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Abstract
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Glucose-stimulated insulin secretion from pancreatic beta cells is the sequence of events that
starts with glucose uptake and ends with the fusion of insulin granules with the plasma
membrane through Ca2+-triggered exocytosis. Phosphoinositides are minor components of all
cellular membranes, yet play fundamental roles as regulators of many cellular processes.
PI(4,5)P2 is the most abundant phosphoinositide in the plasma membrane, where it controls
the activity of ion channels, endo- and exocytosis and cytoskeletal rearrangements. However,
its role in the regulation of insulin secretion is unclear and there are support for both direct
stimulatory and inhibitory effects. Using an optogenetic approach to acutely recruit a PI(4,5)P2

phosphatase to deplete the plasma membrane of PI(4,5)P2 in living beta cells, we found that
this lipid was required to support voltage-dependent Ca2+-influx and glucose-stimulated insulin
secretion. Consistently, depolarization-induced Ca2+-influx was instead augmented when the
plasma membrane PI(4,5)P2 concentration was increased by light-dependent recruitment of
a PI(4,5)P2-synthesizing enzyme. PI(4)P is another phosphoinositide residing in the plasma
membrane and other intracellular membranes. In addition to serving as a precursor for PI(4,5)P2,
PI(4)P is used to fuel lipid exchange reactions at membrane contacts sites, such as the PI(4)P/
cholesterol exchange at the ER-Golgi interface catalyzed by OSBP. Sac2 is a PI(4)P phosphatase
that is highly expressed in neuronal tissues and the pancreas, where it localizes to endosomes and
participates in endosome maturation. We found that Sac2 additionally binds to insulin granules
through interactions with granule PI(4)P and Rab3. Loss of Sac2 resulted in accumulation of
both PI(4)P and cholesterol on the granule surface, impaired insulin granule docking to the
plasma membrane and reduced insulin secretion. The cholesterol levels on insulin granules were
normalized in cells with reduced OSBP expression, indicating that Sac2 and OSBP cooperate
at insulin granules. Acute inhibition of OSBP by OSW-1 resulted in the redistribution of
OSBP, and its ER localized receptor VAP-A, from the ER-Golgi interface to insulin granules.
Similar to loss of Sac2, both siRNA-mediated knockdown and pharmacological inhibition
of OSBP resulted in decreased insulin secretion. Together, these results show that Sac2, by
negatively regulating granule PI(4)P, limits OSBP-mediated cholesterol transfer to insulin
granules at ER–insulin granule contact sites. Type-2 diabetes is associated with impaired insulin
granule docking and exocytosis as well as altered cholesterol homeostasis. We found that Sac2
expression was reduced in patients with type-2 diabetes, which may help to explain some of
the hallmarks of this disease at the level of the beta cell and also form the basis for future
interventions.
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Introduction 

The pancreatic islets of Langerhans 
The pancreas is located at the back of the abdomen and behind the stomach 
and has a larger head connected to the duodenum and a narrower body and tail 
to the left side of the body. The pancreas is comprised of a mixture of exocrine 
parenchyma that produces and secretes digestive enzymes and bicarbonate 
into the duodenum and the islets of Langerhans, endocrine micro-organs that 
produce and secrete blood glucose-regulating hormones into the circulation. 
The islets of Langerhans occupy only 1-2% of the pancreas volume but receive 
up to 20% of the total pancreatic blood supply. A mouse pancreas contains 
about 1100 islets that has an average diameter of 60 μm while a human pan-
creas contains about 1 million islets that has an average diameter of 130 μm 
[1]. The pancreatic islet consists of 5 distinct endocrine cells. The most abun-
dant are insulin-secreting beta cells (75% in mouse islets and 50% in human 
islets), glucagon-secreting alpha cells (10-15% in mouse and 35-40% in hu-
man) and somatostatin-secreting delta cells (5% in mouse and 10-15% in hu-
man). There are also small amounts of epsilon cells that secrete ghrelin and 
PP cells that secrete pancreatic polypeptide [1]. The cells of the islets are pri-
marily regulated by factors delivered through the dense vasculature, but also 
input from intra islet nerves as well as autocrine or local paracrine inputs from 
neighboring cells are important regulators of islet cell function [2, 3]. 

Secretion of islet hormones is glucose dependent. Insulin is released to 
lower blood glucose following a meal and its secretion is stimulated at 6-7 
mM glucose in mouse and becomes maximal at around 20 mM glucose [4, 5]. 
Insulin promotes glucose uptake and metabolism for energy production in pri-
marily liver, muscle and fat. Insulin also inhibits glucose production and re-
lease from the liver and breakdown of fat [6]. In contrast, glucagon is an insu-
lin antagonist that is released from alpha cells when blood glucose is low. 
Glucagon stimulates glucose production and release from the liver and fatty 
acid production in adipose tissue. Elevation of the blood glucose concentration 
inhibits glucagon secretion [7].  
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Type 2 diabetes 
Diabetes is a complex disease that involves many different elements and is 
characterized by high levels of glucose in the blood (hyperglycemia). Type 1 
diabetes is due to an autoimmune response that causes loss of beta cells and 
failure to produce insulin. Type 2 diabetes (T2D) develops as a consequence 
of genetic and environmental factors that results in imbalanced glucose home-
ostasis. T2D is characterized by both beta cell dysfunction and insulin re-
sistance in peripheral tissues. It typically begins with insulin resistance that 
forces the beta cells to produce and secrete more insulin (hyperinsulinemia) 
in order maintain glucose homeostasis. The high requirement for insulin se-
cretion eventually causes deterioration of beta cells function along with en-
hanced systemic insulin resistance and glucose intolerance, and this condition 
progress to T2D [8, 9]. The insulin secretory defects seen in T2D indicate that 
the beta cell is a driver of the disease, and many studies have shown defects 
at different stages of the insulin secretory pathway in both diabetes models 
and human diabetic beta cells, including changes in Ca2+ influx, insulin gran-
ule dynamics, exocytosis and the expression of secretion-related genes [10]. 

The beta cell 
Beta cells are the predominating cell type in the islets. The cells have an aver-
age diameter of 13-18 μm, and are characterized by a large number of dense 
core granules that contain insulin. The beta cells are located in the core of 
mouse islets, whereas their location in human islets is more complex and they 
appear randomly mixed with the other islet cell types. A single beta cell con-
tains approximately 10,000 insulin secretory granules that make up 5-10% of 
the total protein content of the cell [11, 12]. Insulin is stored as a Zn2-insulin6 
crystalline complex at a concentration of 100 mM [1]. 

Glucose-stimulated insulin secretion 
Insulin is the only hormone that lowers the blood glucose concentration in the 
body. For that reason, insulin has the most essential role in glucose homeosta-
sis. Glucose is perhaps the most important physiological stimulus and initiator 
of insulin secretion. Besides glucose, other nutrients can initiate insulin secre-
tion, such as certain amino acids [13], fatty acids [14] and neurotransmitters 
[15]. After a meal the blood glucose concentration rises, resulting in glucose 
uptake into the beta cells trough the action of glucose transporters (GLUT1 in 
human and GLUT2 in mouse). Inside the cell, glycolysis starts with the phos-
phorylation of glucose to glucose-6-phosphate and ends with the formation of 
pyruvate. Pyruvate is subsequently oxidized to Acetyl CoA and is taken up by 
the mitochondria as a substrate for the Krebs cycle and oxidative phosphory-
lation to generate ATP. The resulting increase in ATP/ADP ratio inhibits 
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ATP-sensitive K+ (KATP) channels in the plasma membrane, thereby prevent-
ing K+ extrusion and resulting in an increase in membrane potential. When the 
beta cell is sufficiently depolarized, voltage-dependent Ca2+ channels 
(VDCCs) will open, resulting in influx of Ca2+ and increase in the intracellular 
Ca2+ concentration. This rise in Ca2+ concentration is the trigger of insulin 
granule exocytosis [16] (Fig.1- right).  

The insulin concentration in the circulation exhibits regular fluctuations, with 
periods ranging from 2-5 minutes [17]. Pulsatile secretion is also observed from 
perfused pancreas, isolated islets and individual beta cells [18-20], showing that 
pulsatility is an inherent feature of the beta cell. Each burst of insulin release is 
preceded by beta cell depolarization and Ca2+ influx. The oscillations of the mem-
brane potential and the intracellular Ca2+ concentration are generated through an 
intricate interplay between Ca2+ and ATP production in the mitochondria [21-24]. 
Many other signaling molecules of importance for insulin secretion show similar 
oscillatory patterns in glucose-stimulated beta cells, including cyclic AMP and 
NADPH [25, 26]. The role of these insulin pulses for the biological function of 
the hormone is still not entirely clear, but they are thought to be important for 
maintaining insulin sensitivity over time by preventing desensitization of insulin 
receptors in target tissues. Loss of regular insulin pulses is also an early hallmark 
of developing type-2 diabetes [27, 28]. 

Insulin granule biogenesis 
Insulin granule biogenesis starts in the rough endoplasmic reticulum (ER) 
where preproinsulin is translated. Preproinsulin consist of a 110 amino acid 
chain with a signal sequence at the N terminus [29]. The signal sequence is 
removed, generating proinsulin that is composed of an A chain linked to a B 
chain by disulfide bonds and held together by the C chain. In the trans-Golgi 
network, proinsulin is packed together with Zn2+ and Ca2+ into vesicles that 
bud off and become release into the cytosol as immature secretory granules 
carrying molecules originating from the Golgi membrane as well as molecules 
that were selectively sorted to the immature insulin granule along with proin-
sulin [30]. Insulin granules are rich in cholesterol that at least partly derives 
from the Golgi pool, where cholesterol has been enriched through oxysterol-
binding proteins (OSBP) [31, 32] and the ATP-binding cassette (ABC)-type 
of cholesterol transporters [33]. Another lipid that is abundant in the Golgi is 
phosphatidylinositol 4-phosphatase (PI(4)P), and in yeast it has been shown 
to be essential for vesicle maturation and transport to the plasma membrane 
[34]. A similar role for PI(4)P in mammalian cells have not been described. 
Diacylglicerol (DAG) is another lipid that plays a role in insulin granule bio-
genesis by facilitating the formation of highly curved membrane during the 
budding process [35, 36]. The maturation of insulin granules occurs through 
acidification of the granule lumen by ATP-dependent H+-pumps, and this co-
incides with the endoproteolytic removal of the C-chain from proinsulin, 
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thereby converting it to insulin [37, 38]. Insulin granules are large (diameter 
200 nm) and have an electron-dense core generated by a Ca2+ and Zn2+-de-
pendent condensation of insulin. There are two populations of insulin gran-
ules; the reserve pool (75-95% of all granules) that is stored at some distance 
from the plasma membrane, and the readily releasable pool (RRP) that is lo-
calized to the cell periphery [39]. Glucose-stimulated insulin secretion occurs 
in a biphasic fashion. Initiation of insulin secretion (first phase) involves pri-
marily the readily releasable pool and lasts for 5-10 min with a release rate of 
20 insulin granules/min, whereas prolonged secretion (second phase) involves 
mobilization of granules from the reserve pool to the plasma membrane by 
transport along microtubules and has a lower release rate of approximately 6 
granules/min [39, 40]. Newly produced (“young”) insulin granules are prefer-
entially located to the RRP and the older granules are located in the reserve 
pool [41]. The release of insulin granules occurs through regulated exocytosis, 
which is a highly controlled process involving granule docking, priming and 
fusion with the plasma membrane (Fig.1- left). 

 
Figure 1: Insulin granule biogenesis (left) and glucose-stimulated insulin secretion 
(right) in beta cells.  
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Insulin granule exocytosis 
Docking: Docked granules are a subset of insulin granules that are in the im-
mediate vicinity of the plasma membrane. Rab3 and Rab27 are granule-local-
ized G-proteins that play important roles in insulin granule docking at the 
plasma membrane. Rab3a is responsible for maintaining granules in the RRP 
and hydrolysis of GTP to GDP results in Rab3a dissociation from the granule 
membrane and occurs upon granule fusion. Rab3a interacts with RIM2α 
(Rab3-interacting molecule) [42] and recruits the SNARE protein syntaxin1 
and Munc18-1, which are important for establishing the docking site at the 
plasma membrane and for later fusion of granules with the plasma membrane 
[43-45]. Rab27 interacts with effector proteins such as Granuphilin and Ex-
ophilin to decrease granule mobility at the plasma membrane, which is essen-
tial for docking and release of insulin granules [46, 47]. Several SNARE pro-
teins involved in docking have been shown to interact with plasma membrane 
PI(4,5)P2 and form microdomains that are involved in organizing the plasma 
membrane for incoming and docked granules [48, 49], and loss of PI(4,5)P2 
at docking sites has been shown to impair insulin granule docking [50].

Priming: Not all docked granules fuse with the plasma membrane. The subset 
of docked granules that are release competent and fuse with the membrane 
during the first phase of glucose stimulation (less than 100 granules) are re-
ferred to as primed [51, 52]. Priming is not well understood, but it is ATP 
dependent and involves conformation changes in the SNARE proteins [53, 54] 
caused by the acquisition of priming factors, such as CAPS (Ca2+-dependent 
activator protein in secretion) [55], Munc-13 [56, 57], and Doc2b [58], and by 
the recruitment of VDCCs [59]. 

Fusion: Priming is followed by granule fusion. The primed granules form a 
SNARE protein complex, including granular SNAP-25 and VAMP-2 and 
plasma membrane Syntaxin-1a [56]. The SNARE complex also associates 
with L-type VDCCs, which helps to bring the granule close to sites of Ca2+ 
influx [59]. When a rise of Ca2+occurs, granules fuse with the plasma mem-
brane and this reaction is facilitated by the granule-localized Ca2+ sensor Syn-
aptotagmin [1]. PI(4,5)P2 is also involved in the release of secretory granules. 
The number and rate of granule release is proportional to the PI(4,5)P2 con-
centration in the plasma membrane [60], and acute elevations of the plasma 
membrane PI(4,5)P2 concentration potentiate exocytosis [61], at least in part 
via recruitment of Munc-13 and CAPS to specific sites at the plasma mem-
branes [55, 62]. PI(4,5)P2 is also involved in the regulation of Ca2+ influx, 
which is more extensively discussed in later sections. 
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Phosphoinositides 
Phosphatidylinositol is a family of phosphatidylglyceride lipids consisting of 
a glycerol backbone, two non-polar fatty acid tails and an inositol ring. In the 
ER, phosphatidylinositol is synthesized from CDP-DAG (Cytidine diphos-
phate diacyglycerol) and myo-inositol by the enzyme CDP-diacylglycerol in-
ositol phosphatidyltransferase [63]. After synthesis, phosphatidylinositol is 
distributed to intracellular membranes by soluble PI (phosphoinositide) 
transport proteins [64], PI-transfer proteins at membrane contact sites [65] and 
through vesicular transport [66]. Phosphorylation at one or more of the hy-
droxyl group of the inositol ring results in the formation of different PIs. Only 
three positions (3, 4 and 5) are phosphorylated naturally which gives rise to 7 
different isoforms of PIs (Fig.2A). The phosphorylation and dephosphoryla-
tion reactions are catalyzed by PI kinases and phosphatases, respectively 
(Fig.2B). Phosphatidylinositol constitute 10-20% of the total cellular phos-
pholipids, but only a fraction of these lipids is phosphorylated. For example, 
the two most abundant PIs, PI(4)P and PI(4,5)P2, make up only 2-5% of total 
PIs [67]. The 7 different PIs are heterogeneously distributed in intracellular 
membranes, where they provide membrane identity and guidance for effector 
proteins [68]. For example, PI(4)P and PI(4,5)P2 are relatively abundant in the 
plasma membrane, whereas the Golgi complex is characterized by PI(4)P, the 
ER by lack of PIs and endosomes by PI(3)P. PIs regulate a variety of cellular 
functions, mainly by recruiting cytosolic proteins to cellular membranes 
through selective interactions with PI-binding domains [67, 69]. Different sig-
naling molecules have different affinity for different PIs, which together with 

Figure 2:  Structure and cellular distribution of PIs. (A) Structure of phosphatidylin-
ositol. Arrows indicate possible phosphorylation sites on the inositol ring. (B) Rela-
tionship between and localization of different PIs in the cell. 
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rapid reversibility makes it possible to target many different proteins to spe-
cific membranes in a highly dynamic fashion [69]. These abilities give PIs a 
unique role in the control of spatial and temporal localization of membrane-
binding proteins.  

Phosphoinositide regulation of membrane trafficking 
Phosphoinositides are perhaps best characterized as regulators of membrane 
trafficking during endocytosis and endocytic recycling, where interplay be-
tween specific PIs and Rab proteins ensure progression through the endo-ly-
sosomal pathway [68]. Internalization of receptors or cargo occurs primarily 
through clathrin-mediated endocytosis. The initiation of this process at the 
plasma membrane involves numerous PIs, primarily PI(4,5)P2 and PI(3,4)P2  
[70, 71]. Following internalization, PI(4,5)P2 is dephosphorylated by a 5’-
phosphatase to PI(4)P, and this step is crucial for internalization and enables 
the cell to distinguish plasma membrane from endocytic membranes [71-73]. 
Subsequent dephosphorylation by a 4’-phosphatase and phosphorylation by a 
PI3-kinase results in formation of PI(3)P on endosomes [74]. PI(3)P, in turn, 
recruits specific early endosomal proteins such as EEA1 and Hrs by binding 
to their FYVE or PX domains [75]. PI(3)P can undergo dephosphorylation to 
PI or phosphorylation to PI(3,5)P2, and these reactions are important for the 
fate of the endocytosed cargo. PIs are also involved in the regulation of the 
late stages of exocytosis (see above), but it is not known to what extent PIs 
and PI conversions are part of the regulated secretory pathway, although sim-
ilar to endosomes, insulin granules contain PIs and bind to specific Rab pro-
teins [10].  

Other mechanisms regulated by phosphoinositides 
Phosphoinositides also control the activity of numerous ion channels by either 
increasing or decreasing their open probability. For example, PI(4)P, PI(4,5)P2 
and PI(3,4,5)P3 all bind to the pore-forming Kir6.2 subunit of KATP channels 
and facilitate the opening of the channel, thereby counteracting ATP-mediated 
channel closure in many cell-types, including beta cells [76-79]. Phospho-
inositides have also been shown to positively regulate numerous VDCCs in 
neurons, including sub-types also involved in glucose-stimulated insulin se-
cretion [80]. Moreover, modulation of members of the transient receptor po-
tential (TRP)-family of ion channels by PIs may also contribute to the regula-
tion of insulin secretion [81]. PIs are also involved in actin rearrangements by 
interacting with numerous actin-binding proteins. PI(4,5)P2 accumulates in ac-
tin-rich regions and lipid rafts in the plasma membrane, and PI(4,5)P2 binding 
to profilin (actin monomers) or gelsolin (actin filaments) regulate actin 
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polymerization [82, 83]. Interactions between PIs and cytoskeletal proteins 
affect the cortical actin adhesion to the plasma membrane.  

Phosphoinositides as precursors of second messenger 
Phosphoinositides, and in particular PI(4,5)P2, also have a more direct signal-
ing function by serving as precursors for second messenger signaling. 
PI(4,5)P2 is hydrolyzed by phospholipase C (PLC) to membrane-embedded 
DAG and soluble IP3 by the action of phospholipase C downstream of GPCRs 
or tyrosine kinase receptors. IP3 binds to IP3 receptor on the ER membrane 
and release Ca2+ from the ER. Ca2+ can also directly activate PLC, and both 
voltage-dependent Ca2+-influx and Ca2+ released from the ER activate PLC 
and thereby contribute to PI(4,5)P2 consumption in beta cells [84, 85]. DAG 
remains in the plasma membrane and is a potent activator of e.g. certain 
isoforms of protein kinase C (PKC) and factors involved in the assembly of 
the exocytosis machinery at the plasma membrane [62, 63, 86]. 

Phosphatidylinositol-4-phosphate (PI[4]P) 
PI(4)P turnover and distribution  
PI(4)P is found at low concentrations in numerous cellular membranes, in-
cluding the plasma membrane, the Golgi membrane, endosomal membranes 
and the membrane of the primary cilium [67]. Its precursor, phosphatidylino-
sitol, is primarily synthesized in the ER. It is then delivered to different cellu-
lar membranes by vesicular transport, lipid transport proteins or by lipid trans-
fer proteins at membrane contact sites [64, 65, 87]. When vesicles are pinched 
off from the ER and delivered to the Golgi, they encounter PI4-kinases 
(PI4Ks) that produce PI(4)P. This lipid gives the Golgi membrane its identity 
and is crucial for its structure and function [88]. Mammalian cells express four 
PI4K isoforms; PI4KII⍺, PI4KIIß, PI4KIII⍺ and PI4KIIIß. These are primar-
ily characterized by their distinct subcellular localization. PI4KII⍺ is mainly 
found at the Golgi, plasma membrane and endosomal membranes. PI4KII⍺	
and	PI4KIIIß are mainly found at the Golgi, where they are responsible for 
PI(4)P production [89, 90]. PI(4)P synthesis also occurs at the plasma mem-
brane, where it is primarily catalyzed by PI4KIII⍺	 91,	92 . PI4KIIIα interact 
with the plasma membrane via EFR3 and TTC7, and is the most important 
source of plasma membrane PI(4)P [91, 93, 94]. PI(4)P can also be generated 
by 5’ dephosphorylation of PI(4,5)P2, a reaction that is important both during 
the endocytic process and inside the primary cilium [95, 96]. PI(4)P is itself 
dephosphorylated by the action of 4’-phosphatases. There are two main 4’-
phosphatases in mammalian cells; Sac1 and Sac2 (Fig.3A). Sac1 is found in 
the ER where it is responsible for maintaining low levels of PI(4)P [97]. 
Sac2/INPP5F was recently characterized as an endosomal 4’-phosphatase that 
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localize to early endosomes and facilitate the transit of cargo through the en-
dosomal system [98, 99]. Sac2 is composed of a catalytic SAC domain with 
high specificity for PI(4)P and a hSac2 domain that enable dimerization 
(Fig.3B). Its localization to endosomes depends both on the direct interaction 
between the SAC domain and PI(4)P and on binding to GTP-loaded Rab5 
[99]. In addition to phosphorylation and dephosphorylation reactions, the lev-
els of PI(4)P can also change as a consequence of lipid transport. PI(4)P gra-
dients are commonly used to transport other lipids such as cholesterol, phos-
phatidylcholine (PC) and phosphatidylserine at different membrane contact 
sites by acting both as a target for membrane recognition by lipid transport 
proteins and as a substrate in lipid exchange reactions [100-102]. Such 
transport is very important for cellular PI(4)P homeostasis, and more than 50% 
of all PI(4)P consumption occurs as a consequence of PI(4)P/cholesterol ex-
change between the Golgi and ER membranes catalyzed by oxysterol binding 
protein (OSBP) [32].  
 

PI(4)P in beta cells 
Immature insulin granules formed at the trans-Golgi contain PI(4)P on their 
membranes, but the fate of that PI(4)P pool is not clear. Numerous reports 
suggest that secretory granules accumulate both class II PI3-kinases, which 
produce PI(3)P from PI, and class 1 PI4-kinase, which produce PI(4)P from 
PI, prior to fusion [103-105]. This would indicate that granular PI(4)P must 
be dephosphorylated at some point during maturation, but so far no 4’-phos-
phatase has been identified on insulin granules. Plasma membrane PI(4)P lev-
els are dynamically regulated in beta cells by both changes in the surrounding 
glucose concentration and by receptor stimulation [106]. PI(4)P and PI(4,5)P2 
levels are tightly connected in the beta cell plasma membrane, but they also 
exhibit distinct kinetics consistent with PI(4)P acting as a bona fide second 

Figure 3: PI4-kinases and phospha-
tases. (A) Cellular distribution of 
different isoforms of PI4-kinases 
and 4’-phosphatases. (B) Schematic 
structure of Sac2 showing a SAC do-
main (as in Sac1) at the N-terminus 
and a unique homology Sac2 
(hSac2) domain.  
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messenger and not just as a precursor of PI(4,5)P2 [106, 107]. Cellular mech-
anisms directly regulated by PI(4)P in beta cells are not known.  

Phosphatidylinositol-4,5-bisphosphate (PI[4,5]P2) 
PI(4,5)P2 synthesis and functions 
PI(4,5)P2 is the dominant phosphoinositide at the inner leaflet of the plasma 
membrane, where it serves as a second messenger precursor in cell signaling 
and as a regulator of cellular trafficking [63]. It is synthesized from PI(4)P by 
phosphorylation at the 5’-position by PI(4)P5-kinases. Hydrolysis of PI(4,5)P2 
by PLC through the activation of e.g. muscarinic receptors results in the for-
mation of soluble IP3 and plasma membrane DAG. IP3 binds to IP3 receptors 
on the ER, causing release of Ca2+. DAG at the plasma membrane activates 
protein kinase C, which is involved in many signaling pathways [63]. 
PI(4,5)P2 also has important roles as an intact lipid. For example, it is a regu-
lator of transporter and ion channel activity, and depletion of plasma mem-
brane PI(4,5)P2 reduces the conductance of many ion channel, such as 
KCNQ2/3 and VDCC [80]. PI(4,5)P2 also recruits endocytic proteins, such as 
AP-2, epsin and dynamin, to initiate clathrin-coat formation and membrane 
fission [108]. It interacts with the actin cytoskeleton to facilitate membrane 
uptake and internalization [109]. PI(4,5)P2 also serves as a precursor of other 
phosphoinositides. For example, dephosphorylation of PI(4,5)P2 by 5’-phos-
phatases, such as OCRL, INPP5E and Synaptojanin, are an important part of 
membrane trafficking, where plasma membrane taken up by endocytosis is 
converted to endosomal membrane, rich in PI(3)P [68, 108]. PI(4,5)P2 is also 
a precursor of PI(3,4,5)P3, which is produced downstream of most tyrosine 
kinase receptors by class 1 PI3-kinase and plays important roles in the regula-
tion of cell proliferation, migration and survival [63].  

PI(4,5)P2 in beta cells 
Phosphoinositides, and in particular PI(4,5)P2, have an impact on insulin se-
cretion from beta cells by interfering with ATP-binding to KATP-channels, 
thereby preventing channel closure and suppressing beta-cell electrical activ-
ity [79]. PI(4,5)P2 also has an impact on insulin secretion through cytoskeletal 
rearrangements that facilitate exocytosis [110]. It is also hydrolyzed by PLC 
in a Ca2+-dependent manner, and both IP3 and DAG formed after hydrolysis, 
are potent amplifiers of insulin secretion [111, 112]. Despite this, the role of 
PI(4,5)P2 in the regulation of insulin secretion is still not clear, and there are 
support for both direct stimulatory and inhibitory effects of the lipid [104, 113-
116]. PI(4,5)P2 may also more indirectly control insulin secretion by regulat-
ing the density of the cortical actin network, which is an actin ring that is found 
immediately adjacent to the inner leaflet of the plasma membrane and is 
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thought to act as a break on insulin secretion by limiting granule access to 
release sites at the plasma membrane [117-119]. 

Cholesterol 
Cholesterol uptake and synthesis 
Cholesterol is a major lipid in mammalian cell membranes. It can be of dietary 
origin or be synthesized intracellularly. It makes up 60-80% of plasma mem-
brane lipids and 20% of total cellular lipid [120] and besides its important 
roles in membrane integrity and organization, it also serves crucial functions 
in signaling processes and membrane trafficking [121]. Exogenous cholesterol 
is taken up mainly by receptor mediated endocytosis of low-density lipopro-
teins (LDL) [121, 122] or through the reverse cholesterol flux pathway of 
high-density lipoproteins (HDL) [123, 124] and is subsequently metabolized 
to non-esterified cholesterol. Cells can also synthesize cholesterol, a process 
that occurs in the ER. Part of the cholesterol is esterified by acyl-CoA choles-
terol acyl transferase, stored in lipid droplets and delivered to other cellular 
membranes by both vesicular and non-vesicular transport mechanisms [121]. 

Cholesterol function in cells 
Cholesterol contains a hydroxyl group that interact with the polar head groups 
of phospholipids. This interaction increases lipid packaging and contributes to 
making the plasma membrane an impermeable barrier. Cholesterol also stabi-
lizes membranes, resulting in reduced membrane fluidity [125]. Cholesterol, 
together with sphingolipids can also form highly ordered lipid structures that 
are known as lipid raft microdomains [126]. These microdomains in the 
plasma membrane are proposed to concentrate proteins which are involve in 
a variety of cellular functions, including signal transduction, immune regula-
tion, cell cycle control and protein and lipid sorting during membrane traffick-
ing and fusion [126]. The small size of the lipid rafts, typically around 25 nm, 
have largely precluded the direct observation of these microdomains in living 
cells. Visualization has required cross-linking of raft-localized proteins to in-
crease their apparent size, or fixation, which may alter the properties of the 
plasma membrane and hence the lipid rafts [126]. Recent advanced in super-
resolution microscopy may enable the direct visualization of these enigmatic 
structures in living cells.  

Cholesterol distribution in cells 
Cholesterol is distributed heterogeneously in intracellular membranes. Cho-
lesterol is highly concentrated in the plasma membrane and is present on the 
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recycling endosomes and the Golgi [127]. Even though cholesterol is synthe-
sized in the ER, its concentration in this organelle remains low (5%mol) since 
most of the cholesterol is supplied to other membranes [120, 121]. In insulin 
secretory granules, the cholesterol concentration is comparable to that of the 
plasma membrane [120, 128]. As a beta cell contains approximately 10,000 
insulin granules, the total surface area of insulin granules is 4,5 times higher 
than that of the plasma membrane [129], making the insulin granules the major 
storage site of cellular cholesterol in beta cells [130]. 

Cholesterol transport mechanisms  
ATP binding cassette (ABC) transporters is a large protein family that utilize 
ATP hydrolysis to facilitate the movement of lipids and small molecules 
across membranes [33]. They are found in many cellular membranes, and 
some isoforms (ABCA and ABCG) primarily have cholesterol as substrate. 
The major role of these transporters is to move cholesterol to the extracellular 
leaflet of the plasma membrane where it can be extracted by lipoproteins.  
Another protein family of importance for cellular cholesterol distribution is 

the oxysterol-binding protein – related proteins (OSBP/ORPs, Osh in yeast) 
family [131]. These lipid transfer proteins are found between membranes of 
two organelles in close contact (≤30nm) and contribute to the formation of a 
narrow gap, defined as a membrane contact site [132]. The ER form contacts 
with most cellular organelles, including the plasma membrane, endosomes, 
the Golgi, mitochondria, lipid droplets, peroxisomes and lysosome [133, 
134].The formation of membrane contact sites requires the presence of pro-
teins with domains that tether the two membranes, and proteins with domains 
that perform the specific function of that contact site [132]. OSBP primarily 
localize at the ER-Golgi membrane contact sites where it transfers cholesterol 
produced in the ER to the Golgi in exchange for PI(4)P [31, 135]. OSBP has 
three important regions, the FFAT (two phenyalanine in an acidic tract) motif 

Figure 4: Structure and function 
of OSBP. OSBP localizes to 
membrane contact sites be-
tween the ER and Golgi with a 
PH domain that binds to PI(4)P 
and Arf-1 in the Golgi, a FFAT 
motif that binds to VAP-A on 
the ER membrane and a ORD 
domain for counter-transport of 
PI(4)P and cholesterol. 
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that binds to VAP-A receptors on the ER surface, the PH (Pleckstrin homol-
ogy) domain that binds to PI(4)P and the Arf-1-GTP protein in the Golgi, and 
the ORD (OSBP-related domain) that counter-transport cholesterol and PI(4)P 
(Fig.4). In addition to its well-characterized localization at the ER-Golgi in-
terface, OSBP has also been found at ER-endosome and ER-lysosome contact 
sites [134, 136]. The structure of OSBP bound to VAP-A shows that the com-
plex adopts a flexible conformation that will enable lipid exchange between 
membranes at different distances from each other, implicating that OSBP may 
act at multiple, yet unidentified, contact sites [137]. 

Cholesterol regulation of insulin secretion 
The insulin granules contain a large fraction of beta cell cholesterol, and the 
lipid is directly involved in the regulation of insulin secretion, although the 
mechanisms are not fully understood. Excess cholesterol leads to enlargement 
of insulin granules, clathrin accumulation, and defects in granule maturation, 
docking and fusion with the plasma membrane [130, 138]. Interestingly, cho-
lesterol deficiency in beta cells also leads to enlargement of insulin granules 
and reduction of insulin secretion [139-141]. The endogenous cholesterol in-
sufficiency caused by OSBP and/or ABC knockdown in beta cells causes de-
fects in stabilizing young insulin granules against degradation and also results 
in impaired insulin secretion, which in the case of OSBP cannot be rescued by 
exogenous cholesterol [142]. It is possible that exogenous cholesterol cannot 
be loaded into insulin granules because the transport depends on exchange 
with PI(4)P, which may be rate-limiting in the reaction. 
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Aims 

I: Determine the role of PI(4,5)P2 in the regulation of insulin secretion. 

II: Explore the importance of granular PI(4)P for normal insulin secretion. 

III: Determine the PI(4)P-dependent mechanisms involved in the regulation 
of insulin secretion. 
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Methodology 

Live cell imaging 
Techniques that enable direct visualization of cellular processes in living cells 
are fundamental for the understanding of cell physiology and pathophysiol-
ogy. Live cell fluorescence imaging makes use of fluorescent protein (FP) tags 
or dyes (fluorophores) to label and visualize e.g. organelles, intracellular pro-
teins, protein domains and second messengers. The fluorophores are essential 
since they increase the signal-to noise ratio and thereby the sensitivity of de-
tection, and enable specific detection of the target of interest [143]. They also 
come with some drawbacks. The most commonly used fluorescent tag for live 
cell imaging is GFP and its spectral variants. This protein is derived from a 
jellyfish and is approximately 27 kDa. The addition of this rather large modi-
fication to target proteins may have an impact on both the distribution and 
function, although in many cases it seems to be minor [144, 145]. An alterna-
tive to fluorescent proteins is to use smaller protein tags that can bind exoge-
nously added fluorophores, such as CLIP and SNAP tags. The use of these 
may also permit better spectral separation in imaging experiments when mul-
tiple fluorescently-tagged proteins are expressed [146].  

Overexpression of proteins in general can harm cells in different ways, 
e.g. by competing with endogenous protein-protein or protein-lipid interac-
tions, by activating cellular processes, by overloading specific biological path-
ways or through dimerization or aggregation [147, 148]. Overexpression of 
any protein can also exhaust cells by overwhelming the protein synthesis and 
transport mechanisms [149]. An attractive recent approach to overcome these 
problems is to tag endogenous protein of interest with FPs by CRISPR-Cas9-
mediated knock-in [150]. 

All exogenously expressed or added fluorophores may also have a nega-
tive effect on cells through phototoxic reactions, which are processes where 
highly reactive breakdown products of the fluorophores are released [151, 
152]. Another problem common to all fluorophores is photobleaching, which 
is an irreversible, photochemical reaction that results in time-dependent fading 
of the light emitted from the fluorophore [153]. By carefully choosing fluoro-
phore and imaging technique and by reducing exposure time and light inten-
sity during imaging it is possible to minimize both phototoxicity and photo-
bleaching [152, 153].  
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The most commonly used fluorescence microscopy techniques are wide-
field, confocal and total internal reflection fluorescence (TIRF) microscopy. 
TIRF microscopy is a powerful method to investigate cellular processes that 
takes place at, or close to, the plasma membrane of living cells. TIRF micros-
copy is based on evanescent wave excitation. Briefly, the angle of incident 
light is adjusted such that all light is totally reflected as it hits the interface 
between two materials of different refractive indexes; the glass coverslip and 
the adherent cells. This gives rise to a rapidly decaying evanescent field that 
propagates into the cells and selectively excites fluorophores within ∼100 nm 
from the plasma membrane [154]. Because of these properties, TIRF micros-
copy is suitable for studying endocytosis, exocytosis, adhesion and other pro-
cesses that takes place near or within the plasma membrane. In my studies, I 
used it to monitor the dynamics of different PIs at the plasma membrane and 
to measure Ca2+ influx, insulin granule docking and insulin granule exocytosis 
at the plasma membrane. 

Confocal microscopy is an established technique for imaging thin optical 
sections (⊁500 nm) of cells and tissues. By obtaining images from multiple 
focal planes it is also possible to gain information on the 3D organization and 
distribution of cellular structures and proteins. The technique is built on plac-
ing a pin hole in the emission light pathway that eliminates out-of-focus fluo-
rescence [155]. There are two main types of confocal microscopy: laser-scan-
ning confocal microscopy (LSCM) and spinning disk confocal microscopy 
(SDCM). LSCM acquire images by using a focused beam that scans the whole 
specimen, which enable high resolution images to be generated but also ex-
poses the sample to large light-doses [156]. This technique is therefore best 
suited for fixed specimens. In my live cell studies, I primarily used SDCM, in 
which an array of moving pinholes mounted on a Nipkow disk is used to scan 
the whole specimen in one frame [157]. This allows more rapid image acqui-
sition and is also associated with reduced phototoxicity and photobleaching 
since lower light intensities can be used. I used these techniques to determine 
the sub-cellular distribution of various proteins and lipids. 

Visualizing phosphoinositides 
PIs are dynamic lipids that undergo rapid concentration changes in specific 
cellular compartments. Visualization of lipids should therefore be performed 
in live cells, which can give information on both PI distribution and relative 
concentration changes. The most common technique for imaging PIs is to use 
PI-binding domains coupled to fluorescent proteins, such as GFP. When these 
fusion proteins are expressed in cells, they will bind to specific phosphoinosi-
tides and by observing the distribution of fluorescence over time it is possible 
to both determine the lipid distribution and concentration changes of the lipid 
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[158]. The most commonly used PI-binding domain is the pleckstrin homol-
ogy (PH) domain from PLCδ1, which selectively binds PI(4,5)P2 [159]. Other 
commonly used PI binding domains are the FYVE domain from EEA which 
binds PI(3)P [160] and the PH-domain of OSBP which binds PI(4)P [161]. 
Although the selectivity for specific PIs is high for all these domains, they are 
still unable to report their respective PI in all cellular compartments. For ex-
ample, the PH-domain of OSBP mainly labels the Golgi, although PI(4)P con-
centrations are similar also in the plasma membrane [161]. The reason for this 
is that many of these domains have co-receptors, i.e. they rely on binding to 
the PI and an additional, often unknown, factor for membrane targeting [68, 
162]. The use of multiple, structurally unrelated, PI-binding domains may be 
one way to increase reliability in detection. Another limitation with these do-
mains is the affinity for the PI, which may sometimes preclude detection of 
lipids in compartments with low concentrations. It may also preclude detec-
tion of changes in PI concentration if the changes occur in a concentration 
range incompatible with lipid recognition by the domain. These obstacles may 
be overcome by the use of multiple domains with similar lipid preference but 
different affinities or by generating versions of these biosensors where multi-
ple PI-binding domains are placed in tandem, thereby increasing the apparent 
affinity for the lipid [158]. Another limitation with this technique is that it 
does not report absolute concentrations of the PI, but only relative concentra-
tion changes. For absolute measurements of lipid content, the use of biochem-
ical detection techniques, such as TLC, HPLC or mass spectrometry, is re-
quired [163-165]. Although sensitive enough to detect low concentrations of 
specific lipids, these techniques do not give information regarding the distri-
bution of PIs, nor do they provide information regarding dynamic fluctuations 
in lipid concentrations over time.

Visualizing cholesterol 
Cholesterol is distributed heterogeneously in cellular membranes. Different 
molecular probes have been used to visualize the localization, organization 
and dynamics of subcellular cholesterol. Fluorophore-labeled cholesterol, 
such as BODIPY (Bora-diaza-indacene)-cholesterol and TopFlour-Choles-
terol (dipyrromethene difluoride (BODIPY)-labeled sterol analogue), is a 
widely used method to label cholesterol and visualize its localization and 
movement in intact cells by fluorescence microscopy. BODIPY-cholesterol is 
a cell-permeable analogue of cholesterol that colocalizes with dehydroergos-
terol, a marker of cholesterol, and is suitable for tracing cholesterol in living 
cells. It is easily loaded into cells by carrier molecules like BSA (bovine serum 
albumin). However, addition of the fluorophore might perturb the properties 
of the lipid and result in aberrant localization or function [166]. Top-fluor cho-
lesterol is a BODIPY-labeled sterol analogue that minimally perturb lipid 
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properties and surrounding molecules. Long incubation times may reduce the 
fluorescent signal and precludes long-term visualization of cholesterol dy-
namics in cells. Filipin is a polyene antibiotic which binds in complex with 
3ß-hydroxysterols in membranes and is commonly used to visualize free (un-
esterified) cholesterol in all intracellular membrane in fixed cells. Filipin has 
UV fluorescence excitation (360 nm) and emits light at 480 nm. The binding 
of filipin perturbs the bilayer structure [167] and it can therefore not be used 
for live-cell imaging. In addition, Filipin is rapidly photobleached which can 
make it challenging when attempting to obtain high-quality images. Both 
fluorophore-labeled cholesterol and Filipin are not able to distinguish the 
transbilayer distribution of cholesterol in cellular membranes. They also do 
not permit the absolute quantification of the cholesterol concentration in cells. 
Perfringolysin O (PFO) is a polypeptide bacterial toxin that binds to choles-
terol in the plasma membrane and form pores in the bilayer. It is used as a 
biosensor to distinguish outer- and inner leaflets cholesterol of cellular mem-
branes and is more photostable and suitable for living cells. Notably, PFO 
binding to cholesterol is non-linear and it is therefore not suitable for quanti-
tative studies [168].

Manipulating phosphoinositides 
The effects of phosphoinositides on cellular functions are difficult to study in 
cells because they are difficult to manipulate. Part of the difficulty lies in the 
fact that most PIs have multiple routes of synthesis, so blocking one of them 
may still not affect the lipid level. The phosphoinositide levels in cells are 
maintained by the kinases and phosphatases responsible for their synthesis and 
degradation. Inhibitors of phosphoinositide kinases have been abundantly 
used. Well characterized examples are phenylarsine oxide (PAO), a phospho-
inositide 4-kinase inhibitor that blocks both PI(4)P and PI(4,5)P2 formation at 
the plasma membrane [169]. Wortmannin is another commonly used PI4-ki-
nase inhibitor, however this drug also inhibits class I PI3-kinase, thereby in-
fluencing numerous phosphoinositides [170]. For these reasons, it is difficult 
to draw conclusions regarding the impact of specific phosphoinositides on cel-
lular functions using a pharmacological approach. Other approaches by which 
phosphoinositide levels can be manipulated are by overexpression of phos-
phoinositide-metabolizing enzymes or suppression of the expression levels of 
the same enzymes using knock-down or knock-out strategies. Such loss-of-
function and gain-of-function studies operate over the time course of days, 
whereas changes in phosphoinositide levels occur at the second to minute time 
scale. Therefore, there is a big risk of compensatory changes in lipid levels 
using these strategies [163]. To enable modulation of lipid levels with a tem-
poral precision that mimic the endogenous fluctuations would therefore be ad-
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vantageous. For this reason, a chemical inducible dimerization tool was de-
veloped. This technique is based on the heterodimerization of FRB and its 
binding partner FKBP12. In the presence of rapamycin, FKPB12 binds to FRB 
that can be fused to different PI phosphatases or kinases. By targeting FKBP12 
to different cellular membranes, it is possible to acutely alter the concentration 
of specific PIs by the addition of a small molecule. For example, plasma mem-
brane PI(4,5)P2 can be selectively depleted by the rapamycin-induced translo-
cation of a 5’-ptase [171, 172]. This method to manipulate phosphoinositides 
is acute, however it is not reversible and it lacks subcellular precision as it is 
difficult to spatially control the dimerization. To overcome some of the obsta-
cles with chemical dimerization, light-regulated dimers were recently intro-
duced. These optogenetic tools are based on light-dependent interactions be-
tween two proteins. In the presence of light, the photosensitive protein under-
goes a conformational change that enable its binding to a partner [173-175]. 
The principle of PI manipulation is the same as for the chemical-induced di-
merization system described above, where one part of the dimer is coupled to 
a PI-metabolizing enzyme and the other part anchored to a cellular membrane. 
Numerous blue light-regulated dimers exist, including CRY2-CIB1 and iLID. 
The CRY2-CIB1 is most widely used and based on two plant protein domains, 
the N-terminal region of CIB1 and the PHR-domain of cryptochrome 2 
(CRY2) [163, 173, 176]. The iLID is more recently developed and show im-
proved kinetics and spatial control compared to CRY2-CIB1 [177]. It is based 
on the bacterial protein SsrA binding to the photosensitive LOV2 domain of 
phototrophin 1 and the SspB protein. The use of photoreceptors for control of 
phosphoinositide metabolism has numerous advantages, including precise 
spatial control of dimer formation and fast binding and reversibility of the re-
action [177]. A drawback with these techniques is that the use of blue light is 
restricted to dimer induction and cannot easily be used for simultaneous im-
aging, thereby limiting fluorophore availability in microscopy experiments. 
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Results and discussion 

Light dependent control of plasma membrane PIs in beta 
cells and intact islets 
Phosphoinositides (PIs) are distributed differently in intracellular membranes 
and are rapidly synthesized and degraded due to the action of cytoplasmic PI 
kinases and phosphatases acting locally in the different cellular sub-compart-
ments. In order to understand the specific function of these lipids, it is there-
fore important to use experimental techniques that enable control over PI lev-
els within specific cellular membranes with high temporal accuracy. One re-
cently developed technique for acute manipulation of PIs in living cells is 
based on blue-light-dependent heterodimerization between CRY2 and CIBN 
[173, 176]. Briefly, blue light illumination causes a reversible conformation 
change in the blue light receptor CRY2, which enable its binding to CIBN. By 
fusing different PI-metabolizing enzymes to CRY2 and different membrane-
targeting sequences to CIBN, it is possible to recruit the PI-metabolizing en-
zymes to specific sub-compartments of a cell and locally modulate specific 
PIs in that sub-compartment. In this thesis, PIs were manipulated using CIBN 
anchored either to the plasma membrane by the C-terminal prenylation motif 
from KRas (CAAX) or to insulin granule membranes by the small GTPase 
Rab3a. Specific PIs were subsequently manipulated by fusing CRY2 to the 
following PI kinase and phosphatase domains: the 5’-phosphatase domain 
from OCRL to deplete PI(4,5)P2 [PI(4,5)P2  PI(4)P], the 5’-kinase domain 
from PIP5K1 	to	synthesize	PI 4,5 P2	 (PI(4)P  PI(4,5)P2], 	4’-phospha-
tase domain from Sac1 to deplete PI(4)P [PI(4)P  PI], or the iSH2 domain 
of the p85 regulatory subunit to recruit the endogenous p110α subunit of PI3-
kinase to generate PI(3,4,5)P3 [PI(4,5)P2  PI(3,4,5)P3]. For example, in cells 
expressing membrane anchored CIBN-CAAX, cytosolic mCherry-CRY2-
OCRL and PI(4,5)P2 biosensor iRFP-PH-PLCδ1, blue-light illumination 
caused immediate translocation of the 5’-phosphatase OCRL to the plasma 
membrane and this translocation was accompanied by depletion of plasma 
membrane PI(4,5)P2, seen as a dissociation of iRFP-PH-PLCδ1 from plasma 
membrane (Fig.5). Illumination for as little as 400 ms resulted in pronounced 
iRFP-PH-PLCδ1 dissociation, however illumination for 10 s was needed for 
maximal response. Interruption of blue-light illumination caused dissociation 
of mCherry-CRY2-OCRL from the plasma membrane, and was accompanied 
by re-binding of iRFP-PH-PLCδ1 at the plasma membrane, reflecting the re-
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synthesis of PI(4,5)P2. The recovery to pre-stimulatory levels were much 
slower than the degradation (around 5 minutes), likely due to a combination 
of the slow reversibility of the interaction between CRY2 and CIBN and the 
time required for endogenous PI(4)P5-kinases to synthesize PI(4,5)P2 [63, 
173]. The advantage of this manipulation method is not only that it makes it 
possible to control the level of distinct PIs in different subcellular membranes, 
but also that it operates at a time-scale that better reflects endogenous changes 
in PI levels following e.g. receptor stimulation and that it is readily reversible. 
In addition, we compared optogenetic depletion of PI(4,5)P2 with both ra-
pamycin-induced dimerization modules [172] and overexpression of PLC-
coupled muscarinic receptors [80], two techniques commonly used to investi-
gate the role of PI(4,5)P2 in cells. We found that the optogenetic technique 
was both faster and more efficient in reducing the levels of PI(4,5)P2 in the 
plasma membrane. This is likely due to a combination of the high speed of 
translocation which makes it difficult for PI(4,5)P2 production to compensate 
for the loss of the lipid and the use of the very efficient 5’-phosphatase domain 
of OCRL [178]. These constructs were also expressed in primary dispersed 
islet cells or intact islets of Langerhans by transduction with recombinant 
adenoviruses carrying the genes for the optogenetic tools.  

Plasma membrane PI(4,5)P2 controls voltage-dependent 
Ca2+ influx 
PI(4,5)P2 levels are regulated by ATP, Ca2+ and receptor-triggered PLC (phos-
pholipase C) activation. In beta cells, plasma membrane PI(4,5)P2 levels are 
sustained by glucose-dependent ATP production [179]. At the same time, 
PI(4,5)P2 is also consumed under glucose-stimulated conditions as a conse-
quence of both the voltage-dependent Ca2+-influx which activates PLC with 
subsequent PI(4,5)P2 hydrolysis [84] and feedback activation of PLC through 

Figure 5: Acute light-dependent depletion of plasma membrane PI(4,5)P2. (A) Prin-
ciple of blue-light-induced PI(4,5)P2 dephosphorylation. (B) Confocal images of 
MIN6 cells expressing CIBN-CAAX (not shown), mCh-CRY2-OCRL and iRFP-
PH-PLCδ1, in the absence or presence of blue light. (C) mCh-CRY2-OCRL and 
iRFP-PH-PLCδ1 fluorescence change at the plasma membrane following illumina-
tion. 
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activation of P2Y1 receptors on the cell surface by ATP co-released with in-
sulin [178]. To complicate things further, PI(4,5)P2 can also reciprocally con-
trol cellular Ca2+ levels by ion channel gating [79]. PI(4,5)P2 has been shown 
to both positively and negatively regulate glucose-stimulated insulin secretion 
[104, 113, 114], and perhaps part of these disparate results can be explained 
by the complex interplay between PI(4,5)P2 and Ca2+. We therefore decided 
to reinvestigate the role of PI(4,5)P2 in beta cells using the optogenetic tools. 
Acute depletion of PI(4,5)P2 by blue-light-induced recruitment of a 5’-phos-
phatase to the plasma membrane caused pronounced suppression of KCl-in-
duced Ca2+ influx. Similar suppression upon PI(4,5)P2 removal was also seen 
when cells were instead depolarized using the KATP channel blocker tolbutam-
ide. Similar, but less pronounced suppression of depolarization-induced Ca2+ 
influx was also seen when PI(4,5)P2 levels were reduced using rapamycin-
dependent translocation of a 5’-phosphatase to the plasma membrane or fol-
lowing activation of PLC-coupled muscarinic receptors. In contrast, generat-
ing more PI(4,5)P2 at the plasma membrane by recruitment of a PI(4)P5-ki-
nase instead increased the KCl-induced Ca2+ influx, but surprisingly sup-
pressed the Ca2+ influx in response to tolbutamide-depolarization.  

In rodent beta cells, the L-type VDCCs are the most dominant between 
numerous types of VDCCs [180]. Consistent with this, we found that the de-
polarization-induced Ca2+ influx was completely inhibited by the L-type 
VDCC blocker Nifedipin. It is therefore likely that PI(4,5)P2 depletion directly 
interferes with function of L-type VDCC, as has been shown in other excitable 
cells [80]. To test this, we used the patch-clamp technique to measure the ac-
tivity of VDCCs using Ba2+ as charge carrier. Acute, light-dependent deple-
tion of PI(4,5)P2 resulted in 40% decrease of the voltage-dependent Ba2+ cur-
rent, showing that the lipid directly controls the function of voltage-dependent 
Ca2+ channels. To further support the involvement of L-type VDCCs in 
PI(4,5)P2 regulation of beta cell function, we performed Ca2+ imaging experi-
ments following PI(4,5)P2 depletion in the absence or presence of the L-type 
Ca2+ channels agonist BAY K8644. The presence of the agonist counteracted 
the effect of PI(4,5)P2 depletion on Ca2+ influx, lending further support to 
these channels being a direct target of PI(4,5)P2 in beta cells. The effect of 
BAY K8644 to bypass the function of PI(4,5)P2 in gating the VDCCs is likely 
due to structural similarities between this molecule and PI(4,5)P2 [181]. In 
summary, acute PI(4,5)P2 loss strongly suppressed KCl-induced Ca2+ influx, 
most likely due to the loss of L-type VDCC gating that leads to reduced sen-
sitivity of the channels to depolarization. Conversely, the KCl-induced Ca2+ 
influx was increased when plasma membrane PI(4,5)P2 was elevated. Worth 
noting is that increasing PI(4,5)P2 levels in the plasma membrane had the op-
posite effect when  the cells were depolarized with tolbutamide, which acts by 
closing the KATP-channels. These channels are also gated by PI(4,5)P2 [79], 
and it is likely that the increased plasma membrane PI(4,5)P2 counteract the 
effect of tolbutamide. These findings together shows that it is essential for beta 
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cells to maintain plasma membrane PI(4,5)P2 within a narrow concentration 
range to enable appropriate control over VDCC activity and Ca2+ influx. 

Beta cells cultured in a fatty acid rich medium is a common cell-based 
model of diabetes [182]. Palmitate exposure causes lipotoxicity, which is as-
sociated with Ca2+ release from the ER, ER stress, defects in glucose-stimu-
lated insulin secretion and beta cell death [183, 184]. To determine if lipotox-
icity was associated with changes in cellular PI(4,5)P2, we cultured MIN6 
cells in the presence of 0.5 mM  palmitate for 36h and investigated the 
PI(4,5)P2 distribution using mRFP-PHPLCδ1. Palmitate treated cells showed 
about 25% higher plasma membrane mRFP-PHPLCδ1 fluorescence than control 
cells, indicating that the plasma membrane PI(4,5)P2 concentration is higher 
in these cells (Fig.6). Consistent with this, optogenetic depletion of PI(4,5)P2 
at the plasma membrane resulted in more pronounced dissociation of the 
PI(4,5)P2 biosensor in the palmitate treated cells. These results indicate that 
diabetes-like conditions may be accompanied by elevated plasma membrane 
PI(4,5)P2. Such elevations are likely to influence insulin secretion from beta 
cells by changing ion channel gating, the assembly of the secretory machinery 
and the density of the cortical actin network [60, 62, 79, 80, 117-119]. The 
reason for the increased plasma membrane PI(4,5)P2 is not known but could 
involve transcriptional changes [185]. 

A B C 

Figure 6: PI(4,5)P2 in control and Palmitate treated MIN6 cells. (A) Confocal micro-
graphs showing the distribution of the PI(4,5)P2 biosensor mRFP-PH-PLCδ1 in con-
trol MIN6 cells and MIN6 cells treated with 0.5 mM Palmitate for 36h. (B) Quanti-
fication of the ratio between plasma membrane and cytosolic mRFP-PH-PLCδ1 flu-
orescence in control and palmitate-treated cells. (C) Quantifications of TIRF micros-
copy recordings of plasma membrane mRFP-PH-PLCδ1 fluorescence in response to 
acute light-induced PI(4,5)P2 depletion in control and palmitate-treated cells. Notice 
that the larger drop in fluorescence in the palmitate-treated group indicates higher 
resting PI(4,5)P2 levels in these cells.  
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Plasma membrane PI(4,5)P2 positively regulates insulin 
secretion 
Previous studies supports both stimulatory and inhibitory effect of PI(4,5)P2 
on insulin secretion [104, 113, 114]. Since glucose is the main physiological 
stimulus for insulin secretion, we next tested the effect of acute PI(4,5)P2 de-
pletion on glucose-induced Ca2+ signaling. Elevation of the glucose concen-
tration from 3 to 20 mM induced pronounced Ca2+ oscillations in both MIN6 
cells and mouse and human islet cells [3]. Acute PI(4,5)P2 depletion strongly 
suppressed the Ca2+ oscillations in all cell types, and the oscillations recovered 
upon interruption of blue light illumination and re-synthesis of PI(4,5)P2 . This 
suppression positively correlated with the amount of GFP-CRY2-OCRL that 
translocated to the plasma membrane, indicating that the effect was propor-
tional to the level of PI(4,5)P2 in the plasma membrane. This lead us to believe 
that PI(4,5)P2 supports insulin secretion. Consistently, acute light-induced 
PI(4,5)P2 depletion at the plasma membrane caused a 50% decrease of glu-
cose-stimulated insulin secretion. Given the strong effect of PI(4,5)P2 deple-
tion on VDCCs, it is likely that the reduced insulin secretion is a consequence 
of reduced Ca2+ influx. However, PI(4,5)P2 has also been shown to be im-
portant for other steps of exocytosis, including granule recruitment to the 
plasma membrane, granule docking and the assembly of the exocytosis ma-
chinery [186, 187]. It is therefore likely that PI(4,5)P2 controls insulin secre-
tion at multiple levels, although the effect on Ca2+ influx most probably dom-
inates.  

Sac2 localizes to insulin granules and controls insulin 
granule PI(4)P 
PIs are minor component of all cellular membranes except that of the ER, alt-
hough the exact composition is not clear and it may also vary over time. Insu-
lin granules are rich in PIs, but the relative proportion of each PI is still un-
known [188]. In yeast, PI(4)P is present on newly formed secretory vesicles 
and play an important role for vesicle maturation prior to constitutive secretion 
[34, 189], and it is possible that PI(4)P has similar function in mammalian 
cells. Sac2 is a recently characterized PI(4)P-phosphatase, and in humans it is 
most highly expressed in nervous tissues (Human Proteome Atlas). We found 
by qPCR that the Sac2 expression in mouse pancreatic islets was similar to 
that in the brain, indicating specific functions of Sac2 in the islet cells. Sac2 
was previously shown to predominantly localizes to early endosomes through 
a mechanism that involves binding to both Rab5 and PI(4)P, and to be in-
volved in endosome maturation [98, 99]. Because of the similarities between 
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the endo- and exocytic pathways, Sac2 became an attractive candidate for reg-
ulation of PIs on insulin granules. Expression of fluorescently tagged Sac2 in 
MIN6 cells revealed a punctate localization overlapping with markers of both 
insulin granules and early endosomes. This result indicates that Sac2 may be 
involved in the regulation of both the endo- and exocytic pathways. Notably, 
the overexpressed wild type Sac2 only weakly localized to insulin granules, 
whereas a phosphatase-dead version of Sac2 showed more pronounced local-
ization. This can be explained at the level of the substrate, PI(4)P. Wild type 
Sac2 will dephosphorylate PI(4)P, resulting in weaker association between 
Sac2 and the granule, whereas catalytically inactive Sac2 will be able to more 
strongly bind to the granules since it is without effect on PI(4)P. To more di-
rectly prove that Sac2 binding to insulin granules is dependent on PI(4)P, we 
took advantage of the optogenetic system and recruited the 4’-phosphatase 
domain of Sac1 to Rab3a-positive insulin granules by blue-light illumination. 
This resulted in 23% loss of Sac2 structures and shows that PI(4)P is involved 
in Sac2 localization to insulin granules. As Sac2 binding to early endosomes 
is additionally dependent on the interaction with Rab5 [98], we asked whether 
Rab3 might play a similar role on insulin granules. Expression of a GDP-
locked form of Rab3a resulted in 40% decrease in Sac2 association with insu-
lin granules, suggesting that Sac2 binding to insulin granules depends on 
Rab3. To test if Sac2 is involved in PI(4)P dephosphorylation on the surface 
of insulin granules, we reduced the expression of Sac2 by both transient and 
stable knockdown in MIN6 cells and determined the distribution of PI(4)P 
using the GFP-tagged PH-domain of OSBP. Consistent with a role of Sac2 in 
controlling PI(4)P on insulin granules, we found that reduced Sac2 expression 
was accompanied by increased accumulation of PI(4)P on insulin granules. 

Insulin granule PI(4)P recruits OSBP and generate ER-
granule contact sites 
One important functions of PI(4)P in intracellular membranes is its role in 
counter-transport mechanisms, where it is exchanged for other lipids at spe-
cific membrane contact sites [100-102]. Because of this, PI(4)P not only 
serves as a precursor for PI(4,5)P2, but also indirectly controls the distribution 
and concentration of other lipids unrelated to phosphoinositides in cellular 
membranes. OSBP, a protein that operates as a PI4P – cholesterol co-trans-
porter at different membrane contact sites, is probably the best-characterized 
PI(4)P-dependent lipid-transport protein. Since Sac2 knockdown resulted in 
accumulation of PI(4)P on the granule surface, visualized with the PH-domain 
from OSBP, we hypothesized that this accumulation may also be accompanied 
by the recruitment of OSBP to insulin granules. OSBP is primary located at 
the ER-Golgi interface where it plays an important role in transporting PI(4)P 
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from the Golgi to the ER in exchange for cholesterol [100]. More recently it 
has also been found at other membrane contact sites such as ER-endosomes 
and ER-lysosomes [134, 136]. The cholesterol concentration in insulin gran-
ules is very high, but how cholesterol accumulates in the granule membrane 
is unclear. Confocal microscopy examination of MIN6 cells expressing GFP-
OSBP showed a Golgi-like distribution, and the overlap with the insulin gran-
ule marker NPY-mCherry was very low. However, around 5% of the NPY-
mCherry-positive insulin granules were in close proximity to GFP-OSBP pos-
itive structures (Fig.7). This could be explained by OSBP not being present 
on insulin granules per se, but engaging in insulin granule binding through the 
interaction between its PH-domain and PI(4)P on the granule while being 
anchored to the ER via interactions between its FFAT-motif and VAP-A in 

Figure 7: Inhibition of OSBP resulted in accumulation of OSBP on insulin granules. 
(A) Confocal microscopy images of a control (DMSO-treated) or OSW-1-treated 
cell expressing the granule marker NPY-mCherry (magenta) and GFP-OSBP 
(green). (B) Average accumulation of GFP-OSBP fluorescence at NPY-mCherry 
positive structures in the presence of DMSO or OSW-1. 

A 

B 
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the ER membrane [31]. If that is the case, once PI(4)P is exchanged for cho-
lesterol, OSBP will dissociate from the granules and therefore the interaction 
between OSBP and insulin granules will be transient and not easily captured 
by live cell imaging. To stabilize OSBP at insulin granules we incubated the 
cells with the OSBP inhibitor OSW-1 [190]. This resulted in pronounced re-
distribution of GFP-OSBP from the Golgi to the surface of insulin granules. 
Similar OSW-1-induced redistribution was also seen for GFP-tagged VAP-A, 
which is the ER-localized receptor for OSBP, indicating that endogenous 
OSBP also cluster at insulin granules. Together, these results are consistent 
with the existence of a mechanism where OSBP is recruited to insulin granules 
to exchange PI(4)P for cholesterol, and this mechanism involves the formation 
of contact sites between ER and insulin granules (Fig.8). This is, to our 
knowledge, the first example of a reaction that occurs at ER-insulin granule 
membrane contact sites. OSBP adopts a structure that enable lipid exchange 
between membranes at different distances from each other, and it is involved 
in lipid exchange between numerous cellular membranes [137]. OSBP-bind-
ing to target membranes typically depends on PI(4)P and a co-receptor, such 
as Arf-1 on the Golgi and SNX9 on endosomes [135, 136]. The co-receptor 
on insulin granules is not known and identifying it will be an important future 
research aim.  

Sac2 regulates insulin secretion and its expression is 
altered in type 2 diabetes 
Knockdown of Sac2 was without effect on basal insulin secretion at low glu-
cose concentrations, but nearly reduced by half the secretion at high glucose, 
while not interfering with insulin production. This indicates that Sac2 defi-
ciency causes a primary defect in insulin secretion that is likely independent 
from the previously reported defects in endocytosis [98, 99]. Supporting a role 
of a granule-localized 4’-phosphatase in the regulation of insulin secretion, we 
found that optogenetic recruitment of a 4’-phosphatase to Rab3a positive in-
sulin granules caused increased insulin secretion. This is another evidence in-
dicating that granular PI(4)P has its own role for normal insulin secretion.  

Mechanistically, we discovered that Sac2 knockdown decreased granule 
density at the plasma membrane as a result of defect granule docking. Inter-
estingly, similar phenotype is seen in beta cells with increased granule choles-
terol content [130]. This, together with the observation that the PI(4)P/choles-
terol transport protein OSBP localizes to insulin granules, made us to believe 
that there might be a link between Sac2 and OSBP. To test this, we visualized 
cellular cholesterol in control cells and cells with reduced Sac2 expression and 
found that loss of Sac2 resulted in strong accumulation of cholesterol on insu-
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lin granules. This increased accumulation could be normalized by simultane-
ous knockdown of OSBP, indicating an interplay between Sac2 and OSBP on 
insulin granules. However, despite normalizing cholesterol content, OSBP 
knockdown could not rescue insulin secretion in Sac2 knockdown cells. The 
reason for this is not clear, but it is possible that Sac2 regulates insulin secre-
tion through more than one mechanism. It is also possible that PI(4)P on the 
granule surface recruits other lipid transfer proteins. One such protein is 
ORP3, which like OSBP has a PH domain that binds PI(4)P and a VAP-A-
binding FFAT motif that binds the ER. ORP3 counter-transport PI(4)P and 
phosphatidylcholine (PC) [101]. It is known that insulin granules contain PC 
but how this lipid is regulated, or what its role in secretion is, is not known 
[188]. Another possibility is that OSBP regulates insulin secretion independ-
ent of ER-granule contacts, perhaps by controlling the formation of insulin 
granules at the trans-Golgi network. Golgi PI(4)P is essential for granule bud-
ding and loss of OSBP may influence the ability to form granules [32], alt-
hough we did not observe any reduction in insulin content in cells with re-
duced OSBP levels.  

Importantly, we found that Sac2 mRNA levels were reduced in type 2 di-
abetic subjects. We also found experimentally that Sac2 expression levels cor-
related positively with insulin granule docking and exocytosis. In beta cell 
models, we found that loss of Sac2 caused PI(4)P accumulation on insulin 
granules that in turn caused cholesterol accumulation, likely via OSBP, and 
was accompanied by impaired insulin secretion. Interestingly, it has been 
shown that knockdown of OSBP results in reduced insulin secretion that can-
not be rescued by excess cholesterol [142]. This could be explained if choles-
terol added to the cells was unable to reach the granule membrane due satura-
tion of PI(4)P-counter-transport. Type-2 diabetes is commonly associated 
with increases in plasma cholesterol, but not all individuals with high choles-
terol have diabetes. The interplay between Sac2 and OSBP may be a way for 
insulin granules to avoid cholesterol overloading, since Sac2 remove PI(4)P 
and act as a break for cholesterol transport. T2D patients with reduced Sac2 
levels may therefore be more susceptible to cholesterol overloading, and this 
might contribute to the development of the disease in these patients.  
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Figure 8: Model of Sac2-regulation of insulin granule docking. Sac2 negatively con-
trols granule PI(4)P, and thereby limits OSBP accumulation at the granule surface. 
This acts as a break on OSBP-mediated cholesterol transport to the granule and pre-
vents excess cholesterol accumulation, which results in impaired docking and reduced 
exocytosis.  
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Conclusions 

I: Depletion of plasma membrane PI(4,5)P2 strongly suppressed glucose-stim-
ulated insulin secretion. This was a direct consequence of impaired L-type 
voltage-dependent Ca2+ channel gating, which made the channels less sensi-
tive to depolarization and resulted in reduced Ca2+ influx. In contrast, voltage-
dependent Ca2+ influx was instead augmented when the plasma membrane 
PI(4,5)P2 concentration was increased. These results show that PI(4,5)P2 is a 
positive regulator of insulin secretion from beta cells. 

II: The PI(4)P phosphatase Sac2 localizes to insulin granules through interac-
tions with PI(4)P and Rab3. Loss of Sac2 results in accumulation of PI(4)P on 
the granule surface and in impaired insulin secretion. Sac2 deficient cells have 
reduced granule density at the plasma membrane as a consequence of impaired 
granule docking. Sac2 mRNA levels were decreased in islets from type 2 dia-
betic subjects and Sac2 overexpression positively correlated with insulin se-
cretion. These results show that PI(4)P dephosphorylation by Sac2 is a critical 
step in the regulated secretory pathway in beta cells.  

III: Loss of Sac2 resulted in accumulation of PI(4)P on insulin granules and 
was accompanied by excess cholesterol loading into the same membrane by 
the PI(4)P/cholesterol transport protein OSBP. Inhibition of the lipid ex-
change activity of OSBP stabilizes OSBP interactions with target membranes 
and revealed direct contacts between the insulin granules and the ER involving 
granule PI(4)P and ER-localized VAP-A. Both OSBP knockdown and inhibi-
tion resulted in impaired insulin secretion. These results show that Sac2, 
through PI(4)P, regulates cholesterol loading into insulin granules via OSBP 
operating at insulin granule-ER contact sites.  
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