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GENETIC ALTERATIONS IN FAMILIAL BREAST CANCER:
MAPPING AND CLONING GENES OTHER THAN BRCA1

INTRODUCTION

Despite the importance of BRCA1 and BRCA2 to inherited breast cancer, it is
clear that there remain families with multiple cases of breast cancer with no identified
BRCA1 or BRCA2 mutations (after screening the entirety of both genes) and no
apparent linkagé of breast cancer to either 1721 or 13q12 (see our 1995 progress
report; Schubert et ai. 1997; Czabo and King 1997). The goal of project DAMD17-94-
- J4307 was to identif;} genes responsible for inherited breast cancer in these and other
"unexplained" families. In the course of carrying out a genome-wide }screen for linkage
in these families, it became clear that the frequent combination of late age at breast
cancer onset and small family size would limit the statistical power of linkage ahalysis.
Therefore, we decided to integfate linkage analysis with the analysis of germline
chromosomal abnormalities that might predispose to breast cancer.

In order to identify germline chromosomal abnormalities that vmight alter breast
_cancer genes, we sought patients who had both very early onset breast‘ cancer and
developmental abnormalities. It was our hypothesis that this combination of phenotypes
would often reflect de novo, germline chromosomal rearrangements in genes critical to
breast cancer, as well as of genes critical to normal development. The most promising
case discovered so far in this search was that of a young woman (LP) with early
bilateral bréast cancer in the context of Cowden's sYndrome and a complex de novo
rearrangement of chromosomes 10q, 2q, and 13q. _

Although Cowden disease is rare, it was our hypothesis that the Cowden disease
gene might influence breast cancer risk in families other than those with Cowden
disease. ltis well-documented that some mutations in a gene may lead to a ‘véry
severe phenotype and other mutations in the same gene to a more restricted

phenotype. The high frequency of breast cancer in female Cowden patients (~30%)
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makes it a strong candidate for a breast cancer susceptibility gene (Hanssen and Fryns
1995).

Cowden's disease is a multiple hamartoma syndrome with an autosomal
dominant pattern of inheritance (Weary et al. 1972), originally described in the family of
Rachel Cowden (Lloyd and Dennis 1963). Cowden disease is characterized by rhultiple |
nodules of the skin and mucous membranes, fibromas of breast and thyroid, and |
gastrointestinal bolyps (Brownstein et al. 1977). Mental retardation, macro'cephaly,
seizures, and ataxia are frequently involved. Although Cowden syndrome has
traditionally been defined by skin lesions, it also involves cancer of internal organs, most
frequently thyroid and breast. v

From the outset of this project, we were aware that breast cancer frequently
occurs in the context of Cowden's disease (Walton et al. 1986). In seven families with
21 cases of Cowden disease, inheritance was autosomal dominant with high
penetrance and high frequency of breast cancer in females, craniomegaly,
gastrointestinal polyps, and fibromas (Starink et al. 1986). In another Cowden disease
family, the proband had multiple papillomas and was 'diagnosed at age 32 with breast
cancer. Her mother died of breast cancer at age 42, and 2 maternal aunts had
premenopausal breast cancer (Williard et al. 1992). In still another large Cowden
disease family, there was greater disease severity and earlier onset in successive
generations (Hanssen et al. 1993).

Our efforts to clone genes spanning the translocation breakpoints of LP were
supported by DAMD17-94-J4307. After the critical gene PTEN was cloned (Li et al.
1997, Steck et al. 1997), we characterized the role of PTEN in inherited predisposition
to breast cancer (Lynch et al. 1997; included in this report). We examined potential |
interactions between PTEN and mismatch repair genes or between PTEN and thyroid
cancers. Cloning and characterization of the PTEN gene and its interactions form the

body of this report.
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BODY OF REPORT

Cloning translocation breakpoints on chromosome 10qg

In an effort to clone the gene responsible for Cowden's syndrome, we identified a
patient with waden's syndrome and an abnormal karyotype. Cytogenetic analysis of
LP chromosomes indicated a complex chromosomal rearrangement involving 2q, 10q,
and 13g. Following the publication of linkage for Cowden’s syndrome to chromosome
10g23-g24 (Nelen et al. 1996), we concentrated molecular analysis on the chromosome
10q breakpoint. STSs for genetic markers flanking and within the Cowden’é critical
region were used to isolate BAC clones by PCR screening of commercially available
DNA pools (Research Genetics, Inc.) A list of BACs identified by this STS screening
and their location on the translocated chromosomes is shown in Table 1. These BACs
were then used to further characterize the translocation breakpoints, as described
below.

Our anaiysis by fluorescence in situ hybridization (FISH) revealed that LP's
chromosome 10923 breakpoint was within the Cowden's disease region defined by
linkage (Table 1). Marker AFMa086wg9 identified BAC 151F15 which by FISH analysis
of LP chromosomes was distal to the der10 breakpoint. Marker D10S215 identified
BAC 336J2 which by FISH analysis was proximal to the der10 breakpoint. Marker
D10S215 also identified BAC 200C8 which by FISH was proximal to the der10
breakpoint and showed a faint signal on the_der2’ chromoédme at 2933.3. This result
was unexpected. The ends of BAC 200C8 were sequenced and PCR primers
developed. PCR primers specific to the T7 end of BACIZOOCS were used to screen the
BAC DNA pools. BACs 101113 and 380E3 were positive for BAC 200C8T7 primers.
FISH analysis of B101113 indicated a strong hybridization signal on the der10923.3 and
on der 2g33.3, confirming the earliér result with BAC 200C8. Fish analysis of BAC
380E3 showed a strong hybridization signal on der 2g33.3 and on der13q14.1. Taken

together this data indicates that the patients chromosome 10q rearrangemént involved
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chromosomes 2, 10, and 13 and that a submicroscopic portion of chromsome 10 was
present on the der2 chromosome at the point of translocation.

PCR primer pair 151F15.SP6, specific to the SP6 end of BAC 151F15, was
developed and tested against all other BACs identified in this study. 151F15.SP6
amplified BAC 151F15 and BAC 380E3. Hence we had identified a BAC contig across
both chromosome 10 breakpoints from proximal marker D10S215 to distal marker

AFMa086wg9 (Table 1).

Table 1. Contig of BACs in Cowden's region of chromosome 10g23.3

BACs

336J2 200C8 101113 380E3. 151F15 288D12 - 328G18 81N3 290C21
Minimal contig including CD gene

D10S215 X X

200C8.T7 . X X X

151F15.SP6 . X X

AFMa086wg9 X

D10S541 X

WI-8733 ' : X

D10S564 X X
position relative to '

breakpoint on LP -

chromosome 10 proximal proximal proximal proximal distal distal distal distal distal
position on LP )

chromosome der2 der2 der2
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Candidate genes for Cowden's Disease

To identify genes in this contig, whole BACs 101113 and 380E3 were sonicated
and shotgun subcloned into M13mp18. Sample sequencing of these two BACs
included 768 individual M13 subclones from BAC 101113 and 480 individual M13
subclones from BAC 380E3. For these two BACs approxirhately 80% of the inserts
contained human sequences, 13% contained E coli DNA, 5% contained BAC vector
DNA only, and 2% contained no insert. .The insert sizes for BACs 101113 and 380E3
are150Kb and 90Kb respectively, as determined by PFGE analysis of Notl digested
BAC DNA. The total amount of novel sequence identified for BACs 101113 and 380vE3
was 220 kb. Analysis of contigs generated from this sequence indicates thai only one
contig of sequence is shared between these two BACs. The amount of DNA sequence
shared by BACs 101113 and 380E3 is roughly 5 kb. Of the possible 245 kb of genomic
sequence, our sample sequencing identifed approximately 220 kb which is divided into
93 individual contigs ranging in size from 650 bp to 8.2 kb with an average size of 2 kb.

Chromatograms from M13 subclones of BACs were base-called by Phred, and
contigs generated using Phrap (P. Green, unpublished), repetitive elements were
masked by RepeatMasker (A.Smit, unpublished), and the subsequent sequence was
used to search the non-redundant and EST databases at the NCBl. We developed a
program to automate this sequence analysis called "SeqHelp" which generates output in
HTML format (Lee et al., in press). The BLAST analysis of BAC sequences revealed
numérous EST hits and seVeraI hits on the non-redundant database. In the cases
where ESTs were identified to share a high degree’of sequence similiarity with the
genomic sequences derived in our lab, that EST or cluster of ESTs was used for an.
iterated BLAST search and to search against the Unigene database. Where possible, a
minimal tiling path of ESTs for a partiéular gene was identified and those clones were
obtained from Research Genetics. Upon arrival, each IMAGE consortium EST was

verified by sequencing in the forward and reverse directions. A compilation of ESTs
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and genes identified by this sample sequencing strategy is shown in Table 2. In total,
this strategy identified one probable pseduogenes, two known genes, and eight novel

genes.

10
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Table 2. Clones for Cowden's region.

Soares libraries in T7T3D: retina (HR), melanocyte (HM), heart (HH19W), liver/spleen (FLS), placenta (HP), lung (HL19W)
Other libraries: Morton fetal cochlea; Stratagene colon, fetal spleen 937205, liver 937224, lung 937210
Sibling contigs: 87~3, 101~97~100~103~104~109, 107~106~108, 110~18~29~32, 96~57~73, 31~63~55~91

Candidate : . BAC T7 T3 maps Sthn cDNA
gene Contig EST IMAGE clone Genbank5' Genbank 3' Library Size Rcvd bin Repeat seq seq back blot lifts Comments
1 87 ydi0et2 66766 T67647 T64918 -~ INFLS 1400 1127 1 no X X VYES same as yd77f12
87 yd77§12 114287 T86559 T86737 INFLS 1400 11.27 1 no X X YES Y
87 yu09a07 233268 H78837 H80084 INFLS na 1127 1 Flama X X NO
2 95 yje2f11 149517 M00274 none Nb2HP 900 1127 1 no X X YES Y nohits
3 110a zb58e04 307806 w21284 none NbHL1OW 1528 1127 1 yes X X YES Y HIT
110b ys82e12 221326 H92038 H92039 N2b4HR 897 1127 1 yes X X YES Y
110c yx44{06 264611 N29304 N20238 2NbHM 1521 1127 1 no X X YES Y HIT
110c 2e39e04 361374 AAQ17584 AA017563 N2b4HR 1200 1127 1 no X X YES Y
110c 2f07g02 376274 AA041238 AA040800 NbHH19W 450 1127 1 no X X YES Y similar to MN1?
110d ze66g12 364006 AA021528 AA021529 N2b4HR 2100 1127 1 no X X YES similar to auxilin
110d zf57b09 381017 none AA057423 N2b4HR 2100 1127 1 no X X YES similar to auxilin
4 31 mh88e08 458054 AA028745 none NbMP135 na 1.18 3 X X Y ND MSP1 (mouse)
5 45 yc36e01 82776 T73612 none liver na 118 3 X O
6 74 yst1ai12 214462 H71498 H71499 INFLS 1040 1.18 1+2 X X Y ND
74 za50h09 296033 N67051 INFLS na 1.18 142 X X Y ND
7 88 ys84c09 221488 H92144 none N2b4dHR na 1.18 3+2 11 X X Y
8 90 yw71d12 257687 N40032 N27294 2NbHP na 1.18 X X Y
90 yd44g03 111124 T83552 T82265 INFLS 793 1.18 2 O O Y
9 101. mb88g05 336536 w18519 none p3NMF195 na 1.18 2 X X Y ATP sulfurylase
101 ybB81c09 77584 T58926 T58867 liver 2275 118 2 o X ATP sulfurylase
101 yc86b10 22836 T75047 R45266 iNIB 1617 118 2 o O ATP suffurylase
101 yiosf10 138667 R63483 R63484 Nb2HP 1789 1.18 2 o O Y - ATP sulfurylase
101 yq76h07 201757 R99758 R99935 INFLS 1339 1.18 2 X X Y " ATP sulfurylase
101 yt65f04 275454 R84938 none N2b4HR 2365 1.18 2 X X Y ATP sulfurylase
101 yw36g11 254372 none N22190 cochlea na 1.18 2 no X X Y Y ATP sulfurylase
101 yx09h10 261283 none HI8126 2NbHM na 118 2 X X Y ATP sulfurylase
101 zb49a03 306892 W24271 N91940 NbDHLIOW na 1.18 2 X X Y ATP sulfurylase
101 2¢c38a02 324554 W46906 W46759 NbHSF  na 1.18 2 XX Y ATP sulfurylase
101 2c38a08 324566 W46911 none NbHSF na 1.18 2 X X Y ATP sulfurylase, CpG
101 2¢39c06 324682 W47234 none NbHSF na 1.18 2 X O Y ATP sulfurylase
101 zc41e07 324900 W49748 W49664 NbHSF na 1.18 2 X X Y ATP sulfurylase
101 zh69d06 417323 W88929 W89186 INFLS na 118 2 X X Y ATP sulfurylase
101 2169e07 509892 AA054697 AA056460 colon na 1.18 2 X X Y ATP sulfurylase, CpG
101 2092206 594322 AA169652 AA169832 ovarian na 1.18 2 X X Y ATP sulfurylase
101 2r40b09 665849 AA193419 none NhHMPaS1 na BO 2 X O ATP sulfurylase
10 105 yx89a10 268890 N35829 none 2NbHM na 1.18 X O N? cofilin (5q13)
105 2a83a07 299124 W05247 N75449 NDHLi19W na 1.18 X X Y Y cofilin (5q13)
105 2d69b06 345875 W77755 W72026 NbHL19W ~ na 1.18 X O cofilin (5q13)
11 107 yf99e02 30466 R18232 R42168 iNB 1741 1148 3 X X Y alpha tubulin (K00558)
107 yh15f04 37775 R61426 none INB na 118 3 X X Y alpha tubulin (K00558)
107 yl72d11 43584 H13396 HO6059 iNIB" 1464 1.18 3 X X Y alpha tubulin (K00558)
107 yl90b12 45452 H10475 H09719 INIB 1785 118 3 o O ? alpha tubulin (K00558)
107 yo18d05 178281 H46838 none N2bSHB55Y 828 1.18 3 o O© N alpha tubulin (K00558)
107 yx48f04 264991 N30486 none 2NbHM  na 118 3 X X Y Y alpha tubulin (K00558)
107 yy40eii 273740 N44865 N33383 2NbHM npa 118 3 X . X N alpha tubulin (K00558)
107 yz18a02 283370 N57579 N527568 2NbHMSP na 118 3 X X alpha tubulin (K00558)
107 zb94g08 320510 W31769 W04668 NbHPA 727 118 3 X X Y alpha tubulin (K00558)
107 2c06f03 321633 W32662 \  W32476 NbHPA 1650 1.18 3 X X Y alpha tubulin (K00558)
107 ze66f12 363983 AA021513 none .N2b4HR na 1.18 3 X X Y Y nohits alpha tubulin (K00558)
107 2072a10 592410 AA158531 AA158532 pancreas na 1.18 3 X O Y alpha tubulin (KO0558)

11
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Mutations in candidate genes

To search for mutations in candidate genes, we first pfobed Southern blots of
genomic DNA from LP and control individuals. No abnormal restriction patterns or band
intensities were observed. Next we evaluated each gene in the region using SSCP to
detect small sequence changes. We had collected DNA from 12 different Cowden's
families including the translocation patient, all of which were to be examined using
SSCP.

During the course of searching for mutations in the candidate genes from Table
2, two reports were published of a putative tyrosine phosphatase, PTEN, on
chromosome 10923 that is deleted in late stage tumors (Li et al. 1997, Steck et al.
1997). This gene corresponds to Candidate Gene 3 of Table 2. Reports of the rdle of
PTEN in cancer, and immediately thereafter in Cowden's syndrome (Nelen et al. 1997),
prompted us to look more closely at this gene in our Cowden's syndrome families.

We screened all Cowden's syndrome families by sequencing PTEN exons from
genomic DNA. Mutations were identified in seven families which are likely to be the
cause of Cowden's syndrome in these patients. We did not identify any PTEN
sequence changes or rearrangements in LP. Our characterization of PTEN in families
with breast cancer and Cowden's syndrome was published in American Journal of

Human Genetics, which is included as the next section of this report.

12
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Genetic analysis of epistatic interaction between PTEN and mismatch repair genes.

Can de novo germline mutations of PTEN occur as a result of mismatch repair defect and
present clinically as isolated cases of Cowden syndrome? Among the families with Cowden
syndrome a subset of these families have a history of early onset cancer including colon,
kidney and endometrial cancers, malignancies which are not typically associated with Cowden
syndrome. We identified mutations of PTEN, determined whether the mutations were de
novo, examined tumor samples for microsatellite instability, tested for linkage of mismatch
repair genes in families with co-occurrence of early onset gastrointestinal cancer / Cowden
syndrome and screened for germline mutations in DNA mismatch repair genes.

Family 241

Family 241 contains two members with Cowden syndrome and a history of small
intestine and colon carcinoma. Linkage studies were performed in the region of 10g22-23 and
subsequent sequencing of the nine exons of PTEN identified a nonsense mutation in the two
affected individuals. (Lynch et al., 1997 ) No PTEN mutations were identified in any other
living family members within this family including the mother of the proband. The father of the
proband was deceased at the time that DNA was collected from this family. To determine if
the proband’s germline PTEN mutation was a de novo one, we obtained a colon cancer
biopsy from the father of the proband. Genomic DNA was prepared from this biopsy and
subsequently, a modified nested PCR primer strategy was used to amplify the portion of exon
8 containing the mutation. Subsequently, fluorescent thermocycle sequencing was used to
determine the DNA sequence from the PCR product. No mutation was identified in the father
of the proband, demonstrating that the mutation in the proband was truly de novo.

Given the early onset of small intestinal adenocarcinoma in the proband (age of onset
at 32) and the presence of colon cancer and polyps in other immediate family members, we
analyzed sections of his tumor for evidence of microsatellite instability. Genomic DNA was
prepared microdissected tumor material. Loss of DNA mismatch repair function in his tumor
was determined using a standardized set of mononucleotide and dinucleotide markers which
are highly specific and sensitive for the detection of microsatelite instability and ihdicate lost
activity of (MSH2 or hMLH1 (Dietmaier et al., 1998). There was no evidence of any
microsatellite instability in the ‘patient’s tumor sample.

13
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To identify any genetic evidence suggesting a possible mismatch repair defect, we
performed linkage analysis for MSH2, MLH1 and MSH® in family 241. MSH2 and MSH6 were
excluded as possible candidates. A haplotype of the area surrounding MLH1 appeared to
segregate with Gl cancers or history of polyps within this family. As a followup study, we
performed SSCP analysis of MLH1 and did not identify any mutations in the family.

Family 227 _

This family is remarkable for the presence of colon cancer in the family and early onset
endometrial cancer in the proband. Endometrial carcinomas make up hereditary ‘
nonpolyposis colorectal cancer (HNPCC). A germline PTEN mutation was identified in the
affected proband. To determine if DNA mismatch repair defect could be identified in this
individual, we tested microdissected endometrial carcinoma for the presence of microsatellite
instability. There was no evidence of microsatellite instability in her endometrial tumor.

14
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Analysis of PTEN in sporadic thyroid cancers

Affected individuals with Cowden syndrome are at increased risk for non-medullary
thyroid cancers. To determine if PTEN contributed to tumorigenesis in sporadic nonmedullary
thyroid cancers, we ahalyzed 28 sporadic thyroid cancers for the presence of mutations in
PTEN and loss of heterozygosity at the PTEN locus. Dinucleotide repeat marker
AFMa086wg9 located within intron 2 of PTEN was used to determine hemizygous status
within the tumor. No loss of heterozygosity events were detected in this collection. We are
also sequencing PTEN to identify the presence of any somatic mutations. For this tumor
collection, analysis of exons 2-7 have not identified any mutations.

15
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CONCLUSIONS

. Inherited mutations in PTEN/MMAC predispose to breast cancer. These mutations
are always in the context of Cowden's Syndrome, and do not appear in families with
breast cancer in the absence of Cowden's symptoms. However, the Cowden's
symptoms may be very subtle, and breast cancer may be the first manifestation of
PTEN mutation to come to clinical notice.

2. Clinicians should consider testing for mutations in PTEN in patients with very young
breast cancer, or breast cancer in combination with other malignancies.

3. Breast cancer patients with germline chromosomal translocations offer excellent
opportunity to identify other tumor suppressor genes for breast cancer.

4. Still more genes for inherited predisposition to breast cancer probably exist.

16
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Summary

PTEN, a protein tyrosine phosphatase with homology
to tensin, is a tumor-suppressor gene on chromosome
10923. Somatic mutations in PTEN occur in multiple
tumors, most markedly glioblastomas. Germ-line mu-
tations in PTEN are responsible for Cowden disease
(CD), a rare autosomal dominant multiple-hamartoma
syndrome. PTEN was sequenced from constitutional
DNA from 25 families. Germ-line PTEN mutations were

detected in all of five families with both breast cancer

and CD, in one family with juvenile polyposis syndrome,
and in one of four families with breast and thyroid tu-
mors. In this last case, signs of CD were subtle and were
diagnosed only in the context of mutation analysis.
PTEN mutations were not detected in 13 familiés at high
risk of breast and/or ovarian cancer. No PTEN-coding-
sequence polymorphisms were detected in 70 independ-
ent chromosomes. Seven PTEN germ-line mutations oc-
curred, five nonsense and two missense mutations, in six
of nine PTEN exons. The wild-type PTEN allele was
lost from renal, uterine, breast, and thyroid tumors from
a single patient. Loss of PTEN expression was an early
event, reflected in loss of the wild-type allele in DNA
from normal tissue adjacent to the breast and thyroid
tumors. In RNA from normal tissues from three families,
mutant transcripts appeared unstable. Germ-line PTEN
mutations predispose to breast cancer in association
with CD, although the signs of CD may be subtle.
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Introduction

The protein tyrosine phosphatase and tensin homologue
PTEN is a tumor suppressor of glioblastoma, breast can-
cer and prostatic cancer (Liand Sun 1997; Li et al. 1997,
Steck et al. 1997), and malignant melanoma (Guldberg
et al. 1997). The gene has at least three names: “PTEN”
(phosphatase with tensin homology; Genbank accession
number U93051), “MMAC1” (mutated in multi-
ple advanced cancers; Genbank accession number
U92436), and “TEP1” (TGFB-regulated and epithelial-
cell-enriched phosphatase; Genbank accession number
U96180). In primary breast carcinomas, both somatic
and germ-line PTEN mutations occur, albeit at low fre-
quency (Rhei et al. 1997). Previous observations of loss
of heterozygosity (LOH) at chromosome 10923 in fol-
licular thyroid cancer and endometrial cancers suggested
that PTEN might act as a tumor suppressor for these
cancers as well (Jones et al. 1994; Zedenius et al. 1995).
In patients with Cowden disease (CD; MIM 158350
[Hanssen and Fryns 1995]), germ-line mutations in
PTEN have been identified (Liaw et al. 1997; Nelen et
al. 1997). Germ-line PTEN mutations are also associated
with the closely related Bannayan-Zonana syndrome
(Marsh et al. 1997).

In this report, we evaluate families with inherited pre-
disposition to breast cancer and/or CD or related syn-
dromes, for germ-line mutations in PTEN. We identify
and characterize germ-line point mutations in PTEN in
seven families, describe the cancer and other phenotypes
associated with each of these mutations, and demon-
strate somatic loss of the wild-type PTEN allele in the
associated tumors.

Subjects and Methods

Family Ascertainment

Twenty-five families were included in this analysis.
Five families (families 97, 903, 1085, 1130, and 1163;
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Table 1
Phenotypes Associated with Inherited Mutations in PTEN
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PATIENT  Skin

PHENOTYPE (AGE [IN YEARS] AT DIAGNOSIS)

Gastrointestinal

Ml);rATION(S) EFFect FAMILY  (SEX)  Lesions Breast Endometrium Thyroid CNS Tract
68 T—A L22X 903 12 (F) + Ca (46)
903 -1 (F) + Ca (24) Fol Ca (18) L Hem
328 C-T Q109X 1130 -2 (F) + Ca (34)
565 A-T R188X 1085 -2 (F) + Bil Ca (31) Fol Ad Nf G, D, C polyps
1085 1II-1 (F) + Ad (29) .
1085 II-2 (F) + v C polyps
697 C-T R232X 97 II-1 (F) + Ca (27) - C polyps
' 1003 C-T R334X 241 -1 (M) + Macro Sm Int Ca (34)
241 -2 (M) + Macro C, Sm Int polyps
1003 C-T R334X 227 -1 (F) + DCIS (41) Ca (42) Fol Ad (42) Macro R Ca (42)
1028 T>A  V332E 1163 1-2 (F) Ca (50) Ad (49) Neu (33, 34) -~
and and 1163 1II-2 (F) + Ad (30) Ca (48) Fol Ad (32, 40) G, C polyps (37, 38)
1039 T-C F346L {1163 II-3 (F) Atyp H (33) Ca (42) Fol Ad (33) D polyps (31)
1163 -4 (M) Pin (42) C polyps
1163 IS (F) Ca (42)
1163 III-1 (F) Ad (17) Pap Ca (11)

" NOTE.—Ad = adenoma; Atyp H = atypical hyperplasia; Bil = bilateral; C = colon; Ca = adenocarcinoma; D = duodenal; DCIS = ductal
carcinoma in situ; Fol = follicular; G = gastric; Hem = hemangioma; L = liver; Macro = macrocephaly; Neu = malignant neuroma; Nf =
neurofibroma; Pap = papillary; Pin = pineal-gland tumor; R = renal cell; and Sm Int = small intestine. A plus sign (+) denotes a chronic

condition.

table 1) were ascertained for co-occurrence of breast
cancer and CD in the same family. Four other families
(including family 227; table 1) were ascertained for co-
occurrence of breast and thyroid tumors without definite
diagnosis of CD, although the proband of family 227
was subsequently evaluated as having features of the
syndrome (table 1). Thirteen families at high risk of
breast, ovarian, and/or prostate cancer but with no de-
tected signs of CD were also included. At least one af-
fected member in each of these 13 families had wild-
type sequences at BRCA1 and BRCA2; in 2 families,
linkage of cancer predisposition to markers flanking
PTEN yielded small positive LOD scores (1.3 and 1.2).
Three other families with diagnoses of CD were in-
cluded. Family 241 (table 1) was diagnosed with both
juvenile polyposis syndrome (MIM 174900) and CD. In
another CD family, individuals had macrocephaly, skin
lesions, and mental retardation but no cancer, in three
generations. In a third CD family, affected individuals
had thyroid adenomas, intestinal polyps, neurofibromas,
lipomas, and colon cancer, at ages 48 and 68 years.
Of the families described above, seven (including 903,
1085, 1130, and 1163) were evaluated clinically at the
Norwegian Radium Hospital. Three families (including
227 and 241) were evaluated clinically at the University

of Washington hospitals. The other families were from
our series of families at high risk of breast and ovarian
cancer. Protocols for human subjects were approved by
the institutional review boards at the University of Wash-
ington, the Norwegian Radium Hospital, and other col-
laborating institutions, as appropriate.

Lymphoblast cell lines were prepared (Henle and
Henle 1970; Raskind et al. 1984), and DNA was ex-
tracted from cell lines and from whole blood, by use of
a high-salt-extraction method (Gentra Systems).

Genotyping Families and Tumors

Markers D105583, D105215, D10S541, D10S573,
and D10S564 were used to determine haplotypes for

pedigree analysis and for evaluation of LOH in tumors. '

Primer sequences for these markers are available on-line
from the GenBank (http:/www.ncbi.nlm.nih.gov/gen-
bank/query_form.html). Markers were typed by use of
PCR conditions and electrophoresis protocols described
in the work of Friedman et al. (1994).

Dissection of Tumor Blocks

Paraffin-embedded tissue samples were cut into S-mi-
cron sections for staining with hematoxalin and eosin.
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Table 2
Primers That Amplify PTEN cDNA
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ALIGNMENT
TO PUBLISHED
CDNA SEQUENCES

PRiMER (nt)

- U93051 U92436 SiZE
EXONS Forward Reverse " (PTEN) (MMAC) (nt)
1-5 5'-CCCAGACATGACAGCCATCATC-3 §-GTGGTGGGTTATGGTCTTCAAAAG-3 1-289 1028-1323 296
4-6 5-CTGAAAGACATTATGACACCGCC-3' §-GTCTCTGGTCCTTACTTCCCCATAG-3  215-486 1249-1520 272
5-7 S-GGAAAGGGACGAACTGGTGTAATG-3'  5-AGCTGGCAGACCACAAACTGAG-3 379-659 1413-1693 281
6and 7 5-CAATGTTCAGTGGCCGAACTTG-3' S-TTTTCTGAGGTTTCCTCTGGTCC-¥ 611-866 1645-1900 256
7-9 5-CAAAGTAGAGTTCTTCCACAAACAG-3 §-TAGCCTCTGGATTTGACGG-3' 759-1078 1763-2112 320

With the H- and E-stained slide as a guide, normal and
tumor cells were microdissected from adjacent 10-mi-
.cron sections that had also been deparaffinized. Ge-
nomic DNA was extracted from the microdissected cells
by use of the manufacturer’s suggested protocol (Gentra
Systems).

Sequencing'Genomic DNA, for PTEN Mutations

To analyze patient DNA for mutations in the PTEN
gene, nested PCR products corresponding to each of the
nine exons were amplified. PCR primers are as described
by Steck et al. (1997). PCR products were purified by
centrifugation through Sephacryl 300 (Sigma) in 96-well
plates (Nalge Nunc International). Purified PCR prod-
ucts were quantified by visual inspection following elec-
trophoresis through 2% agarose gels and ethidium bro-
mide staining. Patient samples were sequenced by use of
Energy Transfer Dye Primers (Amersham). The sequenc-
ing products were resolved on an ABI377 fluorescent
DNA sequencer. Base calling of the trace files was done
by use of the ABI sequence-analysis software version 3.0.
PTEN-coding sequence and flanking splice junctions
were sequenced from 70 independent normal
chromosomes.

Transcript Analysis

Isolation of poly(A)* RNA was performed by use of
oligo-dT cellulose in a high-salt environment (Sambrook
et al. 1989). Patient and control mRNA was reverse
transcribed with random hexamers (Amersham) and Su-
perscript Moloney murine leukemia virus RTase (Gibco-
BRL), by use of standard procedures. Table 2 indicates

- the primer pairs used to amplify cDNA, the exons am-
plified by each pair, and the sizes of amplified products.

. PCR was performed for 35 cycles, at 94°C for 15 s,
55°C for 15 s, and 72°C for 1 min, and the products
were purified by centrifugation through Sephacryl-300
columns (Sigma). Purified PCR products were cycle se-
quenced by use of dye-terminator chemistry (Perkin El-
mer—ABI). Sequencing products were resolved on 4%

LongRanger acrylamide gels (FMC), with an ABI-377
fluorescent sequencer.

The existence of a pseudogene similar to PTEN com-
plicates mutation analysis of PTEN ¢cDNA. We used
cDNA to evaluate stability of mutant PTEN transcripts
but not as the template for original mutation detection.
Variants detected in cDNA can be inferred to be from
the PTEN gene if they are also observed in génomic DNA
amplified with PTEN-specific genomic primers.

Results
Mutations in Families

Mutations in the PTEN-coding sequence were iden-
tified in the seven families illustrated in figure 1. All seven
mutations involved single-nucleotide substitutions. Six
were nonsense mutations leading to immediate stops in
exons 1 and 5-8. One variant comprised two missense
mutations in exon 9, 1028 T—A (V342I) and 1039 T-C
(F346L), on the same parental chromosome. No poly-
morphisms in the PTEN-coding sequence were detected
in any of 70 unrelated chromosomes.

Germ-line mutations in PTEN and their associated
phenotypes are indicated in table 1 and figure 1. Multiple
invasive cancers occurred in the seven families with
germ-line mutations. Among 10 women >30 years of
age who had confirmed or probable germ-line muta-
tions, there have been eight breast cancers, three en-
dometrial cancers, one thyroid cancer, one malignant
neuroma, and one renal-cell carcinoma. Of the two adult
men with germ-line mutations, one died of intestinal
cancer at age 35 years, and the other was diagnosed
with brain cancer at age 42 years. _

Nonsense mutation 697 C—T in individual 9701 is de
novo. Parentage in family 97 was verified by multiple
markers on chromosome 10 (fig. 1). Both parents have

" wild-type sequence at bp 697 (fig. 2). It is not clear in

which parental chromosome the new mutation occurred.
Nonsense mutation R232X was observed previously in



Lynch et al.: Inherited PTEN Mutations 1257
Family 1163 Family 227 Family 241 ‘ Family 97
V342E 334X 334X 232X
F346L )
, A0 9o
Nr 33,34 Col 70 77 Int 34 34 Pré1 Ov 59
Br 50 VN NN NN NN
2§2 3|3 2|4 23
113 2]s 747 8|8
311 716 7]7 1|5
515 3|5 5|3 5|s
817 1l7 8|1 3|7
n o
End48 End42 Pin42 Brd42 - BrK,Utd2 14  GI polyps 10 Br27
VN NN VN VN
VN VN 3.3 D10S573 213 2|3 D10S5T3 2|3 p10ss73
7 8 D10S215 3s 1|5 D10s215 7|8 D10S21S
I 3 7 D10S541 7|6 3|6 D10s541 7|5 D10S541
2 5 D10S564 s|s 5|5 D10S564 5|5 D10s564
Thy 11 4 6 D10S583 717 8|7 D10os583 8{7 D10S583
Family 1085 * Family 903 Family 1130
188X 22X 109X 112
' 43
, (e <
47 Br31 Br 46 Br34 ; =11;ys|»oid
VN VN 3=GI, Kidney
4 = Prostate, ovary,
endometrial, breast
- = benign tumors
" [l = cancers
u o 0 3 .
23 22 Thy 18 8
Br24
VN VN
VN
Figure 1 Cancers and noninvasive lesions in families with PTEN germ-line mutations. Symbols are divided into segments on the basis of

organ site, with blackened ‘quadrants representing cancers and with gray-shaded quadrants representing noninvasive tumors. PTEN mutations
are indicated above each family, and the heterozygous variant (VN) or homozygous normal (NN) genotype for each tested individual is shown
below the symbol representing that individual. Haplotypes comprising five markers flanking PTEN are shown for families 227 and 241, to
demonstrate the independence of the 1003 C—T mutation. PTEN genotypes and marker haplotypes for family 97 indicate that the PTEN

mutation in the daughter is de novo.

a CD patient (Liaw et al. 1997) and occurs in a potential
tyrosine phosphate—acceptor motif (Steck et al. 1997).

The paired missense mutations in family 1163 oc-
curred in both affected relatives for whom DNA was
available. The wild-type transcript was present, but the
mutant transcript was absent, in RNA prepared from
whole blood of the affected individuals (fig. 2). Hence
the two missense mutations are likely to be on the same
chromosome. Mutation 1028 T—A changes the exon 9
splice acceptor from tagGT to tagGA and so may lead
to aberrant splicing of this last exon. The instability
could be due to the missense mutations or to aberrant
splicing.

Nonsense mutation 1003 C—T appeared in both in-
dividual 22701 and family 241, as independent muta-
tions. The haplotype constructed from D10S573,
D10S215, D10S541, D10S564, and D10S583 in family
241 (fig. 1) shares no alleles with the comparable hap-
lotype in patient 22701. Data from LOH studies of tu-
mor specimens further suggests that allele 7 at D10S541

is on the haplotype with the mutation in patient 22701
(see below). _

No germ-line mutations in the PTEN-coding sequence
were detected in two families with CD but no early-
onset cancers. Nor were germ-line PTEN mutations de-
tected in any of the 13 breast cancer families that have
wild-type sequence at BRCA1 and BRCA2. With the
screening method that we employed, genomic deletions
of an exon or more would not have been detected. How-
ever, large deletions do not appear to account for a sub- -
stantial proportion of germ-line PTEN mutations, al-
though these are common as somatic alterations (Li et -

-al. 1997; Steck et al. 1997).

LOH in Tumors

Biopsy specimens from renal-cell carcinoma, uterine
carcinoma, breast ductal carcinoma in situ (DCIS), and
thyroid adenoma of patient 22701 were evaluated for
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ACTHAGA RTTHGTC TRTNGAC

RTCHGTT

RTCAGT T ATCHG T7Y

ATCGGT T

Ll

1138.1 gDNA  1085.1 gDNR 22781 gONA

Nl Lol

903.1 gONR 22781 tumor 241061 gDNR 24181 cDNR
68 T»A 328 C»T 5635 AT 18683 C»T 1803 7 1883 C»T 1883 C
GOROGRRGCT GTACKNTC IGGTGRHGCTGTRCTTC GTCHTG T GTCGTGT 6GTCGTGT GTCGTGT
1163.1 gONR 1163.1 cDNRA 9701 gONR 9781 cONR 9782 gDNA 9783 gONA
1828 T»A 1839 7>C 10287 1839 T 697 C>T 697C 697C 697 C
Figure 2 PTEN sequences from genomic DNA (gDNA), tumor DNA, and constitutional cDNA, from families with inherited mutations

in this tumor-suppressor gene. Heterozygosity for inherited mutations in genomic DNA is illustrated for probands from seven families. Sequences
may be either sense or antisense; mutations are indicated for the sense strand. Sequence “22701-tumor” reflects hemizygosity for the mutant
PTEN allele in DNA from the renal-cell carcinoma of patient 22701. Sequences “24101 cDNA,” “1163.1 cDNA,” and “9701 cDNA” reflect
the presence of only the wild-type transcript in normal cells from individuals with mutations, consistent with instability of the mutant transcripts.
Sequences of genomic DNA from 9702 and 9703, parents of 9701, are homozygous normal, indicating that the mutation in individual 9701

is de novo.

LOH at PTEN bp 1003 and at markers D10S215,
D10S541, and D10S564. All tumors revealed both LOH
at the three markers and hemizygosity for the mutant
allele at the altered site (fig. 2). Loss of the normal allele
and retention of the mutant sequence support the hy-
pothesis that PTEN acts as a tumor suppressor. Normal
tissue surrounding the renal-cell carcinoma and the uter-
ine carcinoma were heterozygous at bp 1003, as ex-
pected. Interestingly, DNA from apparently normal tis-
sue adjacent to the DCIS and adjacent to the thyroid
adenoma was clearly hemizygous, retaining only wild-
type sequence.

Loss of Mutant Transcripts from Patient mRNA

For families 97, 241, and 1163, cDNA was prepared
from lymphoblast poly(A)* RNA, in order to test the
stability of mutant and wild-type transcripts. As shown
in figure 2, mutant transcripts were not detected in RNA
by dye-terminator sequencing. Loss of mutant tran-
scripts from patients with nonsense mutations is consis-
tent with degradation of these transcripts through a non-

sense-mediated pathway (Decker and Parker 1994;
Magquat 1996).

Discussion

The genetics of germ-line mutations in PTEN is con-
sistent with its somatic genetics and biochemistry, all of
which indicate that the gene is a tumor suppressor for
breast and other cancers (Li and Sun 1997; Lietal. 1997;
Liaw et al. 1997; Steck et al. 1997). The PTEN gene has
distinctive features at the levels of cells, families, and
species. First, the gene is highly conserved. Human and
mouse amino acid sequences are >97% identical (Steck
et al. 1997). The gene is also highly conserved within
humans. o :

Second, consequences of even minimal mutations may
be profound, even at the level of transcription. Non-
sense-mediated mRNA degradation leading to transcript
instability has been characterized in several species
{Leeds et al. 1991; Pulak and Anderson 1993; Cui et al.
1995). Nonsense-mediated mRNA degradation may
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play a role in the reduced mRNA expression of disease-
related nonsense mutations (Dunn et al. 1989; Lim et
al. 1992; Friedman et al. 1994; Menon and Neufeld
1994). The absence of mutant transcripts in cDNA from
affected individuals with PTEN germ-line nonsense mu-
tations suggests that the PTEN mutant transcript may
be degraded by a nonsense-mediated pathway.

Third, a high fraction of tumors have deleted the gene
and some flanking sequence. The phenotypes associated
with either somatic or germ-line mutations are highly
variable. In the same person, one germ-line mutation
and several somatic mutations may lead to tumors in
multiple organ systems. The multiple hamartomas in
various organs suggest expression in early development
and tissue differentiation. A gene critical to early de-
velopment could well be highly conserved among
species.

Lhermitte-Duclos disease is observed in some families
with CD and is associated with severe neurological
symptoms (Lhermitte and Duclos 1920; Albrecht et al.
1992). None of the patients with detected PTEN mu-
tations in our series were diagnosed with Lhermitte-Du-
clos disease. Because mutations in these families were
found throughout the gene, and because mutations in
families with Lhermitte-Duclos disease have been ob-
served in exons 2 and 5-7 and in intron 4 (Liaw et al.
1997; Nelen et al. 1997), it appears unlikely that mu-
tations causing Lhermitte-Duclos disease cluster in any
“one region of PTEN.

Fourth, a high proportion of observed mutations are
new, rather than persisting over several generations or
recurring as founder mutations in individuals who are
not closely related. PTEN mutations that were observed
in more than one family are independent events. These
characteristics may reflect mutation and selection inter-
acting in a particularly dramatic way for an important
gene. PTEN may be vulnerable to the entire range of
types of mutations, but the gene may be so functionally
constrained and so ubiquitously expressed that essen-
tially no alterations are benign.
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