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Abstract Chromogranin A (CgA) is a member of the
granin family of molecules found in secretory granules
of endocrine and neuro-endocrine cells. Here, we have
identified a new 23-mer CgA-derived peptide secreted
from pituitary AtT-20 cells, which we named pyroGlu-
serpinin (pGlu-serpinin). LC-MS studies of peptides in
conditioned medium of AtT-20 cells indicate that pGlu-
serpinin is derived from initial processing of mouse
CgA at paired basic residues, Arg461-Arg462 and
Arg433—-Arg434, to yield a previously described 26
amino acid peptide, serpinin. Three amino acids are
then cleaved from the N terminus of serpinin, yielding a
peptide with an N-terminal glutamine, which is then
subsequently pyroglutaminated. Immunocytochemistry
showed co-localization of pGlu-serpinin with adrenocor-
ticotropic hormone in secretory granules of AtT-20 cells,
and it was released in an activity-dependent manner.
Functional studies demonstrated that pGlu-serpinin was
able to prevent radical oxygen species (hydrogen
peroxide)-induced cell death of AtT-20 cells and
cultured rat cerebral cortical neurons at a concentration
of 1 and 10 nM, respectively. These data indicate that
pGlu-serpinin has anti-apoptotic effects that may be
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important in neuroprotection of central nervous system
neurons and pituitary cells. Furthermore, pGlu-serpinin
added to the media of AtT-20 cells up-regulated the
transcription of the serine protease inhibitor, protease
nexin-1 (PN-1) mRNA. pGlu-serpinin’s ability to increase
levels of PN-1, a potent inhibitor of plasmin released during
inflammatory processes causing cell death, may play a role in
protecting cells under adverse pathophysiological conditions.

Keywords Serpinin - Chromogranin A - Neuroprotection -
Protease nexin-1 - Pyroglutamination

Abbreviations

ACTH Adrenocorticotropic hormone

CgA Chromogranin A

HPLC High performance liquid chromatography

LC/MS Liquid chromatography—
mass spectrometry

MALDI-TOF Matrix assisted laser desorption/
ionization time of flight

PN-1 Protease nexin-1

QC Glutamyl cyclase
ROS Radical oxygen species

Introduction

Chromogranin A (CgA) is a member of the granin family
found in neurons, endocrine cells, and chromaffin cells. It is
proteolytically processed to yield several peptide fragments
that have various physiological functions including ones
that regulate cardiac function and blood pressure and others
that have anti-microbial or anti-angiogenesis activity (for
reviews see Special issue of Regulatory Peptides, 2010). At
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the cell biological level, we showed that CgA is a
granulogenic protein and plays a critical role in the
formation of dense core secretory vesicles in (neuro)
endocrine cells (Kim and Loh 2006; Kim et al. 2001).
We also demonstrated that a CgA fragment, but not intact
CgA, secreted in an activity-dependent manner, was able
to augment granule biogenesis in AtT-20 cells, a pituitary
cell line, by up-regulating a serine protease inhibitor
protein, protease nexin-1 (PN-1), which then stabilizes
granule proteins to increase their levels in the Golgi
complex (Kim and Loh 2006). We subsequently found
that a synthetic 26 amino acid residue peptide (mouse
CgA435-460), which we named serpinin (Koshimizu et
al. 2010) was able to induce PN-1 mRNA up-regulation.
The serpinin region of CgA is highly conserved in
mammals, suggesting that peptide(s) derived from this
domain are likely to have important physiological
functions.

In this and a previous study (Koshimizu et al. 2011),
we searched for endogenous serpinin-related peptides in
AtT-20 pituitary cells. In addition to endogenous serpinin,
we found a 23-mer serpinin-like molecule that was
subsequently identified as pyroglutaminated serpinin
(pGlu-serpinin), in AtT-20 cell-conditioned medium
(CM). pGlu-serpinin was present in the highest amount
compared to the other serpinin-related peptides in AtT-20
cell CM (Koshimizu et al. 2011); therefore, we focused on
studying the function of this peptide. Since CgA is a
potential Alzheimer’s disease (AD) biomarker in cerebro-
spinal fluid (CSF) (Hu et al. 2010) and has been
implicated in neurotoxicity by activating microglia caus-
ing neuronal cell death (Kingham and Pocock 2001), we
investigated the possibility that the pGlu-serpinin fragment
of CgA might play a regulatory function in neuronal cell
survival. Often, different parts of the same molecule can
have different or even opposite biological effects, for
example, while the mature form of brain-derived neuro-
trophic factor (matBDNF) inhibits the low potassium
(LK)-induced apoptosis of cultured rat cerebellar granule
neurons, the precursor form of BDNF (proBDNF) enhan-
ces the LK-induced apoptosis (Koshimizu et al. 2009). We
also tested the effect of pGlu-serpinin on PN-1 mRNA
transcription in AtT-20 cells, since expression of PN-1 is
up-regulated by CgA in AtT-20 cells (Kim and Loh 2006)
and PN-1 is a potent inhibitor of plasmin which causes
apoptosis of neurons if chronically exposed during
vascular injury or inflammatory processes (Ho-Tin-Noé
et al. 2009). We found that pGlu-serpinin had an anti-
apoptotic effect on AtT-20 cells and cultured CNS neurons
that were challenged to oxidative stress. Additionally, we
show that treatment of AtT-20 cells with pGlu-serpinin up-
regulated PN-1 mRNA expression in these cells potentially
leading to effective inhibition of plasmin.

Materials and Methods
Cell Culture

AtT-20 cells were grown in DMEM supplemented with
10% heat-inactivated fetal bovine serum (FBS) and primo-
cin (Invitrogen, San Diego, CA). For steady state analysis
of conditioned media from AtT-20 and 6T3 cells, 3-4
10 cm dishes of cells were cultured, and their media
collected and concentrated by reverse phase chromatogra-
phy through C18 sep-pak cartridges (Peninsula, Belmont,
CA) described previously (Koshimizu et al. 2011). For the
stimulated secretion assay on AtT-20 cells, the cells were
rinsed with basal medium (DMEM supplemented with
0.01% BSA) and incubated in 1 ml of fresh basal medium
for 2 h at 37°C. This medium was collected, and after
rinsing with basal medium, the cells were incubated again
in basal medium for 10 min and then in stimulation medium
(50 mM K" DMEM supplemented with 0.01% BSA) for an
additional 10 min at 37°C. The basal and stimulated samples
were concentrated with the C18 sep-pak cartridges and
lyophilized. The samples were reconstituted with Block and
Sample Buffer (BSB, Promega, Madison, WI) for enzyme
immunoassays. Primary rat cerebral cortical neurons, pre-
pared from E18 rat embryos, were purchased from Genlantis
(San Diego, CA) and plated at a density of 2.5x 10° cells/cm?
in an 8-well chambered and polyethyleneimine-coated slide
in complete DMEM containing 10% heat-inactivated FBS.
After 4-5 days, the media was changed to serum free
neurobasal medium (Invitrogen, Carlsbad, CA) containing
2% B27 supplement (Invitrogen) and 10 puM cytosine-
arabinoside (AraC) to suppress glial growth. The culture
was then further incubated for 5-7 days. All animal work was
performed with the approval of the animal care and use
committee (ACUC) of NICHD. Cell death induction of the
cultured cells was performed as previously described
(Woronowicz et al. 2008). In brief, AtT-20 cells and
cerebral cortical cultures were treated with 50 uM hydro-
gen peroxide in the presence or absence of serpinin or
pGlu-serpinin for 1 day.

Generation of Anti-serpinin and Anti-pGlu-Serpinin
Antisera

A rabbit polyclonal antiserum against serpinin was generated
under contract with Covance (Princeton, NJ). The serpinin
peptide, CKK-AEDQELESLSAIEAELEKVAHQLQAL
(serpinin sequence underlined), was synthesized by Prince-
ton Biomolecules (Longhorne, PA) and contained a di-lysine
linker and N-terminal cysteine residue to which keyhole
limpet hemocyanin (KLH) was coupled as a carrier for
immunization. Immune serum was collected and affinity
purified through a serpinin peptide column coupled at the N-
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terminal cysteine. This anti-serpinin antiserum detected full-
length CgA on Western blots (data not shown), indicating it
could detect any CgA fragment with an intact C terminus
containing serpinin. It was also successfully used in
immunocytochemistry to detect CgA-immunoreactivity
throughout the cell (Fig. 2) and in enzyme-linked immuno-
sorbent assays (ELISA) for serpinin peptide (Koshimizu et
al. 2011). A rabbit polyclonal antiserum against a short
sequence within pGlu-serpinin was generated under contract
with Affinity BioReagents (ABR) (Golden, CO). This
company synthesized the pGlu-serpinin peptide fragment
(pGlu-ELESLSA-KKC; pGlu-serpinin fragment underlined)
with the di-lysine linker and cysteine residue at its C
terminus for subsequent cross-linking to KLH. The immune
serum was affinity purified by a pGlu-serpinin peptide
column. This antibody failed to detect full-length CgA on
Western blot but was used successfully in direct and
sandwich directed ELISA protocols for the detection of
pGlu-serpinin standard (see below). In ELISA, this antibody
cross reacted with serpinin peptide by <10% (data not
shown), and it did not detect pGlu-TRH.

Enzyme Immunoassay for pGlu-serpinin

A direct ELISA for serpinin has previously been described
(Koshimizu et al. 2011) but for the specific detection of
pGlu-serpinin, a sandwich ELISA was developed (Fig. 3a).
As mentioned, the anti-serpinin and anti-pGlu-serpinin
rabbit polyclonal antibodies were generated against a
serpinin peptide or pGlu-serpinin peptide fragment, respec-
tively. IgGs were purified and the anti-pGlu-serpinin 1gGs
were conjugated with biotin using Biotin Protein Labeling
Kit (Roche Applied Science, Indianapolis, IN). Ninety six-
well immunoassay plates (Nunc, Roskilde, Denmark) were
incubated overnight at 4°C with the anti-serpinin rabbit
polyclonal antibody (HL6013, 1:3,000 dilution) in a
carbonate/bicarbonate buffer (pH 10.0). The plate was
rinsed with tris-buffered saline containing 0.05% Tween
20 (T-TBS) and then blocked with Block and Sample
Buffer (BSB, Promega, Madison, WI) at RT for 1 h. After
washing, pGlu-serpinin standard or experimental sample
diluted in BSB was added to the plate which was then
incubated overnight at 4°C. After washing, the plate was
incubated with biotin-conjugated anti-pGlu-serpinin IgG in
BSB (1:3,000) for 3 h at RT. The plate was then rinsed with
T-TBS five times and incubated with poly-horse radish
peroxidase (pHRP)-streptavidin (1:3,000, Thermo Fisher
Scientific, Waltham, MA) for 1.5 h at RT. After that, the
plate was rinsed with T-TBS 5 times and the chromogenic
reaction was induced with TMB-One solution (Promega) at
RT for 15~30 min and terminated with 1 N hydrochloric
acid. The absorbance at 450 nm was detected by Synergy
HT spectrofluorometer (BIO-TEK, Winooski, VT). The
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anti-pGlu-serpinin IgG used is highly specific for pGlu-
serpinin and cross-reacts poorly with serpinin. It also does
not cross-react with thyrotropin releasing hormone (TRH),
a tripeptide with a pyroglutamyl modification at the N
terminus (data not shown), indicating that the antibody
recognizes the pyroglutamyl moiety only in the context of
the serpinin sequence.

High Performance Liquid Chromatography and Mass
Spectrometric Analysis of pGlu-Serpinin

Conditioned media from AtT-20 and 6T3 cells were
previously analyzed by high performance liquid chro-
matography (HPLC) and ELISA, as described in detail
for the initial discovery of serpinin (Koshimizu et al.
2011). Briefly, samples were concentrated through C18
reverse phase Sep-pak cartridges (Peninsula, Belmont,
CA) and after reconstitution were separated by HPLC
(Gilson, Middleton, WI). Fractions were assayed by
ELISA for serpinin-like immunoreactivity using the
anti-serpinin ELISA. Under these conditions, serpinin
standard eluted into fractions #35 and #36 (see (Koshi-
mizu et al. 2011) for HPLC profile). Mass spectrometric
analysis was carried out on a parallel aliquot that was
prepared from fractions #35 and #36 from which
authentic serpinin was identified (Koshimizu et al.
2011). At that time, our studies continued to focus on
serpinin; however, we subsequently identified the other
peaks in the mass spectrum and report them here,
particularly that of pGlu-serpinin (Fig. 1b).

Immunocytochemistry

AtT-20 cells were grown in 8-well chamber slide (Nunc,
Roskilde, Denmark) until 80% confluent. The cells were
fixed in 4% paraformaldehyde (PFA) and permeabilized
with 0.1% Triton X-100 in PBS. Rabbit polyclonal anti-
pGlu-serpinin antibody (1:1,000), rabbit polyclonal anti-
serpinin antibody (1:1,000), mouse monoclonal anti-ACTH
antibody (1:1,000, Abcam, Cambridge, MA), chicken
polyclonal anti-MAP-2 antibody (1:1,000, Abcam), and
diamidino-2-phenyl-indole (Dapi) (1 uM; Sigma-Aldrich)
were used at indicated dilutions/concentration in 1%
BSA/PBS. Secondary antibody conjugated with either
FITC (Molecular Probes, Eugene, OR), Alexa Fluor 488
(Invitrogen, San Diego, CA) or Cy3 (Molecular Probes)
was used at 1:3,000 in 1% BSA/PBS. Images were taken
using confocal microscopes (LSM 510, Carl Zeiss,
Thornwood, NY) at the Microscopy and Imaging Core
(MIC) facility in NICHD and processed using software
(Zeiss LSM Image Browser, Carl Zeiss), Photoshop 6.0
software (Adobe, San Jose, CA) and ImageJ 1.37 (NIH,
Bethesda, MD).
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Cell Viability Assay

Cell viability was quantified by counting the number of
dead cells by measuring lactate dehydrogenase (LDH)
released into the medium using the kit (Promega) or using
MAP-2 staining according to previous reports (Koshimizu
et al. 2002; Nishiyama et al. 2005) with minor modifica-
tions. For the LDH assay, culture media were centrifuged at
10,000xg for 10 min and 50 ul of dye buffer were added to
10-20 pl of each supernatant. The mixtures were incubated
at 37°C for 15 min and 50 pl of terminating buffer was
added to each sample. The absorbance was photometrically
determined at a wavelength of 560 nm. For immunostaining
with anti-MAP2 polyclonal antibody, the cultured neurons
were fixed using 4% paraformaldehyde (PFA) for 15 min at
room temperature. The neurons were then permeabilized
with 0.1% Triton X-100-containing PBS for 1 min on ice
and blocked with 5% FBS-containing PBS for 1 h at RT.
Immunocytochemistry was performed using chicken anti-
MAP-2 polyclonal antibody and FITC-conjugated anti-

Serpinin precursor (3020.6)

Serpinin (2864.4)

pGlu-Serpinin precursor 1 (2644.4)

pGlu-Serpinin precursor 2
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QELESLSAIEAELEKVAHQLQAL

I S

pGIUELESLSAIEAELEKVAHQLQAL

chicken IgY antibody as described above. Immunosignal
was quantified using ImageJ 1.37.

Real-Time RT-PCR

Real-time RT-PCR was carried out for amplification and
quantitative comparison of mouse PN-1 mRNAs as
previously described (Kim and Loh 2006). Briefly, total
RNAs were purified using RNeasy mini kit (Qiagen,
Germantown, MD) and amplified with a primer set for
PN-1 (PNI-B5; 5-GAAGGAACCATGAATTGGCAT-3'
and PNI-C3; 5-TGCAGCATGCCCAAGATGGAC-3")
using the LightCycler and RNA master SYBR Green I
(Roche Diagnostics, Indianapolis, IN). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was also amplified
using a primer set (Clontech, Mountain View, CA) and
used for normalization of PN-1 mRNA levels in the
samples. Analyses of PCR amplification were performed
using the LightCycler3 software version 5.3 (Roche
Diagnostics).
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Fig. 2 Intracellular distribution
of pGlu-serpinin in AtT-20 cells.
The images show that immuno-
reactive pGlu-serpinin (Alexa
488, green) was detected mainly
in the tips of AtT-20 cells
(arrows), and co-localized
(merged, yellow) with a secreto-
ry granule marker, ACTH (Cy3,
red) (upper panels), whereas no
immunosignal was detected in
the absorption control group
(+pGlu-serpinin peptide, middle
panels), which was incubated
with anti-pGlu-serpinin antibody
in the presence of synthetic
pGlu-serpinin peptide. In con-
trast (lower panels), immunore-
active serpinin/CgA detected by
anti-serpinin antibody (Alexa
488, green) was distributed not
only in the tips, but also in the
processes and soma (arrow
heads) of AtT-20 cells. Scale
bar=50 um
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Statistical Analysis

Data are presented as the means+SEM. For multiple group
comparison, one-way ANOVA followed by Tukey’s post
hoc test was used. For comparison between two group of
means, Student’s ¢ test was used. P<0.05 was considered
statistically significant.

Results

Analysis of Serpinin-Related Peptides Secreted
from Pituitary AtT-20 Cells

To search for endogenous serpinin-related peptides in pituitary
cells, MALDI-TOF analysis was carried out on conditioned
medium from AtT-20 cells. Four serpinin-related peptides with
peptide ions in the reflector spectrum with m/z (mass-to-charge
ratio) of 3,020.6, 2,864.5, 2,664.4, and 2,532.4 were detected
(Fig. la). These peptide ions were identified as serpinin
precursor (RAEDQELESLSAIEAELEKVAHQLQAL), ser-
pinin (AEDQELESLSAIEAELEKVAHQLQAL), and its
derivatives (DQELESLSAIEAELEKVAHQLQAL and
pGlu-ELESLSAIEAELEKVAHQLQAL), respectively. We
named the pyroglutaminated serpinin-derived peptide, which

Fig. 3 Detection of secreted a
pGlu-serpinin. a Schematic

of the pGlu-serpinin-specific
ELISA assay (see “Materials
and Methods”). HRP=horserad-
ish peroxidase; TMB=3,3',5,5'-
tetramethylbenzidine. b pGlu-
serpinin-specific ELISA
detected immunoreactive pGlu-
serpinin in AtT-20 cell CM but
none was detected in mock
(medium alone without cells) or
conditioned medium from 6T3
cells that do not express CgA
(n=3). ¢ Bar graphs showing
pGlu-serpinin in basal (2 h and
10 min) and high K™ stimulation
(10 min) incubation media from
AtT-20 cells (n=2)

450 nm
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appears to be a major peptide secreted from AtT-20 cells,
pGlu-serpinin (Fig. 1a). In Fig. 1b, a putative biosynthetic
pathway for generation of pGlu-serpinin from mouse CgA,
based on the identified serpinin-related peptides, is shown.
An additional precursor peptide of pGlu-serpinin (pGlu-
serpinin precursor 2, QELESLSAIEAELEKVAHQLQAL) is
predicted (Fig. 1b).

Subcellular Localization of pGlu-serpinin in AtT-20 Cells

Using the anti-pGlu-serpinin specific antibody, subcellu-
lar localization of pGlu-serpinin was analyzed by
immunocytochemistry in AtT-20 cells. The immunosignal
of pGlu-serpinin was mainly detected in the tips of the
processes and co-localized with the secretory granule
marker, ACTH (Fig. 2, upper panels). To confirm that the
immunosignal was derived from authentic pGlu-serpinin,
an absorption control was carried out. In the presence of a
synthetic pGlu-serpinin peptide, no immunostaining was
observed showing that the immunosignal at the tips was
specific (Fig. 2, middle panels). In addition, the intracel-
lular distribution of pGlu-serpinin precursor molecule(s)
was analyzed using anti-serpinin antibody. The immuno-
signal detected by the anti-serpinin antibody was distrib-
uted not only in the tips but also in the processes and soma
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(Fig. 2, lower panels). The differential distribution of the
immunostaining pattern between the serpinin and the
pGlu-serpinin-specific antibodies supports the conclusion
that maturation of pGlu-serpinin precursors to form pGlu-
serpinin occurs in secretory granules, and this peptide is
stored in these organelles at the tips of processes together
with ACTH in AtT-20 cells.

Activity-Dependent Secretion of pGlu-serpinin
from AtT-20 Cells

To detect and quantify secreted pGlu-serpinin, a pGlu-
serpinin ELISA was developed (Fig. 3a). To test whether
pGlu-serpinin ELISA can specifically detect pGlu-serpinin
secreted from CgA-expressing cells, conditioned media

Fig. 4 Anti-apoptotic effects of a
pGlu-serpinin and serpinin. a
AtT-20 cells were challenged
with 50 uM hydrogen peroxide
in the presence or absence of 1,
10, 100 nM serpinin or 0.1,

1 nM pGlu-serpinin for 1 day.
Cell viability was quantified by
the LDH assay. Serpinin and
pGlu-serpinin significantly

1.50

inhibited hydrogen peroxide-
induced cell death (n=3,
*P<0.05). b Cultured rat
cortical neurons were challenged
with 50 uM hydrogen peroxide
in the presence or absence of
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from AtT-20 cells and a mutant of AtT-20 cell line, 6T3
cells, which do not express CgA (Kim et al. 2001), were
assayed. A significant immunosignal was detected in AtT-
20 cell CM when normalized to the mock group, while no
significant difference was seen in 6T3 cell CM, indicating
that pGlu-serpinin secreted from CgA-expressing cells
could be detected directly in a specific manner in the
media using this assay (Fig. 3b). Since pGlu-serpinin is
co-localized with ACTH, we assayed basal and stimulated
secretion media from AtT-20 cells (Fig. 3¢) to confirm its
localization in secretory granules of the regulated secreto-
ry pathway. Secretion of pGlu-serpinin was detected in the
medium after 2-h incubation of the cells in basal medium.
After 10 min incubation in basal medium, pGlu-serpinin
was below the detection limit in the secretion medium.
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However, after 10 min incubation in high K medium,
pGlu-serpinin was detected, indicating this peptide is
secreted in an activity-dependent manner. By calculating
the proportionate amount of pGlu-serpinin in 10 min basal
secretion medium based on the 2-h basal secretion
medium, the fold stimulation was 5.5-fold.

Anti-Apoptotic Effect of pGlu-serpinin on AtT-20 Cells
and CNS Neurons

Hydrogen peroxide-induced cell death is a model system for
reactive oxygen species (ROS)-induced apoptosis in neuronal
cells (Woronowicz et al. 2008). In this study, AtT-20 cells
were challenged with 50 uM hydrogen peroxide in the
presence or absence of 1, 10, 100 nM serpinin or 0.1, 1 nM
pGlu-serpinin for 1 day. Cell viability was quantified by
LDH-cytotoxicity assay. pGlu-serpinin (0.1 and 1 nM) and
100 nM serpinin significantly inhibited hydrogen peroxide-
induced cell death (*P<0.05), whereas 1 and 10 nM serpinin
failed to inhibit the cell death (Fig. 4a). Next, cultured rat
cerebral cortical neurons were challenged with 50 uM
hydrogen peroxide in the presence or absence of 10 nM
pGlu-serpinin for 1 day. MAP-2 immunosignal intensity was
quantified. In the absence of pGlu-serpinin, treatment of
hydrogen peroxide significantly induced cell death. However,
in the presence of pGlu-serpinin, the hydrogen peroxide-
induced neuronal cell death was inhibited (*P<0.05; N.S., no
significant difference) (Fig. 4b).

pGlu-serpinin Up-Regulated PN-1 mRNA Expression
in AtT-20 Cells

Our previous study demonstrated that serpinin induces
expression of the protease inhibitor, protease nexin-1 (PN-1)
in AtT-20 cells (Koshimizu et al. 2011). PN1 is a known
inhibitor of plasmin, which is elevated under conditions of
inflammation and leads to cell death (Ho-Tin-Noé et al.
2009). To test if pGlu-serpinin has a similar effect, AtT-20
cells were treated with pGlu-serpinin or serpinin peptide at
different concentrations. Twenty hours after the treatment,
real-time RT-PCR was performed to quantify the amount of
PN-1 mRNA in the cells. pGlu-serpinin and serpinin
significantly up-regulated PN-1 mRNA at 10 pM and
10 nM concentrations, respectively (*P<0.05), relative to
untreated cells, indicating that pGlu-serpinin is a much more
potent inducer of PN-1 expression than serpinin (Fig. 5).
Similar to that reported previously for serpinin (Koshimizu
et al. 2011), a bell-shaped curve of bioactivity was seen for
serpinin as expected, but also for pGlu-serpinin. This kind of
bioactivity profile is not uncommon as it has been seen for
several bioactive peptides such as ghrelin, leptin, and
epidermal growth factor (EGF) (Depoortere et al. 2005;
Ojaniemi and Vuori 1997; Tezuka et al. 2002).
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Fig. 5 pGlu-serpinin up-regulated PN-1 mRNA expression. Bar
graphs showing the effect of treatment of AtT-20 cells with synthetic
serpinin (n=4) or pGlu-serpinin (n=3) for 20 h on PN-1 mRNA
expression. Serpinin and pGlu-serpinin significantly up-regulated the
PN-1 mRNA at 10 nM (*¥*P<0.05) and 10 pM (*P<0.05) concen-
trations, respectively, relative to untreated cells (Con., n=3)

Discussion

In this study, we examined the processing of the C-terminal
domain of CgA in mouse AtT-20 cells. Analysis of
conditioned medium (CM) of AtT-20 cells revealed the
presence of endogenous serpinin (Koshimizu et al. 2011)
which indicated cleavage at the Arg433—-Arg434 and
Argd61-Arg462 pairs of basic residues of the C terminus
domain of mouse CgA, presumably by one of the
proprotein convertases (PC1 or PC2) which cleaves at
paired basic residues (Fig. 1) (Steiner 1998). Carboxypep-
tidase E (CPE) then removes the C terminus basic residues,
Arg—Arg, to yield serpinin (Fricker 1988). Two other
peptides found in the CM indicated aminopeptidase activity
to remove N-terminal residues from serpinin to form a
peptide with a glutamine (Q) as the first amino acid at the N
terminus. Interestingly, peptidomic studies of chromaffin
granules from human pheochromocytomas have revealed
the presence of this same serpinin-like peptide beginning
with the Q residue (Hook et al. 2010), indicating that such a
processing pattern of CgA is not unique to the mouse. In
addition we found that the N terminus Q underwent
pyroglutamination to form pGlu-serpinin which is the
major product in the secretion medium and therefore likely
to represent the final processed product. Nevertheless, some
serpinin was found in the CM. Immunocytochemical
studies using a pGlu-serpinin specific antibody revealed
that the peptide is predominantly localized in the tips of
processes of AtT-20 cells and co-localized with ACTH, a
peptide hormone in the secretory granules of these cells
(Moore et al. 1983). To confirm that pGlu-serpinin resides
in secretory granules of the regulated secretory pathway, we
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showed that this peptide was released in an activity-
dependent manner upon high K" stimulation. Processing
of CgA occurs in secretory granules and indeed proprotein
convertases (Seidah et al. 2008), aminopeptidases (Gainer
et al. 1984; Yasothornsrikul et al. 1998), carboxypeptidase
E (CPE) (Hook and Loh 1984; Laslop et al. 1986), and
glutamyl cyclase (QC) (Busby et al. 1987; Fischer and
Spiess 1987) enzymes have been reported to be present in
these organelles. Although QC found in several tissues
such as pituitary and adrenal medulla have been shown to
have a pH optimum of 7.0-7.5, unlike the other prohor-
mone processing enzymes that have an acidic pH optimum
consistent with the pH of secretory granules, the activity
only drops off at pH below 5.0 and above pH 8.0 (Busby
et al. 1987) and therefore can be functional within the
granules. Hence, pyroglutamination and formation of
pGlu-serpinin can and does occur in secretory granules
of AtT-20 cells, although this process may continue
extracellularly.

Our studies showed that pGlu-serpinin has anti-apoptotic
effects on AtT-20 cells subjected to ROS-induced stress.
pGlu-serpinin was 1,000 times more effective than serpinin
at inhibiting cell death (Fig. 4a). This anti-apoptotic effect
was also found for cerebral cortical neurons treated with
hydrogen peroxide to induce ROS-induced stress (Fig. 4b).
Our preliminary results suggest that the neuroprotective
effects of serpinin may not be limited to the inhibition of
hydrogen peroxide-induced cell death of AtT-20 cells and
cerebral cortical neurons, since we found that low K*
(5 mM) induced apoptosis of mouse cerebellar granule
neuron (CGN) culture, which is a well-established model
system for neuronal apoptosis (D’Mello et al. 1993), was
also significantly inhibited by addition of 10 nM serpinin to
the culture medium (our unpublished data).

In cognitively impaired patients, CgA expression is
elevated (Hu et al. 2010). CgA has been shown to stimulate
microglia reactivity thereby promoting neurotoxicity and
neurodegeneration (Kingham and Pocock 2001). It would
be interesting to determine if pGlu-serpinin might also be
elevated in the Alzheimer’s disease (AD) brain to counter-
act this damaging effect, since compensatory mechanisms
often exist in many pathological conditions. Thus, pGlu-
serpinin could be a useful therapeutic agent for treating AD
patients. During brain injury, accompanying vascular
damage and inflammatory processes occur, resulting in
release of plasminogen which is rapidly converted to
plasmin by tissue plasminogen activator (Kaur et al.
2004). Plasmin has been shown to degrade extracellular
matrix proteins causing neuronal detachment from the
matrix. Prolonged treatment (>72 h) of neurons with
plasminogen leads to increase rates of apoptosis (Ho-Tin-
Noé et al. 2009). Hence, increase in expression of PN-1, a
potent inhibitor of plasmin (Farrell et al. 1988), which is
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secreted constitutively from neurons could potentially inhibit
the destructive effects of plasmin under pathophysiological
conditions. pGlu-serpinin’s ability to increase PN-1 synthesis
(Fig. 5) may play a role in protecting cells from apoptosis by
inhibiting the action of plasmin in tissues undergoing a
inflammatory response. Indeed, circulating CgA has been
shown to be elevated in various diseases in which
inflammatory process are involved such as AD (Skaper
2007), rheumatoid arthritis (Kingsley and Panayi 1997), and
irritable bowel syndrome (Ohman and Simrén 2010).

In conclusion, pGlu-serpinin is a new CgA-derived
peptide that is secreted in an activity-dependent manner
from secretory granules of endocrine cells and presumably
other cells such as neurons that synthesize CgA. pGlu-
serpinin’s anti-apoptotic effect on endocrine cells and CNS
neurons and its ability to increase production of PN-1 to
inhibit the destructive effect of plasmin on cells, renders it a
potentially important molecule in protecting cells from
dying under various pathological insults.
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