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We previously demonstrated that protein kinase C-g
(PKC-g) mediates a phorbol 12-myristate-13-acetate
(PMA)-induced proliferative response in human glioblas-
toma (GBM) cells. In this report, we show that PMA-
stimulated activation of PKC-g in U-251 GBM cells
resulted in activation of both Akt and the mammalian
target of rapamycin (mTOR) signaling pathways and an
increase in cell proliferation. Expression of a kinase dead
PKC-g (PKC-gKR) construct reduced the basal and
PMA-evoked proliferation of PKC-g-expressing U-251
GBM cells, as well as abrogated the PMA-induced
activation of Akt, mTOR, and the mTOR targets 4E-
BP1 and STAT-3. Treatment of cells with the PI-3 kinase
inhibitor LY294002 (10 lM) or the mTOR inhibitor
rapamycin (10 nM) also reduced PMA-induced prolifera-
tion and cell-cycle progression. Expression of a constitu-
tively active PKC-g (PKC-gDNPS) construct in a GBM
cell line with no endogenous PKC-g (U-1242) also
provided evidence that PKC-g targets the Akt and mTOR
signaling pathways. Moreover, activation of 4E-BP1 and
STAT-3 in both PMA-treated U-251 and PKC-gDNPS-
expressing U-1242 GBM cells was inhibited by rapamy-
cin. However, activation of Akt, but not mTOR was
inhibited by the PI-3 kinase inhibitor LY294002. This
study identifies Akt and mTOR as downstream targets of
PKC-g that are involved in GBM cell proliferation.
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Introduction

Glioblastoma multiforme (GBM) accounts for over half
of all astrocytic tumors, the most frequent intracranial
neoplasm in adults. GBM cells display a high rate of
proliferation and an uncompromising propensity to
infiltrate regional and remote brain structures. These

features result in a poor prognosis, with surgical
resection of GBMs nearly impossible. Invasive astro-
cytic tumors differentially express integrins, and secrete
a number of proteases, proteinase inhibitors, and
growth factors (Rooprai et al., 1999; Okada, 2000;
Yamamoto et al., 2002; Konopka and Bonni, 2003).
Additionally, the activity and expression of protein
kinase-C (PKC) family members are higher in malignant
astrocytomas than in non-neoplastic astrocytes (Could-
well et al., 1991; Todo et al., 1991; Benzil et al., 1992),
suggesting that increased PKC activity may contribute
to GBM tumorigenicity. Here, we demonstrate that
activation of PKC-Z promotes GBM cell proliferation in
part through the Akt and mammalian target of
rapamycin (mTOR) signaling pathways.

The PKC family of calcium and/or lipid-activated
serine–threonine kinases functions downstream of most
membrane-associated signal transduction pathways
(Molkentin and Dorn, 2001). Activities of PKC family
members are associated with a number of cellular
responses, including cell growth, differentiation, gene
expression, hormone secretion, and motility (Nishizuka,
1984; Nishizuka, 1988; Gescher, 1992; Basu, 1993; Blobe
et al., 1994; Choe et al., 2003). The classical PKC (a, bI,
bII, and g) and novel PKC (y, e, Z, and d) isozymes are
regulated by phorbol esters, diacylglycerols and phos-
pholipids. The classical PKCs also require Ca2þ for
activity, whereas activities of novel and atypical (i and z)
PKC isozymes are Ca2þ independent (Nishizuka, 1995).
Additionally, the atypical PKCs are not activated by
diacylglycerol or phorbol esters (Resnick et al., 1997).
Although PKC isozymes and their related kinases have
been shown to activate a number of signaling pathways
in various cell types, those pathways involving PKCs in
neural cell types are not well understood.

Upstream of PKCs, platelet-derived growth factor,
fibroblast growth factor, epidermal growth factor, and
cilliary neurotrophic factor help drive glial progression
towards astrocytic and oligonedrocytic differentiation
(Bogler et al., 1990; McKinnon et al., 1990; Mayer et al.,
1993, 1994; Rajan and Mckay, 1998). Expression levels
of genes encoding growth factors and growth factor
receptors that control glial cell differentiation are
frequently elevated in gliomas (Ekstrand et al., 1991;
Guha et al., 1995; Weis et al., 1999). This results in
autocrine stimulation and increased activity of pathways
downstream of growth factor receptors. Cell culture
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experiments have shown that growth factor receptors
activate several common signaling pathways, including
the Akt signaling pathway.

Upon stimulation, Akt is activated through PI-3
kinase, which is dephosporylated by the tumor suppres-
sor phosphatase PTEN (Jiang et al., 1999). Many GBMs
show mutation and frequent loss of the PTEN gene
(Fujisawa et al., 1999; Sano et al., 1999), resulting in an
elevated Akt activity (Holland et al., 2000). In its active
form, Akt can increase GBM cell proliferation by
enhancing metabolism through glycogen synthase ki-
nase (GSK-3) and promoting transcription and protein
synthesis through mTOR (Gingras et al., 1998; Welsh
et al., 1998). Accordingly, it is thought that these and
other growth factor-mediated signaling pathways have a
critical role in the induction or progression of GBMs
(McKinnon et al., 1990; Ekstrand et al., 1991; Hesse-
lager et al., 2003). Using constitutively active and kinase
dead constructs in two different cell lines, our results
indicate that PKC-Z mediates a mitogenic phenotype in
GBMs by activating the mTOR pathway in parallel to
the PI-3 kinase/Akt pathway. Inhibition of these path-
ways with a kinase dead PKC-Z construct, the PI-3
kinase inhibitor LY294002 (10 mM), or rapamycin
(10 nM) greatly reduced GBM cell proliferation.

Results

Expression of PKC-Z mutants in astroglial tumor cells

We employed retrovirus delivery system to create several
stable astroglial tumor cell lines that could help identify
signaling pathways downstream of PKC-Z. Like other
PKC family members, wild-type PKC-Z is composed of
an N-terminal regulatory domain and a C-terminal
catalytic domain (Figure 1a). In its inactive form, the
region of the regulatory domain, termed the pseudosub-
strate domain, is bound to and silences the catalytic
domain. Mutations or deletions within these domains
affect the kinase activity of PKC-Z. The constitutively
active PKC-Z construct (PKC-ZDNPS) lacks a portion
of the N-terminal domain containing the pseudosub-
strate region, while the kinase dead construct (PKC-
ZKR) has a mutation in the catalytic domain. The
parental GBM cell lines differ in PKC-Z expression;
U-251 cells endogenously express PKC-Z, while U-1242
cells do not express PKC-Z (Hussaini et al., 2000).
Western blots confirmed that U-1242 cells were deficient
in PKC-Z, while expression levels of the PKC-ZKR and
PKC-ZDNPS constructs were found to be several times
greater than endogenous levels of PKC-Z in U-251 cells
(Figure 1b).

PKC-ZKR, rapamycin, and LY294002 inhibit
PMA-stimulated U-251 cell-cycle progression and
3H-thymidine uptake

The Akt/mTOR pathway has been shown to regulate
cell-cycle progression, as inhibition of this pathway can
result in G1 cell-cycle arrest (Wiederrecht et al., 1995;

Hentges et al., 2001). We have previously shown that
U-251 cells treated with PMA for 24 h resulted in a
striking increase in PKC-Z protein levels (Hussaini et al.,
2000). Concomitantly, U-251 cells treated with PMA for
24 h resulted in a decrease in total protein amounts of
PKC-a, -b1, -d, -e, -y, and -g (Hussaini et al., 2000). To
determine whether PKC-Z regulates GBM cell-cycle
progression, we performed propidium iodide FACS
analysis on U-251 cells treated with PMA (100 nM)
(Figure 2a). The U-251 cells demonstrated a 50%
decrease of cells in G1 and a 70% increase in polyploid
cells 24 h after PMA treatment (100 nM). Expression of
PKC-ZKR blocked both of these effects: stimulation of
PKC-ZKR-expressing U-251 cells with PMA resulted in
a 12% increase in cells in G1 and a 15% decrease in
polyploid cells, as compared to untreated U-251 cells
expressing PKC-ZKR. Moreover, PMA stimulation of
U-251 cells in the presence of rapamycin (10 nM) led to a
28% decrease in cells in G1 and a 57% increase in
polyploid cells, as compared to U-251 cells treated with
rapamycin alone. Additionally, PMA stimulation of
U-251 cells in the presence LY294002 (10 mM) increased
the number of cells in G1 by 12% and decreased the
amount of polyploid cells by 11%, as compared to
U-251 cells treated with LY294002 alone. Along with its
effect on cell-cycle progression, a 24-h treatment with
100 nM PMA increased GBM cell proliferation, as
measured by 3H-thymidine uptake in U-251 MG cells
(Figure 2b; Hussaini et al., 2000). The PMA-induced
increase in proliferation required PKC-Z signaling, as it
was completely blocked by PKC-ZKR expression.

Figure 1 Western blot analysis of cytosolic PKC-Z in U-1242 and
U-251 cells. (a) Wild type PKC-Z is composed of an N-terminal
regulatory domain and a C-terminal catalytic domain. The
constitutively active PKC-Z construct (PKC-ZDNPS) lacks a
portion of the N-terminal domain containing the pseudosubstrate
region (PS), while the kinase dead construct (PKC-ZKR) has a
mutation in the catalytic domain. (b) NP-40 solubilized astrocytic
tumor cell cytosolic proteins (200mg) were fractionated on 10%
polyacrylamide gels and electroblotted onto nitrocellulose. Full-
length PKC-Z shows an apparent molecular weight of 78 kDa,
while PKC-ZDNPS appears to be 60 kDa
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Additionally, pretreatment with rapamycin (10 nM) or
the PI-3 kinase inhibitor LY294002 (10 mM) completely
inhibited PMA-stimulated U-251 cell proliferation.

PKC-Z signals to Akt and mTOR

To determine whether the Akt/mTOR pathway could be
activated by PKC-Z, we expressed PKC-ZKR in U-251
cells. Previously, it had been shown that Akt could be
activated by phospholipid binding and activation loop
phosphorylation at thr-308 by PDK1, and by phosphor-
ylation within the carboxy-terminus at ser-473 (Alessi
et al., 1996). Likewise, activation of mTOR has been
shown to occur through phosphorylation of ser-2448
residues (Nave et al., 1999). After stimulating classical
and novel PKCs in U-251 cells for 30min with PMA
(100 nM), ser-2448 phosphorylation of mTOR increased
43710-fold and ser-473 Akt phosphorylation levels
increased 85714-fold, compared with untreated con-
trols (Figure 3a). However, expression of PKC-ZKR
significantly reduced PMA-stimulated ser-473 phos-
phorylation of Akt by 9575% (Po0.03) and ser-2448
phosphorylation of mTOR by 54712% (Po0.05)
above unstimulated levels. These data show that
PMA-stimulated U-251 cells activate Akt and mTOR
through PKC-Z. In U-1242 cells, which do not express
PKC-Z, PKC-ZDNPS expression increased phosphor-
ylation on ser-473 of Akt by 208797% (Po0.03) and
phosphorylation on ser-2448 of mTOR by 322758%
(Po0.03), as compared to empty-vector controls
(Figure 3b). These data demonstrate that PKC-Z can
activate Akt and mTOR in GBM cells.

PKC-Z mediates activation of STAT-3 and 4E-BP1
through mTOR

mTOR has been shown to regulate cell growth and
proliferation at the level of both gene transcription and
protein synthesis. Upon activation, mTOR can stimu-
late cell growth, protein synthesis, and transcription by
phosphorylating eukaryotic initiation factor, 4E-BP1,
and the transcription factor STAT-3 (Brunn et al., 1997;
Fadden et al., 1997). Phosphorylation of STAT-3 at ser-
727 is indicative of a high activation state, and
phosphorylation of 4E-BP1 at ser-65 blocks the
inhibitory role of 4E-BP1 on translation (Pause et al.,
1994; Yokogami et al., 2000). A 30-min treatment of
U-251 cells with PMA increased phosphorylation on
ser-727 of STAT-3 by 3474% (Po0.05) and brought
phosphorylation on ser-65 of 4E-BP1 to detectable
levels, as compared to untreated controls (Figure 4a).
However, this increase was abrogated in the presence of
either PKC-ZKR or 10 nM rapamycin. Moreover,
U-1242 cells expressing PKC-ZDNPS increased phos-
phorylation on ser-727 of STAT-3 by 158788%
(Po0.03) and raised phosphorylation on ser-65 of 4E-
BP1 to detectable levels, as compared to empty-vector
expressing controls (Figure 4b). Accordingly, these
increases were blocked by 10 nM rapamycin. These data
demonstrate that activation of STAT-3 and 4E-BP1 by
PKC-Z depends on mTOR activation.

Figure 2 Rapamycin, LY294002, and PKC-ZKR inhibit PMA-
stimulated U-251 GBM cell proliferation. (a) Empty-vector and
PKC-ZKR-expressing U-251 cells were subjected to propidium
iodide cell-cycle analysis. Those cultured with PMA (100nM) were
treated 18 h before samples were fixed. Those treated with
rapamycin (10 nM) or LY294002 (10 mM) were treated 19 h before
fixation. (b) U-251 cells were measured for their ability to take up
thymidine in the presence of PKC-ZKR or rapamycin (10 nM).
Following PMA addition, cells were incubated for another 18 h. As
with the cell-cycle analysis, those cultures treated with rapamycin
(10 nM) were treated 1 h before PMA was added. The cultures were
then pulsed with 3H-thymidine (2mCi/ml) for 2 h and harvested for
radioactivity determination. *Po0.05 compared to all other
samples
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Since the signaling pathways described in this paper
can affect transcription and protein synthesis, total
protein levels of mTOR, STAT-3, Akt, and 4E-BP1
were examined alongside each treatment (Figures 3–5).
Aside from a significant decrease (Po0.05) in 4E-BP1
levels in samples from U-251 cells expressing PKC-ZKR
as compared with those from empty-vector U-251 cells
(Figure 4a), protein levels did not change with

treatments that altered their phosphorylation states.
The reduction in 4E-BP1 expression as a result of
PKC-ZKR expression could be from an increase in
P38 activity in these cells, as compared to empty-vector
expressing controls. U-251 cells expressing PKC-ZKR
show a significant increase in P38 activity and U-1242
cells expressing PKC-ZDNPS show a significant
decrease in P38 activity, as compared to empty-vector
controls (Aeder S et al., manuscript in preparation).
Others have shown that P38 activity decreases 4E-BP1
expression in hematopoetic cell lines (Rolli-Derkinderen
et al., 2003).

Figure 3 PKC-Z mediates stimulation of Akt and mTOR in GBM
cells. (a) Western blot analysis (200 mg/lane) was performed on
protein from empty-vector and PKC-ZKR-expressing U-251 cells
in the presence or absence of a 30min PMA treatment (100 nM).
PMA greatly increased detection of both ser-473-Akt and ser-2448-
mTOR in empty-vector U-251 cells, while PKC-ZKR expression
resulted in a decrease in this affect. No significant change between
samples was detected in total Akt or mTOR levels. (b) Western blot
analysis (200mg/lane) performed on protein from empty-vector and
PKC-ZDNPS-expressing U-1242 cells demonstrates an increase in
ser-473-Akt and ser-2448-mTOR. No significant change between
samples was detected in total Akt or mTOR levels

Figure 4 PKC-Z signals through mTOR to activate STAT-3 and
4E-BP1 in GBM cells. (a) Solubilized lysates from empty-vector or
PKC-ZDNPS-expressing U-1242 cells (200mg/lane) were fractio-
nated on polyacrylamide gels and electroblotted onto nitrocellu-
lose. Samples incubated with rapamycin were treated 2 h before
lysis. Samples incubated with PMA were treated for 30min prior to
lysis. The blots were then probed for ser-727 STAT-3, ser-65 4E-
BP1, and tubulin. Total protein levels of 4E-BP1 were significantly
less in PKC-ZKR samples (Po0.05), as compared to empty-vector
controls. (b) Lysates from U-251 cells (200mg/lane) were fractio-
nated on polyacrylamide gels and electroblotted onto nitrocellu-
lose. The nitrocellulose was then reacted with ser-727 STAT-3, ser-
65 4E-BP1, and tubulin. No significant change between samples
was detected in total 4E-BP1 or STAT-3 levels
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PKC-Z activates mTOR and Akt in parallel

To determine whether PKC-Z is signaling through Akt
to activate mTOR, we inhibited PKC-Z-stimulated Akt

activation with the PI-3 kinase inhibitor LY294002
(10 mM). As shown in Figure 5a, LY294002 blocked
basal and PMA-stimulated Akt activation in U-251
cells. Ly294002 also abolished Akt phosphorylation in
wt U-1242 cells and U-1242 cells expressing PKC-
ZDNPS (Figure 5b). However, activation of mTOR
remained elevated in PMA-stimulated U-251 cells
treated with LY294002 and U-1242 cells expressing
PKC-ZDNPS treated with LY294002 (Figure 5a and b).
These data support a model where separate pathways
lead from PKC-Z to Akt activation and from PKC-Z to
mTOR activation in GBM cells (Figure 6).

Discussion

Previous studies have clearly demonstrated that
PKC and Akt activities are elevated in GBM cells, as
compared to non-neoplastic astrocytes (Couldwell et al.,
1991; Todo et al., 1991; Benzil et al., 1992; Holland
et al., 2000). The increased Akt activity has been
attributed to growth factor signaling and inactivation
of PTEN, a phosphatase responsible for inhibiting
PI-3 kinase signaling that is not expressed in the
majority of GBM tumor cells (Fujisawa et al., 1999;
Sano et al., 1999). In this study, we determined the
roles of PKC-Z on the activation of mTOR and Akt,
serine/threonine kinases that have been shown to
control growth and proliferation in a number of
cell types (Gingras et al., 1998; Fingar et al., 2002;
Schalm et al., 2003). mTOR can be regulated down-
stream of PI-3 kinase/Akt signaling, as well as
independently of the PI-3 kinase/Akt pathway (Hara
et al., 1998; Patti et al., 1998; Wang et al., 1998; Kimball
et al., 1999).

In this report, mTOR and Akt were identified as
downstream targets of PKC-Z by expressing PKC-ZKR

Figure 5 PKC-Z activates mTOR in the absence of Akt activity.
(a) Empty-vector or PKC-ZKR-expressing U-251 cells were treated
for 2 h with LY294002 as indicated. PMA-treated samples were
incubated for 30min in PMA. Solubilized lysates from empty-
vector or PKC-ZKR-expressing U-251 cells (200mg/lane) were
fractionated on polyacrylamide gels and electroblotted onto
nitrocellulose. The nitrocellulose was then reacted with antibodies
against ser-2448-mTOR, thr-308 Akt, ser-473 Akt, and tubulin. No
significant change between samples was detected in total Akt or
mTOR levels. (b) Empty-vector or PKC-ZDNPS-expressing U-1242
cells were treated for 2 h with LY294002, as indicated. Solubilized
lysates (200mg/lane) from empty-vector or PKC-ZDNPS-expressing
U-1242 cells were fractionated on polyacrylamide gels and
electroblotted onto nitrocellulose. The nitrocellulose was then
reacted with antibodies against ser-2448-mTOR, thr-308 Akt, ser-
473 Akt, and tubulin. No significant change between samples was
detected in total Akt or mTOR levels

Figure 6 PKC-Z drives GBM cell proliferation by activating the
Akt and mTOR signaling pathways. PKC-Z can independently
active Akt and mTOR in GBM cells, as the PI3-kinase inhibitor
LY294002 is able to block PKC-Z-mediated activation of Akt but
not mTOR. Inhibition of these pathways at any stage, with PKC-
ZKR, LY294002, or rapamycin, inhibits PKC-Z mediated GBM
cell proliferation

PKC-g mediates GBM proliferation through Akt/mTOR
SE Aeder et al

9066

Oncogene



in U-251 (PKC-Z-expressing) cells and constitutively
active PKC-Z (PKC-ZDNPS) in U-1242 (PKC-Z-defi-
cient) cells. PKC-ZKR, the specific mTOR inhibitor
rapamycin (10 nM), and the PI-3 kinase inhibitor
LY294002 (10 mM) significantly reduced basal and
PMA-stimulated (100 nM) proliferation of PKC-Z-ex-
pressing GBMs. Cell-cycle analysis revealed that the
inhibition was due to both a reduction in cells leaving
G1phase and a reduction in polyploid cells. Using
phospho-specific antibodies, we found that activation of
PKC-Z leads to the activation of Akt and the mTOR
signaling pathway. Using the PI-3 kinase inhibitor
LY294002, we were able to block PMA-stimulated
activation of Akt, while mTOR activity remained
elevated. These data provide a model where PKC-Z
drives GBM cell proliferation by signaling in conjunc-
tion with PI-3 kinase to activate Akt, and independently
of PI-3 kinase to activate the mTOR pathway (Figure 6).
The results also indicate that PKC-ZKR could be used
in a treatment aimed at blocking both Akt and mTOR-
driven GBM cell proliferation.

In human and rat glioma cells, the differential
expression of specific PKC isozymes accompanies
alterations in both cell proliferation and differentiation.
Expression patterns of PKCs may explain the conflicting
data as to how specific PKC isozymes affect cell
proliferation. For example, most studies have focused
on the role of classical PKC isozymes, with conflicting
reports on the roles of these PKCs increasing prolifera-
tion or blocking apoptosis in malignant astrocytic tumor
cells. Taking into account other PKC isozymes, it
is thought that differential expression of novel
PKC isozymes may account for contradictory effects
of phorbol ester treatments (Guizzetti et al., 1998;
Hussaini et al., 2000). The effects of PKC-Z on
proliferation appear to be cell type specific. In this
study using GBM cells, and another performed with
epithelial breast adenocarcinoma MCF-7 cells (Fima
et al., 2001), PKC-Z enhanced proliferation and cell-
cycle progression. However, studies using NIH3T3 cells
and keratinocytes demonstrated inhibitory effects of
PKC-Z on cell-cycle progression (Livneh et al., 1996;
Ohba et al., 1998; Kashiwagi et al., 2000). Cell type
specificity is not unique for PKC-Z, as other PKC
isoforms have been shown to modulate proliferation in a
cell-type specific manner. For example, PKC-a has been
shown to suppress proliferation of intestinal epithelial
cells (Frey et al., 1997), F9 teratocarcinoma cells
(Kindregan et al., 1994), B16 and A-375 melanoma
cells (Gruber et al., 1992; Krasagakis et al., 2004),
CHO cells (Yamaguchi et al., 1995), 3Y1 fibroblasts
(Nakaigawa et al., 1996), but enhanced growth in Swiss
3T3 cells andMCF-7 cells (Eldar et al., 1990; Ways et al.,
1995).

Downstream of mTOR, 4E-BP1 and STAT-3 have
been shown to promote cell proliferation through
transcriptional and translational mechanisms (Gingras
et al., 1998; Kijima et al., 2002). 4E-BP1 (also known as
PHAS-1) normally binds eIF4E, inhibiting cap-
dependent translation. Hyperphosphorylation of 4E-
BP1 disrupts this binding, activating cap-dependent

translation (Pause et al., 1994). A subset of these
transcripts encodes proteins involved in cell growth
and proliferation (Kozak, 1991). Studies have shown
4E-BP1 activity regulates cell growth, as expression of
mutated 4E-BP1 constructs results in a reduction in cell
size (Fingar et al., 2002; Schalm et al., 2003). Coordi-
nated with cell division, an increase in cell size is
required for cellular proliferation. Like 4E-BP1, STAT-
3 is constitutively activated in a number of human
tumors and possesses oncogenic potential and anti-
apoptotic activities (Garcia and Jove, 1998; Bromberg
et al., 1999; Catlett-Falcone et al., 1999; Aoki et al.,
2001). Transcriptional activation of STAT-3 is regulated
by serine phosphorylation at Ser-727 via the MAPK or
mTOR pathways (Yokogami et al., 2000). In squamous
cell carcinoma cells, expression of a constitutively active
STAT-3 construct resulted in an increase in both
proliferation and in the proportion of cells in the G2/
Mphases of the cell cycle (Kijima et al., 2002). In this
study, we expressed PKC-ZDNPS and PKC-ZKR con-
structs to show that PKC-Z can control the activities of
these mTOR effectors in GBM cells, enabling them to
drive expression of proteins that enhance cell prolifera-
tion. Moreover, identifying PKC-ZKR as an inhibitor of
PKC-Z-mediated Akt activation, mTOR activation, and
GBM cell proliferation indicates that regulation of this
novel PKC with PKC-ZKR may prove useful for
treating patients with highly aggressive and infiltrative
brain tumors.

Materials and methods

Materials

Phorbol 12-myristate -13-acetate (PMA) and tubulin antibody
(DM1A) were purchased from Sigma Company (St Louis,
MO, USA). The polyclonal antibody specific for human
PKC-Z was from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). The monoclonal antibody specific for ser-473 Akt
and the polyclonal antibodies specific for thr-308 Akt, ser-2448
mTOR, ser-65 4E-BP1, ser-727 STAT-3, total Akt, total
mTOR, total 4E-BP1, and total STAT-3 were purchased from
Cell Signaling Technology (Beverly, MA, USA). The specific
mTOR inhibitor rapamycin and the PI-3 kinase inhibitor
LY294002 are products of Calbiochem (San Diego, CA,
USA).

Cell cultures

Human U-251 and U-1242 cell lines were generously supplied
by Dr D.D. Bigner (Duke University) and Dr AJ Yates
(Ohio State University), respectively. Both cell lines were
originally isolated from astrocytic tumors that were designated
as glioblastomas and their characteristics were described
previously. Both lines were regularly determined to be free
of mycoplasma with reagents from Gen-Probe, Inc.
(San Diego, CA, USA). Cells were grown in minimal essential
medium-alpha modification (MEM-a) with 10% defined
fetal bovine serum (Hyclone, Logan, UH). The cells were
cultured to 100% confluence and passaged every 4–5 days
in 4.8% CO2, 90% relative humidity. Prior to assays, cultures
that were 80–100% confluent were in serum-free medium
for 24 h.
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Retroviral expression

Retroviral delivery of genes allowed stable expression of PKC-
Z constructs. Recombinant viruses were created by transfecting
ecotropic Phoenix packaging cells, grown in DMEM supple-
mented with 10% FBS, with plasmid DNA carrying the gene
of interest. Replication-defective retrovirus were harvested
48 h after transfection, sterile filtered to remove nonadherent
producer cells, and used to infect U-1242 and U-251 human
glioblastoma cells. Cells carrying the transgene were selected
with media supplemented with 2 mg/ml Blasticidin S 72 h
postinfection. Finally, clones were assessed for expression by
Western blotting (see below).

Propidium iodide FACS analysis

Cell-cycle analysis of fixed cells was determined with propi-
dium iodide staining. After treating serum-starved cells for
18 h, cells were rinsed two times in phosphate buffered saline
(PBS). Cells were then fixed in 70% ethanol at �201C
overnight. Following fixation, cells were centrifuged and
resuspended in propidium iodide staining solution (0.1%
Triton X-100, 0.2mg/ml DNAse-free RNase 0.02mg/ml
propidium iodide). Cell cycle was then analysed with a Becton
Dickinson FACSVantage SE Turbo Sorter.

3H-thymidine incorporation

Relative rates of DNA synthesis were assessed by determina-
tion of 3H-thymidine incorporation into trichloroacetic acid
(TCA)-precipitable material. Serum-starved cells were treated
with PMA and/or inhibitors, as indicated, for 24 h. Cells were
then pulsed for 2 h with 3H-thymidine (2 mCi/ml) and then
washed with cold PBS. This was followed by 10min washes
with 10% TCA, first at 41C and then at 251C. Cells were then
dissolved in 1N NaOH and left overnight on a shaking
platform. The samples were neutralized with an equivalent
amount of 2N HCL and placed in Ready-Safe scintillation
fluid. 3H-thymidine incorporation was measured with a

Beckman Liquid scintillation counter. This assay was per-
formed three times, with four replicates for each sample.

Western blot analysis

For the detection of proteins, cells cultured for 24 h in serum-
free conditions were first rinsed with ice-cold PBS (137mM

NaCl, 8.1mM Na2HPO4, 2.7mM KCl, 1.5mM KH2PO4 at pH
7.4) containing 0.2mM sodium orthovanadate. PBS was then
aspirated and cells were solubilized with 1.0% NP-40, 50mM

HEPES, 100mM NaCl, 2mM EDTA, 1mg/ml leupetin, 2 mg/ml
aprotinin, 0.4mg/ml sodium fluoride, 5mg/ml dithiothreitol
(DTT), and 0.2mM sodium orthovanadate. The NP-40 extract
was centrifuged at 14 000 g for 15min. For each sample, 200mg
of protein from the supernant was then boiled for 5min in
sodium docecyl sulfate/polyacrylamide gel electrophoresis
(SDS/PAGE) buffer and separated by SDS/PAGE on poly-
acrylamide slabs. The proteins were then electroblotted onto
nitrocellulose-1 (GIBCO BRL) and reacted with polyclonal or
monoclonal antibodies. The antibodies were detected with
anti-rabbit or anti-mouse peroxidase conjugates and final
detection was carried out with chemiluminescence enhance-
ment (ECL, Amersham), as described by the manufacturer. All
Western blots were performed at least three times, with
representative blots displayed in the figures.

Statistical analysis

Each FACS, 3H-thymidine, and Western blot assay was
performed at least three times. A representative experiment is
shown for each figure, while average changes and standard
deviations from multiple experiments are mentioned in the
text.
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