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Cells Deleted for Brca2 COOH Terminus Exhibit Hypersensitivity to y-Radiation

and Premature Senescence
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ABSTRACT

The putative Brca2-MmRad51 interaction is analyzed in mouse cells
deleted for the COOH terminus of Brca2 (amino acids 3140-3328), which
contains a region that associates with MmRadSl by yeast two-hybrid.
These cells are hypersensitive to y-radiation (suggesting defective recom-

binational repair) but not IV light (suggesting intact nucleotide excision
repair) and maintain the (.,-S and G2-M checkpoints after exposure to
y-irradiation. Cells deleted for the COOH terminus of Brca2 progress
through the cell cycle at a similar rate as wild-type cells hut undergo

senescence more rapidly. These data support the hypothesis that deletion
of Brca2 stimulates cancer by defective MmRadSl-mediated DNA repair

and not by defective cell cycle regulation.

INTRODUCTION

BRCA2, one of the major breast cancer susceptibility genes, is
mutated in about 40% of all women with hereditary forms of breast
cancer and was originally defined as a tumor suppressor gene, sug
gesting a role in regulating the cell cycle (1-3). However, recent data

suggest that Brca2 functions during chromosomal maintenance be
cause it associates with the recombinational repair protein RadSl for
both mice (MmRadSl) and humans (HsRadSl; Refs. 4-6). Yeast
two-hybrid and biochemical analyses suggest that eight BRC motifs,
encoded in Brca2 exon 11 (7), mediate an HsRad51-Brca2 interaction
(6). Additionally, yeast two-hybrid data suggest that amino acids
3196-3232, encoded in Brca2 exon 27, mediate an MmRadSl inter
action (4, 5). The Brca2-Rad51 interaction, mediated by at least some

of these regions, is likely to be important because deletion of either
protein results in a similar phenotype: early embryonic lethality; cell
inviability; -y-radiation hypersensitivity; chromosomal instability; and

defective repair of DNA double-strand breaks (8-14).

An interesting comparison is made between different mutations in
mouse Brca2 that may elucidate the functional significance of the
putative MmRadSl interaction domains. Homozygous-mutant em

bryos died when coding sequences were deleted upstream of all nine
putative interaction domains (9-11). However, they survived to birth

and past weaning when seven (12) or three (14) of the putative
MmRadSl interacting domains were upstream of the deletion. Mice
with the latter mutations exhibit a range of defects that include stunted
growth, absence of germ cells, and increased risk of lymphoma.

We present data that shows that the most downstream putative
MmRadSl-interacting domain in Brca2 (amino acids 3140-3328) is

likely to be functionally significant. This domain was removed from
mouse cells by deleting exon 27. These cells are hypersensitive to
ionizing radiation, suggesting inefficient repair of DNA double-strand

breaks, which is consistent with decreased MmRadSl activity (8, 13).
In addition, these cells exhibit slow growth and premature senescence,
which could be due to a cell cycle response to inefficiently repaired
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DNA because cell cycle responses to radiation-induced damage are

intact.

MATERIALS AND METHODS

Generation of the Â¿>rca2l1'*'and brca2k*2 Mutations. Both vectors were

constructed from the same genomic clone isolated from a 129SvEv library, and
positive negative selection was used with MCltk for negative selection (15).
Generation of the /7rcÂ«2'"' mutation (deletion of exon 27, coding nucleotides

9418-9984) was done with targeting vector pMB2TV-HPRT. An HPRT se
lection cassette, used for positive selection, was flanked upstream (5') by a
5.4-kb Apa\ISma\ genomic Brca2 fragment and downstream (3') by a 1.9-kb

HinA\\\ISma\ genomic fragment, thus creating a 2.5-kb deletion that removes
all of exon 27. Generation of the brca2k*2 mutation (deletion of most of exon

26 and all of exon 27, coding nucleotides 9265-9984) was done with targeting
vector pMB2TV-/ico. A neomycin phosphotransferase selection cassette, used
for positive selection, was flanked upstream (5') by a 4.6-kb Apa\/Cla\
genomic Brca2 fragment and downstream (3') by a 1.9-kb Himilll/Smal

genomic fragment, thus creating a 3.3-kb deletion that removes most of exon
26 and all of exon 27. Both pMB2TV-HPRT and pMB2TV-iiw contained the
phnsphoglycerate kinase I promoter, pgk-l (16). and bovine growth hormone

polyadenylation sequence. hpA (17). for their positive selection cassettes.
AB2.2 embryonic stem cells were transfected with the targeting vectors and

cultured on a monolayer of mitotically inactivated SNL 76/7 STO cells (18).
Cells were grown in M15 (15% PCS from HyClone, DMEM from Life
Technologies, Inc., IO"4 M /3-mercaptoethanol, 2 mM L-glutamine, 49.5

units/ml penicillin, and 38.8 /Â¿g/mlstreptomycin). Cells were trypsinized and
resuspended in PBS (Ca2 +. Mg:+ free). Transfection was performed by

electroporation of 10 /j.g of vector cut with Kpnl (in the polylinker) in IO7

cells/ml PBS at 230 V. 500 Â¿iFusing a Bio-Rad Gene Pulser. One electropo
ration was plated onto four 10-cm plates, and positive/negative selection media
were added 24 h later. For pMB2TV-W/?r. a final concentration of I x HAT

(1 mM sodium hypoxanthine. 4 fjLMaminopterin. and 160 fÃMthymidine) was
used for positive selection, and for pMB2TV-;jpÂ» a final concentration of 180

fxg/ml G418 was used for positive selection. For all vectors, a final concen
tration of 0.2 H.M l-(2'-deoxy-2'-fluoro-ÃŸ-D-arabinofuranosyl)-5-iodouracil

was used for negative selection. After 8 days in selection, colonies were picked
for Southern analysis.

Genotyping. Genomic DNA was extracted from ES cells or mouse em
bryonic fibroblasts for genotyping by Southern analysis and PCR. For South
ern analysis. ÃŸg/II-digested DNA, separated by electrophoresis through a 0.8%
gel in TBE buffer, was transferred to a Hybond-N+ filter (Amersham) and
hybridized to labeled probe under manufacturer's specific conditions (Amer

sham). For PCR. the wild-type genomic brca2 alÃelewas detected by the
presence of a band of â€”¿�1.6kb with a forward primer binding in intron 25
(INT25FWD2. S'-CAACTCAGCACAGGCTTTTCCAATTT-S') and a re

verse primer binding in exon 27 (EX27REV1, 5'-CGTTCTCTCCACTCCAA-
GACTTTGC-3'). The fcrra2'c>" and brea?"2 alÃeleswere detected by the

presence of bands of â€”¿�900and 300 bp. respectively, with forward primer

INT25FWD2 and a reverse primer binding in the pgk-I promoter (PGKREV2,
S'-TCCATTTGTCACGTCCTGCACGACG-S').

Method for Murine Embryonic Fibroblast Generation. Two clones of
brca2l"l/brca2lc"2 ES cells were injected into Swiss Webster recipient blas-
tocysts to obtain MEFs.4 Embryos were sacrificed at day E15.5. Cells derived

from both pink- and black-eyed embryos were grown in tissue culture. Black-
eyed embryos are chimeric and contain erca2lcxl//>rca2lcx2 cells because the

4 The abbreviations used are: MEF. murine embryonic fibroblast; RT-PCR. reverse

transcription-PCR; BrdUrd. bromodeoxyuridine; FACS. fluorescence-activated cell sort

er; CSD, colony size distribution.
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Fig. l. Targeting the Brca2 locus. A, deletion of exon 27 (coding nucleotides 9418-
9984) with targeting vector pMB2TV-HPKT. This targeted alÃeleis called brca2l"\ An

HPRT minigene (filled boxes: numbers describe exons; arrow points to transcriptional
orientation) was used for positive selection. A 2.5-kb deletion was generated (ihick gray
line). A negative selection cassette, thymidine kinase (tk), flanks the downstream homol-
ogy. Wavy line, plasmid backbone (pKS; Stratagene). External probe is a 0.9-kb 3'

Sacl-Bgftl fragment for Southern analysis with a Bgl\\ digest. B, deletion of most of exon
26 and all of exon 27 (coding nucleotides 9265-9984) with targeting vector pMB2TV-
neo. This alÃele is called brca2le*2. A neomycin phosphotransferase (neo) selection

cassette was used for positive selection. A 3.3-kb deletion (thick gray line) was generated.
Negative selection cassette, plasmid backbone, digest for Southern analysis, and external
probe are the same as described in A. C, Southern analysis of ES cell clones. Bglll digested
genomic DNA derived from wild-type (Lane 1), ferca2k'xl/fcrai2'cx2 (Lane 2), brca2lÂ°*]/+
(Lane 3), and brca2ie*2/+ (Lane 4) ES cells. The 3' external probe (left panel) and exon

27 (right panel) were used for hybridization. D, Northern blot analysis. Lanes 1-3 are
three different wild-type clones of MEFs. Lanes 3-6 are three different brca2]Â°*>/
brca2'"2 clones of MEFs (281, 283-1, and 283-2, respectively). Â£,sequence of RT-PCR

product. Exon 26 from Brca2 was fused to exons 3-9 of the HPRT minigene. Amino acids
3140-3328 were deleted from Brca2, and a single amino acid (aspartic acid) was added.
The antisense strand was sequenced and is shown.

ES cells are agouti and the Swiss Webster embryos are albino. 129SvEv
embryonic fibroblasts (brca2t"l/brca2Ã¬"2, G418 resistant) were isolated from

Swiss Webster embryonic fibroblasts (wild-type, G418 sensitive) by selection

in 180 /xg/ml G418 for 3 weeks. Selection in G418 obtained a pure population
of brca2l"i/brca21"2 fibroblasts because no cells were isolated from pink-

eyed embryos, whereas fibroblasts were readily isolated from black-eyed

embryos (three clones were isolated representing two different ES cell clones).
To assure that a small population of wild-type fibroblasts did not overtake the
erca2lexl/fcrca2lex2 population, the growth curve was performed with replica
plates of erca2lex'*/ra2lex2 fibroblasts with and without G418. Growth did not

change due to 90 /J.g/ml G418 (see Fig. 3/4). Eight clones of control MEFs
were generated from day E15.5 embryos after a cross between wild-type

129SvEv mice.
RNA Analysis. For the Northern blot, three clones of wild-type and

brca2'"*l/brca21â„¢2MEFs were expanded to 2 X IO6 cells. These cells were

lysed when still in exponential growth using RNazol B (Tel-Test, Inc.) ac
cording to the manufacturer's specific conditions. Total RNA (10 pig) was

separated by electrophoresis through a 0.75% agarose/formaldehyde gel and
transferred to a Hybond-N+ filter (Amersham) and hybridized to probe under
the manufacturer's specific conditions (Amersham).

For sequence analysis of the Brca2-HPRT fusion transcript, total RNA was
extracted from ES cells for RT-PCR. First-strand cDNA was synthesized with
an antisense primer to the HPRT minigene (5'-CCACAATCAAGACAT-
TCTTTCCAG-3') and reverse transcriptase at 42Â°Cfor 30 min. The reverse

transcriptase reaction product was used for PCR with a Brca2 sense primer
from exon 26 (5'-GCTGTGCTTCAGATCTCCTTGGTTCA-3') and the pre

viously described antisense primer from the HPRT minigene. A nested anti-
sense primer to the HPRT minigene (5'-TGTCCCCTGTTGACTGGTCA-3')

was used for automatic sequencing.
Dose-Response Curve to y-Radiation and UVC Light. Exponentially

growing ES cells were trypsinized and counted; then 1 X IO4 cells in 100 /Â¿I
of PBS were exposed to either y-radiation (Gammator B irradiator with 137Cs,
290 rad/min) or UVC light (1 J/M2 per second) or nothing at all and plated onto

10-cm plates prepared previously with mitotically inactive feeder cells (feeder
cells were not exposed to either y-radiation or UV light). There was about a
15-33% plating efficiency without exposure to genotoxic agent. After incu

bation for 14 days in M15 media, the cells were stained with crystal violet, and
colonies were counted. The survival fraction (100% X the number of treated
colonies/number of untreated colonies) was calculated.

Checkpoint Analysis. Passage 2 erca2'exlIbrca2i"2 and wild-type MEFs

were synchronized by allowing them to grow to confluency and remain
confluent for 4â€”6days. Additionally, the cells were serum starved (0.1% fetal
bovine serum) for 48 h. For analysis of the G,-S checkpoint, cells were
trypsinized. irradiated with 500 rad (L17Cs, Gammator B, 290 rad/min) and

replated at 1 X IO6 cells/10-cm plate in 10% fetal bovine serum and 10 pirn

BrdUrd. A nonirradiated control was also performed. Cells were collected and
fixed in 70% ethanol at 4-h time points. For the G2-M checkpoint, cells were
trypsinized and replated at 1 X IO6 cells/10-cm plate in 10% fetal bovine

serum. BrdUrd (10 firn) was added 18 h later. After 2 h in BrdUrd, cells were
washed, exposed to 500 rad ("7Cs, Gammator B, 290 rad/min) and then

incubated without BrdUrd. Cells were then harvested at 4-, 6-, and 8-h time

points and fixed in 70% ethanol. A nonirradiated control was also performed.
Fixed cells were incubated in 0.1 M HC1 and 0.5% Triton X-100 for 10 min

on ice and washed with PBS and placed in a boiling water bath for 10 min.
After washing with PBS, cells were incubated with 5 ju.g/ml anti-BrdUrd-FlTC

(Boehringer Mannheim) containing 0.1% BSA for 30 min at room tempera
ture. Cells were counter stained with 5 /ig/ml propidium iodide containing 200
jug/ml RNase. By bivariate FACS analysis with a Becton-Dickinson FACScan,
10,000 MEFs were counted, and BrdUrd-labeled cells were quantitated.

Cell Growth at High and Low Density. For high density growth, passage
2 MEFs (8 X IO4 cells/3.5-cm plate) were plated onto eight different plates.

The cells from one plate were periodically counted for 11 days. For low density
growth, passage 2 MEFs were plated onto 10-cm plates at varying concentra
tions (500, 1000, or 5000 cells/10-cm plate) in MIO media. Three plates were

observed at each concentration. Two weeks later, the plates were stained with
crystal violet and counted. Colonies of 4 and greater cells and colonies of 16
and greater cells were counted.

Cellular Senescence. For BrdUrd labeling of asynchronous cells, MEFs
(4 X IO5) were grown on 6-cm plates for 2 days, placed in media containing

10 Â¡JMBrdUrd, and harvested over a 72-h time course. Cells were permeabi-
lized and exposed to fluorescently labeled anti-BrdUrd antibodies as well as

propidium iodide to stain DNA. A FACS analysis was performed on the cells
(2 X IO5 cells) to determine the percentage of cells that had incorporated

BrdUrd (indicating DNA synthesis) at each time point.
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Fig. 2. Exposure of control and brca2["[/brca2}"2 cells to genotoxic agents. A and ÃŸ.survival fractions ( 100% X number of colonies after exposure to genotoxic agent/number
of colonies not exposed to genotoxic agent) were measured after 1 X IO4 ES cells were plated onto a 10-cm plate, and colonies were counted 10 days later. A, dose-response curve
to y-radiation. Controls arc wild-type Hprt-positive cells (AB1: one clone), wild-type Hprt-negative cells (AB2.2: three clones), brcti2te*1/+ cells (eight clones), and brca2ie*2/+ (six
clones). Each of these groups of control clones resulted in the same survival fraction and are averaged for this curve. Eight clones of brca2'"*'/brca2le*2 cells were averaged. B.
dose-response curve to UV light. The average of three /Â»riYi2'L'xl/-t-clones and two brca2iex2/+ clones is presented for controls. The average of five hrca2Ãc*librca2]l:*2clones is

presented. C and D, analysis of radiation-induced cell cycle checkpoints. Graphs depict the checkpoint over a period of time. C Gt-S checkpoint. The percentage of BrdUrd-laheled
cells exposed {open symbols) or not exposed (closed symbols) to radiation is shown at 4-h time intervals for control (squares) and brc(i2ÃŒCK*/brctu^'*2(mutant; circles) MEFs. Averages

of three clones shown for each genotype. D, G,-M checkpoint. The percentage of BrdUrd-labeled cells in G, exposed (open symbols) and not exposed (closed symbols) to radiation
is shown for three time points for control (squares) and frrra2'"'/frri-a2'"2 (mutant: circles) MEFs. Averages of three clones are shown for each genotype. A-D: bars, SD.

The life span was determined by measuring the number of passages the
MEFs could undergo before proliferation stopped. Passage 2 MEFs were
plated in MIO media with 2 x IO5 cells onto a 35-mm plate (3T3 equivalent

analysis). Three plates were observed. MEFs from the three plates were

trypsinized, combined, counted, and then passaged at the original concentra
tion onto another three plates. As cell number declined. MEFs were plated onto
fewer plates but always at the same concentration. Passaging was discontinued
when there were not enough cells for one plate.

RESULTS

Generation of Cells with a COOH Terminal Deletion in Brca2.
Sequential rounds of gene targeting were performed to delete the
COOH terminus of Brca2 (10, 19) which codes for the most down
stream putative MmRadSl-interacting domain (4). The targeting vec
tor pMB2TV-W/V?7" was used for the first round of targeting and has

an HPRT minigene in the same orientation as Brca2 for positive
selection (Fig. \A). Targeting with pMB2TV-///>/?7 deleted exon 27
(coding nucleotides 9418-9984), and the targeted alÃeleis called
brca2lc%l. For the second round of targeting, Â¿rco2lex'/+ ES cells

were used with a second targeting vector, pMB2TV-m'a which has a

neomycin phosphotramferase cassette in the same orientation as
Brca2 for positive selection (Fig. IS). Targeting with pMB2TV-ne>o

deleted most of exon 26 and all of exon 27 (coding nucleotides
9265-9984), and the targeted alÃeleis called brca2te*2. Both mutated
alÃeleswere confirmed by Southern analysis with a 3' external probe
(Fig. 1C) and by PCR (for details, see "Materials and Methods").

Deletion of exon 27 was confirmed by failure of exon 27 to hybridize
to genomic DNA isolated from brca2i"%l/brca2]f>l2 cells (Fig. 1C).

RNA was analyzed in Â¿>rra2lexl/brca2]c*2cells to determine the
genomic mutations' effect on transcription. A Northern analysis was

performed on RNA extracted from MEFs that were generated from

the brca2l**i/brca21**2 ES cells. An apparently full-length Brca2
transcript is produced at lower levels in fe/ra2k'xl/i>/ra2lex2 MEFs

than in wild-type MEFs when using Brca2 exon 11 as a probe (Fig.

ID). In addition, a fusion of Brca2 with HPRT sequences was shown
by sequencing a fragment amplified by RT-PCR. The sequence ver
ifies splicing from exon 26 of Brca2 into exons 3-9 of HPRT (Fig.
IF). This fusion transcript codes for amino acids 1-3139 of Brca2 and

a single amino acid (Asp) from the HPRT minigene before termina
tion. Because a polyadenylation site is provided by the HPRT mini-
gene, it is likely the Â¿>rra2'ex' transcript is translated into a truncated

protein. Unfortunately, antibodies specific to murine Brca2 are not
available at this time to confirm the presence of a truncated protein.

Exposure of brca2>f"t/brca2le'i2 Cells to Genotoxic Agents.

Recently, a truncated Brca2 alÃele that codes for amino acids
1-1492 and contains three of nine putative MmRadSl-interacting

domains was shown to be hypersensitive to ionizing radiation and
UV light by a cell death assay (14). These genotoxic agents inflict
a variety of forms of damage upon a cell (20). However, DNA
double-strand break is the major damage caused by ionizing radi
ation, which is repaired by a variety of pathways including recom-

binational repair, whereas pyrimidine dimer is the major damage
caused by UV light, which is predominantly repaired by nucleotide
excision repair.

Clones of Ã¨rcu2lcxl/Ã¨rra2'cx2ES cells were exposed to y-radiation

and UVC light to determine the importance of Brca2 amino acids
3140-3328 in repairing different types of DNA damage, fwa2lexl/
brca2te*2 ES cells were hypersensitive to y-radiation (Fig. 2/1). As

determined by a colony-forming assay, the survival fraction for
6rca2lex'/Ã¨rca2lex2 ES cells was 2.5-, 4.9-, and 6.5-fold lower than

control ES cells at 250, 500, and 750 rad. respectively. There is no
evidence of haploinsufficiency because neither Â¿jira2lcxl/+ or
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Fig. 3. Growth characteristics of Â¿>rca2lcxl/brca2lex2embryonic fibroblasts. All experiments started with passage 2 cells. A, growth curve. MEFs (8 X IO4) were plated onto eight
3.5-cm plates, and individual wells of cells were trypsinized and counted over 11 days. Three clones of brca2'"'/brca2lc*2 MEFs (281. 283-1, and 283-2) are shown with (O) and

without 90 fig/ml G418 (â€¢).The average of eight clones of wild-type MEFs is shown (D). B, number of colonies when cells were plated at low density. D, colonies composed of
four or more cells; â€¢¿�colonies composed of 16 or more cells. Eight clones of wild-type (WT) MEFs and three clones of brca2'"i/brca2'*** (MT) MEFs were averaged. C progression

through the cell cycle. Unirradialed cells labeled with BrdUrd (shown in Fig. 2C) were observed.

Â¿>rco2lex2/+cells were hypersensitive to y-radiation by this analysis.
As determined by a colony-forming assay, Â¿>rca2lexl/Ã>rca2lcx2ES

cells were not hypersensitive to UVC light (Fig. 2B). These data
suggest that Brca2 amino acids 3140-3328 function to repair double-

strand breaks but not pyrimidine dimers in DNA, which correlates
with the function of mammalian RadSl (8, 13, 21-24) and suggests

that this region is important for mammalian RadSl function. Interest
ingly, cells with the shorter Brca2 truncated protein, amino acids
1-1492, (14) were sensitive to UV light. There are several possible

explanations for this discordant observation. One explanation is that
amino acids 1493-3139 may be important for the repair of pyrimidine
dimers, but amino acids 3140-3328 may not. Alternatively, these

observations may be influenced by differences in experimental design.
The previous report observed cell survival by trypan blue exclusion
after 7 days, whereas we observed cell proliferation by colony for
mation after 14 days. It is possible that UV light induces cell death for
the ÃŸreo2-mutant cells described in the previous report and senes

cence for control cells, whereas the fraction of proliferating cells is the
same. In addition, the previous report investigated toxicity to primary
clones of MEFs, whereas we investigated toxicity to immortal clones
of ES cells.

Because the potential function of any tumor suppressor gene is to
regulate the cell cycle in response to DNA damage (25), synchronized
MEFs were observed for the G,-S and G2-M checkpoints in response
to y-radiation-induced damage. Both Gt-S and G2-M checkpoints
were present in brca2le">/brca2]c>i2 and wild-type MEFs after expo

sure to 500 rad (Fig. 2, C and D).
Proliferation of Â¿>rca2lexV*/ra2lex2Cells. Early embryonic lethal

ity observed for null mutations in mouse RadSl and Brca2 suggests
their function is important for cell proliferation (8-11). In addition,

cells derived from mouse embryos with nonlethal brca2 mutations
exhibit poorer proliferation compared with control cells, likely stim
ulated by p53 and p21 (12, 14).

Proliferation of 6rca2lexl/i>rca2lex2 and wild-type MEFs was ana
lyzed. Passage 2 Â£rca2lexl/i>rca2lt!x2and wild-type MEFs were com
pared at both high and low density. At high density, erca2lex1/
Â¿>rca2lex2MEFs grew slower than control MEFs (Fig. 3/1). Compared

with wild-type MEFs, there was a lower saturation density for two
clones of Ã¨rca2lexl/Ã¨rcÃ»2lcx2MEFs but not for the third clone. At low
density, fewer colonies grew for brca2t"</brca2in2 MEFs than for

wild-type MEFs (Fig. 3ÃŸ).There were 3.7-fold fewer colonies of four
or more cells and 9.4-fold fewer colonies of 16 or more cells. There
fore, i>rca2'exl/Ã¨rcÃ»2'ex2MEFs are impaired for proliferation at both

high and low densities; however, the defect is much easier to observe
at low density.

Impaired proliferation of a population of cells may be due to slow
progression through the cell cycle or premature senescence of a
fraction of cells. Progression through the cell cycle was analyzed in
synchronized Â¿>/ra2lexl/orca2lex2and wild-type MEFs at passage 2.

Synchronized cells were stimulated to proliferate by passaging in 10%
serum at high but subconfluent densities (1 X IO6 cells/10-cm plate).

These cells were observed for the next 24 h, and the same percentage
of BrdUrd-labeled cells were in S, G2, and G, for both brca2ic*-ll
brca2]e*2 and control MEFs (Fig. 3C). Therefore, Brca2 amino acids

3140-3328 are not essential for progression through the cell cycle for

early passage cells at high density.
Replicative Senescence in />rca2lexl/erca2lex2 Cells. Slow growth

of a population of cells may be due to a fraction of those cells not
entering the cell cycle. The total number of cycling cells was deter
mined for passage 2 Â¿>rca2lexl/fcrca2lex2and wild-type MEFs plated at
a high but subconfluent density (4 X IO5 cells/6-cm plate). Asynchro-

nously dividing cells were continuously exposed to BrdUrd and
observed over 72 h (Fig. 4A). About 5-15% fewer 6rc<z2lexl/fcrca2lcx2

MEFs entered S phase over a 48-72-h period than for wild-type
MEFs. Therefore, it appears that a higher fraction of Â¿>rca2lex1/
Â¿>rca2lex2MEFs are not cycling compared with wild-type MEFs.

Poor growth of Ã¨rca2lexl/Ã¨rca2lex2MEFs indicates that these cells

prematurely enter senescence. The CSD (100% X number of colonies
>15 cells/number of colonies >3 cells) was determined for MEFs
plated at low density because the CSD has been used to measure life
span for human-derived fibroblasts (26) and mouse-derived fibro
blasts.5 The fraction of larger colonies was 2.4-fold lower for
erca2lexl/Â¿>rca2lex2MEFs than wild-type MEFs at passage 2. There
fore, the CSD predicts that brca2teiil/brca2>"2 cells have a shorter life

span than wild-type cells.
Life span was measured for erca2lexl /brca2tc*2 and wild-type

MEFs by serial passaging at fixed densities and time points. Serial

5 P. Hasty, unpublished data.
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Fig. 4. Premature replicative senescence of brca2l'!*l/brca21â„¢2 embryonic t'ibro-

blasts. All experiments started with passage 2 cells. A, percentage of asynchronous
cells labeled with BrdUrd. Bars. SD. B, measurement of life span with 2 X IO5 cells
plated onto a 35-mm plate. Bars, SD. C. cell morphology. Passage 2 cells (1 X 10'
cells/ml onto 35-mm plate) stained with crystal violet one day after plating. Bar.

125 jam.

passages were counted with cells plated at 2 X IO5 cells/35-mm well
(a 3T3 equivalent; Fig. 4B), and brca21"1 /brca2'"2 MEFs became

senescent after fewer passages than wild-type MEFs. In addition,
passage 2 Â¿>/ra2lexl/Â¿>rca2lex2MEFs, maintained at high density
(2 X IO5 cells/35-mm plate), exhibit morphological characteristics of

advanced differentiation (Fig. 4C; Refs. 27-29). There was increased

cell volume and cell spreading with extension of the plasma mem
brane for many of these cells, and the Â¿>/ra2lexl/brca2lex2cells de

generated when maintained in tissue culture, as described previously
for senescent mouse fibroblasts (29). By comparison, passage 2 wild-

type MEFs maintained at the same density appeared more mitotic; they
had less surface area and were spindle-shaped. The observation that
fcrca2lex'/brca2lex2 MEFs rapidly enter senescence supports the hypoth

esis that one function of cellular senescence is to inhibit cancer (30).
An increase in p53 and p21 may stimulate premature replicative

senescence and has been shown for other Brca2 mutations (9, 11, 12,
14). However, an increase in p53 and p21 was not observed for
brca2le*l/brca2l<:*2 cells at either high or low density (not shown).

An interesting feature of mouse fibroblast populations is their
propensity to spontaneously overcome crisis and become immortal
(31). Three of three populations of wild-type clones have overcome
crisis that did not occur for three of three populations of Â¿/ra2lcx1/
orca2'ex2 clones during the 3T3 equivalent analysis.

brca2]">/brca2>cit2 cells were recovered that overcame crisis in

tissue culture, although not during the normal course of the 3T3
analysis. After the Â¿rca2'ex'/fc/ra2lex2 cell number dropped below the

minimum for one plate during the 3T3 equivalent analysis, they were
maintained in tissue culture at high density. The medium was changed
twice a week, and after 4 weeks, they were passaged. Cells grew from
one brca2lex'/braj2lex2 clone. These cells have been passaged 15

times since recovery and become progressively more mitotic. Rescue
from crisis of Â¿wa2lcxl/Â¿>rca2lex2MEFs demonstrates that premature

senescence may be bypassed by the appropriate genetic modifications
and may prove helpful in understanding the genetic modifications
found in breast cancer.

DISCUSSION

These data support the hypothesis that Brca2 amino acids 3140-
3328 are important for MmRadSl-mediated recombinational repair
because brca2>c*'/brca2le*2 cells are hypersensitive to an agent that

generates DNA double-strand breaks (y-radiation) and because
Ã¨rca2lex'/Ã¨rca2lex2cells rapidly undergo senescence. MmRadSl func
tion appears to be impaired, but not abolished, because the brca2<"1/
ercu2lex2 phenotype is much less severe than either the MmradSl- or

Â¿rra2-null phenotypes. Although these data support the hypothesis
that Brca2 amino acids 3140-3328 interact with RadSl, it is possible

that the phenotype is due to reduced stability of the truncated protein.
A comparison of phenotypes (Fig. 5) suggests that amino acids

1-3139 of Brca2 perform some unknown function that allows cell

proliferation. One potential function is that Brca2 amino acids 1-3139
activate transcription (32). Another potential function is that Brca2
amino acids 1-3139 associates with MmRadSl to stabilize or enhance
the COOH-terminal interaction. Comparing the different Brca2 mu

tations allows predictions of the domains necessary for this putative
Brca2-MmRad51 association (Fig. 5). The embryonic lethal pheno
types delete all putative Brca2-MmRad51 -interacting domains (9-11)

and, therefore, suggest complete removal of MmRadSl function. The
severe Brca2 mutations that permit some mutant mice to survive to
birth and past weaning preserve some but not all of the BRC motifs
(12, 14, 33), which suggests partial MmRadSl function. The least
severe Brca2 mutation, described here, preserves all eight BRC motifs
and deletes only the most downstream putative MmRadS 1-interacting
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Fig. 5. Representation of brcn2 mutations with corresponding phenotypes. The BRC motifs are depicted as gray boxes in exon 11. The putative mammalian Rad51 -interacting region
is depicted as a black box in exon 27. Arrows point to premature stop codons that either increase cancer risk (9808deICC; Ref. 35) or do not increase cancer risk (A10204T; Ref. 36)
in humans.

domain (amino acids 3196-3232), which may account for the less

severe phenotype compared with the other truncations.
Data collected from human breast cancer patients suggest that the

most downstream predicted HsRadSl-interacting domain is critical

for function (34). A point mutation that introduces an early stop codon
just upstream of the predicted HsRadSl -interacting domain increases

cancer risk (35), whereas a polymorphism that introduces an early
stop codon just downstream of the putative HsRadSl-interacting

domain does not increase cancer risk (Ref. 36; Fig. 5). These data
suggest that human cells deleted for the COOH terminus of Brca2
would be viable and have a mutator phenotype due to diminished
HsRadSl function. The mutator phenotype would likely stimulate
chromosomal alterations that, in rare cases, would impair cell cycle
regulation and accelerate proliferation, thus increasing the risk of
cancer.
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