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Report

Brca1-Deficient Murine Mammary Epithelial Cells Have Increased
Sensitivity to CDDP and MMS

ABSTRACT
In this report we describe the isolation of an isogenic pair of Brca1++ and Brca1-/-

murine mammary epithelial cells (MMECs). These cells were isolated from Brca1 conditional
knock-out mice which contained loxP sites flanking exon 11 of the Brca1 gene (Brca1fl/f1)
and then immortalized by infection with HPV-16E6 retrovirus to degrade p53 protein.
Brca1-/- MMECs were generated by deletion of exon 11 following transduction of
Brca1fl/f1 MMECs with a retroviral vector expressing Cre recombinase. Brca1-deficiency
rendered MMECs sensitive to cis-platinum (II) diamine dichloride (CDDP) and methyl-
methane sulfonate (MMS). The Brca1+/+ and Brca1-/- MMECs is the only known pair of
isogenic mammary epithelial cell lines. The understanding of the mechanisms of the
CDDP sensitivity of the BRCA1-deficient mammary epithelial cells would be very important
in understanding how BRCA1-deficiency plays a role in tissue specific breast cancer
chemotherapy. These studies support the role of BRCA1 in the CDDP-induced and
MMS-induced DNA damage and repair by p53-independent pathways.

INTRODUCTION
Breast cancer is a major challenge for women in the United States and throughout the

world. While germline mutations in the BRCA1 gene are commonly observed in cases of
hereditary breast and ovarian cancer, transcriptional downregulation of BRCA1 is also
frequently observed in sporadic breast cancer.1-3 In mice, Brca1-deficiency results in
growth retardation,4 apoptosis, defective DNA damage repair, centrosome amplification,
loss of G2/M cell cycle checkpoint,5 genetic instability6,7 and Brca1-/- mice die in early
gestation.8 However, loss of p53 function is able to partially rescue Brca1-/- mice suggesting
that p53 expression may be involved in cell death in Brca1-deficient cells.8 Although,
BRCA1 is not highly conserved across species,9-11 human BRCA1 can rescue the embryonic
lethality of Brca1 mutant mice,12,13 indicating functional similarities between the human
and murine BRCA1 proteins.

Several studies have suggested that BRCA1 participates in regulating gene expression,
cell cycle control,14,15 ubiquitination16,17 and apoptosis.18-20 BRCA1 is also involved in
signal transduction following DNA damage and BRCA1 is phosphorylated following
irradiation21 and subsequently results in activation of Chk2 kinase22 and Chk1 kinase.15

In addition, BRCA1 appears to have a major role in DNA damage repair. Early studies had
shown an interaction between BRCA1 and DNA repair machinery. For example, BRCA1
associates with RAD51,23 RAD50, MRE11, NBS1in complexes involved in DNA repair
by homologous recombination (HR) as well as nonhomologous end joining (NHEJ)
DNA repair.24,25 Despite advances in understanding the role of BRCA1 in DNA damage
and repair, major gaps exist in understanding the molecular details of BRCA1 function in
a tissue specific manner.

In this report we describe the isolation of a Brca1-/- mammary epithelial cell line. Since
breast cancer originates in epithelial cells, these cells represent a useful model for studying
the role of BRCA1 in DNA damage and repair and drug resistance in mammary epithelial
cells. Preliminary studies suggest that lack of Brca1 renders MMECs more sensitive to
agents that generate substrates for both nucleotide excision repair (NER) and base excision
repair (BER). A role of BRCA1 in NER was previously shown.26 For example, Brca1-defi-
ciency in murine embryonic stem (ES) cells induces hypersensitivity to cis-platinum (II)
diamine dichloride (CDDP).27 Furthermore, BRCA1-deficient HCC1937 human breast
cancer cells, which contain a mutation in the BRCA1 gene (5823insC), are more sensitive
to γ-radiation compared with unrelated BRCA1 wild type MCF-7 human breast cancer
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cells and HBL-100 cells28 or with MDA-MB-435S, T47D, U2OS
and MDA-MB-23129 and reconstitution with wild-type BRCA1
reverses the irradiation sensitivity of HCC1937 cells.29

Other studies suggest that BRCA1-deficient HCC1937 cells are
more sensitive to MMS compared to MCF-7 breast cancer cells and
T24 bladder cancer cells, suggesting a possible role of BRCA1 in
base excision repair (BER).24 In this report we describe the isolation
of murine mammary epithelial cells deficient in Brca1 and examine
the sensitivity of these cells to DNA damaging agents CDDP and
MMS.

MATERIALS AND METHODS
Generation of Brca1+/+ and Brca1-/- MMECs. Mammary epithelial cells

were isolated from Brca1fl/f1 mice, which contain loxP sites flanking exon 11
of Brca1 gene.30 Mammary glands from five Brca1fl/f1 mice, which develop
normally, were removed and digested with a mixture of collagenase and
hyalouronidase, leaving organoids intact. The organoids were grown in
matrigel for three weeks, digested with collagenase and cultured in
serum-free DMEM-F12 medium. Fibroblasts surrounding the organoids
were eliminated by partial trypsinization. Epithelial cells from the organoids
were isolated and cultured in fresh medium on plastic as monolayers.

Brca1fl/f1 MMECs were infected with an HPV-16E6 (Neo+) retrovirus
(provided by Dr. D. Galloway, Seattle, WA), to inhibit p53 function and
immortalize the cells. MMECs expressing the HPV-16E6 construct were
selected with G418 (0.4 mg/ml) and were designated Brca1+/+ MMECs.
Brca1-/- MMECs were generated by deleting exon 11 of Brca1 following
transfection with pBabe-Cre (Puro+) retrovirus, which expresses bacterial
Cre recombinase.31 The resulting Brca1-/- MMECs were selected in medium
containing puromycin (7 µg/ml) and G418 (0.4 mg/ml).

Cell Culture and Drug Treatment. MMECs were grown in
DMEM-F12 medium (GibcoBRL) containing 2% heat inactivated fetal
bovine serum, 10 µg/ml insulin (Sigma), 5 ng/ml epidermal growth factor
(Sigma), 1 mg/ml bovine serum albumin (Sigma), 5 µg/ml linoleic acid
complex (Linoleic acid-BSA), 50 µg/ml gentamycin and 20 U/ml nystatin.

To determine growth kinetics, cells (2000 cells/well) were plated in
6-well plates and after incubation at 37˚C for 3, 6, 9 or 12 days, cells stained
with trypan blue and live cells were identified by trypan blue exclusion
under the microscope and the results were expressed as the number of live
cells at the indicated time points.

To determine drug cytotoxicity, cells were seeded at 50–60% confluency
into 96-well microtitre plates (1000–2000 cells /well) and treated 24 hours
later with increasing concentrations of cis-platinum (II) diamine dichloride

BRCA1-DEFICIENT MURINE MAMMARY EPITHELIAL CELLS

Figure 1. Brca1+/+ and Brca1-/- MMECs. (A) Schema for the generation of
Brca1+/+ and Brca1-/- MMECs. Mammary glands were isolated from transgenic
Brca1fl/fl mice and digested with collagenase and hyalouronidase to harvest
cells. These cells were infected in vitro with HPV-16E6 retrovirus to generate
Brca1+/+ MMECs. Brca1-/- MMECs were generated from these cells by
transduction with the pBabe-Cre retrovirus to delete exon 11 sequences from
both alleles of Brca1 gene. (B) Schema for the detection of Cre-mediated
recombination for the deletion of the Brca1 exon 11. (C) PCR amplification
using primers (1130, 1132) that flank the loxP sites around exon 11 of
Brca1 gene resulted in a 600 bp product in Brca1-/- MMECs but not in
Brca1+/+ MMECs. Deletions at the loxP sites generated a specific 600 bp
PCR product. (D) PCR analysis using primers within exon 11 of Brca1
detects a 592 bp fragment in Brca1+/+ MMECs but not in the Brca1-/-

MMECs. (E) Total RNA was examined by RT-PCR. An exon 11-specific
392-bp product was formed in Brca1+/+ MMECs but not in Brca1-/-

MMECs. Actin gene expression was used as a control. (F) Northern analysis
was performed on RNA from Brca1-/- and Brca1+/+ MMECs. Brca1+/+

MMECs contain the full length 7.2 kb transcript while the Brca1-/- MMECs
contain a truncated 3.9 kb transcript. (G) Cell lysates from Brca1+/+ and
Brca1-/- MMECs were examined by western blot with a specific anti-Brca1
antibody (mAb1) 32. Brca1 +/+ MMECs contain the wild type 210 kDa
protein. In contrast, the Brca1-/- MMECs contain only a truncated 92 kDa
immunoreactive protein. (H) Cell lysates were examined by western blot
with a specific anti-p53 antibody (FL-393) (Santa Cruz). Actin was used as
control.
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(CDDP) (Sigma) or methylmethane sulfonate (MMS) (ICN Biomedicals)
in quadruplicate samples. After incubation at 37˚C for 5–7 days, cell viability
was measured by the MTT assay. Briefly, after incubation, 50 µl of 3-(4-5
dimethylthiozol-2-yl) 2-5diphenyl-tetrazolium bromide (MTT, Sigma)
(2 mg/ml) was added to each well. The yellowish MTT was reduced to dark
color formazan by viable cells only. After incubating the cells with MTT for
four hours, the formazan crystals formed solubilized in dimethyl sulfoxide
(DMSO) (150 µl/well). The color developed was quantitated with an
ELISA microplate reader (ELx 808 Ultra Microplate Reader, BIO-TEK
Instruments, Inc.) (measuring wave length: 570 nm, reference wavelength:
630 nm). The results were expressed as the ratio of the results from
drug-treated cells to that of the untreated control cells.

Genetic Analysis of MMECs. Cre-mediated recombination of the Brca1
gene was detected by PCR amplification with primers that flank exon 11
(Forward: 5’-GGGTAGTTTGTAAGCATGC, Reverse: 5’-CTGCGAGC-
AGTCTTCAGAAAG). A 600 bp product indicates excision of exon 11.
The deletion was confirmed by a second PCR experiment with primers
within exon 11 (Forward: 5’-ATCAGTAGTAGAAATCCAAGCCCACC,
Reverse: 5’-TGCCACTCCCAGCATTGTTAG). Wild-type exon 11 gener-
ated a 592-bp PCR product. PCR analysis for the actin gene was used as a
control.

Brca1 RNA was assayed in total RNA obtained from MMECs using
reverse transcription with oligo dT, followed by PCR amplification of Brca1
exon 11 sequences (Forward primer: 5’-TTCCCTGCTTCCAACACTT-
CATG, Reverse primer: 5’-TCCTCATTCCCACACTGGTGACTC). The
transcribed exon 11 of Brca1 generated a 322-bp product.

Brca1 transcripts were also examined by northern blot analyses using a
probe encompassing nucleotides 4827 to 5354 that recognizes both full
length and exon 11-deleted Brca1 transcripts.

Western Blot Analysis. Brca1 and p53 proteins were examined in cell
lysates by western blot analyses with an anti-murine Brca1 antibody
(mAb1)32 and a rabbit polyclonal anti-p53 antibody (FL-393) (Santa Cruz).

Cell Cycle Analysis. The cells were harvested and fixed in 70% ethanol.
Fluorescent-activated cell sorting (FACS) analysis for DNA content was
performed using FACSCalibur instrument (BD PharMingen) by measuring
the intensity of the fluorescence emitted by the propidium iodide.

DAPI Nuclear Fluorescence Staining. Cells were seeded on plastic
chamber slides and treated as indicated. Cells were then fixed with 4%
paraformaldehyde for 30 min at room temperature and washed with PBS.
The fixed cells were incubated with 0.8 mg/ml DAPI (4’-6-diamidine-
2’-phenylidone dihydrochloride) for 30 min and washed with PBS.
DAPI-staining was visualized by fluorescence microscopy. Apoptotic cells
were identified by nuclear condensation and fragmentation. Results were
expressed as the proportion of apoptotic to total cells x 100 in a field of 400
cells.

RESULTS
In order to study the tissue-specific effects of Brca1-deficiency, we isolated

MMECs from conditional Brca1fl/fl mice (carrying loxP sites flanking exon
11 of the Brca1 gene, which shows wild-type activity). We used these latter
mice to isolate Brca1+/+ and Brca1-/- MMECs as described in the materials
and methods. Since MMECs generally grow for only a short time in culture,
MMECs isolated from Brca1fl/f1 mice were immortalized by transfection
with a retrovirus containing HPV-16E6, to inactivate p53. Immortalized
Brca1fl/f1 MMECs were subsequently transduced with a retroviral vector
expressing Cre recombinase (pBabe-Cre SV40-Puro+) which resulted in the
deletion of exon 11 of the Brca1 gene by Cre-mediated recombination
resulting in the generation of Brca1-/- MMECs.

The schema for generating of Brca1-deficient MMECs is shown in
Figure 1A. Briefly, MMECs were harvested from five conditional Brca1fl/f1

mice carrying loxP sites flanking exon 11 of the Brca1 gene.30 These
MMECs were infected with a retrovirus expressing HPV-16E6 to generate
immortalized Brca1fl/f1 MMECs. Since Brca1fl/f1 mice develop normally and
express full-length Brca1 protein, Brca1 protein expressed in these animals
is thought to be normal. MMECs derived from these animals are referred to

BRCA1-DEFICIENT MURINE MAMMARY EPITHELIAL CELLS

Table 1 IC50 VALUES OF CDDP AND MMS IN Brca1+/+ AND

Brca1-/- MMECS

IC50

CDDP MMS

Cell lines (µM) (µM)
Brca+/+ 0.9 2600 p = 0.0285
Brca1-/- 0.0398 500 p = 0.0285

The p-value of four experiments of the one-sided Wilcox rank sum test is p = 0.0285. The hypothesis is
that if GR1 is smaller than GR2 it can be rejected at the level 0.05.

Figure 2 (Above). Growth Kinetics of Brca1+/+ and Brca-/- MMECs. Brca1+/+

and Brca1-/- MMECs were incubated at 37˚C for 3, 6, 9 or 12 days. Cells
were stained with trypan blue and the number of surviving cells was counted
microscopically by trypan blue exclusion. The results are shown as the mean
± S.D. of three independent experiments each done in triplicate samples.

Figure 3 (Above). Sensitivity of Brca-/- MMECs to CDDP. Brca1+/+ and
Brca1-/- MMECs were exposed to increasing concentrations of CDDP as
described in materials and methods. After incubation at 37˚C for 7 days,
MTT assay was performed. Cell survival was expressed as the fraction of
CDDP-treated surviving cells to the untreated cells. The results are shown as
the mean ± S.D. of seven independent experiments each done in quadru-
plicate samples.
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as Brca1+/+ MMECs. Following transduction of Brca1+/+ MMECs with a
retrovirus expressing Cre recombinase,31 Brca1-/- MMECs were isolated by
selection in puromycin.

To confirm deletion of exon 11 in Brca1-/- MMECs, the segment flanking
Brca1 exon 11 was amplified by PCR and the results shown in Figure 1C
reveal the presence of a 600 bp Brca1 product formed as a result of Cre-
mediated recombination and subsequent deletion of exon 11 in Brca1-/-

MMECs. As shown in Figure 1C, this 600 bp product is detected in Brca1-/-

MMECs only and not detected in Brca1+/+ MMECs. The deletion of exon
11 was confirmed by a second PCR assay using primers that amplify a
region of exon 11 (Fig. 1D). In this experiment, a 592 bp PCR product
corresponding to exon 11 is observed in Brca1+/+ but not in Brca1-/-

MMECs (Fig. 1D). This indicates homozygous deletion of exon 11 in
Brca1-/- MMECs. The presence or absence of exon 11 sequences in Brca1
transcripts in Brca1+/+ and Brca1-/- MMECs was also confirmed by RT-PCR
(Fig. 1E). In this analysis, only the Brca1+/+ cells show a 392 bp-long exon
11-specific RT-PCR product.

To examine whether the Brca1-/- MMECs generated the predicted
truncated transcript, northern blot analysis was performed using a probe
encompassing nucleotides 4827 to 5354 that recognizes both full length and
exon 11-deleted Brca1 transcripts. As shown in Figure 1F, a 3.9 kb truncated
Brca1 transcript was detected in the Brca1-/- MMECs whereas only a full-
length 7.2 transcript was detected in the Brca1+/+ MMECs (Fig. 1F).

Brca1 protein expression by western blot analysis is shown in (Fig. 1G).
In these experiments, Brca1+/+ MMECs were found to express the full-length

Brca1 protein (210 kDa), similar to that found in mouse (HC11) epithelial
cells and human MCF-7 breast cancer cells. In contrast, Brca1-/- MMECs
expressed a truncated Brca1 immunoreactive protein (92 kDa).

We also examined the levels of p53 protein expression in the immortalized
Brca1+/+ and Brca1-/- MMECs (Fig. 1H). Western blot analysis with anti-p53

BRCA1-DEFICIENT MURINE MAMMARY EPITHELIAL CELLS

Figure 4. CDDP treatment induces apoptosis in Brca1-deficient MMECs. (A) Brca1+/+ MMECs and (B) Brca1-/- MMECs were either untreated or treated with
increasing doses of CDDP for 72 hours. Seventy two hours after CDDP treatment, FACS analysis was performed as described in Materials and Methods. (C)
Brca1+/+ and Brca1-/- MMECs were either untreated or treated with 40 µM of CDDP for 48 hours. Cells were identified for apoptosis by DAPI staining and
fluorescence microscopy as described in materials and methods. (D) Brca1+/+ and Brca1-/- MMECs were either untreated or treated with 40 µM of CDDP
for 0–24 hours or, (E) 0–40 µM of CDDP for 12 hours. Cells were stained with DAPI and the percentage of DAPI positive cells is shown as the mean ± S.D.
of quadruplicate samples.

Figure 5. Sensitivity of Brca-/- MMECs to MMS. Brca1+/+ and Brca1-/-

MMECs were exposed to increasing concentrations of MMS as described in
Materials and Methods. After incubation at 37˚C for 7 days, MTT assay
was performed. Cell survival was expressed as the fraction of MMS-treated
surviving cells to the untreated cells. The results are shown as the mean ±
S.D. of four independent experiments each done in quadruplicate samples.

1454 Cell Cycle 2004; Vol. 3 Issue 11
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antibody showed a p53-specific band in control murine mammary epithelial
cells (HC11) that are known to express high levels of p53 protein, but not
in Brca1+/+ and Brca1-/- MMECs.

Growth and Sensitivity of Brca1-/- MMECs to CDDP and MMS. As
shown in Figure 2, the loss of Brca1 function in Brca1-/- MMECs did not
affect the growth rate relative to Brca1+/+ MMECs (Fig. 2). Therefore, these
paired cell lines represent useful models to examine the effect of Brca1 function
on the sensitivity of mammary epithelial cells to various agents.

We first examined the biological consequence of Brca1-deficiency in
MMECs on the sensitivity of cells to CDDP (Fig. 3). CDDP is the most
effective drug for treatment of ovarian cancer33,34 and has also been suggested
for the treatment of breast cancer.35 As shown in Figure 3 Brca1-deficient
MMECs are more sensitive to CDDP than MMECs expressing wild-type
Brca1. There is a dose-dependent decrease in cellular survival in both
Brca1+/+ and Brca1-/- MMECs following exposure to increasing doses of
CDDP (Fig. 3). However, deletion of Brca1 exon 11 was associated with a
22.6-fold increase in sensitivity to CDDP relative to Brca1+/+ MMECs.
Thus, the IC50 for CDDP is 0.0398 µΜ in Brca1-/- MMECs and 0.9 µΜ
in Brca1+/+ MMECs (Table 1). These results in MMECs as well as these of
previous studies in human breast cancer cells36,37 suggest that BRCA1 is
involved in the repair of CDDP-induced DNA damage in mammary
epithelial cells.

In order to determine whether increased CDDP sensitivity in Brca1-/-

MMECs is associated with enhanced CDDP-induced apoptosis, both
Brca1+/+ and Brca1-/- MMECs were exposed to CDDP at the indicated
doses. After 72 hours of incubation at 37ºC, MMECs nuclei were stained
with propidium iodide and analyzed by FACS for apoptosis, as described in
materials and methods. As shown in Figure 4A, CDDP treatment in
Brca1+/+ MMECs resulted in a G2/M phase arrest in a dose dependent
manner (0.5-5 µM). In contrast, CDDP treatment in Brca1-/- MMECs
resulted in induction of apoptosis as indicated by the presence of a sub-G1
peak, as is shown in Figure 4B.

In order to confirm these results and quantitate the induction of apop-
tosis, both Brca1+/+ and Brca1-/- MMECs were treated with 40 µΜ CDDP
for 48 h and stained with DAPI as described in materials and methods.
Brca1-/- MMECs treated with 40 µM CDDP resulted in accumulation of
cells with condensed and fragmented nuclei, indicative of apoptosis compared
to Brca1+/+ MMECs (Fig. 4C). Furthermore, as shown in Figure 4D and E,
the increased apoptosis in Brca1-/- MMECs is observed in a time-dependent
(3–24 hours) and dose-dependent (5–40 µΜ) manner following exposure
to CDDP for 12 hours compared to Brca1+/+ MMECs.

Previous studies have also indicated that BRCA1-deficient human breast
cancer (HCC1937) cells were found to be more sensitive to the alkylating
agent MMS in DNA, relative to the MCF-7 human breast cancer cells that
express BRCA1.24 Since MMS is a potent inducer of BER,38,39 we com-
pared the sensitivity of Brca1+/+ and Brca1-/- MMECs to increasing exposure
to MMS. As shown in Figure 5 and Table 1, loss of Brca1 expression in
Brca1-/- MMECs was associated with a 5.2-fold increased sensitivity to
MMS compared to Brca1+/+ MMECs (IC50 of 2600 µΜ and 500 µΜ
respectively). These studies indicate that Brca1 also plays a role in the repair
of MMS-induced DNA damage.

DISCUSSION
Although BRCA1 is broadly expressed in various tissues,

germline mutations in the BRCA1 are predominantly associated
with increased breast and ovarian cancers. The reason for this tissue
selectivity is not known. In order to study the role of the BRCA1
gene in the development of mammary cancer and the sensitivity of
mammary epithelial cells to DNA damaging agents, we have isolated
a pair of murine mammary epithelial cell lines (MMECs) that differ
only in Brca1 expression (Brca1+/+ and Brca1-/- MMECs). Studies
presented in this report indicate that Brca1-deficiency renders
MMECs sensitive to agents (MMS, CDDP) that induce DNA
damage.

Brca1-/- MMECs are more sensitive to CDDP- and MMS expo-
sure compared to Brca1+/+ MMECs, suggesting that loss of Brca1
causes a deficiency in repair of CDDP- and MMS-induced DNA
damage. Since CDDP-induced DNA adducts are removed from
DNA by NER40,41 and MMS-induced DNA damage is repaired by
BER,39 these finding simply that loss of Brca1 is involved in both
NER and BER pathways.

CDDP is an effective drug in the treatment of ovarian cancer,33,34

and recent studies suggest that it is useful in the treatment of breast
cancer as well.35 Studies in Brca1-/- MMECs are consistent with
clinical studies suggesting improved survival in BRCA1-deficient
ovarian cancer patients following treatment with chemotherapy
regimens which include CDDP.42,43,39

Previous studies have also suggested a role for BRCA1 in the
repair of MMS-induced DNA damage. For example, HCC1937
human breast cancer cells, which are deficient in BRCA1 and p53,
were found to be more sensitive to MMS compared with MCF-7
human breast cancer cells, which express wild-type BRCA1 and
wild-type p53.24 MMS alkylates DNA to form adducts that are
repaired by BER. Since BRCA1 interacts with p53, which is known
to be involved in BER, a role of BRCA1 in p53-mediated BER has
previously been postulated.44,45 However, results in Brca1+/+ vs
Brca1-/- MMECs which lack p53 expression suggest that Brca1 also
functions in BER through a p53-independent pathway(s).

A role for BRCA1 in BER could have important implications for
breast cancer risk. Previous studies have suggested that DNA damage
that induces substrates of BER (oxidized bases and apurinic sites)
may be associated with an increased risk of breast cancer. Thus,
intracellular metabolism of estrogen to catechol quinones can generate
reactive oxygen species that can react with DNA which are subse-
quently removed and form apurinic sites in DNA46 which has been
shown to be mutagenic.47 A possible role for estrogen quinone in the
development of breast cancer has been suggested by studies that
demonstrate higher levels of 4-catechol estrogen quinones in normal
breast tissue obtained from women with breast cancer compared to
women without breast cancer.47 Studies in this report indicating a
role for BRCA1 in BER in mammary epithelial cells may provide
some insights into the role of Brca1 in breast cancer and for the
development of specific strategies to treat BRCA1-deficient breast
and ovarian cancers.
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