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Abstract

Loss of heterozygosity of chromosome lOq has been reported in ap
proximately 40% of endometrial carcinomas. PTEN, a candidate tumor

suppressor gene located at chromosome 10q23.3, was recently identified
and found to be homozygously deleted or mutated In several different
types of human tumors. To determine If PTEN is a target of lOq loss of
heterozygosity in carcinomas of the endometrium, we examined 32 pri
mary endometrial carcinomas for mutations in PTEN. The tumors in
cluded the two major histopathological types of endometrial carcinoma:
endometrioid (n 26; 14 microsatellite instability (MI)-positive and 12
MI-negative) and serous (a = 6). Overall, mutations were detected in 50%
of theendometrialcarcinomasweanalyzed.Mutationswerepresentin 12
of 14 (86%) MI-positiveand 4 of 12 (33%) MI-negativeendometnoid
tumors. Furthermore, mutations were found in all three histological
grades of MI-positive endometriold carcinoma. All six serous endometrial
carcinomas lacked detectable mutations. To evaluate the role of PTEN in
other common malignancies of the female genital tract, 12 serous ovarian
carcinomas and 10 squamous cervical carcinomas were analyzed and were
negative for mutations. Our results support PTEN as a tumor suppressor
gene and suggest that mutations In PTEN play a significant role in the
pathogenesis of the endometrioid type of endometrial carcinoma.

Introduction

Endometrial carcinoma is the most common female genital tract
malignancy of women in the United States and the fifth most common
cause of cancer in women worldwide (1). Despite its prevalence, the
molecular events involved in the development and progression of
endometrial carcinoma remain poorly characterized. This is due, at
least in part, to the fact that endometrial carcinoma consists of two
broad categories of malignant epithelial tumors. This categorization
was initially based on epidemiological studies suggesting that endo
metrial carcinoma consisted of two clinically distinguishable diseases
(2). Subsequently, it was recognized that the clinical entities corre
lated with the two major histological types of endometrial carcinoma:
endometrioid, and the less common but more aggressive serous.

Recent molecular studies have provided additional support for this
classification by demonstrating differences in the molecular alter
ations that underlie the two types of tumors. Unfortunately, many of
the molecular analyses of endometrial carcinoma have failed to dis
tinguish the types of tumors evaluated, possibly obscuring mutations
common in one type ofendometrial carcinoma but uncommon overall.
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For example, of the genes analyzed to date, the two found to be most
commonly altered are K-ras and p53, which are mutated in approxi

mately 10â€”30%and 10â€”20%of cases studied, respectively (3â€”5).
Recent studies have demonstrated that K-ras mutations are rare in
serous carcinomas. In contrast, more than 90% of serous endometrial
carcinomas contain p53 mutations, although they are only found in
approximately 10% of the endometrioid type, a fact that was not
appreciated until the uncommon serous type was studied as a distinct
entity (6). An additional common molecular abnormality found in
endometrial carcinoma is MI,3 detected in approximately 20â€”25%of
endometrial carcinomas, a phenotype that appears to be restricted to
the endometrioid type (7â€”9).

In an attempt to identify novel genes involved in endometrial
tumorigenesis, numerous investigators have evaluated endometrial
carcinomas for LOH. Although several regions of the genome have
been reported to undergo frequent LOH in endometrial carcinoma, the
genes targeted by most of these losses remain unknown. LOH of one
or more regions of chromosome lOq in approximately 40% of endo
metrial carcinomas have been identified in at least three such studies
(10â€”12).One early report described a subset of tumors with discon
tinuous LOH of markers from l0q23â€”qter, leading the authors to

propose the existence of two tumor suppressor genes within this
region of chromosome IOq (12). A later report described two chro
mosomal regions within 10q25â€”26that undergo LOH (1 1). The tumor
suppressor gene(s) targeted by l0q LOH in endometrial carcinoma
have not been identified previously.

Recently, a putative tumor suppressor gene, called PTEN or
MMACJ, located on chromosome l0q23.3 was identified and cloned
(13, 14). The gene was found to be mutated or homozygously deleted
in glial, prostate, kidney, and breast tumors. Germ-line mutation of
PTEN is also associated with an increased risk for breast cancer in
Cowden disease (15). To determine if PTEN is a target of lOq LOH
in endometrial carcinoma, we analyzed 32 primary endometrial car
cinomas for mutations in the open reading frame of PTEN. The tumors
included both endometrioid and serous carcinomas of the endome
trium. Overall, PTEN mutations were detected in 16 (50%) of the
endometrial carcinomas, and the mutations were confined to tumors of
the endometrioid type. This is the highest reported frequency of PTEN
mutations in any type of primary tumor analyzed to date, and it is the
most commonly mutated gene yet identified in endometrial card
noma. All 6 serous endometrial carcinomas as well as 12 serous
ovarian carcinomas and 10 squamous cervical carcinomas lacked
detectable mutations. Notably, PTEN was mutated more often in
MI-positive endometrial carcinomas than in MI-negative tumors.
Also, in contrast to previous studies, mutations of PTEN were not
confined to high-grade tumors. These results provide further support

3 The abbreviations used are: MI, microsatellite instability; LOH, loss of heterozygos

ity; PT'I', protein truncation test; APC, adenomatous polyposis coli.
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for PTEN as a tumor suppressor gene and suggest that mutations of
PTEN contribute significantly to the pathogenesis of a large subset of
endometrial carcinoma.

DJOSI69) were amplified with MAP pair primers (Research Genetics,

Huntsville, AL) and analyzed as described previously (7).

Results

AC 0 T
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Materials and Methods

Tissue Specimens and Isolation of DNAIRNA. Paired normal and tumor
samples were collected from 32 uteri removed from patients with endometrial
carcinoma and stored at â€”80Â°Cin the tissue bank at the Johns Hopkins
Hospital. Genomic DNA from all 32 cases was prepared from microdissected
cryostat sections of tumor tissue containing greater than 70% tumor cells and
from matched normal tissue free of contaminating tumor cells. RNA from six
cases was isolated from small minced pieces of tissue that were not microdis
sected. DNA and RNA were isolated using standard methods as described
previously (16, 17). The tumors consisted of both endometrioid carcinoma
(n = 26) and serous carcinoma (n 6) of the endometrium. All endometrial
tumors had been analyzed previously for MI, and 14 endometrioid carcinomas
were shown to display MI (7, 17). In addition, genomic DNA was isolated
from 12 serous carcinomas of the ovary and 10 squamous carcinomas of the
cervix with the same procedure.

Mutational Analysis: Protein Tnmcatlon Test. First-strandcDNA was
synthesized from 5 @xgof total cellular RNA using random hexamers and
reverse transcriptase as described previously (17). Negative controls without

reverse transcriptase were processed simultaneously, and RNA samples iso
lated from normal tissue were used as positive controls. The entire open
reading frame of PTEN was amplified in two overlapping fragments using
primers and PCR conditions identical to those published (13). Polypeptides
were synthesized in vitro from the purified PCR products using the TNT 11
Quick Coupled Transcription/Translation System kit with the addition of
L-[a-35Slmethiofline (ICN Pharmaceuticals, Inc., Costa Mesa, CA) as de
scribed by the manufacturer (Promega Corp., Madison, WI). The products
were fractionated on 4â€”20%polyacrylamide Tris-glycine gels with SDS
(Bio-Rad Laboratories, Hercules, CA) and visualized by autoradiography. The
tumor samples were assessed for alterations in the apparent size of the resultant
polypeptides. To characterize the mutations responsible for the altered

polypeptides, individual exons were amplified from genomic DNA and se
quenced (see below).

Mutational Analysis: Genomic DNA. All nine exons of PTEN were
amplified separately, purified, and submitted to direct sequence analysis. The
sequences of primers for the amplification of exons 5â€”9were published
previously (15). Exons 1â€”4were amplified using modified sequences to
remove the M13 sequence from the 5â€˜end of each forward primer such that the
primers consisted only of the PTEN portion of the published sequences (14).
PCR amplification was performed in 50-p.l reaction volumes containing 20 ng
of genomic DNA, 10 mt@iTris-HCI (pH 9.2), 75 mMKCI, 1.5 mMMgC12,160
@.LMeach ofdGTP, dATP, dTFP, and dCTP, 0.5 @Mor 0.25 @xi@iofeach primer,

and 0.5 unit of Taq polymerase (Life Technologies, Inc., Gaithersburg, MD).
All exons were amplified with the following PCR conditions: 40 cycles
consisting of I mm at 95Â°C;1 mm at 59Â°Cfor exon 1; 58Â°Cfor exons 3, 5, 7,
and 9; 57Â°Cfor exon 2; or 55Â°Cfor exons 4, 6, and 8; and 1 mm at 72Â°C;
followed by a single 5-mm extension at 72Â°C.The PCR reactions were heated
to 80Â°Cbefore the dinucleotides were added. PCR fragments were purified by
an enzymatic method as described by the manufacturer of the sequencing kit
or phenol-chloroform extraction and precipitation with sodium perchlorate/
isopropanol and submitted to direct DNA sequence analysis using the Ther
moSequenase kit with the incorporation of 33P-labeleddideoxy nucleotides
(Amersham Life Science Inc., Arlington Heights, IL). The exons were se
quenced with one or both of the primers used for amplification, with the
exception of exon 8, which was sequenced with the following primer, 5'-AAC
TTG TCA AGC AAG T1'C T1'C-3'. For each exon, a negative control without
DNA template was processed in parallel and sequenced to eliminate the
possibility of contamination. To characterize insertion and deletion mutations,
the affected exons were re-amplified, the PCR products were cloned into the
pCR 2.1 vector using the Original TA cloning kit (Invitrogen, Carlsbad, CA),
and multiple individual clones were sequenced. All cases with mutations were
re-amplified and re-sequenced to ensure reproducibility.

LOH Analysis. Matched normaland tumorgenomic DNA from the 18
MI-negative endometrial cases were analyzed for LOH of chromosome l0q.
Five microsatellite markers (D10S215, D10S541, D10S608, DJOS6IO, and

Protein Truncation Analysis. The previous mutational analyses
of PTEN indicated that frameshift and nonsense mutations were
relatively common, prompting us to use the P11' to screen those
tumors for which we had RNA. We analyzed six endometrioid car
cinomas (five MI-positive and one MI-negative) and one serous
endometrial carcinoma with this assay. Aberrantly migrating polypep
tides were identified in four MI-positive endometrioid carcinomas.
One tumor (E45) revealed an intense, slightly smaller polypeptide in
the 3' portion of the cDNA with only a very faint band migrating at
the expected size (Fig. lA). Tumor ES revealed two faster migrating
polypeptides, indicating the presence of two separate truncation mu
tations in both the 5' and 3' portions of the cDNA (data not shown).
The remaining two tumors (E34 and E39) with abnormally sized
polypeptides each showed a single smaller polypeptide in the 5'
portion of the cDNA (data not shown). Subsequent sequence analysis
revealed the exact nature of the mutations responsible for all aber
rantly migrating polypeptides (see below). Two tumors (El3 and E28)
failed to show abnormally migrating polypeptides, despite the detec
tion of truncation mutations by sequence analysis. In addition, tumor
E39 was found to have two truncation mutations but only a single
abnormal polypeptide. These findings suggest that sequence analysis
may be a more sensitive method for the detection of truncation
mutations. Therefore, all additional cases were screened directly by
sequencing.

Sequence Analysis of Individually Amplified Exons. To analyze
the entire open reading frame of PTEN, we amplified each of the nine
exons separately from all 32 endometrial, 12 ovarian, and 10 cervical
carcinomas using intron-based primers. The PCR products were sub
sequently purified and sequenced. Mutations were not identified in
any of the serous endometrial, ovarian, or cervical carcinomas. In
contrast, 16 (50%) of the endometrioid carcinomas contained muta
tions. Of the 16 mutation-positive tumors, 12 were MI positive and 4
MI negative. The difference in the frequency of mutations between the
MI-positive and -negative tumors was statistically significant
(P = 0.014, Fisher's exact). A total of 22 mutations in the 16 tumors
were detected, including two separate mutations in 6 of the MI

A
SE48 E28 E45 B ACGT
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Fig. I. P11' and sequence analysis of tumor E45. A, autoradiogram of the polypeptides

generated from the 3' end of PTEN cDNA in tumors SE48, E28, and MS. Tumors SE48
andE28generateonlytheexpectedsizepolypeptide.TumorE45showsa slightlyfaster
migrating polypeptide (arrow), with only a very faint band migrating at the expected size.
In B, exon 5 was amplified from E45 tumor genomic DNA, and individual clones were
sequenced. Numerous clones revealed a 75-bp deletion (arrow) at nucleotides 362 to 436,
predicting the deletion of 25 amino acids, consistent with the smaller polypeptide found
by the PTF. Left. wild-type (Wi) sequence.
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Table 1 MutationsinPTENNo.GradeMlExonPT!'Mutationâ€•Sequence

(codonno.)E5

E62 1+ +3,
5

5, 7+ NAbIN,
DE

DE, NSIN
38 bp (57â€”69)Stop (98)/DE I bp A (163â€”164)Stop (166)

DE I bp T (89 or 90) Stop (98)INS CAG-TAG;GIn-Stop(245)E82+5,
8NAMS. DEMS 1TF-TCT:Ptte-Ser (90)/DE 1 bp A (288 or 289) Stop(290)E122â€”3NANSNS

TCA-TAA:Ser-Stop(59)E131+5,
6â€”MS. NSMS CGA-GGA:Arg-Gly (I 3O)/NS TAT-TAG:Tyr-Stop ( I76)E282â€”7â€”DEDE

1 bp T (241) Stop(255)E29I+4NAININlbpA(75)Stop(76)E301+5â€”MSMS

CAC-TAC:His-Tyr(123)E34I+4+DEDE
2 bp AA (73 or/and 74) Stop(76)E391+3,

7+DE, NSDE I bp A (62or 63)Stop(98)/NSCGA-TGA:Arg-Stop(233)E452+5+DEDE75bp(l21â€”l45)inframeE573+5NAMSMS

CAT-GAT:His-Asp(93)E623â€”8NADEDE
10 bp (301â€”303)Stop(306)E672â€”1NAMSMS
GAC-AAC:Asp-Asn(24)E682+7,

7NANS, DENS CGA-TGA:Arg-Stop (233)/DE I bp A (265, 266 or 267) Stop(275)E77I+5NAMSMS
CCA-CTA:Pro-Leu (95)

PTEN MUTATIONS ARE COMMON IN ENDOMETRIALCARCINOMA

positive tumors. Of the 22 mutations, 10 were frameshifts, 6 were
missense, 5 were nonsense, and 1 was a 75-bp in-frame deletion
(Table 1). Mutations were detected in seven of the nine exons with
only exons 2 and 9 lacking mutations. The majority of mutations
occurred in exon 5 (36%) and exon 7 (23%). The nonsense and
frameshift mutations were distributed over most of the exons, but the
majority (69%) led to a truncation prior to exon 5 (Fig. 2, A and C).
Of note, five of the six missense mutations were in exon 5. The
missense mutation in tumor E30 is a C to T transition predicted to
cause a histidine to a tyrosine substitution at codon 123 (Fig. 2B). This
histidine is a highly conserved amino acid located in the critical
11-amino acid motif of tyrosine and dual specificity phosphatases.

To further characterize the frameshift mutations and the 75-bp
deletion, the affected exons in each tumor were re-amplified, and the
products were cloned. Multiple clones were sequenced, allowing the
exact nature of the mutations to be determined (Figs. lB and 2, C and
D). As mentioned, six of the MI-positive tumors contained more than
one mutation. The MI-positive cases were not analyzed for LOH due
to the inability to reliably score MI-positive cases for LOH using
microsatellite markers. Thus, it was of interest to determine whether

the mutations were in the same allele or whether both alleles were
inactivated through intragenic mutations of the PTEN gene. In tumor
E68, both mutations were present in exon 7. Sequence analysis of
individual clones of exon 7 demonstrated that the two mutations were
present in different clones and, thus, in different alleles (Fig. 3).
Detailed evaluation of the remaining five tumors with two mutations
is presently in progress. Matched normal DNA from all cases was
sequenced to determine the germ-line status of PTEN. All normal
DNA lacked mutations, indicating that the mutations we identified in
PTEN are somatic.

LOH Analysis. Eleven of the MI-negative endometrioid and 5
serous carcinomas of the endometrium were analyzed for LOH of a
portion of chromosome lOq (10q23â€”qter) using five microsatellite
markers (Table 2). The 14MI-positive cases were not subjected to this
analysis, because MI hinders the ability to reliably score microsatellite
markers for LOH. Nine of the 16 tumors showed LOH of at least one
marker; however, only 7 showed LOH of one of the more proximal
(l0q23) markers. Of these seven tumors, six were endometrioid and
one was serous. Mutations were detected in PTEN in three of the six
endometrioid tumors with LOH of 10q23 markers, and the single
serous carcinoma with LOH lacked a detectable mutation. The re
maining mutation-positive tumor (E62) did not show LOH at the three
lOq markers analyzed, but we have tested multiple markers on nu
merous chromosomes and have failed to detect LOH at a single
marker in this tumor. Because the mutation found in E62 was a

A B
ACGT ACGT
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Fig. 2. Sequence analysis of tumors EI2, E3O, and E29. A, nonsense mutation in exon
3. The sequencing ladder on the right (antisense direction) shows C to A transversion
(arrow) predicted to cause a serine to stop (TCA to TAA) at codon 59. Left. wild-type
(WI) sequence. B, missense mutation in exon 5. A C-to-T transition (antisense direction)
is detected (arrow), which is predicted to cause a histidine (CAC) to tyrosine (TAC)
substitution at codon 123. The sequence ladder on the left shows the corresponding
wild-type (WI) sequence. C and D, frameshift mutation in exon 4. The sequence ladder
in the center shows a frameshift mutation in the direct sequence analysis of the PCR
productgeneratedfromgenomicDNA.Theladderon the right(D) is the sequenceof a
single clone of the PCR product of exon 4, revealing a I-bp insertion (A) at codon 75
(arrow) that leads to a stop at codon 76. Left lane, the corresponding wild-type (Wi)
sequence.

a@ insertion; DE, deletion; NS, nonsense; MS. missense.

b NA, not analyzed.
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frameshift mutation, it was detectable on direct sequencing (and
verified by cloning), despite the possible presence of normal contam
mating DNA. In addition, two cases with LOH of l0q23 markers
showed LOH of all five markers, indicating that the entire chromo
somal arm had undergone LOH. In these two tumors, it is possible that
another yet unidentified tumor suppressor gene on chromosome lOq is
the target, or that LOH of the entire chromosomal arm represents a
random event. Two tumors (E55 and SE1) showed restricted LOH at
l0q23 but were negative for mutation. Future studies will be neces
sar)' to determine the target gene in these cases.
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A
ACGT ACGT ACGT

E68- 1 E68-2 E68-N

Fig. 3. Sequence analysis of tumor E68. In A. the left (EbB-I) and
center (E68-2) sequence ladders show sequences of two individual
clones of exon 7. On the right (E68-N) is the direct sequence from
normal E68 DNA. In B, the clone E68-2 (center) shows a C-to-T
transition (arrow), which leads to arginine (CGA) to stop (TGA) at
codon 233. Clone E68-l (left) lacks this mutation. In C, the clone E68-l
(left) shows deletion of a single A (arrow), which gives rise to a stop
codon at codon 275. The clone of E68-2 (center) lacks the deletion.

C
ACGT AC G T

Discussionglioblastoma cell lines, respectively, and in 4 of 4 prostatecarcinomaThe

search for a tumor suppressor gene on chromosome lOq was
prompted by numerous studies demonstrating frequent LOH of lOq in
diverse types of human tumors. In particular, it had been shown that
the majority (70%) of high grade glial tumors, known as glioblasto
mas, and approximately 60% of advanced prostate carcinomas had
LOH of markers at l0q23 (18â€”20).The search for the target gene was
facilitated by the presence of homozygous deletions in both glioma
and breast carcinoma cell lines, allowing the region to be more
precisely mapped and the gene cloned. Intragenic mutations were
subsequently found in 17 and 30% of primary glioblastomas andcell

lines and 6% of breast carcinoma cell lines (13, 14). Furthermore,
mutations in primary brain tumors were confined to those of high
grade, correlating with the lOq LOH data in brain tumors, leading
investigators to suggest that mutations in PTEN may be important in
the progression of malignant tumors. Sequence analysis of the pre
dicted amino acid sequence revealed homology in the NH2-terminal
region of the protein to tensin, a protein located in focal adhesions, as
well as a conserved tyrosine phosphatase domain, leading to the name
PTEN @hospha@e and I@sin homologue deleted on chromosome

@ These findings suggest a possible regulatory function for the
PTEN gene product in various cellular signals emanating fromfocaladhesions,

which when perturbed, contribute to the neoplastic process.
Due to the common LOH of 10q23 markers in endometrial carcinoma,
we hypothesized that PTEN may be a target of such losses (12). The
mutational analysis presented here clearly demonstrates the impor
tance of PTEN in the pathogenesis of endometrial carcinoma,supportsTumor

IOS54I 105215 l0S6O8 105610 105169 PTEN
type l0q23 10q23 l0q23.3 l0q25.2-26.3 I0q26-qtermutationEl

2 UEC'@ NL L NI NI L +
El9 UEC NI NL NL NL NI-E26

UEC NL NI NL NL NL -its role as a tumor suppressor gene, and may also contribute toourE28
UEC NL L NL NL NL +

E3 I UEC NL NL NL NI NL â€”
E35 UEC L L NI L L â€”understanding

of the role of PTEN in tumorigenesis.
PTEN mutations were detected in 50% of the endometrial carcino

E52 UEC L L L L L â€”
P35 UEC NL L NL NI NL -
E56 UEC NL NI NL NL NI -mas

we analyzed and were confined to the endometrioid type, the
most common type of endometrial carcinoma. Moreover, withintheE62

UEC NA NA NI NI NL +endOmetrloid type, mutations in PTEN were significantly more com
E67 UEC L L NL NL L +
SEI USC L NL NL NI NI -
SE2 USC NL NI NI NI NI -mon

in MI-positive tumors. It should be noted that the mutation
frequency reported here is not likely to reflect the actualmutationSE3

USC NI NL NI L NI â€”
SEA USC NL NL NL L NI â€”
SE48 USC NL NI NL NL NL -frequency

in endometrial carcinoma, due to the population of tumors
@ analyzed. MI-positive tumors normally account for approximately

20% of theendometrioidtype of endometrialcarcinoma.We choseto
analyze a population of tumors in which MI-positive tumors were

Table 2 WH of chromosome IOq

a UEC,uterineendometrioidcarcinoma;USC,uterineserouscarcinoma;L,LOH;NL,
no LOH; NI, not informative; NA, not analyzed.
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overrepresented (54%). In addition, because of the association of
PTEN mutations with high-grade tumors, the 12 MI-negative endo
metrioid carcinomas include only grades 2 and 3 carcinomas. When
corrected for the overrepresentation of the MI-positive tumors, the
expected frequency of mutations in endometrioid carcinomas would
be approximately 42%. Even when corrected, PTEN remains the most
commonly mutated gene yet to be identified in endometrioid carci
noma and, to date, the tumor type with the highest frequency of PTEN
mutations. In the present study, mutations were not detected in the less
common but more aggressive serous type of endometrial carcinoma.
However, the number of serous endometrial carcinomas analyzed was
small; consequently, it will be important in the future to evaluate
additional cases. Furthermore, it is possible that PTEN may be mac
tivated by other mechanisms, such as homozygous deletion, that
would not be detected by our analysis.

To determine if mutations were present in other common female
genital tract malignancies, we analyzed 12 serous ovarian carcinomas,
the most common type of ovarian carcinoma, which share some
histological and biological features with serous endometrial carci
noma, and 10 squamous cervical carcinomas. Mutations were not
detected in any of these tumors. Thus, among common tumors of the
female genital tract, our data suggest that PTEN primarily plays a role
in the development of the endometrioid type of endometrial carci
noma.

On a molecular basis, tumors of the endometrioid type can be
broadly divided into two groups: MI-positive and MI-negative. In this
study, the difference in the frequency of PTEN mutations in the two
groups was statistically significant. It is possible that the elevated
frequency of mutations in MI-positive tumors is simply a result of the
underlying genetic instability. However, we have analyzed other
cancer-causing genes (K-ras and p53), known to play a role in
endometrial carcinoma, in our set of MI-positive and -negative endo
metrioid tumors and have not found a statistically significant increase
in the mutation frequency of either gene in the MI-positive tumors.
Thus, it is possible that the association of MI and PTEN mutations in
endometrial carcinoma is biologically relevant. Clearly, additional
studies will be needed to address this possibility. It is not immediately
evident when the two events, MI and PTEN mutations, occur relative
to one another in the development of endometrioid carcinoma. Within
the MI-positive tumors, 7 of 18 (39%) mutations were small insertions
or deletions within short mononucleotide repeats. Missense mutations
accounted for the majority of the other 11 mutations. Although the
number of MI-negative cases with mutations was too small to make
any definitive conclusions, it is interesting to note that the mutational
spectrum does not appear to differ from that found in the MI-positive

tumors. This is in contrast to the types of mutations found in the APC
gene in MI-positive and -negative colorectal carcinomas in which
frameshift mutations were more common in MI-positive tumors,
suggesting that MI precedes APC mutations (21). Notably, there was
no difference in the overall frequency of APC mutations in the
MI-positive and -negative tumors. Mutations in the two genes re
ported to have an increase in the mutation frequency in MI-positive
tumors (type H transforming growth factor @3receptor in colorectal
cancer and the insulin-like growth factor II receptor in endometrial,
stomach, and colorectal carcinomas) predominantly contain mutations
within a single mononucleotide repeat (22, 23). This is in contrast to
the wide spectrum of mutations we detected in PTEN in MI-positive
endometrial tumors. The reason for the increased frequency of PTEN
mutations in MI-positive tumors is presently unknown, but it clearly
deserves future investigation. As the function of PTEN is elucidated
and the cellular pathways in which it is involved are identified and
characterized, it will be of great interest to determine if other genes in
such pathways play a more prominent role in MI-negative tumors.

Recently, germ-line mutations in PTEN were found in patients with
Cowden disease, an autosomal dominant cancer predisposition
syndrome characterized by multiple hamartomas in various organs
with the propensity to develop cancers in the breast, skin, and
thyroid (15). Based on this association, it was proposed that PTEN
mutations may induce cellular proliferation and disorganization
that would set the stage for the development of neoplasia due to
mutations in other oncogenes and tumor suppressor genes. This is
an intriguing hypothesis in light of the frequent mutations present
in the endometrioid type of endometrial carcinoma, which arises in
the setting of an underlying proliferative process called endome
trial hyperplasia. In contrast, the mutation-negative serous carci
nomas usually develop in nonproliferative, atrophic endometria.
Future studies will be needed to determine if PTEN mutations are
involved in the development of the hyperplastic process that pre
cedes the development of endometrioid carcinoma. However, in
this study, PTEN mutations were not confined to high-grade en
dometrioid carcinomas, suggesting that they may occur relatively
early, compared to other types of tumors, in their development.

Our analysis provides strong evidence that the recently identi
fled tumor suppressor gene PTEN plays a significant role in the
pathogenesis of endometrioid endometrial carcinoma. The lack of
PTEN mutations in the uncommon serous type of endometrial
carcinoma provides additional support for the differences in the
molecular basis of these two diseases of the endometrium. Finally,
because of the prevalence of PTEN mutations in endometrial
carcinoma, its association with MI, and its presence in all three
grades of endometrioid carcinoma, endometrial tumorigenesis may
provide an excellent model system for understanding the role of
PTEN in the neoplastic process.
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