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Chromogranins as Molecular Coordinators
at the Crossroads between Hormone
Aggregation and Secretory Granule Biogenesis

O. Carmon, F. Laguerre, L. Jeandel, Y. Anouar, and M. Montero-Hadjadje

Abstract Chromogranins are members of a family of soluble glycoproteins shar-
ing common structural features and properties, known to be inducers of prohormone
aggregation and sorting into secretory granules. There is now increasing evidence
for a key role of chromogranins in hormone sorting to the regulated secretory path-
way, resulting from the interaction of chromogranin-induced aggregates with the
TGN membrane through either sorting receptors such as carboxypeptidase E, or
lipids such as cholesterol. These molecular interactions would contribute to the
TGN membrane remodeling, a prerequisite to the recruitment of cytosolic proteins
inducing membrane curvature and consecutive secretory granule budding. The iden-
tification of the molecular cues involved in the biogenesis of secretory granules is
currently under intense investigation. The diversity of chromogranins sharing com-
mon structural features but with possible non-redundant functions implies a variety
of secretory granule populations whose existence and function remain to be estab-
lished in a given neuroendocrine cell type.

The present chapter deals with the role of the different members of the chromo-
granin family in the processes of hormone aggregation, secretory granule biogene-
sis, and hormone sorting through their interaction with the TGN membrane. Finally,
the alteration of chromogranin secretion is described in pathophysiological condi-
tions linked to dysregulated hormone secretion.

1 Introduction

The production and release of neurohormones by neuroendocrine cells are crucial
for the coordination of the physiological functions governing organisms.
Neurohormones are molecular mediators that are stored in vesicular organelles,
called secretory granules, generated by budding of the trans-Golgi network (TGN)
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membrane. The predominant components found in secretory granules are chro-
mogranins including chromogranin A (CgA), chromogranin B (CgB) also named
secretogranin I (Sgl), secretogranin I (SgIl), Sglll, 7B2 (SgV), NESP55 (SgVI),
VGF (SgVII), and proSAAS (SgVIII), which constitute a family of soluble
phospho-glycoproteins with similar structural features that confer to these pro-
teins common functional attributes in the biogenesis of secretory granules and the
sorting of prohormones. Indeed, chromogranins exhibit a high proportion of
acidic amino acids and a high capacity to bind calcium, which support their ability
to aggregate with each other and with neuropeptides in the low pH and high cal-
cium conditions found in the TGN (Elias et al. 2010). Chromogranins also exhibit
several dibasic sites which are the targets of processing enzymes, leading to the
formation of biologically active peptides (Metz-Boutigue et al. 1993; Montero-
Hadjadje et al. 2008) but also acting as sorting receptors for chromogranin-
induced aggregates in order to direct them to secretory granules (Elias et al. 2010).
These proteins are also able to concentrate catecholamines inside the secretory
granules to control their release during the exocytotic process (Machado et al.
2010). In this chapter, we will provide a brief update on the central role of chro-
mogranins in the concomitant molecular phenomena involved in the formation of
secretory granules (molecular aggregation, sorting of hormone aggregates and
budding of the TGN membrane) and leading to the establishment of the regulated
secretory pathway in neuroendocrine cells.

2 I/ The Twenty-First Century, the Advent
of Chromogranins as Critical Regulators of Secretory
Granule Biogenesis

To date, several members of the chromogranin family are known to play an active
role in the formation of secretory granules. The pioneer study was performed using
an antisens RNA strategy to knockdown CgA expression in neuroendocrine PC12
cells, which showed a drastic reduction of secretory granule number (Kim et al.
2001). Following this initial observation, two strains of CgA knockout mice were
generated which diverged for the outcome of secretory granules but which both
exhibited hypertension due to an increase in circulating catecholamine levels
(Mahapatra et al. 2005, Hendy et al. 2006). These data suggested therefore the
existence of a link between CgA expression and the biogenesis of functional secre-
tory granules. Interestingly, disruption of the CgB gene in mice revealed a similar
phenotype in pancreatic and chromaffin cells regarding the secretory granule num-
ber, with a defective secretion of islet hormones and catecholamines (Obermiiller
et al. 2010, Dfaz-Vera et al. 2010). Similarly, knockdown of SglI expression leads
to a decrease in the number of secretory granules in PC12 cells (Courel et al. 2010).
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Genetic ablation of SgIII in mice caused no apparent defects despite the ubiquitous
expression of SgIII in neuroendocrine cells and tissues (Kingsley et al. 1990). In
Sglll-deficient AtT20 cells, the intracellular retention of CgA and proopiomelano-
cortin (POMC) were impaired, but residual adrenocorticotropic hormone (ACTH)/
POMC together with SgIT were still localized to the remaining secretory granules,
and were secreted in a regulated manner (Sun et al. 2013). The role of a less known
member of the chromogranin family, VGF, in secretory granule biogenesis has
been investigated more recently (Fargali et al. 2014). In this study, VGF-knockout
mice exhibited decreased secretory granule size in noradrenergic chromaffin cells,
decreased adrenal CgB and increased plasma epinephrine leading to hypertension,
while knock-in of human VGF1-615 rescued the hypertensive knockout pheno-
type. Interestingly, knock-in of human VGF1-524, that lacks C-terminal peptide
TLQP-21, resulted in a significant increase in blood pressure and infusion of
TLQP-21 normalized hypertension. Together, these studies indicate that chromo-
granins and chromogranin-derived peptides may have redundant and non-redun-
dantroles in the regulated secretory pathway, and in the regulation of catecholamine
levels and blood pressure.

3 1II/ Hormone Aggregation as the First Function Assigned
to Chromogranins

After their biosynthesis in the rough endoplasmic reticulum, chromogranins are
transported and stored as soluble glycoproteins in the TGN lumen which exhib-
its high calcium concentration (10-15 mM) and low pH (6-6.5) (Kim et al.
2006). Chromogranins share several structural properties that are conserved
during evolution, such as global acidity that enables them to bind calcium with
low affinity and high capacity (Taupenot et al. 2003). A structural analysis of
CgA revealed that in the conditions of the TGN lumen, CgA can adopt a coiled-
coil structure which promotes the initiation of a core for aggregate nucleation
(Mosley et al. 2007). Besides, CgA and CgB exhibit a N-terminal disulfide-
bonded loop which has been shown to contribute to the aggregation with prohor-
mones at low pH (Chanat and Huttner 1991, Thiele and Huttner 1998). On the
other hand, the C-terminal domain of CgA is involved in calcium/pH-dependent
homodimerization/homotetramerization (Yoo and Lewis 1993), allowing the
aggregation-mediated sorting of CgA to secretory granules (Cowley et al. 2000).
These aggregates of high molecular weight sort away prohormones from consti-
tutively secreted proteins (Dannies 2001). Homophilic or heterophilic aggrega-
tion is related to the tertiary conformation of the prohormones which direct
specific interactions to give rise to various secretory granule populations in a
same cell type (Kim et al. 2006).
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4 1II/ Hormone Sorting through Interaction
of Chromogranins with the TGN Membrane

Concomitant to the process of hormone aggregation, chromogranin-induced aggre-
gates interact with the TGN membrane through either sorting receptors or lipids
(Fig. 1a). Indeed, secretogranin III (SgIIl) interacts with cholesterol in lipid rafts
(Hosaka et al. 2004) and with the modifying enzyme and membrane-associated car-
boxypeptidase E (CPE) (Hosaka et al. 2005). Since CgA has been shown to bind to
Sglll (Hosaka et al. 2002), Sglll-cholesterol interaction results in the sorting of CgA-
induced aggregates to the granules of the regulated secretory pathway. A recent work
by Sun et al. (2013) has suggested a role for Sgll as a protein with potential for sort-
ing POMC, suggesting that endocrine cells may have developed a system of redun-
dancy with multiple sorting systems that can partially or completely compensate for
each other with the ultimate capacity of ensuring hormone delivery, as also proposed
for CPE and SglII in CgA and POMC sorting (Cawley et al. 2016).
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Fig. 1 Proposed model of chromogranin involvement in secretory granule biogenesis from TGN
compartment. (a) Chromogranins induce the remodeling of the TGN membrane by interacting
with distinct components: SgIII interacts with CgA, cholesterol and carboxypeptidase E. CgA also
interacts with CPE. (b) At the cytosolic side of the TGN membrane, BAR proteins and stathmins
are recruited to facilitate respectively the fission and the transfer to microtubules of nascent CgA-
containing secretory granules for their transport towards the cell periphery
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Their primary sequence exhibiting several dibasic sites, chromogranins are the
substrates for intragranular prohormone-converting enzymes. Prohormone conver-
tases are associated with cholesterol-rich lipid microdomains through a helices-rich
hydrophobic domain(s) identified in their C-terminal part, thus acting as receptors
that carry chromogranin-induced hormone aggregates to secretory granules
(Dikeakos and Reudelhuber 2007).

Surprisingly, using a transcriptome/proteome-wide approach and co-
immunoprecipitation experiments, SCLIP and SCG10 stathmins, cytosolic proteins
known as regulators of microtubule polymerization, were identified as partners of
CgA (Mahapatra et al. 2008). In this study, SCLIP and SCG10 were colocalized to
the Golgi apparatus of chromaffin cells and their down-regulation altered chromaf-
fin cell granules and abolished the level of secretion of endogenous CgA, SgIl and
CgB. Other cytosolic proteins are capable of sensing, inducing, and/or stabilizing
membrane curvature through Bin/Amphiphysin/Rvs (BAR) domains which are
crescent-shaped, dimeric a-helical modules and could thus participate to secretory
granule formation (Frost et al. 2009, Rao and Haucke 2011). Recently, two mem-
bers of this family, arfaptin 1 and PICK1, were related to the biogenesis of CgA-
containing secretory granules through their binding to TGN membrane lipids
(Fig. 1b) (Gehart et al. 2012, Cruz-Garcia et al. 2013, Holst et al. 2013, Pinheiro
et al. 2014). Altogether, these data suggest that chromogranins influence the molec-
ular organization of the TGN membrane to induce the recruitment of membrane and
cytosolic proteins necessary for the budding of functional secretory granules, but
the mechanism of action and the chronology of induced molecular events remain to
be elucidated.

5 1V/Are Chromogranins Linked to Hypersecretory
Endocrine Pathologies?

Ubiquitous distribution of chromogranins in endocrine and neuroendocrine tissue
from which they are secreted into the bloodstream, makes chromogranins useful
markers of normal and tumoral neuroendocrine cells. In fact, multiple studies have
documented the clinical value of detecting chromogranins and their derived pep-
tides in tissues and measuring their circulating levels (Taupenot et al. 2003,
Bartolomucci et al. 2011). Measurement of plasma chromogranins and derived pep-
tide levels can be used to diagnose or monitor the progression of neuroendocrine
tumors, the highest accuracy being observed in tumors characterized by an intense
secretory activity (Guérin et al. 2010, Guillemot et al. 2006, 2014). This is the case
of pheochromocytomas which are catecholamine-producing neoplasms arising
from chromaffin cells of the adrenal medulla, leading to several clinical manifesta-
tions due to the actions of excess catecholamines, such as essential hypertension.
Interestingly, the Sgll-derived peptide EM66 has been established as a valuable
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marker to distinguish benign and malignant pheochromocytomas (Yon et al. 2003,
Guillemot et al. 2006). Serum CgA has been also well documented as a marker for
sympathoadrenal activity underlying cardiovascular regulation and essential hyper-
tension (O’Connor and Bernstein 1984; Takiyyuddin et al. 1994) along with cate-
cholamines, as well as severe inflammatory diseases such as sepsis and systemic
inflammatory response syndrome (Zhang et al. 2008). Moreover, it has been shown
that CgA genetic variants may cause profound changes in human autonomic activ-
ity, and may associate with the risk of developing hypertension (Rao et al. 2007,
Chen et al. 2008), suggesting a link between CgA expression, catecholamine secre-
tion and blood pressure regulation.

Furthermore, Colombo et al. (2002) have shown that CgA expression in neo-
plastic cells affects tumor growth and morphogenesis in mouse models, suggest-
ing that abnormal secretion of CgA by neuroendocrine neoplastic cells could
affect tumorigenic processes. A very interesting study based on the comparison of
normotensive and hypertensive patients with pheochromocytoma revealed lower
urinary catecholamines and a global decreased chromaffin gene expression,
including SglI, in tumors from normotensive patients (Haissaguerre et al. 2013).
In line with a potential link between SgIl, hormone secretion and tumorigenesis,
we have recently demonstrated that SglI is expressed in prostate cancer, that its
increased levels correlate with high grade tumors and that its expression triggers
aneuroendocrine differentiation of prostatic tumor cells as revealed by the appear-
ance of secretory granules and a secretory activity. Because neuroendocrine dif-
ferentiation is associated with a poor prognosis, these data suggest that
Sgll-induced secretion may play a pivotal role in prostate cancer progression
(Courel et al. 2014).

Chromogranins seem to be also implicated in the alteration of hormone secretion
observed in the context of metabolic disorders. Indeed, CgA knockout mice display
increased adiposity and high levels of circulating leptin and catecholamines. As in
diet-induced obese mice, desensitization of leptin receptors caused by hyperlepti-
nemia is believed to contribute to the obese phenotype of these KO mice
(Bandyopadhyay et al. 2012). In small bowel Crohn’s disease, glucagon-like pep-
tide 1 and CgA-immunopositive cells were significantly increased with appreciable
mRNA increases for CgA, glucagon-like peptide 1 and Neurogenin 3, an enteroen-
docrine transcription factor, indicating an enhanced enteroendocrine cell activity
(Moran et al. 2012). In accordance, modifications of CgA-immunoreactive cell den-
sity were also observed in the small intestine epithelium of patients with irritable
bowel syndrome (IBS) after receiving dietary guidance, which may reflect a change
in the densities of the small intestinal enteroendocrine cells, suggesting the contri-
bution of their secretory activity to the improvement in the IBS symptoms (Mazzawi
and El-Salhy 2016). Furthermore, the knockout of the CgB gene in mice provoked
areduction in stimulated secretion of insulin, glucagon and somatostatin in pancre-
atic islets, and consequently CgB-KO animals display some hallmarks of human
type-2 diabetes (Obermiiller et al. 2010).
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6 Concluding Remarks

While aggregation ability of chromogranins allows the segregation of secretory
granule cargo proteins, the anchor of the chromogranin-bound cargo proteins to the
TGN membrane as the secretory granule forms or matures seems to result from a
less universal mechanism. The study of chromogranin-expressing cells, which pos-
sess multiple types of secretory granules and thus the ability to selectively secrete
different cocktails of biologically active components (Dannies 2001), may be infor-
mative on the variety of existing chromogranin-mediated sorting mechanisms. The
identification of the membrane patches into the TGN recognized by the protein
cargo, and the understanding of their interactions with cytosolic proteins would help
to describe the transport, docking at the membrane, and exocytosis of secretory
granules. What is already known is that chromogranins and their conserved domains
are not only important for promoting the biogenesis of secretory granules, but also
for the targeting and release of hormones through the regulated secretory pathway
(Gondré-Lewis et al. 2012). These findings raise the interesting possibility that
chromogranins could be relevant factors in the formation of secretory granules,
probably by promoting the interactions between the secretory granule membrane
and cytosolic proteins. Because several studies performed on neuroendocrine cells
have provided clues regarding the redundant and non-redundant roles of chromo-
granins and chromogranin-derived peptides in the regulated secretory pathway,
non-endocrine cell models or endocrine cell models devoid of a regulated secretory
pathway expressing chromogranins could constitute useful and appropriate tools to
further characterize the molecular mechanisms by which each chromogranin con-
tributes to or establishes a regulated secretory pathway. The increasing evidence
showing that chromogranins are crucial actors impacted in many diseases related to
endocrine disruption indicates that chromogranins should be considered more than
disease markers and warrants further studies to unravel their molecular mechanism
of action and thereby to identify novel therapeutical strategies for the treatment of
various pathologies including neuroendocrine tumors, essential hypertension and/or
metabolic disorders which are increasingly affecting the populations.
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