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Abstract

Neurodegeneration occurs due to neuronal cell death and subsequently disrupts neuronal networks. In current medicine, methods
for interruption of neuronal cell death and avoidance of disruption of neuronal networks have potential as therapy for neurodegenerative
disorders. Development of this therapy requires analysis of the molecular mechanism of neurite extension that leads to network formation.
Here, we show that forskolin (fsk), an activator of adenylate cyclase, increases the intracellular cAMP concentration and induces neurite
outgrowth in PC12 cells. The effect of fsk on neurite outgrowth was diminished by H89, an inhibitor of protein kinase A (PKA), and by
PD98059 and U0126, which are inhibitors of the mitogen-activated protein kinase (MAPK) signaling pathway. With fsk treatment in the
presence of tunicamycin, an inducer of cell death, the activity of the glucose-regulated protein 78 (GRP78) promoters was upregulated.
Interestingly, this effect was completely abolished by H89 and by PD98059 and U0126. This phenomenon was confirmed using a
dominant-negative PKA-expressing PC12 cell line, in which the PKA-mediated signaling pathway was completely eliminated. These lines
of evidence suggest that GRP78 promotes neuronal elongation that is regulated by fsk and mediated by PKA.

Keywords: neurites; survival; PC12; GRP78; gene expression;
genomics; epigenetics

Introduction

The endoplasmic reticulum (ER) is an important organelle with
a crucial role in protein biosynthesis. Disrupted quality control in
biosynthesis of proteins leads to cell death due to accumulation
of unfolded proteins [1-4]. Tunicamycin (Tm), an inhibitor of
glycosylation of newly biosynthesized proteins, is a well-known
inducer of cell death [6-8]. Disruption of the homeostatic balance of
the Ca?* concentration in the ER also induces cell death [9-12]. In both
cases, accumulation of unfolded proteins in the ER is ultimately the
cause of cell death.

Glucose-regulated protein 78 (GRP78) refolds protein structures
and attenuates cell death. Thus, GRP78 can be a molecular target in
drug therapy for neurodegenerative diseases, for instance, Alzheimer’s
or Parkinson’s disease, and there is a need to understand the promoter
mechanisms associated with GRP78 upregulation. Two sensor proteins
on the ER membrane are involved in this process: Irel, which has an
RNase domain that cleaves pre-XBP-1 mRNA to spliced XBP-1 mRNA
and the translated product binds to the GRP78 promoter region;
and ATF6, which is cleaved by site-1 and site-2 proteases to form a
transcriptional factor (p50 ATF6) for GRP78. OASIS is a sensor of
unfolded proteins that also upregulates GRP78 expression, but this
effect is limited only to glial cells [13].

In this study, we show that forskolin (fsk), an activator of adenylate
cyclase, attenuates Tm-mediated cell death and promotes elongation
of neurites in pheochromocytoma 12 (PC12) cells. PC12 cell is a
developmental model neuron to study neurite extension system and
formation of neuron-like networks through intracellular signaling
pathway(s) [14]. Then, we discover that fsk-mediated PKA signaling
upregulates GRP78 to bear neurites via an effect on the GRP78 promoter
region by using PC12 cells. Analyses using inhibitors for PKA (H89)
and MEK1 (PD98059 or U0126) showed that PKA activates MAPK
signaling to upregulate GRP78. These findings were confirmed using
a dominant-negative PKA-expressing stable transformant PCI12 cell
line (DN-PKA-PC12). Overall, the results suggest that upregulation

of GRP78 is important for attenuation of Tm-induced cell death and
promotion of neurite outgrowth in PC12 cells.

Materials and Methods
Cell culture

PC12 and DN-PKA-PCI12 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 1% (v/v)
penicillin-streptomycin, 5 % (v/v) heat-inactivated precolostrum
newborn calf serum and 5% (v/v) heat-inactivated horse serum [8].
For measurement of cell viability, PC12 cells were seeded on collagen-
coated 96-well plates at 1x10° cells/cm?. The next day, the medium was
changed to serum-free DMEM and 1.0 pg/ml Tm was added without
or with inhibitors. For other assays, cell density was denoted in each
section in Materials and Methods.

Measurement of neurite length

PC12 cells were plated in 24-well plates at 0.2x10* cells/cm? and
cultured in DMEM supplemented with 5% (v/v) fetal bovine serum
(FBS), 5% (v/v) heat-inactivated horse serum, and 0.1% (v/v) penicillin-
streptomycin solution. Adherent cells were treated with reagents in
DMEM supplemented with 0.1% (v/v) penicillin-streptomycin solution
for 24 h. The plated cell density and the serum concentration were
lower than those of cell viability assay because enough space for the
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observation of neurite outgrowth and suppression of mitogenic effect
were needed for this assay. After treatment, the cells were fixed with 4%
paraformaldehyde for 30 min. For analysis of neurite outgrowth about
200 cells/well were randomly photographed using a phase-contrast
microscope (Biozero BZ-9100, Keyence, Japan). Neurite lengths were
measured using BZ-H1C software (Keyence, Japan).

Transient transfection and luciferase assay

PC12 cells were seeded on 6-well plates at 0.5x10° cells/cm? The
next day, the medium was changed to fresh DMEM for cell culture.
A GRP78 promoter-containing plasmid (-457/Luc), with a firefly
luciferase gene and the promoter sequence up to -457 of rat GRP78
was dissolved in 50 ul of OPTI-MEM (Gibco BRL). The TK plasmid,
containing a renilla luciferase gene and a thymidine kinase promoter,
was mixed with -457/Luc. The quantity of total DNA for transfection
was 2.0 pg (-457/Luc TK = 4:1). In addition, 1 pl of Lipofectamine2000
(Invitrogen, USA) was dissolved in 50 pl of OPTI-MEM and incubated
for 5 min. The two transfection solutions, the DNA solution and the
Lipofectamine2000 solution were then mixed and incubated for 20
min. The mixture was added to the culture medium of PC12 or DN-
PKA-PC12 cells. After 2 days, the cells were used for a luciferase assay
(Promega, USA). -457/Luc were gifts from Prof. A.S. Lee (University of
Southern California).

Statistical Analysis

Results for experimental groups are expressed as the mean + SEM.
Differences among groups were examined by one-way ANOVA, with
P<0.05 taken to indicate a significant difference. All analyses were
performed using SigmaStat 3.0.

Results and Discussion

In this study, we found that GRP78 expression is regulated via
PKA-mediated signaling. Neurite outgrowth was markedly induced by
forskolin (fsk), an activator of adenylate cyclase, which activates PKA-
mediated signaling. As shown in Figure-1A, fsk or tunicamycin (Tm)
plus fsk elongated neurites up to 45 pm on PC12 cells, and this effect
was diminished by H89, a specific PKA inhibitor, and PD98059 (PD)
or U0126 (U) which are inhibitors of MAP kinase signaling. Lengths
of neurites are shown in Figure-1B. Cell counts are also given in the
figure. These data suggest that PKA elongates neurites in the presence
of fsk alone and with fsk plus Tm, a cell death-inducer, as a mimic
of pathophysiological conditions in the brain. MAP kinase signaling
also clearly contributed to neurite outgrowth in PC12 cells, based on
the effects of PD and U, indicating that at least two signaling pathways
are involved in neurite elongation. These pathways also promote cell
survival because cells treated with fsk remained fresh and alive (Figure-
1A) [15,16]. Both may contribute to rescue from cell death because Tm
is well known to induce ER stress-mediated cell death by accumulation
of unfolded proteins. Thus, the two pathways may be key targets in
therapy for neurodegenerative disease. This possibility is also proposed
by using Parkinson’s disease model [17]. However, some hereditary
diseases, for instance, huntinton’s disease cannot be cured because
responsible gene is continued to express.

Interestingly, we discovered that fsk activated the GRP78 promoter
and that this effect was decreased by H89, PD, and U (Figure-2).
The promoter activity of GRP78 has been shown to be mediated
through epigenetic regulation [18, 19]. We did not find evidence for
this activity, but histone modification or DNA methylation may be
involved in neurite elongation and cell survival via upregulation of
GRP78 expression. This is likely because GRP78 is a chaperone protein
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Figure-1: Neurite elongation and morphological changes after treatment with
forskolin

(A) PC12 cells were plated on collagen-coated 24-well plates and 1.0 pg/ml
tunicamycin (Tm) was added to serum-free DMEM (Untreated) with or without
10 pM forskolin (fsk). 10 uM H89 (H89), 50 uM PD98059 (PD), or 10 uM U0126
(U) was also added in the presence of Tm or Tm plus fsk. Cells were cultured
for 24 h, and then fixed and photographed using a phase-contrast microscopy
(Keyence, Japan). The bar denotes 25 um. (B) Cells were plated on 24-well
plates and cultured as above. Neurite lengths were measured as described in
the Materials and Methods. Cell counts are shown at the top of each column.
Values are the mean + SEM (n=4). *P<0.05, #P<0.01, $P<0.01 by one-way
ANOVA among each group. Data are from two independent experiments.

that attenuates ER stress-mediated cell death by reducing the number
of unfolded proteins in the ER.

Next, we confirmed that fsk-induced neurite elongation is mediated
through PKA, using DN-PKA-PC12 cells, a dominant-negative PKA-
expressing stable transformant of PC12 cell line. Neurites could not
be elongated in these cells, whereas the parent cells were normal
(Figure-3A), indicating that PKA is necessary for fsk-induced neurite
elongation. DN-PKA-PCI12 cells also had reduced GRP78 promoter
activity (Figure-3B). Thus, downstream molecules of PKA leading to
upregulation of GRP78 protein should be clarified for further study.

The effects of fsk on neurite elongation and cell survival are
summarized in Figure-4. PKA activates Rapl to activate MAP kinase
signaling [20] and fsk induces expression of Nur77 [21]. Thus,
upregulation of GRP78 may activate both the PKA-Nur77 and MAP
kinase signaling pathways via fsk-induced PKA-mediated signaling.
This is consistent with the elimination of neurite elongation and
reduced GRP78 promoter activity in DN-PKA-PC12 cells. It is striking
that GRP78 can elongate neurites via fsk because GRP78 is a chaperone
protein that is not directly related to neurite elongation. Further studies
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Figure 2: Luciferase assay after treatment with forskolin PC12 cells were
plated on 6-well plates and 1.0 pg/ml tunicamycin (Tm) was added to serum-
free DMEM (Untreated) with or without 10 uM forskolin (fsk). 10 uM H89 (H89),
50 uM PD98059 (PD), or 10 uM U0126 (U) was also added in the presence
of Tm or Tm plus fsk. Cell lysates were collected and the GRP78 promoter
activity was measured by a luciferase assay with a luminometer (Promega,
USA). Results for a serum-free DMEM control (Untreated), fsk-treated cells in
the presence (Tm+fsk) or absence (fsk) of tunicamycin (Tm) without or with
PD98059 (PD), U0126 (U), or H89 (H89) are shown. Values are the mean+SEM
(n=4). **P<0.01, #P<0.01, $8P<0.01 by one-way ANOVA among each group.
Data are from two independent experiments.
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Figure 3: Effect of forskolin on neurites and GRP78 promoter activity in
dominant-negative PKA-expressing PC12 cells (A, B) Parent or dominant-
negative PC12 cells were maintained and plated as described in Figure-1 and
Figure- 2, and incubated with serum-free DMEM (Untreated) without and with
10 uM forskolin (fsk) for 24 h. Lengths of neurites were measured in about 200
cells. GRP78 promoter activity was measured by a luciferase assay. Values
are the mean+SEM (n=4). **P<0.01 by one-way ANOVA. N.S., not significant.
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Figure 4: Signaling pathways induced by forskolin. Both illustrated signaling
pathways promote neurite elongation and cell viability via upregulation of
GRP78 expression.

of this new function of GRP78 will be necessary for development of
therapy against neurodegenerative diseases.
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