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ABSTRACT OF THE DISSERTATION

The Role of the Tumor Microenvironment and Epithelial-Mesenchymal Plasticity

in Prostate Cancer Progression and Metastasis

by

Marcus Andrew Ruscetti
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2015
Professor Lily Wu, Co-Chair

Professor Hong Wu, Co-Chair

PTEN is one of the most commonly deleted tumor suppressor genes in human prostate cancer.
Our group previously demonstrated that Pten deletion in the murine prostate epithelium
recapitulates the disease progression seen in human prostate cancer, culminating in invasive
adenocarcinoma. In addition to Pfen loss endowing prostate cells with enhanced proliferative
capacity, we found that Pten loss also led to the upregulation of inflammatory pathways,
including Csf-1 and [l1b expression, within the prostate epithelium. These inflammatory
cytokines recruit myeloid-derived suppressor cells (MDSCs) into the prostate, which
subsequently promote an immune-suppressive tumor microenvironment and thereby facilitate
tumor progression. Targeting immune-responsive pathways with the CSF-1R inhibitor GW2580

successfully inhibits MDSC infiltration and delays tumor progression.



As Pten deletion alone does not produce distant macrometastasis, we surveyed additional
pathways altered in human metastatic prostate cancer, and found that the RAS/MAPK pathway
was significantly elevated in metastatic lesions. Indeed, when we combined Pten deletion with
Kras activation in the prostate epithelium (Pb-Cre'”; Pten™";Kras®'*?"") (CPK), we observed
macrometastasis to the lungs and liver. Interestingly, within the prostate, we observed an
epithelial-mesenchymal transition (EMT) phenotype, accompanied by significant upregulation of
the EMT transcription factor Snail. Importantly, genetic deletion of Snail in CPK mice prevented

distant macrometastasis, providing a mechanistic link between EMT and metastasis.

To study the dynamic regulation of the EMT process, we crossed CPK mice with Vimentin-GFP
reporter mice (CPKV), and were able to isolate populations of epithelial, EMT, and
mesenchymal-like prostate tumor cells. We demonstrate that EMT and mesenchymal-like tumor
cells have enhanced stem-like and tumor-initiating capacities and exhibit cellular plasticity in
vivo. HMGA2, a chromatin remodeling protein, is significantly upregulated in EMT and
mesenchymal-like tumor cells, as well as in human metastatic castration-resistant prostate cancer
(mCRPC). Knockdown of Hmga?2, or suppressing Hmga2 expression with the HDAC inhibitor
LBH589, inhibits epithelial-mesenchymal plasticity and stemness activities in vitro and
dramatically reduces prostate tumor burden and distant metastasis in vivo. Importantly, LBH589
in combination with castration significantly prolongs survival by targeting castration-resistant
mesenchymal-like tumor cells and preventing mCRPC. LBH589 treatment in combination with

androgen deprivation therapy may therefore be a promising treatment for patients with mCRPC.
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Chapter 1:

Pten in Prostate Cancer



Introduction

Although partial or complete loss of chromosome 10 in brain, bladder, and prostate cancers was
identified as early as 1984 (1), it was not until 1997 that three independent groups, through
mapping of mutations on chromosome 10 and cloning of a novel phosphatase, identified a tumor
suppressor gene at the 10g23.31 locus named by different laboratories as the phosphatase and
tensin homolog (PTEN), mutated in multiple advanced cancers 1 (MMACI) and TGF-B-
regulated and epithelial cell-enriched phosphatase 1 (TEP1) (2-4). PTEN is a non-redundant
phosphatase that antagonizes the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway,
one of the most important and well-studied cancer promoting pathways. As PTEN is the only
known 3’ phosphatase counteracting the PI3K/AKT pathway, it is not unexpected that loss of
PTEN has a significant impact on prostate cancer progression. Indeed, loss of heterozygosity
(LOH) of PTEN occurs frequently in many advanced stage sporadic tumors, including
approximately 60% of advanced prostate cancers (2). Germline PTEN gene mutations account
for the majority (80%) of cases of Cowden Syndrome, an autosomal dominant multiple
hamartoma syndrome that leads to an increased propensity for patients to develop breast (5),
endometrial (5, 6), and thyroid cancers (7-9). However, prostate cancer has not been associated
with Cowden Syndrome and germline PTEN loss (10, 11), perhaps providing credence to the

understanding that loss of PTEN is a late event in prostate carcinogenesis (12, 13).

In this chapter, we will review PTEN structure, function and regulation. The
consequences of loss of PTEN regulation and function in different stages of prostate cancer

development, as well as the potential use of PTEN loss as a biomarker for prostate cancer



prognosis and prediction of patient responses to PI3K/AKT/mTOR pathway inhibitors, will also

be addressed.

PTEN Structure and Function

PTEN Structure

The PTEN gene comprises nine exons and encodes a protein of 403 amino acids (14). The amino
acid sequence of the PTEN tumor suppressor is considerably homologous to dual-specific
protein phosphatases and tensin, a chicken cytoskeletal protein (2). The crystal structure of
PTEN revealed an expanded active site pocket for binding to its substrates and a C2 domain,
which mediates membrane attachment of cell signaling proteins. Three other functional domains
have also been identified: a short phosphatidylinositol-4,5-bisphosphate (PIP2) binding domain
on the N-terminus, and PEST sequences and a PDZ interaction motif on the C-terminal tail that
regulate protein stability and binding to PDZ domain-containing proteins, respectively (15). The
binding of PIP2 to PTEN produces a conformational change in the enzyme, leading to allosteric
activation (16). The positive charge of PTEN’s substrate binding pocket is also important for
accommodating larger acidic substrates such as phosphoinositides. The PTEN phosphatase
domain is evolutionarily conserved, and is the recipient of 40% of its cancer-associated
mutations, which occur most commonly through either a C124S mutation that abolishes both
lipid and protein phosphatase activity, or a G129E mutation that abrogates only its lipid
phosphatase activity (17-19). Although the phosphatase domain is responsible for PTEN’s

physiological activity, other PTEN tumorigenic mutations occur on the C-terminal C2 domain



and tail sequence, highlighting an important role of the C-terminus in maintaining PTEN protein
stability (20, 21). The fact that tumor-associated mutations occur in all PTEN functional domains
indicates that each of these regions is biologically relevant to PTEN function. In prostate cancer,
PTEN loss most commonly results from a somatic mutation generated through copy number loss
rather than point mutation (22), although recent exome sequencing has identified several

recurrent mutations in the PTEN gene (23, 24).

PTEN and Regulation of the PI3K/AKT/mTOR Pathway

PI3K/AKT signaling plays a critical role in regulating growth responses, homeostasis and
longevity. At the cellular level, the PI3K/AKT pathway controls cell growth, migration,
differentiation, and survival. Activation of the PI3K/AKT pathway is also frequently detected in
human cancers (25). PTEN is a unique lipid phosphatase that removes the phosphate from the D3
position of phosphatidylinositol-3,4,5-triphosphate (PIP3), a product of PI3K, thus directly
antagonizing the action of PI3K (19, 26, 27). PIP3 accumulation at the plasma membrane
through PI3K activity results in recruitment and activation of important kinases involved in cell
growth and survival, including phosphoinositide-dependent kinase-1 (PDK1) and AKT family
members, via their pleckstrin homology (PH) domains (19, 26, 27). In this manner, PTEN

negatively regulates the PI3K/AKT pathway by inhibiting downstream AKT activation.

AKT isoforms (AKT1, AKT2, AKT3) are activated by phosphorylation at two different
residues: Thr308 by PDK1 (28), and Ser473 by mammalian target of rapamycin complex 2

(mTORC2) (29). Activated AKT drives cell survival, proliferation, growth, angiogenesis, and



metabolism by phosphorylating downstream signaling proteins, which include inhibitory
phosphorylation of GSK3p, FOXO, BAD, p21, p27, and PGC1, and activating phosphorylation
of mammalian target of rapamycin complex 1 (mTORCI1), IKK-B, MDM2, ENTPDS,
SREBPIC, AS160, and SKP2 (29, 30). AKT promotes cell cycle progression and proliferation
by directly inhibiting p21 and p27 and alleviating GSK3B-induced cyclin D1 degradation.
Moreover, inhibition of GSK3[ has been shown to prevent the degradation of B-catenin, which
can further stabilize cyclin DI mRNA and promote G;-phase/S-phase progression (30, 31).
Activation of AKT also helps evade apoptosis directly by phosphorylation of the pro-apoptotic
protein BAD (32). In this regard, it is not surprising that re-expression of WT PTEN in PTEN

null prostate cancer cell lines leads to apoptosis (33).

AKT directly activates the mTOR pathway by phosphorylating TSC2, which dismantles
the TSC1/TSC2 complex that normally inhibits Rheb. Rheb, now free from TSC1/TSC2
inhibition, can stimulate the phosphotransferase activity of mTORCI1 (34). AKT may also
activate mMTORCI1 by phosphorylating and inhibiting PRAS40, a negative regulatory subunit of
the mTORCI1 complex (29, 35). Active mTORCI1 phosphorylates p70 ribosomal protein S6
kinase (S6K) and 4E-binding protein (4EBP1), which in turn initiates cap-dependent protein
translation (36). Therefore, as a consequence of PTEN inactivation, PI3K/AKT/mTOR pathway
activation leads to enhanced translation of mRNAs involved in protein synthesis, cell growth and

proliferation.

Interestingly, mTORCI signaling also triggers a negative feedback loop that inhibits the

PI3BK/AKT pathway. This occurs through the phosphorylation and degradation of insulin



receptor substrate 1 (IRS1), a crucial effector of insulin signaling, by S6K (37, 38). Conversely,
inhibition of mTORCI1 results in hyperactivation of the PI3K/AKT pathway, as well as increased
signaling through the Ras/MAPK pathway. The growth factor receptor GRB10 is a novel
mTORCI1 substrate that mediates feedback inhibition of the PI3K/AKT and Ras/MAPK
pathways by direct inhibition of IRS proteins (39, 40). In contrast, PTEN loss can reverse
mTORCI1-mediated negative feedback inhibition of the PI3K/AKT/mTOR pathway by activating
both the upstream and downstream arms of the PI3K/AKT/mTOR pathway. Therefore, effective
inhibition of tumors with PTEN loss will require inhibition of both mTORCI1 and other signaling

molecules upstream in the pathway, including PI3K and AKT.

PTEN and metabolism

Recent studies have suggested that metabolic reprogramming is a requirement for the rapid cell
proliferation of cancer cells. As opposed to differentiated and non-proliferating cells, which
primarily utilize mitochondrial oxidative phosphorylation to generate the ATP needed for
cellular processes, rapidly proliferating cells, including stem cells and cancer cells, tend to
convert most glucose to lactate, even in the presence of oxygen, through aerobic glycolysis and a
phenomenon known as the Warburg effect (41). In this way, cancer cells exhibit high rates of
glycolysis with increased glucose and glutamine uptake and lactate production, as well as
increased biosynthesis of lipids, amino acids, and nucleic acids, macromolecules that are needed

to compensate for anabolic growth (42).



The PI3K/AKT pathway plays a key role in the regulation of glucose metabolism given
its position downstream of the insulin receptor. The PI3K/AKT pathway enhances insulin-
mediated glucose uptake and membrane translocation of the glucose transporter GLUT1, which
has been positively correlated with higher tumor grades and Gleason scores (43), by way of
mTORCI1 activation and cap-dependent translation (44), and GLUT4, by way of inhibition of
AS160 (45). As PI3K/AKT signaling leads to increased production of HIFla (46, 47), a
transcription factor that regulates the transcription of the Glut-1 gene (48), it is likely that both
the PI3K/AKT pathway and HIFla activation contribute to higher levels of GLUTI and
enhanced glucose uptake (49). Increased HIFla expression also upregulates expression of
vascular endothelial growth factor (VEGF), a potent stimulator of angiogenesis that may further
promote tumor metabolism by facilitating access to nutrients in the blood (50). Conversely,
stimulation of the PI3K/AKT pathway blocks gluconeogenesis by preventing both FOXO and
PGCla activation (51, 52). AKT may indirectly activate glycolysis as well by directly
phosphorylating PKF2, whose product, Fru-1,6-P2, is a potent allosteric activator of the
glycolysis rate-controlling enzyme PFK1 (28, 53). A recent study using siRNA mediated gene
silencing in metastatic prostate cancer cell lines revealed that PFKFB4, an isoform of PFK2 that
is required for glycolysis, is essential for survival of prostate tumor cells, and that ablation of

PFKFB4 inhibits tumor growth in a xenograft model (54).

In comparison to other epithelial cancers, primary prostate cancers are less glycolytic
and, therefore, not sensitive to FDG-PET imaging until reaching the metastatic stage (55, 56). On
the other hand, prostate cancer is known to be lipogenic, and C-11-acetate and F18-choline have

been used, although in limited scale, in prostate cancer imaging (55, 57). Recent studies suggest



that the PI3K/AKT pathway can regulate lipid metabolism as well to further promote anabolic
growth through the Warburg effect. Upon PTEN loss and through inhibition of GSK3(, the
PI3K/AKT axis activates the transcription factor SREBP1C, which in turn transcribes genes
involved in cholesterol and fatty acid biosynthesis (58, 59). PTEN has also been shown to
regulate the synthesis of long chain saturated fatty acids by inducing the downregulation of fatty
acid synthase (FAS), a lipogenic enzyme overexpressed in many human cancers, including
prostate cancer, in a lipid-phosphatase dependent manner (60). Therefore, PTEN loss in prostate
cancer cells may increase FAS protein expression, which is elevated in tumors with a poor
prognosis (61). Collectively, these data indicate that both upstream and downstream components
of the PTEN regulated PI3K/AKT/mTOR pathway are involved in the metabolic reprogramming
required to sustain the rapid growth and proliferation of tumor cells by 1) increasing glucose

metabolism via aerobic glycolysis and 2) promoting macromolecule biosynthesis via lipogenesis.

The recent creation of a mouse model with global PTEN overexpression, the “Super-
PTEN” model, has demonstrated that PTEN elevation at the organism level results in diminished
glucose and glutamine uptake and increased mitochondrial oxidative phosphorylation, resulting
in a reversion to a more healthy metabolism (62). PTEN elevation in this model coordinates this
metabolic shift by negatively regulating both PI3K/AKT-dependent pathways, such as mTORCI
activation of PKM2, a controller of glycolytic flux (63), and PI3K/AKT—independent pathways,
such as degradation of PFKFB3, a key regulator of glycolysis (64), through APC/Cdhl
activation (62). Interestingly, these “Super-PTEN” mutants are resistant to oncogenic
transformation, demonstrating that inhibition of the metabolic reprogramming to aerobic

glycolysis through PTEN expression or inactivation of the PI3K/AKT pathway may be sufficient



to obstruct tumor propagation (62). These outcomes suggest that PTEN elevation may indeed be

an attractive option for cancer prevention and therapy.

PTEN in the Nucleus

It was initially assumed that PTEN is exclusively localized in the cytoplasm. However, following
the discovery that PTEN contains dual nuclear localization signal-like sequences (65), it has been
well recognized that PTEN can localize to the nucleus, and recent studies have illustrated the
important functions of nuclear PTEN in regulating cell cycle progression and genomic integrity.
Indeed, not only is there a marked reduction in nuclear PTEN in rapidly cycling cancer cell lines
in comparison to resting or differentiated cells (66-69), but absence of nuclear PTEN has also

been associated with reduced overall survival in prostate cancer patients (70).

Oxidative stress is one of the physiological stimuli that regulates the accumulation of
nuclear PTEN (71). Oxidative stress inhibits PTEN nuclear export, a process dependent on
phosphorylation at Ser380. Nuclear PTEN, independent of its phosphatase activity, can regulate
p53 stability and transcriptional activity (72, 73), leading to p53-mediated G; growth arrest, cell
death and reduction of reactive oxygen species (ROS) production (71). Nuclear PTEN is also
sufficient to reduce human prostate cancer xenograft growth in vivo in a p5S3-dependent manner
(71), suggesting a unique role of nuclear PTEN to arrest and protect cells following oxidative

damage and to regulate prostate cancer development.



Nuclear PIP3, unlike cytoplasmic PIP3, is insensitive to the lipid phosphatase activity of
PTEN, implying nuclear functions for PTEN beyond its role as a negative regulator of the
PI3K/AKT pathway (74). This is at odds with another finding that forced nuclear expression of
PTEN can reduce nuclear levels of P-AKT, although it was not demonstrated whether this
mechanism occurred through a PI3K-dependent or independent pathway (75). One proposed
function of PTEN in the nucleus is to induce G; cell cycle arrest in part by reducing cyclin D1
levels through its protein phosphatase activity (76), or through controlling MAPK signaling (77).
Nuclear PTEN maintains chromosomal stability by physically associating with centromeres
through docking onto CENP-C, a centromeric binding protein (78). Moreover, nuclear PTEN,
through a phosphatase-independent mechanism, enhances DNA repair through increasing the
activity of RADS51, a protein implicated in double strand break (DSB) repair (78). Not
surprisingly, PTEN-null cells develop spontancous DNA DSBs at a higher rate (78).
Cytoplasmic PTEN can also contribute to DSB repair by inhibiting AKT-dependent
sequestration of the cell cycle regulator CHK1 in the cytoplasm (79). In this fashion, PTEN helps
maintain the G»/S cell cycle checkpoint, and likewise prevents genomic instability and DSBs. As
PTEN loss leads to homologous recombination defects in human tumor cells through
downregulation of RAD51 and CHK1 in the nucleus, tumor cells display increased sensitivity to
inhibitors of the PARP (80-82). These findings provide evidence for the use of PARP inhibitors
in patients with PTEN deficient prostate cancer. However, a recent study of clinical prostate
cancer specimens suggests that PTEN loss is not associated with reduced RAD51 mRNA or
protein expression in primary prostate cancer, and that PTEN-deficient cells only exhibit mild
sensitivity to PARP inhibition, casting doubt on whether PTEN is a useful biomarker for

response to PARP inhibitors in prostate cancer (83).
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Nuclear PTEN directly increases the anti-tumor and E3 ligase activity of APC/C
through a phosphatase independent mechanism by promoting the association of APC/C with its
activator CDHI1 (84). The APC/C-CDH1 complex contains tumor suppressive activities that
degrade oncogenic proteins such as PLK1 and Aurora kinases (85, 86). In this regard, combining
PLK and Aurora kinase inhibitors with PI3K/AKT inhibitors may provide increased efficacy in
treating PTEN-deficient prostate cancer. Altogether, these findings suggest that the tumor
suppressive functions of PTEN are in part due to its functions within the nucleus. New insights
into the regulation of PTEN subcellular localization and the functions of PTEN in the nucleus

may shed light on novel biomarkers and therapeutics for the treatment of prostate cancer.

PIBK/AKT/mTOR-independent Functions of PTEN

Although most phenotypes associated with PTEN loss can be accounted for by the activation of
the PI3K/AKT pathway, transgenic models with prostate-specific overexpression of p110f or a
constitutively active form of AKT develop only localized, pre-cancerous PIN lesions, suggesting
that PTEN possesses other tumor suppressor functions independent of the PI3K/AKT pathway
(87-89). Similarly, while conditional deletion of p//0f or Rictor, in addition to Pten conditional
deletion, prevents the progression of tumor development from PIN to adenocarcinoma, they do

not completely prevent prostate cancer initiation (90, 91).

One example of a PI3K/AKT/mTOR-independent mechanism of PTEN regulation is the

interaction between PTEN and p53 (92). While PTEN inactivation is known to increase the
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expression (93) and activation of the p53 repressor MDM?2 (94) by a PI3K/AKT-dependent
pathway (95) and upregulate p53 through translational mechanisms mediated by mTORC1 (96,
97), the PTEN C2 domain, which lacks phosphatase activity, can also regulate cell motility (98).
Interestingly, the same C2 domain interacts directly with p53 in a phosphatase-independent
manner to enhance p53-mediated cell cycle arrest and apoptosis by promoting the stabilization,
acetylation, and tetramerization of p53 (71, 72, 99). Conversely, p53 can also regulate PTEN at
the transcription level (100). In the Pten-null mouse model, deletion of p53 accelerates Pten-null
prostate cancer by reducing cellular senescence (101). Concomitant mutations of PTEN and p53
have been detected within individual human tumors, supporting a selective advantage for
combined inactivation of both tumor suppressors. However, whether the cooperation of PTEN
and p53 loss in overriding cellular senescence promotes human prostate cancer progression

needs to be further investigated.

PTEN can also regulate the expression of other tumor suppressors whose functions are
commonly lost as an early event in prostate cancer initiation, such as Nkx3.1 (102). Not only is
Nkx3.1 expression downregulated in the PTEN-null murine prostate cancer model, but forced
expression of Nkx3.1 in the PTEN-null prostate epithelium prevents prostate cancer initiation
and progression (102). Moreover, while a transcriptional profiling study has indicated that the
JNK pathway is activated following PTEN loss in an AKT-independent manner (103), a recent

report elucidated that JNK deficiency collaborates with PTEN loss in promoting CRPC (104).

Though the lipid phosphatase activity of PTEN is central to its role as a tumor suppressor,

other, phosphatase-independent functions of PTEN are also important. PTEN is a dual-
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specificity protein phosphatase with activity towards acidic substrates. PTEN is capable of
dephosphorylating phosphorylated serine, threonine, and tyrosine residues on peptide substrates
in vitro (105), as well as protein substrates such as FAK (106), CREB (107), eIF2 (108), and
SRC (109) in vivo, thereby directly inhibiting cell survival, proliferation and migration. The
activation of these PI3K/AKT-independent pathways after PTEN loss suggests that combining
PI3K/AKT inhibitors with inhibitors of these other pathways may improve efficacy in treating

patients with PTEN-deficient prostate cancer.

PTEN Regulation

Genetic Regulation

Germline PTEN mutations do not predispose men to prostate cancer (10, 11). However, the
10923 gene locus is a frequent target for somatic heterozygous deletion in primary, and, more
frequently, in metastatic prostate tumors, where loss of heterozygosity (LOH) is found in 20-
60% of tumors (110). However, the finding that the rate of PTEN LOH and mutations are far less
frequent than the detected rate of PTEN loss at the protein level suggests that other, non-genomic

alterations may occur that inactivate the second PTEN allele.

Epigenetic Regulation by DNA Methylation

Supporting its important physiological functions, PTEN is constitutively expressed in normal

tissues, including infant and adult human prostates. However, PTEN expression can be
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downregulated on many levels in various physiological settings. Epigenetic inactivation of the
PTEN promoter has been described in prostate cancer xenografts, where loss of PTEN protein is
a result of promoter methylation (111); however, this has yet to be shown in primary prostate
cancer specimens. Additionally, the zinc-finger transcription factor SALL4 represses PTEN
transcription in embryonic stem cells by recruiting an epigenetic repressor complex called the
Mi-2/NuRD complex to the PTEN locus (112). Despite these discoveries, epigenetic silencing of

PTEN in prostate cancer has not been demonstrated in the in vivo and clinical setting.

Transcriptional Regulation

Suppression of PTEN transcription may have an important and understated role in prostate
cancer initiation and progression. PTEN was originally cloned as a gene transcriptionally
regulated by transforming growth factor  (TGF) (4), which both suppresses and induces PTEN
expression depending on the activation status of the Ras/MAPK pathway. When Ras/MAPK is
activated, as is common in aggressive, late stage disease, TGFB suppresses PTEN expression
through a Smad4-independent pathway (113). Alternatively, when the Ras/MAPK pathway is
blocked, TGF induces PTEN expression through its canonical Smad-dependent pathway (114).
The Ras/MAPK pathway also suppresses PTEN levels through the transcription factor c-Jun
(115). Moreover, the MEK-JNK pathway suppresses PTEN transcription via activation of NF-
kB, which directly binds to and suppresses the PTEN promoter (116). Expression of PTEN is
also negatively regulated by the epithelial-to-mesenchymal transition (EMT) transcription factor
SNAIL, which is itself activated by PI3K/AKT and RAS/MAPK pathways (117-119). SNAIL

competes for binding to the PTEN promoter with p53, which is a transcriptional activator of
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PTEN and leads to activation of PTEN transcription during p53-mediated apoptosis (92).
Activated NOTCHI1 both positively and negatively regulates PTEN expression through MYC
and CBF1, respectively (120, 121). PTEN transcription can also be upregulated through several
other transcription factors, including PPARY (122) and EGR1 (123), as well as downregulated
by BMII (124), which regulates prostate stem cell self-renewal and malignant transformation
(125). All in all, transcriptional control of PTEN lies within a network of tumor suppressors and
oncogenes controlling various signaling and development programs within normal and cancerous

prostate cells.

Post-transcriptional Regulation

PTEN mRNA is also post-transcriptionally regulated by PTEN-targeting microRNAs (miRNAs),
a class of endogenous 20-25 nucleotide non-coding RNAs that repress mRNA translation
through imperfect base pairing between the seed sequence of the miRNA and the complementary
seed match sequence in the 3 untranslated region of the target mRNA (126). A number of
miRNAs have been reported to promote tumorigenesis by downregulating PTEN expression. For
example, miR-22 and the miR-106b-25 cluster, both PTEN-targeting miRNA loci, are aberrantly
over-expressed in human prostate cancer, and are capable of initiating prostate tumorigenesis in
vitro and in vivo (127). The identification of these and other prospective PTEN-targeting
miRNAs in serum of prostate cancer patients may be valuable as surrogate markers for PTEN-
status, and hence could correlate with both disease progression and the potential efficacy of

PI3K/AKT inhibitor treatment.
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In a newly emerging field of research, the PTEN pseudogene 1 (PTENP1) was found to
influence PTEN expression through a coding-independent function, uncovering a new
mechanism of gene regulation (128). Since the PTENP1 mRNA transcript shares vast homology
with PTEN mRNA, PTENP1 acts as a decoy for PTEN-targeting miRNAs, and can thereby
sequester and inhibit the negative regulatory effects of miRNAs on PTEN expression (129).
PTENPI can, therefore, be considered a competing endogenous RNA, or ceRNA. Recent
research has uncovered a large network of ceRNA transcripts in prostate cancer that can control
PTEN expression by blocking the action of PTEN-targeting miRNAs. These discoveries fortify
the existence of a large and complex PTEN tumor suppressor network that can be regulated by
coding and non-coding RNAs, and can be used to explain the observance of partial or incomplete

PTEN inactivation in human prostate cancer (130-132).

Post-translational Regulation

PTEN stability is regulated by various post-translational modifications. When inactivated, PTEN
is phosphorylated at various serine and threonine residues on its C-terminal tail, which, in turn,
increases PTEN stability (133-135). This C-terminal phosphorylation results in a more stable yet
“closed” state of PTEN, which reduces its plasma membrane localization (136) and its ability to
form a complex with PDZ domain-containing proteins (135), thereby reducing its PIP3 lipid
phosphatase activity (137-139). As PTEN is activated, dephosphorylation of its C-terminal tail
opens its phosphatase domain, increasing PTEN activity and enhancing its interactions with
binding partners, but in turn making PTEN increasingly unstable (140). Also located in the C-

terminal tail, Ser370 can be phosphorylated by a downstream effector of SRC, CK2 (141), while
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Thr366 appears to be phosphorylated by GSK3[ (142); however, the function of phosphorylation
at these sites still remains unclear (143). The targeting of PTEN to the plasma membrane can
also be orchestrated through phosphorylation at Ser 229 and Thr321 on its C2 domain by the
protein kinase ROCK (144-146). Tyr336 of PTEN can also be phosphorylated by RAK, which
can act as a tumor suppressor in its own right by regulating PTEN stability and function (147).
Future research may unveil other known and unknown kinases that are capable of

phosphorylating PTEN and thereby regulate specific PTEN functions.

The open state of PTEN is also more prone to ubiquitin-mediated proteasomal
degradation. Lysl3 and Lys289 are conserved sites for PTEN ubiquitination, and
monoubiquitination is necessary for the movement of PTEN from the cytoplasm to the nucleus
(75). NEDD4-1 is a recently identified E3 ligase of PTEN that induces both PTEN mono- and
poly-ubiquitination (148). However, NEDD4-1 knockout mice contain no differences in the
expression level and subcellular localization of PTEN, hinting that other E3 ligases may be
involved in the regulation and localization of PTEN (149). Along these lines, two other E3

ligases, XIAP and WWP2, have been proposed to mediate PTEN ubiquitination (150, 151).

Similar to other phosphatases, the cysteine residues in the bottom of the PTEN catalytic
pocket are very sensitive to oxidation (152). The catalytic activity of PTEN is attenuated by
reactive oxygen species (ROS) through the development of a disulphide bond between Cys71
and Cys124 that is induced during oxidative stress (153, 154). Furthermore, PTEN can also be
acetylated at Lys125 through Lys128 by PCAF and at Lys402 by CBP, inhibiting its catalytic

activity while facilitating interactions with PDZ domain-containing proteins (155). Finally, other
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forms of PTEN redox regulation have been suggested by research demonstrating the inactivation
of PTEN through nitrosylation of cysteine residues in its phosphatase domain (156). Together,
these findings highlight the potential to manipulate mechanisms of PTEN post-translational

modifications for use as therapeutics to enhance the tumor suppressive functions of PTEN.

Protein-Protein Interactions

A number of PTEN interacting proteins regulate the tumor suppressive abilities of PTEN by
altering its conformation, stability, and subcellular localization. PTEN contains a 3 amino acid
C-terminal region that binds to PDZ domain-containing proteins, and these PDZ domains are
involved in multi-protein complex assembly (134, 157). Indeed, the PDZ domain of PTEN
mediates interactions with NHREF, which binds to and recruits PTEN to PDGFR to inhibit the
activation of the PI3K-AKT pathway (158). The PTEN PDZ-binding domain binds to several
other proteins, including MAGI-2 and MAST205, which appear to enhance the stabilization of
PTEN (157, 159, 160). As PTEN can be found in high molecular mass complexes through size-
exclusion chromatography, it was hypothesized that the PDZ binding domain may be required
for such complex formation (161). However, mutagenesis studies demonstrated that neither
PTEN’s catalytic activity nor its PDZ binding domain are absolutely required for its complex
formation. Instead, PTEN phosphorylation status has a significant role in its complex assembly
(162). Using two-dimensional gel electrophoresis and mass spectrometry analysis, hnRNPC was
identified as a novel PTEN interacting protein (162). Indeed, PTEN and hnRNPC are co-

localized in the nucleus and may be involved in RNA regulation (162, 163).
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Additional proteins are capable of binding to other domains on the PTEN protein. PICT-1
interacts with PTEN by binding to and promoting phosphorylation of the C-terminal tail,
conferring PTEN stabilization (164). Through a yeast two-hybrid screen, B-arrestin was
identified as a PTEN binding partner, binding to PTEN’s C2 domain (165). When PTEN is
dephosphorylated at Thr383, this increases the binding affinity of B-arrestin to PTEN, which in
turn allows PTEN to negatively regulate cell proliferation through its lipid phosphatase activity,
as well as enhance cell migration by reversing the inhibitory effect of the C2 domain (165).
Furthermore, PTEN can directly interact with the regulatory subunit of PI3K, p85, which
increases its lipid phosphatase activity and subsequent capability of downregulating the PI3K-
AKT pathway (138, 166). Therefore, p85 can regulate the PI3K/AKT pathway by both
negatively regulating PI3K through direct binding to its catalytic subunit, p110, and by positively
regulating PTEN activity. Under oxidative stress conditions, DJ-1, which was identified in
Drosophila melanogaster, can also directly bind to PTEN, an action that is associated with
increased P-AKT levels (167, 168). Recent screens have identified novel PTEN regulators,
including PREX2a (169) and SIPL1 (170), which bind to PTEN directly and inhibit its
phosphatase activity against PIP3. MAN2CI also binds to PTEN and inhibits its function in both
prostate cancer cell lines and primary human prostate tumors (171). Intriguingly, one study
found that, of 60% of primary human prostate tumors that were PTEN-positive, 80% displayed
overexpression of MAN2C1, uncovering a possible new mechanism of PTEN downregulation
without genomic loss of PTEN (171). Despite the discovery of various PTEN protein-binding
partners, further investigation is necessary to understand the physiological and clinical relevance

of these interactions.
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Subcellular Localization

The function of PTEN is also regulated by its subcellular localization. At the plasma membrane,
PTEN can regulate directional chemotaxis. PTEN recruitment to the plasma membrane relies on
electrostatic interactions with acidic lipids in the membrane, such as phosphatidylserine, PIP2,
PIP3, and phosphatidic acid (172), as well as additional protein-protein interactions (140, 173).
PTEN interacts with several membrane-anchored proteins in its dephosphorylated form,
including MAGI-2 (157), MAST205 (159), hDLG (135), MVP (174), PDGFR and NHERF
(158), which are thought to be potentially part of a larger PTEN complex, via its C-terminal PDZ
domain. NEP has been shown to recruit PTEN to the plasma membrane, which in turn enhances
its catalytic activity and subsequently hinders AKT activity (175). Similarly, the motor protein

myosin V regulates the migration of PTEN to the membrane by directly binding to PTEN (176).

PTEN is predominantly localized to the nucleus in differentiated and resting cells in
comparison to rapidly cycling cancer cells (68). The nuclear localization of PTEN is also
dependent upon the cell cycle stage, with nuclear PTEN levels highest at the G, phase and lowest
at the S phase (67). While some studies have shown that PTEN nuclear localization is dependent
upon noncanonical nuclear localization sequences on PTEN and major vault protein-mediated
nuclear transport (65), others have shown that nuclear localization of PTEN occurs through
passive diffusion through the nuclear membrane (177). It has been further suggested that PTEN
contains a type of cytoplasmic localization signal (CLS) in its N-terminal region that, when
mutated, induces the nuclear import of PTEN (178). Other so-called nuclear exclusion motifs

and NLS sequences have been identified that control PTEN localization through a RAN-
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dependent mechanism (179); however, how they regulate the shuttling of PTEN between the
nucleus and the cytoplasm is not understood. More conclusively, PTEN monoubiquitination by
the E3 ligase NEDD4-1 induces the nuclear localization of PTEN (148), while the deubiquitinase
HAUSP controls PTEN deubiquitination and nuclear exclusion (180). Oxidative stress induces
the accumulation of PTEN in the nucleus, where it associates with p53 to trigger cell cycle arrest
and reduce ROS (71). Nevertheless, mechanisms involved in the nuclear export of PTEN are still
waiting to be uncovered. The use of models utilizing PTEN proteins with mutations that disrupt
PTEN localization but maintain PTEN phosphatase activity may provide new understandings

into the role of nuclear PTEN.

PTEN Loss as a Biomarker for Human Prostate Cancer

Despite recent and past findings firmly establishing loss of PTEN as one of the most common
somatic genetic alterations in prostate cancer, prostate cancer specimens are not routinely
screened for PTEN loss in the clinical setting. Fluorescence in situ hybridization (FISH) has
been used to identify genomic PTEN loss, which is found in 9-23% of high-grade prostatic
intraepithelial neoplasia (PIN) lesions (181, 182) and 10-70% of prostate cancers (12, 13, 183-
187), and is correlated with an overall poor prognosis (22, 70, 187-190). Loss of PTEN
expression in the cytoplasm as well as in the nucleus, as determined by FISH and
immunohistochemistry (IHC) analysis, is independently associated with decreased disease
specific survival (70, 191). Part of the reason for these variations may be due to the subjective
nature and tediousness of counting the number of fluorescent signals and positive antibody stains

relative to control signals and stains to quantify PTEN expression. FISH analysis also lacks the

21



sensitivity to identify minor mutations/perturbations in the PTEN gene locus, as well as other
epigenetic and post-transcriptional changes that may influence PTEN expression (13, 192).
Moreover, current research, through the use of “break apart” FISH technology, has revealed that
gross chromosomal rearrangements of the PTEN locus occur in prostate cancer, which could
very well explain the absence of PTEN expression in tumors designated as harboring genomic

loss of one PTEN allele using conventional single probe FISH (193).

Despite discrepancies in reported rates of genomic PTEN loss, a general finding of these
studies is that loss of one PTEN allele is significantly more frequent than loss of both PTEN
alleles, although homozygous deletions are associated with advanced disease and metastasis
(194, 195). Haploinsufficiency for PTEN, as well as inactivation of the second PTEN allele
through non-genomic alterations, may explain why heterozygous PTEN deletions outnumber
homozygous PTEN deletions in human prostate cancer and also result in poor outcomes (181,
187, 196). Indeed, nearly 70% of primary human prostate tumors do not contain inactivation of
both copies of PTEN (101). In terms of disease progression, the frequency of PTEN loss is higher
in surgical cohorts enriched for high Gleason grades and aggressive disease stages (189). PTEN
loss is more common in hormone refractory and metastatic prostate cancer than in hormone
dependent primary tumors, with homozygous PTEN loss in 10% and 50% of hormone dependent
and metastatic’hormone refractory cases, respectively (70, 181, 182, 186-188, 190, 197, 198).
Therefore, PTEN could serve as a prognostic marker for hormone refractory and metastatic
disease. PTEN genomic loss is also associated with the TMPRSS2-ERG fusion (22, 182), and
recent reports have concluded that these events cooperate to stratify patients with a poorer

prognosis in the clinic (189). A close association between PTEN loss and therapeutic resistance,
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as demonstrated by a decreased time to biochemical recurrence after radical prostatectomy,

adjuvant docetaxel treatment, and radiotherapy, has also been observed (70, 187, 188, 199, 200).

The possibility that FISH and other genomic analyses may fail to detect some cases of
PTEN inactivation calls for alternative methods to detect PTEN loss. Considering the role of
post-transcriptional and post-translational modifications in PTEN protein expression and
subcellular localization as discussed above, quantification of PTEN protein levels using
immunohistochemistry (IHC) may be a better indicator of PTEN expression. In a recent study
using a rabbit monoclonal antibody against PTEN for IHC analysis, PTEN protein loss was
detected in 75%-86% of samples with genomic PTEN loss, and was even discovered at times in
the absence of genomic PTEN loss (191). Interestingly, 45% and 37% of tumors with PTEN
protein loss did not show genomic deletions measureable by FISH or SNP microarray analysis,
respectively, further suggesting that alternative mechanisms of PTEN inactivation exist beyond
the genomic level (191). Moreover, IHC analysis has correlated PTEN protein loss with high
Gleason scores, as well as decreased time to metastasis in a cohort of patients having undergone
surgical resection (191). Other studies using large prostate cancer cohorts combining genomic
analysis, through comparative genomic hybridization (CGH) and whole-exome sequencing, and
transcriptosome analysis have uncovered frequent alterations of the PI3K/AKT pathway in
prostate cancer (22-24), which correlated with 42% and 100% of human primary and metastatic
prostate cancer, respectively, as well as high-risk disease (22). Using network component
analysis, 20 transcription factors have been identified whose activities, as deduced from their
target gene expression, are immediately altered upon the re-expression of PTEN in a PTEN-

inducible system (201). Notably, the activity of these transcription factors can be used to predict
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PTEN functional status in human prostate, breast and brain tumor samples with increased
reliability when compared to basic expression-based analysis (201). With improved mechanisms
for detecting PTEN functional status, PTEN loss could be used not only as a prognostic
biomarker for men with prostate cancer, but also as a potential predictive marker to identify

patients who could benefit from emerging PI3K/AKT pathway therapies.

PTEN in Prostate Cancer Initiation, Progression, CRPC, and Metastasis

Mouse Models of Prostate Cancer

Prostate cancer research has been limited, in part, by the lack of animal models that develop
spontaneous prostate tumors in a manner that mimics human prostate cancer. Mouse xenograft
models reconstituted from primary human metastatic prostate cancer cells and cell lines have
been developed and used extensively in research as preclinical models. However, these xenograft
models cannot be used for studying the underlying mechanisms involved in prostate cancer
initiation and progression since they are derived from late stage disease. Moreover, many of the
key features of the disease, especially the resident tumor microenvironment and the stromal and
immune cells that occupy it, are lacking in this immune incompetent system and, therefore,
engrafted tumors cannot recapitulate the whole spectrum of human prostate cancer (202).
Genetically engineered mouse (GEM) models of prostate cancer have advanced significantly
over the past decade (203-207), and the strong implication of PTEN loss in prostate cancer
progression in humans has prompted the expansion of GEM models based on PTEN inactivation.

Greater knowledge of the role of PTEN loss as an individual and cooperative agent in prostate
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cancer development, including initiation, progression and invasion, castration-resistant prostate
cancer (CRPC), and metastasis, has been uncovered using mouse models that recapitulate the

human disease through genetic loss of the murine homolog of the Pten gene (Fig. 1).

PTEN Dosage in Mouse Models of Prostate Cancer

PTEN dosage appears to be an important determinant in the development of many epithelial
cancers, as demonstrated in various mouse models of Pfen loss (208). In the prostate, a
hypomorphic PTEN allele, which leads to approximately 20% reduction of PTEN levels, shows
no sign of neoplastic lesions in the prostate epithelium, while conditional or conventional
deletion of one Pten allele causes a 50% reduction of PTEN levels and leads to pre-cancerous
PIN lesions but not cancer, indicating that inactivation of one allele of Pren is sufficient to
initiate tumorigenesis but not tumor progression (72, 209-213) . Interestingly, by combining a
hypomorphic allele with a knockout allele, and thereby reducing PTEN levels by 70-80%, these
mice progress to invasive adenocarcinoma of the prostate (211), indicating that a more profound
downregulation of PTEN is needed for cancer progression to occur in the prostate (214). These
findings counter the canonical “two-hit hypothesis” of cancer, and suggest that slight variations
in PTEN expression, induced through genetic alterations as well as non-genetic changes in PTEN
expression, are able to recapitulate varying stages of prostate tumor initiation and progression
(215). Despite the evidence for PTEN haplosufficiency in the mouse, evidence for this in humans

still remains to be determined.
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Figure 1. Pten knockout mouse models of prostate cancer. Pten heterozygous (Pten” 7) or homozygous (Pten'/ .
) loss, alone or in combination with other pathway alterations, is able to recapitulate all stages of human prostate
cancer, including initiation (PIN), cancer progression/invasion, CRPC, and metastasis. Studies in these murine
models provide credence for the use of PI3K/AKT/mTOR, AR, and Ras/MAPK inhibitors for the treatment of
metastatic CRPC. In the figure, gray squares represent luminal cells, while green ovals represent basal cells. Cx,
castration, PIN prostatic intraepithelial neoplasia, LN lymph nodes, Mets, metastases, WT wild type, CRPC

castration-resistant prostate cancer.

Phenotypes associated with homozygous deletion of Pten in the prostate epithelium

A number of studies have been performed through the use of conditional mutants with prostate-

specific deletion of one or both Pren alleles (208, 210-212, 216-218). Conditional homozygous

Pten deletion (Pten™) driven by the PB-Cre4 promoter results in invasive adenocarcinoma in
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100% of mice at 9-12 weeks (212). Importantly, the Pten” prostate cancer model mimics the
course of human prostate cancer formation, progressing from hyperplasia to PIN to invasive
adenocarcinoma with defined kinetics (212). Interestingly, homozygous deletion of other tumor
suppressors in the murine prostate, including p353 (219), retinoblastoma (Rb) (220), and Nkx3.1
(221), leads to PIN lesions but never an adenocarcinoma phenotype, solidifying the importance
of PTEN function in the prostate gland. Moreover, although Pten-null tumors are initially
responsive to androgen ablation, eventually the animals will develop CRPC, as is commonly
seen in human prostate cancer (212). Pten homozygous deletion driven by other promoters in the
mouse, including PSA“, MMTV", and Nkx3.1<“*®2) also results in the development of

invasive adenocarcinoma, albeit over a longer latency (222-225).

Compound Pten Knockout Transgenic Mouse Models of Prostate Cancer

Pten loss combined with alterations in other tumor suppressors

Several studies carried out with compound transgenic mice have shown that monoallelic or
biallelic deletion of tumor suppressor genes such as Nkx3.1 (226, 227), p27°"' (228), and p53
(101) can cooperate with Pten loss in promoting prostate cancer (Fig. 1). While loss of a single
allele of Nkx3.1 (221, 229) and p27°""! (230), both of which occurrences have been implicated in
advanced stage prostate cancer and poor disease-free survival in humans (231, 232), is sufficient
to promote prostate cancer initiation and PIN lesions, concomitant loss of Pten is needed to
promote prostate tumorigenesis and cancer progression (208, 227, 228, 233). Moreover, while

the TRAMP mouse model alone, which contains inactivation of the p53 and Rb tumor suppressor
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genes through expression of the large/small SV40 tumor T antigens under the probasin promoter,
is capable of inducing the development of aggressive prostate tumors (206), loss of
heterozygosity of Pten in TRAMP mice demonstrated an increased rate of tumor development,
with a subsequent decrease in overall survival from 245 days to 159 days (234). In the same way,
conditional ablation of one or two alleles of p53 leads to the development of PIN lesions, while
Pten”";p53" double mutants exhibit invasive prostate cancer as early as two weeks after puberty
that is invariably lethal by 7 months of age (101, 235). Also, deletion of Smad4, a tumor
suppressor known to regulate the TGF-[3 signaling pathway, cooperates with Pten deletion in the
prostate to enhance tumor cell proliferation and drive invasion to produce fully penetrant prostate
cancer and metastases to the lymph nodes and lungs (236). Finally, combining Pften and p53 loss
with loss of Smad4 or reactivation of murine telomerase (mTerf) produces prostate cancer
metastases in the bone (237), indicating that additional pathway alterations are necessary to drive
prostate tumor cells to form metastases in the microenvironment of the bone, an important

feature of human prostate cancer.

Pten loss combined with alterations in oncogenes and oncogenic signaling pathways

Activation of oncogenes and oncogenic signaling pathways cooperates with PTEN loss to
promote invasive prostate cancer. In prostate cancer, the ERG gene is frequently translocated to
the TMPRSS2 promoter region, with the resulting 7TMPRSS2-ERG fusion protein expressed in
50% of human prostate cancer specimens (238-240). Whereas mice expressing TMPRSS2-ERGa
under the control of the ARR2Pb promoter only develop PIN lesions (239), this translocation

collaborates with Pten haplosufficiency to cause invasive adenocarcinoma of the prostate (241).
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Similarly, cooperation between FGF8b overexpression and Pten haplosufficiency in a murine
model leads to adenocarcinoma of the prostate, as well as lymph node metastases, in comparison
to FGF8b overexpression alone, which leads to only hyperplastic and PIN lesions (242). The
8924 chromosomal region comprising the MYC oncogene is somatically amplified in a cohort of
advanced human prostate tumors (243). While mice engineered to express high levels of human
c-Myc in the prostate (PB-Cre4 Myc") develop invasive adenocarcinomas with 100% penetrance
(244), focal expression of c-Myc specifically in luminal epithelial cells of the prostate of mice
(PB-Cre4 Z-Myc) results in only a mild pathology (245). However, when combined with deletion
of Pten, PB-Cre4 Z-Myc mice develop high grade PIN and prostate cancer (245). Although
further investigation is needed to fully understand the synergistic effect of c-Myc activation and
Pten loss in prostate cancer, evidence from this study and others suggests that loss of Pten may
have differential effects depending on the cell types and regions/lobes/zones of the prostate
where genetic deletion occurs. With the advent of cell type specific promoters in the prostate,
future murine models will be able to tease out the effects of PTEN loss in specific cells in the
prostate. For now, these models confirm that concomitant loss of Pten and genetic activation of
oncogenes such as ERG, FGF8b, and Myc accelerate initiation and progression in human

prostate cancer (Fig. 1).

Pten loss combined with alterations in inflammatory pathway regulators

Various lines of evidence suggest that chronic inflammation is linked to prostate tumorigenesis
(246-248). Indeed, expression of specific cytokines can be used as a prognostic indicator of

biochemical recurrence in human prostate cancer (249). One of the most prevalent inflammatory
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mediators clearly implicated in prostate cancer is IL-6, a cytokine that has not only been
associated with tumor growth, proliferation, and angiogenesis in many cancers (250), but whose
high levels in the circulating plasma of prostate cancer patients have also been correlated with
advanced stages of the disease, therapeutic resistance, and an overall poor prognosis (251).
Although the foremost effect of IL-6 is activation of the JAK/STAT3 pathway (252), the
PI3K/AKT pathway can also directly activate and phosphorylate STAT3 at Ser727 (253), which
induces metastatic behavior of prostate cancer cells both in vitro and in vivo through stimulation
of angiogenesis and suppression of antitumor immune responses (254). While transgenic mice
that constitutively express Stat3 under the control of the ARR2Pb promoter develop only PIN
lesions, when crossed with Pren”” mice, the subsequent compound mutants develop invasive

prostate tumors (255).

Many inflammatory cytokines and chemokines promote tumor progression by
converging on and stimulating the IKK2/NF-kB signaling axis (256). The main function of IKK2
is the phosphorylation of IKB molecules, which act as inhibitors of NF-KB, thus rendering them
subject to degradation and allowing NF-KB to remain activated. Constitutive activation of the
transcription factor NF-KB in prostate cancer has been correlated with disease progression (257),
and inhibition of NF-kB activity in prostate cancer cells can suppress angiogenesis and
subsequent tumor invasion and metastasis by downregulating expression of downstream NF-kB
targets such as VEGF and MMP9 (258). Interestingly, while a mouse model containing a
constitutively active version of IKK2 alone is insufficient in promoting prostate tumorigenesis,
in combination with heterozygous loss of Pren, IKK2 activation leads to an increase in tumor

size, accompanied by increased inflammation (259). These studies demonstrate that
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inflammatory cytokines secreted from the stromal microenvironment of the prostate cooperate

with PTEN loss to drive epithelial prostate tumor cells towards invasive disease.

PTEN and Tumor Cell Migration and Invasion

As demonstrated in various models of conditional Pten deletion in the prostate, homozygous
Pten loss leads to progression from PIN lesions to invasive adenocarcinoma, a process that
requires disruption of the basement membrane and junctional integrity in epithelial acinar
structures to allow the invasion of tumor cells through the surrounding basement membrane and
into the stromal microenvironment (Fig. 1). PTEN and PIP3 play conserved roles in the
determination of cell polarity in diverse cell types. From data first obtained in Dictyostelium
discoideum (260-263), a unicellular amoeba, and later from neutrophils undergoing chemotaxis
(264, 265), enrichment of PIP3 at the leading edge of migrating cells and localization of PTEN in
the lateral and trailing edges of the cell has been observed. The PI3K pathway also promotes
membrane ruffling, cell motility, and cellular spreading through downstream effectors such as
RHO, RACI, and CDC42 (266). Consequently, forced expression of PTEN in tumor cell lines
inhibits tumor cell invasiveness in vitro and in xenografts in vivo through both phosphatase-
dependent (106, 267) and phosphatase-independent (98) mechanisms. In normal glandular
development, PTEN concentrates to the apical plasma membrane during epithelial
morphogenesis, where it catalyzes the conversion PIP3 into PIP2, which recruits ANX2, CDCA42,
and aPKC to the membrane to establish cellular polarity (268). In this regard, loss of PTEN
expression may block the development of the apical surface and lumen of epithelial structures.

Therefore, activation of the PI3K/AKT pathway upon PTEN loss may lead to the loss of
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epithelial features, and thereby increase the likelihood of cells developing the properties of
increased motility and invasive capacity through an epithelial-to-mesenchymal transition (EMT)
(124). In all, these findings raise the possibility that the considerable increase in the PTEN
mutation/deletion rate in metastatic tumors might result from a selective metastatic advantage

acquired through the loss of PTEN regulation of motility and invasion.

Pten Loss in Metastatic Prostate Cancer Mouse Models

It is clear from these models that Pten LOH is required for cancer progression and invasive
adenocarcinoma development, as well as CRPC upon androgen deprivation. Although biallelic
Pten deletion, alone or in combination with homozygous deletion of p53 (101, 235), Nkx3.1
(227), or Smad4 (236) or activation of FGF8b (242), does lead to the occurrence of small
micrometastases in the lymph nodes and lungs, it fails to produce significant metastatic burden,
particularly in the bone (212). Therefore, other genetic alterations and signaling pathway
abnormalities must collaborate with activation of the PI3K/AKT pathway to promote metastatic

prostate cancer to the bone.

Although Ras mutations (269-271) and Ras fusion events (272) in prostate cancer are
uncommon, strong evidence suggests that Ras/MAPK activation plays a substantial role in
human prostate cancer progression, particularly in metastasis and CRPC development. Indeed,
the Ras/Raf/MAPK pathway has been recently shown to be altered in 43% and 90% of primary
and metastatic lesions, respectively (22). P-MAPK levels, as assessed in tumor microarrays

(TMAs) from human prostate cancer samples, are significantly elevated in neo-adjuvant treated,
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recurrent, and CRPC patients as compared to benign prostatic hyperplasia (BPH) specimens,
corresponding with a significant reduction in PTEN expression (118). These findings have
prompted the development of two recent murine models of prostate cancer that combine
homozygous Pten loss with activation of the Ras/Raf/MAPK pathway: the
PbCre;Pten™";Kras®?”" model (118), and the Nkx3.1%""; Pter’’; Braf*"" model (273). In both
models, activation of the MAPK pathway through either Braf or Kras conditional overexpression
resulted in overt macrometastases to the lymph nodes, lungs, liver, and, importantly, the bone
marrow, in around 30% (273) and 100% (118) of cases, respectively. In the
PbCre; Pten™":Kras®"**"* model, treatment with a MEK inhibitor alone was able to fully ablate
metastatic spread to the lungs and other distant organs, implicating the RAS/RAF/MAPK

pathway as a driver of metastasis in Pfen-deficient prostate cancer (118). Interestingly, an EMT

L/L G12D/+

phenotype is also observed at the primary tumor site in the PbCre;Pten";Kras model
(118). As EMT has been postulated to play a critical role in the process of metastasis (274), this
new model provides a unique opportunity to study the impact of EMT in prostate cancer
metastasis in vivo in the context of Pfen loss and Ras/MAPK activation. With these novel
metastatic models of prostate cancer, a better understanding of the contribution of PTEN to the
metastatic cascade, including localized invasion, intravasation into the blood stream, survival as
circulating tumor cells (CTCs), extravasation out of the blood stream, and metastatic seeding to
distant organ sites, can be further uncovered. Overall, past and present murine models of prostate
cancer induced by Pten loss have demonstrated that loss of PTEN, to varying degrees and in
combination with other genetic alterations, can recapitulate the entire spectrum of prostate

cancer, from initiation (heterozygous Pfen loss), through progression (homozygous Pten loss),

and, finally, to metastasis (homozygous Pten loss and Ras/MAPK activation) (Fig. 1).
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PTEN and Castration-Resistant Prostate Cancer (CRPC)

Androgens are indispensable for prostatic glandular development and homeostasis and contribute
to prostate cancer development through activation of the androgen receptor (AR). Androgen
deprivation therapy remains the most common treatment for advanced prostate cancer. However,
therapeutic effects are short lived, and patients usually succumb to CRPC within 18-24 months,
leaving the disease essentially untreatable (275). New generation androgen deprivation therapies
(ADTs), such as abiraterone (276) and MDV3100 (277), that more effectively ablate androgen
production and AR signaling, are rapidly being developed and approved for patients with
metastatic CRPC. Similar to human prostate cancers, while castration initially results in massive
apoptosis of the prostate epithelium in the Pten-null murine model of prostate cancer, the ki67
proliferation index remains constant, indicating that a select population of cells remains resistant

to androgen withdrawal (212).

AR is expressed in CRPC and may function through autocrine signaling or crosstalk with
other pro-survival and proliferation pathways (278, 279), including the PI3K/AKT pathway,
which has been shown to induce AR expression in the absence of PTEN (280-282). Multiple
studies have found an association between the loss of PTEN and the development of CRPC (198,
212, 283, 284). Moreover, loss of PTEN and AR expression has been correlated clinically with
increased mortality in CRPC patients (190). aCGH analysis on metastatic prostate cancer
samples has also demonstrated frequent amplification of AR (73%), coinciding with aberrant

deletion of PTEN (87%) (285).
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While some studies have proposed that PTEN deletion activates AR through PI3K-
mediated stabilization of AR protein levels or AKT-mediated phosphorylation and activation of
the AR (228, 286, 287), other reports have revealed that PI3K/AKT pathway stimulation
promotes degradation of AR and inhibits AR transcriptional activity (288). Supporting the later
claim, levels of AR are heterogeneous, and, in many cases, absent in late stage, metastatic
disease (289-292). These observations raise the possibility that loss of AR expression and
activity may serve as a means of evading androgen withdrawal through simultaneous activation
of other signaling pathways. Indeed, two independent laboratories have recently demonstrated
that PTEN loss inhibits androgen-responsive gene expression by regulating AR activity (293,
294), indicating that castration-resistant growth is an intrinsic property of Pten null prostate
cancer cells regardless of cancer stage (293). These studies further suggest a reciprocal feedback
loop that exists between AR and PTEN in prostate cancer, in which conditional deletion of A7 in
the prostate epithelium promotes the proliferation of Pten deficient cancer cells in
PbCre; Pten™":A4r*"" mice through the downregulation of the androgen-responsive gene Fkbp5
and preventing PHLPP-mediated AKT inhibition (293). Moreover, inhibition of the PI3K/AKT
pathway was shown to upregulate the receptor tyrosine kinase HER3 (294). As suppression of
HER2/HER3 heterodimers has been linked to inhibition of AR transcriptional activity through an
AKT-independent mechanism (295), it is plausible that PI3K/AKT inhibition upregulates AR

transcriptional activity by increasing HER3 expression.

In all, it is probable that AR suppresses the PI3K/AKT pathway in order to promote

differentiation of the prostate epithelium and keep prostate cancer cells sensitive to androgens.
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When AR activity is downregulated upon ADT treatment, the PI3K/AKT pathway takes over to
promote cell proliferation and cell survival in the absence of androgen or AR activity, further
driving tumor progression towards metastatic CRPC (293, 294). These findings may explain why
clinical trials that inhibit the activation of the PI3K/AKT signaling axis, as well as its
downstream effector mTOR, failed to have a substantial effect on tumor progression in men
(296, 297), as inhibition of the PI3K/AKT/mTOR pathway causes an upregulation of AR
transcriptional activity that promotes cell survival (294). Since, in the background of PTEN-
deficient prostate cancer, AKT regulates proliferation, while AR regulates survival, inhibition of
both signaling pathways is necessary for effective tumor reduction. Indeed, combined therapy
targeting both PI3K and AR pathways reduces tumor growth in Pten-null mice (293, 294),

suggesting the possible efficacy of combined PI3K/AKT and AR inhibitor treatment in the clinic

(Fig. 1).

PTEN and the Maintenance of Prostatic Stem Cells/Cancer Stem Cell (CSCs)

Stem Cells in the Normal and Tumorigenic Prostate

Stem cells are important not only in the development of the prostate, but also in the
maintenance of adult prostatic glandular structure. The growth of the prostate is dependent upon
levels of the steroid hormone androgen, as the prostate undergoes involution upon androgen
withdrawal but can completely regenerate upon androgen restoration, suggesting the existence of
long-lived prostate stem cell populations in the prostate gland (298-300). Similarly, in prostate

cancer patients, there exists a unique population of prostate tumor cells with the ability to survive
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therapy, such as ADT, and eventually reconstitute the tumor in its entirety. These cells, which
harbor stem cell-like characteristics such as indefinite self-renewal, are thus referred to as cancer
stem cells (CSCs) (301, 302). Although it is widely believed that the majority of tumors develop
from CSCs, the term CSC does not exclude that the cell-of-origin could be from non-stem cells,
including progenitor and more differentiated cell types. Indeed, previous reports have suggested
that prostate luminal cells, transit amplifying cells and basal cells can serve as the cell-of-origin
for human prostate cancer (303). Therefore, the unique population of cells within the normal
epithelium that acquire the initial genetic or pathway alterations to initiate prostate cancer are
referred to as tumor initiating cells (TICs) (304). Although a number of experimental systems
have been designed over the past decade to prospectively identify prostate stem cells, TICs, and
CSCs and quantitatively measure their self-renewal capacity, including in vitro 2-dimensional
colony or 3-dimensional Matrigel sphere forming assays (303, 305, 306) and in vivo kidney
capsule reconstitution assays (307, 308), to date, the relationship between TICs and CSCs in

prostate cancer has yet to be resolved.

PTEN loss in Cancer Stem Cell (CSC) and Tumor Initiating Cell (TIC) Formation and

Activation in Prostate Cancer

PTEN has been shown to be essential for the maintenance of hematopoietic stem cell (HSC)
function and prevention of leukaemogenesis (309, 310), as well as negatively regulate neural
stem cell self-renewal by modulating Go-G; cell cycle entry (311), suggesting that PTEN
possesses broader roles in the maintenance of normal stem cell function and inhibition of

malignant transformation in adult stem cells. Various cell surface markers, including CD133
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(301), CD117 (312), Sca-1 (313), CD49f (303), CD44 (314), Trop2 (315), p63 (316) and CD166
(317) have been tested for enriching for prostate stem cell activities. sh-RNAi knockdown of
PTEN in PTEN-positive DUI145 cells leads to a further increase in cells positive for
CD447/CD133", putative cell surface markers for human prostate stem cells (301, 314),
accompanied by enhanced sphere forming ability, clonal outgrowths and tumorigenic potential
(318). Conversely, pharmacological inhibition of PI3K/AKT signaling using NVPBEZ235 (319)
had the ability to reverse the expansion of CD44'/CD133" cells, a mechanism potentially
mediated by increased nuclear expression of FoxO (318). More recent studies also demonstrate
the collaboration of the JNK and the PI3K/AKT pathway in prostate cancer development.
Downregulation of the JNK signaling pathway by way of conditional deletion of both JNK1/2 or
upstream kinases Mkk4/Mkk7 in the Pten-null prostate epithelium leads to the expansion of p63”
basal cells and CD44" cells and enhanced disease progression (104). BMI-1, a polycomb family
member whose elevated expression in low grade prostate cancer samples has been correlated
with biochemical recurrence (320) and poor clinical outcome (321), was demonstrated to be
required for the self-renewal activity and maintenance of p63" stem cells (125). While
overexpression of BMI-1 in the murine prostate leads to invasive adenocarcinoma when
combined with Pten haplosufficiency, alternatively, BMI1-1 inhibition slows the growth of
aggressive Pten deletion-induced prostate cancer (125). In vitro observations reveal that AKT
phosphorylates and activates BMI-1(322), and that PTEN negatively regulates BMI-1 function
(323), providing an additional link between PTEN function and stem cell self-renewal. These
data provide direct evidence that alteration of pathways regulated by the PI3K/AKT axis can

directly influence CSC activity in prostate tumorigenesis.
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Prostate stem cells can be isolated from both WT mouse and benign human prostate
tissue by fluorescence-activated cell sorting (FACS) using the antigenic profile Lin Sca-
1'CD49f™ (LSC™) (303) or LinTrop2 CD49f" (LTC™) (315), respectively. Both LSC™ and
LTC™ populations have also been demonstrated to be a cell-of-origin for murine and human
prostate cancer (313, 324, 325). These cells possess a basal cell phenotype, primarily reside in
the region of the prostate proximal to the urethra, and are further enhanced by androgen
withdrawal (300, 303, 312, 313). In the PbCre4, Pten " murine model, it was identified that
PTEN loss can lead to increased stem/progenitor cell proliferation, and that this in turn may be
associated with prostate tumor initiation and progression (212). During prostate cancer
progression, a significant increase in the number of p63"CKS" basal cells and CK5'CKS8"
transient amplifying cells is observed in the proximal region of the dorsolateral lobe of Pten-null
mice (216). Such observations parallel the finding that PSCA, a marker associated with late-
stage transient amplifying prostate epithelial cells in human prostate disease (326), is also
increased in Pfen-null prostates (212, 327). Moreover, in Pten-null prostate mutants, the Lschier
population, which marks the basal population, increases during tumor progression and harbors
the majority of stem/progenitor function, as measured by its high sphere-forming activity, as well
as its capacity to be both necessary and sufficient for tumor initiation (328). Recently,
CD166/ALCAM, which was identified as a cell surface marker highly upregulated in human and
murine CRPC samples, was shown to enrich for a subpopulation of LSC™ cells with an even
higher sphere-forming activity (LSCM;CD166™) (317). Not surprisingly, upregulation of the
PI3K/AKT pathway, along with increased AR expression in human basal LTC" cells, the human
equivalent of murine LSC" cells, is also necessary and sufficient for the initiation of human

prostate cancer (324). LSC™ cell populations also have the capacity to generate differentiated
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luminal cells upon transplantation, an important feature for modeling prostate cancer, as the
human disease is marked clinically by the loss of the basal cell marker p63 (118, 315, 324, 328).
On the other hand, the LSC' population, containing luminal epithelial cells, did not demonstrate
any tumor initiating capacity (328). The LSC™ stem/progenitor cell population is also increased
after castration in Pfen-null animals, indicating that this population harbors an androgen-
independent and castration-resistant phenotype that allows it to persist after hormone withdrawal
and possibly contribute to CRPC (328). Collectively, these data indicate that PTEN negatively
regulates basal and transient amplifying cell proliferation, and thus PTEN loss mediates changes
in the stratification of the prostate epithelium leading to expansion of cells that may function as

TICs and potential initiators of CRPC.

Various laboratories have generated a number of different Pten conditional deletion lines
(101, 212, 222, 223), with not all models eliciting the same phenotype. For example, PSA-
Cre";Pten™"”"™" mutants do no exhibit pathology in the proximal region of the prostate, but
rather display the accumulation of cells positive for the luminal marker CKS8, as well as rare
Clu";Tacstd2";Sca-1" cells that may constitute luminal TICs (329). Additionally, deletion of Pten
driven by the Nkx3.1-Cre"™® promoter in Castration Resistant Nkx3.1 expressing cells (CARNS),
a rare population of cells identified to have self-renewal capacity and the ability to give rise to
both basal and luminal lineages, leads to the formation of adenocarcinoma in vivo, suggesting
that these CARN cells may be TICs upon activation of the PI3K/AKT pathway (225). More
recent studies have compared the potential of basal and luminal TICs for their ability to
propagate prostate tumors. Using basal (CKS5, CK14) and luminal (CK8) promoters, it was

observed that both cellular compartments are capable of transformation upon PTEN disruption
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and that each is independently self-sustained in vivo (330). Iterating previous observations made
in the Pten-null murine model, the K/4-Pten model demonstrates that oncogenic signals like
Pten loss can alter the differentiation program of basal cells (330). Strikingly, although PTEN
was disrupted specifically only in prostate basal cells, the initiation of cancer did not start until
the emergence of P-AKT-expressing luminal cells (330). As it takes at least 3 months for K/4-
Pten mouse prostate basal cells to differentiate into luminal cells, trans-differentiation of basal
cells into luminal cell lineages may be a rate-limiting step in prostate cancer progression (330).
Overall, these data suggest that multiple stem/progenitor cells can serve as the cell-of-origin of
prostate cancer initiated by PTEN loss; however, more defined systems, via lineage-tracing and
cell type-specific deletion, are needed to address which cell types are responsible for prostate

cancer progression, castration resistance and metastasis.

PI3K/AKT/mTOR Pathway Inhibition as a Treatment for Prostate Cancer

Current Prostate Cancer Treatment

Treatment resistance is a major issue in the management of prostate cancer, as it is estimated that
30,000 men in the United States will die in 2012 alone from metastatic and castration-resistant
prostate cancer, for which there is currently no cure. Although androgen-deprivation therapy
(ADT) remains the standard treatment of metastatic prostate cancer, progression to castration
resistant disease occurs in the majority of patients (331-333). Among available therapeutic
approaches for the treatment of CRPC, conventional chemotherapy with docetaxel and other

agents has limited efficacy and has yet to produce long-term benefits (334, 335). Although
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agents that specifically inhibit the AR, androgen synthesis, and/or AR-regulated pathways, such
as MDV3100 and Abiraterone, have recently entered the clinic and have shown promising results
(276, 277), their therapeutic effects are short lived, and patients eventually develop CRPC (275).
Another novel therapy, sipuleucel-T, which is the first ever FDA-approved therapeutic cancer
vaccine for the treatment of metastatic prostate cancer, also only modestly improves the survival

of late-stage patients by a few months (336, 337).

The current trend in medicine has been to exercise a personalized treatment approach
that is based on molecular and genetic profiling of individual patients to determine the best
therapeutic strategy. A considerable number of novel therapeutics are presently undergoing
clinical trials, including small molecules that target common genetic or pathway alterations
found in human cancers. These inhibitors have been FDA-approved for treatment of various
solid tumors including, renal, GIST, breast, pancreatic, colorectal, and NSCLC cancer (338-344),
and thus hold promise for the treatment of prostate cancer. As it is clear that PI3K/AKT/mTOR
pathway activation plays a prominent role in prostate cancer initiation and progression, CRPC,
and metastatic disease, the loss of PTEN expression in individuals with prostate cancer could be
used as a biomarker to stratify populations of patients that may benefit from treatment with

PI3K/AKT/mTOR pathway inhibitors.

PI3K Inhibitors

Class I PI3Ks are heterodimers composed of one catalytic subunit of p110a, p110B, or p1109,

collectively known as pl110, and a regulatory subunit, p85. PI3K isoform selectivity may be

42



essential to boost therapeutic efficacy and minimize off-target toxicity. Recent research suggests
a dominant role for the PI3K isoform p110f in PTEN-deficient tumors. In the Pten-null prostate
cancer model, loss of p110B, but not p110a, decreased PI3K signaling and prevented prostate
carcinogenesis (90). In a similar fashion, inducible depletion of p110B, but not pl110a, using
shRNA in PTEN-deficient human cancer cell lines quenches PI3K-mediated signaling and

inhibits growth both in vitro and in vivo (345).

The most studied PI3K inhibitors to date are the first-generation PI3K inhibitors
LY294002 and wortmannin. LY294002 treatment results in cell-cycle arrest and sensitizes the
LNCaP prostate cancer cell line to radiation therapy, decreases the invasive properties of
LNCaP, PC-3, and DU145 prostate cancer cell lines, and inhibits angiogenesis in PC-3 prostate
cancer cells by way of decreased levels of HIF1-a and VEGF. Similarly, wortmannin induces
apoptosis and radiosensitizes DU145 cells (346, 347). However, both wortmannin and
LY294004 show limited selectivity for individual PI3K isoforms, non-specifically target
multiple other signaling molecules (348-351), and demonstrate significant toxicity in animals

(347, 352), limiting their effectiveness in vivo.
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Figure 2. PI3K/AKT/mTOR, Ras/MAPK, and AR signaling pathways converge to promote prostate
cancer development. Although all three pathways promote cell proliferation/growth, AR signaling maintains
prostate cells in a differentiated state, while PI3K/AKT/mTOR and Ras/MAPK signaling promotes EMT and
cell migration/invasion. Red, blue, and green ovals represent AR, PI3K/AKT/mTOR, and Ras/MAPK signaling
molecules, respectively. Orange ovals denote adaptor molecules. Pathway activators are in black letters, and
pathway suppressors are in white letters. Solid black lines depict signaling within a pathway, and dotted black
lines depict crosstalk between pathways or feedback loops. Red lines denote the drug targets. Signaling
molecules in these pathways that are the targets of drug inhibitors are in red letters.

One potential consequence and side effect of PI3K pathway inhibition is the development of
insulin resistance in patients. While both pl110a and pl110B play specific roles in insulin
signaling, research suggests that glucose homeostasis is predominantly mediated by p110a (90,
353). Indeed, p110a inhibitors, but not pl10B or pl110& inhibitors, alter insulin-dependent

glucose regulation in mice (353). Thus, in the setting of PTEN-deficient tumors, p110B-specific

inhibitors, in contrast to pan-PI3K inhibitors, may offer enhanced efficacy with a reduced
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likelihood of insulin resistance. Together, these studies suggest that effective treatment of PTEN-
deficient prostate tumors may necessitate the use of therapeutic agents that successfully target
p110B. However, even in cancers that may be specifically reliant on either p110a or p110pB, there
remains the possibility that other, non-inhibited p110 isoforms may make up for the decreased
activity of the targeted isoform. Moreover, not all tumors that are driven by PTEN loss are
dependent on p110f, and the presence of other genetic modifications and pathway alterations is
likely to change the PI3K-isoform reliance of these tumors. Interestingly, PTEN loss appears to
be a predictive marker for sensitivity to PX-866, an oral derivative of wortmannin, despite the
fact that PX-866 displays a high efficacy against pl10a and p110d but not pl10B (354).
Therefore, although PI3K signaling is an obvious target for therapy, especially in PTEN deficient
prostate cancer, given the redundancy and complex feedback regulation existing in the
PI3K/AKT/mTOR pathway, as well as a need for a more in depth understanding of the pathway,

the clinical efficacy of using PI3K inhibitors as single agents is modest (Fig. 2).

AKT Inhibitors

The significance of the individual AKT isoforms in prostate cancer has yet to be fully uncovered,
despite findings that AKT-1 isoform expression may be a prognostic marker for biochemical
recurrence in patients with prostate cancer (355). There are several classes of AKT inhibitors
currently in development, including isoform-selective AKT catalytic-domain inhibitors and
inhibitors of its PH domain, and many have been tested in prostate cancer. Perifosine, an
alkylphospholipid that targets the PH domain of AKT and prevents it from binding to PIP3,

decreases AKT phosphorylation, inhibits growth, and induces cell-cycle arrest of PC-3 cells
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(356). Although there are no published pre-clinical studies investigating perifosine activity
against prostate cancer, perifosine has gone to clinical trials for patients with CRPC. Though
generally well tolerated, perifosine showed no evidence of significant inhibitory activity (297,
357). Genistein, a non-specific AKT inhibitor, causes significant growth inhibition and apoptosis
of cancer cells (358, 359). While genistein has demonstrated significant potential in vivo,
decreasing the incidence of lung metastasis in an orthotopic model using PC-3 cells (360) and
inhibiting tumor growth when combined with docetaxel in an experimental model of bone
metastasis (361), another report claimed that genistein increased the size of metastatic lymph
nodes in a PC-3 orthotopic model (356). Concomitant targeting of AKT-1 and AKT-2 with ATP-
competitive inhibitors, such as GSK690693, has been shown to be more effective than inhibition
of single isoforms for the induction of apoptosis in tumor cells, suggesting that these Pan-AKT
inhibitors are likely to have more promise in the clinic, although increased toxicity may be a
potential issue (362). However, AKT inhibitors will not block the non-AKT effectors
downstream of PI3K signaling. Paradoxically, AKT inhibitors could increase upstream receptor
tyrosine kinase activities by alleviating downstream negative feedback loops (363). Therefore,
the importance of AKT-independent effectors of PI3K signaling and downstream negative
feedback loops in the pathway might considerably affect the clinical effectiveness of AKT

inhibitors (Fig. 2).

mTOR Inhibitors

mTOR inhibitors have been the most effective among the inhibitors of the PI3K/AKT/mTOR

pathway in treating solid tumors, and have received the most consideration in the treatment of
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prostate cancer. Rapamycin, the prototypical mTOR inhibitor, associates with its intracellular
receptor, FKBP12, which then binds directly to mTORCI and suppresses mTOR-mediated
phosphorylation of its downstream effectors, S6K and 4EBP1. Rapamycin induces cell cycle
arrest in PC-3 and DU145 prostate cancer cell lines in vitro (364-367), and reduces tumor
volume and blocks growth and proliferation in tumors with activated AKT or loss of PTEN in
vivo (368, 369). Although limited, there have been reports on in vitro and pre-clinical studies
demonstrating the efficacy of the rapamycin analogs (rapalogs) CCI-779 and RADOO1 in the
treatment of prostate cancer. CCI-779 inhibits growth of PC-3 and DU145 cells in vitro, and, in
vivo, and reduces tumor volumes in PC-3 and DU145 xenografts (370). Likewise, RAD0O1
treatment decreases proliferation of prostate cancer cells in vitro (371, 372), and reverses PIN

lesions in AKT-1 transgenic mice (373).

Despite these preclinical findings, mTORCI inhibitors, including rapamycin and
rapalogs, have demonstrated little success as single agent treatments in the clinic (296, 374, 375).
Although rapamycin and rapalogs are effective at inhibiting mTORCI kinase activity, inhibition
of mTORCI eventually leads to AKT activation and increased P-AKT levels due to the loss of
the S6K to IRS-1 feedback loop and reactivation of PI3K signaling (37, 375, 376). Moreover,
while mTORCI1 is sensitive to rapamycin treatment, mTORC?2 is generally considered to be
resistant to rapamycin. In this regard, mTORC2 phosphorylation and activation of AKT may
further limit the efficacy of mTORCI inhibitors like rapamycin (34). Therefore, the use of
rapamycin and rapalogues as single treatments could potentially cause the hyperactivation of the

PI3K/AKT pathway (Fig. 2).
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To achieve a significant clinical effect, mMTORC] inhibition with rapamycin and rapalogs
may require the addition of upstream inhibitors, such as insulin-like growth factor signaling or
PI3K signaling inhibitors (319, 377-379), or, alternatively, more effective inhibition of both
TORCI1 and TORC2 activity. mTOR catalytic site inhibitors, which are currently in clinical
development, target the kinase domain of mTOR and have the advantage of blocking the activity
of both mMTORC1 and mTORC?2. The additional inhibition of mTORC2 provides the benefit of
blocking AKT activation through S473 phosphorylation, and therefore, these catalytic site
inhibitors would be expected to inhibit the mTOR pathway more effectively than rapamycin.
Current research has described torkinibs and torinl, two selective ATP-competitive inhibitors of
mTOR that impede cellular growth and proliferation more effectively than rapamycin (380, 381).
Interestingly, however, the enhanced activity of these mTOR kinase inhibitors seems to be due to
more complete inhibition of mTORCI activity rather than mTORC?2 inhibition, as measured by
decreased levels of 4EBP1 phosphorylation and cap-dependent translation compared to
rapamycin treatment (380, 381). In support of the efficacy of these mTOR catalytic site
inhibitors, a recent preclinical study with the mTOR catalytic site inhibitor INK218 in the Pten-
null murine prostate cancer model demonstrated that INK218 is able to inhibit AKT and 4E-BP1
phosphorylation in addition to S6K1 phosphorylation, leads to a 50% decrease in PIN lesions,
reduce overall tumor volume, and promotes tumor cell apoptosis, as opposed to RADO0001
treatment, which results in inhibition of S6K1 but not AKT and 4E-BP1 phosphorylation, only
partial regression of PIN lesions, and no significant effect on tumor cell apoptosis (382).
Remarkably, treatment with INK218 blocks progression of invasive prostate cancer locally in the
prostate, and even inhibits the total number and size of distant metastases (382). Although new

generation mTOR catalytic site inhibitors have the capacity to reduce prostate tumor invasion
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and metastasis by more effectively disabling mTORCI1 signaling and inhibiting mTORC2
activation, treatment with these inhibitors alone does not inhibit PI3K activity, and, therefore,
would need to be combined with other PI3K antagonists to fully ablate distant metastasis and

lead to complete tumor regression (Fig. 2).

Dual PI3SK-mTOR Inhibitors

The use of multiple inhibitors to target the PI3K/AKT/mTOR pathway may be of particular
importance to alleviate the issue of negative-feedback loops in the pathway. As the catalytic
domains of the pl110 subunits and mTOR are similar in structure, there are a number of small
molecule inhibitors currently being tested that can block both PI3K and mTOR. Compared to
other PI3K pathway inhibitors, dual PI3K-mTOR inhibitors, which include NVP-BEZ235, BGT-
226, XL765, SF11256, PKI-402, and PKI587, have the possible advantage of inhibiting all PI3K
isoforms, as well as both mTORC1 and mTORC?2. Therefore, these inhibitors should effectively
turn off the PI3K/AKT/mTOR pathway completely and overcome feedback inhibition normally
observed with mTORCI inhibitors such as rapamycin and other rapalogs (377). BEZ235 is
capable of simultaneously inhibiting multiple class I PI3K isoforms and mTOR kinase activity
by binding to their respective catalytic sites (319). BEZ235, unlike PI3K inhibitors alone, is able
to lower levels of both P-S6 and P-AKT, demonstrating that dual inhibition of both mTOR and
PI3K is capable of preventing an increase in P-AKT levels (319, 379). BEZ235 exhibits greater
anti-proliferative effects compared with rapamycin treatment in cancer cell lines in vitro, and
slows tumor growth and vasculature development in PTEN-deficient cell line engrafted mice,

where it is well tolerated with no significant changes in body weight (319, 379, 383). In
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preclinical studies, SF1126, a conjugate of LY294002, reduces cell growth, proliferation, and
angiogenesis, and exhibits lower toxicity than LY294002 (384). Furthermore, PKI-587, another
dual PI3K/mTOR inhibitor, induces tumor regression in several cancer cell line xenograft
models, and has a favorable drug safety profile in toxicology studies (385). Importantly, in
contrast to PI3K inhibitors that cause cytostatic effects through tumor cell Go-G; arrest (386-
388), PKI-587 inhibition of PI3K and mTOR can fully ablate AKT activation and cause the
induction of apoptosis, the preferred outcome against tumor cells (385). Despite these preclinical
findings, a major issue with dual PI3K/mTOR inhibitors is their efficacies in vivo in the clinical

settings.

Combination therapy with PI3K/AKT/mTOR and Ras/MAPK inhibitors

One explanation behind the limited success of PI3K/AKT/mTOR pathway inhibition in the clinic
is that blockade of PI3K signaling may shift the tumor survival signaling to a Ras/MAPK
dependent pathway (389). Analyzes of human prostate cancer microarrays have demonstrated
that the PI3K/AKT and Ras/MAPK pathways are often coordinately dysregulated during prostate
cancer progression in humans (118, 390). Although BEZ235 is effective against PI3K-driven
tumors as a single agent, the inhibitor responds poorly to tumors harboring Kras mutations (379).
Indeed, BEZ235 is only effective against Kras-driven tumors when combined with a MEK
inhibitor (391). Humans with advanced prostate cancer treated with RADOO1 experience
increased activation of MAPK signaling, probably due to the loss of the S6K-IRS1 feedback
loop that leads to Ras activation (389) (Fig. 2). In addition, neoadjuvant hormone therapy can

lead to increased P-MAPK activation and N-cadherin expression, both of which have been
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implicated in the induction of the EMT program and metastatic prostate cancer (118, 392). Ras
activation can also play a direct role in moving prostate cancer cell lines towards decreased
androgen dependence (393). Indeed, PI3K/AKT and Braf/ERK pathway activation acts
combinatorially in a mouse model of CRPC (394). These studies suggest the importance for
combined PI3K/AKT and Ras/MAPK pathway blockade in the treatment of CRPC and

metastatic prostate cancer.

A number of studies conducted with Pten knockout mice have shown that combined
pharmacological targeting of mTOR and MEK may lead to reduced primary prostate tumor
progression (118, 390). Combination therapy using the mTORCI inhibitor rapamycin and the
MEK inhibitor PD0325901 inhibits not only growth in prostate cancer cell lines (390), but also
reduces tumor burden in castrated, androgen-insensitive prostate tumors in the Nkx3.17;Pten™”

murine model (394). Dual mTOR and MEK inhibition also, remarkably, completely ablates the

L/L GI12D/+

dissemination of distant metastases in the PbCre,Pten”";Kras murine prostate cancer
model, which exhibits 100% penetrable macrometastasis (118), as well as reduces tumor and
metastatic burden in Nkx3.1“%-Pten’:Braf*" mice (273). Thus, in late stage, metastatic
prostate cancer, dual PI3K/AKT and Ras/MAPK inhibition may be necessary to reduce

metastasis, as well as slow primary tumor growth (Fig. 1).

Combination therapy with PI3K/AKT/mTOR and AR Pathway inhibitors

Recent studies using the Pten-null murine model of prostate cancer have demonstrated a

reciprocal feedback loop that exists between AR and PI3K pathways in the prostate cancer,
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whereby inhibition of the PI3K pathway in Pfen deficient prostate cancer results in reactivation
of AR signaling by modulating AR co-repressor activities or through feedback signaling to the
receptor tyrosine kinase HER2/HER3 (293, 294). Therefore, the efficacy of PI3K inhibitors for
the treatment of PTEN deficient prostate cancer may be improved through combined AR
pathway inhibition. Another recent study utilizing surgical castration in Pten-null mice to model
CRPC demonstrated that dual targeting of both AKT and mTOR with inhibitors MK-2206 and
MK-8869, respectively, is highly effective at inhibiting CRPC in vivo (395). Moreover, the AR
agonist MDV3100, which has shown promise in the clinic, has improved efficacy in combination
with BEZ235 (379), a dual inhibitor of PI3K and mTORC1/2, in castration resistant GEM mice
(294). Other laboratories have also documented beneficial effects of combined AR and mTORC1
inhibition with rapamycin in Pten”™ models (293, 396). Thus, more effective inhibition of the AR
signaling axis with new generation inhibitors such as abiraterone and MDV3100 in combination
with mTOR or PI3K/mTOR dual inhibitors may prove to be more beneficial in treating CRPC

patients displaying alterations in PI3K/AKT pathway signaling (Fig. 2).

In all, although dual PI3K/mTOR inhibitors now offer the advantage of complete
PI3BK/AKT/mTOR pathway inhibition, with signaling feedback loops present in the
PI3K/AKT/mTOR pathway that negatively control both Ras/MAPK and AR signaling, it is
likely that PI3K inhibition alone will not be able to achieve full regression of tumors in patients
with prostate tumors driven by PTEN loss. A better understanding of pathway dynamics gained
from recent preclinical studies prompts the rationale for combining inhibition of the
PI3K/AKT/mTOR pathway with inhibition of either the Rass/MAPK or AR signaling pathways

for the treatment of metastatic CRPC. However, better surrogate biomarkers that predict patient
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responses to PI3K inhibitors, as well as more high-throughput systems to molecularly profile and
detect PTEN loss or PI3K/AKT/mTOR activation in patients, will be needed to accurately assess

the efficacy of PI3K/AKT/mTOR inhibition as a treatment in individual patients.

Conclusions and Perspectives

In the 15 years since the discovery of PTEN as a frequently mutated gene in cancer, great
progress in understanding the function and regulation of PTEN has been made. While PTEN was
first identified as a lipid phosphatase with tumor suppressive activity against the PI3K/AKT
pathway, recent studies have revealed that PTEN has additional protein-phosphatase and lipid
phosphatase-independent activities, as well as functions in the nucleus. Further understanding of
the mechanisms behind PTEN post-transcriptional regulation, post-translational modifications,
and protein-protein interactions offers novel therapeutic opportunities, as well as explanations of
why, clinically, loss of PTEN expression can occur without genetic deletion or mutations at the
PTEN locus. With improved methods for detecting PTEN status, such as CGH, whole-exome
sequencing, and transcriptome analysis, PTEN loss can more readily and more accurately be
used as a prognostic biomarker for men with prostate cancer, as well as a potential predictive
marker to identify patients who could benefit from emerging PTEN/PI3K/Akt pathway therapies.
Moreover, studies with large human prostate cancer cohorts have revealed that alterations in the
PI3BK/AKT/mTOR pathway are more common in advanced, metastatic prostate cancer and
CRPC compared to primary, androgen-dependent tumors, and are associated with a poorer
overall prognosis and increased chance of biochemical recurrence. Recent works using Pten

mouse models have helped to reveal the role of PTEN dosage on prostate tumorigenesis and the
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collaborative effects of PTEN loss and other genetic and pathway alterations in prostate cancer
initiation, progression, and metastasis, which recapitulate all stages of human prostate cancer. A
better understanding of the interactions between the PI3K/AKT pathway and Ras/MAPK, p53,
and TGF-B-Smad pathways has facilitated the development of metastatic models of prostate
cancer with bone metastasis potential, an important feature of human prostate cancer. As bone
tropism of prostate cancer metastasis is not well understood, these mouse models should provide
better insights into the cell types and molecular pathways involved in metastasis to the bone.
Better systems, via lineage-tracing and cell type-specific deletion, are needed to address which
cell types are responsible for different stages of the disease, including prostate cancer
progression, castration resistance and metastasis. As previous studies have suggested that
prostate luminal, transit amplifying (TA), and basal cells can serve as a cell-of-origin and as
cancer stem cell (CSC) populations in prostate cancer (303), it will be important for future
models to employ more restrictive prostate specific promoters allowing the potential for tumor
initiation from basal, TA, neuorendocrine, and luminal cell types. Two recent reports have also
elucidated a reciprocal feedback loop between the PI3K/AKT and AR signaling pathways that
directly regulates CRPC, offering an explanation for how loss of androgen-dependence may
further strengthen PI3K/AKT signaling in PTEN deficient prostate cancer, as well as a rationale
for the combined use of AR signaling and PI3K/AKT/mTOR inhibitors in the treatment of

CRPC.

Although beyond the scope of this review, emerging research in other solid tumors has
demonstrated that the tumor microenvironment itself may play a defined role in tumor

propagation and progression, and it will be interesting to see if aberrations in the
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PI3BK/AKT/mTOR signaling in stromal specific subtypes themselves in the prostate may
contribute to tumorigenesis. Moreover, PTEN alterations in the tumor epithelium, which have
been demonstrated to induce the release of paracrine signals, including chemokines and
cytokines that may attract immune cell types to the prostate and contribute to the development of
a tumor-permissive rather than a tumor-suppressive microenvironment, suggest that
immunotherapy may be a possible treatment for prostate cancer patients. Again, the specific
stromal cells and immune cells that contribute to the prostate tumor microenvironment will need
to be further pursued with the use of lineage-specific promoters and tracking systems in immune

competent models that preserve the tumor’s native microenvironment.

Finally, while past clinical trials using rapamycin and rapalogues to treat human prostate
cancer have shown little efficacy, due in part to an inability to inhibit PI3K and AKT signaling,
dual PI3K/mTOR inhibitors have the capacity to completely inhibit all strands of the
PI3K/AKT/mTOR pathway, and thus deserve further study in preclinical models of prostate
cancer. However, with signaling feedback loops present in the PI3K/AKT/mTOR pathway that
negatively control both Ras/MAPK and AR signaling, it is unlikely that PI3K inhibition alone
will be able to achieve full regression of PTEN deficient prostate tumors. Further understanding
of pathway dynamics gained from recent preclinical studies prompts the rationale for combining
inhibition of the PI3K/AKT/mTOR pathway with inhibition of either the Ras/sMAPK or AR
signaling pathways for the treatment of metastatic CRPC. In the end, though much progress has
been made in understanding the role PTEN and its regulation of the PI3KAKT/mTOR pathway
in prostate cancer, in the future, more basic and pre-clinical mechanistic studies that further

elucidate the complexity of the PI3K/AKT/mTOR signaling pathway and can be translated from
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bench to bedside will help to design better treatment options for patients with metastatic

castration-resistant prostate cancer, for which there is still no cure.
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Chronic inflammation is known to be associated with prostate cancer development, but how epithelium-associated cancer-initi-
ating events cross talk to inflammatory cells during prostate cancer initiation and progression is largely unknown. Using the
Pten null murine prostate cancer model, we show an expansion of Gr-1* CD11b* myeloid-derived suppressor cells (MDSCs)
occurring intraprostatically immediately following epithelium-specific Pten deletion without expansion in hematopoietic tis-
sues. This MDSC expansion is accompanied by sustained immune suppression. Prostatic Gr-1* CD11b™ cells, but not those iso-
lated from the spleen of the same tumor-bearing mice, suppress T cell proliferation and express high levels of Arginase 1 and
iNOS. Mechanistically, the loss of PTEN in the epithelium leads to a significant upregulation of genes within the inflammatory
response and cytokine-cytokine receptor interaction pathways, including CsfI and I11b, two genes known to induce MDSC ex-

pansion and immunosuppressive activities. Treatment of Pten null mice with the selective CSF-1 receptor inhibitor GW2580
decreases MDSC infiltration and relieves the associated immunosuppressive phenotype. Our study indicates that epithelium-
associated tumor-initiating events trigger the secretion of inflammatory cytokines and promote localized MDSC expansion and

immune suppression, thereby promoting tumor progression.

Recent studies suggest that tumor-infiltrating myeloid cells, and in
particular myeloid-derived suppressor cells (MDSCs), are im-
portant mediators of a tumor-permissive microenvironment that
contributes to tumor growth and, moreover, could account for the
limited success of immunotherapeutic strategies (1, 2).

MDSCs are a heterogeneous population of cells that are pre-
cursors of dendritic cells (DCs), macrophages, and granulocytes.
They are characterized in mice by the dual expression of the cell
surface molecules Gr-1 (Ly6C and Ly6G) and CD11b, although
other markers, such as CD80, CD115, and F4/80, have been used
to characterize subtypes of MDSCs in different tumors (3).
MDSCs suppress innate immunity by secreting cytokines and sup-
pressing DC and macrophage maturation (4—6). MDSCs can also
suppress adaptive immunity by blocking T cell activation (7), in-
ducing T, accumulation (8), and inhibiting natural killer (NK)
cell cytotoxicity against tumor cells (9).

Although the association between MDSCs and immune sup-
pression has been demonstrated in various animal models and in
human cancers, the causes of MDSC expansion, especially during
tumor initiation and progression, are largely unknown. Since
prostate cancer is known to be associated with chronic inflamma-
tion (10, 11), we sought to investigate how MDSCs are involved in
prostate cancer initiation and progression. Using the endogenous
Pten null prostate cancer model that recapitulates the major ge-
netic alterations and disease hallmarks seen in human prostate
cancers (12), we found that proinflammatory cytokines produced
by Pten null prostate epithelial cells are the major causes of in-
traprostatic MDSC expansion and the establishment of a tumor-
permissive microenvironment.

MATERIALS AND METHODS

Mouse strains. The generation of Pb-Cre™; Pten'™”** mice was described
previously by our group (12). All animal experiments were approved by
the UCLA Animal Research Committee and conducted according to rel-
evant regulatory standards.

Histology and immunohistochemistry. Immunohistochemical anal-
ysis was performed on formalin-fixed, paraffin-embedded tissue sections.
Antigen retrieval was performed by heating the slides to 95°C in citrate
buffer (pH 6.0) for 30 min before staining. The following primary anti-
bodies were used: rat anti-CD45 (1:100; BD Biosciences), rabbit anti-E-
cadherin (anti-E-cad) (1:500; BD Biosciences), mouse anti-a-smooth
muscle actin (anti-a-SMA) (1:1,000; Sigma-Aldrich), rabbit anti-Ki67 (1:
500; Vector Laboratories), rabbit anti-phospho-colony-stimulating factor
1 receptor (anti-p-CSF-1R) (1:100; Santa Cruz), and rat antibromode-
oxyuridine (anti-BrdU) (1:500; BD Biosciences).

Tissue dissociation and single-cell suspension. Single-cell suspen-
sions were prepared from prostates, draining lymph nodes, spleen, bone
marrow (BM), and liver of age- and genetic background-matched wild-
type (WT) and Pb-Cre™; Prten'°* mice at the indicated time points. For
prostates, ventral and dorsolateral prostate lobes of individual mice were
separated from the remainder of the prostate. All tissues were minced in

Received 17 January 2014 Returned for modification 26 January 2014
Accepted 14 March 2014

Published ahead of print 24 March 2014

Address correspondence to Hong Wu, hwu@mednet.ucla.edu.

AJ.G.and MR. contributed equally to this work.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.00090-14

89



sterile tissue culture dishes and subjected to collagenase A (1 mg/ml;
Roche) and DNase I (0.1 mg/ml; Roche) digestion for 1 h at 37°C with
constant agitation. Undigested tissue was passed through a 70-pm filter to
facilitate dissociation, followed by washes in phosphate-buffered saline
(PBS) and resuspension in Hanks’ balanced salt solution. Live cells were
quantified by trypan blue exclusion. Spleens and livers were subjected to a
red blood cell lysis step using ammonium-chloride-potassium (ACK) lys-
ing buffer (Quality Biological, Inc.) after digestion, followed by passage
through a 70-pm filter. All cells were resuspended in Hanks’ balanced salt
solution plus 2% fetal bovine serum (FBS).

Fluorescence-activated cell sorting (FACS) analysis and cell sorting.
Single-cell suspensions were stained with directly conjugated antibodies
against CD45, Gr-1, CD11b, CD4, CD8, CD69, B220 (BD Biosciences),
F4/80, CD19, CD11c, major histocompatibility complex class II (MHCII)
(eBioscience), and Ly6C (BioLegend), according to the manufacturers’
instructions. Flow cytometric analysis was performed on a FACSCanto II
instrument (BD Biosciences), and data were analyzed by using BDFACS
Diva software (BD Biosciences). For isolation of MDSCs, single-cell sus-
pensions were stained with directly conjugated antibodies against CD45,
Gr-1, and CD11b, sorted on a FACSAria instrument (BD Biosciences) as
CD45" GR-1" CD11b™ fractions, and collected in Dulbecco’s modified
Eagle medium plus 50% fetal bovine serum. For isolation of prostate
epithelial cells, single-cell suspensions were stained with directly conju-
gated antibodies against CD45 (BD Biosciences), CD31, Ter119, and Ep-
cam (Biolegend) and sorted on a FACSAria instrument (BD Biosciences)
as CD45~ CD31™ Ter119~ Epcam™ fractions. Cells were collected in
Dulbecco’s modified Eagle medium plus 50% fetal bovine serum.

BrdU pulse labeling. Mice were injected intraperitoneally with a sin-
gle dose of BrdU (dissolved in PBS to a final concentration of 10 mg/ml) at
100 mg/kg of body weight. Prostates, spleens, and bone marrow were
harvested 24 h after injection.

Quantitative RT-PCR. RNA was extracted and purified from FACS-
sorted cell populations by using RNeasy Mini and RNeasy Micro columns
(Qiagen) according to the manufacturer’s protocols. Purified total RNA
was reverse transcribed to cDNA by the High-Prostate Canceracity cDNA
Archive kit (Applied Biosystems, Foster City, CA, USA) with random
primers and MultiScribe reverse transcriptase (RT). The relative gene ex-
pression levels were measured by real-time RT-PCR using gene-specific
primers and iQ SYBR green Supermix (Bio-Rad) and normalized to the
B-actin RNA quantity for each cDNA sample as an endogenous control.
The primers used are as follows: forward (F) primer AAGAAAAGGCCG
ATTCACCT and reverse (R) primer CACCTCCTCTGCTGTCTTCC for
Argl, F primer CAGCTGGCCAATGAGGTACT and R primer GTGCCA
GAAGCTGGAACTCT for iNOS, F primer ACAACACCCCCAATGC
TAAC and R primer GCTGTTGTTGCAGTTCTTGG for Csfl, F primer
GCCCATCCTCTGTGACTCAT and R primer AGGCCACAGGTATTTT
GTCG for I11b, F primer ATCGATTTCTCCCCTGTGAA and R primer
GCTCTGTCTAGGTCCTGGAGTC for 1110, F primer GGGGGCTTTAT
CATCCTCAC and R primer CCAAGACCTCAGGCAACAGT for IlIra,
and F primer TCTCAGTCTCAACGCTGTGG and R primer GGCCCTT
TGGGTGATAAACT for Csflr.

Cell culture and T cell suppression assays. FACS-sorted MDSCs were
spun down, counted, and plated into 96-well plates at an MDSC/T cell
ratio of 1:1, 1:2, 1:5, or 1:10. A total of 3.0 X 10° to 5.0 X 10> MDSCs were
used for the 1:1 ratio. T cells were harvested from naive, wild-type litter-
mate animals by mashing whole spleen through a 40-pm filter, followed
by red blood cell lysis using ACK buffer. FACS-sorted CD8* or CD4" T
cells were then washed, counted, and stained with carboxyfluorescein di-
acetate succinimidyl ester (CFSE) (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions. Labeled T cells were plated onto 96-
well plates in the presence or absence of anti-CD3 antibody (1 pg/ml),
with and without MDSCs, and allowed to proliferate for 5 days. Prolifer-
ation rates were measured as a function of CFSE dilution and reported as
a percentage of cells with diluted CFSE. Values were then normalized to
the proliferation rate at an MDSC/T cell ratio of 0:1.
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Data analysis and statistics. All experiments were conducted in a
minimum of three independent sets. Graphpad Prism software (Graph-
pad, La Jolla, CA) was used to calculate means and standard deviations
(SD). A Student ¢ test was used to determine statistical evaluations. Data
are presented as means = SD.

Laser capture and microarray analysis. Freshly dissected prostates
from age- and genetic background-matched WT and Pb-Cre*; Pten'®/*
mice (n = 3; 28 to 30 weeks) were snap-frozen in OCT. Consecutive
frozen sections were used for hematoxylin and eosin (H&E) and PTEN
immunohistochemical staining to confirm pathological lesions and PTEN
loss before laser capture microdissection (approximately 5,000 cells per
sample) (13). RNA isolation, amplification, and quantification were per-
formed as previously described (13). To provide a reference standard
RNA for use on two-color cDNA microarrays, we used pooled total RNA
from normal adult male Swiss-Webster mice (10% prostate and 30% each
testis, liver, and kidney). For Pten null prostate cancer cell lines (PTEN-
CaP2 and -CaP8), cells were cultured according to our previously re-
ported methods and harvested for RNA extraction (14). Total RNA was
also extracted from microdissected benign mouse prostate epithelial cells
as the wild-type control against cell lines. A total of 825 ng of amplified
mRNA from each sample was labeled with Cy3 fluorescent dye, and the
reference standard was labeled with Cy5. Samples were then hybridized to
Agilent 44K whole-mouse genome expression oligonucleotide microarray
slides (Agilent Technologies, Inc.) according to the manufacturer’s sug-
gested protocols. Fluorescence array images were collected for Cy3 and
Cy5 by using the Agilent DNA G2565BA microarray scanner, and Agilent
Feature Extraction software was used to grid, extract, and normalize data.

Bioinformatics analysis. Before bioinformatics analysis, we first fil-
tered out the probes that were determined by Agilent software to be of
poor quality (P > 0.05). For those genes detected by multiple probes, the
intensities of probes were first averaged before the analysis. In vivo and in
vitro samples were analyzed separately before being combined for cluster-
ing analysis (Cluster 3.0). For pathway and molecular signature analysis
(15) as well as Gene Ontology analysis (http://www.geneontology.org/),
we used Fisher’s exact test to determine the pathways or biological pro-
cesses enriched in the Pten null samples, based on genes that are signifi-
cantly altered (fold change, =2) in Pten null samples compared to the WT.
P values were calculated by using the Benjamini-Hochberg method (16)
for multiple-hypothesis testing. The statistically significant altered path-
ways (adjusted P value of <0.05) were then reanalyzed by using gene set
enrichment analysis (GSEA) to assess the direction of deregulation in the
Pten null samples.

GW2580 treatment. Male Pb-Cre™; Pren'®"* mice were treated with
either vehicle (0.5% carboxymethyl cellulose in distilled H,0) or GW2580
(160 mg/kg GW2580) daily for 3 weeks by oral gavage, beginning at 6
weeks of age. Mice were sacrificed, and the prostate, spleen, and lymph
nodes were harvested for FACS and immunohistochemical analyses.

Microarray data accession number. Raw microarray data have been
deposited in the NCBI Gene Expression Omnibus under accession no.
GSE56470.

RESULTS

Pten null murine prostate cancer initiation and progression are
associated with chronic immune cell infiltration. To determine
if PTEN loss in the prostate epithelium is associated with localized
inflammatory responses, we took an unbiased approach to char-
acterize the nature and extent of immune cell infiltration by using
quantitative fluorescence-activated cell sorting (FACS), semi-
quantitative immunohistochemistry (IHC), and double-immu-
nofluorescent (IF) analyses. Single-cell suspensions were prepared
from dorsolateral and ventral lobes of individual prostates of Pb-
Cre™; Pren'™/** male mice (mutant [MT]) at the prostatic intra-
epithelial neoplasia (mPIN) and invasive adenocarcinoma stages
(Fig. 1A). Cre-negative (Pb-Cre ™ ; Pten'"°%) littermates were used
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FIG 1 Pten null murine prostate cancer initiation and progression are marked by persistent immune cell infiltration. (A) Kinetics of prostate cancer initiation
and progression in the Pten null murine prostate cancer model. (B, top) Representative immunofluorescence images showing significant CD45" (red) immune
cell infiltration surrounding E-cadherin (E-Cad) (green)-positive luminal epithelial cells at the early mPIN (6 weeks) and late adenocarcinoma (16 weeks) stages
in mutant (MT) mice compared to wild-type (WT) littermates. (Bottom) FACS analysis demonstrating that levels of CD45" immune cell infiltrates remain
elevated throughout all stages of disease progression. (C) Immune cell infiltrates are made up of predominantly Gr-17 CD11b™ cells and reach nearly 50% of all
CD45" cells by the adenocarcinoma stage. (D, left) The majority of prostate-infiltrating Gr-1" CD11b ™ cells display a Gr-1"" Ly6C™° polymorphonuclear (PMN)
cell phenotype. (Right) Representative images of cytospun and Giemsa-stained PMN and mononuclear (MO) cell populations. (E) Percentages of various
immune cell populations within the CD45™" infiltrate in WT and MT mice. Panels B to D show means * standard errors of the means from a minimum of 5
animals per age/genotype. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

16wk

as controls (WT). Significant immune cell infiltration, marked by
the pan-leukocyte antibody CD45, can be found within the pros-
tate surrounding E-cadherin (E-cad)-positive (green) epithelial
cells in both precancerous (mPIN) (6 weeks) and cancer (16
weeks) lesions (Fig. 1B). In MT prostates, CD45" immune cell
infiltrates made up 12% of all cells at the mPIN stage, while ap-
proximately 5% of cells in WT prostates were reactive to antibod-
ies against CD45 (P < 0.05) (data not shown). Following disease
progression and significant prostatic epithelial cell expansion,
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both the total number and percentage of CD45" cells remained
elevated compared to those of their age- and genetic background-
matched WT littermates (Fig. 1B, bottom).

To better understand the nature of the immune cell infiltrate,
we labeled cells with antibodies against common myeloid and
lymphoid cell surface antigens. Comparing MT prostates with
those of their WT littermates, we observed a significant increase in
the number of Gr-1" CD11b™ cells within the infiltrating CD45*
population, particularly at the invasive adenocarcinoma stage



(Fig. 1C, top and bottom). Gr-1" CD11b™ cells comprised ap-
proximately 12% of all CD45™ cells at the mPIN stage (P < 0.05)
while reaching over 40% of all infiltrating leukocytes at late inva-
sive stages (P < 0.01) (Fig. 1C). Of the CD11b™ cells, the vast
majority was comprised of Gr-1""" Ly6C™ polymorphonuclear
(PMN) cells (Fig. 1D). The remaining CD45™ cells were mainly
CD11c* cells and T and B cells (Fig. 1E). Levels of B220" B cells
did not increase significantly in MT prostate tissue during cancer
initiation and progression (Fig. 1E). This study suggests that pros-
tate cancer initiation and progression caused by PTEN loss in
epithelial cells are associated with marked chronic and extensive
Gr-17 CD11b™ immune cell infiltration.

Gr-1* CD11b* cell expansion does not occur in lymph
nodes, bone marrow, spleen, or liver of tumor-bearing animals
during tumor initiation. It has been well established, particularly
in xenograft models, that Gr-1" CD11b" MDSCs are recruited
from hematopoietic organs, and their expansion and suppressive
capacity can be detected in both tumors and hematopoietic and
nonhematopoietic organs such as the blood, spleen, liver, bone
marrow, and lymph nodes (17). Therefore, we set out to deter-
mine whether Gr-17 CD11b™ cell expansion occurs in hemato-
poietic and nonhematopoietic organs with kinetics similar to
those at the tumor site. In sharp contrast to previous reports (17—
19), we did not observe a significant increase in the number of
Gr-17 CD11b" cells in the lymph nodes, spleen, bone marrow, or
liver of the tumor-bearing mice (Fig. 2A to D).

To further investigate the mechanisms underlying the localized
prostatic expansion of Gr-1* CD11b" cells during prostate cancer
initiation and progression, 6- to 8-week-old WT and MT mice
were pulse labeled with BrdU for 24 h. Gr-1" CD11b™ cells were
FACS sorted from the prostate, spleen, and bone marrow and
analyzed for anti-BrdU reactivity. While there were no significant
differences in the percentages of BrdU-positive (BrdU™") Gr-1"
CD11b™ cells between the spleen and bone marrow of WT and
MT mice, we found a substantial increase in the percentage of
cycling BrdU™ Gr-1*" CD11b™ cells in the MT prostates (P <
0.001) (Fig. 2E), suggesting that in an endogenous prostate cancer
model, oncogenic Pten deletion in prostatic epithelial cells may
trigger the localized expansion of Gr-1" CD11b™ cells during tu-
mor initiation.

PTEN loss in epithelial cells leads to upregulated inflamma-
tory and cytokine-cytokine receptor signaling pathways. In or-
der to better understand how epithelial cell-associated tumor-ini-
tiating events cross talk with inflammatory cells to potentiate
prostate cancer initiation and progression, we performed laser
capture microdissection of epithelial cells from age- and genetic
background-matched WT and MT prostates (n = 3) and con-
ducted gene expression analysis (see Materials and Methods).
Pathway analysis and gene set enrichment analysis (GSEA) (15)
demonstrated that the inflammatory response, the immune re-
sponse, chemotaxis, the extracellular matrix (ECM)-receptor in-
teraction, and cytokine-cytokine receptor interaction pathways
are among the major pathways enriched in the MT epithelial cells
(Fig. 3A and data not shown). Importantly, the upregulated genes
in these pathways were also found to be significantly upregulated
in human prostate cancer samples (P < 0.05 by Fisher’s exact test)
(Fig. 3B) (20).

Since laser-captured epithelial cells may be contaminated by
nonepithelial cells, including inflammatory components, gene ex-
pression analysis was also performed on Pten null epithelial cell
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FIG 2 Gr-17 CD11b™ cell expansion does not occur in lymph nodes, bone
marrow, spleen, or liver of tumor-bearing animals. (A to D) Absolute numbers
of Gr-1" CD11b" cells in the draining lymph nodes (A), spleen (B), bone
marrow (C), and liver (D) of WT and MT mice throughout disease progres-
sion (means * standard errors of the means from a minimum of 3 animals per
age/genotype). (E) The percentage of prostatic BrdU* Gr-1" CD11b* cells is
significantly higher in MT animals than in WT littermates. The percentage of
spleen and bone marrow BrdU™* Gr-17 CD11b™ cells remained unchanged
between MT and WT littermate tissues (***, P << 0.001). Ten high-power
microscopic fields were counted for each organ and genotype (minimum of 3
animals per genotype). n.s., not significant.

lines (PTEN-CaP2 and PTEN-CaP8) (14). As illustrated by a
Venn diagram, many genes associated with inflammatory re-
sponses and cytokine-cytokine receptor interaction pathways are
indeed upregulated in PTEN null epithelial cells in the absence of
any potential leukocyte contamination (Fig. 3B). These studies
further support the thought that PTEN loss in prostate epithelial
cells triggers a localized immune response and recruits inflamma-
tory cells to the tumor microenvironment.

To investigate the mechanisms underlying the localized Gr-17
CD11b* cell expansion and proliferation, we next sought to de-
termine which paracrine factors may be secreted from MT pros-
tate epithelial cells. Epcam™ epithelial cells from 6- to 8-week-old
MT and WT mice were FACS sorted to avoid possible contamina-
tion from leukocytes and stromal cells. CSF-1 (21-23) was previ-
ously implicated in the localization and expansion of MDSCs at
the tumor site in a number of murine carcinoma models, includ-
ing spontaneous and xenograft mammary tumor models (24, 25).
Indeed, when FACS-sorted Epcam+ epithelial cells from MT and
WT mice were compared, there was a 2-fold induction of CsfI
mRNA expression (n = 5; P < 0.01) (Fig. 3C, left). Similarly,
epithelial cell lines generated from MT mice also showed upregu-
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FIG 3 PTEN loss in epithelial cells leads to upregulated inflammatory and cytokine-cytokine receptor signaling pathways. (A) GSEA shows enhanced activation
of inflammatory response and cytokine-cytokine receptor interaction pathways in vivo in Pten null (MT) prostate epithelial cells. (B) Inflammatory genes

upregulated in PTEN null murine prostate epithelial cells significantly overlap

those in human prostate cancer samples (P < 0.05). (C, left) Epcam™ epithelial

cells sorted from MT mice at the mPIN stage express higher levels of CsfI and I11b mRNA. Relative gene expression was normalized to levels in sorted WT prostate
epithelial cells. (Middle) CsfI expression is upregulated in two independent PTEN null prostate epithelial cells lines. (Right) IL1b expression is significantly
upregulated in human prostate cancer specimens compared to normal prostate tissue (P < 0.05 by two-tailed test). (D) IlIra (left) and CsfIr (right) gene
expression levels are increased in sorted Gr-1" CD11b™ cells from prostates of 6- to 8-week-old MT mice. The relative gene expression level was normalized to
levels in WT BM (minimum 5 animals per age/genotype for panels C and D). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

lated CsfI mRNA expression (1 = 3; P < 0.005) (Fig. 3C, middle).
Interleukin-1@ (IL-18), which has been demonstrated to both in-
duce MDSC migration toward tumor lesions and lead to MDSC-
mediated inhibition of T cell activity through the induction of
Argl and iNOS mRNA expression (26-29), was shown to have
22-fold-higher levels of MRNA expression in sorted Epcam™ MT
prostate epithelial cells than in WT epithelial cells (n = 5; P <
0.01) (Fig. 3C, left). Similarly, using a human expression data set

available in GEO (accession number GSE21034), we confirmed
that IL-18 mRNA expression was also significantly upregulated
(P < 0.05 by two-tailed ¢ test) in human primary tumors com-
pared to normal prostate tissue (Fig. 3C, right) (20).

Finally, to uncover whether CSF-1 and IL-1f may act di-
rectly on prostatic Gr-17 CD11b™ MDSCs, we analyzed the
expression of CSF-1R and IL-1p receptor (IL-1BR) type I, re-
spectively, on Gr-1" CD11b™ cells isolated from the prostate
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and BM of mutant mice. Indeed, Gr-1" CD11b™ cells isolated
from the prostate had significantly higher Csflr and Ilira
mRNA expression levels than Gr-1" CD11b™" cells isolated
from the BM of the same mice (n = 5; P < 0.001) (Fig. 3D). As
PTEN loss in prostate epithelial cells leads to upregulated in-
flammatory responses and enhanced production of paracrine
and pleiotropic factors such as CSF-1 and IL-1p, these factors
may further propagate the infiltration and homing of Gr-1"
CD11b* MDSCs to the prostate and promote their local pro-
liferation and expansion (Fig. 1C and 2E).

Gr-1* CD11b™ cells from the prostate but not spleen of tu-
mor-bearing mice can suppress T cell proliferation. MDSCs can
suppress T cell function through the production of arginase
(ARG) and inducible nitric oxide synthase (iNOS) enzymes, both
of which metabolize and deplete arginine, an essential nutrient for
T cell proliferation (30). iNOS activity can also lead to T cell un-
responsiveness through the nitration of T cell receptors (TCRs)
and subsequent inhibition of TCR-MHC-peptide interactions
(31). Moreover, increased ARG activity has been shown for a va-
riety of human malignancies, including prostate cancer (32). To
test whether prostate-associated Gr-1" CD11b™ cells have typical
immune-suppressive activities, we analyzed gene expression by
quantitative PCR (qPCR) using Gr-1" CD11b " cells isolated from
the prostate, spleen, and bone marrow of WT and MT mice.
Gr-17 CD11b™ cells isolated from spleen and bone marrow sam-
ples have low to undetectable levels of Argl and iNOS mRNA in
either WT or MT mice (Fig. 4A, right, and data not shown). In
contrast, Gr-1" CD11b™" cells isolated from MT prostates had
significantly higher Argl (P < 0.0001) and iNOS (P < 0.05)
mRNA expression levels than did those sorted from age-matched
WT controls (Fig. 4A, left). It is worth noting that Argl and iNOS
mRNA expression levelsin Gr-1" CD11b™ cells isolated from WT
prostate tissue are elevated relative to the levels in their spleen and
bone marrow counterparts (Fig. 4A, left). These findings suggest
that the prostate microenvironment itself may be relatively immu-
nosuppressive and that the loss of Pten and the formation of pre-
cancerous PIN lesions further exacerbate this condition.

The induction of immunosuppressive gene expression in Gr-1"
CD11b* cells isolated from the prostate of MT mice prompted us to
functionally test their immunosuppressive properties. Naive CD4 ™"
or CD8™ T cells isolated from the spleens of WT animals were pre-
loaded with carboxyfluorescein succinimidyl ester (CFSE) and cocul-
tured with sorted Gr-1" CD11b™ cells from MT prostates at various
ratios in the presence of activating anti-CD3 antibody. T cell prolif-
eration was measured according to the intensity of CFSE staining and
presented as the percent change without Gr-1" CD11b™ cell cocul-
turing. CD4 ™ T cell proliferation was effectively inhibited by prostate
cancer-associated Gr-1* CD11b™ cells by 5-fold (P < 0.0001) ata 1:1
ratio and nearly 2.5-fold (P < 0.05) at a 1:2 ratio (Fig. 4B, left). Sim-
ilarly, CD8™ T cell proliferation was suppressed by >2.5-fold (P <
0.01) at a 1:1 ratio (Fig. 4B, right). Because Gr-1" CD11b" cells are
rare in WT prostate, we sorted Gr-1" CD11b™ cells from the spleens
of WT and MT mice and performed identical assays to determine if
the immune-suppressive activity of Gr-1" CD11b™ cells is specific to
tumor-infiltrating MDSCs. As predicted from our gene expression
analysis, splenic Gr-1" CD11b™ cells from neither MT nor WT mice
could suppress T cell proliferation at any dilution (Fig. 4C and data
not shown). These results suggest that only Gr-1" CD11b™ cells as-
sociated with prostate cancer initiation and progression have im-
mune-suppressive activity, although we cannot rule out the possible
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FIG4 Gr-17 CD11b™ cells from the prostate but not spleen of tumor-bearing
mice can suppress T cell function. (A, left) Gr-1" CD11b™ cells sorted from
MT prostates have higher expression levels of Argl and iNOS than do Gr-1*
CD11b* cells from WT prostates. (Right) Gr-1" CD11b™ cells sorted from
spleens of MT and WT littermate animals revealed no difference in and low
levels of Argl and iNOS expression. The relative gene expression level for each
sample was normalized to levels in WT BM (minimum of 5 animals per geno-
type). (B) Sorted Gr-1" CD11b™ cells from mutant prostates were cocultured
with naive CFSE-loaded CD4™ or CD8™ cells from spleens of wild-type ani-
mals at the indicated ratios. CD4™ (left) and CD8™ (right) T cell proliferations
were suppressed by infiltrating Gr-1" CD11b™ cells. (C) Identical assays using
Gr-17 CD11b ™" cells from spleens of tumor-bearing mice show an inability to
suppress T cell proliferation (means of 3 independent experiments for panels B
and C). (D, left) FACS analysis demonstrates increased levels of CD8" im-
mune cell infiltrates as the disease initiates, which then decrease as the disease
progresses. (Right) Levels of activated CD8 CD69™ T cells decrease during
disease progression. *, P < 0.05; *%, P < 0.01; ***, P < 0.001.

immune-suppressive potential of prostatic Gr-1* CD11b™ cells iso-
lated from WT prostate because of their rarity. Consistent with these
findings, we found that CD8™ T cell numbers were transiently in-
creased in precancer mPIN lesions but were reduced during cancer
progression, inversely following the curve of MDSC expansion in vivo
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FIG 5 Prostate-specific Gr-1" CD11b™ cell expansion is associated with suppression of dendritic cell and macrophage maturation. (A, left) Mature CD11c*
MHCII™" dendritic cells are present in both wild-type and mutant prostates, but their levels decrease precipitously in mutant animals as the disease progresses.
(Right) Levels of immature CD11c¢* MHCII™ DCs increase in mutant prostates as the disease progresses. (B) Macrophage F4/80 expression shifts away from a
mature F4/80™"8" phenotype to an immature F4/80'°" phenotype as the disease progresses. (For panels A and B, data are means = standard errors of the means
from a minimum of 4 animals per age/genotype.) (C) The IL10 gene expression level increased in sorted Gr-1* CD11b™ cells from the prostate, compared to
levels in cells from the spleen and BM of MT mice. The relative gene expression level for each sample was normalized to the values for WT BM (n = 5). %, P <

0.05; **, P < 0.01; ***, P < 0.001.

in MT prostates (Fig. 4D, left). Levels of T cell activation, as measured
by the percentage of CD8" CD69™ cells within the CD45™ popula-
tion, spiked at the mPIN lesion stage but subsequently decreased as
the disease progressed and MDSC numbers and suppressive activity
increased (Fig. 4D, right).

Prostate-specific MDSC expansion is associated with sup-
pression of dendritic cell and macrophage maturation. In addi-
tion to suppressing T cell proliferation, MDSCs also produce cy-
tokines known to suppress DC and macrophage maturation (4, 5,
33). Therefore, we evaluated the maturation status of both infil-
trating DCs and macrophages in the M T prostate as a function of
disease progression. Although mature CD11c* MHCIT™ DCs
were present throughout all stages of disease, their relative per-
centages in the CD45™" population decreased precipitously during
disease progression (36% * 3.0% in mPIN lesions versus 17% =
6.5% at the cancer stage) (Fig. 5A, left). This reduction in the
number of mature DCs was accompanied by a relative increase in
the number of immature CD11¢” MHCII ™~ cells during the same
progression period (9.7% % 1.7% versus 23.4% = 4.6%) (Fig. 5A,
right), suggesting that the maturation of antigen-presenting cells
(APCs) may be suppressed by the expansion and/or local cytokine
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production of MDSCs in the prostate. Similarly, macrophage
F4/80 expression shifted away from a mature F4/80™""¢" pheno-
type to an immature F4/80'°" phenotype as the disease progressed
(Fig. 5B). In order to understand how prostatic MDSCs may sup-
press DC and macrophage maturation, we looked at the expres-
sion of IL-10, which has been demonstrated to not only polarize
F4/80" M1 macrophages to an F4/80'° M2 phenotype (4) but also
reduce DC maturation and DC-mediated activation of T cells
through various mechanisms (6, 34, 35). Indeed, the I/l10 mRNA
expression level was significantly elevated in prostatic Gr-1"*
CD11b™ cells isolated from MT mice compared to the levels in
cells isolated from spleen (P < 0.01) and BM (P < 0.001) of the
same tumor-bearing animals (Fig. 5C). Not surprisingly, MHCII
expression on DCs has also been shown to be inhibited by CSF-1
(36), which may further contribute to an immune-suppressive
tumor microenvironment that prevents proper T cell activation.
Therefore, the suppression of innate immune cell maturation by
MDSC-derived IL-10 and tumor prostatic epithelial cell-derived
CSEF-1 is yet another mechanism by which prostate tumor-specific
MDSCs may inhibit T cell functions.
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The selective CSF-1 receptor inhibitor GW2580 reduces
MDSC infiltration and reverses the immune-suppressive phe-
notype. CsfI mRNA is overexpressed in the prostate epithelium of
Pten null mice as well as in epithelial cell lines derived from the
Pten null prostate cancer model (Fig. 3C, left and middle) (14). In
order to determine whether CSF-1 indeed plays an essential role in
MDSC infiltration and prostate cancer development, we treated a
cohort of MT animals with the selective CSF-1 receptor antagonist
GW2580 (22, 37, 38) daily for 3 weeks, starting at 6 weeks of age.
Prostate, draining lymph nodes, and spleen were collected at the

end of treatment and processed for analysis. Histopathological
examination revealed significant differences between vehicle- and
GW2580-treated cohorts (n = 6) within the stromal and epithelial
compartments. Stromal reactivity and the desmoplastic response
were noticeably reduced in the tumors of GW2580-treated ani-
mals compared to age-matched vehicle-treated MT animals (Fig.
6A, left). GW2580 treatment significantly reduced basement
membrane degradation and local invasion, as evidenced by strong
a-SMA-positive staining (Fig. 6A, middle). In addition, the Ki67
proliferation indices of the epithelial and stromal compartments
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were significantly reduced by 2- and 3-fold, respectively, in
GW2580-treated animals (Fig. 6B). This was accompanied by a
significant reduction in p-CSF-1R™ cells in the stromal compart-
ment (Fig. 6A, right, and C), verifying that the drug indeed mod-
ulated its target.

Quantitative FACS analysis of prostate tissue demonstrated
a significant reduction in the number of tumor-infiltrating
CD457 cells as well as an almost 3-fold reduction in the num-
ber of Gr-17 CD11b™ MDSCs in GW2580-treated mice (Fig.
6D). Consistent with our previous results showing that local-
ized MDSC expansion leads to an immune-suppressive state,
inhibition of CSF-1R signaling led to an increase in the number
of mature MHCII " DCs, as well as mature F4/80™M&" macro-
phages, within the prostate of treated animals (Fig. 6D). Acti-
vated CD4" and CD8" T cell numbers also increased after
GW2580 treatment (Fig. 6D). These results suggest that
GW2580 can inhibit epithelial cell-associated CSF-1 signaling,
reduce MDSC expansion, and alleviate the immune-suppres-
sive microenvironment.
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DISCUSSION
Similar to human prostate cancer development, the Pten null mu-
rine prostate cancer model progresses through distinct stages of
disease, including mPIN and localized invasive adenocarcinoma,
providing unique and advantageous windows to investigate early
events associated with prostate cancer initiation and progression.
Using this model, we sought to study how epithelial cell-asso-
ciated tumor initiation events cross talk with inflammatory
cells and orchestrate prostate cancer development. Our work
shows that in addition to increased cell proliferation, survival,
and motility imposed by the loss of PTEN in prostate epithelial
cells (12), the changes in inflammatory gene expression as a
result of PTEN loss profoundly influence immune cell infiltra-
tion and immune-suppressive activities, which in turn pro-
mote cancer progression (Fig. 7).

We found that concomitant with mPIN formation, there
was a significant expansion of Gr-1" CD11b™ MDSCs in the
prostate, accompanied by decreased DC and macrophage mat-



uration (Fig. 7). In contrast to the majority of reports, which
used xenograft and allograft models (19, 39, 40), our endoge-
nous model indicates that MDSC expansion occurs solely in
the prostate during disease initiation and progression. There is
no significant expansion of Gr-1" CD11b™ cells in the lymph
nodes, spleen, liver, or bone marrow of these same tumor-
bearing mice. Gr-1" CD11b" cells from these hematopoietic
organs do not show T cell-suppressive activities and MDSC
gene expression signatures, such as increased expression levels
of arginase 1 and iNOS. These results suggest that MDSC infil-
tration and expansion in the prostate following the initial on-
cogenic insult are likely triggered by localized stimuli from the
epithelium. Indeed, analysis of gene expression alterations
demonstrated the upregulation of inflammatory response
genes and cytokine-cytokine receptor interaction pathways in
Pten null epithelial cells. This localized cytokine release, in-
cluding CSF-1 production by Pten null epithelial cells, likely
contributes to the recruitment and maintenance of infiltrating
myeloid cells, as was similarly observed for other epithelial cell
cancers (6,41-43). A concomitant increase in the level of Csflr
mRNA in infiltrating Gr-1* CD11b* MDSCs suggests an au-
tocrine pathway for the propagation of immunosuppressive
signals. Similarly, increased IL-1B production likely promotes
the immunosuppressive activities of tumor-associated MDSCs
through stimulating their Argl, iNOS, and IL-10 production.
The resultant increase in the Illra mRNA expression level,
again, in infiltrating Gr-1" CD11b" MDSCs further supports
the notion that immunosuppressive inflammatory signals are
self-propagating and confirms previous observations of similar
bidirectional cross talk between MDSCs and tumor cells within
the microenvironment (5). Our results are also consistent with
recent work by Haverkamp and colleagues, who demonstrated
an immediate and enhanced immune-suppressive ability of
MDSCs in local inflammatory sites compared to Gr-17
CD11b" cells present at peripheral tissues (44). It can now be
appreciated, through our work and the work of Haverkamp et
al. and others, that there are important functional differences
between Gr-1" CD11b™ MDSCs that infiltrate tumors and the
Gr-1" CD11b™ cells in the peripheral tissues.

The localized immune-suppressive conditions also suggest a
difference between inflammatory conditions induced by sponta-
neous cancer models and those incited by subcutaneous or ortho-
topic xenograft models with established cancer cell lines. Al-
though expansion of MDSCs in peripheral organs was largely
absent from our studies, possibly due to the spontaneous nature of
the initial insult and the early stage of cancer development, work
by other groups has shown the expansion and immune-suppres-
sive activities of MDSCs isolated from hematopoietic and nonhe-
matopoietic organs of xenograft models (17, 45). Since most
transplanted tumor models are of an aggressive nature with fast
kinetics, the expansion and activation of MDSCs at hematopoietic
and nonhematopoietic sites in these models may more closely
resemble late stages of human disease.

The recent U.S. Food and Drug Administration approval of sip-
uleucel-T, a first-of-its-kind cancer vaccine for antigen-specific im-
munotherapy, uses a patient’s own immature monocytes that have
been exogenously stimulated and matured in order to mount an an-
titumor response. Although phase III clinical trial results showed im-
proved survival when comparing sipuleucel-T and conventional
therapy, disease-free progression was not changed significantly (46,
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47). Our study suggests that immune-suppressive mechanisms me-
diated by MDSCs within the local tumor environment are directly
influenced by epithelial cell-associated tumor-initiating events.
Therefore, cotargeting of tumor-associated MDSCs and epithelial
cell-mediated paracrine pathways may alleviate the immune-sup-
pressive environment and benefit prostate cancer immunotherapy.
Treatment of prostate-tumor-bearing mice with the selective CSF-1
receptor inhibitor GW2580 demonstrated that interrupting an epi-
thelial cell-associated signaling cascade that drives MDSC in-
filtration to the tumor site can have ameliorative effects not
only on tumor growth kinetics but also on the immune-sup-
pressive status of the microenvironment. Our preclinical study
clearly demonstrates the potential benefits of using this and
similar therapies to alleviate the immunosuppressive and tu-
mor-tolerant environments imposed by infiltrating MDSCs.
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Abstract

PTEN loss or PI3K/AKT signaling pathway activation correlates with human prostate cancer progression and
metastasis. However, in preclinical murine models, deletion of Pten alone fails to mimic the significant metastatic
burden that frequently accompanies the end stage of human disease. To identify additional pathway alterations
that cooperate with PTEN loss in prostate cancer progression, we surveyed human prostate cancer tissue
microarrays and found that the RAS/MAPK pathway is significantly elevated in both primary and metastatic

CIZD/WT mice with the prostate

lesions. In an attempt to model this event, we crossed conditional activatable K-ras
conditional Pten deletion model. Although RAS activation alone cannot initiate prostate cancer development, it
significantly accelerated progression caused by PTEN loss, accompanied by epithelial-to-mesenchymal transition
(EMT) and macrometastasis with 100% penetrance. A novel stem/progenitor subpopulation with mesenchymal
characteristics was isolated from the compound mutant prostates, which was highly metastatic upon orthotopic
transplantation. Importantly, inhibition of RAS/MAPK signaling by PD325901, a mitogen-activated protein
(MAP)-extracellular signal-regulated (ER) kinase (MEK) inhibitor, significantly reduced the metastatic pro-
gression initiated from transplanted stem/progenitor cells. Collectively, our findings indicate that activation of
RAS/MAPK signaling serves as a potentiating second hit to alteration of the PTEN/PI3K/AKT axis, and

cotargeting both the pathways is highly effective in preventing the development of metastatic prostate cancers.
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Introduction

Prostate cancer is the most common male malignancy and a
frequent cause of mortality in Western countries (1). During
late-stage disease, oncogenic signaling pathways act collabo-
ratively to promote metastasis and castration-resistant pros-
tate cancer (CRPC) development. Alteration of the PTEN/
PI3K/AKT pathway is well correlated with prostate cancer
development with about 70% of late-stage samples showing
PTEN loss or phosphoinositide 3-kinase (PI3K) activation (2).
The Pten-null prostate cancer model mimics human disease,
including hyperplasia, pancreatic intraepithelial neoplasia,
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and invasive carcinoma, with defined kinetics (3). However,
inactivation of Pten alone (3-5) or in combination with homo-
zygous deletion of p53 (6, 7) or Nkx3.1 (8) fails to recapitulate
the critical aspect of end-stage human prostate cancer, that is,
significant metastatic burden. Thus, identification of signaling
mechanisms that collaborate with alteration of the PI3K
pathway in promoting prostate cancer metastasis is critical
for modeling late stage of human disease and for testing
therapeutic strategies.

Despite the low frequencies of RAS mutations (9-12) and
RAS fusion events (13), compelling evidence suggests that RAS/
MAPK pathway activation plays a significant role in human
prostate cancer progression, particularly, in metastasis and
CRPC development. Enhanced RAS signaling can reduce
dependency for androgens in the LNCaP prostate cancer cell
line (14), whereas inhibition of RAS can restore hormone
dependence in C42 cells, a line that is otherwise hormone
independent (14, 15). Furthermore, patients who have failed
hormone ablation therapy display augmentation of p-mito-
gen-activated protein kinase (MAPK) levels, a downstream
target of RAS signaling (16). Finally, RAS activation in the
DU145 human prostate cancer cell line can promote metas-
tasis to the brain and bone (17). Despite these in vitro observa-
tions, it is unclear that (i) whether activation of the RAS/MAPK
pathway is sufficient to initiate the full spectrum of prostate
cancer development and (ii) whether the RAS/MAPK pathway



can collaborate with the PTEN/PI3K pathway in promoting
metastasis and CRPC development.

We hypothesized that activating the RAS/MAPK pathway in
conjunction with reduced Pten dosage may promote metas-
tasis. To test this hypothesis, we incorporated the activating K-
ras®?P?"T allele (18), as a means to activate the RAS/MAPK
axis, to the Pten-null prostate cancer model that we generated
previously (3). We report here the important collaborative
effects of RAS/MAPK and PTEN/PI3K pathways in promoting
prostate cancer metastasis and potential molecular mechan-
isms underlying such collaboration. Collectively, our results
suggest that RAS/MAPK pathway activation may serve as a
critical "second hit" to PTEN/PI3K/AKT pathway alterations to
androgen-dependent prostate cancer and CRPC.

Methods

Human tissue microarray and bone metastasis samples

Human prostate cancer tissue microarrays (TMA) are com-
posed of 194 patients and 388 cores (19). Histopathologic
composition of the array is outlined in Supplementary Fig.
S1. All bone metastasis are from patients with prostate cancer
with abnormal bone scans.

Mouse strains, tissue collection and reconstitution
Mutant mice with prostate-specific deletion of Pten were
generated as previously described under a mixed background
(3). To generate the Pb-Cre ;Pten™’";K-ras®*”" or Pb-Cre™;
Pten™":K-ras®**”’" mice, Pb-Cre";Pten””” male mice were
bred with female Cre ™ ;Pten"":K-ras®**”"" mice (20). To gen-
erate Pb-Cre ™ ;Pten”":K-ras®"*P".LSL-Rosa26-LacZ or Pb-Cre™;
Pten™":K-ras®**P".LSL-Rosa26-Luc  mice, Cre';Pten™’ K-
ras®?®" male mice were bred with female, Cre ;Pren’;
LSL-Rosa26-LacZ (21) or Cre ;Pten’’";LSL-Rosa26-Luc (LSL-
Rosa26-Luc was obtained from National Cancer Institute
eMICE Strain 01XAC). All animal housing, breeding, and
surgical procedures were conducted under the regulation of
the Division of Laboratory Animal Medicine at the University of
California at Los Angeles (UCLA; Los Angeles, CA).

mRNA extraction and microarray hybridization

RNA was extracted from pooled lobes resected from mutant
prostates. Microarrays were conducted in the UCLA Clinical
Microarray Facility using Affymetrix mouse 430 2 arrays. In
brief, total RNA was extracted using the miRNeasy Mini Kit
(Qiagen). Array hybridization, washing, and scanning were
carried out as per the manufacturer's instructions. For genes
represented by multiple probes, its expression was represented
by the average of its probe expressions. Microarray data are
available at the National Center for Biotechnology Information
Gene Expression Omnibus (GSE34839).

Rank-rank analysis

In rank-rank geometric overlap analysis (RRHO), genes in
human data sets derived from the studies of Lapointe and
colleagues (22) and Taylor and colleagues (2) were ranked on
the basis of their log-transformed P values of ¢ test comparing
between 2 subgroups/genotypes as previously described (23,
24).
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Immunohistochemistry and LacZ detection

To detect LacZ' cells, frozen sections were fixed in
methanol, followed by X-gal staining (25) for 6 to 12 hours,
and then counterstained with Fast Red. Immunohistochem-
istry was carried out as previously described (3, 26) using the
following antibodies: PTEN (Cell Signaling Technology;
9559), p-MAPK (Cell Signaling Technology; 4376), androgen
receptor (AR; Santa Cruz; sc-816), pan-cytokeratin (Sigma;
C1801), E-cadherin (Cell Signaling Technology; 610181),
vimentin (Abcam; ab39376), p-AKT (Cell Signaling Technol-
ogy; 3787), Ki67 (Vector; VP-RMO04), and p63 (BD Transduc-
tion; 559952).

FACS analysis and cell sorting

Cell isolation was carried out as previously described (26)
using the following fluorescence-activated cell-sorting (FACS)
antibodies: Scal-PE (BD Pharm; 553336), CD49f-APC (Biole-
gend; 313610), EpCAM-APC/Cy7 (Biolegend; 118218), and
CD24-PE/Cy7 (Biolegend; 101822).

Real time PCR

Total RNA was extracted from the mouse prostate or from
the sorted cells using TRIzol reagent (Invitrogen) and purified
using an RNeasy Mini column (Qiagen) according to the
manufacturers' protocols. One microgram of purified total
RNA was reverse transcribed to cDNA by the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) with the
random primers and MultiScribe Reverse Transcriptase. The
relative gene expressions were measured by real-time PCR
using the gene-specific primers and iQ SYBR Green Supermix
(Bio-Rad) compared with the RPL13a RNA quantity for each
¢DNA sample as an endogenous control. Primers used for cell
lineage marker expression were used as previously described
(27) and epithelial-to-mesenchymal transition (EMT) markers
as follows: Cdhl: F, CAGGTCTCCTCATGGCTTTGC, R,
CTTCCGAAAAGAAGGCTGTCC; Fn: F, AGCAGTGGGAACG-
GACCTAC, R, ACGTAGGACGTCCCAGCAGC; Foxc2: F, AAGA-
TCACTCTGAACGGCATC, R: CACTTTCACGAAGCACTCAT-
TG; Mmp2: F, CACCTACACCAAGAACTTCC, R, GAACA-
CAGCCTTCTCCTCCT; N-cad: F, CAGGTCTCCTCATGGC-
TTTGC, R, CTTCCGAAAAGAAGGCTGTCC; RPLI13a: F,
TACGCTGTGAAGGCATCAAC, R, ATCCCATCCAACACCTT-
GAG; Snail: F, AAGATGCACATCCGAAGC, R, ATCTCTTCA-
CATCCGAGTGG; Twist: F, CGGGTCATGGCTAACGTG, R,
CAGCTTGCCATCTTGGAGTC; Vim: F, CGGCTGCGAGA-
GAAATTGC, R, CCACTTTCCGTTCAAGGTCAAG; Zebl: F,
CATGTGACCTGTGTGACAAG, R, GCGGTGATTCATGTG-
TTGAG; and Zeb2: F, TAGCCGGTCCAGAAGAAATG, R,
GGCCATCTCTTTCCTCCAGT.

Cell line

The Pten™" ~:K-ras®**? cell line was isolated from a 10-week
C";Pten™":K-ras””" mutant prostate through FACS sorting of
Lin~ EpCAM""CD24"" cells. Cells were passaged in culture
at least 10 times and PCR authenticated for Pten deletion and
the presence of the K-ras®?” activating allele. Pren ;K-
ras®*P cells were infected with lenti-GFP virus for detection

by immunohistochemistry.



Orthotopic injections, bioluminescence imaging, and
measurement of lung lesions

Prostate sphere cells or subpopulations of primary cancer
cells were isolated from C*;Pren”"":K-ras*"":LSL-Luc mutant
prostates. Prostate orthotopic injections were carried out
using approximately 2,000 cells in 50% Matrigel/media using
a 10 uL Hamilton syringe (Microliter #701). Tumor devel-
opment was then monitored using bioluminescence detec-
tion (Xenogen IVIS, Caliper Life Sciences). For measurement
of lung lesions, accumulated lesion area per mouse was
measured and then calculated as a percentage of total lung
section area. Tibial, orthotopic injections to NOD:SCID;
IL2ry-null recipients were carried out using a 10 uL. Hamil-
ton syringe (Microliter #701) to deliver no more than 1,000
Pten”";K-ras®?? cells injected in 10 UL volume of 50%
Matrigel/media.

Drug treatment

NOD;SCID;IL2ry-null mice with various orthotopic trans-
plantations were treated with rapamycin (4 mg/kg/d, intra-
peritoneally) and/or PD325901 (5 mg/kg/d, per 0s) daily for 14
days.

Results

RAS/MAPK pathway is activated in human primary and
metastatic prostate cancer lesions

Of several well-known pathway alterations found in human
prostate cancers is the RAS/RAF/MAPK pathway, showing
frequencies of 43% and 90% alteration in primary and meta-
static lesions, respectively (2). To investigate the potential
collaboration between the PTEN/PI3K and RAS/MAPK path-
ways, we assessed the correlation between PTEN loss and
MAPK activation using (i) a human prostate cancer TMA
composed of 194 patients and 388 cores (Fig. 1A and Supple-
mentary Fig. S1) and (i) 30 human prostate cancer bone
metastasis specimens obtained from 4 U.S. medical institu-
tions (Fig. 1B). While p-MAPK levels were not significantly
elevated in untreated specimens, levels were significantly
increased in neoadjuvant-treated (neoadjuvant hormone ther-
apy) and recurrent patients with CRPC as compared with
benign prostatic hyperplasia specimens, coinciding with at
least a 1-fold reduction in PTEN expression (Fig. 1A, *, P <
0.05; **, P < 0.005). In metastatic bone lesions, we observed
elevated p-MAPK staining in 80% (24 of 30) of samples (Fig.
1B), a finding similar to what was reported previously for
lymph node metastasis (28). In nearly all bone lesions, PTEN
expression was low or negative (Fig. 1B, right). Interestingly,
prominent p-MAPK expression was found near the basal
compartment, corresponding to the potential transient
amplifying stem/progenitor cell populations in human bone
metastatic lesions (Fig. 1B, arrow). Collectively, these data
indicate that the RAS/MAPK signaling pathway is highly
active in human prostate cancer specifically in patients who
have received anti-androgen therapy. These data also sug-
gest that there may be selection for coinciding activation of
PI3K/AKT and RAS/MAPK signaling in patients with late-
stage disease.

104

PTEN loss and RAS activation cooperate in accelerating
primary and metastatic prostate cancer progression

To assess the role of RAS pathway activation in promoting
prostate cancer development and metastasis, we conditionally
activated K-ras in the prostatic epithelium by crossing the K-

as®PPV (K-ras®"; ref. 29) allele to the Pb-Cre line (C; ref. 30).
While RAS activation was sufficient to enhance p-MAPK levels,
it failed to promote significant cell proliferation, AKT activa-
tion, and prostate cancer development (Supplementary Fig.
S2). Therefore, activation of the RAS pathway alone is not
sufficient to induce prostate cancer. To assess RAS/MAPK
activation as an additional hit to PTEN/PI3K/AKT pathway
alteration in promoting prostate cancer progression, we
crossed Pb-Cre™;Pten’™’" mice (ct Pten™” L) with K-ras””" mice
to generate C" :Pten”’";K-ras””" mutants. In comparison to C*;
Pten™" mutants, simultaneously deleting Pten and activating
K-ras led to early lethality (Fig. 2A, comparing red and green
lines) with enhanced progression at both gross (Fig. 2B; arrows,
anterior lobes; solid black arrowheads, dorsolateral lobes) and
histologic levels (Fig. 2C). While pathology in C';Pren™*
mutants was predominantly adenocarcinoma localized to the
dorsolateral lobes, C":Pten*"";K-ras*”" mutants showed inva-
sive carcinoma both in the dorsolateral and anterior lobes as
early as 4 weeks with poorly differentiated carcinoma occur-
ring by 10 weeks (Fig. 2B and C).

Because partially reduced PTEN expression occurs frequent-
ly during human prostate cancer progression (Fig. 1B; refs. 31,
32), we then considered whether loss of a single Pren allele
could also cooperate with RAS activation. While under the
genetic background we studied, neither C";Pten™"" (3, 26, 24)
nor C';K-ras®™* mutants showed little evidence of cancer
when older than 1 year (data not shown and Supplementary
Fig. 82), C":Pten””";K-ras*"" mice developed focal neoplastic
expansions by 10 weeks, invasive carcinoma by 20 weeks
(Supplementary Fig. S4A and S4B), and lethality around 40
weeks (Fig. 2A, orange line) accompanied by PTEN loss and p-
AKT-S473 activation (Supplementary Fig. S4C).

Importantly, in contrast to micrometastasis seen in 15% to
30% of age- and genetic background-matched C*;Pten’”" mice
(3), both C*:Pten” :K-ras™”" and C*;Pten””":K-ras””" mutants
developed macrometastatic lesions in the lung and liver with
100% penetrance (Fig. 3A). Lesions were largely pan-cytoker-
atin positive (Fig. 3A) with activated MAPK and PTEN loss (Fig.
3B). Interestingly, AR expression was highly heterogeneous in
lung lesions (Fig. 3A) and primary tumor samples from C*;
Pren””" K-ras””" mutants (Supplementary Fig. S3A). Moreover,
gene set enrichment analysis (GSEA) showed that C*;Pten” ;K-
ras””"" mutant prostates have reduced expression of AR target
genes (Supplementary Fig. S3C), in comparison to C" ;Pren™’"
mutants, including Mme, Msmb, and Nkx3.1 (Supplementary
Fig. S3C).

Importantly, cells with genotype of Cre™, Pten deletion and
activated K-ras were detected in 4 of 6 bone marrow flushes of
C*;Pten”";K-ras””" or C*;Pten™";K-ras”"" mutants (Fig. 3C).
However, because of early lethality of these animals, we did not
observe overt metastasis in the bone at the histologic level or by
bone imaging (data not shown). Collectively, our results indi-
cate that the cooperation between PTEN loss and RAS
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activation yields significantly enhanced metastatic prostate
cancer progression in these new murine models.

RAS activation promotes Pten-null epithelial cells to
undergo EMT and acquisition of a human prostate
cancer signature

A striking feature found in C*;Pten™":K-ras”"" and C*;Pten’"";
K-ras”’" prostates was the mesenchymal morphology associ-
ated with the aggressive behavior of cancer cells, similar to
poorly differentiated human cancers (Supplementary Fig. S5).
Similar to human prostate cancer, we observed a loss of p63
expression in the basal compartment of cancerous acini of
C*;Pten™";K-ras”" mutants (Supplementary Fig. S5A). We
also observed further reduction of p53 and p27 in C';Pten’";
K-ras””" mutants compared with those with Pten single
deletion (Supplementary Fig. S5B). Consistent with EMT
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phenotype, we observed enhanced N-cadherin expression in
transition regions, especially in poorly differentiated cancer,
indicating that many of these cells displayed neuroendocrine
expansion. Interestingly, synaptophysin-positive cells were
generally rare in this new model (Supplementary Fig. S5C).

To assess the role of Ras activation in promoting EMT in
Pten-null epithelium, we examined regions with morphologic
transition using the epithelial (E-cadherin) and mesenchymal
markers (vimentin; Fig. 4A). While adenocarcinoma and mes-
enchymal cancer regions showed distinct marker expression,
transition regions showed coexpression of both epithelial and
mesenchymal markers (Fig. 4A, yellow in overlay).

To ascertain that the observed mesenchymal pathology
occurred as a result of a true EMT, and not expansion of the
native stromal compartment, we crossed a Cre-activatable
LacZ reporter line (LSL-Rosa26-LacZ; ref. 25) onto the
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Figure 2. Pten loss and Ras activation cooperate to enhance murine
prostate cancer progression. A, Kaplan-Meier survival curve of Pten and
Pten;K-ras mutants. B, gross structure of intact C*;Pten*"" and C";
Pten“";K-ras"’" mutant prostates at 10 weeks (arrowhead, lateral lobe;
arrow, anterior lobe). Bar, 4 mm. C, histology of intact C*;Pten”* and C*;
Pten*";K-ras”"" mutant prostates at 4, 10, and >20 weeks. Bar, 250 um.

compound mutant line. Because LacZ expression is activated
by the same Cre recombinase, LacZ™" cells could be used for
lineage tracing for those Pten-null and Ras-activated epithelial
cells. Analysis of C*;Pten"”";LSL-Rosa26-LacZ mutant prostates
showed LacZ-positive regions to be restricted to prostate
epithelium (data not shown); however, C*:Pten™" :K-ras"’";
LSL-Rosa26-LacZ prostates showed expansion of LacZ-positive
cells from epithelial acini (Fig. 4B, arrows) to regions with
mesenchymal morphology (Fig. 4B, arrowheads in middle).
These data indicate that RAS activation facilitates EMT of Pten-
null epithelial cells.

We then conducted unbiased microarray analysis on age-
and genetic background-matched Ct:Pten":K-ras””" and
C":Pten”* prostates (n = 3; 10 weeks) and found that 370
and 336 genes were significantly up- and downregulated for
more than 3-fold, respectively, due to RAS activation. Among
those upregulated genes, 11 were EMT-associated genes (P
= 1.7e-13, Fisher's exact test; Fig. 4C). We further validated
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the array analysis by real-time PCR using independent
prostate samples from CYK-ras”", C':Pten™*, and C';
Pten”’";K-ras™”" mutants at 10 weeks of age. Prostates from
C":Pten”’ ;K-ras””" mutants showed significantly enhanced
expression of EMT markers including Snail (Srail), vimentin
(Vim), Fibronectin (Fnl), MMP2 (Mmp2), Twist (Twistl),
Zebl (Zebl), and Foxc2 (Foxc2; Fig. 4D). Thus, at the gene
expression level, C*:Pten”’":K-ras™”" mutants display an
EMT signature.

Because of the association of PTEN/PISK/AKT and RAS/
RAF/MAPK pathway alterations in human prostate cancer
progression, we hypothesized that murine prostate cancer
with concomitant PTEN and RAS pathway alterations may
closely resemble gene signatures of end-stage human pros-
tate cancers. To test this hypothesis, we used RRHO analysis
to compare the overlap of differentially expressed genes in
human primary versus metastatic tumors from either the
data sets in the study of Lapointe and colleagues (22) or
Taylor and colleagues (2) with either Pb-C";Pten™" or Pb-C*;
Pten””";K-ras”’" mutants. The heatmap signals on the bot-
tom left (blue circle) and top right (red circle) corners
indicate that primary human tumors shared the greatest
overlap with Pb-C* :Pten’" primary tumors whereas the
human metastatic data set overlapped more with the sig-
nature derived from Pb-C";Pten”";K-ras*""" mutants (Supple-
mentary Fig. S6A).

On the basis of previously published RAS signature gene sets
(33), several gene sets were noted to be altered to a greater
extent in Pten;K-ras metastatic lesions, similar to that of human
disease, as exemplified by the downregulation of fibroblast
growth factor receptor 2 (FGFR2) expression and enhanced
UBEZ2C expression, a ubiquitin-conjugating enzyme known to
be overexpressed in human prostate cancer (Supplementary
Fig. S6B; ref. 34). Together, these analyses provide strong
support of our hypothesis that the Pten;K-ras model closely
mimics the biology of human prostate cancer, especially
metastatic disease.

Pten loss and Ras activation cooperate to enhance stem/
progenitor activity

Recent studies suggest that EMT is associated with the
formation of breast cancer stem cells (35) and the progression
of prostate cancer (19, 36). To test whether RAS activation
induces EMT in Pten-null prostatic stem/progenitor cells and
consequently promotes prostate cancer progression and
metastasis, we characterized prostatic stem/progenitor cells
in vitro sphere-forming analysis. Our previous study indicates
that LSC"" (Lin~Scal " CD49f"&") stem/progenitor cells have
high sphere-forming activity and are both necessary and
sufficient for initiating Pten-null prostate cancers (26). Similar
to Pten-null prostates, the compound Pten;K-ras prostates
showed significant expansion of the leukemia stem cell
(LSC)hieh subpopulation (Fig. 5A, left; **, P < 0.01, n = 4) and
further enhanced sphere-forming activity (Fig. 5A, right, **, P<
0.01). However, different from Pten-null prostates, the LSC'™™
(Lin~Scal "CD49f°") subpopulation isolated from the com-
pound mutants had significantly enhanced sphere-forming
activity in free-floating conditions (Fig. 5A, right; *, P <
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0.05). To assess whether certain epithelial stem/progenitor
cells have acquired mesenchymal characteristics and, there-
fore, reduced epithelial marker expression on the cell surface,
we isolated Lin EpCAM™“CD24"° cells from the above
mutants and found that only Lin  EpCAM'**CD24"" cells (Fig.
5B, right FACS plot) from c ;PtenL/ L;K—rasL/ W mutants had
significant sphere-forming activity (P < 0.001; Fig. 5A, right).
Using real-time PCR analysis, we affirmed that LSC"" and
LSC'®" subpopulations corresponded to the basal (Ck5, p63,
CkI14), and luminal cell populations (Ar, Ck8, CkI8, E-cdh, and
Psca), respectively, whereas the EpCAM™"/CD24™" subpopu-
lation corresponded to mesenchymal cells on the basis of the
heightened gene expression of Ar, Mmp2, N-cadherin, Snail,
Twist, vimentin, and Zeb2 (Fig. 5B, n = 4). Therefore, Pten loss
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and Ras activation collaborate in stem/progenitor expansion
and Ras activation promotes EMT in Pten-null sphere-forming
cells.

Stem/progenitor cells with Pten loss and Ras activation
can reconstitute EMT and macrometastatic prostate
cancer

Our previous study showed that the LSC™®" subpopulation
or its derived sphere cells isolated from Pten-null primary
cancers could reconstitute adenocarcinoma when subject to
the prostate regeneration assay (26). Because primary C';
Pten”’":K-ras””" mutants develop macrometastasis, we then
considered whether sphere cells derived from these mutants
could also initiate a metastatic phenotype via orthotopic

high
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transplantations, an assay thought to closely mimic the natural
metastatic process (37). To test this, we dissociated passage 3
sphere cells from C K-ras”’", C*:Pten™’", and C":Pten™" ;K-
ras”’” mice followed by orthotopic injection of approxi-
mately 2 x 10° cells to the proximal region of the anterior
lobe of NOD;SCID;IL2rg-null mice. Genotypes of sphere cells
were confirmed by PCR analysis, before transplantation, on
individual P3 spheres (Supplementary Fig. S7A and data not
shown).

Although C* Pten™" (data not shown) and C*:Pren*’’;
K-ras”" sphere cells could initiate primary engraftments after
3 to 4 weeks, only recipient mice with C*;Pten”":K-ras"""

sphere cells appeared morbid with poorly differentiated car-
cinoma (Fig. 6A, left). Extensive micro- and macrometastases
was observed in the lymph nodes, lung, and liver of mice that
received C';Pten”’";K-ras””" sphere cells. The metastatic
lesions maintained morphology similar to the primary cancers
(data not shown). Importantly, recipients of either C*;K-ras"""
or C";Pten””™ sphere cell transplants revealed no detectable
macrometastasis or morbidity by 10 weeks posttransplanta-
tion (data not shown), suggesting that concomitant alteration
of both PTEN/PI3K and RAS/MAPK pathways in stem/pro-
genitor cells is required for the metastasis development in the
orthotopic transplantation models.
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To further support our hypothesis that stem/progenitor
cells can reconstitute both EMT and metastatic phenotypes,
we FACS sorted the LSC™8", LSC'*" and EpCAM™"/CD24'"
mesenchymal subpopulations from C'K-ras", C'Pten*",
and C';Pten””";K-ras””" mutant prostates at 8 to 10 weeks of
age (Supplementary Fig. S7B and data not shown), followed by
orthotopic transplantation. Consistent with our previous stud-
ies, transplantation of Pten-null LSC™&" cells could form ade-
nocarcinoma (ref. 26; Fig. 6A, right) but without detectable
metastasis. However, in the recipients of C* ;Pten™";K-ras”""
LSC™e" cells and EpCAM™"/CD24'" mesenchymal cells, we
observed similar EMT and metastatic phenotypes (Fig. 6B).
PCR genotyping of resected metastatic lesions validated the
presence of C;Pten™~ ;K-ras®**”" cancer cells (Supplemen-
tary Fig. S7C). Therefore, both LSC"'" and EpCAM'"/CD24'*"
stem/progenitor cells isolated from ch ;Pten"/ L.K-ras" W
mutant mice have enhanced prostate capacity to reconstitute
EMT and drive distant metastasis compared with stem/pro-
genitor cells with either PI3K activation or RAS/MAPK acti-
vation alone.

Pharmacologic targeting of RAS/MAPK signaling
inhibits metastatic disease initiated from stem/
progenitor cells

Because transplantation of stem/progenitor cells isolated
from C";Pten*":K-ras”"" mutants yielded metastatic disease
with reliable kinetics, we investigated whether targeting of the
PI3K/AKT and RAS/MAPK signaling pathways could inhibit
such a phenotype. To noninvasively monitor metastasis in vivo,
we crossed the Rosa26-Luc reporter line onto the compound
mutant mice so both primary and metastatic lesions can be
easily monitored via bioluminescence imaging (BLL Fig. 7A
and data not shown). We first tested the ability of mTOR
inhibitor rapamycin (4 mg/kg/d, intraperitoneally) and MEK
inhibitor PD325901 (5 mg/kg/d, per 0s) to effectively inhibit the
PI3K and RAS pathways in vivo, using c' ;PtenL/ L;I(—rasL/W
mutant mice. As shown in Fig. 7B, left, these small-molecule
inhibitors could hit their respective pathways in vivo, indicated
by the reduction of their downstream surrogate markers p-S6
and p-MAPK staining. Coinciding with efficient reduction of
phospho-targets, we observed marked reduction of Ki67" cells
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Figure 6. Transplantation of C*;
Pten*";K-ras*"" stem/progenitor
cells are sufficient to initiate EMT
and metastasis. A, orthotopic
transplantation of C*;Pten"’t;
K-ras*" spheres cells (left)and C*;
Pten'/t LSC"9" cells (right) to NOD;
SCID;IL2ry-null recipients and
resulting pathology (left). B,
transplantation of LSC'%, LSCM",
and mesenchymal cells isolated
from primary C*;Pten**;K-ras"’"
mutant cells and resulting
pathology observed in NOD;SCID;
IL2ry-null recipients. Low
magnification bar, 500 pum; high
magnification bar, 100 um.

in C":Pten"";K-ras”" mutants treated with rapamycin and
PD325901 (Fig. 7B, middle).

NOD:SCID:IL2ry-null male mice were then orthotopically
transplanted with approximately 2 x 10° sphere cells derived
from C*;Pten"";K-ras”""";Rosa26-luc mice. Two days postinjec-
tion, mice were treated daily with placebo, rapamycin, and/or
PD325901, and tumor growth and metastasis were monitored
weekly in vivo by BLIL. While placebo-treated mice showed rapid
primary disease and progression to lung metastasis, as indi-
cated by BLI signals (Fig. 7C, left, n = 10), mice receiving
combination treatment showed both reduced primary tumor
burden and little detectable signal in the thoracic region (Fig.
7C, left and quantified in middle, » = 10). Histologic analysis
revealed that combination treatment significantly abolished
enhanced cell proliferation and EMT phenotype seen in placebo
cohort of sphere transplantation recipients (Fig. 7B, middle and
right) and the metastatic potential of the C';Pten*";K-ras""";
Rosa26-luc sphere cells to the lung (Fig. 7C, right). To further
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test our hypothesis that RAS/MAPK pathway activation is
critical for the promotion of metastatic disease, we treated
transplantation recipients with only the MEK inhibitor. After 3
to 4 weeks of daily treatment with PD325901, we observed a
similar reduction in metastasis (Fig. 7C, n = 10), although the
effect on primary cancers were less significant compared with
the combination treatment. Together these data suggest that
the RAS/MAPK pathway activation, in collaboration with PTEN
loss or PI3K pathway activation, indeed, plays an essential role
in the development of metastatic prostate cancers and that
cotargeting both the pathways may be effective in preventing
metastasis or slowing down tumor progression.

Discussion

The study of molecular mechanisms underlying late-stage
metastatic prostate cancer has been challenging partly as a
result of the paucity of prostate cancer models that recapitulate
the multistep process of the metastasis. While alterations in the
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PTEN/PI3K/AKT signaling axis occur frequently in human
disease, such pathway alterations are not sufficient to manifest
a significant metastatic phenotype in preclinical animal mod-
els (3-5, 38). In this study, we identified significant enhance-
ment of RAS signaling in both recurrent primary tumors and
bone metastasis. In consideration of these findings, we eval-
uated the possibility that RAS/MAPK activation could serve as
a critical, additional hit to alteration of PTEN/PI3K/AKT
signaling in promoting prostate cancer progression and metas-
tasis (Fig. 7D). Through coordinate Pten deletion and K-
ras®?”"" activation, we observed markedly enhanced tumor
progression compared with Pten deletion alone. Striking features
of C*;Pten™ ;K-ras”’" and C*;Pten™":K-ras”’" mutants included
the presence of EMT and significant metastatic burden. Impor-
tantly, our study also showed that both LSC™" epithelial and
EpCAM""/CD24™" mesenchymal stem/progenitor cells have
sphere-forming activity in vitro and could reconstitute both local
invasive and distance metastatic disease in vivo.

EMT has been postulated to play a critical role in the process
of metastasis (39-41). Expression of EMT markers is correlated
with human prostate cancer progression as exemplified by the
enhanced levels of the Twist (36) and N-cadherin (19) in late-
stage primary and metastatic diseases. Moreover, monoclonal
antibody targeting of N-cadherin significantly delays progres-
sion in prostate cancer xenograft models (19). However, as few
preclinical prostate cancer models progress from invasive
carcinoma to EMT and metastasis, the functional significance
and the pathways involved with EMT have been difficult to
study. Using the Pten;p53 prostate cancer model (6), a recent
study derived lineage-specific cell lines which could metasta-
size upon orthotopic injection into immunocompromised
hosts (7). However, the interpretation of these findings is
confounded by the fact that primary Pten;p53 mutant tumors
rarely show extensive metastasis and that derived cell lines
may undergo in vitro adaptation or acquire additional muta-
tions. Therefore, the new Pten-null:K-ras activated model
provides a unique opportunity for studying the significant
impact of EMT in prostate cancer progression in vivo and the
pathway that regulates the EMT biology in the context of PTEN
loss. Because both K-ras and B-raf alterations occur in primary
and metastatic prostate cancer (2), it will be important to
model these alterations and determine whether these genetic
changes have distinct or overlapping roles in prostate cancer
development.

Cells with qualities of stemness and invasiveness have also
been postulated to confer greater therapeutic resistance, par-
ticularly, in recurrent disease (42). If true, then such a hypoth-
esis would explain the relatively poor response that therapies
have toward metastatic cancers in comparison with differen-
tiated primary tumors. Recent studies using breast cancer cell
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