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Abstract

/!-( alenili plays essential roles in both intercellular adhesion and signal
transduction. As a signaling molecule, ÃŸ-catenin supplies an activating
domain to the T-cell factor/lymphoid enhancer-binding factor family of
DNA-binding proteins and activates gene transcription. Posttranslational
stabilization of ÃŸ-catenin, leading to elevated protein levels and constitu
tive gene activation, has been proposed as an important step in oncogen-
esis. Stabilization of ÃŸ-catenin can occur through mutation to highly
conserved amino acids encoded in exon 3 of the ÃŸ-cateningene (CTNNB1).

To determine whether this pathway of malignant transformation is im
portant in prostate cancer, we analyzed 104 prostate cancer tissue speci
mens, 4 prostate cancer cell lines, and 3 prostate tumor xenografts for
activating mutations in exon 3 of t I \\ltl. Mutations were detected in 5
of the 104 prostate cancer tissue samples. Four of the five mutations
involved serine or threonine residues implicated in the degradation of
ÃŸ-catenin. A lililÃtumor had a mutation at codon 32, changing a highly

conserved aspartir acid to a tyrosine. Mutational analysis of multiple
regions from several tumor samples showed that the ÃŸ-cateninmutations

were present focally and therefore may occur during tumor progression.

Introduction

ÃŸ-Catenin is a ubiquitous intracellular protein important in both
intercellular adhesion and signal transduction. ÃŸ-Cateninplays a piv
otal role in cell-cell adhesion by linking the cytoplasmic domain of
cadherins to a-catenin, which anchors the adhesion complex to the
cytoskeleton ( 1). ÃŸ-Cateninmediates the interactions between cad

herins and other transmembrane receptor proteins, such as the epider
mal growth factor receptor. Through this latter interaction, the cad-
herin-catenin complex becomes a target for regulatory signals that

govern cellular adhesiveness and motility (2).
ÃŸ-Catenin is also a signaling molecule and can activate gene

transcription by forming a heterodimer with the T-cell factor/lymph
oid enhancer-binding factor family of DNA binding proteins (3).
Studies in Xenopus and Drosophila suggest that ÃŸ-cateninand its

homologue, armadillo, are involved in pathways that regulate cellular
differentiation and proliferation (1). In the absence of growth or
differentiation signals, cytoplasmic ÃŸ-cateninis rapidly turned over,
under the control of the APC' protein and the GSK-3ÃŸ(4, 5). Protein

turnover occurs in the proteasome, where ÃŸ-cateninis degraded after

targeted phosphorylation of highly conserved serine and threonine
residues and ubiquitination in the NH-, terminus (6, 7). Deletion of the

NH, terminus or mutation of one or more of the phosphorylation sites
inhibits the ubiquitination and degradation of ÃŸ-catenin,enhancing its

availability as a transcriptional activator (8, 9). Loss of control of
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intracellular ÃŸ-cateninlevels through mutation to either ÃŸ-cateninor

APC has been proposed as an important oncogenic step in colorectal
cancer.

The two functions of ÃŸ-catenin, E-cadherin binding and signal
transduction, are interrelated (10, 11). E-cadherin can modulate the
cytoplasmic pools of ÃŸ-cateninavailable for signaling, because ec
topie expression of high levels of E-cadherin in Xenopus embryos
antagonizes the axis-duplicating activity of ÃŸ-catenin(10). Expression
of E-cadherin is often abnormal in adenocarcinomas, such as breast
cancer (12), gastric cancer (13), and prostate cancer (14-16). About
half of prostate cancers have reduced or absent expression of E-
cadherin, and 42% have abnormal expression of a-catenin, suggesting
that the E-cadherin pathway is frequently disrupted at different levels

(16). In this study, we investigated whether ÃŸ-cateninis also a target

for mutation in prostate cancer by analyzing the portion of exon 3 of
CTNNBÃŒthat codes for amino acids 26-65 and contains the phos

phorylation sites important for ubiquitination and degradation of
ÃŸ-catenin.

Materials and Methods

Tissues. Eighty-five frozen prostate specimens, 4 frozen lymph nodes, and
15 paraffin-embedded surgical prostate specimens were obtained from 104

patients who underwent surgery for prostate cancer at Georgetown University
Hospital and the Veterans Affairs Medical Center in Washington, D. C., and

the University of California. Davis Hospital (Sacramento, CA). We also
analyzed the ÃŸ-cateningene in the human prostate cancer cell lines LNCaP,
DU-145. PC-3. and TSU-Prl and the human prostate cancer xenografts
CWR22. CWR3I. and CWR91 (17. 18).4 The 15 paraffin-embedded prostate

specimens were microdissected to enrich for tumor cells. Genomic DNA was

purified from all samples using standard proteinase K digestion and phenol/

chloroform extraction.

SSCP. SSCP analysis was performed for exon 3 using the primers 471F
(AAAGCGGCTGTTAGTCACTGG) and 602R (GACTTGGGAGGTATC-

CACATCC) in a 10-fil PCR reaction containing 100 ng of DNA and 1 ju,Ci of
[32P]dCTP. The samples were diluted 1:10 in loading buffer (90% formamide,

IX Tris-borate EDTA, 10 mM NaOH, 0.05% bromphenol blue, and 0.05%
xylene cyanol). heated at 90Â°Cfor 5 min, snap frozen on dry ice, thawed on

wet ice. and then loaded onto the gel. Electrophoresis was performed using
0.5X mutation detection enhancement acrylamide (FMC Bioproducts, Rock-
land, ME) containing either 1% or 5% glycerol at 40 W and 4Â°C.

DNA Sequencing. To enrich for mutant DNA prior to sequencing, aber
rantly migrating bands were excised from the SSCP gel, eluted in 100 /xl of
water, and reamplified by PCR. The PCR product was cloned into pGEM-T

vector (Promega, Madison, WI). Plasmid clones were analyzed by dye termi

nator cycle sequencing using an Applied Biosystems 377 DNA sequencer by
the Macromolecular Synthesis and Sequencing Core Facility of the Lombardi

Cancer Center. Four to 10 clones were produced from the mutant bands from
two separate PCR/SSCP reactions. A total of 8-20 clones were sequenced per
sample. The same ÃŸ-catenin mutation was found in at least five clones

sequenced, and no sequence anomalies resulting from PCR amplification were

seen in more than one clone.

4 T. Pretlow, personal communication.
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Results

Identification of ÃŸ-CateninMutations. A portion of exon 3 cod
ing for the GSK-3/3 phosphorylation consensus region of ÃŸ-catenin

was examined in prostate cancer by SSCP (Fig. \A). Representative
SSCP gel patterns of four tissues with aberrant bands are shown in
Fig. IÃŸ.Mutations were found in 5 of 85 primary prostate cancers.
The aberrant SSCP bands were excised from the gel and subjected to
nucleotide sequencing (Fig. 1C). No mutations were detected in the
four lymph node specimens, the four prostate cancer cell lines, or the
tumor xenografts. The exact nucleotide changes and the inferred
amino acid alterations are shown in Table 1.

Two specimens (4 and 278) contained a C^Â»T mutation
(TCTâ€”Â»TIT)at codon 33. This nucleotide transition would change

amino acid 33 from a serine to a phenylalanine. A third specimen

B Â«

Table l CTNNK1 CAVÃ•/I3 mutations in prostate cancer samples
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Fig. I.A. schematic diagram of exon 3 of ÃŸ-catenin.PCR primers 471F <â€”Â»)and 602R
(*â€”) were used to amplify a portion of the gene for SSCP. The amplified fragment coded
for the amino acids shown. The serine and threonine residues significant for GSK3-/3
phosphorylution appear in hold type (6, 7). B. SSCP analysis of prostate cancer samples.
Arrowheads, aherrantly migrating hands. C representative sequence chromatograms from
cloned PCR products and the corresponding region from normal DNA. Changed nucle-
otides are underlined, and the 3-bp deletion in sample 116 is indicated (V).

Sampleno.489116165278Codon3341453233MutationTCT^TTTACCâ€”GCCDeletion

TCTGACâ€”TAC

TCT-Â»TTTAmino

acidchangeSerâ€”PheThrâ€”

Â»AlaDelete

SerAsp-Â»Tyr

Ser->Phe

(sample 89) had an Aâ€”Â»Gtransition (ACC-Â»GCC) at codon 41,

which would change a threonine to an alanine. Another specimen
(sample 116) had a 3-bp deletion (TCT) that would result in an
in-frame deletion of the serine at codon 45. The fifth sample (sample
165) had a G^>T missense transversion (GACâ€”Â»TAC)at codon 32,

changing a highly conserved aspartic acid to a tyrosine. All five
mutations were verified by repeated PCR and gel analysis using
different SSCP gel conditions (1% or 5% glycerol). We confirmed
that the deletion in sample 116 was not the result of contamination
from HCT116 cell line DNA, by performing additional DNA extrac
tions with frozen and paraffin-embedded primary material from the
patient's tumor followed by repeated SSCP analysis.

ÃŸ-Catenin Mutations Are Focal. Because of the known hetero

geneity of genetic lesions in prostate cancer (19). we asked whether
the /3-catenin mutations occurred at isolated foci or were present

throughout the cancer tissue. We were prompted to do this when we
compared the SSCP results of samples 4 and 278, in which the
intensity of the aberrant band was weaker in sample 4 than in sample
278. However, both samples 4 and 278 had the same TCT->TTT

mutation at codon 33, and both had similar fractions of malignant cells
in the tissue analyzed. Of the five tissue specimens that were found to
contain ÃŸ-cateninmutations, four had 70-95% malignant cells. The
fifth specimen, sample 165, had 40-50% malignant cells in the

specimen. Because the mutation in sample 278 was probably present
in the majority of the malignant cells, but the mutation in sample 4
appeared to be less abundant, we analyzed the tissue specimens in
three of the five samples by microdissecting several areas of tumor
from the same paraffin block and analyzing DNA obtained from each
microdissected fragment separately. DNA was prepared from three
regions of tumor in sample 4, and of the three fragments analyzed,
only one had the aberrantly migrating band on SSCP (Fig. 2, Lanes
4A. 4B, and 4C). We analyzed the DNA extracted from paraffin
blocks from two additional patients in which mutations were found in
the frozen material. In one case, we saw a similar SSCP pattern in the
paraffin and the frozen material (Fig. 2, Lanes 278P and 278E),
whereas, in another case, we did not see mutations in the paraffin-

embedded tissue (Fig. 2, Lanes 89P and 89F). We were able to detect
the 3-bp deletion in sample 116 in both frozen and paraffin-embedded
material (data not shown). Therefore, /3-catenin mutations may occur
focally in prostate cancer tissues. This suggests that ÃŸ-cateninmuta

tions may be later events during prostatic tumor progression and that
due to sampling error, we may be underestimating the frequency of
ÃŸ-cateninmutations in prostate cancer.

The variable intensity of the aberrant SSCP bands compared to the
wild-type DNA bands suggested that the ÃŸ-cateninmutations were

somatic, because mutations in the germ line would appear with equal
intensity as wild-type bands in SSCP. To confirm that the CTNNB1

mutations were somatic and not germ line, normal DNA derived from
paraffin-embedded prostate tissue from samples 4, 89, and 278 was
analyzed and found to contain only wild-type ÃŸ-cateninDNA.

Discussion

Several lines of evidence indicate that loss of regulation of ÃŸ-cate

nin may be an important step in carcinogenesis (8). Altered control of
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Fig. 2. SSCP analysis of prosiate cancer samples. Ltmex 4A. 4B. and 4C were separale
tumor-containing regions microdissected from paraffin-embedded tissue of sample 4.
Lanes X<iPand 27W and Lanes MF and 27XF were from DNA extracted from micro-
dissected paraffin-embedded tissue (Pi and from fro/en tissue (Fi. respectively, from
samples 89 and 278. Arruwheail*, aberrantly migrating bands.

/3-catenin levels can be achieved either through inactivating mutations
of APC, through activating mutations of ÃŸ-cateningene itself, or
perhaps through disruption of E-cadherin (9, 10). The APC/ÃŸ-catenin

pathway is of crucial importance in colorectal carcinogenesis, in
which the majority of tumors (85%) harbor inactivating mutations in
the APC protein. In a minority of colorectal tumors, disruption of the
pathway occurs through mutations of the ÃŸ-cateningene. Recently,
activating ÃŸ-cateninmutations were also described in melanoma cell
lines, suggesting that loss of regulation of ÃŸ-cateninmay be a com

mon pathogenic feature of different cancers (20). We have now
demonstrated that such mutations also occur in prostate cancer, sup
porting the idea that ÃŸ-cateninmay act as an oncogene even in cancers

that do not have a clear association with APC mutations (21). Our
overall rate of ÃŸ-cateninmutations (5% among prostate samples and

zero of four mÃ©tastases)is similar, with the reported 2% frequency of
ÃŸ-cateninmutations in colon cancer (22).

Three of the four mutated amino acids in prostate cancer had
previously been reported to be altered in colon cancer. The serine-to-

phenylalanine mutation of codon 33, which we found in samples 4 and
278, has been described in the colorectal cell line SW48, in which a
codon 33 mutation changes a serine to a tyrosine (9). The threonine-
to-alanine mutation of codon 41 detected in sample 89 has also been
detected in colorectal tumors (9, 22). A 3-bp deletion involving serine

45 was found in prostate tumor sample 116, identical to the mutation
found in the colorectal cell line HCT116 (9). A new finding is the
mutation at codon 32. which replaces a highly conserved aspartic acid
with a tyrosine. This mutation has not been reported previously in
human tumors; however, this codon was found to be mutated in
azoxymethane-induced rat colon tumors (23).

All but one of the mutations detected in this study affected highly
conserved serine or threonine phosphorylation sites important for
ÃŸ-catenindegradation and could lead to ÃŸ-cateninaccumulation and

transduction of oncogenic signals (7). The two mutations at codon 33
may also be of significance in the cell-cell adhesion pathway. In the
colorectal cell line SW48. a serine-to-tyrosine mutation at codon 33
led to loss of complex formation between ÃŸ-cateninand a-catenin,
disrupting the E-cadherin-catenin unit and affecting the cell-cell ad

hesion (24). The consequences of this mutation on the adhesion
complex in prostate cancer cells remains to be analyzed.

The mutated aspartic acid at codon 32 is adjacent to a serine residue

in the GSK-3ÃŸphosphorylation sequence; therefore, it is conceivable

that the mutation may interfere with the accessibility of the serine for
phosphorylation. The aspartic acid mutation could, however, disrupt
other functions of ÃŸ-catenin.It has been shown that ÃŸ-catenincan
serve as a substrate for caspase-dependent proteolytic cleavage during
apoptosis and is a substrate for caspase-3 in vitro (25). Kinetics
studies have suggested that caspases cleave ÃŸ-cateninat both the NH2

and COOH termini (25). If the aspartic acid at position 32 is a target
for caspase attack, then mutation at this position could interfere with
ÃŸ-catenincleavage and possibly prevent the disruption of cell-cell

contacts during apoptosis.
Finally, we showed that ÃŸ-catenin mutations occurred focally

within the tumors. Sample 4 was found to harbor mutation in one of
three focal regions of tumor isolated by microdissection.

The ÃŸ-cateninmutation in sample 89 could not be found in isolated

focal regions of the tumor. Only when larger areas representative of
the entire tissue were sampled could mutations be found. Some
mutations that are very focal in nature may be beyond the sensitivity
of detection by SSCP. This implies that we may have underestimated
the true frequency of ÃŸ-cateninmutations in prostate cancer. The focal
nature of ÃŸ-cateninmutations is consistent with other results suggest

ing substantial genetic heterogeneity in human prostate cancer (19).
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