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Abstract
Xie, B. 2020. Membrane lipids and their transfer proteins in β-cells. Digital Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of Medicine 1652. 69 pp. Uppsala: Acta 
Universitatis Upsaliensis. ISBN 978-91-513-0908-8.

Insulin secretion from β-cells is essential for glucose homeostasis and is often dysregulated in 
diabetes. Intracellular Ca2+ and membrane lipids cooperate to control insulin secretion with high 
spatial and temporal precision. Phosphoinositide lipids (PIs) and products from their hydrolysis 
regulate processes such as ion channel conductance and protein localization and activation, but 
the role of these lipids in insulin secretion from β-cells remains poorly understood. In the present 
study, live cell Ca2+ imaging combined with molecular tools for acute depletion or synthesis of 
the major PI in the plasma membrane (PM), PI(4,5)P2, revealed that this lipid positively regulates 
Ca2+ influx. As a consequence of reduced PI(4,5)P2 and impaired Ca2+ influx, β-cells failed to 
secrete appropriate amounts of insulin in response to glucose stimulation. In stimulated β-cells, 
ATP is co-released with insulin, which leads to autocrine purinergic receptor signaling with 
resulting phospholipase C activation, PI(4,5)P2 hydrolysis and local formation of diacylglycerol 
(DAG) in the PM. The ER-anchored protein extended synaptotagmin-1 (E-Syt1) binds to 
PI(4,5)P2 in the PM and transfers DAG from the site of production to the ER in a Ca2+-dependent 
manner. It was now found that DAG forms locally in microdomains around exocytotic sites and 
that E-Syt1 was selectively recruited to these sites, where it removed DAG by a mechanism that 
required an intact lipid transport domain. The DAG removal was part of a negative feedback 
mechanism, and loss of this feedback as a consequence of reduced E-Syt1 expression resulted 
in increased glucose-stimulated insulin secretion, likely via enhanced protein kinase C activity. 
TMEM24, an ER-anchored protein structurally similar to E-Syt1, dynamically localizes to ER-
PM contact sites in a Ca2+-dependent manner, where it is responsible for transporting a PI(4,5)P2 

precursor to the PM. TMEM24 was now shown to be spatially and temporally regulated by 
both Ca2+ and DAG. Ca2+ induced TMEM24 dissociation from the PM and this process was 
counteracted by E-Syt1-mediated DAG transport and subsequent suppression of PKC activity. 
Although TMEM24 was involved in maintaining the ER Ca2+ stores and in membrane reuptake 
following insulin granule exocytosis, the protein was dispensable for glucose-stimulated insulin 
secretion. Together, the work presented in this thesis defines new and important roles of PIs and 
lipid transfer proteins for normal β-cell function.
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Introduction 

Phosphoinositides (PIs), including their hydrophobic portion diacylglycerol 
(DAG), have been identified as key regulators of many cellular processes, in-
cluding ion channel and transporter activities, organelle biogenesis and func-
tion, and hormone secretion (1). PIs and their derivatives are meticulously 
regulated by rapid enzymatic turnover via PI-phosphatases and -kinases (2) 
and by efficient cellular transport mechanisms, mediated by lipid transport 
proteins (LTPs), which often are concentrated at membrane contact sites 
(MCS) (3). Recently, there has been an increasing interest to investigate LTPs 
and their role in physiology and pathology. 

Endeavors to understand how insulin secretion from pancreatic β-cells is reg-
ulated have been undertaken from the time of insulin’s discovery one century 
ago until now. In recent decades, numerous studies have pointed out that PIs 
and their derivatives may play vital roles in controlling insulin secretion (4-
7). PIs not only influence the cytosolic Ca2+ concentration in β-cells by gating 
various ion channels (8), but also directly take part in insulin granule exocy-
tosis (9). In addition, hydrolysis of PI(4,5)P2, the major PI in the plasma mem-
brane (PM), results in production of the Ca2+-mobilizing messenger inositol 
trisphosphate (IP3) (10) and the lipid second messenger DAG. Alone or to-
gether with Ca2+, DAG activates a large number of insulin secretion regulators, 
including protein kinase C (PKC), protein kinase D (PKD) and Munc13 (11).  

Benefiting from the recent development of experimental techniques, the LTP-
associated nanoscale structures, such as endoplasmic reticulum-plasma mem-
brane (ER-PM) contact sites, come into sight as specialized platforms for the 
coordination of lipid transport and metabolism, ion exchange and cell signal-
ing (12-15). This insight has inspired many elegant studies that have helped 
to unmask the exquisite regulation of PIs in different subcellular compart-
ments (12, 16, 17). However, how PIs and their derivatives spatiotemporally 
interplay with their LTPs and how this coordination contributes to the regula-
tion of insulin secretion in β-cells is still unclear. 
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Background 

Pancreatic β-cells and insulin secretion 
Islets of Langerhans are clusters of endocrine cells dispersed throughout the 
pancreas, which release hormones that regulate glucose hemostasis (18). The 
islets contain several different types of cells. In human islets, insulin-produc-
ing β-cells constitute around 60% of the islet cells. They are mixed in a seem-
ingly random fashion with glucagon-producing -cells, somatostatin-produc-
ing δ-cells, and pancreatic polypeptide-producing - or PP-cells (18, 19). Ro-
dent islets consist of 65-80% β-cells that form a central core surrounded by 
the other endocrine cell types (18, 20). Insulin promotes the uptake of glucose 
from the circulation and storage in liver, muscle and fat cells. Insufficient in-
sulin secretion therefore results in impaired glucose tolerance and increasing 
circulating glucose concentrations that may eventually process to diabetes (21, 
22). Due to its importance in the development of diabetes, the β-cell is the 
most studied islet cell type. In β-cells, insulin is synthesized and packaged 
with Zn2+ and small molecules into secretory granules, which are released pri-
marily in response to increases in the extracellular concentration of glucose 
(23), but secretion is also promoted by amino acids, fatty acids (23), incretin 
hormones released from intestinal cells (24) and various neurotransmitters 
(24). Insulin secretion is also negatively regulated by some factors, the most 
important being somatostatin released by islet δ-cells (25), epinephrine (26), 
leptin (27) and Zn2+ (28).  

Like neurons, β-cells are electrically excitable (20). In β-cells the electrical 
activity exhibits distinct characteristics that depend on glucose metabolism, 
which ensures an appropriate insulin secretion response to different glucose 
concentrations (18, 20, 29). β-cells are equipped with facilitative glucose 
transporters, which allow glucose to rapidly equilibrate across the plasma 
membrane (29-31). Once glucose enters the β-cell, it is phosphorylated by the 
high KM, low-affinity glucokinase (32, 33), which is the rate-limiting step in 
glycolysis (29, 34). Glucose metabolism is tightly connected to mitochondrial 
oxidative phosphorylation, partly due to the lack of the expression of the “dis-
allowed genes” lactate dehydrogenase (LDH) and monocarboxylate trans-
porter 1 (MCT1) (20, 29, 35).  

Insulin secretion in response to glucose has a biphasic time course com-
posed of an initial phase, characterized by a high insulin granule release rate 
(20 granules/min/cell), that lasts for 5-10 minutes (first phase) and is followed 
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by a sustained phase with a slower release rate (6 granules/min/cell; second 
phase) (36). A β-cell contains on average around 10,000 inulin granules (19), 
so even during prolonged intense stimulation, only a small fraction of the 
secretory granule pool will be released, and there also seems to be a preferen-
tial release of newly synthesized insulin granules over older ones (37). The 
reason for the redundancy of inulin granules might be to safeguard adequate 
insulin secretion and ensure appropriate blood glucose control under condi-
tions of impaired insulin production (37). Although extensive studies have 
been performed to understand the mechanisms of how insulin secretion is reg-
ulated, it is far from fully understood how glucose controls insulin secretion 
at the molecular level. 

The role of Ca2+ in the regulation of β-cell function 
Cytosolic Ca2+ is without doubt the most important regulator of insulin gran-
ule exocytosis. The cytoplasmic Ca2+ concentration is tightly controlled and 
maintained at approximately 100 nM under resting conditions and increases 
to 300-1000 nM in response to cell stimulation (38). Glucose induces oscilla-
tory Ca2+ concentration changes. There are different types of oscillations. In 
single β-cells, the dominating type has a frequency of 0.2-0.5/min and is 
caused by periodic depolarizations of the PM. A faster type of oscillatory pat-
tern, sometimes referred to as ‘Ca2+ spikes’, has a frequency of 2-5/min and 
rely on IP3-mediated Ca2+-release from the ER (39-41). β-cells within islets 
exhibit somewhat different Ca2+ oscillations, including slow oscillations sim-
ilar to those in single β-cells, regular fast oscillations (1-6/min) or a mix of the 
two types. The difference in patterns between single cells and islets probably 
reflects effects of cell-cell junctions, electrical coupling and paracrine regula-
tion (38, 42).  
     As described above, glucose is taken up by β-cells and subsequently me-
tabolized to substrates that can be utilized by mitochondria to produce ATP 
(Figure.1). The resulting increase in the ATP-to-ADP ratio inhibits KATP chan-
nels, resulting in reduced K+ efflux and PM depolarization. At a certain mem-
brane potential, L-type voltage-dependent Ca2+ channels (VDCC) opens and 
Ca2+ enters the β-cells and triggers insulin granule fusion with the PM (43, 
44). To lower cytosolic Ca2+ and suppress insulin secretion post-stimulation, 
Ca2+ is extruded from the β-cell by the Na+/Ca2+ exchanger, which is most 
important at high Ca2+ concentrations, and the plasma membrane Ca2+-
ATPase (PMCA), which is the dominating extrusion mechanism at lower Ca2+ 
concentrations (45). In addition, the sarco-endoplasmic reticulum Ca2+-
ATPase (SERCA) pumps Ca2+ into ER, which also help to lower the cytosolic 
Ca2+ concentration (38).  

In addition to influx of Ca2+ from the extracellular space, the ER is a vital 
intracellular Ca2+ reservoir in all types of cells, including β-cells (46) (Fig-
ure.1). In β-cells, the SERCA pump maintains a high Ca2+ concentration in 
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the ER (47). Ca2+ release from the ER is promoted by IP3-activated IP3 recep-
tors, and potentially also ryanodine receptors (RyR) (48). Both types of recep-
tors are involved in calcium-induced calcium release (CICR), the process 
whereby local Ca2+ increases trigger Ca2+ release from ER (49, 50). However, 
the functional importance of the very weekly expressed RyR in β-cells has 
been questioned, primarily because RyR-modulating drugs lack effect in 
many studies (38). The maintenance of the ER Ca2+ store requires store-oper-
ated Ca2+ entry (SOCE), which refers to the process where ER-localized stro-
mal interacting molecule 1 (STIM1) senses the depletion of Ca2+ from the ER 
and activates the Ca2+ channel Orai1 in the PM. The interaction between 
STIM1 and Orai1 also contributes to the formation and expansion of the ER-
PM contact sites (51, 52). The influx of Ca2+ refills the ER via the action of 
SERCA, and once the ER is filled, STIM1 adopts an inactive conformation 
and dissociates from Orai1, thus terminating the Ca2+ influx. STIM1/Orai1 
Ca2+ signaling has been reported to play a distinct, yet minor, role in the reg-
ulation of insulin secretion (53, 54). However, it is possible that this mecha-
nism is important for the regulation of other Ca2+-dependent mechanisms in 
β-cells. The ER membrane is Ca2+ permeable, and pharmacological blockage 
of the SERCA pump results in rapid depletion of Ca2+ from the ER (55). The 
mechanisms allowing Ca2+ to permeate the membrane are not fully under-
stood, but presenilin-1 may contribute. Interestingly, it has been proposed that 
presenilin-1-mediated Ca2+ leak from the ER is crucial for the glucose-in-
duced rapid Ca2+ spikes and the initiation of insulin secretion (56).   

In addition to the ER, mitochondria contribute to cellular Ca2+ homeostasis 
by acting as a buffering organelle (57, 58) (Fig.1). Ca2+ handling in mitochon-
dria is tightly regulated. Ca2+ enters the mitochondrial matrix through voltage-
dependent anion channels (VDACs) in the outer membrane and the mitochon-
drial Ca2+ uniporter (MCU) in the inner membrane (59, 60), and leaves the 
organelle through Na+/Ca2+ exchangers (NCLX) (61). Large amounts of Ca2+ 

released from the ER can be rapidly transported into the mitochondria via the 
MCU complex from the ER at IP3R- or RyR-associated ER-mitochondria 
MCS (62). Uptake of Ca2+ into the mitochondria not only serves to buffer 
cytosolic Ca2+, but the ion is also important for mitochondrial ATP produc-
tion, and thus for the maintenance of insulin secretion (59, 63).  

 Changes in the Ca2+ concentration affects insulin secretion at multiple lev-
els. Ca2+ triggers insulin secretion by binding to granule-localized synaptotag-
min, which facilitates granule fusion with the PM (64). Ca2+ contributes to 
both phases of insulin secretion. Granules docked close to L-type VDCCs are 
released during the first phase of insulin secretion (65-67). The second phase 
of secretion involves the replenishment of the immediately releasable granule 
pool and release of granules located further away from the Ca2+ channels, 
which occurs following a global increase of the Ca2+ concentration (68, 69). 
Ca2+ also contribute to insulin secretion through activation of PKC, which 
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regulate insulin secretion through multiple pathways (70). Moreover, Ca2+ sig-
naling crosstalk with the cAMP pathway, which is known to amplify insulin 
secretion (71). 

 
Figure 1. Ca2+ regulation in β-cells. Glucose is taken up through glucose transporters 
(GLUT) and metabolized into ATP. Increased ATP/ADP ratio closes ATP-sensitive 
potassium channels (KATP), which leads to membrane depolarization and stimulation 
of Ca2+ influx via voltage-dependent calcium channels (VDCC) (free Ca2+ is indicated 
by pale blue color). Ca2+ subsequently triggers insulin granule exocytosis and release 
of insulin (grey dots) and ATP (red dots). ATP activates P2Y1 receptors (P2Y1) which 
activates PLC to hydrolyze PI(4,5)P2 to soluble IP3. IP3, in turn, releases Ca2+ from 
the ER via IP3 receptors (IP3R). Ca2+ is extruded through PM Ca2+-ATPases (PMCA) 
and Na+/Ca2+ exchangers (NCX). Ca2+ is also pumped into the ER via sarco/endoplas-
mic reticulum Ca2+-ATPases (SERCA). The ER passively leaks Ca2+ via ryanodine 
receptors (RyR), presenilin-1 as well as yet unknown mechanisms. In mitochondria, 
voltage dependent anion-selective channels (VDAC) and the mitochondrial Ca2+ uni-
porter complex (MCUC) transport Ca2+ into the matrix, and this uptake is balanced 
by Ca2+ extrusion via the mitochondrial Na+/Ca2+ exchanger (NCX). SOCE: store-
operated Ca2+ entry, which involves STIM1 in ER and the Ca2+ channel Orai1 in PM. 
Depletion of Ca2+ from the ER lumen triggers oligomerization of STIM1, which acti-
vates Orai1 channels to allow Ca2+ influx and subsequent refilling of the ER via 
SERCA. 

The role of Ca2+ in diabetes 
Activating mutations in the two subunits of the KATP channel (Kir6.2/KCNJ11 
and SUR1/ABCC8) are confirmed to lead to neonatal diabetes, since those 
mutations impair KATP channel closure in response to glucose (72). Mutations 
in the GLUT2 glucose transporter (73) and in glucokinase (74, 75) lead to 
impaired glucose uptake and metabolism, respectively. Consequently, Ca2+ 
signaling and insulin secretion become suppressed, which in turn causes neo-
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natal diabetes or maturity-onset diabetes in the young (MODY). These mon-
ogenic forms of diabetes are rare in comparison to type-2 diabetes (T2D), the 
etiology of which is polygenic and largely dependent on environmental fac-
tors. T2D is characterized by hyperglycemia caused by a combination of in-
sulin resistance in fat, muscle and liver with insufficient release of insulin due 
to β-cell dysfunction (76, 77). There is evidence to suggest that altered Ca2+ 

signaling is part of this β-cell dysfunction. Most of the evidences come from 
studies of diabetic animal models (75). Some studies observed that β-cells 
from diabetic mice displayed disrupted Ca2+-influx to some degree, whereas 
others concluded that the Ca2+ response was unaltered (75). In diabetic db/db 
mice, glucose induced a decreased and delayed Ca2+ response, with disappear-
ance of Ca2+ oscillations (78). In Zucker diabetic fatty rats (ZDF), the reduc-
tion of Ca2+ influx was caused by decreased expression of the α1 subunit of 
the L-type VDCC (79). β-cells of diabetic mice also exhibited Ca2+ overfilling 
of the ER, which contributed to ER stress and apoptosis (75). Moreover, Ca2+ 
mobilization from intracellular stores is altered in diabetes. For instance, it has 
been shown that the activation of SOCE was reduced in diabetes (53). Loss of 
SERCA activity and reduction of SERCA3 expression were linked to the de-
velopment of diabetes in db/db mice (80), and these observations are strength-
ened by the presence of a SECAR3 gene mutation in some T2D patients (81). 

Phosphoinositides in β-cells 
Phosphoinositides (PIs) constitute a group of seven lipids, characterized by 
distinct phosphorylation patterns of the cytosolically localized myo-inositol 
ring. Among them, PI(4,5)P2 is the most abundant in the PM (2). PIs are found 
in all cellular membranes (82) but the relative abundance of the seven species 
varies. In fact, PIs are often described as identifiers of organelles and many 
proteins utilize these lipids to navigate among the different cellular mem-
branes. From the nucleus to the PM, the number of phosphate groups on the 
myo-inositol ring increases. Phosphatidylinositol mainly exist in the nuclear 
envelope and the ER membrane, where the Sac1 4’-phosphatase localizes to 
counteract accumulation of the phosphorylated forms. The endosomes and the 
Golgi apparatus contain PI3P and PI4P, derived from both phosphorylation 
and dephosphorylation reactions catalyzed by PI-kinases and –phosphatases, 
respectively. The majority of PIs in the PM are PI4P and PI(4,5)P2, which 
following cellular stimulation can be converted to PI(3,4)P2 and PI(3,4,5)P3 
through the action of PI3-kinases (2). 

The subcellular localization and concentration of all PIs is determined by 
a complicated network of concerted PI-metabolizing enzymes and PI-
transport systems. Phosphatidylinositol is synthesized in the ER from cytidine 
diphosphate diacylglycerol (CDP-DAG) and myo-inositol (83), and continu-
ously delivered to other cellular compartments by lipid transport proteins 
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(LTPs) (84) or vesicular trafficking (2), where they are interconverted into 
other lipids by kinases, phosphatases and hydrolyzing enzymes (2). Almost 
all PI-metabolizing enzymes are localized to different cellular membranes (2), 
which is considered the basis for the hierarchical distribution of the PIs.  

Phosphoinositides regulate insulin secretion 
Already 45 years ago PIs were proposed to regulate insulin secretion (85). 
Around the same time, it was observed that glucose stimulation of β-cells re-
sulted in concentration changes of numerous PIs (86-88). Later, with the in-
troduction of biosensors and live-cell imaging techniques, it was found that 
PIs are under strict spatiotemporal control in glucose-stimulated β-cells. For 
example, in response to glucose stimulation, PI4P, PI(4,5)P2 and PI(3,4,5)P3, 
undergo oscillatory changes due to periodic hydrolysis and phosphorylation, 
driven by Ca2+-induced activation of PI4-kinase, PLC and by insulin-induced 
activation of PI3-kinase, respectively (89-92).  
     PIs regulate insulin secretion at multiple levels. They act as precursors of 
second messengers, they recruit and/or activate signaling proteins containing 
PI-binding domains and they directly control the function of transmembrane 
proteins, such as ion channels (89). Recognized as the most important PI in 
the PM, PI(4,5)P2 provides a prime example of the versatility of PIs. PI(4,5)P2 
is the substrate of PLC and the precursor of IP3 and DAG, which are both 
important regulators of β-cell function through their stimulation of Ca2+ re-
lease from the ER and activation of PKC, respectively. PI(4,5)P2 has been 
demonstrated to spatially regulate insulin granule exocytosis by recruiting 
pleckstrin homology (PH)- and C2-domain-containing proteins, including 
PLC and PKC, to the PM (93). In addition, syntaxin molecules can be re-
cruited to PI(4,5)P2 microdomains in PM, where they subsequently promote 
insulin granule docking (94, 95). However, the existence of PI(4,5)P2 micro-
domains has been questioned in recent studies (96). PI(4,5)P2 also interacts 
with the Ca2+-sensor for exocytosis, synaptotagmin-1, through its C2 domain 
and thereby increases its apparent Ca2+ affinity, which reduces the Ca2+ thresh-
old for exocytosis (97). Moreover, PIs affect granule priming and exocytosis 
by interacting with Ca2+-dependent activator protein for secretion (CAPS) (9) 
and munc18 (98). Lastly, PM PI(4,5)P2 also regulates the activity of numerous 
ion channels in the β-cell PM. For example, PI(4,5)P2 antagonizes the inhibi-
tory action of ATP on KATP-channel by binding to its pore-forming Kir6.2 
subunit (99, 100). Due to the key role of KATP channels in depolarizing the β-
cell PM, the fine-tuned regulation of KATP-channel conductance by PI(4,5)P2 
is important for normal membrane excitability and for insulin secretion (101). 
PI(4,5)P2 also gates other ion channels expressed in β-cells (8), including 
VDCCs, but to what extent this gating is important for normal channel func-
tion and regulation of insulin secretion is not known.  
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Regulation of insulin secretion by DAG 
As mentioned above, DAG is a second messenger in β-cells that binds to and 
activates C1-domain-containing proteins (11). DAG is synthesized de novo in 
the ER and delivered to the PM and other membranes by non-vesicular 
transport (102). The DAG content of cells is controlled by diacylglycerol ki-
nase (DGK), diacylglycerol lipase and diacylglycerol acyltransferase (DGAT) 
(11). DGK, localized at the PM, is the dominating enzyme in DAG metabo-
lism and phosphorylates DAG to phosphatidic acid (PA) (103). DAG is also 
a major building block in PIs, and the PM concentration of DAG can be rap-
idly increased by PLC-catalyzed hydrolysis of PI(4,5)P2. PLC can be activated 
downstream of multiple receptors in β-cells. For instance, ATP, co-released 
with insulin from stimulated β-cells, binds to and activates P2Y1 receptors in 
an autocrine and/or paracrine manner, resulting in PLC activation and DAG 
formation (104) (see Fig. 1). The DAG formation under these conditions are 
seen as spatially restricted “spikes”, most likely reflecting the local activation 
of receptors at the site of insulin granule fusion (104). Similar patterns have 
also been observed for downstream targets of DAG, such as PKC and 
myristoylated alanine-rich C-kinase substrate (MARCKS), which indicates 
that these DAG microdomains are of functional relevance (104, 105). PLC 
can also be activated by cholinergic stimulation of muscarinic receptors (106) 
and the activity of PLC is also positively regulated by Ca2+, such that IP3-
induced Ca2+ release can increase the activity of PLC and thus produce more 
IP3 as part of a positive feedback loop (107).  

One important function of DAG is to active PKC by binding to its C1 do-
main. However, the role of PKC in the regulation of insulin secretion is not 
clear (108). The DAG analogue phorbol 12-myristate 13-acetat (PMA) en-
hances glucose-stimulated insulin secretion, indicating that DAG plays a pos-
itive role (109-113). However, the DGK inhibitor R59949, which causes ac-
cumulation of DAG, significantly decreases glucose-stimulated insulin secre-
tion from MIN6 cells (114). Likewise, the DAG analogue DiC8 also inhibits 
depolarization-induced Ca2+ elevations and insulin secretion (115). It is pos-
sible that some of these discrepancies can be due to different actions of DAG 
on insulin secretion depending on where in the cell the lipid is accumulating. 
Using photo-switchable DAG, it was recently shown that the lipid could pro-
mote secretion when it accumulated in the PM, but had the opposite effect 
when it accumulated in the ER membrane (116). In the case of DAG effector 
proteins, PKC is the most studied. PKCs are categorized into conventional 
PKCs, activated by DAG and Ca2+, novel PKCs, activated by DAG alone, and 
atypical PKCs, activated independently of DAG and Ca2+ (108). Among nu-
merous PKC targets implicated in exocytosis, Munc18, synaptotagmin and 
SNAP25 are the most well-studied (117). The role of PKC in glucose-stimu-
lated insulin secretion is still controversial. Although some studies indicate 
PKC enhances insulin secretion (118, 119) by increasing the Ca2+ sensitivity 
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of exocytotic machinery (108, 120), the situation is likely more complicated 
with specific roles for the various isoforms at different locations or in different 
steps of the stimulus-secretion coupling process (121-124). In addition to 
PKC, DAG activates Ras guanine nucleotide-releasing protein (Ras-GRP), 
protein kinase D (PKD), and some transient receptor potential (TRP) chan-
nels, which are involved in the regulation of insulin secretion (11). Moreover, 
DAG activates munc13, which in turn facilitates insulin secretion independent 
of PKC (125). The DAG derivatives PA and monoacylglycerol also promote 
insulin secretion (126, 127).  

Evidently, the role of DAG in insulin secretion is complex. DAG seems to 
play multiple roles dependent on the subcellular localization and concentra-
tion, and on the distinct sets of proteins with which it interacts. Moreover, 
acute and long-term changes in DAG concentrations may act via different 
pathways. 

Lipid transfer proteins and membrane contact sites  
LTPs contribute to non-vesicular cellular lipid transport and ensure lipid com-
positional heterogeneity within the different cellular membranes. Lipid 
transport mediated by LTPs have characteristics that are distinct from vesicu-
lar transport. Notably, LTPs allow transport of tiny amounts of lipids, they 
maintain lipid composition at sites where vesicles hardly reach, they function 
at high rates and transport lipids without affecting the overall lipid and protein 
composition of the target membrane (16). Hundreds of different LTPs have 
been shown to shuttle lipids by providing a hydrophobic environment, often 
adopting a structure resembling a box, bridge or tube (128, 129). LTPs selec-
tively transports one or more lipid species, which are sorted out through inter-
actions with distinct residues within the lipid binding cavities (16). LTPs func-
tion by shuttling lipids from the donor to the acceptor membrane one at a time, 
either returning back to the donor membrane empty or carrying with another 
lipid. These processes are named lipid net traffic and lipid exchange, respec-
tively (16). Many LTPs bridges the membranes of two organelles at sites of 
close apposition (typically less than 30 nm). These structures are known as 
membrane contact sites  (MCS) (130). LTPs localized to MCS usually have 
properties that enable them to interact with both membranes and exhibit high 
affinity to specific lipids. Some LTPs (e.g. E-Syts and TMEM24) insert into 
organelle membranes by a targeting sequence (130, 131) while others (e.g. 
Nir2/3 and ORPs) reversibly bind to membranes depending on the interaction 
of their FFAT motif with the ER-integral protein VAMP-associated protein 
(VAP) (132). Some LTPs, such as OSBP and E-Syts, instead directly bind to 
lipids or proteins in membranes via specific domains, such as pleckstrin ho-
mology (PH)- and C2-domains (133). 
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Among all the MCS, ER-PM contacts are the most well studied. These 
structures were first discovered in muscle cells (134). They are highly con-
served throughout evolution and observed in both single-cell eukaryotes, 
plants and mammals (135, 136).  As previously mentioned, many LTPs have 
been identified as tethers at ER-PM contact sites and therefore contributes 
structurally to these junctions. As a member of the class II phosphatidylinosi-
tol transfer proteins (PITP) (137), Nir2/3, via interactions with ER-localized 
VAP proteins, counter-transport PI and PA at ER-PM contact sites (Fig.2AI). 
This transport is essential for maintaining PM PI(4,5)P2 (138, 139). The oxys-
terol-binding protein (OSBP)/OSBP-related protein (ORP) family, collec-
tively named ORPs, together with VAP, generate ER-PM contacts that regu-
late PI4P, PS and cholesterol levels in the PM (13) (Fig.2AII). The 
LAM/GRAMD family members, which shuttle sterols between the ER and 
PM, anchor themselves in the ER by a C-terminal transmembrane domain, 
and at the same time interacts with the PM via an additional domain (140) 
(Fig.2AIII). The newly discovered extended synaptotagmin family (E-Syts) 
transfer glycerolipid between ER and PM in a Ca2+ dependent fashion 
(Fig.2AIV) (141). Of special relevance to β-cells, it was recently shown that 
the TMEM24/C2CD2L (Fig.2AV) localized to ER-PM contact in these cells 
and is important for the generation of Ca2+ oscillations and insulin secre-
tion(142, 143).  

In addition to LTPs, Ca2+ sensing proteins and channels (144, 145) as well 
as phosphatases (146) are also found at ER-PM contacts, reflecting the im-
portant role of these structures in Ca2+ regulation (144) and signaling (15). 
Among them are the well-characterized ER-PM contacts formed between ER-
localized STIM1 and the PM-localized Ca2+ channel Orai1 (also named Ca2+ 
release-activated channel, CRAC), which play a key role in SOCE (see earlier 
section) (147, 148). STIM1 bind PIs in the PM via the CRAC activation do-
main (CAD) (145, 149) (Fig. 2BI). In muscle cells, junctophilin-mediated ER-
PM contacts clusters VDCC in the PM and bring them in proximity to RyRs 
in ER, and this arrangement facilitates Ca2+-induced Ca2+ release and triggers 
muscle cell contraction (150) (Fig. 2BII). In neurons, a voltage-gated K+ chan-
nel (Kv2.1) couple L-type VDCCs to RyRs at ER-PM MCS. The Kv2.1-
VDCC-RyR triads have been found to generate local Ca2+ increases independ-
ent on action potentials (151). To what extent such structures exist in β-cells 
is not known, although the individual components have been studied in β-
cells. For instance, Kv2.1 modulate glucose-induced action potentials (152) 
and L-type VDCCs are crucial for insulin secretion from β-cells (153). The 
roles of RyRs and junctophilin in β-cells are still unclear, even though studies 
have proposed that RyRs regulate insulin secretion independent of glucose 
(154), and junctophilin-3 is involved in Ca2+ homeostasis by acting upstream 
of RyRs (155). Very recently, in HEK cells, the ER-PM tether anoctamin 8 
(ANO8) was found to assemble Orai1, PMCA, STIM1, SERCA and IP3 re-
ceptors to control Orai1 channel inactivation by facilitating SERCA-mediated  
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Ca2+ influx to ER (156), but to what extent this mechanism is active in β-cells 
is not known. Moreover, ER-PM contact sites participate in signaling, mainly 
through the action of ER-localized phosphatases (PTP1B, STEP, Sac1) (Fig. 
2C) which act in trans on their substrates in the PM or other membranes (13-
15). For instance, the ER-anchored protein tyrosine phosphatase PTP1B di-
rectly interacts with ligand-bound receptor tyrosine kinases (RTKs) at ER-PM 
contacts. PTP1B dephosphorylates RTKs to terminate the signaling in PM and 
facilitate RTK recycling by clathrin-mediated endocytosis (146) (Fig.CI). 

Figure 2. Schematic illustration of ER-PM contact site proteins and their functions. 
A. Lipid transfer proteins at ER-PM contact sites transport the indicated lipids be-
tween the membranes. B. I. STIM1-Orai regulation of SOCE. II. VDCC-RyR regula-
tion of excitation-contraction coupling in muscle cells, which is assisted by Juncto-
philins (JPHs). C. Protein phosphatases, for instance PTP1B (I), and lipid phospha-
tases, including Sac1 (II), localize at ER-PM contacts, where they act on their sub-
strates.  

Extended synaptotagmins 
The Extended-synaptotagmins (E-Syts; tricalbins in yeast) are LTPs that con-
tribute to ER-PM contact formation (15, 136, 141, 157). The E-Syt family 
consists of three isoforms, E-Syt1-3, that are composed of a N-terminal hy-
drophobic hairpin that inserts the proteins into the ER, followed by a cytosolic 
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C-terminus consisting of a synaptotagmin-like mitochondrial and lipid-bind-
ing (SMP) domain and multiple C2-domains. (15, 141). E-Syt2 and E-Syt3 
have three and E-Syt1 has five C2 domains (Fig.3A)  (157-159). The E-Syts 
form homo- or heterodimers via SMP domain dimerization (141, 160). E-
Syt2/3 constitutively bind the PM through an interaction between the most C-
terminal C2 domain and PI(4,5)P2 in the PM. In contrast, E-Syt1 is dynami-
cally recruited to the PM in a Ca2+-dependent manner. Under resting condi-
tions, E-Syt1 resides in an autoinhibited conformation that masks the 
PI(4,5)P2-binding surface of the C-terminal  C2E domain. When the Ca2+ con-
centration rises to the micromolar range, this autoinhibition is released due to 
Ca2+-binding to the C2C domain, which also exposes the SMP to enable lipid 
transport (Fig.3B-C) (161). Intriguingly, heterodimers of E-Syt1 and E-Syt2 
or E-Syt3 adopt properties that resemble E-Syt1 homodimers (141, 161, 162). 
Because of the requirement of micromolar Ca2+ to convert E-Syt1 to its active 
conformation, this process depends on Ca2+ influx through PM-localized ion 
channels, such as voltage-dependent or store-operated channels, and is not 
triggered by Ca2+ release from the ER alone (162). Although E-Syt1-mediated 
ER-PM contacts are induced by SOCE, the E-Syts are not involved in the 
regulation of this process  (141, 162). In addition to Ca2+, Ras associated do-
main family 4 (RASSF4) is involved in the constitutive E-Syt2/3 PM binding 
by locally promoting PI(4,5)P2 synthesis from PI4P through activation of the 
small G-protein adenosine diphosphate ribosylation factor 6 (ARF6), an up-
stream regulator of PIP5Ks (163). 

The E-Syts are classified into one of the LTP families, the tubular lipid bind-
ing protein (TULIP) family, according to the similarity between E-Syts SMP 
domain and the lipid harboring protein modules of TULIPs (160, 164, 165). 
This classification is confirmed by crystallographic studies of the SMP domain 
from E-Syt2 (160). Mass spectrometry analysis of the SMP domain from E-
Syt2 revealed the presence of glycerolipids without specificity for a particular 
head group (160). In vitro lipid transfer assays further proved that E-Syt1 indeed 
shuttle glycerolipids, including DAG, between the ER and the PM down the 
lipid concentration gradient, and that this transport depended on micromolar 
concentrations of Ca2+ and an intact SMP domain (166, 167).  The lipid-
transport function of E-Syts play a supportive role in re-arranging STIM1 clus-
ters and to generate a favorable environment for STIM1 interactions with the 
PM (168). Meanwhile, part of the E-Syt1 generated ER-PM contacts are en-
riched in PI(4,5)P2, which in turn is required for SARAF (169)-mediated inac-
tivation of SOCE (170). The E-Syt1-enhanced ER-PM contacts also facilitates 
the recruitment of Nir2, which sequentially promote the replenishment of 
PI(4,5)P2 in the PM after receptor-induced hydrolysis (171).  Cryo-electron to-
mography studies have recently shown that tricalbin-induced ER-PM contacts 
contribute to the generation of extreme PM curvature. The molecular organiza-
tion of these sites revealed a structural framework for lipid transfer, which was 
necessary for maintaining membrane integrity under heat stress (172, 173).  
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However, E-Syt triple or E-Syt2/3 double knockout mice are viable and fertile 
without obvious abnormal phenotypes regarding ER function, brain morphol-
ogy and function or response to stress (174, 175). These results imply that E-
Syts may play specialized roles in certain tissues instead of functioning in 
fundamental cellular processes. Further studies are needed to determine the 
bona fide role of E-Syts in cellular physiology. 

Figure 3. A. Domain architecture of the extended synaptotagmins. SMP: synaptotag-
min-like mitochondrial lipid-binding protein domain. B. Model of the autoinhibitory 
conformation of E-Syt1 and its Ca2+-meditated recruitment to the PM. Under basal con-
ditions (low Ca2+), the C2A domain interacts with the SMP domain and the C2C domain 
prevents the C2E domain from binding to the PM. When the Ca2+ concentration in-
creases (indicated by the arrow), Ca2+ binds to the C2A and C2C domains and promote 
E-Syt1 binding to PI(4,5)P2 in the PM. In this conformation the protein transfer lipids, 
including DAG, between the PM and the ER. C. TIRF microscopy images of GFP-E-
Syt1 in the β-cell line MIN6 under basal conditions (left) and following depolarization-
induced Ca2+-influx (right). Images are inverted and show fluorescence in black. In-
creased fluorescent intensity reflect the recruitment of E-Syt1 to PM.   

TMEM24
The recently characterized LTP TMEM24/C2CD2L, similar to the E-Syts, lo-
calize to ER-PM contact sites (142). It consists of a short ER-luminal N-ter-
minal domain and a transmembrane domain that is followed by the SMP do-
main, a C2 domain and polybasic C-terminal region (CTR) (142, 176) (Fig. 
4A). TMEM24 is anchored in the ER through the transmembrane domain and 
binds in trans to the PM via the interaction between the CTR and acidic lipids 
in PM, with no apparent preference for specific lipids (142, 176) (Fig. 4B). In 
contrast to the E-Syts’ selectivity to PI(4,5)P2, the PM localization of 
TMEM24 is not affected by acute depletion of PI(4,5)P2 in this compartment 
(141, 142). The dissociation of TMEM24 from the PM, similar to the associ-
ation of E-Syt1 with the PM, depends on Ca2+, but in the case of TMEM24, 
this dependence is due to PKC-mediated phosphorylation of the CTR (142). 
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Conversely, dephosphorylation enable re-association of TMEM24 with the 
PM (Fig.4B-C). TMEM24 forms homodimers via head-to-head dimerization 
between two SMP domains. The hydrophobic cavity of TMEM24 is similar 
to that of E-Syt dimers, but narrower, and it has been suggested that TMEM24 
transfers one lipid at one time instead of two as in the case of E-Syts. 
TMEM24 also transports glycerolipids, with a preference for PIs (141, 176). 
      TMEM24 is highly expressed in the brain and in tissues with neuron-like 
properties, such as the endocrine part of the pancreas, including β-cells (176). 
Knowledge regarding the function of TMEM24 in β cells is limited and unex-
pectedly controversial. Initially, TMEM24 was identified as a Ca2+ sensor lo-
calized on insulin granules of the reserve pool, and it was proposed to be in-
volved in the regulation of sustained insulin secretion based on the observa-
tion that stable knockdown suppressed glucose- but not depolarization-in-
duced insulin secretion. The negative effect of TMEM24 knockdown was 
independent of Ca2+ signaling, since the knockdown cells exhibited normal or 
even improved Ca2+ influx in response to glucose (143). However, the under-
lying mechanism of how TMEM24 regulate insulin secretion is unclear. Re-
cently, another study showed that TMEM24 was ER localized and transferred 
phosphatidylinositol from the ER to the PM to replenish the PM pool of PI4P 
and PI(4,5)P2 in β-cells. The absence of TMEM24 impaired the replenishment 
of PI(4,5)P2 which resulted in ablation of glucose-induced Ca2+ oscillations 
and complete inhibition of glucose-stimulated insulin secretion (142). This 
study failed to detect TMEM24 on insulin granules (142), and it was sug-
gested that the antibodies used in previous studies showed non-specific bind-
ing (143, 177). However, it is not enough to contradict the reported interaction 
between TMEM24 and insulin shown by immunoprecipitation (143). Moreo-
ver, the very dramatic effects on Ca2+ influx in TMEM24 knockout β-cells is 
difficult to explain on the basis of the very small changes in PM PIs reported 
(142). It is therefore necessary to further clarify the mechanism by which 
TMEM24 controls β-cell function. 
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Figure 4. A. Domain architecture of TMEM24. SMP: synaptotagmin-like mitochon-
drial lipid-binding protein domain. TM: transmembrane domain. CTR: C-terminal re-
gion. B. Model for TMEM24 dynamics at ER-PM contact sites. Under basal condi-
tions, TMEM24 binds to acidic lipids in the PM via its CTR. TMEM24 transfers 
phosphatidylinositol (PI) from the ER to the PM. When the Ca2+ concentration in-
creases (indicated by the arrow), Ca2+- activated kinases phosphorylate the CTR of 
TMEM24, which results in dissociation from the PM. Phosphatases dephosphorylate 
the protein and contribute to its re-association with the PM. C. TIRF microscopy im-
ages of GFP-TMEM24 in MIN6 cells under basal conditions (left) and following de-
polarization-induced Ca2+-influx (right). Images are inverted and show fluorescence 
in black. Reduced fluorescence intensity reflects the dissociation of TMEM24 from 
the PM.  
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Aims 

1. Determine the role of plasma membrane PI(4,5)P2 in modulating cy-
tosolic Ca2+ and insulin secretion from β-cells.  

 
2. Determine the function of the lipid transfer protein E-Syt1 at ER-PM 

contact sites in β-cells. 
 

3. Clarify the role of the lipid transfer protein TMEM24 in the regulation 
of β-cell function. 
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Methodology 

All of the materials and methods involved in this thesis work are described in 
detail in each paper. Here, I try to summarize the main techniques used in my 
studies and discuss advantages and disadvantages in relation to alternative 
techniques.   

Pancreatic β-cell models 
There are different approaches to investigate β-cell function in vitro. Isolated 
islets and individual primary β-cells have been utilized in some of my studies 
(paper I). Primary human β-cells appear as the most relevant experimental 
systems. However, human islets are scarce and precious, since the only source 
is braindead organ donors. Besides the limited availability, human islets are 
functionally heterogeneous, which is the result of differences in donor char-
acteristics and pancreas procurement. Therefore, mouse β-cells are many 
cases an attractive alternative. The mouse pancreas is dissected out and sub-
jected to collagenase digestion to isolate islets of Langerhans (178). In order 
to image single cells, the islets are dispersed in a trypsin-containing buffer and 
seeded onto poly-L-lysine-coated coverslips (for details, see paper I). Both 
human and mouse islets require the use of virus vectors to enable expression 
of transgenes, such as fluorescent biosensors (see later sections). However, 
human and mouse pancreatic islets are different with regards to their develop-
ment, cytoarchitecture and physiology (179, 180). For some studies, it is es-
sential to use the primary human β-cells in order to understand the normal 
human physiology and how it changes with diabetes. Human embryonic stem 
cells (hESC)- and human induced pluripotent stem cells (hiPSC)-derived β-
like cells are expected to become an alternative to studies of human β-cell 
biology (181). hESC or hiPSC are induced from a pluripotent stage to the 
pancreatic lineage by a well-defined signaling environment established by a 
cocktail of growth factors and other small molecules (182). With refinement 
of the differentiation protocol, these cells are more and more resembling pri-
mary human β-cells (183) and have been used in several studies to treat dia-
betes in animal models (184, 185). However, these cells are still not identical 
to functionally mature β-cells, indicated by abnormal glucose-stimulated in-
sulin secretion dynamics and intracellular Ca2+ signaling when compared to 
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isolated primary human β-cells (186). In light of the difficulties of using pri-
mary β-cells, the limitations with stem-cell-derived insulin-secreting cells and 
consideration of the 3R principle (replace, reduce, refine) of animal experi-
ments, immortalized β-cell lines constitute a very valuable alternative to pri-
mary β-cells (187). 
β-cell lines have been produced by radiation, virus infection or in vitro 

transformation of islets from various species or from non-islet cells (187). 
Compared to primary β-cells, the cell lines have the advantages of unlimited 
growth and relative ease of transfection or genetic modification. However, the 
cell lines differ a lot in the glucose-induced insulin secretory response. Alt-
hough none of the β-cell lines behave exactly as primary β-cells, the MIN6 
and INS-1 cell lines so far are the best, since they express glucokinase and 
respond to glucose in the physiological concentration range (187). MIN6 cells 
were derived from transgenic mice by SV40-driven expression of the T-anti-
gen(188). These cells express GLUT2 and glucokinase, and exhibit about 7-
fold increase in glucose-stimulated insulin secretion in response to a step-in-
crease from 5 mM to 25 mM glucose (188, 189). This response is gradually 
reduced with time in culture, and it is therefore important to use cells with low 
passage numbers (190). In my studies, MIN6 cells were used between pas-
sages 18-35. 

INS-1 cells were derived from an X-ray-induced rat insulinoma. These 
cells also express GLUT2 and glucokinase and show robust glucose-stimu-
lated insulin secretion. However they also exhibit unstable and heterogeneous 
behavior during extended culture periods (191). Later, the sub-clone INS-1E 
was developed and found to exhibit more stable glucose-induced physiologi-
cal responses, with about 6-fold increase of insulin secretion in response to a 
step increase of glucose from 3 mM to 15 mM (192). There is also increasing 
usage of the human β-cell lines EndoC-βH1 and EndoC-βH2. They were gen-
erated from human fetal pancreatic buds transduced with a virus vector ex-
pressing SV40LT under the insulin promotor (193, 194). EndoC-βH1/2 are 
highly representative of human β-cells, since they express β-cells markers, 
secrete insulin in response to glucose and other insulin secretagogues, and can 
reverse diabetes in mice (193, 194). Since monolayers of β-cells cannot repli-
cate the robust and biphasic insulin secretion of primary islets, pseudo-islets 
generated from β-cell lines can be a better substitute for primary islets (195). 
Pseudo-islets are obtained by seeding β-cell in dishes treated with a substrate 
that prevents adhesion (for details, see paper I). 

In this thesis, MIN6 cells were the preferred β-cell model and used as a 
complement to, and substitute for, primary mouse β-cells. Besides the above-
mentioned advantages, our lab has accumulated a large body of data indicat-
ing that MIN6 cells resemble primary mouse β-cells, including similarities in 
Ca2+ responses to various stimuli, such as glucose, and pronounced glucose-
stimulated insulin secretion. Additionally, MIN6 cells are relatively easy to 
culture (details in paper II) and they can be transfected by liposome-based 
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reagents with around 20% efficiency and infected by adenovirus with nearly 
100% efficiency, which is very useful for the single cell-based fluorescence 
microscopy assays used in my studies. 

Insulin secretion measurement in vitro 
There are several approaches to measure insulin secretion from isolated islets, 
monolayers of β-cells or pseudo-islets. The most well-established techniques, 
such as enzyme-linked immunosorbent assay (ELISA) and radioimmunoassay 
(RIA), utilize antibody-based detection of secreted insulin. In my studies, the 
supernatant from β-cells or islets was sequentially collected at basal and stim-
ulated conditions. β-cells or islets were subsequently carefully collected and 
lysed to determine the insulin content of the cells. The insulin concentrations 
in the samples were then normalized against the insulin content. These assays 
have limited sensitivity and temporal resolution, with the limit being meas-
urements of insulin secretion from single islets with a few seconds time reso-
lution(196). The amounts of insulin released from single cells is thus below 
the detection limit of the immunoassays (197). 

There are several techniques that enable visualization of insulin secretion 
at the single β-cell level. One such technique utilizes the pH-sensitive fluores-
cent protein pHluorin fused to an insulin granule protein, such as VAMP2 
(198). This fusion protein is virtually non-fluorescent at the acidic pH (5.0) of 
the granule lumen, but becomes fluorescent as the granule fuses with the 
plasma membrane and its contents (including pHluorin) gets exposed to the 
pH-neutral extracellular environment. Each fusion event can be seen with 
TIRF microscopy (seen section blow) as a local “flash”, followed by a general 
increase in fluorescence as pHluorin molecules gradually accumulate in the 
PM. The fluorescence intensity will initially increase proportionally to exocy-
tosis, but eventually level out due to compensatory endocytosis (199). Meas-
urements of the changes in PM fluorescence intensity can therefore be used 
as a proxy for insulin secretion from single cells (referred to as the VAMP2 
assay). It is worth to mention that the signal changes represent the mixed effect 
of exocytosis and endocytosis, which is a disadvantage. In addition, it is a 
semiquantitative approach as it can only detect changes in secretion but not 
determine the absolute amounts released. Another approach to assess insulin 
release is to track the behavior of fluorescent labeled granules by TIRF mi-
croscopy. Fluorescently tagged granule-localized proteins (VAMP2, syncolin, 
etc.) or insulin granule cargo peptides (e.g. NPY) are used to label insulin 
granules. In TIRF microscopy time lapse recordings, tracking of the rapid dis-
appearance of granules indicates an exocytotic event. More meticulous anal-
ysis can also identify other key steps preceding granule fusion with the PM, 
such as docking and the formation of the fusion pore (178, 200). The data 
analysis is the most time-consuming part of this approach.  
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There are also numerous microscopy-based methods for detection of insu-
lin secretion that depends on autocrine feedback of insulin granule content, 
including DAG formation following activation of P2Y1-receptors by ATP and 
PI(3,4,5)P3 formation following activation of insulin receptors (105, 201). The 
insulin granules also contain high concentrations of Zn2+. The chemical dye 
zinc indicator ZIMIR has been used to indirectly monitor insulin secretion by 
fluorescence intensity changes caused by Zn2+ co-released with insulin (202). 
ZIMIR is easily applicable since it does not require transfection. However, 
data obtained with this and other techniques depend on feedback from granule 
cargo and should be carefully interpreted since they only indirectly reflect in-
sulin secretion (202). 

Exocytosis of insulin granules can be also determined by capacitance meas-
urements using the patch-clamp technique. Granule exocytosis results in an 
increase in cell surface that is proportional to cell capacitance, with a constant 
of 1µF/cm2 (203). Both the conventional whole-cell and cell-attached patch 
clamp configuration can measure cell capacitance. This technique can quanti-
tatively and rapidly monitor cell exocytosis kinetics, with low noise back-
ground and high temporal resolution. However, this approach also records a 
mix of exo- and endocytosis and is invasive, as well as very low through-put. 
In addition, this technique is also limited to short-term recordings and is there-
fore not well suited to follow insulin secretion kinetics over long periods of 
time. 

Another electrophysiological technique used to detect insulin release is am-
perometry. This method is based on the use of an extracellular carbon fiber 
microelectrode modified with ruthenium oxide and cyanoruthenate. Released 
insulin is detected by the electrode and triggers current spikes, which correlate 
with the numbers and sizes of granules undergoing exocytosis (204).  

In my thesis work, the biochemical approach (ELISA) was used to deter-
mine insulin secretion from groups of islets or large cell populations. When it 
comes to the single cell level, optical approaches were used instead. Due to 
the inherent limitations of the two approaches, it is best to base conclusion on 
data obtained using both techniques in parallel. 

Live cell imaging 
Fluorescence microscopy (FM) of living cells is an essential technique in cell 
biology research. FM can be used to investigate any cellular process, provided 
that the object of interest is fluorescently labeled, for instance using a fluores-
cent protein (FP) tag or fluorescent dyes. The most widely used FM tech-
niques are wide-field epifluorescence, confocal- and total internal reflection 
fluorescence (TIRF) microscopy (205). What type of FM to use is determined 
by the aims of the experiments, the characteristics of the cellular activities in 
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studies, the subcellular localizations of the interested objects, and by the spa-
tiotemporal resolution requirements. Phototoxic effects, referring to the re-
lease of radicals and highly reactive breakdown products of fluorophores 
caused by photobleaching, is an essential factor to be considered during live 
cell imaging experiments since phototoxicity strongly affects the status of the 
cells (206). Limiting the exposure time and light intensity reduces phototoxic 
effect. Photobleaching causes an overall decline of the total fluorescence 
which complicates data analysis. Therefore, the proper choice of fluorescence 
labeling method, microscopy type and sampling protocol needs to be consid-
ered. In general, minimizing photodamage as well as obtaining a sufficiently 
high signal-to-noise ratio and maintaining a physiological environment (buff-
ers, temperature) are challenges for obtaining high-quality data from live cell 
FM experiments. 

TIRF microscopy allows specific observation of fluorophores within, or 
just beneath, the PM of adherent cells. This method is based on total reflection 
of the excitation light at the interface between the glass coverslip and adherent 
cells, which gives rise to an exponentially decaying evanescent wave that 
propagates with a distance constant (decay constant) of approximately 100 nm 
into the cell and selectively excites fluorophores within this volume (207). In 
my studies, TIRF microscopy (detailed setup information in Papers I, II and 
III) was used to visualize the dynamics of endoplasmic reticulum-plasma 
membrane proteins, to monitor the sub-plasma membrane Ca2+ concentration 
and to determine lipid distribution and concentration changes in the PM. Due 
to the high axial resolution, TIRF microscopy is also ideal for visualization of 
single granule behavior and for single molecular tracking (208).  

Confocal microscopy is used to investigate deeper parts of living cells. 
Point-scanning and spinning-disk confocal microscopes are the most com-
monly used systems. Point-scanning confocal microscopes acquire images by 
a single beam scanning the whole specimen, typically with relatively low 
speed and high excitation light intensity. Spinning-disk confocal microscopes 
scan the whole area by multiple beams in parallel through an array of pinholes 
mounted in a rotating Nipkow disk. The scanning is therefore much faster and 
although the total light exposure is the same as in point-scanning microscopes, 
the peak intensity is lower, which reduces phototoxicity and photobleaching 
(209). Therefore, spinning-disk confocal microscopy is more suitable for live 
cell imaging (205). In my studies, a spinning-disk confocal microscope (setup 
details in paper I, II and III) was used to observe protein distribution, cytosolic 
Ca2+ signaling and organelle morphology (205). 

Ca2+ imaging techniques 
Techniques for monitoring Ca2+ concentration changes in living cells utilize flu-
orescence microscopy and calcium indicators, which change their fluorescence 
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intensity or absorption or emission spectrum upon binding to Ca2+. Small mol-
ecule chemical dyes and genetically encoded indicators are the two main types 
of Ca2+ indicators.  

All the chemical Ca2+ dyes are based on BAPTA, a fast Ca2+ chelator and 
EGTA homologue, which binds Ca2+ with high selectivity over Mg2+ and other 
divalent cations (210). They contain multiple carboxyl groups which renders 
the compounds membrane impermeable. To increase lipophilicity, the carbox-
ylic groups are esterified with an acetoxymethyl (AM) ester tail. Once the indi-
cator enters the cells, the ester bonds are hydrolyzed by cellular esterase activity, 
thereby trapping the active Ca2+ indicator inside the cells. Binding of Ca2+ to the 
indicator results in increased quantum yield of fluorescence or a shift in emis-
sion/excitation wavelength that is proportional to the Ca2+ concentration 
changes (210). The dissociation constant (Kd) (210) describes how strongly the 
dye binds to Ca2+. It refers to the Ca2+ concentration at which half of the dye 
molecules are bound to Ca2+ at equilibrium. The range of Ca2+ concentrations 
detected by an indicator are approximately 0.1 to 10 times of their Kd value 
(210). The cytosolic Ca2+ concentration in β-cells varies from around 100 nM 
at basal condition to low micromolar during stimulation (211). Therefore, high 
affinity indicators with Kd values around several hundred nanomolar, for in-
stance Fluo-4 (Kd 335nM), Fura-2 (Kd 161 nM) (212) and cal520 (Kd 320nM) 
(210) are the most commonly used Ca2+ indicators for β-cell research. The dyes 
are easily loaded into cells by preincubation for 30-60 minutes in buffer con-
taining 1-5 µM of the AM ester form of the indicator. 

Genetically encoded Ca2+ indicators (GECIs) are categorized into the Förster 
resonance energy transfer (FRET)-based cameleon type (213) and the single 
GFP type (214). The latter type, including the commonly used GCaMP Ca2+ 
indicators, is based on a fusion of calmodulin (CaM), the M13 domain of myo-
sin light chain kinase (the Ca2+ sensor) and circularly permutated GFP (cpGFP) 
or its fluorescent variants. Ca2+ binding to CaM enables it to interact with the 
M13 domain, which in turn causes a conformation change in cpGFP and an 
increase in fluorescence (214). Modifications to the original GCaMP indicator 
have led to the development of a series of GCaMP-indicators, for instance 
GCaMP5, which has more pronounced fluorescence signal increases in re-
sponse to Ca2+ binding than the parental indicator, and R-GECO, which has red-
shifted absorption and emission spectra (215). Genes encoding GECIs need to 
be delivered into cells by liposomes or viruses, followed by an extended incu-
bation time to allow for expression of the indicators before imaging. In my stud-
ies, GCaMP5G and R-GECO were used to monitor Ca2+ concentration changes 
in cells.   

Both chemical indicators and GECIs have their advantages and disad-
vantages. Many dyes with wide ranges of Ca2+ affinities and excitation/emission 
properties are available. The dyes are also easily introduced into most types of 
cells without the need of special delivery systems. However, chemical dyes are 
difficult to target to specific compartment of cells and impossible to target to 
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specific cell types in mixed cell populations (210). In addition, most of the 
chemical dyes are extruded from cells during long experiments (216, 217), 
which, in addition to photobleaching, results in significant reduction in indicator 
fluorescence over time that complicates post-acquisition analysis. In contrast, 
GECIs have the advantages of being readily targetable to specific cell types or 
subcellular compartments, through the introduction of a cell type-specific pro-
moter or a targeting sequence, respectively. GECIs are also more resistant to 
photobleaching and are less phototoxic to living cells (210) and they can easily 
be co-expressed with other protein in cells. However, GECIs need maturation 
time, which results in long preparation times. Additionally, the performance of 
GECIs to some extent depends on the transfection efficiency. Both chemical 
Ca2+ dyes and GECI also act as cellular Ca2+ buffers, since their function in-
volves binding to Ca2+. The buffering effect of Ca2+ indicators may impact both 
the strength of Ca2+ signaling and, more noticeably, the signaling kinetics (210). 
Therefore, it is important to select the appropriate Ca2+ indicator according to 
their binding affinities, subcellular localization and the physiological process 
under study. 

Some of the Ca2+ indicators are intensiometric sensors (such as Fluo4, 
GcAMP), which changes fluorescence intensity upon binding to Ca2+, and the 
rest are ratiometric sensors (such as FIP-CBSM Fura2), which show a shift in the 
absorption or emission spectrum when bound to Ca2+. To determine the actual 
intracellular free Ca2+ concentration, ratiometric sensors are preferred over in-
tensiometric sensor as the fluorescence intensity of the latter also depends on 
indicator concentration. To obtain accurate Ca2+ concentration measurements, 
the sensor properties need to be calibrated for each experimental condition, and 
will depend on the microscope setup, cell type, buffer composition and temper-
ature. The equation to calculate the Ca2+ concentration from ratiometric meas-
urements is [Ca2+]=Kd(R-Rfree)/(Rbound-R), where R is the ratio, Rfree is the ratio 
with no Ca2+ and Rbound is the ratio when the sensor is saturated with Ca2+ (for 
elaborate protocol see (218)). The Kd value of each sensor may vary depending 
on pH, temperature or other circumstance (in vitro or intracellular). Therefore, 
Kd usually needs to be determined under different experimental conditions by 
determining the ratio while titrating Ca2+ at known concentrations in permea-
bilized cells (218). 

Methods to detect phosphoinositides  
Techniques to measure phosphoinositides (PIs) can be broadly categorized 
into biochemical and optical techniques. PIs can be detected by immunochem-
ical approaches, and commercial antibodies exist for all PIs except PI5P (82). 
Immunohistochemical staining of PIs theoretically can reveal all lipid pools. 
This method can also be applied to tissue samples where the use of biosensors 
is precluded. However, this approach can only show a single time point, since 



 34 

fixation is required. Moreover, these stainings are highly sensitive to sample 
preparation, as traditional fixation will extract lipids from the samples (219, 
220). Other biochemical techniques, for instance thin layer chromatography 
(TLC), ion-exchange high performance liquid chromatography (HPLC) and 
mass spectrometry can be used to quantify in parallel most PIs from complex 
samples (219, 221). These techniques are highly sensitive and quantitative and 
can be used to map all the PIs in one sample. However, this method has poor 
temporal resolution since it only provides the analysis of PIs at a single time 
point. In addition, the method cannot provide information on the PIs’ distri-
bution in cells or tissues without prior fractionation (222). Of course, progress 
in the field, such as imaging mass spectrometry, are trying to remedy these 
limitations (222-224). 

Optical techniques are used to identify the intracellular location and rela-
tive abundance of PIs by observing fluorescently tagged PI-binding protein 
domains (PI-sensors) (82). The principle of PI-sensors is the specific interac-
tion between a PI with a protein domain. For live-cell imaging, which is most 
relevant for my thesis work, PI-sensors generated by fusing fluorescent pro-
teins with PI-specific interaction domains (225) was the most important tool. 
Genes encoding PI-sensors can be introduced into cells and used to monitor 
the localization and relative concentration changes of specific PIs under dif-
ferent conditions. Many PI-sensors have been developed (226). The Phox ho-
mology (PX) domain of p40phox and the tandem dimer of the FYVE (Fab-
1,YGL023,Vps27, and EEA1) domain from hepatocyte growth factor regu-
lated tyrosine kinase substrate (HRS) or early endosomal antigen 1 (EEA) are 
used as a specific markers for PI3P in the endosomal system (227-229). The 
pleckstrin homology (PH) domains of four-phosphate adaptor protein 1 
(FAPP1) and oxysterol-binding protein (OSBP) report PI4P in the Golgi ap-
paratus, but not in the PM (230). In contrast, the PH domain of the OSBP-like 
protein oxysterol-binding protein homolog 2 (OSH2) mainly recognizes PI4P 
in the PM (231). The differences in lipid recognition is caused by the require-
ment of different co-receptors, such as ADP-ribosylation factor 1 (ARF1) in 
Golgi (230). The PI4P binding of the P4M domain of the secreted bacterial 
effector protein SidM not only reports PM/Golgi localized PM but also PI4P 
on late endosomes (232). The PH domain of PLCδ1 is the most widely used 
reporter of PM PI(4,5)P2 (2, 233), whereas the PH domain of Tandem PH-
domain containing protein 1 (TAPP1) is used to report PI(3,4)P2 (234). De-
tection of PM PI(3,4,5)P3, generated downstream of tyrosine-kinase receptors, 
has primarily been done using the PH domains of AKT (protein kinase B) (2), 
Brutons tyrosine kinase (BTK), general receptor of phosphoinositides 1 
(GRP1), ARF nucleotide-binding-site opener (ARNO) and cytohesin 1 (2, 
235). Wide-field epifluorescence, confocal and TIRF microcopy are usually 
used to real-time monitor the redistribution of fluorescently tagged versions 
of the above-mentioned domains as readout for concentration changes of spe-
cific PIs within cellular membranes. Super-resolution microscopy or electron 
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microcopy can overcome the resolution limitation of traditional light micro-
scopes, but mainly applies to fixed samples (82). 

Although protein domain-based sensors are robust tools for studying PI dy-
namics in living cells, several key problems must be considered when it comes to 
experimental design and interpretations of results. First of all, overexpression of 
this kind of biosensor may prevent the downstream signaling of the targeted lipid 
by preventing its binding to endogenous effector proteins (82). Applying an es-
tablished chemical to initiate the involved downstream signaling in cells without 
sensor expression, or expressing a sensor with reduced affinity for the lipid, are 
appropriate controls. Another factor to consider is that most PI-sensors only label 
certain lipid pools (93) or function within a narrow concentration range that is 
determined by the sensors’ affinity for the lipid (82). Moreover, some domains 
can recognize more than one lipid (2, 82). Therefore, thorough studies of the 
known characteristics of biosensors are necessary. Whereas most protein-based 
PI-sensors change localization with lipid binding, there are also versions that un-
dergo changes in fluorescence resonance energy transfer (FRET) (82). One ap-
proach for generating such a FRET sensor is to sandwich a lipid-binding protein 
domain between two fluorophores (such as CFP and YFP), and upon binding to 
the lipid, a conformational change in the lipid-binding domain causes a change in 
the distance between the two fluorophores, and hence in the energy transfer (82). 

Methods to manipulate phosphoinositides  
Techniques to manipulate PIs in cells are pivotal for investigating the roles of 
these lipids in cellular activities. Long-term changes in PI levels may be 
achieved by genetically perturbating the enzymes involved in PI metabolism. 
Cells with altered PI levels have been generated by transient or stable knock-
out, knock-down or knock-in techniques and are commonly used models for 
investigating PI functions (82, 236-239). However, since PI metabolism is ex-
tremely complex, the consequence of silencing or overexpressing one enzyme 
may be compensated by another metabolic pathway, or more than one PI 
could be affected by genetic perturbation of only one enzyme (82).  

There are numerous methods to more acutely manipulate PI levels. Phar-
macological manipulation is a classical and convenient technique to regulate 
PIs, and numerous inhibitors that target the PI network exist. Examples of 
such compounds are the PI3-kinase inhibitors wortmannin (240) and 
LY294002 (241) and the PI4-kinase inhibitor phenylarseneoxide (PAO) 
(242). However most of the inhibitors are not specific, which complicates the 
interpretation of the results. In fact, inhibitors of many of the PI-metabolizing 
enzymes are lacking. In addition to inhibitors, antagonists and agonists of re-
ceptors that couple to phosphoinositide metabolism can be useful tools for 
acute manipulation of PIs. For example, the muscarinic receptor agonist car-
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bachol deplete PM PI(4,5)P2 through activation of phospholipase C (243). Re-
ceptor agonists and antagonists not only affect PIs but usually also gives rise 
to other changes in the cell. For example, PI(4,5)P2 hydrolysis by phospho-
lipase C activation results in simultaneous IP3-mediated release of Ca2+ from 
the ER. Another technique to rapidly increase the concentration of specific 
PIs is the use PI analogs that can be directly added to cells in culture. How-
ever, theoretically the PI analogs can incorporate into all cellular membranes, 
which is different from the heterogenous subcellular distribution of endoge-
nous PIs (82). Recently, photo-switchable lipid analogs (e.g PI(3,4)P2, 
PI(3,4,5)P3, PI3P, PI(4,5)P2 and its derivative DAG) (116, 244-246) were de-
veloped. These lipids are delivered in an inactive form that is rendered active 
by illumination, and by focused illumination it is possible to increase the con-
centration of specific PIs with subcellular precision. 

Another strategy that has been successfully used to control the concentra-
tion of specific PIs in the plasma membrane relies on the generation of induc-
ible PI-metabolizing enzymes (82). The principle of such inducible enzymes 
is to genetically fuse a PI-metabolizing enzyme or its catalytic domain to a 
domain that can sense membrane potential changes (Fig.5AI). Depolarization 
of cells expressing these fusion proteins results in a conformational change in 
the voltage sensor which brings the PI-metabolizing enzyme into proximity 
of its substrate lipid in the PM. This method is a powerful tool for studies of 
e.g. ion channels or other processes that occurs in the PM, but it does not allow 
manipulation of PIs in other cellular membranes (82, 247). A perhaps more 
flexible tool to acutely control PI levels in cells relies on rapamycin- (or an 
analog of this drug) induced FKBP12-FRB heterodimerization (Fig.5AII). By 
fusing one part of this system with a membrane anchor and the other part to a 
PI-metabolizing enzyme, it is possible to control the cellular localization of 
the enzyme by the addition of rapamycin (248). For example, FKBP12 fused 
to the 5’-phosphotase domain from INPP5E can be recruited to the PM 
through rapamycin-dependent interactions with FRB targeted to the PM. The 
drug-induced translocation is associated with dramatically PI(4,5)P2 depletion 
from the PM, which can be monitored in real time using the above-described 
PI-sensors (249). The strengths of this system are the rapid mode of action, 
the precise PI manipulation and the versatility. However, besides inducing di-
merization, rapamycin affects PI3-kinase through suppressing the mTOR 
pathway, which may complicate data interpretation of experimental results 
(82). In the context of diabetes research, a large body of papers report that 
rapamycin itself affect glucose-stimulated insulin secretion from β-cells and 
islets in vitro and in vivo (250). Though a rapamycin analog can be used to 
trigger dimerization without activating endogenous enzymes, this problem 
still needs to be considered, especially with respect to β-cell studies. Moreo-
ver, the rapamycin-induced ternary complex is essentially irreversible (251). 
It is experimentally possible to break the interaction by the addition of a ra-
pamycin-sequestering compound, but this makes the experimental protocol 
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very complicated (252). Beyond that, it is difficult to obtain control over di-
merization with sub-cellular precision with this system. Although rapamycin 
uncaging can accomplish this, the accuracy is quite low (253). 

More recently, heterodimerization strategies controlled by light have been 
developed. These techniques overcome some of the obstacles of the rapamy-
cin-dependent system mentioned above. Several light-controlled heterodimer-
ization pairs exist, but the two most frequently used to manipulate PIs are 
CRY2-CIBN (Fig.5AIII) and PhyB-PIF6 (Fig.5AIV), which are triggered by 
blue and red light, respectively (254, 255). In my work (paper I), we reversibly 
depleted/generated PI(4,5)P2 in the PM by fusing the 5’-phosphatase domain 
of OCRL (Fig.5BI) or the 5’-kinase domain of PIP5K1   (Fig.5BII) to CRY2 
and targeting CIBN to the PM by a transmembrane domain (TMD) or a pal-
mitoylation motif(256, 257). The change in PI(4,5)P2 concentration appears 
already seconds after light illumination, which is much faster than the rapamy-
cin-dependent system, and it fully recovers within 10-20 minutes in the ab-
sence of blue light (256). Beside manipulating PIs, we developed a light in-
ducible ER-PM contact (paper II) by replacing the last three C2 domains of 
E-Syt1 with CRY2 and targeting CIBN to the PM by a transmembrane domain 
(Fig.5C). A slightly different optogenetic approach based on a light-oxygen-
voltage (LOV) domain from Avena sativa has also been used to modulate cel-
lular PI levels (Fig.5AV). This tool depends on an intramolecular conforma-
tional switch induced by light, and does not require dimerization (258).  

The major advantages of the optogenetic techniques are their rapid kinetics, 
modularity, reversibility and non-invasiveness (82). Additionally, they also 
enable local manipulation of PIs by focal illumination. However, the tech-
nique limits the number of fluorescent proteins that can be used together with 
the tools, since a portion of the available spectrum must be used for the stim-
ulation of dimerization (258). Moreover, we have observed that extended ex-
posure to blue light has negative effect on β-cells, possibly through the gen-
eration of free radicals as described above in the section on live-cell imaging. 
Therefore, cells expressing one of the dimerization modules fused to a PI-
metabolizing enzyme becomes an essential control(256, 259, 260). 
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Figure 5. A. Schematic illustration of different principles for inducible protein- 
protein interaction systems. I. Depolarization induces a conformational change of in the 
voltage-sensing VSP domain, which reversibly brings the linked part, here denoted X (e.g. 
PI metabolizing enzyme), in proximity to the PM. II. Addition of rapamycin induces irre-
versible dimerization of FK506 binding protein (FKBP) and FKBP-rapamycin binding 
domain (FRB), which results in the irreversible interaction of their linked parts (X and Y). 
III. Blue light reversibly triggers dimerization of Cryptochrome 2 (CRY2) and the N-ter-
minal region of Arabidopsis thaliana CIB1 (CIBN), which brings their fused parts in prox-
imity to each other. IV. A light-sensitive holoprotein is formed by phytochrome B (PhyB) 
covalently bound to the chromophore phycocyanobilin (PCB). Red light makes PhyB bind 
to PIF, allowing interactions between their linked parts. Far red light reverses the PhyB-
PIF binding. V. The light/oxygen/voltage (LOV) domain consists of a “core” (FMN) and 
a helical domain (J ). Proteins (e.g. an enzyme) linked with J  is caged by the “core”.  
FMN senses blue light and reversibly undocks J , which releases the linked part. B-C. 
Applications of the blue light-controlled CRY2-CIBN system in this thesis.  B. I. Light-
induced PM PI(4,5)P2 dephosphorylation. II. Light-induced PM PI(4,5)P2 generation. 
OCRL, 5’-phosphatase domain; PI4P5K, PI4P-5’-kinase domain. C. Light-induced ER-
PM contacts. The last three C2 domains of E-Syt1 are replaced by CRY2. CIBN is an-
chored in PM by transmembrane domain. Blue light-induced dimerization of CRY2 
and CIBN generate ER-PM contacts.  
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Results and discussion 

Plasma membrane PI(4,5)P2 is a positive regulator of 
Ca2+ influx in β-cells 
In β-cells, elevated glucose concentrations initiate Ca2+ oscillations, which in 
turn give rise to pulsatile insulin secretion (261). PI(4,5)P2 has been shown to 
regulate insulin secretion via multiple mechanisms, including ion channel gat-
ing and facilitation of insulin granule fusion with the plasma membrane (5, 7, 
262). The consumption of PI(4,5)P2 in the PM is mainly mediated by PLC, 
which is activated by numerous Gq-coupled receptors with resulting cytosolic 
Ca2+ increase caused by IP3-mediated mobilization of Ca2+ from the ER (91). 
However, PI(4,5)P2 is also known to regulate Ca2+ homeostasis at the level of 
cell surface ion channels, primarily by controlling their open probability (8). 
To characterize the interplay between PI(4,5)P2 and Ca2+ in more detail, α-
toxin-permeabilized MIN6 cells co-expressing the PI(4,5)P2 biosensor GFP-
PH-PLCδ1 and the Ca2+-indicator R-GECO was used. TIRF microscopy imag-
ing revealed dose-dependent depletion of PM PI(4,5)P2, indicated by the loss 
of plasma membrane-associated GFP fluorescence, in response to step-wise 
increases of the intracellular Ca2+ concentration. This most likely reflected 
Ca2+-induced activation of PLC or modulation of the activities of PI(4,5)P2 
phosphatases or kinases (2). Next, we investigated the relationship between 
plasma membrane PI(4,5)P2 and Ca2+ in intact cells. To test if receptor-trig-
gered modulation of PI(4,5)P2 levels could interfere with voltage-dependent 
Ca2+-influx in β-cells, we exposed MIN6 cells to a depolarizing concentration 
of KCl in the absence or presence of the muscarinic receptor agonist car-
bachol. We found that depolarization-induced Ca2+-influx was suppressed by 
carbachol, and both the carbachol-induced PI(4,5)P2 depletion and the accom-
panying suppression of  Ca2+ were more pronounced in β-cells overexpressing 
PLC-coupled muscarinic M1-receptors. These data demonstrate a positive 
role of PI(4,5)P2 in the regulation of voltage-dependent Ca2+ influx in β-cells. 
Ca2+ also contributes to the regulation of plasma membrane PI(4,5)P2 through 
effects on both PLC and PI(4,5)P2 kinases/phosphatases, with an overall effect 
of reducing PI(4,5)P2 levels (2, 263). This reduction may be important to re-
strict Ca2+-elevating mechanisms and prevent Ca2+ overload in β-cells. 
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Plasma membrane PI(4,5)P2 controls depolarization-
induced Ca2+ influx via gating of L-type VDCC 
In order to temporally control the  PI(4,5)P2 concentration specifically in the 
PM without inducing receptor-mediated Ca2+ signaling, we took advantage of 
a light-controllable PI(4,5)P2 phosphatase (257) (Opto-5ptase), which is com-
posed of the 5’-phosphatase-domain of the inositol polyphosphate 5-phospha-
tase OCRL fused to the blue-light receptor CRY2. The phosphatase can be 
recruited to the PM by binding to PM-anchored CIBN (CIBN-CAAX) in re-
sponse to blue light illumination (257). We expressed GFP-Opto-5ptase and 
CIBN-CAAX together with the PI(4,5)P2 biosensor PH-PLCδ1-mRFP in 
MIN6 and INS-1 cells. TIRF microscopy recordings showed that blue light 
illumination induced rapid recruitment of Opto-5ptase to the plasma mem-
brane, and this translocation coincided with the loss of PH-PLCδ1-mRFP from 
the same compartment in a light-dose-dependent manner. Similar results were 
obtained in primary β-cells and islets using adenoviral expression of Opto-
5ptase.  

To determine the effect of PI(4,5)P2 depletion on Ca2+ signaling, we co-
expressed GFP-Opto-5ptase, CIBN-CAAX and PH-PLCδ1-iRFP with the Ca2+ 
indicator R-GECO to monitor PI(4,5)P2 and Ca2+ simultaneously in both 
clonal β-cells (INS-1 and MIN6) and intact human islets. In all experimental 
systems, the light-induced PI(4,5)P2 depletion consistently suppressed depo-
larization-induced Ca2+-influx by around 50%, and similar degree of suppres-
sion was also seen when PI(4,5)P2 was removed using rapamycin-dependent 
translocation of a 5’-phosphatase (249) to the PM. Although PI(4,5)P2 is 
known to stabilize the open conformation of various ion channels and facili-
tate ion conductance in excitable cells (8), it is still unclear how the PI(4,5)P2-
mediated channel gating affects intracellular Ca2+ in β-cells (264). Since L-
type VDCC, reported as one of the PI(4,5)P2-dependent channels in other 
types of cells (264), is the dominant form in the β-cell, we suspected that these 
channels are the main targets of PI(4,5)P2 action (8, 69, 264, 265). Using 
whole-cell patch clamp recordings, we found a significant decrease in voltage-
dependent Ca2+ currents in MIN6 cells after light-induced PI(4,5)P2 depletion, 
and this impaired Ca2+ influx was rescued by the L-type VDCC agonist BAY 
K8644. Therefore, PI(4,5)P2 depletion impairs depolarization-induced Ca2+ 
influx mainly via reducing the conductance of L-type VDCC. However, the 
mechanism by which PI(4,5)P2 gates L-type VDCC is unknown. The L-type 
VDCC is composed of a pore-forming -subunit and an accessory β-subunit, 
which are responsible for conductivity and PM localization, respectively (264, 
266, 267). Since BAY K8644, which binds the pore-forming subunit, could 
partially restore channel function in the absence of PI(4,5)P2, it is likely that 
the lipid has direct effects on the channel conductance, but it does not rule out 
additional effects, such as changes in channel composition or distribution 
within the plasma membrane. 
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PI(4,5)P2 depletion suppresses glucose-induced Ca2+ 
oscillations and insulin secretion  
Given the marked inhibition of voltage-dependent Ca2+ influx observed after 
plasma membrane PI(4,5)P2 depletion, we suspected that PI(4,5)P2 would be 
crucial for glucose-dependent Ca2+ signaling in β-cells. In β-cell lines, as 
well as in human and mouse islets, light-induced PI(4,5)P2 depletion 
strongly suppressed glucose-induced Ca2+ oscillations, which fully recov-
ered upon interruption of illumination with subsequent PI(4,5)P2 re-synthe-
sis. No effects on glucose-induced Ca2+ oscillations were seen when a cata-
lytically inactive version of Opto-5ptase was recruited to the plasma mem-
brane, showing that the light-induced suppression of Ca2+ signaling was due 
to reduced PI(4,5)P2 levels. 

Glucose induces Ca2+ influx through membrane depolarization, caused by 
metabolic conversion of the sugar into ATP, followed by closure of KATP chan-
nels) (268). The KATP channels are also known targets of PI(4,5)P2, where the 
lipid stabilizes the open conformation of the channel and thereby prevents de-
polarization (99). Therefore, we decided to determine the effect of PI(4,5)P2 

on KATP channels in β-cells. Due to the opposite actions of KATP channels and 
VDCCs in response to glucose (KATP channels close and VDCCs open), 
changes in plasma membrane PI(4,5)P2 levels may have very different effects 
on β-cell function depending on which channel it affects. To test this hypoth-
esis, we replaced the 5’-phosphatase domain with a PI4P5-kinase domain 
(PI4P5K) to establish a light-induced PI(4,5)P2 synthesis system. As expected, 
blue light increased PI(4,5)P2 levels in the PM and augmented depolarization-
induced Ca2+ influx. Pharmacological inhibition of KATP-channels with tolbut-
amide caused an immediate rise of Ca2+, which was suppressed in cells with 
elevated PM PI(4,5)P2 levels. Together, these results show that PI(4,5)P2 reg-
ulates the conductivity of both KATP channels and VDCCs and implicate that 
both elevated and lowered levels of plasma membrane PI(4,5)P2 can have neg-
ative effects on glucose-induced Ca2+ signaling in β-cells.  

Given the significant effect of PI(4,5)P2 modulation on the cytosolic Ca2+ 
concentration, we suspected that the lipid would also be important for the se-
cretion of insulin. To determine the effect of acute PI(4,5)P2 depletion on in-
sulin secretion, we co-expressed Opto-5ptase with a plasmid encoding human 
growth hormone, which is packaged and co-released with insulin. Human 
growth hormone was utilized as proxy for insulin release from cells express-
ing the optogenetic modules (269). These experiments revealed that light-in-
duced PI(4,5)P2 depletion significantly impaired glucose induced insulin se-
cretion. PI(4,5)P2 regulates insulin secretion not only by controlling Ca2+ in-
flux, but also through interactions with multiple proteins essential for granule 
priming and release, such as syntaxin, synaptotagmin and munc-13 (270). The 
PI(4,5)P2 concentration in the PM is dynamic during glucose stimulation as a 
consequence of periodic changes in ATP and Ca2+ concentrations (90, 92, 104, 
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271). It is possible that the reductions in PI(4,5)P2 concentration in depolar-
ized β-cells exert a feedback inhibitory effect that prevents excessive Ca2+ in-
flux, which otherwise may have adverse effects on cell function. This 
PI(4,5)P2 feedback on Ca2+-influx may also contribute to the generation Ca2+ 
oscillations. 

Spatio-temporal control of E-Syt1 and TMEM24 
localization by PI(4,5)P2 and DAG 
During stimulation, PI(4,5)P2 in the PM of β-cells is hydrolyzed into DAG 
and IP3 by PLC (91, 272). A numbers of factors, including lipid transport pro-
teins (LTPs), are required to ensure that PI(4,5)P2 is replenished following 
receptor stimulation-induced depletion (2). E-Syt1 and TMEM24 are recently 
identified LTPs believed to contribute to maintaining PI(4,5)P2 homeostasis 
(142, 273). Given the importance of PI(4,5)P2 in β-cell function, we decided 
to investigate the role of E-Syt1 and TMEM24 in these cells. E-Syt1 is re-
cruited to the PM upon increases in the cytosolic Ca2+ concentration. This re-
action depends on interactions between its most C-terminal C2-domain and 
PI(4,5)P2 (141). Western blotting showed that E-Syt1 was more highly ex-
pressed in mouse pancreatic islets than other tissues, indicating an involve-
ment in islet cell function. E-Syt1 is a promiscuous LTP, that among other 
lipids transport DAG from the PM to the ER in a Ca2+-dependent manner 
(167). In β-cells, ATP, co-released with insulin, leads to the appearance of 
transient DAG microdomains downstream of activated P2Y1 receptors (104). 
TIRF microscopy recordings of PM DAG (mCh-C1AC1BPKC) and GFP-E-
Syt1 showed that depolarization- or glucose-induced transient DAG eleva-
tions were immediately followed by similar transient recruitment of E-Syt1 to 
the PM. Both the DAG generation and the E-Syt1 PM binding occurred in 
spatially restricted microdomains, indicating that E-Syt1 might play a role in 
controlling the size and duration of the DAG microdomains. These DAG mi-
crodomains have been shown to spatially restrict PKC activity (105) and to be 
involved in the assembly of the endocytic machinery at the plasma membrane 
of β-cells (274), but it is not known what factors limits their spread. The DAG 
microdomains have been proposed to occur around sites of insulin granule 
fusions with the plasma membrane (104). Consistent with this notion, we 
found that E-Syt1 colocalized with L-type VDCC clusters, which in turn are 
known to physically interact with the insulin granule secretory machinery and 
facilitate efficient exocytosis (275). Direct imaging of DAG and insulin gran-
ule exocytosis using the pH-sensitive fluorescent granule marker Vamp2-
pHluorin confirmed that DAG microdomains indeed form at the exocytotic 
site. This coordination most likely occurs as a consequence of similar Ca2+ 
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sensitivity and lipid binding specificity of E-Syt1 and the closely related Ca2+-
sensor for exocytosis, synaptotagmin-1 (272).  

TMEM24 shares a common structure with E-Syt1, including an ER-an-
chor, a central SMP domain and one C2 domain (142). However, in contrast 
to E-Syt1, TMEM24 dissociates from the PM upon Ca2+ elevation (142, 176). 
The dissociation is caused by PKC phosphorylation of its C-terminal region 
(142). Since PKC activity is regulated by Ca2+ and DAG, we first determined 
the dynamics of TMEM24. TIRF microscopy recordings of GFP-TMEM24 
fluorescence showed robust dissociation of TMEM24 from the PM in re-
sponse to both voltage-dependent Ca2+ influx and receptor-mediated Ca2+ re-
lease from the ER. This finding implies that the Ca2+ sensitivity of TMEM24 
dissociation from the PM is higher than that of E-Syt1 binding to the PM. This 
conclusion was confirmed in permeabilized MIN6 cells, where Ca2+ induced 
half-maximal dissociation of TMEM24 at 300 nM while half-maximal asso-
ciation of E-Syt1 occurred at 1 μM. This Ca2+ sensitivity of TMEM24 disso-
ciation is consistent with the Ca2+-sensitivity of PKC  PM binding (276). In-
terestingly, application of the DAG analogue Phorbol 12-Myristate 13-Acetat 
(PMA) to MIN6 cells caused Ca2+-independent TMEM24 dissociation from 
the PM, showing that both Ca2+- and DAG-regulated PKC isoforms may con-
tribute to the spatial regulation of TMEM24. We also observed that the glu-
cose- and KCl-induced dissociation of TMEM24 was heterogenous and dif-
fered between sub-regions in the PM, a phenomenon that closely resembles 
the pattern of DAG microdomains (104). These results show that TMEM24 is 
spatiotemporally controlled by both Ca2+ and DAG. 

Given that E-Syt1 transfers DAG from the PM to the ER, we hypothesized 
that E-Syt1 could indirectly regulate TMEM24 distribution by controlling 
PKC activity. TIRF imaging showed that E-Syt1 and TMEM24 occupied the 
same ER-PM contact sites. Recruitment of E-Syt1 and dissociation of 
TMEM24 in response to glucose were highly coordinated in time, space and 
magnitude, indicating that those two actions were controlled by a common 
underlying mechanism, likely Ca2+. Moreover, overexpression of E-Syt1 
strongly suppressed the depolarization-induced formation of DAG microdo-
mains and prevented the dissociation of TMEM24 from the PM to the same 
extent as pharmacological inhibition of PKC. These results show that there is 
a functional connection between these two lipid transport proteins, where E-
Syt1 restricts the dissociation of TMEM24 from the PM by clearing the PM 
of DAG. 
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Ca2+-dependent removal of DAG from the PM by E-
Syt1 
The above-described interplay between E-Syt1 and TMEM24 strongly im-
plies that E-Syt1 regulates a biologically relevant pool of plasma membrane 
DAG. To investigate in more detail how E-Syt1 controls DAG levels in β-
cells, we overexpressed E-Syt1 in MIN6 cells co-expressing a DAG sensor. 
Overexpression of E-Syt1, but not a version lacking the lipid-transporting 
SMP domain, resulted in significantly fewer and smaller DAG spikes in re-
sponse to depolarization, consistent with the predicted function of E-Syt1 in 
lipid transport (166, 167). On the other hand, cells with reduced E-Syt1 ex-
pression instead exhibited DAG spikes with higher amplitude and longer du-
ration. Importantly, carbachol-induced DAG formation was normal in the E-
Syt1 knock-down cells, ruling out the possibility that E-Syt1 directly affected 
PI(4,5)P2 levels or PLC activity. The increased amplitude and prolonged du-
ration of DAG spikes in the E-Syt1-knockdown cells most likely reflect a de-
layed DAG transfer from the PM to the ER, which strengthens the arguments 
that an important function of E-Syt1 is to clear DAG from the PM.  

Given that Ca2+ not only regulates E-Syt1 localization and activity, but also 
many other cellular process, in particular insulin secretion (44), it was crucial 
to investigate if E-Syt1-mediated control of DAG occurred independently of 
Ca2+. Therefore, we developed a light inducible E-Syt1 (Opto-E-Syt1) by re-
placing the Ca2+ sensing part, the last three C2 domains of E-Syt1, with CRY2, 
and anchor CIBN in the PM by syntaxin-1a’s transmembrane domain (257). 
Blue light illumination triggered rapid and reversible heterodimerization be-
tween CRY2 and CIBN, which in turn generated E-Syt1-based ER-PM con-
tacts. In MIN6 cells expressing opto-E-Syt1, light-induced ER-PM tethering 
significantly suppressed the frequency and amplitude of depolarization-in-
duced DAG spikes and the inhibition receded when cells were returned to the 
dark. However, blue light had no effect on DAG spikes in the cells lacking 
CIBN-TMD or when a version of Opto-E-Syt1 containing a mutation in the 
SMP domain was expressed. Moreover, Opto-E-Syt1 failed to suppress car-
bachol-induced elevations of DAG. These results together demonstrate that 
E-Syt1 moves DAG from the PM to the ER in a Ca2+ and SMP domain-de-
pendent manner. This is consistent with previous studies showing that an ele-
vation of Ca2+ is required both for the localization of E-Syt1 to the plasma 
membrane and for the SMP-domain-dependent lipid transport (161). The pre-
sent studies demonstrate that this transport is spatially restricted to sites of 
local DAG formation through a mechanism involving coupling of Ca2+ influx 
through VDCCs and autocrine feedback through P2Y1 receptors downstream 
of Ca2+-triggered insulin-secretion. 
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E-Syt1 is a negative regulator of insulin secretion  
The evidence for an interplay between E-Syt1 and Ca2+ in the regulation of 
PM DAG encouraged us to test how E-Syt1 affects insulin secretion. E-Syt1 
knockdown cells exhibited increased glucose-stimulated insulin secretion. 
Expression of full-length E-Syt1 in these cells, but not a version lacking the 
SMP domain, normalized the secretion. Importantly, E-Syt1 knockdown or 
overexpression had no effect on basal insulin secretion or on insulin content. 

In order to explore the mechanism underlying the stimulatory effect of E-
Syt1 knockdown on insulin secretion, we first examined Ca2+ signaling in E-
Syt1 knockdown cells and wild type cells expressing Opto-E-Syt1. We could, 
however, not detect any changes in Ca2+ signaling in glucose- or depolariza-
tion-stimulated E-Syt1 knockdown cells or in response to illumination in cells 
expressing opto-E-Syt1. Having excluded effects on Ca2+, we suspected that 
E-Syt1 may regulate insulin secretion downstream of DAG. Since recent re-
ports have pointed out a strong link between endo- and exocytosis that is re-
quired for sustained secretion, and that DAG microdomains mark sites of en-
docytosis (274, 277), we examined the relationship between endocytosis and 
E-Syt1 in β-cells. There was a clear increase in the number of endocytic struc-
tures at the PM in response to depolarization, consistent with a strong coupling 
between release of insulin and reuptake of membrane (277). Intriguingly, E-
Syt1 overexpression markedly prevented the depolarization-induced endocy-
tosis whereas E-Syt1 knockdown had the opposite effect. It is likely that this 
finding reflects the negative effects of E-Syt1 on DAG levels in the PM.  

As described above, E-Syt1 likely controls the activity of some PKC 
isoforms by restricting DAG accumulation in the PM. A well-characterized 
target of PKC action is myristolylated alanine-rich C-kinase substrate 
(MARCKS), which upon phosphorylation dissociates from the PM, similar to 
TMEM24 (104, 105, 278). TIRF microscopy recordings of GFP-MARCKS 
showed that light-induced suppression of DAG accumulation in the PM also 
prevented the dissociation of MARCKS. Together with the observation that 
E-Syt1 overexpression prevented TMEM24 dissociation, these results show 
that at least two known PKC targets are affected by E-Syt1-dependent modu-
lation of plasma membrane DAG levels. The involvement of PKC in the reg-
ulation of insulin secretion is controversial. Our data support the viewpoint 
that PKC promotes insulin secretion (110, 124), which, however, has been 
challenged by conflicting results reported from studies using PKC inhibitors 
(121, 123, 279). The discrepancies may be due to the diversity of the PKC 
family in β-cells. For instance, the conventional PKC , which is activated by 
both Ca2+ and DAG (280), exhibits oscillatory membrane translocation during 
insulin secretion (121, 124), but its effect on insulin secretion is unclear (121).  
PKCδ, belonging to novel PKCs, is activated by DAG alone (280) and was 
reported to influence insulin secretion by directly modulating the exocytosis 
machinery (281). However, this conclusion is not supported by studies where 
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PKCδ was overexpressed (121). In addition, PKCζ, an atypical PKC isoform 
which is regulated independently of Ca2+ and DAG (280), has been found play 
a role in muscarinic stimulation-induced insulin secretion (282). Therefore, 
the effect of E-Syt1 on insulin secretion might be attributed to the local mod-
ulation of DAG in the PM, which specifically affects the activity of one or more 
PKC subtypes. Different PKCs might target different proteins, which in turn 
leads to diverse effects on insulin secretion (283). TMEM24, as a newly identi-
fied PKC target, may be one of the downstream factors that execute PKC-de-
pendent effects in β-cells. Interestingly, with respect to the involvement of DAG 
and PKC signaling in diabetes, we detected increased E-Syt1 expression in is-
lets from human type-2 diabetic donors (Fig.6). Given that insulin secretion is 
reduced in these islets, it is tempting to speculate that this in part might be due 
to the negative feedback of E-Syt1 on the secretory process.  

In summary, this study demonstrates that E-Syt1 is a negative regulator of 
insulin secretion, possibly through the PKC signaling pathway. 

Figure 6. A. Protein extracted from non-diabetic (ND) and type-2 diabetic (T2D) hu-
man islets were probed with E-Syt1 and β-actin antibodies and detected by Western 
blot. B. Quantification of E-Syt1 expression normalized to β-actin. Means ± SEM. for 
data from three islet preparations in each group. 

TMEM24 affects Ca2+ mobilization from the ER, but 
not glucose- or depolarization induced Ca2+ influx 
Previous reports have proposed that TMEM24 is required for glucose-induced 
Ca2+ influx in β-cells (142). Our data indicate that the TMEM24 distribution 
in β-cells is regulated by E-Syt1, which in turn feedback-regulates insulin se-
cretion. Therefore, we decided to further investigate the role of TMEM24 in 
the regulation of Ca2+ homeostasis in β-cells and to determine to what extent 
TMEM24 and E-Syt1 are functionally coupled in β-cells. We first determined 
the Ca2+ response utilizing in MIN6 cells after siRNA-mediated knockdown 
of TMEM24. In control cells, elevation of the glucose concentration from 3 
to 20 mM caused a brief initial lowering of the Ca2+ concentration due to ATP-
driven sequestration of the ion into the ER, followed by a pronounced increase 
with appearance of Ca2+ oscillations caused by voltage-dependent Ca2+ influx. 
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Compared to control cells, TMEM24 knockdown cells exhibited similar glu-
cose-induced Ca2+ increase, but less pronounced initial lowering. Since stable 
and complete TMEM24 knockout in INS-1 cells results in abolished glucose-
induced Ca2+ oscillations (142), we suspected that the TMEM24 remaining 
after transient siRNA-mediated knockdown (around 20% of control) was 
enough to retain normal Ca2+ signaling in the MIN6 cells. Therefore, we gen-
erated TMEM24 knockout MIN6 cells using CRISPR/Cas9. However, 
TMEM24 knockout cells also exhibited normal glucose-induced Ca2+ oscilla-
tions and depolarization-induced Ca2+ influx. TMEM24 overexpression was 
previously reported to rescue the Ca2+ response of TMEM24 knock out INS-
1 cells and to enhance Ca2+ responses in wildtype INS-1 cells. Consistent with 
our observations in TMEM24 knockdown MIN6 cells, we did not observe any 
effects on the glucose-induced Ca2+ responses by TMEM24 overexpression. 
Since the glucose-induced initial Ca2+ lowering, which was impaired in 
TMEM24 knockdown cells, is related to the ER Ca2+ pool, we mobilized Ca2+ 
from this compartment in control and in TMEM24 knockdown and knockout 
cells using the muscarinic receptor agonist carbachol. Both knockdown and 
knockout of TMEM24 resulted in a small but significant impairment of the 
carbachol-induced cytosolic Ca2+ increase. These results show that TMEM24 
is dispensable for glucose- and depolarization-induced Ca2+ influx, and that 
this protein instead may be involved in Ca2+ mobilization from the ER. 

Previous studies on the role of TMEM24 in β-cells are inconsistent in terms 
of the role of TMEM24 in the regulation of Ca2+ signaling. One study reported 
that stable TMEM24 knockdown was without effect on glucose-induced Ca2+ 
responses in both INS-1 and MIN6 cells (143). Another study found that 
TMEM24 knockout completely abolished the Ca2+ response to high glucose 
in INS-1 cells, likely due to the insufficient replenishment of plasma mem-
brane PI(4,5)P2 (142). The use of different cells lines may partly explain the 
different observations. Glucose-induced Ca2+ signaling in INS-1 cells is not 
entirely mediated via KATP-channel-dependent depolarization (284) and Ca2+-
influx (285), but may to a large extent depend on release from the ER (285). 
A defect in this process is entirely in line with our finding that reduction and 
ablation of TMEM24 expression affects Ca2+ mobilization from ER in MIN6 
cells. In addition, we observed normal glucose- and depolarization-induced 
Ca2+ responses in both TMEM24 knockdown and knockout MIN6 cells. As 
described above and in paper I, loss of plasma membrane PI(4,5)P2 inhibits 
voltage-dependent Ca2+ influx by interfering with channel gating. If loss of 
TMEM24 had a significant impact on PI(4,5)P2 levels, this would have been 
reflected in suppressed Ca2+ influx in response to depolarization. However, 
our data may still be consistent with a role of TMEM24 in the transfer of the 
PI(4,5)P2 precursor PI to the plasma membrane (142). It is possible that the 
TMEM24-mediated PI(4,5)P2 replenishment plays a local function and con-
tributes to maintaining a PI(4,5)P2 rich microdomain required for other pro-
cesses, such as store-operated Ca2+ entry (SOCE) (170, 286). 
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TMEM24 is not a regulator of insulin secretion 
According to previous reports, TMEM24 regulates insulin secretion through 
Ca2+-dependent (142) and -independent (143) mechanisms. Considering the 
fact that we did not observe altered Ca2+ signaling in TMEM24 knockdown 
or knockout cells in response to depolarization or high glucose, we decided to 
re-evaluate the role of TMEM24 in the regulation of insulin secretion. Intri-
guingly, there was no difference between control and TMEM24 knockdown 
cells in terms of basal or glucose-stimulated insulin secretion. Consistently, 
also depolarization-induced insulin secretion was similar in control and 
TMEM24 knockdown cells and there were no differences in insulin content 
or insulin granule density at the plasma membrane. In order to determine the 
secretion response from cells with TMEM24 overexpression, we used the GH 
assay as a proxy for insulin secretion. The experiments showed that cells with 
TMEM24 overexpression exhibited increased basal secretion, whereas secre-
tion in response to high glucose or depolarization was unaffected. Together, 
the observations made here do not support the conclusions from previous stud-
ies reporting that TMEM24 is essential for insulin secretion. As discussed 
above for Ca2+, differences in β-cell models may help to explain the differ-
ences. However, at least in one case, same cell model, MIN6, was used. It is 
possible that inter-lab differences in this cell model may be part of the expla-
nation. It is clear that the MIN6 cells used in (143) are much less glucose-
sensitive than the ones used in the present study (1.4-fold increase in insulin 
secretion with 20 mM glucose compared to 4-fold in the present study), indi-
cating a difference in the metabolism of glucose. It is well-known that MIN6 
cells exhibit phenotypic drift with time in culture (287), including gradual loss 
of glucose induced insulin secretion. We therefore take care to only use this 
cell line at relatively low passages (< 35). Important future experiments to 
clarify the role of TMEM24 in the regulation of insulin secretion will include 
measurements of secretion from the TMEM24 knockout MIN6 cells. Because 
of the cell-to-cell variability of MIN6 cells, clonal expansion results in cells 
with highly variable glucose induced insulin secretion (287). This is a problem 
when generating knockout cell lines, since observed differences may be due 
to cellular heterogeneity rather than the knockout. Therefore, it will be essen-
tial to perform rescue experiments in TMEM24 KO cells. 

TMEM24 is involved in activity-dependent recycling of 
membrane 
A previous study pointed out that TMEM24 interacted with proinsulin and 
insulin and functioned to recruit insulin granules from the reserve pool during 
stimulation (143). To explore if TMEM24 affects the dynamics of insulin se-
cretion, we imaged the fusion of individual insulin granules with the plasma 
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membrane in MIN6 cells using VAMP2-pHluorin. Upon depolarization, in-
sulin granules fuse with the plasma membrane, resulting in delivery of 
VAMP2-pHluorin to the cell surface where its fluorescence becomes un-
quenched by the neutral pH. To separate exocytosis from internalization 
events and reacidification, we pretreated the cells with the vesicular H+-
ATPase inhibitor Bafilomycin-A1 prior to stimulation. TIRF microscopy im-
aging during depolarization showed a continuously increasing fluorescence 
signal that reached a plateau after 2-3 min. Consistent with the biochemical 
insulin secretion measurements, TMEM24 knockdown cells showed similar 
exocytic response as control cells, whereas TMEM24 overexpressing cells ex-
hibited slightly impaired exocytosis. When these experiments were repeated 
in the absence of Bafilomycin-A1, the VAMP2-pHluorion fluorescence in-
crease at the plasma membrane in response to depolarization was more pro-
nounced in TMEM24 knockdown cells. This indicate that the reuptake and 
internalization of VAMP2-pHluorin from the plasma membrane is impaired 
in these cells.  Next, we directly visualized activity-dependent membrane in-
ternalization by incubating cells with the pH-sensitive fluorophore pHrodo 
conjugated to 10 kDa dextran molecules prior to and during depolarization. 
This dye is taken up non-selectively via endocytosis and becomes fluorescent 
following acidification of the newly formed endosomes. We detected a reduc-
tion of both intracellular pHrodo fluorescence and the pHrodo-positive gran-
ule density in cells with reduced TMEM24 expression. Consistent with this 
finding, we also observed a small increase in intracellular pHrodo-dextran flu-
orescence in cells overexpressing TMEM24. These results suggest that 
TMEM24 is involved in, but not essential for, activity-dependent membrane 
recycling, but the mechanism is not clear. A possibility is that TMEM24 in-
teract with recycling endosomes formed in parallel with insulin granule exo-
cytosis, which would co-occur with the release of TMEM24 from the plasma 
membrane. Interestingly, ER-endosome contacts are well-characterized and 
known to form at the highly curved membrane that characterize recycling en-
dosomes (288). It is therefore tempting to speculate that TMEM24 might par-
ticipate in such contacts, following dissociation from the plasma membrane. 

Our results show that TMEM24 does not play a fundamental role in MIN6 
cell physiology, which is surprising given its relatively specific and abundant 
expression in β-cells (143, 176). It is possible that TMEM24 may locally reg-
ulate PI- and membrane recycling under certain conditions that remains to be 
determined. TMEM24 also shares the lipid transport function with numerous 
other ER-PM proteins, and these may possibly compensate for the loss of 
TMEM24. During insulin secretion, TMEM24 dynamically dissociate from 
and re-associate with the PM in a process controlled by Ca2+- and DAG-acti-
vated PKCs and phosphatases, respectively (142). However, the dissociation 
of TMEM24 is counterintuitive with its proposed role to provide PI to the 
plasma membrane during insulin secretion. With respect to this, it would help 
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to better understand the mechanism by which TMEM24 transfer lipids be-
tween membranes, but also to explore the possibility that TMEM24 may play 
roles independent of its lipid transport function (16, 142). 
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Conclusions 

1) Plasma membrane PI(4,5)P2 supports Ca2+ influx in, and insulin secretion 
from, β-cells. Reduced concentration of plasma membrane PI(4,5)P2 re-
sults in strong suppression of both voltage-dependent Ca2+-influx and in-
sulin secretion. This effect is largely due to PI(4,5)P2 gating of L-type 
voltage-dependent Ca2+-channels. Excess plasma membrane PI(4,5)P2 
also negatively impacts glucose-induced Ca2+ influx, likely by preventing 
KATP-channel closure. These results show that normal β-cell function re-
quires that plasma membrane PI(4,5)P2 levels are kept within a narrow 
concentration range. 
 

2) E-Syt1 plasma membrane recruitment in β-cells is spatially and tempo-
rally coordinated with Ca2+-induced exocytotic events and the formation 
of DAG microdomains. At the plasma membrane, E-Syt1 plays a feed-
back role in regulating insulin secretion by removing DAG from the 
plasma membrane, which consequently limits PKC activity and restricts 
insulin secretion. 
 

3) The dissociation of the lipid transport protein TMEM24 from the plasma 
membrane is regulated by both Ca2+ and DAG. In β-cells, TMEM24 is 
involved in ER Ca2+ regulation, but not in glucose- or depolarization-in-
duced Ca2+ influx or in insulin secretion. However, TMEM24 appears to 
play a role in activity-dependent membrane recycling, although the mech-
anism remains to be elucidated. 
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