1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochem Soc Trans. Author manuscript; available in PMC 2024 January 02.

-, HHS Public Access
«

Published in final edited form as:
Biochem Soc Trans. 2016 February ; 44(1): 293-298. doi:10.1042/BST20150229.

Phosphoinositide signalling in type 2 diabetes: a S-cell
perspective

Lucia E. Rameh™!, Jude T. Deeney”
* Department of Medicine, Boston University School of Medicine, 650 Albany Street, Boston, MA
02118, U.S.A.

Abstract

Type 2 diabetes is a complex disease. It results from a failure of the body to maintain energy
homoeostasis. Multicellular organisms have evolved complex strategies to preserve a relatively
stable internal nutrient environment, despite fluctuations in external nutrient availability. This
complex strategy involves the co-ordinated responses of multiple organs to promote storage or
mobilization of energy sources according to the availability of nutrients and cellular bioenergetics
needs. The endocrine pancreas plays a central role in these processes by secreting insulin and
glucagon. When this co-ordinated effort fails, hyperglycaemia and hyperlipidaemia develops,
characterizing a state of metabolic imbalance and ultimately overt diabetes. Although diabetes

is most likely a collection of diseases, scientists are starting to identify genetic components

and environmental triggers. Genome-wide association studies revealed that by and large, gene
variants associated with type 2 diabetes are implicated in pancreatic g-cell function, suggesting
that the B-cell may be the weakest link in the chain of events that results in diabetes. Thus, it is
critical to understand how environmental cues affect the g-cell. Phosphoinositides are important
‘decoders’ of environmental cues. As such, these lipids have been implicated in cellular responses
to a wide range of growth factors, hormones, stress agents, nutrients and metabolites. Here we
will review some of the well-established and potential new roles for phosphoinositides in g-cell
function/dysfunction and discuss how our knowledge of phosphoinositide signalling could aid in
the identification of potential strategies for treating or preventing type 2 diabetes.
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Phosphoinositides in nutrient-stimulated insulin secretion

S-cells play an essential role in maintaining energy homoeostasis by secreting insulin

in response to plasma glucose and other nutrients. The widely accepted model for
describing the mechanisms by which glucose stimulates insulin secretion claims that
glucose metabolism gives rise to both triggering and amplifying signals that regulate
insulin exocytosis [1]. Metabolic signals lead to ATP-sensitive K* (Karp) channel closure,
membrane depolarization and Ca2* entry through voltage-operated Ca2* channels (VOCC).
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Arise in intracellular Ca%* ultimately triggers exocytosis of primed insulin granules.
Amplifying signals enhance insulin released through the triggering pathway and thus require
elevated Ca2* . In addition, there are other metabolic signals that defy these categories by
stimulating insulin release in the absence of elevated Ca2* , including H,0, [2] mono-acyl-
glycerol (MAG) [3,4] and long-chain acyl-CoA (LC-CoA) [5].

Exposure to glucose and other secretagogues results in pulsatile insulin release and
stimulates dramatic oscillations in phosphoinositide metabolism in the plasma membrane
of the B-cell, as measured by quantitative imaging of the translocation of phosphoinositide-
binding probes [6-8]. These oscillations are the result of dynamic phosphorylation,
dephosphorylation and breakdown of phosphoinositides and are poised to influence

the cellular response to nutrients, by (i) recruitment of signalling proteins containing
phosphoinositide-binding domains; (ii) generation of soluble inositol second messengers
and (iii) direct regulation of trans-membrane proteins containing polybasic residues.

PtdIns(4,5) 7, one of the most abundant phosphoinositides in cells, regulates vesicle
budding, fusion and actin rearrangements involved in vesicle transport [9]. PtdIns(4,5)~,
can bind to PH and C2 domains to regulate the localization or function of various proteins
[10]. Recently PtdIns(4,5) /2, was found to aggregate at sites in the plasma membrane,
reaching an estimated lipid density of up to 82%. This high density of PtdIns(4,5)/; is
achieved at specific membrane microdomains of approximately 73 nm in size, allowing
attraction of syntaxin and docking of secretory granules [11]. PtdIns(4,5)/~ can also bind to
synaptotagmin through its C2 domain, increasing its Ca2* sensitivity and reducing the Ca%*
threshold for exocytosis [12]. In addition, PtdIns(4,5) 7, binds CAPS (calcium-dependent
activator protein for secretion) through its PH domain, which potentiates exocytosis (for a
review [13]). Thus, by recruiting proteins that contain phosphoinositide-binding modules
(e.g. PH, C2, PX domains), phosphoinositides act as nucleators of effector molecules on to
specific submembrane regions [14].

PtdIns(4,5) 7, can generate other signalling molecules that are involved in the regulation

of glucose-stimulated insulin secretion (GSIS). High Ca2* for instance, activates PLC to
hydrolyse PtdIns(4,5) 7, yielding diacylglycerol (DAG) and Ins(1,4,5) P;. DAG increases
secretion by binding MUNC-13 [15] and Ins(1,4,5) P; amplifies the triggering signal by
mobilizing intracellular Ca2* stores [16]. Ins(1,4,5)Ps-sensitive stores have been implicated
in GSIS [17] and in the replenishment of mature insulin granules [18]. Ins(1,4,5)A; is

also a precursor for other inositol polyphosphates (e.g. Ins(3,4,5,6) A, and IPg) and inositol
pyrophosphates (e.g. IP;7 and IPg) that are involved in the regulation of insulin secretion (for
a thorough review, refer to [19]). Thus, PtdIns(4,5)~, role in exocytosis may depend on the
intracellular CaZ* concentration. For instance, when Ca2* is low PtdIns(4,5) /7, may bind
directly to CAPS to stimulate secretion, but when Ca2* is high it may be broken down to
generate DAG and Ins(1,4,5)P; [15].

Additionally, PtdIns(4,5) 2, was found to bind and regulate the Kap channel, which

is a complex of four Kir6.2 subunits and four SUR (sulphonylurea receptor) subunits.
PtdIns(4,5) 7, interaction with Kir6.2 promotes opening of the channel (which decreases
insulin secretion) and reduces the inhibition by ATP [20]. Mutations in Kir6.2 that result in
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impaired PtdIns(4,5) ~ binding to this channel have been associated with hyperinsulinism
due to increased gB-cell excitability [20,21]. It is not entirely clear how changes in
PtdIns(4,5) 2, metabolism contributes to the regulation of insulin secretion in vivo, however,
it is likely that physiological responses will require local synthesis and/or consumption of
PtdIns(4,5) 7, rather than global changes.

Phosphoinositide kinases in B-cell function

The effect of cellular phosphoinositides on S-cell function has been addressed

by manipulating the expression or catalytic activity of the enzymes involved in
phosphoinositide synthesis or consumption, i.e. phosphoinositide kinases, phosphatases and
lipases. In addition, cellular phosphoinositides can be ‘neutralized’ by using overexpression
of phosphoinositide-binding domains. One common theme that emerged from these studies
is that perturbations in phosphoinositide metabolism can disturb the g-cell in multiple
ways. For example, several studies have addressed the role of PtdIns(4,5)/ in GSIS by
manipulating the levels of phosphatidylinositol 4-kinases (P14K) and phosphatidylinositol-4-
phosphate 5-kinases (PIP5Ks), which are enzymes responsible for generating the bulk

of PtdIns(4,5)/; in cells [9], and/or by overexpression of the PLCS PH domain,

which specifically binds to plasma membrane PtdIns(4,5)~,. In some cases, decreasing
Ptdins(4,5)/; in B-cells impaired secretion [22—24], indicating a positive role for this lipid
in insulin release. In others, forced increase in PtdIns(4,5) /7 levels through overexpression
of PIP5K inhibited secretion [21,25], indicating a negative role for PtdIns(4,5)~ in GSIS.
Whereas the positive effects of PtdIns(4,5)/~ on insulin secretion can be explained by the
ability of this lipid to regulate insulin granule maturation and exocytosis [22—24,26], the
negative effect was attributed to PtdIns(4,5) P,-dependent decrease in ATP sensitivity of

the Kap channel [21]. Interestingly, in one study, RNAi-mediated knockdown of PIP5Ka
in B-cells, which reduced plasma membrane PtdIns(4,5) 7 without affecting Ins(1,4,5) 73
levels, led to a significant increase in basal insulin secretion, but a decrease in fold GSIS
over basal [26].

It is important to emphasize that overexpression/knockdown of PIP5K results

in global changes in PtdIns(4,5) 2. In contrast, overexpression/knockdown of the
phosphatidylinositol-5-phosphate 4-kinases (PIP4Ks), which catalyse the phosphorylation
of PtdIns5P into PtdIns(4,5)P,, only affects a minor fraction of cellular PtdIns(4,5) 7, [27].
However, the role of this subpopulation of PtdIns(4,5) 7, in GSIS has not been examined.
Future studies in which only local levels of PtdIns(4,5) 7, are manipulated will be essential
to identify the role of specific pools of phosphoinositides in g-cell function. One promising
strategy to address this issue is the use of recently developed optogenetic tools, which allow
the manipulation of local levels of Ptdins(4,5) 7 through light-dependent recruitment of
phosphatases or kinases to well-delineated regions of the plasma membrane [28].

Phosphoinositide 3-kinases (PI3Ks) and the lipid products that they generate, e.g. PtdIns3A,
PtdIns(3,4) 2, and PtdIns(3,4,5) 73, have also been implicated in GSIS. This family of
enzymes is divided into class IA, class IB, class Il and class 111 [29]. Initial studies using
the PI3Ks inhibitors, wortmannin and Ly294002, revealed a potential negative role for these
kinases in GSIS [30-33], but a positive role in glucagon-like peptide-1 (GLP-1)-enhanced
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insulin secretion [34]. The role of specific pools of PI3K lipids is now being examined
through deletion of individual isoforms of PI3K in the B-cell. Suppression of class IA

PI13K through knockdown of the catalytic subunits (p110) in S-cells revealed that p110a
and p110p had opposing roles in GSIS [35], with p110a deletion increasing GSIS and

the p1108 impairing GSIS through a mechanism that did not require its catalytic activity.
Suppression of class 1B (p110y isoform), which is activated through G-protein coupled
receptors, resulted in decreased actin depolarization and insulin granule recruitment to the
plasma membrane, and consequently decreased GSIS in mice or in isolated islets [36,37].
Deletion of the gene for the class IA PI3K regulatory subunit (p85a) specifically in g-cells,
alone or in conjunction with systemic deletion of the gene for p854, impaired GSIS in
mouse, probably due to FOXO-dependent transcriptional changes, which negatively affected
the exocytic machinery and promoted loss of S-cell mass [38]. Interestingly, single deletion
of the p85a in B-cells had a protective role against endoplasmic reticulum stress that leads
to B-cell loss in a mouse model with a mutant insulin gene (Akita™* ) [39]. These seemingly
contradictory roles of phosphoinositide kinases can be partially explained by short-term
compared with long-term effects of the various manipulations. In the short term, PI3K lipids
may affect local events involved in actin cytoskeleton remodelling and exocytosis, whereas
long-term effects may involve activation of signalling cascades that result in transcriptional
reprogramming and metabolic adaptations of the S-cell, as discussed below.

Knockdown of PI3K class |1, which generates PtdIns3P or PtdIns(3,4) 7, inhibited GSIS
by interfering with late steps in the exocytosis of insulin granules, possibly by inhibiting
SNAP25 proteolysis which is necessary for insulin granule fusion [40]. In another study
where PI3K class Il was knocked down in the g-cell, the authors attributed the decrease

in GSIS to transcriptional changes involving PI3KIla-mediated activation of Akt signalling
[41]. Interestingly, expression of class 1l PI3K is reduced in islets from patients with type 2
diabetes [40].

Class Il PI3Ks are the main source of cellular PtdIns3/2, which is essential for
autophagosome biogenesis. It is well established that class 111 PI3Ks regulate autophagy,

a process that is critical for the maintenance of S-cell homoeostasis and function [42—

44]. This implicates class 111 PI13Ks as important players in the maintenance of s-cell

mass and glucose homoeostasis, but this remains to be tested. In contrast, class | PI3K
signalling inhibits autophagy through TORC1 (target of rapamycin complex 1)-dependent
phosphorylation of ULK1 (Unc51-like kinase-1). In fact, a recent study presented evidence
that TORC1-mediated inhibition of autophagy could be a mechanism for maintaining low
basal insulin secretion upon g-cell starvation [45].

Together, these studies highlight the complexity of the phosphoinositide role in controlling
essential steps in the regulation of GSIS and the need to carefully dissect which enzymes
are involved in the generation/removal of particular pools of phosphoinositides in g-cells
exposed to different environmental cues.
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Phosphoinositide signalling in response to excess nutrients

Excess of nutrients is an environmental factor linked to obesity and diabetes [46]. The
mobilization of energy sources through metabolism results in the formation of reactive
oxygen species (ROS), which have significant impact on phosphoinositide metabolism

[47]. For instance, ROS can increase phosphoinositide generation and decrease degradation
by inhibiting protein tyrosine phosphatases that turn off receptor signalling and by
inhibiting phosphoinositide phosphatases, respectively [48,49]. Although ROS participates
in physiological responses, chronic exposure to high levels of nutrients can result in
metabolic stress, when excessive production of ROS surpasses the antioxidant capacity of
the cell [50]. These pathological levels of ROS can be detrimental to cells. The pancreatic
B-cell is particularly susceptible to increases in ROS levels due to lower antioxidant capacity
[51]. The metabolic stress ensued by diet-induced obesity in humans and in mice models

is accompanied by hyperinsulinaemia. Chronic exposure of g-cells to elevated glucose and
fatty acids leads to accumulation of intracellular lipids, increased ROS [52] and plasma
membrane cholesterol [53] and results in basal insulin hypersecretion, ultimately causing
impaired GSIS [4,54,55]. It is likely that pathological levels of ROS leads to increased
generation of PtdIns(4,5) A, through inhibition of phosphatases. Furthermore, ROS activates
stress pathways that lead to p38 MAPKkinase activation and regulation of PIP4K [56].
Cholesterol, in addition to affecting membrane fluidity, inhibits PtdIns(4,5) 2 hydrolysis
and, thus increases the level of PtdIns(4,5) 7 in the membrane [57]. Thus, it is likely

that excess nutrients through increases in ROS or cholesterol affects the levels of cellular
PtdIns(4,5) 7, which could partially explain the changes in insulin secretion in metabolically
stressed S-cells. Interestingly, serum cholesterol is increased in many patients with type 2
diabetes.

Phosphoinositide signalling in Bg-cell expansion and dysfunction

High demand for insulin, such as in obesity or insulin resistance, can signal for g-cell
expansion and islet hyperplasia. In this process, phosphoinositides generated by PI3K

play a critical role by stimulating downstream pathways that signal for increase in cell
proliferation, mass and survival through activation of Akt [58,59]. S-cells with deletion of
the genes for insulin and IGF1 receptors had impaired Akt activation, which resulted in
increased apoptosis, decreased cell proliferation and loss of g-cell mass in mice [60]. On the
other hand, mice with B-cell-specific deletion of PTEN, which is a phosphatase for PI3K
lipids, showed islet hyperplasia and increased S-cell size [61]. Rapamycin treatment of an
obese rat model prevented S-cell adaptation to hyperglycaemia by reducing S-cell mass and
decreasing insulin biosynthesis and secretion [62]. Rapamycin inhibits TORC1 activation
downstream of Akt. TORCL, a multimeric kinase complex involved in the regulation

of anabolic process that control cell mass and proliferation, is activated in response to
growth factors, nutrients and energy availability [63]. The PI3K lipids PtdIns(3,4)~, and
PtdIns(3,4,5) P; promote AKT activation and subsequent phosphorylation and inactivation of
Tscl/Tsc2 (tuberousclerosis complex 1 and 2), which are negative regulators of TORCL. In
diseases where Tsc1/Tsc2 are inactivated, TORCL is constitutively active and can signal in
the absence of growth factors. TORC1, through the phosphorylation of several regulators

of protein translation such as p70S6K, elF4G and 4E-BP, promotes the translation of
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a subset of MRNAs, some of which are themselves regulators of ribosome biogenesis
[64]. Thus, TORC1 is a metabolic sensor and master regulator of the protein translational
machinery, which signals for improved translational potential in times of high demand for
protein synthesis [65]. When TORC1 was activated specifically in S-cells by tissue-specific
knockout of Tsc1/Tsc2 or overexpression of Rheb, a positive regulator of TORC1, mice
developed islet hyperplasia due to B-cell mass expansion [66—71], which is consistent
with a role for TORCL1 on anabolic processes. However, these mice also developed
hyperinsulinaemia in fasting or fed states, strongly indicating that TORC1 signalling can
promote insulin release. In one study, hyperinsulinaemia eventually caused S-cell failure
and apoptosis, which culminated in hyperglycaemia and diabetes [67]. Consistent with a
role for TORC1 signalling in hyperinsulinaemia, the p70S6K knockout mice were found
to be hypoinsulinaemic and resistant to diet-induced obesity [72], and overexpression of
a constitutively active p70S6K mutant in S-cells improved insulin secretion [73] (for a
comprehensive review refer to [70]). Thus, these studies indicate that increases in TORC1
activity in response to high demand for insulin production may eventually lead to S-cell
dysfunction through stimulus-secretion uncoupling.

Concluding remarks

Phosphoinositides have profound effects on S-cell function, yet much more work needs to
be done to uncover how specific pools are regulated in response to changes in the nutrient
environment and how they may delay or promote the development of diabetes. Given that
the ultimate response to changes in cellular phosphoinositides in the g-cell will depend on
the location and context in which they are operating, a first step will be to identify strategies
to regulate a specific pool of phosphoinositide, without affecting others. There is also a

great need to validate the knowledge acquired using intact islets in their natural environment,
rather than cultured g-cells.

A new generation of inhibitors that specifically target certain isoforms of phosphoinositide
kinases is being rapidly developed, with some already in clinical trials for the treatment

of various cancers. These could be used as tools to better predict the short-term effects

of different pools of phosphoinositides in B-cell function in animals. Importantly, because
phosphoinositides may have positive and negative effects on insulin secretion, it will be
critical to evaluate the effects of such inhibitors on glucose homoeostasis in patients. With
better knowledge on the impact of Pl-kinases in the g-cell, we should be able to design
better strategies for treating cancers or diabetes without compromising S-cell health. Such
strategies may turn out to be potent therapies for preventing or even reversing the process of
B-cell dysfunction.
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