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Abstract
This paper describes the biological functions of PTEN and the PTEN regulated signaling pathway
in pancreatic β-cells. PTEN has been shown to regulate the regeneration of β-cells. We review the
pathways that are controlled by PTEN signaling and their functions in β-cell regeneration. In
particular, we describe the unique effect of Pten deletion in β-cells. Unlike its effect in other
tissues, Pten deletion does not lead to tumor formation but does enhance β-cell proliferation and
function. In addition to the literature review, we also report new results exploring PTEN loss in
adult β-cells. We demonstrate that inducing PTEN loss in adult cells has the same regenerative
effects previously found for prenatal deletion.
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PTEN (phosphatase and tensin homologue deleted on chromosome 10) (also named
MMAC1/TEP1) was discovered in 1997 independently by three laboratories as a tumor
suppressor of which the expression is often lost in tumors [1-3]. Later studies established
that PTEN is a negative regulator of a major cell growth and survival signaling pathway,
namely the phosphatidylinositol-3-kinase (PI3K)/AKT signaling pathway [4, 5]. In this
paper, we describe the canonical signaling regulated by PTEN as well as a variant of PTEN
signaling that is localized in the cell nucleus. We also summarized the ways that PTEN can
be regulated transcriptionally, post-transcriptionally and through regulation of its subcellular
localization. We review the biological functions of PTEN and its downstream target
proteins. The role that proteins downstream of PTEN play in β-cells had recently been
reviewed [6]. Here, we focus on the specific effects of PTEN on β-cell regeneration and islet
tumor development and issues relating to these effects. Toward this end, we review the
phenotypes of several AKT transgenic and Pten deletion studies and report new observations
that we have made with Pten mutant mice. Lastly, we report new results that illustrate the
specific effects of Pten deletion in β-cells and discuss the unique biology of β-cells that
requires further research.
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PTEN REGULATED SIGNALING PATHWAYS
Canonical Signaling Pathways Regulated by PTEN

PTEN is a dual lipid and protein phosphatase. The protein structure of PTEN shares
homology with known protein phosphatases and is capable of dephosphorylating phospho-
peptides as well as phospho-lipids in vitro. The biological effects of PTEN, however are
dominated by its ability to dephosphorylate the lipid substrate phosphati-dylinositol-3,4,5-
triphosphate (PI-3,4,5-P3) whereas protein substrates for PTEN are being discovered [4].
PI-3,4,5-P3 is formed when PI3K is stimulated as a result of growth factors binding to their
receptors that are coupled to PI3K (Fig. 1). The lipid phosphatase motif of PTEN
dephosphorylates PI-3,4,5-P3 at the 3′ position and converts it into PI-4,5-P2 [4]. This
enzymatic function of PTEN thus reduces the cellular concentration of PI-3,4,5-P3 and acts
as a negative regulatory signaling for the PI3K mitogenic signaling pathway (Fig. 1).
Accumulation of PI-3,4,5-P3 serves as a major signal for growth factor stimulation. PI-3,4,5-
P3 binds to the pleckstrin homology (PH) domain of downstream proteins (e.g. AKT) and
provides a lipid moiety for these proteins to bind to the lipid membranes. Binding of
PI-3,4,5-P3 to the PH domain also changes the confirmation of these proteins so they can
later be activated by phosphorylation. By reducing the intracellular levels of PI-3,4,5-P3,
PTEN inhibits the activation of downstream proteins of the PI3K pathway, including the
serine/threonine kinase AKT and the protein kinase C (PKC).

A well known downstream protein of the PTEN signal is AKT, which plays a critical role in
regulating a number of cellular activities including cell growth, survival, cell migration and
differentiation, cell and organ size control, metabolism, et al. (for detailed review, see [7]).
AKT regulates these cellular processes mainly through direct phosphorylation of its
downstream targets (Fig. 2). For instance, phosphorylation of the pro-apoptotic factors
BAD, caspases 3 and 9 by AKT renders them inactive and thus promotes cell survival
[8-10]. Phosphorylation of BAD allows it to bind to 14-3-3 proteins and prevents it from
translocating into the nucleus where it normally binds to and inhibits BCL-XL, preventing
cell survival. Phosphorylation of caspases by AKT inhibits their protease activities. Cell
cycle modulators such as p21, p27 and MDM2 are also directly regulated by AKT.
Phosphorylation of p21 on T145 and p27 on T157 leads to their nuclear exclusion and the
inability of these cell cycle inhibitors to inhibit cell proliferation [11, 12]. Likewise, AKT
also directly phosphorylates MDM2 and MDMX [13, 14]. Such phosphorylation of MDM2
and MDMX leads to their binding to 14-3-3 proteins and stabilization of the MDM2-
MDMX complexes. The MDM2-MDMX complex mediates the degradation of p53 and acts
as an E3 ubiquitin ligase to keep the level of p53 low in the cells. Stablization of MDM2-
MDMX complexes is another way by which AKT activation induces cell survival and
proliferation.

In addition, AKT also phosphorylates forkhead transcriptional factors and induces their
binding to 14-3-3 proteins [15]. This process blocks their translocation to the nucleus.
Outside the nucleus, the forkhead transcriptional factors are unable to control transcription
of genes. Several members of the forkhead transcriptional factor family are targets of AKT,
including FOXO1 and FOXO3. The binding elements for these forkhead transcriptional
factors are widely spread on promoter regions of genes that regulate cell proliferation,
survival and metabolic changes [16]. For example, FOXO3a binds to the promoters of Bim
and PUMA and can initiate apoptosis cascades by inducing the transcription of these death
genes [17, 18]. FOXO1 transcriptionally activates p21 and p27 and inhibits cell proliferation
through these actions [19, 20]. Furthermore, these forkhead transcriptional factors are also
responsible for many metabolic effects induced by insulin signaling through the PI3K/AKT
signaling pathway [21]. Recent evidence suggests that the forkhead transcriptional factors
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may play a key role in the feedback regulation of the Insulin/PI3K/AKT signaling pathway
[22].

Two substrates of AKT, GSK3β and TSC2, play important roles in mediating cross-talks
between PI3K/AKT signaling pathway and other signaling pathways (Fig. 2). GSK3β is
phosphorylated by AKT on Serine 21/9 which inhibits its activity [23]. GSK3β is an
important regulator in Wnt signaling. It phosphorylates β-catenin, resulting in its ubiquitin-
mediated degradation. The crosstalk between PTEN and Wnt signaling may underlie some
of the effects of PTEN on the regulation of stem cell maintenance and G0-G1 cell cycle
regulation [24-28]. Another substrate of AKT is tuberous sclerosis complex 2 (TSC2). TSC2
plays a key role in incorporating metabolism and cell size controls together with cell growth
and proliferation regulation [29]. The heterodimer of TSC1 and TSC2 is essential for
suppressing the function of mTOR (mammalian target of rapamycin). TSC2 activity is
inhibited when phosphorylated by AKT [30]. Therefore, by acting on TSC2, AKT induces
the activity of mTOR and the downstream events of mTOR activation that include metabolic
changes, protein translation as well as cell proliferation.

Nuclear PTEN
The majority of PTEN studies focus on the enzymatic function of PTEN and its role in
inhibiting the PI3K/AKT signaling pathway. Growing evidence indicates that it may have
another role beyond its ability to dephosphorylate PI-3,4,5-P3. The ability of PTEN to
directly dephosphorylate protein substrates is being explored although the identities of these
substrates remain elusive [31]. Many of the recent works on the protein phosphatase activity
have come from the analysis of nuclear PTEN. In earlier studies, PTEN was reported to be a
protein that is exclusively localized in the cytoplasm. However, more recent evidence
suggested that PTEN can be both cytoplasmic and nuclear [32-34]. PTEN is often found in
the nucleus of more differentiated and resting cells even though it was originally identified
to be a cytosolic protein (using primarily tumor cells) [32]. PTEN in the nucleus appears to
play an important role in inhibiting tumor development. Nuclear PTEN also plays other
roles in addition to its lipid phosphatase activity (Fig. 3). PTEN in the nucleus has been
shown to promote the stability and transcriptional activity of the tumor suppressor p53 by
directly associating with p53 [35-37]. Forced expression of PTEN in the nucleus also led to
inhibition of cyclin D1 expression [38]. This inhibition is thought to be dependent on MAP
kinase [39]. Nuclear expression of PTEN leads to dephosphorylation of MAP kinase.
Whether this is a direct effect of the protein phosphatase activity of PTEN is not clear. In
addition, PTEN in the nucleus is found to be associated with the centromere by direct
binding to the centromere specific binding protein C (CENP-C) [40]. Specific disruption of
this binding, which does not reduce PTEN expression or alter its nuclear localization, led to
premature centromere separation. In addition, PTEN is also found to collaborate with E2F to
induce the expression of Rad 51 and thus enhance DNA repair [40]. This relationship
between PTEN and Rad 51 may explain the observation that double stranded DNA breakage
rate is found to be increased when nuclear PTEN function is interrupted.

Regulation of PTEN
Several non-canonical nuclear localization domains have been found on PTEN [38]. Recent
studies suggest that ubiquitination controls the shuttling of PTEN between cytosol and
nucleus [41-43]. Monoubiquitination of lysine 289 (K289) is necessary for PTEN to move
into the nucleus. Mutation of this site, K289E has been found in familial Cowden’s
syndrome that carries multiple mutations of the PTEN gene [41, 44, 45]. A second
ubiquitination site K13 and several other sites may also facilitate the nuclear transportation
of PTEN. An E3 ubiquitin ligase for PTEN is reported though disagreement exists to
whether this is the true E3 ligase for PTEN ubiquintination [42, 45]. NEDD4-1 is thought to
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be responsible for adding ubiquitin to both K13 and K289 of PTEN molecule, leading to
both mono- and poly-ubiquitination of PTEN. Interestingly, poly-ubiquitination of PTEN
leads to its degradation whereas mono-ubiquitination leads to its nuclear shuttling. In the
nucleus, PTEN is more stable and still capable of inhibiting AKT and inducing cell death.

In addition to cytoplasm-nuclear shuttling, PTEN can also be regulated on the transcriptional
and post-transcriptional levels. Several transcriptional factors have been reported to control
the transcription of PTEN, including the tumor suppressor p53, an early response gene
EGR-1, and a metabolic regulatory gene peroxisomal proliferation activator receptor γ
(PPARγ) (for detail, see [46]). Post-translationally, PTEN is modified by acetylation,
oxidation and phosphorylation in addition to the ubiquitination discussed above (for detail,
see [47]). Phosphorylation of PTEN occurs on several clustered residues in the C-terminal
domain of PTEN [48, 49]. Several enzymes are responsible for these phosphorylations
including casein kinase 2 (CK2), GSK3β, RhoA kinase and P110δ subunits of PI3K [48, 50,
51]. Phosphorylation of PTEN on these sites generally leads to the stabilization of the
molecule but may reduce its activity [48, 49, 51]. A couple of lysine residues at the catalytic
domain of PTEN, lysine 125 and 128 are acetylated by PCAF [52]. These acetylations lead
to the diminished ability of PTEN to inhibit downstream events such as AKT activation.
PTEN is also regulated by the redox status of the cells. Two cysteine residues (124 and 71)
form disulfide bonds in response to H2O2 treatment that leads to reduced activity of PTEN
[53]. The Cys 124 is one of the “hot spots” that are often found mutated in human cancers.
Thus, inhibition of PTEN can provide some molecular basis for the role of oxidative stress
in tumor development.

BIOLOGICAL FUNCTIONS REGULATED BY PTEN AND PTEN-
CONTROLLED SIGNALS
Insulin/IGF and PI3K Signaling

The impact of PI3K signaling on metabolism has been extensively studied. Most of these
studies focus on the insulin and IGF signaling system as insulin and IGF-2 share the same
insulin receptor, and IGF-1 also signals through the PI3K pathway. Mice carrying
combinations of mutations of the Insulin/IGF and their receptor systems have been used to
investigate the role of these ligands and their receptors in cell metabolism. These studies,
which have been extensively reviewed [54-57], elucidated the differential functions of
insulin, IGF-1, IGF-2 and the various receptors. They also determined how these ligands
couple with the various receptors and receptor substrates to control the diverse processes of
metabolism.

Divergence in the signaling pathway downstream of the receptors may dictate the responses
to insulin signaling. These downstream signaling events are mediated by the multiple
isoforms of PI3K [54-57]. Various combinations of these isoforms constitute three classes of
PI3K enzymes that are composed of both catalytic and regulatory subunits (There are
exceptional cases without regulatory subunits). Studies targeting the PI3K isoforms have
obtained conflicting results regarding the role of the regulatory subunit. Gene knockout of
all isoforms of the regulatory subunits led to loss of PI3K function and lethal phenotypes,
but knockout of individual isoforms led to enhanced function with increased insulin
sensitivity and hypoglycemia. The inconsistency may be explained by different isoforms
interfering with one another’s functions. The complexity of the PI3K isoforms in
metabolism and cell growth needs further investigation.
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Functions of Different AKT Isoforms
Of the downstream targeting molecules of PI3K, one serine/threonine kinase, AKT, has been
extensively studied. In mammals, there are three AKT isoforms encoded by three different
genes [58]. Genetic experiments targeting the three AKTs either individually or in
combination have revealed the biological functions of these AKT isoforms. These studies
demonstrate that AKT1 is not necessary for the regulation of glucose metabolism but is
crucial for cell growth and survival [59-62]. Mice lacking AKT2 and AKT3 developed
normally without any growth phenotypes as long as AKT1 was present [61]. Mouse
embryonic stem cells lacking AKT1 are significantly more susceptible to apoptosis [63].
Together, this genetic evidence suggests that AKT1 is indispensable for the regulation of
cell growth and survival. Loss of AKT2 alone or loss of both AKT2 and AKT3 renders mice
glucose and insulin intolerant [61, 64, 65]. This genetic evidence suggests that AKT1 has a
general role in cell growth and survival while the endogenous function of AKT2 is the
regulation of metabolic signals through the PI3K/AKT signaling pathway [58, 66].

THE FUNCTION OF PTEN-REGULATED SIGNALS IN β-CELLS
The functions of various components in the insulin/IGF-PI3K-AKT signaling pathway in β-
cells were explored through cell type-specific gene targeting approaches. These studies,
collectively suggest that insulin regulates both β-cell proliferation and insulin secretion [56].
This effect is confirmed by studies that target AKT and PTEN. Transgenic expression of
constitutively active AKT in β-cells (with membrane targeted forms of either a full-length
AKT or an AKT that lacks the PH domain) led to dramatic increases in both the size and
numbers of pancreatic islets in the transgenic mice [67, 68]. These mice also displayed more
efficient insulin secretion when challenged with glucose. Similarly, deletion of Pten
specifically in the β-cells using rat insulin promoter driven Cre (PtenloxP/loxP; Rip-Cre+),
which results in increased AKT activity, leads to increased islet mass and resistance to
streptozotocin (STZ) induced β-cell death [34]. In response to glucose challenge, the Pten
null β-cells secrete insulin much more efficiently than the control cells [69]. The effect of
loss of function of the AKT isoforms specifically in β-cells has not been evaluated. Global
Akt1 gene deletion studies have not addressed the effects (if any) on β-cells [59, 60, 70].
Mice lacking AKT2 (Akt2−/−) displayed mild hyperglycemia [64]. This development of
hyperglycemia in Akt2−/− mice is attributed to the inability of insulin to suppress hepatic
glucose output [64]. The β-cell mass actually increased in the Akt2−/− mice compared to the
controls, indicating proper β-cell compensation in response to increased blood glucose
levels. Haploinsufficiency of Akt1 in Akt2−/− mice pushes the mice to diabetes due partially
to the inability of β-cells to compensate for hyperglycemia [71]. Similarly, when we
introduced Akt2 deletion into the β-cell-specific Pten null mice (PtenloxP/loxP; Rip-Cre+;
Akt2−/−), we observed only very minimum effects on β-cell mass (Fig. 4). The effect of
AKT1 on the function of Pten mutation-induced β-cell regeneration remains to be studied.
However, introduction of a kinase-dead dominant-negative AKT to β-cells only resulted in
decreased insulin secretion but not changes in β-cell mass [72]. Together, these data
suggests that the effect of PTEN on β-cell regeneration may not depend on AKT signaling
especially given the fact that PTEN is located predominantly in the nucleus in β-cells [69].

A major consequence of activating PI3K/AKT signaling is the inhibition of cell cycle
inhibitors such as p21 and p27, as well as upregulation of cyclins such as cyclin D. The
function of cyclins, cyclin dependent kinases (cdks) and other cell cycle regulators have
been studied in β-cells [73]. These studies found that the complexes that regulate the G1
stage of the cell cycle including E2F, pRb, cyclin D and cdks are important in the regulation
of β-cell proliferation [73]. Loss of cyclin D2 leads to significantly smaller islet mass [74].
Loss of both cyclin D1 and D2 leads to significant loss of insulin secretion in addition to
islet mass reduction [75]. Similar phenotypes were observed in cdk4 knockout animals [75,
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76]. Other cell cycle regulators including p21, p27, p53 and other cdks and cyclins have also
been shown to regulate β-cell proliferation even though multiple events may be required
[77, 78]. Collectively, these studies showed that cyclin D, cdk4, and p27 are needed for
maintaining β-cell proliferation dynamics while p21 and p-RB are dispensable [73-78].

One important cell cycle regulator that received significant attention recently is the INK
family cell cycle regulator p16INK4A. p16 was recently found to be correlated with the age
related loss of replication observed in β-cells [79, 80]. Accumulation of p16 with age is
correlated with a decrease in β-cell regeneration [79, 80]. Transgenic over-expression of p16
leads to age-dependent loss of cell proliferation in multiple organs in vivo [81, 82] including
β-cells [81]. The level of p16 increases significantly in mice one year old and older [79, 80].
The timing of the p16 increase in mice coincides with the age at which β-cell proliferation
undergoes a steep decline and no longer responds to physical stimuli. We analyzed whether
p16 levels are altered in the β-cell specific Pten null mice (PtenloxP/loxP; Rip-Cre+)
compared with controls. We found that p16 levels are reduced in islets lacking PTEN (Fig.
5). This reduction occurs in both young and old mice (data not shown). In addition, we also
found that deletion of Pten in adult β-cells can still robustly induce the increase of islet
mass. We used a model where we induced deletion of Pten in β-cells of 3 month old mice
(PtenloxP/loxP; Rip-CreER+). This manipulation resulted in an increased islet mass observed
6 months after induction (Fig. 6). The inhibition of p16 may explain why deletion of Pten at
the adult age still leads to increased islet mass. Adult β-cells gradually lose their ability to
proliferate with age [83]. p16 is correlated with this age related loss of β-cell proliferation
[79, 80]. Thus, our observations linking PTEN signal with p16 represent significant progress
in unveiling how β-cell regeneration may be controlled. A previous transgenic approach has
demonstrated that over-expressing p16 inhibits the ability of β-cells to proliferate [81].
However, whether inhibiting p16 can allow aged β-cells to regain the regenerating potential
has not been previously tested. Our observation shows that inhibition of p16 (through PTEN
loss) can lead to enhanced ability of β-cells to regenerate in adult mice. This investigation of
how p16 expression can be controlled represents future research directions that are likely to
be significant for regeneration of adult β-cells. Since β-cells losing their ability to
compensate for hyperglycemia in old age is one of the likely mechanisms for diabetes
development, such research is needed for any therapeutic development that aims at either
preventing or treating diabetes.

PTEN REGULATED SIGNALS AND INSULINOMA
Functional dissections of various AKT isoforms are a beginning in understanding how
signals downstream of insulin/IGF receptor events diverge in their control of cell growth and
metabolism. These differences in signaling, especially in light of the mitogenic role that IGF
plays in promoting tumor growth in various tissues, is important for any future therapeutic
development that hopes to enhance the overall function of β-cells without producing adverse
effects such as tumor development. Insulinoma, cancer of the β-cells, is a rare form of tumor
in humans. It has been shown that PI3K signaling plays a role in the development of human
insulinoma [84]. In rodent models, over-expression of the constitutively active form of AKT
in β-cells also leads to tumor development [85]. However, loss of Pten in β-cells (which
enhances AKT activity) resulted in increased islet mass without tumor development (Fig. 7
and Ref [86]). This inconsistency warrants further investigation into distinguishing between
the endogenous signals that regulate β-cell regeneration and those that induce tumor
development. One possible reason for the different observations is the dosage of activated
AKT. AKT activity may be substantially higher in the AKT transgenic mice than in the Pten
mutant mice. As a result, there may be a “Goldilocks phenomenon” where too little AKT
enhancement cannot regenerate β-cells, too much activity leads to tumor development, but a
middle level can induce β-cell regeneration without adverse effects. An alternative
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explanation is that the subcellular localization of PTEN differs significantly between
insulinomas and normal islet cells [34, 87]. In normal islet cells, PTEN is predominantly
found in the nucleus [34], whereas 82.5% of islet tumors exhibit cytoplasmic labeling
patterns for PTEN. The same cytoplasmic staining pattern for PTEN is also observed in
adenomas developed in transgenic mice expressing constitutively active AKT in the β-cells
[85]. These analyses suggest that the nuclear function of PTEN is associated with
suppression of tumor development in the islets. PTEN in the nucleus may not rely on PI3K/
AKT signaling to function, even though PI3K and AKT as well as PI-3,4,5-P3 have all been
observed in the nucleus [32, 88]. The lack of tumor development in β-cells lacking PTEN is
also in striking difference comparing to other epithelial tissues in which PTEN is lost. In the
prostate, colon, mammary tissue and liver, loss of PTEN leads to tumor development [5, 33].
Even in the pancreas, deletion of Pten leads to the development of pancreatic ductal
carcinomas (PDAs) when targeted to the progenitor cell population using Pdx-1 Cre
(PtenloxP/loxP; Pdx-1-Cre+) [89]. This difference suggests that the cell proliferation biology
in β-cells may be unique. Further experimentation is needed to discover this unique
mechanism that governs the proliferation of β-cells. Such experiments could be highly
significant for diabetes research because they may identify a target for therapeutic
intervention that can stimulate β-cell regeneration without inducing insulinoma.

FUTURE CONSIDERATIONS
In a number of tissue types, PTEN is a critical tumor suppressor. When PTEN is lost or its
expression is reduced, tumors often develop. In β-cells, loss of PTEN does not lead to tumor
formation but instead leads to enhanced β-cell regeneration. This enhancement is not limited
to effects during organogenesis but can also be obtained when Pten is deleted in adult mice.
Even in adult mice, Pten deletion does not cause insulinoma formation, despite the fact that
over-expression of activated AKT, the downstream target of PTEN, does induce insulinoma
development. These observations suggest that either the signaling molecules downstream of
PTEN are different in β-cells than other cells or they respond differently due to something
unique in the β-cell environment. The unique mechanism in β-cells that allows them to
respond to growth signals requires detailed studies to identify the mechanism responsible.
Such studies could be advantageous for both the cancer development and diabetes treatment
fields.
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Fig. (1). The biological function of PTEN
PTEN is a lipid phosphatase. Its function is to remove the phosphate from the 3′ position of
PI-3,4,5-P3 (PIP3) and form PI-4,5-P2 (PIP2). The accumulation of PI-3,4,5-P3 is responsible
for the activation of a number of downstream kinases that contain the Pleckstrin Homology
(PH) domain. PI-3,4,5-P3 binds to the PH domains of these downstream molecules and
initiates their activation events. Since PI-3,4,5-P3 accumulation is caused by the activation
of PI3K, a kinase that adds the 3′ phosphate to PI-4,5-P2, the functions of PTEN and PI3K
directly oppose each other. PI3K is activated when growth factors bind to their receptor
tyrosine kinases (RTKs) to induce mitogenic signals. It is also activated when insulin binds
to its receptor. Thus, PTEN, by antagonizing the function of PI3K inhibits mitogenic signals
and blocks the signal transduction of insulin receptor activity.
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Fig. (2). Substrates of AKT
A well characterized target of PI3K and PTEN signaling is AKT. Accumulation of PI-3,4,5-
P3 leads to the activation of AKT. AKT is a serine/threonine kinase and has a number of
downstream targets. Through these targets, AKT regulates cell survival (through caspase,
BAD and FOXO); cell growth (through p21, p27, MDM2, cyclin D (Cyn D) as well as
FOXO); AKT also regulates mTOR signaling indirectly by inhibiting TSC2 (tuberous
sclerosis complex 2 ). Through mTOR and glycogen synthase kinase (GSK3 β), AKT
signaling pathway also controls protein translation. In addition, activation of AKT also leads
to upregulation of lipogenic and glycolytic genes such as steroyl-CoA response element
binding protein (srebp), fatty acid synthase (FAS) and glucokinase (GK). Together with
mobilization of glucose transporters (GLUT), induction of these genes by AKT activation
leads to enhanced cellular metabolic processes.
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Fig. (3). The function of PTEN in the nucleus
PTEN can shuttle between nucleus and cytosol. In the nucleus, PTEN directly interacts with
CENP-C to control Centromere stability. PTEN also interacts with p53 and controls its
stability in the nucleus as well. Furthermore, nuclear PTEN control DNA repair and cyclin
D through Rad 51 and MAPK, respectively.
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Fig. (4). Deletion of Akt2 does not affect islet mass in Pten null islets
We deleted Akt2 in the PtenloxP/loxP; Rip-Cre+ mice to test whether the PI3K/AKT signaling
mediated β-cell regeneration. We found that deletion of Akt2 has little effect on the
regenerative islet phenotype we observed in the Pten deletion models. Pm, PtenloxP/loxP;
Rip-Cre+; Dm, PtenloxP/loxP; Rip-Cre+;Akt2−/−. Repre-sentative image from 10 animals.
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Fig. (5). Reduced p16 expression in Pten mutant β-cells
Deletion of Pten in the β-cells (PtenloxP/loxP; Rip-Cre+, Mut) led to reduction of cell cycle
inhibitor p16 compared to control mice (PtenloxP/loxP; Rip-Cre−, Con).
Immunohistochemistry staining of p16 (green) in β-cells (red) show that p16 levels are
reduced in the Pten mutant islets vs. control islets. Images are from pancreatic sections of 8
months old mice. Representative of 4 animals.
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Fig. (6). Induced Pten loss in adult β-cells leads to increased islet mass
PTEN loss is induced in 3 month old PtenloxP/loxP; Rip-CreER+ mice with treatment of
tamoxifen. Pancreata are sectioned 3 months later. Mice treated with tamoxifen (Pten
deleted) displayed larger and more islets. Representative image from 6 animals.
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Fig. (7). Pten loss does not lead to development of insulinomas
We analyzed the Pten mutant (PtenloxP/loxP; Rip-Cre+) mice 14.5 months of age (right
panels) and found that the islets in these older mice are even larger compared with the
controls (left panels). They maintain the normal cellular structures and still produce insulin
(red, bottom panels) and other endocrine hormones (green, stained with a cocktail of
somatostatin, pancreatic polypeptide and glucagon). n=3.
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