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Abstract

A wide variety of tumours show PIK3CA mutations leading to increased phosphatidylinositol-3 kinase (PI3K) activity. We have

determined the frequency of PIK3CA mutations in exons 9 and 20 that has previously been reported as mutational hotspot regions

in distinct tumour models. One hundred and fifty gastrointestinal carcinomas (47 gastric and 103 colorectal) that were characterised

for MSI status (76 MSI and 74 MSS) by PCR-SSCP sequencing were evaluated. We also analysed the association between PIK3CA

mutations and KRAS or BRAF mutations. PIK3CA mutations in exons 9 and 20 were present in 13.6% and 10.6% of colorectal and

gastric carcinomas, respectively. No differences in frequency and type of PIK3CA mutations were found between MSI and MSS

colorectal carcinomas. All gastric carcinomas with PIK3CA mutations were MSI. The number of cases harbouring concomitant

PIK3CA and KRAS or BRAF mutations was higher in colorectal than in gastric carcinomas (P = 0.016). In colorectal carcinoma,

PIK3CA mutations occur preferentially together with activating KRAS-BRAF mutations (MSI and MSS) while in gastric carcino-

mas PIK3CA mutations tend to occur as isolated events (MSI).

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Phosphatidylinositol-3 kinases (PI3Ks) constitute a

large and complex family of lipid kinases encompassing
three classes with multiple subunits and isoforms [1–3].

PI3Ks play an important role in several cellular func-

tions, such as proliferation, differentiation, chemotaxis,

survival, trafficking, and glucose homeostasis [2]. Class

IA PI3Ks are heterodimeric proteins composed by a
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p110 catalytic subunit and a p85 regulatory subunit

[4]. p85 lacks kinase activity and acts as an adaptor, cou-

pling the p110 subunit to activate protein tyrosine ki-

nases [5]. This class of PI3Ks can be activated through
interaction with phosphotyrosine residues of receptor

tyrosine kinases (RTK) [6–9] or through the binding of

active RAS to the p110 catalytic subunit [3,9–12]. Active

PI3Ks phosphorylate the inositol ring 3 0OH group in

inositol phospholipids to generate the second messenger

phosphatidylinositol-3,4,5-trisphosphate (PIP3) [13],

which in turn activates diverse cellular target proteins

such as the survival signalling kinase AKT/PKB
[1,2,14,15]. A tumourigenic role has been proposed for
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PIK3CA gene that encodes the catalytic subunit p110al-

pha of phosphatidylinositol 3-kinase belonging to class

IA of PI3Ks [2,3,16]. Recently, mutations in PIK3CA

were identified in different tumour models, namely colo-

rectal cancer, gastric cancer, glioblastoma, breast and

lung cancer [17]. Additionally, several other studies in
hepatocellular carcinomas, breast carcinomas, lung can-

cer, ovarian carcinomas, brain tumours and acute leu-

kaemias emphasised the oncogenic potential of

PIK3CA in the development of cancer [18–21].

In the study of Samuels [17], two PIK3CA mutational

‘‘hotspots’’ were described that affected the helical (exon

9) and catalytic (exon 20) protein domains, respectively.

In colon carcinomas exons 9 and 20 were preferentially
mutated in PIK3CA. Further, in colon carcinomas

PIK3CA mutations were also described in exons 1, 2,

4, 7, 12, 14 and 18, but these mutations only occurred

in a minority of cases [17,18]. Similar to colon tumours,

PIK3CA mutations clustered in the two hotspot regions

(exons 9 and 20) in gastric carcinomas also [17,19,22]. In

a single case of gastric carcinoma, exon 18 coding for

PIK3CA was also reported to be mutated however, this
result was not confirmed when a larger series of tumors

was analysed [17,22].

Although PIK3CA mutations have been already re-

ported in several tumour types, the mutation frequency

of this gene in gastrointestinal carcinoma is still contro-

versial. Furthermore, very little is known about the fre-

quency of PIK3CA mutations within the context of

gastrointestinal carcinomas with mismatch repair defi-
ciency. It is well known that 15% of sporadic gastroin-

testinal carcinoma have mismatch repair deficiency

leading to hundreds of thousands of mutations in

microsatellite sequences throughout the genome (MSI

phenotype), mainly due to the silencing of hMLH1

through promoter methylation [23–27]. In MSI gastro-

intestinal carcinoma, mutations occur both in non-cod-

ing and coding sequences. Several genes involved in
signalling pathways, such as the Wnt/APC/beta-catenin

pathway, the TGFbeta pathway, and the MAPKinase

pathway are also prone to mutation [28]. One of the

best-studied pathways in MSI and microsatellite stable

(MSS) sporadic gastrointestinal carcinomas is the RAS/

RAF/MAPKinase pathway, in which KRAS or BRAF

are activated by mutations [29–37]. Moreover, it has

been demonstrated that KRAS and BRAF genes are
differently involved in the development/progression of

MSI and MSS colorectal and gastric carcinomas

[30,31].

In the present study, we have aimed to: (a) determine

the frequency of PIK3CA mutations at the two hotspot

regions of the gene (exons 9 and 20) in a series of 150

gastrointestinal carcinomas (47 gastric and 103 colorec-

tal) previously characterised for MSI status (76 MSI and
74 MSS) and (b) analyse the relationship between muta-

tions in PIK3CA and KRAS or BRAF genes.
2. Material and methods

2.1. Tissue specimens

A total of 103 sporadic colorectal cancers (50 MSI

and 53 MSS), 47 sporadic gastric cancers (26 MSI and
21 MSS) were screened for PIK3CA mutations in the

two hotspot exons (9 and 20).

2.2. Mutations screening

For exon 9, the screening was done by PCR-SSCP-

automated sequencing. The set of primers used to amplify

this exon was 5 0-GCT TTT TCT GTA AAT CAT
CTG TG-3 0 (sense sequence) and 5 0-CTG AGA TCA

GCC AAA TTC AGT-3 0 (antisense sequence). The

annealing temperature was 59 �C and PCR products

were loaded into 0.6· MDE gels after denaturation

and run at 20 �C overnight. Cases showing aberrant

bands in comparison with a normal control were sub-

mitted to a second independent PCR. PCR products

were purified and sequenced on an ABI Prism 377 auto-
mated sequencer (Perkin–Elmer, Foster City, CA) using

the ABI prism dye terminator cycle sequencing kit (Per-

kin–Elmer) and the original primers.

Exon 20 was analysed by PCR-automated sequenc-

ing. This exon was divided in two overlapping frag-

ments. The sets of primers used to amplify the two

amplicons were: 5 0-CAT TTG CTC CAA ACT GAC

CA-3 0 (sense sequence), 5 0-TAC TCC AAA GCC TCT
TGC TC-3 0 (antisense sequence) for the first part of

the exon (Tm = 56 �C) and 5 0-ACA TTC GAA AGA

CCC TAG CC-3 0 (sense sequence), 5 0-CAA TTC CTA

TGC AAT CGG TCT-3 0 (antisense sequence) for the

second part of the exon (Tm = 56 �C). PCR products

were loaded in 2% agarose gels, purified and sequenced

as previously for exon 9.

2.3. Statistical analysis

Associations between PIK3CA mutations, the MSI

status of the tumours and the presence of BRAF and/

or KRAS mutations were assessed by the v2 test. A P va-

lue 60.05 was considered to be statistically significant.
3. Results

From the 150 gastrointestinal carcinomas analysed,

PIK3CA mutations in exons 9 or 20 were detected in

12.7% (19/150) of the cases. Examples of mutations

are shown in Fig. 1.

The frequency of PIK3CA mutations was 13.6% (14/

103) in colorectal carcinomas and 10.6% (5/47) in gastric
carcinomas (P = 0.61). In colorectal carcinomas, the fre-

quency of mutations was similar (P = 0.49) in MSI (16%



Fig. 1. Examples of PIK3CA mutations affecting exons 9 or 20

detected in a series of 150 gastrointestinal tumours. Fig. 2. Graphic representation of the relationship between concomi-

tant PIK3CA mutations and KRAS or BRAF mutations; PIK3CA

mutations alone; KRAS or BRAF alone; and cases without mutations

in these three genes in colorectal and gastric carcinomas. *, In gastric

carcinoma 7/47 carcinomas show KRAS mutations and only 1/47

display a BRAF mutation.
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(8/50)) and MSS (11.3% (6/53)) tumours. In gastric car-

cinomas, a significant difference (P = 0.03) was observed

in the frequency of PIK3CA mutations in MSI (19.2%

(5/26)) and MSS (0% (0/21)).

In the whole series, we identified 19 samples in which

mutations had occurred and they were evenly distrib-

uted in the two hotspot PIK3CA gene regions (Table

1). Eleven (57.9%) mutations clustered within exon 9
and eight (42.1%) mutations within exon 20. Distribu-

tion of mutations within the two hotspots was similar

in colorectal and gastric carcinomas. No differences

were observed when the two subsets of colorectal carci-

noma (MSS and MSI) or the MSI gastric carcinomas

were considered. The distribution of the mutations and

amino acid changes are shown in Table 1.

Thenumberof cases harbouring concomitantPIK3CA
and KRAS or BRAF mutations was higher in colorectal

carcinomas (9.7% (10/103)) than in gastric carcinomas

(2.1% (1/47)) (P = 0.016) (Fig. 2). Further, we evaluated

the relationship between PIK3CA mutations and the

presence of mutations in KRAS or BRAF oncogenes in

the three distinct subsets of carcinomas that showed

PIK3CA mutations (MSI and MSS colorectal carcino-

mas and MSI gastric carcinomas). MSS gastric car-
cinomas were not considered for this analysis since

mutations in PIK3CA were not identified in this group
Table 1

Number of cases with mutations of PIK3CA and amino acid

substitutions in gastrointestinal tumours

Amino acid

substitution

MSI

colorectal

cancer

(n = 50)

MSS

colorectal

cancer

(n = 53)

MSI

gastric

cancer

(n = 26)

Total

cases

Exon 9 E542K 3 2 3 8

E545K 2 2

E545G 1 1

Exon 20 R1023Q 1 1

H1047L 1 1

H1047R 2 2 2 6
of tumours. Overall, in our series of colorectal car-

cinomas, PIK3CA mutations were significantly more

frequent in cases harbouring mutations in KRAS or

BRAF genes than in cases negative for KRAS and BRAF

mutations (P = 0.037). From a total of 47 colorectal car-

cinomas with KRAS or BRAF mutations, 21.3% of the
cases (10/47) had concomitant PIK3CA mutations. In

contrast, only 7.1% (4/56) of the colorectal tumours

lacking KRAS or BRAF mutations had mutations in

PIK3CA. Within colorectal carcinomas, concomitant

mutations at PIK3CA and KRAS or BRAF genes oc-

curred both in MSI and MSS tumours. The frequency

of concomitant PIK3CA and KRAS or BRAF genes

was 10.0% (5/50) in MSI and 9.4% (5/53) in MSS colo-
rectal carcinomas (Table 2). In gastric carcinomas, both-

PIK3CA and KRAS mutations occurred exclusively in

MSI tumours. In this group of tumours, 4 of the 5

(80%) PIK3CA mutations occurred in a KRAS wild type

background (Table 2). In MSI gastric carcinomas BRAF

mutations were not identified. One BRAF mutation was

found in a MSS gastric carcinoma (Table 2).
4. Discussion

Recently, much attention has been given to the role of

PIK3CA gene mutations in several human tumours.

Mutational analysis of PIK3CA gene has revealed that

genetic alterations at its locus occur in a wide spectrum

of human neoplasias. PIK3CA mutations preferentially
occur in exons 9 and 20, affecting the two functionally

important helical and kinase domains of the protein

[17–22]. In colon and gastric carcinoma, it has been

demonstrated that mutations of PIK3CA also occur

preferentially in these two exons [17–19,22]. Taking

these results into account, we decided to analyse further



Table 2

Association studies between PIK3CA mutations and mutations in

KRAS or BRAF oncogenes in colorectal and gastric carcinomas

PIK3CA (exons 9 and 20) KRAS or

BRAF

KRAS and

BRAF

P

value

Mutant Wild-type

Colorectal carcinomas n = 103

Mutant 10 4 0.037

Wild-type 37 52

MSI colorectal carcinomas n = 50

Mutant 5 3 0.031

Wild-type 18 24

MSS colorectal carcinomas n = 53

Mutant 5 1 0.072

Wild-type 19 28

Gastric carcinomas n = 47

Mutant 1 4 ns

Wild-type 8 34

MSI gastric carcinomas n = 26

Mutant 1 4 ns

Wild-type 7 14

MSS gastric carcinomas n = 21

Mutant 0 0 –

Wild-type 1a 20

ns, not statistically significant.
a One BRAF mutation.
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exons 9 and 20 as they are reported hotspot regions for

PIK3CA mutations. In this study, we report the pres-

ence of PIK3CA mutations in 12.7% of 150 gastrointes-

tinal carcinomas. These mutations were evenly

distributed in the two hotspot regions of the gene (exon

9 and 20). No differences were found in the frequency of

PIK3CA mutations between colorectal and gastric carci-

nomas, suggesting that PIK3CA activation is likely to
play a role in the development/progression of both tu-

mour types.

In agreement with previous reports, 10.6% of the gas-

tric tumours herein studied harboured PIK3CA muta-

tions. Lee [19] and Samuels [17] described PIK3CA

mutations in 6.5% and 16.7% of gastric tumours, respec-

tively. Most of these mutations clustered within exon 20.

In contrast to both reports, we did not find a particular
accumulation of PIK3CA mutations in exon 20. We

identified two PIK3CA mutations in codon 1047 of exon

20 and three mutations in codon 542 of exon 9. One of

the exon 9 mutations in codon 542 is novel and has not

been previously described in gastric cancer [17,19]. In

colorectal carcinomas, previous studies have reported

the prevalence of PIK3CA exon 9 and exon 20 muta-

tions to range between 15% and 27% [17,18]. In this
study, the frequency of PIK3CA mutations in colorectal

tumours (13.6%) was close to those previously reported

[17,18]. In agreement with recent data on this type of tu-

mour, we observed a similar frequency of mutations in

exons 9 and 20, for which codons 542, 545 and 1047

were preferentially mutated. In the above studies, codon
545 showed the highest frequency of mutation (47%). In

contrast, in our series, codons 542 and 1047 were the

most frequently mutated. Furthermore, we found a no-

vel mutation of PIK3CA localised in codon 1023.

In the whole series of colorectal and gastric carcino-

mas presented here, PIK3CA amino acid substitutions
E542K, E545K and H1047R represent the most com-

mon mutations in both tumour types. These amino acid

changes were previously reported in colorectal, breast,

ovarian, lung carcinomas and in brain tumours [17–

21], suggesting that these mutations are likely to induce

PIK3CA activation and thus contribute to the develop-

ment of a large spectrum of tumours. In addition, these

amino acid substitutions were demonstrated in vitro to
induce significantly higher lipid kinase activity than

the wild-type PIK3CA protein [17,38]. Further, it was

demonstrated that an increase in the lipid kinase activity

of the p110 alpha subunit of PI3K leads to activation of

AKT and induces oncogenic transformation in cultures

of chicken embryo fibroblasts [38,39]. The other amino

acid substitutions E545G, R1023Q and H1047L found

in few colorectal cancer samples were localised to the
helical and kinase domains of PIK3CA protein, suggest-

ing that they may convey selected advantage to the can-

cer cell. However, the effect on the enzymatic activity or

the transforming potential conferred by these mutations

still needs to be elucidated.

In this study,we also analysed the relationship between

the presence of PIK3CAmutations andMSI status of the

tumours.Wedemonstrated for thefirst time, thatPIK3CA
mutations cluster within the MSI subset of gastric tu-

mours (19.2%). No single MSS gastric carcinomas bore

PIK3CA mutations. It is likely that PIK3CA mutations

do not represent an important oncogenic event for the

development/progression of MSS gastric carcinomas,

analogously to what is observed for KRAS and BRAF

mutations in mismatch repair proficient gastric tumours

[30,32,36]. In contrast to what was observed in stomach
cancer, colorectal carcinomas harboured PIK3CA muta-

tions in both MSI andMSS tumour subsets, similarly for

KRAS mutations but not for BRAF mutations [30,33–

35,37]. In keeping with previous data,PIK3CAmutations

were detected within the MSI and MSS colorectal carci-

nomas [17], suggesting thatPIK3CAmutations play a role

in the development/progression of both subsets of colo-

rectal carcinomas. It is well known that KRAS–BRAF-
MAPKinase pathway is involved in sporadic MSI gastric

and in sporadic MSI and MSS colorectal carcinomas. In

MSI gastric carcinomas KRAS mutations are detected

in about 30% of cases while BRAF mutations were have

never been found [30,32]. In MSI colorectal carcinomas,

KRASmutations are inversely associated toBRAFmuta-

tions, the latter being the most frequent [30,31]. In MSS

colorectal carcinomasKRASmutations are very common
while BRAF mutations are identified in only 6% of cases

[29,35,37,40]. The accumulation of PIK3CA and BRAF
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and/orKRASmutationswithin colorectal and gastric car-

cinomas was significantly different. In our series of MSI

and MSS colorectal carcinomas, PIK3CA mutations oc-

curred more frequently in accumulation with KRAS or

BRAF mutations than in isolation, suggesting a possible

synergistic effect in the signalling pathways controlled
by these genes in colorectal cancer development/progres-

sion. In contrast, in gastric carcinomas, both PIK3CA

and KRASmutations are restricted to MSI and occurred

more as isolated genetic events. This observation raises

the hypotheses that both PIK3CA and KRAS work as

putative alternative oncogenic events in MSI gastric car-

cinoma development. A bigger series of MSI gastric can-

cer is needed to investigate this hypothesis further.
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