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Chromogranin A (CgA) has been proposed to play a major
role in the formation of dense-core secretory granules
(DCGs) in neuroendocrine cells. Here, we took advantage of
unique features of the frog CgA (fCgA) to assess the role of
this granin and its potential functional determinants in hor-
mone sorting during DCG biogenesis. Expression of fCgA in
the constitutively secreting COS-7 cells induced the forma-
tion of mobile vesicular structures, which contained cotrans-
fected peptide hormones. The fCgA and the hormones coex-
pressed in the newly formed vesicles could be released in a
regulated manner. The N- and C-terminal regions of fCgA,
which exhibit remarkable sequence conservation with their
mammalian counterparts were found to be essential for the
formation of the mobile DCG-like structures in COS-7 cells.
Expression of fCgA in the corticotrope AtT20 cells increased
pro-opiomelanocortin levels in DCGs, whereas the expres-
sion of N- and C-terminal deletion mutants provoked reten-
tion of the hormone in the Golgi area. Furthermore, fCgA, but
not its truncated forms, promoted pro-opiomelanocortin
sorting to the regulated secretory pathway. These data dem-
onstrate that CgA has the intrinsic capacity to induce the
formation of mobile secretory granules and to promote the
sorting and release of peptide hormones. The conserved ter-
minal peptides are instrumental for these activities of CgA.

Eukaryotic cells share the capacity to rapidly secrete proteins
through the constitutive secretory pathway. The fundamental
feature of neuroendocrine and endocrine cells is the occurrence

of dense-core secretory granules (DCGs),3 which are key cyto-
plasmic organelles responsible for secretion of hormones, neu-
ropeptides, and neurotransmitters through the regulated secre-
tory pathway (RSP). Storage at high concentrations of these
secretory products is required for their finely tuned release in
response to extracellular stimulation (1, 2). DCG biogenesis
starts with the budding of immature secretory granules (ISGs)
from the trans-Golgi network (TGN) through interactions
between lipid rafts and protein components, in a similar man-
ner to constitutive vesicle budding (2, 3). The ISG budding is
followed by a multistep maturation process to form the mature
secretory granules, including removal of the constitutive secre-
tory proteins and lysosomal enzymes inadvertently packaged
into ISGs (4).
Despite increasing knowledge of the various steps of DCG

formation, the nature of the sorting signals for entry of proteins
into the DCGs and the molecular machinery required to gen-
erate secretory granules are not fully elucidated (5, 6). Several
recent studies highlighted the role of members of the granin
family, which may represent the driving force for granulogen-
esis in the TGN (2), although this notion has been a matter of
debate (7). Granins are soluble acidic proteins widely distrib-
uted in endocrine and neuroendocrine cells, which are charac-
terized by the ability to aggregate at acidic pH and a high Ca2�

environment (8, 9). These conditions are found in the lumen of
the TGN allowing granins to aggregate in this compartment
and to be segregated from constitutively secreted proteins (10,
11). The granin aggregates are believed to associate directly or
indirectly with lipid rafts at the TGN to induce budding and
formation of the ISGs. A prominent role of chromogranin A
(CgA) in the regulation of DCG formation in endocrine and
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neuroendocrine cells has been proposed. Thus, depletion of
CgA in PC12 cells led to a dramatic decrease in the number of
DCGs (12), and exogenously expressed CgA in these depleted
PC12 cells, as in DCG-deficient endocrine A35C and 6T3 cells,
restored DCG biogenesis (12, 13). Besides, expression of
granins in non-endocrine, constitutively secreting cells such as
CV-1, NIH3T3, or COS-7 cells provoked the formation of
DCG-like structures that release their content in response to
Ca2� influx (12, 14, 15). Further investigations performed in
CgA null mice and transgenic mice expressing antisense RNA
against CgA also revealed a reduction in the number ofDCGs in
chromaffin cells that was associated with an impairment of cat-
echolamine storage, thus demonstrating the crucial role of CgA
in normal DCG biogenesis (16, 17). In CgA knockout mice, the
introduction of the gene expressing human CgA restored the
regulated secretory phenotype (16). A different CgA null mice
strain exhibited no discernable effect on DCG formation, but
elevated catecholamine secretion (18), proving that CgA defi-
ciency is associated with hormone storage impairment in neu-
roendocrine cells in vivo, a finding that was confirmed in vitro
(19). The CgA�/� mice strain generated by Hendy et al. (18)
exhibited a compensatory overexpression of other granins,
pointing to a possible overlap in granin function in secretory
granule biogenesis.
We reported previously that the frog CgA (fCgA) gene is

coordinately regulated with the pro-opiomelanocortin
(POMC) gene in the pituitary pars intermedia during the neu-
roendocrine reflex of skin color change, which allows amphibia
to adapt to their environment through the release of POMC-
derived melanotropic peptides (20, 21). Sequence comparison
of fCgA with its mammalian orthologs revealed a high conser-
vation of the N- and C-terminal domains, and far less conser-
vation of the central part of the protein (Fig. 1A), suggesting
that these domains may play a role in DCG formation and hor-
mone release in various species (9, 20, 21). To assess the role of
fCgA and its conserved N- and C-terminal regions in hormone
sorting, storage, and secretion, we engineered different con-
structs that produce the native unmodified (no tag added) pro-
tein and truncated forms lacking the conserved N- and C-ter-
minal domains, and we developed an antibody that specifically
recognizes the central region of fCgA. Using the constitutively
secreting COS-7 cells, which are devoid of DCGs, we could
demonstrate for the first time that CgA is essential for targeting
peptide hormones to newly formed mobile DCG-like struc-
tures. In the CgA-expressing AtT20 cells, which exhibit an only
moderate capacity to sort secretory proteins to the regulated
pathway (22), the granin plays a pivotal role in the sorting and
release of POMC. The conserved terminal peptides of CgA are
instrumental for these activities.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Primary antibodies used were:
rabbit polyclonal anti-humanWE14 at 1:1000 (23); sheep anti-
human adrenocorticotropin (ACTH) (24) at 1:1000 for immu-
nofluorescence and 1:500 for Western blot; goat anti-human
pancreastatin at 1:100 and goat anti-human lamp-1 at 1:100
(Santa Cruz Biotechnology, Santa Cruz, CA); mouse mono-
clonal anti-green fluorescent protein (GFP) at 1:250 (Roche

Diagnostics, Mannheim, Germany), mouse monoclonal
GM130 antibodies at 1:1000 (BD Biosciences, Le Pont de Claix,
France), and rabbit polyclonal anti-growth hormone (GH) at
1:200 (Dr. A. F. Parlow, National Hormone and Pituitary Pro-
gram, NIDDK, Torrance, CA). For immunofluorescence, sec-
ondary antibodies were: Alexa 594-conjugated donkey anti-
rabbit and Alexa 594-conjugated goat anti-mouse
immunoglobulins (IgG), Alexa 488-conjugated donkey anti-
goat IgG and Alexa 488-conjugated donkey anti-sheep IgG, at
1:300 (Invitrogen). For Western blot, anti-rabbit (Amersham
Biosciences, Courtaboeuf, France) or anti-sheep (Jackson
ImmunoResearch) horseradish peroxidase-conjugate second-
ary antibodies were used at 1:1000. For electron microscopy,
rabbit secondary antibody conjugated to 10-nm gold particles
(British Biocell, Tebu, France) was used at 1:20. GFP-tagged
vesicle-associatedmembrane protein-synaptobrevin (VAMP2-
GFP) and Venus-tagged neuropeptide Y (NPY-Venus) were
gifts from R.W. Holz (University of Michigan, Ann Arbor) and
D. Perrais (CNRS UMR 5091, Bordeaux, France), respectively.
Production of Recombinant fCgA107–234 and the Cognate

Antibody—A cDNA sequence encoding portion of the central
region of fCgAwas amplified by PCR from the fCgA cDNA (20)
using 50 pmol of the sense primer 5�-ATGCGAATTCCGTCT-
TCACAGTTAAATTC-3� and the antisense primer 5�-ATG-
CAAGCTTAAATCCTCATCGAATTGTC-3�. An EcoRI re-
striction site necessary for subcloning was incorporated at the
5�-end of the sense primer. A stop codon and a HindIII restric-
tion site necessary for the production of the protein and for
subcloning, respectively, were introduced at the 5�-end of the
antisense primer. The PCR product was digested with EcoRI
and HindIII, and ligated to the expression plasmid pMAL-c2
(New England Biolabs, Beverly, MA) previously cut with EcoRI
and HindIII. The construct was verified by DNA sequencing.
This strategy allows for the subcloning of fCgA107–234 cDNA in
the sense orientation, in-frame with and downstream of the
plasmid region encoding the bacterial maltose-binding protein
(MBP). The MBP-fCgA107–234 fusion protein was expressed in
isopropyl 1-thio-�-D-galactopyranoside-induced Escherichia
coli and affinity purified from bacterial soluble extracts applied
to amylose resin essentially as described by themanufacturer of
the Protein Fusion and Purification System (New England Bio-
labs). Antibodies (RV31.4) against the fusion protein were
raised by injecting New Zealand rabbits. Sera from the immu-
nized rabbits were used at 1:1000 for electron microscopy and
at 1:500 for immunofluorescence and Western blot analysis to
immunostain full-length and truncated forms of fCgA.
Construction of Expression Vectors—Full-length fCgA and

the C-terminal deletion mutant fCgA1–336 (named �CfCgA)
were obtained by PCR cloning using the sense primer FCCA-1
(5�-TGCGATATCCAGCCAGCCGGATCC-3�), including an
EcoRV restriction site (underlined bases), and the antisense
primer FCCA-5 (5�-ATGCGCGGCCGCTCATCCCCTCCT-
CAA-3�), including a NotI restriction site. To produce the
N-terminally deleted form of fCgA, i.e. fCgA76–378 (named
�NfCgA) and the N/C-terminally deleted fCgA, i.e. fCgA76–336
(named �NCfCgA), the corresponding cDNAs were amplified
by PCR using the sense primer FCCA-4 (5�-ATGCGAAT-
TCAAGAAGAATCGCGGC-3�), including EcoRI restriction
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site, and the antisense primer FCCA-2 (5�-ATGCGCGGC-
CGCTTATCTTCTGGCCTTTTG-3�) or FCCA-5, including
theNotI restriction site. The amplified fragmentswere digested
with the appropriate enzymes and subcloned into the eukary-
otic expression vector pIRESneo2 plasmid (BD Clontech, Saint
Germain-en-Laye, France). Because the N terminally deleted
forms of fCgA would lack a signal peptide, we amplified this
sequence from fCgAcDNAusing the sense primer FCCA-1 and
the antisense primer FCCA-3 (5�-ATGCGAATTCAG-
GAAGGGACAAAACTTGTGC-3�), including EcoRI restric-
tion site, and inserted it upstream of the cDNAs encoding these
proteins. PCR was performed in a GeneAmp PCR system 9700
(PerkinElmer Life Sciences). All the constructs were verified by
restriction enzyme digestion and nucleotide sequence analysis
using a Li-Cor 4200 DNA sequencer (Science Tec, Les Ulis,
France).
Cell Culture and Transfection—African green monkey kid-

ney fibroblast-derived COS-7 cells (ATCC, CRL 1651), and
mouse corticotrope-derived AtT20/D16v-F2 cells (ATCC,
CRL1795) were maintained in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 10% heat-inacti-
vated fetal bovine serum (Sigma-Aldrich), 100 units ml�1 pen-
icillin, and 100 �g ml�1 streptomycin (Invitrogen) at 37 °C in
5% CO2. Supercoiled plasmid DNA for transfection was puri-
fied on Qiagen columns. Cells were transfected with 0.8 �g
(24-well plate) or 1.25�g (12-well plate) ofDNAconstructs and
1–2�l of Lipofectamine 2000 (Invitrogen) perwell according to
the manufacturer’s protocol. Six hours after the beginning of
transfection, the culture medium was replaced, and cells were
further cultured for 48 h.
Secretion Analysis—Transiently transfected COS7 cells cul-

tured in 24-well Costar plates were extensively washed with
secretion medium (150 mM NaCl, 5 mM KCl, 2 mM CaCl2, 10
mM HEPES, pH 7.4) and subsequently incubated in this
medium alone (constitutive release) or with the Ca2� iono-
phore A23187 (1 �M, Sigma, stimulated release of NPY) for 30
min or in barium secretion buffer (150 mM NaCl, 5 mM KCl, 2
mM BaCl2, 10 mM HEPES, pH 7.4) (stimulated release of GH)
for 15 min, at 37 °C in 5% CO2. Transiently transfected AtT20
cells grown in 24-well Costar plates were extensively washed
with secretion medium (150 mM NaCl, 5 mM KCl, 10 mM
HEPES, pH 7.4), and subsequently incubated in secretion
medium (constitutive release) or in potassium secretion
medium (85mMNaCl, 59mMKCl, 2 mMCaCl2, 10mMHEPES,
pH 7.4) (stimulated release), for 1 h at 37 °C in 5% CO2. Secre-
tion media were collected, cleared by centrifugation (5 min,
6,000 � g, 4 °C) and stored for further analysis. Cells were lysed
in a buffer containing 50 mM Tris-HCl (pH 7.4), 10 mMNaCl, 5
mM EDTA, 1% Triton X-100, 1 mM dithiothreitol, and protease
inhibitor mixture (Sigma), and centrifuged 20,000 � g for 15
min at 4 °C. Proteins in secretion media and cell homogenates
were precipitated using 10% trichloroacetic acid and analyzed
by Western blotting. For the GH release experiments, the cells
were harvested by scraping in 10 mM PBS. The amounts of GH
secreted into the medium and retained in the cells were meas-
ured using an enzyme-linked immunosorbent assay (Roche
Applied Science). GH secretion is expressed as a percentage of
total GH present in the cells before stimulation. For the ACTH

release experiments, the cells were harvested by scraping in 10
mM PBS. The amounts of ACTH secreted into themedium and
retained in the cells were measured using an enzymatic immu-
noassay (Phoenix Pharmaceuticals, Burlingame, CA). ACTH
secretion is expressed as a percentage of total ACTH present in
the cells before stimulation.
SDS-PAGE and Western Blot Analysis—Proteins were sepa-

rated by SDS-PAGE on 10% polyacrylamide gels in denaturing
conditions and electroblotted onto nitrocellulose sheets
(Amersham Biosciences). Membranes were incubated in a
blocking buffer containing 5% non-fat drymilk in Tris-buffered
saline (TBS) containing 0.05% Tween 20 (TBS-T) (Sigma) for
1 h at room temperature, incubated overnight with anti-fCgA,
anti-WE14, anti-GFP, or anti-ACTH antibodies. Then, mem-
branes were washed for 45 min with TBS-T. Blots were subse-
quently incubated for 1 h with appropriate secondary antibod-
ies in blocking buffer. Immunoreactive proteins were detected
by chemiluminescence (Amersham Biosciences). The radio-
graphs were analyzed with a computer-assisted image analyzer
(Biocom 2000, Les Ulis, France).
Immunofluorescence Microscopy—All procedures in this

study conformed to the animal welfare guidelines of the Euro-
pean Community and were approved by the FrenchMinistry of
Agriculture (authorizationno. 76.451). Frogswere anesthetized
by immersion in a solution of 0.1% triaminobenzoic acid ethyl
ester (Sigma-Aldrich) and perfused transcardially with 100 ml
of PBS. The perfusion was continued with 100 ml of Stefanini’s
fixative (4% paraformaldehyde, 0.2% picric acid). Rats were
anesthetized with an intraperitoneal injection of sodium pen-
tobarbital (35 mg/kg) and perfused through the aorta with 50
ml of PBS followed by 300ml of Stefanini’s fixative. The adrenal
glands and pituitaries were quickly dissected and post-fixed
overnight at 4 °C with the same fixative solution. The glands
were stored in 15% sucrose in PBS for 12 h and transferred into
PBS containing 30% sucrose. Then, they were placed in an
embedding medium (OCT Tissue Teck, Nussloch, Germany)
and immediately frozen. The tissueswere cut in 10-�msections
using a cryomicrotome (Frigocut 2800 E, Reichert Jung, Nuss-
loch, Germany). Cells cultured onto poly-L-lysine (Sigma-Al-
drich)-coated glass coverslips were transfected as described
above and fixedwith 4%paraformaldehyde in PBS at room tem-
perature for 10 min. Tissue slices and cells were permeabilized
for 20 min with 0.3% Triton X-100 in PBS and treated with
normal donkey serum at 1:100 dilution to reduce nonspecific
antibody labeling. Biological samples were then incubated for
2 h at room temperature with one or two unlabeled primary
antibodies, and for 1 h with one or two secondary antibodies.
Tissue slices and cells were observed on a Leica SP2 upright
confocal laser scanning microscope (DMRAX-UV) equipped
with the Acousto-Optical Beam Splitter system and with 25�,
40�, and 63� oil immersion objectives (Leica, Microsystems,
Reuil-Malmaison, France). For confocal images, Alexa 488 was
excited at 488 nm and observed in a 505–540 nm window.
Alexa 594was excited at 594 nmandobserved in a 600–630 nm
window. Overlay and maximum projection of the z-stacks files
have been performed with post acquisition Leica confocal soft-
ware functions to obtain the presented snapshots. To verify the
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specificity of the immunoreaction, the primary or secondary
antibodies were substituted with PBS.
Immunoelectron Microscopy and Morphometry—COS-7

cells were cryofixed using an EM-PACT I High Pressure Freez-
ing apparatus (Leica) without any precooling treatment and
freeze-substituted using the freeze-substitution apparatus
(AFS, Leica) in anhydrous acetone containing 0.5% uranyl ace-
tate. The substitution procedure was as follows: �90 °C for
72 h, �60 °C for 12 h, �30 °C for 12 h, and finally �15 °C with
increasing temperature steps of 2 °C/h. Samples were washed
twice in anhydrous ethanol to remove acetone and embedded
at �15 °C in a solution containing ethanol/London Resin
White (ratios of 2:1, 1:1, and then 1:2 for 8 h for each step) and
in pure resin for 24 h twice. Polymerization was carried out at
�15 °C under UV light for 48 h, within the AFS apparatus. All
incubations were carried out at room temperature. Ultrathin
sections (50–70 nm) mounted on carbon-Formvar-coated
nickel grids were incubated in the blocking solution containing
TBS supplemented with 0.2% acetylated bovine serum albumin
and 0.05% Tween 20 for 15min. The grids were then incubated
with the primary fCgA antibody diluted 1:1000 in TBS contain-
ing 0.2% acetylated bovine serum albumin and 3% normal goat
serum for 2 h. Afterwashing inTBSwith 0.2% acetylated bovine
serum albumin, grids were incubated for 90 min with an anti-
rabbit secondary antibody conjugated to 10 nm colloidal gold
particles diluted 1:20 in the same buffer as the primary anti-
body. After washing, grids were transferred to a droplet of TBS
containing 2% glutaraldehyde for 10 min and rinsed in TBS
followed by deionized water. Sections were stained with uranyl
acetate (0.5% in methanol) and lead citrate for 10 min. Obser-
vations were made at 80 Kv in a Tecnai 12 Biotwin electron
microscope (FEI Co., Eindhoven, Netherlands). Image acquisi-
tions were performed with a charge-coupled device Megaview
II camera controlled by AnalySis software (Eloise, Paris,
France). Control for the specificity of CgA immunogold label-
ing included omitting primary antibody and using non-trans-
fected COS-7 cells or cells transfected by the empty vector
(pIRES).Measurements of the diameter of newly formedDCG-
like structures in cells transfected with fCgA were performed
only on vesicles exhibiting labeling with fCgA antibody using
AnalySis software. Mean size was determined from 98 values.
Real-time Video Microscopy—For imaging of living COS-7

cells, transfected cells were cultured in Labtec (Invitrogen) dur-
ing 48 h at 37 °C in a controlled atmosphere (5% CO2) and
examined under an inverted microscope (Leica) equipped with
an incubation chamber (Solent Scientific Ltd., Segensworth,
UK) and computer-controlled motorized stage and illumina-
tion shutters. Images were acquired with a 63� oil immersion
objective and a CoolSnapfx camera (Princeton Instrument,
Trenton, NJ) with a pixel size of 6.7�m� 6.7�m. The speed of
image acquisition was three frames/s (2 � 2 binning). Images
containing a region of interest within the cell were streamed to
memory on a computer during acquisition and saved to a disk.
Distance covered by each vesicle from its originwas analyzed by
using Metamorph software (Molecular Devices, Saint-Gre-
goire, France). For analysis of single events, each acquired
sequence (91 frames) was reviewed multiple times on screen at
various settings of intensity to pick out all visible events. Meas-

urements were performed on entire cells, and only a small
region of interest was used to illustrate vesicle trajectory.
Quantification of Fluorescence Distribution—Three-dimen-

sional blind deconvolution of confocal images was performed
using two iterations operated byAutoquantX software (Media-
Cybernetics, Bethesda, MD). Deconvolved confocal images
were analyzed and three-dimensional rendered by using Imaris
software (Bitplane, Zurich, Switzerland). Fluorescent particles
with a diameter� 200 nmwere outlined and counted automat-
ically. All three-dimensional reconstructions were done with
the same threshold settings. For each three-dimensional image,
0.304-�m step z-stacks (512 � 512 focal planes) were acquired
by using a 63� objective.
Data Analysis—Data are reported as mean values � S.E. The

non-parametric Mann-Whitney U test was used. Probability
values less than 0.05 were considered significant. Data were
analyzed with the Prism program (GraphPad Software, San
Diego, CA).

RESULTS

Expression of fCgA Induces the Biogenesis of Dense-core
Vesicles in Non-endocrine Cells—To study native unmodi-
fied fCgA in endocrine and non-endocrine cells, we first
developed an antibody that recognizes fCgA but not the
mammalian CgA. Because the central region of fCgA exhib-
ited very weak sequence similarity with its mammalian coun-
terparts, we took advantage of this property to develop a
specific antibody against the frog protein, using the recombi-
nant polypeptide fCgA107–234 (Fig. 1A). As shown in Fig. 1B,
this antibody recognized CgA and its processing intermediates
in frog pituitary extracts, but not in rat pituitary extracts. By
contrast, an antibody directed against the conserved CgA-de-
rived peptide WE14 detected CgA and its processing products
in both rat and frog pituitary extracts (Fig. 1B). Using confocal
microscopy, the antibody against fCgA revealed immunoreac-
tive cells in frog pituitary and adrenal glands (Fig. 1C). In con-
trast, this antibody failed to label chromaffin cells in rat adrenal
gland, which could be labeled only with the WE14 antibody
(Fig. 1C). Thus, the antibody developed against fCgA provides a
means to track specifically the frog CgA protein.
Previous studies have shown that expression of granins is

sufficient to induce the appearance of secretory granule-like
vesicles in non-endocrine cells (12, 14, 15). To assess the granu-
logenic activity of fCgA, we transfected COS-7 cells, which are
devoid of a RSP, with fCgA cDNA or the empty vector, and
analyzed the ultrastructure of these cells. Electron microscopy
examination revealed that fCgA expression induces the forma-
tion of dense-core granular structures with a mean diameter of
330 � 96 nm (n � 98) (Fig. 2A). These vesicles were immuno-
labeled with the anti-fCgA, indicating that fCgA is stored into
the secretory granule-like organelles (Fig. 2A). In contrast,
COS-7 cells transfected with the empty vector were devoid of
such vesicular structures and did not show any CgA immuno-
labeling, adding another level of confidence to the specificity of
the antibody used (Fig. 2B). To further characterize the fCgA-
induced structures, we assessed in COS-7 cells the colocaliza-
tion of fCgA with different vesicular markers, using specific
antibodies directed against the lysosomal and late endosomal
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protein lamp-1 or GH, and the fluorescently tagged fusion pro-
tein NPY-Venus. The antibody against lamp-1 stained numer-
ous vesicular structures throughout the cytoplasm (Fig. 3A).
Lamp-1-labeled vesicles did not show any fCgA immunoreac-
tivity and vice versa (Fig. 3A), indicating that the fCgA-contain-
ing vesicles are not lysosomes/endosomes. By contrast, trans-
fected NPY-Venus and GH colocalized with fCgA in most
vesicular structures (Fig. 3, B and C). These data demonstrate
that fCgA induces the biogenesis of granules with core-density
and appropriate size and containing RSP proteins but not a
lysosomal/endosomal protein.
Frog CgA Is Required for the Targeting of RSP Proteins to

Mobile Secretory Granule-like Structures—Motion is an impor-
tant property of secretory granules, which allows them to reach
the plasmamembrane to undergo exocytosis after a Ca2� stim-
ulus (25). To address the dynamics of the vesicular structures
generated in COS-7 cells, fluorescence videomicroscopy of liv-
ing cells was carried out after transfection of fluorescent RSP
components in the absence or presence of fCgA. Expression of
NPY or VAMP2/synaptobrevin fluorescent proteins in COS-7

cells induced the appearance of protein accumulations
throughout the cytoplasm (Fig. 4A), in agreement with the data
reported by Beuret et al. (15) showing that various RSP proteins
accumulate in granular structures in transfected COS-1 fibro-
blast cells. Automatic computer tracking showed that the
formed aggregates were immobile (Fig. 4,A andC; videos 1 and
2 in are in supplemental data), and that treatmentwith theCa2�

ionophore A23187 (1 �M, 10 min) did not virtually alter the
behavior of these accumulations (Fig. 4, B and C; videos 3 and 4
in supplemental data). In contrast, coexpression of these pro-
teins with fCgA in COS-7 cells resulted in the biogenesis of
vesicles that exhibited rapidmovements, along with others that
were immobile (Fig. 5, A and C; videos 5 and 6 in supplemental
data). Upon exposure to the ionophore A23187, no more
mobile structures were observed and some stationary vesicles
disappeared (Fig. 5, B and C, videos 7 and 8 in supplemental
data). Thus, although several proteins of the RSP trigger the
formation of vesicular structures in non-endocrine cells, CgA
expression is necessary for the biogenesis of secretory granule-
like vesicles endowed with mobility and apparent exocytotic
ability in response to Ca2� stimulation.
Frog CgA Facilitates the Regulated Secretion of Co-stored

Hormones—Because the vesicles triggered by fCgA expression
exhibited several similarities with bona fide secretory granules,
we first quantified the secretion of fCgA from transfected
COS-7 cells treated or not with the Ca2� ionophore A23187.
Normalized fCgA release in the medium relative to total CgA
(medium plus cell content) was determined. Incubation of
transfected cells with the ionophore (1 �m) for 15–30 min

FIGURE 1. Specificity of the antibody directed against frog CgA. A, scheme
depicting the structure of fCgA and showing the high conservation of the
terminal regions and the percentages of amino acid identity between frog
and human CgA sequences. The highly conserved peptide WE14 and dibasic
cleavage sites are also indicated. B, Western blot showing that the antibody
developed against fCgA recognized the protein and several processing inter-
mediates in frog but not rat pituitary extracts, whereas an antibody, directed
against the WE14 conserved peptide, detected CgA and its processing prod-
ucts in both rat and frog pituitary extracts. C, immunofluorescence analysis of
frog pituitary and adrenal glands, and rat adrenal gland using the antibodies
against fCgA and WE14. cx, cortex; DL, distal lobe; IL, intermediate lobe; and m,
medulla. Scale bars equal 10 �m.

FIGURE 2. Frog CgA expression induces the biogenesis of secretory gran-
ule-like structures in COS-7 cells. Immunogold electron microscopy of
COS-7 cells transfected with pIRES-fCgA (A) or with the empty vector (B). Scale
bars equal 1 �m. Insets show dense-core vesicles containing the protein
(arrowheads) in fCgA-expressing cells and unlabeled organelles such as mito-
chondria in empty vector-transfected cells. Scale bars equal 100 nm. m, mito-
chondria; N, nucleus.
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caused a significant increase in the amount of fCgA present in
the culturemedium (Fig. 6A), indicating that the protein stored
could be released upon stimulation and that the structures
formed are functional secretory vesicles. As fCgA oriented
coexpressed NPY-Venus into mobile vesicular structures (see
above), we next examined the relative release of NPY-Venus
and GH when expressed in the absence or presence of fCgA in
COS-7 cells. In the absence of fCgA, the immunoreactive pro-
teins could be detected in the culturemedium of COS-7 cells in
basal as well as stimulated conditions with no discernable dif-
ference in concentration (Fig. 6, B and C). Coexpression of

NPY-Venus or GHwith fCgA led to
a sharp increase in the release of the
peptides into the medium upon
stimulation with A23187 or barium,
respectively (Fig. 6, B and C), show-
ing that fCgA is sufficient and nec-
essary for the sorting and regulated
secretion of a coexpressed hor-
mone. Additionally, fCgA was more
efficient in the sorting of NPY-Ve-
nus than GH to the RSP (Fig. 6, B
and C).
Deletion of the N- and C-terminal

Peptides of fCgA Markedly Reduces
Its Granulogenic Activity—The frog
and mammalian CgA exhibit
remarkable sequence conservation
at their N- and C-terminal regions
(9, 20). We hypothesized that these
discrete domains may represent
important and ubiquitous determi-
nants for the activity of CgA in
granulogenesis in various species.
To test this hypothesis, we used the
fCgA cDNA to engineer different
constructs that produce N-, C-, or
N- and C-terminally truncated
forms of the native protein (Fig. 7A)
to determine the contribution of
these conserved peptides to the
granulogenic function of CgA. In
COS-7 cells transfected with full-
length fCgA, vesicular structures
were formed throughout the cyto-
plasm, as revealed by confocal
microscopy (Fig. 7B). Truncation of
the conservedN- and/orC-terminal
domains led to a drop in the number
of granules formed, whichwasmore
pronounced when both peptides
were deleted (Fig. 7B). In the latter
case, CgA immunoreactivity was
localized mostly in a perinuclear
area, which coincided with GM130
Golgi marker labeling (Fig. 7C).
These data indicate that the two ter-
minal motifs are instrumental for

the role of CgA in triggering the biogenesis of secretory gran-
ule-like vesicles. To substantiate this notion, we analyzed the
secretory properties of the cells transfected with the different
fCgA constructs using Western blotting. These experiments
revealed a notable increase in the relative concentration of full-
length fCgA in the secretion medium after stimulation of
COS-7 cells with the Ca2� ionophore A23187 (1 �m), whereas
no apparent variation was observed in the release of the trun-
cated forms of fCgA (Fig. 8A). These results demonstrate that
both the N- and C-terminal conserved domains are important
for the regulated secretion of CgA. To determine the influence

FIGURE 3. Double-fluorescence detection of fCgA and lamp-1 (A), NPY-Venus (B), or GH (C) in cytoplasmic
vesicles. N, nucleus. Scale bars equal 5 �m.

FIGURE 4. Tracking of NPY- and VAMP2-containing structures in transfected COS7 cells. A and B, COS-7
cells were transfected with NPY-Venus or VAMP2-GFP and imaged via live epifluorescence microscopy before
(A) and after (B) treatment with the Ca2� ionophore A23187 (1 �m) for 10 min. Large tubular structures were
observed in the cytosol and were tracked during 30 s (supplemental videos S1–S4). Composite images (boxes
and insets) containing the tracked structures in portions of transfected cells are shown. C, plots of the distance
covered from origin against time showing that the structures were immobile in control and stimulated
conditions.
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of these regions on the regulated secretion of NPY-Venus, we
measured the release of this protein in the presence of fCgA or
the various deletion mutants (Fig. 8B). In contrast to fCgA, the
mutants were unable to regulate either the basal or the Ca2�

ionophore-stimulated secretion of NPY-Venus (Fig. 8B), indi-
cating that the terminal peptides are also important for the
regulated secretion of coexpressed hormones.
Deletion of theConservedDomains of fCgA Impairs Its Sorting

to Secretory Granules in Endocrine Cells—To examine the fate
of fCgA and its mutant forms in the CgA-expressing AtT20
cells, we used the specific antibody generated against the frog
protein. Confocal microscopy analysis of cells transfected with
fCgA revealed a characteristic punctuate labeling of secretory
granules throughout the cytoplasm (Fig. 9A; see also Fig. 10B),
indicating that the intact fCgA is correctly addressed in AtT20
cells. However, cells transfected with the N- and/or C-termi-
nally deleted forms exhibited a marked decrease in the number
of fCgA-positive granular structures (Fig. 9A), suggesting that
the conserved domains of CgA are essential for targeting this
protein to secretory granules in endocrine cells. Western blot
analysis showed that fCgA and its truncated forms are pro-

duced inAtT20 cells, and that secre-
tion of the mutant proteins is not
significantlymodified by 59mMKCl
stimulation (Fig. 9B). Finally, dele-
tion of both the N- and C-terminal
peptides provoked a significant
decrease in the release of fCgA in
basal condition (Fig. 9B). These
findings highlight the importance of
the conserved peptides for the sort-
ing and secretion of CgA in endo-
crine cells.
Deletion of theConserved Peptides

of fCgA Obliterates the Sorting of
POMC to Secretory Granules—To
determine the importance of CgA
conserved peptides in secretory
cells, we examined POMC storage
and release in the presence and
absence of fCgA or derived trun-
cated forms in AtT20 cells. Cell
stimulation did not elicit the release
of detectable amounts of POMC in
non-transfected AtT20 cells (Fig.
10A). However, AtT20 cells trans-
fected with fCgA released an appre-
ciable amount of POMC after stim-
ulation with 59 mM KCl (Fig. 10A),
suggesting that overexpression of
CgA enhances the pool of releasable
POMC via the regulated pathway of
secretion. This effect of CgA is abol-
ished when its conserved N- and/or
C-terminal peptides were removed
(Fig. 10A). When cell contents were
analyzed usingWestern blotting, no
POMC immunoreactivity could be

detected in AtT20 cells in these conditions; however, when
fCgA or its deletion mutants were expressed, POMC immuno-
reactivity could be seen in all conditions (Fig. 10A). This sug-
gests that the POMC levels were increased in AtT20 cells upon
expression of fCgA. The fact that POMC could also be detected
in cells transfected with the truncated forms of fCgA indicates
that the central highly acidic region of CgA is probably suffi-
cient to increase intracellular POMC in AtT20 cells (Fig. 10A).
In contrast to POMC, expression of fCgA or its molecular vari-
ants did not modify ACTH relative secretion in basal or stimu-
lated condition (Fig. 10B).
To examine the effects of fCgA at the cellular level, we ana-

lyzed the distribution of this protein and its deleted forms in
comparison to that of POMC in AtT20 cells. We first showed
that fCgA colocalized with pancreastatin, a mammalian CgA-
derived peptide that is absent in frog CgA sequence (20), indi-
cating that fCgA and the endogenous CgA are sorted to the
same secretory granules (Fig. 10C). Frog CgA and POMC
immunoreactivities also coincided in the same granules (Fig.
10C). Interestingly, overexpression of CgA enhanced POMC
immunoreactivity in the secretory granules (compare fCgA-

FIGURE 5. Frog CgA induces the biogenesis of mobile DCG-like structures. A and B, COS-7 cells were
cotransfected with full-length fCgA and NPY-Venus or VAMP2-GFP, and imaged via live epifluorescence
microscopy before (A) and after (B) treatment with A23187 (1 �m) for 10 min. Small vesicular structures were
observed in the cytosol and were tracked during 30 s (supplemental videos S5–S8). Composite images (boxes
and insets) containing the tracked vesicles in portions of transfected cells are shown. Few tracked vesicles
moved rapidly before A23187 treatment but were essentially immobile after treatment (supplemental videos
S5–S8). C, plots of the distance covered from origin against time for the vesicles tracked in control and stimu-
lated conditions.
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positive and -negative cells in Fig. 10C), in agreement with the
Western blot data described above. Deletion of the N- and/or
C-terminals of CgA resulted in the loss of secretory granule
labeling not only with the antibodies directed against fCgA but
also with those directed against POMC (Fig. 10C), with most of
the immunoreactivity accumulating in the perinuclear area.
These findings indicate that truncation of CgA terminal pep-
tides impaired the sorting of the granin, but also that of POMC,

FIGURE 6. Regulated secretion in CgA-expressing COS-7 cells. A, Western
blot analysis of COS-7 cells expressing fCgA treated or not with 1 �M A23187
for 30 min. Approximately 50% of the release medium and 50% of the cell
content were used for this analysis. The graph represents the mean values �
S.E. of normalized fCgA release in the medium relative to total CgA (medium
plus cell content) (n � 3; ***, p 	 0.001). B, Western blot analysis of COS-7 cells
expressing NPY-Venus in the absence or presence of fCgA and treated or not
with 1 �M A23187 during 30 min. The graph represents the mean values � S.E.
of normalized NPY-Venus release in the medium relative to total NPY-Venus
(medium plus cell content) (n � 3; *, p 	 0.05). Similar results were obtained
after 15 min of stimulation with the Ca2� ionophore. C, enzyme-linked

immunosorbent assay analysis of COS-7 cells expressing GH in the absence or
presence of fCgA, and treated or not with 2 mM BaCl2 during 15 min. The
graph represents the mean values � S.E. of normalized GH release in the
medium relative to total GH (medium plus cell content) (n � 4; **, p 	 0.01).

FIGURE 7. Deletion of the N- and/or C-terminal regions of fCgA markedly
reduces its granulogenic activity in COS-7 cells. A, schemes depicting the dif-
ferent fCgA constructs used. B, COS-7 cells transfected with plasmids encoding
full-length fCgA or fCgA-truncated forms were examined for fCgA immunoreac-
tivity using confocal microscopy. Three-dimensional reconstructions of confocal
stacks were used to quantify automatically the granules with a diameter � 200
nm. Values for the number of granules/cell, indicated under each representative
image, are given as the means�S.E. (n�10; **, p	0.01; ***p	0.001). Scale bars,
10 �m. C, COS-7 cells were transfected with plasmids encoding full-length fCgA
or N- and C-terminally deleted protein, and examined for fCgA and GM130
immunoreactivities using confocal microscopy. Scale bars, 10 �m.
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leading to retention of these products in the Golgi area where
the immunoreactivity of the two proteins was confined.

DISCUSSION

Because CgA has been identified inDCGs of neuroendocrine
and endocrine cells from phyllogenetically distant species (9),
this protein could represent a key regulator of hormone secre-
tion and secretory granule biogenesis. Characterization of frog
CgA and the observation that only the sequence of the N- and
C-terminal regions of the protein has been conserved between
frog and mammals (20), offered the unique opportunity to
determine: (i) whether a CgA protein expressed in a phyloge-
netically distant species would also sustain a granulogenic
activity, (ii) whether this activity would be harbored by specific
functional determinants that would have been preserved
through evolution, and (iii) whether this granulogenic activity
would impinge on hormone sorting and secretion in constitu-
tively and regulated secreting cell models. We demonstrated
here that fCgA and its conserved N- and C-terminal peptides

are not only important for promoting the biogenesis of bona
fide mobile secretory granules, but also for the targeting and
release of hormones through the RSP.
Frog CgA Is Able to Generate Mobile Secretory Granule-like

Structures Containing Peptide Hormones—Different studies
have demonstrated the ability ofmammalianCgA to induce the
formation of secretory granule-like structures in non-endo-
crine cells such as CV-1 (12), NIH3T3, and COS-7 (14) cells,
which normally do not contain any secretory granules.
Although frog CgA exhibits limited overall sequence identity
with its mammalian orthologs, immunoelectron microscopy

FIGURE 8. Deletion of the N- and/or C-terminal regions of fCgA abolishes
the regulated secretion of cargo proteins in COS-7 cells. A, Western blot
analysis of fCgA secretion in COS-7 cells treated or not with 1 �M A23187
during 30 min. The graph represents the mean values � S.E. of normalized
fCgA or deletion mutants release in the medium relative to total CgA
(medium plus cell content) (n � 3; ***, p 	 0.001). B, Western blot analysis of
NPY-Venus secretion in COS-7 cells transfected with plasmids encoding full-
length fCgA or fCgA-truncated forms, and treated or not with 1 �M A23187
during 30 min. The graph represents the mean values � S.E. of normalized
NPY-Venus release in the medium relative to total NPY-Venus (medium plus
cell content) (n � 3; *, p 	 0.05).

FIGURE 9. Terminal regions of fCgA are essential for its sorting to the
regulated secretory pathway in AtT20 cells. A, AtT20 cells were transfected
with full-length fCgA or fCgA-truncated forms and examined for fCgA immu-
noreactivity using confocal microscopy. Three-dimensional reconstructions
of confocal stacks were used to quantify automatically the granules with a
diameter � 200 nm. Values for the number of granules/cell, indicated under
each representative image, are given as the means � S.E. (n � 10; ***, p 	
0.001). Scale bars, 10 �m. B, Western blot analysis of fCgA secretion in AtT20
cells treated or not with 59 mM KCl during 1 h. The graph represents the mean
values � S.E. of normalized fCgA or deletion mutants release in the medium
relative to total CgA (medium plus cell content) (n � 3; *, p 	 0.05; ###, p 	
0.001).
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analysis showed that its expression
in COS-7 cells induces the appear-
ance of vesicles containing the pro-
tein, which display the characteris-
tics of authentic DCGs proposed by
Meldolesi et al. (26). Thus, these
secretory granule-like organelles
displayed core density and a size of
200–400 nm, and they contained
the hormones NPY andGH, but not
the lysosomal-associated mem-
brane protein lamp-1. In addition,
in the presence of fCgA, the formed
granules allowed NPY to be
rerouted from a constitutive to a
regulated pathway of secretion and
were able to release both NPY and
GH upon stimulation. These data
demonstrate that frog CgA induces
the biogenesis of functional DCGs
in non-endocrine cells and is capa-
ble of orienting a secretory cargo
toward a RSP. Although the granin
efficiently oriented NPY-Venus
from constitutive to regulated path-
way of secretion, it seemed less effi-
cient regarding GH, because no dif-
ference could be observed for the
basal constitutive release of this
hormone in the absence or presence
of fCgA. This observation suggests
that CgA may behave differently
depending on cargo proteins. It is
possible that other granins like CgB
or SgII may act as helpers for cargo-
specific proteins. It has been shown
that some cell lines such as the
somatolactotrope cell line GH4C1,
lacking CgA but containing CgB
and SgII (27), are able to sort and
release hormones in a regulated
manner.
The ability of CgA to form aggre-

gates in the TGN (11) and to inter-
act with other cargo proteins (28,
29) and secretory granule mem-
branes (30) suggests that this pro-
tein, probably acting in concert with
other granins (14, 28–30), may rep-
resent the driving force for granulo-
genesis (2). It has been shown that
CgA interacts with several integral
membrane proteins of secretory
granules, including the inositol
1,4,5-triphosphate receptor/Ca2�

channels to control intracellular
Ca2� release (31–35), or syntaxin
1A and synaptotagmin I, which par-

FIGURE 10. Frog CgA directs POMC sorting, storage, and release through its conserved regions. A, West-
ern blot analysis of POMC secretion in AtT20 cells expressing fCgA or its truncated forms, and treated or not
with 59 mM KCl during 1 h. The graph represents the mean values � S.E. of normalized POMC release in the
medium relative to total CgA (medium plus cell content) (n � 3; *, p 	 0.05). NT, not transfected. B, enzyme
immunoassay analysis of AtT20 cells expressing ACTH in the absence or presence of fCgA and its derived forms,
and treated or not with 5 mM 8-Br-cAMP during 90 min. The graph represents the mean values � S.E. of
normalized ACTH release in the medium relative to total ACTH (medium plus cell content) (n � 8; *, p 	 0.05; **,
p 	 0.01). C, AtT20 cells were transfected with full-length fCgA or fCgA-truncated forms and examined for
pancreastatin or POMC immunoreactivities using confocal microscopy. Arrows mark fCgA-positive vesicles.
Arrowheads indicate the polarized staining in the perinuclear area. Asterisks show fCgA-negative (non-trans-
fected), POMC-positive cells. Scale bars equal 20 �m.
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ticipate in the fusion complex formation during exocytotic
events (36). These protein-protein interactions suggest the pos-
sibility of communication between the intragranular matrix
proteins and the traffic and fusion machineries. We showed
here for the first time that expression of fCgA induces the
biogenesis of granules, which exhibit displacements in
straight lines, suggesting that the formed vesicles interact
with the cytoskeleton in transfected non-endocrine cells.
Some of these granules displayed fast movements and disap-
peared after cell treatment with a Ca2� ionophore, whereas
others showed restrictedmovements and were always distin-
guishable as they remained docked to the plasma membrane
after ionophore treatment (videos 5–8 in supplemental
data). These two granule populations may correspond to the
readily releasable and the reserve pools described in neu-
roendocrine cells (37). These observations raise the interest-
ing possibility that CgA could be a relevant factor in the
mobilization of secretory granules, probably through the
induction of interactions between secretory granule proteins
and the cytoskeleton elements. Further characterization of
the mobility of CgA-induced granules in COS-7 cells will be
required to test this hypothesis.
The Conserved Domains of fCgA Are Instrumental for

Granulogenesis—Our findings show that the conserved ter-
minal regions of fCgA are required for sorting of cargo and
granulogenesis. Consistently, it has been shown that the
N-terminal region of rat CgA is sufficient to divert a cytoso-
lic protein to the RSP and to induce granulogenesis in PC12
cells (13, 38, 39). In fact, the N-terminal domain of CgA has
been proposed to mediate its binding to SgIII, and thereby to
cholesterol, because the latter granin protein interacts with
the lipid, probably allowing secretory cargo to interact with
DCG membranes (28, 30, 39). Such interactions could pos-
sibly facilitate budding and formation of ISG at the TGN (2).
Our results showed that, in the context of the fCgA protein,
deletion of either one of the two conserved N- and C-termi-
nal regions impaired secretory granule formation. This find-
ing indicates that, although the N-terminal peptide taken
separately is a sufficient granulogenic determinant (13, 38,
39), other CgA-mediated interactions through its C-termi-
nal conserved regions could play important sorting and
granulogenic roles. Consistent with an important role also
for the C-terminal domain of CgA in sorting and granulo-
genesis, earlier studies have shown that this region of CgA is
involved in Ca2�/pH-dependent homodimerization/ho-
motetramerization (40) allowing the aggregation-mediated
sorting of CgA to DCGs (41, 42). In light of these observa-
tions, it is evident that both the N- and C-terminal domains
of CgA contribute to the sorting and the granulogenic activ-
ity of CgA in the RSP in different cell types. The strong
conservation of both domains throughout evolution is an
argument in favor of their instrumental role in the RSP.
Targeting of CgA and POMC to the Regulated Secretory Path-

way Requires the Conserved Peptides of CgA—Aprominent role
of the conserved motifs of CgA in hormone sorting, and secre-
tion was also found in endocrine cells. It is of interest to note
that deletion of both the N- and C-terminal domains provoked
a marked decrease in the number of secretory granules as well

as in basal release of the resulting protein compared with the
forms deleted in either the N or the C terminus. This observa-
tion confirms that both conserved terminal regions of CgA are
essential for the targeting of the protein to the secretory gran-
ules in AtT20 cells and suggests that the forms deleted only in
one of the conserved motifs are sorted more efficiently com-
pared with the protein deleted on both sides. This could be
accounted for by potential heterotypic dimerization/tetramer-
ization between the singly deleted forms of fCgA and the
endogenous CgA, leading to partial sorting of fCgA.
Overexpression of fCgA in AtT20 cells increased POMC lev-

els in the secretory granules, and stimulation of the transfected
cells by high potassium triggered the release of the prohor-
mone. This finding suggests that CgAmay function as a helper
protein for sorting of POMC to the RSP, as it has been previ-
ously shown for CgB (43), and is in line with previous observa-
tions indicating that CgA levels are highly correlated with
POMC storage in pituitary cells (20, 21). Our results also
showed that expression of fCgA-truncated forms inAtT20 cells
led to retention of POMC in the perinuclear area, despite the
expression of the endogenous CgA. This indicates that the N-
and/or C-terminal regions play a key role in POMC sorting to
DCGs, consistent with previous data showing that POMC
interacts with CgA through SgIII and carboxypeptidase E (29).
The fCgA deletion mutants are apparently acting as negative-
dominants that impair CgA and POMC sorting through the
RSP, probably by disrupting the molecular interactions that
normally occur between CgA and other secretory helper pro-
teins. Alternatively, the N- and/or C-terminal regions of CgA
could be necessary to stabilize POMC post-translationally by
up-regulating the expression of the serine protease inhibitor,
PN-1, which has been shown to inhibit the degradation of DCG
proteins in the TGN (44). Finally, it is also possible that CgA,
through its terminal peptides, may inhibit processing
enzymes responsible for the conversion of POMC into
smaller releasable peptides such as ACTH and �-endorphin,
as suggested by previous studies (45) and data reported here
showing no variation in ACTH production and release in the
presence of fCgA. However, the fact that deletion of the N-
and C-terminal peptides of fCgA obliterated the transit of
POMC from the TGN to secretory granules indicates that
CgA plays a role in sorting of POMC before a putative effect
on the processing of the hormone.
In conclusion, the present study took advantage of the struc-

ture of a non-mammalian CgA to determine the key role of the
granin and its highly conserved peptides in the context of the
natural protein, in granulogenesis, and in the sorting of asso-
ciated hormones in regulated and constitutively secreting
cells. The data indicate that CgA is able to orient secretory
cargo toward the regulated pathway and that both the N- and
C-terminal conserved regions are required to confer to the
granin its capacity to form mobile DCGs and to control hor-
mone secretion.
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