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We recently demonstrated that the antibacterial peptide, CopA3 (a D-type disulfide dimer peptide,
LLCIALRKK), inhibits LPS-induced macrophage activation and also has anticancer activity in leukemia
cells. Here, we examined whether CopA3 could affect neuronal cell proliferation. We found that CopA3
time-dependently increased cell proliferation by up to 31 ± 2% in human neuroblastoma SH-SY5Y cells,
and up to 29 ± 2% in neural stem cells isolated from neonatal mouse brains. In both cell types, CopA3 also
significantly inhibited the apoptosis and viability losses caused by 6-hydroxy dopamine (a Parkinson dis-
ease-mimicking agent) and okadaic acid (an Alzheimer’s disease-mimicking agent). Immunoblotting
revealed that the p27Kip1 protein (a negative regulator of cell cycle progression) was markedly degraded
in CopA3-treated SH-SY5Y cells. Conversely, an adenovirus expressing p27Kip1 significantly inhibited the
antiapoptotic effects of CopA3 against 6-hydroxy dopamine- and okadaic acid-induced apoptosis, and
decreased the neurotropic effects of CopA3. These results collectively suggest that CopA3-mediated pro-
tein degradation of p27Kip1 may be the main mechanism through which CopA3 exerts neuroprotective
and neurotropic effects.

� 2013 Published by Elsevier Inc.
1. Introduction

CopA3 is a 9-mer disulfide dimer peptide (LLCIALRKK) derived
from the amino acid sequence of the a-helical region of the 43-
amino-acid insect peptide, Coprisin, which was originally isolated
from the Korean dung beetle, Copris tripartitus [1]. We previously
demonstrated that CopA3 exhibits antibacterial activity against
various pathogenic bacteria [2], has selective anticancer effects
on human leukemia cells [3], and shows anti-inflammatory effects
in the gut [2]. CopA3 also inhibits activation of murine macro-
phages caused by LPS exposure [4]. However, although the biolog-
ical activity of CopA3 has been examined in a variety of cellular
systems [2,3], no previous study has examined its action on neu-
rons. Here, we assessed whether CopA3 treatment could increase
neuronal cell proliferation or show neuroprotective effects.
There are numerous neurodegenerative diseases, including,
Alzheimer’s disease [5] and Parkinson’s disease [6]. Alzheimer’s
disease, which is a progressive neurodegenerative disease that rep-
resents the most common form of dementia in the elderly popula-
tion, is characterized by the presence of senile plaques,
neurofibrillary tangles, and the loss of cholinergic neurons in the
basal forebrain [5]. Parkinson’s disease is characterized by the pro-
gressive loss of dopaminergic neurons in the pars compacta of the
substantia nigra, resulting in bradykinesia and postural instability
[6]. At present, there is no cure for Alzheimer’s or Parkinson’s dis-
ease, and the causes and factors underlying their progression are
not well understood.

Various natural products have been studied for their ability to
prevent the inception and progression of neurodegenerative
disorders, including Alzheimer’s and Parkinson’s disease [7]. Plant
species such as Ginseng and Celastrus paniculatus have been dis-
cussed as potential sources for agents capable of controlling these
diseases, and numerous metabolites are currently being evaluated
for their potential to control the symptoms, development, and/or
progression of neuronal disorders [7]. Some peptides, such as
NAP peptide (activity-dependent neuroprotective protein-derived
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peptide), have also been shown to have neuroprotective functions
[8].

In the present study, we show that CopA3 has neurotropic ef-
fects on SH-SY5Y human neuroblastoma cells and neural stem cells
isolated from mouse brains. Surprisingly, CopA3 significantly
inhibited the apoptosis and cell viability losses of SH-SY5Y and
mouse neural stem cells exposed to 6-hydroxy dopamine and oka-
daic acid. These results suggest that CopA3 may be a drug candi-
date for the treatment of neurodegenerative diseases, such as
Alzheimer’s and Parkinson’s disease.
2. Materials and methods

2.1. Synthesis and structural determination of the dimer peptide,
CopA3

The insect-derived CopA3 peptide (D-type) was synthesized by
AnyGen (Gwang-ju, South Korea) [2], purified by reverse-phase
high-performance liquid chromatography (HPLC) using a Capcell
Pak C18 column (Shiseido, Japan), and eluted with a linear gradient
of water–acetonitrile (0–80%) containing 0.1% trifluoroacetic acid
(45% recovery). The identity of the peptide was confirmed by elec-
trospray ionization (ESI) mass spectrometry (Platform II; Micro-
mass, Manchester, United Kingdom). To form the interchain
disulfide bond, the synthetic peptide was dissolved in acetoni-
trile–H2O (50/50) solution and then oxidized in an aqueous 0.1 M
NK4HCO3 solution (pH 6.0–6.5) for 24 h.

2.2. Cell culture and reagents

Human neuroblastoma SH-SY5Y cells were maintained in
DMEM containing 10% FBS (Invitrogen, Carlsbad, CA, USA), in a
37 �C humidified incubator with 5% CO2. The polyclonal antibody
against caspase-3 was obtained from Cell Signaling Technology
(Beverly, MA, USA). The polyclonal antibodies against p27Kip1, c-
Src, survivin, PTEN and acetylated tubulin were obtained from San-
ta Cruz Biotechnology (Santa Cruz, CA, USA). The b-actin antibody,
propidium iodide (PI), 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) dye, serine/threonine phosphatase
inhibitor (okadaic acid; OA), 6-hydroxy dopamine (6-OHDA) and
transcription inhibitor (cycloheximide) were purchased from Sig-
ma–Aldrich (St. Louis, MO, USA). The p27Kip1 adenovirus was ob-
tained from Vector Biolabs (Philadelphia, PA, USA).

2.3. Cell viability

SH-SY5Y cells (3 � 103 cells/well) were treated with CopA3
(10 lg/ml) for 1 h, exposed to medium, OA (20 nM) or 6-OHDA
(100 lM) for 12 h, and then incubated with MTT dye for 2 h. The sol-
ubilization reagent (DMSO) was added, and absorbance was deter-
mined at 570 nm (model 3550; Bio-Rad, Mississauga, Canada) [3].

2.4. Cell proliferation kinetics and BrdU cell proliferation assay

SH-SY5Y cells (5 � 103 cells/well) were seeded in 6-well plates
and incubated with CopA3, and cell numbers were monitored
using an IncuCyte live-cell imaging system (Essen BioScience,
Ann Arbor, MI, USA) [9]. The imaging system was placed in a CO2

incubator, and images were acquired every 3 h over 4 days. Conflu-
ence measurements were obtained at each time point using the
IncuCyte cell density detection software. The proliferation of
CopA3-treated cells was also measured based on the rate of DNA
synthesis, using a BrdU Cell Proliferation Assay (Roche, Indianapo-
lis, IN, USA), according to the manufacturer’s instructions [10].
Briefly, cells (1 � 104 cells/well) were seeded to a 96-well micro-
plate, treated with or without CopA3 for 48 h, and then further cul-
tured with the BrdU mixture for 24 h. The cells were then fixed,
incubated with the anti-BrdU antibody for 1 h, and then incubated
with HRP-conjugated goat anti-mouse IgG for 1 h. Absorbances at
450 nm and 540 nm were determined using a microplate reader.

2.5. Isolation of mouse neural stem cells (MNSCs)

MNSCs were isolated from the cerebral striatum of neonatal
(postnatal day 2) mouse brains. This study was approved by the
Animal Care and Use Committee of Daejin University (Pocheon,
South Korea). To maintain the cells in an undifferentiated prolifer-
ative state, we cultured the cells as free-floating neurospheres in
serum-free DMEM/F12 (Invitrogen, CA, USA) containing 1X B27
(Invitrogen), FGF2 (20 ng/ml, Peprotech, Rocky Hill, NJ, USA), and
EGF (20 ng/ml, Peprotech) [11]. The MNSCs were propagated for
1–2 passages in 96-well plates (104 cells/well).

2.6. Terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) assay

Cells were treated with CopA3 for 1 h, exposed to OA or 6-OHDA
for 12 h, and then fixed with 4% paraformaldehyde for 20 min. Cells
with fragmented nuclear DNA were detected by TUNEL assay (Pro-
mega, Madison, WI, USA), according to the manufacturer’s instruc-
tions [2].

2.7. RNA isolation and semi-quantitative RT-PCR

RNA was prepared using the TRIzol reagent (Life Technologies,
Gaithersburg, MD, USA) and reverse transcription (RT) was per-
formed as previously described [12]. The resulting product (1 ll)
was amplified with primers specific to rat p27Kip1 (sense, 5-TTC
TTTTCACTTCGGGCTGT-3 and antisense, 5-CACAAAACATGCC
ACTTTGG-3; 370 bp product). Actin was amplified as the internal
control. The PCR reactions were conducted with the optimal num-
ber of cycles (94 �C for 1 min, 58 �C for 1 min, and 72 �C for 1 min).

2.8. Statistical analysis

The results are presented as mean values ± SEM. Data were ana-
lyzed using the SIGMA-STAT professional statistics software pro-
gram (Jandel Scientific Software, San Rafael, CA, USA). Analyses of
variance with protected t tests were used for intergroup
comparisons.

3. Results and discussion

3.1. CopA3 enhances cell proliferation in human neuroblastoma cells

Since we previously demonstrated that the synthesized insect
peptide, CopA3 (a D-type disulfide dimer peptide, Fig. 1A), inhibits
LPS-induced activation of human macrophages and has anticancer
activity in human leukemia cells, we herein assessed whether
CopA3 could affect neuronal cell proliferation. Human neuroblas-
toma SH-SY5Y cells were exposed to CopA3, and cell numbers were
assessed using an IncuCyte live-cell imaging system at the indi-
cated time points. As shown in Fig. 1B, CopA3 caused a marked
time-dependent increase in cell numbers, with the maximum in-
crease in cell number seen at 10 lg/ml CopA3. BrdU cell prolifera-
tion assays revealed that 10 lg/ml CopA3 yielded a 31 ± 2%
increase in cell proliferation compared to the medium control. In
contrast, CopA3 treatment did not induce cell proliferation in hu-
man colonic epithelial (HT29) cells (Fig. 1C).

We previously showed that a high concentration (150 lg/ml) of
CopA3 caused human leukemia cell-specific apoptosis among



Fig. 1. The insect peptide, CopA3, increases the proliferation of human neuroblas-
toma cells. (A) Synthesis and dimerization of CopA3 (D-type) by disulfide bond
formation. (B) Human neuroblastoma SH-SY5Y cells were treated with medium
(control) or CopA3 for the indicated durations, and cell proliferation was measured
with an IncuCyte live-cell imaging system. The results represent the means ± SEM
of three experiments performed in triplicate. (C) SH-SY5Y cells and human colonic
epithelial cells (HT29) were incubated with medium (control) or CopA3 (10 lg/ml)
for 72 h, and cell proliferation was measured by BrdU uptake experiments
(⁄p < 0.005). (D) SH-SY5Y cells were incubated with medium (control) or CopA3
for the indicated durations, and cell viability was measured by MTT assays. The bars
represent the means ± SEM of three experiments performed in triplicate
(⁄p < 0.005). Light microscopic images (100�) of SH-SY5Y cells incubated for 48 h
with CopA3 (right panel).
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AML-2, Jurkat and U937 cells [3]. However, we found that CopA3
treatment enhanced the cell viability of SH-SY5Y cells (Fig. 1D, left
panel). Microscopic image analysis also revealed that CopA3
treatment did not alter the typical shapes of the neuronal cells
(Fig. 1D, right panel), suggesting that CopA3 may have proliferative
effects on neuronal cells without apparent cellular toxicity.

3.2. CopA3 inhibits SH-SY5Y cell apoptosis caused by okadaic acid and
6-hydroxy dopamine

Based on the neurotropic effects of CopA3, we next assessed
whether CopA3 could have neuroprotective activities. Okadaic acid
(OA) has been shown to act as an Alzheimer’s disease-mimicking
agent in various neuronal cell lines [13,14] and animal models
[15]. Similarly, 6-hydroxy dopamine (6-OHDA) causes neurode-
generation in an in vitro model of Parkinson’s disease [16,17]. Here,
we assessed the protective effects of CopA3 in OA- or 6-OHDA-
treated SH-SY5Y cells. As shown in Fig. 2A, OA treatment (20 nM)
[13,14] caused a marked loss of viability in SH-SY5Y cells, but this
was completely abrogated by pretreatment with CopA3 (10 lg/ml)
for 1 h. Similarly, a marked loss of cell viability was seen in SH-
SY5Y cells incubated with 6-OHDA (100 lM) [16] for 12 h, but this
was also significantly inhibited by CopA3 pretreatment (Fig. 2A).

Next, we assessed whether CopA3 inhibited OA- or 6-OHDA-in-
duced neuronal cell apoptosis. SH-SY5Y cells were incubated with
CopA3 for 1 h and treated with OA or 6-OHDA for 12 h, and then
immunoblotting was used to measure caspase-3 activation (a
hallmark of apoptosis) [2]. Treatment with OA or 6-OHDA alone
significantly induced caspase-3 activation, but these inductions
were significantly blocked by CopA3 pretreatment for 1 h
(Fig. 2B). The results of our TUNEL assay confirmed these findings,
showing that CopA3 protected against OA- or 6-OHDA-induced
apoptosis in SH-SY5Y cells (Fig. 2C, lower panel). Propidium io-
dide (PI) staining was used to visualize the cell nuclei (Fig. 2C,
upper panel).

3.3. CopA3 triggers p27Kip1 protein degradation to mediate neural cell
proliferation

Given our observations that CopA3 has neurotropic and antiap-
optotic activities, we next sought to identify some of the intracel-
lular molecules responsible for mediating these effects of CopA3.
As shown in Fig. 3A, we observed that p27Kip1, a cyclin-dependent
kinase inhibitor that negatively regulates cell proliferation [18],
was markedly downregulated in CopA3-treated SH-SY5Y cells. In
contrast, other signaling molecules, such as c-Src, survivin, PTEN
and acetylated tubulin, were unaltered following CopA3 treatment.

We next assessed whether this downregulation occurred at the
transcriptional level. However, RT-PCR analysis showed CopA3
treatment did not reduce the level of p27Kip1-encoding mRNA in
SH-SY5Y cells (Fig. 3B). We thus next assessed whether p27Kip1
protein degradation was altered. SH-SY5Y cells were treated with
a transcription inhibitor (cycloheximide) for 2, 4 or 8 h in the pres-
ence or absence of CopA3, and the protein levels of p27Kip1 were
examined. As shown in Fig. 3C, the protein half-life of p27Kip1 in
SH-SY5Y cells was �6 h, which is similar to that observed in other
cells [19]. In SH-SY5Y cells treated with CopA3, however, the half-
life was �2 h, indicating that CopA3 downregulates p27Kip1
through rapid protein degradation. Since p27Kip1 is known to be
predominately degraded by proteasome-dependent protein
degradation [18], we speculate that CopA3-mediated protein deg-
radation of p27Kip1 in neural cells may occur via proteasome-
dependent degradation.

Next, we assessed whether adenovirus-mediated overexpres-
sion of p27Kip1 inhibits the neurotropic effects of CopA3. SH-
SY5Y cells were infected with a p27Kip1-encoding adenovirus
(1 � 107 PFU/ml) or a control GFP-adenovirus for 24 h, treated with
CopA3 for 24, and then assessed for cell proliferation by PI staining
and FACS analysis. As shown in Fig. 3D, cells infected with control



Fig. 2. CopA3 inhibits apoptosis and viability loss in SH-SY5Y cells. (A) SH-SY5Y
cells (105 cells/well) were pretreated with CopA3 (10 lg/ml) for 1 h and then
incubated with medium (control), DMSO, okadaic acid (OA, 20 nM), OA plus CopA3,
100 lM 6-hydroxy dopamine (6-OHDA) alone, or 6-OHDA plus CopA3 for 12 h, and
cell viability was measured by MTT assays (⁄p < 0.005 and #p < 0.05). (B) SH-SY5Y
cells were pretreated with CopA3 for 1 h and then incubated with medium (con),
DMSO, OA alone, OA plus CopA3, 100 lM 6-OHDA alone, or 6-OHDA plus CopA3 for
12 h. Cell lysates were subjected to 10% polyacrylamide gel electrophoresis and
blots were probed with antibodies against caspase-3 and b-actin. The presented
results are representative of three independent experiments. (C) DNA fragmenta-
tion in cells treated as described above was measured by TUNEL assays. Propidium
iodide (PI) staining was used to visualize cell nuclei.

Fig. 3. CopA3 downregulates p27Kip1 by shortening its protein half-life. (A) SH-
SY5Y cells (105 cells/well) were treated with CopA3 for the indicated durations. Cell
lysates were subjected to 10% polyacrylamide gel electrophoresis and blots were
probed with antibodies against p27Kip1 (p27), c-Src, survivin, PTEN, acetylated
tubulin and b-actin. The presented results are representative of three independent
experiments. (B) Total RNA was isolated from CopA3-treated cells, cDNA was
synthesized, and p27Kit1 and b-actin were amplified by PCR (see Section 2). The
results shown are representative of three separate experiments. (C) Cells were
incubated with cycloheximide alone (CHX, 100 lM) or CHX plus CopA3 for the
indicated times. (D) Cells infected with a p27Kip1 adenovirus (1 � 107 PFU/ml) or a
control GFP adenovirus (1 � 107 PFU/ml) for 24 h were incubated with CopA3 for
46 h, and cell cycle measurements were performed using PI staining and FACS
analysis. The results shown are representative of three separate experiments. (E)
Cells infected with a p27Kip1 adenovirus or a control GFP adenovirus for 24 h were
incubated with medium (con), 20 nM okadaic acid (OA) alone, OA plus CopA3,
100 lM 6-hydroxy dopamine (6OHDA) alone, or 6OHDA plus CopA3 for 12 h. The
results shown are representative of three separate experiments.
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Adeno-GFP virus and treated with CopA3 showed an increased
number of cells in S and G2/M phases. In contrast, CopA3 treat-
ment had no effect in cells infected with the p27Kip1-expressing
adenovirus. In cells infected with control Adeno-GFP virus, OA-
and 6-OHDA-induced apoptosis were markedly blocked by CopA3
pretreatment for 1 h (Fig. 3E). In cells overexpressing p27Kip1, in
contrast, CopA3 treatment had no effect on OA- and 6-OHDA-in-
duced apoptosis (Fig. 3E). These results suggest that CopA3-in-
duced neural cell proliferation and protection against cell-
damaging agents may require the downregulation of p27Kip1. Pre-
vious studies have shown that p27Kip1 can constrain the prolifer-
ation of neural progenitor cells in adult brain under homeostatic
and ischemic conditions [20], and the regulation of its half-life
has been associated with Alzheimer’s disease [18]. Thus, our pres-
ent results suggest that CopA3 has neurotropic and neuroprotec-
tive effects via its ability to trigger the rapid degradation of the
p27Kip1 protein.



Fig. 4. CopA3 increases the proliferation of mouse neural stem cells (MNSCs) and
protects them against 6-hydroxy dopamine- and okadaic acid-induced apoptosis.
(A–C) MNSCs were isolated from neonatal mouse brains and maintained as free-
floating neurospheres in serum-free medium containing 1X B27, FGF2 (20 ng/ml),
and EGF (20 ng/ml). (A) MNSCs (104 cells/well) were seeded in a 96-well plate and
incubated with 10 lg/ml CopA3 for 48 h, and cell proliferation was measured by
BrdU uptake experiments. The bars represent the means ± SEM of three experi-
ments performed in triplicate (⁄p < 0.005). (B) MNSCs were incubated with CopA3
for the indicated durations, and cell viability was measured by MTT assays (lower
panel, ⁄p < 0.01). Light microscopic images (100�) of neurospheres after 48 h
incubation (upper panel). (C) MNSCs were pretreated with CopA3 (10 lg/ml) for 1 h
and then incubated for 12 h with medium (con), 100 lM 6OHDA alone, 20 nM OA
alone, 6OHDA plus CopA3, or OA plus CopA3. Immunoblots were probed with
antibodies against caspase-3 and b-actin. The presented results are representative
of three independent experiments. (D) MNSCs were treated with CopA3 for the
indicated durations, and blots were probed with antibodies against p27Kip1, c-Src
and b-actin.
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Additionally, given our observations that CopA3 can block the
apoptosis caused by both OA and 6-OHDA, which cause neural cell
stress through different mechanisms [14,16], we speculate that
CopA3 may directly block one or more of the common apoptotic
pathways (e.g., caspase activation).

3.4. CopA3 has protective and proliferative effects on mouse neural
stem cells (MNSCs)

Since we found that CopA3 inhibited apoptosis and increased
cell proliferation in SH-SY5Y cells, we next assessed its effects on
neural stem cells isolated from the cerebral striata of neonatal
mouse brains [11]. Mouse neural stem cells (MNSCs) were main-
tained in an undifferentiated proliferative state and exposed to
10 lg/ml CopA3 for 72 h, and BrdU uptake experiments were used
to measure cell proliferation. Consistent with the results in SH-
SY5Y cells, MNSCs exposed to CopA3 for 72 h showed a 29 ± 2% in-
crease in cell proliferation compared to the medium control
(Fig. 4A). Moreover, 10 lg/ml CopA3 did not have any apparent
toxic effect on MNSCs (Fig. 4B, lower panel). Neurosphere, a free-
floating cluster of proliferative neural stem cells, formed well in
both control and CopA3-treated cultures (Fig. 4B, upper panel).
Lastly, we assessed whether CopA3 inhibited the OA- or 6-OHDA-
induced apoptosis of MNSCs. MNSCs were incubated with 10 lg/
ml CopA3 for 1 h, treated with OA or 6-OHDA for 12 h, and then
subjected to immunoblotting for measurement of caspse-3 activa-
tion. Both OA and 6-OHDA caused caspase-3 activation, but these
activation levels were significantly inhibited by pretreatment with
CopA3 (Fig. 3C). Consistent with our results in SH-SY5Y cells, the
expression of p27Kip1 was markedly reduced in CopA3-treated
MNSCs (Fig. 4D), suggesting that specific downregulation of
p27Kip1 is critical for the effects of CopA3 on cell proliferation
and apoptosis in neuronal cells.

In terms of other peptides with neuroprotective functions, the
NAP peptide has minimal effects on vital organ functions in ani-
mals [8], while showing neuroprotective effects against Alzhei-
mer’s disease [21,22], hypoxic-ischemic brain injury [23] and
hypoxia-induced seizures [24]. It was also shown to enhance neu-
ronal development [25]. Another short amino peptide, humanin,
protects neurons from amyloid b-induced toxicities and other
stresses [26]. Finally, low-molecular-weight peptides have lower
antigenicities compared to higher-molecular-weight agents, mak-
ing it notable that CopA3 is a small (9-mer) peptide. In sum, our re-
sults together with previous findings suggest that the CopA3
peptide may be a potential drug candidate for the treatment of
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s
disease.

Acknowledgments

This work was supported by a grant from the Next-Generation
BioGreen 21 Program (No. PJ008158), Rural Development Adminis-
tration, Republic of Korea.

References

[1] J.S. Hwang, J. Lee, Y.J. Kim, H.S. Bang, E.Y. Yun, S.R. Kim, H.J. Suh, B.R. Kang, S.H.
Nam, J.P. Jeon, I. Kim, D.G. Lee, Isolation and characterization of a defensin-like
peptide (coprisin) from the dung beetle, Copris tripartitus, Int. J. Pept. 2009
(2009).

[2] J.K. Kang, J.S. Hwang, H.J. Nam, K.J. Ahn, H. Seok, S.K. Kim, E.Y. Yun, C.
Pothoulakis, J.T. Lamont, H. Kim, The insect peptide coprisin prevents
Clostridium difficile-mediated acute inflammation and mucosal damage
through selective antimicrobial activity, Antimicrob. Agents Chemother. 55
(2011) 4850–4857.

[3] B.R. Kang, H. Kim, S.H. Nam, E.Y. Yun, S.R. Kim, M.Y. Ahn, J.S. Chang, J.S. Hwang,
CopA3 peptide from Copris tripartitus induces apoptosis in human leukemia
cells via a caspase-independent pathway, BMB Rep. 45 (2012) 85–90.

http://refhub.elsevier.com/S0006-291X(13)01005-X/h0075
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0075
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0075
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0075
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0075
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0080
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0080
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0080


40 S.T. Nam et al. / Biochemical and Biophysical Research Communications 437 (2013) 35–40
[4] H.J. Nam, A.R. Oh, S.T. Nam, J.K. Kang, J.S. Chang, D.H. Kim, J.H. Lee, J.S. Hwang,
K.E. Shong, M.J. Park, H. Seok, H. Kim, The insect peptide CopA3 inhibits
lipopolysaccharide-induced macrophage activation, J. Pept. Sci. 18 (2012) 650–
656.

[5] P. Wang, Z.H. Xie, Y.J. Guo, C.P. Zhao, H. Jiang, Y. Song, Z.Y. Zhu, C. Lai, S.L. Xu,
J.Z. Bi, VEGF-induced angiogenesis ameliorates the memory impairment in APP
transgenic mouse model of Alzheimer’s disease, Biochem. Biophys. Res.
Commun. 411 (2011) 620–626.

[6] J.S. Choi, M.S. Lee, J.W. Jeong, Ethyl pyruvate has a neuroprotective effect
through activation of extracellular signal-regulated kinase in Parkinson’s
disease model, Biochem. Biophys. Res. Commun. 394 (2010) 854–858.

[7] M.D. da Rocha, F.P. Viegas, H.C. Campos, P.C. Nicastro, P.C. Fossaluzza, C.A.
Fraga, E.J. Barreiro, C. Viegas Jr., The role of natural products in the discovery of
new drug candidates for the treatment of neurodegenerative disorders II:
Alzheimer’s disease, CNS Neurol. Disord. Drug Targets 10 (2011) 251–270.

[8] N.K. Sharma, N.K. Sethy, R.N. Meena, G. Ilavazhagan, M. Das, K. Bhargava,
Activity-depende6nt neuroprotective protein (ADNP)-derived peptide (NAP)
ameliorates hypobaric hypoxia induced oxidative stress in rat brain, Peptides
32 (2011) 1217–1224.

[9] Z. Liu, A. Naranjo, C.J. Thiele, CASZ1b, the short isoform of CASZ1 gene,
coexpresses with CASZ1a during neurogenesis and suppresses neuroblastoma
cell growth, PLoS One 6 (2011) e18557.

[10] A. Eggert, N. Ikegaki, X. Liu, T.T. Chou, V.M. Lee, J.Q. Trojanowski, G.M. Brodeur,
Molecular dissection of TrkA signal transduction pathways mediating
differentiation in human neuroblastoma cells, Oncogene 19 (2000) 2043–
2051.

[11] J. Yoo, J.J. Seo, J.H. Eom, D.Y. Hwang, Effects of stromal cell-derived factor
1alpha delivered at different phases of transient focal ischemia in rats,
Neuroscience 209 (2012) 171–186.

[12] H. Kim, S.H. Rhee, E. Kokkotou, X. Na, T. Savidge, M.P. Moyer, C. Pothoulakis, J.T.
LaMont, Clostridium difficile toxin A regulates inducible cyclooxygenase-2 and
prostaglandin E2 synthesis in colonocytes via reactive oxygen species and
activation of p38 MAPK, J. Biol. Chem. 280 (2005) 21237–21245.

[13] G. Leuba, C. Walzer, A. Vernay, B. Carnal, R. Kraftsik, F. Piotton, P. Marin, C.
Bouras, A. Savioz, Postsynaptic density protein PSD-95 expression in
Alzheimer’s disease and okadaic acid induced neuritic retraction, Neurobiol.
Dis. 30 (2008) 408–419.

[14] E. Arias, S. Gallego-Sandin, M. Villarroya, A.G. Garcia, M.G. Lopez, Unequal
neuroprotection afforded by the acetylcholinesterase inhibitors galantamine,
donepezil, and rivastigmine in SH-SY5Y neuroblastoma cells: role of nicotinic
receptors, J. Pharmacol. Exp. Ther. 315 (2005) 1346–1353.

[15] K.D. Yi, D.F. Covey, J.W. Simpkins, Mechanism of okadaic acid-induced
neuronal death and the effect of estrogens, J. Neurochem. 108 (2009) 732–740.
[16] Y. Li, F. Luo, L. Wei, Z. Liu, P. Xu, Knockdown of glycogen synthase kinase 3 beta
attenuates 6-hydroxydopamine-induced apoptosis in SH-SY5Y cells, Neurosci.
Lett. 487 (2011) 41–46.

[17] S.H. Kwon, S.I. Hong, Y.H. Jung, M.J. Kim, S.Y. Kim, H.C. Kim, S.Y. Lee, C.G. Jang,
Lonicera japonica THUNB. protects 6-hydroxydopamine-induced neurotoxicity
by inhibiting activation of MAPKs, PI3K/Akt, and NF-kappaB in SH-SY5Y cells,
Food Chem. Toxicol. 50 (2011) 797–807.

[18] U. Munoz, F. Bartolome, F. Bermejo, A. Martin-Requero, Enhanced proteasome-
dependent degradation of the CDK inhibitor p27(kip1) in immortalized
lymphocytes from Alzheimer’s dementia patients, Neurobiol. Aging 29
(2008) 1474–1484.

[19] D. Pamarthy, M. Tan, M. Wu, J. Chen, D. Yang, S. Wang, H. Zhang, Y. Sun, p27
degradation by an ellipticinium series of compound via ubiquitin–proteasome
pathway, Cancer Biol. Ther. 6 (2007) 360–366.

[20] J. Qiu, Y. Takagi, J. Harada, K. Topalkara, Y. Wang, J.R. Sims, G. Zheng, P. Huang,
Y. Ling, D.T. Scadden, M.A. Moskowitz, T. Cheng, p27Kip1 constrains
proliferation of neural progenitor cells in adult brain under homeostatic and
ischemic conditions, Stem Cells 27 (2009) 920–927.

[21] I. Gozes, A. Stewart, B. Morimoto, A. Fox, K. Sutherland, D. Schmeche,
Addressing Alzheimer’s disease tangles: from NAP to AL-108, Curr.
Alzheimer Res. 6 (2009) 455–460.

[22] I. Gozes, R. Zaltzman, J. Hauser, D.E. Brenneman, E. Shohami, J.M. Hill, The
expression of activity-dependent neuroprotective protein (ADNP) is regulated
by brain damage and treatment of mice with the ADNP derived peptide, NAP,
reduces the severity of traumatic head injury, Curr. Alzheimer Res. 2 (2005)
149–153.

[23] A. Kumral, D.C. Yesilirmak, U. Sonmez, H. Baskin, K. Tugyan, O. Yilmaz, S. Genc,
N. Gokmen, K. Genc, N. Duman, H. Ozkan, Neuroprotective effect of the
peptides ADNF-9 and NAP on hypoxic-ischemic brain injury in neonatal rats,
Brain Res. 1115 (2006) 169–178.

[24] S. Greggio, R.M. Rosa, A. Dolganov, I.M. de Oliveira, F.D. Menegat, J.A.
Henriques, J.C. Dacosta, NAP prevents hippocampal oxidative damage in
neonatal rats subjected to hypoxia-induced seizures, Neurobiol. Dis. 36 (2009)
435–444.

[25] N. Shiryaev, Y. Jouroukhin, E. Giladi, E. Polyzoidou, N.C. Grigoriadis, H.
Rosenmann, I. Gozes, NAP protects memory, increases soluble tau and
reduces tau hyperphosphorylation in a tauopathy model, Neurobiol. Dis. 34
(2009) 381–388.

[26] T. Arakawa, A. Hirano, K. Shiraki, T. Niikura, Y. Kita, Advances in
characterization of neuroprotective peptide, humanin, Curr. Med. Chem. 18
(2011) 5554–5563.

http://refhub.elsevier.com/S0006-291X(13)01005-X/h0085
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0085
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0085
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0085
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0090
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0090
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0090
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0090
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0095
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0095
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0095
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0100
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0100
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0100
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0100
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0105
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0105
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0105
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0105
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0130
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0130
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0130
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0135
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0135
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0135
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0135
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0110
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0110
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0110
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0015
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0015
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0015
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0015
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0020
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0020
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0020
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0020
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0025
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0025
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0025
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0025
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0030
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0030
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0115
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0115
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0115
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0120
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0120
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0120
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0120
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0035
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0035
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0035
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0035
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0040
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0040
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0040
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0045
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0045
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0045
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0045
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0050
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0050
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0050
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0055
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0055
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0055
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0055
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0055
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0060
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0060
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0060
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0060
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0065
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0065
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0065
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0065
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0070
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0070
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0070
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0070
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0125
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0125
http://refhub.elsevier.com/S0006-291X(13)01005-X/h0125

	Insect peptide CopA3-induced protein degradation of p27Kip1  stimulates proliferation and protects neuronal cells from apoptosis
	1 Introduction
	2 Materials and methods
	2.1 Synthesis and structural determination of the dimer peptide, CopA3
	2.2 Cell culture and reagents
	2.3 Cell viability
	2.4 Cell proliferation kinetics and BrdU cell proliferation assay
	2.5 Isolation of mouse neural stem cells (MNSCs)
	2.6 Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay
	2.7 RNA isolation and semi-quantitative RT-PCR
	2.8 Statistical analysis

	3 Results and discussion
	3.1 CopA3 enhances cell proliferation in human neuroblastoma cells
	3.2 CopA3 inhibits SH-SY5Y cell apoptosis caused by okadaic acid and 6-hydroxy dopamine
	3.3 CopA3 triggers p27Kip1 protein degradation to mediate neural cell proliferation
	3.4 CopA3 has protective and proliferative effects on mouse neural stem cells (MNSCs)

	Acknowledgments
	References


