
PHORBOL 12-MYRISTATE 13-ACETATE INDUCES EPIDERMAL
GROWTH FACTOR RECEPTOR TRANSACTIVATION VIA PROTEIN
KINASE C δ/C-SRC PATHWAYS IN GLIOBLASTOMA CELLS

Samson Amos,¶, Patrick M. Martin¶, Gregory A. Polar¶, Sarah J. Parsons§, and Isa M.
Hussaini¶,Ψ

¶Department of Pathology,

ΨNeuroscience Graduate Program,

§Department of Microbiology and Cancer Center, University of Virginia Health System, Charlottesville,
Virginia 22908

Abstract
Both epidermal growth factor receptor (EGFR) and protein kinase C (PKC) play important roles in
glioblastoma invasive growth, however, the interaction between EGFR and PKC is not well
characterized in glioblastomas. Treatment with EGF stimulated global phosphorylation of tyrosine
845, 992, 1068 and 1045 residues of the EGFR in glioblastoma cell lines (U-1242 MG and U-87
MG). Interestingly, phorbol 12-myristate 13- acetate (PMA) stimulated phosphorylation of the EGFR
only at Tyr 1068 residues in the two glioblastoma cell lines. The phosphorylation of EGFR at Tyr
1068 was not detected in normal human astrocytes treated with the phorbol ester. The PMA-induced
phosphorylation of EGFR at Tyr 1068 was blocked by BIM, a PKC inhibitor, and rottlerin, a specific
PKC δ inhibitor. In contrast Go 6976, an inhibitor of classical PKC isozymes had no effect on PMA-
induced EGFR phosphorylation. Furthermore, gene silencing with PKC δ siRNA, siRNA against c-
Src, mutant c-Src (Ser12Cys/Ser48Ala) and treatment with a c-Src inhibitor (PP2) abrogated PMA-
induced EGFR phosphorylation at Y1068. PMA induced serine/threonine phosphorylation of Src
which was blocked by both BIM and rottlerin. Inhibition of EGFR with AG 1478 did not significantly
alter PMA-induced EGFR (Tyr 1068) phosphorylation, but completely blocked EGF-induced
phosphorylation of EGFR. The effect of PMA on mitogen activated protein kinase (MAPK)
phosphorylation and glioblastoma cell proliferation were reduced by BIM, rottlerin, the MEK
inhibitor UO 126, PKC δ siRNA and c-Src siRNA. Taken together, our data demonstrate that, PMA
transactivates EGFR and increases cell proliferation by activating PKC δ/c-Src pathway in
glioblastomas.

The abbreviations used are:
PMA, Phorbol myristate acetate; PKC, protein kinase C; EGF, Epidermal growth factor; EGFR,
Epidermal growth factor receptor; BIM, bisindolylmaleimide; ERK, extracellular signal-regulated
kinase; MEK, mitogen-activated kinase effector kinase; α-MEM, minimal essential medium- α;
siRNA, small interfering ribonucleic acid; PAGE, polyacrylamide gel electrophoresis; GBM,
glioblastoma multiforme

Glioblastoma multiforme (GBM) as a biologically aggressive neoplasm has an elevated, often
abberant, proliferative capacity with a diffuse pattern of brain invasion. It is the most malignant
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astrocytic tumor, composed of poorly differentiated neoplastic astrocytes (1–3). 50–60 % and
40 % of GBMs have overexpression and amplification of the EGFR, respectively (4–7). The
overexpression and amplification of EGFR contribute to the malignant phenotype of human
glioblastomas (6,8). In addition, malignant glioma cells have higher levels of PKC than
nonneoplastic astrocytes (9–12). This may suggest that excessive PKC activity may
significantly contribute to astrogial tumorigenicity.

The EGFR or ErbB family belongs to the subclass I of the super family of the receptor tyrosine
kinase (RTKs). Receptor tyrosine kinases represent an important subclass of these
transmembrane proteins with the EGFR being the most prominent representative. The EGFR
controls a wide variety of biological processes such as cell proliferation, differentiation,
migration and modulation of apoptosis (13). There are four members of the ErbB family: EGFR
(also termed as ErbB1/HER1), ErbB2/Neu/HER2, ErbB3/HER3 and ErbB4/HER4. Members
of the ErbB family are characterized by a modular structure consisting of an extracellular ligand
binding domain, a single hydrophobic transmembrane region and the intracellular part
habouring the highly conserved tyrosine kinase domain (14). The ErbB receptors are activated
by a number of ligands known as EGF-related peptide growth factors (15). These ligands
include EGF, amphiregulin and transforming growth factor α (TGFα) which bind specifically
to ErbB1, betacellulin, heparin-binding EGF (HB-EGF) and epiregulin which exhibit dual
specificity in that they bind ErbB1 and ErbB4. The neuregulins 1 and 2 both bind to ErbB3
and ErbB4 (16), while neuregulins 3 and 4 bind to ErbB4 and not ErbB3 (17–18). The EGF-
related peptide growth factors bind the extracellular domain of the ErbB receptor leading to
formation of homo-and heterodimers. Dimerization consequently stimulates the intrinsic
tyrosine kinase activity of the receptors and triggers autophosphorylation of specific residues
within the cytoplasmic domain. These phosphorylated residues serve as docking sites for
signaling molecules involved in the regulation of intracellular cascades (19). The activation of
the EGFR in a large percentage of glioblastomas suggests an important role for this receptor
in astrocytic tumor development. EGFR activation may therefore contribute to tumor
malignancy by promoting invasion, proliferation and metastasis (20).

PKC represents a major cellular receptor for tumor- promoting phorbol esters (21–23). PKC
comprises a family of phospholipid-dependent serine threonine kinases that play important
roles in signal transduction associated with a variety of cellular responses including cell growth
and differentiation, gene expression, hormone secretion and membrane function (24–27).
Activation of PKC leads to the phosphorylation of proteins that are involved in the regulation
of cell growth, differentiation and apoptosis (28–30). PKC consists of at least 11 isoforms
showing diversity in their structures, cellular distribution and biological functions and have
been divided into three groups based on their structure and cofactor requirements (31). The
conventional PKC isoforms α, βI, βII and γ require diacylglycerol (DAG), phosphatidylserine,
and Ca2+ for activity. The novel PKC isoforms δ, ɛ, η, and θ do not require Ca2+ as a cofactor
but do require DAG and phosphatidylserine. The atypical PKC isoforms ζ, ι/λ do not require
Ca2+ and are not activated by PMA or DAG but do bind to phosphatidylserine when active
(24,28,29,32).

The EGFR, a protein tyrosine kinase is phosphorylated by protein kinase C at threonine 654
in A431 cells (33–35). Moro et al (36) have reported that integrins induced phosphorylation
of EGF receptor on tyrosine residues 845, 1068, 1086 and 1173 by complexing with p130Cas
adaptor protein. Furthermore, Samet et al., (37) have shown that Zn2+, a particulate matter
induces the phosphorylation of EGF receptor at tyrosine 1068, in addition to tyrosine 845 and
1173. The mechanism through which PKC transactivates EGFR is not fully understood. In this
study we examined the relationship between PKC and EGFR expression in glioblastoma cell
lines to identify the PKC isoform and the intermediate downstream target involved in the
activation of EGFR. The data suggest that PKC δ and c-Src are involved in the transactivation
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of EGFR and glioblastoma mitogenic response to PMA. The existence of a cross talk between
PKC activation and the EGFR tyrosine kinase receptor that is overexpressed in more than 50%
of primary GBMs provides a novel signaling pathway that is altered in astrocytic tumors and
may provide a useful therapeutic target.

EXPERIMENTAL PROCEDURES
Materials

PMA, EGF and tubulin antibody (DMA 1) were purchased from Sigma Chemical (St. Louis
MO). The phosphospecific antibodies directed against EGFR at tyrosine 992, 845, 1045, and
EGFR antibody were purchased from Cell Signaling Technology (Beverly, MA).
Phosphospecific antibodies directed against EGFR at tyrosine 1068 were purchased from
Biosource (Camarillo, CA) and Cell Signaling Technology (Beverly, MA). The specific PKC
inhibitors, Go 6976, bisindolylmaleimide (BIM), MEK inhibitor (UO 126), Rottlerin, PP2 (4-
Amino-5-(4- chlorophenyl)-7-(t-butyl) pyrazolo[3,4-d] pyrimidine, PP3 (4-Amino-7-
phenylpyrazol[3,4-d] pyrimidine and AG1478 (EGFR kinase inhibitor) are products of
Calbiochem (San Diego, CA). Ingenol was purchased from RBI (Natick, MA). The
phosphospecific antibody to dually phosphorylated extracellular signal regulated kinase –1 and
–2 (ERK1/ERK2) was obtained from Biosource (Camarillo, CA), PKC δ antibody was
obtained from Transduction Laboratories (San Diego, CA), while PKCɛ and θ antibody were
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). PKC δ siRNA and c-Src
siRNA were purchased from Dharmacon (Lafayette, CO). c-Src mutant (Ser12Cys/Ser48Ala)
was made in Dr. Sally Parsons laboratory.

Cell Cultures
Human U-1242 MG cell line was kindly supplied by Dr. A. J. Yates (Ohio State University),
while U-87 MG was obtained from ATCC (Manassas, VA). The normal human astroctytes
were obtained from Clonetics (San Diego). The cell lines were originally isolated from
astrocytic tumors that were designated as glioblastomas and their characteristics were described
previously by Hussaini et al (38). Cell lines were regularly determined to be free of mycoplasma
with reagent from Gen-Probe Inc. (San Diego, CA). Cells were grown in minimal essential
medium -α modification with 10% defined fetal bovine serum (Hyclone, Logan UH) and 20
μg/ml bovine zinc insulin (25.7 IU/mg; Sigma). The cells were cultured to 100% confluence
and passage every 4–5 days, from an initial concentration of 6–8 × 103/cm2 in T-flasks or 6-
or 24-well plates and cultured in astrocyte growth medium (AGM 7, containing 5% fetal bovine
serum) at 37°C in 5% CO2 and 90% relative humidity. Prior to assays, cultures that were 80–
100% confluent were washed three times with serum free medium before exposure to PMA
(100 nM). In studies involving the pharmacological inhibitors, the inhibitors were added to the
cells for 60 min before PMA. After the treatments the medium was removed and the cells were
examined by Western blot analysis.

Western Blot Analysis
After the different treatments, the cells were washed in PBS containing sodium orthovanadate
(0.2 mM) and extracted with 1% Triton X-100, 0.2% Nonidet P- 40, in the presence of 2 mM
EDTA, 100 μM phenylmethylsulfonyl fluoride, 5 μg/ml leupeptin, and 1 μg /ml aprotinin.
Cells were centrifuged at 14,000 g for 1 min at 4°C. Protein concentration of supernatant was
determined by the BCA protein assay (Bio-Rad). Proteins were boiled for 5 min in SDS .
polyacrylamide gel electrophoresis (PAGE) buffer. Proteins (200 μg/lane) were separated by
SDS-PAGE on 8% polyacrylamide gels and then electroblotted onto nitrocellulose and reacted
with monoclonal and polyclonal antibodies. Immunoblotted proteins were detected using the
ECL reagents (Amersham Pharmacia Biotech) as described by the manufacturer with
horseradish peroxidase-conjugated secondary antibodies (Sigma). EGFR phosphorylation was
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stimulated in cells that had been cultured in serum free medium for 24 h by incubation with
either PMA (100 nM) or EGF (25 ng/ml) for 10–60 min. The incubation was terminated by
the addition of ice-cold phosphate-buffered saline (137 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM
KCl, 1.5 mM KH2PO4, at pH 7.4) containing 0.2 mM sodium orthovanadate to the culture.
Phosphate buffered saline was then aspirated, and cells were solubilized with 1% Triton X-100,
0.2% Nonidet P-40, in the presence of 2 mM EDTA, 100 μM phenylmethylsulfonyl fluoride,
5 μg/ml leupeptin, and 1 μg /ml aprotinin, 50 mM sodium fluoride, 5 mg/ml dithiothreitol, and
0.2 mM sodium orthovanadate. The 1% Triton-X extract was centrifuged at 14,000 × g for 1
min, elecrophoresed, and immunoblotted as described above with mouse or rabbit antibodies
specific for EGFR. Densitometer and Image Quant software (Molecular Dynamics) were used
to quantitate the protein bands.

siRNA Transfections
PKC δ siRNA and siRNA c-Src were synthesized and purified by Dharmacon Inc.(Lafayette,
CO). siRNA PKC δ (200nM) and siRNA c-Src (400 nM) were transfected separately into both
U-1242 MG and U-87 MG cells using the Amaxa Nucleofector ™(Amaxa, Gaithersburg, MD).
Briefly, confluent cells were trypsinised and resuspended in amaxa Nucleofector solution V at
a density of 2 X106 per 100 μl of solution, and either 200 nM of the PKC δ siRNA or siRNA
c-Src (400 nM) was added. Cells were transfected using the A23 pulsing program. Immediately
after the electroporation, cells were suspended in 4.9 ml of α-MEM plus 10% FBS and
incubated at 37°C (39). Similarly, 5 μg mutant c-Src (ser12cys/ser48ala) was transfected into
astrocytic tumor cells following similar protocol. 48 h later the cells were lysed as stated above.
The cell lysates (200 μg of proteins/ lane) were separated by SDS-PAGE on 8% polyacrylamide
gels. Proteins were then electroblotted onto nitrocellulose and reacted with PKC δ monoclonal
antibody, PKC α polyclonal antibody and phospho EGFR (Tyr 1068). The antibodies were
detected with anti-mouse or anti-rabbit peroxidase –conjugates, and final detection was carried
out with ECL (Amersham Pharmacia Biotech) as described by the manufacturer.

Immunoprecipitation
Cells were allowed to grow to 70–90% confluence. After starvation for 24 h in α-MEM
containing no FBS, cells were treated with EGF (25 ng/ml) or PMA 100 nM for 10 and 30 min
respectively at 37°C. Other cultures were treated with PKC inhibitor (BIM 1 μM) and PKC
δ inhibitor (Rottlerin 5 μM) for 60 min before the addition of PMA. Cells were washed twice
with cold PBS and extracted with 1% Triton X-100, 0.2% Nonidet P-40, in the presence of 2
mM EDTA, 100 μM phenylmethylsulfonyl fluoride, 5 μg/ml leupeptin, and 1 μg /ml aprotinin.
Cell lysates were then subjected to centrifugation at 14,000 g for 1 min at 4°C. After
normalization of supernatant derived from untreated and treated cells by protein concentration
(Biorad, Richmond, CA), 1 mg of each cell lysate was incubated with monoclonal c-Src
antibody (2–17) overnight at 4°C. Immune complexes were collected with Protein-G beads
and washed five times with immunoprecipation buffer containing 50 mM sodium acetate buffer
(pH 5.0), 500 mM NaCl, 0.1 % SDS, 1 % NP-40. The resulting immunoprecipitate was then
subjected to 8% SDS-polyacrylamide gel electrophoresis (PAGE) and then transferred onto
nitrocellulose membranes followed by Western blot analysis with phospho serine/threonine
and c-Src (2–17) antibodies using the ECL detection system.

Incorporation of [3H] Thymidine into DNA.
Relative rates of DNA synthesis were assessed by determination of [3H] thymidine
incorporation. U-87 MG cells (4.5 X 104) were seeded into a 24 well plate. Upon serum
deprivation for 24 h, cells were subjected to 60 min preincubation with BIM (1 μM) Rottlerin
(5 μM), PP2 (5 μM), AG1478 (100 nM), or UO126 (10 μM), followed by treatment with PMA
(100 nM) or EGF (25 ng/ml) for an additional 18 h. In another set of experiments, cells
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transfected with either siRNA directed against PKC δ or c-Src were also seeded into a 24-well
plate at a density of 4.5 X 10−4 cells. Upon serum starvation, the transfected cells were treated
with either PMA or EGF for 18 h. Cells were pulsed with 0.5 μCi of [3H] thymidine for 6 h
and then washed with phosphate buffered saline. This was followed by 10 min washes with
10% trichloroacetic acid, first at 4°C and then at room temperature. Cells were then dissolved
in 1 N NaOH overnight and neutralized with an equal volume of 2N HCl and placed in
scintillation fluid. [3H] Thymidine incorporation was determined in a Beckman scintillation
counter.

Statistical analysis
Data are expressed as mean ± SEM. Differences between two or multiple groups were tested
using the analysis of variance (ANOVA) followed by a calculation of Fisher’s least significant
difference. Differences with a p value of <0.05 were considered statistically significant.

RESULTS
PMA and EGF induce EGFR Tyrosine Phosphorylation in Glioblastoma Cells

Two well characterized glioblastoma cell lines (U-1242 MG and U-87 MG) were used for
phosphorylation studies using EGF and PMA. The U-1242 MG cells have mutant p53 (40),
while the U-87 MG cells have wildtype p53 and mutant PTEN (41). Treatment with EGF (25
ng/ml) induced EGFR phosphorylation at all tyrosine residues tested, Tyr 1068, Tyr 1045, Tyr
992 and Tyr 845. The phosphorylation induced by EGF was time-dependent (Figure 1). The
two cell lines showed detectable levels of total EGFR, which was not altered by transient
treatment with EGF for 10–60 min. Unlike EGF, treatment of the cells with PMA (100 nM)
did not induce global phosphorylation of all the tyrosine residues. Only one of the major
autophosphorylation sites of the EGFR (Tyr 1068) in U-1242 MG and U-87 MG was
phosphorylated (Figure 2). Similarly, PMA did not change the level of total EGFR protein.
When the cell lysates were immunoprecipitated with anti EGFR antibody and immunoblotted
with phospho-specific EGFR (Tyr 1068) antibody, both PMA and EGF induced EGFR (Tyr
1068) phosphorylation (Figure 3). The specificity of antibody against EGFR (Y1068) was
confirmed in NIH3T3 cells expressing mutant Y1068, where the tyrosine has been replaced
with phenyalanine (data not shown). In contrast, treatment of normal human astrocytes with
PMA (100 nM) for 30 min did not induce EGFR Tyr 1068 phosphorylation, even though the
cells express the receptor (Figure 4).

Effect of Pharmacological Inhibitors on PMA–induced EGFR Phosphorylation
Since PMA interacts with and activates both classical (α, βI, βII and γ) and novel (η, δ, ɛ, and
θ) PKC isozymes, we designed experiments to identify the PKC isozyme(s) mediating PMA-
induced phosphorylation of EGFR at Tyr 1068. Studies from our laboratory and other groups
have shown that bisindolylmaleimide (BIM) inhibits the activation of both novel and classical
PKCs, while Go 6976 blocks the activities of classical PKCs only. In order to determine
whether classical or novel PKC isozymes were involved in PMA-induced Tyr 1068
phosphorylation, we pretreated the cells with either BIM (1 μM) or Go 6976 (10 μM) for 60
min prior to PMA addition to the cultures. BIM attenuated PMA-induced EGFR
phosphorylation in both U-87 MG and U-1242 MG, while Go 6976 had no effect on PMA-
induced phosphorylation of Tyr 1068 (Figure 5).

Since BIM but not Go 6976 inhibited PMA–evoked EGFR phosphorylation, we targeted the
novel PKC isozymes to identify the mediator of PMA effect. To determine whether PKC δ
was involved, we used the PKC δ specific inhibitor, rottlerin (5 μM). In presence of rottlerin,
the PMA–induced phosphorylation of EGFR was inhibited, suggesting that PKC δ might be
mediating the response to PMA (Figure 5). Incubation of both U-1242 MG and U-87 MG cells
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with Ingenol (100 nM), a PKC epsilon agonist did not differentially phosphorylate EGFR (Tyr
1068) compared with untreated cells (data not shown).

Some pharmacological inhibitors may not be truly specific, and for example rottlerin apart
from inhibiting PKC δ, also uncouples mitochondrial ATP production (42). Thus an alternative
approach to down regulate PKC δ isozyme expression was adopted. PKC δ siRNA (200 nM)
was transfected into astrocytic tumor cells for 48 h, followed by the addition of PMA (100 nM)
for 30 min. Importantly, however, PKC δ gene silencing down regulated PKC δ by 90% in
U-1242 MG and almost 100% in U-87 MG cells (Figure 6a, and b). PKC δ gene silencing
abolished PMA-induced EGFR (Tyr 1068) phosphorylation. We also probed for the expression
of PKC α to demonstrate the specificity of PKC δ siRNA. The level of PKC α was not changed
nor was that of tubulin, used as loading control. Control transfections had no effect on this
signaling pathway

Involvement of Src in PMA Transactivation of the EGFR
The data presented above suggest that the PMA-induced EGFR tyrosine phosphorylation is
mediated by PKC δ. However, PKC δ is a serine-threonine kinase and not a tyrosine kinase.
What then is the intermediate kinase between PKC δ and EGFR? The non-receptor tyrosine
kinase c-Src has been shown to phosphorylate EGFR at tyrosine 845 in C3H1oT1/2 murine
fibroblast cell line and breast cancer cell line MDA468 (43) and tyrosine 1068 in human
epidermoid A431 cells (37). We therefore determined the effect of the c-Src kinase selective
inhibitor PP2 and the inactive isomer PP3 on EGFR phosphorylation in glioblastoma cell lines
exposed to PMA (100 nM). As expected, addition of PMA caused phosphorylation of EGFR
on tyrosine 1068. Pretreatment of glioblastoma cell lines for 60 min with PP2 (5 μM) blocked
PMA-induced phosphorylation of EGFR at tyrosine 1068 by 90 %, but the inactive isomer did
not attenuate this effect (Figure 5). In order to reconfirm our data on the role of c-Src in
mediating the transactivation of EGFR (Y1068) phosphorylation by PMA, we used siRNA
against c-Src. The c-Src siRNA (400 nM) was transfected into astrocytic tumor cells as
described in “Experimental procedures”. The result showed that the siRNA knocked down the
expression of c- Src and attenuated the phosphorylation of EGFR (Y1068) by PMA (Figure 7
a and b). These data suggest that PMA-induced tyrosine phosphorylation of EGF receptor is
mediated directly or indirectly by Src kinase.

PMA Induces Phosphorylation of c-Src on Serine/Threonine residues
c-Src is a non-receptor tyrosine kinase that functions as a co-transducer of transmembrane
signals (43). c-Src has a poorly conserved unique domain, that is rich in serine and threonine,
that can be activated by PKC (44). In order to investigate the activation of c-Src by PMA, cell
lysates were immunoprecipitated with c-Src (2–17) antibody and the immunoprecipitates were
probed with phospho-specific serine/threonine antibody. The result reveals a strong activation
of c-Src serine/threonine residues with PMA treatment, which was attenuated by BIM and
rottlerin (Figure 7c). To further investigate the role of the amino terminus of c-Src, we generated
mutants of c-src on ser 12/48, which are the phosphorylation site for PKCs, by replacing the
ser12cys/ser48ala. Correct cloning and mutagenesis of all mutants were verified by sequencing.
The mutant c-Src was transiently transfected into our glioblastomas cell lines and we
determined its inhibitory effect on PMA-induced EGFR (Y1068) phosphorylation. The mutant
c-Src (ser12cys/ser48ala) abrogated the phosphorylation of EGFR (Y1068) by about 75%
(Figure 7d).

To further explore the possibility that PKC δ may associate with c-Src in our cell lines, co-
immunoprecipitation experiments were performed. When U-1242 MG and U-87 MG cell
lysates were immunoprecipitated with c-Src (2–17) antibody and immunoblotted with PKC
δ antibody, PKC δ was detected in the c-Src immunoprecipitates. Transient treatment with
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PMA (30 min) did not increase the level of PKC δ pulled down with c- Src antibody (data not
shown). This data demonstrates that PKC δ associate with c-Src in glioblastoma cell lines,
suggesting that PKC δ activation may results in a direct c-Src activation and subsequent
phosphorylation of EGFR (Tyr 1068). The result argues that PMA first interacts with PKC δ
to activate or phosphorylate c-Src, which then acts as a co-transducer of EGFR (Tyr 1068)
phosphorylation.

Inhibition of EGFR Kinase Activity Does not Block PMA-induced Phosphorylation of EGFR
at Tyr 1068

To evaluate whether PMA activates EGF receptor kinase activity first before inducing the
tyrosine phosphorylation of EGFR (Tyr 1068), we investigated the effect of AG 1478, a potent
inhibitor of EGFR kinase activity. U-1242 MG and U-87 MG cells were pretreated with AG
1478 (100 nM), for 60 min and then stimulated with PMA (100 nM) or EGF (25 ng/ml) for 30
and 10 min, respectively. Western blotting demonstrated that, consistent with the blockade of
EGFR kinase activity, AG 1478 effectively attenuated the robust EGFR phosphorylation of
Tyr 1068 following EGF treatment. In contrast, the effective inhibition of EGFR kinase activity
by AG 1478 had no discernable effect on the phosphorylation of Tyr 1068 in cells activated
with PMA (Figure 8a and b). These results indicate that PMA induced phosphorylation of
EGFR at Tyr 1068 first, which then lead to increase in EGFR kinase activity and the activation
of Ras/Raf/MEK/MAPK pathway as shown below.

Pharmacological Inhibition of PMA-induced ERK Activation
Activation of the ERK/MAPK pathway is a key step in the regulation of important cellular
responses such as cell proliferation. In many cell types, the MAP kinase pathway has been
implicated in both EGF and PMA-induced growth stimulatory responses. Our laboratory had
earlier shown that PMA (100 nM) and EGF (25 ng/ml) induced the activation of ERK1/ ERK2
in glioblastoma cell lines and inhibition of MEK with UO 126 blocked PMA-induced cell
proliferation (38). In the current study, we investigated the role of EGFR transactivation in
PMA-induced mitogenic signaling. We found that pretreatment of the glioblastoma cell lines
with BIM, Rottlerin, and AG 1478 for 60 min, before the addition of PMA (100 nM) for 30
min, partially depressed ERK1/ERK2 activation induced by PMA. The remaining MAPK
phosphorylation may be as a result of EGFR-independent activation of Ras/Raf/MEK/MAPK
pathway by PMA. Furthermore, pharmacological inhibition of c-Src with PP2 also decreased
PMA-induced activation of MAPK. Inhibition of MEK with UO 126 (10 μM) completely
abrogated both EGFR-dependent and independent MAPK phosphorylation by PMA (Figure
9a and b).

Effect of PMA on [3H] Thymidine Incorporation
To determine the biological function of PMA-induced EGFR transactivation in astrocytic
tumor cells, thymidine incorporation was used as measure of DNA synthesis and cell
proliferation. We investigated the roles of PKC δ and c-Src in cell proliferation after stimulation
with either PMA or EGF. As shown in Figure 10a, PMA increased [3H] thymidine uptake in
U-87 MG cells by 1.6-fold. Pretreatment of the cells with PKC inhibitor BIM, rottlerin (PKC
δ) specific inhibitor, PP2 (Src inhibitor), EGFR kinase inhibitor (AG 1478), or MEK inhibitor
(UO 126), abrogated PMA effect on [3H] thymidine uptake. Similarly, EGF (25 ng/ml)
increased [3H] thymidine uptake in U-87 MG cells by 1.5 fold, which was attenuated by these
inhibitors (Figure 10 c). To further investigate the role of PKC δ and c-Src on PMA-induced
cell proliferation, U-87 MG cells were transfected with the same concentration (200 nM) of
PKC δ siRNA or (400 nM) of c-Src siRNA that completely blocked PKC δ or c-Src expression
respectively and the effect of PMA on thymidine incorporation was investigated. The PKC δ
siRNA and c-Src siRNA reduced PMA-induced [3H] thymidine uptake by approximately 87%
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and 60 %, respectively (Figure 10 b). Similarly, EGF evoked increase in thymidine
incorporation was attenuated by PKC δ siRNA and c-Src siRNA by 30 and 50%, respectively
(Figure 10 d).

DISCUSSION
Malignant gliomas are the most common adult brain tumors, are refractory to classical
chemotherapy and radiotherapy and have poor prognosis (45). The EGFR is overexpressed in
50- 60% of GBM and amplified in 40% of the tumors (7), which contribute to the malignant
phenotype of human glioblastomas (4,6,8). In the last ten years, the molecular mechanisms
underlying astrocytic neoplastic transformation have been widely studied and a number of
signaling pathways, including that of PKC, are altered in GBM (46–47). The expression and
activity of PKC isozymes are highly elevated in gliomas and glioma cell lines compared with
normal astrocytes (12) and PKC inhibitors markedly reduced glioma cell proliferation (38,
48).

Both EGFR expression and PKC activity play a significant role in astrocytic tumor biology.
Our data provide evidence for the first time that treatment of glioblastoma cell lines with PMA
resulted in EGFR phosphorylation at Tyr 1068 but not at other tyrosine residues and that this
phosphorylation was mediated by a PKC δ/c-Src-dependent pathway. PMA-induced
phosphorylation of Tyr 1068 was blocked by BIM, an inhibitor of classical as well as novel
PKC isozymes but not by Go6976, an inhibitor of classical PKC isozymes. The Tyr 1068 is a
major Grb2 binding and autophosphorylation site of the EGFR (49). In contrast, EGF induced
phosphorylation of the EGFR at multiple sites, including Tyr 992, 845, 1045 and 1068.

The mechanism of EGFR transactivation is not well characterized. Some studies have shown
that EGFR is involved in signaling networks activated by a number of stimuli that do not
interact directly with this receptor (50). These stimuli include G protein-coupled receptor
agonists thrombin and lysophosphatidic acid (51), calcium (52) and UV irradiation (53). In our
study prior incubation with the pharmacologic inhibitor of PKCδ, rottlerin, attenuated PMA-
induced phosphorylation of EGFR (Fig. 5), which suggests a putative role for PKC δ in this
process. To further confirm the role of PKC δ in mediating PMA-induced EGFR (Tyr 1068)
phosphorylation, we used siRNA duplexes for PKC δ to knockdown the expression of PKC
δ and to immunoblot for EGFR (Tyr 1068). Our results convincingly showed that gene
silencing of PKC δ attenuated PMA-induced EGFR (Tyr 1068) phosphorylation (Figure 6 a
and b). Our immunoprecipitation data reveal an association between PKC δ and c-Src in
astrocytic tumor cells, as reported in other cell types. PKC δ is a widely expressed member of
the novel PKCs, and this isoform has been associated with cell proliferation in a number of
cell types, including NIH 3T3 fibroblast, smooth muscle cells, and human keratinocytes (54)
and also shown to phosphorylate c-Src and to interact with c-Src (55–58).

Since PKC isozymes do not directly phosphorylate proteins at tyrosine residues, we examined
the role of c-Src as an intermediate kinase between PKC and EGFR. Cellular Src and EGFR
interact in the progression of certain human malignancies and act synergistically to induce
enhanced signaling in cells that express these kinases (43). Elevated levels of Src family
kinases, and mutational activation have been observed in colon carcinoma, and similar findings
also have been reported in lung, breast and brain tumors (43). Evidence derived from
experimental models indicates that Src activation potentiates EGF-induced mitogenesis and
transformation (43). Our study shows that the c-Src inhibitor (PP2) inhibited PMA-induced
EGFR phosphorylation (Fig. 5) and mitogenic response (Figure 9a and b), while the inactive
form, PP3, had no effect on the phosphorylation of the receptor. To further confirm the role of
c-Src in mediating PMA-induced EGFR transactivation, we used siRNA directed against c-
Src to knock down the expression of c-Src. Gene silencing using the c-Src siRNA abrogated
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PMA-induced EGFR (Y1068) phosphorylation (Figure 7 a&b). These data imply that PMA
interacts with PKC-δ, which in turn phosphorylates Src to activate EGFR. Src structurally has
a poorly conserved unique domain that contains serine/threonine residues (44). The unique
domain of c-Src, which is the least conserved region among Src family members, mediates
protein interaction and is phosphorylated by protein kinase A, Protein kinase C, and Cdc2-
cyclin complex (59–61). To test the hypothesis that PMA may be indirectly activating Src
through PKCδ, we used mutant c-Src (ser12cys/ser48ala). Transient transfection of this mutant
into astrocytic tumor cells abrogated the phosphorylation of EGFR (Y1068) induced by PMA
(Fig 7d).

The EGFR kinase inhibitor AG 1478 did not affect PMA-induced EGFR phosphorylation at
Tyr 1068 but completely abrogated EGF-induced phosphorylation of EGFR. This suggests that
PMA-induced EGFR (Tyr 1068) phosphorylation through PKC δ and c-Src is upstream of
EGFR kinase activity. The result agrees with similar studies that used H2O2 to transactivate
EGFR (62).

The activation of the ERK/MAPK pathway is a key step in the regulation of important cellular
responses such as cell proliferation (63). Extracellular regulated kinases (ERK) 1 and 2 are 44-
and 42-kDa members of the MAP kinase family and are involved in the regulation of gene
expression, protein synthesis, cell growth and proliferation, and in some cases cell
differentiation and secretion (64). ERK phosphorylation was initially observed after ligand
activation of such receptor tyrosine kinases as the EGF receptor, but many Gq-, Gi-, and Gs-
coupled receptors also initiate the ERK cascade through transactivation of the EGFR (65–
66). The ERK activation often involves sequential steps that include transactivation of the
receptor tyrosine kinases (EGFR) in a c-Src kinase-dependent manner (51). In our study, we
found that BIM (PKC inhibitor), Rottlerin (PKC δ specific inhibitor), PP2 (Src inhibitor)
significantly inhibited ERK/MAPK activation by PMA (Fig.9). Similarly, AG 1478, which
did not block EGFR Tyr 1068 phosphorylation and the MEK inhibitor (UO 126) inhibited
PMA-evoked ERK phosphorylation (Fig.9). These data further suggest that the PMA-induced
Tyr 1068 phosphorylation could lead to increase in EGFR kinase activity (blocked by AG
1478) to activate the Ras/Raf/MEK/MAPK pathway in glioblastoma cells.

Activation of PKC leads to the phosphorylation of several proteins that are involved in the
regulation of cell growth, differentiation and apoptosis (28–30). Pretreament of GBM cells
with BIM or rottlerin blocked PMA-induced as well as EGF-induced increase in [3H]
thymidine uptake, suggesting that PKC isoforms play a critical role in glioblastoma
proliferation (38). Gene silencing of PKC δ and c-Src with siRNA and pharmacological
inhibition with PP2 and rottlerin also attenuated PMA-induced cell proliferation in U-87 MG
cells. It is well established that following binding to EGFR, EGF increases PKC activity in a
variety of cells (67-68). In addition, PKC δ has been shown to increase transformation and
metastatic progression of a number of tumors (69) and activation of PKC δ has been shown to
be involved in proliferation of epithelial breast cells (70). In conclusion, our data provide
evidence for the first time to demonstrate that PMA phosphorylates EGFR at Tyr 1068 through
a PKC δ/Src-dependent pathway to activate MAPK and to increase cell proliferation in
glioblastoma cells (Figure 11). Furthermore, our study reveals a novel pathway that may
contribute to glioblastoma invasive growth.
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Fig. 1.
Time-dependent phosphorylation of EGFR in glioblastoma cells. Cells were serum-starved for
24 h after reaching 80–100% confluence by replacing the media with serum free α-MEM media.
The cells were treated with EGF (25 ng/ml) at different time points (0, 10, 30, 60 min). Protein
(200 μg/ lane) was fractionated by 8% SDS-PAGE and then transferred on to nitrocellulose.
The nitrocellulose was reacted with primary antibody to EGFR (Tyr-845, Tyr-992, Tyr-1045,
Tyr- 1068). Final detection was carried out using the enhanced chemuluminescence reagent
(ECL). Blots were stripped and reprobed for EGFR total. The lower panel shows the total
EGFR
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Fig. 2.
PMA induces phosphorylation of EGFR (Tyr-1068). Serum-starved U-1242 MG and U-87
MG cells were treated with PMA (100 nM) at different time points (0, 10, 30, and 60 min).
Triton solubilized astrocytic tumor cell lysates (200 μg/lane) were separated using 8%
polyacrylamide gels and electroblotted on to nitrocellulose. The blots were probed with
antibodies to phospho-EGFR (Tyr 1068) and total EGFR.
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Fig. 3.
PMA stimulates tyrosine phosphorylation of EGFR (Tyr 1068). Serum- starved U-1242 MG
and U-87 MG were stimulated with PMA for the indicated time periods. These cells were lysed
using 1% Trition lysis buffer after washing with ice-cold PBS. Cell lysates were
immunoprecipitated with anti EGFR antibody and then immunoblotted (IB) with antiphospho
EGFR (Tyr 1068) or antibody to total EGFR.
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Fig. 4.
Effect of PMA and EGF on Normal Human Astrocytes (NHA). NHA cells grown to 80–100%
confluence were serum-starved overnight. The cells were then treated with PMA (100nM) for
30 min and EGF (25 ng/ml) for 10 min. Protein lysates (200 μg/lane) were fractionated using
8% SDS-PAGE gels and was electroblotted onto nitrocellulose. The blots were probed with
antibody to EGFR (Tyr 1068). The membrane was stripped and reprobed for total EGFR.
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Fig. 5.
Effect of BIM (PKC inhibitor), rottlerin (PKC δ inhibitor), PP2 (Src inhibitor) and Gö 6976
on EGFR (Tyr 1068) activation by PMA. Serum-starved U-1242 MG and U-87 MG cells were
incubated with inhibitors for 60 min and then treated with PMA (100 nM) for 30 min. After
washing twice with ice-cold PBS, cells were solubized in 1% Triton lysis buffer, analyzed and
immunoblotted for EGFR (Tyr-1068). Blots were stripped and reprobed for total EGFR.
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Fig. 6.
PKC δ mediates PMA-induced EGFR (Tyr 1068) phosphorylation. RNA interference with
siRNA transfection was performed as described under “Experimental Procedure”. 24 h after
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transfection, cells were quiesced for 24 h. A, U-1242 MG cells and B, U-87 MG were
transiently transfected with siRNA PKC δ and treated with or without PMA. Cells were then
lysed and cell lysates of equal concentration of proteins (200 μg/lane) were separated on 8%
SDS-PAGE gels and immunoblotted for phospho EGFR (Tyr 1068), PKC δ (total), anti
PKCα and tubulin.

Amos et al. Page 19

J Biol Chem. Author manuscript; available in PMC 2006 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Amos et al. Page 20

J Biol Chem. Author manuscript; available in PMC 2006 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Role of c-Src in PMA-induced EGFR transactivation. siRNA against c-Src was transfected
into A, U-1242 MG cells and B, U-87 MG cells and treated with PMA for 30 min. Cell were
lysed using 1% Triton lysis buffer after washing with ice-cold PBS. Cell lysates were
immunoblotted against EGFR (Y1068) and tubulin as loading control. C, Serum starved
U-1242 MG and U-87 MG were pretreated with BIM (1 μM) and rottlerin (5 μM) for 60 min,
after which PMA (100 nM) was added for 30 min. The cell lysates were immunoprecipitated
with anti- c-Src (2–17) and the precipitates were immunoblotted with antibodies against
phospho-serine/ threonine and total c- Src protein. D, Mutant c-Src (ser12cys/ser48ala)
transfected into U-1242 MG cells were treated with PMA (100 nM) for 30 min. Cells were
lysed using 1% Triton lysis buffer after washing with ice-cold PBS. Cell lysates were
immunoblotted against EGFR (Y1068).
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Fig. 8.
Inhibition of the epidermal growth factor receptor (EGFR) kinase activity did not affect PMA-
induced phosphorylation of EGFR (Tyr 1068). Panel A, U-1242 MG cells were pretreated with
EGFR kinase inhibitor AG 1478 (100 nM) for 60 min prior to treatment with media alone or
EGF (25 ng/ml) or PMA (100 nM) for 10 min and 30 min, respectively. Cellular proteins were
extracted and subjected to Western blotting using phospho-specific antibody against Tyr 1068.
Panel B, Similarly, U-87 MG cells were pretreated with EGFR kinase inhibitor AG 1478 (100
nM) for 60 min prior to treatment with media alone, EGF (25 ng/ml) or PMA (100 nM) for 10
min and 30 min, respectively. Cellular proteins were extracted and subjected to Western
blotting using phospho-specific antibody against Tyr 1068. Blots were stripped and reprobed
for total EGFR.
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Fig. 9.
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Effect of pharmacological inhibitors on ERK activation by PMA. Panel A, Serum starved
U-1242 MG were pretreated with BIM (1 μM) and rottlerin (5 μM), PP2 (5 μM), AG 1478
(100 nM) or UO 126 (5 μM) for 60 min, before the addition of PMA (100 nM) for 30 min.
ERK activation by PMA was attenuated in presence of different inhibitors. Panel B, Serum
starved U-87 MG were pretreated with BIM (1 μM) and rottlerin (5 μM), PP2 (5 μM), AG
1478 (100 nM) and UO 126 (10 μM) for 60 min, before PMA (100 nM) addition. Proteins were
subjected to Western blotting on a 10% SDS-PAGE gel and probed with phosphospecific
antibody to dually phosphorylated extracellular signal regulated kinase –1 and –2 (ERK 1 /
ERK 2) and subsequently reprobed for ERK 1 /ERK2 total.
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Fig. 10.
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[3H] Thymidine incorporation in astroctytic tumor cells. A, Effect of PMA on cell proliferation
and B, PKC δ and c-Src inhibition abrogates PMA-induced cell proliferation. Cells were
transfected with PKC δ siRNA or c-Src siRNA, serum straved overnight and the incubated in
the presence of PMA. C, Effect of EGF and D, PKC δ and c-Src inhibition abrogates EGF-
induced [3H] thymidine incorporation in U-87 MG cells. Quiescent U-87 MG cells were
preincubated with BIM (1 μM ), Rottlerin (5 μM), UO 126 (10 μM) for 60 min. Cells were
incubated in the presence and absence of PMA or EGF for 18 h. Cells were then pulse-labeled
with [3H] thymidine for 6 h, and thymidine incorporation was measured by Beckman
scintillation counter. Quantitative analysis from three independent experiments (means ±
SEM). Cell proliferation was calculated as % of control. The data in the graph are the mean ±
SEM of at least 2 independent experiments with each experiment performed in quadruplicate.
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Fig. 11.
Schematic representation of the signaling pathways involved in PMA transactivation of EGFR
(Tyr 1068) in glioblastoma cell lines.

Amos et al. Page 28

J Biol Chem. Author manuscript; available in PMC 2006 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


