
Abstract. Phosphatidylinositol 3-kinases (PI3Ks) are hetero-
dimeric lipid kinases that regulate cellular activities such as
proliferation, survival, motility and morphology. Recent
studies reported that the p110α (PIK3CA), catalytic subunit
of PI3-kinase is somatically mutated in human cancers. Hot-
spot mutations (E542K, E545K and H1047R) are reported to
have higher oncogenic potential. Although PIK3CA
mutations were reported in head and neck squamous cell
carcinomas (HNSCC) of limited ethnicity, the functional
consequences of HNSCC-associated PIK3CA mutations have
not been examined. Status of PI3K signaling related genes
(PTEN-RAS-EGFR) in the presence of PIK3CA mutation
have not been reported. In this study, we analyzed exons 9
and 20 of PIK3CA in 54 samples, including 17 HNSCC cell
lines, 19 Indian and 18 Vietnamese primary tumors. We found
mutations in 29.4% (5/17) of HNSCC cell lines, 10.5% (2/19)
of Indian tumors and no mutation (0/18) in Vietnamese
tumors. Two homozygous PIK3CA mutations were found
in cell lines and a novel insertion mutation with oncogenicity
in Indian tumor. Analysis of PI3K signaling related genes
showed that PIK3CA and PTEN mutations were mutually
exclusive, though PTEN mutation is uncommon in HNSCC.
However, PIK3CA mutation coexisted with H-RAS mutation.
Furthermore, PIK3CA mutations were mutually exclusive to
EGFR amplification. All the 5 mutants that we found in

HNSCC, showed increased PI3 kinase activities, followed by
growth factor independent higher colony forming efficiency,
changes in morphology, higher rates of migration and invasion
compared with PIK3CA wild-type. Our study is the first
to examine the oncogenic potential of PIK3CA mutants
associated with HNSCC and report on PIK3CA mutations in
Indian and Vietnamese ethnicity. These results suggest that
PIK3CA mutations in HNSCC are likely to be oncogenic and
may significantly contribute to HNSCC carcinogenesis and
pave attractive target for therapeutic prevention.

Introduction

The phosphatidylinositol 3 kinase is a heterodimeric lipid
kinase that is composed of a regulatory subunit, p85 and a
catalytic subunit p110α (PIK3CA) and plays a pivotal role
in regulation of various cellular signaling pathways which
control cell proliferation, survival, growth, motility, cell
adhesion, differentiation, cytoskeletel rearrangement and
apoptosis (1,2).

PI3Ks are a large and complex family that contains three
classes with multiple subunits and isoforms. The class I
PI3Ks consist of two subgroups, IA and IB. The class IA can
be activated by being recruited to the cell membrane via
growth factor receptor tyrosine kinases, such as the epidermal
growth factor receptor (EGFR) and the insulin receptor (3,4).
Growth factors activate receptor tyrosine kinases (RTKs),
which then activate two key signal-transduction components
including the small GTPase Ras and the lipid kinase PI(3)K.
Active Ras could also directly activates PI(3)K (5,6). The
activated PI3K converts phosphatidylinositol-4-5-biphosphate
[PI(4,5)P2] to phosphatidylinositol-3,4,5- triphosphate
[PI(3,4,5)P3]. The tumor suppressor PTEN antagonizes PI3K
activity by dephosphorylating PI(3,4,5)P3 to [PI(4,5)P2] (2).
Accumulation of the PI(3,4,5)P3 at the plasma membrane pool
brings plecstrin-homology (PH) domain-containing proteins
including protein serine-threonine kinases AKT (PKB) and
phosphatidylinositol-dependent protein kinase1 and 2 (PDK 1
and 2) into proximity and facilitates phosphorylation of AKT
by PDK1. This phosphorylation stimulates the catalytic
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activity of AKT, leads to phosphorylation of its effector
proteins that affects cell growth, cell cycle entry, and cell
survival (7).

Phosphatidylinositol signaling has been shown to be dere-
gulated in various cancers. Somatic mutations of the gene
encoding p85 regulatory subunit of PI3K have been reported
in human colon and ovarian tumors (8). The PIK3CA, which
codes for the p110α catalytic subunit of PI3K has been
reported to be amplified in human cancers including head
and neck squamous cell carcinomas (9). Mutations in the
PIK3CA have been reported in over 25% in colorectal,
gastric, breast and certain brain cancers (10), and are mutated
at significant proportions in other cancer types including
head and neck cancer (11-14). The RAS mutation and the
PTEN inactivation by somatic mutations or loss of expression
results in hyperactivity of PI3K have been reported in a variety
of human cancers (6,15).

Several PIK3CA hot spot mutations were reported mainly
in exons 9 and 20. Functional analysis of hot spot mutations
such as E542K, E545K and H1047R showed increased
lipid kinase activity and induced transformation in chicken
embryo fibroblast (16). Further, studies on E545K and
H1047R mutations by targeted homologous integration
suggested that PIK3CA mutations are activating mutations
with gain of function in tumor cell proliferation as well as in
invasion and metastasis (17). These two mutations were thus
evaluated to be oncogenic in transforming mammary epithelial
cells (18). In addition to these mutations, few mutations in
p85 binding domain (R38H), C2 domain (C420R, E453Q)
and kinase domain (M1043I) were shown to increase lipid
kinase activity and transform the mouse fibroblast cells
(19).

Recently, mutations of PIK3CA were reported in HNSCC
with limited ethnicity (14,32). However, no functional
consequences of PIK3CA mutations and status of PI3K
signaling related genes in presence of PIK3CA mutation
have ever been examined in HNSCC. Further, the incidence
of PIK3CA mutations from the most prevalent ethnicity of
HNSCC such as India and Vietnam is unknown. In our
present study, we analyzed PIK3CA gene for mutations in
HNSCCs including 17 cell lines established from Japanese
tumors, 19 primary tumors from India and 18 from Vietnam.
We also screened for PTEN and RAS gene mutations in all
the cell lines and also in tumors identified as positive for
PIK3CA mutation with control. We constructed PIK3CA
mutant expression vectors to study their functions. We
report for the first time that the mutated PIK3CA genes
identified from head and neck squamous cell carcinomas act
as an oncogene.

Materials and methods

Cell lines. Nineteen cell lines consisting 17 head and neck
squamous cell carcinoma (HNSCC) cell lines (ZA, HOC313,
HOC815, NU, HOC605, HOC719, HOC927, CA922, NA,
HSC2, HSC3, HSC4, HSC5, HSC6, TSU, OM1, NU), 1
cervical carcinoma (SIHA) and 1 normal embryonic lung
fibroblast cell line (TIG7) were used. HNSCC cell lines were
established at the first and second Departments of Oral and
Maxillofacial Surgery, Faculty of Dentistry, Tokyo Medical

and Dental University (20). All the cell lines were cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% (v/v) FBS and 10 μg/ml gentamycin sulfate (Sigma-
Aldrich, St. Louis, MO). Cells were incubated at 37˚C with
5% CO2/95% air in a humidified CO2 incubator until cells
were lysed for genomic DNA extraction.

DNA extraction. Genomic DNA was prepared as described
previously (20). Tumor DNAs prepared as previously
described (21), were used in this study for Indian HNSCC.
Vietnamese samples were collected by the approval of
insititutional review committee at Cancer Hospital in Ho Chi
Minh City, the same group of DNA samples were used for
p53 mutational analysis (Hong T.N., Ph.D Dessertation,
2006).

Mutation analysis of PIK3CA, PTEN and H-RAS. The primer
sequences, and the reaction conditions for the amplification
of exons 9 and 20 of the PIK3CA gene, were as described
previously (10). The full length PTEN gene in HNSCC cell
lines was analyzed by sequencing the RT-PCR products.
Briefly cDNAs were synthesized by using SuperScript™
III CellsDirect cDNA Synthesis system (Invitrogen Life
Technologies, Carlsbad, CA) and the PTEN entire coding
region was amplified as three overlapping fragments (PT1,
PT2 and PT3) by using the following PCR primer sets:
PT1F-CTCCTCCTTTTTCTTCAGCC, PT1R-GTCTCT
GGTCCTTACTTCC; PT2F-GGGACGAACTGGTGTA
ATG, PT2R-TTCCTCTGGTCCTGGTATG; and PT3F-AGC
CGTTACCTGTGTGTG, PT3R-CATGGTGTTTTATCC
CTC. The conditions for the PCR amplification were as
follows: i) after initial denaturation at 94˚C for 1 min, a 35
cycle reaction consisting of 94˚C/30 sec, 57˚C/30 sec and
72˚C/30 sec for PT1 primer set; ii) 94˚C/30 sec, 56˚C/30 sec,
and 72˚C/30 sec, for PT2 primer set; iii) 94˚C/30 sec,
54˚C/30 sec, and 72˚C/30 sec for PT3 primer set. The PTEN
gene (exons 1-9) in HNSCC primary tumor samples (Indian
and Vietnamese) was amplified using the primer sequences
as described previously (22). In addition, exon 8 was amplified
by using E8S-TACATTCTTCATACCAGG, and E8AS-
AAGTATCGGTTGGCTTTG primers.

The H-ras (exons 1 and 2) was amplified using the
forward primers H1S and H2S for exon 1 and 2, respectively,
as described previously (23). One set of a new primer
(hras1f-AGACCCTGTAGGAGGACC; hras1r-GAGGAA
GCAGGAGACAGG) was used for amplifying the exon 1.
Two additional primers HRAS-E1-R-CTCGCCCGCAG
CAGCTGCTG, and HRAS-E2-R-GGGCCAGCCTCACG
GGGTTC were used as reverse primers for exons 1 and 2,
respectively. The PCR products were gel-purified as
described previously (21) and sequenced by a Big Dye
Terminator v1.1 cycle sequencing kit using an ABI-Prism
3100 Genetic Analyzer (Applied Biosystems).

Construction of PIK3CA expression vector. A mammalian
expression vector of PIK3CA cDNA (EX-A1195-M01)
encoding the wild-type protein was purchased from Gene-
Copoeia (Frederick, MD). It was digested with XmnI/XhoI
and the resulting fragment was inserted at the EcoRV/XhoI
sites of pcDNA3.1 (-) (Invitrogen). The full-length cDNA
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obtained from this plasmid by partial digestion with BamHI/
XbaI was inserted at BglII and XbaI sites of p3XFLAG-
CMV-10 (E4901) (PIK3CA/E4901). Both the 5' 1.707 kb
XmnI/XbaI fragment from EX-A1195-M01 and the 3' 1.5 kb
XbaI fragment from PIK3CA/E4901 were ligated to the
EcoRV and XbaI sites of p3XFLAG-CMV-10 (E4401) to
make N-terminal FLAG fusion protein. In each step
insertions were checked by restriction enzyme analyses and
sequencing.

Site-directed mutagenesis. Using N-FLAG-tag PIK3CA
expression vector, the PIK3CA mutants, E545G, E545K,
M1043V, H1047R and one base insertion mutant (3191_2inA)
were generated with a Quick Change XL Site-Directed
Mutagenesis kit (Stratagene) and the primers, which were
designed using template specific mutagenic primer design
program (http://labtools.stratagene.com/QC). The primer
sequences were as follows: E545G: sense, CTCTCTCTGA
A A T C A C T G G G C A G G A G A A A G A T T T T C T A T G ,
antisense, CATAGAAAATCTTTCTCCTGCCCAGTGA
TTTCAGAGAGAG; E545K: sense, TCCTCTCTCTGA
A A T C A C T A A G C A G G A G A A A G A T T T T C T A T G ,
antisense, CATAGAAAATCTTTCTCCTGCTTAGTG
ATTTCAGAGAGAGGA; M1043V: sense, TGGAGTA
TTTCATGAAACAAGTGAATGATGCACATCATGG
TG, anti-sense, CACCATGATGTGCATCATTCACTTGT
TTCATGAAATACTCCA; H1047R: sense, ACAAATGAA
TGATGCACGTCATGGTGGCTGGACA, antisense, TGT
CCAGCCACCATGACGTGCATCATTCATTTGT;
3191_2inA: sense, GGATCTTCCACACAATTAAACAAG
CATGCATTGAACTGAAAGA, antisense, TCTTTCAG
TTCAATGCATGCTTGTTTAATTGTGTGGAAGATCC.

All the mutations were confirmed by sequencing with
primers 640F AGTTCCCAGATATGTCAGTG; 641F GG
TTATAAACGAGAACGTGTG for mutation in exon 9 and
exon 20 respectively. Plasmid DNAs for the transfection
experiments were purified, using a Qiagen endo-free
purification kit.

Transfection. HEK293T cells were transfected with empty
vector, wild-type or each of mutant PIK3CA expression
vectors using Lipofectamine™ 2000 transfection reagent as
per the manufacturer's instructions (Invitrogen Life Tech-
nologies). Cells were serum starved at 24 h and harvested
48 h after transfection. Non-transfected cells were treated
with EGF 50 ng/ml for 10 min. These were subjected to lysis
of the cells for Western blotting, immunoprecipitation and
PI3-kinase assay.

Western blotting. Western blotting was performed as described
(24). Briefly, proteins (20 μg) of cell lysates were separated
on 8% SDS/PAGE and transferred to PVDF membrane
(Millipore Co., Bedford, MA). After the membrane was
blocked with 5% skim-milk/TBS (20 mM Tris-HCl, and
0.15 M NaCl) containing 0.1% Tween-20 (TBST) for 1 h at
room temperature, incubated overnight at 4˚C with anti-
FLAG M2 (Sigma-Aldrich), and then 1 h with anti-p85
antibody (Upstate Cell Signaling Solutions, Lake Placid,
NY) at room temperature. After washing with TBST 4 times,
the blots were incubated with anti-mouse and anti-rabbit

HRP linked (New England Biolabs, Beverly, MA) anti-
bodies for 1 h at room temperature. After washing with
TBST, protein bands on the membrane were detected with
an enhanced chemiluminescence (ECL) reaction (New
England Biolabs) by exposing to X-ray film. To check the
equal loading of protein, the same blot was stripped off and
reprobed with anti-ß-tubulin antibody (SC-5274, Santa Cruz
Biotechnology).

PI3-kinase assay. Immuno-precipitation and in vitro PI3-
kinase assay were done as previously described (25) with a
few modifications. Briefly, cells were washed with PBS,
collected by scraping, and then lysed in NP-40 lysis buffer
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA,
1% NP-40, Complete® protease inhibitor cocktail (Roche
Diagnostics, Basel, Switzerland), 1 mM sodium orthova-
nadate). Cell lysates were centrifuged for 20 min at 10000 x g
at 4˚C and the supernatant was collected. The protein (150 μg)
was incubated with 10 μg of anti-FLAG M2 monoclonal
antibody (Sigma-Aldrich) and anti-p85 antibody (for EGF
treated cell lysate) (catalog #06-195, Upstate Cell Signaling
Solutions) for 2 h at 4˚C. Pre-washed Protein G or A-Sepha-
rose (10 μl/sample) was then added and the incubation
continued for 2 h at 4˚C. After incubation, immunopre-
cipitates were washed 3 times with NP-40 lysis buffer, 1 time
with wash buffer (500 mM LiCl, 100 mM Tris-HCl, pH 7.5),
once with H2O and with a kinase reaction buffer 10 mM
Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl2. The immuno-
precipitates were subjected to PI3-kinase assay. Briefly, the
immunocomplexes were incubated with 25 μl of kinase
reaction buffer containing 10 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 5 mM MgCl2, 200 μg/ml phosphatidylinositol (Avanti
Polar Lipids Inc., Alabama, USA) dispersed from a DMSO
solution to the buffer, 30 μM ATP, and 7.4 MBq/ml γ-[32P]-
ATP for 10 min at room temperature. The reaction was
terminated by adding 40 μl of 1N HCl and extracted with
80 μl of chloroform/methanol (1:1). The organic phase was
taken and the samples were dried and dissolved in a small
volume of chloroform and spotted onto a pre-treated silica
gel 60 F254TLC plates (Merck, Darmstadt, Germany) and the
plates were developed for 2.5 h in a borate buffer system
(26), dried and visualized by autoradiography using image
plates and an image analyzer (BAS2000, Fuji Film Co.,
Tokyo, Japan). Relative PI3K activities were calculated from
the intensities of PIP spots by using the BAS2000 image
analysis software.

Colony forming efficiency assay. Assay for colony forming
efficiency was performed using SaOS-2 cells in the presence
of 10% FBS or 0.5% FBS. The cells were plated at 2x106 per
100 mm tissue culture plate (Iwaki Technoglass, Tokyo
Japan) a day before the transfection. Cells were transfected
by calcium phosphate precipitation method with 1 μg of empty
vector or each of expression vectors carrying the wild-type
or the mutant PIK3CA genes (27). Forty-eight hours after
the transfection G418 (Calbiochem, San Diego CA, USA)
was added to the medium at 400 μg/ml to select the drug
resistant colonies. The medium was replaced periodically and
3 weeks after the selection, plates were washed twice with
cold PBS, fixed using methanol for 10 min, stained with 1%
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Giemsa's solution (Merck), plates were washed with tap water,
followed by deionized water, air dried and the numbers of
colonies were counted.

As for the observation of morphological changes, single
colonies of transfected cells were focused under a micro-
scope (Olympus BX50, Tokyo, Japan) and photographed.

Migration and invasion assay. Cell migration assays were
carried out as described previously (28). Briefly, SaOS-2
cells were transiently transfected with 0.8 μg of empty vector
or an expression plasmid containing the wild-type PIK3CA
or each of mutant genes by using Lipofectamine™ 2000
transfection reagent as recommended by the manufacturer
(Invitrogen). The cells were starved at 10 h of transfection.
At 24 h the cells were collected and resuspended in 200 μl
of serum-free DMEM with 0.2% BSA (Sigma-Aldrich).
ThinCert™ (Greiner Bio-One, Longwood, FL) cell culture
inserts with 8 μm pores and translucent PET membranes were
placed in the wells of a CellStar™ 24-well cell culture plate
and 600 μl of DMEM consisting 0.1% serum or 0.1% serum
+ FGF (10 ng/ml) was added to the lower compartment of

each well. Cell suspension (2x106 cells) transfected with
empty vector or an expression plasmid consisting wild-type
PIK3CA or each of mutant genes was added to each cell
culture inserts. The cells were incubated at 37˚C and 5%
CO2 for 22 h. The cells on the upper surface of the PET
membrane were completely removed by wiping with a cotton
swab, and the membranes were fixed with 70% ethanol,
stained with Coomassie Brilliant Blue and the number of
migrated cells per membrane was counted by microscopy.
Cell invasion assays were performed using 8-μm pore-size
Matrigel matrix-coated polycarbonate filters (BD BioCoat™
Matrigel™ Invasion Chamber, BD Biosciences, Bedford,
MA) as described previously (17) the invaded cells were
fixed and stained as explained above. The % invasion and
invasion index were calculated as recommended by the
manufacturer (BD Biosciences).

Results

Mutational analysis of PIK3CA gene. We analyzed the
helical (exon 9) and kinase domains (exon 20) of PIK3CA
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Figure 1. Sequence analysis of exons 9 and 20 of PIK3CA in HNSCC cell lines and Indian primary tumors. (A) Sequence profiles of exon 9 (helical domain)
or 20 (kinase domain) in PIK3CA with somatic mutations found in HSC2, HSC3, HSC4, HOC719 and HOC927 cell lines. Arrows indicate the location of
missense mutation. (B) Sequence profiles of somatic mutations in the exons 9 and 20 of PIK3CA and SNP (single nucleotide polymorphism) found in 9 of 19
Indian primary tumors. *, Novel mutation; #, representative example of SNP found. The nucleotide, amino acid alteration, exon and cell line name or tumor
number are indicated above the arrow. Nucleotide number refers to the position within coding sequence, where position 1 corresponds to the first position of
the initiation codon. All samples were sequenced in two repeated examinations with independent PCR by forward and reverse primers.
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gene for mutations in HNSCC, and restricted our mutational
analysis to this region as majority (75%) of the reported
mutations has been found to cluster in these regions (10). In
total 56 samples including 17 HNSCC cell lines established
in Japan, 19 Indian tumor samples, and 18 Vietnamese tumor
samples, in addition to SiHa and TIG-7 cell lines as controls
were analyzed, using direct sequencing of PCR amplified
products of genomic DNAs.

Out of the 17 cell lines 5 had mutations (29.4%): two
mutations located at codon 545 (exon 9) one mutation at
codon 1043 and two mutations at codon 1047 (exon 20).
At codon 1047, two of them were identical (Fig. 1A and
Table I). In two HNSCC cell lines HOC719 and HOC927,
we observed loss of the wild-type allele, and thus
homozygosity. We examined 19 primary tumor samples
from Indian ethnic origin. All the patients were recorded
to have tobacco chewing/alcohol/betel quid habits, but other
clinico-pathological characteristics were not available due

to poor follow-up (21). We identified 2 mutations (10.5%):
one was a missense mutation located in exon 9 (codon 545),
and the other was an insertion of A at codon 1064 between
nucleotide 3191 and 3192 (hereafter indicated as 3191_2inA)
which results in frameshift with 5 succeeding codons inclusive
of stop codon. There is no information available on this
mutation. As 3191_2inA is not stored in the COSMIC (Catalog
of Somatic Mutations in Cancer), a database of the Sanger
Institute, this is the first report of this frameshift mutation. In
addition, 9 identical silent mutation/polymorphism (variants)
were detected at codon 1025 in exon 20 of PIK3CA gene
(registered in NCBI SNP database) (Fig. 1B and Table II).
None of the 18 tumor samples from Vietnamese ethnic origin
had a mutation in either exon 9 or 20 (data not shown).

Mutational analysis of PTEN gene. It has been reported
that PTEN and PIK3CA mutations are mutually exclusive in
most cases. However, in HNSCC the status of PTEN in the
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Table I. Summary of PIK3CA mutations in head and neck squamous cell carcinoma cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Name of Exon Nucleotide Codon Amino acid Type of Status of Functional PTEN H-RAS
cell line no. change change mutation mutation domain (Exl-9) (Exl&2)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
HSC4 9 1633 GAG-AAG E545K Missense Heterozygous Helical - -
HSC3 9 1634 GAG-GGG E545G Missense Heterozygous Helical - -
HOC719 20 3128 ATG-GTG M1043V Missense Homozygous Kinase - -
HOC927 20 3140 CAT-CGT H1047R Missense Homozygous Kinase - -
HSC2 20 3140 CAT-CGT H1047R Missense Heterozygous Kinase - -
ZA - - - - - - - - G13Ra

HSC6 - - - - - - - - G12V
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aEarlier report from our laboratory: Tadokoro et al (27). -, no mutation.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table II. Summary of PIK3CA mutations in head and neck squamous cell carcinoma from India.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Tumor Exon Nucleotide Codon Amino acid Type of Status of Functional PTEN H-RAS
no. no. change change mutation mutation domain (El-9) (E1&2)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
IT83 9 1633 GAG-AAG E545K Missense Heterozygous Helical - -
IT82 20 3191_2inA 1064 Frameshift Kinase - G13R
IT19 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase - G12Va

1T21 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase ND ND
IT23 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase ND ND
IT27 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase ND ND
IT29 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase ND ND
IT81 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase ND ND
IT88 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase ND ND
IT89 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase ND ND
IT90 20 3075 ACC-ACT T1025T Silent Heterozygous Kinase ND ND
IT91 - - - - - - - - G12Va

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aEarlier report from our laboratory: Munirajan et al (23). -, no mutation; ND, not done.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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presence of PIK3CA mutation is not known. We examined
all the samples from PIK3CA mutation-positive cases and
two from PIK3CA mutation-negative cases in each group of
cell lines, and Indian tumors (Tables I and II respectively).
For all Vietnamese samples we examined the mutational
hot spot exons 5 and 8. We did not find any PTEN mutations
in the cell lines and Indian tumors or in the tumor samples of
Vietnamese ethnic origin.

Mutational analysis of H-RAS gene. RAS and its down-
stream effectors can activate components of PI3K-PTEN
pathway through various mechanisms including mutations.
We analyzed all the samples from PIK3CA mutation-positive
cases and two from PIK3CA mutation-negative cases in
cell lines and Indian tumors. We identified three H-RAS
mutations: one in HSC6 cell line at codon 12, the nucleotide
GGC�GTC (Tables I and III) and two mutations in Indian
tumors one at codon 13 of sample IT82 and the other one
codon 12 of sample IT91 changing the nucleotide GGT�CGT
and GGC�GTC respectively. Interestingly, we found that the
Indian tumor sample IT82 harbored concomitant PIK3CA
and H-RAS mutation (Table II). We also identified two H-RAS
silent mutations at codon 13, (G) GGT-GGG (G) in HSC2
and (G) GGT-GGC (G) in HSC6 cell lines.

Mutant p110α proteins show enhanced PI3-kinase activity.
To determine whether lipid kinase activity is enhanced in
the p110α mutants, in vitro kinase assay was performed.
HEK293T cells were transfected with a control vector, or
expression vectors of N-terminal FLAG-tagged wild-type and

mutant PIK3CAs. The p110α complexed with p85 proteins
were partially purified from the transfected cell lysates by
immunoprecipitation using anti-FLAG and anti-p85 anti-
bodies (for EGF treated sample), and assayed for the enzy-
matic activity using phosphatidylinositol as a substrate. As
shown in Fig. 1, higher levels of PI(3)P were detected in the
immunoprecipitates prepared from cells transfected with the
mutant PIK3CA expression vectors than those transfected
with the wild-type or empty-vector when cultured under the
serum-free condition. All the mutant PIK3CA kinase activity
levels were higher, comparable to that of EGF-stimulated
HEK293T cells, which were used as a positive control
(Fig. 2A and B). The immunoprecipitated protein used for
PI3 kinase assay were examined further by Western blotting
with anti-FLAG, anti-p85 antibodies and anti-ß-tubulin anti-
body as loading control. Further the mutant PIK3CA proteins
were expressed at slightly higher levels than the wild-type
(Fig. 2C). One of the possibilities is that mutant proteins
might be relatively stable compared with the wild-type under
low serum condition. The relative expression levels of mutant
and the wild-type proteins were similar when cells were grown
with 10% serum (data not shown).

The PIK3CA mutants enhance colony-forming efficiency of
SaOS-2 cells. In order to test the effect of PIK3CA gene
mutation on tumor cell growth, colony forming efficiency
assay was performed in the standard serum condition (10%
FBS), and low serum condition (0.5% FBS). In the standard
serum condition the difference in the number of colonies
between wild-type and mutant-transfected cells were not
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Table III. Mutation of genes related to oncogenecity in head and neck squamous cell carcinoma cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Cell line PIK3CAa p53b PTENa H-rasa c, d ERKe EGFRf

mutation mutation mutation mutation mutation amplification
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
ZA - G279E - G13R - 9.5
CA922 - R248W ND ND - 3.9
TSU - R248W ND ND - 0.7
NU - EXON-6.s.d ND ND ND 1.9
NA - Y220H ND - - 12.3
OM1 - G266E ND - Amplifiedg 2.3
HOC313 - E285K ND G12V - 0.5
HOC605 - Y126STOP ND - -ND 2.5
HOC815 - Y205C ND ND ND 1.5
HOC719 M1043V D281E - - -ND 0.6
HOC927 H1047R ND - - -ND 0.9
HSC2 H1047R EXON-6.s.d - - - 6.2
HSC3 E545G 305 6insTAAG - - - 1.1
HSC4 E545K R258Q - - - 1.7
HSC5 - M237I - - - 1.7
HSC6 - EXON-6.s.di - G12V E322K 0.8
HSC7 - ND ND ND - 1.1
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aCurrent study. Earlier reports from our laboratory: bSakai and Tsuchida (20); cSakai et al (42); eArvind et al (24); fMatsumura (41);
gMatsumura et al (43); dTadokoro et al (27); iKaneda et al (39). -, no mutation; ND, not done; s.d., splicing donor site.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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significantly different (data not shown). However, in low
serum condition, cells transfected with the wild-type PIK3CA
produced less in number and smaller-sized colonies, while
cells with mutants produced more in number of larger-sized
colonies (Fig. 3A and B).

To determine whether PIK3CA gene expressed in SaOS-2
cells induces any morphological changes, G418-resistant
colonies of SaOS-2 cells expressing the wild-type or each
PIK3CA mutant was examined under a light microscope. As
previously reported for NIH3T3 (19), SaOS-2 cells
expressing helical domain mutants, E545G and E545K,
kinase domain mutants, M1043, H1047, and 3191_2inA,
cells were more refractile, less flattened and bigger in size
than the wild-type cells. Each colony contained 3-4-fold
more cells, which showed, increased spreading and invasive
appearance when compared with those of the vector
transfected and parental cells (Fig. 3C).

The PIK3CA mutant genes promote migration of SaOS-2
cells. Earlier experimental reports have shown that disruption
of PTEN tumor suppressor gene increases the ability of the
cell to migrate and the PI3K signaling was highly activated
in PTEN-null tumor cell lines and primary tumors (29).

We explored the effect of mutant PIK3CA on cell migration
and invasion. It should be noted that serum concentration
influences the growth of the cells expressing the wild-type
p110α while that of the mutant-expressing cells is not greatly
affected (17). Therefore, the migration assays were carried
out in the presence of 0.1% serum concentration. FGF-treated
cells served as a positive control. The migration assay showed
that the cells carrying the PIK3CA mutant genes, E545G,
E545K, M1043V, H1047R, and 3191_2inA exhibited more
than 3-fold increase in their ability to migrate (as per the
invasion index data) through translucent PET membrane
(Fig. 4A and B) and to invade matrigel matrix-coated poly-
carbonate filters compared to those expressing the wild-type
gene (Fig. 4C). Metastasis is an important event in cancer
and migration was the primary character of a cell with onco-
genecity and therefore these PIK3CA mutations are likely to
contribute to metastasis.

Discussion

We report here the identification of mutations of the PIK3CA
encoding catalytic subunit (p110α) of class IA PI3 kinase
family. PIK3CA mutations were detected in 29.4% (5/17) of
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Figure 2. PIK3CA mutant proteins increase PI3-kinase activity in vitro. (A) In vitro PI3-kinase activity. The activities were measured with the immuno-
precipitates of HEK293T cell lysates prepared after transfection with equal amount of empty vector, wt PIK3CA, or FLAG-tagged mutant (E545G, E545K,
M1043V, H1047R, 3191_2inA) or treated with EGF (50 ng/ml) for 10 min after 24 h of serum starvation. The PI3K reaction products were separated with
TLC plate, and the plate was exposed to an image plate (Bas2000, Fuji Film). PIP, phosphatidylinositol phosphate; Ori, Origin. (B) In vitro PI3K assays were
quantified from the image film with Bas2000 Imaging & Information software and the data are plotted as arbitrary units. A representative figure of three
independent experiments is shown. (C) Expression of FLAG-wt, and different mutant p110α proteins in HEK293T cells. Twenty micrograms of the indicated
cell lysates used in (A) were separated on 8% SDS/PAGE and the transferred blot was probed with anti-FLAG M2, anti-p85 and anti-ß-tubulin antibodies,
respectively.
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HNSCC cell lines, where 2 mutations were in the codon 545
helical domain, 2 identical mutations in codon 1047 and 1
mutation in codon 1043 of the kinase domain. The mutations
(E545G, E545K, M1043V and H1047R) were reported
previously (10,30). Genetic aberrations that lead to a gain
of functions in PI3K signaling are commonly observed in
human cancers especially in solid tumors. It has been reported
that PIK3CA mutations in human tumors are somatic, cancer-
specific and heterozygous (5). Contrary, we found the
mutations, M1043V and H1047R, in homozygous state in
HOC719 and HOC927 cell lines, respectively (Fig. 1A and
Table I). However, since cell lines would acquire many
genetic changes during cell culture, it might happen often,
even though we report for the first time. It is conceivable that
tumor cells with PIK3CA mutation have a growth advantage
and thus are more easily established as a cell line.

In Indian tumor samples, 2 mutations were found in 19
cases (10.5%); one was in codon 545 of the helical domain
and the other was a novel insertion mutation, nucleotide A
was inserted at codon 1064 between 3191st and 3192nd
nucleotide positions (3191_2inA). In 9 out of 19 Indian

samples, we found C�T nucleotide change at the position of
3075, accompanied with no amino acid change. Since this
change was found in 45% of the Indian tumor samples but
not in Japanese cell lines and Vietnamese tumor samples, this
could be a polymorphism in Indian population (Fig.1B and
Table II). The same base change was reported previously
for one case of ovarian carcinoma patient in Norway (31).

We could not find any PIK3CA mutation in the Viet-
namese tumor samples irrespective of the age group and
other clinico-pathological factors, although p53 mutations
were detected in 44% of the samples. One possibility for
lack of mutation is that PIK3CA mutation might occur less
frequently due to some ethnic factors, however, the mutation
might be located outside the analyzed region. The mutation
frequency might also depend on the selection of samples as
suggested previously (11).

We found that the mutational frequency of PIK3CA
gene at 10.5% (2/19) in Indian primary tumors (Table II)
and 11% (2/17) in Japanese primary tumors (Murugan et al,
unpublished data). Our result is comparable to that of previous
PIK3CA mutational reports in HNSCC, 11% (4/38) in primary
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Figure 3. PIK3CA mutations enhance colony forming efficiency and change the morphology of SaOS-2 cells in DMEM containing 0.5%FBS. (A) Colony
formation. SaOS-2 cells were transfected with vector, wt and mutants. Cells were cultured in DMEM with 0.5%FBS and selected using G418 (400 μg/ml).
The colonies were stained by Giemsa's solution (1%) and counted 3-4 weeks later. (B) The number of colonies >2 mm in diameter observed after 3-4 weeks
of growth was counted for each transfection. Results were indicated by the mean ± s.d. of the colony numbers from two independent experiments. (C)
Morphologies of SaOS2 cells expressing PIK3CA wt or each of mutants. Morphology of typical colonies for each transfection are shown (vector, wt, H1047R
and 3191_2insA), respectively.
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tumors of Columbia, USA (14). While this article was in
preparation, Kozaki et al reported that the PIK3CA mutations
were found in 21% (3/14) of OSCC cell lines and 7.4%
(total 8/108; Japanese, 2/50; Thais, 6/58) of OSCC tumors by
genomic DNA sequencing (32). Moreover these findings
suggest that PIK3CA mutation significantly contribute to
HNSCC carcinogenesis. Future studies with more number
of tumor samples from Indian and Vietnamese ethnicity
would uncover the untold role of PIK3CA in HNSCC
carcinogenesis.

It has been reported that PIK3CA and PTEN mutations
are mutually exclusive in general. It is reasonable to
postulate that increased PI3K activity via gain-of-function
mutation or gene amplification might have similar effects
to the loss of PTEN (11). Earlier reports are contradictory
for the presence (33) and absence (34) of PTEN mutation in
HNSCC. Interestingly, a few reports showed that PIK3CA
mutations occur only in tumors that do not carry PTEN
mutations (11) while in some cases of breast carcinoma,
tumors have mutations both in PIK3CA and PTEN (12) and
high frequency of coexistence in endometrial carcinoma
(13). In our studies we could not detect any PTEN mutation

in the cells carrying the PIK3CA mutations, suggesting that
PTEN and PIK3CA mutations are mutually exclusive and
the mutations in both genes were uncommon, if they exist
(Tables I, II and III).

HNSCC in India has been reported to have relatively
high incidence of RAS mutations (23). The RAS mutation
is known to activate PI3K and AKT. Having significant
percentage of PIK3CA mutation in HNSCC, raised an
unresolved question whether any coexistent mutation is
present in HNSCC while it has been reported in endometrial
carcinoma cell line (13), colon and gastric cancer (35). We
found 3 H-RAS mutations, all are in exon 1. One was found
in the HSC6 cell line, nucleotide GGC-GTC (G12V) (Tables
I and III), the other two were in Indian tumors GGT-CGT
(G13R) and GGC-GTC (G12V) samples IT82 and IT91
respectively (Table II). We also found two silent mutations
in HSC2 and HSC6 cell lines. Though we found 3 H-RAS
missense mutations, only one of these samples (IT82) was
positive for PIK3CA mutation. Our results suggest that
PIK3CA and H-RAS mutations are common in significantly
contributing to HNSCC carcinogenesis. The PIK3CA
mutations may coexist with RAS mutation, suggesting a
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Figure 4. PIK3CA mutations induce migration and invasion of SaOS-2 cells. (A) In vitro migration assay. SaOS-2 cells were transiently transfected with equal
amount of empty vector, wt or a mutant PIK3CA and subjected to migration assay. Migrated cells were fixed with 70% ethanol and stained by Coomassie
Brilliant Blue. (B) Results in (A) are indicated by the mean ± s.d. of the migrated cell numbers from three independent experiments. (C) In vitro invasion
assay. As described in (A), the transfected cells were subjected to invasion assay. The cells that invaded into the matrigel matrix-coated polycarbonate
membrane were fixed and stained as stated above. Results obtained in invasion assay are indicated by the mean ± s.d. of the invaded cell numbers from two
independent experiments.
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possible synergistic effect in the PI3K signaling pathways
controlled by these genes in HNSCC development/pro-
gression (35). However, additional studies with more number
of HNSCC will help to clarify this further.

Though PIK3CA mutation was reported in HNSCC,
functional consequences of HNSCC-associated PIK3CA
mutation has not been examined. In this study, 5 missense
mutations were analyzed for lipid kinase activity including
two hot-spot mutations that were previously reported to have
elevated lipid kinase activity (10,16) and we report here three
new mutations: one is a hot-spot mutation (E545G) in helical
domain, one non-hot-spot mutation (M1043V), and one
novel insertion mutation (3191_2inA) in kinase domain. The
mutations examined in this study, including the previously
reported hot-spot mutations showed increased enzymatic
activity when compared with the wild-type and our result is
consistent with the previous reports. We observed that the
mutant p110α proteins were expressed at slightly higher
levels than the wild-type under low serum condition. We
found that all the 5 p110α mutants produced >2-6.5-fold
higher number of colonies and were larger in size, when
compared to that of wild-type. Morphological changes were
distinct when mutants of p110α were expressed in SaOS-2
cells and they were refractile, invasive and formed large
colonies suggesting that mutant PIK3CA triggered cell
growth, proliferation and survival by activation of PI3K
signaling in the low concentration of growth factors and
absence of EGF. Further, we examined the mutant genes
for the capacity to migrate and invade in vitro. The newly
analyzed mutations, E545G, M1043V, and 3191_2inA are
able to migrate in translucent PET membrane and invade
into matrigel matrix-coated polycarbonate filters, at 3- to 4-
fold higher rate than the wild-ype, as were reported for
the hot-spot mutation of PIK3CA (E545K and H1047R)
(17). Therefore, we concluded that these 3 newly analyzed
genes are also oncogenic, judging from in vitro lipid kinase
activity, colony formation assay and migration and invasion
assay (Figs. 2, 3 and 4 respectively). Oncogenic activities of
E545G and M1043V are consistent with the report by kinase
assay and focus forming assay with CEF, which was published
while this manuscript was in preparation (38). The PIK3CA-
mutated, PI3K-AKT-mediated cell proliferation and survival
signaling pathways have been found to be different in each
cancer type (16-18). We are presently investigating down-
stream effectors of AKT in HNSCC.

In HNSCC, the PIK3CA mutations were identified in C2
(14), helical and Kinase domains (this study). What are
the molecular mechanisms by which the mutation in PIK3CA
gene induces a gain of function? The mechanism of increased
lipid kinase activity of the mutant p110α remains unclear,
however it has been postulated based on the available crystal
structure analyses of the related protein p110γ. It has been
suggested that C2 domain in the class IB PI3K interacts
primarily with the helical domain and also linker segment
before the RAS-binding domain and with the COOH-terminal
lobe of the catalytic domain (14), mutation causing any
alteration in this function might result in activation of PI3K.
In the case of helical domain Shekar et al demonstrated that
mutations in the helical domain of p110α lead to a loss of
p110 inhibition by p85 and constitutive PI3K activation (37).

The kinase domain mutations including novel insertion
mutation we examined have acquired gain of function since,
catalytic domain mutation of p110α is analogous to the most
frequently activated loop of protein kinases (38), thus it is
likely that it affects specificity or affinity of p110α towards
the lipid substrate of PI3K (5).

For HNSCC cell lines used in this study, we previously
identified p53 tumor suppressor gene mutations (20,39) and
others reported INK4A (p16) (40). For oncogene mutations,
our group reported that relatively high incidence of EGFR
amplification (41), low frequencies of ras mutations (42)
and ERK2 mutations (24) and ERK2 amplifications (43)
(Table III). We are thus interested to see the relationship
between PIK3CA and other genetic abnormalities specifically
in genes of signaling proteins from EGF to ERK2 or to AKT.
As is shown in Table III, there were no correlations between
PIK3CA and p53 mutations, both of them coexist in many
of the cell lines. However, PIK3CA and PTEN mutations are
mutually exclusive, since PIK3CA-mutated cells had no
PTEN mutation either in cell lines or the tumors. We found
only one Indian tumor with concomitant PIK3CA and H-RAS
mutation. Further, the cell lines carrying PIK3CA mutations
(4/5) had almost no amplification of EGFR except for HSC-2
(Table III) (39). These results are consistent with the notion
that the deregulation of upstream EGFR or its effectors the
PIK3CA is enough to activate the entire PI3K-AKT signaling
pathway, since cell lines with amplified EGFR without
PIK3CA mutation was reported to show high levels of AKT
phosphorylation (32). Therefore, the presence of PIK3CA
mutation correlated with the absence of EGFR amplifications
in HNSCC.

In summary, our study provides additional evidence
that the PI3K signaling network plays an important role in
HNSCC carcinogenesis and thus is an attractive target for
chemotherapy. Finding a small molecule against an onco-
genic PIK3CA will potentially inhibit PIK3CA activated
PI3K-AKT signaling in HNSCC.

Acknowledgements

This work was partly supported by Grants-in-Aid from Japan
Society for the Promotion of Sciences. We are grateful to
Dr Y. Yajima (Chiba University) for his continuous support
and valuable comments. The authors also express thanks to
Ms. Haru Tsuchida for her financial support. AKM was the
recipient of Monbukagakusho Scholarship from Ministry of
Education, Culture, Sports, Science and Technology (MEXT),
Japan.

References

1. Vivanco I and Sawyers CL: The phosphatidylinositol 3-kinase
AKT pathway in human cancer. Nat Rev Cancer 2: 489-501,
2002.

2. Cully M, You H, Levine AJ and Mak TW: Beyond PTEN
mutations: the PI3K pathway as an integrator of multiple inputs
during tumorigenesis. Nat Rev Cancer 3: 184-192, 2006.

3. Cantley LC: The phosphoinositide 3-kinase pathway. Science
296: 1655-1657, 2002.

4. Vanhaesebroeck B, Leevers SJ, Ahmadi, Timms J, Katso R,
Driscoll PC, Woscholski R, Parker PJ and Waterfield MD:
Synthesis and function of 3-phosphorylated inositol lipids.
Annu Rev Biochem 70: 535-602, 2001.

MURUGAN et al:  ONCOGENIC PIK3CA MUTATIONS IN HNSCC110

101-111  10/12/07  15:21  Page 110



5. Bader AG, Kang S, Zhao L and Vogt PK: Oncogenic PI3K
deregulates transcription and translation. Nat Rev Cancer 5:
921-929, 2005.

6. Shaw RJ and Cantley LC: Ras, PI(3)K and mTOR signaling
controls tumor cell growth. Nature 441: 424-430, 2006.

7. Downward J: PI 3-kinase, Akt and cell survival. Semin Cell
Dev Bio 15: 177-182, 2004.

8. Philp AJ, Campbell IG, Leet C, Vincan E, Rockman SP,
Whitehead RH, Thomas RJ and Phillips WA: The phosphati-
dylinositol 3'-kinase p85alpha gene is an oncogene in human
ovarian and colon tumors. Cancer Res 61: 7426-7429, 2001.

9. Estilo CL, O-Charoenrat P, Ngai I, Patel SG,  R e d d y  P G ,
Dao S, Shaha AR, Kraus DH, Boyle JO, Wong RJ, Pfister DG,
Huryn JM, Zlotolow JP and Singh B: The role of novel onco-
genes squamous cell carcinoma-related oncogene and phos-
phatidylinositol 3-kinase p110alpha in squamous cell carcinoma
of the oral tongue. Clin Cancer Res 9: 2300-2306, 2003.

10. Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S,
Yan h, Gazdar A, Powell SM, Riggins GJ, Willson JK,
Markowitz S, Kinzler KW, Vogelstein B and Velculescu VE:
High frequency of mutations of the PIK3CA gene in human
cancers. Science 304: 554, 2004.

11. Broderick DK, Di C, Parrett TJ, Samuels YR, Cummins JM,
McLendon RE, Fults DW, Velculescu VE, Bigner DD and
Yan H: Mutations of PIK3CA in anaplastic oligodenromas,
high-grade astrocytomas and medulloblastomas. Cancer Res
64: 5048-5050, 2004.

12. Saal LH, Holm K, Maurer M, Memeo L, Su T, Wang X, Yu JS,
Malmstrom PO, Mansukhani M, Enoksson J, Hibshoosh H,
Borg A and Parsons R: PIK3CA mutations correlate with
hormone receptors, node metastasis, and ERBB2 and are
mutually exclusive with PTEN loss in human breast carcinoma.
Cancer Res 65: 2554-2559, 2005.

13. Oda K, Stokoe D, Taketani Y and McCormick F: High fre-
quency of coexistent mutations of PIK3CA and PTEN genes in
endometrial carcinoma. Cancer Res 65: 10669-10673, 2005.

14. Qiu W, Schonleben F, Li X, Ho DJ, Close LG, Manolidis S,
Bennett BP and Su GH: PIK3CA mutations in head and neck
squamous cell carcinoma. Clin Cancer Res 12: 1441-1446,
2006.

15. Cantley LC and Neel BG: New insights into tumor suppression:
PTEN suppresses tumor formation by restraining the phos-
phoinositide 3-kinsae/AKT pathway. Proc Natl Acad Sci USA
96: 4240-4245, 1999.

16. Kang S, Bader AG and Vogt PK: Phosphatidylinositol 3-
kinase mutations identified in human cancer are oncogenic.
Proc Natl Acad Sci USA 102: 802-807, 2005.

17. Samuels Y, Diaz LA Jr, Schmidt-Kittler O, Cummins JM,
Delong L, Cheong I, Rago C, Huso DL, Lengauer C, Kinzler KW,
Vogelstein B and Velculescu VE: Mutant PIK3CA promotes
cell growth and invasion of human cancer cells. Cancer Cell 7:
561-573, 2005.

18. Isakoff SJ, Engelman JA, Irie HY, Luo J, Brachmann SM,
Pearline RV, Cantley LC and Brugge JS: Breast cancer-associated
PIK3CA mutations are oncogenic in mammary epithelial cells.
Cancer Res 65: 10992-11000, 2005.

19. Ikenoue T, Kanai F, Hikiba Y, Obata T, Tanaka Y, Imamura J,
Ohta M, Jazag A, Guleng B, Tateishi K, Asaoka Y, Matsumura M,
Kawabe T and Omata M: Functional analysis of PIK3CA gene
mutations in human colorectal cancer. Cancer Res 65: 4562-4567,
2005.

20. Sakai E and Tsuchida N: Most human squamous cell carcinomas
in the oral cavity contain mutated p53 tumor-suppressor genes.
Oncogene 7: 927-933, 1992.

21. Munirajan AK, Tutsumi-Ishii Y, Mohanaprasad BK, Hirano Y,
Munakata N, Shanmugam G and Tsuchida N: p53 gene mutations
in oral carcinomas from India. Int J Cancer 66: 297-300, 1996.

22. Chen ST, Yu SY, Tsai M, Yeh KT, Wang JC, Kao MC,
Shih MC and Chang JG: Mutation analysis of the putative
tumor suppression gene PTEN/MMAC1 in sporadic breast
cancer. Breast Cancer Res Treat 55: 85-89, 1999.

23. Munirajan AK, Mohanprasad BKC, Shanmugam G and
Tsuchida N: Detection of a rare point mutation at codon 59
and relatively high incidence of H-ras mutation in Indian oral
cancer. Int J Oncol 13: 971-974, 1998.

24. Arvind R, Shimamoto H, Momose F, Amagasa T, Omura K and
Tsuchida N: A mutation in the common docking domain of
ERK2 in a human cancer cell line, which was associated with
its constitutive phosphorylation. Int J Oncol 27: 1499-1504,
2005.

25. Kobayashi M, Nagata S, Iwasaki T, Yanagihara K, Saitoh I,
Karouji Y, Ihara S and Fukui Y: Dedifferentiation of adeno-
carcinomas by activation of phosphatidylinositol 3-kinase.
Proc Natl Acad Sci USA 96: 4874-4879, 1999.

26. Walsh JP, Caldwell KK and Majerus PW: Formation of phos-
phatidylinositol 3-phosphate by isomerization from phos-
phatidylinositol 4-phosphate. Proc Natl Acad Sci USA 88:
9184-9187, 1991.

27. Tadokoro K, Ueda M, Ohshima T, Fujita K, Rikimaru K,
Takahashi N, Enomoto S and Tsuchida N: Activation of onco-
genes in human oral cancer cells: a novel codon 13 mutation
of c-H-ras-1 and concurrent amplifications of c-erbB-1 and
c-myc. Oncogene 4: 499-505, 1989.

28. Nakashino A, Fujita N and Tsuruo T: Topotecan inhibits
VEGF-and bFGF-induced vascular endothelial cell migration
via downregulation of the PI3K-Akt signaling pathway. Int
J Cancer 98: 36-41, 2002.

29. Tamura M, Gu J, Takino T, Matsumoto K, Aota S, Parsons R
and Yamada KM: Inhibition of cell migration, spreading and
focal adhesions by tumor suppressor PTEN. Science 280:
1614-1617, 1998.

30. Levine DA, Bogomolniy F, Yee CJ, Lash A, Barakat RR,
Borgen PI and Boyd J: Frequent mutation of the PIK3CA gene
in ovarian and breast cancers. Clin Cancer Res 11: 2875-2878,
2005.

31. Wang Y, Helland A, Holm R, Kristensen GB and Borresen-
Dale AL: PIK3CA mutations in advanced ovarian carcinomas.
Hum Mutat 25: 322, 2005.

32. Kozaki K, Imoto I, Pimkhaokham A, Hasegawa S, Tsuda H,
Omura K and Inazawa J: PIK3CA mutation is an oncogenic
aberration at advanced stages of oral squamous cell carcinoma.
Cancer Sci 97: 1351-1358, 2006.

33. Pedreo JMG, Carracedo DG, Pinto CM, Zapatero AH,
Rodrigo JP, Nieto CS and Gonzalez MV: Frequent genetic and
biochemical alteration of the PI 3-K/AKT/PTEN pathway in
head and neck squamous cell carcinoma. Int J Cancer 114:
242-248, 2005.

34. Chen Q, Samaranayake LP, Zhou H and Xiao L: Homozygous
deletion of the PTEN tumor-suppressor gene is not a feature
in oral squamous cell carcinoma. Oral Oncol 36: 95-99, 2000.

35. Velho S, Oliveira C, Ferreira A, Ferreira AC, Suriano G,
Schwartz S Jr, Duval A, Carneiro F, Machado JC, Hamelin R
and Seruca R: The prevalence of PIK3CA mutations in gastric
and colon cancer. Eur J Cancer 41: 1649-1654, 2005.

36. Gymnopoulos M, Elsliger MA and Vogt PK: Rare cancer-
specific mutations in PIK3CA show gain of function. Proc
Natl Acad Sci USA 104: 5569-5574, 2007.

37. Shekar SC, Wu H, Fu Z, Yip SC, Nagajyothi, Cahill SM,
Girvin ME and Backer JM: Mechanism of constitutive phos-
phoinositide 3-kinase activation by oncogenic mutants of the
p85 regulatory subunit. J Biol Chem 280: 27850-27855, 2005.

38. Blume-Jensen P and Hunter T: Oncogenic kinase signaling.
Nature 411: 355-365, 2001.

39. Kaneda Y, Shimamoto H, Matsumura K, Arvind R, Zhang S,
Sakai E, Omura K and Tsuchida N: Role of caspase-8 as a
determinant in chemosensitivity of p53-mutated head and neck
squamous cell carcinoma cell lines. J Med Dent Sci 53: 57-66,
2006.

40. Akanuma D, Uzawa N, Yoshida MA, Negishi A, Amagasa T
and Ikeuchi T: Inactivation patterns of the p16 (INK4a) gene in
oral squamous cell carcinoma cell lines. Oral Oncol 35: 476-483,
1999.

41. Matsumura K: Detection of DNA amplifications and deletions
in oral squamous cell carcinoma cell lines by comparative
genomic hybridization (CGH). Kokubyo Gakkai Zasshi 62:
513-531, 1995.

42. Sakai E, Rikimaru K, Ueda M, Matsumoto Y, Ishii N, Enomoto S,
Yamamoto H and Tsuchida N: The p53 tumor-suppressor gene
and ras oncogene mutations in oral squamous-cell carcinoma.
Int J Cancer 52: 867-872, 1992.

43. Matsumura K, Iritani A, Enomoto S, Torikata C, Matsuyama S,
Kurita A, Kurahashi H and Tsuchida N: Defining a common
region of DNA amplfication at 22q11.2-12 in head and neck
squamous cell carcinomas by quantitative FISH analysis. Genes
Chromosomes Cancer 29: 207-212, 2000.

INTERNATIONAL JOURNAL OF ONCOLOGY  32:  101-111,  2008 111

101-111  10/12/07  15:21  Page 111


