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BACKGROUND: PTEN is well known to function as a tumor suppressor that antagonizes oncogenic signaling and maintains
genomic stability. The PTEN gene is frequently deleted or mutated in human cancers and the wide cancer spectrum associated
with PTEN deficiency has been recapitulated in a variety of mouse models of Pren deletion or mutation. Pfen mutations are
highly penetrant in causing various types of spontaneous tumors that often exhibit resistance to anticancer therapies including
immunotherapy. Recent studies demonstrate that PTEN also regulates immune functionality.

OBJECTIVE: To understand the multifaceted functions of PTEN as both a tumor suppressor and an immune regulator.
METHODS: This review will summarize the emerging knowledge of PTEN function in cancer immunoediting. In addition,
the mechanisms underlying functional integration of various PTEN pathways in regulating cancer evolution and tumor
immunity will be highlighted.

RESULTS: Recent preclinical and clinical studies revealed the essential role of PTEN in maintaining immune homeostasis,
which significantly expands the repertoire of PTEN functions. Mechanistically, aberrant PTEN signaling alters the interplay
between the immune system and tumors, leading to immunosuppression and tumor escape.

CONCLUSION: Rational design of personalized anti-cancer treatment requires mechanistic understanding of diverse PTEN

signaling pathways in modulation of the crosstalk between tumor and immune cells.
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Cancer evolution is a joint consequence of genetic alterations,
epigenetic aberration, and metabolic deregulation, which
indicates disruption of multiple cellular autonomous machi-
neries. In addition to tumor-intrinsic mechanisms, host-
dependent immune surveillance shapes the entire process of
tumor development, progression, and response to therapy.
While the immune system can elicit protective anti-tumor
responses, tumors often foster a tolerant microenvironment
and induce immunosuppressive signals to diminish this
activity. Understanding the basic mechanisms that control
cancer immunoediting and how alteration of such regulatory
mechanisms leads to cancer immune evasion is fundamen-
tally important for designing new strategies for treating
cancer.

The PTEN gene was discovered in 1997 by mapping of
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homologous deletion on chromosome 10g23-24 in multiple
types of human cancer (Li et al., 1997; Steck et al., 1997). At
that time, sequence motif analysis predicted the protein
product of this potential tumor suppressor gene to be a protein
phosphatase. A year later, PTEN was characterized as a lipid
phosphatase that dephosphorylates phosphatidylinositol
3.,4,5-trisphosphate (PIP3) by removing the 3-phosphate of
the inositol ring (Maehama and Dixon, 1998). This lipid
phosphatase function of PTEN antagonizes the catalytic
activity of phosphoinositide 3-kinase (PI3K). Given the
critical role of PI3K in regulating diverse cell behaviors and
properties, PTEN’s antagonism of the PI3K/AKT signaling
pathway contributes substantially to its multifaceted functions
in cancer development, metabolism and immunity.

PTEN is a powerful tumor suppressor. Its potency in
preventing tumorigenesis has been demonstrated by numer-
ous Pten knockout and knockin mouse tumor models that
faithfully phenocopied the wide spectrum of human cancers
associated with PTEN mutations. Moreover, mechanistic
studies revealed that PTEN regulates fundamental cellular
processes to oppose oncogenesis. For example, PTEN
controls energy metabolism (Garcia-Cao et al., 2012), cell
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motility (Tamura et al., 1998), genomic stability (Shen et al.,
2007), and epigenome architecture (Chen et al., 2014).
Although many cellular functions of PTEN rely on its
canonical activity in suppressing PI3K signaling, growing
evidence suggests that PTEN may protect the genome and
prevent oncogenic transformation through PI3K-independent
pathways.

In addition to controlling basic cellular functions, PTEN is
also required for maintaining immune homeostasis. Follow-
ing an earlier observation that germline deletion of Pten
manifests autoimmune disorders (Di Cristofano et al., 1999),
Mak and colleagues demonstrated impairment of central and
peripheral immune tolerance using a T cell-specific Pten
knockout mouse model (Suzuki et al., 2001). In the past few
years have witnessed a dramatic explosion in the amount of
evidence showing the important and diverse roles of PTEN in
immune regulation. Here we summarize recent studies and
current understanding of PTEN signaling in mediating mutual
regulation between the immune system and evolving cancer
and the implications for cancer treatment.

PTEN in immune homeostasis

The immune system continuously scans its surrounding
microenvironment for pathogen associated molecular pat-
terns, signaling molecules and antigens. Environmental
stimuli provide a context for ongoing processes involving
immune cell recalibration, regulation and activation, and
these processes dynamically evolve with the changing milieu.
Molecular pathways downstream from the signals converge at
focal points, which ultimately tip the balance between a pro-
inflammatory response and immune suppression. The PTEN
molecule is an important focal point for integrating signals
that promote immune tolerance.

PTEN signaling influences a broad array of immune cells
of both the innate and adaptive compartments (Table 1).
Macrophages that lack PTEN expression are prone to
activation. Mice with Pften deletion in the myeloid lineage

Table 1 Immune-specific Pten deletion and corresponding phenotypes

(PTEN™X9) demonstrated increased pathogenesis in a
bleomycin-induced model of pulmonary fibrosis with a
mixed M1/M2 population secreting pro-inflammatory and
pro-fibrotic cytokines (Kral et al., 2016). Neutrophils with
selective deletion of PTEN exhibited enhanced migration into
an inflamed peritoneal cavity and increased engulfment of
bacteria (Subramanian et al., 2007; Li et al., 2009). B cells
with conditional Pten deletion also displayed a hyperactive
phenotype with hyperproliferation and a lower threshold for
activation through the B cell receptor. A systemic lupus
erythematosus (SLE) mouse model linked pathogenic B cell
activity to downregulation of Pten expression and increased
Akt phosphorylation (Anzelon et al., 2003). PTEN also
fundamentally modulates T cell development and function by
promoting regulatory signals. In general, T cells have a plastic
phenotype that facilitates remarkable flexibility in adapting
their immune activity to the context of environmental signals.
By modifying the activation status of multiple types of
immune cells and modulating T cell phenotypes, PTEN exerts
considerable influence over the direction of immune
responses. The following section will focus on the role of
PTEN in regulating T cell function and controlling the
identity and functionality of regulatory T cells (Tycgs).
Ample evidence has revealed a deterministic role of PTEN
in maintaining immune homeostasis, especially in the
function of CD4™" T cells. Studies modeling PTEN deficiency
in various mouse models have elucidated sequelae spanning
from thymic development to peripheral immune regulation.
The phenotypic results of interrupting PTEN signaling in
immunity reveal its comprehensive impact on central and
peripheral tolerance. A murine model of global T cell Pten
depletion resulted in impairment at several levels of immune
homeostasis. Ptern/;Cre-Lck mice demonstrated early onset
lymphadenoapthy, splenomegaly and enlarged thymi (Suzuki
et al., 2001). Negative thymic selection was defective with
impaired deletion of transgenic T cells expressing the HY T
cell receptor (TCR) in male mice. Splenic T cells from
Pten mice showed amplified cytokine production ex vivo

Immune cells (for Pten deletion) Phenotypes of Pten deficiency

References

T cells

Defective thymic negative selection; Impaired peripheral tolerance; Spontaneous CD4 "

Suzuki et al., 2001

T cell activation; Autoantibody production; CD4" T cell lymphoma

Peripheral T cells
cytolytic activity
CD4" T cells

Increased proliferation and IL-2 production with TCR/CD28 stimulation; Augmented

Impaired thymic selection; Increased proliferation; Activation of naive cells w/o

Locke et al., 2013*

Soone et al., 2012

costimulaton; Autoimmunity; Lymphoma

Regulatory T cells (Tyq cells)

Spontaneous inflammatory disease
B cells
Dendritic cells (DCs)
Neutrophils

Expansion of CD8* and CD103" DCs

Macrophages

Autoimmune-lymphoproliferative disease; Excessive T helper type 1 (Th 1) responses;
B cell activation; Excessive TFH cell and germinal center responses;

Hyperproliferation, resistance to apoptosis, increased migration, SLE

Delayed apoptosis, augmented transendothelial migration, increased bacteria killing

Decreased TNF-a secretion, increased IL-10 production, increased phagocytosis

Huynh et al., 2015
Shrestha et al., 2015

Anzelon et al., 2003
Jiao et al., 2014**

Subramanian et al., 2007,
Li et al., 2009

Kral et al., 2016

Additional refernces: *Locke et al. J Immunol, 2013 Aug 15, 191(4): 1677-85; **Jiao et al. J] Immunol. 2014 Apr 1, 192(7): 3374-3382.
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in response to stimulation with anti-CD3 and anti-CD28
antibodies. These mice uniformly developed lymphoma by 5
months of age. Importantly, the activated T cells demonstrated
markedly elevated levels of phospho-Akt relative to wild type
T cells when activated with anti-CD3/CD28, implicating this
downstream signaling pathway in the phenotypic dysregula-
tion (Suzuki et al., 2001). Deletion of Pten in mature CD4* T
cells has milder consequences. Mice with a Pten™; Ox40"
background did not develop spontaneous autoimmunity or
lymphoma. However, CD4* T helper cells responded to
antigen stimulation with increased proliferation, higher
amplitude of cytokine release and greater efficacy in
augmenting CD8" T cell responses (Soond et al., 2012).
Taken together, these mouse models demonstrated that
deficiency of Pten leads to a state of over-activation in
affected T cells.

T cell activation directly signals via the downstream PTEN-
PI3K axis. An off T cell receptor (TCR) initially recognizes
and binds its cognate MHC:peptide antigen complex.
Engagement of the TCR is at the cell surface activates Ras
which leads to the activation of PI3K. This induces
recruitment of AKT and PDKI1 to the cell membrane where
AKT is phosphorylated and mediates downstream transcrip-
tional signaling (Chen et al., 2001). T cell activation requires
two signals, one mediated by TCR engagement with an
MHC/antigen complex, and the other by interaction of the co-
receptor CD28 with co-stimulatory molecules B7-1 (CD80)
and B7-2 (CD86). The CD28 constimulatory signal promotes
AKT activation by PI3K and is essential for expression of IL-
2 and its receptor as well as T cell activation and proliferation
(Kane et al., 2001). Notably, CD4™ T cells with Pten deletion
were able to achieve activation in the absence of CD28
costimulation. They also showed robust proliferation and
IL-2 production in response to TCR activation in comparison
with wild type T cells (Buckler et al., 2006). Usually, naive T
cells that receive TCR stimulation without costimulation
undergo a deactivation transition to a state of anergy.
However, T cells lacking Pten failed to be anergized in
response to superantigen stimulation (Buckler et al., 2006).
PTEN modulates T cell activation by founctioning as the
central countermeasure to PI3K-mediated lipid phosphoryla-
tion.

PTEN supports T4 cell function

CD4* T regulatory cells (T,egs), which express the canonical
FOXP3 transcription factor, are an essential component of the
adaptive immune system. Naturally occurring Tyegs (07T cgs)
differentiate from common lymphoid progenitor cells during
thymic development and emerge in the periphery as CD4" T
cells with unique aff T cell receptors (Hsieh et al., 2012).
Separately, an inducible population of naive CD4" T cells can
also acquire expression of FOXP3 in the periphery (iTycgs)
(Josefowicz et al., 2012). T, express a characteristic

program of molecules that inhibit effector immune responses.
They release suppressive cytokines such as TGF-f and IL-10,
act as a sink for the growth factor IL-2, and mediate contact
inhibition of effector T (T.s) cells. Naive CD4™ T cells in the
periphery can reciprocally differentiate to either Th17 cells or
T,eqs depending on the environmental signals associated with
activation, particularly the cytokine milieu. Several signaling
pathways in T, cells feed into the PTEN-PI3K axis, in order
to render the downstream substrate, AKT, in a deactivated
state. This includes maintaining dephosphorylation at Ser473
and Thr308 (Chen et al., 2001). Ex vivo analysis of human
CD47CD25% and CD4*FOXP3* T cells demonstrated an
impaired ability to phosphorylate Ser473 in response to TCR
stimulation. After inducing expression of a constitutively
active form of AKT in Ty, they acquired the ability to
secrete pro-inflammatory cytokines, including IFN-y and
TNF-o (Crellin et al., 2007). Forced activation of AKT
disrupts the regulatory program and lineage commitment of
Tregs. Therefore, maintenance of deactivated AKT is an
integral part of T, retaining a suppressive phenotype.
Tregs respond to inflammatory stimuli by upregulating
PTEN, which promotes their regulatory function (Francisco
et al., 2009). Immune checkpoint molecules contribute to this
process when engaged by their ligands. Programmed death 1
(PD-1) is induced on activated T cells, including Tiegs,
through TCR engagement or stimulation with common v-
chain cytokines (Terawaki et al., 2011). PD-1 ligands (PD-L1
and PD-L2) are upregulated on antigen presenting cells
(APCs), stromal cells and endothelial tissue in response to
multiple inflammatory stimuli including common ¢y-chain
cytokines, interferons, TNF-o, IL-10, IL-4 and GM-CSF
(Eppihimer et al., 2002; Loke and Allison, 2003). Engage-
ment of PD-1 decreases the expression and inhibits the
function of Casein kinase 2 (CK2), a serine/threonine protein
kinase that acts as a regulator of PTEN (Patsoukis et al.,
2013). CK2 normally phosphorylates three amino acids in the
C terminus of PTEN, which maintains its stability and inhibits
its phosphatase activity (Torres and Pulido, 2001; Vazquez et
al., 2000). Therefore, decreased levels of CK2 lead to
increased enzymatic activity and turnover of PTEN. A second
cell surface checkpoint molecule, Neuropilin-1 (NRP-1), is
expressed at high levels on nT,.qs (Yadav et al., 2012). The
ligand for NRP-1 is semaphorin-A, which is expressed on Tegr
cells and dendritic cells (DCs). Binding of semaphorin-A to
NRP-1 promotes localization of PTEN at the immunologic
synapse which helps limit downstream phosphorylation AKT
(Fig. 1). NRP-1 signaling induces transcriptional alterations
that favor T, survival and stability (Delgoffe et al., 2013).
Development and maintenance of T, cells requires
expression of a core program of transcription factors, some
of which are linked to the PTEN-PI3K axis. Changes in the
levels or nuclear localization of these molecules can
destabilize T, and alter their function. FOXOI and
FOXO3A are members of the forkhead box O family of
transcription factors. In quiescent T cells, they are localized to
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Figure 1 PTEN signaling in T, cells. The canonical PTEN-PI3K-AKT signaling pathway plays a central role in maintaining the
identity of Ty, cells and their lineage stability. PTEN antagonizes PI3K-mediated generation of the second messenger, PIP3, and
subsequent AKT phosphorylation. Upon TCR engagement, activated AKT phosphorylates FOXO proteins (such as FOXO1) and prevents
them from entering the nucleus. Nuclear exclusion of FOXO proteins abrogates their transcriptional activity as a partner for FOXP3,
leading to T, instability. Checkpoint molecules that mediate the PD-1-CK2-PTEN pathway and the NRP1-PTEN pathway help maintain
the level of PTEN in Te,. The PD-1 suppressive signal reduces the expression of CK2, which prevents CK2-mediated PTEN degradation.
NRP1 is highly expressed on natural T, cells. Upon interaction of NRP1 with its ligand, semaphorin-A, PTEN is recruited to the
immunological synapse to antagonize PI3K and promote T, stability.

the nucleus, but following TCR stimulation, they are exported
to the cytosol (Riou et al., 2007; Ouyang et al., 2012). This
transition is attributable to PI3K-mediated activation of AKT,
which promotes phosphorylation and nuclear exclusion of
FOXO proteins (Biggs et al., 1999; Brunet et al., 1999).
Importantly, T,.,s demonstrate attenuated nuclear clearance of
FOXO1, even in the presence of low-level TCR stimulation.
Continuous FOXO1 signaling is required to prevent Tyegs
from adopting an immunogenic phenotype and secreting IFN-
v (Ouyang et al., 2012). EOS, a member of the Ikaros family
of molecules, is also a critical transcription factor for Ty,
maintenance. EOS acts as a corepressor with FOXP3 to
suppress expression of an array of immune related genes,
including IL-2 (Pan et al., 2009). A subpopulation of Ty
with the surface profile CD38"CD69"CD103" has demon-
strated flexible expression of EOS with the ability to
downregulate the gene when exposed to the pro-inflammatory
cytokine IL-6. Plasticity of EOS-labile T;.z was shown to be
important for licensing DCs to prime naive CD8" and CD4*
T cells (Sharma et al., 2013). While a direct mechanistic
connection between PTEN and EOS has not been established,
a correlation between Pten expression and Eos levels was
shown in an in vivo tumor model with Pten-deficient Tcgq.
Importantly, Pten deletion resulted in downregulation of Eos
in a large percentage of intratumoral T, with differentiation
toward a pro-inflammatory phenotype (Sharma et al., 2015).
As shown by the phenotypic drift of T,cgs in murine knockout

models, Pten plays a key role in preserving their functional
integrity (Fig. 1).

Multiple signaling cascades and transcription factors that
promote T, cell function appear to rely on intact PTEN
signaling. Turka and colleagues evaluated this phenomenon
in a Pten-AT,., mouse model with deletion of the Pfen gene in
Foxp3 expressing cells. Pten-deficient Ty, cells showed
increased phosphorylation of Akt, both at baseline and with
CD3/CD28 costimulation. Eighty percent of mice developed
an autoimmune-lymphoproliferative disorder by 28 weeks of
age. Teqs in the mutant mice proliferated at a higher rate than
wild type Tyg, and they were defective in suppressing Th17
mediated autoimmunity in the setting of experimental
autoimmune encephalomyelitis (EAE). These T,. also
displayed features suggestive of pathogenic conversion,
including secretion of IL-17 and IFN-y (Huynh et al,
2015). Other studies have illustrated the inherent plasticity
of T, cells. For example, a subset characterized by
CD25"°FOXP3* has an inherent capacity to undergo
pathogenic conversion into Thl7 cells in the setting of
autoimmune arthritis (Komatsu et al., 2014). Furthermore,
loss of Pten expression impairs the ability of T, cells to
suppress Thl and T follicular helper (Tfth) responses. Tth
cells are concentrated in lymphoid germinal centers and assist
with B cell generation of plasma cells and memory B cells.
Pten™ Foxp3-Cre mice had increased germinal center forma-
tion and serum levels of IgG (Shrestha et al., 2015). At the
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molecular and phenotypic level, PTEN expression is linked
with the phenotypic stability of T, cells.

The relationship between T cell metabolism and phenotype
is becoming more apparent, and emerging models demon-
strate a stratified pattern of metabolic activity among T,
versus Tegr cells. CD4™ Tegr cells express high levels of the
glucose transporter protein, GLUTI1, and demonstrate
correspondingly high levels of glycolytic activity. Tregs,
however, are low expressors of GLUTI, and they preferen-
tially utilize lipid oxidation. Transgenic mice that over-
expressed GLUT1 were found to have increased levels of Tegr
cells, whereas stimulation of AMP-activated protein kinase
(AMPK) increased T,., generation (Michalek et al., 2011). T
cell metabolism is dynamic, and shifting utilization of various
substrates is essential for T cell plasticity. When naive CD4*
T cells are stimulated under Thl7 polarizing conditions,
HIF1a expression increases to promote glycolytic metabo-
lism. A deficiency in HIF 1o hinders Th17 differentiation (Shi
et al., 2011). Conversely, PD-1 signaling leading to
upregulation of PTEN and downstream inhibition of AKT
was shown to promote expression of carnitine palmitoyl-
transferase 1A, a rate-limiting enzyme in fatty acid oxidation.
This pathway effectively maintains resting levels of oxidative
metabolism, which is characteristic of T,., and memory T
cells (Patsoukis et al., 2015). The metabolic profile of

individual immune cells has a deterministic impact on their
phenotype (Newton et al., 2016). PTEN’s central role in
promoting lipid oxidative metabolism is another fundamental
way it sustains the Ty, cell phenotype and maintains immune
homeostasis.

PTEN as a tumor suppressor

PTEN is among the most frequently deleted or mutated genes
in human cancer. The development of a wide spectrum of
cancers has been recapitulated in mice by deleting Pten or
introducing Pten mutations derived from cancer patients.
These findings establish PTEN as a powerful tumor
suppressor. The fundamental homeostatic role of PTEN has
been demonstrated by prominent alterations of the metabo-
lome, genome, and epigenome in its absence (Fig. 2).
PTEN has been shown to regulate fatty acid oxidation by
inhibiting PI3K/AKT-mediated phosphorylation of FOXO1
and FOXO3a in brown adipose tissues, leading to increased
energy expenditure (Ortega-Molina et al., 2012). Notably, this
is the same PI3K/AKT/FOXO pathway previously described
to maintain FOXP3 transcription activity and lineage stability
in T, cells. The distinct roles of the PTEN/PI3K/AKT/
FOXO signaling axis in adipocytes and T,cqs suggest that a
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Figure 2 PTEN acts as a guardian of the genome, epigenome and metabolome to maintain cellular homeostasis. PTEN functions in both
the cytoplasm and the nucleus to control multiple fundamental machineries for tumor suppression. PTEN regulates fatty acid oxidation,
glycolysis and glutaminolysis in both PI3K—dependent and —independent manners. PTEN also functions in the nucleus to regulate
multiple processes of genetic transmission during the cell cycle. When PTEN is mutated or inactivated, cells exhibit DNA replication and
chromosome segregation defects, as well as structural aberrations such as centromere breakage, DSBs, chromosome entanglement,
aneuploidy and polyploidy. Moreover, PTEN maintains proper chromatin organization through epigenetic regulation of histone

modification.
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conserved PTEN signaling pathway can be employed by
different tissues to regulate diverse cellular functions and
biological processes.

Multiple mechanisms are involved in PTEN regulation of
cellular metabolism, some of which are independent of the
PI3K pathway. Tumor cells exhibit an altered metabolism
featuring increased glutaminolysis and a higher level of
aerobic glycolysis. Pandolfi and colleagues demonstrated that
PTEN reduces glutaminolysis and prevents the Warburg
effect by utilizing both PI3K—dependent and —independent
mechanisms. PTEN reduces glucose uptake by suppressing
the PI3K/AKT pathway, whereas it enhances the stability of
glutaminase by inhibiting proteasome-dependent protein
degradation in a PI3K-independent manner (Garcia-Cao et
al., 2012).

In addition to metabolic deregulation, genomic instability
is another hallmark of cancer (Hanahan and Weinberg, 2011).
Genomic stability relies on faithful transmission of DNA
during each cell cycle. Recent studies demonstrated that
PTEN controls multiple critical processes of genetic trans-
mission, including DNA replication, DNA repair, and
chromosome segregation. PTEN maintains the structural
integrity of chromosomes, which is an integral part of its role
as a guardian of the genome (Kritikou, 2007; Shen et al.,
2007; Yin and Shen, 2008).

PTEN promotes accurate and efficient DNA replication
and facilitates stalled fork restart in response to replication
stress (Feng et al., 2015; He et al., 2015; Wang et al., 2015).
When PTEN is absent, frequent interruption of DNA
replication causes fork stalling and collapse. Moreover, lack
of proper checkpoints results in cellular tolerance to stalled
forks and premature cell cycle progression to mitosis with an
unreplicated genome and damaged DNA (He et al., 2015).
PTEN regulates DNA replication by recruiting important
molecules such as replication protein A (RPA) and Rad51 to
the replication fork. PTEN also restricts fork progression in
response to replication stress by using a non-canonical protein
phosphatase activity to dephosphorylate DNA helicase
MCM2 (Feng et al., 2015). As all these molecular events
occur in the nucleus, where dephosphorylation of PIP3 may
not be the primary activity of PTEN, the regulation of DNA
replication by nuclear PTEN is likely independent of the
PI3K pathway.

Impaired DNA replication often results in accumulation of
DNA catenanes, which must be resolved by DNA decatena-
tion to license subsequent mitosis. PTEN has been shown to
facilitate this process by maintaining the protein stability of
topoisomerase Iloo (TOP2A), a critical enzyme in DNA
decatenation. In the absence of PTEN or TOP2A, cells exhibit
a significantly higher tendency toward chromosomal entan-
glement (Kang et al., 2015). Cells lacking PTEN also harbor a
higher basal level of DNA double strand breaks (DSBs),
indicating defective DNA repair. Indeed, growing evidence
has shown that PTEN is required for homology directed
repair of DSBs (Shen et al., 2007; Mendes-Pereira et al.,

2009; McEllin et al., 2010; Bassi et al., 2013). Interestingly,
post-translational modification of PTEN by sumoylation
assures its nuclear localization, which is essential for eliciting
homologous recombination (HR)-dependent DNA repair
(Bassi et al., 2013). Therefore, cells lacking PTEN demon-
strate spontaneous accumulation of DNA damage and
entanglement as a combined consequence of impaired DNA
decatenation and repair (Fig. 2).

In addition to structural chromosome aberrations, aneu-
ploidy and polyploidy frequently occur in cells lacking
functional PTEN. A prior study showed that nuclear PTEN
controls cellular senescence by interacting with an E3
ubiquitin ligase complex, APC-CDHI1 (Song et al., 2011).
In this report, loss of nuclear PTEN or the APC-CDHI
complex resulted in an enhanced retention of several mitotic
kinases, suggesting a potential role of PTEN in regulating
mitosis. The direct involvement of PTEN in mitotic control
has been demonstrated recently. PTEN prevents chromosome
missegregation and aneuploidy/polyploidy by regulating
multiple critical mitotic proteins (He et al., 2016; Zhang et
al., 2016; van Ree et al., 2016). Interestingly, PTEN utilizes
distinct mechanisms in regulating EG5, a microtubule-based
motor protein. PTEN maintains the optimal amount and
activity of EG5 on the mitotic spindle by acting as a protein
phosphatase (He et al., 2016), whereas PTEN can also recruit
EGS to centrosomes by using its PDZ binding domain (van
Ree et al., 2016). These data suggest that PTEN may integrate
multiple mechanisms to ensure proper behaviors of crucial
mitotic proteins for faithful genetic transmission.

Both mitotic and non-mitotic processes of genetic
transmission are executed in a chromatin environment that
is undergoing dynamic condensation and decondensation. It
is increasingly evident that PTEN controls global chromatin
architecture. For example, the heterochromatin structure is
markedly impaired following PTEN deletion (Chen et al.,
2014; Gong et al., 2015). Mechanistic studies revealed that
PTEN physically interacts with a major heterochromatin
protein, HP1a, and the linker histone H1. Loss of PTEN
results in release of these key components from chromatin,
leading to impairment of normal chromatin compaction. The
decondensed chromatin in PTEN-deficient cells is labeled
with an epigenetic mark of histone H4 hyperacetylation at
K16. Interestingly, chemical or genetic enforcement of
H4K16 hyperacetylation interrupts the interaction between
PTEN and histone H1, which provides a feed forward loop for
progressive chromatin decondensation in response to PTEN
dysfunction (Chen et al., 2014). The epigenetic deregulation
of global chromatin architecture may impact all DNA-
templated processes and contribute to the aberrant genetic
transmission as described above in PTEN-deficient cells
(Fig. 2).

In the absence of PTEN, metabolic, genetic and epigenetic
aberrations creat intrinsic stress that impacts the cell’s fate and
phenotype and alters its their response to therapeutic
interventions. Conditional deletion of Pfen in the mouse
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prostate triggers development of prostate cancer, which is
accompanied by a cellular senescence phenotype (Chen et al.,
2005). Consistently, loss of PTEN in glioma cells confers
cellular senescence in response to ionizing radiation whereas
PTEN-proficient cells undergo apoptosis under the same
treatment (Lee et al., 2011). Together, these results suggest
that PTEN plays a central role in switching cell fate in
response to endogenous or exogenous genotoxic stress.
Although senescence serves as a barrier to oppose tumor
development and progression (Nardella et al., 2011), a recent
study revealed that Pten null senescent tumor cells can
promote growth of adjacent non-senescent tumor cells and
result in chemoresistance (Toso et al., 2014). These effects are
mediated by a mechanism associated with the senescence-
associated secretory phenotype (SASP). Specifically, Pten
null senescent tumors secrete multiple cytokines that signal
immune inhibition. They also recruit immunosuppressive
CDI11b* Gr-1* myeloid cells to suppress CD8* T cell
proliferation, and thereby prevent adaptive tumor immunity.
Further mechanistic study uncovered that these effects are
largely mediated by activation of the Jak2/Stat3 pathway.
Pharmacological inhibition of the Jak2/Stat3 pathway elicits a
strong antitumor immune response and redirects Pfen null
senescent cells to apoptosis in response to chemotherapy
(Toso et al,, 2014). These observations demonstrate the
pivotal role of PTEN signaling in mediating the functional
interplay between tumor cells and the anti-tumor immune
response.

Role of PTEN in anti-tumor immunity and
immunoediting

As previously discussed, PTEN is ubiquitously expressed
across tissue types, and its control over cell signaling has
broad implications for cancer and immunity. PTEN is
frequently mutated in sporadic cancers as well as hereditary
tumor predisposition syndromes such as Cowden syndrome
(CS), a typical PTEN hamartoma tumor syndrome (PHTS).
Over 80% of patients with CS carry germline PTEN
mutations, representing a unique clinical setting for the co-
evolution of both tumors and the immune system deficient in
PTEN. Germline deletion of Pten or knockin of Cowden-
derived Pfen mutations in mice closely models the tumor
susceptibility seen in patients, corroborating the importance
of PTEN in tumor suppression (Di Cristofano et al., 1998;
Podsypanina et al., 1999; Stambolic et al., 2000; Sun et al.,
2014; Papa et al., 2014). Interestingly, heterozygous germline
Pten deletion not only results in a robust cancer phenotype
but also disrupts immune regulation and predisposes to
autoimmunity (Di Cristofano et al., 1999). A recent
investigation of the immunological phenotype in PHTS
patients provides a direct clinical correlate to these findings.
Seventy nine patients with germline heterozygous mutations
of PTEN were evaluated, and 43% of them were found to

manifest some form of autoimmunity, lymphoid hyperplasia
or both (Chen et al., 2016). Collectively, these findings
implicate a dual role of PTEN in both tumor suppression and
immune tolerance, and they underscore the relevance of
exploring PTEN function in immune regulation.

The ability of PTEN to suppress hyperplasia and
oncogenesis has been largely attributed to its cancer cell
intrinsic effects. However, PTEN is also an essential
modulator of tumor-extrinsic mechanisms. For example,
PTEN plays a dual role in controlling cell motility and
reshaping the tumor microenvironment. PTEN inhibits cell
migration and focal adhesion by inactivating focal adhesion
kinase (FAK) (Tamura et al., 1998). Hyperactivation of FAK
can confer a fibrous tumor environment and has been recently
demonstrated to contribute to the poor response of pancreatic
cancer to immunotherapy. Inhibition of FAK diminishes
fibrosis and renders previously unresponsive pancreatic
ductal adenocarcinoma susceptible to T cell immunotherapy
and PD-1 blockade (Jiang et al., 2016). There is also direct
evidence that PTEN plays essential roles in the tumor stroma
to modulate tumor progression and immune responses. Pten
inactivation in stromal fibroblasts of mouse mammary glands
promotes breast cancer development and progression by
altering the transcriptome related to extra cellular matrix
(ECM) and inducing an oncogenic secretome through a Pten-
Ets2 pathway (Trimboli et al., 2009; Bronisz et al., 2012).
Interestingly, loss of Pten in the tumor stroma not only
increases ECM deposition, but also induces infiltration of F4/
80-positive macrophages that is known to mediate peripheral
tolerance. More significantly, simultaneous knockout of Ets2
in Pten'””"**F stromal cells diminishes F4/80-positive
macrophages, and decreases tumor growth and progression
(Trimboli et al., 2009). These studies suggest that PTEN
dysfunction in both the tumor stroma or the tumor itself may
reprogram the tumor microenvironment as well as the
immune response (Fig. 3).

There is a complex interplay between tumor progression
and immunosurveillance, which is delineated by the cancer
immunoediting model into a three-stage process: elimination,
equilibrium, and escape (Dunn et al., 2002; Schreiber et al.,
2011; Teng et al., 2015). The critical role of the immune
system as an extrinsic tumor suppressor mechanism has been
well recognized (Vesely et al., 2011), and numerous studies in
patients have demonstrated an improved clinical outcome
with the presence of tumor infiltrating lymphocytes (Galon et
al., 2013). Nevertheless, cancer can utilize several immuno-
suppressive mechanisms to escape immune surveillance.
Remarkable clinical success has been achieved for multiple
cancers by inhibiting suppressive immune checkpoint
receptors, such as CTLA-4 and PD-1, to activate anti-tumor
T cells (Sharma and Allison, 2015). An improved under-
standing of tumor immunoediting is required to foster future
development of treatments that target relevant immunosup-
pressive pathways.

In this context, the role of PTEN in guiding T, cell
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Figure 3 The Yin and Yang of PTEN-mediated cancer immunoediting: implication for targeted anti-tumor therapy. Alterations of PTEN
and its signaling significantly affect immune regulation and the process of malignant transformation. PTEN is frequently mutated or
inactivated during cancer evolution. Loss of PTEN leads to activation of multiple tumor-intrinsic oncogenic signals that can serve as
therapeutic targets for anti-cancer treatment. On the other hand, PTEN inactivation disrupts immune tolerance and can enhance anti-tumor
immunity. A thorough understanding of both the Yin and Yang of PTEN function at the immunological synapse is required to achieve the
dual goal of promoting PTEN activity in tumors and suppressing PTEN signaling in regulatory immune cells.

function and modulating effector T cell activation deserves
more attention. Munn and colleagues investigated a pre-
clinical model of Pten inhibition. C57BL/6 mice with T,c,-
specific Pten deletion demonstrated reduced tumor growth
when challenged with B16 melanoma. In wild type mice,
utilization of a small molecule inhibitor of PTEN together
with a single dose of cytoxan showed synergistic therapeutic
efficacy of tumor control with associated activation of
intratumoral dendritic cells and CD8* T cells (Sharma et
al., 2015). It is reasonable to deduce that pharmacologic
inhibition of PTEN function removes a key regulatory signal
that leads to destabilization of T,.,s and potent anti-tumor
immunity. These results suggest a potential translational
approach for targeting PTEN to elicit intratumoral T cell
responses.

PTEN’s role in regulating both oncogenesis and immunity
places it at the interface between the tumor and immune
system with different regulatory processes in the balance.
Enhancement of immune cell function may come at the
expense of downregulating a tumor suppressor and poten-
tially enabling tumor progression. For example, an analysis of
outcomes in melanoma patients with a BRAF mutation found
that loss of PTEN expression correlated with poorer overall
survival and decreased time to onset of melanoma brain

metastases (Bucheit et al., 2014). Tumor modifications in the
PTEN/PI3K/AKT axis cause significant biologic changes that
have been shown to impact sensitivity to conventional
treatments. HER-2 positive breast cancers with PTEN
mutations or activation of PI3K/AKT were found to be
resistant to treatment with the anti-HER2 antibody, trastuzu-
mab (Dave et al., 2011). In esophageal cancer patients treated
with chemoradiotherapy, increased genetic variations in AKT
were associated with an increased risk of recurrence
(Hildebrandt et al., 2009).

Loss of PTEN in tumor cells also impacts their interaction
with the immune system. PTEN null prostate epithelium was
found to secrete increased levels of CSF1 and IL-1f, which
induced expansion of myeloid-derived suppressor cells and
promoted tumor progression. Hwu and colleagues investi-
gated the impact of PI3K/PTEN targeting on the tumor-
immune interface. They observed that loss of PTEN
expression in melanoma reduced CD8" T cell mediated
cytolysis of tumors in vitro. Tumors with reduced PTEN
expression were also resistant to lymphocyte infiltration in
vivo. Two key mechanisms connected to these findings were
upregulation of VEGF expression and downregulation of
autophagy by the tumor cells (Peng et al., 2016). In the setting
of immunotherapy, it is important to recognize potential
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imbalances (both favorable and unfavorable) that result from
inhibiting PTEN (Fig. 3). Downregulation of PTEN in T cells
is favorable for generating anti-tumor immunity, but it also
can induce tumor-intrinsic mechanisms that recruit myeloid-
derived suppressor cells (MDSCs) and attenuate lymphocyte
infiltration and T cell cytotoxic activity. Clinical studies have
helped illustrate this concept. In patients with glioblastoma
multiforme, expression of PD-L1 was increased in tumor
samples with genetic deletions or mutations of PTEN.
Selected tumor samples from these patients were also
resistant to T cell killing when tested in vitro, whereas they
demonstrated greater sensitivity to T cell killing following
transfection with wild-type PTEN (Parsa et al., 2007). Results
from cohorts of melanoma patients also showed trends
suggestive of an immunosuppressive phenotype in tumors
lacking PTEN. Patients with < 10% of tumor cells positive
for PTEN by IHC showed significantly less volume response
to anti-PD-1 therapy compared to patients with PTEN
positive tumors (Parsa et al., 2007). Among a separate cohort
of patients undergoing expansion of tumor infiltrating
lymphocytes (TIL) for adoptive cell therapy, PTEN-negative
tumors yielded a significantly lower rate of successful TIL
growth compared to PTEN-positive tumors (Peng et al.,
2016). Thus, both preclinical models and patient data indicate
that loss or mutations of PTEN are associated with down-
regulation of anti-tumor immunity.

Ultimately, further investigation is needed to probe the
translational utility of pharmacologically targeting PTEN for
tumor treatment. One of the central unanswered questions is
whether therapeutic gains from PTEN inhibition would, on
balance, outweigh any collateral effects that are favorable to
the tumor. Hwu et al. approached this problem by utilizing
selective inhibition of PI3Kf}, an isoform that is not essential
in the TCR activation pathway. With use of a small molecule
inhibitor, they demonstrated decreased activation of AKT in
tumor cells, increased T cell killing, and improved tumor
treatment efficacy when combined with a PD-1 inhibitor.
Beyond modulating PTEN directly, further investigation is
also needed to elucidate downstream substrates as potential
therapeutic targets. As previously described, there are multi-
ple molecules in the PTEN pathway that promote cellular
activation, metabolism and transcriptional regulation (Fig. 3).
For example, diminished expression of FOXP3, EOS or
FOXO proteins in T can significantly abrogate their
suppressive phenotype and even reprogram them with pro-
inflammatory behavior. Further exploration of the activity of
PTEN in T cells and tumor cells may reveal more specific
targets for cancer immunotherapy.

Concluding remarks

Nearly 20 years of PTEN research has led to many new
perspectives on this powerful tumor suppressor. Recognition
of the multifaceted immune regulatory functions of PTEN

and its role at the immunologic synapse represents a
significant expansion from its originally elucidated role as a
tumor suppressor. The majority of immune-related functions
of PTEN have been attributed to its canonical activity that
opposes PI3K signaling. Nevertheless, PTEN mediates a
wide variety of biological activities beyond dephosphorylat-
ing PIP3. As a tumor suppressor, PTEN targets diverse
molecules and pathways in both the cytoplasm and the
nucleus to regulate the cancer-intrinsic metabolome, genome
and epigenome. Some molecular mechanisms identified in
cancer cells, may serve as common pathways in distinct cell
systems and can be adopted by immune cells to regulate
immune-related functions. Similarly, newly discovered PTEN
immune functions may help clarify our understanding of
previously uninterpretable tumor phenotypes.

Given the central position of PTEN in the setting of a
tumor-immune interaction, further characterization of its
signaling in immunoediting is expected to yield novel
approaches to enhance tumor immunity. While the immune
compartment has been extensively studied in tissue-specific
Pten-deficient mice, few reports have investigated the
interaction between the spontaneously developed tumors
and infiltrating immune cells in Pten-deficient cancer models.
Such studies would potentially inform a better understanding
of the significance of PTEN deficiency in both tumor and
immune cells. Collaboration among cancer biologists,
immunologists, and oncologists will help uncover the genetic,
epigenetic and metabolic mechanisms underlying the tumor-
immune interaction and lead to new therapeutic strategies
targeting the molecular and immune signature of each cancer
patient.
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