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Abstract
Previous studies have shown that neurokinin 1 receptor (NK1R) occurs naturally in human
glioblastomas and its stimulation causes cell proliferation. In the present study we show that
stimulation of NK1R in human U373 glioblastoma cells by substance P (SP) increases Akt
phosphorylation by 2.5-fold, with an EC50 of 57 nM. Blockade of NK1R lowers basal
phosphorylation of Akt, indicating the presence of a constitutively active form of NK1R; similar
results are seen in U251 MG and DBTRG-05 glioblastoma cells. Linkage of NK1R to Akt
implicates NK1R in apoptosis of glioblastoma cells. Indeed, treatment of serum-starved U373
cells with SP reduces apoptosis by 53 ± 1% (P < 0.05), and treatment with NK1R antagonist
L-733,060 increases apoptosis by 64 ± 16 % (P < 0.01). Further, the blockade of NK1R in human
glioblastoma cells with L-733,060 causes cleavage of Caspase-3 and proteolysis of poly (ADP-
ribose) polymerase (PARP). Experiments designed to elucidate the mechanism of NK1R-mediated
Akt phosphorylation revealed total involvement of non-receptor tyrosine kinase Src and PI-3-
kinase, a partial involvement of epidermal growth factor receptor (EGFR), and no involvement of
MEK. Taken together, the results of the present study indicate a key role for NK1R in
glioblastoma apoptosis.
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Introduction
Glioblastomas, classified as grade IV astrocytomas, are among the most aggressive and
frequent primary brain tumors in adults; patients with glioblastomas have an extremely poor
prognosis, with a 5-year survival rate of 1% (Davis et al. 1998; Giles and Gonzales 2001;
Salcman 2001). None of the current treatments for glioblastomas (including surgery,
radiation therapy, and chemotherapy) have yielded satisfactory results, and researchers are
seeking to understand glioblastoma biology more fully in order to identify novel molecular
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targets for blocking tumor growth. One potential target is epidermal growth factor receptor
(EGFR), whose gene is amplified and rearranged in a large number of glioblastomas
(Shinojima et al. 2003; Karamouzis et al. 2007). Several agents (antibodies as well as small
molecules) targeting EGFR in glioblastomas are currently in clinical trials (Mendelsohn and
Baselga 2000; Raymond et al. 2000). Another possible target is the neurokinin 1 receptor
(NK1R; previously known as substance P receptor) (Palma et al. 2000; Palma and Maggi
2000). Several lines of evidence implicate a role for NK1R in glioblastoma biology. First, in
one study, NK1R was expressed in 9 out of 12 astrocytomas and 10 out of 10 glioblastomas
(Hennig et al. 1995). In these tumors, the expression of NK1R correlated with the degree of
malignancy, with glioblastomas expressing more receptors than astrocytomas (Hennig et al.
1995). Second, at the molecular level, NK1R stimulation in U373 MG human glioblastoma
cells increases mitogenesis, cell proliferation (Luo et al. 1996), and release of interleukin-6
(IL-6) (Palma et al. 1994). Of note, IL-6 has been implicated in the progression of gliomas
(Rolhion et al. 2001; Chang et al. 2005).

In the present study, we report that stimulation of NK1R in human glioblastoma cells
increases the phosphorylation and activity of Akt, or Protein Kinase B (EC 2.7.11.1), a
serine-threonine protein kinase which becomes activated via phosphatidyl-3-kinase (PI3K)
and suppresses apoptosis (Cheng et al. 1997; Dudek et al. 1997). We also report that
blockade of NK1R reduces basal activity of Akt and leads to apoptosis. This is an important
finding because the presence of activated Akt in glioblastomas is linked to a poor prognosis
(Choe et al. 2003; Chakravarti et al. 2004; Haas-Kogan et al. 2005). Thus, by our finding
that blockade of NK1R lowers Akt phoshprylation and activity, NK1R is implicated as a
source of elevated Akt phosphorylation levels seen in many glioblastoma patients (Haas-
Kogan et al. 2005).

Materials and methods
Materials

Substance P (SP), human epidermal growth factor (EGF), L-733,060, L-732,138, dimethyl
sulfoxide (DMSO), LY294002, wortmannin, p-coumaric acid, 5-amino-2,3-dihydro-1,4-
phthalazinedione (luminol), and IGEPAL CA-630 were purchased from Sigma (St. Louis,
MO). Polyvinylidene fluoride transfer membrane was obtained from Millipore Corporation
(Bedford, MA). PD98059 was obtained from New England Bio labs (Beverly, MA).
AG1478 and 4-Amino-5-(4-chlorphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) were
from Calbiochem (San Diego, CA). Cell Signaling Technology (Beverly, MA) supplied
purified GSK-3 fusion protein as well as the following antibodies: Akt, phospho-Akt
(Ser473), phospho-(Ser/Thr) Akt substrate antibody, phospho-GSK-3α/β (Ser21/9), and
agarose hydrazide-conjugated Akt antibody, Caspase-3 (8G10), and poly(ADP-ribose)
polymerase (PARP). Monoclonal anti-phosphotyrosine IgG (PY20) was purchased from
Transduction Laboratories (Lexington, KY). Horseradish peroxidase conjugates of goat anti-
rabbit and goat anti-mouse IgG were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Tween-20 was obtained from Pierce (Rockford, IL). Cell Death Detection
ELISA PLUS was obtained from Roche Diagnostics (Mannheim, Germany). All other
reagents were of the highest commercial grade.

Drug solutions
Stock solutions of AG1478 (20mM), PP2 (20 mM), LY294002 (100 mM), wortmannin (10
mM), PD98059 (20 mM), L-733,060 (20 mM), and L-732,138 (20 mM) were made in
DMSO. The control treatment (i.e., vehicle) for these drugs was 0.1 % DMSO. Stocks of SP
(1mM) and EGF (0.1 mg/ml) were dissolved in 20 mM HEPES, pH 8.0 and dilutions were
made in serum-free minimal essential medium (MEM).
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Cell culture
U373 MG glioblastoma cells were obtained from ATCC (Rockville, MD). U251 MG and
DBTRG-05 MG cells were kindly provided by Dr. Darell Bigner (Duke University Medical
Center. Durham, NC). Minimal essential medium (MEM), Improved MEM Zinc Option
(1X), non-essential amino acids, sodium pyruvate, fetal bovine serum (FBS) were obtained
from GibcoBRL® Life Technologies (Grand Island, NY). U373 MG cells were cultured as
previously described (Yamaguchi et al. 2005). U251 MG and DBTRG-05 MG cells were
cultured in Improved MEM Zinc-option (1X) medium with 10 % FBS, and antibiotics at
37°C in an atmosphere of 5 % CO2.

Immunoblotting
Experimental treatments of U373 MG cells and immunoblotting of cell lysates were
conducted as previously described (Yamaguchi et al. 2005). Antibodies against Akt,
phospho-Akt (Ser473), and phospho-GSK-3α/β (ser21/9), as well as horseradish peroxidase-
conjugated goat anti-rabbit IgG, were used at a 1:3000 dilution for 1 h at room temperature.
Protein-bound antibodies were detected by chemiluminescence following a 2-min incubation
with 100 mM Tris-HCl (pH 8.5), 0.95 % H2O2, 198 μM p-coumaric acid and 1.24 mM
luminol. The results were quantified by densitometry by using a GS-800 Calibrated
Densitometer with Quantity One version 4.1.1 software (BioRad Laboratories. Hercules,
CA).

Akt kinase activity assay
An Akt Kinase Assay Kit (Cell Signaling Technology. Beverly, MA) was used as directed to
assess Akt kinase activity in glioblastoma cells. U373 MG cells were treated as indicated in
the figure legends, washed with PBS, and lysed in 20 mM Tris (pH 7.5), 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 0.5% IGEPAL, 2.5 mM Na4P2O7, 1 mM β-glycerophosphate, 1
mM Na3VO4, 10 μg/ml leupeptin, and 1 mM phenylmethanesulphonylfluoride (PMSF).
After centrifugation of cell lysates (10,000 rpm for 10 min at 4°C), supernatants were
incubated with agarose hydrazide-conjugated Akt antibody for 3 h at 4°C. Akt-agarose
complexes were washed twice with lysis buffer, then twice with kinase reaction buffer (25
mM Tris, pH 7.5, 5 mM β-glycerophosphate, 2 mM dithiothreitol, 0.1 mM, Na3VO4, 10 mM
MgCl2). Washed precipitates were then incubated with 200 μM ATP and 1mg of the Akt
substrate, GSK-3α/β, for 30 min at 30°C. The reaction was terminated with 20 μl of 3X SDS
sample buffer (187.5 mM Tris-HCl pH 6.8, 6% w/v SDS, 30% glycerol, 150 mM
dithiothreitol, 0.03 % (w/v) bromphenol blue). Samples were centrifuged at 16,000 × g for 2
min and boiled for 5 min prior to 12 % SDS-PAGE. Phosphorylation of GSK-3α/β was
determined by immunoblotting, as described above, using phospho-GSK-3α/β (ser21/9)
antibody.

Cell death assay
Apoptosis was measured in glioblastoma cells using the Cell Death Detection ELISA PLUS
kit (Roche Diagnostics. Mannheim, Germany), which detects histone-complexed DNA
fragments in cell cytoplasm. U373 MG cells were seeded into a 96-well dish at a density of
1 × 104 cells/well in growth medium (i.e., containing 10% FBS), then switched to serum-
free medium 18 hr later; control cells remained in 10% FBS. Drugs indicated in the figure
legend were added every 12 hours over a 72 hr period. Cell lysates were prepared following
the manufacturer's procedure, and incubated with an anti-histone, biotin-conjugated antibody
in a microplate with streptavidin-coated walls. After washing and incubation with
peroxidase substrate, histone-complexed DNA fragments in the samples were quantified by
reading the plate at 405 nm on a BenchMark™Plus microplate spectrophotometer using
Microplate Manager 5.2.1 software (BioRad. Hercules, CA).
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Apoptosis was also assessed by immunoblotting to show cleavage of cellular Caspase-3 and
PARP (Cell Signaling Technology. Beverly, MA). After serum-starving and apoptosis-
inducing drug treatments described in the figure legend, growth medium and floating cells
were transferred from each well into a microfuge tube, the cells were pelleted by a 5 min
spin at 13,000 rpm, and the supernatant was aspirated from each tube. Lysis buffer,
described above, was added to each empty well and dishes were incubated for 15 min at 4°C
with shaking. The resulting lysates were transferred from the dish to their corresponding
microfuge tubes, and the cell pellets were solubilized by 10-sec of sonication. After a 5 min
incubation at 90°C in SDS sample buffer, the samples were subjected to 12 % SDS-PAGE.

Measurement of Substance P (SP) in Conditioned Media
The amount of SP in conditioned media from unstimulated U373 MG cells was measured
using the Parameter™ Substance P Immunoassay kit (R&D Systems, Inc. Minneapolis, MN)
according to the manufacturer's protocol. This assay is suitable for measuring SP in cell
culture supernatant, plasma, saliva, and urine. The mean CV% are 6.2 (for intra-assay
precision) 11.9 (for inter-assay precision). The minimum detectable concentration of SP by
this method ranges from 16.8 − 43.8 pg/mL, with a mean of 31.5 pg/mL (∼20 pM). This
level of sensitivity is more than sufficient to detect whether secreted SP is the cause of Akt
phosphorylation because our data indicate that SP-stimulated Akt phosphorylation occurs at
a much higher concentration (EC50 = 57 nM; Figure 1). Briefly, U373 MG cells, cultured in
a 6-well dish at a density of 8 × 105 cells/well in growth medium, were incubated in 2.5 mL
serum-free media per well. For assaying SP, 200 μL aliquots of the media were collected at
0, 24, and 48 hours. To ensure that the conditioned media contained no substances that
might interfere with the assay, we spiked the media with known concentrations of SP. These
experiments revealed that there are no interfering substances in the media.

Statistical analysis
Results were shown by mean ± S.E.M. Statistical analysis was performed by Student's t-test.

Results
Stimulation of NK1R increases the phosphorylation of Akt

Figure 1A shows that exposure of U373 MG glioblastoma cells to SP increases the
phosphorylation of Akt (lane 2), and this increased phosphorylation is blocked by NK1R
antagonist, L-733,060 (lane 3). Interestingly, L-733,060 also blocks basal Akt
phosphorylation (Figure 1A, lanes 1 and 3), suggesting that a fraction of NK1R is
constitutively active. The lowering of basal phosphorylation of Akt is not unique to
L-733,060 because it is also lowered by L-732,138 (Figure 1A, lanes 1 and 4), a chemically
different NK1R antagonist. The effectiveness of both L-733,060 and L-732,138 in lowering
basal phosphorylation of Akt was confirmed by using these agents without SP (Figure 1A,
lanes 5 and 6, respectively). Inhibition of basal phosphorylation of Akt by NK1R antagonist
L-733,060 was also seen in other glioblastoma cell lines including U251 MG and
DBTRG-05 MG (data not shown).

Substance P stimulates Akt phosphorylation in a dose dependent manner in U373 MG
cells

U373 MG cells were stimulated with different concentrations of substance P (SP), ranging
from 0.1 nM to 3 μM and phosphorylation of Akt was examined by immunoblotting (Figure
1B). Quantitative analysis of these data indicates that SP increases the phosphorylation of
Akt with an EC50 of 57 nM.
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Stimulation of NK1R increases the kinase activity of Akt
We then determined whether an NK1R-mediated increase in Akt phosphorylation would
also result in increased Akt kinase activity. To this end, we immunoprecipitated Akt from
control and NK1R stimulated cells and measured its kinase activity against the Akt
substrate, GSK3α/β. As shown in Figure 1C, Akt activity increases when cells are stimulated
by SP (Figure 1C, lanes 1 and 2), and decreases below basal levels in the presence of NK1R
antagonist L-733,060 (Figure 1C, lanes 1 and 3). As seen previously for the basal
phosphorylation of Akt, blockade of NK1R with L-733,060 inhibits the basal kinase activity
of Akt (Figure 1C, lanes 1 and 4), indicating that a fraction of NK1R is constitutively active.

Source of NK1R's constitutive activity in glioblastoma cells
NK1R's constitutive activity could arise from two potential mechanisms. First, glioblastoma
cells could secrete SP or HK-1 (hemokinin-1), a recently discovered peptide agonist of
NK1R (Zhang et al. 2000), which then activates NK1R in an autocrine mechanism. Second,
glioblastoma cells could express a constitutively active form of NK1R. The notion that
glioblastoma cells could release SP or HK-1 is supported by the finding that these cells
express both the Tac1 gene, which encodes for SP, and the Tac4 gene, which encodes for
HK-1 (Berger and Paige 2005). Since an assay to measure HK-1 is not available, we
examined the release of SP. Using the highly sensitive radioimmunoassay for detecting SP,
we did not find any SP in the conditioned media from U373 MG cells up to 48 h after
placing the cells in serum-free media. As mentioned earlier, the lower limit of detecting SP
by our assay was 20 pM, a concentration much lower than the EC50 of 57 nM for SP-
stimulated Akt phosphorylation.

Blockade of NK1R enhances apoptosis
Since the phosphorylation state of Akt is linked to apoptosis, we examined the effect of
blockade or stimulation of NK1R on apoptosis. These effects were assessed using two
methods: 1) nucleosome formation, and 2) activation of Caspase-3 and proteolysis of PARP
determined by western blotting. Figure 2A shows the results of an ELISA assay for
nucleosome detection. Figure 2A shows that compared to untreated, serum-starved cells
(control), treatment with SP reverses apoptosis by 53 ± 1% (P < 0.05), and treatment with
NK1R antagonist L-733,060 increases apoptosis by 64 ± 16% (P < 0.01).

Recent studies have demonstrated that Akt activation leads to an anti-apoptotic effect of SP
in colonocytes (Koon et al. 2007) and cerebellar granule cells (Amadoro et al. 2007) but to
our knowledge no study has demonstrated that blockade of NK1R increases apoptosis.
Therefore, we further examined NK1R-blockade-mediated apoptosis of human glioblastoma
cells by examining the activation of Caspase-3, a key executioner of apoptosis (Boatright
and Salvesen 2003). Caspase-3 exists as an inactive zymogen and its activation requires
proteolysis into 17 kd and 12 kd fragments which dimerize to form an active enzyme
(Nicholson et al. 1995). Both the inactive zymogen and the 17 kd cleaved fragments can be
detected by immunoblotting with the same antibody. The activated Caspase-3 cleaves
several proteins including poly(ADP-ribose) polymerase (PARP) (Nicholson et al. 1995;
Tewari et al. 1995), producing fragments that can also be detected through immunoblotting.
Figure 2B shows immunoblots of control and NK1R antagonist L-733,060-treated cells with
antibodies specific for Caspase-3 and PARP. As seen in this figure, blockade of NK1R leads
to the formation of cleaved Caspase-3 and the proteolysis of PARP, confirming apoptosis.
Figure 2B also shows Caspase-3 activation and PARP proteolysis when cells are exposed to
staurosporine, a well known inducer of apoptosis (Belmokhtar et al. 2001).
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Mechanism of NK1R-mediated activation of Akt
Figure 3A shows that NK1R-mediated Akt phosphorylation is almost completely blocked by
the Src inhibitor PP2 (91.5% inhibition, P<0.01) and by the PI3K inhibitors wortmannin
(98%, P<0.01) and LY294002 (99%, P<0.01). In contrast, NK1R-mediated Akt
phosphorylation is not inhibited by the mitogen-activated protein/extracellular signal-related
kinase (MEK) inhibitor, PD98059, and is only partially inhibited by the EGFR kinase
inhibitor, AG1478 (40% inhibition, P< 0.01). Since stimulation of NK1R has been shown to
transactivate EGFR (Castagliuolo et al. 2000), we wanted to determine whether a greater
inhibition of NK1R-mediated Akt phosphorylation would occur at higher concentrations of
AG1478. Figure 3B shows that while EGFR stimulated phosphorylation of Akt is almost
totally inhibited by 1 μM AG1478, NK1R-mediated Akt phosphorylation is only partially
inhibited even at 100 μM AG1478. These results indicate that NK1R activates Akt through
both EGFR-dependent and EGFR-independent pathways.

Discussion
This study shows that stimulation of NK1R with SP in human glioblastoma cells leads to the
activation of Akt, resulting in the suppression of apoptosis. The antiapoptotic effects of SP
through Akt activation have recently been reported in colonocytes (Koon et al. 2007) and
cerebellar granule cells (Amadoro et al. 2007). Our study extends such observations of SP's
antiapoptotic effects to human glioblastoma cells. Another finding of the present study is
that NK1R blockade inhibits basal phosphorylation and activity of Akt. This finding
indicates that the elevated phosphorylation of Akt seen in many glioblastoma patients may
have its source in the constitutive activity of NK1R. Finally, we show that NK1R-mediated
Akt activation occurs through Src and PI-3-kinase but only partially through EGFR kinase,
and that it does not involve MAP kinase. These findings enhance our understanding of
NK1R biology in human glioblastoma cells and suggest a role for NK1R antagonists in the
management of glioblastomas.

Current therapies to treat glioblastomas are directed toward blocking EGFR activity (Waksal
1999; Mendelsohn and Baselga 2000; Raymond et al. 2000). However, a recent clinical trial
with the EGFR kinase inhibitor erlotinib (Tarceva, Genetech, San Francisco, CA) reported
no response in glioblastoma patients with tumors expressing high levels of phosphorylated
Akt (Haas-Kogan et al. 2005). The finding that GBM patients with elevated levels of
phosphorylated Akt did not respond to Erlotinib underscores the importance of discovering
the origin of phosphorylated Akt in glioblastomas. While Hass-Kogan et al. (Haas-Kogan et
al. 2005) did not speculate on the origin of phosphorylated Akt in glioblastomas, an
accompanying editorial speculated that elevated levels of phosphorylated Akt may come
from a lack of PTEN or from insulin-like growth factor 1 receptor (Cappuzzo 2005). We
propose that elevated levels of phosphorylated Akt in glioblastomas comes from a
constitutively active form of NK1R. Thus, our results suggest that a better response could be
obtained by a simultaneous blockade of EGFR and NK1R.

The molecular basis of NK1R's constitutive activity is not clear. We have shown that
NK1R's constitutive activity is not arising via an autocrine release of SP. The other
possibility is that glioblastoma cells may express two forms of NK1R; a full-length form
responsive to SP and a truncated form (NK1RΔ311) which is constitutively active.
Truncated NK1RΔ311, which ends at amino acid 311 (whereas the full-length SPR has 407
amino acids), was cloned from a glioblastoma cell line (Fong et al. 1992), but is also found
in normal human brain cells and peripheral tissues (Caberlotto et al. 2003). The notion that
NK1RΔ311 is constitutively active is supported by a recent study which showed that
NK1RΔ311 expression in non-tumorigenic breast cells leads to a transformed phenotype
(Patel et al. 2005). That deletion of NK1R's carboxyl tail leads to constitutive activity is also
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supported by studies on truncated recombinant NK1Rs (Li et al. 1997; Richardson et al.
2003).

If the constitutive activity of NK1R detected in this study arises from truncated NK1RΔ311,
the biology of this form of NK1R in glioblastomas warrants further investigation. Truncated
NK1RΔ311 was first cloned from glioblastoma cells in 1992 (Fong et al. 1992). Since then,
the truncated NK1RΔ311, along with the full-length NK1R, has been found in healthy CNS
and peripheral tissues (Caberlotto et al. 2003), although the function of NK1RΔ311 and the
factors that controlled its expression were not known. Our understanding of the biology of
truncated NK1RΔ311 increased when its expression in nontumorigenic breast cells resulted
in a transformed phenotype (Patel et al. 2005). More recently, the control of NK1RΔ311
expression by activation of nuclear factor kappaB (NF-κB) was described (Ramkissoon et al.
2007). This finding is particularly relevant to glioblastomas because these tumors have been
known to have activated NF-κB (Nagai et al. 2002; Raychaudhuri et al. 2007). Thus, it is
conceivable that when glioblastomas possess activated NF-κB, they express more
NK1RΔ311, resulting in increased Akt activation. This event, in turn, could further activate
NF-κB since activation of NF-κB can be triggered by Akt activation (Ozes et al. 1999;
Julien et al. 2007). Whether activation of Akt activates NF-kB in glioblastomas is not
known, but NK1R stimulation in glioblastomas does cause the activation of NF-κB (Lieb et
al. 1997). Thus, formation of NK1RΔ311, which is constitutively active, would contribute to
the formation of activated NF-κB, which would in turn increase the formation of
NK1RΔ311. This positive feedback loop could be disrupted by NK1R blockade.
Consequently, blocking NK1R in glioblastoma patients, either alone or in combination with
an EGFR kinase inhibitor, might be an attractive strategy. The recent approval of the NK1R
antagonist aprepitant makes this approach particularly promising. Aprepitant has been
approved for the treatment of chemotherapy-induced emesis, but other uses, including
treatment for depression, have been proposed (Kramer et al. 2004; Green et al. 2006; Keller
et al. 2006). While we did not examine the ability of aprepitant to cause apotosis in
glioblastoma cells, a recent study reports that aprepitant causes apoptosis of several cancer
cell lines including glioblatomas (Munoz and Rosso 2009).

In summary, the present study has identified a key role for NK1R in glioblastoma apoptosis.
Future studies should extend these findings to in vivo environments using both
pharmacological and genetic approaches.
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Abbreviations used

NK1R neurokinin 1 receptor

PARP poly (ADP-ribose) polymerase

EGF epidermal growth factor

EGFR EGF receptor

SP substance P

PI3K phosphatidyl-3-kinase

PP2 4-Amino-5-(4-chlorphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine

MEM minimal essential medium
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PMSF phenylmethanesulphonylfluoride

MEK mitogen-activated protein kinase kinase
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Fig.1. Phosphorylation and activation of Akt are stimulated by SP and EGF in glioblastoma cells
Serum-starved U373 MG cells were treated with the indicated drugs, and then phosphor-Akt
(upper panel) was visualized by immunoblotting as described in “Materials and Methods.”
A) Lane 1: vehicle (0.1 % DMSO); lane 2: 100 nM SP for 10 min; lane 3: 10 μM L733,060
for 30 min followed by 100 nM SP for 10 min; lane 4: 10 μM L-732,138 for 30 min
followed by 100 nM SP for 10 min; lane 5: 10 μM L733,060 for 30 min; lane 6: 10 μM
L-732,138 for 30 min. The lower panel shows total cellular Akt. Bar Chart: The Akt
phosphorylation observed in four similar experiments was quantitated by scanning
densitometry as described in “Materials and Methods.” Statistical significance was
determined by paired, one-tailed t-tests; (*) represents P< 0.05. Akt phosphorylation was
increased by 100 nM SP (P = 0.0448; n = 4) and the increase was blocked by L-733,060 and
L732,138 (P = 0.0051, and P = 0.0043, respectively; n = 4). Basal levels of Akt
phosphorylation were also reduced by both by L-733,060 (P = 0.0479) and L732,138 (P =
0.0518). B) Serum-starved U373 MG cells were stimulated for 10 min at 37°C with SP,
ranging in concentration from 10−10 M to 3.0 × 10−6 M. The lower panel shows total Akt
and the upper panel shows phosphor-Akt. Akt phosphorylation was quantitated by scanning
densitometry and expressed as a percentage of the maximal response occurring at 3.0 × 10−6

M (n = 3). Nonlinear regression analysis was performed, fitting the data to a sigmoidal dose-
response curve using GraphPad Prism version 4.0 (GraphPad Software. San Diego, CA).
This analysis yielded an EC50 5.7 × 10−8 M. C) Serum-starved U373 MG cells were treated
with the indicated drugs. Activated cellular Akt was immunoprecipitated, incubated with
GSK-3α/β, and the resulting phosphorylation of GSK-3α/β was visualized by
immunoblotting as described in “Materials and Methods.” Lane 1: vehicle (0.1 % DMSO);
lane 2: 100 nM SP; lane 3: 10 μM L733,060 plus 100 nM SP; lane 4: 10 μM L733,060. Bar
Chart: Phospho-GSK-3α/β from three similar experiments was quantitated by scanning
densitometry as described in “Materials and Methods.” Statistical significance was
determined by paired, one-tailed t-tests; (*) represent P< 0.05 and (**) represents P< 0.01.
Phospho-GSK-3α/β was increased by 100 nM SP (P = 0.0087; n = 3) and the increase was
blocked by L-733,060 (P = 0.0079; n = 3). Basal Akt activity was also reduced by
L-733,060 (P = 0.0479; n = 3).
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Fig.2. A. Apoptosis of serum-starved U373 MG cells is inhibited by SP and enhanced by the SPR
antagonist, L-733,060
A) Subconfluent, log-phase U373 MG cells were incubated in serum-free medium for
12−15 hr then exposed to vehicle (0.1 % DMSO), 1 μM SP, or 10 μM L-733,060 for an
additional 72-hr, with drugs being replaced every 12-hr. Apoptosis under these conditions
was assessed by ELISA, as described in “Materials and Methods.” Cell death, indicated by
nucleosome formation following drug treatments, is represented in the bar chart (n = 3).
Apoptosis in U373 MG cells growing in 10% FBS (leftmost bar) was also examined for
comparison with apoptosis in serum-starved cells. Statistical significance was determined
using paired, one-tailed t-tests; (*) represents P< 0.05 and (**) represents P< 0.01. SP
decreased apoptosis (52.6 ± 1.4 % of untreated), whereas SPR antagonist L-733,060
increases apoptosis (164.1 ± 15.5 % of untreated). B) Subconfluent, log-phase U373 MG
cells were incubated for 12−15 hr in serum-free medium, then exposed to vehicle (0.1 %
DMSO, lane 1), 20 μM L-733,060 for 16 hr, (lane 2), or 1 μM staurosporine for 4 hr, as a
positive control (lane 3). Immunoblotting was performed as described in “Materials and
Methods”; PARP (upper panel) and Caspase-3 (lower panel) antibodies were both used at a
1:1000 dilution, and incubated overnight at 4°C. Arrows indicate proteolytic cleavage
fragments of PARP and Caspase-3. The transfer membranes were also probed for β-actin
(middle panel), as a loading control. Bar Chart: Proteolytic cleavage of PARP or Caspase-3
was quantitated by scanning densitometry as described in “Materials and Methods.”
Statistical significance was determined using paired, one-tailed t-tests; (*) represents P<
0.05 and (**) represents P< 0.01. Treatment with L-733,060 caused significant proteolytic
cleavage of both PARP (P = 0.0256, n = 3) and caspase-3 (P = 0.038; n = 4).
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Fig. 3. Mechanism of Akt activation by SP
A) Stimulation of Akt phosphorylation by 100 nM SP (10 min) following a 30 min
pretreatment with various drugs: lane 1, nothing; lane 2, vehicle (0.1 % DMSO); lane 3, 20
μM PP2; lane 4, 10 μM PD98059; lane 5, 10 μM AG1478; lane 6, 1 μM wortmannin; and
lane 7, 50 μM LY294002. Phospho-Akt and total Akt were visualized by immunoblotting, as
described in “Materials and Methods”. Bar Chart: Scanning densitometry was used to
quantitate Akt phosphorylation in the experiments represented above (n = 3), and the
resulting mean values are shown. Statistically significance of inhibition was determined
using paired, one-tailed t-tests; (**) represents P< 0.01. B) Effect of increasing
concentrations of AG1478 on SP and EGF-stimulated phosphorylation of Akt. Serum-
starved U373 MG cells were stimulated for 10 min at 37°C with SP or EGF following a 1 h
pretreatment with AG1478 ranging in concentration from 10−7M to 10−4 M. The resulting
Akt phosphorylation was detected by immunoblotting and quantitated by scanning
densitometry, then expressed as a percentage of the response obtained with SP or EGF in the
absence of AG1478.
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