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Abstract

In the present study we report that a replication-defective adenovirus construct of GMF cDNA (GMF-
V) induced overexpression of GMF protein in neuroblastoma (N18) cells caused cytotoxicity and
loss of cell viability. A significant increase in activation of GSK-3p occurred after infection with
GMF-V when compared with mock and lacZ controls. Overexpression of GMF also increased
caspase-3 activity, an early marker of apoptosis. Depletion of GMF gene by introducing GMF-
specific SiRNA (GsiRNA) completely blocked both activation of GSK-3f and caspase-3 activation
whereas a control scrambled siRNA (CsiRNA) had no effect. A cell-permeable peptide inhibitor of
GSK-3B, and lithium completely prevented GMF-dependent activation of caspase-3. These results
demonstrate that GSK-3 mediates activation of the death domain caspase by GMF overexpression.
We also show that the phosphorylation of GSK-3-dependent site of Tau was a consequence of GMF-
overexpression in N18 cells. Taken together our results imply that GMF is involved in the signaling
leading to the activation of GSK-3p and caspase-3 in N18 cells and strongly suggest its involvement
in neurodegeneration since, GSK-3p is known to hyperphosphorylate tau which is associated with
the neurotoxicity of neurofibrillary tangles in Alzheimer's disease.
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1. Introduction

The Glia Maturation Factor (GMF), a highly conserved brain-specific protein, was isolated,
sequenced and cloned in our laboratory (Kaplan et al., 1991; Lim et al., 1989; Lim et al.,
1990; Zaheer et al., 1993; Zaheer et al., 1995a; Zaheer et al., 1995b). The functional property
of GMF was largely unknown. Our research efforts in recent years have demonstrated an
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immunomodulatory function for GMF. We also established that GMF is an intracellular
regulator of stress-activated signal transduction by demonstrating that GMF activates p38 MAP
kinase and transcription factor NF-xB in astrocytes (Lim and Zaheer, 1996; Lim et al., 1998;
Lim etal., 2000; Zaheer and Lim, 1996; Zaheer and Lim, 1997; Zaheer and Lim, 1998; Zaheer
et al., 2002; Zaheer et al., 2001; Zaheer et al., 2007b). We reported that the overexpression of
GMF in astrocytes leads to the destruction of primary oligodendrocytes, the myelin-forming
cells in the central nervous system, by interactions between astrocytes, microglia, and
oligodendrocytes. These results suggested a novel pathway of GMF initiated cytotoxicity of
brain cells, and implicated its involvement in the pathogenesis of inflammatory demyelinating
diseases of the central nervous system such as multiple sclerosis/ experimental autoimmune
encephalomyelitis (Menon et al., 2007; Zaheer et al., 2007a; Zaheer et al., 2007b; Zaheer et
al., 2007c; Zaheer etal., 2007d). In the present report we show that the overexpression of GMF
in neuroblastoma N18 cells directly induces caspase-dependent apoptosis mediated by
GSK-3p activation.

2. 1. Overexpression of GMF in neuroblastoma cells

The cultures of mouse neuroblastoma, N18 cells were infected with a replication-defective
adenovirus containing a full length GMF cDNA (GMF-V). For control infections or mock
infections, the adenovirus containing cytoplasmic lacZ cDNA (lacZ) or no viral vector (mock)
was used following the identical procedures. Cells were incubated with 20 m.o.i. (multiplicity
of infectivity) in a serum-free and antibiotic free medium for 4 h. The expression of GMF
protein was assessed by Western blotting using a specific anti-GMF antibody (G2-09). The
GMF-V transfected cells revealed a significant increase in GMF protein levels (Fig. 1A) and
GMF mRNA expression as estimated by RT-PCR (Fig.1B). Since, cells treated with larger
than 20 MOI dose exhibited no further increase in GMF protein expression (results not shown),
we used 20 MOI. in all subsequent experiments. Control LacZ (20 MOIL.) and mock
transfections had no effect on GMF expression. The levels of B-actin remained unchanged
under all of our experimental conditions.

2. 2. siRNA mediated down regulation of GMF in N18 cells

To selectively down regulate the expression of GMF protein, we designed GMF-specific
(GsiRNA) and control scrambled siRNA (CsiRNA) duplexes. The conditions for cell culture,
ratio of SIRNA and the transfection reagent were optimized. The N18 cells were transfected
with siRNA duplexes (10 nM) 4 h prior to the addition of GMF-V. Analysis of GMF protein
(Fig. 1A, lane 5), and GMF mRNA (Fig. 1B, lane 5) from cells showed efficient down
regulation of GMF expression in by GSiRNA. Transfection with control scrambled CsiRNA
had no effect on GMF expression (Fig. 1A and 1B, lane 4).

2. 3. Reduced cell viability by the overexpression of GMF in N18 cells

The metabolic reduction of MTT by active cells was determined by measuring the absorbance
of a formazan product at 570 nm. The number of surviving cells is directly proportional, or in
other words the reduction in cell viability as a result of apoptosis or necrosis is inversely
proportional to the absorbance of the formazan product formed. No significant differences in
cell viability at 24 h of exposure time were noted between cells infected with 2.5-20 MOI of
either GMF-V or control LacZ (Fig. 2). The cell viability decreased significantly only after
48-96 h of GMF-V exposure at 10 and 20 MOI (p< 0.05). However, treatment of cells with
control LacZ did not change the cell viability at any concentrations up to 96 h (Fig. 2). These
results suggest that overexpression of GMF in neuroblastoma N18 cells is correlated with the
increase in the loss of cell viability.
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2. 4. GMF-overexpressing N18 cells undergo apoptosis

To detect the possible involvement of apoptosis in the GMF-induced reduction in N18 cell
survival, we observed morphological and apoptotic features using the PI staining as well as a
DNA fragmentation assay using gel electrophoresis (Fig. 3). Overexpression of GMF produced
a decrease in cell number (Fig. 3B) compared to LacZ (Fig. 3A). Results show apoptotic nuclei
and condensed chromatin in cells treated with GMF-V (Fig. 3D) as compared to normal nuclei
in control LacZ treated cells (Fig. 3C). Results show DNA laddering, a characteristic feature
of apoptosis, in GMF-V transfected N18 cells (Fig. 3E, lane 3). LacZ or mock transfection had
no such effect. These results demonstrate that GMF overexpression causes apoptosis in N18
cells.

2. 5. GMF overexpression activates GSK-3f and inhibits Akt in neuroblastoma cells

Recent reports suggest that glycogen synthase kinase-3p (GSK-3p) affects many cellular
functions, including the cell cycle and apoptosis. Therefore, we examined whether GSK-3 is
involved in GMF-induced cell death in N18 cells. A significant dose-dependent increase in
activation of GSK-3p occurred after infection with GMF-V when compared with mock and
lacZ controls (Fig. 4). Depletion of GMF gene by introducing GMF-specific SiRNA (GsiRNA)
completely blocked activation of GSK-3p whereas a control scrambled siRNA (CsiRNA) had
no effect. A significant reduction in GSK-3p and Akt phosphorylation are also observed in
N18 cells over expressing GMF due to GMF-V transfection when compared with mock and
lacZ infections (Fig. 5). There were no changes in total Akt levels. Reduction in phospho-
serine9 GSK-3pB and phospho-serine473 Akt is consistent with activation of GSK-3p and Akt
inactivation, respectively. More over, overexpression of GMF also increased the
phosphorylation of a neuronal microtubule-associated protein Tau in N18 cells. Western blots
using specific phosho-tau antibodies show a significant increase in tau phosphorylation at
GSK-3p specific sites (Ser-396 and Ser-404). Mock and LacZ controls had no such effects.
Total tau levels remained unchanged (Fig. 6). The results demonstrate that GMF is involved
in the signaling leading to the activation of GSK-3p and tau phosphorylation in neuroblastoma
cells.

2. 6. GMF-dependent activation of caspase-3

Caspase-3 is an important downstream effector of the cell death, and its activation has been
reported in many apoptotic processes. To determine whether caspases were activated in GMF-
overexpressing N18 cells, we assessed the activation of caspase-3 by monitoring the cleavage
of a caspase-3 substrate. A significant GMF-V dose-dependent increase in the caspase-3
activity was detected (P < 0.001) compared to mock and control LacZ treatments (Fig. 7).
GMF-dependent caspase-3 activity was completely blocked by GMF-specific SIRNA
(GsiRNA) whereas control scrambled siRNA (CsiRNA) had no effect on caspase activity.
These results demonstrate that overexpression of GMF in N18 cells increased caspase-3
activity, an early marker of apoptosis. To further understand the apoptotic pathway, we
analyzed the mRNA expression levels of caspase-1, caspase-2, caspase-6, and caspase-9 by
quantitative real-time RT-PCR using highly specific oligonucleotide primers as described in
Experimental Procedures. We detected significant up-regulation of caspase-1, caspase-6, and
caspase-9 in N18 cells over expressing GMF due to GMF-V transfection when compared with
lacZ infections (Fig. 8).

2. 7. Inhibitors of GSK-3B prevented GMF-dependent activation of caspase-3

Results in Fig. 9 show dose-dependent inhibition of cappase-3 activity by specific inhibitors
of GSK-3p. A cell-permeable peptide (CPP) inhibitor, substrate-specific, competitive inhibitor
of GSK-3p (Calbiochem) (Fig. 9A) and LiCl (Fig. 9B) could prevent GMF-dependent
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caspase-3 activation. These results suggest that the inhibition of GSK-3p activity was directly
related to suppressing caspase-3 activity and that GSK-3p is upstream of caspase-3.

2. 8. Selective inhibitors of GMF, GSK-3f and caspase-3 significantly increased cell viability

To examine the involvement of GSK-3p and caspase-3 in GMF-dependent loss of N18 cell
viability, we used selective cell-permeable inhibitors of GSK-3f and caspase-3. Results show
that GMF-specific SIRNA (GsiRNA) and CPP inhibitors of GSK-3p and caspase-3
significantly increased cell viability (Fig. 10). These results demonstrate that the loss of cell
viability by the overexpression of GMF in N18 cells is through activation of the GSK-caspase-
mediated signaling mechanism.

3. Discussion

Glia maturation factor (GMF), a 17 kDa highly conserved protein, with 99% homology
between humans and rodents, was isolated, sequenced and cloned in our laboratory (Kaplan et
al., 1991; Lim et al., 1989; Zaheer et al., 1993). The GMF gene is localized to the long arm of
human chromosome 14 (Lander et al., 2001). Previously, we established GMF as an
intracellular signal transduction regulator. In cell-free assays, GMF is phosphorylated by
protein kinase C (PKC), protein kinase A (PKA), casein kinase Il (CKII), and ribosomal S6
kinase (RSK) (Zaheer and Lim, 1996; Zaheer and Lim, 1997); and PKA-phosphorylated GMF
is an inhibitor of the ERK isoform of MAP kinase (Zaheer and Lim, 1996; Zaheer and Lim,
1997) while at the same time a stimulator of the p38 isoform (Lim and Zaheer, 1996), which
implicates GMF protein in stress-activated responses. In C6 as well as in normal astrocytes,
GMF overexpression stimulates p38 MAP kinase activity, and activates the redox enzyme
CuZn superoxide dismutase (CuZnSOD) and the transcription factors NF-xB (Lim et al.,
1998; Lim et al., 2000). Overexpression of GMF in PC12 pheochromocytoma cells activates
p38 MAP kinase and its downstream MAPKAP-kinase 2 (Zaheer and Lim, 1998). Kaimori et
al. (Kaimori et al., 2003) demonstrated oxidative stress enhancing ability of GMF in the
pathophysiology of a renal disease. Overexpression of GMF in proximal tubular cells leads to
vulnerability to oxidative injury through p38 pathway and changes in antioxidant enzyme
activities (Kaimori et al., 2003). A recent study by Baldwin et al. (Baldwin et al., 2006)
demonstrated that the transient overexpression of GMF in glioblastoma cells activated p38
MAPK signaling and also increased susceptibility of the tumor cells to cytotoxicity of cisplatin,
a chemotherapeutic agent. More recently, we studied pro inflammatory cytokine profiles of
primary glial cells following GMF overexpression. The data demonstrate that overexpression
of GMF is necessary for the induction of GM-CSF in astrocytes and that GM-CSF is the key
molecule for GMF-dependent production of proinflammatory cytokines in microglial cells.
The results also demonstrate that the increased release of GMF-dependent microglial
proinflammatory cytokines is cytotoxic to oligodendrocytes, the myelin-forming cells of the
central nervous system (Zaheer et al., 2007b). We described novel interactions of brain cells
to produce the mediators of neurodegenerative diseases such as multiple sclerosis (MS) and
experimental autoimmune encephalomyelitis (EAE) (Zaheer et al., 2007a; Zaheer et al.,
2007b; Zaheer et al., 2007c¢).

Glycogen synthase kinase 3 (GSK-3) is discovered as an enzyme mainly involved in glucose
metabolism. GSK-3 consists of two isoforms, GSK-3a and GSK-3p. GSK-3p is expressed in
neuronal tissue. The abnormal increases in GSK-3 levels and activity have been associated
with neuronal apoptosis, hyperphosphorylation of microtubule associated protein tau, and as
well as a decline in cognitive performance (Hetman et al., 2002; Mookherjee and Johnson,
2001; Schubert et al., 2004; Stoothoff and Johnson, 2001). Moreover, transgenic mice
overexpressing GSK-3p reported to show abnormal tau hyper phosphorylation and increased
neuronal apoptosis (Lucas et al., 2001). Recent reports suggest that phosphatidylinositol-3
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kinase/protein kinase B (Akt) signaling pathway in the survival of neurons that leads to the
inhibition of GSK-3 by increasing Ser9 phosphorylation (Cross et al., 1995). GSK3 is also
reported as an important negative regulator in the insulin-signaling pathway and play a
significant role in insulin resistance in diabetes. Thus, the identification of novel inhibitors of
GSK3 may lead to potential therapeutic intervention for diseases such as Alzheimer's disease
and diabetes.

In the present study we report that a replication-defective adenovirus construct of GMF cDNA
(GMF-V) induced overexpression of GMF protein in neuroblastoma (N18) cells.
Overexpression of GMF in N18 cells is correlated with the increase in toxicity and loss of cell
viability. A significant increase in GSK-3p activity occurred after infection with GMF-V
compared to the no infection (mock) and lacZ controls. Overexpression of GMF also increased
caspase-3 activity, an early marker of apoptosis. Depletion of GMF mRNA by introducing
GMF-specific sSiRNA completely blocked GSK-3p and caspase-3 activation whereas control
scrambled siRNA had no effect. A cell-permeable specific inhibitor of GSK-3p and lithium
completely prevented GMF-dependent activation of caspase-3. Our results demonstrate that
GMF is involved in the signaling leading to the activation of GSK-3p, caspase-3 and
inactivation of Akt in neuroblastoma cells and strongly suggest the involvement of GMF in
neuro degeneration. This is the first study to demonstrate that GMF overexpression causes
apoptosis through activation of the GSK-caspase-mediated signaling mechanism.

The hallmark of neurodegenerative disorder, Alzheimer's disease, is characterized by the
presence of B-amyloid plaques and hyperphosphorylated tau neurofibrillary tangles, in addition
to loss of neurons. The pathological activity of tau protein in AD brain is dependent on the
level of its phosphorylation. A number of kinases, including GSK-3 and cdk5, can aberrantly
phosphorylate tau. It appears that the GMF-GSK-3B-caspase pathway of apoptosis also
includes hyperphosphorylated tau in GMF over expressed neuroblastoma cells and both,
intrinsic and extrinsic pathways contributed to the apoptosis by the execution caspase-3 since,
caspase-1 was also elevated in these cells. Inthis investigation, we did not measure the activities
of p38 and NF«B and thus their participation and hierarchy in GMF overexpressing
neuroblastoma is unknown. Future examination in normal neuronal cells will be needed to
confirm the relevance of our results in understanding the neurodegenerative diseases. Never
the less results of our studies demonstrate that overexpression of GMF in N18 cells contribute
to aberrant increases in tau phosphorylation in a site-specific manner and remained elevated
at least for 48 h. These findings provide new insights into the role and signaling mechanisms
mediated by GMF in activation of GSK-3p, tau phosphorylation and apoptosis and may have
significance in the development of molecular targets for future therapeutic application.

4. Experimental Procedure

4. 1. Reagents

Adenovirus constructs were prepared at the University of lowa Gene Transfer Vector Core as
described earlier (Davidson et al., 1993; Lim et al., 1998; Zaheer and Lim, 1998; Zaheer et al.,
2002; Zaheer et al., 2001), using a replication-defective adenovirus (serotype 5) vector. The
constructs contained either a full-length GMF cDNA (Ad5CMVGMF), or a cytoplasmic lacZ
cDNA (Ad5CMVcytolacZ). G2-09 was a monoclonal antibody against GMF and was affinity-
purified with protein-A. Affinity purified polyclonal antibody against GSK-3p, caspase-3, and
B-actin were obtained from Cell Signaling Technology (Danvers, MA). Rabbit polyclonal
antibodies against phospho-tau (pSer396 and pSer404), non-phosphorylated forms (total) of
tau and HRP-conjugated 1gG secondary antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Enhanced chemluminescence (ECL) Western blot
detection reagents were purchased from Amersham Pharmacia Biotech, Inc. (Piscataway, NJ).
Glycogen synthase peptide-2 was from Millipore-Upstate Biotechnology, Inc.(Billerica, MA).
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[32P]-ATP (3000 Ci/mmol) was purchased from NEN Life Science Products, Inc. (Boston,
MA). A cell-permeable myristoylated form of GSK-3p peptide inhibitor (Myr-N-Gly-Lys-Glu-
Ala-Pro-Pro-Ala-Pro-Pro-GIn-Ser(PO3H)-Pro-NH, and a cell-permeable (CPP32) inhibitor of
caspase-3 (Ac-Ala-Ala-Val-Ala-Leu-Leu-Pro-Ala-Val-Leu-Leu-Ala-Leu-Leu-Ala-Pro-Asp-
Glu-Val-Asp-CHO were purchased from EMD-Calbiochem (La Jolla, CA). Trizol® reagent,
protein-G Agarose and ThermoScript™ RT-PCR system for first-strand cDNA synthesis were
purchased from Invitrogen Corporation, CA. PCR primers were synthesized at Integrated DNA
Thechnologies (Coralville, 1A).

4., 2. Cell culture

Mouse neuroblastoma cells, N18, were obtained from American Type Culture Collection,
Rockville, MD and maintained in our laboratory. The N18 cells were grown in DMEM/F12
medium supplemented with 5% fetal bovine serum, 2 mM L-glutamine, and antibioics
penicillin (100 units/ml) and streptomycin (100 pg/ml) at 37°C in a humidified atmosphere of
5% CO,.

4. 3. Overexpression of GMF in N18 cells

Transient transfection with adenoviral vector to overexpress GMF in N18 cells were carried
out as described earlier (Zaheer et al., 2002; Zaheer et al., 2007b). Briefly, the replication-
defective human adenovirus vector containing either full length GMF cDNA (Ad5CMVGMF)
or a cytoplasmic lacZ cDNA (Ad5CMVcytolacZ) were added to cells at 20 MOI (multiplicity
of infectivity) or as noted, in serum-free and antibiotic-free DMEM/F12 medium for 4 h. The
efficiency of infection was estimated to be over 95% as determined by X-gal staining. At the
end of this infection period, cells were gently rinsed once with DMEM/F12 containing 5%
FBS and allowed to grow in the same medium for additional time. The cells were harvested at
the time indicated for each experiment. In mock-transfected controls, the procedure was carried
out in the absence of virus.

4. 4. si RNA-mediated down-regulation of GMF expression

The small interfering RNA (siRNA) for GMF was designed based upon established
characteristic of siRNA targeting constructs (Elbashir et al., 2001; Zaheer et al., 2007b). The
sequences for GMF (accession no. Z11558) were as follows:

Sense strand GMF siRNA 5-GAUUGACAAGGAUAAACGCUU-3'; and antisense 5'-
GCGUUUAUCCUUGUCAAUCUU-3'. A scrambled sequence was designed as a mismatch
control: sense 5-AGAUAGACACGAUGGUACA UU-3’; and antisense 5'-
CGUUCUACUAGUCUAUUCGUU-3'. We blast-search (NCBI database) selected GMF
SiRNA (GsiRNA) sequence to ensure that only GMF gene is targeted. Specific and control
scrambled siRNA (CsiRNA) duplexes were formed as described earlier (Elbashir et al.,
2001; Zaheer et al., 2007b). For experiments, N18 cells were seeded at 1x10° in 24-well plates
at least 24 h prior to siRNA treatment. Transfections with sSiRNA (20 nM, or as noted) were
carried out essentially as described earlier (Zaheer et al., 2007b). For co-transfection
experiments, cells were first transfected with sSiRNA 4 h prior to GMF-V (20 MOI) infection.
Cells were harvested 24 h or as noted after transfection.

4. 5. Caspase-3 Activity Assays

Cells were pulverized under liquid nitrogen and homogenized in ice-cold lysis buffer.
Caspase-3 activity in lysates was determined using a colorimetric caspase-3 assay kit according
to the manufacturer's instructions (Clontech). Samples were read at 405 nm in a microplate
reader.
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4. 6. GSK-3 B Immune-kinase assay

Cells were homogenized in a lysis buffer containing protease and phosphatase inhibitors, and
then briefly sonicated. After 15 min on ice, the samples were centrifuged at 100,000 g for 1 h
at 4°C. Cell lysates were incubated with anti-GSK-3p for 2 h, and then complexes were
collected with protein G-Sepharose beads for an additional 1 h. Beads were washed four times
in lysis buffer followed by final wash in assay buffer, and then were incubated for 20 min at
30°C with glycogen synthase peptide-2 (25 pM) and 200 uM y[32P]ATP (3,000-4,000 cpm/
pmol) in the presence of 10 mM MgClI, and with or without 10 mM LiCl. Contents of the
assays were spotted onto P81 phosphocellulose papers that were washed and then subjected to
liquid scintillation counting. Kinase activity was reduced to background levels in the presence
of LiCl suggesting the activity measured was specific for GSK-3p.

4. 7. Cell viability assay

The effect of H,O, on cell survival was measured using 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay (Hansen et al., 1989). N18 cells were grown in 24-
well plates and treated with variable concentrations of H,O5 in fresh culture medium. Twenty-
four hours after the treatments, MTT was added and the cells were incubated for 4 h at 37°C.
The blue formazine formed in viable cells was dissolved by adding an equal volume of lysis
buffer made of 20% sodium dodecylsulphate dissolved in a 1:1 mixture of water and N,N-
dimethylformamide, pH 4.7. Two hundred microliter of the homogenous lysate from each well
of 24-well plates was transferred into 96-well plates and the optical density measured at 570
nm.

4. 8. Analysis of DNA fragmentation

Apoptosis was determined by a DNA fragmentation assay. For this purpose, cells were scraped
after 72 h of transfection in PBS and collected by centrifugation. The cells were then lysed
using a buffer containing 9 mM Tris (pH 8.0), 35 mM sucrose and 1 mM EDTA, followed by
incubation at 37° C overnight with 0.125 mL of 25% SDS. RNase A was added at a
concentration of 1 pg/mL for 1 h at 37° C. Potassium acetate (8 M) was added to obtain a
concentration of 1.33 M and the lysate was extracted twice with an equal volume of chloroform/
isoamy| alcohol (24:1, v/v). The aqueous layer was taken and the DNA was precipitated in
90% ethanol at -20° C overnight. Samples were centrifuged and the pellets suspended in 10
mM Tris (pH 8.0) and 1 mM EDTA. DNA samples were electrophoresed in a 2% agarose gel
along with DNA markers.

4. 9. Pl staining

The occurrence of apoptosis was also analyzed by propidium iodide (PI) staining of cells.
Apoptotic cells were identified by the appearance of pyknotic nuclei. To identify these features,
N18 cells are seeded on a coverslip into the wells of a plate and allow to attach and grow before
treating with desired agent. At the end of the 72 h transfection, cells were fixed with ethanol
and treated with 0.1 volume of 1 mg/ml RNase A followed by incubation for 1 hr at 37°C.
After washing with PBS, Pl was added at a concentration of 1 ug/mL in PBS and allowed to
incubate with the cells for 20 min at room temperature. Cells were washed again with PBS,
mounted and visualized under a fluorescence microscope.

4. 10. Western Immunoblotting

Cells were extracted with a lysis buffer consisting of 1% Triton X-100, 50 mM Tris-HCI (pH
7.5), 100 mM NaCl, 50 mM NaF, 0.1 mM sodium vanadate, 1 mM benzamidine, 1 mM PMSF
(phenylmethanesulfonylflouride), and 10 ug/ml each of aprotinin, leupeptin, chymostatin,
pepstatin A and antipain. Equal amount of protein samples were separated on 4-20% gradient
gels by SDS-polyacrylamide gel electrophoresis, and electroblotted onto nitrocellulose
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membranes. Protein blots were probed with specific primary antibodies (1:1000 v/v) and
developed by using the appropriate secondary antibody conjugated to horse radish peroxidase
(HRP) (1:2000 v/v), and by using the enhanced chemiluminescence (ECL) method as
recommended by the manufacturer.

4. 11. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RT-PCR was carried out as described earlier (21,22). For this purpose total RNA was isolated
from cultured cells by the acid guanidinium thiocyanate-phenol-chloroform method
(Chomczynski and Sacchi, 1987), using the RNAzol B reagent (Tel-Test, Inc., Friendswood,
TX). The first strand cDNA synthesis was carried out, using a ThermoScript RT-PCR system
kit (GibcoBRL, Life Technologies). PCR was carried out essentially as described earlier
(Zaheer et al., 1995a; Zaheer et al., 1995b), using a Perkin-Elmer Thermal Cycler. PCR
products were electrophoretically analyzed on a 1.8% agarose gel containing ethidium
bromide. Highly specific oligonucleotide primers of 20-22 nucleotides were designed as
described earlier in detail. The following primers were used: GMF, 5-ACG CTG GGA GTA
AGA ACA AGC T-3' (sense) and 5'-GGT CCT CGG TGT TTC TTATTT CAA A-3
(antisense); caspase-1, 5'-CAC AGC TCT GGA GAT GGT GA -3’ (sense) and 5-TCT TTC
AAG CTT GGG CAC TT-3' (antisense); caspase-2, 5-CAG CTC CAAGAGGTTTTT CG-3
(sense) and 5'-CCA GCA TCA CTC TCC TCA CA-3’ (antisense); caspase-6, 5-TTC AGA
CGTTGACTGGCT TG-3' (sense) and 5-TCC AGC TTG TCT GTC TGG TG-3’ (antisense);
caspase-9, 5-TGC CCT TGC CTC TGA GTA GT-3' (sense) and 5'-AAC AAA GAA ACG
CCC ACA AC-3' (antisense) and 18S, 5-TAAGTC CCT GCC CTT TGT ACA-3' (sense) and
5-GAT CCG AGG GCC TCA CTA AAC-3' (antisense).

4. 12. Statistical analysis

Results presented as mean values * standard deviations. Statistical significance was assessed
with one-way ANOVA followed by Tukey's procedure using SigmaStat software (SPP,
Chicago, IL). A value of p< 0.05 was considered statistically significant.
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Overexpression of GMF in mouse neuroblastoma N18 cells after transfection with GMF/
adenovirus construct (GMF-V). Mouse N18 cells were plated into 24-well plates (1x10° cells
per well) and grown in DMEM/F12 containing 5% fetal bovine serum (complete medium).
Replication-defective human adenovirus vector containing a full length GMF cDNA (GMF-
V) or cytoplasmic lacZ cDNA (LacZz) at 20 MOI (multiplicity of infectivity) were added to
cells in serum-free and antibiotic free DMEM/F12 medium for 4 h. Cells were rinsed and
allowed to grow in fresh complete medium for another 24 h. Mock-transfected controls were
processed identically in the absence of virus. Cell lysates (20 pg protein per lane) were
subjected to SDS-polyacrylamide gel electrophoresis followed by electroblotting. The blots
were probed with anti-GMF (G2-09) antibody and anti-p-actin antibody. Actin served as
internal marker showing equal sample loading. For siRNA mediated down-regulation of GMF
expression in N18, cells were transfected with duplex siRNA targeted against GMF (GsiRNA
10 nM), or with a control scrambled sequence (CsiRNA 10 nM). Cells were transfected with
SiRNA 4 h prior to adenovirus transfections. Lane 1, mock infection; lane 2, lacZ; lane 3, GMF-
V; lane 4, CsiRNA,; and lane 5, GSiRNA. (A) Western blot. (B) RT-PCR. The data shown are
representative of at least three experiments.
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Fig. 2.

Over expression of GMF in N18 cells is correlated with the increase in the loss of cell viability.
N18 cells (5x 10% cells/well) were plated into 96-well plates and transient transfection to
overexpress GMF was carried by adding GMF-V or LacZ-V, at 2.5, 5, 10 and 20 MOl viral
doses for 24,48, 72, or 96 h. Cell survival was measured by MTT assay as described in Methods.
The results show a time and dose-dependent effect of GMF-V as compared with control LacZ.
The data shown are mean + SD of three separate experiments. * p< 0.05 (GMF-V versus control
LacZ).
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Fig. 3.

N18 cells transfected with GMF-V undergo apoptosis. Cells were transfected with GMF-V or
control LacZ (20 MOI) for 72 h. Note higher number of cell death in GMF-V transfected cells
(B) compared to control LacZ (A). Nuclear condensation (D) and DNA fragmentation (E) in
GMF-V transfected N18 cells. The cells were stained with propidium iodide (after RNase
treatment) to reveal the nuclei. Cells transfected with control LacZ (C) or with GMF-V (D).
DNA laddering (E) was detected by electrophoresis as described in Methods. Lane 1, mock;
lane 2, LacZ; and lane 3, GMF-V. Results show that the cell death in GMF-V transfected cells
is typical of apoptosis.
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Fig. 4.

Overexpression of GMF activates GSK-3p kinase in N18 cells. Cells were infected with LacZ
(20 MOI), GMF-V (5, 10, and 20 MOQI), and GMV-V (20 MOI) in the presence of GMF-
specific SiRNA (GsiRNA, 20 nM) or control scrambled siRNA (CsiRNA, 20 nM) and
harvested at 48 h. GSK-3p kinase was immunoprecipitated from cell lysates and subjected to
immune-complex kinase assay using glycogen synthase peptide-2 as the substrate, as described
in Methods. The results show a significant dose-dependent increase in activation of GSK-3p
kinase in GMF-V transfected cells and significant blocking of GMF-induced GSK-3p
activation by GMF-specific siRNA. (siRNA was added 4 h before infection). The figure is
representing three independent experiments. p< 0.001, *GMF-V versus control mock and
LacZ); # GMF-V versus GsiRNA.
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Fig. 5.

GMF overexpression alters GSK-3p and Akt phosphorylation. Immunoblots show reduced
phospho-GSK-3p (A) and reduced phospho-Akt (C) levels in GMF-V (lane 3) compared to
control mock (lane 1) and LacZ (lane 2) treated N18 cells. Note no changes in total Akt levels
(D). Actin served as a loading control (B).
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Overexpression of GMF increased Tau phosphorylation in N18 cells. Western blots using
specific phosho-tau antibodies show a significant increase in tau-phoshorylation at Ser-396
and Ser-404. Mock and LacZ controls had no such effects. Total tau levels remained
unchanged.
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Fig. 7.

GMF dose-dependent activation of caspase-3 and significant blocking of GMF-induced
activation by GsiRNA. Control scrambled CsiRNA had no such effect. Data expressed are the
mean £S.D. of three separate experiments. p< 0.001, *GMF-V versus control mock and LacZ);
# GMF-V versus GsiRNA.
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Fig. 8.

GMF overexpression up-regulate caspase expression. The mRNA expression levels were
determined by quantitative real-time RT-PCR in total RNA isolated from GMF-V or LacZ
transfected N18 cells. mRNA levels were estimated by determining ACr, the difference
between the C+ of the caspase of interest and the C of the endogenous 18S rRNA control
gene. * p< 0.05 (GMF-V versus control LacZz).
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Fig. 9.

Inhibitors of GSK-3p prevented GMF-dependent activation of caspase-3. Cells were infected
with GMF-V or LacZ at 20 MOI in the presence of a specific cell-permeable peptide (CPP)
inhibitor of GSK-3 B at 10, 20, and 40 uM concentration (A), or with LiCl at 2, 5, and 10 mM
(B). Inhibitors were added 4 h before infection. Cells were harvested after 48 h of incubation
and caspase-3 activity was measured as described in Methods. The data shown are mean + SD
of three separate experiments. p< 0.001 (*GMF-V versus control mock and LacZ, # GMF-V
versus inhibitors)
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Fig. 10.

The effects of GMF, GSK-3, and caspase-3 inhibitors on GMF-induced loss of cell viability.
N18 cells (1 x 105) were plated on 24-well plates. After 24 h, the cells were infected with mock,
LacZ or GMF-V at 20 MOI. Selective inhibitors of GMF, GSiRNA (20 nM), cell-permeable
peptide GSK-3 B inhibitor (20 uM), or cell-permeable CPP32 caspase-3 inhibitor (0.25 nM)
were added 4 h before infection. Cell viability was assessed after 96 h by MTT assay as
described in methods. The data shown are mean + SD of three separate experiments. p< 0.001
(*GMF-V versus control mock and LacZ, # GMF-V versus inhibitors)
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