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   Epidermal Growth Factor  Receptor, Protein Kinase 
B/Akt, and Glioma Response to Erlotinib  
    Daphne A.     Haas-Kogan   ,    Michael D.     Prados   ,    Tarik     Tihan   ,    David A.     Eberhard   , 
   Nannette     Jelluma   ,    Nils D.     Arvold   ,    Rachel     Baumber   ,    Kathleen R.     Lamborn   , 
   Ami     Kapadia   ,    Mary     Malec   ,    Mitchel S.     Berger   ,    David     Stokoe   

          Background:  The epidermal growth factor receptor (EGFR) 
tyrosine kinase inhibitor erlotinib (also known as Tarceva or 
OSI-774) has shown promising response rates in malignant 
gliomas. We investigated the association between expression 
of EGFR and downstream signaling components and the 
 response of malignant gliomas to erlotinib in a phase I trial 
of erlotinib administered either alone or with the alkylating 
agent temozolomide.  Methods:  Expression of EGFR and 
 ligand-independent EGFRvIII mutant proteins and of phos-
phorylated protein kinase B (PKB)/Akt in specimens from 
glioma patients were assessed by immunohistochemistry. 
EGFR gene amplifi cation was evaluated by fl uorescence in 
situ hybridization. Mutations in PTEN and EGFR were 
 assessed by polymerase chain reaction amplifi cation and 
 sequencing. Response was evaluated by sequential magnetic 
resonance imaging every 2 months. The Cochran – Mantel –
 Haenzel test was used to assess associations between bio-
marker status and response. All statistical tests were two-sided. 
 Results:  Of 41 glioma patients, eight responded to treatment. 
Response to erlotinib was associated with EGFR expression 
( P  = .07) and EGFR amplifi cation ( P  = .08). These associa-
tions were stronger and statistically signifi cant among the 29 
patients initially diagnosed with glioblastoma multiforme 
( P  = .03 and  P  = .02, respectively). Among six responders with 
suffi cient tumor tissue, none had EGFRvIII mutations. None 
of the 22 tumors with high levels of phosphorylated PKB/Akt 
responded to erlotinib treatment, whereas eight of the 18 tu-
mors with low levels of phosphorylated PKB/Akt responded 
to erlotinib treatment ( P <.001). The level of phosphorylated 
PKB/Akt was also associated with time to progression 
( P <.001).  Conclusions:  Among glioma patients, those with 
glioblastoma multiforme tumors who have high levels of 
EGFR expression and low levels of phosphorylated PKB/Akt 
had better response to erlotinib treatment than those with low 
levels of EGFR expression and high levels of phosphorylated 
PKB/Akt. [J Natl Cancer Inst 2005;97:880 – 7]  

      New insights into genetic aberrations in human tumors are 
providing possible biomarkers that are being investigated for 
their association with the course of disease and its response to 
therapy. Anticancer agents have been designed to target specifi c 
molecular abnormalities, and some of these agents have proven 
clinically effi cacious. For example, agents that block the HER2/
neu receptor (also known as ErbB-2), a member of the epidermal 
growth factor receptor (EGFR) family, and the c-ABL tyrosine 

kinase have been studied in randomized trials and are now the 
standard of care for specifi c malignancies  ( 1 , 2 ) . In clinical trials 
evaluating these agents, selection of patients whose tumors har-
bored the targeted aberrations was critical to demonstrating clin-
ically signifi cant objective response rates and enhanced patient 
survival  ( 3 ) .  

  Agents that target EGFR (also known as ErbB-1) have also 
shown clinical promise  ( 4 ) ; their development has been stimu-
lated by the high proportion of human cancers that overexpress 
EGFR, including breast, colon, lung, ovarian, pancreatic, and 
brain tumors  ( 5 ) . The association between EGFR overexpression 
and poor prognosis  ( 6 )  has provided an additional stimulus to 
 develop EGFR inhibitors, including antibodies and small-molecule 
inhibitors.  

  Two small-molecule inhibitors of EGFR, gefi tinib (also known 
as Iressa or ZD1839) and erlotinib (also known as Tarceva or 
OSI-774), have been widely tested in human malignancies, but 
associations between the expression of EGFR and responses to 
these agents have been unclear  ( 7  –  10 ) . Recently, however, a 
study of patients with non – small-cell lung cancer (NSCLC) 
found that those patients whose tumors possess somatic EGFR 
mutations that may confer increased protein kinase activity had 
better response to gefi tinib than patients whose tumors had nor-
mal EGFR  ( 11 , 12 ) . Screening of other tumor types did not dis-
close similar EGFR mutations  ( 12 ) , suggesting that, although 
EGFR mutations in NSCLC patients may predict responses to 
EGFR inhibitors, other molecular characteristics of EGFR or the 
tumor may predict response in other tumors.  

  Efforts to improve surgical, radiotherapy, and chemotherapy 
approaches to glioma treatment have not substantially increased 
long-term survival  ( 13 ) . Although standard antineoplastic thera-
pies have produced little clinical progress, genetic analyses of 
gliomas have improved our understanding of the molecular patho-
genesis of these tumors  ( 14 ) . EGFR is frequently overexpressed 
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in NSCLCs and other solid tumors, but EGFR gene  amplifi cation 
does not frequently underlie increased protein  expression  ( 5 ) . 
EGFR is also overexpressed in 40% – 90% of glioblastoma multi-
forme tumors (the highest-grade, highly  malignant glioma that is 
almost uniformly fatal), and the EGFR gene is amplifi ed in nearly 
half of these tumors, so that it is the primary mechanism leading 
to EGFR overexpression in such tumors  ( 15 ) . In addition, fre-
quent overexpression of the ligand-independent EGFRvIII dele-
tion mutant in glioblastoma multiforme tumors  ( 16 )  suggests that 
EGFR is a key factor in glioblastoma multiforme pathogenesis 
and provides a compelling rationale for the use of EGFR inhibi-
tors in patients with this form of glioma.  

  Erlotinib is a small-molecule inhibitor of EGFR that has pro-
duced clinically signifi cant response rates in patients with malig-
nant glioma  ( 17 ) . The University of California, San Francisco, 
conducted a phase I trial in which erlotinib alone or combined 
with temozolomide, a chemotherapeutic alkylating agent, was 
given to glioma patients. We used tissue specimens from patients 
in this trial to determine whether the status of EGFR and down-
stream signaling components in gliomas was associated with 
 response to the EGFR inhibitor erlotinib. This article focuses on 
associations between molecular markers of individual tumors 
and responses to erlotinib, rather than on details of erlotinib toxic 
effects and pharmacokinetics.  

   P ATIENTS AND  M ETHODS   

   Phase I Study  

  Patients with stable or progressive malignant gliomas were 
treated with erlotinib at doses that started at 100 mg/day. This 
phase I study included adult patients with histologically proven 
supratentorial malignant glioma and Karnofsky performance sta-
tus scores of 60 or more but with no mandate for determination 
of EGFR status. Patients were stratifi ed according to the use of 
enzyme-inducing antiepileptic drugs. In addition to erlotinib, 
 patients could receive temozolomide at a daily dose of 150 – 200 
mg/m 2  of body surface area for 5 days every 28 days, if they had 
not previously received or progressed on this alkylating agent. 
The trial thus consisted of four treatment groups: patients who 
were not on enzyme-inducing antiepileptic drugs and received 
either erlotinib alone or the combination of erlotinib and temo-
zolomide and patients who were on enzyme-inducing antiepilep-
tic drugs and received either erlotinib alone or the combination of 
erlotinib and temozolomide. Within each treatment group, the er-
lotinib dose was increased in increments of 50 mg/day until dose-
limiting toxicity occurred. For patients receiving combination 
therapy with temozolomide, erlotinib began 7 days before temo-
zolomide therapy and continued until dose-limiting toxicity oc-
curred. Dose escalations for individual patients were allowed. 
Sixty-six patients enrolled in this trial; 14 patients were treated 
with stable disease, and 52 patients were treated at relapse and 
were, therefore, evaluable for response with sequential magnetic 
resonance imaging every 2 months. Response was defi ned as a 
50% decrease in tumor area, refl ected by cross-sectional diame-
ters, in the setting of stable clinical fi ndings and no increase in 
steroid doses.  

  We acquired tissue from 41 of the 52 patients who were evalu-
able for response. Of these 41 patients, 29 had glioblastoma 
 multiforme, nine had grade 3 gliomas, and three had grade 2 glio-
mas. Tissue was acquired from the original diagnostic surgery in 

29 patients of the 41 patients and from resection for recurrent 
 disease in 12 of the 41 patients. All but one specimen had been 
obtained before the patient enrolled in the phase I study and initi-
ated  therapy with erlotinib. A single specimen that expressed 
 phosphorylated PKB/Akt and diffuse positive staining for EGFR 
was obtained from tissue resected 68 days after the initiation of 
erlotinib treatment, after the patient was off study and no longer 
treated with erlotinib. There was not suffi cient tissue to complete 
all analyses on all patients, and the order of priority for analyses 
was EGFR immunohistochemistry, PKB/Akt phosphorylation, 
and EGFR fl uorescence in situ hybridization. Therefore, EGFR 
immunohistochemistry was assessed in 41 patients, phosphoryla-
tion of PKB/Akt was assessed in 40 patients, and EGFR fl uores-
cence in situ hybridization was assessed in 39 patients.  

  The cohort studied herein is a subset of a larger phase I study 
that will be described in detail elsewhere (M.D.P., K.R.L., Susan 
Chang, Eric Burton, Nicholas Butowski, M.M., A.K., Jane 
 Rabbitt, Margaretta Page, Ann Fedoroff, Dong Xie, Sean K. 
 Kelley, unpublished results). Patients were enrolled on this study 
between December 2001 and May 2003. All patients signed an 
informed consent form. The protocol was approved by the 
 institutional review board at the University of California, San 
 Francisco, and conducted in accordance with institutional and 
federal guidelines for human investigation.  

    Immunohistochemical Analysis  

  Formalin-fi xed, paraffi n-embedded sections were immunos-
tained for total EGFR (monoclonal antibody, clone111.6; Lab 
 Vision Corporation, Fremont, CA), EGFRvIII (monoclonal 
 antibody, clone G100; Zymed Laboratories, Inc., South San 
Francisco, CA), and phosphorylated PKB/Akt (polyclonal anti-
body Ser473; Cell Signaling Technology, Inc., Beverly, MA). For 
EGFR staining, tissue was digested with protease XXV (Lab 
 Vision) at 37 °C for 10 minutes, peroxidase activity was quenched 
with 3% hydrogen peroxide in phosphate-buffered saline, and 
sections were incubated with primary antibody (1:500 dilution) 
for 60 minutes. For EGFRvIII and phosphorylated PKB/Akt 
staining, antigen retrieval was performed in 10 m M  sodium 
 citrate (pH 6.0) for 30 minutes in boiling water, sections were 
cooled to room temperature, and peroxidase activity was 
quenched with 3% hydrogen peroxide in phosphate-buffered 
 saline. Sections were then sequentially incubated with avidin and 
biotin blocking reagents (DakoCytomation California, Inc., 
 Carpinteria, CA), primary antibody (1   :   50 dilution) at 4 °C over-
night, biotinylated horse anti – mouse secondary antibody for 
EGFR and EGFRvIII (1   :   200 dilution, Vector Labs, product 
BA-2000, Burlingame, CA), and biotinylated goat anti – rabbit 
secondary antibody for phospho-PKB/Akt (1   :   200 dilution, 
 Vector Labs, product BA-1000, Burlingame, CA) for 30 minutes, 
and fi nally with  avidin – biotin complex (1   :   100 dilution, Vector 
Labs, product PK6100 Vectastain ABC Kit) for 30 minutes. 
Staining was visualized with 3,3 ′ -diaminobenzidine tetrahydro-
chloride at 500 mg/mL in phosphate-buffered saline for 5 min-
utes at room temperature, and slides were counterstained with 
hematoxylin. Healthy brain sections from surgical specimens 
were used as control tissues. In addition, tumors with defi ned 
 alterations in EGFR or EGFRvIII amplifi cation were used as pos-
itive controls. For phosphorylated PKB/Akt studies, slides from a 
paraffi n- embedded human breast carcinoma were used as positive 
controls, as suggested by the manufacturer (Cell Signaling). For 

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/97/12/880/2544057 by guest on 21 August 2022



882 ARTICLES Journal of the National Cancer Institute, Vol. 97, No. 12, June 15, 2005

negative controls, tumor sections were processed as above with 
the exception of incubation with the primary antibody. Dilutions 
and incubation periods were optimized for each antibody by use 
of the positive and negative controls. EGFR positivity, visualized 
by chromogenic staining, was localized to the cell membranes and 
cytoplasm, similar to the results reported previously  ( 18 ) . Before 
assessing staining for EGFR, three categories were  defi ned: 
 tumors with no positive cells were defi ned as  “ negative, ”  tumors 
with a limited number of positive cells were defi ned as  “ focally 
positive, ”  and tumors in which virtually all cells were positive 
were defi ned as  “ diffusely positive. ”  All scoring was done in a 
blinded fashion with no knowledge of patient outcome.  

    Fluorescence In Situ Hybridization  

  Fluorescence in situ hybridization was performed on paraffi n-
embedded sections as previously described  ( 19 ) . In brief, after 
deparaffi nization, sections were pretreated with 1  M  sodium thio-
cyanate at 80 °C for 3 minutes and then digested in a pepsin solu-
tion (1.5 mg/mL dissolved in 0.2 N HCl, pH <2.0) at 37 °C for 4 
minutes. Denaturation was carried out for 6 minutes at 73 °C in a 
solution of 70% formamide and 2× standard saline citrate (SSC; 
1× SSC = NaCl at 0.15 mol/L and sodium citrate at 0.015 mol/L 
at pH 7.0). Hybridization was then performed with a chromo-
some 7 pericentromeric probe  ( 20 )  labeled by random priming 
(Invitrogen kit 18094-011) with Alexa 488-dUTP (Molecular 
Probes product C11397) and a 38-kilobase genomic probe spe-
cifi c for the EGFR gene  ( 20 )  labeled by nick translation (Invitro-
gen kit 18247 – 015) with CY3-dUTP (Amersham Life Sciences 
product PA53022), where Alexa 488 and CY3 are fl uorophores.  

  A Zeiss Axioplan fl uorescence microscope equipped with 
double-band-pass fi lters (Chroma Technology, Brattleboro, VT) 
and a ×100, numerical aperture 1.3, oil-immersion objective was 
used for simultaneous visualization of Alexa 488 and CY3. Slides 
were scored by counting the absolute numbers of EGFR and 
 centromere 7 signals in 25 – 50 cells, as previously described  ( 20 ) . 
The EGFR copy number and centromere 7 copy number were 
calculated for each cell in every specimen. The EGFR gene in a 
single cell was classifi ed as amplifi ed when the EGFR signal was 
at least twice as high as the centromere 7 signal. A tumor was 
classifi ed as amplifi ed if at least 10% of tumor cells displayed 
amplifi cation  ( 20 ) .  

    PTEN and EGFR Mutation Analysis  

  Tumor tissue was isolated by dissection of tumor-rich areas or 
by laser-capture microdissection of tumor cells (PixCell II, 
 Arcturus, Mountain View, CA) from 10- μ m-thick, formalin-
fi xed, paraffi n-embedded tissue sections. After deparaffi nization 
and rehydration, genomic DNA was extracted by proteinase K 
digestion according to the manufacturers’ instructions (Promega 
kit A1120; and PicoPure, Arcturus).  

  For PTEN sequencing, extracted DNA was resuspended in 
20  μ L of a solution of 10 m M  Tris – HCl and 1 m M  EDTA (pH 7.5), 
and 2  μ L of this mixture was subjected to PCR amplifi cation. 
An initial incubation at 94 °C for 2 minutes was followed by 
40  cycles of 94 °C for 30 seconds, 57 °C for 30 seconds, and 
68 °C for 1 minute, followed by a fi nal extension at 68 °C for 10 
 minutes. Primers were designed by use of the algorithm Primer3 
( http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi ). The 
PCR products were then sequenced on both strands with the 

same primers used for the PCR amplifi cation on an ABI3700 
 sequencer.  

  For EGFR sequencing, a nested PCR amplifi cation was per-
formed. One microliter of digested DNA was added to 50  μ L of 
reaction buffer containing 0.5  μ  M  of each primer, all four deoxy-
nucleoside triphosphates (each at 0.2  μ  M ), 1.5 m M  MgCl 2 , and 
1.5 U of a taq/pwo blend (Expand High-Fidelity PCR system; 
Roche Molecular Biochemicals, Indianapolis, IN). Polymerase 
chain reactions (PCRs) were run in a PT200 MJ Thermocycler 
(MJ Research, Inc., Waltham, MA) with the following cycling 
conditions: an initial incubation at 94 °C for 3 minutes, 35 cycles 
of 94 °C for 30 seconds, 58 °C for 30 seconds, and 72 °C for 1 
minute, followed by a fi nal extension at 72 °C for 8 minutes. 
Second-step reactions with nested primers were cycled 30 times; 
other conditions were as in the fi rst step. PCR products were 
 sequenced with M13 sequencing primers and resolved with an 
ABI3700 instrument (Applied Biosystems, Foster City, CA). The 
sequences of the oligonucleotide primers used for PCR and 
 sequencing are presented as Supplementary Material (Available 
at:  http://jncicancerspectrum.oupjournals.org/jnci/content/vol97/
issue12 ).  

    Statistical Methods  

  All analyses were done with the SAS package of programs, 
version 9.1. Variations of the Cochran – Mantel – Haenzel test were 
used to assess the association of marker status with response and 
the association of EGFR amplifi cation with EGFR immunohisto-
chemistry. For markers with more than two levels, rank scores 
were used. For the purpose of these analyses, EGFR immunohis-
tochemistry result labeled  “ diffusely positive ”  (score of 3) was 
considered to be a higher score than that labeled  “ focally posi-
tive ”  (score of 2). The log-rank test was used to assess the asso-
ciation of EGFR and phosphorylated PKB/Akt status with time 
to progression. The Cox proportional hazards model was used to 
assess immunohistochemistry results for EGFR, with scores of 
1, 2, and 3 for  “ none, ”   “ focally positive, ”  and  “ diffusely positive, ”  
respectively, to allow for ordering. The proportional hazards as-
sumption was evaluated by graphical displays and determined to 
be adequate for the purpose of this assessment. Because a possi-
bility exists that glioblastoma multiforme may inherently respond 
differently to erlotinib than lower-grade gliomas, the analyses 
were repeated including only those tumors that were initially di-
agnosed as glioblastoma multiforme. In most instances, the re-
sults remained qualitatively the same. However, in two instances 
analyses of glioblastoma multiforme resulted in statistically sig-
nifi cant  P  values that were not seen for the full group analysis; in 
these cases, results of both analyses are presented. All  P  values 
were from two-sided tests.  P  values less than .05 were considered 
statistically signifi cant.  

     R ESULTS   

  We acquired tissue from 41 patients with progressive gliomas 
enrolled in a phase I trial of erlotinib administered either alone or 
with the alkylating chemotherapeutic agent temozolomide. Eight 
patients responded to erlotinib. Tissue was available from all 
eight responders. Patient characteristics are shown in  Table 1 .    

  Before proceeding with the primary analyses, we confi rmed 
that treatment group (erlotinib ± temozolomide ± enzyme-
 inducing antiepileptic drugs) and/or erlotinib blood levels were 
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not statistically signifi cant predictors of tumor response. Re-
sponses among the four treatment groups were compared by use 
of the Cochran – Mantel – Haenzel test for general association and 
found to be not statistically signifi cantly different among them 
( P  = .73). These results were confi rmed by use of logistic regres-
sion analysis with temozolomide and enzyme-inducing antiepi-
leptic drugs as the two factors in the model, and responses were 
found to occur at even the lower erlotinib dose levels. Six of the 
eight responders were treated with erlotinib alone and two were 
treated with erlotinib plus temozolomide. To evaluate the asso-
ciation of erlotinib blood levels with response, we considered the 
area under the erlotinib curve for the 8-day period after the initial 
treatment. When a patient was treated at multiple dose levels, the 
information from the highest dose level available was used. Phar-
macokinetic studies were available for 37 of the 41 patients, in-
cluding all of the responders. The median areas under the curve 
for the non-responders was 15.3 hours ×  μ g/mL (range = 4.3 –
 44.3 hours ×  μ g/mL) and that of the responders was 14.6 hours × 
 μ g/mL (range = 8.2 – 28 hours ×  μ g/mL).  

  The areas under the curve from responders were compared 
with those of nonresponders by use of a Cochran – Mantel –
 Haenzel test with rank scores. We found no indication that re-
sponse was related to the area under the curve ( P  = .85). Because 
neither dose group nor area under the curve appeared to be  
strongly associated with response, the subsequent analyses of tu-
mor markers were completed without regard to dose group. It is 
possible that dose group and drug availability have some associa-
tion with response rate that could not be detected with this lim-
ited sample size. However, because assignment of patients to a 
particular dose group was not dependent on knowledge of marker 
status, any dose – response relationship could only reduce our 
power to detect a marker effect and would not introduce any bias 
into the analysis.  

  We investigated the relationship between EGFR gene amplifi -
cation and the overexpression of EGFR protein in glioma tissue 
sections. EGFR gene amplifi cation was assessed by fl uorescence 
in situ hybridization, and the EGFR signal was normalized to 
that of a centromere 7 probe ( Fig. 1, A ). The ratio of EGFR signal 
to centromere 7 signal ranged from 4 to 15 in tumors with 
EGFR amplifi cation, with a median of 9. We also assessed EGFR 

protein expression by immunohistochemistry ( Fig. 1, B ). None 
of the 14 EGFR protein – negative tumors had amplifi ed EGFR 
genes. One of the 15 tumors that expressed EGFR protein in a 
focally positive manner had amplifi ed EGFR genes. Nine of the 
10 tumors that expressed EGFR protein in a diffusely positive 
manner had amplifi ed EGFR genes. Thus, EGFR overexpression 
was associated with EGFR gene amplifi cation ( P <.001), suggest-
ing that amplifi cation is the mechanism used by gliomas to 
 overexpress EGFR protein.    

  We next investigated the relation between EGFR gene ampli-
fi cation and response to erlotinib. We assessed EGFR gene ampli-
fi cation in the tumors of 39 patients. Among the 10 patients with 
tumors with EGFR gene amplifi cation, four (40%) responded 
to erlotinib; among the 29 patients with tumors without EGFR 
gene amplifi cation, four (14%) responded to erlotinib ( P  = .08) 
( Table 2 ). We then analyzed the 29 patients with glioblastoma 
multiforme patients separately, including the fi ve who responded 
to erlotinib treatment. Tumors from only 28 patients were avail-
able for fl uorescence in situ hybridization analysis. Among six 
tumors with EGFR amplifi cation, three (50%) responded to treat-
ment; among the 22 tumors without amplifi cation, two (9%) 
 responded ( P  = .02) ( Table 2 ). Thus, EGFR gene amplifi cation 
was associated with response to erlotinib treatment, and the as-
sociation was stronger and statistically signifi cant among patients 
initially diagnosed with glioblastoma multiforme.  

    We also investigated the relation between EGFR protein 
overexpression and response to erlotinib. We assessed EGFR 
overexpression in tumors of all 41 patients. Among the 11 
 patients whose tumors had diffuse positive EGFR staining, 
four (36%) responded to erlotinib. Among the 14 patients 
whose tumors were negative for EGFR staining, one (7%) 
 responded to erlotinib. Among the 16 patients whose tumors 
had focally positive staining for EGFR, three (19%) responded 
to erlotinib ( Table 2 ,  P  = .07). Among the 29 patients with 
glioblastoma multiforme, three of the seven patients with dif-
fuse positive EGFR staining responded to treatment (43%), 
none of the 10 patients with negative staining responded (0%), 
and two of the 12 patients with focally positive staining 
 responded (17%) ( P  = .03). Thus, EGFR protein overexpres-
sion as measured by immunohistochemistry was associated 
with response to erlotinib treatment, and the association was 
stronger and statistically signifi cant among patients with glio-
blastoma  multiforme.  

  Mutations within the tyrosine kinase domain of EGFR appear 
to be associated with response to the EGFR inhibitor gefi tinib in 
NSCLC  ( 11 , 12 ) . Consequently, we sequenced exons 18, 19, 20, 
21, and 23 of the EGFR gene from tumor tissue of six responders 
for whom suffi cient tissue was available for this analysis. None 
of these patients had mutations in the exons examined.  

  Although we found that EGFR overexpression and gene 
 amplifi cation were associated with response to erlotinib, the 
fi nding that six patients with EGFR amplifi cation were nonre-
sponders suggests that EGFR amplifi cation is not suffi cient for 
response to erlotinib and suggests that another mechanism is 
also involved. We explored two potential mechanisms of erlo-
tinib resistance in EGFR-amplifi ed tumors. First, we investi-
gated whether erlotinib resistance in tumors with EGFR 
amplifi cation is associated with the overexpression of the 
 ligand-independent EGFRvIII mutant, because in vitro studies 
have demonstrated particular resistance of this EGFR mutant to 
the EGFR inhibitor gefi tinib  ( 21 ) , although preliminary reports 

    Table 1.       Patient characteristics and treatment details   

    Variable   Total    

  No. of patients   41  
  Median age (range), y   53 (19 – 74)  
  Median Karnofsky performance score (range)   80 (60 – 100)  
  Female/male ratio   20   :   21  
  No. of prior therapies, No. of patients     
              One   14  
              Two   16  
              Three   10  
              Four   1  
  Type of prior therapy, No. of patients     
              Radiation alone   2  
              Radiation + nitrosourea chemotherapy   10  
              Radiation + non-nitrosourea chemotherapy only   29  
  Initial histology, No. of patients     
              Glioblastoma multiforme (grade 4)   29  
              Anaplastic astrocytoma (grade 3)   7  
              Gemistocytic astrocytoma (grade 3)   1  
              Anaplastic oligodendroglioma (grade 3)   1  
              Low-grade astrocytoma (grade 2)   1  
               Oligodendroglioma (grade 2)   2      
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have not indicated similar resistance to erlotinib  ( 22 ) . We found 
that two of the six nonresponding patients whose tumors had 
EGFR gene amplifi cation expressed the EGFRvIII mutant 
( Fig. 1, C ). We extended our analyses of EGFRvIII to the entire 
cohort and found no additional EGFRvIII positive patients, for 
totals of 39 EGFRvIII negative tumors and two EGFRvIII posi-
tive tumors. Thus, there was no association between EGFRvIII 
expression and response to erlotinib, although the statistical 
analysis was clearly limited by the few patients with EGFRvIII 
expression.  

  We also investigated whether erlotinib resistance in EGFR-
amplifi ed tumors might be related to the constitutive PKB/Akt 
activation as a result of PTEN mutations or alternative mecha-
nisms. We used phosphorylation of Ser-473 in tumor PKB/Akt, 

determined by immunohistochemistry, as a surrogate for PKB/
Akt activation ( Fig. 1, D ). To compare PKB/Akt phosphorylation 
status with other parameters, we combined tumors with focally 
positive and diffusely positive phosphorylated PKB/Akt staining 
into one positive group. Phosphorylated PKB/Akt was detected 
in four of the six nonresponders with EGFR amplifi cation, but in 
none of the four responders with EGFR amplifi cation (data not 
shown). Of note, both tumors expressing the EGFRvIII variant 
also displayed PKB/Akt phosphorylation, as expected from a 
previous study  ( 23 )  that demonstrated selective phosphatidylino-
sitol 3-kinase and PKB/Akt activation by EGFRvIII. Finally, two 
of the six nonresponders with EGFR amplifi cation expressed 
 neither phosphorylated PKB/Akt nor EGFRvIII, indicating 
 additional, as yet elusive, mechanisms for erlotinib resistance.  

    Fig. 1.    Status of epithelial growth factor receptor (EGFR) and phosphorylated 
protein kinase B (PKB)/Akt in gliomas. ( A ) Fluorescence in situ hy-
brid ization analyses of EGFR-nonamplifi ed tumor and EGFR-amplifi ed 
tumor. Representative sections of both types of tumors are shown. ( B – D ) 
Immunohistochemical analyses of EGFR, EGFRvIII, and phosphorylated PKB/
Akt. The composite panel shows negative, focal positive, and diffuse positive 
staining for the three antibodies, as indicated. The negative staining images 

are presented at ×100 original magnifi cation to demonstrate absent staining in 
tumor cells. Focal and diffuse staining images are presented at ×400 original 
magnifi cation to demonstrate the staining detail in tumor cells. Antibodies 
for EGFR and EGFRvIII exhibit membranous and cytoplasmic staining, as 
previously reported  ( 18 ) . Representative sections of a negative, a focally 
positive, and a diffusely positive tumor, respectively, are shown. In panels A – D, 
 scale bars  = 20  μ m. 
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  To extend our analyses of erlotinib-resistant tumors with  
EGFR amplifi cation, we analyzed these six nonresponding tumors 
for PTEN mutations. Two of the six erlotinib-resistant tumors 
with amplifi ed EGFR harbored PTEN mutations, although only 
one of these tumors expressed phosphorylated PKB/Akt. One 
PTEN mutation resulted in deletion of the entire exon 3 coding se-
    quence and is likely to result in an inactive form of PTEN. The 
second mutation consisted of a thymine-to-cytosine T170 → C 
point mutation at position 170, resulting in the change of amino 
acid residue 56 from leucine to serine; it is unknown whether the 
L56S mutation inactivates PTEN, because this mutation has not 
been reported previously, to our knowledge. Therefore, PTEN 
mutations could not account for all EGFR-amplifi ed erlotinib-
resistant tumors expressing phosphorylated PKB/Akt.  

  Activation of the phosphatidylinositol 3-kinase/PKB/Akt 
pathway, a key effector of EGFR signaling, impedes tumor re-
sponse to EGFR inhibitors  ( 24 ) . We therefore tested the hypoth-
esis that expression of activated, phosphorylated PKB/Akt is 
inversely associated with responses to erlotinib. We could assess 
the status of PKB/Akt and response to erlotinib in 40 tumors. 
Eighteen tumors of the 40 tumors lacked phosphorylated PKB/
Akt; eight (44%) of these 18 tumors responded to erlotinib, and 10 
(56%) did not respond to it. The other 22 tumors had phosphory-
lated PKB/Akt; none of these 22 tumors responded to erlotinib 
( P <.001) ( Table 2 ). Within the subset of 29 patients with glio-
blastoma multiforme, 18 had phosphorylated-PKB/Akt- positive 
 tumors, and none of then responded to erlotinib (0%). Of the 
11 patients with phosphorylated-PKB/Akt-negative tumors, fi ve 
 responded to erlotinib (45%,  P  = .02). Therefore, there is a statisti-
cally signifi cant inverse association between PKB/Akt phosphor-
ylation and response to erlotinib for both the entire patient cohort 
and for the subset of glioblastoma multiforme patients. Overall, 
regardless of EGFR status, none of the 22 tumors expressing 
phosphorylated PKB/Akt responded to erlotinib. However, among 
the 18 tumors that lacked phosphorylated-PKB/Akt, one of the 
fi ve EGFR-amplifi cation-negative tumors responded to erlotinib 
treatment, and seven of the 13 EGFR-amplifi cation-positive 
 tumors responded to erlotinib treatment ( Table 3 ).    

  In addition to measuring outcome by response, we also con-
sidered time to progression. In contrast to tumor responses, the 
outcome of time to progression was not associated with EGFR 

protein expression or with EGFR gene amplifi cation but was 
statistically signifi cantly associated with phosphorylated PKB/
Akt ( P <.001). Median time to progression was 7.6 weeks (95% 
confi dence interval [CI] = 4.7 to 8.0 weeks) for patients whose 
tumors displayed high levels of phosphorylated PKB/Akt and 20 
weeks (95% CI = 8.7 to 23 weeks) for patients whose tumors 
displayed low levels of phosphorylated PKB/Akt. Thus, PKB/Akt 
activity was more strongly associated with radiographic response 
to  erlotinib and time to progression than EGFR status.  

    D ISCUSSION   

  In this study we examined the relationship between molecular 
markers of gliomas and their response to the EGFR inhibitor 
 erlotinib. We found that phosphorylation of PKB/Akt was the 
strongest predictor of lack of response to erlotinib. Of 22 pa-
tients whose tumors expressed phosphorylated PKB/Akt, none 
 responded to erlotinib, whereas, of 18 patients whose tumors 
lacked phosphorylated PKB/Akt, eight responded to erlotinib. 
Response was also associated with EGFR gene amplifi cation and 
EGFR protein overexpression, being stronger and statistically 
signifi cant for glioblastoma multiforme tumors. These results 
emerged from analysis of a subset of a larger phase I study, 
 acknowledging the limitation of various erlotinib dose levels 
i nherent in a phase I study delineated below. Patients in this study 
could receive temozolomide in addition to erlotinib if they had 
not previously received or progressed on this alkylating agent, 
introducing further variability into the analysis. The small  number 
of tumors expressing EGFRvIII mutant proteins limits  analyses 
of the relationship between response to erlotinib and overexpres-
sion of EGFRvIII. Nevertheless, important associations between 
response to erlotinib and molecular markers emerged from this 
study.  

  Previous trials involving NSCLCs and colorectal and head-
and-neck malignancies have not found associations between 
 expression levels of EGFR and clinical responses  ( 9 , 10 , 25 , 26 ) . 
In contrast, we detected an association between response to erlo-
tinib and expression of both EGFR and phosphorylated PKB/Akt. 
The difference between this study and previous reports likely 
stems from the unique role of EGFR in glioma pathogenesis. 
EGFR is overexpressed in 40% – 90% of glioblastoma multiforme 

    Table 2.       Epidermal growth factor receptor (EGFR) status and phosphorylated protein kinase B/Akt (phospho-PKB/Akt) status and radiographic 
response to erlotinib *    

         All tumors       Glioblastoma multiforme tumors    

     Erlotinib    Erlotinib    Erlotinib    Erlotinib   
 Variable/test   responders No. (%)   nonresponders No. (%)   responders No. (%)   nonresponders No. (%)   

  EGFR status/FISH              
              Nonamplifi ed   4 (14)   25 (86)   2 (9)   20 (91)  
              Amplifi ed   4 (40)   6 (60)   3 (50)   3 (50)  
               Total   8   31   5   23  
  EGFR status/IHC              
              Negative   1 (7)   13 (93)   0 (0)   10 (100)  
              Focally positive   3 (19)   13 (81)   2 (17)   10 (83)  
              Diffusely positive   4 (36)   7 (64)   3 (43)   4 (57)  
                        Total [GW1]   8   33   5   24  
  Phospho-PKB/Akt status/IHC              
              Negative   8 (44)   10 (56)   5 (45)   6 (55)  
              Positive   0 (0)   22 (100)   0 (0)   18 (100)  
                         Total   8   32   5   24    

   *  Response was as defi ned by a 50% decrease in tumor area, refl ected by cross-sectional diameters, in the setting of stable clinical fi ndings and no increase in steroid 
doses. FISH = fl uorescence in situ hybridization; IHC = immunohistochemistry.   
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tumors, driven by amplifi cation in approximately 40% of over-
expressing tumors  ( 15 ) . Indeed, in this study, 25 (62.5%) of the 
40 tumors examined displayed EGFR overexpression, and 10 
(40%) of the 25 tumors with EGFR overexpression showed 
EFGR gene amplifi cation. In contrast, EGFR is amplifi ed in only 
5% – 13% of NSCLCs  ( 27 , 28 ) . Consistent with this hypothesis, a 
recent study  ( 28 )  of NSCLC that specifi cally examined EGFR 
gene amplifi cation found an association between EGFR gene 
amplifi cation and response to the EGFR inhibitor gefi tinib.  

  It is therefore likely that associations between EGFR expres-
sion and response to EGFR inhibition are most apparent in tumor 
types such as gliomas, in which EGFR amplifi cation is frequent. 
If so, it is possible that there is selection for this genetic aberra-
tion in gliomas. In contrast, EGFR overexpression in the absence 
of gene amplifi cation may represent secondary noncritical conse-
quences of tumor progression, whose sustained activity is not 
 vital to tumor maintenance. This hypothesis is supported by 
 recent results  ( 11 , 12 )  that somatic EGFR mutations in NSCLC 
 tumors confer sensitivity to gefi tinib. These EGFR mutations 
may enhance tumor response to ligand stimulation and, there-
fore, may provide a selective advantage in tumor progression. 
However, our study clearly indicates that mutations in the EGFR 
gene are not the only marker associated with response to EGFR 
inhibitors.  

  In this study, phosphorylation of PKB/Akt was also strongly 
and statistically signifi cantly associated with poor response to er-
lotinib and a short time to progression. This fi nding is especially 
notable in light of the histologic and treatment variability among 
patients in this study. This predictive capacity may be partially 
due to an association between PKB/Akt activation and poor clin-
ical outcome more generally, as has been reported for prostate 
cancer and leukemia  ( 29 , 30 ) . However, in our previous analyses 
of the phosphatidylinositol 3-kinase pathway in glioblastoma 
multiforme tumors, PKB/Akt phosphorylation was not an inde-
pendent prognostic factor for survival  ( 31 ) . Thus, the strong 
 association between PKB/Akt phosphorylation and erlotinib 
 response likely contributes to the association between PKB/Akt 
phosphorylation and time to progression.  

  Of 22 patients whose tumors displayed PKB/Akt phosphoryla-
tion, none responded to erlotinib. This fi nding contrasts with a 
recent report of NSCLC tumors, in which positive phosphorylated 
PKB/Akt staining was associated with improved response rates to 
gefi tinib, a different EGFR inhibitor, and longer time to progres-
sion  ( 32 )  but is consistent with other preclinical and  clinical 
 studies indicating that increased PKB/Akt activity is  associated 
with decreased response to gefi tinib  ( 33  –  36 ) . It is not clear from 
our analysis what underlies the phosphorylation/ activation of 
PKB/Akt. However, previous reports have shown that activation 
of phosphatidylinositol 3-kinase in  response to EGF occurs 
through heterodimerization with erb-B3  ( 37 ) . Therefore, for  future 

mechanistic and predictive studies of  patients treated with EGFR 
inhibitors, it would be informative to assess the levels of erb-B3.  

  Our preliminary results support initiation of a clinical trial, 
planned as a phase II trial of 40 patients, who will be stratifi ed 
according to molecular features of their gliomas determined 
after surgery but before initiation of therapy. All tumors will be 
characterized for the expression of phosphorylated PKB/Akt, 
which was the strongest predictor of response to erlotinib 
( P <.001). Among phosphorylated PKB/Akt-negative tumors, 
those overexpressing EGFR had a 54% response rate and 
should be treated with erlotinib alone. The small number of 
phosphorylated PKB/Akt and EGFR-negative tumors, among 
them a single responder to erlotinib, precludes conclusions re-
garding the ultimate response rate expected for patients with 
such a molecular profi le. Tumors with high levels of phos-
phorylated PKB/Akt are less likely to respond to erlotinib 
(  Table 2 ), and we propose treating them with rapamycin or one 
of its ester derivatives (i.e., CCI-779 or RAD001), perhaps in 
combination with erlotinib, if future preclinical and clinical 
trials support this combinatorial approach. This scheme is sup-
ported by preclinical results indicating that patients whose 
 tumors express activated PKB/Akt will likely display particu-
lar sensitivity to mammalian target of rapamycin (mTOR) in-
hibitors  ( 38 , 39 ) . Future trials of EGFR inhibitors should build 
on our current findings and with prospective molecular profi l-
ing should establish the most appropriate agent(s) for each 
 individual patient. Clearly, in clinical trials testing signaling 
inhibitors, selection of patients with appropriate molecular 
characteristics will not only help to assess the true effi cacy of 
specifi c novel agents but will also maximize benefi ts to indi-
vidual patients.  
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