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We determined inactivation of the CDKN2A (p16INK4a and
p14ARF) gene in 21 cases of oesophageal squamous cell
carcinoma (OSCC). The tumours were also analysed for
mutations in exons 5–8 and allelic losses in the p53 gene.
In addition, we screened the CDKN2B (p15INK4b), CDKN2C
(p18INK4c), CDK4 and p53R2 genes for mutations in the
tumour tissues. Besides concomitant alterations in the
CDKN2A and p53 loci in more than half of the cases, our
results showed that in 18 OSCC (86%) the CDKN2A
(p16INK4a and p14ARF ) gene was affected through mutations,
homozygous/hemizygous deletions and promoter hyperme-
thylation. Eight out of 10 tumours with mutations or
promoter hypermethylation specific to the CDKN2A/
p16INK4a gene showed loss of the wild-type allele. One
tumour with a single base deletion in the N-terminus (codon
8) of the CDKN2A/p16INK4a gene carried a novel germ-line
mutation or a rare polymorphism (Ile51Met) in exon 2 of the
CDK4 gene. Promoter hypermethylation in the CDKN2A/
p14ARF gene was detected in 11 tumours. In the p53 gene
15 mutations were detected in 14 tumours. We detected an
inverse relationship between CDKN2A/p16INK4a inactivation
and frequency of loss of heterozygosity at the p53 locus
(OR 0.09, 95% CI 0.01–0.98; Fisher exact test, P-value
~0.03). Screening of nine exons of the p53R2 [Human
Genome Organisation (HUGO) official name RRM2B] gene
resulted in identification of a novel polymorphism in the
5� untranslated region, which was detected in four cases.
Our results suggest that the CDKN2A (p16INK4a and p14ARF )
and p53 genes involved in the two cell cycle pathways are
major and independent targets of inactivation in OSCC.

Introduction

Oesophageal squamous cell carcinoma (OSCC) is one of the
most common cancers in the world with extremely poor
prognosis due to late presentation and rapid progression. This
cancer shows a wide geographical variation in distribution
with marked high and low-risk regions. The variation in
the incidence reflects the strong influence of environmental
factors in the cancer development. But many of these factors
are not completely understood. In low-risk areas OSCC is
associated with alcohol and tobacco intake, while, in high-risk
areas a diet low in nutrition and contamination with N-nitroso
compounds are often regarded as the major aetiological factors

Abbreviations: ARF, p14ARF; LOH, loss of heterozygosity; OSCC, oesophageal
squamous cell carcinoma; p16, p16INK4a.
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(1). Some reports also associate familial clustering of oesopha-
geal cancer in high-risk areas indicating genetic predisposition
(2). The genetic changes identified with oesophageal cancer
show considerable heterogeneity (3). Several chromosomal
regions with allelic losses at a high frequency reported include
3p, 5q, 9p, 9q and 13q (4). Some of the genetic changes seen
in oesophageal carcinoma with consistency include mutations
in the p53 tumour suppressor gene and perturbation of the Rb
pathway of cell cycle control (2,5).

Mutations in the p53 gene are quite frequent in oesophageal
carcinoma with a distinct pattern reported in tumours from high-
risk areas compared with low-risk areas (6–9). Inactivation of
the CDKN2A gene, which includes mutations, homozygous
deletion and promoter methylation, have also been reported at
varying frequencies (10–12). The well characterized CDKN2A
locus at 9p21 encodes two unrelated cell cycle inhibitors,
p16INK4a (referred to as p16 throughout) and p14ARF (referred
to as ARF throughout) from a partially shared genomic
sequence, which function upstream of Rb and p53, respectively
(13). Somatic alterations in the CDKN2A gene occur in
many cancer types and germ-line mutation carriers, besides
melanoma, are predisposed to a high risk of pancreatic and
breast cancers (14,15). Human p53 mutational data on OSCC
and inactivation of CDKN2A/p16 in N-nitrosomethylbenzyl-
amine induced OSCC in an animal model with zinc deficient
background supports the major role of the p53 and CDKN2A
genes in genesis/progression of oesophageal cancer (5,16,17).
Alterations in several other genes have also been reported
occasionally (18). In addition, several oncogenic alterations
detected include amplification of genes like MYC, EGFR and
GASC1 that lead to the deregulation of signal transduction.

The CDKN2A and p53 gene products perform functions
that are central to the maintenance of cellular integrity by
protecting against uncontrolled proliferation and by keeping
surveillance against induced DNA damage (Figure 1) (19,20).
The p16 prevents cell cycle progression by disrupting the
cyclin D/CDK4 kinase complex and in turn preventing the
phopsphorylation of Rb. The hypophosphorylated Rb does not
release transcription factors necessary for progression of a cell
from G1 to S phase, whereas nucleolar ARF inhibits MDM2
function through one of the several proposed mechanisms and
stabilizes p53 (21). The stabilized p53 can induce temporary
and permanent growth arrest, DNA repair, terminal differenti-
ation or apoptosis in response to oncogenic signals and DNA
damage (22). Understandably, the loss of both the CDKN2A
and p53 genes in pre-tumour and tumour cells are perhaps the
key events that provide considerable growth stimuli leading
to uncontrolled proliferation and destabilization. Concurrent
disruption of the p16-Rb and ARF-p53 pathways in several
cancer types is associated with poor prognosis and the dual
inactivation is also shown to have an obligate role in tumour
suppression in animal models (23,24).

In order to understand the mechanism of inactivation of the
genes in the Rb and p53 pathways and their relative status in
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Fig. 1. Genomic organisation of the CDKN2A and CDKN2B genes on 9p21
(adapted from ref. 11). The CDKN2A gene from partially shared sequence
encodes two cell cycle regulators p16 and ARF, which are transcribed from
separate promoters located at 5� side of unique exons 1α and 1β. Three
microsatellite markers D9S1748, D9S942 and D9S974 are located between
exon 1α and exon 1β (38). The p16, along with homologous p15 (encoded
by CDKN2B), p18 (encoded by CDKN2C on chromosome 1p32) and p19
(encoded by CDKN2D on chromosome 19p13) inhibit the cyclin D-CDK4/6
complex and prevent phosphorylation of Rb. ARF inhibits MDM2 mediated
degradation of p53 and is induced by different oncogenic signals including
E2F1, which is a transcription factor released upon the hyperphosphoryl-
ation of the Rb. ARF functions in overlapping pathways and links Rb and
p53. The stabilization of p53 mediated by ARF can lead to growth arrest
via p21, apoptosis and DNA repair.

OSCC we carried out mutational analysis of various genes
which include the CDKN2A (p16 and ARF), CDKN2B
(p15INK4b), CDKN2C (p18INK4c), CDK4, p53 and p53R2 in 21
cases of OSCC from a high-risk area in northern China
including Linxian. The p53R2, a p53 downstream gene
involved in DNA repair, is induced in response to DNA
damage and therefore is a potential target of inactivation in
different cancers (25). For the CDKN2A (p16 and ARF)
gene we also determined homozygous deletion and promoter
methylation. In addition, we have determined frequency of
loss of heterozygosity (LOH) within and outside the CDKN2A
locus and at the p53 locus.

Materials and methods

OSCC cases, tissues and DNA isolation

OSCC patients (age 35–81 years; median 55 years) were from northern China,
including the Linxian province, a high-risk area for oesophageal cancer. Ten
male cases out of 14 had a known history of smoking, whereas only one
female case out of seven was a smoker (Table II). However, in five cases
(four males, one female) smoking history was unknown. Case 2 in addition
to oesophageal carcinoma also suffered from hepatitis and had liver cancer.
Fresh biopsies containing tumour and benign tissues were taken from
oesophageal cancer patients during the surgical procedures and snap frozen.
The tumour and benign tissues were identified and separated by a pathologist
by gross analysis. The majority of tumours analysed were of I–II grade (15
cases) and only four cases belonged to grade III, for two cases grades were
not listed. DNA was isolated separately from tumour and benign tissues by
isolating nuclear fractions followed by phenol–chloroform extraction.

Mutation detection

For mutation detection in different genes the PCR–SSCP technique was used.
Exons 1(α and β)–3 of the CDKN2A gene, exons 1–2 of the CDKN2B gene,
exons 2–3 of the CDKN2C gene, exon 2 of the CDK4 gene and exons 1–9
of the p53R2 gene were amplified by PCR using primers and annealing
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temperatures as described and given in Table I (26,27). Amplifications were
carried out in 10 µl reactions containing 50 mM KCl, 1–2 mM MgCl2, 0.11
mM of each dNTP, 1 µCi [α-32P]dCTP, 0.15–0.3 µM of each primer and 0.3
U of Taq DNA polymerase. The temperature conditions were denaturation at
95°C 45 s, annealing (temperatures given in Table I) 45 s and polymerization
at 72°C 45s for three cycles followed by 32 cycles at same temperatures with
the segment time of 20 s each and a final extension at 72°C for 7 min. The
amplified products were electrophoresed on a 0.5 MDE gel in three different
conditions as reported previously.

Mutations in exons 5–8 of the p53 gene were determined by a multiplex
PCR and fluorescent SSCP method (28). The primers used for amplification
were labelled with fluorescent dyes (Table I). Exons 5–8 were amplified in a
single 10 µl vol reaction containing 20 ng genomic DNA, 0.2–0.4 µM of four
primer pairs, 5 mM MgCl2, 0.11 mM dNTPs, 10% glycerol and 2 U platinum
Taq DNA polymerase (Life Technologies, Paisley, UK). PCR was carried out
for 36 cycles with annealing temperatures of 61/60°C. PCR products were
analysed by electrophoresis on 0.5–0.6� MDE gels in four different conditions
using an ABI 377 (Applied Biosystems, Foster City, CA) automated sequencer
attached with an external cooling system. The results were analysed using
GeneScan 3.1 software.

Sequence analysis

Mutations and polymorphisms detected by SSCP in different genes were
identified and confirmed by direct sequencing using rhodamine dye terminator
cycle sequencing kit (Big Dye, Applied Biosystems). Individual exons
containing mutations detected by aberrant band shifts in SSCP were amplified
by PCR. The amplified products were purified by centrifugation through
Sephadex micro-spin columns (Amersham-Pharmacia, Uppsala, Sweden) and
subjected to 26 cycles of sequencing reactions with reverse and forward
primers separately. The precipitated sequencing reaction products were
electrophoresed on a 4% denaturing polyacrylamide gel in an automated
sequencer (ABI 377, Applied Biosystems) and analysed using Edit View 1.0.1
software (Applied Biosystems). The sequence data were analysed using Align
software in DNA star package.

Homozygous deletion

Homozygous deletion in the CDKN2A gene was determined by a real time
PCR method using ABI PRISM 7700 Sequence Detection System (Applied
Biosystems), which is based on the 5� exonuclease property of the DNA
polymerase (Taq Gold, Applied Biosystems). Primers and probes were designed
to amplify a 92 bp fragment of exon 1β of the CDKN2A (target) gene and a
97 bp intronic fragment of the GAPDH (reference) gene (P.Berggren, R.Kumar,
S.Sakano et al., submitted for publication). Probes for the CDKN2A and
GAPDH fragments were labelled with Vic and FAM dyes at the 5� ends,
respectively, and at the 3� end with TAMRA dye, which functions as a
quencher. Gene dosages were measured by calculating Ct values, which is
the threshold for fluorescence detection, for amplification of an exon 1β
fragment of the CDKN2A gene (target) and compared with Ct values for the
GAPDH gene (reference). The initial copy numbers of DNA in both target as
well as reference gene in tumour samples were calculated from linear curves
generated by using decreasing amounts of starting DNA (20–1.25 ng). The
ratio between the initial copy number of DNA in the target and reference
gene was determined to ascertain homozygous deletion of the CDKN2A gene
at exon 1β locus.

Frequency of LOH at microsatellite markers at the CDKN2A and near the
p53 loci

Frequency of LOH was determined in 19 out of 21 tumours for which
corresponding benign tissues were available. In two cases benign tissues were
not available. Allelic losses were determined at five polymorphic dinucleotide
repeat microsatellite markers on chromosome 9p21 that included D9S736,
D9S974, D9S942, D9S1748 and D9S171. These markers were amplified using
primer sequences given in the Genome Data Base (http://www.gdb.org). The
frequency of LOH at the p53 locus on chromosome 17p13.1 was determined
by analysing a closely located microsatellite marker p53CA (29). For the
amplification of the microsatellite markers PCR reaction and analyses were
carried out as described previously (27).

Bisulphite treatment of DNA and methylation-specific PCR

Two micrograms of each DNA was denatured in 25 µl 0.3 M NaOH at
37°C for 15 min. Freshly prepared (208 µl) 3 M sodium bisulphite (pH 5.0)
and 12 µl fresh 10 mM hydroquinone solutions were added. The samples
were incubated under mineral oil at 55°C for 16 h. DNA was purified using
the Wizard DNA clean-up system (Promega, Madison, WI) and eluted in
50 µl of water. Purified DNA was treated with NaOH at a final concentration
of 0.3 M at room temperature for 5 min and precipitated by ethanol and
resuspended in water. Concentration of the recovered DNA was measured
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Table I. Primers used in PCR amplifications of the CDKN2A, CDKN2B, CDKN2C, CDK4, p53 and p53R2 genes

Exon Primer Sequence Ann. Product
temp. (°C) size (bp)

CDKN2A gene:
1α Forward 5�CGG CTG CGG AGA GGG GGA GAC 66 246

Reverse 5�CAG CGC CCG CAC CTC CTC TA
1β Forward 5�GGA GGC GGC GAG AAC AT 63 221

Reverse 5�GGG CCT TTC CTA CCT GGT CTT
2 (5� end) Forward 5�GGG CTC TAC ACA AGC TTC CTT 63 277

Reverse 5�AGC CAG GTC CAC GGG CAG AC
2 (3� end) Forward 5�GGG AGG GCT TCC TGG ACA C 63 243

Reverse 5�TTT GGA AGC TCT CAG GGT ACA
3 Forward 5�GCC TGT TTT CTT TCT GCC CTC TG 57 144

Reverse 5�CGA AAG CGG GGT GGG TTG T
CDKN2B gene:
1 Forward 5�GCG TCT GGG GGC TGC GGA ATG 63 293

Reverse 5�CCT CGC CAA CGT AGA CTC CTG TA
2 Forward 5�CCC GGC CGG CAT CTC CCA TAC 65 350

Reverse 5�GTT GTG GGC TGG GGA ACC
CDKN2C gene:
2 Forward 5�CAA AGG AAA GGG GAA AAA GA 65 250

Reverse 5�GGG TCA CGT AGG CAA CAT TA
3 (5� end) Forward 5�AAT GGA AGG ACA GGC AGA TA 55 266

Reverse 5�GCA GGT TCC CTT CAT TAT CC
3 (3� end) Forward 5�CGA GGA TAA TGA AGG GAA CC 58 226

Reverse 5�CCC TCC CCA CGT TTA TTG AA
CDK4 gene:
2 Forward 5�CTG TAA GCG ACT TTT GGT GAT AG 59 274

Reverse 5� GAC AAC ATT GGG ATG CTC A
p53 gene:
5a Forward 5�TCT GTC TCC TTC CTC TTC CTA CA 61b 242

Reverse 5�CAG CC TGT CGT CTC TCC
6a Forward 5�CCA GGC CTC TGA TTC CTC ACT GAT T 61 185

Reverse 5�TTA ACC CCT CCT CCC AGA GAC CC
7c Forward 5�CTT GGG CCT GTG TTA TCT CCT A 61 231

Reverse 5�GTA TGG AAG AAA TCG GTA AGA GGT G
8d Forward 5�CCT GAT TTC CTT ACT GCC TCT TGC T 61 207

Reverse 5�CGC TTC TTG TCC TGC TTG CTT AC
p53R2 gene:
1 Forward 5�GGA CAG GCG AGA AAG CAG GAC 65 249

Reverse 5�TGA GGG GGA AGA CGC AC AG
2 Forward 5�GCG TGT TTG TAC TTT ATT TTT 53 192

Reverse 5�TGC CAC GTA CCT CTT CT
3 Forward 5�TTT ATT CCA GGT CGA CTT ATC 50 148

Reverse 5�TAA ATC AAG CAA AAA TCT TAC
4 Forward 5�CGC TTT AGT CAG GAG GTG 54 153

Reverse 5�TTT GTA AAT AAA ATC CCA ACA AT
5 Forward 5�TGT TTT TAC AGG GAA TTT TTA 50 125

Reverse 5�ATA AAT TAG AGC CAC ATA CCA
6 Forward 5�TCT CCC AGG GGA AAG AGT 54 164

Reverse 5�AGA AAA ACA TTC CAT TCC TTA CT
7 Forward 5�GAC ATT TTT CTT CCC TTT TAG 52 156

Reverse 5�TGT GCT AAT TAC ACA AAC TTC
8 Forward 5�TCA TCC CAG TTT TTA ACA 50 152

Reverse 5�TAA CAC ATT TTT AAA CAC ATT AC
9 Forward 5�TCC TTT TTA GGT TTT TCT G 50 206

Reverse 5�TTT ACC AAT GAC AAG TTT ATA

aPrimers labelled with TET fluorescent dye.
bExons 5–8 of the p53 gene were amplified in a multiplex PCR.
cPrimers labelled with HEX fluorescent dye.
dPrimers labelled with 6-FAM fluorescent dye.

using spectrophotometer. Bisulphite-treated DNA was used for amplification
of both p16 and ARF promoter fragments of the CDKN2A gene. Each fragment
was amplified by PCR using primers specific for both methylated and
unmethylated sequences (30,31). DNA isolated from breast cancer cell line
T47D and colon cancer cell line DLD-1 were used as positive controls for
the methylated p16 and ARF promoters, respectively. DNA isolated from
lymphocytes donated by a healthy donor was used as a negative control.

HPLC determination of efficiency of bisulphite conversion
The efficiency of the conversion of unmethylated cytosine to uracil by
bisulphite was determined by enzymatic hydrolysis of both treated and
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untreated DNA. The released deoxyuridine and deoxycytidine were separated
by HPLC and detected by online diode array detector. Briefly, 5 µg sodium
bisulphite-treated and untreated control DNA samples were incubated at 37°C
with nuclease P1 (5 µg) in 20 mM NaOAc buffer (pH 5.0) in the presence
of ZnCl2. Incubation was continued for another 60 min in the presence of
1 µl (0.28 U) alkaline phosphotase in 100 mM Tris–HCl (pH 8.4). The
samples were injected into HPLC (Beckman system Gold) connected to a
168-diode array detector for separation on a 4 µ Genesis 4.6 � 250 mm
C18 reversed-phase column (Jones Chromatography, Hengoed, UK). The
elution was with a linear gradient from 98 to 60% 50 mM ammonium formate
(pH 4.6) in methanol over 30 min. The known amounts of uracil and cytosine
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Table II. General information about the OSCC patients included in the
study

Case Age Gender Grade Smoking status Alcohol
consumption

1 38 M I–II 1 Pack/day; 15 years Yes; 15 years
2a 45 M I 5 Cig/day; 25 years No
3 60 F III No No
4 48 M II 1 Pack/day; 30 years Yes; 30 years
5 71 M I 1 Pack/day; 30 years Yes; 30 years
6 81 M II Not known Not known
7 51 M II 1 Pack/day; 40 years Yes; 15 years
8 75 M II Not known Not known
9 53 F II No No

10 55 M III 1 Pack/day; 30 years No
11 59 F III No No
12 35 F – No No
13 55 F II No No
14 65 F I 1 Pack/day; 28 years No
15 61 M I–II Not known Not known
16 50 F I Not known Not known
17 64 M I 7 Cig/day; 30 years No
18 54 M I 2 Packs/day; 30 years No
19 68 M III Not known Not known
20 50 M II 3 Packs/day; 10 years Yes; 10 years
21 52 M - 1 Pack/day; 30 years No

aCase 2 in addition to oesophageal cancer also had liver cancer. Grade
information for cases 12 and 21 not known.

deoxynucleosides were injected as standards for retention time determination
and quantification.

Results

In this study we analysed DNA from tumour and benign
tissues from 21 OSCC cases from a high-risk area of China
for various alterations in different cell cycle regulatory genes.
DNA samples were analysed for mutations in six genes,
which included the CDKN2A (exon 1β, exon 1α–exon 3),
CDKN2B (exons 1 and 2), CDKN2C (exons 2 and 3), CDK4
(exon 2), p53 (exons 5–8) and p53R2 genes (exons 1–9). In
an extended study we determined homozygous deletion at the
CDKN2A (exon 1β) locus and hypermethylation in two separate
promoters that transcribe p16 and ARF. In addition, we
determined the frequency of LOH at the CDKN2A and p53
loci using polymorphic dinucleotide microsatellite markers.

Mutations and polymorphisms: CDKN2A, CDKN2B, CDKN2C
and CDK4 genes
In the CDKN2A/p16 gene we detected five mutations in exon
2 and one mutation in exon 1α (Table III and Figure 2). No
mutation was found in exon 1β of the CDKN2A/ARF in any
tumour. One mutation each in exon 1α (case 8) and exon 2
(case 3) was a frame-shift causing single base deletion at
codons 8 and 77 of the CDKN2A/p16 gene, respectively (Tables
III and IV). The frame-shift mutation at codon 77 in the
tumour from case 3 also caused a frame-shift in the ARF
transcript of the CDKN2A gene at codon 92, whereas the
codon 8 frame-shift (case 8) being in exon 1α was unique to
the p16 transcript. Incidentally, this tumour (case 8) also
carried a novel C � G transversion in exon 2 of the CDK4
gene at codon 51 causing an Ile to Met change in the
amino acid residue. This base change was detected in the
corresponding benign tissue as well, indicating that it could
be a rare polymorphism in the CDK4 gene. The other mutations
detected in four OSCC (cases 2, 11, 19 and 20) were non-
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sense mutations in exon 2 of the CDKN2A/p16 gene. In two
tumours (cases 11 and 20) the nonsense mutations introduced
a stop codon in place of an arginine residue at codon 58 and
in the other two tumours (cases 19 and 2) stop codons were
introduced at residues 80 and 110 of the CDKN2A/p16 gene,
respectively. The nonsense mutations affecting the p16 tran-
script (in cases 2, 11, 19 and 20) also caused missense changes
in amino acid residues in the ARF transcript (Table IV). Three
of the four single-base change mutations in the CDKN2A gene
were at CpG sites. No mutation was detected in either the
CDKN2B or CDKN2C genes.

Previously reported polymorphisms in the CDKN2A, CDKN2B,
and CDKN2C genes were detected in the OSCC cases

The 500 C � G and 540 C � T polymorphisms in the 3�
untranslated region of the CDKN2A gene were identified in
two cases each (Table III). The 500 C � G polymorphism
was in linkage disequilibrium with the 74 C � A polymorphism
~50 kb apart in intron 1 of the CDKN2B gene as seen in our
earlier studies (32,33). In addition, a silent T � C polymorph-
ism at codon 114 in exon 3 of the CDKN2C gene was detected
in three cases (3, 9 and 10).

The p53 and p53R2 genes

We detected 15 mutations in exons 5–8 of the p53 gene in 14
OSCC cases (Tables III and IV, Figure 2). The majority of the
mutations detected (nine mutations in eight cases) were in
exon 5 with one tumour (case 5) containing two nonsense
mutations. In addition, in two tumours mutations were in exon
6 (cases 3 and 12) and in four tumours (cases 2, 6, 10 and
21) mutations were in exon 8. We did not find any mutation
in exon 7. Nine of the 15 mutations detected were transitions
(cases 3, 4, 6, 8, 10–12, 17 and 21) and the rest were
transversions (cases 2, 5, 9, 15 and 19). Four C � T transitions
(cases 3, 11, 17 and 21) were at CpG sites. Of the detected
mutations four were nonsense with two in exon 5 being in the
same tumour (case 5) at codons 180 and 182. The other two
nonsense mutations were at codons 165 (case 4) and 213 (case
3). The rest of the mutations were missense. We also detected
a known C � T polymorphism in intron 7 in 14 cases (34,35).

We screened nine exons of the newly cloned p53R2 gene,
located on chromosome 8q23.1, for mutations and polymorph-
isms by the SSCP technique (25,36). The p53R2 gene, which
encodes the ribonucleotide reductase small subunit R2 homo-
logue, is induced by p53. No mutation was detected in any of
the nine exons. In the 5� untranslated region of the gene we
detected a novel polymorphism (37) that was present in four
cases. One sample (case 16) with the polymorphism showed
a specific loss of the wild-type allele in the tumour compared
with the corresponding benign tissue that contained both
alleles, while the rest of the polymorphic cases had both alleles
intact (Table III).

Promoter methylation in the CDKN2A (p16 and ARF) gene

Hypermethylation was determined in the p16 and ARF pro-
moters of the CDKN2A gene using the methylation-specific
PCR method based on bisulphite conversion of unmethylated
cytosines to uracils in DNA (30). Initially, we validated
the bisulphite-based conversion method by separating and
quantifying uracil and cytosine deoxynucleosides in the treated
and non-treated DNA after enzymatic hydrolysis of DNA
using nuclease P1 and alkaline phosphatase. The separation
and quantification of uracil and cytosine deoxynucleosides was
carried out using HPLC with an on-line diode array UV
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Fig. 2. (A) SSCP analysis of 5� exon 2 (277 bp) of the CDKN2A gene with shifted bands in fragments amplified from tumour DNA in lanes 1 (case 2), 3
(case 3), 5 (case 11) and 7 (case 19). Lanes 2 (case 2), 4 (case 3), 6 (case 11) and 8 (case 19) show amplified fragments from corresponding benign tissues.
Lane 9 contained the fragment amplified from a control DNA isolated from lymphocytes of a healthy donor. (B) SSCP analysis of exon 1α (246 bp) of the
CDKN2A gene. Lanes 1–6 contain fragments amplified from DNA isolated from tumour tissues from cases 4–9. The shifted band in lane 5 (case 8)
represented 22A single base deletion in codon 8 of the p16 transcript. (C) SSCP analysis of exon 2 (274 bp) of the CDK4 gene with shifted bands in lanes 1
and 2 representing C to G change in codon 51 in both tumour as well as corresponding benign tissue in case 8. Lane 3 contains control DNA. (D)
Electropherograph representing SSCP of exon 5 (242 bp) of the p53 gene in tumour (T) with mutation in case 5 and from normal DNA (N). (E) Sequence
analysis of part of exon 2 of the CDKN2A gene in tumour (T) in case 2 with G to A mutation that introduced a stop codon in place of Trp in codon 110 of
p16INK4a and causes Gly to Arg change in codon 125 of ARF. The corresponding sequence from control DNA (N) did not show any change. (F) Sequence
analysis of part of exon 1 of the CDKN2A gene in tumour (T) in case 8 with 22A deletion in codon 8 and corresponding normal sequence in a control DNA.
(G) Sequence analysis of part of exon 2 of the CDK4 gene in case 8 (T) showing C to G mutation in codon 51 causing Ile to Met change in the amino acid
residue and corresponding normal sequence (N) from a control DNA. This base change was detected and confirmed in both tumour as well as benign tissue
from the same patient. (H) Sequence analysis of part of exon 5 of the p53 gene showing two mutations in the tumour DNA from case 5 introducing stop
codons at 180 and 182 residues in place of Glu and Cys, respectively.

detector. In bisulphite-treated DNA we detected only uracil
deoxynucleoside and no cytosine deoxynucleoside, indicating
the complete conversion of cytosine to uracil during the
procedure (Figure 3). Analysis of OSCC tumour samples
resulted in the detection of methylation in the promoter specific
to CDKN2A/p16 in four tumours (cases 13, 14, 16 and 17)
whereas CDKN2A/ARF promoter-specific methylation was
detected in 11 cases (Table III).

Homozygous deletion at the CDKN2A (exon 1β) locus
Real time PCR was used for the detection of homozygous
deletion at exon 1β of the CDKN2A gene. A 92 bp fragment
located at exon 1β of the CDKN2A gene was co-amplified
along with a 97 bp intronic fragment of the GAPDH gene. Ct-
values were used to calculate the initial copy number of the
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target and the reference sequence and a ratio of the two was
used to determine homozygous deletion at the CDKN2A (exon
1β) locus. Of all the OSCC analysed, homozygous deletion at
the CDKN2A gene (exon 1β locus) was detected in three
tumours (cases 1, 10 and 21; Table III). None of these
tumours contained either mutation or methylation nor did
these tumours show mono-allelic loss at the markers located
within the CDKN2A locus.

LOH at the CDKN2A and p53 loci
Allelic losses were determined at the CDKN2A locus at 9p21
and at the p53 locus at 17p13.1 by analysing polymorphic
dinucleotide microsatellite markers in tumours and correspond-
ing benign tissues. At the CDKN2A locus, allelic losses were
determined at five microsatellite markers. Three of these
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Fig. 3. (A) HPLC chromatogram showing separation of deoxynucleosides in untreated DNA after enzymatic hydrolysis with nuclease P1 and alkaline
phosphotase. Cytosine deoxynucleoside eluted with a retention time of 12.4 min. (B) HPLC separation of deoxynucleosides in DNA treated with sodium
bisulphite followed by enzymatic hydrolysis. The chromatograph shows complete conversion of cytosine to uracil as the uracil deoxynucleoside eluted with a
retention time of 14.6 min. (C) Methylation-specific PCR analysis of promoter region of p16INK4a by treatment of DNA with bisulphite followed by PCR
amplification with primers specific for methylated and unmethylated p16INK4a promoter. PCR products (150 bp) are seen in methylated lane in 1 (case 16) and
in 3 in which DNA from breast cancer cell line T47D has been used as a positive control for methylation. PCR product (151 bp) is seen only in unmethylated
lane in 2 (case 10) in which homozygous deletion was detected at exon 1β locus. Lane marked ‘L’ represents 50 bp DNA marker ladder. (D) In MSP analysis
of the CDKN2/ARF promoter, PCR products are seen in 1 (case 12) in both methylated (122 bp) and unmethylated lanes (132 bp) and only in unmethylated
lane in 2 (case 4). In 3, PCR product is seen only in methylated lane where DNA from colorectal cancer cell line DLD-1 was used as a positive control for
the ARF promoter hypermethylation. (E) Loss of allele in tumour (T) with promoter hypermethylation in case 16 compared with corresponding benign tissue
(N) determined at dinucleotide repeat microsatellite marker D9S1748. (F) Retention of both alleles in tumour (T) with promoter ARF hypermethylation in
case 7 when compared with corresponding benign tissue (N) determined at the dinucleotide repeat microsatellite marker D9S942.

markers, D9S1748, D9S942 and D9S974 are located between
exon 1β and exon 1α (38), whereas D9S736 and D9S171 are
located at a distance �300 kb telomeric and centromeric to
the CDKN2A locus, respectively (Figure 1). All the tumours
that carried mutations in the CDKN2A gene (cases 2, 3, 8, 11,
19 and 20) also showed loss of wild-type allele at all the
informative markers within the locus (Table III). Out of the
four tumours with methylation specific to the CDKN2A/p16
promoter, two (cases 13 and 16) showed a loss of the non-
methylated allele at all informative loci, the other two tumours
(cases 14 and 17) showed retention of both alleles (Figure 3).
The correlation between methylation specific to the CDKN2A/
ARF promoter and allelic loss was not clear. LOH was seen
only in those tumours with the ARF methylation that also
carried the p16-specific methylation/mutation (cases 8 and 13).
One tumour (case 3) in addition to carrying a truncating
mutation and LOH in the CDKN2A gene also showed ARF-
specific promoter methylation. Three of the tumours with the
CDKN2A/ARF-specific methylation showed allelic losses at
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outside loci, two at D9S736 (cases 7 and 15) and one at
D9S171 (case 14). The latter was also hypermethylated at the
p16 promoter. None of the tumours without any mutation or
promoter methylation showed allelic loss at the three markers
D9S1748, D9S942 and D9S974, which are located within the
CDKN2A gene locus (Figure 1). One tumour (case 1) with
homozygous deletion at exon 1β showed LOH at the D9S171
marker, which is located outside the CDKN2A locus towards
the centromeric site.

The frequency of LOH was also determined at the p53 locus
on chromosome 17p13.1 using a closely located dinucleotide
repeat microsatellite. Seven tumours (cases 4, 6, 10–12, 15
and 21) with mutations in the p53 gene showed loss of wild-
type allele whereas five tumours (cases 2, 3, 8 17 and 19)
with mutations had retained the wild-type allele (Fisher exact
test P-value ~0.65) (Table III). One tumour (case 5) with two
nonsense mutations in exon 5 did not show, as expected, loss
of an allele; whereas case 9 with a mutation at codon 176 was
non-informative at the marker studied. Two tumour samples
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Table V. Correlations between different types of inactivation detected at the CDKN2A and p53 loci in OSCC

Cases with p16INK4a inactivation Cases with p14ARF inactivation

Yes No Yes No

Cases with LOH at p53 locus
Yes 2 8 8 2
No 8 3 8 3

OR 0.09, 95% CI 0.01–0.98 P-value ~0.03 (Fisher exact test) OR 1.50, 95% CI 0.14–18.1 P-value ~1.0 (Fisher exact test)
Cases with p53
mutations
Yes 6 8 11 3
No 4 3 5 2

OR 0.56, 95% CI 0.06–4.90 P-value ~0.65 (Fisher exact test) OR 1.47, 95% CI 0.12–17.74 P-value ~1.0 (Fisher exact test)

showed allelic loss at the locus with no mutation in any of
the p53 exons analysed.

Correlations between various genetic, epigenetic alterations
and tumour grade
Out of 10 OSCC tumours with mutation/methylation/loss of
wild-type allele in the CDKN2A/p16 gene, six carried mutations
in the p53 gene of which only two also had LOH at the locus,
whereas, eight OSCC tumours without mutation/methylation/
allelic loss in the CDKN2A/p16 gene carried LOH at the p53
locus (Table V; two-tailed Fisher exact test, P-value ~0.03;
OR 0.09 95% CI 0.01–0.98). However, no inverse correlation
was detected between mutation/methylation in the CDKN2A/
p16 gene and mutations in the p53 gene (two-tailed Fisher
exact test, P-value ~0.65; OR 0.56 95% CI 0.06–4.90).
Similarly, no correlation was found between the CDKN2A/
ARF inactivation through methylation, homozygous deletion/
mutation and mutations in the p53 gene (Table V; two-tailed
Fisher exact test, P-value ~1.0; OR 1.47 95% CI 0.12–17.74).

All the four cases (cases 3, 10, 11 and 19) with grade III
tumours showed inactivation of the CDKN2A gene and muta-
tion in the p53 gene compared with five tumours (cases 2, 6,
8, 15 and 17) out of 15 with grade I–II (two-tailed Fisher
exact, P-value ~0.03). Six patients (cases 1, 7, 13, 14, 16 and 20)
with grade I–II tumours showed one or the other inactivation in
the CDKN2A gene, whereas, three patients (cases 4, 5 and 9)
with grade I–II tumours had only p53 mutation. One grade I
tumour from case 18 did not have any inactivation in either
the CDKN2A or p53.

Discussion

The genetic studies on OSCC have resulted in a consistent
detection of alterations in the p53 and CDKN2A genes, albeit,
at varying frequencies and inconsistent patterns (10–12). In
the present study, adopting a comprehensive approach, we
determined the genetic and epigenetic alterations in the six
genes, which encode various components of the Rb and p53
pathways of cell cycle regulation in OSCC from a high-risk
area in China. One of the main features of our results was the
detection of genetic and epigenetic alterations concomitantly
in both the CDKN2A and p53 genes in more than half of the
OSCC tumours studied. The other major highlights of our
results were (i) that 86% of the OSCC tumours harboured one
or the other genetic/epigenetic alteration in the CDKN2A (p16
and ARF) gene and in more than half of the tumours alterations
concurrently affected both p16 and ARF and (ii) alterations in
the p53 locus were found in 76% of the cases. The inactivation
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of either the CDKN2A or p53 in a majority of low-grade
tumours in this study suggests the possible important and
independent role of these genes in initiation process of OSCC,
whereas tumour progression probably involves acquisition of
the loss of both genes.

The alterations detected in the CDKN2A gene in this study,
besides hypermethylation and homozygous deletions, included
six truncating mutations affecting the p16 transcript, of which
five also caused missense or truncating alterations in the ARF
transcript. Interestingly, the only mutation found exclusive to
p16 (in exon 1α) was a single base deletion (22A del) in
codon 8. Not many alterations are reported in the N-terminus
of the p16, as the N-terminus encoded by the initial 10 codons
does not form a part of the ankyrin repeat structure (39).
Moreover, the ATG sequence in codon 9 creates an additional
start codon, which due to an earlier discrepancy was designated
as the ‘real’ start codon (40). Earlier in vitro studies on the
cDNA lacking the initial eight codons showed no bearing on
the functional properties (41,42). Nevertheless, we found that
the tumour with the deletion mutation in codon 8 (of the p16
transcript) like five other tumours with mutations in different
codons in exon 2 had lost wild-type allele. Intriguingly, this
particular case (with the mutation in codon 8 of p16 transcript)
carried a novel germ-line polymorphism (Ile51Met) in the
CDK4 gene along with ARF promoter hypermethylation. The
activating alterations in the CDK4 gene and inactivating
alterations in the p16 gene are usually thought to be mutually
exclusive as the proteins function in the same Rb pathways
(43). It is probable that the rare polymorphic change has little
or no affect on the function of the CDK4 and the frame-
shift mutation results in the loss of p16 protein. The hyper-
methylation in ARF, obviously, would rather target the
MDM2-p53 pathway.

Promoter hypermethylation of the CDKN2A gene was
another alteration that we detected in the present study at a
high frequency in OSCC. Interestingly, the ARF promoter was
found to be hypermethylated in more than half of the tumours
studied. Hypermethylation, besides homozygous deletion, has
emerged as the prime mechanism of ARF inactivation as
mutations exclusive to the transcript are enigmatically rare
(31,44,45). Moreover, the effect of mutations in the part of
the transcript derived from the sequence shared with p16 is
not fully resolved. The cell growth inhibition properties are
attributed exclusively to the N-terminus encoded by exon 1β,
although nucleolus localization signals, at least in human ARF,
are suggested to be located in exon 2 (46–48). As in other
studies on human tumours, we did not find any correlation
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between ARF promoter hypermethylation (or any inactivation)
and mutations in the p53 gene. This non-correlation supports
the hypothesis that ARF in addition to its involvement in
p53-dependent pathways also functions independent of p53
(31,49,50). Methylation of p16 promoter in non-small cell
lung carcinoma has been causally associated with exposure to
tobacco smoke; a similar exposure-related methylation in p16
and ARF promoters in OSCC could not be ruled out (51).
However, due to a limited number of cases and restricted
information available in this study we could not deduce any
relation between smoking and methylation status.

The p53 mutational data in our study conforms to that
reported in earlier studies on OSCC from high-risk areas as
Iran and China (5,9). Within the limitations of the small
number of tumours in our study, the majority of mutations we
found were transitions with more than one-third being at the
so-called CpG sites and a majority of the total mutations were
located in exon 5. Despite the majority of the OSCC patients
in this study being smokers, the p53 mutational spectra reflect
the aetiology typical of a high-risk area of oesophageal cancer.
The CpG transitions can arise either spontaneously or could
be consequences of various mechanisms triggered by dietary
or life style factors peculiar to the regions associated with a
high risk of oesophageal carcinoma, which include exposure
to dietary nitrosamines, fermented and moldy foods and
nutritional deficiencies (9, 52). Unlike in the CDKN2A gene,
not all mutations detected in the p53 gene in OSCC tumours
were accompanied by loss of wild-type allele and vice versa,
although the number of the latter cases was less. Non-
conformity of p53 mutations with Knudson’s two-hit
hypothesis, as observed in this and other studies also, could
be due to acquisition of dominant oncogenic properties by
some missense mutants, which suppress wild-type p53 function
by heteromerization (53,54). An interesting correlation that
emerged from our results is an inverse relationship between
cases with the p16 inactivation (mutations and promoter
methylation) and allelic loss (LOH) at the p53 locus. It is also
possible that complete bi-allelic p16 inactivation or reduced
p53 dosage, due to loss of one allele, is sufficient for tumourig-
enesis (55). However, this hypothesis needs to be substantiated
with an investigation of a larger number of tumours than in
the present study.

Although in some of the reports, progression of OSCC
is associated with genetic heterogeneity, our results clearly
underscore the specific, unambiguous and independent in-
activation of the CDKN2A and p53 genes as major genetic
alterations. Even in the p53R2 gene, which is p53 induced and
involved in DNA repair (56), we did not find any tumour-
associated mutation. Our observation, in this study on OSCC,
of a high frequency of alterations in the CDKN2A gene that
affect both p16 and ARF is in conformation with animal
models that show overlapping and cooperating functions
of p16 and ARF in tumourigenesis (57,58). Further, the role
of these genes in genesis of squamous cell carcinoma of the
oesophagus is supported by the human data on detection of
p53 mutations in pre-cancerous lesions and specific inactivation
of the CDKN2A locus in exposure-simulated animal models.
The inactivation of these genes can probably be associated
with less than well-understood environmental exposure in the
high-risk areas.
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