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History and Perspectives

Karen B. Helle

Abstract Research on chromaffin cells dates back to 1856 when the venous out-
flow of chemical substances from the adrenal medulla into the circulation was first
described. The discovery of the chromaffin granules for storage of catecholamines
in 1953 was the next major break-through. Soon thereafter the co-storage of cate-
cholamines, ATP and uniquely acidic proteins was established, together making up
the isotonic storage complex within elements of the diffuse sympathoadrenal sys-
tem. The core proteins constitute a family of eight genetically distinct, uniquely
acidic proteins, characterized by numerous pairs of basic residues and collectively
named granins. A prohormone concept was formulated when the insulin-release
inhibiting peptide, pancreastatin, was identified as the mid sequence of porcine
chromogranin A. Subsequently, processing resulted in a range of peptides with anti-
fungal and antibacterial potencies, predominantly from chromogranin A, a few from
chromogranin B and one from secretogranin II. A wide range of biological activites
has since been documented, notably for the chromogranin A —derived peptides,
affecting endothelial stability, myocardial contractility, angiogenesis, cell adhesion
and tumor progression. A physiological role for full-length chromogranin A and
vasostatin-I as circulating stabilizers of endothelial integrity is now evident, while
the high circulating levels of chromogranin A in neuroendocrine tumors and inflam-
matory diseases remain an unsolved and challenging puzzle for future research.

Abbreviations

bCgA  bovine CgA | 43,

CA Catecholamines
CgA Chromogranin A
CgB Chromogranin B
GE-25  bCgAs7 301

PN-1 Protease nexin-1
PTH Parathyroid hormone
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PTX Pertussis toxin

Sgll Secretogranin II

VIF Vasoinhibitory factor — CgAz9 113
VS-1 Vasostatin I (CgA ;)

VS-1I Vasostatin II (CgA|_13)

WE-14  bCgAsi6.330

1 History

1.1 The First Hundred Years of the Chromaffin Cells

Research on chromaffin cells and granins can be traced back to the mid nineteenth
century when Vulpian (1856) described the venous outflow of chemical substances
from the adrenal medulla into the circulation. Half a century later the strong cardio-
vascular effects of the adrenomedullary substances (Oliver and Schifer 1895) led to
the chemical identification and synthesis of the first hormones, adrenaline and nor-
adrenaline (Stoltz 1904). We owe the first identification of catecholamines (CA) to
the function of the adrenergic neuron to Loewi, who in Loewi 1921 described the
so-called Accellerans-Stoff or Sympathin and its stimulating activity on the dener-
vated frog heart. Twenty five years later, Sympathin E was identified as noradrena-
line (Von Euler 1946).

1.2 The First Decade of the Chromaffin Granules

The discovery of the subcellular organelles responsible for the storage of CA in
the adrenomedullary chromaffin cells, i.e. the chromaffin granules, was a major
break-through (Blaschko and Welsch 1953, Hillarp et al. 1953). Soon thereafter
the chromaffin granules were shown to be electron-dense, membrane-limited
granules of 150-300 mp diameter (Lever 1955, Welzstein 1957, Hagen and
Barnett 1960, Coupland 1968). In parallel, the vesicles related to the storage of
noradrenaline in the adrenergic fibres (Von Euler and Hillarp 1956, Von Euler
1958, Dahlstrgm 1966) were demonstrated to be smaller and of varying size and
electron density both in the axons and in the terminals (De Robertis and Pellegrino
de Iraldi 1961). Biochemical studies, on the other hand, revealed that both types
of organelles bore a number of similarities, such as storing the respective CA
together with the energy-rich nucleotide ATP in a molar ratio of CA: ATP of
close to 4:1 in the adrenomedullary (Blaschko et al. 1956, Falck et al. 1956) and
of 5:1 in the adrenergic nerve granules (Schiimann 1958; Banks et al. 1969).
Moreover, in the adrenomedullary chromaffin cells these low molecular weight



History and Perspectives 3

constituents were stored intragranularly at concentrations of about 0.55 and
0.13 M for CA and ATP respectively, i.e. strongly hypertonic if osmotically
active. This phenomenon led Hillarp in 1959 to the postulation of a third compo-
nent involved in the storage complex, possibly a protein, which could be respon-
sible for holding CA and ATP in an isotonic, non-diffusible form until discharge
from the stimulated cell.

1.3  The First Thirty Five Years of the Granins

The search for a specific macromolecule involved in the isotonic retention of CA
and ATP within the storage organelles was immediately directed to the core proteins
in the bovine adrenomedullary chromaffin granules (Helle 1966a, Smith and
Winkler 1967, Smith and Kirshner 1967). By means of an immunological identifi-
cation method (Helle 1966b) it was established that the enzymatically inactive pro-
tein, subsequently named chromogranin (Blaschko et al. 1967), was exocytotically
discharged from the stimulated adrenal gland in parallel with the co-stored CA and
ATP both in vitro (Banks and Helle 1965) and in vivo (Blaschko et al. 1967). Due
to the easy access from local slaughterhouses the bovine adrenals soon became a
convenient source of chromaffin cells and chromaffin granules (Smith and Winkler
1967), notably for research on the structural, chemical and functional properties of
the family of chromogranins, i.e. the granins (Huttner et al. 1991; Winkler and
Fischer-Colbrie 1992).

1.3.1 Glucose Homeostasis, Pancreastatin and the Prohormone Concept

The first chromogranin A (CgA) peptide to be recognized for its regulatory potency
was named pancreastatin due to its ability to inhibit the rapid phase of insulin
release from the glucose-stimulated porcine pancreas (Tatemoto et al. 1986;
Efendic et al. 1987). When identified as the mid-section of porcine and human
CgA (Huttner and Benedum 1987; Konecki et al. 1987), a novel concept was
coined, namely of the granins as putative prohormones for biologically active pep-
tides with regulating potentials (Eiden 1987). Subsequently, pancreastatin was
shown to be involved as a regulator of insulin action not only of glucose but also of
lipid and protein metabolism (Sanchez-Margalet and Gonzalez-Yanes 1998). In rat
hepatoma cells also the cell growth was inhibited, depending on the availability of
nitric oxide (NO) production (Sanchez-Margalet et al. 2001). The accumulated
literature supports the original observation of pancreastatin as an anti-insulin agent,
impairing glucose homeostasis by diminishing insulin sensitivity (see review by
Valicherla et al. 2013).
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1.3.2 Calcium Homeostasis and the N-Terminus of CgA

In the parathyroid gland CgA was originally described as parathyroid secretory
protein-I (Cohn et al. 1981), co-secreted from the gland with the parathyroid hor-
mone (PTH), i. e. the primary regulator of serum calcium concentrations. Peptides
containing the N-terminal sequence of CgA (CgA,_5) inhibit PTH-secretion as
effective as high physiological concentrations of calcium (Fasciotto et al. 1990).
Pancreastatin (bCgA,5 203) and parastatin (bCgAs,7_419) have also been shown to
inhibit PTH secretion, but not yet detected in the effluents from the parathyroid cells
in vivo. On the other hand, CgA, ;5 was detected both in the medium of cultured
parathyroid cells (Angeletti et al. 2000) and in the adrenomedullary effluents (Metz-
Boutigue et al. 1993). A binding to a 78 kDa protein was identified on the parathy-
roid cell surface, and the blockade by pertussis toxin indicates a G-protein-coupled
receptor. Moreover, the loop sequence CgA ;¢ 4 Was required for inhibition of PTH
secretion (Angeletti et al. 1996). Thus, inhibition of PTH secretion by CgA pre-
dominantly involves CgA,_, occuring either by an autocrine mechanism or via the
circulating concentrations of the processed peptide.

1.4 The Granins and their Derived Peptides

Detailed investigations of the eight members of the granin family, i.e. CgA, chromo-
granin B (CgB), secretogranin II (SgIl) and secretogranins III-VII, have since docu-
mented that these proteins are widely distributed in distinct patterns within the diffuse
neuroendocrine system of vertebrates (Helle 2004). Stimuli for release of the granins
derive from a wide range of environmental and intrinsic paths, raising the concentra-
tions of the intact prohormones and processed peptides in the extracellular space and
ultimately in the circulation. The degree of processing is extensive in the adrenomed-
ullary storage granules (Metz-Boutigue et al. 1993; Strub et al. 1995) and gives rise to
a wide range of peptides with a broad spectrum of biological potencies (Helle and
Angeletti 1994). The peptides derived from CgA are the vasostatins I and II, chromo-
fungin, chromacin, pancreastatin, catestatin, WE 14, chromostatin, GE25 and para-
statin and, in addition, the two most resent arrivals on the scene, serpinin (CgA 03 42s,
Koshimizu et al. 2010) and the vasoconstriction-inhibiting factor (VIF, CgAzy 3,
Salem et al. 2015). Vasostatin I (VS-I, CgA,_s5) and bovine catestatin (bCgAsz4 364)
were discovered and named according to their respective inhibitory potencies, on
vasodilation (Aardal and Helle 1992) and on CA secretion (Mahata et al. 1997). Since
then, notably VS-I and catestatin have been shown to be involved in regulation of a
wide range of mechanisms, such as endothelial permeability, angiogenesis, myocar-
dial contractility and innate immunity, however, in many tissue exhibiting oppositely
directed activities (Helle et al. 2007; Helle 2010a, b; Mahata et al. 2010).
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Peptides derived from CgB, being more extensively processed than CgA in
most systems and species (Strub et al. 1995), may have specific regulatory func-
tions yet to be unravelled. SglIl, on the other hand, serves a prohormone for only
one conspicuously active principle, secretoneurin (Kirchmair et al. 1993, Trudeau
et al. 2012), nevertheless engaged in a wide range of modulating activities related
to tissue repair (Helle 2010a). Stimulated polymorphonuclear neutrophils, when
accumulated in response to invading microorganism, tissue inflammation and at
sites of mechanical injury, represent a non-neuroendocrine source of CgA pep-
tides that may affect a wide range of cells involved in inflammatory responses
(Lugardon et al. 2000; Zhang et al. 2009). Among them we find the vascular endo-
thelium, the endocardium and the epithelial cells, other leucocytes, fibroblasts,
cardiomyocytes, vascular and intestinal smooth muscle cells (Helle et al. 2007;
Helle 2010a, b). Taken together, the release of CgA-derived peptides from gland
cells, nerve terminals and immunocytes would contribute to autocrine or para-
crine modulations locally while endocrine effects would result from their subse-
quent overflow to the circulation.

1.4.1 The Antimicrobial Peptides and Innate Immunity

Antimicrobial activities of peptides derived from the matrix of secretory granules in
the bovine adrenal medulla were first reported by Metz-Boutigue and colleagues in
1998. The first three peptides found to inhibit bacteria and fungal growth were
derived from the N-terminal domain of CgA (VS-I), the C-terminal end of CgB
(secretolytin) and the biphosphorylated C-terminal peptide of proenkephalin-A
(enkelytin). These peptides are active in a diverse range of organisms, including
prokaryotes, bivalves, frogs and mammals, suggesting an important role in innate
immunity, a mechanism shared by all vertebrates and present at birth as an evolu-
tionary ancient defence mechanism (Hoffmann et al. 1999; Metz-Boutigue et al.
2000). Another CgA peptide, catestatin, derived from CgA in keratinocytes, also
possess antimicrobial activity against gram-positive and gram-negative bacteria,
yeast and fungi, is active notably against skin pathogens and increases in skin in
response to injury and infection (Radek et al. 2008). So far, no antimicrobial activity
has been assigned to SN.

The innate immunity, independent of the adaptive immune responses, is used
by vertebrates as a means for short term protection against pathogenic microor-
ganisms. The need for new antimicrobial agents is now rapidly rising due to the
fast growing number of antibiotica-resistant bacteria. Accordingly, the interest in
antibacterial granin-derived peptides has grown exponentially. Their therapeutic
potentials are now under intensive elucidation in immunodeficient patients, in
chemotherapy, in organ grafting, and against antibiotica-resistant bacterial infec-
tions (Shooshtarizodeh et al. 2010).
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1.5 Functional and Clinical Aspects

At the very end of the second millennium a large body of data had accumulated on
the functional and clinical aspects of the granins and their derived peptides. As
assessed in a range of comprehensive reviews appearing in the first book on chro-
mogranins (Helle and Aunis 2000a), it was evident that granins were intimately
involved not only in the intracellular sorting to the secretory granules (Gerdes and
Glombik 2000) and release of the isotonic amine storage complex (Borges et al.
2000), but also in their transcription, expression and secretion (Taupenot et al. 2000;
Anouar et al. 2000; Kéhler and Fischer-Colbrie 2000). Notably, tissue-specific pro-
cessing both within the core and in the extracellular space, rendered the granins,
notably CgA, CgB and Sg II as the most conspicuous prohormones with widely
different effects and targets for their derived peptides (Aunis and Metz-Boutigue
2000; Metz-Boutigue et al. 2000; Parmer et al. 2000; Portela-Gomes 2000; Curry
et al. 2000; Ciesielski-Treska and Aunis 2000). Accordingly, the majority of proper-
ties assigned to the granins and their peptides up to the end of the twentieth century
appeared to fit into patterns of modulating strategies which might be called upon
when the organism was exposed to stressful situations requiring immediate protec-
tion via the vasculature, the heart, the pancreas, parathyroid and the innate immu-
nity system (Helle and Aunis 2000b). Moreover, since the discovery of CgA as a
circulating component in patients with phochromocytoma (O’Connor and Bernstein
1984), a large body of literature implicates granins, notably CgA, as markers for a
variety of diseases, such as neuroendocrine tumors, chronic heart failure and brain
disorders like Parkinson’s and Alzheimer’s (O’Connor et al. 2000).

Since the turn of the century the research interest in the granins, notably in CgA
and its derived peptides, has surged, as indicated by the registered 460 reviews since
year 2000 of a total of 630 on CgA since 1970. Similarly, the number of papers deal-
ing with VS-I and catestatin has grown steadily since their respective discoveries in
1992 and 1997, reaching a total of 76 and 154 for VS-I and catestatin in 2016. The
major achievements will be outlined in the following sections.

1.5.1 Vasostatins, Vasodilations, the Vascular Endothelium
and Angiogenesis

The human internal thoracic artery and saphenous vein were the first targets to be
examined for vascular responses to the N-terminal CgA,_ ;5 and CgA,_;; (Aardal
and Helle 1992; Aardal et al. 1993). The potent contractions to endothelin-1 (ET-
1) were suppressed, affecting the maximal sustained tension response but not the
potency for ET-1, independent of the endothelium and extracellular calcium.
Accordingly, the term vasostatins was assigned to these two N-terminal CgA
peptides, numbered according to length, i.e. as VS-I and VS-II. Moreover, the
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arterial dilatations were independent of other constrictors over a functional range
of transmural pressures, and the intrinsic and concentration-dependent dilator
effects persisted at moderately elevated extracellular [K*] in both arteries (Brekke
et al. 2000; Brekke et al. 2002). Thus, in pressure-activated bovine resistance
arteries the naturally occurring VS-I appeared to have a direct dilator potential
involving hyperpolarization, acting via the N-terminal, loop-containing domain.
Moreover, as the dilator effect of CgA,_, in the coronary artery was diminished by
pertussis toxin (PTX) and abolished by antagonists to several subtypes of K* chan-
nels, the mechanism of action seemingly involves a Gai/o subunit and K* channel
activation in the signal pathway. Significant species differences in vasoactivity
were on the other hand apparent, as neither the rat betagranin peptide rCgA;_s; nor
the bovine chromofungin, bCgA,; ¢, had vasodilator effects in the rat cerebral
artery (Mandala et al. 2005).

The vascular endothelium appears by itself to be a significant target for granin-
derived peptides, e.g. VS-I (Ferrero et al. 2004; Blois et al. 2006a), catestatin (Theurl
et al. 2010) and secretoneurin (Kihler et al. 2002). Bovine aorta endothelial cells
internalizes bovine CgA (Mandala et al. 2000) and both human CgA (Hsiao et al.
1990) and human STACgA1-78 (Roatta et al. 2011) are distributed across the vas-
cular endothelium in two pools, a minor fraction in the blood and a major pool in
the interstitium. Moreover, CgA and VS-I protect the endothelial barrier against the
gap-forming, permeabilizing activity of TNFa (Ferrero et al. 2004) via a mecha-
nism involving cytoskeletal reorganization and downregulation of the transmem-
brane protein intercellular VE-cadherin, responsible for the cell-cell adhesion
(Ferrero et al. 2004). In contrast, catestatin (Theurl et al. 2010) as well as secreto-
neurin (Yan et al. 2006) impair the integrity of the endothelial barrier, however by
different mechanisms. Other studies have shown that VS-1 also inhibits endothelial
cell migration, motility, sprouting, invasion and capillary-like structure formation
induced by vascular endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) (Belloni et al. 2007).

The most recent newcomer among vasoactive CgA peptides corresponds to the
C-terminal sequence of VS-II, CgAso_ 13, and has vasodilatory properties (Salem
et al. 2015). This peptide, named the vasoconstriction-inhibiting factor (VIF), acts
as a cofactor for the angiotensin II type 2 receptor. As the plasma concentration of
VIF was significantly increased in renal patients and patients with heart failure, it
seems evident that yet another CgA-derived player and yet other targets may be
involved in blood pressure regulation and vascular pathophysiology.

1.5.2 Vasostatins, Catestatin and Serpinin; Myocardial Contractility
and Protection against Ischemia-Induced Injury

A large body of evidence suggests that CgA, either present in circulation or pro-
duced by the heart itself, is a novel regulator of the heart. Indeed, under normal and
pathophysiological conditions alike, the heart is under constant exposure not only to
CA but also to the circulating CgA originating from the sympathoadrenal system.
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CgA may also derive locally from myocardial production, notably in ventricles of
heart failure patients (Pieroni et al. 2007). The full-length CgA dilates coronaries
and induce negative inotropism and lusitropism in the ex vivo perfused rat heart at
0.1-4 nM, but not at higher concentrations (Pasqua et al. 2013). Of note, analysis of
the perfusates showed that exogenous CgA was not cleaved by the heart, suggesting
that the myocardial effects were induced by the circulating, full-length protein.
However, the same study demonstrated that physically and chemically stimulated
rodent hearts could proteolytically process the intracardiac, endogenous CgA into
fragments (Glattard et al. 2006). Moreover, the increased plasma levels in chronic
heart failure (Ceconi et al. 2002), its over-expression in human dilated and hypertro-
phic cardiomyopathy (Pieroni et al. 2007) and the observation that the circulating
CgA provide prognostic information on long-term mortality, independent of con-
ventional risk markers in acute coronary syndromes (Jansson et al. 2009), all point
to a significant role of CgA in human cardiovascular homeostasis. Hence, the sys-
temic and intracardiac fates of full-length CgA and its fragments imply intriguing
new aspects of the myocardial handling of CgA under normal and pathophysiologi-
cal conditions.

To what extent the elevated circulating levels of CgA, VS-I and catestatin together
are beneficial or detrimental to the failing heart, remains unanswered. Taking into
account that an inflammatory response is caused by myocardial injury arising from
ischemic reperfusion (Anaya-Prado and Toledo-Pereyra 2002), a link between
plasma CgA and/or its fragments in cardioprotection seems plausible. For instance,
it is well established that the human recombinant VS-1 (hrSTACgA,.+5) precondi-
tions the rat heart against myocardial necrosis arising in response to reperfusion of
the ischemia-injured tissue, presumably involving the endothelial/endocardial ade-
nosine/nitric oxide signaling pathway (Cappello et al. 2007). In contrast, catestatin,
being without pre-conditioning effects, may modulate reperfusion injury during the
post-ischemic reperfusion period (Penna et al. 2010; Penna et al. 2014). Hence, it
seems likely that N- and C-terminal CgA fragments arising from processing of the
circulating and intracardiac pools of CgA in species-specific patterns, may exert
beneficial effects, not only under experimental conditions in animal models (Pasqua
et al. 2013), but also in the failing human heart in situ.

Although the two structurally different CgA peptides, VS-I and catestatin, both
exert negative myocardial inotropy, non-competitively inhibiting the
-adrenenoceptor on cardiomyocytes (Tota et al. 2008; Angelone et al. 2008), these
apparently converging effects on the heart may be less puzzling when realizing that
these two peptides may not reach peak concentrations in the same frame of time
(Crippa et al. 2013). The thrombin.induced C-terminal processing of the anti-
angiogenic, full length CgA into a catestatin-containing angiogenic fragment point
to a functional rationale, namely maintaining protection of the heart against exces-
sive adrenergic stimlation by CA, whether by VS-I or catestatin, regardless of the
quiescent or stimulus-activated state of the vasculature.
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The C-terminal peptide serpinin (CgA,o;.428, Koshimizu et al. 2010), is a novel
CgA-derived factor in cardiovascular modulations (Tota et al. 2012). This fragment
was first described for its ability to signal the increase in transcription of the serine
protease inhibitor, protease nexin-1 (PN-1), a potent inhibitor of plasmin released
during inflammatory processing causing cell death. Two other forms have since been
identified, (pGlu)serpinin and serpinin-Arg-Arg-Gly (Koshimizu et al. 2011a). In
addition to the serpinin-like effect on increasing the levels of PN-1, (pGlu)serpinin
also excerts anti-apoptotic effects of relevance to protection of neurons in the central
nervous system (Koshimizu et al. 2011b). Intriguingly, in the perfused rat heart both
serpinin and (p-Glu)serpinin excert positive inotropic and lusitropic effects via a
B1-adrenergic receptor/adenylate cyclase/cAMP/PKA pathway (Tota et al. 2012),
thus contrasting the inhibitory effects of VS-I and catestatin on the cardiac
2-adrenoceptor mediated activations. It remains to be seen to what extent and at
what stage in the C-terminal processing of the full-length CgA the concentrations of
serpinin and pGly-serpinin may reach their functional maxima (Loh et al. 2012).

1.5.3 Angiogenesis, Cell Adhesion and Tumor Progression

CgA appears to regulate angiogenesis and tumor growth in several models of solid
tumors (Corti 2010), affecting fibroblasts (Dondossola et al. 2010) and endothelial
cells (Corti and Ferrero 2012) in the tumor microenvironment. Recent studies have
reveled that the full-length CgA contains one anti-angiogenic site in the C-terminal
region (CgAyjo.439) (Crippa et al. 2013), and another site in a latent form in the
N-terminal domain CgA, 7. Proteolytic liberation is necessary for full activation of
the anti-angiogenic property of VS-I. Intriguingly, further processing of VS-1 leads
to the antimicrobial peptide CgA,;46, Originally named chromofungin (Lugardon
etal. 2001). Even this degradation product is able to cause negative inotropic effects
and, like the unprocessed VS-I, to elicit post-conditional protection against isch-
emia/reperfusion damage (Filice et al. 2015).

Given the potential ability of CgA and/or its fragments to regulate tumor vessel
biology, these molecules might also contribute to inhibit tumor growth, as shown in
mouse lymphomas (Bianco et al. 2016) and mammary adenocarcinomas genetically
engineered to release CgA locally (Colombo et al. 2002). In animal models both
CgA and VS-I reduced the trafficking of tumor cells from tumor-to-blood, from
blood-to-tumor and from blood-to-normal tissues (i.e. the tumor “self-seeding” and
metastasis processes), by enhancing the endothelial barrier function and reducing
the trans-endothelial migration of cancer cells (Dondossola et al. 2012). In certain
tumor patients the CgA plasma levels may reach up to 10-100-fold. Whether these
high levels of circulating CgA may also affect the growth and progression of non-
neuroendocrine tumors, remains a challenging question awaiting detailed analyses
of plasma concentrations of full-length CgA and VS-1 in these patients.



10 K.B. Helle

1.5.4 A Physiological Role for the Circulating CgA

Fifty years ago when the exocytotic release of CgA into the effluents from the stim-
ulated adrenal medulla was first reported (Banks and Helle 1965; Blaschko et al.
1967), no functional significance was assigned to the released protein. Nearly
twenty years lapsed before the enzymatically inactive CgA was detected in the cir-
culation of pheochromocytoma patients (O’Connor and Bernstein 1984). After
another thirty years the N- and C-terminal domains in CgA have finally been quanti-
fied in normal plasma, thanks to highly refined immunochemical analyses, reveal-
ing subnanomolar levels of both full length CgA (0.1 nM) and VS-1 (0.4 nM)
(Crippa et al. 2013). This report was also the first to show that full-length CgA and
VS-1 exerted potent anti-angiogenic activity when performed with biologically rel-
evant concentrations in the various in vitro and in vivo assays. Rather unexpectedly,
the anti-angiogenic property of the intact CgA was converted to a potent pro-
angiogenic fragment corresponding to the catestatin-containing fragment CgA 373
upon blood coagulation in a thrombin-dependent manner (Crippa et al. 2013). Thus,
the full length CgA, VS-1 and the catestatin-containing peptide seemingly form a
balance of anti- and pro-angiogenic factors tightly regulated by proteolysis as a
functional response to tissue injury when repair of the damaged tissue is called for
(Crippa et al. 2013; Helle and Corti 2015). Hence, a physiological role is finally
apparent for the anti-angiogenic, full-length CgA and its N-terminal peptide VS-I
when circulating at normal concentrations, namely in maintaining the vascular
endothelium in a quiescent state by protecting its structural integrity and, in addi-
tion, protecting the myocardium against excessive B-adrenergic stimulation and det-
rimental effects of ischemia-induced injury.

1.5.5 Circulating CgA as a Marker for Inflammatory Diseases

Inflammatory processes, in particular those involving the cardiovascular system,
pose clinical challenges in diagnosing and therapy. For instance, the elevated plasma
CgA in chronic heart disease is a strong indicator of a relationship between high
plasma CgA and pro-inflammatory markers (Corti et al. 2000) as well as an indepen-
dent marker of mortality (Pieroni et al. 2007). Vascular inflammation may induce
pathological arterial changes and variable blood pressure. Moreover, endothelial
dysfunction is now recognized as a crucial factor in hypertension, with endothelial
NO production as essential for maintenance of vascular tone, being compromised as
a result of systemic and localized inflammatory responses (Watson et al. 2008).

1.6 Putative Receptors for CgA and CgA-Derived Peptides

Classical, high-affinity cell surface receptors have not yet been identified for most
of the CgA-derived peptides. The exception is the nicotinic acetylcholine receptor
for catestatin in the sympatoadrenal system mediating the autocrine inhibitory
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effect of catestatin on CA secretion (Mahata et al. 1997). On the other hand, bind-
ing studies have shown that VS-I and chromofungin engage in electrostatic and
hydrophobic interactions with membrane-relevant phospholipids at physiological
conditions, particularly with phosphatidylserine (Blois et al. 2006b). Moreover,
binding to membrane proteins with molecular weights 74 and 78 kDa were early
findings for VS-I both in cultured calf smooth muscle and parathyroid cells,
respectively (Angeletti et al. 1994; Russell et al. 1994). Similarly, a 70 kDa glyco-
protein coupled to two different G-proteins was detected as the receptor for pan-
creastatin in adipocytes and hepatocytes (Sanchez-Margalet et al. 1996;
Sanchez-Margalet et al. 2000). Also catestatin, eliciting histamine-release from rat
mast cells, does so via its cationic and amphipatic properties (Kriiger et al. 2003).
Thus, analogous to the cell penetrating properties of cationic and amphipatic pep-
tides in microorganisms (Metz-Boutigue et al. 2004), both VS-I and catestatin
have been postulated to interact with and penetrate into mammalian cells via their
cationic and amphipathic properties (Helle et al. 2007; Helle 2010b). Consistent
with this hypothesis VS-I was reported to activate PI3K-dependent e-NOS phos-
phorylation via binding to a heparin sulphate proteoglycan, leading to caveolae
endocytosis in bovine aortic endothelial cells (Ramella et al. 2010). A role for
heparin sulphate proteoglycan as a cell surface endocytosis receptor entry of mac-
romolecules in mammalian cells has recently gained strong support (Christianson
and Belting 2014). A selective binding of CgA and VS-I to the epithelial integrin
av6 was also recently demonstrated in a study of would healing in injured mice
(Curnis et al. 2012). Integrin avB6 belongs to a large family of heterodimeric trans-
membrane glycoproteins that attach cells to extracellular matrix proteins of the
basement membrane. Notably, the interaction of the RGD/a-helix motif of CgA
with avB6-integrin could regulate keratinocyte physiology in wound healing
(Curnis et al. 2012). Although av36 is upregulated in tissue repair and in cancer
(Bandyopadhyay and Raghavan 2009) it remains to be seen whether circulating
CgA and VS-I bind to this integrin also in cancerous tissues. An indirect involve-
ment of integrins was observed for VS-I via the phospholipid-binding amphiphilic
a-helix within the chromofungin sequence CgA47-66 and the hydrophilic
C-terminus CgA67-78 in murine and human dermal fibroblasts (Dondossola et al.
2010). This adhesion mechanism required cytoskeleton rearrangement but not pro-
tein synthesis, enhancing fibroblast adhesion to solid-phases.

G-protein-regulated signalling pathways coupled to Gai/o subunits are commonly
identified by their activation by PTX, the Bordetella pertussis toxin. So far, most
reports on binding of CgA-derived peptides to membrane proteins refer on PTX-
sensitive effects, suggesting coupling to G-proteins containing Gai-subunits.
Intriguingly, not only the glycoprotein receptor for parastatin in adipocytes and hepa-
tocytes was sensitive to PTX (Sanchez-Margalet et al. 1996), but also the dilator effect
of CgA,4 in the coronary artery (Brekke et al. 2002) and the inhibitory effect of VS-I
on gap-formation via a blockade of the activation of p3S8MAPK by PTX in pulmonary
and coronary arterial endothelial cells (Blois et al. 2006a). Likewise, the catestatin
induced release from rat mast cells was sensitive to PTX (Kriiger et al. 2003). On the
other hand, catestatin as well as VS-1 signal via AKT/PKB to eNOS mediating their
inhibitory effects in the rat heart (Angelone et al. 2008; Tota et al. 2008). Thus, in the
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rat heart different G-proteins may be involved in the NO-production by VS-I and
catestatin, both serving as non-competitive inhibitors of the f-adrenoceptor. Hence,
not only pancreastatin, but also VS-I and catestatin appear to interact with membrane
constituents via their membrane-penetrating properties, coupling to distinctly differ-
ent G-protein-coupled pathways, in some tissues involving PTX-sensitive Gai/o sub-
units (Helle 2010b).

2 Conclusions

While the research history of the adrenal chromaffin cells dates back to the mid
1850ies, our knowledge of the granins reflects research from the most recent six
decades. The accumulated literature has unraveled that these unique proteins serve
as prohormones for a range of regulatory peptides with widely different effects and
target tissues. Moreover, their properties seemingly fit into patterns of functionally
protective activities, e.g. in calcium, glucose and vascular homeostasis, in angiogen-
esis, tissue repair and heart physiology, with implications also for the diagnosis and
treatment of a wide range of neuroendocrine tumors, inflammatory pathologies and
cardiovascular diseases. Thus, the co-release of granins with CA and other biogenic
amines opens for a novel concept for the diffuse sympathoendocrine system, namely
that of buffering and counterbalancing the immediate responses to the stress-
activated system.

A dual role for the circulating full-length CgA is now apparent, protecting the
vascular endothelium by inhibiting angiogenesis under normal conditions, yet
accelerating local angiogenesis in response to tissue damage, e.g. after C-terminal
cleavage of the prohormone by thrombin. In additiom, the circulating pool of VS-I,
which seemingly contributes to preservation of endothelial cell quiescence, may
also serve to counter-balance the pro-angiogenic activity of catestatin-containing
fragments when released in the systemic circulation from various sites of injury.

Although classical members of the high-affinity, transmembrane-spanning
classes of receptors have yet to be linked to the effects of most of the CgA-derived
peptides, other receptor classes have been implicated; in addition to G-proteins for
VS-1, pancreastatin and catestatin, for VS-I also the cell surface endocytosis recep-
tor heparin sulphate proteoglycan and the epithelial, transmembrane glycoprotein,
the integrin avf6.

3 Perspectives

The few reports on CgA processing in patients so far published, indicate complex
and disease-related patterns of fragments. For instance, decreased levels of plasma
catestatin are characteristic of patients with essential hypertension and also in nor-
motensive subjects with a family history of hypertension and increased epinephrine
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secretion (O’Connor et al. 2002). On the other hand, elevated plasma levels of VS-I
occur in critically ill patients (Schneider et al. 2012) and of catestatin in patients
with coronary heart disease and after acute myocardial infarction (Liu et al. 2013;
Meng et al. 2013). On the other hand, in patients with chronic kidney disease and
heart failure a new fragment derived from VS-II (VIF), is elevated (Salem et al.
2015) while VS-I and fragments, lacking the anti-angiogenic C-terminal region of
CgA were increased in patients suffering from a rare form of systemic, inflamma-
tory large vessel vasculitis although the levels of the CgA fragments did not reflect
disease activity or extent (Tombetti et al. 2016). Hence, research into the patho-
physiological patterns of CgA and its processing in cardiovascular and inflamma-
tory diseases and in tumors emerges as a major challenge in order to assess whether
a given pattern of circulating CgA fragments is beneficiary or detrimental to the
survival of the afflicted patient.
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Secretogranin II: Novel Insights into Expression
and Function of the Precursor
of the Neuropeptide Secretoneurin

Reiner Fischer-Colbrie, Markus Theurl, and Rudolf Kirchmair

Abstract Sgll is an acidic secretory which belongs to the family of chromogranins.
It is present in the large-dense cored vesicles of the regulated secretory pathway of
many neurons and endocrine cells and it is well conserved during evolution. Like
chromogranin A, SglI can induce granulogenesis in endocrine cells but also in cells
typically lacking secretory vesicles like fibroblasts. In the secretory vesicles SgllI is
processed to smaller peptides, e.g. secretoeneurin, EM66 and manserin. For secre-
toneurin several biological effects like induction of neurotransmitter release, che-
motactic activity towards immune-, endothelial- and muscle cells, and potent
angiogenic and vasculogenic properties have been established. Thus, SN displays
potent hormonal and paracrine effects, which help to orchestrate development,
maintenance, physiologic activity and repair of the surrounding tissue. In addition,
Sgll has been established as valuable biomarker for endocrine tumours and cardio-
vascular diseases.

1 Introduction

Secretogranin II (SglI) — also named chromogranin C - is an acidic secretory pro-
tein expressed in many neurons and endocrine tissues. It was initially isolated from
rat PC12 and the soluble content of bovine chromaffin granules as third main
secretory protein and belongs thus to the family of chromogranins. The chromo-
granins are typically widely expressed throughout neuronal and endocrine tissues.
They are stored within the cell in large dense secretory vesicles and released via the
regulated pathway in a calcium-dependent manner. The chromogranins represent
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proteins of 50-120 kD, which share several features, such as acidic nature, heat-
stability and proteolytic processing to smaller peptides. The so-called granin motif
(D/E-S/N-L-S/A/N-X-X-D/E-X-D/E-L) present in the C-terminus of SglI repre-
sents a moderately homologous stretch of 10 amino acids also found in chromogra-
nins A and B. It was postulated when the primary amino acid sequence of these
proteins became available (Huttner et al. 1991) and is most likely without physio-
logical relevance. This is underlined by the absence of this motif in secretogranins
IIT and V as well as its presence in unrelated proteins like BRCA1, BRCAZ2,
Golgin-245 or trans-Golgi p230, an acidic protein localized to the cytosolic side of
Golgi membranes (Erlich et al. 1996). The chromogranins share some physico-
chemical properties like acidic pI and binding of calcium with low affinity but high
capacity, which is responsible for the electron-dense core of large dense secretory
vesicles. They are cleaved at pairs of consecutive basic amino acids to multiple
smaller peptides and thus give rise to the characteristic pattern of multiple immu-
noreactive bands of intermediate size seen in immunoblots with monospecific anti-
sera. Chromogranins have recently been shown to be ultimately involved in vesicle
formation or biogenesis, to contribute to packaging and sorting of hormones and
enzymes into LDVs and they can function as precursors of small peptides gener-
ated by prohormone convertases from chromogranins A, B, and SglIlI. Furthermore,
chromogranins have been established as valuable biomarkers for the characterisa-
tion of neuroendocrine tumours and cardiovascular diseases. Several excellent
reviews have recently been published, which provide further details on the struc-
ture and physiologic aspects of this protein family (Bartolomucci et al. 2011;
Conlon 2010; Fischer-Colbrie et al. 2005, 1995; Helle 2010; Huttner et al. 1991;
Portela-Gomes et al. 2010; Stridsberg et al. 2008; Taupenot et al. 2003).

2 Structure & Posttranslational Modifications
of Secretogranin II

Human and mouse SglI consist of 617 amino acids (aa) whereas the bovine homolog
is 4 amino acids shorter. SglI contains 20% acidic amino acids in its primary amino
acid sequence (Fischer-Colbrie et al. 1990), which causes its untypical physico-
chemical properties like a random-coil structure and heat-stability. Even though a
molecular weight of 67 kDa can be deduced from the primary sequence, a band with
an apparent M, of 86,000 is seen in SDS gels. This abnormal migration in SDS elec-
trophoresis is probably due to the high amount of acidic amino acids found in the
primary sequence. After co-translational cleavage of a 27 amino acid signal peptide
at a typical cleavage site (Ala-X-Ala/Ala), (see (Fischer-Colbrie et al. 1990) for dis-
cussion), Sgll is further posttranslationally modified in the Golgi apparatus (Fig. 1):
it is sulphated at Tyr-151 and phosphorylated at Ser-532 (Lee et al. 2010). Sgll is not
or only marginally glycosylated. The primary amino acids sequence of bovine SgIl
contains no consensus sequence for N-glycosylation and SgII does not bind to con-
canavalin A lectin, in addition no significant O-glycosylation was detected
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Fig. 1 Structure and processing of secretogranin II (Sg//). Human SglI contains 617 amino acids
including a 27 amino acid signal peptide (SP). One potential tyrosine sulfation and phosphoryla-
tion site is shown. Sites of two consecutive basic amino acids are labelled by numbers. These sites
with the exception of site 1 and 5 are used by prohormone convertases (PCs) for endoproteolytic
processing. Proteins and peptides generated by PCs from the SgllI precursor are shown below. Two
non-dibasic cleavage sites are indicated by arrows. The name of the peptides represent their first
and last amino acid in the single letter code plus the total length. SN, secretoneurin

(Fischer-Colbrie et al. 1995). In the secretory granules SglI is processed to small
peptides and proteins of intermediate size by prohormone convertases PC1 and PC2,
two proteases belonging to the furin-like prohormone convertase group. SgII con-
tains 9 pairs of basic amino acids (7 KR and 2 RK sites). Five peptides (secretoneurin
(SN), EM66, SL30, manserin, FA42, AM7; see Fig. 1) flanked by KR sites have been
isolated from different tissues and are thus generated in vivo (Anouar et al. 1996;
Kirchmair et al. 1993; Lee et al. 2010; Tilemans et al. 1994; Vaudry and Conlon
1991; Yajima et al. 2004), whereas the RK sites are probably not used for processing.
In addition to these small peptides four longer processing intermediates of 20-90 kDa
size have been identified by mass spectroscopy (Fournier et al. 2011; Gupta et al.
2010). These proteins include full-length SglI, two proteins cleaved at the C-terminal
end at position 547 and 524 and one cleaved N-terminally at position 59. Position
527 represents dibasic cleavage site #7 (see Fig. 1) whereas cleavage sites 59 and 547
are non-dibasic sites. Cleavage site 547 is located in the manserin peptide and repre-
sents an Ala-IsoLeu site, the second non-dibasic cleavage site is located between
Ala-58/Leu-59 in the N-terminal fragment of SgII (see Fig. 1). The proteolytic
enzymes cleaving at these sites have not been characterized yet.

Proteolytic processing of Sgll is pronounced in most tissues, especially the cen-
tral nervous system, resulting in more than 90% of SglI processed to small peptides
including SN. In contrast, in the adrenal medulla, processing is more limited with the
majority of SgIl immunoreactivity existing as high molecular weight proteins of
20-86 kD (see Fig.1 in (Fischer-Colbrie et al. 1995). This limited processing is due
to the high amount of catecholamines stored in adrenomedullary vesicles, which are
potent inhibitors of prohormone convertases PC1 and PC2 (Wolkersdorfer et al.
1996). Also, in astrocytes SglI is mainly unprocessed (Fischer-Colbrie et al. 1993)
reflecting the relative absence of prohormone convertase activity in these cells.
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3 Subcellular Localization

In neurons and endocrine cells SgII is localized to the so-called large dense-cored
synaptic vesicles (LDV). It is not found in the cytoplasm or other subcellular organ-
elles like lysosomes. The subcellular localisation to the LDV was established by
several means including subcellular fractionation techniques, as well as by immu-
nohistochemistry and immune electron-microscopy. In fact, due to this well-
established subcellular localisation Sgll is considered and has been used in numerous
studies as marker molecule for LDVs. In two studies Sgll-immunoreactivity was
also found in the nucleus by immune-electron microscopy and immunohistochemi-
cal techniques (Yajima et al. 2008; Yoo et al. 2007). It is currently not known
whether epitopes shared by a nuclear protein cross-react or whether small amounts
of Sgll are indeed translocated to the nucleus. This for a secreted protein untypical
nuclear localisation can only unequivocally be established when tissue from Sgll
knock-out mice becomes available. In any case the presence of a well-defined signal
peptide rather argues against a nuclear form of SgIl.

The N-terminal 27 amino acids of SgIl comprise a signal peptide, which cause
its co-translational translocation to the rough endoplasmatic reticulum. From there
Sgll is sorted to the LDV of the regulated pathway. Two regions of Sgll, ie a puta-
tive -helix at the very N-terminus (Sgll 25-41) and 16 amino acids in the middle
region (Sgll 334-348) have been identified as sorting motifs (Courel et al. 2008).
Sorting of SglII depends on a saturable machinery which is greatly uncharacterized
still. It has been suggested that sorting occurs via binding to secretogranin III
(Hotta et al. 2009), another granin. However, in secretogranin III knock-down cells
Sgll was still secreted in a regulated manner (Sun et al. 2013) in line with a pro-
posed sorting mechanism operating mainly by retention (Kuliawat and Arvan
1994; Tooze 1998).

4 Tissue Expression and Secretion from Cells

Sgll is constitutively and abundantly expressed throughout the endocrine and ner-
vous system. Sgll has been identified in the adrenal medulla, all 3 lobes of the
pituitary, the endocrine pancreas, in C-cells of the thyroid and endocrine cells of the
whole gastrointestinal tract whereas the parathyroid gland is devoid of SgII (for
details see (Fischer-Colbrie et al. 1995)). In the nervous system SgllI is distributed
in the phylogenetically older parts of the brain with high densities of immunoreac-
tive terminals and fibers found in the hypothalamus, extended amygdala, hippocam-
pus, lateral septum, medial thalamic nuclei, locus coeruleus, nucleus tractus solitarii
and substantiae gelatinosae of the spinal cord (Fischer-Colbrie et al. 1995). In the
peripheral nervous system SglI is expressed in sensory as well as sympathetic and
parasympathetic neurons. In the eye SgII/SN immunoreactivity is expressed in ama-
crine cells of the retina (Overdick et al. 1996) and capsaicin-sensitive sensory neu-
rons innervating the iris/ciliary complex (Troger et al. 2005).
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Under pathological conditions SgII is induced in tissues, which per se do not
express Sgll. Ischaemia induces SgII expression in muscle cells of the hindlimb
(Egger et al. 2007; Theurl et al. 2015) and the heart (Rgsjg et al. 2012; Theurl et al.
2015). A similar phenomenon was seen in animal models of cerebral ischemia for
neurons of the central nervous system (Kim et al. 2002; Marti et al. 2001).
Furthermore, epithelial cells from adenocarcinomas of the prostate and the gastro-
intestinal tract can acquire a so-called endocrine phenotype by the induction of SglI
synthesis (Pruneri et al. 1998).

Like other neuroendocrine secretory proteins Sgll is released en bloc with co-
stored classical transmitters, other granins and neuropeptides and biosynthetic
enzymes from endocrine cells and neurons into circulation or the synaptic cleft,
respectively. This secretory cocktail, however, contains only small amounts of
intact, full-length SglIl whereas the majority of SglIl immunoreactivity comprises
small Sgll-derived peptides, i.e. SN or EM66, generated in the vesicles by proteo-
lytic processing prior to release. Following depolarisation of cells by action poten-
tials or hormonal signals Sgll-derived peptides are exocytotically released in a
calcium-dependent manner (Troger et al. 1994).

SN released from endocrine cells and neurons was detected in several body flu-
ids. Serum steady-state SN levels of 22 fmol/ml originate from enterochromaffin
cells of the gastrointestinal tract since other sources like the adrenal medulla, pitu-
itary and the endocrine pancreas contribute only little (Ischia et al. 2000a). This is
corroborated by the fact that high-emetogenic chemotherapy, which potently stimu-
lates secretion from gastro-intestinal enterochromaffin cells, leads to a 50% increase
of SN serum levels (Ischia et al. 2000a). Similarily, serum chromogranin A, which
is co-stored together with SgII in these vesicles, is increased 2.5-fold (Cubeddu
etal. 1995). SN levels are elevated 5-fold in childhood and are positively correlated
with serum creatinine suggesting an influence of renal clearance on SN serum lev-
els. This can be readily explained by the low molecular weight of SN. The half-life
of SN was established experimentally as 2.5 h by analysing its decline in serum
following removal of SN secreting tumors (Stridsberg et al. 2008). In the urine 80
fmol/ml have been found.

SN is furthermore released in significant amounts into the cerebro-spinal fluid
(1500 fmol/ml (Eder et al. 1998; Miller et al. 1996), the aqueous humor (500 fmol/
ml (Stemberger et al. 2004)), synovia (16 fmol/ml (Eder et al. 1997)) and faeces
(Wagner et al. 2013).

5 Phylogenetic Conservation of Secretogranin I1

Sgll is well conserved during evolution. It is expressed in the entire vertebrate lin-
eage including mammalia, birds, reptilia, amphibia and fish. SN is even found in
agnatha like the lamprey (Trudeau et al. 2012) but has not been detected in any inver-
tebrates so far. In concordance with the teleost-specific whole-genome duplication,
teleost bony fish contain two moderately different SgII gene products. In some tele-
ost fish like salmon even 4 SgII gene products exist (unpublished observation).
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SN EM66 Manserin
s O 456 7 8 9

/X
ALEYIE AYEDV PPEDL

EQYTPQSLA ELGKL

Fig. 2 Phylogenetic conservation of secretogranin II (Sg/I). The primary amino acid sequence of
human and zebrafish SgII were compared. Homologous regions with a minimum of 5 identical
amino acids are given in the single letter code. Only the region of SgIl comprising the secretoneu-
rin (SN) peptide is significantly conserved

Table 1 Conservation of SN

Human (1) TNEIVEEQYTPQSLATLESVFQELGKLTGPNNQ
Primates (21) TNEIV EQYTPQSLATLESVFQELGKL PN Q
Mammalia (84) TNE EQYTPQ LATLESVFQELGK

Birds (62) TNEIVEEQYTPQSLATLES FQELGK
Reptilia (19) TNEI EEQYTPQSLATLESVFQELGK P
Amphibia (6) T EIVE QYTPQ LATL SVF ELGK N
Cartilage fish (3) TNEIVEEQYTPQSLATLES F ELG
Pre-Teleost bony fish (2) TNEIVEEQYTPQSLATLESVE ELGKL P
Teleost fish - gene A(46) E YTPQ LA L S F EL

Teleost fish - gene B (44) E E YTPQ L S EL

Agnatha (1) E E YTPQ LA L QELG

The primary amino acid sequence of human SN is given in the single letter code. For the various
taxa shown only conserved amino acids are listed and variable ones are blanked out. The number
of species analyzed per taxa is given in brackets

To date, SglI sequence information of up to 300 species has been deposited in the
GenBank sequence database. The entire SgII precursor is highly conserved between
mammalia, whereas between mammalia and fish only the region of SgIl comprising
the SN peptide is significantly homolog (see Kéhler and Fischer-Colbrie 2000). Apart
from SN only three additional regions with stretches of 5 or more amino acids con-
served between human and zebrafish Sgll can be identified (Fig. 2) suggesting that SN
is indeed the physiological relevant peptide present within the SgII precursor.

Table 1 presents the high degree of phylogenetic conservation of SN peptide with
16 out of its 33 amino acids identical between human, mammalian, bird, reptile,
amphibian, cartilage fish and pre-teleost bony fish. In teleost bony fish still 12 (gene
A) and 10 (gene B) are identical with human homolog and SN is even found in
agnatha like the lamprey. The middle part of SN comprises the best-conserved
region, whereas the C-terminus varies greatly (see Table 1). It is interesting to note
that the highly conserved part of SN is composed of 2 contiguous -helices as deter-
mined by two-dimensional 'NMR analysis (Oulyadi et al. 1997).
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6 Gene Organisation and Gene Regulation

The secretogranin I gene is organized into 2 exons only, which are separated by a
3 kb intron (Schimmel et al. 1992). It is located as a single copy gene on human
chromosome 2q35-q36 and mouse chromosome 1, respectively (Mahata et al.
1996). The entire open reading frame plus 15 nt of the 5’ untranslated region are
located on exon 2, exon 1 contains only 5" untranslated region.

In the SglII promoter region several regulatory elements have been identified.
A functional cyclic AMP response element (CRE) is located 74 bp upstream of
the transcription site (Scammell et al. 2000). This site is conserved during evolu-
tion and found in the human, rat and mouse SgII promoter and confers induced
gene-expression in response to several stimuli including nicotine and PACAP
(Mabhata et al. 1999), histamine (Bauer et al. 1993), gonadotropin-releasing hor-
mone (GnRH) (Song et al. 2003) and NO (Li et al. 2008). In addition, the SgIl
promoter contains 2 TRE-like elements (Li et al. 2008) and a serum-response
element (SRE) (Mahata et al. 1999), which is present in the mouse and rat pro-
moter but not conserved in human. Nevertheless, the inactivation of this SRE
decreased Sgll expression in response to nicotine and PACAP (Mahata et al.
1999). Recent studies demonstrated that SgIl is a genuine target gene for the
RE-1 silencing transcription factor (REST) (Hohl and Thiel 2005; Watanabe
et al. 2004). Since REST is significantly repressed by hypoxia (Liang et al. 2014;
Lin et al. 2016) this might explain the potent up-regulation of Sgll under isch-
emic conditions (Egger et al. 2007) despite the absence of a hypoxia-response
element (HRE) in the SgII promoter.

7 Biomarker and Disease

7.1 Tumors

Twenty years after the detection of chromogranin A as main secretory protein of
adrenergic chromaffin cells its pan-endocrine expression was discovered (Cohn
etal. 1982; O’Connor et al. 1983). This led to its rapid application as marker for an
endocrine phenotype of normal and malign tissues. In the following years this con-
cept was extended to other members of the chromogranin family, namely chromo-
granin B and SglI.

Sgll has been identified in pituitary adenomas, gastro-enterohepatic carcino-
mas, pheochromocytomas, Merckel cell carcinoma, midgut carcinoids and oat
cell lung and prostate carcinomas (Conlon 2010; Guillemot et al. 2006; Ischia
et al. 2000a, b; Portela-Gomes et al. 2010; Wiedenmann et al. 1988). In general,
the expression of chromogranin B and SgII in tumors comprising an endocrine
phenotype is more restricted than that of chromogranin A. Only in the appendix
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the majority of carcinoids (94%) stained positive for Sgll-immunoreactivity,
whereas chromogranin A was expressed less frequent there (83%, (Prommegger
et al. 1998)).

In the serum, elevated levels of SgII can be expected if tumors secrete actively.
In general however, serum levels vary greatly between patients and tumor types
depending on their renal clearance and the degree of proteolytic processing and
secretory capacity of the individual tumor cells. For two peptides generated from
Sgll, i.e. SN and EM66 data are available. In gut carcinoids and endocrine pancre-
atic tumors SN serum levels were elevated 20- and 15-fold, in pheochromocytomas,
oat cell carcinomas of the lung and neuroblastomas up to 2.5—4.5-fold (Guillemot
et al. 2006; Ischia et al. 2000a).

7.2 CNS Diseases

In the CSF SN levels are on average 70-fold higher compared to serum. However,
there is a marked inter-individuality limiting its usefulness as potential biomarker
for neurological and psychiatric diseases. On average, SgllI levels are decreased by
15% in patients with multiple sclerosis (Mattsson et al. 2007) and not altered in
schizophrenic patients (Miller et al. 1996) and patients with Parkinson’s or
Alzheimer’s disease (Eder et al. 1998). Post-mortem studies demonstrated that SglI
levels are decreased in brains of patients with tauopathies (Lechner et al. 2004) and
amyotrophic laterals sclerosis due to a loss of presynaptic large dense core vesicles
(Schrott-Fischer et al. 2009).

7.3 Heart Failure

Serum levels of SN were increased 2.4-fold in patients with cardiac arrest in the
first 7 days and back to normal levels after another week (Hasslacher et al.
2014). These findings were corroborated in patients with acute heart failure
although in this study the increase was less pronounced (1.2-fold, (Ottesen et al.
2015; Hasslacher et al. 2014)). In both studies SN serum levels were signifi-
cantly correlated with a poor clinical outcome. The source of increased serum
SN levels after heart failure has not unequivocally been established. It has been
proposed that under severe ischemic conditions SN leeks from the cerebrospinal
fluid into circulation due to an impaired tightness of the blood brain barrier
(Hasslacher et al. 2014). In accordance, SN levels in umbilical cord blood was
elevated in neonates with hypoxic-ischaemic encephalopathy (Wechselberger
et al. 2016).
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8 Physiologic Function of Secretogranin II

8.1 Biogenesis of Secretory Granules

Chromogranins induce biogenesis of secretory granule in neuronal but also non-
neuronal cells. After the initial discovery that gene ablation of chromogranin A
leads to a reduced granule biosynthesis (Kim et al. 2005) a similar function was
established for Sgll. Expression of full-length SglI stimulated biogenesis of secre-
tory granules in fibroblast cells (Beuret et al. 2004) and a secretory-deficient PC12
cell-line (Courel et al. 2010). From these newly formed secretory granules cargo
was released in a calcium dependent manner (Beuret et al. 2004). Vice versa, silenc-
ing of Sgll expression led to a decrease in the number and size of large dense vesi-
cles (Courel et al. 2010). Thus, induction of SgII in non-neuronal tissues typically
lacking secretory granules sorting of SglI into the trans-Golgi network might first
induce granule biogenesis whereas later on after storage and proteolytic processing
in these vesicles SgII might function in addition as a neuropeptide precursor pro-
tein. It seems justified to speculate that this scenario is initiated by ischemic condi-
tions in skeletal muscle cells (Egger et al. 2007) or under endocrine differentiation
of various adenocarcinomas (Courel et al. 2014).

8.2 Sorting and Release of Secretory Proteins

Sgll facilitates sorting of proopiomelanocortin (POMC) to secretory vesicles and its
release from AtT-20 cells (Sun et al. 2013). It remains to be demonstrated whether
Sgll promotes sorting of LDV secretory proteins like POMC per se or if its estab-
lished granulogenic activity alone is sufficient to mediate this effect. Also, Sgll
alters release of viral particles from infected cells. Depending on the type of virus,
shRNA mediated down-regulation of SgIl can either decrease or increase the
amount of viral particles excreted into medium (Berard et al. 2015).

8.3 Precursor of the Neuropeptide/Cytokine Secretoneurin

In recent years, numerous important physiological functions of SN in the nervous,
immune and endocrine system as well as on blood vessels were unravelled (for a
review see (Fischer-Colbrie et al. 2005)). In the nervous system SN stimulates dopa-
mine release from rat striatal slices and basal ganglia in vivo. It stimulates neurite
outgrowth and survival of cerebellar granules cells (Fujita et al. 1999; Gasser et al.
2003). In concordance, SgIl following up-regulation by REST promotes
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differentiation and maturation of adult hippocampal progenitor cells (Kim et al.
2015). In the immune system SN displays potent chemotactic activity toward mono-
cytes, eosinophils and dendritic cells, which has also been shown for smooth muscle
cells and fibroblasts (Dunzendorfer et al. 1998, 2001; Kihler et al. 1997a, b;
Reinisch et al. 1993). In the endocrine system SN inhibits melatonin release from
melanocytes and stimulates gonodotropin II release from goldfish pituitary as well
as food intake (Blazquez et al. 1998; Mikwar et al. 2016).

8.3.1 Angiogenesis and Vasculogenesis

In 2004 a potent angiogenic and vasculogenic property of SN was discovered. Due
to biologic actions of SN on vascular cells such as induction of chemotaxis in endo-
thelial or vascular smooth muscle cells (Kéhler et al. 1997a, b) and the fact that
SN-containing nerve fibers are closely associated with blood vessels in the uterus
(Collins et al. 2000) we hypothesized that SN might induce the growth of new blood
vessels out of the pre-existing vasculature, a process called angiogenesis. We
observed that SN indeed induced angiogenesis in the mouse corneal neovasculariza-
tion assay and that newly generated vessels are covered by smooth muscle cells
what might indicate durable, stable vessels. In vitro SN induced angiogenesis in a
matrigel assay, stimulated proliferation and inhibited apoptosis of endothelial cells
(ECs) and activated prominent intracellular signal transduction pathways like Akt or
MAPK (Kirchmair et al. 2004a). Beside angiogenesis new blood vessels might also
be generated by circulating progenitor cells, a process called vasculogenesis. We
could show that SN also stimulates incorporation of these cells into new blood ves-
sels and activates these cells in vitro (Kirchmair et al. 2004b).

Regulation by Hypoxia. Angiogenic factors typically are up-regulated by hypoxia
to counteract lack of oxygen by generation of new blood vessels. In the case of SN
it was already shown that induction of hypoxia in the central nervous system by
ligation of the carotid artery leads to up-regulation of SN in neurons of the hippo-
campus or the cerebral cortex (Marti et al. 2001). We could show that also muscle
cells (a cell type that normally doesn’t produce SN) in the ischemic hindlimb after
ligation of the femoral artery express SN. In vitro L6 myocytes also increased SN
after prolonged hypoxia but this effect was indirect as the promoter region of the
gene encoding the SN precursor secretogranin-II does not contain a hypoxia-
responsive element and hypoxia did not increase SN in the absence of serum. We
could show that SN increase by hypoxia was dependent on hypoxia-inducible factor
1 and basic fibroblast growth factor (FGF) in contrast to the direct regulation of
vascular endothelial growth factor (VEGF) (Egger et al. 2007).

SN Gene Therapy. To explore if SN might possess therapeutic potential in the
treatment of ischemic limb and heart disease we generated a plasmid gene therapy
vector and could demonstrate biologic activity of recombinant SN by EC chemo-
taxis. After injection of plasmid into ischemic hindlimbs in mice SN improved clini-
cal outcome (less limb necrosis) and increased tissue perfusion and density of
capillaries and arteries compared to control plasmid. SN gene therapy additionally
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increased numbers endothelial progenitor cells in this ischemia model. These find-
ings indicate induction of angiogenesis, arteriogenesis and vasculogenesis by SN
gene therapy. We could also show that SN increased other potent angiogenic factors
in ECs (basic fibroblast growth factor and platelet-derived growth factor B) and
stimulated the nitric oxide pathway (Schgoer et al. 2009).

In the heart SN gene therapy improved systolic function and inhibited scar for-
mation and remodelling of the left ventricle after an experimental myocardial
infarction (permanent LAD ligation). Again, density of capillaries and arterioles/
arteries in the infarct border zone was increased, consistent with induction of angio-
genesis and arteriogenesis also in this ischemia model.

In arterial coronary ECs SN inhibited apoptosis, stimulated proliferation and in-
vitro angiogenesis and activated Akt and MAPK. Interestingly, in vitro effects were
blocked by a neutralizing antibody against VEGF, indicating that SN effects depend
on VEGF. We indeed could demonstrate that SN stimulates activation of VEGF
receptor-2 in a receptor tyrosine kinase (RTK) array. Further experiments elucidated
that SN stimulates binding of VEGF to its co-receptors neuropillin-1 and heparan-
sulfate proteoglycans. In RTK assays also activation of receptors for FGF and
insulin-like growth factor-1 (IGF-1) was observed by SN. This activation of several
potent angiogenic growth factor receptors by SN might be the reason for the robust
effect of SN we observed on growth of new blood vessels as a complex biological
effects like angiogenesis probably is mediated by different factors (Albrecht-
Schgoer et al. 2012). A similar effect was shown recently in airway epithelial cells
where it was demonstrated that SN stimulates mucus secretion by enhancing bind-
ing of epidermal growth factor (EGF) to neuropilin-1 (Xu et al. 2014).

These observations also might indicate that SN acts via binding to growth factors
thereby stimulating binding of these factors to and activation of respective tyrosine
kinase receptors instead of acting via an own specific cell surface receptor. Indeed,
no specific SN receptor was detected so far. In this respect it is also of interest that
SN was considered to act via a G-protein coupled receptor (GPCR) in cell migration
experiments as effects were blocked by pertussis toxin. It will be interesting to
elucidate if, in analogy to RTK, also GPCRs are activated by SN via classical che-
motactic factors.

8.3.2 Wound Healing

To investigate potential effects of SN gene therapy we investigated wound healing
in diabetic mice (db/db mice). Application of SN accelerated wound closure in this
model and increased density of capillaries and arterioles in the wound. In microvas-
cular dermal endothelial cells SN stimulated proliferation and in vitro angiogenesis
in a basic-FGF dependent manner. We could show that FGF receptor-3 mediates
SN-induced effects and that SN stimulates binding of basic FGF to heparan-sulfate
proteoglycans on dermal endothelial cells (Albrecht-Schgoer et al. 2014). This find-
ing corroborates our observation on coronary endothelial cells that SN stimulates
receptors of potent angiogenic cytokines.
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8.3.3 Effects of SN on Cerebral Ischemia

Systemic (intra-venous) application of SN in a rat model of cerebral ischemia
reduced infarct area, enhanced motor performance and increased brain metabolic
activity. In ischemic areas of the brain in this animal model as well as in human
samples after stroke SN was increased in neuronal cells. In vitro SN inhibited apop-
tosis of neurons in cell culture after oxygen/glucose deprivation by stimulation of
the Jak/Stat pathway. In this work it was also demonstrated that SN enhanced
growth of blood vessels in the ischemic brain area and attracted neuronal stem cells
(Shyu et al. 2008).

8.3.4 Effects of SN on Cardiomyocytes

Recently it was demonstrated that SN is taken up by cardiomyocytes and influences
Calcium (Ca?") handling in these cells by reduction of Ca?*/calmodulin (CaM)-
dependent protein kinase II 6 (CaMKIIS) activity. SN binds to CaM and CaMKII
and attenuates CaMKII3-dependent phosphorylation of the ryanodine receptor. SN
also inhibits sarcoplasmic reticulum Ca** leak and augments sarcoplasmic reticu-
lum Ca’ content. SN also attenuates Ca’** sparks and waves in cardiomyocytes
(Ottesen et al. 2015). These findings indicate that SN might have a potential to
inhibit arrythmias.

8.3.5 Effects of SN Gene Therapy on Animal Models of High
Vascular Risk

Over the last two decades a variety of endothelial growth factors have been investi-
gated as promising novel therapeutic agents for the treatment of peripheral arterial
disease or myocardial ischemia. Unfortunately, the promising results obtained in
animal models could not be verified in human trials so far. One reason might be that,
in pre- clinical models, often young and healthy animals were studied, whereas in
clinical trials patients with severe, long-lasting atherosclerosis and impaired vascu-
lar response were treated. Nevertheless, available data from clinical trials suggest
that intramuscular injection of DNA might be safe and not associated with an
increased rate of cancer. Due to promising results of SN gene therapy in hindlimb
and myocardial ischemia we investigated the efficacy of SN gene transfer in two
animal models (type I diabetes mellitus and hypercholesterolemia) with impaired
angiogenic response (Schgoer et al. 2013; Theurl et al. 2015). In both animal mod-
els therapy of hindlimb ischemia with a SN-encoding plasmid resulted in significant
improvement of limb reperfusion. Moreover, animals treated with the SN-plasmid
showed a significant reduction in tissue defects and amputation rate. In the Apo E
—/— mice, a model of severe hypercholesterolemia, we also evaluated the effect of
SN-gene therapy in myocardial ischemia induced by permanent ligation of the left
anterior descending artery. Similar to our data in rats SN treatment resulted in
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significant improvement of cardiac function as shown by echocardiographic param-
eters. Immunofluorescence staining revealed a significant increase of capillary and
arteriole density as possible underlying mechanism for the favourable outcome of
SN-treated animals.

Despite the negative influence of hypercholesterolemia and hyperglycemia on
vascular cells, SN showed beneficial effects on EC function like proliferation,
in vitro angiogenesis, or activation of the MAPK-ERK1/2 signaling cascade.

The local injection of the SN-plasmid did not result in elevated SN-serum lev-
els and did not influence plaque progression as described for systemic administra-
tion of VEGF. Therefore, to our current knowledge, SN-gene therapy seems to be
an effective and safe treatment strategy for hind limb and myocardial ischemia.
Large animal models should be the next step to bring SN-gene therapy from bench
to bedside.
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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 II (SglIlI), SgIII, 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 1/ 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, Diaz-Vera et al. 2010). Similarly, knockdown of SgII 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 SgIlII in mice caused no apparent defects despite the ubiquitous
expression of SglII 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 SgII 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 1I/ 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 III/ 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), SgllI-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 SglI 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).

II’ Membrane remodeling and curvature
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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: SgllI 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 o 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, wusing 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, Sgll 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 1IV/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 Sgll, in tumors from normotensive patients (Haissaguerre et al. 2013).
In line with a potential link between SglI, 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
a reduction 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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Involvement of Chromogranin A and Its Derived
Peptides to Fight Infections

Marie-Hélene Metz-Boutigue and Francis Schneider

Abstract In this chapter, after the presentation of the expression of Chromogranin
A and its antimicrobial derived peptides in circulation, we report a clinical analysis
for Vasostatin-I (VS-I) and the preparation of antimicrobial coating with Cateslytin
(CTL). In a clinical multicenter analysis of VS-I in the plasma of critically ill
patients (481 patients and 13 healthy staff), we have shown for the first time, that an
increase in the VS-I concentration was present on admission in non-selected criti-
cally ill patients and that it was associated with poor outcome at day 28 after admis-
sion. By using a combination of VS-I, lactate and age values, our assessment of
prognosis was better than taking the parameters alone. Concerning the preparation
of antimicrobial biomaterial we decided to use polysaccharide multilayer film based
on CTL functionalized hyaluronic acid as polyanion and chitosan as polycation,
(HA-CTL-C/CHI), with the aim of designing a self-defensive coating against both
bacteria (Staphylococcus aureus) and yeast (Candida albicans). The ability of S.
aureus and Candida species to degrade HA, by producing hyaluronidase, allows the
active peptide to be released from film only in the presence of the pathogens. We
have demonstrated the antimicrobial activities of HA-CTL in solution and
HA-CTL-C/CHI films against S. aureus and C. albicans. We have shown the pene-
tration of the fluorescently labeled HA FITC -CTL-C into the cell membrane of C.
albicans and the cytotoxicity of HA-CTL-C/CHI films was tested through human
gingival fibroblasts (HGFs) viability.
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1 Innate Immunity and Antimicrobial Peptides

Multidrug antibiotic resistance is a worldwide crucial health problem. A major fac-
tor in the emergence of antibiotic resistant organisms is the overuse of antibiotics in
the hospital or the community. To overcome this abuse, numerous efforts are under-
taken to reduce antibiotics prescription and/or promote synergistic effects by others
molecules. The production of new potent antibiotics, acting alone or in combination
is urgent.

The innate immune system is, since 2 billion years, the primary defense in most
living organisms and antimicrobial peptides (AMPs) are fundamental components
of the innate immune defense of multicellular organisms, either animal or plant [for
review, (Bulet et al. 2004; Aerts et al. 2008; Manners 2007)]. The antimicrobial
peptides (AMPs) have been well conserved throughout the evolution and they
ensure the organism’s defense against a large number of pathogens. They serve as
endogenous antibiotics that are able to rapidly kill bacteria, fungi and viruses. In
addition to their direct antimicrobial activity, they also have a wide range of func-
tions in modulating both innate and adaptive immunity and acting on inflammation
(Fig. 1) (Hilchie et al. 2013). To date more than 2619 AMPs have been identified,
(antimicrobial peptides database http://aps.unmc.edu/AP/main.php), including pep-
tides from several tissues and cell types from, bacteria, invertebrates, plants and
mammals (Wang et al. 2016). The cationic character of AMPs induces an electro-
static attraction to the negatively-charged phospholipids of microbial membranes
and their hydrophobicity aids the integration into the microbial cell membrane,
leading to membrane disruption. Furthermore, the amphipathic structure also allows
the peptides to be soluble both in aqueous environments and in lipid membranes
(Yeaman and Yount 2003).

2  Occurrence of Chromogranin A in Circulation

Chromogranins/secretogranins (CGs/SGs) constitute the granin family of geneti-
cally distinct acidic proteins present in secretory vesicles of nervous, endocrine and
immune cells (Helle 2010). CGs are widespread among mammals and also in verte-
brates (Montero-Hadjadje et al. 2008). Plasma CGA is by now a commonly used
diagnostic and prognostic marker for tumors of neuroendocrine origin, using anti-
bodies raised to a range of epitopes along the CGA molecule (Guérin et al. 2010;
Stridsberg et al. 2004). There is a relatively constant background of granins in the
peripheral circulation and in the cerebrospinal fluid. Normal human serum contains
40 pg/L; close to 1 nM of CGA (O’Connor et al. 1993). A vast number of reports on
pathologically high plasma CGA have accumulated since the first documentation of
increased levels in patients with neuroendocrine tumors (O’Connor and Bernstein
1984). Plasma CGA is elevated in patients with a range of systemic diseases includ-
ing renal and hepatic failure, cardiac arrest, and essential hypertension (Taupenot
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et al. 2003) as well as in inflammatory conditions such as heart failure (Corti et al.
2000; Ceconi et al. 2002), acute coronary syndromes (Jansson et al. 2009), rheuma-
toid arthritis (Di Comite et al. 2006, 2009), systemic lupus erythematosis (Di
Comite et al. 2006) and acute systemic inflammatory response syndrome (Zhang
et al. 2009a). It seems well established that increased plasma CGA is predictive of
shorter survival, not only in patients with metastatic neuroendocrine tumors (Arnold
et al. 2008; Nikou et al. 2008), but also in chronic heart failure (Corti et al. 2000)
and in the critically ill, nonsurgical patients (Zhang et al. 2008, 2009a). Whether
plasma CGA, serves solely as passive marker of the secretory state of the various
elements of the diffuse endocrine system or, in addition, as active and functional
contributors to homeostatic regulations of normal and clinical conditions, would
depend on the ability of the prohormone and/or its derived peptides to activate or
modulate relevant cellular functions.

3 Chromogranin A Processing in Different Tissues

The natural processing of bovine CGs is well described in granules of sympathoad-
renal medullary chromaffin cells, where the resulting peptides are co-secreted with
catecholamines (Metz-Boutigue et al. 1993). For the bovine sequence numerous
cleavage sites were identified. They correspond to positions 3—4, 64-65, 76-77,
78-79, 115-116, 247-248, 291-292, 315-316, 331-332, 350-351, 353-354, 358-
359, 386-387. The major generated fragments are CgA1-76 (Vasostatin-I; VS-I)
and CgA79-431 (pro-chromacin; ProChrom) (Strub et al. 1996). The N-terminal
domain of CGA corresponding to vasostatin-I (VS-I) CGA1-76 is highly conserved
across vertebrates from fish to man (Turquier et al. 1999). Furthermore, CGA and
derived peptides were also identified in neutrophils (PMNs), in heart extracts and in
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vitreous. It has been demonstrated that processing of CGs is tissue- and cell-specific
(Yoshida et al. 2009). The numerous cleavage sites are consistent with the specific-
ity of prohormone convertases (PC1/3 and PC2) and carboxypeptidase E (CPE),
that reside within chromaffin granules (Metz-Boutigue et al. 1993; Seidah and
Chrétien 1999). In addition, cathepsin L (Biswas et al. 2009), carboxypeptidases,
aminopeptidases (Hook et al. 1982), and trypsin-like proteases (Evangelista et al.
1982) are also involved in the proteolytic processing of CGA. These are typically
regulated by endogenous protease inhibitors such as endopins 1 and 2, which pos-
sess high homology to alpha 1 antitrypsin A1AT (Hook and Metz-Boutigue 2002).

The discovery that pancreastatin, a CGA-derived peptide inhibits insulin secre-
tion from pancreatic beta-cells, initiated the concept of prohormone (Eiden 1987,
Nakano et al. 1989). The release of these CGs-derived peptides from chromaffin
cells results from the nicotinic cholinergic stimulation and regulates several neuro-
endocrine functions (Helle and Serck-Hanssen 1975).

The natural processing of CGA in PMNs after stimulation by the leukocidin
Panton-Valentin (Lugardon et al. 2000; Briolat et al. 2005) generates a range of
CGA-derived fragments containing VS-I and catestatin CAT. Wherever PMNs
accumulate in response to invading microorganisms, tissue inflammation, and sites
of mechanical injury, these released peptides may affect a wide range of cells
involved in inflammatory responses, e.g. endothelial, endocardial and epithelial
cells, other leucocytes, fibroblasts, cardiomyocytes, and vascular and intestinal
smooth muscle.

Furthermore, Leukotoxins E/D (LukE/D) from Staphylococcus aureus were also
used to induce PMNs secretions. Full-length CGA (1-439) and several CGA-
derived fragments were identified including CGA1-291, CgA1-249, CgA1-209
and CgA1—115 (Aslam et al. 2013a).

CGA-immunoreactive fractions were also detected in rat heart extracts (Glattard
et al. 2006) by using western blot and TOF/TOF mass spectrometry. Four endoge-
nous N-terminal CGA-derived peptides containing the vasostatin sequence were
characterized as CGA4-113, CGA1-124, CGA1-135 and CGA1-199. Post-
translational modifications of these fragments were identified: phosphorylation at
S96 and O-glycosylation (trisaccharide, NAcGal-Gal-NeuAc) at T126. This first
identification of CGA-derived peptides containing the VS-I motif in rat heart sup-
ports their role in cardiac physiology by an autocrine/paracrine mechanism.

We evaluated the presence and processing of CGA in the vitreous of diabetic
patients (DV) compared with non-diabetic vitreous (NDV) (Fournier et al. 2011)
because inflammation has been linked to the development of diabetic retinopathy.
ELISA, Western blot, RP-HPLC, dot blot, protein sequencing and mass spectrometry
were used to study the quantitative expression and the processing of CGA. Expression
was higher in DV than in NDV. Mean concentration of CGA evaluated by ELISA was
90.8 ng/L (+x90.1) in DV vs. 29.7 ng/L (+20.9) in NDV (p = 0.039). In DV, proteomic
analyses showed that long CGA-derived fragments and A1AT were overexpressed,
suggesting possible inhibition of the proteolytic process. In DV, the increase of the
presence of complete CGA and the attenuation of its endogenous proteolytic process-
ing could participate in diabetic retinopathy progression by reducing the presence of
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Fig. 2 Representation of the different endogenous cleavage sites of human CGA

regulatory peptides (VS-I), important for the pro—/anti-angiogenic balance in the eye.
The alteration of the processing may be related to high levels of A1AT in DV com-
pared with NDV, in accordance with the results of a recent study reporting high rates
of A1AT in diabetic patients with proliferative diabetic retinopathy compared with
patients without diabetic retinopathy (Gao et al. 2008). In addition, the reduction of
the proteolytic activity observed in DV could also be due to protein modifications
resulting from posttranslational formation of advanced glycation end products.
Finally, taking into account all these studies a large number of endogenous fragments
derived from human CGA are generated (Fig. 2).

4 The Antimicrobial Chromogranin A Derived-Peptides

During the two past decades, our laboratory has characterized new antimicrobial
CGA-derived peptides (Strub et al. 1996; Metz-Boutigue et al. 1998; Lugardon et al.
2000, 2001; Briolat et al. 2005; Helle et al. 2007; Shooshtarizadeh et al. 2010) (Fig. 3).
The corresponding sequences are highly conserved in human along evolution.
Interestingly, the main cleavage site in position 78—79 of bCGA and the subsequent
remove of the two basic residues K77 and K78 by the carboxypeptidase H (Metz-
Boutigue et al. 1993) produces two antimicrobial fragments: VS-I (bCGA1-76)
(Lugardon et al. 2000) and prochromacin (Prochrom; bCGA79-431) (Strub et al.
1996). For these N- and C-terminal domains with antimicrobial activities several
shorter active fragments were identified: for VS-I, bCGA1-40 (N CGA; NCA) (Helle
et al. 2007), bCGA47-66 (chromofungin; CHR) and for ProChrom, bCGA173-194
(Chromacin; Chrom) (Strub et al. 1996) and bCGA344-364 (Catestatin; CAT) (Briolat
et al. 2005). The unique disulfide bridge of bCGA is present in VS-I and NCA
sequences. Two post-translational modifications are important for the expression of
the antibacterial activity of Chrom: the phosphorylation of Y173 and the
O-glycosylation of S186 (Strub et al. 1996). Furthermore, it is important to point out
that a dimerization motif GXXXG similar to that reported for Glycophorin A (Brosig
and Langosch 1998) is present in the Chrom sequence (G184-G188).

These peptides act at micromolar range against bacteria, fungi, yeasts and are
non-toxic for mammalian cells (Shooshtarizadeh et al. 2010). They are recovered in
biological fluids involved in defense mechanisms (serum, saliva) and in secretions
of stimulated human neutrophils (Lugardon et al. 2000; Briolat et al. 2005).
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Peptide Location Sequence Net charge
CGA

VS-1 1-76 LPVNSPMNKGDTEVMKC*IVEVISDTLSKPSPMPVSKEC*FETLRGDERILSILRHQNLLKELQDLALQGAKERTHQQ +3
NCA 4-40 LPVNSPMNKGDTEVMKC*IVEVISDTLSKPSPMPVSKEC*FE -1
CHR 47-66 RILSILRHQNLLKELQDLAL +1,5

Chrom 173-194 YPGPQAKEDSEGPSQGPASREK -1

CAT 344-364 RSMRLSFRARGYGFRGPGLQL +5
CCA 418-427 LEKVAHQLEE 2
ProChrom 79-431 HSSYEDELSEVLEK..... -37

Fig. 3 Location, sequence and net charge of the antimicrobial peptides derived from CgA; C*
cysteine residues involved in disulfide bridges, Y phosphorylated residue, S O-glycosylated residue
(Helle et al. 2007)

These new AMPs are integrated in the concept that highlights the key role of the
adrenal medulla in the immunity (Sternberg 2006) as previously reported for adren-
aline and neuropeptide Y that regulate immunity systemically once released from
the adrenal medulla. Furthermore, the adrenal medulla contains and releases large
amounts of interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-alpha) in
response to pro-inflammatory stimuli such as lipopolysaccharide (LPS), IL-1 alpha
and IL-1 beta. The discovery of the presence of Toll like receptors (TLRs) on the
adrenal cortex cells raises the interesting possibility that the adrenal gland might
have a direct role in the response to pathogens, activation of innate immune response
and clearing of infectious agents (Sternberg 2006). We have more particularly stud-
ied VS-I and CAT.

VS-I displays antimicrobial activity against (i) Gram-positive bacteria
(Micrococcus luteus and Bacillus megaterium) with a minimal inhibitory concentra-
tion (MIC) in the range 0.1-1 puM; (ii) filamentous fungi (Neurospora crassa,
Aspergillus fumigatus, Alternaria brassicola, Nectria haematococca, Fusarium cul-
morum, Fusarium oxysporum) with a MIC of 0.5-3 pM and (iii) yeast cells
(Saccharomyces cerevisiae, Candida albicans) with a MIC of 2 pM (Lugardon et al.
2000). VS-I possesses structural features specific for antimicrobial peptides, such as
a global positive charge (+3), an equilibrated number of polar and hydrophobic resi-
dues (20:23) and the presence of a helical region CGA40-66 characterized to be a
calmodulin-binding sequence (Lugardon et al. 2001; Yoo 1992; Zhang et al. 2009b)
(Fig. 4a). The loss of the antibacterial activity of CGA7-57 suggests that the N- and
C-terminal sequences are essential and CGA7-57 is less efficient than VS-I against
fungi (Lugardon et al. 2000). Besides, the disulfide bridge is essential for the anti-
bacterial, but not the antifungal property. Altogether, these data suggest that antibac-
terial and antifungal activities of VS-I have different structural requirements
(Lugardon et al. 2000). Interestingly, two helix-helix dimerization motifs important
for the interaction with membranes such as LXXXXXXL, present in dopamine
transporter sequences (Torres et al. 2003) are present in the bovine and human VS-I
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Fig. 4 Sequence alignment of VS-I and CAT sequences of different species. (a) Sequence align-
ment of bovine CGA1-78 with hrVS-1 and corresponding fragments from several species. pPCGA
(porcine, p), rCGA (rat, r), nCGA (mouse, m), o0CGA (ostrich, 0), eCGA (equine, e), f{CGA (frog,
f). (b) Sequence alignment of bovine CGA344-364 with the corresponding fragments from several
species hCGA (human, h and mutations G364S, P370L), pCGA (porcine, p), rTCGA (rat, r), nCGA
(mouse, m), eCGA (equine, e), f{CGA (frog, f)

sequences (L42-L.49; L.57-L64). Surface interaction of rhodamine-labelled bCGA1-
40 was demonstrated using confocal microscopy after incubation of the labeled
peptide with A. fumigatus, A. brassicola and N. haematococca (Blois et al. 2006).

In addition, the interaction of bCGA1-40 with monolayers of phospholipids and
sterols, as models for the interaction with mammalian and fungal membranes was
investigated by the surface tension technique (Blois et al. 2006; Maget-Dana et al.
2002). These studies demonstrated that the N-terminal bCGA1-40 fragment inter-
acts with model membrane phospholipids in a manner consistent with an amphiphi-
lic penetration into membranes in a concentration range relevant for biological
activity in mammalian tissue (Blois et al. 2006).

When VS-I was treated with the protease Glu-C from S. aureus V8, one of the
generated peptide, chromofungin (CHR) (Lugardon et al. 2001), is the shortest active
VS-I-derived peptide with antimicrobial activities (Fig. 3). It is well conserved dur-
ing evolution (Fig. 4a) and displays antifungal activity at 2—15 pM against filamen-
tous fungi (N. crassa, A. fumigatus, A. brassicola, N. haematococca, F. culmorum, F.
oxysporum) and yeast cells (C. albicans, C. tropicalis, C. neoformans) (Lugardon
et al. 2001). Since this peptide was generated after digestion of the material present
in chromaffin secretory vesicles by the protease Glu-C from S. aureus, it may be
hypothesized that it is produced during infections by this pathogen. The 3-D struc-
ture of CHR has been determined in water-trifluoroethanol (50:50) by using 'H-
NMR spectroscopy. This analysis revealed the amphipathic helical structure of the
sequence 53-56, whereas the segment 48-52 confers hydrophobic character
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(Lugardon et al. 2001). The importance of the amphipathic sequence for antifungal
activity was demonstrated by the loss of such activity against N. crassa when two
proline residues were substituted for L61 and L64, disrupting the helical structure,
the amphipathic character and the dimerization motif helix-helix L57-L64 (Lugardon
et al. 2001).

Concerning CAT several studies reported that it may be produced after the exten-
sive processing of CGA. Two CGA-derived fragments bCGA333-364 and
bCGA343-362 were characterized after the extensive processing by PC 1/3 or 2 in
chromaffin granules (Taylor et al. 2000). In vitro cathepsin L is able to generate
after digestion of recombinant hCGA, a catestatin (CAT)-derived fragment
hCGA360-373 (Biswas et al. 2009). In addition to the inhibitory effect of CAT on
catecholamine release from chromaffin cells (Mahata et al. 1997), we have shown
for this peptide and its shorter active sequence bCGA344-358 (cateslytin, CTL), a
potent antimicrobial activity with a MIC in the low micromolar range against Gram-
positive bacteria (M. luteus, B. megaterium at concentration of 0.8 pM), Gram-
negative bacteria (E. coli D22 at concentration of 8§ uM), filamentous fungi (N.
crassa, A. fumigatus, N. haematococca at concentration of 0.2—-10 pM) and yeasts
(C. albicans, C. tropicalis, C. glabrata, C. neoformans at concentration of
1.2-8 pM). The sequence of CAT (Fig. 4b) is highly conserved during evolution
(Briolat et al. 2005). The two human variants P370L and G364S display antibacte-
rial activity against M. [uteus with a MIC of 2 and 1 uM, respectively, and against
E. coli with a MIC of 20 and 10 pM, respectively (Briolat et al. 2005). However, the
most active peptide corresponds to the bovine sequence. Bovine CTL, a cationic
sequence with a global net charge of +5 (R344, R347, R351, R353, R358) and five
hydrophobic residues (M346, L.348, F360, Y355, F357) (Fig. 4b), is able to com-
pletely kill bacteria at concentration lower than 10 pM even in the presence of NaCl
(0-150 mM) (Briolat et al. 2005). The C-terminal sequence bCGA352-358 is inac-
tive, whereas the N-terminal sequences bCGA344-351 and bCGA348-358 are anti-
bacterial at 20 pM.

5 Degradation of Antimicrobial Chromogranin A-Derived
Peptides with Bacterial Proteases

The AMPs avoidance mechanisms deployed by bacteria include the proteolytic deg-
radation of the active forms by the bacterial proteases. In order to examine the
effects of bacterial proteases on the isolated AMPs derived from CGs, we have
tested the effects of protease Glu-C from S. aureus V8 and several supernatants
from S. aureus, Salmonella enterica, Klebsiella oxytoca, Shigella sonnei and Vibrio
cholera on AMPs integrity (Thesis of Rizwan Aslam). The different strains were
isolated from patients of the Strasbourg Civil Hospital by the Institute of
Bacteriology. After incubation with S. aureus V8 protease Glu-C of the proteic
intragranular material of chromaffin cells present in the adrenal medulla, 21 new
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peptides were isolated by HPLC and analysed by sequencing and mass spectrome-
try. These peptides were tested against Gram positive bacteria (M. luteus and S.
aureus), Gram negative bacteria (E. coli), fungi (N. crassa) and yeast (C. albicans).
They are not antibacterial, but 5 peptides corresponding to CGA47-60, CGA418-
426 and CGB279-291, CGB450-464 and CGB470-486 display antifungal activity
at the micromolar range against N. crassa. Thus, S. aureus subverts innate immunity
to degrade the antibacterial CGA-derived peptides and produce new antifungal pep-
tides (Thesis of Rizwan Aslam).

Three antimicrobial CGA-derived peptides (bCAT, hCAT and bCTL were incu-
bated in presence of staphylococcal supernatants from strains ATCC 25923 and
ATCC 49775 (Aslam et al. 2013b). CTL, the active domain of CAT, is able to com-
pletely kill S. aureus at 30 pM, but the two other peptides are inactive. By using a
proteomic analysis (HPLC, sequencing and mass spectrometry) we demonstrated
that CTL was not degraded by supernatants, whereas CHR, bovine and human CAT
are processed to produce several fragments (Fig. 5).

Proteases from diarrheogenic bacteria (K. oxytoca, S. enterica, S. sonnei and V.
cholera) were also tested with different peptides. The four strains have a clinical
interest because apart from inducing diarrhea, they may cause other infections. We
have tested bovine, rat and human CAT corresponding to the sequences bCgA344-
364, rCgA6344-364 and hCgA352-372, bovine CTL located at bCgA344-358, two
short fragments hCgA360-372 and the conserved tetrapeptide LSFR (bCgA348-
351). In addition, we have tested a scrambled peptide relative to the sequence of
bCAT and the procatestatin fragment bCgA332-364. By using HPLC we have com-
pared the profiles of the peptide alone and the peptide with the inoculated medium.
After sequencing and MALDI-TOF analysis of the different fractions we demon-
strated that except CTL all the peptides are completely degraded by the different
bacterial supernatants.

6 Synergy of the Combination of Antimicrobial Peptides
with Antibiotics

Synergy is the combined activity of two antimicrobial agents that can never be
attained by any one of them singly (Serra et al. 1977). The emergence of multi-drug
resistant bacteria, with therapeutic failure against S. aureus, Klebsiella pneumonia,
Acinebacter baumannii and Pseudomonas aeruginosa have paved the way to
develop new therapeutic agents acting by synergism.

In our group, we have examined the synergical effects of three bovine CGA-
derived peptides (CAT, CTL and CHR) with Minocycline, Amoxicillin and
Linezolide against S. aureus and Voriconazole against C. albicans (Thesis of
Menonve Atindehou). To demonstrate that antimicrobial peptides are able to reduce
the doses of antibiotics used and to potentiate the activity of antibiotics, antimicro-
bial tests were carried out by combining the antibiotic peptides at doses below the
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Fig. 5 HPLC chromatograms of bCAT, hCAT and CTL alone or with different bacterial strain
supernatants (ATCC 49775 and ATCC 25923) with (b, d, f) or not (a, c, e) protease inhibitors
(Aslam et al. 2013b)

MIC. The comparison was made with the antibiotic or peptide separately at the
same doses. Minocycline has a MIC of 2 pg/ml alone against the S. aureus ATCC
49775, but when it was combined with CTL at a concentration corresponding to
75% of the MIC, the concentration of Minocycline was lowered to 0.5 pg/ml.
Similar data were obtained by the use of the amidated bCTL and Minocycline
against S. aureus and CTL with Voriconazole against C. albicans and C. tropicalis
(Thesis of Menonve Atindehou).

To conclude, these different assays show that bCTL facilitates the effect of anti-
biotic drugs and might allow the decrease of the administered concentrations and
prevent the antibiotic resistance process.
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7 Chromogranin A and VS-1 in Plasma of Critically ill
Patients from Intensive Care Unit

In critically ill patients admitted to intensive care units (ICUs), severe diseases include
multiple organ failure with clinical and biochemical signs of systemic inflammation:
this corresponds to the systemic inflammatory response syndrome (SIRS) which is
typical of the early phase response to a stress of unspecified etiology. During this
response, major cardiovascular changes occur, and an activation of the adrenomedul-
lary response as well (Wortsman et al. 1984). The initial triggering factor in such
patients is frequently severe infection (Brun-Buisson 2000). Physicians have been
used to measure the time-dependent changes in plasma concentrations of C-reactive
protein and pro-calcitonin as sensitive and specific biomarkers to evaluate the level of
inflammation related to these pathophysiological conditions. However, both of these
parameters are unable to produce significant information as to outcome of such
patients (Harbarth et al. 2001). Therefore, clinicians are seeking for new biomarkers
that may reflect a link between initial SIRS, acute inflammation and outcome.

CGA is a marker of stress that exerts numerous autocrine, paracrine and endo-
crine functions (Taupenot et al. 2003); thus, it is capable of influencing the vascular
tone (Aardal and Helle 1992), the activity of the myocardium (Glattard et al. 2006),
and to reflect the level of activation of the sympathetic tone (Cryer et al. 1991).
Vasostatin-I (VS-I; CGA1-76), the highly conserved N-terminal fragment of CGA
(Figs. 3 and 4a), is predominantly produced and released in the circulation (Metz-
Boutigue et al. 1993; Aardal and Helle 1992). Its initial property was considered to
be its ability to relax contracted vessels (Aardal et al. 1993), but later it was shown
to stabilize heart functioning by counterbalancing the adrenergic-dependent stress
(Tota et al. 2007). The mechanistic actions of VS-I are still unclear in the absence of
classic receptors for this molecule, but it is involved in negative inotropism through
different biological pathways that could be integrated in a “whip-brake” conception
of cardiovascular homoeostasis (Tota et al. 2010). Furthermore, we have reported
that VS-1 is produced by PMNs and that it is involved in innate immunity by dis-
playing antimicrobial properties (Lugardon et al. 2000). In addition, CHR the active
sequence from VS-I activates PMNs (Zhang et al. 2009b).

In order to understand the role of CGA as a marker of stress during the time of
SIRS, in a first step we have analyzed the possibility of a correlation between CGA
concentrations, the inflammation biomarkers and the outcome in non-surgical criti-
cally ill patients with multiple organ failure (Zhang et al. 2008, 2009a). In a second
step, we decided to evaluate the plasma VS-I levels in critically ill patients in order
to learn whether their changes would correlate with the severity of disease (defined
as death 28 days after admission) (Schneider et al. 2012).

Concerning the analysis of CGA in the plasma of critically ill patients, the popu-
lation consisted of 67 participants (Zhang et al. 2008) (53 participants and 14
healthy controls). In septic patients (n = 31), the infection focus was the respiratory
apparatus, the urinary or digestive tracts (n= 17, 8 and 6 respectively). On admission,
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acutely stressed patients with a SIRS (n = 44) had significantly higher plasma con-
centrations of CGA than controls (115 pg/L (68-202.8) vs 40 pg/L (35-52.5),
p <0.001). In addition, the septic group (sepsis, severe sepsis and septic shock) had
significantly higher CGA levels than patients with SIRS but without infections
(138.5 pg/L (65-222.3) vs 110 pg/L (81-143), p < 0.01). Interestingly, CGA plasma
levels positively correlated with biomarkers of inflammation (C-reactive protein,
procalcitonin and white cell counts) (Zhang et al. 2008).

In a multicentre analysis of VS-I in the plasma of critically ill patients (Tota et al.
2010), the population includes 481 patients and 13 healthy staff. Plasma VS-I con-
centrations were systematically higher in patients than in controls (p < 0.01). In
univariate analysis, only severe SIRS patients [5.77 ng/ml], severe sepsis [6.07 ng/
ml] and septic shock patients [6.21 ng/ml] displayed significantly higher plasma
VS-I concentrations when compared to no SIRS, no infection patients [3.56 ng/ml,
p < 0.01] and sepsis patients [3.6 ng/ml, p < 0.01]. Finally, there was a significant
increase in all patients demonstrating circulatory failure when compared to those
without circulatory failure [5.93 vs. 3.58 ng/ml, p < 0.001] and also in non-survivors
vs. survivors [5.75 vs. 3.70 ng/ml, p < 0.001], but there was no significant difference
in patients whether infection was present or not [4.41 vs. 3.88 ng/ml, p = 0.547]. As
shown in Fig. 6, from admission to the 60th hour of admission within the ICU,
plasma VS-I concentrations were systematically higher in patients than in controls
(p < 0.01). We did not find differences of kinetics when comparing survivors and
non-survivors, or infected patients and non-infected patients.

The results of this study show for the first time that an increase in the VS-I con-
centration was present on admission in non-selected critically ill patients and that a
single measurement of this protein was associated with poor outcome at day 28 after
admission, without having to specify a primary diagnosis.

Studying the VS-I/CGA ratios, we have established that in physiological con-
ditions (in healthy controls), an average of 8% of the CGA is processed into VS-I,
whereas in critically ill patients this ratio was lower (around 5%). Despite this
absence of statistical difference among healthy controls and the entire cohort of
patients, surviving patients had in average a significantly lower VS-I/CGA ratio
than healthy controls (p < 0.05). Despite increased CGA levels after acute illness,
we only measured half of such a ratio in patients. This suggests that the cleavage
of CGA is limited under the pathological conditions of multiple organ failure.
Different hypothetical mechanisms can be proposed to explain this phenomenon.
First, CGA may aggregate (Yoo 1992) and this may hide the cleavage site located
at position 76—77 on CGA. Then, many enzymes (both from host and from patho-
gens), including metallo-proteases are overexpressed in sepsis (Yazdan-Ashoori
et al. 2011) and are candidates to degrade CGA and VS-I (Lauhio et al. 2011). In
addition, after acute stress, disseminated intravascular coagulation often occurs
(Lee and Downey 2000), which is a source of plasmin release that may interfere
with the cleavage of CGA (Parmer et al. 2000). Furthermore, VS-I accumulation
could result from an increase in the production of CGA and VS-I by nervous,
endocrine and also immune cells activated as a result of the initial stressing injury
(Wortsman et al. 1984).
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Fig. 6 Serial twice-a-day VS-I sampling in patients with simultaneous SIRS and acute circulatory
failure criteria (Schneider et al. 2012)

The third piece of information available is that a single VS-I plasma concentra-
tion evaluation on admission can affect the assessment of 28-day outcome within
5 h after admission (time required for the performance of the test). We have gath-
ered three data suggesting that patients who present increased plasma VS-I concen-
trations on admission have a higher risk of death within 28 days: first, patients that
die have on average higher VS-I concentrations on admission, whatever the disease
on admission; second, death rates are significantly higher when patients have an
admission VS-I level beyond a median value of 3.97 ng/ml; third, the VS-I concen-
tration in plasma is an independent risk factor for survival. Why the increased VS-I
circulating concentration is an ominous sign remains to be determined since protec-
tive effects have been reported in animals (Roatta et al. 2011); one possible explana-
tion is that protective effects (at high concentrations) are related to intracellular
concentrations of VS-I and not circulating ones.

Lactate has often been considered as the best biomarker of severity early after
onset of a severe disease and has therefore gained considerable acceptance (Trzeciak
et al. 2007). Finally, using a combination of VS-I, lactate and age values, which are
all available early after admission, our assessment of prognosis was better than tak-
ing the parameters alone (Schneider et al. 2012). Our findings enable us to hope for
better routine decision-making for critically ill patients and also to improve
emergency triage in patients who display increased lactate levels without obvious
clinical signs of severity.
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8 New Biomaterials with Antimicrobial Chromogranin
Derived Peptides

Implantable medical devices are widely used in surgery not only to replace altered
or lost tissues but also in critical care for fluid or gas administration using cathe-
ters or tracheal tube, respectively. These devices constitute an open gate for patho-
gens invasion and nosocomial infections (Von Eiff et al. 2005). Prevention of
pathogen colonization of medical implants constitutes a major medical and finan-
cial issue. Indeed each year in Europe, 5% of patients admitted to hospitals suffer
from hospital-acquired infections leading to a mortality of 10% (Guggenbichler
et al. 2011). S. aureus, a Gram-positive bacterium, is responsible for hospital
acquired infections especially in immunocompromized patients and 82% of the
strains are methicillin resistant (Paniagua-Contreras et al. 2012). C. albicans, the
most common human yeast pathogen, possesses the ability to form biofilms that
are sources of local and systemic infection. Moreover, C. albicans biofilms allow
the formation of S. aureus microcolonies on their surface and even enhanced S.
aureus resistance to antibiotics (Harriott and Noverr 2009). The recent resistance
of C. albicans to antifungal therapies (Ramage et al. 2006) and of S. aureus to
antibiotics points out the need of multifunctional coatings that prevent infections
of both yeast and bacteria.

Polyelectrolyte multilayer (PEM) films, based on an alternated deposition of
polycations and polyanions onto a solid surface, emerged as a simple and efficient
approach to functionalize surfaces in a controlled way (Decher 1997; Gribova et al.
2012). Natural AMPs, secreted by numerous living organisms against pathogens,
gain increased attention due to their broad spectrum of antimicrobial activity and
their low cytotoxicity (Glinel et al. 2012). They predominantly cause disruption of
the membrane integrity of pathogen agents and thus unlikely initiate the develop-
ment of resistance (Glinel et al. 2012). We decided to use bovine CTL, correspond-
ing to bovine CgA344-358 and acting in the innate immunity system (Zhang et al.
2009b). We used polysaccharide multilayer films based on CTL-C-functionalized
hyaluronic acid (HA) as polyanion and chitosan (CHI) as polycation, (HA-CTL-C/
CHI), that were deposited on a planar surface with the aim of designing a self-
defensive coating against both bacteria and yeasts (Fig. 7). A cysteine residue (C)
was added at the C-terminal end of the CTL sequence to allow its grafting to
HA. HA and CHI are biodegradable by enzymatic hydrolysis with hyaluronidase.
Both polysaccharides are already widely used in biomedical applications due to
their interesting intrinsic properties (Volpi et al. 2009; Riva et al. 2011). The ability
of S. aureus (Larkin et al. 2009), Candida species (Shimizu et al. 1996) and M.
luteus to degrade HA, by producing hyaluronidase, allows the CTL—C to be released
from PEM films only in the presence of the pathogens. In this context we developed
a new self-defensive coating (Cado et al. 2013) where the release of the antimicro-
bial peptide is triggered by enzymatic degradation of the film due to the pathogens
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Fig. 7 Schematic representation of the antimicrobial activity of the CHI-HA coating of biomate-
rial. By action of hyaluronidase the active peptide is released to kill S. aureus and C. albicans

(Cado et al. 2013)

themselves (Fig. 7). Polysaccharides adsorbed mass was determined by surface
plasmon resonance, the buildup and the topography of the films were characterized
by atomic force microscopy. Antibacterial and antifungal activities of HA-CTL-C in
solution and HA-CTL-C/CHI films were tested against two strains Gram-positive
bacteria, (S. aureus and M. luteus) and one strain of yeast strain (C. albicans),
respectively, by using microdilution assays. Confocal laser scanning microscopy
allowed following the penetration of the fluorescently labeled HA FITC -CTL-C,
diluted in solution or embedded in a PEM film, into the cell membrane of C. albi-
cans. Finally, the cytotoxicity of HA-CTL-C/CHI films was tested through human
gingival fibroblasts (HGFs) viability.

In conclusion, we designed a new surface coating based on polysaccharide multi-
layer films containing a functionalized HA with 5% of CTL-C, a peptide possessing
both antibacterial and antifungal properties. Antimicrobial properties of CTL-C were
preserved when grafted on HA either in solution or when embedded into PEM films.
After 24 h of incubation, HA-CTL-C/CHI films fully inhibit the development of S.
aureus and C. albicans, which are common and virulent pathogens agents encoun-
tered in care-associated diseases. The presence of CTL-C peptides on HA allows the
penetration of the modified polysaccharide inside C. albicans after 45 min of contact.
The secretion of hyaluronidase by all tested pathogens seems to be responsible for
HA-CTL-C release from the film and for its activity. The film can keep its activity
during 3 cycles of use against fresh incubated C. albicans suspension. Furthermore,
the limited fibroblasts adhesion, without cytotoxicity, on HA-CTL-C/CHI films high-
lights a medically relevant application to prevent infections on catheters or tracheal
tubes where fibrous tissue encapsulation is undesirable.
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9 General Conclusion

This review summarizes data concerning the processing of CGA and the biological
roles of the antimicrobial CGA-derived peptides. For two peptides VS-I and CAT,
we have characterized the active sequences (CHR, CTL) and their effects in pres-
ence of administered antibiotics. We demonstrated that CTL resists to bacterial pro-
teases. Several peptides might allow the decrease of the antibiotics concentrations
prescribed by clinicians.

The clinical studies show that high concentration of CGA in plasma with sepsis
and SIRS correlated with markers of inflammation. In addition, by using a combina-
tion of VS-I, lactate and age values, the assessment of prognosis was improved than
taking each parameter alone. This data is important to improve emergency triage in
patients with increased lactate levels without clinical signs of severity.

CTL, the active domain of CAT, was used to elaborate new self-defensive material
against S. aureus and C. albicans, two pathogens responsible of nosocomial infections.
Interestingly, the limited fibroblast adhesion, without cytotoxicity highlights a medi-
cally relevant application to prevent infections on catheters or tracheal prosthesis.
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Conserved Nature of the Inositol
1,4,5-Trisphosphate Receptor

and Chromogranin Coupling and Its Universal
Importance in Ca* Signaling of Secretory Cells

Coupling of Inositol 1,4,5-Trisphosphate
Receptor/Ca** Channel and Chromogranin

Seung Hyun Yoo

Abstract Secretory granules have been demonstrated to be the major inositol
1,4,5-trisphosphate (IPs)-sensitive intracellular Ca** stores in secretory cells, pri-
marily due to the presence of high concentrations of the Ca?* storage proteins chro-
mogranins and the IP; receptor (IP;R)/Ca?* channels in addition to 40 mM Ca?*.
Among the many extraordinary features of secretory granules is the coupling to the
IP;R/Ca* channels and the channel-modulatory roles of chromogranins, increasing
the open probability and the mean open time of the channels multiple-fold.
Particularly noteworthy is that most conserved regions of chromogranins A (CGA)
and B (CGB) and of the IP;Rs, i.e., the near amino (N)-terminal region of chromo-
granins A and B and the last intraluminal loop (L3-2 loop) of the IP;Rs, participate
in the coupling. Given that the two regions which participate in the coupling are
highly conserved in the biokingdom, the coupling between chromogranins and the
IP;R/Ca*" channels appears to be a very ancient molecular design forming the IP;-
dependent Ca?* signaling systems of organisms. Although the coupling is uncovered
in secretory cells, similar molecular arrangements which involve the IP;R/Ca*
channels and some type of Ca*" storage and/or Ca?* channel-modulatory proteins
that are functionally equivalent to chromogranins in secretory cells will also exist in
nonsecretory cells.
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1 Introduction

Secretory granules from a wide variety of secretory cells, ranging from primitive
unicellular organisms to humans, serve as the major IP;-sensitive intracellular Ca**
store (Yoo 2010, 2011). The main reason secretory granules can function as the
major IP;-sensitive intracellular Ca?* store is the abundant presence of the IP;R/Ca?*
channels and the high capacity, low affinity Ca?* storage proteins chromogranins in
secretory granules in addition to 40 mM Ca** (Haigh et al. 1989; Winkler and
Westhead 1980). Secretory granules contain the highest concentrations and the larg-
est amounts of all three IP;R types and chromogranins A (CGA) and B (CGB) in
secretory cells (Huh et al. 2005b, 2005¢). A significant portion of cellular contents
of these molecules is also contained in the endoplasmic reticulum (ER) and the
nucleus with the exception of CGA which is absent in the nucleus (Yoo et al. 2002).

As if to highlight the physiological significance of colocalization of these mole-
cules in the same organelles, chromogranins A and B directly interact with the IP;R/
Ca?* channels (Yoo et al. 2001) and activate the channels; increasing the open proba-
bility 8- to 16-fold and the mean open time 9- to 42-fold, respectively (Thrower et al.
2002, 2003; Yoo and Jeon 2000). Yet, the interaction properties of chromogranins with
the IP;Rs differ depending on the pH milieu: chromogranin A binds and activates the
IP;R/Ca*" channels only at intragranular pH 5.5, dissociating from each other and
becoming ineffective at near physiological pH 7.5, in contrast to chromogranin B that
stays coupled to and activates the IP;R/Ca?" channels at both the intragranular pH 5.5
and the near physiological pH 7.5 (Thrower et al. 2003; Yoo et al. 2000).

Moreover, being the first example of granin proteins existing outside of secretory
granules chromogranin B has further been shown to localize in the nucleus, along
with all three IP;R types (Yoo et al. 2005; Huh and Yoo 2003); chromogranin B and
the IP;Rs colocalize in numerous small nucleoplasmic Ca?* store vesicles (Huh
et al. 2006b; Yoo et al. 2005, 2014). Although the normal physiological pH of cells
is ~7.4, including that of the nucleus and endoplasmic reticulum (ER), secretory
granules maintain an acidic pH 5.5, thus providing a different environment for the
chromogranin-IP;R/Ca?* channel interaction and function. This pH-dependence of
chromogranin-IP;R interaction and different localization of chromogranins A and B
in subcellular organelles appear to reflect the differences each chromogranin con-
tributes to the overall Ca?* homeostasis in secretory cells.

In spite of the apparent differences in each chromogranin’s role in intracellular
Ca?* homeostasis, there lies an invariable common molecular organization in the
cooperative works between the IP;Rs and chromogranins that the IP;R/Ca?* channel
modulatory role of chromogranins is through the interaction between the highly
conserved near amino (N)-terminal regions of chromogranins A and B (Table 1)
(Helle 2000; Montero-Hadjadje et al. 2008; Taupenot et al. 2003; Winkler and
Fischer-Colbrie 1992; Bartolomucci et al. 2011) and the equally well conserved
intraluminal L3-2 loops of the IP;Rs (Fig. 1 and Table 2). The near N-terminal
region of chromogranins is conserved not only between chromogranins A and B but
also across different species. Similarly, the L3-2 loop of the IP;Rs is also well con-
served not only between the three types but also across different species, including
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Table 1 Conserved amino acid sequences near the amino terminal regions of chromogranins A
and B across species

Protein *Amino Acid Sequence Genbank Accession
Code

human 35CIVEVISDTLSKPSPMPVSQECS6 AAB53685.1
bovine 35CIVEVISDTLSKPSPMPVSKEC56 AAC48700.1
CGA mouse 35CVLEVISDSLSKPSPMPVSPECSS AAA37457.1
rat 35CVLEVISDSLSKPSPMPVSPECS5S6 AEB41036.1

pig 35CIVEVISDTLSKPSPMPVSQECS8 NP_001157477.2
human 38CIIEVLSNALSKSSAPPITPECS? AAB53685.1
bovine 36CIIEVLSNALLKSSAPPITPECS? AAC48700.1
CGB mouse 38CIIEVLSNALSKSSVPTITPECS? AAA3T7457.1
rat 36CIIEVLSNALSKSSAPTITPECS? AEB41036.1

pig 38CIIEVLSNALSKSNAPPITPECS? NP_001157477.2

}‘The numbers shown indicate the position of the amino acids that were numbered from the signal ‘
p g

peptides of each chromogranin and the colors denote identical (red), conserved (blue), and

different (black) residues
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Fig.1 Topology of the IP;R showing the intraluminal loops. There are six transmembrane regions
near the C-terminal end in the IP;Rs. The intraluminal loops formed are shown as L1, L2, L.3-1,
and L3-2



72 S.H. Yoo

Table 2 Conserved amino acid sequences of the chromogranin-interacting intraluminal loop L3-2
of the IP; receptors across species

Genbank Accession
Protein *Amino Acid Sequence
Code
bovine 25610DVLRKPSKEEPLFAARVIYD2529 NP_777266.1
human isoform 1 251DV RKPSKEEPLFAARVIYD2530 NP_001093422.2
IP; Receptor type 1
human isoform 2 2496D\/LRKPSKEEPLFAARVIYD2515 NP_002213.5
human isoform 3 2544D\/| RKPSKEEPLFAARVIYD2563 NP_001161744.1
bovine 2502D\/| RRPSKDEPLFAARVVYD2521 NP_776794.1
IP3; Receptor type 2
human 25020\ RRPSKDEPLFAARVVYD2521 NP_002214.2
bovine 24711D|LRKPSKDESLFPARVVYD?2490 NP_776795.1
IP3 Receptor type 3
human 2478D|LRKPSKDESLFPARVVYD2497 NP_002215.2
IP; Receptor nematode 2492D\/| RKPHPQEPLFYMRILYD2511 KRY53103.1
(Trichinetla britovi)

“The numbers shown indicate the position of the amino acids in each IP; receptor and the colors
denote identical (red), conserved (blue), and different (black) residues

primitive species such as protozoa and nematodes that contain only a single IP;R
type. These facts amply suggest that the coupling and activation of the IP;R/Ca**
channels by chromogranins has a very fundamental significance and a deep-rooted
origin in the intracellular Ca** signaling systems in the biokingdom.

In particular, the ability of CGB to bind and activate the IP;R/Ca** channels at
both acidic and physiological pH appears to underscore the critical importance of
the IP;R/Ca** channel modulatory role of CGB in secretory cells, encompassing
both the cytoplasm in form of secretory granules and the ER, and the nucleus in the
form of IP;-sensitive nucleoplasmic Ca** store vesicles. Hence, the molecular basis
of the coupling between the IP;Rs and chromogranins, and its role in intracellular
Ca*" homeostasis of secretory cells are discussed here.

2 IP;R Topology

The IP;R monomers are composed of ~2800 amino acids with six transmembrane
domains near the C-terminal end (Fig. 1). There are three IP;R types, types 1, 2, and
3, and a complex of homo- and/or heterotetramers of these isoforms forms a Ca?*
channel (Foskett et al. 2007; Fan et al. 2015). The six transmembrane domains of
the IP;Rs are located in amino acid residues number 2500-2700, which form three
intraluminal loops, but the third loop is made of two half-loops due to a partial
burial of the middle region of this loop in the membrane (Fig. 1). As a result, the
loops are termed L1, L2, and L3-1 and L3-2.
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Despite the seemingly equal contribution of these IP;R isoforms to form the
IP;R/Ca’ channels, there is relatively little sequence homology between the iso-
forms with the exception of the L3-2 loop that maintains well conserved amino acid
sequences throughout the different isoforms across species. The sequence compari-
son of the L3-2 regions of the IP;Rs among the isoforms and different species is
shown in Table 2. Assuming the substitutions in amino acids of similar property as
conserved, the degree of conservation reaches ~75%, even including the nematode.
In line with its potential importance in the function of IP;Rs, the L3-2 loop of the
IP;R has been shown to participate in the interaction with chromogranins (Yoo and
Lewis 1994, 1995, 1998, 2000). Underscoring such a structural fit between chromo-
granins and the IP;Rs, a near-atomic level structure of the IP;R1 that was resolved
by cryo-electron microscopy has indeed revealed the protruding intraluminal L3-2
loops in its tetrameric form (Fan et al. 2015).

3 CGA and CGB Sequence Comparison

There are two conserved regions not only among the same type of chromogranins
from different species but also among the different types of chromogranins from a
wide variety of species; one being the near N-terminal region, usually amino acid
residues number 20—40, and the other being the 23-25 amino acids from the
C-terminal end (Bartolomucci et al. 2011; Helle 2000; Montero-Hadjadje et al.
2008; Taupenot et al. 2003; Winkler and Fischer-Colbrie 1992). As shown in
sequence comparison (Table 1), the near N-terminal region of chromogranins A and
B is highly conserved, strongly implicating potentially important roles of this region
in the function of chromogranins. Interestingly, the conserved near N-terminal
region is boxed between two cysteine residues that are invariably present in this
region of chromogranins A and B across species.

As if to explain the reasons for the high degree of sequence conservation, the
conserved near N-terminal region of chromogranins has been shown to specifically
interact with the L3-2 loop of the IP;Rs (see below). This fact further underscored
the possibility of the critical role of the near N-terminal region in the function of
chromogranins. Accordingly, the conserved near N-terminal region of chromogra-
nins has indeed been shown to be indispensable in targeting chromogranins to
secretory granules (Courel et al. 2006; Glombik et al. 1999; Kang and Yoo 1997;
Taupenot et al. 2002; Yoo and Kang 1997; Thiele and Huttner 1998; Montero-
Hadjadje et al. 2009; Yoo et al. 2014), i.e., chromogranin fragments without the near
N-terminal region failed to localize in secretory granules and were shown to be
constitutively secreted. Moreover, the conserved C-terminal regions of chromogra-
nins A and B participate in dimerization and tetramerization of chromogranins
(Thiele and Huttner 1998; Yoo and Lewis 1992, 1993, 1996): CGA forms homodi-
mer at pH 7.5 and homotetramer at pH 5.5, but in the presence of CGB, CGA and
CGB form CGA-CGB heterodimer at pH 7.5 and CGA,-CGB, heterotetramer at
pH 5.5 (Yoo and Lewis 1996).
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4 Interaction Between the L.3-2 Loop and the Near
N-Terminal Region

Reflecting the pH dependency of the interaction between chromogranins and the
IP;Rs, chromogranin A bound the L3-2 loop of the IP;R only at the intragranular
pH 5.5, but not at pH 7.5. However chromogranin B bound the L3-2 loop of the IP;R
at both pH 5.5 and 7.5, although the interaction at pH 7.5 was considerably weaker
than that at pH 5.5. Moreover, it was further shown that tetrameric chromogranins
interact with four molecules of L3-2 at pH 5.5 (Yoo and Lewis 1995) (Fig. 2). The
chromogranin region that interacted with the L.3-2 loop of the IP;R was shown to be
the conserved near N-terminal regions of both CGA and CGB. As was the case with
intact CGA, the near N-terminal region of CGA also interacted with the L3-2 loop
of the IP;R only at pH 5.5, but dissociated completely from each other at near physi-
ological pH 7.5. However, the near N-terminal region of CGB still interacted with
the L.3-2 loop even at pH 7.5, as was the case with intact CGB.

Although the conserved near N-terminal region of chromogranins is shown to
interact with the L.3-2 loop of the IP;Rs, the interaction strength of whole chromo-
granins for the L3-2 loop is at least two orders of magnitude higher than that of the
near N-terminal region for the L3-2 loop (Table 3). The interaction strength between

Fig. 2 Schematic model NH.
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chromogranins.
Heterotetrameric IP;R/Ca**
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IP;Rs and the near
N-terminal regions of
chromogranins A and B
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Table 3 The interaction strength of the intraluminal loop (L3-2) of the IP;R with intact
chromogranins A (CGA) and B (CGB), and with the conserved near N-terminal regions of each
chromogranin at different pH as expressed in the changes of standard free energy (AG®) at 37 °C
(310.15 K)

Chromogranin A Chromogranin B
Intact CGA-IP;R | N-terminal Intact N-terminal CGB
L3-2 CGA fragment- | CGB-IP;R fragment-IP;R L3-2
IP;R L3-2 L3-2
AG?° (kcal/ —6.0~-6.9 -3.57 CGB or the N-terminal fragment
mol), pH 5.5 (Kd: (Kd: 3.04 mM) | strongly self-associates at pH 5.5,
11~ 17 pM) leading to aggregation (not
measurable)
AG° (kcal/ CGA and the L3-2 dissociate at -8.10 —4.70
mol), pH 7.5 pH 7.5 (no interaction). (Kd: 1.9 pM) | (Kd: 0.48 mM)

the intact CGA and the L3-2 loop peptide is —6.0 ~ —6.9 kcal/mol (Kd, 11-17 pM)
at pH 5.5 whereas that between the near N-terminal peptide of CGA and the L3-2
loop peptide is —3.57 kcal/mol (Kd, 3.04 mM) (Yoo and Lewis 1995, 1998), indicat-
ing approximately two orders of magnitude stronger interaction by intact CGA. This
result further suggests that the interaction strength between intact CGA and intact
IP;Rs in secretory granules will be several orders of magnitude higher than that
shown between intact CGA and the L.3-2 loop at pH 5.5.

Moreover, in line with the more prominent role of CGB in activating the IP;R/
Ca* channels compared to CGA, the interaction of CGB with the IP;Rs is substan-
tially stronger than that of CGA. Highlighting such strong binding, the interaction
strength between intact CGB and the L3-2 loop even at pH 7.5, which is known to
be significantly weaker than that at pH 5.5, is —8.10 kcal/mol (Kd, 1.9 pM) (Table 3)
(Yoo and Lewis 2000). This value indicates that the interaction between intact CGB
and the L3-2 loop at pH 7.5 is still an order of magnitude stronger than that shown
between intact CGA and the L3-2 loop at pH 5.5, whereby amply underscoring the
extraordinarily strong binding of CGB for the IP;R. Yet, reflecting a weaker interac-
tion than that shown between intact CGB and the L3-2 loop of the IP;Rs, the inter-
action strength between the conserved near N-terminal region of CGB and the L.3-2
loop at pH 7.5 is —4.70 kcal/mol (Kd, 0.48 mM). Nonetheless, this interaction is still
significantly stronger than that shown with the near N-terminal region of CGA and
the L.3-2 loop at pH 5.5, i.e., —3.57 kcal/mol (Kd, 3.04 mM).

Given that the interaction of the near N-terminal region of chromogranins with
the IP;R loop is significantly weaker than that of intact chromogranins, the actual
interaction between intact CGB and the IP;R/Ca* channels in cells will be far stron-
ger than the estimated values. Furthermore, considering that chromogranin interac-
tion with the IP;R at pH 5.5 is substantially stronger than at pH 7.5, the interaction
strength of CGB for the IP;Rs at pH 5.5 is certain to be several orders of magnitude
higher than that between CGA and the IP;Rs.
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5 Physiological Significance of the Chromogranin-IP;R
Interaction

Despite the many similarities in physicochemical properties between CGA and
CGB and their near universal presence in a myriad of secretory cells (Helle 2000;
Montero-Hadjadje et al. 2008; Taupenot et al. 2003; Winkler and Fischer-Colbrie
1992; Bartolomucci et al. 2011), the subcellular localization of CGA is limited to
the cytoplasm, i.e., secretory granules, the ER, and the Golgi albeit most of it is in
acidic secretory granules. Hence, the interaction between CGA and the IP;Rs will
be the strongest and most stable inside secretory granules which maintain the IP;R/
Ca?* channels in ordered and release-ready state (Yoo and Jeon 2000). However,
unlike the interaction of CGA with the IP;sR/Ca®* channels in secretory granules,
CGA in the ER is incapable of interacting with the IP;Rs due to its inability to bind
the IP;Rs at the physiological pH of the ER.

The failure of CGA to bind the IP;Rs directly at near physiological pH 7.5 is shown
with all three types of the IP;R (Yoo et al. 2001). As shown in Fig. 3, CGA binds
directly with the IP;R at the intragranular pH 5.5, but it dissociates completely from
the IP;R at pH 7.5. Yet CGA interacts with CGB at pH 7.5, forming CGA-CGB het-
erodimer, thereby suggesting the presence of CGA-CGB heterodimers in the lumen of
the ER. Considering the fact that CGB interacts with all three IP;R types even at
pH 7.5, it is expected that the CGA-CGB heterodimers in the lumen of the ER stay
coupled to the IP;R/Ca*" channels of the ER, and this is indeed the case as shown in
Fig. 3. As a result, the effect of CGA on the IP;R/Ca*" channels will be exerted mainly
in secretory granules, and that in the ER will be only through its interaction with CGB,
which in turn interacts with the IPsR/Ca®* channels (Fig. 3). Differing from CGA that
exists in the cytoplasm only, CGB localizes inside the nucleus as well. Moreover,
CGB interacts with the IP;Rs and activates the IP;R/Ca?* channels regardless of the
different pH environment. Therefore, the IP;R/Ca®* channel-activating effect of CGB
will be evident in both the cytoplasm and the nucleus (Huh et al. 2006a).

One of the major physiological effects of the strong interaction of CGB with the
IP;Rs is the prominent IP;R/Ca?* channel-activating role of CGB, increasing the
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Fig.3 pH-dependent interaction of the IP;R with chromogranins. Purified IP;R1 (0.7-1.0 pg) was
reacted with GST-CGA, GST-CGB fusion proteins, and an equimolar mixture of the two (CGA/B)
at pH 5.5 and 7.5 in the presence of 2 mM Ca*". The bound IP;R1 was separated on a 7.5% SDS
gel and analyzed by immunoblot
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open probability 8- to 16-fold and the mean open time of the channel 24- to 42-fold
(Thrower et al. 2003). This IP;R/Ca*" channel-activating role is also shared with
CGA to a certain extent, but the magnitude of CGA effect on the Ca®* channel is
markedly smaller than that exerted by CGB, consistent with the weaker interaction
strength of CGA for the IP;Rs. As a result, the IP;-dependent Ca’* mobilization in
the cell is heavily affected by the subcellular localization of CGB inside the cell.

6 Concentration of CGB and the IP;Rs in Secretory
Granules, ER, and Nucleus

The CGB concentrations in secretory granules and the ER in the typical neuroendo-
crine adrenal chromaffin cells are ~200 pM and 120 pM, respectively (Huh et al.
2005a), while the relative IP;R concentrations in secretory granules and the ER are
~3.5 and ~1.0, respectively, when that of the nucleus is taken as 1.0 (Huh et al.
2005c¢). That secretory granules contain the highest concentrations of CGB and the
IP;Rs, and the largest amounts of CGB and the IP;Rs, than any other organelle in
the cytoplasm naturally points to the more prominent role of secretory granules in
IP;-dependent Ca?* signaling, i.e., higher IP; sensitivity of the granule IP;R/Ca*
channels than that of the ER and the markedly larger amounts of Ca?* released from
secretory granules than from the ER (Huh et al. 2007).

Unlike the more easily identifiable molecular organization of secretory granules
and the ER, the situation in the nucleus is a bit more complicated. The CGB concen-
tration in the nucleus is estimated to be ~80 pM (Huh et al. 2005a), a figure that
shows average CGB concentration in the whole nucleus although CGB localization
is limited only to the small IP;-sensitive nucleoplasmic Ca** store vesicles (Huh
et al. 2006b; Yoo et al. 2005, 2014). Hence, the CGB concentration in the small
nucleoplasmic vesicles will be at least several-fold higher than the estimated 80 pM,
the value given for the whole nucleus, and is most likely substantially higher than
200 pM CGB present in secretory granules.

In addition to the concentrations of CGB and the IP;Rs contained in the organ-
elles, the molecular contents and organization inside the organelles will also be of
crucial importance in the formation of the IPs;-sensitive Ca?* store properties of
respective Ca?* store organelles. Although both secretory granules and the nucleo-
plasmic Ca?* store vesicles contain CGB and the IP;Rs and release Ca* in response
to IP;, there appears to be a fundamental difference in the intrinsic functions between
the two organelles; while secretory granules store hormones and other essential
bioactive molecules in addition to high concentrations of Ca?*, the small nucleoplas-
mic Ca?* store vesicles do not appear to store high concentrations of other bioactive
proteins, but rather appears to store primarily large amounts of Ca?". In this respect,
the primary function of the nucleoplasmic Ca?* store vesicles is thought to be Ca*
storage/control in the nucleoplasm, which is consistent with the high IP; sensitivity
of the IP;R/Ca?* channels in the nucleoplasm (Huh et al. 2007).
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7 Effects of CGB Presence in the Cytoplasm and the Nucleus

The difference in the interaction property of CGA and CGB appeared to directly
influence the IP;-dependent Ca?* mobilization effects of CGA and CGB; the effect
of CGB on the magnitude of IPs-dependent Ca** releases is substantially greater
than that of CGA even in the cytoplasm. The magnitude of IP;-mediated Ca*
releases attributed to CGB in the cytoplasm is approximately twice as big as that
attributed to CGA, underscoring the critical importance of CGB in the IP;-dependent
Ca?* signaling in the cytoplasm.

Differences in such effects have clearly been demonstrated by expressing chro-
mogranins in nonsecretory NIH3T3 cells that do not contain intrinsic chromogra-
nins (Fig. 4): CGA expression in NIH3T3 cells increased the IPs;-induced Ca*
release in the cytoplasm ~100% whereas CGB expression increased it ~200%
(Fig. 4A) (Huh et al. 2006a). On the other hand, suppression of CGA expression in
secretory PC12 cells that contain intrinsic chromogranins decreased the IP;-induced
Ca?* release in the cytoplasm ~50% whereas suppression of CGB expression in
PC12 cells decreased the IPs-induced Ca?* release ~75% (Huh et al. 2006a). Given
that chromogranin-containing cytoplasmic organelles include secretory granules
and the ER, the IP;-dependent Ca?* mobilization effect of each chromogranin will
be through its IP;R/Ca?* channel-modulatory role in these organelles.

In contrast, since there is no CGA in the nucleus, only CGB participates in the
IP;-dependent nucleoplasmic Ca?* signaling. In line with the IP;R/Ca?" channel-
activating role of CGB, the presence of CGB in the nucleus markedly enhanced the
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Fig. 4 Effects of chromogranins on the IPs-induced Ca?* release in the cytoplasm and nucleus of
NIH3TS3 cells. The IPs-induced Ca** releases in the cytoplasm (A) and nucleus (B) of NIH3T3 cells
after transfection with CGA (CGA/ECFP) and CGB (CGB/ECFP) (Figure is modified from Fig. 2
of Ref. (Huh et al. 2006a))
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magnitude of IP;-mediated nucleoplasmic Ca** releases (Fig. 4B). Although CGA
expression in nonsecretory NIH3T3 cells was without any effect on the IP;-induced
Ca?* release in the nucleus, CGB expression in NIH3T3 cells increased the IP;-
induced Ca’" release in the nucleus ~315% (Fig. 4B) (Huh et al. 2006a), thereby
demonstrating the crucial role of CGB in the nuclear Ca** control.

Nonsecretory cells that do not contain chromogranins would not need as subtle and
diverse Ca’* control machineries as secretory cells, and for that matter, the nonsecre-
tory cells would be able to meet their cellular Ca?* control needs without the service
of multi-functional molecules such as chromogranins. Instead, the roles played by
chromogranins in secretory cells will probably be met by other molecules that are
functionally equivalent to chromogranins, and these molecules might as well exist in
the IP;-sensitive nucleoplasmic Ca?* store vesicles of nonsecretory cells as CGB exists
inside the small IPs-sensitive nucleoplasmic Ca** store vesicles of secretory cells.

8 Conclusion

Direct coupling between the two ancient family of proteins chromogranins and the
IP;Rs, via the interaction between the near N-terminal regions of chromogranins
and the L3-2 loops of the IP;Rs, is likely to have served as the beginning of IP;-
dependent intracellular Ca®* signaling systems in the biokingdom. In view of the
requirements of the existence of signaling molecules, i.e., Ca** and IPs, and of the
molecules that interact with them in order for the Ca®* signaling systems to operate,
the conserved nature of the coupling between the Ca** storage proteins chromogra-
nins and the IP;R/Ca’* channels appears to testify a very ancient origin of the emer-
gence of the IP;-dependent Ca?* signaling systems in organisms. That chromogranins
store Ca?* and modulate the Ca?* channels while the IP;Rs sense the Ca** mobiliza-
tion signal IP; and double as the Ca?* channels in the same organelles seems to lend
a strong support to such a notion. Further, given the highly conserved nature of the
L3-2 loops of the IP;Rs even in protozoa and nematodes that have only one type of
IP;R, it appears inevitable that some type of Ca®* storage and Ca®* channel-
modulatory proteins that are functionally equivalent to chromogranins of secretory
cells also widely exist in a variety of nonsecretory cells across the biokingdom.
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Chromogranin A in Endothelial Homeostasis
and Angiogenesis
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Abstract The unbalanced production of factors capable of regulating vascular
homeostasis and angiogenesis is a common denominator of many pathological con-
ditions, including cardiovascular diseases, macular degeneration, rheumatoid arthri-
tis, neoplastic diseases and many others. Among the various regulatory factors so far
identified, chromogranin A (CgA), a protein released in circulation by many normal
and neoplastic cells of the diffuse neuroendocrine system, is emerging as an impor-
tant player. Indeed, a growing body of evidence suggests that circulating CgA and
its fragments contribute to the homeostatic regulation of the endothelial barrier
function and angiogenesis in normal conditions, and that alteration of their relative
levels, either by changes in their secretion or by extracellular proteolytic processing,
might represent important mechanisms that contribute to regulate angiogenesis.
Here, we review these studies and discuss the potential role of CgA and its frag-
ments as regulators of vascular physiology in cancer.

1 Introduction

It is well known that endothelial cells, either in physiological or pathological condi-
tions, can sense a number of factors released by other cells, locally or in circulation,
to regulate blood flow and tissue perfusion, its barrier function and transport of
plasma components to tissues, leucocyte adhesion and extravasation, angiogenesis
and tissue remodelling. For example, the formation of new blood vessels from pre-
existing vessels is tightly regulated by the coordinated action of anti- and pro-
angiogenic factors that are released by the endothelium or other cells (Ribatti 2009).
The unbalanced production of these factors is a common denominator of many
pathological conditions, including cardiovascular diseases, macular degeneration,
skin diseases, diabetic ulcers, stroke, rheumatoid arthritis, neoplastic diseases and
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many others. Thus, the identification of factors that regulate vascular homeostasis
and angiogenesis, and the elucidation of their mechanisms of action, is of great
experimental and clinical interest.

Among the various vasoregulatory factors so far identified, chromogranin A
(CgA), a protein secreted by many normal and neoplastic cells of the diffuse neuro-
endocrine system, is emerging as an important player. Indeed, a growing body of
evidence suggests that this protein and its fragments can regulate the endothelial
barrier function and can also work as a proteolytic-dependent angiogenic switch.
These studies and the potential role of CgA and its fragments as regulators of vas-
cular physiology in cancer and other pathophysiological conditions are reviewed
and discussed in the following.

2 CgA Structure and Expression

Human CgA is a glycosylated, sulphated and phosphorylated protein, 439-residue
long, stored in the secretory granules of many normal and neoplastic cells of the
diffuse neuroendocrine system (Portela-Gomes et al. 2010; Helle et al. 2007,
Taupenot et al. 2003; Deftos 1991; Janson et al. 1997). CgA is also expressed by
human polymorphonuclear neutrophils, by wound keratinocytes, and by myocar-
diocytes (Helle et al. 2007; Taupenot et al. 2003; Lugardon et al. 2000; Pieroni et al.
2007; Steiner et al. 1990; Biswas et al. 2010; Glattard et al. 2006; Radek et al. 2008;
Stridsberg et al. 2004). In addition, certain fumors, such as prostate cancer, non-
small cell lung cancer, breast cancer, gastric and colonic adenocarcinomas, may
undergo neuroendocrine differentiation and present focal expression of CgA
(Portel-Gomes et al. 2001, 2010; Taupenot et al. 2003).

3 Physiological Functions of CgA

Within cells CgA has an important biological function in secretory granule biogen-
esis and control of secretion (Kim et al. 2001; Mosley et al. 2007; Courel et al. 2010;
Montesinos et al. 2008). These intracellular functions are described with more
details in other chapters of this book. CgA has also extracellular functions as precur-
sor of various bioactive peptides (Helle et al. 2007). Proteolytic processing of CgA
by intra-granular and/or extracellular proteases, such as prohormone convertase 1
and 2, furin, cathepsin L, plasmin, and thrombin, is important for the regulation of
its biological activity (Eskeland et al. 1996; Doblinger et al. 2003; Colombo et al.
2002a; Biswas et al. 2008; Biswas et al. 2009; Crippa et al. 2013; Bianco et al.
2016). CgA-derived fragments can exert a variety of biological effects: for example,
a fragment corresponding to residues 1-76, named vasostatin I (VS-I), inhibits
vasoconstriction in isolated blood vessels (Helle et al. 2007; Aardal and Helle 1992),
induces negative inotropism in isolated working frog and rat heart (Tota et al. 2008;
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Imbrogno et al. 2004; Corti et al. 2004), inhibits parathyroid hormone secretion
(Russell et al. 1994), is neurotoxic in neuronal/microglial cell cultures (Ciesielski-
Treska et al. 1998) and induces antibacterial/antifungal effects (Helle et al. 2007,
Lugardon et al. 2000). Another fragment corresponding to residues 248-293, called
pancreastatin, regulates glucose and lipid metabolism (Zhang et al. 2006; O’Connor
et al. 2005; Sanchez-Margalet et al. 2010; Gayen et al. 2009), whereas a peptide
corresponding to residues 352-372, called catestatin, is a potent inhibitor of
nicotinic-cholinergic-stimulated catecholamine secretion, acts as a vasodilator in
rats and humans, inhibits the inotropic and lusitropic properties of the rodent heart,
induces chemotaxis, stimulates rat mast cells to release histamine, and acts as an
antimicrobial and antimalarial peptide (Mahata et al. 2010). Finally, peptides
derived from proteolytic cleavage of the penultimate and the last pair of basic resi-
dues at the C-terminus of CgA, called serpinins, have protective effects against
oxidative stress on neurons and pituitary cells and enhance both myocardial con-
tractility and relaxation (Loh et al. 2012).

CgA may also work as a negative modulator of cell adhesion and as a precursor
of positive modulators, depending on proteolytic processing. For instance, CgA,
isolated from human pheochromocytomas, inhibits the adhesion of human and
mouse fibroblasts to plates coated with collagen I, collagen IV, or with fibronectin
(Colombo et al. 2002a; Gasparri et al. 1997; Ratti et al. 2000a), whereas the recom-
binant CgA fragment 1-78 promotes fibroblast adhesion (Lugardon et al. 2000;
Gasparri et al. 1997; Dondossola et al. 2010). CgA1-78-dependent cytoskeletal
rearrangements and changes in cell adhesion have been observed also with smooth
muscle cells, cardiomyocytes, keratinocytes and endothelial cells (Colombo et al.
2002a; Gasparri et al. 1997; Curnis et al. 2012; Angelone et al. 2010; Ratti et al.
2000b). Of note, the region 45—78 of this fragment is crucial for this activity: this
region contains an RGD site capable of interacting with avp6 integrin on keratino-
cytes, and is followed by an amphipathic a-helix (residues 47-66), 100%-conserved
in human, porcine, bovine, equine and mouse CgA (Simon and Aunis 1989; Turquier
et al. 1999). In addition, this region contains the highly conserved hydrophilic resi-
dues 67-78, which share strong sequence and structural similarity with ezrin-
radixin-moesin binding phosphoprotein 50 (EBP50), a protein that works as a
molecular linkage between membrane-cytoskeleton adapter proteins and the cyto-
plasmic domain of various membrane proteins and receptors (Dondossola et al.
2010; Bretscher et al. 2002).

4 Role of CgA and Its Fragments in Preserving
the Endothelial Barrier Integrity

The endothelium forms a semi-permeable barrier that regulates blood-tissue
exchange of plasma fluid and proteins by trans-cellular and para-cellular transport
mechanisms (Komarova and Malik 2010). While the trans-endothelial pathway
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represents the main mechanism for the transport of molecules in physiological con-
ditions, the paracellular transport becomes a prominent way for plasma leakage in
inflammation, ischemia-reperfusion injury, adult respiratory distress syndrome,
tumor growth and metastatization, and several other pathological conditions
(Komarova and Malik 2010; Hu et al. 2008; Mehta and Malik 2006; Wallez and
Huber 2008). The endothelial barrier can be altered by various inflammatory and
vasoactive agents, which, consequently, increase endothelial permeability.
Experimental evidence suggests that CgA, at low concentrations, can preserve the
integrity of the endothelial barrier function when these cells are exposed to inflam-
matory stimuli, such as tumor necrosis factor-o (TNF) or vascular endothelial
growth factor (VEGF) (Ferrero et al. 2004). Structure-function studies showed that
an active site is located in the N-terminal domain. Indeed, the CgA1-78 fragment is
sufficient to protect vessels from TNF-induced vascular leakage in vivo and to
inhibit the paracellular flux of radio-labeled albumin through endothelial cell mono-
layers in vitro (Ferrero et al. 2004). Mechanistic studies showed that CgA1-78 can
inhibit the TNF-induced disassembly of VE-cadherin-dependent adherence junc-
tions and the conversion of peripheral actin bundles into stress fibers in endothelial
cell monolayers (Ferrero et al. 2004). The inhibitory effect of CgA and CgA1-78 on
TNF-induced alteration of endothelial barrier integrity is unlikely related to inhibi-
tion of TNF/TNF-receptor interactions, as CgA does not bind these molecules
(Ferrero et al. 2004). Experimental data obtained with bovine pulmonary arterial
endothelial cells showed that CgA1-78 can inhibit TNF-induced phosphorylation of
p38MAPK by a pertussis toxin-sensitive mechanism, implicating a role for CgA1-
78 in protecting the endothelial integrity via regulation of the stress-activated
MAPK pathway in a G-protein-dependent manner (Blois et al. 2006a). CgA1-78
can also inhibit TNF-induced intercellular cell adhesion (ICAM)-1 expression,
monocyte chemoactractant protein (MCP)-1 release and relocation of high-mobility
group box (HMGB)-1 in human microvascular endothelial cells, further supporting
an anti-inflammatory role of this CgA fragment (Di Comite et al. 2009a).

The receptors responsible for these biological effects are still unknown. It has
been reported that bovine aorta endothelial cells bind and internalize 1 nM
12]-labeled CgA (Mandala et al. 2000). Furthermore, fluorescein-isotiocyanate
(FITC)-labeled CgA1-78 is bound and internalized in endocytotic vesicles by
human umbilical vein endothelial cells (HUVECS) in culture (Ferrero et al. 2004).
In vitro binding studies performed with the Langmuir apparatus showed that CgA1-
78 can interact with membrane phospholipids, particularly with phosphatidylserine
(Dondossola et al. 2010; Blois et al. 2006b). The specific, enhanced fluidity exerted
by low nanomolar concentrations of CgA1-78 in monolayers of phosphatidylserine
may suggest that CgA1-78 can indirectly interact with, or perturb, specific receptors
in phosphatidylserine-rich microdomains in the outer leaflet of the plasma mem-
brane (Blois et al. 2006b). CgA1-78 can also induce a marked increase of caveolae-
dependent endocytosis in bovine aortic endothelial cells, which is significantly
reduced by heparinase III and by wortmannin, a specific phosphoinositide 3-kinase
(PI3K) inhibitor (Ramella et al. 2010). As these compounds also abolished the
CgA1-78-dependent phosphorylation of endothelial nitric oxide synthase (eNOS),
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a mechanism based on heparan sulfate proteoglycans interaction, caveolae endocy-
tosis and a PI3K-dependent eNOS phosphorylation has been proposed (Ramella
et al. 2010). Although the data so far generated provide some hints, further studies
are necessary to have a more complete picture on the mechanisms of the interaction
of CgA and CgA1-78 with endothelial cells.

5 The CgA-Dependent Angiogenic Switch

A growing body of evidence suggests that CgA and some of its fragments may have
a regulatory role in angiogenesis. For example, it has been shown that recombinant
full-length CgA can inhibit angiogenesis in the chick embryo chorioallantoic mem-
brane model (Crippa et al. 2013). Furthermore, CgA (0.1-0.2 nM) can inhibit capil-
lary sprouting induced by fibroblast growth factor (FGF)-2 or vascular endothelial
growth factor (VEGF), two potent pro-angiogenic factors, from rat aortic rings
(RAR) cultured in 3D-collagen gels (Crippa et al. 2013). Structure-function studies
showed that a functional site of CgA is located in the C-terminal region. However,
also CgA1-76, but not CgA1-373, 1-400 and 1-409, can inhibit VEGF- and FGF-
2-induced angiogenesis at 0.1-1 nM concentrations, suggesting that an additional
anti-angiogenic site is present in the N-terminal region, albeit in a latent (or less
active) form (Crippa et al. 2013). Interestingly, CgA1-78 was 30-fold less potent
than CgA1-76 (VS-I) in the RAR angiogenesis assay. It would appear, therefore,
that the anti-angiogenic site in the N-terminal region of CgA requires cleavage of
the first dibasic pair residues (K;;K75) and removal of C-terminal lysines for full
activation. Considering that biologically relevant levels of both CgA1-439 and VS-I
are present in circulation in normal subjects (see below), these findings suggest that
both molecules, but not large fragments of CgA lacking the C-terminal region, con-
tribute to the homeostatic inhibition of angiogenesis in normal conditions. The con-
cept that the N-terminal fragment of CgA is an anti-angiogenic molecule is also
supported by the observation that 0.3 pM CgA, 7 can inhibit in endothelial cells
hypoxia-driven morphological changes, vascular-endothelial (VE)-cadherin redis-
tribution, intercellular gap formation, tube morphogenesis, and hypoxia inducible
factor (HIF)-1a nuclear translocation (Veschini et al. 2011) as well as cell prolifera-
tion, migration and invasion induced by VEGF (Ferrero et al. 2004; Blois et al.
2006a; Di Comite et al. 2009a). Furthermore, a recent study has shown that CgA1-
78 can prevent choroidal neovascularization and vascular leakage in an established
mouse model of laser-induced ocular neovascularization (Maestroni et al. 2015),
suggesting that this polypeptide might have therapeutic activity in human ocular
diseases involving neovascularization or excessive vascular permeability.
Interestingly, while full-length CgA1-439 inhibit FGF-2—induced angiogenesis,
the fragments CgA1-373 and CgA352-372 (catestatin) can induce the release of
FGF-2 from endothelial cells and exert pro-angiogenic effects, pointing to CgA as
a paradoxical player in the regulation of angiogenesis. Indeed, CgA1-439, CgAl-
373 and CgA1-76 can counterbalance the pro-/anti-angiogenic activity of each
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other in the rat aortic ring (RAR) assay (Bianco et al. 2016) suggesting that CgA
and its fragments may form a balance of anti- and pro-angiogenic factors tightly
regulated by proteolysis.

6 Proteases Involved in CgA Fragmentation
and Angiogenesis Regulation

Considering that 50% of CgA is proteolytically processed in bovine chromaffin
cells (Metz-Boutigue et al. 1993), prohormone convertases and furin, capable of
cleaving dibasic residues, might be involved in the intra-granular processing of CgA
N-terminal and C-terminal regions (Metz-Boutigue et al. 1993; Koshimizu et al.
2010). However, also extracellular proteases might come into play for local angio-
genesis regulation. Interestingly, recent studies have shown that the R;73-R37, dibasic
site of CgA is efficiently cleaved by limited digestion with thrombin and plasmin
(Crippa et al. 2013; Bianco et al. 2016), which may tip the balance toward a pro-
angiogenic state in pathophysiological conditions characterized by their activation,
e.g. in wound healing and cancer. However, extensive digestion of CgA with throm-
bin may cause additional cleavage at R362 and R394 (Crippa et al. 2013).
Furthermore, prolonged digestion with plasmin may generate even more fragments
with unknown functions (Bianco et al. 2016). Thus, extensive proteolysis of CgA
and its fragments may represent other important regulatory mechanisms that deserve
further investigation. Cleavage by carboxypeptidases might also represent addi-
tional mechanisms for CgA regulation: interestingly, CgA1-78 is rapidly converted
to CgA1-76 when injected in mice (Crippa et al. 2013), suggesting that a carboxy-
peptidase B-like enzyme capable of removing the C-terminal dibasic residues of
CgA1-78 is likely present in circulation. As CgA1-76 is more potent than CgAl-
78 in the RAR assay, this enzyme might represent an important element for the
homeostatic regulation of blood vessels at the systemic level. All these enzymes
may contribute, therefore, to the generation and processing of the circulating frag-
ments of CgA in normal and pathological conditions.

Finally, it is important to mention that the dose-response curve of CgA and its
fragments in angiogenesis assays are U-shaped (Crippa et al. 2013). The mecha-
nism underlying this behavior is unknown.

7 Circulating CgA and Fragments in Health and Disease

Given the different, and sometimes opposite, functions of CgA and its fragments in
the regulation of vascular physiology, quantification of the circulating levels of
these molecules in health and disease represents an important issue. The normal
values of circulating CgA reported by different laboratories, as measured with
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immunoassays unable to discriminate between full-length CgA and fragments, vary
within the 0.5-2 nM range, depending on the different antibodies and reagents used
(Helle et al. 2007). Increased levels of circulating CgA have been detected in
patients with carcinoids or with other neuroendocrine tumors (O’Connor and
Bernstein 1984; O’Connor and Deftos 1986). Elevated serum levels have been
detected also in subpopulations of patients with breast, prostate or non-small cell
lung cancer, or in patients with renal failure, hypertension, atrophic gastritis, sepsis
and other inflammatory diseases (Helle et al. 2007; Taupenot et al. 2003; O’Connor
and Bernstein 1984; Ligumsky et al. 2001; Waldum and Brenna 2000; O’Connor
et al. 2000; Syversen et al. 2004; Borch et al. 1997; Zhang et al. 2009; Di Comite
et al. 2009b; Castoldi et al. 2010). Circulating CgA is markedly increased also in
patients with heart failure, depending on the severity of the disease, or with rheuma-
toid arthritis (Pieroni et al. 2007; Di Comite et al. 2009a; Ceconi et al. 2002). In
patients with heart failure and rheumatoid arthritis CgA correlates with soluble
tumor necrosis factor receptors (STNF-Rs), which are sensitive markers of inflam-
mation (Corti et al. 2000). Furthermore, increased levels of serum CgA have been
detected in subjects treated with proton pump inhibitors, a class of drugs commonly
used to treat acid-peptic disorders (Giusti et al. 2004; Sanduleanu et al. 1999).

Thus, several pathological conditions are characterized by variable and abnormal
plasma levels of CgA, for a variety of reasons. This implies that endothelial cells,
either close to CgA-secreting cells or distant, are exposed to variable levels of this
protein.

Hematological studies performed with a series of enzyme-linked immunosor-
bent assays (ELISA) capable of discriminating between intact and cleaved mole-
cules showed that various CgA-derived polypeptides are present in the blood of
healthy subjects, consisting of full-length CgA (about 0.1 nM) and a larger propor-
tion of fragments lacking part of, or the entire, C-terminal region (Crippa et al.
2013). In addition, normal plasma contains a considerable amount of vasostatin-1
(about 0.3-0.4 nM) (Crippa et al. 2013). Other fragments, not detected by these
assays, might be also present. For example, catestatin has been reported to be pres-
ent in the blood of normal subjects at concentrations ranging from 0.03 nM (Ji et al.
2012) to 0.33 nM (Meng et al. 2013). The discrepancies between these values might
be related to the use of different antibodies that detect catestatin as well as uncleaved
precursors with different efficiency.

Although many reports describe the levels of circulating CgA in different patho-
logical conditions, it is important to remark that most studies have been performed
with immunoassays unable to discriminate between full-length CgA and fragments.
Thus, only few studies have addressed the circulating levels of CgA fragments in
pathological conditions. One of these studies has shown that VS-I plasma levels are
increased in critically ill patients and that VS-I concentrations >0.44 nM (i.e. >1.4-
fold higher than normal values), are associated with poor outcome (Schneider et al.
2012). Other investigators showed a reduction of CgA processing in patients with
diabetic retinopathy (Fournier et al. 2011). Studies on the catestatin region, per-
formed with an anti-catestatin antibody capable of cross-reacting with free peptide
and full-length CgA, showed a reduction of immunoreactivity in patients with
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essential hypertension or in normotensive subjects with a family history of hyper-
tension and increased epinephrine secretion (O’Connor et al. 2002). On the other
hand, plasma catestatin levels, measured with a commercial assay kit, were found
increased in patients with coronary heart disease and after acute myocardial infarc-
tion (Meng et al. 2013; Liu et al. 2013). However, also in this case, the catestatin-
containing molecular entities detected by these assays in plasma were not
characterized.

Regarding cancer, different proportions of full-length CgA and fragments have
been detected in healthy subjects and multiple myeloma patients, including CgAl-
439, CgAl-373, CgAl-76 and other fragments (Bianco et al. 2016). The relative
levels of circulating pro- and anti-angiogenic molecules (e.g. CgA1-373/CgA1-439
and CgA1-373/CgA1-76) were higher in these patients at diagnosis, compared to
healthy subjects, suggesting that a proteolytic mechanism capable of “turning-on”
the CgA-angiogenic switch was active in multiple myeloma. Furthermore, the bone
marrow plasma of patients contained higher levels of CgA1-373 and lower levels of
CgA1-439 than peripheral-blood plasma, suggesting that cleavage at R373 occurred
in the bone marrow (Bianco et al. 2016). Relevant to the proposed role of CgA in
angiogenesis and vascular homeostasis, the ratio between pro- and anti-angiogenic
forms correlates with the bone marrow plasma levels of VEGF and FGF-2, two pro-
angiogenic factors known to have key roles in the cross-talk between myeloma
cells, stromal cells and endothelial cells in the bone marrow (Bianco et al. 2016;
Ribatti et al. 2006; Jakob et al. 2006). Mechanistic studies showed that multiple
myeloma and proliferating endothelial cells can promote CgA C-terminal cleavage
by activating the plasminogen activator/plasmin system (Bianco et al. 2016). These
findings suggest that CgA and its fragments may represent new players in the regu-
lation of angiogenesis in the bone marrow microenvironment of multiple myeloma
patients and, possibly, also in other diseases.

8 CgA and Tumor Vascular Biology

Aberrant angiogenesis in tumors can lead to the formation of blood vessels typically
characterized by highly disorganized and dilated architecture, excessive branching,
shunts and fenestrations, when compared to normal vessels (Marcucci and Corti
2011). Alteration of endothelial cell-cell adhesion and barrier function can lead to
heterogeneous permeability and increased interstitial fluid pressure (Marcucci and
Corti 2011). These structural and functional abnormalities of the vasculature may
contribute to tumor cell proliferation, migration, invasion, and metastasis formation
(Corti et al. 2011), and may also cause uneven penetration of drugs in tumors and
poor therapeutic responses (Marcucci and Corti 2011; Marcucci and Corti 2012).
Considering the vasoregulatory functions of CgA (discussed above) and the fact
that the tumor vasculature is exposed to CgA released in circulation by the neuroen-
docrine system and, in the case of neuroendocrine tumors, by the tumor cells them-
selves, it reasonable to hypothesize that CgA and its fragments may have a regulatory
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role on tumor vascular physiology. This may have a potential impact on angiogen-
esis, as well as on tumor cell trafficking and metastasis formation, drug transport,
and tumor progression.

This hypothesis is supported by the observation that lymphoma and a mammary
adenocarcinoma cell lines genetically engineered to secrete CgA are characterized
by reduced growth rate, when implanted subcutaneously in mice, compared to non-
secreting parental cells (Veschini et al. 2011; Colombo et al. 2002b). Systemic
administration of CgA (1 pg) to lymphoma-bearing mice reduced TNF-induced
penetration of patent blue, a synthetic dye, in tumor tissue, pointing to a protective
effect on the endothelial barrier in tumors (Dondossola et al. 2011). CgA can also
inhibit the transport of chemotherapeutic drugs in tumor tissues induced by NGR-
TNF, a tumor necrosis factor-oa (TNF)-based vascular targeting agent originally
developed by our group and currently tested in phase II and III clinical studies
(Dondossola et al. 2011; Curnis et al. 2000, 2002; Corti et al. 2013). In particular,
studies performed in murine lymphoma and melanoma models have shown that
patho-physiologically relevant levels of circulating CgA can inhibit the NGR-
TNF—induced penetration of drugs in tumor tissues and inhibit its synergism with
doxorubicin and melphalan (Dondossola et al. 2011). Notably, two-fold enhance-
ment of endogenous circulating CgA, e.g. obtained by pharmacological treatment
with omeprazole, significantly reduced the NGR-TNF—induced penetration of
doxorubicin in tumors. Similar effects were obtained also by administration of
CgA1-78 to tumor-bearing mice. Interestingly, mouse mammary adenocarcinomas
genetically engineered to secrete CgA1-78 and implanted subcutaneously in mice
are characterized by reduced vascular density and more regular vessels, compared
with parental cells (Veschini et al. 2011). Considering that CgA1-78 can inhibit the
nuclear translocation of HIF-I1a (Veschini et al. 2011) it is possible that this frag-
ment can inhibit hypoxia-driven endothelial cell activation and abnormal vascular-
ization, and, consequently, lead to the formation of more regular vessels.

Besides affecting the transport of drugs in tumors, CgA can also regulate the traf-
ficking of tumor cells through the endothelial barrier and, consequently, the tumor
metastatization and self-seeding processes (Dondossola et al. 2012). This is an
important effect, as cancer progression typically involves the seeding of malignant
cells in circulation and the colonization of distant organs, as well as the tumor rein-
filtration by aggressive circulating tumor cells. Studies in a murine model of mam-
mary adenocarcinoma showed that CgA can inhibit (i) the shedding of cancer cells
in circulation by primary tumors, (ii) the homing of circulating tumor cells to pri-
mary tumors (necessary for the self-seeding process), and (iii) the engraftment in
lungs by circulating tumor cells (another important step of the metastatic cascade)
(Dondossola et al. 2012). Mechanistic studies showed that CgA reduced gap forma-
tion induced by tumor cell-derived factors in endothelial cells, decreased vascular
leakage in tumors, and inhibited the transendothelial migration of cancer cells
(Dondossola et al. 2012). These findings point to a role for circulating CgA in the
regulation of tumor cell trafficking from tumor-to-blood and from blood-to-tumor/
normal tissues. The capability of CgA to strengthen the endothelial barrier function
in tumors and to reduce vascular leakage is also suggested by the observation that
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exogenous CgA can inhibit the in vivo penetration of an anti-Thy1.1 antibody into
lymphomas genetically engineered to express the Thy1.1 antigen, whereas the neu-
tralization of endogenous CgA with an anti-CgA antibody (mAb 5A8) promotes the
penetration of the anti-Thy1.1 antibody in the neoplastic tissues (Dondossola et al.
2012).

These observations rise the question as to whether the increased production of
CgA observed in certain cancer patients is good or bad. Increased expression of
CgA is associated with decreasing malignancy in neuroendocrine tumors, being
higher in well-differentiated carcinomas (low grade) and lower in poorly differenti-
ated (high grade) carcinomas (Helpap and Kollermann 2001). However, neuroendo-
crine differentiation in prostate tumors is associated with poorer prognosis (Young
et al. 2000) and large cell carcinomas of the lung with neuroendocrine features are
more clinically aggressive than classic large cell carcinomas (Iyoda et al. 2001).
Furthermore, CgA correlates with worsening conditions, extension of the disease,
and is an independent negative prognostic indicator of mortality in patients with non
small cell lung cancer (Gregorc et al. 2007). It is, therefore, very difficult to specu-
late on whether CgA is good or bad in patients based on these associations. The
overall biological effects of CgA likely dependent on its cellular source, its local
concentration, its proteolytic processing and its post-translational modifications,
which may vary from patient to patient. Possibly, while a regulated production and
processing of CgA is likely crucial for maintaining the vascular homeostasis in
physiological conditions, the unbalanced production of pro-/anti-angiogenic CgA
polypeptides observed in certain cancer patients may contribute to sustain angio-
genesis and tumor growth.

9 Conclusions

The experimental evidence accumulated so far suggests that circulating CgA and its
fragments contribute to the homeostatic regulation of blood vessels in normal con-
ditions and that alteration of their relative levels, either by changes in their secretion
or by proteolytic processing, might represent important mechanisms for angiogen-
esis activation and regulation. Considering that CgA is widely used as a serum
marker for various neoplastic and non-neoplastic diseases, selective quantification
of anti- and pro-angiogenic CgA-related polypeptides in plasma samples of patients
could represent an important step ahead for understanding the pathophysiological
significance of this protein and could provide important prognostic information in
cancer and other diseases with an angiogenesis component.
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Full Lenght CgA: A Multifaceted Protein
in Cardiovascular Health and Disease

Bruno Tota and Maria Carmela Cerra

Abstract The multifunctional protein Chromogranin A (CGA) is a major marker
of the sympatho-adrenal neuroendocrine (SAN) activity. Stored in neuroendocrine
chromaffin secretory granules with several prohormones and their proteolytic
enzymes, with noradrenaline and adrenaline, it is released with catecholamines
upon stimulation. It is also present in other cell types, including myocardiocytes of
various vertebrates, and humans, particularly in the presence of cardiomyopathy
and heart failure. Due to the processing into a number of biologically active pep-
tides, it represents a prohormone with an important modulatory role on endocrine,
cardiovascular, metabolic, and immune systems. Circulating CGA increases in the
presence of stress-induced excessive SAN activation and of pathologies such as
neuroendocrine tumors, and cardiovascular diseases including hypertension, coro-
nary syndrome, and heart failure. Thus, the protein is considered a promising bio-
marker for a number of severe diseases. Recently, it was found that in the heart of
normotensive and hypertensive rats (SHRs), CGA is processed under hemodynamic
and excitatory stimuli, and the exogenous full length protein directly affects myo-
cardial and coronary performance by Akt/NOS/NO/cGMP/PKG pathway. We here
illustrate the emerging role elicited by CGA in the control of circulatory homeosta-
sis with particular focus on its cardiovascular action under physiological and physio-
pathological conditions. These actions contribute to extend our knowledge on the
sympatho-chromaffin control of the cardiovascular system and its integrated “whip-
brake” circuits.

1 Introduction

The spectrum of biological functions attributed to CGA includes the full-length
49-kDa protein implication as a major marker of the sympatho-adrenal neuroendo-
crine activity (SAN) and, at the same time, its prohormone ability to generate several
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Fig. 1 Human Chromogranin-A (CGA) sequence with post-translational modifications and the
derived biologically active peptides. In Italic, the synthetically generated fragment Cateslytin

biologically active peptides through partial processing (Fig. 1). In view of this capa-
bility of acting both as sensor of the organism stress- induced perturbations, and
homeostatic counter-regulatory effector, CGA appears to posses intriguing cytokine
and endocrine properties. Here we aim to illustrate these two facets of full- length
CGA with particular reference to the cardio-vascular system under normal and
physio-pathological conditions. Since CGA generates at least three peptides with
relevant cardiotropic sympatho-adrenergic influence, i.e. Vasostatin 1 (VS-1),
Catestatin (CST) and Serpinin (SERP), we will very briefly refer also to their cardio-
vascular effects to provide an integrated information on how the CGA system, i.e.
the full-length protein and its fragments, may monitor and influence circulatory
homeostasis, especially under SAN overactivation. Detailed knowledge on these
peptides is reported in other chapters of this Volume.

A physiological hallmark of the CGA system is represented by its involvement
in the stress response in which it appears to closely interact with SAN activation.
Such interaction is topologically reflected by its subcellular localization. In fact,
together with other granins, CGA is stored in the secretory (chromaffin) granules of
the diffuse neuroendocrine system and is released with catecholamines (CAs).
Within the granules, CGA is also co-stored with neuropeptide Y, cardiac natriuretic
peptide hormones, several prohormones and their proteolytic enzymes. The evi-
dence that CGA is also present in the secretory granules of the heart (Tota et al. 2010
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and references therein), including the human myocardium (Pieroni et al. 2007), is
consistent with an emerging modulatory role of the prohormone and its derived
fragments at the cardiac level.

To highlight for the non-expert reader the cardio-vascular interactions between
CGA and the sympatho-chromaffin system, we will briefly summarize SAN involve-
ment to maintain circulatory homeostasis under normal and physio-pathological
conditions.

2 Physio-Pathological Aspects of SAN Overactivation

The cardiovascular system is intimately linked to the brain through two pathways,
the hypothalamus-pituitary-adrenal (HPA) axis and the autonomic nervous system
consisting of two limbs, i.e., the sympathetic and parasympathetic pathways. SAN
and its end-products, the CAs, play a central role in the stress response (“fight or
flight” reaction), characterized by Selye (1936) as the “general adaptation syn-
drome” (Samuels 2007 and references therein). The peripheral limbs of the stress
system, the SAN and the HPA axis, maintain stress-related homeostasis through
increased peripheral levels of CAs and glucocorticoids which act synergistically.
However, their consequent and prolonged overstimulation can lead to visceral organ
dysfunction, experimentally exemplified in the heart by the electrolyte-steroid-
cardiopathy with necrosis (Selye and Bajusz 1958; Raab 1969). Therefore, through
the SAN-induced overactivation of positive reverberatory networks, e.g., the Renin-
Angiotensin System (RAS), in which the activation of one pathway tends to activate
another excitatory one, the stress response itself could threaten the homeostasis of
target organs and tissues.

The heart and the vasculature work as an integrative interface between the nor-
adrenergic nerve terminals, mainly releasing norepinephrine (NE), and the circulat-
ing CAs secreted by the adrenal medulla. In addition, similarly to other organs, in
the heart, CAs are co- stored and co-released with other neuropeptides and humoral
autacoids, in the afferent, efferent, interconnecting short neurons and intracardiac
ganglia, as well as in the chromaffin cells and in the cardiomyocytes themselves.
The convergence of these SAN excitatory stimuli may contribute to explain why the
heart and the vasculature represent a typical paradigm of a stress-threatened organ.

CAs plasma levels induce myocardial excitability, contractility and relaxation
(Fig. 2) and its increased concentrations can induce necrotic damage in the heart
(Samuels 2007 and references therein). Moreover, the initial heart response to pro-
longed and excessive stress is represented by cardiac hypertrophy, i.e., a morpho-
logical enlargement which tends to compensate or prevent progressive deterioration
of cardiac function challenged by the hemodynamic overload (Tota et al. 2008 and
references therein). Under extreme or prolonged stress conditions, positive feed-
back loops can lead the hypertrophied heart to failing processes. A concomitant
sustained heightened activation of SN'S and RAS tend to control cardiac output and
systemic blood pressure.
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Fig. 2 Representative diagram showing the effects of adrenergic and anti-adrenergic drugs on
ventricular contraction and relaxation (expressed as LVP variations)

The spectrum of SAN-elicited cardio-circulatory effects ranges from hyperlip-
idemia, platelet adhesiveness, blood coagulation, vascular smooth muscle hyper-
plasia, vasomotor tone, denervated myocardium etc. to immunologic responses
induced by cardiovascular changes. Accordingly, SAN overstimulation may
involve the actions of numerous different targets, directly impinging the heart and
the vasculature (Samuels 2007). Compelling clinical evidence shows that the initial
heart response to prolonged SAN over-activity leads to compensatory remodel-
ing, cardiac hypertrophy and, if the stress will overwhelm the system, heart failure
(HF) (Triposkiadis et al. 2009 and references therein). Uncontrolled heightened
SAN activation may lead to changes more deleterious than those resulting from
the actual stress placed on the heart (Samuels 2007). A negative prognostic value
in the evolution of human HF has been associated with chronic SAN activation,
mainly via CAs, enhancing the pathological processes (Cohn and Yellin 1984).
This knowledge has provided the rationale for the anti-adrenergic drug therapy,
e.g., beta-adrenergic-blockers.

The emerging cardiovascular importance of the CGA system may widen our
knowledge regarding the SAN-orchestrated regulation of the cardio-circulatory sys-
tem, stimulating, at the same time, potential additional or alternative therapeutic
drugs designed for protecting stress-targeted organs.
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3 Cardio-Circulatory Implications of Full-Length CGA

It is methodologically relevant to be aware that estimation of plasma levels of CGA
and its derived peptides can be obtained by serological determinations that, in addi-
tion to processing-independent radioimmunoassay, include region-specific
processing-dependent analysis. Noteworthy, only the latter is able to analyse the
plasma levels of the various CGA-derived fragments, showing sometime opposite
biological effects, functions and prognostic significance (Crippa et al. 2013; Goetze
et al. 2014). The CGA in vivo long half-life (~18 min) and its relatively elevated
circulating concentrations (including normal conditions), reduce eventual false
measurements and facilitate blood collection, pre-analytic handling and final deter-
minations (O’Connor et al. 1989). However, caution is required in CGA detection
and quantification, since a variability exists in the methodologies used for determi-
nations and, in many cases, different results may be obtained on the same sample if
different methods are used (i.e. RIA vs ELISA). As commented by Angelone et al.
(2012), a definitive standardization of the methods for CGA determination is
essential to have comparable, uniform, and thus clinically relevant measurements in
blood and tissues.

Normal concentrations of circulating CGA range between 0.5 and 2 nM (Helle
et al. 2007; Crippa et al. 2013). They increase under stress-induced SAN over-
stimulation and physio-pathological conditions, e.g., chronic inflammation, neuro-
endocrine tumors, acute coronary syndromes and chronic HF. Based on this clinical
evidence, CGA plasma levels have been employed as prognostic indicators in a num-
ber of these diseases (Helle et al. 2007; Angelone et al. 2012; D’ Amico et al. 2014).

Plasma CGA concentrations increase up to 10-20 nM (500-1000 ng/ml) in
patients with essential hypertension (Takiyyuddin et al. 1995), chronic HF (Ceconi
et al. 2002), myocardial infarction (Omland et al. 2003), acute coronary syndromes
(Jansson et al. 2009), acute destabilized HF (Dieplinger et al. 2009), and decompen-
sated hypertrophic cardimyopathy (Pieroni et al. 2007). Ceconi et al. (2002) were
the first to document that plasma CGA levels significantly parallel the severity of the
dysfunction and represent an independent predictor for mortality. This clinical evi-
dence highlights the role of CGA as a potentially new diagnostic and prognostic
cardiovascular biomarker independent from conventional markers. Furthermore,
various evidences strongly indicate the correlation between CGA and SAN activity.
For example, studies by O’Connor and his group have shown in twins that basal
plasma CGA level is heritable (Takiyyuddin et al. 1995). In addition, compared with
age-matched normotensive counterparts, patients with essential hypertension exhibit
augmented plasma CGA and enhanced release of stored CGA in response to adrenal
medullary stimulation by insulin-elicited hypoglycemia (Takiyyuddin et al. 1995).

It is of cardiac relevance the observation that targeted ablation of the CGA gene
makes CGA-KO mice hypertensive and hyper-adrenergic, with accompanied heart
enlargement, increases reactive oxygen species production and consequent nitric
oxide (NO) depletion (Gayen et al. 2010). A detailed information on this issue has
been provided by Mahata in the present Volume.
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Numerous studies, mainly by Corti and his group, revealed that the CGA system
works at the interface of endothelial, angiopoietic and blood coagulation processes.
It is implicated in the modulation of the endothelial barrier (Ferrero et al. 2002) and
tumor-induced vascular remodelling (Veschini et al. 2011). Both CGA and its
N-terminal fragment VS-1 are potent inhibitors of the thrombin-induced endothelial
permeability and the pro-angiogenic Vascular Endothelial Growth Factor (VEGF)
(Ferrero et al. 2002), also inhibiting the Tumor Necrosis Factor (TNF)-induced
changes on endothelial cells, i.e. gap formation, disassembly of vascular endothelial-
cadherin adherence junctions and vascular leakage (Ferrero et al. 2002; Dondossola
etal. 2011). CGA can also affect host/tumor interactions (Colombo et al. 2002). For
example, systemic administration of CGA (1 pg) to lymphoma-bearing mice
potently reduces the TNF- induced penetration of the patent blue dye in tumor tis-
sues (Dondossola et al. 2011).

In healthy subjects Crippa et al. (2013) detected the presence of biologically
relevant plasma levels of full-length CGA, CGA 1-76 (antiangiogenic) and frag-
ments lacking the C-terminal region (proangiogenic). Importantly, they demon-
strated that blood coagulation activates a thrombin- dependent almost complete
conversion of plasma CGA into fragments lacking the C-terminal region. Thus, the
possibility exists that CGA functions as a homeostatic stabilizer of angiogenesis.
Under conditions of perturbed angiogenesis (wound healing, cancer, etc.), it can
contribute to circulatory and vascular protection via the opposite angiogenic actions
of its fragments (possibly VS-1 and Catestatin: CST) produced by tightly spatio-
temporally regulated proteolysis.

4 Cardiac CGA: Localization and Processing

Before illustrating the physio-pharmacological aspects of CGA cardio-circulatory
activity, we will consider here the intracardiac localization of this granin and its
significance.

Imunohistochemical evidence has shown in the myoendocrine granules of the rat
heart the co-localization of CGA and Atrial Natriuretic Peptide (ANP) (Steiner et al.
1990). The immunoblotting data were consistent with a more extensive myocardial
CGA processing compared to that of the adrenal medulla (Steiner et al. 1990).
Possibly, additional source of cardiac CGA and/or CGA- derived peptides may
result from the terminal innervations of the heart (Miserez et al. 1992). CGA has
been also detected in rat Purkinje conduction fibers, in both rat atrium and ventricle,
as well as in H9c2 rat cardiomyocytes (Weiergraber et al. 2000). CGA, Chromogranin
B (CGB) and Secretogranin (SG) were found in the secretory granules of the mouse
myocardium (Biswas et al. 2010). Of physio-pathological importance, Pieroni et al.
(2007) provided histochemical evidence of CGA-positive intracellular staining in
the human myocardium. Moreover, using confocal microscopy they showed that in
ventricular cardiomyocytes of dilated and hypertrophic human hearts CGA is colo-
calized with Brain Natriuretic Peptide (BNP). This finding was confirmed by RT-
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PCR that documented the myocardial presence of CGA-mRNA; based on ELISA
assays with four different monoclonal antibodies, more than 0.5 pg of CGA per
gram of left ventricular myocardial tissue was measured. Therefore, it is conceiv-
able that the myocardium under stimulated conditions may constantly release car-
diac Natriuretic Peptide Hormones (NPs) together with its co-stored CGA, whose
plasma half-life is 18.4 min. These observations emphasize the hypothesis of Corti
et al. (1996) and Pieroni et al. (2007) who postulated a significant cardiac contribu-
tion to the increased circulating CGA levels reported in their patients. The possible
cross-talk between CGA and the NPs system could be implicated in the cardiovas-
cular control counteracting prolonged and reverberating excitatory stimuli, for
example, exerting tonic vasodilation, hypotension and cardioprotection against
SAN hyperactivation. Dieplinger et al. (2009, and references therein) considered the
strong association between plasma CGA/NPs levels and the degree of hemodynamic
dysfunction in HF and proposed both hormones as reliable prognostic indicators of
the severity of HF. It has been suggested that the significant correlation between
BNP levels and left ventricle end diastolic pressure can be indicative of an undefined
stretch-elicited release and transcriptional up-regulation mechanisms; this could
also be the case for myocardial CGA (Tota et al. 2010 and references therein).

Glattard et al. (2006) provided in the rat heart biochemical characterization of
intracardiac CGA and its processing. They submit the RPHPLC purified CGA-
immunoreactive fractions from cardiac extracts to Western Blot and MS analysis
(TOF/TOF technique) and identified four endogenous N terminal CGA-derived
peptides, i.e. CGA4-113, CGA1-124, CGA1-135 and CGA1-199, containing the
Vasostatin sequence. Importantly, among these and other C-terminal truncated frag-
ments intact CGA was identified, highlighting the cell-specific proteolytic pattern
of CGA, in contrast to the rat adrenal gland in which almost no intact CGA is
detected. This and other comparative considerations suggest that in the heart the
maturation process can be incomplete and specific. Noteworthy, Pasqua et al.
(2013), showed in the rat heart that the cardioactive motif (the VS-1 sequence or a
portion of it) is present among the identified low-molecular-mass fragments. These
evidences support our view that, under normal or stressful conditions, the heart is
able respond to a specific physical (e.g. stretch) or chemical (e.g. CAs, Endothelin-1:
ET-1, Angiotensin) stimulus, triggering proteolytic CGA processing with subse-
quent increase in lower-molecular-mass cardioactive peptides (Pasqua et al. 2013,
and references therein). Accordingly, CGA and its derived cardioactive peptides
may work as a fine-tuned system, which, at both local and systemic levels, can exert
endocrine, autocrine/paracrine cardiovascular modulations.

5 Physio-Pharmacological Profile of CGA Cardiovascular
Activity

Evidence regarding the direct myocardial and coronary actions of CGA and its
intracardiac stimulus-induced processing has only recently emerged. Pasqua et al.
(2013) evaluated for the first time the influence exerted by the full-length human
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recombinant CGA on the cardiac performance of isolated and Langendorff perfused
hearts of normotensive and spontaneously hypertensive rats (SHR), analyzing at the
same time its proteolytic processing. The SHR heart is a well-known experimental
model which mimics the hypertensive patho-physiological changes of the human
heart (Doggrell and Brown 1998), representing an alternative and/or additional tool
to the CGA/KO mice mentioned above. It was demonstrated that CGA at concentra-
tions lower, or close to its physiological circulatory levels (1 nM), induces a mild
but significant depression of mechanical performance and vasodilates the coronary
arteries. These actions are mediated by an endothelium-dependent mechanism that
involves PI3K-NO signalling. Moreover, intracardiac CGA appears subjected to
proteolytic processing which generates smaller peptides including the cardioactive
and vasoactive VS-1, the fragmentation being enhanced by chemical (Isoproterenol:
ISO, or ET-1) stimulation. Here below we will detail these findings to highlight their
putative physiological and physiopathological implications.

5.1 Myocardial and Coronary Actions

According to the analysis of the cardiac perfusates, exogenous CGA is not cleaved
by the heart. Consequently, the myocardial and coronary actions induced by the
granin can be attributed to the full-length protein, excluding the involvement of
derived fragment, including VS-1.

Exogenous CGA starting from 1 to 4 nM concentrations directly depresses myo-
cardial contractility (negative inotropism) and relaxation (negative lusitropy). The
protein (from 100 pM to 4 nM) reduces major inotropic parameters, i.e., LVP and
+(LVdP/dt)max, decreasing, at the same time, lusitropy, i.e., —(LVdP/dt)max and
T/—t (at 100 pM, 1 and 4 nM). CGA is also able to elicit coronary vasodilation at 1
and 4 nM concentrations without influencing heart rate (HR). Both the inotropic and
lusitropic effects disappear at higher concentrations (10-16 nM) (Fig. 3), pointing
to a bell-shaped (or U-shaped) concentration/response curve. The underlying mech-
anism is unknown despite the phenomenon has been previously observed in several
experiments with CGA and is common to a number of biological responses, e.g.,
endostatin-induced anti-tumor activity (Celik et al. 2005), interferon-alpha-mediated
inhibition of angiogenesis (Slaton et al. 1999), including the biphasic influence of
CGA on blood pressure levels and CAs secretion in mice. It is possible that the bell-
shaped curve reflects a counter-regulatory mechanism activated at high concentra-
tions. Another explanation may be related to changes in the quaternary structure of
CGA that, at physiological pH, which can exist as a monomer or a dimer (Yoo and
Lewis 1996).

CGA-induced negative inotropism and lusitropism are more potent in SHR rats
than in the normotensive young counterparts (Fig. 3). Likely, the higher responsive-
ness of the former to CGA may result from the enhanced sensitivity exhibited by the
SHR heart toward inhibitory hormones such as Angiotensin II and NPs (Anand-
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Fig. 3 Dose-dependent response curves of exogenous CGA (1 pM-16 nM) on +(LVdP/dT)max,
—(LVdP/dT)max, T/—T, and CP, obtained on isolated and Langendorff perfused young normoten-
sive rat heart preparations (Modified from Pasqua et al. 2013)

Srivastava 1992). The suggested mechanisms include the activation of several inhib-
itory pathways, e.g., the overexpression of a Gi regulatory protein involved in the
depressed vascular tone and impaired myocardial performance occurring in the
hypertensive state (Anand-Srivastava 1992). In this context, it is relevant that exog-
enous CGA causes different coronary effects in young normal rats and SHR: while
CGA (1 and 4 nM) elicits vasodilation in the former, the protein appears non-
effective in SHR. Of note, CGA/KO mice are hypertensive (Mahapatra et al. 2005),
and circulatory CGA protein levels are increased in human hypertension
(Takiyyuddin et al. 1995). Therefore, the depressing influence induced by the full
length granin might be interpreted as a compensatory response for increased blood
pressure.

5.2 Obligatory Endothelium-NO Involvement

As shown by Triton-induced endothelial impairment, the cardiotropic modulatory
actions of exogenous full-length CGA require the obligatory role of the endothe-
lium. The fact that the endothelial involvement is also crucial for attaining the simi-
lar VS-1- and CST-dependent cardiotropic effects argues for a common signal
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transduction mechanism of CGA and its two cardio-inhibitory fragments. Results
obtained with both whole organ and isolated cell (cultured endothelium, HUVEC)
suggest that the intact granin, while perfusing the intracardiac circulatory bed,
firstly encounters the endothelial barrier where a sill unidentified binding site is
located, thereby triggering a downstream PI3K/Akt-dependent NO signaling that in
turn modulates the responses of the myocardiocyte and coronary smooth muscle.
Indeed, such endothelium- mediated mechanism appears compatible with the large
dimensions of the protein that may prevent it to reach the cell targets subjacent to
the endothelium. The involvement of the cardiac endothelium emphasizes the rele-
vance of the interaction between this tissue and CGA mentioned previously and
elsewhere in this Volume.

The vascular endothelium is a relevant source of eNOS-produced NO (Balligand
et al. 2009). As shown by Pasqua et al. (2013) in ex vivo experiments, the specific
chemical inhibition of Akt (an upstream activator of the NO pathway) and the eNOS
isoform abolishes CGA cardioactivity. In agreement with this, in the perfused hearts
of both normotensive and SHR, as well as in HUVEC, CGA exposure provokes
eNOS phosphorylation and its induced actions require an NO-dependent obligatory
mechanism. It is well recognized that NO modulates both the beat-to-beat and the
long-term contractile performance of the heart (Balligand et al. 2009). Cardiac
NOS-produced NO induces fine-tuned tonic depression of myocardial contractility
through sGC-PKG signaling, thereby reducing L-type Ca** current and phosphory-
lating troponin I (Abi-Gerges et al. 2001). Furthermore, NO-cGMP-PKG activation
can also modulate relaxation by inhibiting phospholamban (PLB) phosphorylation,
hence attenuating sarcoplasmic reticulum Ca?* reuptake (Stojanovic et al. 2001). In
agreement with this knowledge, CGA depresses relaxation in both normotensive
and SHR rats. Notably, in the latter, an impaired endothelium-dependent vasodila-
tion has been related to structural changes at the level of myocardial arteries and/or
a reduction in both capillary density and eNOS expression (Stojanovic et al. 2001).
Intriguingly, Pasqua et al. (2013) have shown different coronary response to full-
length CGA between young normotensive and SHR. In the absence of direct experi-
mental explanation, we suggest that the lack of responsiveness observed in the
hypertensive rats could result from reduced NO availability/capability in regulating
SHR basal coronary flow due to a decreased shear stress-stimulated NO (Crabos
etal. 1997; Kojda et al. 1998).

5.3 Intracardiac CGA Processing

Pasqua et al. (2013) confirmed in the rat heart the presence of CGA and demon-
strated its processing by detecting both in normal and SHR cardiac extracts smaller
peptides including the cardioactive and vasoactive VS-1. It is physiologically rele-
vant that the processing is enhanced by chemical (ISO or ET-1) stimulation.
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As evidenced by Western Blotting analyses, the major immunoreactive bands of
80-50 kDa detected include the full-length CGA and the truncated fragments lack-
ing the C-terminal region. These data confirm the granin identification and fragmen-
tation reported by Glattard et al. (2006) in the rat heart, as well as the presence of
CGA in the human ventricle (Pieroni et al. 2007).

In both normal and diseased SHR hearts, CGA processing appears responsive to
physical (perfusion) and chemical (ISO and ET-1) stimuli able to provoke proteo-
lytic fragmentation of cardiac CGA into shorter peptides. Adrenergic (ISO 100 nM)
or ET-1 (110 nM) exposure enhances the processing and, compared with the
untreated counterparts, the full-length/large fragments appear reduced, while short
N-terminal fragments of a size corresponding to that of VS-1 are increased.

The chromaffin granules of the bovine adrenal medulla have provided infor-
mation regarding the CGA maturation with its starting points at both the N termi-
nus and the C terminus (Metz-Boutigue et al. 1993). The major proteolytic
cleavage sites were identified, including the highly conserved 64—65 bond present
in the N-terminal moiety of CGA and included in the VS sequence (Metz-
Boutigue et al. 1993; Cerra et al. 2008). According to this information, it might
be expected that pro-hormone convertase 1/3 (PC1/3), PC2, and carboxypepti-
dase H/E are implicated in CGA processing in the rat heart. The latter, similarly
to the bovine adrenal medulla paradigm, can represent an intriguing experimental
model for exploring the major enzymatic events underlining CGA proteolytic
processing and how these are regulated to fulfill the requirements of the stimulus
(SAN)-CGA proteolysis coupling eventually accomplished by the normal or
stressed organ.

6 Conclusions and Perspectives

On the basis of the evidences here examined, it is conceivable that the full-length
CGA and its derived cardioactive fragments work as a multilevel integrated system
able to sense and, at the same time, counter-regulate overall circulatory homeostasis
as well as local organ function, i.e. the beating heart. Therefore, the sensor and
effector attitudes of the full-length CGA may indeed represent two faces of the same
coin. In particular, the findings that both the full-length CGA and its derived pep-
tides VS-1, CST and SERP exert direct myocardial and coronary effects provide a
conceptual link between the granin-induced systemic and intracardiac modulatory
influences. They appear to implicate paracrine/autocrine mechanisms, hence
expanding the classical concept of the heart as an endocrine organ, especially in
relation to elevated SAN outflow and cardiovascular stress (see also Tota et al.
2014). This scenario will be detailed by other chapters of this Volume and is sche-
matically anticipated in Fig. 4.
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Fig. 4 Scheme of the possible sites of interventions for the CGA system. The protein and its
derived fragments may interact at the systemic level with factors such as CAs, ANGII, NPs, etc.,
thus participating to the stress response, as in the case of the neuroendocrine scenario activated in
HF. At the local (heart) level, the direct modulation of the myocardial and the coronary perfor-
mance may contribute to cardiac homeostasis under basal conditions and in the presence of stress
challenges
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Cardiac Physio-Pharmacological Aspects
of Three Chromogranin A-Derived Peptides:
Vasostatin, Catestatin, and Serpinin

Tommaso Angelone, Bruno Tota, and Maria Carmela Cerra

Abstract The discovery of a cardiac production of Chromogranin A (CgA) opened
a rich field of research whose result was a cardiovascular dimension of this multi-
functional protein and the fragments derived by its proteolytic cleavage. In line with
its precursor function, at the cardiac level, CgA undergoes proteolytic processing.
Moreover, as shown by ex vivo functional studies, it acts on the heart itself. Through
the amino terminal (vasostatin: VS) and catestatin (CST) domains, CgA elicits a
direct cardiodepressive, antiadrenergic and cardioprotective influence, acting as a
cardiac stabilizer under normal conditions and in the presence of stress (i.e. cate-
cholaminergic, and endothelinergic). At the same time, through the C-terminal
Serpinin (Serp), CgA elicits a cardiostimulatory beta-adrenergic-like action. In this
chapter, the results of more than 10 years of research will be described in order to
illustrate the cardiovascular profile of these peptides, as well as their mechanisms of
action. The purpose is to highlight the expanding role this protein and its fragments
in the neuroendocrine circuits that finely control heart performance in health and
disease.
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SR Sarcoplasmic Reticulum
VE Vascular Endothelium
VS Vasostatin

WKY  Wistar Kyoto
WT Wild-Type
B-ARs f-adrenergic receptors

1 Introduction

The finding that Chromogranin A (CgA) is a substrate for proteolytic cleavage
(Helle et al. 2007), and is processed to generate biologically active fragments, pro-
vided the basis for a better functional characterization of this ubiquitous endocrine
protein (Helle et al. 2007). Due to the presence of multiple pairs of consecutive
dibasic and monobasic residues along the amino acid sequence (Helle et al. 2007),
CgA is enzymatically fragmented in several short peptides which contribute to the
endocrine/paracrine networks that regulate cell, tissue and organ function. These
fragments, which derive from either the N terminus, or the central region, or the C
terminus, are produced in a tissue-specific manner following appropriate stimuli
(Tota et al. 2014) (Fig. 1). They play a significant role in processes such as inflam-
matory and cardiovascular reactions, innate immunity, energy metabolism, and cal-
cium homeostasis, and are under examination as potential novel clinical biomarkers
(Schneider et al. 2012).

Within the specific cardiocirculatory context, several CgA-derived peptides
showed intriguing properties, being able to modulate cardiac and vascular func-
tion under normal conditions and in the presence of pathological alterations. This
is the case of Vasostatin (VS)-1, a potent vasodilator and cardioinhibitory agent

Chromogranin-A

bk

1 = ) ® ® ® ®® 431
— ] Post-translational
cGA Vasostatin-1 (CGA;_7¢) modifications
— e .
derived WE-14 Parastatin ® Phosphorylation
eptides | Vasostatin-2 (CGA.113) (CGAgz16.331) (CGAsa7.419) B N-acethylgalattosamine
p p [— ] [— |
Sromofunain — Pancreastatin Catestatin ¢ Galactose
(CGA,7.66) g Chromostatin ~ (CGAxs2ss)  (CGAsas-364) @ Sialic acid
47:66 (CGA124.143) ==
Serpinin
(CGA403-425)

Fig. 1 Schematic illustration of CGA processing (Modified by Tota et al. 2008)
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(Cerra et al. 2008), Catestatin (CST), a catecholamine (CA) release inhibitor with
antihypertensive and cardioprotective properties (Angelone et al. 2008; Penna
et al. 2010), and Serp, a sympathomimetic cardiostimulating peptide (Tota et al.
2012). With reference to the focus of this chapter, we will illustrate the physio-
pharmacologic cardiovascular properties of these CgA-derived peptides, as well
as the molecular cascades that they recruit to modulate the mammalian heart per-
formance under basal conditions and in relation to other endocrines, such as CA
and Endothelin-1 (ET-1).

2 Vasostatin-1 as Cardiac Stabilizer

CgA cleavage of at the N- terminus generates fragments of different length, collec-
tively known as Vasostatins (VSs) because of their ability to relax vascular smooth
muscle pre-contracted by Endothelin-1 (Aardal et al. 1993). Studies from our
research group showed on several animal models (rat, frog and eel) that VSs [VS-1:
human recombinant (hr) CgA1-78 (hrVS-1), rat CgA1-64; Vasostatin-2 (hrCgA1-
115: hrVS-2)] influence heart performance. The isolated and Langendorff perfused
rat heart was also used to better describe the influence of VSs on myocardial con-
tractility and relaxation. It was found that hrVS-1 (containing the rat CgA1-76
sequence) acts as a negative inotrope which reduces contractility and cardiac work
in a dose (11-165 nM)-dependent manner (Cerra et al. 2006). These effects are
shown by the decreased left ventricular pressure (LVP) and rate pressure product
(RPP: HR x LVP), indexes of contractility and work, respectively. In addition, the
peptide depresses myocardial relaxation (negative lusitropic effects), by dose-
dependently decreasing the maximal rate of the left ventricular pressure decline
[(LVdP/dt)min], the half time relaxation (HTR), and T/-t ratio obtained by (LVdP/
dtymax/(LVdP/dt)min (Pieroni et al. 2007). Of note, cardiodepression is indepen-
dent from coronary vasomotility, since the administration of the CgA fragment
unaffected Coronary Pressure (CP). Comparable, although less potent, myocardial
effects are induced by hrVS-2 that, however, increased CP at 110 and 165 nM (Cerra
et al. 20006).

In parallel with the basal negative inotropic and lusitropic effects, VSs counter-
act the positive inotropism induced by activation of -adrenergic receptors (B-ARs)
by Isoproterenol (ISO) without modifying the p-AR-dependent coronary dilation.
This counterbalancing action occurs via a non-competitive type of antagonism, as
shown by the percentage of RPP variations evaluated in terms of EC50 values of
ISO alone and in presence of hrVS-1 (Cerra et al. 2006). The role of VSs as car-
diodepressive peptides in the presence also of adrenergic stimulation is corrobo-
rated by evidence obtained by exposing the ex vivo perfused rat heart and papillary
muscles to the highly conserved (Metz-Boutigue et al. 1993; Helle et al. 2007)
N-terminal native (rat) CgA1-64 (rCgA1-64) fragment (Cerra et al. 2008). The pep-
tide, at concentrations from 33 to 165 nM, similar to those of the precursor CgA in
human serum (normal levels: 0.5-4 nM, neuroendocrine tumors and last stages of
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chronic HF: >10 nM; Helle et al. 2007; see for details Tota and Cerra, Chap. 7, present
volume), elicits significant negative inotropic and lusitropic effects without chang-
ing HR. Notably, rCgA1-64 elicits coronary activity, since it significantly reduces
CP. This effect, obtained on the intact coronary bed, supports the “vasostatin™ (ad
litteram) behavior of this CgA domain, already proposed according to the vasodila-
tion observed on segments of bovine coronary resistance arteries, intrathoracic
artery and saphenous vein exposed to the hrCgA 1-78 active domain 1-40 (Brekke
et al. 2002).

An interesting characteristic of rCgA1-64 is its counteraction against the stimu-
latory effect on contractility induced by ISO and ET-1, as well as against the potent
ET-1-induced coronary constriction. Experiments on rat isolated papillary muscles,
an experimental model in which contractility is analyzed without the influence of
HR and coronary flow, confirmed the depressive activity of this CgA domain on
basal and ISO-elicited contractility (Cerra et al. 2008). Similar to hrCgA1-78
(Cerra et al. 2000), the rat CgA fragment antagonized p-adrenergic stimulation in a
non-competitive manner (Fig. 2). This is shown by the analysis of the percentage of
variations of LVP, which provides the EC50 values in the presence of either increas-
ing concentrations of ISO alone or of ISO plus rCgA1-64 (11, 33 and 65 nM)
(Fig. 2). Interestingly, as proposed on the bases of results obtained by measuring
chronotropism on in situ atria from anesthetized adult dog, the negative lusitropic
effect induced by the VSs peptides, together with their antiadrenergic effects, can
be associated to alterations of the sinus rate. This may also have clinical relevance
since it has been associated to a prolongation of refractoriness and a beneficial
stabilizing effect in the presence of arrhythmias (Stavrakis et al. 2012).

The similarity between hrCgA1-78 and rCgA1-76 is extended to the signal
transduction mechanism involved in the cardiac effects of the two peptides. In
fact, as in the case of hrCgA1-78 (Cappello et al. 2007), the rat fragment signals
via a Gy, protein-PI3K-NO-cGMP-PKG-dependent pathway (Cerra et al. 2008).
As observed on isolated rat papillary muscles, the mechanism of action implicates
a calcium-independent/PI3K-dependent NO release by endothelial cells. In addi-
tion, on rat isolated ventricular cells, rCgA1-64 unaffects intracellular calcium
concentrations. At the same time, it induces NO release from cultured bovine
aortic endothelial cells (BAE-1) via a calcium-independent mechanism (Cerra
et al. 2008). Since the coronary dilation induced by rCgA1-64 is abolished by
inhibiting the NO-cGMP-PKG pathway, it is possible that the endothelium con-
tributes with the release of vasodilator autacoids, such as NO. It remains unex-
plored whether also the endocardial endothelium contributes to these NO-mediated
mechanisms.

It is extensively documented that myocardial contractility is under the tonic con-
trol of the NO/NOS system. On the rat myocardium, NO induced negative inotro-
pism via a sSGC-PKG mechanism which decreases L-type Ca>* current (Abi-Gerges
et al. 2001) and troponin I phosphorylation (Hove-Madsen et al. 1996). Activation
of the endothelial NOS isoform (eNOS) without calcium involvement takes place
after stimulation of the endothelium with several humoral mediators such as estro-
gens, insulin, and insulin-like growth factor-1 (IGF-1) (Hartell et al. 2005), possibly
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Fig. 2 The sigmoid concentration-response curves of Isoprenaline (ISO)-mediated stimulation
(10-10-10-6 M) alone (a—c) and of ISO plus a single concentration of human VS1 (STA-CGA1-78)
at 11, 33, and 65 nM (a) and of ISO plus a single concentration of propranolol at 30 nM, 0.3 uM,
1 pM and 3 pM (b) and ISO plus a single concentration of Catestatin (WT-Cst) at 11, 33, and
110 nM (c¢). Concentration is expressed as a percentage [baseline = 0%, peak constriction by ISO
and ISO plus VS1 or propranolol or CST = 100%] (Modified by Tota et al. 2008 and Angelone
et al. 2008)

through the involvement of Akt dependent eNOS phosphorylation (Shaul et al.
2002). In line with this scenario, experiments on papillary muscles and BAE-1 cells
exposed to rCgA1-64, and treated with the PI3K inhibitor Wortmannin, indicate that
the NO release induced by the rat peptide depends on PI3K activation (Cerra et al.
2008). Interestingly, Maniatis et al. (2006), proposed that eNOS may be activated in
a calcium-independent manner by involving a caveolae-mediated endocytosis elic-
ited by the albumin-binding protein gp60 and activation of downstream Src, Akt and
PI3K pathways. It has been hypothesized that VSs interacts with caveolar domain
(see for references, Tota et al. 2007), and that endothelial cells internalize CgA1-78
(Ferrero et al. 2004). Therefore, a similar mechanism may explain the VS-1-
dependent NOS activation in BAE-1 cells. However, this remains an open field for
investigations (Fig. 3).

In the search of possible mechanisms of interaction between VSs peptides and
the cell membrane, and in the absence of either a conventional receptor or an action
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Fig. 3 Representative scheme showing the physiological pathways activated by CgA-derived pep-
tides. Cardioinhibitory effects induced by Human VS1 (1-76), Chromofungin (47-66) and CST
involve the NOS/NO/cGMP/PKG pathway. Serpinin-dependent positive inotropism involves the
AD/cAMP/PKA pathway (Modified by Tota et al. 2014)

site of VS-1 on the membrane, Di Felice and collaborators (2006) used cardiomyo-
cytes three-dimensionally cultured in Matrigel (myocardial extracellular matrix:
ECM) exposed to Aurum conjugated hrCgA1-78 (Au-hrCgA1-78). They observed
by immunoglod technique that Au-hrCgA1-78 exclusively localizes outside the
plasma membrane of cardiomyocytes, at a distance between 16 and 25 nm. This
distance is characteristic of the interactions between ECM proteins and the cell.
This suggests that in vivo natural VS-1 acts via cell-ECM interactions. Two putative
domains of the human recombinant fragment could be considered for its binding to
either the cell membrane or ECM components: an RGD sequence at residues 43-45
(Gasparri et al. 1997) and a net positively charged domain at residues 47-70
(Mandala et al. 2005). However, the RGD site of CgA is not conserved among dif-
ferent species and its involvement in the regulation of cell-ECM interactions
remains to be proved.
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2.1 Cardiac Properties of the Vasostatin-Derived
Chromofungin

Within the VS-1 domain, a cardiovascular function was recently described for the
fragment 47-66. It was identified by Lugardon and collegues in 2001, and named
chromofungin (Chr) for its antifungal activity, was identified by Lugardon and col-
legues (Lugardon et al. 2001). This fragment generates during infections by cleav-
age by Staphylococcus aureus protease Glu-C (Metz-Boutigue et al. 1993). It acts
as an immediate protective shield against pathogens (Metz-Boutigue et al. 1998),
being able to inhibit microbial cell metabolism (Bartizal et al. 1992), and to pene-
trate the cell membrane, thus inducing extracellular Ca** entry by a CaM-regulated
iPLA2 pathway (Zhang et al. 2009). According to data found on the in vitro isolated
working heart of the frog Rana esculenta, Chr also possesses cardioactive proper-
ties (Tota et al. 2003; for details, see Gattuso, Imbrogno, Mazza, Chap. 9, present
volume). In fact, the Chr sequence was found to depress frog myocardial contractil-
ity by eliciting a direct negative inotropic effect (Tota et al. 2003). Very recently, Chr
cardiovascular actions were extended also to mammals. By using the isolated and
Langendorff perfused rat heart, Filice and co-workers (2015) investigated the influ-
ence elicited by Chr on the basal cardiac performance and in the presence of myo-
cardial I/R damage. Data showed that exogenous Chr directly affects the heart by
dose-dependently reducing contractility under unstimulated conditions. It reduces
LVP, and (LVdP/dt)max (indexes of inotropism), without affecting HR and
CP. These effects are obtained by Chr concentrations close to the physiological
range of the precursor, CgA, in human serum (Helle et al. 2007). With respect to the
data reported on the frog heart (Tota et al. 2003), Filice et al. (2015) demonstrated
in the rat that Chr depresses not only contractility (~40% rat vs ~18% in frog), but
also relaxation without changing heart rate. It in fact reduces two lusitropic indexes,
(LVdP/dt)min and T/-t. Negative inotropic and lusitropic effects induced by Chr
(~40%) resemble the cardiodepression elicited on the rat heart by human recombi-
nant (hrCgA1-78) (~20%) which includes the Chr sequence (Cerra et al. 2006). This
further stresses the depressive myocardial properties of the CgA N-terminal domain.
However, Chr did not change rat coronary reactivity. Although VSs and Chr elicit
similar effects on myocardial contractility and relaxation, sequence-specific vascu-
lar activities may account for the observed differences in coronary responses. Of
note, a strong structure-function relationship characterizes CgA-derived peptides,
suggesting that different fragments may display different cardioactivity.

As in the case of the other N-terminal CgA fragments, the presence of receptor-
ligand interactions which mediate the cardiac effects of Chr remains elusive. Of
note, Metz-Boutigue et al. (2003) reported that Chr exerts antibacterial and anti-
funginal effects by penetrating into, or interacting with, the cell membrane through
hydrophobic interactions between specific domains of the peptides and spatially
localized regions of the lipid bilayer with consequent modulation of cellular effec-
tors. In particular, an increase of peptide penetration is observed for the presence of
ergosterol, the main sterol in yeast and fungus plasma membrane (Metz-Boutigue
et al. 2003).
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The study by Filice et al. (2015) revealed that, as full length CgA (Pasqua et al.
2013, see for details Tota, Cerra, Chap. 7, present volume), VSs and CST (Cappello
et al. 2007; Angelone et al. 2008), the cardiac effects induced by Chr involve the
AKT/NOS-NO/cGMP signal transduction pathway. On the rat heart, exposure to
Chr increased AKT and eNOS phosphorylation, thus activating the NO-generating
cascade. This promotes cGMP production by soluble Guanylate Cyclase (sGC),
with final depressant effects on contractility and relaxation (Fig. 3).

Of relevance, Chr also protects the myocardium against I/R injury, acting as a
Post conditioning agent (Filice et al. 2015). Given in the early reperfusion, the pep-
tide limits the I/R-dependent myocardial damage. This protection, similar to that
obtained by ischemic Post conditioning maneuvers (Vinten-Johansen et al. 2005), is
indicated by a significant reduction of infarct size and LDH release. Ischemic hearts
exposed to Chr (75 nM) also show a marked improvement of the post-ischemic
contractile function expressed as a decrease of contracture development, which is
the goal of cardioprotective protocols, due to its inverse relation with the I/R--
dependent myocardial damage (Penna et al. 2008). In line with the observed cardio-
protection, the inhibition of the PI3K and ERK 1/2, upstream kinases of the protective
RISK cascade, abolished the systolic recovery induced by Chr. During reperfusion,
both PI3K-Akt and ERK1/2 are activated and converge on GSK3f, inducing its
phosphorylation/inactivation with a final control on mitoKATP channels, one of the
terminal elements of Post conditioning protection (Gomez et al. 2008). Of note,
inhibition of mitoK,rp channels abolished myocardial cardioprotective induced by
Chr (Filice et al. 2015). Chr-dependent cardioprotection is accompanied by increase
of intracellular cGMP, an effect which disappears in hearts co-treated with ODQ,
specific GC inhibitor. The importance of cGMP in cardioprotection is well known
(Penna et al. 2006). In fact, Post conditioning depends on GC activation via either
NOS-dependent or NOS-independent pathways (Penna et al. 2006, 2008).

Lastly, Chr-dependent cardioprotection is accompanied by an increased miRNA-
21 expression. This is of relevance since miRNA are small noncoding RNAs that
mediate post-transcriptional gene silencing, involved in cardiac physiopathology.
Their deregulated expression is linked to the developement of cardiovascular disor-
ders, including infarct size (Zhang 2008; Dong et al. 2009).

3 Cardiac Actions of Catestatin

The CgA352-372 fragment CST, known as a potent endogenous inhibitor of nico-
tinic receptor (nAChR)-evoked CA secretion (Mahata et al. 1997), is a multifunc-
tional peptide with multiple targets and a relevant vasoactive and anti-hypertensive
properties (for ref. Mahata et al. 2010). In mammals, it is present as both wild type
peptide (WT-CST, human CgA352-372) and naturally occurring variants (G364S-
CST and P370L-CST). As shown on the ex vivo isolated and Langendorff perfused
rat heart, wild-type CST, G364S-CST, and P370L-CST affect heart function, also in
the absence of the control exerted by SAN over cardiac output (CO) and vascular
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tone. CST peptides dose-dependently (from 11 to 200 nM) reduce contractility (i.e.
LVP, +LVdP/dt), relaxation (—LVdP/dt), and cardiac work (i.e. RPP), while stimu-
late coronary activity as shown by the increased CP (Angelone et al. 2008).
Differently from wild-type CST, P370L-CST only reduces contractility, while
G364S-CST is ineffective on the basal mechanical performance. All CST variants
act against B-adrenergic (ISO)-induced positive inotropic and lusitropic effects,
showing a rank order of potency (for ISO-induced positive inotropism:
WT-CST > G364S-CST > P370L-CST; for ISO-induced positive lusitropism:
G364S-CST > WT-CST > P370L-CST (Angelone et al. 2008) (Fig. 2). Notably, on
both the isolated and Langendorff perfused rat heart (Angelone et al. 2008) and rat
papillary muscle (Bassino et al. 2011), CST-evoked major depressive actions are
preceded by an early transient positive inotropic effect that disappears 5 min after
peptide administration. This positive inotropism disappears if H1 histamine recep-
tors are inhibited, thus suggesting a role for these receptors. This is consistent with
previous evidence in rat that activation of myocardial H1 receptors mediates
histamine-dependent positive inotropism (Matsuda et al. 2004).
Physio-pharmacologic investigations show that CST-induced negative inotro-
pism and lusitropism involve f2-AR and, with lower affinity, B3-AR, but not §1-AR
and cholinergic receptors (Angelone et al. 2008). Interestingly, CST-evoked car-
diodepression recruits pertussis toxin (PTX)-sensitive mechanisms, thus calling for
arole of Gi/o proteins. It is known that, contrary to the Gs-mediated f1-AR stimula-
tory effect on contractility and relaxation, f2-AR elicit negative inotropism and
lusitropism via Gi/o proteins (Xiao et al. 1999). Thus, the effects induced by CST
through a f2-AR/G;,-dependent inhibitory pathway may limit an early Gs-mediated
stimulation of the mechanical contractile performance. In the heart, activation of the
B2-AR/G;, cascade recruits PI3K to elicit negative inotropism (Yano et al. 2007).
PI3K is an important component of the CST signal transduction mechanism. In fact,
exposure of the rat heart to inhibitors of this kinase abolishes the effects induced by
the peptide (Angelone et al. 2008, 2012). In the heart, downstream PI3K is the NO/
sGC/cGMP cascade (Abi-Gerges et al. 2001). This cascade is involved in the CST-
dependent signaling (Angelone et al. 2008, 2012). In fact, in hearts treated with the
peptide, cGMP significantly increases and this in turn affects two of its major tar-
gets, PKG and phosphodiesterases type 2 (PDE2). Thus, these enzymes may con-
tribute to the CST-dependent depression of myocardial contractility. Via PKG, the
peptide may reduce both L-type Ca*" current and troponin C affinity for calcium
(Angelone et al. 2008, 2012). Other mediators of the CST-dependent effects are
beta-arrestin and phospholamban (PLN) which undergo S-Nitrosylation in the pres-
ence of the peptide (Angelone et al. 2012). Beta-arrestin is implicated in G-protein
coupled receptors desensitization and internalization by clathrin coated vescicles.
When S-nitrosylated, it promotes and accelerates f1-AR desensitization, thus blunt-
ing the effects induced by activation of this adrenoceptor (Ozawa et al. 2008). In
line with the counter-adrenergic behaviour of CST, the stimulation of beta-arrestin
desensitization, via NO-dependent protein S-Nitrosylation, may be of relevance to
elicit a more prolonged action of the peptide. This action, in addition to the short-
term effects obtained by recruiting kinases, such as PDE2, highlights the presence
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of a sophisticated double switched counter regulation induced by CST against
cardiac beta-adrenergic effects.

In the heart, PLN controls sarcoplasmic reticulum Ca’*-ATPase (SERCA2a) by
a phosphorylation/dephosphorylation mechanism. Dephosphorylated PLN inhibits
SR Ca’ sequestration via SERCA2a (Reddy et al. 1999), while PLN, phosphory-
lated at Ser16 by PKA, relieves its inhibition on SERCA2a (Schmidt et al. 2001). In
addition to phosphorylation, PLN may be S-nitrosylated. This influences stretch-
induced contractile effects on the myocardium (see Garofalo et al. 2009).
Accordingly, S-nitrosylated PLN represents a selective downstream target of the
NO release induced by CST, which contributes to the modulation of inotropy and
lusitropy by regulating SR Ca®* fluxes and Ca?* availability for the contractile
apparatus.

Another trait of the signal-transduction mechanism activated by CST and its
variants was described by Bassino et al. (2011) by measuring Ca>* transients and
myocardial contractility on isolated cardiomyocytes and papillary muscles,
respectively. On BAE-1 cells they also evaluated, the effects of CST NO produc-
tion and eNOS phosphorylation at Ser 1179 (P5!7eNOS) showing that CST
(5-50 nM) reduces in a dose-dependent manner the effects of beta-adrenergic
stimulation. Since CST induces a Wortmannin-sensitive, Ca’**-independent
increase of NO production and P5''7eNQOS, it is presumable that the effects of the
peptide are due to a NO release from endocardial endothelial cells, rather than to
a direct myocardial action.

Similar to the wild-type peptide, P370L-CST, but not G364S-CST, induces an
anti-adrenergic action and stimulates NO release (Angelone et al. 2008).
Interestingly, the Ca**-independent, caveolae-dependent activation of the Akt-PI3K-
eNOS pathway elicited by CST is similar to that suggested for the negative ino-
trope, anti-adrenergic N-terminal VS-1 (Ramella et al. 2010 and references therein),
highlighting common features in the cellular mechanisms regulated by these CgA
fragments.

As shown on the rat heart, CST induces a coronary modulation. This coronary
activity is non-univocal. Under basal conditions, the peptide dose-dependently
increases CP (maximum response at 200 nM) and abolishes the ISO-dependent
vasodilation. Contrarily, but in line with the vasodilation observed in humans after
CST administration (Fung et al. 2010), it potently dilates coronary vessels pre-
constricted by ET-1 (Angelone et al. 2008). The cross-talk ET-1/CST, corroborated
also by studies carried out on the frog heart (Mazza et al. 2012), together with the
interaction with § adrenoceptors, is consistent with a CST signalling mechanism
which starts at the plasma membrane before to converge on the sympatho-inhibitory
NO pathway (Fig. 3).

The data here illustrated, together with those reported on other chapters of this
volume, propose the negative effects induced by CST on myocardial contractility
and relaxation, as well as its coronary vasomotion, as relevant components of the
mechanisms that sustain the homeostatic counteraction against sympathetic
over-activation. This is a peculiar trait of conditions (e.g., prolonged stress, HF,
hypertensive cardiomyopathy, etc.) which are characterized by a potentially harmful
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spill-over of CAs, ET-1 and other humoral effectors. Accordingly, the cardiac,
vascular and antihypertensive properties of CST, suggest the peptide as an autocrine-
paracrine modulator that cooperates with full-length CgA and its derived VS-1 in
the multilevel processes required for cardio-circulatory homeostasis under healthy
and diseased conditions. This is opening to researches of applicative interest, as
those aimed to generate CST analogues able to mimic the cardiovascular actions of
the peptide, as in the case of the pharmacophore synthesized by Tsigelny et al.
(2013). This may be of relevance to enhance the possibilities for clinical treatment
of diseases in which an altered Sympatho-Adrenal Neuroendocrine equilibrium is
accompanied by a deterioration of the cardiovascular function.

3.1 Myocardial Stretch

Recently, the cardiac actions of CST were extended to the regulation of the myocar-
dial response to stretch (i.e. the Frank-Starling mechanism) (Angelone et al. 2015).
It was observed that, on the isolated and Langendorff perfused heart of the normo-
tensive Wistar Kyoto (WKY) rat, CST significantly enhances the preload-induced
increases of LVP and (LVdP/dt)max. It potentiates the diastolic response, as shown
by the incremented (LVdP/dt) min. Notably, CST improves the myocardial response
to stretch (i.e. increased end-diastolic pressures). This occurs not only in normoten-
sive heart, but also in 18-months old Spontaneously Hypertensive Rats (SHR). This
is relevant since at 18 months, the SHR heart shows traits that are characteristic of
the developing HF, including depressed contractility, ventricular myocardial fibro-
sis, and reduced Frank-Starling response (Bing et al. 1995). In this context, the
potentiation induced by CST on the myocardial response to stretch may be advanta-
geous for the failing heart since it alleviates the functional damage, being also of
benefit against HF progression.

The mechanism of action recruited by CST in both normotensive and hyperten-
sive rat to potentiate the Frank-Starling relationship involves the Vascular
Endothelium (VE), the AKT/NOSs/NO/cGMP/PKG cascade and is accompanied by
an increment in protein S-Nitrosylation. In both WKY and SHR rats the positive
effect elicited by CST on the Frank-Starling response was abolished by the func-
tional impairment of the VE induced by perfusion with Triton X-100. Also the expo-
sure to the eNOS inhibitor, L-NAME, and the NO scavenger, PTIO, abolished CST
effects on the Frank-Starling response of normotensive WKY and hypertensive
SHR. In addition, the effect induced by CST was abolished by specific inhibition of
sGC by ODQ and was accompanied by an increase of intracellular cGMP levels.

Together with the Endocardial Endothelium, the VE is an important source of
paracrine NO produced by eNOS, while myocytes generates autocrine NO through
eNOS and nNOS located within membrane caveole, and in proximity of the SR,
respectively (Petroff et al. 2010; Perrelli et al. 2013; Hammond and Balligand
2012). The result is the optimization of LV systolic and diastolic functions, not only
under basal conditions, but also in response to stretch (Prendergast et al. 1997).
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This is of paramount importance in disease states characterized by LV diastolic
dysfunction, including LV hypertrophy and chronic HF. In the failing heart of aged
SHR, characterized by contractile and relaxing alteration (Han et al. 2014) the
mechanisms for NO generation are impaired because of a dysfunctional endothe-
lium, and a decreased expression of eNOS (Bayraktutan et al. 1998; Zhang et al.
2008). Under these circumstances, a reduced NO availability, and the consequent
limitation of myocardial coronary perfusion, elicits detrimental effects on the
hemodynamic performance (Bayraktutan et al. 1998).

It is known that NO mediates the inotropic response to sustained stretch through
a mechanism that involves S-Nitrosylation of target proteins that include G protein-
coupled receptors, Hsp90 (a chaperone involved in eNOS activation), mitochondrial
pro-apoptotic and anti-apoptotic proteins (see for references Angelone et al. 2015).
Notably, S-Nitrosylation also occurs on SR RyR channels, potassium channels, and
L-type calcium channels, with important influences on calcium cycling and contrac-
tility (see for references Angelone et al. 2015). In the heart of both WKY and SHR,
CST increases NO-dependent S-Nitrosylation mainly of high and low molecular
weight proteins. In particular, an augmented S-Nitrosylation is observed at 100 kDa.
This corresponds to the apparent molecular weight of dynamin, a GTPase which
can be S-Nitrosylated by NO and is emerging in the heart as a regulator of traffick-
ing and function of ion channels, including L-type calcium channels (Angelone
et al. 2015).

Of note, CST-induced effect on the Frank-Starling behavior is of the same mag-
nitude as that induced by NO. This supports the notion that this CgA fragment, also
in the case of the humoral regulation of the ventricular heterometric response, func-
tions as endogenous NOS activator. In the presence of a deteriorated function, as in
the failing heart of aged SHR, this CST-dependent NO production may represent an
advantage to the diseased heart since it counteracts the cardiac damage induced by
hypertension.

4 Cardiac Actions of Serpinin

CgA cleavage at the penultimate and the last pair of basic residues at C-terminus
(CgA403-428) generates a short fragment called Serp (Koshimizu et al. 2010,
2011a). It was described for the first time in mouse pituitary cell line (AtT-20) in
which stimulates granules biogenesis (Kim and Loh, 2006). More recently, HPLC
and ELISA techniques revealed the presence of Serp peptides in the mammalian
(rat) heart (Tota et al. 2012). Three naturally occurring Serp peptides are expressed
by the rat cardiac tissue, namely Serp (Ala26Leu), and the two predominant frag-
ments: pyroglutaminated Serp (pGlu-Serp) and a C-terminal extended form, Serp-
Ala29Gly (Tota et al. 2012). This suggests that the rodent heart is able to process the
C terminal domain of CgA, as it does with the N terminal domain. Exposure of the
Langendorff perfused rat heart showed that Serp peptides modulate cardiac perfor-
mance but, different from the cardiodepressive VS-1 and CST, they stimulate the
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hemodynamic function (Tota et al. 2012). Within the first 5 min of administration,
both Serp and pGlu-Serp dose-dependently (11-165 nM) enhance myocardial con-
tractility and relaxation. pGlu-Serp action starts at 1 nM, showing that this peptide
is more potent than Serp. These actions are accompanied by a slight, although non-
significant, coronary dilatation (Tota et al. 2012). A similar effect is evident also on
isolated rat papillary muscles. By measuring contractility as tension development
and muscle length, we found that, while Serp-Ala29Gly is unaffective, pGlu-Serp
and Serp induce positive inotropism by increasing the rate and extent of tension
development during systole (positive inotropy). This effect, in the whole heart aug-
ments stroke volume. In parallel, the peptides accelerate myocardial relaxation
(positive lusitropy), hence shortening the overall diastole duration. The analyses
carried out on isolated papillary muscle also showed that Serp actions are indepen-
dent from alterations in HR and coronary flow rate, as well as from norepinephrine
release from sympathetic nerve terminals (as demonstrated by tyramine treatment)
(Tota et al. 2012).

Interestingly, pGlu-Serp and Serp act as f1-AR-like agonists, mimicking, at
nanomolar range, the effects of intracardiac sympathetic neurotransmitters and/or
circulating Catecholamines. Consistent with this effect, and opposite to the depres-
sive and anti-adrenergic cascade activated by VS-1 and CST, pGlu-Serp and Serp
act via pl1-AR/Adenylate Cyclase/cAMP/PKA (Tota et al. 2012) (Fig. 3). This is
shown by the results of physio-pharmacologic analyses carried out by using specific
inhibitors of the above cascade, by Western Blotting evaluations, and intracellular
cAMP evaluation. As in the case of other CgA fragments, no receptor or direct bind-
ing partner have been identified for Serp and pGlu-Serp. Thus, the earliest events
underpinning the transduction of the Serp signal are unknown. On the basis of phys-
iological and biomolecular evidences, it was presumed that, to activate the
B1-adrenergic-induced cascade Serp and pGlu-Serp function as allosteric modula-
tors of B1-AR independent from the ligand binding site (Tota et al. 2012). As other
cAMP elevating agonists (Koshimizu et al. 2010), both Serp peptides might bind a
G protein-coupled receptor (GPCR) to increase cardiac cAMP. This is indicated by
the lack of Serp-induced cardiostimulation after selective inhibition of adenylate
cyclase (AD) and PKA, major targets of the AD-cAMP signalling (Tota et al. 2012).
Once activated, PKA phosphorylates a number of proteins, including SERCA and
PLN, with consequent effects on inotropy and lusitropy. In fact, SERCA activation
promotes SR Ca*" uptake, and thus cation removal during diastole. This affects
relaxation and the subsequent contraction (Satoh et al. 2011). Ca?* sensitivity for
SERCA is enhanced also by PKA-induced phosphorylation of PLN, and this repre-
sents a crucial step of the f-adrenergic-PKA cascade (Mattiazzi et al. 2007). Of
note, positive inotropism and lusitropism induced by pGlu-Serp are accompanied
by an increased PNL phosphorylation at Ser16, and are abolished by SERCA inhi-
bition by thapsigargin (Tota et al. 2012). This suggests, in agreement with the sym-
pathomimetic function proposed for Serp peptides, that their action occurs by
modulating myocardial Ca** fluxes with the resulting stimulation of inotropy and
relaxation.
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The cardiostimulation induced by Serp peptides is accompanied by an enhance-
ment of ERK1/2 and GSK3p phosphorylation (Tota et al. 2012). In the mammalian
heart, ERK1/2 and GSK3p, two targets of PKA phosphorylation, are components of
the RISK (reperfusion injury signalling kinase) cascade involved in myocardial pro-
tection against ischemia-reperfusion injury (Hausenloy et al. 2011). They presum-
ably contribute also to the anti-apoptotic effect induced by pGlu-Serp against radical
oxygen species (ROS) in cultured cerebral neurons (Koshimizu et al. 2011b). Very
recently, it was observed that pGlu-Serp reduces infarct size and preserves the
hemodynamic function of normotensive and SHR hearts, given in pre- and post-
conditioning (Pasqua et al. 2015; for details see Pagliaro & Penna, Chap. 11, present
volume). In pre-conditioning, the cardioprotection elicited by the peptide is mild,
but it is streaking in post-conditioning. Administered at the reperfusion, pGlu-Serp
induced a more potent cardioprotection in SHR than in normotensive rats, as shown
by the better post-ischemic hemodynamic recovery (evaluated as LVDevP) observed
in WKY. In both SHR and WKY, the peptide also reduces contracture and the infarct
size (IS). However, the effect of pGlu-Serp on IS is less pronounced in SHR, which
show a larger area of damaged tissue. Analyses of the mechanism of action recruited
by pGlu-Serp to elicit protection showed the involvement of the RISK cascade. In
fact, co-infusion of the ischemic heart to pGlu-Serp and inhibitors of PI3K/Akt,
MitoKATP channels and PKC abolished cardioprotection (Pasqua et al. 2015).

5 Conclusion

On the whole, results obtained in the last 10 years of research convincingly revealed
the cardiovascular activities of the CgA-derived VSs, CST and serpinin, along with
their striking adreno-sympathetic regulatory influences. The cardiovascular role of
the CgA-derived peptides represents an important component of the finely inte-
grated local and systemic neuroendocrine networks, particularly in the presence of
a perturbed cardio circulatory homeostasis. This knowledge, which has widened the
prohormone/cytokine profile of CgA, has been paralleled and integrated by a grow-
ing number of clinical studies on the biomedical implications of both full length
protein and its derived peptides - particularly the antihypertensive CST - in various
cardiovascular diseases, in relation to their diagnostic and prognostic value (see
other chapters of the present book).
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Comparative Aspects of CgA-Derived Peptides
in Cardiac Homeostasis

Alfonsina Gattuso, Sandra Imbrogno, and Rosa Mazza

Abstract This chapteris an overview of the cardiotropic actions of the Chromogranin
A-derived peptides, vasostatins and catestatin on the isolated and perfused eel
(Anguilla anguilla) and frog (Rana esculenta) hearts, used as paradigms of fish and
amphibian hearts. Our studies highlight important cardiotropic features of the two
peptides both at basal (negative inotropism) and stimulated (anti-adrenergic effect:
eel and frog; anti-endothelin action: frog) conditions. In addition, catestatin posi-
tively modulates the Frank-Starling response both in eel and frog hearts. Overall, the
comparison of vasostatins and catestatin-mediated role in cardiac homeostasis of fish
and amphibians illustrates aspects of uniformity and species specific differences in

the mechanism of action of the peptides.
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fCgA4-16 frog CgA4-16
fCgA47-66  frog CgA47-66

ISO Isoproterenol

NO Nitric Oxide

NOS Nitric Oxide Synthase

PI3K Phosphatidyl 3-kinase

PKG Protein Kinase G

PLN Phospholamban

PTx Pertussis toxin

SERCA2a Sarcoplasmic Reticulum Ca?*~ATPase
VS-1 Vasostatin 1 (CgA_z)

VS-2 Vasostatin 2 (CgA;_;13)

VSs Vasostatins

W7 N-(6-aminohexil)-5-chloro- 1 -naphthalenesulfonamide

1 Introduction

Chromogranins A (CgA) is a member of the granin family, a group of acidic soluble
proteins, found in secretory granules of endocrine, neuroendocrine, and neuronal
cells, which are co-stored and co-released with hormones, neurotransmitters, and/or
amines in response to specific stimuli. CgA, the first member of the family to be
isolated and characterized (Banks and Helle 1965), is a protein of 48 kDa identified
almost five decades ago, extensively studied as to its expression, structure and func-
tion. Soon after the first sequencing of bovine CgA (Iacangelo et al. 1986), many
immunological and sequence studies have shown its ubiquitous distribution through-
out the animal world, from invertebrates to mammals, remarking its notable phylo-
genetic conservation. CgA is present in teleost fish (Deftos et al. 1987), amphibians
(Reinecke et al. 1991), reptiles (Trandaburu et al. 1999), birds (Reinecke et al.
1991), humans, pigs and rats (Tota et al. 2007; Helle et al. 2007). Among inverte-
brates, the occurrence of CgA has been reported in the nematode parasite Ascaris
suum (Smart et al. 1992), the protozoan Paramecium tetraurelia (Peterson et al.
1987), and in coelenterates (Barkatullah et al. 1997).

Studies performed during the last 25 years evidenced the presence of CgA in the
heart of several mammalian and non mammalian vertebrates. It was identified in the
cardiac conduction system and in the atrial myoendocrine granules of the rat heart
(Steiner et al. 1990; Weiergraber et al. 2000) and in the ventricular myocardium of
the human heart (Pieroni et al. 2007). Both in humans and rodents, it was found to
be co-stored and co-secreted with catecholamines (CAs) and natriuretic peptides
(Steiner et al. 1990; Pieroni et al. 2007; Biswas et al. 2010). In non-mammalian
vertebrates, CgA expression was detected in the secretory granules of frog atrial
myocytes (Krylova 2007).
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CgA cleavage, at the level of the multiple pairs of dibasic sites which enrich its
sequence, gives rise several bioactive fragments, which exert a broad spectrum of regu-
latory activities by influencing endocrine, cardiovascular, and immune systems. These
include the dysglycemic hormone pancreastatin (Tatemoto et al. 1986), the vasodila-
tors vasostatin 1 (VS-1) and vasostatin 2 (VS-2) (Aardal and Helle 1992; Aardal et al.
1993), the antimicrobial agent chromacin (Strub et al. 1996), the catecholamine release-
inhibitory peptide catestatin (CST) (Mahata et al. 1997, 2003, 2004), the antifungal
fragment chromofungin (Lugardon et al. 2001) and its well-conserved domains WE-14,
parastatin, and GE-25, whose role is currently under searching, and the recently identi-
fied serpinin peptides (Serp and pGlu-Serp) with important roles in neuroendocrine
cells granule biogenesis and cell death (Koshimizu et al. 2011).

For cardiovascular interest, the N-terminal CgA derived peptides VS-1 and VS-2,
corresponding to the CgA amino acids 1-76 (VS-1) and 1-113 (VS-2), respectively,
and the middle domain CST (CgA344-364) are under intensive investigations for
their role as anti-adrenosympathetic stabilizers in cardiovascular homeostasis and
anti-ischemic cardioprotection. In fact, it has been demonstrated that both in mam-
malian and non mammalian vertebrates they are able to modulate basal cardiac
performance and to exert anti-adrenergic cardio-suppressive actions which would
protect the heart against excessive systemic and/or intra-cardiac excitatory stimuli
(Tota et al. 2003; Corti et al. 2002, 2004; Imbrogno et al. 2004, 2010; Cerra et al.
2006; Angelone et al. 2008; Mazza et al. 2008, 2015). These experimental evidences
have lead to propose CgA as precursor of different hormone peptides which func-
tion as novel cardiac modulators also able to protect the heart against excessive
systemic and/or intra-cardiac excitatory stimuli.

On the basis of these premises, in this review we will summarize present knowl-
edge regarding the influence exerted by the CgA-derived peptides VS-1, VS-2 and
CST on fish and amphibian hearts, which, in the absence of other data, is mostly
based on our own studies. By examining mechanistically the transduction pathways
activated, we will consider aspects of uniformity and species-specific diversity in
the exerted cardiotropism. Moreover, the role of these peptides as cardio-protective
agents able to counteract the effects of excessive systemic and/or intra-cardiac
excitatory stimuli will be discussed.

The purpose is to provide the basis for a comprehensive picture of the potentials
of the CgA-derived peptides in the cardiac homeostasis of non mammalian
vertebrates.

2 Vasostatins

Vasostatins (VSs), together with pancreastatin, parastatin, and catestatin, are the
main biologically active peptides generated by the proteolytic processing of
CgA. Named ‘vasostatins’ for their ability to relax vessels precontracted by high
endothelin-1 (ET-1) and potassium concentrations (Aardal and Helle 1992), they
have been identified in both poikilotherm (frog) and homeotherm (rat, pig, bovine,
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human) vertebrates. In all species examined so far, they exhibit a very high
percentage identity and share important common traits such as the sequence 50-62
(unchanged) and the disulfide bridge C17-C38 that appears crucial for their biologi-
cal activity (Helle et al. 2007). The main VSs consist of the highly conserved verte-
brate domain vasostatin 2 (VS-2) and the less conserved vasostatin 1 (VS-1), which
correspond to the N-terminal peptides CgAl1-113 and CgAl1-76, respectively.
Beside these, the shorter VS peptides CgA1-40, CgA4-57, CgA47—-66 (chromofun-
gin), and CgA67-76 are also formed within the matrix of chromaffin granules and
are co-released with CAs following chromaffin cell stimulation, for example by
ACh (Metz-Boutigue et al. 1993) and also secreted upon stimulation of the isolated
retrogradely perfused bovine adrenal gland (Helle et al. 1993). N-terminal frag-
ments containing the VS-1 domain (CgA4-113, CgAl1-124, CgAl-135, and
CgA1-199) have been detected in rat heart extracts, together with a larger fragment
presumably corresponding to the intact CgA, suggesting an intracardiac production
of VSs (Glattard et al. 2006). VSs act as multifunctional regulatory peptides which,
through autocrine, paracrine and/or endocrine mechanisms depending, among other
factors, on cell and tissue targets as well as on the local concentration of the pep-
tides, modulate several physiological processes (Helle et al. 2001, 2007).

2.1 Cardiac Effects Under Basal and I1SO-Stimulated
Conditions

Works performed in the last decade by our research group have indicated that VS-1,
VS-2, and the human CgA7-57 synthetic peptide can act as cardiostatins through
negative modulation of myocardial performance. By using the isolated and perfused
working heart of eel and frog, a preparation suitable for assessing the direct effects
of cardiotropic substances on myocardial performance, we observed that the human
recombinant VS-1, VS-2, and the human CgA7-57 synthetic peptide elicit an inhib-
itory modulation of the basal cardiac performance (Corti et al. 2002, 2004; Imbrogno
et al. 2004; Tota et al. 2004). VS-1 and CgA7-57 appeared more potent than VS-2
as inhibitory inotropic agents, allowing to hypothesize that the region 7-57 of VS-1
contains the structural determinants for this activity. Interestingly, both in the eel
and frog heart, VSs peptides counteracted the positive inotropism elicited by the
B—adrenergic agonist isoproterenol (ISO) (Corti et al. 2004; Imbrogno et al. 2004;
Tota et al. 2004). Of note, these VSs—dependent cardiosuppressive and antiadrener-
gic effects resulted similar to those reported in the Langendorff perfused rat heart
(Cerra et al. 2006), consistent with an ubiquitous cardio-inhibitory role of VSs in
vertebrates which protect the heart by excessive excitatory stimulations. This allows
to consider VSs as components of the “zero steady-state error” counter-regulatory
homeostatic system postulated by Koeslag et al. (1999) for other CgA-derived
peptides.
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By using the isolated working heart preparation of frog as bioassay, specific
sequences included in the VS-1 peptide [frog and bovine CgA4—16 and CgA47-66,
and bovine CgA1-40 with (CgAl- 40SS) and without an intact disulfide bridge
(CgA1-40SH)] have been tested both under basal and f-adrenergic stimulated con-
ditions. All the fragments studied were able to modulate the cardiac performance in
frog, emphasizing the high phylogenetic conservation of the CgA1-76 sequence.
The most potent fragments in exerting intrinsic negative inotropy and counteraction
against ISO-mediated positive inotropism were the intact VS-1, the fragment
CgA7-57 and the shorter peptide CgA1-40 with the intact disulfide-bridge loop
(Tota et al. 2003, 2004; Corti et al. 2004). CgA4-16 and CgA47-66 sequences of
frog and bovine showed lower potencies than those reported for the human recom-
binant VS-1 and CgA7-57 and for the natural configuration of the bovine CgA1-40,
i.e. CgA1-40SS. Frog CgA4-16 (fCgA4-16) resulted the least effective sequence
(Tota et al. 2003). Of note, this peptide shows a higher net negative charge than the
bovine counterpart. The ISO-evoked positive inotropy was counteracted by the
bovine CgA1-40SS but not CgA1-40SH. The N- and C-terminal sequences of both
frog and bovine CgA4-16 and CgA47-66 exerted their anti-adrenergic action at
concentrations higher than those required by the fragment which include disulfide-
bridge (CgA1-40SS) (Tota et al. 2003). These data suggest that the disulfide-bridge
region of VS-1 is crucial for the cardio-suppression elicited by VS-1 and CgA7-57,
both under basal or adrenergically stimulated conditions (Table 1).

2.2 Mechanisms of Action

On the isolated and perfused heart preparation from both eel and frog, the inhibitory
actions of VS-1 and CgA7-57 depend on calcium and potassium channels, being
abolished by lanthanum (a non-specific Ca** channel inhibitor), diltiazem (a specific
L-type Ca®* channel blocker), tetracthylammonium chloride (an inhibitor of the cal-
cium activated-channels), and glibenclamide (an inhibitor of both the sarcolemmal
and mitochondrial ATP-potassium channels), all used at concentrations that per se
do not affect myocardial mechanical performance (Corti et al. 2004; Imbrogno et al.
2004). These data are in agreement with Aardal and Helle (1992) which reported a
Ca?*-dependent vasoinhibitory action of VS in human thoracic arteries, and Brekke
and coworkers (Brekke et al. 2002) which observed that the vasodilatatory action
induced by CgA1-40 in the bovine coronary arteries is abolished by K* channels
blockers.

Moreover, in both eel and frog hearts, the VSs-mediated-negative inotropy was
blocked by pre-treatment with inhibitors of cytoskeleton reorganization, such as
cytochalasin-D (a blocker of actin polymerization), wortmannin (an inhibitor of
PI3-kinase/protein kinase B signal-transduction cascade), butanedione 2-monoxime
(an antagonist of myosin ATPase), and N-(6-aminohexil)-5-chloro-1-
naphthalenesulfonamide (W7) (a calcium-calmodulin antagonist), pointing the
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Table 1 Cardiac effects and mechanism of action of CGA-derived peptides (ND = Not Detected)

CgA- Basal Adrenergic Signalling Frank- References
derived condition | stimulation principles Starling
peptides involved response
Frog
VS-1 Negative Anti-adrenergic Ca’* and K* ND Corti et al.
inotropism | action channels (2002, 2004)
Tota et al.
(2004)
VS-2 Negative Anti-adrenergic ND ND Corti et al.
inotropism | action (2002)
CgA 157 Negative Anti-adrenergic Ca* and K* ND Corti et al.
inotropism | action channels (2002, 2004)
cytoskeleton Tota et al.
(2004)
Mazza et al.
(2007)
bCgA | 4ss | Negative Anti-adrenergic ND ND Tota et al.
inotropism | action (2003)
bCgA | 40su | No effect Anti-adrenergic ND ND Tota et al.
action (2003)
bCgA 4 6 Negative Anti-adrenergic ND ND Tota et al.
inotropism | action (2003)
fCGA 46 No effect Anti-adrenergic ND ND Tota et al.
action (2003)
bCgA 4766 | Negative Anti-adrenergic ND ND Tota et al.,
inotropism | action (2003)
fCgA 4766 Negative Anti-adrenergic ND ND Tota et al.
inotropism | action (2003)
CST Negative Anti-adrenergic EE-NOS-NO- | Positive Mazza et al.
inotropism | action c¢GMP cascade, | modulation | (2008, 2012)
ETB receptors
Eel
VS-1 Negative Anti-adrenergic Ca’ and K* ND Imbrogno
inotropism | action channels et al. (2004)
EE-NO-cGMP Tota et al.
cascade, (2004)
cytoskeleton Mazza et al.
(2007)
VS-2 Negative Anti-adrenergic ND ND Imbrogno
inotropism | action et al. (2004)
CgA 7.5 Negative Anti-adrenergic Ca’ and K* ND Imbrogno
inotropism | action channels et al, (2004)
Tota et al.
(2004)
CST Negative Anti-adrenergic p3-AR-Gi/o-- Positive Imbrogno
inotropism | action NO-cGMP modulation | et al. (2010)
cascade
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cytoskeleton as an important determinant of the signal-transduction cascade which
underlies the inhibitory influence exerted by VSs on the contractile myocardial
machinery (Mazza et al. 2007). In both eel and frog heart preparations, the treat-
ment with pertussis toxin (PTx), a toxin which uncouples signal transduction
between several families of receptors and Gi or Go proteins (Ai et al. 1998), did not
modify basal cardiac performance; however, it abolished the inotropic effect of VSs
in the eel heart (Imbrogno et al. 2004), without influencing it in the frog heart (Corti
et al. 2004). So far, except for CST, which is known to interact with nicotinic recep-
tors, functioning as a non-competitive antagonist (Mahata et al. 1997; Kraszewski
et al. 2015), no conclusive evidence is available concerning the presence of specific
receptors for CgA fragments, including VS peptides. Therefore, whether VSs act on
the heart via classic receptor-ligand interactions still remains to be elucidated. Apart
from specific receptor interactions, in the eel heart VSs could activate G proteins
through spatially localized cell membrane perturbation caused by the interaction of
the lipophylic portion of the peptide with a lipidic bilayer domain. Indeed, such a
mechanism was suggested to explain the antimicrobic action of some VS-derived
fragments (Lugardon et al. 2002; Maget-Dana et al. 2002). Conceivable, VS pep-
tides might exert their action, including the myocardial inotropic effects, by modu-
lating the activities of signalling principles, regulatory proteins, such as ion channels,
and cell membrane elements, implicated in the regulation of intercellular communi-
cation. Aspects of diversity have been also reported in relation to the involvement of
cholinergic and adrenergic systems in the determinism of VSs induced cardiosup-
pression. In fact, in the eel heart, pretreatments with either atropine (a non-specific
muscarinic antagonist) or phentolamine and propanolol (o and  adrenergic antago-
nists, respectively), which per se do not modify basal cardiac parameters, abolish
the VSs-mediated inotropism (Imbrogno et al. 2004); in contrast, in the frog heart
the VS-induced negative inotropism is unchanged by these treatments (Corti et al.
2004). This different response pattern between teleost and amphibian hearts is also
revealed by the involvement of the endocardial endothelium (EE) and the Nitric
Oxide (NO)-cGMP signal-transduction pathway. While in the eel heart both the EE
and the NO-cGMP signaling transduce the intracavitary VSs signal to the beating
myocardium (Imbrogno et al. 2004), in the frog heart, neither the EE nor the
NO-cGMP mechanism appear relevant for eliciting the VSs negative effect (Corti
et al. 2004). These differences in the transduction pathways in frog vs eel heart may
be explained by species-specific differences (from ultrastructural to biochemical
and molecular levels), which may affect peptide binding, internalization, trans-
endocardial transport, etc. For example, scavenger receptors have been character-
ized in the EE of the teleost heart (Seternes et al. 2001). Thus, it can be hypothesized
that in teleost blood-borne endoluminal VS peptides interact with scavenger recep-
tors, thereby triggering an EE-mediated mechanism, which in turn affects myocar-
dial inotropy (Table 1).
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3 Catestatin

CST (human CgA352-372, bovine CgA344-364) is a 21 amino acid cationic and
hydrophobic peptide product of CgA proteolysis, co-secreted and co-released with
CgA and CAs. It acts as an endogenous non-competitive inhibitor of nicotine-
evoked catecholamine secretion (Mahata et al. 1997; Herrero et al. 2002). In addi-
tion, it prevents the nicotinic desensitization of catecholamine release from
chromaffin cells (Mahata et al. 1999) and, in vivo, it blocks stimulation of both
secretion and transcription of its precursor CgA (Mahata et al. 2003). Plasma level
of CST are significantly lower in patients with essential hypertension and in normo-
tensive subjects with family history of hypertension (O’Connor et al. 2002).
Consistent with human studies, genetic ablation of ChgA gene results in high blood
pressure in mice (Mahapatra et al. 2005). Three biologic variants of CST with vary-
ing effects on adrenergic inhibition have been identified with the following order of
potency: Pro370Leu > wildtype(WT) > Gly364Ser > Arg374Gln (Mahata et al.
2004; Wen et al. 2004). In vivo, the CST Gly364Ser variant causes profound changes
in human autonomic activity, both at the level of the parasympathetic and sympa-
thetic branches, and seems to reduce risk of developing hypertension, especially in
men (Rao et al. 2007).

CST is highly conserved in mammals, with a great homology between human
and mouse (approximately 86%); moreover, human CST shows a moderate homol-
ogy with non mammalian vertebrates: 38% with jungle fowl, 33% with frog, and
approximately 19% with zebrafish (Bartolomucci et al. 2011).

3.1 Cardiac Effects Under Basal and ISO-Stimulated
Conditions

On the perfused working frog (Mazza et al. 2008) and eel (Imbrogno et al. 2010)
hearts, CST (bovine CgA344-364) acts as a cardio-depressing agent in a dose-
dependent manner (11-165 nmol/l) and counteracts the ISO-induced cardio-
stimulatory effect through a non-competitive antagonism. In addition, in the frog
heart CST is able to abolish the endothelin-1 (ET-1)-induced positive inotropism,
but does not affect the ET-1-dependent negative effect, the latter being consistent
with a convergent signalling pathway for both ET-1 and CST (Table 1). As in eel
and frog hearts, also in the rat heart (Angelone et al. 2008), CST directly suppresses
the mechanical performance of both non-stimulated and adrenergically stimulated
preparations, supporting the ubiquitous cardio-depressive action of this peptide in
vertebrates. Of note, in the Langendorff perfused rat heart, human CST variants
counteracted the positive inotropic and lusitropic effects of ISO with different
potency and counteracted the positive inotropism and lusitropism and the coronary
constriction of ET-1, pointing them as important components of a homeostatic
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counteraction against excessive SAN activation, e.g., prolonged stress, HF, hyper-
tensive cardiomyopathy (Angelone et al. 2008).

The CST-induced cardiosuppressive and anti-adrenergic effects observed in eel
and frog resulted comparable to those elicited by VSs both in mammalian and non
mammalian vertebrates (Tota et al. 2004). The biological significance of such appar-
ently redundant molecular strategy remains to be clarified. Conceivably, processing
more than one cardioactive peptide from the same prohormone might be advanta-
geous in maintaining homeostasis. It can be hypothesized that, by acting on overlap-
ping or different sites, VS-1 and CST may achieve selective intracardiac actions in
a spatiotemporal and tissue-specific manner (e.g. summation and synergism or
potentiation of the target cell responses). A similar cardiovascular case is repre-
sented by the proteolytic cleavage of proANF precursor that in mammals gives rise
to the major form of circulating ANP (ANP1-28) and several biologically active
peptides (proANF1-30, long-acting sodium stimulator; proANF31-67, vessel dila-
tor; and proANF79-98, kaliuretic stimulator) (Vesely et al. 1994). At least two of
them, i.e. vessel dilator and ANP, show almost overlapping properties, being vaso-
dilatory, diuretic, and natriuretic (Vesely 2006). The examples provided by both
CgA and proANF illustrate the striking cardiac potential for multilevel interactions
between endocrine precursors and their derived peptides.

3.2 Mechanism of Action

In the frog heart, the CST cardiosuppressive action appears EE-NOS/NO/cGMP-
dependent, being abolished by functional EE damage with Triton X-100 and pre-
treatment with NOS or guanylate cyclase inhibitors. Of note, this contrasts with the
VS-1-induced negative inotropism in the frog heart, which, unlike the pattern dem-
onstrated in eel and rat hearts (Imbrogno et al. 2004; Cappello et al. 2007), involved
neither the EE nor the G protein nor the NO-cGMP-protein kinase G mechanism
(Corti et al. 2004). The question as to how and why the two peptides, representing
NH,-and COOH-terminal domains of CgA, respectively, utilize divergent signaling
pathways to converge on similar cardiotropic actions, remains open.

Moreover, in the frog heart, the CST negative inotropism is mediated by ETB
receptor (ETBR) subtype, mainly expressed in endothelial cells and linked to eNOS
phosphorylation and NO synthesis, but not by ETAR (mostly expressed in cardio-
myocytes), thus emphasizing the paracrine role of EE in regulating the contractility
of the subjacent myocardium (Mazza et al. 2008). This role appears of particular
importance in the frog heart, where the EE lining the very extensive lacunae of the
avascular spongy ventricle represents a relevant source of bioactive NO (Sys et al.
1997; Gattuso et al. 1999; Mazza et al. 2010, 2012, 2013). The crucial role of ETBR
in the CST signaling is further supported by the evidence that, in the presence of its
selective inhibition, CST fails to inhibit both the ISO-and ET-1-elicited positive
inotropic effects as well as its inhibitory and stimulatory effects on phospholamban
(PLN) and ERK1/2 phosphorilation, respectively (Mazza et al. 2008). The finding
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that all the CST effects are mediated by ETBR, but not by ETAR, reinforces the
hypothesis that the peptide actions involve the ET-1 subtype receptors mainly
located on the EE. Of note, also in the rat heart, the CST cardio-suppressive action
requires the functional integrity of the EE, sustaining the EE-myocardial interaction
in the CST action (Mazza et al. 2008).

In the eel heart, the CST-induced cardio-depressive effects are achieved through
a pertussis toxin-sensitive (PTX) activation, independent from receptor, of Gi/o pro-
teins. In the same way, atropine pretreatment does not affect the CST response in the
eel heart, pointing to a muscarinic receptor independent effect (Imbrogno et al.
2010). Being CST a cationic and hydrophobic peptide, it is improbable that it
directly modulates receptors. A PTX-sensitive mechanism has been also reported by
Kriiger et al. (2003) in rat mast cells where the active domain of bovine cateslytin
(CgA344-358) induced histamine release through aggregation on negatively
charged membranes (Jean-Francois et al. 2008). This alternative aggregation mech-
anism may be also hypothesized for CST even if further research is needed to
deepen this issue. In addition, in the eel heart, the CST negative inotropic action is
also mediated by P1/p2/p3-adrenergic receptors and involves a NO-cGMP-
dependent mechanism (Table 1). Of note, in the rat, the negative inotropic and lusi-
tropic effects induced by CST involve both f2/B3-ARs, with a higher affinity for the
first one, but not f1-AR, while they are reduced by a-AR and unaffected by cholin-
ergic receptors inhibition also recruiting a PI3K/Akt/eNOS/NO/cGMP-dependent
mechanism (Angelone et al. 2008).

3.3 Effects Under Loading Stimulated Conditions

The Frank—Starling’s law (intrinsic regulation) operates in all classes of vertebrates.
It varies among vertebrates particularly between mammalian and amphibian/fish
species, the latter showing an elevated sensitivity to the heterometric response in
part ascribed to a greater extensibility of the thin myocardial trabeculum (Shiels and
White 2008). While cardiac output in fish and amphibians is increased, to a large
extent, by changing the volume of blood pumped by the heart, in mammals it is
modulated by increasing the heart rate rather than volume. As largely shown, the
Frank-Starling response is modulated by many endogenous and exogenous sub-
stances. Haemodynamic forces, such as stretch, can activate major cardiac homeo-
metric autoregulatory mechanisms that include autocrine and paracrine molecules
released from endothelial/endocardial cells and cardiac myocytes that modulate
myocytes contractility. The importance of this control has been firstly emphasized
by the discovery that the cardiac natriuretic peptides adapt myocardial contractility
and relaxation in a stretch-dependent manner (de Bold et al. 1981). This scenario
was further expanded by the role that the stretch-induced release of Nitric Oxide
from cardiomyocytes, vascular, and endocardial cells, exerts on pumping perfor-
mance enhancing the Frank—Starling response (Prendergast et al. 1997; Imbrogno
et al. 2001; Garofalo et al. 2009; Mazza et al. 2012). More recently, studies both in
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mammalian and non-mammalian vertebrates have provided evidence that CST, by
functioning as an endogenous NOS activator, also contributes to the humoral regu-
lation of the heterometric response (Imbrogno et al. 2010; Mazza et al. 2012;
Angelone et al. 2015).

In the frog heart, Mazza and co-workers (2012) demonstrated that CST posi-
tively modulates the heterometric response through an EE-dependent NO release
which involved a PI3K-NOS—cGMP pathway confirming, also under stretch condi-
tions, CST as a paracrine stimulus for NO release from EE. This effect appears
mediated by ETBR since it is blocked by BQ788 but not by BQ123. The evidence
that CST-induced effect on the Frank-Starling response was of the same magnitude
of that induced by NO, strongly supports the idea that CST contributes to the endo-
crine/paracrine regulation of the heterometric response of the vertebrate heart by
functioning as an endogenous NOS activator. This view is also reinforced by the
evidence obtained in the eel heart in which, mimicking the NO modulation, CST
improves the Frank—Starling response (Imbrogno et al. 2010; Garofalo et al. 2009),
as supported by the increased p-eNOS expression in CST-treated hearts (Table 1). A
reduction of the cardiac response to preload was observed after NOS, but not gua-
nylate cyclase, inhibition suggesting an action mechanism dependent on NO but
independent on its classical cGMP signaling. Of note, the CST-induced increase of
the heterometric response was significantly reduced by inhibition of SERCA2a
pumps (Imbrogno et al. 2010), indicating that CST-induced NO release directly
regulates SR Ca?* reuptake.

On the basis of these data it appears that exogenous CST, acting as a paracrine
stimulus for NO release, is able to modulate cardiac function under both basal and
stretch hemodynamic conditions.

4 Cardiac CST and VSs Profiles

Summarizing work from the last decade, here we have documented in a compara-
tive context, the cardiotropic features of CgA-derived peptides (VS and CST) on eel
and frog hearts used as bioassays of non mammalian vertebrates, also highlighting
aspects of uniformity and species-specific diversity in the cardiotropism of VSs and
CST. Apart from the antihypertensive profile of CST, all peptides induce intrinsic
negative inotropy and counteract the f-adrenergic-mediated positive inotropism
exerted by isoproterenol, which might be important under sympathetic
overstimulation conditions (Table 1).

It is of relevance that both in eel and frog heart the minimally effective peptide
concentrations match with the nanomolar range corresponding to the circulating
level of CgA normally found in man. In an integrated perspective, this points to VSs
and CST as components of a wider orchestration of their precursor CgA in regulat-
ing circulatory homeostasis. In this context, CgA and its derived peptides, VSs and
CST, appear as new players in the scenario of the endocrine heart, functioning as
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cardiac counter-regulators under intense excitatory stimuli (e.g. CA-induced myo-
cardial stress).

In particular, while in the eel the VS-1-elicited negative inotropism implicates
the functional involvement of P-ARs receptors, as well as a PTX sensitive
G-protein-NO-cGMP-PKG pathway, in the frog heart its cardio-inhibition is unaf-
fected by both adrenergic receptor and G proteins inhibition and recruits a
NO-independent pathway. Furthermore, in both species, the structure-function rela-
tionships analysis of several sequences of VS-1 reveals the importance of highly
conserved domains and functionally important regions.

In both fish and frog hearts, the heterometric regulation of cardiac function
(Frank-Starling response) was positively affected by CST through an EE-induced
NO release. Moreover, the evidence that CST-induced effect on the Frank-Starling
response is of the same magnitude of that induced by NO, strongly supports the idea
that CST contributes to the intrinsic regulation of the vertebrate heart by functioning
as an endogenous NOS activator. In this context, the comparative analysis of CgA-
derived peptides cardioactivity in fish and frog, characterized by different ventricu-
lar myoangioarchitecture (avascular heart: frog; poorly vascularized heart: eel), has
been helpful to identify the EE-myocardial interactions underpinning VSs and CST
actions.

Furthermore, in addition to its antiadrenergic action, in the frog heart CST acts
as a direct cardiac modulator under ET-1 stimulation, suggesting a role in the
homeostatic counteraction not only against excessive SAN activation, but also
against hypertensive cardiomyopathy, as established in mammalian counterpart
(Angelone et al. 2008).

Looking toward mammalian vertebrates, CST dose-dependently increases coro-
nary pressure and abolishes the ISO-dependent vasodilation under basal conditions,
while it potently vasodilates the ET-1 preconstricted coronaries (Angelone et al.
2008), thus reinforcing previous evidence of vasodilation promoted by both endog-
enous and exogenous CST in human subjects (O’Connor et al. 2002; Fung et al.
2010). Of note, also the native (rat) CgA 1-64 (rCgA1-64), corresponding to human
VS-1 (Metz-Boutigue et al. 1993) is able to counteract ET-1-elicited positive con-
tractility in rat, as well as the ET-1-induced coronary constriction (Cerra et al. 2006).

Finally, VS-1 and CST are able to mediate cardioprotective effects, primarily
through a direct action on the myocardium, rather than endothelium-mediated
effects. The comparison of the cardioprotective effects of VS-1 and CST in ischemic
conditioning highlights, at the same time, a remarkable similarity and subtle differ-
ence, VS-1 appearing as a pre-conditioning inducer while CST emerging as a post-
conditioning agent (Penna et al. 2012).

In conclusion, the experimental evidence regarding VS-1 and CST as cardio-
circulatory homeostatic stabilizers makes wider the view of the neurovisceral con-
trol of the heart, particularly in relation to the concept of counter-regulatory
hormones in “zero steady-state error” homeostasis elaborated by Koeslag et al.
(1999). At the same time, the use of fish and amphibian paradigms adds a new piece
to the expanding puzzle of neuroendocrine control of cardiac function both under
basal and stress conditions, allowing to illustrate how these neuro-endocrine agents
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have evolved as components of the homeostatic control of cardiac function in verte-
brates during evolutionary transitions.
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Molecular and Cellular Mechanisms of Action
of CgA-Derived Peptides in Cardiomyocytes
and Endothelial Cells

Giuseppe Alloatti and Maria Pia Gallo

Abstract Several studies indicate that Chromogranin A (CgA)-derived peptides, in
particular Vasostatin-1 (VS-1), Catestatin (CST), Chromofungin and Serpinin, exert
important regulatory effects in numerous organs/systems, including the cardiovas-
cular system. This chapter focuses on the recently discovered signalling pathways
activated by CgA-derived peptides in cardiomyocytes and endothelial cells, giving
insights into the mechanisms at the basis of their inotropic and cardioprotective
effects. Several evidences provided convincing support for VS-1 and CST as cardiac
inotropic peptides, indirectly acting on cardiomyocytes through a Ca**-independent/
PI3K-dependent NO release from endothelial cells. This pathway appears to be trig-
gered by the interaction of these peptides with the plasma membrane, as suggested
by the biochemical features of VS-1 and CST, structurally characterized by amphipa-
thic properties, and their ability to interact with mammalian and microbial mem-
branes. However, recent data suggest that both VS-1 and CST are also able to exert
direct cardioprotective effects in isolated cardiomyocytes, independently from the
presence of endothelial cells. Interestingly, both direct and indirect effects seem to
be characterized by the absence of specific membrane receptors on target cells,
highlighting intriguing novelties in the topic of cell signalling, in particular respect
to an hypothetical receptor-independent eNOS activation.
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BAE-1 Bovine Aortic Endothelial cells
BDM Butanedione monoxime

bFGF Basic fibroblast growth factor
BNP Brain natriuretic peptide

cAMP Cyclic Adenosine monophosphate
Cavl Caveolin 1

CD Circular dichroism

CgA Chromogranin A

cGMP Cyclic GMP

Chr Chromofungin

CPPs Cell penetrating peptides

CST Catestatin

EE Endocardial endothelium

eNOS Endothelial nitric oxide synthase
ET-1 Endothelin-1

GC Guanylate cyclase

GSK3p Glycogen synthase kinase 3f
hrVS-1 Human recombinant Vasostatin- 1
HSPGs Heparan Sulfate Proteoglycans
I/R Ischemia and reperfusion

Tear L-type calcium current

Iso Isoproterenol

L-NAME  NG-nitro-L-arginine methyl ester
L-NMMA L-NS-monomethyl Arginine

MPP Mitochondrial membrane potential
NMR Nuclear magnetic resonance
NO Nitric oxide

PDE Phosphodiesterase

PI3K Phosphatidylinositol 3-Kinase
PKG Protein kinase G

PLN Phospholamban

PTX Pertussis toxin

TNFa Tumour necrosis factor o

VS Vasostatin

Wm Wortmannin

1 CgA-Derived Peptides: Novel Regulators
of Cardiovascular System

The NH,-terminal fragments of Chromogranin-A (CgA) generated by cleavage at
the first and second pair of basic amino acid residues of NH,-terminal domain of
CgA, have been termed Vasostatins (VSs) for their vasoinhibitory action in conduit
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and resistance vessels (Brekke et al. 2002). Initially identified as a potent endogenous
nicotinic—cholinergic antagonist, Catestatin (CgA344-364; CST) has subsequently
been shown to play a role as a novel regulator of cardiac function and blood pres-
sure. Several findings indeed suggest that CST may act as an endogenous vascular
tone regulator, possibly involved in predisposition to hypertension, and a modulator
of cardiorespiratory control in the brain stem (Fung et al. 2010; Mahapatra et al.
2005; Mabhata et al. 2010; Rao et al. 2007). Besides VSs and CST, Chromofungin
(Chr: CgA47-66) and Serpinin, two other CgA-derived peptides displaying cardio-
vascular modulatory activities, have been recently isolated and characterized (Filice
et al. 2015; Tota et al. 2012). In addition, full-length CgA itself exerts negative
inotropic and lusitropic effects on mammalian heart (Pasqua et al. 2013). In light of
the fact that CgA is produced by human myocardium (Pieroni et al. 2007), and the
broad spectrum of cardiovascular effects of CgA and derived peptides, these media-
tors may represent key players in neuroendocrine regulation of cardiac function and
potential therapeutic targets in cardiovascular diseases. This chapter focuses on the
recently discovered signalling pathways activated by CgA-derived peptides in car-
diomyocytes and endothelial cells, giving insights into the mechanisms at the basis
of their inotropic and cardioprotective effects. The effects exerted by CgA-derived
peptides on the cardiovascular system have been reviewed in several recent papers
(Angelone et al. 2012a; Di Comite and Morganti 2011; Fornero et al. 2012; Helle
2010; Helle and Corti 2015; Mazza et al. 2015; Tota et al. 2014).

2 Cardiac Effects of CgA-Derived Peptides

Taken together, the abovementioned findings indicate a role for CgA-derived pep-
tides as endogenous regulators of cardiovascular system, mainly acting on vascular
tone. Moreover, in vivo studies also suggested a physiological role of VSs and CST
as inotropic regulators. However, it is difficult to establish whether the reduction of
blood pressure observed in vivo experiments is due to a direct effect on cardiac
contractility, rather than on vasodilation and reduced afterload, or secondary to
reduced catecholamine secretion. To investigate whether CgA-derived peptides are
able to directly modulate cardiac inotropism, their effects were tested on ex-vivo
and in vitro cardiac preparations such as the isolated perfused heart, the papillary
muscle and isolated cardiac cells.

2.1 Vasostatins

The cardiac effects of VSs were initially tested on the frog (Corti et al. 2002, 2004)
and the eel heart (Imbrogno et al. 2004). On both preparations, VSs exerted an
inhibitory effect on basal cardiac performance and counteracted the positive inotro-
pism induced by adrenergic stimulation. Interestingly, while in the frog heart the
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effects of VSs were independent from endocardial endothelium (EE) and nitric
oxide—cGMP mechanism (Corti et al. 2004), in the eel heart the VS-1-mediated
negative inotropism required the presence of an intact EE and the activation of
NO-cGMP-PKG pathway (Imbrogno et al. 2004). These findings provided the first
evidence that vasostatins exert cardiotropic action in amphibian and fish heart, thus
suggesting their long evolutionary history, as well as their species-specific mecha-
nisms of action. Further studies on isolated working eel and frog heart preparations
have been performed to study the role of the cytoskeleton in the VSs-mediated ino-
tropic response (Mazza et al. 2007). In both eel and frog hearts, VSs-mediated-
negative inotropy was abolished by treatment with inhibitors of cytoskeleton
reorganization, such as cytochalasin-D, suggesting that changes in cytoskeletal
dynamics play a crucial role in the negative inotropic influence of VSs on these
preparations.

The negative inotropic and lusitropic effects of VSs have been further demon-
strated in ex-vivo studies on the isolated rat heart. In particular, VS-1 and VS-1-
derived peptides containing the disulfide bridged loop reduced cardiac contractility,
both under basal conditions and after 3-adrenergic stimulation (Cerra et al. 20006,
2008). The action of VS-1 involved both Gi/o protein, as suggested by the blocking
effect of pertussis toxin (PTX), and NO-cGMP-PKG pathway (Cerra et al. 2008).
Moreover, it has been shown that, like in the eel and frog heart (Mazza et al. 2007),
cytoskeleton integrity is involved in the modulation of contractility exerted by
human recombinant Vasostatin-1 (hrVS-1) and rat chromogranin A 1-64 (rCgA1-
64) in the rat heart (Angelone et al. 2010). Indeed, cytoskeleton impairment by
either cytochalasin-D, Butanedione monoxime (BDM), wortmannin or W-7 abol-
ished VSs-induced inotropic response. Moreover, hrVS-1 stimulated actin polymer-
ization in rat cardiac HI9C2 cells, supporting the hypothesis that the actin cytoskeletal
network strongly contributes to the cardiotropic action of CgA-derived peptides.

The fact that in the isolated rat heart the negative inotropic effect of VSs was not
accompanied by significant alterations in heart rate and coronary resistances,
strongly suggested a direct action of these peptides. In vitro studies on the isolated
rat papillary muscle confirmed the ability of VSs to exert direct inotropic effects.
Indeed, the isolated papillary muscle is driven at constant frequency and perfused at
constant flow, to avoid any possible alteration of contractility due to variations of
heart rate and coronary flow. In these experimental conditions, VS-1 induced dose
and time-dependent effects, under both basal conditions and after p-adrenergic
stimulation (Gallo et al. 2007).

In agreement with the results obtained on the isolated rat heart, hrVS-1 reduced
in a concentration-dependent (5-100 nM) manner the inotropic effect of Iso in
papillary muscle. The minimal effective concentration of hrVS-1 was 5 nM, while
the higher concentration of hrVS-1 reduced to about 70% the inotropic response to
B-adrenergic stimulation (Gallo et al. 2007).

To investigate the structure-function relationship of different VSs, the effects of
two modified peptides, i.e., TCgA1-64 without the S-S bridge (rCgA1-64SH) and
rCgA1-64 oxidized (rCgA 1-640X), were compared to those exerted by N-terminal
fragment of CgA, reproducing the native rat sequence (rCgA1-64 with S-S bridge:
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rCgA1-64S-S). These experiments revealed that the presence of the disulfide bridge
is required for the cardiotropic action of VSs. In accordance with the experiments
performed on the Langendorff isolated heart (Cerra et al. 2008), rCgA1-64S-S
dose-dependently reduced papillary muscle contractility both under basal condi-
tions and after f-adrenergic stimulation. However, neither rCgA 1-64SH nor CgA1-
640X affected papillary muscle inotropism.

On the basis of previous observations suggesting that the effects of hrVS-1
mainly depend on the activation of the PI3K-Akt-NO pathway and NO release from
endothelial cells (Gallo et al. 2007) (see also below for further details), the effect of
rCgA1-64S-S were studied in papillary muscles treated with NG-nitro-L-arginine
methyl ester (L-NAME) or with wortmannin (Wm). Pharmacological blockade of
both NO synthesis or PI3K activation abrogated the negative inotropic effect of
rCgA1-64S-S, suggesting that the PI3K-Akt-NO pathway plays an important role
in the inotropic effect induced by VSs.

2.2 Catestatin

The experiments performed on the isolated rat heart showed that, in contrast to
VS-1, in basal conditions CST increased heart rate and coronary resistances in a
dose-dependent manner, suggesting that these two peptides may display specific
different activities in this preparation. On the other hand, CST caused a vasorelaxant
influence when coronary arteries were pre-contracted by endothelin-1 (ET-1),
through a Gi/o protein-NO-cGMP-dependent mechanism (Angelone et al. 2008).
CST (10-50 nM) induced a biphasic effect on isolated rat papillary muscle, charac-
terized by an early transient increase in contractile force, followed by a negative,
antiadrenergic effect, similar to that previously reported for the isolated heart
(Bassino et al. 2011). Under basal conditions, while a low concentration (5 nM) of
CST had no significant effect on myocardial contractility, higher concentrations
(10-50 nM) induced a transient positive inotropic effect, reaching near to 50% over
control, which was completely reverted within a few minutes. The early positive
effect of CST was probably caused by histamine release from cardiac mast cells and
H, receptors activation (for further details, see below). At concentrations between
5-50 nM, CST exerted a significant anti-adrenergic effect, which was blocked by
inhibition of PI3K, NO synthesis or cGMP, thus suggesting that, as in the case of
VSs, PI3K, NO and cGMP play an important role in the cardiac effects induced by
CST. Additional experiments have been performed to study the effects of two natu-
rally occurring variants of CST (G364S-CST and P370L-CST). In basal conditions,
the effects of both G364S-CST and P370L-CST were comparable to that induced by
WT-CST, being ineffective at a low concentration (5 nM), while higher concentra-
tions (1050 nM) induced a transient positive inotropic effect. However, only
P370L-CST was able to reduce the positive inotropic effect exerted by f-adrenergic
stimulation, while G364S-CST failed to modulate the effect of Isoproterenol (Iso)
(Bassino et al. 2011).
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The influence exerted by CST on the Frank-Starling response of both normotensive
Wistar Kyoto and hypertensive rat hearts was evaluated in a recent study (Angelone
et al. 2015). In both rat strains, CST administration improved myocardial mechani-
cal response to increased end-diastolic pressures, shifting to left the Frank—Starling
curve. This effect of CST involved the vascular endothelium and required the activa-
tion of the AKT/NOS/NO/cGMP/PKG cascade. As suggested by the Authors of this
study, the parallel increase of myocardial protein S-Nitrosylation may explain the
apparent contradiction of this finding with the previously described negative inotro-
pic effect of CST. Indeed, it has been shown that, in the mammalian heart, among
several targets, S-Nitrosylation modulates RyR channels in the sarcoplasmic reticu-
lum, as well as potassium channels and L-type calcium channels at the plasma
membrane level (Hess et al. 2005), thus importantly influencing calcium cycling
and contractility. The finding that CST is able to modulate the stretch-induced
intrinsic regulation of the heart, suggests that this peptide may play an important
role in the aged hypertrophic heart, whose function is impaired because of a reduced
systolic performance accompanied by delayed relaxation and increased diastolic
stiffness.

Further studies showed that, besides mammalian heart, CST also functions as an
important negative modulator of heart performance in frog (Mazza et al. 2008) and
eel heart (Imbrogno et al. 2010). In the frog heart, CST dose-dependently decreased
stroke volume and stroke work, and reduced the positive inotropic effect induced by
Iso or ET-1; the threshold concentration was 11 nM, a value comparable to the cir-
culating levels of this peptide (~2-4 nM). By using pharmacological blockers,
Mazza et al. (2008) showed that CST effects were due to NOS, guanylate cyclase
(GC) and ET(B) receptor activation, as well as phospholamban (PLN)
phosphorylation.

In the eel heart, CST was able to reduce both basal contractility and the positive
inotropic response induced by f-adrenergic stimulation. In addition, CST induced a
significant increase of the Frank—Starling response, which was blocked by L-NMMA
and thapsigargin, but independent from GC (Imbrogno et al. 2010). Taken together,
these reports indicated that in both frog and fish, CST is able to modulate myocardial
performance under basal, as well as under increased preload, conditions, and counter-
acts the adrenergic-mediated positive inotropism, thus strikingly supporting the evo-
lutionary significance and establishing the cardiomodulatory role of this peptide.

2.3 Chromofungin

Chromofungin (CgA47-66) is a CgA-derived peptide implicated in inflammation
and innate immunity, displaying antimicrobial activities and activating neutrophils.
The effects of Chr have been recently tested on the isolated Langendorff perfused
rat heart (Filice et al. 2015). Under basal conditions, Chr induced dose-dependent
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negative inotropic effects, while coronary pressure was unaffected. The negative
effect of Chr was mediated by the AKT/eNOS/cGMP/PKG pathway. These results
suggest that, among CgA-derived peptides, also Chr may considered as a new phys-
iological neuroendocrine modulator of cardiac function.

2.4 Serpinin

Recent data suggest that serpinin peptides act as novel B-adrenergic-like cardiac
modulators (Tota et al. 2012). Three forms of serpinin peptides, serpinin (Ala26Leu),
pyroglutaminated (pGlu)-serpinin  (pGlu23Leu) and serpinin-Arg-Arg-Gly
(Ala29Gly) derive from cleavage at pairs of basic residues in the highly conserved
C terminus of CgA. Serpinin and pGlu-serpinin exert dose-dependent positive ino-
tropic and lusitropic effects, while Ala29Gly was unable to affect myocardial per-
formance. Moreover, pGlu-serpinin was able to induce positive inotropism also on
the isolated rat papillary muscle preparation. Both pGlu-serpinin and serpinin act
through a P1-AR/AC/cAMP/PKA pathway, indicating that, contrary to the
B-blocking profile of the other CgA-derived cardiosuppressive peptides, VS-1, CST
and Chr, these two C-terminal peptides act as f-adrenergic-like agonists, suggesting
that CgA derived peptides can play a key role on the modulation of myocardial
performance.

Taken together, the experiments performed on isolated perfused hearts of differ-
ent animal species (amphibian, fish and mammal) as well as on isolated rat papillary
muscle, suggested a long evolutionary history of CgA-derived peptides as cardiotro-
pic agents. In particular, while VS-1, CST and Chr displayed negative inotropic and
lusitropic effects, opposing to f-adrenergic stimulation, Serpinin and pGlu-serpinin
were able to potentiate cardiac performance, eliciting positive inotropic and lusi-
tropic effects. In general, apart from their species-specific mechanisms of action,
the negative effects of VS-1, CST and Chr appear to be mediated by endocardial/
vascular endothelial cells, and activation of the AKT/eNOS/cGMP/PKG pathway.
In contrast, the cardio-stimulatory action of Serpinin and pGlu-serpinin requires a
B1-adrenergic receptor/adenylate cyclase/cAMP/PKA pathway. As suggested by
Angelone et al. (2012a), all these so far obtained findings indicate that “the pro-
hormone CgA appears to possess two cardioactive limbs, i.e. an inhibitory
N-terminal region and a C-terminal stimulatory domain. These two limbs may func-
tion according to a ying/yang strategy whose spatial and temporal traits remain the
goal for future research.”

The main effects exerted by CgA derived peptides on cardiac function and related
pathways are summarized in Table 1.
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3 Endothelial-Mediated Effects of VS-1 and CST

To investigate the possible role of endothelial-derived mediators in the action of
CgA-derived peptides, the effects of VSs and CST were initially tested on the frog
heart. In contrast with the mammalian heart, in which both coronary vascular and
endocardial endothelium are present, in the avascular frog heart the endocardial
endothelium represents the only barrier between blood and cardiac cells. The fact
that both VSs (Corti et al. 2002) and CST (Mazza et al. 2008) maintained their abil-
ity to reduce cardiac contractility also in the frog heart, firstly suggested a direct
cardiac action of these peptides.

Studies performed on the isolated rat heart confirmed the involvement of the
vascular endothelium in CST-induced negative inotropism also in mammals
(Angelone et al. 2012b). CST-induced negative inotropism and lusitropism involved
B2/p3-adrenergic receptors (AR). In particular, CST interaction with f2-AR acti-
vated PI3K/eNOS pathway, increased cGMP levels, and induced activation of type
2 phosphodiesterases (PDE2), leading to a decrease of cAMP levels. The abrogation
of CST-dependent negative effect following functional denudation of the endothe-
lium with Triton X-100 strongly suggested that the action of CST is due to stimula-
tion of the vascular endothelium. This assumption was further confirmed by the
ability of CST to stimulate eNOS phosphorylation in both cardiac tissue and cul-
tured human umbilical vein endothelial cells. CST also increased S-nitrosylation of
both phospholamban and B-arrestin in ventricular extracts. Taken together, these
data suggest that endothelium derived NO, PDE2 and S-nitrosylation play crucial
roles in the CST regulation of cardiac function (Angelone et al. 2012b).

To test the involvement of NO released from endocardial endothelial cells, rat
papillary muscles were treated with VS-1 or CST after endothelium has been
removed with Triton X-100. While this protocol did not modify the inotropic effect
induced by Iso, the anti-adrenergic effect of the two CgA-derived peptides was
completely abolished, suggesting the endothelial origin of NO (Bassino et al. 2011;
Gallo et al. 2007). Studies from our laboratory provided novel information on the
mechanisms of the cardiac antiadrenergic action of CgA-derived peptides, high-
lighting the crucial involvement of a Ca?*-independent/PI3K-dependent NO release
from endothelial cells. To characterize the mechanisms responsible for the anti-
adrenergic effect of VS-1 and CST, we studied the effect of these peptides on L-type
calcium current (I¢,;) or Ca* transients in isolated rat ventricular cardiomyocytes.
In agreement with the results obtained in isolated papillary muscles treated with
Triton X-100, L-type calcium current or Ca?* transients measurements confirmed
that, in the absence of endothelial cells, VS-1 and CST are ineffective both in basal
conditions and after Iso stimulation (Bassino et al. 2011; Gallo et al. 2007). The lack
of effect of VS-1 and CST on basal and Iso-stimulated Ca?* transients amplitude
represents an indirect demonstration that the ionic currents involved in the action
potential are not affected by these peptides. In addition, the lack of any inhibitory
effect of the two CgA-derived peptides on isolated ventricular cells confirmed that,
at least in physiological conditions and with acute stimulation by the peptides, they
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do not act directly on cardiomyocytes but, rather, on other cell types present in car-
diac tissue, presumably endothelial cells, as previously suggested by the experi-
ments performed on papillary muscles. Further experiments performed on Bovine
Aortic Endothelial cells (BAE-1) support the role of NO released by endocardial
endothelium in the effects exerted by VS-1 and CST. In particular, they indicated
that both VS-1 and CST promote the release of NO from endothelial cells by means
of a Ca’*-independent, PI3-K-dependent mechanism. Indeed, in contrast with ATP,
VS-1 and CST enhanced NO production with a mechanism that was independent of
intracellular Ca** concentration, and PI3-K blockade abolished the VS-1/CTS-
dependent NO increase in BAE-1 cells. Additional experiments performed on
BAE-1 cells reinforced the evidence of an endothelial NO production through a
Ca?*-independent, Akt-dependent eNOS phosphorylation (Bassino et al. 2011;
Gallo et al. 2007), a pathway previously reported in endothelial cells for insulin,
insulin-like growth factor-1, and oestrogens (Dimmeler et al. 1999; Hartell et al.
2005; Maniatis et al. 2006; Shaul 2002). Afterwards, we tested the hypothesis that
both peptides could induce a caveolae dependent endocytosis, resulting in Akt-
eNOS activation, by interacting with membrane heparan sulphate proteoglycans.
First we investigated this pathway for VS-1, grounding on its amphipathic proper-
ties and interactions with mammalian and microbial membranes (Kang and Yoo
1997; Maget-Dana et al. 2002). In fact, it has been shown that endocytosis plays a
major role in the signaling of different basic and amphipathic exogenous peptides,
that is, Antp, R9, and Tat (Duchardt et al. 2007). Our experiments performed on
BAE-1 cells clearly showed that VS-1 strongly increases endocytotic vesicles traf-
ficking, thus supporting the hypothesis that this peptide acts through a similar mech-
anism (Ramella et al. 2010). Moreover, given the critical requirement for the surface
Heparan Sulfate Proteoglycans (HSPGs) for endocytosis of cationic peptides (Poon
and Gariepy 2007), we supposed a receptorial-like role for HSPGs in the VS-1 path-
way. Along with this knowledge, we observed that HSPGs removal by treatment of
BAE-1 cells with heparinase completely abolished the VS-1-dependent endocyto-
sis. Moreover, heparinase also reverted the VS-1-induced displacement of caveolin
1 (Cavl) from plasma membrane to cytoplasm and the VS-1-dependent increase in
eNOS Ser!"'” phosphorylation. Since HSPGs and extracellular matrix also seem to
participate in the mechanosensing that mediates NO production in response to shear
stress (Florian et al. 2003), our results enhance the relevance of the HSPGs—NO axis
in the control of the vasomotor tone.

We also observed that VS-1-induced vesicles trafficking and Cav1 displacement
were both suppressed by Wortmannin, suggesting that the PI3K pathway plays a
central role in the VS-1-activated cellular signaling, by regulating the endocytotic
process, the Cavl trafficking, and the eNOS phosphorylation mechanism. Our find-
ings are in agreement with the important role played by PI3K in membrane budding
and fission in endothelial cells (Li et al. 1995; Niles and Malik 1999). In addition,
both membrane remodeling and actin filament dynamics during endocytotic traffic
are strictly related to the PI3K/eNOS pathway, as suggested by the ability of guano-
sine triphosphatase dynamin to regulate vesicle scission and to interact with both
PI3K and eNOS, causing its activation (Schafer 2004).
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In a further work from our laboratory, we investigated this pathway also for CST
(Fornero et al. 2014). To this purpose, we studied CST colocalization with heparan
sulphate proteoglycans, the effect of CST on endocytotic vesicles trafficking and
caveolin 1 internalization, and the modulation of CST-dependent eNOS activation
on bovine aortic endothelial cells. Our results demonstrated that CST (5 nM) colo-
calizes with heparan sulphate proteoglycans and induces a marked increase in the
caveolae-dependent endocytosis and Cav 1 internalization; the effects of CST were
significantly reduced by pretreatment with heparinase or wortmannin. Our conclu-
sion was that, similarly to VS-1 (Ramella et al. 2010), the intracellular cascade acti-
vated by CST in endothelial cells depends on proteoglycans/PI3K-dependent
caveolae endocytosis acting as the initiating factor.

Moreover, CTS was unable to induce Ser''”” eNOS phosphorylation after pre-
treatments with heparinase and methyl-p-cyclodextrin. These results are consistent
with the biochemical reports on CST, suggesting that this peptide, like other mem-
bers of the cell penetrating peptides (CPPs) family, exhibits membrane-interaction
properties because of both its amphipathic structure and extended hydrophobic
region. In particular, circular dichroism (CD) and nuclear magnetic resonance
(NMR) spectroscopy data indicated that CST folds into a short helical conformation
that interacts with membranes and causes considerable disordering at the level of
the phospholipid head groups. Moreover, two of the five residues of the helical
region of CST are arginines, an amino acid that has been proposed to form hydrogen
bond interactions with phospholipids (Sugawara et al. 2010).

Our experiments also show that CST activated endocytosis required the presence
of HSPGs on the surface of endothelial cells and that CST colocalizes with HSPGs.
The strong anionic charge present in proteoglycans makes them favorable binding
sites for cationic polymers, lipids, and polypeptides, which are used for drug and
gene delivery (Belting 2003; Rabenstein 2002). Negatively charged carbohydrates,
like HSPGs, located on the plasma membrane may serve as electrostatic traps for
the cationic CPPs (Jones and Howl 2012). Interestingly, the most prominent glycos-
aminoglycans on the surface of endothelial cells are precisely heparan sulphates and
one of the major protein core families of HSPGs is the membrane-bound glypicans,
that are enriched in caveolae, where a series of molecules involved with eNOS sig-
nalling are localized (Fleming 2010; Tarbell 2010). Furthermore, glypican-1 has
been hypothesized to be the mechanosensor for eNOS phosphorylation and activa-
tion in the shear stress induced response (Lopez-Quintero et al. 2009). It could be
speculated that the CST mediated membrane perturbation through HSPGs binding
and phospholipid interactions could resemble the acute membrane perturbation
involved in shear stress.

This matter, together with our previous finding of CST dependent eNOS activa-
tion (Bassino et al. 2011), led us to propose a CST induced mechanism of caveolae
endocytosis and consequent eNOS activation. These assumptions are supported by
our immunofluorescence experiments on Cavl transfection and Cav1/eNOS and
colocalization. In particular, to test whether the endocytotic process triggered by
CST is caveolae-dependent, BAE-1 cells were transfected with GFP-Cav1 plasmid.
We observed that in transfected live cells GFP-Cav1 signal was confined in plasma
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membranes, while in the presence of 5 nM CST green fluorescence appeared
diffused in the cytosol, as a consequence of Cavl internalization. Of note, CST-
induced Cavl internalization was significantly reduced by pretreatment with
heparinase.

As CST stimulates endocytosis, induces Cavl internalization and enhances NO
production in endothelial cells (Bassino et al. 2011), we hypothesized that eNOS
activation is mediated by the displacement of the protein from Cavl binding.
Previous reports have indeed proposed a mechanism of eNOS activation coupled
with caveolae internalization (Maniatis et al. 2006; Sanchez et al. 2009) and disso-
ciation of eNOS from Cavl has been shown as a marker of eNOS activation
(Fleming 2010; Minshall et al. 2003). To verify this hypothesis, we studied cellular
colocalization of Cavl and eNOS by immunofluorescence experiments. We
observed that, in comparison with control conditions, CST strongly reduced eNOS/
Cavl colocalization at plasma membrane. The fact that Wm was able to restore this
colocalization confirmed the role of PI3K in mediating CST intracellular signaling.
Our observation that PI3K activity was required in both endocytosis and eNOS/
Cavl trafficking suggest that PI3K represents the essential key for the CST-activated
intracellular signalling. Our results further confirm the notion that PI3K/Akt medi-
ated Ser''” phosphorylation of eNOS represents a common pathway among the
multiple regulatory mechanisms affecting the activity of this enzyme (Fleming
2010).

Moreover, PI3K is widely reported to have an important role in membrane bud-
ding and fission in endothelial cells (Mellor et al. 2012). Finally, with the last exper-
iments we confirmed our proposed pathway showing that caveolae disruption and
HSPGs removal both abolished the CST-induced eNOS phosphorylation.

Taken together, these results highlight the obligatory role for proteoglycans and
caveolae internalization in the VS-1/CTS-dependent eNOS activation in endothelial
cells. Our results could clarify the mechanism responsible for the physiological
properties of VS-1 and CST on endothelial cells, in particular with respect to their
ability to activate the intracellular PI3K—eNOS pathways in the absence of a typical
high-affinity membrane receptor.

4 Other Mediators Involved in the Action of CgA-Derived
Peptides

Several data suggest that, at least in certain tissues and organs, the effects of CgA-
derived peptides are due to the release or the interaction with other cell-to-cell mes-
sengers, particularly inflammatory mediators. Among these we consider histamine,
ANP, BNP, TNF and bFGF.
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4.1 Histamine

The potent vasodilator action of CST in rats has been explained as due to the release
of the vasodilator histamine from mast cells and H, receptors stimulation (Kennedy
et al. 1998). The most active N-terminal domain of CST (bCgA344-358:
RSMRLSFRARGYGFR) caused a concentration-dependent (0.01-5 pM) release
of histamine from peritoneal and pleural mast cells. CST is a very potent activator
of histamine release, more active even than the wasp venom mastoparan and the
neuropeptide substance P. Interestingly, CST stimulation of histamine release from
rat mast cell appears to be due to the same mechanism shared by mastoparan and
other cationic charged neuropeptides. The blocking effect of PTX suggested the
involvement of a Gi subunit in CST- evoked histamine release (Kruger et al. 2003).
To investigate the mechanism involved in the early positive inotropic effect of CST,
we performed experiments in which rat papillary muscles were pretreated with
mepyramine, a pharmacological blocker of H; histamine receptors. Indeed, it has
been shown that the positive inotropic effect of histamine on rat ventricular myocar-
dium (Hattori 1999) is due to the activation of H, histamine receptors, which are
abundantly expressed in this tissue (Matsuda et al. 2004). The fact that H, histamine
receptors blockade with mepyramine completely abrogated the early transient
increase of contractile force induced by CST, strongly suggests that this effect is due
to histamine release, possibly from mast cells present within cardiac tissue and car-
diac H, receptors activation (Bassino et al. 2011).

4.2 ANP, BNP and TNF«x

In the rat heart, immunohistochemical evidences showed the co-localization of CgA
and atrial natriuretic peptide (ANP) in nonadrenergic myoendocrine atrial cells
(Steiner et al. 1990). In patients with chronic heart failure, while CgA plasma level
does not correlate with hormones such as catecholamines, vasopressin, endothelins
and components of the renin—angiotensin system (Nicholls et al. 1996), it correlates
with the levels of tumour necrosis factor (TNF)a and TNFa receptors (Corti et al.
2000), and with the levels of brain natriuretic peptide (BNP) (Pieroni et al. 2007). It
has been shown that CgA colocalizes with BNP in biopsies from patients with
dilated cardiomyopathy and hypertrophic myopathy (Pieroni et al. 2007). It seems
therefore that CgA circulating levels in chronic heart failure reflect myocardial
inflammation and distension, more than neuroendocrine autonomic activation.

The fact that CgA-derived peptides, natriuretic peptides (Costa et al. 2000) and
TNFa (Alloatti et al. 1999) can stimulate endothelial cells to produce NO, which in
turn diffuses to cardiac cells, reinforces the hypothesis that NO represents a key
signal molecule on which CgA-derived and other peptide mediators converge, and
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the key role of endothelial cells in mediating the myocardial actions of CgA-derived
peptides. In view of the anti-adrenergic effect of NO, CgA presumably exerts a
protective effect on the myocardium, preventing excessive work in stressful
conditions.

4.3 Basic Fibroblast Growth Factor

CST induced migration, proliferation and antiapoptotic effect in endothelial cells,
and promoted capillary tube formation in vitro in a matrigel assay; all these effects
were mediated through the activation PI3K/Akt pathway. The blockade of CST
effects by a neutralizing Basic fibroblast growth factor (bFGF) antibody and the
ability of this peptide to induce bFGF release strongly suggest that CST regulates
endothelial cells functions by stimulating fibroblast growth factor signalling (Teurl
et al. 2010).

5 The Cardioprotective Effect of CST on Isolated
Cardiomyocytes Suggests a Direct Cardiac Effect

Recent data suggest that CgA-derived peptides may exert important protective
effect on the heart undergoing ischemia and reperfusion (I/R). Indeed, infusion of
VS-1 before ischemia significantly reduced the development of infarct size and con-
tractile alterations during the reperfusion in the isolated rat heart (Cappello et al.
2007). The protective effect of VS-1 was abolished by either NOS inhibition or PKC
blockade and was attenuated, but not suppressed, by the blockade of Adenosine (A,)
receptors, suggesting that VS-1 may trigger two different pathways, the first one
mediated by A, receptors activation, and the other by NO release. Moreover, Yu
et al. (2011) recently showed that overexpression of VS-1 in neonatal cardiomyo-
cytes could limit I/R injury, with a mechanism independent from endothelial cells.

Data regarding the ability of CST to induce cardioprotection are, at present, con-
flicting. As shown by Brar et al. (2010), both the wild type and Pro*”® Leu variants
increased infarct size and decreased the cardiac levels of phosphorylated Akt and
two of its downstream targets, FoxO1 and BAD, when these agents were adminis-
tered during reperfusion in the Langendorff perfused rat hearts subjected to regional
ischemia. However, no significant alteration was present when reperfusion occurred
in the presence of the Gly*** Ser variant.

In contrast with these findings, it has been also shown that CST induced a cardio-
protective effect when infused only in the early phases of reperfusion, thus simulat-
ing a post-conditioning effect (Penna et al. 2010; Perrelli et al. 2013). In these
conditions, indeed, CST limited the extension of infarct size, reduced post-ischemic
development of diastolic contracture, and significantly improved post-ischemic
recovery of developed left ventricular pressure during reperfusion. These results
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suggest a novel cardioprotective role for CST, which appears mainly due to a direct
reduction of post-ischemic myocardial damages and dysfunction, rather than to an
involvement of adrenergic terminals and/or endothelium. These different results
may be tentatively explained on the basis of the different models investigated
(regional vs global ischemia) and the modality and the dose of administration of
CST (the entire reperfusion period or the first 20 min of reperfusion).

It must be remembered, however, that the protective effect of CST already
observed on the isolated rat heart, has been confirmed on isolated rat cardiomyo-
cytes exposed to a protocol of simulated I/R injury (Penna et al. 2010). Interestingly,
the cardioprotective effect of CST in isolated cardiomyocytes was attained a very
low concentration, in comparison with that needed in the isolated heart (5 nM vs
75 nM), that is comparable to the circulating concentrations of this peptide found in
healthy humans (O’Connor et al. 2002). Although our results do not rule out an
additional role for the anti-adrenergic and/or endothelium-dependent mechanisms
in the in situ heart, they strongly suggest that CST is able to attain such protection
also via a direct effect on cardiomyocytes, independent from the presence of cate-
cholamine in the extracellular milieu or of endothelial cells.

Recent experiments were performed in our laboratory to define the cardioprotec-
tive signalling pathways activated by CST on isolated adult rat cardiomyocytes
(Bassino et al. 2015). To this purpose, besides cell viability rate, we also evaluated
mitochondrial membrane potential (MMP). The involvement of Akt, glycogen syn-
thase kinase 3p (GSK3p) and phospholamban (PLN) cascade was studied by immu-
nofluorescence, while the role of PI3K-Akt pathway was investigated by using the
pharmacological blocker Wm. We observed that in isolated cardiomyocytes under-
going simulated I/R, CST increased cell viability rate by 65%. The protective effect
of CST was related to its ability to maintain mitochondrial membrane potential
(MMP) and to increase Akt, PLN and GSK3p phosphorylation. The cardioprotective
effect of CST was abolished by Wm. These results give new insights into the molecu-
lar mechanisms involved in the protective role of CST, suggesting that the cardiopro-
tective effect of CST depends on PI3K-Akt-GSK3p cascade activation and is related
to MMP stabilization. Moreover, as suggested by PLN phosphorylation, CST may
enhance calcium recovery in sarcoplasmatic reticulum, thus reducing calcium over-
load in cardiomyocytes. Interestingly, similarly to cardiomyocytes, anti-apoptotic
properties on endothelial cells were described for CST (Teurl et al. 2010).

6 Conclusions and Perspectives

Accumulating evidences point to a significant role for the CgA-derived peptides
VS-1 and CST in the protective modulation of the cardiovascular activity, mainly
because of their ability to counteract the adrenergic signal. Indeed, these peptides
are able to control catecholamine release from chromaffin cells and noradrenergic
neurons, to exert in vivo and in vitro vasodilatory effects, and to limit the inotropic
and lusitropic responses to [-adrenergic stimulation of the heart. The
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cardio-suppressive and vasodilator properties of VS-1 and CST have been recently
explained as due to a PI3K-dependent-NO release by endothelial cells. At present,
the signalling pathways involved in the cardiovascular responses to VS-I and CST
are only fragmentary. As typical high-affinity receptors have not been identified, the
cellular processes upstream the eNOS activation exerted by these peptides are still
partially unknown. In recent works performed in our laboratory, we showed that, in
endothelial cells, on the basis of their cationic and amphipathic properties, both
VS-1 and CST act as cell penetrating peptides, binding to heparan sulfate proteogly-
cans and activating eNOS phosphorylation through a PI3K-dependent, endocytosis-
coupled mechanism. These results suggest a novel signal transduction pathway for
endogenous cationic and amphipathic peptides in endothelial cells: HSPGs interac-
tion and caveolae endocytosis, coupled with a PI3K-dependent eNOS phosphoryla-
tion. Besides to be advantageous to an organism under stress, being able to reduce
the adrenergic signal response and to cause a vasodilatatory effect, both VS-1 and
CST exert a protective effect against cell death and cardiac alterations induced by
ischemia and reperfusion. Interestingly, CST is able to promote cardiomyocyte sur-
vival also in the case of isolated ventricular cells undergoing simulated I/R. This
effect is attained at a very low concentration, comparable to the circulating concen-
trations of this peptide found in healthy humans. These results reopen the question
concerning the presence of specific receptors for CTS on cardiac cells, suggesting
that CST is able to attain such protection also via a direct effect on cardiomyocytes,
independent from endothelial cells. In conclusion, CgA-derived peptides, in par-
ticular CST, are emerging as very important mediators regulating cardiovascular
functions in stress situations, and bear all the potentials to be therapeutic agents to
treat several diseases affecting the cardiovascular system, like hypertension or isch-
emic heart disease.
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Chromogranin A-Derived Peptides in Cardiac
Pre- and Post-conditioning

Claudia Penna and Pasquale Pagliaro

Abstract Chromogranin A (CgA, also known as secretory protein I) is produced by
cells of sympathoadrenal system, and by mammalian ventricular myocardium. In
clinical settings CgA was primarily used as a marker of neuroendocrine tumors.
However, in the last 10 years, many data have been published on the role of the CgA
and its derived peptides, especially Catestatin and Vasostatin, in the regulation of
cardiovascular function and cardiovascular disease, including heart failure and
hypertension. Several CgA-derived fragments, e.g. Catestatin, Chromofungin,
Serpinin and Vasostatin, may affect several physiological features of cardiovascular
system, including inotropic and lusitropic properties of the heart. As a matter of
fact, CgA processing, leading to derived peptide formation, has been proposed as a
part of a complex feedback system involved in the regulation and modulation of
catecholamine release and effects. The CgA system can also be regarded as a car-
dioprotective tool against ischemic myocardial injury that can be active before, dur-
ing and/or after an ischemic insult. In fact, it has been shown that Vasostatin can
trigger cardioprotective effects similar to those achieved with ischemic precondi-
tioning (a cardioprotective phenomenon activated before ischemia). Yet, while
Catestatin and Chromofungin resulted to be potent cardioprotective agents in the
post-ischemic early stage, that is they are postconditioning agents (protection is
activated at the onset of reperfusion), Serpinin displayed the ability to act as both
pre- and post-conditioning agent. All these peptides have proven to be able to acti-
vate multiple cardioprotective pathways, and each of them displayed similar and
unique properties. For instance, while both Catestatin and Vasostatin can induce
nitric oxide dependent pathway, Serpinin acts via adenylate cyclase and cAMP/
PKA pathway, and all of them can play key roles in cardioprotection against isch-
emia/reperfusion injury. Clearly, the exact cardioprotective mechanism of the CgA
system is far from being fully understood. Here, before to consider the cardioprotec-
tive effects of CgA-derived peptides, we describe the main mechanisms of cardiac
ischemic injury and protection.
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Abbreviations

A/R Anoxia/Reoxygenation

Akt Serine/threonine protein kinase

AMI Acute Myocardial Infarction

BNP Brain Natriuretic Peptide

CgA Chromogranin A

c¢GMP/PKG Cyclic guanosin monophosphate/protein kinase G
Chr Chromofungin

CST Catestatin

eNOS Endothelial NO synthase

ERK1/2 Extracellular regulated kinase 1/2

GSK3p Glycogen synthase kinase 3 3

H,0, Hydrogen peroxide

1P Ischemic Preconditioning

JAK Janus Kinase

LVDP end Diastolic Left Ventricular Pressure
MPG Mercaptopropionyl Glycine

MEK Mitogen-activated protein kinase kinase
mitoK xrp mitochondrial ATP-dependent K* channels
mPTP Mitochondrial permeability transition pore
NO Nitric oxide

0, Superoxide Anion

ONOO~ Peroxynitrite

P70S6K p70 ribosomal S6 protein kinase

PI3K Phosphoinositide 3-kinase

PKC Protein kinase C

PKG Protein kinase G

PLC Phospholipase C

PostC Postconditioning

RISK Reperfusion Injury Salvage Kinase

RNS Reactive Nitrogen Species

ROS Reactive Oxygen Species

SAFE Survivor Activating Factor Enhancement
PIP3 Phosphatidylinositol Triphosphate

Serp Serpinin

SNO S-nitrosylation

STAT3 Signal Transducer and Activator of Transcription 3
VS-1 Vasostatin 1

VS-2

Vasostatin 2



Cardioprotection and Chromogranin A-Derived Peptides 171

1 Introduction

Several endogenous cardioprotective factors, including gasotransmitters nitric
oxide, hydrogen sulphide and carbon monoxide, as well as microvesicles and exo-
somes, may induce cardioprotection. Moreover, the cardioprotective effects may be
elicited by growth factors, cytokines and many endogenous peptides, like natriuretic
peptides, bradykinin, opioids and ghrelin-associated peptides (Garcia-Dorado et al.
2009; Penna et al. 2015). Among emerging peptides in the cardiovascular system,
chromogranin A (CgA) derived peptides are occupying a role of paramount
importance.

CgA is a key player in neuroendocrine regulation of cardiac function. (Aardal
and Helle 1992; Angeletti et al. 1994; Helle et al. 2001, 2007; Pieroni et al. 2007).
Intriguingly, human ventricular myocardium produces and releases CgA and brain
natriuretic peptide (BNP), and, in fact, there is strong correlation between BNP and
CgA circulating levels in heart failure patients. Therefore, CgA may be a potential
therapeutic target in heart failure (Helle 2004) and CgA derived peptides may play
a role in regulating cardiovascular function. Moreover, CgA is emerging as a prog-
nostic marker. For instance, in a cohort of elderly patients with typical symptoms of
heart failure, it was demonstrated that the plasma level of CgA is a good marker of
death; in fact, it identifies those patients at increased risk of short- and long-term
mortality (Goetze et al. 2014). This aspect of CgA as new marker may have a clini-
cal relevance when the natriuretic peptide, a classical marker, is below the diagnos-
tic cutoff values (<400 ng/l) proposed by European Society of Cardiology Guidelines
2008 (Goetze et al. 2014). The role of CgA as Heart Failure marker has also been
proposed by a recent echocardiographic study conducted on 112 patients (>60 years
old) with normal Ejection Fraction (18 controls and 94 with hypertension). In this
study, the CgA levels resulted increased in subject with diastolic dysfunction respect
to controls (Szelényi et al. 2015).

As said, CgA is a precursor of several active peptides. In fact, a proteolytic pro-
cessing gives rise to several peptides of biological importance (Aardal et al. 1993;
Filice et al. 2015; Hou et al. 2016; Mahata et al. 1997, 1999, 2000, 2003, 2004;
Pasqua et al. 2015; Tatemoto et al. 1986) (For more details, see other chapters in this
book). Catestatin (CST), Vasostatin 1 (VS-1), Vasostatin 2 (VS-2) and Serpinin
(Serp) are CgA derivatives involved in the control of cardiovascular homeostasis.
These fragments of CgA present different and significative cardiac effects, ranging
from negative to positive inotropic effects, and their levels may be indicative of
pathological conditions such as left ventricular hypertrophy or metabolic syndrome.
Actually, Meng et al. (2011) have observed that in hypertensive patients the ratio of
Catestatin to Norepinephrine was lower in patients with left ventricular hypertrophy
respect to patients without hypertrophy; these results suggest that CST modulates
the cardiac hypertrophic response to high blood pressure. However, for instance, the
levels of VS-2 are significantly reduced in patients with important atherosclerosis
lesions (Cappello et al. 2007). Clearly, CgA and its derived peptides have a role in
the pathogenesis of hypertension, being a complex system able to modulate
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sympatho-adrenal tone and cardiovascular functions. Importantly, CST, VS-1 and
Serp also act as cardioprotective agents against ischemia/reperfusion injury in both
pre- and post-conditioning mechanisms, through specific effects, which include
NO-dependent mechanisms, the activation of Reperfusion Injury Salvage Kinase
signaling and the modulation of mitochondrial activity (Cappello et al. 2007; Penna
et al. 2010a, b, 2014; Perrelli et al. 2013). In this chapter, we describe the studies
that elucidated the cardioprotective role of CgA derivatives.

Before proceeding with this description, we treat briefly some aspects of cardiac
ischemia/reperfusion (I/R) damage. Indeed, in different animal models the levels of
CgA and CgA derivatives were evaluated in the presence of I/R and have been sug-
gested as independent predictors of mortality after acute myocardial infarction. For
example, in pigs after 1 h of regional myocardial ischemia followed by 3 h of reper-
fusion, the plasma level of N-terminal CgA (VS-1) revealed a 30% increase 1 h after
the re-establishment of coronary perfusion, whereas the level of pancreastatin,
another CgA fragment, did not increase in response to I/R, but decreased during the
entire experiment. These results suggest a differentiated CgA processing in myocar-
dial I/R and can reflect tissue-specific post-translational modifications and release
of these peptides (Frydland et al. 2013).

We now consider the ischemia/reperfusion injury, the cardioprotective strategies
and pathways and, finally, the cardioprotective effects of CgA derived peptides.

2 Ischemia/Reperfusion Injury and Cardioprotective
Strategies: Preconditioning and PostConditioning (Fig. 1)

2.1 Ischemia/Reperfusion Injury

Ischemic heart disease is one of the leading causes of death in the industrialized
countries. The only way to treat coronary occlusion leading to acute myocardial
infarction (AMI) is based on rapid restoration of blood flow to the ischemic zone,
i.e., reperfusion therapy. The rapid reperfusion, however, has the potential to induce
additional lethal injury, in fact it may lead to further myocardial cell death, termed
lethal myocardial reperfusion injury (Jordan et al. 1999; Pagliaro et al. 2011; Piper
et al. 2003). Complex biochemical and mechanical mechanisms are involved in the
reperfusion injury.

In the myocardium, reperfusion injury includes cellular death, which can occur
for different types of death (e.g. necrosis, autophagy and apoptosis). It has been
proposed that necrosis can be caused mainly by ischemia as well as by reperfusion,
whereas the apoptosis is typically induced by reperfusion (Zhao and Vinten-
Johansen 2002). Autophagy may be both deleterious and beneficial, depending on a
number of circumstances (for review see Gottlieb et al. 2009). Reperfusion injury
also includes myocardial stunning, endothelial dysfunction and no-reflow phenom-
enon (Pagliaro et al. 2011).
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Fig. 1 Flowchart depicting the main mechanisms of myocardial ischemia/reperfusion injury.
During ischemia, several mechanisms related to absence of oxygen may lead to tissues damage.
Also during the reperfusion several mechanisms can be responsible for the negative effects
observed after an ischemic insult. In particular, the reactive oxygen species (ROS) production
increases with many deleterious action at vascular and cardiac levels, including No-reflow phe-
nomenon. Of course, the final results of the processes of ischemia and reperfusion are loss of car-
diac tissues (see text for more explanation)

The effects of reperfusion injury include (a) vascular and endothelial dysfunc-
tion, reduction of nitric oxide (NO) production, and consequently “no-reflow phe-
nomenon’’; (b) contractile and metabolic dysfunction; (c) arrhythmias; and (d) cell
death, by apoptosis, swelling and contraction band-necrosis.

It is known that myocardial damages during reperfusion among others is due to
different agents: the production/formation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS), the cellular/mitochondrial overload of Ca**, the
activation of mitochondrial permeability transition pore (mPTP), the reduced avail-
ability of NO and to the activation of the nuclear factor kappa B (NFxB), and many
other known and unknown mechanisms (For extensive reviews see Dan Dunn et al.
2015; Pagliaro and Penna 2015; Tullio et al. 2013).

The production or the formation of ROS induces an oxidative stress, which may
play an important role in determining the extension of damage (Pagliaro et al. 2011;
Pagliaro and Penna 2015; Tritto and Ambrosio 2001, 2013; Tullio et al. 2013). In
fact, oxidative stress is responsible of direct and indirect damages of molecular
components, e.g. oxidation of membrane components.

During myocardial ischemia, due to the occlusion of a coronary branch, the pro-
duction of ROS, in particular the superoxide anion (O,"), increases as a result of the
activation of various enzymatic complexes. In the event of reperfusion the produc-
tion and formation of various ROS/RNS strongly oxidize the myocardial fibers
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already damaged by the ischemia, thus favoring the cell death and in particular the
contraction band-necrosis and apoptosis (Ambrosio et al. 1991, 1993; Gottlieb et al.
2009; Hoffman et al. 2004; Pagliaro et al. 2011; Tritto and Ambrosio 2001; Zhao
2004; Zhao and Vinten-Johansen 2002). Superoxide anion may react with NO pos-
sibly present, forming peroxynitrite (ONOO~). Actually, the scarcity of NO is cor-
related to the production of ONOO~ (Beauchamp et al. 1999; Kaeffer et al. 1997)
that takes part with O, to the myocardial injury (Ferdinandy and Schulz 2003;
Lefer and Lefer 1991; Ronson et al. 1999). The preserved production of NO may be
also protective via peroxynitrite reduction, in the so-called secondary reaction,
which is due to the reaction of ONOO~ with NO and which in turn will lead to pro-
tein S-nitrosylation (SNO of proteins) (Penna et al. 2011a). This S-nitrosylation of
proteins is a phenomenon involved in the cardiac effects induced by Catestatin,
including modulation of cardiac force of contraction and cardioprotection in normo-
tensive and hypertensive rat hearts (Angelone et al. 2015, 2012; Penna et al. 2011b;
Perrelli et al. 2013) (see below). On the other hand, the dismutation of O, in hydro-
gen peroxide (H,0,) mediated by superoxide-dismutase can also reduce signifi-
cantly the injury; yet in the presence of Fe?* or Cu**, H,0, is transformed in hydroxyl
anion (OH™), thus resulting in more toxic effects than O,” and H,0O,. This brief
description of ROS/RNS production/formation during I/R may lead to the miscon-
ception that radicals are prevalently deleterious and some radical species are good
and other are bad. This is not always the case, as we can see in the following descrip-
tion of cardioprotective pathways, some reactive species, including OH™ may exert
protective effects, depending on several factors, including compartmentalization
and flux velocity of reactions.

Nevertheless, the oxidative stress in the context of I/R may result in acute inflamma-
tory response with activation of vascular endothelial cells and leukocytes and with the
expression on cell surface of adhesion molecules, leading to leukocyte/capillary plug-
ging, release of cytokines, and pro-inflammatory agents which determine the onset and
maintenance of post-ischemic inflammation (Zhao and Vinten-Johansen 2002).

Other deleterious factor of reperfusion injury is the cellular Ca’*overload; this
phenomenon starts during ischemia, for depletion of ATP and consequent inhibition
of ionic pump, and it may be further increased during reperfusion. During I/R, the
altered cytosolic Ca** handling may induce structural fragility and excessive con-
tractile activation, with a band-necrosis and progressive increase of diastolic con-
tracture (Hoffman et al. 2004; Piper et al. 2003; Siegmund et al. 1993). The overload
of Ca?* contributes to the augmentation of cellular osmolarity, which will be respon-
sible of explosive swelling and necrosis of cardiomyocytes. Also, the mitochondria
undergo rapid changes in matrix Ca*" concentration; in fact, while cytosolic Ca?*
overload is responsible of expression/release of proapoptotic elements, Ca** over-
load within mitochondria leads to the release of pro-apoptotic cofactors, and to the
opening of mitochondrial transition pore (mPTP) (Zhao 2004).

Actually, mPTP are kept closed during the ischemia by the acidic environment.
During reperfusion, the pore formation is favored by several factors, including the pH
recovery, the oxidative stress, the ATP depletion and, as said, the high levels of intra-
mitochondrial Ca?* concentration (Gateau-Roesch et al. 2006). The opening of mPTP,
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besides the release of pro-apoptotic factors, comports disruption of mitochondria
(mitochondrial swelling) and consequently cell death for necrosis or for apoptosis. In
fact, the formation of mPTPs abolishes the electrochemical gradients between the cyto-
plasm and mitochondrial matrix and consequently blocks ATP production, thus deter-
mining cell necrosis. The release of cyfochrome ¢ will be the major responsible of cell
apoptosis. It is, thus, likely that in reperfusion the majority of cells die by means of
these two processes (Halestrap 2006, 2009; Juhaszova et al. 2009; Zorov et al. 2009).

In the reperfusion, the activation of NFkB is also possible. This activation may
be induced by several agents, including ROS/RNS. When activated, NFxB contrib-
utes to the exacerbation of the myocardium injury by sustaining inflammatory pro-
cesses, and determining an upregulation of the genes involved in the production of
cell adhesion molecules (Baldwin and Thurston 2001; Lefer and Lefer 1996;
Marczin et al. 2003; Schreck et al. 1992). These molecules may favor the adhesion
of leukocytes to the endothelium and then infiltration into the myocardial wall
(Baldwin and Thurston 2001). Therefore, during reperfusion neutrophils are the
main source of ROS (Jordan et al. 1999). This production together with the deficient
production of NO induced by I/R, may favor a vicious cycle leading to the activa-
tion/transcription of genes for the production of further cell adhesion molecules
(Beauchamp et al. 1999; Lefer and Lefer 1996).

The deficit of NO causes vasoconstriction and formation of micro-thrombi in
small vessels (Radomski et al. 1987; Schulz et al. 2004). These mechanisms, com-
bined with the adhesion of leucocytes to the endothelium, can lead to the so-called
“no-reflow phenomenon” (Reffelmann and Kloner 2002). Other pathological mani-
festations of I/R injury induced by oxidative stress are represented by arrhythmias
and myocardial stunning. In fact, increased ROS production and depletion of energy
may also contribute to alterations in excitation-contraction coupling, thus sustaining
myocardial stunning and arrhythmias (Pagliaro et al. 2011; Penna et al. 2008;
Vinten-Johansen et al. 2011).

In summary, reperfusion injury is due to several mechanisms in which mPTP
play a central role being primed by ischemia and opening upon reperfusion, because
of the sudden recovery of pH and simultaneous presence of several damaging fac-
tors, such as Ca*" overload, ROS generation, and reduced NO bioavailability. All
these factors contribute to the activation of NFkB, which leads to the augmented
expression of cellular adhesion molecules, leukocyte infiltration and no-reflow phe-
nomenon. Therefore, necrotic and apoptotic cell death contributes to reperfusion-
injury which is exacerbated by inflammatory processes (see Fig. 1).

2.2 Ischemic Preconditioning

Murry et al. (1986, 1991) described in 1986 the ischemic preconditioning (IP) phe-
nomenon. In this groundbreaking study the cardioprotective maneuvers consisted in
4 cycles of 5-min ischemia/5-min reperfusion just prior to a 40-min coronary occlu-
sion. This protocol in dogs induced a marked (75%) reduction of infarct size. Thus,
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the brief periods of ischemia had “preconditioned” the myocardium to make it more
resistant to the stress of a longer ischemic interval followed by a full reperfusion. IP
was then studied in a variety of animal models and in many independent laborato-
ries, and it became clear that this intervention was a robust cardioprotective strategy
that greatly diminished myocardial infarction after a sustained period of coronary
occlusion followed by reperfusion. In all animal models, brief periods (a few min-
utes) of ischemia, separated from one another by brief periods (a few minutes) of
reperfusion just prior to a prolonged period of ischemia followed by reperfusion
induce the IP protection (see Fig. 2). The severity of the I/R injury are limited by IP
and the cardioprotective effects of IP include infarct size reduction, limitation of
apoptosis, reduction of stunning, anti-arrhythmic effects, and vascular precondi-
tioning consisting in reduction of endothelial dysfunction and limitation of endothe-
lial activation with reduction of neutrophil adherence and platelet aggregation.

During the years, it has been reported that many molecules released during the
short periods of preconditioning ischemia are responsible of IP protection trigger-
ing. One of the first molecule demonstrated to be responsible of triggering IP has
been adenosine, which can be released during the brief periods of preconditioning
maneuvers (Liu et al. 1991). Several other autacoids were identified as IP triggers,
e.g. bradykinin, platelet activating factor and opioids, produced during the brief
periods of ischemia of IP protocols (Bolli 2001; Dawn and Bolli 2002; Hausenloy
and Yellon 2007a, 2008; Ludman et al. 2010; Yellon and Hausenloy 2007; Pagliaro
et al. 2001; Penna et al. 2008; Wink et al. 2003). Several studies have identified
many of IP signaling steps. These steps are represented as complex protective path-
ways, which can be divided at least into three phases: (1) a pre-ischemic trigger
phase, (2) a memory phase and (3) a mediation phase, which occurs in early reper-
fusion after the infarcting ischemia.

In the trigger phase the released cardioprotective substances induce the activa-
tion of signal transduction pathways with the final point converging on mitochon-
dria (Fig. 2) (Gomez et al. 2007; Hausenloy and Yellon 2007b; Juhaszova et al.
2004). Actually, the opening of mitochondrial ATP-sensitive potassium channels
(mitoK,rp) is an important step for the cardioprotection by IP achieved by a com-
plex signaling cascade (Carroll et al. 2001; Cohen et al. 2001; Forbes et al. 2001;
Garlid et al. 2003; Juhaszova et al. 2004; Lim et al. 2007; O’Rourke 2000; Weiss
et al. 2003). In fact, the cardioprotective autacoids via their specific receptor may
activate a molecular pathway which includes the activation of PI3K/Akt, nitric
oxide synthase (NOS), guanylyl cyclase (GC) and Protein Kinase G (PKGQG),
Nevertheless, this complex cascade can be by-passed by the mitoKp opener,
Diazoxide, which pharmacologically preconditions the heart (Juhaszova et al. 2004;
Weiss et al. 2003). The cardioprotective effect of Diazoxide can be completely
inhibited by the infusion of a free radical scavenger, such as mercaptopropionyl
glycine (MPG) or N-acetyl-cysteine. These results are in line with the observation
that the antioxidant compounds infused during preconditioning ischemia avoid the
protective effects of IP (Juhaszova et al. 2004; Weiss et al. 2003). Therefore, ROS
step is downstream to mitoK yrp channels.
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Fig. 2 Scheme depicting the principal factors involved in cardioprotective pathways triggered by
preconditioning. The activation of cellular surface receptors in response to an ischemic condition-
ing stimulus recruits SAFE and RISK pathways. The end-point of these signal transduction path-
waysarethe salvage of mitochondrial structureand activity withactivationof mitochondria-dependent
protective pathways (Akt Serine/threonine protein kinase, cGMP/PKG Cyclic guanosin mono-
phosphate/protein kinase G, eNOS Endothelial NO synthase, ERK1/2 Extracellular regulated
kinase 1/2, GSK3f Glycogen synthase kinase 3 f, MEK Mitogen-activated protein kinase kinase,
mPTP Mitochondrial permeability transition pore, mitoK,z» mitochondrial ATP-dependent K*
channels, NO Nitric oxide, P70S6K p70 ribosomal S6 protein kinase, PLC phospholipase C, PI3K
Phosphoinositide 3-kinase, PKG Protein kinase G, RISK Reperfusion injury salvage kinases, ROS
reactive oxygen species)

Pivotal role is assigned to protein kinase C (PKC) as point of convergence of the
protective triggering pathway. In fact, the opening of mitoK yrp channels and release
of ROS may activate PKC (Oldenburg et al. 2002, 2004) (Fig. 2). PKC may also be
directly activated by adenosine via activation of phospholipase C (PLC) mecha-
nism. Activation of PKC and other kinases represent the memory phase.

When these above described pathways are activated, the heart displays a pro-
tected phenotype which persists for a couple of hours even after the triggering auta-
coids have been washed out.

In the mediation phase the adenosine A,, receptors are activated by PKC and
during the reperfusion phase, which follows the infarcting ischemia, these receptors
may be responsible of the re-activation of PKC (Oldenburg et al. 2002; Yue et al.
2002). The downstream signaling to A,, receptors recapitulates somehow those seen
in the trigger pathway. The final point of these signaling is to prevent the formation
of mPTP (Tissier et al. 2007; Zorov et al. 2009). Several investigations of the
signaling pathways, underlying IP mediation phase, have identified a number of
different signal transduction pathways conveying the cardioprotective signal from
the sarcolemma to the mitochondria, some of which overlap with postconditioning
(see below). These reperfusion signaling pathways include the Reperfusion Injury
Salvage Kinase (RISK) pathway and the more recently described Survivor Activating
Factor Enhancement (SAFE) pathway, two apparently distinct signal cascades
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which may actually interact to mediate IP and Postconditioning (PostC)
cardioprotection (Philipp et al. 2006; Lecour 2009) (Fig. 2).

The fundamental role of activation of Akt in the cardioprotection, has been dem-
onstrated by numerous studies. The cardioprotective effect induce by Akt activation
is correlated to signaling mediated G protein—coupled receptors (Kuno et al. 2008;
Means et al. 2008; Perrelli et al. 2011; Sarbassov et al. 2005), receptors of tyrosine
kinases and glycoprotein 130-linked receptors (Fujio et al. 2000; Hausenloy et al.
2011). The activation of these receptors induces the PI3K system activation with an
increase of phosphatidylinositol triphosphate (PIP3) levels (Fujio et al. 2000;
Hausenloy et al. 2011; Matsui et al. 1999). The translocation of Akt to the plasma
membrane is favored by PIP3. Activation/phosphorylation of Akt occurs through
phosphorylation at Thr308 by phosphoinositide-dependent kinase 1 (PDK1) and
through phosphorylation at Ser473 via both TORC2 mechanism and the intrinsic
catalytic activity of Akt (Craig et al. 2001; Miyamoto et al. 2008; Negoro et al. 2001).
Recently Goodman et al. (2008) and Gross et al. (2006) reported the possibility that
Akt is also phosphorylated by signal transducer and activator of transcription 3
(STATS3) or Janus Kinase (JAK). It is well known that STAT3 leads to changes in
gene transcription, transducing stress signals from the plasma membrane to the
nucleus. The cardiac role of STAT3 is very intriguingly, in fact it is involved in hyper-
trophy and apoptosis and development of infarct size after I/R protocol. In addition,
it has been recently reported that STAT3 plays a cardioprotective role in the SAFE
pathway which includes JAK/STAT signal transduction (Newton 2003; Sarbassov
et al. 2005). In particular, during cardioprotective protocols, STAT3 has been local-
ized with molecular biology and confocal laser scan microscopy in isolated mito-
chondria (Boengler et al. 2008a; Goodman et al. 2008; Gross et al. 2006). During
ischemia/reperfusion STAT3 is activated by phosphorylation (Lacerda et al. 2009;
Wegrzyn et al. 2009), different cardioprotective maneuvers induce its phosphoryla-
tion/activation (Boengler et al. 2010, 2011; Fuglesteg et al. 2008; Gross et al. 2006;
McCormick et al. 2006; Negoro et al. 2000), with reduction of cardiomyocyte death
and adverse cardiac remodeling after I/R injury (Kelly et al. 2010). Both IP and
PostC comprises STAT3 phosphorylation with closure of mPTP (Boengler et al.
2008a, b; Goodman et al. 2008; Lecour et al. 2005; Sarbassov et al. 2005).

Other important [P mechanism is dependent on NO/nitroxyl (HNO) effects
(Pagliaro 2003; Penna et al. 2008). NO-dependent, PKG-independent mechanism is
also described (Inserte and Garcia-Dorado 2015; Penna et al. 2008). The latter
includes the intervention of ONOO™ and other RNS, which in concert with ROS can
activate PKC (Cohen and Downey 2008). NO/cGMP/PKG signaling is cardiopro-
tective also in PostC (see below).

The activation of adenosine receptors induces the activation of PKC, and this
pathway is independent of the NO/cGMP pathway (Yang et al. 2010), but, as said,
PKC can also be activated via the activation of a NO-cGMP-PKG pathway (Lacerda
et al. 2009; Pagliaro et al. 2003; Simkhovich et al. 2013). Therefore, adenosine may
have much more direct and strong coupling to PKC (Lacerda et al. 2009; Cohen and
Downey 2011; Cohen et al. 2000, 2006; Penna et al. 2005; Peart and Gross 2003).
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2.3 Postconditioning

Postconditioning consists in rapid intermittent interruptions of blood flow in the
early reperfusion applied just after the prolonged ischemic insult (Zhao et al. 2003).
While preconditioning is applied before an ischemic insult, the postconditioning
(PostC) is applied at the end of ischemia: these differences are fundamental for the
clinical application of these cardioprotective maneuvers.

The first observation of PostC as protective against infarct size was made by the
Vinten-Johansen group’s in 2003 (Zhao et al. 2003). The authors demonstrated that
this cardioprotective protocol reduced myocardial inflammation, Ca*? overload, oxi-
dative stress, infarct size and apoptotic cell death. In this study PostC preserved
endothelial function and the injured tissue produced less edema. Several endogenous
pro-survival signaling pathways are activated during PostC, and their activation is
fundamental for the protection of the heart against lethal myocardial reperfusion
injury (Penna et al. 20064, b; Tsang et al. 2004; Zhao et al. 2003; Yang et al. 2004).

The protection of the heart at the time of reperfusion has been previously inves-
tigated using several pharmacological approaches (e.g. Ca*? channel blockers, anti-
inflammatory agents, anti-oxidant therapy, and so forth with mixed outcomes).
Actually, the cardioprotective reperfusion was first suggested in the late 1990s when
it was discovery that several growth factors and drugs are capable of reducing myo-
cardial infarct size if administered at the onset of coronary artery reopening (Penna
et al. 2008). However, only when Zhao et al. (2003) reported the paradoxical obser-
vation that several brief coronary occlusions after an infarcting coronary occlusion
significantly reduced infarct size in vivo model, the interest of researchers to this
phase of reperfusion greatly increased. This cardioprotective approach with brief
ischemia applied at the beginning of reperfusion was called postconditioning and it
has been demonstrated in different animal models (see review Iliodromitis et al.
2009; Penna et al. 2008; Skyschally et al. 2009). The signaling pathways leading to
protection resulted similar to those already demonstrated for preconditioning and
for many pharmacologic agents that protect when infused at reperfusion.

In clinical practice, PostC is a promising adjunctive technique to reperfusion
since it can improve post-infarction outcome and limit left ventricle dilatation and
maladaptive remodeling. Whether postconditioning can attenuate acute contractile
dysfunction is a matter of controversy.

With no doubt postconditioning is appealing for clinician as it can be under their
control. However, ischemic PostC cannot be applied to all patients with acute myo-
cardial infarction and this makes pharmacological PostC an intriguing, but unmet,
clinical objective. For example, ischemic PostC cannot be applied in case of throm-
bolytic intervention, rather than angioplasty. It is, thus necessary to deeply study the
procedure and the mechanisms of protection.

As said, the molecular pathways responsible of PostC are similar to those of IP
protection; in fact, also in PostC there is the activation of RISK and SAFE (Fig. 2).
However, the mechanisms of cardioprotection involved in PostC are not exactly the
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same as those involved in preconditioning (for reviews see Hausenloy et al. 2011;
Kaur et al. 2009; Lacerda et al. 2009; Pagliaro and Penna 2015; Philipp et al. 2006;
Tullio et al. 2013; Vinten-Johansen et al. 2011).

The RISK pathway comprises the activation of several enzymes, such as PI3K-Akt
and MEK-ERK-1/2 as above described. Also, the end point are mitochondria and
sarcoplasmic reticulum which in concert limit cytoplasmic and mitochondrial Ca*?
overload, thus limiting cell damages. Subsequently, the attention of researchers was
attracted by STAT3 in SAFE pathway: the deletion of STAT3 abolished the reduction
of infarct size usually observed after PostC maneuvers (Negoro et al. 2000). Moreover,
the pharmacological postconditioning was obtained by exogenous tumor necrosis fac-
tor o (TNFor) in wildtype, but not in STAT3 knockout mice (Lacerda et al. 2009;
Negoro et al. 2000; Tsang et al. 2004). Of note, mitochondrial translocation of STAT3
has been observed in these models of PostC and TNFa induced cardioprotection. Of
note, only the mechanical maneuvers of ischemic PostC induced this translocation,
while this mechanism is absent when PostC is induced by Diazoxide (Penna et al.
2013). Since Diazoxide acts via a redox-mechanism, these data suggest a redox-inde-
pendent mechanism in the SAFE pathway. Whether or not mitochondrial STAT3 con-
tributes to the cardioprotection by PostC should be confirmed in further studies
(Boengler et al. 2011; Lacerda et al. 2009).

3 Chromogranin Fragments and Cardioprotection

3.1 Vasostatin 1

It has been reported that the N-terminal CgA-derived Vasostatin 1 (VS-1) counter-
acts the effects of adrenergic stimulation and mediates NO-dependent vasodilation,
acting on both the endothelial and endocardial cells (Cerra et al. 2006). VS-1 thus
contributes to protection against excessive excitatory sympathetic changes (Cerra
et al. 2006, 2008; Gallo et al. 2007; Ramella et al. 2010). We have shown that in the
isolated rat heart VS-1 induces cardioprotection when infused before of I/R: this
protection recapitulates many aspects of IP. We have shown that low concentration
of VS-1 (80 nM), administered before I/R, may activate adenosine/NO/PKC signal-
ing (Cappello et al. 2007). In basal condition, VS-1 at 33 nM in isolated rat heart,
induces the reduction of the left ventricular pressure (LVP), the maximal values of
the first derivative of LVP (dP/dt,,,,) and of the rate-pressure. These effects of VS-1
were abolished blocking the Gy, proteins/NOS/NO/solubleGC/PKG pathway. These
data demonstrate the involvement of molecular mechanisms in the VS-1-dependent
negative inotropic effects similar to those involved in cardioprotection. In fact, the
infusion of VS-1 before ischemia reduced the infarct size, which was by about 50%
of the risk area. This protection was NO/PKC dependent, in fact it was abolished by
either NOS or PKC inhibition. However, cardioprotection was only attenuated by
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the blockade of Adenosine type 1 (A,) receptors, thus suggesting a peculiarity in
VS-1 mechanism of action. VS-1 activity results mediated by two different path-
ways that converge on PKC: one is mediated by NO release, and the other is medi-
ated by A receptors. Similarly, to preconditioning ischemia, VS-1 may be considered
a stimulus strong enough to trigger the two pathways, which may converge on
PKC. The lack of a cellular receptor for VS-1 (Gallo et al. 2007; Ramella et al.
2010) can induce the infused VS-1 to interfere with other membrane receptors
(Cappello et al. 2007). Importantly, between VS-1 infusion and 30-min ischemia
there was a wash-out period which allowed the recovery from inotropic effect.
Therefore, cardioprotection was not due to a reduction of oxygen consumption
because of cardiac inotropic depression.

Recently in an in vitro trans-well co-colture model of cardiomyocyte-endothelial
cells was demonstrated that VS-1 exerts protective effects directly on the cardiomyo-
cytes or indirectly by cardiomyocyte-endothelial cells interaction (Liu et al. 2014).

These data emphasize the potential importance of the release of CgA as a mecha-
nism of the cardiac system to protect itself against I/R injury and, eventually, against
sympathetic overstimulation. Actually, increased plasma levels of CgA are present
in patients after myocardial infarction (Wang et al. 2011).

Importantly, in acute myocardial infarction (AMI) patients an initial reduction
with a subsequent increase in catestatin plasma levels has been recently reported
(Wang et al. 2011). The increased levels of catestatin and its precursor, CgA, are
more supportive of the potential importance of the release of CgA and derivatives as
attempt to protect the heart against I/R injury. Since the majority of I/R damage
occurs in the early reperfusion, we wondered whether a supplementation of VS-1 or
catestatin in the early reperfusion phase may protect the heart against reperfusion
injury. In our laboratory, we observed that VS-1 does not protect when given in post-
ischemic phase (unpublished observations). On the contrary, catestatin only given in
reperfusion resulted highly protective against I/R damages (Penna et al. 2010a).

3.2 Catestatin

In humans, Catestatin (CST), was initially studied as an important factor in blood
pressure control (Angelone et al. 2008; O’Connor et al. 2002). However, a compara-
tive study has recently demonstrated that the plasma levels of CST in healthy humans
and in individuals with coronary heart disease are significantly different and corre-
lated somehow with norepinephrine levels. In fact, a positive and significant correla-
tion between the plasma catestatin level and norepinephrine level was observed in
different myocardial ischemia states. However, in patients plasma catestatin on
admission was not associated with adverse cardiac events. Moreover, there was not
an appreciable relationship between plasma catestatin and onset of new cardiovascu-
lar events (Liu et al. 2014). More recently, the cardioprotective effect of CST has
been described. In particular, this peptide seems to be cardioprotective when added
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to the coronary perfusate during reperfusion, unlike VS-1, which resulted
cardioprotective when given before ischemia, but not in reperfusion. Actually, we
recently suggested that catestatin induces a sort of pharmacological postcondition-
ing (Penna et al. 2010a). We have reported that in an isolated and perfused heart
model, CST at a concentration of 75 nM is able to reduce I/R injuries when given
during the early reperfusion. The CST concentration we used in the isolated rat heart
is within the same range of concentrations of the precursor CgA detected in plasma
of patients suffering IMA (about 1 nM) or cardiac heart failure (about 10 nM)
(O’Connor et al. 2002; Wang et al. 2011). It is also similar to the peptide concentra-
tion (IC50 ~ 100 nM) which depresses myocardial force of contraction in normal
hearts (O’Connor et al. 2002; Wang et al. 2011), and seems slightly lower than the
IC50 value for the inhibition of the nicotinic cholinergic receptor-mediated catechol-
amine release in bovine adrenal chromaffin cells induced by CST (Mahata et al.
1997; Mahata 2004). In the isolated rat heart model, CST not only reduces infarct
size, but also limits post-ischemic contracture and improves post-ischemic systolic
function. Moreover, we reported that CST is protective in a model of isolated cardio-
myocytes (Penna et al. 2010a). In this model CST increases viability rate of cells
exposed to simulated ischemia. This direct protective effect on cardiomyocytes may
explain why CST applied in the reperfusion is protective especially in terms of
improvement of post-ischemic cardiac function. Since protection was observed in
both isolated heart and isolated cardiomyocytes, we suggested that the protective
effect is primarily due to a direct effect on the myocardium and does not necessarily
depend on the antiadrenergic and/or endothelial effects of CST (Penna et al. 2010a).
However, endothelial effects could be additive. In fact, Alloatti and coworkers
(Bassino et al. 2015) have shown that catestatin may also act on endothelial cells.
About the mechanisms of action of CST, we have shown that CST given in early
reperfusion facilitates the phosphorylation of Akt, PKCe and GSK3p which may
regulate mitochondrial function (Bassino et al. 2015; Penna et al. 2014; Perrelli et al.
2013). The mechanisms seem similar to those described in ischemic PostC. However,
the protective pathways partially diverge, as mitoKsp channel blockade, by
5-hydroxydecanoate, 5-HD, or ROS scavenger does not avoid CST-dependent con-
tracture limitation, whereas PKC inhibition abolishes infarct size, antiapoptotic
activity, contracture limitation and systolic function recovery. Since 5-HD attenuates
the PKCe activation due to CST, a reverberant circuit (PKCe-dependent/mitoKrp
channel activation/ROS formation/PKCe re-activation, Fig. 3) has been hypothesized
(Perrelli et al. 2013). We also observed that the anti-infarct effect of CST is abolished
by scavenging ROS with a sulfhydryl donor specific for mitochondrial activity
(Perrelli et al. 2013), namely N-(2-mercaptopropionyl) glycine (MPG, 300 pM);
whereas the contracture limitation is not affected by MPG. Recently these results
have been confirmed in isolated cardiac cells, in fact in this in vitro model, catestatin
exerts a direct action on cardiomyocytes with activation of PI3K/NO/cGMP pathway
as trigger and mitochondrial membrane potential preservation as the end point of its
action (Bassino et al. 2015; Perrelli et al. 2013). The protection is confirmed in H9c2
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Fig. 3 Scheme depicting the main outcomes of cardiac ischemia/reperfusion injury (/R/) and the
main cardioprotective results obtained with CgA-derived peptides in this context. The IRI leads to
heart failure, the CgA-derived peptides limits IRI and increase the expression of protective factors
in healthy and hypertrophy cardiac model. See text for further explanation

cardiomyoblasts with Anoxia/Reoxygenation (A/R) protocol. In this model the
siRNA-mediated knockdown of catestatin exaggerated endoplasmic reticulum stress
induced apoptosis. This protective effect is dependent on ERK1/2/PI3K/Akt path-
way. In particular, the protective effect of catestatin may depend on the activation of
type 2 Muscarinic receptor, and seems independent of type 1 Muscarinic receptor
activation (Liao et al. 2015). Despite the aforementioned studies report a cardiopro-
tective effects for CST in different models, Brar et al. (2010) described deleterious
effects against I/R injury for both the wild type and Pro*”® Leu variants of CST, but
not for Gly*** Ser variant. These authors studied these three different variants of CST
in the isolated perfused rat hearts subjected to regional ischemia and the CTSs were
administered during the entire period of reperfusion. These different results might be
explained on the basis of the different models investigated (isolated rat heart perfused
at constant pressure and subjected to regional ischemia vs hearts perfused at constant
flow and subjected to global ischemia), the modality of administration of CST (the
entire reperfusion period or the first 20 min of reperfusion, when the majority of I/R
injury occurs) and the dose used (75 nM for 20 min vs 100 nM for 120 min). Finally,
it is noteworthy that in the setting of isolated hearts, when studying I/R injury, ven-
tricular volume adjustment is crucial part of maintaining a good heart preparation
and the subsequent interpretation of data obtained. We usually pierce the left ventri-
cle and set the volume of the balloon to obtain an end diastolic left ventricular pres-
sure (LVDP) below 5 mmHg (Penna et al. 2006a, 2007, 2014; Perrelli et al. 2013),
whereas Brar et al. (2010) imposed an LVDP of 5-10 mm Hg. This higher range of
LVDP may have affected the amount of myocardial necrosis. “The volume of the
balloon should be such that it is able to fill the ventricular cavity; ... too large and the
potential for inducing endocardial necrosis once a pre-load diastolic pressure is set”
(Bell et al. 2011).
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The cardioprotective effects of CST is also preserved in a mode of cardiac hyper-
trophy, a model usually not protected by ischemic conditioning protocols (Ma et al.
2013; Penna et al. 2010a, 2011a, b; Wagner et al. 2013). CST, in fact, resulted car-
dioprotective in isolated heart obtained from Spontaneously Hypertensive Rat. In
particular, in this model CST displayed an anti-apoptotic effect and induced the
expression of pro-angiogenetic factors (i.e., HIF-1a and eNOS expression) after 2 h
of reperfusion (Penna et al. 2014; Perrelli et al. 2013). Importantly, the chronic
administration of catestatin results to be protective after myocardial ischemia in
rats. In this chronic model the protective effect of CST may derive from its ability
to decrease the cardiac sympathetic drive and to improve autonomic function (Wang
et al. 2016).

3.3 Chromofungin

Recently Angelone and coworkers have demonstrated that another fragment of CgA,
chromofungin (Chr: CgA47-66) displays cardioprotective effects. Chr presents an
immediate protective anti-microbical effect (Metz-Boutigue et al. 2003), and the
ability to penetrate the cell membrane, thus inducing extracellular calcium entry by
a Calmodulin-regulated iPLA?2 pathway (Zhang et al. 2009). Chr induces cardiopro-
tective effects acting as a post-conditioning agent through the activation of the RISK
pathways and via the involvement of mitoK yrp channels. In particular, the protective
effect of Chr was cGMP-dependent (Filice et al. 2015). Of note, this study has been
the first one that demonstrated a correlation between this cyclic nucleotide and car-
dioprotection by CgA fragments. This is important because cGMP plays a central
role in cardioprotection. In fact, PostC depends on GC activation via either NOS-
dependent or NOS-independent pathways (Penna et al. 2006a, b).

Another interesting aspect of the cardioprotective effects mediated by Chr is the
capacity to increase miRNA-21 expression. This effect has been correlated to the
reduction of infarct size, and the inhibition of pro-apoptotic genes and the increase
of anti-apoptotic genes (Cheng et al. 2009; Dong et al. 2009).

3.4 Serpinin

Recently, another CgA fragment, serpinin (Serp), has been studied on its ability to
induce cardioprotective effects. Interestingly, this fragment has been shown to exert
cardioprotective effects in both healthy and hypertensive rat heart models (Pasqua
et al. 2015). Perhaps more importantly, Serp, differently from other CgA fragments,
has been highly protective both in pre- and in post-conditioning protocols (Pasqua
et al. 2015). The cardioprotective effects of serpinin is mediated by an intracellular
signaling which, starting from Bl-adrenergic receptor, includes adenylate cyclase
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and cAMP/PKA pathway, with a consequent phosphorylation of ERK1/2 and
GSK3p, which are components of RISK cardioprotective cascade. This promising
cardioprotective factor deserves to be studied more thoroughly.

4 Conclusions

It is conceivable that the effects of CgA and its derived fragments may be multifunc-
tional. In fact, on cardiovascular system they act not only via the nervous and sym-
pathoadrenal systems, but also via direct timely protective mechanisms on
endothelium and cardiomyocytes.

Interestingly, all studied fragments are cardioprotective, some are more effective
as preconditioning mediator (VS-1), other as postconditioning agent (CST) and
other as both pre- and post-conditioning inducer (Serp). As a matter of fact, delayed
increased levels of CST after infarction (O’Connor et al. 2002; Wang et al. 2011) are
in line with an attempt of compensatory protective response against cardiac injury
(Ceconi et al. 2002; Helle et al. 2007; Omland et al. 2003). Early interventions
which target the first few minutes of reperfusion, such as pharmacological postcon-
ditioning, may be clinically useful at the time of angioplasty, thrombolysis or car-
diac surgery. Importantly, VS-1 (Cappello et al. 2007; Cerra et al. 2008; Gallo et al.
2007; Ramella et al. 2010), CST (Angelone et al. 2008; Bassino et al. 2015; Penna
etal. 2010a, 2014; Perrelli et al. 2013) and Serp (Pasqua et al. 2015) positively influ-
ence endothelial function, and this may be of pivotal importance in organ protec-
tion. Our studies on cardioprotection also provide insights into the importance of
the stimulus-secretion associating CgA and its processing as an attempt of the car-
diovascular system to protect itself against I/R injury and associated patho-
physiological events. Altogether, our results suggest that CgA derived peptides
might represent a class of compounds dedicated to reduce cardiac reperfusion injury
in a time dependent fashion.
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Naturally Occurring Single Nucleotide
Polymorphisms in Human Chromogranin

A (CHGA) Gene: Association
with Hypertension and Associated Diseases
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Gautam K. Bandyopadhyay, and Sushil K. Mahata

Abstract Single nucleotide polymorphisms (SNPs) refer to changes of a single
DNA base, which accounts for ~90% of human sequence variations. Chromogranin
A (CgA) is a secretory protein whose plasma concentration is augmented in estab-
lished essential (hereditary) hypertension, in heart failure patients and in patients
with renal failure. Resequencing of CHGA gene in several ethnic groups across the
globe led to the discovery of both common (minor allele frequency > 5%) and rare
(minor allele frequency < 5%) SNPs in the coding and in the regulatory regions such
as the proximal promoter and 3’-UTR (untranslated region). Variants in both the
proximal promoter and the 3’-UTR showed statistical associations with hyperten-
sion. In contrast, the hypertensive renal disease was best predicted by variants at the
3’-UTR. Non-synonymous (change in amino acid) SNPs in the pancreastatin (PST)
and catestatin (CST) domains affected insulin-stimulated glucose uptake and nico-
tine-evoked catecholamine secretion, respectively. The heterozygote (Gly364Ser)
and minor allele homozygote (Ser364Ser) variant of CST influenced both cardio-
vascular (autonomic function and hypertension) and metabolic (plasma glucose,
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triglycerides, and high-density lipoproteins) functions. The above SNP-associated
findings may thus lead to novel approaches to the pathophysiology, diagnosis, and
treatments of the autonomic and metabolic dysfunctions.

1 Introduction

The secretory proprotein Chromogranin A (CgA) is co-stored and co-released with
catecholamines from dense core vesicles in the adrenal medulla and the post-
ganglionic sympathetic axons (Bartolomucci et al. 2011; Winkler and Fischer-
Colbrie 1992). CgA gene (CHGA) is located on human chromosome 14q32, with
eight exons (encoding 439 amino acids) separated by 7 introns (Mouland et al.
1994). Although initially detected in chromaffin granules, this protein was subse-
quently detected ubiquitously in secretory vesicles of endocrine, neuroendocrine,
and neuronal cells (Bartolomucci et al. 2011; Winkler and Fischer-Colbrie 1992).
The circulatory concentrations of CgA show a ~7 to ~22-fold (Tramonti et al. 2001;
Ziegler et al. 1990) increase in patients with renal failure and a ~2-fold increase in
essential hypertensive subjects (O’Connor et al. 2008). Both stimulated and basal
CgA concentrations in the circulation are influenced by exocytotic catecholamine
secretion. CgA plays an important role in formation of catecholamine storage vesi-
cles and storage of catecholamines in chromaffin cells (Kim et al. 2001; Mahapatra
et al. 2005; Pasqua et al. 2016). The extracellular function of CgA includes the
generation of bioactive peptides, such as the insulin-regulatory hormone pancreast-
atin (Bandyopadhyay et al. 2015; Gayen et al. 2009; Sanchez-Margalet et al. 2010;
Tatemoto et al. 1986), the vasodilating and cardioprotective vasostatin (Aardal et al.
1993; Tota et al. 2008), the anti-adrenergic (Mahata et al. 1997, 2003, 2010), anti-
hypertensive (Mahapatra et al. 2005), anti-obesity (Bandyopadhyay et al. 2012),
pro-angiogenic (Theurl et al. 2010) and cardioprotective catestatin (CST) (Angelone
et al. 2008; Mahata et al. 2010), and the pro-adrenergic serpinin (Tota et al. 2012).

Single nucleotide polymorphisms (SNPs) refer to changes of a single DNA base,
which accounts for ~90% of human sequence variations (Collins et al. 1998). The
majority of SNPs are functionally neutral. SNPs in gene regulatory regions such as
promoters, enhancers, silencers, and introns affect gene expression level in an allele
specific manner (Ponomarenko et al. 2002). SNPs in gene coding regions (cSNPs)
may lead to changes in the function of the encoded protein (Bell et al. 1993; Ingram
and Stretton 1959).

CgA has been implicated in the pathogenesis of human essential (genetic) hyper-
tension as hypertensive subjects display heritable increase in plasma CgA (O’ Connor
1985; Takiyyuddin et al. 1995). Plasma CST in monozygotic and dizygotic twins
from two continents (North America and Australia) displayed significant heritabil-
ity (O’Connor et al. 2008). Because of the heritable nature of CgA, CST, and
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hypertension it was reasoned that genetic variation at the CHGA locus might con-
tribute to hypertension and hypertensive renal disease. Systematic polymorphism
discovery at the CHGA locus was conducted in several ethnic groups at the
University of California, San Diego (UCSD) (Wen et al. 2004), in an Indian popula-
tion at the Indian Institute of Technology Madras (IITM) (Allu et al. 2014; Sahu
et al. 2012), and in a Japanese population at the University of Tsukuba (Choi et al.
2015). Functional genetic variations at the human CHGA locus, in both the proxi-
mal promoter (Chen et al. 2008a) and 3’-UTR (Chen et al. 2008b) showed associa-
tions with essential hypertension and hypertensive end-organ damage (Salem et al.
2008), and non-synonymous variations within the CST and PST regions displayed
changes in potencies of these peptide hormones in regulation of catecholamine
secretion (Mahata et al. 2004; Sahu et al. 2012; Wen et al. 2004) and glucose uptake
(Allu et al. 2014; O’Connor et al. 2005), respectively. The above SNP-associated
findings may lead to novel approaches to the pathophysiology, diagnosis, and treat-
ments of the autonomic and metabolic dysfunctions.

2 SNPs in the Gene Regulatory Regions

2.1 Discovery of SNPs in the Regulatory Region of CHGA

The reference sequence (RefSeq) for human CHGA gene was obtained from the
UCSC Genome Browser. To probe for the SNPs at CHGA locus that might alter
its function, resequencing of CHGA was conducted at the University of California
at San Diego (UCSD) in all eight exons and adjacent intronic regions from 180
ethnically diverse (88 Asian American, 114 African American, 56 Hispanic
American and 102 European American) human subjects (2n = 360 chromosomes)
(Wen et al. 2004). Resequencing detected 53 SNPs and 2 single-base insertion/
deletions in 5725 bp footprint. Eight of the common SNPs (minor allele fre-
quency > 5%) were found in the promoter region (G-1106A, rs9658628; A-1018T,
1$9658629; T-1014C, rs9658630; T-988G, rs9658631; G-462A, rs9658634;
T-415C, 1s9658635; C-89A, rs7159323; C-57T, rs9658638) (Figs. 1 and 2). The
use of PHASE software for reconstructing haplotypes (variants that are inherited
together) revealed 8 haplotypes in CHGA proximal promoter: haplotype 1
(GATTGTCC), haplotype 2 (AATTGTCC), haplotype 3 (GACGATAC), haplo-
type 4 (GATTGCCC), haplotype 5 (GTTTGCCT), haplotype 6 (GACGATCC),
haplotype 7 (GATTGCCT), and haplotype 8 (GTTTGCCC) (Table 1). Four pro-
moter SNPs in tight LD with each other (T-1014, T-988, G-462, and C-89) were
common in the general population. Haplotype networks were constructed through
use of Arlequin to illustrate relationships among the promoter haplotypes (Fig. 3a).
Four linked SNPs appeared to dividle CHGA promoter haplotypes into two
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Fig. 2 Schematic diagram showing promoter and 3’UTR SNPs in CHGA gene

clusters, which define a deep division in the human lineage. Resequencing also
identified four different naturally occurring SNPs in the CHGA 3’-UTR (untrans-
lated region): C+87T, (C11825T; rs7610); C+96T (C11834T; rs9658672),
C+274T (C12012T; 1s9658673), and G+864C (G12602C) (Fig. 2).

3 Function of SNPs in the Regulatory Region of CHGA

3.1 Regulation of CHGA Expression by Promoter SNPs

The functional significance of CHGA promoter variants was verified at UCSD by
examining the influence of individual SNPs on the expression of CHGA gene
products in vivo. Testing associations of SNPs across CHGA with four plasma
CgA peptide fragments revealed significant association with plasma CgA for only
three SNPs (T-1014C, T-988G, and G-462A), which showed absolute linkage
disequilibrium (LD) with each other in the promoter region (Fig. 3b). The pro-
moter haplotype-specific reporter constructs were made by placing eight inferred
promoter haplotypes upstream of a luciferase reporter and evaluated CHGA
expression in PC12 cells (Wen et al. 2004). The lowest CHGA expression was
detected in two common haplotypes containing minor alleles at the four com-
plete-LD sites (Fig. 3c). In addition, CHGA expression was different in haplo-
types 3 (GACGATAC) and 6 (GACGATCC), which differ in sequence only at
—89 bp position (bold letter). Based on these findings, it was suspected that SNP
C-89A and at least one of the three SNPs in absolute LD would play a prominent
role in expression of CHGA. To validate this, each of the three SNPs in absolute-
LD was mutated in the promoter reporter constructs for high-expressing haplo-
type 1 (GATTGTCC) and low-expressing haplotype 6 (GACGATCC). While
mutation of G-462 to A-462 in haplotype 1 caused significant decrease in pro-
moter activity, mutation of A-462 to G-462 resulted in significant increase in
CHGA expression (Wen et al. 2004), implicating a prominent role for this SNP in
regulation of CHGA expression (Fig. 3d).
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Fig. 3 Functional variation in the CHGA promoter and validation by changes in nucleotide in
the haplotype. (a) Circle represents promoter haplotypes, and the circle area represents overall
frequency. The proportion of the individual haplotype frequency in each of the four populations
(indicated by different colors) is shown by the subdivision within the circle. Dashed lines indi-
cate alternative topologies of equal length. Lines connecting haplotypes indicate nucleotide sub-
stitution. (b) Association of CHGA promoter SNP (GG, TG, and TT) with plasma CgA peptides.
(c) Haplotype (haplotype 1-8)-specific CHGA promoter activity as evaluated by luciferase
reporter activity with transfected promoter/reporter plasmids in PC12 cells. (d) Role of nucleo-
tide substitution in haplotype 1 (T-1014C, T-988G, and G-462A) or haplotype 6 (C-1014T,
G-988T, and A-462G) in CHGA promoter activity as evaluated by luciferase reporter activity
with transfected promoter/reporter plasmids in PC12 cells (Reprinted with permission from
ELSEVIER Publishing Company)

3.2 Regulation of Autonomic Activity and Blood Pressure
by CHGA Promoter SNPs

A UCSD study used the HAP algorithm to ascertain physiological significance of
promoter SNPs in five tightly linked common promoter variants (at positions
C-1014T, G-988T, C-415T, and A-89C), which inferred three most common haplo-
types: haplotype A (TTGTC, 56.9%), haplotype B (CGATA, 23%), and haplotype
C (TTGCC, 16.5%). Of these haplotypes, haplotype B was found to blunt the blood
pressure (BP) response to cold stress, which included immersion of the left hand in
ice water for 60 s after a 10 min rest upon arrival and continuous recording of BP
and heart rate with a calibrated radial artery applanation device. Interestingly, the



202 N.R. Mahapatra et al.

BP response showed molecular heterosis with the greatest change in blood pressure
in heterozygotes (haplotype A/haplotype B) (Chen et al. 2008a). Besides playing a
prominent role in CHGA expression, a G-462A variant that altered a COUP-TF
transcriptional control motif was found to predict resting BP. Molecular heterosis
was also evident in this variant because of the presence of high BP in heterozygotes
(Chen et al. 2008a).

3.3 Regulation of Autonomic Activity and Blood Pressure
by CHGA 3'-UTR SNPs

The association of CHGA 3’-UTR with autonomic activity and BP was estab-
lished at UCSD from genotype (resequencing) and phenotype (plasma CgA, BP,
catecholamines) data in four different cohorts. The 1st cohort consisted of initial
resequencing of CHGA locus (8 exons, intron/exon borders, UTRs, and proximal
promoters) in 180 subjects as described above. The 2nd cohort comprised of twin
pairs from Southern California were 69% monozygotic (MZ) and 31% dizygotic
(DZ): n = 103 monozygotic (MZ) pairs (M/M 21, F/F 82), and n = 45 dizygotic
(DZ) pairs (8 M/M, 30 F/F, and 7 M/F). Amongst these twin pairs, 9.9% were
hypertensive (8.8% treated with antihypertensive medications). Changes in BP in
response to environmental (cold) stress were conducted in 149 twin pairs. The
third cohort was from a population cohort with extreme BPs consisted of 470
male and 558 female European American, which were selected based on DBP in
the upper or lower most extreme (fifth) percentiles of DBP distribution in 25,599
men and 27,479 women is a primary care practice at Kaiser-Permanente of
Southern California medical group. The DBP status was as follows: 189 men with
DBP >96 mm Hg and 281 men with DBP <61 mm Hg; 175 women with DBP
>92 mm Hg and 383 women with DBP <59 mm Hg. The 4th cohort (purely phe-
notypic) consisted of 724 individuals with normal renal function (serum creati-
nine <1.5 mg/dl), stratified by BP status: normal BP (SBP < 135 and DBP < 85 mm
Hg, onno medications), versus adiagnosis of essential hypertension (DBP > 90 mm
Hg, 75% were on antihypertensive medications). Consistent with previous stud-
ies, hypertensive subjects showed increased plasma CgA. A common (~27% fre-
quency) genetic variant in the CHGA 3’-UTR (C+87T) was found to be strongly
associated with human essential hypertension (Chen et al. 2008b). C+87T caused
significant effects on both SBP and DBP as well as with genotype-by-sex interac-
tions. Substantial BP differences between homozygote (C/C, T/T) classes were
evidenced in men: ~12 mm Hg for SBP and ~9 mm Hg for DBP. While C+87T
accounted for ~1.9% of the population variance in SBP (or ~13.7 mm Hg), and
~1.2% of the variance for DBP (or ~5.8 mm Hg) in men, C+87T did not affect
either SBP or DBP in women. Increased numbers of the minor T allele was found
to be associated with diminished plasma CgA (by ~10%) (Chen et al. 2008b).
Likewise, increased numbers of the minor T allele blunted cold-stress-induced
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increments in SBP (decreased in men by ~12 mm Hg and in women by ~6 mm
Hg) (Chen et al. 2008b). Sex-dependent responses to acute adrenergic stimuli, and
the sex-dependent long-term consequences of repeated stressors on resting BP or
the late appearance of hypertension may account for the above different conse-
quences in men and women for CHGA C+87T 3’-UTR variant.

3.4 Association of CHGA Promoter and 3'-UTR
Polymorphisms with Hypertensive Nephrosclerosis

UCSD study revealed that plasma CgA was inversely proportional to renal function
as plasma CgA rose systematically (from 3.9 + 1 nM to >10 nM) with the decline in
renal function, from healthy individuals (GFR 101 + 1 ml/min), to subjects with
chronic kidney diseases (CKD, GFR 28 + 3 ml/min), to subjects with end-stage
renal disease (ESRD: GFR <10 ml/min). Like ESRD, plasma CgA level was also
high in hypertensive subjects (Salem et al. 2008). In contrast, plasma CST was posi-
tively correlated with decreased renal function. In black ESRD subjects, plasma
CST decreased by ~34% (from 1.2 + 0.11 nM in black controls to 0.79 + 0.03 nM
in black ESRD) (Salem et al. 2008). Like ESRD, patients with essential hyperten-
sion also showed decreased (by ~14%) plasma CST (from 1.47 + 0.06 in normoten-
sive to 1.26 + 0.08 in hypertensive subjects). The demographic description of the
ESRD and control population included the following: age, gender, diabetes, hyper-
tension, the family history of hypertension or ESRD, body mass index, and serum
creatinine. Because of the important role of CgA in storage and release of catechol-
amines and its association with hypertension, the role of CHGA variants has been
explored for their effects on hypertensive nephrosclerosis in three cohorts. The
UCSD cohort consisted of 58 African American patients with hypertensive ESRD
and 150 control subjects (74 normotensive and 76 hypertensive). The ESRD cases
had a glomerular filtration rate (GFR) of essentially zero (all were sustained by
chronic hemodialysis) as compared to the control group, which had a mean GFR of
~111 ml/min. The hypertensive control (with or without antihypertensive medica-
tion) subjects had a SBP >140 mm Hg or DBP >90 mm Hg. Replication study in
North Carolina cohort included 301 hypertension-associated ESRD and 305 con-
trols (normotensive as well as hypertensive). The National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) African American Study of Kidney
Disease and Hypertension (AASK) trial cohort comprised of 830 subjects with pro-
gressive renal disease. CHGA promoter and 3'-UTR polymorphisms showed sig-
nificant association with hypertensive (HT)-ESRD. CHGA promoter haplotype
ATC (G-462A, T-415C, and C-89A) were more common in ESRD cases than con-
trols. While the ATC haplotype was found in only ~14% individuals without renal
failure, it was found in ~34% subjects with HT-ESRD. This indicates that ATC
haplotype constitute a risk factor for developing ESRD. Likewise, CHGA 3'-UTR
minor allele haplotype TC (C+87T and G+864C) were more common in ~40% of
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ESRD cases, than ~15% of control subjects, implicating association of TC haplo-
type with ESRD (Salem et al. 2008). The above findings indicate that common vari-
ants in CHGA are associated with an increased risk for hypertensive ESRD in
blacks. Since CgA induces secretion of endothelin-1 from glomerular endothelial
cells and TGF-B1 from mesangial cells cocultured with glomerular endothelial
cells, it was believed that CgA acted through the glomerular endothelium to regulate
renal function.

4 SNPs in Gene Coding Regions

4.1 Functional Genetic Polymorphisms in the Pancreastatin
(PST) Domain

4.1.1 Discovery of PST SNPs

The initial discovery of SNPs on PST domain was made at UCSD after resequenc-
ing 180 individuals from ethnic groups as described above (Wen et al. 2004). A
UCSD study revealed three naturally occurring non-synonymous (amino acid
replacement) variants in the PST region: Arg253Trp (rs9658662) (two heterozy-
gotes; minor allele frequency, 0.6%), Ala256Gly (rs9658663) (two heterozygotes
and one homozygote; minor allele frequency, 1.1%), and Gly297Ser (rs9658664)
(two heterozygotes; minor allele frequency, 0.6%) (Wen et al. 2004). A subse-
quent study on PST SNP discovery at the Indian Institute of Technology Madras
(IITM) resequenced CHGA in an Indian cohort of 410 individuals (= 820 chromo-
somes), which revealed three non-synonymous SNPs: Arg253Trp (minor allele
frequency, 0.24%), Glu287Arg (minor allele frequency, 0.12%), and Gly297Ser
(minor allele frequency, 6.7%, ~10-fold higher than the UCSD population) (Allu
et al. 2014) (Fig. 4a, c¢). While Ala256Gly was not detected in the Indian cohort,
the study discovered the novel Glu287Arg variant. Likewise, Gly297Ser variant
was not detected in a Japanese cohort of 343 individuals (143 men and 200
women) (Choi et al. 2015).

4.1.2 Functional Consequences of PST SNPs
Effects of PST Variants on Glucose Homeostasis

Both UCSD and IITM studies showed greater inhibition of insulin-stimulated glu-
cose uptake by Gly297Ser variant followed by Glu287Arg variant compared to
WT-PST (O’Connor et al. 2005). The IITM study also revealed increased expres-
sion of gluconeogenic genes by PST variant as compared to WT-PST with compa-
rable potencies by Glu287Arg and Gly297Ser variants (Allu et al. 2014).
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and CST domains of the CHGA gene

Association of PST Gly297Ser Variant with Biochemical Parameters

Because the Gly297Ser variant occurred in fairly large section of the Indian popula-
tion (~13% subjects in the IITM study) it was possible to carry out association of
various biochemical parameters with Gly297Gly and Gly297Ser genotype groups.
The Gly297Ser subjects displayed markedly elevated plasma glucose (by ~17 mg/
dl) and cholesterol (by ~12 mg/dl) compared to the Gly297Gly individuals. The
higher glucose level in the carriers of PST 297Ser allele was consistent with the
greater inhibition of insulin-stimulated glucose uptake and increased expression of
gluconeogenic genes (viz. glucose-6-phosphatase and phosphoenolpyruvate car-
boxykinase-1) by the PST variant peptide as compared to WT-PST.

Interestingly, while the variants of PST in the C-terminal half of the molecule at
287 (Glu287Arg) and at 297 (Gly297Ser) enhance anti-insulin effects and elevate
plasma glucose by inhibition of glucose uptake and stimulation of gluconeogenic
effects, experimental deletion of N-terminal three amino acids Pro-Glu-Gly of
human WT-PST (CgA,;;_,76) demonstrated opposite effects by reducing plasma glu-
cose level and hepatic gluconeogenesis in rodent obese model (Bandyopadhyay
et al. 2015). Therefore, finding the variants of N-terminal end of PST in human
population may lead to discovery of a trait which would confer protection against
insulin resistance as shown in mouse obese model with the N-terminal deletion vari-
ant of PST (Bandyopadhyay et al. 2015).
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4.2 Functional Genetic Polymorphisms in the Catestatin (CST)
Domain

4.2.1 Discovery of CST SNPs

Resequencing of all eight exons and adjacent intronic regions from 180 ethnically
diverse human subjects (2n = 360 chromosomes) at UCSD as described above
revealed two non-synonymous SNPs in the CST region: Gly364Ser variation
(rs9658667; occurred in 11 of 180 subjects; minor allele frequency, 3.1%) and
Pro370Leu (rs9658668; occurred in 2 of 180 subjects; minor allele frequency, 0.6%)
(Wen et al. 2004). Although the Gly364Ser variant was distributed across other
ethnic groups (5 Asian American, 5 European American, and 1 Hispanic American),
it was absent in African American sample. In contrast, Pro370Leu variant occurred
only in African American samples. Resequencing CST region of CHGA in an Indian
population (n = 1010 subjects) at IITM detected 2 SNPs: Gly364Ser (minor allele
frequency, 7.92%, ~2.6-fold higher than UCSD population) (Fig. 4b, c), and a new
SNP Gly367Val (rs200576557) (minor allele frequency, 0.099%), which was not
detected in UCSD population (Sahu et al. 2012). Resequencing of 343 Japanese
subjects also detected Gly364Ser with a minor allele frequency of 6.1%, which is
comparable to the Indian population (Choi et al. 2015). Thus, Gly364Ser variant is
much more preponderant in Asian populations.

4.2.2 Functional Consequences of CST SNPs
Effects of CST Variants on Catecholamine Secretion

UCSD studies in PC12 cells revealed that the Gly364Ser variant of CST was ~4.7-
fold less potent than WT-CST and Pro370Leu variant was ~2.3-fold more potent
than WT-CST in terms of the inhibition of nicotine-evoked catecholamine secretion
(Mahata et al. 2004; Wen et al. 2004) (Fig. 5b). IITM study in PC12 cells also found
comparable loss of potency for Gly364Ser variant in inhibition of nicotine-evoked
catecholamine secretion (Sahu et al. 2012). In addition, UCSD studies revealed less
renal catecholamine secretion in Gly364Ser heterozygotes (n = 13) compared to
Gly364/Gly364 homozygotes (n = 236) (Rao et al. 2007) (Fig. 5c). Furthermore,
IITM study found marked decrease in plasma catecholamines in both the Gly364Ser
heterozygotes and Ser364Ser homozygotes (Sahu et al. 2012).

Effects of CST Variants on Cardiovascular Function

The initial UCSD study consisted of 166 hypertensive (DBP > 95 mm Hg) indi-
viduals (146 men, 20 women) and 353 unmedicated normotensive controls
(DBP < 85 mm Hg; 186 men, 167 women) from European descent. The replication
study (Kaiser Permanente) included 1361 white (European ancestry; 643 male,
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718 female) subjects drawn from 53,078 individuals (27,475 women, 25,538 men)
recruited from a large primary care (Kaiser Permanente) population in San Diego.
Of note, Gly364Ser variant was associated with lower BP in the San Diego popula-
tion (Rao et al. 2007) (Fig. 6a) Seventeen Gly364Ser heterozygote (as cases) and
48 Gly364/Gly364 homozygote (as controls) individuals underwent cold pressor
test, which included immersion of the left hand in ice water for 60 s after a 10 min
rest upon arrival and continuous recording of BP and heart rate with a calibrated
radial artery applanation device. Although resting BP and HR did not differ signifi-
cantly between the groups, Gly364Ser heterozygotes displayed decreased BP rise
after cold pressor test (by ~16/~8 mm Hg) (Rao et al. 2007). Gly364Ser heterozy-
gotes differed significantly with the controls in the time domain of autonomic
monitoring: increased baroreceptor slope during upward deflections (by ~47%)
and downward deflections (by ~44%), increased parasympathetic index by
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Fig. 6 (a) Association of Gly364Ser variant with DBP. (b) Effects of Gly364Ser variants on
changes in baroreceptor function as evaluated by time and frequency domains

~2.4-fold, and decreased sympathetic index by ~26%. Increased pulse interval
variability (by ~96%) and increased baroreflex coupling were noted in Gly364Ser
heterozygotes in the parasympathetic high frequency band (0.15-0.4 Hz) (Rao
et al. 2007) (Fig. 6b). Although the baroreceptor slope in Gly364Ser heterozygotes
increased significantly in the mixed parasympathetic/sympathetic low frequency
band (0.05-0.15 Hz), no difference was detected in pulse interval power. The pulse
interval power and baroreceptor coupling were comparable between cases and con-
trols in the sympathetic very low frequency band (0.01-0.05 Hz) (Rao et al. 2007)
(Fig. 6b). Interestingly, the BP changes associated with this Gly364Ser variant
were restricted to men only (Rao et al. 2007). Thus, the Gly364Ser variant dis-
played the most robust phenotype in human autonomic activity, both parasympa-
thetic and sympathetic. In contrast, the Japanese study showed an association of
Gly364Ser variant with high SBP and pulse pressure compared to Gly364Gly
homozygote (controls), thereby increasing the risk for cardiovascular diseases in
Japanese population (Choi et al. 2015). This directionally opposite association of
the CST Gly364Ser SNP with blood pressure in two different studies suggests that
the association may be specific to the particular ethnic population and points
towards the genetic heterogeneity in different human populations.

5 Conclusions and Perspectives

In USA, the prevalence of hypertension and uncontrolled hypertension is highest
among African Americans, where reconciliation of differences between patient and
provider expectations for management of hypertension improves adherence to and
acceptance of medical treatments. In addition, African Americans are more
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present-oriented regarding the daily management (or treatment) of hypertension as
compared to whites.

Discovery and analysis of genetic variations at the CHGA locus in geographi-
cally/ethnically-different human populations revealed the presence of functional
SNPs in the regulatory regions (viz., promoter and 3’-UTR) as well as coding
regions (viz. within PST and CST peptide domains). A significant extent of hetero-
geneity in the occurrence (presence/absence/frequency) of several of these SNPs
across different populations was observed. Nonetheless, CHGA SNPs showed
strong associations with a number of cardiovascular phenotypes (viz. blood pres-
sure, cardiac functions, plasma glucose, catecholamines and cholesterol levels).
Further studies in this area may lead to utilization of CHGA genetic variations for
clinical management of cardiovascular/metabolic disease states including hyperten-
sion and hypertensive kidney disease.

Acknowledgments Studies at UCSD were supported by grants from the National Institutes of
Health and Veterans Affairs Medical Research. Research at IIT Madras was supported by grants
from the Department of Biotechnology (BT/PR9546/MED/12/349/2007) and Science and
Engineering Research Board (SR/SO/HS-084/2013A), Govt. of India.

References

Aardal S, Helle KB, Elsayed S, Reed RK, Serck-Hanssen G (1993) Vasostatins, comprising the
N-terminal domain of chromogranin A, suppress tension in isolated human blood vessel seg-
ments. J Neuroendocrinol 5:405-412

Allu PK, Chirasani VR, Ghosh D, Mani A, Bera AK, Maji SK, Senapati S, Mullasari AS,
Mahapatra NR (2014) Naturally occurring variants of the dysglycemic peptide pancreastatin:
differential potencies for multiple cellular functions and structure-function correlation. J Biol
Chem 289:4455-4469

Angelone T, Quintieri AM, Brar BK, Limchaiyawat PT, Tota B, Mahata SK, Cerra MC (2008) The
antihypertensive chromogranin a peptide catestatin acts as a novel endocrine/paracrine modu-
lator of cardiac inotropism and lusitropism. Endocrinology 149:4780-4793

Bandyopadhyay GK, Lu M, Avolio E, Siddiqui JA, Gayen JR, Wollam J, Vu CU, Chi NW,
O’Connor DT, Mahata SK (2015) Pancreastatin-dependent inflammatory signaling mediates
obesity-induced insulin resistance. Diabetes 64:104—116

Bandyopadhyay GK, Vu CU, Gentile S, Lee H, Biswas N, Chi NW, O’Connor DT, Mahata SK
(2012) Catestatin (chromogranin A(352-372)) and novel effects on mobilization of fat from adi-
pose tissue through regulation of adrenergic and leptin signaling. J Biol Chem 287:23141-23151

Bartolomucci A, Possenti R, Mahata SK, Fischer-Colbrie R, Loh YP, Salton SR (2011) The extended
granin family: structure, function, and biomedical implications. Endocr Rev 32:755-797

Bell DA, Taylor JA, Butler MA, Stephens EA, Wiest J, Brubaker LH, Kadlubar FF, Lucier GW (1993)
Genotype/phenotype discordance for human arylamine N-acetyltransferase (NAT2) reveals a
new slow-acetylator allele common in African-Americans. Carcinogenesis 14:1689—-1692

Chen Y, Rao F, Rodriguez-Flores JL, Mahapatra NR, Mahata M, Wen G, Salem RM, Shih PA,
Das M, Schork NJ, Ziegler MG, Hamilton BA, Mahata SK, O’Connor DT (2008a) Common
genetic variants in the chromogranin A promoter alter autonomic activity and blood pressure.
Kidney Int 74:115-125

Chen Y, Rao F, Rodriguez-Flores JL, Mahata M, Fung MM, Stridsberg M, Vaingankar SM, Wen G,
Salem RM, Das M, Cockburn MG, Schork NJ, Ziegler MG, Hamilton BA, Mahata SK, Taupenot



210 N.R. Mahapatra et al.

L, O’Connor DT (2008b) Naturally occurring human genetic variation in the 3’-untranslated
region of the secretory protein chromogranin A is associated with autonomic blood pressure
regulation and hypertension in a sex-dependent fashion. ] Am Coll Cardiol 52:1468-1481

Choi Y, Miura M, Nakata Y, Sugasawa T, Nissato S, Otsuki T, Sugawara J, lemitsu M, Kawakami
Y, Shimano H, Iijima Y, Tanaka K, Kuno S, Allu PK, Mahapatra NR, Maeda S, Takekoshi K
(2015) A common genetic variant of the chromogranin A-derived peptide catestatin is associ-
ated with atherogenesis and hypertension in a Japanese population. Endocr J 62:797-804

Collins FS, Brooks LD, Chakravarti A (1998) A DNA polymorphism discovery resource for
research on human genetic variation. Genome Res 8:1229-1231

Gayen JR, Saberi M, Schenk S, Biswas N, Vaingankar SM, Cheung WW, Najjar SM, O’Connor DT,
Bandyopadhyay G, Mahata SK (2009) A novel pathway of insulin sensitivity in chromogranin a
null mice: a crucial role for pancreastatin in glucose homeostasis. J Biol Chem 284:28498-28509

Ingram VM, Stretton AO (1959) Genetic basis of the thalassaemia diseases. Nature 184:1903-1909

Kim T, Tao-Cheng J, Eiden LE, Loh YP (2001) Chromogranin A, an “On/Off” switch controlling
dense-core secretory granule biogenesis. Cell 106:499-509

Mahapatra NR, O’Connor DT, Vaingankar SM, Hikim AP, Mahata M, Ray S, Staite E, Wu H, Gu
Y, Dalton N, Kennedy BP, Ziegler MG, Ross J, Mahata SK (2005) Hypertension from targeted
ablation of chromogranin A can be rescued by the human ortholog. J Clin Invest 115:1942—-1952

Mahata SK, Mahapatra NR, Mahata M, Wang TC, Kennedy BP, Ziegler MG, O’Connor DT (2003)
Catecholamine secretory vesicle stimulus-transcription coupling in vivo. Demonstration by a
novel transgenic promoter/photoprotein reporter and inhibition of secretion and transcription
by the chromogranin A fragment catestatin. J Biol Chem 278:32058-32067

Mahata SK, Mahata M, Fung MM, O’Connor DT (2010) Catestatin: a multifunctional peptide
from chromogranin A. Regul Pept 162:33-43

Mahata SK, Mahata M, Wen G, Wong WB, Mahapatra NR, Hamilton BA, O’Connor DT (2004)
The catecholamine release-inhibitory “catestatin” fragment of chromogranin a: naturally
occurring human variants with different potencies for multiple chromaffin cell nicotinic cho-
linergic responses. Mol Pharmacol 66:1180-1191

Mahata SK, O’Connor DT, Mahata M, Yoo SH, Taupenot L, Wu H, Gill BM, Parmer RJ (1997)
Novel autocrine feedback control of catecholamine release. A discrete chromogranin A frag-
ment is a noncompetitive nicotinic cholinergic antagonist. J Clin Invest 100:1623-1633

Mouland AJ, Bevan S, White JH, Hendy GN (1994) Human chromogranin A gene. Molecular clon-
ing, structural analysis, and neuroendocrine cell-specific expression. J Biol Chem 269:6918-6926

O’Connor DT (1985) Plasma chromogranin A. Initial studies in human hypertension. Hypertension
7:176-179

O’Connor DT, Cadman PE, Smiley C, Salem RM, Rao F, Smith J, Funk SD, Mahata SK, Mahata
M, Wen G, Taupenot L, Gonzalez-Yanes C, Harper KL, Henry RR, Sanchez-Margalet V (2005)
Pancreastatin: multiple actions on human intermediary metabolism in vivo, variation in disease,
and naturally occurring functional genetic polymorphism. J Clin Endocrinol Metab 90:5414-5425

O’Connor DT, Zhu G, Rao F, Taupenot L, Fung MM, Das M, Mahata SK, Mahata M, Wang L,
Zhang K, Greenwood TA, Shih PA, Cockburn MG, Ziegler MG, Stridsberg M, Martin NG,
Whitfield JB (2008) Heritability and genome-wide linkage in US and australian twins identify
novel genomic regions controlling chromogranin a: implications for secretion and blood pres-
sure. Circulation 118:247-257

Pasqua T, Mahata S, Bandyopadhyay GK, Biswas A, Perkins GA, Sinha Hikim AP, Goldstein
DS, Eiden LE, Mahata SK (2016) Impact of Chromogranin A deficiency on catecholamine
storage, catecholamine granule morphology, and chromaffin cell energy metabolism in vivo.
Cell Tissue Res 363:693-712

Ponomarenko JV, Orlova GV, Merkulova TI, Gorshkova EV, Fokin ON, Vasiliev GV, Frolov AS,
Ponomarenko MP (2002) rSNP_Guide: an integrated database-tools system for studying SNPs
and site-directed mutations in transcription factor binding sites. Hum Mutat 20:239-248

Rao F, Wen G, Gayen JR, Das M, Vaingankar SM, Rana BK, Mahata M, Kennedy BP, Salem RM,
Stridsberg M, Abel K, Smith DW, Eskin E, Schork NJ, Hamilton BA, Ziegler MG, Mahata



Chromogranin A SNPs and Disease Association 211

SK, O’Connor DT (2007) Catecholamine release-inhibitory peptide catestatin (chromogranin
A(352-372)): naturally occurring amino acid variant Gly364Ser causes profound changes in
human autonomic activity and alters risk for hypertension. Circulation 115:2271-2281

Sahu BS, Obbineni JM, Sahu G, Allu PK, Subramanian L, Sonawane PJ, Singh PK, Sasi BK,
Senapati S, Maji SK, Bera AK, Gomathi BS, Mullasari AS, Mahapatra NR (2012) Functional
genetic variants of the catecholamine-release-inhibitory peptide catestatin in an Indian popula-
tion: allele-specific effects on metabolic traits. J Biol Chem 287:43840-43852

Salem RM, Cadman PE, ChenY, Rao F, Wen G, Hamilton BA, Rana BK, Smith DW, Stridsberg M,
Ward HJ, Mahata M, Mahata SK, Bowden DW, Hicks PJ, Freedman BI, Schork NJ, O’Connor
DT (2008) Chromogranin A polymorphisms are associated with hypertensive renal disease.
J Am Soc Nephrol 19:600-614

Sanchez-Margalet V, Gonzalez-Yanes C, Najib S, Santos-Alvarez J (2010) Metabolic effects and
mechanism of action of the chromogranin A-derived peptide pancreastatin. Regul Pept 161:8-14

Takiyyuddin MA, Parmer RJ, Kailasam MT, Cervenka JH, Kennedy B, Ziegler MG, Lin MC, Li J,
Grim CE, Wright FA et al (1995) Chromogranin A in human hypertension. Influence of hered-
ity. Hypertension 26:213-220

Tatemoto K, Efendic S, Mutt V, Makk G, Feistner GJ, Barchas JD (1986) Pancreastatin, a novel
pancreatic peptide that inhibits insulin secretion. Nature 324:476-478

Theurl M, Schgoer W, Albrecht K, Jeschke J, Egger M, Beer AG, Vasiljevic D, Rong S, Wolf
AM, Bahlmann FH, Patsch JR, Wolf D, Schratzberger P, Mahata SK, Kirchmair R (2010) The
neuropeptide catestatin acts as a novel angiogenic cytokine via a basic fibroblast growth factor-
dependent mechanism. Circ Res 107:1326-1335

Tota B, Angelone T, Mazza R, Cerra MC (2008) The chromogranin A-derived vasostatins: new
players in the endocrine heart. Curr Med Chem 15:1444-1451

Tota B, Gentile S, Pasqua T, Bassino E, Koshimizu H, Cawley NX, Cerra MC, Loh YP, Angelone
T (2012) The novel chromogranin A-derived serpinin and pyroglutaminated serpinin peptides
are positive cardiac beta-adrenergic-like inotropes. FASEB J 26:2888-2898

Tramonti G, Ferdeghini M, Annichiarico C, Norpoth M, Donadio C, Bianchi R, Bianchi C (2001)
Relationship between renal function and blood level of chromogranin A. Ren Fail 23:449-457

Wen G, Mahata SK, Cadman P, Mahata M, Ghosh S, Mahapatra NR, Rao F, Stridsberg M, Smith
DW, Mahboubi P, Schork NJ, O’Connor DT, Hamilton BA (2004) Both rare and common poly-
morphisms contribute functional variation at CHGA, a regulator of catecholamine physiology.
Am J Hum Genet 74:197-207

Winkler H, Fischer-Colbrie R (1992) The chromogranins A and B: the first 25 years and future
perspectives. Neuroscience 49:497-528

Ziegler MG, Kennedy B, Morrissey E, O’Connor DT (1990) Norepinephrine clearance, chromo-
granin A and dopamine beta hydroxylase in renal failure. Kidney Int 37:1357-1362



Serpinin Peptides: Tissue Distribution
and Functions
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Abstract Serpinins are a family of peptides derived from proteolytic processing at
paired basic residues at the C-terminus of chromogranin A, followed by aminopep-
tidase activity to trim the N-terminus of the liberated peptides and pyroglutamina-
tion. Three serpinin peptides have been identified that are released from the mouse
endocrine pituitary cell line, AtT20. These include serpinin, pyroglutaminated ser-
pinin (pGlu-serpinin) and C-terminal extended serpinin, serpinin-RRG. Each of
these peptides have been found in different amounts in various tissues such as, adre-
nal medulla, heart, retina and brain. Cellular localization and secretion studies of
these peptides indicate that they are packaged in secretory granules and secreted in
a regulated (stimulated) manner and therefore function extracellularly as signaling
molecules. Serpinin and pGlu-serpinin play an important role in up-regulating
secretory granule biogenesis in endocrine cells. In the heart, endocrine cells and
neurons, serpinin and pGlu-serpinin have been found to protect these cells against
cell death under oxidative or ischemic stress. Serpinin and pGlu-serpinin are also
positive cardiac pB-adrenergic-like inotropes with a powerful effect on enhancing
myocardial contractility. Additionally, serpinin, pGlu-serpinin and serpinin-RRG
have been shown to have anti-angiogenesis effects with the C-terminal extended
peptide being the most potent. The many functions of the serpinin peptides indicate
their physiological importance.
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1 Discovery of Serpinin Peptides: An Historical Prospective

Serpinin is a 26 amino acid peptide derived from proteolytic cleavage of the
penultimate and last pair of basic residues at the C-terminus of chromogranin A
(CgA). This peptide was discovered through studies on the role of CgA in secretory
granule biogenesis using the mouse pituitary endocrine cell line, AtT20 as a model
system (see section below). We first found that expression of bovine CgA in 6T3
cells, a variant of the AtT20 cells, which lacks CgA and dense core secretory gran-
ules (DCG), induced DCG biogenesis and restored regulated secretion in these cells
(Kim et al. 2001). Furthermore, CgA-knockout mice (Mahapatra et al. 2005) and
CgA-antisense transgenic mice (Kim et al. 2005) had significantly decreased num-
bers and size of DCG in chromaffin cells in the adrenal medulla, compared to wild
type mice. These studies indicated a major role of CgA in granule biogenesis. To
understand the mechanism of action of CgA in granule biogenesis, a DNA microar-
ray analysis was carried out on 6T3 cells with and without CgA transfection. Results
indicated a significant increase in mRNA encoding a serine protease inhibitor (in the
serpin family), protease Nexin-1 (PN-1) in cells transfected with CgA. PN-1 was
localized to the Golgi apparatus and stabilized the degradation of DCG proteins
required for DCG biogenesis (Kim and Loh 2006). We hypothesized that the increase
in PN-1 expression was mediated by secreted CgA or a smaller processed fragment
of it. We then synthesized and tested several peptide fragments of CgA based on
predicted paired basic residue cleavage sites. A peptide of <3 kD from the C-terminus
of CgA was found to increase PN-1 mRNA expression when added to the medium
of 6T3 cells. Concomitantly, a<3 kD fraction from conditioned media of AtT20 cells
was found to have the same action. The active fragment from conditioned medium of
AtT?20 cells was then analyzed by high performance liquid chromatography (HPLC)
and enzyme immunoassay (EIA) using an anti-serpinin polyclonal antibody which
we developed to detect serpinin (Koshimizu et al. 2011b). Subsequently, the serpinin
immunoreactive fractions from the HPLC were subjected to matrix assisted laser
desorption/ionization time of flight (MALDI-TOF) analysis to identify the peptides.
A peptide identical to the sequence of the 26 amino acid synthetic peptide shown to
upregulate PN-1 expression was identified. Hence, this endogenous peptide was
named serpinin. Subsequent studies showed that serpinin was secreted by AtT20
cells and there are two additional forms, pGlu-serpinin and serpinin-RRG. In this
review we describe the tissue and cellular distribution of the serpinin peptides and
the distinct biological functions of the different members of this peptide family.

2 Expression and Characterization of Serpinin Peptides
in AtT20 Cells

Western blot analysis using an antibody that cross reacts with both CgA and ser-
pinin indicate that AtT20, a mouse cell line express a serpinin size immunoreactive
peptide, as well as CgA with an apparent molecular weight of 40 kD (Fig. 1A).
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Fig. 1 Analysis of serpinin in AtT20 cells. (A) AtT20 cell lysate analysis by Western blot for
serpinin-immunoreactivity (/R) using the ProteinSimple WES system. Serpinin peptide was added
to the lysate as a positive control (+). As a negative control, the immunostaining was eliminated by
pre-incubating the serpinin antibody with serpinin peptide as an absorption control (Abs). The
results show (lane -) the presence of serpinin as well as a serpinin-containing chromogranin pep-
tide at an apparent molecular mass of 40 kDa. M, molecular mass markers. (B) Immunocytochemical
staining of serpinin-IR in AtT20 cells. Note the punctate staining within the cell body (arrow
heads) and the co-localization with ACTH accumulated at the tips of the processes (From
Koshimizu et al. 2011b). (C) Enzyme immunoassay of serpinin-IR in media from 6T3-AtT20 cells
devoid of chromogranin A (CgA) and 6T3-AtT20 cells transfected with bovine CgA (left).
Serpinin-IR was also released from AtT20 cells in a regulated manner by high potassium mem-
brane depolarization (HK) (From Koshimizu et al. 2011a)

Immunocytochemistry studies of AtT20 cells showed that serpinin immunoreativity
is localized in the cell body, along cell processes and at the tips of the processes
where it is co-localized with the hormone, adrenocorticotropin (ACTH), in secre-
tory granules (Fig. 1B; Koshimizu et al. 2011b). Furthermore, serpinin is secreted
in a regulated manner with high K* stimulation from 6T3 cells transfected with
bovine CgA (Fig. 1C; Koshimizu et al. 2011a).

MALDI-TOF analysis of immunoreactive serpinin peptides in secretion medium
from AtT20 cells after HPLC purification revealed several peptides with m/z values
shown in Fig. 2. Of these, a major peptide with a mass at m/z 2864 was detected and
MS/MS fragmentation of this peptide confirmed that the amino acid composition of
this peptide matched that of mouse serpinin, and therefore AtT20 cells synthesize
and secrete serpinin. Additionally, the analysis revealed a pyro-glutaminated form
of serpinin (pGlu-serpinin). Taken together, the identification of the various peptides
found in the medium led to a proposed biosynthesis pathway for mouse serpinin
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Fig. 2 Schematic of the bovine chromogranin A (bCgA) protein and processing of mCgA at its
C-terminus. (A) bCgA is a 431 amino acid protein with multiple paired and single basic-residue
cleavage sites (K, lysine, R, arginine) that can be used for processing bCgA into smaller peptides
by prohormone convertases (From Loh et al. 2012b). (B) Schematic representation of the synthetic
pathway of mouse pGlu-serpinin (From Koshimizu et al. 2011b). (C) Sequence of C-terminus of
CgA from human, bovine and mouse. Note that the serpinin sequence (in red) differs by 4 amino
acids (underlined) between mouse, human and bovine

peptides based on potential cleavage sites at paired basic residues in CgA as shown
in Fig. 2B (Koshimizu et al. 2011b; Loh et al. 2012b). Based on the HPLC profile of
the serpinin peptides in the medium, an earlier peak which eluted in the approximate
position of serpinin with the RRG extension in the C-terminus (serpinin-RRG) was
also present, suggestive of the presence of this peptide. Studies thus far have only
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purified and sequenced serpinin from mouse. Of note is the sequence of bovine and
human serpinin differs by 4 amino acids from mouse (see Fig. 2C). A bovine CgA
fragment consistent with cleavage at the RR|P site (Fig. 2C) and liberating serpinin
has been reported (Wohlfarter et al. 1988). However, cleavage at that site to liberate
human serpinin remains to be determined.

3 Expression and Secretion of pGlu-Serpinin in AtT20 Cells

Examination of the cellular localization of pGlu-serpinin using a specific antibody
showed that this peptide is expressed in AtT20 cells, but not in 6T3 cells lacking
CgA (Fig. 3B; Koshimizu et al. 2011b). pGlu-serpinin was localized primarily in
the tips of the processes and co-localized with ACTH in AtT20 cells (Fig. 3A;
Koshimizu et al. 2011b). This is not surprising since pyro-glutamination is a late
step in the biosynthetic pathway and therefore this peptide resides mainly in
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Fig. 3 Analysis of pGlu-serpinin in AtT20 cells. (A) Immunocytochemical staining of pGlu-
serpinin-immunoreactivity (IR) in AtT20 cells. The punctate staining of pGlu-serpinin-IR co-
localized with ACTH accumulated at the tips of the processes. Note the absence of pGlu-serpinin
staining when the antibody was pre-absorbed with the pGlu-serpinin peptide. (B) Enzyme immu-
noassay of pGlu-serpinin-IR in 6T3-AtT20 cells devoid of chromogranin A (CgA) and WT AtT20
cells (top panel). (B, lower panel) pGlu-serpinin-IR was also detected in non-stimulated culture
media (2 h. basal) of AtT20 cells and was secreted in a stimulated manner by high potassium
membrane depolarization (10 min stimulation) (From Koshimizu et al. 2011b)
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secretory granules at the tips of processes and poised for secretion. pGlu-serpinin
was found to be secreted in a stimulated manner (Fig. 3C; Koshimizu et al. 2011b),
suggesting that it may play an extracellular role in signal transduction, as a neu-
rotransmitter or neuromodulator.

4 Distribution of Serpinin Peptides in Organs
and the Nervous System

4.1 Serpinin Peptides in the Adrenal Medulla and Heart

Serpinin peptides have been found in the mouse adrenal medulla which synthesizes
large amounts of CgA. HPLC analysis revealed the presence of pGlu-serpinin as the
major serpinin peptide, with lesser amounts of serpinin in adrenal medulla (Fig. 4A).
Serpinin peptides are also expressed in the heart. The major serpinin peptide in rat
heart is the C-terminal extended form: serpinin-RRG, with a significant amount of
pGlu-serpinin also present (Fig. 4B). When assayed by sandwich ELISA for pGlu-
serpinin, the concentration of this peptide reported in rat heart was 103.8 + 14.7 pg/g
rat heart (Tota et al. 2012).

A. 0.30 B. Heart extract
-V 7 m Adrenal extract « Serpinin 0 Serpinin EIA
O Blank run -
x pGlu-serpinin EIA .
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Fig. 4 Analysis of serpinin-immunoreactivity (IR) in tissue. (A) High pressure liquid chromatog-
raphy (HPLC) followed by enzyme-linked immunoassay (EIA) analysis of mouse adrenal gland
extracts. Note the presence of two peaks consistent with the elution profile for serpinin and pGlu-
serpinin standards. (B) HPLC-EIA analysis of rat heart extract for serpinin-IR and pGlu-serpinin.
Note the presence of two peaks consistent with the elution profile of serpinin-RRG and pGlu-
serpinin standards. A shoulder that is evident on the serpinin-RRG peak is indicative of a small
amount of serpinin in this tissue. Note that two different HPLC systems were used to analyze these
extracts resulting in different elution profiles of the peptides (From Tota et al. 2012)
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4.2 Expression and Localization of p-Glu Serpinin
in the Central Nervous System

Studies on the expression of serpinin and pGlu-serpinin revealed that there are specific
areas in the central nervous system (CNS) where serpinin is present in significant
amounts. Using an antibody specific for pGlu-serpinin, immunohistochemistry stud-
ies in mouse brain revealed that one of the areas enriched in this peptide is in the pars
reticulate of the substantia nigra, (Fig. 5A, a). This region is the major source of
GABAergic innervation to various brain areas (mainly thalamus) and also the region
which receives axons from medium spiny cells from the striatum, as well as
GABAergic projections from globus pallidium and glutaminergic projections from
subthalamic nucleus (Kanazawa and Toyokura 1975; Tepper and Lee 2007). Indeed,
it has been reported that many GABAergic neurons express CgA (Schafer et al. 2010)
and pGlu-serpinin are likely in axons of these neurons. Another region of the brain
showing expression of pGlu-serpinin in the parafascicular nucleus (Fig. 5A, b), which
is an intralaminar nucleus of the thalamus, typically considered as part of the ascend-
ing activating system and is homologous to the human center median. Parafascicular
nucleus is an essential source of thalamostriatal projections (Tsumori et al. 2003;
Vercelli et al. 2003). pGlu-serpinin is also present in the nuclei of pontis (Fig. 5B),
which are the concentrations of the gray matter of the pons and are involved basically

Fig. 5 Immunohistochemical staining for pGlu-serpinin in mouse brain sections. (A) Arrows
show immuno-staining in the area of the Substantia Nigra (a), and the Nucleus Centrum-
parafacicularis Thalami (b). (B) Arrow points to the Nuclei Pontis (c). (C) The olfactory bulb
showing immuno-staining in the Glomerular layer (GL) and the olfactory nerve layer (ONL)
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in the motor activities, by carrying information from the primary motor cortex to the
ipsilateral pontine nucleus in the ventral pons via corticopontine fibers and through
middle cerebellar peduncule to the contralateral cerebellum (Brodal and Bjaalie 1992;
Cicirata et al. 2005). Additionally, pGlu-serpinin has been found in the olfactory bulb
(Fig. 5C) primarily in the olfactory nerve layer (ONL) and the glomerular layer (GL)
which is enriched in nerve terminals, suggesting that pGlu-serpinin may be released
as a neurotransmitter or neuromodulator in the olfactory system.

4.3 Expression and Localization of Serpinin Peptides
in the Eye

In addition to the central nervous system, serpinin peptides have been found to be
present in the peripheral nervous system. In the rat peripheral nervous system, ser-
pinin immunoreactvity has been detected in abundance in cells in the trigeminal
ganglion which is the cranial sensory ganglion (Fig. 6A), indicating that it is a con-
stituent of sensory neurons. Since the peptide is expressed in small to medium-sized
cells with a diameter of 20—30 pm in this ganglion, the sensory nerves projecting to
target tissues must represent predominantly unmyelinated C-fibers which arise from
such cells. In the retina, which is a part of the central nervous system, this peptide is
atypically expressed in the innermost part representing glia (Fig. 6B). With respect
to the molecular form, only free serpinin has been detected in the trigeminal gan-
glion (Fig. 6C, TG) which indicates that exclusively free serpinin is present in sen-
sory nerves originating from this ganglion and that there exists a pronounced
processing of chromogranin A, already at the site of synthesis. Although in lessor
amounts, free serpinin also predominates in the retina (Fig. 6C, RET). Very small
amounts of serpinin-RRG may also be present in the trigeminal ganglion and the
retina (Fig. 6C).

5 Role of Serpinin and pGlu-Serpinin in Granule Biogenesis

Early studies showed that AtT20 cells treated with antisense CgA RNA to down-
regulate CgA expression (Fig. 7A,B; Kim et al. 2001) resulted in a decrease in
dense core secretory granule biogenesis (Fig. 7C; Kim et al. 2001), in a dose depen-
dent manner (Fig. 7D; Kim et al. 2001). To determine the mechanism by which CgA
up-regulates secretory granule biogenesis, conditioned medium from AtT20 cells
were analyzed. A CgA-derived peptide, serpinin was identified which enhanced
secretory granule biogenesis (See Introduction and Expression of serpinin sections).
Serpinin and pGlu-serpinin are both found in the secretion medium of AtT20 cells.
When these peptides were added to the medium of AtT20 cells, the expression of a
protease inhibitor, PN-1 was increased, with pGlu-serpinin being much more potent
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Fig. 6 Analysis of serpinin immunoreactivity (IR) in rat eye. (A) Serpinin-IR was found in cells in
the trigeminal ganglion, indicative of being a constituent of sensory neurons. (B) In the retina, which
is a part of the central nervous system, this serpinin-IR is expressed in the innermost part representing
glia (red fluorescence). (C) Serpinin was detected in the trigeminal ganglion (7G) and to a smaller
extent in the retina (RET) when these tissues we analyzed by HPLC-EIA for serpinin-IR

than serpinin (Koshimizu et al. 2011b). It was demonstrated that the enhanced
expression of PN-1 by serpinin was mediated through binding of the peptide to a
cognate receptor, which then increased cAMP (Fig. 8B). Addition of 8-bromo-
cAMP or forskolin also increased PN-1 expression (Fig. 8A). Enhancement of PN-1
expression by serpinin was inhibited by an inhibitor of protein kinase A (PKA),
622-amide, (Fig. 8C), as well as by mithramycin A, that inhibits the activity of the
transcription factor, spl (Fig. 8E). Furthermore, serpinin treatment of AtT20 cells
resulted in the movement of sp1 into the nucleus of the cells (Fig. 8D). Additionally,
luciferase reporter assay indicated that serpinin induced PN-1 expression by bind-
ing of spl to the promoter (Koshimizu et al. 2011a). Based on these findings, the
proposed mechanism of action of serpinin in inducing granule biogenesis in an
endocrine cell is summarized in the schematic in Fig. 9 (Kim et al. 2006).

Upon stimulated secretion of an endocrine cell, hormone and CgA-derived ser-
pinin peptides contained in dense-cored secretory granules are released and are
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Fig. 7 Chromogranin A (CgA) levels directly affect dense core secretory granule numbers. (A)
Schematic describing the construction of antisense vectors for silencing CgA expression in AtT20
cells. (B) Western blot analysis of CgA in WT AtT20 cells and AtT20 cells treated with antisense
vectors. Note the different levels of silencing of CgA expression in the different clones (#5, #17,
#20) (C) Electron micrograph of WT AtT20 cells and AtT20-CgA antisense clone #5. Note the
apparent absence of dense core secretory granules in the antisense cells. (D) Quantification of
dense core granule formation in WT and CgA antisense AtT20 cells derived from electron micro-
graphs. Note the correlation of CgA levels and dense core granule numbers in the WT and anti-
sense treated clones (From Kim et al. 2001)

subsequently replenished. Our studies found that secreted serpinin and pGlu-ser-
pinin act as a signal to drive granule biogenesis likely through binding to a
G-protein coupled receptor (see chapter “Full Length CgA: A Multifaceted
Protein in Cardiovascular Health and Disease” by B. Tota) and triggering a cAMP-
PKA-spl dependent pathway to up-regulate expression of the protease inhibitor,
PN-1, at the transcriptional level. PN-1 resides in the Golgi apparatus and stabi-
lizes degradation of secretory granule proteins which are constantly turning over
at steady state. As a result, the increased secretory granule protein levels then
induce more granule formation.

6 Serpinin and pGlu-Serpinin Peptides Protect
against Cell Death

Serpinin and pGlu-serpinin peptides have been found to protect endocrine cells and
neurons against oxidative stress and cell death. Both these peptides reduced the
induced cytotoxicity in endocrine AtT20 cells, with pGlu-serpinin being 10-fold
more potent than serpinin (Fig. 10; Koshimizu et al. 2011b). pGlu-serpinin was also
found to be effective in protecting cortical neurons against H,O, induced oxidative
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Fig. 8 Serpinin induces PN1 mRNA by a cAMP/PKA/SP1 signaling pathway. (A) PN1 mRNA is
upregulated in AtT20 cells by 8-Br-cAMP and forskolin. (B) Intracellular cAMP increases in
AtT20 cells treated with serpinin. (C) The PKA inhibitor, 6.22 amide, blocked the serpinin-induced
up-regulation of PN1 mRNA. (D) Serpinin treatment of AtT20 cells induced the translocation of
SP1 into the nucleus. Arrow heads indicate nuclear staining of SP1 immunoreactivity E.
Mithramycin A (MitA), a specific inhibitor of SP1 binding, inhibits the serpinin-induced expres-
sion of PN1 mRNA (From Koshimizu et al. 2011a)

stress. Neurons treated with 10 nM pGlu-serpinin in the presence of H,O, showed
no difference in MAP 2 (a neuronal marker) signal compared to non-treated control
neurons, but neurons treated with H,O, showed a significant reduction in MAP2
signal (Fig. 11A; Koshimizu et al. 2011b). The neuroprotective effect of pGlu-
serpinin is mediated by up-regulating the expression of the pro-survival mitochon-
drial protein, BCL2, in neurons under H,0O, induced oxidative stress (Fig. 11B; Loh
et al. 2012a). Additionally, pGlu-serpinin also showed significant cardioprotective
effects after ischemic stress of the rat heart ((Pasqua et al. 2015), see also chapter
“Full Length CgA: A Multifaceted Protein in Cardiovascular Health and Disease”
by B. Tota). Serpinin and pGlu-serpinin peptides have also been found to be positive
cardiac p-adrenergic-like inotropes having a powerful effect on enhancing myocar-
dial contractility and relaxation without change in blood pressure (Tota et al. 2012).
The cAMP-PKA signaling pathway is also activated by serpinin and pGlu-serpinin
to mediate inotropic activity in the heart (Tota et al. 2012, see Tota’s chapter “Full
LengthCgA: A Multifaceted Protein in Cardiovascular Health and Disease”).
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Fig. 9 Schematic of serpinin formation its signaling pathway and PN-1-dependent biogenesis of
secretory granules 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
induces cAMP elevation followed by PKA activation. Then Spl a transcriptional factor translo-
cates into the nucleus to upregulate 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 DCG (From Kim et al. 2006)

7 Anti-Angiogenesis Effect of Serpinin-RRG

The effect of human serpinin peptides on angiogenesis were assayed using the
chick chorioallantoic membrane assay (Ponce and Kleinmann 2003). This assay
involves the implantation of a filter paper disk embedded with serpinin peptides
on the chorioallantoic membrane (CAM) of fertilized chicken eggs. Four days
after implantation, the CAMs are fixed in 4% formaldehyde excised and the blood
capillaries recruited by the half disk are counted. Fig. 12A shows that the number
of new capillaries induced by bovine fibroblast growth factor (bFGF2) in chick
embryos were unaffected by C-terminally truncated forms of CgA [CgA(1-373),
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Fig. 10 Anti-apoptotic effects of serpinin and pGlu-serpinin. AtT-20 cells were challenged with
50 pM hydrogen peroxide in the presence or absence of 10 and 100 nM serpinin or 0.1 and 1 nM
pGlu-serpinin for 1 day. Cell viability was quantified by the lactate dehydrogenase assay. Serpinin
and pGlu-serpinin significantly inhibited hydrogen peroxide-induced cell death (n =3, *P < 0.05)
(From Koshimizu et al. 2011b)
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Fig. 11 pGlu-serpinin exhibits anti-apoptotic activity. Cultured rat cortical neurons were chal-
lenged with 50 mM hydrogen peroxide (H,0,) in the presence or absence of 10 nM pGlu-serpinin
for 1 day. (A) Note the significant reduction in neuronal cell death, as measured by MAP 2 immu-
nostaining, in the presence of H,0, without pGlu-serpinin treatment (Con.), that was prevented
when the neurons were incubated with pGlu-serpinin (From Koshimizu et al. 2011b). (B) pGlu-
serpinin up-regulated Bcl-2 mRNA expression after H,O,-induced oxidative stress. Primary E18
rat cortical neurons were cultured for 5 days and then treated with 10 nM pGlu-serpinin or vehicle
for 24 h. Neurons were then treated with 50 pM H,0O, to induce cell death. Twenty-four hours later,
the neurons were collected for qPCR assay to assess the mRNA level of Bcl-2 in different groups.
*#p < 0.01 (t-test) (From Loh et al. 2012a)
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Fig. 12 Serpinin peptides exhibit anti-angiogenic activity. (A) The number of new capillaries
induced in chick embryos by bFGF were unaffected by C-terminally truncated forms of hCgA
(hCgA(1-373), hCgA(1-400) and hCgA(1-409)). (B) The hCgA C-terminal peptides, (serpinin,
pGlu-serpinin and serpinin-RRG), all reduced the number of new capillaries in the chick embryos
induced by bFGF in a dose dependent manner. Note that serpinin-RRG was more effective than
serpinin and pGlu-serpinin (From Crippa et al. 2013)

CgA(1-400) and CgA(1-409) which is CgA minus the serpinin sequence].
However, the CgA C-terminal peptides, (serpinin, pGlu-serpinin and serpinin-
RRG), all reduced the number of new capillaries in the chick embryos induced by
bFGF in a dose dependent manner (Fig. 12B) (Crippa et al. 2013). Interestingly,
serpinin-RRG at 5 nM concentration was much more effective than serpinin and
pGlu-serpinin, and the dose response was bimodal, which often occurs with pep-
tides (Ojaniemi and Vuori 1997).
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8 Conclusions

The serpinin family of peptides is the newest set of biologically active peptides
found to be derived from processing of CgA. The cleavage of the penultimate pair
of basic residues at the C-terminus to generate this set of peptides appears to occur
first in the processing of CgA, since the remaining intact part of the CgA minus the
C-terminus was readily isolated in adrenal medulla extract since 1988 (Wohlfarter
et al. 1988). Nevertheless, the liberated C-terminal peptide fragment was not iso-
lated till 2011 (Koshimizu et al. 2011a). While serpinin, pGlu-serpinin and serpinin-
RRG are the forms that we have found differentially expressed in various tissues,
there may be still other members of the serpinin family that have biological activity.
These three members of serpinin peptides have diverse functions from regulation of
granule biogenesis through up-regulation of a protease inhibitor, PN-1; protection
against cell death through increasing BCL2 expression; and anti-angiogenesis activ-
ity. pGlu-serpinin appears to be the most potent in these functions except in anti-
angiogenesis where serpinin-RRG had the strongest effect. The mechanism of
action of serpinin-RRG in promoting anti-angiogensis has yet to be explored. The
presence of pGlu-serpinin in areas of the CNS enriched in nerve fibers or terminals
and the glomerular layer of the olfactory bulb, and in the retina suggest that this
peptide could be an important neurotransmitter or neuromodulator in certain sys-
tems. Future work should focus on finding the receptor for the serpinin peptides,
investigating a possible neurotransmitter/neuromodulator role and exploring new
roles of these peptides in the endocrine and neuronal systems, as well as in metabo-
lism. Finally given the strong activity of pGlu-serpinin in enhancing myocardial
contractility and relaxation, this peptide could be an excellent therapeutic agent
since its effect does not affect blood pressure (Tota et al. 2012).

Acknowledgements This research was supported by the Intramural Research Program of the
Eunice Kennedy Shriver National Institute of Child Health and Human Development, National
Institutes of Health, USA

References

Brodal P, Bjaalie JG (1992) Organization of the pontine nuclei. Neurosci Res 13:83-118

Cicirata F, Serapide MF, Parenti R, Panto MR, Zappala A, Nicotra A, Cicero D (2005) The basilar
pontine nuclei and the nucleus reticularis tegmenti pontis subserve distinct cerebrocerebellar
pathways. Prog Brain Res 148:259-282

Crippa L, Bianco M, Colombo B, Gasparri AM, Ferrero E, Loh YP, Curnis F, Corti A (2013) A
new chromogranin A-dependent angiogenic switch activated by thrombin. Blood 121:392-402

Kanazawa I, Toyokura Y (1975) Topographical study of the distribution of gamma-aminobutyric
acid (GABA) in the human substantia nigra. A case study. Brain Res 100:371-381

Kim T, Gondre-Lewis MC, Arnaoutova I, Loh YP (2006) Dense-core secretory granule biogenesis.
Physiology (Bethesda) 21:124-133



228 Y. Peng Loh et al.

Kim T, Loh YP (2006) Protease nexin-1 promotes secretory granule biogenesis by preventing
granule protein degradation. Mol Biol Cell 17:789-798

Kim T, Tao-Cheng JH, Eiden LE, Loh YP (2001) Chromogranin A, an “on/off” switch controlling
dense-core secretory granule biogenesis. Cell 106:499-509

Kim T, Zhang CF, Sun Z, Wu H, Loh YP (2005) Chromogranin A deficiency in transgenic mice
leads to aberrant chromaffin granule biogenesis. J Neurosci 25:6958-6961

Koshimizu H, Cawley NX, Kim T, Yergey AL, Loh YP (2011a) Serpinin: a novel chromogranin
A-derived, secreted peptide up-regulates protease nexin-1 expression and granule biogenesis in
endocrine cells. Mol Endocrinol 25:732-744

Koshimizu H, Cawley NX, Yergy AL, Loh YP (2011b) Role of pGlu-serpinin, a novel chromo-
granin A-derived peptide in inhibition of cell death. ] Mol Neurosci 45:294-303

Loh YP, Cheng Y, Mahata SK, Corti A, Tota B (2012a) Chromogranin A and derived peptides in
health and disease. J] Mol Neurosci 48:347-356

Loh YP, Koshimizu H, Cawley NX, Tota B (2012b) Serpinins: role in granule biogenesis, inhibi-
tion of cell death and cardiac function. Curr Med Chem 19:4086-4092

Mahapatra NR, O'connor DT, Vaingankar SM, Hikim AP, Mahata M, Ray S, Staite E, Wu H, Gu
Y, Dalton N, Kennedy BP, Ziegler MG, Ross J, Mahata SK (2005) Hypertension from targeted
ablation of chromogranin A can be rescued by the human ortholog. J Clin Invest 115:1942—-1952

Ojaniemi M, Vuori K (1997) Epidermal growth factor modulates tyrosine phosphorylation of
p130Cas. Involvement of phosphatidylinositol 3’-kinase and actin cytoskeleton. J Biol Chem
272:25993-25998

Pasqua T, Tota B, Penna C, Corti A, Cerra MC, Loh YP, Angelone T (2015) pGlu-serpinin protects
the normotensive and hypertensive heart from ischemic injury. J Endocrinol 227:167-178

Ponce, ML, Kleinmann, HK (2003) The chick chorioallantoic membrane as an in vivo angiogen-
esis model Curr Protoc Cell Biol Chapter 19: Unit 19.5

Schafer MK, Mahata SK, Stroth N, Eiden LE, Weihe E (2010) Cellular distribution of chromo-
granin A in excitatory, inhibitory, aminergic and peptidergic neurons of the rodent central ner-
vous system. Regul Pept 165:36-44

Tepper JM, Lee CR (2007) GABAergic control of substantia nigra dopaminergic neurons. Prog
Brain Res 160:189-208

Tota B, Gentile S, Pasqua T, Bassino E, Koshimizu H, Cawley NX, Cerra MC, Loh YP, Angelone
T (2012) The novel chromogranin A-derived serpinin and pyroglutaminated serpinin peptides
are positive cardiac beta-adrenergic-like inotropes. FASEB J 26:2888-2898

Tsumori T, Yokota S, Ono K, Yasui Y (2003) Nigrothalamostriatal and nigrothalamocortical path-
ways via the ventrolateral parafascicular nucleus. Neuroreport 14:81-86

Vercelli A, Marini G, Tredici G (2003) Anatomical organization of the telencephalic connections
of the parafascicular nucleus in adult and developing rats. Eur J Neurosci 18:275-289

Wohlfarter T, Fischer-Colbrie R, Hogue-Angeletti R, Eiden LE, Winkler H (1988) Processing of
chromogranin A within chromaffin granules starts at C- and N-terminal cleavage sites. FEBS
Lett 231:67-70



Action and Mechanisms of Action
of the Chromogranin A Derived Peptide
Pancreastatin

N.E. Evtikhova, A. Pérez-Pérez, C. Jiménez-Cortegana,
A. Carmona-Fernandez, T. Vilarifio-Garcia, and V. Sanchez-Margalet

Abstract Pancreastatin (PST), is a biologically active peptide isolated from por-
cine pancreas in 1986. Soon after PST was found to be contained within the chro-
mogranin A (CGA) sequence, and therefore distributed throughout the
neuroendocrine and gastrointestinal systems. This finding started up the consider-
ation of CGA as a source of different biologically active peptides, which were then
identified.

Even though many metabolic effects, such as the modulation of secretion of dif-
ferent glands, as well as the general metabolism regulation, have been described, the
definitive picture of the physiological role of PST has not yet been established.
Nevertheless, the sum of these metabolic effects, forged the name of PST as a dys-
glycemic peptide, with conterregulatory effects on insulin action. Thus, elevated
circulating levels of PST have been found in Type 2 diabetes, gestational diabetes
and essential hypertension, suggesting that PST is a negative regulator of insulin
sensitivity and glucose homeostasis. The mechanism of action whereby PST could
modulate insulin action has been thoroughly studied in various cellular systems (rat
liver cells and adipocytes), and G coupled protein nature of the receptor has been
established. But, although the purification process is able to yield some amount of
PST binding protein, the final characterization of such PST receptor have been elu-
sive so far. On the other hand, a different kind of receptor for PST has been pro-
posed, and it may be the surface chaperone GRP78. Therefore, PST could modulate
the energy metabolism through different mechanisms, such as insulin signaling
antagonism, and as a protein folding regulator.
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1 Introduction

Pancreastatin (PST) is a regulatory peptide with multiple effects on the general
metabolism. And even though the physiological role for PST has not yet been com-
pletely elucidated, there is no doubt about its importance in both endocrine and
exocrine secretion, as well as in the regulation of energy metabolism. The counter-
regulatory action of PST on insulin signaling has been described many times in
different systems, such as in rat hepatoma cells or adipocytes.

The present chapter aims to compile the current knowledge about PST, including
the biological origin of the peptide, its synthesis and secretion, as well as its action
and the underlying molecular mechanisms in liver and adipose tissues.

1.1 Structure, Processing and Secretion

The biologically active peptide PST was first isolated from porcine pancreas in
1986, as a 49 aa (51 kDa) chain with no homology with any other gastrointestinal
hormone (Tatemoto et al. 1986). Almost immediately, PST presence was found in
neuroendocrine and gastrointestinal tissues, and in 1987 the origin of the peptide
was already determined. PST was found to be the proteolytic product of chromo-
granin A (CGA), an acidic glycoprotein ubiquitously present in the secretory gran-
ules of the sympathetic adrenal system (Eiden 1987; Konecki et al. 1987; Schmidt
et al. 1988; Tatemoto and Mutt 1978; Huttner and Benedum 1987; Winkler and
Fischer-Colbrie 1992). Today it is well-known that CGA processing produces a
variety of regulatory peptides, but PST was the first one to be described (Taupenot
et al. 2003).

1.1.1 Pancreastatin Structure
Primary Structure

Despite of the fact that PST is a unique peptide with no evident homology to other
peptide family, it shares the poly-glutamate sequence with gastrin and the COOH-
terminal Arg-Gly-NH2 with vasopressin, being the amidated C-terminus a common
feature among many regulatory peptides from the neuroendocrine system (Tatemoto
et al. 1986). In fact, this part of the molecule is the responsible of its biological
activity (Tatemoto et al. 1986; Zhang et al. 1990).

Another interesting point is that among all the CGA derived peptides, PST is the
only one conserved exclusively in mammals, with no homology with any other
vertebrates. In addition, a 41.5% homology exists between the human and the
Tasmanian devil, and being these species so highly separated in the phylogenetic
tree, it may indicate its importance in early mammalian evolution. This homology is



Action and Mechanisms of Action of the Chromogranin A Derived Peptide Pancreastatin =~ 231

even higher when the C-terminal fragment is compared. This is not surprising
considering that it is the biological active part of the peptide. Indeed, this fragment
was shown to inhibit the first and second phases of glucose-stimulated insulin
release in a dose dependent way, being residues 35-36 (Glu-Glu) essential for this
activity (Zhang et al. 1990).

Molecular Forms

Regarding the existing PST isoforms, a variety of them has been described in human
tumors and blood (Tamamura et al. 1990, Kitayama et al. 1994, Funakoshi et al.
1989a) as well as several rat tissues (Hakanson et al. 1995; Curry et al. 1990). These
forms clearly differ in the length of the peptide chain, but they still share the biologi-
cally active C terminus. Thus, we can find fragments between 29 and 186 aa, being
the PST-52 the most abundant in the human plasma (Kitayama et al. 1994).

Finally, diverse kinds of phosphorylated PST forms have been described. This
differences in phosphate residues are correlated with the physical location.
Moreover, there is a correlation between the degree of phosphorylation of the
CGA and it’s processing in different tissues. Thus, CGA and PST are highly
phosphorylated at pancreas, where the most mature form of PST is secreted,
while, in the ilium, phosphorylation is poor and there is no processing of PST
(Watkinson et al. 1993).

Pancreastatin Synthesis and Secretion

The cleavage of PST from CGA is specific for each specie and tissue, and occurs
both inside and outside the cell, mainly in the pituitary gland, the endocrine pan-
creas and stomach (Watkinson et al. 1991; Simon and Aunis 1989; Metz-Boutigue
etal. 1993; Leduc et al. 1990; Curry et al. 1991). It is in the stomach and endocrine
pancreas, were the more complete processing of CGA is carried out, being the PST
peptide its major product. Although many different molecular forms of PST can
arise in the process, all of them share the C-terminus, the biologically active
sequence (Tamamura et al. 1990; Schmidt et al. 1988; Sekiya et al. 1994; Hakanson
et al. 1995; Funakoshi et al. 1989b; Curry et al. 1990). The best known processing
and secretion system of PST is, certainly, that studied in entherocromaffin cells
(ECL) of the gastric antrum. These cells respond to the gastrin stimulation increas-
ing CGA expression, and consequently, the plasma PST levels. This upward effect
has been achieved in vivo (rodent model), either directly by gastrin infusion or by
suppressing acid secretion, whereas the drop of gastrin levels was due to fasting or
antrectomy, resulting in a decreased plasmatic PST levels. According to this results,
gastrinoma patients present increased plasma PST, which proceed from both, tumor
secretions as well as normal gastrin stimulation (Hakanson et al. 1995). It is there-
fore not surprising that higher PST secretion takes place in human insulinoma cells,
compared with primary islets (Hakanson et al. 1992).
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2 Biological Effects

As explained above, pancreastatin is an important mediator in many biological
functions such as autocrine, paracrine or endocrine secretion (see the Fig. 1). Thus,
in pancreas and parathyroid the hormonal release is modulated by PST in an auto-
crine manner, whereas in the gastric mucosa occurs a paracrine effect, when ECL
cells release PST modulating gastric secretion (Sanchez-Margalet et al. 1996).

Probably, the best described PST effect is the endocrine modulation of insulin
action in the liver, and paracrine/endocrine in the adipocytes (Sanchez-Margalet
et al. 1996). In this way, PST results particularly important in physiological studies
of homeostasis of blood glucose and insulin, as well as pathological conditions such
as diabetes mellitus (Sanchez-Margalet et al. 1996). For instance, plasma pancreast-
atin concentration was elevated in type 2 diabetes about 3.7 times, being unchanged
in insulin resistance related obesity. Furthermore, this elevation was resistant to
weight loss by diet (O’Connor et al. 2005). In the essential hypertension, a symptom
related to metabolic syndrome, plasma levels also appears elevated, and thus PST
could contribute to the insulin resistance that often accompanies this condition
(Sanchez-Margalet et al. 1995).

In the next sections we will explore the physiological role of PST as a global
regulator of exocrine and endocrine secretion, as well as energy metabolism or
antagonism of insulin action.

PARATHIROI OPHYSIS
GLAND MEDULLA
ADRENAL
MEDULLA

ADIPOSE
TISSUE

®

Fig. 1 Target tissues of pancreastatin action
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2.1 Effects on Glandular Secretions
2.1.1 Endocrine Secretion
PST Inhibits Glucose Stimulated Insulin Secretion in Endocrine Pancreas

Since its isolation (Tatemoto et al. 1986) PST has been designated as an inhibitor of
glucose stimulated insulin secretion, especially the first phase (Tatemoto et al.
1986). This effect was achieved both in vivo, in porcine pancreas, as well as in vitro,
in beta cell lines. Thus, the cell line RIN mSF, a model of Langerhans islet beta
cells, under PST treatment, showed significantly inhibition of insulin secretion
stimulated by glyceraldehyde, carbachol, or ionophore A23187 (Hertelendy et al.
1996). Moreover, the inhibition of insulin secretion by PST seems to keep close
relationship with elevation of cytosolic Ca** levels (Sanchez-Margalet et al. 1992).
Even more, PST didn’t inhibit insulin secretion stimulated by mastoparan and phor-
bol myristate acetate ester (PMA), being those mechanisms not dependent on Ca**.
In general, all inhibitory effects of pancreastatin have been shown to be pertussis
toxin sensitive, suggesting that PST could perform its action through a G-protein
regulated Ca®*-dependent mechanism, a common feature of other physiological
inhibitors of insulin secretion (Hertelendy et al. 1996). Insulin release seems to be
affected by PST in the presence of multiple physiological stimuli, such as glucose,
arginine (Efendic et al. 1987), hormones GIP, VIP, CCK-8 (Peiro et al. 1989) or
glucagon (Efendic et al. 1987), and some drugs like 3-isobutyl-1-methylxanthine or
sulphonylurea (Schmidt and Creutzfeldt 1991). However in rat perfused pancreas,
PST did not affect the somatostatin and glucagon release (both insulin mediated
processes), while in canine pancreas and pig (Ohneda et al. 1989) rat PST had no
effect on glucose-induced insulin release, suggesting that PST mediated effects
could be species dependent.

PST Restricts Parathyroid Hormone Secretion

PST also exerts inhibitory effects on thyroid-parathyroid axis, being the
calcitonin-producing C cells which take care of the active PST production, since
the parathyroid gland, despite of being an important producer of CGA, doesn’t
yield PST (Cohn et al. 1982). So, PST produced by C-cells inhibits secretion of
parathyroid hormone (PTH) in porcine, bovine and cultured parathyroid cells
under low calcium condition or phorbol ester stimulation (Fasciotto et al. 1989;
Drees and Hamilton 1992), while, enhanced PTH secretion in parathyroid cells
has been observed when PST peptide was blocked with specific antibodies
(Fasciotto et al. 1990). Moreover, PST also inhibited the transcription of the PTH
and CGA genes and decreased the stability of the respective mRNAs (Zhang
etal. 1994). Since the parathyroid cells don’t produce PST, it seems to be unlikely
any autocrine regulation of PTH, while paracrine/endocrine regulation via C
cells should not be excluded.
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2.1.2 Exocrine Secretion
PST Stimulates Gastric Secretion

Despite of some in vitro studies in isolated parietal rabbit cells, where PST has been
shown to inhibit gastrin secretion (Lewis et al. 1988), in vivo it clearly enhances
gastric activity. This is the case of conscious dogs stimulated with peptone food,
phenylalanine or glucose (Hashimoto et al. 1990). Moreover, ECL cells of the gas-
tric antrum have been shown to display high anti PST immunoreactivity, suggesting
its important role in the paracrine regulation of gastric acid secretion through PST
(Hakanson et al. 1995).

The mechanism behind gastric stimulation has a clear relationship with the inhi-
bition of parietal cells stimulation by histamine. Such inhibition is interrupted in the
presence of the pertussis toxin, suggesting the existence of a cAMP-dependent
mechanism (Lindstrom et al. 1997; Lewis et al. 1988).

PST Inhibits the Exocrine Pancreas Secretion

Most studies affirms that PST has a negative effect on exocrine pancreatic secretion,
which has been seen in physiological assays with food stimulation, vagal nerve
arousal, and with CCK-8 treatment (Miyasaka et al. 1989). Only very few studies
have been able to show an increased amylase secretion under PST treatment (Arden
et al. 1994).

Inhibition of pancreatic secretion was reached by human synthetic PST and by
bovine, porcine, and rat PST, or using only the carboxy-terminal fragment. These
effects appear to be mediated by the presynaptic modulation of acetylcholine release
from the vagal system. Therefore, PST could be a new islet-acinar axis mediator
(Herzig et al. 1992).

2.2 PST Exhibits Negative Effects on Cell Proliferation

In HTC rat hepatoma cells, PST presents inhibitory effects on both cell growth and
proliferation, decreasing protein and DNA synthesis. In this case, the underlying
mechanism is the PST mediated nitric oxide (NO) and cyclic GMP (cGMP) produc-
tion. On the other hand, PST can also activate mitogen activated protein kinase
(MAPK), which is a growth signal. In this way, PST is able to increase NO levels in
a dose depend manner, which overtake the MAPK pathway effect. However, if NO
production is blocked by using pharmacological NOS inhibitors, PST action
changes into a growth promoting effect. Therefore, PST effect on cell growth is
depending on the NO availability (Sanchez-Margalet et al. 2001).
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2.3 PST Increase Hepatic Glycogen Catabolism and Inhibits
Insulin-Stimulated Glucose Uptake

In vivo, PST seems to exert direct effects on the liver metabolism stimulating glyco-
genolysis, while the basal levels of insulin and glucagon remained unchanged. The
mechanism mediating the glycogenolytic effect of PST was studied in rat isolated
hepatocytes. The glycogenolytic effect of PST turned out to be mediated by a
cAMP-independent and Ca**~dependent mechanism. Moreover, the glycogenolytic
effect of PST is related to the increase of cytosolic calcium concentration in a dose-
dependent manner (Sanchez et al. 1992).

On the other hand, insulin stimulated glycogen synthesis was also inhibited by
PST, in a similar way to the effect of glucagon, increasing the ratio of glycolysis on
insulin-stimulated hepatocytes to 25%. But unlike glucagon, PST did not affect the
basal rate of glycolysis. In addition, PST inhibits glucagon-stimulated insulin
release enhancing the net hyperglycemia. However, only high concentrations of
PST and insulin were able to induce insulin-stimulated glycolysis, which proposes
that PST could play some role in insulin resistance (Sanchez-Margalet and Goberna
1994a, b). As a result, PST causes hyperglycemia by increasing glucose release
from the liver (Sanchez et al. 1990).

Using CGA knockout mice, more recent animal studies have found that the lack
of CGA expression reduces hepatic gluconeogenesis, improves insulin sensitivity,
and results in low glycemia, despite of elevated plasma catecholamines and corticos-
terone levels. The mice has also hypertension, which could result from the loss of the
catestatin fragment of CGA. These results may indicate that in CGA KO mice, the
lack of PST could increase insulin sensitivity, contributing to maintain euglycemia
by relieving inhibition from IRS1/2-PI 3-kinase-Akt signaling (achieved through
suppression of cPKC and NOS activity) leading to increased suppression of hepatic
gluconeogenesis. Thus, in normal condition, PST boosts the gluconeogenesis,
through the inhibition of insulin signaling (Gayen et al. 2009; Valicherla et al. 2013).

Taken together, these findings indicate that PST could be an important modulator
of hepatic glucose metabolism, an effect that may be mediated by an inhibitory
cross-talk with insulin signaling pathway.

2.4 In Adipocyte, PST Enhances Energy Metabolism
and Stimulates Protein Synthesis

In adipocytes PST has a similar role than in hepatocytes, exhibiting an increment of
the energy expenditure and anti-insulin properties. In isolated white adipocytes we
found a dose-dependent inhibition of both basal and insulin-stimulated glycogen
synthesis, lactate production and glucose transport (Sanchez-Margalet and
Gonzalez-Yanes 1998).
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Regarding the lipid metabolism, PST causes a threefold rise of free fatty acids
and glycerol release, although this effect is reversed by insulin co-stimulation
(Sanchez-Margalet and Gonzalez-Yanes 1998). These results are consistent with the
Chromogranin A knock-out mice model where it has been found a diminished
expression of PPAR-y and Srebp lc, two of the most important lipogenic genes.
However no changes were seen in hepatic lipids levels, probably due to an enhance-
ment of fatty acid oxidation, since there is an increase in ketone bodies levels, UCP2
expression and enhanced acetil CoA carboxylase phosphorylation (Gayen et al.
2009; Valicherla et al. 2013). In conclusion, PST seems to stimulate lipolysis rather
than lipogenesis (Carmen and Victor 2006).

PST has been found to act as a stimulator of protein synthesis, as well as does
insulin. Thus, insulin can induce an increment of 40% in basal protein synthesis,
and PST stimulation is able to produce a 30% increase. The mechanism used by
PST to regulate these effects seems to be the activation of ERK1/2 signaling path-
way (Sanchez-Margalet and Gonzalez-Yanes 1998).

In summary, PST has similar effects on glycogen, lipid metabolism and protein
synthesis stimulation than other insulin contrarregulatory hormones, like catechol-
amines, calcium dependent hormones or growth hormone. But, in addition, PST has
also been found to affect the expression of key genes in adipose tissue regulation. In
this line, PST is able to inhibit leptin expression up to 60%, an effect that is com-
pletely reversed if protein synthesis inhibitors are employed. In the same way PST
seems to enhance UCP2 expression, although the expression of other important
adipocyte genes, such PPAR gamma, or UCP-1 were not affected (Gonzalez-Yanes
and Sanchez-Margalet 2003).

3 Mechanisms of Action

3.1 In Hepatocytes

Molecular mechanisms of PST action in hepatocytes have been extensively studied
by our group. Thus, a cAMP-independent and a Ca?*~dose-dependent mechanism
has been observed in rat hepatocytes (Sanchez et al. 1992). The generation of inosi-
tol 1,4,5-triphosphate (IP3) is responsible for the mobilization of intracellular cal-
cium through a pertussis toxin-insensitive mechanism, while the activation of
calcium influx implicates a pertussis toxin-sensitive mechaism. In this line, phos-
pholipase C (PLC) has been found to be stimulated by PST in a dose-dependent
manner, producing an increase in the levels of IP3 and diacylglycerol (DAG) in rat
hepatocytes, leading to the activation of protein kinase C (PKC) (Sanchez-Margalet
and Goberna 1994a).

PST action is also mediated by cGMP production through a pertussis toxin-
sensitive G protein. Although the physiological role of cGMP in liver metabolism is
not yet fully understood, there are some studies confirming cGMP as a mediator of
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PLC inhibition, stimulated by PST, probably mediating a negative feed-back of PST
signaling (Sanchez-Margalet and Goberna 1994b).

Using different approaches (GTP-y-S binding, GTP-azido photolabeling, and
GTPase activity), in rat liver membranes, our group has demonstrated that a pertussis
toxin-insensitive stimulation of PLC by PST, is mediated by the activation of a G
protein of the G, family, while the PST activated pertussis toxin-insensitive G pro-
tein is a part of the G, , family (Sanchez-Margalet 1999; Santos-Alvarez and Sanchez-
Margalet 1998). Therefore, the activation of PLC by PST is mediated by G, rather
than G, and more precisely, PLC-B3 is the isoform activated in rat liver membranes
by PST (see the Fig. 2) (Santos-Alvarez and Sanchez-Margalet 1998).

In recent CGA knock-out studies, it has been found that the lack of CGA expres-
sion leads to a decreased hepatic gluconeogenesis, a diminished glycaemia and an
enhanced insulin sensitivity, despite of a high levels of corticosterone, and catechol-
amines, which may cause the observed hypertension. The increase in catechol-
amines could be a consequence of the loss of the CGA-derived peptide catestatin.
The interpretation of these data is that PST may decrease insulin sensitivity, and the
lack of PST may help to maintain euglycemia, since the inhibitory effect of PST on
IRS1/2-PI3K-AKT signaling (reached through NOS and cPKC inactivation) would
be not present, and therefore, insulin would generate an increased inhibition of
hepatic gluconeogenesis. Thus, in normal conditions PST should enhance the

Fig. 2 Model of PST mechanism of action in hepatocyte. PST binds to its putative receptor at the
plasma membrane, activating signaling through a G, protein. The activation of a G, stimulates
PLC-B3 increasing the production of IP3 and DAG, and finally, the activated PKC and calcium
dependent kinases mediate the metabolic effects. PKC phosphorylates the insulin receptor inhibit-
ing its activity and counterregulating insulin action. G, appears to mediate the production of
c¢GMP inhibiting PLC activity to downregulate PST signaling
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gluconeogenesis, by the inhibition of the insulin signaling (Gayen et al. 2009;
Valicherla et al. 2013).

All these data suggest that PST could be an important regulator of hepatic glu-
cose metabolism, by cross-talk with the insulin signaling pathway.

3.2 In Adipocytes

In a similar way to the mechanism of PST action described in hepatocytes, PST
action in rat adipocytes is also mediated by the activation of PLC-$3, mainly through
the Gy family of G proteins (Gonzalez-Yanes et al. 1999), and to a lesser extent
via the Gg;» protein (Sanchez-Margalet et al. 2010). Therefore, trough PLC-f3
pathway signaling, PST stimulates the translocation of classical PKC isoform to the
plasma membrane. Then, PKC may mediate MAPK activation (Gonzalez-Yanes
and Sanchez-Margalet 2000). In this way, the calcium-PKC signaling is responsible
for the PST inhibition of glucose transport, glycogen synthesis, leptin expression,
and the activation of lipolysis (Gonzalez-Yanes and Sanchez-Margalet, 2000, 2001,
2003), whereas the PST stimulation of protein synthesis in the adipocyte is medi-
ated by the MAPK pathway, and the activation the translation initiation machinery
(Gonzalez-Yanes and Sanchez-Margalet 2002). In this context, PKC activated
through G, has been shown to stimulate MAPK by a Ras-independent, Raf-1
dependent, Ser-phosphorylation (Kolch et al. 1993). Consequently, we determined
that PST stimulates both basal and insulin stimulated p42/44-MAPK activity trough
Tyr/Thr phosphorylation (Gonzalez-Yanes and Sanchez-Margalet 2000). On the
other hand, the initiation factor eIF-4E and 4E-BP1, which helps to liberate elF-4E,
are phosphorylated and activated in presence of PST (Gonzalez-Yanes and Sanchez-
Margalet 2002). In conclusion, PST signaling in adipocytes, has two important
pathways: the PLC- 3 signaling regulating the energy storage and MAPK/eIF-4E
regulating protein synthesis. Thus, PLC signaling is the molecular mechanism
underlying the PST regulation of adipose tissue metabolism.

4 The Pancreastatin Receptor

There is no final conclusion to identify the specific receptor through which PST is
working. We have try out to purify this receptor from liver cells with no success. A
possible explanation could be that the interaction between ligand and receptor is too
labile to be maintained during the current elution process. But, in rat liver plasma
membranes, we have carry out the purification of the active PST receptor by cova-
lent cross linking and gel filtration study, identifying a ~85 kDa glycoprotein that
specifically bound with the wheat-germ agglutinin (WGA) lectin. In addition, the
fact that the eluted protein has sensitivity to Pertussis Toxin (PT) suggest that the
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PST receptor could belong to the G protein coupled receptors family (Sanchez-
Margalet and Santos-Alvarez 1997).

Therefore, our group performed a two-step purification method to obtain an 80
KDa monomeric glycoprotein, partially sensitive to PT and associated with G,
to demonstrate the G coupled protein and glycoprotein nature of the receptor;
although a final identification and complete sequencing have to be carry out, possi-
bly solved by a microsequencing technique (Sanchez-Margalet et al. 2003, Santos-
Alvarez and Sanchez-Margalet 2000).

4.1 G-Proteins Coupled to Pancreastatin Receptors

G protein-coupled receptors play a crucial role in signal transduction of vertebrate
organisms. They belong to the most extensive family of receptors with more than
800 different GPCRs known so far. The structure of all of them has a common seven
membrane-spanning domains. Their mechanism of action is also common. Signal
starts with the ligand binding to the extracellular region that causes a conforma-
tional change in the seven-transmembrane domains, which is transmitted to the
third loop and the C-terminal domain, activating the associated G-protein. This het-
erotrimeric G-protein is composed of three different subunits: «, §, and y, which can
offer a large number of permutations between them. In addition, many different
ligands are associated with diverse classes of a subunits to mediate the activation of
different signaling pathways. For example, Gy, can activate IP3 signaling pathway
through phospholipase C beta, while ail, 2 causes the inhibition of cAMP levels
(Culhane et al. 2015; Tuteja 2009).

As explained above, PST seems to bind a G-protein coupled receptor, but there is not
a direct evidence for this yet, only some indirect binding and photolabelling studies
combining with pertussis toxin and some with antibodies which block different alpha
subunits. We suppose that PST is mainly coupled to a G-protein of the G, family, and
secondly with the G, 2 family. The specific G-protein coupled to putative PST recep-
tor has been assessed in rat liver membranes, having the G, protein a better functional
coupling than G, protein (Santos-Alvarez and Sanchez-Margalet 1999, 2000; Santos-
Alvarez et al. 1998). Furthermore, it has been found, only in heart cells, a different
member of the alpha g/11 family (G,) that is coupled to the PST receptor.

4.2 Crosstalk of Pancreastatin Receptor with Insulin Receptor
Signaling

The cross-talk between PST and insulin signaling has been largely studied in adipo-
cyte and hepatoma cells. So, it was shown that PST can impair the insulin-stimulated
auto-phosphorylation of the beta subunit of insulin receptor, in a dose-dependent
manner, (Sun et al. 1991). Moreover, PST was also found to interfere other steps in
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insulin tyrosine kinase signaling: such as the tyrosine phosphorylation of insulin
receptor substrate-1/2 (IRS-1/2) or the blocking of the association between p60—70
and the regulatory subunit of phosphatidyl inositol 3-kinase (PI3K): p85, causing an
inhibition of PI3K activity (Sanchez-Margalet 1999; Gonzalez- Yanes and Sanchez-
Margalet 2000) and consequently all the downstream events, such as the prevention
of the activation of protein kinase B (PKB) and S6. Thus, PST addition in insulin
stimulated adipocytes decreases PKB activity by 15% and 20% compared with
basal activity (Gonzalez-Yanes and Sanchez-Margalet 2001).

In this context, PST has been found to block insulin pathway through Ser-
phosphorylation of IR beta subunit and IRS1, generating a separation of the
IR-IRS1-PI3K complex and a downregulation of PKB activity. Thus, a 3—4 fold
raise of Ser phosphorylated IR/IRS1 has been found when PST was used (Gonzalez-
Yanes and Sanchez-Margalet 2000).

Furthermore, PKC is the key factor to mediate all PST effects on insulin signal-
ing. Thus, blocking PKC activity has been found to prevent IR/IRS1 Ser phosphory-
lation, and PI3K inhibition in hepatocytes and adipocytes. Finally, It has also been
found that this PKC blocking can reduce other physiological actions of PST, such as
insulin stimulated glucose transport or glycogen synthesis (Gonzalez-Yanes and
Sanchez-Margalet 2000).

All these findings confirm the anti-insulin effects of PST, and points to the under-
lying mechanism, which seems to be the PKC mediated Ser-phosphorylation,
impairing the Tyr-phosphorylation in insulin receptor signaling.

4.3 More than One Pancreastatin Receptor?

Various studies showed that PST displays its physiological effects in nM range of
concentration (Gayen et al. 2009; O’Connor et al. 2005). These findings suggest,
that PST receptor should be a typical one for biologically active peptides. As men-
tioned in previous points, this receptor seems to be a glycoprotein which has
Pertussis Toxin sensitive nature, associated with G, proteins (Santos-Alvarez and
Sanchez-Margalet 2000; Sanchez-Margalet et al. 2000; Gonzalez-Yanes et al. 1999,
2001; Sanchez-Margalet et al. 1994a, b). These facts strongly suggest that the PST
receptor should be a GPCR. Nevertheless, due to the insufficient amount of protein
purified, it was not possible to finally demonstrate this hypothesis. More recent
studies discovered the interaction between PST and GRP78, a stress response chap-
erone, which regulates the protein half-life in stressful situations. Not only physical
coupling exists between both molecules, moreover, PST has been shown to inhibit
the ATPase activity of GRP78 (Biswas et al. 2014). But being GRP78 an intracel-
lular protein, the question would be how is it possible its interaction with PST on the
cell membrane surface. The answer is that a cell surface form of GRP78 exists
(Arap et al. 2004; Delpino and Castelli 2002). In this line, it may also act as a recep-
tor for several tumor proliferation-related peptides. Moreover, evidence exist about
the GRP78 mediated AKT activation in cell surface, which is downstream pathway
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of insulin signaling (Arap et al. 2004; Delpino and Castelli 2002; Misra et al. 2006;
Misra and Pizzo 2010; Shani et al. 2008; Wang et al. 2009; Zhang et al. 2010).
Although, ligand-affinity experiments show some evidence for a GPCR-PST bind-
ing, it is conceivable that an additional high-affinity receptor for PST should exist.
In conclusion, GRP78, could be a probable additional mechanism of PST cross-talk
with insulin receptor whereby PST may interfere with insulin action.

5 PST and Inflammation Signaling

Studies in chromogranin A knockout-mice have brought to light the development of
an anti-inflammatory environment in adipose tissue, which involves the downregu-
lation of pro-inflammatory genes and cytokines and an upregulation of inflamma-
tory genes in WAT and peritoneal macrophages. In parallel to anti-inflammatory
events, the insulin resistance produced by high fat diet was prevented by CGA gene
ablation. Thus, anti-inflammatory environment and enhanced insulin sensitivity,
have been reversed by PST administration. Furthermore, it has been demonstrated
that the insulin resistance in obese individuals is manifested only if PST is present,
while in its absence obesity dissociates from it. The anti-inflammatory environment
keeps a close relationship with altered PI3-K/Akt /Foxol signaling in CGA-KO
individuals, suggesting that this may be the underlying mechanism in the pro-
inflammatory activity of PST. By contrast, application of the truncated, variant of
PST peptide (PST v1) simulates KO anti-inflammatory phenotype in WT obese
individuals and simultaneously improving insulin sensitivity. Thus it seems that
PSTv1 could operate as a PST competitive inhibitor, but further studies will be nec-
essary to prove whether its administration to insulin resistant subjects could improve
insulin sensitivity by reducing PST induced inflammation (Bandyopadhyay et al.
2015).

6 PST as a Stress Peptide

Considering the variety of biological actions ascribed to PST, the physiological role
of this peptide could be a local modulator of secretion in glands where this peptide
is actually processed and secreted. Hence, we can speculate that PST operates as an
autocrine and paracrine regulatory peptide of endocrine and exocrine secretion
attributing a significant physiological role for PST

The fact is that, PST levels are increased under the stressful stimuli when CGA
is co-secreted with catecholamines from the sympathetic system. Higher PST levels
leads to reduced insulin sensitivity in the liver and adipose tissues, which results in
increased glycogenolysis in the liver and lipolysis in the adipose tissue, providing
an extra energy to the whole organism in stressful conditions (Sanchez-Margalet
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et al. 2010). High affinity PST receptors have been characterized by our group and
their signal transduction in liver and adipose tissue, so, the basis for the molecular
mechanisms of the PST effects observed in glucose and lipid metabolism has been
elucidated. Therefore it’s foreseeable that PST displays its endocrine actions in
stressful conditions when circulating PST levels are high enough to interact with
specific receptors in target cells.

The mechanisms by which PST controls stress metabolism seems to be the inhib-
itory crosstalk with insulin receptor pathway. In this way, in CGA knockout mouse,
the inhibition of IRS-1/2-PI3K-Akt signaling pathway by PST has been confirmed,
which is consistent with previous in vitro studies with hepatocytes and adipocytes
(Sanchez-Margalet et al. 2000; Gonzalez-Yanes et al. 1999). Nevertheless, despite
these findings, some questions about PST signaling are still awaiting for further
elucidation. Although active PST receptors were purified from rat liver membranes
and shown association with a Gy, ; protein (Santos-Alvarez and Sanchez-Margalet
2000) the complete characterization and sequencing of such receptor was not pos-
sible. Even so, PST physiological actions could have behand them the G,-PLC-
calcium-PKC and protein kinase- Ca* NO mediated signaling pathway activation
(Gayen et al. 2009; Santos-Alvarez and Sanchez-Margalet 1999; Sanchez-Margalet
and Goberna 1994a, b; Sanchez-Margalet et al. 1994a, b).

In this physiological stress context, a novel PST target has been discovered
recently in liver tissue, the adaptive UPR chaperone GRP78 also known as “Glucose-
Regulated Protein”. In summary, GRP78 may function in stress conditions as bind-
ing and degrading undesirable proteins. PST was found not only to bind GRP78 (in
pH-dependent manner), but also to inhibit its ATPase enzymatic activity, resulting
in enhanced G6P-ase expression and reduced glucose uptake (Biswas et al. 2014).

In this way it seems possible that PST could regulate the energy availability, in a
global manner, through very different mechanisms, such as insulin signaling antag-
onism, as well as regulation of protein folding, and other remaining unknown pos-
sible ways.

7 PST Natural Occurring Variants and Its Implications

Finally, recent studies of the Indian population revealed different biological potency
among natural PST peptide variants. Thus, two potent PST naturally occurring vari-
ants have been discovered: a more frequent (G297S) and an unusual one (PST287K),
with more potent activity than WT-PST. This is not surprising, since both variants
differ in the amino acid content of the C-terminus fragment, the responsible of PST
biological activity. Thus, both variants have been shown to have higher activity than
WT-PST in a variety of biological effects: decreased insulin stimulated glucose
uptake, increased intracellular NO and Ca** levels, and enhanced gluconeogenesis
enzymes expression. This enlarged activity keeps close relationship with a more
ordered secondary structure of the resultant peptide, which results in a higher
a-helicoidal content. In this way, the quantity of alpha-helices structures is higher in
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PST-297S than PST 287 K, and this one, in turn, higher than WT-PST. These
differences in secondary structure, have a direct relation with the plasma glucose
and gluconeogenic genes expression, being highest in case of PST-297S. These
findings could shed light on the inter-individual variations in glucose homeostasis,
which opens new doors to a better diagnostics and personalized therapies of glu-
cose/insulin disorders (Allu et al. 2014).

8 Final Remarks

The isolation of the PST peptide from porcine pancreas 30 years ago, reporting a
biological effect, started up the era of the extracellular function of CGA as a precur-
sor of peptides with regulatory functions. Different autocrine, paracrine and endo-
crine effects of PST have been described, and we have proposed that metabolic
effects of PST could be useful in the physiology of stress, and could also participate
in pathophysiological conditions such as insulin resistance. Different mechanisms
of PST action have been proposed so far, and new mechanisms may be revealed in
the future. Nevertheless, the precise role of PST in the context of CGA function in
health and disease deserves further investigation, and we are positive that it will
help to find the role of CGA as a precursor of biologically active peptides.

Acknowledgement We acknowledge the financial support of the Consejeria de Innovacion,
Ciencia y Empresa, Junta de Andalucfa, Spain (Proyecto de Excelencia 08-CTS-4329), funded in
part by FEDER.

References

Allu PK, Chirasani VR, Ghosh D, Mani A, Bera AK, Maji SK, Senapati S, Mullasari AS,
Mahapatra NR (2014) Naturally occurring variants of the dysglycemic peptide pancreastatin:
differential potencies for multiple cellular functions and structure-function correlation. J Biol
Chem 289:4455-4469

Arap MA, Lahdenranta J, Mintz PJ, Hajitou A, Sarkis AS, Arap W, Pasqualini R (2004) Cell sur-
face expression of the stress response chaperone GRP78 enables tumor targeting by circulating
ligands. Cancer Cell 6:275-284

Arden SD, Rutherford NG, Guest PC, Curry WJ, Bailyes EM, Johnston CF, Hutton JC (1994) The
post-translational processing of chromogranin A in the pancreatic islet: involvement of the
eukaryote subtilisin PC2. Biochem J 298(Pt 3):521-528

Bandyopadhyay GK, Lu M, Avolio E, Siddiqui JA, Gayen JR, Wollam J, Vu CU, Chi NW,
O’Connor DT, Mahata SK (2015) Pancreastatin-dependent inflammatory signaling mediates
obesity-induced insulin resistance. Diabetes 64:104—116

Biswas N, Friese RS, Gayen JR, Bandyopadhyay G, Mahata SK, O'Connor DT (2014) Discovery
of a novel target for the dysglycemic chromogranin A fragment pancreastatin: interaction with
the chaperone GRP78 to influence metabolism. PLoS One 9:e84132

Carmen GY, Victor SM (2006) Signalling mechanisms regulating lipolysis. Cell Signal 18:401-408



244 N.E. Evtikhova et al.

Cohn DV, Zangerle R, Fischer-Colbrie R, Chu LL, Elting JJ, Hamilton JW, Winkler H (1982)
Similarity of secretory protein I from parathyroid gland to chromogranin A from adrenal
medulla. Proc Natl Acad Sci U S A 79:6056-6059

Culhane KJ, Liu Y, Cai Y, Yan EC (2015) Transmembrane signal transduction by peptide hormones
via family B G protein-coupled receptors. Front Pharmacol 6:264

Curry WIJ, Johnston CF, Shaw C, Buchanan KD (1990) Distribution and partial characterisation
of immunoreactivity to the putative C-terminus of rat pancreastatin. Regul Pept 30:207-219

Curry W1J, Johnston CF, Hutton JC, Arden SD, Rutherford NG, Shaw C, Buchanan KD (1991)
The tissue distribution of rat chromogranin A-derived peptides: evidence for differential tissue
processing from sequence specific antisera. Histochemistry 96:531-538

Delpino A, Castelli M (2002) The 78 kDa glucose-regulated protein (GRP78/BIP) is expressed on
the cell membrane, is released into cell culture medium and is also present in human peripheral
circulation. Biosci Rep 22:407-420

Drees BM, Hamilton JW (1992) Pancreastatin and bovine parathyroid cell secretion. Bone Miner
17:335-346

Efendic S, Tatemoto K, Mutt V, Quan C, Chang D, Ostenson CG (1987) Pancreastatin and islet
hormone release. Proc Natl Acad Sci U S A 84:7257-7260

Eiden LE (1987) Is chromogranin a prohormone? Nature 325:301

Fasciotto BH, Gorr SU, DeFranco DJ, Levine MA, Cohn DV (1989) Pancreastatin, a presumed
product of chromogranin-A (secretory protein-I) processing, inhibits secretion from porcine
parathyroid cells in culture. Endocrinology 125:1617-1622

Fasciotto BH, Gorr SU, Bourdeau AM, Cohn DV (1990) Autocrine regulation of parathyroid
secretion: inhibition of secretion by chromogranin-A (secretory protein-I) and potentiation of
secretion by chromogranin-A and pancreastatin antibodies. Endocrinology 127:1329-1335

Funakoshi S, Tamamura H, Ohta M, Yoshizawa K, Funakoshi A, Miyasaka K, Tateishi K, Tatemoto
K, Nakano I, Yajima H (1989a) Isolation and characterization of a tumor-derived human
pancreastatin-related protein. Biochem Biophys Res Commun 164:141-148

Funakoshi A, Miyasaka K, Kitani K, Tamamura H, Funakoshi S, Yajima H (1989b) Bioactivity of
synthetic C-terminal fragment of rat pancreastatin on endocrine pancreas. Biochem Biophys
Res Commun 158:844-849

Gayen JR, Saberi M, Schenk S, Biswas N, Vaingankar SM, Cheung WW, Najjar SM, O'Connor
DT, Bandyopadhyay G, Mahata SK (2009) A novel pathway of insulin sensitivity in chro-
mogranin A null mice: a crucial role for pancreastatin in glucose homeostasis. J Biol Chem
284:28498-28509

Gonzalez-Yanes C, Sanchez-Margalet V (2000) Pancreastatin modulates insulin signaling in rat
adipocytes: mechanisms of cross-talk. Diabetes 49:1288—1294

Gonzalez-Yanes C, Sanchez-Margalet V (2001) Pancreastatin, a chromogranin-A-derived peptide,
inhibits insulin-stimulated glycogen synthesis by activating GSK-3 in rat adipocytes. Biochem
Biophys Res Commun 289:282-287

Gonzalez-Yanes C, Sanchez-Margalet V (2002) Pancreastatin, a chromogranin A-derived peptide,
activates protein synthesis signaling cascade in rat adipocytes. Biochem Biophys Res Commun
299:525-531

Gonzalez-Yanes C, Sanchez-Margalet V (2003) Pancreastatin, a chromogranin A-derived peptide,
inhibits leptin and enhances UCP-2 expression in isolated rat adipocytes. Cell Mol Life Sci
60:2749-2756

Gonzalez-Yanes C, Santos-Alvarez J, Sanchez-Margalet V (1999) Characterization of pancreast-
atin receptors and signaling in adipocyte membranes. Biochim Biophys Acta 1451:153-162

Gonzalez-Yanes C, Santos-Alvarez J, Sanchez-Margalet V (2001) Pancreastatin, a chromogranin
A-derived peptide, activates Galpha(16) and phospholipase C-beta(2) by interacting with spe-
cific receptors in rat heart membranes. Cell Signal 13:43—49

Hakanson R, Tielemans Y, Chen D, Andersson K, Ryberg B, Mattsson H, Sundler F (1992) The
biology and pathobiology of the ECL cells. Yale J Biol Med 65:761-774



Action and Mechanisms of Action of the Chromogranin A Derived Peptide Pancreastatin =~ 245

Hakanson R, Ding XQ, Norlen P, Chen D (1995) Circulating pancreastatin is a marker for the
enterochromaffin-like cells of the rat stomach. Gastroenterology 108:1445-1452

Hashimoto T, Kogire M, Lluis F, Gomez G, Tatemoto K, Greeley GH Jr, Thompson JC (1990)
Stimulatory effect of pancreastatin on gastric acid secretion in conscious dogs. Gastroenterology
99:61-65

Hertelendy ZI, Patel DG, Knittel JJ (1996) Pancreastatin inhibits insulin secretion in RINmSF
cells through obstruction of G-protein mediated, calcium-directed exocytosis. Cell Calcium
19:125-132

Herzig KH, Louie DS, Tatemoto K, Chung OY (1992) Pancreastatin inhibits pancreatic enzyme
secretion by presynaptic modulation of acetylcholine release. Am J Phys 262:G113-G117

Huttner WB, Benedum UM (1987) Chromogranin A and pancreastatin. Nature 325:305

Kitayama N, Tateishi K, Funakoshi A, Miyasaka K, Shimazoe T, Kono A, Iwamoto N, Matsuoka Y
(1994) Pancreastatin molecular forms in normal human plasma. Life Sci 54:1571-1578

Kolch W, Heidecker G, Kochs G, Hummel R, Vahidi H, Mischak H, Finkenzeller G, Marme D,
Rapp UR (1993) Protein kinase C alpha activates RAF-1 by direct phosphorylation. Nature
364:249-252

Konecki DS, Benedum UM, Gerdes HH, Huttner WB (1987) The primary structure of human
chromogranin A and pancreastatin. J Biol Chem 262:17026-17030

Leduc R, Hendy GN, Seidah NG, Chretien M, Lazure C (1990) Fragmentation of bovine chromo-
granin A by plasma kallikrein. Life Sci 46:1427-1433

Lewis JJ, Zdon MJ, Adrian TE, Modlin IM (1988) Pancreastatin: a novel peptide inhibitor of pari-
etal cell secretion. Surgery 104:1031-1036

Lindstrom E, Bjorkquist M, Boketoft A, Chen D, Zhao CM, Kimura K, Hakanson R (1997)
Release of histamine and pancreastatin from isolated rat stomach ECL cells. Inflamm Res
46(Suppl 1):S109-S110

Metz-Boutigue MH, Garcia-Sablone P, Hogue-Angeletti R, Aunis D (1993) Intracellular and
extracellular processing of chromogranin A. Determination of cleavage sites. Eur J Biochem
217:247-257

Misra UK, Pizzo SV (2010) Modulation of the unfolded protein response in prostate cancer cells
by antibody-directed against the carboxyl-terminal domain of GRP78. Apoptosis 15:173-182

Misra UK, Deedwania R, Pizzo SV (2006) Activation and cross-talk between Akt, NF-kappaB,
and unfolded protein response signaling in 1-LN prostate cancer cells consequent to ligation of
cell surface-associated GRP78. J Biol Chem 281:13694-13707

Miyasaka K, Funakoshi A, Nakamura R, Kitani K, Shimizu F, Tatemoto K (1989) Effects of por-
cine pancreastatin on postprandial pancreatic exocrine secretion and endocrine functions in the
conscious rat. Digestion 43:204-211

O’Connor DT, Cadman PE, Smiley C, Salem RM, Rao F, Smith J, Funk SD, Mahata SK, Mahata
M, Wen G, Taupenot L, Gonzalez-Yanes C, Harper KL, Henry RR, Sanchez-Margalet V
(2005) Pancreastatin: multiple actions on human intermediary metabolism in vivo, variation
in disease, and naturally occurring functional genetic polymorphism. J Clin Endocrinol Metab
90:5414-5425

Ohneda A, Koizumi F, Ohneda M (1989) Effect of porcine pancreastatin on endocrine function of
canine pancreas. Tohoku J Exp Med 159:291-298

Peiro E, Miralles P, Silvestre RA, Villanueva ML, Marco J (1989) Pancreastatin inhibits insulin
secretion as induced by glucagon, vasoactive intestinal peptide, gastric inhibitory peptide, and
8-cholecystokinin in the perfused rat pancreas. Metabolism 38:679-682

Sanchez V, Calvo JR, Goberna R (1990) Glycogenolytic effect of pancreastatin in the rat. Biosci
Rep 10:87-91

Sanchez V, Lucas M, Calvo JR, Goberna R (1992) Glycogenolytic effect of pancreastatin in iso-
lated rat hepatocytes is mediated by a cyclic-AMP-independent Ca(2+)-dependent mechanism.
Biochem J 284(Pt 3):659-662

Sanchez-Margalet V (1999) Modulation of insulin receptor signalling by pancreastatin in HTC
hepatoma cells. Diabetologia 42:317-325



246 N.E. Evtikhova et al.

Sanchez-Margalet V, Goberna R (1994a) Pancreastatin activates pertussis toxin-sensitive guanylate
cyclase and pertussis toxin-insensitive phospholipase C in rat liver membranes. J Cell Biochem
55:173-181

Sanchez-Margalet V, Goberna R (1994b) Pancreastatin inhibits insulin-stimulated glycogen syn-
thesis but not glycolysis in rat hepatocytes. Regul Pept 51:215-220

Sanchez-Margalet V, Gonzalez-Yanes C (1998) Pancreastatin inhibits insulin action in rat adipo-
cytes. Am J Phys 275:E1055-E1060

Sanchez-Margalet V, Santos-Alvarez J (1997) Solubilization and molecular characterization of
active pancreastatin receptors from rat liver membranes. Endocrinology 138:1712-1718

Sanchez-Margalet V, Lucas M, Goberna R (1992) Pancreastatin increases cytosolic Ca2+ in insulin
secreting RINmS5F cells. Mol Cell Endocrinol 88:129-133

Sanchez-Margalet V, Lucas M, Goberna R (1994a) Pancreastatin activates protein kinase C by
stimulating the formation of 1,2-diacylglycerol in rat hepatocytes. Biochem J 303(Pt 1):51-54

Sanchez-Margalet V, Valle M, Goberna R (1994b) Receptors for pancreastatin in rat liver mem-
branes: molecular identification and characterization by covalent cross-linking. Mol Pharmacol
46:24-29

Sanchez-Margalet V, Valle M, Lobon JA, Maldonado A, Escobar-Jimenez F, Olivan J, Perez-Cano
R, Goberna R (1995) Increased plasma pancreastatin-like immunoreactivity levels in non-
obese patients with essential hypertension. J Hypertens 13:251-258

Sanchez-Margalet V, Lucas M, Goberna R (1996) Pancreastatin: further evidence for its consider-
ation as a regulatory peptide. ] Mol Endocrinol 16:1-8

Sanchez-Margalet V, Gonzalez-Yanes C, Santos-Alvarez J, Najib S (2000) Characterization of
pancreastatin receptor and signaling in rat HTC hepatoma cells. Eur J Pharmacol 397:229-235

Sanchez-Margalet V, Gonzalez-Yanes C, Najib S (2001) Pancreastatin, a chromogranin A-derived
peptide, inhibits DNA and protein synthesis by producing nitric oxide in HTC rat hepatoma
cells. J Hepatol 35:80-85

Sanchez-Margalet V, Santos-Alvarez J, Diaz-Troya S (2003) Purification of pancreastatin receptor
from rat liver membranes. Methods Mol Biol 228:187-194

Sanchez-Margalet V, Gonzalez-Yanes C, Najib S, Santos-Alvarez J (2010) Metabolic effects
and mechanism of action of the chromogranin A-derived peptide pancreastatin. Regul Pept
161:8-14

Santos-Alvarez J, Sanchez-Margalet V (1998) Pancreastatin activates beta3 isoform of phos-
pholipase C via G(alpha)ll protein stimulation in rat liver membranes. Mol Cell Endocrinol
143:101-106

Santos-Alvarez J, Sanchez-Margalet V (1999) G protein G alpha /11 and G alpha i1,2 are acti-
vated by pancreastatin receptors in rat liver: studies with GTP-gamma 35S and azido-GTP-
alpha-32P. J Cell Biochem 73:469-477

Santos-Alvarez J, Sanchez-Margalet V (2000) Affinity purification of pancreastatin receptor-
Gg/11 protein complex from rat liver membranes. Arch Biochem Biophys 378:151-156

Santos-Alvarez J, Gonzalez-Yanes C, Sanchez-Margalet V (1998) Pancreastatin receptor is cou-
pled to a guanosine triphosphate-binding protein of the G(q/11)alpha family in rat liver mem-
branes. Hepatology 27:608-614

Schmidt WE, Creutzfeldt W (1991) Pancreastatin—a novel regulatory peptide? Acta Oncol
30:441-449

Schmidt WE, Siegel EG, Kratzin H, Creutzfeldt W (1988) Isolation and primary structure of
tumor-derived peptides related to human pancreastatin and chromogranin A. Proc Natl Acad
Sci U S A 85:8231-8235

Sekiya K, Haji M, Fukahori M, Takayanagi R, Ohashi M, Kurose S-n, Oyama M, Tateishi K,
Funakosh A, Nawata H (1994) Pancreastatin-like immunoreactivity of cerebrospinal fluid in
patients with Alzheimer type dementia: evidence of aberrant processing of pancreastatin in
Alzheimer type dementia. Neurosci Lett 177:123-126



Action and Mechanisms of Action of the Chromogranin A Derived Peptide Pancreastatin 247

Shani G, Fischer WH, Justice NJ, Kelber JA, Vale W, Gray PC (2008) GRP78 and Cripto form a
complex at the cell surface and collaborate to inhibit transforming growth factor beta signaling
and enhance cell growth. Mol Cell Biol 28:666—-677

Simon JP, Aunis D (1989) Biochemistry of the chromogranin A protein family. Biochem J 262:1-13

Sun XJ, Rothenberg P, Kahn CR, Backer JM, Araki E, Wilden PA, Cahill DA, Goldstein BJ, White
MEF (1991) Structure of the insulin receptor substrate IRS-1 defines a unique signal transduc-
tion protein. Nature 352:73-77

Tamamura H, Ohta M, Yoshizawa K, Ono Y, Funakoshi A, Miyasaka K, Tateishi K, Jimi A, Yajima
H, Fujii N (1990) Isolation and characterization of a tumor-derived human protein related
to chromogranin A and its in vitro conversion to human pancreastatin-48. Eur J Biochem
191:33-39

Tatemoto K, Mutt V (1978) Chemical determination of polypeptide hormones. Proc Natl Acad Sci
USA754115-4119

Tatemoto K, Efendic S, Mutt V, Makk G, Feistner GJ, Barchas JD (1986) Pancreastatin, a novel
pancreatic peptide that inhibits insulin secretion. Nature 324:476-478

Taupenot L, Harper KL, O'Connor DT (2003) The chromogranin-secretogranin family. N Engl
J Med 348:1134-1149

Tuteja N (2009) Signaling through G protein coupled receptors. Plant Signal Behav 4:942-947

Valicherla GR, Hossain Z, Mahata SK, Gayen JR (2013) Pancreastatin is an endogenous peptide
that regulates glucose homeostasis. Physiol Genomics 45:1060-1071

Wang M, Wey S, Zhang Y, Ye R, Lee AS (2009) Role of the unfolded protein response regula-
tor GRP78/BiP in development, cancer, and neurological disorders. Antioxid Redox Signal
11:2307-2316

Watkinson A, Jonsson AC, Davison M, Young J, Lee CM, Moore S, Dockray GJ (1991)
Heterogeneity of chromogranin A-derived peptides in bovine gut, pancreas and adrenal
medulla. Biochem J 276(Pt 2):471-479

Watkinson A, Rogers M, Dockray GJ (1993) Post-translational processing of chromogranin A:
differential distribution of phosphorylated variants of pancreastatin and fragments 248-313 and
297-313 in bovine pancreas and ileum. Biochem J 295(Pt 3):649-654

Winkler H, Fischer-Colbrie R (1992) The chromogranins A and B: the first 25 years and future
perspectives. Neuroscience 49:497-528

Zhang T, Mochizuki T, Kogire M, Ishizuka J, Yanaihara N, Thompson JC, Greeley GH Jr
(1990) Pancreastatin: characterization of biological activity. Biochem Biophys Res Commun
173:1157-1160

Zhang JX, Fasciotto BH, Darling DS, Cohn DV (1994) Pancreastatin, a chromogranin A-derived
peptide, inhibits transcription of the parathyroid hormone and chromogranin A genes and
decreases the stability of the respective messenger ribonucleic acids in parathyroid cells in
culture. Endocrinology 134:1310-1316

Zhang Y, Liu R, Ni M, Gill P, Lee AS (2010) Cell surface relocalization of the endoplasmic
reticulum chaperone and unfolded protein response regulator GRP78/BiP. J Biol Chem
285:15065-15075



Chromogranins and the Quantum Release
of Catecholamines
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Abstract Chromogranins (Cgs) are the most abundant intravesicular proteins of
chromaffin granules. Using Cgs knockout mice, we found that the lack of chromo-
granin A (CgA), chromogranin B (CgB) or both drastically reduce the vesicular
content of catecholamines (CA), impair its accumulation in granules and largely
affect the kinetics of exocytosis. Conversely, the overexpression of CgA induces the
genesis of vesicles, increases their quantal content and even transforms non-
secretory in cells capable to secrete substances. We conclude that Cgs contribute to
a highly efficient system that directly mediates monoamine accumulation and regu-
lates the exocytotic process.

Abbreviations

CA Catecholamines

CgA Chromogranin A
CgA&B Chromogranins A and B
CgB Chromogranin B

Cgs Chromogranins

KO Knockout

LDCV  Large dense core vesicle
Sell Secretogranin II
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VMAT  Vesicular mono-amine transporter
VNUT  Vesicular nucleotide transporter
WT Wild type animals

Chromogranins are the main protein component of chromaffin granules, a similar
organelle to the large dense core vesicles (LDCVs) found in many neuroendocrine
cells and in some neurons. Chromogranin A (CgA) was described in the mid 60s
(Blaschko et al. 1967) being the first of a series of acidic proteins known as granins,
of which currently has 9 members (Huttner et al. 1991; Winkler and Fischer-Colbrie
1992; Taupenot et al. 2003). Chromogranins are characterized by highly hydro-
philic and acidic primary amino acid sequences (Huttner et al. 1991), as well as the
presence of multiple paired basic residues that form cleavage sites in pro-hormones
to generate bioactive peptides (Helle et al. 2007; Lee and Hook 2009). They also
undergo a multitude of post-translational modifications. CgA and CgB share a ten-
dency to self-aggregate at acidic pH values and high Ca* concentrations, conditions
typical of the lumen of the trans-Golgi network and of secretory granules (Huttner
etal. 1991; Rosa and Gerdes 1994). The most important chromogranins in chromaf-
fin granules are CgA and CgB, and to a lesser extent secretogranin II (SgIl).
Aggregated granins provide the physical driving force to induce budding of trans-
Golgi network membranes, resulting in the formation of dense core granules
(Koshimizu et al. 2010; Tooze and Huttner 1990).
The physiological roles attributed to Cgs are:

(i) To promote granulogenesis. Down-regulation of CgA (Kim et al. 2001) and
CgB (Huh et al. 2003) provokes a loss of secretory granules in PC12 cells,
while overexpression induces the biogenesis of structures resembling secretory
granules in non-endocrine cells, including CV-1, NIH3T3, COS-7 or HEK293
cells. Indeed, these granule-like structures are able to release/secrete their con-
tents (Kim et al. 2001; Huh et al. 2003; Beuret et al. 2004; Stettler et al. 2009;
Dominguez et al. 2014). However, secretory granules can be formed indepen-
dently of CgA expression in PC12 (Day and Gorr 2003) and mouse chromaffin
cells (Mahapatra et al. 2005; Hendy et al. 2006; Montesinos et al. 2008). The
same assumption can be applied to CgB as granulogenesis is still observed in
CgB knockout mice (Obermuller et al. 2010; Diaz-Vera et al. 2010). Indeed,
granule biogenesis and calcium-evoked secretory responses are present in
chromaffin cells when both chromogranins A and B are absent (Diaz-Vera
et al. 2010, 2012).

(ii) To sort vesicles towards secretory pathway. Cgs can act as chaperones for
prohormone-mediated sorting and packaging of neuropeptides in granules
within the trans-Golgi network (Iacangelo and Eiden 1995; Rosa et al. 1985;
Natori and Huttner 1996; Courel et al. 2006; Montero-Hadjadje et al. 2009).

(iii) 7o serve as prohormones. Cgs constitute a source of biologically active pep-
tides, These granins are secreted during regulated exocytosis and they may
fulfil hormonal, autocrine and paracrine activities through their peptide
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derivatives (Taupenot et al. 2003; Montero-Hadjadje et al. 2008; Zhao et al.
2009; Helle 2004).

(iv) To facilitate the storage of amines. Cgs are the main component of the dense
core of granules, facilitating the storage of catecholamines (Dominguez et al.
2014; Nanavati and Fernandez 1993; Helle et al. 1985). Granins exhibit pH-
buffering capacities and thus, they help concentrate soluble products for secre-

tion. This was the first function attributed to Cgs and is one of main interests of
our research group.

The ability of secretory vesicles to actively accumulate enormous concentrations
of solutes has intrigued scientists for decades. This process is crucial in cells whose
primary function is to efficiently secrete substances such as neurotransmitters and
hormones, as few exocytotic events can provoke sufficiently large secretory
responses. The strong accumulation of solutes into the vesicles requires the interac-
tion of intravesicular species to reduce the osmotic pressure. In the limited space of
secretory vesicles: amines, nucleotides and Ca?* are the mobile components whose
concentration gradients relative to the cytosol are maintained by transporters
(VMAT, VNUT). By contrast, Cgs constitute the immobile components that form
the dense core of LDCV that aggregates the majority of solutes (Fig. 1).

These granins are currently considered to be high capacity and low affinity buf-
fers. For example, CgA binds 32 mol adrenaline per mol with a Kd of 2.1 mM

’RECIPE

Chromogranins
T \ carbonara

with amine souce

For 2 mM Chromogranin A
Chromogranin B and §gH
-0.51M catecholamines
_ 120-250 mM ATP

_ 50 mM calcium

-Add few amounts of,
other nuecleotides,
ascorbate,

DBH

and opiates.

_ Cook at pH 55

Fig. 1 Estimated composition of the vesicular cocktail of chromaffin granules. In the vesicular
components, mobile solutes (catecholamines, calcium, ATP, ascorbate) can be distinguished from
immobile species such as Cgs and enzymes. Calcium free is about 40 pM whereas the estimated
bounded fraction is very high. While catecholamines are efficiently packaged in normal vesicles,
some room for the uptake of newly synthesized catecholamines remains
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(Videen et al. 1992), and depending on the granin type, chromogranins can bind
~50 mol Ca?* per mol with a Kd of 1.5-4 mM (Yoo 2010). The ability of CgA and
CgB to form dimers or hetero-tetramers with one another has been studied to further
elucidate the interactions of Cgs with Ca?* (Yoo 1996; Yoo and Albanesi 1991).
Similar interactions with soluble species such as catecholamines and ATP are also
likely to occur, as the presence of multiple dibasic groups in the chromogranin
structure increases their ability to concentrate solutes (Yoo 1996; Yoo and Albanesi
1990; Park et al. 2002). CgA and CgB are the most abundant soluble proteins in
LDCVs and thus, they are the main candidates for facilitating the condensation of
soluble species to generate the functional matrix (Helle et al. 1985). This matrix
probably corresponds to the electron-dense core observed in electron microscopy
images (Ehrhart et al. 1986; Crivellato et al. 2008).

Protons are a crucial component of vesicles and they are concentrated by a spe-
cific V-ATPase to maintain an inner pH of 5.5, approximately coinciding with the
isoelectric point of Cgs. As the association of Cgs with other solutes is pH-dependent
(Helle et al. 1985), vesicular pH may also regulate the ability of CgA to form aggre-
gates (Taupenot et al. 2005), thereby playing a functional role in the dynamics of
vesicular Ca**, ATP and catecholamines.

Two CgA-KO mice have been developed using distinct strategies (Mahapatra
et al. 2005), and a CgB-KO mouse was developed later (Obermuller et al. 2010). By
crossbreeding these two strains, we recently developed the first double CgA/B-KO
mouse, which was viable and fertile in homozygosis (Diaz-Vera et al. 2012). These
three strains constitute valuable tools to analyse the role of Cgs in cargo concentra-
tion and exocytosis in chromaffin vesicles.

Consequences of the Lack of CgA on the Exocytosis of Catecholamine The
absence of CgA appears to trigger compensatory mechanisms that include the over-
expression of CgB (Mahapatra et al. 2005; Montesinos et al. 2008). However, the
number of LDCVs seems to be decreased either in norepinephrine- and epinephrine-
containing cells (Pasqua et al. 2016) the redistribution of Cgs has drastic effects on
the storage and release of catecholamines from the LDCVs of adrenal chromaffin
cells. Using amperometry, we showed CgA-KO cells released ~30% less catechol-
amines than wild-type cells upon stimulation (Fig. 2a), which is due to a reduction
in the net catecholamine quantum content (Fig. 4a). These kinetic changes mainly
affected the later (descending) portion of the spikes. Taken together, it appears that
in the absence of CgA, the LDCV matrix is less capable of concentrating and retain-
ing catecholamines, resulting in more rapid exocytosis (Montesinos et al. 2008).
The capacity of LDCVs to concentrate their cargo can be explored using the
catecholamine precursor L-DOPA. L-DOPA penetrates the chromaffin cell mem-
brane and it is rapidly converted to dopamine, which is then taken up by LDCVs and
converted to noradrenaline by dopamine-p-hydroxylase. Thus, the usual effect of
L-DOPA incubation is a notable increase in vesicular catecholamine content
(Colliver et al. 2000; Sombers et al. 2007; Gong et al. 2003), as we observed in WT
cells. By contrast, no increase in amine uptake was detected in the LDCVs of
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Fig. 2 The secretory response in chromaffin cells from Cgs-KO mice. Data were obtained from
mouse chromaffin cells by carbon fibre amperometry. Average number of secretory spikes counted
over 2 min following a 5 s pulse of 5 mM BaCl, from CgA-KO (a), CgB-KO (b) and the double
KO CgA&B (c). Data are compared with their isogenic controls (WT) by alternating WT and KO
cells from the same culture day and using the same calibrated electrode. Note the quantitative dif-
ferences obtained within the experiments. *p < 0.05, **p < 0.01, Mann-Whitney test. Cell number
is indicated in brackets (Modified from (Montesinos et al. 2008; Diaz-Vera et al. 2010) and from
(Diaz-Vera et al. 2012))

CgA-KO chromaffin cells. Conversely, the overexpression of CgA causes, both in
PC12- and in HEK293-cells, a drastic increase in secretion (Fig. 5).

To determine whether the deficit in catecholamine uptake was due to a reduction
in the availability of cytosolic catecholamines, we analysed the intracellular electro-
chemistry in the presence of the monoamine oxidase inhibitor, pargyline. The tech-
nique used was a modified version of patch-amperometry using the whole-cell
configuration, thereby allowing a carbon fibre electrode to contact the cytosol
(Mosharov et al. 2003). Chromaffin cells from KO animals contained less free cyto-
solic catecholamines than their WT counterparts. However, a dramatic increase in
free cytosolic amines was observed in CgA-KO mice after incubation with L-DOPA
(100 pM for 90 min) when compared with the WT controls. This finding suggests
that saturation of the LDCV matrix prevents the uptake of newly synthesized cate-
cholamines (Montesinos et al. 2008).

The storage and release properties of LDCVs lacking CgA were studied in
more detail using patch-amperometry in the cell-attached configuration, simulta-
neously monitoring vesicle size (capacitance) and catecholamine release
(amperometry) in the same vesicle (Montesinos et al. 2008; Albillos et al. 1997).
The results revealed a decrease in vesicular catecholamine concentration from
870 mM in WT to 530 mM in CgA-KO mice. Taken together, these findings indi-
cate a dramatic reduction in the capacity of chromaffin cell LDCVs to concentrate
catecholamines in the absence of CgA, despite the apparent compensatory over-
expression of CgB.
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Fig. 3 The frequency of exocytotic events in chromaffin cells from Cgs-KO mice. Data were
obtained from mouse chromaffin cells by carbon fibre amperometry. Average number of secretory
spikes counted over 2 min following a 5 s pulse of 5 mM BaCl, from CgA-KO (a), CgB-KO (b)
and the double KO CgA&B (c¢). Data are compared with their isogenic controls (WT) by alternat-
ing WT and KO cells from the same culture day and using the same calibrated electrode. Note the
quantitative differences obtained within the experiments. *p < 0.05, **p < 0.01, Mann-Whitney
test. Cell number is indicated in brackets (Modified from (Montesinos et al. 2008; Diaz-Vera et al.
2010) and from (Diaz-Vera et al. 2012))

1 Catecholamine Exocytosis in the Absence
of Chromogranin B

The absence of CgB in CgB-KO mice was confirmed by immunohistochemistry
and western blotting, also revealing the overexpression of CgA (Diaz-Vera et al.
2010). Hence, the secretory characteristics of chromaffin cells in these mice were
then analyzed as described for the CgA-KO strain. Despite of critical role of CgB
in the genesis and sorting of LDCVs, sustained exocytotic catecholamine release
was described in chromaffin cells from CgB-KO mice (Natori and Huttner 1996;
Glombik et al. 1999; Kromer et al. 1998). We observed no differences in the fre-
quency of secretory events in chromaffin cells from CgA-KO or CgB-KO mice
comparing with their controls (Fig. 3a, b). However, chromaffin cells from
CgA&B-KO exhibited a lower spike firing (Fig. 3c). The total catecholamine
release from CgB-KO cells was 33% lower than from control cells (Fig. 2b),
roughly coinciding with the reduction observed in the amount released per quanta
(Fig. 4b). Careful analysis of the kinetic properties of secretory spikes showed
that the reduction in exocytosis primarily affected the initial (ascending) portion
of the spikes, in contrast to the pattern observed in CgA-KO mice (Diaz-Vera
et al. 2010). Moreover, L-DOPA overloading revealed that LDCVs in CgB-KO
cells were unable to take up more catecholamines, with excess amines remaining
in the cytosol.
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Fig. 4 The quantum size of secretory spikes in chromaffin cells from Cgs-KO mice. Data were
obtained from mouse chromaffin cells by carbon fibre amperometry. Average number of secretory
spikes counted over 2 min following a 5 s pulse of 5 mM BaCl, from CgA-KO (a), CgB-KO (b)
and the double KO CgA&B (c¢). Data are compared with their isogenic controls (WT) by alternat-
ing WT and KO cells from the same culture day and using the same calibrated electrode. Note the
quantitative differences obtained within the experiments. *p < 0.05, **p < 0.01, Mann-Whitney
test. Cell number is indicated in brackets (Modified from (Montesinos et al. 2008; Diaz-Vera et al.
2010) and from (Diaz-Vera et al. 2012))
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Fig. 5 Chromogranins as promoter of the neoformation of functional LDCV. (a) HEK293 cells
were incubated for 60 min with L-DOPA (100 pM, 60 min) and the lysates were prepared for
HPLC analysis. Control: non-transfected cells; CgA-EGFP cells expressing CgA-EGFP. Bar
graphs normalized the L-DOPA accumulation (measured as ng L-DOPA/ug protein): *p = 0.0022;
(Mann—Whitney U test). (b) As in a but incubating the cells with 5-HT (100 pM for 60 min)
#p = 0.0043; (Mann—Whitney U test). (¢) Amperometric recording showing exocytotic events from
HEK293 cells incubated for 90 min with 1 mM of L-DOPA. This secretory activity is only detected
in cells that express CgA-EGFP (Modified from (Dominguez et al. 2014))

2 Catecholamine Exocytosis in the Absence
of Chromogranins A and B

The generation of double CgA&B-KO mice allowed us to analyse catecholamine
secretion in the absence of both chromogranins. Electron microscopy images of the
adrenal medulla revealed the presence of giant granules with little or no vesicular
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matrix (Diaz-Vera et al. 2012). The large vesicular size is likely the result of osmotic
decompensation and it may explain the dramatic reduction in the frequency of exo-
cytotic firing in CgA&B KO mice, which was not observed in the absence of CgA
or CgB alone. Granule membranes were usually broken, indicating a high suscepti-
bility to the osmotic changes associated with the fixation procedure.

Total amine secretion was strongly reduced (Fig. 2¢) in CgA&B-KO mice due to
a combination of low spike firing (Fig. 3¢) and the small quantum size (Fig. 4c).
When determined by amperometric spikes, the kinetics of exocytosis differed
clearly from those of control mice and they bore a greater resemblance to CgB-KO
rather than CgA-KO cells. Indeed, the Imax value was halved and the slope of the
ascending region of the spikes was not as steep as in the wild-type controls. This
apparent general slowdown of exocytosis may have been influenced by the very low
catecholamine concentration. However, the kinetic changes observed appear to have
been produced more by a combination of the limited amounts of amines and the
very large size of the secretory vesicles (Montesinos et al. 2008; Diaz-Vera et al.
2010, 2012).

Incubation of cells with L-DOPA showed that the uptake of newly synthesized
catecholamines granules was impaired in CgA/B-KO cells. No increase in the net
charge of granules was detected after incubation with L-DOPA, although the free
cytosolic catechols increased as granules cannot easily remove the catecholamines
from cytosol (Diaz-Vera et al. 2012).

While the concentration of catecholamines accumulated in CgA&B-KO chro-
maffin vesicles was significantly reduced, it remained above that required to reach
isotonicity with the cytosol. As such, we cannot rule out the possibility that other
components of the vesicular cocktail, such as ATP (Kopell and Westhead 1982) and/
or H* (Camacho et al. 2006, 2008), contribute to the maintenance of amine
accumulation.

To determine whether other granins could fulfil the role of Cgs in forming the
dense matrix, we performed a proteomic analysis of the enriched LDCV fraction
from the adrenal medulla of the CgA&B-KO mouse (Diaz-Vera et al. 2012). While
no significant changes in the amount of SgII or other granins were observed, and no
other protein appears to be capable of fulfilling the role of Cgs as a matrix-condenser
for soluble intravesicular components (Diaz-Vera et al. 2010, 2012).

We have also studied the role of CgA in the accumulation and exocytosis of cat-
echolamines in cells when the levels of CgA were increased (Dominguez et al.
2014). We overexpressed CgA in non-secretory HEK293 and in secretory PC12
cells in order to study the genesis, movement and exocytosis of newly formed gran-
ules by evanescent wave microscopy. We also analysed the association of Cgs with
catecholamines by HPLC and amperometry, and their role in the accumulation and
exocytosis of amines, both under resting conditions and after L-DOPA overloading.
The CgA overexpression in PC12 cells doubles the accumulation of amines in
secretory vesicles and a significant increase in the quantal size. Moreover, the over-
expression of CgA converts a non-secretory-, like HEK293, in a secretory-cell
capable to make granules that accumulate L-DOPA or serotonin and release it by
exocytosis (Fig. 5).
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Large secretory vesicles are still accumulating CA even in the absence of Cgs.
Although amine concentration resulted halved (400-500 mM)), it is still hyper-
tonic to cytosol. As the only intravesicular species present inside LDCV is ATP
and considering that ATP is present almost in all secretory vesicles from all ani-
mal cells (Borges 2013), we decided to test the role of ATP as a colligative agent.
This ability of ATP to bind CA to reduce the osmotic pressure was demonstrated
in vitro (CITA). We were successful showing that reduction of vesicular ATP,
assessed by siVNUT treatment, was accompanied with a reduction in vesicular
ATP. In addition, the overexpression of VNUT resulted in an increase of vesicular
CA (Estevez-Herrera et al. 2016a). This later results offers a new view of the
physic-chemical interaction between the solutes present in the vesicular cocktail
(Estevez-Herrera et al. 2016b).

3 Concluding Remarks

Since their discovery, Cgs have captivated the attention of scientists and they have
been implicated in several processes, including granule biogenesis and sorting, cat-
echolamine storage and release, as prohormones for the production of bioactive
peptides, tumour marking, and the pathophysiology of neurodegenerative diseases.
Data from Cg-KO mice are providing direct evidence implicating Cgs in vesicular
storage and in the exocytotic release of catecholamines. While the exocytosis pro-
cess is maintained, even in the complete absence of Cgs, the absence of Cgs impairs
vesicular catecholamine accumulation. Hence, although LDCV biogenesis does not
appear to be affected, the saturation of vesicular storage capacity might well be.
Protein analysis of the secretory vesicle fraction revealed the compensatory overex-
pression of CgA in the absence of CgB, and vice versa. Unexpectedly, other pro-
teins that are apparently unrelated with secretion were only present in the
adrenomedullary tissue of CgB-KO animals. In conclusion, in accordance with ear-
lier hypotheses and findings, Cgs are highly efficient direct mediators of mono-
amine accumulation, influencing the kinetics of exocytosis in LDCVs.
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