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LOH3 at 10q23 in prostate cancers (10â€”12).Recently, two different
groups isolated a new tumor suppressor gene named PTEN or
MMACJ and found inactivating gene alterations in three human
prostate cancer cell lines derived from metastatic tissues (16, 17). In
a recent study (18), we screened 80 prostate cancer specimens (60
primary tumors and 20 pelvic lymph node rnetastases) and found LOH
at l0q23 in 23 of 80 cases (29%). Of the 23 cases with LOH, 6 had
homozygous deletions and 4 had mutations, indicating complete in
activation of PTEN/MMAC1 in a total of 10 of the 80 cases analyzed

(12.5%). Interestingly, whereas only 5% oflocalized prostate cancers
had complete inactivation of PTEN/MMACJ, this was the case for
over 30% of the metastatic lymph node deposits examined. Nihei et
a!. (19) showed that a highly metastatic Dunning rat prostate cancer
cell line (AT6.3) lost its metastatic ability when human chromosome
10 was introduced by microcell-mediated chromosome transfer and
mapped the localization of the metastasis-suppressing activity to lOq
including the PTEN/MMACJ locus. Similarly, our previous report of
lOq LOH in prostate cancer found a correlation between LOH at
l0q22â€”24and the metastatic phenotype (9). Based on this evidence, it
may be surmised that PTEN/MMACJ gene inactivation contributes to
the acquisition of metastatic potential of prostate cancer. To test this
hypothesis, we analyzed the status of the PTEN/MMACJ gene and
neighboring chromosomal loci in 19 men who died of metastatic
prostate cancer. In addition, because genetic heterogeneity among
different prostate cancer foci has been implied to be a common feature
of this disease (20â€”25),we studied multiple metastatic foci from the
same patient to address the issue of potential molecular heterogeneity
of PTEN/MMACJ gene alterations among interfocal metastatic pros
tate cancers.

Materials and Methods

Tissue Samples. Tissue samples were obtained at autopsy from 19patients
who died of metastatic prostate cancer (Table 1). A total of 52 prostate cancer
samples were studied, 50 of which were isolated from various metastatic sites,
and 2 of which were isolated from the prostateat autopsy. These patients
showed clinical disease progression despite long-term androgen-deprivation
therapy.The mean age at the time of death was 67 years, with a range of
46-80 years. Human prostate cancer cell lines LNCaP, DU145, and PC-3 were
included as positive controls, because previous reports described a point
mutation in exon 5, a 2-bp deletion in exon 1, and a homozygous deletion of

PTEN/MMACJ in DU145, LNCaP, and PC3, respectively (16, 17).
DNA Preparation. Prostatecancer tissues were resectedand snap-frozen

in liquid nitrogen at the time of autopsy. Multiple metastatic sites were frozen
sectionedfor each case, andlesions thatcould be dissectedmanuallyto obtain
visually estimated purity of 85% or greater were used for this study. Control
ofpurity was accomplished by examination ofthe H&E-stained sections every
300 @.tmand by continuousobservationof the frozen tissue during serial

3 The abbreviations used are: LOH, loss of heterozygosity; SSCP, single-strand con

formational polymorphism; MSI, microsatellite instability; FISH, fluorescence in situ
hybridization.

Abstract

The long arm of chromosome 10 is frequently affected by aHelicloss in
prostate cancer. PTEN/MMACJ, a candidate tumor suppressor gene 10-
cated at 10q23.3, a region commonly deleted in prostate cancer, was

recently identified and found to be deleted or mutated in cancer cell lines
derived from a variety of human tissues including prostate. To examine
the role of PTEN/MMACJ in the progression of prostate cancer, we
screened a unique set of 50 metastatic prostate cancer tissues from 19
cancer-death patients for alterations In the PTEN/MMACJ gene, using
single-strand conformatlonal polymorphism analysis and direct sequenc
ing to identify sequence changes and microsatellite analysis to examine
allelic loss in the vicinity of PTEN/MMACJ. Overall, gene alterations
(deletions or point mutations) were observed in at least 1 metastatic site In

12 of the 19 patients studied. Two cases had homozygous deletions that
were confirmed by fluorescence in situ hybridization analysis. Four pa
dents harbOred point mutations, with one mutation being found in aHfour
tumors (a primary lesion and three different metastases) from the same
patient. The remaining three mutations were detected in only one of

multiple metastases Loss of heterozygosity was found In 10 of 18 inform
ative cases, with 1 case showing a unique pattern of microsatellite insta

bllity In each of six different metastases examined. Loss of the same allele
was found in all metastases in a given patient in 9 of 10 cases, These results
indicate that PTEN/MMACJ gene alterations occur frequently In lethal
prostate cancer, although a substantial amount of mutational heterogene
ity is found among different metastatic sites within the same patient These
latter findings emphasize the potentially complex genetic relationship that

can exist between various clonal lineages of prostate cancer cells as they
evolve during the metastatic process and suggest a molecular basis for
phenotypic heterogeneity of different prostate cancer foci in patients with
di&seminateddisease.

Introduction

Prostate cancer is the most common cancer diagnosed in men and
is the second leading cause of cancer death in the United States,

accounting for more than 40,000 deaths annually (1). In spite of its
impact on male health, the molecular mechanisms involved in the
pathogenesis of prostate cancer remain relatively unknown in corn
parison with other common cancers.

Frequent allelic losses at specific chromosomal loci in prostate
cancer have implied the presence of putative tumor suppressor genes
on a variety of chromosomal arms including 6q, 7q, 8p, lOq, l3q, l6q,
l7p, l7q, and l8q (2â€”15).Komiya et al. (9) previously identified two
distinct commonly deleted regions on the long arm of chromosome 10
(l0q22â€”q24 and 10q25), and additional reports also showed frequent
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Table 2 Primersfor SSCP analysis ofihe PTEN/MMACIgeneâ€•Forward

primer ReverseprimerExon

1
Exon2
Exon 3
Exon 4
Exon 5
Exon6
Exon 7
Exon 8
Exon 95'-AGAAGCCCCGCCACCAG-3'

5'-AAAGAGGAGCAGCCGCAGAA-3'
5'-TGACCACCTTTTAPTACTCCA- 3, 5â€˜-AGTATCTTTTTCTGTGGCTTA- 3'
5,-ATAGAAGGGGTATTTGTTGGA-3â€˜ 5â€˜-CCTCACTCTAACAAGCAGATA-3'
5 , -TTCAGGCAATGPTTGTTA-3 â€˜ 5 â€˜-TCGATAATCTGGATGACTCA-3'
5â€˜-CTTATTCTGAGGTTATCTTTTTTACC-3â€˜ 5â€˜-CTCAGAATCCAGGAAGAGGA-3'
5 â€˜-ACATTTTTTTTCAATTTGGCTTCTC-3 â€˜ 5 â€˜-TAGATATGGTTAAGAAAACTGTTCC-3'
5 , -ATCGTTTTTGACAGTTTG-3 â€˜ 5 , -TCCCAATGAAAGTAAAGTACA-3'
5' -AGGACAAAATGTTTCACTTTrGGG-3â€˜ 5â€˜-ACATACATACAAGTCACCAACCC-3'
5' -CTTTCTCTAGGTGAAGCTGTACTT-3 â€˜ 5 â€˜-TTCATGGTGTTTTATCCCTCTTGA-3'a

Primer sets for exons 2, 3, 4, and 7 are derived from the part of primer sequences described in Ref. 17. Other primers were originally designed for thisstudy.205
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Table 1 Tumor characteristics and PTEN/MMACI alterations

Sample PTEN/MMACI
no. Metastatic regionâ€• mutation Loss of lOq23b

Al-I Epidural â€” R
Liver + R

A2-2 Ribbone â€” R
A3-1 Pelvic paraaorticLN â€” Al
A4-l Liver - HD,MSI
A5-l iliac LN - LOH
A5-2 Manubrium - LOH
A7-l Rt posteriorsubdural â€” HD
A8-l Liver â€” LOH
A8-2 Rt inguinalLN â€” LOH
A9-I PeriportalLN â€” Al
Al0-l Prostate + LOH
A10-2 Rt iliac LN + LOH
AlO-3 PeriportalLN +

Al0-4 Perigastric LN + LOH
All-I IngUinaILN - MSI
Al2-l ParaaorticLN â€” R
Al2-2 MediastinalLN - R
A12-3 Pelvic LN â€” R
Al3-l Lumbarlevel 4 bone â€” LOH
A13-2 Soft vertebral mass â€” LOH
A14-l Liver â€” LOH
A14-2 Thoracic paraaortic LN - LOH
Al6-l Pericardialmass - LOH
Al6-2 Rt temporal subdued - LOH
A16-3 LthilarLN + LOH
Al7-l AxiilaryLN - R
Al7-2 Abdominal paraaortic LN - R
Al7-3 Rt supraclavicularLN â€” R
A17-4 Subdued â€” R

A17-5 Humerusmarrow - R
A18-l Li cervical lymph node 2 - R
A18-2 Lt cervical lymph node 4 â€” R
A19-l ParaaorticLN â€” MSI
Al9-2 Lt axillaryLN â€” MSI
A19-3 Subdued â€” MSI
A19-4 Sternum - MSI
Al9-5 Li humerusmarrow - MSI
Al9-6 Li pelvic LN + MSI
A2l-l Singleivermass2 â€” R
A2l-2 Single liver mass 4 â€” R
A21-3 Single liver mass 5 â€” R
A21-4 Single liver mass 8 â€” R
A21-5 Mixed liver masses â€” R
A2l-6 Ltadrenal â€” R
A21-7 Rt rib nodular mass â€” R
A22-l Lt humerus marrow - R
A22-2 Rt pelvic LN â€” R
A22-3 Seminal vesicle â€” R
A22-4 Apical prostate - R
A22-5 Rt adrenal â€” R
A22-6 Lt paraaortic LN â€” R

a LN, lymph node; Rt, tight; Li, left.
b R, retention of both alleles; HD, homozygous deletion; Al, allelic imbalance.

sectioning. Noncancerous control samples were obtained from kidney or liver
tissue determinedto be grossly and, subsequently,histologicallyfree of met
astatic prostate cancer. DNA isolation and quantification from the tissues were
performed as described previously (2, 7).

Microsatelilte Analysis. The following 6 microsatellite loci near the
PTEN/MMACJ locus were amplified by PCR from genomic DNAs from 71

samples derived from 19 autopsy cases: D10S1644, D10S1687, DJOSS4J,
D10S2491, D10S583, and D10S571. D10S2491 was isolated from human

genomic BAC clone 265 containing the PTEN/MMACI gene (18). Fifteen ng
of genomic DNA were amplified in each 7.5-pAPCR mixture, which consisted
of 10 mM Tris-HCI (pH 8.8), 50 mr@iKCI, 1.5 mM MgCl2, 200 mt@ieach
deoxynucleotide triphosphate, 1 pmol of each primer, and 0.5 unit of Taq

polymerase (Life Technologies, Inc., Gaithersburg, MD). Forward primers
(from the CA strand) were end-labeled with [y-32P]ATPusing T4 polynucle
otide kinase (New England Biolabs, Inc., Beverly, MA). After an initial
denaturation at 95Â°Cfor 5 mm, 30 cycles at 95Â°Cfor 60 s, 57Â°Cfor 45 s, and
72Â°Cfor 15 S were performed. The PCR products were mixed with an equal
volume of formamide dye mixture, heat-denatured at 95Â°Cfor 6 mm, placed on
ice, and subjected to electrophoresis on 6% polyacrylamide gels containing 7
M ureafor 2â€”4h at 2000 V. Allelic losseswere scoredwhen decreasesof
greater than 60% in autoradiographic signal intensity were observed in one
allele when compared to the signal from normal tissue from informative cases.
Samples showing decreases between 30 and 60% were scored as having allelic
imbalance, because it was not obvious whether alleles were lost or gained in
such cases.

PCR-SSCP. Oligonucleotide primers for amplificationof exons 1â€”9of
PTEN/MMACI are shown in Table 2. PCR was performed for 35 cycles of

denaturation (92Â°Cfor 60 s), annealing (55Â°Cfor 45 s), and extension (72Â°C
for 20 s). The PCR conditions were as described above, except that both the
forward and reverse primers were radioactively labeled. An aliquot of the PCR
products was separated on a 0.25 X mutation detection enhancement gel (FMC
Bioproducts, Rockland, ME) containing 5 or 10%glycerol at 8â€”12W for 8-20
h at room temperature.

Direct SequenCIng. Abnormal bands detected by SSCP analyses were
eluted from the gels and reamplified for 30 cycles using unlabeled primers.
Amplified DNA fragments were subjected to electrophoresis on 2% agarose
gels and cut out and purified using a gel extraction kit (Qiagen, Hilden,
Germany) followed by ethanol precipitation. The purified PCR products were
sequenced on an ABI 377 automated sequencer using a dideoxy terminator
cycle sequencing kit (Applied Biosystems, Inc., Foster City, CA). The se
quencing primers were the same as those used for the PCR-SSCP.

FISH Analysis Four-@.imfrozen tissue sections were air-dried on slides
(Oncor, Gaithersburg, MD). Slides were dehydrated in an ethanol series,
denatured in formamide, dehydrated in ice-cold ethanol series, and air-dried.
Digoxigenin-labeled PTEN/MMACI probe (18) and biotin-labeled chromo
some 10 centromere a satellite probe (Oncor) were hybridized overnight at
37Â°C.Slides were washed, and hybridized probes were detected with rhoda
mine-antidioxigenin and FITC-avidin and counterstained with 4',6-diamidino
2-phenylindole. Nuclei were analyzed, and images were captured by an Oncor
Image analysis system. The copy number of each probe was determined as the
predominant number of signal(s) per nuclei for neoplastic and normal cells.

Results

Allelic Losses Near or Within PTEN/MMACJ Gene Character
ized by Microsatellite Analysis. A total of 7 1 DNA samples from 19
patients who died from prostate cancer were analyzed for LOH using

6 microsatellite markers near or within the PTEN/MMACI gene locus.
Representative autoradiograms and a schematic representation of the

results are shown in Figs. 1 and 2. Tumors from 10 of 18 informative

cases showed LOH in this region (Table 1; Fig. 2). One case was
uninformative due to extensive MSI present in all six metastases and
at all loci examined, making determination of allelic status equivocal
(Figs. lD and 2).
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Fig. 1. Representative autoradiograms showing
allelic losses or MSI at markers near or within
PTEN/MMAC1. Arrows indicate loss of alleles. A,
case AlP showed loss of the same allele in all four
tumors. D10S541 and D10S583. B, case AS showed
a different pattern of LOH between two metastases.
Tumor A5-2 revealed LOH at D10S1687 and re
tentionof bothalleles at D10S2491, whereastumor
AS- I showed retention of both alleles at D10S1687
and LOHat D10S2491.C, in case A4 (liverme
tastasis), clear LOH was found at D1051644 and
D10S571 flanking the PTEN/MMACI gene,
whereas at markers closer to or within the gene
(D10S541 and D10S2491), both alleles were re
tamed, although with reduced intensity. These re
suIts are consistent with homozygous deletion of
the PTEN/MMACI gene in tumor DNA, with a
residual signal from normal cells in the specimen.
Confirmation of homozygous deletion of PTEN/
MMACJ was obtained in this case by FISH analy
sit. D, MSI in each of six metastases in case Al9 at
D1051644.
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Among the six cases that showed LOH and from whom DNA was
available from more than two foci (AS, A8, AlO, A13, Al4, and A16),
five cases showed the loss of same allele in all metastases (Table 1;
Figs. 1A and 2). The one discordant case, AS showed different regions
of LOH in the two samples available for analysis, an iliac lymph node
metastasis (tumor AS- 1), and a soft tissue mass involving the manu

Case No.

brium (tumor A5-2). Tumor AS-i demonstrated LOH at markers
D10S541 and D10S2491 with retention of D10S1687, whereas tumor
A5-2 exhibited loss at this latter marker (as well as DJOSS4J) and
retention of D10S2491 (Figs. lB and 2). Thus, although the pattern of
LOH is different in these two tumors, both have breakpoints in the
PTEN/MMACJ region.

Chromosome 10@ j @.@@@ iÃ³@ @j.@ @j 16

E
19

PTENIMMAC1

I:;
Fig. 2. Schematic representation of allelic loss, allelic imbalance, or MSI in 13 cases. The case number is shown at the top of each column, and polymorphic markers are indicated

on the map at left. Cases A4 and Al showed evidence of homozygousdeletion by FISH analysis (see Fig. 3).
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Table3 PTEN/MMACIgenemutationsSample

no.ExonCodonNucleotide changePredicted effect on codingsequenceAl-i

Al0-1, -2, -3, -4
A16-3
Al9-65

5
7
791

130
224
224GAAtoCAA

CGA to TGA
A insertion
A insertionGlutoGln

Arg to Stop
Frameshift(stop at codon 242)
Frameshift (stop at codon 242)

PTEN/MMACJ GENE ALTERATIONS IN METASTATIC PROSTATE CANCER

loss of the same allele, demonstrating identical, complete inactivation
of PTEN/MMACJ in all tumors derived from this patient. SSCP of
exon 7 revealed abnormal bands in two cases (hilar lymph node
metastasis in A16 and pelvic lymph node metastasis in A19; (Table 3;
Fig. 4, C and D). Interestingly, both cases showed abnormal bands in
only one sample among three (A16) and six (A19) foci examined,
respectively. These two mutations are identical (A insertion at codon
224, resultingin a frameshift).

Together with microsatellite analysis data, all four tumors (one
primary and three metastases) from AlO and one of multiple metas
tases in one case (A16) have complete inactivation of PTEN/MMACJ
occurring via a combination of LOH and inactivating point mutation.
Combined with the 2 cases that had homozygous deletions, we found
complete inactivation of PTEN/MMACJ in tumors from 4 of 18

informative cases. Another eight cases showed only LOH or somatic

mutation, resulting in inactivation of only one copy of PTEN/
MMACJ.

Discussion

PTEN/MMACJ was originally isolated from a region homozy
gously deleted in several cancer cell lines including glioma and
cancers ofthe breast and prostate (16, 17). Mutations in this gene have
been reported in glioma (17, 26), endometrial carcinoma (27â€”29),
breast tumors (30), and malignant melanoma (31). Germ-line muta
tion of PTEN/MMACJ is also associated with two autosomal domi
nant disorders belonging to the family of hamartomous polyposis
syndromes (i.e., Cowden's disease and Bannayan-Zonana syndrome;
Refs. 32 and 33). Thus, although some cancers seem devoid of
PTEN/MMACJ alterations (e.g., serous carcinoma of endometrium
and cervical cancer; Ref. 28), genetic changes of PTEN/MMACI
occur in multiple types of cancers, suggesting that inactivation of
PTEN/MMACJ may play an important, perhaps somewhat general
role in the pathogenesis of a variety of human malignancies.

There is strong circumstantial evidence that at least one important
tumor suppressor gene is located on the long arm of chromosome 10.
Allelic losses of this chromosomal arm are found in a wide variety of
human cancers including renal cell carcinoma, non-Hodgkin's lym
phoma, glioblastoma, meningioma, malignant melanoma, and endo
metrial cancer as well as prostate cancer (see Refs. 9 and 17). In
addition, several allelotyping studies have suggested a correlation

Fig. 3. FISH analysis of case Al. No signal for the PTEJ'I/MMACJ BAC probe (red)
and one signal for the centromeric a satellite probe (green) was observed in neoplastic
cells, indicating homozygous deletion of PTEN/MMACJ. In a total of 85% of 221
neoplastic cells counted, there was no signal for PTEN/MMACI BAC probe. Top left, a
representative normal cell showing two signals for each probe.

In two cases (A4 and Al), small regions (<10 cM) of allelic
retention were found within or in close proximity to the PTEN/
MMACJ locus, with LOH observed at closely flanking markers,
consistent with homozygous deletion of the apparently retained region
(Figs. 1C and 2). The presence of homozygous deletion in these two

cases was confirmed by FISH analysis using a digoxigenin-labeled
PTEN/MMACJ BAC probe (Fig. 3).

Mutational Analysis of PTEN/MMACJ by PCR-SSCP and Di
red Sequencing. A total of four abnormallymigratingbands were
observed by SSCP. SSCP of exon 5 showed abnormal bands in the
liver metastasis sample of case A2 and in all tumors of case AlO
(Table 3; Fig. 4, A and B). The mutation in A2 is a missense mutation
(GAA to CAA) at codon 91, resulting in a substitution of glutamic
acid for glutamine. The mutation in AlO (CGA to TGA, resulting in
arginine to stop at codon 130) was found in all tumor samples studied,

including a tumor sample from the prostate at autopsy and three
separate lymph node metastases. All four of these samples showed

Fig. 4. Autoradiogramsshowing abnormallyshifted _______
bands on SSCP analysis. A, case Al (exon 5), only A2-1
tumor (liver metastasis) showed abnormal bands. B, case
10 (axon 5), all four tumors [primarytumor(10-1) and
three metastases] showed abnormal bands. C, case 16
(exon 7), only tumor Al6-3 (metastasisof hilar lymph
node) showed abnormal bands. D, case 19 (exon 7), only
A19-6 (metastasis of pelvic lymph node) showed abnor
malbands.

BA C D
A2(5)A1O(5)A16(7)A19(7)12N1234N123N123456N

::@ -@@sJmu@

207

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/2/204/2467677/cr0580020204.pdf by guest on 19 M

ay 2023
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between lOq loss and tumor progression in these cancers. Komiya et
a!. (9) demonstrated that in five of nine advanced prostate cancer
patients, the primary cancer foci had no detectable abnormality of
chromosome l0q, whereas the metastatic foci showed allelic loss on
chromosome 10. Our previous report (18) showed a higher frequency
of PTEN/MMACJ inactivation in pelvic lymph node metastases than
in clinically localized cancers. As mentioned above, introduction of a
human chromosome lOq fragment including the PTEN/MMACJ re
gion suppresses the metastatic potential of rat prostate cancer (19).
Taken together with new data presented here, PTEN/MMACJ is a
strong candidate to account for tumor-suppressive activity of the lOq
region, and inactivation may be one of several important mechanisms
in the acquisition of metastatic ability in prostate cancer.

Two groups found a correlation between MSI and PTEN/MMACJ
mutation in endometrial carcinomas (28, 29). In this study, we found
MSI at all markers and at all tumor sites examined in one case (A 19)
and detected PTEN/MMACJ mutation in one of six metastases from
the same patient. In two other cases (A4 and Al 1), we found MSI at
one and two markers, respectively. In one of these cases, the PTEN/
MMACJ region is homozygously deleted (A4), and the other case
(All) showed no other evidence of PTEN/MMACJ inactivation. The
frequency of MSI in prostate cancer is controversial, and it is gener
ally accepted that <20% of primary prostate cancers have MSI
(34â€”36).The single case (AlO) in which there was complete con
cordance of both l0q LOH and point mutation showed no evidence of
MSI. To fully address the relationship between MSI and PTEN/
MMACJ inactivation, further study will be necessary.

Clinically, it is difficult to correctly stage prostate cancer and to
predict the biological and clinical potential of localized disease. Ex
perimentally, this problem has been difficult to address, due to both
lack of access to advanced prostate cancer specimens and the heter
ogeneity that characterizes prostate cancer. Indeed, the level of cel
lular and molecular heterogeneity associated with prostate cancer is
remarkable (20â€”25).Primary prostate cancer tends to be multifocal,
with documented inter- and intrafocal heterogeneity of various chro
mosomal abnormalities (23). Histopathological analyses of whole
mount sections of cancerous human prostate glands by three-dimen
sional reconstruction have revealed that in addition to extensive
heterogeneity of cancer cell phenotypes admixed with noncancerous
cells, a majority of these glands contain multifocal carcinomas. Sev
eral reports have demonstrated regional heterogeneity in topographi
cal distribution of p53 tumor suppressor gene and ras oncogene
mutation in tumors of the same prostate (20, 21). Similarly, hetero
geneity within primary prostate cancer has been inferred from other
types of analyses, including DNA flow cytometric mapping (22) and
detection of allelic losses (23). In contrast, p53 mutations detected in
lung and gastric cancers tend to be homogeneous throughout these
tumors (21), emphasizing the unique aspect of this heterogeneity in
prostate cancers.

Little data exist regarding genetic heterogeneity of prostate cancer
metastases, and this is the first study that we know of that has studied
DNA sequence fidelity among various metastases in prostate cancer.
Saks et a!. (23) examined genetic relationships between prostatic
intraepithelial neoplasias, multicentric primary prostate cancers, and
regional lymph node metastases using allelic losses on chromosomes
8p, lOq, and l6q as clonal markers and found that lOq allelic loss was
highly concordant (80%) between dominant tumor foci and metastatic
lymph node, whereas 8p loss was more often discordant. One possible
explanation for this data is that the lOq losses occur before metastasis,
whereas the 8p changes could occur before or after metastasis. These
interpretations are complicated by the frequent existence of multiple
genetically heterogeneous primary tumors, each potentially capable of
seeding independent metastases (25). In our study, we found that in all

cases except one (AS), the allelic loss pattern for lOq was concordant
among multiple metastases, suggesting a common clonal origin. How
ever, in three cases, PTEN/MMACI gene mutations were detected in
only one of multiple metastases (A2, Al6, and Al9), suggesting that
either the mutations occurred after the formation of metastatic foci or
that the different metastases were derived from different primary
tumors. Evidence for the latter possibility has been provided by FISH
studies (25). Regarding the former possibility, an obvious conclusion
would be that the PTEN/MMACJ gene mutations in such cases would
not be responsible for metastatic progression but rather may occur as
a result of more generalized genetic instability. Interestingly, such
interfocal heterogeneity is not seen in the same samples examined
here for mutations of the p53 gene4 suggesting different selection
mechanisms for these alterations in prostate cancer progression. In
deed, in a related study, Stapleton et a!. (24) recently provided
evidence to suggest that primary human prostate cancer cells harbor
ing p53 gene mutations are clonally expanded in metastases, whereby
a population of cancer cells heterogeneous for p5.3 gene mutations in
the primary tumor gives rise to a more homogeneous population
selected for in the metastatic deposit. Only single primary tumors and
single metastases were examined in this study.

Although the cellular function of the PTEN/MMACJ gene is still
unclear, sequence analysis of the predicted amino acid sequence
revealed homology in the amino-terminal region of the protein to
tensin, a protein located in focal adhesions, as well as to a conserved
tyrosine phosphatase domain (16, 17). These findings suggest a pos
sible regulatory function for the PTEN/MMACJ gene product in
various cellular signals emanating from focal adhesions, which, when
perturbed, may contribute to the neoplastic process. At this point, it is
not clear whether biallelic mutation is necessary for inactivation of
PTEN/MMACJ. Our results showed 7 of 18 informative cases with 1
allele of PTEN/MMACJ inactivated (i.e., LOH without mutation or
mutation without LOH). Also, one case (A16) showed complete
inactivation of PTEN/MMACJ in only one of three metastases exam
med and incomplete (LOH without mutation) inactivation of PTEN/
MMACJ in the other metastases from this patient. Such changes may
be selected for if there is either a dominant-negative activity of mutant
PTENIMMAC protein or if haploinsufficiency renders a growth
and/or metastatic advantage. To address these questions, further func

tional study on PTEN/MMACJ will be necessary.
Acquisition of metastatic ability is a definitive criterion on which to

substage histologically localized prostate cancers. Identification of
molecular and cellular markers of high metastatic ability of prostate
cancer, therefore, could be useful in the development of diagnostic
methods for substaging histologically localized prostate cancers on an
individual patient basis. PTEN/MMACJ may be such a marker for
metastatic prostate cancer. The development of antibodies for immu
nohistochemical study will facilitate the evaluation of this possibility,
because many of the mutations found to date would lead to reduced or
absent levels of full-length PTENIMMAC1 protein.
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