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Abstract

PTEN loss drives many cancers and recent genetic studies reveal that often PTEN is antagonised
at the protein level without alteration of DNA or RNA expression. This scenario can already cause
malignancy since PTEN is haploinsufficient. We here review normally occurring mechanisms of
PTEN protein regulation and discuss three processes where PTEN plasticity is needed: ischaemia,
development and wound healing. These situations demand transient PTEN suppression while on
the other hand cancer exploits them for continuous proliferation and survival advantages.
Therefore increased understanding of PTEN plasticity may help us better interpret tumour
development and ultimately lead to drug targets for PTEN supporting cancer therapy.
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PTEN: To Knudson and beyond

The PTEN phosphatase antagonises the Pl 3-Kinases by dephosphorylating the PIP3 second
messenger they they generate. As such PTEN plays an essential role in limiting cell growth
and proliferation. It was identified in a race for the suspected chromosome 10923 tumour
suppressor locus which stood out in classic LOH analysis (Glossary) of several cancers [1,
2]. These studies confirmed classic complete loss of the gene in cancer, of which the second
study appropriately labelled the gene MMACL1 (Mutated in Multiple Advanced Cancers 1)
due to its frequently observed complete loss in late stage malignancies. Soon after, many
studies reported a strikingly high frequency of single allele loss in cancer that was not
accompanied by mutation or other suppression of the remaining allele (reviewed in [3, 4]).
These results spawned numerous genetic experiments in mouse. Studies using
heterozygosity of knockout alleles, hypomorphic alleles and RNAi-mediated Pten
knockdown (reviewed in [5]) formally demonstrated that PTEN is haploinsufficient for
suppressing cancer (see Box 1).
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Box 1
Haploinsufficiency

This genetic term describes the inability of a single remaining normal allele to cover up
the phenotype caused by alteration of the other allele. According to the two-hit
hypothesis [68] tumour suppressors were originally defined as not being haploinsufficient
genes. Instead, it was thought that only functional loss of both tumour suppressor alleles
could cause a cancer phenotype. Animal modelling and human cancer genetics have
since revealed many instances of tumour suppressor haploinsufficiency and in the case of
PTEN, why tumours may favour haploinsufficiency over complete gene loss (reviewed in

[69]).

The above findings results strengthened the argument that there is no redundancy in cells for
PTEN enzymatic activity. Using primary cell systems and genetically engineered mice, it
was furthermore shown that homozygous loss of Pfen triggers senescence arrest [6],
highlighting how this genetic lesion in isolation is counter-selective. As such, it is
understandable that in many systems, which may be dependent on cell renewal (e.g.
epithelial cells, stem cell compartments), complete PTEN inactivating events are not
selected for, because they are only tolerated in end stage or advanced disease when
senescence barriers have been broken or circumvented.

These findings highlight the need to understand PTEN biology in greater detail than is
readily possible through ‘on/off” genetic studies. PTEN has critical roles in the balance of
cell growth and proliferation, metabolism, migration, cell polarity and the stem cell niche
(comprehensively reviewed in [7]). Yet, just like improved genomic analysis triggered
research into PTEN haploinsufficiency, the ever faster comprehensive genomic and protein
analysis of cancer specimens today reveals a surprising disconnect. Although many studies
continue to reveal frequent loss of PTEN protein, emerging evidence suggests that this is
primarily found in spite of normal gene status and RNA expression (reviewed in [8]). Loss
of protein at normal RNA levels can be attributed to post-translational PTEN regulation or
to translational interference without mMRNA degradation. Although recent results have
unravelled the potential of the latter ([9, 10] and are reviewed in [11], this review focuses on
the post-translational regulation of the PTEN protein and the normal biological settings that
depend on PTEN plasticity (see Box 2). We discuss three physiological processes: ischaemia
(Glossary), development and wound healing, which all require PTEN modulation. Lastly,
we discuss the relevance of these facets of PTEN biology to cancer and the search for cures.

Box 2
PTEN plasticity

PTEN plasticity is a naturally occurring modification of PTEN protein function during a
distinct cellular process. Changes in protein levels, location, and enzymatic activity have
been described. Most instances show transient suppression of PTEN rather than increased
activity. Note however, that nuclear PTEN translocation in ischaemic neurons might
serve two purposes: suppression of PTEN in the cytoplasm and activation of nuclear-
specific PTEN functions.

Survival without blood supply

Modulation of PTEN activity in response to ischaemia establishes an informative
physiological context for the phenomenon of PTEN plasticity. Ischaemic injury results from
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insufficient blood flow to organs or tissues, examples of which include stroke and
myocardial infarction. PTEN, in normal physiological conditions, acts to antagonise PI3K/
AKT mediated signalling and as such it promotes growth arrest and can trigger apoptosis
[12]. However, subsequent to ischaemic injury, limiting the ability of wounded tissue to
renew or promoting cell death would be detrimental to the healing effort. These effects are
clearly highlighted using PTEN small-molecule inhibitors; derivatives of the
bisperoxovanadium (BpV) family (Glossary). Apoptosis and cell death of cultured
cardiomyocytes, subsequent to hypoxia, can be attenuated by the PTEN active site inhibitor
BpV(HOpic) [13]. Furthermore, administration of BpV(HOpic) prior to coronary artery
occlusion significantly reduces cardiac infarct size, and promotes elevation of activated,
phosphorylated Akt (pAkt), allowing improved retention of heart function after reperfusion.

The beneficial effects of PTEN inhibition after ischaemic injury are not limited to the heart.
In animal models of cerebral ischaemia, administration of BpV/(pic) prior to cerebral artery
occlusion reduces infarct size, diminishes apoptosis and increases signalling via the PI3K/
AKT axis [14]. Thus, pharmacological inhibition unequivocally demonstrates the benefits of
negatively modulating PTEN activity subsequent to ischaemia, a concept and strategy that
has been highlighted as a potential therapy to improve the outcome in patients recovering
from ischaemic insult [15].

Under normal biological conditions, transient PTEN inhibition during ischaemia may occur
via multiple mechanisms. Two of these processes, the post-translational modifications of
phosphorylation and ubiquitination (reviewed in [8]), have been extensively studied and
their employment shown to directly influence PTEN activity subsequent to ischaemia.
Assessment of brain tissue following cerebral artery occlusion in animal models showed an
increase of phosphorylated Pten (pPten) in the ischaemic core [16]. Intriguingly, this burst
was rapid (peaking at ~1hour) and transient (diminishing after ~3 days). Although this
observation is associative in nature, it suggested that post-translational modification may be
significant following ischaemia. Further animal studies then identified hypothermia as a
method by which infarct size can be reduced following cerebral ischaemia. Administration
of hypothermia prior to reperfusion was shown to be more efficient at reducing infarct size
than hypothermia after reperfusion. In contrast to delayed hypothermia, early hypothermic
treatment maintained significant pPten levels in the region affected by ischaemic insult [17],
demonstrating yet another correlation between phosphorylation and PTEN inhibition.

The phosphorylation of PTEN has been widely studied at the molecular level, having been
demonstrated to reduce its efficacy as a lipid phosphatase, and therefore its capacity to
attenuate PI3K/AKT-mediated signalling. Initial reports identified a limited number of
prominent phospho-acceptor sites in the C-terminal region of PTEN (primarily serines 362,
370, 380, 385 and threonines 366, 382 and 383 [18-23]. Removal of the C-terminal of
PTEN (residues 352—-403, which are unstructured) produces a more active, but less stable
protein than the wildtype enzyme. Moreover, this decrease in stability and increased activity
is recapitulated by mutation of the serine/threonine phospho-acceptor sites at positions 380,
382, 383 and 385 to alanine rendering them resistant to phosphorylation [24]. Further
mutational refinement has shown that concurrent mutation of threonine 382 and 383 to
alanine is sufficient to increase PTEN lipid phosphatase activity [22]. Also, there have been
mechanistic insights linking phosphorylation and stability: mutation of phosphorylation sites
produces a protein that undergoes higher levels of poly-ubiquitination [22], a process shown
to mediate PTEN degradation [25]. Conversely, increased phosphorylation can prevent
proteasome-mediated degradation of PTEN [21]. Additionally, several caspase-3 cleavage
sites allowing for degradation have been identified in PTEN, and phosphorylation of serine
370 and 385 renders PTEN resistant to this caspase-mediated cleavage [26]. Therefore,
several lines of evidence consistently reveal that phosphorylation of PTEN can stabilise the
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protein /in vitro and a model involving structural rearrangements has been proposed
(reviewed in [8]). /n vivo functional validation of the role for phosphorylation has to date
however not been possible and thus it remains to be seen which physiological processes, and
which tissues depend on it.

A second means of physiological PTEN inhibition, under hypoxic or ischaemic conditions,
has emerged more recently: intracellular redistribution of the enzyme. PTEN shows
dominant cytoplasmic localisation in neurons, but subsequent to carotid artery occlusion in
mouse models of cerebral ischaemia, insufficient blood flow to the brain triggers nuclear
import of the protein [27]. Importantly, nuclear import was dependent on the PTEN
ubiquitination machinery, as evidenced by the critical role of the adaptor protein for the
previously identified E3 ubiquitin ligase Nedd4-1 [25]. In mouse brain, Nedd4 interacting
protein 1 (Ndfipl) bridges the E3 ligase to Pten and enhances mono-ubiquitination [27]. In
contrast to poly-ubiquitination, discrete ubiquitination enhances PTEN nuclear import, not
degradation [28]. These results have also been confirmed in a rat ischaemia model [29],
which allowed for the genetic dissection of the functional consequences of PTEN
translocation. NdfipI-deficient mice, which showed no Pten import after stroke, consistently
revealed larger infarct sizes and reduced activation of Pl 3-Kinase/Akt driven survival
pathways within their neurons. These findings were consistent with the notion that
relocalization of PTEN from the cytoplasm to the nucleus constitutes a novel means for
transient inactivation that favours AKT-dependent survival signalling. While it remains to
be determined whether PTEN could also directly perform pro-survival roles in the nucleus,
these observations implicate a second post-translational modification mechanism in PTEN
activity control and introduce a powerful genetic model for exploring its biological
relevance.

To summarise, studies in cells or tissues ranging from heart, brain and kidney derived from
human or animal models demonstrate that hypoxic and ischaemic stress triggers a survival
response with elevation of PI3K/AKT signalling levels [13, 14, 17, 27, 30]. While small
molecule inhibitors of PTEN appear to prevent massive tissue necrosis after these insults,
phosphorylation and nuclear import of PTEN have emerged as the most common
mechanisms to ensure cell survival. These findings may provide evidence for both the power
and speed of post-translational PTEN control, and the importance of enabling the post-crisis
recycling of the protein.

PTEN plasticity in neuronal development and wound healing

Further examples of PTEN plasticity can be seen in the central nervous system (CNS).
Detailed assessment of Pten expression in the developing mouse brain reveals heightened
levels during the end of the second to the third week of development [31] with a mosaic
expression of Pten observed across neuronal subtypes in the adult rodent brain [32, 33].
Together, these observations suggest that differential levels of PTEN activity are critical
both for development and cell identity in the adult brain. Complimentary to these
observations, our understanding of PTEN plasticity in brain development has been
significantly enhanced through studies of neurite (Glossary) elongation and contact
formation.

Dendritic branching was shown to be controlled by Pten; Pten knockdown increased
branching to levels comparable to those seen subsequent to oncogenic Pl 3-Kinase
overexpression [34]. This study suggests that Akt and mTORC1 mediate the effect
downstream, and that mutant Ras could stimulate P1 3-Kinase to utilise the same pathway.
The results highlight the role of PTEN as a master negative regulator of dendrite
arborization and growth control. Similarly, axon formation is subject to control by PTEN, as
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demonstrated by PI 3-Kinase inhibitors and PTEN overexpression [35, 36]. Additionally, the
role of PTEN in the formation of neuromuscular junctions (NMJs) has been interrogated.
Using zebrafish-derived tissue culture, NMJ formation occurred after normal growing axons
reduced their rate of elongation during interaction with muscle cells. Diminished Pten
activity induced genetically or pharmacologically, blocked this axon slowing, thereby
preventing efficient NMJ formation [37]. Collectively, these studies show that neurons need
to maintain tight control over PTEN activity and location in development. How do they
achieve this? A recent study implicates the Nedd4 ubiquitin E3 ligase. Terminal branching
in the developing xenopus retinal ganglion is severely inhibited by Nedd4 knockdown;
however, PTEN suppression rescues this axon phenotype [38]. These results genetically
implicate Nedd4 as a key regulator of Pten protein levels during axon branching, perhaps in
conjunction with other Nedd4 targets [39].

In addition to the development of neuronal networks, PTEN plasticity has also been
demonstrated during neuronal responses to wounding. In a mouse model for spinal muscular
atrophy (SMA)[40], neurons resisted degeneration when Pten was suppressed using RNAI
[35]. In the same vein, Pten knockout improved healing of neurons in rodents subjected to
an optic nerve crush procedure [41]. Furthermore, pharmacological inhibition of Pten in
rodent sensory neurons, subsequent to wounding, resulted in increased axonal formation in
the regenerating neurons. Notably, a recent report showed that combined loss of Pten and
suppressor of cytokine signalling 3 (Socs3) triggered sustained optic nerve regeneration after
injury [42]. Mechanistically, inhibition of PTEN consistently seems to improve regeneration
and healing, which is dependent on AKT activation. In agreement, studies show that
regeneration can be blocked by rapamycin-mediated mTorcl-inhibition (reviewed in [43]).
Collectively, these studies demonstrate that PTEN suppression is intrinsically linked to
improved neuronal regeneration, making pharmacological PTEN inhibition a promising
therapeutic approach in these settings.

What natural molecular switches are then used to modulate PTEN activity in this setting? As
suggested by some reports, nature may again resort to the PTEN ubiquitination machinery
for this task. Abrogation of Nedd4-1 reduces neurite outgrowth in rat peripheral neurons, a
phenotype which is rescued by pharmacological Pten inhibition [44]. Similarly,
detrimentally high zinc levels in neurons lead to increased Nedd4-1 levels and proteasomal
degradation of Pten following its poly-ubiquitination [45].

Taken together, PTEN plasticity— mostly in the form of reversible suppression- is critical
for development, survival and functional repair of cells. Neurons have emerged as the prime
model system for these dynamic studies; PTEN in neurons being subject to stringent and
rapid control mechanisms which are identifiable within hours of insult. Indeed, failure to
promptly engage Pten plasticity in mouse brain leads to increased infarct sizes due to the
irreplaceable nature of post-mitotic neurons [13, 27]. NEDDA4-1 function might be redundant
as recently two additional PTEN E3 ligases, WWP2 and XIAP, have been proposed [46,
47]. Yet, in most of the above discussed systems Nedd4-1 was essential for Pten regulation
in vitroand in vivo. As discussed above, the phenotype of Medd4-1 loss in neurons
(decreased neuron/ brain size and arborization, [38, 44, 48]) is the opposite of Ptenloss
(increased brain/ neuron size and arborization, [49]), as expected. Although ubiquitination
has emerged as a preeminent method of PTEN regulation, other post-translational
mechanisms, such as oxidation [8] or S-nitrosylation may also occur frequently. However
these may be missed due to experimental detection limits.
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PTEN plasticity exploited by cancer

Early stage epithelial cancers can be driven by PTEN suppression, as opposed to its
complete loss. However, PTEN plasticity, as seen in the above examples, is a natural
process that can serve to restrain PTEN function for survival. So what is the evidence that
cancer is hijacking this normal process to drive a PTEN haploinsufficient tumour? To
answer this question, we below review studies in human, which established a link between a
patient’s PTEN protein status, underlying genetic alteration, and disease outcome.

Hijacking Degradation

In prostate cancer, low PTEN levels are observed in 70% of surgically removed samples
[50]. Further comparison of PTEN protein levels with comprehensive results on RNA/ DNA
levels showed that of cancers lacking the protein, 75% retained intact genes and normal
RNA expression. These numbers imply that half the men with prostate cancer, i.e. some
500,000 U. S. men, suffer from hijacked PTEN degradation, resulting in cancer-promoting
low levels of the protein. Because the vast majority of patients undergoing surgery are men
whose biopsies reveal intermediate aggressive disease (Gleason scores of only 6 or 7
(Glossary)), PTEN-restoring therapy may be an effective alternative or adjuvant therapy for
this subgroup.

Similarly, in colorectal cancer, assessment of samples from the European Prospective
Investigation into Cancer and Nutrition (EPIC study) [51] revealed that 35% of cases lacked
PTEN expression, for which mutations did not appear to be a significant cause [52].
Intriguingly, at the same time 80% of colorectal cancer cases have been described to exhibit
over-expression of NEDD4-1 [53], suggesting that PTEN degradation brought about by
increased NEDDA4-1 levels, may be a significant contributor to colorectal cancer. In lung
adenocarcinoma the frequency of PTEN protein loss has similarly been found to exceed loss
of the gene by ten-fold [54] and an inverse correlation between NEDD4-1 overexpression
and PTEN protein staining has also been described [55]. Taken together, these observations
suggest that PTEN plasticity is being exploited in various solid tumour types.

Hijacking transport

Soon after the discovery of PTEN, correlative studies were undertaken to compare alteration
at genetic and protein levels. It was consistently observed in thyroid cancer [56], endocrine
pancreatic tumours [57] and melanoma [58], that loss of nuclear PTEN localisation
correlated with progression of disease. Causality was first established when studies on a
Cowden Syndrome (Glossary) family with an inherited PTEN lysine 298 to glutamate
missense mutation revealed that this mutant triggers dysplastic colonic polyps [28].
Mislocalisation of this catalytically normal mutant from the nucleus to the cytoplasm in
tissue culture and in polyps of the family’s carriers, demonstrated the malignant potential of
nuclear PTEN exclusion in the colon. Mechanistically, this work revealed enhanced
degradation of the forced cytoplasmic protein and suggested a critical role for mono-
ubiquitination of lysine 289 and a second residue (lysine 13) during nuclear PTEN transport.
Intriguingly, cells with expelled nuclear PTEN showed nuclear specific AKT kinase
activation (L. C. Trotman, unpublished observation), which has been shown to initiate
tumour formation in the colon of mice [59].

Thus, some principles can be envisioned as depicted in Figure 1: i. Tissues with cytoplasmic
PTEN are expected to be slow growing or post-mitotic (e.g. Neurons); ii. Ischaemia moves
PTEN into the nucleus allowing for transient survival signalling by AKT in the cytoplasm.
Chronic shortage of blood supply, through either obstruction or inefficient neo-
vascularization, could trigger addiction to PTEN suppression through mislocalization; iii.
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Fast replicating tissue (e.g. crypt cells in colon) often display nuclear PTEN, suggesting
functional mono-ubiquitination and import to allow for some AKT signalling; iv. Hyper-
activation of the poly-ubiquitination machinery could result in blocking PTEN import and
enhance its cytoplasmic degradation leading to AKT activation in both the nucleus and
cytoplasm. Thus, the mechanisms that are essential for cell survival in a solid tissue under
ischaemic stress could be a first step in a series of events that finally lead to autonomy in
growth control decisions of these cells.

Concluding remarks

The above examples illustrate that the naturally occurring mechanisms of PTEN plasticity
are frequently hijacked in cancer cells, which perpetually remain in low-PTEN survival
mode. It would be expected that adverse genetic alterations indirectly control PTEN levels;
however, it is also conceivable that changes in the microenvironment, such as limiting blood
supply in a growing tumour mass, may trigger and maintain the survival mode through
PTEN suppression (Figure 1).

Breaking this self-imposed emergency mode could help cancer patients in two fundamental
ways. First, PTEN supporting therapy could help stave off lethal tumour progression and
prolong the indolent phase in many cancer types that show reduced protein despite normal
gene expression. Beyond cancer, this approach might also help treat neurologic disorders,
such as epilepsy and autism, where PTEN malfunction can play a causal role [49, 60].

Second, and perhaps more importantly, PTEN supporting therapy could help in cases where
the above approach would come too late: multiple cancer therapies have a significantly
better outcome when patients still have functional PTEN. Success of Herceptin therapy in
breast cancer [61] and EGFR-inhibition in colorectal cancer [62] were found to closely
correlate with PTEN status in these patients (reviewed in [63]). Thus, PTEN supporting
therapy could significantly improve already available target therapies, when administered
simultaneously. Prevention of progression from indolence and enhancement of conventional
target therapy are the potential areas of impact for this approach. For comparison, strategies
to restore p53 function in cancer by blocking its degradation have been explored for almost a
decade [64] and they have shown positive results in some clinical applications as reviewed
recently in [65].

How can PTEN-based therapy be achieved? Ubiquitination takes centre stage in the
regulation of PTEN levels, arising in two distinct shapes: a reversible form that dictates
PTEN location (mono-ubiquitination), and an irreversible form (poly-ubiquitination) that
regulates PTEN levels. Both are used to suppress PTEN in neurons, and at present we know
that the NEDD4 E3 ubiquitin ligase, and potentially others, can be essential for the process.
There are two principal ways to intervene pharmacologically: direct inhibition of NEDDA4,
or indirect targeting of critical components that cooperate with NEDD4 in PTEN poly-
ubiquitination. The former carries risks, because NEDDA4-1 deficiency is known to be
embryonic lethal — one would thus predict broad adverse effects of a strong inhibitor. To
make the latter approach a viable option, we need a detailed understanding of the
deregulated proteins that cause essential E3-ligases like NEDD4 to degrade PTEN so
efficiently in cancer. The above-discussed model systems, which successfully recapitulate
PTEN regulation, are thus in a pole position to make great contributions to novel PTEN-
supporting anti-cancer therapies.
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Glossary

Bisper oxovanadium
(BpV)

Cowden Syndrome

Gleason score

I schaemia

LOH

Neurite
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low, no or nuclear PTEN

Ischaemic neoplasia

Concepts linking PTEN location with cell phenotype (left).
(i) PTEN is cytoplasmic in many slow dividing or post-mitotic cells (e.g. Neurons or
prostate epithelia) and efficiently blocks AKT-pathway signalling.
(ii) Upon ischaemia, PTEN is transiently imported into the nucleus to allow for AKT
survival signalling.
(iii) Fast dividing tissue often shows nuclear PTEN, permitting AKT signalling similar to
(7i) but under normal conditions. Early cancerous lesions could select for this PTEN

location.

Vascularized neoplasia

(iv) Cancer cells show enhanced PTEN degradation e.g. through import block and

cytoplasmic poly-ubiquitin-mediated degradation.

Note that the transition from (i) to (ii) is reversible under normal conditions. All other 5
transitions may be largely irreversible because they confer a growth advantage.

PTEN location and tumour development (right). Limiting blood supply can trigger survival
and proliferation benefits through nuclear PTEN accumulation (blue cells) to which these
neoplastic cells may get addicted. Well vascularized tumour regions frequently show no,
low or nuclear PTEN protein mislocalization that could arise as depicted in (iii) and (iv).
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