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Abstract 

A key function of the exocrine pancreas is the 

production of digestive enzymes. The pancreatic 

acinar cell synthesizes, stores, and secretes the 

proenzymes and enzymes needed to digest dietary 

proteins, carbohydrates, and lipids. Meeting these 

functional requirements necessitates that the 

acinar cell has very high rates of protein synthesis 

and export. Nascent proteins undergo folding, 

select modifications, concentration, segregation 

from other classes of proteins, and vectorial 

movement before reaching their final destination in 

secretory (zymogen) granules. These are 

concentrated in the apical pole of the acinar cell.  

Eating stimulates neural and hormonal pathways 

that mediate acinar cell zymogen granule 

exocytosis into the pancreatic duct.   

The exocrine pancreas has two major physiologic 

functions: it supplies the proenzymes and enzymes 

needed for digesting dietary lipids, carbohydrates, 

and proteins; and secretes a bicarbonate-rich fluid 

that neutralizes acidic gastric secretions and thus 

provides the correct pH for intestinal digestion by 

pancreatic enzymes. The acinar cell has been a 

model system for foundational studies of protein 

synthesis and export. After electron microscopy 

was developed, for example, cell biologists first 

visualized organelles and established their function 

by studying acinar cells (Figure 1). Here, we focus 

on acinar cell protein synthesis, trafficking, and 

processing in the pancreatic acinar cell necessary 

for its central role in producing digestive enzymes.  

We present results primarily obtained using rodent 

acinar cells, though the limited data from human 

acinar cells suggest the functions are likely the 

same as in rodents. 

I. PROTEIN SYNTHESIS 

A. The Ribosome  

The ribosome is the central element of the protein 

synthetic machinery.  The eukaryotic ribosome is 

composed of two subunits: a large 60S unit 

containing 28S, 5S, and 5.8S rRNA and 

approximately 49 proteins; and a small subunit at 

40S which includes 18S rRNA and about 33 

proteins. The two subunits form a groove wherein 

new protein synthesis directed by messenger RNA 

takes place, aided by associated protein 

complexes to initiate, elongate, and terminate 

protein synthesis.  Secretory proteins, including 

pancreatic digestive enzymes, contain a distinct n-

terminal signal sequence which contains a 15- to 
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50-amino acid peptide that includes a hydrophobic 

core.  Also known as a leader sequence, the signal 

sequence allows nascent proteins to cross the 

endoplasmic reticulum (ER) membrane by 

traversing the translocon, a large multi-protein 

channel1.  The signal sequence binds to the signal 

recognition particle complex (SRP) and brings the 

ribosome, attached nascent protein, and mRNA to 

the ER membrane SRP-receptor2.  The SRP is 

then released and protein synthesis resumes with 

entry of the signal sequence into the translocon 

and its subsequent proteolytic cleavage from the 

nascent protein3.  In addition to soluble export 

proteins, the translocon also mediates the insertion 

of transmembrane proteins into the ER membrane 

and has a role in protein degradation.   

 
Figure 1. Electron micrograph of guinea pig 
pancreatic acinar cell showing compartments 
involved in nascent protein synthesis and storage.  
The vectorial features of this pathway from endoplasmic 
reticulum to secretory granule are evident.  Nascent 
proteins are synthesized in about 5 min in the 
endoplasmic reticulum; then they move by transport 
vesicles to the Golgi complex, where they exit at about 
20 min in condensing vacuoles (a.k.a. immature 
secretory granules), and mature into secretory granules. 
(Image from reference 82). 

B. The Endoplasmic Reticulum (ER) 

The synthesis of new secretory proteins occurs on 

and in the ER. This organelle has two 

morphologically distinct compartments: the rough 

ER (RER) and smooth ER (SER), which have 

specialized functions.  The RER has ribosomes on 

its cytoplasmic surface which are easily seen by 

electron microscopy, whereas the SER lacks 

ribosomes (Figure 1). Between the RER and SER 

are regions termed transitional elements. Vesicular 

transport of nascent proteins from the ER occurs at 

sites in the transitional ER known as ER exit sites 

(ERES) (Figure 2).  The intra-cisternal space is 

formed by RER, transitional elements, and SER; 

this is the site in which nascent proteins begin to 

fold and undergo export (see section 2 below). To 

accommodate high rates of secretory protein 

synthesis, a dense RER occupies much of the 

basal region of the acinar cell and extends apically. 

Regularly placed groupings of electron dense 

ribosomes [~30 nm] mark the sites of active protein 

synthesis on the cytosolic face of the ER 

membrane.   

The acinar cell ER shows regional functional 

specialization that also includes cell signaling.  For 

example, the initial acinar cell cytoplasmic calcium 

signal that mediates protein secretion depends on 

an ordered, spatial release from distinct ER stores.  

In response to neurohumoral stimulation, the first 

acinar cell signal arises at the apex of the cell from 

select ER domains and is mediated by the inositol 

triphosphate (IP3) receptor.  Similarly, the 

propagation of the calcium wave throughout the 

acinar cell requires calcium release from ER 

ryanodine receptors which are distributed toward 

the base of the cell.  

Distinct direct contacts between cell organelles 

have now been described in many tissues and 

include sites between the ER and mitochondria, 

and ER and plasma membrane.  These are known 

to be involved in lipid transfer and calcium 

signaling4. In the acinar cell, apically-distributed 

IP3 receptors (ER) that release calcium into the 

cytosol are found to closely approximate regulators 

of calcium entry into the cell (Orai1, STIM, and 

others) that are activated when depletion of ER 
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calcium is sensed5.  These connections are 

thought to help coordinate both physiologic 

responses, such as protein secretion, and 

pathologic cell responses.  

Figure 2. Secretory trafficking pathways in pancreatic acinar cells. Schematic depicting the classic secretory 
trafficking pathway in acini. Proteins are synthesized into the Endoplasmic Reticulum (ER) lumen, undergo folding 
and co-/post-translational modifications, and are selected and/or concentrated into COPII-coated vesicles at 
specialized ER exit sites (ERES). These vesicles interact with the ER-Golgi intermediate compartment (ERGIC), 
from which ER-resident proteins are sorted back to the ER via COPI-coated vesicles while secretory proteins are 
concentrated and trafficked through the Golgi stacks. Additional protein modifications occur in the Golgi. Secretory 
proteins are then packaged into immature secretory granules/condensing vacuoles (ISGs/CVs) through clathrin-
mediated removal of membrane and cargo from the trans-Golgi; ISGs mature and condense by further removal of 
membrane/cargo. The resulting mature secretory granules are stored until signals for exocytosis are received by 
the cell.

 II. MODIFICATIONS AND 
PROCESSING OF NASCENT 
PROTEINS 

Nascent secretory proteins are subject to a variety 

of modifications; many of these occur within 

specific cellular organelles and are involved in 

forming the three-dimensional structure and 

covalent modifications necessary for proper 

protein function.  Protein modifications often 

require the activity of accessory resident proteins 

that are concentrated in specific organelles.  
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A. Cleavage of the Signal Peptide  

One of the first modifications of secretory proteins 

within the ER is the proteolytic removal of the 

signal peptide.  The cleavage is mediated by a 

specific ER protease (signal peptidase) and occurs 

within the translocon after a large portion of the 

nascent protein has entered the ER cisterna3,6. 

Removal of the signal peptide traps the nascent 

protein in the secretory pathway unless the protein 

misfolds.  

B. Protein Modifications and Folding   

Secretory proteins undergo post-translational 

modifications within the ER that directs their folding 

into a tertiary structure that shields their 

hydrophobic residues in the interior of the molecule 

and forms their functional domains.  Several major 

protein modifications, some of which are covalent, 

occur within the ER – including disulfide bond 

formation, glycosylation, and acetylation.  

Accessory ER resident proteins also direct the 

folding of nascent proteins.  

Disulfide bonds  

Disulfide bonds form by oxidative linkage of 

sulfhydryl groups between two Cys residues. 

These bonds are necessary to form higher order 

structures both within and between polypeptides 

and can occur either co- or post-translationally.  

The ER redox environment is uniquely suited to 

promote disulfide bond formation; indeed, disulfide 

bonds are highly abundant among secretory 

proteins and rarely found in cytosolic proteins.  It 

follows that changes in ER redox status affect 

protein folding and stability. For example, 

proteomic assessment of acinar ER proteins 

following ethanol feeding shows a shift towards 

increased oxidation, which suggests the likelihood 

of aberrant disulfide bonds – leading to protein 

misfolding and ER stress7,8. That said, disulfide 

bonds can occur spontaneously under normal 

conditions, and so ER-resident protein disulfide 

isomerases (PDIs) act to rearrange disulfide bonds 

and ensure their formation between the correct Cys 

residues. As such, PDIs are also considered 

chaperones (see below). One PDI family member 

specifically expressed in pancreatic acinar cells, 

termed PDIp, interacts with several digestive 

enzymes and proteolytic zymogens, and prevents 

their aggregation9–11.  

Glycosylation 

Glycosylation describes the addition of 

carbohydrate chains called glycans to nascent 

proteins. Protein glycosylation in the ER is 

mediated by resident glycosyltransferases and 

glycosidases which generate a milieu of glycan 

moieties that can influence protein folding and 

function (reviewed in 12). One such modification is 

the addition of N-acetylglucosamine (GlcNAc) to 

Asn residues, termed N-glycosylation. N-

glycosylation of newly translated peptides is 

regulated by the oligosaccharyltransferase (OST) 

complex by recognition of an Asn-X-(Thr/Ser) 

consensus sequence and occurs co-translationally 

via interactions between the OST and the 

translocon. Though N-glycosylation is understood 

to be critical for nascent protein folding, little is 

known about this particular modification in acinar 

cells. Studies in the early 1990s demonstrated the 

presence of N-glycosylation on human pancreatic 

elastase 1 (Ela1)13. It was later shown that N-

glycosylation of bile salt-dependent lipase (BSDL) 

was essential for its expression, association with 

molecular chaperones, and secretion14,15. More 

work has been done investigating the significance 

of O-glycosylation of acinar cell proteins, which 

occurs in the Golgi, including lysosome-associated 

membrane proteins and some digestive enzymes 

(see section IV). 

Acetylation  

Studies over the last decade have identified a 

critical role for Nε-lysine acetylation and ER 

proteostasis; that is, the dynamic regulation of the 

biogenesis, folding, trafficking, and degradation of 

proteins within the ER. Post-translational 

acetylation of proteins in the ER is regulated by the 

ER acetyl-CoA transporter, AT-1 (SLC33A1), and 

ER-resident acetyltransferases ATase1 and 

ATase2 (NAT8B and NAT8, respectively), which 
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utilize the luminal acetyl-CoA as acetylation 

substrate. In contrast to N-glycosylation, protein 

acetylation occurs only after successful protein 

folding and does not appear to involve a consensus 

sequence; though only outward-facing lysines are 

acetylated, suggesting a dependence on protein 

tertiary structure formation. Interestingly, the 

acetyltransferases interact with the OST complex 

to acetylate the targeted residues, suggesting a 

relationship between N-glycosylation and 

acetylation. The current view is that this acetylation 

identifies properly folded (i.e. glycosylated) 

proteins and promotes their entry into the secretory 

pathway, whereas improperly folded proteins 

cannot be acetylated appropriately and are thus 

subject to degradation. It has been recently shown 

that AT-1 expression increases at the onset of 

pancreatitis but falls as the disease progresses16. 

Furthermore, studies involving mice expressing 

mutant AT-1S113R/+, a human mutation associated 

with hereditary spastic paraplegias17, or pancreatic 

acinar-specific AT-1 deletion, show elevated ER 

stress, inflammation, and fibrosis consistent with a 

chronic pancreatitis-like phenotype, which 

unexpectedly includes enhanced trypsin 

activation16. Prior analyses of the so-called “ER 

acetylome” in neuronal cells identified acetylated 

proteins that are of interest in pancreatic acinar 

physiology, including BiP (GRP78), LAMP2, and 

cathepsin D18. Given the recently established role 

of AT-1 in pancreatic acinar homeostasis, 

investigating the acetylation state of acinar cell 

proteins will provide further insight into the 

functional significance of this modification on 

pancreatic outcomes. 

Molecular chaperones  

Although very small peptides can spontaneously 

fold unassisted, the folding of larger and more 

complex proteins in the ER is hindered by the 

available space and necessity of precise luminal 

conditions. ER-resident chaperones assist newly 

translated polypeptides by recognizing and 

interacting with key protein regions and shielding 

them from outside interference while the necessary 

modifications are made. Two main chaperone 

systems regulate this process in the ER: heat 

shock chaperones (e.g. BiP, aka GRP78, and 

GRP94), which interact with exposed hydrophobic 

regions; and lectins (e.g. calreticulin/calnexin), 

which interact with N-linked glycans. Evidence 

shows that these chaperones often cycle between 

association, dissociation, and reassociation with 

their targets until folding is complete. It follows that 

molecular chaperones are critical for pancreatic 

acinar cell function. In mice, GRP78+/- pancreas 

exhibits alterations in ER morphology, reduction in 

the expression of calreticulin and calnexin, and 

experience increased disease severity in response 

to caerulein-induced pancreatitis19. As previously 

mentioned, PDIs are also considered chaperones 

as they support protein folding by facilitating 

disulfide bond formation.  

C. The Unfolded Protein Response (UPR) 

To sustain high rates of ER protein synthesis and 

secretory trafficking efficiency, pancreatic acini rely 

on a robust ER stress response system to manage 

the accumulation of proteins in the ER lumen. 

Known as the unfolded protein response (UPR), 

this system is regulated by three ER 

transmembrane proteins that “sense” the load of 

unfolded proteins in the ER lumen: inositol 

requiring enzyme 1 (IRE1), activating transcription 

factor 6 (ATF6), and protein kinase R-like ER 

kinase (PERK). These sensors mediate signal 

transduction pathways that initiate cellular 

response mechanisms to alleviate the burden of 

ER stress (reviewed in 20,21).  

The adaptive UPR 

During the initial stages of ER stress, or when ER 

stress is mild, IRE1 dimerizes and auto-

transphosphorylates, activating its RNase activity 

which processes the transcription factor X-box 

binding protein 1 (XBP1) into its spliced product 

(XBP1s)22,23. Effects of IRE1 on other types of 

mRNA have also been reported.  Additionally, 

ATF6 translocates to the Golgi using the COPII 

complex coated vesicles and is cleaved by site 1 

and 2 proteases to generate its active cytosolic 

form cATF624,25. Both XBP1s and cATF6 regulate 
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the expression of genes encoding ER chaperones, 

ER biogenesis, and ER-associated degradation 

(ERAD); furthermore, cATF6 controls XBP1 

expression22,23,26–29. These actions serve to 

increase the ER folding capacity and secretory 

output to clear accumulated proteins and are 

collectively referred to as the adaptive UPR.   

The role of XBP1s in this protective mechanism 

has been extensively studied in the context of 

exocrine pancreas physiology and pancreatitis. 

XBP1s works in concert with the transcription 

factor Mist1 to drive terminal differentiation of 

pancreatic acini and other secretory cell types; 

XBP1 null mice are not viable28,30–35. XBP1 

heterozygotes (XBP1+/-) exhibit increased 

pancreatic pathology, including oxidative stress 

that affects disulfide bond formation, in response to 

ethanol-mediated ER stress, which establishes a 

protective role for XBP1s during pancreatitis7,35. 

Moreover, XBP1s regulates the expression of AT-

1 which is part of the ER protein acetylation 

machinery36. Although less is known about the role 

of ATF6 in acinar cells, a recent publication 

suggests a putative role for ATF6 and the apoptotic 

protein p53 in the development of chronic 

pancreatitis37. 

The pathological UPR  

In the event the adaptive UPR cannot ameliorate 

existing ER stress, subsequent pathways with 

more profound consequences are activated.  

Similar to IRE1, PERK autophosphorylates in 

response to ER stress and activates its kinase 

activity, which in turn phosphorylates the 

translation initiation factor 2α (eIF2α), inhibiting 

global cap-dependent translation. This provides 

the ER a reprieve from translational protein input.  

Should these actions fail to alleviate ER stress, 

PERK activates the apoptotic protein 

CCAAT/enhancer binding protein homologous 

protein (CHOP) by increasing expression of 

activating transcription factor 4 (ATF4). This duality 

in PERK function is illustrated by studies showing 

the necessity of both PERK and ATF4 in normal 

pancreatic development and function, whereas 

loss of CHOP results in normal exocrine function 

and  protects against the acceleration of 

pancreatitis38–40. Sustained IRE1 signaling may 

also play a role in the pathological UPR by 

activating jun N-terminal kinase (JNK), which 

contributes to inflammation and apoptosis, though 

this pathway has not been fully studied in 

pancreatic acinar cells.  

Regulated IRE1-dependent decay (RIDD)  

Under conditions of sustained ER stress, the 

endoribonuclease activity of IRE1 may become 

broader, affecting the translation of mRNAs other 

than XBP1. Reports indicate a potential role for 

RIDD in regulating insulin mRNA in pancreatic β 

cells under ER stress due to hyperglycemia41,42. 

The physiological role of RIDD in exocrine 

pancreatic function and response to stress has not 

yet been explored. 

D. Removal and Degradation of 

Accumulated Proteins 

ER-associated degradation (ERAD) is a cellular 

pathway that removes terminally misfolded 

proteins from the ER lumen or membrane and 

regulates their degradation. ERAD may occur by 

proteasomal (ERAD-I) or autophagic (ERAD-II) 

mechanisms.  It is believed that ERAD-I mediates 

the disposal of monomeric proteins. The best 

characterized branch of ERAD-I is regulated by the 

adaptor protein suppressor/enhancer of Lin-12-like 

(Sel1L) and the dislocon channel HMG-coA 

reductase degradation protein (Hrd1) complex, 

which retrotranslocates misfolded ER proteins to 

the cytosol where they are subsequently 

ubiquitinylated and targeted to the proteasome for 

degradation43. Interestingly, inducible Sel1L 

knockout mice exhibit classic exocrine 

insufficiency as well as persistent ER stress/UPR 

and, curiously, significantly smaller zymogen 

granules44. This study suggests a key role for 

Sel1L and ERAD-I in pancreatic acinar ER 

homeostasis.  

ER homeostatic mechanisms utilizing 

autophagic/lysosomal pathways will be collectively 

referred to here as ERAD-II, including ER-phagy, 
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reticulophagy, and/or ER-quality control (ERQC) 

autophagy; whether these classifications represent 

similar or distinct processes is the subject of 

debate which will not be dissected here. In contrast 

to ERAD-I, ERAD-II is proposed to degrade large 

protein aggregates and ER membrane rather than 

individual proteins (reviewed in 45). In mammals, 

autophagy-mediated ER degradation utilizes ER 

membrane associated receptor molecules.  To 

date, six receptors have been identified: RTN3L, 

FAM134B, SEC62, CCPG1, ATL3, and TEX264. 

Although the various stimuli and protein targets for 

these receptors have not been completely 

characterized, they all interact with the autophagy 

protein LC3 through LC3 interacting regions (LIRs) 

which mediates the selective removal of ER 

through the autophagy pathway. Cell-cycle 

progression gene 1 (CCPG1) was first identified as 

an ER-phagy cargo receptor in pancreatic acini 

that is induced by UPR signaling, and loss of 

CCPG1 leads to ER disordering and loss of polarity 

in acini46–48.  

Initiation of ERAD-II may be regulated by 

acetylation. The autophagy regulatory protein 

ATG9 is the only membrane-associated autophagy 

protein that resides in the ER. Studies of AT-1 

function identified acetylation sites on ATG9 on the 

luminal side which restricts its activity, and loss of 

AT-1 function spurs increased autophagy36,49. 

These findings suggest that ATG9 may act as an 

ER lumen acetylation sensor wherein loss of 

acetyl-CoA availability, corresponding to 

accumulation of proteins, induces reticulophagy. 

The extent to which ERAD-I and ERAD-II regulate 

the degradation of pancreatic acinar cell proteins 

under normal and disease states is unclear. 

Similarly, whether defects in either ERAD 

mechanism contribute to aberrant intracellular 

trypsin activation and/or pancreatitis pathology 

remains to be investigated. 

III. EARLY ACINAR CELL 

SECRETORY PROTEIN 

TRAFFICKING   

Pancreatic acinar cell secretory proteins are 

translated into the highly expanded rough ER 

(Figure 1, 2). Following folding and post-

translational modifications discussed above, 

soluble and membrane-associated secretory 

proteins adjacent to specialized ERES are 

packaged into coat protein complex II (COPII)-

coated vesicles and directed to the ER-Golgi 

intermediate compartment (ERGIC). In the ERGIC, 

resident ER proteins are sorted back to the ER in 

COPI-coated vesicles, while secretory proteins are 

concentrated and delivered to the Golgi cisternae 

(cis-, medial- and trans-Golgi), sometimes termed 

the Golgi stacks and/or Golgi ribbons (reviewed in 
50–52).  Proteins may undergo further 

posttranslational modifications during their 

sequential movement through the Golgi.  

Ultimately, secretory proteins are concentrated into 

condensing vacuoles within the trans-Golgi 

compartment where they bud off as precursors of 

secretory or zymogen granules (ZGs). It should be 

noted that condensing vacuoles (CV) and 

immature secretory granules (ISGs) are often used 

interchangeably in acinar cell literature (Figure 2, 

3).  

A. ER to Golgi Trafficking 

Anterograde transport of ER membrane and 

protein to the ERGIC begins with the formation of 

COPII vesicles at specialized ERES 

subdomains51,53 .  Formation of the COPII coat is 

directed by the cytosolic proteins Sar1, Sec23, 

Sec24, Sec13, and Sec3152,54. In brief, the GTPase 

Sar1 is GTP-loaded and activated by the guanine 

exchange factor Sec12 near the ERES, prompting 

the insertion of Sar1 into the ER membrane using 

an amphipathic helix. Sar1 membrane insertion 

facilitates the membrane deformation ultimately 

required for vesicle formation and budding. 

Membrane-associated Sar1 also binds to the 

heterodimer Sec23-Sec24. Sec 24 interacts with 

transmembrane ER-associated receptors to 

facilitate soluble cargo loading. Sequential 

formation of these complexes at the ERES 

promotes the addition of an outer layer composed 

of a heterotetramer of two Sec13 and two Sec31 
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subunits which self-assemble into cage-like 

structures morphologically similar, but 

biophysically distinct to, clathrin coats55. In addition 

to the five core COPII regulatory proteins, a 

growing number of proteins that transiently interact 

during COPII coat formation and trafficking have 

been identified but will not be detailed here52,54. 

Vesicle scission occurs through an unclear 

process, and the COPII vesicles – typically 60-80 

nm in diameter – are directed to the ERGIC where 

they tether and undergo fusion via soluble n-

ethylmaleimide sensitive receptor (SNARE) protein 

interactions56. 

 

Figure 3. Additional secretory pathways identified in acinar cells. The classic regulated secretory pathway is 
represented by the formation of mature secretory granules from ISGs/CVs. Parallel secretory pathways are formed 
by the trafficking of membrane and secretory proteins through endosomal compartment intermediates prior to 
secretion, either directly from the early endosome in the minor-regulated pathway (MRP) or through the recycling 
endosome as in the constitutive-like pathway (CLP). 

Although the acinar cell is known for its massive 

protein secretory capacity and many studies have 

been directed at understanding the mechanisms of 

COPII vesicle formation in other cells, few have 

addressed this pathway in pancreatic acinar cells. 

In 1999, Martínez-Menárguez et al. used immuno-

electron microscopy on pancreas thin sections to 

demonstrate that the membrane-associated 

SNARE protein rBet1 is concentrated in COPII 

coated vesicles; however, the soluble secretory 

proteins amylase and chymotrypsin were not, 

suggesting that soluble cargo loading is not 

receptor-mediated but occurs by nonselective 

transport57. A later study in yeast followed the 

loading of soluble secretory proteins and COPII 

membrane proteins demonstrating receptor-
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mediated concentrative sorting of soluble proteins 

into COPII vesicles58. Whether additional acinar 

secretory proteins other than amylase and 

chymotrypsin may be selectively loaded in COPII 

vesicles remains unknown. A more recent study 

demonstrated that pancreas-specific deficiency of 

the Sec23B isoform, but not Sec23A, results in 

embryonic lethality due to acinar cell degeneration 

but, interestingly, did not disrupt the morphology of 

islets59,60.  Clearly, further investigation of COPII 

formation, loading, and trafficking in normal acinar 

cells and the importance of this pathway during 

pathologic ER stress is warranted.  

B. ER Golgi Intermediate Compartment 

(ERGIC) 

The ERGIC, also known as the vesicular tubular 

cluster due to its morphology, acts as sorting 

compartment between the ER and Golgi apparatus 

(Figure 1, 2). The most reliable marker of this 

compartment is ERGIC-53, a mannose-specific 

membrane lectin that functions as a cargo receptor 

for the transport of glycoproteins from the ER to the 

ERGIC61.  The ERGIC is formed and maintained by 

the continuous fusion of COPII vesicles arriving 

from the ER. Resident ER proteins are retrieved 

from the ERGIC back to the ER by their 

concentration and sorting into COPI-coated 

vesicles. In contrast to COPII coat formation, COPI 

coat proteins are composed of seven COP 

adapters that are assembled in response to 

activation of an ADP ribosylation factor (Arf1, Arf2 

or Arf3) by GTP loading with guanine exchange 

factors. Activation triggers Arf myristoylation and 

membrane tethering identical to Arf function in 

clathrin coat formation (reviewed in 62). Cargo 

selection by COPI is directed by sorting signals 

present on cytoplasmic domains including di-

lysine, KKxx, and KxKxx motifs present on many 

ER proteins. Likewise, the KDEL receptor, which 

functions to both retain ER resident proteins and 

recycle them from the ERGIC and cis-Golgi, 

interacts with KDEL-containing proteins, including 

ER chaperones, thereby concentrating them in 

COPI vesicles56.  

In acinar cells, Martínez-Menárguez et al. showed 

that although amylase and chymotrypsin were not 

selectively sorted during COPII vesicle formation in 

the ER, these enzymes were concentrated in the 

ERGIC by their apparent exclusion from COPI 

vesicles recycling back to the ER57. This and a later 

study support the concept that the ERGIC 

functions as an initial concentrating compartment 

for acinar secretory proteins that are non-

selectively transported from ER56,63. Interestingly, 

although COPI buds are most numerous in the 

ERGIC, they are also found in cisternae at all levels 

of the Golgi stacks as well as a minor presence on 

ISGs, indicating that either COPI recycling takes 

place at all levels of the early secretory pathway or 

that COPI vesicles have additional functions in the 

Golgi (see below)57. Of note, an earlier study by 

Sesso et al. provided a three-dimensional 

reconstruction of the rough ER-Golgi interface in 

serial thin sections of rat pancreas. This was 

depicted as a series budding small vesicles that 

fused to form tubulo-vesicular elements that 

appeared to be interposed between the ER and 

cis-Golgi, although the nature of these tubulo-

vesicles is uncertain, it seems plausible they 

represented what is now termed the ERGIC64.  

C. Golgi Apparatus (Complex) 

A number of theories have been postulated 

regarding Golgi formation, structural organization, 

and mechanisms of protein and membrane 

trafficking between the Golgi compartments65–68.  

Golgi architecture in mammalian cells consists of a 

morphologically heterogeneous set of membrane-

limited compartments with a characteristic stack-

like appearance (Figure 1). Membrane and 

proteins generally flow or mature in an anterograde 

direction from cis- to trans-cisternae.  The cis-

cisternae are oriented towards the ER and are 

associated with small vesicle formation, whereas 

the trans-Golgi is oriented towards the apical 

plasma membrane and is associated with 

production of secretory granules. These regions 

are most commonly described as zones of the cis-

, medial- and trans-Golgi, with movement between 

compartments by vesicle fission and fusion and so-
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called noncompact zones that are interconnected 

by lateral tubules between cisternae69,70. These 

interconnected regions appear as higher order 

structures by light microscopy giving rise to the 

term Golgi ribbon. There are numerous small, 

coated vesicles oriented both close to and budding 

off from the rims of the Golgi cisternae, the majority 

identified as COPI-coated by immuno-electron 

microscopy. COPI coats are most abundant in the 

ERGIC and cis-Golgi which decrease in number 

moving toward the trans-Golgi69.  Recent studies 

have described these as COP1b vesicles that 

mediate anterograde trafficking within the Golgi 

cisternae whereas the COPIa vesicles mediate 

retrograde recycling of ER proteins from the 

ERGIC and cis-Golgi, although the molecular 

determinants dictating COPIa versus COPIb coats 

are uncertain56,67. 

The most distal trans-Golgi cisternae give rise to 

and are continuous with the trans-Golgi network 

(TGN), a series of branching tubules with many 

budding profiles and forming vesicles. The TGN is 

biochemically distinct from the rest of the Golgi 

complex, having a higher concentration of certain 

proteins like TGN-38 compared to the cis- and 

medial-Golgi. The TGN is highly dynamic in 

accordance with the rates of protein synthesis and 

secretory protein entry into the compartment. 

Multiple organelles have been shown to arise from 

the TGN including early, late, and recycling 

endosomes, as well as vesicles specifically 

destined for apical and basolateral plasma 

membrane or back to the ER69.  Unique to the TGN 

is large number of clathrin coats and associated 

clathrin-coated vesicles (Figure 3). Clathrin coat 

formation at Golgi membrane is mediated by 

assembly of clathrin adaptor protein complexes 

AP1, AP3, and AP4; these multisubunit complexes 

associate with cytoplasmic domains of specific 

Golgi transmembrane proteins to nucleate clathrin 

coat assembly71,72.  In addition to heteromeric AP 

complexes, additional monomeric clathrin adaptors 

are present at the trans-Golgi including Golgi-

localized γ-ear-containing Arf-binding proteins 

(GGAs) and enthoprotin/epsinR5673. 

IV. PROTEIN MODIFICATION IN THE 

GOLGI COMPLEX 

The Golgi is a major site of protein modification 

including terminal glycosylation, proteolytic 

processing, and sulfation, The Golgi fulfils its 

multiple functions using several classes of 

processing enzymes. These are primarily 

membrane proteins and may be regulated by their 

distinct localizations within the Golgi complex. For 

example,  galactosyltransferase is restricted to the 

two or three trans-most Golgi cisternae74.   

A. O-Glycosylation 

Complex O-linked oligosaccharides are attached 

by glycotransferases within the Golgi (as opposed 

to N-linked glycosylation in the ER, see section II 

above). Lysosomal enzymes, including lysosome-

associated membrane proteins 1 and 2 (LAMP1,2), 

are glycoproteins that are modified in this manner, 

and are essential for the function and integrity of 

lysosomes75. Furthermore, a study perturbing O-

glycosylation in pancreas showed that a number of 

pancreatic digestive enzymes (e.g. bile salt-

activated lipase, pancreatic triacylglycerol lipase, 

pancreatic alpha-amylase) are O-glycosylated, 

and that loss of O-glycosylation results in exocrine 

and endocrine insufficiency76.  

B. Mannose-6-P Modification 

In the cis-Golgi, mannose-6-phosphate (M6P) 

residues are added to proteins to direct sorting into 

the endolysosomal pathway74. These residues 

interact with the M6P receptor (MPR) which are 

localized to the Golgi region of polarized cells, 

coated vesicles, endosomes, and lysosomes as 

identified by Bron & Farquhar in 198477. Although 

an early study found MPRs to be restricted mainly 

to the cis-Golgi stacks, later work in acinar cells 

demonstrated AP1-mediated clathrin-coated 

vesicle retrieval of MPRs from immature secretory 

granules (see below) 77,78. Two distinct MPRs, a 

46kDa MRP46 (cation-dependent MPR) and a 300 

kDa MPR300 (cation-independent MRP) have 

been identified. Although the majority of soluble 
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acid hydrolases are modified with M6P residues 

allowing their recognition by MPRs, other soluble 

enzymes and non-enzymatic proteins are 

transported to lysosomes in a M6P-independent 

manner mediated by alternative receptors such as 

lysosomal integral membrane protein (LIMP-2) or 

sortilin79. Sorting of cargo receptors and lysosomal 

transmembrane proteins requires sorting signals 

present in cytosolic domains which interact with 

components of clathrin coats or an adaptor protein 

complex. Additionally, phosphorylation and lipid 

modifications can further regulate signal 

recognition and trafficking79. 

V. TRAFFICKING FROM THE GOLGI 

COMPLEX OUTWARD 

A. Condensing Vacuoles and Formation of 

Zymogen Granules 

The trans-Golgi is the site of condensing vacuole 

(or immature secretory granule, ISG) formation in 

pancreatic acinar cells. Early radio-labeling of 

acinar secretory proteins in vivo combined with 

electron microscopy radiographic analysis 

suggested the condensing vacuoles received 

secretory proteins directly transported on vesicular 

carriers from the so-called “ER transitional zone” 

which likely represented the ERES or ERGIC 

(Figure 1)80. Later higher resolution studies by 

Jameson and Palade in pancreatic slices from 

guinea pig stimulated with secretagogue revealed 

the presence of label in the Golgi stacks81; 

although in his 1974 Nobel acceptance speech 

Palade still depicted the ER transitional 

compartment as a direct route to the condensing 

vacuoles82.  Though many studies have examined 

condensing vacuole formation, a comprehensive 

understanding of how secretory cargo are 

concentrated into condensing vacuoles, how 

enlarged vacuoles form, and the molecular 

mechanisms of condensing vacuole fission from 

the TGN remains uncertain but is likely to be driven 

at least in part by the acidification of the 

compartment.  

The details of secretory granule formation in 

specialized secretory cells has received 

considerable attention over the last 30 years. 

Evidence derived from in vitro fusion assays in 

subcellular fractions of neuroendocrine cells 

supports that newly formed ISGs undergo 

homotypic fusion in a process mediated by 

syntaxin 6 and synaptotagmin IV83,84. Most studies 

in acinar cells posit that ISGs formed in the TGN 

are the direct precursors of mature secretory 

granules. However, Hammel et al.85 using a 

detailed morphometric analysis, proposed that 

small Golgi-derived vacuoles fuse to form ISGs85. 

They further propose that small granules undergo 

homotypic fusion to form larger granules, although 

the molecular and microscopic details of this theory 

are lacking. Ultimately, the immature granules 

further mature and become smaller by clathrin-

coated vesicle-mediated removal of membrane 

and small amounts of digestive enzymes to the 

endosomal system resulting in concentration of the 

digestive enzyme content into a mature, electron-

dense ZG78. AP1-mediated clathrin coat formation 

directed by MPRs also removes some, but not all, 

lysosomal enzymes from ISGs78.  

Few studies have investigated the secretagogue 

regulation of post-Golgi zymogen granule 

formation. Kostenko et al. demonstrated a role for 

the tyrosine kinase c-src in mediating Golgi 

morphology and secretory granule formation86. 

Overexpression of c-src caused Golgi expansion 

whereas pharmacological inhibition reduced 

granule formation in cultured AR42J acinar cells 

and isolated acinar cells. These results provide the 

first known signaling pathway for acute Golgi-

mediated ZG formation in response to secretory 

stimulation.  

B. Anterograde Endosomal Trafficking 

through the Minor Secretory Compartment  

The great majority of digestive enzyme secretion is 

mediated by ZG exocytosis at the apical 

membrane (Figures 2, 3). However, there 

are two additional and unique parallel secretory 

pathways identified in acinar cells from the 
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pancreas and parotid glands known as the 

constitutive-like (CLP) and minor regulated (MRP) 

pathways as shown in Figure 387–92. Though these 

pathways only provide a small contribution to total 

protein secretion, they are likely important to acinar 

cell function.  The CLP and MRP were identified by 

their rapid discharge (~2 h) of newly synthesized 

secretory proteins in pulse-chase studies, whereas 

ZG proteins were secreted by ~10 h under basal 

conditions88. Secretion from the CLP and MRP is 

acutely inhibited by brefeldin A (BFA), an inhibitor 

of guanine nucleotide exchange factors for class 1 

ADP-ribosylation factors that function in vesicle 

formation from trans-Golgi and endosomal 

compartments87. The CLP and MRP were 

proposed to originate from vesicle fission at the 

TGN and ISGs and traffic through an endosomal 

intermediate, subsequently identified as the early 

endosome prior to secretion at the apical 

membrane93–96. The MRP traffics from early or 

sorting endosomes directly to the apical 

membrane upon low-level secretagogue 

stimulation, whereas the CLP may subsequently 

enter an endosomal recycling compartment prior to 

exocytosis.   More recent studies have 

identified that the endosomal, TGN peripheral 

membrane protein TPD52 and its associated 

proteins Rab5 and EEA1 play an important role in 

CLP trafficking in acinar cells96.  It was also 

demonstrated that ZGs containing the SNARE 

protein vesicle-associated membrane protein 8 

(VAMP8) require an intact endosomal pathway 

expressing D52, Rab5, and EEA1 in order to 

mature and/or undergo exocytosis97.   

VI. CONCENTRATION OF NASCENT 

PROTEINS THROUGHOUT THE 

SECRETORY PATHWAY  

Concentration of acinar cell nascent secretory 

proteins occurs throughout the pathway but is not 

uniform. Differences of over an order of magnitude 

have been observed for amylase, chymotrypsin, 

and procarboxypeptidase A, and occurs at multiple 

compartments in the secretory pathway63.  The net 

effect of the enrichment mechanism is to 

concentrate soluble proteins such as amylase, 

trypsinogen, and chymotrypsinogen 10- to 20-fold 

between the ER lumen and the Golgi complex and 

even further enrichment as they move toward the 

zymogen granule and may be as high as a 

hundred-fold over the ER lumen. Though the 

mechanisms of such concentration remain unclear 

and likely vary among compartments, the 

decreasing pH gradient within the Golgi complex 

(going from pH 7.0 to 6.0) may contribute to this 

effect. Selection could also occur through 

interactions between secretory protein moieties 

and receptors; for example, the putative Golgi 

receptor muclin may interact with sulfated, O-

glycosylated zymogens as a means to concentrate 

them in budding compartments98.  

VII. SECRETORY GRANULE 

EXOCYTOSIS 

Regulated secretion arises from a storage pool that 

excludes newly synthesized secretory proteins that 

accumulate during the intestinal interdigestive 

phase.  It is able to release 15-30% of the gland’s 

secretory protein content by classical regulated 

exocytosis and is maximally stimulated following 

ingestion of a meal when release of massive 

amounts of digestive enzymes and zymogens 

(considering zymogens as a category of digestive 

enzyme) are required at rates greater than can be 

attained by protein synthesis alone.  ZG exocytosis 

does not appear to contribute to resting secretion.  

The purpose of these distinct mechanisms of 

secretion is unknown, but they likely serve to both 

ensure that some digestive enzymes will be 

present in the small intestine at all times and 

provide a secretory response that is proportional to 

luminal nutrients.  A minor regulated pathway could 

serve to increase enzyme secretion in response to 

smaller quantities of food than presented by a full 

meal.  Finally, a novel role for the constitutive and 

minor regulated compartments is that they might 

deliver the t-SNARES necessary for ZG fusion with 

the apical membrane99.  
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The release of ZG content into the lumen of the 

acinus requires fusion of the vesicular membrane 

with the apical plasma membrane. Four key steps 

are likely involved in this process: approximation of 

secretory granules in the apical region of the acinar 

cell, near the plasma membrane; tethering of 

secretory granules to the plasma membrane; 

docking and priming that involves SNARE proteins; 

and the final, calcium-dependent fusion event97.  

The initial step, movement of the secretory granule 

from its site of formation in the trans-Golgi to the 

apical region of the cell, likely requires active 

involvement of contractile elements, particularly 

actin and associated motor proteins, in movement 

of the ZG to its apical plasma membrane target. It 

should be noted that in the resting interphase 

between rounds of exocytosis, an apical actin 

terminal web presumably negatively regulates 

resting secretion in that an actin mesh is always 

found between ZGs and the apical plasma 

membrane100–102. However, other actin roles have 

been proposed103. For example, an additional actin 

pool, regulated by the actin-polymerizing formin 

mDia1, mediates the final movement of zymogen 

granules to the apical membrane104. After reaching 

this most apical domain, the membrane of the ZG 

must recognize and become tethered to the apical 

plasma membrane prior to fusion. This implies that 

the actin meshwork beneath the apical membrane 

must be dissociated for close membrane 

apposition to occur, though additional steps, 

including overcoming fusion barriers, are needed 

before fusion can occur. 

The role of microtubules in pancreatic acinar cell 

secretion is less clear. Microtubules are long, 

dynamic cytoskeletal structures composed of 

heterodimer polymers of α- and β-tubulin that 

undergo cycles of regulated polymerization and 

depolymerization105,106. During polymerization, β-

subunits of one tubulin heterodimer contact the α-

subunits of the next dimer resulting in one end of 

the microfilament having the α-subunits exposed 

and the other end with β-subunits exposed; these 

ends are designated the minus (−) and plus (+) 

ends, respectively. Microtubule motor proteins, 

such as kinesins and dynein, associate with select 

intracellular cargo and utilize ATP to facilitate 

transport along the microtubules107. Studies in the 

mid-1970s found that treatment of rodent pancreas 

both in vivo and ex vivo with the microtubule 

destabilizing compounds vinblastine and 

colchicine significantly inhibited, but did not fully 

prevent, secretagogue-stimulated amylase 

secretion108–111. Later work demonstrated that the 

minus ends of microtubules are anchored along the 

apical membrane and extend radially to the plus 

ends anchored in the basal cytoplasm112. Both 

kinesin and dynein have been identified in acini, 

though their localization (on ZGs, Golgi, ER) and 

effects on secretion are debated113–115. 

Interestingly, some studies show kinesin 

associating with ZGs in apical regions in response 

to secretory stimulation, an unexpected finding 

given that kinesins travel along microtubules in a 

minus-to-plus direction (i.e. anterograde in acini). 

Marlowe et al. speculates that organelles could 

contain both kinesin and dynein for bidirectional 

movement, and that kinesin could be involved in 

post-exocytosis membrane retrieval112. Additional 

high-resolution studies are needed to characterize 

the population and polarization of microtubules at 

the acinar apex to understand how kinesin shapes 

the secretory response. 

The SNARE hypothesis for membrane recognition 

and fusion, which appears to be a generalized 

mechanism for all cells examined, is particularly 

relevant for the pancreatic acinar cell where 

specific interactions between the zymogen granule 

membrane and the apical plasma membrane 

ensure that exocytosis of digestive enzymes and 

proenzymes occurs into the acinar lumen116.   

Two populations of ZGs have been identified in 

pancreatic acinar cells, those enriched in the 

SNARE protein VAMP2 and those enriched in 

Endobrevin/VAMP897. According to the SNARE 

hypothesis for exocytosis, VAMPs on the granule 

membrane interact with a syntaxin isoform and a 

SNAP isoform on the plasma membrane. Acinar 

cell apical plasma membrane contains syntaxins 2 

and 4 and, interestingly, both apical plasma 
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membrane and ZGs express SNAP3 and 

SNAP29117,118. Co-immunoprecipitation analysis 

revealed that VAMP2 ZGs interact with plasma 

membrane syntaxin 2 and SNAP23, whereas 

VAMP8 ZGs interact with apical membrane 

syntaxin 4 and SNAP23.  ZG-ZG compound 

exocytosis which occurs during secretion was 

shown to involve VAMP8/syntaxin 3 and SNAP23 

all of which are present on ZGs. A role for SNAP29 

in acinar cell function has not been described. 

To determine the roles of these VAMPs in the 

acinar cell, VAMP8 knockout mice together with 

adenoviral expression of tetanus toxin to 

selectively cleave VAMP2 were used to delineate 

the roles of VAMP2 versus VAMP8 ZG exocytosis 

during secretagogue stimulated secretion97. 

Results supported that VAMP2 and VAMP8 are the 

primary ZG SNAREs mediating stimulated but not 

basal secretion. Moreover, measuring acinar cell 

secretion over time in a perifusion apparatus 

revealed that VAMP2 ZG mediated an early 

immediate phase of secretion that peaks at two 

minutes and begins to decline followed by VAMP8 

ZGs mediated second prolonged phase of 

secretion that peaks at five minutes and decays 

over 20 minutes.  A subsequent study identified 

that the VAMP8, but not the VAMP2-mediated 

pathway, was primarily inhibited during high 

cholecystokinin (CCK)-induced acute acinar 

pancreatitis and that knockout of VAMP8 

prevented most of the high dose CCK mediated 

secretory inhibition and fully blocked the 

accumulation of active trypsin in acinar cells119.  

  ZGs have been shown to undergo exocytosis at 

the basolateral plasma membrane during acute 

pancreatitis120. Evidence suggests that VAMP8 

normally inhibits basolateral exocytosis; however 

PKC-mediated phosphorylation of the SNARE 

accessory protein Munc18c allows VAMP8 to 

mediate basolateral exocytosis in a SNARE 

complex involving VAMP8/syntaxin 4/SNAP23121. 

Presumably, release of digestive enzymes to the 

extracellular space enhances tissue damage 

thereby exacerbating disease progress. 

A unique mechanism that has been observed in 

acinar cells is that of compound exocytosis, 

whereby secretory granule fuse with one another 

prior to interacting and fusing with the apical 

plasma membrane118,122. Though the physiological 

meaning of compound exocytosis is not currently 

understood, it may facilitate more rapid and 

efficient release of ZG content since the acinar 

lumen is a small fraction of the total surface area 

limiting the number of granules that can fuse with 

the apical membrane at any one time.  What 

triggers granule to granule fusion prior to contact 

with the apical plasma membrane is unclear, but 

may involve changes in pH, changes in 

phospholipid content, acquisition of different 

SNARE proteins, etc., and needs further research. 
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