. Oncogene 34, 600-610 (2015)
M. Blattner, D. Liu, B.D. Robinson, D. Huang,
A. Poliakov, D. Gao, S. Nataraj, L.D. Deonarine,
M.A. Augello, V. Sailer, et al., SPOP mutation drives
prostate tumorigenesis in vivo through coordinate
regulation of PI3K/mTOR and AR signaling. Cancer
Cell 31, 436451 (2017)
H. Huang, D.J. Tindall, Dynamic FoxO transcription
factors. J. Cell Sci. 120, 2479-2487 (2007)
Y. Zhao, D.J. Tindall, H. Huang, Modulation of
androgen receptor by FOXA1 and FOXOI factors in
prostate cancer. Int. J. Biol. Sci. 10, 614-619 (2014)
X.Y. Dong, C. Chen, X. Sun, P. Guo, R.L. Vessella,
R.X. Wang, L.W. Chung, W. Zhou, J.T. Dong,
FOXOI1A is a candidate for the 13q14 tumor suppres-
sor gene inhibiting androgen receptor signaling in
prostate cancer. Cancer Res. 66, 6998-7006 (2006)
B.S. Haflidadottir, O. Larne, M. Martin, M. Persson,
A. Edsjo, A. Bjartell, Y. Ceder, Upregulation of
miR-96 enhances cellular proliferation of prostate
cancer cells through FOXOI1. PLoS One 8, ¢72400
(2013)
V. Modur, R. Nagarajan, B.M. Evers, J. Milbrandt,
FOXO proteins regulate tumor necrosis factor-related
apoptosis inducing ligand expression. Implications
for PTEN mutation in prostate cancer. J. Biol. Chem.
277, 47928-47937 (2002)
Y. Yang, H. Hou, E.M. Haller, S.V. Nicosia, W. Bai,
Suppression of FOXOI activity by FHL2 through
SIRT1-mediated deacetylation. EMBO J. 24, 1021-
1032 (2005)
L.R. Bohrer, P. Liu, J. Zhong, Y. Pan, J. Angstman,
L.J. Brand, S.M. Dehm, H. Huang, FOXO1 binds
to the TAUS motif and inhibits constitutively active
androgen receptor splice variants. Prostate 73, 1017-
1027 (2013)
. W. Fan, T. Yanase, H. Morinaga, T. Okabe,
M. Nomura, H. Daitoku, A. Fukamizu, S. Kato,

55.

56.

57

58.

59.

60.

61.

62.

63.

64.

65.

66.

R. Takayanagi, H. Nawata, Insulin-like growth fac-
tor l/insulin signaling activates androgen signaling
through direct interactions of Foxol with androgen
receptor. J. Biol. Chem. 282, 7329-7338 (2007)

P. Liu, S. Li, L. Gan, T.P. Kao, H. Huang, A
transcription-independent function of FOXOI1 in
inhibition of androgen-independent activation of the
androgen receptor in prostate cancer cells. Cancer
Res. 68, 10290-10299 (2008)

S.N. Mediwala, H. Sun, A.T. Szafran, S.M. Hartig,
G. Sonpavde, T.G. Hayes, P. Thiagarajan,
M.A. Mancini, M. Marcelli, The activity of the andro-
gen receptor variant AR-V7 is regulated by FOXO1 in
a PTEN-PI3K-AKT-dependent way. Prostate 73,
267-277 (2013)

. HXK. Lin, S. Yeh, H.Y. Kang, C. Chang, Akt sup-

presses androgen-induced apoptosis by phosphory-
lating and inhibiting androgen receptor. Proc. Natl.
Acad. Sci. U. S. A. 98, 7200-7205 (2001)

P. Adamo, M.R. Ladomery, The oncogene ERG: a
key factor in prostate cancer. Oncogene 35, 403414
(2016)

S.A. Tomlins, D.R. Rhodes, S. Perner, S.M.
Dhanasekaran, R. Mehra, X.W. Sun, S. Varambally,
X. Cao, J. Tchinda, R. Kuefer, et al., Recurrent fusion
of TMPRSS2 and ETS transcription factor genes in
prostate cancer. Science 310, 644-648 (2005)

Y. Yang, A.M. Blee, D. Wang, J. An, Y. Pan, Y. Yan,
T. Ma, Y. He, J. Dugdale, X. Hou, et al., Loss of
FOXOI cooperates with TMPRSS2-ERG overexpres-
sion to promote prostate tumorigenesis and cell inva-
sion. Cancer Res. 77, 6524-6537 (2017)

LLA. San Martin, N. Varela, M. Gaete, K. Villegas,
M. Osorio, J.C. Tapia, M. Antonelli, E.E. Mancilla,
B.P. Pereira, S.S. Nathan, et al., Impaired cell cycle
regulation of the osteoblast-related heterodimeric
transcription factor Runx2-Cbfbeta in osteosarcoma
cells. J. Cell. Physiol. 221, 560-571 (2009)

D. Wysokinski, E. Pawlowska, J. Blasiak, RUNX2: a
master bone growth regulator that may be involved in
the DNA damage response. DNA Cell Biol. 34, 305—
315 (2015)

J.J. Westendorf, S.K. Zaidi, J.E. Cascino, R. Kahler,
A.J. van Wijnen, J.B. Lian, M. Yoshida, G.S. Stein,
X. Li, Runx2 (Cbfal, AML-3) interacts with histone
deacetylase 6 and represses the p21(CIP1/WAF1) pro-
moter. Mol. Cell. Biol. 22, 7982-7992 (2002)

C. Ge, G. Xiao, D. Jiang, Q. Yang, N.E. Hatch,
H. Roca, R.T. Franceschi, Identification and func-
tional characterization of ERK/MAPK phosphoryla-
tion sites in the Runx2 transcription factor. J. Biol.
Chem. 284, 32533-32543 (2009)

M. Qiao, P. Shapiro, M. Fosbrink, H. Rus, R. Kumar,
A. Passaniti, Cell cycle-dependent phosphorylation
of the RUNX2 transcription factor by cdc2 regulates
endothelial cell proliferation. J. Biol. Chem. 281,
7118-7128 (2006)

C. Ge, G. Zhao, Y. Li, H. Li, X. Zhao, G. Pannone,
P. Bufo, A. Santoro, F. Sanguedolce, S. Tortorella,
et al., Role of Runx2 phosphorylation in prostate can-



Interplay Among PI3K/AKT, PTEN/FOXO and AR Signaling in Prostate Cancer

331

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

cer and association with metastatic disease. Oncogene
35, 366-376 (2016)

S.K. Baniwal, O. Khalid, D. Sir, G. Buchanan,
G.A. Coetzee, B. Frenkel, Repression of Runx2
by androgen receptor (AR) in osteoblasts and pros-
tate cancer cells: AR binds Runx2 and abrogates its
recruitment to DNA. Mol. Endocrinol. 23, 1203-1214
(2009)

H. Kawate, Y. Wu, K. Ohnaka, R. Takayanagi, Mutual
transactivational repression of Runx2 and the andro-
gen receptor by an impairment of their normal com-
partmentalization. J. Steroid Biochem. Mol. Biol.
105, 46-56 (2007)

H. Zhang, Y. Pan, L. Zheng, C. Choe, B. Lindgren,
E.D. Jensen, J.J. Westendorf, L. Cheng, H. Huang,
FOXO1 inhibits Runx2 transcriptional activity and
prostate cancer cell migration and invasion. Cancer
Res. 71, 3257-3267 (2011a)

S. Yang, H. Xu, S. Yu, H. Cao, J. Fan, C. Ge,
R.T. Fransceschi, H.H. Dong, G. Xiao, Foxol medi-
ates insulin-like growth factor 1 (IGF1)/insulin reg-
ulation of osteocalcin expression by antagonizing
Runx2 in osteoblasts. J. Biol. Chem. 286, 19149—
19158 (2011)

Y. Yang, Y. Bai, Y. He, Y. Zhao, J. Chen, L. Ma, Y. Pan,
M. Hinten, J. Zhang, R.J. Karnes, et al., PTEN loss
promotes intratumoral androgen synthesis and tumor
microenvironment remodeling via aberrant activa-
tion of RUNX2 in castration-resistant prostate cancer.
Clin. Cancer Res. 24, 834-846 (2018)

D.J. Mulholland, L.M. Tran, Y. Li, H. Cai, A. Morim,
S. Wang, S. Plaisier, I.P. Garraway, J. Huang,
T.G. Graeber, H. Wu, Cell autonomous role of PTEN
in regulating castration-resistant prostate cancer
growth. Cancer Cell 19, 792-804 (2011)

J. Long, W.Y. Fang, L. Chang, W.H. Gao, Y. Shen,
M.Y. Jia, Y.X. Zhang, Y. Wang, H.B. Dou,
W.J. Zhang, et al., Targeting HDAC3, a new partner
protein of AKT in the reversal of chemoresistance in
acute myeloid leukemia via DNA damage response.
Leukemia 31, 2761-2770 (2017)

D.S. Welsbie, J. Xu, Y. Chen, L. Borsu, H.I. Scher,
N. Rosen, C.L. Sawyers, Histone deacetylases are
required for androgen receptor function in hormone-
sensitive and castrate-resistant prostate cancer. Cancer
Res. 69, 958-966 (2009)

V. Murillo-Garzon, R. Kypta, WNT signalling in
prostate cancer. Nat. Rev. Urol. 14, 683-696 (2017)
D. Fang, D. Hawke, Y. Zheng, Y. Xia, J. Meisenhelder,
H. Nika, G.B. Mills, R. Kobayashi, T. Hunter, Z. Lu,
Phosphorylation of beta-catenin by AKT promotes
beta-catenin transcriptional activity. J. Biol. Chem.
282, 11221-11229 (2007)

S.A. Tahir, G. Yang, A. Goltsov, K.D. Song, C. Ren,
J. Wang, W. Chang, T.C. Thompson, Caveolin-1-
LRP6 signaling module stimulates aerobic glycolysis
in prostate cancer. Cancer Res. 73, 1900-1911 (2013)

78.

79.

80.

81.

82.

83.

84.

85.

86

87.

88.

. J.C. Bendell,

G. Thyssen, T.H. Li, L. Lehmann, M. Zhuo,
M. Sharma, Z. Sun, LZTS2 is a novel beta-
catenin-interacting protein and regulates the nuclear
export of beta-catenin. Mol. Cell. Biol. 26, 8857—
8867 (2006)

E.J. Yu, E. Hooker, D.T. Johnson, M.K. Kwak,
K. Zou, R. Luong, Y. He, Z. Sun, LZTS2 and PTEN
collaboratively regulate ss-catenin in prostatic tumori-
genesis. PLoS One 12, e0174357 (2017)

H. Gao, X. Ouyang, W.A. Banach-Petrosky,
W.L. Gerald, MM. Shen, C. Abate-Shen,
Combinatorial activities of Akt and B-Raf/Erk sig-
naling in a mouse model of androgen-independent
prostate cancer. Proc. Natl. Acad. Sci. U. S. A. 103,
14477-14482 (2006)

S. Chandarlapaty, A. Sawai, M. Scaltriti, V. Rodrik-
Outmezguine, O. Grbovic-Huezo, V. Serra,
P.K. Majumder, J. Baselga, N. Rosen, AKT inhibition
relieves feedback suppression of receptor tyrosine
kinase expression and activity. Cancer Cell 19, 58-71
(2011)

V. Serra, M. Scaltriti, L. Prudkin, P.J. Eichhorn,
Y.H. Ibrahim, S. Chandarlapaty, B. Markman,
0. Rodriguez, M. Guzman, S. Rodriguez, et al., PI3K
inhibition results in enhanced HER signaling and
acquired ERK dependency in HER2-overexpressing
breast cancer. Oncogene 30, 2547-2557 (2011)

C.W. Pan, X. Jin, Y. Zhao, Y. Pan, J. Yang, R.J. Karnes,
J. Zhang, L. Wang, H. Huang, AKT-phosphorylated
FOXOL1 suppresses ERK activation and chemore-
sistance by disrupting IQGAPI-MAPK interaction.
EMBO J. 36, 995-1010 (2017)

M. Crumbaker, L. Khoja, A.M. Joshua, AR signal-
ing and the PI3K pathway in prostate cancer. Cancers
(Basel) 9, E34 (2017)

T. McHardy, J.J. Caldwell, K.M. Cheung, L.J. Hunter,
K. Taylor, M. Rowlands, R. Ruddle, A. Henley, A.
de Haven Brandon, M. Valenti, et al., Discovery
of 4-amino-1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)
piperidine-4-carboxamides as selective, orally active
inhibitors of protein kinase B (Akt). J. Med. Chem.
53, 2239-2249 (2010)

AM. Varghese, D.M. Hyman,
T.M. Bauer, S. Pant, S. Callies, J. Lin, R. Martinez,
E. Wickremsinhe, A. Fink, et al., A first-in-human
phase 1 study of LY3023414, an oral PI3K/mTOR
dual inhibitor, in patients with advanced cancer. Clin.
Cancer Res. 24, 3253-3262 (2018)

P. Toren, S. Kim, T. Cordonnier, C. Crafter,
B.R. Davies, L. Fazli, M.E. Gleave, A. Zoubeidi,
Combination  AZD5363 with  enzalutamide
significantly delays enzalutamide-resistant prostate
cancer in preclinical models. Eur. Urol. 67, 986-990
(2015)

A. Zoubeidi, M.E. Gleave, Co-targeting driver path-
ways in prostate cancer: two birds with one stone.
EMBO Mol. Med. 10, 8928 (2018)



	Interplay Among PI3K/AKT, PTEN/FOXO and AR Signaling in Prostate Cancer
	Introduction
	Activation of PI3K Due to PTEN Genetic Alterations
	PTEN Mutations Account for the Major Cause of PI3K Activation in Prostate Cancer
	Pten Deletion-Driven Prostate Cancer Mouse Models

	Activation of AKT/mTOR Signaling Pathway in SPOP Mutated Prostate Cancer
	SPOP Mutations Induce AKT/mTORC1 Activation via Elevation of Bromodomain and Extra-Terminal (BET) Family Proteins
	SPOP Mutant Mouse Models

	FOXO1 Dysregulation in Prostate Cancer
	FOXO1 and AR
	FOXO1 and ERG
	FOXO1 and RUNX2

	Cross Talk Between PI3K Signaling and Other Pathways in Prostate Cancer
	AKT Signaling and AR
	AKT Signaling and WNT/β-Catenin Signaling
	AKT Signaling and MAPK/ERK Signaling

	Targeting PI3K/AKT Signaling for Prostate Cancer Treatment
	PI3K/AKT Inhibitors Tested in Prostate Cancer
	A Limitation of Monotherapy with the PI3K Inhibitors

	Conclusions
	References




