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�-catenin (�-cat) is a versatile component of homotypic
cell adhesion and signaling. Its subcellular localization
and cytoplasmic levels are tightly regulated by the ad-
enomatous polyposis coli (APC) protein. Mutations in
�-cat (exon 3) or APC (MCR) result in �-cat aberrant
overexpression that is associated with its nuclear accu-
mulation and improper gene activation. Data from
experimental models have shown that �-cat overex-
pression has a multitude of effects on cell-cycle behav-
ior. In many of these aspects its function depends on
major G1 phase regulators. To the best of our knowl-
edge, most of these issues have never been addressed
concurrently in tumors. For this reason we investigated
in a panel of 92 non-small-cell lung carcinomas, �-cat
and APC expression, and their relationship with cell-
cycle kinetics (PI and AI) and ploidy status. Moreover,
the above correlations were examined in relation to the
main G1/S-phase checkpoint regulators. Four �-cat im-
munohistochemical expression patterns [membranous
(11.1%), membranous-cytoplasmic (54.3%), cytoplas-
mic (9.9%), cytoplasmic-nuclear (24.7%)] and three
APC immunohistochemical expression patterns [cyto-
plasmic (37.7%), cytoplasmic-nuclear (58%), nuclear
(4.3%)] were observed, which were further confirmed
by Western blot analysis on subcellular fractions in rep-
resentative samples. The frequent presence of �-cat in
the cytoplasm is an indication of aberrant expression,
whereas membranous and nuclear localization were in-
versely related. Absence of mutations in �-cat (exon 3)
and APC (MCR) suggest that �-cat destruction mecha-
nisms may be functional. However, expression analysis
revealed attenuated levels for APC, indicating a residual

ability to degrade �-cat. Decreased levels were associ-
ated with loss of heterozygosity at the APC region in
24% of the cases suggesting that additional silencing
mechanisms may be involved. Interestingly, the 90-kd
APC isoform associated with apoptosis, was found to be
the predominant isoform in normal and cancerous lung
tissues. The most important finding in our study, was
the correlation of nuclear �-cat immunohistochemical
localization with increased proliferation, overexpres-
sion of E2F1 and MDM2, aberrant p53, and low expres-
sion of p27KIP, providing for the first time in vivo evi-
dence that �-cat-associated proliferation correlates with
release of E2F1 activity and loss of p53- and p27KIP-
dependent cell-cycle checkpoints. Loss of these check-
points is accompanied by low levels of APC, which
possibly reflects a diminished ability to degrade �-cat.
Taken together our data indicate that cases with nuclear
�-cat immunohistochemical expression represent a
subset of non-small-cell lung carcinomas that have
gained an increased proliferation advantage in contrast
to the other �-cat immunohistochemical expression
profiles. (Am J Pathol 2002, 161:1619–1634)

Current models of carcinogenesis describe the progres-
sive accumulation of alterations in critical genes neces-
sary for normal cell physiology.1 Among these are genes
whose products are involved in multiple cellular func-
tions. �-catenin (�-cat) and adenomatous polyposis coli
(APC) genes represent such an example.2

The �-cat gene maps to 3p21 and encodes a 92- to
97-kd protein, that belongs to the mammalian homologues
of armadillo.3 It participates in two disparate cellular func-
tions.4–7 The first one concerns homotypic cell-cell interac-
tions, by complexing with E-cadherin (E-cad)3,4 whereas,
the second one involves signal transduction pathways
that are activated by the Wnt-wingless, the integrin-asso-
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ciated tyrosine kinases, integrin-linked kinase (ILK), and
focal adhesion kinase (FAK), as well as presenilins.7,8

Cytoplasmic �-cat that is not incorporated in cell ad-
hesion or signaling, is regulated by two proteasome deg-
radation complexes.9 The first complex, suspected to be
the default mechanism, requires GSK-3�-dependent
phosphorylation of �-cat at N-terminus for destruction.
The second complex, responds to p53-induced cell-cy-
cle arrest. Both mechanisms require APC as a scaffold.
APC binds �-cat in the central third and not only mediates
its degradation, but also regulates its subcellular local-
ization.10,11

An increase in �-cat cytoplasmic levels, after stimula-
tion from Wnt or other signaling pathways, results in its
nuclear accumulation.2,4,7 There, it heterodimerizes with
members of the lymphoid enhancer factor/T-cell factor
family of transcription factors and activates the expres-
sion of a broad pattern of target genes. These genes
include major regulators of the G1/S-phase cell-cycle
transition, cell differentiation, embryonic development
and other cellular functions.2,5,7,12,13 High levels of �-cat
that result from: mutations in genes coding for compo-
nents of the degradation systems, mutations in �-cat, or
deregulated Wnt signaling, are stabilized in the cyto-
plasm, leading to an increased �-cat nuclear accumula-
tion. As a consequence �-cat exerts oncogenic activity
through aberrant target gene expression.5–7

In cellular systems �-cat oncogenic activity enhances
proliferation by promoting G1/S-phase transition.14 In one
of these systems, expression of �-cat was inversely re-
lated to p27KIP. In another cellular system, deregulated
�-cat activity has been shown to induce an ARF-medi-
ated p53-dependent growth arrest.15,16 This cellular re-
sponse is partially dependent on the activity of the tran-
scription factor E2F1. These findings suggest that �-cat
manifests its oncogenic action only after loss of cell-cycle
checkpoints.16 Given that p53 also activates �-cat deg-
radation in response to growth arrest, this prediction is
further enhanced.9,17

Interestingly, recent data have shown that ectopic
overexpression of �-cat has additional cellular ef-
fects.18–20 First it induces apoptosis, but this effect is
independent of its transactivation function or the involve-
ment of major G1-phase cell-cycle regulators.19 Second,
it attenuates cell-cycle blocks in response to genotoxic
stress that might lead to accumulation of DNA damage.14

Similar effects on cellular behavior have been apparent
by APC. In normal cells APC blocks G1/S progression,21

whereas its ectopic expression in APC-deficient colon
cancer cells induces apoptosis.22 Furthermore, APC links
the ends of microtubules to chromosomal kinetochores,
suggesting that mutations in APC promote chromosomal
instability.23,24

Aberrant expression of �-cat has been reported in a
variety of cancers.25 However, given its dual cellular
function, different expression patterns have been re-
ported not only among distinct types of cancer, but also
between tumors of the same origin.25–34 Membranous
localization is frequently interpreted as an association
with E-cad-dependent cell adhesion. In such cases loss
or reduction in staining correlates with tumor dedifferen-

tiation, infiltrative growth, metastasis, and poor progno-
sis.35 On the other, nuclear and/or cytoplasmic presence
has been correlated with �-cat or APC mutations.25 In some
types of tumors the later pattern is related to increased
proliferation, whereas in others the opposite was ob-
served.26,31,33,36–41 There are few reports that examine the
association of �-cat status with proliferation and in relation
to cell-cycle regulatory molecules.36–38 In some reports the
membranous and the nuclear localization are inversely re-
lated.26 It has been proposed that competition between
different cellular partners for the cytoplasmic pool of �-cat
influences its final incorporation either in cell adhesion or in
signal transduction mechanisms.4–7,35,42 In lung cancer
there are controversial reports on the status of �-cat.43–52

Many of these studies concern �-cat association with E-cad
and their mutual impact on clinicopathological parameters.
In addition, apart from two conflicting studies there is no
further information regarding �-cat correlation with prolifer-
ation44,52 and there are no reports examining its relationship
with apoptosis.

Taking into consideration the above, we examined, in a
series of 92 NSCLCs previously analyzed for defects in
the pRb-p53-MDM2 network, p27KIP, and E2F1,53–56 the
following: 1) the status of �-cat and APC at the protein
and DNA levels; 2) their relationships with the clinicopath-
ological parameters of the patients, the kinetic parame-
ters (proliferation and apoptosis), and genomic instability
of the tumors; and finally, 3) their associations with main
G1/S-phase cell-cycle regulatory molecules. To the best
of our knowledge most of these issues have not been
explored so far.

Materials and Methods

Tissue Samples

Frozen and formalin-fixed, paraffin-embedded material
from a total of 92, surgically removed, non-small-cell lung
carcinomas (NSCLCs) and adjacent normal lung tissue
were analyzed. A part of this database has been previ-
ously analyzed.53–56 These tumors were classified ac-
cording to the World Health Organization criteria and
tumor-node-metastasis system. Specifically, two samples
of each tumor were taken. One was snap-frozen in liquid
nitrogen and stored at �70°C, the other was formalin-
fixed and paraffin-embedded. The patients had not un-
dergone any chemo- or radiotherapy before surgical re-
section, thus avoiding deregulation of p53, pRb, and
MDM2, because of DNA damage.53,54 Clinicopathologi-
cal features of the patients are presented in Table 1.

Immunohistochemistry (IHC)

For each case IHC analysis was performed twice on
consecutive sections.

Antibodies

For IHC analysis the following antibodies (Abs) were
used: anti-�-catenin (E-5) (class, IgG1 mouse monoclo-
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nal; epitope, amino acids 680 to 781, carboxy terminus
of �-catenin, human origin) (Santa Cruz, Bioanalytica,
Athens, Greece), anti-APC (C-20) (class, IgG rabbit poly-
clonal; epitope, carboxy terminus of APC of human ori-
gin) (Santa Cruz, Bioanalytica, Athens, Greece), anti-
E2F1 (KH95) (class, IgG2a mouse monoclonal; epitope,
Rb-binding domain of E2F-1 p60, human origin) (Santa
Cruz, Bioanalytica), anti-p53 (DO7) (IgG2b mouse mono-
clonal; residues 1 to 45 of human p53) (DAKO, Kalifronas,
Athens, Greece), anti-MDM2 (SMP14) (class, IgG1 mouse
monoclonal; epitope, residues 154 to 167 of MDM2, human
origin) (Santa Cruz, Bioanalytica) and anti-Ki67 (MIB-1)
(class, IgG1 mouse monoclonal; epitope, Ki-67 nuclear an-
tigen) (Oncogene Science, Biodynamics, Athens, Greece).

Methods

IHC was performed according to the indirect strepta-
vidin-biotin-hyperoxidase method, as previously de-
scribed.53,54 In brief, 5-�m paraffin sections were
mounted on poly-L-lysine-coated slides, dewaxed, rehy-
drated, and incubated for 30 minutes with 0.3% hydrogen
peroxide to quench the endogenous peroxidase activity.
Unmasking of the antigen proteins was performed by the
heat-mediated antigen retrieval method. 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 hour at room
temperature. The next stage comprised 30 minutes of
incubation in StreptAB Complex (1:100 stock biotin solu-
tion, 1:100 stock streptavidin-hyperoxidase solution)
(DAKO). For color development we used 3,3�-diamino-
benzidine tetrahydrochloride (DAB) (Sigma, Hellas, Ath-
ens, Greece) and hematoxylin as counterstain.

Evaluation

�-Catenin Status: The staining patterns were discerned
based on the following criteria26,44: 1) membranous pat-
tern (M), if immunoreactivity was present solely at the cell
membranes as a linear staining; 2) membranous-cyto-
plasmic (MC), if immunoreactivity was also present in the
cytoplasm; 3) cytoplasmic (C), if immunoreactivity was
restricted only to the cytoplasm; 4) cytoplasmic-nuclear
(CN), if immunoreactivity was present in the cytoplasm

and concomitantly in more than 20% of the nuclei; and 5)
nuclear (N), if immunoreactivity was confined mainly in
the nuclei. Cases with negative staining in tumor areas,
but without positive signal in the surrounding stromal as
well as normal areas were considered as noninformatives
and were not included in the analysis.

APC Status: For APC three patterns were discerned in
a similar manner as for �-cat: 1) cytoplasmic (C), 2) (CN),
and 3) nuclear (N). E2F-1, p53, MDM2, and Ki-67 staining
was evaluated as previously described.53,54,56 Part of
E2F-1, p53, MDM2, and Ki-67 expression status was
obtained from previous studies.53,54,56 Four independent
observers (VG, AK, PZ, and KE) performed slide exami-
nation. Interobserver variability was minimal (P � 0.01).

Controls

Sections from human hepatocellular carcinomas were
used as �-catenin-positive controls, as suggested by the
manufacturer. The specificity of anti-APC antibody was
tested by incubating the latter with the appropriate con-
trol peptide (Santa Cruz, BioAnalytica), against which it
was raised. Elimination of immunostaining verified APC
positivity. In addition, the Jurkat cell line was used as a
positive control. For E2F-1 expression, the MCF-7 cell line
(derived from breast cancer) was used as a positive
control.56 Positive controls for the remaining antibodies
have been previously described.53,54 In each set of im-
munoreactions antibody of the corresponding IgG frac-
tion, but of unrelated specificity was used as a negative
control.

pRB and p27 Status

The expression status of pRb and p27 were obtained
from our previous studies53,55 and represent only a part
of the currently used samples (Table 2).

Protein Extraction and Western Blot Analysis

Total Protein Extraction

Frozen tissues samples were homogenized in 50
mmol/L Hepes, pH 7.5, 150 mmol/L NaCl, 15 mmol/L
�-mercaptoethanol, 0.5 mmol/L phenylmethyl sulfonyl flu-
oride, 0.1% Nonidet P-40 (Sigma). The homogenate was
centrifuged at 3000 rpm (1000 � g) at 4°C for 5 minutes.
The supernatant was collected and adjusted to 1 �g/ml
aprotinin, 1 �g/ml leupeptin, and 1 �g/ml pepstatin A
(Merck, Athens, Greece).

Nuclear and Membranous/Cytoplasmic Extracts

Subcellular fractions consisting of nuclear (Nuc) and
membranous cytoplasmic (MC) protein extracts, were
obtained from frozen tumor tissues of representative
samples using nuclear and cytoplasmic extraction re-
agents (NE-PER; Pierce, Bioanalytica, Athens, Greece),
with the addition of protease inhibitors (benzamidine,

Table 1. Summary of Kinetic Parameters, Ploidy, and
Clinicopathological Features in the Series of
NSCLCs Examined

Mv (n) A SD D

Proliferation index (%)a 33.55 (86) 10.8
Apoptotic index (%)b 1.68 (81) 1.79
Growth index (%) 43.6 (79) 49.0
Ploidy status 48 37
Histology ADCs: 41 SCCs: 46 UL: 5
Lymph node invasion yes: 49 no: 42
Tumor stage I: 37 II: 29 III: 25

Abbreviations: Mv, mean value; SD, standard deviation; n, number of
informative samples; A, aneuploid; D, diploid; ADC, adenocarcinoma; SCC,
squamous cell carcinoma; UL, undifferentiated large carcinoma; a, esti-
mated by MIB-1 immunohistochemistry; b, estimated by TUNEL assay.
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aprotinin, leupeptin, phenylmethyl sulfonyl fluoride) ac-
cording to the manufacturer’s instructions.

Antibodies and Controls

The anti-APC (F-3) mouse monoclonal antibody (class,
IgG; epitope, amino acids 2 to 289, human origin; Santa
Cruz Biotechnology, Bioanalytica), anti-APC (C-20)
(class, IgG rabbit polyclonal; epitope, carboxy terminus
of APC of human origin; Santa Cruz, Bioanalytica), and
anti-�-cat (E-5) mouse monoclonal antibody (class, IgG1;
epitope, amino acids 680 to 781; carboxy terminus of
�-catenin, human origin; Santa Cruz, Bioanalytica) were
used as first antibodies, while the appropriate horserad-
ish-peroxidase-labeled anti-IgGs were used as a sec-
ondary antibodies (Pierce, Bioanalytica, Athens,
Greece). Extracts from the human tumor cell lines Jurkat
and MCF7 were used as positive controls for APC and
�-cat, respectively. The anti-actin C-2 mouse monoclonal
antibody (Santa Cruz Biotechnology, Bioanalytica) was
used for assessing equal loading of total protein per
sample.

Gel Electrophoresis and Blotting

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis (SDS-PAGE) Analysis of �-Cat and APC in Subcel-
lular Fractions and of APC in Total Protein Extracts: Twenty
�g of protein from total extracts or subcellular extracts
from each sample were adjusted with SDS-PAGE sam-
ple buffer (NEB; Bioline, Athens, Greece) and loaded
on 4 to 20% gradient PAGEr Gold precast gels (Bio-
Whittaker, Bioanalytica, Athens, Greece). Gel electro-
phoresis and transfer to nitrocellulose membranes
(Protran BA85; Schleicher & Schuell, ArterChem, Ath-
ens, Greece) were performed according to standard
protocols.

SDS-Agarose Analysis of APC in Total Protein Extracts
and in Subcellular Fractions: To detect the full-length APC
product SDS-agarose gel analysis was used, following
previously described protocols.57,58 Twenty �g of protein
from total extracts or subcellular extracts from each sam-
ple were adjusted with SDS-PAGE sample buffer (NEB,

Bioline, Athens, Greece) and loaded on 2.5% low-melt-
ing-point agarose gels containing 0.1% SDS and 1� Tris
borate-ethylenediaminetetraacetic acid. Gel electro-
phoresis and transfer to nitrocellulose membranes (Pro-
tran BA85, Schleicher & Schuell) were performed accord-
ing to previously described protocols.57,58

Signal Development and Quantitation

Blots were blocked for 1 hour in 5% nonfat dry milk/
Tris-buffered saline, 0.1% Tween-20 (TBS-T) at room tem-
perature. Subsequently, membranes were incubated
overnight with primary antibody (1/200 dilution) at 4°C,
followed by a 1-hour incubation with secondary peroxi-
dase-labeled antibody (1/50,000 dilution) at room tem-
perature. Signal development was performed with the
enhanced SuperSignal West Pico Chemiluminescent
Substrate (Pierce, Bioanalytica). Autoradiographs were
scanned on a flatbed scanner and band intensities were
estimated with the Image-Pro Plus software, Ver 3.0 for
Windows (Media Cybernetics, Silver Spring, MD, USA).

Microdissection and Nucleic Acid Extraction

Microdissection

For DNA extraction, contiguous 5-�m sections were
processed. The first section was stained with hematoxylin
and eosin to visualize the extent of tumor cells within each
sample. The boundaries of the cancerous tissue were
delineated microscopically and excess normal tissues
were removed using sterile surgical blades, as previously
described.53,54

DNA Extraction

DNA extraction was performed using the phenol-chlo-
roform-isoamyl alcohol procedure after tissue digestion
with proteinase K.54

Polymerase Chain Reactions (PCRs)

PCRs were setup for amplification of: the N-terminal do-
main of the �-cat, the APC mutation cluster region (MCR),

Table 2. Summary of �-Cat, APC, E2F-1, p53, MDM2, p27KIP, and pRb Status in the Series of NSCLCs Examined

�-cat immunohistochemical evaluation (IHC) Patterns Groups
Membranous M (n): 11.1% (9) Mem
Membranous-cytoplasmic MC (n): 54.3% (44) Mem Cy
Cytoplasmic C (n): 9.9% (8) Cy
Cytoplasmic-nuclear CN (n): 24.7% (20) Nu Cy

APC immunohistochemical evaluation (IHC): Patterns Groups
Cytoplasmic C (n): 37.7% (26) Cy
Cytoplasmic-nuclear CN (n): 58% (40) Nu
Nuclear N (n): 4.3% (3) Nu
APC LOH evaluation (LOH/Het) 24% (11/51)
E2F-1 status Mv (n): 45.5 (84) SD: 14.6%
p27KIP statusa Mv (n): 32.7 (67) SD: 14.0%
pRB statusa Ab: 34 No: 52
p53 status P: 51 Ne: 40
MDM2 status P: 59 Ne: 32

Abbreviations: Mv, mean value; SD, standard deviation; n, number of informative samples; Ab, aberrant; No, normal; P, positive; Ne, negative; a,
data from our previous studies.51, 53
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and a polymorphic marker in intron 9 of the same gene
(GenBank accession no. D70814).

Primers

The primers and thermal profiles used to amplify �-cat,
the MCR region of APC, and intron 9 of the same gene are
presented in Table 3.

Method

PCR reactions were performed in 50 �l containing 10
mmol/L Tris-HCl, pH 8.8, 50 mmol/L KCl, 1.5 mmol/L
MgCl2, 0.1% Triton X-100, 200 �mol/L of each dNTP
(dATP, dCTP, dGTP, and dTTP), 200 �mol/L of each
primer, 200 ng DNA, and 2 U of TaqDNA polymerase
(Advanced Biotechnology, Gram, Athens, Greece). PCR
products were electrophoresed in 2% agarose gels
stained with ethidium bromide.

Loss of Heterozygosity (LOH) Analysis for APC

Analysis

For LOH analysis pair-wise PCR reactions were per-
formed on DNA extracted from tumor tissues and dis-
tantly located corresponding normal tissues. PCR prod-
ucts were electrophoresed on 10% polyacrylamide gels
stained with silver nitrate.

Evaluation

Gel images were captured with a digital camera
(Kodak, Antisel, Athens, Greece) and processed with a
gel documentation software (Kodak). LOH estimation
was based on previously set criteria.53

Mutation Analysis

Single Strand Conformation Polymorphism (SSCP)
Analysis

SSCP analysis was performed essentially as previously
described.54 We performed mutation screening of exon 3

of the �-cat gene corresponding to the N-terminal phos-
phorylation domain as well as of the MCR corresponding
domain of the APC gene that is most frequently mutat-
ed.25 Because of the large size of the MCR, two sets of
primers generating overlapping PCR fragments were de-
signed for SSCP compatibility.

Automated Sequencing

Samples that exhibited mobility shifts were then sub-
jected to cycle sequencing using the ABI PRISM BigDye
Terminator Cycle Sequencing Kit according to the manu-
facturer’s instructions (Applied Biosystems, Vamvakas,
Athens, Greece). Samples were run on an ABI 377 se-
quencer (Applied Biosystems, Vamvakas, Athens, Greece).

Terminal dUTP Nick-End Labeling (TUNEL)
Assay

Method

Double-strand DNA breaks were detected by TUNEL
according to the method of Gavrieli and colleagues,59 as
previously described.53

Controls

We used as positive controls tissue sections that were
incubated with DNase I before treatment with TdT and as
negative controls sections that were incubated in TdT
buffer without the presence of the enzyme.

Evaluation

Cells were considered to undergo apoptosis when
nuclear staining, without cytoplasmic background, was
observed. Apoptotic index (AI) was estimated as the
percentage of apoptotic cells in 10 high-power fields
(counted cells, 900 to 10,000). Slide examination was
performed by four independent observers (VG, AK, PZ,
and KE). Intraobserver variability was minimal (P �
0.001).

Table 3. Amplimers and Thermal Profiles for Each Segment

Segment

Amplimers Thermal Profile

Forward Reverse ID D A E C FE

�-cat*

217–238 to

402–422

Exon 3 ttt gat gga gtt gga cat gg gaa gga ctg aga aaa tcc ctg 3 minute,

95°C

40 second,

94°C

40 second,

53°C

40 second,

72°C

30 5 minute,

72°C

APC†

3578–3598 to

4023–4050

MCR tcc ttc atc aca gaa aca gt gct gga ttt ggt tct agg g 5 minute,

95°C

40 second,

94°C

40 second,

57°C

40 second,

72°C

30 5 minute,

72°C

3979–3997 to

4440–442

MCR agc gaa gtt cca gca gtg t agc att tac tgc agc ttg c 5 minute,

95°C

40 second,

94°C

40 second,

57°C

40 second,

72°C

30 5 minute,

72°C

CA repeats Intron 9 tta ttt cat tcc tgt agc caa ga tca tct cct ctt cac atc aat ag 5 minute,

95°C

40 second,

94°C

40 second,

55°C

25 second,

72°C

30 5 minute,

72°C

ID: initial denaturation; D, denaturation; A, annealing; E, extension; C, cycles; FE, final extension.
*Amplimer design is based on the �-cat sequence, GenBank accession number: Z19054.
†Amplimer design is based on the APC sequences, GenBank accession numbers: M74088, D70814.
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Nuclear DNA Ploidy Analysis

Samples were stained according to the Thionin-Feulgen
procedure.53 The measuring and evaluation procedures
have been formerly reported.53 Cases with more than 5%
of cells with DNA content above the 5c limit were con-
sidered as aneuploid.60

Statistical Analysis

�-Cat and APC Immunoprofile Analysis

Associations of �-cat and APC IHC patterns between
them, and with the clinicopathological parameters; the
proliferation index (PI); and the p27, pRb, p53, MDM2,
E2F1, and ploidy, were assessed using one-way-analysis
of variance (Bonferoni) or Pearson’s test accordingly. The
relationships of �-cat and APC immunostaining with AI
and growth index (GI) was evaluated with the nonpara-
metric Spearman’s test.

Grouping Analysis

Because of the low number of cases belonging to
specific patterns, previous analysis using immunoprofiles
could not always yield statistically reliable results and
sometimes were even not possible. For this reason cases
from different �-cat and APC IHC profiles were merged in
larger groups (see Results), to determine possible asso-
ciations. Specifically, �-cat M and MC immunoprofiles
were assigned as membranous (Mem) and the CN im-
munoprofiles as nuclear (Nu). Similarly, for APC the
groups were: cytoplasmic (Cy) for the cases with the C
immunoprofile and nuclear (Nu) for the samples with
immunoprofiles CN and N.

Associations of �-cat and APC groups among them,
and with the clinicopathological parameters; the PI; and
the p27KIP, pRb, p53, MDM2, E2F1, and ploidy, were
assessed using t-test or Pearson’s test accordingly. The
relationships of �-cat and APC immunostaining with AI
and GI were evaluated with the nonparametric Spearman
test.

Survival Analysis

Survival analysis was performed according to the
Kaplan-Meier methodology and log-rank test. All tests
were performed with the SPSS10 statistical package
(SPSS Inc., Chicago, IL, USA). The statistical associa-
tions were considered significant when the P value was
�0.05.

Results

�-Cat Analysis

IHC Results (Figure 1A, Table 2)

IHC analysis in 81 (88%) of 92 informative NSCLCs
cases revealed expression of �-cat in tumor as well as
normal lung parenchyma. In tumor areas �-cat exhibited
on average a homogenous staining with four distinct
expression patterns. The most frequent profile was the
MC (54.3%), followed by the CN (24.7%). The other two
patterns represented sole membranous (M) (11.1%) and
cytoplasmic (C) (9.9%) staining, respectively. In normal
parenchyma �-cat was detected in the pneumocytes of
the alveoli, in the bronchial epithelium, and seromucous
glands in the submucosa. In these areas �-cat expres-
sion pattern was mainly linear MC. IHC expression was
also detected in stromal elements, predominantly fibro-
blasts showing a weak cytoplasmic stain. Furthermore,
positive cytoplasmic signal was readily discerned in en-
dothelial cells of the stromal vessels. No significant cor-
relations were found between �-cat staining and the clin-
icopathological parameters of the patients.

Western Blot Analysis of �-Cat Subcellular
Localization (Figure 1B)

To confirm the subcellular distribution of �-cat found
by IHC we performed Western blot analysis on subcellu-
lar fractions consisting of nuclear (Nuc) and MC extracts
from frozen tumor tissues in representative samples ex-
hibiting specific IHC patterns. We detected the presence
of �-cat in the corresponding fractions confirming our
original IHC analysis. The increased sensitivity of the
chemiluminescent detection method revealed residual
levels of �-cat in the opposite fractions that could be
because of the contaminating presence of normal tissue
and/or the nucleocytoplasmic shuttling of �-cat.4–7,35,42

Mutation Analysis

Mutations at specific serine and threonine residues of
the amino-terminal domain of �-cat gene abrogate its
phosphorylation-dependent degradation.25 To investi-
gate the presence of mutations in this region a combined
SSCP-automated sequence analysis of exon 3 was per-
formed. Our results revealed that no mutations were
present at the N-terminus of this gene.

Figure 1. �-cat analysis in NSCLC. A: Representative IHC results. Streptavidin-biotin-peroxidase technique with E-5 anti-�-cat antibody (DAB as chromogen) and
hematoxylin counterstain (see Materials and Methods). a: Linear membranous (arrows) immunodetection (M) of �-cat-positive tumor cells in squamous
carcinoma (case 20). b: Cytoplasmic and membranous immunoreactivity (MC) of �-cat-positive tumor in squamous carcinoma (case 18). c: �-cat-positive tumor
cells exhibiting homogenous cytoplasmic staining in squamous carcinoma (C) (case 52. d: Cytoplasmic and nuclear localization (CN) of �-cat in positive tumor
cells in adenocarcinoma (case 60). e: �-cat-positive tumor cells exhibiting cytoplasmic (arrowhead) and membranous (arrow) immunoreactivity (MC) in
adenocarcinoma (case 25). f: Normal bronchial epithelium with membranous and cytoplasmic �-cat immunopositivity is shown. B: Western blot analysis of �-cat
subcellular distribution. Nuclear (Nuc) and membranous/cytoplasmic (M/C) fraction analysis for �-cat presence in representative samples exhibiting M (case 1),
MC (case 56), and CN (case 22) �-cat IHC patterns. �-cat presence was more abundant in the corresponding fractions for each case, respectively, confirming the
initial IHC expression results. The increased sensitivity of Western blot combined with an enhanced chemiluminescent system (see Materials and Methods) also
showed the presence of residual levels of �-cat in the opposite fractions, that could be because of the contaminating presence of normal tissue and/or the CN
shuttling of �-cat. Original magnifications in A: �400 (a, c, e, f); �100 (b, d).
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APC Analysis

IHC Results (Figure 2A, Table 2)

Examination of the IHC status in 69 (75%) of 92 infor-
mative cases, revealed that APC was expressed in tumor
areas of the sections and normal parenchyma. However,
staining intensity was on average decreased in the can-
cerous areas in comparison to surrounding normal pa-
renchyma. Three distinct patterns were discerned and
consisted of sole cytoplasmic staining (C) (37.7%), cyto-
plasmic and nuclear staining (CN) (58%), and only nu-
clear staining (N) (4.3%). Normal parenchyma exhibited
mainly cytoplasmic and occasionally focal membranous
staining of basal cells of the bronchial epithelium and
pneumocytes of the alveoli, a finding that is in agreement
with previous results.57 Moreover, stromal cells revealed
focal staining consisting of mixed cytoplasmic and CN
pattern. No significant correlations were found between
APC staining and the clinicopathological parameters of
the patients.

Mutation Analysis

A wide spectrum of mutations have been reported for
APC.25 The most frequent mutations occur in the central
third, mainly in a region termed the “mutation cluster
region” (MCR) roughly defined by codons 1250 to 1500.
This region contains �-cat-binding and down-regulating
domains. Mutations in the MCR usually lead to expres-
sion of truncated APC proteins that retain the ability to
bind, but are unable to suppress, �-cat activity.25 A com-
bined SSCP-automated sequence analysis of the MCR
was performed to investigate for the presence of such
mutations in NSCLCs. Nevertheless, no mutations were
found in this region.

LOH Analysis (Figure 2B, Table 2)

For LOH analysis a polymorphic region in intron 9 of
the APC gene was used. Of 51 informative cases, for
which normal counterparts were available, 11 (24%) dis-
played a loss in one of the two constitutive alleles. Inter-
estingly, all cases exhibiting LOH displayed decreased
immunostaining of APC in the tumor areas in comparison
to surrounding normal parenchyma. Decreased APC ex-
pression was also detected in other cases, including
heterozygous ones with no LOH.

Western Blot Analysis

To verify APC immunostaining results we performed
Western blot analysis in a series of representative cases.
These samples included cases with and without LOH at
5q21, as well as different �-cat- and APC-staining pat-
terns. Results from Western blot analysis confirmed the
immunostaining results and showed that APC levels are
decreased in tumor areas in comparison to normal coun-
terparts. Decreased levels were found not only in the
cases with LOH, but also in samples without this ablation

and were independent of APC- and �-cat-staining pat-
terns, respectively. It should be mentioned that we were
unable to detect, in both normal and tumor counterparts,
the full-length APC although two different gel separation
methods (gradient 4 to 20% SDS-PAGE and SDS-aga-
rose gels) and two different antibodies directed against
the amino- and the carboxy-termini, respectively, were
used (see Materials and Methods). Instead, a shorter
isoform, of approximately 90 kd, was detected. Such a
nonmutant isoform has been previously reported and
suggested to be related with apoptotic processes.61

Western Blot Analysis of APC Subcellular
Localization (Figure 2C)

To confirm the subcellular distribution of APC we per-
formed Western blot analysis on subcellular fractions
consisting of nuclear (Nuc) and MC extracts from frozen
fresh tumor tissues in a series of representative samples
exhibiting the specific IHC patterns. Only the 90-kd iso-
form could be detected, as previously mentioned. Our
results showed that APC was more abundant in the cor-
responding subcellular fraction confirming the initial find-
ings by IHC analysis. Furthermore, the increased sensi-
tivity of the chemiluminescent detection method revealed
residual levels of APC in the opposite fraction possibly
because of contaminating normal tissue and/or to its
nucleocytoplasmic shuttling ability.10,11

IHC Analyses of the G1/S-Phase Checkpoint
Regulators

Analysis of pRb and E2F1

IHC analysis of E2F1 status was assessed as the per-
centage of stained tumor cells (84 informative cases,
91%). E2F1 was expressed in normal lung parenchyma
as well as tumor areas. Moreover, scarcely E2F1-stained
stromal cells were observed. E2F1 immunoreactivity
ranged from 19 to 92% of the tumor cells, with a mean
value of 45.5 � 14.6% (Table 2). The percentage of
stained cells in the tumor region was significantly higher
than that of the corresponding 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. Correlation of E2F-1 pro-
tein expression with clinicopathological parameters con-
firmed our previous findings in NSCLCs (data not
shown).56 Data for pRb immunoreactivity were obtained
from previous publications (Table 2).53,54

Analysis of p53 and MDM2

Abnormal IHC reactivity for p53 and MDM2 was ob-
served in 51 (56%) of 91 informative cases and 59
(64.1%) of the 92 cases, respectively (Table 2). Relation-
ships with histology, lymph node status, and stage are in
accordance with our previously described findings in
NSCLCs (data not shown).53,54
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Analysis of p27KIP

Data for p27KIP immunoreactivity was obtained from a
previous publication (Table 2).55

Analysis of Growth Parameter Indexes
(Proliferation and Apoptosis) and Ploidy Status

Proliferation Index (PI)

The proliferation activity of the cancerous tissues was
assessed by Ki-67 IHC, as previously described.53–56

The percentage of positive cells for Ki-67 in the cancer-
ous areas ranged from 4.6 to 70.4% and mean PI was
33.55 � 10.77% (86 informative cases) (Table 1).

Apoptotic Index (AI)

Apoptotic index ranged from 0.1 to 10.6%, with a mean
value 1.68 � 1.79% (81 informative cases).

Ploidy Status

Of 85 informative cases, 48 (56.5%) were evaluated as
aneuploid (Table 1).

Associations of growth parameters and ploidy status
with clinicopathological parameters in NSCLCs have
been extensively described in our previous publica-
tions.53,55,56

Relationship of the �-Cat Status with Growth
Parameters, Ploidy Status, APC, and
G1/S-Phase Checkpoint Regulators Status

�-Cat Expression Patterns, Growth Parameters, and
Ploidy Status

Data from experimental systems have provided evi-
dence that overexpression of �-cat influences cell growth
parameters (proliferation and apoptosis)14,18–20,62 and
possibly ploidy status.14 Therefore, we were interested in
examining the relationship between its expression status
and these parameters in our series of NSCLCs.

Comparison of the growth kinetics (PI and AI) between
all four IHC expression profiles (M, MC, C, and CN) re-
vealed that only the PI was significantly different among
them. Specifically, the �-cat nuclear-associated CN IHC
expression profile exhibited the highest proliferation value
and was significantly increased only from the membranous
associated ones (M and MC) (Table 4, Figure 3). This result
indicates that the main determinant for the difference in

Figure 2. APC analysis in NSCLC. A: Representative IHC results. Streptavidin-
biotin-peroxidase technique with C-20 anti-APC antibody (DAB as chromo-
gen) and hematoxylin counterstain (see Materials and Methods). a: Cyto-
plasmic immunodetection (C) of APC-positive tumor cells (arrows) (case
58). b: Cytoplasmic (arrowheads) and nuclear (arrows) immunoreactivity
(CN) of APC-positive tumor cells (case 56). c: Nuclear staining (N) of
APC-positive tumor cells (arrows) (case 71). B: Protein analysis. Results of
the Western blotting analysis showing decreased APC protein levels in tumor
areas (lanes 2 and 4) in comparison to corresponding normal tissue (lanes
1 and 3). Faint bands for APC levels were detected in tumor lanes, but
because of image editing they were not accurately reproduced. Equal loading
of total protein extracts was verified by actin blotting (second lane). C:
Western blot analysis of APC subcellular distribution. Nuclear (Nuc) and
membranous/cytoplasmic (M/C) fractions from representative samples ex-
hibiting C (case 10), CN (case 22), and N (case 49) APC IHC patterns,
respectively, were examined for its expression. APC was more abundant in
the corresponding fractions of each case confirming the initial IHC results.
The increased sensitivity of Western blot combined with an enhanced chemi-
luminescent system (see Materials and Methods) revealed the presence of
residual APC levels in the opposite fractions, probably because of contamination
from normal tissue and/or the nucleocytoplasmic shuttling ability of APC.10,11

Because of image editing APC residual levels were not accurately reproduced.
D: LOH analysis. Loss of one of the two constitutive alleles in tumor areas
(arrows) in comparison to their normal counterparts. Original magnifications in
A, �400.
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proliferation between all profiles is �-cat subcellular local-
ization either at the membrane or in the nucleus.

No relationship was found between �-cat IHC expres-
sion profiles and ploidy (data not shown). Actually the low
number of cases comprising the membranous (M) and
cytoplasmic (C) profiles, respectively (Table 2), led to
nonreliable statistical results because of dispersion of
these cases into smaller subgroups (aneuploid versus
diploid). Therefore, taking into consideration that �-cat
membranous or nuclear localization is the main determi-
nant for its cellular effects62 and to avoid such problems
in search for potential relationships, we proceeded to an
assembly of its IHC expression patterns into groups (see
next section).

Groups of �-Cat Expression Patterns, Growth
Parameters, and Ploidy Status

In our study most of the cases examined comprised
two large immunophenotypes: those with MC immuno-
staining (54.3%) and those with CN immunostaining
(23.5%) (Table 2). As mentioned, because of the low
number of cases in the other two profiles (M and C),
statistical analysis, considering separately all four pat-
terns observed, was often difficult to perform. For the
above reasons and taking into account that �-cat sub-
cellular association with the membrane or the nucleus
reflects particular biological functions,4–7,12,35,42 cases
with CN immunophenotype were defined as a nuclear
(Nu)-expressing �-cat group, whereas cases with M and
MC staining were merged into a group defined as mem-
branous (Mem) (Table 2). According to this categoriza-
tion a third group defined by cytoplasmic �-cat presence
was also considered (Cy), but it covered almost the entire
cohort examined in the present study (87.6%) (Table 2).
Thus, in our analysis main emphasis was on the differ-
ences between the Mem and Nu groups, unless other-
wise mentioned.

Comparison of growth parameters (proliferation and
apoptosis indices) between the Nu and Mem groups
revealed that cases with nuclear staining exhibited a
significant increase in PI (P � 0.001, t-test; mean differ-
ence, 10.602), while the apoptotic rate was unaffected by
the subcellular localization of �-cat, because it was sim-
ilar among the two groups (P � 0.178, Kruskal-Wallis
test) (Table 5). However, GI (defined as the ratio PI/AI)

Figure 3. Diagrams (box plots) demonstrating the correlation between �-cat
IHC patterns and PI (a) and AI (b). a: The main difference in proliferation is
between cases with nuclear localization versus cases with membranous
presence of �-cat (M and MC patterns, P � 0.005 and P � 0.002, respectively,
Bonferoni analysis; Table 4). b: There were no significant differences in the
apoptotic rate between all �-cat profiles. Similar results were obtained for GI
(data not shown).

Table 4. Associations of �-Cat and APC IHC Patterns with Proliferation Index

Patterns Mean (n) SD P

ANOVA

MD (95% CI) P

�-cat immunohistochemical evaluation (IHC) Intercept: 41.84 (36.48, 47.19) 0.001
Membranous M 27.57 (9) 5.20 14.27 (3.08, 25.46) 0.005
Membranous-cytoplasmic MC 31.17 (41) 10.05 10.66 (2.99, 18.34) 0.002
Cytoplasmic C 35.67 (8) 12.62 6.16 (�5.49, 17.82) 0.93
Cytoplasmic-nuclear CN 41.84 (19) 11.11 0.001

APC immunohistochemical evaluation (IHC) Intercept: 27.87 (8.18, 47.55) 0.557
Cytoplasmic C 34.22 (24) 11.72 �6.35 (�23.39, 10.68) 1.000
Cytoplasmic-nuclear CN 35.17 (39) 11.21 �7.30 (�23.97, 9.37) 0.856
Nuclear N 27.87 (3) 7.92 0.557

Abbreviations: n, number of informative samples; SD, standard deviation; CI, confidence intervals; MD, mean difference.
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was also similar between the Nu and Mem groups (Table
5). Also, nuclear localization of �-cat was associated with
increased frequency of aneuploidy, but this relationship
was not significant (P � 0.184, Pearson test) (Table 5).

�-Cat Status and APC Status

Comparison of the four observed �-cat immunoprofiles
with the APC immunostaining profiles revealed no signif-

icant associations (data not shown). Comparison of the
�-cat groups (Mem and Nu) with a similar assembly of
APC IHC expression patterns into groups (Cy, cytoplas-
mic immunoprofile; Nu, cytoplasmic/nuclear and nuclear
immunoprofiles) also revealed no significant associations
(Table 5). No associations were found between the �-cat
groups (Mem and Nu) and APC LOH analysis (Table 5).

�-Cat Status with G1/S-Phase Checkpoint Regulators
Status

In several experimental systems the influence of
�-cat status on cell growth parameters is related to the
status of critical G1/S-phase checkpoint regulators.14–17

In our NSCLCs series we have previously reported that
tumor growth is related to aberrant expression of the G1

phase-related regulators p53, MDM2, pRb, E2F1, and
p27KIP.53–56

Comparison of the IHC status of each of these cell-
cycle regulators in the two differentially expressing �-cat
groups (Mem versus Nu), revealed that only cases with
nuclear staining were associated with deregulated pat-
terns of these cellular components, except for pRb (Table
5). Specifically, Nu cases were associated with: 1) in-
creased frequency of abnormal expression of p53 and
MDM2 (P � 0.043 and P � 0.031, respectively; chi-
square), while concomitant deregulation of the p53/
MDM2 (aberrant p53 and MDM2) regulatory feedback
loop was even more significant (P � 0.001, chi-square);
2) overexpression of E2F-1 (P � 0.001, t-test; mean value
difference, 12.6); and 3) underexpression of p27KIP (P �
0.013, t-test; mean value difference, 9.76).

Relationship of the APC Status with Growth
Parameters, Ploidy Status, and G1/S-Phase
Checkpoint Regulators Status

APC Status, Growth Parameters, and Ploidy Status

No significant correlations were found between the
APC groups with the growth parameters (PI and AI) or
ploidy status (Table 6). Similar results were obtained also
if LOH results were used in the analysis.

APC Status with G1/S-Phase Checkpoint Regulator
Status

Correlation of APC status with the above-mentioned
cell-cycle regulators revealed only one significant asso-
ciation; aberrant expression of pRb was significantly as-
sociated with nuclear (Nu) localization of APC (P � 0.04,
chi-square) (Table 6).

Survival Analysis

Survival analysis was conducted with 84 patients be-
cause no follow-up information was available for 8 cases.
No significant differences were found in survival between
the Nu and Mem �-cat expression patterns. Similar re-

Table 5. Relationships between �-Cat Expression,
Clinicopathological Data, Growth Parameters
(Proliferation Index, Apoptotic Index, and Growth
Index), APC, E2F1, p27, p53, MDM2, and pRb
Status

�-Cat groups

PMem Nu

Histology
ADCs 31 6
SCCs 28 12 0.181*

Ploidy
Aneuploid 27 13
Diploid 29 6 0.184*

Lymph Node invasion
Yes 33 12
No 27 8 0.7*

Tumour stage
I 24 6
II 18 8 0.753*
III 18 6

APC groups
Cy 19 5
Nu 29 12 0.702*

APC LOH status
Het 24 10
LOH 8 2 0.565*

E2F-1 status
n 59 18
Mv � SD 42.85 � 13.69 55.44 � 14.08 0.001†

p27KIP status
n 41 17
Mv � SD 35.59 � 13.18 25.82 � 13.11 0.013†

p53 status
Positive 29 15
Negative 31 5 0.043*

MDM2 status
Positive 34 17
Negative 26 3 0.031*

p53/MDM2 status
Normal 41 5
Abnormal 19 15 0.001*

pRb status
Aberrant 21 11
Normal 34 9 0.291*

PI
n 50 19
Mv � SD 30.53 � 9.43 41.84 � 11.11 �0.001†

AI
n 44 20
Mean rank 32.43 32.65 0.965‡

GI
n 44 19
Mean rank 29.9 36.87 0.166‡

Abbreviations: Mv, mean value; SD, standard deviation; n, number of
samples.

*Pearson chi-square.
†t-test analysis.
‡Mann-Whitney.
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sults were also found for APC status. The only factor that
highly correlated with survival was E2F-1, as previously
described.56

Discussion

�-cat is a pivotal component of Wnt (or other) signaling
pathway(s) and E-cad-associated homotypic cell adhe-
sion.4,6,7 Deregulated increase of its cytoplasmic levels
results in aberrant nuclear localization that is related to
abnormal cell behavior.2–7,62 There are few reports with
controversial results in tumors, concerning �-cat aberrant

expression concurrently with cell-cycle kinetics (prolifer-
ation and apoptosis), chromosomal instability, and the
interplay with major cell-cycle regulators, as suggested in
cell lines.14,15,18,19

In our study, IHC expression analysis revealed the
presence of �-cat in the nuclear (Nu), cytoplasmic (Cy),
and submembranous (Mem) compartments, while from
case to case there was a combined topological distribu-
tion revealing four patterns of expression (see Results,
Figure 1A, and Table 2). The intracellular distribution was
also verified by Western blot analysis of subcellular frac-
tions (Figure 1B). The most frequent localization in all
patterns was in the cytoplasm (87.6%), possibly indicat-
ing aberrant stabilization of �-cat.25 Interestingly, mem-
brane (Mem) and nuclear (Nu)-associated patterns were
mutually exclusive (Table 2) and reflect the �-cat dispar-
ate cellular functions4 (Figure 4, B and C). This is in
agreement with the proposed competition for incorpora-
tion of the �-cat cytoplasmic pool either in cell adhesion
or in signal transduction mechanisms.4,6,39 Also, none of
these profiles correlated with clinicopathological param-
eters (Table 5), as suggested in certain reports.44–46

Nevertheless, these studies take into account the staining
intensity of �-cat, rather than its cellular profile. In our
analysis, �-cat staining was on average homogenous.

The high frequency of �-cat cytoplasmic (Cy) immu-
nolocalization led us to investigate the putative reasons
concerning this aberrant expression. Therefore, we first
examined the status of APC, its main regulator.2–7 Ex-
pression analysis revealed attenuated APC protein levels
in tumors that were independent of �-cat- and APC-
staining patterns (Figure 2B). The low levels of APC pos-
sibly reflect a decreased degradation ability of �-cat that
could be responsible for its frequent cytoplasmic (Cy)
immunodetection (Figure 4, B and C).9,25 No mutations in
�-cat (exon 3) and APC (MCR) were detected, a finding
that is in agreement with previous reports in
NSCLCs,43,52,63–66 implying that �-cat is not aberrantly
stabilized by such alterations. LOH at the APC locus is
frequently found in NSCLCs63,66 and could be a reason
explaining this finding, but in our cases its observed
frequency (24%) cannot explain the decreased APC lev-
els in all of the examined samples. Recently it has been
shown that in several types of tumors, including lung, an
additional mechanism of APC inactivation is methylation
of its gene promoter.67,68

Interestingly, Western blot analysis revealed a 90-kd
isoform of APC, instead of the 300-kd full-length product.
A similar one has been reported in cellular systems un-
dergoing apoptosis after loss of cell adhesion.61 Its pres-
ence in normal tissues precludes the possibility of muta-
tions outside the region (MCR) examined in this study.
The 300-kd isoform could not be detected although dif-
ferent separation methodologies were used, such as gra-
dient acrylamide gels or denaturing agarose gels and the
use of different antibodies, as previously described.57,58

With our data, taken together, it seems that the 90-kd
product is the main APC isoform expressed in the lung.
The diminished levels of this low-molecular-weight form in
tumor counterparts may suggest an insufficiency in ad-
hesion-triggered apoptotic mechanisms in NSCLCs.

Table 6. Relationships between APC Expression,
Clinicopathological Data, Growth Parameters
(Proliferation Index, Apoptotic Index and Growth
Index), E2F1, p27, p53, MDM2 and pRb Status

APC groups

PCy Nu

Histology
ADCs 11 18
SCCs 13 24 0.555*

Ploidy
Aneuploid 15 23
Diploid 10 15 1.000*

Lymph Node invasion
Yes 15 22
No 11 21 0.627*

Tumour stage
I 11 19
II 7 14 0.766*
III 8 10

APC LOH status
Het 11 21
LOH 2 8 0.466*

E2F-1 status
n 25 40
Mv � SD 45.64 � 14.31 47.40 � 15.25 0.645†

p27KIP status
n 20 37
Mv � SD 32.75 � 16.32 32.97 � 12.20 0.954†

p53 status
Positive 11 26
Negative 15 16 0.138*

MDM2 status
Positive 18 29
Negative 8 13 1.000*

p53/MDM2 status
Normal 17 20
Abnormal 9 22 0.211*

pRb status
Aberant 6 21
Normal 19 20 0.040*

PI
n 24 42
Mv � SD 34.22 � 11.72 34.65 � 11.10 0.885†

AI
n 22 38
Mean rank 31.66 29.83 0.695‡

GI
n 21 38
Mean rank 29.6 30.22 0.893‡

Abbreviations: Mv, mean value; SD, standard deviation; n, number of
samples.

*Pearson chi-square.
†t-test analysis.
‡Mann-Whitney.
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Next we examined whether �-cat expression patterns
were associated with the cell-cycle kinetics in the current
series. This aim was set in view of the opposing cellular
roles of �-cat in cell adhesion and nuclear transcrip-
tion4–7 and the cellular effects of �-cat overexpression,
as described in experimental systems.14,18–20,62 The
most significant association observed was between nu-
clear �-cat presence and increased proliferation (P �
0.001, Table 5). Specifically, PI was significantly higher in
the nuclear-associated (CN) profile as compared to the
membranous related profiles (M and MC) (Figure 3, Table
4). This result is in agreement with the disparate cellular
functions of �-cat in adhesion and gene transcription.4–7

This also supports our assembly of �-cat expression
patterns in larger groups that reflect specific biological
functions. Association between nuclear localization and
increased proliferation has also been reported by Pirinen
and colleagues,44 whereas in a second study in the same
type of tumors, proliferation correlated with increased
�-cat staining intensity.52 Similar results have also been
found in other types of tumors.25 On the other hand, at the
invasive front of colorectal adenomas the nuclear pres-
ence of �-cat is associated with low proliferation,37

whereas in hair follicle-derived tumors nuclear �-cat was
not associated with proliferation.33 Such differences
probably depend on specific cellular context.37

Subsequently, we questioned if �-cat nuclear-associ-
ated proliferation was related to deregulated expression
of the main G1/S phase regulators, because �-cat aug-
ments cellular proliferation by enhancing G1/S phase
transition in cellular systems and its effects on cellular
behavior are mediated by an interplay with G1/S phase
regulators in cellular systems.4,14–17

The first G1 to S phase regulator examined was the
transcription factor E2F1. Release of E2F from pRb se-
questration is a prerequisite event for the cell to enter the
S phase.69 The exact effects of E2F on cell-cycle regu-
lation is a matter of active debate.56 Recently, we have
shown in a subset of the currently used NSCLC cases,
that E2F1 is strongly associated with tumor growth,
mainly because of increased proliferation.57 Our results
showed a significant correlation with Nu �-cat localization
(P � 0.001, Table 5), suggesting that �-cat may partici-
pate in E2F1 transcriptional release, probably through its
G1 phase targets, c-myc and cyclin D1 (Figure 4).4,7

However, we found no relationship between �-cat and
pRb status (Table 5), implying that additional factors,
such as inactivation of p16INK4a that is frequently ob-
served in NSCLCS,70,71 may be involved in E2F1 activa-
tion. Interestingly, the nuclear presence of APC was as-
sociated with aberrant expression of pRb (P � 0.04,
Table 5). Previous reports have shown that APC senses
decrease or loss of adherence and moves into the nu-
cleus,72,73 possibly blocking G1/S phase progression,21

or inducing apoptosis.22 Our finding may reflect a fail-
safe protection mechanism of APC against the defected
pRb pathway from �-cat oncogenic effects, but this re-
mains to be proven.

The status of the p53/MDM2 regulatory loop was in-
vestigated, next in relation to �-cat status. Nuclear �-cat
was significantly correlated with aberrant p53 expression

Figure 4. A hypothetical model summarizing �-cat association with prolif-
eration in relation with G1 phase cell-cycle regulators in NSCLCs, based on
the literature and our data (present and previous work): A: Data from
experimental systems have shown that �-cat cellular pools under normal
conditions are involved in homotypic cell adhesion (M).2–7,42 Activation of
Wnt signaling induces a nuclear accumulation (N),2–7,10–13,42 in which �-cat
functions as a transcription factor12 inducing among others, cellular prolif-
eration.14,20,62 This �-cat-associated increase in proliferation is tightly con-
trolled by the following mechanisms: 1) nuclear sequestration10,11 and cyto-
plasmic degradation of �-cat by APC;2–9 2) activation of p53, that
accumulates in response to �-cat signaling and triggers a cell growth
arrest;15–17 and 3) p27KIP-dependent cell-cycle arrest that results from the
interplay between activation of nuclear �-cat transcriptional targets (eg,
myc76) and E-cad.77,78 Note: Depending on the histological context the exact
relationships between �-cat expression status, cell-cycle kinetics, and ex-
pression of G1 cell-cycle regulators may vary.33,34,37,38 B: In the present
analysis, the group of cases with �-cat membranous localization (Mem) was
related with intact p53/MDM2 loop,53,54 high levels of p27KIP expression,55

and decreased APC levels. This group of cases demonstrated a lower PI
compared to the �-cat nuclear-associated group (Nu). Taking into consider-
ation our findings and the data in the literature we suggest that the following
mechanisms may apply in this group. Functional p53 and p27KIP check-
points53–55 should prevent �-cat oncogenic effects by eliciting an anti-pro-
liferative response, as previously predicted.15–17,74–76 Despite decreased APC
levels, the low cell-cycle turnover may prevent saturation of degradation
mechanisms thus providing sufficient �-cat down-regulation response. Also
membranous association may reflect intact E-cad sequestration of �-cat,78

that further adds to proliferation control.76–78 C: In the present analysis, the
group of cases with �-cat nuclear localization (Nu), were associated with
defected p53 (either via p53 mutations or MDM2 overexpression53,54), de-
creased p27KIP expression levels,55 increased E2F1 expression levels,56 and
decreased APC levels. In this group of cases the above correlations are
related with higher PI. Taking into consideration our findings and the data in
the literature we suggest that the following mechanisms may apply in this
group. Loss of p53 and p27KIP checkpoints should release �-cat from cellular
growth restrains.15–17, 6–78 Its nuclear accumulation leads to aberrant tran-
scriptional activation (eg, activation of c-myc, cyclin D)2–7,12,13 and conse-
quently an increase in proliferation.14,20,62 Low levels of APC and increased
cell-cycle proliferation probably result in a saturation, and therefore render
inefficient, the �-cat down-regulating mechanisms. Furthermore, E-cad might
also be inactivated, as previously suggested.35,77,78 It is either not expressed
or other factors (eg, �-cat or activated growth-related tyrosine kinase recep-
tors) compete for binding.3,5,35,78
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and overexpression of MDM2 (P � 0.001, Table 5). Re-
cent models have shown that oncogenic �-cat elicits an
ARF-mediated p53-dependent growth arrest.15,16 Conse-
quently, in vivo loss of wt p53 or ablation of ARF function
(directly via mutations or indirectly through MDM2 over-
expression74,75), has been suggested to provide a selec-
tive advantage for tumors with deregulated �-cat.16 Our
results confirm for the first time in vivo and in NSCLCs
these relationships (Table 5, Figure 4). Given that, induc-
tion of the p53 pathway by �-cat in the same model was
partially dependent on E2F1 expression,16 the observed
association between Nu �-cat and E2F1 in our analysis,
corroborates further with this model (Figure 4C). In addi-
tion, taking into account that p53 is the main E2F-1 me-
diator of programmed cell death and that p53 also in-
duces �-cat degradation in response to growth arrest,9,17

loss of the p53 checkpoint increases E2F1-dependent
proliferation, as we have previously shown,56 further sup-
porting our observations in the cases with Nu �-cat lo-
calization (Figure 4C).

Finally, nuclear �-cat presence was associated with
low levels of p27KIP expression (P � 0.013, Table 5). This
finding correlates with our previous results showing that
proliferation is inversely related to p27KIP expression55

and also complies with a recent report showing that
c-myc represses transcription of p27KIP.76 Based on
these findings, the observed inverse relationship be-
tween nuclear and membranous localization of �-cat
could be also an indication of disturbance of the E-cad/
catenin complex, because E-cad induces growth sup-
pression via p27KIP77 and regulates cell growth by mod-
ulating �-cat transcriptional activity in a cell adhesion-
independent manner (Figure 4, B and C).78

In the present study, �-cat status did not correlate with
the apoptotic rate. Although, �-cat was also not associ-
ated with tumor growth (defined as the ratio PI/AI), in our
previous studies deregulated E2F1 and p27KIP expres-
sion was accompanied with increased growth and more-
over with poor survival.55,56 One possible explanation is
that E2F1 and p27KIP are final downstream effectors of
cell-cycle regulatory pathways, whereas �-cat is an inter-
mediate downstream effector that exerts its cellular ef-
fects indirectly, through other downstream media-
tors.4,6,12 These mediators receive and integrate signals
from other modulators, too, transducing them further
downstream to final ones, such as E2F1 and p27KIP.1,69

Thus, �-cat influences cell proliferation, but disturbance
of the overall cell growth probably requires the additive
deregulation(s) of other cell-cycle modulator(s).15,16,53

In conclusion nuclear accumulation of �-cat in
NSCLCs is accompanied by an increase in proliferation,
that is related to overexpression of E2F1. This effect is
facilitated by a selective advantage from inactivation of
the p53 and p27KIP cell-cycle checkpoints and the pres-
ence of diminished APC levels.
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