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The pancreatic β-cell is purpose-built for the production and secretion of insulin, the only hormone that can remove

glucose from the bloodstream. Insulin is kept inside miniature membrane-bound storage compartments known as

secretory granules (SGs), and these specialized organelles can readily fuse with the plasma membrane upon

cellular stimulation to release insulin. The luminal components of the insulin SG can be functionally segregated into

four groups. These are cargo molecules, luminal enzymes and chaperones, ions (and their transporters and

channels), and sorting receptors.

insulin  islet amyloid polypeptide (IAPP)  granin

1. Introduction

The insulin secretory granule (SG) in the pancreatic β-cell is essential for glucose homeostasis in the body. It is

both the site of proinsulin conversion into insulin and C-peptide , as well as the storage compartment for mature

insulin to be readily available for secretion upon nutrient stimuli. Insulin is first synthesized as pre-proinsulin at the

endoplasmic reticulum (ER), immediately converted to proinsulin, and transported through the Golgi to the trans-

Golgi network (TGN). Here, proinsulin, along with other cargo proteins, is partitioned and sorted into its destination

compartment, the immature SG (ISG) . In the ISG, at least 99% of proinsulin is ultimately converted to insulin and

C-peptide in a 1:1 molar ratio via proteolytic cleavages by the proprotein convertases PC1/3 and PC2 . This

coincides with several processes that facilitate SG maturation, including luminal acidification , selective removal

of certain soluble components , and Zn -mediated insulin crystallization . Finally, in response to nutrient

stimuli, these mature SGs (MSGs) are mobilized to fuse with the plasma membrane and deliver insulin to the

bloodstream.

Importantly, ISGs can also undergo regulated secretion , which can be heightened in situations of increased β-

cell demand  and may explain the higher circulating proinsulin to insulin ratio observed in both pre-diabetic

and diabetic patients . The mechanism behind increased proinsulin secretion is unknown;

although it has been suggested to result from defective proinsulin trafficking or processing, and/or the premature

release of ISGs . Interestingly, β-cells from animal models of type 2 diabetes (T2D) display a compensatory

expansion of the secretory pathway, characterized by increased proinsulin biogenesis but exhibit a thorough

depletion of MSGs, pointing to the existence of a bottleneck in the secretory pathway resulting in an MSG

replenishment defect during β-cell failure . Therefore, there is a diversion away from SG maturation in favor of

ISG secretion, limiting the compensatory capacity of the β-cell during metabolic stress.
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Alongside insulin, the β-cell SG contains a cocktail of cargo proteins. These proteins drive trafficking through the

regulated secretory pathway and are also released to affect systemic function . Luminal enzymes

accompany the cargo from synthesis in the ER through to storage in the MSG but are under tight regulation to

restrict their activity to the correct site . The ionic composition of the lumen controls protein behavior and is

generated by a range of transmembrane channels and transporters that are stationed throughout the secretory

pathway . Finally, sorting receptors can escort unwanted components away from the maturing SG

to refine its contents after formation .

2. Cargo Molecules

The primary cargoes of SGs in the pancreatic β-cell are insulin, islet amyloid polypeptide (IAPP), the granins

[chromogranin A (CgA), chromogranin B (CgB), secretogranin II (SgII), secretogranin III (SgIII), and VGF (non-

acronymic)], and each of their precursors and derivatives. In addition to those covered in this review, the insulin SG

also contains amines such as dopamine and serotonin , as well as nucleotides like ATP , which can be

taken up by SG-localized pumps but as of yet, have ill-defined intragranular and post-exocytotic roles .

Insulin. Insulin is synthesized as pre-proinsulin on the rough ER, and upon translocation has its N-terminal 24-

residue signal sequence cleaved to form proinsulin . Proinsulin undergoes folding in the ER where it acquires

three disulfide bonds and dimerizes prior to ER exit . En route to the TGN, proinsulin forms hexamers in the

presence of Zn   , and importantly, proinsulin hexamers remain soluble . Zn   binds to a histidine

corresponding to residue 10 on the B chain of mature insulin (His-B10), and while the precise cisternal location of

this event is undetermined, there is evidence of a Zn -dependent rate limiting step for proinsulin trafficking around

the TGN/ISG compartment .

After entry into the ISG, proinsulin is converted to insulin and C-peptide via ordered cleavage at two sites of dibasic

amino acid residues by the subtilisin-related proprotein convertases, first by PC1/3 and then by PC2 (Figure 1A).

The 31–32 Arg-Arg site is located at the C-peptide/B-chain junction and the 64–65 Lys-Arg site is located between

the C-peptide/A-chain junction. Molecular modelling suggests that the co-ordination of Zn  by His-B10 works to

position these sites along the exposed radial surface of the proinsulin hexamer , enabling accessibility for the

two processing enzymes. PC1/3 preferentially cleaves the B-chain junction on the carboxyl side of Arg32,

generating a proinsulin intermediate split between residues 32 and 33 (split 32,33  proinsulin) . PC2

preferentially cleaves the A-chain junction on the carboxyl side of Arg65 to generate the  split 65,66  proinsulin

intermediate . Following conversion by each of the subtilisin-related prohormone convertases, the

exoprotease carboxypeptidase H/E (CPE) acts to trim the revealed dibasic residues to create the ‘des’

intermediates, des 31, 32, or des 64,65 proinsulin, with numbers denoting the excised residues . A second round

of endoprotease and CPE activity will generate insulin and C-peptide in a 1:1 molar ratio . The insulin molecule

consists of an A-chain and a B-chain, linked together by two disulfide bridges and maintained in hexameric

oligomers through the co-ordination of two-Zn   by three of the six His-B10s . Continual uptake of H   and

Zn  into the developing SG affects the charge state of hexameric insulin and facilitates its packing into extremely

insoluble crystals . The low percentage of unprocessed/incompletely processed proinsulin can pack with
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crystalline insulin to some extent  and C-peptide can co-precipitate with insulin in pH conditions mimicking the

MSG . C-peptide can also undergo further exoproteolytic cleavage to generate des 27–31 C-peptide, accounting

for roughly 10% of the total C-peptide content . Upon exocytosis, exposure to the neutral extracellular pH is

likely to dissipate the insulin crystal rapidly , allowing monomeric insulin to circulate and signal via the insulin

receptor expressed on target tissues.

Figure 1. Prohormone Processing in the β-cell. (A) Sequence of proinsulin processing. After entry into the ISG,

proinsulin is converted to insulin and C-peptide via cleavage at two sites of dibasic amino acid residues. The 31–32

Arg-Arg site is located at the C-peptide/B-chain junction and the 64–65 Lys-Arg site is located between the C-

peptide/A-chain junction. Cleavage at one dibasic site by endoprotease PC1/3 or PC2 produces the split proinsulin

molecules, which precedes C-terminal trimming of exposed residues by exoprotease CPE to produce the des

proinsulin molecules. One round of endo/exoprotease activity is followed by the same action at the other dibasic

site. (B) Sequence of proIAPP processing. The C-terminal proregion of proIAPP is cleaved in the TGN prior to ISG

entry. Next, in no particular order, within the maturing ISG the N-terminal proregion of proIAPP is removed and the

exposed C-terminal glycine residue is amidated to produce IAPP. IAPP may then be further processed into smaller

fragments by β-secretase 2. (C) Processing events and products during secretory granule maturation in the human

β-cell SG. des 31,32 proinsulin is the major proinsulin intermediate in human β-cells and is elevated in the

circulation of those with T2D along with proIAPP .

A human mutation of His-B10 to aspartate (mAsp-B10) underlies familial hyperproinsulinemia  and represents a

condition where mutant proinsulin is presumed to be excluded from wild-type proinsulin hexamers. While

expression of this mutant in mice does not affect its intracellular conversion to insulin, there is an enrichment of

non-crystallized SGs, and the constitutive release of proinsulin is increased by ~15% . These phenotypes could

indicate that mAsp-B10 proinsulin is correctly targeted into the ISG, but there is an increased constitutive-like

release in the absence of Zn -facilitated hexamarization prior to its conversion into insulin. Indeed, while

contributing to the maturation of the SG, constitutive-like secretion is estimated to account for only 0.6% of the

release of non-converted proinsulin . This situation could represent an extreme example of protein exit out of the

ISG, displaying the secretory capacity of the constitutive-like pathway. An alternative (and not mutually exclusive)

explanation is that mAsp-B10 proinsulin leaks directly into the constitutive pathway from the TGN, however mAsp-
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B10 proinsulin degradation is also enhanced  suggesting that its transit to the PM occurs through the

constitutive-like pathway (a route that travels via the endo-lysosomal system ). Nonetheless, these studies have

highlighted that Zn -facilitated hexamarization is a primary mechanism of proinsulin sorting and consequent SG

maturation.

Early studies investigating human proinsulin and rat proinsulin isomers I and II in primary islets revealed that they

are differentially processed. Human proinsulin tends to be cleaved first at the B-chain junction to produce  des

31,32  proinsulin  (Figure 1C), whereas the rat isomers tend to be cleaved first at the A-chain junction to

produce des 64,65  proinsulin . This is thought to be due to the amino acid located four residues prior to the

cleavage site (P4 position ), where the presence of a basic lysine or arginine residue enhances substrate

recognition and/or enzymatic activity . Both rat isomers contain a basic arginine at P4 in the A-chain site, and

both rat proinsulin I and human proinsulin contain a basic lysine at P4 in the B-chain site . As a result, rat

proinsulin I is more rapidly converted into insulin, and the accumulation of processing intermediates from this

isomer is reduced due to the existence of basic residues at P4 in both cleavage sites .

Processing of human proinsulin follows a sequence favoring the prior activity of PC1/3 on the B-chain junction,

followed by PC2, which has a far better affinity for  des 31,32  proinsulin than intact proinsulin . Although this

points to the existence of sequential cleavage through the action of both endoproteases, multiple lines of evidence

indicate that PC1/3 works alone to produce mature insulin from both rat and human proinsulin isomers. While each

enzyme possesses the catalytic ability to cleave at both dibasic sites , PC1/3 achieves this far more efficiently

than PC2  and processing intermediates of proinsulin accumulate when PC1/3 expression is low . The

situation is different in mice, seemingly requiring the activity of both endoproteases; while the deletion of PC1/3

from mice results in an extremely pronounced block in proinsulin conversion , knockout of PC2 also significantly

hampers insulin maturation despite the presence of PC1/3 . Finally, a recent study that re-characterized the

expression of PC1/3 and PC2 in human islet β-cells found an abundance of PC1/3 and an absence of PC2,

suggesting that PC1/3 is sufficient for humans to produce insulin . Interestingly, humans with T2D had

upregulated PC1/3 and an induction of PC2 expression. The authors of this study speculated that aberrant PC2

expression could cause a processing defect that underlies the pathological state, although, it may be the case that

PC2 expression is invoked by metabolic stress as a compensatory response to assist PC1/3 in proteolytic

activities. Indeed, the catalytic rate of PC2 on des 31,32 proinsulin exceeds that of PC1/3 on intact proinsulin .

Simple overexpression of either PC1/3 or PC2 has been shown to enhance proinsulin conversion in rat insulinoma

INS1 cells , hence, induction of PC2 activity could support proinsulin conversion when PC1/3 is overwhelmed

especially considering that the A-chain junction is not preferred by PC1/3 .

Both PC1/3 and PC2 endoprotease activities are sensitive to pH and Ca . In vitro assays using enzymes isolated

from rat islets have shown that PC1/3 requires millimolar levels of Ca  and a pH close to 5.5 for activity whereas

PC2 can exert activity at a micromolar levels of Ca  and over a broader pH range, although its pH optimum is also

5.5 . In cells however, PC1/3 undergoes fast maturation into an active enzyme upon entry into the SG . Due to

the stringent regulation of PC2 by the molecular chaperone 7B2 , the low pH requirement for its

autocatalytic activation , as well as its substrate-specificity to des 31,32 proinsulin , its activity is likely to be
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restricted to later stages of SG maturation. Therefore, it appears that early PC1/3 activity at both sites could render

PC2 redundant, as has been demonstrated in animal models  but not quite yet in humans. Crucially,

compensatory upregulation of the endoproteases may be futile, considering the premature ISG release that occurs

in β-cell failure. It has been known for some time that  des 31,32  intermediates are the predominant species of

circulating proinsulin that is elevated in human T2D , therefore fast endoprotease activity is critical for

systemic metabolic homeostasis. Therapeutic compounds that alter the ionic composition of the SG to bolster

endoprotease activation and activity could be effective in treating T2D.

Despite a common outcome, nuances in the generation of insulin are clear between species. Their awareness may

be important for translating data from model organisms to the context of human β-cell function.

Islet Amyloid Polypeptide. IAPP is a 37 amino-acid peptide stored in the MSG that is co-secreted with insulin in a

1:100 molar ratio , and can function to suppress insulin secretion and control various aspects of energy

homeostasis . Additionally, known as amylin, IAPP and its precursors and derivatives are notorious for

forming fibrils that distribute extracellularly throughout islets as amyloid deposits, a pathological feature of human

T2D . Early observations report the occurrence of islet amyloid deposits in >90% of diabetic patients  but

later studies have shown a variable prevalence depending on duration of disease and ethnicity, especially when

sample size is increased . The question of how IAPP remains non-pathogenic in healthy conditions and how it

transitions to a pathogenic molecule has kept researchers occupied for some time. Appropriately, most work on

IAPP has been focused on its secretory dynamics, processing, and amyloidogenic properties  rather than

its luminal sorting. To this end, not much is known about its behavior in the early secretory pathway or the

determinants of its trafficking fate.

Akin to proinsulin, human pro-IAPP is a 67 amino-acid (aa) peptide derived from pre-proIAPP that forms an

intramolecular disulfide bridge in the ER and is subject to endoproteolytic processing  (Figure 1B). It is

thought that PC1/3 acts first on a C-terminal proregion in the TGN  which is followed by CPE action to generate

a 48-residue processing intermediate. A subsequent round of PC1/3 or PC2 and CPE action on the N-terminal

proregion generates a 38 aa peptide with a C-terminal Gly termed amylin free acid . A fourth enzyme, peptidyl-

glycine alpha-amidating monooxygenase (PAM), is probably responsible for amidation at the C-terminal 38 glycine

residue which may or may not occur prior to cleavage of the N-terminal pro-region, to generate the mature C-

terminally amidated form of IAPP . Finally, a fifth membrane-bound enzyme that localizes to the β-cell SG, β-

secretase 2, can process IAPP further into smaller fragments .

Early reports demonstrated that PC2 can cleave at both the N- and C-terminal proregions of pro-mouse IAPP

(mIAPP) in addition to PC1/3 cleavage occurring only at the C-terminal site . However, both rat and

human islets appear not to express PC2 at detectable levels normally . Indeed, pro-human IAPP (hIAPP) can be

fully processed by PC1/3 in PC2 null mice ; however, pro-rat IAPP (rIAPP) can be processed at both sites by

PC2 but only at one site by PC1/3 . These differences are likely due to the modified sequence at the C-terminal

site (Figure 2), where the position of Ala and Val residues may determine whether PC1/3 can cleave: i.e., KR↓VA

(Val at P1′ and Ala at P2′) in rIAPP compared to KR↓AV (Ala at P1′ and Val at P2′) in hIAPP and KR↓AA (Ala at P1′
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and P2′) in mIAPP. Likewise, it has also been suggested that a Val common to both hIAPP and rIAPP at the N-

terminal site allows cleavage by PC1/3 , which is not experienced by mIAPP  that contains Met at this

residue. Thus, PC1/3 may be sufficient for full pro-IAPP processing in humans due to the sequence variations that

lie between species.

Figure 2. IAPP precursor/product amino acid sequence in human (H), mouse (M), and rat (R). The green glycine

residue is amidated after the C-terminal cleavage site is processed. Red residues denote dibasic sites of

endoproteolytic processing. Blue residues indicate a modified sequence between species at cleavage sites that

could account for their differential specificity to PC enzymes.

IAPP resides in the soluble fraction of the MSG, and hIAPP is extremely fibrillogenic whereas rIAPP and mIAPP

are not fibrillogenic at all . It has been shown in vitro that pro-hIAPP products become increasingly more

amyloidogenic with further cleavages , however, it is thought that the presence of ionic and molecular factors in

the MSG periphery inhibits hIAPP oligomer formation in healthy conditions . An extensive body

of literature has covered the molecular mechanisms of hIAPP pathogenicity in T2D . Considering that

hIAPP is likely not a driver of SG biogenesis or function but instead plays the role of chaotic passenger, we will

focus here on how secretory pathway dysfunction could precede hIAPP-mediated β-cell damage.

A current working hypothesis to explain the initiation of islet amyloid formation is that hIAPP-related peptides

undergo dysregulated fibrillogenesis at some point inside the β-cell secretory pathway, potentially due to

overproduction during compensation/failure , but this only occurs within a small subset of islet β-cells 

. If pro-hIAPP overproduction is the fuel, then disruption of organellar membranes from within the cell is the

spark that results in β-cell death and the deposition of extracellular amyloid. Through regular exocytosis from

neighboring β-cells, released hIAPP can then add to the size of the initial deposit. An alternative (and not mutually

exclusive) hypothesis suggests that release of the 48-residue pro-hIAPP (pro-hIAPP ) intermediate can initiate

extracellular amyloid formation by a specific interaction with heparin sulfate proteoglycans in the extracellular

matrix . Interestingly, large ordered fibrils that make up the bulk of the visually identified IAPP deposition are

thought to be relatively inert on a cytotoxic level , although interruption of islet cytoarchitecture could impair

coordinated islet function. Rather, it is the presence of medium-sized disordered oligomers that are thought to exert

most of the cellular damage . Fitting with this, recent experimental focus has instead been placed on the

mechanism of medium-sized oligomer formation and cytotoxicity .

Not surprisingly, the N-terminal prosequence of hIAPP is detectable in islet amyloid deposits . This

observation resembles what is observed with proinsulin in that incompletely processed hIAPP may be released

from the β-cell during T2D, and indeed, elevated serum pro-hIAPP has been observed in glucose intolerant and
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T2D patients . If one considers that ISGs released during β-cell failure are a source of hIAPP processing

intermediates (Figure 1C), we could look to luminal factors that might explain the propensity of these molecules to

become pathogenic. Indeed, insulin, Zn , H , Ca , C-peptide, and proinsulin have been assessed individually or

in combination, in vitro, along with hIAPP, in various studies to reason that a delicate balance of cofactors is

required to inhibit hIAPP oligomerization . In healthy cells, regulated exocytosis of MSGs

could maintain this balance as components are released in an appropriate molar ratio. Conversely, during β-cell

compensation and failure, release of the incompletely formed ISG might not replicate this outcome, and cytotoxic

hIAPP oligomers could form in the extracellular microenvironment adjacent to the plasma membrane to induce

membrane damage.

Dysregulated hIAPP oligomerization exacerbates the progression of T2D, so preventing β-cell death at the hands

of hIAPP could limit T2D severity. Abnormal SG composition or the premature release of ISGs may be contributing

factors, highlighting the importance of correctly forming the insulin SG.

Granins. The granin family of proteins (CgA, CgB, SgII, SgIII, and VGF) are ubiquitously expressed across neurons

and endocrine cells and are considered major contributors to the biogenesis of regulated SGs from within the

lumen (Figure 2). Their effectiveness has been displayed by several groups with findings that expression of just a

single granin in cells that do not have a regulated secretory pathway is able to produce SGs that are capable of

regulated release . Granins are synthesized as soluble cargo precursor proteins, which are highly

acidic and hydrophilic, but are prone to aggregation under mild acidity (pH < 6.4) and high Ca  (>1 mM) conditions

. It has been shown that both of these ionic requirements must be met for granin aggregation , which

can be achieved at the initiating site of SG biogenesis in the TGN  where ion pumps maintain a high luminal

Ca  concentration and contribute to a substantial lowering of the pH through enhanced H  uptake .

Moreover, several granins have been shown to interact with each other, and, lacking transmembrane domains

themselves, some can also interact with lipid species on the luminal aspect of the secretory pathway membrane to

provide a link between soluble and membrane fractions. In this way, their physical abundance, coordinated

aggregation within the TGN, and binding to specific components on the membrane has been proposed to drive the

segregation and sorting of peptide hormones and other proteins into the regulated secretory pathway , meeting

the requirements of a ‘refined bulk-flow’ sorting by entry mechanism .
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Figure 3.  Trafficking of the granins. Upon exposure to mild acidity (pH < 6.4) within the Golgi apparatus, the

granins will bind Ca , which triggers their aggregation and interaction with other granin members. In the TGN,

several of these members will interact with target molecules in the membrane to drive the formation of SGs at

distinct sites from within the lumen.

Sphingolipid–cholesterol lipid rafts accumulate in microdomains of the TGN , and these rafts can alter the

distribution of transmembrane components to create sorting stations that are essential for granule biogenesis 

. These rafts are also enriched in vesicles of the regulated secretory pathway , indicating that

SG membranes originate from the sorting domains where granins and other SG constituents aggregate and bind.

Importantly, saturated fatty acid and cholesterol intake can change the composition of lipid species distributed

among cell membranes to influence trafficking and SG morphology . Therefore, dietary status could affect

interactions between the granins and secretory pathway membranes, but this requires investigation. Finally, since

granins can bind Ca  at a high capacity with low affinity , they are also thought to equip the SG with the ability

to store and release Ca   .

It should be noted that most of the literature on granins has reported on their role in neuronal/neuroendocrine cell

lines, which although share features in common with the β-cell, have secretory pathways adapted to the specific

needs of neural transmission. In these settings, we can draw insight from molecular interactions that govern

trafficking and behavior of the granins themselves, but specific effects of granin depletion on SG
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biogenesis/secretion are often subject to cell-specific variation and thus will only be discussed with respect to the

β-cell.

Granins can possess multiple sorting determinants and may be targeted to several SG sub-populations (Figure 3).

SgIII is membrane-associated, and contains an N-terminal lipid-binding region that is required for its sorting into

SGs of AtT-20 cells  and for its interaction with cholesterol in INS1 and AtT-20 SGs . This suggests that

SgIII is sorted into the regulated secretory pathway through an interaction with TGN cholesterol . N-terminal

residues (48–111) of CgA can bind to SgIII to follow SgIII sorting into the regulated secretory pathway of AtT-20

cells, where it also exists in association with SG membranes . Importantly, CgA also associates with INS1

granule membranes but only in the presence of SgIII . These results collectively indicate that SgIII is an adaptor

for CgA in β-cells, with both granins associated at least to some degree with the SG membrane, and that correct

trafficking relies on the presence of an N-terminal region on SgIII that binds cholesterol. This has been further

demonstrated in PC12 cells, where SgIII was specifically shown to sort large aggregates of CgA into SGs . Very

little is known about the trafficking determinants of SgII aside from an understanding that both the N- and C-termini

contain information for sorting , and that it may interact with SgIII on the SG membrane . While SgII also

regulates granule biogenesis in other secretory cells , interactions have not been published in β-cell models,

and in general, insight into SgII function in the β-cell is lacking.

Like SgIII, CgB can interact with cellular membranes via a highly conserved N-terminal 22 residue disulfide-bonded

loop . This loop is essential for CgB sorting to SGs but is not required for its aggregation within the TGN,

indicating that CgB aggregates are not routed by default to SGs but are sorted through mediation of exposed N-

terminal loops with the TGN membrane ; although, the corresponding membrane component is yet to be found.

Several observations suggest that CgB trafficking is not entirely synchronous with insulin. In addition to the insulin

SG, CgB also occupies distinct granules that do not contain insulin and conversely, insulin can occupy SGs devoid

of CgB . Additionally, CgB is present with SgII in nucleoplasmic vesicles of bovine chromaffin cells where they

may have a role in regulating nuclear Ca  homeostasis , although this has not been studied in the β-cell. In the

β-cell, CgB co-localizes and co-immunoprecipitates with VGF , and it has been shown in vitro that CgA and

CgB can form dimers at pH 7.5 and heterotetramers at pH 5.5 , suggesting that CgB could traffic with either

VGF or CgA. However, VGF does not immunoprecipitate with CgA . Little else is known about the determinants

of VGF trafficking, although a predicted alpha helix loop in its C-terminus may be required for direction into INS1

SGs .

A handful of studies have investigated the consequences of granin depletion in β-cells albeit with varying success,

possibly due to the method of study. Transient gene silencing seems to outcompete stable knockouts for studying

function, and this is probably due to the circumvention of compensatory changes that occur during development.

For example, whole body CgB knockout (KO) provided an insulin secretory defect that was unable to be explained

aside from a small decrease in the number of docked SGs , whereas adenoviral knockdown (KD) of CgB in

INS1-832/3 insulinoma cells and isolated mouse islets resulted in marked insulin secretory defects that could be

explained by a defect to SG biogenesis . Similarly, islets from whole body CgA KOs actually have enhanced

insulin secretion with no defects to SG generation , whereas siRNA KD of CgA in the human β-cell line, EndoC-
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βH1, resulted in reduced basal and glucose-stimulated insulin secretion (GSIS) as well as cellular insulin content

. CgA KO mice had compensatory doubling in CgB expression and tripling in SgII expression , which may

explain the absence of a secretory phenotype in CgA KOs. Islets from whole-body SgIII KO mice have impaired

GSIS but only when subject to a high-fat-high-sucrose diet. This is associated with reduced insulin and increased

proinsulin content, but there were no reported ultrastructural granule abnormalities . Interestingly, in this study,

CgA levels failed to increase when SgIII KO mice were put on diet but did so in the islets of wild-type mice . As

discussed previously, SgIII is a known adaptor for CgA and therefore its absence could result in CgA mis-sorting

and thus the failure of compensatory upregulation. Finally, VGF depletion has also been assessed via KD of its

mRNA in INS1-832/3 cells and a tamoxifen-inducible KO from mouse islets . This study noted reduced GSIS in

both models, associated with a loss of total and docked SGs, and a reduction to their size in line with an increased

cellular proinsulin-to-insulin ratio and delays to proinsulin conversion . This study concluded that VGF depletion

caused a granule replenishment defect, hampering the secretion of newly synthesized granules during the

sustained second phase of GSIS .

In summary, the granins are critical components of ISG formation, driving the formation of regulated carriers from

within the lumen through aggregating and binding to distinct sites of the TGN membrane. Their ubiquity across

cells of the neuroendocrine system implies an essential role for SG function, where their combined abundance and

aggregative nature may confer unique characteristics to the SG.
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