
Abstract. Anomalies of growth factor signaling have been
reported in malignant human gliomas. The extracellular signal-
regulated kinases (ERKs) play a crucial role in transducing
growth factor signals to the nucleus and are involved in a wide
range of biological responses, including cell proliferation,
differentiation and motility. ERK1/2 is expressed and activated
in glioblastoma multiforme (GBM). However, no information
is available in literature concerning the presence and activity
of ERK1/2 in the peritumor tissue. In the present study, we
evaluated by immunohistochemistry total and phosphorylated
(t and p) ERK1/2 expression in 31 cases of primary GBM
and in tissue surrounding the enhanced lesion at different
distances up to 3.5 cm from the tumor margin. Total ERK1/2
was, as expected, uniformly expressed not only in GBM but
in the areas around the tumor also, which showed higher levels
of immunolabeling. ERK1/2 activation was observed in GBM
as well as in peritumor tissue, with no statistical difference
in the level of the enzymatic activities. In particular, in the
peritumor tissue pERK1/2 was present independently of neo-
plastic cells not only in reactive astrocytes, but in apparently
normal glial cells also. These results indicate that ERK1/2
pathway may participate in GBM growth and progression. In
addition, they strongly suggest that ERK1/2 stimulation may
be linked not only to tissue reactivity to tumor invasion, but
also to cell motility or represent per se a sign of transformation.
Finally, our findings highlight the meaning of the extension of
neoplasm fingers beyond the outer margin of GBM. Patients
with neoplastic cells at <10% or without neoplastic cells in
peritumor areas showed a higher survival time compared
with those with neoplastic elements at ≥10%. In addition, a
percentage ≥10 of neoplastic elements in peritumor tissue

was associated with an approximately 4-fold increased death
risk. 

Introduction

Glioblastoma multiforme (GBM) is the most malignant astro-
cytic tumor, characterized by marked heterogeneity of its
cytological composition, high local invasiveness and very
low metastatic tendency (1). GBM develops in patients with
a mean age of 55 years and the prognosis is extremely poor.
The disease is usually treated with aggressive multimodal
strategies combining cytoreductive surgery followed by
conventional radiation alone or associated with chemotherapy
(2). Nevertheless, in spite of all efforts, the median survival
of patients is 12 months (3) and the overall 5-year survival
rate is approximately 2% (4).

Studies performed by Burger et al have shown that the
distribution of GBM cells cannot be inferred from computerized
tomography (CT) images. In fact, while the vast majority of
the neoplastic tissue is contained within the contrast-enhancing
and peritumoral areas of low-density, the tumor cells in some
cases may extend far from this region (5). More recently, Kelly
demonstrated by performing CT and magnetic resonance
(MR) imaging-directed stereotactic serial biopsies that in
patients harboring both high- and low-grade gliomas tumor cells
can be found far from any MR imaging-defined abnormality,
at least as far away as 7 cm (6). On the other hand, Silbergeld
and Chicoine reported that cells derived from histologically
normal brain obtained from areas at a distance greater than
4 cm from the edge of GBM (as defined by gross inspection,
MR imaging and ultrasonography) could be grown in tissue
culture; these cells showed growth rates higher than cells
derived from the gross tumor (7). 

Interestingly, >90% of GBMs recur approximately 2 cm
from the edge of the resection (8). In addition, it has been
shown that in patients with GBM the resection of ≥98% of
the tumor volume is an independent variable associated with
a longer survival time (9).

Alterations of several tumor suppressor genes and onco-
genes have been reported to be critical to the initial steps of
neoplastic transformation and progression of GBM. In addition,
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several cell cycle regulators and growth factors seem to be
involved in the GBM pathogenesis (10). In particular, some
growth factors and their receptors, relevant to gliogenesis,
are overexpressed in GBM and may establish an autocrine
and paracrine loop that supports tumor growth (11,12). 

The majority of amplification events in high-grade astro-
cytoma involves epidermal growth factor receptor (EGF-R).
In particular, GBM expresses the endogenous ligands, the
epidermal growth factor (EGF) and the transforming growth
factor α in addition to EGF-R (12). Approximately 40% of the
GBMs show EGF-R amplification and can express a truncated
form of the receptor, constitutively activated, which is due to
genomic deletions (13). 

Some authors have reported that EGF-R amplification/
overexpression in GBM does not have prognostic relevance
(14,15), while others have found it to be a significant predictor
of poorer survival in GBM patients and that the EGF-R gene
status can be considered a more significant prognostic factor
in younger patients (<60 years) (16).

Stimulation of EGF-R in GBM cell lines leads to the
increase of secretion of the vascular endothelial growth factor
(VEGF) (17). This factor regulates vascular permeability and
promotes angiogenesis by inducing proliferation and migration
of endothelial cells (18). Moreover, the VEGF receptor flt1
is up-regulated in GBM endothelial cells in vivo and the
expression level of the VEGF gene in GBM is elevated and
can be increased up to 20- to 50-fold in comparison with
low-grade tumors (19).

Signaling pathways involving EGF and other growth factors
act via tyrosine kinase receptors or G-protein linked receptors
to activate the extracellular signal-regulated kinases 1 and 2
(ERK1/2), proteins belonging to the mitogen-activated protein
kinase (MAPK) family. This event is crucial for the activation
of several nuclear factors involved in the transcription of genes
which regulate cell division, differentiation (20) and migration
on extracellular matrix (21).

In normal astrocytes, ERK activation is extremely rare;
however, some reports show the presence of activated ERKs
as measured by levels of phospho-ERK1/2 (pERK1/2) in
astrogliosis, the response of astrocytes to neural injury. The
enzymatic activity has been found in brain infarct/ischemia,
iatrogenic mechanical/surgical injuries and progressive
multifocal leukoencephalopathy. In particular, in the case of
mechanical injury, while hypertrophic astrocytes present in
the lesions showed pERK1/2 immunoreactivity, only variable
subsets of those distant from focal lesions demonstrated ERK
activation (22). On the contrary, the ERK1/2 signaling system
is present in mature neurons and involved in synaptic plasticity
and memory (23). In addition, it has been reported that
activated ERK1/2 may contribute to the pathophysiology of
depressive disorders in man (24) and may be associated with
the emotional component of nociception in rats (25).

More importantly, ERK activation was seen in astrocytic
tumors, particularly in GBM. Phosphorylated ERK1/2
expression was also observed in reactive brain near the
edge of grade II and III astrocytomas while it was found to
be absent in cells distant from the tumor (26). However, the
presence of activated ERK1/2 in the peritumor areas of GBM
and its relationship to patients' age, gender and survival have
never been investigated.

In the present study, we evaluated by means of immuno-
histochemical procedures the expression of total (t) ERK1/2
and pERK1/2 in samples obtained from primary GBMs and
from the peritumor areas up to 3.5 cm from the enhanced
lesion. Thus, the primary aim of our study was to define the
spatial signaling of activated ERK1/2 and to establish if the
enzymatic activity may play a role in the progression of
GBM. We also attempted to correlate the activated ERK1/2
expression with patients' age and survival.

Patients and methods

Patients. This study involved 31 adult patients who underwent
en bloc surgery for supratentorial GBM at the Institute of
Neurosurgery of the Catholic University in Rome between
October 2002 and November 2005. On the basis of the patients'
clinical history, the GBMs were considered as primary. In fact,
the time-interval between first symptom-signs of disease and
admission to hospital was very short in all cases and patients
had a rapid clinical progression of disease. Moreover, the
age-distribution curve of our population fits that of primary
GBMs. Nonetheless, we cannot exclude the presence of
secondary GBMs with rapid onset-progression of symptoms
among our cases.

The clinicopathological characteristics of the patients are
reported in Table I. Seventeen patients were male and 14
were female with a mean age of 60.71 years (range 42-72).
Thirty-five days after surgery (ranging from 30 to 40 days)
patients received external source limited field radiotherapy
(with an average dose of 60 Gy administered in fractions).
Simultaneously with radiation therapy, chemotherapy with
Temozolomide (Temodal®) was administered at a dose of
75 mg/m2/day for 7 days per week from the first until the
last day of radiotherapy. After a one-month break, patients
received up to 6 cycles of Temozolomide at a dose of 150-
200 mg/m2/day according to the standard of 5 days per week
every 28 days. 

No remarkable adjuvant therapy side effects were noticed.
Chemotherapy was discontinued when radiological findings
demonstrated a tumor relapse. Patients over 65 years old did
not receive a different radio-chemotherapy regimen from
younger patients, as we think that a single prognostic factor
such as age should not be a reason for undertreatment (27).

Survival time was computed as the time between the
operation date and the date of death or 30 June 2006. Of the
31 patients, 6 were still alive, 21 had died of cancer and 4 of
other causes. All patients gave consent to use their tumor and
peritumor material as well as additional clinical data for
research purpose.

Tissue specimens. With the aim of evaluating ERK expression
in GBM, extending the analysis to tissue surrounding the
enhanced lesion (designated as first area), we obtained tissue
samples from a second area (localized at a distance of <1 cm
from the edge of tumor) and from a third area (localized at a
distance starting from 1 cm up to 3.5 cm). Nevertheless, it
is important to note that a resection 3.5 cm far from the
enhancing area (i.e. in the apparently healthy white matter)
was performed in 2 patients only. Moreover, we did not
perform an ‘over the enhancing area resection’ all around
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the lesion, but only towards non-eloquent areas. In all cases
where a wide resection was performed, tumor tissues were
scanty. 

In our series no significant modifications of post-operative
KPS were noticed. The anatomical location of the neoplasm did
not always allow us to obtain samples in all cases considered:
of the 76 specimens of brain tissue 31 were derived from the
first area, 26 from the second area and 19 from the third area. 

Samples from each zone were immediately fixed in 10%
neutral buffered formalin at room temperature for at least 48 h,
washed in water, dehydrated and then embedded in paraffin.
All specimens were histologically assessed, using standard
hematoxylin and eosin (H&E) sections, by a single pathologist. 

The classification and grading of the tumors were performed
according to the criteria of the World Health Organization
(WHO) (1). Neoplastic cells were identified by large hyper-
chromatic and irregular nuclei while reactive astrocytes
were recognized by dendritic morphology of their abundant
eosinophilic cytoplasm and large, eccentric nuclei, according
to Hoelzinger et al (28).

Antibodies. The anti-p44/42 MAPK polyclonal antibody
(tERK1/2) and anti-phospho-p44/42 MAPK (Thr202/Tyr204)
monoclonal (clone E10) antibody were obtained from Cell
Signaling Technology, Inc., Newcastle, USA. Monoclonal
antibodies CD68 (clone KP1), and MAC387 (clone MAC387)
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Table I. Clinicopathological characteristics of the 31 adult patients with primary GBM (IV WHO) enrolled in the study.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
Patients Sex Age at diagnosis Tumor Side Treatment Survival time Clinical

(years) localization (months) outcome
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
1 M 69 Occipital L CH+RT 6 DOD

2 M 67 Parieto-temporal R CH+RT 8 DOD

3 M 63 Frontal R CH+RT 11 DOD

4 F 47 Frontal L CH+RT 14 DOOC

5 F 65 Parieto-occipital R CH+RT 18 DOD

6 F 58 Frontal R CH+RT 15 DOD

7 F 71 Frontal L CH+RT 13 DOD

8 M 70 Temporal L CH+RT 32 DOD

9 F 61 Frontal L CH+RT 12 DOD

10 F 68 Temporal L CH+RT 12 DOD

11 M 58 Parieto-temporal L CH+RT 19 DOD

12 M 72 Parietal R CH+RT 12 DOD

13 M 43 Parietal R CH+RT 19 DOD

14 F 62 Temporal R CH+RT 17 DOD

15 F 68 Frontal R CH+RT 28 DOD

16 F 55 Fronto-temporal L CH+RT 5 DOD

17 F 49 Frontal R CH+RT 28 Alive

18 F 47 Frontal L CH+RT 25 DOD

19 F 65 Frontal R - 2 DOOC

20 M 69 Frontal L - 0.1 DOOC

21 M 72 Temporal R - 2 DOOC

22 M 57 Fronto-parietal R CH+RT 18 DOD

23 M 71 Parietal R CH+RT 21 Alive

24 M 61 Fronto-temporal R CH+RT 13 DOD

25 F 72 Parieto-temporal R CH+RT 15 DOD

26 F 62 Fronto-parietal R CH+RT 14 DOD

27 M 68 Parieto-temporal R CH+RT 12 DOD

28 M 44 Frontal R CH+RT 18 Alive

29 M 54 Parieto-occipital L CH+RT 8 Alive

30 M 42 Temporal L CH+RT 8 Alive

31 M 52 Parieto-temporal R CH+RT 7 Alive
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
M, male; F, female; L, left; R, right; DOD, dead of disease; DOOC, dead of other causes.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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were purchased from Dako Corporation, Carpinteria, CA,
USA. 

The anti-p44/42 MAPK polyclonal antibody (tERK1/2)
detects total level of endogenous p44/42 MAPK (ERK1/2)
and the anti-phospho-p44/42 MAPK (pERK1/2) monoclonal
antibody specifically detects dually phosphorylated threonine
202 and tyrosine 204 of p44 and p42 MAPK kinases (ERK1
and ERK2). 

The biotinylated secondary antibodies (anti-rabbit IgG
and anti-mouse IgG both raised in goat) were from Vector
Laboratories, Inc., Burlingame, CA, USA. The specific
dually phosphorylated ERK/MAPK peptide (competitor) was
a gift from Dr Andreas Nelsbach, Cell Signaling Technology.
Specimens of human breast carcinoma and tonsil were used
as positive controls for pERK1/2 and both CD68 and MAC387
antibodies, respectively.

Immunohistochemistry. Immunohistochemical detection was
carried out on 5-μm thick sections on polylysine-coated slides.
The sections were dewaxed in xylene and gradually rehydrated
with a series of descending concentrations of ethanol from
100% to distilled water. Antigen retrieval was performed by
microwaving the sections in 10 mmol/l sodium citrate buffer
(pH 6.0), with the buffer being brought to boiling point 3 times
at 750 W (10 min); tissue sections in the citrate buffer were
allowed to cool at room temperature for at least 20 min. 

Quenching of endogenous peroxidase activity was per-
formed in Tris-buffered saline/Triton X-100 (TBST) (50 mmol/l
Tris-HCl, 150 mmol/l NaCl, 0,1% Triton X-100, pH 7.4),
containing 2% hydrogen peroxide, for 10 min. Specimens,
rinsed first in distilled water and then in TBST, were pre-
incubated in blocking buffer, consisting of 5% normal goat
serum in TBST, for 60 min to block non-specific antibody
binding. Incubation with primary antibody (anti-p44/42
MAPK polyclonal antibody or anti-phospho-p44/42 MAPK
monoclonal antibody), 1:100 diluted in blocking buffer, was
performed overnight at 4˚C. Blocking buffer was also used
as diluent for the secondary antibody and for the control
peptide. After washing 3 times with TBST, the slides were
incubated with biotinylated secondary antibody (goat anti-
rabbit IgG for anti-p44/42 MAPK or goat anti-mouse IgG for
anti-phospho-p44/42 MAPK), 1:300 diluted for 60 min, and
subsequently with avidin-biotin peroxidase complex (Elite
ABC-peroxidase Kit Vector Laboratories). The chromogenic
reaction was developed with freshly prepared 3,3'-diamino-
benzidine tetrahydrochloride (DAB) solution (Peroxidase DAB
Substrate Kit, Vector Laboratories). The slides were lightly
counterstained with Mayer's hematoxylin, dehydrated in serial
ethyl alcohol solutions, and mounted. Peptide competition
controls were performed by preincubating the anti-phospho-
p44/42 MAPK (Thr202/Tyr204) monoclonal antibody (1 μl)
with the phospho-p44/42 MAPK (Thr202/ Tyr204) peptide
(5 μl), diluted in blocking buffer, at room temperature for
60 min. When primary antibodies were replaced with TBST in
negative controls, specific immunoreactivity was not detected.

Two sections of each area were examined by two different
observers independently and at least 1,000-2,500 cells from 4
to 10 randomly selected fields in each section were counted.
Using a light microscope (Axioskop 2 plus, Zeiss) the perc-
entage of tERK1/2- and pERK 1/2-labeled cells was evaluated

at magnification x400. The few cases with discrepant scoring
were re-evaluated jointly on a second occasion and agreement
was reached.

Either cytoplasmic and/or nuclear immunoreactivity was
considered as positive. The percentage of positive cells was
calculated and data were reported as average ± SD. The
percentage of both tERK- and pERK-labeled cells was
evaluated considering all immunolabeled cells, apart from
the endothelial ones. 

The identification of macrophages was obtained by the
monoclonal antibodies CD68 (clone KP1, Dako Corp.),
1:400 diluted, and MAC387 (clone MAC387, Dako Corp.),
1:200 diluted. For CD68 staining, heat induced epitope
retrieval in sodium citrate buffer (pH 6.0) was performed.
For MAC387 staining enzymatic predigestion with pronase
(bacterial protease type XXIV) was used. Following incubation
with antibodies, immunoperoxidase staining was completed
using labeled streptavidin-biotin (LSAB kit, Dako Corp.) and
diaminobenzidine (DAB, Vector) as chromogen. The nuclei
were lightly counterstained with Mayer's hematoxylin. 

Statistical analysis. The statistical analyses were carried
out using SPSS software (SPSS, Chicago, IL, USA, version
12.0) for Windows. Since the variables considered were
not normally distributed, non-parametric tests were applied
to find statistically significant differences among groups.
Kruskal-Wallis test was used for comparing the levels of
tERK1/2 or pERK1/2 expression among the three areas
considered. Mann-Whitney test was used for comparing the
levels of tERK1/2 or pERK1/2 expression between two groups
(unpaired data). Wilcoxon signed rank test was used in order
to find a statistically significant difference for paired data
(levels of tERK1/2 or pERK1/2 expression for 1st area vs
2nd area, 1st area vs 3rd area, 2nd area vs 3rd area).

Patients who did not receive radiotherapy and systemic
chemotherapy (3/31) were excluded from the survival analyses
(Table I). The diagnostic values of the variables tERK and
pERK were assessed by calculating the areas under the receiver
operating characteristic (ROC) curves, to establish the best
cut-off points to identify the presence of death. The diagnostic
accuracy was calculated by sensitivity and specificity.

Patients' survival rates were determined by Kaplan-Meier
method and the prognostic significance of potential parameters
was determined by univariate analysis (log-rank test and
Breslow test). A multivariate analysis was conducted to adjust
for possible confounders, using a Cox proportional hazard
model. Hazard ratio (HR) and 95% confidence intervals (CIs)
for each variable included in the model were calculated.
Stepwise (backward elimination) procedure was used. In all
tests probability values of p<0.05 were considered statistically
significant.

Results

The histopathological analysis of all 31 enhanced lesion
specimens confirmed the diagnosis of GBM (IV WHO).
Typical features of marked hypercellularity, nuclear atypia,
frequent mitoses, endovascular proliferation with occasionally
glomeruloid structures and sometimes pseudopalisading
necrosis were observed (not shown). 
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The peritumor areas were characterized by a decrease in
cell density. In these areas, both apparently normal glial cells
and reactive hypertrophic astrocytes with large, eccentric,
round nuclei were present. Moreover, neoplastic appearing
cells, as assessed by large, hyperchromatic and irregular
nuclei according to Hoelzinger et al (28), were present in
different percentages or completely absent (Table II). 

Samples from all three areas were obtained in 14/31 cases.
In 12 cases the samples were derived from the first and the
second area; in 5 cases the specimens were taken from the
first and the third area. Examples of the histology of the
different areas stained with H&E are shown in Fig. 1A, D
and G.

Expression of tERK1/2 in tumor and peritumor areas. Immuno-
reactivity for tERK1/2 was detected not only in the tumor
but also in the peritumor tissue and it was present in both
neoplastic appearing cells and normal or reactive glial cells
(Fig. 1B, E and H).

Immunostaining was mostly observed in the cytoplasm
where the unphosphorylated ERK1/2 is normally localized;
the immunoreaction was less frequent in the nucleus. This
would be justified by the fact that the antibody used recognizes
the total level of endogenous ERK1/2 independently of the
phosphorylation state. The percentage of tERK1/2-positive
cells in the first area was quite consistent with 66.3-99.8% in
29 samples (one sample had <50% and another had 0.9%
positive cells). In the second area, the percentage of tERK-
positive cells ranged from 73.1 to 100%, and in the third area
from 78.2 to 100% (only one sample displayed 42.4% positive
cells) (Table III).

The level of tERK1/2 expression was higher in the second
and in the third area with respect to the first one. In fact, in
all 31 cases, the statistical analysis using the Kruskal-Wallis
test demonstrated a significant difference in the expression
of tERK among the areas (p<0.001); the mean rank of the
first area (25.33%) was noticeably lower than those of the
second and of the third areas (46.19 and 46.79%, respectively).
Similarly, the Mann-Whitney test indicated a significant
difference (p<0.001) between tERK expression in the first
area (mean rank 21.30%) and in the second area (mean

rank 36.81%) and between tERK expression in the first area
(mean rank 19.53%) and in the third area (mean rank 33.63%)
(p=0.001). The Wilcoxon signed rank test also demonstrated
a statistically significant difference (p=0.003) between tERK
expression in the first area (median 94.65%) and in the second
area (median 99.18%) and between tERK expression in the
first area and in the third area (median 99.30%) (p=0.040). 

These results indicated that the differences are present
not only between the areas considered together, but also in
the different areas of the same subject. The two latter tests
showed no significant difference between the second and
the third areas. Moreover, when we analyzed the expression
of tERK1/2 in both the second and the third areas in relation

INTERNATIONAL JOURNAL OF ONCOLOGY  30:  1333-1342,  2007 1337

Table II. Percentage of neoplastic cells in peritumor areas of
GBM.
–––––––––––––––––––––––––––––––––––––––––––––––––

2nd area 3rd area
n=26 (%) n=19 (%)

––––––––––––––––––––––––––––––––––––––––––––––––– 
Neoplastic cells

≥50% 4/26 (15.38) 2/19 (10.53)

≥10% 3/26 (11.54) 2/19 (10.53)  

<10% 6/26 (23.08) 4/19 (21.05)

Absence of neoplastic 13/26 (50.00) 11/19 (57.89)

cells
––––––––––––––––––––––––––––––––––––––––––––––––– 
n, total number of samples.
–––––––––––––––––––––––––––––––––––––––––––––––––

Table III. tERK1/2 expression in the enhanced lesion and in
the peritumor areas in 31 cases of GBM.
––––––––––––––––––––––––––––––––––––––––––––––––– 
Patient 1st area 2nd area 3rd area
––––––––––––––––––––––––––––––––––––––––––––––––– 
1 99.8±01a 99.8±0.3 nd
2 96.6±1.6 99.4±0.2 96.2±0.4
3 98.6±0.2 99.7±0.0 99.7±0.2
4 99.1±0.6 nd 99.1±0.8
5 96.0±5.2 91.9±1.1 nd
6 99.4±0.2 99.9±0.1 100.0±0.0
7 99.8±0.7 nd 92.7±3.9
8 96.7±0.6 nd 99.7±0.0
9 96.8±1.3 100.0±0.0 100.0±0.0

10 85.4±2.1 nd 42.4±3.0
11 93.6±3.0 99.1±0.4 99.6±0.1
12 88.1±1.1 86.6±4.0 nd
13 71.6±0.8 99.5±0.4 99.3±0.4
14 93.1±3.6 99.6±1.1 96.8±4.4
15 97.6±0.1 99.8±0.3 98.9±0.8
16 88.3±1.2 100.0±0.0 nd
17 78.2±0.0 98.9±0.2 97.9±0.2
18 98.1±0.5 99.2±0.3 nd
19 95.7±2.9 100.0±0.0 100.0±0.0
20 99.8±0.2 100.0±0.0 99.6±0.0
21 46.3±0.5 98.7±0.2 nd
22 86.2±0.6 99.9±0.1 nd
23 96.6±2,7 92.6±2.1 nd
14 98.7±0.1 99.2±0.7 99.7±0.1
25 0.9±0.1 nd 99.7±0.0
26 99.2±0.1 99.0±0.4 nd
27 82.1±0.1 99.4±0.6 98.8±0.3
28 79.4±1.0 92.4±0.7 78.2±1.1
29 86.4±0.9 73.1±1.2 nd
30 73.7±1.3 89.4±0.3 nd
31 66.3±0.1 75.4±0.8 nd
––––––––––––––––––––––––––––––––––––––––––––––––– 
aValues represent the mean percentage of positively stained cells for
tERK1/2 ± SD; nd, not determined.
––––––––––––––––––––––––––––––––––––––––––––––––– 
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to the presence or absence of tumor cells, no statistically
significant difference was found (p=0.123 and p=0.968,
respectively, Mann-Whitney test) suggesting that neoplastic
cells did not influence tERK expression.

Expression of activated ERK1/2 in tumor and peritumor
areas. Immunoreactivity for pERK1/2 was detected not only
in specimens taken from the tumor but also in the peritumor
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Figure 1. Different patterns of tERK1/2 and pERK1/2 expression in GBM and peritumor tissue. Serial sections from the enhanced lesion (first area, A-C),
second (D-F) and third areas (G-I) are shown. A, GBM with high cellularity, cellular anaplasia and vascular proliferation (H&E staining). B, a high number of
tumor cells exhibited tERK immunoreactivity. C, only a limited number of neoplastic cells exhibited nuclear and cytoplasmic immunoreactivity for pERK
(black arrow); endothelial cells were positive also (open arrow). D, in a second area characterized by a slightly increased cellularity, some cells with
moderately irregular and atypical nuclei, which are suspected for neoplasia were present (open arrow) (H&E staining). E, tERK immunoreactivity was
observed not only in some cells with atypical features (open arrows), but in oligodendroglial (black arrow) and vascular endothelial cells also. F, atypical cells
exhibited pERK positivity both in the nucleus and in the cytoplasm (open arrow). G, in an apparently normal peritumor tissue (third area) cells with small
round nuclei and scanty cytoplasms were present (black arrow) (H&E staining). H, tERK immunoreactivity was observed in both a fraction of oligodendroglial-
like cells (open arrow) and reactive astrocytes presenting cytoplasmic extensions (black arrow). I, few oligodendroglial-like cells (open arrow) and rare
astrocytes (black arrow) exhibited pERK nuclear immunostaining. Also endothelial cells appeared labeled (head arrow). Original magnification: A-I, x200.
Hematoxylin counterstain.

Figure 2. Features of pERK1/2 expression in GBM and peritumor areas. A, a
high magnification showing immunostaining in the nucleus (black arrow) as
well as in the cytoplasm (open arrow) of some neoplastic cells of the first
area. B, increased percentage of immunoreactive cells near a hyperplastic
vessel (black arrow) of the first area. Endothelium also expressed pERK1/2
(open arrow). C, enhanced immunoreactivity around a zone of tumor
necrosis (open arrow) and an immunoreactive cell cluster (black arrow).
D, a high magnification of the cells around the zone of tumor necrosis. D1,
immunohistochemistry for Mac387 labeled only a few macrophages, with
round or oval morphology (black arrow). E, a reactive astrocyte of the
second area showing positive cytoplasmic extensions (black arrow) directed
towards a vessel wall in which endothelium (open arrow) is immunostained.
F, a third area, in which neoplastic cells were absent, showing apparently
normal oligodendroglial cells with nuclear (black arrow) and cytoplasmic
(open arrow) immunoreactivity. Original magnification: A, x630; B, x200;
C, x50; D, D1, E and F, x400. Hematoxylin counterstain.
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tissue (Fig. 1C, F and I). The pERK1/2 staining, in contrast
with tERK1/2, was evident in a heterogeneous manner and
often seen only in a cell cluster or scattered cells in both
enhanced lesion and peritumor areas. The immunoreactivity
was mostly localized in the nuclei, whereas cytoplasmic
activated ERK1/2 was observed in both the perinuclear
region and the cellular processes of glial cells (Fig. 2A and E).
In particular, a higher percentage of pERK1/2-positive cells
was often observed near hyperplastic vessels (Fig. 2B) as
well as in the regions surrounding tumor necrosis (Fig. 2C
and D) in the enhanced lesion. The necrotic areas were
present in 11 out of the 31 fragments of the enhanced lesion.

Around the necrotic areas, cells expressing both CD68
and MAC387 were visualized. The morphology was clearly
referable to macrophages, but these cells are only a minor
fraction of pERK1/2-labeled cells, as a result of the comparison
of pERK and CD68 or MAC387 immunostaining (Fig. 2D1).

In the peritumor tissue, the expression of pERK1/2 was
not only limited to the neoplastic cells and reactive astrocytes,
but was also present in some apparently normal cells. In fact,
the immunolabeling was also found in both the second and
third areas when neoplastic cells were absent (Figs. 1I and 2F).
Cells characterized by a consistent astrocytic morphology
showed pERK1/2 immunoreactivity in fine processes oriented
towards the endothelium of the vessel walls (Fig. 2E). Endo-
thelial cells often showed immunoreactivity in the hyperplastic
vessels of the enhanced lesion (Figs. 1C and 2B) whereas
they were only occasionally immunolabeled in vessels of
peripheral areas (Figs. 1I and 2E).

The percentage of pERK-positive cells in the first area
ranged from 0.8 to 87.6%, in the second from 5.1 to 96.5%,
and in the third from 3.4 to 90.8% indicating a great variability
in the immunoexpression of the protein either in the tumor or
in the peritumor regions (Table IV). 

There was no significant difference in the pERK1/2
expression between the enhanced lesions and the areas
surrounding the neoplasia in the 31 cases considered (p>0.1,
for all non-parametric tests). No significant difference existed
in the expression of pERK1/2 between the two peripheral
areas (p=0.476, Mann-Whitney test; p=0.551, Wilcoxon
signed rank test). Moreover, when we analyzed the expression
of pERK1/2 in both the second and the third areas in relation
to the presence or absence of tumor cells, no statistically
significant difference was found (p=0.139 and p=0.272,
respectively, Mann-Whitney test). Similar statistical results
were obtained when the analyses were carried out in the 14
cases in which tissue was obtained from all the three areas
(not shown). 

ROC curves. The results of the ROC curves, shown in Table V,
indicated that the cut-off levels to be utilized in the survival
analysis were the following: tERK=95.60% for the second
area and tERK=98.39% for the third area due to the fact
that these cut-offs represent the best compromise between
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Table IV. pERK1/2 expression in the enhanced lesion and in
the peritumor areas in 31 cases of GBM.
––––––––––––––––––––––––––––––––––––––––––––––––– 
Patient 1st area 2nd area 3rd area
––––––––––––––––––––––––––––––––––––––––––––––––– 
1 4.6±0.5a 5.1±0.3 nd

2 11.0±0.4 5.9±0.4 22.7±4.6

3 2.6±1.0 23.6±1.4 3.4±0.0

4 1.8±0.1 nd 7.1±0.8

5 28.4±1.7 8.5±0.2 nd

6 87.6±4.1 10.7±3.0 16.3±1.0

7 19.6±2.3 nd 89.2±2.2

8 32.6±0.3 nd 16.6±2.8

9 34.0±4.1 18.30±1.0 38.7±2.3

10 12.8±2.9 nd 6.5±0.9

11 22.0±1.7 26.2±4.1 34.9±3.3

12 16.3±2.4 22.3±1.8 nd

13 32.6±2.5 48.5±3.3 34.2±2.6

14 63.6±3.0 22.5±0.6 20.5±1.9

15 25.3±1.6 32.6±1.9 43.8±1.2

16 16.5±1.4 34.3±2.7 nd

17 21.2±1.2 35.5±0.6 25.3±1.8

18 54.4±2.2 46.1±0.5 nd

19 35.1±2.2 14.7±1.1 29.9±1.1

20 81.9±8.3 96.5±2.7 90.8±6.8

21 43.5±1.9 43.6±0.9 nd

22 38.8±4.6 90.9±0.9 nd

23 9.8±0.8 18.7±1.4 nd

24 35.6±2.7 48.6±1.8 18.7±1.0

25 0.8±0.1 nd 5.9±0.4

26 28.7±3.2 43.6±2.3 nd

27 17.9±1.8 41.5±1.6 70.0±1.0

28 18.3±1.6 9.0±1.8 17.8±0.8

29 41.3±1.9 51.3±1.3 nd

30 4.9±0.1 14.1±0.2 nd

31 54.0±1.7 53.7±1.8 nd
––––––––––––––––––––––––––––––––––––––––––––––––– 
aValues represent the mean percentage of positively stained cells for
pERK1/2 ± SD; nd, not determined.
––––––––––––––––––––––––––––––––––––––––––––––––– 

Table V. Diagnostic accuracy of pERK and tERK values.
–––––––––––––––––––––––––––––––––––––––––––––––––

AUC (95% CI) Cut-off Se Sp
value (%) (%) (%)

––––––––––––––––––––––––––––––––––––––––––––––––– 
pERK 1st area 0.508 (0.243-0.772) 18.95 59.1 50.0

tERK 1st area 0.818 (0.638-0.998) 85.83 81.8 66.7

pERK 2nd area 0.461 (0.169-0.753) 20.54 70.6 50.0

tERK 2nd area 0.922 (0.812-1.000) 95.60 88.2 83.3

pERK 3rd area 0.500 (0.225-0.775) 18.23 60.0 50.0

tERK 3rd area 0.833 (0.616-1.000) 98.39 73.3 100.0
––––––––––––––––––––––––––––––––––––––––––––––––– 
AUC, area under ROC curve; CI, confidence interval; Se, sensitivity;
Sp, specificity.
––––––––––––––––––––––––––––––––––––––––––––––––– 
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sensitivity and specificity. Cut-off levels for pERK and tERK
of the first area and pERK of peritumor areas were not
considered because the balance between sensitivity and
specificity did not reach acceptable values.

Survival analysis of patients and its relationship to gender, age,
tumor cells and ERK expression in peritumor areas. Survival
analyses of patients in relationship with ERK expression were
not performed when the cut-off levels were not identified by
ROC curves. 

Kaplan-Meier curves, evaluated in the 28 patients who
received radio-chemotherapy, indicated that gender, age-
groups (<65 and ≥65 years), tERK1/2 of second area (cut-off
=95.60%) and tERK1/2 of third area (cut-off =98.39%) were
not associated with survival time. Males and females showed
a median survival time of 13 and 15 months, respectively
(log-rank =0.08, p=0.78; Breslow =0.01, p=0.94). Age
groups showed a median survival time of 17 and 13 months,
respectively (log-rank =0.00, p=0.97; Breslow =0.30, p=0.58).
Patients who had a tERK cut-off level, in the second area,
<95.60% and >95.60% showed a median survival time of
18 and 14 months, respectively (log-rank =0.94, p=0.33;
Breslow =1.09, p=0.29). Patients with a tERK cut-off level,
in the third area, <98.39% and >98.39% showed a median
survival time of 13 and 15 months, respectively (log-rank
=0.06, p=0.81; Breslow =0.00, p=0.96).

The percentage of tumor cells (≥10% vs <10%/absence of
tumor cells) in the second and third areas was the only
variable associated with survival. Patients with neoplastic
cells at <10% or without neoplastic cells in both peritumor
areas showed a higher survival time compared with those
with neoplastic cells at ≥10% (17 vs 12 months; log-rank
=8.39, p=0.004; Breslow =9.08, p=0.003).

Multivariate analysis using the Cox proportional hazard
regression model for the factors such as gender, age-groups,
tumor cells in peritumor tissues, and tERK1/2 of the second
(cut-off =95.60%) and the third area (cut-off =98.39%) was
performed. A stepwise/Wald elimination procedure showed
that the only variable associated with patients' death was
represented by tumor cells. In particular, the hazard ratio for
tumor cells was statistically significant and indicated an
~4-fold increased death risk associated with a percentage of
neoplastic elements of ≥10. Similar results were obtained
excluding from the analysis tERK1/2 of the second and third
area (HR=3.68; 95% CI 1.38-9.79; p=0.009).

Discussion

In this study, we reported the presence of neoplastic cells in
the peritumor tissue of GBM (up to 3.5 cm from the tumor
margin), in agreement with results obtained by other authors
(7). Moreover, we demonstrated that a high percentage of
neoplastic cells in the peritumor areas is associated with
survival, indicating the hazard ratio for this variable to be an
approximately 4-fold increase of death risk. Interestingly, for
the first time, activated ERK1/2 was shown to be present not
only in the enhanced lesion but also in the tissue surrounding
the neoplasia both in reactive astrocytes and in apparently
normal cells, even in the absence of neoplastic elements. It is
worth mentioning that the level of pERK1/2 expression did

not differ significantly between the enhanced lesion and the
peritumor areas.

Aberrant signal transduction pathways are involved in
glioblastoma pathogenesis and progression (29). ERK1/2 is a
crucial component of the pathways activated by growth factors
such as EGF, platelet derived growth factor, insulin-like growth
factor, brain-derived neurotrophic factor and fibroblast growth
factor (30-32). 

It has been shown that translocation of pERK1/2 in the
nucleus and subsequent phosphorylation of nuclear targets is
required for the expression of mitogen-induced genes and re-
entry in the cell cycle (33). Depending on the cellular context,
phosphorylation of ERK1/2 leads to either cell proliferation
or differentiation (34), but constitutive activation is sufficient
to promote transformation in mammalian cells (35). 

ERK activation may be linked to the expression of
cyclin D1, a protein known to mediate G1 progression
following a mitogenic stimulus (36). It is interesting to note
that cyclin D1 expression is highly variable in GBM (37) and
that, according to this, we found a high intratumoral and
intertumoral variability in pERK1/2 immunolabeling. The
same variability of pERK1/2 expression was found in the
peritumor areas and this determined a lack of statistical
difference in the expression between the enhanced lesion and
peritumor tissue. In agreement with Mandell et al (26), we
observed a spatial pattern of ERK activation. In fact, elevated
pERK1/2 expression was found in cells surrounding micro-
vasculature and necrotic areas. This may be due to factors
produced by microvasculature cells and by dying tumor cells
or macrophages, even if it is worth mentioning that phagocytes
represent only a minor fraction of the immunolabeled cells. 

Immunoreactivity for pERK1/2 in the tissue surrounding
the neoplasia was not limited to tumor cells but it was also
seen in apparently normal glial cells. Consistent with findings
from other authors, we observed pERK1/2 expression in
reactive astrocytes (26). 

It appears that ERK1/2 activation is deeply involved in
the maintenance of reactive astrocytic phenotype due to a
chronic activation of this signaling pathway related to either
an altered expression of some components, that render the
activation independent from extracellular stimuli, or to the
continuous presence of external stimulatory factors (22). 

The activation of ERK1/2 pathway in apparently normal
glial cells might equally be linked to continuous stimuli by
tumor-derived growth factors, perhaps from the neighbouring
neoplastic or pre-neoplastic cells or via the extracellular
matrix. Its linkage to the acquisition of neoplastic phenotype
cannot be excluded, even if this activation may not represent
the only way by which transformation occurs. 

Based on findings by Silbergeld and Chicoine, who demon-
strated that cultured cell lines, obtained from apparently
normal brain tissue, were a subpopulation of cells derived
from the tumor showing a similar motility but a higher growth
rate than tumor cells (7), we hypothesized that apparently
normal cells expressing pERK1/2 in peripheral areas might
harbor a ‘transformed phenotype’. 

The neighboring tissues of GBM, where tumor re-growth
is observed in 90% of cases, may represent a proper site to
study the complex phenomenon of tumor progression. The
presence of cytoplasmic activated ERK1/2, also in apparently
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normal cells located in peripheral areas, suggests possible
non-transcriptional roles, such as the regulation of cyto-
architecture and cell migration (26). Klemke et al showed
that activated ERK1/2 can directly phosphorylate myosin
light chain kinase, a key regulator of both cell motility and
contraction, thus increasing its ability to phosphorylate
myosin light chains, which, in turn, promotes the cytoskeletal
contraction necessary for cell motility (21). Moreover,
persistent activation of ERK1/2 or prolonged retention of
pERK1/2 in the nucleus has been shown to induce cell
motility (38,39). These observations indicate that pERK1/2
can also affect the invasive process by directly activating the
intracellular motility mechanisms.

GBM progression is also linked to extracellular matrix
protein degradation. With regard to this, Lakka et al showed
that production of MMP-9, a collagenase involved in basement
membrane dissolution and in the invasive behavior of the
human glioblastoma cell line SNB19, is regulated by ERK-
dependent signaling modules. Moreover, interfering with this
pathway reduced cell invasiveness (40). 

We could not exclude that ERK activation observed in the
GBM peritumor tissue may be linked at the same time to cell
division and migration. It is generally believed that cells
cannot move and divide at the same time, the so-called ‘go
or grow’ hypothesis. Nevertheless, Angers-Loustau et al
demonstrated that the Src family kinase-specific pharmaco-
logic inhibitors PP2 and SU6656 significantly inhibited both
the invasion and the growth of the human glioblastoma cell
line U251 in a three-dimensional collagen type I matrix (41).
We were not able to establish a correlation between ERK
activation (in both enhanced lesion and peritumor tissue) and
survival, probably due to the small group of patients entered
into the study and the great variability of the data.

On the contrary, Mawrin et al reported that the MAP
kinase pathway correlates with proliferation in GBM and that
a patient subgroup exists, where expression of MAP kinase-
related signaling proteins is associated with poorer prognosis
(42). More recently, another study showed that elevated
expression of pERK is associated with a poor response to
radiotherapy and represents an independent prognostic factor
in GBM (43). ERK1/2 activation in peritumor tissue is, in
our opinion, meaningful. Its presence is not strictly linked to
neoplastic cells, which both dividing and migrating determine
per se an increased death risk. 

In addition, in our experience, apart from activated astro-
cytes, apparently normal cells do express pERK1/2. This
expression might indicate that, in some way, they share with
both neoplastic and reactive glial cells a state in which the
ERK1/2 pattern is functioning.

On the basis of the fact that normal glial cells do not show
ERK activation, we can not exclude that the immunolabeling
of these elements may be a sign of transformation. This
hypothesis is supported by the finding that the peritumor tissue
is inevitably destined to become the area of tumoral invasion.

The finding that tERK1/2 is uniformly expressed in both
the tumor and peritumor tissue is in complete agreement
with data from Mandell et al (26) concerning the uniform
presence of tERK1/2 in non-neoplastic gray and white matter
and in tumor and peritumoral white matter. On the other
hand, in some cases ERK1/2 activation was low in the second

and third areas and this is in complete accordance with data
reported in some diseases. In fact, it has been shown that, in
epilepsy/hippocampal sclerosis, the immunostaining patterns
observed for pERK1/2 do not merely reflect the relative
abundance of tERK1/2 protein (22).

In our experience, the expression of tERK1/2 was a little
higher in the peripheral areas compared with the enhanced
lesion, which is difficult to understand from the biological
point of view. The presence of tERK1/2 in the majority of cells
indicates that it could be potentially activated in relationship
with division, migration and survival. 

Although the regulation of ERK1/2 signalling cascade is
only partially understood, some compounds that target this
pathway have already entered clinical practice (44). Our
findings clearly suggest that a better knowledge of ERK1/2
function in GBM may represent the most appropriate scientific
basis to assess targeted therapies and their application timing. 
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