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(GSK3-a), was the site of phosphorylation in each phospho-
peptide, both in vitro (Fig. 4b) and in vivo (not shown). The
**P-labelling of other (more acidic) tryptic phosphopeptides was
not increased by insulin (Fig. 4d). These peptides have been
noted previously in GSK3 from A431 cells and shown to contain
phosphoserine and phosphotyrosine'".

PKC-8, ¢ and { are reported to be activated by mitogens, and
PKC-{ activity is stimulated in vitro by several inositol phospho-
lipids, including PI(3,4,5)P;, the product of the PI 3-kinase
reaction®®. However, purified PKC-¢*’, PKC-8 and PKC-{ (data
not shown) all failed to inhibit GSK3-a or GSK3-B
in vitro. Moreover, although PKC-a, B1 and y inhibit GSK3-8
in vitro*’, GSK3-a is unaffected, while their downregulation in
L6 myotubes by prolonged incubation with phorbol esters abol-
ishes the activation of MAPKAP kinase-1 in response to subse-
quent challenge with phorbol esters, but has no effect on the
inhibition of GSK3 by insulin (not shown).

Taken together, our results identify GSK3 as the first physio-
logically relevant substrate for PKB. The stimulation of glycogen
synthesis by insulin in skeletal muscle involves the dephosphory-
lation of Ser residues in glycogen synthase that are phosphoryla-
ted by GSK3 in vitro®. Hence the 40-50% inhibition of GSK3 by
insulin, coupled with a similar activation of the relevant glycogen
synthase phosphatase®®, can account for the stimulation of gly-
cogen synthase by insulin in skeletal muscle’ or L6 myotubes™.
The activation of glycogen synthase and the resulting stimulation
of glycogen synthesis by insulin in L6 myotubes is blocked by
wortmannin, but not by PD 98059 (ref. 29), just like the activa-
tion of PKB and inhibition of GSK3. However, GSK3 is unlikely
to be the only substrate of PKB in vivo, and identifying other
physiologically relevant substrates will be important because
PKB-B is amplified and overexpressed in many ovarian
neoplasms™. O
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IN Western Europe and the United States approximately 1 in 12
women develop breast cancer. A small proportion of breast cancer
cases, in particular those arising at a young age, are attributable
to a highly penetrant, autosomal dominant predisposition to the
disease. The breast cancer susceptibility gene, BRCA2, was
recently localized to chromosome 13q12-q13. Here we report the
identification of a gene in which we have detected six different
germline mutations in breast cancer families that are likely to be
due to BRCA2. Each mutation causes serious disruption to the
open reading frame of the transcriptional unit. The results indicate
that this is the BRCA?2 gene.
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Abnormalities of several genes are known to confer suscept-
ibility to breast cancer. The BRCAI gene accounts for the large
majority of families with both breast and ovarian cancer cases,
but only half of families with site-specific breast cancer'. Using
families with multiple cases of early-onset breast cancer showing
evidence against linkage to BRCAI we recently demonstrated
the existence of a second major breast cancer susceptibility locus,
BRCA2, on chromosome 13q12-q13 (ref. 2). Preliminary studies
indicate that mutations in BRCA2 confer a similar risk of female
breast cancer to BRCAI. However, the risk of ovarian cancer
appears to be lower and the risk of male breast cancer substan-
tially higher. Risks of other cancers, including prostate and
laryngeal cancer, may also be clevated in carriers of BRCA2
mutations (unpublished data).

BRCA2 was originally positioned within a 6-cM region
between D135289 and D13S267 that was defined on the basis
of meiotic recombinants in early-onset breast cancer cases within
clearly linked families®>. (The genetic map in this region is
centromere-D135289-3cm-D135260-1cM-D13S171-2cM-
D135267-telomere’.) We further mapped the centromeric boun-
dary of the interval within which the gene lies to D135260 using a
set of Icelandic families (unpublished data). Subsequently, using
recombinants in other families and additional microsatellite mar-
kers isolated from the region, we established that BRCA2 is
likely to be located in a 600-kb interval centred around D/3S171.
An unexpected contribution to the fine localization of BRCA2
was provided by the detection of a homozygous somatic deletion
in a single pancreatic cancer®. The centromeric boundary of this
deletion is approximately 300 kb centromeric to D/3S171 and
the telomeric boundary close to, but still centromeric of,
DI13S171 (ref. 5). Despite the ambiguity of the relationship
between this deletion and BRCA2, we combined the genetic
recombinant information from families and the physical localiza-
tion from the homozygous deletion, and prioritized analysis of
the 300-kb region immediately centromeric to D/3S171.

FIG. 1 Detection of the BRCA2 gene mutation in family IARC 2932.
Mutation screening by migration shift assays. The arrows indicate
abnormally migrating bands in two early onset breast cancer cases from
IARC 2932.

METHODS. A ?P-labelled, 271-bp genomic fragment was amplified from
lymphocyte DNAs from affected individuals in 46 breast cancer families.
The PCR product was denatured in 50% formamide and electrophor-
esed through a, 4.5% non-denaturing polyacrylamide gels and b, 6%
denaturing polyacrylamide gels.

Yeast artificial chromosome (YAC)® and P1 artificial chromo-
some (PAC)’ contigs extending approximately 700 kb centro-
meric and 300 kb telomeric to D13S171 were constructed and a
minimally overlapping set of 14 PACs was identified.
Transcribed sequences located on these genomic contigs were
identified using two methods: exon amplification (exon trap-
ping) from subcloned PAC DNAS®, and direct selection by solu-
tion hybridization of complementary DNA to PAC genomic
DNA’. To identify BRCA2, genomic DNA fragments of less
than 300 bp containing putative coding sequences were screened
for mutations. At least one affected member of 46 breast cancer
families was examined. Each family included in this set either
shows evidence of linkage to BRCA2, and/or shows evidence
against linkage to BRCA1I, and/or has not been found to carry
a BRCAI mutation, and/or includes a case of male breast
cancer. Most, but probably not all, of these families would be
expected to have cases caused by BRCA2 mutations.

Disease-associated mutations in most known cancer suscept-
ibility genes usually result in truncation of the encoded protein
and inactivation of critical functions. In the course of the muta-
tional screen of candidate coding sequences from the BRCA2
region, the first detected sequence variant that was predicted to
disrupt translation of an encoded protein was observed in IARC
2932 (Fig. 1). This family is clearly linked to BRCA2 with a
multipoint LOD score of 3.01 using D/3S260 and D13S267. A
deletion of 6 bp removes the last five bases of the exon examined
(exon S66), deletes the conserved G of the 5’ splice site of the
intron, and directly converts the codon TTT for phenylalanine
to the termination codon TAA. By sequencing, this mutation
has been detected in lymphocyte DNA from two other early-
onset breast cancer cases in this family. The individuals exam-
ined share only the disease-associated haplotype. The mutation
is absent in more than 500 chromosomes from normal indi-
viduals and in the remaining families and cancers. This finding
therefore identified a strong candidate for the BRCA2 gene.

TABLE 1 BRCA2 mutations in breast cancer families

FBCs FBCs <50 OvCs
IARC 2932 15 10 0
IARC 3594 6 5 0
CRC B211 5 3 4
CRC B196 17 12 0
Montreal 681 3 2 0
Montreal 440 2 2 0

LOD score LOD score

MBCs at BRCA1 at BRCA2 BRCA2 mutation
[¢] —2.38 3.01 CCC.TTT.CGgtaa
0 nd nd CAT.AAC.TCT.CTA
0 -0.48 0.49 AGT.CTT.CAC
[¢] —-221 0.92 AAA.ACT.GAA.ACT
1 nd nd GCA.AGT.GGA
2 nd nd GAT.AAA.CAA.GCA

LOD scores at BRCA1 were calculated using the markers D17S250 and D17S579; those at BRCA2 were calculated using the markers D13S260
and D13S267. Exon sequence is denoted by upper case, intron sequence by lower case; Codons are indicated by stops. The underlined letters
indicate the deleted bases in each family. Abbreviations: FBCs, female breast cancers; OvCs, ovarian cancers, MBCs, male breast cancers.
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FIG. 2 Predicted amino acid sequence of the BRCA2
gene. The positions of the frameshift mutations indica-
ted in Table 1 are boxed, and the positions of intron—
exon boundaries are arrowed above the amino acid
sequence.

METHODS. Exon S66 and others that had been trapped
in association with it were used to isolate segments of
the candidate cDNA by hybridization to normal human
fetal brain, placental, monocyte and breast cancer cDNA
libraries. Additional fragments were isolated by PCR
amplification from known exon sequences to vector
ends. In the course of these analyses, other previously
trapped exons and cDNAs selected by solution hybrid-
ization were incorporated into an extended cDNA
sequence. In addition, the exon prediction program
Genemark was used to define the location of adjacent
candidate transcribed sequences from the genomic
sequence. Putative intron—exon boundaries were con-
firmed by amplification from cDNA and direct sequenc-
ing of amplification products. Northern analysis
indicates that the transcript from the BRCA2 gene is
large (approximately 10-12 kb), and hence the N term-
inus of the BRCA2 protein may well be missing from the
above sequence.

HIGKSMPNVLEDEVYETVVDTSEEDSFSLCFSKCRTKNLQKVRTSKTRKKIFHEANADEC
EKSKNQVKEKYSFVSEVEPNDTDPLDSNVANQKPFESGSDKISKEVVPSLACEWSQLTLS
GLNGAQMEKIPLLHISSCDQNISEKDLLDTENKRKKDFLTSENSLPRISSLPKSEKPLNE
ETVVNKRDEEQHLESHTDCILAVKQAISGTSPVASSFQGIKKSIFRIRESPKETFNASFS
GHMTDPNFKKETEASESGLEIHTVCSQKEDSLCPNLIDNGSWPATTTQNSVALKNAGLIS
TLKKKTNKFIYAIHDETSYKG](KIPKDQKSELINCSAQFEANAFEAPLTFANAD!GLLHS
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To characterize this gene further, exon S66 was used to isolate
a series of cDNA clones which represented segments of the
BRCA?2 candidate (see Fig. 2 legend). At this stage the initial
shotgun sequence data from a 900-kb region thought to contain
BRCA2 was completed at the Sanger Centre and Washington
University and became available to us through the public release
of the assembled sequence (at ftp://ftp.sanger.ac.uk/pub/
human/sequences/13q and ftp://genome.wustl.edu/pub/gscl/
brca2 from 23 November 1995). From alignment of the cDNA
and genomic sequence data, the candidate BRCA2 gene was
found to lie in three sequence contigs which also contained other
previously isolated transcribed sequences. The exon and open
reading frame prediction program Genemark was used to define
putative additional 5 exons of the gene. Contiguity of the
transcription unit was confirmed by reverse-transcription-poly-
merase chain reaction (RT-PCR) on cDNA and sequence ana-
lysis. The availability of extensive sequence information at the
c¢DNA and genomic level allowed mutational analysis of further
coding regions of the putative BRCA2 gene in samples from
breast cancer families.

A TG deletion and a TT deletion were detected in families
CRC B196 and CRC B211 respectively (Table 1). In both famil-
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ies the mutation has been detected by sequencing other indi-
viduals with early onset breast cancer who share only the
haplotype of 13q microsatellite markers that segregates with the
disease. Therefore, the mutations are on the disease-associated
chromosomes. A CT deletion was detected in family IARC 3594.
This mutation has arisen within a short repetitive sequence
(CTCTCT), a feature that is characteristic of deletion/insertion
mutations in many genes, and which is presumed to be due to
slippage during DNA synthesis. Finally, a T deletion and an
AAAC deletion have been found in Montreal 681 and 440,
respectively. Both these families include a male breast cancer
case, and previous analyses have indicated that the large major-
ity of such families will have BRCA2 mutations'’. All these mut-
ations are predicted to generate frameshifts leading to premature
termination codons. None of the mutations have been found in
over 500 chromosomes from healthy women and are therefore
unlikely to be polymorphisms. The identification of several
different germline mutations that truncate the encoded protein in
breast cancer families that are highly likely to be due to BRCA2
strongly suggests that we have identified the BRCA2 gene.
Northern analysis has demonstrated that BRCA2 is encoded
by a transcript of 10-12 kb (data not shown), which is present
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in normal breast epithelial cells, placenta and the breast cancer
cell line MCF7. This suggests that our present contig of cDNAs
covering approximately 7.3 kb (including 300 bp of 3’ untrans-
lated sequence) may not include the whole BRCA2 coding
sequence. The known sequence of 2,329 amino acids encoded by
the BRCA2 gene does not show strong homology to sequences in
the publicly available DNA or protein databases, and therefore
we have no clues to its functions. However, some weak matches
were detected including, intriguingly, a very weak similarity to
the BRCAI protein over a restricted region (amino acids 1394-
1474 in BRCA1, and 1783-1863 in the portion of BRCA2 shown
in Fig. 2). The significance of this is unclear.

Loss of heterozygosity on chromosome 13q has been observed
in sporadic breast and other cancers, suggesting that there is a
somatically mutated tumour suppressor gene in this region'' ™"
BRCA?2 is a strong candidate for this gene, and the analysis of
a large series of cancers is underway to investigate if BRCA2 is
somatically mutated during oncogenesis.

The identification of BRCA2 should now allow more compre-
hensive evaluation of families at high risk of developing breast
cancer. However, the roles of environmental, lifestyle or genetic
factors in modifying the risks of cancer in gene carriers are
unknown, and further studies will be required before routine
diagnosis of carrier status can be considered. (]
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Cloning and functional
expression of a
rat heart K, channel

M. L. J. Ashford, C. T. Bond, T. A. Blair
& J. P. Adeliman

Nature 370, 456-459 (1994)

IN this letter we described the cloning and expression of an
inward rectifier potassium-channel subunit from rat heart (Kir
3.4) which, when transfected into HEK293 and BHK21 cells,
endowed them with ATP-sensitive potassium channels. Since this
paper appeared, we have not been able regularly to reproduce
those findings. In addition, the data presented by Krapivinsky
et al." presents a compelling argument that Kir 3.4 is an intrinsic
component of the channel underlying Ixacn in atrium, and that
it does not contribute to the channel underlying cardiac Ixare.
Therefore, we cannot support our previous statement that Kir
3.4 represents a subunit of cardiac Karp channels. O

1. Krapivinsky, G. et al. Nature 374, 135-141 (1995).

YOURS TO HAVE AND TO HOLD

Photocopying copyright material
without permission is no different from

only it doesn’t seem like theft.

The publication you are reading is If you take photocopies from books,

protected by copyright law. magazines and periodicals at work CL A!

your employer should be licensed

stealing a magazine from a newsagent, Make sure you are protected by a 90 Tottertham Court Road, London W1P OLP

‘%.

with CLA.
The Copyright Licensing Agency Limited

photocopying licence.

Telephone: 0171 436 5931 Fax: 0171 436 3986

792

NATURE - VOL 378 - 21/28 DECEMBER 1995

© 1995 Nature Publishing Group



