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Abstract

Numerous upstream stimulatory and inhibitory signals converge to the pRb/E2F pathway,
which governs cell-cycle progression, but the information concerning alterations of E2F-1
in primary malignancies is very limited. Several in vitro studies report that E2F-1 can act
either as an oncoprotein or as a tumour suppressor protein. In view of this dichotomy in
its functions and its critical role in cell cycle control, this study examined the following
four aspects of E2F-1 in a panel of 87 non-small cell lung carcinomas (NSCLCs), previously
analysed for defects in the pRb-p53-MDM2 network: firstly, the status of E2F-1 at the
protein, mRNA and DNA levels; secondly, its relationship with the kinetic parameters
and genomic instability of the tumours; thirdly, its association with the status of its
transcriptional co-activator CBP, downstream target PCNA and main cell cycle regulatory
and E2F-1-interacting molecules pRb, p53 and MDM2; and fourthly, its impact on clinical
outcome. The protein levels of E2F-1 and its co-activator CBP were significantly higher in the
tumour area than in the corresponding normal epithelium (p < 0.001). E2F-1 overexpression
was associated with increased E2F-1 mRNA levels in 82% of the cases examined. The latter
finding, along with the low frequency of E2F-1 gene amplification observed (9%), suggests
that the main mechanism of E2F-1 protein overexpression in NSCLCs is deregulation at the
transcriptional level. Mutational analysis revealed only one sample with a somatic mutation
at codon 371 (Glu → Asp) and one carrying a polymorphism at codon 393 (Gly → Ser).
Carcinomas with increased E2F-1 positivity demonstrated a significant increase in their
growth indexes (r = 0.402, p = 0.001) and were associated with adverse prognosis (p = 0.033
by Cox regression analysis). The main determinant of the positive association with growth
was the parallel increase between E2F-1 staining and proliferation (r = 0.746, p < 0.001),
whereas apoptosis was not influenced by the status of E2F-1. Moreover, correlation with the
status of the pRb-p53-MDM2 network showed that the cases with aberrant pRb expression
displayed significantly higher E2F-1 indexes (p = 0.033), while a similar association was
noticed in the group of carcinomas with deregulation of the p53-MDM2 feedback loop. In
conclusion, the results suggest that E2F-1 overexpression may contribute to the development
of NSCLCs by promoting proliferation and provide evidence that this role is further
enhanced in a genetic background with deregulated pRb-p53-MDM2 circuitry. Copyright
 2002 John Wiley & Sons, Ltd.
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Introduction

The cell cycle clock apparatus acts as a master con-
troller supervising the decision of the cell to prolifer-
ate, to enter into reversible quiescence, to differen-
tiate, or to die by activating the apoptotic process.
Deregulation of the cell cycle process represents an
imperative step for malignant transformation. The E2F

family of transcription factors plays a pivotal role in
cell cycle control and apoptosis, while recent stud-
ies suggest that they are also involved in the regu-
lation of developmental control genes. In mammals,
the E2F family has six identified members (E2F-1
to E2F-6), in three groups based on differing homol-
ogy. The best-characterized member of the family is
E2F-1 [1,2].

Copyright  2002 John Wiley & Sons, Ltd.
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The E2F-1 gene is mapped at chromosomal region
20q11 and encodes a 437-amino acid (aa), 60 kDa
nuclear DNA-binding protein, originally identified
through its role in transcriptional activation of the
adenovirus E2 promoter [3]. Structural analysis of
E2F-1 has identified five functional domains ([2,3]
and references therein). At the N-terminus, E2F-1 has
a cyclin A-binding site (aa positions 67–108), fol-
lowed by the DNA-binding (aa positions 128–181),
dimerization (aa positions 199–239) and ‘marked-
box’ domains (aa positions 244–309). At the C-
terminal region lies the transactivation domain (aa
positions 369–437), which is responsible for bind-
ing to the ‘pocket’ protein family of tumour suppres-
sors (pRb (aa positions 407–426), p107 and p130).
The E2F-binding activity peaks at the G1-S phase
boundary and comprises a heterodimer of E2F and
a member of the DP family [4–7]. The ability of
the E2F-1/DP complex to stimulate transcription is
mainly dependent on the phosphorylation state of
pRb [1,2]. Active (hypophosphorylated) pRb ‘masks’
and inactivates the activation domain of E2F-1 by
competing with factors which positively affect tran-
scription, such as TBP [8], TFIIH [9], MDM2 (aa
positions 380–407) [10] and CBP/p300 (aa positions
426–437) [11]. In addition, recent reports demonstrate
that pRb, apart from its ‘masking’ effect on E2F-
1, has the capacity to repress potently E2F-1 tar-
gets by recruiting histone deacetylase 1 (HDAC1),
which suppresses transcription by modifying histones
or other promoter-bound transcription factors [12,13].
On the other hand, hyperphosphorylation (inactiva-
tion) of pRb by cyclin-cdk complexes releases E2F-
1, which induces expression of E2F-1 target genes.
These genes bear the E2F recognition sequence [TTT
(G/C) (G/C) CG (G/C)] [6] and are implicated in: (i)
DNA synthesis (e.g. dihydrofolate reductase (DHFR),
thymidine kinase (TK), DNA polymerase-α, PCNA,
CDC6, ORC1), (ii) cell-cycle control (e.g. cyclin E,
cyclin A, cdk2 and 4, cdc2), (iii) ‘pocket’ protein
expression (pRb, p107), (iv) proto-oncogene regula-
tion (e.g. myb, myc), (v) E2F-1 and E2F-2 transcrip-
tion [1,2,7,14] and (vi) p53 stabilization by inducing
the expression of p14ARF [15]. Regarding the latter,
indirect relationship between E2F-1 and p53, current
studies demonstrate that E2F-1 can directly bind to
p53, an interaction which appears to downregulate the
activity of both factors [16].

The role of E2F-1 is currently under intensive inves-
tigation in view of its dual cellular behaviour in cell
lines and transgenic models and thus it is a mat-
ter of debate among various study groups. On one
hand, evidence has shown that transcriptional activa-
tion by E2F-1 is important in promoting cell prolif-
eration [2,7,17–19]. Moreover, the ability of E2F-1
to transform cells in classical oncogene cooperation
experiments and to produce tumours in nude mice
supports its putative role as an oncogene [20,21]. On
the other hand, E2F − 1−/− knockout mice suffer a

significant increase in the incidence of tumours, imply-
ing that E2F-1 is also endowed with growth inhibitory
and tumour suppressor activities [22–28]. Most of this
information comes from in vitro studies, which makes
it hard to draw definite conclusions about the role of
E2F-1 in vivo. Although the data concerning E2F-1
status in tumours are very limited [29–34], it seems
that a dual role exists here as well. Rabbani et al. sug-
gested a tumour suppressor role for E2F-1 in bladder
cancer [31], whereas Zhang et al. observed a positive
correlation between E2F-1 and proliferation index in
breast neoplasia [29]. These findings imply a tissue-
specific effect and it is therefore necessary to obtain
information concerning its status and possible role in
primary malignancies.

In view of its critical and controversial role in cell
cycle control, we examined the following aspects of
E2F-1 in a panel of 87 NSCLCs, previously analysed
for defects in the pRb-p53-MDM2 network [35,36]: (i)
the status of E2F-1 at the protein, mRNA, and DNA
levels; (ii) its relationship with the kinetic parameters
(proliferation and apoptosis) and genomic instability
of the tumours; (iii) the status of its transcriptional
co-activator CBP; (iv) its association with the main
cell cycle regulatory and E2F-1-interacting molecules,
pRb, p53 and MDM2 and downstream target PCNA;
and finally, (v) its impact on patient outcome.

Materials and methods

Tissue samples

Frozen and formalin-fixed paraffin-embedded (FFPE)
material from a total of 87 surgically removed
NSCLCs and adjacent normal lung tissue were anal-
ysed. These tumours were classified according to the
WHO criteria and the TNM system, and had previ-
ously been investigated for the G1 phase protein net-
work pRb-p53-MDM2 [35,36]. Two samples of each
tumour were taken, one snap-frozen in liquid nitro-
gen and stored at −70 ◦C, the other formalin-fixed and
paraffin-embedded. In addition, adjacent normal tis-
sue was included from each specimen examined. The
patients had not undergone any chemo- or radiotherapy
prior to surgical resection, thus avoiding upregulation
of p53 and pRb and down-regulation of MDM2, due
to DNA damage ([35,36] and references therein). Clin-
icopathological features of the patients are presented
in Table 1.

Immunohistochemistry

Antibodies

For immunohistochemical analysis the following anti-
bodies (Abs) were used: KH95 (Class: IgG2a mouse
monoclonal; epitope: Rb-binding domain of E2F-1
p60, human origin) (Santa Cruz, Bioanalytica, Greece)
and anti-CBP (C-1) (Class: IgG1 mouse monoclonal;
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Table 1. Summary of E2F1, pRb, p53 and MDM2 status, kinetic
parameters, ploidy and clinicopathological features

E2F1 status (normal-tumour tissue comparison)

Immunohistochemical M (n): 45.7% (79) SD: 14.9%
evaluation (IHC)a

mRNA levels elevated (n): 82% (79)
gene status amplification (n): 9% (79)
mutation analysisb mutation (n): 2 (79)

Proliferation index (%)c M (n): 35.2% (80) SD: 11.3%
Apoptotic index (%)d M (n): 2.04% (72) SD: 2.06%
Growth index (%) M (n): 39.6% (70) SD: 43.2%
Ploidy status A: 46 D: 34

CBP statuse M (n): 65.3% (76) SD: 7.7%
pRB statusf Ab: 34 No: 52
p53 statusf P: 49 N: 37
MDM2 statusf P: 57 N: 29

Histology ADCs: 41 SCCs: 41 UL: 5
Lymph node invasion yes: 47 No: 39
Tumour stage I: 35 II: 28 III: 23
Survival statusg deceased (MD): alive (MD):

44 (14) 41 (34)

Abbreviations: M, mean value; SD, standard deviation; n, number
of informative samples; Ab, aberrant; No, normal; P, positive; N,
negative; ADC, adenocarcinoma; SCC, squamous cell carcinoma; UL,
undifferentiated large cell carcinoma; MD, median value (in months
after surgery).
a Normal tissue E2F1 IHC status: 12.1 ± 2.3%.
b Mutation analysis of the DNA-binding (exon 3) and transactivation
(exon 7) domains, Gly393Ser polymorphism (case 19) and tumour-
specific mutation Glu371Asp (case 47).
c Estimated by MIB-I immunohistochemistry.
d Estimated by TUNEL assay.
e Normal tissue CBP IHC status: 15.4 ± 3.1%.
f Data from our previous studies [35,36]: p53 and MDM2 positivity was
significantly associated with p53 mutations and MDM2 mRNA increased
levels, respectively.
g Follow-up up to 5 years.

epitope: carboxy terminus of CBP of human origin)
(Santa Cruz, Bioanalytica, Greece).

Method

Immunohistochemistry was performed according to
the indirect streptavidin–biotin–peroxidase method,
as previously described [35,36] with a modification in
the heat-mediated antigen retrieval method. In brief,
5 µm paraffin sections were mounted on poly-L-lysine-
coated slides, dewaxed, rehydrated and incubated for
30 min with 0.3% hydrogen peroxide to quench the
endogenous peroxidase activity. Unmasking of the
related proteins was carried out in a 1 mM EDTA pH
8 solution for half an hour in a steamer (Temperature
around 95 ◦C). The sections were incubated with
the primary antibody at a 1 : 100 dilution at 4 ◦C
overnight. Biotin-conjugated secondary antibody was
added at a 1 : 200 dilution for 1 h at room temperature
(RT). The next stage comprised 30 min incubation
in StreptAB Complex (1 : 100 stock biotin solution,
1 : 100 stock streptavidin-peroxidase solution) (Dako,
Kalifronas, Greece). For colour development we used
3, 3′-diaminobenzidine tetrahydrochloride (DAB) and
haematoxylin as counterstain.

Evaluation

Only nuclear staining was considered positive. An
average of 500 cells were counted at ×400 in each
case. The E2F-1 and CBP status was assessed as the
percentage of stained tumour nuclei. Three indepen-
dent observers (V.G., P.Z. and C.K.) carried out slide
examination. Inter-observer variability was minimal
(p < 0.01).

Controls

The MCF-7 cell line (derived from breast cancer)
was used as positive control for E2F-1 expres-
sion [29]. The specificity of anti-CBP antibody was
tested by incubating the latter with the appropriate
control peptide (Santa Cruz, Bioanalytica, Athens,
Greece), against which it was raised. Elimination of
immunostaining verified CBP positivity. In each set of
immunoreactions, antibody of the corresponding IgG
fraction, but of unrelated specificity was used as a neg-
ative control.

Protein extraction and western blot analysis

Protein extraction

Frozen fresh tissue samples were homogenized in
50 mM Hepes pH 7.5, 150 mM NaCl, 15 mM β-
mercaptoethanol, 0.5 mM PMSF, 0.1% NP40 (Sigma,
Athens, Greece). The homogenate was centrifuged at
3000 rpm (1000 × g) at 4 ◦C for 5 min. The super-
natant was collected and adjusted to 1 µg/ml aprotinin,
1 µg/ml leupeptin and 1 µg/ml pepstatin A (Merck,
Athens, Greece).

Antibodies and controls

The anti-E2F-1 KH95 and anti-CBP (C-1) mouse mon-
oclonal antibodies (Santa Cruz Biotechnology, Bioan-
alytica, Athens, Greece) were used as first antibod-
ies, while a goat anti-mouse IgG (H + L) horseradish
peroxidase-labelled secondary antibody was employed
(31430, Pierce, Bioanalytica, Athens, Greece). The
human tumour cell line MCF-7, known to overexpress
E2F-1 [29] and the HeLa cell line, which expresses
CBP, were used as positive controls. The anti-actin
C-2 mouse monoclonal antibody (Santa Cruz Biotech-
nology, Bioanalytica, Athens, Greece) was used for
assessing equal loading of total protein per sample.

Gel electrophoresis and blotting

10 µg total protein from each sample were adjusted
with SDS PAGE sample buffer (NEB, Bioline, Athens,
Greece) and loaded on 4–20% gradient PAGEr

Gold precast gels (Biowhittaker, Bioanalytica, Athens,
Greece). Gel electrophoresis and transfer to nitrocellu-
lose membranes (Protran BA85, Schleicher & Schuell)
were performed according to standard protocols [37].
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Signal development and quantitation

Blots were blocked for 1 h in 5% non-fat dry
milk/TBS-T (TBS-T: TBS, 0.1% Tween-20) at RT.
Subsequently, membranes were incubated overnight
with primary antibody (sc-251, 1/500 dilution) at
4 ◦C, followed by 1 h incubation with secondary
peroxidase-labelled antibody (1/50 000 dilution) at RT.
Signal development for E2F-1 was performed with the
enhanced SuperSignal West Pico Chemiluminescent
Substrate (Pierce, Bioanalytica, Athens, Greece). Actin
detection was performed in a similar manner. Autora-
diographs were scanned on a flatbed scanner and band
intensities were estimated with Image-Pro Plus soft-
ware, Version 3.0 for Windows (Media Cybernetics,
Silver Spring, USA).

Microdissection and nucleic acid extraction

Microdissection

For DNA extraction, contiguous 5 µm sections were
processed. The first section was stained with haema-
toxylin and eosin to visualize the extent of tumour cells
within each sample. The boundaries of the cancerous
tissue were delineated microscopically and excess nor-
mal tissues were removed using sterile surgical blades,
as previously described [35,36].

DNA extraction

DNA extraction was performed using the phenol-
chloroform-isoamyl alcohol procedure following tis-
sue digestion with proteinase K [37].

RNA extraction-cDNA synthesis

Material with excess tumour tissue was used for RNA
extraction, because microdissection is not suitable
for RNA-handling methods. RNA was extracted with
Trizol reagent (Life Technologies, AntiSel, Greece),
according to the manufacturer’s instructions. cDNA
was generated using M-MLV reverse transcriptase
(Life Technologies, AntiSel, Greece) and oligo-dT18
(Life Technologies, AntiSel, Greece), as previously
described [35].

Comparative reverse transcription (RT)-PCR

E2F-1 and PCNA mRNA levels were assessed with
a semi-quantitative multiplex RT-PCR method, as
described previously [36,38]. Target E2F-1 or PCNA
cDNA fragment was co-amplified with a larger refer-
ence cDNA fragment of β-actin or GAPDH, respec-
tively. The relative ratios of the amplified products in
the tumour samples reflect the relative proportion of
input mRNAs and were compared with the relative
ratios of the corresponding normal tissue.

Primers

The primers used for targeting E2F-1 and PCNA are
presented in Table 2. T
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Method

PCR reactions were performed in 30 µl contain-
ing 10 mM Tris-HCl, pH 8.8, 50 mM KCl, 1.5 mM

MgCl2, 200 µM of each dNTP (dATP, dCTP, dGTP
and dTTP), 400 µM E2F-1 primers, 20 µM β-actin
primers, 2 µl of the cDNA pool and 2 Units of Taq
DNA polymerase (Advanced Biotechnology, AntiSel,
Greece). The thermal cycle profile is shown in Table 2.
PCR products were electrophoresed in 1.8% agarose
gel and stained with ethidium bromide.

Control

To avoid possible RT-PCR intra-assay fluctuations that
could affect the original transcript ratio (target vs.
reference), twofold serial dilutions of cDNA solutions
were employed in control amplifications. From these
reactions a low number of PCR cycles was established
for assessing RNA transcript ratios.

Evaluation

The net intensity of each band was evaluated using
an image analysis system (Kodak, AntiSel, Greece).
E2F-1 (PCNA) quantity was normalized by estimating
the E2F-1 /β-actin ratio (PCNA/β-actin ratio). E2F-1
(PCNA) mRNA levels were assessed by estimating the
relative ratio between tumour and corresponding nor-
mal specimens [E2F-1 /β-actin (Tumour):E2F-1 /β-
actin (Normal)] [PCNA/β-actin (Tumour):PCNA/β-
actin (Normal)]. The variability of this ratio within
20 pairs of normal specimens was found to be 1.05 ±
0.17(0.97 ± 0.13). E2F-1 mRNA (PCNA) overex-
pression was scored when the tumour : normal ratio
was ≥2.0.

Differential (D)-PCR

E2F-1 gene amplification was assessed with the D-
PCR method, as previously described [38]. Briefly, a
target E2F-1 DNA fragment was co-amplified with a
shorter reference DNA fragment of IFN-γ . The rel-
ative ratios of the amplified products in the tumour
samples reflect the relative proportion of gene copies
and are compared to the relative ratios of the corre-
sponding normal tissue.

Primers

The primers used for amplifying E2F-1 target DNA
fragment were those used for the mutational analysis
of exon 3 (Table 2).

Method

PCR reactions were performed in 30 µl containing
10 mM Tris-HCl, pH 8.8, 50 mM KCl, 1.5 mM MgCl2,
0.1% Triton X-100, 200 µM of each dNTP (dATP,
dCTP, dGTP and dTTP), 200 µM of each E2F-1
primer, 200 µM of each IFN-γ primer, 2 µl of the

DNA pool and 2 Units of Taq DNA polymerase
(Advanced Biotechnology, Gram, Athens, Greece).
The thermal cycle profile comprised an initial denat-
uration at 95 ◦C for 5 min before the addition of Taq
polymerase and was followed by 28 cycles of 40 s at
94 ◦C, 40 s at 53 ◦C and 40 s at 72 ◦C. PCR products
were electrophoresed in 2% agarose gels stained with
ethidium bromide.

Control

To avoid possible D-PCR intra-assay fluctuations that
could affect the original gene ratio (target vs. refer-
ence), twofold serial dilutions of DNA solutions were
employed in control amplifications. From these reac-
tions a low number of PCR cycles was established for
assessing gene ratios.

Evaluation

The net intensity of each band was assessed using
an image analysis system (Kodak, AntiSel, Greece).
E2F-1 quantity was normalized by estimating the
E2F-1/IFN-γ ratio. E2F-1 gene copies were assessed
by estimating the relative ratio between tumour
and corresponding normal specimens [E2F-1/IFN-γ
(Tumour):E2F-1/IFN-γ (Normal)]. The variability of
this ratio in 20 pairs of normal specimens was found to
be 1.02 ± 0.11. E2F-1 gene amplification was scored
when the tumour : normal ratio was ≥ 2.0.

Mutation analysis

We performed mutation screening of the DNA-binding
(exon 3) and transactivation (exon 7) domains, which
represent important E2F-1 functional regions, on
cDNA material from 79 informative cases. Because
of the large size of exon 7, two sets of primers gen-
erating overlapping PCR fragments were designed for
SSCP compatibility. PCR reactions were performed
in 30 µl containing 10 mM Tris-HCl, pH 8.8, 50 mM

KCl, 1.5 mM MgCl2, 200 µM of each dNTP, 400 µM

of each E2F-1 primer (Table 2), 2 µl of DNA and 1
Unit of Taq DNA polymerase (Advanced Biotechnol-
ogy, Gram, Greece). The thermal cycle profiles for all
examined fragments are presented in Table 2. Initial
screening was performed by SSCP [34] and samples
that exhibited mobility shifts were then subjected to
sequencing using the ABI PRISM BigDye Termina-
tor Cycle Sequencing Kit (Applied Biosystems, Vam-
vakas, Greece). Samples were run on an ABI 377
sequencer (Applied Biosystems, Vamvakas, Greece).

Kinetic parameters and ploidy status
of the tumours

The information concerning the kinetic parameters
(Proliferative index (PI), estimated by Ki-67 immuno-
histochemistry using the MIB-1 antibody and apop-
totic index (AI), estimated by TUNEL assay) and

Copyright  2002 John Wiley & Sons, Ltd. J Pathol 2002; 198: 142–156.
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ploidy status, were acquired from our previous report
[35] and are presented in Table 1.

pRb-p53-MDM2 protein network status

The alterations of the pRb/p53/MDM2 network were
obtained from our previous studies [35,36] and are
presented in detail in Table 1.

Statistical analysis

The association of E2F-1 immunoreactivity between
normal and tumour areas, with the pathological param-
eters of histology and lymph node invasion, and
with the CBP, pRb, p53, MDM2 and ploidy sta-
tus were assessed using the t-test. The correlation
between E2F-1 immunoreactivity and tumour stage
was tested by analysis of variance (ANOVA). The
relationship of E2F1 immunostaining with PI was
examined with the parametric Pearson test, whereas
its association with AI and GI was evaluated with the
non-parametric Spearman test. Survival analysis was
carried out according to the Kaplan–Meier methodol-
ogy and log-rank test (univariant analysis) and Cox
regression analysis (multivariate analysis). All tests
were performed with the SPSS10 statistical package
(SPSS Inc., Chicago, IL, USA). The statistical asso-
ciations were considered significant when the p-value
was <0.05.

Results

E2F-1 status and relationship with the
clinicopathological parameters of the tumours
(Tables 1 and 3)

E2F-1 protein analysis

Immunohistochemical analysis E2F-1 protein status
was assessed as the percentage of stained tumour cells.
E2F-1 was expressed both in normal lung parenchyma
(Figure 1AI) and tumour areas (Figure 1AII). E2F-1
immunoreactivity ranged from 19% to 92% of the
tumour cells, with a mean value of 45.7% ± 14.9%
(Table 1). The percentage of stained cells in the
tumour region was significantly higher than in the cor-
responding normal epithelium (mean value: 12.1% ±
2.3%) (p < 0.001 by t-test analysis). In the normal
lung parenchyma, E2F-1 staining was detected in the
bronchial epithelium, mainly the basal cells, and in
the pneumocytes of the alveoli. E2F-1-stained stromal
cells were also observed (Figure 1AI). E2F-1 protein
expression was significantly greater in squamous cell
carcinomas (SCCs) than in adenocarcinomas (ADCs)
(p < 0.001 by t-test analysis, Table 3). Correlation
with lymph node status and disease stage did not reveal
any further significant findings.

Western blot analysis The immunohistochemical
findings were confirmed by western blotting, which

Table 3. Statistical analysis of E2F expression with clinico-
pathological data, pRb, p53 and MDM2 status

E2F mean
N value p

Histology ADCs 37 38.5 ± 12.7 <0.001a

SCCs 37 50.2 ± 12.2

Ploidy Aneuploid 42 50.0 ± 14.9 0.02a

Diploid 32 41.8 ± 14.3

Lymph node invasion Yes 45 46.4 ± 14.6 0.663a

No 35 44.9 ± 15.6

Tumour stage I 30 44.3 ± 16.1 0.570b

II 27 45.1 ± 13.3
III 21 48.7 ± 15.7

pRb status Aberrant 32 50.0 ± 13.3 0.033a

Normal 47 42.8 ± 15.3

p53 status Positive 45 49.2 ± 13.4 0.017a

Negative 34 41.2 ± 15.7

MDM2 status Positive 52 48.6 ± 16.0 0.016a

Negative 27 40.2 ± 10.8

pRb/p53/ Normal 12 39.6 ± 11.2 0.036c

MDM2 status Full abnormal 24 52.9 ± 13.2

a t-test analysis.
b ANOVA.
c Bonferroni analysis.

showed a band of approximately 60 kDa in all the
matched normal-tumour samples examined (Figure
2AI). All tumour areas expressed higher levels of
E2F-1 than their normal counterparts. Densitometry
analysis showed that the tumour to normal (T/N) ratio
ranged between 2.5 to 3.7.

E2F-1 cDNA analysis

Comparative RT-PCR analysis E2F-1 cDNA anal-
ysis revealed that the majority of the cases (65/79,
82%) with E2F-1 protein overexpression demonstrated
higher mRNA levels in the tumour area than in the
corresponding adjacent normal tissue (Figure 2BI). In
these samples the relative ratio ranged between 2.6
and 6.0, compared to the normal ratio of 1.05 ± 0.17.

Sequencing Mutation analysis of the DNA-binding
and transactivation domains revealed that in two cases
(2/79) point mutations were expressed (Table 1). In
both cases, mutations were present in the transac-
tivation domain: one was the previously reported
polymorphism Gly393Ser (case 19) [31], whereas the
other, Glu371Asp, was tumour-specific (case 47)
(Figure 3C). Of note, in case 47 the tumour-specific
mutation was accompanied by increased protein lev-
els and immunohistochemical E2F-1 positivity (64%),
although the mRNA levels were normal and there
was no gene amplification, as estimated by differen-
tial PCR.
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A. E2F-1 I.Normal lung
Alveoli Bronchial epithelium

 II. Tumour

B.  CBP

Adenocarcinoma Squamous cell carcinoma

Adenocarcinoma Squamous cell carcinoma

Figure 1. Representative immunohistochemical results. (AI) Normal lung tissue: in the alveoli, pneumonocytes with E2F-1
immunoreactivity are indicated by arrowheads. In the normal bronchial epithelium, basal cells with E2F-1 immunopositivity are
shown by arrowheads, whereas E2F-1-positive stromal cells are indicated by arrows (×630). (AII) Lung adenocarcinoma (case
26) and squamous cell lung carcinoma (case 20) with nuclear E2F-1 immunoreactivity (50% and 53%, respectively) (×400).
Streptavidin–biotin peroxidase technique with ‘KH95’ anti-E2F-1 antibody and haematoxylin counterstain. (B) Adenocarcinoma
(case 8) and squamous cell lung carcinoma (case 7) with nuclear CBP immunoreactivity (60% and 70%, respectively) (×400).
Streptavidin–biotin peroxidase technique with ‘C-1’ anti-CBP antibody and haematoxylin counterstain
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A. Protein expression analysis (western blotting) of E2F-1 (I) and CBP (II)

B.  cDNA expression analysis (Semi-quantitative RT-PCR) of E2F-1 (I) and PCNA (II)

D.   E2F-1 DNA analysis (Differential PCR)
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C.   E2F-1 cDNA mutation analysis (Sequencing)
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Exon: 7
Codon:  371
Point mutation: GAG → GAC
Amino acid substitution: Glu → Asp

codon 371
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Figure 2. Representative results of the molecular analysis. (A) Results of the western blotting analysis of E2F-1 (I) and CBP
(II) proteins for matched normal-tumour cases (57 and 58, and 21 and 22, respectively). Equal loading of total protein extracts
was verified by actin western blotting. (BI) Results of the semi-quantitative multiplex RT-PCR for evaluation of the E2F-1 mRNA
(cDNA). m, �X174/HaelII DNA ladder; lanes 1 and 2, matched normal-tumour case (sample 16) with E2F-1 mRNA normal
expression; lanes 3 and 4, matched normal-tumour case (sample 17) with E2F-1 mRNA overexpression. (BII) Same analysis
for PCNA. m, pBR322/Mspl DNA ladder; lanes 1 and 2, matched normal-tumour case (sample 18); lanes 3 and 4, matched
normal-tumour case (sample 1); lanes 5 and 6, matched normal-tumour case (sample 3); lanes 7 and 8, matched normal-tumour
case (sample 47); lanes 9 and 10, matched normal-tumour case (sample 53) with increased PCNA mRNA expression. (C)
Representative automated sequencing in a squamous cell lung carcinoma (case 47) with SSCP mobility shifts in exon 7. The E2F-1
mutation is located at codon 371 and changes GAG (E) to GAC (D). In this specific case the E2F-1 status was: immunohistochemical
evaluation 64%, western blotting evaluation 2.5-fold above the E2F-1 protein level of the normal tissue, normal mRNA levels, no
gene amplification; immunohistochemical evaluation of pRb, p53 and MDM2 was aberrant, positive and positive, respectively; the
kinetic parameters were PI 54.4%, AI 0.5% and GI 108.8. (D) Representative results of the differential PCR for assessing the E2F-1
gene amplification. m, �X174/HaelII DNA ladder, lanes 1 and 2 and 3 and 4: matched normal-tumour cases (samples 38 and 39,
respectively) with E2F-1 normal diploid gene status and E2F-1 gene amplification, respectively

Estimation of E2F-1 levels in individual tumour
and normal cells

In vivo studies which employ homogenized material
(protein extracts or total mRNA) for quantitative anal-
ysis have the disadvantage of stromal cell contami-
nation, which influences the exact assessment of the
expression levels of a given molecule in individual

cells. Based on the matched normal-tumour mRNA
and protein analysis results we can estimate the indi-
vidual E2F-1 tumour to normal cell (T/N) ratio with
the following mathematical formula:

r = a·PT ·k ·AN + (1 − a)·PN ·AN

PN ·AN
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Figure 3. Diagrams (scatter plot and linear regression fit line)
demonstrating the correlation between E2F-1 percentage and
PI (a), AI (b) and GI (c)

where:

r : (estimated amount of expression product [E2F-1
mRNA or protein] in tumour sample)/(estimated
amount of expression product [E2F-1 mRNA or
protein] in adjacent normal sample);

a: percentage of tumour cells in cancerous area;
AN : amount of expression product (E2F-1 mRNA or

protein product) per normal cell;

k : (amount of expression product [E2F-1 mRNA
or protein] in individual tumour cell)/(amount of
expression product [E2F-1 mRNA or protein] in
a normal cell)= AT /AN , and as a consequence:

AT = k · AN

PN : percentage of positive normal cells;
PT : percentage of positive tumour cells.

Parameter k is the requested value. Values for PN
and PT can be obtained from IHC analysis, while
r values represent results either from comparative
RT-PCR or western blot analysis in matched tumour-
normal samples. Parameter AN is deduced from the
equation. The main difficulty in employing the above
equation is obtaining the value a .

In the case of RT-PCR analysis, k values can be
obtained, because parameter a can be estimated by
microscopic evaluation of a 5 µm section. Then at
least two serial 10 µm sections are adequate for mRNA
extraction. More specifically, tumour samples for com-
parative RT-PCR analysis consisted of approximately
90% tumour cells (a = 0.9). Taking into consideration
that PT and PN values range from 19% to 92% and
10% to 15%, respectively, and r ranges from 2.6- to
6.0-fold increase, k has a value between 2.0 and 4.2.
This means that the individual tumour cells have 2.0-
to 4.2-fold higher E2F-1 mRNA levels than normal.

However, in western blot analysis, a cannot be
easily evaluated, due to the difficulty in determining
the percentage of tumour cells in the tissue sample
required for adequate protein extraction for this kind
of analysis.

On the other hand, this mathematical expression
can be easily applied in cell cultures (a = 1), which
represent a homogeneous system and where the PT
and PN values are equal to 1.

E2F-1 DNA analysis

The possibility of gene amplification was investigated
with the D-PCR analysis. E2F-1 gene amplification
was found in seven out of 79 informative cases (9%)
(Table 1, Figure 2D). In the above specimens the
relative ratio varied between 2.3 and 4.2, whereas the
values of the corresponding normal tissue were 1.02 ±
0.11 (Table 1, Figure 3D). All of the specimens with
gene amplification demonstrated high E2F-1 staining
indexes and increased E2F-1 protein and mRNA levels
(Table 1).

Relationship of E2F-1 status to the kinetic
parameters (Figure 3) and ploidy status of
the tumours (Table 3)

Proliferation index (PI) ranged from 4.6% to 70.4%,
with a mean value of 35.2% ± 11.3% (Table 1). A
strong positive correlation was observed between E2F-
1 immunoreactivity and proliferation index (correla-
tion coefficient factor r : 0.746, p < 0.001 by Pearson
correlation) (Figure 3a).
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Apoptotic index (AI) ranged from 0.1% to 10.6%,
with a mean value of 2.04 ± 2.06% (Table 1). No
association was found between E2F-1 status and
apoptotic index of the tumors (r = −0.135, p = 0.282
by Spearman correlation) (Figure 3b).

Growth index, defined as the ratio of PI to AI,
was positively correlated with E2F-1 protein expres-
sion (r = 0.402, p = 0.001 by Spearman correlation)
(Figure 3c).

Ploidy analysis revealed 46 aneuploid carcino-
mas out of 80 examined (58.0%). The aneuploid
tumours had significantly higher percentages of E2F-
1 positive cells than the diploid (p = 0.02 by t-test
analysis).

Finally, due to the wide range of proliferation index
(4.6–70.4%) detected in our tumour samples, we
decided to assess the increase at transcriptional level
of the PCNA marker, which peaks during S phase.
Semi-quantitative RT-PCR analysis showed that in
tumour samples, PCNA levels were increased between
2.4- and 5.3-fold compared to adjacent normal tissue
(Figure 2BII). These levels of increase are similar to
that found for E2F-1.

CBP status

Immunohistochemical analysis CBP protein status
was assessed as the percentage of stained tumour
cells. Staining was mainly nuclear, but faint cyto-
plasmic reactivity was also observed in certain cases.
The faint cytoplasmic activity may be due to his-
tone acetylo-transferase activity (HAT) of CBP [39].
CBP was expressed both in normal lung parenchyma
and tumour areas (Figure 1B). CBP immunoreactivity
ranged from 60% to 80% of the tumour cells, with
a mean value of 65.3 ± 7.7% (Table 1). The percent-
age of stained cells in the tumour was significantly
higher than in the corresponding normal epithelium
(mean value: 15.4 ± 3.1%) (p < 0.001 by t-test anal-
ysis). In the normal lung parenchyma, CBP staining
was detected in the bronchial epithelium, mainly the
basal cells, and in the alveolar pneumocytes. There
was no significant difference in CBP protein expres-
sion between squamous cell carcinomas and adenocar-
cinomas (Table 3). Correlation with lymph node status
and disease stage did not reveal any further signifi-
cant findings.

Western blot analysis The immunohistochemical
findings were confirmed by western blotting, which
showed a band of approximately 265 kDa in all the
matched normal-tumour samples examined (Figure
2AII). All tumour areas expressed higher levels of
CBP than their normal counterparts. Densitometry
analysis showed that the tumour to normal (T/N) ratio
ranged between 2.3 and 3.5.

Relationship with the pRb-p53-MDM2 network
(Table 3)

The pRb-p53-MDM2 network status was obtained
from our previous studies [35,36]. Increased E2F-
1 staining was positively correlated with abnor-
mal pRb expression (p = 0.033 by t-test analysis),
p53 immunoreactivity (p = 0.017 by t-test analy-
sis) and MDM2 staining (p = 0.016 by t-test anal-
ysis). Moreover, examining the status of E2F-1 in
the cases with normal and defective pRb-p53-MDM2
networks, we found that only the full abnormal pat-
tern [pRb(Ab)/p53(P)/MDM2(P)] demonstrated signif-
icantly higher E2F-1 levels than normal (p = 0.036 by
Bonferroni analysis).

Outcome and survival analysis (Table 4, Figure 4)

Survival analysis was conducted with 85 patients
because no follow-up information was available for
two cases. During the course of the study (maximal
follow-up 60 months, median follow-up 25 months),
44 failures and 41 censored cases were recorded.
Three patients who died during surgery were excluded.
In the remaining cases with follow-up data, E2F-1
was informative in 77 samples. The use of the E2F1
median value as a cut-off point revealed a signifi-
cant association between increased E2F-1 immunore-
activity and poor patient outcome (p = 0.033 by Cox
regression and p = 0.014 by Kaplan–Meier method-
ology) (Table 4). Particularly, the group with E2F-
1 values less than the E2F-1 median value (43%)
included 39 patients; 24 of them were censored and
15 died (mean and median survival time 29 and
28 months, respectively). The other group with high
E2F-1 values consisted of 38 patients; 14 were cen-
sored and 24 died (mean and median survival time
21 and 18 months, respectively). Moreover, as pre-
viously reported in the same series of patients [35],
pRb, p53, MDM2 status and kinetic parameters were
not significantly prognostic.

Discussion

The E2F-1 transcription factor is considered to be the
‘final frontier’ of the G1 to S phase boundary. Many

Table 4. Survival analysis

Kaplan–Meier
Log-rank test

method Statistic p

6.00 0.014
20.07 <0.001
9.56 0.008

Backward

Cox-regression
stepwise method

analysis Wald test p

4.55 0.033
10.35 0.001
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Figure 4. Survival curves related to E2F-1 expression, from 77 non-small cell lung cancer patients. Increased E2F-1 expression
was significantly associated with poor survival (p = 0.033 by Cox regression analysis)

upstream stimulatory and inhibitory signals converge
on the pRb-E2F-1 complex, which orchestrates early
cell cycle progression. In vitro studies have indicated
that E2F-1 could function either as an oncogene
or as a tumour suppressor gene [1,2,7,17,18]. This
controversy also seems to exist in the few reported
in vivo studies [29,31].

In the present study, E2F-1 protein levels in the
tumour were significantly higher than in the cor-
responding adjacent normal epithelium, as assessed
by immunohistochemistry and western blotting (p <

0.001). Interestingly, E2F-1 overexpression was asso-
ciated with increased levels of its co-activator CBP.
CBP and its counterpart p300 are closely related tran-
scriptional co-activators, which stimulate the activity
of a wide spectrum of transcription factors [40]. They
both possess histone acetylase activity [18]. In vitro
experiments have demonstrated that defective interac-
tion of E2F-1 with CBP leads to reduced transactiva-
tion activity of E2F-1 [41]. Histologically, squamous
cell lung carcinomas exhibited significantly higher
percentages of E2F-1-positive cells than adenocar-
cinomas (Table 3), reflecting the different biological
profiles of these NSCLC histological subtypes [42].
Increased E2F-1 protein levels were associated in the
majority of the cases (82%) with higher than normal
E2F-1 mRNA levels in the tumour, whereas the fre-
quency of E2F-1 gene amplification was relatively
low (9%, Table 1). It is of note that the chromoso-
mal region 20q, which contains the E2F-1 gene, is
a frequent locus of gains, as demonstrated by several
groups [43–45]. Thus, in certain cases, the observed
E2F-1 gene amplification could be the result of a
broader gain in chromosome locus 20q, instead of a
localized amplification. Our findings are in accordance

with those of Suzuki et al. in gastrointestinal carcino-
mas, where E2F-1 protein overexpression was mainly
associated with increased mRNA levels, rather than
gene amplification, which was seen in 11% of the
cases examined [32]. Taken together, these data sug-
gest that deregulated E2F-1 mRNA synthesis is a main
mechanism of E2F-1 protein overexpression in certain
neoplasms. Apart from E2F-1 mRNA synthesis mod-
ulation [14,46], additional and frequently overlapping
mechanisms regulating the levels and activity of E2F-
1 include degradation by the ubiquitin/proteosome
pathway [47], post-translational modifications such as
phosphorylation [48] and acetylation [49] and pro-
tein–protein interactions [2,50].

The information concerning the control of E2F-1
at the level of transcription is rather limited. The
E2F-1 promoter harbours potential binding sites for
Sp-1, ATF, E4F, NF-κB and members of the E2F
family [14,46]. While the functional significance of
this organization is uncertain, it is noteworthy that
E2F-1 can positively autoregulate its own transcrip-
tion and that pRb, in addition to regulating E2F-1
activity, may directly or indirectly interact with Sp-
1 and ATF-2 [51–53]. Furthermore, biochemical evi-
dence presented by Weintraub and colleagues suggests
that the pRb-E2F complexes are not inert, but serve
as potent transcriptional repressors, by recruiting his-
tone deacetylase and blocking the access of E2F-1
co-activator CBP [2,54]. Thus, it is possible that the
balance between E2F-1 (and probably E2F-2 and E2F-
3) [14] and pRb status determines, to a significant
extent, E2F-1 transcription. Our finding that carcino-
mas with increased E2F-1 positivity were associated
with aberrant pRb expression (p = 0.03, Table 3) and
high CBP levels might support this notion.
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This result, however, raises the question of how
E2F-1 escapes degradation by the ubiquitin–pro-
teosome pathway in those cases with aberrant/absent
pRb expression, since the latter has the ability to pro-
tect E2F family members from this process [47]. One
possible explanation is epigenetic abnormalities in the
ubiquitin–proteosome pathway. Dysregulated proteol-
ysis of cell cycle regulators, including p53, p27 and
cyclins D1, E and B, is frequently observed in can-
cer [55]. On the other hand, other mechanisms of sta-
bilization seem to exist in the cell, because expression
of the adenovirus E1A protein, which blocks pRb, also
leads to stabilization of E2F-1 [47,56]. Even though
aberrant/absent pRb expression can explain deregula-
tion of E2F-1 transcription in a subset of the carci-
nomas examined, the observation that cases with nor-
mal pRb expression were accompanied by increased
E2F-1 mRNA levels (Table 1) adds a further level
of complexity to the E2F-1-pRb interplay. Alterna-
tive scenarios for pRb inactivation may be involved in
these cases, such as hyperphosphorylation by cyclin
D1 or inactivation of p16, which are frequently dereg-
ulated in NSCLCs [42,57]. Eleven cases demonstrated
a high percentage of E2F-1 positive cells with normal
E2F-1 mRNA levels (Table 1). It appears that in these
tumours, E2F-1 protein overexpression is not due to
deregulation of transcription, but rather to aberrations
at the post-transcriptional level, and most probably
to defects of the degradation machinery. This discor-
dance between E2F-1 protein and mRNA levels has
been found in normal cycling cells [58] and during
myoblast differentiation [59], suggesting that degra-
dation of E2F-1 plays a significant role in regulating
its activity.

Sequence analysis revealed two missense point
mutations, both in the E2F-1 transactivation domain.
One was the previously reported polymorphism at
codon 393, consisting of a Gly to Ser substitution
(case 19, Table 1) [31], whereas the other, a Glu
to Asp substitution (case 47, Table 1), was tumour-
specific and was located at codon 371, the first
reported E2F-1 tumour-specific mutation. Nakamura
et al. failed to detect any mutation in the pRb-binding
domain of E2F-1 in a variety of carcinomas, including
lung [60]. The significance of mutation Glu371Asp
is ambiguous. Codon 371 lies between the MDM2-
binding domain of E2F-1 and serine 375 (Figure 1),
whose phosphorylation by cyclin A-cdk2 and cyclin
A-cdc2 downregulates E2F-1 transactivation poten-
tial [61–63]. Thus, one possibility is that this mutation
interferes with phosphorylation of Ser 375 and hence
upregulates the activity of E2F-1.

The most important findings of the present study are
that the carcinomas with increased E2F-1 positivity
have significantly raised growth indexes (Figure 3c)
and were associated with poor patient outcome. E2F-1
status was found to be an independent prognostic fac-
tor by Cox regression analysis (Figure 4). These novel
results suggest that E2F-1 status may be a useful prog-
nostic marker. Further analysis of our data revealed

that the main determinant of this positive association
with growth was the parallel increase between E2F-1
staining and proliferation, whereas apoptosis was not
influenced by E2F-1 status (Figure 4a, b). A similar
correlation between E2F-1 expression and prolifera-
tion was reported in breast carcinomas and neuroen-
docrine lung tumours by Zhang et al. [29] and Eymin
et al. [34], respectively. Eymin et al. did not assess
the relationship of E2F-1 with the apoptotic index,
although they demonstrated an increased Bcl-2: Bax
ratio, implying a pro-apoptotic deregulation [29,34].
Interestingly, and in contrast to our findings, Eymin
et al., in a series of only 17 NSCLCs, detected E2F-1
immunohistochemically in only one sample and failed
to identify E2F-1 in normal lung epithelium and stro-
mal cells [34]. Although this could be explained by
the small number of cases studied, it does not provide
a convincing explanation for the complete absence of
E2F-1 reactivity in adjacent normal tissue, which is
expected in renewal epithelia [29].

The absence of correlation with apoptosis in our
series and the in vitro reports, which implicate E2F-
1 in inducing the apoptotic process [24,28,64–66],
prompted us to investigate its relationship with the
status of p53 protein, the main E2F-1 mediator of
programmed cell death [15,67,68], and MDM2 pro-
tein, the principal p53 antagonist [69,70]. Interest-
ingly, we found that the carcinomas with increased
E2F-1 expression frequently had p53 alterations (p =
0.017, Table 3) and showed high MDM2 levels (p =
0.016, Table 3). Besides its ability to bypass the func-
tions of wt p53 [70], MDM2 has a profound impact
on E2F-1 activity by converting it from a nega-
tive to a positive regulator of cell cycle progres-
sion [10,70,71]. Although deregulation of the p53-
MDM2 duet can explain to a significant extent the
lack of correlation between E2F-1 overexpression and
apoptosis in our series, other p53-independent path-
ways involved in E2F-1-mediated apoptosis may be
defective and could apply in the cases with a nor-
mal p53-MDM2 pathway [72,73]. A recent report by
Stiewe and Putzer implicates the p53 homolog p73
in such a process [74]. Finally, we observed signifi-
cantly higher E2F-1 staining indexes in the aneuploid
than in the diploid tumours (p = 0.02, Table 3), which
probably reflects the impact of E2F-1 overexpression
on the proliferative activity of the cancer cells. Short-
ening of the G1 phase and inappropriate entry into
S phase results in genetic instability [75]. Moreover,
deregulation of the E2F-1-pRb pathway may have con-
sequences beyond the G1 phase, because an interplay
between E2F-1, cyclin A-cdk2, anaphase promoting
complex (APC) and cyclin B-cdc2 has recently been
documented [76]. Deregulation of this link may lead
to abnormal chromosome segregation.

In conclusion, our results suggest that E2F-1
overexpression may contribute to the development
of NSCLCs by promoting proliferation, particularly
where there is a defect in the pRb/p53/MDM2 net-
work. Based on our findings and those reported by
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Figure 5. A hypothetical model showing the alterations of the pRb/E2F-1 and p53/MDM2 pathways in tumour progression of a
subset of NSCLCs. (A) The pRB/E2F-1 pathway in a normal cell. At present [2] it is not clear which regulatory network effects
determine E2F-1-induced proliferation or E2F-1-induced apoptosis in a normal cell. (B) In a tumour cell, deregulation of the
pRb-E2F-1 network stimulates p53-dependent and/or -independent apoptotic pathways [77]. This effect causes a survival pressure
for the cell to eliminate, directly (via p53 mutations) and/or indirectly (MDM2 overexpression), the p53-dependent apoptotic
response [78], while defective p53-independent apoptotic mechanisms can also cooperate [74]. Then, in the background of a
defective pRb-p53-MDM2 network, released E2F-1 promotes proliferation [79]

others in transgenic models [74,77–79], we propose
the following hypothesis (Figure 5). In a subset of
NSCLCs, deregulation of the pRb-E2F-1 pathway trig-
gers a compensatory p53-dependent and/or indepen-
dent apoptotic response, in order to eliminate the
pRb defective cell [77]. This reaction regulates a sur-
vival ‘pressure’ for the cell to neutralize the apop-
totic response by obviating directly (mutations) and/or
indirectly (MDM2 overexpression) the p53-dependent
functions [78], while defective p53-independent apop-
totic mechanisms can also be involved [74]. Released
from the surveillance of pRb and with its apoptotic
capabilities crippled, E2F-1 then promotes tumour pro-
gression [79].
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