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A truncated and constitutively active form of the EGF receptor,
variant III (EGFRvIII), is a major determinant of tumor growth
and progression in glioblastoma multiforme (GBM). Extensive bi-
directional crosstalk occurs in the cell-signaling pathways down-
stream of the EGFR and the urokinase-type plasminogen activator
receptor (uPAR); however, crosstalk between EGFRvIII and uPAR
has not been examined. Here, we show that uPAR does not regu-
late ERK activation in EGFRvIII-expressing GBM cells; however, in
GBM cells isolated from four separate xenografts in which EGFRvIII
expression was down-regulated in vivo, uPAR assumed a major
role in sustaining ERK activation. Phosphorylation of Tyr-845 in
the EGFR, which is mediated by Src family kinases, depended on
uPAR in EGFRvIII-expressing GBM cells. Activation of the mitogenic
and prosurvival transcription factor, STAT5b, downstream of EGFR-
vIII, also required uPAR. The EGFR-selective tyrosine kinase inhibi-
tors, erlotinib and gefitinib, blocked not only EGFRvIII signaling to
ERK but also uPAR-dependent STAT5b activation. uPAR gene silenc-
ing in EGFRvIII-expressing GBM cells and in cells from tumors that
escaped dependency on EGFRvIII decreased cell survival and pro-
liferation. Xenografts of EGFRvIII-expressing cancer cell lines and a
human GBM, which was propagated as a xenograft, were robustly
immunopositive for uPAR and phospho–Tyr-845 by immunohisto-
chemistry. A human GBM in which the EGFR gene was amplified
without truncation was immunonegative for both uPAR and phos-
pho–Tyr-845. These studies identify distinct cell-signaling activities
for uPAR in GBM cells that express EGFRvIII and in cells released
from dormancy when EGFRvIII is neutralized. uPAR and its crosstalk
pathways with EGFRvIII emerge as logical targets for therapeutics
development in GBM.

c-Src | STAT3 | cell death | RNA interference

Glioblastoma multiforme (GBM) is an aggressive astrocytic
tumor, rarely cured by surgical resection because of extensive

local invasion and widespread neuraxis dissemination (1, 2). The
gene for the EGF receptor (EGFR) is amplified in ∼50% of all
GBMs; however, EGFR overexpression occurs in the vast majority
of GBMs, even in the absence of gene amplification (3–5). EGFR
gene amplification is commonly accompanied by an in-frame de-
letion of exons 2–7, which encode part of the extracellular ligand-
binding site of the receptor (6). The resulting truncated receptor,
EGFR variant III (EGFRvIII), is constitutively active, contribut-
ing to an aggressive phenotype in the GBM cells (7–9). Concur-
rent EGFRvIII expression and deletion of tumor suppressor genes
generates gliomas in mice, suggesting that EGFRvIII may be in-
volved in GBM development as well as progression (10).
The efficacy of EGFR-targeting therapeutics, such as gefitinib

and erlotinib, has been evaluated in clinical trials (11, 12). Al-
though these agents are active in some patients, tumors typically
escape control, reestablishing aggressive growth and invasion.
Failure of EGFR-targeting therapeutics to induce sustained re-
mission may reflect mutations in gene products downstream of
the EGFR, such as the tumor suppressor PTEN, or activation of
alternative receptors with overlapping cell-signaling activity (10,
12–14). Mukasa et al. (15) developed a derivative of the

U373MG GBM cell line in which EGFRvIII is expressed under
the control of a doxycycline (Dox)-repressible promoter system.
These cells establish xenografts in mice only if EGFRvIII is
expressed. When the mice are treated with Dox to suppress
EGFRvIII expression, the tumors enter a state of dormancy;
however, many tumors eventually reestablish aggressive growth.
Tumors that escape dependency on EGFRvIII in mice may
represent a model for phenotypes that emerge in patients with
GBM who are treated with EGFR-targeting therapeutics (15).
Like the EGFR, the urokinase-type plasminogen activator (uPA)

receptor (uPAR) is frequently expressed at high levels inGBMs (16).
uPAR promotes cancer invasion by binding uPA and facilitating ac-
tivation of extracellular proteases (17). uPAR also forms a multi-
protein receptor complex with potent cell-signaling activity (17, 18).
uPAR-initiated cell signaling may be triggered by uPA or occur in-
dependently of uPA (17–21). Crosstalk between uPAR and the
EGFR is extensive. uPA binding to uPAR results in EGFR trans-
activation, which may be important for ERK activation (22, 23).
uPAR-initiated cell signaling also leads tophosphorylationofTyr-845
in the EGFR, which is necessary for activation of the transcription
factor STAT5b and for cell proliferation in response to EGF (24).
Previous studies have shown that, in GBM cells, uPAR pro-

motes activation of extracellular proteases and inhibits apoptosis
by activating PI3K (25–27). Crosstalk between uPAR and
EGFRvIII has not been examined. The goal of the present study
was to characterize the function of uPAR in GBM cells that ex-
press EGFRvIII and in cells that escape dependency on EGFRvIII
in vivo. We find that uPAR plays a central role in sustaining ERK
activation in GBM cells isolated from xenografts that escape from
dormancy after EGFRvIII is down-regulated in vivo. uPAR-de-
pendent ERK activation is known to promote cancer cell survival,
proliferation, and release from states of dormancy (28, 29). In
GBM cells that express EGFRvIII, uPAR did not regulate ERK
but was necessary for activation of STAT5b, which is a recently
identified downstream effector of EGFRvIII (30). Src family
kinases (SFKs) play a central role in EGFR-dependent STAT5b
activation by phosphorylating Tyr-845 in the EGFR (31, 32).
uPAR emerges as an major cell-signaling receptor in GBM be-
cause of crosstalk with EGFRvIII and its ability to sustain ERK
activation when EGFRvIII is absent.

Results
EGFRvIII-Regulated Cell Signaling in GBM Cells. U373MG cells were
treated with Dox for 5 d in vitro. Fig. 1A shows that Dox blocked
EGFRvIII expression, as anticipated (15). U373MG cells ex-
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pressed uPAR, which was not significantly altered by Dox
treatment (Fig. 1B). Thus, we examined the effects of Dox on the
activity of cell-signaling factors known to be regulated by both
EGFRvIII and uPAR. In Dox-treated U373MG cells, phospho-
ERK (P-ERK) was slightly decreased and P-STAT3 was more
substantially decreased, as anticipated (15).
SFKs and the EGFR are synergistic in promoting cancer pro-

gression, which is explained at least in part by the ability of SFKs
to phosphorylate Tyr-845 in the EGFR (31). P–Tyr-845 plays a
critical role in activation of STAT5b (32), a mitogenic transcrip-
tion factor implicated in GBM progression (30). In EGFRvIII-
expressing U373MG cells, P–Tyr-845 was readily detected. P–Tyr-
845 was absent in Dox-treated cells, as anticipated. Similarly,
P-STAT5b was abundant in EGFRvIII-expressing cells and un-
detected in Dox-treated cells. These results demonstrate the im-
portance of the EGFR in STAT5b activation in GBM cells.
In Dox-treated U373MG cells, uPA accumulated to an increased

level in conditioned medium (CM) compared with EGFRvIII-
expressing cells (Fig. 1B). Endogenously produced uPA is known to
activate uPAR-dependent cell signaling in an autocrine circuit (29).
Next, we examined four GBM cell lines (E-0, E-1, E-2, and E-5)
generated from different xenografts in which EGFRvIII expression
was down-regulated in vivo (“escaper” tumors). Residual EGFRvIII
expression was detected in only the E-0 cells. In the three other es-
caper tumor cell lines, uPA accumulation in CM was increased,
similar to the U373MG cells that were treated with Dox in vitro. P-
ERK levels were largely unchanged in the escaper tumor cells,
comparedwithU373MGcells that express EGFRvIII. P-STAT3was
decreased (15). P–Tyr-845 and P-STAT5b were not detected in the
E-1, E-2, and E-5 cells. In E-0 cells, which retained some EGFRvIII,
low levels of P–Tyr-845 and P-STAT5b were observed when we
overexposed the immunoblots.

Effects of uPAR on GBM Survival and Proliferation.We hypothesized
that uPAR-dependent cell signaling may promote GBM cell
survival and proliferation when EGFRvIII is absent. To test this
hypothesis, uPAR was silenced in U373MG cells as well as in
E-0, E-1, E-2, and E-5 cells. Control cells were transfected with
nontargeting control (NTC) siRNA. Fig. 2A shows that uPAR
gene silencing was at least 95% effective at the mRNA level in all
of the cell lines. Fig. 2B shows that uPAR gene silencing sig-
nificantly increased cell death (P < 0.05) in cultures of Dox-
treated U373MG cells and in escaper tumor cells that lacked
EGFRvIII (E-1, E-2, and E-5). E-0 cells, which retained a low
level of EGFRvIII, demonstrated increased cell death when
uPAR was silenced; however, the increase was not statistically
significant at the P < 0.05 level. uPAR gene silencing also sig-
nificantly increased cell death in EGFRvIII-expressing U373MG
cells (no Dox treatment), which was an unanticipated result.
As a second approach to study the effects of uPAR gene si-

lencing in GBM cells, we performed 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays, measuring the
overall change in cell number during a 48-h incubation in serum-
free medium (SFM). All of the cells that were transfected with
NTC siRNA demonstrated cell growth in SFM. Cell growth was
decreased (P < 0.05) by uPAR gene silencing (Fig. 2C). The
number of EGFRvIII-expressing U373MG cells actually de-
creased during the 48-h incubation when uPAR was silenced.
Because we did not anticipate that uPAR gene silencing would

decrease cell growth and survival in EGFRvIII-expressing
U373MG cells, we further studied the effects of uPAR gene si-
lencing by examining BrdU incorporation. The BrdU pulse-ex-
posure time was 6 h. Fig. 2D shows that uPAR gene silencing
decreased BrdU incorporation by 43%.

Fig. 1. Tyr-845 and STAT5b are phosphorylated in EGFRvIII-expressing
U373MG cells. (A) U373MG cells were treated with Dox (1 μg/mL) or vehicle
for 5 d and maintained in SFM for the last 2 d. Escaper tumor cells (E-0, E-1,
E-2, and E-5) were maintained in Dox and treated similarly. Cell extracts were
subjected to immunoblot analysis to detect P-ERK, P-STAT3, P–Tyr-845 in the
EGFR, P-STAT5b and total ERK (T-ERK). (B) Conditioned SFM (CM) was col-
lected from cultures at equivalent confluency and concentrated 10 times.
Immunoblot analysis was performed to detect uPA. The control lane labeled
“231” shows CM from MDA-MB-231 cells, which express high levels of uPA
(29). Cell extracts were subjected to immunoblot analysis to detect uPAR and
tubulin as a loading control.

Fig. 2. EffectsofuPARongrowthandsurvivalofEGFRvIII-positiveand -negative
GBM cells. (A) U373MG and escaper tumor cells were transfectedwith NTC (gray
bars) or uPAR-specific (black bars) siRNA. uPARmRNA levels were determinedby
qPCR and standardized against the levels present in cells treatedwith NTC siRNA
(mean ± SEM, n = 3). (B) GBM cells were transfected with uPAR-specific (black
bars) or NTC (gray bars) siRNA. After culturing in SFM for 48 h, cell death was
determinedwith theCell DeathDetection ELISAKit (mean± SEM,n=3). (C) Cells
transfectedwithuPAR-specific (blackbars)orNTC(graybars) siRNAwerecultured
for 48 h in SFM. The viable cell numberwasdeterminedbyMTTassaybefore (0 h)
andafter the 48-h incubation. The change in cell number is plotted (mean± SEM,
n = 3). (D) U373MG cells were transfectedwith uPAR-specific or NTC siRNA. BrdU
(100 μM) was added for 6 h in SFM. BrdU-positive cells (red) were detected by
immunofluorescence microscopy (representative fields are shown). Cell pro-
liferationwas determined as the percentage of BrdU-positive cells (mean± SEM,
n = 3). *Values are significantly different at the P < 0.05 level.
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uPAR-Dependent Cell Signaling in GBM Cells. Next, we assessed the
effects of uPAR gene silencing on cell signaling. In EGFRvIII-
expressing U373MG cells transfected with NTC siRNA (no Dox
treatment), ERK was highly phosphorylated. uPAR gene silencing
had no effect on P-ERK (Fig. 3A), most likely reflecting the
dominant activity of EGFRvIII. By contrast, in U373MG cells that
were treated with Dox, uPAR gene silencing decreased P-ERK.
Similarly, in cells derived from all four escaper tumors, uPAR
gene silencing decreased P-ERK (Fig. 3B). Thus, in GBM cells
that lose EGFR activity, uPAR provides a back-up pathway for
sustaining ERK activation independently of the EGFR.
In many cell types, SFKs function as essential mediators of

uPAR-initiated cell signaling, upstream of diverse uPAR-activated
factors, such as ERK and Rac1 (33, 34). Fig. 3C shows that the
SFK-selective inhibitor 4-amino-5-(4-chlorophenyl)-7-(dimethy-
lethyl)pyrazolo[3,4-d]pyrimidine (PP2) inhibited ERK activation
in all of the escaper tumor cells.
uPAR is one of many receptors capable of activating SFKs,

which induce phosphorylation of Tyr-845 in the EGFR and acti-
vation of STAT5b (24, 35). Because uPAR gene silencing did not
decrease P-ERK in EGFRvIII-expressing U373MG cells, we ex-
amined the effects of uPAR gene silencing on P–Tyr-845. Fig. 4A
shows that uPAR gene silencing almost entirely eliminated P–Tyr-
845 (a weak signal was apparent at high exposure). Similarly,
phosphorylation of STAT5b was essentially blocked by uPAR
gene silencing. As a control, we examined phosphorylation of Tyr-
1173 in the EGFR, which is not an SFK substrate. uPAR gene
silencing had no effect on P–Tyr-1173. These results show that, in
EGFRvIII-expressing U373MG GBM cells, uPAR is essential for
phosphorylation of Tyr-845 in EGFR and STAT5b activation.

uPAR-initiated cell signaling occurs in response to uPA
binding and, under some conditions, in the absence of uPA (17–
20, 29). To test whether endogenously produced uPA is involved
in the pathway by which uPAR regulates STAT5b, we silenced
uPA gene expression in U373MG cells. Fig. 4B shows that uPA
gene silencing was greater than 90% effective at the mRNA
level. uPA gene silencing substantially inhibited but did not en-
tirely block Tyr-845 phosphorylation. Similarly, P-STAT5b was
substantially decreased in uPA gene-silenced cells.
The SFK-selective tyrosine kinase inhibitor PP2 decreased P–

Tyr-845 and P-STAT5b in U373MG cells (Fig. 4C), consistent with
the known role of SFKs in mediating Tyr-845 phosphorylation and
EGFR-dependent STAT5b activation (31, 32). These results sup-
port a model in which endogenously produced uPA activates
uPAR-dependent cell signaling in EGFRvIII-expressing U373MG
GBM cells, activating SFKs and promoting STAT5b activation.

EGFR-Selective Tyrosine Kinase Inhibitors Block uPAR-Dependent
STAT5b Activation in GBM Cells. EGFRvIII-expressing U373MG
cells were transfected with uPAR-specific siRNA or with NTC
siRNA. The cells were then treated for 24 h with erlotinib, gefi-
tinib, or vehicle. In the vehicle-treated cells, uPAR gene silencing
did not affect P-ERK, as anticipated (Fig. 4D). The two EGFR-
selective tyrosine kinase inhibitors decreased P-ERK comparably
in uPAR gene-silenced and control cells. Thus, uPAR-initiated
cell signaling did not compensate for loss of ERK activation when
the EGFR was present but inactivated for 24 h.
In the absence of the EGFR-targeting drugs, uPAR gene si-

lencing substantially decreased P–Tyr-845 (Fig. 4D). Erlotinib
and gefitinib reduced P–Tyr-845 to undetectable levels in cells in
which uPAR was silenced and in control cells. These results de-
monstrate that EGFR-selective tyrosine kinase inhibitors block
a key step in the pathway by which uPAR activates STAT5b.
Mechanistically, the activity of the EGFR tyrosine kinase inhi-
bitors is explained by the fact that the EGFR needs to be acti-

Fig. 3. uPAR regulates ERK activation in EGFRvIII-negative GBM cells. (A)
EGFRvIII-positive and -negative U373MG GBM cells were transfected with
uPAR-specific or NTC siRNA, allowed to recover, and then cultured in SFM for
24 h. Cell extracts were prepared and subjected to immunoblot analysis to
detect P-ERK, EGFR, and total ERK (T-ERK). (B) Extracts were prepared from
escaper tumor cells that were transfected with uPAR-specific or NTC siRNA
and subjected to immunoblot analysis. (C) Escaper tumor cells were trans-
ferred to SFM and treated with PP2 (1.0 μM) or vehicle for 12 h. Immunoblot
analysis was performed.

Fig. 4. uPAR regulates P–Tyr-845 and STAT5b in EGFRvIII-expressing
U373MG cells. (A) EGFRvIII-positive U373MG GBM cells were transfected with
uPAR-specific or NTC siRNA and transferred to SFM for 48 h. Immunoblot
analysis was performed. (B) U373MG cells were transfected with NTC (gray
bar) or uPA-specific (black bar) siRNA. uPA mRNA levels were determined by
qPCR (mean ± SEM, n = 3). Extracts were prepared from cells in which uPA
was silenced and control cells and subjected to immunoblot analysis. (C)
U373MG cells were transferred to SFM and treated with PP2 (1 μM) or ve-
hicle for 12 h. Immunoblot analysis was performed. (D) U373MG cells were
transfected with uPAR-specific or NTC siRNA, transferred to SFM, and trea-
ted with erlotinib (100 nM), gefitinib (100 nM), or vehicle for 12 h. Cell
extracts were subjected to immunoblot analysis.
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vated to induce the conformational change necessary to reveal
the otherwise cryptic Tyr-845 (31, 32).

uPAR Activates STAT5b in EGFRvIII-Expressing but Not in EGFR-
Expressing U87MG Cells. As a second model system to test the
hypothesis that uPAR plays an essential role in EGFRvIII-de-
pendent STAT5b activation in GBM cells, we studied U87MG
GBM cells that express EGFRvIII. These cells were transfected
with uPAR-specific or NTC siRNA. uPAR gene silencing was
greater than 95% effective in these cells as determined by
quantitative PCR (qPCR). Fig. 5A shows that P–Tyr-845 was
decreased by uPAR gene silencing. P–Tyr-845 also was inhibited
by PP2, confirming the role for SFKs (Fig. 5B). P–Tyr-845 was
blocked by the EGFR-selective tyrosine kinase inhibitor, tyr-
phostin AG1478 (Fig. 5C), as anticipated, because the EGFR
must be activated to reveal Tyr-845 for phosphorylation (31).
For comparison, we studied control U87MG cells and cells that

were transfected to express full-length (wild-type) EGFR. Al-
though the EGFR was not detected in the control cells by im-
munoblot analysis, low levels of EGFR were apparently present
because ERK was activated in response to EGF (Fig. 5D). P–Tyr-
845 was detected in the EGFR-overexpressing cells only after
treatment with EGF for 10 min. uPAR gene silencing did not
decrease P–Tyr-845 in the EGFR-overexpressing cells. Thus, the
role of uPAR in supporting SFK-dependent Tyr-845 phosphory-
lation seems to be unique to EGFRvIII in U87MG cells.
To confirm that uPAR expression and phosphorylation of Tyr-

845 are maintained in vivo, we performed immunohistochemistry
(IHC) studies, assessing tissue isolated from orthotopic xeno-
grafts of EGFRvIII-expressing U87MG cells. Fig. 5E shows that
uPAR was expressed by these cells in vivo. Antigen was identi-
fied throughout the cell but most was concentrated at the cell
surface. Similarly, P–Tyr-845 was robustly present in EGFRvIII-

expressing U87MG cells (Fig. 5F). This antigen was identified
diffusely throughout the cell, including the nucleus, again with
some concentration at the cell surface.
For comparison, we examined intracerebral implants of a mouse

tumor cell line (BA/F3) that expresses EGFRvIII. As shown in
representative images of the tumor tissue, the cancer cells were
immunopositive for uPAR (Fig. 5G) and intensely immunopositive
for P–Tyr-845 (Fig. 5H). Compared with EGFRvIII-expressing
U87MG cells, uPAR and P–Tyr-845 in the BA/F3 cells were more
demarcated to the cell surface. Because of the high intensity of P–
Tyr-845 immunoreactivity in EGFRvIII-expressing cells, this epi-
tope was particularly useful for identifying individual tumor cells
invading through normal brain. A representative image of an iso-
lated, invading BA/F3 cell is shown in Fig. 5I.
Finally, we examined two previously characterized human

GBMs that were propagated as xenografts and shown to retain
molecular and histological characteristics of the parent tumors
(36). One tumor, which was EGFRvIII-positive, demonstrated
strong uPAR immunopositivity in a plasma membrane distribu-
tion (Fig. 5J). The same tumor was robustly immunopositive for
P–Tyr-845 (Fig. 5K). The second tumor demonstrated EGFR
gene amplification without EGFRvIII and was PTEN-null. This
tumor was immunonegative for both uPAR (Fig. 5L) and P–Tyr-
845 (Fig. 5M).

Discussion
The transient nature of the clinical response of most GBMs to
EGFR-targeting therapeutics suggests that alternative receptors
and cell-signaling pathways are activated in treated cells (10, 12–
14, 37). Other explanations include activation of efflux pumps
and induction of novel mutations in the EGFR that prevent drug
binding, although such mutations have not been reported in
GBM (37–39). Given the importance of local invasion in GBM

Fig. 5. uPAR regulates P–Tyr-845 in EGFRvIII-expressing but not EGFR-expressing GBM cells. (A) EGFRvIII-expressing U87MG cells were transfected with uPAR-
specific or NTC siRNA. After transfer to SFM for 48 h, immunoblot analysis was performed. (B) EGFRvIII-expressing U87MG cells were transferred to SFM and
treated with PP2 or vehicle for 12 h. Immunoblot analysis was performed. (C) EGFRvIII-expressing U87MG cells were transferred to SFM for 12 h and treated with
AG1478 (50 nM) or vehicle for 2 h. The cells were then treated with uPA (10 nM) or vehicle for 10 min. Immunoblot analysis was performed. (D) Wild-type U87MG
cells (parental) and cells that overexpress full-length EGFR were transfected with uPAR-specific or NTC siRNA. The cells were transferred to SFM and treated with
EGF (10 ng/mL) or vehicle for 10 min, as indicated. Immunoblot analysis was performed. (E) IHC was performed to detect uPAR in an orthotopic xenograft of
EGFRvIII-expressing U87MG cells. The field shows intense immunoreactivity that is accentuated around cell borders. (F) The equivalent U87MG xenograft shows
cytoplasmic and nuclear immunoreactivity for P–Tyr-845. (G) uPAR immunoreactivity is restricted primarily to cell borders in xenografts of BA/F3 cells transfected
with EGFRvIII. (H) The equivalent xenograft is intensely immunopositive for P–Tyr-845. (I) IHC for P–Tyr-845 detected individual BA/F3 cells invading normal brain.
(J) IHC for uPAR in an EGFRvIII-expressing human GBM. (K) IHC for P–Tyr-845 in the same specimen as in J. (L) uPAR IHC of a human GBM with EGFR gene
amplification but without EGFRvIII was negative. (M) IHC for P–Tyr-845 in the same specimen as in L was also negative.
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(40), it is not surprising that the function of uPAR in facilitating
activation of extracellular proteases and tissue invasion has been
studied in this malignancy (25, 41). The work presented here
demonstrates that uPAR-initiated cell signaling regulates the
physiology of GBM cells, both in the presence of EGFRvIII and
in tumor cells that acquire the ability to grow in vivo in the ab-
sence of EGFRvIII. The requirement for uPAR in STAT5b
activation downstream of EGFRvIII shows that the capacity of
EGFRvIII to promote GBM progression may be inhibited by
targeting uPAR. The ability of uPAR to sustain ERK activation
when EGFRvIII expression is blocked suggests that, like the
PDGF receptor and c-Met (37), uPAR may allow escape of
GBM cells from dependency on EGFRvIII.
There is abundant evidence for synergy between the EGFR and

SFKs in cancer (31, 32, 42, 43). SFK-dependent STAT5b activa-
tion downstream of the EGFR promotes cancer cell proliferation
and survival (31, 32, 44). The EGFR may directly activate SFKs
(45); however, uPAR also may serve as a major SFK activator (24,
33). Other SFK activators include lysophosphatidic acid, endo-
thelin, and growth hormone (44). In U373MG GBM cells that
express EGFRvIII, uPAR was entirely responsible for SFK-de-
pendent Tyr-845 phosphorylation and STAT5b activation, despite
the fact that EGFRvIII is constitutively active. Similar results were
obtained when we studied EGFRvIII-expressing U87MG cells. By
contrast, uPAR did not regulate Tyr-845 phosphorylation in
U87MG cells that overexpress full-length EGFR. Why uPAR
functions differently with the EGFR and EGFRvIII in the same
cell type remains to be determined; however, the conditions of the
experiments may be important. In studies with EGFRvIII,
the U87MG cells were cultured in SFM for 2 d. In the studies with
the EGFR, the cells were treated with EGF for 10 min before
analysis. The unique ability of uPAR to control STAT5b activa-
tion in GBM cells that express EGFRvIII suggests that targeting
uPAR therapeutically may be particularly important in GBMs that
express the mutated form of this receptor.
Therapeutic approaches for targeting uPAR in cancer are not

well developed but include RNA interference (46) and specific
monoclonal antibodies (47). A drug that targets the uPA pro-
tease active site is in clinical trials (48); however, it is unclear
whether this drug will have any effects on uPAR-initiated cell
signaling. uPAR-dependent STAT5b activation requires EGFR
activation because Tyr-845 is available for phosphorylation only
when the receptor is activated (31). Thus, it is not surprising that
erlotinib and gefitinib blocked STAT5b activation in EGFRvIII-
expressing U373MG cells, even when uPAR was not silenced.
The ability of these drugs to inhibit STAT5b activation indicates
that EGFR-selective tyrosine kinase inhibitors may have utility in
inhibiting specific uPAR-dependent cell-signaling pathways.
Despite the well-described role of uPAR in ERK activation

(28, 29, 33, 49), in U373MG and U87MG cells, the activity of
EGFRvIII was dominant in regulating ERK activation, and
uPAR gene silencing had no effect. By contrast, in cells derived
from escaper tumors, uPAR played a major role in maintaining
an elevated level of P-ERK. Unless uPAR is expressed at ex-
tremely high levels, ERK activation is uPA-dependent (29, 49).
Thus, the increase in uPA levels, associated with EGFRvIII
deficiency, may have allowed the GBM cells to activate autocrine
uPAR-initiated cell signaling, leading to ERK activation and
release of the tumors from dormancy in vivo.

ERK activation downstream of uPAR occurs by EGFR-de-
pendent and -independent pathways (23). Although uPAR ac-
tivated ERK in Dox-treated cells independently of the EGFR,
uPAR did not compensate for the decrease in P-ERK observed
in cells treated with erlotinib and gefitinib. We previously
reported that inactivated EGFR may have dominant-negative
activity and inhibit uPAR-dependent cell signaling to ERK (23).
More work is necessary to determine whether erlotinib or gefi-
tinib convert EGFRvIII into a dominant-negative inhibitor of
uPAR-initiated cell signaling to ERK; however, if this effect
occurs, then the scope of activity of erlotinib and gefitinib as
inhibitors of uPAR-activated cell signaling may be broader
than STAT5b.
Our IHC studies identified uPAR and P–Tyr-845 as poten-

tially valuable biomarkers in GBM. Our model in which phos-
phorylation of P–Tyr-845 in EGFRvIII results from crosstalk
between EGFRvIII and uPAR is supported by IHC studies of
tumors formed by U87MG cells, BA/F3 cells, and human GBMs
that were propagated as xenografts. These studies justify a clini-
cal trial to test our model correlating uPAR expression with P–
Tyr-845 in GBMs statistically. Overall, the studies presented
here demonstrate that crosstalk between uPAR and the EGFR is
important even when the EGFR is mutated and constitutively
active. The activity of drugs currently in use for GBM may be
influenced by the effects of uPAR on GBM cell physiology.
Understanding crosstalk between uPAR and EGFRvIII offers
the potential to reveal new opportunities for therapeutics de-
velopment. uPAR is a justified target in GBM.

Materials and Methods
Cell Lines. U373MG cells, which express EGFRvIII under the control of Dox,
have been previously described (15). Escaper tumor cell lines also have been
previously described (15). These cells were maintained in DMEM supple-
mented with 10% tetracycline-approved FBS (Clontech), Dox (1 μg/mL), pu-
romycin (1 μg/mL), and Geneticin (200 μg/mL). U87MG cells that express
EGFRvIII have been previously described (8).

Tumor Processing and IHC. U87MG orthotopic xenografts were prepared by
stereotactically implanting cells in the striatum of athymic nude mice as
previously described (50). Intracerebral implants of BA/F3 cells that express
EGFRvIII were prepared in SCID mice as previously described (51) and pro-
vided by Santosh Kesari (Department of Neurosciences, University of Cal-
ifornia at San Diego). Human GBMs (nos. 8 and 39), which were propagated
as xenografts, were kindly provided by C. David James (Department of
Neurological Surgery, University of California, San Francisco, CA).

Xenograft-implanted brains were fixed in buffered paraformaldehyde,
dissected, and routinely processed in paraffin. Tissue sections (5 μm) were
immunostained with a Ventana Discovery Ultra automated IHC system
(Ventana Medical Systems). For detection of P–Tyr-845, primary antibody
was applied at a final concentration of 0.84 μg/mL for 1 h after antigen
retrieval. For detection of uPAR, primary antibody was applied at a final
concentration of 1.5 μg/mL for 1 h after antigen retrieval. UltraMap multi-
mer was used for antibody detection. Phospho-epitope labeling was vali-
dated by elimination of staining in lambda phosphatase-pretreated sections.

For additional details on antibodies and reagents, real-time qPCR, im-
munoblot analysis, siRNA transfection, cell growth, BrdU incorporation, and
cell-death assays, please see SI Materials and Methods.
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