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Abstract
Patients with gliomas expressing high levels of epidermal growth factor receptor (EGFR) and
plasminogen activator inhibitor-1 (PAI-1) have a shorter overall survival prognosis. Moreover, EGF
enhances PAI-1 expression in glioma cells. Although multiple known signaling cascades are
activated by EGF in glioma cells, we show for the first time that EGF enhances expression of PAI-1
via sequential activation of c-Src, protein kinase C delta (PKCδ), and sphingosine kinase 1 (SphK1),
the enzyme that produces sphingosine-1-phosphate. EGF induced rapid phosphorylation of c-Src and
PKCδ and concomitant translocation of PKCδ as well as SphK1 to the plasma membrane. Down-
regulation of PKCδ abolished EGF-induced SphK1 translocation and up-regulation of PAI-1 by EGF;
whereas, down-regulation of PKCα had no effect on the EGF-induced PAI-1 activation but enhanced
its basal expression. Similarly, inhibition of c-Src activity by PP2 blocked both EGF-induced
translocation of SphK1 and PKCδ to the plasma membrane and up-regulation of PAI-1 expression.
Furthermore, SphK1 was indispensable for both EGF-induced c-Jun phosphorylation and PAI-1
expression. Collectively, our results provide a functional link between three critical downstream
targets of EGF, c-Src, PKCδ, and SphK1 that have all been implicated in regulating motility and
invasion of glioma cells.
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Gliomas are characterized by rapid growth, intensive vascularization, and an invasive
phenotype that results in the diffuse infiltration of tumor cells into the surrounding normal
brain tissue (1). Since individual tumor cells can invade as deeply as several centimeters into
the brain, gliomas are resistant to the established standard treatments, including surgery and
radiotherapy. Deregulation of expression of glioma proteolytic enzymes, which allows them
to degrade the extracellular matrix (ECM), migrate, and invade healthy tissue, is likely critical
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for their invasion (2,3). The ECM degradation involves the activation/inhibition of proteinases
and their corresponding inhibitors in glioma cells, and the subsequent deregulation of the
proteolytic balance at the site of invasion. These processes involve at least two major
proteolytic systems: the plasminogen activator (PA) system, controlling the release/activity of
plasmin, and metalloproteinases and their tissue inhibitors (4–7).

Plasmin is generated from inactive plasminogen by a precisely controlled PA system that
includes plasminogen activators [urokinase-type (uPA), tissue-type (tPA)], as well as their
inhibitors [plasminogen activator inhibitors (PAI-1, -2, and -3) and the protease nexin 1] (4).
In addition, uPA and tPA can bind to their cell surface receptor (uPAR) and activate multiple
signaling cascades (8). In the brain, microglia are the predominant source of inactive
plasminogen, whereas astrocytes and glioma cells secrete the components of the PA system.
The expression of these proteins is regulated by proinflammatory cytokines and growth factors
in both astrocytes and invading glioma cells (9–11). Among the growth factors, epidermal
growth factor (EGF) has attracted much attention since it is produced in the brain and readily
crosses the blood-brain barrier (12). In gliomas, the receptor for EGF (EGFR) is frequently
amplified (13,14), overexpressed (13,14), or mutated (14,15). The amplification and
overexpression are associated with high-grade progression (16). Although the high expression
of EGFR alone is not a prognostic marker in gliomas (17), patients expressing high levels of
both EGFR and PAI-1 have a shorter overall survival prognosis (18). Recently, EGF has been
shown to regulate expression of PAI-1, uPA, and vascular endothelial growth factor (VEGF)
in glioma cells (10,19), suggesting that it may be critical for the invasive phenotype of gliomas
and their intensive vascularization. In addition, PAI-1 has been shown to stimulate VEGF
expression and thereby increase vascularization of glioblastomas (20).

To date, both uPA and uPAR have been strongly associated with the invasiveness and
metastasis of a variety of cancer cells (21). In gliomas, the knockdown of uPAR resulted in the
significant inhibition of cell invasion in both the Matrigel and spheroid invasion assays (22,
23). Furthermore, the knockdown of both uPAR and MMP-9 resulted in total regression of
pre-established intracerebral tumors (22). These findings are likely attributed to the diminished
membrane-associated proteolytic activity of uPA bound to uPAR, and the diminished signaling
capabilities of uPAR. Surprisingly, high expression of the proteinase inhibitor PAI-1 has also
been reported in highly invasive high-grade gliomas (18), suggesting that it may also be an
important determinant of their invasiveness. These observations parallel the findings that breast
cancer patients with high levels of PAI-1 have a poor prognosis for survival due to metastasis
(24). Recently, it has been proposed that elevated levels of PAI-1 promote cancer cell
detachment from their substratum by causing the internalization of the PAI-1/uPA/uPAR/
integrin complex (25,26). Hence, the enhanced expression of PAI-1 may be critical for the
detachment of cancer cells and the subsequent invasion into the healthy tissue. Future therapies
may, therefore, involve either targeting the expression of PAI-1, uPA, and uPAR directly, or
indirectly by targeting signaling molecules that control their expression.

Increased expression of PAI-1 has been reported in high-grade gliomas in vivo (18) and in
cultured glioma cells (10). In vitro, the expression of PAI-1 is regulated by cytokines and
growth factors, including EGF (10). However, the molecular mechanisms linking EGF and its
receptor to up-regulation of PAI-1 are not well understood. In this study, we identified a novel
signaling pathway of EGF-mediated up-regulation of PAI-1 in glioblastoma cells that requires
activation of c-Src, PKCδ, and sphingosine kinase 1.
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MATERIALS AND METHODS
Cell culture

Human glioblastoma U373-MG cells were obtained from the American Type Culture
Collection (Manassas, VA, USA), and human glioblastoma A172 cells were obtained from Dr.
Jaharul Haque (Cleveland Clinic Foundation, Cleveland, OH, USA). Cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum, antibiotics,
sodium pyruvate, and nonessential amino acids.

Cytokines and cell stimulation
Cells were stimulated with 25 ng/ml EGF (Peprotech, Rocky Hill, NJ, USA), 25 ng/ml
oncostatin M (OSM; R&D Systems, Inc., Minneapolis, MN, USA), or 10 ng/ml IL-1 (a gift
from Immunex Corp., Seattle, WA, USA). For inhibitor studies, cells were pretreated with 1
µM SP600125, 10 µM BAY-117082, 10 µM SB202190, 5 µg/ml actinomycin D (Sigma, St.
Louis, MO, USA), 100 nM staurosporin, 5 µM U73343, 5 µM U73122, 10 µM PP2, 5 µM
Gö6983 (EMD Biosciences, Inc., San Diego, CA, USA), 10 µM LY294002 or 1 µM U0126
(Cell Signaling Technology, Inc., Beverly, MA, USA), and then stimulated with EGF as
described in figure legends.

RNA preparation and Northern blot analysis
Total RNA was prepared by phenol extraction exactly as described previously (27). The filters
were prehybridized at 65°C for 3 h in 0.5 M sodium phosphate buffer, pH 7.2; 7% SDS (sodium
dodecyl sulfate); and 1 mM EDTA and hybridized in the same solution with cDNA fragments
of PAI-1 labeled by random priming (28). After the hybridization, nonspecifically bound
radioactivity was removed by four washes in 40 mM phosphate buffer and 1% SDS at 65°C
for 20 min each.

Quantitative PCR
SphK1 and PAI-1 mRNA levels were measured using TaqMan technology (Applied
Biosystems, Foster City, CA, USA) according to the supplier’s instructions. Briefly, 1 µg of
total RNA was reverse-transcribed using the high-capacity cDNA archive kit. Subsequently,
the cDNAs were diluted 10-fold (Sphk1 and PAI-1) or 10,000-fold (28S rRNA). For real-time
PCR, premixed primer-probe sets and TaqMan Universal PCR Master Mix were purchased
from Applied Biosystems, and cDNAs were amplified using ABI 7900HT cycler.

Synthetic oligonucleotides
The following oligonucleotides were synthesized to amplify the −15,025 to −14,320 fragment
from the 5′ flanking region of the PAI-1 gene: 5′-GCCATCTAGA
GCTATGGCCATTATGGCCT-3′ and 5′-
TCATTCTAGAAATCCCAGCAATTTGGGAGG-3′. The Alu element located at −11.7 to
−11.4 kb was amplified using the 5′-ACCCTCTAGAAACC AGTGGGCTCAAG-3′ and 5′-
TTTGTCTAGACATCGTGGCTGGTG GCGTAC-3′ primers. A double-stranded
oligonucleotide containing the ATF binding site derived from the −11.7 to −11.4 kb Alu
element (used in gelshifts and construction of the ATF reporter) was generated by annealing
the following oligonucleotides: 5′-GATCTCGAACT CCTGACCTCATGTAGTCCA-3′ and
5′-GATC TGCACTACATGAGGTCAGGAGTTCGA-3′. The AP-1 and STAT
oligonucleotides were described before (11,29).

Plasmid construction
Plasmids pPAI-1(−1496)CAT and pPAI-1(−115)CAT have been described previously (11).
Plasmid pPAI-1(−15 kb-enhancer)-CAT was generated by cloning the XbaI-digested PCR
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product (covering the −15,025 to −14,320 fragment) into the XbaI site of pPAI-1(−115)CAT.
Plasmids p5x(PAI-ATF)CAT and p3x(PAI-ATF)CAT were generated by cloning
corresponding double-stranded oligonucleotides into the BamHI site of ptkCATΔEH (29). The
XbaI-digested PCR product containing the Alu element located at −11.7 to −11.4 kb was cloned
into the XbaI site of pPAI-1(−115)CAT and yielded the plasmid pPAI-1-(Alu)CAT.

Nucleofection
A172 cells (1×106/6-cm dish) were trypsinized, collected by centrifugation, and resuspended
in 600 µl of T nucleofactor solution™ (Amaxa Inc., Gaithersburg, MD, USA). The respective
plasmids (2 µg) were added to the solution, and transfection was performed using the
Nucleofector device (Amaxa Inc.) with the electrical setting of T-20. Warm DMEM medium
(1 ml) was added, and cells were incubated at 37°C for 10 min and transferred to 6-cm dishes
containing 5 ml of DMEM culture medium. Typical nucleofection efficiencies were greater
than 70%, with cell viability close to 100%. One day after transfections, cells were stimulated
with the respective cytokines for 18 h and processed as described earlier.

Transient transfections
Cells were transfected in 12-well clusters using FuGENE6 transfection reagent (Roche,
Indianapolis, IN, USA) with 400 ng of the reporter CAT plasmid and 100 ng of expression
plasmid encoding β-galactosidase. One day after transfection, the cells were stimulated with
EGF or cytokines, cultured another 24 h, and harvested. Protein extracts were prepared by
freeze thawing, and the protein concentration was determined by the BCA method (Sigma
Chemical Co.). Chloramphenicol acetyltransferase (CAT) and β-galactosidase assays were
performed as described (29). CAT activities were normalized to β-galactosidase activity and
are means + se (3 determinations).

Nuclear extract preparation and electromobility shift assays (EMSA)
Nuclear extracts were prepared as described (30). The oligonucleotides used for EMSA were
designed to contain single-stranded 5′ overhangs at each end after annealing. Double-stranded
DNA fragments were labeled by filling in 5′ protruding ends with Klenow enzyme using
[α32P]dCTP (3000 Ci/mmol). EMSA was carried out according to the published procedures
(31). Briefly, 5 µg of nuclear extracts and approx. 10 fmol (10,000 cpm) of probe were used.

Western blotting
Cells were lysed in 10 mM Tris, pH 7.4; 150 mM sodium chloride; 1 mM EDTA; 0.5% Nonidet
P-40; 1% Triton X-100; 1 mM sodium orthovanadate; 0.2 mM PMSF; and protease inhibitor
cocktail (Roche, Mannheim, Germany). Equal amounts of proteins were resolved using SDS-
PAGE and electroblotted onto nitrocellulose membranes (Schleicher & Schuell, Keene, NH,
USA). Polyclonal anti-ERK, anti-IkBα, anti-c-fos, anti-c-jun, anti-PKCα, anti-PKCδ, and anti-
tubulin antisera were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA),
while anti-phospho-p38, anti-phospho-ERK, anti-phospho-ATF-2, anti-phospho-JNK, anti-
phospho-Akt, anti-phospho-Src, and anti-phospho-PKCs antisera were purchased from Cell
Signaling Technology, Inc. (Beverly, MA, USA). SphK1 (Ser-225 phospho-specific antibodies
were purchased from ECM Biosciences (Versailles, KY, USA). Antigen-antibody complexes
were visualized by enhanced chemiluminescence according to the manufacturer’s instructions
(Pierce, Rockford, IL, USA).

Confocal microscopy
Transfectants grown on glass coverslips were treated as indicated in the figure legends. Cells
were washed with PBS, fixed for 20 min at room temperature with 2% paraformaldehyde, and
mounted on glass slides using 100% glycerol containing 10 mM n-propylgallate. Alternatively,

Paugh et al. Page 4

FASEB J. Author manuscript; available in PMC 2009 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells were washed with PBS, fixed for 20 min at room temperature with 3.7% formalin,
permeabilized with 0.5% Triton X-100 in PBS for 3 min, and then blocked for 1 h with 4%
bovine serum albumin. After washing, cells were incubated for 30–45 min with primary
antibodies in PBS containing 1% bovine serum albumin, then for 30 min with the corresponding
secondary antibodies. No fluorescence crossover was found between the channels, and images
were collected separately with a ×63 oil immersion objective using the appropriate laser
excitation.

Quantification of confocal images
Images were quantified using Zeiss LSM Image Examiner (v. 3.2.70). The fluorescence
intensity present within 2 µm of the membrane was averaged and divided by the average
fluorescence intensity within 2–4 µm from the membrane. This ratio was then normalized to
control images.

Fractionation
Cells were collected in 20 mM Tris, pH 7.7; 20% glycerol; 1 mM 2-mercaptoethanol; 1 mM
EDTA; 5 mM sodium orthovanadate; 40 mM b-glycerophosphate; 15 mM NaF; 0.5 mM 4-
deoxypyridoxine; and protease inhibitor cocktail and homogenized using glass homogenizer.
Unbroken cells were removed by centrifugation at 1500 g for 10 min. Cytosol was separated
from the membrane fractions by centrifugation at 100,000 g for 60 min at 4°C. Pellets were
resuspended in the buffer described above with addition of 1% Triton X-100, and solubilized
at 4°C with gentle shaking for 60 min. Triton soluble and triton insoluble fractions were then
separated by centrifugation at 100,000 g for 60 min at 4°C. Pellets were resuspended in the
buffer described above with addition of 1% Triton X-100 and 0.1% SDS and sonicated.

Down-regulation with siRNA
PKCα and PKCδ expression were down-regulated using siRNAs purchased from Santa Cruz
Biotechnology, c-Src SmartPool siRNA was from Dharmacon, Inc. (Lafayette, CO, USA), and
SphK1 mRNA was down-regulated with siRNA targeted to a unique hSphK1 sequence as
described previously (32). siRNAs was transfected into cells using Oligofectamine (Invitrogen,
Carlsbad, CA, USA), Dharmafect 1 (Dharmacon, Inc.), or by nucleofection with the Amaxa
Nucleofector (Amaxa).

RESULTS
EGF rapidly activates PAI-1 expression in glioblastoma cells

Since EGF signaling appears to be critical for the development and progression of tumors, we
analyzed the mechanism of PAI-1 activation by EGF in glioma cells. EGF enhanced PAI-1
expression in U373 glioma cells as previously reported (Fig. 1A and ref. 10). Similar up-
regulation was found in A172 glioma cells (Fig. 1A), which were chosen for further analysis
due to the higher transfection efficiency of these cells. As expected, PAI-1 expression was also
up-regulated by IL-1 in both cell lines (Fig. 1A and ref. 10). The induction of PAI-1 expression
by EGF was very rapid (Fig. 1B) and was blocked by pretreatment with actinomycin D,
indicating that ongoing transcription is required (Fig. 1C). Interestingly, the half-life of PAI-1
mRNA was greater than 20 h in both the control and EGF-treated cells (Fig. 1D), indicating
that mRNA stability was not enhanced by EGF.

EGF does not regulate PAI-1 expression via NF-κB, AP-1, or STAT proteins
PAI-1 expression has been shown to be enhanced by a broad range of stimuli in a variety of
cell types (9). Many of these factors activate PAI-1 transcription via the 1.5 kb 5′ flanking
region that includes a critical AP-1 binding element at −58 to −51. Recently, a new TNF-
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responsive PAI-1 enhancer has been described at −15 kb, which contains a critical putative
NF-κB binding element (33). To understand how EGF mediates regulation of PAI-1 expression
in glioma cells, we examined activation of relevant signaling molecules and transcription
factors, as well as the responsiveness of several reporters. Treatment of glioma cells with EGF
resulted in a rapid phosphorylation of ERK1/2, JNK, Akt, c-jun, ATF-2, and also induced
expression of c-fos (Fig. 2A). However, EGF did not induce degradation of IκB or alter
phosphorylation of p38 kinase (Fig. 2A). In agreement, EGF enhanced AP-1 DNA binding
activity, whereas it did not activate binding of NF-κB or STATs (Fig. 2B). Subsequently, we
examined the EGF responsiveness of the reporter constructs containing arrays of AP-1, NF-
κB, or STAT elements. However, none of these constructs were responsive to EGF, whereas,
as expected (11), they were responsive to IL-1 or OSM (Fig. 2C). These results, together with
the in vitro binding data, suggest that AP-1, NF-κB, and STAT do not mediate the
responsiveness of the PAI-1 gene to EGF. We also tested several reporters containing the PAI-1
5′ flanking region and the newly described enhancer located at −15 kb (33). However, these
constructs also did not respond to EGF or IL-1 (Fig. 2D), suggesting that the 1.5 kb 5′ flanking
region and the −15 kb enhancer are not necessary. The identity of regulatory element(s)
activated by EGF remains unknown. However, the conserved c-jun/ATF binding sites located
within the 17 Alu elements found in the 5′ flanking region of the PAI-1 gene may be the targets
of EGF-activated complexes that contain c-jun, and ATF family members (Supplemental Fig.
1).

Both PKCα and PKCδ regulate PAI-1 expression in glioblastoma
Next, we determined the signaling pathways involved in EGF-induced PAI-1 expression,
utilizing pharmacological and molecular approaches. EGF-activated PAI-1 expression was
efficiently blocked by staurosporin, a broad-specificity kinase inhibitor and a potent PKC
inhibitor at low concentrations, but not by inhibitors of p38 kinase (SB202190), JNK
(SP600125), MEK1/2 (U0126), PI3K (LY294002), or IKK (BAY-11–7082), or when used in
combinations (Fig. 3A, B). Of note, staurosporin efficiently blocked basal as well as EGF-
activated PAI-1 expression, even at a concentration as low as 10 nM (Fig. 3C), suggesting the
involvement of PKC(s) in PAI-1 regulation. Indeed, the PKC inhibitor Gö6983 also efficiently
blocked EGF-induced PAI-1 expression (Fig. 3D). We then determined which PKC isoforms
are activated in response to EGF using isoform- specific phospho-PKC antibodies (Fig. 4A).
Increased phosphorylation of PKCδ on both Thr505 and Ser-643, as well as PKCθ on Thr538,
was observed within minutes of EGF treatment, while activation of other PKCs was not affected
(Fig. 4A). Subsequently, we focused our studies on PKCδ, since EGF did not induce
phosphorylation of PKCθ in other glioblastoma cell lines, including U373 cells (data not
shown).

Because activation of PKCδ is usually accompanied by translocation to the plasma membrane,
EGF-induced changes in cellular localization were examined by confocal microscopy. EGF
stimulation resulted in the dramatic translocation of PKCδ into the membrane, whereas it had
a negligible effect on PKCα translocation, which was used as a control (Fig. 4B). To address
the possible roles of PKCδ and PKCα in PAI-1 regulation, they were down-regulated using
specific siRNAs. Surprisingly, down-regulation of PKCα enhanced basal levels of PAI-1 (Fig.
4C), suggesting that PKCα and PKCδ may exert opposing effects on PAI-1 expression.
Importantly, knockdown of PKCδ expression, but not PKCα, significantly repressed activation
of PAI-1 by EGF (Fig. 4C). Since c-jun and ATF-2 are possible targets of PKC signaling, we
examined their phosphorylation in cells depleted of PKCα and PKCδ. Although knockdown
of PKCα had no effect, EGF-induced phosphorylation of c-jun but not ATF-2 was diminished
when PKCδ was down-regulated (Fig. 4D). Taken together, these results suggest that EGF-
induced activation of PAI-1 is mediated via PKCδ and that it involves c-jun.
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Sphingosine kinase 1 (SphK1) is required for EGF-activated expression of PAI-1
We recently discovered that the bioactive sphingolipid metabolite sphingosine-1-phosphate
(S1P) activates PAI-1 expression in several glioma cell lines (Bryan, L., in preparation),
including A172 cells (Fig. 6E). In addition, S1P has recently been shown to activate PAI-1
expression in cultured adipocytes (34). Because EGF and PKC activation stimulate sphingosine
kinase 1 (SphK1), the enzyme that generates S1P by phosphorylation of sphingosine (35), it
was of interest to determine whether SphK1 is involved in EGF-induced PAI-1 expression.
Although knockdown of SphK1 expression using siRNA had no effect on basal PAI-1
expression, it essentially abolished its up-regulation by EGF (Fig. 5A). Furthermore, EGF
induced efficient phosphorylation of SphK1 on Ser-225 (Fig. 5B), indicating activation of this
enzyme (36). Previous studies have shown that activation of SphK1 by EGF or PKC in other
types of cells requires its translocation to the plasma membrane where its substrate sphingosine
resides (35). In agreement, SphK1-GFP was distributed throughout the cytosol of unstimulated
cells and was rapidly translocated to the plasma membrane after EGF stimulation (Fig. 5C,
D). Moreover, this translocation was efficiently blocked by pretreatment with a PKC inhibitor
(Fig. 5C). As expected, the diffuse localization of GFP was not affected by either EGF or the
PKC inhibitor (Fig. 5C). Importantly, similar to their effects on PAI-1 expression, down-
regulation of PKCδ prevented EGF-induced translocation of SphK1 to the plasma membrane,
whereas down-regulation of PKCα had no effect (Fig. 5E). These results suggest that EGF
stimulates PKCδ, which in turn, activates SphK1; SphK1 produces S1P, which is required for
EGF-induced PAI-1 activation.

EGF-induced c-Src activation is involved in PAI-1 up-regulation
EGFR tyrosine kinase signaling can stimulate PKCδ via activation of phospholipase C (PLC),
which generates diacylglycerol that can bind to and activate PKCδ (37). However, neither the
PLC inhibitor U73122 nor its inactive analog U73343 had an effect on EGF-induced up-
regulation of PAI-1, suggesting that PLC is not required for its activation (Fig. 6Aa). Recently,
it has been suggested that PKCδ can also be activated by c-Src, which binds to and
phosphorylates CDCP1, a protein that provides a docking site recognized by the C2 domain
of PKCδ (38). To test whether c-Src activity is required for activation of PAI-1 by EGF, cells
were pretreated with the c-Src inhibitor PP2 and then stimulated with EGF. PP2 effectively
blocked PAI-1 expression induced by EGF (Fig. 6Ab). In addition, EGF rapidly activated c-
Src as determined by its phosphorylation on Tyr416 (Fig. 6Ba), and the knockdown of c-Src
blocked the activation of PAI-1 expression by EGF (Fig. 6Bb). Because activation of c-Src
appears to be required for activation of PAI-1, it was important to determine whether it was
also required for PKCδ and SphK1 activation/translocation. Indeed, pretreatment with PP2
also reduced translocation of both PKCδ (Fig. 6D) and SphK1-GFP chimera (Fig. 6C) to the
plasma membrane in response to EGF. Collectively, these results suggest that c-Src activation
is a prerequisite for EGF-induced translocation/activation of both PKCδ and SphK1, and up-
regulation of PAI-1. Phosphorylation and translocation of SphK1 in response to EGF suggest
that S1P is likely generated and can either be secreted to activate its receptors or alternatively
may act via unidentified intracellular mechanisms. In fact, PAI-1 expression is enhanced in
cells stimulated with exogenous S1P (Fig. 6E).

DISCUSSION
Recent observations demonstrate that breast cancer patients expressing high levels of PAI-1
have a poor prognosis for survival (4,24,39). Increased expression of PAI-1 has also been
observed in high-grade gliomas, with concurrent high levels of PAI-1 and EGFR being poor
prognosis markers for overall survival in glioma patients (18). These findings are in apparent
contradiction to the idea that tumor invasion is promoted by increased membrane-associated
proteolytic activity of uPA, which is inhibited by PAI-1. High levels of PAI-1 may inhibit cell

Paugh et al. Page 7

FASEB J. Author manuscript; available in PMC 2009 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



invasion due to its antiproteolytic activity (4) and also promote cell detachment and invasion
by nonproteolytic mechanisms (4,25,26). These pro- and antimigratory effects may also depend
on whether PAI-1 is present at the leading or trailing edge of the invading tumor cell. Therefore,
a correlation between PAI-1 expression and metastatic disease may be related to its effects on
the ability of cells to attach to, migrate on, and be detached from the substratum (4). For
example, elevated levels of PAI-1 promote breast cancer cell detachment by causing
internalization of the PAI-1/uPA/uPAR/integrin complex via interaction with low-density
lipoprotein receptor related protein (25,26). This leads to degradation of both PAI-1 and uPA,
whereas uPAR is recycled back to the cell surface. Loss of the PAI-1/uPA/uPAR/ integrin
complex from the cell surface promotes breast cancer cell detachment and migration.

Interestingly, PAI-1 is also an immediate–early gene regulated by a variety of hormones,
cytokines, and growth factors, including EGF. EGF enhances PAI-1 expression in a variety of
cell types, including gliomas (10), hepatomas (40), trophoblasts (41), microvascular
endothelial cells (42), and liver epithelial cells (43). In this study, we have demonstrated that
EGF up-regulates the PAI-1 system via a novel signaling pathway involving sequential
activation of c-Src, PKCδ, and SphK1 (Fig. 7). In glioma cells, we found that EGF rapidly
activated c-Src, and pharmacological inhibition of c-Src blocked both PAI-1 activation and
translocation of both PKCδ and SphK1 to the membrane in response to EGF (Fig. 6). Similarly,
activation of c-Src by TGFα-induced EGFR has previously been reported to up-regulate PAI-1
expression in smooth muscle cells (44). However, c-Srcdependent activation of PAI-1 in these
cells involves the MEK/ERK pathway (44). In contrast, activation of PAI-1 in glioma cells
was not blocked by the MEK1/2 inhibitors U0126 and PD98059 (Fig. 3 and data not shown).
Likewise phosphorylation of ERK1/2 induced by EGF was not inhibited by the c-Src inhibitor
PP2 in breast cancer MCF-7 cells (45), indicating that c-Src may activate target gene expression
via MEK/ERK-dependent and -independent mechanisms.

Several lines of evidence suggest that PKCδ and SphK1 may be downstream targets of EGF-
activated c-Src in glioma cells: i) EGF induced rapid phosphorylation and translocation of
PKCδ to the plasma membrane (Fig. 4), which was blocked by PP2 (Fig. 6D); ii) EGF also
induced translocation of SphK1 to the plasma membrane, which was blocked by inhibition of
c-Src and by down-regulation of PKCδ (Fig. 5 and Fig. 6); and iii) down-regulation of PKCδ
and SphK1 abolished EGF-induced PAI-1 expression (Fig. 4 and Fig. 5). Collectively, our data
suggest that SphK1 is a downstream target of PKCδ that is indispensable for PAI-1 upregulation
by EGF. The activation of PKCδ may involve c-Src-dependent phosphorylation of CDCP1,
which may serve as an adapter protein and recruit PKCδ via its C2 domain (38). In contrast to
PKCδ, down-regulation of PKCα did not affect translocation of SphK1 nor PAI-1 up-regulation
by EGF, yet increased basal expression of PAI-1 (Fig. 4C).

Furthermore, we propose that SphK1 is the downstream target of PKCδ and that it is
indispensable for PAI-1 activation by EGF. This observation is supported by the findings that
the knockdown of SphK1 expression abolishes the activation of PAI-1 by EGF (Fig. 5A), while
the knockdown of PKCδ blocks the translocation of SphK1 to the membrane (Fig. 5E). It is
unclear at the moment if the generation of S1P is required for activation of PAI-1 by EGF.
However, S1P activates PAI-1 expression when exogenously added to the cells (Fig. 6E),
suggesting that S1P is likely generated by EGF-activated SphK1, secreted by the cells, and
then activates S1P receptors. It remains to be determined which of the five known S1P receptors
are activated and what are their downstream targets. Alternatively, S1P could exert its effects
on PAI-1 expression via intracellular mechanisms as proposed for other processes. These
mechanisms, however, are not understood.

The transcriptional mechanism of EGF-mediated PAI-1 activation remains elusive. The
previously identified regulatory elements located within the 1.5 kb PAI-1 flanking region, and
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the −15 kb enhancer do not confer responsiveness to EGF (Fig. 2D). However, the down-
regulation of PKCδ diminished the phosphorylation of c-jun (Fig. 4D). In addition, EGF rapidly
activates ATF-2 (Fig. 2A), suggesting that complexes of c-jun and ATF-2 (or other members
of ATF/CREB family) may be involved in PAI-1 regulation. In fact, 17 putative c-jun/ATF
binding elements are present within the 17 Alu elements residing in the 5′ flanking region of
the PAI-1 gene, and these elements are capable of protein binding in vitro (Supplemental Fig.
1). However, these elements, when integrated into reporters, do not confer responsiveness to
EGF in transfection experiments. Since ATF-2 possesses acetyltransferase activity, it is
possible that the regulation by EGF occurs on the epigenetic level, which cannot be
recapitulated using reporter constructs.

Identification of SphK1 as an important mediator of EGF signaling that leads to increased
PAI-1 expression is of particular importance. Recently, it has been demonstrated that high
expression of SphK1 correlates with poor survival of patients with glioblastoma multiforme
(46). In addition, S1P, which is present at substantial levels in the brain, is mitogenic for several
glioma cell lines and enhances their motility and invasion (47). Therefore, SphK1 has been
proposed as a promising target for therapy for a number of cancers, including gliomas (48).
Similarly, c-Src is a promising therapeutic target since it regulates actin dynamics, and c-Src
inhibitors decrease glioma cell invasion (49). Furthermore, inhibition of PKCδ decreases
glioma cell proliferation (50). To our knowledge, this is the first demonstration that c-Src is
an upstream regulator of SphK1 via the activation of PKCδ and that all three are required
components of a pathway initiated by EGF, which leads to enhanced PAI-1 expression.
Therefore, concurrent inhibition of these enzymes could potentially be a novel therapeutic
approach to treat highly invasive gliomas.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
EGF up-regulates PAI-1 gene expression in glioblastoma cells. A172 and U373 cells were
treated with EGF or IL-1 for 7 h (A); RNA was isolated and subjected to Northern blot analysis
using PAI-1 cDNA as a probe. A172 cells were treated with EGF for indicated time periods
(B) or pretreated with 5 µg/ml actinomycin D for 30 min, then treated with EGF for 7 or 18 h
(C), and processed as in A. D) A172 cells were left untreated or treated with EGF for 18 h, and
then 5 µg/ml actinomycin D was added for indicated time periods and processed as in A. The
lower panels show 28S RNA stained with ethidium bromide on the membrane as a loading
control.
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Figure 2.
EGF activates multiple signaling pathways in A172 cells. A) A172 cells were stimulated with
EGF for various times, and activation of the indicated signaling molecules was analyzed by
Western blotting using specific antibodies. Total ERK is included as a loading control. B)
Nuclear extracts were prepared from control and EGF-treated A172 cells as indicated. DNA
binding activity of AP-1, STAT, and NF-κB was then analyzed by EMSA using the 32P-labeled
oligonucleotide probes. C–D) A172 cells were transiently transfected with the indicated
reporter plasmids and a β-galactosidase expression vector. One day after transfection, cells
were stimulated with EGF, cultured for an additional 24 h, and harvested. CAT activities were
normalized to β-galactosidase activities to account for transfection efficiency. Results are
expressed as fold induction.
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Figure 3.
Inhibition of PKC prevents up-regulation of PAI-1 expression by EGF. A172 cells were
pretreated with 10 µM LY294002, 1 µM U0126, 10 µM SB202190, 1 µM SP600125, 100 nM
staurosporin, 5 µM BAY11–7082 (A), the indicated combination of the inhibitors (B), the
indicated concentration of staurosporin (C), or 5 µM Gö6983 (D) for 1 h and subsequently
stimulated with EGF for 7 h. RNA was isolated, and PAI-1 expression was analyzed by
Northern blotting.
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Figure 4.
Both PKCα and PKCδ regulate PAI-1 expression in glioblastoma cells. A) A172 cells were
stimulated with EGF for indicated times, and phosphorylation of PKC isoforms was analyzed
by Western blotting using specific antibodies. B) A172 cells were treated with EGF for
indicated times, and localization of PKCα and PKCδ was examined by confocal
immunofluorescence microscopy. The numbers represent fluorescent intensity analyzed as
described in Materials and Methods. C) A172 cells were transfected with control siRNA (con.)
or siRNAs targeted to PKCα or PKCδ for 48 h as indicated, and then stimulated with EGF for
7 h. RNA was isolated after 7 h and subjected to Northern blot analysis using PAI-1 cDNA as
a probe. D) Cells were transfected with PKCα siRNA or PKCδ siRNA for 48 h as indicated
and stimulated with EGF for 30 min, and indicated proteins were analyzed by Western blotting.
Blots were stripped and reprobed with anti-tubulin antibody as a loading control.
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Figure 5.
SphK1 is required for EGF-induced PAI activation. A) A172 cells were transfected with control
siRNA (con.) or SphK1 siRNA for 48 h as indicated and then stimulated with EGF. RNA was
isolated after 7 h, and PAI-1 expression was analyzed by Northern blotting (top panel). The
down-regulation of SphK1 mRNA was quantified by real-time PCR using TaqMan technology,
normalized to 18S rRNA, and expressed as a ratio to mRNA levels in untreated cells (bottom
panel). B) A172 cells were stimulated with EGF for indicated times, and phosphorylation of
SphK1 was analyzed by Western blotting using specific antibodies. C) A172 cells were
transfected with either GFP or SphK1-GFP chimera, and cultured for 24 h. Subsequently, cells
were pretreated with 5 µM Gö6983 for 1 h and then treated with EGF for 5 min and analyzed
by confocal microscopy. The numbers represent fluorescent intensity analyzed as described in
Materials and Methods. D) A172 cells were transfected with SphK1-GFP chimera and cultured
for 24 h. Subsequently, cells were treated with EGF for 30 min and fractionated as described
in Materials and Methods. Distribution of SphK1-GFP chimera was analyzed by Western
blotting. Tubulin and calnexin were immunoblotted to show purity of the fractions. E) A172
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cells were transfected with GFP, SphK1-GFP chimera together with control siRNA, or siRNA
targeted to PKCα or PKCδ siRNA as indicated. Cells were cultured for 48 h and then stimulated
with EGF for 5 min. Localization of GFP and SphK1-GFP was examined by confocal
microscopy. The numbers represent fluorescent intensity analyzed as described in Materials
and Methods. PKCα and PKCδ expression was also analyzed by Western blotting (insert).
Arrows indicate translocation to the plasma membrane.
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Figure 6.
Inhibition of Src abolishes both EGF-induced activation of SphK1 and expression of PAI-1.
A) A172 cells pretreated with 5 µM U73343, 5 µM U73122 (a), or 10 µM PP2 (b) for 1 h and
then stimulated with EGF for 7 h. RNA was isolated, and PAI-1 expression was analyzed by
Northern blotting. B) A172 cells were treated with EGF for the indicated times and
phosphorylation of Src and ERK examined by Western blotting using phospho-specific
antibodies. Tubulin was immunoblotted to show equal loading (a). A172 cells were transfected
with control siRNA or siRNA targeted to c-Src as indicated. Cells were cultured for 48 h and
then stimulated with EGF. RNA was isolated after 7 h, and PAI-1 expression was quantified
by real-time PCR using TaqMan technology, normalized to 18S rRNA, and expressed as a
ratio to mRNA levels in untreated cells (b). C) A172 cells were transfected with either GFP or
SphK1-GFP chimera, and cultured for 24 h. Subsequently, cells were pretreated with 10 µM
PP2 for 1 h and then treated with EGF for 5 min and analyzed by confocal microscopy. The
numbers represent fluorescent intensity analyzed as described in Materials and Methods. D)
A172 cells were pretreated with 10 µM PP2 for 1 h and then treated with EGF for 30 min.
Subsequently, cells were fractionated as described in Materials and Methods. Distribution of
PKCδ (total protein and its phosphorylated form) was analyzed by Western blotting. Tubulin
and calnexin were immunoblotted to show purity of the fractions. E) A172 cells were treated
with indicated concentrations of S1P for 7 h, RNA was isolated, and PAI-1 expression was
quantified by real-time PCR using TaqMan technology, normalized to GAPDH, and expressed
as a ratio to mRNA levels in untreated cells.
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Figure 7.
Scheme for up-regulation of the PAI-1 gene by EGF in glioblastoma. In glioblastoma cells,
binding of EGF to EGFR induces rapid phosphorylation of Src, which in turn results in
phosphorylation and translocation of PKCδ into the membrane (likely recruited via an adaptor
protein CDCP1). Phosphorylated PKCδ activates SphK1, which subsequently translocates to
the membrane. The translocation of SphK1 can be efficiently blocked by both Src and PKC
inhibitors (PP2 and Gö6983, respectively), and siRNA to PKCδ. Activation of SphK1 is
indispensable for both EGFinduced c-jun phosphorylation and PAI-1 activation but not for
ATF-2 phosphorylation. Depletion of either SphK1 or PKCδ expression blocks EGFactivated
PAI-1 expression and c-jun activation. However, this depletion has no effect on ATF-2
phosphorylation. Phosphorylated c-jun and independently activated ATF-2 may activate PAI-1
expression by binding to the regulatory elements located within 17 Alu elements in the 5′
flanking region of the PAI-1 gene.
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