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Abstract
Chromogranin A (CgA), a member of the granin family serves several important cell biological roles
in (neuro)endocrine cells which are summarized in this review. CgA is a “prohormone” that is
synthesized at the rough endoplasmic reticulum and transported into the cisternae of this organelle
via its signal peptide. It is then trafficked to the Golgi complex and then to the trans-Golgi network
(TGN) where CgA aggregates at low pH in the presence of calcium. The CgA aggregates provide
the physical driving force to induce budding of the TGN membrane resulting in dense core granule
(DCG) formation. Within the granule, a small amount of the CgA is processed to bioactive peptides,
including a predicted C-terminal peptide, serpinin. Upon stimulation, DCGs undergo exocytosis and
CgA and its derived peptides are released. Serpinin, acting extracellularly is able to signal the increase
in transcription of a serine protease inhibitor, protease nexin-1 (PN-1) that protects DCG proteins
against degradation in the Golgi complex, which then enhances DCG biogenesis to replenish those
that were released. Thus CgA and its derived peptide, serpinin, plays a significant role in the formation
and regulation, respectively, of granule biogenesis in (neuro)endocrine cells.

Keywords
Chromogranin A; granule biogenesis; AtT-20 cells; Protease Nexin-1; Secretogranin III

Introduction
Chromogranin A (CgA) is a genetically distinct member of the granin family of proteins which
is stored together with hormones and neuropeptides in dense core secretory granules in
endocrine cells and neurons [1]. CgA is released upon stimulation and in the adrenal medulla,
it is co-released with catecholamines [1]. The CgA protein has a signal peptide and numerous
paired basic residues, [2,3] which are typical cleavage sites in prohormones to generate
bioactive peptides (See Fig. 1) [2–4]. Thus CgA has been characterized as a “prohormone” and
indeed various CgA-derived peptides e.g. vasostatin, have been isolated and their functions
identified [5] (see also other chapters in this volume). However, the level of processing is
generally low and varies with different tissues, and much of CgA remains intact upon release
[6] (Cawley et al., unpublished data). For a long time, the function of intact CgA was unclear
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although it has been used as a diagnostic marker for tumors of endocrine origin and various
inflammatory diseases such as arthritis [7]. At the cell biological level, CgA has been referred
to as a “granulogenic protein” that plays an important role in dense-core granule (DCG)
biogenesis and as a chaperone for prohormone sorting to the regulated secretory pathway in
endocrine cell [8–10]. In this review, we will discuss the biosynthesis, processing and
trafficking of CgA, as well as its cell biological function in granulogenesis. We will also discuss
a potential new cleavage product, serpinin, involved in regulating DCG biogenesis in endocrine
and neuroendocrine cells.

Biosynthesis, intracellular trafficking and processing of CgA
CgA is expressed in endocrine cells and peptidergic neurons which, in addition to having a
constitutive secretory pathway contain a regulated secretory pathway unique to these cells
[11]. It is secreted in a stimulus-dependent manner via the regulated secretory pathway. CgA
is synthesized at the rough endoplasmic reticulum (RER) and inserted into the RER cisternae
via the signal peptide (Figs. 1, 2). It is then transported to the Golgi apparatus and sorted away
from other constitutively secreted and lysosomal proteins and packaged at the trans-Golgi
network (TGN) into immature secretory granules. Subsequently, CgA unlike other
prohormones, is only partially processed within the secretory granules to yield various
bioactive peptides with different functions (Figs. 1, 2).

How does CgA get sorted into regulated secretory pathway granules? Initial studies suggest
that CgA which is highly acidic and forms large aggregates at an acidic pH and in the presence
of Ca++ within the TGN, is sorted out from other proteins and enters the budding granule in a
passive manner [12,13]. More recently, a number of studies [8,14,15] have supported a sorting
domain-receptor mediated model. Several groups have shown that the CgA N-terminal domain
(residues 1–115) consisting of a disufide bonded loop structure (Cys17-Cys38) which is
evolutionarily conserved is essential for targeting CgA to the regulated secretory pathway in
PC12 cells (Fig. 1). However, this disulfide loop was not necessary for sorting CgA in GH4C1
cells. On the other hand, the C-terminus of CgA which is also highly conserved (Fig. 1) was
critical for sorting in GH4C1 cells but does not play such a role in PC12 cells [14]. These
results indicate that the N- and C-terminal highly conserved sorting domains function in a cell
specific manner. Hosaka’s group has shown that the N-terminal domain (residues 48–111) of
CgA strongly interacts with Secretogranin III (at SgIII 214–373 domain) in PC12 cells [16].
SgIII is a cholesterol binding protein and it has been shown that SgIII found in cholesterol-rich
granule membranes functions as a sorting receptor at the TGN to target CgA aggregates to the
regulated secretory pathway (Fig. 2) [15–17]. SgIII is also involved in the sorting of CgA to
the regulated secretory pathway granules in pituitary AtT-20 cells and pancreatic β-cells [15].
Additionally, SgIII has been proposed to act as a prohormone sorting receptor since it also
binds prohormones such pro-opiomelanocortin (POMC) albeit, more weakly than the
membrane form of carboxypeptidase E (CPE), identified previously as a sorting receptor for
prohormones [18,19]. CgA-aggregates, upon entry into the newly formed secretory granule by
budding of the TGN membrane, are stored within the cells and give the granules the dense core
appearance when analyzed by electron microscopy [20].

Unlike other prohormones such as proinsulin, CgA is processed only to a small extent to yield
biologically active peptides in granules from pituitary and chromaffin tissue (our unpublished
data), perhaps because the aggregates are not very soluble in the acidic milieu of the secretory
granule and remain as a dense core. Through cleavage of CgA at paired basic residues and
single basic residues, a number of bioactive peptides are generated (see Fig. 1). More recently,
a proteomic study suggests that CgA may be processed at more residues than was previously
thought (Fig. 1), although the function of the “new” fragments remain unknown [3]. The paired
basic residue processing sites are characteristic of those used by the endoproteases (proprotein
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convertases) PC1 and PC2 and more recently Cathepsin L, all of which have been shown to
be present in chromaffin granules [21,22]. After endoproteolytic cleavage, the exopeptidase,
CPE, also present in dense core secretory granules removes the C-terminal extended basic
residues to yield biologically active peptides or peptide fragments. These fragments may still
require further processing by other endopeptidases, that are specific for single basic amino
acids or other sites, as well as exopeptidases, e.g. aminopeptidases [23,24], present in DCGs,
to generate the final active peptide products shown in Fig. 1. While most of the processing
likely occurs within the granule, further processing of CgA fragments may occur extracellularly
after release, possibly by enzymes such as plasmin which is present in the circulation.

CgA functions as a granulogenic and chaperone protein
Members of the granin family of proteins which include CgA, CgB and secretogranin II–IV
are expressed in abundance in endocrine and peptidergic neurons [25]. These proteins, in an
acidic pH and high Ca++ environment, aggregate into large complexes and have been shown
to physically induce the formation of dense core-like granules in fibroblasts [26–29]. Hence
they are proposed to be the driving force that induces budding of the TGN membrane to form
dense core granules and are therefore coined “granulogenic” proteins. Recently, domains in
the CgA molecule have been identified to be essential for granulogenesis. A study by Stettler
et al. using a series of CgA deletion constructs fused to GFP or other short epitope tags when
expressed in fibroblast COS-7 cells revealed that the N-terminal 77 residues generated granule-
like structures that co-localized with SgII when co-expressed in the same cells [28].
Additionally, Anouar’s group using frog CgA (fCgA) showed that deletion constructs missing
the highly conserved N- or C-terminus when overexpressed in COS-7 cells was retained in the
Golgi apparatus whereas full length fCgA induced formation of DCGs, the contents of which
could be released in a regulated manner [30]. In that study, expression of full length but not
N- or C-terminal truncated forms of fCgA in AtT-20 cells, a mouse pituitary corticotroph cell
line resulted in the promotion of sorting of POMC into DCGs suggesting that CgA may
facilitate the sorting of peptide hormones into the regulated secretory pathway [30]. However,
while our studies indicate that CPE is the primary sorting receptor for directing POMC to
regulated secretory granules, overexpression of CgA or CgB [31] in AtT-20 cells appears to
enhance this process. In conditions of overexpression where CgA is in great excess, and since
it is a highly charged molecule, other proteins such as POMC may well interact with it, resulting
in enhanced numbers of prohormone molecules being targeted with CgA, in a “piggy back”
manner, into the DCGs. In contrast, since overexpression of the N- and/or the C-terminal CgA
deleted mutants reduced DCG formation causing retention of the molecules at the TGN, so too
would POMC movement from the Golgi into DCGs be expected to be retarded due to lack of
granule formation and perturbation of the TGN. Likewise, in the CgA-knockout mouse, lack
of CgA diminished granule formation and hence the amount of releasable prohormones and
their processed products being secreted into the circulation was decreased [32,33]. While a
CgA knock out mouse in another study [34] did not give the same phenotype, the cell biological
[27–29] and two in vivo studies [32,35] support the importance of CgA in inducing granule
formation in a specific molecular domain-dependent manner. Perturbation of CgA-dependent
granulogenesis, therefore has a profound negative effect on prohormone cargo sorting to the
regulated secretory pathway.

CgA regulates granule biogenesis by modulating protease nexin-1 expression
Distinct from its physical role as a granulogenic protein, CgA has been shown to upregulate
granule biogenesis in endocrine and neuroendocrine cells. We demonstrated by quantitative
electron microscopy (EM) that PC12 cells stably transfected with antisense to chromogranin
A had a marked decrease in DCG biogenesis (Fig. 3A) [27]. Conversely, when 6T3 cells, a
mutant AtT20 cell line lacking DCGs were transfected with bovine CgA (6T3-bCgA cells),
there was a significant increase in the number of DCGs present, as revealed by quantitative
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EM (Fig. 3B) [36]. These newly formed DCGs were secretion competent since high K+-
stimulation released the CgA (Fig. 3C) as well as an exogenous granule cargo protein, POMC,
from these cells, but not from wild type 6T3 (6T3-WT) cells (Fig. 3D) [27]. The DCG induction
effect was specific to CgA since CgB transfected into the 6T3 cells did not show an increase
in DCG biogenesis. Instead transfected CgB was degraded as evidenced by its disappearance
which was recovered by NH4Cl treatment to alkalinize the pH of the degradation compartment
(Fig. 3E) [27]. The intracellular site of degradation of CgB was determined using cold
temperature block, brefeldin A (BFA) and monensin treatment (Fig. 4A) [36]. When vesicular
trafficking from the ER to the Golgi apparatus was blocked in these cells by BFA, which
redistributes the Golgi apparatus to the ER [37], the cellular level of CgB was significantly
increased [36]. When 6T3-WT cells expressing CgB were incubated at 20°C for 2 h, which
prevented post Golgi trafficking, the level of CgB was not recovered, indicating that
degradation of CgB was initiated in the Golgi complex. Monensin treatment for 2 h, which
blocks trafficking of proteins from the medial-to the trans-Golgi cisternae [38] also did not
recover the intracellular CgB level in 6T3-WT cells, suggesting that degradation is initiated in
the cis-Golgi cisternae of the Golgi apparatus [36].

To identify protease inhibitor genes that may be up-regulated to protect granule proteins from
degradation, gene expression profiles from 6T3-bCgA cells and 6T3-WT cells using
Affymetrix GeneChip microarray were compared. This analysis identified a serpin family
serine protease inhibitor, protease nexin-1(PN-1) mRNA that was upregulated in 6T3-bCgA
cells (Fig. 4B) [36]. Furthermore, PN-1 protein was also up-regulated in three clones of 6T3
cells stably transfected with CgA (Fig. 4C) [36]. Immunofluorescence microscopy of 6T3-
bCgA cells showed co-localization of endogenous PN-1 with CgA in the perinuclear region,
resembling a Golgi-like distribution, but no overlap was observed in the tips of the cells where
DCGs reside (Fig. 4Da–c) [36]. Transfection of PN-1 and GalT, a Golgi marker, in 6T3-WT
cells showed co-localization of these two molecules (Fig. 4Dd–f), substantiating the presence
of PN-1 in the Golgi complex where CgB, a DCG protein is degraded [36].

Biochemical studies showed that co-expression of CgB with PN-1 in 6T3-WT cells rescued
the degradation of CgB, indicating that PN-1 is a bona fide protease inhibitor that can block
DCG protein degradation in the Golgi complex in vivo (Fig. 5A and B) [36]. Moreover,
immunofluorescence microscopy revealed that the CgB recovered by PN-1 expression had a
Golgi-like localization and was also found in secretory granules at the tips of cells (Fig. 5C)
[36]. Upon stimulation with KCl/BaCl2, the 6T3 cells transfected with PN-1 showed increased
CgB release providing further evidence that the rescued CgB molecules were packaged in
secretory granules of the regulated secretory pathway (Fig. 5D) [36]. Thus CgA up-regulates
granule biogenesis by protecting granule proteins against degradation in the Golgi complex
via an increase in PN-1 expression. PN-1 belongs to the family of serpins (serine protease
inhibitors). It therefore specifically inhibits serine proteases. It has been demonstrated that
serine proteases, such as furin, prohormone convertase-1 (PC-1), and subtilisin/kexin
isozyme-1 (SKI-1), are active in the Golgi apparatus [39–41]. While the serine proteases
inhibited by PN-1 in the Golgi have not been yet identified, these proteases are possible
candidates.

Secreted CgA-derived peptide signals PN-1 expression and granule biogenesis
To begin to understand the mechanism by which CgA regulates PN-1 expression, 6T3-WT
cells were treated with conditioned medium collected from 6T3-WT or 6T3-bCgA cells (Fig.
6A). Treatment with 6T3-bCgA conditioned medium increased PN-1 mRNA expression by
~3 fold compared to cells treated with 6T3-WT conditioned medium, suggesting that secreted
CgA or its derived peptides can induce PN-1 expression via extracellular signal transduction.
Moreover, stimulation of AtT-20 cells with KCl/BaCl2 induced PN-1 mRNA expression by
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~2.5 fold compared to unstimulated cells (Fig. 6B), suggesting that the stimulation of the cells
caused the release of CgA or a CgA derived peptide that could signal the cell to increase PN-1
expression. Our studies further showed that addition of intact CgA into the medium did not
induce PN-1 mRNA expression in 6T3-WT cells, but a ≤3 kDa fraction of conditioned media
from AtT-20 cells or 6T3-bCgA cells, but not 6T3-WT cells, did. This finding suggested that
a small peptide cleaved from CgA likely mediated this effect. Finally, when we tested several
synthetic peptides based on the paired basic residue cleavage sites that were ≤3 kDa in size
and we found that serpinin (see Fig. 1), a CgA C-terminal peptide could significantly induce
PN-1 expression in AtT-20 cells (Koshimizu et al. unpublished data).

From all our studies taken together, we propose the following model for the regulation of DCG
biogenesis by CgA-derived peptide(s) (Fig. 6C). In this model, a (neuro)-endocrine cell, when
stimulated, causes DCG exocytosis and discharge of their contents including hormones,
bioactive peptides, CgA and its derived peptides into the extracellular space. Generally about
1–2% of the cell’s DCGs are released during stimulation and they need to be replaced. We
propose that at least one CgA-derived peptide, serpinin located at the C-terminal of CgA, binds
to a putative receptor/binding protein to signal the upregulation of PN-1 expression at the
transcriptional level since we showed that it was actinomycin D inhibitable, and at the
translational level. This leads to inhibition of proteolytic degradation in the Golgi complex of
DCG proteins which has a constant turnover in (neuro)endocrine cells, resulting in greater
accumulation of DCG proteins which then promotes formation of more granules. Thus our
studies have provided a model that couples stimulus secretion with enhanced DCG biogenesis,
with serpinin being a CgA-derived peptide that mediates extracellular signaling to a
transcriptional event in the nucleus to increase PN-1 expression.

Conclusion
Once referred to as “a molecule without function” CgA plays several important cell biological
roles within the (neuro)endocrine cell. First, it is a precursor molecule to a number of
biologically active peptides that control multiple physiological functions. Secondly it is a
granulogenic protein that mediates granule formation and may indirectly facilitate the targeting
of prohormones to the regulated secretory pathway granules. Finally, we have recently shown
that serpinin, a CgA-derived peptide plays a novel role as an extracellular signaling molecule
to enhance granule biogenesis. Serpinin links DCG release with a transcriptional event of
increasing the expression of a protease inhibitor PN-1, which protects granule proteins such
as CgB against degradation in the Golgi complex, leading to promotion of granule formation.
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Fig. 1.
Schematic representation of the structure of CgA. Bovine CgA (bCgA; NCBI accession
number P05059) showing functional domains and paired and single basic residue cleavage
sites. N-terminal domain (1–115) and SgIII binding site (48–111) were identified in rat CgA
but the location of these regions is identical with that of bCgA. The C-terminal domain which
is required for sorting in GH4C1 cells (341–431) was identified in bCgA. Known CgA-derived
peptides and a novel CgA-derived peptide, Serpinin (403–428) are displayed. Serpinin residues
which are conserved in three mammalian species: bovine CgA (bCgA), human CgA (hCgA;
accession number AAH09384) and mouse CgA (mCgA; NP031719), are highlighted in yellow.
Residues conserved in the three mammalian species and zebra fish (zCgA; accession number
NP001006059) are highlighted in orange. C-terminal domain and Serpinin have highly
conserved sequences.
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Fig. 2.
Secretory pathways and dense core granule biogenesis in (neuro)endocrine cells. CgA and
prohormones which are synthesized in the rough endoplasmic reticulum (RER), are transported
to the Golgi complex, aggregated and sorted into granules at cholesterol-rich membrane
microdomains in the trans-Golgi network via sorting receptors, such as SgIII and CPE,
respectively. Aggregated CgA and prohormones induce the budding of the TGN membrane to
form the dense core granule (DCG) in the regulated secretory pathway. Prohormones and CgA
(partially) are cleaved by proteases in DCGs to yield biologically active peptides. Stimulation
of DCGs by secretagogues triggers exocytosis and secretion of hormones. In contrast, vesicles
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of the constitutive secretory pathway which is present in all cell types release their contents
without stimulation.
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Fig. 3.
A. Effect of CgA antisense knock-out on granule biogenesis. Electron micrographs (EM) of
wild-type PC12 cells (WT, left panel) and clone CGAAS-5 cells which stably express antisense
constructs against CgA sense sequences (right panel). Dense-core secretory granules (arrows)
are abundant in the wild-type PC12 cells but scarce in clone CGAAS-5 cells. B–E. Effect of
CgA knock-in on granule biogenesis: B. 6T3-WT cells, a variant AtT-20 pituitary endocrine
cell line lacking DCGs were stably transfected with bCgA. Bar graph shows EM morphometric
analysis of the number of DCGs in 6T3-WT cells and 6T3-bCgA cells. DCGs were counted
from 20 (6T3-WT) or 10 (6T3-bCgA) individual EM micrographs, and the number of DCGs
per square micrometer was calculated by dividing the number of DCGs with the cytoplasmic
area measured from each micrograph. 6T3-WT cells had 0.35 ± 0.06 DCG/μm2 (total of 112
μm2 of the cytoplasmic area measured), while 6T3-bCgA cells had 1.82 ± 0.29 DCG/μm2 (total
of 48 μm2 of the cytoplasmic area measured) (***P < 0.0001). C. Western blot of release
medium in the presence of 50 mM KCl/2 mM BaCl2 in 6T3 cells stably transfected with CgA
(6T3-bCgA) shows that CgA secretion was significantly stimulated indicating that CgA
expression in these mutant endocrine cells was able to restore the regulated secretory pathway.
D. Western blots of release media from wild-type (6T3-WT) and CgA transfected 6T3 cells
(6T3-bCgA). In 6T3-WT cells, transfected bovine POMC was secreted at a high basal level,
and no stimulation was detected with 50 mM KCl/2 mM BaCl2. In 6T3-bCgA cells, stimulated
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secretion of exogenous POMC was restored. Thus, CgA alone was sufficient to rescue
regulated secretion in a CgA-deficient mutant corticotroph endocrine cell line lacking the
regulated secretory pathway. E. Degradation of transiently transfected CgB (6T3-CgB) was
rescued by treatment with NH4Cl. 6T3 cells after transfection with bovine CgB construct did
not show any detectable CgB immunoreactivity without NH4Cl treatment. Treatment with 10
mM NH4Cl (90 min) restored the level of expressed CgB. (Data taken from Figs. in Kim et
al., 2001, Cell. [27], with permission and from Fig. in Kim et al., 2006, Mol. Biol. Cell. [36])
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Fig. 4.
A. To identify the compartment responsible for degradation of DCG proteins in 6T3-WT cells,
the degradation of exogenously expressed rat CgB as a representative DCG protein was tracked
in CgB expressing 6T3-WT cells. When vesicular trafficking from the ER to the Golgi
apparatus was blocked in these cells by BFA (5 μg/ml; 2 h) [37], the cellular level of CgB was
significantly increased. When 6T3-WT cells expressing CgB were incubated at 20°C for 2 h,
the level of CgB was not recovered, indicating that degradation of CgB was initiated in the
Golgi complex. Monensin treatment (10 μg/ml; 2 h) [38,42], did not recover the intracellular
CgB level in 6T3-WT cells, further indicating that degradation is initiated in the early
compartments of the Golgi apparatus. B-D. Up-regulation of PN-1 expression by CgA: B. Real-
time RT-PCR analyses revealed that PN-1 mRNA levels in 6T3-bCgA cells were 4.01 ± 0.33-
fold (± SEM; n = 3; *P < 0.05) higher than 6T3-WT cells. C. Western blot analysis showing
the expression of PN-1 in mouse astrocytes (positive control), 6T3-WT, and three different
clones of 6T3-bCgA cells (1~3). CgA expression in 6T3-bCgA clones is higher than that in
6T3-WT cells. D. Immunofluorescence microscopy for endogenous PN-1 [7] in 6T3-bCgA
cells consistently showed a perinuclear, Golgi-like distribution (a and c, arrows), overlapping
with CgA (b and c, arrows). Similarly, when coexpressed with CFP-tagged GalT, a Golgi
marker, PN-1 (d and f) colocalized with GalT-CFP (GalT) in 6T3-WT cells (e and f, arrows),
indicating that exogenously expressed PN-1 is also localized to the Golgi apparatus. However,
PN-1 did not colocalize with CgA along and at the tips of cell processes, where DCGs reside
(a–c, arrowheads). (Data taken from Figs. in Kim et al., 2006, Mol. Biol. Cell. [36])
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Fig. 5.
A. Western blotting analysis of CgB and PN-1 from 6T3-WT cells infected with CgB
expressing Tet-On adenovirus (lane 1), or with CgB and PN-1 adenovirus (lane 2). B. Bar
graph shows CgB level in the cells expressing PN-1 (217 ± 29%, ± SEM; n = 7; **P < 0.01)
compared with cells without PN-1 expression (100% as a control). α-tubulin was used as a
loading control in A and used for normalization of CgB level for the graph in B. C.
Immunofluorescence microscopy on CgB in 6T3-WT cells was performed after transfection
of CgB alone (a and b) or both CgB and PN-1 adenoviruses (c and d). Arrows indicate the
Golgi apparatus positive for a Golgi marker, GRASP65 (d; red). Arrowheads indicate CgB
immunoreactivity in the processes. Bar, 10 μm. Immunoreactive CgB was distributed in a
punctate manner along the processes and tips of these cells, characteristic of localization in
DCGs. D. Western blotting analysis of CgB in conditioned medium from CgB- and PN-1-
coexpressing 6T3-WT cells treated with (+) or without (−) 50mM KCl/2 mM BaCl2 (upper
panel). CgB secretion was significantly increased to 201 ± 16% (± SEM; n = 4; **P < 0.01)
with stimulation compared with basal secretion (100% as control) (lower panel). Taken
together, these data indicate that CgB recovered by PN-1 expression was packaged into
regulated secretion-competent DCGs in 6T3-WT cells. (Data taken from Figs. in Kim et al.,
2006, Mol. Biol. Cell. [36])
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Fig. 6.
A. CgA-dependent up-regulation of PN-1 mRNA expression in pituitary cell lines. Bar graphs
show the effect of 20h treatment of 6T3-WT cells with conditioned medium from 6T3-WT
cells, which lack CgA expression, or 6T3-bCgA cells, which express CgA, on PN-1 mRNA
expression. Cells treated with 6T3-bCgA cell-conditioned medium showed a significant
increase in PN-1 mRNA expression (3.30 ± 0.17 fold, ± SEM, **P < 0.01, N = 3) relative to
cells treated with 6T3-WT cell-conditioned medium (1.00 fold as control, N =3). B. AtT-20
cells were stimulated with 50 mM KCl/2mM BaCl2. The bar graph shows that the fold change
in PN-1 mRNA of stimulated cells was 2.40 ± 0.24 (± SEM, N = 3, *P < 0.05) relative to
unstimulated cells (1.00 fold as control, N = 3). The PN-1 mRNA quantification was performed
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as previously described [36]. (Koshimizu et al., in preparation) C. Model for serpinin-inducing
PN-1-dependent granule biogenesis in (neuro)endocrine cells. CgA is proteolytically cleaved
to form serpinin which is secreted in an activity-dependent manner. Secreted serpinin binds to
a cognate receptor and up-regulates PN-1 transcription. The increase in PN-1 protein stabilizes
the secretory granule proteins at the Golgi apparatus to increase their levels which then
promotes biogenesis of dense core granules.
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