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The INK4a-ARF locus is located on human chromosome 9p21 and is known to encode two functionally distinct
tumor-suppressor genes. The p16INK4a (p16) tumor-suppressor gene product is a negative regulator of cyclin-
dependent kinases 4 and 6, which in turn positively regulate progression of mammalian cells through the cell cycle.
The p14ARF tumor-suppressor gene product specifically interacts with human double minute 2, leading to the
subsequent stabilization of p53 and G1 arrest. Previous investigations analyzing the p16 gene in squamous cell
carcinomas of the head and neck (SCCHNs) have suggested the predominate inactivating events to be homozygous
gene deletions and hypermethylation of the p16 promoter. Somatic mutational inactivation of p16 has been reported
to be low (0±10%, with a combined incidence of 25 of 279, or 9%) and to play only a minor role in the development
of SCCHN. The present study examined whether this particular mechanism of INK4a/ARF inactivation, specifically
somatic mutation, has been underestimated in SCCHN by determining the mutational status of the p16 and p14ARF

genes in 100 primary SCCHNs with the use of polymerase chain reaction technology and a highly sensitive,
nonradioactive modification of single-stranded conformational polymorphism (SSCP) analysis termed ``cold'' SSCP.
Exons 1a, 1b, and 2 of INK4a/ARF were amplified using intron-based primers or a combination of intron- and exon-
based primers. A total of 27 SCCHNs (27%) exhibited sequence alterations in this locus, 22 (22%) of which were
somatic sequence alterations and five (5%) of which were a single polymorphism in codon 148. Of the 22 somatic
alterations, 20 (91%) directly or indirectly involved exon 2, and two (9%) were located within exon 1a. No mutations
were found in exon 1b. All 22 somatic mutations would be expected to yield altered p16 proteins, but only 15 of them
should affect p14ARF proteins. Specific somatic alterations included microdeletions or insertions (nine of 22, 41%), a
microrearrangement (one of 22, 5%), and single nucleotide substitutions (12 of 22, 56%). In addition, we analyzed
the functional characteristics of seven unique mutant p16 proteins identified in this study by assessing their ability to
inhibit cyclin-dependent kinase 4 activity. Six of the seven mutant proteins tested exhibited reduced function
compared with wild-type p16, ranging from minor decreases of function (twofold to eightfold) in four samples to total
loss of function (29- to 38-fold decrease) in two other samples. Overall, somatic mutation of the INK4a/ARF tumor
suppressor locus, resulting in functionally deficient p16 and possibly p14ARF proteins, seems to be a prevalent event in
the development of SCCHN. Mol. Carcinog. 30:26±36, 2001. ß 2001 Wiley-Liss, Inc.
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INTRODUCTION

Cancers of the head and neck (HN) represent
approximately 4% of the malignant neoplasms
diagnosed in the United States [1] and are the sixth
most prevalent cancer worldwide [2]. The majority
of HN cancers are squamous cell carcinomas (SCCs),
which are linked to exposure to known carcinogens
such as tobacco and alcohol [3,4]. The overall
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survivorship of squamous cell carcinoma of the
head and neck (SCCHN) is relatively low, with a
50% 5-yr survival rate for all sites and stages [5].

Over the past few years, an extensive effort has
been underway to identify the molecular events
involved in the development of SCCHN. A major
focus of research activity concerns those critical
regulatory genes associated with the G1-to-S phase
checkpoint of the cell cycle, including the p53
tumor suppressor gene [6±8] and the cyclin D1
oncogene [9±11]. In addition, two tumor-suppres-
sor genes, p16INK4a (MTS1/CDKN2/INK4a/p16) and
p14ARF, have been shown to play signi®cant roles in
cell-cycle regulation and, consequently, in HN
cancer [12±14]. These two functionally distinct
tumor suppressors are encoded by the INK4a-ARF
locus, which is situated on human chromosome
9p21 [13,14]. This locus contains two unique ®rst
exons, designated 1a and 1b. p16 is encoded by the
exon 1a±exon 2±exon 3 transcript and functions as a
negative regulator of the cell cycle through its
inhibition of cyclin-dependent kinases (CDKs) 4
and 6 and subsequent blockage of the cyclin-
dependent phosphorylation of pRB [12]. Thus, loss
of p16 function leads to deregulation of pRB's
suppressive block of the G1-to-S transition and cell
proliferation. In contrast, p14ARF is encoded by the
exon 1b±exon 2 transcript and acts upstream of p53.
Biochemical evidence has demonstrated that p14ARF

physically interacts with human double minute 2
(HDM2) gene product and consequently stabilizes
p53, leading to G1 cell-cycle arrest [15,16]. It has
been suggested that HDM2, a ubiquitin ligase, is
responsible for p53 degradation in the cytoplasm
and is negatively regulated by p14ARF [17]. There-
fore, loss of p14ARF function leads to elevated levels
of HDM2 and elevated p53 destruction, resulting in
loss of cell-cycle control.

Several human-derived cell lines and primary
tumors have been shown to exhibit frequent
inactivation of the INK4a-ARF locus through a
variety of mechanisms, including somatic muta-
tions, chromosomal deletions, and promoter hyper-
methylation [18±34]. In SCCHN, however, the
signi®cant inactivating events reported have been
deletions and hypermethylation [25±27]. The inci-
dence of somatic p16 mutations within INK4a-ARF
from primary SCCHN has been reported to be low
(0±10%) [25,35±38], suggesting that somatic muta-
tions in this locus have only a minor role in HN
cancer. This study examined whether this particular
mechanism of INK4a-ARF inactivation, speci®cally
somatic mutational inactivation, has been pre-
viously underestimated and actually plays a signi®-
cant role in the development of SCCHN. To address
this issue, we performed mutational analysis of p16
(exons 1a and 2) and p14ARF (exons 1b and 2) in 100
primary SCCHN and patient-matched normal tis-
sues using (i) polymerase chain reaction (PCR), (ii)

the highly sensitive ``Cold'' single-stranded confor-
mation polymorphism (SSCP) analysis, and (iii)
direct DNA sequence analyses. In addition, repre-
sentative mutant p16 proteins unique to this study
were constructed and evaluated for their functional
activity. Structural and in vitro functional ana-
lyses were limited to p16 mutants because of the
overall lack of available p14ARF protein with high
purity.

MMAATTEERRIIAALLSS AANNDD MMEETTHHOODDSS

SSaammppllee PPrrooccuurreemmeenntt

One hundred SCCHN tissues and patient-
matched normal tissues were obtained from the
Tissue Procurement Service at The Ohio State Uni-
versity Comprehensive Cancer Center. The samples
were further subdivided into the following site-
speci®c categories: pharynx (32 samples), larynx (24
samples), oral cavity (15 samples), and unclassi®ed
(29 samples).

IIssoollaattiioonn ooff DDNNAA

Genomic DNA was isolated from trimmed, frozen
tumor, and normal tissues (78 samples) using TRIzol
(Life Technologies, Gaithersburg, MD) according to
the manufacturer's instructions and from tumor
and normal cells microdissected from paraf®n-
embedded histologic tissue sections (22 samples)
using a standard octane/proteinase K extraction
procedure [39].

PPCCRR AAmmppllii®®ccaattiioonn

Exons 1a and 1b of the INK4a-ARF locus were
ampli®ed using the intron-based primers listed in
Table 1. Exon 2 was ampli®ed in two fragments (2a
and 2b) with at least one of the primers (Table 1) in a
set located within an intron to exclude coampli®ca-
tion of a similar gene family member or potential
pseudogenes and to meet the fragment size limita-
tion associated with the SSCP technique. Exon 3 was
excluded from our evaluation because it represents
only 3% (12 bp) and 0% of the coding sequence
for p16 and p14ARF, respectively. The 10-mL PCR
mixture was composed of 1� PCR buffer, 1.5 mM
MgCl2, 200 mM each deoxynucleotide triphosphate,
0.4 U of Taq polymerase (Life Technologies) bound
to TaqStart Antibody (Clonetech, Palo Alto, CA), 2
mM each primer, 50 ng of DNA template, and 5%
dimethyl sulfoxide (for exons 2a and 2b) or 3.6%
formamide (for exons 1a and 1b). After incubation
for 1 min at 94�C in a thermal cycler (MJ Research,
Watertown, MA), all PCR tubes were cycled through
50 s at 94�C and either 50 s at 60�C or 50 s at 72�C for
30±35 cycles, followed by 7 min at 72�C and a ®nal
4�C soak. Veri®cation of stringent PCR conditions
was obtained by analyzing the PCR fragments on
precast 10% polyacrylamide minigels (Novex, San
Diego, CA). Replicative PCR reactions were con-
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ducted to identify potential Taq polymerse-induced
errors.

CCoolldd SSSSCCPP AAnnaallyyssiiss

Mutational analysis was conducted using a non-
radioactive modi®cation of the SSCP technique [40].
In our hands, the cold SSCP technique is more
sensitive and rapid than conventional radioactive
SSCP protocols and direct DNA sequencing for the
detection of mutations within primary tumors or
mixed cell populations [40,41]. Brie¯y, 1±5 mL of the
PCR-ampli®ed fragments was diluted with (i) 2 mL of
Ficoll loading buffer, 12.6 mL of 1.25� Tris-borate-
EDTA (TBE) buffer, and 0.4 mL of 1 M methylmer-
cury hydroxide (Alfa AESAR, Johnson Matthey
Catalog Co., Ward Hill, MA) or (ii) 0.6 mL of Ficoll
loading buffer, 7 mL of formamide, and 0.4 mL of
glycerol. Samples were heated at 85�C for 3 min,
placed immediately on ice, and loaded onto precast
20% polyacrylamide minigels (Novex). Electrophor-
esis was conducted in a ThermoFlow SSCP system
(Novex) at 300 V in 1.25� TBE buffer at a
temperature determined to be optimal for iden-
tifying several known positive controls in each PCR
fragment. Circulating TBE buffer was constantly
chilled at unique, optimized temperatures for each
fragment with the ThermoFlow SSCP System. The
optimized temperatures (Table 1) were empirically
determined by using several positive control PCR
fragments known to contain single nucleotide
substitutions [42] or generated by site-directed
mutagenesis [43]. Gels were stained with SYBR
Green II (Molecular Probes, Eugene, OR) and imaged
with the IS1000 gel documentation system (Alpha
Innotech Corp., San Leandro, CA). Positive SSCP
samples were con®rmed by analyzing the corre-
sponding replicate PCR sample and by direct
sequencing for identi®cation of the speci®c muta-
tion. If a positive SSCP mutant band represented

fewer than 50% of the allelic copies because of
dilution with wild-type alleles (e.g., in®ltrating
lymphocytes, etc.), a portion of the mutant band
was removed from the polyacrylamide SSCP gel,
reampli®ed by PCR, reexamined by SSCP to ensure
speci®c band enrichment, and sequenced.

SSeeqquueennccee AAnnaallyyssiiss

After PCR, 50 mL of the PCR product was washed
and concentrated to 40 mL with Micron-100 micro-
concentrators (Amicon, Beverly, MA). Puri®ed PCR
product was sequenced on an Applied Biosystem
377 automated DNA sequencer with the ABI PRISM
dye terminator cycle sequencing ready reaction kit
(ABI/PE, Foster City, CA) according to the manu-
facturer's protocol. Samples were loaded onto 4.25%
denatured polyacrylamide gels (0.2 mm thick),
electrophoresed at 3000 V for 3.5 h, and analyzed
with ABI sequencing analysis software. All mutations
were con®rmed by sequencing both DNA strands.

CCoonnssttrruuccttiioonn,, EExxpprreessssiioonn,, aanndd PPuurrii®®ccaattiioonn ooff pp1166
aanndd MMuuttaanntt PPrrootteeiinnss

Several of the unique somatic mutations identi-
®ed in this study (sample 63, 53±58del; 132, 58stop;
133, 110stop; 135, 124fs; 156, L97P; 321, D116Y;
94-3581, L63V) were chosen for protein construc-
tion and functional assessment. Human p16 cDNA
was cloned into pGEX-2T vectors and expressed as a
glutathione S-transferase (GST) fusion protein in
Escherichia coli BL 21 (DE 3) pLys S (Novagen,
Madison, WI) [37]. All mutants were constructed
by the Quickchange method (Stratagene, LaJolla,
CA) using pGEX-p16 as the template. The cell lysate
was centrifuged at 40 000�g at 4�C for 1 h, and the
supernatant was loaded onto a glutathione-agarose
column (Sigma, St. Louis, MO). Thrombin diges-
tion±resistant proteins, including wild-type p16,
L63V, and D116Y, were cleaved from the column

TTaabbllee 11.. OOlliiggoonnuucclleeoottiiddee PPrriimmeerr SSeeqquueenncceess ffoorr PPCCRR aanndd SSSSCCPP CCoonnddiittiioonnss

Fragment
Gene Exon Sequence (5 0±3 0) size (bp) SSCP (�C) SSCP (h)

p16� 1a GCT GCG GAG AGG GGG AGA GCA GGC A 280 5 4
GCG CTA CCT GAT TCC AAT TC

2a ACA AGC TTC CTT TCC GTC ATG CCG 244 30 3
CCA GGC ATC GCG CAC GTC CA

2b TTC CTG GAC ACG CTG GTG GT 242 16 3
TCT GAG CTT TGG AAG CTC TCA G

p14ARF 1b AGT GGC GCT GCT CAC CTC TC 302 7 10
AAG TGC GCC CCG GAC TTT TC

2a ACA AGC TTC CTT TCC GTC ATG CCG 244 30 3
CCA GGC ATC GCG CAC GTC CA

2b TTC CTG GAC ACG CTG GTG GT 242 16 3
TCT GAG CTT TGG AAG CTC TCA G

�Primer sequences for p16 fragments 1a, 2a, and 2b were those reported by Zhang et al. [36].
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with thrombin (Sigma) and further puri®ed on an
S-100 column equilibrated with 4 mM HEPES buffer
containing 1 mM 1,4 dithiothreithol and 5 mM
EDTA, pH 7.5. The thrombin digestion±sensitive
proteins, such as the truncated mutants, were eluted
from the glutathione-agarose column with 50 mM
reduced glutathione (pH 7.5) and further analyzed
as GST-fusion proteins.

CCDDKK44 KKiinnaassee AAssssaayy

Evaluation of wild-type and mutant p16 with the
in vitro CDK4 kinase assay was conducted as
previously described [44]. Brie¯y, 10 U of the
CDK4/cyclin D2 complex and different amounts of
p16 in a total volume of 15 mL of kinase buffer (50
mM HEPES, 10 mM MgCl2, 2.5 mM EGTA, 0.1 mM
Na3VO4, 1 mM NaF, 10 mM b-glycerophosphate,
1 mM dithiothrietol, 0.2 mM 4-(2-aminoethyl)-
benzenesulfoyl ¯uoride hydrochloride, 2.5 mg/mL
leupeptin, and 2.5 mg/mL aprotinin, pH 7.5) were
mixed and incubated at 30�C for 30 min. Assays for
each mutant p16 were done in triplicate, and a
sample with null p16 was included as a negative
control. Subsequently, 50 mg of GST-Rb and 2 mCi of
[g-32P] ATP were added to the reaction mixture, the
samples were incubated at 30�C for an additional 15
min, and the reaction stopped by adding 3.75 mL of
regular 5� sodium dodecyl sulfate±polyacrylamide
gel electrophoresis loading buffer. The reaction
mixture was separated by sodium dodecyl sulfate±
polyacrylamide gel electrophoresis and the incor-
poration of 32P was analyzed with a Phosphorima-
ger. The substrate of CDK4, GST-Rb, was prepared as
described elsewhere [44].

NNuucclleeaarr MMaaggnneettiicc RReessoonnaannccee ((NNMMRR)) AAnnaallyyssiiss
ooff pp1166 LL6633VV MMuuttaanntt PPrrootteeiinn

All NMR experiments were performed on a Bruker
DMX-600 spectrometer at 20�C [44]. The protein

concentration of the NMR samples was 0.2±0.4 mM
contained in 4 mM HEPES, 1 mM dithiothrietol, and
5 mM EDTA, in 100% 2H2O, pH 7.5.

RREESSUULLTTSS AANNDD DDIISSCCUUSSSSIIOONN

MMuuttaattiioonnaall AAnnaallyyssiiss ooff tthhee IINNKK44aa--AARRFF LLooccuuss

One hundred SCCHNs were examined for muta-
tions in the INK4a-ARF locus by using a combina-
tion of PCR, cold SSCP, and direct sequencing.
Figure 1 shows a representative cold SSCP analysis of
exon 2 from three samples of tumor and matched
normal tissues. Specimens 101 and 113 exhibited
mutant SSCP bands in the tumor lanes (T), which
migrate at different mobilities compared with their
matched, normal controls (N). Overall, 27 samples
(27%) exhibited sequence alterations in this locus;
22 of which were somatic mutations and ®ve a
single polymorphism identi®ed in both tumor and
patient-matched normal tissues. This polymorph-
ism was a G!A transition within exon 2, which
affects only the p16 transcript (codon 148) and has
been reported by others [29].

Table 2 summarizes the numerous sequence
changes in INK4a-ARF from SCCHNs and indicates
the predicted consequences of the alterations on the
p16 and p14ARF transcripts and proteins. Of the 22
somatic mutations identi®ed in these SCCHNs, 20
(91%) directly or indirectly involved alteration of
exon 2, and two (9%) were located within exon 1a.
No mutations were observed in exon 1b. All 22
somatic alterations would be expected to yield
altered p16 protein sequence, but only 15 of them
should affect the p14ARF protein.

With regard to the mutations that affect p16
protein, apart from four (18%) missense alterations
(samples 101, 156, 321, and 94-3581) and six (27%)
nonsense substitutions (samples 132, 133, 139, 93-
2056, 94-916, and 95-1449), several unique types of

FFiigguurree 11.. RReepprreesseennttaattiivvee eexxaammpplleess ooff ccoolldd SSSSCCPP aannaallyyssiiss ooff tthhee
IINNKK44aa//AARRFF llooccuuss iinn SSCCCCHHNN ((TT)) aanndd ppaattiieenntt--mmaattcchheedd nnoorrmmaall ((NN))
ttiissssuueess.. PPoossiittiivvee bbaanndd sshhiiffttss aarree aappppaarreenntt iinn tthhee TT llaanneess ffrroomm ssaammpplleess

110011 aanndd 111155 ccoommppaarreedd wwiitthh tthhee ccoorrrreessppoonnddiinngg NN llaanneess.. SSuubbsseeqquueenntt
aannaallyyssiiss ooff tthhee PPCCRR ffrraaggmmeennttss bbyy ddiirreecctt sseeqquueenncciinngg sshhoowweedd ddiissttiinncctt
ssiinnggllee nnuucclleeoottiiddee ssuubbssttiittuuttiioonnss iinn bbootthh ssaammpplleess ((TTaabbllee 22))..
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mutational events were identi®ed in this large
SCCHN cohort. Surprisingly, 10 of the 22 mutation-
positive samples (46%) exhibited some type of small
insertion or deletion event. Of these unique muta-
tions, three (14%) were microdeletions ranging in
size from 18 to 38 bp (samples 63, 186, and 93-3146)
and one (5%) was a microrearrangement consisting
of the replacement of 37 bp of wild-type sequence
with 128 bp of unknown sequence to yield a 91-bp
net insertion (sample 76). Six of the positive samples
(27%) exhibited single or double nucleotide dele-
tions or single nucleotide insertions (samples 135,
143, 297, and 302). Two additional SCCHN samples
(9%) exhibited mutations within introns that
affected intron/exon splice junctions (samples 115
and 301). Interestingly, three speci®c mutations

within codons 54, 58, and 110 of p16 were identi®ed
in two different samples (samples 61 and 95-1495;
132 and 139; 133 and 95-1449, respectively).

Primary and patient-matched recurrent tumor
tissues were available from four patients (samples
63, 132, 139, and 143), which provided us with an
opportunity to con®rm independently our initial
results. In each instance, the recurrent tumors
exhibited mutational events that were identical to
those found in the corresponding primary tumor.
The mutational events in p16 have been con®rmed
at the level of gene transcription where mRNA was
available [18]. With respect to the 15 mutations that
affect p14ARF, eight (53%) were missense substitu-
tions (samples 132, 133, 139, 321, 93-2056, 94-916,
94-3581, and 95-1449), six (40%) were some type of

TTaabbllee 22.. SSuummmmaarryy ooff IINNKK44aa--AARRFF LLooccuuss AAlltteerrnnaattiioonnss iinn SSCCCCHHNN aanndd TThheeiirr EEffffeecctt oonn pp1166IInnkk44aa aanndd pp1144AARRFF TTrraannssccrriippttss��

p16INK4A p14ARF

Tumor site Nucleotide change
Sample ID Stage in INK4a-ARF Codon Coding change Result Codon Coding change Result

Pharynx
61 2 A!AA 54 1-bp insertion FS 61 1-bp insertion FS
76 R GAC . . . AGG; 8 91-bp net insertion T N/A

microrearangement
37 bp (wt)±128 bp (1p36)

143 4 TC! __ 78 2-bp deletion FS 92 2-bp deletion FS
236 4 G!A 148 Ala! Thr P N/A

Larynx
63 4 ATG . . . GTG 53±58 18-bp deletion T 67±73 18-bp deletion FS

101 na A! T 74 Asp!Val M 88 No AA change S
115 3 A!G Splice Loss of exon 2 T Splice Loss of exon 2 T
133 2 G!A 110 Trp! stop T 125 Gly!Arg M
135 2 C! _ 124 1-bp deletion FS N/A
156 R T!C 97 Leu! Pro M 111 No AA change S
186 4 C__ . . . __C 128-37 28-bp deletion FS N/A
191 3 G!A 148 Ala! Thr P N/A
249 R G!A 148 Ala! Thr P N/A
299 R G! _ 60 1-bp deletion FS 94 1-bp deletion FS
302 na G! _ 29 1-bp deletion FS N/A

Mouth
132 4 C! T 58 Arg! stop T 72 Pro! Leu M
139 4 C! T 58 Arg! stop T 72 Pro! Leu M
301 4 T!A Splice Loss of exon 3 T N/A

Unclassi®ed
321 R G! T 116 Glu! Tyr M 130 Gly!Val M
93-2056 na G! T 88 Gln! stop T 102 Gly!Val M
93-3146 na GGC . . . __G 56-68 38-bp deletion T 70-82 38-bp deletion FS
94-916 na C! T 80 Arg! stop T 94 Pro! Leu M
94-2365 na G!A 148 Ala! Thr P N/A
94-3581 na C!G 63 Leu!Val M 77 Ala!Gly M
94-3851 na G!A 148 Ala! Thr P N/A
95-1449 na G!A 110 Trp! stop T 125 Gly!Arg M
95-1495 na A!AA 54 1-bp insertion FS 68 1-bp insertion FS

�R, recurrent; T, truncation; FS, frameshift; M, missense; S, silent; P, polymorphism; N/A, not applicable; na, not available.
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small insertion or deletion event (samples 61, 63,
143, 299, 93-3146, and 95-1495) including two
microdeletions of 18 and 38 bp, and four single or
double nucleotide deletions or single nucleotide
insertions. One mutation was located within intron
1 (sample 115), which affected the intron/exon
splice junction (7%). Two additional mutations,
although located with the p14ARF coding sequence,
were silent and did not result in an amino acid
substitution (samples 101 and 156).

The predicted protein-coding changes induced by
the 27 INK4a-ARF sequence changes were then
assigned to four categories: (i) truncation mutations
(40% in p16 and 7% in p14ARF), (ii) frameshift
mutations (26% in p16 and 36% in p14ARF), (iii)
missense mutations (15% in p16 and 57% in
p14ARF), and (iv) polymorphisms (19% in p16 only).

Table 2 also categorizes INK4a-ARF genetic altera-
tions by anatomic sites of the tumors for the 71 cases
in which this information was available. The
proportion of tumors identi®ed with mutations
affecting p16 differed signi®cantly from site to site
including three of 32 (9%) pharyngeal tumors, nine
of 24 (38%) laryngeal tumors, and three of 15 (20%)
tumors of the oral cavity (P�0.04, chi-square test).
Mutations affecting p14ARF were found in approxi-
mately equal proportions across the sites including
two of 32 (6%) pharyngeal tumors, four of 24 (17%)
laryngeal tumors, and two of 15 (13%) tumors of
the oral cavity (P�0.46). There was no apparent
association between mutation rate and tumor stage.

SSiittee--DDiirreecctteedd MMuuttaaggeenneessiiss aanndd
pp1166 PPrrootteeiinn PPuurrii®®ccaattiioonn

To determine the biological signi®cance of the
novel p16 mutations identi®ed in this cohort of
SCCHNs, seven somatic mutations were recon-
structed using site-directed mutagenesis techniques
and functionally evaluated. The seven selected
mutations represented three of the four mutation
categories listed above: three truncation mutants,
three missense mutants, and one frameshift mutant.
The functional and structural characteristics of
these speci®c somatic p16 mutants have not been
described in the literature to date. No polymorphic
mutants have been evaluated since the codon 148
polymorphism was characterized by another group
[27]. All p16 recombinant genes were highly
expressed in E. coli; however, ®ve of the recom-
binant proteins had low solubility relative to wild-
type p16, and most of the expressed proteins
precipitated out as inclusion bodies in the host
cells. The low availability of these recombinant p16
proteins in the soluble form necessitated their
puri®cation as GST-fusion proteins (Figure 2). These
mutant proteins became sensitive to thrombin
digestion and were cleaved nonspeci®cally, making
the removal of the GST domain unattainable (data
not shown).

IInnhhiibbiittoorryy AAccttiivviittyy ooff pp1166 MMuuttaanntt PPrrootteeiinnss

The functional integrity of the reconstructed
mutant p16 was based on the ability to inhibit
CDK4 kinase activity compared with wild-type p16.
As a representative truncation mutant, the GST-
58stop mutant showed signi®cantly lower inhibi-
tory activity than wild-type GST-p16, with a
decrease of approximately 29-fold (Figure 2A).
Conversely, the GST-110stop mutant demonstrated
only a threefold reduction in inhibitory activity.
Interestingly, the GST-(53-58) mutant, in which the
turn connecting the two helices in ankyrin II (Figure
2B) of the protein is eliminated, showed only a
fourfold decrease in its inhibitory capacity. The
GST-124fs frameshift mutant did not show apparent
change in its inhibitory activity, suggesting that the
C terminus is not crucial for the inhibitory activity
of p16.

The missense mutants, which produce a single
amino acid residue change, changed in their p16
inhibitory activity when ranked by the concentra-
tion necessary for 50% maximal inhibition (IC50

values). But surprisingly, a dramatic residue change
in GST-L97P did not result in a signi®cant reduction
in its inhibitory competence (twofold), suggesting
that leucine 97 may not be crucial for the overall
structure and function of p16. The D116Y mutant
exhibited an eightfold decrease in its inhibitory
capacity. Of particular interest was the somatic
mutation in codon 63 because it lies in helix IIB of
p16 (Figure 2A and B) and is conserved in most
proteins containing ankyrin repeats. The L63V
mutant had IC50 values that increased 38-fold,
suggesting that even a conserved mutation at codon
63 could dramatically alter the inhibitory activity of
p16.

NNMMRR SSppeeccttrroossccooppyy ooff tthhee LL6633VV MMuuttaanntt

To study further the effect of mutagenic event in
L63 on the global structure of p16, we employed
one-dimensional 1H NMR to check for possible
structural perturbation. As shown in Figure 3, the
L63V mutant exhibited quite a different spectrum
from that of wild-type p16. For L63V, most of the
peaks at 6±9 ppm were greatly broadened, suggest-
ing that the structural conformation of the mutants
was signi®cantly perturbed or the samples had
aggregated as a result of reduced protein solubility
and stability. These ®ndings are consistent with the
corresponding in vitro inhibitory activity of this
mutant.

In the present study, we assessed the importance
of the mutational pathway for inactivation of the
INK4a-ARF locus in SCCHN and the functional
signi®cance of several representative mutations
identi®ed in these tumors. Examination of 100
SCCHNs showed the presence of 27 (27%) genetic
alterations within the INK4a-ARF locus. Five tumors
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FFiigguurree 22.. ((AA)) pp1166 mmuuttaanntt ccoonnssttrruuccttss aanndd iinn vviittrroo CCDDKK44 iinnhhiibbiittiioonn
aassssaayy.. SScchheemmaattiicc rreepprreesseennttaattiioonn ooff tthhee pprrootteeiinn ccoonnssttrruuccttss aanndd IICC5500

vvaalluueess wweerree oobbttaaiinneedd ffrroomm tthhee iinn vviittrroo CCDDKK44 iinnhhiibbiittiioonn aaccttiivviittyy aassssaayy..

NN//DD,, nnoonnee ddeetteeccttaabbllee;; GGSSTT,, gglluuttaatthhiioonnee SS--ttrraannssffeerraassee.. ((BB)) TTooppoollooggyy
ddiiaaggrraamm ooff tthhee pp1166 ssttrruuccttuurree.. HHeelliicceess ((iinn cciirrcclleess)) aarree ppeerrppeennddiiccuullaarr ttoo
tthhee ppllaannee ooff tthhee ppaaggee,, aanndd rreessiidduueess ffoorrmmiinngg hheelliicceess aarree iinnddiiccaatteedd..
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exhibited the well-documented p16 codon 148 poly-
morphism sequence change [29], as did the DNA
from the corresponding patient-matched normal
tissue. Twenty-two cases (22%) exhibited somatic
mutations located predominantly within exon 2.
Interestingly, recurrent tumors from four patients
(samples 63, 132, 139, and 143) contained muta-
tions identical to the patient-matched primary
tumors (data not shown). No mutations were
observed in exon 1b and only 15 of the 22 mutations
would be expected to affect the p14ARF protein. The
frequency of somatic p16 mutational events identi-
®ed in this study is higher than that previously
reported by others for SCCHN. In 15 SCCHNs,
Cairns et al. [35] identi®ed one somatic mutation
(6%) in a more advanced tumor; Reed et al. [45]
found one mutation in 29 tumors (3%); Law et al.
[46] reported mutations in six of 48 (13%) HN
tumors; Zhang et al. [36] identi®ed somatic muta-
tions in seven of 68 (10%) primary SCCHN; Uzawa
et al. [37] found somatic mutations in two of 32
(6%) oral cavity SCCs; and Kannan et al. [38]
identi®ed mutations in eight of 87 (9%) Indian oral
SCCs. Together, these investigations found somatic
mutations in 25 of 279 (9%) SCCHNs examined.
Explanations for the signi®cantly (P�0.01, chi-
square test) increased rate of p16 mutations ob-
served in the present study may include differences
in anatomic location or differences in the sensitivity
of detection methodologies [40].

An interesting feature of this study is the promi-
nent number (10 of 22, 45%) of microdeletion and
microinsertion events identi®ed in the SCCHN
samples. All of these novel mutations were observed

in the duplicate PCR reactions, and several of the
mutations were con®rmed in either recurrent tumor
samples or primary tumor mRNA when available,
thereby negating their association with Taq poly-
merase in®delity. A study by Yuedall et al. [47] also
demonstrated a high incidence (six of 14, 43%) of
small deletion and insertion mutations in cell lines
derived from oral cancers. These unique mutations
have also been reported in other tumor types but at
a lower incidence [48]. One potential explanation
for the high frequency of these microdeletion and
microinsertion events may be associated with a
defective mismatch repair system within tumors. In
eukaryotes, two heterodimers consisting of MSH2
and MSH6 or MSH2 and MSH3 have been shown to
speci®cally recognize and repair DNA alterations in
vitro and in vivo. The speci®city of the type of
mismatch is dictated by the association of MSH2
with MSH6 or MSH3. MSH6 targets base-base
mismatches and small insertion or deletions for
repair, whereas MSH3 recognizes only small inser-
tions or deletions [49]. Conceivably, dysfunction of
one or more of the DNA repair proteins (e.g., MSH3)
could lead to the accumulation of a speci®c type of
mutational event within critical growth-controlling
genes such as p16 or p14ARF. The expression and
mutational status of DNA repair genes in these
tumors are currently under investigation.

Another segment of this study was to determine
the biological signi®cance of the mutations identi-
®ed within our cohort of SCCHNs. There have been
several site-directed mutagenesis studies done with
p16 in the past several years, but most have focused
on point mutations that result in a single amino
acid residue substitution [44,50]. The present study
expanded this body of knowledge by determining
how more severe genetic and biologically relevant
mutations, such as truncation and frameshift, affect
the inhibitory activity of p16 on CDK4. We also
evaluated four single amino acid substitution
mutants that had not previously been examined in
the in vitro inhibition activity assay. Lilischkis et al.
[27] examined a series of p16 deletion mutants and
found that a truncation mutant, which comprises
only the ®rst and second ankyrin repeats, was void
of inhibitory activity. In contrast, our results show
that the truncated protein GST-58stop has an
approximately 25-fold decrease in activity com-
pared with wild-type p16. This ®nding is consistent
with an earlier report by Fahraeus et al. [51] in which
a chemically synthesized 20±amino acid peptide
(corresponding to amino acid residues 39±57 of
p16) had inhibitory activity for pRB phosphoryla-
tion. A possible explanation for the discrepancy
between our results and those of Lilischkis et al. [27]
is that the IC50 value of the GST-58stop mutant is
beyond the experimental upper limit established in
their report. The GST-110stop and the GST-(53-58)
mutants had only a moderate decrease in activity,

FFiigguurree 33.. CCoommppaarriissoonn ooff oonnee--ddiimmeennssiioonn NNMMRR ssppeeccttrraa bbeettwweeeenn
wwiilldd--ttyyppee ((WWTT)) pp1166 aanndd tthhee LL6633VV mmuuttaanntt iinn 22HH2200 aatt 660000 MMHHzz.. TThhee
ssppeeccttrraa ooff tthhee LL6633VV mmuuttaanntt aarree ddiiffffeerreenntt ffrroomm tthhoossee ooff WWTT pp1166 iinn
tthhaatt mmoosstt ooff tthhee ssppeeccii®®cc ppeeaakkss aarree ggoonnee aanndd tthhee rreemmaaiinniinngg ppeeaakkss aarree
ssiiggnnii®®ccaannttllyy bbrrooaaddeenneedd.. TThheessee ddaattaa ssuuggggeesstt tthhaatt tthhee ccoonnffoorrmmaattiioonn
ooff tthhee LL6633VV mmuuttaanntt iiss ssiiggnnii®®ccaannttllyy ppeerrttuurrbbeedd oorr tthhee ssttrruuccttuurraall
ssttaabbiilliittyy ooff tthhee pprrootteeiinnss aarree rreedduucceedd..
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whereas the GST-124fs frameshift mutant retained
full activity, similar to that of wild-type p16. These
results are consistent with the ®ndings of our
previous biochemical and structural studies of p16
and with those of the published CDK6/p16 complex
crystal structure, wherein the second and third
ankyrin repeats, but not the fourth ankyrin repeat,
especially the C terminus, of p16 are heavily
involved in the interacting network with CDK6
[44,52]. However, the GST-124fs change may in¯ict
other protein deregulating effects independent of
the GST-fusion protein. The GST-124fs is sensitive to
thrombin digestion, and this could be very critical
for the stability of this mutant protein in the cell.
These results may explain the highly elevated level
of p16 mRNA expression in some SCCHN primary
tumors in our previous study [18], because the
transformed cells may have increased gene expres-
sion to compensate for the reduced inhibitory
activity of the mutant p16.

We also constructed four other missense mutants
that had not been previously analyzed using the in
vitro CDK inhibition activity assay. Leucine residues
at positions 63 and 97 of the p16 protein are
conserved among all INK4 family members, but
the GST-L97P mutant only exhibited twofold
increase in IC50, whereas the IC50 increased greatly
for L63V. As shown by the solution structure of p16
and the crystal structure of the CDK6/p16 complex,
L63 does not interact directly with CDK6 [44,52].
Instead, it appears to play an important role in
maintaining the structure of p16. L63 is located in
the midst of a hydrophobic region that stabilizes the
helix bundle formed by the ®rst and second ankyrin
repeats of the protein. L63 forms hydrophobic
interactions with L16, A17, A20, and L32 (residues
located on the ®rst ankyrin repeat) and with I49,
V59, and V60 (residues located on the second anky-
rin repeat). Any change in the side chain at this
position may disrupt these interactions and desta-
bilize the helix bundle in particular or the global
structure of p16 as a whole. Substitution of a leucine
with a valine at this position results in the addition
of two methyl groups at the C of the residue that
consequently may in¯ict an undesirable stearic
effect within the hydrophobic core and thus
signi®cantly perturb the global structure of p16. In
addition, the side chain of valine is shorter than that
of leucine and may result in weaker hydrophobic
interactions between residue 63 and its surrounding
neighborhood. Thus, the large increase in IC50 for
the L63V mutant is most likely the result of
structural perturbation, as suggested by the NMR
spectra shown in Figure 3.

D116 is located on the ®rst helix of the fourth
ankyrin repeat of p16 and is not a conserved amino
acid among INK4 proteins. Because the fourth
ankyrin repeat is heavily involved in the interaction
between p16 and CDK4/6, a mutation at this posi-

tion would not be expected to induce functional
defects as detrimental as L63. Our in vitro inhibition
assay con®rmed this notion by showing that muta-
tion from aspartic acid to tyrosine at position 110
elicited an eightfold increase in IC50, whereas L63V
exhibited a 38-fold increase.

In contrast to our structural and in vitro func-
tional analyses of p16, similar evaluations of p14ARF

mutants were impossible because of the nonavail-
ability of p14ARF protein with high purity. However,
it has been shown that the amino-terminal 62
amino acids and 83±100 residues are crucial for all
the known functions of the protein: speci®cally,
HDM2 binding, nucleolar localization, and the
ability to induce p53-dependent cell-cycle arrest
[53]. Based on the results known thus far regarding
the mode of interaction between p14ARF, HDM2,
and p53, all mutations found in our study can be
divided into two categories: (i) mutations that affect
only p16 (samples 76, 302, 93-3146, 101, 156, 135,
186, 94-2365, 191, 236, 249, and 301) and (ii)
mutations that affect both p16 and p14ARF (samples
115, 63, 95-1495, 61, 132,139, 299, 94-3581, 143,
94-916, 93-2056, 95-1449, 133, and 321). To better
understand the possible contribution of these two
genes to the phenotypes observed in transformed
cells, we were particularly interested in mutations
found in samples 101, 156, 132, and 139. The
mutation in sample 101 at this locus resulted in an
amino acid residue change from aspartic acid to
valine at codon 74 in p16 but in a silent mutation in
p14ARF. It has been reported that D74A has a
perturbed structure and thus defective protein
folding [54]. Similarly, the mutation in sample 156
resulted in an amino acid residue change from
leucine to proline at codon 97 in p16 but did not
affect p14ARF. In vitro inhibition activity of L97P,
which was reconstituted in our study, showed only a
twofold increase in IC50 compared with wild-type
p16. Although one would generally expect a greater
increase in the IC50 value for the L97P mutant
(because a residue change to a proline at position 97
is likely to disrupt helix bundle structure), the
greater degree of protein instability in this mutant
may be re¯ected by the fact that it is very insoluble
in the host cells and is dif®cult to purify without the
GST domain, which has a stabilizing role in protein
expression and puri®cation (data not shown).
Although more detailed structural and functional
analyses of these mutants are highly warranted,
such analyses are limited by the stability of these
proteins. The mutations in samples 132 and 139 at
this locus were identical, resulting in a truncated
mutant p16 protein and an amino acid change from
proline to leucine at codon 72 in p14ARF. Subse-
quent assays showed that the corresponding trun-
cated p16 protein was signi®cantly de®cient, with
an IC50 increase of approximately 25-fold. However,
codon 72 in p14ARF was not conserved between
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human and mouse, and other studies have shown
that mutation at this position in mouse p19ARF from
a serine to arginine and histidine does not affect the
growth-suppression potency of the protein in vivo
[55].

Overall, somatic mutational inactivation of the
INK4a-ARF locus seems to be a signi®cant event in
the development of human SCCHN, an observation
that complements the well-documented and more
prevalent INK4a-ARF-inactivating events of chro-
mosomal deletion and promoter hypermethylation.
Thus far, there is no conclusive evidence as to which
of the two gene products, p16 or p14ARF, has a key
role in site-speci®c tumors. Evidence that each may
have a different role has been provided by studies in
INK4a/ARF-null and ARF-null mice that have differ-
ent tumor spectra [56,57]. The contributions of
these two gene products in the genesis of tumors in
speci®c tissues may be substantially different. How-
ever, results from our studies and information
available in the literature indicate that p16 plays a
more important role than p14ARF in SCCHN.

AACCKKNNOOWWLLEEDDGGMMEENNTTSS

This study was made possible in part by grants R01
DE11943 (to C.M.W.), P01 DE12704-02 (to J.C.L.),
R01-CA69472 (to M.-D.T.), and P30 CA16058 (to
Ohio State University Comprehensive Cancer Cen-
ter) from the National Institutes of Health and grant
IRG16-34 (to Ohio State University Comprehensive
Cancer Center) from the American Cancer Society.

RREEFFEERREENNCCEESS

1. Landis SH, Murray T, Bolden S, Wingo PA. Cancer statistics,
1999. CA Cancer J Clin 1999;49:8±31.

2. Parkin DM, Pisani P, Ferlay J. Global cancer statistics. CA
Cancer J Clin 1999;49:33±64.

3. Rothman K, Keller A. The effects of joint exposure to alcohol
and tobacco on risk of cancer of the mouth and pharynx. J
Chronic Dis 1972;25:711±716.

4. Million RB, Cassisi NJ, Clark JR. Cancer of the head and
neck. In: DeVita VT, Hellman S, Rosenberg SA, editors.
Cancer: Principals and practices of oncology. Philadelphia:
JB Lippincott; 1989. p 488±590.

5. Shah JP, Lydiatt W. Treatment of cancer of the head and
neck. CA Cancer J Clin 1995;45:352±368.

6. Somers KD, Merrick MA, Lopez ME, Incognito LS, Schechter
GL, Casey G. Frequent p53 mutations in head and neck
cancer. Cancer Res 1992;52:5997±6000.

7. Boyle JO, Hakim J, Koch W, et al. The incidence of p53
mutations increases with progression of head and neck
cancer. Cancer Res 1993;53:447±4480.

8. Brennan JA, Boyle JO, Koch WM, et al. Association between
cigarette smoking and mutation of the p53 gene in
squamous-cell carcinoma of the head and neck. N Engl J
Med 1995;332:712±717.

9. Saranath D, Panchal RG, Nair R, Mehta AR, Sanghavi V,
Sumegi J. Oncogene ampli®cation in squamous cell car-
cinoma of the oral cavity. Jpn J Cancer Res 1989;80:
430±437.

10. Callender T, El-Naggar AK, Lee MS, Frankenthaler R, Luna
MA, Batsakis JG. PRAD-1 (CCND1)/cyclin D1 oncogene
ampli®cation in primary head and neck squamous cell
carcinoma. Cancer 1994;74:152±158.

11. Jares P, FernaÂ ndez PL, Campo E, et al. A. PRAD-1/cyclin D1
gene ampli®cation correlates with messenger RNA over-
expression and tumor progression in human laryngeal
carcinomas. Cancer Res 1994;54:4813±4817.

12. Kamb A, Gruis NA, Weaver-Feldhaus J, et al. A cell cycle
regulator potentially involved in genesis of many tumor
types. Proc Natl Acad Sci USA 1994;89:10557±10561.

13. Nabori T, Miura K, Wu D, Lois A, Takabayashi K, Carson D.
Deletions of the cyclin-dependent kinase-4 inhibitor gene in
multiple human cancers. Nature 1994;368:753±756.

14. Serrano M, Hannon GJ, Beach DA. A new regulatory motif
in cell-cycle control causing speci®c inhibition of cyclin D/
CDK4. Nature 1993;366:704±707.

15. Kamijo T, Weber JD, Zambetti G, Zindy F, Roussel MF, Sherr
CJ. Functional and physical interactions of the ARF tumor
suppressor with p53 and Mdm2. Proc Natl Acad Sci USA
1998;95:8292±8297.

16. Zhang Y, Xiong Y, Yarbrough WG. ARF promotes MDM2
degradation and stabilizes p53: ARF-INK4a locus deletion
impairs both the Rb and p53 tumor suppression pathways.
Cell 1998;92:725±734.

17. Sherr C, Weber JD. The ARF/p53 pathway. Curr Opin Genet
Dev 2000;10:94±99.

18. Lang JC, Tobin EJ, Knobloch TJ, et al. Frequent mutation of
p16 in squamous cell carcinoma of the head and neck.
Laryngoscope 1998;108:923±928.

19. Okamoto A, Demetrick DJ, Spillare EA, et al. p16ink4 muta-
tions and altered expression in human tumors and cell lines.
In: Cold Spring Harbor Symposia on Quantitative Biology.
Volume LIX. Cold Spring Harbor: Cold Spring Harbor
Laboratory Press; 1994. p 49±57.

20. Spruck III CH, Gonzalez-Zulueta M, Shibata A, et al. p16
gene in uncultured tumours. Nature 1994;370:183±184.

21. Igaki H, Sasaki H, Kishi T, et al. Highly frequent homozygous
deletion of the p16 gene in esophageal cancer cell lines.
Biochem Biophys Res Commun 1994;203:1090±1095.

22. Cairns P, Polascik TJ, Eby Y, et al. Frequency of homozygous
deletion at p16/CDKN2 in primary human tumours. Nat
Genet 1995;11:210±212.

23. Walker DG, Duan W, Popovic EA, Kaye AH, Tomlinson FH,
Lavin M. Homozygous deletion of the multiple tumor
suppressor gene 1 in the progression of human astro-
cytomas. Cancer Res 1995;55:20±23.

24. Jen J, Harper JW, Bigner SH, et al. Deletion of p16 and p15
genes in brain tumors. Cancer Res 1994;54:6353±6358.

25. GonzaÂ lez MV, Pello MF, LoÂ pez-Larrea C, SuaÂ rez C,
MendeÂndez MJ, Coto E. Loss of heterozygosity and
mutation analysis of the p16 (9p21) and p53 (17p13) genes
in squamous cell carcinoma of the head and neck. Clin
Cancer Res 1995;1:1043±1049.

26. Lo K-W, Cheung S-T, Leung S-F, et al. Hypermethylation of
the p16 gene in nasopharyngeal carcinoma. Cancer Res
1996;56:2721±2725.

27. Lilischkis R, Sarcevic B, Kennedy C, Warlters A, Sutherland
RL. Cancer-associated mis-sense and deletion mutations
impair p16INK4 CDK inhibitory activity. Int J Cancer 1996;
66:249±254.

28. Merlo A, Herman JG, Mao L, et al. 5 0 CpG island methyla-
tion is associated with transcriptional silencing of the
tumour suppressor p16/cdkn2/mts1 in human cancers.
Nat Med 1995;1:686±692.

29. Hussussian CJ, Struewing JP, Goldstein AM, et al. Germline
p16 mutations in familial melanoma. Nat Genet 1994;8:
15±21.

30. Kamb A, Shattuck-Eidens D, Eeles R, et al. Analysis of the
p16 gene (CDKN2) as a candidate for the chromosome 9p
melanoma susceptibility locus. Nat Genet 1994;8:22±26.

31. Caldas C, Hahn SA, da Costa LT, et al. Frequent somatic
mutations and homozygous deletions of the p16 (MTS1)
gene in pancreatic adenocarcinoma. Nat Genet 1994;8:
27±28.

SSOOMMAATTIICC IINNKK44aa--AARRFF MMUUTTAATTIIOONNSS IINN SSCCCCHHNN 3355



32. Huang L, Goodrow TL, Zhang S-Y, Klein-Szanto AJP, Chang
H, Ruggeri B. Deletion and mutation analysis of the P16/
MTS-1 tumor suppressor gene in human ductal pancreatic
cancer reveals a higher frequency of abnormalities in tumor-
derived cell lines than in primary ductal adenocarcinomas.
Cancer Res 1996;56:1137±1141.

33. Mori T, Miura K, Aoki T, Nishihira T, Mori S, Nakamura Y.
Frequent somatic mutations of the MTS1/CDK4I (multiple
tumor suppressor gene 1/cyclin-dependent kinase 4 inhi-
bitor) gene in esophageal squamous cell carcinoma. Cancer
Res 1994;54:3396±3397.

34. Zhou X, Tarmin L, Yin J, et al. The MTS1 gene is frequently
mutated in primary human esophageal tumors. Oncogene
1994;9:3737±3741.

35. Cairns P, Mao L, Merlo A, et al. Rates of p16 (MTS1) muta-
tions in primary tumors with 9p loss. Science 1994;265:
415±416.

36. Zhang S-Y, Klein-Szanto AJP, Sauter ER, et al. Higher
frequency of alterations in the p16/CDKN2 gene in
squamous cell carcinoma cell lines than in primary tumor
of the head and neck. Cancer Res 1994;54:5050±5053.

37. Uzawa K, Suzuki H, Yokoe H, Tanzawa H, Sato K. Muta-
tional state of p16/CDKN2 and VHL genes in squamous-cell
carcinoma of the oral cavity. Int J Oncol 1995;7:895±899.

38. Kannan K, Munirajan AK, Krishnamurthy J, et al. The
p16INK4alpha/p19ARF gene mutations are infrequent and
are mutually exclusive to p53 mutations in Indian oral
squamous cell carcinomas. Int J Oncol 2000;16:585±590.

39. Hongyo T, Buzard GS, Palli D, et al. Mutations of the K-ras
and p53 genes in gastric adenocarcinomas from a high-
incidence region around Florence, Italy. Cancer Res 1995;
55:2665±2672.

40. Hongyo T, Buzard GS, Calvert RJ, Weghorst CM. ``Cold
SSCP'': A simple, rapid and non-radioactive method for
optimized single-strand conformation polymorphism ana-
lyses. Nucleic Acids Res 1993;21:3637±3642.

41. Enomoto T, Weghorst CM, Inoue M, Tanizawa O, Rice JM.
K-ras activation occurs frequently in mucinous adenocarci-
noma and rarely in other common epithelial tumors of the
human ovary. Am J Pathol 1991;139:777±785.

42. Chen W, Weghorst CM, Sabourin CLK, et al. Absence of
p16/MTS1 gene mutations in human prostate cancer.
Carcinogenesis 1996;17:2603±2607.

43. Sarkar G, Sommer SS. The ``megaprimer'' method of site-
directed mutagenesis. BioTechniques 1990;8:404±407.

44. Byeon I-J, Li J, Ericson K, et al. Tumor suppressor p16INK4A:
Determination of solution structure and analyses of its

interaction with cyclin-dependent kinase 4. Mol. Cell 1998;
1:421±431.

45. Reed AL, Califano J, Cairns P, et al. High frequency of
p16 (CDKN2/MTS-1/INK4A) inactivation in head and
neck squamous cell carcinoma. Cancer Res 1996;56:
3630±3633.

46. Law JC, Ishwad C, Ferrell RE, et al. Deletion and mutational
inactivation of the cyclin-dependent kinase-4 inhibitor gene
(p16) in oral carcinoma. Am J Hum Genet 1994;55:34.

47. Yeudall WA, Crawford RY, Ensley JF, Robbins KC. MTS1/
CDK4I is altered in cell lines derived from primary and
metastatic oral squamous cell carcinoma. Carcinogenesis
1994;15:2683±2686.

48. Liu Q, Neuhausen S, McClure M, et al. CDKN2 (MTS1)
tumor suppressor gene mutations in human tumor cell lines.
Oncogene 1995;10:1061±1067.

49. Marra G, Schar P. Recognition of DNA alterations by the
mismatch repair system. Biochem J 1999;338:1±13.

50. Li J, Byeon,I-J, Ericson K, et al. Tumor suppressor INK4:
Determination of the solution structure of p18INK4C and
demonstration of the functional signi®cance of loops in
p18INK4C and p16INK4A. Biochemistry 1999;38:2930±2940.

51. Fahraeus R, Paramio JM, Ball KL, Lain S, Lane DP. Inhibition
of pRb phosphorylation and cell-cycle progression by a 20-
residue peptide derived from p16CDKN2/INK4A. Curr Biol
1996;6:84±91.

52. Russo AA, Tong L, Lee J, Jeffery PD, Pavletich NP. Structural
basis for inhibition of the cyclin-dependent kinase Cdk 6
by the tumor suppressor p16INK4a. Nature 1998;395:
237±243.

53. Zhang Y, Xiong Y. Mutations in human ARF exon 2 disrupt
its nucleolar localization and impair its ability to block
nuclear export of MDM2 and p53. Mol Cell 1999;3:579±
591.

54. Zhang B, Peng Z-Y. Defective folding of p16(INK4) proteins
encoded by tumor-derived alleles. J Biol Chem 1996;271:
28734±28737.

55. Herzog CR, Noh S, Lantry LE, Guan K-L, You M. Cdkn2a
encodes functional variation of p16INK4a but not p19ARF,
which confers selection in mouse lung tumorigenesis. Mol
Carcinog 1999;25:92±98.

56. Kamijo T, Bodner S, vandeKamp E, Randle DH, Sherr CJ.
Tumor spectrum in ARF-de®cient mice. Cancer Res 1999;
59:2217±2222.

57. Serrano M, Lee H, Chin L, Cordon-Cardo C, Beach D,
DePinho RA. Role of the INK4a locus in tumor suppression
and cell mortality. Cell 1996;85:27±37.

3366 PPOOII EETT AALL..


