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Abstract

The capacity of pancreatic p-cells to adapt to insulin resistance is critical to maintain glucose
homeostasis and a factor in the development of Type 2 diabetes. The insulin receptor substrate
(IRS-2/phosphoinositide 3-kinase (P13K) pathway plays a critical role in regulating -cell mass
and function. The serine-threonine kinase Akt also known as protein kinase B is one of the major
downstream targets of the PI3K pathway and is negatively regulated by phosphatase and tensin
homologue deleted on chromosome 10 (PTEN). This Akt signaling pathway recently has been
implicated in cell cycle progression and survival of pancreatic p-cells. Understanding the
mechanisms that link Akt to modulation of B-cell mass, function and plasticity will positively
affect treatment of human diabetes.

Pancreatic p-cell mass and diabetes

-cell failure is a major component of diabetes. Type 1 diabetes is characterized by insulin
absence as a result of autoimmune destruction of -cells. In this form of diabetes, the
capacity of p-cells to regenerate and their susceptibility to apoptosis determine the timing of
hyperglycemia. In type 2 diabetes, failure of B-cells to adequately expand in settings of
insulin resistance results in hyperglycemia and diabetes. The normal response of B-cells to
conditions associated with insulin resistance is to increase their mass. Current evidence
suggests that alterations in Akt signaling not only play an important role in insulin resistance
but also in the capacity of B-cells to adapt to increased insulin demand. This review focuses
on the importance of Akt and its major modulator PTEN in regulating B-cell mass
(proliferation, apoptosis, cell size and neogenesis).

Akt/PKB: biological function and in vivo models of Akt signhaling

Three highly conserved isoforms of Akt/PKB (PKBa/Aktl, PKBp/AKt2, and PKBy/Akt3)
encoded by three separate genes have been identified [1] (Box 1). Akt activity is regulated
by both PI3K dependent and independent mechanisms and requires multiple steps that
involve membrane translocation and phosphorylation (Box 1 and Figure 1) [2]. Akt
activation phosphorylates substrates that control various biological processes including
insulin-mediated glucose transport, protein and glycogen synthesis, proliferation, cell
growth, differentiation, and survival (Figure 2). Experiments in mouse models have assessed
the role of Akt in glucose homeostasis (Table 1). Aktl-deficient mice show placental
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hypotrophy, growth retardation and reduced body weight; Akt2-deficient mice exhibit
glucose intolerance and insulin resistance, with some developing diabetes; Akt3-deficient
mice exhibit reduced brain size [3-7] (Table 1). This suggests that Akt2 is more important
for modulating insulin sensitivity and carbohydrate metabolism. The lack of functional
compensation observed in these animals suggests that different Akt isoforms might be
associated with distinct biological responses. The significance of each Akt isoform in p-cell
mass and function has not yet been assessed. Activation of Akt signaling in transgenic mice
overexpressing constitutively active Akt/PKB in B-cells (caAkt™9) results in increased p-cell
mass, proliferation, neogenesis and cell size providing further evidence for the role of Akt in
islet physiology [8, 9] (Table 1). In contrast, 80% reduction in Akt activity by
overexpressing a kinase dead mutant in B-cells results in an insulin secretory defect [10].
The current evidence suggests that growth factors, insulin, incretins and glucose converge
on PI3K/IRS2/Akt signaling to regulate f-cell mass [11-16].

Akt and B-cell mass

f3-cell mass is regulated by a dynamic balance of proliferation, cell size, apoptosis and
neogenesis from other pancreatic cell types. The current data suggests that Akt regulates f3-
cell mass by modulating proliferation, cell size and apoptosis.

Akt and Proliferation

The maintenance of 3-cell mass results predominantly from proliferation of pre-existing p-
cells and depends on activation of the cyclin D/cdk4 complex [11-15]. Akt activates -cell
proliferation in a cdk4-dependent manner by inducing cyclin D1, D2 and p21CiP1 [16]. The
regulation of the cell cycle by Akt signaling is not completely understood, but recent
findings implicate FoxO1, glycogen synthase kinase 3p (Gsk3p) and TSC2/mTOR signaling
in this process (Figure 2).

FoxO belongs to a large family of forkhead transcription factors with a common DNA-
binding forkhead domain (Box 2). Akt inactivates FoxO1 by phosphorylation and nuclear
exclusion. The restoration of p-cell mass and correction of diabetes in Irs2~/~ and Pdk1~/~
by placing them on a FoxO1 heterozygous background implicates this transcription factor in
regulating p-cell mass [17-19] (Table 1). Moreover, overexpression of a constitutively active
form of FoxO1 in B-cells prevents compensatory p-cell hyperplasia in insulin resistant
models [20, 21]. Additional studies using cell lines derived from mouse insulinomas show
that glucagon-like peptide (GLP-1) and glucose induce inactivation of FoxO1-mediated
transcription by nuclear exclusion in a PI3K- and epidermal growth factor receptor (EGFR)-
dependent manner. Overexpression of a constitutively nuclear FoxO1 in insulinoma cells
and transgenic mice demonstrated that FoxO1 mediates proliferative and pro-survival effects
of the GLP-1 agonist exendin-4 [22, 23] (Table 1). Experiments in mice with conditional
gain or loss of FoxO1 function specifically in -cells will provide further insight into the
role of this transcription factor in B-cells.

The mechanism(s) responsible for modulation of the B-cell cycle by FoxO1 transcription
factors are not completely understood, but it has been proposed that nuclear retention of
FoxO1 (states of insulin resistance) reduces Pdx1 expression by competing with FoxA2
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binding at the Pdx1 promoter [17]. Additionally, nuclear localization of FoxO1 induces
transcription of the cell cycle inhibitors p27XiP1, p21¢iP1 p15INK4b ang p19INK4d and could
also be an important component in modulation of cell cycle by IRS2/Akt/FoxO1 signaling
[24]. Some of these are further elaborated in Box 2.

One of the mechanisms involved in cell cycle regulation by Akt is the phosphorylation and
inhibition of GSK3p. GSK3 is a ubiquitously expressed serine/threonine kinase initially
identified as a regulator of glycogen synthesis (Box 2). Recent studies showed that GSK3p
haploinsufficiency rescued the insulin resistance phenotype observed in Ir*/~ mice and
improved the diabetic phenotype of Irs2~/~ mice in part by restoring f-cell proliferation
[25]. More importantly, B-cell specific GSK3 deficiency improves hyperglycemia in
Irs2~/~ mice, indicating its importance for p-cell adaptation to insulin resistance [25]. The
beneficial changes in p-cell mass observed in Irs2~/~ mice lacking one allele of GSK3p
were explained at least in part by restoration of Pdx1 expression and decreased p27Kir!
levels [25]. In contrast, overexpressing a constitutively active form of GSK3p in -cells
induced impaired glucose tolerance, decreased B-cell mass and proliferation that was
associated with decreased cyclin D1 and Pdx1 levels [26] (Table 1). In vitro studies using
isolated rat islets treated with small GSK3 inhibitors increased B-cell replication by 2—3-fold
relative to controls, although the mechanisms responsible for this effect were not evaluated
[27]. Taken together, these results suggest an important role of GSK3p in the Akt-mediated
proliferative effect on B-cells.

The downstream mechanisms implicated in modulation of B-cell mass and functions by
GSK3p have not been completely elucidated yet (Figure 2). GSK3p inhibition by Akt
signaling stabilizes Pdx1 to prevent proteosomal degradation [28]. Modulation of the cell
cycle by stabilization of cyclin Ds, p27KiPL and c-myc could also be implicated [29]. GSK3p
signaling also regulates cyclin D1 transcription in a p-catenin dependent manner [30],
suggesting involvement of the Wnt/B-catenin pathway (canonical pathway) in -cell cycle
regulation (see Box 2) [31, 32].

In addition to modulating transcription factors and kinases, Akt can also regulate
proliferation by phosphorylating cell cycle components (Box 2). Akt directly phosphorylates
p27KiPl on T157 and abolishes its inhibitory activity against Cdk2 [33]. This is critical
because upregulation of p27KiP1 in states of decreased Akt signaling contributes to the
pathogenesis of type 2 diabetes in mice [34]. Mice overexpressing constitutively active Akt
displayed increased levels of the cell cycle inhibitor p21CiPL. However, in other systems,
Akt phosphorylates p21€1PL, resulting in its exclusion from the nucleus and inhibition [35].
The effects of the modulation of p21CiPL levels and cellular localization in $-cell cycle
progression are currently under study.

Akt also affects mTOR signaling. Nutrients and growth factors regulate mTOR activity
through the tuberous sclerosis complex (Tsc)-2 gene product (tuberin) as well as Tscl
(hamartin) and the small G protein Ras homolog enriched in brain (Rheb). Akt
phosphorylation of Tsc2 induces mTOR signaling by derepressing the Tsc2 GTPase protein
activity toward Rheb [36] (Box 2 and Figure 1) [36, 37]. Mammalian TOR is found in two
distinct complexes (MTORC1 and 2) [38]. mTORC1 is sensitive to rapamycin and

Trends Endocrinol Metab. Author manuscript; available in PMC 2015 June 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Elghazi and Bernal-Mizrachi Page 4

comprises mTOR, Raptor (Regulatory-Associated Protein of mTOR), and mammalian lethal
with sec18 protein 8 (mLST8) (also known as GBL) . mTORC?2 is rapamycin-insensitive and
comprises mTOR, Rictor, Sinl and mLST8/GPL [38]. This latter complex is responsible for
the phosphorylation/activation of Akt on Ser 473 and protein kinase C alpha (PKCa) [39].
Therefore, while not completely understood, it appears that mTOR lies both upstream
(mMTORC2) and downstream (MTORC1) of Akt. The mTORC1 complex phosphorylates
elF4 (eukaryotic initiation factor 4)-binding protein 4E-BP1/2 and S6K1/2 to induce mRNA
translation and cell growth [40]. The importance of this pathway in regulating p-cell
proliferation has been recently demonstrated in mice where inhibition of mMTORC1 by
rapamycin inhibits B-cell proliferation induced by Akt activation. This anti-proliferative
effect of rapamycin was caused by alteration in the synthesis and stability of cyclin D2, a
critical regulator of B-cell cycle [41]. Further confirmation of the importance of this pathway
comes from mice with conditional deletion of Tsc2 in p-cells [42, 43]. These mice exhibit
hypoglycemia, improved glucose metabolism and increase p-cell proliferation [42, 43],
supporting an important role of mTOR signaling pathway in regulating B-cell mass [42].
However, the downstream events modulated by mTOR and the contribution of S6K and
4EBP in regulating p-cell proliferation remain unknown.

Akt and Cell size

Increased p-cell size contributes to the augmented B-cell mass observed in caAkt™ mice [8,
9]. Recent evidence from mice with Tsc2 deletion demonstrates that mTORC1 is one factor
that regulates p-cell size [42, 43]. Studies using S6K1 deficient mice suggest that S6K is one
of the major candidates, although it is still not fully understood how downstream targets of
S6K regulate cell size. S6K1 deficient mice, however, exhibit hypoinsulinemia, impaired
insulin secretion, glucose intolerance and reduced p-cell size [44] (Table 1).

Akt and Apoptosis

Akt signaling is one of the critical pathways regulating cell survival, and its importance in §-
cells has been suggested by increased apoptosis observed in different mouse models
including Irs2~/=, B-cell specific Ir~/=/Igfl~/~ and Pdk1 ™/~ mice (Table 1) [45]. Further
evidence of antiapoptotic effects of Akt comes from resistance of Akt-overexpressing -cells
to streptozotocin-induced apoptosis [8, 9]. In vitro experiments in insulinoma cell lines and
isolated islets demonstrate that Akt activation by glucose, insulin, IGF-1 and GLP-1is a
major component for the anti-apoptotic effects of these molecules [46-49]. Activation of Akt
signaling also has been shown to mediate the survival effect of decreased levels of
thioredoxin-interacting protein (TXNIP) in mice [50]. Likewise, downregulation of Akt
activity by cytokine, oxidative- and ER stress-mediated activation of JNK is also associated
with apoptosis [51, 52]. Tribble-3 (TRB3), a mammalian homolog of Drosophila Tribbles,
binds and inhibits the activation of Akt [53]. Modulation of TRB3 levels in INS1 cells
altered susceptibility to high glucose- and ER stress-induced apoptosis, suggesting that
TRB3 has major implications for -cell mass and function [54]. Most recently, O-linked N-
acetylglucosamine (O-GIcNAC) to Ser 473 decreased Akt activity and increased apoptosis
induced by glucosamine treatment, suggesting that this Ser modification plays a major role
in regulating Akt signaling in p-cells [55]. These data suggest that in addition to proliferative
responses, Akt signaling is a major survival molecule in pancreatic -cells by regulating a
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PTEN

diverse group of downstream targets, one being FoxO1. The effects of FoxOL1 in survival,
however, appear to depend on experimental and metabolic conditions [56]. Phosphorylation
and inactivation of FoxO1 activates genes involved in apoptosis like Fas ligand, TRAIL,
Bim and bNIP3 [57]. Similarly, expression of nuclear constitutively active FoxO1 in
cultured p-cells prevented the antiapoptotic actions of GLP-1 [22]. Akt/FoxO1 signaling also
relays the survival signals from GIP by suppressing Bax [58]. More recently, expression of a
dominant negative allele of FoxO in a p-cell line reduced expression of apoptotic and ER
stress markers, promoting p-cell survival [59]. In contrast, exposure of cultured -cells to
oxidative stress induced nuclear FoxO1 localization and protected p-cells against oxidative
damage [60]. This beneficial effect was associated with increased expression of NeuroD,
MafA and insulin [60]. The transcriptional activation of FoxO1 by oxidative stress is self-
limited and regulated by the balance between acetylation and deacetylation to prevent
excessive and prolonged FoxO-dependent transcription that could result in apoptosis. In
summary, FoxO1 can have inhibitory effects on -cell mass expansion and protective effects
under acute stress. Experiments using conditional deletion of FoxO isoforms exposed to
different stresses will elucidate the role of this transcription factor in g-cell mass and
function.

In addition to its important role in proliferation, Akt's inhibition of GSK3p activity can also
relate survival signals. In vitro experiments in insulinoma cells demonstrated that inhibition
of GSK3p signaling reduces apoptosis induced by ER stress, glucose or palmitate [27, 61].
This protective effect of Akt/GSK3p signaling could be mediated by the subcellular
localization and stability of Pdx1 [28]. In other systems, GSK3p, and perhaps Akt then, has
been suggested to contribute to cell death by modulating MLK3/JNK and phosphorylating
transcription factors such as c-Myc and CREB [62-64].

Akt could also affect survival by direct phosphorylation of Bad, a member of the Bcl-2
family [65]. Caspase 9, another pro-apoptotic protein, is also inhibited by Akt in human
tissues. CREB is also an important mediator of Akt-induced survival [66]. Activation of
Mdm2 by Akt phosphorylation blocks p53 and protects from apoptosis in other systems
[49]. Akt phosphorylation of XIAP (X-linked inhibitor of apoptosis protein) inhibits
apoptosis induced by cytokine-mediated apoptosis and prolongs survival during islet
transplantation [67]. Recent in vitro experiments using insulinoma cells demonstrated that
the Akt target AS160 relates survival signals from Akt signaling [68]. These anti-apoptotic
mechanisms induced by Akt have been evaluated in other systems, and further work is
needed to determine the major anti-apoptotic signals of Akt in B-cells.

The phosphatase and Tensin homologue deleted on chromosome 10 (PTEN) gene is a
human tumor suppressor gene widely expressed throughout the body; PTEN hydrolyzes the
3-phosphate on PI3P resulting in PI3K inhibition and Akt signaling [69] (Figure 1 and Box
2). However, recent evidence also demonstrates some Akt-independent effects of PTEN
such as activation of JNK signaling, p53 modulation and FAK phosphorylation [69, 70].
PTEN deletion regulates multiple biological processes that include proliferation, reduced
apoptosis and enhanced migration.
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Akt/PTEN

Although the role of PTEN in a variety of cells has been well characterized [71, 72], its role
in B-cell mass and function has been less studied. The first indirect evidence for a role of
PTEN in p-cells was demonstrated by restoration of $-cell mass and function and
normalization of blood glucose by introducing PTEN haploinsufficiency in Irs2~/~ mice
[73]. However, the improved insulin sensitivity made difficult to assess the direct effect of
PTEN in p-cells. Conditional PTEN deletion in p-cells (RIP-cre; PTEN!OxP/IoXP) regylts in
mild fasting hypoglycemia, improved glucose tolerance and increased B-cell proliferation,
cell size and mass [74] (Table 1). These mice also exhibit increased markers of Akt
signaling, resistance to streptozotocin-induced diabetes and higher levels of Pdx1, Glut-2
and Irs2 [75]. Interestingly, specific deletion of PTEN in pancreatic p-cells using RIP-Cre
mice is associated with augmented insulin sensitivity and decreased growth attributed to
partial deletion of PTEN in the hypothalamus by aberrant expression of Cre recombinase in
this tissue [75]. The changes in insulin sensitivity could also indirectly modulate the
responses of B-cells to PTEN absence. It will be interesting to assess the phenotype of PTEN
deletion in B-cells using a Cre line with more selective targeting to p-cells.

The differences between mice with deletion of PTEN and mice overexpressing a
constitutively active form of Akt in -cells highlight potential Akt-independent effects of
PTEN deletion. In contrast to the normal islet morphology in the RIP-Cre; PTEN!0XP/loxP
mice, the RIP-Cre;PTEN!OXP/IoxP.exhibit enlarged islets with abnormal distribution of non-f-
cells within the islet [74, 75]. In addition, the magnitude of p-cell mass changes described in
caAkt™ mice is significantly higher compared to RIP-Cre;PTEN!oXP/IoxP.mice and one of
these lines developed S6K1-dependent insulinomas [8, 9] [76]. While transgene insertion
and copy number could explain this phenomenon, it is important to note that other factors
could explain these differences. Deletion of PTEN results in activation of Akt, TSC/mTOR
and S6K signaling activation that results in feedback inhibition of IRS and Akt signaling
[77-79]. Therefore, Akt modulation by other signals through IRS proteins is impaired. In
contrast, activation of Akt signaling in caAkt™9 is not susceptible to this feedback inhibition
as the caAkt mutant acts downstream of IRS proteins. In addition, dephosphorylation of
other proteins by PTEN (see above) could also explain the different phenotypes between
RIP-Cre;PTEN!oxP/IoxP and caAkt™ mice. Therefore, the difference in the phenotypes of
these two models could reveal Akt-dependent and independent pathways involved in PTEN
regulation of B-cell mass and function.

in neogenesis

The studies of neogenesis in the pancreas have been limited by absence of markers for -cell
progenitors in adult tissues. However, the importance of AKt/PTEN in regulating p-cell
differentiation has been assessed by activating Akt signaling in mice with conditional
deletion of PTEN in pancreatic progenitors using the Pdx1-Cre transgenic line (Table 1).
These mice exhibit progressive replacement of the exocrine tissue by ductal structures,
presumably arising from expansion of centroacinar cells [80]. This important model
demonstrates that PTEN deletion is dispensable for pancreas development and embryonic
programs in ductal cells.
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The importance of Akt signaling in regulating differentiation and plasticity of different
pancreatic compartments has been recently demonstrated using a mouse model that
combines a double reporter system with activation of a constitutively active form of Aktl
(caAkt) in a Cre-dependent manner [81][82]. This model allows to perform lineage tracing
in cells that express the caAkt mutant upon Cre-mediated recombination [81]. Using this
animal model, expression of mutant caAkt in the pancreatic epithelium, acinar or p-cells was
performed by crossing to Pdx1-Cre, Elastase-Cre or RIP-Cre mice, respectively (Table 1).
A major conclusion derived from these lineage tracing experiments was that activation of
Akt signaling in acinar or p-cells induces acinar to ductal or -cell to acinar/ductal
transdifferentiation respectively. The acinar to ductal and p-cell to acinar/ductal
transdifferentiation observed in Elastase-Cre;caAkt and RIP-Cre;caAkt mice suggest that
the ductal epithelium could be a default fate after Akt signaling activation in acinar and 8-
cells. These studies also demonstrated that chronic activation of Akt signaling induces pre-
malignant lesions and malignant transformation in old mice. In conclusion, the current work
demonstrates for the first time that modulation of Akt signaling regulates the fate of
differentiated pancreatic cells in vivo and suggests that modulation of Akt signaling could be
used as a potential target to generate tissues for regenerative medicine.

It is important to mention several differences between the PTEN deletion model and the
overexpression of Akt in pancreatic progenitors. A major difference is the presence of
plasticity in acinar and p-cells following overexpression of Akt [81]. In addition to Akt
activation levels, one possible explanation for the absence of transdifferentiation in the
PTEN model is that PTEN is not expressed in the acinar compartment, so Akt signaling is
not activated there [80]. It is also possible that Akt-independent effects could account for
some of these different phenotypes.

Conclusion

It is clear the IRS2/PI3K/AKkt signaling pathway is a critical regulator of -cell mass and
function. FoxO1 and GSK3 are important components mediating proliferative and survival
signals in response to Akt activation, with the Tsc2/mTOR pathway another major
component in regulating proliferation and cell size. Therefore, we can conclude that there is
not a predominant downstream Akt pathway regulating p-cell mass; rather, each component
contributes to the overall phenotype resulting from Akt activation. However, the molecular
mechanisms responsible for the alterations of proliferation and apoptosis by different Akt
downstream targets have not been completely elucidated. Experiments performed in mice
with conditional deletions of different Akt signaling pathway components will allow us to
understand their importance in regulating f-cell mass. A major gap in our knowledge
regards the importance of Akt signaling in pancreas development, differentiation and
cellular plasticity. A better understanding of the molecular mechanisms involved in these
processes will provide pharmacological targets that can be used to expand p-cells in vitro
and in vivo as an alternative therapy for diabetes.
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Box 1. Akt/PKB: Structure

Akt, also known as protein kinase B (PKB), is a serine/threonine kinase that acts as a
major effector of the PI3Kinase signaling pathway. Akt kinases belong to the more
general class of AGC kinases (related to AMP/GMP kinase and protein kinase C) and
consist of two conserved domains: an N-terminal Pleckstrin homology (PH) domain,
followed by a kinase domain that terminates in a regulatory hydrophobic motif. The N-
terminal PH domain mediates binding to phosphatidylinositol (3,4,5) P3 phosphate
(PIP3) and the catalytic domain contains a threonine residue (T308 for Aktl/PKBa)
whose phosphorylation is necessary for activation of Akt/PKB [1]. The hydrophobic C-
terminal tail is a characteristic feature of all AGC kinases (PKA, PKC, PDK1, p70 and
p90 S6 kinase) and includes a second regulatory phosphorylation site (S473 in Aktl/
PKBa) [1]. These two phosphorylation sites are required for the full activation of
Akt/PKB [1]. Expression levels for the different isoforms vary in different tissues. Aktl
and 2 seem to be ubiquitously expressed at the highest levels in the brain, thymus, heart
and lung, whereas Akt3 expression is mainly restricted to the brain and testis [1].
Expression of the three isoforms has been described in p-cells [83].
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Box 2. Selective list of Akt signaling components
FoxO

FoxO belongs to a large family of forkhead transcription factors that share a common
DNA-binding forkhead domain [84]. Mammalian cells express FoxO1 (FKHR), FoxO3a
(FKHRL1) and FoxO4 (AFX). Phosphorylation by Akt regulates the subcellular
localization of FoxO proteins, translocating them from the nucleus to the cytoplasm
where they are inactivated and ubiquinated. Therefore, Akt negatively regulates the
transcriptional activity of FoxO proteins [85]. FoxO proteins regulate multiple biological
processes that include cellular proliferation, apoptosis, differentiation, and metabolism.
FoxO1 is the most abundant isoform in -cells and is not expressed in acinar cells or
other islet cells [84].

GSK3

Two isoforms (a and ) share a high degree of amino acid homology. Upon stimulation
with growth factors or insulin, Akt mediates phosphorylation and inactivation of GSK3
on serine 23 in the a-isoform and serine 9 on the B-isoform [1]. GSK3 is part of a
multiprotein complex with Axin, p-catenin and APC and is also regulated by the Wnt
signaling pathway [86]. Inactivation of GSK3 by Wnt results in nuclear translocation of
[3-catenin where it acts as a transcriptional regulator of Lef/Tcf targets [87]. GSK3 is a
converging point of the insulin and Whnt signaling pathways. GSK3 is involved in energy
metabolism, cell fate determination, cell growth and transcriptional regulation [1].

Cell cycle components

Growth factor-mediated activation of Akt alters cell proliferation by triggering cells in Gg
to enter the cell cycle (G4-S transition). D-type cyclin in association with cdk4 or cdké
forms the first cyclin-cdk complex to be activated during the early Gq-phase. Cyclin D/
cdk4 phosphorylates the pocket proteins (Rb, p107, p130) and releases the transcription
factor E2F. Cyclin E associates with cdk2 in late G, and is essential for entry into S
phase. Cell cycle is negatively regulated by the INK4 (p16INK4a, p15INK5b, p18INK4c,
and p19INK4d) and Cip/Kip cell cycle inhibitors (p21Cip1, p27Kipl, and p57Kip2).

TSC2/mTOR

The TSC2/mTOR signaling integrates growth factors and nutrient signals and is essential
for cell growth and proliferation [36, 37]. These signals regulate mTOR activity by
regulating TSC gene products, TSC1 and TSC2, and the small G protein Rheb. TSC2
phosphorylation and inactivation releases the inhibition of Rheb, leading to activation of
mTOR [40]. Recent experiments indicated that like yeast, mammalian TOR is associated
with two distinct complexes (MTORC1 and 2)[40]. Activation of TSC/Rheb/mTOR/S6K
by Akt signaling regulates cell growth, proliferation and ribosomal biogenesis.

PTEN

PTEN is one of the most frequently mutated genes in cancer, and germline mutations are
found in Cowden disease, also termed Cowden syndrome and multiple hamartoma
syndrome in humans [88]. This disease is characterized by hamartomatous neoplasms of
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the skin and mucosa, gastrointestinal tract, bones, central nervous system, eyes, and
genitourinary tract. Skin is involved in 90-100% of cases, and the thyroid is involved in
66% of cases. Homozygous deletion of PTEN is embryonic lethal, and heterozygous
mice develop tumors in multiple tissues [89]. Mutation of PTEN is observed in multiple
tumors and overexpression of wild-type PTEN induces apoptosis and blocks cell-cycle
progression, colony formation and cell migration [69].
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Figure 1. Schematic representation of Akt/PKB activation and signaling
Activation of Akt signaling in -cells occurs upon stimulation with Insulin growth factor

(IGF)I, insulin, glucose, Hepatocyte growth factor (HGF), Fibroblast growth factor
(FGF)21, Stromal derived factor (SDF), Obestatin and gut incretins such as Glucose-
dependent insulinotropic polypeptide (GIP) and Glucagon like peptides (GLP), among
others [90]. Akt activity is regulated at different levels via both Phosphoinositide 3-kinase
(PI13K) dependent and independent mechanisms [72]. A critical step leading to activation of
Akt is the generation of phosphatidylinositol (3,4,5) P3 phosphate (PIP3) by PI3K. PIP3
binding to the Pleckstrin homology-domain (PH) recruits Akt/PKB and phosphoinositide-
dependent kinase-1 (PDK1) to the plasma membrane favoring phosphorylation of T308 (309
in AKT2 and 305 in AKT3). Phosphorylation of S473 by mTORC2 (mTor/Rictor/GBL)
complex is necessary for full activation of Akt [91]. The inactivation of Akt/PKB signaling
is mediated by protein phosphatase 2A (PP2A) and a isoform of PH-domain leucine-rich
repeat phosphatase (PHLPP)-mediated dephosphorylation of T308 and S473 respectively.
Another important mechanism that negatively regulates Akt/PKB activity is the
dephosphorylation of PIP3 molecules by the phosphatase and Tensin homologue deleted on
chromosome 10 (PTEN). Another level of regulation is achieved by binding to Akt-
interacting proteins that lack significant kinase activity. These Akt interacting proteins
include the mammalian homolog of Drosophila Tribbles (TRB3), and C-terminal modulator
protein (cTMP) Akt phosphorylation enhancer (APE), Tcl-1 oncoprotein, c-Jun N-terminal
kinase (JNK)-interacting protein 1 (JIP1), growth factor receptor-binding protein-10
(Grb10) among others. Akt activity can also be negatively regulated by c-Jun N-terminal
kinase (JNK) after induction of oxidative stress, cytokines and ER stress, resulting in
inhibition of Akt signaling and apoptosis. Recent evidence suggests that increased mMTORC1
(mTOR/Raptor/GpL) signaling inhibits insulin signaling by phosphorylation of IRS1 and
possibly IRS2 in a ribosomal S6 kinase (S6K)-dependent manner.
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Figure 2. Schematic representation of variousintracellular effects of Akt/PKB signaling
Upon activation, Akt phosphorylates numerous downstream targets that regulate diverse

biological processes such as cell cycle progression, apoptosis, senescence, neogenesis,
protein synthesis, cell size and insulin-mediated metabolism. This diagram illustrates a
partial list of direct and indirect downstream effectors of Akt signaling. The green arrow
demonstrates a direct stimulatory effect of Akt. The red horizontal bars demonstrate an
inhibitory effect of Akt on the designated target. The arrows next to each molecule indicate
upregulation (green) and downregulation (red).
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Table 1
Phenotypes of the different mouse models and Cre lines
Genetic MouseModel ~ Strategy Phenotypes References
Akt1- Global Knock out Placental hypotrophy, impaired fetal and postnatal [2-4]
growth with reduction of body weight
Akt2/- Global Knock out Impaired glucose disposal, insulin resistance with [2][5]116]
diabetes in a subset of animals
Akt3/- Global Knock out Reduced brain size [2]
caAktT9 Transgenics overexpressing a Increase B cell mass, proliferation, neogenesis and cell [8-9]
constitutively active Akt in p-cells size.
RIP-KdAkt Transgenics expressing a kinase dead Insulin secretory defect [10]
Akt in f cells
Irs2-- Global Knock out Increase apoptosis, insulin resistance and diabetes [17][21][45]
pPdk1- Conditional deletion of Pdk1 in Progressive hyperglycemia as a result of loss of -cell [19]
pancreatic  cells mass
FoxO*- Deletion of one allele of FoxO Increase f3 cell proliferation and expression of Pdx1 [17][19]
FoxO5%53%A (Ttr305) Transgenics overexpressing a Early onset of diabetes due to inhibition of [20-21]
constitutively nuclear FoxO1 in {3 cells compensatory B-cell growth in response to peripheral
insulin resistance through suppression of Pdx1
RIP-GSK3/CA" Transgenics overexpressing a Impaired glucose tolerance and decreased B-cell mass [25]
constitutively active form of GSK3p and proliferation. Decrease cyclinD1 and Pdx1 levels
(S9A) under the control of the rat insulin
promoter
B Tsc2" Conditional deletion of Tsc2 in Hypoglycemia, improved glucose metabolism and [42-43]
pancreatic {3 cells increase B-cell proliferation
S6K- Global Knock out Hypoinsulinemia, impaired insulin secretion, glucose [44]
intolerance and reduced p-cell size
Brlrt plgitt Conditional deletion of insulin receptor Diabetes due to decrease -cell mass, -cell proliferation  [45]
and insulin growth factor in pancreatic f  and increase apoptosis
cells
RIP-rtTA/tetOAkt1 Doxycycline inducible transgenic mice Increase p-cell proliferation [41]
expressing Akt in 3 cells
PTEN*- Deletion of one allele of PTEN Development of spontaneous tumors [72]
RIP-PTENLOXP/LoxP Conditional deletion of PTEN in Mild fasting hypoglycemia, improved glucose tolerance [73-74]
pancreatic p-cells and increased f3-cell proliferation, cell size and mass
Pdx-PTENLOxP/LoxP Conditional deletion of PTEN in Replacement of the exocrine tissue by ductal structures. [79]
pancreatic progenitors cells Development of pancreatic ductal adenocarcinoma
Pdx1-Cre Transgenic mice expressing Cre under Specific expression in pancreatic progenitors [80]
the control of Pdx1 promoter
RIP-Cre Transgenic mice expressing Cre under Specific expression in pancreatic p-cells [80]
the control of the Rat Insulin promoter
Elastase-Cre Transgenic mice expressing Cre under Specific expression in acinar cells [80]

the control of the elastase promoter
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