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Abstract

ÃŸ-Catenin has been identified as an oncogene in colon cancer and
melanoma. Phosphorylation of sites in exon 3 of ÃŸ-catenin leads to deg

radation of this protein. These sites are primary targets for activating
mutations. The frequency with which oncogenic mutations at these sites
are found in colorÃ©ela!cancer is unknown, as is the frequency of their
occurrence in other malignancies. We analyzed 92 colorectal cancers
(CRCs) and 57 cancer cell lines (representing a diversity of tumor types)
to determine the frequency of activating mutations in this gene. Mutations
in exon 3 of ÃŸ-catenin were found in 2 of 92 CRCs and in the colorectal
cancer cell line HCT 116. Both tumors with ÃŸ-cateninmutations exhibited

widespread microsatellite instability, which is indicative of a replication
error phenotype, a phenotype known to be present in HCT 116. This
suggests that mutations in ÃŸ-catenin are infrequent in CRC and miscel

laneous cancer cell lines and may occur in association with a replication
error phenotype.

Introduction

Recent evidence suggests that the ÃŸ-cateningene is an oncogene in
colorectal and other tissues (1-3). ÃŸ-Catenin is a multifunctional
protein with important functions in cell-cell interaction. It may also

effect gene expression by supplying an activation domain when it is
bound to the (Tcf/Lef) family of DNA-binding proteins (3-6). ÃŸ-
Catenin levels are low in the normal colon, where wild-type APC2

protein binds to ÃŸ-catenin.promoting its degradation and inactivation
(3, 7, 8). APC cooperates with a serine/threonine kinase (GSK-3ÃŸ)to
regulate ÃŸ-cateninvia multiple phosphorylation sites on exon 3 (9).

Inactivation of the tumor suppressor APC occurs early in the initiation
of colon cancer and is associated with a rise in free ÃŸ-cateninlevels

(3, 7, 8). Approximately 15% of colon cancers express normal APC
protein (10). Three of five colorectal cancers with normal APC
function, as well as two cancer cell lines with normal APC function,
were found to have activating mutations in ÃŸ-catenin that altered

functionally significant phosphorylation sites in exon 3 (2). Abnormal
ÃŸ-cateninfunction and similar mutations were also found in 6 of 26
melanoma cell lines (1). Deletion of the NH2 terminus of ÃŸ-catenin
and mutations in serine/threonine sites in exon 3 of ÃŸ-catenincan both
constitutively activate the gene and increase free ÃŸ-cateninlevels (2,

11). In vitro data indicate that, in colon cancers, inactivation of APC
and activation of ÃŸ-cateninappear to have the same tumorigenic effect
(2, 3). The frequency of mutations in ÃŸ-cateninin colon cancer and
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other tumors is unknown at this time. Given the incidence of normal
APC in CRC (15%) and the detection of mutations in ÃŸ-cateninin
three of five cancers with normal APC, a frequency of ÃŸ-catenin

mutations of approximately 10% in CRC is suggested (2). We ana
lyzed 92 CRCs (7 stage I, 16 stage II, 44 stage III, and 25 stage IV)
to determine the frequency of activating mutations in exon 3 of the
ÃŸ-cateningene in this population. We also analyzed a diverse panel of
57 well-characterized cancer cell lines from the National Cancer

Institute drug screen (12).

Materials and Methods

Samples. After being reviewed by a pathologist, lumor tissue from colo
rectal paraffin blocks was microdissected from areas with at least IQ'Jt tumor

cells. Normal tissue was microdissected from the same blocks. The tissues
were digested with lysis buffer (50 mM Tris (pH 8.5). 1 rnvt EDTA. 0.5%
Tween 20, and 200 fig/ml proteinase K), extracted with phenol-chloroform,

and precipitated with ethanol using standard techniques. DNA from harvested
cell lines was similarly extracted and purified.

PCR and Sequencing of ÃŸ-Catenin. Exon 3 of ÃŸ-cateninwas amplified in
a PCR (primers: Forward. 5'-atttgatggagttggacatggc-3': reverse, 5'-ccagctact-

tgttcttgagtgaagg-3'). Fifty ng of DNA were amplified in each reaction using

AmpliTaq (Perkin-Elmer) with the following reaction conditions: 1 cycle of
95Â°Cfor 3 min, 30 cycles of 94Â°Cfor 30 s, 55Â°Cfor 30 s, and 72Â°Cfor 30 s,
and 1 cycle of 72Â°Cfor 10 min. PCR products were purified using a QIAquick

PCR purification kit (Qiagen). and the purified PCR products were sequenced
using dye terminator cycle sequencing chemistry with AmpliTaq polymerase
FS (Perkin-Elmer). all according to the manufacturers' instructions. Sequenc

ing was performed in both directions using the forward primer from the PCR
and a reverse primer. 5'-tgagtgaaggactgagaaaatccc-3'. The sequence reactions

were run on an Applied Biosystems 377 DNA sequencer. The data were
collected and analyzed using Applied Biosystems sequencing analysis soft
ware, all according to the manufacturer's protocols. The sequence data were

visually confirmed by two investigators.
RER Phenotype. Polymorphic microsatellite regions, including mono-

nucleotides (BAT 25. BAT 26, BAT 40, and the transforming growth factor ÃŸ
receptor II), dinucleotides (D2sl23, D10sl97, D5sl07, and D8s87). a trinu-

cleotide (AR), and tetranucleotides (FGA. ACTBP2. and UT574), were am
plified using published primer sets to determine microsatellite instability.
Some samples and markers were amplified using '"P-labeled primers and

processed according to standard protocols (13). The majority of normal tumor
pairs were amplified using fluorescence-labeled primers. These PCR products

were separated using 6% polyacrylamide gels on an Applied Biosystems 377
fluorescent DNA sequencer. The microsatellite data were analyzed with Ge
nescan and Genotyper (Applied Biosystems) software.

An RER-positive phenotype. characteristic of an underlying defect in mis

match repair, was defined by instability that precedes transformation and
involves widespread alterations in multiple microsatellite markers. In practice,
this was defined as the presence of new alÃelesin two or more markers, and for
at least one marker, the new alÃeleshad to predominate and represent a shift
away from the germ-line alÃele.Tumors with instability present in only one
marker were considered RER-negative and interpreted as representing the

evolution of clonal changes in a microsatellite region rather than an underlying
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defect in mismatch repair. No normal control DNA was available for assess
ment of the cancer cell lines. A recent study demonstrated that BAT 26, a
mononucleotide marker, has a quasimonomorphic pattern, with only minor
size variations in the population (14). Here, a method with a 99.4% efficiency

for determining RER status was described, in which RER was defined as a
>4-bp shift in the monnmorphic pattern of this marker (14). The RER statuses

of the 57 cell lines were assessed using this method.

Results

Two of 92 primary tumors tested had mutations in ÃŸ-catenin(2%).
One patient had a mutation at codon 45 (TCTâ€”>CCT), changing a

serine to a proline at a site that had already been previously shown to
be mutated in a number of cancers. A second patient's mutation at

codon 41 (ACCâ€”>GCC) changed a threonine to alanine and is iden

tical to a previously described mutation (Fig. 1). Both patients had
right-sided stage III cancers. The first patient was 39 years old at

diagnosis and had no family history of cancer, whereas the second
patient was 34 years old at diagnosis and had a family history
consistent with the HNCC syndrome. Both were alive and free of
disease 1 and 5 years, respectively, postdiagnosis. In an analysis of
these same tumor blocks for the RER-positive phenotype, both of

these tumors exhibited widespread instability in the majority of mic
rosatellite regions tested. Fourteen of 92 tumors were RER positive,
and among the RER-positive tumors, 8 were stage III at diagnosis

(Table 1). Microsatellite instability was detected in seven or more
markers in 11 tumors, with instability in four, five, and six markers in
each of the other 3 tumors, respectively. Two RER-positive adenom-
atous polyps and three other RER-positive tumors (two endometrial

and one skin), all from different patients, showed no evidence of
ÃŸ-cateninmutation.

AGCCACTRCCACAC

B G CCACT R C C A C A (

mFm
Fig. I. Eleclrophcrograms of a patient's ÃŸ-cateninsequence, identifying the mutation

at codon 41 (ACCâ€”*GCC). changing a threonine to alanine. The forward sequence is

represented in panel A. and the reverse is represented in Â¡HinelB. A. adenosine; C.
cylidine; C, guanosine; T. thymidine; R represents A or G. according to IUB codes.

Our analysis of tumor cell lines confirmed the frameshift mutation
in ÃŸ-cateninthat had already been identified in HCT 116. None of the

other cell lines examined showed evidence of mutations, including
nine lung (ERVX, H23, H226, H322M, H460, H522, A549, HOP62,
and HOP92), six ovarian (IGROV1, SKOV3, OVCAR 3, OVCAR 4,
OVCAR 5, and OVCAR 8), six leukemia (CCRF-CEM, K562,
MOLT-4, HL-60, RPMI 8826, and SR), seven renal (UO-31, 498,
CAKI-1, RXF393, ACHN, 786-O, and SN12G), seven breast (MCF7.
HS578T, MDA-MB-231, MDA-MB-435, MDA-N, BT-549, and T-
47D), eight melanoma (LOX, MALME, SK-MEL2, SK-MEL5, SK-
MEL 28, UACC62, M14, and UACC 257), two prostate (DU-145 and
PC-3), five brain (SF539, SNB 19. SNB 75, U251, and SF295), and
six other colon (HT 29, HCC-2998, SW620, COLO 205. HCT-15, and

KM 12). Four of these cell lines (HCT116, IGROV1, KM 12, and
DU 145) were RER positive, as determined by the BAT 26 microsat
ellite analysis. HCT 15 was RER positive, as determined by analysis
of multiple single-cell clones for instability (15). However, it has a

mutation in GT binding protein, which predisposes it to more subtle
changes in polymorphic microsatellites (16). SKOV3 was also known
to be RER positive. It was not detected by the BAT 26 assay (17).
Among 14 RER-positive normal/tumor pairs, BAT 26 was analyzed in

13 and was positive in 11.

Discussion

A current hypothesis suggests that inactivation of APC or activating
mutations in ÃŸ-cateninmay have similar functional and tumorigenic
consequences in the human colon (2, 3, 18). Consequently, ÃŸ-catenin

can behave as an oncogene, providing a potential alternative mecha
nism of initiation in the pathway of colorectal carcinogenesis (18).
Inactivation of APC has been demonstrated in approximately 85% of
colorectal cancers, with the initiating event unknown in the remaining
15% (10). Recently, mutations in exon 3 of ÃŸ-cateninwere found in
three of five tumors with normal APC protein, suggesting ÃŸ-catenin

might be mutated in a significant minority (perhaps as high as 10%)
of CRCs (2). Here, mutations in the activating region of ÃŸ-catenin

were found in only two tumors, representing 2% of all colon cancers
tested. Both mutations alter serine/threonine phosphorylation sites,
consistent with the proposed mechanism of activation of ÃŸ-catenin

(18).
Interestingly, both our patients' tumors with mutations in ÃŸ-catenin

were RER positive. Both patients had stage III colon cancer and were
under 40 years old at diagnosis, and one patient had a family history
consistent with the HNPCC syndrome. To date, published ÃŸ-catenin

mutations have been found in only two CRC cell lines (HCT 116 and
SW48), both of which are RER positive and have mutated hMLH 1
genes (19, 20). The RER status of the three other published CRCs
with ÃŸ-catenin mutations is not stated (2). Here, the majority of
RER-positive cancers, including a majority with stage III disease, did
not have mutations in ÃŸ-catenin.Although frameshift mutations are
particularly common in RER-positive malignancies, the ÃŸ-catenin

mutations found to date are mainly transitions or transversions. Our
data indicate that ÃŸ-cateninmutations occur rarely, if at all, in RER-
negative CRC and in only a minority of RER-positive CRC. Activat
ing mutations in ÃŸ-cateninthat occur in colon tumors may be asso

ciated with an underlying defect in mismatch repair.
Surprisingly, activating mutations in ÃŸ-cateninwere recently found

in melanoma cell lines, implying that ÃŸ-cateninmay act as an onco

gene in a variety of other cancers, including those without a clear
association with APC mutations ( 1). We analyzed 57 well-character

ized cell lines representing a broad spectrum of human cancers for
ÃŸ-cateninmutations (12). Only one cell line (HCT 116) had a frame-

shift mutation, and no mutations were detected in the eight melanoma
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Table 1 CHnicopathological ami molecular characteristics of all 92 patients"

Patient
no.12345678911)11121314151617IS1420212223242526272829303132333435363738394041424344454647484950515253545556575859606162636465666768W7071727374757677787980Age

at
diagnosis HNPCC family

(yr) Sex history*Site5566344849384836474338393830383839ft:32493140396466296354624754696466657162515629552670645963434950572363414444623225595035474874703756475351262K5747264164513939MFMMFFFFFM1-FFFFMMFMMMFFMMMFMMMMFMFMFFFFFFFMMFFFMMFMMMMMFMFFMFMFMMFMFFFMFMMMFMMMF+++â€”â€”â€”+â€”â€”+â€”â€”+â€”+â€”â€”â€”â€”+â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”-â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”+â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”+â€”â€”â€”â€”â€”NANANANANANANAR*RRLLLRRLRLRRLLLRLLLNALNALLRLLRLLLLLLLLRLRLLRLRLLLRLLRLNALLLRLNARLLRLLL.RRLLLNARRRNALRRLPathologyPDA"MDA-PDAMDAMDAMDA-PDAMDAMDAMDA-PDAMDA-PDAWDAPDAMDAPDAWDA-MDAMDAMDA-PDAMDAMDAWDA-MDAMDAWDAMDAMDAMDAMDAMDA-PDAMDAMDAMDAMDAMDAMDAWDAWDAPDAMDAMDAMDAMDAMDAMDAMDAPDAMDAMDAMDAMDAMDA-PDAWDAMDAMDA-PDAPDAWDAPDAMDAMDAMDAWDAMDAMDA-WDAMDAWDA-MDAMDA-PDAMDAMDAMDAMDA-WDAPDAMDAMDAMDAMDA-WDAMDAPDAPDAMDAMDAWDAMDAMDANo.

of unstable
microsatellite markers liMSH 2/HMLH1 ÃŸ-cateninexon 3

Stage' (no. tested) RER'' germ-line sequence'mutation/IIInmimmninIVnmminnmrvmnmmrvmrvminmmmIViinmninmnIVmnnmnmmnmminrvmimnmmnmmmIVrviimminmmmmIVrvrvrvrvrvrvrv9(9)7(10)12(12)4(14)7(14)5(12)9(15)12(12)10(11)11(11)11(12)9(9)6(8)9(11)0(12)0(11)1(8)1(12)0(12)1(12)0(11)0(5)1(13)0(11)0(10)1(12)0(11)0(10)1(9)0(12)0(11)0(11)0(10)0(11)0(11)0(11)1

(12)1(12)0(8)0(11)0(11)0(9)1(11)0(8)1(13)1

(12)0(4)0(8)1

(14)1
(11)1(9)1(13)0(10)0(6)0(11)0(14)0(11)0(10)0(10)1(9)0(8)0(10)0(12)1(11)0(10)0(8)0(8)1(11)0(9)0(7)0(9)0(10)0(11)0(6)0(6)0(6)0(6)0(6)0(6)0(6)-t-

Exon 12 HMSH2 codon 621 (CGA-TGA)ARG-stop++

hMLH /-negative, IMSH 2-negative++
hMLH /-negative, hMSH2-negative+++

Exon 12 hMLH 1 codon 461 (AAG to TAG)Lys-stop-t-++

hMLH 1 EX14 codon 548 (TAC TAA)Tyr-stop++

++
hMLH /-negative. hMSH2-negative+â€”

hMLH /-negative, hMSH2-negative-
-â€”
â€”¿�-
â€”¿�-
â€”¿�â€”

hMLH /-negative, hMSH2-negative-
â€”¿�-
â€”¿�â€”
â€”¿�â€”
â€”¿�â€”
-â€”
â€”¿�-
â€”¿�â€”
â€”¿�â€”
â€”¿�-
â€”¿�--

â€”¿�â€”
â€”¿�â€”
â€”¿�â€”
â€”¿�-
â€”¿�â€”
-â€”
â€”¿�-
â€”¿�â€”
â€”¿�â€”
-â€”
â€”¿�â€”
-â€”
-â€”
--
â€”¿�-
â€”¿�â€”
â€”¿�â€”
â€”¿�-
â€”¿�-
â€”¿�-
â€”¿�â€”
â€”¿�-
--
â€”¿�-
â€”¿�â€”
â€”¿�-
â€”¿�-
â€”¿�â€”
â€”¿�-
â€”¿�â€”
â€”¿�-
â€”¿�â€”
â€”¿�â€”
â€”¿�â€”
â€”¿�â€”
â€”¿�â€”
â€”¿�-
â€”¿�â€”
--
-â€”
â€”¿�-
â€”¿�-
â€”¿�-
â€”¿�-
â€”¿�â€”
â€”¿�â€”
â€”¿�â€”
â€”¿�â€”

-
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Table I Continued

Patient
no.818283848586878889909192Age

at
diagnosis

(yr)475138645860516074656053SexMFFFMMFFFFFMHNPCC
family

history 'SiteNANANANANANANANANANANANARLLLNANALLLLLRPathologyMDAMDAMDA-PDAMDAMDAMDAMDAMDAMDAMDAMDAMDANo.

of unstable
microsatellite markers hMSH 2IIMLH I ÃŸ-cateninexon 3Stage' (no. tested) RER' germ-line sequence*^mutations'^IVrvIVIVrvrvrvrvmmnni0(6)0(6)0(6)0(6)0(6)0(6)0(6)0(6)0(6)0(6)0(6)0(6)-â€”â€”â€”â€”â€”â€”â€”â€”â€”â€”-

"The patients that we specifically discuss in this study are patients 3 and 12 in this table.
+ , present; â€”¿�,absent; NA, data not available.

' Tumor-node-metastasis staging.
'' +. widespread microsatellite instability; -. no instability.
'' Complete genomtc sequencing of coding regions.

+, mutation present; â€”¿�,no mutation.
* R, right-sided colon cancer (caecum to splenic flexure); L, left-sided colon cancer; NA. not available; WDA, well-differentiated adenocarcinoma; MDA. moderately differentiated

adenocarcinoma; PDA. poorly differentiated adenocarcinoma.

cell lines used in this study. None of the melanoma cell lines in this study 10.
were RER positive using the BAT 26 assay, and the RER status of the M
melanoma cell lines with ÃŸ-cateninmutations is not published. Although

microsatellite instability has been described in a variety of melanomas,
the frequency of a true RER phenotype, as evidenced by instability in
more than one marker in a melanoma, appears quite low (21, 22). This
study suggests that ÃŸ-cateninactivating mutations occur in occasional
RER-positive tumors, but they also occur uncommonly in both colon 13

cancer and a variety of other malignant cell lines.
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