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Abstract

Tumor suppressors function in a coordinated regulatory network, and their inactivation is a key
step in carcinogenesis. The tumor suppressor Par-4 is a novel integral player in the PTEN network.
Thus, Par-4 is absent in a high percentage of human prostate carcinomas, and its loss is
concomitantly associated with PTEN loss. Genetic ablation of Par-4 induces fully invasive
prostate carcinomas in PTEN-heterozygous mice. In contrast, Par-4 deficiency alone, like PTEN
heterozygosis, results in lesions that are unable to progress beyond the benign neoplastic stage
known as PIN. At this PIN transition, the mutual induction of Par-4 and PTEN is an additional
regulatory step in preventing cancer progression. Par-4 deficiency cooperates with PTEN
haploinsufficiency in prostate cancer initiation and progression and their simultaneous
inactivation, in addition to enhancing Akt activation, sets in motion a unique mechanism involving
the synergistic activation of NFkB. These results suggest that the concurrent interruption of
complementary signaling pathways targeting PI3K/Akt and NFxB activation could provide new
and effective strategies for cancer therapy.
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Introduction

Prostate cancer (PCa) is one of the most common malignancies in men. The prevalence of
PCa is on the increase in western societies. It is among the leading causes of male cancer-
related morbidity and death, second only to lung cancer, representing approximately 10% of
all cancer deaths among men in the United States. Indeed, one in six men in the United
States will be diagnosed with PCa during their lifetime. PCa is a complex disease in its
development and response to therapy.

PCa proceeds through a series of defined steps, including prostatic intraepithelial neoplasia
(PIN), invasive cancer, and hormone-dependent or hormone-independent metastasis. All
these different stages have been well defined histologically, although the molecular
mechanisms contributing to the initiation and progression of PCa are not fully understood.
Diagnosis is based mainly on histology and Gleason scoring and, while effective for disease
identification and determining general prognosis, these tools have limited usefulness in
deciding the best course of treatment for patients with intermediate grade tumors.!
Treatment is further complicated by the fact that prostate cancer initially responds well to
androgen-ablation or anti-androgen therapy, but eventually enters an androgen-independent
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stage with no effective therapy.2 Therefore, the development of new therapies and better
diagnostic techniques will depend on increasing our understanding of the molecular basis of
this disease.

Genetic loss or mutation of tumor suppressor genes is a frequent event initiating and/or
promoting tumorigenesis.3 The tumor suppressor PTEN (phosphatase and tensin homolog
deleted on chromosome 10) is an important player in human prostate carcinogenesis and,
with p53, represents one of the most frequently mutated genes in PCa. PTEN maps to
10023, a locus that is highly susceptible to mutation in primary human cancers*®° and is
commonly lost in metastatic prostate cancer.6 Functionally, PTEN is a plasma-membrane
lipid phosphatase that antagonizes the PI-3K/Akt pathway’:8 by hydrolyzing
phosphatidylinositol 3,4,5-trisphosphate (PIP3) to generate phosphatidylinositol 4,5-
trisphosphate PIP,. Upon PTEN loss, PIP3 accumulates and promotes the recruitment to the
membrane of pleckstrin homology domain-containing proteins, including AKT, and their
subsequent activation. Activation of Akt through deregulated PI3K signaling, resulting from
genetic inactivation of PTEN or an activating mutation in PI3K, is a frequent molecular
event in human cancer and one of the major signaling pathways implicated in advanced
PCa.?-12 Consistent with this, genetic inactivation of Akt1 suppresses tumor development in
PTEN*/~ mice. However, transgenic expression of activated Akt in the murine prostate is
not sufficient to promote the development of invasive PCa, suggesting that Akt-independent
pathways or the cooperation of complementary networks of tumor suppressors might be
required for tumor progression.12 In keeping with this, PTEN haploinsufficiency has been
shown to promote cell proliferation and the development of PIN, but these lesions do not
progress to invasive diseasel® unless there is a concomitant loss of other tumor suppressors.
This opens an important avenue of study that involves the identification of novel tumor
suppressors and the elucidation of the means by which they coordinate with each other to
form an intricate regulatory network to protect against tumorigenesis.

The Tumor Suppressor Par-4 at the Crossroad of NFKB and Akt Signaling

Par-4 is a tumor suppressor originally identified in an in vitro differential screen of prostate
cancer cells undergoing apoptosis following androgen withdrawal.1® The Par-4 gene maps to
chromosome 12¢21, a region frequently deleted in certain malignancies.1® Par-4’s role as a
tumor suppressor matches its tissue distribution in that it appears to be active in tissues in
which is highly expressed such as prostate, endometrium and lung.17-18 Consistent with this,
in vivo studies of Par-4 KO mice show reduced lifespan, enhanced benign tumor formation,
and low-frequency carcinogenesis. Par-4-deficient mice develop increased benign neoplasia
in hormone-dependent tissues and cooperate with Ras to induce lung carcinoma in vivo. In
addition, it has been shown that Par-4 is downregulated in approximately 40% of human
endometrial carcinomas, human prostate carcinomas, and human lung
adenocarcinomas.17:19.20

The Par-4 gene encodes a protein that harbors a leucine-zipper domain in the carboxy-
terminal region, which interacts with several proteins including the atypical PKCs (aPKCs),
the Wilms’ tumor 1 (WT1) protein, and the kinase MUK/DLK/ZPK.2122 The interaction
with WT1 and MUK/DLK/ZPK points to a nuclear role for Par-4 as a transcriptional
repressor; however, in vivo genetic evidence supporting this function is sorely lacking. The
available data based on genetic evidence support a model according to which the direct
binding of Par-4 to the zinc-finger domain of both aPKC isoforms, PKCZ and PKC/v,
results in inhibition of their enzymatic activity.23 This leads to the subsequent impairment of
NFkB activation, as both aPKCs are relevant pro-inflammatory molecules for the regulation
of the NFxB pathway.242° In fact, multiple studies independently demonstrated that
overexpression of Par-4 leads to inhibition of NFxB, thus potentiating TNFa-induced cell
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death.26-28 |n this regard, the loss of Par-4 in embryo fibroblasts leads to the hyperactivation
of PKCZ and of NF«B transcriptional activity.2% Consistent with this, the NFkxB-dependent
anti-apoptotic protein XI1AP is expressed at significantly elevated levels in Par-4-null cells,
which correlates with reduced caspase-3 activation and apoptosis.2? In addition, Par-4
deficiency is associated with increased NFkB activation in both lung and prostate cells.
Moreover, this hyperactivation is reversed upon loss of PKC{ in Par-4/PKC{ DKO mice,
suggesting that PKCC is a bona fide target of Par-4 in vivo. Interestingly, Par-4-deficient
mice also have higher levels of activated Akt in lung and prostate epithelial cells, and, as is
the case for NFkB, this activation is mediated by PKCZ.17 Akt is a direct substrate of PKC{,
at the phosphorylation site Ser124, which helps to control basal Akt activity by allowing the
efficient phosphorylation of Akt at two other critical residues, Thr308 and Ser473, which are
required for full activation.1” This places Par-4 as a common step in the regulation of the
Akt and NF«xB pathways. A question that deserves further investigation is whether or not
Akt is involved in the regulation of NFxB by the Par-4/PKC{ cassette.

Par-4, a Novel Tumor Suppressor in the PTEN Network

There are two primary ways that tumor suppressors could coordinate their activities in a
regulatory network: they could impinge on a single signaling pathway to increase a required
molecular threshold, or they could activate different complementary and downstream
pathways that interact to create a synergistic effect. In this regard, a common mechanism of
action underlying the cooperation of PTEN with other tumor suppressors is through the
modulation of Akt activation. For example, the tumor suppressor PML cooperates with
PTEN inside the nucleus to inhibit Akt through its recruitment and inhibition by the
phosphatase PP2a in the PML nuclear bodies.39 Another tumor suppressor, NEP, cooperates
with PTEN through synergistic inhibition of the PI3K/Akt pathway by direct interaction of
and stabilization of PTEN.3! In addition, PTEN synergizes with other tumor suppressors,
such as NKx3.1, p18 and Tsc2, through cooperation in Akt activation.32-3% However, in
addition to Akt activation, there could be other complementary mechanisms set in motion by
the cooperative loss of PTEN and other tumor suppressors that have an important impact on
the progression to invasive carcinoma. In fact, PTEN cooperates with Rb and p18 in a
complementary collaboration through their role in controlling cell cycle progression.33
PTEN haploinsufficiency cooperates with the overexpression of Rheb, an upstream activator
of mTOR complex 1 and with the overexpression of FGF8b, a commonly occurring genetic
aberration of human PCa, impinging on different signaling pathways.36:37 Also, two recent
studies show that the common recurrent gene fusion between TMPRSS2 and ERG promotes
PCa when PTEN is concurrently lost.36:38 ERG can act together with PTEN by inducing the
transcription of downstream checkpoint genes that would usually be blocked by Akt and
have a crucial role on cell migration and invasion. Such collaboration could provide a
selective advantage at the cellular level to allow benign lesions to progress to cancer.

Par-4 is a newly identified player in the network of tumor suppressors that cooperate with
PTEN (Fig. 1). Recent studies from our laboratory demonstrate that the loss of Par-4 in the
context of PTEN haploinsufficiency leads to invasive PCa in mice.2? Concomitant
deficiency of both tumor suppressors has an impact not only on the progression of PIN
lesions to invasive carcinoma, but also on tumor initiation, with a higher incidence of PIN
lesions upon Par-4 loss. Interestingly, the combined mutation of Par-4 and PTEN regulates
both proliferation and survival of prostatic epithelial cells, in contrast to the cooperation
between PTEN and other tumor suppressors, which only affect proliferation. This is a
unique feature of Par-4 and PTEN interplay that could be explained by the synergy of the
two mutations on activation of the NFxB cascade, an important pathway in cell survival. Of
note, the inactivation of both tumor suppressors results in the synergistic stimulation of
NFxB, not only in PIN lesions but also in preneoplastic prostates.2? This suggests that the
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activation of NFxB in the preneoplastic glands of the compound mutants could be a
causative mechanism to promote invasive PCa. Par-4 deficiency also leads to an increase in
Akt activation, and this effect is enhanced in the context of PTEN heterozygosity. Thus, the
concomitant loss of PTEN and Par-4, in addition to modulating the Akt pathway, impinges
on the NFxB cascade, which could unleash signals complementary to those elicited by Akt
(Fig. 1). In this regard, two important inflammatory targets of NF«B, the cytokine IL-6 and
the chemokine IL-8, are increased in the Par-4/PTEN compound-mutant prostates.20 This
might mediate the recruitment of inflammatory cells and facilitate an angiogenic response
that could collaborate with proliferative and survival signals in the progression to an
invasive phenotype.

Interestingly, the synergy between the inactivation of Par-4 and PTEN observed in the
double-mutant mouse model is consistent with a significant association of Par-4 and PTEN
expression levels in human PCa. That is, Par-4 loss is associated with PTEN loss and
correlates with high Gleason scores in human PCa. Par-4 inactivation is mostly associated
with aberrant de novo methylation of the Par-4 promoter.2% Of note, there is also an inverse
correlation between Par-4 and PTEN levels and activation of the NFxB pathway, measured
as p65 nuclear translocation and IL-6 levels, indicating that, in fact, activation of this
pathway might account for the collaboration between these two tumor suppressors.

Par-4 and PTEN Interplay as a Safeguard Checkpoint in Tumor Progression

The combined loss of tumor suppressors is a hallmark of advanced human PCa and suggests
a “one-by-one” hit model for tumor development in which there is a sequential loss of tumor
suppressor genes. Research suggests that there is a line of defense against tumorigenesis
composed of a number of tumor suppressors, each with the ability to control one or more
cellular process through the specific pathways on which they act. This suggests that a
network exists through which the different signaling and molecular events are integrated and
coordinated to fine-tune cancer progression. To add to the complexity, tumor suppressor
genes are also subject to countless regulatory mechanisms that ultimately control their
activity, protein levels and function.

The fact that Par-4 KO prostates display a hyper-plastic phenotype and do not progress to
later stages in PCa, except in the context of PTEN haploinsufficiency, suggests that PTEN
could act as a safeguard mechanism in the absence of Par-4 to prevent cancer progression.
Thus, it is possible that PTEN levels could increase as a consequence of Par-4 deficiency,
dampening the tumorigenic signaling cascades unleashed by the loss of Par-4. Figure 2
shows that this is actually the case, in that Par-4 KO prostates have increased PTEN protein
and mRNA levels. These observations are consistent with the notion that PTEN acts as a
checkpoint that limits hyperplastic proliferation and malignant transformation. That is, upon
the loss of one tumor suppressor, the cell sets in motion compensatory mechanisms that
induce other tumor suppressors to restrain tumorigenesis. Interestingly, such interplay
between Par-4 and PTEN is also evident in PTEN heterozygous animals. That is, as shown
in Figure 3, Par-4 levels are increased in PTEN*/~ prostates, both at the protein and mMRNA
levels. These results suggest that the mutual regulatory interplay between Par-4 and PTEN
expression may represent an additional safeguard mechanism in the transition from
preneoplastic lesions to invasive cancer. This could also explain the cooperation of the two
tumor suppressors, as the dual loss would result in the inactivation of this molecular brake.
Invasive cancer, where checkpoint loss may have already occurred, would then be
associated with reduced levels of both Par-4 and PTEN, a prediction that was confirmed by
analysis of human prostate tumors.20
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A similar scenario has previously been described in which PTEN is linked with other tumor
suppressors, such as p53, in a complex relationship. PTEN has been reported to be a
downstream target of p53 in mediating apoptosis,3® and also to act upstream of p53 to
regulate its expression levels and activity.4041 The physical binding of p53 and PTEN gives
further support to their functional crosstalk.#243 Furthermore, total deletion of PTEN results
in enhanced expression of p53 as well as p21, a direct transcription target of p53.44
Consistent with this, combined inactivation of p53 and PTEN cooperates and accelerates
tumor development.#4 Importantly, acute PTEN inactivation triggers p53-dependent cellular
senescence as a checkpoint to restrain tumorigenesis.4 Cellular senescence is commonly
seen in early or precursor stages of cancer.4>46 Interestingly, p27-mediated senescence has
been also described in AKT1 transgenic and PTEN homozygous mice, where it is associated
with the PIN phenotype. Consistent with this, loss of p27 in the context of AKT1 transgenic
mice leads to increased proliferation, loss of senescence, and progression of PIN lesions to
invasive PCa.4’ This crosstalk between PTEN and p53 or p27 resembles that of PTEN and
Par-4, although whether or not the PTEN-Par-4 interplay triggers senescence is not known.
The connections between Par-4 and other players in the PTEN tumor suppressor network
and the mutual regulatory mechanisms controlling their levels, location and activity is still
an open question that deserves further investigation.

Concluding Remarks

Par-4 is a novel tumor suppressor that is well positioned to be an integrator of the currently
growing PTEN network. New studies are unveiling the cooperation of tumor suppressors to
increase the threshold of a shared signaling event, or to set in place new molecular
mechanisms. In this regard, Par-4 deficiency cooperates with PTEN haploinsufficiency to
promote invasive PCa, and their simultaneous inactivation (in addition to enhancing Akt
activation) sets in motion a unique mechanism involving the synergistic stimulation of
NF«B. These observations provide further support for the increasingly recognized role of
NFkB in cancer. Akt and NF«B pathways are both deregulated during prostate
tumorigenesis, and their activation could offer complementary advantage to cells to further
progress towards an invasive phenotype. These findings also suggest that the concurrent
interruption of complementary signaling pathways could provide a new and effective avenue
for cancer therapy. Specifically, combinatorial therapies targeting PI3K/Akt and NFxB
signaling pathways may be an effective treatment for PCa.

In summary, recent evidences are unveiling that tumor suppressors exist in a finely tune and
regulated network that integrates signals to coordinate molecular events that protect cells
against tumorigenesis. Understanding the cross talks among each component of these
cascades, and unraveling the intricate molecular mechanisms that govern their connections
will undoubtedly contribute to the development of new therapeutic strategies sorely needed
for the treatment of aggressive forms of cancer.
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Akt (PKB) protein kinase B
aPKC atypical PKC
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DLK dual leucine zipper kinase

ERG ETS related gene

FGF8b fibroblast growth factor 8, isoform b

IL-6 interleukin-6

IL-8 interleukin-8

mTOR mammalian target of rapamycin

MUK, NFxB nuclear factor xB

Par-4 prostate apoptosis response-4

PCa prostate cancer

Pl 3-kinase phosphoinositide 3-kinase

PIN prostatic intraepithelial neoplasia

PIP phosphatidylinositol

PKC protein kinase C

PML promyelocytic leukemia

PTEN phosphatase and tensin homolog gene

Rb retinoblastoma

Rheb Ras homolog-enriched in brain

TNFa tumor necrosis factor a

Tsc2 tuberous sclerosis complex 2

WT1 Wilms’ tumor 1

XIAP X-linked inhibitor of apoptosis protein

ZPK zipper protein kinase
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Figure 1.
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Cooperation of Par-4 deficiency and PTEN haploinsufficiency in prostate cancer
progression. Par-4 loss cooperates with PTEN heterozygosity to promote invasive prostate
carcinoma. The simultaneous inactivation of Par-4 and PTEN enhances Akt and leads to a
synergistic stimulation of the NFxB pathway. This sets in motion complementary signals
regulating cell growth, cell survival, inflammation and angiogenesis that collaborate in
prostate cancer progression. It is not known whether Akt is able to directly impinge on the
NFkB pathway in this system.
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Figure2.
Increased levels of PTEN in Par-4 KO prostates. (A) Immunostaining showing increased
PTEN levels in prostate epithelial cells in Par-4 KO mice. (B) PTEN mRNA levels are also
induced upon Par-4 deficiency, as measured by QRT-PCR. n = 4 mice per genotype. *p <

0.02.
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Figure 3.

Induction of Par-4 in PTEN*/~ prostates. (A) Immunostaining showing increased Par-4
levels in prostate epithelial cells of the anterior (upper) and dorsal (lower) prostate lobes in
PTEN*/~ mice. (B) Induction of Par-4 mRNA levels in dorsal prostates of PTEN*/~ mice, as

measured by QRT-PCR. n = 4 mice per genotype. *p < 0.01.
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