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So far, somatic mutations of the PTEN gene have been
found in several different neoplasms but not in
colorectal tumours. As exons 7 and 8 of the PTEN
coding sequence contain an (A) 6 repeat and
mononucleotide repeat sequences are targets for
mutations in tumours with microsatellite instability (MI),
we screened a panel of sporadic colorectal tumours
exhibiting MI to test whether PTEN gene repeats are
frequently mutated in MI + colorectal cancers. Of 32
cases studied, seven mutations were found in six
(18.75%) patients, as a PTEN biallelic frameshift
mutation was observed in one case, with consequent
loss of function of the gene. Loss of heterozygosity,
evaluated in the remaining five cases using the
microsatellite marker D10S541, was detected in two of
three informative samples. To further address the role
of the PTEN gene in MI + colorectal cancer, in the six
patients with mutated PTEN, we analysed the
mononucleotide repeats of six other genes: BAX,
hMSH3, hMSH6, TGFbRII, IGFIIR and APC. In two of
these six patients, mutations of the TGFbRII gene only
were present, indicating that PTEN may have a role in
the mutator pathway of colorectal tumorigenesis.
Overall, these results indicate that PTEN mutations are
selected for during tumorigenesis in MI + colorectal
tumours. The mutation of both PTEN alleles and
evidence that the PTEN protein is expressed in normal
colon suggest that loss of function of this gene could
play a direct role in tumorigenesis.

INTRODUCTION

PTENis a candidate tumour suppressor gene that has recently
been isolated and localized at chromosomal band 10q23 (1–3).
This gene has three different names:PTEN(phosphatase and
tensin homologue deleted on chromosome ten) (1),MMAC1
(mutated in multiple advanced cancers 1) (2) andTEP1(TGF-
�-regulated and epithelial cell-enriched phosphatase 1) (3),
and codes for the 403 amino acid protein with tyrosine phos-
phatase activity. It contains a region of homology to tensin and

auxillin, cytoskeletal proteins that interact with adhesio
molecules. Germ-line mutations ofPTENare responsible for
Cowden syndrome (4), also known as multiple hamartom
syndrome, and Bannayan–Zonana syndrome (5) wh
features include lipoma and haemangiomas. Somatic mu
tions of the gene have been found in prostate, endometr
breast and brain tumours but seem to be a relatively rare ev
in colorectal cancer (6–9).

As exon 7 and 8PTENsequences contain an (A)6 repeat and
mononucleotide repeat sequences are frequent targets
mutations in endometrial tumours with microsatellite inst
bility (MI +) (6,10), we decided to screen a panel of sporad
colorectal tumours exhibiting genetic instability, to tes
whether these repeats in thePTENgene are mutational targets
in MI + colorectal cancer.

RESULTS

A total of 32 MI+ tumours were analysed. The PCR products
exons 7 and 8 ofPTENwere sequenced and seven framesh
mutations in the (A)6tracts were found in six samples, as in on
case (T186) the same tumour showed two different mutatio
in exon 7 and in exon 8, respectively. RT–PCR analysis of t
tumour mRNA of this patient showed that of eight plasmid
three contained an (A)5 tract in exon 7 and a wild-type mono-
nucleotide repeat in exon 8 and five contained a wild-type (A6
tract in exon 7 and a frameshift mutation in the (A)6 tract of
exon 8. In addition to the A deletion in the (A)6 tract of exon 8,
one of these plasmids contained a missense mutation (N310
also in exon 8 (Fig. 1).

The frameshift mutations observed in the six tumour samp
were either a 1 bp deletion in the (A)6 repeat of exon 7 or a 1 bp
deletion in the (A)6 repeat of exon 8 (Fig. 2) and both created
premature stop, at codon 275 of exon 7 and codon 343
exon 8, respectively. A summary of the mutational analysis
the twoPTENexons is shown in Table 1.

To assess the role ofPTENgene mutations in colorectal cance
we first examined the presence of thePTENmRNA in normal
colonic mucosa. To increase the sensitivity of our analysis
RNA expression, we performed RT–PCR assays using the prim
pair reported by Wanget al. (11) to avoid the amplification of a
PTENpseudogene. As predicted, a 671 bp product was obtai
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from normal colonic mucosa and from normal prostate tissue used
as control (data not shown).

Because mRNA expression of tumour suppressor genes does
not necessarily reflect protein expression, we aimed to assess

the presence of thePTEN protein in normal colonic mucosa
using a goat polyclonal antibody raised against the N-termin
of humanPTEN protein. A band migrating at 55 kDa was
detected in the western blot of whole cell extracts (Fig.
prepared from normal colonic cells, as well as in extracts
normal prostate tissue recently demonstrated to contain
PTENprotein (11–12). All together, these results indicate th
thePTENgene is expressed in normal colonic mucosa.

We then decided to investigate the role ofPTENmutations
in the ‘mutator pathway’ of tumorigenesis in MI+ colorectal
cancer, searching for the presence of instability in genes wh
mutations contribute to uncontrolled growth and progression
malignancy. The region comprising mononucleotide repeats
BAX, hMSH3, hMSH6, TGFbRII, IGFIIR andAPCgenes was
characterized in tumours and corresponding normal tiss
from these six patients. Table 1 shows the results of the an
ysis.BAXframeshift mutations were detected in patients T18
T212 and T388 (Fig. 1); patients T180 and T186 showed mu
tions in both thehMSH3andhMSH6genes (Fig. 1). Mutations
of the TGFbRII gene were present in all of the six patient
analyzed in the region of the poly(A) sequence whereas the
repeat region was normal in all of them; mutations ofIGFIIR
andAPCgenes were not detected in any of the patients.

BecauseMLH1 and MSH2 gene mutations are the mos
frequent cause of DNA instability in colorectal tumours, w
screened the entire coding sequence of these two genes
mutations in the three carriers ofPTEN mutations whose
tumour DNA was available. In patient T180 one A deletio
was found at nucleotide 77 in the first exon ofMLH1; no muta-
tions were identified in theMLH1 and in theMSH2gene of the
other two patients.

The pathology reports for these six patients withPTEN
mutations did not show any characteristic features. Pati
T186, a female, had a stage II moderately differentiated ade
carcinoma of the caecum; patients T212, T381, T388 and T4
had a stage II poorly differentiated adenocarcinoma of t
proximal colon; patient T180 had two synchronous stage
moderately differentiated adenocarcinomas of the rectum. T
latter patient had been surgically treated for an adenoca
noma of the caecum 20 years previously.

DISCUSSION

Several lines of evidence suggest that functional inactivati
of PTENis required in the pathogenesis of tumours of vario
histological origins. Although frequently occurring in glioblas
toma, prostate and endometrium sporadic cancers,PTENgene
mutations seem to be a relatively rare event in colorec
cancer. Since there are two sites containing an (A)6 repeat in
the PTEN coding sequence and mononucleotide repe
sequences constitute frequent targets for mutations in tumo
with microsatellite instability (MI+), we analysed a panel of
colorectal tumours exhibiting MI for frameshift mutations t
assess whether mutational inactivation ofPTENcontributes to
colorectal tumorigenesis.

Seven mutations of thePTENgene, all of which consisted of
the deletion of 1 bp in the (A)6 tract of exon 7 or of exon 8
resulting in a stop codon and subsequent premature term
tion, were found in 6 of 32 (18.75%) cases studied. Canc
with mutatedPTENdid not show a striking clinical phenotype

Figure 1. SSCP analysis. Representative examples of frameshift mutations at
coding sequence repeats within thePTEN, BAX, hMSH3and hMSH6genes.
All the tumor samples ofPTENexon 7 and two (T180 and T186) of exon 8
contain the deletion of 1 bp. In addition, sample T186 contains a missense
(N310Q) mutation. Arrows pointing up or down indicate insertions or
deletions of one nucleotide, respectively. T, tumor tissue DNA; N, normal
tissue DNA from the same patient.

Figure 2. Portion of electropherograms illustrating thePTEN exon 8
frameshift mutation (MT) found in patient T180 (bottom) and the wild-type
sequence (WT) from the same patient (top). The arrow indicates the deleted
nucleotide (A).
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In one of the six patients, T186, aPTENbiallelic frameshift
mutation was observed, i.e. a deletion in the (A)6 tract of exon 7 in
one allele and a deletion in the (A)6 tract of exon 8 in the other
allele, with consequent loss of function of the gene. We did not
have enough DNA or fresh tissue available from the other five
patients to perform a mutation search in the coding sequence of
the PTEN gene to detect the mutation of the second allele,
according to Knudson’s two hits theory. We therefore screened
DNA isolated from paraffin blocks for loss of heterozygosity
(LOH), using the linked microsatellite markerD10S541. Three
samples were informative and two of these, T180 and T388,
showed LOH.

To gain a better understanding of the role ofPTEN gene
function in colonic cells, we checked the expression of the
PTENgene at both RNA and protein level. Our data demon-
strate that thePTENprotein is present in normal colonic cells.

Then, to address the role ofPTEN mutations in the mutator
pathway of colorectal tumorigenesis, the six patients with altera-
tions of the PTEN gene were analysed for the presence of
frameshift mutations in the mononucleotide repeats of six other
genes:TGFbRII, hMSH3, hMSH6, BAX, IGFIIR andAPC, whose
mutations contribute to progression towards malignancy in colo-
rectal cancer. Interestingly, in patients T381 and T400 mutations
of the TGFbRII gene only were present, indicating thatPTEN

probably plays a role in the mutator pathway of colorectal tumo
genesis.

In Cowden and Bannayan syndrome patients (13–14), ex
7 and 8, believed to encode potential tyrosine kinase ph
phorylation sites of thePTENprotein, are the second hot spo
for mutations. However, it should be noted that the gre
majority of germ-line mutations responsible for these tw
hereditary syndromes occur in different sites on exons 7 an
from those of the poly(A) repeats, reflecting different muta
tional mechanisms. Cowden syndrome is characterized
intestinal hamartomatous polyps but no studies to date h
succeeded in demonstrating their progression to colorec
carcinoma. Interestingly, colon cancer has been described
Pten+/– chimeric mice (15).

Mutations of thePTEN gene in colorectal cancers had no
been observed in previous reports (6–9). However, all of the
studies analysed unselected patients. Because MI has b
observed in 12–15% of sporadic colorectal cancers and mu
tions of thePTEN gene in 18% of MI+ colorectal tumours,
when analysing unselected colorectal tumoursPTEN altera-
tions would be expected in�2.7% of cases. Therefore, a nega
tive result is likely unless the sample studied is big enough.

Overall, our results indicate thatPTEN mutations are
selected for during tumorigenesis in MI+ colorectal tumours; in
addition, the evidence that thePTEN protein is expressed in
colonic cells, as well as the presence of mutations in bo
alleles of thePTENgene, provide support to the idea that los
of function of the gene plays a direct role in tumorigenesis.

Although the mechanisms through whichPTEN mutations
contribute to cancer are not yet entirely clear, several stud
emphasize the importance ofPTEN in normal cell homeo-
stasis.PTENpossesses lipid phosphatase activity and a ty
sine phosphatase domain, the latter being responsible fo
decrease in fibronectin-mediated focal adhesion kinase ph
phorylation (16). Thus,PTEN may act as a regulator of cell
surface interactions with the extracellular matrix through i
protein phosphatase activity and as a controller of cell grow
through its lipid phosphatase activity, which could, in turn
downregulate protein kinase B (PKB)/serine/threonine kina
encoded by the akt proto-oncogene (AKT) (17). It has recen
(18) been shown thatPTEN-deficient cells exhibit a reduced
ability to trigger apoptosis when they receive a death sign
accompanied by constitutively increased levels of PKB/AK
phosphorylation. Changes in the phosphorylation level of th

Table 1.Status of coding mononucleotide repeats within thePTEN, BAX, hMSH3, hMSH6, IGFIIR, TGFbRII
andAPCgenes in the tumour DNA of the six patients

wt, wild-type.
a(A)6 at nucleotide 5370.
b(A)6 at nucleotide 5385.

Case PTEN PTEN BAX hMSH3 hMSH6 IGFIIR TGF�RII APC APCa APCb

Exon 7 (A)6 Exon 8 (A)6 (G)8 (A)8 (C)8 (G)8 (A)10 (A)7 (A)6 (A)6

T180 wt 5/6 wt 7/8 8/9 wt 9/10 wt wt wt

T186 5/6 6/5 7/8 7/8 8/9 wt 9/10 wt wt wt

T212 5/6 wt 7/8 wt wt wt 8/9 wt wt wt

t381 5/6 wt wt wt wt wt 9/10 wt wt wt

t388 5/6 wt 8/9 wt 7/8 wt 9/10 wt wt wt

t400 5/6 wt wt wt wt wt 9/10 wt wt wt

Figure 3. PTENprotein expression. Western blot analysis performed using a
goat anti-humanPTEN polyclonal antibody to probe the whole cell extracts
from normal colonic mucosa and prostate tissue. A band with an apparent
molecular mass of 55 kDa is identified by the antibody in both the tissues.
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latter protein are crucial in regulating cell survival by confer-
ring resistance toPTEN-induced apoptosis. On the basis of
these data it seems reasonable to speculate thatPTEN muta-
tions are not simply bystander events but play an active role in
promoting abnormal growth of colorectal cells.

The data presented here aim to contribute to elucidating the
function of thePTENgene and its role in the so-called mutator
pathway of tumorigenesis.

MATERIALS AND METHODS

Tumour samples

A total of 32 MI+ but otherwise unselected colorectal tumours,
paired with adjacent normal tissues, were analysed. All the
tumour tissue samples were obtained at the surgery and freshly
frozen. Gross cryostat dissection was limited to areas
consisting mainly of neoplastic cells. Germ-line DNA was
available either from peripheral blood or normal adjacent
colon tissue from each patient.

High molecular weight genomic DNA was extracted from
frozen tissues or blood according to the standard methods. MI
was assessed using five polymorphic markers:BAT25, BAT26,
D2S123, D5S346and D18S858. MI was considered present
when two or more of the five markers showed instability.

Mutational analysis of PTEN

Mutations of PTEN at repetitive sequences within its coding
region were identified using a PCR-based assay. The 229 bp
region encompassing thePTEN poly(A)6 repeat beginning at
nucleotide 795 of exon 7 and the 200 bp region encompassing the
poly(A)6 repeat beginning at position 963 of exon 8 were ampli-
fied using the primers reported by Risingeret al. (10). PCR was
carried out for 30 cycles, each cycle consisting of denaturation for
20 s at 95�C, annealing for 20 s at 48�C, and extension for 30 s at
72�C. Mutations were searched by single-strand conformation
polymorphism (SSCP) analysis; after electrophoresis the gel
bands were visualized by the silver staining method; bands with
mobility alterations were gel- and column-purified and directly
sequenced using the ABI Ready Reaction Dye Terminator Cycle
Sequencing kit according to the manufacturer’s instructions
(Perkin Elmer, Norwalk, CT) and the 377 ABI Prism Sequencer.
All the tumours with variant SSCP bands were sequenced in
forward and reverse orientations. All mutations were confirmed
by duplicate sequencing of a newly amplified product. Determina-
tion of the presence of the mutation in the same or different alleles
was addressed by PCR amplification of thePTENmRNA using
the following primers: 5�-ATCCTCAGTTTGTGGTCT-3�and 5�-
GGAGAAAAGTATCGGTTGGC-3�. The PCR products, corre-
sponding to the 382 bp region encompassing the poly(A)6 repeats
of exon 7 and exon 8, were cloned into plasmid vectors (TOPO-
TA cloning kit; Invitrogen, Groningen, The Netherlands) and
several clones sequenced as before.

LOH analysis

Total genomic DNA purified from paraffin-embedded sections
was screened for LOH using the polymorphic markerD10S541
flanking thePTENlocus.

Analysis of BAX, hMSH3, hMSH6, TGFbRII , IGFIIR and
APC mononucleotide repeats

The presence of frameshift mutations in the following gene
BAX, hMSH3, hMSH6, TGFbRII, IGFIIR andAPC, containing
mononucleotide repeats was studied. The 94 bp region enc
passing theBAX(G)8 tract at nucleotides 114–121, the 92 b
region of IGFIIR containing poly(G)8 at nucleotides 4089–
4096, the poly(C)8 and poly(A)8 repeats at codons 1116–1118
respectively, of thehMSH6gene and at codons 381–383 o
hMSH3, and the (A)10 microsatellite sequence at nucleotide
709–718 ofTGFbRIIwere characterized using the primers an
the PCR conditions as described by Yamamotoet al. (19). The
PCR products were characterized by electrophoresis on de
turing 6% polyacrylamide sequencing gels and by SSC
followed by sequencing of bands with mobility alterations.

In addition, the (A)7 tract at the nucleotide 6573 and the tw
(A)6 repeats at nucleotides 5370 and 5385, respectively, of
APC gene were analysed. The amplification was perform
using the primers for the fragments L and P of exon 15 (2
The PCR products were then sequenced.

Mutational analysis of MSH1 and MLH2 genes

The promoter regions and each exon ofMLH1 and MSH2
genes from genomic DNA were individually amplified an
subsequently sequenced directly.

Western blot analysis

Specimens of normal colonic mucosa and prostate tissue w
diced into very small pieces and homogenized with a doun
homogenizer. The cells were lysed in a solution containi
0.5% Nonidet P40, 50 mM Tris–HCl pH 8, 110 mM NaCl
0.5% Triton X-100 and proteinase inhibitors, 2 mM PMSF
0.5�g/ml leupeptin. Lysates consisting of 150�g of protein
were separated by SDS–PAGE (10%) and transferred
Immobilon P membranes (Millipore, Bedford, MA). The
membranes were then probed with antiPTEN(N-19) polyclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:7
dilution according to the manufacturer’s protocol. After ove
night incubation, detection was performed using alkalin
phosphatase-conjugated secondary antibody visualized
incubation in NBT/BCIP developing solutions.
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