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(GSK3-a), was the site of phosphorylation in each phospho-
E‘cptidc. both in vitre (Fig. 4b) and in vive (not shown). The
“P-labelling of other (mere acidic) tryptic phosphopeptides was
not mcreased by insulin (Fig. 4d). These peptides have been
noted previously in GSK3 from A431 cells and shown to contain
phosphoserine and phosphotyrosing'.

PKC-8. € and £ are reported to be activated by mitogens, and
PKC-{ activity is stimulated in vitre 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-v or GSK3-B
in vitre. Moreover, although PKC-a, Bl and y inhibit GSK3-B
in vitre™’. GSK3-u is unaffected, while their downregulation in
L6 myotubes by prolonged incubation with phorbol esters abol-
ishes the activation of MAPK AP kinase-1 in response to subsc-
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 GSK 3. However, GSK 3 is unlikely
to be the only substrate of PKB in vive, and identifying other
physiologically relevant substrates will be important because
PKB-p is amplified and overexpressed in many ovarian
neoplasms™. a
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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 predispoesition 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 BRCA2 gene.
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Abnormalities of several genes are known to confer suscept-
ibility to breast cancer. The BRCA/ gene accounts for the large
majority of familics with both breast and ovarian cancer cases,
but only half of families with site-specific breast cancer'. Using
families with multiple cases of carly-onset breast cancer showing
evidence against linkage to BRCAI we recently demonstrated
the existence of a sccond major breast cancer susceptibility locus,
BRCA2, on chromosome 13q12-q13 (rcf. 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 BRCAZ
mutations (unpublished data).

BRCA2 was originally positioned within a 6-cM region
between D13S289 and £735267 that was defined on the basis
of meiotic recombinants in early-onsct breast cancer cases within
clearly linked families®. (The genetic map in this region is
centromere-D/35289-3cm-D735260-1cM D{35171-2cM-
D1385267—telomere’.) We further mapped the centromeric boun-
dary of the interval within which the gene lies to D735260) using a
set of [celandic families (unpublished data). Subsequently, using
recombinants in other families and additional microsatellite mar-
kers isolated from the region, we established that BRCAZ2 is
likely to be located in a 600-kb interval centred around D/3S771.
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 £2735/7/ and
the telomeric boundary close to, but still centromeric of,
DI35171 (ref. 5). Despitc 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{35171.

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

METHODS. A *2P-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 electropher
esed through a, 4.5% non-denaturing polyacrylamide gels and b, &%
denaturing polyacrylamide gels.

Yeast artificial chromosome (YAC)® and P1 artificial chrome
some (PAC)’ contigs extending approximately 700 kb centro
meric and 300 kb telomeric to DI35171 were constructed and i
minimally overlapping set of 14 PACs was identified
Transcribed sequences located on these genomic contigs wer
identified using two methods: exon amplification (exon trap
ping) from subcloned PAC DNAF®, and direct selection by sol
tion hybridization of complementary DNA to PAC genomi
DNA’. To identify BRCA2, genomic DNA fragments of les
than 300 bp containing putative coding sequences were screened
for mutations. At least one affected member of 46 breast cance
families was examined. Each family included in this set eithe
shows evidence of linkage to BRCA2, and/or shows evidenc
against linkage to BRCAI, and/or has not been found to carti
a BRCA! mutation, and/or includes a case of male breaj
cancer. Most, but probably not all, of these families would b:
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 protel
and inactivation of critical functions. In the course of the muta
tional screen of candidate coding sequences from the BRCA!
region, the first detected sequence variant that was predicted i
disrupt translation of an encoded protein was observed in [ARC
2932 (Fig. 1). This family is clearly linked to BRCA2 withi
multipoint LOD score of 3.01 using D/35260 and D135267. 4
deletion of 6 bp removes the last five bases of the exon examina
{exon S66), deletes the conserved G of the 5° splice site of
intron, and dircctly converts the codon TTT for phenylalanis
to the termination codon TAA. By sequencing, this mutatiol
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 mutatial
is absent in more than 500 chromosomes from normal ind
viduals and in the remaining families and cancers. This findin}
therefore identified a strong candidate for the BRCAZ gene.

TABLE 1 BRCAZ mutations in breast cancer families

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

LOD score LOD score
MBCs at BRCAL at BRCA2 BRCAZ2 mutation

0 ~2.38 3.01 CCC.TTT.CGgtaa =
0 nd nd CAT.AAC.TCT.CTA
0 —-0.48 0.49 AGT.CTT.CAC g
0 221 0.92 AAAACT.GAAACT

1 nd nd GCA.AGT.GGA

2 nd nd GAT.AAA.CAA.GCA

LOD scores at BRCA1 were calculated using the markers D175250 and D175579; those at BRCAZ were calculated using the markers D13524
and D13S267. Exon sequence is denated by upper case, intron sequence by lower case; Codons are indicated by stops. The underlined lettel
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—
gon 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
librarles. Additional fragments wete isolated by PCR
amplification from known exon sequences to vectar
ends. In the course of these analyses, other previously
trapped exons and cDNAs selected by solution hybyrid-
lzation 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 ¢DNA and direct sequenc-
Ing of amplification products. MNorthern analysis
Indicates that the transeript 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.

HIGKSMPNVLEDEVYETVVDTSEERSFSLCFSKCRTENLGEVRETSKTREEIFHEANADEC
ERSKNQVKERY SFVEEVEPNDTDPLDSNVANOKPFESGSDKISKEVYPSLACEWSQLTLS
GLNGAQMEKIFPLLHISSCOQNISEKDLLDTENKREKDF LTS ENSLPRIGSLPESEKPLNE
ETVVNKRDEEQHLESH&DCILRVKQRISGTSPVBSSFQGIKKSIFRIRESPKETFNRSFS
GHMTDFNFEKETEASESGLETHTVCSOREDSLCPNLIDNGSWPATTTONSVALKNAGLIS
TLEKKTNKFIYAIHDETSYKGEKIPEDQKSELINCSAQF EANAFEAPLTFRH.&D&?LLHS
BVERSCSONDEEEPTLSLTSSFGTILRRECSRNETCSNNTYV ISODLDOYEEAKCNEEELQLF
ITPEADSLSCLOEGOCENDPESKEVSD I KEEVLAARCHFVOHSEVEYSDTOFOSQESLLY
DHERASTLILTPTSKDVLENLVMI SRCKESYEMEDELEGNNYESDVELTENI PMEKNQDV
CALNENYKNVELLPPEKYMRVASPSREVUFNQNTNLRVIQENQEETISISKEITVNFDSER
LFSDNENHFVFQVANERNNLALGNTKELHETDLTCVNERIFKNS 'l'MVL‘x'(-}DTG'TQV
SIKEDLVYVLAEENKNSVKQHIKMTLGODLESDISLNIDKIFPEKNNDYMNEWAGLLGPIS
NHSFGGSFRITASNKEIKLSEHNIKRSEMFFEDIEEQYPTSLACVEIVNTLALDNQEELSK
POSINTVERHLOSSVVVEDCKNSHITPOMLFSKEQDFHSNHNLTPSQEEQITELSTILEDS
GEQFEFTRFREPSYILORSTREVEPENOMT ILK T TSEECRDADLHV IMNARS IGQVDSSEKQ
FEGTVEIKRKFAGLLEKNDCHESASGYLTDENEVEFRGFYSAHGTELNVS TEALQKAVELF
SDIENISEETSAEVHPISLSSSKCHISYVEMFK IENHNDKTVSEENNECOLILONNIEMT
TGIPFVEEI TENYRRNTENEDNKYTAASRNSHNLEFDGSDS SKNDTVC IHEDETDLLETDO
HNICLELSGQFMEEGNTQIREDLSDLTFLEVAKAQEACHGNTSHEEQLTATETEQNIEDF
ETSDTFFTASCENISVAKESFNEIVNFFOQKPEELHNFSLNSELHSD IRKNKMDILEYE
ETDIVEHEILKESVPVGTGNQLVTFQGQPR ERUEKIKEPTLLGFHTAEGK!(VKI_LKESLDK
VENLFDEREQGTSEITSFSHOWARTLRKYREACKDLELACETIETI TAAPKCKEMONSLNND
KNLVSIETVVPPELLSDNLCRQTENLKTSKS IFLEVEVHENVERETAESPATCY TNQSPY
SVIENSALAFYTSCSRETSVEQTSLLEAKEWLREGIFDGQPERINTADYVEHYLYENNSN
STIAENDENHLSEKQDT Y LSNSSMENSYSYHEDEVYNDSGYLEKNKLDSGIEPVLENVED
CRNTEFSRVISHVEDANAYPQTVNEDICVEELVTSSSPCENENRATKLSISHSNNFEVGE
PAFRIASGKIVCVSHET IKKVEDIFTDSFSKVIKENNENKSKICUTKIMAGCYEALDDSE
oI LLDNDECS THEHKVFADIQSEEILOHNONMSGLEKVSKISPCOVSLETSDICKES
IGKLHESVSSANTCGIFESTASGESVOVEDASLONARQVFSEIEDSTKQVFSEVLFESNEH
SDOLTREENTAIRTPEHLISQKGFSYNVVNSSAFSGFSTASGKQVS ILESSLHEVEGYLE
EFDLIRTEH#@HYSPTSRQNUSKILPRUDKRNDEHCVNSEMEKTCSKEFKLEHNLNVEGG
SEENNHSIKVEFYLSOFQODKQQLVLGTEVSLVENTHVLGREQASPENVEMET G?FS
DV EPVETNIEVCESTYSKDSENYFETEAVEIARAFMEDDELTDSELPSHATHSLFTCFENEE
HVLSNSRIGERRGEPLILVGEPSIKRNLLNEFDRT IENQEKSLKLSKSTPJ!’.:T IKDRRLF
VHHVSLRPITCVPE%ETKERQEIQNPNETAPGQEFLSKSHLYBHLTLEKSSSNLAVSGHP
FYQVSGNXNéKMRKLITTGRPTKVPVPPFKTKEHFHRVEQCVRNINLEGHRQKQNIDGHG
SDDSKNKINDNEIHQFNENNSHQAARAVTIFTEKCEEEPLOLITSLONARDIODMRI KEKQRQ
RVPPQPGSLYLAKTSTLPRISLKAAVGGQVPS§E5HKQLYTYGVSKHCIKINSKNAESFQ

FHTEDYFGKESLWTGKGIQLADGGWLIPSNDGKHGKEEFYR;LCDVKAT
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To characterize this gene further, exon S66 was used to isolate
4 series of cDNA clones which represented segments of the
BRCA2 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://fip.sanger.ac.uk/pub/
human,/sequences/13q and ftp://genome.wustl.edu/pub,/gscl /
brea2 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
transeription 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
eDNA 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-

NATURE « VOL 378 - 21/28 DECEMBER 1995

ics 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 BRCA?2
strongly suggests that we have identified the BRCA2 gene.
Northern analysis has demoenstrated 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 thercfore
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 BRCA!, 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?Z is a strong candidate for this gene, and the analysis of
a large series of cancers is underway to investigate if BRCAZ2 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 cartiers 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. Adelman

Nature 370, 456 459 (1994)

I~ this letter we described the cloning and expression of ai
inward rectifier potassium-channel subunit from rat heart (Ki
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 Krapivinsk
et al.' presents a compelling argument that Kir 3.4 is an intrinsi
component of the channel underlying Tgacy in atrium, and thal
it does not contribute to the channel underlying cardiac Ixatp.
Therefore, we cannot support our previous statement that Ki
3.4 represents a subunit of cardiac Karp channels. N

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