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The p16-pRb and p53-MDM2 pathways represent vital
cell cycle checkpoints. Recent studies provide evi-
dence that these pathways are directly linked via
MDM2-pRb interaction and p53 suppression of the
RB1 gene. In the present study we investigated the
alterations of this G1 phase protein network using
immunohistochemical and molecular methods in a
series of 68 non-small-cell lung carcinomas (NSCLCs)
and correlated the findings with clinicopathological
features and prognosis of the patients. Aberrant ex-
pression (Ab) of p16 and pRb was observed in 33
(49%) and 27 (40%) of the carcinomas, respectively.
Analysis of the region that encodes for p16 by dele-
tion mapping, a polymerase chain reaction (PCR)-
based methylation assay and PCR single-strand con-
formation polymorphism (SSCP) analysis revealed
that deletions and transcriptional silencing by meth-
ylation might represent the main mechanisms of
CDKN2/p16ink4a inactivation in NSCLCs. The results
of deletion mapping also suggest that other tumor
suppressor genes may reside at the 9p21–22 region,
which encodes for CDKN2/MTS1/p16ink4a, p14ARF,
and MTS2/p15ink4b. In addition, microsatellite insta-
bility was observed with a frequency of 16% in the
9p21–22 chromosome area. Overexpression (P) of
p53 and MDM2 proteins was found in 39 (58%) and 47
(70%) of the cases, respectively. A highly significant
association was observed between p53 overexpres-
sion and p53 mutations (P � 0.006). Statistical analy-
sis of the expression patterns of the biologically rel-
evant molecules (p16/pRb, p53/MDM2, MDM2/pRb,

and p53/pRb) showed coincident overexpression of
p53 and MDM2 (P � 0.04) and that abnormal pRb was
correlated with elevated levels of MDM2 (P � 0.013)
and p53 (P � 0.01), respectively. We suggest that
deregulated expression of these molecules may act
synergistically. An important finding of the study was
that multiple impairments (three and four molecules
affected) of the p16/pRb/p53/MDM2 network oc-
curred in a large proportion (43%) of the carcinomas.
This finding in addition to the absence of correlation
with clinical stage of the tumors suggests that multi-
ple hits of this network may be a relatively early event
in the development of a subset of NSCLCs. The rela-
tionship between the factors examined in the present
study, clinicopathological features, and survival of
the patients did not reveal any significant correla-
tions with the exception of smoking, which was as-
sociated with microsatellite alterations (loss of het-
erozygosity and microsatellite instability) at the
9p21–22 locus (P � 0.04) and the immunophenotypes
p53(P)/MDM2(P) (P � 0.04) and p16(Ab)/pRb(Ab)/
p53(P)/MDM2(P) (P � 0.03), respectively. We suggest
that in a subset of NSCLCs, simultaneous deregulation
of the members of this network may represent one
way of initiating the oncogenic procedure whereas in
other NSCLC subgroups alternative pathways may
play this role. (Am J Pathol 1998, 153:1749–1765)

Non-small-cell lung cancer (NSCLC) represents one of
the most frequent fatal human malignancies. Although
tobacco and its derivatives are considered to be leading
causes in NSCLC development, their underlying genetic
targets are not yet completely clarified.1 It is not surpris-
ing that alterations in the molecular machinery that con-
trols transition from G1 to S phase might represent central
events leading to NSCLC generation. In this respect,
there is a strong body of evidence that cell-cycle regu-
lators are involved in human cancer development.2
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Two of the most conspicuous molecules that emerge
from ongoing studies in this field are the products of the
CDKN2/MTS1 gene, which is located on locus 9p21–22.
The CDKN2 gene encodes for two proteins: p16 and
p14ARF (the human homologue of p19ARF).3 P16 consists
of 156 amino acids (aa) and functions as an inhibitor of
cyclin-dependent kinase 4 and 6 (CDK4 and CDK6).2,4,5

CDK4- and CDK6-mediated phosphorylation of the reti-
noblastoma protein (pRb) is a critical step in cell cycle
progression. The pRb protein (p105RB1) is a 928-aa,
105-kd nuclear phosphoprotein encoded by the RB1 tu-
mor suppressor gene, which has been mapped to chro-
mosomal region 13q14.2 (reviewed in Ref. 6). pRb phos-
phorylation is stimulated by cyclin D1 and inhibited by
p16. Therefore, p16 and pRb are suggested to function in
a single regulatory pathway of the cell cycle.2 Unregu-
lated phoshorylation of pRb by CDK4/6 due to either
cyclin D1 overexpression or loss of functional p16 could
lead to uncontrolled cellular proliferation.2 The CDKN2/
p16ink4a gene product has been found to be nonfunc-
tional in a high percentage of cell lines (75%) and various
malignancies, suggesting that it is a candidate tumor
suppressor protein.2,7,8 The most common mechanisms
for CDKN2/p16ink4a inactivation appear to be homozy-
gous deletions, mutations, loss of one allele, and inacti-
vation of the other, probably due to hypermethylation.2,7,8

Several reports have pointed out a difference in the fre-
quency of CDKN2/p16ink4a genetic alterations between
cell lines and primary tumors.8–11 Contamination of the
cancerous tissue by the material derived from the sur-
rounding stromal cells and artifactual or cellular adapta-
tion during culture account for this difference. A similar
situation has been described for RB1 gene alterations in
tumors.12 Mutational inactivation of the RB1 gene has
been detected in a wide spectrum of malignancies, in-
cluding retinoblastomas, small-cell lung, bladder, pan-
creatic, and breast carcinomas (reviewed in Ref. 6). The
problem of evaluating p16 and pRb alterations, avoiding
false positive results of the conventional molecular biol-
ogy methods (polymerase chain reaction (PCR) and
Southern blot) due to stromal contamination, can be cir-
cumvented by immunohistochemical methods that allow
the investigation of protein abnormal expression at the
single-cell level.

The data concerning the frequency and mechanisms
of CDKN2/p16ink4a gene inactivation in NSCLCs are
controversial.13–26 In reviewing the world literature
published so far, we found six reports dealing with
aberrant p16 immunoexpression and in situ distribution
with percentages ranging from 27% to
67%.13,20–22,24,25 Although most studies agree with the
point that mutations are a rather rare mechanism of
CDKN2/p16ink4a inactivation (1% to 10%),14–19,23,25

there is a great discrepancy regarding CDKN2/p16ink4a

gene deletion, with percentages ranging from 0% to
83%.13,15–17,21–23,25 In addition, to the best of our
knowledge, there are only two reports dealing with the
methylation status of the CDKN2/p16ink4a gene in
NSCLCs.25,26 On the other hand, inactivation of RB1 gene
has been shown in 9 to 38% of NSCLCs.12,20–22,25–30 Re-

cent, in vitro evidence has shown that RB1 expression is
negatively regulated by p5331 and that MDM2 protein binds
to the carboxy terminus of pRb, relieving pRb suppression
of E2F transactivating function, thus permitting the cell to
enter the S phase.32 The MDM2 gene is located on chro-
mosome 12q13–14 and can generate various MDM2 pro-
tein isoforms. The full-length MDM2 gene product p90
forms an autoregulatory feedback loop with p53 protein that
seems to be vital for normal cell proliferation. Overexpres-
sion of MDM2 protein(s) has been observed in several
human malignancies and associated with unfavorable
prognosis (reviewed in Refs. 33 and 34). Recently, we re-
ported that MDM2 protein isoforms are overexpressed and
coexist with the mutant p53 protein (mt p53) in a subset of
lung carcinomas, suggesting that this association may re-
flect a gain of function phenotype.35–37

The in vitro evidence mentioned above suggests that
the p53-MDM2 duet is linked directly to the p16-pRb
pathway (Figure 1). Alterations in this network may dis-
rupt normal cell-cycle control. To investigate the involve-
ment of this G1 protein network in non-small-cell lung
carcinogenesis we examined, by immunohistochemical
and molecular methods, its status in a series of 68
NSCLCs and correlated the findings with clinicopatholog-
ical features and prognosis of the patients. Furthermore,
we examined the state of the chromosomal region
9p21–22 by performing a mapping using a tight cluster of
highly polymorphic microsatellite markers because there
are indications that, in addition to CDKN2/p16ink4a and
MTS2/p15ink4b tumor suppressor genes (TSGs), this re-
gion harbors other TSG(s)38 (Figure 2a).

Figure 1. Schematic representation of the p16/pRb/p53/MDM2 protein net-
work. p16 inhibits cyclin-dependent phosphorylation of pRb.2 p53 and
MDM2 form a feedback loop.33 MDM2 binds the carboxy terminus of pRb,
relieving pRb suppression of E2F transactivation function, thus permitting the
cell to enter the S phase.32 RB1 is negatively regulated by p53.31 *Recent
evidence indicates that the other product of the CDKN2 gene, p14ARF (the
human homologue of p19ARF), binds the carboxy terminus of MDM2, regu-
lating its actions.48,49
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Materials and Methods
Tissue Samples
Specimens from 68 NSCLCs were obtained in less than
15 minutes after surgery. Two samples of each tumor
were taken. One was snap-frozen in liquid nitrogen and
stored at �70°C; the other was formalin fixed and paraffin
embedded (FFPE). In addition, adjacent normal tissue
was included from each specimen examined. The pa-
tients had not undergone any chemo- or radiotherapy
before surgical resection, thus avoiding up- and down-
regulation of p53 and MDM2 proteins, respectively, due
to DNA damage.33 The material comprised 31 squamous
cell carcinomas (SCLCs), 32 adenocarcinomas, and 5
undifferentiated large-cell carcinomas. Tumors were
classified according to the World Health Organization
criteria and TNM system.39 Thirty carcinomas were stage
I (10 T1/N0/M0, 2 T1/N1/M0, and 18 T2/N0/M0), 18 stage
II (T2/N1/M0), and 20 stage III (6 T3–4, any N or M, and
14 N2, any T or M). The gender, age, and smoking habits
of the patients are presented in Table 1.

Immunohistochemistry
Antibodies
For immunohistochemical analysis the following anti-

bodies (Abs) were used: C-20 (IgG rabbit polyclonal;

residues 137 to 156 of the carboxy terminus of p16)
(Santa Cruz Biotechnology, Santa Cruz, CA), F-12 (IgG2a
mouse monoclonal; residues 1 to 167 representing the
full length p16) (Santa Cruz Biotechnology), Rb1 (IgG1
mouse monoclonal; residues 375 to 658 of pRb) (Dako,
Glostrup, Denmark), DO7 (IgG2b mouse monoclonal;
residues 1 to 45 of p53) (Dako), and 1B10 (IgM mouse
monoclonal; carboxy terminus of MDM2) (Novocastra
Laboratories, New Castle, UK).

Method

Five-micron paraffin sections of the lesions were
mounted on poly-L-lysine-coated slides, dewaxed, rehy-
drated, and incubated for 30 minutes with 0.3% hydrogen
peroxide to quench the endogenous peroxidase activity.
Unmasking of p16, pRb, p53, and MDM2 proteins was
carried out with the heat-mediated antigen retrieval
(HMAR) method, as previously described,35,36 when the
monoclonal antibodies (MAbs) F-12, Rb1, DO7, and
1B10 were applied. The immunohistochemical assay for
polyclonal (P)Ab C-20 did not include the antigen re-
trieval step. The sections were incubated with the anti-
bodies at a 1:100 dilution at 4°C overnight. Biotin-conju-
gated secondary antibody was added at a 1:200 dilution
for 1 hour at room temperature (RT). For color develop-
ment we used 3,3�-diaminobenzidine tetrahydrochloride
(DAB) and hematoxylin as counterstain.

Controls

The HeLa and Lo Vo cell lines with well defined p16
and pRb status, respectively, and lung carcinomas spec-
imens from previous studies overexpressing p53 and
MDM2 proteins were used as positive controls.35,36

Mouse IgG1 MAb of unrelated specificity and the IgG
fraction of normal rabbit serum were used as negative
controls. Furthermore, the specificity of p16 staining with
the PAb C-20 was tested by incubating the latter with the
control peptide, C-20P, against which it was raised and
applying it on the sections. Elimination of staining verified
p16 positivity.

Evaluation: p16-pRb

For scoring the p16 and pRb staining patterns we used
previously published criteria.22,40 Cytoplasmic reactivity
was disregarded, and only nuclear staining above any
cytoplasmic background was considered as evidence of
expression of the p16 and pRb proteins. The samples
were divided into two categories: 1) p16 or pRb normal
(No), when more than 90% of the tumor nuclei were
stained and 2) p16 or pRb abnormal (Ab), when there
was absence of nuclear staining in a portion of (hetero-
geneous) or in the entire (homogeneous) tumor section,
whereas admixed non-neoplastic cells showed nuclear
reactivity. A mosaic pattern of staining with absence of
p16 or pRb reactivity in a proportion of tumor cells was
not interpreted as abnormal.

Figure 2. a: Schematic representation of the 9p21–22 region, the polymor-
phic microsatellite markers used in the study, and the location of the CDKN2
and p15ink4b genes. b: Deletion frequencies observed at the D9S162, IFNA,
D9S171, and D9S126 loci.
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Table 1. Summary of Clinicopathological Features, Immunohistochemical Results, and p53 and p16INK4a Gene Analysis

Clinicopathological features Immunophenotypes by IHC

Sample Sex
Age

(years) Smoking Histology Stage LN
Patients*
follow-up p16 pRb p53 MDM2

19 M 70 YES AD I NO 22� No No N N
20 M 66 YES SQ I NO 22� No No N N
22 M 70 YES AD I NO 22� No No N N
31 M 64 YES AD I NO 10 No No N N
51 M 48 YES AD II YES 15 No No N N
62 M 57 YES SQ I NO 13 No No N N
66 M 58 YES SQ II YES 3 No No N N
30 M 75 YES UL I NO 20� No No N P
32 M 42 YES AD III YES 18� No No N P
39 M 56 YES SQ III YES 9 No No N P
40 M 54 YES UL I NO 18 No No N P
43 M 60 NO AD II YES 18� No No N P
44 M 72 NO AD III YES 14 No No N P
50 M 62 NO AD II YES 17� No No N P
8 F 69 NO AD I NO 22� No No P N

13 M 64 YES SQ III YES 8 No No P N
24 M 62 YES SQ I NO NA No No P N
52 M 72 YES SQ III NO 17� No No P N
67 M 71 NO AD I NO 10� No No P N
7 M 64 YES SQ II YES 23� No No P P

10 F 68 YES UL II YES 9 No No P P
16 M 63 YES AD I NO 7 No No P P
18 M 73 YES SQ II YES 11 No No P P
59 M 65 YES AD I NO 14� No No P P
25 M 63 NO AD I NO 21� No Ab N N
33 M 59 YES SQ I NO 14 No Ab N P
49 M 53 NO AD I NO 17� No Ab N P
53 M 60 YES SQ III YES 15 No Ab P N
1 M 57 YES AD III YES 3 No Ab P P
6 M 75 YES SQ II YES 23� No Ab P P

28 M 60 YES SQ I NO 21� No Ab P P
48 M 73 YES SQ III NO 14 No Ab P P
55 M 52 NO AD II YES 10 No Ab P P
57 M 58 YES SQ III YES 8 No Ab P P
36 M 57 NO AD III YES 10 Ab No N N
45 M 57 YES AD II YES 18� Ab No N N
46 M 68 NO AD I NO 17� Ab No N N
54 M 65 YES SQ I NO 16� Ab No N N
3 M 61 YES SQ I NO 25� Ab No N P

21 M 70 YES SQ III YES 1 Ab No N P
37 M 71 NO AD II YES 12 Ab No N P
41 M 67 YES SQ I NO 18� Ab No N P
38 M 53 YES SQ III YES 18� Ab No P N
5 M 61 YES AD III YES 12 Ab No P P

11 M 70 YES SQ I NO 22� Ab No P P
17 M 64 YES SQ II NO 22� Ab No P P
26 M 63 YES AD II YES 17 Ab No P P
42 M 76 YES SQ III YES 18� Ab No P P
61 M 59 YES AD III YES 14� Ab No P P
68 M 61 YES SQ II YES 10� Ab No P P
23 M 79 YES AD II YES 18 Ab Ab N N
27 M 70 NO AD I YES 14 Ab Ab N P
34 M 63 YES AD I NO 20� Ab Ab N P
4 M 60 YES UL I NO 0 Ab Ab P P
9 M 53 YES AD I NO 23� Ab Ab P P

12 M 70 YES SQ I NO 23� Ab Ab P P
14 M 74 YES SQ III YES 8 Ab Ab P P
15 M 69 YES SQ I NO 22� Ab Ab P P
29 M 61 YES UL III YES 0 Ab Ab P P
35 M 67 YES AD I YES 17 Ab Ab P P
47 M 71 YES SQ I NO 17� Ab Ab P P
56 M 58 YES SQ II YES 11 Ab Ab P P
58 M 52 NO AD II YES 14� Ab Ab P P
60 M 64 YES AD III YES 14� Ab Ab P P
63 F 60 YES AD III NO 13� Ab Ab P P
64 M 62 YES AD I NO 12� Ab Ab P P
65 M 56 YES SQ II YES 12� Ab Ab P P
2 M 80 YES SQ III YES 21 ND ND ND ND

LN, lymph node metastases; IHC, immunohistochemical analysis; AD, adenocarcinoma; SQ, squamous cell carcinoma; UL, undifferentiated large-
cell carcinoma; P, positive; N, negative; Ab, aberrant expression; No, normal expression; ND, not done; NA, not available; NM, normal methylation;
HM, hypermethylation; �, possible mutation; �, no mutation.

*Numbers indicate months of survival after surgery; � indicates patient is alive.
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Table 1. Continued

Molecular analysis

p53 gene analysis p16iNK4a gene analysis

SSCP
analysis

Defective
exon Gene mutation

Amino acid
substitution

SSCP
analysis

Methylation
status

� � NM
� 9 ND � NM
� � NM
� � NM
� � NM
� 8 ND � NM
� � NM
� � NM
� 5 ND � NM
� � NM
� � NM
� 4 Codon 60, CCA 3 CCT P 3 P � NM
� 6 ND � NM
� � NM
� 7 Codon 248, CGG 3 TGG R 3 W � NM
� 7 Codon 248, CGG 3 CTG R 3 L � NM
� 4 ND � NM
� 8 Codon 273, CGT 3 CAT R 3 H � NM
� � NM
� 8 Codon 273, CGT 3 CTT R 3 L � NM
� 4 Codon 93, CTG 3 ATG L 3 M � NM
� � NM
� 7 Codon 230, ACC 3 AAC T 3 N � NM
� 5 Codon 143, GTG 3 GCC V 3 A � NM
� � NM
� � NM
� � NM
� 9 Codon 319, AAG 3 AAT K 3 N � NM
� � NM
� 5 Codon 151, CCC 3 CAC P 3 H � NM
� 5 ND � NM
� 7 Codon 237, ATG 3 ATA M 3 I � NM
� 8 Codon 275, TGT 3 TTT C 3 F � NM
� 5 Codon 153, CCC 3 CAC P 3 H � NM
� � HM
� � NM
� � HM
� � HM
� � HM
� � HM
� � HM
� 4 Codon 110, CGT 3 CT FS � HM
� � NM
� 7 Codon 244, GGC 3 TGC G 3 C � NM
� 8 Codon 280, AGA 3 ATA R 3 I � HM
� � NM
� 6 Codon 196, CGA 3 CCA R 3 P � HM
� 5 Codon 157, GTC 3 TTC V 3 F � HM
� � NM
� � HM
� � NM
� 8 ND � HM
� � HM
� 7 Codon 249, AGG 3 AGT R 3 S � HM
� 7 Codon 238, TGT 3 TTT C 3 F � NM
� 7 Codon 234, TAC 3 TGC Y 3 C � NM
� 7 Codon 239, AAC 3 ACC N 3 T � NM
� 5 Codon 163, TAC 3 TGC Y 3 C � NM
� 4 Codon 69, GCT 3 GGT A 3 G � NM
� � NM
� � HM
� � HM
� � HM
� � NM
� � NM
� � NM
� � NM
� � HM
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Evaluation: p53-MDM2

Tumors were considered p53 or MDM2 positive (P)
when more than 20% of tumor cells showed nuclear
staining.36 The other tumors were scored as p53 negative
(N) or MDM2 negative (N).

Microdissection and DNA Extraction

DNA was extracted from adjacent 5-�m sections of fro-
zen tumor specimens. Contiguous 5-�m sections were
processed, and the first section was stained with hema-
toxylin and eosin to visualize the extent of the tumor cells
within each sample. The boundaries of the cancerous
tissue were delineated microscopically, and excess nor-
mal tissues were removed with sterile surgical blades, as
previously described.41 The remaining neoplastic mate-
rial was digested in 500 �l of lysis solution: 50 mmol/L
Tris/HCl (pH 8.0), 150 mmol/L NaCl, 5 mmol/L EDTA,
containing 1% SDS and proteinase K (Boehringer Mann-
heim, Mannheim, Germany) at a final concentration of
100 �g/ml. Lysis was carried out at 55°C for 48 hours.
Additional proteinase K (50 �g/ml) was added on each
day of lysis. DNA was extracted using the phenol/chloro-
form/isoamyl alcohol method.42

Microsatellite Alteration (MA) Analysis of the
Chromosomal Region 9p21–22

Method

DNA from normal and cancerous tissue was compared
by PCR analysis of a tight cluster of highly polymorphic
microsatellite markers spanning 11cM across 9p21–22
with the following order from telomeric to centromeric 9p
(Figure 2a): D9S162 (172 to 196 bp), IFNA (138 to 150
bp), D9S171 (159 to 177 bp), and D9S126 (226 to 250
bp). The 50-�l reaction mixture contained 100 ng of DNA,
10 mmol/L Tris/HCl, pH 8.8, 50 �mol/L KCl, 2.5 mmol/L
MgCl2, 0.1% Triton X-100, 200 �mol/L each dNTP (dATP,
dCTP, dGTP, and dTTP), 1 �mol/L each primer pair (Re-
search Genetics, Huntsville, AL) and 1.5 U of Taq DNA
polymerase (Promega, Madison WI). The thermal cycle
profile was denaturation at 95°C for 10 minutes before the
addition of Taq polymerase followed by 30 cycles of 40
seconds at 95°C, 35 seconds at 56°C, and 30 seconds at
72°C. The products were analyzed on 10% polyacryl-
amide gels containing 10% glycerol and visualized by
silver staining.42

Control

To determine whether the PCR product was a micro-
satellite region or not, electrophoresis on denaturing
polyacrylamide gels was used. The bands that corre-
spond to the microsatellite regions, due to the higher
existence of dinucleotide repeats, are separated accord-
ing to their molecular weight. Furthermore, all samples
showing changes in microsatellite sequences were veri-
fied by subjecting the corresponding DNA sample to a

second, independent PCR analysis. This as well as
control PCR reactions lacking DNA were done to elimi-
nate the chance of false positives due to PCR artifacts
or sample contamination. Finally, for microsatellite insta-
bility (MI) determination we used previously published
criteria.43

Methylation Analysis of the CDKN2/p16ink4a

Gene

Primers

A 239-bp fragment of exon 1a was amplified using
the following primers, employing the Oligo Software
v.4.01.: p16AU, 5�-GGAGAGGGGGAGAGCAGGCA-3�,
and p16AD, 5�-CTCCAGAGTCGCCCGCCATC-3�.

Method

The inability of some restriction enzymes to cut meth-
ylated sequences was used to examine the methylation
status of exon 1a. There are two HpaII sites and one KspI
site (both restriction enzymes are methylation sensitive)
within exon 1a. One microgram of genomic DNA from
matched normal and tumor samples was digested over-
night with HpaII and KspI as previously described.44 Five
microliters of the digested DNA solutions was used as
template in a 50-�l reaction mixture containing 10 �mol/L
Tris/HCl, pH 8.8, 50 �mol/L KCl, 1.5 mmol/L MgCl2, 0.1%
Triton X-100, 5% dimethylsulfoxide, 5% glycerol, 200
�mol/L each dNTP (dATP, dCTP, dGTP, and dTTP), 1
�mol/L each primer, and 1.5 U of Taq DNA polymerase
(Promega). The thermal cycle profile was denaturation at
95°C for 10 minutes before the addition of Taq polymer-
ase followed by 30 cycles of 1 minute at 95°C, 45 sec-
onds at 57°C, and 45 seconds at 72°C. PCR products
were electrophoresed in 2% agarose gels stained with
ethidium bromide.

Evaluation–Controls

When exon 1a of the CDKN2 gene is methylated, then
the methylation-sensitive restriction enzyme fails to cut
and a PCR product is obtained. For each specimen an-
alyzed, undigested and non-methyl-sensitive MspI-di-
gested samples served as positive and negative con-
trols, respectively, as previously described.44 Finally, we
evaluated as methylation-positive samples only the cases
with reproducible results.

Single-Strand Conformation Polymorphism
Analysis of CDKN2/p16ink4a Gene

Primers

The primers used for methylation analysis of exon 1a
and the following primers, designed by using the Oligo
Software v.4.01., for exon 2 of CDKN2/P16ink4a (419-bp
PCR-amplified fragment) were used for mutation analy-
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sis: p16BU, 5�-GGCTCTGACCATTCTGTTCTCTC-3�, and
p16BD, 5�-GGCTGAACTTTCTGTGCTGG-3�.

Method

Single-strand conformation polymorphism (SSCP) was
performed on normal and tumor-tissue-derived DNA as
previously described.45

Nested-PCR/SSCP Analysis of the p53 Gene

The method was performed on matched normal and tu-
mor DNA as previously described.45 Briefly, a 2.9-kb p53
gene fragment, which contains exons 4 to 9, was ampli-
fied,36,37 as previous studies have shown that the major-
ity of p53 mutations, in lung carcinomas, are found in this
region. Individual exons 4–9 were further amplified by
PCR, and nested products were analyzed with SSCP.
Exons that showed mobility shifts were further analyzed
with automated sequencing.

Automated Sequencing of the p53 Gene

PCR Amplification

Exons that harbored putative mutations were amplified
with primers previously described37 that were tailed with
M13 forward and reverse primers. Reactions were per-
formed on a PEC 480 thermal cycler block in 100-�l
reactions (10 mmol/L Tris/HCl, pH 9.0, 50 mmol/L KCl, 2.5
mmol/L MgCl2, 0.1% Triton X-100, 200 �mol/L dNTPs, 1
�mol/L each primer, 2.5 U of Taq (Promega), and 100 ng
of genomic DNA) for 30 cycles of 1 minute at 94°C, 40
seconds at 56°C (for exons 4 and 7; 50°C for exons 5, 6,
and 8; and 44°C for exon 9), and 40 seconds at 72°C.

Purification of PCR Product

The PCR products were purified with QIAquick Gel
Extraction kit (QIAGEN, Hilden, Germany) according to

the manufacturer’s instructions and then quantitated by
agarose gel electrophoresis after comparison with known
amounts of standard DNA fragments.

Automated Sequencing

Cycle sequencing was performed on GeneAmp PCR
System 9600 (Perkin-Elmer, Norwalk, CT) using fluores-
cently labeled M13 forward and reverse primers with
AmpliTaq DNA polymerase, FS (Taq-FS, Perkin-Elmer/
Applied Biosystems Division, Foster City, CA) according
to the manufacturer’s directions. Briefly, purified DNA
(0.1 to 1 mg) was mixed with 2 �l of 10X FS buffer (125
mmol/L Tris/HCl, pH 9.5, 50 mmol/L (NH4)2SO4, 150
mmol/L MgCl2), 2 pmol of Cy-5-labeled primer, and 1 �l
of FS enzyme in 20-�l reactions. Five-microliter aliquots
of the above were mixed with 2 �l of each termination
solution (a mixture of deoxy- and dideoxy-ribonucleotides
provided by Perkin-Elmer). Sequencing reactions were
run under the following conditions: 2 minutes of initial
denaturation at 95°C followed by 25 cycles at 95°C for 30
seconds and 50°C for 30 seconds. At the end, 4 �l of

Figure 3. Squamous cell lung carcinoma with heterogeneous aberrant p16
expression (see Materials and Methods). Streptavidin-biotin peroxidase tech-
nique with F-12 anti-p16 antibody (see Materials and Methods) and hema-
toxylin counterstain; magnification, �500.

Figure 4. Squamous cell lung carcinoma with heterogeneous aberrant pRb
expression (see Materials and Methods). Streptavidin-biotin peroxidase tech-
nique with Rb1 anti-pRb antibody (see Materials and Methods) and hema-
toxylin counterstain; magnification, �125.

Figure 5. Squamous cell lung carcinoma with MDM2 protein overexpression.
Streptavidin-biotin peroxidase technique with 1B10 anti-MDM2 antibody
(see Materials and Methods) and hematoxylin counterstain; magnification,
�500.
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formamide stop solution was added, and samples were
heated at 95°C for 2 minutes and loaded on ALF Express
sequencing gels (Pharmacia, Uppsala, Sweden). Gels
were run on an automated DNA sequencer (ALF Express,
Pharmacia).

Statistical Analysis

Statistical analysis was based on �2 with Yates’ correc-
tion. An additional two-tailed Fisher’s exact test was used
only when the number of samples in any cell of a given
statistical table was five or fewer. Multiple regression
analysis was performed to examine the possible relation-
ship between the biologically relevant and combined
immunoprofiles and clinicopathological parameters. The
computations were carried out using the Statistica soft-
ware package. The survival curves were calculated by
the Kaplan-Meier method using the SPSS software pack-
age. The statistical difference was considered significant
if the P value was �0.05.

Results
Immunohistochemistry

Immunohistochemical Expression of p16, pRb, p53,
and MDM2 Proteins and Relationship with Various
Clinicopathological Parameters

Immunohistochemical (IHC) analysis revealed aber-
rant expression of p16 and pRb in 33 (49%) and 27 (40%)
of the 67 carcinomas, respectively (Figures 3 and 4).
There was concordance of p16 staining with both anti-
bodies used. Reactivity for p53 and MDM2 was observed
in 39 (58%) and 47 (70%) of the tumors, respectively
(Figure 5). P16, pRb, p53, and MDM2 results and their
relationship with smoking habits, histology, lymph node
status, and stage are presented in Table 2. As shown in
Table 2, the percentages of p16, pRb, and MDM2 ex-

pression are comparable between SCLCs and adenocar-
cinomas, whereas p53 staining in adenocarcinomas is
lower (47%) as compared with SCLCs (70%). Statistical
analysis did not reveal any significant correlations with
the exception of a probable association between p53
overexpression and smoking (35/54 (65%) versus 4/13
(30%); P � 0.054).

Relationship of the Expression of the Biologically
Relevant Molecules (p16/pRb, p53/MDM2, MDM2/pRb,
and p53/pRb)

The relationship of the biologically relevant molecules
examined in the present work is illustrated in Figure
1. Statistical analysis of the immunostaining patterns
showed that 1) MDM2 overexpression was accompanied
by p53 overexpression (MDM2(P)/p53(P) 32/39 (82%)
versus MDM2 (P)/p53(N)15/28 (54%); P � 0.02) and 2)
abnormal detection of pRb was significantly associated
with increased production of MDM2 and p53 proteins,
respectively (pRb(Ab)/MDM2(P) 24/47 (51%) versus
pRb(Ab)/MDM2(N) 3/20 (15%); P � 0.013; and pRb(Ab)/
p53(P) 21/39 (54%) versus pRb(Ab)/p53(N) 6/28 (21%);
P � 0.01). Although p16-pRb expression patterns did not
reveal any significant correlations, an inverse relationship
between p16 and pRb was observed in 26 (39%) of
the 67 carcinomas (p16(Ab)/pRb(No), 10/67 (15%), or
p16(No)/pRb(Ab), 16/67 (24%)). Furthermore, coincident
aberrant expression of p16 and pRb was observed in 17
cases (25%).

Relationship of the Biologically Relevant
Immunoprofiles with Various Clinicopathological
Parameters

The relationship of the biologically relevant immuno-
phenotypes, p16/pRb, p53/MDM2, MDM2/pRb, and p53/
pRb with smoking habits, histology, lymph node status,

Table 2. Relationship of the Immunohistochemical Results with Various Clincopathological Parameters

IHC

Clinicopathological data

Smoking Histology LN Stage

Yes No P SQ AD UL P Yes No P I II III P

p16
No 26 8 0.57 14 17 3 0.8011 16 18 0.537 16 9 9 0.9
Ab 28 5 16 15 2 19 14 14 9 10
Total 54 13 30 32 5 35 32 30 18 19

pRb
No 32 8 0.86 18 19 3 0.9986 21 19 0.843 17 12 11 0.77
Ab 22 5 12 13 2 14 13 13 6 8
Total 54 13 30 32 5 35 32 30 18 19

p53
N 19 9 0.054 9 17 2 0.1817 13 15 0.57 16 7 5 0.2
P 35 4 21 15 3 22 17 14 11 14
Total 54 13 30 32 5 35 32 30 18 19

MDM2
N 15 5 0.67 9 11 0 0.2951 8 12 0.297 11 4 5 0.5
P 39 8 21 21 5 27 20 19 14 14
Total 54 13 30 32 5 35 32 30 18 19

Ab, abnormal expression; No, normal expression; SQ, squamous cell carcinoma; AD, adenocarcinoma; UL, undifferentiated large-cell carcinoma; P,
positive; N, negative.
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and stage are summarized in Table 3. Statistical analysis
showed a probably significant association between the
p53(P)/MDM2(P) pattern and smoking (30/54 (56%) ver-
sus 2/13 (15%); P � 0.04, Table 3). Next we examined the
association between p16/pRb/p53/MDM2 profile and
clinicopathological characteristics of the carcinomas.
The tumors were divided into four groups according to
the number of alterations detected (Table 4).

As shown, alterations in three and four components of
the network (Figure 1) were observed in 15 (22%) and 14
(21%) of the cases, respectively. A probably significant
correlation was found between the p16(Ab)/pRb(Ab)/
p53(P)/MDM2(P) immunoprofile and smoking (13/54
(24%) versus 1/13 (8%); P � 0.03, Table 4).

Microsatellite Alteration Analysis of the
Chromosomal Region 9p21–22

For microsatellite alteration (MA) analysis we used a tight
cluster of highly polymorphic microsatellite markers
spanning 11cM across 9p21–22 with the following order
from telomeric 9p to centromeric 9p (Figure 2a): D9S162,
IFNA, D9S171, and D9S126.

Of 68 cases, 50 (74%) were informative for D9S162, 42
(62%) for IFNA, 43 (63%) for D9S171, and 29 (43%) for
D9S126. Thirty-five (51%) NSCLCs displayed loss of het-
erozygosity (LOH) at one or more markers (Figures 6 and
7). The deletion frequencies for each marker are pre-
sented in Figure 2b. The results were further categorized

Table 3. Relationship of the Biologically Relevant Immunoprofiles with Various Clinicopathological Parameters

IHC

Clinicopathological data

Smoking Histology LN Stage

Yes No P SQ AD UL P Yes No P I II III P

p16/pRb
No/No 19 5 0.7 9 12 3 0.5321 11 13 0.77 12 7 5 0.8
No/Ab 7 3 6 4 0 5 5 4 2 4
Ab/No 13 3 9 7 0 10 6 5 5 6
Ab/Ab 15 2 6 9 2 9 8 9 4 4
Total 54 13 30 32 5 35 32 30 18 19

p53/MDM2
N/N 10 3 0.04 4 8 0 0.4863 5 8 0.59 8 4 1 0.1
P/N 5 2 5 2 1 3 4 3 0 4
N/P 9 6 5 9 1 8 7 8 3 4
P/P 30 2 16 13 3 19 13 11 11 10
Total 54 13 30 32 5 35 32 30 18 19

pRb/MDM2
No/N 12 4 0.9 7 9 0 0.8247 5 11 0.15 10 3 3 0.4
No/P 19 4 10 10 3 15 8 7 9 7
Ab/N 3 1 2 2 0 3 1 1 1 2
Ab/P 20 4 11 11 2 12 12 12 5 7
Total 54 13 30 32 5 35 32 30 18 19

p53/pRb
N/No 16 6 0.871 8 12 2 0.4952 11 11 0.757 11 6 5 0.395
P/No 16 2 10 7 1 10 8 6 6 6
N/Ab 3 3 1 5 0 2 4 5 1 0
P/Ab 19 2 11 8 2 12 9 8 5 8
Total 54 13 30 32 5 35 32 30 18 19

Ab, abnormal expression; No, normal expression; SQ, squamous cell carcinoma; AD, adenocarcinoma; UL, undifferentiated large-cell carcinoma; P,
positive; N, negative.

Table 4. Relationship of the Combined Immunoprofile with Various Clinicopathological Parameters

p16/pRb/p53/MDM2
pattern

Clinicopathological data

Smoking Histology LN Stage

Yes No P SQ AD UL P Yes No P I II III P

Alterations (0) 6 0 3 3 0 2 4 4 2 0
Alterations (1�) 10 8 5 11 2 8 10 9 3 6
Alterations (2�) 12 2 0.03 8 5 1 0.57 8 6 0.6 6 5 3 0.5
Alterations (3�) 13 2 8 7 0 10 5 4 5 6
Alterations (4�) 13 1 6 6 2 7 7 7 3 5
Total 54 13 30 32 5 35 32 30 18 19

SQ, squamous cell carcinoma; AD, adenocarcinoma; UL, undifferentiated large-cell carcinoma.
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into three groups: group LOH(c), the cases that demon-
strated a central LOH, at the IFNA and/or D9S171 loci
indicating a possible deletion of the CDKN2 gene; group
LOH(f), the patients with chromosomal abnormalities at
the flanks upstream of IFNA and/or downstream of
D9S171; and group LOH(�), the cases with no indication
of LOH and/or noninformative (NI) samples. Of the 68
patients, 27 (40%) were placed in group LOH(c), 9 (13%)
in group LOH(f), and 32 (47%) in group LOH(�) (Figure
8).

Apart from chromosomal deletions, 11 (16%) patients
demonstrated MAs, which appeared as an expansion or
a compression of a single band or a ladder of bands

(Figure 6). These alterations were characterized as mic-
rosatellite instability (MI), as previously described.43,47 MI
was observed in all of the microsatellite loci examined,
and it was more frequent in SCLCs (8/30, 27%) than in
adenocarcinomas (3/32, 9%). In two of these cases, MI
co-existed with LOH. Thus, in total, MAs (LOH plus MI) at
the 9p21–22 chromosomal region were detected in 44
(65%) cases.

In relation to clinicopathological parameters we ob-
served a probably significant association between smok-
ing and MAs at the examined region (MAs/smoking(�),
36/55 (65%), versus MAs/smoking(�), 4/13 (31%);
P � 0.04).

Interestingly, LOH and MAs were more frequent in the
cases with abnormal pRb expression (LOH/pRb(Ab),
19/27 (70%), versus LOH/pRb(No), 16/40 (40%); P �
0.02, and MAs/pRb(Ab), 20/27 (74%), versus MAs/
pRb(No), 19/40 (48%); P � 0.05). Finally, we examined
the relationship between LOH(c) and MDM2 protein sta-
tus because there is current evidence that demonstrates
that p14ARF is involved in the stabilization of MDM2.48,49

However, no significant association was observed
(LOH(c)/MDM2(P), 21/48 (44%), versus LOH(c)/
MDM2(N), 5/19 (26%); P � 0.29).

CDKN2/p16ink4a Gene Methylation Analysis

To address further the molecular basis of aberrant p16
expression we examined the methylation status of
CDKN2/p16ink4a exon 1a, which has been shown to cor-

Figure 6. Representative results of deletion mapping and microsatellite instability analysis (MI) with chromosome markers IFNA and D9S171. a: Lane m , marker
(PUC19/Sau3AI); lanes 1, 2, 7, and 8, matched normal-tumor samples (cases 28 and 31) with no polymorphism at the IFNA locus; lanes 3 and 4, matched
normal-tumor samples (case 49) with polymorphism at the IFNA locus (a1 and a2 alleles; Hd, heteroduplex but no indication of loss of heterozygosity (LOH);
lanes 5 and 6, matched normal-tumor samples (case 61) with polymorphism at the IFNA locus and LOH. ax: Magnification of lanes 5 and 6; LOH is shown with
arrowhead. b: Lane m, marker (PUC19/Sau3AI); lanes 3 to 6, matched normal-tumor samples (cases 49 and 54) with polymorphism at the D9S171 locus but
no indication of LOH; lanes 1 and 2, matched normal-tumor samples (case 15) with polymorphism at the D9S171 locus and LOH. bx: Magnification of lanes 1
and 2; LOH is shown with arrowhead. c: Lane m, marker (PUC19/Sau3AI); lanes 1 and 2, matched normal-tumor samples (case 3). The tumor sample showed
at the IFNA locus MI, which is demonstrated as an aberrant band (a1�). The band at the position of the a1 allele is possibly due to DNA contamination from the
non-neoplastic surrounding cells.

Figure 7. Representative results of deletion mapping with chromosome
markers D9S162 and D9S126. A: Lane M, marker (��174/HaeIII); lanes 1
and 2, matched normal-tumor samples (case 11) with polymorphism at the
D9S162 locus and LOH (arrowhead). a1 and a2, alleles; Hd, heteroduplex).
B: Lanes 1 and 2, with polymorphism at the D9S126 locus but no indication
of LOH; lanes 3 and 4, matched normal-tumor samples (case 12) with
polymorphism at the D9S126 locus and LOH (arrowhead). a1 and a2, alleles;
Hd, heteroduplex.
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relate strongly with transcriptional silencing of the
gene.50 Briefly, after DNA digestion with methylation-sen-
sitive and -insensitive restriction enzymes, PCR amplifi-
cation was performed. When exon 1a is methylated, a
PCR product is obtained. Using this procedure, we found
that 18 (26%) of 68 carcinomas analyzed exhibited de
novo methylation of exon 1a (Figure 9). Methylation pat-
terns did not vary between HpaII and KspI. Furthermore,

all normal tissues were unmethylated within the examined
regions.

SSCP Analysis of the p53 and CDKN2/p16ink4a

Genes

To assess point mutations and short nucleotide se-
quence insertions or deletions of the p53 gene, we ana-
lyzed with SSCP exons 4 to 9, obtained by nested PCR,
from tumor-derived and normal-tissue-derived DNA. The
same procedure was carried out with exons 1a and 2 of
the CDKN2/p16ink4a gene.

Tumor-specific mobility shifts were observed in 24
(61.5%) and 7 (25%) of the p53 immunohistochemically
positive and negative cases, respectively. A highly sig-
nificant association was observed between p53 gene
mutations and p53-positive staining (p53 mt(�)/p53
IHC(�), 24/39 (61.5%), versus p53 mt(�)/p53 IHC(�),
7/28 (25%); P � 0.006). The data from the SSCP and
sequencing analysis (Figure 10) are presented in detail in
Table 1.

No tumor-specific migrational shifts were observed in
any of the NSCLCs by PCR-SSCP analysis of exons 1a
and 2 of CDKN2/p16ink4a.

Relationship between p16 Immunohistochemical
Findings, Microsatellite Alterations at the 9p21–22
Locus, and Methylation Status of the CDKN2
Gene (Figure 8)

The cases with abnormal p16 (Ab) expression were
placed in group A and the cases with normal p16 staining

Figure 8. Relationship between p16 immunohistochemistry, microsatellite alterations at the 9p21–22 chromosome region and methylation of the CDKN2/p16ink4a

gene.

Figure 9. Representative results of the PCR-based methylation assay. a: De
novo methylation of CDKN2/p16INK4a exon 1a in a undifferentiated NSCLC
(case 4). Lane m, marker (PUC19/Sau3AI); lane 1, undigested PCR product
from HeLa cell line included as control; lanes 2 and 3, undigested PCR
products from matched normal-tumor sample; lanes 4 and 5, digestion with
methylation-sensitive enzyme HpaII revealed that CDKN2/p16ink4a in non-
tumor tissue is unmethylated as no amplification by PCR is seen, whereas in
the tumor, CDKN2/p16ink4a is methylated as digestion does not affect am-
plification; lanes 6 and 7, digestion with non-methylation-sensitive enzyme
MspI affects amplification in normal and tumor tissue. b: De novomethylation
of CDKN2/p16ink4a exon 1a in a squamous cell lung carcinoma (case 11).
Lane m, marker (PUC19/Sau3AI); lanes 1 and 2, undigested PCR products
from matched normal-tumor sample; lanes 3 and 4, digestion with methyl-
ation-sensitive enzyme KspI revealed that CDKN2/p16ink4a in nontumor tis-
sue is unmethylated as no amplification by PCR is seen, whereas in the
tumor, CDKN2/p16ink4a is methylated as digestion does not affect amplifica-
tion; lanes 5 and 6, digestion with non-methylation-sensitive enzyme MspI
affects amplification in normal and tumor tissue. c: An adenocarcinoma with
no indication of CDKN2/p16ink4a methylation (case 25). Lane m, marker
(PUC19/Sau3AI); lane 1, undigested PCR product from HeLa cell line; lanes
2 and 3, undigested PCR products from the sample; lanes 4 and 5, digestion
with methylation-sensitive enzyme KspI; lanes 6 and 7, digestion with non-
methylation-sensitive enzyme MspI.
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(No) in group B. Group A was further divided into four
subgroups according to the LOH(c) and methylation
analysis results and group B into three subgroups ac-
cording to the LOH status.

Statistical analysis revealed a strong correlation be-
tween aberrant expression of p16 protein, LOH, and MAs
at the 9p21–22 locus, respectively (LOH/p16(Ab), 24/33
(73%), versus LOH/p16(No), 11/34 (32%); P � 0.002, and
MAs/p16(Ab), 25/33 (76%), versus MAs/p16(No), 14/34
(41%); P � 0.008. This association was even higher in the
patients of group LOH(c) (LOH(c)/p16(Ab), 21/33 (64%),
versus LOH(c)/p16(No), 5/34 (15%); P � 0.0001). All of
the cases with de novo CDKN2/p16ink4a methylation were
accompanied with abnormal p16 staining (subgroups A2
and A3). In six methylated samples of subgroup A3 (cas-
es 4, 27, 37, 42, 46, and 58) we did not notice microsat-
ellite alterations in the 9p21–22 chromosomal region
whereas in subgroup A2 de novo methylation of CDKN2/
p16ink4a was accompanied by LOH(c). Interestingly, the
samples that comprised subgroup A4 did not show either
LOH(c) or SSCP tumor-specific shifts or abnormal meth-
ylation status of CDKN2/p16ink4a.

Survival Analysis

The survival analysis (follow-up duration up to 25 months)
using the Kaplan-Meier method did not demonstrate any
statistically significant association between patient out-
come, individual abnormalities of the network proteins
(including p53 mutations), various immunoprofiles, and
alterations at the 9p21–22 chromosome region, respec-
tively.

Discussion
To the best of our knowledge, the information of our
study, which deals with alterations of the p16/pRb/p53/
MDM2 protein network (Figure 1) in NSCLCs and exam-
ines its relationship with the patients’ outcome, has not
been reported so far. Furthermore, we investigated pos-
sible abnormalities of the chromosomal region 9p21–22,

which harbors at least three candidate tumor suppressor
genes, CDKN2, p15ink4b, and methylthioadenosine phos-
phorylase (MTAP), and correlated the findings with p16
protein expression.2,51,52

The p16-pRb pathway was investigated by IHC, which
allows evaluation of the protein expression at a single-cell
level.12,22,40,53 In our approach (see Materials and Meth-
ods) a mosaic pattern of staining was not interpreted as
abnormal as even in p16- or pRb-positive cell lines a
subset of nuclei remained unstained due to cell cycle
fluctuations.54,55 In our study, solely cytoplasmic reactiv-
ity of p16 was disregarded. Its significance is unclear to
date and has been observed by others.53,56,57 If cyto-
plasmic reactivity proves to be specific, one possible
explanation is that alteration in subcellular localization
can represent a mechanism of p16 inactivation. Wild-type
p53 protein has an analogous mechanism of loss of
function.58

Aberrant p16 was observed in 49% of the carcinomas.
This is consistent with certain studies reporting abnormal
p16 protein staining in 47% to 51% of NSCLCs,20,22,25

although other studies reported percentages ranging
from 27% to 67%.13,21,24 This discrepancy may be due to
technical parameters of the assays and/or criteria of pos-
itivity used by the authors.

To investigate the mechanisms that underlie CDKN2/
p16ink4a inactivation we examined the chromosomal re-
gion 9p21–22 by microsatellite analysis (Figure 2a) and
the methylation and structural status of the CDKN2/
p16ink4a gene by a PCR-based methylation assay and
PCR-SSCP, respectively, and then correlated the findings
with the results of IHC. A highly significant association
was observed between LOH(c) and abnormal p16
protein staining (P � 0.0001), suggesting that deletions
may represent an important mode of CDKN2/p16ink4a

gene inactivation. Several groups have investigated
CDKN2/p16ink4a gene deletions with controversial
results.13,15–17,21,23,25 These differences may be due to
contamination of the homogenates by non-neoplastic
cells and aneuploidy of tumor cells. By using a microdis-
section technique we ameliorated the approach, but we

Figure 10. Representative automated sequenc-
ing in a squamous cell lung carcinoma (case 18)
with SSCP mobility shift in exon 7. The position
of the p53 mutation is located at codon 230 and
changes ACC (T) to AAC (N).
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did not completely solve the problem. Furthermore, we
observed that 52% of the NSCLCs with p16 loss by IHC
were methylated at the 5�CpG island of the first exon of
the CDKN2/p16ink4a gene (subgroups A2 and A3, Figure
8). This is in agreement with previous results showing a
correlation between p16 staining and exon 1 methylation
status in primary NSCLCs and NSCLC cell lines.25,26

PCR-SSCP analysis of exons 1 and 2 in our study did not
reveal any minor structural alterations, providing support
to previous evidence that intragenic CDKN2/p16ink4a al-
terations are infrequent events in NSCLCs.15–20,23,25

Thus, overall, 30 of 33 cases (91%) with abnormal p16
protein staining had LOH(c) and/or abnormal methylation
status of the CDKN2/p16ink4a gene (Figure 8). Therefore,
taking together our data and those so far reported it
appears that deletions and transcriptional silencing by
methylation might be the predominant mechanisms that
inactivate CDKN2/p16ink4a gene in NSCLCs. The three
cases of subgroup A4 with loss of p16 protein expression
do not show obvious genetic and epigenetic alterations
(Figure 8). One possible explanation is that these micro-
satellite markers were not sufficient to detect small dele-
tions in the CDKN2/p16ink4a region (case 17). Alterna-
tively, the presence of normal contaminating DNA may
contribute to a retention pattern in cases with homozy-
gous deletion (cases 17, 29, and 45). A third possibility
that could account for loss of protein expression is the
presence of mutations outside the examined region; such
is the case of the mutation being in the second intron
splice donor site, which results in a smaller p16 protein
with a reduced half-life, possibly undetectable by IHC.59

The retention of p16 protein expression in the cases of
subgroup B3 suggests either alterations of other TSGs
located in the 9p21–22 region and/or a compensatory
mechanism by the remaining CDKN2/p16ink4a allele (cas-
es 30 and 59).

Deletion mapping of the 9p21–22 region in NSCLCs
has been performed by several groups. The frequency
of genetic alterations detected ranged from 48% to 68%.
These percentages are higher than those reported for
CDKN2/p16ink4a gene deletions.13,15–17,21,23,25 Similarly,
in the present study LOH was observed in 51% of the
samples, which is consistent with the findings presented
by other groups60–63 and, moreover, higher than the
frequency of LOH(c) (38%). These results suggest that
another TSG(s) might reside in 9p21–22 besides CDKN2,
p15ink4b, and methylthioadenosine phosphorylase
(MTAP), which are placed between D9S171 and IFNA
loci. This hypothesis is further supported by our deletion-
mapping analysis, which revealed LOH at the loci
D9S126 and D9S162 in 41% and 32% of the informative
cases, respectively. Both loci lie 1 cM and 6 cM far from
the aforementioned TSGs, respectively (Figure 2a) and
recently have been proposed to lie near the location of
putative TSGs.38,64,65 The talin gene, also, has recently
been mapped in this region.66 Talin is a critical molecule
for the formation of focal adhesions, and its inactivation
disassembles many of these structures.67 The talin gene,
therefore, is a candidate for a role in NSCLC carcinogen-
esis. An interesting finding of our study was that 16% of
the carcinomas showed MI. This was found more fre-

quently in SCLCs (27%) than in adenocarcinomas (9%)
and co-existed in two cases with LOH (Figure 8). MI
provides a marker for replication error phenotype
(RER�), a recently defined manifestation of genetic in-
stability observed in a wide range of tumors.68 Cellular
populations with RER� phenotype exhibit elevated mu-
tational rates, which may lead to oncogene and/or onco-
suppressor gene deregulation and therefore contribute to
tumor development. The data concerning MI in NSCLCs
are conflicting with respect to the frequency and the
pattern.43,69,70 Considering the frequency, our percent-
age is closer to that of Fong et al,43 who found MI in 6.5%
of the cases examined. In that study MI was associated
with extensive, concurrent molecular changes in K-ras
and p53. In our study 55% of the cases with MI had p53
mutations. In two other reports MI occurred in 2%69 and
34%70 of NSCLCs. As far as the pattern is concerned, we
observed that in most cases affected, MI was restricted
to one marker each time. This is in agreement with some
studies43,69 but differs from another study where MI af-
fected multiple markers concurrently.70 Therefore, more
studies are needed to clarify whether MI in NSCLCs
merely reflects extensive genetic damage or plays a
more important role similar to that observed in hereditary
nonpolyposis colorectal cancer (HNPCC).71

The incidence of aberrant pRb expression in our
analysis was 40% and is the highest reported so
far.12,20–22,25,27–30 Serrano et al has proposed a negative
feedback model, showing that inactivation of pRb during
G1 leads to increased p16 expression to limit CDK4
activity.4 Moreover, several studies in various tumors,
including NSCLCs, have demonstrated a reciprocal rela-
tionship between pRb and p16.16,20,21,25,72,73 However,
in this cohort we noticed an inverse distribution of p16
and pRb proteins in 26 (39%) cases whereas 24 (36%) of
the carcinomas showed coincident aberrant expression
of both proteins. Simultaneous abnormal p16 and pRb
expression has also been reported by Hangaishi et al in
primary lymphoid malignancies.74 As several lines of ev-
idence suggest that functional pRb is essential for cell-
cycle inhibition by p16,75 inactivation of p16 in a cell
without functional pRb is not likely to confer additional
growth advantage to the cancerous cell. In carcinomas
with double hits one possible explanation is that p16
inactivation is an early event and precedes Rb mutation.
In the latter case neutralization of pRb could contribute to
advantageous tumor growth by canceling all of the inhib-
itory effects of the other cyclin-dependent kinase inhibi-
tors (CDKIs) via pRb.76 The report of Kishimoto et al, who
detected specific allelic loss in IFNA and D9S171 loci in
preneoplastic lesions accompanying NSCLCs, enforces
the assumption for an early CDKN2/p16ink4a deletion in
NSCLC carcinogenesis.77 In this respect, our findings
that p16 inactivation was noticed in almost one-half of the
carcinomas and its frequency was higher than loss of
pRb, besides the lack of association with tumor stage,
suggest an early involvement of CDKN2/p16ink4a alter-
ations in NSCLC development. This can be supported by
several studies reporting no correlation between loss of
p16 and clinical stage in primary NSCLCs.21 Early impli-
cation of p16 has been also suggested in head and neck
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squamous carcinomas (HNSC), which share many etio-
logical and morphological features with NSCLCs.78 In
contrast to this hypothesis are the results of Okamoto et
al, who detected CDKN2/p16ink4a mutations only in met-
astatic and not primary NSCLCs.14 Alternatively, p16 may
participate in other yet unknown pRb-independent path-
ways. This can be supported by the findings that p16
inactivation causes activation of cyclins D2 and D3,
which may act on other substrates besides pRb.76

In this cohort of NSCLCs we found co-expression of
p53 and MDM2 proteins in �48% of the cases, thereby
confirming our previous findings.35,36 A highly significant
association was also observed between p53 mutations
and p53 IHC (P � 0.006), verifying previous reports that
show that p53-positive staining in the carcinomas of the
upper and lower respiratory tract is strongly indicative of
p53 mutations.46 Simultaneous expression of p53 and
MDM2 has been increasingly reported in a wide variety of
tumors.33,34 Co-detection of MDM2 and mutant p53 (mt
p53) protein might represent a mutant p53 gain of func-
tion phenotype. Recently, we provided evidence that cer-
tain p53 mutants maintain the ability to transactivate the
p53 responsive element (p53RE) of the MDM2 gene.37

Similar evidence has been reported also by others.79

Furthermore, we have observed that in certain cases this
effect is limited to the p53RE of growth-promoting
genes.80 Alternatively, in cases with inactive or absent
p53, the MDM2 protein might be induced via a p53-
independent manner. MDM2 gene amplification is un-
likely to represent this p53-independent mechanism as it
is a very rare event in lung carcinomas.35,36,81 The acti-
vation of the MDM2 p53-independent promoter P1 may
account for MDM2 overexpression in these cases.33,34,37

On the other hand, we observed elevated levels of MDM2
and wild-type (wt) p53 protein in 19% of the carcinomas
(Table 1). As MDM2 and wt p53 form a negative feed-
back loop, this immunophenotype might reflect a com-
plex formation between the two molecules that down-
regulates the effects of wt p53.33 However, we should
keep in mind that immunohistochemical co-expression of
p53 and MDM2 does not necessary imply this complex
formation because the proportion of p53 bound to
MDM2 is controlled by complicated post-translational
events.82,83 Moreover, recent reports suggest an MDM2-
promoted degradation mechanism of wt and mt p53 and
a p14ARF-dependent regulation mechanism of MDM2,
making the picture of the p53-MDM2 relationship much
more complex.48,49,84 Finally, one cannot exclude the
possibility that MDM2 overexpression may simply reflect
the activity of wt p53, accumulated in the hypoxic envi-
ronment of the proliferating cancerous cells.33,34,46

After having evaluated independently the p16-pRb
and p53-MDM2 pathways we addressed the issue of
possible interrelations among impairments of these four
molecules. Interestingly, we found two statistically signif-
icant associations. Abnormal expression of pRb was cor-
related with elevated levels of MDM2 (P � 0.013) and
p53 (P � 0.01), respectively. In the first case, MDM2
overexpression could represent an additional mecha-
nism of pRb inactivation, as MDM2 inhibits pRb regula-
tory function by interacting physically with it.32 It is un-

likely that aberrant pRb staining represents a masking
effect due to MDM2-pRb complex formation because the
anti-pRb antibody we used and MDM2 recognize differ-
ent epitopes of pRb.32 The significance of the association
between p53 overexpression and abnormal pRb staining
is unclear. Shiio et al showed that wt p53 suppresses RB1
transcription (Figure 1) and proposed that reduction of
pRb would relieve the load of CDKs, thus creating an-
other pathway to down-regulate the activity of pRb and
promoting cells to enter S phase.31 In a similar manner,
inactivation of p53 in a cancerous cell might possibly
facilitate loss of the RB1 gene or, vice versa, abrogation of
pRb, which has a known anti-apoptotic effect, might lead
to alteration of the p53 gene to bypass induction of apo-
ptosis by wt p53.85 This can be supported by findings in
various malignant tumors.86–88 Furthermore, Kinoshita
and co-workers showed that deregulation of the p16/pRb
pathway might synergistically increase proliferation ac-
tivity with altered p53 protein.21 However, more studies
are required to address this point. One of the most im-
portant findings of the present study is that multiple dis-
ruption (three and four molecules affected) of the p16/
pRb/p53/MDM2 network occurred in a large (43%)
proportion of NSCLCs. Also, the absence of correlation
with clinical stage of the carcinomas suggests that mul-
tiple hits of this network may be a relatively early event in
the development of a subset of NSCLCs.

The relationship of the alterations detected at the
9p21–22 locus and in each one of the four network pro-
teins, with the patients’ clinicopathological parameters
and outcomes revealed two probably significant correla-
tions: between smoking, p53 staining (P � 0.05), and
MAs (P � 0.04), respectively. There has been no previ-
ous report, to the best of our knowledge, of a correlation
between smoking and alterations at the 9p21–22 chro-
mosomal region, although Kishimoto et al observed a
tendency for an increased frequency of LOH on 9p in
smokers with NSCLCs.77 A number of studies on
NSCLCs have examined the association of p16, pRb, and
p53, independently, with smoking habits, histology,
lymph node status, stage, and survival, reporting contro-
versial findings. Indeed p16 and/or pRb abnormalities
were not associated with adverse prognostic factors in
several studies,12,20,21,25,28,29 although correlation was
found in others.18,22,24,25,30 As far as p53 is concerned,
many studies have investigated the implication of p53 in
NSCLC carcinogenesis, and it appears that the prognos-
tic significance of p53 alterations is rather weak (re-
viewed in Ref. 89). The only certain fact is that p53 is
frequently affected in NSCLCs and it represents a major
target for tobacco derivatives, a finding confirmed in our
study as well.46 Finally, with regard to MDM2, besides our
previous studies, there are no available data by other
groups.35,36 We have found no statistical correlation be-
tween the various biologically relevant immunopheno-
types, with the clinicopathological features and survival
of the patients except for two probably significant rela-
tionships, between smoking and the p53(P)/MDM2(P)
(P � 0.04) and p16(Ab)/pRb(Ab)/p53(P)/MDM2(P) (P �
0.03) patterns, respectively. The significance of these
statistical relationships is not clear and needs more stud-
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ies to be determined. However, in view of the wide spec-
trum of genetic targets identified in NSCLCs,90 the over-
lapping and compensatory pathways linking most of
them and the role of smoking as an indisputable major
causal factor in lung carcinogenesis, it is tempting to
suggest that, in a subset of NSCLCs, simultaneous de-
regulation of the members of this network may represent
one way of initiating the oncogenic procedure whereas in
other NSCLC subsets alternative molecules may play
this role.
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