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Loss of heterozygosity data from familial tumors suggest that BRCA1, a gene that confers 
susceptibility to ovarian and early-onset breast cancer, encodes a tumor suppressor. The 
BRCAl region is also subject to allelic loss in sporadic breast and ovarian cancers, an 
indication that BRCAl mutations may occur somatically in these tumors. The BRCAl 
coding region was examined for mutations in primary breast and ovarian tumors that show 
allele loss at the BRCAl locus. Mutations were detected in 3 of 32 breast and 1 of 12 
ovarian carcinomas; all four mutations were germline alterations and occurred in early- 
onset cancers. These results suggest that mutation of BRCA1 may not be critical in the 
development of the majority of breast and ovarian cancers that arise in the absence of 
a mutant germline allele. 

A11 familial tumor suppressor genes identi- 
fied to date incur somatic mutations at 
some frequency in tumors of the same type 
that arise in genetically predisposed indi- 
viduals. For example, germline mutations in 
the APC gene, which predisposes individu- 
als to adenomatous polyposis coli, dramati- 
cally increase the risk of colon cancer. The 
APC gene is frequently inactivated by so- 
matic mutations of both alleles in the ma- 
jority of sporadic colon tumors (1 ). This 
observation fits the classical two-hit model 
for inactivation of tumor suppressor genes 
formulated first by Knudson (2). A hall- 
mark of somatic inactivation of tumor SUD- 

pressor genes is loss of one copy of the gene 
in tumors [detected by loss of heterozygosity 
(LOH) for markers in or near the gene] 
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with the remaining copy generally being 
inactivated by point mutations. 

Mutations in the BRCAl gene predis- 
pose carriers to early-onset breast cancer 
and ovarian cancer (3). The gene has been 
localized to chromosome 17q12-q2 1 by 
linkage analysis of kindreds that segregate 
BRCAl susceptibility alleles (4,5). Tumors 
from affected BRCAl carriers show LOH in 
the BRCAl region that invariably involves 
loss of the normal BRCAl allele (6). The 
BRCAl region also displays LOH in 30 to 
70% of sporadic breast and ovarian cancers 
(7-1 1). Collectively, these observations 
support the hypothesis that BRCAl is a 
tumor suppressor gene that has a role in 
both inherited and sporadic breast and 
ovarian tumors. 

If BRCAl is the critical gene deleted by 
LOH in sporadic tumors, the remaining 
allele would be expected to contain inacti- 
vating mutations in BRCAl. The identifi- 
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Fig. 1. Loss of heterozygosity (LOH) at the 
BRCA 1 intragenic D l  7S1323 simple tandem re- 
peat marker in breast and ovarian carcinomas. N, 
normal (blood) DNA; T, tumor DNA. Lanes 1 to 3, 
breast carcinomas showing loss of the upper al- 
lele in each case; lanes 4 to 6, ovarian carcinomas 
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cation of BRCAl by positional cloning (1 2) 
allowed us to test this hypothesis directly. 
We typed primary breast and ovarian carci- 
nomas for LOH using three highly poly- 
morphic simple tandem repeat markers: 
Dl 7S1323 (Fig. 1) and Dl 7S855, which are 
intragenic to BRCAl, and D17S1327, 
which lies approximately 100 kb distal to 
BRCAl (13). Thirty-six of 72 breast carci- 
nomas (50%) and 12 of 21 ovarian carci- 
nomas (57%) showed LOH, frequencies 
consistent with previous measurements (7- 
11 ). A panel of 32 breast and 12 ovarian 
tumors exhibiting LOH were examined for 
BRCAl mutations. This panel represents 
Caucasian and African American patients 
of varying ages (Table 1). We screened the 
complete coding region of 5589 base pairs 
(bp) and intron-exon boundary sequences 
of BRCAl in this tumor set by direct se- 
quencing alone or by a combination of sin- 
gle-strand conformation analysis (SSCA) 
and direct sequencing (1 4). 

A total of four mutations were found, 
one in an ovarian tumor and three in breast 
tumors (Table 2). One mutation, 
Glul541Stop, introduced a stop codon that 
would create a truncated protein missing 
323 amino acids at the COOH-terminus 
(Fig. 2). The other three were missense 
mutations, two of which [Ala1708Glu and 
Met1775Arg (Fig. 3, A and C)] involve 
substitutions of small, hydrophobic residues 
by charged residues, and the third 
(Pro1637Leu), found in an ovarian tumor, 
involves a more conservative substitution 
(Fig. 3, B and D). 

Several lines of evidence suggest that all 
four mutations represent BRCAl suscepti- 
bility alleles. (i) All mutations found are 
present in the germ line. (ii) All mutations 
are absent in appropriate control popula- 
tions, suggesting that they are not common 
polymorphisms (15). (iii) The mutant al- 
leles are always retained in the tumor, as is 

Table 1. Age of breast cancer onset and race of 
patients studied. MSKCC, Memorial Sloan-Ket- 
tering Cancer Center; SEER, Surveillance, Epide- 
miology, and End Results program; Cau, Cauca- 
sian; Af Am, African American. 

Age Race 

45 Or Over 45 Cau Af Am under 

Breast tumors 
MSKCC 8(44%) 10(56%) 1 6(89%) 2(11%) 
Duke 5(36%) 9(64%) 6(43%) 8(57%) 
USA (14%) (86%) 

SEER' 
Ovarian tumors 

Duke 3(25%) 9(75%) 9(75%) 3(25%) 
USA (13%) (87%) 

SEER* 

120 SCIENCE VOL. 266 7 OCTOBER 1994 



the case in tumors from patients belonging 
to kindreds that segregate BRCAl suscepti- 
bilitv alleles (6) (if the mutations remesent- . . .  
ed neutral polymorphisms, they should be 
retained in onlv 50% of the cases). (iv) The . . ,  
age of onset in the three breast cancer cases 
with mutations varied between 24 and 42 
years of age, consistent with the early onset 
of breast cancer in individuals with BRCAl 
susceptibility; similarly, the ovarian cancer 
case was diagnosed at age 44, an age that 
falls in the youngest 13% of all ovarian 
cancer cases (Table 1). (v) Two of the four 
cases had positive family histories of breast 
or ovarian cancer found retrospectively in 
their medical records, although the tumor 
set was not selected with regard to this 
criterion. Patient BT106 was diagnosed at 
age 24 with breast cancer. Her mother had 
ovarian cancer, her father had melanoma, 
and her paternal grandmother also had 
breast cancer. Patient MC44, an African 
American, had bilateral breast cancer at age 
42. This patient had a sister who died of 
breast cancer at age 34, another sister who 
died of lymphoma, and a brother who died of 
lung cancer. Her mutation (Met1775Arg) 
had been detected previously in kindred 
2099, an African American family that seg- 
regates a BRCAl susceptibility allele (1 2), 
and was absent in African American and 
Caucasian controls. Patient MC44 is to our 
knowledge unrelated to kindred 2099. The 
detection of a rare mutant allele, once in 
a BRCAl kindred and once in the germ 
line of an apparently unrelated early-onset 
breast cancer patient, suggests that the 
Met1 775Arg change may be a common pre- 
disposing mutation in African Americans. 
Collectively, these observations indicate 
that all four BRCAl mutations in tumors 
represent susceptibility alleles; no somatic 
mutations were detected. 

The absence of somatic mutations in 
BRCAl is unexpected, given the frequency 
of LOH on 17q and the usual role of sus- 

Fig. 2. Gerrnline BRCAl mutation in patient 
BT098. Sequence analysis shows a nonsense 
germline mutation in patient BT098. Lane 1, nor- 
mal (blood) DNA control; lane 2, patient's blood 
DNA; and lane 3, patient's tumor DNA. The arrow 
indicates a G+T transversion creating a 
GAG+TAG nonsense mutation on the sense - 
strand in the patient DNA samples. This alteration 
appears in the germline DNA of this individual and 
is increased in relative intensity in her tumor DNA, 
reflecting LOH for the normal allele in the tumor. 

ceptibility genes as tumor suppressors in 
cancer progression. There are several possi- 
ble explanations for this result. One possi- 
bility is that some BRCAl mutations were 
missed by our screening procedures. How- 
ever, selection of a tumor panel with de- 
monstrable LOH in the region should have - 
enhanced our ability to detect point muta- 
tions that might otherwise be obscured by 
normal cell contamination. Indeed, our 
analysis identified all five coding region 
polymorphisms found in the 17q-linked 
kindreds (1 2), as well as two intron poly- 
morphism~ that are common in the general 
population (1 6) and are therefore unlikely 
to have functional significance. Complete 
deletions of specific polymerase chain reac- 
tion (PCR) targets may have escaped detec- 
tion. The selection of the tumor set on the 
basis of LOH would have eliminated any 
tumors that had homozygous deletions, as 
informative cases would have appeared as 
having retained both alleles as a result of 
normal tissue contamination. 

A second possibility is that BRCAl so- 

matic mutations may fall primarily in non- 
coding sequences. Such mutations could af- 
fect mRNA levels, as appears to occur with 
one of the BRCAl germline susceptibility 
mutations (12). To test for altered expres- 
sion of BRCAl, we used reverse transcrip- 
tase-PCR to monitor BRCAl mRNA in 
nine breast cancers and 12 ovarian cancers. 
In all samples the BRCAl transcript levels 
were comparable to those in normal breast 
and ovarian tissue controls, and there was 
no evidence of aberrantly sized PCR prod- 
ucts (1 7). The BRCAl transcript undergoes 
complex splicing (1 2), and it is conceivable 
that subtle alterations in splice site usage 
may modulate function, a point that will 
require further investigation. 

Finally, it is possible that 17q LOH may 
not reflect somatic inactivation of BRCAl. 
The presence of other tumor suppressor 
genes on chromosome 17, such as TP.53, 
may contribute to LOH that incidentally 
includes the BRCAl region. Deletion units 
on 17q adjacent to the BRCAl locus have 
been detected in several breast and ovarian 

Table 2. Germline mutations of the BRCA1 gene in breast and ovarian cancer patients. 

Patient Codon Nucleotide Amino acid Age of Family 
change change onset histoty 

BT098 1541 GAG-TAG Glu+Stop 39 - 
OV24 1637 CGA+CIA Pro+ Leu 44 - 
BT106 1708 GCG+GAG Ala+Glu 24 + 
MC44 1775 AIG+AGG Met+Arg 42 + 
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in tumor DNA (lane 2) of patient OV24. (6) SSCA 
showing mobiliy shift in tumor DNA (lane 3) of patient MC44. (C) ABI electropherograms of OV24 normal 
and tumor DNA sequences. The arrow indicates the heterozygous germline C/T (denoted by N), and the 
T allele is retained in the tumor. This C-+T transition results in a Pro1 637Leu alteration. (0) ABI electro- 
pherograms of MC44 normal and tumor DNA; the antisense strand is shown. The arrow indicates the 
heterozygous germline A/C (denoted by N). This A+C transversion results in an AIG-+AGG 
(Met1 775Arg) change on the sense strand. 
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tumor sets (8, 1 1, 18, 19). The proportion 
of incidental BRCAl LOH attributable to 
linked genes awaits isolation and charac- 
terization of these putative 17q tumor 
suppressor loci. Also, a proportion of the 
allelic losses observed may be explained 
by the background of random aneuploidy 
in breast tumors, which averages as much 
as 15% (20). 

If confirmed by further studies, the ab- 
sence of somatic BRCA1 mutations implies 
that there may be a fundamental difference 
between the genesis of sporadic tumors and 
those in genetically predisposed BRCAl 
carriers. For example, mutations in BRCAl 
may only have an  effect on tumor formation 
when present at a specific stage early in 
breast and ovarian development, a possibil- 
ity consistent with a primary role for 
BRCAl mutations in ~ r emeno~ausa l  breast 
cancer. However, no clinical or pathologi- 
cal differences in familial versus s~oradic 
breast and ovary tumors, other than age of 
onset, have been described (21). O n  the 
other hand, the finding of an increased 
freyuency of TP53 mutation and microsat- 
ellite instability in breast tumors from pa- 
tients with a family history of breast cancer 
(22) is consistent with an etiologic differ- 
ence between familial and sporadic tumors. 
The absence of somatic BRCAl mutations 
may reflect the existence of multiple genes 
that function in the same pathway of tumor 
suppression as BRCAl but that collect~vely 
represent a more favored target for muta- 
tion in sporadic tumors. 

The data from primary tumors support a 
role for BRCAl in early-onset breast cancer 
and ovarian cancer and raise the possibility 
that BRCAl may have only a minor role in 
sporadic breast and ovarian tumor forma- 
tion. Of paramount concern is the function 
of wild-type BRCAl protein in breast and 
ovarian epithelial cells. The identification 
of a zinc finger domain in the BRCAl 
polypeptide, a motif found in several LINA 
binding proteins, indicates that BRCAl 
may regulate gene expression (1 2). For ex- 
ample, the function of BRCAl in hormone- 
sensitive tissues suggests that BRCAl may 
mediate hormonal signals in the breast and 
ovary. Ultimately, it will be important to 
identify the other genes in the pathway of 
tumor suppression in which BRCAl partic- 
ipates. These genes may play a significant 
role in breast and ovarian carcinogenesis 
and may represent alternative avenues for 
therapeutic intervention. 
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Phosphate-Regulated Inactivation of the Kinase 
PH080-PH085 by the CDK Inhibitor PH081 

Ken R. Schneider, Rebecca L. Smith, Erin K. O'Shea* 

Acomplex consisting of the cyclin-dependent kinase (CDK) PH085 and the cyclin pH080 
phosphorylates and is thought to inactivate the transcription factor pH04 when yeast cells 
are grown in medium containing high concentrations of phosphate. The CDK inhibitor 
PH081 inhibits the kinase activity of the PH080-PH085 complex when Saccharomyces 
cerevisiae cells are grown in medium depleted of phosphate. A region of PH081 with 
similarity to the mammalian CDK inhibitor pl6INK4 is sufficient for inhibition in vitro. These 
studies demonstrate that CDK inhibitors are used to regulate kinases involved in pro- 
cesses other than cell cycle control and suggest that the ankyrin repeat motif may be 
commonly used for interaction with cyclin-CDK complexes. 

T h e  p H 0 5  gene encodes a secreted acid 
phosphatase in Saccharomyces cerevisiae 
whose transcription is regulated in response 
to extracellular concentrations of inorganic 
phosphate (1 ). p H 0 5  expression is depen- 
dent on the activity of the transcription 
factor PH04.  When yeast cells are grown in 
medium containing a high concentration of 
phosphate, P H 0 4  is phosphorylated by the 
PH080-pH085 cyclin-cyclin-dependent 
kinase (CLIK) complex and transcription of 
PH05 is repressed (2). In medium depleted 
of phosphate, P H 0 4  is underphosphoryl- 
ated and transcription of p H 0 5  is induced. 
p H 0 4  might become activated upon phos- 
phate starvation as a result of induction of a 
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p H 0 4  phosphatase or inactivation of the 
PH080-pH085 complex. 

To  investigate the mechanism of p H 0 4  
activation, we purified the PH080-pH085 
complex from yeast cells grown in low or 
high concentrations of phosphate and as- 
sayed its kinase activity in vitro with P H 0 4  
as a substrate. The PH080-pH085 com- 
plex was isolated by immunoprecipitation 
from a yeast strain expressing PH080 
tagged with three copies of the hemagglu- 
tinin epitope (HA,-PH080) (3). The ki- 
nase activity of the PHOKO-pH085 coml 
plex isolated from yeast cells grown in me- 
dium containing a high concentration of 
phosphate was approximately five times 
higher than that of the complex isolated 
from yeast cells grown in medium'depleted 
of phosphate (Fig. 1, lanes 1 and 2). Protein 
immunoblotting indicated that the ob- 
served difference in kinase activity was not 
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