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ABSTRACT

Purpose: Telomerase, a ribonucleoprotein complex

whose activity is related to the expression of its catalytic

subunit human telomerase reverse transcriptase (hTERT),

restores telomere length in tumor cells and enables immor-

tality after p53/Rb inactivation has been achieved. To

determine the timing of hTERT derepression during

bronchial carcinogenesis and its relationship with telomere

shortening and the p53/Rb pathway alterations, we did an

immunohistochemical and in situ hybridization study in

preinvasive and invasive bronchial lesions.

Experimental Design: hTERT, P53, P16, cyclin D1, Bax-

to-Bcl2 ratio, and Ki67 immunostainings were done in

106 preneoplastic lesions and in paired lung carcinoma and

normal bronchial mucosae. Concomitantly, hTERT mRNA

levels and qualitative telomere shortening were assessed by

in situ hybridization and fluorescence in situ hybridization,

respectively, in a subset of preneoplastic and neoplastic

lesions.

Results: Telomerase was increasingly expressed from

normal epithelium to squamous metaplasia, dysplasia, and

carcinoma in situ , and decreased in invasive carcinoma

(P <<< 0.0001), with a direct correlation between protein and

mRNA levels of expression (P <<< 0.0001). hTERT expression

was directly correlated with P53, Ki67, and Bcl2-to-Bax

ratio, suggesting a coupling between telomerase reactivation,

proliferation, and resistance to apoptosis. Telomere signals

significantly decreased as early as squamous metaplasia and

progressively increased over the spectrum of preneoplastic

lesions.

Conclusions: Telomere shortening represents an early

genetic abnormality in bronchial carcinogenesis, preceding

telomerase expression and p53//Rb inactivation, which

predominate in high-grade preinvasive lesions.

INTRODUCTION

Lung cancer is the leading cause of cancer deaths in the

Western world, killing about one million people worldwide

each year. Most patients with primary lung cancer present

advanced disease at the time of initial diagnosis, with a 5-year

survival rate estimated to be <15%; therefore, a way to improve

the outcome of this disease is an earlier detection of lung

cancer precursors, such as preneoplastic bronchial lesions, and

the assessment of their potential to progress to invasive lesions.

Bronchial carcinogenesis is a multicentric and a multistep

process known as ‘‘field cancerization,’’ which associates

multifocal morphologic transformation of the bronchial epithe-

lium and multistep accumulation of molecular, genetic, and

epigenetic abnormalities, both initiated by tobacco smoke

carcinogens, such as benzo(a)pyrene and nitrosamines (1).

Histologically, according to the criteria provided by the recent

WHO classification of lung cancers and precursors (2),

preinvasive lesions of the bronchial epithelium are represented

by squamous metaplasia, dysplasia of various grade of severity

(mild, moderate, and severe), and carcinoma in situ (CIS).

Concomitant molecular and genetic abnormalities consist in

mutations of oncogenes and deletions, mutations, and loss of

heterozygosity of tumor suppressor genes implicated in cell

cycle regulation and apoptosis. The main tumor suppressor

barriers to uncontrolled proliferation are represented by p53-

ARF and p16INK4a-Rb pathways, which function in cell cycle

checkpoints and receive high pressure for invalidation during

the carcinogenic process (3, 4). As a result, p53 mutation

occurs in >60% of high-grade preneoplastic lesions and

correlates with protein stabilization and immunohistochemical

detection in 36% of moderate dysplasia, 59% of severe

dysplasia, and 69% of CIS (5). Furthermore, P53 accumulation

in preneoplastic bronchial lesions seems to be predictive for

their progression to invasion (5, 6). Deregulation of p53

transcription pathway as well as an imbalance of Bax and Bcl2

expression in preinvasive bronchial lesions endow resistance to

apoptosis as these proteins exhibit proapoptotic and antiapop-

totic properties, respectively (6, 7). Alternatively, Rb pathway

alterations participate to G1 arrest evasion, with loss of p16INK4

occurring at the level of squamous dysplasia (8). Cyclin D1,

which allows Rb phosphorylation and inactivation by releasing

the critical transcriptional factor for G1-S transition E2F1, is

overexpressed in 30% of dysplasia (8, 9). Overall, these

abnormalities are more frequently observed in high-grade than

in low-grade dysplasia (5, 9) and accumulation of molecular

abnormalities is predictive of risk of lung cancer in smokers.
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Indeed, more than two aberrant expressions of P53, cyclin D1,

cyclin E, Bax, or Bcl2 in dysplasia are correlated with

progression to CIS and/or lung cancer (10).

However, although p53 and Rb pathway inactivation is

specifically required for cell transformation, cellular immortality

and unlimited proliferation need the cooperation of a ribonu-

cleoprotein, telomerase, which prevents telomere shortening and

allows tumor cells to escape from lethal crisis (11). Telomeres,

composed of hexameric DNA repeat sequences (TTAGGG)

prevent chromosomal rearrangements and fusion and shorten

at each cell division due to incomplete telomeric DNA

replication by DNA polymerases at the 3V end. In the absence

of adequately sized telomeres, normal somatic cells undergo

cellular senescence as short telomeres are perceived as damaged

DNA leading to p53/ATM pathway activation (12), which

is called cellular mortality stage 1 (13). In contrast, tumor cells,

lacking of P53- and Rb-mediated checkpoints, can escape

mortality stage 1 and proliferate until the mortality stage 2 or

‘‘crisis,’’ where they suffer huge genetic instability. At this stage,

telomeric dysfunction, leading to breakage-fusion-bridge cycles

and formation of dicentric chromosomes, allows in turn new

genetic abnormalities and promotes tumor progression

in surviving cells (14). Clones surviving crisis either reactivate

telomerase, which stabilizes telomere length by adding telomeric

sequences onto chromosome ends, or lengthen telomeres

through an alternative mechanism (15). Telomerase ribonucleo-

protein complex is composed of two main subunits, human

telomerase reverse transcriptase (hTERT), representing the

catalytic subunit and the limiting factor for enzyme activity,

and human telomerase RNA component (hTERC), the RNA

component serving as template for telomeric repeat synthesis

(16). Telomerase expression has been widely reported in most

human cancers and in up to 85% of lung carcinomas (17–21). In

preneoplastic lesions, elevated hTERT mRNA was detected in

dysplastic cells during oral carcinogenesis, in CIS of the breast,

and in cervical intraepithelial neoplasia grade III lesions (22–24).

hTERT mRNA and telomerase activity were also reported to

increase proportionally to the severity of histologic changes in

short series of preneoplastic bronchial lesions, concomitantly with

elevated hTERC levels, which were detected as early as squamous

metaplasia (22–27). Mechanisms of telomerase reexpression

during carcinogenesis remain incompletely understood, involving

mainly hTERT promoter activation by c-Myc, Mad/Max, and SP1

at the transcriptional level (28, 29), posttranslational modifica-

tions, such as hTERT phosphorylation (30–33), and subcellular

delocalization at the protein level (34–36).

Telomere shortening likely represents an earlier event in

carcinogenesis than telomerase activation. Indeed, telomere

shortening occurs in prostate and pancreatic carcinogenesis at

the level of intraepithelial neoplasia (37, 38). Recently, a new

method based on fluorescence in situ hybridization (FISH) has

been developed to assess telomere length at the level of

individual cells and in tissue sections from archival material.

This technique provides morphologic information at the level of

preinvasive lesions and enables independent analysis of epithelial

and stromal cell telomeres without requiring large unfixed tissue

samples as Southern blot does (39).

With the aim to determine the sequential timing of

telomerase activation during bronchial carcinogenesis along

with p53 and Rb pathway alterations and its relationship with

telomere shortening, we analyzed hTERT expression by both

in situ hybridization and immunohistochemistry, in comparison

with that of cell cycle and apoptotic regulators P53, P16INK4,

cyclin D1, Bax, Bcl2, and Ki67 expression in preinvasive lesions

and their normal and invasive counterparts. Concomitantly,

we did a qualitative assessment of telomeric signal intensity

using FISH.

MATERIALS AND METHODS

Patients and Tissue Samples. Formalin-fixed bronchial

specimen were collected from lung resections in 27 patients for

lung cancer including 19 invasive squamous cell carcinoma,

4 basaloid carcinoma, 2 adenocarcinoma, and 2 large cell

carcinoma according to the WHO classification (2). The

27 patients, 26 men and 1 woman, ranging in age from 41 to

79 years (mean, 60.9 years), were staged according to the

International Union Against Cancer classification in 11 stage I,

5 stage II, and 11 stage III. All tissue samples were obtained

within 1 hour after surgical removal.

Preinvasive lesions were classified according to the WHO

classification criteria (2) by two pathologists experienced in lung

pathology (E. Brambilla and S. Lantuejoul). Preinvasive lesions

including 17 squamous metaplasia, 18 mild dysplasia, 18 mod-

erate dysplasia, 20 severe dysplasia, and 33 CIS were compared

with 21 normal or hyperplastic bronchial mucosae and

27 concomitant carcinoma, 23 of them being located in the

vicinity but distinct from the preinvasive lesions. Squamous

metaplasia and mild dysplasia were considered as low-grade

dysplasia, whereas moderate dysplasia, severe dysplasia, and

CIS were considered as high-grade dysplasia. Cases were

considered as positive for hTERT and P53 when >20% of the

cells were stained and positive for cyclin D1 when >5% of the

cells were stained. Loss of P16INK4 expression was defined by

a negative staining observed in dysplastic cells contrasting with

a positive nuclear staining expressed by cells serving as internal

controls (fibroblasts, endothelial cells). Expression of P16INK4 in

internal controls was considered as relevant when at least 10% of

the cells show a nuclear expression (8).

Immunohistochemical Analysis. Three-micrometer-

thick serial formalin or Bouin fixed serial sections were

deparaffinized and incubated at room temperature with primary

monoclonal antibodies anti-hTERT (clone 44F12, Novocastra,

Newcastle upon Tyne, United Kingdom) at the dilution 1:20

(35 Ag/mL), anti-P53 (DO7, Dakopatts, Glostrup, Denmark)

at the dilution 1:75 (5 Ag/mL), anti-cyclin D1 (AM29,

Calbiochem, Cambridge, United Kingdom) at the dilution 1:50

(5 Ag/mL), anti-Bax (N19, Santa Cruz Biotechnology, Inc., Santa

Cruz, CA) at the dilution 1:50 (4 Ag/mL), Bcl2 (124, Dakopatts)

at the dilution 1:50 (3 Ag/mL), and anti-Ki67 (KiS5, Immuno-

tech, Marseille, France) at the dilution 1:50 (1 Ag/mL).

Polyclonal antibody against P16INK4 (C20, Santa Cruz) was

used at the dilution 1:50 (2 Ag/mL). Microwave antigen

retrieving was done in citrate buffer (pH 6) for hTERT, Bax,

Bcl2, and Ki67 immunostaining, in 1 mmol/L EDTA (pH 9) for

cyclin D1, and in Tris citrate (pH 9.15) for P53. A three-stage

indirect immunoperoxidase technique was done on Ventana

NexES staining module (Ventana Medical Systems, Tucson, AZ).
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Negative control consisted in omission of the primary antibody

and incubation with immunoglobulins of the same species.

Levels of protein expression were evaluated by two pathologists

(S. Lantuejoul and E. Brambilla) and scored using the product of

the percentage of tumor cell positive nuclei by the staining

intensity (0, null; 1, faint; 2, moderate; 3, strong); scores range

from 0 to 300. Nuclear and/or nucleolar staining was considered

as a specific pattern of hTERT expression. Lymphocytes in the

bronchial mucosae served as positive internal control for hTERT,

Bcl2, and Bax, whereas endothelial cells and fibroblasts were

considered as negative internal controls for hTERT and positive

for P16INK4. In the absence of these positive internal controls,

immunostaining were considered as nonevaluable. P16INK4 loss

of expression was considered as nonevaluable in 6 lesions among

154 (4%). Positive external controls for P53 and cyclin D1 were

tissues known to express these antigens, and normal cells

represent negative internal control. Because the number of

sections representative of the lesion was getting short in 14 cases,

one marker among seven was missing.

In situ Hybridization. For riboprobe generation and

RNA in situ hybridization, a TOPO TA cloning vector (PCR II-

TOPO, Invitrogen, Carlsbad, CA) was used containing a 430 bp

EcoRV-BamH1 fragment of the hTERT cDNA as previously

described (40) to generate a digoxigenin-labeled RNA probe

(riboprobe) specific for the antisense strand of the hTERT

cDNA, which hybridizes to the full-length transcript comple-

mentary to the conserved region from exon 7 to exon

12 corresponding to the catalytic domain of the enzyme. The

plasmid was linearized with EcoRVand then transcribed in vitro

with SP6 RNA polymerase (Promega, Madison, WI) using

a digoxigenin-UTP labeling mixture (DIG RNA labeling kit;

Roche Diagnostics Inc., Indianapolis, IN). The resulting

digoxigenin-labeled RNA probe was mixed with RNase inhibitor

(Roche Diagnostics) and stored in aliquots at �80jC.
In situ hybridization was done in 67 samples of formalin-

fixed paraffin-embedded tissue sections in RNase-free conditions

including 7 normal/hyperplastic mucosae, 8 mild dysplasia,

10 moderate dysplasia, 12 severe dysplasia, 16 CIS, and

14 invasive carcinoma. The slides were deparaffinized and then

transferred on the heating blocks of a Discovery module

(Ventana Medical Systems, Strasbourg, France) for an automated

in situ hybridization procedure. Briefly, the sections were treated

with 2.5 Ag/mL proteinase K (Roche Diagnostics, Meylan,

France) for 14 minutes at 37jC, washed in TBS buffer (reaction

buffer, Ventana Medical Systems), and postfixed in 4%

paraformaldehyde for 8 minutes at room temperature. Before

hybridization, the antisense riboprobe diluted at 800 ng/mL in

hybridization buffer [10% 20� sodium saline citrate (3 mol/L

sodium chloride and 0.3 mol/L sodium citrate), 50% deionized

formamide, 250 Ag/mL predenatured salmon sperm DNA,

100 mg/mL dextran sulfate, 2% 100� Denhardt’s solution

(2% Ficoll 400, 2% polyvinylpyrrolidone, 2% bovine serum

albumin), 2% DTT, and 400 Ag/mL yeast tRNAwas denatured in

boiling water for 15 minutes. Each section was incubated with

100 AL hTERT antisense probe for 8 hours at 42jC. Sense and

antisense actin riboprobes have been used as negative and

positive controls, respectively, to assess the good mRNA

preservation in the same conditions on duplicate slides. After

hybridization, the sections were washed twice in 2� sodium

saline citrate (Ribowash buffer, Ventana Medical Systems) at

37jC. For immunodetection of hybrids, the slides were then

incubated overnight at room temperature with 100 AL of an

alkaline phosphatase–conjugated antidigoxigenin antibody

(Roche Diagnostics) diluted 1:200 in 0.9% NaCl, 2% normal

sheep serum, and 0.3% Triton X-100. The slides were washed

twice in TBS, and then briefly rinsed with 100 mmol/L Tris-HCl,

100 mmol/L NaCl, and 50 mmol/L MgCl2 (pH 9.5). Alkaline

phosphatase was detected using 5-bromo-4-chloro-3-indolyl

phosphate and nitroblue tetrazolium chloride (Roche Diagnos-

tics) as chromogens. Levels of hTERT mRNA expression were

evaluated by two pathologists (S. Lantuejoul and E. Brambilla)

and scored using the product of the positive cells by the intensity

of staining (1, mild; 2, moderate; 3, strong), total scores ranging

from 0 to 300.

Telomere Fluorescence In situ Hybridization. Telomere

FISH was done with the DAKO telomere peptide nucleic acid

FISH kit (DAKO, Glostrup, Denmark) only in formalin-fixed

sections including 7 normal or hyperplastic bronchial mucosae,

35 preneoplastic lesions including 6 squamous metaplasia, 6 mild

dysplasia, 8 moderate dysplasia, 6 severe dysplasia, and 9 CIS,

and 9 invasive carcinoma. Briefly, deparaffinized sections

underwent a microwave heat – induced antigen retrieval

15 minutes in citrate buffer (pH 6). They were then placed in

0.1% PBS Tween for 2 minutes and in TBS twice for 5 minutes.

Slides were then placed in Proteinase K Pretreatment Solution

(diluted 1:20) for 20 minutes at room temperature. They were

thoroughly placed in 70% ethanol for 2 minutes, 85% ethanol for

2 minutes, and ethanol 96% for 2 minutes, and then air-dried.

Ten microliters of a Cy3-labeled specific peptide nucleic acid

were applied to each sample, which was then coverslipped, and

denaturation was done for 5 minutes at 85jC. Slides were then

moved in the dark for hybridization 2 days at 37jC. They were

then placed in rinse solution (diluted 1:50) for 1 minute and in

wash solution (diluted 1:50) for 5 minutes at 37jC, and were

immersed in cold ethanol series (70%, 85%, 96%). They were

then air dried and counterstained with Hoescht stain and

mounted with aqueous mounting medium (Mowiol 4-88,

Calbiochem-Merck, Darmstadt, Germany). Nuclear telomeric

spots were considered as specific signals and were scored as 0, no

staining; 1, spots observed in <10% of the nuclei; 2, spots in

20% to 60% of the nuclei; and 3, spots in 70% and more of the

nuclei.

Statistical Analysis. The staining scores were compared

in different categories using Mann-Whitney U test and Kruskal-

Wallis H test. The v2 test was used to test the association

between two categorical variables. P < 0.05 was considered

statistically significant. All the tests were done with the StatView

program (Abacus Concepts, Berkeley, CA).

RESULTS

Immunohistochemical Analysis of Human Telomerase

Reverse Transcriptase. Mild to moderate nuclear immunos-

taining with nucleolar reinforcement (intensity 1 or 2) was

observed on f20% of basal cells of normal or hyperplastic

bronchial epithelium. Some serous cells of bronchial glands exhi-

bited a faint nuclear staining, whereas fibroblasts and endothelial

cells remained negative. A lymphocyte subpopulation, present in
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the bronchial mucosae, presented a moderate nuclear staining and

served as internal positive control with a staining intensity of 2 for

evaluating the intensity of staining in neoplastic cells (from 0 to 3;

Fig. 1A).

hTERT was expressed in 14 of 20 (70%) normal/

hyperplastic epithelium restricted to the basal layer. In 12 of

16 (75%) squamous metaplasia, in 15 of 17 (88%) mild

dysplasia, in 16 of 16 (100%) moderate dysplasia, in 20 of 20

(100%) severe dysplasia, in 31 of 32 (96%) CIS, and in 27 of

27 (100%) invasive carcinoma, immunostaining was more

diffuse and intense (Fig. 1C). Five lesions (one squamous

metaplasia, two moderate dysplasia, one CIS, and one normal

or hyperplastic bronchial mucosa) were lost on serial sections.

Mean scores and standard deviations of hTERT expression

according to histology are given in Table 1. Telomerase mean

levels of expression were increasingly expressed from normal/

hyperplastic mucosae, squamous metaplasia, and mild dysplasia

to moderate dysplasia, severe dysplasia, and CIS. Mean scores

of hTERT expression decreased in corresponding invasive

squamous cell carcinoma. No case of normal or hyperplastic

bronchial mucosa presented levels of hTERT z 100, in contrast

with 4 of 17 (23%) of squamous metaplasia, 2 of 17 (11%) of

mild dysplasia, 12 of 16 (75%) of moderate dysplasia, 16 of 20

(80%) of severe dysplasia, 29 of 32 (90%) of CIS, and 23 of

27 (85%) of invasive carcinoma. Levels of protein expression

assessed by scores were significantly different according to

histologic grade of preinvasive lesions (Kruskal-Wallis test,

P < 0.0001). Such statistical difference was maintained

between low-grade dysplasia (squamous metaplasia and mild

dysplasia) and high-grade dysplasia (including moderate

dysplasia, severe dysplasia, and CIS) levels of expression

(Mann-Whitney test, P < 0.0001).

Fig. 1 A , immunohistochemi-
cal staining with hTERT anti-
body in hyperplastic bronchial
epithelium (immunoperoxidase,
�200). B , hTERT mRNA ex-
pression by in situ hybridization
in the same area as A (�200).
C , immunohistochemical stain-
ing with hTERT antibody in
severe dysplasia (immunoper-
oxidase, �200). D , hTERT
mRNA expression by in situ
hybridization in the same lesion
as C (�200). E , P53 immunos-
taining in CIS (immunoperox-
idase, �400). F, Bax loss of
expression in the same CIS,
exhibiting BBR < 1, as E on
serial section (immunoperoxi-
dase, �400). G , P16 loss of
expression in the same lesion as
E on serial section (immuno-
peroxidase, �400). H , cyclin
D1 overexpression on serial
section of the same CIS exhib-
iting BBR < 1 (immunoperox-
idase, �400).
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Nucleolar staining was predominantly observed in basal

cell nuclei of normal/hyperplastic bronchial epithelium, whereas

all preinvasive and invasive lesions regardless of grade exhibited

a diffuse nuclear staining with nucleolar reinforcement.

In situ Hybridization with Human Telomerase Reverse

Transcriptase Riboprobe. In situ hybridization staining with

hTERT riboprobe was located in the cytoplasm and had the same

cell distribution than that obtained by immunohistochemistry. A

positive staining was observed in basal bronchial cells of normal

and hyperplastic bronchial epithelium, some serous cells of

bronchial glands, and a lymphocyte subpopulation (Fig. 1B).

Hybridization with sense actin riboprobe gave the expected

negative signal in all cases.

hTERT mRNAwere detected at variable levels from normal

or hyperplastic bronchial mucosae to preinvasive lesions and

invasive carcinoma, increasing in proportion with the severity of

the bronchial epithelium changes, hyperplasia mucosae, squa-

mous metaplasia, and mild dysplasia exhibiting low mean

scores. In contrast, high scores were increasingly observed in

moderate dysplasia, severe dysplasia, and CIS with a slight

decrease in corresponding squamous cell carcinoma (Fig. 1D).

Mean scores and standard deviations of hTERT mRNA

expression according to histology are given in Table 1.

Comparatively, a statistical difference between the levels of

hTERT mRNA according to histologic grade of lesions could be

shown (P < 0.0001) as well as between low-grade dysplasia (mild

dysplasia) and high-grade dysplasia including moderate dysplasia

(P < 0.0001). Levels of protein andmRNA expressionwere highly

correlated in preinvasive bronchial lesion, as well as in normal/

hyperplastic mucosae and invasive carcinoma (P < 0.0001).

Immunohistochemical Analysis of P53 Accumulation.

P53 nuclear immunostaining was considered as positive when

>20% of the cells were positive, arranged in suprabasal clusters

in bronchial epithelium. Normal/hyperplastic mucosae was

always negative (0 of 20), whereas increased percentage of P53

reactive cells were seen from squamous metaplasia to CIS to

invasive carcinoma (Fig. 1E ; Table 2). P53 accumulation was

significantly more frequent in high-grade preinvasive lesions

than in low-grade lesions (P < 0.0001). A direct correlation

was found between hTERTand p53 expression (P = 0.01) at the

level of each histologic type of lesion.

Loss of P16INK4 Expression. P16INK4 immunostaining

was considered as specific when nuclei of normal or dysplastic

epithelial cells were labeled as well as stromal endothelial and

fibroblasts considered as positive internal controls. Loss of P16

expression started at the level of normal or hyperplastic

bronchial epithelium (21%), to reach a plateau around 50%

from squamous metaplasia to CIS, and increased to 63% in

invasive carcinoma (Fig. 1G; Table 2). Four lesions (two

squamous metaplasia, one moderate dysplasia, and one severe

dysplasia) were lost on serial sections and six lesions (two

normal or hyperplastic bronchial mucosae, one squamous

metaplasia, two moderate dysplasia, and one CIS) were

nonevaluable for P16INK4 analysis in absence of positive internal

controls. No correlation was observed between hTERT expres-

sion and P16INK4 loss of expression when all histologic grades

were considered together, or when low- and high-grade dysplasia

were compared together.

Cyclin D1 Overexpression. Cyclin D1 overexpression

was considered as positive when >5% of the cell nuclei were

labeled. This was observed in 9% of normal/hyperplastic

epithelia and progressively increased form squamous metaplasia

to CIS to invasive carcinoma (Fig. 1H; Table 2). Two moderate

dysplasia and three severe dysplasia were lost on serial sections.

A statistical difference concerning cyclin D1 overexpression

according to histologic grade was observed (P = 0.002).

No correlation was found between hTERT and cyclin D1

expression whatever the histologic group considered.

Table 2 Immunoreactivity of P53, P16, Bax, Bcl2, and cyclin D1 in preinvasive bronchial lesion and cancer

Histology P53+ [% (n)] Loss of P16
INK4

[% (n)] Cyclin D1+ [% (n)] BBR <1 [% (n)]

N/H 0% (0/21) 21% (4/19) 9% (2/21) 0% (0/21)
SM 11% (2/17) 53% (8/15) 11% (2/17) 0% (1/17)
mD 44% (8/18) 55% (10/18) 22% (4/18) 0% (0/18)
MD 55% (10/18) 53% (8/15) 31% (5/16) 11% (2/18)
SD 60% (12/20) 57% (11/19) 35% (6/17) 5% (1/20)
CIS 54% (18/33) 56% (18/32) 33% (11/33) 15% (5/33)
Invasive carcinoma 48% (13/27) 63% (17/27) 51% (14/27) 24% (6/27)

NOTE. n , number of positive or negative cases/total number of evaluated cases.

Table 1 Levels of mRNA and protein hTERT expression and percentage of cases with telomere length scores 2 to 3 according to histology in
preneoplastic and invasive bronchial lesions

Histology
hTERT mRNA mean scores F

standard deviations
hTERT mean scores F
standard deviations Percentage of cases with telomere length levels of 2 or 3

N/H 35 F 14 20 F 20 100
SM 66 F 37 47 F 56 16
mD 61 F 41 37 F 9 28
MD 100 F 46 128 F 79 37
SD 144 F 35 167 F 80 66
CIS 185 F 34 193 F 79 55
Invasive carcinoma 161 F 43 154 F 79 55

Abbreviations: N/H, normal/hyperplastic epithelium; SM, squamous metaplasia; mD, mild dysplasia; MD, moderate dysplasia; SD, severe
dysplasia.
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Bax and Bcl2 Expressions. In normal bronchial epithe-

lia, Bax staining was cytoplasmic and granular in cytoplasm of

epithelial cells, whereas Bcl2 staining was restricted to the basal

bronchial cell cytoplasm. Bax-to-Bcl2 ratio (BBR) was calcu-

lated as previously described by Jeanmart et al. (10). Briefly,

BBR ratio was calculated compared with the normal epithelium

where the score of Bax was consistently higher than that of Bcl2

(BBR > 1). In contrast, BBR < 1 was considered when Bax

staining was lower than Bcl2 staining, corresponding to an

inversion of the normal BBR. Whereas normal epithelium,

metaplasia, and mild dysplasia showed an inversion of BBR, an

increase of frequency of BBR < 1 was observed from moderate

dysplasia to CIS to invasive carcinoma (Fig. 1F; Table 2). A

statistical difference was seen between the frequency of BBR

inversion according to histology (P = 0.002). A correlation was

observed between hTERT expression and inversion of BBR

(P =0.0003) at the level of each histologic lesions.

Mean Ki67 Expression. Ki67 staining was considered as

positive when nuclei of normal basal and dysplastic epithelial

cells were labeled, stromal cells representing negative internal

controls. Mean scores of Ki67 staining were 7% in normal/

hyperplastic epithelium, 18% in squamous metaplasia, 26% in

mild dysplasia, 37% in moderate dysplasia, 34% in severe

dysplasia, 36% in CIS, and 39% in invasive carcinoma. This

increase from normal/hyperplastic epithelia to low-grade to high-

grade dysplasia to invasive carcinoma was statistically signifi-

cant (P < 0.0001). No correlation was found between Ki67 mean

scores and hTERT levels of expression.

Qualitative Telomere Assessment by Telomere Fluores-

cence In Situ Hybridization. Histologic analysis of telomeric

signals showed a high number of intense fluorescent spots

(f10-15) in the nuclei of normal basal epithelial cells from

specimen of all normal and hyperplastic mucosae (7 of 7); this

staining was given a score of 2 for half of the cells, especially the

basal cells, giving a signal consistent with a maintained telomere

length. In the same way, high number of fluorescent spots was

observed on the nuclei of stromal inflammatory cells, fibroblasts,

endothelial cells, and seromucous glandular cells, which served

as internal positive controls. Stromal lymphocyte nuclei

frequently exhibited a higher staining frequency of 3 but also a

higher intensity of staining (Fig. 2A). In contrast, only 16% (1 of

6) of squamous metaplasia, 28% (2 of 7) of mild dysplasia, 37%

(3 of 8) of moderate dysplasia, 66% (4 of 6) of severe dysplasia,

55% (5 of 9) of CIS, and 55% (5 of 9) of invasive carcinoma

exhibited telomeric signals scored as 2 or 3 (Fig. 2B-D).

Although for scores 2 and 3, the number of spots detected per

nuclei was rather constant, a strong reduction in number (<10)

was frequently noted in lesions exhibiting score 1 signals. The

lowest telomeric signals were observed in squamous metaplasia

(Fig. 3; Table 1). A statistical difference of telomeric signals was

observed between low-grade dysplasia (squamous metaplasia,

mild dysplasia) and high-grade dysplasia (P = 0,03). A direct

correlation was found between telomerase expression and

telomere length from squamous metaplasia to invasive carcino-

ma (P = 0.02).

Comparison of Human Telomerase Reverse Transcrip-

tase Expression with Telomere Length and P53/Rb Status in

Preinvasive and Invasive Lesions. In normal/hyperplastic

bronchial epithelium, all cases showed a P53-negative staining

(normal immunophenotype) and low hTERT scores (<100),

Fig. 2 A , telomeric signals by
telomere FISH in normal bron-
chial epithelium, basal cell, and
stromal cell nuclei exhibiting
numerous and intense fluores-
cent spots (�400). B , telomeric
signals observed in almost all
neoplastic cells in a squamous
cell carcinoma (�400). C , re-
duced telomeric signals in squa-
mous metaplasia, observed in
<10% of dysplastic cell nuclei,
stromal cell nuclei serving as
internal controls (�400). D ,
telomeric signals in another
squamous metaplasia, observed
in 50% of epithelial cell nuclei
(�400).
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whereas Rb was inactivated in only 3 of 20 cases as a

consequence of a p16 loss of expression. In squamous

metaplasia, the telomeric signals were at the lowest level and

hTERT scores were low in 76% of the cases, of which P53 was

predominantly negative (84%), P16 positive, and cyclin D1

negative (61%). In mild dysplasia, hTERT scores were low in

88% of the cases, which exhibited a P53-negative staining and a

Rb inactivation (due to a loss of P16 and/or a cyclin D1

overexpression) in 60% and 53% of the cases, respectively. In

moderate dysplasia, hTERT scores were predominantly high

(i.e., z100) in 75% of the cases, of which P53 was positive

(mutant immunophenotype) and Rb inactivated in 66% of the

cases. In severe dysplasia, telomeric length was at the highest

level and hTERT scores were high in 80% of the cases, which

exhibit a P53-positive staining and a Rb inactivation in 56% and

50% of these, respectively. In CIS, telomere length was

stabilized and hTERT scores were high in 90% of the cases,

which showed P53 accumulation and Rb inactivation in 51%

and 58% of the cases, respectively. In invasive carcinoma,

hTERT scores were high in 85% of the cases, which presented

P53 accumulation and Rb inactivation in 39% and 63% of the

cases, respectively. Overall, the switch for low to high rate and

grade of these molecular alterations occurs apparently at the

level of moderate dysplasia.

DISCUSSION

Using a monoclonal specific antibody for the catalytic

subunit of telomerase hTERT, we have examined here the

expression of telomerase in preinvasive bronchial lesions and

their invasive and normal counterparts. The direct comparison

of hTERT immunoreactivity between normal, dysplastic, and

tumoral bronchial epithelium showed that dysplasia of

progressive severity displays parallel increase of hTERT

expression. In our study, telomerase expression was not

restricted to invasive lesions because a weak staining was

observed in bronchial basal cell consistent with the low levels

of hTERT mRNA levels and telomerase activity detected in

normal and hyperplastic epithelium, in contrast with activated

lymphocytes of the bronchial mucosae, which exhibited a

strong immunohistochemical staining and served as positive

internal controls. Determining hTERT expression by immuno-

histochemistry on routine formalin-fixed specimens was

facilitated by the use of a new commercially available

monoclonal antibody 44F12, whose reliability and specificity

is already shown in lung tumors providing Western blot and

immunohistochemical results in good concordance with PCR-

based telomere repeat amplification protocol assay and in situ

hybridization with an hTERT riboprobe (36). The advantage

of immunohistochemistry is the ability to visualize at the

cellular level and topographically telomerase expression,

activated lymphocytes serving as a convenient internal control

to detect the possible heterogeneity in tissue immunoreactivity

related to differences in fixation procedures. In contrast,

telomere repeat amplification protocol assay, which should

require microdissection from fresh samples for telomerase

activity assessment at the level of dysplastic clones, is

susceptible for contamination of tumor cells by the same

activated lymphocytes in tissue, and in situ hybridization still

remains a laborious and time-consuming method.

In bronchial carcinogenesis, telomerase expression has been

first studied through hTERC assessment by in situ hybridization,

leading to the demonstration of a mild up-regulation of hTERC

levels as early as squamous metaplasia (25). Moreover, a strong

increase of hTERC expression was focally observed in CIS in

close vicinity with invasive process implicating telomerase

complex in malignant transformation and tumor invasion (24).

Expression of hTERT subunit, which represents a limiting factor

for telomerase activity, was also evaluated through telomerase

activity measure and hTERT mRNA detection in preneoplastic

lesions in short series of preinvasive bronchial lesions, including

squamous metaplasia and dysplasia, levels increasing along with

the severity of their grade (25–27).

Telomerase represents a critical marker of cellular immor-

tality in malignancies by maintaining the telomere length in

tumor cells. Telomerase is expressed early during the cervical,

oral, breast, and colorectal carcinogenic process, predominating

in high-grade invasive lesions (21, 24, 41). For instance,

telomerase activity has been detected in nearly 70% of breast

CIS (24), and elevated hTERT mRNA levels were detected by

in situ hybridization in 40% of cervical intraneoplastic grade III

lesions, where they correlated with the presence of high-risk

human papillomavirus DNA (22). hTERT overexpression was

also observed in 77% of high-grade atypical alveolar hyperplasia

representing the lung adenocarcinoma precursor lesion in 97% of

nonmucinous bronchioloalveolar carcinoma (21), but in only

27% of low-grade atypical alveolar hyperplasia.

Interestingly, a nucleolar hTERT staining was predomi-

nantly observed in basal cells of bronchial epithelium but rarely

in preneoplastic lesions, suggesting that hTERT nucleolar

localization corresponds to a physiologic compartmentalization

process in normal cells with moderate levels of telomerase

expression, whereas high amounts of protein are accumulated

diffusely in nucleoplasms in activated lymphocytes and

dysplastic cell nuclei. We have previously shown that telomerase

nucleolar localization correlated with a shorter survival in stage I

non–small cell lung carcinoma, suggesting that in tumors,

telomerase could be sequestrated away from its telomeric targets

during DNA repair or DNA replication (36). In contrast to

preneoplastic lesions, tumor cells in invasive cancer suffer

Fig. 3 Percentage of cases of preneoplastic lesions and their normal
and invasive counterparts exhibiting high scores of telomerase
expression (>100) compared with the percentage of lesions showing
relative telomere length level of 2 or 3. N/H, normal/hyperplastic
epithelium; SM, squamous metaplasia; mD, mild dysplasia; MD,
moderate dysplasia; SD, severe dysplasia.
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numerous chromosomal abnormalities and nucleolar relocaliza-

tion of telomerase would enable them to control their genetic

instability.

Timing of telomerase activation in preneoplastic bronchial

lesions was still not completely defined with regard to with P53

and Rb/P16INK4 pathway inactivation. In this respect, we

observed a slight correlation between telomerase expression

and P53 accumulation and BBR inversion (P = 0.01). Our data

concerning P53, Ki67, and cyclin D1 expression in preinvasive

bronchial lesions remain consistent with previous reports (10),

their frequency of expression being significantly higher in high-

grade dysplasia including moderate dysplasia than in low-grade

preneoplastic lesions. The statistically significant correlation

between hTERT expression and P53 accumulation is in

agreement with the in vitro models suggesting tumor progression

through the bypass of M1 and M2 mortality stages (42).

Interestingly, resistance to apoptosis as reflected by inversion

of BBR ratio also parallels telomerase expression (43). In

contrast, we failed to show a correlation between P16INK4 loss or

cyclin D1 overexpression and telomerase reactivation at each

level of preneoplastic lesions. Concerning P16INK4, this lack of

correlation is possibly due to a low sensitivity of our

immunohistochemical technique as P16INK4 loss is technically

not easy to assess, the frequent lack of positive internal controls

precluding interpretation in several cases. This bias was

responsible for a limited number of valid cases for statistical

analysis and probably for a higher frequency of P16INK4 loss of

expression than previously reported. Nevertheless, we still

observed an increased frequency of P16INK4 loss and inversion

of BBR from low-grade to high-grade preneoplasia. As already

mentioned for telomerase, moderate dysplasia behaved as

regards to these markers as a high-grade lesion (5, 8, 10) and

the time of switch from low-grade to high-grade molecular

alterations.

Using an in situ hybridization technique, we have

indirectly evaluated the length and/or the shortening of

telomere ends. Not surprisingly, telomerase reactivation and

telomere shortening were correlated only in preinvasive and

invasive lesions, telomere attrition representing an earlier

abnormality in bronchial carcinogenesis preceding hTERT

expression. Telomere dysfunction promotes chromosomal

instability and favors cytogenetic abnormalities. Microsatellite

instability and loss of heterozygosity occurring as early as low-

grade colorectal and breast dysplastic lesions precedes

telomerase reactivation predominantly detected in the

corresponding high-grade dysplasia (44, 45). Accordingly, we

found a dramatic reduction in telomeric signals as early as

squamous metaplasia, which seems as a stage of crisis, whereas

3p and 9p allelic loss are readily detectable because they are

present already in normal and hyperplastic bronchial epithelium

of heavy smokers, respectively (1). The early occurrence of

loss of heterozygosity and methylation (46) at loci of tumor

suppressor genes might increase the cell cycle rate and cell

turnover, which in turn is the starter of telomerase activation.

Indeed, whereas telomerase reactivation occurs in low-grade

dysplasia, it becomes predominant in high-grade preneoplasia

where the progressive addition of telomeric sequences into

chromosome ends results in an increasing detection of

telomeric signals by FISH. Similar findings were observed in

prostatic and pancreatic intraepithelial neoplasia, which exhibit

4-fold shorter telomeres than normal basal epithelial cells,

whereas stromal cell telomeres are longer (37, 38). As shown

in RNA(Terc)-null, P53-mutant mice by Rudolph et al. (47), a

progressive telomere shortening leads to cancer initiation by

generating anaphase bridges, but telomerase reactivation is

required secondarily for tumor progression. Therefore, telomer-

ase participates in telomere structure stability by capping

telomeres (48), stabilizing in cancer cells chromosome

rearrangements and karyotypic abnormalities acquired during

crisis and promoting proliferation and resistance to apoptosis

(49). Although the predictive value of telomere shortening for

occurrence of lung cancer in high-risk patients with preneo-

plastic lesions remains to be assessed using logistic regression

analysis of larger series, we postulate that squamous metapla-

sia, exhibiting the lowest telomere length, may represent a M1

stage preceding P53/Rb inactivation and telomerase reactiva-

tion, whereas these alterations raise at the level of moderate

dysplasia to culminate in severe dysplasia/CIS, thus featuring

an immortal post-M2 stage.

As telomere maintenance is essential to the proliferation

of tumor cells, several approaches have being developed to

target either telomerase or telomeric complex. More recently,

the use of specific ligands leading to G quadruplex telomeric

structure stabilization and, therefore, limitation of telomerase

accessibility to its target seems as a promising area of

development (50). Such promising drugs might become

potential chemopreventive agents in high-risk patients, such

as heavy smokers presenting preinvasive bronchial lesions with

short telomeres.
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ABSTRACT
Purpose: Bronchial carcinogenesis is a multistep proc-

ess characterized by accumulation of genetic and molecular
abnormalities, which precedes and accompanies the prein-
vasive lesions known as dysplasia and carcinoma in situ
(CIS). We hypothesized that the level of accumulated mo-
lecular abnormalities in dysplasia assessed by immunohis-
tochemical markers might reflect the severity of the carci-
nogenic process, thus allowing for risk assessment in
smokers.

Experimental Design: We performed a prospective
analysis of bronchial biopsies in 48 former smokers who had
at least one area of metaplasia. Twenty-two of the patients
had a previous history of lung cancer. Eighty bronchial
lesions were recorded at baseline, including 31 metaplasia,
12 mild dysplasia, 9 moderate dysplasia, 9 severe dysplasia,
and 19 CISs. Forty-one percent of the patients had multiple
preinvasive lesions. Immunohistochemical analysis of P53,
cyclin D1, cyclin E, Bax, and Bcl2 was performed. Aberrant
expression of one of these proteins as compared with normal
bronchi was recorded as one molecular alteration.

Results: After 18 months, 17 patients were diagnosed
with lung cancer. No isolated parameter, including dysplas-
tic grade or any isolated molecular alteration, was signifi-
cantly associated with cancer occurrence at 18 months
follow-up, using a logistic regression statistical analysis. In
contrast, considering CIS and cancer as end point, more
than two immunohistochemical abnormalities were associ-
ated with cancer or CIS occurrence (P � 0.02).

Conclusions: We concluded that the cumulative index
of immunohistochemical abnormalities in a random dyspla-
sia is associated with CIS or lung cancer in the cancerization
field of symptomatic smokers, independently of the his-
topathological grade of dysplasia. This set of histopatholog-
ical biomarkers might be useful in risk assessment and
provide intermediate end points for chemopreventive trials.

INTRODUCTION
Lung carcinogenesis is a multistep process characterized

by accumulation of successive molecular genetic and epigenetic
abnormalities, resulting in epithelial cell malignant transforma-
tion (1). The main carcinogens responsible for 85% of lung
cancers are contained in tobacco smoke (2). Numerous genetic
and molecular abnormalities have been shown in very early
stages like hyperplasia and metaplasia and even in normal
appearing epithelial bronchial and alveolar cells in smokers (3,
4). Molecular lesions are thus preceding the morphological
transformation known as preinvasive lesions that are observed
in smokers. These preinvasive lesions are multicentric, reflect-
ing the fact that the carcinogenic process may randomly affect
any anatomical site in the lung. Concomitant lesions are not
necessarily of the same age and might have different dynamic
progression. This typically represents the field cancerization
process previously defined in upper airways (5, 6). The current
hypothesis is that one of these lesions will progress into lung
cancer and that patients surgically treated for a first primary
lung cancer are at high risk for development of a second primary
lung cancer from any random lesion in the cancerization field.
Based on loss of alleles of tumor suppressor genes, the cumu-
lative index of genetic abnormalities in terms of fraction loss of
specific chromosomal arms such as 3p and 9p (7–9) increases
with the severity and grade of the histological lesions. Although
the risk of cancer progression increases with histological grade
of preinvasive lesions, these lesions such as SD3 and CIS may
also regress (10–12). Also, whether a low-grade lesion like
metaplasia or mD progresses more slowly to lung cancer than
high-grade dysplasia (MD and SD) is unknown. Consequently,
the histological grade of any preinvasive bronchial lesion might
not be predictive of lung cancer.

In addition, the chronology of acquisition of molecular
events and their correlation with morphological grades is un-
known.

Several molecular abnormalities have been described in
lung cancer and their preinvasive lesions. We have previously
validated the immunohistochemical application of P53, Bax-
Bcl2, P16, and cyclin D1 for the study of preinvasive lesions in
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the vicinity of lung carcinoma in surgical samples (13, 14). The
aim of the present study is to validate the use of these immu-
nohistochemical markers on bronchial biopsies for lung cancer
risk assessment. P53 is a tumor suppressor gene acting as a
transcription factor regulating the activity of several genes in-
volved in cell cycle control, apoptosis, and DNA repair. P53
inactivation by mutation contributes to tumor growth by loss of
both cell cycle control and escape from apoptosis (15, 16). Most
P53 mutations are missense mutations (�85%), leading to P53
protein stabilization. This stabilization allows immunohisto-
chemical detection (17). Positive immunoreactivity of P53 cor-
relates fairly with P53 missense mutations and is endorsed with
biological significance when stringent criteria are required for
the threshold value of P53 positivity. It has been assumed that at
least 20% of immunopositive nuclei within a cell population
allows a correlation of �90% with the presence of missense
mutation (18). Although a few studies have demonstrated the
presence of P53 mutation in preinvasive lesions in the lung, we
and others (13, 19, 20) have previously shown that P53 protein
stabilization and immunohistochemical expression in preinva-
sive bronchial lesions is predictive of synchronous or metachro-
nous lung cancer.

P16INK4 and cyclin D1 are two proteins regulating the
phosphorylation of Rb protein, which is the main protein in-
volved in the control of G1 arrest (14). P16INK4 prevents Rb
phosphorylation by cyclin D1-kinase complexes. Three different
mechanisms account for P16INK4 inactivation: promoter meth-
ylation; homozygous deletion; and missense mutation with a
decreasing order of frequency. We previously showed that all
three mechanisms can be identified in non-small cell lung can-
cer concordantly with loss of P16INK4 protein expression in 50%
of the cases (21, 22) and that P16INK4 loss occurs in preinvasive
bronchial lesions, starting at the level of MD (14). Overexpres-
sion of cyclin D1 induces hyperphosphorylation of Rb protein
and thus loss of Rb function in G1 arrest in releasing E2F1, an
essential transcription factor for the G1-S transition (23, 24). We
have previously shown that cyclin D1 overexpression occurs in
45% of lung cancer and in 30% of dysplasias (14, 22). Cyclin E
is also involved in achievement of Rb protein phosphorylation at
the end of G1 phase in association with cyclin-dependent kinase
2. A few studies have shown cyclin E overexpression in non-
small cell lung carcinoma as well as in preinvasive lesions (25).
The clinical significance of these abnormal protein expressions
or their association in preinvasive lesion is currently unknown.

Besides cell cycle deregulation, loss of susceptibility for
apoptosis leads to cell accumulation and tumor growth. Bcl2 and
Bax are respectively antiapoptotic and apoptotic factors of the
Bcl2 family of proteins, and their equilibrium in the cell cyto-
plasm is known to influence the susceptibility for apoptosis (26,
27). Whereas Bcl2 expression is confined to the basal cell layer
in normal bronchial epithelium, Bax is expressed in all bronchial
epithelial cells. An extension of Bcl2 expression and/or loss of
Bax expression leads to the inversion of BBR ratio to become
�1. Bcl2 overexpression has been demonstrated in �30% of
non-small cell lung carcinoma (28, 29), as well as an inversion
of BBR ratio in precursor bronchial lesions of lung cancer (13, 30).

Symptomatic smokers and patients surgically treated for
primary lung cancer are at risk for developing lung cancer. We
hypothesized that accumulation of molecular abnormalities as

assessed by aberrant protein expression in a large series of
correctly classified preneoplastic bronchial lesions in these
high-risk patients might reflect the severity of the carcinogenic
process. We postulated that the level of accumulation of molec-
ular abnormalities at each step of the morphological transfor-
mation might give more insight in their chronology and help to
assess a molecular fingerprint of the field cancerization process
characteristic of progression into lung cancer. Thus, the aim of
the present study was validation of immunohistochemical mark-
ers for lung cancer risk assessment.

PATIENTS AND METHODS
Patients. We performed a prospective study in 48 pa-

tients (45 males, 3 females) mean age of 63 years (35–82 years)
who presented at least one lesion of bronchial metaplasia. These
48 patients at high risk for lung cancer included 32 former
smokers and 15 current smokers. Among them, 27 were heavy
smokers (25–95 pack-years). Twenty-one patients had a previ-
ous history of surgically treated lung cancer 2–10 years before
the biopsy. They did not receive prior chemotherapy or radio-
therapy. The bronchial biopsies were performed under white
light or fluorescent bronchoscopy at more than one site accord-
ing to macroscopic suspicion. The indication for bronchoscopy
was pulmonary symptoms such as cough, dyspnea, and phlegm
or systematic during follow-up of the primary lung cancer.
Patients were suspected of cancer but without clinical overt
cancer. The lesions included in the present study were detected
and biopsied at distance from the primary site in the cancer
treated patients. When several sites were biopsied, all lesions of
the grade of metaplasia or worse were studied. The clinical
follow-up duration ranged from at least 18 to 36 months. Sev-
enteen patients presented a lung cancer, all squamous cell car-
cinoma, considered as synchronous when diagnosed within 6
months after the baseline biopsy (in 16 patients) or metachro-
nous (in 1 patient 12 months after detection of the preinvasive
lesion) to the presence of the preinvasive lesions. Patients with
a second primary at a different site underwent careful patholog-
ical review to exclude lung metastasis. Thirty-one patients did
not present invasive cancer during the follow-up time.

Histopathological Classification of Preinvasive Lesions.
Slides were reviewed separately by two pathologists well expe-
rienced in lung cancer pathology using criteria for preinvasive
lesions according to the WHO 1999 classification (31), without
knowledge of the clinical context. In case of discrepancies a
consensus was achieved, involving the staff of the pathology
laboratory. Dysplastic lesions were separated in two groups for
statistical analysis. Metaplasia and mD were considered as low-
grade lesions, and MD, SD, and CIS were considered as high-
grade lesions. Although CIS may regress, it is usually treated as
a new tumor site with local treatment. Therefore, in a alternative
calculation, CIS was considered as a neoplastic lesion and
grouped with invasive lung cancer as an end point for the study.

Immunohistochemistry. Immunohistochemical analysis
was performed on formalin-fixed bronchial biopsies. Primary
antibodies directed against P53, cyclin D1, cyclin E, P16INK4,
Bax, Bcl2 are described on Table 1. After overnight incubation
at 4°C with the primary antibody, slides were rinsed in PBS and
exposed to the secondary antibody, or a biotinylated donkey
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antimouse antibody (1/500; Jackson Laboratory) for monoclonal
antibodies, or a biotinylated antirabbit antibody (1/1250; Jack-
son Laboratory) for polyclonal antibodies for 1 h at room
temperature. Slides were then rinsed in PBS and exposed to the
avidin biotin peroxidase complex (1/400; Dako) for one hour at
room temperature. The chromogenic substrate of peroxidase
was developed using a 0.05% solution of 3.3� diaminobenzidine
tetrahydrochloride, 0.03% H2O2 and 10 mM imidazole in 0.05
mM, and Tris HCl buffer (pH 7.6) and counterstained with H&E.
In the negative controls, the primary antibody was replaced by
nonspecific, nonimmune immunoglobulin of the same isotype at
equivalent final concentration. Positive external controls were
tissues known to express the given antigen (P53, P16, cyclin D1,
cyclin E, BclII, or Bax). Internal controls on slides were lym-
phocytes for BclII and Bax and endothelial cells and fibroblasts
for P16INK4. In these conditions of immunostaining, P53, cyclin,
D1 and cyclin E were negative in normal cells present in the
submucosa of bronchial biopsies.

Statistical Analysis. The association of immunohisto-
chemical and histological parameters have been measured by
Fisher’s exact test.

To determine whether MD shared similarity of molecular
profile either with low-grade lesion (metaplasia or dysplasia) or
with high-grade lesion (SD and CIS), a Mann-Whitney test was
performed to compare the number of immunohistochemical
abnormalities (from 0 to 4) between MD/metaplasia and mD
and between MD/SD and CIS.

To evaluate the predictive value of aberrant protein
expression and histological grade or any kind of association
for the presence of lung cancer, a multivariate logistic re-
gression analysis was done. The tested parameters were at
least one of the high-grade lesions (MD, SD, and CIS) and
the presence of more than two molecular abnormalities in any
lesion. Only P53, cyclin D1, cyclin E, and the ratio of BBR
were considered as valid parameters; they were evaluated on
100% of lesions. In contrast, P16INK4 could not be interpreted
in 17 of the cases, and this marker was discarded from the
statistical analysis.

The statistical analysis was performed on all patients fol-
lowed for a minimum of 18 months. Because CIS patients were
all treated, an alternative analysis was performed, considering
CIS as an end point as well as lung cancer, and were indeed
excluded from the tested parameters. The age, sex, and number
of pack-years did not differ statistically between groups and
were not included in the present model.

Statistical analysis was performed with SPSS 6.0. Differ-
ences were recognized as significant when their P was �0.05.

RESULTS
Distribution of Preinvasive Bronchial Lesions. Eighty

bronchial lesions were recorded by histological examination of
biopsies from 48 patients. Eight patients had more than one
biopsy at 2–13 months internal time. The number of lesions/
patient varied from 1 to 5 with a mean of 1.6. Distribution of
recorded lesions was: 31 metaplasias; 12 mDs; 9 MDs; 9 SDs;
and 19 CISs. All of the lesions were immunohistochemically
studied and the results reported as one case.

The distribution of recorded lesions/patient was as follows:
26 patients had metaplasia; 11 had mD; 7 had MD; 9 had SD;
and 16 had CIS.

Among the patients with at least one high-grade lesion, 10
of 24 (41%) exhibited multiple lesions and 9 of 16 patients
(56%) presenting a CIS had another associated high-grade lesion.

P53 Immunohistochemical Reactivity. P53 immuno-
histochemical reactivity was considered as positive when at
least 20% of nuclei were clearly stained and formed clusters of
positive basal and suprabasal cells. Dispersed positive cells
along the basal cell layer were not considered as significant of
P53-positive reactivity. All lesions could be evaluated for P53
reactivity relative to internal and external controls. In P53-
positive lesions, 20–80% nuclei were stained leading to 29 of
80 (36%) P53-positive lesions. These included 1 of 31 metapla-
sia (3%), 6 of 12 mDs (50%), 3 of 9 MDs (33%), 7 of 9 SDs
(78%), and 12 of 19 CISs (63%; Fig. 1A). P53 reactivity was
significantly more frequent in high-grade dysplasia than in
low-grade dysplasia (P � 0.001; Table 2).

Among the 20 patients presenting with a P53-positive
lesion, 8 presented a synchronous invasive lung cancer and 11
did not within 18 months. One patient died without lung cancer
1 year after the biopsy. The predictive positive value of P53
reactivity for the occurrence of an invasive lung cancer was 40
and 66% (10 of 15) when CIS and invasive cancer were con-
sidered together as end point.

Loss of P16INK4 Protein Expression. P16INK4 expres-
sion was considered as positive when cell nuclei were stained
regardless of cytoplasmic staining. Nuclear staining in endothe-
lial cells and fibroblasts was the required internal control. In the
absence of P16INK4 expression in endothelial cells or fibro-

Table 1 Technical conditions of immunostaining

Antigen M/Pa Antibody clone Source Retrieving Dilution

P53 M DO7 Dako, Glostrup, Denmark MW 10 min. (pH 6) 1/20
P16INK4 P P16-C20 Santa Cruz Biotechnology,

Santa Cruz, CA
No 1/200

Cyclin D1 M DCS-6 Calbiochem, Cambridge,
United Kingdom

MW 10 min. (pH 6) 1/4000 kit tyramine
CSA; Dako

Cyclin E M 13 A3 Novocastra L., Newcastle,
United Kingdom

MW M. S. Unmasker (pH 8) 1/50

Bcl2 M 124 Dako MW 10 min. (pH 6) 1/25
Bax M N19 Santa Cruz Biotechnology MW 10 min. (pH 6) 1/200

a M, mouse monoclonal antibody; P, rabbit polyclonal antibody; MW, microwave heating.
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blasts, lesions were considered as nonevaluable for P16INK4

expression. This occurred in 17% of the cases (13 of 80). When
loss of P16INK4 protein expression was considered as a molec-
ular abnormality, large areas of epithelial cells lacked staining,
and �10% cell nuclei were stained Thus 21% of the lesions
presented loss of the protein expression (14 of 67), including 3
of 25 metaplasias (12%), no mDs, 2 of 9 MDs (22%), 1 of 7 SD
(14%), and 8 of 17 CISs (47%). P16INK4 loss was more fre-

quently observed in high grade than in low-grade dysplasia (P �
0.01; Table 2).

In 11 patients that presented at least one lesion with loss of
P16INK4 expression, 3 were diagnosed with lung cancer. The
positive predictive value of P16INK4 loss for the occurrence of
lung cancer was of 27% and of 50% (3 of 6) when CIS was
grouped with lung cancer as an end point at 18 months of
follow-up.

Fig. 1 Immunostaining of
P53, cyclin D1, cyclin E, Bax,
and BclII in bronchial mucosae.
A, P53-positive nuclear immu-
nostaining in a CIS. B, cyclin
D1-positive nuclear immuno-
staining in a SD. C, cyclin E-
positive immunostaining in a
CIS. D and G, Bax (score 3)
immunostaining in a normal
(left) and hyperplastic (right)
bronchial mucosae (D). BclII
(score 1) immunostaining re-
stricted to the basal cells (G) on
a serial section of the same
bronchial mucosae as D. E and
H, Bax immunostaining (score
3) on a squamous cell metapla-
sia with preserved normal Bax
expression (E) and decrease of
Bax in several areas of another
squamous metaplasia (score 1;
H). F and J, Bax (F) and BclII
(J) immunostaining on serial
sections of the same severe an-
giogenic dysplasia, showing
loss of Bax in several areas (F)
in contrast with increased BclII
staining (J) as compared with
normal bronchi (D and G). In
this case, the BBR ratio was �1.
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Cyclin D1 Overexpression. Cyclin D1 expression could
be evaluated compared with positive external controls and neg-
ative internal controls in all 80 bronchial lesions. Cyclin D1 was
considered as overexpressed when at least 5% of cell nuclei
were stained because the immunohistochemical method was
standardized to be cyclin D1 negative in normal control tissues.
Twenty-five of 80 bronchial lesions (31%) were cyclin D1
positive, including 2 of 31 metaplasias (6%), 2 of 12 mDs
(17%), 6 of 9 MDs (67%), 5 of 9 SDs (56%), and 10 of 19 CISs
(53%; Fig. 1B). The frequency of cyclin D1 overexpression was
significantly higher in high grade than in low grade dysplasia
(P � 0.001; Table 2). Among 16 patients who presented at least
one lesion with cyclin D1 overexpression, 5 had confirmed lung
cancer. The positive predictive value of cyclin D1 overexpres-
sion for occurrence of invasive lung cancer was of 31%, and of
50% when CIS was considered as an end point with lung cancer
(6/12).

Cyclin E Overexpression. Cyclin E expression was
evaluated in the 80 lesions. It was considered as overexpressed
when �5% of cell nuclei were labeled, immunohistochemical
method being standardized for a negative background on normal
cells. Thirty-six percent of lesions were positive (29 of 80),
including 1 of 31 metaplasia (3%), 3 of 12 mDs (25%), 3 of 9
MDs (33%), 5 of 9 SDs (55%), and 17 of 19 CISs (89%; Fig.
1C). The frequency of cyclin E overexpression was significantly
higher in the high grade than in the low-grade dysplasia (P �
0.001; Table 2).

Among the 18 patients that presented at least one cyclin
E-positive lesion, 9 had lung cancer. The positive predictive
value of cyclin E overexpression for occurrence of invasive lung
cancer was 50% at 18 months follow-up, and of 81% (9 of 11)
when CIS and/or lung cancer was the common end point.

Forty-two lesions presented both cyclin D1 and E overex-
pression. Among those, 29 of 42 (69%) were positive for one or
the other of these cyclins, whereas 13 of 42 (31%) overex-
pressed both cyclins D1 and E concomitantly.

Bax and Bcl2 Expressions. All lesions were evaluated
for Bax and bcl2 immunostaining, relative to internal and ex-
ternal controls. BclII immunostaining was cytoplasmic and
granular and restricted to the basal layer in normal bronchial
epithelium. A score of 1 was applied to this normal expression
pattern: 62% of the lesions showed a normal (score 1) BclII
pattern (Fig. 1G). A BclII immunostaining extending to several
layers of the epithelium was given a score 1 for 1⁄3, 2 for 2⁄3, and
3 for the whole thickness immunostained. Accordingly, 1 of 31
metaplasia (3%), 4 of 12 mDs (33%), 5 of 9 MDs (55%), and 9

of 9 SDs (100%), as well as 11 of 19 CISs (58%) presented a
score of BclII � 1 (Fig. 1J).

Bax immunostaining was also cytoplasmic, granular, and
intense in all bronchial epithelial cells (score � 3; Fig. 1D).
Forty-three percent (34 of 80) of lesions disclosed a loss of Bax
expression as compared with normal bronchial epithelium (Fig.
1, D, E, and H). They comprised 2 of 31 metaplasias (6.5%), 4
of 12 mDs (33%), 6 of 9 MDs (66%), 7 of 9 SDs (78%), and 15
of 19 CISs (79%).

The ratio BBR was calculated for each lesion as compared
with the normal epithelium where the score of Bax was con-
stantly higher than that of Bcl2 (BBR � 1). A BBR � 1 was
regarded as an inversion of the normal BBR ratio. Inversion of
BBR was observed in 34% of cases, comprising 1 of 31 meta-
plasia (3%), 3 of 12 mDs (25%), 6 of 9 MDs (67%), 7 of 9 SDs
(78%), and 10 of 19 CISs (53%; Fig. 1F–J). Inversion of BBR
correlated with the histological grade of the lesions. It was
significantly more frequent in high-grade dysplasia than in
low-grade lesions (P � 0.001). No correlation was shown
between the immunoreactivity of p53 and increase of Bcl2
expression, decrease of Bax, or inversion of BBR, thus confirm-
ing our previous results.

Among the 19 patients who presented with at least one
lesion with inversed BBR ratio (�1), 7 had lung cancer. The
predictive positive value of BBR � 1 for invasive lung cancer
was of 37% at 18 months follow-up and of 64% (9 of 14) when
CIS was considered as an end point together with lung cancer.

The Place of MD according to Molecular Grade. Fig.
2 illustrates the number of molecular abnormalities (1–4) ac-
cording to the grade of histological preinvasive lesions concern-
ing those abnormalities that could be evaluated in 100% of
cases: P53 overexpression; inversion of BBR ratio; cyclin D1;
and cyclin E overexpression.

To evaluate whether MD should be considered as a low-
grade dysplasia or a high-grade dysplasia according to its mo-
lecular profile (cumulative index of molecular abnormalities;
from 1 to 4), a Mann-Whitney median test was used, consider-
ing the cumulative index of molecular abnormalities in the
different lesion groups. This cumulative index was significantly
higher in MD than in mD and metaplasia (P � 0.002) but not
significantly different between MD, SD, and CIS (P � 0.229).
These results imply that MD should be considered as a high-
grade dysplasia as regard to its accumulative index of molecular
abnormalities.

Prospective Clinical Follow-Up of Patients. During the
follow-up, 16 patients had lung cancer synchronous to baseline

Table 2 Distribution of molecular abnormalities according to histological grade of preinvasive bronchial lesions

Lesions P53 P16INK4 Cyclin D1 Cyclin E BBR � 1a

Metaplasia 3% (1/31) 12% (3/25) 6% (2/31) 3% (1/31) 3% (1/31)
MD 50% (6/12) 0 17% (2/12) 25% (3/12) 25% (3/12)
MD 33% (3/9) 22% (2/9) 67% (6/9) 33% (3/9) 67% (6/9)
SD 78% (7/9) 14% (1/7) 56% (5/9) 55% (5/9) 78% (7/9)
CIS 63% (12/19) 47% (8/17) 53% (10/19) 89% (17/19) 53% (10/19)
Pa P � 0.001 P � 0.01 P � 0.001 P � 0.001 P � 0.001

a P, probability of difference in distribution between low-grade (metaplasia and MD) and high-grade lesions (MD, SD, and CIS; Fisher’s exact
test).
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preneoplastic lesions showed here, and 1 patient developed a
metachronous lung cancer (12 months). Among the 31 patients
that did not have lung cancer during this period, 8 presented a
CIS that was treated (7 by bronchoscopical treatment and 1 by
a surgically limited bronchial resection). Among the 17 patients
with cancer, 8 presented a CIS at baseline biopsy, of which 3
developed at distance from cancer and 5 at the same bronchial
location as CIS but on different biopsies. In 24% of cases (4 of
17), the biopsied lesion was contralateral to the cancer, in 13 of
17 (76%) homolateral, and in 6 of those 13 (46%) located in
another lobe.

Among the 10 patients presenting metaplasia associated
with one or several molecular abnormalities, 5 developed inva-
sive lung cancer or CIS. Eleven patients presented a mD, 7 of
which showed at least one of the recorded molecular abnormal-
ities (Table 3A). At 18 months follow-up, 3 of these 7 patients
presented an invasive carcinoma and 3 others a CIS. Of these 6
patients, 5 presented a mD with 1–3 molecular abnormalities
including one with a P53-positive expression as a solely molec-
ular abnormality. Two patients presenting a mD with molecular
abnormalities did not develop lung cancer at 2 years follow-up.
Among the 4 patients that presented a mD without molecular
abnormality, one presented a synchronous carcinoma, and 3
others had no cancer detected during the follow-up.

MD was diagnosed in 7 patients with molecular abnormal-
ities (Table 3B); two developed a lung cancer and 2 others a
CIS. All of those 4 patients had a MD associated with 1–3
molecular abnormalities. The 3 other patients presenting with a

MD with molecular abnormalities did not develop cancer or CIS
during the 18 months of follow-up.

SD was present in 9 patients with 1–4 molecular abnor-
malities (Table 3C); two of them developed a lung cancer and 4
others a CIS only. Three of these patients that presented SD with
molecular abnormalities did not develop lung cancer or CIS at
18 months follow-up.

Overall, among the 18 patients that presented at least one
lesion with more than two molecular abnormalities, regardless
of histological grade, 7 patients presented a synchronous lung
cancer and 6 presented a CIS during the 18 months follow-up.

Multivariate Analysis. The logistic regression analysis
included as variables each of the high-grade dysplasias (MD,
SD, CIS), the presence of any lesion with more than two
molecular abnormalities and, considering an invasive carcinoma
as an end point, did not show a significant association for any of
these variables with cancer occurrence. However, because local

Fig. 2 Distribution (percentage) of the number of immunohistochem-
ical anomalies (P53, cyclin D1, cyclin E, BBR � 1) by histological
grade of preinvasive bronchial lesion.

Table 3 Occurrence of CIS or invasive cancer in patients with: MD
(A), MD (B), and SD (C) at baseline biopsy

Patient

A. MD

Da
No. of molecular

abnormalities Carcinomab CISb Total

1 1 0 0 0 0
2 1 3 0 0 0
3 1 0 0 0 0
4 1 1 1 0 1
5c 2 1 0 1 1
6 1 0 0 0 0
7 1 2 0 0 0
8c 1 0 1 0 1
9c 1 2 0 1 1

10c 1 3 0 1 1
11c 1 2 1 0 1

Patient

B. MD

D
No. of molecular

abnormalities Carcinoma CIS Total

1 1 3 0 0 0
2 1 1 0 0 0
3c 2 0 and 3 0 1 1
4 1 3 1 0 1
5 2 2 and 2 0 0 0
6 1 1 1 0 1
7c 1 3 0 1 1

Patient

C. SD

D
No. of molecular

abnormalities Carcinoma CIS Total

1 1 3 1 0 1
2 1 3 0 0 0
3 1 4 0 1 1
4 1 1 0 0 0
5 1 3 0 1 1
6 1 3 0 0 0
7 1 2 1 1 2
8 1 3 0 1 1
9 1 3 0 1 1
a Number of dysplastic area.
b Carcinoma and CIS are diagnosed additionally after baseline

biopsy.
c Patients with another high-grade lesion.
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treatment is recommended for CIS and always performed in our
series, CIS, in an alternative statistical approach, was not in-
cluded as a variable but considered as an end point with invasive
carcinoma. A significant association was found between a pre-
invasive lesion not considering CIS with more than two molec-
ular abnormalities and occurrence of invasive carcinoma and/or
CIS; P � 0,02; risk ratio � 9.2; 95% confidence interval:
1.4–60.5.

DISCUSSION
According to the current concept, the preneoplastic or

preinvasive bronchial lesions eventually progress to squamous
cell carcinoma. However, the natural history of these lesions and
their timing toward progression are far from well known. The
time delay for a low-grade lesion or a CIS to progress into lung
cancer may be extremely variable. As an example, in experi-
mental animals exposed to carcinogens, high-grade lesions in
the lung have been shown to progress or regress (10–12). The
risk of developing lung cancer might depend upon both the
number of molecular changes accumulated to a certain point in
time and the rate of accumulation of new changes. Field can-
cerization is a multistep and a multicentric process. In recent
series (32) among patients presenting CIS, 44% presented sev-
eral lesions, the mean number of preinvasive lesions in patients
presenting with a high-grade lesion was �2, and 15% of patients
with high-grade lesions had at least 3 (33). Our results are in
complete agreement with these previous observations because
41% of the patients exhibited multiple lesions and more than
half CIS patients had another high-grade lesion. This reflects the
multicentric transformation of epithelial cells along the bron-
chial tree, otherwise defined as field cancerization.

In this study, we have chosen as biomarkers susceptible to
discriminate a severe field cancerization process the aberrant
expression of five proteins playing key roles in the carcinogenic
process: P53; cyclin D1 and cyclin E involved in cell cycle
regulation; and P53, Bax, and Bcl2 major players of suscepti-
bility to apoptosis. These markers were indeed chosen with
respect to their clear association with the oncogenic process and
definite increasing abnormalities from the normal epithelium
through low-grade and to high-grade dysplasia. Our results as
regard to the respective frequency of these abnormalities in
preinvasive lesions are in concordance with our previous stud-
ies, and the levels of these five proteins could be assessed in all
of the lesions. In contrast, 17% of lesions could not be evaluated
for P16INK4 on formalin-fixed paraffin section. The reason for
this failure is unavailability of internal controls. Knowing the
low basal level of P16 in normal epithelial cells and in submu-
cosal normal cells, it is not surprising that P16 was negative in
the normal epithelium and thus could not serve as internal
positive control. In contrast with a previous study by Lonardo et
al. (25), we found overexpression of cyclin E in some low-grade
lesions, indicating that this could be an early molecular lesion
during the course of carcinogenesis. Interestingly, cyclin E or
D1 overexpression was infrequently concomitant, suggesting
that only one of these cyclins involved in G1-S transition could
be sufficient to provide advantage for growth.

We found a significant association between the grade of
histological lesions as discriminated between low grade and

high grade and the individual frequency and cumulative rate of
four molecular markers. These findings are in keeping with the
concept of progressive and stepwise accumulation of the genetic
and epigenetic abnormalities driving cell transformation. Repro-
ducibility analyses conducted by the pathologists with the re-
gard to subclassification of preinvasive lesions have questioned
the possibility of eight classes of lesions between hyperplasia
and CIS, compared with two classes of low-grade and high-
grade lesions (34). In this setting, whether MD should be con-
sidered as low grade or high grade had to be decided. It was
considered as a high-grade lesion in the study cited above.
Interestingly, we found here that the cumulative rate of molec-
ular abnormalities observed in MD allow them to be regarded as
high-grade dysplasia, along with SD and CIS.

The presence of a high-grade lesion or of a lesion present-
ing more than two molecular abnormalities regardless of histo-
logical grade was not found to be associated with invasive lung
cancer in our study at 18 months follow-up. However, because
CIS is generally treated in our and other institutions by local
treatments (phototherapy or cryotherapy; Ref. 35), CIS could be
considered as an end point as well as invasive lung cancer. In
addition, pathologists have experienced the high frequency of
discovery of a microinvasive carcinoma on serial sections 100–
300 �m away from CIS, reflecting the frequent underestimation
of invasion in the vicinity of CIS. Thus, considering both CIS
and invasive lung cancer as one end point seems reasonable. The
presence of a lesion presenting more than two molecular abnor-
malities (excluding CIS) was statistically associated with occur-
rence of invasive lung cancer or CIS.

With the exception of P53 (17, 19, 20), the predictive
positive value for the evolvement of or association with lung
cancer of other histochemical biomarkers is not clear for the
moment. In this study, we found a predictive positive value at 18
months follow-up for the development of lung cancer of 40%
for P53, 37% for an inversion of the BBR ratio, 31% for cyclin
D1, and 50% for cyclin E overexpression. These predictive
values deny the significance of any of these isolated markers as
valuable end point biomarkers. Their inclusion in a molecular
profile renders them interesting because immunohistochemistry
is easy to perform, albeit scrutiny is necessary for their inter-
pretation and consistent results. The predictive value calculated
here is indeed likely to be underestimated by the short minimal
follow-up of 18 months. Interestingly, the majority of invasive
synchronous and metachronous cancers developed at a different
site from that of the studied dysplasia and in 24% contralater-
ally. This suggests that the protein biomarkers applied here are
more valuable for evaluating the field cancerization process than
the progression of a lesion at a given site because the biopsies
would influence follow-up and outcome of a given lesion. In this
respect, this study differs widely from another longitudinal
study of identified lesions (36). Our findings are more consistent
with the potential power of oncogenic mutations (37–40), ab-
errant promoter methylation (38, 40, 41), or loss of heterozy-
gosity alterations (42, 43) assessed in peritumoral or tumoral
epithelial cells shed into body fluids (BAL, sputum) to predict
cancer progression at a random location in the respiratory tract.
Thus, a molecular signature or grading reflected in the cumula-
tive rate of molecular lesions has clinical value.

It should be noted that several lesions considered as low-
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grade lesions presented several molecular abnormalities. Inter-
estingly among 17 patients with metaplasia or mD, 11 patients
with at least one molecular abnormality developed lung cancer
or CIS consistent with a much higher rate of progression in these
patients than in the overall population presenting metaplasia or
mD. These findings suggest that the profile of molecular lesions
allows identification of low-grade dysplasia associated with a
higher lung cancer risk than those associated simply with the
morphological grade of the given lesion. In patients with low-
grade lesions, the severity of the cancerization field process and
the risk of lung cancer is reflected by the molecular grade.

In conclusion, we have shown the feasibility of a prospec-
tive approach using molecular pathology on bronchial biopsies,
the stepwise accumulation of these abnormalities along the
process of cancerization, and the place of MD among high-grade
lesions. Molecular biomarkers in situ might provide a way to
select a subpopulation of patients with particularly active mu-
tagenesis, progressive field cancerization process, and at very
high risk to develop CIS or lung cancer. The present data would
encourage thorough screening for cancer detection in patients
with preinvasive bronchial lesions associated with several mo-
lecular abnormalities chosen in a constellation of potential
biomarkers. These patients should be intensively evaluated by
other means, i.e., low-dose spiral computerized tomodensitom-
etry in association with fluorescent bronchoscopy, to enable
earlier detection and therapeutic intervention of early lung can-
cer. Low-grade lesions with a severe molecular grade would
benefit from a closer follow-up than that usually applied in this
setting. These observations support the notion that risk assess-
ment should be based not only on smoking consumption and on
histopathology of bronchial lesions but also on the basis of in
situ molecular biomarkers.
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Abstract
Two receptors, neuropilin 1 (NP1) and neuropilin 2 (NP2), bind class 3 semaphorins,
axon guidance molecules including SEMA3F, the gene for which was isolated from a
3p21.3 deletion in lung cancer. In addition, they bind VEGF (vascular endothelial growth
factor), enhancing the effects of VEGF binding to KDR/Flk-1. Elevated VEGF levels are
associated with the loss and cytoplasmic delocalization of SEMA3F in lung cancer, suggesting
competition for their NP1 and NP2 receptors. To determine the timing of these events,
we compared by immunohistochemistry VEGF, SEMA3F, NP1 and NP2 expression in
50 preneoplastic lesions and 112 lung tumours. In preneoplastic lesions, VEGF increased
from low-grade to high-grade dysplasia (p = 0.001) whereas SEMA3F levels remained low.
NP1 and NP2 levels increased from dysplasia to microinvasive carcinoma (p = 0.0001)
and correlated with VEGF expression (p = 0.04 and 0.0002, respectively). Non-small cell
lung carcinoma overexpressed VEGF and NP1 and NP2 significantly more often than
neuroendocrine tumours including small cell lung carcinoma. SEMA3F loss or delocalization
correlated with advanced tumour stage. Migrating cells overexpressed VEGF, SEMA3F,
NP1 and NP2 with cytoplasmic delocalization of NP1 as demonstrated in an in vitro wound
assay. These results demonstrate early alteration of the VEGF/SEMA3F/NP pathway in lung
cancer progression. Copyright  2003 John Wiley & Sons, Ltd.

Keywords: semaphorin (SEMA3F); neuropilins; VEGF; preneoplastic bronchial lesions;
lung tumours

Introduction

Lung cancer is the leading cause of cancer-related
deaths in industrial countries, cigarette smoking being
the main risk factor, responsible for 90% and 78%
of lung carcinoma in men and women, respectively.
Most patients present with advanced disease and a
poor prognosis despite improvements in clinical treat-
ments [1]. Understanding the molecular pathogenesis
of lung cancer may help to provide new and more
sensitive means for early detection of lung cancer
and for its therapy [2]. According to the WHO his-
tological classification [3], the major classes of lung
tumour comprise squamous cell carcinoma (SCC),
small cell lung carcinoma (SCLC), adenocarcinoma
(ADC), large cell carcinoma, including two recently
described variants — large cell neuroendocrine carci-
noma (LCNEC) and basaloid carcinoma (BC) — and
typical and atypical carcinoid tumours.

Preneoplastic lesions accompanying and preceding
SCC and BC are suspected to develop in conjunction
with a multistep accumulation of genetic alterations

that progressively transforms normal bronchial epithe-
lium to invasive carcinoma [4]. Morphologically,
lesions progress from hyperplasia to squamous meta-
plasia, dysplasia of various degrees (mild, moderate
and severe) and then in situ and invasive carcinoma.
Whether hyperplasia and squamous metaplasia rep-
resent common reactive changes or true neoplasia
is not certain; they are thus considered along with
mild dysplasia as low-grade preneoplastic lesions. In
contrast, moderate and severe dysplasia and in situ
carcinoma are high-grade premalignant lesions [2,5].
To understand these lesions better from a molecular
standpoint, and to provide specific intermediate end-
points for chemopreventive studies, new biomarkers
are needed to define the stepwise process of lung can-
cer development and the chronology by which genetic
and epigenetic changes develop [6–8].

VEGF, one of the key factors in tumour angio-
genesis [9], is upregulated in numerous benign and
malignant tumours. The biological effects of VEGF165
are mediated by two tyrosine kinase receptors: VEGF-
R1 (Flt-1) and VEGF-R2 (KDR/Flk-1). The prevailing
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concept has been that VEGF is secreted by tumour
cells and its receptors are expressed by endothelial
cells, enhancing their proliferation and migration in
a paracrine manner. VEGF has been substantially
implicated in tumour development since VEGF inhi-
bition suppresses tumour growth in vivo, limiting neo-
vascularization [10]. Moreover, the demonstration of
increased vessel density related to VEGF secretion in
preneoplastic bronchial lesions [11] implicates VEGF
and its receptors in early lung cancer progression.
However, one preneoplastic lesion observed exclu-
sively in smokers — angiogenic squamous dysplasia,
described by Keith et al [12] as micropapillary angio-
genic lesions — was not clearly associated with a
greater risk for cancer progression, although VEGF
expression was suspected to be higher than in ordinary
dysplastic lesions occurring in smokers. Thus, the role
or timing of VEGF expression in premalignant lesions
still needs to be defined more precisely.

Two other transmembrane VEGF receptors, NP1
and NP2 [13,14], were initially identified in neu-
ronal cells as receptors for class 3 semaphorins
(see semaphorin nomenclature 1999) [15]. NP1 is
expressed by endothelial cells and corresponds to a
VEGF co-receptor enhancing VEGFR2/KDR binding
[16], tumour angiogenesis and progression [17]. NP1
expression was also reported in adult tissues, exhibit-
ing high levels in heart and placenta, moderate levels
in lung, liver, and kidney, and low levels in brain.
NP1 expression was also identified in tumour-derived
cells such as those from breast and prostate carci-
noma [16], suggesting that VEGF might be involved
in an autocrine loop through its neuropilin receptors.
The previous view that VEGF-R1 and R2 were not
expressed on tumour cells has been recently revised.
Several tumour cells also express VEGF-R1 or VEGF-
R2, including lung cancer cells [18,19], confirming
that tumour cells participate in a functional autocrine
loop via several receptors. NP2, which shares 47%
homology with NP1, is absent from endothelial cells
but is expressed in mouse embryonic lung [20] and
in tumours including osteosarcoma, where its expres-
sion correlates with a poor prognosis [21], as well as
in melanoma, where NP1, NP2, and KDR have been
implicated in a proliferative response [22].

The other ligands of neuropilins are class 3
semaphorins [15]. The widespread expression of
semaphorins suggested that they had other functions
outside the nervous system: this was subsequently
demonstrated in normal lung development [23]
and in tumorigenesis [24,25]. As SEMA3F was
previously isolated in SCLC cell lines from a
recurring homozygous deletion at 3p21.3, a region
that also undergoes LOH in tumours, it has been
suggested that this gene is a tumour suppressor gene
[26,27]. While SEMA3A binds only NP1 [13,14],
SEMA3F binds both NP1 and NP2 [28,29] with
10 times more affinity for NP2, and thus shares
these receptors with VEGF165 in endothelial and
tumour cells. Competition between SEMA3A and

VEGF165 has been demonstrated [30,31] and a balance
between these two molecules mediates migration and
apoptosis of neural progenitors [32]. Furthermore, we
found that in lung tumours high VEGF expression
was associated with decreased levels of SEMA3F
membrane staining and cytoplasmic delocalization
[25]. This suggested that SEMA3F and VEGF might
compete for binding to their common receptors and
that loss of SEMA3F would confer a growth advantage
to tumours. In the present study, we screened 50
preneoplastic bronchial lesions associated with lung
carcinomas and a larger panel of 112 lung tumours
for expression of VEGF, SEMA3F, NP1, and NP2,
by immunohistochemistry. In addition, we performed
confocal microscopic analysis on a set of normal
and tumour cell lines to characterize the localization
of these proteins and to study the timing of their
expression in a wound assay.

Material and methods

Cell lines

The lung cell lines studied included NHBE (normal
human bronchial epithelial cells), BAES2B (SV40-
immortalized bronchial epithelium) and NCI-H661
(non-small cell lung carcinoma cells) and they were
compared with HUVEC (human umbilical vein endo-
thelial cells) and HeLa cells (cervical adenocarcinoma
cells). NHBE and HUVEC were obtained from Clo-
netics and grown in BEGM bullekit media and EGM
bullekit media respectively. BAES2B, NCI-H661 and
HeLa were obtained from ATCC and were grown in
RPMI-1640 containing 10% fetal calf serum under 5%
CO2.

Tumour tissue samples

One hundred and twelve primary lung tumours were
retrieved from the frozen bank of the Cellular Pathol-
ogy Department. Local ethical guidelines were fol-
lowed. Tumours were classified according to the 1999
World Health Organization (WHO) histological clas-
sification of lung tumours as follows: 42 squamous
cell carcinoma (SCC), 9 small cell lung carcinoma
(SCLC), 34 adenocarcinoma (ADC), 12 large cell neu-
roendocrine carcinoma (LCNEC), 4 basaloid carci-
noma, and 7 typical and 4 atypical carcinoids (TC
and AC respectively). Fifty preneoplastic bronchial
lesions from 25 patients with associated invasive car-
cinoma, where preinvasive lesions were identified on
frozen examination of the resection margins, were
studied immunohistochemically, including 10 mild
dysplasia, 14 moderate dysplasia, 12 severe dyspla-
sia and 14 carcinoma in situ (CIS). Among these,
17 disclosed an angiogenic papillary pattern accord-
ing to the description of Keith et al [12] (one mild
dysplasia, 4 moderate dysplasia, 6 severe dysplasia
and 6 CIS). These preneoplastic lesions were com-
pared with 19 hyperplastic bronchial mucosae and
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10 squamous bronchial metaplasia identified in the
same resected lung tumours including 16 SCC (12
invasive and 4 microinvasive), 4 basaloid carcinoma
(BC), 3 ADC, and 2 LCNEC. Tumour samples were
obtained from these surgical lung resections or from
mediastinal lymph node biopsies performed during
mediastinoscopy in non-operable patients as a diag-
nostic procedure. One of the tumour samples was
quickly frozen before histological sampling. For clin-
icopathological correlation, TNM disease stages were
evaluated according to the international UICC clas-
sification. Eighteen of 42 SCC, 1 of 4 BC, 6 of 34
ADC, 1 of 11 carcinoid tumours, 6 of 12 LCNEC,
and all SCLC patients presented at advanced tumour
stage (III–IV).

Immunohistochemical analysis of tissue samples

Immunostaining of VEGF, SEMA3F, NP1, and NP2
was performed on frozen sections. The primary
rabbit polyclonal antibodies used were anti-VEGF
A20 (Santa Cruz Biotechnology, Santa Cruz, USA)
at a dilution of 1 : 800, anti- SEMA3F, previously
described [33] and used at a dilution of 1 : 50, anti-NP1
(Santa Cruz Biotechnology, Santa Cruz, USA) at a
dilution of 1 : 100, and anti- NP2 (Santa Cruz Biotech-
nology, Santa Cruz, USA) at a dilution of 1 : 100.
After fixation in cold acetone for 10 min and block-
ing of non-specific binding with 2% donkey serum for
30 min, a three-stage indirect immunoperoxidase tech-
nique was used: incubation with the primary antibody
at 4 ◦C overnight, followed by the secondary biotiny-
lated donkey anti-rabbit immunoglobulin G (Jackson,
Baltimore, PA) (1 : 1250) then the amplification sys-
tem avidin–biotin complex (Dakopatts, Glostrup, Den-
mark) (1 : 200). Negative control consisted of omis-
sion of the primary antibody and incubation with
immunoglobulin of the same species at the same final
concentration. To assess the specificity of VEGF and
SEMA3F antibodies, in vitro immunoneutralization
was performed by preincubating the primary anti-
body with a 10 times excess weight of immunizing
peptides (VEGF A20 blocking peptide, Santa Cruz,
and the 16-amino acid SEMA3F peptide) for 2 h at
room temperature in order to abolish the immunos-
taining. No blocking peptides were available for NP1
and NP2 in vitro immunoneutralization, but these
antibodies (from Santa Cruz) gave immunostaining
results with 85% concordance (intensity and percent-
age of labelled cells) with NP1 and NP2 antibod-
ies kindly provided by A. Kolodkin on 104 lesions
from these series stained concomitantly with the two
NP1 and NP2 antibodies. Staining scores were estab-
lished by semi-quantitative optical analysis, using the
product of percentage of positive cells and staining
intensity from 1 to 3 (1 weak, 2 moderate, and 3
strong), and therefore ranged from 0 to 300. Cases
with a score greater than 10 were considered to be
positive.

Immunostaining and confocal microscopy on cell
lines

For NP1 and NP2 immunostaining, cell fixation was
performed in 1% paraformaldehyde for 15 min with
saponin 0.1% permeabilization for 10 min. Anti-NP1
rabbit polyclonal antibody (gift from Dr A. L. Kolod-
kin, Baltimore) raised against amino acids 583–856
of rat NP1 [13] was used at a dilution of 1 : 1000.
Anti-NP2 polyclonal antibody (Santa Cruz Biotech-
nology, Santa Cruz, USA) was used at a dilution of
1 : 100. Immunostaining for SEMA3F was performed
as described previously [25]. Cells were exposed in
the dark to a second RRX-conjugated goat anti-rabbit
antibody diluted at 1 : 200 (Jackson Immunoresearch
Lab, Inc.) and mounted using Vectashield (Vector,
Burlingame, CA, USA). Immunostained samples were
examined using the yellow line (568 nm) of the con-
focal microscope (BioRad MRC, Hemel Hempstead,
UK) equipped with a 15 mW argon–krypton gas
laser.

Quantitative RT-PCR

In order to confirm the presence of transcripts sustain-
ing expression of the proteins detected immunohisto-
chemically, and to justify the validity of the antibod-
ies, we investigated the presence of VEGF, SEMA3F,
NP1, and NP2 mRNA in addition to protein expres-
sion in 11 lung tumours (6 SCC and 5 ADC) and
two cell lines using real-time RT-PCR, where protein
expression was immunohistochemically assessed. The
frozen material used for mRNA extraction was anal-
ysed morphologically on a frozen section in order to
assess the proportion of stromal cells. The cases cho-
sen for this comparison (mRNA–protein) contained
more than 60% tumour cells (less than 40% stromal
cells). It would not have been accurate to compare
expression in tumours to normal lung, as the latter
is a highly vascularized tissue where endothelial cells
are the predominant cell type. Therefore, an immortal-
ized cell culture derived from lung epithelium, NHBE,
was used as normal lung epithelium. Conversely, NCI-
H661, which failed to exhibit positive immunocyto-
chemical staining with NP1 and NP2 antibodies, was
studied to estimate NP1 and NP2 transcripts.

Total RNA and cDNA were prepared as described
previously [25]. We assessed levels of SEMA3F, NP1,
NP2, and VEGF transcription relative to G3PDH in
lung tumours by quantitative real-time RT-PCR car-
ried out using the GeneAmp 5700 (ABI) system
with SYBR Green chemistry as described previously
[25]. PCR was carried out in 50 µl reaction vol-
umes consisting of 1 × PCR SYBR Green buffer,
0.25 µM primers, 200 µM dNTPs, and 0.03 units/µl
AmpliTaq Gold (Perkin-Elmer). cDNA was amplified
as follows: 50 ◦C for 2 min, 95 ◦C for 10 min, fol-
lowed by 40 cycles at 95 ◦C × 15 s, 60 ◦C × 1 min.
SEMA3F, NP1, NP2, and VEGF cDNA were ampli-
fied with the following primers: SEMA3F forward
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5′AGCAGACCCAGGACGTGAG3′ and SEMA3F re-
verse 5′AAGACCATGCGAATATCAGCC3′ giving a
112 bp product; VEGF165 forward 5′CAAGACAAGA-
AAATCCCTGTGG3′ and VEGF165 reverse 5′CCTC-
GGCTTGTCACATCTG3′ giving a 162 bp product;
NP2 forward 5′GGATGGCATTCCACATGTTG3′ and
NP2 reverse 5′ACCAGGTAGTAACGCGCAGAG3′
giving a 152 bp product; NP1 forward 5′ATCACGTG-
CAGCTCAAGTGG3′ and NP1 reverse 5′TCATGCA-
GTGGGCAGAGTTC3′ giving a 167 bp product. The
raw data were obtained in terms of Ct values, which
refers to the PCR cycle number during exponential
amplification at which the product (measured in real
time by SYBR Green fluorescence) crosses an arbi-
trary threshold. To adjust for variations in the amount
of RNA, the Ct values for each gene were normal-
ized against the Ct values for the housekeeping gene
G3PDH (ie delta Ct = Ctspecific gene − CtG3PDH). While
the resulting delta Ct values are experimentally con-
venient, they are not readily intuitive (ie they reflect
exponential amplification and higher delta Cts repre-
sent lower expression). Instead, the results are dis-
played in terms of the relative expression (×1000)
compared to G3PDH. For instance, a value of 1000
is equal to the expression of G3PDH and a value of
100 is equivalent to 10% of the G3PDH level.

Statistical analysis

The staining scores were compared in differ-
ent categories using the Mann–Whitney U -test,
Kruskal–Wallis H and Spearman tests. All the tests
were performed with the Stat View programme (Aba-
cus Concepts, Berkeley, CA).

Results

Immunohistochemical analysis of VEGF in normal
lung, preinvasive bronchial lesions, and
corresponding invasive carcinomas (Table 1)

VEGF was highly expressed in normal lung by
bronchial basal cells (Figure 1A), as well as by hyper-
plastic type II pneumonocytes (scores = 100–200).

Cytoplasmic staining was associated with stronger
membrane staining at the apical surface. Endothelial
cells and smooth muscle cells were also stained, but
with lower scores not exceeding 50.

In preinvasive and invasive bronchial lesions,
epithelial cells, endothelial cells, and stromal fibrob-
lasts exhibited strong VEGF cytoplasmic staining,
often with membrane accentuation (Figure 1B, J).
VEGF expression increased significantly with the
severity of histological grade in preneoplastic lesions
(p = 0.0001). Scores were significantly lower in
hyperplastic mucosa than in squamous metaplasia
and mild dysplasia (p = 0.0017), and lower in low-
grade preneoplastic lesions (squamous metaplasia and
mild dysplasia) than in high-grade lesions (moder-
ate, severe dysplasia and CIS) (p = 0.0001). VEGF
scores were also higher in severe dysplasia and CIS
than in microinvasive and corresponding invasive car-
cinomas, SCC and BC (p = 0.014). Moreover, high
VEGF expression was observed in discrete clusters of
dysplastic cells of low-grade preneoplastic lesions, and
became homogeneous and more intense in correspond-
ing high-grade lesion from the same patient. Overall,
increasing levels of VEGF expression were observed
during the process of preneoplastic transformation that
culminated in invasive carcinoma.

No difference could be detected between VEGF
expression in angiogenic papillary preneoplastic
lesions (angiogenic squamous dysplasia) and that
of classical dysplastic lesions of similar histological
grade.

Immunohistochemical analysis of SEMA3F in
normal lung, preinvasive lesions, and
corresponding carcinomas (Table 1)

SEMA3F was expressed on alveolar type II
pneumonocytes with a membrane pattern (score =
300) and on bronchial basal and bronchiolar cells
with a cytoplasmic and membrane pattern (score =
100) (Figure 1C). Endothelial cells of alveolar
capillaries remained negative, whereas those of
arterioles and venules displayed mild cytoplasmic
staining without membrane staining. In preinvasive
and invasive bronchial lesions, SEMA3F staining

Table 1. Immunostaining scores for VEGF, SEMA 3F, NP1, and NP2 in preneoplastic bronchial lesions and
corresponding SCC and BC (mean scores ± SD)

Histology N

VEGF
mean scores

± SD

SEMA3F
mean scores

± SD

NP1
mean scores

± SD

NP2
mean scores

± SD

Hyperplastic mucosae 19 17 ± 36 27 ± 59 76 ± 31 72 ± 26
Squamous metaplasia 10 47 ± 53 1 ± 2 131 ± 78 117 ± 71
Mild dysplasia 10 25 ± 13 37 ± 76 152 ± 71 140 ± 71
Moderate dysplasia 14 92 ± 62 40 ± 50 169 ± 53 174 ± 49
Severe dysplasia 12 172 ± 84 61 ± 69 175 ± 80 186 ± 53
In situ carcinoma 14 166 ± 81 68 ± 77 166 ± 69 169 ± 58
Microinvasive carcinoma 4 103 ± 54 69 ± 90 200 ± 61 188 ± 73
Corresponding SCC and BC 16 111 ± 65 70 ± 71 84 ± 53 99 ± 57

SCC, squamous cell carcinoma; BC, basaloid carcinoma.
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Figure 1. Immunohistochemical staining of normal bronchial epithelium, preneoplastic lesions and in corresponding lung tumours
(immunoperoxidase staining). Normal bronchial epithelium and preneoplastic lesions (A–H): (A,B) VEGF immunostaining is restricted
to the basal layer in normal bronchioles (A). It is strongly expressed and extends throughout the full thickness of the epithelium
in this severe dysplasia (B). (C, D) Semaphorin 3F immunostaining is moderate in normal bronchial epithelium (C) and faint in
this severe dysplasia (D). (E,F) NP1 immunostaining on bronchial cells with membrane accentuation on basal cells (E). Strong NP1
expression is shown in this severe dysplasia, with a membrane pattern of staining (F). (G,H) NP2 immunostaining with moderate
intensity on normal bronchial cells (G). This staining is expended to the full thickness in severe dysplasia (H). Migration and invasion
in corresponding lung tumours (J–R): (J, K) Strong cytoplasmic and membrane VEGF staining in a squamous cell carcinoma (SCC) with
small clusters of cells isolated in the stroma, infiltrating away from the tumour bulk on serial sections (J) and, in an adenocarcinoma
(ADC), cells in trabeculae invading an arterial vessel wall (∗lumen, → muscular media) (K). (L, M). Moderate SEMA3F cytoplasmic
staining in the same lesions as J and K (SCC: L and ADC: M). (N, P) Strong NP1 cytoplasmic staining with membrane accentuation
in the same lesions as J and K (SCC: N and ADC: P). (Q, R) Strong cytoplasmic NP2 staining in the same lesions as J and K (SCC:
Q and ADC: R, with membrane staining)
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varied from either cytoplasmic to cytoplasmic
and membranous (Figures 1D, L). Weak SEMA3F
staining was observed in hyperplastic mucosa and
squamous metaplasia, while mean scores were slightly
higher in dysplasia, CIS, and in corresponding
microinvasive and invasive SCC and BC. However,
no statistical differences were observed between
different histological grades whether considered
individually, or when low-grade and high-grade
preneoplastic lesions were compared. This mild
increase in scores was considered to be the result
of a higher number of positive cells consistent
with polystratification of positive basal cells and
increased thickness of the epithelium, but was not
due to increased staining intensity of individual
cells. In contrast with low-grade preneoplastic lesions,
SEMA3F expression was predominantly cytoplasmic
in high-grade preneoplastic lesions and their invasive
counterparts. These results indicate that reduced
SEMA3F staining and cytoplasmic delocalization
occur early in lung cancer pathogenesis.

Immunohistochemical analysis of NP1 and NP2 in
normal lung, preinvasive lesions, and
corresponding carcinomas (Table 1)

In normal lung, NP1 and NP2 expression was detected
exclusively in bronchial basal cells of normal epithe-
lium with a cytoplasmic and membrane pattern, and
in smooth muscle cells with a cytoplasmic pattern
(scores = 200–300) (Figure 1E, G). In preinvasive
and invasive bronchial lesions, NP1 and NP2 staining
was cytoplasmic in epithelial cells with strong mem-
brane accentuation (Figure 1F, H, N, Q). Endothe-
lial cells stained strongly with the NP1 antibody and
weakly with the NP2 antibody.

The mean NP1 and NP2 scores increased signifi-
cantly from hyperplastic mucosa, squamous dysplasia,
mild dysplasia, and moderate dysplasia, reaching a
plateau in severe dysplasia, CIS, and microinvasive
carcinoma. Severe dysplasia and CIS exhibited high
scores (>120) for both NP1 and NP2. In low- and
high-grade preneoplastic lesions, some clusters of dys-
plastic cells exhibited strong NP1 and NP2 staining.
In contrast to severe dysplasia, CIS and microinvasive
areas, mean scores decreased in frankly invasive areas
of SCC and BC (p = 0.0001 for NP1 and NP2 respec-
tively). Only 7/12 cases with anti-NP1 and 8/12 cases
with anti-NP2 had scores greater than 50.

Statistical correlations between expressions of
VEGF, SEMA3F, NP1, and NP2 in preinvasive
bronchial lesions and invasive carcinoma

A significant correlation was observed between VEGF
and NP2 expression (p = 0.02), and between VEGF
and NP1 expression (p = 0.05) in hyperplasia and
low-grade preneoplastic lesions. Similarly, a signifi-
cant correlation was observed in high-grade preneo-
plastic lesions, microinvasive and corresponding inva-
sive SCC and BC between VEGF and NP1 (p =

0.04) and between VEGF and NP2 (p = 0.0002). No
correlation was found between SEMA3F and NP1 or
NP2 score in preneoplastic lesions or in correspond-
ing invasive SCC and BC. Although no significant
inverse relationship was identified between VEGF and
SEMA3F staining, the rank of VEGF expression was
significantly higher than that of SEMA3F expression
in both low-grade and high-grade preinvasive lesions
(p = 0.001 for both; Mann–Whitney test).

VEGF, SEMA3F, NP1, and NP2
immunohistochemical expression in lung tumours
(Table 2)

VEGF was expressed in most lung tumours but mean
VEGF scores were significantly higher in SCC and
ADC than in neuroendocrine tumours (p = 0.0016).
The expression of VEGF was often more intense
at the periphery of the tumour lobules than inside.
Small clusters of cells isolated from the tumour
bulk in the stroma or invading vascular structures
were highly stained (Figure 1J, K). Stromal cells
including endothelial cells and fibroblasts also strongly
expressed VEGF in a diffuse pattern.

SEMA3F was lost in 30/80 (37%) of NSCLC, with
low mean scores in SCC, LCNEC, and SCLC, in con-
trast to those observed in ADC and carcinoid tumours
(p = 0.0001). Diffuse cytoplasmic staining predom-
inated in most histological subtypes, in contrast to
carcinoid tumours and bronchioloalveolar carcinoma,
which exhibited membrane and cytoplasmic staining
in 82% of cases. These latter tumours exhibited a
unique pattern of SEMA3F/VEGF expression, with
SEMA3F scores being higher than those of VEGF and
with maintenance of a membrane staining pattern for
SEMA3F. In other tumour types, small clusters of cells
in the peritumoural stroma, which appeared to repre-
sent migrating tumour cells, exhibited strong mem-
brane staining with SEMA3F antibody (Figures 1L,
M) concomitant with VEGF expression. Stromal cells

Table 2. Immunostaining distribution and scores for VEGF,
SEMA3F, NP1, and NP2 in each histological type of lung tumour
(number of cases followed by % of positive cases, and mean
scores ± SD)

Histology N VEGF SEMA3F NP1 NP2

SCC 42 35 (85%) 20 (48%) 27 (64%) 32 (76%)
116 ± 64 66 ± 65 79 ± 57 87 ± 55

BC 4 2 (50%) 2 (50%) 3 (75%) 4 (100%)
62 ± 75 7.5 ± 9 72 ± 22 107 ± 61

ADC 34 26 (76%) 28 (82%) 17 (50%) 28 (82%)
118 ± 73 126 ± 71 60 ± 52 88 ± 47

TC + AC 11 9 (81%) 11 (100%) 6 (54%) 9 (81%)
78 ± 69 162 ± 89 28 ± 36 46 ± 36

LCNEC 12 12 (100%) 8 (63%) 9 (73%) 11 (90%)
82 ± 98 45 ± 54 37 ± 39 78 ± 44

SCLC 9 7 (77%) 8 (88%) 2 (22%) 6 (66%)
41 ± 55 55 ± 53 7 ± 13 38 ± 40

SCC, squamous cell carcinoma; BC, basaloid carcinoma; ADC,
adenocarcinoma; TC, typical carcinoid; AC, atypical carcinoid; LCNEC,
large cell neuroendocrine carcinoma; SCLC, small cell lung carcinoma.
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were negative with the exception of 20% of endothelial
cells.

Both NP1 and NP2 were expressed in most SCC
and ADC cases. The pattern of staining was pre-
dominantly cytoplasmic with membrane accentuation.
As for VEGF and SEMA3F, clusters of tumour
cells isolated in the stroma were strongly stained
(Figure 1N, P, Q, R). In neuroendocrine tumours (TC,
AC, LCNEC, SCLC), NP1 and NP2 levels were signif-
icantly lower than in SCC and ADC (p = 0.0001 and
p = 0.0031) and also more heterogeneous, the lowest
NP1 scores being observed in SCLC. As for non-
neuroendocrine tumours, NP1 and NP2 staining was
mainly cytoplasmic with membrane accentuation in
LCNEC and carcinoid tumours, whereas SCLC exhib-
ited predominantly cytoplasmic staining.

Statistical correlation between expressions of
VEGF, SEMA3F and their receptors NP1 and NP2
in lung tumours

High levels of NP1 and NP2 expression corre-
lated with high levels of VEGF (p = 0.0043 and
p = 0.0008) when all histological types of tumours
were considered, to a lesser extent in non-small cell
lung carcinoma (p = 0.03 for NP1 and p = 0.01 for
NP2), but not in neuroendocrine tumours, where NP1
and NP2 expression was rather low. The low lev-
els of SEMA3F, VEGF, and NP1–NP2 expression
in high-grade NE tumours differ from the patterns
observed in carcinoid tumours especially with respect
to high SEMA3F expression with a membranous pat-
tern. When considering all tumours combined, we
were unable to find a significant inverse correla-
tion between VEGF and SEMA3F staining. However,
the rank of VEGF levels of expression was signifi-
cantly higher than that of SEMA3F in SCC, BC, and
LCNEC (p = 0.007) (Mann–Whitney test). There was
no significant correlation between NP1 and NP2 and
SEMA3F. However, when the pattern of SEMA3F
staining was considered, higher NP1 scores (ie >150)
where observed when SEMA3F staining was only
cytoplasmic, both when all lung tumours were anal-
ysed together (p = 0.03), and when only SCC and
ADC were considered (p = 0.003) (Mann–Whitney
test).

Statistical correlation with clinical stage

As previously noted [25], levels of SEMA3F were
significantly lower in advanced tumour stages (III
and IV) than in limited stages (I–II) either in non-
small cell lung carcinomas (SCC, BC and ADC) (p =
0.0012) (Mann–Whitney test) or when all tumours
were considered together (p = 0.0001). In contrast,
neither VEGF, NP1, nor NP2 scores correlated with
stage of disease.

Neuropilin subcellular distribution analysed by
confocal microscopy in normal and tumour cell
lines

Immunostaining of NHBE cells showed a predomi-
nantly membrane pattern of NP1 (Figure 2A), consis-
tent with its role as a transmembrane receptor. This
pattern of staining was also observed in various lung-
derived cell lines, like BEAS2B (SV40-immortalized
bronchial epithelium) (Figure 2B) and cervical
adenocarcinoma-derived HeLa cells (Figure 2G, J).
The membrane staining of NP1 was often brighter
at intercellular contacts (Figure 2A, B, G, arrow-
heads), which suggests an association with cell–cell
adhesion structures. Faint granular cytoplasmic stain-
ing was also associated with the predominant mem-
brane pattern of NP1. In lung cancer NCI-H661 cells,
NP1 and NP2 immunostaining could barely be distin-
guished from the fluorescent background signal consis-
tent with no specific signal in both cases (Figures 2C,
D). The endothelial HUVEC cell line displayed cyto-
plasmic and membrane staining for both NP1 and NP2
receptors (Figure 2E, F), consistent with paracrine
regulation of angiogenesis by secreted VEGF and
semaphorins.

Further examination of the subcellular distribution
of NP1 in HeLa cells revealed translocation from
plasma membrane to cytoplasm depending on cell
activity. HeLa cells grown at low density exhibited a
majority of interconnected cells with membrane NP1
localization (Figure 2G). However, the cytoplasmic
projections in some isolated cells with lamellipodia
projections were brightly stained by NP1 antibodies
(Figure 2G, arrows). This suggests translocation of
NP1 receptors associated with cell migration. More-
over, migrating cells with intense staining of NP1
at the leading edge of lamellipodia also exhibited
high SEMA3F staining [25]. In accordance with these
observations, HeLa cells with predominantly cytoplas-
mic distribution of NP1 were rarely observed among
confluent cells (Figure 2H), while the occurrence of
the cytoplasmic pattern increased from 33% to 51%
from the border of a wound through the confluent
cell layer (Figure 2J). Since cells at the wound bor-
der are apparently stimulated for migration, upregula-
tion of NP1 or translocation to the cytoplasm may be
associated with cell invasiveness. Interestingly, some
cells located at the border of the wound also dis-
played brighter staining for SEMA3F (not shown)
polarized in the direction of cell migration. Thus, tran-
sient upregulation of cytoplasmic SEMA3F may be
involved in the control of cell motility with loss of
this control occurring in cells from high-grade tumours
which exhibit downregulation of SEMA3F expression.
On the contrary, NP1 cytoplasmic receptors that are
abundantly expressed in high-grade tumours might be
implicated in the invasiveness induced by VEGF sig-
nalling.
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Figure 2. NP1 and NP2 subcellular distribution in normal
human bronchial epithelial (NHBE) cells, immortalized epithelial
(BAES2B) cells, and the lung tumour cell line NCI- H661,
compared with endothelial HUVEC and HeLa cell lines
analysed by confocal microscopy (RRX immunostaining). NP1
immunochemistry was performed for NHBE (A), BAES2B (B),
NCI-H661 (C), and HUVEC (E) cell lines, HeLa (G–J). NP2
immunochemistry was performed in NCI-H661 (D), HUVEC
(F) cell lines. NP1 was present in the cytoplasm of isolated
motile cells and at the leading edge of lamellapodia (G, arrows).
In non-motile cells, the plasma membrane staining of NP1 was
often brighter at intercellular contacts (G, arrowheads). In
confluent cells, most NP1 was located at the membrane and
only a few cells were labelled in the cytoplasm (H). On the
contrary, cells at the border of a wound (dotted line) were
positive for NP1 in the cytoplasm (J)

mRNA expression of VEGF, SEMA3F, NP1, and
NP2 in lung tumours and cell lines compared with
protein expression (Table 3)

In order to assess the presence and level of transcripts
and their relationship to protein expression, we com-
pared, in 11 lung tumours and two cell lines, the
presence of VEGF, SEMA3F, NP1 and NP2 mRNA
with the levels of protein expression observed with
all the antibodies used. In NHBE, the high mRNA
levels of expression of VEGF and SEMA3F were con-
sistent with the high protein expression observed by
immunohistochemistry in normal bronchi (Figure 1A,
C), while NP1 and NP2 mRNA were lower. Con-
versely, the NCI-H661 cell line, which was consid-
ered to be negative for NP1 and NP2 expression on
the basis of immunocytochemistry, failed to demon-
strate the corresponding mRNA, while VEGF and
SEMA3F mRNA levels were observed to be low. In
lung tumours, SEMA3F, VEGF, NP1 and NP2 mRNA
levels showed variations. In tumour 11, the absence of
NP1 mRNA and very low NP2 mRNA correlated with
the lack of NP1 protein and very low NP2 protein
expression as shown by immunohistochemical stain-
ing. In contrast, in three lung tumours (tumours 2, 4,
5), we did not observe any staining with both NP1
antibodies despite the presence of NP1 mRNA, sug-
gesting either low antibody sensitivity or absence of
protein synthesis. No case revealed positive staining
in the absence of mRNA for any protein studied.

Table 3 also includes a comparison of the staining
scores observed with the commercially available NP1
and NP2 antibodies (Santa Cruz Biotechnology, Santa
Cruz, USA) with those observed with antibodies
against NP1 and NP2 provided by Dr A. L. Kolodkin
in the same series. In 9 out of 11 and in 8 out of
11 cases respectively, a score variation of less than
30/300 was observed, allowing a concordance of 82%
and 73% for the NP1 and NP2 antibodies from both
sources respectively. This high concordance illustrated
in 11 lung tumours is in agreement with that observed
with 104 tissues from our series (see Material and
methods), validating the use of both the commercially
available NP1 and NP2 antibodies and those from
A. L. Kolodkin.

Discussion

VEGF expression, and in some instances expression of
the VEGF receptors Flk-1 and Flt-1, has been reported
in a variety of premalignant lesions, invasive tumours,
and cell lines, including cervical intraepithelial neo-
plasia, colonic carcinoma, glioma, breast carcinoma,
gastric carcinoma, melanoma, head and neck cancer,
lung cancer [18,19,34,35], as well as in squamous dys-
plastic cells [35]. In the present study, we identified
a significant increase in VEGF expression in most
of the preneoplastic bronchial lesions ranging from
moderate to severe dysplasia and in situ carcinoma,
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Table 3. Analysis of 11 lung tumours and two cell lines for VEGF, SEMA3F, NP1, and NP2 expression by real-time quantitative
RT-PCR and comparison with corresponding staining scores for protein expression obtained by immunohistochemistry

NP1 scores NP2 scores
Tumours: VEGF VEGF SEMA3F SEMA3F NP1 NP2

histological type mRNA scores mRNA scores mRNA K SC mRNA K SC

Tumour 1: ADC 53.66 100 58.72 50 13.6 160 160 3.96 160 160
Tumour 2: SCC 13.6 240 58.72 0 9.16 0 0 0.79 30 0
Tumour 3: SCC 8.37 0 13.32 240 3.15 160 60 1.47 60 50
Tumour 4: ADC 45.44 20 23.04 300 7.39 0 0 2.12 160 80
Tumour 5: ADC 60.37 30 52.56 20 12.96 0 0 8.85 60 50
Tumour 6: ADC 16.63 60 7.87 100 5.01 0 20 4.19 50 50
Tumour 7: ADC 360.98 160 61.64 160 35.16 80 80 7.7 160 100
Tumour 8: SCC 45.44 100 67.92 30 1.6 0 30 10.82 80 50
Tumour 9: SCC 12.69 100 96.72 160 3.85 0 100 4.04 50 100
Tumour 10: SCC 16.06 120 35.16 160 1.39 60 60 1.98 120 60
Tumour 11: SCC 17.82 100 25.03 30 0.062 0 10 0.87 60 60
Cell lines
NHBE 27.2 31.25 2.76 7.55
NCI-H661 9.29 4.74 0.01 0.32

Results expressed in terms of relative expression (×1000) compared with G3PDH.
K for antibodies provided by A. L. Kolodkin, SC for commercial antibodies.
SCC, squamous cell carcinoma; ADC, adenocarcinoma.

with a rather constant level of expression in corre-
sponding microinvasive and invasive cancers. This is
in agreement with a previous report demonstrating
strong VEGF expression in high-grade laryngeal dys-
plasia [36]. However, there have been other reports
of bronchial or head and neck premalignant lesions
where no statistical difference in VEGF expression
was observed despite significant increases in microvas-
cular density [11]. These discrepancies may be tech-
nical in nature or suggest that VEGF entails other
functions than angiogenesis in tumours such as an
autocrine loop on tumour cells themselves, migration
or survival. We failed to detect any differences in
VEGF expression between angiogenic squamous dys-
plasia and other classical dysplasia, suggesting that
this morphological variant has causes other than ele-
vated VEGF expression per se. Consistent with this
assumption angiogenic squamous dysplasia is exclu-
sively encountered in cigarette smokers, and stimu-
lation of angiogenesis and tumour growth by nicotine
has been recently demonstrated in a mouse model [37].
Alternatively, it is becoming increasingly clear that
VEGF has independent effects on tumour cells, possi-
bly acting through VEGF receptors and/or NP recep-
tors, such as the autocrine survival activity reported by
Bachelder et al in breast cancer cells [38]. A functional
VEGF/VEGFR2 autocrine loop was demonstrated in
gastric tumour cell lines [19]. Similarly, in melanoma
VEGF was shown to have positive effects on migration
acting through an integrin-dependent pathway involv-
ing phosphatidylinositol-3-kinase [39]. Interestingly,
VEGF was shown to stimulate cellular invasion of
breast cancer cells, signalling through the same PI3
kinase pathway despite low levels of Flt-1 and KDR
mRNA [40]. Thus, it is not surprising that elevated lev-
els of VEGF can be observed in premalignant lesions
independently of neoangiogenesis.

As previously reported in lung cancers [11,18,25],
VEGF is widely expressed in SCC and ADC, with
cytoplasmic staining associated with strong membrane
staining. In microinvasive and invasive SCC, tumour
cells either at the periphery of lobules or isolated in the
stroma were strongly VEGF positive, consistent with a
role for VEGF in cell migration. We failed to observe
any correlation between VEGF overexpression and
advanced stages of the disease, in keeping with our
previous results [18]. In contrast with non-small cell
carcinomas, we observed that VEGF was weakly
expressed in neuroendocrine tumours, particularly in
SCLC. Interestingly, c-myc overexpression, which is
frequent in SCLCs, has been reported to downregulate
VEGF transcription [41].

In contrast to VEGF, SEMA3F expression was
lost early in preinvasive lesions and corresponding
tumours. This is consistent with reports that 3p21.3
loss of heterozygosity is both frequent and appears to
be the earliest 3p event in lung cancer development
[42]. Expression of the second allele might also be
impaired. Because loss of SEMA3F staining occurred
in most premalignant lesions, we did not observe dif-
ferences between dysplasia of any type and in situ or
invasive carcinoma. As was expected based on our pre-
vious studies, low levels of SEMA3F expression were
observed in lung tumours with reduced or absent mem-
brane staining and cytoplasmic delocalization, except
in carcinoid tumours and well-differentiated adenocar-
cinomas. Interestingly, in these tumours VEGF scores
were lower than SEMA3F, which is a unique situa-
tion among lung tumours. Thus, the preservation of
SEMA3F membrane staining may depend on VEGF
expression with competition for NP binding at the cell
surface, as well as being affected by 3p LOH.

Although we did not observe any correlation
between VEGF overexpression and advanced stages
of disease, we confirmed a strong correlation between
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loss of membrane to cytoplasmic delocalization
of SEMA3F and advanced stage, suggesting that
SEMA3F functions are impaired in lung cancer.
In support of this, another gene involved in the
semaphorin pathway, collapsin response mediator
protein-1 (CRMP-1), has been recently shown to
correlate inversely with the invasive capability of lung
cancer cell lines [43]. Thus, there is growing evidence
from independent sources indicating that the loss of
semaphorin signalling is important in lung cancer
development.

Upregulation of NP1 has been implicated in tumour
progression as it has been correlated with advanced
stages in prostatic tumours and malignant behaviour
in astrocytomas [44,45]. In breast cancer cell lines,
VEGF has been reported to act as an autocrine survival
factor [38] and in gastric adenocarcinoma cells as an
autocrine factor for proliferation [19]. Interestingly, a
NP1 blocking antibody eliminated this function in the
absence of demonstrable Flk-1/KDR expression [38]
and NP1 expression has been described in various
tumour cell lines with or without concomitant KDR
[16,19]. Our wound assay suggests that NP1 functions
in cell migration as has already been demonstrated in
vitro in rat prostate carcinoma [17]. However, whether
NP1 cytoplasmic delocalization and increase of its
expression are consistent with the activation of an
NP1-dependent pathway leading to increased endo-
cytosis cannot be assessed from the present results.
Nevertheless, it would be consistent with our finding
of NP1/NP2 overexpression in tumour cells migrating
away from the tumour bulk. Like NP1, NP2 overex-
pression was reported in osteosarcomas and melanoma
in association with VEGF expression, angiogenesis,
and tumour growth [21,22]. In preinvasive bronchial
lesions, we demonstrated a strong increase of NP1 and
NP2 with more aggressive histological grades of dys-
plasia and in situ carcinoma. As perhaps anticipated,
lung tumours expressing high VEGF levels also over-
expressed NP1 and NP2 with a statistical direct corre-
lation. Selective induction of NP1 by VEGF and mem-
brane translocation has been demonstrated in bovine
endothelial cells at the level of mRNA and protein
synthesis [46]. NP2 could well be stimulated also by
VEGF in endothelial cells via VEGFR2 [19]. In con-
trast to what was observed in SCC and ADC, the
VEGF/SEMA3F/NP pathway appears to be charac-
terized by the preservation of SEMA3F expression
in carcinoid tumours. Conversely SCLC, a high-grade
neuroendocrine tumour, exhibited much lower levels
of VEGF and NP expression concomitant with the loss
or marked reduction of SEMA3F in most cases. We
also observed, in tumours, individual tumour cells or
tumour cell clusters which stained strongly for VEGF,
SEMA3F and neuropilins. Whether low-grade prein-
vasive lesions containing clusters of VEGF-positive
cells signify a worse prognosis is currently unknown
but deserves further study. While VEGF expression
in addition to neuropilins might be dynamic in low-
grade lesions, VEGF might be involved in selection

of clones during tumour progression as most high-
grade preinvasive lesions were positive. On the other
hand, SEMA3F overexpression may inhibit cell migra-
tion and may function as an anti-survival factor. In
favour of this, we have shown that SEMA3F over-
expression induces apoptosis in mammary adenocar-
cinoma cells (Nasarre et al, personal communication)
and in the large-cell NSCLC cell line, NCI H661 (data
not shown). Similar results have been obtained for
SEMA3B in lung carcinoma cell lines [47]. Further-
more a recent study indicates that SEMA3F suppresses
tumour formation in inducible clones in vitro and in
vivo in nude mice and reduces apoptosis. Interestingly
a SCLC cell line was resistant to SEMA3F-induced
tumour suppression [48]. However, the consequence
of high SEMA3F expression in addition to VEGF
in some cell clusters is hard to predict as a balance
between SEMA3A and VEGF modulates not only
apoptotic process but also cellular motility [32]. One
hypothesis is that VEGF might protect against death
induced by SEMA3F upregulation in migrating cells.

In summary, the VEGF/SEMA3F/NP pathway
appears to be commonly deregulated in lung cancer
pathogenesis. Loss of SEMA3F surface staining is
an early event and the degree of loss correlates with
tumour stage. VEGF staining increases progressively
with worsening dysplasia and focal areas of individual
cells or clusters staining positively for VEGF can be
detected even in low-grade dysplasias. Increased NP
staining occurs in conjunction with increased VEGF.
Based on our current understanding of this system,
we would anticipate that semaphorin replacement
combined with anti-VEGF approaches should be
additive or even synergistic in the treatment of
established tumours, as previously inferred [48].
Because alterations in VEGF/SEMA3F/NP pathway
occur early, targeted therapies should also be
advantageous for premalignant lesions.
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Differential expression of telomerase reverse transcriptase
(hTERT) in lung tumours

S Lantuejoul1,2, JC Soria3, D Moro-Sibilot2, L Morat3, S Veyrenc1,2, P Lorimier1,2, PY Brichon2, L Sabatier3,
C Brambilla2 and E Brambilla1,2*
1Service de Pathologie Cellulaire, Institut A Bonniot, CHU Michallon Grenoble, France; 2Lung Cancer Research Group INSERM U 578, Institut A Bonniot,
CHU Michallon Grenoble, France; 3Laboratoire de Radiobiologie et Oncologie DSV-DRR CEA Fontenay aux Roses, France

Human telomerase reverse transcriptase is a ribonucleoprotein that synthesises telomeric sequences, which decrease at each cell
division. In cancer cells, its activity is linked to telomere maintenance leading to unlimited cellular proliferation and immortality. To
evaluate the prognostic value of the catalytic subunit telomerase reverse transcriptase (hTERT), we analysed its expression by
immunohistochemistry in 122 formalin-fixed lung tumours including 42 squamous cell carcinoma (SCC), 43 adenocarcinoma (ADC),
19 basaloid carcinoma (BC) and 18 small-cell lung carcinoma (SCLC) in comparison with detection of hTERT mRNA by in situ
hybridisation and relative telomerase activity by TRAP assay in a subset of tumours. We observed a high concordance between
hTERT protein expression and detection of hTERT mRNA and telomerase activity. Telomerase expression varied according to
histology (P¼ 0.0002) being significantly lower in ADC than in SCC, BC and SCLC (Po0.0001). Adenocarcinoma and SCC exhibited
either a nuclear or a nucleolar staining in contrast with a diffuse nuclear staining observed in most BC and all SCLC (P¼ 0.01). In stage
I NSCLC telomerase expression was lower than in other stages (P¼ 0.04), and a nucleolar staining was correlated with a short
survival (P¼ 0.03). We concluded that telomerase expression and pattern are distinctive among histopathological classes of lung
cancer and convey prognostic influence.
British Journal of Cancer (2004) 90, 1222–1229. doi:10.1038/sj.bjc.6601643 www.bjcancer.com
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Lung cancer represents the leading cause of cancer-related death in
industrial countries and comprises about 20% small-cell lung
carcinoma (SCLC) and 80% of non-small-cell lung carcinoma
(NSCLC). According to the new WHO histological classification
(Travis et al, 1999), non-small-cell lung carcinoma include with the
common types squamous cell carcinoma (SCC) and adenocarci-
noma (ADC), a recently described entity, the basaloid carcinoma
(BC), as a variant of large cell carcinoma undergoing a particularly
poor outcome (Brambilla et al, 1992). Surgical resection at early-
stage disease represents the treatment of choice for NSCLC.
However, survival rates remain low fostering identification of new
prognostic factors and therapeutic target such as telomerase with
the aim of deciphering new modes of adjuvant therapies.

Telomeres, which represent the end of the eukaryotic chromo-
somes, shorten at each cell division because of incomplete
replication by DNA polymerase (Henderson, 1995). This results
in telomere shortening leading to chromosome degradation or end
fusion and cellular senescence acting as a ‘mitotic clock’ (Harley
et al, 1990; Hastie et al, 1990; Allsopp et al, 1992). In germ line cells
as well as in tumour cells, telomerase, a ribonucleoprotein complex

composed of a reverse transcriptase catalytic subunit (hTERT) that
copies a template region of RNA subunit (hTERC), can synthesise
telomeric DNA, therefore, allowing cells to proliferate indefinitely
(Counter et al, 1992; Nakamura and Cech, 1998; Holt and Shay
1999). While both hTERC and hTERT are required for telomerase
activity, hTERC is expressed rather ubiquitously, whereas hTERT
is the only limiting factor since its expression is confined to cells
expressing telomerase activity (Meyerson et al, 1997; Nakamura
et al, 1997; Kolquist et al, 1998).

Telomerase activity (TA) evaluated by a sensitive PCR-based
telomere repeat amplification protocol (TRAP) assay has been
widely reported in various malignancies such as liver, colorectal,
brain, prostate and breast cancers as well as leukaemia (Bacchetti
and Counter, 1995; Counter et al, 1995; Langford et al, 1995; Carey
et al, 1998; Tahara et al, 1999; Kawakami et al, 2000). Regarding
malignancies arising in the thorax, several studies have demon-
strated a telomerase activity in SCLC and NSCLC carcinomas
including NE tumours and adenocarcinomas and their precursor
lesion (namely atypical alveolar hyperplasia) as well as in
pulmonary sarcomas and mesotheliomas (Hiyama K et al, 1995;
Ahrendt et al, 1997; Yashima et al, 1997; Gomez-Roman et al, 2000;
Kumaki et al, 2001, 2002; Nakanishi et al, 2002). Almost all SCLC
and the majority of NSCLC display a substantial telomerase
activity in 62–96% of the cases (Hiyama K et al, 1995; Albanell
et al, 1997; Gomez-Roman et al, 2000). Since a close relationship
has been demonstrated between elevated telomerase activity
and a poor prognosis in neuroblastoma and gastric carcinoma
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(Hiyama E et al, 1995a, b), several reports have also suggested that
high TA or high hTERT mRNA levels should be correlated with a
poor survival in stage I NSCLC (Marchetti et al, 1999, 2002; Wang
et al, 2002). High levels of telomerase have also been associated
with tumour recurrence, histological type, grade (Marchetti et al,
1999, 2002; Kumaki et al, 2001) or smoking status (Xinarianos et al,
1999).

Since several reports have emphasised the use of noncommercial
hTERT antibodies for telomerase analysis in lung cancer,
mesothelioma, colon cancer and liver tissues (Tahara et al, 1999;
Kawakami et al, 2000; Kumaki et al, 2001, 2002), we decided to test
the specificity and the usefulness on a daily practice of a newly
commercially available monoclonal hTERT antibody. In order to
validate this immunohistochemical approach, we compared the
analysis of hTERT protein expression in 122 lung tumours, with
the results of a previously established hTERT in situ hybridisation
technique (Soria et al, 2001) as well as with the standard TRAP
assay performed in a subset of the same tumours. We also
performed a comparative study of other commercially available
hTERT antibodies using immunohistochemistry and Western blot.
This enabled us to assess the value of hTERT immunohistochem-
istry and to show that aggressive lung tumours such as SCLC and
basaloid carcinoma display the highest levels of hTERT expression,
whereas the lowest levels are observed in adenocarcinoma and in
stage I NSCLC.

MATERIAL AND METHODS

Patients and tissue samples

A total of 122 tumour specimens were collected from lung cancer
resections or mediastinal biopsies performed for diagnosis. All
samples were obtained within 1 h after surgical removal, and
frozen tumour samples were stored at �801C until protein
extraction for TRAP assay and Western blotting along with
standard formalin or Bouin fixation. Frozen samples were all
analysed histologically and selected for protein extraction with the
requirement of more than 70% of viable tumour cells and less than
10% of stromal lymphocytes. Histopathological and clinical data
including pTNM stages according to the international UICC
classification are listed in Table 1.

Two normal lymph nodes, two normal and two inflammatory
lung tissues with pneumonia were used as positive or negative

controls for immunohistochemistry, in situ hybridisation, Western
blotting and TRAP. Three cancer cell lines, obtained from the
American Type Culture Collection (Manassas, VA, USA), NCI-
H322 (lung ADC), NCI-H69 (SCLC) and HELA (cervical ADC)
were also used as positive controls for Western blotting. The
growing conditions were as follows: RPMI-1640 for NCI-H322,
RPMI-1640 with 100 mM 1% sodium pyruvate for NCI-H69 and
DMEM 10% for HELA, all media contained 10% foetal calf serum
under 5% CO2.

Immunohistochemical analysis

In total 3-mm-thick sections were deparaffinised and pretreated for
antigenic heat retrieving 1 h at 981C with 10 mM citrate buffer pH 6.
In order to compare different hTERT antibodies, a set of 10 normal
and tumour samples were incubated 1 –12 h at room temperature
with primary polyclonal antibodies raised against hTERT protein
(dilution 10mg ml�1): TRT-L20 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), TEL-1 (Abcam, Cambridge, UK), TERT, Ab-2 and
p123 (Calbiochem, San Diego, CA, USA). All the 122 tumour
samples were also incubated 12 h at 421C with a primary
monoclonal hTERT 44F12 antibody (Novocastra, Newcastle upon
Tyne, UK) at the dilution 1 : 20 (0.35 mg ml�1) on paraffin sections.
Immunohistochemical analysis was also performed on frozen
sections with this last antibody at the dilution 1 : 10 (0.7 mg ml�1) as
control of negative cases. For both techniques, a three-stage
indirect immunoperoxidase technique was performed on Nexes
Ventana automated staining module (Tucson, AZ, USA), which
enables a standardisation of reaction time and temperature,
washing procedures and development of staining and amplifica-
tion. Negative control consisted in omission of the primary
antibody and incubation with immunoglobulins of the same
species. The levels of protein expression were evaluated by two
pathologists (SL and EB). The distribution of staining was graded
as 0: absent, 1: o10%, 2: 10– 50%, 3: 51–90% and 4: 490%
and intensity was graded as 1: weak, 2: medium, and 3:
strong. The combined score was performed as follow:
score¼ distributionþ intensity. Nuclear and/or nucleolar stain-
ings were regarded as specific patterns.

Western blot analysis

In all, 30 tumour samples including 13 SCC, 10 ADC, five BC and
two SCLC, two normal lung specimen and NCI-H322, NCI-H69 and
HELA cancer cell lines were solubilised in Laemmli buffer. Total
proteins were quantified using the Bio-Rad kit (Bio-Rad, Hercules,
CA, USA) and equal amounts of protein were located on a 7.5%
SDS– PAGE gel. Gel was then transferred to nitrocellulose, which
was preincubated with primary telomerase polyclonal antibodies
TRT-L20 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), TEL-1
(Abcam, Cambridge, UK), TERT, Ab-2 or p123 (Calbiochem, San
Diego, CA, USA) or with telomerase monoclonal antibody 44F12,
at the dilution 1 : 500 at 41C overnight. On the next day, a anti-
mouse biotinylated IgG was used for 1 h at room temperature
and immunoreactive bands were visualised using the ECLPlus

detection system (Amersham, Amersham, UK) as suggested by the
manufacturer. Stained bands when present were qualified as weak
or strong.

In situ hybridisation

For riboprobe generation and RNA in situ hybridisation, a TOPO
TA cloning vector (PCRsII-TOPO; Invitrogen, Carlsbad, CA, USA)
was used containing a 430 bp EcoRV– BamH1 fragment of the
hTERT cDNA as previously described (Soria et al, 2001) to
generate a digoxigenin-labelled RNA probe (riboprobe) specific for
the antisense strand of the hTERT cDNA, which hybridises to the

Table 1 Summary of clinicopathologic features

Variable Number of cases

Mean age; year 61 (range 39–84)
Gender

Male 110
Female 12

Stage (n¼ 122)
I 34
II 29
III 55
IV 4

Histological type (n¼ 122)
SCC 42
ADC 43
BC 19
SCLC 18

Metastases
Visceral 20/84 (24%)
Lymph node 61/122(50%)
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full-length transcript corresponding to the catalytic domain of the
enzyme.

In situ hybridisation was performed on paraffin-embedded
tissue sections from 20 tumour samples including five ADC, seven
BC, seven SCC and one SCLC, in RNAse-free conditions. The slides
were transferred on the heating blocks of a Discovery module
(Ventana Medical System, Strasbourg, France) for an automatised
in situ hybridisation procedure. Briefly, the sections were treated
with 2.5 mg ml�1 proteinase K (Roche Diagnostics, Meylan, France)
for 14 min at 371C and postfixed in 4% paraformaldehyde for 8 min
at room temperature. The antisense riboprobe diluted at
800 ng ml�1 in hybridisation buffer was denatured and 100 ml
applied on each sections for an incubation of 8 h at 421C. Sense
and antisense actin riboprobes have been used as negative and
positive controls, respectively, to assess the good mRNA preserva-
tion in the same conditions on duplicate slides. Slides were then
incubated overnight at room temperature with an alkaline
phosphatase-conjugated antidigoxigenin antibody (dilution
1 : 200, Roche Diagnostics, Meylan, France). Alkaline phosphatase
was detected using 5-bromo-4-chloro-3-indolyl phosphate and
nitro-blue tetrazolium chloride (Roche Diagnostics, Meylan,
France) as chromogens. The levels of hTERT mRNA expression
were evaluated by two pathologists (SL and EB). The same score
system than for immunohistochemistry data combining distribu-
tion and intensity of staining was applied. Cytoplasmic pattern was
considered as a specific positive staining.

TRAP assay

The kit Telo TAGGG telomerase PCR ELISAplus (Roche Molecular
Biochemicals, Mannheim, Germany), a photometric enzyme
immunoassay, was used for quantitative determination of telo-
merase activity. Frozen sections from 40 tumour samples, two
normal lymph nodes, two normal lungs and one with pneumonia
were analysed histologically to assess the amount of tumour
component (at least 70% of tumour cells), and the quality of
material (i.e. absence of necrosis). All steps of the assay protocol
were performed in RNAse-free conditions. In total, 20 10-mm-thick
frozen sections of each specimen were cut, immediately lysed in
200ml of ice-cold CHAPS (3-{[3-chlomidopropyl]-dimethyl-am-
monio}-1-propanesulphonate) lysis buffer, homogenised, incu-
bated on ice for 30 min and centrifuged at 12 000 g for 20 min at
41C. In all, 2 ml of each sample, with heat-inactivated controls, were
mixed with 48 ml of reaction mixture containing telomerase
substrate, biotin labelled P1-TS and P2 primers, nucleotides and
Taq polymerase in Tris buffer. Reverse transcription was
performed for 30 min at 251C and PCR amplification consisted
in a three-step PCR at 941C 30 s, 501C 30 s and 721C 90 s for 30
cycles followed by a 721C 10-min extension step. Evaluation of the
relative telomerase activity (RTA) was determined by the
measurement of the absorbance of each sample at a wavelength
of 450 nm (reference wavelength, 595 nm, Microplate Reader 3550,
Bio Rad). Cases were considered as positive when RTA was higher
than 0.2.

Statistical analysis

The staining scores were compared in different categories
using the Mann–Whitney U test and Kruskal–Wallis H
tests. The w2 test was used to test the association between two
categorical variables. Survival times were calculated from the date
of surgery from cancer-related events. Survival curves were
estimated by the method of Kaplan–Meier. The log-rank
test was used to compared survival curves. P-values less than
0.05 were considered as statistically significant. All the tests were
performed with the Stat View program (Abacus Concepts,
Berkeley, CA, USA)

RESULTS

Immunohistochemical analysis of human TERT

Using TRT-L20 and TEL-1 polyclonal antibodies, a nuclear
staining was observed in tumour cells and activated lymphocytes
but also in stromal and epithelial normal cells. With TERT and Ab-
2 polyclonal antibodies, nuclear staining was observed in tumour
cells whereas activated lymphocytes and normal cells remained
negative. All cells exhibited a strong cytoplasmic staining. In
contrast, no nuclear staining could be demonstrated with p123
polyclonal antibody regardless of cell type.

Using monoclonal antibody 44F12, a mild to moderate nuclear
immunostaining with nucleolar reinforcement (intensity 1 or 2)
was observed on about 50% of basal cells of normal bronchial
epithelium (Figure 1A, left). Serous cells of bronchial glands also
displayed a frequent focal nucleoplasmic and nucleolar-positive
staining, whereas alveolar pneumonocytes and endothelial cells
remained negative (Figure 1A, right). In contrast, 50–80% of
lymphocytes present in the bronchial mucosae or infiltrating
alveolar walls in inflammatory lungs (Figure 1A) showed a
moderate nuclear staining and served as internal positive control
with a staining intensity of 2 for grading the intensity of staining in
neoplastic cells (from 1 to 3).

Among 122 cases of lung tumours, 116 were hTERT positive
(95%) with 44F12 monoclonal antibody. This included all
cases of SCLC, BC and SCC and 86% of adenocarcarcinomas (37
out of 43) (Figure 1C, E, G, J). All results concerning scores and
staining pattern of hTERT expression in lung tumours are
summarised in Table 2. Positive staining in tumour cells was
located on nucleus, either restricted to nucleolar structures
(Figure 1B), or diffuse in the nucleoplasm with nucleolar
reinforcement. The first pattern, exclusively nucleolar, was more
frequently observed in SCC (14 out of 42; 33%) and in ADC (16 out
of 43; 37%) than in BC (5 out of 19; 26%), and SCLC (none)
(P¼ 0.01) (w2 test). We did not observe a nucleolar exclusion in
cases with diffuse nuclear pattern.

Tumoral heterogeneity in hTERT expression distribution was
frequent, whatever the histological type of tumour considered.
Furthermore, ADC exhibited either low or moderate levels of
hTERT expression in contrast with BC, SCLC and SCC presenting

Figure 1 Expression in nontumoral lung and in lung tumours of hTERT as compared with hTERT mRNA by immunohistochemistry and in situ
hybridisation. (A) (left): Mild to moderate hTERT immunostaining (intensity 1) of basal cells of normal bronchial epithelium with nucleolar reinforcement
(arrow) and moderate staining (intensity 2) of activated lymphocytes in bronchial mucosae (immunoperoxidase staining, � 200). (A) (right): hTERT positive
staining in a lymphocytic aggregate (arrow) in an inflammatory lung. Alveolar epithelial cells are negative (immunoperoxidase staining, � 100). (B) A typical
nucleolar staining (arrow) in an ADC (immunoperoxidase staining, � 400). (C) hTERT immunostaining in SCC exhibiting a strong nucleolar staining
(intensity 3) (arrow) (immunoperoxidase staining, � 100). (D) mRNA expression observed by in situ hybridisation in the cytoplasm of tumoral cells and
stromal lymphocytes in the same case as 1C (� 100). (E) hTERT immunostaining in ADC exhibiting a strong nuclear staining (intensity 3)
(immunoperoxidase staining, � 100). (F) mRNA expression in the same case as 1E shown by in situ hybridisation (� 100). (G) hTERT immunostaining in
BC showing a strong and diffuse nuclear staining (intensity 3) (immunoperoxidase staining, � 100). (H) mRNA expression shown by in situ hybridisation in
the cytoplasm of tumour cells and stromal lymphocytes (arrow) in the same case of BC (� 100). (J) Strong and diffuse nuclear hTERT immunostaining
(intensity 3) in a SCLC (immunoperoxidase staining, � 200). (K) mRNA expression shown by in situ hybridisation in the same case as J (� 200).
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moderate to high levels of telomerase expression. Moreover, in six
mixed type ADC with predominant BAC peripheral pattern
(lepidic growth), only three exhibited telomerase expression in
the lepidic growth. The distribution of the levels of telomerase

expression among histological type were statistically different
(P¼ 0.0002) (Kuskal– Wallis H test), and hTERT scores were
significantly lower in ADC than in SCC, BC and SCLC taken
together (Po0.0001) (w2 test).
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hTERT Western blotting

With polyclonal antibody p123, numerous nonspecific bands were
seen on lysates from cell lines, normal or tumour samples. In
contrast, with TRT-L20, TEL-1, TERT and Ab-2 antibodies, no
specific stained band was observed using several cell line lysates or
from tumour samples.

Using 44F12 antibody, all cancer cell lines strongly exhibited a
positive and unique band of approximately 105 kDa consistent
with the theoretical estimation of telomerase molecular weight of
127 kDa (Wick et al, 1999). This band was totally absent in two
normal lung samples. Among lung cancers, 24 out of 30 cases
(80%) displayed an hTERT expression with a unique band of
105 kDa, 17 cases exhibiting a strong staining and seven a weak
expression (Figure 2). One SCLC and one BC exhibited a double
band both located around 105 kDa (data not showed), but this
phenomenon was too rare to enable us any conclusion about a
possible phosphorylation.

In situ Hybridisation with hTERT riboprobe

In situ hybridisation staining with hTERT riboprobe was located in
the cytoplasm and had the same cell distribution than that obtained
by immunohistochemistry. It was negative in most normal lung
structures but positive in a few basal bronchial cells, serous cells of
bronchial glands and lymphocytes. Hybridisation with sense actin
riboprobe gave an expected negative signal in all cell type.

All 20 lung tumours were strongly positive, with no staining on
stromal cells except activated lymphocytes (Figure 1 D, F, H, K).
The scores of expression ranged from 4 to 6; nevertheless, the
small number of cases precluded demonstration of a statistical
significance according to histological types.

TRAP assay

In two normal lungs, two with pneumonia and two normal lymph
nodes, RTA remained negative. In all, 34 out of 40 cases of lung
tumours (85%) of all histological types exhibited levels of RTA
higher than 0.2, including 64% of ADC, 64% of SCC, 92% of the

BC, and the SCLC case. The RTA levels were significantly higher in
BC (1.2870.69 RTA) than in SCC (0.6870.84 RTA) and in ADC
(1.0970.58) (P¼ 0.03 BC vs SCC and ADC considered together).
The only SCLC case studied exhibited a very high RTA (1.789
RTA).

Concordance between data obtained by Western blotting
and by immunohistochemistry (Table 3)

Weak or negative stained bands correlated with immunohisto-
chemical scores lower than score 4 in eight cases. Conversely, a
strong Western blot staining was observed in 16 cases presenting
immunohistochemical scores of 4 –7. One case presented a strong
WB staining despite a negative immunohistochemical staining
(ADC6), and six cases exhibited a negative or weak WB staining
despite high scores of HTERT expression by immunohistochem-
istry (SCC6, SCC7, SCC10, ADC2, BC5 and SCLC1). Overall, a
concordance between data obtained by immunohistochemistry
and Western blotting was of 76%.

Table 2 Differential immunohistochemical hTERT expression in lung tumours (scores and pattern of staining)

Histology (nb of cases)
(n¼ 122)

Distribution of scores: nb of cases (%) Staining pattern distribution: nb of cases

0 2 and 3 4 and 5 6 and 7 Nuclear Nucleolar

ADC (43) 6 (14%) 17 (40%) 18 (42%) 2 (4%) 16 12
SCC (42) 7 (16.6%) 28 (66.6%) 7 (16.6%) 17 14
BC (19) 2 (10%) 13 (68%) 4 (21%) 14 5
SCLC (18) 1 (5%) 13 (72%) 4 (22%) 18

Figure 2 Western Blotting showing a 105 kDa hTERT product with
hTERT 44F12 antibody in cancer cell line H69, normal lung (NL) and a
subset of lung carcinoma including SCC and ADC

Table 3 Comparison of Western blotting staining intensity and
immunohistochemical scores of hTERT expression in a subset of 30 lung
tumours including 13 SCC, 10 ADC, five BC and two SCLC

Histology Western blotting Immunohistohemical scores

SCC 1 Strong 6
SCC 2 Negative 3
SCC 3 Strong 5
SCC 4 Strong 4
SCC 5 Strong 6
SCC 6 Weak 4
SCC 7 Negative 4
SCC 8 Weak 3
SCC 9 Strong 4
SCC 10 Weak 4
SCC 11 Strong 5
SCC 12 Strong 5
SCC 13 Strong 5
ADC 1 Weak 3
ADC 2 Weak 4
ADC 3 Weak 3
ADC 4 Strong 4
ADC 5 Strong 5
ADC 6 Strong 0
ADC 7 Negative 3
ADC 8 Strong 5
ADC 9 Weak 3
ADC 10 Strong 5
BC 1 Strong 7
BC 2 Strong 5
BC 3 Negative 3
BC 4 Negative 3
BC 5 Weak 6
SCLC 1 Weak 4
SCLC 2 Strong 5
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Concordance between data obtained by
immunohistochemistry, in situ hybridisation, and TRAP

Among 40 cases analysed concomitantly by TRAP and immuno-
histochemistry, 34 (85%) were positive with both techniques. In
the six TRAP negative tumours, no RTA was detected despite
hTERT protein expression in five cases and one case had neither
RTA nor protein expression. In all, 24 tumours exhibited either
low levels of RTA (p0.5) and low hTERT scores 2 or 3, or high
levels of RTA (more than 0.5) and high hTERT combined scores of
4–7 in concordance. Conversely, 10 cases were discordant: four
cases showed low RTA but high hTERT staining scores of 5 or 6,
and six cases high RTA but low hTERT staining score 3. Overall, a
concordance of 70% between the levels of activity and scores of
hTERT immunohistochemical expression was observed.

Among these 40 cases, 18 were concomitantly studied by in situ
hybridisation and immunohistochemistry, showing that protein
expression was always observed when hTERT mRNA and
telomerase activity were measurable. Among 20 cases studied by
both in situ hybridisation and immunohistochemistry, six cases
exhibited high levels of hTERT mRNA (scores 5 or 6) and a low
protein staining score of 3. Concordance between immunohisto-
chemical analysis and in situ hybridisation was of 70%. Nucleolar
staining was also observed when telomerase activity was detected
(in 10 tumours), or mRNA were present (five cases) or both (five
cases), as well as when a specific band was observed in Western
blot (five cases).

Correlation between telomerase expression and
clinicopathologic features

Immunohistochemical or in situ hybridisation staining scores or
RTA values were not correlated with gender or patient age.
Telomerase expression determined by TRAP or immunohisto-
chemistry was lower in stage I lung carcinomas (including 24 ADC,
six SCC and four BC) than in other stages (II–IV) (P¼ 0.03 for
TRAP values and P¼ 0.04 for hTERT scores) (Mann– Whitney U
tests). However, no statistical evidence of an influence of levels of
hTERT expression on survival was observed when all histological
types were considered together or when SCLC and BC or SCC and
ADC were considered separately. No correlation was observed
between staining pattern and scores of protein expression,
whatever the histological type and the disease stage considered.
In contrast, a nucleolar pattern of hTERT staining, which was
observed in four BC and 11 ADC out of 34 stage I NSCLC,
correlated with a shorter survival (P¼ 0.03) (Figure 3).

DISCUSSION

We have demonstrated here that telomerase expression varies
significantly according to the histological type of lung tumours.
Adenocarcinoma displayed the lowest level of telomerase activity
especially at stage I and in the lepidic growth of mixed type ADC.
This is in agreement with previous reports where telomerase
activity in ADC ranged from 40 to 88% of positive cases, the lowest
levels of expression being observed in bronchioloalveolar carci-
noma (Hiyama K et al, 1995; Marchetti et al, 1999; Fujiwara et al,
2000) and in well-differentiated ADC of Clara cell type (Fujiwara
et al, 2000). Indeed, we found a clear difference in the telomerase
expression between the invasive compartment and the peripheral
noninvasive lepidic growth of the mixed ADC with BAC
predominant pattern.

In contrast, BC, which are truly aggressive lung tumours, exhibit
similar high levels of telomerase expression than the SCLC,
another well-known fast-growing tumour with 6 month mean
survival. Basaloid carcinoma are rare tumours with a mean
survival at stage I and II of 606 days as compared with 1218
days for SCC with which they had been confused (Brambilla,

1997). Telomerase activity in BC has never been reported yet
since they represent a recent entity firstly described in 1992
(Brambilla et al, 1992) and now recognised in the new WHO
histological classification of lung tumours in 1999 (Travis et al,
1999).

We observed a lower expression of hTERT in stage I NSCLC but
no influence of telomerase levels of expression on survival rate.
This point remains controversial (Hara et al, 2001; Toomey et al,
2001) although several authors strongly support the unfavourable
prognostic value of a high telomerase expression in stage I NSCLC
(Marchetti et al, 1999, 2002; Wang et al, 2002). Controversies
regarding telomerase levels in tumours reside in the variety of
technical approaches. Most previous data are based on telomerase
activity measured by TRAP assay or quantification of
hTERT mRNA by RT– PCR requiring samples containing at least
5000 viable tumour cells and obtained freshly in RNAse-free
conditions. Sample contamination by telomerase negative normal
epithelial or stromal cells might explain TRAP negative assay,
whereas positive activated lymphocytes might contribute to a
positive TRAP assay in the absence of telomerase activity in
tumour cells (Cunningham et al, 1998; Xinarianos et al, 2000). A
requirement of 70–80% of cancer cells seems reasonable in order
to compare telomerase levels to external standards provided by cell
lines (Marchetti et al, 2002). Furthermore, the exactitude of any
measurement of telomerase activity is challenged by intratumoral
heterogeneity of hTERT expression (Kumaki et al, 2001; Paradis
et al, 2001). We and others have experienced successful hTERT in
situ hybridisation approaches, which evaluate the level of
transcription of hTERT (Kolquist et al, 1998; Soria et al, 2001;
Wang et al, 2002). However, this technique remains time and
labour-consuming. Therefore, the most promising tool for an in
situ evaluation of telomerase expression is now represented by
immunohistochemical detection of hTERT. To date, studies using
noncommercially available antibodies have shown the nuclear
expression of hTERT in tumour cells of various type, as well as in
progenitor cells and activated lymphocytes and no expression in
normal somatic cells. Among different commercially available
antibodies against hTERT, only the monoclonal 44F12 antibody
gave us both a unique and specific band on Western blotting
and a clear-cut nuclear staining only in tumour component and
activated lymphocytes. Furthermore, we found a high concordance
between semiquantitative approaches of hTERT expression
evaluated by immunohistochemistry and Western blotting on a
same sample set.

A good correlation has been demonstrated between TRAP and
hTERT immunohistochemical detection (Tahara et al, 1999;
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Figure 3 Survival curve of stage I NSCLC patients according to
subcellular location of hTERT immunohistochemical staining (P¼ 0.03).
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Kawakami et al, 2000; Kumaki et al, 2001, 2002) in colorectal
tumours, liver tissues, lung cancer and mesothelioma. Our
immunohistochemical approach in the setting of lung cancer
was confronted to the TRAP assay as well as to hTERT
in situ hybridisation and standard Western blotting.
Similar profiles of RTA levels and hTERT staining scores
were observed in lung tumours, higher levels being noted
in SCLC and BC than in SCC and ADC. However in five cases
where protein was detected by immunohistochemistry, telomerase
activity was absent, and in 10 other cases, levels of telomerase
expression evaluated by TRAP assay and immunohistochemistry
were discordant. Such discrepancies might be explained by
dilution of tumoral positive cells in the sample or by post-
transcriptional and post-translational regulations of the protein
quantitatively and qualitatively. As an example, the level of
phosphorylation is able to control both telomerase activity (Li
et al, 1997; Kang et al, 1999) and cytoplasmic vs nuclear
localisation of hTERT (Kharbanda et al, 2000; Liu et al, 2001;
Kyo and Inoue, 2002).

Interestingly, we reported for the first time a nucleolar
localization of the catalytic subunit hTERT, preferentially
located onto nucleolar structures in 45% of SCC and 42% of
ADCs in contrast with its diffuse nuclear localization in all SCLC
and 74% of BC. We have considered this pattern of staining as
specific as it was observed in a number of TRAP and Western blot
positive tumours. Indeed, compelling evidence has been provided
that the assembly of hTERT subunit and hTERC RNA via box H/
ACA motif takes place into the nucleolus favouring the hTERC
maturation and the stabilization of the telomerase protein
complex (Mitchell et al, 1999). Nucleolar localisation of hTERT
seems also to occur independently of hTERC binding, suggesting
that this phenomenon could correspond to a sequestration of
hTERT away from its telomeric targets (Etheridge et al, 2002). In
addition, subnuclear distribution of hTERT may vary according to
cell cycle stage or DNA damage. Thus in normal cells, telomerase is
released to the nucleoplasm during the S phase where it can add
telomeric sequences to replicating chromosomes. In contrast, in
response to ionising radiation, telomerase is excluded from the
nucleoplasm and accumulated into the nucleolus in order to

limit its accessibility to nontelomeric ends and to prevent its
association to inappropriate substrates during the repair of
DNA breaks (Wong et al, 2002). Conversely in SV 40 transfected
cells, oncogenic transformation triggers the releasing of
hTERT into the nucleoplasmic compartment increasing the
telomeric sequence synthesis (Wong et al, 2002). Since we report
here a shorter survival in stage I NSCLC exhibiting a nucleolar
pattern of staining, several hypotheses concerning the signification
and the prognostic implication of nucleolar hTERT confinement
may be proposed. The nucleolar localisation in some ADC and
SCC is consistent with a regulated compartmentalised type of
hTERT accumulation process where telomere elongation remains
separated from DNA repair process during the S phase, thus
protecting DNA from genetic instability and inopportune crisis
(Wang et al, 2002). In contrast, concomitant nucleolar and nuclear
distribution observed in aggressive tumours such as SCLC and BC
is suggestive of a strong and aberrant increase of telomerase
activation in fast-growing tumours that have acquired a large
enough number of genetic lesions to escape senescence and
apoptosis.

As telomerase inhibitors may be mainly effective after multiple
cell divisions leading to cell death, they may have their greatest
impact in combination with cytotoxic chemotherapy in advanced-
stage disease and in high-grade tumours, such as BC and SCLC as
well as in adjuvant therapy to surgery in early-stage disease.
Although nucleolar localization in early NSCLC deserves specific
attention, further studies need to be performed to improve our
knowledge about telomerase regulation through its subnuclear
distribution and cell cycle dependency in order to clarify the
fundamental basis of the prognostic influence of hTERT nucleolar
localisation.
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