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a b s t r a c t

EGFR and its constitutively activated variant EGFRvIII are linked to glioblastoma resistance
to therapy, the mechanisms underlying this association, however, are still unclear. We
report that in glioblastoma, EGFR/EGFRvIII paradoxically co-expresses with p53-upregu-
lated modulator of apoptosis (PUMA), a proapoptotic member of the Bcl-2 family of pro-
teins primarily located on the mitochondria. EGFR/EGFRvIII binds to PUMA constitutively
and under apoptotic stress, and subsequently sequesters PUMA in the cytoplasm. The
EGFR–PUMA interaction is independent of EGFR activation and is sustained under EGFR
inhibition. A Bcl-2/Bcl-xL inhibitor that mimics PUMA activity sensitizes EGFR/EGFRvIII-
expressing glioblastoma cells to Iressa. Collectively, we uncovered a novel kinase-indepen-
dent function of EGFR/EGFRvIII that leads to tumor drug resistance.

� 2010 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Glioblastoma, GBM, is the most common and deadliest
brain malignancy in adults and, approximately, 90% of pa-
tients with these tumors survive only 12–14 months after
diagnosis [1]. It is, therefore, an urgent task to better
understand the biology of these aggressive tumors in order
to improve their therapy. The gene encoding EGFR is often
amplified and over-expressed in human GBM [2–4]. EGFR-
vIII, the EGFR constitutively active variant, is a product of
rearrangement with an in-frame deletion of 801 bp of the
coding sequence within the extracellular domain, resulting
in a deletion of residues 6 through 273 and a glycine inser-
tion at residue 6 [3,5,6]. Expression of EGFRvIII is common
in GBMs. Both EGFR and EGFRvIII are associated with tu-
mor growth and progression and are, thus, major thera-
and Ltd. All rights reserved.
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peutic targets for many human cancers, including, GBM
[7–10].

Small molecule EGFR inhibitors and monoclonal anti-
EGFR antibodies have been evaluated clinically for the effi-
cacy against GBM patients both as single agents and in
combination with chemotherapeutic agents [11]. These
therapies have, however, demonstrated only modest ef-
fects [12–15]. The mechanisms underlying these poor re-
sults remain unclear. Gain-of-function mutations within
the EGFR kinase domain are commonly found in lung can-
cer and lead to their hyper-sensitivity to EGFR inhibitors
[16,17]. However, such somatic mutations have not been
found in gliomas [18]. These observations indicate that
our understanding of the biology of EGFR that underlies
its role in tumor drug resistance and its response to
EGFR-targeted therapy in GBM is insufficient.

Most anti-cancer agents induce intrinsic mitochondria-
mediated apoptosis rather than extrinsic death receptor-
mediated apoptosis [19,20]. The anti-apoptotic members
of the Bcl-2 family of proteins, including, Bcl-2, Bcl-xL
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and Mcl-1, are guardians of mitochondrial integrity
[19,21,22]. Conversely, the proapoptotic members of the
Bcl-2 family of proteins function by antagonizing the
anti-apoptotic proteins and include the multi-BH3 domain
proteins (Bax, Bak, and Bok) and the BH3-only proteins
(Bid, Bim, Bmf and PUMA). Although, these proapoptotic
proteins appear to be functionally redundant, their expres-
sion has been shown to be tumor-specific [23] and one of
the main ones, PUMA, has recently been shown to mediate
EGFR inhibitor-induced apoptosis in head and neck cancer
[24]. Although, a direct regulatory role of EGFR/EGFRvIII in
apoptosis has not been reported, it has been recently
shown that ErbB4, a member of the EGFR family of recep-
tor tyrosine kinases, interacts with the anti-apoptotic Bcl-2
protein to promotes apoptosis [25].

Therapeutic activation of the apoptotic pathway has
emerged as an attractive treatment strategy for a number
of cancers, including, GBM [26,27]. In GBMs, however, to
date, a systemic analysis of the expression profile of the
proapoptotic members of Bcl-2 family of proteins has not
been reported and the relationship between these proa-
poptotic proteins and EGFR/EGFRvIII remains unclear in
GBMs. In this study, we investigated the interaction be-
tween PUMA and EGFR/EGFRvIII and its potential role in
EGFR-targeted mono and combinational therapies of
GBMs. Our results show that, paradoxically, both wild-type
EGFR and EGFRvIII co-express with proapoptotic protein
PUMA in GBM cells, in vitro and in vivo. EGFR and EGFRvIII
both interact with PUMA constitutively and under apopto-
tic stress, leading to cytoplasmic sequestration of PUMA in
GBM cells. In contrast, PUMA is exclusively localized on the
mitochondrial membranes, as expected, in EGFR-negative
GBM cells. These results, together with additional data
from functional studies provide evidence for a novel in-
verse functional link between the EGFR/EGFRvIII signaling
and the proapoptotic pathway and this can be a mecha-
nism that accounts for EGFR-associated drug resistance in
GBM and, potentially, in other cancer types that also co-ex-
press EGFR and PUMA.
2. Materials and methods

2.1. Cell lines, cell culture and xenografts

Human GBM and anaplastic astrocytoma (AA) cell lines
were established in Dr. Ali-Osman’s laboratory from pri-
mary specimens [28], with the exception of U87MG,
T98G and U373MG that were obtained from American
Type Culture Collection, ATCC (Manassas, VA). Human
breast carcinoma MDA-MB-468 cells were also from ATCC.
All cell lines were maintained in DMEM supplemented
with 10% fetal calf serum. U87MG-vector, U87MG-EGFR
and U87MG–EGFRvIII stable transfectant lines were previ-
ously established from the parental U87MG cells that ex-
press very low levels of EGFR [9]. These stable
transfectants were cultured in DMEM with 10% fetal calf
serum and 1 mg/ml G418. GBM xenografts were estab-
lished in the flanks of nude mice in the xenograft facility
of Duke University Preston Robert Tisch Brain Tumor
Center.
2.2. Reagents and chemicals

All chemicals were purchased from Sigma (St. Louis,
MO) unless otherwise stated. Rabbit polyclonal anti-EGFR
antibody used in western blotting was purchased from
Santa Cruz Biotech. (sc-03; Santa Cruz, CA). The EGFR and
EGFRvIII expression vectors were previously generated in
our laboratory [9] and both proteins were expressed as
Myc-tagged fusion proteins. Anti-Myc mouse monoclonal
antibody was purchased from Roche (Indianapolis, IN).
Anti-lamin B mouse monoclonal antibody was from Cal-
biochem (San Diego, CA). b-actin and a-tubulin antibodies
were obtained from Sigma. Rabbit polyclonal Cox IV anti-
body was from Abcam (Cambridge, MA), whereas rabbit
polyclonal PUMA, Bad, Bim, Bmf, Bok, p-EGFR (Y1068),
Bcl-2, Bcl-xL and Mcl-1 antibodies were purchased from
Cell Signaling (Danvers, MA). All transfections were per-
formed using lipofectamine LTX (Invitrogen, Carlsbad, CA)
and FuGENE HD (Roche). All siRNAs were purchased from
Upstate/Dharmacon (Lafayette, CO) and the sequences
are 50-CGGACGACCUCAACGCACA-30 (human PUMA siRNA)
and 50-UGGUUUACAUGUCGACUAA-30 (control siRNA). The
Bcl-2/Bcl-xL inhibitor, 2-methoxyantimycin A3 (2-MA A3),
was purchased from BIOMOL (Plymouth Meeting, PA).

2.3. Determination of binding of EGFR/EGFRvIII to PUMA via
immunoprecipitation and western blotting

To immunoprecipitate EGFR and EGFRvIII, supernatants
of whole cell extracts were pre-cleared with 1 lg mouse
IgG and 20 ll protein G-agarose for 1 h at 4 �C, and incu-
bated with 1 lg anti-EGFR mouse monoclonal antibody
(Ab-13, Neomarkers) or control mouse IgG at 4 �C over-
night with gentle agitation. Following addition of protein
G-agarose and incubation for 30 min at 4 �C, protein G-aga-
rose pellets were collected and washed for multiple cycles
at 4 �C. The washed immunoprecipitates were subjected to
SDS–PAGE and western blotting, as described previously
[29].

2.4. Immunohistochemistry (IHC) for EGFR/EGFRvIII and
PUMA expression in glioma primary specimens

This was performed, as we described previously [9]. For
EGFR/EGFRvIII, two tissue arrays (Imgenex; IMT-01240
and IMT-01241) were immunostained. A tissue array
(IMT-01255) was previously stained for EGFR/EGFRvIII
[9]. The anti-EGFR mouse monoclonal antibody used in
IHC recognizes the C-terminus of both EGFR and EGFRvIII.
For PUMA, we immunostained all three tissue arrays that
are consisted of 12 normal brain tissues and 101 primary
gliomas. The tissue sections were deparaffinized, rehy-
drated, and subjected to antigen retrieval in an EDTA-con-
taining buffer in an oven. Endogenous peroxidase activity
was blocked with 0.3% hydrogen peroxide and the slides
incubated with 10% normal goat serum for 30 min and
then with anti-EGFR mouse monoclonal antibody (1:50;
Novocastra RTU-EGFR-384) and anti-PUMA rabbit poly-
clonal antibody (1:100; Cell Signaling) at 4 �C overnight.
Following washes with PBS, the slides were incubated with
biotinylated secondary antibodies and then with avidin–
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biotin–horseradish peroxidase complex. Detection was
performed using 0.125% aminoethylcarbazole chromogen.
After counterstaining with Mayer’s hematoxylin (Sigma),
the sides were mounted. Scoring was performed by a
pathologist. Histologic-scores (H-scores) were computed
from both % positivity (A%, A = 1–100) and intensity
(B = 0–3) using the equation, H-score = A � B, according to
a well-established IHC scoring system [30].

2.5. Determination of apoptosis via the TUNEL assay

This was performed to quantify fragmented DNA, an
indicator of apoptosis, using an assay kit (Invitrogen),
according to manufacturer’s instructions. Briefly, the cells
were fixed in 70% ethanol, washed and incubated in label-
ing solution containing 5-bromodeoxyuridine 50-triphos-
phate and deoxynucleotidyl terminal transferase for 1 h
at 37 �C. The incorporated bromouridine was detected by
Alexa Fluor� 488 dye-labeled anti-BrdU antibody at room
temperature for 30 min. The cells were then counter-
stained with propidium iodide and observed under a Zeiss
LSM 510 upright confocal microscope. Yellow signals indi-
cate nuclear fragmented DNA, the merged products of frag-
mented DNA (green fluorescence) and nuclei (red
fluorescence). A total of 250–300 cells were examined in
each experiment and three independent experiments were
conducted to derive means and standard deviations. Extent
of apoptosis was subsequently computed using the equa-
tion (# of nuclei with fragmented DNA)/(# of total nuclei).

2.6. Determination of the extent of PUMA mitochondrial
translocalization

This was performed via mitochondrial fractionation
using an assay kit from Pierce (Rockford, IL), according to
manufacture’s instructions, to yield mitochondrial and
non-mitochondrial fractions. Both fractions were subjected
to protein extraction using 1% SDS/0.1% NP-40 and sonica-
tion followed by centrifugation for 20 min at 15,000g at
4 �C. In these studies, we subjected 25% of the mitochon-
drial proteins and 2.5% of the non-mitochondrial proteins
to western blotting. Band signals from mitochondrial
PUMA and non-mitochondrial PUMA were determined
densitomically using the NIH ImageJ software, as we previ-
ously described [31]. Subsequently, the extent of PUMA
mitochondrial translocalization, designated as mtPUMA
Index, was computed using the equation below.

mtPUMA Index

¼ mitochondrial PUMA�25%

ðmitochondrial PUMA�25%Þþðnon-mitochondrial PUMA�2:5%Þ
2.7. Determination of treatment synergy

This was performed, as we described previously [9,32],
using the CellTiter Blue Cell Viability Assay kit (Promega).
The assay is a fluorescent method that measures the abil-
ity of living cells to convert a redox dye (resazurin) into a
fluorescent end product (resorufin). Briefly, tumor cells in
exponential growth were seeded in 96-well culture plates
and treated with 1% DMSO or with the EGFR inhibitor Ir-
essa (0–100 lM) or 2-MA A3 (0–100 lM) or with a 1:2
molar ratio of Iressa: 2-MA A3. After 48 h, 25 ll of the
CellTiter Blue reagent was added to each well containing
100 ll media, incubated for 4 h at 37 �C, and the absor-
bance measured at 560 nm/590 nm using a plate reader
(Synergy-HT, BIO-TEK, Winooski, VT). Three independent
experiments, each in triplicate, were performed and mean
survival fraction was computed for each treatment. Com-
bination index, CI, was computed using the method
developed by Chou and Talalay [33] and the computer
software CalcuSyn (Biosoft, Cambridge, UK), as we previ-
ously described [9,34].

2.8. Statistical analysis

Student t-test and regression analysis were performed
using STATISTICA (StatSoft Inc., Tulsa, OK) and Microsoft
Excel.
3. Results

3.1. EGFR and EGFRvIII paradoxically co-express and complex with PUMA in
GBM cell lines and xenografts

We examined a panel of eight GBM and two AA cell lines for expres-
sion of EGFR/EGFRvIII and proapoptotic members of the Bcl-2 family of
proteins. As shown in Fig. 1a, the majority of these cell lines co-express
high levels of EGFR and three proapoptotic proteins, namely, PUMA,
Bax, and Bmf. In contrast, these cells express low levels of Bad, Bim and
Bok. To determine whether EGFRvIII also co-expresses with proapoptotic
proteins similar to EGFR, we examined three EGFRvIII-carrying GBM
xenografts since EGFRvIII expression is not maintained in vitro [35]. The
results (Fig. 1b) showed that these EGFRvIII-expressing GBM xenografts
also express PUMA, Bax and Bmf. We also determined PUMA expression
levels in GBM xenografts with high and low levels of EGFRvIII and the re-
sults (Fig. S1 in Supplemental Data) showed that D-317 MG xenograft co-
expressed EGFRvIII and PUMA and that D-320 MG and D-456 MG xeno-
grafts with undetectable EGFR/EGFRvIII expression expressed PUMA at
low and high levels, respectively.

In light of a previous study [25] showing that ErbB4 interacts with
Bcl-2 and the fact that EGFR/EGFRvIII and ErbB4 share structural homol-
ogy, we examined whether EGFR/EGFRvIII forms a complex with the
three proapoptotic proteins that co-express with the receptors. As indi-
cated by the results of the immunoprecipitation (IP)/western blotting
using an EGFR antibody for IP (Fig. 1c), EGFRvIII forms a complex with
PUMA, but not with Bax and Bmf in GBM xenografts with endogenous
EGFRvIII (D-270 MG and D-317 MG) and with stably transfected EGFR-
vIII (U87MG–EGFRvIII). Similarly, in three EGFR-expressing GBM cell
lines, PUMA was shown to co-immunoprecipitate with EGFR (Fig. 1d).
IgG did not yield signals indicating immunoprecipitation specificity.
EGFR–PUMA interaction was confirmed via reverse IP using a PUMA
antibody (Fig. S2 in Supplemental Data). A previous report [36] showed
that EGFR can exist in the cytoplasm in a free non-membrane-bound
form. In this context, activated cell-surface EGFR is endocytosed and
trafficked to the ER where it associates with Sec61beta, a component
of the Sec61 translocon, and is then retro-translocated from the ER to
the cytoplasm as a non-membrane-bound receptor [37]. Our results in
Fig. S2 in Supplemental Data show that PUMA primarily interacts with
the EGFR protein that is not associated with plasma membranes. Collec-
tively, these results indicate that EGFR and EGFRvIII both paradoxically
co-express with proapoptotic proteins and specifically interact with
PUMA in human GBM.

3.2. Levels of EGFR/EGFRvIII and PUMA expression and their co-expression
correlate with glioma grade

Using a cohort of 101 gliomas and 12 normal brain tissues, we exam-
ined the levels of EGFR/EGFRvIII and PUMA via IHC. The results indicate a
significant positive correlation between expression levels of EGFR/EGFR-
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Fig. 1. EGFR and EGFRvIII both paradoxically co-express with proapoptotic proteins and specifically interact with PUMA in GBM. (A) Expression of EGFR and
proapoptotic proteins in human malignant glioma cell lines. Total cell extracts isolated from eight GBM and two AA cell lines were subjected to western
blotting to determine the levels of EGFR and Bcl-2 family of proapoptotic proteins, including, Bad, PUMA, Bax, Bim, Bmf and Bok. a-tubulin was determined
as loading controls. Cell lines: 1, UW14; 2, UW281; 3, MGR1; 4, MGR2; 5, MGR3; 6, T98G; 7, U373MG; 8, UW5; 9, UW15; 10, UW19. All are GBM cells except
for MGR1 and UW5 that are AA cells. (B) Co-expression of EGFRvIII and proapoptotic proteins in GBM xenografts. Three EGFRvIII-expressing GBM
xenografts, namely, D-270 MG, D-317 MG and U87MG–EGFRvIII, were examined for levels of EGFRvIII, proapoptotic proteins and a-tubulin, by western
blotting. (C) EGFRvIII interacts with PUMA, but not Bax and Bmf, in GBM xenografts. Proteins extracted from three EGFRvIII-expressing GBM xenografts, as
named in panel b, were subjected to immunoprecipitation/western blotting to determine the extent to which EGFRvIII interacts with co-expressed
proapoptotic proteins. An EGFR antibody (Ab) was used to immunoprecipitate EGFRvIII. (D) EGFR interacts with PUMA in GBM cell lines. Using proteins
purified from three EGFR-expressing GBM cell lines, immunoprecipitation/western blotting was conducted to investigate the interaction between EGFR/
EGFRvIII and PUMA. An EGFR Ab was used to immunoprecipitate EGFR, whereas control IgG was used as negative control for immunoprecipitation. Top
panel: immunoprecipitation/western blotting. Lower panel: western blotting.

Tissues                              EGFR+/PUMA+* EGFR+** PUMA+***
normal brain 0/12 (0%) 0/12 (0%) 3/12 (25%) 
grade I glioma 1/13 (7.7%) 1/13 (7.7%) 5/13 (38.5%) 
grade II glioma 2/32 (6.3%) 6/32 (18.7%) 14/32 (43.8%)
grade III glioma/AA 3/15 (20.0%) 4/15 (26.7%) 7/15 (46.7%)
grade IV glioma/GBM 14/41 (34.1%) 15/41 (36.6%) 31/41 (75.6%)
normal brain; N=12        gliomas; total N=101
*,**,***Correlations with glioma grade.
*p=0.018, R=0.94          **p=0.00005, R=1.0             ***p=0.021, R=0.93
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Fig. 2. EGFR/EGFRvIII and PUMA co-express in GBM primary specimens and the extent of co-expression significantly correlates with glioma grade. (A)
EGFR/EGFRvIII significantly co-expresses with PUMA in primary GBMs. A cohort of 101 gliomas and 12 normal brain tissues were subjected to IHC staining
for EGFR/EGFRvIII and PUMA, in which 55 gliomas and five normal brain tissues have been previously stained for EGFR/EGFRvIII [9]. The EGFR antibody used
in these studies recognized both EGFR and EGFRvIII. Regression analysis showed that expression of EGFR correlates significantly and positively with PUMA
(p = 0.039, R = 0.9) and that EGFR alone, PUMA alone and their co-expression correlated significantly and positively with glioma grade (�EGFR/PUMA,
p = 0.018, R = 0.94; ��EGFR, p = 0.00005, R = 1.0; ���PUMA, p = 0.021, R = 0.93). (B) Representative immunostained primary gliomas. Top panel: a primary
GBM stained positively for both EGFR/EGFRvIII and PUMA. Bottom panel: a grade II glioma showing negative staining for both proteins. Consecutive tumor
sections were used in these studies.
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vIII and PUMA (p = 0.039). As shown in Fig. 2a, the extent of EGFR/EGFR-
vIII–PUMA co-expression is significantly higher in high-grade/malignant
gliomas (20% in AAs and 34.1% in GBMs) than in low-grade gliomas
(6.3–7.7%) and normal brain tissues (0%). Regression analysis further indi-
cates that EGFR alone, PUMA alone and EGFR/PUMA co-expression corre-
late significantly with glioma grade (Fig. 2a). Two representative
immunostained gliomas are shown in Fig. 2b in which a GBM (top panel)
shows positive staining for both EGFR/EGFRvIII and PUMA and in con-
trast, a grade II glioma (bottom panel) stains negatively for both proteins.
The antibody used in the EGFR/EGFRvIII IHC recognizes a C-terminal epi-
tope present in both EGFR and EGFRvIII receptors, and consecutive tumor
sections were used in these studies. The high degree of EGFR/EGFRvIII–
PUMA co-expression in primary GBM specimens is consistent with the
observations in Fig. 1 with the GBM cell lines. In line with the results in
Fig. S1, a sub-population of GBMs were found to express PUMA but not
substantial levels of EGFR/EGFRvIII.
3.3. Transcriptional down-regulation of PUMA and over-expression of
EGFRvIII induce apoptosis in GBM cells

To address whether PUMA is essential for the induction of apoptosis
in GBM, PUMA-specific siRNA was used to transcriptionally down-regu-
late PUMA expression and the response of U87MG GBM cells, which ex-
press very low levels of EGFR, to anisomycin, a potent inducer of
apoptosis [38], was examined. As shown in Fig. 3a, the TUNEL assay
showed that PUMA knockdown renders U87MG cells resistant to apopto-
sis (2.5%), induced by 48 h anisomycin treatments. In contrast, U87MG
cells transfected with the control siRNA undergo significant anisomy-
cin-induced apoptosis (45.5%). In the assay, the yellow merged signals
represent nuclear fragmented DNA. As expected, untreated cells showed
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no evidence of apoptosis (data not shown). The western blotting
(Fig. 3b) indicated that PUMA expression was specifically and efficiently
down-regulated by the PUMA-specific siRNA.

Similar to the PUMA down-regulation, over-expression of EGFRvIII in
U87MG cells resulted in significant resistance to anisomycin-induced
apoptosis (Fig. 3c and d). After treatment with anisomycin, there was only
3.1% apoptosis in U87MG–EGFRvIII cells. In contrast, the isogenic low
EGFR expressing U87MG-vector cells underwent massive apoptosis
(49.8%), similar to the level observed with PUMA down-regulation
(45.5%). The results in Fig. 3, collectively, indicate that GBM apoptosis is
positively regulated by PUMA and negatively impacted by EGFR/EGFRvIII,
suggesting that PUMA and EGFR/EGFRvIII pathways are functionally but
inversely linked to apoptosis in GBM cells.
3.4. EGFR and EGFRvIII both exist in complex with PUMA constitutively and
the interactions are sustained under apoptotic stress

The results in Fig. 4 indicate that, in GBM cells, EGFR/EGFRvIII and
PUMA form complex constitutively under unstressed conditions and that
the complex is sustained even following treatment with the apoptosis-in-
ducer, staurosporin (ST). These observations were found in U87MG–
EGFRvIII (top panel) and U87MG-EGFR (mid panel) stable transfectants,
as well as, in T98G GBM cells that express high levels of endogenous EGFR
(bottom panel). Mouse IgG used as negative controls did not yield any sig-
nal, indicating specificity of the assay. It is noticeable that endogenous
EGFR levels were slightly reduced by staurosporin in T98G cells (right pa-
nel). This is potentially attributed to caspase-mediated cleavage following
staurosporin treatment [39].
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3.5. PUMA is sequestered in the cytoplasm of EGFR- and EGFRvIII-expressing
GBM and breast cancer cells

PUMA is known to localize on the mitochondrial membranes to initi-
ate apoptosis upon appropriate stress [40,41]. Rationalized by our data
showing that EGFR and EGFRvIII co-express and interact with PUMA
and that these two pathways are inversely linked to apoptosis, we exam-
ined whether EGFR/EGFRvIII might regulate PUMA sub-cellular localiza-
tion. Thus, we analyzed the cytoplasmic/mitochondrial distribution of
PUMA in the isogenic pair, U87MG–EGFRvIII and U87MG-vector cells.
The mitochondrial fractionation/western blotting (Fig. 5a) showed PUMA
to be primarily localized in the non-mitochondrial fractions of U87MG–
EGFRvIII cells under unstressed condition and to undergo a modest mito-
chondrial translocalization following exposure to the apoptotic inducers,
staurosporin (ST) and anisomycin (AN). As indicated by the low mtPUMA
index (0–0.02), the majority of PUMA is sequestered in the non-mito-
chondrial fractions of the EGFRvIII-expressing U87MG–EGFRvIII cells
(Fig. 5a). In contrast, in U87MG-vector cells with very low level of EGFR
expression, PUMA was exclusively present in the mitochondrial fractions
independent of apoptotic stress (Fig. 5b). Effectiveness of cell fraction-
ation is indicated by the absence of the cytoplasmic marker, a-tubulin,
in the mitochondrial extracts and the absence of the mitochondrial mar-
ker, Cox IV, in the non-mitochondrial extracts.

Similar observations were further found in T98G GBM cells that nat-
urally express EGFR (Fig. 5c). The modest detection of mitochondrial
PUMA in these cells may potentially be the result of insufficient cytoplas-
mic EGFR to interact with and sequester all the PUMA molecules in the
cytoplasm. Importantly, siRNA-mediated EGFR expression knockdown
led to a significant increase (16-fold) of mitochondrial PUMA (Fig. 5c-left),
further suggesting the ability of EGFR to modulate PUMA mitochondrial
translocalization. EGFR-specific siRNA was effective in reducing EGFR
expression as shown by the western blots (Fig. 5c-right). In addition to
GBM cells, we found PUMA to be localized in the cytoplasm of MDA-
MB-468 human breast cancer cells (Fig. 5d) that are known to express sig-
nificant levels of endogenous EGFR [34]. Collectively, these results dem-
onstrate that PUMA is sequestered in the cytoplasm of EGFR- and
EGFRvIII-expressing GBM and breast cancer cells, constitutively and un-
der apoptotic stress.
3.6. EGFR–PUMA interaction is independent of ligand-mediated receptor
activation and is sustained under EGFR inhibition

To gain insight into the factors that modulate the interaction of EGFR
with PUMA, we examined the requirement of EGFR activation for the
EGFR–PUMA interaction. Fig. 6a (left panel) shows that the ability of EGFR
to bind to PUMA was similar in U87MG-EGFR cells with and without EGF
stimulation following serum starvation. As indicated by the absence of
auto-phosphorylated EGFR (p-EGFR, Y1068), serum-starved U87MG-
EGFR cells express inactive EGFR (Fig. 6a-right). In contrast, p-EGFR is
readily detected in EGF-treated cells, indicating that EGF efficiently acti-
vated EGFR in these cells. To further determine whether EGFR kinase
activity is required for the EGFR–PUMA interaction, we treated U87MG-
EGFR cells with a small molecular weight EGFR kinase inhibitor, Iressa,
that is in clinical use to inhibit EGFR activity. As shown by Fig. 6b (left pa-
nel), Iressa did not alter EGFR binding to PUMA but, as expected, signifi-
cantly reduced the level of EGFR auto-phosphorylation/activation.

Furthermore, we found most GBM cell lines analyzed to express high
levels of anti-apoptotic members of the Bcl-2 family of proteins, Bcl-2 and
Bcl-xL, but not Mcl-1 (Fig. 6c). Rationalized by this observation and the
data shown in Fig. 6b indicating that Iressa treatment did not significantly
affect the interaction between EGFR/EGFRvIII and PUMA, we hypothesize
that EGFR/EGFRvIII-mediated antagonism of PUMA-mediated intrinsic
apoptosis contributes to GBM resistance to EGFR-targeted therapy and
that restoring the intrinsic apoptosis by inhibiting Bcl-2/Bcl-xL can sensi-
tize these cells to EGFR-targeted therapy. Thus, we treated U87MG-EGFR
and U87MG–EGFRvIII cells with a Bcl-2/Bcl-xL inhibitor, 2-MA A3, that
has been shown to induce apoptosis [42]. Tumor cells were treated with
Iressa alone (0–100 lM), 2-MA A3 alone (0–100 lM) and in combination
at a molar ratio of 1:2 (Iressa:2-MA A3). Forty-eight hours later, cell sur-
vival rates were determined and combination index (CI) computed using
Median-effect analysis, as we previously described [9,34]. Treatment syn-
ergy is indicated by CI values less than 1.0; additive effect, CI = 1.0; antag-
onistic effect, CI > 1.0. As shown in Fig. 6d, the combination of the EGFR
inhibitor (Iressa) with the Bcl-2/Bcl-xL inhibitor (2-MA A3) resulted in
synergistic cell kill in both U87MG-EGFR and U87MG–EGFRvIII cell lines.
These results indicate that simultaneous inhibition of the kinase-inde-
pendent function of EGFR/EGFRvIII using a Bcl-2/Bcl-xL inhibitor and
the kinase-dependent activity by EGFR kinase inhibitors can lead to syn-
ergistic therapeutic effects in GBM cells.
4. Discussion

Over-expression of EGFR and EGFRvIII is a major hall-
mark of GBM. Although, both receptors have been linked
to GBM resistance to chemotherapy, the mechanisms
underlying this association are still unclear. Our findings
in this study provide evidence that both EGFR and EGFRvIII
negatively regulate intrinsic mitochondria-mediated apop-
tosis by binding to PUMA, a proapoptotic protein that is
highly expressed in the majority of GBM. Following the
interactions of EGFR/EGFRvIII with PUMA, PUMA is seques-
tered in the cytoplasm, leading to impaired apoptotic re-
sponse in GBM. Our results also demonstrate that EGFR/
EGFRvIII-mediated antagonism of PUMA is independent
of EGFR/EGFRvIII kinase activity and thus, may define a no-
vel mechanism of tumor resistance to apoptosis-inducing
EGFR inhibitors. Our data also provide a rationale for a no-
vel GBM therapy, in which both the kinase-dependent and
-independent activities of EGFR/EGFRvIII are targeted
simultaneously in order to improve EGFR-based mono
and combinational therapies.
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The results in this study showing GBMs, known to be
highly resistant to therapy, to express high levels of the
proapoptotic protein, PUMA, is paradoxical. To gain insight
into this paradox, we investigated EGFR and EGFRvIII, fre-
quently over-expressed in GBM similar to PUMA, and
found both pathways to be inversely linked to the apopto-
tic response of GBM cells. These results allow the specula-
tion that a subset of GBMs (34%) is capable of up-
regulating EGFR/EGFRvIII expression in order to negatively
regulate PUMA and thereby, escape therapy-induced apop-
tosis. Our results, however, also indicate that PUMA can be
negatively regulated by EGFR/EGFRvIII-independent mech-
anisms, given the fact (Fig. 2a) that a portion of PUMA-
expressing GBMs do not express EGFR/EGFRvIII. Future
investigation is thus needed to identify these mechanisms
in order to augment the apoptotic effects of anti-GBM
therapy.

The functional interaction between EGFR/EGFRvIII and
PUMA potentially represents a new class of protein–pro-
tein interaction that involves a receptor tyrosine kinase
and a proapoptotic protein. It is well known that EGFR
can engage in protein–protein interactions with a variety
of proteins, including, transcription factors, STAT3 [43],
STAT5 [44] and E2F1 [45], DNA-dependent protein kinase
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[46], and the DNA replication and damage repair protein
PCNA [47]. EGFR-STAT3 interactions lead to transcriptional
activation of several cancer-related genes, including,
inducible nitric oxide synthase [34], TWIST [48] and
COX-2 [49]. EGFR has been shown to interact with and sta-
bilize sodium/glucose cotransporter 1, leading to mainte-
nance of intracellular glucose level and prevention of
autophagic cell death [50], and to bind to and phosphory-
late the human GSTP1 protein [51]. Interestingly, the tu-
mor suppressor, p53, has been shown to translocate onto
the mitochondria and bind to anti-apoptotic Bcl-xL, lead-
ing to apoptosis [52]. Similarly, ErbB4 undergoes mito-
chondrial translocalization and subsequently interacts
with the anti-apoptotic Bcl-2, leading to apoptosis [25].
Unlike p53 and ErbB4, EGFR and EGFRvIII interact with
proapoptotic PUMA to antagonize mitochondrial transport
of PUMA, leading to reduced levels of apoptosis and in-
creased cell survival. Together, these findings describe a
new class of protein–protein interactions that occurs be-
tween Bcl-2 and non-Bcl-2 proteins, and that these interac-
tions regulate intrinsic mitochondria-mediated apoptosis.

Although EGFR and EGFRvIII are best known for their
tyrosine kinase function, the results presented in the cur-
rent study and from previous reports, indicate that both
proteins also have kinase-independent functions. For
example, EGFR has been shown to undergo nuclear tran-
slocalization and to function as transcriptional regulators,
through the transactivation domain and interactions with
DNA-binding transcription factors [34,45,53]. Nuclear
EGFRvIII has been shown to interact with STAT3 to pro-
mote malignant transformation of glial cells [54]. EGFR
prevents autophagic cell death by maintaining intracellu-
lar glucose level through EGFR kinase-independent inter-
action and stabilization of the sodium/glucose
cotransporter 1 [50]. In line with these observations, PTEN
elicits phosphatase-dependent and -independent functions
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[55]. These findings indicate that both EGFR and EGFRvIII
possess kinase-dependent and -independent activities
and have a profound potential to interact with other
important pathways in cancers.

Our results showed that Iressa, an EGFR-targeted tyro-
sine kinase inhibitor, fails to disrupt the interaction be-
tween EGFR/EGFRvIII and PUMA, suggesting that this
kinase-independent anti-apoptotic activity may be an
important mechanism underlying the limited clinical effi-
cacy demonstrated by EGFR-targeted therapy. These obser-
vations also suggest that a higher therapeutic efficacy may
be achieved by targeting both kinase-dependent and -inde-
pendent functions of EGFR. In support of this premise, our
data showed that mimicking PUMA’s proapoptotic activity
using a Bcl-2/Bcl-xL inhibitor sensitized both EGFR- and
EGFRvIII-expressing GBM cells to Iressa and that most
GBM cell lines we analyzed expressed high levels of Bcl-2
and Bcl-xL. Collectively, these findings provide strong evi-
dence for a novel mechanism by which EGFR confers GBM
resistance to EGFR-targeted therapy and potentially other
therapies, as well as, provide a rationale for a novel combi-
national anti-GBM therapy that target both EGFR and
intrinsic apoptotic pathways.
Conflict of interest

The authors declare that there is no competing financial
interest in relation to the work described.

Acknowledgements

This study was supported by NIH Grant 5K01-
CA118423 and DOD Grant W81XWH-07-1-0390, the Pedi-
atric Brain Tumor Foundation and the Elsa U. Pardee Foun-
dation (to H.-W.L.).
Appendix A. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.canlet.2010.
01.028.

References

[1] C.D. James, W.K. Cavenee, Stem cells for treating glioblastoma: how
close to reality?, Neuro Oncol 11 (2) (2009) 101.

[2] A.J. Wong, S.H. Bigner, D.D. Bigner, K.W. Kinzler, S.R. Hamilton, B.
Vogelstein, Increased expression of the epidermal growth factor
receptor gene in malignant gliomas is invariably associated with
gene amplification, Proc. Natl.Acad. Sci. USA 84 (19) (1987) 6899–
6903.

[3] N. Sugawa, A.J. Ekstrand, C.D. James, V.P. Collins, Identical splicing of
aberrant epidermal growth factor receptor transcripts from
amplified rearranged genes in human glioblastomas, Proc. Natl.
Acad. Sci. USA 87 (21) (1990) 8602–8606.

[4] J.G. Hodgson, R.F. Yeh, A. Ray, N.J. Wang, I. Smirnov, M. Yu, S.
Hariono, J. Silber, H.S. Feiler, J.W. Gray, P.T. Spellman, S.R.
Vandenberg, M.S. Berger, C.D. James, Comparative analyses of gene
copy number and mRNA expression in GBM tumors and GBM
xenografts, Neuro Oncol. (2009).

[5] H. Yamazaki, Y. Ohba, N. Tamaoki, M. Shibuya, A deletion mutation
within the ligand binding domain is responsible for activation of
epidermal growth factor receptor gene in human brain tumors, Jpn. J.
Cancer Res. 81 (8) (1990) 773–779.
[6] A.J. Wong, J.M. Ruppert, S.H. Bigner, C.H. Grzeschik, P.A. Humphrey,
D.S. Bigner, B. Vogelstein, Structural alterations of the epidermal
growth factor receptor gene in human gliomas, Proc. Natl. Acad. Sci.
USA 89 (7) (1992) 2965–2969.

[7] H.W. Lo, M.C. Hung, Nuclear EGFR signalling network in cancers:
linking EGFR pathway to cell cycle progression nitric oxide pathway
and patient survival, Brit. J. Cancer 94 (2) (2006) 184–188.

[8] A. Lautrette, S. Li, R. Alili, S.W. Sunnarborg, M. Burtin, D.C. Lee, G.
Friedlander, F. Terzi, Angiotensin II and EGF receptor cross-talk in
chronic kidney diseases: a new therapeutic approach, Nat. Med. 11
(8) (2005) 867–874.

[9] H.W. Lo, X. Cao, H. Zhu, F. Ali-Osman, Constitutively activated
STAT3 Frequently coexpresses with epidermal growth factor
receptor in high-grade gliomas and targeting STAT3 sensitizes
them to Iressa and Alkylators, Clin. Cancer Res. 14 (19) (2008)
6042–6054.

[10] Z. Yang, R. Bagheri-Yarmand, R.A. Wang, L. Adam, V.V.
Papadimitrakopoulou, G.L. Clayman, A. El-Naggar, R. Lotan, C.J.
Barnes, W.K. Hong, R. Kumar, The epidermal growth factor
receptor tyrosine kinase inhibitor ZD1839 (Iressa) suppresses c-Src
and Pak1 pathways and invasiveness of human cancer cells, Clin.
Cancer Res. 10 (2) (2004) 658–667.

[11] H.-W. Lo, EGFR-targeted therapy in malignant glioma: novel aspects
and mechanisms of drug resistance, Curr. Mol. Pharmacol. 3 (1)
(2010).

[12] A.M.P. Omuro, S. Faivre, E. Raymond, Lessons learned in the
development of targeted therapy for malignant gliomas, Mol.
Cancer Ther. 6 (7) (2007) 1909–1919.

[13] D.A. Reardon, J.A. Quinn, J.J. Vredenburgh, S. Gururangan, A.H.
Friedman, A. Desjardins, S. Sathornsumetee, J.E. Herndon 2nd., J.M.
Dowell, R.E. McLendon, J.M. Provenzale, J.H. Sampson, R.P. Smith, A.J.
Swaisland, J.S. Ochs, P. Lyons, S. Tourt-Uhlig, D.D. Bigner, H.S.
Friedman, J.N. Rich, Phase 1 trial of gefitinib plus sirolimus in adults
with recurrent malignant glioma, Clin. Cancer Res. 12 (3 Pt. 1) (2006)
860–868.

[14] H.S. Friedman, D.D. Bigner, Glioblastoma multiforme and the
epidermal growth factor receptor, New Engl. J. Med. 353 (19)
(2005) 1997–1999.

[15] J.F. de Groot, M.R. Gilbert, K. Aldape, K.R. Hess, T.A. Hanna, S. Ictech,
M.D. Groves, C. Conrad, H. Colman, V.K. Puduvalli, V. Levin, W.K.
Yung, Phase II study of carboplatin and erlotinib (Tarceva, OSI-774)
in patients with recurrent glioblastoma, J. Neuro Oncol. 90 (1) (2008)
89–97.

[16] S. Kobayashi, T.J. Boggon, T. Dayaram, P.A. Janne, O. Kocher, M.
Meyerson, B.E. Johnson, M.J. Eck, D.G. Tenen, B. Halmos, EGFR
mutation and resistance of non-small-cell lung cancer to gefitinib,
New Engl. J. Med. 352 (8) (2005) 786–792.

[17] J.G. Paez, P.A. Janne, J.C. Lee, S. Tracy, H. Greulich, S. Gabriel, P.
Herman, F.J. Kaye, N. Lindeman, T.J. Boggon, K. Naoki, H. Sasaki, Y.
Fujii, M.J. Eck, W.R. Sellers, B.E. Johnson, M. Meyerson, EGFR
mutations in lung cancer: correlation with clinical response to
gefitinib therapy, Science 304 (5676) (2004) 1497–1500.

[18] Y. Marie, A.F. Carpentier, A.M. Omuro, M. Sanson, J. Thillet, K. Hoang-
Xuan, J.Y. Delattre, EGFR tyrosine kinase domain mutations in
human gliomas, Neurology 64 (8) (2005) 1444–1445.

[19] S.N. Willis, J.M. Adams, Life in the balance: how BH3-only proteins
induce apoptosis, Curr. Opin. Cell Biol. 17 (6) (2005) 617–625.

[20] T.G. Cotter, Apoptosis and cancer: the genesis of a research field, Nat.
Rev. 9 (7) (2009) 501–507.

[21] N.N. Danial, BCL-2 family proteins: critical checkpoints of apoptotic
cell death, Clin. Cancer Res. 13 (24) (2007) 7254–7263.

[22] C. Gelinas, E. White, BH3-only proteins in control: specificity
regulates MCL-1 and BAK-mediated apoptosis, Genes Devel. 19
(11) (2005) 1263–1268.

[23] M.A. Vogelbaum, J.X. Tong, R. Perugu, D.H. Gutmann, K.M. Rich,
Overexpression of bax in human glioma cell lines, J. Neurosurg. 91
(3) (1999) 483–489.

[24] Q. Sun, L. Ming, S.M. Thomas, Y. Wang, Z.G. Chen, R.L. Ferris, J.R.
Grandis, L. Zhang, J. Yu, PUMA mediates EGFR tyrosine kinase
inhibitor-induced apoptosis in head and neck cancer cells, Oncogene
28 (24) (2009) 2348–2357.

[25] A. Naresh, W. Long, G.A. Vidal, W.C. Wimley, L. Marrero, C.I. Sartor, S.
Tovey, T.G. Cooke, J.M.S. Bartlett, F.E. Jones, The ERBB4/HER4
intracellular domain 4ICD is a BH3-only protein promoting
apoptosis of breast cancer cells, Cancer Res. 66 (12) (2006) 6412–
6420.

[26] B.C. McFarland, J. Stewart Jr., A. Hamza, R. Nordal, D.J. Davidson, J.
Henkin, C.L. Gladson, Plasminogen kringle 5 induces apoptosis of
brain microvessel endothelial cells: sensitization by radiation and

http://dx.doi.org/10.1016/j.canlet.2010.01.028
http://dx.doi.org/10.1016/j.canlet.2010.01.028


110 H. Zhu et al. / Cancer Letters 294 (2010) 101–110
requirement for GRP78 and LRP1, Cancer Res. 69 (13) (2009) 5537–
5545.

[27] J. George, C.S. Gondi, D.H. Dinh, M. Gujrati, J.S. Rao, Restoration of
tissue factor pathway inhibitor-2 in a human glioblastoma cell line
triggers caspase-mediated pathway and apoptosis, Clin. Cancer Res.
13 (12) (2007) 3507–3517.

[28] F. Ali-Osman, D.E. Stein, A. Renwick, Glutathione content and
glutathione-S-transferase expression in 1,3-bis(2-chloroethyl)-1-
nitrosourea-resistant human malignant astrocytoma cell lines,
Cancer Res. 50 (21) (1990) 6976–6980.

[29] H.W. Lo, H. Zhu, X. Cao, A. Aldrich, F. Ali-Osman, A novel splice
variant of GLI1 that promotes glioblastoma cell migration and
invasion, Cancer Res. 69 (17) (2009) 6790–6798.

[30] R.L. Camp, E.B. Rimm, D.L. Rimm, Met expression is associated with
poor outcome in patients with axillary lymph node negative breast
carcinoma, Cancer 86 (11) (1999) 2259–2265.

[31] H.-W. Lo, S.-C. Hsu, W. Xia, X. Cao, J.-Y. Shih, Y. Wei, J.L. Abbruzzese,
G.N. Hortobagyi, M.-C. Hung, Epidermal growth factor receptor
cooperates with signal transducer and activator of transcription 3 to
induce epithelial–mesenchymal transition in cancer cells via up-
regulation of TWIST gene expression, Cancer Res. 67 (19) (2007)
9066–9076.

[32] H.W. Lo, L. Stephenson, X. Cao, M. Milas, R. Pollock, F. Ali-Osman,
Identification and functional characterization of the human
glutathione S-transferase P1 gene as a novel transcriptional target
of the p53 tumor suppressor gene, Mol. Cancer Res. 6 (5) (2008)
843–850.

[33] T.C. Chou, P. Talalay, Quantitative analysis of dose-effect
relationships: the combined effects of multiple drugs or enzyme
inhibitors, Adv. Enzyme Regul. 22 (1984) 27–55.

[34] H.-W. Lo, S.-C. Hsu, M. Ali-Seyed, M. Gunduz, W. Xia, Y. Wei, G.
Bartholomeusz, J.-Y. Shih, M.-C. Hung, Nuclear interaction of EGFR
and STAT3 in the activation of iNOS/NO pathway, Cancer Cell 7 (6)
(2005) 575–589.

[35] S.H. Bigner, P.A. Humphrey, A.J. Wong, B. Vogelstein, J. Mark, H.S.
Friedman, D.D. Bigner, Characterization of the epidermal growth
factor receptor in human glioma cell lines and xenografts, Cancer
Res. 50 (24) (1990) 8017–8022.

[36] H.J. Liao, G. Carpenter, Role of the Sec61 translocon in EGF receptor
trafficking to the nucleus and gene expression, Mol. Biol. Cell 18 (3)
(2007) 1064–1072.

[37] H.J. Liao, G. Carpenter, Cetuximab/C225-induced intracellular
trafficking of epidermal growth factor receptor, Cancer Res. 69 (15)
(2009) 6179–6183.

[38] S.K. Kochi, R.J. Collier, DNA fragmentation and cytolysis in U937 cells
treated with diphtheria toxin or other inhibitors of protein
synthesis, Exp. Cell Res. 208 (1) (1993) 296–302.

[39] Y.Y. He, J.L. Huang, C.F. Chignell, Cleavage of epidermal growth factor
receptor by caspase during apoptosis is independent of its
internalization, Oncogene 25 (10) (2006) 1521–1531.

[40] K. Nakano, K.H. Vousden, PUMA, a novel proapoptotic gene, is
induced by p53, Mol. Cell 7 (3) (2001) 683–694.

[41] J. Yu, L. Zhang, P.M. Hwang, K.W. Kinzler, B. Vogelstein, PUMA
induces the rapid apoptosis of colorectal cancer cells, Mol. Cell 7 (3)
(2001) 673–682.
[42] X. Cao, C. Rodarte, L. Zhang, C.D. Morgan, J. Littlejohn, W.R. Smythe,
Bcl2/bcl-xL inhibitor engenders apoptosis and increases
chemosensitivity in mesothelioma, Cancer Biol. Ther. 6 (2) (2007)
246–252.

[43] H. Shao, H.Y. Cheng, R.G. Cook, D.J. Tweardy, Identification and
characterization of signal transducer and activator of transcription 3
recruitment sites within the epidermal growth factor receptor,
Cancer Res. 63 (14) (2003) 3923–3930.

[44] L.-Y. Hung, J.T. Tseng, Y.-C. Lee, W. Xia, Y.-N. Wang, M.-L. Wu, Y.-H.
Chuang, C.-H. Lai, W.-C. Chang, Nuclear epidermal growth factor
receptor (EGFR) interacts with signal transducer and activator of
transcription 5 (STAT5) in activating Aurora-A gene expression,
Nucl. Acids Res. 36 (13) (2008) 4337–4351.

[45] N. Hanada, H.W. Lo, C.P. Day, Y. Pan, Y. Nakajima, M.C. Hung, Co-
regulation of B-Myb expression by E2F1 and EGF receptor, Mol.
Carcinogen. 45 (1) (2006) 10–17.

[46] D. Bandyopadhyay, M. Mandal, L. Adam, J. Mendelsohn, R. Kumar,
Physical interaction between epidermal growth factor receptor and
DNA-dependent protein kinase in mammalian cells, J. Biol. Chem.
273 (3) (1998) 1568–1573.

[47] S.C. Wang, Y. Nakajima, Y.L. Yu, W. Xia, C.T. Chen, C.C. Yang, E.W.
McIntush, L.Y. Li, D.H. Hawke, R. Kobayashi, M.C. Hung, Tyrosine
phosphorylation controls PCNA function through protein stability,
Nat. Cell Biol. 8 (12) (2006) 1359–1368.

[48] H.W. Lo, S.C. Hsu, W. Xia, X. Cao, J.Y. Shih, Y. Wei, J.L. Abbruzzese,
G.N. Hortobagyi, M.C. Hung, Epidermal growth factor receptor
cooperates with signal transducer and activator of transcription 3
to induce epithelial–mesenchymal transition in cancer cells via up-
regulation of TWIST gene expression, Cancer Res. 67 (19) (2007)
9066–9076.

[49] H.W. Lo, X. Cao, H. Zhu, F. Ali-Osman, COX-2 is a novel
transcriptional target of the nuclear EGFR-STAT3 and EGFRvIII-
STAT3 signaling axes, Mol. Cancer Res. 8 (2) (2010).

[50] Z. Weihua, R. Tsan, W.C. Huang, Q. Wu, C.H. Chiu, I.J. Fidler, M.C.
Hung, Survival of cancer cells is maintained by EGFR independent of
its kinase activity, Cancer Cell 13 (5) (2008) 385–393.

[51] T. Okamura, S. Singh, J. Buolamwini, T.A. Haystead, H.S. Friedman,
D.D. Bigner, F. Ali-Osman, Tyrosine phosphorylation of the human
glutathione S-transferase p1 by epidermal growth factor receptor, J.
Biol. Chem. 284 (2009) 16979–16989.

[52] M. Mihara, S. Erster, A. Zaika, O. Petrenko, T. Chittenden, P. Pancoska,
U.M. Moll, p53 has a direct apoptogenic role at the mitochondria,
Mol. Cell 11 (3) (2003) 577–590.

[53] S.Y. Lin, K. Makino, W. Xia, A. Matin, Y. Wen, K.Y. Kwong, L.
Bourguignon, M.C. Hung, Nuclear localization of EGF receptor and its
potential new role as a transcription factor, Nat. Cell Biol. 3 (9)
(2001) 802–808.

[54] N. de la Iglesia, G. Konopka, S.V. Puram, J.A. Chan, R.M. Bachoo, M.J.
You, D.E. Levy, R.A. Depinho, A. Bonni, Identification of a PTEN-
regulated STAT3 brain tumor suppressor pathway, Genes Devel. 22
(4) (2008) 449–462.

[55] K. Okumura, M. Zhao, R.A. DePinho, F.B. Furnari, W.K. Cavenee, PTEN:
a novel anti-oncogenic function independent of phosphatase
activity, Cell cycle 4 (4) (2005) 540–542.

Joseph George
Rectangle


	EGFR and EGFRvIII interact with PUMA to inhibit mitochondrial translocalization of PUMA and PUMA-mediated apoptosis independent of EGFR kinase activity
	Introduction
	Materials and methods
	Cell lines, cell culture and xenografts
	Reagents and chemicals
	Determination of binding of EGFR/EGFRvIII to PUMA via immunoprecipitation and western blotting
	Immunohistochemistry (IHC) for EGFR/EGFRvIII and PUMA expression in glioma primary specimens
	Determination of apoptosis via the TUNEL assay
	Determination of the extent of PUMA mitochondrial translocalization
	Determination of treatment synergy
	Statistical analysis

	Results
	EGFR and EGFRvIII paradoxically co-express and complex with PUMA in GBM cell lines and xenografts
	Levels of EGFR/EGFRvIII and PUMA expression and their co-expression correlate with glioma grade
	Transcriptional down-regulation of PUMA and over-expression of EGFRvIII induce apoptosis in GBM cells
	EGFR and EGFRvIII both exist in complex with PUMA constitutively and the interactions are sustained under apoptotic stress
	PUMA is sequestered in the cytoplasm of EGFR- and EGFRvIII-expressing GBM and breast cancer cells
	EGFR–PUMA interaction is independent of ligand-mediated receptor activation and is sustained under EGFR inhibition

	Discussion
	Conflict of interest
	Acknowledgements
	Supplementary material
	References


